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A B S T R A C T  

U t i l i z a t i o n  of  2 4 0 ~ u  a s  a c o n v e r t i b l e  po i son  i n  p lu ton ium-  

f u e l e d  sys tems i s  b e i n g  s t u d i e d  under  t h e  Phoenix Fuel  R e a c t o r  

Program a t  P a c i f i c  Northwest  L a b o r a t o r y  (PNL) . An e x t e n s i v e  

e x p e r i m e n t a l  program u s i n g  Phoenix f u e l  i n  a  c r i t i c a l  mockup 

of  t h e  M a t e r i a l s  T e s t i n g  R e a c t o r  (MTR) has  been completed i n  

t h e  P lu tonium Recyc le  C r i t i c a l  ~ a c i l i t ~ " )  (PRCF) a t  PNL. The 

PRCF-Phoenix mockup d u p l i c a t e d  a s  c l o s e l y  a s  p o s s i b l e  t h e  

p h y s i c a l  c o n f i g u r a t i o n  of  t h e  MTR i n  o r d e r  t o  de te rmine  t h e  

c h a r a c t e r i s t i c s  of  such  a  c o r e .  The exper imen t s  per formed i n  

t h i s  mockup p r o v i d e d  i n f o r m a t i o n  on t h e  r e a c t i v i t y  e f f e c t s  and 

power d i s t r i b u t i o n s  t o  be  e x p e c t e d  o f  an  MTR-Phoenix f u e l  c o r e  

p r i o r  t o  t h e  l o a d i n g  o f  a  f u l l  c o r e  i n  t h e  MTR. These d a t a  

have p r o v i d e d  a n  e x c e l l e n t  t e s t  o f  t h e  computa t iona l  methods 

c u r r e n t l y  b e i n g  a p p l i e d  t o  Phoenix  F u e l  c o r e s .  The r e s u l t s  of  

t h e  PRCF exper imen t s  a r e  p r e s e n t e d  i n  t h i s  r e p o r t .  
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I N T R O D U C T I O N  

U t i l i z a t i o n  o f  2 4 0 ~ u  a s  a  c o n v e r t i b l e  p o i s o n  i n  p lu ton ium-  

f u e l e d  sys tems i s  b e i n g  s t u d i e d  a t  P a c i f i c  Northwest  L a b o r a t o r y  

(PNL). These s t u d i e s  a r e  b e i n g  made under  t h e  a u s p i c e s  o f  t h e  

Phoenix Fue l  Reac to r  Program, a  r e s e a r c h  and development p r o j e c t  

concerned  w i t h  t h e  u s e  o f  p lu ton ium f u e l  t h a t  c o n t a i n s  a  

r e l a t i v e l y  h i g h  p e r c e n t a g e  o f  t h e  i s o t o p e  2 4 0 ~ u  f o r  e x t e n d i n g  

r e a c t i v i t y  l i f e t i m e  c h a r a c t e r i s t i c s .  The i d e a  of  employing 

s u i t a b l e  p lu ton ium i s o t o p e  composi tes  t o  improve t ime- dependen t  

r e a c t i v i t y  per formance  o f  c e r t a i n  r e a c t o r  t y p e s  was o r i g i n a t e d  

a t  Hanford L a b o r a t o r i e s  (now PNL) around 1958.  

A p o s s i b l e  a p p l i c a t i o n  f o r  Phoenix f u e l  i s  t h e  r ep lacemen t  

o f  2 3 5 ~  f u e l  c o r e s  i n  r e s e a r c h  r e a c t o r s .  ('I I n  a d d i t i o n  t o  

e x t e n d i n g  l i f e t i m e s ,  Phoenix f u e l  o f f e r s  t h e  p o t e n t i a l  f o r  

i n c r e a s e d  n e u t r o n  f l u x  f o r  t h e  same power d e n s i t y .  T h i s  

p o t e n t i a l  c o u l d  be  i m p o r t a n t  t o  r e s e a r c h  r e a c t o r s .  Computa t ional  

s t u d i e s  have been made ( 3 9 4 ) t h a t  show t h e  p o t e n t i a l  i n h e r e n t  i n  

t h e  u t i l i z a t i o n  of 2 4 0 ~ ~  a s  a  c o n v e r t i b l e  p o i s o n .  The c o n v e r s i o n  

of  t h e  f e r t i l e  2 4 0 ~ u  i n t o  t h e  f i s s i o n a b l e  2 4 1 ~ ~  h e l p s  b a l a n c e  

t h e  l o s s  o f  t h e  i n i t i a l  2 3 9 ~ u  d u r i n g  power o p e r a t i o n .  Thus,  a  

p l u t o n i u m - f u e l e d  sys tem c o u l d  be  developed u s i n g  2 4 0 ~ u  a s  a  

r e a c t i v i t y  c o n t r o l  i n  t h e  same way t h a t  boron  i s  used  a s  t h e  

b u r n a b l e  p o i s o n  i n  2 3 5 ~  f u e l e d  sys t ems .  The 2 4 0 ~ ~  h a s  t h e  

added advan tages  o f  c o n v e r s i o n  t o  a  f i s s i o n a b l e  i s o t o p e  2 4 1 ~ u ,  



a s  w e l l  a s  hav ing  c r o s s  s e c t i o n s  more compa t ib l e  w i t h  t h o s e  o f  

t h e  f i s s i l e  m a t e r i a l .  An i m p o r t a n t  f e a t u r e  o f  t h i s  concep t  

i s  t h e  " r e b i r t h "  o f  t h e  f i s s i l e  2 4 1 ~ u  i s o t o p e  from t h e  2 4 0 ~ u  

" ashes" .  I t  was because  of  t h e  ana logy  o f  t h i s  e f f e c t  t o  t h a t  

of  t h e  l e g e n d a r y  "Phoenix Bi rd"  o f  a n c i e n t  Egyp t i an  mythology,  

t h a t  i t  was dubbed "Phoenix E f f e c t . "  The f u e l  compos i t e s  

r e q u i r e d  t o  produce  a  "Phoenix E f f e c t "  became known a s  "Phoenix 

F u e l s . "  

A s  a  d e m o n s t r a t i o n  of  t h e  Phoenix p r i n c i p l e ,  a  burnup 

exper imen t  was p lanned  and e x e c u t e d  f o r  t h e  M a t e r i a l s  T e s t i n g  

Reac to r  (MTR) u t i l i z i n g  a  comple te  c o r e  o f  Phoenix F u e l .  The 

MTR i s  a  l i g h t - w a t e r  modera ted ,  b e r y l l i u m - r e f l e c t e d ,  h i g h - f l u x  

t e s t  r e a c t o r  o p e r a t e d  by Idaho Nuc lea r  C o r p o r a t i o n  (INC) a t  t h e  

N a t i o n a l  R e a c t o r  T e s t i n g  S t a t i o n  n e a r  Idaho F a l l s .  The p o s s i b i l -  

i t y  o f  u s i n g  t h e  MTR a s  a  Phoenix f u e l  t e s t  bed was p roposed  i n  

t h e  e a r l y  summer o f  1966,  and a  3 x 9 f u l l  p lu ton ium l o a d i n g  w i t h  

8 c o n t r o l  r o d s  i n  t h e  c o r e  was d e s i g n a t e d  a s  t h e  c o n f i g u r a t i o n .  

To answer t h e  many q u e s t i o n s  a s s o c i a t e d  w i t h  a  comple te  new 

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

were conduc ted  a t  PNL. These c r i t i c a l  expe r imen t s  were conduc ted  

i n  t h e  P h y s i c a l  C o n s t a n t s  T e s t i n g  Reac to r  (PCTR), C r i t i c a l  

Approach F a c i l i t y  (CAF), and Plu tonium Recycle  C r i t i c a l  

~ a c i l i t ~ " )  (PRCF) , p r i o r  t o  t h e  l o a d i n g  o f  a  f u l l  c o r e  i n  t h e  

MTR. Data  from t h e  PCTR and CAF exper imen t s  were used  i n  s t u d y -  

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

c o r e s ,  and t o  t e s t  and improve on methods used  t o  p r e d i c t  t h e  

n e u t r o n i c  b e h a v i o r  o f  u n i r r a d i a t e d  Phoenix c o r e s .  These 

expe r imen t s  have been p r e v i o u s l y  r e p o r t e d .  ( 6  9 7 )  The f i n a l  

r e s u l t s  o f  t h e  PRCF exper imen t s  a r e  p r e s e n t e d  i n  t h i s  r e p o r t .  

P r e l i m i n a r y  r e s u l t s  have been p r e v i o u s l y  documented, and t h e s e  

r e p o r t s  a r e  l i s t e d  under  Refe rence  8 .  



A c r i t i c a l  mockup o f  t h e  MTR-Phoenix f u e l  c o r e  was con-  

s t r u c t e d  f o r  u s e  i n  t h e  PRCF,  and an e x t e n s i v e  e x p e r i m e n t a l  

program h a s  been c a r r i e d  o u t  t o  de te rmine  t h e  c h a r a c t e r i s t i c s  

of such  a  c o r e .  T h i s  mockup d u p l i c a t e d  a s  c l o s e l y  a s  p o s s i b l e  

t h e  p h y s i c a l  c o n f i g u r a t i o n  p lanned  f o r  t h e  MTR expe r imen t .  The 

e x p e r i m e n t a l  program conducted  i n  t h i s  f a c i l i t y  h a s  a s s i s t e d  i n  

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

a r e a s  of  l o c a l i z e d  f l u x  and power p e a k i n g ,  c o n t r o l  sys t em 

s t r e n g t h ,  and n e u t r o n  l eakage  e f f e c t s .  The r e s u l t s  of  t h e s e  
( 9  1 a n a l y t i c a l  s t u d i e s  a r e  c u r r e n t l y  b e i n g  documented . 





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

An e x t e n s i v e  e x p e r i m e n t a l  program h a s  been  conducted  t o  

d e t e r m i n e  t h e  c h a r a c t e r i s t i c s  o f  Phoenix f u e l  w i t h  v a r i o u s  c o r e  

l o a d i n g s  i n  t h e  MTR mockup. Among t h e  measurements made were 

t h e  f o l l o w i n g :  

Sh im- f ree  c r i t i c a l  s i z e .  

F u l l  c o r e  c r i t i c a l  banked shim h e i g h t .  

Power d i s t r i b u t i o n s  f o r  v a r i o u s  c o n f i g u r a t i o n s .  

Shim rod  r e a c t i v i t y  w o r t h s .  

S imula ted  r e g u l a t i n g  r o d  r e a c t i v i t y  wor th .  

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

Void r e a c t i v i t y  w o r t h s .  

Fue l  p l a t e  r e a c t i v i t y  w o r t h s .  

K i n e t i c s  p a r a m e t e r s .  

These measurements a r e  d e s c r i b e d  i n  d e t a i l  i n  t h i s  r e p o r t .  

I n i t i a l  c r i t i c a l  l o a d i n g  f o r  t h e  PRCF-Phoenix c o r e  was 

ach ieved  w i t h  16- 1 /2  s t a t i o n a r y  f u e l  a s s e m b l i e s  i n  a  3 x 5-1/2 

a r r a y  ( a s  shown i n  S e c t i o n  V ,  F i g u r e  7 ) .  The s t a t i o n a r y  boxes * 
i n  c o r e  l o c a t i o n s  X and 2 - 2 ,  4 and 6  were r e l o c a t e d  t o  o t h e r  

f i x e d  e lement  p o s i t i o n s  i n  o r d e r  t o  a l l o w  i n s e r t i o n  o f  t h e  sh ims.  

The e i g h t  shim r o d - f u e l  f o l l o w e r  a s s e m b l i e s  were t h e n  i n s t a l l e d  

and t h e  r ema inder  o f  t h e  3 x 9 c o r e  was l o a d e d .  An approach-  

t o - c r i t i c a l  expe r imen t  was per formed by banked wi thdrawa l  o f  

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

was a c h i e v e d  w i t h  t h e  shims withdrawn t o  6 5 % .  

The c o r e  was t h e n  un loaded  and removed from t h e  PRCF c e l l  

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

* For purpose s  o f  t h i s  r e p o r t ,  a  s h o r t h a n d  form o f  n o t a t i o n  
h a s  b e e n  a d o p t e d  w h i c h  i n d i c a t e s  s h i m  p o s i t i o n s  by  s t a t i n g  
t h a t  t h e y  were  l o c a t e d  i n  b o t h  X and 2-2, 4, 6  and 8 i n s t e a d  
o f  X-2, X-4, X-6, X-8, 2-2 ,  2 -4 ,  Z-6, and Z-8. 



a d j a c e n t  t o  t h e  c o r e  t a n k  w a l l .  T h i s  was r e q u i r e d  i n  o r d e r  t o  

improve t h e  s i m i l a r i t y  between t h e  PRCF c o r e  and t h e  p l a n n e d  

MTR-Phoenix c o r e .  The b e r y l l i u m  volume f r a c t i o n  i n  t h i s  r e g i o n  

was i n c r e a s e d  from abou t  70% t o  n e a r l y  9 4 % ,  w i t h  a  c o r r e s p o n d-  

i n g  r e d u c t i o n  i n  t h e  volume o f  H 2 0 .  

A f t e r  r e s t a c k i n g  t h e  b e r y l l i u m  a t  t h e  c o r e - r e f l e c t o r  i n t e r -  

f a c e ,  a  new s h i m - f r e e  c r i t i c a l  l o a d i n g  was a c h i e v e d  w i t h  14- 1 /4  

f u e l  boxes a r r a n g e d  i n  a  3 x 4-3/4  box a r r a y  ( a s  shown i n  

S e c t i o n  V ,  F i g u r e  7 ) .  The new c r i t i c a l  mass was a b o u t  5 .6  kg o f  

p lu ton ium,  a s  compared w i t h  t h e  c r i t i c a l  mass o f  6 . 5  kg o f  

p lu ton ium b e f o r e  r e s t a c k i n g .  The f u l l - c o r e  c o n f i g u r a t i o n  o f  19 

s t a t i o n a r y  f u e l  e l e m e n t s  and 8  shims was implemented by add ing  

t h e  r ema in ing  f i x e d  boxes and shims a f t e r  r e l o c a t i n g  t h e  e l emen t s  

t h a t  were i n  X and 2 - 4 ,  and 6 .  T h i s  f u l l - c o r e  l o a d i n g  i n  t h e  

PRCF a c h i e v e d  c r i t i c a l i t y  w i t h  t h e  shims withdrawn t o  59% a s  

compared w i t h  65% withdrawn p r i o r  t o  r e s t a c k i n g  o f  t h e  b e r y l l i u m .  

To s i m u l a t e  xenon p o i s o n i n g  i n  t h i s  c o r e ,  b o r a t e d  p o l y e t h y l e n e  

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

D i s t r i b u t i o n  of  t h i s  p l a s t i c  t h r o u g h o u t  t h e  c o r e  produced a  

s h i m - c r i t i c a l  h e i g h t  o f  6 2 . 8 %  wi thdrawn,  o r  an e q u i v a l e n t  

p o i s o n i n g  e f f e c t  o f  15 mk i n  w o r t h .  

The e x p e r i m e n t a l  program was t e r m i n a t e d  a f t e r  a  s p e c i a l  

c o r e  l o a d i n g  was c o n s t r u c t e d  t o  o b t a i n  d a t a  from a  c o n f i g u r a t i o n  

more amenable t o  c a l c u l a t i o n .  T h i s  c o r e  c o n f i g u r a t i o n  c o n s i s t e d  

o f  a  shim r o d  w i t h o u t  t h e  f u e l  f o l l o w e r  b e i n g  p l a c e d  i n  l o c a t i o n  

Y - 1  and f o l l o w e d  by t h e  l o a d i n g  a b o u t  i t  o f  a  symmetr ic  a r r a y  

o f  1 5 - 5 / 8  s t a t i o n a r y  f u e l  e l e m e n t s  t o  o b t a i n  c r i t i c a l i t y .  

The f l u x  and power d i s t r i b u t i o n  measurements made w i t h i n  

t h e  shims and f i x e d  boxes a s  w e l l  a s  i n  t h e  r e f l e c t o r  r e g i o n  of  

t h e  PRCF-Phoenix c o r e  were d e s i g n e d  t o  p r o v i d e  i n f o r m a t i o n  on 

t h e  r e l a t i v e  s h a p e s  and magni tudes  o f  t h e  power p r o f i l e s .  Thus ,  

t h e  expe r imen t s  i n  t h e  MTR-Phoenix F u e l  mockup n o t  o n l y  i n c l u d e d  



c r i t i c a l  s i z e  measurements ,  b u t  power d i s t r i b u t i o n  measurements 

a s  w e l l .  These d i s t r i b u t i o n s  were used  t o  e x t r a p o l a t e  t h e  

c o n d i t i o n s  e x p e c t e d  a t  i n i t i a l  s t a r t u p  i n  t h e  normal ly  shimmed 

MTR-Phoenix Fue l  Core.  An a d d i t i o n a l  e x t r a p o l a t i o n  was a l s o  

made w i t h  t h e  measured d a t a  o b t a i n e d  from t h e  p o i s o n e d ,  shimmed 

c o r e .  S p e c i a l  a t t e n t i o n  was p a i d  t o  t h e  power peak ing  obse rved  

a t  t h e  c o r e  b o u n d a r i e s .  The power peak ing  a t  t h e  bot tom edge 

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

I t  was de te rmined  t h a t  by t a p e r i n g  t h e  f u e l  p l a t e  c o r e s ,  t h e  

power peak a t  t h a t  l o c a t i o n  was e s s e n t i a l l y  e l i m i n a t e d .  I n  

a d d i t i o n ,  g o l d  and copper  cadmium r a t i o s  were measured i n  t h e  

s p e c i a l  c o r e  l o a d i n g  which c o n s i s t e d  o f  t h e  cadmium shim r o d  

l o c a t e d  i n  p o s i t i o n  Y-1. 

O the r  measurements made i n  t h e  PRCF-Phoenix c o r e  have 

p r o v i d e d  i n f o r m a t i o n  on t h e  wor th  o f  f u e l  f o l l o w e r  shim c o n t r o l  

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

a s  r e a c t i v i t y  changes upon l o s s  o f  f u e l  p l a t e s .  A d d i t i o n a l  

r e a c t i v i t y  measurements were made t o  de te rmine  t h e  wor th  o f  a  

s i m u l a t e d  MTR r e g u l a t i n g  r o d .  The measured d a t a  o b t a i n e d  f o r  

t h e  d e t e r m i n a t i o n  o f  t h e  shim r o d  s t r e n g t h  and t e m p e r a t u r e  

c o e f f i c i e n t s  of  t h e  PRCF-Phoenix c o r e  have been a n a l y z e d  and 

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

T h i s  r e p o r t  a l s o  i n c l u d e s  expe r imen t s  t h a t  were conducted  t o  

measure t h e  c o n t r o l  and shut-down c a p a b i l i t y  a s  w e l l  a s  t h e  

k i n e t i c s  p a r a m e t e r s  o f  t h e  PRCF-Phoenix c o r e .  

The measurements i n  t h e  MTR mockup have h e l p e d  t o  d e f i n e  

t h e  s p e c i f i c a t i o n s  f o r  f a b r i c a t i o n  o f  f u e l  p l a t e s  f o r  t h e  MTR 

Experiment  ( l o )  and have p r o v i d e d  t h e  d a t a  needed f o r  a  good 

f i r s t - o r d e r  e s t i m a t e  o f  t h e  power l e v e l s  which c o u l d  be s a f e l y  

a t t a i n e d  d u r i n g  t h e  o p e r a t i o n  o f  t h e  MTR. The k i n e t i c s  

p a r a m e t e r s  and r e a c t i v i t y  c o e f f i c i e n t  measurements have p r o v i d e d  

d a t a  which were e s s e n t i a l  t o  t h e  s a f e t y  a n a l y s i s  o f  t h e  MTR 

Exper iment .  (11) I n  a d d i t i o n ,  t h e s e  d a t a  have p r o v i d e d  an 



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

a p p l i e d  t o  Phoenix Fue l  c o r e s .  The u s e  o f  t h e  PRCF-Phoenix 

mockup exper imen t  changed t h e  r o l e  of  t h e  c a l c u l a t i o n s  t o  a  t o o l  

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

MTR c o n d i t i o n s .  I n  summary, t h e s e  measurements have p r o v i d e d  

i n f o r m a t i o n  on t h e  r e a c t i v i t y  e f f e c t s  and power d i s t r i b u t i o n s  

t o  be e x p e c t e d  of  a  Phoenix f u e l  c o r e  i n  t h e  MTR and have  proved 

t o  be v a l u a b l e  i n  h e l p i n g  t o  p l a n  ( I 2 )  t h e  burnup e x p e r i m e n t .  

Without  t h e  measurements t o  a s s i s t  i n  t h e  MTR-Experiment d e s i g n ,  

s e v e r e  l i m i t a t i o n s  on t h e  power would have r e s u l t e d  because  o f  

power p e a k i n g  a t  t h e  bot tom edge o f  t h e  c o r e .  



111 .  G E O M E T R I C A L  A R R A N G E M E N T  

A t o p - p l a n e  view o f  t h e  c r i t i c a l  mockup of  t h e  MTR-Phoenix 

f u e l  c o r e  t h a t  was o p e r a t e d  i n  t h e  PRCF i s  shown i n  F i g u r e  1. 

T h i s  c o r e  c o n s i s t e d  of  a  3  x 9 a r r a y  o f  p l a t e - t y p e  f u e l  e l e m e n t s  

s i m i l a r  i n  d e s i g n  t o  t h e  s t a n d a r d  MTR f u e l  e l e m e n t s .  Cross  

s e c t i o n s  of  t h i s  c o r e  showing t h e  two d i f f e r e n t  s i d e  views a r e  

i l l u s t r a t e d  i n  F i g u r e s  2 and 3 .  A s i d e  view o f  t h e  c o r e  i s  

shown i n  F i g u r e  2 w i t h  t h e  shim a s s e m b l i e s  and s t a t i o n a r y  f u e l  

a s s e m b l i e s  l o c a t e d  i n  t h e  even and odd columns,  r e s p e c t i v e l y .  

The n o t a t i o n  "bank" o r  "banked" i s  u s e d  i n  t h i s  r e p o r t  t o  

i n d i c a t e  t h a t  t h e  shims a r e  l e v e l  a t  t h e  same p e r c e n t  withdrawn.  

Columns 2 and 4  i n  F i g u r e  2 i l l u s t r a t e  t h e  p o s i t i o n s  o f  t h e  

shim a s s e m b l i e s  when withdrawn t o  0  and 1 0 0 % ,  r e s p e c t i v e l y ;  

whereas ,  t h e  shim a s s e m b l i e s  i n  columns 6  and 8 a r e  withdrawn 

approx ima te ly  6 0 % .  The cadmium s e c t i o n  o f  t h e  shim assembly 

had a  s t r o k e  o f  30-3/4  i n c h e s .  T h i s  r e q u i r e d  t h a t  t h e  cadmium 

s e c t i o n  be  withdrawn 6 i n c h e s  b e f o r e  t h e  t o p  o f  t h e  f u e l  

f o l l o w e r  was p o s i t i o n e d  e q u a l  t o  t h e  bot tom o f  t h e  s t a t i o n a r y  

f u e l .  

These a s s e m b l i e s  were l o a d e d  i n t o  t h e  c o r e  l a t t i c e  s t r u c t u r e  

i n  t h e  PRCF c e l l  by d e s i g n a t i n g  which p a r t i c u l a r  row ( X ,  Y o r  Z )  

and column ( 1  th rough  9) t h e y  were t o  occupy.  The e i g h t  shim 

c o n t r o l  r o d s  w i t h  f u e l  f o l l o w e r s  c o n t a i n i n g  1 2  p l a t e s  e a c h  were * 
i n s e r t e d  i n t o  t h e  even-numbered columns of  b o t h  rows X and Z .  

The r emain ing  c o r e  l o c a t i o n s  were d e s i g n e d  t o  accomodate t h e  19 

s t a t i o n a r y  f u e l  e l emen t s  t h a t  c o n t a i n e d  16 p l a t e s  each .  The 

d imens iona l  d e t a i l s  o f  t h e  shim f u e l  f o l l o w e r s  and s t a t i o n a r y  

f u e l  e l e m e n t s  a r e  g i v e n  i n  T a b l e  I .  The f u e l  w i t h i n  t h e s e  

a s s e m b l i e s  was compr ised  of  A1-19.95 w t %  Pu. The nominal  

* For purpose s  o f  t h i s  r e p o r t ,  a  s h o r t h a n d  form o f  n o t a t i o n  
h a s  b e e n  a d o p t e d  wh ich  i n d i c a t e s  s h i m  p o s i t i o n s  b y  s t a t i n g  
t h a t  t h e y  were  l o c a t e d  i n  b o t h  X and 2- 2 ,  4 ,  6 and 8 i n s t e a d  
o f  X-2, X- 4 ,  X- 6 ,  X-8, 2- 2 ,  2 - 4 ,  2 - 6 ,  and 2 - 8 .  
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FIGURE 1. PRCF-Phoenix Core C o n f i g u r a t i o n ,  Top V i e w  
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TABLE I .  PRCF-Phoenix Fue l  Element D e t a i l s  

S t a t i o n a r y  Sh im F o l l o w e r  

Number o f  F u e l  E l e m e n t s  1 9  8  

Number o f  F u e l  P l a t e s  
p e r  E l e m e n t  

Dimens i o n s  ( i n  i n c h e s )  
o f  F u e l  E l e m e n t .  A s s e m b l y  3 .169  x 2 . 9 9 6  x 2 4 . 6 2 5  3 . 0 6 8  x 2 . 8 3 5  x 2 4 . 6 2 5  

D i m e n s i o n s  ( i n  i n c h e s )  
o f  F u e l  P l a t e  A s s e m b l y  0 . 0 8  x 2 . 8 4  x 2 4 . 6 2 5  0 . 0 8  x 2 .679  x 2 4 . 6 2 5  

D i m e n s i o n s  ( i n  i n c h e s )  
o f  F u e l  C o r e  0 . 0 4  x 2 . 5 2  x 2 3 . 5  0 . 0 4  x 2 . 3 5 5  x 2 3 . 5  

D i m e n s i o n s  ( i n  i n c h e s )  
o f  C o o l a n t  C h a n n e l  0 . 1 1 8  x 2 . 6 5  x 2 3 . 5  0 . 1 1 8  x 2 . 3 7 0  x 2 3 . 5  

i s o t o p i c  composit ion of t h e  plutonium i n  t h i s  f u e l  was: 76.92% 

2 3 9 ~ ~ ,  19.31% 2 4 0 ~ u ,  3.18% 2 4 1 ~ ~ ,  and 0.59% 2 4 2 ~ u .  A d isassem-  

b l e d  view of a  s t a t i o n a r y  element used i n  t h i s  Phoenix e x p e r i -  

ment i s  shown a t  t h e  t o p  o f  F igu re  4 .  The t o p  and bottom end 

boxes a r e  shown r e l a t i v e  t o  t h e  f u e l  p l a t e s  i n  t h i s  assembly.  

The aluminum s i d e  p l a t e  has  been removed t o  o b t a i n  a  b e t t e r  view 

of t h e  i n t e r n a l  a r r a y  o f  16  p l a t e s .  The bottom view i s  of a  

t y p i c a l  Phoenix Fuel  Shim Rod. The s i d e  p l a t e  has  been removed 

t o  show t h e  1 2 - p l a t e  a r r a y  i n  t h e  f u e l  f o l l o w e r .  

The MTR c r i t i c a l  mockup was b e r y l l i u m - r e f l e c t e d  and l i g h t -  

wa t e r  moderated.  The r a d i a l  r e f l e c t o r  c o n s i s t e d  of b e r y l l i u m  

logs  and t r i f l u t e s  which had been wrapped w i t h  po lye thy l ene  

t ub ing .  The s a f e t y  s h e e t s  shown i n  F igu re s  1 and 3  were con- 

s t r u c t e d  of r e c t a n g u l a r  s h e e t s  of  0 .030- inch  t h i c k  cadmium 

encased  i n  Lexan. These s h e e t s  had a  s t r o k e  of  31-7/16 i nches  

and they  s e rved  a s  t h e  pr imary c o n t r o l  mechanism f o r  r e a c t o r  

o p e r a t i o n  i n  i r r a d i a t i o n  s t u d i e s  and approaches  t o  asympto t i c  

p e r i o d s .  



FIGURE 4 .  P R C F- P h o e n i x  C o r e .  S h i m  R o d  w i t h  F u e l  
F o l l o w e r  and S t a t i o n a r y  o r  Fixed A s s e m b l y  

Nuclear i n s t rumen ta t i on  provided the  neces sa ry  d a t a  f o r  

o p e r a t i n g  t h i s  r e a c t o r  and was a l s o  used i n  con junc t ion  w i th  t h e  

s a f e t y  c i r c u i t  f o r  r e a c t o r  scrams i n  t h e  even t  of  an  of f -normal  

cond i t i on .  These ins t ruments  c o n s i s t e d  of s i x  chambers l o c a t e d  

a t  t h e  pe r iphe ry  of t h e  be ry l l i um r e f l e c t o r  (as  shown i n  F igure  1 )  

u s ing  e i t h e r  f i s s i o n  chambers o r  n e u t r o n - s e n s i t i v e  i o n  chambers 

a s  d e t e c t o r s .  These inc luded  two s t a r t u p  channels (Sca l e r  and 

LCRM i n  D and G )  , two in t e rmed ia t e  range channels  (Log N - 1  and 2 

i n  B and E )  , and two h igh  l e v e l  s a f e t y  channels (L inear  1 and 2 . 
i n  F and A ) .  



I V .  R E A C T O R  O P E R A T I O N  A N D  C O N T R O L  

The s a f e t y  s h e e t s  l o c a t e d  i n  t h e  b e r y l l i u m  r e f l e c t o r  (shown 

i n  F i g u r e s  1 and 3) s e r v e d  a s  t h e  p r imary  c o n t r o l  mechanism f o r  

r e a c t o r  o p e r a t i o n  i n  i r r a d i a t i o n  s t u d i e s  and approaches  t o  

a s y m p t o t i c  p e r i o d s .  The i n i t i a l  o p e r a t i o n a l  p rocedure  used  

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

modera to r  th rough  a  dump v a l v e  t o  a  s t o r a g e  t a n k  l o c a t e d  below 

t h e  PRCF r e a c t o r  t a n k .  Three  o f  t h e  s a f e t y  s h e e t s  would t h e n  

be withdrawn t o  t h e i r  f u l l  " o u t f t  p o s i t i o n .  These s h e e t s  were 

armed by t h e  s a f e t y  c i r c u i t  s o  t h e y  would a u t o m a t i c a l l y  i n s e r t  

i n  o r d e r  t o  p r o v i d e  r a p i d  shutdown r e a c t i v i t y  i f  i t  was needed .  

Scram o f  t h e  s a f e t y  c i r c u i t  would i n t e r r u p t  power t o  t h e  

magnets t h a t  r e s t r a i n e d  t h e  s h e e t s  i n  p l a c e .  T h i s  power i n t e r -  

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

would t h e n  be made t o  s e t  t h e  shims i n d i v i d u a l l y  by hand o r  

t o  make f u e l  e l emen t  m o d i f i c a t i o n s  a s  needed t o  r e c o r d  a  p e r i o d  

measurement i n  t h e  r ange  of 2 t o  364  r e a c t i v i t y .  A f t e r  

comple t ing  t h e  r e q u i r e d  c o r e - l o a d i n g  change and l o c k i n g  t h e  

shims o u t  s o  t h e y  c o u l d  n o t  be moved up o r  down, t h e  r e a c t o r  

c e l l  would be s e a l e d  and o n l y  t h e n  would t h e  modera tor  be  

pumped back i n t o  t h e  r e a c t o r  t a n k .  The modera tor  l e v e l  was 

c o n t r o l l e d  by s e t t i n g  an  a d j u s t a b l e  w e i r  mechanism t o  t h e  

h e i g h t  r e q u i r e d  f o r  t h a t  measurement.  A l l  o f  t h e  remain ing  

s a f e t y  s h e e t s  would t h e n  be f u l l y  withdrawn i n d i v i d u a l l y  t o  

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

o f  p e r i o d  measurements .  

A l o s s  o f  r e a c t i v i t y  from t h e  PRCF c o r e  a t  t h e  r a t e  o f  

2$ /h r .  was e n c o u n t e r e d  d u r i n g  t h e  p r e l i m i n a r y  measurements .  

T h i s  phenomenon was o r i g i n a l l y  b e l i e v e d  t o  be caused  by forma- 

t i o n  o f  s m a l l  hydrogen bubb les  from an a1uminu.m-water r e a c t i o n  

on t h e  s u r f a c e s  i n  t h e  c o r e  which produced v o i d s  i n  t h e  

modera to r .  



To i n h i b i t  t h e  bubble  f o r m a t i o n ,  a l l  t h e  f u e l  a s s e m b l i e s  

were b o i l e d  i n  H 2 0  f o r  6 t o  8 hours  t o  improve t h e  aluminum 

ox ide  f i l m  on t h e  s u r f a c e s  of  t h e s e  a s s e m b l i e s .  Subsequent  

r e a c t i v i t y  measurements showed t h a t  t h e  problem had n o t  been  

comple te ly  e l i m i n a t e d  b u t  had been  r educed  i n  magni tude ,  and a  

s e r i e s  o f  e x p l o r a t o r y  measurements were i n i t i a t e d  t o  i s o l a t e  t h e  

c a u s e .  I t  was n o t e d  t h a t  by d r i v i n g  t h e  s h e e t s  f u l l - i n  ( i n s t e a d  

of d ropp ing  them) ,  t h i s  e f f e c t  on t h e  r e a c t o r  was f u r t h e r  mini.- 

mized,  and t h e  r e p r o d u c i b i l i t y  o f  p e r i o d  measurements was 

improved. 

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

might  be  caused  by s m a l l  changes i n  t h e  t e m p e r a t u r e  o f  t h e  H 2 0  

c o o l a n t  t h a t  o c c u r r e d  d u r i n g  t h e  expe r imen t .  Tempera ture  measure-  

ments were per formed a s  p a r t  o f  t h e  e x p l o r a t o r y  measurements ,  and 

t h e s e  measurements  were found t o  be e x t r e m e l y  s e n s i t i v e  t o  t h e  

t ime  t h a t  t h e  H 2 0  was l e f t  i n  t h e  r e a c t o r  t a n k  f o l l o w i n g  t h e  

p e r i o d s  o f  h e a t i n g .  T h i s  was b e l i e v e d  t o  be caused  by c o o l i n g  

on t h e  u n i n s u l a t e d  t o p  and bot tom r e f l e c t o r  s u r f a c e s .  Measure-  

ments made immedia te ly  f o l l o w i n g  modera tor  mixing d i s p l a y e d  

c o n s i s t e n t  r e s u l t s ,  and t h i s  p r o c e d u r e  was i n c o r p o r a t e d  a s  a 

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

The r e a c t i v i t y  wor ths  o f  t h e  s a f e t y  s h e e t s  were measured 

i n i t i a l l y  i n  t h e  16- 1 /2  e l emen t  c l e a n  c o r e  and i n  t h e  f i r s t  

3 x 9 shimmed c o r e  loaded  i n t o  t h e  PRCF. A f t e r  r e s t a c k i n g  t h e  

b e r y l l i u m  r e f l e c t o r ,  t h e  r e a c t i v i t y  wor ths  o f  t h e  s a f e t y  s h e e t s  

were a g a i n  measured i n  t h e  s h i m - f r e e  c o r e  c o n t a i n i n g  14- 1 /4  

s t a t i o n a r y  f u e l  boxes and i n  t h e  second 3 x 9 shimmed c o r e .  

The w o r t h s  were de te rmined  by comparing t h e  r a t e  o f  f l u x  

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

changes i n  r e a c t i v i t y .  The s u b s e q u e n t  r e s u l t s  show t h a t  t h e r e  

appea red  t o  be  a  s m a l l  i n t e r a c t i o n  between t h e  s a f e t y  s h e e t s  

s i n c e  t h e  measured wor th  o f  a l l  s h e e t s  was s l i g h t l y  l e s s  t h a n  



t h e  sum of t h e  measured wor ths  of  t h e  i n d i v i d u a l  s h e e t s .  The 

r e s u l t s  of t h e  s h e e t  measurements f o r  t h e  v a r i o u s  c o r e  c o n f i g u r a -  

t i o n s  a r e  t a b u l a t e d  i n  Tab le  11. 

TABLE 11. S h e e t  R e a c t i v i t y  Worth Measurements 
i n  PRCF-Phoenix F u e l  Cores  

O r i g i n a l  Res tacked R e f l e c t o r  
Sh im- f ree  Shimmed S h i m - f r e e  Shimmed 

1 6 - 1 / 2  Boxes 2 7  Boxes 1 4 - 1 / 4  Boxes 2 7  Boxes 

T o t a l  System 1 5  mk 14  mk 2 1  mk 19- 1 /2  mk 

S t r o n g e s t  Shee t  5 mk 3-1 /2  mk 7-1/4  mk 4-1/2  mk 

The wor ths  o f  t h e  s a f e t y  s h e e t s  were i n c r e a s e d  abou t  4 0  t o  

45% due t o  t h e  improvement i n  b e r y l l i u m  d e n s i t y  between t h e  c o r e  

t a n k  w a l l  and t h e  s h e e t  l o c a t i o n s  i n  t h e  s h i m - f r e e  c o r e s .  

I n c r e a s e s  o f  40% and 3 0 % ,  r e s p e c t i v e l y ,  were obse rved  f o r  t h e  

t o t a l  package and s t r o n g e s t  s h e e t ,  a s  compared t o  t h e  p r e v i o u s  

3  x 9 shimmed c o r e .  
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V .  A C T I V I T Y  MEASUREMENTS A T  T H E  P R C F  

Flux and power d i s t r i b u t i o n  measurements were made as  p a r t  

of the  exper imenta l  program conducted wi th  t h i s  type of f u e l  i n  

va r ious  core  c o n f i g u r a t i o n s .  The power p r o f i l e s  were measured 

by gamma scanning the  f i s s i o n  product  a c t i v i t i e s  produced w i t h i n  

the  cores  of the  Phoenix f u e l  p l a t e s  a f t e r  an i r r a d i a t i o n  i n  

t he  PRCF. These i r r a d i a t e d  p l a t e s  were scanned by u t i l i z i n g  

t he  gamma scanning f a c i l i t y  a t  the  PRCF. The f l u x  p r o f i l e s  

were determined by measuring t h e  a c t i v i t y  ob ta ined  from pure  

copper p i n  d e t e c t o r s .  These d e t e c t o r s  were 0.25 inches  i n  

l eng th  and 0.035 inches  i n  d iamete r ,  and they were d i s t r i b u t e d  

throughout t h e  r e a c t o r  f u e l  core  and be ry l l i um r e f l e c t o r .  The 

a c t i v i t y  measurements were ob t a ined  i n  o r d e r  t o  determine t h e  

shape of the  power p r o f i l e s  w i t h i n  t h e  s t a t i o n a r y  f u e l  elements 

and the  f u e l  fo l lowers  of t he  shim rods as w e l l  as the  magnitude 

of power peaking a t  the  f u e l  edges .  

A b lock diagram of t he  gamma scanning c i r c u i t  a t  t h e  PRCF 

i s  shown i n  Figure 5. The two-channel c i r c u i t  gave decay- 

c o r r e c t e d  d a t a  by us ing t he  p r e s e t  count mode. The gross  f i s -  

s i o n  produc t  a c t i v i t i e s  i n  t he  p l a t e s  wi th  ene rg i e s  g r e a t e r  

than approximately 0 .3  MeV were measured us ing  a  NaI d e t e c t o r .  

The s p a t i a l  r e s o l u t i o n  was de f ined  by a  s t e e l  c o l l i m a t o r  whose 

l eng th  was 11 inches  and whose ape r tu re  was decreased from 

0.25 x 0.52 inches  t o  0.128 x 0.52 inches .  The decrease  i n  t he  

a p e r t u r e  was r e q u i r e d  t o  i n c r e a s e  t h e  r e s o l u t i o n  of t h e  measured 

power d i s t r i b u t i o n s  . This mod i f i ca t i on  was completed be fo re  

measurements were ob ta ined  from t h e  second 3  x 9 f u l l  core .  

The r e l a t i v e  p o s i t i o n  of t h i s  c o l l i m a t o r  t o  t h a t  of t he  d e t e c t o r  

and f u e l  p l a t e  i s  shown i n  Figure 6 .  

A t y p i c a l  i r r a d i a t i o n  i n  t h e  PRCF c o n s i s t e d  of ope ra t i ng  

t h e  r e a c t o r  f o r  30 minutes a t  a  power of 1 0 0  w a t t s .  P l a t e  

scanning would be i n i t i a t e d  about 2 hours  a f t e r  shutdown. 



E L A P S E D  T I M E  

D E C A Y  C I i A I I F I E L  

FIGURE 5 .  Block Diagram of t h e  Two-Channel 
C i r c u i t  Used t o  Gamma Scan 
PRCF-Phoenix Fuel  P l a t e s  
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Background c o u n t i n g  r a t e s  were r e c o r d e d  on b o t h  t h e  decay and 

scan  c h a n n e l s .  A r l a t e  a d j a c e n t  t o  t h o s e  t h a t  were s e l e c t e d  t o  

be coun ted  was t h e n  i n s e r t e d  i n t o  t h e  decay c o r r e c t i n g  p o r t i o n  

of t h e  two- channe l  c i r c u i t .  Throughout  t h e  c o u r s e  o f  a  

y - s c a n n i n g  measurement ,  a  s t a n d a r d  p l a t e  would be  i n t e r m i t t e n t l y  

counted  a t  t h e  p o s i t i o n  of peak f l u x  t o  a l low f o r  a  d r i f t  c o r -  

r e c t i o n  t o  be  a p p l i e d  t o  t h e  d a t a  r e c o r d e d  on t h e  s c a n  c h a n n e l .  

A s c a n  of t h e  r e g u l a r  f u e l  p l a t e  would be o b t a i n e d  by c o u n t i n g  

and moving t h i s  p l a t e  i n  p r e d e t e r m i n e d  inc remen t s  u n t i l  t h e  

coun t ing  t ime grew t o o  l a r g e .  The p r e s e t  coun t  would t h e n  be  

reduced  and t h e  above s t e p w i s e  p r o c e d u r e  was c o n t i n u e d  u n t i l  

t h e  s c h e d u l e d  p l a t e  s c a n s  were  comple ted .  T h i s  r e d u c t i o n  i n  

t h e  p r e s e t  c o u n t  would occur  a t  t ime i n t e r v a l s  of  2 t o  

2 - 1 / 2  h o u r s .  Immedia te ly  b e f o r e  and a f t e r  t h i s  r e d u c t i o n  i n  

t h e  p r e s e t  c o u n t  v a l u e  was made, t h e  o u t p u t  obse rved  f o r  t h e  

background and s t a n d a r d  p l a t e s  were  r e c o r d e d  t o  de te rmine  t h e  

n o r m a l i z a t i o n  f a c t o r  needed t o  c o r r e c t  t h e  s c a n s  f o r  t h e  v a r i a -  

t i o n s  i n  t h e  p r e s e t  coun t  r a t e .  A f t e r  t h e  f i n a l  c o u n t s  were 

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

p l a t e ,  t h e  s t a n d a r d  p l a t e  would t h e n  be  coun ted  a g a i n .  The 

a c t i v i t y  measurements a t  t h e  PRCF would t h e n  be t e r m i n a t e d  

a f t e r  t h e  background d a t a  f o r  b o t h  t h e  decay and s c a n  c h a n n e l s  

were r e c o r d e d .  A l l  o f  t h e s e  d a t a  were r e c o r d e d  a s  a  f u n c t i o n  

o f  t h e  t ime  of day .  

A. C L E A N  C R I T I C A L  A S S E M B L I E S  

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

16- 1 /2  s t a t i o n a r y  f u e l  e l e m e n t s .  These were p o s i t i o n e d  cen-  

t r a l l y  w i t h i n  t h e  r e a c t o r  t ank  l a t t i c e  s t r u c t u r e  i n  a  3 x 5-1/2  

box a r r a y  a s  shown i n  F i g u r e  7 .  No sh im a s s e m b l i e s  were 

i n c l u d e d  i n  t h i s  c l e a n ,  c r i t i c a l  c o r e .  The approach- t .o-  c r i t i c a l  

was pe r fo rmed  by  l o a d i n g  p a r t i a l l y  f i l l e d  e l emen t s  i n t o  t h e  
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FIGURE 7 .  Location of A c t i v i t y  Measurements 
i n  PRCF-Phoenix C r i t i c a l  Assemblies 
Using Only S t a t i o n a r y  Fue l  Elements 
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r e a c t o r  t a n k  a t  each  s t e p .  Three p a r t i a l  a s s e m b l i e s  were l o a d e d  

i n t o  t h e  same column of  t h e  c o r e  l a t t i c e  s t r u c t u r e  and each  

i n c r e m e n t a l  s t e p  l o a d i n g  was e q u i v a l e n t  t o  adding  a  t o t a l  o f  

e i g h t  p l a t e s  o r  1 / 2  o f  a  s t a t i o n a r y  f u e l  box.  C r i t i c a l i t y  w i t h  

t h i s  c o r e  was a c h i e v e d  a f t e r  l o a d i n g  X ,  Y ,  and 2 - 3 ,  4 ,  5 ,  6 

and 7 w i t h .  complete  s t a t i o n a r y  f u e l  e l emen t s  and X - 2 ,  Y-2,  and 

2-2 w i t h  a s s e m b l i e s  t h a t  c o n t a i n e d  e i g h t  p l a t e s  e a c h .  An i r r a -  

d i a t i o n  was pe r fo rmed  w i t h  t h i s  c o r e  l o a d i n g  t o  de te rmine  

t h e r m a l  f l u x  d i s t r i b u t i o n s  from copper  p i n  a c t i v a t i o n s  and t o  

de te rmine  power d i s t r i b u t i o n s  by gamma s c a n n i n g  f i s s i o n  p r o d u c t  

a c t i v i t i e s  i n  t h e  f u e l  p l a t e s .  The l o c a t i o n s  of t h e s e  a c t i v i t y  

measurements a r e  shown i n  F i g u r e  7 .  The measured d i s t r i b u t i o n s  

and t h e  f l u x  and power r e s u l t s  f rom a  two-dimens ional  (2-D) 

c a l c u l a t i o n  us i n g  t h e  code EXTERMINATOR ( I 3 )  a r e  compared i n  

F i g u r e s  8  and 9 .  The a c t i v i t y  p r o f i l e  t o  be a s s o c i a t e d  w i t h  an 

Eas t-West  midplane t r a v e r s e  i s  shown i n  F i g u r e  8.  T h i s  t r a v e r s e  

c r o s s e s  t h e  c e n t e r  o f  t h e  c o r e  th rough  X- 5 ,  Y-5 and 2-5 and 

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

o b t a i n e d  from a  Nor th-South  midplane  t r a v e r s e  i s  shown i n  F i g -  

u r e  9 .  T h i s  t r a v e r s e  c r o s s e s  t h e  c e n t e r  of  t h e  c o r e  t h r o u g h  

Y - 2 ,  3 ,  4 ,  5 ,  6 and 7 and c o n t i n u e s  i n t o  t h e  modera to r  a t  t h e  

edge o f  t h e  f u e l  c o r e .  

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

comple ted  a s  s c h e d u l e d .  The shims and remaining  f i x e d  assem- 

b l i e s  were  t h e n  loaded  t o  o b t a i n  t h e  i n i t i a l  3 x 9 f u l l  c o r e .  

The e x p e r i m e n t a l  program and measurements which were o b t a i n e d  

from t h i s  c o r e  a r e  d i s c u s s e d  i n  S e c t i o n s  11, IV and V o f  t h i s  

r e p o r t .  T h i s  f u e l  was t h e n  u n l o a d e d ,  and t h e  c o r e  s t r u c t u r e  

was removed from t h e  PRCF i n  o r d e r  t o  p e r m i t  r e s t a c k i n g  o f  

t h e  b e r y l l i u m  r e f l e c t o r  i n  t h e  r e g i o n  between t h e  c o r e  t a n k  

w a l l  and t h e  s a f e t y  s h e e t  t h i m b l e s .  Upon comple t ion  o f  t h i s  

t a s k ,  t h e  r e s t a c k e d  r e g i o n  p r e s e n t e d  a  n e a r l y  s o l i d  b e r y l l i u m  
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reg ion  a t  the  c o r e - r e f l e c t o r  i n t e r f a c e .  As i n i t i a l l y  s t a c k e d ,  

t h i s  r eg ion  con ta ined  about 30% H Z O ,  and t h i s  change s i g n i f i -  

I c a n t l y  improved the  s i m i l a r i t y  between the  bery l l ium r e f l e c t o r  
I i n  t he  PRCF-Phoenix core and the  r e f l e c t o r  planned f o r  t h e  MTR- 
I 

I Phoenix core .  A f t e r  r e s t ack ing  t h e  bery l l ium and b o i l i n g  t he  
I f u e l  e lements ,  a  new sh im- f r ee  c r i t i c a l  loading was achieved 
I 

I w i th  1 4 - 1 / 4  s t a t i o n a r y  f u e l  boxes arranged i n  a  3  x 4-3/4 box 
I a r r a y .  These s , t a t i o n a r y  f u e l  elements were p o s i t i o n e d  cen- 
I 

I t r a l l y  w i t h i n  t h e  r e a c t o r  tank s t r u c t u r e  as shown i n  Figure  7 .  

Complete f i x e d  boxes were l o c a t e d  i n  core  l a t t i c e  p o s i t i o n s  

X ,  Y ,  2 -3 ,  4 ,  5 and 6 and p a r t i a l  assembl ies  t h a t  con ta ined  

1 2  p l a t e s  each were p o s i t i o n e d  i n  X - 7 ,  Y - 7  and 2 - 7 .  An i r r a -  

d i a t i o n  was performed wi th  t h i s  sh im- f ree  loading and the  
I 

I 
power d i s t r i b u t i o n  again  was determined i n  t he  f u e l  p l a t e s  by 

scanning the  f i s s i o n  product  a c t i v i t i e s  i n  t h e  p l a t e s .  These 

measurements were ob ta ined  by u t i l i z i n g  t he  gamma scanning 

f a c i l i t y  a t  t he  PRCF wi th  t he  a p e r t u r e  width  s e t  f o r  an 

%1/4-inch r e s o l u t i o n .  The l o c a t i o n s  of t he se  a c t i v i t y  measure- 

ments a r e  shown i n  Figure  7 .  

A th ree-d imens iona l  power t r a v e r s e  of t h i s  sh im- f ree  core 

was completed, and the se  power shapes were then  normalized t o  

the  previous  sh im- f ree  core  power d i s t r i b u t i o n s  f o r  comparison. 

The measured power d i s t r i b u t i o n  i s  i l l u s t r a t e d  i n  Figure 10 

f o r  an E a s t  t o  West l a t e r a l  t r a v e r s e  ac ros s  t he  c e n t e r l i n e  of 

t he  elements t h a t  were p o s i t i o n e d  i n  X-3, Y-3 and 2 - 3  a t  t he  

core  h o r i z o n t a l  midplane. A midplane t r a v e r s e  from North t o  

South ac ross  t h e  c e n t e r l i n e  of . t h e  element t h a t  was l o c a t e d  

i n  p o s i t i o n  Y-3 i s  given i n  Figure 11. The measured power 

d i s t r i b u t i o n  i s  shown i n  Figure  1 2  f o r  an a x i a l  t r a v e r s e  a t  

t he  v e r t i c a l  c e n t e r l i n e  of t h e  element i n  p o s i t i o n  Y-3 of t h i s  

core .  
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B .  S I N G L E  S H I M  R O D  C R I T I C A L  A S S E M B L Y  

An a d d i t i o n a l  c r i t i c a l  core  was cons t ruc t ed  i n  t he  PRCF 

w i th  t h e  f u e l  which involved two major loading v a r i a t i o n s  w i t h i n  

t he  r e a c t o r  l a t t i c e  s t r u c t u r e  as compared t o  t he  previous  c l ean  

c r i t i c a l  core (F igure  7 ) .  The s t a t i o n a r y  f u e l  assembl ies  i n  

t h i s  core loading were p o s i t i o n e d  ad j acen t  t o  the  bery l l ium 

r e f l e c t o r ,  and i n  a d d i t i o n  t o  these  e lements ,  it c o n s i s t e d  of 

only  t he  cadmium s e c t i o n  from one of the  shim c o n t r o l  rods .  

This s p e c i a l  loading was des igned t o  provide  d a t a  from a  core  

con f igu ra t i on  t h a t  would be more amenable t o  c a l c u l a t i o n .  The 

shim rod wi thout  the  f u e l  fo l l ower  was p laced  i n  p o s i t i o n  Y - 1 ,  

and a  symmetric a r r a y  of 15-5/8 s t a t i o n a r y  f u e l  elements was 

loaded about i t  t o  ob t a in  c r i t i c a l i t y  as i l l u s t r a t e d  i n  Fig-  

u re  13.  This c r i t i c a l  a r r a y  was produced us ing complete as  

w e l l  as  p a r t i a l  assembl ies .  The p a r t i a l  assembl ies  were loaded 

i n t o  core  l a t t i c e  p o s i t i o n s  X-6, Y-6 and 2-6 and con ta ined  

9 ,  8  and 9  p l a t e s ,  r e s p e c t i v e l y .  The complete s t a t i o n a r y  f u e l  

boxes were l o c a t e d  i n  X - 1  and Z-1, as w e l l  as X ,  Y ,  and 

2 - 2 ,  3 ,  4 ,  and 5. 

I r r a d i a t i o n s  were performed i n  t h i s  core con f igu ra t i on  

us ing  go ld  and copper p i n  d e t e c t o r s  t o  ob t a in  bare  and cadmium- 

covered a c t i v a t i o n  p r o f i l e s  a t  t he  h o r i z o n t a l  midplane. A l l  

of t h e s e  d e t e c t o r s  were made from t h e  pure  meta l  and were 

0.25 inches  long. The diameters  o f  t he se  p i n s  were 0.020 inches  

and 0.035 inches  f o r  go ld  and copper ,  r e s p e c t i v e l y .  The p in s  

were covered wi th  0.020 - inch  t h i c k  cadmium covers .  

The cadmium r a t i o s  ob ta ined  from t h e  r e s u l t s  of t he se  mea- 

surements a r e  p r e sen t ed  i n  Figure  13 as a  f u n c t i o n  of r e a c t o r  

p o s i t i o n  f o r  t h i s  core .  A l l  of t h e  r e s u l t s  a r e  f o r  s a t u r a t i o n  

Bare/~:overed) measured a t  a c t i v i t i e s  ( t h a t  i s ,  Cd r a t i o  = Am 

the  core midplane. The values  f o r  t h e  go ld  and copper cadmium 
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r a t i o s  a r e  p r e s e n t e d  as  go ld /copper  i n  F igure  13 .  The unce r -  

t a i n t i e s  i n  t h e  g o l d  cadmium r a t i o s  were observed t o  b e  + I % ,  

whereas t h e  u n c e r t a i n t i e s  a s s i g n e d  t o  t h e  copper  cadmium r a t i o s  

were on t h e  o r d e r  o f  + 3 % .  These r e s u l t s  i n d i c a t e  t h a t  t h e  

i n f l u e n c e  of  t h e  b e r y l l i u m  r e f l e c t o r  i s  l i m i t e d  t o  t h e  o u t e r  

o n e - q u a r t e r  of a  f u e l  box,  and t h a t  t h e  s p e c t r a l  change due t o  

t h e  w a t e r  r e g i o n  i s  l i m i t e d  t o  t h e  o u t e r  one- ha l f  of a  f u e l  box.  

These measurements have p r o v i d e d  e x p e r i m e n t a l  d a t a  from a  c o r e  

w i t h  r e l a t i v e l y  s i m p l e  geometry.  Th i s  d a t a  w i l l  be used  i n  

t e s t i n g  t h e  computa t iona l  models and methods b e i n g  developed 

f o r  Phoenix  f u e l  c o r e s .  

C .  F U E L  CORE C R I T I C A L  A S S E M B L I E S  

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

19 s t a t i o n a r y  f u e l  a s s e m b l i e s  and 8  shim c o n t r o l  rods  which 

were l o c a t e d  i n  t h e  r e a c t o r  l a t t i c e  p o s i t i o n s  as  shown i n  

F igure  1. The approach-  t o - c r i t i c a l  was per formed by incremen- 

t a l l y  wi thdrawing t h e  shim rods  a s  a  bank,  and t h e  c r i t i c a l  

h e i g h t  was a c h i e v e d  w i t h  t h e  shims withdrawn t o  6 5 % .  Gamma 

s c a n  d a t a  were o b t a i n e d  a t  v a r i o u s  p o s i t i o n s  w i t h i n  t h i s  c o r e ,  

and t h e s e  a r e  i l l u s t r a t e d  i n  F igure  14 .  The d e c i s i o n  t o  

r e s t a c k  t h e  b e r y l l i u m  r e f l e c t o r  had a l r e a d y  been made; t h e r e -  

f o r e ,  e x t e n s i v e  measurements were n o t  per formed w i t h i n  t h i s  

p a r t i c u l a r  c o r e .  The measurements t h a t  were made i n  t h i s  c o r e  

were d e s i g n e d  t o  y i e l d  on ly  q u a l i t a t i v e  i n f o r m a t i o n  on t h e  

c h a r a c t e r i s t i c s  o f  t h i s  type  o f  f u e l  l o a d i n g .  T h i s  c o r e  l o a d-  

i n g  c o n t r i b u t e d  s u b s t a n t i a l  i n f o r m a t i o n  on t h e  e x p e c t e d  shapes  

of  t h e  power d i s t r i b u t i o n s  w i t h i n  t h e  shim r o d  f u e l  f o l l o w e r s  

and s t a t i o n a r y  f u e l  boxes .  I n  a d d i t i o n ,  o p e r a t i o n a l  p r o c e d u r e s  

were i d e n t i f i e d  and changed i n  o r d e r  t o  e n s u r e  c o n t i n u i t y  o f  

t h e  p lanned  Phoenix Exper imenta l  Program. 
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FIGURE 14. Location of Activity Measurements in the Full 
3 x 9 Shimmed Cores. (The Core Locations Z-1, Z-9, 
etc. designate the measured positions in this core.) 
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A f t e r  r e s t a c k i n g  the  r e f l e c t o r  a t  the  core  r e f l e c t o r  i n t e r -  

f a c e ,  a  new f u l l  core c r i t i c a l  loading was achieved wi th  t h e  

shims i n  t h i s  3 x 9 a r r a y  withdrawn t o  5 9 % .  An ex t ens ive  

s e r i e s  of i r r a d i a t i o n s  were performed wi th  t h i s  core conf igura -  

t i o n  t o  provide  both  y- scan  and copper p i n  a c t i v i t y  measurements. 

Q u a n t i t a t i v e  in format ion  has been ob ta ined  from these  measure- 

ments on the  r e l a t i v e  shapes  and magnitude of t h e  power p r o f i l e  

i n  the  shim rod f u e l  fo l l ower s  and f i x e d  boxes ,  as w e l l  as  t h e  

r e f l e c t o r .  The r e a c t o r  p o s i t i o n s  a t  which a c t i v a t i o n  d a t a  were 

ob ta ined  i n  t h i s  second f u l l  PRCF-Phoenix core con f igu ra t i on  

a r e  i l l u s t r a t e d  i n  Figure  1 4 .  These measurements have been 

used t o  e x t r a p o l a t e  t o  the  f l u x  and power d i s t r i b u t i o n s  t h a t  

were expected i n  t he  normally shimmed Phoenix f u e l  core a t  

i n i t i a l  s t a r t u p  i n  t he  MTR. 

Power P r o f i l e s  f o r  S t a t i o n a r y  Elements 

The r e l a t i v e  power d i s t r i b u t i o n s  i n f e r r e d  from t h e  c e n t e r -  

l i n e  scans  ob ta ined  from two of t h e  p l a t e s  l o c a t e d  i n  t he  element 

t h a t  was p o s i t i o n e d  i n  X-5 a r e  shown i n  Figure 15. The d a t a  

p r e sen t ed  he re  f o r  t h e  i n t e r i o r  p l a t e  (RG 2-3) and the  e x t e r i o r  

p l a t e  (RP 2 -  10) have been normalized by t ak ing  t h e  r a t i o  of a  

p o i n t  of the  measured a c t i v i t y  t o  t h e  core average ( t h a t  i s ,  

Ai/Kcore). I t  was no ted  t h a t  the  a x i a l  power t r a v e r s e s  of t he se  

p l a t e s  have shapes t h a t  a r e  s i m i l a r  i n  p r o f i l e  t o  the  r e g u l a r  

MTR-banked shim t r a v e r s e s  a t  s t a r t u p .  These t r a v e r s e s  have 

shown t h a t  t he  a x i a l  peak power on t h e  o u t s i d e  p l a t e  i s  l o c a t e d  

about 5  inches  above t h e  bottom of t he  f u e l  core whereas t h e  

power s p i k e  appears  a t  the  bottom edge of t h e  i n t e r i o r  p l a t e .  

The depress ions  i n  the  power p r o f i l e s  ob ta ined  f o r  t he  reg ion  

ad j acen t  t o  t he  cadmium s e c t i o n  of t he  banked shims show very 

prominently i n  Figure  15. The r e l a t i v e  va lues  i n  t h i s  reg ion  

a r e  a  f a c t o r  of t e n  i n  magnitude below the  peak va lues .  
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F u e l  Element Located a t  X-5 i n  t h e  F u l l  Core 
Loading w i t h  Banked Shims a t  5 9 %  Withdrawn 
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2 .  Power P r o f i l e s  f o r  Shim Fue l  Fo l lower  

The a x i a l  power d i s t r i b u t i o n s  th rough  t h e  c e n t e r l i n e  of  an 

e x t e r i o r  p l a t e  (RR 3-2) and an i n t e r i o r  p l a t e  (RR 3-7 )  were 

o b t a i n e d  from t h e  shim r o d  f u e l  f o l l o w e r  which was l o c a t e d  a t  

X-6. These a r e  i l l u s t r a t e d  i n  F i g u r e  16.  Th i s  d a t a  shows t h a t  

t h e  power p r o f i l e s  i n  b o t h  p l a t e s  i n c r e a s e  t o  a  peak a g a i n  a t  

abou t  5 i n c h e s  above t h e  bot tom of t h e  s t a t i o n a r y  f u e l  i n  t h e  

r e g i o n  a d j a c e n t  t o  t h e  f i x e d  f u e l .  The t r a v e r s e  from p l a t e  

RP 3-2 of  t h e  shim f u e l  f o l l o w e r  a l s o  shows t h a t  t h e  a x i a l  peak 

power on an o u t s i d e  p l a t e  i s  l o c a t e d  1 i n c h  below t h e  bot tom o f  

t h e  f u e l  c o r e  i n  t h e  f i x e d  f u e l  e l emen t .  C a l c u l a t i o n s  were u s e d  

t o  p r e d i c t  t h i s  power peak i n  t h e  shim f u e l  f o l l o w e r s  below t h e  

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

Scan measurements were made a t  t h e  p o s i t i o n  of peak power 

on t h e  sh im f u e l  f o l l o w e r  p l a t e s .  These p l a t e s  were s e q u e n t i a l l y  

removed and scanned  t o  de te rmine  t h e  p l a t e -  t o - p l a t e  v a r i a t i o n s  

i n  t h e  power p e a k s .  A comparison o f  t h e  s c a n s  o b t a i n e d  from 

t h e  o u t s i d e  t h r e e  o r  f o u r  p l a t e s  o f  t h i s  shim showed t h a t  t h e  

magnitude as  w e l l  a s  t h e  shape  of  t h i s  peak  was reduced .  On t h e  

o t h e r  hand ,  t h e  t r a v e r s e  o b t a i n e d  from p l a t e  RR 3-7 shows t h a t  

t h e  peak no l o n g e r  e x i s t s  i n  t h e  i n t e r i o r  o f  t h e  e l emen t .  I n  

a d d i t i o n ,  i t  s h o u l d  be  n o t e d  t h a t  a  c o n t i n u e d  power p r o d u c t i o n  

i s  p r e s e n t  i n  t h o s e  p l a t e  s e c t i o n s  p o s i t i o n e d  below t h e  f i x e d  

e l emen t s  i n  t h e  c o r e .  

3. Composite Power P r o f i l e s  f o r  F i x e d  and Shim Elements  

The composi te  p r o f i l e  of  t h e  a d j a c e n t  e x t e r i o r  p l a t e s  

t a k e n  from a  sh im f o l l o w e r  and s t a t i o n a r y  f u e l  e l e m e n t  a r e  

i l l u s t r a t e d  i n  F i g u r e  1 7 .  The p r o f i l e  of  t h e  f i x e d  p l a t e  

RP 2-10 ( F i g u r e  15) was combined w i t h  t h a t  o b t a i n e d  f o r  t h e '  

shim p l a t e  RR 3-2 ( F i g u r e  16) i n  o r d e r  t o  show t h e  e f f e c t s  

t h a t  t h e  d i f f e r e n t  r e g i o n s  of  t h i s  c o r e  have on t h e  r e s u l t a n t  



- 
P L A T E  N U M B E R  

t> RR 3-7 

0 RR 3- 2  

TOP O F  A L U M I N U M  I N  A  S H I M  F U E L  F O L L O k E R  

CORE H O R I Z O N T A L  M I  D P L A N E  

----------- --  ---- ------- 

T O P  O F  F U E L  CORE I N  A  S H I M  @d 
F U E L  F O L L O W E R  w c01 

w w 
wy)l 

A P E R T U R E  W I D T H  % 1 / 8  i n .  rn w 
w t-0-I 

r(>r el 
B O T T O M  O F  F U E L  CORE 

I N  F I X E D  F U E L  * % 
E L E M E N T  w ----------- ------- --- 

B O T T O M  O F  F U E L  CORE 
I N  F I X E D  F U E L  

E L E M E N T  w 
w ww 

K>1 
w w 

c[>.( C0.r 

rn 
HH 

rOr +el 

$ k t ?  B O T T O M  OF F U E L  CORE I N  A  S H I M  F U E L  F O L L O W E R  m - s  -------------------- 
X-4 I 1 I I I 

0 0 . 5  1 . 0  1 . 5  2 . 0  2 . 5  

N O R M A L I Z E D  A C T I V I T I E S ,  ( A i  /Acore)  

FIGURE 16. Axial  Power P r o f i l e s  from P l a t e s  of a  Shim Fuel 
Follower Located a t  X-6 i n  t h e  F u l l  Core Loading 
with  Banked Shims a t  59% Withdrawn 



N O R M A L I Z E D  A C T I V I T I E S ,  ( A i / A c o r e )  

FIGURE 17 .  A x i a l  Power P r o f i l e s  f rom t h e  E x t e r i o r  P l a t e s  
o f  a Shim F u e l  F o l l o w e r  and  A d j a c e n t  S t a t i o n a r y  
F u e l  Element  i n  t h e  F u l l  Core  Loading  w i t h  
Banked Shims a t  5 9 %  Withdrawn 
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power d i s t r i b u t i o n s .  The magnitude o f  t h e  peak o b s e r v e d  from 

t h e  shim f u e l  f o l l o w e r  was found t o  be no  g r e a t e r  t h a n  t h e  

peak o b s e r v e d  i n  an e x t e r i o r  p l a t e  o f  t h e  f i x e d  e l emen t  a t  t h e  

bot tom o f  t h e  c o r e .  

4 .  Comparisons of  C a l c u l a t i o n s  and Measurements 

The a c t i v i t y  measurements have  a s s i s t e d  i n  d e t e r m i n i n g  t h e  

r e l i a b i l i t y  o f  t h e  c a l c u l a t i o n a l  models used  i n  t h e  a r e a s  of  

l o c a l i z e d  f l u x  and power peak ing .  For  example,  t h e  measured 

a x i a l  power p r o f i l e  from an i n t e r i o r  p l a t e  i s  compared i n  

F i g u r e  1 8  w i t h  t h e  c a l c u l a t e d  ( 4 )  p r o f i l e  u s i n g  t h e  code 

WHI RLAWAY . ( I 4 )  These c u r v e s  have been n o r m a l i z e d  t o  e q u a l  

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

peaking  a t  t h e  bot tom edge o f  t h e  c o r e .  Without  t h e  measure-  

men t s ,  t h e  c a l c u l a t i o n s  would have l e d  t o  s e v e r e  l i m i t a t i o n s  on 

r e a c t o r  power d u r i n g  t h e  MTR burnup program. 

5 .  T a p e r i n g  F u e l  P l a t e s  

I r r a d i a t i o n s  were a l s o  made w i t h  p l a t e s  c o n t a i n i n g  t a p e r e d  

f u e l  c o r e s ,  and t h e s e  r e s u l t s  a r e  compared w i t h  t h e  d a t a  

o b t a i n e d  from a  s t a n d a r d  f u e l  c o r e  i n  F i g u r e  19.  S i x  p l a t e s  

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

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

p o s i t i o n  Y - 5 .  The f u e l  c o r e s  h a d  t a p e r s  of  1 - 1 / 2  i n c h e s  and 

1 / 2  i n c h ,  r e s p e c t i v e l y ,  a t  o p p o s i t e  ends of  t h e  p l a t e s .  The 

s t a n d a r d  f u e l  c o r e  was 0.04 x 2.50 x 2 3 . 5  i n c h e s ,  and t h e  

t a p e r e d  p l a t e s  were  f a b r i c a t e d  by l i n e a r l y  r e d u c i n g  t h e  s t a n -  

d a r d  p l u t o n i u m  c o r e  from 0.040 t o  0 i n c h  o v e r  t h e s e  e f f e c t i v e  

l e n g t h s .  

Two s e p a r a t e  i r r a d i a t i o n s  were per formed t o  i d e n t i f y  t h e  

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

t a p e r e d  p l a t e s .  These measurements d e f i n i t e l y  de te rmined  t h e  

e f f e c t i v e n e s s  of  t h e  t a p e r e d  f u e l  i n  f u r t h e r  r e d u c i n g  t h e  power 
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s p i k e s  a t  the  bottom of t h e  core i n  a  s t anda rd  f u e l  p l a t e .  

There i s  a t  l e a s t  a  30% reduc t ion  i n  t he  power peaking a t  the  

bottom edge of the  core  due t o  the  t a p e r e d  p l a t e s .  As a  d i r e c t  

r e s u l t  of t h i s  exper iment ,  a l l  of t he  MTR-Phoenix s t a n d a r d  f u e l  

p l a t e s  were t ape red .  

6 .  Power P r o f i l e s  - Fuel Core Edee 

A s  a  p a r t  of t h i s  exper imental  program, t h e  power peaking 

a t  t h e  edge of the  f u e l  core ad j acen t  t o  t he  bery l l ium r e f l e c t o r  

was a l s o  i n v e s t i g a t e d .  For example, t h e  r e l a t i v e  power d i s t r i b u -  

t i o n s  i n f e r r e d  from t h e  h o r i z o n t a l  t r a v e r s e  of t he  c e n t r a l  p l a t e  

taken from two s t a t i o n a r y  f u e l  elements i n  l a t t i c e  p o s i t i o n s  X-5 

and Y-5 a r e  i l l u s t r a t e d  i n  Figure  2 0 .  These d a t a  show t h e  

c h a r a c t e r i s t i c  power peaking a t  t he  edge toward t he  bery l l ium 

r e f l e c t o r  as  p r ev ious ly  observed i n  the  c l ean  c r i t i c a l  

assembl ies .  

7 .  Flux Traverse Data 

Copper p i n  i r r a d i a t i o n s  were a l s o  performed t o  ob t a in  

h o r i z o n t a l  f l u x  p r o f i l e s  ac ros s  the  core and r e f l e c t o r  6 inches  

below t h e  core  midplane. The l o c a t i o n s  of t h e s e  copper p in s  

w i t h i n  t h e  r e a c t o r  core  a r e  i d e n t i f i e d  i n  Figure 1 4 .  A North- 

South a c t i v i t y  p r o f i l e  was ob ta ined  through the  c e n t e r  of t he  

Y row and t h i s  i s  shown i n  Figure  2 1 .  An East-West t r a v e r s e  a t  

t h e  i n t e r f a c e  between t h e  3rd  and 4th f u e l  columns was a l s o  

measured. These d a t a  as w e l l  as  the  measurements t h a t  were 

made i n  the  r e f l e c t o r  i n  t h i s  p lane a r e  shown i n  Figure  2 2 .  

Add i t i ona l  copper p i n  a c t i v i t i e s  were measured t o  ob t a in  

v e r t i c a l  f l u x  p r o f i l e s  a t  s e l e c t e d  l o c a t i o n s  i n  t h e  bery l l ium 

r e f l e c t o r .  The r e l a t i v e  a x i a l  f l u x  d i s t r i b u t i o n s  f o r  some of 

t he se  l o c a t i o n s  a r e  i l l u s t r a t e d  i n  Figure  23. A comparison 

was made between t h e  exper imental  d a t a  and a  one-dimensional  

( l-D) HFN ca l cu l a t i on (15 )  f o r  the  PRCF-Phoenix c o r e ,  and t h e s e  
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a r e  shown i n  F i g u r e  2 2 .  The c a l c u l a t e d  v a l u e s  were n o r m a l i z e d  

t o  t h e  measured f l u x  d i s t r i b u t i o n s  a t  a  p o i n t  6  i n c h e s  below 

t h e  c o r e  midplane  a t  t h e  i n t e r f a c e  between t h e  e l e m e n t s  p o s i -  

t i o n e d  a t  Y-3 and Y-4. 

D. S I M U L A T E D  X E N O N- P O I S O N E D  CORE 

B o r a t e d  p o l y e t h y l e n e  s t r i p s  ( 0 . 0 0 5  x 2 . 5  x 23 .5  i n c h e s ) .  

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

e l emen t s  t o  s i m u l a t e  p a r t i a l  xenon p o i s o n i n g .  The l o c a t i o n  

of t h e s e  s t r i p s  w i t h i n  t h e  c o o l a n t  channe l s  a r e  l i s t e d  i n  

Table  111. The t o t a l  number of s t r i p s  t h a t  went  i n t o  e a c h  

e l emen t  a r e  l i s t e d  f o r  e a c h  l a t t i c e  p o s i t i o n  i n  F i g u r e  24. 

D i s t r i b u t i o n  o f  88 s t r i p s  o f  t h i s  m a t e r i a l  t h r o u g h o u t  t h e  c o r e  

produced a  banked shim c r i t i c a l  h e i g h t  of 62 .8% wi thdrawn,  o r  

an e f f e c t i v e  p o i s o n i n g  w o r t h  o f  15 mk. 

TABLE 111. Location of t h e  Borated S t r i p s  Within t h e  
Coolant  Channels of t h e  S t a t i o n a r y  Fuel  
Elements 

Number of F u e l  Elements  
Number o f  Tha t  Have T h i s  Number 

Bora ted  S t r i p s  o f  S t r i p s  Coo lan t  Channel Number 

3 4  4 ,  8 ,  and 1 2  

2 ,  6 ,  1 0 ,  and  1 4  

2 ,  5 ,  8 ,  11, and 14  

6 4  1, 3, 6 ,  1 0 ,  1 3 ,  and 1 5  
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5 
TOTAL OF 88 BORATED 
POLYETHYLEIdE S T R I P S  
0 . 0 0 5 ' '  X 2 . 5 "  X 2 3 . 5 "  

F I G U R E  2 4 .  To ta l  Number of Borated S t r i p s  Within Each 
L a t t i c e  P o s i t i o n  o f  t h e  Phoenix Fuel  Core 

The r e s u l t s  of measurements of f l u x  and power p r o f i l e s  

ob ta ined  i n  the  poisoned core have been normalized f o r  compari- 

son wi th  t h e  normal shimmed core  measurements and wi th  c a l c u l a -  

t i o n s .  The r e s u l t s  of t he  gamma scanning measurements i n d i c a t e  

t h a t  t h e  maximum a x i a l  f l u x  i s  l o c a t e d  6 inches  below t h e  core 

h o r i z o n t a l  midplane i n  p o s i t i o n  Y- 5.  This i s  c o n s i s t e n t  w i t h  

the  d a t a  ob ta ined  from t h e  unpoisoned core  measurements. Addi- 

t i o n a l  i r r a d i a t i o n s  were made i n  t h i s  poisoned core  conf igura-  

t i o n  t o  o b t a i n  h o r i z o n t a l  p i n  a c t i v i t y  p r o f i l e s  throughout t he  

core and t h e  be ry l l i um r e f l e c t o r  a t  6 inches  below t h e  h o r i z o n t a l  

midplane. Copper p in s  were a l s o  a c t i v a t e d  t o  o b t a i n  the  v e r t i c a l  

f l u x  p r o f i l e s  i n  t he  be ry l l i um r e f l e c t o r  a t  s e l e c t e d  d i s t a n c e s  

from the  core i n  t he  poisoned load ing  f o r  comparison wi th  

r e s u l t s  from the  unpoisoned loading.  The r e s u l t s  of t he  copper 

p i n  a c t i v i t i e s  imply t h a t  t h e  bu i ldup  of xenon poisoning i n  t h e  

core  w i l l  t end  t o  reduce t h e  f l u x  peak i n  the  f u e l  ad j acen t  t o  
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the  be ry l l i um r e f l e c t o r  and cause an o v e r a l l  f l a t t e n i n g  of t h e  

power d i s t r i b u t i o n  i n  t he  c o r e ,  as shown i n  Figures  2 1  and 2 2 .  

The f l u x  p r o f i l e  from a  1 - D  c a l c u l a t i o n  us ing  t h e  code HFN (15) 

has been normal ized t o  the  measurements ob ta ined  from the  

poisoned and unpoisoned core  con f igu ra t i ons  6 inches  below the  

core midplane a t  t he  i n t e r f a c e  between the  elements i n  Y-3 and 

Y - 4 .  The comparison of the  measured and c a l c u l a t e d  r e s u l t s  i s  

given i n  Figure  2 2 .  The r e s u l t s  of t h e  normalized f l u x  p r o f i l e s  

show t h a t  the  thermal  f l u x  reaches  a  peak i n  t he  be ry l l i um r e f l e c  

t o r  about 3 inches  from t h e  r e a c t o r  tank w a l l .  The a x i a l  f l u x  

p r o f i l e s  i n  t h e  be ry l l i um r e f l e c t o r  from both  the  poisoned and 

unpoisoned cores  a r e  shown i n  Figure  23. The f l u x  p r o f i l e s  i n  

t h i s  r eg ion  a l s o  i n d i c a t e  t h a t  a  maximum occurs  6 inches  below 

t h e  h o r i z o n t a l  midplane of t h e  co re ,  which i s  c o n s i s t e n t  w i t h  

t he  shape of t h e  power d i s t r i b u t i o n s  i n  t h e  f u e l e d  reg ion  of 

t h e  core .  



V I .  P R C F - P H O E N I X  C O R E  POWER M A P  

The f l u x  and power d i s t r i b u t i o n s  g e n e r a t e d  a s  p a r t  of t h e  

MTR-Phoenix f u e l  mockup c r i t i c a l  expe r imen t s  have a l s o  been 

a n a l y z e d  t o  o b t a i n :  power f r a c t i o n s  i n  each  f u e l  e l e m e n t ,  t h e  

p e a k - t o - a v e r a g e  power f r a c t i o n s ,  and t h r e e - d i m e n s i o n a l  power 

d i s t r i b u t i o n s .  The magnitudes and l o c a t i o n s  of  t h e  h o t  s p o t s  

i n  t h e  c o r e  were de te rmined .  The v a l u e s  of  t h e  maximum power 

p o i n t s ,  A i m c o r e ,  were found t o  be abou t  2 . 4  t o  2 . 5 .  These 

d a t a  have been. used  a s  i n p u t  t o  an  a n a l y s i s  of  h e a t  t r a n s f e r  i n  

t h e  c o r e  and t h e  the rma l  h y d r a u l i c  d e s i g n  a n a l y s i s  t o  d e t e r m i n e  

t h e  a l l o w a b l e  o p e r a t i n g  power l e v e l  f o r  t h e  Phoenix f u e l  c o r e  

i n  t h e  MTR. 

A comprehensive a n a l y s i s  o f  t h e  r e s u l t s  of  a l l  t h e  gamma 

s c a n  and copper  p i n  a c t i v i t y  d a t a  f o r  t h e  MTR-Phoenix f u e l  

mockup exper iment  i n  t h e  shimmed c o r e  was made t o  deve lop  a  

d e t a i l e d  t h r e e - d i m e n s i o n a l  (3-D) power map w i t h  t h e  ave rage  

power i n  t h e  c o r e  no rmal i zed  t o  be e q u a l  t o  1 . 0 .  T h i s  a n a l y s i s  

r e q u i r e d  t h e  c o r r e l a t i o n  o f  t h e  e x p e r i m e n t a l  d a t a  from th rough-  

o u t  t h e  c o r e ,  t h e  d e t e r m i n a t i o n  of  t h e  unique  power shapes  f o r  

a l l  c o r e  p o s i t i o n s ,  and t h e  v e r i f i c a t i o n  of  t h e  assumpt ion  o f  

c o r e  symmetry. A l l  o f  t h e  measured d a t a  were used  i n  c o n s t r u c t -  

i n g  t h e  3-D power shape  i n  t h e  c o r e ,  which was i n t e g r a t e d  t o  

o b t a i n  t h e  t o t a l  c o r e  power. Some e x t r a p o l a t i o n s  were n e c e s s a r y  

t o  c o n s t r u c t  t h e  3-D p r o f i l e ,  s i n c e  d a t a  were n o t  o b t a i n e d  from 

a l l  p o i n t s  of  i n t e r e s t  i n  t h e  c o r e .  A l l  e x t r a p o l a t i o n s  and 

a s sumpt ions  were made on t h e  c o n s e r v a t i v e  s i d e ;  maximum v a l u e s  

of peak ing  were assumed if n o t  measured d i r e c t l y .  The v a l u e  of  

t h e  power peak l o c a t e d  a l o n g  t h e  v e r t i c a l  c e n t e r l i n e  o f  e a c h  

e l emen t  was used  a s  t h e  p o i n t  o f  n o r m a l i z a t i o n .  The p r o f i l e s  

a long  t h e  v e r t i c a l  a x i s ,  t h e  N-S a x i s ,  and t h e  E-W a x i s  p a s s  

th rough  t h i s  p o i n t .  A v o l u m e t r i c  ave rage  power was t h e n  



g e n e r a t e d  f o r  e a c h  f u e l  e l emen t  and shim f u e l  f o l l o w e r  i n  t h e  

c o r e ,  and t h e n  f o r  t h e  whole c o r e .  Each d a t a  p o i n t  was t h e n  

n o r m a l i z e d  by d i v i d i n g  by t h e  c o r e - a v e r a g e  v a l u e .  The p e r c e n t  

o f  power p e r  e l emen t  i s  p r e s e n t e d  i n  F i g u r e  25 a s  a f u n c t i o n  

of t h e  p o s i t i o n  of  t h e  e l emen t s  i n  t h e  r e a c t o r  c o r e .  The e l e -  

ment p roduc ing  t h e  most power i s  s e e n  t o  be l o c a t e d  i n  X-5 o r  

a s  r e f l e c t e d  i n t o  2 - 5  by symmetry. The e s t i m a t e d  u n c e r t a i n t i e s  

i n  t h e s e  power v a l u e s  a r e  2 1 0 % .  

The peak ing  f a c t o r s  t h a t  a r e  t o  be  e x p e c t e d  o f  t h i s  c o r e  

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

t i o n  X-5 a r e  l i s t e d  i n  Table  I V .  

The h o t  s p o t  i n  t h e  shim f u e l  f o l l o w e r  was l o c a t e d  on t h e  

o u t s i d e  f u e l  p l a t e  1 i n c h  below t h e  s t a t i o n a r y  f u e l  i n  t h e  c o r e .  

The r a t i o  o f  t h e  peak power t o  c o r e  ave rage  f o r  t h i s  p o s i t i o n  

was o b s e r v e d  t o  be  2 .4 .  The r a t i o  o f  t h e  peak power t o  c o r e  

a v e r a g e  a t  t h e  bot tom o f  t h e  f i x e d  f u e l  p l a t e s  was r educed  as 

shown i n  F i g u r e  19 from 2.5 t o  1 . 5  by t a p e r i n g  t h e  f u e l  c o r e s  i n  

t h e  p l a t e s .  T h i s  e l i m i n a t e d  t h e  l o c a t i o n  a s  a  h o t  s p o t  i n  t h e  

c o r e .  

FIGURE 2 5 .  PRCF-Phoenix Core P e r c e n t  Power P e r  E l e m e n t  



TABLE I V .  PRCF-Phoenix Core Peak ing  F a c t o r s  
f o r  C e n t e r  and O u t s i d e  F u e l  P la te  
from P o s i t i o n  X- 5 

P l a t e  From L o c a t i o n  o f  
X-5 Peak Power Pi'%ore Source  of Data  

C e n t e r  C L  of P l a t e  1 . 8 7  + 0 . 0 4  Measured 

Cen te r  Be-edge o f  P l a t e  2 . 2  E x t r a p o l a t e d  from 
measured d a t a  

O u t s i d e  C L  o f  P l a t e  2.28 t 0 . 0 5  Measured 

O u t s i d e  Be-edge of  P l a t e  2 . 3  Minimum lower bound, 
assuming no v a r i a t i o n  
i n  t h e  shape  from t h e  
c e n t e r  o f  t h i s  p l a t e  
t o  i t s  edge .  

O u t s i d e  Be-edge o f  P l a t e  2 . 7  Maximum upper  bound, 
assuming no changes 
i n  t h e  shape  obse rved  
of  t h e  c e n t r a l  p l a t e  
from i t s  c e n t e r  t o  
t h e  Be-edge. 

Outs i d e  Be-edge o f  P l a t e  2 .5  Average between m i n i -  
mum and maximum 
bound. 

R e s u l t s  o f  t h i s  a n a l y s i s  have p r o v i d e d  i n p u t  f o r  t h e  p r e -  

l i m i n a r y  the rma l  h y d r a u l i c  and h e a t  t r a n s f e r  a n a l y s i s  of  t h e  

Phoenix f u e l  c o r e  i n  t h e  MTR. Comprehensive a x i a l  p r o f i l e s  

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

p l a t e  f o r  t h e  t h r e e  s t a t i o n a r y  f u e l  e l e m e n t s  i n  X - 5 ,  Y-5, 

and Y-6 and f o r  t h e  shim f u e l  f o l l o w e r  l o c a t e d  a t  X-6. These 

a r e  e q u i v a l e n t  t o  MTR p o s i t i o n s  L-25, L-35, L-36 and L-26, 

r e s p e c t i v e l y .  The power p r o f i l e s  formed t h e  b a s i s  of  t h e  h e a t  

t r a n s f e r  a n a l y s i s .  The MTR s t a r t u p  power d i s t r i b u t i o n s  based  

on t h e  PRCF exper imen t  show maximum power peaks  o c c u r r i n g  a t  



approx ima te ly  1 8 . 5  i n c h e s  below t h e  t o p  o f  t h e  c o r e  i n  MTR f u e l  

e l emen t  l o c a t i o n s  L-25 and L-45. The e x t r a p o l a t e d  peak ing  

f a c t o r  a t  t h e s e  l o c a t i o n s  which r e p r e s e n t s  t h e  l o c a l  power t o  

t h e  c o r e  a v e r a g e  was found t o  b e  2 .5 .  L-24,  L-26,  L-44 and 

L-46 a r e  shim rod  l o c a t i o n s  and t h e s e  were measured t o  have  

maximum-to-core ave rage  power r a t i o s  o f  2 . 4 ,  o c c u r r i n g  a p p r o x i -  

ma te ly  12 .5  i n c h e s  below t h e  t o p  o f  t h e  f u e l  i n  t h e  shim r o d .  

A n a l y s i s  of  t h e  expe r imen t  showed t h e  t o t a l  power produced by 

e l emen t  L - 2 5  t o  be 4.77% of  t h e  t o t a l  r e a c t o r  power.  An ene rgy  

b a l a n c e  from p r e d i c t i o n s  u s i n g  t h e  MACABRE-I1 code ,  (16)  which 

y i e l d s  s l i g h t l y  c o n s e r v a t i v e  r e s u l t s ,  showed t h a t  4 .89% of  t h e  

r e a c t o r  power was produced i n  e l emen t  L-25. ( I 7 )  The h i g h e s t  

power e l emen t s  and peak ing  f a c t o r s  w i l l  be  used  i n  t h e  t h e r m a l  

h y d r a u l i c s  a n a l y s i s  t o  de te rmine  t h e  a l l o w a b l e  o p e r a t i n g  power 

l e v e l  f o r  t h e  Phoenix Fue l  c o r e  i n  t h e  MTR. 



V I I .  S H I M  R O D  S T R E N G T H  A N D  C A L I B R A T I O N  M E A S U R E M E N T S  

As p a r t  o f  t h e  e x p e r i m e n t a l  program, c a l i b r a t i o n  of one 

i n t e r i o r  and one p e r i p h e r a l  shim was per formed i n  t h e  PRCF- 

Phoenix  c o r e  t o  de te rmine  t h e i r  i n c r e m e n t a l  wor ths  i n  r e a c t i v -  

i t y .  T h i s  c a l i b r a t i o n  was accompl ished  by i n c r e m e n t a l l y  

i n s e r t i n g  t h e  i n t e r i o r  shim (X-4) from 63 .6% t o  38 .9% w h i l e  

i n c r e m e n t a l l y  wi thdrawing t h e  p e r i p h e r a l  shim (2-8)  from 0 %  

t o  1 0 0 % .  The s i x  remain ing  shims were banked a t  63 .6% t h r o u g h-  

o u t  t h i s  c a l i b r a t i o n  measurement.  A comprehensive a n a l y s i s  of  

t h e  p e r i p h e r a l  shim c a l i b r a t i o n  has  been  made and t h e  e x p e r i -  

m e n t a l l y  de te rmined  d i f f e r e n t i a l  r e a c t i v i t y  wor ths  a r e  shown a s  

a  f u n c t i o n  of  Q / %  v e r s u s  % wi thdrawa l  i n  F i g u r e  2 6 .  These 

r e s u l t s  i n d i c a t e  t h a t  t h e  maximum i n t e g r a t e d  wor th  of  t h i s  

p e r i p h e r a l  shim i s  (8 .27  + 0 . 3 5 ) $ .  The c r i t e r i o n  used  i n  t h e  

s e l e c t i o n  of  t h e  d a t a  f o r  t h i s  a n a l y s i s  was t h e  r equ i remen t  

t h a t  t h e  same o p e r a t i o n a l  p r o c e d u r e s  had t o  be obse rved  f o r  e a c h  

p e r i o d  measurement.  Each r e c o r d e d  doub l ing  t ime was t h e n  t a k e n  

t o  b e  an  independen t  o b s e r v a t i o n ,  and t h e s e  d a t a  were t h e n  

e v a l u a t e d  by computing t h e  r e a c t i v i t y  wor th  a t  e a c h  e q u i v a l e n t  

power l e v e l .  Each measured wor th  r e p o r t e d  h e r e i n  is  a n  a v e r a g e  

o f  t h e  d i f f e r e n c e s  i n  r e a c t i v i t y  o b t a i n e d  between two s u c c e s s i v e  

p e r i o d  r u n s .  

Examinat ion  o f  t h e  d i f f e r e n t i a l  wor th  measurements f o r  t h e  

p e r i p h e r a l  shim o v e r  t h e  r ange  o f  O %  t o  90% withdrawn i n d i c a t e d  

t h a t  t h e s e  d a t a  c o u l d  be  f i t t e d  w i t h  a  skewed Gauss ian  f u n c t i o n .  

The l a s t  10% w i t h d r a w a l ,  from 90% t o  l o o % ,  e x h i b i t e d  a  r e v e r s a l  

o f  w o r t h ,  and t h i s  p o r t i o n  o f  t h e  shim rod  c a l i b r a t i o n  cu rve  was 

e x t r a p o l a t e d  t h r o u g h  t o  t h e  l a s t  2 %  withdrawn (98 t o  1 0 0 % ) .  The 

magnitude of t h i s  l o s s  of r e a c t i v i t y  was obse rved  t o  be e q u a l  

t o  - ( 9 . 6  + 0 . 4 ) Q / %  a t  99% withdrawn.  T h i s  phenomenon i s  b e l i e v e d  

t o  r e s u l t  from moving t h e  lower end of  t h e  f u e l  f o l l o w e r  o u t  of  
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t h e  r e g i o n  of h i g h  the rma l  n e u t r o n  f l u x  j u s t  below t h e  c o r e ,  

w h i l e  t h e  upper  p a r t  o f  t h e  f u e l  f o l l o w e r  i s  b e i n g  moved i n t o  

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

d e p r e s s e d  by t h e  banked sh ims .  The shim r o d  c a l i b r a t i o n  mea- 

surements  were t h e n  e v a l u a t e d  u s i n g  a  new s u b r o u t i n e  w r i t t e n  

f o r  t h e  computer code LEARN,  ( I 8 ,  1 9 )  which per forms a  l e a s t  

s q u a r e s  f i t  t o  t h e  e x p e r i m e n t a l  d a t a  u s i n g  a sum o f  Hermite  

po lynomia l s .  ( 2 0 )  A b e s t  f i t  t o  t h e  measured shim d a t a  was 

o b t a i n e d  by a p p l y i n g  h i g h e r  o r d e r s  o f  t h e  Hermite  polynomial  

t h a t  i n c l u d e d  t h e  f i r s t ,  s e c o n d ,  and f o u r t h  terms (n  = 0 ,  1, 3 

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

a n a l y s i s  a r e  l i s t e d  i n  Tab le  V f o r  s e l e c t e d  p o s i t i o n s  on t h e  

shim t h a t  were a l s o  measured.  

The second o r d e r  (n = 2 )  was n o t  used  i n  t h i s  a n a l y s i s  

because  t h e  s q u a r e d  term would have dominated w i t h  a  r e d u c t i o n  

i n  t h e  magnitude o f  t h e  c e n t r a l  peak and an  i n c r e a s e  o v e r  t h e  

remainder  of t h e  f i t t e d  c u r v e .  The measured d a t a  d i d  n o t  show 

t h e s e  e f f e c t s ,  s o  i t  was de te rmined  t h a t  t h e  a n a l y s i s  s h o u l d  b e  

conducted  w i t h  t h e  z e r o t h ,  f i r s t ,  and t h i r d  o r d e r  p o l y n o m i a l s .  

The z e r o t h  o r d e r  Hermite  polynomial  i s  a  symmetr ic  Gauss i an  

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

t i o n  does n o t  s a t i s f a c t o r i l y  meet t h e  r e q u i r e m e n t s  imposed by 

t h e  skewed measured d i s t r i b u t i o n .  The f i r s t  and t h i r d  o r d e r  

Hermite  po lynomia l s  met t h i s  r e q u i r e m e n t ,  b u t  t h e  t h i r d  o r d e r  

had t o  be dropped due t o  t h e  v e r y  l a r g e  e r r o r  f u n c t i o n  a s s o c i -  

a t e d  w i t h  t h i s  f i t .  The magnitude o f  t h e s e  e r r o r s  o v e r  t h e  

c e n t r a l  r e g i o n  of  t h i s  t h i r d  o r d e r  f i t  can  be obse rved  from t h e  

v a l u e s  l i s t e d  i n  Table  V .  

C o r r e l a t i o n s  o f  t h e  measured v a r i a n c e  o f  t h e  f i t *  were used  

t o  d e t e r m i n e  t h a t  a  f i r s t  o r d e r  Hermite  polynomial  s h o u l d  be  

" h e  "measured v a r i a n c e  o f  t h e  f i t "  i s  i n  r e g a r d  t o  
s k e w n e s s  and v a r i a t i o n  i n  t h e  e r r o r  f u n c t i o n  f o r  t h e  
measured  and f i t t e d  d i f f e r e n t i a l  r e a c t i v i t y  w o r t h s .  



TABLE V. Shim Rod D i f f e r e n t i a l  R e a c t i v i t y  Worths 
i n  Cents/Percent  

% Withdrawal Hermite Polynomials  
o f  Shim Measured o t h  Order  lSt Order  grd Order  

u t i l i z e d .  For example, t h e  measured shim rod r e a c t i v i t y  wor th  

a t  49.5% withdrawn had a  recorded  u n c e r t a i n t y  o f  +8%, whi l e  t h e  

f i t t e d  curve  va lue  had a  computed u n c e r t a i n t y  of  25%.  The 

a n a l y t i c  f u n c t i o n  t h a t  b e s t  d e s c r i b e s  t h i s  f i t  i s  g i v e n  a s  
3 

D i f f e r e n t i a l  R e a c t i v i t y  Worth = [ A ~  + A4i] e  -112 ( A ~ z - A ~ )  

Where 

and 

Z i s  t h e  % o f  shim withdrawn. 

The f i t t e d  f i r s t  o r d e r  Hermite polynomial  was i n t e g r a t e d  by 

Simps on1 s  Method ( ' l )  t o  o b t a i n  t h e  t o t a l  wor th  of  ( 8 . 2 7  + 0.35) $ 

f o r  t h i s  p e r i p h e r a l  shim ( a l s o  shown i n  F igure  26) over  t h e  range 

of  0 %  t o  90% withdrawn. The i n t e g r a t e d  curve  a s  w e l l  a s  t h e  



e r r o r  f u n c t i o n s  of  t h e  f i t  t o  t h e  polynomial  were used  t o  

o b t a i n  v a l u e s  of t h e  r e a c t i v i t y  wor th  o f  d i f f e r e n t i a l  shim move- 

ments f o r  i n t e r p r e t a t i o n  of o t h e r  e x p e r i m e n t a l  measurements .  

E i g h t  measured p o i n t s  t a k e n  from t h e  c a l i b r a t i o n  of  an 

i n t e r i o r  shim i n  p o s i t i o n  X-4 were t h e n  compared w i t h  s i m i l a r  

p o i n t s  t a k e n  from t h e  f i t t e d  shim r o d  c a l i b r a t i o n  c u r v e .  The 

r a t i o  of t h e  i n t e r i o r  shim wor th  t o  t h e  p e r i p h e r a l  shim wor th  

a t  each  p o i n t  was found t o  b e  2 ( w i t h i n  t h e  u n c e r t a i n t i e s  of 

t h e  measurements) r e s u l t i n g  i n  a  v a l u e  of  (16.54 + 0 .86)$  f o r  

t h e  t o t a l  wor th  o f  t h e  i n t e r i o r  sh im.  The t o t a l  shim r o d  wor th  

of  t h i s  c o r e  is  e s t i m a t e d  t o  be  (99 .2  + 3 . 7 ) $  o r  (220 + 8) mk. 

The c r i t i c a l  l o a d i n g  f o r  t h i s  c o r e  was a c h i e v e d  w i t h  t h e  e i g h t  

shim rods  banked a t  59% withdrawn o r  3/4 o f  t h e  t o t a l  r e a c t i v i t y  

w o r t h .  T h e r e f o r e ,  i t  i s  e s t i m a t e d  t h a t  w i t h  a l l  e i g h t  shims 

f u l l y  i n s e r t e d ,  k - e f f e c t i v e  f o r  t h i s  assembly was (0.835 2 0,006). 

Measurements of t h e  shutdown margin of  t h e  sh im r o d s  were con-  

d u c t e d  a t  t h e  PRCF f o r  t h i s  c o r e .  With a l l  i n t e r i o r  shims 

(X-4, X-6, 2 - 4 ,  2-6) f u l l y  withdrawn,  t h e  r e a c t o r  was e s t i m a t e d  

t o  b e  3$ s u b c r i t i c a l .  However, w i thd rawa l  of  two p e r i p h e r a l  

and two i n t e r i o r  shims on t h e  same end o f  t h e  c o r e  (X-6, X-8, 

2 - 6 ,  2-8) would have produced a  c r i t i c a l  c o r e  w i t h  an  e s t i m a t e d  

e x c e s s  r e a c t i v i t y  o f  < 5 0 + .  

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

An exper imen t  was conducted  w i t h  t h e  s t a n d a r d  shimmed c o r e  

t o  d e t e r m i n e  t h e  wor th  o f  an  a d d i t i o n a l  f u e l  p l a t e  i n  t h e  shim 

f u e l  f o l l o w e r .  A new shim f u e l  f o l l o w e r  which was c o n s t r u c t e d  

t o  h o l d  1 3  p l a t e s  r e p l a c e d  t h e  1 2 - p l a t e  f o l l o w e r  i n  t h e  shim a t  

p o s i t i o n  2-8  i n  t h e  c o r e .  T h i s  shim was withdrawn t o  90% t o  

p u t  most of  t h e  f u e l  f o l l o w e r  i n  t h e  a c t i v e  r e g i o n  of  t h e  c o r e .  

The shim i n  p o s i t i o n  X-4 was l o c a t e d  a t  3 6 . 4 % ,  and t h e  remainder  

of  t h e  shim r o d s  were p o s i t i o n e d  a t  59% withdrawn.  The i n c r e a s e  



i n  t h e  wor th  o f  t h e  shim f u e l  f o l l o w e r  due t o  t h e  a d d i t i o n  of  

t h e  1 3 t h  p l a t e  was measured t o  be  (26 .5  * 1 . 3 ) + .  A s  a  d i r e c t  

r e s u l t  o f  t h i s  e x p e r i m e n t ,  a l l  of t h e  MTR-Phoenix sh im f u e l  

f o l l o w e r s  were d e s i g n e d  t o  c o n t a i n  1 3  p l a t e s .  

A sh im c a l i b r a t i o n  p o i n t  measured i n  t h e  p o i s o n e d  c o r e  

(which h a d  been  po i soned  t o  s i m u l a t e  p a r t i a l  xenon p o i s o n i n g )  

was compared w i t h  a  s i m i l a r  p o i n t  measured i n  t h e  unpoisoned 

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

measurements ,  implying  t h a t  t h e  sh im r o d  s t r e n g t h  w i l l  be  e s s e n -  

t i a l l y  t h e  same i n  b o t h  t h e  c l e a n  and xenon-poisoned c o r e s .  

A l s o ,  a  comparison h a s  been  made between shim wor ths  measured 

a t  e l e v a t e d  t e m p e r a t u r e s  and a t  room t e m p e r a t u r e  t o  d e t e r m i n e  

i f  t h e  f i t t e d  sh im c a l i b r a t i o n  c u r v e  i s  v a l i d  a t  h i g h  t empera-  

t u r e s .  The r e s u l t s  o f  t h i s  a n a l y s i s ,  g i v e n  i n  Tab le  V I ,  

i n d i c a t e  t h a t  t h e  f i t t e d  shim c a l i b r a t i o n  cu rve  i s  v a l i d ,  w i t h i n  

t h e  u n c e r t a i n t i e s  o f  t h e  measurements ,  f o r  t e m p e r a t u r e s  up 

t o  52 O C .  

TABLE V I .  Shim C a l i b r a t i o n  Measurements 
a t  Elevated Temperature 

% Withdrawal  Tempera ture ,  Measured F i t t e d  V a l u e ,  +/% 
o f  Shim O C  Va lue ,  Q/% (Temp. Range, 2 8  t o  30 OC) 



V I I I .  S I M U L A T E D  M T R  R E G U L A T I N G  R O D  

Bleasurements were made t o  de te rmine  t h e  r e a c t i v i t y  wor th  

of a  s i m u l a t e d  MTR r e g u l a t i n g  r o d .  The mockup of t h e  r e g u -  

l a t i n g  rod  was i n s e r t e d  i n t o  i lole  No. 1 a s  shown i n  F i g u r e  1. 

A c r o s s  s e c t i o n  o f  t h e  r e a c t o r  e x t e n d i n g  th rough  t h e  rod  mockup 

i n  Hole No. 1 i s  a l s o  shown i n  F i g u r e  3 .  T h i s  r e g u l a t i n g  rod  

was c o n s t r u c t e d  by double  wrapping a  hol low aluminum c y l i n d e r  

w i t h  0.020 i n c h  t h i c k  cadmium s h e e t i n g  o v e r  an  e f f e c t i v e  l e n g t h  

o f  21-1/4 i n c h e s .  There were no end caps  on t h i s  hol low t u b e ,  

and t h e  7-11/16 i n c h  e x t e n d e r  on t h e  bot tom o f  t h e  mockup 

was p e r f o r a t e d .  T h i s  d e s i g n  a l lowed  t h e  i n t e r i o r  of t h e  t u b e  

t o  f i l l  w i t h  H20 t o  t h e  same h e i g h t  a s  r e c o r d e d  f o r  t h e  moder- 

a t o r  l e v e l  w i t h i n  t h e  r e a c t o r  t a n k .  A v e r t i c a l  t r a v e r s i n g  

mechanism was used  t o  i n c r e m e n t a l l y  i n s e r t  o r  wi thdraw t h e  r o d  

mockup o v e r  i t s  e n t i r e  s t r o k e  o f  2 2  i n c h e s .  The normal o p e r -  

a t i n g  range  o f  t h e  MTR r e g u l a t i n g  r o d  was e s t a b l i s h e d  t o  be  

e q u i v a l e n t  t o  t h e  upper  h a l f  of  t h e  a v a i J a b l e  s t r o k e  i n  t h e  

PRCF ( t h a t  i s ,  from 11 i n c h e s  withdrawn t o  f u l l  o u t )  . 
The t o t a l  wor th  o v e r  t h e  f u l l  s t r o k e  o f  t h i s  r e g u l a t i n g  

r o d  mockup was measured t o  be  ( 6 . 1  + 0 .2 )  4 i n  t h e  normal  

shimmed c o r e  and ( 5 . 7  + 0 .2 )4  i n  t h e  p a r t i a l l y  po i soned  xenon 

c o r e .  These r e a c t i v i t y  wor ths  were deduced from p o s i t i v e  

p e r i o d  measurements .  The r e a c t i v i t y  wor th  o f  t h e  s i m u l a t e d  

r e g u l a t i n g  rod  ove r  t h e  normal MTR o p e r a t i n g  range  was d e t e r -  

mined t o  b e  ( 1 . 7  + 1 . 4 ) 4 .  C a l c u l a t i o n s  i n d i c a t e  t h a t  t r a n s l a -  

t i o n  o f  t h e  rod  from t h e  p o s i t i o n  of t h e  measurement i n  t h e  

PRCF t o  t h e  a c t u a l  MTR l o c a t i o n  i n  t h e  r e f l e c t o r ,  which i s  

2 i n c h e s  c l o s e r  t o  t h e  c e n t e r  of  t h e  c o r e ,  would i n c r e a s e  t h e  

wor th  by a  f a c t o r  of 1 . 8 .  Measurements w i t h  t h e  r e g u l a t i n g  

rod  mockup a t  a  p o i n t  approx ima te ly  6 i n c h e s  f u r t h e r  o u t  from 

Hole No. 1 i n  t h e  r e f l e c t o r  produced no d e t e c t a b l e  r e a c t i v i t y  

change o t h e r  t h a n  a  v a l u e  o f  (0 .5  + 0 . 5 ) $  o b t a i n e d  f o r  t h e  

t o t a l  wor th  o f  t h i s  rod .  





I X .  T E M P E R A T U R E  C O E F F I C I E N T S  OF R E A C T I V I T Y  

Measurements o f  r e a c t i v i t y  changes a s s o c i a t e d  w i t h  changes 

i n  t h e  t e m p e r a t u r e  o f  t h e  modera tor  were a l s o  made a s  p a r t  o f  

t h e  e x p e r i m e n t a l  program o v e r  t h e  range  of  t e m p e r a t u r e s  from 

29.1  O C  t o  57.8 O C .  The i n i t i a l  measurement was conducted  a t  

room t e m p e r a t u r e ,  and t h e n  t h e  modera tor  was h e a t e d  b e f o r e  e a c h  

s u c c e s s i v e  measurement.  The H20 i n  t h e  r e a c t o r  t ank  was t r a n s -  

f e r r e d  t o  a  h o l d i n g  t ank  which was i n s u l a t e d  and equipped w i t h  

s p e c i a l  h e a t i n g  c o i l s .  Immediately f o l l o w i n g  t h e  p e r i o d  of  

h e a t i n g ,  t h e  H 2 0  was t r a n s f e r r e d  back t o  t h e  r e a c t o r  t a n k  and 

t h e  p e r i o d  measurements were o b t a i n e d  a t  t h i s  e l e v a t e d  tempera-  

t u r e .  Th i s  p rocedure  was r e p e a t e d  u n t i l  t h e  f i n a l  t e m p e r a t u r e  

o f  57.8 O C  was o b t a i n e d .  The same c r i t e r i o n  used  i n  t h e  a n a l y s i s  

of  t h e  shim r o d  c a l i b r a t i o n  measurements ( S e c t i o n  V I )  was a l s o  

a p p l i e d  i n  t h e  s e l e c t i o n  of t h e  d a t a  t o  b e  used  i n  t h i s  a n a l y s i s .  

T h i s  r e q u i r e m e n t  d i c t a t e d  t h a t  t h e  same o p e r a t i o n a l  p rocedure  

be obse rved  f o r  a l l  p e r i o d  runs  w i t h i n  t h i s  s t u d y  i n  o r d e r  f o r  

t h e  r e s u l t a n t  r e a c t i v i t y  d a t a  t o  be  v a l i d .  Each r e c o r d e d  doub l -  

i n g  t ime was t h e n  t a k e n  t o  be  a n  independen t  o b s e r v a t i o n ,  and 

t h e  d a t a  was e v a l u a t e d  by s i m u l t a n e o u s l y  comparing t h e  d i f f e r e n -  

t i a l  r e s u l t s  of  two s u c c e s s i v e  p e r i o d  r u n s .  

The d a t a  o b t a i n e d  from t h e s e  measurements a t  e l e v a t e d  

t e m p e r a t u r e s  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 i g u r e  2 7 .  T h i s  

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

c o e f f i c i e n t  v e r s u s  t empera tu re  f o r  t h e  PRCF-Phoenix c o r e .  The 

dashed l i n e  i n d i c a t e s  t h e  c a l c u l a t e d  p r o f i l e  f o r  t h e  f i t t e d  

t e m p e r a t u r e  c o e f f i c i e n t  and i t s  e r r o r  f u n c t i o n  o v e r  t h i s  r ange  

o f  t e m p e r a t u r e s .  These d a t a  were c a l c u l a t e d  by pe r fo rming  a  

l e a s t  s q u a r e s  f i t  t o  t h e  measured r e s u l t s  u s i n g  a  polynomial  

f u n c t i o n  w i t h i n  t h e  computer code LEARN. ( I 8 ,  19)  TWO r e q u i r e -  

ments were p l a c e d  on t h i s  f i t  t o  t h e  measured d a t a .  I t  was 



LEAST SQUARES F I T  
TEMP. COEFF. = A, + Ap ( T - A 3 )  

A, = - ( 2 . 0 4  + 0 . 1 3 )  

A2 = - ( 1 . 1 4  + 0 . 3 3 )  x 

A3 = ( 3 . 9 8  + 0 . 1 1 )  x 1 0  

TEMPERATURE, O C  

FIGURE 27. Temperature Coefficient Versus Temperature 
for the Phoenix-Fueled Mockup of the MTR 
at the PRCF 



o b s e r v e d  t h a t  a  minimum must be  o b t a i n e d  by t h e  f i t t e d  d a t a  

i n  t h e  r ange  of t e m p e r a t u r e s  from 3 4  t o  4 4  O C .  A l s o ,  t h e  

measured v a l u e s  o b t a i n e d  a t  h i g h  t e m p e r a t u r e s  must b e  

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

o r d e r  t o  i n t e r p o l a t e  t h e  measured d a t a  a t  t h e  range  of 

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

e q u a t i o n  which was used  t o  f i t  t h e  e x p e r i m e n t a l  d a t a  t o  

o b t a i n  t h e  t e m p e r a t u r e  c o e f f i c i e n t  a s  a  f u n c t i o n  o f  tempera-  

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

Temperature C o e f f i c i e n t  = [A1 + A 2  ( T - A ~ ) ~ ]  

where 

and 

T i s  t h e  t e m p e r a t u r e  of  t h e  c o r e  i n  " C .  

The e r r o r  f u n c t i o n  f o r  t h e  f i t t e d  t e m p e r a t u r e  c o e f f i c i e n t  

was programmed, and v a l u e s  o f  t h e  e r r o r s  f o r  t h e  f i t t e d  c u r v e  

were e v a l u a t e d  f o r  v a r i o u s  t e m p e r a t u r e s .  The r e s u l t s  o f  t h i s  

a n a l y s i s  i n d i c a t e  t h a t  t h e  magnitudes of t h e  u n c e r t a i n t i e s  on 

t h e  f i t t e d  d a t a  a r e  c o n s i s t e n t  w i t h  t h e  u n c e r t a i n t i e s  of  t h e  

measured d a t a .  For  example,  t h e  measured t e m p e r a t u r e  c o e f f i -  

c i e n t  a t  49 .7  O C  was de te rmined  t o  be  u n c e r t a i n  by + 1 4 % ,  w h i l e  

t h e  f i t t e d  cu rve  v a l u e  a t  t h i s  t e m p e r a t u r e  had  a computed 

u n c e r t a i n t y  of  + l o % .  The measured d a t a  p o i n t s  a r e  compared 

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

T a b l e  V I I .  The t e m p e r a t u r e  c o e f f i c i e n t  o f  r e a c t i v i t y  f o r  t h i s  

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

i n c r e a s i n g l y  n e g a t i v e  a t  h i g h e r  t e m p e r a t u r e s .  



TABLE V I I .  P R C F - P h o e n i x  C o r e  T e m p e r a t u r e  
C o e f f i c i e n t s  of R e a c t i v i t y  

Tempera ture ,  Measured,  F i t t e d ,  
O C  $ / " C  4/"c 

35 .89  - ( 2 . 2 4  + 0 . 0 2 )  - ( 2 . 2 1  + 0 . 0 4 )  



X .  L O S S  O F  C O O L A N T  M E A S U R E M E N T S  

An e x t e n s i v e  s e r i e s  o f  measurements were made i n  t h e  

shimmed c o r e  t o  d e t e r m i n e  t h e  r e a c t i v i t y  changes which c o u l d  

be a s s o c i a t e d  w i t h  l o s s  o f  c o o l a n t  from t h e  c o r e .  H 2 0  c o o l a n t  

was exc luded  from s e l e c t e d  c o o l a n t  c h a n n e l s  i n  v a r i o u s  p o s i t i o n s  

of  t h e  c o r e  by i n s e r t i n g  aluminum o r  T e f l o n  s t r i p s  i n t o  t h e  

e l e m e n t s .  A s p e c i a l  upper  end box was d e s i g n e d  and adap ted  t o  

f i t  one of t h e  s t a t i o n a r y  f u e l  a s s e m b l i e s  a f t e r  removing t h e  

o r i g i n a l  end box. T h i s  d e s i g n  change a l lowed  t h e  s t r i p s  t o  be 

withdrawn o r  i n s e r t e d  w i t h o u t  removing t h e  e l emen t  from t h e  

c o r e .  When t h e  s e t  of  measurements i n  a  p a r t i c u l a r  c o r e  l a t t i c e  

l o c a t i o n  were t e r m i n a t e d ,  t h e  s p e c i a l  e lement  would be  moved t o  

a n o t h e r  p o s i t i o n  w i t h i n  t h e  c o r e .  Some o f  t h e  measurements 

r e q u i r e d  on ly  t h a t  p o s i t i v e  p e r i o d s  be o b t a i n e d  w h i l e  o t h e r s  

a l s o  r e q u i r e d  shim movements a s  w e l l .  The f i n a l  d a t a  o b t a i n e d  

from t h i s  expe r imen t  and r e p o r t e d  h e r e i n  a r e  t h e  r e s u l t s  o f  two 

o r  t h r e e  s e p a r a t e  measurements per formed a t  e a c h  p o s i t i o n  

w i t h i n  t h e  e l emen t .  These measurements i n c l u d e d  t h e  s t r i p  

b e i n g  i n s e r t e d  a s  w e l l  a s  b e i n g  withdrawn.  T h i s  p rocedure  was 

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

exper imen t  was comple ted .  The s t r i p s  were a s  l o n g  a s  t h e  f u e l  

p l a t e s  and were e i t h e r  p a r t i a l  w id th  (0.26 v o i d  f r a c t i o n )  o r  

f u l l  w i d t h  ( 0 . 8  v o i d  f r a c t i o n ) .  The p a r t i a l  w i d t h  s t r i p s  were 

p o s i t i o n e d  e i t h e r  a t  t h e  c e n t e r  of  a  c o o l a n t  channe l  o r  a t  t h e  

e a s t  s i d e  of  t h e  c h a n n e l .  The a v e r a g e  d imens ions  and p e r c e n t  

v o i d s  o f  t h e s e  aluminum and T e f l o n  s t r i p s  a r e  l i s t e d  i n  

Table  V I I I .  

The e x p e r i m e n t a l  d a t a  o b t a i n e d  from t h e  s i m u l a t e d  v o i d s  

produced by i n s e r t i n g  t h e  p a r t i a l  s t r i p s  i n t o  Channel 8 were 

a n a l y z e d  and t h e s e  r e s u l t s  a r e  g i v e n  i n  Tab le  I X .  The i n s e r t  

of  t h e  cutaway e l emen t  w i t h i n  F i g u r e  2 8  shows how t h e  p l a t e s  

a r e  numbered; t h u s ,  Channel 8  o f  t h i s  e l emen t  would b e  t h e  

c h a n n e l  between P l a t e s  8 and 9 .  



TABLE V I I I .  Average ~ i m e n s i o n s  and P e r c e n t  Void S imula ted  
by Usinq P l a t e s  o f  Aluminum and T e f l o n  i n  t h e  
c o o l a n t - c h a n n e l s  o f  t h e  PRCF-Phoenix Core 

Aluminum 
Thickness ,  Width, % Void 

i n .  i n .  S i n g l e  Channel 

P a r t i a l  Channel 
Voiding 0 . 0 9 4  0 . 8 7 0  2 6 . 2  

S i n g l e  F u l l  
Channel Void 0 . 0 9 4  2 . 5 5 4  7 6 . 8  

M u l t i p l e  F u l l  
0 . 0 9 4  2 . 5 7 1  Channe 1 Voids 7 7 . 5  

T e f l o n  
Thickness ,  Width, % Void 

i n .  i n .  S i n g l e  Channel 

TABLE I X .  R e a c t i v i t y  Worth o f  S imula ted  2 6 %  C o o l a n t  Void i n  Channel  No. 8 

Element L o c a t i o n  X - 1  X-5 Y-5 Y - 5  

P o s i t i o n  i n  Channel  E a s t  S ide  E a s t  S i d e  E a s t  S i d e  Cen te r  

R e a c t i v i t y  Change 
on Voiding by:  

Aluminum - ( O . S  0 . 3 ) 4  - ( 7 . 9  + 0 . 3 ) $  - ( 9 . 2  ' 0 . 5 ) $  - ( 1 3 . 9  + 1 . 4 ) $  

T e f l o n  - ( 0 . 9  ' 0 . 2 ) 4  - ( 6 . 9  + 0 .2)1#  - ( 1 1 . 2  + 0 . 5 ) $  - 
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The r e s u l t s  which were o b t a i n e d  f o r  t h e  p a r t i a l  aluminum 

s t r i p  t h a t  was i n s e r t e d  i n t o  t h e  e lement  i n  p o s i t i o n  Y-5 were 

accumula ted  from t h e  d a t a  i n  T a b l e  I X  u s i n g  c o r e  symmetry a r g u -  

ments t o  g e n e r a t e  an e q u i v a l e n t  f u l l  channe l  v a l u e .  The f u l l -  

channe l  s t r i p  measurement,  made i n  t h a t  same c o r e  p o s i t i o n ,  was 

t h e n  compared w i t h  t h i s  accumula ted  v a l u e  t o  d e t e r m i n e  t h e  i n t e r -  

a c t i o n  o f  t h e  p a r t i a l  s t r i p s .  The p a r t i a l  s t r i p  v a l u e s  added up 

t o  - ( 3 2 . 3  + 1 . 6 ) $  wor th  i n  r e a c t i v i t y  which was e q u i v a l e n t  t o  a  

channe l  v o i d i n g  o f  7 8 . 6 % .  The f u l l  channe l  measurement e s s e n -  

t i a l l y  occup ied  t h e  same volume (76 .8% v o i d )  a s  t h e  accumula ted  

p a r t i a l  s t r i p s ,  b u t  t h i s  r e s u l t  was r e c o r d e d  t o  be - (43 .7  L 1 . 2 )  $ 

o r  35% l a r g e r  i n  magni tude .  A l l  o f  t h e  measured r e s u l t s  

o b t a i n e d  from s i m u l a t i n g  an 80% v o i d  w i t h  aluminum o r  T e f l o n  a r e  

i l l u s t r a t e d  g r a p h i c a l l y  i n  F i g u r e  28. The c u r v e s  p r e s e n t e d  

h e r e i n  a r e  e s t i m a t e d  p r o f i l e s  of t h e  v o i d i n g  wor th  due t o  

i n s e r t i n g  aluminum s t r i p s  i n t o  rows X and Y .  These r e s u l t s  

i n d i c a t e  t h a t  t h e r e  i s  a  3 0 %  d e c r e a s e  i n  t h e  r e a c t i v i t y  wor th  

from row Y t o  X f o r  t h e  same channe l  l o c a t i o n  a t  t h e  c e n t e r  o f  

t h e  c o r e .  There i s  a  5 0 %  d e c r e a s e  i n  t h e  measured wor th  from 

row Y t o  X a t  t h e  edge o f  t h e  c o r e  i n  Channel 1. I n  a d d i t i o n ,  

t h e  v o i d  r e s u l t  p roduced by t h e  T e f l o n  which was i n s e r t e d  i n t o  

Channel 8  of  t h e  e l emen t  i n  c o r e  l o c a t i o n  Y-5 i s  r o u g h l y  8 0 %  o f  

t h e  v a l u e  measured f o r  aluminum. The r e s u l t s  of  t h e s e  measure-  

ments can  b e  summarized i n  g e n e r a l  a s  f o l l o w s :  t h e  r e a c t i v i t y  

changes due t o  l o s s  o f  H20 c o o l a n t  were always n e g a t i v e ,  s m a l l  

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

maximum a t  t h e  c e n t e r .  

A .  OTHER S E L E C T E D  V O I D I N G  M E A S U R E M E N T S  

I n  a d d i t i o n  t o  t h e  p r e v i o u s l y  d i s c u s s e d  v o i d  measurements ,  

m u l t i p l e - c h a n n e l  v o i d  wor ths  were measured a t  t h e  c e n t e r  o f  t h e  

c o r e  i n  Channel 8  of  f u e l  p o s i t i o n  X - 5 ,  Y-5, and 2 - 5 .  T h i s  



measurement was per formed by a d i f f e r e n t i a l  movement o f  t h e  

shim a t  c o r e  l o c a t i o n  2 -8  from a  b a s e  o f  42.5% t o  46 .3% w i t h -  

drawn a f t e r  l o a d i n g  aluminum s t r i p s  i n t o  t h e  s t a t i o n a r y  e l e -  

ments .  The wor th  o f  t h i s  c e n t r a l  c o r e  v o i d  was de te rmined  t o  

be  - (0 .97  + 0 . 0 4 ) $ .  The r e s u l t s  which were o b t a i n e d  f o r  t h e  

f u l l  w id th  aluminum s t r i p s  i n s e r t e d  i n t o  t h e  e l emen t s  i n  p o s i -  

t i o n  X-5 and Y-5 were accumula ted  from F i g u r e  28 t o  g e n e r a t e  

an e q u i v a l e n t  m u l t i p l e  channe l  v a l u e  f o r  comparison.  Using 

c o r e  symmetry arguments ,  t h e s e  f u l l  s t r i p s  add up t o  

- ( 1 . 0 4  + 0.03)  $ wor th  i n  r e a c t i v i t y  f o r  a  v o i d  e q u i v a l e n c e  of ' 

7 6 . 8 % .  The m u l t i p l e - c h a n n e l  v o i d  measurement occup ied  a  

volume t h a t  i s  e s s e n t i a l l y  t h e  same, and Tab le  V I I  shows t h i s  

t o  b e  a  77.3% v o i d .  These r e s u l t s  i n d i c a t e  t h a t ,  i n  r e a l i t y ,  

t h e  i n t e r a c t i o n . o f  t h e s e  aluminum s t r i p s  p r o b a b l y  canno t  be 

d e t e c t e d  w i t h i n  t h e  u n c e r t a i n t i e s  t o  be a s s o c i a t e d  w i t h  t h e  

e q u i v a l e n t  v a l u e  of ~ 1 . 0 4 $  t h a t  was g e n e r a t e d .  

T h i s  expe r imen t  f o r  d e t e r m i n a t i o n  of  t h e  r e a c t i v i t y  wor ths  

o f  m u l t i p l e  channe l  v o i d s  was c o n t i n u e d  by v o i d i n g  s i x  more 

c h a n n e l s  w i t h  a d d i t i o n a l  aluminum s t r i p s .  The s t r i p s  were 

l o a d e d  i n t o  Channels  7 and 9  i n - t h e  same t h r e e  e l e m e n t s .  The 

worth of  t h e  t h r e e  t o  n i n e  a luminum-pla te  a d d i t i o n  was 

de te rmined  t o  be  - ( 1 . 7 1  + 0 . 0 8 ) $  by a n o t h e r  d i f f e r e n t i a l  shim 

movement from 46.3% t o  55 .5% withdrawn.  The accumula t ion  of  

b o t h  t h e s e  r e s u l t s  ( t h a t  i s ,  z e r o  t o  t h r e e  p l a t e s  p l u s  t h r e e  

t o  n i n e  p l a t e s )  y i e l d s  an  e q u i v a l e n t  n i n e - p l a t e  v o i d  of  

- (2 .68  + 0 .09)$  wor th  i n  r e a c t i v i t y .  T h i s  compares v e r y  

f a v o r a b l y  w i t h  t h e  measurement o b t a i n e d  w i t h  a l l  s i m u l a t e d  

v o i d s  removed, and t h e  shim a t  2 - 8  r e t u r n e d  t o  t h e  o r i g i n a l  

b a s e  of 4 2 . 5 % .  The r e s u l t a n t  wor th  o f  t h i s  n i n e - c h a n n e l  v o i d  

measurement was de te rmined  t o  be  - (2.77 + 0.09)  $ .  





X I .  LOSS OF FUEL PLATES 

Measurements were made t o  determine  t h e  r e a c t i v i t y  worth 

o f  t h e  remcval of a  whole element from t h e  c e n t e r  c f  t h e  core  

(Y-5) , of s i n g l e  p l a t e s  from an elemerLt a t  t h e  c e n t e r  of t h e  

core  ( Y - 5 ) ,  and of a  p l a t e  a t  t h e  s i d e  o f  t h e  core  ( X - 5 ) .  The 

16 p l a t e s  i n  a  s t a t i o n a r y  f u e l  element a r e  numbered sequen-  

t i a l l y  through 16 as  shown i n  F igure  28 .  The o r d e r  of p l a t e  

removal from core  l a t t i c e  p o s i t i o n  Y-5 was such a s  t o  main ta in  

symmetry around t h e  c e n t e r  l i n e  of  t h e  e lement .  Five of  t h e  

c e n t r a l  p l a t e s  from t h i s  e lement  were s e q u e n t i a l l y  removed one 

a t  a  t ime ,  and t hen  a l l  f i v e  p l a t e s  were s imul taneous ly  

r ep l aced .  Some of t h e s e  measurements r e q u i r e d  on ly  p o s i t i v e  

pe r i ods  be performed wh i l e  o t h e r s  a l s o  r e q u i r e d  shim movements. 

One of  t h e s e  measurements was ob t a ined  by s u b c r i t i c a l  e x t r a p o -  

l a t i o n  of  t h e  m u l t i p l i c a t i o n  d a t a  gene ra t ed  upon withdrawing 

a l l  t h e  s h e e t s  and obse rv ing  t h a t  t he  r e a c t o r  was s t i l l  sub-  

c r i t i c a l .  This  p a r t i c u l a r  measurement was r epea t ed  twice t o  

en su re  t he  v a l i d i t y  of  t he  observed e f f e c t  on magnitude and 

s i g n  of  t he  r e s u l t a n t  r e a c t i v i t y  worth t o  be a s s o c i a t e d  w i t h  

t h i s  p l a t e  removal.  The r e a c t i v i t y  change i s  h i g h l y  p o s i t i v e  

f o r  t h e  f i r s t  p l a t e  removed and r e q u i r e s  t h e  removal of  a t o t a l  

of  f o u r  p l a t e s  b e f o r e  t h e  d i f f e r e n t i a l  wor th  r e v e r s e s  i t s  

s i g n .  The f i n a l  d a t a  ob t a ined  from t h i s  experiment  f o r  t h e  

shim p o s i t i o n s  a s  w e l l  a s  t h e  r e s u l t a n t  r e a c t i v i t y  wor ths  of 

t h e  p l a t e  removals a r e  l i s t e d  i n  Table X .  

The accumulated r e a c t i v i t y  worth of s e q u e n t i a l l y  removing 

t h e  f i v e  c e n t r a l  p l a t e s  was determined by adding up t h e  va lue s  

l i s t e d  i n  Table X t o  o b t a i n  +(56 2 3 ) 4 .  This  va lue  compares 

f avo rab ly  w i t h  t h e  measured r e a c t i v i t y  worth of  + (62 + 4 )  4 
t h a t  would be ob t a ined  upon removing t h e  f i v e  p l a t e s  s imu l -  

t aneous ly .  Th i s  measured va lue  was i n f e r r e d  from t h e  r e s u l t  

t h a t  was ob t a ined  by r e p l a c i n g  t h e  f i v e  p l a t e s  and r e t u r n i n g  



TABLE X .  R e a c t i v i t y  Worth of P l a t e s  Removed 
from t h e  Element i n  Core L a t t i c e  
P o s i t i o n  Y-5 

O r d e r  o f  P l a t e  Shim Movement, R e a c t i v i t y  Worth, 
Removal Number Method of  Measurement % Withdrawal  # 

1 8  P o s i t i v e  P e r i o d  t o  Sub- 
c r i t i c a l  E x t r a p o l a t i o n  

2 9 P o s i t i v e  P e r i o d s  34 .0  1 5 . 6  k 1 . 6  

3  7 P o s i t i v e  P e r i o d s  and 34.0 t o  32 .2  1 8 . 8  A 1 . 5  
Shim Measurement 

4  10 P o s i t i v e  P e r i o d s  and 32.2 t o  31.6 - 0 . 7  k 0 . 2  
Shim Measurement 

5  6  P o s i t i v e  P e r i o d s  and 31.6 t o  32.7 - 20 .0  A 1 . 0  
Shim Measurement 

t h e  sh im a t  2-8  from 32.7% t o  37.2% withdrawn.  I n  a d d i t i o n  t o  

t h e s e  measurements ,  a  p l a t e  was removed from P o s i t i o n  8  o f  X-5, 

and t h e  e f f e c t  was obse rved  t o  be  + ( 2 4 . 3  + 1 . 4 ) $  o r  a b o u t  h a l f  a s  

l a r g e  a s  t h e  wor th  o f  t h e  c o r r e s p o n d i n g  p l a t e  removed from Y-5. 

The t o t a l  wor th  of  t h e  most c e n t r a l  f u e l  e l emen t  i n  c o r e  l a t t i c e  

p o s i t i o n  Y-5 was i n f e r r e d  by measurement t o  be e q u a l  t o  

(5.92 + 0 . 2 7 ) $ .  T h i s  measured v a l u e  was o b t a i n e d  upon i n s e r t i n g  

t h i s  e l e m e n t  back  i n t o  t h e  c o r e  a f t e r  comple t ing  t h e  r e a c t o r  

n o i s e  measurements .  The sh im a t  2 - 8  was i n i t i a l l y  l o c a t e d  a t  85% 

withdrawn and i t  had  t o  be  moved a  t o t a l  span  o f  47.5% t o  37.5% 

withdrawn t o  compensate f o r  t h e  r e a c t i v i t y  i n s e r t i o n .  

~ a l c u l a t i o n s ' ~ ~ )  were a l s o  per formed t o  s i m u l a t e  t h e  e f f e c t s  

caused  by  removal  o f  t h e  i n d i v i d u a l  f u e l  p l a t e s  from t h e  e l e m e n t  

i n  Y-5. These c a l c u l a t i o n s  were per formed u s i n g  a  f o u r - e n e r g y  

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

geometry.  S u c c e s s i v e  v a l v e s  of  ke f f  were c a l c u l a t e d  f o r  s i x  

c a s e s ,  and t h e s e  were used  t o  o b t a i n  i n c r e m e n t a l  w o r t h s  f o r  e a c h  

p l a t e  removed from z e r o  t o  f i v e  p l a t e s .  The w o r t h  c u r v e s  f o r  



b o t h  t h e  expe r imen t  and c a l c u l a t i o n  have been  g e n e r a t e d  by 

i n t e r c o n n e c t i n g  t h e  r e s u l t s  o b t a i n e d  by  s t r a i g h t  l i n e s .  These 

cu rves  a r e  i l l u s t r a t e d  i n  F i g u r e  29 .  The c a l c u l a t i o n  n o t  o n l y  

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

w i t h  t h e  removal of  t h e  f i r s t  f u e l  p l a t e ,  b u t  t h e  shape  o f  

t h i s  cu rve  i s  s i m i l a r  t o  t h a t  of t h e  expe r imen t  a s  w e l l .  The 

i n c r e m e n t a l  wor ths  a r e  g r e a t e r  f o r  t h e  c a l c u l a t i o n a l  model 

t h a n  t h e  e x p e r i m e n t a l  r e s u l t s  s i n c e  t h e  zone used  t o  s i m u l a t e  

t h e  p l a t e s  b e i n g  removed ex tended  c o m p l e t e l y  a c r o s s  t h e  c o r e .  

I n  a d d i t i o n ,  t h e  c a l c u l a t i o n  r e q u i r e d  a  t o t a l  of f o u r  and 

o n e - f o u r t h  p l a t e s  t o  be  removed, a s  compared t o  t h e  f o u r  p l a t e s  

f o r  t h e  e x p e r i m e n t ,  b e f o r e  t h e  d i f f e r e n t i a l  wor th  r e v e r s e d  i t s  

s i g n .  I t  can  be  concluded from t h i s  i n f o r m a t i o n  t h a t  t h e  

a n a l y t i c a l  model employed i n  t h i s  c a l c u l a t i o n  d i d  a  f a v o r a b l e  

job i n  p r e d i c t i n g  t h e  e x p e r i m e n t a l  e f f e c t s  n o t e d  f o r  t h e  

removal o f  t h e  f u e l  p l a t e s  from t h e  c e n t e r  of  t h e  c o r e .  
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X I I .  R E A C T O R  N O I S E  M E A S U R E M E N T S  

R e a c t o r  n o i s e  d a t a  were r e c o r d e d  i n  t h e  PRCF-Phoenix c o r e  

by use  of f i v e  d e t e c t o r s  l o c a t e d  i n  t h r e e  t y p i c a l  p o s i t i o n s :  

(1)  c e n t e r  of  t h e  c o r e ,  (2) b e r y l l i u m  r e f l e c t o r ,  and (3)  H20 

t o p  r e f l e c t o r .  One BF3 d e t e c t o r  was l o a d e d  i n t o  a  dummy e l e -  

ment ,  and t h i s  assembly was i n s e r t e d  i n t o  t h e  r e a c t o r  l a t t i c e  

p o s i t i o n  Y - 5 .  Two BF3 chambers were p o s i t i o n e d  on t o p  of t h e  

b e r y l l i u m  r e f l e c t o r  a t  t h e  Nor th  and South  edges  of  t h e  f u e l  

c o r e .  Two a d d i t i o n a l  BF3 d e t e c t o r s  were p l a c e d  i n t o  Hole No. 1 

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

r e a c t o r  where n o i s e  d a t a  were s u c c e s s f u l l y  measured a r e  d i a -  

grammed s c h e m a t i c a l l y  i n  F i g u r e  30.  No i n t e r p r e t a b l e  r e s u l t s  

were o b t a i n e d  from t h e  chambers i n  t h e  H20 t o p  r e f l e c t o r .  

S a t i s f a c t o r y  r e s u l t s  were o b t a i n e d  from t h e  chambers i n  t h e  

b e r y l l i u m  r e f l e c t o r  and i n  t h e  c e n t e r  o f  t h e  c o r e  w i t h  t h e  

c r i t i c a l  h e i g h t  of  t h e  banked shims a t  6 3 . 5 %  withdrawn.  The 

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

f o r  B / R ,  t h e  e f f e c t i v e  d e l a y e d  n e u t r o n  f r a c t i o n  d i v i d e d  by t h e  

prompt n e u t r o n  l i f e t i m e ,  a r e  l i s t e d  i n  T a b l e  X I .  

TABLE X I .  PRCF-Phoenix Fue l  Reactor  Noise Ana lys i s  

Core C e n t e r  Bery l l ium R e f l e c t o r  

The q u a n t i t y  u s u a l l y  o b t a i n e d  from e x p e r i m e n t a l  n o i s e  

measurements i s  t h e  power s p e c t r a l  d e n s i t y ,  and from t h i s ,  one 

deduces t h e  k i n e t i c  p a r a m e t e r s  o f  t h e  r e a c t o r .  E x p e r i m e n t a l l y ,  

t h e  power s p e c t r a l  d e n s i t y  i s  o b t a i n e d  by r e c o r d i n g  and ana-  

l y z i n g  a  s i g n a l  which i s  p r o p o r t i o n a l  t o  t h e  s t a t i s t i c a l  

f l u c t u a t i o n  o f  t h e  n e u t r o n  p o p u l a t i o n  abou t  some ave rage  v a l u e .  

T h i s  f l u c t u a t i o n  i s  r e a c t o r  n o i s e .  (2 3) 
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FIGURE 30. Locat ions  of BFJ Chambers U t i l i z e d  
i n  the B/R Determination a t  t h e  PRCF 
Mockup of t h e  MTR-Phoenix Fue l  Core 



A n a l y t i c a l l y ,  t h i s  q u a n t i t y  can  be d e r i v e d  from t h e  s p a c e -  

independen t  form o f  t h e  n e u t r o n  k i n e t i c s  e q u a t i o n s .  ( 2 4 )  Using 

t h e  approx ima t ion  o f  one de layed  group o f  n e u t r o n s ,  (") t h e  

power s p e c t r a l  d e n s i t y  can  be e x p r e s s e d  a s  

where 

n(w) = n e u t r o n  f l u x  a s  a  f u n c t i o n  of  f r equency  

TF = t r a n s f e r  f u n c t i o n  

n  
0 

= i n i t i a l  v a l u e  o f  n e u t r o n  f l u x  

w = f r e q u e n c y  

r; = t h e  mean decay c o n s t a n t  
o f  t h e  d e l a y e d  n e u t r o n  p r e c u r s o r s  

N i s  a  background t e rm t h a t  i s  independen t  
o f  f r e q u e n c y .  

I n  t h e  a n a l y s i s  of  n o i s e  d a t a ,  one i n f e r s  t h e  r e a c t o r  k i n e t i c  

p a r a m e t e r s  from t h e  shape  of  t h e  power s p e c t r a l  d e n s i t y  a s  a  

f u n c t i o n  o f  f r e q u e n c y .  The f o l l o w i n g  form o f  e q u a t i o n  was used  

t o  f i t  t h e  measured power spec t rum d a t a  p o i n t s  ( t h a t  i s ,  power 

p e r  u n i t  band w i d t h )  : 

where 



T h i s  e q u a t i o n  h a s  been f u r t h e r  m o d i f i e d  a s  f o l l o w s :  
-, 

(1) I t  was m u l t i p l i e d  by a  t e r m ,  
(-45) ' 

9 
rn 

t h a t  r e p r e s e n t s  t h e  i o n i z a t i o n  chamber r e s p o n s e .  Th i s  

t e rm i s  r e q u i r e d  whenever t h e  b r e a k  f r equency  (B/R) o c c u r s  

a t  a  f r e q u e n c y  h i g h  enough t o  be i n t e r f e r e d  w i t h  by t h e  

r e s p o n s e  of  t h e  sys t em.  

(2 )  One t e rm was t r e a t e d  a s  z e r o ,  n e g l e c t i n g  t h e  p a r a m e t e r  A 3  

which i n  t h i s  a n a l y s i s  i s  n o t  p h y s i c a l l y  s i g n i f i c a n t  s i n c e  

i t  c o n t a i n s  e f g e c t s  of  e x t r a n e o u s  low f requency  s i g n a l s .  

T h i s  t r e a t m e n t  of  A3 s i m p l i f i e s  t h e  t h e o r y  and does n o t  

a f f e c t  t h e  r e s u l t s  i n  t h e  f r e q u e n c y  range  o f  i n t e r e s t  ( t h a t  

i s ,  n e a r  w = a / & ) .  

The f i n a l  form o f  t h e  e q u a t i o n  used  i n  t h i s  a n a l y s i s  was 

'A4 

y  = f A 3  + [(--'Ai(u2 
and one can  o b t a i n  

t h i s  e q u a t i o n  by pe r fo rming  t h e  f o l l o w i n g  s u b s t i t u t i o n s :  

L e t  
2 'A4 = A s ,  'A3 = A1, .A2 = A 4 ,  2 and 'A1 = A 2 / ~ q  2 

T h i s  f i t t i n g  o f  t h e  measured d a t a  p o i n t s  was accompl i shed  

u s i n g  Program NOISE ( 2 5 9 2 6 )  which u s e s  t h e  g e n e r a l  l e a s t  s q u a r e s  

t e c h n i q u e s  i n c o r p o r a t e d  i n  t h e  computer code LEARN. (18,191 The 

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

s t a t i s t i c s  which i n v o l v e  b o t h  f i r s t -  and s e c o n d- o r d e r  d i f f e r e n -  

t i a l s .  The f i t t i n g  p rocedure  y i e l d s  v a l u e s  f o r  a l l  t h e  param- 

e t e r s  i n v o l v e d ,  t o g e t h e r  w i t h  t h e i r  e r r o r s .  The f r e q u e n c y  p l o t s  

o b t a i n e d  from t h i s  a n a l y s i s  a r e  r ep roduced  i n  F i g u r e s  31 and 32. 

A n a l y s i s  of t h e  d a t a  from t h e  chamber i n  t h e  b e r y l l i u m  r e f l e c t o r  

produced r e s u l t 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 t h e  chamber 

l o c a t e d  a t  t h e  c e n t e r  o f  t h e  c o r e .  
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Upon comple t ing  t h e  measurements i n  t h i s  c o r e ,  i t  was 

d e c i d e d  t h a t  a  computa t ion  of t h e  k i n e t i c  p a r a m e t e r s  s h t ~ l d  b e  

per formed f o r  compar ison .  The computer code KINPAR ( 2 7 )  h a s  been  

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

t i o n ,  B e f f ,  and t h e  prompt n e u t r o n  l i f e t i m e ,  R ,  f o r  a c o r e  
composed of  t h i s  t y p e  of f u e l .  

The KINPAR code i s  l i n k e d  t o  t h e  one- d imens iona l ,  m u l t i -  

g roup ,  d i f f u s i o n - t h e o r y  code HFN,  (15)  f rom which d i r e c t  and 

a d j o i n t  f l u x e s  a r e  o b t a i n e d  f o r  t h e  p e r t u r b a t i o n  t h e o r y  e x p r e s -  

s i o n s .  The i s o t o p i c  d e l a y e d  n e u t r o n  f r a c t i o n s  used  i n  KINPAR 

a r e  from Refe rence  28. Average i n v e r s e  v e l o c i t i e s ,  prompt - 
n e u t r o n  s p e c t r a ,  and v a l u e s  o f  vof were o b t a i n e d  from c e l l  

c a l c u l a t i o n s  u s i n g  t h e  computer codes THERMOS/BATTELLE ( 2 9 )  

and HRG (Hanford Rev i sed  GAM (30)). The a v e r a g e  i n v e r s e  v e l o c i t y  

was o b t a i n e d  a c c o r d i n g  t o  t h e  e q u a t i o n  

The code KINPAR u s e s  s t a n d a r d  p e r t u r b a t i o n - t h e o r y  e x p r e s -  

s i o n s  f o r  t h e  q u a n t i t i e s  B e f f  and R .  ( 2 8 )  The s p e c i f i c  e x p r e s -  

s i o n s  used  a r e :  



and 

where 

P e f f  = t o t a l  e f f e c t i v e  d e l a y e d  n e u t r o n  f r a c t i o n  

M = t o t a l  number of  f i s s i o n a b l e  s p e c i e s  p r e s e n t  

v z m  = macroscopic  nu  s igma f i s s i o n  f o r  e n e r g y  
f j  g roup j  f o r  m a t e r i a l  m 

' j  
= r e a l  f l u x  f o r  ene rgy  group j  

0; 
= a d j o i n t  f l u x  f o r  ene rgy  group j  

X 
D 
j  

= f r a c t i o n  o f  d e l a y e d  f i s s i o n  n e u t r o n s  e m i t t e d  
i n t o  ene rgy  group j  

xp = f r a c t i o n  o f  prompt f i s s i o n  n e u t r o n s  e m i t t e d  
j i n t o  ene rgy  group j 

B~ = t o t a l  f r a c t i o n  of  d e l a y e d  f i s s i o n  n e u t r o n s  
e m i t t e d  by m a t e r i a l  m 

l / V j  = a v e r a g e  i n v e r s e  v e l o c i t y  of  n e u t r o n s  i n  
j ene rgy  group 

J = number o f  e n e r g y  groups  f o r  which f l u x e s  a r e  
t o  be  c a l c u l a t e d  

= i n t e g r a t i o n  o v e r  volume o f  e n t i r e  r e a c t o r .  



A f o u r - r e g i o n ,  17-ene rgy  group c a l c u l a t i o n  of  t h e  PRCF- 

Phoenix c o r e  was per formed u s i n g  t h e  KINPAR program. A c o r e  of  

f i x e d  e l emen t s  w i t h  a  b e r y l l i u m  and H 2 0  r e f l e c t o r ,  i n  s l a b  

geometry ,  was assumed f o r  t h i s  c a l c u l a t i o n .  The group s t r u c t u r e  

and o t h e r  d e t a i l s  o f  t h e  a n a l y t i c a l  model a r e  c o n t a i n e d  i n  

F i g u r e  33. 

The KINPAR c a l c u l a t i o n  f o r  t h i s  p a r t i c u l a r  type  o f  c o r e  

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

B = 2 . 7 7  x and L  = 3.38 x seconds .  The r a t i o  f o r  B / L  
- 1 

a s  de te rmined  by t h i s  computa t ion  i s  82 s e c  , and t h i s  one-  

d imens iona l  c a l c u l a t i o n  was per formed t o  y i e l d  a  v a l u e  o f  B / R  

f o r  a  check on t h e  o r d e r  o f  magnitude t o  be e x p e c t e d  from a  
- 1 measurement.  The e x p e r i m e n t a l  v a l u e  o f  ( 5 9 . 4  + 0 . 7 ) s e c  f o r  

B/R was o b t a i n e d  from a  measurement i n  t h e  3  x 9 shimmed c o r e .  

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

t h e  e x p e r i m e n t a l  v a l u e s  because  o f  t h e  c l e a n  c o r e  model chosen 

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

p a s s e d  o n l y  through f i x e d  e l e m e n t s  ( t h a t  i s ,  l i k e  X - ,  Y -  

and 2 - 5 ) .  This  a n a l y t i c a l  model was n e c e s s a r i l y  one- d imens iona l  

because  o f  t h e  l i n k a g e  of t h e  KINPAR code t o  HFN, and t h e  model 

d i d  n o t  i n c l u d e  t h e  shim c o n t r o l  r o d s .  
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A C K N O W L E D G M E N T S  

The c r i t i c a l  expe r imen t s  t h a t  were conducted  i n  t h e  MTR 

mockup a t  t h e  PRCF and t h e  a n a l y t i c a l  work r e q u i r e d  t o  compi l e ,  

r e d u c e ,  and a n a l y z e  t h e  d a t a  from t h e s e  expe r imen t s  took  p l a c e  

ove r  a  2 - y e a r  p e r i o d ,  and many peop le  c o n t r i b u t e d .  Program 

management was p r o v i d e d  by L .  C .  Schmid, D .  D .  Lanning,  

G .  J .  Busselman, and R .  I .  Smi th .  The p r i n c i p l e  a u t h o r ,  

E .  C .  Davis ,  J r . ,  had  t h e  p r imary  r e s p o n s i b i l i t y  f o r  c o n c e i v i n g ,  

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

a c c e p t i n g  t h e  d a t a ,  a n a l y z i n g  and r e p o r t i n g  t h e  p h y s i c s  e x p e r i -  

ments f o r  t h e  Phoenix Fue l  Program. 

R e a c t o r  o p e r a t i o n s  and gamma s c a n n i n g  a s s i s t a n c e  was con-  

t r i b u t e d  by L .  D .  Wi l l i ams ,  J .  B .  Edgar ,  and G .  J .  Konzek. 

R .  Maki, A .  E .  P e n t t i l a ,  J .  E .  Choate ,  and I .  N .  S o r r e l l s  

per formed g e n e r a l  a s s i s t a n c e  a s  r e q u i r e d  i n  exper iment  p r e p a r a -  

t i o n  and d a t a  a c q u i s i t i o n .  Genera l  d a t a  r e d u c t i o n  and a n a l y t i -  

c a l  a s s i s t a n c e  was p r o v i d e d  by E .  B .  Reppond and T .  M .  T r a v e r .  

A n a l y t i c a l  a s s i s t a n c e  and model development  f o r  t h e  Phoenix 

f u e l  c o r e  was c o n t r i b u t e d  by C .  M .  Heeb and  W .  W .  P o r a t h .  

D .  A .  K o t t w i t z  and R .  P .  Matsen p r o v i d e d  t h e  t h e o r e t i c a l  a r g u -  

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

e r r o r  f u n c t i o n s  used  t o  f i t  t h e  shim c a l i b r a t i o n  measurements .  

G .  D .  Seybold  per formed t h e  computer programming r e q u i r e d  t o  

o b t a i n  t h e  l e a s t  s q u a r e s  f i t s  t o  t h e  shim c a l i b r a t i o n  and 

t e m p e r a t u r e  c o e f f i c i e n t  measurements .  The r e a c t o r  n o i s e  

a n a l y s i s  f o r  t h e  d e t e r m i n a t i o n  of  P / R  was conducted  by 

W .  P .  S t i n s o n .  
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