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A B S T R A C T  

L a b o r a t o r y  Exper iments  were conduc ted  t o  d e t e r m i n e  t h e  

amount o f  mix ing  t h a t  o c c u r s  between two i n t e r c o n n e c t e d  f low 

c h a n n e l s  d u r i n g  b o i l i n g .  The exper imen t s  were per formed w i t h  

w a t e r  a t  9 0 0  p s i a  f l o w i n g  t h r o u g h  e l e c t r i c a l l y  h e a t e d  t e s t  s e c -  

t i o n s  t h a t  s i m u l a t e d  two a d j a c e n t  c h a n n e l s  t y p i c a l  of  a  1 9 - r o d  

b u n d l e .  The r e s u l t s  of t h e  e x p e r i m e n t s  showed t h a t  mixing  d u r -  

i n g  n o n b o i l i n g  c o n d i t i o n s  was n e a r l y  independen t  o f  rod  s p a c i n g  

and c o u l d  be c o r r e l a t e d  a s  a  f u n c t i o n  of Reynolds Number. The 

r e s u l t s  a l s o  showed t h a t  mix ing  d u r i n g  b o i l i n g  i s  n o t  n e c e s s a r -  

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

b o i l i n g  was found t o  be dependent  upon rod  s p a c i n g ,  f l o w  r a t e ,  

and ,  p o s s i b l y ,  s t eam q u a l i t y .  The r e s u l t s  a l s o  a g r e e d  w e l l  

w i t h  p r e d i c t i o n s  o f  t h e  computer  program COBRA which was d e v e l -  

oped i n  t h e  f i r s t  p a r t  of t h i s  s t u d y  t o  compute f l o w ,  e n t h a l p y  

and p r e s s u r e  i n  r o d  bund le  s u b c h a n n e l s .  
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D o  S .  Rowe and C ,  W, Angle 

I N T R O D U C T I O N  

The purpose  o f  t h i s  r e p o r t  a s  t o  p r e s e n t  t h e  r e s u l t s  o f  

l a b o r a t o r y  expe r imen t s  t h a t  were per formed t o  d e t e r m i n e  t h e  

amount of  n a t u r a l  mixing  occur-rlng between two s n t e r c o n n e c t e d  

p a r a l l e l  c h a n n e l s  d u r l n g  b o l l i n g .  These e x p e r i m e n t s  were c o n -  

d u c t e d  a s  t h e  second p a r t  of  s t u d y  of two-phase  f low and mix-  

i n g  i n  rod bundle  f u e l  e l e m e n t s  under  t h e  sponsorship of a  

c o o p e r a t i v e  program between t h e  Uni t ed  S t a t e s  and Canada f o r  

t h e  development  of  heavy w a t e r  modera ted  power r e a c t o r s .  The 

o v e r a l l  pu rpose  of t h i s  s t u d y  1s t o  provide a  more a c c u r a t e  

means o f  p r e d l c t r n g  f l o w  and e n t h a l p y  i n  rod  bund le  s u b c h a n n e l s ,  

t h u s  a l l o w i n g  a  more a c c u r a t e  means of c o r r e l a t i n g  c o n d i t i o n s  

u n d e r  which b o i l l n g  b u r n o u t  o c c u r s  I n  rod  bund le  f u e l  e l e m e n t s ,  

I n  t h e  f i r s t  p a r t  of  t h i s  s t u d y  ( I )  an a n a l y t i c a l  model 

and d i g i t a l  computer  program,  C O B R A ,  was deve loped  t o  compute 

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

bund le  f u e l  e l emen t s  d u r i n g  b o i l l n g .  The ma themat i ca l  model 

u s e d  t o  d e v e l o p  COBRA assumed t h a t  two mechanisms a r e  s i m u l -  

t a n e o u s l y  l n v o l v e d  i n  t h e  mass ene rgy  and momentum t r a n s p o r t  

between a d j  a c e n t  rod  b u n d l e  subchannel  s . The f i r s t  mechanism 

i s  a  d i v e r s i o n  c r o s s f l o w  c a u s e d  by f low redistribution r e s u l t -  

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

c h a n n e l s ,  The second mechanism i s  a  t u r b u l e n t  c ross fPow 

caused  by t h e  random t r a v e l  o f  c o o l a n t  between a d j a c e n t  s u b -  

c h a n n e l s .  The f i r s t  t y p e  of crossflo1nr c a n  be  computed f a i r l y  

w e l l  from t h e  e q u a t i o n s  of  t h e  ma themat i ca l  model ;  however ,  

t h e  t u r b u l e n t  c r o s s f l o w  c a n n o t - i t  must be de te rmined  from 



e x p e r i m e n t s ,  S u c c e s s f u l  a p p l i c a t i o n  of COBRA t o  rod  b u n d l e  

subchanne l  a n a l y s i s  mus t ,  t h e r e f o r e ,  r e l y  on e x p e r i m e n t a l l y  

de te rmined  v a l u e s  of  t u r b u l e n t  c r o s s f l o w  d u r i n g  b o t h  b o i l i n g  

and n o n b o i l i n g  c o n d i t i o n s  A t  t h e  p r e s e n t  t ime o n l y  a  l i m i t e d  

amount of  d a t a  e x i s t s  f o r  mixing  d u r i n g  n o n b o i l i n g  c o n d i t i o n s  

I n  rod  b u n d l e s ,  For  b o i l i n g  c o n d i t i o n s  no known d a t a  e x i s t s ,  

I t  i s  e s s e n t i a l  t h a t  mixing d u r i n g  b o i l i n g  be known b e f o r e  

a c c u r a t e  s u b c h a n n e l  a n a l y s e s  can  be  made, t h u s  a l l o w i n g  a  more 

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

b u r n o u t ,  

S U r l r l A R Y  A N D  C O N C L U S  I C N S  

L a b o r a t o r y  expe r imen t s  were pe r fo rmed  t o  d e t e r m i n e  t h e  

amount o f  n a t u r a l  t u r b u l e n t  mixing  t h a t  o c c u r s  between two 

i n t e r c o n n e c t e d  p a r a l l e l  c h a n n e l s  t y p i c a l  of  t h o s e  i n  rod  bund le  

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

which s i m u l a t e s  c h a n n e l s  formed by rods  on a  s q u a r e  p l t c h  a r r a y  

l o c a t e d  n e x t  t o  r o d s  on a  t r i a n g u l a r  p i t c h  a r r a y ,  was u s e d  f o r  

t h e  e x p e r i m e n t s ,  

A l l  e x p e r i m e n t s  were done w i t h  w a t e r  a t  900 p s i a ,  I n l e t  

t e m p e r a t u r e s  o f  330 O F  and 510 O F  were  c o n s i d e r e d  f o r  n o n b o i l i n g  

and b c f l l n g  e x p e r i m e n t s ,  r e s p e c t i v e l y ,  Mass f low r a t e s  of  1, 2 ,  

and 3  x  l o 6  l b / h r - f t 2 ,  and h e a t  f l u x e s  up t o  abou t  t w o - t h i r d s  

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

r o d  s p a c l n g s  of  0 , 0 2 0  and 0 ,084  i n ,  

The amount o f  n a t u r a l  t u r b u l e n t  mixing was de te rmined  by 

comparing t h e  v a l u e s  o f  e n t h a l p y  a t  t h e  e x i t  o f  t h e  t e s t  s e c  

t i o n  t o  t h e  r e s u l t s  of c a l c u l a t l o n s  u s i n g  COBRA,  The r e s u l t s  

o f  t h e  c a l c u l a t l o n s  showed t h a t  t u r b u l e n t  mixing d u r i n g  non- 

b o i l i n g  conditions was n e a r l y  independen t  of rod  s p a c i n g ,  A 

correlation o f  t h i s  d a t a ,  a s  a  f u n c t i o n  of  Reynolds Number, 

was made and gave e x c e l l e n t  agreement  w i t h  t h e  e x p e r i m e n t a l  

r e s u l t s ,  



Average t u r b u l e n t  m ix ing  d u r i n g  b o i l i n g  was found  t o  

improve  by a b o u t  t w i c e  f o r  t h e  0 .084  i n .  s p a c i n g ;  however ,  no  

s i g n i f i c a n t  improvement  was found  f o r  t h e  0 .020 i n .  s p a c i n g .  

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

o f  m i x i n g  d u r i n g  b o i l i n g  t o  be  d e t e r m i n e d ,  b u t  some d e f i n i t e  

t r e n d s  e x i s t e d .  Mix ing  d u r i n g  b o i l i n g  was n o t  un i fo rm w i t h  

s t e a m  q u a l i t y .  The d a t a  i n d i c a t e d  t h a t  m ix ing  r e a c h e d  a  p e a k  

a t  low q u a l i t y  and t h e n  d e c r e a s e d  a t  h i g h  q u a l i t y .  T h i s  

e f f e c t  was most  s i g n i f i c a n t  f o r  t h e  0 .084  i n .  s p a c i n g .  

The c o n c l u s i o n s  t h a t  c a n  b e  made f rom t h e s e  e x p e r i m e n t s  

a r e  : 

The d i g i t a l  compu te r  p rog ram,  COBRA,  p r o p e r l y  p r e d i c t s  

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

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

e x p e r i m e n t s ,  COBRA i s  a  v a l i d  a n a l y t i c a l  t o o l  f o r  r o d  

b u n d l e  s u b c h a n n e l  a n a l y s i s .  

N a t u r a l  t u r b u l e n t  m i x i n g  d u r i n g  s i n g l e  p h a s e  f l o w  i s  n o t  

p r o p o r t i o n a l  t o  r o d  s p a c i n g .  A 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  showed t h a t  t u r b u l e n t  c r o s s f l o w  p e r  u n i t  

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

p o r t i o n a l  t o  h y d r a u l i c  d i a m e t e r  and  mass v e l o c i t y .  The 

c o r r e l a t i o n  o f  t h e  s u b c o o l e d  mix ing  d a t a  i s  s i g n i f i c a n t  

s i n c e  i t  i s  t h e  l ower  l i m i t  o f  m ix ing  i n  a c t u a l  r o d  b u n -  

d l e s .  A c t u a l  r o d  b u n d l e s  have  h i g h e r  l e v e l s  o f  m ix ing  

t h a n  p r e d i c t e d  f rom t h e s e  e x p e r i m e n t s  b e c a u s e  o f  r o d  s p a c -  

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

B o i l i n g  c a n  c a u s e  an i n c r e a s e  i n  mix ing  f o r  o n l y  c e r t a i n  

c o n d i t i o n s .  The e x p e r i m e n t s  show t h a t  m ix ing  does  n o t  

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

p o o r  m i x i n g  c o u l d  o c c u r  a t  h i g h  q u a l i t y .  



E X P E R I M E N T A L  l l E T H O D  

D E S C R I P T I O N  O F  F A C I L I T I E S  

The e x p e r i m e n t s  were conduc ted  i n  t h e  P a c i f i c  Nor thwest  

L a b o r a t o r y ' s  Low P r e s s u r e  Heat  T r a n s f e r  ~ a c i l i t ~ ' ~ )  which i s  a  

c l o s e d  l o o p  f a c i l i t y  n o m i n a l l y  r a t e d  a t  a  sys tem p r e s s u r e  of  

1000 p s i a  w i t h  f low r a t e s  up t o  250 gpm, S l i g h t  m o d i f i c a t i o n  

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

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

and v a r i o u s  p i p i n g  and v a l v e s  t o  a l l o w  s e p a r a t i o n  of  t h e  f low 

s t r e a m s  e n t e r i n g  and l e a v i n g  t h e  t e s t  s e c t i o n .  

Cold w a t e r  was pumped t h r o u g h  a  s t r e a m  p r e h e a t e r  w i t h  an 

o u t l e t  t e m p e r a t u r e  of  abou t  200 O F  and t h e n  t h r o u g h  an e l e c -  

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

t e s t  c o n d i t i o n .  The f l o w  was t h e n  s p l i t  i n t o  two s t r e a m s  p r i o r  

t o  e n t e r i n g  t h e  bot tom o f  t h e  v e r t i c a l l y  mounted t e s t  s e c t i o n ,  

Valves  i n  t h e  two s t r e a m s  were used  t o  a d j u s t  t h e  f low s p l i t .  

When t h e  two s e p a r a t e d  s t r e a m s  e n t e r e d  t h e  e l e c t r i c a l l y  h e a t e d  

t e s t  s e c t i o n ,  t h e y  were a l lowed  t o  mix a c r o s s  t h e  gap between 

t h e  two f low c h a n n e l s ,  A t  t h e  end of  t h e  h e a t e d  s e c t i o n  t h e  

f l o w  s t r e a m s  were a g a i n  s e p a r a t e d  and e a c h  e n t e r e d  a  " h a i r p i n "  

h e a t  exchanger  where t h e y  were condensed and c o o l e d  by p a r a l l e l  

f low* c o o l i n g  w a t e r  a t  500 p s i a n * *  Valves  i n  each  o f  t h e  c o o l e d  

s t r e a m s  were u s e d  t o  a d j u s t  t h e  e x i t  f low s p l i t  from t h e  t e s t  

s e c t i o n ,  A f t e r  t h e  s t r e a m s  were combined t h e y  p a s s e d  t h r o u g h  

t h e  t h r o t t l e  v a l v e  t h a t  p r o v i d e d  sys t em back p r e s s u r e .  The 

* C o u n t e r f l o w  was i n i t i a l l y  u s e d  b u t  gave  o s c i l l a t i n g  c o o l a n t  
o u t  l e t  t e m p e r a t u r e s .  

* *  P r e s s u r i z a t i o n  was a l s o  r e q u i r e d  t o  h e l p  e l i m i n a t e  o s c i l l a -  
t i o n s  i n  t h e  c o o l i n g  o u t l e t  t e m p e r a t u r e  c a u s e d  by  f i l m  b o i l i n g  
on t h e  c o o l i n g  s i d e .  
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main r e c i r c u l a t i n g  pump was u s e d  s i m u l t a n e o u s l y  w i t h  t h i s  v a l v e  

t o  p r o v i d e  t h e  s y s t e m  p r e s s u r e  o f  900 p s i a  b e c a u s e  t h e  pump 

h a s  a  h e a d  o f  a b o u t  1000  p s i a  a t  low f l o w  r a t e s .  A f t e r  p a s s i n g  

t h r o u g h  t h e  t h r o t t l e  v a l v e  t h e  f l o w  was f u r t h e r  c o o l e d  by t h e  

l o o p ' s  ma in  c o n d e n s e r  and  p a s s e d  on t o  t h e  s u c t i o n  s i d e  o f  t h e  

main  r e c i r c u l a t i n g  pump. Sys tem p r e s s u r c  was c o n t r o l l e d  by t h e  

u s e  o f  a n  i n j e c t i o n  pump w i t h  a  " f e e d - b l e e d "  v a l v e  a t  t h e  

s u c t i o n  o f  t h e  ma in  pump. 

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

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

m e n t s  was c o n s t r u c t e d  f rom 321  SS t u b i n g  w i t h  0 .563  i n .  OD and  

0 .094  i n .  w a l l  t h i c k n e s s ,  The t u b i n g  was c u t  l e n g t h w i s e  a n d  

t h e  e d g e s  fo rmed  a s  shown i n  F i g u r e  2 .  The p r e p a r e d  t u b e  s e g -  

m e n t s  we re  t h e n  c lamped  t o  a  machined  c o p p e r  c h i l l  b l o c k  t h a t  

p r o v i d e d  t h e  p r o p e r  c r o s s  s e c t i o n a l  s h a p e  and  p r o v i d e d  a  h e a t  

s i n k  d u r i n g  w e l d i n g .  Welding o f  t h e  l o n g i t u d i n a l  seams was 

done  i n  a  l a t h e  bed w i t h  a  s m a l l  " h e l i - a r c "  t o r c h  s u p p o r t e d  by 

t h e  t o o l  h o l d e r  on t h e  l a t h e  c a r r i a g e .  A f t e r  s m a l l  t a c k  w e l d s  

were  made,  l o n g  s e g m e n t s  o f  c o n t i n u o u s  weld  were  made u s i n g  a  

s e l e c t e d  c a r r i a g e  f e e d ,  The welded  t e s t  s e c t i o n  was v e r y  

s t r a i g h t  when i t  w a s  removed f rom t h e  c o p p e r  c h i l l  b l o c k  and 

r e q u i r e d  no f u r t h e r  work o t h e r  t h a n  p r e p a r i n g  t h e  e n d s  f o r  t h e  

e l e c t r i c a l  c o n n e c t i o n s  and  a t t a c h m e n t  o f  ~ n s t r u m e n t a t i o n ,  

The e l e c t r i c a l  c o n n e c t i o n s  t h a t  we re  b r a z e d  t o  t h e  end.s o f  

t h e  h e a t e d  s e c t i o n  a l s o  p r o v i d e d  t h e  e n t r a n c e  and  e x i t  f l o w  

s e p a r a t o r s  ( F i g u r e  3 ) .  T h e s e  f l o w  s e p a r a t o r s  had  a b o u t  t h e  

same f l o w  a r e a  and  s h a p e  a s  t h e  h e a t e d  s e c t i o n  e x c e p t  f o r  a 

t h i n  web t o  s e p a r a t e  t h e  two s u b c h a n n e l s .  The web s t a r t e d  

1 / 2  i n .  f r om t h e  e n d s  o f  t h e  h e a t e d  s e c t i o n .  The 1 2  i n .  l o n g  

i n l e t  p i e c e  a l s o  p r o v i d e d  a  t r a n s i t i o n  f rom t h e  i n l e t  

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

a r e a  and  c r o s s - s e c t i o n a l  s h a p e .  
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The shape  of  t h e  h e a t e d  s e c t l o n  was m a i n t a i n e d  by s t e e l  

s u p p o r t  b l o c k s  and ce ramic  ( " M u l l l t e t t )  r o d  segments  ( F l g u r e  2 ) .  

A d ~ u s t m e n t  of t h e  subchanne l  f l o w  a r e a  and gap between t h e  

s i m u l a t e d  rods  was w i t h  s h i m s ,  Wlth t h e  e x c e l l e n t  d i m e n s i o n a l  

uniformity of t h e  s u p p o r t  b l o c k s  and ce ramlc  r o d  s e g m e n t s ,  i t  

i s  e s t i m a t e d  t h a t  t h e  gap v a r l a t l o n s  were l e s s  t h a n  abou t  

-0.0015 i n ,  I n  a d d i t ~ o n  t o  s u p p o r t s n g  t h e  t e s t  s e c t i o n ,  t h e  

ceramic rod  segments  e l e c t r i c a l l y  insulated t h e  t e s t  s e c t l o n  

from t h e  supporting s t r u c t u r e ,  The low the rma l  c o n d u c t i v i t y  

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

s e c t l o n ;  however ,  t h e  p r imary  I n s u l a t i o n  was p r o v l d e d  by a  2 I n  

l a y e r  of magnes la  a round  t h e  e n t i r e  assembly ,  

I n s t r u m e n t a t i o n  

Water t e m p e r a t u r e  was measured w i t h  I n c o n e l  s h e a t h e d ,  I r o n -  

C o n s t a n t a n  thermocoupXes They were positioned i n  t h e  c e n t e r  

of t h e  f l o w  s t r e a m  by dn assembly t h a t  screwed i n t o  a  t ' w e l d o l e t ' t  

on t h e  p l p e  w a l l .  The assembly consisted o f  t h e  s h e a t h e d  the rmo-  

c o u p l e  b r a z e d  I n s i d e  a  s m a l l  d i a m e t e r  t u b e ,  w i t h  t h e  t i p  p r o -  

t r u d l n g  a b o u t  1 , 4  I n , ,  and t h e  t u b e  t h e n  b r a z e d  i n t o  a  t h r e a d e d  

p l u g  t o  p r o p e r  l y  p o s l t i o n  t h e  the rmocoup le ,  

M i l P l v o l t  o u t p u t  was r e c o r d e d  on a u t o m a t i c  d l g i t a l  r eadou t  

equipment t h a t  t y p e d  t h e  m l l l i v o P t  r e a d l n g  and punched p a p e r  

t a p e  f o r  d a t a  processing. A c t u a l  w a t e r  t e m p e r a t u r e s  were a l s o  

continuously r e c o r d e d  on s t r l p  c h a r t  r e c o r d e r s  f o r  a  v i s u a l  

account  of  t e m p e r a t u r e s  d u r l n g  t h e  t e s t s n  An i c e  b a t h  was u s e d  

t o  m a i n t a i n  t h e  thermocouple  z s l d  j u n c t i o n  a t  32 " F ,  

Four R e s l s t a n e e  Tempera ture  D e t e z t o r s  [RTD) p r o v i d e d  a d d i -  

t l o n a l  t e m p e r a t u r e  measurement and a l s o  p r o v i d e d  a  b a s i s  f o r  

c a l i b r a t i o n  oi- t h e  the rmocoup les .  With t h e  low f l u i d  v e l o c i -  

ties e n c o u n t e r e d  f o r  some experamen ta l  conditions , RTD e r r o r s  

were e n c ~ u n t e r e d ;  t h e r e f o r e ,  t h e y  were used  f o r  thermocouple  

c a l l b r a t i o n  a t  t h e  h i g h e r  f low r a t e s  and t h e  the rmocoup les  d a t a  

wereused f o r  a l l  d a t a  reduction. 



P o t t e r  and F i s h e r - P o r t e r  t u r b i n e  f l o w  m e t e r s  were used  f o r  

a l l  f l o w  measurement ,  C a l i b r a t i o n  p r i o r  t o  runn ing  t h e  e x p e r i -  

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

l e s s  t h a n  abou t  1%. A few e x c e p t i o n s  t o  t h i s  were e n c o u n t e r e d  

and w i l l  be ment ioned  l a t e r  i n  t h i s  r e p o r t ,  

P r e s s u r e  t a p s  were p l a c e d  on t h e  t e s t  s e c t i o n  t o  measure 

t h e  a x i a l  p r e s s u r e  d rop  and d i f f e r e n c e s  i n  p r e s s u r e  between 

t h e  two c h a n n e l s  a t  s e v e r a l  l o c a t i o n s ,  A p a i r  of  p r e s s u r e  t a p s  

were l o c a t e d  1 J 2  i n -  downstream from t h e  end of  t h e  h e a t e d  

s e c t i o n  w i t h i n  t h e  e l e c t r i c a l  c o n n e c t i o n s ,  P a i r s  of t a p s  were 

a l s o  l o c a t e d  6 and 1 2  i n .  ups t r eam from t h e  o u t l e t  end o f  t h e  

h e a t e d  s e c t i o n  t o  measure  subchanne l  p r e s s u r e  d i f f e r e n c e s ,  

A c t u a l  sys tem p r e s s u r e  was measured w i t h  H e l s e  gauges  and d i f -  
A A 

f e r e n t i a l  p r e s s u r e s  w i t h  i n c l i n e d  and v e r t i c a l  Mercury manom- 

e t e r s .  Each p r e s s u r e  t a p  l i n e  l e a d i n g  from t h e  t e s t  s e c t i o n  

was h o r i z o n t a l  b e f o r e  e n t e r i n g  a  s m a l l  a c c u m u l a t o r .  These 

a c c u m u l a t o r s ,  n o r m a l l y  n e a r  ambient  t e m p e r a t u r e ,  condensed any 

vapor  drawn t h r o u g h  t h e  p r e s s u r e  t a p  and p r e v e n t e d  h o t  w a t e r  

from e n t e r i n g  v e r t i c a l  l e g s  o f  t h e  t a p  l i n e s ,  

The t e s t  s e c t i o n  was f i t t e d  w i t h  I n c o n e l  s h e a t h e d  I r o n -  

Cons tan ton  thermocouples  welded t o  s e l e c t e d  p o s i t i o n s  on t h e  

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

obse rved  d u r i n g  t e s t  s e c t i o n  power i n c r e a s e s  t o  d e t e c t  t h e  

p o s s i b l e  o c c u r r e n c e  o f  b o i l i n g  b u r n o u t ,  

T E S T  P R O C E D U R E  

I s o t h e r m a l  r u n s  ( z e r o  t e s t  s e c t i o n  power] were i n i t i a l l y  

per formed t o  c a l i b r a t e  thermocouples  and t o  d e t e r m i n e  h e a t  

l o s s e s  from v a r i o u s  p a r t s  of  t h e  sys t em.  They were conduc ted  by 

s e t t i n g  t h e  d e s i r e d  t e s t  s e c t i o n  p r e s s u r e ,  f l o w  and i n l e t  tem- 

p e r a t u r e ,  and r e c o r d i n g  t h e  d e s i r e d  d a t a ,  Flows t h r o u g h  t h e  

t e s t  s e c t i o n  i n l e t  and o u t l e t  p i p i n g  were a d j u s t e d  t o  g i v e  

I n c l i n e d  manometers  r ead  t o  t O . 0 2  i n .  Mercury;  v e r t i c a Z  
manometer  r e a d  t o  i0.02 psi. 



a p p r o x i m a t e l y  z e r o  c r o s s  channe l  p r e s s u r e  d i f f e r e n c e  a t  t h e  

e x i t  of t h e  t e s t  s e c t i o n -  Dur ing  o p e r a t i o n  of  t h e  e l e c t r i c  p r e -  

h e a t e r ,  e r r o n e o u s  f low s i g n a l s  were produced by t h e  f low m e t e r s  

i n  t h e  s e p a r a t e d  I n l e t  s t r e a m s ;  t h e r e f o r e ,  t h e  f low s p l i t  i n  t h e  

i n l e t  p i p i n g  was p r e s e t  p r i o r  a t t a i n i n g  sys t em t e m p e r a t u r e s  

g r e a t e r  t h a n  abou t  200 'F .  T h i s  f low s p l i t  was assumed t o  

e x i s t  f o r  h i g h e r  i n l e t  t e m p e r a t u r e s  and was checked a f t e r  e a c h  

shutdown of t h e  p r e h e a t e r  

For a  s e r i e s  of power runs  a t  a  g iven  i n l e t  t e m p e r a t u r e ,  

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

e s t a b l i s h e d  and a l l  d a t a  was r e c o r d e d .  The t e s t  s e c t i o n  power 

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

i n g  had begun ,  o r  was occurr ing,  t h e  f low s p l i t  a t  t h e  t e s t  s e c -  

t i o n  o u t l e t  was a d j u s t e d  t o  g i v e  z e r o  p r e s s u r e  d i f f e r e n t i a l  

between t h e  two c h a n n e l s  a t  t h e  end o f  t h e  h e a t e d  s e c t i o n .  

Once t h e  sys t em s t a b i l i z e d  and n o  f u r t h e r  a d j u s t m e n t  was n e c e s -  

saTy ,  t h e  d a t a  was r e c o r d e d .  The same p r o c e d u r e  was r e p e a t e d  

f o r  each  s e l e c t e d  power l e v e l  a t  t h a t  f l o w  and i n l e t  t e m p e r a t u r e  

c o n d i t i o n ,  

E x p e r ~ m e n t s  were conduc ted  u s i n g  two s i m u l a t e d  rod  spacings, 

The f i r s t  was a  s p a c i n g  o f  0 ,084  i n .  and c o r r e s p o n d e d  t o  t h e  

nominal  d imens ions  of  t h e  i n l e t  and o u t l e t  t e s t  s e c t l o n  f i t t i n g s .  

The second  s i m u l a t e d  rod  s p a c i n g  of  0 , 0 2 0  i n .  was a c h i e v e d  by 

a d g u s t i n g  t h e  shims i n  t h e  s u p p o r t  b l o c k  a s sembly .  The sh im 

a d j u s t m e n t  was made i n  such  a  way t h a t  t h e  r a t l o  of t h e  h y d r a u l i c  

diameters was n e a r l y  p r e s e r v e d ,  t h u s ,  n e a r l y  p r e s e r v i n g  t h e  f l o w  

s p l i t ,  T h i s  permitted u s e  of t h e  same t e s t  s e c t i o n  end f i t t i n g ,  

I t  a l s o  h e l p e d  minimize  any f low redistribution t h a t  c o u l d  o c c u r  

a t  t h e  2 I n ,  transition from 0 , 0 2 0  i n .  s p a c i n g  t o  t h e  0.080 i n ,  

s p a c i n g  of  t h e  end f i t t i n g s  a t  e a c h  end o f  t h e  h e a t e d  s e c t i o n .  

M E T H O D  O F  D A T A  R E D U C T I O N  

Raw d a t a ,  r e c o r d e d  on d a t a  s h e e t s  and punched p a p e r  t a p e ,  

was p r o c e s s e d  by t r a n s f e r r i n g  t h i s  d a t a  t o  punched c a r d s  t h a t  



p r o v i d e d  i n p u t  t o  a  d i g l t a l  computer  program.  T h i s  program was 

r u n  i n  two s t a g e s  t o  accommodate i s o t h e r m a l  r u n s  and t h e n  t h e  

power r u n s ,  T h i s  gave much more r a p i d  and e o n s l s t e n t  d a t a  

r e d u c t i o n  t h a n  was p o s s i b l e  t o  do by hand c a l c u l a t l s n .  

During t h e  r e d u c t i o n  of i s o t h e r m a l  run  d a t a ,  t e m p e r a t u r e s  

were c o n v e r t e d  from their m i l l i v o l t  r eadangs  t o  a c t u a l  tem- 

p e r a t u r e  u s i n g  a s t a n d a r d  c a l i b r a t i o n  f o r  I r o n  -Cons tan ton  

t h e r m o c o u p l e s ;  a l s o  t h e  RTD r e a d i n g s  were c o n v e r t e d  t o  eempera-  

t u r e  usnng t h e i r  appropriate c a l e b r a t i o n  c u r v e .  Flows were e o n -  

v e r t e d  from t h e i r  m i l l i a m p e r e  v a l v e s  t o  mass f low r a t e  u s i n g  

t h e  f low m e t e r  c a l i b r a t i o n  c u r v e s  and d e n s i t y  o b t a i n e d  from t h e  

w a t e r  t e m p e r a t u r e s ,  P r e s s u r e  d rop  r e a d i n g s  were c o n v e r t e d  t o  

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

t a p s  

The p-ramary purpose  of t h e  i s o t h e r m a l  run e a l e u l a t n o n s  was 

t o  d e t e r m i n e  &or  r e c t l o n s  t o  the rmocoup les  and de te rmine  h e a t  

l o s s  The thermocouples  corrections were determined by p l o t t l n g  

t h e  d i f f e r e n c e  between t h e  thermocouple  t e m p e r a t u r e  and a r e f e r -  

ence  RTD t e m p e r a t u r e  v e r s u s  t h e  r e c j p r o c a l  o f  t h e  mass f l o w  r a t e  

a t  some sys t em t e m p e r a t u r e  The intersection of a l a n e  d ~ a w n  

t h r o u g h  t h e s e  p o r n t s  w l t h  t h e  t e m p e r a t u r e  a x l s  gave t h e  thermo-  

c o u p l e  correction The s o r r e e t l o n s  a t  s e v e r a l  sys t em tempera-  

t u r e s  were  u s e d  t 3  d e f i n e  a c o r r e s t l o n  c u r v e  f o r  t h e  

thermocouple  t e m p e r a t u r e s ,  G e n e r a l l y ,  t h e s e  e o r r e c t ~ o n s  were 

l e s s  t h a n  about  2 O F .  

The i s o t h e r m a l  run  d a t a  a l s o  p r o v i d e d  h e a t  l o s s  ~ n f o r m a -  

t i o n  from v a r i o u s  p a r t s  of  t h e  s y s t e m .  Only Posses  from t h e  

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

no significant l o s s e s  occured  from t h e  h e a t  e x c h a n g e r s ,  

The thermocouple  c o r r e c t i o n s  and h e a t  l o s s e s  were i n c o r -  

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

The program was r e v i s e d  t o  accommodate t h e s e  changes and was s e t  

up t o  compute t e s t  s e c t l o n  power,  h e a t  f l u x ,  and a v e r a g e  e x l t  



e n t h a l p y -  The program a l s o  computed t h e  t e s t  s e c t l o n  sub-  

channe l  e x i t  e n t h a l p y  from a  h e a t  b a l a n c e  on t h e  h e a t  e x c h a n g e r s ,  

E r r o r  calculations were a l s o  per formed a s  o u t l i n e d  i n  Appendix A .  

R E S U L T S  -- 
Two s e t s  of e x p e r i m e n t s  were conduc ted  a t  a  sys t em p r e s s u r e  

of  900 p s i a -  I n  t h e  f i r s t  s e t  of  e x p e r l m e n t s  w f t h  a  s i m u l a t e d  

rod s p a s l n g  o f  0 , 0 8 4  I n , ,  d a t a  were t a k e n  a t  s e l e c t e d  v a l u e s  o f  

h e a t  f l u x  f o r  I n l e t  t e m p e r a t u r e s  o f  330 F and 510 ^ F  and a v e r -  

age mass velocities o f  1 0 ,  2 . 0 ,  and 3 . 0  x  l o 6  l b / h r - f t 2 .  Maxi- 

mum h e a t  f l u x  f o r  a  s e t  of r low and t e m p e r a t u r e  conditions was 

a b g u t  2 1 ' 3  o f  t h e  burnou t  h e a t  f l u x  p r e d i c t e d  from p r e v l o u s  

0 , 0 8 0  i n .  s p a c e d  1 9 - r o d  bundle  b u r n o u t  d a t a ,  I n  t h e  second  s e t  

o f  e x p e r i m e n t s ,  a  s i m u l a t e d  rod  s p a c l n g  of 0 ,020 i n ,  was u s e d -  

Thls  was a c h i e v e d  by adjusting shims i n  t h e  t e s t  s e c t l o n  s u p p o r t  

b l o c k s  s o  t h a t  t h e  c lmubated  r o d s  were d e f l e c t e d  Inward-  The 

r e s u l r i n g  f low c h a n n e l  had a s ~ m u l a t e d  r o d  s p a c l n g  of  0 ,020 i n -  

o v e r  most o f  ~ t s  l e n g t h  w l t h  t h e  exception of a  2 I n -  t r a n s i t i o n  

back t o  t h e  o r l g l n a l  0 - 0 8 0  i n -  s p a c l n g  i n  t h e  e l e c t r i c a l  con-  

n e c t o r s  Channel f low a r e a s  f o r  t h e  0.020 i n .  s p a c i n g  were chosen  

t o  m a l n t a i n  t h e  a r e a  r a t i o  of  t h e  two c h a n n e l s  e q u a l  t o  t h e  r a t l o  

s f  t h e  0 , 0 8 4 ,  in- s p a c l n g  i n  o r d e r  t o  minimlze any f l o w  d i v e r s i o n  

e f f e c t s  a t  t h e  s p a c l n g  t r a n s l t l o n  a t  e l t h e r  end ( F i g u r e  4 ) "  Nea r ly  

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

e x p e r l m e n t s  a s  was used  f o r  t h e  0 ,080  i n n  s p a c e d  s e c t i o n -  Only 

t h e  c a s e  o f  t h e  510 "F I n l e t  and mass v e l o c f t y  o f  1 , O  x  10 6 

l b / h r - f t 2  was n o t  r u n  f o r  t h e  0 . 0 2 0  i n -  s p a c i n g .  

S U B C H A N N E L  E X I T  E N T H A L P Y  

P l o t s  o f  t h e  subchanne l  e n t h a l p y  r l s e ,  t h rough  t h e  t e s t  s e e -  

t i o n  and subchanne l  f low r a t e  v e r s u s  h e a t  f l u x ,  a r e  shown i n  

F l g u r e s  5  t h r o u g h  l 5 *  Each f i g u r e  r e p r e s e n t s  t h e  e x i t  c o n d i t i o n s  

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

By comparing t h e  p l o t s  w i t h  t h e  same s p a c i n g  and f l o w ,  b u r  a t  

t h e  two l n l e t  e n t h a l p i e s  o f  300 and 500 B t u / l b ,  t h e  differences 

i n  t h e  amount o f  mlxing between n o n b o l l i n g  and b o i l l n g  c o ~ z d i t i o n s  
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FIGURE 5 .  S u b c h a n n e l  E n t h a l p y  R i s e  a n d  E x i t  Flow R a t e  
a t  G = 1 . 0  x l o 6  l b / h r - f t 2  and 0 . 0 8 4  i n .  S p a c i n g  
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FIGURE 8 .  S u b c h a n n e l  E n t h a l p y  R i s e  a n d  E x i t  F l o w  R a t e  
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c a n  be  s e e n n  It i s  a p p a r e n t  t h a t  impro~red  mixing  d u r i n g  b o i l -  

i n g  o c c u r s  f o r  t h e  0 , 0 8 4  I n -  s p a c i n g ,  b u t  l i t t l e ,  i f  any ,  

improvement o c c u r s  d u r i n g  b o l l l n g  w l t h  t h e  0 , 0 2 0  I n ,  s p a c i n g ,  

A more d e t a l l e d  d i s c u s s i o n  o f  t h e  amounts of mixing w i l l  be 

p r e s e n t e d  l a t e r  I n  t h e  r e p o r t "  

The e r r o r  b a r s  shown on t h e  d a t a  p o l n t s  a r e  r e p r e s e n t a -  

t l v e  o f  p o s s i b l e  e r r o r s  c a u s e d  by t h e  method of d a t a  r e d u c t i o n  

a s  d e t a i l e d  I n  Appendlx A *  While t h e y  a r e  n o t  t r u e  s t a t i s t i c a l  

e r r o r s ,  t h e y  r e v e a l  t h e  r e l a ~ i - ' e  v l i d i t y  o f  t h e  d a t a ,  Compari- 

son  between t h e  e n t h a l p y  r i s e  o b t a l n e d  w i t h  t h e  thermocouples  

and t h e  h e a t  b a l a n c e  show t h a e  t h e  h e a t  b a l a n c e  e r r o r s  a r e  

g e n e r a l l y  n o t  a s  l a r g e  a s  indicated by t h e  e r r o r  b a r s ,  

S U B C H A N N E C  E X I T  FLQW -- 

Mass velocity f o r  t h e  s u b c h a n n e l s  a r e  p l o t t e d  I n  F i g u r e s  5 

t h r o u g h  1 5  a s  a f u n c t i o n  s f  h e a t  f l u x  FOP t h e  low l n l e t  tem- 

p e r a t u r e  r a s e r ,  t h e  change ~ n  t i o w  p r l o r  %a b u l k  b o i l l n g  i n d i -  

c a t e s  t h e  psesense cf s u b c o o l e d  t o l d  formaxion  Once b u l k  b o i l -  

i n g  b e g l a s ,  significant 1 l 3 w  d l v e r s a o n  o e L u r s ;  and ,  a s  c o u l d  be 

e x p e c t e d ,  t h e  smalke; c h a n n e l  f l o w  d e c r e a s e s  s l g n l f i c a n t l y ,  For  

t h e  h i g h e r  i n l e r  e n t h a l p y ,  t h e  f l o w  redistribution i s  n o t  a s  

s e v e r e ;  and  snce b ~ h l i n g  1s e s t a b l i s h e d  nn b o t h  c h a n n e l s  o n l y  

modera te  f l o w  r e d i s  t r l b u t l s n  o;c-u~ s a 

Axia l  Pwessure D ~ G D  

Pressure drop  o r  t h e  h e a t e d  s e c t i o n  i s  p l o t t e d  as  a f u n c -  

t i o n  ~f h e a t  :lux an F l g u r e s  16 and 1 7  f o r  t h e  S O 0  B t u / l b  i n l e t  

e n t h a l p y  and t h e  two cad  spacJ.ng, T h l s  i s  t h e  a c t u a l  p r e s s u r e  

d i f f e r e n c e  between t h e  ends  of t h e  h e a t e d  s e c t a s n  and i s  com- 

posed  of t h e  f s i c t l o n a l ,  a c c e l e r a t r o n ,  and e l e v a t i o n  components 

of  p r e s s u r e  d r o p ,  A s  c o u l d  be e x p e c t e d ,  t h e  p r e s s u r e  drop  

i n c r e a s e s  w i t h  h e a t  f l u x  d a r ~ n g  b o i l i n g -  

T r a n s v e r s e  P r e s s u r e  D r o ~  

The p r e s s u r e  d i f f e r e n c e s  between s u b c h a n n e l s  were found t o  

be s m a l l ,  Because some b l a s  e x a s t e d  on t h e  d a t a ,  p r o b a b l y  c a u s e d  
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w i t h  0 . 0 2 0  i n .  S p a c i n g  



by i m p e r f e c t  p r e s s u r e  t a p s ,  e x a c t  d a t a  can  n o t  be  r e p o r t e d ;  

however,  by comparing t h e  changes  d u r i n g  b o i l i n g  an e s t i m a t e  

of t h e  t r a n s v e r s e  p r e s s u r e  d rop  can  be made. Comparison o f  

t h e  t r a n s v e r s e  p r e s s u r e  d rop  d a t a  i n  T a b l e  I shows s m a l l  

changes f o r  t h e  0 .084 i n ,  s p a c i n g  d u r i n g  b o i l i n g .  For t h e  

0 ,020  I n .  s p a c i n g ,  s l i g h t l y  l a r g e r  p r e s s u r e  d i f f e r e n c e s  a r e  

s e e n  d u r l n g  b o l l i n g ;  b u t  a g a i n ,  t h e y  a r e  n o t  v e r y  l a r g e .  For  

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

t h e  h i g h e s t  t e s t  s e c t i o n  f low r a t e s .  

Q B S E R V A T I O N  D U R I N G  E X P E R I M E N T S  

Heat  Exchanger  Tempera ture  F l u c t u a t i o n s  

Dur ing  i n i t i a l  runs  of  t h e  e x p e r i m e n t ,  t e m p e r a t u r e  f l u c -  

t u a t i o n s  were n o t e d  i n  t h e  c o o l i n g  w a t e r  o u t l e t  f rom t h e  s u b -  

c h a n n e l  h e a t  e x c h a n g e r s ,  We t h o u g h t  t h - t  f i l m  b o i l i n g  

was occurring on t h e  c o o l i n g  s l d e ,  and was c a u s i n g  f l u c t u a t i o n s  

i n  t h e  h e a t  t r a n s f e r  c o e f f i c i e n t ;  t h e r e f o r e ,  a  p r e s s u r i z i n g  

pump was u s e d  t o  p r e s s u r i z e  t h e  c o o l i n g  s i d e  t h u s  r e d u c i n g  t h e  

p r o b a b i l i t y  of  f i l m  b o l l l n g .  

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

r educe  t h e  e x i t  t e m p e r a t u r e  f l u c t u a t i o n s  b u t ,  some f l u c t u a t i o n s  

s t i l l  r ema ined ,  The r emain ing  f l u c t u a t i o n s  were e l i m i n a t e d  by 

changing  t h e  o p e r a t i o n  of t h e  h e a t  exchanger s  f rom c o u n t e r f l o w  

t o  p a r a l l e l  f l o w .  T h i s  a l lowed  t h e  o u t l e t  s t r e a m s  f rom t h e  

h e a t  exchanger s  t o  e x i t  w i t h  much l e s s  t e m p e r a t u r e  d i f f e r e n c e ,  

Subchanne l s  Flow O s c i l l a t i o n s  

Dur ing  t h e  e x p e r i m e n t s  w i t h  t h e  lower i n l e t  t e m p e r a t u r e ,  

s i g n i f i c a n t  f l o w  o s c i l l a t i o n s  were obse rved  a s  i n d i c a t e d  i n  

Tab le  I .  



TABLE I. Observed Flow Osci ZZa t ions  

P e r c e n t  P e r i o d  o f  
Mass V e l o c i t  3 Heat  Flux Flow Oscillation, 

Run ( l o 6  l b / h r - f t  ) ( l o 6  ~ t u / h r - f t 2 )  O s c i l l a t i o n  s e c  

These were n o t i c e d  a t  a  mass velocity of  3 x  l o 6  i b / h r - f t  2 

w l t h  a simulated r a d  s p a c l n g  of 0 .084 i n .  and a t  a  h e a t  f l u x  

t o  c a u s e  b u l k  b o i l n n g  f n  t h e  s m a l l  subchanne l  a t  t h e  e x i t  o f  

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

f low o s c i l l a t i o n s  were o b s e r v e d ;  and ,  because  of t h e  s e v e r i t y  o f  

t h e  f low s s c i l l a t l o n s ,  h e a t  f l u x  was n o t  i n c r e a s e d  enough t o  

c a u s e  b s n l l n g  i n  t h e  l a r g e r  s u b c h a n n e l ,  Durlng runs  a t  a  mass 
2 velocity of 2 and 1 x  l o 6  l b / h r - f t  , s i m l l a r  b e h a v i o r  was n o t e d ;  

b u t  w i t h  r educed  p e r l o d  and magnitude o f  t h e  o s c l l P a t l o n s ,  

S i n c e  t h e  oscillations a t  a mass v e l o c i t y  of  1 x  l o 6  l b / h r - f t  2 

were n o t  ve ry  s e v e r e ,  h e d t  r l u x  was I n c r e a s e d  enough t o  c a u s e  

b o i l i n g  i n  t h e  l a r g e r  s u b c h a n n e l ;  however ,  j u s t  a s  b o l l i n g  

s t a r t e d ,  a  v e r y  s e v e r e  f low o f  o s c l l l a t l o n  o c c u r r e d  and caused  

a  r a p i d  r l s e  i n  a l l  t e s t  s e c t i o n  the rmocoup les .  Damage t o  t h e  

t e s t  s e c t i o n  was p r e v e n t e d  by an immediate r e d u c t i o n  I n  power; 

b u t ,  t h e  the rma l  shock during r e - e s t a b l i s h m e n t  of  f low 

caused  some l e a k s  t o  deve lop  i n  t h e  e l e c t r i c a l  c o n n e c t i o n  b r a z e  

j o i n t s  

During r u n s  w i t h  t h e  s m a l l e r  s p a c i n g  o f  0 ,020  i n ,  and t h e  

lower  I n l e t  t e m p e r a t u r e ,  v e r y  s i m i l a r  b e h a v l o r  was o b s e r v e d ;  

however ,  h e a t  f l u x ,  was o n l y  i n c r e a s e d  enough t o  e s t a b l i s h  

b o i l i n g  and t h e  e x i s t e n c e  of t h e  f low o s c i l l a t i o n s ,  For t h e  

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

s m a l l  f l o w  o s c i P l a t i o n s  were e n c o u n t e r e d "  These s m a l l  f low 

o s c i l l a t i o n s  were g e n e r a l l y  l e s s  t h a n  2 %  s f  t h e  t o t a l  f low w i t h  

r a t h e r  e r r a t r c  fluctuations, 



The c a u s e  of  t h e s e  f low o s c : l l a t ~ o n s  1s n o t  e n t i r e l y  c l e a r ,  

The p l p i n g  t o  e a c h  f low channe l  b e f o r e  e n t e r l n g  t h e  t e s t  s e c t i o n  

p r o v i d e d  c o n s i d e r a b l e  p r e s s u r e  d rop  as  compared t o  t h e  h e a t e d  

s e c t l o n  and downstream p l p l n g ,  T h i s  would t e n d  t o  r u l e  o u t  p a r -  

a l l e l  c h a n n e l  f l o w  i n s t a b i l i r y  of  t h e  two c h a n n e l s  when t h e  i n l e t  

p l p l n g  resistance 1s c o n s i d e r e d ,  

I n  t h e  h e a t e d  s e c t l o n  ~t 1s p o s s l b l e  t h a t  i n s t a b i l i t i e s  

between t h e  two I n t e r c o n n e c t e d  p a r a l l e l  c h a n n e l s  c o u l d  o c c u r ,  

though a  d e t a i l e d  e x p l a n a t i o n  of t h l s  1s n o t  p o s s l b l e  a t  t h l s  

t i m e .  I t  I S  c o n c e i v a b l e  t h a t  t h e  o s c l l l a t l o n  c o u l d  be produced 

by t h e  c o o l e r  s t r e a m  a l k e r n a t e l y  quenching rhe  boiling s t r e a m .  

I f  a s m a l l  amount of c o o l  w a t e r  was d i v e r t e d  a c r o s s  t h e  gap t o  

t h e  s m a l l e r  b o i l l n g  s u b c h a n n e l ,  t h e  p r e s s u r e  would r educe  I n  t h e  

b o l l i n g  s t r e a m  and c a u s e  additional c o o l  w a t e r  t o  be d l v e r t e d  

and c a u s e  a d d i t i o n a l  q u e n r h l n g  The reduction of  t h e  s team v o i d  

would c a u s e  an I n c r e a s e  an f l o w  t o  t h e  t e s t  s e c t l o n .  Once t h e  

v o l d  c o l l a p s e  s t o p s  rrom t h e  quench ,  b o l l l n g  i n  t h e  t e s t  s t a r t s  

new v o i d  formation t h a t  c a u s e s  a r e d u c t i o n  rn  f low t o  t h e  t e s t  

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

o s c l l l a t l o n s ,  

F l o w  S p l i t  S e n s l t l v i t y  

The f l o w  s p l ~ t  from t h e  h e a t e d  s e c t i o n  was a d j u s t e d  t o  g i v e  

e q u a l  s t a t n c  p r e s s u r e  between t h e  two c h a n n e l s  a t  t h e  end o f  t h e  

t e s t  s e c t l o n ,  To determine r h e  s e n s l t l v i t y  of t h l s  a d j u s t m e n t ,  

a  s e r l e s  of c o l d  hydraulic t e s t s  were run w l t h  t h e  0 ,084  i n ,  

s p a c l n g  t 3  d e t e r m i n e  t h e  subchanne l  p r e s s u r e  d l f f e r e n c e  a s  a  

function of  t h e  e x l t  f low s p P l t  The r e s u l t s  of t h e s e  t e s t s  can 

be s e e n  I n  F i g u r e  1 8 ;  a n d ,  a s  would be e x p e c t e d ,  t h e  g r e a t e s t  s e n -  

s l t i v i t y  i s  o b t a i n e d  a t  t h e  h l g h e r  f low r a t e s  An i n t e r e s t i n g  

observation d u r l n g  t h e s e  runs  was t h a t  f o r  a l l  d a t a  p o i n t s ,  and 

even wath  t h e  s m a l l  subchanne l  b l o c k e d  c o m p l e t e l y  a t  t h e  e x i t  

o f  t h e  t e s t  s e c t l o n ,  no change In  t h e  p r e s s u r e  d l f f e r e n c e  between 

subchanne l s  was obse rved  j u s t  6 I n  ups t r eam from t h e  o u t l e t  end .  



This  means t h a t  e i t h e r  t h e  f low d i v e r s i o n  o c c u r r e d  o v e r  a  v e r y  

l o c a l  a r e a  o r  t h e  c r o s s f l o w  r e s i s t a n c e  i s  v e r y  s m a l l ,  o r  b o t h .  

S = 0. 024  in. 
6  

= 3 x 10  l b l h r - f t  2  

6 = 2  x l o 6  l b / h r - f t  2  

6  6 = 1 x 1 0  l b / h r - f t  
2  

- 

- 

- 

- 3 
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Flow Ratio, M 2 / M 1  

F I G U R E  1 8 .  Cold Wa te r  H y d r a u l i c  T e s t  R e s u l t s  
t o  De termine  F L O W  S p l i t  S e n s i t i v i t y  

D I S C U S S I O N  

I n  t h e  f i r s t  p a r t  of  t h i s  s t u d y  an a n a l y t i c a l  model was 

developed t o  d e s c r i b e  t h e  l o c a l  p r e s s u r e ,  f low and e n t h a l p y  i n  

rod  bund le  s u b c h a n n e l s  a s  i n f l u e n c e d  by two t y p e s  of  t h e r m a l  

mixing  t h a t  o c c u r  between a d j a c e n t  s u b c h a n n e l s .  The f i r s t  t y p e  

of mixing  i s  caused  by t h e  n e t  c o n v e c t i v e  t r a n s p o r t  ( d i v e r s i o n  

c r o s s f l o w )  of  ene rgy  from one subchanne l  t o  a n o t h e r .  Th i s  t y p e  

of  mixing  would r e s u l t  from f l o w  r e d i s t r i b u t i o n *  when p r e s s u r e s  

t r y  t o  e q u a l i z e  a s  b o i l i n g  c o o l a n t  f lows  th rough  t h e  b u n d l e .  

* D i v e r s i o n  o f  f l o w  from one s u b c h a n n e l  t o  a n o t h e r  c o u l d  o c c u r  
from o t h e r  e f f e c t s  such  a s  c h a n n e l  b l o c k a g e ,  w i r e  w r a p s ,  e t c .  



Mixing of t h i s  t y p e  c a n  be  computed w i t h  r e a s o n a b l e  a c c u r a c y  

f rom t h e  momentum and  e n e r g y  e q u a t i o n s .  

The s e c o n d ,  and r e m a i n i n g ,  m i x i n g  e f f e c t  i s  a t t r i b u t e d  t o  

t h e  t u r b u l e n t  exchange  t h a t  o c c u r s  be tween  a d j a c e n t  s u b c h a n n e l s .  

I t  i s  assummed t o  b e  s u p e r i m p o s e d  upon t h e  d i v e r s i o n  component 

o f  m i x i n g .  F o r m u l a t i o n  o f  t h i s  t u r b u l e n t  t h e r m a l  m i x i n g  f o r  

b o i l i n g  i s  a n  e x t e n s i o n  o f  t h e  s i n g l e - p h a s e  t r e a t m e n t  o f  t u r -  

b u l e n t  f l o w ,  and  i s  o f  t h e  fo rm w'ah/m where  U'  i s  a  f l u c t u -  

a t i n g  mass  f l o w  r a t e  p e r  u n i t  l e n g t h ;  a h  i s  t h e  e n t h a l p y  

d i f f e r e n c e  be tween  t h e  a d j a c e n t  s u b c h a n n e l s ;  and m i s  t h e  f l ow  

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

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

where  B i s  a  d i m e n s i o n l e s s  m i x i n g  p a r a m e t e r ;  s i s  t h e  gap  

s p a c i n g ;  and G i s  a v e r a g e  mass v e l o c i t y  o f  t h e  two a d j a c e n t  

s u b c h a n n e l s  . T h i s  f o r m u l a t i o n  o f  u ' assumes t h a t  t h e  rand0.m 

t r a v e l  o f  t h e  t w o - p h a s e  m i x t u r e  be tween  a d j a c e n t  c h a n n e l s  c a u s e s  

n o  n e t  change  i n  f l o w  when a v e r a g e d  o v e r  a  s h o r t  p e r i o d  o f  t i m e .  

The v a l u e  o f  t h e  mix ing  p a r a m e t e r  B i s  t h e  mos t  s i g n i f i -  

c a n t  of  s e v e r a l  u n c e r t a i n  o r  unknown p a r a m e t e r s  o f  t h e  mathemat  - 

i c a l  m o d e l .  The v a l u e  o f  13 must  be  found  e x p e r i m e n t a l l y  s i n c e  
no  methods  a r e  p r e s e n t l y  a v a i l a b l e  t o  compute i t .  From t h e  

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

o f  6 can  be  d e t e r m i n e d  f o r  b o t h  s i n g l e - a n d  two-phase  f l o w .  The 

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

i n g  t h a t  g i v e s  ag reemen t  be tween  t h e  computed and e x p e r i m e n t a l  

s u b c h a n n e l  e x i t  e n t h a l p i e s  f o r  s u b c o o l e d  c o n d i t i o n s ;  and  n e x t  

to d e t e r m i n e  t h e  amount of t u r b u l e n t  m ix ing  t h a t  g i v e s  a g r e e -  

ment be tween  t h e  computed and  e x p e r i m e n t a l  s u b c h a n n e l  e x i t  

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

m i x i n g  a p p l i e s  up t o  t h e  t i m e  b u l k  b o i l i n g  o c c u r s ,  and t h a t  t h e  

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



S I N G L E - P H A S E  M I X I N G  

Mixing d u r i n g  s i n g l e - p h a s e  f l o w  i s  q u i t e  u n i f o r m  f o r  f u l l y  

d e v e l o p e d  t u r b u l e n t  f l o w ;  t h e r e f o r e ,  c o n s t a n t  v a l u e s  of  6 were  

u s e d  i n  COBRA t o  compute s u b c h a n n e l  e x i t  e n t h a l p y  f o r  t h e  nomi-  

n a l  c o n d i t i o n s  of  t h e  e x p e r i m e n t .  By compar ing  t h e  e x p e r i m e n t a l  

and computed v a l u e s  o f  e x i t  e n t h a l p y ,  v a l u e s  o f  6 = 0 .006  and  

0 .020 were  s e l e c t e d  f o r  t h e  two r o d  s p a c i n g s  of  0 .084  and  0 .020  

i n . ,  r e s p e c t i v e l y .  C a l c u l a t i o n s  u s i n g  t h e s e  v a l u e s  of  gave  

q u i t e  good ag reemen t  w i t h  t h e  d a t a ;  b u t  t h e y  d i d  n o t  a g r e e  w i t h  

some of t h e  t r e n d s  e x i b i t e d  by t h e  e x p e r i m e n t a l  d a t a  s u c h  a s  

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

Both o f  t h e s e  r a t h e r  s m a l l  e f f e c t s  c an  be  e x p l a i n e d  u s i n g  

R e i c h a r d t  ' S  ( 3 , 4 )  method f o r  c o r r e l a t i n g  eddy d i f f u s i v i t y  . 
S i n c e  t h e  eddy d i f f u s i v i t y  f o r  h e a t  h a s  t h e  same mathemat -  

i c a l  fo rm a s  t h e  eddy  d i f f u s i v i t y  f o r  momentum, we c a n  w r i t e  

By u s i n g  t h e  d e f i n i t i o n  o f  w a l l  s h e a r  s t r e s s  f o r  t u r b u l e n t  

f l o w ,  
u 2  

T = L, 
w gc 

t h e  eddy d i f f u s i v i t y  c a n  be  w r i t t e n  a s  

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

t h e r e f o r e  

From t h e  deve lopment  of  COBRA,  t h e  t u r b u l e n t  h e a t  t r a n s -  

p o r t  p e r  u n i t  l e n g t h  can  be app rox ima ted  by 



o r  w r i t i n g  an approx ima t ion  f o r  t h e  p a r t i a l  d e r i v a t i v e  

The r i g h t  s i d e  o f  Equa t ion  ( 8 )  i s  e q u i v a l e n t  t o  t h e  term ~ ' n h  

i n  t h e  development  of COBRA; t h e r e f o r e ,  

The q u a n t i t y  w '  i s  a l s o  w r i t t e n  a s  

w '  = B s p U  * : l o >  
From E q u a t i o n s  ( 9 )  and ( l o ) ,  t h e  mixing  p a r a m e t e r  B can  be  

w r i t t e n  a s  

o r  u s i n g  E q u a t i o n  (6 )  

P r o p e r  c h o i c e  of  t h e  c o n s t a n t s  i n  Equa t ion  (12) i s  r a t h e r  

difficult. For  a  g i v e n  geometry ,  t h e  p r o d u c t  KD/ny s h o u l d  be a  

c o n s t a n t ,  To d e t e r m i n e  t h e  v a l u e  of t h e  c o n s t a n t s  (KD/ny and 

b / 2 ) ,  s e v e r a l  v a l u e s  were chosen  and c a l c u l a t i o n s  were pe r fo rmed  

w i t h  COBRA t o  d e t e r m i n e  t h e  subchanne l  e x i t  e n t h a l p y ,  Comparison 

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

B = 0 021 (Re) - 0 . 1  ( s  = 0.084 i n . )  (13)  

and 

B = O"063 (Re) - 0 . 1  ( s  = 0 ,020  i n . )  ( 1  4 1 

would s a t i s f y  t h e  d a t a  ( F i g u r e s  5 t h r o u g h  1 0 ) .  I t  s h o u l d  be 

r e a l l z e d  t h a t  t h e  exponen t  ( - 0 , l )  i n  Equa t ions  (13)  and (14) i s  

n o t  a  s t r o n g  p a r a m e t e r .  A c o n s i d e r a b l e  e r r o r  i n  t h i s  v a l u e ,  b u t  

c o n s i s t e n t  w i t h  t h e  v a l u e  of KD/ny, would n o t  c a u s e  a  s i g n i f i c a n t  

e r r o r  i n  f o r  changes  i n  Reynolds Number, 

The c o n s t a n t  K i n  Equa t ion  (12)  s h o u l d  be abou t  t h e  same f o r  

s i m i l a r l y  shaped  f low c h a n n e l s .  I f  t h i s  i s  s o ,  t h e n  t h e  r e l a t i v e  



7b7al.ues of  ny f o r  t h e  two s i m u l a t e d  rod  s p a c i n g s  can be d e t e r -  

mined from t h e  c o n s t a n t  v a l u e s  (KD/ny) i n  E q u a t i o n s  (13) and 

( 1 4 ) .  A comparison of t h e  v a l u e s  i s  shown i n  Tab le  11. 

TABLE I I .  C o r r e Z a t i o n  C o n s t a n t s  

( a )  D = 4 A + A u * P2) 
( b )  Assuming K = 0 . 0 0 6 2  

I t  i s  i n t e r e s t i n g  t h a t  ny i s  v e r y  c l o s e  t o  t h e  gap s p a c i n g  

( s )  f o r  t h e  chosen  v a l u e  of K = 0 ,0062 .  T h i s  i s  r a t h e r  s u r -  

p r i s i n g ,  because  ~ y  c o u l d  e a s i l y  be assumed t o  be  e q u a l  t o  t h e  

r e l a t i v e  d i s t a n c e  between t h e  two c h a n n e l s .  ( 5 9 6 )  T h i s  would 

f o l l o w  from t h e  d i f f e r e n c e  approx ima t ions  of E q u a t i o n  ( 9 ) .  The 

r e a s o n  ny i s  p r o p o r t i o n a l  t o  rod  s p a c i n g  f o r  t h e s e  e x p e r i m e n t s  

i s  n o t  known f o r  s u r e ;  b u t ,  s i n c e  t h e  s c a l e  of t u r b u l e n c e  i s  

governed  by t h e  c h a n n e l  d i m e n s i o n s ,  t h e  gap c o u l d  be c o n t r o l -  

l i n g  t h e  s c a l e  of ~ y .  I f  t h e  o b s e r v a t i o n  t h a t  ny i s  p r o p o r -  

t i o n a l  t o  s i s  u s e d  i n  E q u a t i o n s  (73) and ( 1 4 ) ,  we can  w r i t e  a  

c o r r e l a t i o n  f o r  6 a s  

There  a r e  obv ious  l i m i t a t i o n s  t o  E q u a t i o n  (15)  and t h e  

r e a s o n i n g  t h a t  s a y s  Ay i s  p r o p o r t i o n a l  t o  s . For z e r o  s p a c i n g  

no mix ing  can  o c c u r ,  and f o r  v e r y  l a r g e  s p a c i n g  ay i s  l i m i t e d  

by t h e  d imens ions  of t h e  s u b c h a n n e l s .  A d d i t i o n a l  work w i l l  

have t o  be done t o  d e t e r m i n e  t h e  i n f l u e n c e  of t h e s e  ex t r eme  

c o n d i t i o n s .  For t h e  p r e s e n t  t i m e  i t  seems r e a s o n a b l e  t h a t  Equa- 

t i o n  (15) would be v a l i d  f o r  r o d  bund les  w i t h  g e o m e t r i c  dimen- 

s i o n s  o r  p i t c h - t o - d i a m e t e r  r a t i o s  t h a t  a r e  comparable  t o  t h e s e  

e x p e r i m e n t s .  



The s i g n i f i c a n c e  o f  E q u a t i o n  (15)  i s  t h a t  i t  s h o u l d  g i v e  

t h e  l o w e r  l i m i t  o f  m i x i n g  i n  a  m u l t i r o d  b u n d l e .  A c t u a l  r o d  

b u n d l e s  w i l l  h ave  r o d  s p a c e r s  s u c h  a s  w i r e  wraps  t h a t  c a n  f o r c e  

f l o w  d i v e r s i o n  and i n d u c e  h i g h e r  l e v e l s  o f  t u r b u l e n c e .  

A f a i r l y  good t e s t  o f  E q u a t i o n  (15)  c a n  be made w i t h  t h e  

e x p e r i m e n t a l  r e s u l t s  o f  two s e p a r a t e  e x p e r i m e n t s  p e r f o r m e d  by 

W e s t i n g h o u s e .  ( 7  y 8 )  Both  o f  t h e s e  e x p e r i m e n t s  were  p e r f o r m e d  t o  

d e t e r m i n e  t u r b u l e n t  m i x i n g  by u s i n g  t r a c e r s  and s q u a r e  a r r a y s  

of  64 and 144 r o d s .  Rod s p a c i n g s  of  0 . 0 4 3  and  0 .064  i n .  were  

c o n s i d e r e d  w i t h  t h e  64 r o d  a r r a y ,  and  0 .082 i n .  w i t h  t h e  144 

r o d  a r r a y .  A l l  t h e s e  e x p e r i m e n t s  gave a  mix ing  p a r a m e t e r  v a l u e  

o f  a b o u t  E / U D  = 0 . 0 0 3  w i t h  o n l y  l i t t l e  v a r i a t i o n  w i t h  Reynolds  

Number. A d i r e c t  compar i son  o f  t h i s  m ix ing  p a r a m e t e r  t o  Equa-  

t i o n  (16)  c a n  b e  made b e c a u s e  f rom t h e  deve lopment  o f  COBRA 

and  t h e  a n a l y t i c a l  s t u d y  o f  m i x i n g  by Gr imble  and B e l l  ( 9 )  

which  a l s o  f o l l o w s  f rom E q u a t i o n  (12 )  f o r  ny = s .  

E q u a t i o n  (15)  g i v e s ,  f o r  Re = 2 0 , 0 0 0 ,  B , / D  = 0 .0023  which  

i s  a b o u t  30% l o w e r  t h a n  t h e  v a l u e  o b t a i n e d  a t  Wes t i nghouse  f o r  

a  s i m i l a r  Reynolds  Number. T h e r e  a r e  s e v e r a l  r e a s o n s  why t h e i r  

v a l u e s  c o u l d  b e  h i g h e r .  B e l l  and Le Tourneau  ( 7 )  r e p o r t e d  t h a t ,  

"Dye c o n c e n t r a t i o n  o b s e r v e d  i n  c h a n n e l s  s y m m e t r i c a l l y  l o c a t e d  

w i t h  r e s p e c t  t o  t h e  c e n t e r  c h a n n e l  i n j e c t i o n  c h a n n e l  showed 

v a r i a t i o n s  up t o  3 0 0 % .  I t  i s  b e l i e v e d  t h a t  t h e s e  a n o m a l i e s  a r e  

t h e  r e s u l t  o f  i m p e r f e c t  t e s t  m o d e l s .  These  m o d e l s ,  which  had  

b e e n  p r e v i o u s l y  u s e d  i n  p r e s s u r e  d r o p  s t u d i e s ,  had  become d i s -  

t o r t e d ,  somewhat ,  i n  t h e  p r o c e s s  o f  a s sembly  and d i s a s s e m b l y .  

A l so  t h e  3 0 - i n .  r o d s  t e n d e d  t o  s a g  a t  t h e  c e n t e r ,  c a u s i n g  t h e  

r o d  s p a c i n g  t o  be n o n u n i f o r m . "  I t  seems q u i t e  r e a s o n a b l e  t h a t  

t h e  l e v e l  o f  m i x i n g  c a u s e d  by f l o w  d i v e r s i o n s  w i t h i n  t h i s  bun -  

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

s e n t  e x p e r i m e n t s .  I n  t h e  o t h e r  e x p e r i m e n t s  ( 8 )  r o d  s p a c i n g  was 



m a i n t a i n e d  w i t h  s egmen t s  o f  t h i n  w a l l  t u b i n g  ( f e r r u l e s )  p l a c e d  

a t  i n t e r v a l s  w i t h l n  t h e  f l o w  c h a n n e l .  These  s p a c e r s  would main-  

t a i n  t h e  r o d  alignment, b u t  c o u l d  have  i n t r o d u c e d  a d d i t i o n a l  

t u r b u l e n c e ,  t h u s  c a u s i n g  h i g h e r  r a t e s  o f  m i x i n g  t h a n  i f  t h e y  

we re  n o t  p r e s e n t ,  When t h e s e  f a c t o r s  a r e  c o n s i d e r e d  i t  seems 

t h a t  t h e r e  1 s  r e a s o n a b l y  good ag reemen t  be tween  t h e  p r e s e n t  

e x p e r i m e n t s  and  t h e  Wes t inghouse  e x p e r i m e n t s .  

Mix ing  e x p e r i m e n t s  we re  p e r f o r m e d  w i t h  a 1 9 - r o d  h e x a g o n a l  

b u n d l e  f o r  t h e  CVTR ( l o )  u s i n g  a L i t h i u m  i o n  t r a c e r .  Fo r  t h e  

c a s e  o f  no w i r e  wraps  on t h e  r o d s ,  t h e  r e s u l t s  gave  a b o u t  t h r e e  

t i m e s  t h e  l e v e l  o f  m ix ing  found  i n  t h e  p r e s e n t  e x p e r i m e n t s ,  

Two p o s s l b l e  r e a s o n s  f o r  t h i s  a r e  t u r b u l e n c e  i n t r o d u c e d  by  t h e  

l n l e t  end  f i t t i n g  and f l o w  r e d i s t r i b u t i o n  w i t h i n  t h e  b u n d l e  a t  

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

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

c h a n n e l s  we re  a b o u t  2 , 6  t i m e s  t h o s e  i n  t h e  c e n t r a l  p a r t  o f  t h e  

b u n d l e .  Any f l o w  redistribution t h a t  g c c u r s  a t  t h e  i n l e t  o f  

t h e  b u n d l e  would c a r r y  t h e  t r a c e r  f rom t h e  c e n t e r  c h a n n e l s  t o  

t h e  o u t e r  c h a n n e l s  much f a s t e r  t h a n  c o u l d  b e  done by t u r b u l e n t  

m ix ing  a l o n e ?  The n e t  r e s u l t  1 s  t h a t  t h e  amount o f  t u r b u l e n t  

m ix lng  c o u l d  a c t u a l l y  b e  l e s s  t h a n  l n d i e a t e d  by t h e  e x p e r i m e n t a l  

d a t a ,  

Wa te r s  "I' p e r f o r m e d  mlx ing  e x p e r i m e n t s  w i t h  a 7 - r o d  bun -  

d l e  u s l n g  a  s ~ d i u m  t r a c e r ,  H i s  r e s u l t s  f o r  unwrapped r o d s  

i n d i c a t e  l e s s  m i x i n g  t h a n  found  i n  t h e s e  experiments, Hi s  

r e s u l t  i s  i n  question, howeve r ,  b e c a u s e  t h e  d a t a  i n d i c a t e d  

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

o f  t h e  b u n d l e  w i t h i n  t h e  f l o w  h o u s i n g ,  H i s  c h o s e n  v a l u e  o f  

m i x i n g  f o r  t h i s  c a s e  i s  c o n s e r v a t i v e  ( l o w ) ,  

T W O - P H A S E  M I X I N G  

hl ixfng d u r i n g  two-phase  f l o w  i s  v e r y  complex and n o t  a t  a l l  

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



t h a t  mlxing  d u r i n g  two-phase  f low s h o u l d  be h i g h e r  t h a n  f o r  s u b -  

c o o l e d  f l o w ,  no  q u a n t i t a t i v e  d a t a  have been r e p o r t e d ,  The d a t a  

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

q u a n t i t a t i v e  d a t a  t h a t  g l v e  a measure of mixing between rod 

bund le  s u b c h a n n e l s  d u r i n g  b o i l i n g .  

The v a l u e s  of subchanne l  e x i t  e n t h a l p y  o b t a i n e d  from t h e s e  

expe r imen t s  r e s u l t  from an i n t e g r a t i o n  of a l l  mixing e f f e c t s  

t h a t  occur  a l o n g  t h e  l e n g t h  of t h e  t e s t  s e c t i o n .  I f  a c c u r a t e  

v a l u e s  of  t h e  e x i t  e n t h a l p y  c o u l d  be measured ,  l o c a l  v a l u e s  of  6 

d u r l n g  b o l l i n g  c o u l d  be o b t a i n e d ,  p r o v i d e d  c e r t a i n  a s sumpt ions  

a r e  made, S i n c e  t h e  p o s s i b l e  e r r o r s  i n  t h e  e n t h a l p y  d a t a  a r e  

significant, i t  i s  r a t h e r  d z f f i c u l t  t o  determine a n y t h i n g  more 

t h a n  a v e r a g e  mixing d u r i n g  b o l l l n g  , 

The a s e r a g e  v a l u e s  of 6 d u r i n g  b o i l i n g  were d e t e r m i n e d  by 

t r y i n g  s e v e r a l  v a l u e s  of B u n t i l  g e n e r a l  agreement  between c a l -  

c u l a t i s n s  u s i n g  COBRA and t h e  e x p e r i m e n t a l  d a t a  were o b t a i n e d ,  

These c a l c u l a t l o n s  were done assumlng t h a t  s l n g l e - p h a s e  mixnng 

e x l s t e d  up t o  t h e  p o l n t  where a v e r a g e  bu lk  b o i l i n g  o c c u r r e d ;  

t h e n ,  a  u n l f o r m  v a l u e  o f  6 was u s e d  d u r i n g  b o i l l n g .  A compar i -  

son  of  t h e  c a l c u l a t l o n s  and e x p e ~ l m e n t a l  d a t a  i n  F i g u r e s  11 

t h r o u g h  1 5  show t h a t  b o i l i n g  lmproved rntxlng f o r  t h e  0 , 0 8 4  i n ,  

s y a c l n g s ;  w h e r e a s ,  v e r y  l l t t l e  improvement was n o t e d  f o r  0 , 0 2 0  i n ,  

s p a c l n g  A comparnson of t h e  s e l e c t e d  v a l u e s  o f  a v e r a g e  B d u r -  

i n g  b o i l i n g  1s shown nn Table  111, The d a t a  show t h a t  t h e  

g r e a t e s t  improvement i n  mixing  d u r l n g  b o i l l n g  1s w i t h  t h e  l a r g e r  

s p a c i n g  and t h e  lower  f l o w  r a t e ,  

T A B L E  111. S u m m a r y  of Mixing P a r a m e t e r  B 

6 Improvement 
G / i O  6 ,  6 ,  During B o i l i n g ,  

s ,  i n ,  i b / h r  f i 2  N o n b o ~ l i n g  B s ~ l i n g  % 



A c o n s i s t e n t  v a r i a t i o n  w i t h  h e a t  f l u x  a p p e a r s  f o r  a l l  t h e  

measured subehanne l  e n t h a l p y  r i s e s  i n  t h e  s m a l l  channe l  d u r i n g  

b o i l i n g .  A t  t h e  lower  v a l u e s  of  h e a t  f l u x ,  t h e  e n t h a l p y  r i s e  

i s  abou t  what would be e x p e c t e d  f o r  s u b c o o l e d  mixing a s  shown 

i n  F i g u r e s  11 th rough  1 4 .  As b o i l i n g  g e t s  w e l l  underway a long  

most of  t h e  c h a n n e l ,  mix lng  i n c r e a s e s  by an amount g r e a t e r  t h a n  

t h a t  found f o r  t h e  u n i f o r m  v a l u e  of mixing which would s a t i s f y  

most of t h e  b o i l i n g  d a t a e  T h i s  i s  e v i d e n t  from t h e  d a t a  t e n d -  

l n g  t o  approach  t h e  c o m p l e t e l y  mixed e n t h a l p y  r i s e .  A t  t h e  

h i g h e r  v a l u e s  of h e a t  f l u x ,  t h e  mixing d e c r e a s e s  a s  s e e n  by t h e  

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

v a l u e  of e n t h a l p y  r i s e .  T h l s  obse rved  t r e n d  seems t o  be t o o  

c o n s i s t e n t  t o  be j u s t  e x p e r i m e n t a l  e r r o r ,  I t  i m p l i e s  t h a t  mix-  

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

amount of mix ing  depends upon s t eam q u a l i t y ,  a  peak i n  mixing 

o c c u r s  somewhere i n  t h e  low q u a l i t y  r e g i o n .  T h i s  o b s e r v a t i o n  

s u g g e s t s  t h a t  t h e  two-phase f low regime may have a  s i g n i f i c a n t  

i n f l u e n c e  upon t h e  amount of  mixing  d u r i n g  b o i l i n g .  If  t h i s  

i s  t r u e ,  t h e n  p a r a m e t e r s  s u c h  a s  f low r a t e  and p r e s s u r e  would 

have a s i g n n f i c a n t  e f f e c t  on mixing d u r l n g  b o i l i n g .  

The i n d i c a t i o n  t h a t  mixlng  v a r i e s  w i t h  s team q u a l i t y  and 

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

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

t o  b o l l i n g  f l o w ,  P r i o r  t o  any mixlng d a t a  d u r i n g  b o i l i n g ,  

t h e r e  was some t h o u g h t  g i v e n  t o  c o r r e l a t i n g  mixing d u r i n g  b o i l -  

i n g  on t h e  assumpt ion  t h a t  ~t i s  p r o p o r t i o n a l  t o  t h e  s q u a r e  

r o o t  o f  a  two-phase f r i c t i o n  f a c t o r  o r  multiplier. ( 6 )  A s  s e e n  by 
t h e  d a t a  from t h i s  expe r imen t  s u c h  methods a r e  n o t  a c c e p t a b l e ,  

P R E S S U R E  D R O P  

A comparison of t h e  p r e d i c t e d  and measured p r e s s u r e  drop  

i s  shown i n  F i g u r e s  16 and 19. The p r e d i c t e d  v a l u e s  were com- 

p u t e d  by COBRA u s i n g  Koo's ( 1 2 )  smooth t u b e  f r i c t i o n  f a c t o r  

c o r r e l a t i o n ,  

f  = 0 . 5  (Re) -OS3' + 0.0056 



and t h e  Armand ( I3 )  two-phase  f r i c t i o n  m u l t i p l i e r  c o r r e l a t i o n  

p r e s e n t l y  c o n t a i n e d  i n  C O B R A .  (1)  

A t  z e r o  h e a t  f l u x  t h e  agreement  between t h e  measured and 

p r e d i c t e d  v a l u e s  i s  e x c e l l e n t  f o r  t h e  0.084 i n .  s p a c i n g ;  how- 

e v e r ,  f o r  t h e  0.020 i n ,  s p a c i n g  t h e  p r e d i c t e d  v a l u e s  a r e  about  

2 0 %  h i g h .  From t h e  r e s u l t s  of D e i s s l e r  and ~ a ~ l o r ' s ( ~ ~ )  work 

w i t h  t u r b u l e n t  f l o w  i n  banks of r o d s ,  i t  i s  shown t h a t  t h i s  d i f -  

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

shows t h a t  t h e  f r i c t i o n  f a c t o r  would be about  25% l e s s  f o r  

t h e  0 .020 i n .  s p a c i n g  a s  compared t o  t h e  0.084 i n ,  s p a c i n g .  

T h e i r  a n a l y s i s  a l s o  i n d i c a t e s  t h a t  t h e  f r i c t i o n  f a c t o r  f o r  t h e  

0 .084 i n .  s p a c i n g  i s  abou t  5 %  lower  t h a n  smooth t u b e  d a t a .  

If  t h e  f r i c t i o n  f a c t o r  c o r r e l a t i o n  was c o r r e c t e d  t o  a g r e e  

w i t h  s u b c o o l e d  p r e s s u r e  drop  f o r  t h e  0.020 i n .  s p a c i n g ,  t h e  

computed p r e s s u r e  d r o p s  d u r i n g  b o i l i n g  would be c o n s i s t e n t l y  

lower  t h a n  t h e  measured v a l u e s  f o r  b o t h  s p a c i n g s .  T h i s  means 

t h a t  e i t h e r  t h e  two-phase  f r i c t i o n  m u l t i p l i e r  c o r r e l a t i o n  

g i v e s  low v a l u e s  o r  t h e  two-phase  v o i d  c o r r e l a t i o n  i s  n o t  c o r -  

r e c t ,  o r  b o t h .  The v o i d  c o r r e l a t i o n  u s e d  i n  COBRA i s  t h e  

Armand ( I 3 )  v o i d  c o r r e l a t i o n  a s  m o d i f i e d  by Massena.  (15)  I~ 

seems d o u b t f u l  t h a t  t h i s  c o u l d  be  t h e  c a u s e  o f  t h e  o b s e r v e d  

d i f f e r e n c e s  i n  p r e s s u r e  d r o p ,  s i n c e  Massena h a s  found t h a t  t h e  

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

i n v e s t i g a t o r s .  I t  i s  b e l i e v e d  t h a t  t h e  Armand f r i c t i o n  m u l t i -  

p l i e r  c o r r e l a t i o n  c a u s e s  t h e  d i f f e r e n c e s  between t h e  measured 

and computed p r e s s u r e  d r o p .  The d a t a  i n d i c a t e s  t h a t  r a t i o  o f  

two-phase  t o  s i n g l e - p h a s e  p r e s s u r e  d rop  i s  abou t  2 5 %  h i g h e r  

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

S U B C H A N N E L  FLOW R A T E S  

Measured and p r e d i c t e d  s u b c h a n n e l  f low r a t e s  a r e  i l l u s  - 
t r a t e d  i n  F i g u r e s  5 t h r o u g h  1 5 .  E x c e l l e n t  agreement  between 

t h e  o b s e r v e d  and p r e d i c t e d  v a l u e s  can  be s e e n  f o r  t h e  0 .084 i n .  



s p a c i n g .  Some o f  t h e  v a r l a t 1 9 n s  t h a t  do e x i s t  can  be  a t t r i -  

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

One e f f e c t  t h a t  i s  n o t  p r e s e n t l y  accoun ted  f o r  i n  COBRA 

i s  t h a t  o f  subcoo led  v o i d s ,  Subcooled  v o i d s  c a u s e  a  s l i g h t  

reduction i n  t h e  s m a l l  channe l  f l o w  r a t e  p r l o r  t o  b u l k  b o i l -  

I n g ,  t h u s  c a u s l n g  a  h i g h e r  r a t e  of  e n t h a l p y  r i s e .  T h i s  would 

c a u s e  t h e  s m a l l  channe l  t o  b ~ l l  e a r l i e r  t h a n  p r e d i c t e d  by 

COBRA; t h e r e f o r e ,  t h e  s m a l l  subchanne l  f l o w  r a t e  d r o p s  b e f o r e  

t h e  p r e d i c t e d  v a l u e  a s  shown l n  F i g u r e s  5 t h r o u g h  1 0 ,  

The measured f l o w  s p l i t  f o r  t h e  0 ,020  I n ,  s p a c i n g  was 

a b o u t  10% g r e a t e r  t h a n  t h e  p r e d ~ c t e d  val-ues a s  s e e n  i n  

F i g u r e s  8 ,  9 ,  1 0 ,  1 4 ,  and 1 5 ,  The p r o b a b l e  c a u s e  of t h i s  d i f -  

f e r e n c e  i s  t h e  p r e s s u r e  r e c o v e r y  a t  t h e  t r a n s i t i o n  from t h e  

0 020 t o  t h e  Q ,  080 i n ,  s p a c l n g  a t  t h e  end of t h e  t e s t  s e c t i o n ,  

The a r e a  o f  e a c h  c h a n ~ e l  i n c r e a s e s  l l n e a r l y  o v e r  t h e  l a s t  

2 nn, of  t h e  t e s t  s e c t l o n ;  however,  t h e  r a t l o  of  t h e  l a r g e  

c h a n n e l  a r e a  t o  t h e  s m a l l  channel  a r e a  d e c r e a s e s  abou t  5 %  

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

m a i n t a l n  t h e m s e l v e s  e q u a l l y  durang t h e  r e c o v e r y ,  t h e  change i n  

a r e a  r a t l o  r e q u i r 2 s  t h a t  a  s m a l l  amount o f  f l o w  must be  

d l v e r t e d  from t h e  s m a l l  c h a n n e l  The r e p o r t e d  v a l u e s  of mass 

v e l o c l t y  c ~ u l d ,  t h e r e f o r e ,  be low f o r  t h e  s m a l l e r  c h a n n e l  

and h i g h  f o r  t h e  l a r g e r  c h a n n e l  when t h e  f l o w  a r e a s  f o r  t h e  

0 , 0 2 0  zn s p a c i n g  a r e  u s e d ,  The 5 %  change I n  t h e  a r e a  r a t i o  

c a u s e s  abou t  a 1 0 %  change i n  t h e  mass v e l o c l t y  r a t l o ,  whlch 

means t h a t  t h e  a c t u a l  subchanne l  mass v e l o c i t i e s  a r e  p r o b a b l y  

I n  b e t t e r  agreement  w i t h  t h e  p r e d i c t e d  v a l u e s  t h a n  shown I n  

t h e  f i g u r e s b  

T R A N S V E R S E  C R O S S  FLOW R E S I S T A N C E  

T r a n s v e r s e  c r o s s f l o w  r e s i s t a n c e  h a s  been  i d e n t i f i e d  (1)  

a s  a  weak p a r a m e t e r  and s h o u l d  n o t  c a u s e  significant subchanne l  

p r e s s u r e  d i f f e r e n c e s  e x c e p t  f o r  v e r y  c l o s e l y  spaced  r o d s ,  



F o r  t h e  COBRA c a l c u l a t l o a s  shown I n  t h l s  r e p o r t ,  t h e  f r l c -  

t l s n a l  c o n s t a n t  v a l u e  of f k  = 0 . 0 0 1  f t  was u s e d  and  t h e s e  c a l -  

c u l a t r o n s  r e ~ e a l e d  t h a t  p r e s s u r e  d l f  f e r e n c e s  we re  g e n e r a l l y  

l e s s  t h a n  0  0 1  ? s i c  The experimental d a t a ,  howeve r ,  show 

c h a n g e s  In t h e  c r o s s - c h a n n e l  p r e s s u r e  d r o p  o f  a b o u t  0  05 p s l  

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

w l t h o u t  b o r P l n g  were  n o t  e x a c t l y  z e r o ,  ~ . t  1 s  d l f f l c u l t  t o  c o n -  

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

a r e  r e a l  I t  i s  p o s s l b l e  t h a t  I m p e r f e c t  p r e s s u r e  t a p s  c o u l d  

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

d u r i n g  two-phase  f l o w .  I t  c an  s t i l l  be  c o n c l u d e d ,  h o w e v e r ,  

t h a t  t h e  s u b c h a n n e l  p r e s s u r e s  a r e  n e a r l y  e q u a l ,  and  t h a t  t h e  

r e s i s t a n c e  t o  d l v e r s ~ o n  c r c ~ s s t i a w  IS n o t  l a r g e ,  even  f o r  a 

0  020 I n  s p a c i n g .  

I N T E R F A C I A L  S H E A R  -- 

S h e a r  s t r e s s  be tween  a d ~  a c e n t  s u b c h a n n e l s  I S  a n o t h e r  s m a l l  

e t f e i t  r o r  mss t  r ~ d  b u n d l e  d e s ~ g n s  T h l s  1s c o n f i r m e d  by t h e  

measu red  f l o w  s p h ~ t s  f 2 r  t h e  r e s t  s e c t i o n  w l + h  t h e  0  084 I n ,  

s p a c l n g .  I r  l n t e r f d z i a l  s h e a r  was p r e s e n t ,  chen ~ h e  s u b c h a n n e l  

v e ! o c i t l e s  would t e n d  t o  e q u a i a z e  a s  t h n  a v e r a g e  v e l o , i t )  

I n L r e a s e d  Compured flow s p l l t s  f o r  t h e  0 0 8 4  I n .  s p a z l n g ,  wlth 

and w l t h s u t  L n t e r t a c l a l  s h e a r ,  a r e  compared I n  T a b l e  IV. .  

A l s o  shown * r e  t h e  f l o w  s p l ~ t s  f r a m  F ~ g u r e  18  f o r  i e r o  p r e s s u r e  

d ~ f f e r e n s e  a t  t h e  end  o f  t h e  r e s t  s e c t r o n  A comparison o f  t h e  

v a l u e s  shows t h a t  ~ n t e r f  a ~ l d i  s h e a r  e f f  e s f  I S  s m a l l  

T A S L E  1 7 ,  E J f e c z  -j i ~ - e r f a c ~ a i  Shear 

Mass V e l a c r t y  R a t l o ,  G , / G ,  
- - - L I  N o m ~ n a l  

Mass V e l o c i t y ,  ~ o r n ~ u t e d ( " ) w i t h  - - COBRA 
106 1 b ; h r  k t Z  Experimental f~ 

tT =m 

( a )  fT = 6 zrnp.. i s : n t e r p a ? : i l L  b i leur;  f r 6 i m p L ~ e s  i n ~ c r -  
facial s h e u  h s 7 r l g  r h e  s ) ~ ; ? - ~ z M ~ v E L ~ K ~  a p p ~ ~ x i m ~ t i o n s  7 %  COBRAc 
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of t h e  t e s t  s e c t i o n  and e x p e r i m e n t a l  l a y o u t  and t o  K ,  D, Hink le  

f o r  h l s  assembly sf t h e  t e s t  s e c t l s n ,  

R E F E R E N C E S  -- 

1 .  D .  S c  Rowe, C r ~ a s - P l o w  Mixzfig Be tween  P a r a l l e l  Flow Chan- 
n e l s  During B o i l i n g ,  P a r t  I, COBRA-Computer Program f o r  
C o o l a n t  B o i l i n g  i n  Rod A r r a g s ,  BNWL-372, P t  I .  P a c i f i c  
N o r t h w e s t  Laabora to ry ,  R i c h l a n d ,  W a s h i n g t o n ,  March 1 9 6 7 ,  

2 ,  J ,  M e  B a t c h ,  K .  G *  Toyoda ,  and H .  E. Hanthgrn -  The T h e r -  
mal and H y d r a u l i c  Laborlatory a2 H a n f o r d ,  HW-65722 REV 
G e q ~ r x Z  EZec&rZe ,  B-i#chZaqd, W a s h i ~ y t g n .  2962 ,  

3 ,  M. R e i c h a r d t .  "CompZe6e R e p r e s e n t a t i o n  o f  T ~ r b u l e n t  
V e l o c i t y  D i s t r i b u c i ; n  z n  Smooth Pzpe ,"  Z e i t s c h r i f t  f i i r  
Angewandte Mathemat ik  und M ~ c h a n i k ,  u o l  3 1 ,  p .  208.  4951 ,  

4 ,  S ,  L e v y .  "Turbu ler l t  Elow i n  AT LinvluZzt~," J o z ~ r n a z  o f  Heat 
T r a n s y e r ,  u o Z .  6 9 ,  s e r i e s  C ,  n o .  2 ,  pp .  25-31 .  2 9 6 7 "  

5 ,  N .  K a t t c h e e  and W .  C .  HezlngZds, HECTIC-11 - An I B M  7090 
F o r t r a n  Computer  Prggram f o p  Heat T r a n s f e r  A n a l y s z s  o f  
Gas o r  L i q u i d - C o o l e d  R e a c t o r  P a s s a g e s ,  ID0 28595 R E V ,  
z r o j e t - ~ e n e r c l l  Nhc k t j 3 n t c s ,  San  Rarn~n ,  Ca l i f o r n i a ,  
December 1 9 6 2  

6 -  S o  L ~ e v y ,  t ' F l l ~ i d  Flow i n  IVucZear R e a c t o r s .  " Prepared  a s  
a C o n t r i b u t i o n  ~2 P r o j e c t  SIPTOR, C h a p t e r  4 4 ,  Augus t  3 0 ,  
1963 ,  

7,  W o  H .  BeZZ and B ,  W. Le!Tourneau., E x p e r i m e n t a l  M e a s u ~ e -  
m e n t s  o f  Mix ing  i n  ParaZZeZ Flow R Q ~  BundZes ,  WAPD-TH-381. 
W e s t i n g h o u s e  E Z e c t r i c  C o r p 2 r a t i o n ,  B e t t i s  A tomic  Power 
L a b o r a t o r y ,  P i t z s b u r g h ,  Pennsy  Z c a n i a ,  February  1 , 9 5 8 ,  

8 ,  P .  A .  N e l s o n ,  A .  A .  B z s h ~ p ,  and L ,  S ,  Tong .  Mixing i n  
Flow P a r a l l e l  t o  Rgd Banciles Hawtng a  Square  L a t t i c e ,  
WCAP-1607. W e s t i n g h o u s e  E l e c t r i c  C o r p o r a t i o n ,  A tomic  
Pcwer Depar tmev t ,  P i t t s b u r g h ,  P e n n s y ~ j a n i a ,  > u l y  1960 .  

9 -  R ,  E Gr imble  and W .  H .  B e l l  An A n a l y s z s  o y  Mix ing  i n  
P a r a l l e l  Flow Bod B u n d l e s ,  WAPD-TH-178, W e s t i n g h o u s e  
E Z e c t r i c  C o r p o r a t i o n ,  A tgmic  Power Depar tmen t ,  P i t t s b u r g h ,  
Pennsy  Z ~ a n i a ,  U ~ d a t 5 d ,  



1 0 .  A .  A .  B i s h o p ,  P .  A .  U e l s o n ,  a n d E .  A .  McCabe, J r ,  T h e r -  
ma2 and H y d r a u t i c  Deszgn o f  t h e  CVTR Fue l  As sembZzes ,  
~ e s t i n g h o u s e  E Z e c t r i c  C o r p o r a t z o n ,  A tomic  Pgwer D i v i s i o n ,  
P i t t s b u r g h ,  Peqnsy Z v a n i a .  d u x e  1 9 6 2 ,  

21 .  E .  D W a t e ~ s ,  F l u i d  Mix ing  E x p e r i m e n t s  w i t h  a  W i r e -  
W r a ~ ~ e d  7-Rod Bundle  PueZ ~ s s e m b l u  . HW-70278 REV. " a 
Genera% E l e c t l - i c ,  RzchZaqd,  W a s h i n g ~ o v -  Uouember 4 9 6  3 "  

2 2 ,  J P .  W a g g ~ f l e r  " F r i c t i o n  F a c t o r s  f o r  P r e s s u r e  Drop 
C a l c z t l a t ; s n s , "  Nuc le9r ; ic . ; ,  us2 1 9 ,  p ,  1 4 5 ,  2961 .  

2 3 .  A c  A .  Armuqd "The  R z a t s ~ a ~ c e  D i ~ r i v g  t h e  Mogement o f  a  
Two-Phase S y s t e m  i n  H > r i z ~ n C u l  P ~ p e s , "  AERE T r u r ~ s ,  828 ,  
1 ,  p p  16-23 I Z V Z Z ~  L Z J J  V s e s o j u z n o g 3  T e p Z o t e k h n i c h e s k o g o  
In s z zCuCa .  1946 .  

~ 4 .  R. G <  D e i s s l e i .  and M ,  E .  T a $ Z o r ,  A n a l y s i s  of A x i a l  T u r -  
b u l e v ~  F Z O W  awd Heat T ~ a n s f e r  Through  Banks  o f  Rods o r  
T u b e s ,  TID-7529 p t  I ,  b g g k  2 1 9 5 6  

1 5 ,  W .  A. Massena.  Bteam-Water  P r e s s u r e  D r ~ p  and C ~ z t i c a Z  
Dzscharge  Flow - k D i g i t x Z  Cgmputer  Przgrsrn,  HW-65706" 
Cener.gZ E Z e c s r z c ,  R7,ch: i ~ d ,  W z s h i n g ~ d n ~  June i 7 ,  2960 ,  



NOMENCLATURE* 

A = cross-sectional area, L 2 

D = hydraulic diameter, L 

Re = Reynolds number, dimensionless 

X = quality, mg/ (mg + mf) , dimensionless 

f = friction factor based on all-liquid flow, 

dimensionless 

fa = diversion crossflow resistance parameter, L 

= gravitational constant, ML/FT 2 
g c 

h = enthalpy, XH + (1-X) hf, H/M 
g 

hg,hf = saturated vapor and liquid enthalpy, H/M 

a = length, L 

m = mass flow rate, Au ay + p f  (1-a)] , M/T 

p = pressure, F/L' 

P = wetted perimeter, L 

q' = heat addition per unit length, H/L 

s = rod spacing, L 

u = channel velocity, L/T 

w = diversion crossflow between adjacent sub- 

channels, M/TL 

w' = turbulent (fluctuating) crossflow between 

adjacent subchannels, M/TL 

X = quality, dimensionless 

a = turbulent mixing parameter, dimensionless 

* Dimens ions  a r e  d e n o t e d  b y :  

L  = l e n g t h ,  T  = t i m e ,  M = mass ,  8 = t e m p e r a t u r e ,  
2  2 

F = M L / T ~  = f o r c e  and H = ML / T  = e n e r g y .  



2 
E = eddy d i f f u s i v f t y  f o r  h e a t ,  L / T  

9  
E t = t u r b u l e n t  d i f f u s i v i t y  f o r  momentum, L ~ / T  

P = d e n s i t y ,  p a  + p f [ 1 - a ) ,  M / L  3 
g  

= s a t u r a t e d  v a p o r  and l i q u i d  d e n s i t y ,  M / L  3 P g ' p f  

T = w a l l  s h e a r  s t r e s s ,  F / L  2 
W 
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E R R O R  A N A L Y S I S  

D A T A  A N D  A C C U R A C Y  

Flow 

Flow was r ecorded  i n  ma and c o n v e r t e d  t o  mass f low r a t e  

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

r e a d l n g  and conversion c o u l d  produce  f low a c c u r a c y  w i t h l n  

+ l %  q u l t e  e a s n l y  Weth t h e  f r e q u e n t  c a l l b r a t ~ o n  c h e e k s ,  c a r e -  

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

- 1 1 2 %  c o u l d  be r e a l n z e d  Although - 1 1 2 %  c o u l d  be optimistic, 

n t  was assumed t o  be r e a s o n a b l e  f o r  pu rposes  of  t h e  e r r o r  

analysis, 

I n  some runs a  consistent e r r o r  was found i n  some of  t h e  

f low readangs  Data,  r educed  by u s i n g  t h e s e  f l o w s ,  gave p l o t s  of 

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

s l o p e  b u t  d l d  n o t  ~ n t e r s e c t  t h e  p r o p e r  v a l u e  a t  z e r o  power. 

Such e r r o r s  can  be caused  by a  s l r g h t  obstruction I n  t u r b i n e  

f low m e t e r s ,  Data o f  t h a s  t y p e  was c o r r e c t e d  by a  c o n s t a n t  

m u l t l p l ~ e r  w i t h  an e r r o r  estimated a t  abou t  ~ 1 % ~  The d i f f e r -  

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

of t h e  raw d a t a .  

Water Tempera tures  

Millivolt r e a d i n g s  from thermocouples  were c o n v e r t e d  t o  

t e m p e r a t u r e  usnng a s t a n d a r d  c a l l b r a t  i o n .  Purchase  s p e c i f  i c a -  

t i o n s  f o r  t h e  thermoeoupPes r e q u l r e d  a c c u r a c y  t o  w i t h i n  54 'F 
of t h e  s t a n d a r d  calibration A l l  thermocouples  were b e t t e r  

t han  t h ~ s  and l l i n p l a c e "  c a l i b r a t i o n  was per formed t o  improve 

a c c u r a c y .  Dursng s s o t h e r m a l  runs,  considerable t e m p e r a t u r e  

d a t a  were t a k e n  over  a wide range  of f low r a t e s  P l o t s  of  t h e  

thermocouple  t e m p e r a t u r e  mlnus a  measured r e f e r e n c e  t empera -  

t u r e ,  v e r s u s  t h e  r e c r p r o s a l  of t h e  f l a w  r a t e  a t  a  g i v e n  sys t em 



t e m p e r a t u r e  we re  made,  A l i n e a r  c u r v e  was drawn t h r o u g h  t h e s e  

p o i n t s  and  t h e  i n t e r s e c t i o n  w i t h  t h e  t e m p e r a t u r e  a x i s  gave  t h e  

t h e r m o c o u p l e  c o r r e c t i o n  a t  t h a t  t e m p e r a t u r e ,  C o r r e c t i o n  c u r v e s  

we re  t h e n  d e t e r m i n e d .  The above  p r o c e d u r e  improved  t h e  t e m p e r a -  

t u r e  measurement  t o  a b o u t  + l  " F "  

The s l o p e  of  t h e  p l o t s  m e n t i o n e d  above  a l s o  g a v e  h e a t  l o s s  

i n f o r m a t i o n ,  The o n l y  r e g i o n s  o f  s i g n i f i c a n t  h e a t  l o s s  we re  i n  

t h e  c o n n e c t i n g  p l p i n g  a t  t h e  e n d s  o f  t h e  h e a t e d  s e c t i o n ,  Most 

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

c o n n e c t i o n s ,  I t  was assumed t h a t  t h e  h e a t  l o s s  c o u l d  b e  d i v i d e d  

e q u a l l y  be tween  t h e  two i n l e t  and  two o u t l e t  s t r e a m s ,  The 

s m a l l  h e a t  l o s s  f rom t h e  h e a t e d  s e c t i o n  was i n c l u d e d  i n  t h e  

p i p i n g  l o s s e s ,  I n s u l a t i o n  and  low c o o l i n g  w a t e r  t e m p e r a t u r e  

( g e n e r a l l y  l e s s  t h a n  200 OF) i n  t h e  h e a t  e x c h a n g e r s  p r o v i d e d  

n e g l i g i b l e  h e a t  l o s s  f rom t h i s  p a r t  o f  t h e  s y s t e m ,  

P r e s s u r e  Drop 

P r e s s u r e  d r o p s  l e s s  t h a n  a b o u t  1 6  i n ,  o f  Mercury  we re  r e a d  

f rom an i n c l i n e d  manometer t o  w i t h i n  0 , 0 1  i n ,  For  t h o s e  p r e s -  

s u r e  d r o p s  g r e a t e r  t h a n  16  I n ,  o f  m e r c u r y ,  t h e  r e a d i n g  was on a  

v e r t l c a l  m e r c u r y  manometer  t o  w i t h i n  0 , 0 1  p s i ,  E r r o r s  c a u s e d  

by a i r  i n  t h e  p r e s s u r e  t a p  l i n e s  s h o u l d  n o t  e x i s t  b e c a u s e  t h e  

t a p  l l n e s  we re  b l e d  b e f o r e  e a c h  d a y P s  o p e r a t i o n  t o  remove any  

a i r ,  E r r o r s  f rom h o t  w a t e r  o r  v a p o r  i n  t h e  t a p  l l n e s  s h o u l d  b e  

n e g l i g i b l e  s i n c e  s m a l l  a c c u m u l a t o r s ,  l o c a t e d  a  s h o r t  h o r i z o n t a l  

d i s t a n c e  f rom t h e  p r e s s u r e  t a p ,  condensed  v a p o r  and  h e l d  any  

h o t  w a t e r  drawn d u r i n g  " v a l v i n g - i n "  o f  t h e  manome te r s ,  Unknown 

e r r o r s  c a u s e d  by  I m p e r f e c t  p r e s s u r e  t a p  h o l e s  c o u l d  e x l s t  b u t  

s h o u l d  b e  s m a l l ,  e s p e c i a l l y  f o r  t h e  a x i a l  p r e s s u r e  d r o p ,  

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

n o t i c e d  a n d  would  r e p r e s e n t  a  b i a s  on t h o s e  r e a d i n g s  t h a t  i n d i -  

c a t e d  a  change  a t  a  p a r t i c u l a r  t e s t  s e c t i o n  f l o w  r a t e ,  C a r e f u l  

i n s p e c t i o n  o f  t h e  t a p  h o l e s  p r i o r  t o  a s sembly  r e v e a l e d  no  b u r n s  

o r  i m p e r f e c t i o n s ,  



C U M U L A T I V E  E R R O R S  

The e r r o r s  i n  t h e  raw d a t a  f o r  t e m p e r a t u r e  and f low com- 

b i n e  i n  v a r i o u s  ways d u r i n g  d a t a  r e d u c t i o n .  T h i s  i s  e s p e c i a l l y  

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

s i n c e  many t e m p e r a t u r e s  and f lows  a r e  invo lved  i n  t h e s e  c a l c u -  

l a t i o n s .  I n  o r d e r  t o  e s t i m a t e  t h e s e  e r r o r s  t h a t  cou ld  e x i s t  

i n  t h e  r e p o r t e d  da ta ,  an e r r o r  a n a l y s i s  was c a r r i e d  o u t  assum- 

i n g  a l l  e r r o r s  a r e  a d d i t i v e .  While t h i s  may be a  p e s s i m i s t i c  

a p p r o a c h ,  i t  g i v e s  t h e  r e l a t i v e  e r r o r s  between v a r i o u s  s e t s  

of d a t a .  Such an approach  e x p l a i n s  t h e  l a r g e r  s c a t t e r  of 

d a t a  f o r  t h o s e  runs  where i n d i r e c t  f low measurement was 

r e q u i r e d .  

Flow E r r o r s  

Flows were measured d i r e c t l y  w i t h  t h e  e r r o r s  t aken  t o  be 

1 / 2 %  o r  

I n  some c a s e s  f lows  had t o  be o b t a i n e d  by s u b t r a c t i o n .  I n  

t h e s e  c a s e s  
- m1 - m3 - m 2  (A-2) 

where we t a k e  t h e  p o s i t i v e  s i g n  t o  o b t a i n  t h e  maximum. Equa- 

t i o n s  (A-2) and (A-3) may be combined t o  g i v e  

Equat ion  (A-4) shows how a  l a r g e  e r r o r  i n  ml can  r e s u l t  i f  m3 

and m 2  a r e  l a r g e  compared t o  inl. I n  some c a s e s  t h e  f lows  were 

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

The d i f f e r e n t i a l  g i v e s  

dm1 = Kdm + mdK (A-6) 



I t  was assummed t h a t  t h e  e r r o r  i n  K was 5 1 %  o r  

T e s t  S e c t i o n  E x i t  En tha lpy  E r r o r s  

The subchanne l  e n t h a l p y  l e a v i n g  t h e  e x i t  o f  t h e  t e s t  s e c -  

t i o n  was de te rmined  from a h e a t  b a l a n c e  on t h e  h e a t  e x c h a n g e r .  

The h e a t  b a l a n c e  g i v e s  t h e  t e s t  s e c t i o n  e x i t  e n t h a l p y  a s  

q l  o s s  

t I "" 

Taking  d i f f e r e n t i a l s  ( a l l  p o s i t i v e )  g i v e s  



or for small values of the differentials the total error in 

enthalpy (bh3) is 
r 

For computations a value of ah = 1.0 BtuJlb was used for all 

directly measured temperatures. The relative heat loss error 

was assumed to be ' 1 0 %  or 

For the cases where flows were obtained indirectly, the value 

of Ams/mS or Amc/mc were obtained from Equations (A-4) of 

(A- 7 ) .  





A P P E N D I X  B 

T A B U L A T I O N  O F  E X P E R I M E N T A L  D A T A  





m b M M M M M b m m b d M d N N M M M M M  
N N N N N N 4 4 d d 4 d d d N N N N N N N  
m m m m m m m m m m m m m m m m m m m m m  

o d o o m b m a o m ~ b ~ o d o m b o b o  
o o o o m m m m m m m m m m o m m m m m m  
M M M M N N N N N N N N t d M N N N N N N  

U U b U b U b b b B U b U b b b U b b b d  
m m m m m m m m m m m m m m m m m m m m m  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  



TABLE V .  I c o n t d )  

Run - 

7  0  

7  1 

7  2  

7  3  

74 

7 6  

7  7  

7  8  

79 

80  

8  1 

82 

8  3  

8  4  

8  5  

8  6  

8  7  

8  9  

90 

9  1 

9  2  

9  3  

S p a c i n g ,  
I n .  

0 . 0 8 4  

0 . 0 8 4  

0 . 0 8 4  

0 . 0 8 4  

0 . 0 8 4  

0 . 0 8 4  

0 . 0 8 4  

0 . 0 8 4  

0 . 0 8 4  

0 . 0 8 4  

0 . 0 8 4  

0 . 0 8 4  

0 . 0 8 4  

0 . 0 8 4  

0 . 0 8 4  

0 . 0 8 4  

0 . 0 8 4  

0 . 0 2 0  

0 . 0 2 0  

0 . 0 2 0  

0 . 0 2 0  

0 . 0 2 0  

H e a t  F l u x ,  
l o 6  B t u /  
h r - f t 2  

S u b c h a n n e l  Mass 
Mass V e l . ,  I n l e t  S u b c h a n n e l  E x i t  E n t h a l p y ,  B t u / l b  V e l . ,  l o 6  l b /  A x i a l  C r o s s  C h a n n e l  A P ,  

1 0 6  l b /  E n t h a l p y ,  C h a n n e l  1 h r - f t 2  P r e s s u r e ,  AP, P S I  
h r - f t 2  B t u / l b  HX TI-C= Ch.2 psis p s i  (A) (B) (C) 

5 0 1  498 0 . 7 5  

5  4  3  ( c )  0 . 6 5  

607  ( c )  0 . 7 8  

6  6  9  ( c )  0 . 7 2  

740 ( c )  0 . 6 3  

505  5 0 1  1 . 6 0  

5  34 526 1 . 4 8  

539  ( c )  1 . 2 8  

5  5  8  ( c )  1 . 4 4  

6 2 1  ( c )  1 . 4 7  

64 5  ( c )  1 . 3 5  

499  4 9 3  2 . 4 5  

525  518  2 . 3 3  

5  3  6  ( c )  1 . 9 0  

554 ( c )  2 . 0 9  

5  8  2  ( c )  2 . 0 9  

606  ( c )  2 . 0 0  

504 495  2 . 0 8  

526  529  1 . 6 3  

548 ( c )  1 . 6 2  

5 8 1  ( c )  1 . 5 2  

6  11 ( c )  1 . 6 4  

( c )  B o i l i n g  i n d i c a t e d .  

( d )  No v a l i d  t e m p e r a t u r e  d a t a .  

(A) O n e - h a l f  i n c h  downs tream from end o f  h e a t e d  s e c t i o n .  

(B) S i t  i n c h e s  u p s t r e a m  from end o f  h e a t e d  s e c t i o n .  

( C )  T w e l v e  i n c h e s  u p s t r e a m  from end o f  h e a t e d  s e c t i o n .  



T A B L E  V .  i c o n t d i  

Run - 

9  4  

9  5  

9 6  

9  9  

1 0 0  

1 0 1  

1 0 2  

1 0 3  

1 0 4  

1 0 5  

1 0 8  

1 0 9  

1 1 0  

11 1 

1 1 2  

1 1 3  

1 1 4  

11 5  

1 1 6  

1 1 7  

1 1 8  

1 1 9  

1 2 0  

S p a c i n g ,  
I n .  

H e a t  F l u x ,  
1 0 6  B t u /  
h r - f t 2  

0 . 4 2 3  

0 . 4 7 0  

0 . 0 0 0  

0 . 0 0 0  

0 . 1 0 3  

0 . 1 8 2  

0 . 2 4 4  

0 . 3 1 6  

0 . 3 7 8  

0 . 4 2 3  

0 . 0 0 0  

0 . 4 3 4  

0 . 4 7 9  

0 . 5 0 0  

0 . 1 9 1  

0 . 2 5 3  

0 . 3 2 6  

0 . 3 4 7  

0 . 0 0 0  

0 . 0 0 0  

0 . 1 0 7  

0 . 1 5 8  

0 . 1 8 3  

Mass V e l  . , 
1 0 6  I;/ 
h r - f t  

I n l e t  
E n t h a l p y ,  

B t u / l b  

S u b c h a n n e l  E x i t  E n t h a l p y ,  B t u / l b  
C h a n n e l  1 C h a n n e l  2 

HX T/ € - - KX- 
776 ( c )  6 1 8  ( c )  

8 0 4  ( c )  6 3 1  ( c )  

496 ( d l  4 9 1  495 

492 ( d )  496 493  

584 ( d )  545 ( c )  

642 ( d )  584  ( c )  

689 ( d )  614  ( c )  

767 ( d )  649 ( c )  

832 ( d )  676  ( c )  

8 8 3  ( d )  689 ( c )  
298 300  2  9  7  298 

508  504 435 430 

5 3 3  ( b )  444 440 

5  5  6  ( b )  453  449  

425 ( d )  3 8 1  375  

479  ( d l  415 418 

540 ( d l  450 4 4 7  

5 7 3  ( d l  460 4  5 5  

306  304  300 2  99 

302  ( d )  300 300 

427  ( d )  3  8  7  392 

49 8  ( d )  439 440 

565  ( d )  465 465 

( b )  No v a l i d  h e a t  b a l a n c e  d a t a  because  o f  fZow o s c i Z Z a t i o n s .  

( c )  B o i l i n g  i n d i c a t e d .  

( d )  No v a l i d  t e m p e r a t u r e  d a t a .  
( A )  o n e - h a l f  i n c h  downs tream from end o f  h e a t e d  s e c t i o n .  

( B )  S i x  i n c h e s  u p s t r e a m  from end o f  h e a t e d  s e c t i o n .  

( C )  T w e l v e  i n c h e s  u p s t r e a m  from end o f  h e a t e d  s e c t i o n .  

S u b c h a n n e l  Mass  
v e l . ,  1 0 6  l b /  A x i a l  C r o s s  C h a n n e l  A P ,  

h r - f t 2  P r e s s u r e ,  A P ,  PS 1 
Ch.  1 Ch.Z p s i a  p s i  ( A )  (B) ( C )  --- 





D I S T R I B U T I O N  

No. of 
Copies  

2 6 8  AEC D i v i s i o n  of  T e c h n i c a l  I n f o r m a t i o n  E x t e n s i o n  

2 7 AEC L i b r a r y ,  Washington 
S e l o p m e n t  Technology 

C h i e f ,  HWOCR Branch 
A s s i s t a n t  Director, P l a n t  Eng. 
C h l e f ,  I n s t ,  G Cont .  B Y ,  
C h i e f ,  Systems Engn B r .  
C h i e f ,  Core Design B r .  
C h i e f ,  Fue l  Fab.  Br .  
C h l e f ,  C o n t r o l  Mech B r .  
Asst. D i r ?  , R e a c t o r  Tech 
C h i e f ,  F u e l s  6 Mat, B r .  
C h i e f ,  Reac to r  Phy, B r .  
C h i e f ,  S p e c i a l  Tech,  B r .  
Asst.  D i r , ,  Nuc lea r  S a f e t y  
Asst. D i r . ,  Program A n a l y s i s  
Water P r o j e c t s  Branch 
Research  and Development Branch 
R ,  Fent  
R n  M ,  S c r o g g l n s  
S .  St-rauch 
N o  E .  Todreas  
A ,  Van Echo 

D i v i s i o n  of S a f e t y  S t a n d a r d s  
R. Impara 

O f f i c e  of A s s i s t a n t  Genera l  Manager f o r  Reac to r s  
D r ,  R .  C ,  D a l z e l l  

O f f l c e  of A s s i s t a n t  Genera l  Counsel  f o r  P a t e n t s  
R .  A .  Anderson 

RDT S i t e  O f f i c e s  ( 4 )  

2 A E C .  RDT S ~ l t e  R e ~ r e s e n t a t l v e  - PNL 

P o  G .  H o l s t e d  

3 AEC . Rich land  O ~ e r a t i o n s  Off l c e  

C ,  L o  Robinson 
R .  K .  Sharp  
T e c h n i c a l  L i b r a r y  

1 A e r o j e t - G e n e r a l  Nuc leon ics  
, H .  J a f f e e  
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Rober t  E ,  Macherey 
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A .  Pea r son  
G -  A .  Wikhammer 
S c i e n t i f i c  R e p r e s e n t a t i v e  D i v i s i o n  

of  I n t e r n a t i o n a l  A f f a i r s  ( 1 0  j 

Atomic Energy E s t a b l i s h m e n t  
W i n f r i t h ,  Heath, England 

R ,  W ,  Bowring 
W, S .  Eastwood 

Atomic Energy Research  E s t a b l i s h m e n t  
H a r w e l l ,  B e r k s h l r e ,  kngland 

G o  F .  Hewi t t  
J >  G .  C o l l i e r  (Nr .  Didcot  B e r k s h i r e )  

Atomics I n t e r n a t i o n a l  

David C .  F u l t o n  ( 2 )  
Donald T .  Eggan 



No, of  
Copies  

Atomic Power Development A s s o c i a t e s .  I n c n  

Al ton  P .  Donne11 

Babeock C, Wilcox Company 
B a r b e r t o n ,  Ohio 

P o  B ,  P r o b e r t  

Babcock and Wileox Company 

HWOCR  pro^ e c t  Manager 
Donald F .  Judd 

Baldwin-Lima-Hamil ton C o r p o r a t i o n  
l n d u s  t r l a l  Equipment D i v i s i o n  
Eddys ton ,  P e n n s y l v a n i a  

P h i l i p  O t t e n  

Brookhaven N a t i o n a l  Labora to ry  

D r .  3 .  E .  Dwyer 
D r .  David e u r i n s k y  ( 2 )  

Canadian West inghouse Co. L t d .  
P.O. Box 510 
Hami l ton ,  O n t a r i o ,  Canada 

F. S t e r n  

Chicapo b e r a t i o n s  O f f i c e  

G .  H .  Lee 
Richard  J .  G a r i b o l d i  

Columbia Unive r s  i t v  
-- -- 

Department  of Chemical E n g i n e e r i n g  

Combustion E n g i n e e r i n g .  I n c .  

HPO, Windsor R e p r e s e n t a t i v e  
F .  B e v i l a c q u a  
S e n i o r  S i t e  R e p r e s e n t a t i v e  
R .  C .  Noyes 

Douplas U n i t e d  N u c l e a r .  I n c .  

H .  R .  Kosmata 
P. A ,  C a r l s o n  
R ,  H .  Shoemaker 
T .  W .  Ambrose 



No, o f  
C o ~ i e s  

Duke Power Company 
P. 0, Box 2178 
C h a r l o t t e ,  N o r t h  C a r o l i n a  28201 

E ,  C .  F i s s  

duPon t  Company, Aiken  

G, D e s s a u a r  
S u p e r v i s o r ,  T e c h n i c a l  I n f o r m a t i o n  S e r v i c e  ( 2 )  
S i t e  R e p r e s e n t a t i v e ,  SR 

duPon t  Company, Wi lming ton  

D i r e c t o r ,  R e a c t o r  E n g i n e e r i n g  S e c t i o n  
J. S o  N e i l 1  

Dyna t ech  C o r p o r a t i o n  
17  Tudor  S t r e e t  
Cambr idge ,  Y a s s a c h u s e t t s  02139 

A .  B e r g l e s  

Eu ropean  C o n t r a c t o r s  

AEG-Kernenergieversuchsanlage  
8752 Grobwelzheim ( U n t e r f  r a n k e n )  
Germany 

D r .  K i rchenmayer  ( 1 )  

Alsh-tom 
58 Avenue K l e b e r  
P a r i s  1 6 e ,  F r a n c e  

? I ,  P ,  Domenjoud ( 1 )  

ANSALDO 
E e z n e  G e n e r a l e  ( 1 )  
P i a z z a  C a r i g n a n o  2 
Genova,  I t a l y  

C E N  S a c l a y  
B o i t e  P o s t a l e  2 
G i f - S u r - Y v e t t e  (S  e t  0 ) ,  F r a n c e  

G ?  Vendryes  (10 )  

C e n t r e  d 1 E t u d e s  N u c l e a i r e s  
Cheml &e-<AbiaFtyrs 
G r e n o b l e  ( I s e r e )  
F r a n c e  

M, Mondin ( 1 )  



No. of 
Conies 

MAN 
m o l f a c h  
Nurnberg 2, Germany 

Dr. Mayinger (1) 

Reactor Centrum Nederland 
112 Scheveningseweg 
's gravenhage 
Netherlands 

Prof. Dr. M. Bogaardt (1) 

SNECMA 
Division Atomique 
22, Quai ~allikeni 
Suresnes (Seine) 
France 

Technical Hogeschool Eindhoven 
P. 0. Box 313 
E indhoven 
Netherlands 

Prof, D ,  M. Bogaardt (1) 

General Atomics 
P o  0. Box 608 
San Diego 12, California 

Division of General Dynamics Corp. 
Dr. Peter Fortescue 

General Electric Company, San Jose (Trumbull) 
Advanced Engineering 

Karl P o  Cohen 

General Electric Company, San Jose 

Dr, S. Levey (2) 
Earl Janssen 

Georgia Institute of Technology 

James Rust 



No. o f  
Cop i e s  

1 G e o s c i e n c e ,  L t d .  
La J o l l a ,  C a l i f o r n i a  

D r ~  H .  F ,  Poppend i ek  

M .  W. K e l l o g g  Company 
'111 S r d  Avenue 
New York 1 7 ,  New York 

B ,  W ,  J e s s e r  

K n o l l s  Atomic Power L a b o r a t o r y  
G e n e r a l  E l e c t r i c  Company 
S c h e n e e t a d y  , New York 

G "  H .  H a l s e y  

Los Alamos Scientific L a b o r a t o r y  

D r ~  David  B .  H a l l  

M a s s a c h u s e t t s  I n s t i t u t e  o f  Techno logy  

D r  W ,  Rohsenow 
D P  P .  G r i f f i t h  

MSA R e s e a r c h  C o r ~ o r a t i o n  
M a r k e t i n g  D i v i s l o n  
C a l l e r y ,  P e n n s y l v a n i a  14024 

C H .  S t a u b  

NASA Lewls  R e s e a r c h  C e n t e r  

L i b r a r i a n  (3 )  
R Weltmann (SEPO) ( 2 )  
3 ,  M .  S a v i n o  

New York O p e r a t i o n s  O f f i c e  

J u l e s  Wise 

N o r t h  C a r o l i n a  S t a t e  U n i v e r s i t y  

D r ,  J ,  K .  F e r r e l l  

N u c l e a r  Materials E Equipment  Co rp .  

Zalman M .  S h a p i r o  

NUS C o r p o r a t i o n  
I d a h o  F a l l s ,  I d a h o  

G L  A .  F r e u n d  



c - a  

No. o f  
Copies 

Oregon S t a t e  U n i v e r s i t y  

J .  G. Knudsen 

Power Reac to r  Development Company 
c 
D e t r o i t ,  Michigan 48226 

A r t h u r  S ,  Grfswold 

Purdue U n i v e r s i t y  
Mechanica l  E n g i n e e r i n g  Department 

R ,  J *  Grosh 

R u t g e r s  , U n i v e r s i t y  

R ,  L .  Pesk in  

Southwest  Atomic Energy A s s o c i a t e s  
P o s t  O f f i c e  Box 1106 
S h r e v e p o r t  , L o u i s i a n a  ' 7 1 1 0 2  

J ,  Robert  Welsh 

S t a n f o r d  U n i v e r s i t y  

D r .  G o  Lepper t  

TWR Space Technology L a b o r a t o r i e s  
TRW Systems Group 

S ,  M ,  Z i v i  

Union Carbide  C o r p o r a t i o n  (ORNL) 

D r ,  Floyd L o  C u l l e r  (2)  

Union Carb ide  Corp (ORAL-Y -12) 

H .  W .  Hoffman 
W ,  R .  Gambil l  

U n i t e d  Nuc lea r  C o r p o r a t i o n  
P . O .  Box 1585 
365 W i n c h e s t e r  Avenue 
New Haven 4 ,  C o n n e c t i c u t  

A l f r e d  S t r a s s e r  

U n i v e r s i t y  of Michigan (VESIAC) 
Dept .  of Chemical and Met.  E n g i n e e r i n g  

J .  A .  C l a r k  
R ,  B a l z h i s e r  



No. of 
C o ~ i e s  

University of Minnesota 
De~artment of Chemical Engineering - 
~ i i n e a ~ o l i s ,  Minnesota 515455 

H. S. Isbin 

University of Washington 

R. W. Moulton 
C, J. Kippenhan 

Westinghouse Bettis Atomic Power Laboratory 

S. Green 

Westinghouse Electric Corporation 

L d  S. Tong 

Washington State University 

Dr, John Lienhard 

Battelle-Northwest 

F. W. Albaugh 
R. T. Allemann 
J. K. Anderson 
C .  W. Angle 
E. R. Astley 
J ,  M. Batch 
A, L. Bement 
J. J. Cadwell 
P .  D. Cohn 
D. L. Condotta 
R. F. Corlett 
G. M. Dalen 
R. L. Dillon 
E. A. Eschbach 
J. R. Fishbaugher 
D, E. Fitzsimmons 
G. L. Fox 
J. C. Fox 
M. D. Freshley 
S. Goldsmith 
H. E. Hanthorn 
R. A. Harvey 
G. M. Hesson 



No. of 
Co~ies 

Battelle-Northwest (contd) - 
B. ??.  Johnson/G. Jansen 
R. L. Junkins 
C. E. Leach 
W. R. Lewis 
M. K. Millhollen 
A. Padilla 
L. T. Pederson 
R. E .  Peterson 
R, H. Purcell 
W. D. Richmond 
T. C. Riehman 
W. E. Roake 
G, J. Rogers 
D. S. Rowe (30) 
R. I. Smith 
A. bI. Sutey 
W. L. Thorne 
R, E. Turley 
P. C. Walkup 
R. G. Wheeler 
N. G. Wittenbrock 
J. R. Worden 
J ,  bl. Yatabe 
F .  R. Zaloudek 
Director, Heavy Water Program Office 
H. Harty (6) 

Technical Information Files (5) 
Technical Publications (2) 




