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SUMMARY AND 

A n a l y s i s  o f  t h e  c i r c u l a t i n g - f u e l  
a i r c r a f t  r e a c t o r  h a s  b e e n  e x t e n d e d  
t o  s y s t e m s  i n c o r p o r a t i n g  i n t e r m e d i a t e  
h e a t  e x c h a n g e r s ,  v a r i o u s  s e c o n d a r y  
c o o l a n t s ,  l i q u i d  m o d e r a t o r s ,  and  t h e  
u s e  o f  h e a v i e r  r e a c t o r  s h i e l d i n g  
( s e c .  1 ) .  A l l  t h e s e  s y s t e m s  u t i l i z e  
t h e  f u n d a m e n t a l  a d v a n t a g e  o f  t h e  b i -  
f u n c t i o n a l  f u e l - c o o l a n t ,  and a p p e a r  t o  
b e  c a p a b l e  o f  s u p e r s o n i c  n u c l e a r  
p r o p u l s i o n .  The l o c a t i o n  o f  t h e  h e a t  
e x c h a n g e r s  a r o u n d  t h e  r e a c t o r  r e s u l t s  
i n  l o w e r  s h i e l d  w e i g h t ,  e v e n  w i t h  a 
l a r g e r  s h i e l d e d - v o l u m e  d i a m e t e r ,  t h a n  
a t a n d e m  r e a c t o r  and  h e a t  e x c h a n g e r  
a r r a n g e m e n t .  I n  o r d e r  t o  p e r f o r m  a 
l i m i t e d  amount o f  a i r c r a f t  m a i n t e n a n c e  
w i t h o u t  s p e c i a l  s h i e l d i n g ,  v a r i o u s  
m o d i f i c a t i o n s  o f  t h e  minimum d i v i d e d  
s h i e l d  s p e c i f i c a t i o n s  h a v e  b e e n  i n -  
ves  t i  ga t e  d . 

S t u d i e s  o f  t h e  p e r f o r m a n c e  a n d  
d e s i g n  o f  t h e  c i r c u l a t i n g - f u e l  a i r -  
c r a f t  r e a c t o r  a r e  s u f f i c i e n t l y  e n -  
c o u r a g i n g  t h a t  t h e  f i r s t  A i r c r a f t  
R e a c t o r  E x p e r i m e n t  (ARE) t o  b e  c o n -  
s t r u c t e d  b y  t h e  Oak R i d g e  N a t i o n a l  
L a b o r a t o r y  w i l l  be o f  t h i s  t y p e  ( s e c .  
2 ) .  The r e a c t o r  c o r e ,  a s  d e s i g n e d  f o r  
t h e  ARE,  c o n s i s t s  o f  a b e r y l l i u m  o x i d e  
m o d e r a t o r  w i t h  a m u l t i p a s s  f u e l - c o o l a n t  
s y s t e m .  T h e  c o r e  and  a s u r r o u n d i n g  
b e r y l l i u m  o x i d e  r e f l e c t o r  a r e  c o n t a i n e d  
i n  an I n c o n e l  p r e s s u r e  s h e l l .  D e s i g n  
o f  t h e  r e a c t o r ,  f l u i d  c i r c u i t s ,  b u i l d -  
i n g ,  a n d  a s s o c i a t e d  e q u i p m e n t  a r e  
e s s e n t i a l l y  c o m p l e t e .  The r e a c t o r  i s  
e x p e c t e d  t o  be  i n  o p e r a t i o n  e a r l y  i n  
1953. I 

The  d e v e l o p m e n t a l  work i n  r e a c t o r  
p l u m b i n g  a n d  a s s o c i , a t e d  h a r d w a r e  h a s  
b e e n  p r i m a r i l y  c o n c e r n e d  w i t h  t h e  
t e c h n o l o g y  o f  h i g h - t e m p e r a t u r e  f l u o r i d e  
m i x t u r e s ,  and  a s e c o n d a r y  e f f o r t  h a s  
been  t h e  s t u d y  o f  l i q u i d  m e t a l s  ( s e c .  

INTRODUCTION 

3 ) .  T h e  t e c h n i q u e s  o f  t h e  p r e p a r a -  
t i o n ,  p u r i f i c a t i o n ,  and  h a n d l i n g  o f  
t h e  f l u o r i d e  m i x t u r e s  h a v e  b e e n  
d e v e l o p e d  s o  t h a t  1 0 0 - l b  b a t c h e s  o f  
t h e  t r e a t e d  f l u o r i d e  may b e  p r e p a r e d  
and  l o a d e d  i n  a d e q u a t e l y  c l e a n e d  t e s t  
e q u i p m e n t .  T e c h n i q u e s  o f  p u m p i n g ,  
s e a l i n g ,  and c o n t r o l l i n g  t h e  f l u o r i d e  
c o o l a n t s  and l u b r i c a t i n g  moving p a r t s  
o f  t h e  s y s  terns h a v e  been  d e m o n s t r a t e d  
a t  t e m p e r a t u r e s  a b o v e  1 3 0 0 " F ,  and  i t  
i s  c o n s i d e r e d  t h a t  t h e s e  t e c h n i q u e s  
a r e  a d e q u a t e  f o r  A R E  a p p l i c a t i o n .  
A c e n t r i f u g a l - f l o w  f l u o r i d e  pump h a s  
o p e r a t e d  f o r  w e e k s  w i t h  n e i t h e r  me- 
c h a n i c a l  f a i l u r e  n o r  l e a k a g e .  L i q u i d  
s o d i u m  t e c h n o l o g y  a p p e a r s  t o  b e  w e l l  
i n  h a n d ,  s i n c e  c o n t i n u e d  s u c c e s s  h a s  
b e e n  e x p e r i e n c e d  i n  t h e  o p e r a t i o n  o f  
sodium ( o r  NaK) pumps, s e a l s ,  and  h e a t  
e x c h a n g e r s .  The  N a K - t o - N a K  h e a t  e x -  
c h a n g e r  l o o p  h a s  now o p e r a t e d  f o r  2300  
h r w i t h a  maximum t e m p e r a t u r e  o f l l500"F .  
G r o s s  h e a t  t r a n s f e r  s t u d i e s  i n d i c a t e  
t h a t  s p a c e - e c o n o m i c a l  s y s t e m s  a n d  
c o m p o n e n t s  c a n  b e  b u i l t  t o  h a n d l e  
c o p i o u s  q u a n t i t i e s  o f  h e a t ,  a s  r e q u i r e d  
by  f l u o r i d e  s y s t e m s ,  a t  t e m p e r a t u r e s  
be tween 1200  and 1800°F.  

The  r e a c t o r  p h y s i c s  c a l c u l a t i o n s ,  
which  have f u r t h e r  d e f i n e d  t h e  s1;at ics  
o f  t h e  c i r c u l a t i n g - f u e l  ARE, have  l e d  
t o  some g e n e r a l  o b s e r v a t i o n s  r e g a r d i n g  
t h e  k i n e t i c s  o f  b o t h  t h e  c i r c u l a t i n g -  
f u e l  A R E  a n d  ANP r e a c t o r  ( s e c .  4). 
A l t h o u g h  t h e  t h r o m b o s i s  e f f e c t  i s  a n  
i m p o r t a n t  c o n c e r n  i n  t h e  c o n t r o l  o f  
t h e s e  r e a c t o r s ,  t h e  l o s s  of t h e  d e l a y e d  
n e u t r o n s  may n o t  be  i f  t h e  c i r c u l . a t i o n  
o f  t h e  f u e l  i t s e l f  i s  a s  good a damping  
m e c h a n i s m  a s  now i n d i c a t e d .  T h e s e  
k i n e t i c  d i f f i c u l t i e s  a r e  o f  l e s s  c o n -  
c e r n  t o  t h e  ARE t h a n  t o  t h e  ANP, s i n c e  
t h e  c i r c u l a t i o n  r a t e  i n  t h e  ARE is s o  
s l o w  t h a t  t h e  c o n t r o l  r o d s  c a n  c o p e  
w i t h  t h e  t h r o m b o s i s  e f f e c t  and a l a r g e  
f r a c t i o n  o f  t h e  d e l a y e d  n e u t r o n s  a r e  
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e m i t t e d  i n t o  t h e  a c t i v e  vo lume .  The  
c u r r e n t  ARE d e s i g n  has  a c r i t i c a l  mass  
o f  2 2 . 3  l b ,  a t o t a l  uran ium i n v e s t m e n t  
o f  7 4  l b ,  71% t h e r m a l  f i s s i o n s ,  and a 
l e a k a g e - t o - a b s o r p t i o n  r a t i o  o f  a b o u t  
1 t o  3 .  B r i e f  s t u d i e s  o f  h y d r o x i d e  
m o d e r a t e d  r e a c t o r s  ( i n c l u d i n g  K O H ,  
LiOH,  NaOH, RbOH, and SrOH)  show t h a t ,  
e x c e p t  f o r  KOH, t h e  h y d r o x i d e  modera t ed  
r e a c t o r s  r e q u i r e  low c r i t i c a l  masses 
a n d  s m a l l  c o r e  v o l u m e s  f o r  minimum 
c r i t i c a l  mass .  

M e a s u r e m e n t s  on t h e  c r i t i c a l  e x -  
p e r i m e n t  o f  t h e  s i m u l a t e d  G e n e r a l  

E l e c t r i c  d i r e c t - c y c l e  r e a c t o r  h a v e  
been  c o m p l e t e d  and t h e  s i m u l a t e d  c i r -  
c u l a t i n g - f u e l  r e a c t o r  i s  now b e i n g  
a s s e m b l e d  ( s e c .  5). E v a l u a t i o n s ,  i n  
t e r m s  o f  c o n t r i b u t i o n s  t o  r e a c t i v i t y ,  
h a v e  b e e n  made o f  s e v e r a l  r e f l e c t o r  
m o d i f i c a t i o n s  o f  t h e  d i r e c t - c y c l e  
a s s e m b l y .  I n  a d d i t i o n ,  t h e  d a t a  f r o m  
t h e  e a r l i e r  g r a p h i t e  r e a c t o r  a s s e m b l y  
h a v e  b e e n  c o r r e l a t e d  w i t h  t h e  d a t a  ' 

f rom t h e o r e t i c a l  c a l c u l a t i o n s  o f  t h e  
a s s e m b l y .  T h e  c o r r e l a t i o n  l a c k s  
p r e c i s i o n  b u t  g i v e s  r e s u l t s  t h a t  a r e  
a t  l e a s t  c o n s i s t e n t  w i t h  t h e  e x p e r i -  
m e n t a l  f a c t s .  
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FOR PERIOD ENDING MARCH 10, 1952 

1.  CIRCULATING-FUEL AIRCRAFT REACTOR 

A .  P .  F r a a s ,  ANP D i v i s i o n  

A c i r c u l a t i n g - f u e l  a i r c r a f t  r e a c t o r  
s y s t e m  i n  wh ich  t h e  f l u i d  f u e l  c i r c u -  
l a t e s  d i r e c t l y  t h r o u g h  t h e  t u r b o j e t  
r a d i a t o r s  was d e s c r i b e d  i n  t h e  l a s t  
r e p o r t .  ( ) O t h e r  c i r c u l a t  i n g - f u e  1 
a i r c r a f t  r e a c t o r s y s t e m s ,  i n c o r p o r a t i n g  
s u c h  f e a t u r e s  a s  i n t e r m e d i a t e  h e a t  
e x c h a n g e r s ,  v a r i o u s  s e c o n d a r y  c o o l a n t s ,  
t h e  u s e  o f  l i q u i d  m o d e r a t o r s ,  a n d  
h e a v i e r  r e a c t o r  s h i e l d i n g ,  h a v e  b e e n  
c o n s i d e r e d  i n  an  a t t e m p t  t o  d e t e r m i n e  
t h e  mos t  p r a c t i c a l  s y s t e m  f o r  a f u n c -  
t i o n a l  s u p e r s o n i c  a i r c r a f t .  A l l  t h e s e  
s y s t e m s  u t i l i z e  t h e  f u n d a m e n t a l  a d -  
v a n t a g e  o f  t h e  b i f u n c t i o n a l  f u e l -  
c o o l a n t  - t h e  e l i m i n a t i o n  o f  a h e a t  
t r a n s f e r  s t a g e  w i t h i n  t h e  r e a c t o r  c o r e .  

Two s e r i e s  o f  s h i e l d e d ,  f u l l - s i z e ,  
c i r c u l a t i n g - f u e l  a i r c r a f t  d e s i g n s  have  
been  s t u d i e d ;  one  i n v o l v e s  a n  a n n u l a r ,  
o r  " w r a p - a r o u n d , f l  t y p e  o f  h e a t  e x -  
c h a n g e r ,  a n d  t h e  o t h e r  i s  a t a n d e m  
a r r a n g e m e n t  w i t h  t h e  h e a t  e x c h a n g e r  
b e h i n d  t h e  r e a c t o r .  A n a l y s e s  show 
t h a t  t h e  a n n u l a r  a r r a n g e m e n t  g i v e s  
t h e  lower  s h i e l d  w e i g h t .  These  d e s i g n  
s t u d i e s  b r o u g h t  f o r t h  t h e  i m p o r t a n t  
t e c h n i q u e  o f  l a c i n g  t h e  h e a t  e x c h a n g e r  
m a t r i x  w i t h  a b o u t  8 v o l  % E 4 C  t o  
k e e p  t h e  r a d i a t i o n  f r o m  s o d i u m  o r  
N a K  i n  t h e  s e c o n d a r y  c i r c u i t  t o  
t o l e r a b l e  v a l u e s  e v e n  w i t h  s o m e t h i n g  
a p p r o a c h i n g  a u n i t  s h i e l d .  

a p p e a r s  from t h e s e  s t u d i e s  
t h a t  i t  would  b e  a d v a n t a g e o u s  t o  u s e  
a l i q u i d  m o d e r a t o r  s u c h  a s  w a t e r  o r  
f u s e d  h y d r o x i d e s .  Not o n l y  would t h e  
p r o b l e m  o f  c o o l i n g  t h e  m o d e r a t o r  and  
r e f l e c t o r  b e  g r e a t l y  s i m p l i f i e d ,  b u t  
by  u s i n g  p e r h a p s  a 1 2 - i n . - t h i c k  r e -  
f l e c t o r ,  t h e  problem of  h e a t i n g  o f  t h e  

( I ' R .  W. Schroeder, "Circulating-Fuel Aircraft 
Reactor," A i r c r a f t  N u c l e a r  P r o p u l s ~ o n  P r o l e c t  
Q u a r t e r l y  P r o g r e s s  R e p o r t  f o r  P e r i o d  E n d i n g  
D e c e m b e r  10, 1 9 5 1 ,  ORNL-1170, p .  7. 

p r e s s u r e  s h e l l  b y  g a m m a s ,  n e u t r o n  
c a p t u r e s ,  a n d  i n e l a s t i c  s c a t t e r i n g  
w o u l d  b e  g r e a t l y  r e d u c e d .  More d e -  
t a i l e d  s t u d i e s  o f  t h e  p r a c t i c a b i l i t y  
o f  d e s i g n  f o r  c o o l i n g  t h e  s t r u c t u r e  
w i t h  a l i q u i d  m o d e r a t o r  h a v e  b e e n  
i n i t i a t e d .  

REACTOR W I T H  TANDEM H E A T  E X C H A N G E R S  

The f i r s t  b a s i c  c o n f i g u r a t i o n  c o n -  
s i d e r e d  was one  i n  w h i c h  t h e  r e a c t o r  
c o r e  a n d  t h e  i n t e r m e d i a t e  h e a t  e x -  
c h a n g e r  w e r e  p l a c e d  i n  t a n d e m .  A 
l o n g i t u d i n a l  s e c t i o n  o f  a t andem r e -  
a c t o r  and  h e a t  e x c h a n g e r  a r r a n g e m e n t  
i s  shown i n  F i g .  1. A b a s i c  p r e m i s e  
was t h a t  by  i n t e r p o s i n g  t h e  h e a t  e x -  
c h a n g e r  b e t w e e n  t h e  pumps and th,e r e -  
a c t o r  c o r e ,  a un i fo rm f low d i s t r i b u t i o n  
among t h e  f u e l  t u b e s  would be  a s s u r e d .  
The  d e s i g n  r e q u i r e d  t h a t  t h e  l i q u i d  
f l u o r i d e  f u e l  f l o w  t h r o u g h  t h e  t u b e s  
i n  t h e  r e a c t o r  c o r e  a t  11 f t / s e c  f o r  
o p e r a t i o n  a t  4 0 0 , 0 0 0  kw w i t h  a te inpera-  
t u r e  r i s e  t h r o u g h  t h e  r e a c t o r  of  4OOOF. 
The b a s i c  l a y o u t  i s  b e s t  a d a p t e d  t o  a 
l i q u i d  m o d e r a t o r  ( i . e . ,  H,O o r  NaOH) 
from t h e  s t a n d p o i n t  o f  f a b r i c a t i o n  and 
o f  m e a n s  f o r  c o o l i n g  t h e  m o d e r a t o r  
and r e f l e c t o r .  

I n  t h i s  d e s i g n ,  t h e  f u e l  e n t e r s  t h e  
r e a c t o r  a t  t h e  t o p  r e a r ,  makes a com- 
p l e t e  l o o p  t h r o u g h  t h e  f u e l  t u b e s  i n  
t h e  c o r e ,  a n d  d i s c h a r g e s  t o  t h e  h e a t  
e x c h a n g e r .  T h e  f u e l  t u b e s  a r e  o f  
s t a i n l e s s  s t e e l  w i t h  1 1 / 2 - i n .  I D  and 
0 . 0 1 5 - i n .  w a l l  t h i c k n e s s .  I f  w a t e r  
were t h e  m o d e r a t o r ,  a d o u b l e - w a l l e d  
c o n s t r u c t i o n  c o u l d  be u s e d .  I t  may be 
n o t e d  t h a t  i f  t h e  i n n e r  t u b e  ( c o n -  
t a i n i n g  c i r c u l a t i n g  f u e l )  r u p t u r e d  o r  
c r a c k e d ,  t h e  o n l y  f u e l  l o s t  would  b e  
t h e  a m o u n t  t h a t  f i l l e d  u p  t h e  s p a c e  
b e t w e e n  t u b e s  b e f o r e  i t  f r 0 i : e  i n  
c o n t a c t  w i t h  t h e  c o l d  o u t e r  t u b e .  
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The w a t e r  (or h y d r o x i d e )  m o d e r a t o r  
e n t e r s  t h e  a c t i v e  l a t t i c e  a r o u n d  t h e  
p e r i p h e r y  o f  t h e  r e a r  o f  t h e  r e a c t o r  
a n d  f l o w s  t o w a r d  t h e  o u t l e t  a t  t h e  
f o r w a r d  e n d  o f  t h e  r e a c t o r .  A s  t h e  
m o d e r a t o r  f l o w s  i n  i t  is d i s t r i b u t e d  
b y  a b a f f l e  s h e e t  t h a t  i s  o r i f i c e d  
t o  g i v e  t h e  f l o w  d i s t r i b u t i o n  r e q u i r e d  
b y  t h e  power d i s t r i b u t i o n  w i t h i n  t h e  
a c t i v e  l a t t i c e .  

The c o n t r o l  s y s t e m  f o r  t h i s  p roposed  
c i r c u l a t i n g - f u e l  r e a c t o r  d e s i g n  c o n -  
s i s t s  o f  two c u r t a i n s  o f  cadmium r o d s  
m o u n t e d  on two  e n d l e s s  t r a c k s .  The  
c u r t a i n s  a r e  moved from t h e  r e f l e c t o r  
i n t o  t h e  a c t i v e  l a t t i c e  by an  e n d l e s s  
c h a i n - s p r o c k e t  t y p e  o f  m e c h a n i s m .  
Each  cadmium r o d  i s  mounted  upon  two  
s t e e l s h a f t s w i t h  s t e e l  r o l l e r s a t t a c h e d  
t o  t h e  e n d s  o f  t h e  s h a f t s .  T h e s e  
r o l l e r s  a r e  l i n k e d  t o g e t h e r  t o  f o r m  
a n  e n d l e s s  c h a i n .  The  s p r o c k e t  is 
d r i v e n  by a worm-gear  d r i v e ,  w h i c h  i n  
t u r n  i s  d r i v e n  b y  a h y d r a u l i c  pump 
m o u n t e d  w i t h i n  t h e  p r e s s u r e  s h e l l .  
E a c h  c a d m i u m  r o d  i s  a c y l i n d e r  a p -  
p r o x i m a t e l y  1/2 i n .  OD b y  1 / 4  i n .  I D  
by 1 2  i n .  l o n g ,  and t h e r e  a r e  a b o u t  50 
r o d s  i n  e a c h  c o n t r o l  c u r t a i n .  

REACTOR W I T H  ANNULAR H E A T  E X C H A N G E R S  

T h e  s e c o n d  b a s i c  c o n f i g u r a t i o n  
c o n s i d e r e d  w a s  a r e a c t o r  w i t h  a n  
a n n u l a r ,  or " w r a p - a r o u n d , "  t y p e  o f  
h e a t  e x c h a n g e r  s u c h  a s  s h o w n  s c h e -  
m a t i c a l l y  i n  F i g .  2 .  R a d i a l  webs a r e  
used  b o t h  t o  s e p a r a t e  t h e  a n n u l a r  h e a t  
e x c h a n g e r  i n t o  s e c t o r s  and t o  s u p p o r t  
t h e  s h e l l  a r o u n d  t h e  o u t s i d e  o f  t h e  
r e f l e c t o r .  T o  p e r m i t  a s s e m b l y )  t h e  
r e a c t o r  p r e s s u r e  s h e l l  would h a v e  t o  
b e  s p l i t  a x i a l l y ,  p r o b a b l y  on  t h e  
c e n t e r  l i n e .  The  p r e s s u r e  s h e l l  a n d  
o t h e r  s t r u c t u r e s  a r e  j a c k e t e d  a n d  
c o o l e d  b y  NaOH a t  a r o u n d  1 2 0 0 ° F .  A 
h e a t  e x c h a n g e r  t o  c o o l  t h e  NaOH i s  
p r o v i d e d  i n  t h e  r e g i o n  where  t h e  NaK 
e n t e r s  t h e  p r e s s u r e  s h e l l .  A l t h o u g h  
n o t  a n e s s e n t i a l  e l e m e n t  i n  t h i s  g e n e r a l  

t y p e  of  d e s i g n ,  t h e  c o n c e n t r i c  h e l i c a l  
c o i l  c a r r y i n g  t h e  NaOH m o d e r a t o r  
t h r o u g h  t h e  r e a c t o r  c o r e  i s  i n t e r e s t -  
i n g  b e c a u s e  i t  e l i m i n a t e s  a h e a d e r  
p r o b l e m .  By u s i n g  p e r h a p s  t e n  t u b e  
f i t t i n g s ,  w e l d s  a t  t h e  e n d s  o f  t h e s e  
c o i l e d  t u b e s  c o u l d  b e  a v o i d e d  s o  t h a t  
a m a t e r i a l  s u c h  a s  molybdenum m i g h t  
be u s e d .  

R E A C T O R  S H I E L D  D E S I G N S  

I t  i s  i m p o r t a n t  t o  know t h e  e f f e c t s  
o f  v a r i o u s  p a r a m e t e r s  on t h e  w e i g h t  
o f  t h e  a i r c r a f t  r e a c t o r  a n d  s h i e l d  , 
b u t  i t  i s  d i f f i c u l t  t o  d e t e r m i n e  t h e s e  
e f f e c t s  q u a n t i t a t i v e l y  s i n c e  t h e  p r e s  - 
e n t  k n o w l e d g e  o f  s h i e l d i n g  d o e s  n o t  
p e r m i t  w e i g h t  e s t i m a t e s  c l o s e i .  t h a n  
+5%, a t  b e s t .  H o w e v e r ,  e n g i n e e r i n g  
d e s i g n s  h a v e  b e e n  c o m p l e t e d  f o r  t h e  
s h i e l d s  f o r  t h e  p r e c e d i n g  r e a c t o r  
a r r angemen t s ,  and r e a l  w e i g h t  d i f f e r e n c e s  
t h a t  r e s u l t  i n  l i g h t e r  w e i g h t  s h i e  I d s  
f o r  t h e  a n n u l a r  a r r a n g e m e n t  t h a n  f o r  
t h e  tandem a r r a n g e m e n t  have  been found 
t o  e x i s t .  I n  t h e  s h i e l d  w e i g h t s  c a l -  
c u l a t e d  t h e  u s e  o f  B,C i n  t h e  h e a t  
e x c h a n g e r  and  b e t w e e n  t h e  r e a c t o r  and 
h e a t  e x c h a n g e r  h a s  b e e n  found  t o  s u b -  
s t a n t i a l l y  r e d u c e  t h e  a c t i v i t y  of t h e  
s e c o n d a r y  c o o l a n t .  

D e s i g n  P r o c e d u r e .  T h e  p r i m a r y  
o b j e c t i v e  i n  t h e  d e s i g n  o f  t h e s e  
s h i e l d s  was t o  minimize  t h e  a c t i v a t i o n  
o f  t h e  s e c o n d a r y  c o o l a n t  b y  d e l a y e d  
n e u t r o n s  from t h e  f u e l .  T h i s  h a s  b e e n  
e f f e c t e d  by  ( 1 )  a t t e n u a t i n g  t h e  n e u t r o n  
l e a k a g e  f rom t h e  a c t i v e  l a t t i c e  t o  a 
l e v e l  b e l o w  t h a t  o f  t h e  d e l a y e d  n e u -  
t r o n s  i n  t h e  h e a t  e x c h a n g e r ,  a n d  
( 2 )  l a c i n g  t h e  h e a t  e x c h a n g e ] :  w i t h  
e n o u g h  n e u t r o n  a b s o r b i n g  m a t e r i a l  
(B,C) s o  t h a t  r e l a t i v e l y  few n e u t r o n s  
w o u l d  be  a b s o r b e d  i n  t h e  s e c o n d a r y  
c o o l a n t .  The h e a d e r  s h e e t  and a 5 - i n .  
B,C l a y e r  b e t w e e n  c o r e  a n d  h e a t  e x -  
c h a n g e r  was s u f f i c i e n t  t o  r e d u c e  t h e  
n e u t r o n  l e a k a g e  f l u x  t o  t h e  h e a t  e x -  
c h a n g e r )  w h e r e a s  t h e  u s e  o f  13,C i n  
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F i g .  2 .  Annular Heat Exchanger Arrangement f o r  C i r c u l a t i n g - F u e l  Reactor .  
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e e y n i n t h  t u b  i n  t h  h e a t  e x c h a n g e r  
s e r v e d  t o  s u p r e s s  t h e  a c t i v i t y  o f  t h e  
c i r c u l a t i n g  f u e  1. 

T h e  b a l a n c e  o f  t h e  s h i e l d  d e s i g n  
work was s t r a i g h t - f o r w a r d  and f o l l o w e d  
t h e  p r o c e d u r e s  o u t l i n e d  by t h e  S h i e l d -  
i n g  B o a r d . ( 2 )  B o t h  L i d  Tank and  B u l k  
S h i e l d i n g  F a c i l i t y  t e s t  d a t a  were u s e d .  
The f i s s i o n - p r o d u c t - d e c a y  gamma r a y s  
f o r  t h e  e q u i  1 i b r  ium f i s s i o n  - p r  o d u c  t 
c o n c e n t r a t i o n  a t  f u l l  power were t a k e n  
a s  b e i n g  e q u i v a l e n t  t o  t h r e e  1.0-Mev 
gamma r a y s  a n d  o n e - h a l f  o f  a 3 .0-Mev 
gamma r a y  p e r  f i s s i o n .  

A c t i v a t i o n  o f  t h e  Secondary Coo lant .  
The d e g r e e  o f  a c t i v a t i o n  of  t h e  s e c o n d -  
a r y  c o o l a n t  i s ,  o f  c o u r s e ,  a f u n c t i o n  
o f  t h e  m a t e r i a l s  i n  t h a t  c o o l a n t .  
S i n c e  NaK ( 5 6 %  Na and 44% K) h a s  many 
a d v a n t a g e s  a s  a h i g h - t e m p e r a t u r e  h e a t  
t r a n s f e r  medium,  a n d  s i n c e  i t  w o u l d  
p r o b a b l y  b e  a b o u t  a s  b a d  f r o m  t h e  
a c t i v a t i o n  s t a n d p o i n t  a s  any  c o o l a n t  
t h a t  c o u l d  be u s e d ,  an e s t i m a t e  o f  i t s  
a c t i v a t i o n  was made w i t h  t h e  h e a t  e x -  
c h a n g e r  s h i e l d e d  and l a c e d  w i t h  B,C a s  
o u t l i n e d  a b o v e .  I t  was found t h a t  i f  
2 5 %  o f  t h e  NaK i n  t h e  s y s t e m  were  
c o n s i d e r e d  a s  c o n c e n t r a t e d  a t  a p o i n t  
and t h e  s e l f - a b s o r p t i o n  o f  t h e  sodium-  
d e c a y  gamma r a y s  r e l e a s e d  i n  t h e  a i r  
r a d i a t o r  o r  o t h e r  s i m i l a r  c o m p o n e n t  

( 2 ) R e p o r t  o f  t h e  ANP S h i e l d i n g  B o a r d  for t h e  A i r -  
c r a f t  N u c l e a r  P r o p u l s i o n  P r o g r a m ,  NEPA-ORNL, ANP-53, 
October 16, 1950. 

were a s s u m e d  t o  be  50%,  t h e  d o s e  a t  
1 . 5  meters  ( 5  f t )  f rom t h e  c e n t e r  o f  
t h e  s o u r c e  w o u l d  b e  2 0 0  r / h r  a f t e r  
l o n g  p e r i o d s  o f  o p e r a t i o n  a t  a r e a c t o r  
h e a t  o u t p u t  o f  4 0 0 , 0 0 0  kw. 

The a c t i v a t i o n  of a q u i t e  d i f f e r e n t  
c o o l a n t ,  a f u s e d  s a l t  c o n s i s t i n g  o f  
a p p r o x i m a t e l y  60% L i C 1 ,  3 0 %  MgCl , ,  
and  10% K C l ,  was a l s o  e s t i m a t e d .  A l -  
t h o u g h  w i t h  n o  B,C i n  t h e  h e a t  e x -  
c h a n g e r  t h e  a c t i v i t y  o f  t h i s  f u s e d  
s a l t  was  o n l y  5% o f  t h a t  o f  t h e  N a K ,  
t h e  a c t i v i t y  f o r  t h e  c a s e  w i t h  t h e  B,C 
i n  t h e  h e a t  e x c h a n g e r  was 35% o f  t h a t  
o f  t h e  NaK. T h u s ,  i t  a p p e a r , s  t h a t  
t h e r e  is  l i t t l e  t o  be  g a i n e d  f rom t h e  
s h i e l d i n g  s t a n d p o i n t  i n  t h e  u s e  of  
t h i s  m o l t e n  c h l o r i d e  i n  p l a c e  o f  NaK. 

S h i e l d  Weights  and S p e c i f i c a t i o n s .  
S e v e r a l  e n g i n e e r i n g  d e s i g n s  of  s h i e l d s  
have been  comple t ed  f o r  b o t h  t h e  tandem 
a n d  a n n u l a r  h e a t  e x c h a n g e r  a r r a n g e -  
men t s .  For e i t h e r  r e a c t o r  a r r a n g e m e n t  
t h e  d i v i d e d  s h i e l d  r e s u l t e d  i n  t h e  
l o w e s t  s h i e l d  w e i g h t .  H o w e v e r ,  t h e  
d e s i r e  t o  b e  a b l e  t o  c a r r y  o u t  a 
l i m i t e d  amount of  a i r p l a n e  m a i n t e n a n c e  
work w i t h o u t  s p e c i a l  s h i e l d i n g  a r g u e s  
i n  f a v o r  o f  more s h i e l d i n g  a r o u n d  t h e  
r e a c t o r .  The  v a r i o u s  s h i e l d  d e s i g n s  
f o r  t h e  two r e a c t o r  and h e a t  e x c h a n g e r  
a r r a n g e m e n t s  a r e  g i v e n  i n  T a b l e  1.  
F o r  c o m p a r a b l e  s h i e l d s  t h e  a n n u l a r  
h e a t  e x c h a n g e r  a n d  r e a c t o r  a s s e m b l y  
g i v e s  a p p r e c i a b l y  l o w e r  w e i g h t  t h a n  
t h e  tandem a r r a n g e m e n t .  

11 



D e t a i l s  i n  r e p o r t  

Date  of d e s i g n  

R e a c t o r  s h i e l d  d i a m e t e r  ( i n . )  

0 Crew s h i e l d  w e i g h t  ( l b )  $.-I 
4- ' Weight of r e a c t o r ,  i n t e r m e d i -  

a t e  h e a t  exchan e r  and 
r e a c t o r  s h i e l d  ( i lb )  

T o t a l  w e i g h t  of r e a c t o r ,  i n -  
t e r m e d i a t e  h e a t  exchan e r ,  
and a l l  s h i e l d i n  ( i n c f u d i n g  
crew s h i e l d )  ( l b ?  

R e a c t o r  power (kw) 

Diameter  of r e a c t o r  c o r e  ( i n . )  

L i q u i d s .  i n  pr imary  and second-  

Tempera ture  l o s s  i n  ingermedi -  

P r e s s u r e  l o s s  i n  i n t e r m e d i a t e  

Crew s h i e l d  s i z e  ( f t )  

R e a c t  or - cr e w  s e p a r a t i o n  

R a d i a t i o n  i n s i d e  crew com- 

a r y  c i r c u i t s  

a t e  h e a t  exchanger  ( F )  

h e a t  exchanger  ( p s i )  

d i s t a n c e  ( f t )  

par  tmen t ( r / h r  ) 

of r e a c t o r  ( r / h r )  

of r e a c t o r  ( r / h r )  

o f  r e a c t o r  ( r / h r )  

R a d i a t i o n  5 f t  f rom c e n t e r  

R a d i a t i o n  50 f t  f rom c e n t e r  

R a d i a t i o n  300 f t  from c e n t e r  

TABLE 1 

Shields for Circulating-Fluoride-Fuel Reactors 

TANDEM HEAT EXCHANGER PARTIALLY DIVIDED 

1 

Y -F15- 1 0  

J a n .  1952 

150 

5 ,000  

151 ,000 

156,000 

400,000 

32 

F l u o r i d e  -NaK 

100 

100 

i% x 7% x 12% 

50 

1 

3 00 

7 

1 

2 

Y-F15- 10 

J a n .  1952 

150 

11 ,000  

130,000 

141,000 

400,000 

32 

F l u o r  ide-NaK 

100 

100 

i% x 7% x 12% 

50 

1 

2 , 4 0 0  

36 

6 

3 

Y - F15- 1 0  

J a n .  1952 

121 

36,000 

75,000 

111.000 

400,000 

32  

Fluoride-NaK 

100 

100 

5% x 7% x 12% 

50 

1 

380,000 

5 , 6 0 0  

156 

4 

Y-F15-10 

J a n .  1952 

12 1 

1 4 , 0 0 0  

7 5 , 0 0 0  

8 9 , 0 0 0  

400,000 

32 

?luor i d e  -NaK 

100  

100 

5 x 5  x 12% 

12 0 

1 

380,000 

5 , 6 0 0  

156  

* 
Z 
91 
g 

Ll 
ANNULAR HEAT EXCHANGER 

n 2 1 

Y -F15 - 10 

Feb. 1952 

148 

5 , 0 0 0  

123 ,000 

128,000 

400,000 

32 

F l u o r  i d e  -NaK 

100 

50 

5% x 7% x 12% 

50 

1 

300 

7 

1 

L 
ro 

Y-F15- 10 C 
4 

2 Feb. 1952 

118 

3 6 , 0 0 0  

62 ,000  

98 ,000  

400,000 

32 

F1 u or i d e  - N a K  

100 

50 

5% x 7% x 12% 

50 

1 

380,000 

5 ,600  

156  

1 " .  



FOR PERIOD ENDING MARCH 10, 1952 

2. CIRCULATI ?G-FUEL AIRCRAFT REACTOR EXPERIMENT 

R. W. S c h r o e d e r ,  ANP D i v i s i o n  
E. S. B e t t i s ,  R e a c t o r  P r o j e c t s  D i v i s i o n  

The s t u d i e s  o f  t h e  c i r c u l a t i n g - f u e l  The h e l i u m i s  c o o l e d  by p a s s a g e  t h r o u g h  
a i r c r a f t  r e a c t o r  u s i n g  f u s e d  f l u o r i d e  f o u r  h e l i u m -  t o - w a t e r  h e a t  e x c h a n g e r s  
h a v e  c u l m i n a t e d  i n  t h e  d e s i g n  o f  two a n d  t h e  w a t e r  - t h e  u l t i m a t e  h e a t  
a i r c r a f t  r e a c t o r  s y s t e m s  ( o n e  w i t h  and s o u r c e  - i s  d i s c h a r g e d .  
o n e  w i t h o u t  an i n t e r m e d i a t e  h e a t  e x -  
c h a n g e r ) ,  b o t h  o f  wh ich  a r e  p o t e n t i a l  
p o w e r  p l a n t  s y s t e m s  f o r  s u p e r s o n i c  
n u c l e a r  p r o p u l s i o n ,  F u r t h e r m o r e  , t h e s e  
a i r c r a f t  r e a c t o r  s y s t e m s  a p p e a r  t o  
p e r m i t  h i g h e r  p e r f o r m a n c e  t h a n  t h e  
s o d i u m - c o o l e d  r e a c t o r ,  p r i m a r i l y  b e -  
c a u s e  o f  t h e  b i f u n c t i o n a l  c a p a c i t i e s  
o f  t h e  p r i m a r y  c o o l a n t ,  wh ich  i s  t h e  
c i r c u l a t i n g  f u e l .  C o n s e q u e n t l y ,  t h e  
ARE t o  be c o n s t r u c t e d  by t h e  Oak R idge  
N a t i o n a l  L a b o r a t o r y  a t  Oak R i d g e  w i l l  
be a c i r c u l a t i n g -  f u e l  t y p e  of  r e a c t o r ,  

The c i r c u l a t i n g  f u e l  o f  t h e  r e a c t o r  
w i l l  b e  a m i x t u r e  o f  m o l t e n  a l k a l i  
m e t a l  f l u o r i d e s  p l u s  uran ium f l u o r i d e .  
The  s t r u c t u r a l  m e t a l  o f  t h e  c o r e  and  
c o n t a i n e r  s h e l l  w i l l  be I n c o n e l ,  s i n c e  
t h i s  m e t a l  h a s  been  on o r d e r  f o r  t h e  
l i q u i d - m e t a l  ARE and c u r r e n t l y  a p p e a r s  
a t  l e a s t  a s  c o r r o s i o n  r e s i s t a n t  t o  t h e  
c i r c u l a t i n g  f l u o r i d e s  a s  a n y  o f  t h e  
s t a i n l e s s  s t e e l s .  T h e  r e a c t o r  c a n  
a d v a n t a g e o u s l y  b e  m o d e r a t e d  w i t h  
b e r y l l i u m  o x i d e ,  w h i c h  i s  a l s o  c u r -  
r e n t l y  a v a i l a b l e  f o r  t h e  p r e v i o u s l y  
c o n t e m p l a t e d  l i q u i d - m e t a l  ARE. 

The  power  i s  g e n e r a t e d  w i t h i n  t h e  
c i r c u l a t i n g  f u e l  a s  i t  i s  p a s s e d  
t h r o u g h  t h e  b e r y l l i u m  o x i d e  m o d e r a t e d  
c o r e .  T h e  c o r e  i s  p r o v i d e d  w i t h  a 
b e r y l l i u m  o x i d e  s i d e  r e f l e c t o r ,  which  
i s  h o u s e d  w i t h  t h e  c o r e  w i t h i n  a n  
I n c o n e l  p r e s s u r e  s h e l l .  The r e f l e c t o r  
a n d  p r e s s u r e  s h e l l  a r e  c o o l e d  by a 
s e p a r a t e  c i r c u i t  u s i n g  a m i x t u r e  o f  
n o n u r a n i u m - b e a r i n g  f l u o r i d e s ,  Power  
i s  a b s t r a c t e d  from t h e  f u e l  by means  
o f  f o u r  f u e l -  t o - h e l i u m  h e a t  e x c h a n g e r s  
t h r o u g h  which  t h e  f u e l  i s  c i r c u l a t e d .  

C o n t r o l  o f  t h e  r e a c t o r  i s  p r o v i d e d  
i n  t h r e e  f o r m s ,  ( 1 )  sh im c o n t r o l ,  ( 2 )  
r e g u l a t i n g  r o d s ,  and ( 3 )  s a f e t y  r o d s .  
Shim c o n t r o l  i s  a c h i e v e d  by v a r y i n g  
t h e  uran ium c o n c e n t r a t i o n  i n  t h e  c i r c u -  
l a t i n g  f u e l .  One b o r o n  r o d ,  w h i c h  
p a s s e s  t h r o u g h  t h e  c o r e  c e n t e r  l i n e a n d  
e f f e c t s  a p p r o x i m a t e l y  0 . 7 5 %  A k / k ,  
s e r v e s  a s  t h e  r e g u l a t i n g  r o d , ,  T h e  
b o r o n  s a f e t y  r o d s ,  e q u a l l y  s p a c e d  
a b o u t  t h e . c e n t e r  o f  t h e  c o r e ,  h a v e  
a p p r o x i m a t e l y  5% Ak/k p e r  r o d .  

CORE DESIGN 

The c o r e  d e s i g n  i s  i l l u s t r a t e d  by 
F i g .  3 .  I t  may b e  n o t e d  t h a t  t h e  
o v e r - a l l  a s s e m b l y  i n c l u d e s  an  I n c o n e l  
p r e s s u r e  s h e l l  i n  which b e r y l l i u m  o x i d e  
m o d e r a t o r  a n d  r e f l e c t o r  b l o c k s  a r e  
s t a c k e d  and t h r o u g h  which  f u e l  t u b e s  , 
r e f l e c t o r  c o o l a n t  t u b e s ,  and  c o n t r o l  
a s s e m b l i e s  p a s s ,  The i n n e r m o s t  r e g i o n  
o f  t h e  l a t t i c e  i s  t h e  c o r e ,  which i s  a 
c y l i n d e r  3 f t  i n  d i a m e t e r  a n d  3 f t  
l o n g .  T h e  c o r e  i s  d i v i d e d  i n t o  s i x  
6 0 - d e g r e e  s e c t o r s ,  e a c h  o f  wh ich  i n -  
c l u d e s  13 v e r t i c a l  s t a c k s  o f  hexagona l  
b e r y l l i u m  o x i d e  b l o c k s .  Each  s e c t o r  
i n c l u d e s  o n e  s e r p e n t i n e ,  f u e l - t u b e  
c o i l ,  w h i c h  p a s s e s  t h r o u g h  t h e  1 3  
m o d e r a t o r  s t a c k s  i n  s e r i e s ,  a s  i l -  
l u s t r a t e d .  The  s i x  s e r p e n t i n e  c o i l s  
a r e  c o n n e c t e d  i n  p a r a l l e l  by means o f  
e x  t e r n  a1 m a n i  f o 1 d s  . 

f’ 

A r e f l e c t o r  w i t h  a n o m i n a l  t h i c k -  
n e s s  o f  6 i n ,  i s  l o c a t e d  b e t w e e n  t h e  
c o r e  a n d  t h e  p r e s s u r e  s h e l l  on t h e  
c y l i n d r i c a l  s u r f a c e  o n l y .  T h e  r e -  
f l e c t o r  c o n s i s t s  o f  b e r y l l i u m  o x i d e  
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FOR PERIOD ENDING MARCH 10, 1952 

b l o c k s  s i m i l a r  t o  t h e  m o d e r a t o r  b l o c k s  
b u t  w i t h  % - i n .  h o l e s  f o r  t h e  p a s s a g e  o f  
r e f l e c t o r  c o o l a n t ,  T h e  r e f l e c t o r  
c o o l a n t  e n t e r s  a t  o n e  e n d  o f  t h e  
p r e s s u r e  s h e l l ,  p a s s e s  t h r o u g h  t h e  
r e f l e c t o r ,  b a t h e s  t h e  p r e s s u r e  s h e l  1 
a n d  f i l l s  t h e  m o d e r a t o r  i n t e r s t i c e s ,  
a n d  e x i t s  a t  t h e  o t h e r  e n d  o f  t h e  
p r e s s u r e  s h e l  1. 

Primary Coolant C i r c u i t .  H y d r o -  
d y n a m i c  and  t h e r m o d y n a m i c  c o n s i d e r a -  
t i o n s  h a v e  i n f l u e n c e d  t h e  d e s i g n  t o  
s u c h  an  e x t e n t  t h a t  a d i s c u s s i o n  o f  
t h e s e  p rob lems  a p p e a r s  t o  be d e s i r a b l e  
p r i o r  t o  d e s c r i p t i o n  o f  t h e  p r i m a r y  
c o o l a n t  c i r c u i t  i t s e l f .  I n  a c i r c u -  
l a t i n g - f u e l  t y p e  ot‘ r e a c t o r ,  h e a t  i s  
g e n e r a t e d  i n  t h e  f l o w i n g  f u e l .  T h e  
p a r t i c l e  h e a t  g e n e r a t i o n  i s  d e p e n d e n t  
on t h e  p a r t i c l e  r e s i d e n c e  t ime  w i t h i n  
t h e  r e a c t o r ,  A s  t h e  f l o w  p r o c e e d s  
t h r o u g h  t h e  t u b e s ,  t h e  v e l o c i t i e s  
a d j a c e n t  t o  t h e  w a l l s  a r e  l o w e r  t h a n  
t h e  b u l k  mean v e l o c i t i e s ,  s o  t h a t  t h e  
f u e l  p a r t i c l e s  a d j a c e n t  t o  t h e  w a l l s  
a r e  s u b j e c t e d  t o  h i g h e r  t e m p e r a t u r e  
r i s e s .  T h i s  e f f e c t  i s  m i t i g a t e d  by 
c o n v e c t i o n  w i t h i n  t h e  f u e l  s t r e a m ,  b u t  
a t e m p e r a t u r e  d i f f e r e n c e  w i l l  e x i s t  
b e t w e e n  t h e  w a l l  a n d  t h e  s t r e a m  
c e n t e r  l i n e .  S t u d i e s  h a v e  i n d i c a t e d  
t h a t  t h i s  t e m p e r a t u r e  d i f f e r e n c e  i s  
d i r e c t l y  p r o p o r t i o n a l  t o  t h e  f u e l  
power d e n s i t y ,  t u b e  d i a m e t e r ,  P r a n d t l ’ s  
number ,  and  R e y n o l d ’ s  number.  A p p l i -  
c a t i o n  o f  t h e s e  s t u d i e s  t o  v a r i o u s  
p o s t u l a t e d  ARE c o n f i g u r a t i o n s  h a v e  
e s t a b l i s h e d  t h a t  e x c e s s i v e  t e m p e r a t u r e  
d i f f e r e n c e s  a r e  e n c o u n t e r e d  i n  t h e  
l a m i n a r  f l o w  r e g i o n  ( R e y n o l d ’ s  number 
below 5000) b u t  t h a t  s m a l l  t e m p e r a t u r e  
d i f f e r e n c e s  a r e  e n c o u n t e r e d  i n  t h e  
t u r b u l e n t  f l o w  r e g i o n ,  C o n s e q u e n t l y ,  
t h e  r e a c t o r  c o r e  was d e s i g n e d  f o r  a 
R e y n o l d ’ s  number  o f  1 0 , 0 0 0 ,  t h e r e b y  
a l l o w i n g  f o r  some d e v i a t i o n  o f  f l o w  
r a t e  o r  f l u i d  p h y s i c a l  p r o p e r t i e s .  

The  d e s i g n  f o r  a s t r a i g h t - t h r o u g h  
f l o w  c o r e  a r r a n g e m e n t  was  r e v i s e d  
b e c a u s e  t h e  c a l c u l a t e d  R e y n o l d ’ s  

n u m b e r  w a s  l e s s  t h a n  1 0 0 0 .  C o n -  
s i d e r a t i o n  o f  t h e  p a r a m e t e r s  f o r  i n -  
c r e a s i n g  R e y n o l d ’ s  number  i n d i c a t e d  
t h a t  t h e  d e s i r e d  c o r r e c t i o n  w o u l d  
e n t a i l  i n c r e a s i n g  t u b e  d i a m e t e r ,  i n -  
c r e a s i n g  t h e  number o f  t u b e s  i n  se r ies ,  
i n c r e a s i n g  t h e  v o l u m e t r i c  f l o w  r a t e ,  
o r  d e c r e a s i n g  t h e  volume o f  f u e l  w i t h -  
i n  t h e  c o r e ,  o r  c o m b i n a t i o n s  t h e r e o f .  
I n v e s t i g a t i o n  o f  t h e s e  v a r i a b l e s  l e d  
t o  t h e  o b s e r v a t i o n  t h a t  a few s e r i e s  
p a s s e s  wou ld  be  r e q u i r e d  e v e n  w i t h  
maximum f e a s i b l e  e x p l o i t a t i o n  o f  t h e  
o t h e r  v a r i a b l e s .  S i n c e  t h i s  w a s  t h e  
c a s e ,  a n d  s i n c e  t h e  d e s i g n  p r o b l e m s  
i n v o l v e d  i n  t h e  u s e  o f  many s e r i e s  
p a s s e s  a p p e a r e d  t o  be s i m i l a r  t o  t h o s e  
a s s o c i a t e d  w i t h  t h e  u s e  o f  a l e s s e r  
number o f  se r ies  p a s s e s ,  i t  was d e c i d e d  
t o  u s e  1 3  s e r i e s  p a s s e s  a n d  a v o i d  
compromis ing  t h e  v o l u m e t r i c  f l o w  r a t e  
o r  t h e  c o r e  f u e l  volume.  

Secondary Coolant Circu i t .  The u s e  
o f  a l i q u i d  c i r c u i t  o t h e r  t h a n  t h e  
f u e l  c i r c u i t  w i t h i n  t h e  p r e s s u r e  s h e l l  
i s  d e s i r e d  f o r  t h e  f o l l o w i n g  r e a s o n s :  
( 1 )  t o  m a i n t a i n  t h e  p r e s s u r e  s h e l l  
e s s e n t i a l l y  i s o t h e r m a l  a t  a t e n r p e r a -  
t u r e  o f  a p p r o x i m a t e l y  1 1 5 0 ° F ;  ( 2 )  t o  
c o o l  t h e  b e r y l l i u m  o x i d e  r e f l e c t o r  
w i t h  a f l u i d  o t h e r  t h a n  c i r c u l a t i n g  
f u e l ;  and  ( 3 )  t o  f i l l  t h e  b e r y l l i u m  
o x i d e  m o d e r a t o r  i n t e r s t i c e s  and o t h e r  
i n t e r n a l  v o i d s  w i t h  a l i q u i d  m a i n t a i n e d  
a t  a p r e s s u r e  h i g h e r  t h a n  t h e  f u e l  
p r e s s u r e  t o  p r e v e n t  a f u e l  t u b e  l e a k  
f rom a d d i n g  r e a c t i v e  m a t e r i a l  t o  t h e  
c o r e ,  The l i q u i d  t o  be used  h a s  t o  be 
c o m p a t i b l e  w i t h  t h e  s t r u c t u r a l  m a t e r i a l  
u n d e r  d y n a m i c  c o n d i t i o n s  and  s h o u l d  
c a u s e  n o  u n d e s i r a b l e  r e a c t i o n  w i t h  
t h e  f u e l  i n  t h e  e v e h t  o f  a l e a k  i n  t h e  
s e p a r a t i n g  w a l l .  A t  t h e  p r e s e n t .  t ime 
i t  i s  b e l i e v e d  t h a t  n o n u r a n i u m - b e a r i n g  
f l u o r i d e s ,  p e r h a p s  t h e  f u e l  c a r r i e r  
w i t h o u t  t h e  UF,, w i l l  b e s t  meet  t h e s e  
s p e c i  f i c a  t i o n s ,  

T h e  p o s s i b i l i t y  o f  c o o l i n g  t h e  
m o d e r a t o r  by p o s i t i v e  f l o w  o f  t h i s  
f l u i d  t h r o u g h  t h e  m o d e r a t o r  i n t e r s t i c e s  
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h a s  been  s t u d i e d .  I t  h a s  been f o u n d ,  
however ,  t h a t  t h e  mass f l o w  t h r o u g h  a 
g a p o f  c o n s t a n t  p e r i p h e r y  v a r i e s  a s  t h e  
t h i r d  power o f  t h e  g a p  w i d t h  ( i n  t h e  
l a m i n a r  f l o w  r e g i o n ,  w i t h  f i x e d  
p r e s s u r e  d r o p ) .  T e m p e r a t u r e  a n a l y s e s  
w i t h  p o s t u l a t e d  g a p  w i d t h  d i s t r i b u t i o n s  
i n d i c a t e d  t h a t  g r o s s  t e m p e r a t u r e  
i n e q u a l i t i e s  c o u l d  e x i s t  t h r o u g h o u t  
t h e  m o d e r a t o r  b e c a u s e  o f  t o l e r a n c e  
a c  cumu 1 a t i  o n s  a f f e c  t i n g  i n t e r s  t i  c e  
w i d t h s .  A c c o r d i n g l y ,  i t  h a s  b e e n  
d e c i d e d  t o  o b s t r u c t  f l o w  t h r o u g h  t h e  
m o d e r a t o r  s o  a s  t o  r e n d e r  i t  v i r t u a l l y  
s t a g n a n t .  The  m o d e r a t o r  h e a t  t h e n  i s  
conduc ted  t o  t h e  f u e l  s t r e a m ,  and t h u s  
a r e l a t i v e l y  a c c u r a t e  a n a l y t i c a l  
d e t e r m i n a t i o n  o f  m o d e r a t o r  t e m p e r a -  
t u r e s  can  be o b t a i n e d .  

Core Temperature Dis tr ibut ion.  The 
c i r c u l a t i n g  f u e l  i n  t h e  ARE c o r e  f l o w s  
i n  p a r a l l  e l  t h r o u g h  s i x  s e r p e n t i n e  
t u b e s ,  e a c h  t u b e  t r a v e r s i n g  t h e  c o r e  
13  t i m e s .  I n  p a s s i n g  th rough  t h e  c o r e  
1 3  t i m e s ,  t h e  f u e l  i s  h e a t e d  f r o m  
1150 t o  1500'F. The c a l c u l a t e d  mixed 
m e a n  f u e l  t e m p e r a t u r e s  a t  v a r i o u s  
s t a t i o n s  i n  t h e  r e a c t o r  a r e  g i v e n  i n  
T a b l e  2 .  

TABLE 2 

Fuel Temperature a f t e r  each Pass 
Through Core 

' STATION 
MIXED FUEL 

TEMPERATURE ( F) 

E n t e r i n g  r e a c t o r  1150 
L e a v i n g  p a s s  No. 1 

2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 

117 1 
119 1 
12 11 
1233 
12 57 
128 1 
1305 
1335 
136 5 
1392 
1426 
1462 
1500 

T h e r e  a r e  two s o u r c e s  o f  h e a t  f o r  
t h e  f u e l  c i r c u l a t i n g  t h r o u g h  t h e  
r e a c t o r :  i n t e r n a l  h e a t  g e n e r a t i o n  
( f rom f i s s i o n  and gamma-ray a b s o r p t i o n )  
and h e a t  t r a n s f e r r e d  t o  t h e  f u e l  f rom 
t h e  r e m a i n d e r  o f  t h e  c o r e .  The h e a t  
t r a n s f e r r e d  from t h e  r e m a i n d e r  o f  t h e  
c o r e  i s  p r o d u c e d  i n  t h e  f o l l o w i n g  
m a n n e r .  H e a t  i s  g e n e r a t e d  i n  t h e  
m o d e r a t o r  a n d  t h e  p a r a s i t i c  c o r e  
m a t e r i a l  a s  a r e s u l t  o f  g a m m a - r a y  
a b s o r p t i o n ,  a n d  a d d i t i o n a l  h e a t  i s  
g e n e r a t e d  i n  t h e  m o d e r a t o r  by n e u t r o n  
s l o w i n g  down, A l l  t h i s  h e a t  i s  t r a n s -  
f e r r e d  t o  t h e  c i r c u l a t i n g  f u e l  a n d  
r e s u l t s  i n  a t e m p e r a t u r e  g r a d i e n t  
a c r o s s  t h e  f u e l ,  m o d e r a t o r ,  a n d  
p a r a s i t i c  m a t e r i a l .  

EXTERNAL FLUID CIRCUIT 

The ARE f l u i d  c i r c u i t ,  i n t e n d e d  t o  
h a n d l e  t o x i c  and  c o r r o s i v e  f l u i d s  a t  
1500°F,  r e q u i r e s  a c o n s i d e r a b l e  amount 
o f  d e s i g n  a n d  d e v e l o p m e n t a l  e f f o r t .  
Where p o s s i b l e ,  commerc ia l ly  a v a i l a b l e  
c o m p o n e n t s  a r e  u s e d ,  b u t  pumps,  h e a t  
e x c h a n g e r s ,  and  c e r t a i n  o t h e r  com- 
p o n e n t s  a r e  b e i n g  c o n s t r u c t e d  e s -  
p e c i a l l y  f o r  t h e  ARE. The l o c a t i o n  o f  
t h e  m a j o r  s y s t e m  components ,  i n c l u d i n g  
t h e  r e a c t o r  p i t s ,  t h e  h e a t  e x c h a n g e r  
room,  t h e  r e a c t o r ,  a n d  t h e  t w o  h e a t  
d i s p o s a l  l o o p s ,  i s  i l l u s t r a t e d .  i n  
F i g .  4. I t  may be n o t e d  t h a t  t h e  h e a t  
e x c h a n g e r  room i s  s h i e l d e d  f rom t h e  
r e a c t o r  p i t s  t o  p e r m i t  s e r v i c i n g  a f t e r  
f u e l  d r a i n a g e  a n d  f l u s h i n g .  T h e  
s h i e l d  w a s  d e s i g n e d  t o  m i n i m i z e  
a c t i v a t i o n  o f  f l u i d  c i r c u i t  s t r u c t u r e  
by r e a c t o r  n e u t r o n s  d u r i n g  p o w e r  
o p e r a t i o n  a n d  t o  a t t e n u a t e  r e a c t o r  
p o s t - s h u t d o w n  gamma r a y s  t o  a l e v e l  
p e r m i t t i n g  a c c e s s  t o  f l u i d  c i r c u i t  
components  a f t e r  shutdown 

Pumps. The pumps t o  be used  i n  t h e  
f u e l  and  m o d e r a t o r  c o o l a n t  c i r c u i t s  
a r e  v e r  t i  c a  1 - s h a f t  , t a n g e n t i a l  - d i s  - 
c h a r g e  , c e n t r i  f u g a 1  pumps i n  w h i c h  a 

0 

F 
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g a s  s e a l  i s  used  and t h e  l i q u i d  l e v e l  
i s  m a i n t a i n e d .  The gas  s e a l  i s  formed 
by a f l o a t i n g  g r a p h i t e  r i n g  b e t w e e n  
t h e  s t a t i o n a r y  n o s e  on a b e l l o w s  s e a l  
and t h e  h a r d e n e d  r o t a t i n g  n o s e  on t h e  
s h a f t .  The p r i m a r y  pump s e a l  c a r r i e s  
n o  a p p r e c i a b l e  p r e s s u r e  d i f f e r e n t i a l  
a n d ,  c o n s e q u e n t l y ,  r e q u i r e s  t h a t  t h e  
o i l - c i r c u l a t i n g  s y s t e m  above  t h e  s e a l  
be p r e s s u r i z e d  t o  b a l a n c e  t h a t  o f  t h e  
c i r c u l a t i n g  sys t em below t h e  s e a l .  The 
c i r c u l a t i n g  o i l  s e r v e s  t o  c o o l  t h e  
s h a f t ,  b e a r i n g ,  and  l o w e r  s e a l .  I n  
a d d i t i o n ,  i n t e r n a l  c o o l i n g  o f  t h e  
s t r u c t u r e  i s  o b t a i n e d  by t h e  c i r c u -  
l a t i o n  o f  h e l i u m .  A n o t h e r  f e a t u r e  o f  
t h e  pump i s  t h a t  t h e  e n t i r e  r o t a t i n g  
a s s e m b l y  c a n  be p u t  t o g e t h e r  o u t s i d e  
t h e  pumping  c a s i n g ,  a n d  i n  e v e n t  o f  
a f a i l u r e  i t  c a n  be  i n s t a l l e d  w i t h  
c o m p a r a t i v e  e a s e .  

Heat E x c h a n g e r s .  T h e  f u e l - t o -  
h e l i u m  h e a t  e x c h a n g e r s  a r e  on o r d e r  
w i t h  t h e  G r i s c o m - R u s s e l l  Company; t h e y  
were d e s i g n e d  by G r i s c o m - R u s s e l l  t o  
ORNL s p e c i f i c a t i o n s .  The  h e a t  e x -  
c h a n g e r s  a r e  o f  t h e  c r o s s - f l o w  t y p e  
w i t h  t h e  f u e l  f l o w i n g  t h r o u g h  1 - i n .  -OD, 
0 . 1 0 9 - i n .  w a l l  I n c o n e l  t u b i n g .  The  
t u b i n g  i s  f i n n e d  on  t h e  gas  s i d e  w i t h  
s t a i n l e s s  s t e e l ,  h e l i c a l l y  w o u n d  
s t r i p s .  Each h e a t  e x c h a n g e r  i n c l u d e s  
f i v e  p a r a l l e l  t u b e  b a n k s ;  e a c h  b a n k  
c o n s i s t s  o f  s e v e n  t o  n i n e  h o r i z o n t a l  
t u b e s  i n  s e r i e s  w i t h  i n t e g r a l  r e t u r n  
b e n d s .  T h e  f u e l  i n l e t  a n d  o u t l e t  
h e a d e r s  a r e  c o n s t r u c t e d  of  4 - i n .  p i p e  
t o  w h i c h  t h e  f i v e  t u b e  b a n k s  a r e  
we lded ,  

The h e l i u m - t o - w a t e r  h e a t  e x c h a n g e r s  
a l s o  a r e  f i n n e d - t u b e ,  c r o s s - f l o w  e x -  
c h a n g e r s ,  b u t  s t e e l  t u b e s  w i t h  c o p p e r  
f i n s  a r e  used .  

Primary Coolant sys tem.  F u e l  f l o w s  
f r o m  t h e  s i x  c o r e  t u b e s  t o  a common 
h e a d e r ,  and a common t r u n k  l i n e  conveys  
t h e  f u e l  i n t o  t h e  h e a t  exchange r  room. 
T h e  f u e l  t h e n  d i v i d e s  i n t o  two com- 
p l e t e l y  i n d e p e n d e n t  l o o p s ,  e a c h  
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c a p a b l e  o f  d i s s i p a t i n g  1 5 0 0 ' F  kw. 
W i t h i n  e a c h  l o o p  t h e  f u e l  d i v i d e s  i n t o  
two  p a r a l l e l  7 5 0 - k w  f u e l - t o - h e l i u m  
h e a t  e x c h a n g e r s  and t h e n  p a s s e s t h r o u g h  
a c e n t r i f u g a l  pump t o  a common r e t u r n  
t r u n k  ( F i g .  4). 

I n  an i n d i v i d u a l  l o o p ,  h e l i u m  f l o w s  
f r o m  a c e n t r i f u g a l  b l o w e r  t h r o u g h  a 
f u e l - t o - h e l i u m  e x c h a n g e r  i n  wh ich  t h e  
t e m p e r a t u r e  o f  t h e  h e l i u m  i s  i n c r e a s e d  
from 250 t o  750'F. The h e l i u m  i s  t h e n  
c o o l e d  t o  250'F i n  a h e l i u m - t o - w a t e r  
exchange r  from which i t  p a s s e s  t h r o u g h  
a n o t h e r  h e a t i n g  and c o o l i n g  c y c l e  and  
i s  r e t u r n e d  t o  t h e  b l o w e r .  T h i s  s o -  
c a l l e d 'Id ou b l e - s an d w i c h y' a r r a n  gem e n t  
p e r m i t s  two h e l i u m  h e a t  t r a n s p o r t s  p e r  
c y c l e  and  t h e r e b y  h a l v e s  t h e  h e l i u m  
f l o w  r a t e  r e q u i r e d  t h r o u g h  t h e  b l o w e r  
and  d u c t i n g  f o r  a s p e c i f i e d  power and  
t e m p e r a t u r e  r i s e ,  

S e c o n d a r y  C o o l a n t  s y s t e m .  T h e  
r e f l e c t o r  and p r e s s u r e  s h e l l  c o o l a n t  
s y s t e m ,  a s  i n  t h e  c a s e  o f  t h e  f u e l  
s y s t e m ,  i s  d i v i d e d  i n t o  t w o  h e a t  
d i s p o s a l  l o o p s ,  e a c h  c a p a b l e  o f  
h a n d l i n g  t h e  l o a d  a s s o c i a t e d  w i t h  
1 5 0 0 - k w  r e a c t o r  p o w e r .  H e a t  i s  
c o n y e y e d  f rom t h e  p r i m a r y  c o o l a n t  t o  
h e l i u m  and t h e n  t o  t h e  w a t e r  s i n k .  

t 

M o n i t o r i n g  C i r c u i t .  A l l  l i n e s  and 
components  c o n t a i n i n g  f u e l  o r  r e f l e c t o r  
c o ; b l a n t  a r e  d o u b l e - j a c k e t e d ,  w i t h  
h e l i u m  p a s s i n g  t h r o u g h  t h e  a n n u l u s ,  
The h e l i u m  pumping head  i s  m a i n t a i n e d  
by  d r a w i n g  h e l i u m  f r o m  t h e  s y s t e m ,  
c o o l i n g  i t ,  a n d a d m i t t i n g  i t  t o  r o t a r y -  
t y p e  c o m p r e s s o r s  a t  v a r i o u s  p o i n t s  i n  
t h e  s y s t e m  a s  i n d i c a t e d .  M o n i t o r i n g  
f o r  f l u o r i d e  l e a k s  i n t o  t h e  h e l i u m  i s  
a c h i e v e d  by p a s s i n g  h e l i u m  s a m p l e s  
t h r o u g h  h a l o g e n  d e t e c t o r s .  

c 
k 

P R E H E A T I N G  SYSTEM 

The r e l a t i v e l y  h i g h  m e l t i n g  p o i n t s  
o f  t h e  c i r c u l a t i n g  f u e l  and s e c o n d a r y  
c o o l a n t  ( a r o u n d  752 t o  932'F, d e p e n d i n g  

c 
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FOR P E R I O D  E N D I N G  MARCH 1 0 ,  1 9 5 2  

upon t h e  p a r t i c u l a r  f u e l  c o m p o s i t i o n )  
r e q u i r e  t h a t  a l l  e q u i p m e n t  w i t h i n  
w h i c h  t h e s e  c o o l a n t s  a r e  t o  be m a i n -  
t a i n e d  be p r e h e a t e d  t o  p e r m i t  l o a d i n g  
and u n l o a d i n g .  

Reactor Assembly .  The  i n s u l a t i o n  
h e a t  l e a k a g e  a t  o p e r a t i n g  t e m p e r a t u r e  
h a s  been c a l c u l a t e d  t o b e a p p r o x i m a t e l y  
1 5  kw, and  t h e  h e a t  c a p a c i t y  o f  t h e  
a s s e m b l y  h a s  b e e n  e s t a b l i s h e d  a s  
a p p r o x i m a t e l y  4000 R tu  p e r  O F .  A f t e r  
h a v i n g  s t u d i e d  v a r i o u s  p r e h e a t i n g  
m e t h o d s ,  i n c l u d i n g  pumping h o t  f l u i d s  
t h r o u g h  t h e  f u e l  p a s s a g e s  o r  t h r o u g h  
t h e  m o d e r a t o r  i n t e r s t i c e s ,  i t  w a s  
d e c i d e d  t h a t  t h e  s i m p l e s t  m e t h o d  
e n t a i l e d  t h e  a p p l i c a t i o n  o f  e l e c t r i c a l  
r e s i s t a n c e  h e a t e r s  t o  t h e  o u t s i d e  o f  
t h e  p r e s s u r e  s h e l l ,  w i t h h e a t  t r a n s p o r t  
t o  t h e  i n n e r  r e g i o n s  by c o n d u c t i o n .  
W i t h  a c o n s t a n t  h e a t  i n p u t  o f  14 kw, 
i n  a d d i t i o n  t o  t h e  i n s u f . a t i o n  l o s s e s  , 
i t  i s  e s t i m a t e d  t h a t  t h e  a s s e m b l y  c a n  
b e  h e a t e d  f r o m  room t e m p e r a t u r e  t o  
1 2 0 0 ' F  i n  a p p r o x i m a t e l y  f o u r  d a y s .  
W i t h  t h i s  h e a t  i n p u t  r a t e ,  c e r t a i n  
c a l c u l a t e d  t e m p e r a t u r e  g r a d i e n t s  a r e  
a s  f o l l o w s :  

1. A c r o s s  p r e s s u r e  s h e l l ,  20°F,  

2. A c r o s s  h e l i u m  gap  between s h e l l  
i n s i d e  d i a m e t e r  and r e f l e c t o r  o u t s i d e  
d i a m e t e r  , a p p r o x i m a t e l y  100°F, 

3 .  From r e f l e c t o r  o u t s i d e  d i a m e t e r  
t o  c o r e  c e n t e r  l i n e ,  a p p r o x i m a t e l y  
250'F. 

Piping. The h e a t  c a p a c i t y  o f  t h e  
p i p i n g  i s  s m a l l  r e l a t i v e  t o  t h e  p i p i n g  
i n s u l a t i o n  l e a k a g e .  C o n s e q u e n t l y ,  t h e  

r e d  t o  p r e h e a t  t h e  p i p i n g  
i s  s u b s t a n t i a l l y  t h e  same a s  t h e  power 
r e q u i r e d t o m a i n t a i n  i t  a t  t h e  u l t i m a t e  
t e m p e r a t u r e .  I f  t h e  l i q u i d - b e a r i n g  
p i p e s  a r e  empty,  a s  i s  t h e  c a s e  d u r i n g  
p r e h e a t i n g ,  t h e  p i p e  r e s i s t a n c e  t o  
a x i a l  h e a t  f l ow i s  h i g h ,  and t h e  a p p l i -  
c a t i o n  o f  h e a t  t o  s p e c i f i c  p o i n t s  on 

t h e  p i p e  s u r f a c e  t e n d s  t o  c a u s e  l a r g e  
t e m p e r a t u r e  v a l l e y s  t o  e x i s t  b e t w e e n  
t h e  p o i n t s  o f  h e a t  a p p l i c a t i o n .  By 
a t t a c h i n g  e l e c t r i c a l  r e s i s t a n c e  h e a t e r s  
t o  t h e  o u t e r  p i p e  o f  t h e  d o u b l e -  
w a l l e d  p i p i n g ,  h o w e v e r ,  t h e  f l o w i n g  
h e l i u m  a c t s  a s  a t h e r m a l  c o n v e y o r  and 
f a c i l i t a t e s  a x i a l  h e a t  t r a n s p o r t ,  
A c c o r d i n g l y ,  s u b s t a n t i a l l y  i s o t h e r m a l  
h e l i u m  c o n t a c t s  t h e  i n n e r  p i p e ,  ,and i t  
i s  t h u s  p o s s i b l e  t o  h e a t  t h e  p i p e  
u n i f o r m l y .  

Heat Exchangers. T h e  f u e l - t o -  
h e l i u m  h e a t  e x c h a n g e r s  r e q u i r e  p r e -  
h e a t i n g  p r i o r  t o  f i l l i n g  a n d  t h e  
a d d i t i o n  o f  h e a t  t o  c o m p e n s a t e  f o r  
t h e r m a l  l e a k a g e  d u r i n g  f i l l i n g  or a t  
any  t i m e  a f t e r  f i l l i n g  when t h e  f u e l  
pumps a r e  i n o p e r a t i v e .  T h e s e  h e a t  
e x c h a n g e r s  h a v e  a t o t a l  o f  a p p r o x i -  
m a t e l y  40  f t 2  o f  e x p o s e d  f r e e - f l o w  
a r e a  ( b o t h  u p s t r e a m  and d o w n s t r e a m ) ,  
w h i c h ,  i f  a l l o w e d  t o  r a d i a t e  t o  t h e  
a d j a c e n t  c o l d  s t r u c t u r e ,  would d i s s i -  
p a t e  a p p r o x i m a t e l y  4 0  kw when t h e  
t u b e s  a r e  a t  1325°F. A c c o r d i n g L y ,  i t  
a p p e a r s  n e c e s s a r y  t o  i n c l u d e  r a d i a t i o n  
b a r r i e r s  i n  t h e  form o f  g a t e s  t h a t  can  
be l o w e r e d  d u r i n g  warm-up o r  z e r o -  or 
l o w - p o w e r  o p e r a t i o n .  When t h e s e  
r a d i a t i o n  b a r r i e r s  a r e  i n  p o s i t i o n ,  
t h e  f u e l -  t o - h e l i u m  h e a t  e x c h a n g e r s  a r e  
e n c l o s e d  a n d  may b e  p r e h e a t e d  b y  
means  o f  h o t  h e l i u m  s u p p l i e d  by t h e  
e x t e r n a l  p i p i n g  a n n u l i .  

ELECTRICAL POWER CIRCUITS 

B e c a u s e  o f  t h e  e x t r e m e  i n c o n -  
v e n i e n c e s  a s s o c i a t e d  w i t h  f o r c e d  
r e a c t o r  s h u t d o w n ,  f u e l  d r a i n a g e ,  r e -  
f il l i n g  , and r e s  t a r  t i n g ,  t h e  o b j  e c  t i ve 
h a s  been  t o  d e s i g n  t h e  s y s t e m  s o  t h a t  
n o  o n e  f a i l u r e  w i l l  n e c e s s i t a t e  a 
f o r c e d  s h u t d o w n .  C r i t i c a l  p u m p s ,  
b l o w e r s ,  e t c .  a r e  d u p l i c a t e d ,  and e a c h  
s e t  i s  s e r v e d  by a n  i n d e p e n d e n t  d - c  
c i r c u i t  t h a t  i n c l u d e s  i n d e p e n d e n t  
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b u s e s ,  s w i t c h e s ,  and  a - c - d - c  m o t o r -  
g e n e r a t o r  s e t s .  The u s e  o f  d i r e c t  c u r -  
r e n t  f o r  t h e s e  c i r c u i t s  p e r m i t s  c o n -  
v e n i e n t s p e e d  c o n t r o l w h e r e  r e q u i r e d  and 
t h e  u s e o f  b a t t e r y  s e t s  f l o a t i n g  on t h e  
l i n e  t o  s a f e g u a r d  a g a i n s t  o u t s i d e  
power  f a i l u r e s .  A l t e r n a t i n g - c u r r e n t  
i n s t r u m e n t s  a r e  f e d  f r o m  t h e  d - c  
c i r c u i t s  v i a  d - c - a - c  m o t o r - g e n e r a t o r  
s e t s  s o  t h a t  t h e s e  i n s t r u m e n t s  w i l l  
d e r i v e  t h e i r  power from t h e  b a t t e r i e s  
i n  an emergency.  

The h e a t  c a p a c i t y  o f  t h e  s y s t e m  i s  
l a r g e  r e l a t i v e  t o  t h e  h e a t  l e a k a g e  
r a t e ,  s o  t h a t  n o  l a r g e  t e m p e r a t u r e  
l o s s  w i l l  be i n c u r r e d  f o r  a b o u t  6 h r  
i n  an emergency .  C o n s e q u e n t l y ,  i t  i s  
n o t  n e c e s s a r y  t o  u s e  b a t t e r y  power f o r  
sys t em h e a t  a d d i t i o n .  Sys tem h e a t e r s ,  
t h e r e f o r e ,  a r e  c o n n e c t e d  d i r e c t l y  t o  
t h e  440-v  a - c  c i r c u i t .  S i m i l a r l y ,  t h e  
b u i l d i n g  c r a n e  and c e r t a i n  o t h e r  i t ems  
w i l l  n o t  n e e d  t o  be o p e r a t i v e  d u r i n g  
any s h o r t  p e r i o d  i n  which i t  i s  n e c e s -  
s a r y  t o  u s e  b a t t e r y  p o w e r ,  s o  t h e s e  
c o m p o n e n t s  a r e  s u p p l i e d  by t h e  4 4 0 - v  
a - c  sys t em.  

CONTROL SYSTEM 

T h e  ARE i s  c o n t r o l l e d  by t h r e e  
e s s e n t i a l l y  s e p a r a t e  s y s t e m s :  (1) 
r e g u l a t i n g ,  ( 2 )  s h i m ,  and ( 3 )  s a f e t y .  
A m e c h a n i c a l  r e g u l a t i n g  r o d  i s  p r o -  
v i d e d ,  s i n c e  t h e  t i m e - c o n s t a n t s  o f  t h e  
s e l f - s t a b i l i z i n g  e f f e c t s  o f  t h e  f u e l  
e x p a n s i o n  i n  t h e  ARE a r e  t o o  l o n g  t o  
p r o v i d e  s t i f f  c o n t r o l  o f  t h e  r e a c t o r .  
Shim c o n t r o l  i s  c o n v e n i e n t l y  e f f e c t e d  
by t h e  a d d i t i o n  o f  h i g h e r - u r a n i u m  
c o n c e n t r a t i o n  f u e l  t o  t h e  c i r c u l a t i n g -  
f u e l  volume. 

S p e c i f i c a t i o n s  f o r  t h e  c o n t r o l  
c o n s o l e  and  p a n e l  h a v e  been  r e l e a s e d  
w i t h  a s p e c i f i e d  d e l i v e r y  d a t e  o f  
O c t o b e r  1, 1952.  The h i g h - t e m p e r a t u r e  
f i s s i o n  chamber h a s  o p e r a t e d  a t  1292'F, 
and an MTR-type s e r v o  f o r  t h e  r e g u l a t -  
i n g  rod  h a s  been o r d e r e d .  The k i n e t i c  

b e h a v i o r  i s  c u r r e n t l y  b e i n g  a n a l y z e d  
on t h e  a n a l o g u e  computor ,  

Shim C o n t r o l .  F u e l  e n r i c h m e n t  w i l l  
b e  a c c o m p l i s h e d  by a d d i n g  e n r i c h e d  
m o l t e n  f u e l  a t  t h e  s u r g e  t a n k .  T h e  
m o l t e n  c o n c e n t r a t e  w i  11 be i n t r o d u c e d  
t h r o u g h  a s m a l l  ( % - i n . )  l i n e ,  w h i c h ,  
by means o f  a v i d e o  p i c k u p  d e v i c e ,  c a n  
b e  o b s e r v e d  f r o m  t h e  c o n t r o l  room 
w h i l e  f u e l  a d d i t i o n s  a r e  b e i n g  made. 
The f u e l - e n r i c h m e n t  mechanism h a s  been  
l a i d  o u t  i n  e l e m e n t a r y  f o r m .  T h e  
p r i n c i p l e s  o f  o p e r a t i o n  h a v e  b e e n  
e s t a b l i s h e d ,  b u t  t h e  t a n k s ,  w e i g h i n g  
d e v i c e s ,  v a l v e s  , h e a t e r s ,  e t c .  h a v e  
n o t  b e e n  d e t a i l e d .  T h i s  s y s t e m  i s  
much s i m p l e r  t h a n  was f i r s t  t h o u g h t  
p o s s i b l e  and i t  makes p o s s i b l e  a s a f e  
a n d  r e l a t i v e l y  e a s y  t e c h n i q u e  o f  
b r i n g i n g  t h e  r e a c t o r  t o  c r i t i c a l  a f t e r  
t h e  i n i t i a l  l o a d i n g .  

R e g u l a t i n g  and S a f e t y  Rods. Because  
o f  t h e  low power d e n s i t y  o f  t h e  c i r c u -  
l a t i n g - f u e l  A R E ,  t h e  t e m p e r a t u r e  
c o e f f i c i e n t  o f  t h e  f u e l  m u s t  b e  
s u p p l e m e n t e d  b y  a s e r v o - a c t u a t e d  
r e g u l a t i n g  rod  i f  t r a n s i e n t  c o n d i t i o n s  
a r e  t o  be  c o n t r o l l e d .  T h i s  s e r v o  w i l l  
o p e r a t e  i n  e x a c t l y  t h e  same manner  a s  
t h e  f u e l  t e m p e r a t u r e  c o e f f i c i e n t .  The 
e r r o r  s i g n a l  t h a t  a c t u a t e s  t h e  s e r v o  
w i l l  be a mixed s i g n a l  o f  t e m p e r a t u r e  
and  n e u t r o n  f l u x ;  i t  i s  g i v e n  by t h e  
e q u a t i o n  

where 

- 
E - e r r o r  s i g n a l ,  

ei - 8 i , O  = r e a c t o r  i n l e t  e r r o r  i n  
O F ,  

( p  - p o )  = r e a c t o r  power  e r r o r  i n  
m e g a w a t t s  ( t h e  f a c t o r  
58.5 i s  i n  OF p e r  mega- 
w a t t ) .  

20  



FOR PERIOD ENDING MARCH 10, 1952 

When E < 0 t h e  s e r v o  wi thd raws  t h e  r o d ,  
and when E > 0 t h e  s e r v o  i n s e r t s  t h e  
r o d .  T h i s  s e r v o  e q u a t i o n  i s  d i f f e r e n t  
from t h a t  p r e v i o u s l y  r e p o r t e d  a s  a 
r e s u l t  o f  a c h a n g e  i n  r e a c t o r  d e s i g n ,  

A change  h a s  b e e n  m a d e  i n  t h e  
l o c a t i o n  o f  t h e  d r i v e  m e c h a n i s m s  f o r  
t h e  r e g u l a t i n g  and  s a f e t y  r o d s .  They  
w i l l  n o t  be l o c a t e d  o v e r  t h e  r e a c t o r  
p i t ,  and t h e y  w i l l  h a v e  s t r a i g h t  
l i n k a g e s  t o  t h e  r o d s .  T h i s  c h a n g e  
w i 1 1 a 1 1 ow con  s i d e  r a b 1 e s imp 1 i f i c a t  i on 
o f  t h e  o v e r - a l l  m e c h a n i c a l  c o n t r o l  
s y s t e m .  

An MTR-type s e r v o  h a s  been  o r d e r e d  
f o r  t h e  r e g u l a t i n g  r o d ,  The r e g u l a t -  
i n g  r o d  and  s a f e t y  r o d  d e s i g n s  h a v e  
been d e t e r m i n e d  and t h e  f a b r i c a t i o n  o f  
t h e s e  r o d s  h a s  been t u r n e d  o v e r  t o  t h e  
M e t a l l u r g y  D i v i s i o n .  A f t e r  f a b r i -  
c a t i o n ,  t h e  r o d s  w i l l  be  r u n  i n  t h e  
"co ld"  c r i t i c a l  a s s e m b l y  t o  d e t e r m i n e  
t h e i r  w o r t h .  C a l c u l a t i o n s  i n d i c a t e  
t h a t  t h e  s a f e t y  r o d s  a r e  wor th  a p p r o x i -  
m a t e l y  5% A k / k ,  a n d  t h e  r e g u l a t i n g  
r o d  w i l l  be l o a d e d  s o  a s  t o  be w o r t h  
a b o u t  0 . 7 5 %  A k / k .  O n e  s a f e t y  r o d  
o p e r a t i n g  mechanism h a s  been  f i n i s h e d  
by t h e  m a c h i n e  s h o p .  T h i s  a s s e m b l y  
h a s  n o t  b e e n  t e s t e d ,  b u t  t h e  d e s i g n  
seems t o  be s a t i s f a c t o r y .  

H i g h - T e m p e r a t u r e  F i s s i o n  Chamber. 
The f i s s i o n  chamber  h a s  been  o p e r a t e d  
a t  700'F b u t  n o  i n s u l a t o r  m a t e r i a l  h a s  
been  found t h a t  w i l l  w i t h s t a n d  h i g h e r  
t e m p e r a t u r e s .  A d e s i g n  i s  i n  p r o g r e s s  
t h a t  e l i m i n a t e s  t h e  i n s u l a t o r  i n  t h e  
h i g h - t e m p e r a t u r e  r e g i o n .  T h i s  chamber 
h a s  n o t  b e e n  t e s t e d  a n d  t h e r e  i s  n o  
c e r t a i n t y  t h a t  i t  w i l l  f u n c t i o n  
p r o p e r l y .  B e c a u s e  o f  t h e  u n c e r t a i n t y  
o f  h i g h - t e m p e r a t u r e  o p e r a t i o n  o f  t h e  
f i s s i o n  c h a m b e r s ,  s u f f i c i e n t  c o o l i n g  
i s  b e i n g  p r o v i d e d  t o  m a i n t a i n  t h e  
c h a m b e r s  a t  400°F, where  i t  i s  known 
t h e y  w i l l  f u n c t i o n .  

Contro l  C o n s o l e a n d p a n e l .  Comple te  
s p e c i f i c a t i o n s  f o r  t h e  c o m p o n e n t s  o f  
t h e  c o n t r o l  room h a v e  been  r e l e a s e d ,  
i n c l u d i n g  d e t a i l e d  c o n s t r u c t i o n  d raw-  
i n g s  and  f a b r i c a t i o n a l  a n d  m a t e r i a l  
s p e c i f i c a t i o n s .  Se t s  o f  t h e s e  s p e c i f i -  
c a t i o n s  have  been  m a i l e d  t o  t e n  p r o s -  
p e c t i v e  b i d d e r s ,  and  t h e  b i d s  a r e  t o  
r e c e i v e d  by March 1. The i n s t r u c t i o n s  
t o  b i d d e r s  s p e c i f i e d  t h a t  t h e  c o m p l e t e  
o r d e r  i s  t o  be  f i l l e d  by O c t o b e r  1, 
1 9 5 2 .  

The i tems  cove red  i n  t h e s e  dr ,awings  
and s p e c i f i c a t i o n s  i n c l u d e  an operat ing 
c o n s o l e ,  i n s t r u m e n t  r a c k s ,  r e l a y  r a c k s ,  
r e c o r d e r s  f o r  n u c l e a r  m e a s u r e m e n t s ,  
a m p 1  i f i e r s  , p o w e r  s u p p  1 i e s  , a n d  
a s s o r t e d  moun t ing  ha rdware .  I t e m s  n o t  
c o v e r e d  i n  t h i s  o u t s i d e  o r d e r  a r e  
n u c l e a r  c h a m b e r s ,  some p r e a m p l i  l i e r s ,  
s e r v o s ,  and p r o c e s s  i n s t r u m e n t s .  The  
o r d e r  t a k e s  c a r e  o f  f rom 90 t o  !J5% o f  
t h e  e l e c t r o n i c  e q u i p m e n t  n e e d e d  f o r  
t h e  ARE. 

R e a c t o r  D y n a m i c  C o m p u t e r .  T h e  
e n t i r e  c i r c u i t  o f  t h e  ARE h a s  b e e n  
p u t  o n  t h e  a n a l o g u e  c o m p u t e r ,  a n d  
t h e  k i n e t i c  b e h a v i o r  o f  t h e  s y s t e m  i s  
b e i n g  a n a l y z e d .  The  a n a l y s i s  Its n o t  
y e t  c o m p l e t e ,  b u t  t h e  work  i s  p r o -  
g r e s s i n g  s a t i s f a c t o r i l y  a n d  i n d i -  
c a t i o n s  a r e  t h a t  a f a i r l y  c o m p r e -  
h e n s i v e  s t u d y  w i l l  r e s u l t  f r o m  t h i s  
w o r k .  T h i s  c o m p u t e r  a n a l y s i s  h a s  
r e c e i v e d  t h e  f u l l  a t t e n t i o n  o f  two  
e n g i n e e r s  f o r  t h e  p a s t  e i g h t  m o n t h s .  

INSTRUMENTATION 

A b a s i c  p u r p o s e  o f  t h e  ARE i s  t h e  
a c q u i s i t i o n  o f  e x p e r i m e n t a l  d a t a ,  s o  
t h e  i m p o r t a n c e  o f  comple t e  and r e l i a b l e  
i n s t r u m e n t a t i o n  c a n n o t  b e  o v e r -  
e m p h a s i z e d .  M o s t  A R E  p r o c e s s  i n -  
s t r u m e n t a t i o n  i s  i n t e n d e d  t o  o b s e r v e  
a n d  r e c o r d  r o t a t i o n a l  s p e e d s ,  f l o w  
r a t e s  , t e m p e r a t u r e s ,  p r e s s u r e s ,  o r  
l i q u i d  l e v e l s .  I n  t h e  l o w - t e m p e r a t u r e  

2 1  



A N P  PROJECT QUARTERLY PROGRESS REPORT 

l o o p s ,  t h i s  e q u i p m e n t  i s  s u f f i c i e n t l y  
c o n v e n t i o n a l  t o  o b v i a t e  t h e  n e e d  f o r  
d e t a i l e d  d e s c r i p t i o n s .  The h i g h -  
t e m p e r a t u r e  l o o p s  i n v o l v e  s p e c i a l  
s e n s o r y  p r o b l e m s ,  h o w e v e r ,  w h i c h  may 
m e r i t  s o m e  d i s c u s s i o n .  I n  s o m e  
i n s t a n c e s  s e v e r a l  a l t e r n a t e  s e n s o r y  
p r i n c i p l e s  a r e  u n d e r  d e v e l o p m e n t  c o n -  
c u r r e n t l y .  No a t t e m p t  w i l l  be made t o  
d e s c r i b e  e a c h  o f  t h e s e  a l t e r n a t e  
m e t h o d s  i n  d e t a i l  i n  t h i s  r e p o r t ;  
h o w e v e r ,  t h e  v a r i o u s  t e c h n i q u e s  t h a t  
a r e  b e i n g  u s e d  or d e v e l o p e d  a r e  o u t -  
l i n e d  i n  t h e  s e c t i o n  on " E x p e r i m e n t a l  
R e a c t o r  E n g i n e e r i n g "  ( s e c .  3 ) .  

22 

BUILDING 

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

t h e  c o n t r a c t o r  t o  c o m p l e t e  work n o t  
s p e c i f i e d  i n  t h e  o r i g i n a l  c o n t r a c t ,  
a n d  t h i s  new work i s  t o  be c o m p l e t e d  
s o  t h a t  t h e  b u i l d i n g  c a n  be  r e l e a s e d  
t o  OWL by J u n e  1, 1952. The a u x i l i a r y  
power  s p e c i f i c a t i o n s  h a v e  b e e n  com- 
p l e t e d  a n d  o r d e r s  f o r  t h e  e q u i p m e n t  
a r e  b e i n g  r e l e a s e d .  An e l e m e n t a r y  
e l e c t r i c a l  d i a g r a m  f o r  t h i s  e q u i p m e n t  
h a s  been  drawn,  



FOR PERIOD ENDING MARCH 10, 1952 

3. EXPERIMENTAL REACTOR ENGINEERING 

H. W .  S a v a g e ,  ANP D i v i s i o n  

L i q u i d  m e t a l s ,  h y d r o x i d e s ,  a n d  
mixed f l u o r i d e s  a r e  b e i n g  i n v e s t i g a t e d  
a s  h e a t  t r a n s f e r  m e d i a  a n d  f u e l s  f o r  
a i r c r a f t  r e a c t o r  e x p e r i m e n t a t i o n  a t  
t e m p e r a t u r e s  o f  1 2 0 0  t o  1800°F.  Some 
d e v e l o p m e n t a l  e f f o r t  o n  t h e  u s e  o f  
s o d i u m  a n d  s o d i u m - p o t a s s i u m  a l l o y  
c o n t i n u e s ,  a l t h o u g h  t h e  e f f o r t  on t h e  
t e c h n o l o g y  o f m o l t e n  f l u o r i d e  m i x t u r e s ,  
a s  r e q u i r e d  by  t h e  c i r c u l a t i n g - f u e l  
r e a c t o r ,  p r e d o m i n a t e s .  The d e v e l o p -  
men t  o f  f l u o r i d e  s y s t e m s  i s  l i m i t e d  
by t h e  c o r r o s i o n  p r o b l e m  ( s e e  s ec .  11 
" C o r r o s i o n  R e s e a r c h " ) .  C h e m i c a l  and  
p h y s i c a l  t r e a t m e n t  o f  f l u o r i d e  com- 
p o n e n t s  t o  e l i m i n a t e  c o n t a m i n a n t s  
a n d  i m p r o v i n g  h a n d l i n g ,  s t o r i n g ,  a n d  
t r a n s f e r  t e c h n i q u e s  t o  a v o i d  r e i n t r o -  
d u c t i o n  o f  c o n t a m i n a n t s  a r e  b e i n g  
s t u d i e d  a s  means o f  l i m i t i t n g  c o r r o s i o n .  

The a p p l i c a b i l i t y  o f  known methods  
o f  pumping,  s e a l i n g ,  c o n t r o l l i n g ,  and  
m e a s u r i n g  p r o p e r t i e s  a n d  q u a n t i t i e s  
of  t h e s e  h i g h -  t e m p e r a t u r e  c o o l a n t s  and 
f u e l s  i s  b e i n g  i n v e s t i g a t e d .  The h i g h -  
t e m p e r a t u r e  r e a c t o r  s y s t e m s ,  however ,  
p l a c e  u n i q u e  r e s t r i c t i o n s ;  on m a t e r i a l s ,  
l u b r i c a n t s ,  l e a k a g e ,  and  p e r f o r m a n c e  
o f  m e c h a n i c a l  d e v i c e s  a n d  a s s o c i a t e d  
e q u i p m e n t .  Pumping  h a s  b e e n  a c c o m -  
p 1 i s  h e d  w i t  h c on ven  t i o n  a 1 h y d r a u l i c  
d e s i g n s ,  b u t  a l l e v i a t i o n  o f  t h e r m a l  
d i s t o r t i o n s  a n d  s t r e s s e s ,  c o o l i n g  o f  
b e a r i n g s ,  a n d  t h e  d e v e l o p m e n t  o f  
l i q u i d -  and g a s - t i g h t  s e a l s  have  been  
r e q u i r e d .  A l l e v i a t i o n  o f  t h e r m a l  d i s -  
t o r t i o n s  and t h e  d e v e l o p m e n t  of  l i q u i d -  
t i g h t  s e a l s  h a v e  a l s o  b e e n  r e q u i r e d  

r f o r  v a l v e s .  I n  a d d i t i o n ,  t h e  v a l v e s  
must  c o n t a i n  s e a l  m a t e r i a l s  t h a t  w i l l  
n o t  i n t e r d i f f u s e  i n  t h e  p r e s e n c e  o f  

P t h e  c o o l a n t  a t  h i g h  t e m p e r a t u r e s .  
L u b r i c a t i o n  o f  t h e  m o v i n g  p a r t s  o f  
t h e s e  d e v i c e s  a t  h i g h  t e m p e r a t u r e s  
h a s  been a c c o m p l i s h e d .  The cumbersome, 
a n d  a t  t i m e s  m a s s i v e ,  g e o m e t r y  o f  

- 

- 

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

H e a t i n g  a n d  c o o l i n g  o f  l i q u i d  
m e t a l s ,  h y d r o x i d e s ,  and mixed f l u o r i d e s  
a r e  b e i n g  i n v e s t i g a t e d  f r o m  r o o m  
t e m p e r a t u r e  t o  1 8 0 0 ° F .  T h e  h i g h  
m e l t i n g  t e m p e r a t u r e s  o f  h y d r o x i d e s  
a n d  f l u o r i d e s  h a v e  i n t r o d u c e d  p r e -  
h e a t i n g ,  i n s u l a t i o n ,  and  o p e r a t i o n a l  
c o m p l e x i t i e s ,  s i n c e  i t  i s  d e s i r a b l e  
t o  a v o i d  f r e e z i n g  o f  t h e  c o o l a n t  and  
p o s s i b l e  b u r s t i n g  o f  c o n t a i n e r s  upon 
r e m e l t i n g .  H e a t  t r a n s f e r  s t u d i e s  a t  
t e m p e r a t u r e s  a t  w h i c h  t h e  m a t e r i a l s  
a r e  m o l t e n  t h u s  f a r  a p p e a r  t o  b e  
s t r a i g h t f o r w a r d ,  a n d  t h e  t e c h n o l o g y  
a d v a n c e s  a t  t h e  r a t e  a t  w h i c h  t h e  
c o n t r o l l i n g  p h y s i c a l  p r o p e r t i e s  a r e  
d e f i n e d .  

Equ ipmen t  p e r f o r m a n c e  i s  i m p r o v i n g  
m a r k e d l y ,  a n d  a number o f  mecha ln ica l  
and  o t h e r  d e v i c e s  f o r  f l u o r i d e s  h a v e  
b e e n  o p e r a t e d  f o r  p e r i o d s  e x c e e d i n g  
1000  h r  i n  some cases  w i t h o u t  v i . s i b l e  
equ ipmen t  damage and w i t h o u t  lea lkage .  
H e a t  e x c h a n g e r s  a r e  b e i n g  d e s i g n e d  
f o r  a i r c r a f t  and  l a b o r a t o r y  a p p l i c a -  
t i o n ,  and t h e  NaK-to-NaK h e a t  e x c h a n g e r  
h a s  now o p e r a t e d  f o r  o v e r  2000  h r  a t  
1 5 0 0 ° F .  F l o w ,  v o l u m e ,  p r e s s u r e ,  and 
t e m p e r a t u r e  c o n t r o l  a p p e a r  t o  b e  
s t r a i g h t f o r w a r d  i f  c a r e  i s  e x e r c i s e d  
a t  t h e  h i g h  t e m p e r a t u r e s  i n v o l v e d .  

SEALS AND CLOSURES 

Fr o z en -  s od i urn - s e a 1 e d pumps h a  ve  
o p e r a t e d  o v e r  e x t e n d e d  p e r i o d s ,  a n d  
f r o z e n  f l u o r i d e s  t h a t  h a v e  been  u s e d  
f o r  s e a l i n g  s h a f t s  show c o n s i d e r a b l e  
p romise  o f  g i v i n g  s a t i s f a c t o r y  s e r v i c e .  
The m e t a l l i c  b r a i d  w i t h  s e l f - c o n t a i n e d  
p a c k i n g  l u b r i c a n t  a p p e a r s  t o  b e  h i g h l y  
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s a t i s f a c t o r y  f o r  u s e  w i t h  m o l t e n  
f l u o r i d e s .  C o n t r o l l e d  i s o l a t i o n  o f  
two s e c t i o n s  o f  a f u s e d  s a l t  s y s t e m  
h a s  b e e n  a c c o m p l i s h e d  by t h e  u s e  o f  a 
" f r e e z e  v a l v e . "  W e l d e d  o r  m e t a l -  
g a s k e t e d  j o i n t s  a r e  u s e d  i n  p i p i n g  
s y s t e m s .  I m p r o v e d  w e l d  d e s i g n s  a n d  
w e l d i n g  t e c h n i q u e s  t h a t  a l l o w  f u l l  
p e n e t r a t i o n  o f  w e l d  m e t a l  h a v e  made 
p o s s i b l e  t h e  o p e r a t i o n  o f  e q u i p m e n t  
w i t h o u t  f a i l u r e  f o r  e x t e n d e d  p e r i o d s .  
F l a n g e d  j o i n t  s e a l s  w i t h  o v a l - r i n g  
g a s k e t s  h a v e  p r o v e d  s a t i s f a c t o r y  f o r  
o p e r a t i o n  a t  t e m p e r a t u r e s  t o  1300°F .  

Frozen Sodium S e a l .  The  f r o z e n -  
s o d i u m - s e a l e d  pump r e  o r t e d  i n  t h e  
l a s t  q u a r t e r l y  r e p o r t ( ' ?  h a s  o p e r a t e d  
a p p r o x i m a t e l y  1 5 0 0  h r  d u r i n g  t h i s  
q u a r t e r  w i t h o u t  f a i l u r e  o f  t h e  f r o z e n  
s o d i u m  s e a l .  A m o d i f i e d  D u r c o  c e n -  
t r i f u g a l  pump h a s  b e e n  c o n s t r u c t e d  
t h a t  h a s  a f i n n e d  s l e e v e  f o r  f o r m i n g  
a f r o z e n  sod ium s e a l  by  means of  c o n -  
v e c t i v e  c o o l i n g .  

Frozen Fluoride Seal ( W .  B.McDonald 
and  P .  W .  S m i t h ,  ANP D i v i s i o n ) .  An 
a d d i t i o n a l  1 6 0  h r  o f  t e s t i n g  was a c -  
compl i shed  d u r i n g  t h i s  p e r i o d  w i t h  t h e  
f r o z e n  f l u o r i d e  s e a l  p r e v i o u s l y  r e -  
p o r t e d ( * )  ( F i g .  5 ) .  I n i t i a l  t e s t s  
were c o n d u c t e d  t o  d e t e r m i n e  w h e t h e r  
a f r o z e n  f l u o r i d e  s e a l  i s  f e a s i b l e ,  
a n d  a d d i t i o n a l  t e s t s  were c o n d u c t e d  
t o  d e t e r m i n e  ( 1 ) t h e  e f f e c t  o f  f l u o r i d e s  
on t h e  S t e l l i t e - c o a t e d  s h a f t  a r o u n d  
w h i c h  t h e  s e a l  i s  f o r m e d ;  ( 2 )  t h e  
maximum p r e s s u r e  t h a t  c a n  b e  s e a l e d  
w i t h o u t  l e a k a g e ;  ( 3 )  t h e  p r o b l e m s  
e n c o u n t e r e d  i n  s t a r t i n g  t h e  s h a f t  a f t e r  
i t  h a s  been  s t o p p e d  and  t h e  f l u o r i d e s  
p e r m i t t e d  t o  f r e e z e  a r o u n d  t h e  s h a f t ;  
and  ( 4 )  t h e  d e t e r m i n a t i o n  o f  d e s i g n  
and  o p e r a t i o n a l  p a r a m e t e r s  w i t h  t h i s  

(')€I. W. S a v a g e ,  " E x p e r i m e n t a l  R e a c t o r  
Engineering," A i r c r a f t  N u c l e a r  P r o p u l s i o n  P r o j e c t  
Q u a r t e r l y  P r o g r e s s  R e p o r t  f o r  P e r i o d  E n d i n g  
D e c e m b e r  10, 1951, O W L - 1 1 7 0 ,  p. 42. 

("W. B. M c D o n a l d ,  "Seal Tests," op. cit., 
ORNL-1170, p. 43. 

t y p e  o f  s e a l .  T h e s e  t e s t s  i n d i c a t e  
t h a t  g r e a t e r  c l e a r a n c e  i s  d e s i r a b l e  
be tween  s h a f t  and  c o o l i n g  s l e e v e  t h a n  
was  u s e d  i n  t h e  f r o z e n  s o d i u m  s e a l .  
A b u i l d - u p  o f  m a g n e t i c ,  m e t a l l i c  
m a t e r i a l ,  f rom 1 t o  2 m i l s  t h i c k ,  was 
found on t h e  s h a f t  and c o o l i n g  s l e e v e .  
S e v e r a l  s h a l l o w  s u r f a c e  s c r a t c h e s  were 
f o u n d  on t h e  s h a f t ;  h o w e v e r ,  t h e s e  
were no more s e v e r e  t h a n  t h o s e  n o r m a l l y  
e n c o u n t e r e d  w i t h  s t u f f i n g - b o x  p a c k i n g  
m a t e r i a l s .  A s i g n i f i c a n t  d i f f e r e n c e  
was f o u n d  b e t w e e n  a f r o z e n  f l u o r i d e  
s e a l  a n d  a f r o z e n  s o d i u m  s e a l ;  when 
r o t a t i o n  i s  s t o p p e d  and f l u o r i d e s  a r e  
p e r m i t t e d  t o  f r e e z e  a r o u n d  t h e  s h a f t ,  
i t  i s  n e c e s s a r y  t o  a p p l y  h e a t  t o  t h e  
s h a f t  i n  o r d e r  t o  f r e e  i t  f o r  c o n t i n u e d  
o p e r a t i o n .  Maximum p r e s s u r e  l i m i t s  
f o r  t h i s  s e a l  w e r e  n o t  d e t e r m i n e d ;  
however ,  t h e  s e a l  was o p e r a t e d  a g a i n s t  
6 0 - p s i  p r e s s u r e ,  which i s  s a t i s f a c t o r y  
f o r  t h e  o p e r a t i o n  of  t h e  ARE. 

Bellows Type of  Face Sea l  f o r  A R E  
Pump.  S e a l i n g  o f  t h e  A R E  pump i s  
a c c o m p l i s h e d  b y  t w o  b e l l o w s  t y p e  o f  
f a c e  s e a l s  i n s t a l l e d  i n  s e r i e s .  The  
s e a l  be low t h e  b e a r i n g  s p a c e  c o n s i s t s  
o f  a g r a p h i t e  r i n g  f l o a t i n g  b e t w e e n  
two h a r d e n e d ,  m e t a l l i c  s e a l i n g  f a c e s ,  
one on t h e  nose  o f  t h e  b e l l o w s  and t h e  
o t h e r  a t t a c h e d  t o  a n d  r o t a t i n g w i t h  
t h e  s h a f t .  

S e a l i n g  a g a i n s t  t h e  a t m o s p h e r e  i s  
a c c o m p l i s h e d  by t h e  c o n v e n t i o n a l  l a p p e d  
f a c e  s e a l  a b o v e  t h e  b e a r i n g s .  T h i s  
a r r a n g e m e n t  p e r m i t s  t h e  l o w e r  s e a l ,  
wh ich  must  o p e r a t e  a t  h i g h e r  t e m p e r a -  
t u r e s ,  t o  o p e r a t e  w i t h  n o  p r e s s u r e  
d i f f e r e n t i a l  a c r o s s  i t  a n d  t h u s  
l e n g t h e n s  t h e  l i f e  o f  t h e  s e a l .  T h i s  
a r r angemen t  would a l s o  p e r m i t  c o m p l e t e  
i s o l a t i o n  o f  t h e  s y s t e m  f r o m  t h e  
a m b i e n t  a t m o s p h e r e  i n  t h e  pump room 
i f  l e a k a g e  s h o u l d  o c c u r  i n  t h e  p r i m a r y  
s e a l .  

The t e m p e r a t u r e  of  t h e  u p p e r  h i g h -  
p r e s s u r e  s e a l  c a n  be e a s i l y  c o n t r o l l e d  
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a n d  s h o u l d  p r e s e n  n o  p r o b l e m .  Any 
l e a k a g e  of  b e a r i n g  l u b r i c a n t  i n t o  t h e  
s y s t e m  w o u l d  b e  t r a p p e d  i m m e d i a t e l y  
below t h e  s e a l  a n d  c o u l d  b e  e a s i l y  
removed from t h e  s y s t e m .  

FOR PERIOD ENDING MARCH 10, 1952 

S t u f f i n g - B o x  S e a l s  f o r  Molten 
F luor ides  ( H .  R .  J o h n s o n ,  A N P  D i v i -  
s i o n ) .  T h i n - w a l l e d  b e l l o w s  have  t h u s  
f a r  b e e n  u n s a t i s f a c t o r y  f o r  s e a l i n g  
a g a i n s t  h i g h - t e m p e r a t u r e  f l u c l r i d e s  

UNCLASSIFIED 
DWG.14424 

SHAFT (316 STAINLESS STEEL, STELLITE COATED) 
SUPPORTED BY OUTBOARD BEARINGS AND DRIVEN 

7 BY V-BELTL 

THERMOCOUPLE -- 

THERMOCOUPLE -- 

0.060- in. CLEARANCE 

FINNED SLEEVE, TYPE-316 
STAINLESS STEEL 

THERMOCOUPLE - 
GAS PRESSURE 

THERMOCOUPLE - 
THERMOCOUPLE 

LEVEL 
INDICATOR 

GAS PRESSURE APPLIE 
FLUID LEVEL- TO THIS SURFACE 

STAINLESS STEEL 
WELL ------- 

Fig. 5 .  Frozen Fluoride Seal Tester.  
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owing t o  m e t a l  and weld  f a i l u r e s .  A 
s t u f f i n g - b o x  s e a l  f o r  a v a l v e  s t em 
h a s  b e e n  d e v e l o p e d  t h a t  w i l l  f u r n i s h  
a p o s i t i v e  s e a l  a g a i n s t  f l u o r i d e s  a t  
1 5 0 0 ' F .  S u c h  a s e a l  h a s  o p e r a t e d  
s a t i s f a c t o r i l y  a n d  h a s  s e a l e d  a g a i n s t  
f l u i d  p r e s s u r e s  t o  5 0  p s i g .  The s e a l  
c o n s i s t s  o f  a c o n v e n t i o n a l  t y p e  o f  
s t u f f i n g  box i n  wh ich  s u c c e s s i v e  l a y e r s  
o f  I n c o n e l  b r a i d ,  g r a p h i t e ,  n i c k e l  
powder ,  and  a n o t h e r  l a y e r  o f  I n c o n e l  
b r a i d  a r e  p a c k e d  u n d e r  c o m p r e s s i o n  
a round  a s h a f t .  A c o n v e n t i o n a l  s t a i n -  
l e s s  s t e e l  g l o b e  v a l v e  w i t h  t h e  stem 
p a c k e d  i n  t h i s  m a n n e r  h a s  o p e r a t e d  
d u r i n g  t h i s  p e r i o d  f o r  more t h a n  7 0 0  
h r  a t  1 5 0 0 ° F  and  3 0 - p s i  p r e s s u r e  a n d  
i s  s t i l l  i n  o p e r a t i o n .  

The mol t e n  f l u o r i d e s  pump d e s c r i b e d  
i n  t h e  f o l l o w i n g  i s  s e a l e d  w i t h  a c o n -  
ven t i o n a l  s t u f f  i n g - b o x  a r r a n g e m e n t  by 
u s i n g  f o u r  r i n g s  o f  c o m m e r c i a l - g r a p h i t e -  
impregna ted  a s b e s t o s  p a c k i n g  s e p a r a t e d  
b y  T e f l o n  w a s h e r s .  T h e  w a s h e r s  a r e  
machined  from T e f l o n  b a r  s t o c k ,  s i n c e  
i t  h a s  b e e n  d e t e r m i n e d  t h a t  s h e e t  
T e f l o n  formed by e x t r u s i o n  or r o l l i n g  
p r o c e s s e s  h a s  a "memory" f o r  i t s  p r e -  
e x t r u d e d  s h a p e  and a t  e l e v a t e d  t e m p e r -  
a t u r e s  t e n d s  t o  r e t u r n  t o  t h i s  s h a p e .  
The  s t u f f i n g  box  i s  s u r r o u n d e d  b y  a 
c o o l i n g  c o i l  t h r o u g h  which  r e f r i g e r a t e d  
e t h y l e n e  g l y c o l  i s  c i r c u l a t e d .  

L u b r i c a t i o n  o f  S e a l s  a n d  S h a f t s  
(H. R .  J o h n s o n ,  ANP D i v i s i o n ) .  T e s t s  
i n d i c a t e  t h a t  when t h e  v a l v e  stem s e a l  
d e s c r i b e d  above  i s  l u b r i c a t e d  p e r i o d i -  
c a l l y  ( a  f e w  d r o p s  e a c h  w e e k )  w i t h  
t r i c r e s y l  p h o s p h a t e  ( a  compound u s e d  
f o r  l u b r i c a t i n g  w i r e - d r a w i n g  d i e s ) ,  
f r i c t i o n  is  r e d u c e d  t o  t h e  p o i n t  where 
t h i s  h i g h - t e m p e r a t u r e  v a l v e  c a n  b e  
o p e r a t e d  w i t h  a s  l i t t l e  f r i c t i o n  a s  a 
s t a n d a r d  v a l v e  o p e r a t e d  a t  room t e m -  
p e r a t u r e .  

F u r t h e r  t e s t s  show t h a t  when s u c h  a 
g l a n d  i s  packed w i t h  I n c o n e l  b r a i d  and 
f i n e l y  powdered UF, i s  s u b s t i t u t e d  f o r  
t h e  n i c k e l  a n d  g r a p h i t e  p o w d e r s ,  a 

s h a f t  c a n  be  r o t a t e d  a t  000  rpm w i t h  
t h e  e n t i r e  a s s e m b l y  h e a t e d  t o  1500'F 
w i t h  n o  damage t o  t h e  s h a f t .  

A c c o r d i n g  t o  t h e  C e l a n e s e  C o r p o r a -  
t i o n  o f  Amer ica ,  e x t e n s i v e  t e s t s  i n d i -  
c a t e  t h a t  t r i c r e s y l  p h o s p h a t e  h a s  
a p p r o x i m a t e l y  s i x  t i m e s  t h e  f i l m  
s t r e n g t h  o f  a l u b r i c a t i n g  o i l  o f  a p -  
p r o x i m a t e l y  t h e  same v i s c o s i t y .  Con- 
t i n u o u s  h e a t i n g  a t  w e l l  o v e r  200°F  i n  
i n  t h e  p r e s e n c e  o f  a i r  i s  r e q u i r e d  t o  
b r i n g  a b o u t  d e c o m p o s i t i o n .  "The l u b r i -  
c a t i n g  e f f e c t  o f  t r i c r e s y l  p h o s p h a t e  
on i r o n  i s  b e l i e v e d  t o  be due t o  fo rma-  
t i o n  o f  i r o n  p h o s p h i d e  F e , P . " ( 3 )  A 
v a l v e  s tem l u b r i c a t e d  p e r i o d i c a l l y  ( a  
few d r o p s  o n c e  a week)  w i t h  t r i c r e s y l  
p h o s p h a t e  h a s  o p e r a t e d  660 h r ,  and  i t  
r e m a i n s  v e r y  e a s y  t o  t u r n .  

PUMPS 

D e v e l o p m e n t  o f  a m e c h a n i c a l  pump 
h a s  p r o g r e s s e d  t o  t h e  p o i n t  w h e r e  
r e l i a b l e  o p e r a t i o n  c a n  be e x p e c t e d  i n  
f o r c e d - c i r c u l a t i o n  s y s t e m s  c o n t a i n i n g  
e i t h e r  l i q u i d  m e t a l s  or m o l t e n  f l u o -  
r i d e s  w i t h  f l u i d  t e m p e r a t u r e s  i n  t h e  
pump a s  h i g h  a s  1300°F .  D e s i g n s  h a v e  
b e e n  c o m p l e t e d ,  a n d  f a b r i c a t i o n  o f  
pumps,  w h i c h  a r e  e x p e c t e d  t o  o p e r a t e  
r e l i a b l y  a t  1 5 0 0 ° F  o r  a b o v e ,  i s  u n d e r  
way. A l l  pumps t e s t e d  t o  d a t e  a r e  o f  
l a b o r a t o r y  s i z e ;  h o w e v e r ,  pumps d e -  
s i g n e d  t o  meet ARE f l o w  and  h e a d  r e -  
q u i r e m e n  ts h e v e  been  d e s  i g n e d  and  a r e  
t o  be  f a b r i c a t e d .  

A R E  C e n t r i f u g a l  Pump (W. G .  C o b b ,  
G .  F .  W i s l i c e n u s ,  J .  F .  H a i n e s ,  a n d  
A.  G .  G r i n d e l l ) .  The ARE f l u i d  c i r c u i t  
c o n s i s t s  o f  two  pumps i n  t h e  c i r c u -  
l a t i n g - f u e l  s y s t e m  a n d  t w o  pumps i n  
t h e  m o d e r a t o r  c o o l a n t  s y s t e m .  T h e  
head  and f low r e q u i r e m e n t s  f o r  e a c h  of 

( 3 ) J .  J .  B i k e r m a n ,  S u r f a c e  C h e m i s t r y  f o r  
I n d u s t r i a l  R e s e a r c h ,  p .  3 6 9 ,  A c a d e m i c  P r e s s ,  
1 9 4 8 .  
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t h e s e  pumps a r e  i d e n t i c a l .  E a c h  mus t  
d e l i v e r  a p p r o x i m a t e l y  4 5  gpm w i t h  a 
head  o f  a p p r o x i m a t e l y  4 5  f t  o f  f l u i d  
pumped. Two models  have  been  proposed  
and d e s i g n e d  f o r  ARE s e r v i c e .  

The ARE c e n t r i f u g a l  pump, Model D ,  
r e q u i r e s  a g a s  s e a l ,  w h e r e a s  ARE c e n -  
t r i f u g a l  pump, Model F ,  h a s  a f r o z e n  
f l u o r i d e  s e a l .  The  d e s i g n  f e a t u r e s  
o f  Model D were d e s c r i b e d  i n  t h e  l a s t  
q u a r t e r l y  r e p o r t .  The a s sembly  o f t h i s  
pump i s  shown  i n  F i g .  6 .  T h e  Y-12 
s h o p s  a r e  p r e s e n t l y  i n  t h e  p r o c e s s  o f  
f a b r i c a t i n g  t h r e e  Model  D pumps f rom 
t y p e - 3 1 6  s t a i n l e s s  s t e e l .  The Model 
F f r o z e n - f l u o r i d e - s e a l e d  pump i s  a l m o s t  
i d e n t i c a l  t o  t h e  Model  D pump, w i t h  
t h e  e x c e p t i o n  o f  t h e  i n c l u s i o n  o f  a 
g a s - c o o l e d  s e c t i o n  i n  which  t h e  f l u o -  
r i d e s  s u r r o u n d i n g  t h e  s h a f t  w i l l  be 
f r o z e n .  The p r i n c i p l e  o f  t h e  f r o z e n  
f l u o r i d e  s e a l  h a s  b e e n  d e s c r i b e d  i n  
t h e  s e c t i o n  on " S e a l s  and C l o s u r e s "  a s  
w e l l  a s  i n  t h e  two p r e v i o u s  q u a r t e r l y  
r e p o r t s .  

Labor a t o r y  F r o z e n  - F 1 uo r i d e  - S e a  1 e d 
C e n t r i f u g a l  Pump (W. G .  Cobb and P .  W .  
T a y l o r ) .  T h e  l a b o r a t o r y  s i z e  c e n -  
t r i f u g a l  pump d e s c r i b e d  p r e v i o u s l y ( 4 )  
h a s  b e e n  u s e d  t o  c i r c u l a t e  m o l t e n  
f l u o r i d e s  i n  a n  i s o t h e r m a l  l o o p  o p -  
e r a t i n g  a t  t e m p e r a t u r e s  u p  t o  1300°F  
f o r  more t h a n  5 0 0  ho i i r s .  A l though  some 
s h u t d o w n s  h a v e  o c c u r r e d  b e c a u s e  o f  
l e a k s  i n  t h e  p lumbing  s y s t e m ,  no i n d i -  
c a t i o n  o f  f a i l u r e  h a s  been  e n c o u n t e r e d  
i n  t h e  pump i t s e l f .  T h i s  pump h a s  
been  m o d i f i e d  t o  i n c o r p o r a t e  a G r a p h i -  
t a r ,  r o t a r y  f a c e  s e a l  i n  p l a c e  o f  t h e  
gr a p h i  t e - impre  gna  t ed  - a s be s t os s t u  f f i ng-  
box s e a l ,  and t h e  p a r t i n g  f a c e s  of  t h e  
pump c a s i n g  have  been  moved t o  a p o i n t  
a b o v e  t h e  l i q u i d  l e v e l  i n  t h e  pump. 
T h e s e  m o d i f i c a t i o n s  a r e  e x p e c t e d  t o  
make i t  p o s s i b l e  f o r  t h i s  pump t o  

( 4),4 i r cra f t Nuc 2 e a r P r o p u  1 s  ion P r o  j e c t Quar te r 1 y 
P r o g r e s s  R e p o r t  f o r  P e r i o d  E n d i n g  J u n e  1 0 ,  1 9 5 1 ,  
ANP-65, p .  168. 

c i r c u l a t e  f l u i d s  a t  t e m p e r a t u r e s  i n  
e x c e s s  o f  1500°F.  

W o r t h i t e  F r o z e n - S o d i u m - S e a l e d  Pump 
(W. B .  McDonald and  W .  R .  H u n t l e y ) .  
The W o r t h i t e  c e n t r i f u g a l  pump m o d i f i e d  
t o  i n c o r p o r a t e  t h e  f r o z e n - s o d i u m  s e a l  , 
t e s t i n g  o f  wh ich  was d e s c r i b e d  11x1 t h e  
l a s t  r e p o r t , ( ' )  h a s  b e e n  t r a n s f e r r e d  
from an  i s o t h e r m a l  l o o p  t o  o p e r a t i o n  
i n  a f i g u r e - 8  l o o p .  T h i s  pump h a s  
o p e r a t e d  f o r  a t o t a l  o f  a p p r o x i m a t e l y  
1500  h r  w i t h  no  s e a l  f a i l u r e .  O c c a -  
s i o n a l  shu tdowns  f o r  r e p a i r  have: been  
c a u s e d  by t h e  mass  t r a n s f e r  of c o p p e r  
from t h e  g a s k e t  u s e d  t o  s e a l  t h e  p a r t -  
i n g  f a c e s  o f  t h e  pump t o  t h e  s h a f t  i n  
t h e  c o l d  s e c t i o n  of t h e  s e a l i n g  a n n u l u s .  
T h i s  r e s u l t e d  i n  a b u i l d - u p  on t h e  
s l e e v e ,  w h i c h  f i l l e d  t h e  a n n u l u s  and  
f r o z e  t h e  s h a f t .  The  c o p p e r  g a s k e t  
h a s  b e e n  r e p l a c e d  b y  a s o f t  n i c k e l  
g a s k e t  and t h e  mass t r a n s f e r  c o n d i t i o n  
h a s  a p p a r e n t l y  b e e n  r e m e d i e d .  Max i -  
mum s o d i u m  t e m p e r a t u r e  i n  t h i s  l o o p  
is 1 5 0 0 ° F  a n d  t h e  s o d i u m  t e m p e r a t u r e  
a t  t h e  pump i s  be tween 1000 and  1100°F.  

D u r i n g  t h e  t o t a l  o p e r a t i n g  t i m e  no 
d i f f i c u l t y  h a s  b e e n  e x p e r i e n c e d  i n  
s t a r t i n g  t h e  c o l d  pump f rom s t a n d - b y  
c o n d i t i o n s .  A s  s o o n  a s  m o l t e n  sod ium 
is  l i f t e d  f r o m  t h e  sump t o  t h e  pump 
t h e  s h a f t  r o t a t e s  f r e e l y .  Some b e a r -  
i n g  f a i l u r e s  h a v e  b e e n  e n c o u n t e r e d  
owing t o  t h e  p r o x i m i t y  o f  t h e  b e a r i n g  
h o u s i n g  t o  t h e  h i g h - t e m p e r a t u r e  pump 
c a s i n g .  F u r t h e r  m o d i f i c a t i o n s  h a v e  
b e e n  d e s i g n e d  f o r  mov ing  t h e  b e a r i n g  
h o u s i n g  away f r o m  t h e  pump a n d  a l s o  
f o r  f u r n i s h i n g  b e t t e r  l u b r i c a t i o n  t o  
t h e  b e a r i n g s .  Such  a pump i s  e x p e c t e d  
t o  o p e r a t e  a t  1500°F.  

M o d i f i e d  Durco C e n t r i f u g a l  Pumps. 
T h r e e  D u r c o  c e n t r i f u g a l  p u m p s  a r e  
c u r r e n t l y  b e i n g  m o d i f i e d  f o r  t h e  f o r c e d  
c i r c u l a t i o n  o f  f l u o r i d e s  o r  s o d i u m .  
The sodium pump w i l l  i n c o r p o r a t e  a 
f r o z e n  sod ium s e a l ,  and  t h e  two f l u o -  
r i d e  pumps w i l l  be m o d i f i e d ,  one: t o  a 
f r o z e n  f l u o r i d e  s e a l  and  t h e  o t h e r  t o  
a s t u f f i n g -  box s e a l .  
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I r  
C o n s t r u c t i o n  i s  u n d e r  way on a t y p e -  

316 s t a i n l e s s  s t e e l  D u r c o  c e n t r i f u g a l  
pump h a v i n g  a c o n v e n t i o n a l  s t u f f i n g  
box packed w i t h  I n c o n e l  b r a i d  a n d  a 
l u b r i c a n t  s i m i l a r  t o  t h a t  d e s c r i b e d  
i n  t h e  f i r s t  p a r t  o f  t h i s  s e c t i o n .  
The p o r t i o n  of t h e  s h a f t  p a s s i n g  
t h r o u g h  t h e  s t u f f i n g  box i s  h a r d - f a c e d  
w i t h  a l a y e r  o f  S t e l l i t e  1 / 1 6 - i n .  
t h i c k .  

A Durco c e n t r i f u g a l  pump ( M o d e l  H 
34MDVX-80) made o f  t y p e - 3 1 6  s t a i n l e s s  
s t e e l  h a s  been  m o d i f i e d  t o  i n c o r p o r a t e  
a f r o z e n  sodium s e a l .  T h e  s e a l  i s  
c o o l e d  by f o r c e d  c o n v e c  t i o n .  T h e  
l u b r i c a t i n g  o i l  f o r  t h e  b e a r i n g s  i s  
c i r c u l a t e d  t h r o u g h  a c o o l i n g  r a d i a t o r .  
T h i s  pump w i l l  d e l i v e r  45  gpm w i t h  a 
head of 45 f t  o f  f l u i d  and i s  e x p e c t e d  
t o  o p e r a t e  o v e r  a t e m p e r a t u r e  r a n g e  o f  
1000  t o  1300°F .  The  m o d i f i e d  pump i s  
b e i n g  a s s e m b l e d  i n  a n  i s o t h e r m a l  l o o p  
t h a t  h a s  t e m p e r a t u r e  m e a s u r e m e n t ,  
f l o w  m e a s u r e m e n t ,  and c o n t r o l  e q u i p -  
ment .  

Forced-Conve ct i o n  - C 0 0  1 ed S o d  i urn - 
Sealed Pump. A t y p e - 3 1 6  s t a i n l e s s  
s t e e l  Durco pump s i m i l a r  t o  t h a t  
d e s c r i b e d  a b o v e  h a s  been  m o d i f i e d  t o  
i n c o r p o r a t e  a c o p p e r - f i n n e d - s l e e v e  
f r o z e n  sodium s e a l  t h a t  w i l l  be  c o o l e d  
b y  f o r c e d - a i r  c o n v e c t i o n .  T h i s  pump 
i s  d e s i g n e d  t o  b e  u s e d  f o r  s u p p l y i n g  
s o d i u m  a t  a p p r o x i m a t e l y  1 5 0 0 ° F  t o  a 
f l u i d - t o - a i r  r a d i a t o r  f o r  t h e  o p e r a -  
t i o n  o f  a B o e i n g  t u r b o j e t  e n g i n e .  The 
pump w i l l  o p e r a t e  a t  3 0 0 0  rpm and 
d e l i v e r  50  gpm o f  s o d i u m  a t  2 0  p s i g .  
The  t e m p e r a t u r e  of  t h e  s o d i u m  a t  t h e  
pump w i l l  be a p p r o x i m a t e l y  1100°F.  

(M. R i c h a r d s o n ,  
R e a c t o r  E x p e r i m e n t a l  E n g i n e e r i n g  D i v i -  
s i o n ) .  The  w ,  3 / 4 - h p 1  c a n n e d - r o t o r  
pump f o r  t h e  NaK l o o p  h a s  b e e n  i n -  
s t a l l e d  and o p e r a t e d  f o r  a b o u t  8 h o u r s .  
A t  p r e s e n t  t h e  pump m o t o r s  a r e  of  two 
d i f f e r e n t  t y p e s  - a s t a n d a r d  wound 
m o t o r  a n d  a m o t o r  w i t h .  G - E  C l a s s  H 
i n s u l a t i o n  f o r  5 0 0 ° F  o p e r a t i o n .  The  
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1 0 0 0 " F ,  B e n  t l  e y  -Ha r r i s  , i n s L i l a  t e d  
w i r e  h a s  a r r i v e d  a n d  i s  i n  t h e  s h o p  
t o  be wound. I t  a p p e a r s  t h a t  t h e  N O .  
2 2  wire  w i l l  f i t  i n  t h e  e x i s t i n g  s t a t o r  
s l o t s  w i t h o u t  e n l a r g i n g  t h e  s l o t s .  

T h e  l o o p  w a s  s t a r t e d  w i t h .  c o n -  
s i d e r a b l e  d i f f i c u l t y  b e c a u s e  o f  a 
p a r t i a l  p l u g  i n  t h e  s u c t i o n - l i n e  v a l v e  
s e a t .  H o w e v e r ,  t h e  p l u g  was p a r t l y  
c l e a r e d  and t h e  l o o p  c h e c k e d  t o  t e m -  
p e r a t u r e s  o f  500 t o  650°F by u s i n g  t h e  
newly  i n s t a l l e d  c o o l e r  t h a t  f e e d s  c o l d  
m e t a l  back  t h r o u g h  t h e  m o t o r s .  O n l y  a 
s l i g h t  r i s e  a b o v e  n o r m a l  o p e r a t i n g  
t e m p e r a t u r e s  f o r  t h e  m o t o r s  was n o t e d .  
T h e  pump w a s  s h u t  down when a l e a k  
o c c u r r e d  a t  t h e  d i s c h a r g e  f l a n g e .  

VALVES 

I n  t h e  c o n s t r u c t i o n  o f  a p l u m b i n g  
s y s t e m  f o r  t h e  f o r c e d  c i r c u l a t i o n  o f  
h i g h - t e m p e r a t u r e  f l u i d s  s u c h  a s  w i l l  
be e n c o u n t e r e d  i n  t h e  ARE,  i t  w i l l  b e  
n e c e s s a r y  a t  s e v e r a l  p o i n t s  t o  i n -  
c o r p o r a t e  v a l v e s  t h a t  w i l l  o p e r a t e  
r e l i a b l y  i n  a n y  e m e r g e n c y .  Some o f  
t h e s e  v a l v e s  may be n o r m a l l y  open  o r  
n o r m a l l y  c l o s e d  a n d  r e q u i r e d  t o  o p e n  
o n l y  o n c e ,  w h e r e a s  o t h e r s  may be r e -  
q u i r e d  t o  open a t  more f r e q u e n t  i n t e r -  
v a l s .  I t  i s  a n  a b s o l u t e  r e q u i r e m e n t ,  
however ,  t h a t  e a c h  v a l v e  i n c o r p o r a t e d  
i n  t h e  s y s t e m  p e r f o r m  i t s  d e s i g n a t e d  
f u n c t i o n  q u i c k l y  and  r e l i a b l y  a t  a n y  
d e s i r e d  t ime d u r i n g  t h e  e n t i r e  l i f e  of  
t h e  s y s t e m .  D u r i n g  t h i s  p e r i o d  empha- 
s i s  h a s  been  p l a c e d  on t h e  deve lopmen t  
of  v a l v e s  f o r  s u c h  a p p l i c a t i o n .  

Packing-Gland Seal Test Equipment. 
E q u i p m e n t  h a s  b e e n  d e s i g n e d  a n d  i s  
now b e i n g  c o n s t r u c t e d  f o r  e x t e n s i v e  
t e s t i n g  o f  t h e  p a c k i n g - g l a n d  t y p e  o f  
s e a l  d e s c r i b e d  a b o v e  ( s e e  "Sea l s  and  
C l o s u r e s " ) .  A l t h o u g h  i n i t i a l  t e s t s  
h a v e  p r o d u c e d  a v a l v e  t h a t  a p p e a r s  
t o  be r e l i a b l e ,  t h e  optimum d e s i g n  o f  
s u c h  a s e a l ,  a s  w e l l  a s  t h e  m o s t  
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s a t i s f a c t o r y  p a c k i n g  m a t e r i a l s  a n d  
l u b r i c a n t s ,  s h o u l d  be d e t e r m i n e d .  

Frozen Fluorides Valve ( W .  G . C o b b ) .  
It h a s  been  d e t e r m i n e d  i n  a c t u a l  t e s t s  
t h a t  two s e c t i o n s  o f  a h i g h - t e m p e r a -  
t u r e  f o r c e d - c i r c u l a t i o n  f l u o r i d e  s y s  - 
tern can  be i s o l a t e d  from e a c h  o t h e r  by 
means o f  f r e e z i n g  a s h o r t  s e c t i o n  o f  
t h e  c o n n e c t i n g  p i p e .  T h i s  f r o z e n  
s e c t i o n  c a n  b e  m e l t e d  a n d  o p e r a t i o n  
r e sumed  a t  a n y  d e s i r e d  t i m e .  S u c h  a 
v a l v e ,  h o w e v e r ,  i s  n o t  q u i c k - a c t i n g .  
S e v e r a l  m i n u t e s  a r e  r e q u i r e d  t o  e i t h e r  
f r e e z e  o r  m e l t  t h e  f l u o r i d e .  I t  i s  
t h o u g h t  t h a t  a v a l v e  o f  t h i s  t y p e  used  
i n  s e r i e s  w i t h  t h e  c o n v e n t i o n a l  v a l v e  
d e s c r i b e d  a b o v e  w o u l d  p r o v i d e  a d e -  
q u a t e  p r o t e c t i o n  a g a i n s t  l e a k a g e  p a s t  
a v a l v e  s e a t .  S u c h  a n  a p p l i c a t i o n  
w o u l d  be  t h e  i s o l a t i o n  o f  t h e  dump 
t a n k s  from t h e  ARE s y s t e m .  

B a l l  C h e c k  V a l v e s  (D .  R .  W a r d ) .  
S p e c i a l l y  d e s i g n e d  b a l l  c h e c k  v a l v e s  
( F i g .  7 )  have  b e e n  o p e r a t e d  t o  t r a n s -  
f e r  f l u o r i d e  a t  1 4 0 0 ' F .  T h e  b a l l s  
were c o n s t r u c t e d  o f  t y p e - 4 4 0  ( p a s s i -  
v a t e d )  s t a i n l e s s  s t e e l  and t h e  h o u s i n g  
and f i t t i n g s  were o f  t y p e - 3 1 6  s t a i n l e s s  
s t e e l .  T h e r e  was some s l i g h t  e v i d e n c e  
o f  t h e  b a l l s  s t i c k i n g  i n  t h e  o p e n  
p o s i t i o n ,  b u t  i n  a l l  c a s e s  i n c r e a s e d  
p r e s s u r e  o r  s l i g h t  t a p p i n g  o f  t h e  
v a l v e  c o r r e c t e d  t h i s  c o n d i  t i  on. 

Valve Seat T e s t  ( A .  P .  F r a a s  a n d  
G .  P e t e r s e n ) .  Z i r c o n i u m  and molybdenum 
were recommended and  t e s t e d  a s  v a l v e  
s e a t  m a t e r i a l s  b e c a u s e  n e i t h e r  e l e m e n t  
d i f f u s e s  r e a d i l y  a t  h i g h  t e m p e r a t u r e s ,  
and  z i r c o n i u m  d o e s  n o t  r e a d i l y  a l l o y  
w i t h  o t h e r  m e t a l s .  B o t h  m a t e r i a l s  
o p e r a t e d  s a t i s f a c t o r i l y  a s  v a l v e  s e a t s  
f o r  175  h r  i n  s o d i u m  a t  t e m p e r a t u r e s  
u p  t o  1500°F .  M e t a l l u r g i c a l  e x a m i n a -  
t i o n  f o l l o w i n g  t h i s  t e s t  i n d i c a t e d  
t h a t  t h e  z i r c o n i u m  was s l i g h t l y  a t -  
t a c k e d  b u t  t h e r e  was  n o  e v i d e n c e  o f  
a t t a c k  on t h e  molybdenum. 

UNCLASSIFIED 
ASK DWG 15287 R4 

SWAGELOK FITTING TYPE- 
300-1, TYPE-316 STAINLESS 
STEEL, MODIFIED BY DRILL- 
ING CLEAR THROUGH FOR , 
3/,6 I" - O D  TUBING ' 

NOTCH TO PERMIT I I ~ I  Iln 
\\ 

7 WELD - _ _  ~ 

FLOW UPWARD AFTER 
BALL HAS RISEN 

'G-in DIA BALL STAINLESS 
STEEL (400 SERIES), 

$ - i n  IPS PIPE COUPLING, 
I - i n  LONG, TYPE-316 
STAINLESS STEEL 

END OF TUBING IS FLA 
WITH FLARING TOOL A 
TUBING IS  PASSED THR- 
OUGH SWAGELOK FITTING 

FIRST WELD 

SWAGELOK FITTING TYPE- 
300-1,  TYPE-316 STAIN- 
LESS STEEL, MODIFIED 
BY DRILLING CLEAR THR- 

46-1" -OD TUBING 

F i g .  7 .  Ball Check Valve. 

HEAT E X C H A N G E R S  

Hea t  t r a n s f e r  s t u d i e s  o f  t h e  f l u o -  
r i d e s  and l i q u i d  m e t a l s  i n d i c a t e  t h a t  
e s s e n t i a l l y  c o n v e n t i o n a l  t y p e s  o f  
h e a t  e x c h a n g e r s  w i l l  be a p p l i c a b l e  t o  
t h e s e  s y s t e m s  o n c e  t h e  c o r r o s i o n  p rob-  
lems w i t h  t h e s e  f l u i d s  a r e  su rmoun ted .  
The NaK-to-NaK h e a t  e x c h a n g e r  h a s  now 
o p e r a t e d  f o r  w e l l  o v e r  2000 h r  w i t h  n o  
a p p a r e n t  l o s s  i n  p e r f o r m a n c e .  O t h e r  
h e a t  e x c h a n g e r s  have  been  d e s i g n e d  f o r  
a i r c r a f t  a p p l i c a t i o n  a s  w e l l  a s  f o r  
u s e  i n  o t h e r  l a b o r a t o r y  t e s t s .  

A i r c r a f t  Type o f  Radiator ( J .  F .  
B a i l e y  and  W .  C .  T u n n e l l ,  ANP D i v i -  
s i o n ) .  A l i t e r a t u r e  s u r v e y  o f  t h e  
p r e s e n t  f l u i d - t o - g a s  h e a t  e x c h a n g e r s  
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i n d i c a t e d  t h a t  some a i r c r a f t  and l o c o -  
m o t i v e  r a d i a t o r s  w i t h  s i m i l a r  r e q u i r e -  
ments  f o r  s p a c e ,  w e i g h t ,  and  e f f i c i e n c y  
have  been  o p e r a t e d  w i t h  t h e  g a s  p a s s i n g  
t h r o u g h  t h e  t u b e s  and t h e  f l u i d  f l o w i n g  
t h r o u g h  t h e  i n t e r s t i c e s  b e t w e e n  t h e  
c l o s e l y  s t a c k e d  t u b e s .  T h i s  h a s  r e -  
s u l t e d  i n  a d e s i g n  p r o p o s e d  f o r  a 
f l u o r i d e - t o - a i r  r a d i a t o r .  

P r e l i m i n a r y  c a l c u l a t i o n s  o n  t h e  
b a s i s  o f  a r b i t r a r i l y  c h o s e n  d imens ions  
i n d i c a t e  t h a t  1 / 2 - i n .  -OD by 0 . 0 1 0 - i n . -  
w a l l  I n c o n e l  t u b e s  f l a t t e n e d  t o  a 
r e c t a n g u l a r  c r o s s  s e c t i o n  and s t a c k e d  
i n  c l o s e  c o n t a c t  w i t h  e a c h  o t h e r  may 
r e s u l t  i n  a d e s i r a b l e  h e a t  e x c h a n g e r  
c o n f i g u r a t i o n .  A i r  w i l l  f l o w  t h r o u g h  
t h e  f l a t t e n e d  t u b e s  a n d  f l u o r i d e s  
a r o u n d  t h e  t u b e s  i n  t h e  i n t e r s t i c e s .  
The a d v a n t a g e s  o f  t h e  d e s i g n  a p p e a r  t o  
b e :  ( 1 )  p a r a l l e l  ( e s s e n t i a l l y )  c o u n -  
t ' e r - f l o w i n g  f l u i d s ,  ( 2 )  n o  s e r i o u s  
t h e r m a l  e x p a n s i o n  p r o b l e m s ,  ( 3 )  l ow 
a i r  p r e s s u r e  d r o p  a c r o s s  t h e  e x c h a n g e r ,  
(4) l o w  s p e c i f i c  v o l u m e  ( i n . 3  p e r  
m e g a w a t t  o f  h e a t  t r a n s f e r r e d )  o f  t h e  
h e a t  e x c h a n g e r ,  ( 5 )  s i m p l i f i e d  f a b r i -  
c a t i o n  b e c a u s e  a l l  w e l d s  a r e  e x p o s e d  
f o r  e a s y  i n s p e c t i o n  a n d  r e p a i r ,  a n d  
( 6 )  v e r s a t i l e  t u b e  s p a c i n g .  

Sodium-to-Air Radiator ( A .  P .  Fraas 
and G. D .  Whitman).  The  t e s t i n g o f t h e  
h i g h - p e r f o r m a n c e ,  a i r - r a d i a t o r ,  c o r e  
e l e m e n t  d e s c r i b e d  i n  t h e  l a s t  r e p o r t ( ' )  
h a s  n o t  y e t  been  a c c o m p l i s h e d  b e c a u s e  
of d e l a y s  e n c o u n t e r e d  i n  N i c r o b r a z  i n g  
t h e  p a r t s .  T h e  c o n t r a c t o r  who i s  
p e r f o r m i n g  t h e  Nicr o b r  a z  i n g  o p e r a  t i  on 
h a s  promised  d e l i v e r y  by March 1 0 .  

The f o r c e d - c i r c u l a t i o n  sod ium l o o p  
f o r  t e s t i n g  t h e  p e r f o r m a n c e  o f  t h i s  
h e a t  e x c h a n g e r  h a s  been  c o m p l e t e d .  The 

( ' ) A .  P. F r a a s  a n d  M. E .  L a v e r n e ,  " H e a t  
E x c h a n g e r  T e s t s , "  o p .  c i t . ,  ORNL-1170, p .  4 7 .  

l o o p  i s  h e a t e d  b y  12R l o s s e s  i n  t h e  
p i p i n g .  An a i r  f l o w  t e s t  o f  t h e  c o r e  
e l e m e n t ,  w h i c h  was made p r i o r  t o  t h e  
N i c r o b r a z i n g  o p e r a t i o n ,  i n d i c a t e s  t h a t  
t h e  a i r  p r e s s u r e  d r o p  i s  a p p r o x i m a t e l y  
30% l o w e r  t h a n  had  been  e s t i m a t e d  f o r  
t h e  "co ld"  c o n d i t i o n .  

F1 uo r i d  e - t o  - F 1 u or i d  e He a t  Ex change r 
(D. S a l m o n ) .  T h e  p e r f o r m a n c e  o f  a 
s m a l l  s h e  1 1 - a n d  - t u b e  h e a t  e x c h a n g e r  
o p e r a t i n g  w i t h  f l u o r i d e  m i x t u r e s  i n  
p u r e  c o d n t e r f l o w  i n  a s i n g l e - f l u i d  
f i g u r e - 8  s y s t e m  w a s  i n v e s t i g a t e d .  
T u b i n g  c h o s e n  f o r  t h e  s t u d y  was 0 . 1 0 -  
i n .  - I D  by  O . O K - i n .  - w a l l  I n c o n e l ,  and  
t h e  p a r a m e t e r s  baken  w e r e  f l o w  r a t e ,  
n u m b e r  o f  t u b e s ,  a n d  l e n g t h  o f  e x -  
c h a n g e r .  The r e s u l t s  o f  t h e  i n v e s t i -  
g a t i o n  were p l o t t e d  o v e r  a r a n g e  o f  
f l o w s  f r o m  1 t o  1 0 0 0  l b / h r / t u b e  and  
f o r  l e n g t h s  from 1 t o  1 0  f e e t .  

C o n s i d e r i n g  t h e  l i m i t a t i o n s  o f  
a v a i l a b l e  h e a t  s o u r c e s  a n d  pumps ,  a 
h e a t  e x c h a n g e r  c o n t a i n i n g  52 t u b e s  and 
h a v i n g  a n  e f f e c t i v e  l e n g t h  o f  1 . 5  f t  
was a n a l y z e d  u s i n g  t h e  above  d a t a ,  I t s  
p e r f o r m a n c e  i s  shown i n  T a b l e  3 f o r  
a c o n s t a n t  h e a t  i n p u t  t o  t h e  s y s t e m  
o f  7 0 , 0 0 0  B t u / h r .  

F o r  o b t a i n i n g  h e a t  t r a n s f e r  i t  
would be  d e s i r a b l e  t o  have  t h e  R e y n o l d ' s  
n u m b e r  r a n g e  e x t e n d  w e l l  i n t o  t h e  
t u r b u l e n t  r e g i o n ,  and  i t  i s  s e e n  f rom 
t h e  t a b u l a t e d  d a t a  t h a t  t h e  t u r b u l e n t  
r e g i o n  would  be  b a r e l y  p e n e t r a t e d  a t  
t h e  h i g h e s t  f l o w  f o r  t h e  h e a t  e x c h a n g e r  
a n a l y z e d .  

The ma in  v a l u e  o f  s u c h  a h e a t  e x -  
c h a n g e r  s y s t e m  would be  f o r  e n d u r a n c e  
t e s t i n g  t o  d e t e r m i n e  t h e  e f f e c t  o f  
h i g h -  t e m p e r a t u r e  dynamic c o r r o s i o n  and 
p o s s i b l e  d e t e r i o r a t i o n  o f  h e a t  t r a n s f e r  
p e r f o r m a n c e  f o r  a h e a t  e x c h a n g e r  i n  
w h i c h  s m a l l  t u b e s  and d e l i c a t e  f a b r i -  
c a t i n g  t e c h n i q u e s  a r e  u s e d .  
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REYNOLDS N O .  
I N  

EXCHANGER 

SYSTEM 
FLOW RATE 

( g p m )  

0 .52  

1 . 5 6  

5 . 2  
1 0 . 4  

1 5 . 6  

I N L E T  COLD TEMP. 
FOR INLET HOT TEMP. 

OF 1 5 0 0 ° F  ( O F )  

TABLE 3 

Performance of Fluoride-to-Fluoride Heat  Exchanger 

HEAT TRANSFER 
IN EXCHANGER 

( B t u / h r  1 

37 , 500 

3 0 , 0 0 0  

2 3 , 5 0 0  

2 0 , 0 0 0  
18 , 500 

PRESSURE DROP 
I N  EXCHANGER 

( p s i )  

0 .027  

0 . 2 6  

2 . 5  

1 0 . 0  

2 1 . 0  

NaK-to-NaK Heat Exchanger ( A .  P.  
F r a a s ) .  T h e '  p r e v i o u s l y  r e p o r t e d c 6 )  
NaK-to-NaK h e a t  e x c h a n g e r ,  c o r e  e l e -  
ment c o n s i s t i n g  o f  52 t u b e s  1/8 i n .  OD 
has  c o n t i n u e d  i n  o p e r a t i o n .  The t o t a l  
r u n n i n g  time h a s  r e a c h e d  2230 h r ,  o v e r  
2000 h r  o f  which  have  been  w i t h  a h e a t  
e x c h a n g e r  i n l e t  t e m p e r a t u r e  o f  1500'F 
and an  o u t l e t  t e m p e r a t u r e  of  lOOO'F f o r  
t h e  h o t  s t r e a m .  The  c o l d  s t r e a m  i s  
a b o u t  50°F  l o w e r  a t  i n l e t  and  o u t l e t .  

No a p p a r e n t  l o s s e s  i n  h e a t  t r a n s f e r  
p e r f o r m a n c e  o r  i n c r e a s e  i n  p r e s s u r e  
d r o p  h a v e  o c c u r r e d .  The  o n l y  d i f f i -  
c u l t y  e x p e r i e n c e d  a f t e r  t h e  i n i t i a l  
"shake-down" of t h e  l o o p  h a s  been  t h a t  
t h e  a c c u m u l a t i o n  o f  o x i d e  i n  t h e  h e a d e r  
t a n k  became g r e a t  enough a f t e r  2000 h r  
t o  i n t e r f e r e  w i t h  t h e  o p e r a t i o n  of  t h e  
l e v e l  c o n t r o l .  T h e  h e a d e r  t a n k  a n d  
f i l t e r  have  been  removed,  c l e a n e d  o u t ,  
r e i n s t a l l e d ,  and o p e r a t i o n  resumed.  

Heat Transfer i n  Circulat ing  Fluo- 
r i d e  Loops .  A s e r i e s  o f  l o o p s  a r e  
b e i n g  c o n s t r u c t e d  f o r  c i r c u l a t i n g  

' 6 ' I b r d . ,  p .  4 5 .  

104 

312 

1040 

2080 

3120 

97 0 
1336 

1456  

1478 

1486 

f l u o r i d e s  a t  v a r i o u s  r a t e s  t o  o b t a i n  
t h e r m o d y n a m i c ,  h y d r a u l i c ,  a n d  o t h e r  
e n g i n e e r i n g  d a t a .  The f i r s t  l o o p  u s e s  
c o n v e c t i o n  c i r c u l a t i o n  and h a s  been  i n  
o p e r a t i o n  f o r  5 0 0  h o u r s .  The  l o o p s  
a r e  made o f  1 / 2 - i n . - i p s  I n c o n e l  p i p e ,  
h e a t e d  by e l e c t r i c  t u b e  f u r n a c e  e l e  - 
ments  , and c o o l e d  by n a t u r a l  c o n v e c t i v e  
a i r  o v e r  a c o i l e d  p i p e  s e c t i o n .  By 
means o f  a h e a t  b a l a n c e  on t h e  h e a t e r  
s e c t i o n ,  f l o w  r a t e s ,  v e l o c i t i e s ,  and  
h e a t  t r a n s f e r  c o e f f i c i e n t s  a r e  c a l -  
c u l a t e d .  D a t a  d e r i v e d  from t h e  f i r s t  
l o o p ,  d e s i g n a t e d  Model A - 1 ,  a r e  g i v e n  
i n  T a b l e  4 .  

A n a t u r a l  c i r c u l a t i o n  l o o p  ( d e s i g -  
n a t e d  Model  B )  h a s  b e e n  d e s i g n e d  t o  
m a i n t a i n  600'F t e m p e r a t u r e  d i f f e r e n c e  
b e t w e e n  h o t  a n d  c o l d  l e g s .  The  d i -  
ameter o f  t h e  t u b i n g  b e t w e e n  t h e  h o t  
a n d  c o l d  l e g s  i s  r e d u c e d  t o  a c h i e v e  
v e l o c i t i e s  o f  t h e  o r d e r  o f  5 f t  p e r  
s e c o n d .  T h i s  l o o p ,  f a b r i c a t e d  f r o m  
1 - i n . - i p s  I n c o n e l  p i p e  w i t h  a f i n n e d -  
t u b e  c o o l i n g  s e c t i o n ,  w i l l  be h e a t e d  
by  e l e c t r i c  t u b e  f u r n a c e  e l e m e n t s .  
The l o o p  i s  e x p e c t e d  t o  o p e r a t e  w i t h  a 
maximum h o t - l e g  t e m p e r a t u r e  o f  1 5 0 0  
t o  1600 'F  and  a c o l d - l e g  t e m p e r a t u r e  
o f  900 t o  1000'F. 
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FOR PERIOD ENDING MARCH 10, 1952 

TABLE 4 

Analysis o f  Heater Sect ion (Model A-1) 

H e a t  i n p u t  ( B t u / h r )  

O v e r - a l l  h e a t  t r a n s f e r  

Flow r a t e  ( l b / s e c )  

V e l o c i t y  ( f t / s e c  1 
I n s i d e  h e a t  t r a n s f e r  

c o e f f i c i e n t  ( B t u / h r  f t 2  * OF) 

c o e f f i c i e n t  ( B t u / h r  * f t 2  O F )  

H e a t e r  o u t l e t  t e m p e r a t u r e  ( O F )  

H e a t e r  i n l e t  t e m p e r a t u r e  ( O F )  

Flow r a t e  from h y d r a u l i c  
ana  l y s i s  ( l b / s e c  

RUN NUMBER 

1 

36 , 460 

4 3 . 0  

0 . 0 9  
0 .35  

132  

1 , 4 5 0  

1 , 172 

0 . 0 3  

INSTRUMENTATION 

O p e r a t i o n  o f  a h i g h  - t e m p e r  a t  u r  e 
f o r c e d - c i r c u l a t i o n  s y s t e m  w i t h  e i t h e r  
l i q u i d  m e t a l s  o r  m o l t e n  f l u o r i d e s  
n e c e s s i t a t e s  m a i n t e n a n c e  o f  l e v e l  i n -  
d i c a t i o n  a n d  c o n t i ~ o l ,  a c c u r a t e  d e -  
t e r m i n a t i o n  o f f l o w  r a t e s ,  and r e l i a b l e  
p r e s s u r e  m e a s u r e m e n t s  a t  s e v e r a l  p o i n t s  
i n  t h e  s y s t e m .  S i n c e  t h e  u s e  o f  most  
c omme r c i a  11 y a v a  i 1 a b  l e  e q u i p m e n t  f o r  
p e r f o r m i n g  t h e s e  f u n c t i o n s  i s  l i m i t e d  
t o  t e m p e r a t u r e s  c o n s i d e r a b l y  l o w e r  
t h a n  t h e  minimum o p e r a t i n g  t e m p e r a -  
t u r e ,  an e x t e n s i v e  d e v e l o p m e n t a l  p r o -  
g ram h a s  b e e n  c a r r i e d  o u t  t o  e i t h e r  
p r o d u c e  new i n s t r u m e n t s  or remove t h e  
t e m p e r a t u r e  l i m i t a t i o n s  p l a c e d  on  
e x  i s  t i n g  i n s  t rume n t a t i  on .  Deve lopmen t 
h a s  now p r o g r e s s e d  t o  t h e  p o i n t  where  
l e v e l s  can  be c o n t r o l l e d  i n  b o t h  h i g h -  
t e m p e r a t u r e  f l u o r i d e  and sodium s ys tems 
w i t h  g r e a t  r e l i a b i l i t y  f o r  p e r i o d s  
e x t e n d i n g  more t h a n  2 0 0 0  h o u r s .  A l -  
t h o u g h  e q u i p m e n t  is  s t i l l  l a c k i n g  f o r  
t h e  c a l i b r a t i o n  o f  f l o w  m e a s u r i n g  
d e v i c e s ,  means a r e  now a v a i l a b l e  f o r  

2 

36 ,660  

3 4 . 0  

0 .08  

0 . 3 0  

82 
1 , 2 7 5  

950 

3 

33  , 600 

3 4 . 8  

0 . 0 7  

0 .29  

108  

1 , 3 4 3  

1 , 029 

4 

2 9 , 6 0 0  

3 7 . 5  

0 . 0 3  

0 .13  

12  9 

1 , 5 8 0  

977 

e x t e n d e d  p e r i o d s .  The d e g r e e  o f  a c -  
c u r a c y  e v e n t u a l l y  a t t a i n a b l e  w i l l  
d e p e n d  u p o n  t h e  p r o c u r e m e n t  o f  a c -  
c u r a t e  c a l i b r a t i o n  e q u i p m e n t .  P r e s -  
s u r e s  a r e  r e l i a b l y  m e a s u r e d  a t  many 
p o i n t s  i n  f l u o r i d e  and sodium f o r c e d -  
c i r c u l a t i o n  s y s t e m s  w i t h  b o t h  com-  
m e r c i a l  and l o c a l l y  d e v e l o p e d  i n s t r u -  
m e n t a t i o n .  

F1 ow Measurement . E l e c  t r  omagne t i c  
f l o w m e t e r s  h a v e  p r o v e d  t o  b e  v e r y  
r e l i a b l e  when u s e d  w i t h  s y s t e m s  c i r -  
c u l a t i n g  sodium o r  o t h e r  l i q u i d  m e t a l s  
h a v i n g  good e l e c t r i c a l  c o n d u c t n v i t y .  
Wi th  l i q u i d  m e t a l s  i t  i s  p o s s i h l e  t o  
measure  t o a s  h i g h  a d e g r e e  of  a c c u r a c y  
a s  i s  p e r m i t t e d  b y  t h e  c a l i b r a t i n g  
e q u i p m e n t .  I n  t h e  c a s e  o f  f l u o r i d e s ,  
w h i c h  h a v e  v e r y  low e l e c t r i c a l  c o n -  
d u c t i v i t y ,  t h e  p r o s p e c t s  o f  u s i n g  a n  
e l e c t r o m a g n e t i c  f l o w m e t e r  a r e  n i l .  A 
v e n t u r i  s e c t i o n  w i t h  a s s o c i a t e d  p r e s -  
s u r e  s e n s i n g  i n s t r u m e n t s  a p p e a r s  t o  be  
t h e  most  a t t r a c t i v e  d e v i c e  f o r  measur -  
i n g  f l o w  i n  a h i g h - t e m p e r a t u r e  f l u o -  
r i d e  s y s t e m  b e c a u s e  o f  t h e  low h e a d  

i 
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l o s s .  The  e x t r a p o l a t i o n  o f  w a t e r -  
c a l i b r a t e d  v e n t u r i e s  t o  f l u o r i d e s  h a s  
been  s u f f i c i e n t l y  a c c u r a t e .  

Pressure Measurement. No p r e s s u r e -  
s e n s i t i v e  i n s t r u m e n t  h a s  been  d e v e l o p e d  
a t  ORNL o r  found c o m m e r c i a l l y  a v a i l a -  
b l e  t h a t  w i l l  o p e r a t e  a t  t h e  t e m p e r a -  
t u r e s  e n c o u n t e r e d  i n  t h e  f o r c e d - c i r c u -  
l a t i o n  s y s t e m s .  The h i g h e s t  t e m p e r a -  
t u r e  r a t i n g  o f  a n y  known c o m m e r c i a l  
i n s t r u m e n t  i s  450'F. C o n s e q u e n t l y ,  
a l l  p r e s s u r e  m e a s u r i n g  d e v i c e s  h a v e  
used  t r a p p e d  g a s ,  which  r e s u l t s  i n  t h e  
p r e s s u r e  a t  t h e  g a s - l i q u i d  i n t e r f a c e  
b e i n g  measured  i n s t e a d  o f  t h a t  o f  t h e  
l i q u i d  s t r e a m .  However,  t h i s  e r r o r  i n  
p r e s s u r e  measurement  c a n  b e  min imized  
by c a l i b r a t i n g  e a c h  s e t  of i n s t r u m e n t s  
and a s s o c i a t e d  g a s  t r a p s  w i t h  a c c u r a t e  
w e i g h - t a n k  c a l i b r a t i o n  equ ipmen t .  

B o u r d o n  t u b e  p r e s s u r e  g a g e s  a r e  
s u f f i c i e n t l y  r e l i a b l e  f o r  r o u g h  p r e s -  
s u r e  measurements  b u t  a r e  n o t  d e s i r a b l e  
i f  a h i g h  d e g r e e  of  a c c u r a c y  i s  t o  be  
o b t a i n e d .  Bourd on t u b e  g a g e s ,  w h i c h  
i n d  i c a  t e  t h e  d i  f f e r e n  t i a  1 p r e s s u r e s  
d i r e c t l y ,  a r e  c o m m e r c i a l l y  a v a i l a b l e .  

The  n u l l  b a l a n c e  t y p e  o f  p r e s s u r e  
g a g e s  i n d i c a t e  d i f f e r e n t i a l  p r e s s u r e  
on a s i n g l e  g a g e  t o  t h e  n e a r e s t  h u n -  
d r e d t h  o f  a pound  p e r  s q u a r e  i n c h .  
A l t h o u g h  u s e  o f  t h i s  i n s t r u m e n t  i s  
l i m i t e d  by t e m p e r a t u r e ,  i t  was c o n n e c t e d  
t o  t h e  h o t  l i q u i d  s t r e a m  by g a s  l i n e s  
and was o p e r a t e d  s u c c e s s f u l l y  w i t h  t h e  
gage  a t  room t e m p e r a t u r e .  

Manometers  h a v e  a l s o  b e e n  u s e d  t o  
m e a s u r e  d i f f e r e n t i a l  p r e s s u r e .  A l -  
t h o u g h  t h e y  p r o v i d e  a r e a s o n a b l y  a c -  
c u r a  t e m e a s  u r  eme n t o f t he  d i f f e r e n  t i a  1 
p r e s s u r e ,  t h e s e  d e v i c e s  a r e  more d i f -  
f i c u l t  t o  s e a l  t h a n  t h e  o t h e r  s y s t e m s  
d e s c r i b e d  and a r e  t h e r e f o r e  n o t  recom- 
mended f o r  u s e  w i t h  a t r a p p e d  g a s  s y s -  
t e m .  

Temperature Measurement. Tempera-  
t u r e s  u p  t o  2 0 0 0 ° F  a r e  m e a s u r e d  b y  

means o f  Chromel-Alumel  t h e r m o c o u p l e s  
and  a r e  r e c o r d e d  on m u l t i p o i n t  Brown 
t e m p e r a t u r e  r e c o r d e r s .  I t  h a s  b e e n  
found t h a t  t h e  a c c u r a c y  o f  t e m p e r a t u r e  
measurement  d e p e n d s  t o  a g r e a t  e x t e n t  
on t h e  f a b r i c a t i o n  a n d  i n s t a l l a t i o n  
o f  t h e  t h e r m o c o u p l e s .  Two methods  o f  
t he rmocoup le  a t t a c h m e n t  a r e  b e i n g  u s e d :  
( 1 )  p u l s e - w e l d i n g  e a c h  t h e r m o c o u p l e  
w i r e  t o  t h e  o u t s i d e  s u r f a c e  o f  p i p e s  
o r  c o n t a i n e r s  and  ( 2 )  fo rming  a beaded  
j u n c t i o n  o f  t h e  two the rmocoup le  wi res .  
I n  e a c h  c a s e  t h e  the rmocoup le  i s  g i v e n  
a d d i t i o n a l  r i g i d i t y  by  t y i n g  i t  down 
w i t h  n i c h r o m e  w i r e .  W i t h  e i t h e r  o f  
t h e s e  me thods  a t e m p e r a t u r e  e r r o r  is  
i n t r o d u c e d  i f  t h e  t h e r m o c o u p l e  i s  n o t  
i n s u l a t e d  f r o m  a m b i e n t  a i r  o r  o t h e r  
a d j a c e n t  m a t e r i a l .  B o r a x  h a s  b e e n  
found t o  form a n  a i r t i g h t  c o a t i n g  t h a t  
p r e v e n t s  f u r t h e r  o x i d a t i o n .  

T e s t s  c o n d u c t e d  w i t h  t h e r m o c o u p l e s  
p l a c e d  i n  d e e p  w e l l s  c e n t e r e d  i n  t h e  
f l o w i n g  s t r e a m  a n d  o t h e r  c o u p l e s  
d i r e c t l y  o p p o s i t e  o n  t h e  e x t e r n a l  
s u r f a c e  o f  t h e  p i p e  h a v e  r e v e a l e d  
t h a t  t h e r e  i s  n o  m o r e  t h a n  a 1 5 ° F  
t e m p e r a t u r e  d r o p  be tween  t h e  i n t e r n a l  
t h e r m o c o u p l e  a n d  t h a t  p l a c e d  on t h e  
o u t s i d e .  The rmocoup les  made by b e a d i n g  
t h e  w i r e s  a r e  a c c u r a t e  w i t h i n  + l ° F .  

The  Brown t e m p e r a t u r e  r e c o r d e r s ,  
w i t h  c a r e f u l  a d j u s t m e n t ,  w i l l  r e c o r d  
t e m p e r a t u r e s  a c c u r a t e l y  w i t h i n  +1"F  
o v e r  t h e  f u l l  r a n g e  f rom 0 t o  2000°F.  
T h e y  d o  h o w e v e r  s h o w  a t e n d e n c y  t o  
d r i f t  a f t e r  e x t e n d e d  p e r i o d s  o f  o p e r a -  
t i o n ,  and c a u s e  e r r o r s  of t h e  o r d e r  o f  
5°F. T h i s  n e c e s s i t a t e s  f r e q u e n t  c a l i -  
b r a t i o n  o f  t h e  i n s t r u m e n t s ;  t h e r e f o r e  
a p rogram f o r  r o u t i n e  i n s p e c t i o n  h a s  
b e e n  s e t  u p ,  w h i c h  s h o u l d  r e v e a l  a n y  
i n s t r u m e n t a t i o n  e r r o r s  s o o n  a f t e r  
t h e i r  o c c u r r e n c e .  

Level Controls and Level Ind ica tors  
(A. L .  S o u t h e r n ,  .4NP D i v i s i o n ) .  Four 
l e v e l  i n d i c a t i n g  d e v i c e s  h a v e  p r o v e d  
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T h e  f o u r t h  l e v e l  i n d i c a t o r  d e -  
v e l o p e d  c o n s i s t s  o f  a s m a l l  t u b e  e x -  
t e n d i n g  t o  t h e  b o t t o m  o f  t h e  t a n k  i n  
w h i c h  t h e  l e v e l  i s  t o  b e  c o n t r o l l e d .  
Gas f l o w i n g  t h r o u g h  t h i s  t u b e  b u b b l e s  
t h r o u g h  t h e  l i q u i d .  The p r e s s u r e  r e -  
q u i r e d  t o  m a i n t a i n  a c o n s t a n t  f l o w  o f  
g a s  t h r o u g h  t h e  l i q u i d  i s  d i r e c t l y  
r e l a t e d  t o  t h e  h e i g h t  o f  t h e  l i q u i d  
l e v e l  above  t h e  end o f  t h e  t u b e  and i s  
m e a s u r e d  b y  a m a n o m e t e r  c o n n e c t e d  
be tween t h e  g a s  t u b e  and t h e  g a s  s p a c e  

f r e e  s u r f a c e  o f  t h e  l i q u i d .  
S u c h  a n  i n s t r u m e n t  c a n  b e  u s e d  f o r  
i n d i c a t i n g  a n d  c o n t r o l l i n g  l i q u i d  
l e v e l s .  

s a t i s f a c t o r y  f o r  u s e  i n  h i g h - t e m p e r a -  
t u r e  l i q u i d s .  The c o n v e n t i o n a l  p robe -  
t y p e  o f  l e v e l  c o n t r o l  o p e r a t e s  a r e l a y  
or s o l e n o i d  when t h e  l e v e l  o f  t h e  c o n -  
d u c t i n g  f l u i d  r i s e s  t o  s h o r t  o u t  t h e  
p robe .  Such  a l e v e l  c o n t r o l  h a s  proved  
m o s t  s a t i s f a c t o r y  b o t h  w i t h  l i q u i d  
m e t a l s  and m o l t e n  f l u o r i d e s ,  a l t h o u g h  
i n  t h e  c a s e  o f  l i q u i d  m e t a l s  some  
d i f f i c u l t y  was  e n c o u n t e r e d  b e c a u s e  
c o n d e n s a t i o n  on t h e  s p a r k  p l u g  i n -  
s u l a t i o n  s h o r t e d  o u t  t h e  p l u g .  

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

The v a r i a b l e  i n d u c t a n c e  l e v e l  i n -  
d i c a t o r  c o n s i s t s  of  a s m a l l  c o i l  wound 
on t h e  o u t s i d e  o f  t h e  t a n k  i n  w h i c h  
t h e  l e v e l  i s  c o n t r o l l e d  and a t a p e r e d  
i r o n  c o r e  m o u n t e d  on a f l o a t  i n s i d e  
t h e  t a n k .  The c h a n g e  i n  l e v e l  r a i s e s  
a n d  l o w e r s  t h e  t a p e r e d  c o r e  i n s i d e  
t h e  c o i l  a n d  a l t e r s  t h e  i n d u c t a n c e .  
T e s t s  made w i t h  t h e  i r o n  c o r e  a t  room 
t e m p e r a t u r e  d e m o n s t r a t e  t h a t  i t  g i v e s  
a l i n e a r  r e s p o n s e  t h a t  can  be d i r e c t l y  
c o r r e l a t e d  t o  a l e v e l  i n s i d e  t h e  
s y s t e m .  
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H E A T I N G  A N D  C O O L I N G  OF H I G H -  
T E M P E R A T U R E  SYSTEMS 

H e a t i n g  a n d  c o o l i n g  o f  l i q u i d  
m e t a l s ,  h y d r o x i d e s ,  a n d  m i x e d  f l u o -  
r i d e s  a r e  b e i n g  i n v e s t i g a t e d  from room 
t e m p e r a t u r e  t o  1 8 0 0 ° F .  L a b o r a t o r y  
methods  o f  h e a t i n g ,  some o f  w h i c h  a r e  
a p p l i c a b l e  t o  r e a c t  o r  p r e h e a t i n g ,  
h a v e  i n c l u d e d  a v a r i e t y  o f  e l e c t r i c a l  
means,  and g a s  h e a t i n g  ovens  a r e  b e i n g  
i n s t a l l e d .  C o o l i n g  h a s  b e e n  a c c o m -  
p l i s h e d  by l i q u i d - t o - l i q u i d  and l i q u i d -  
t o - a i r  h e a t  e x c h a n g e .  K n o w l e d g e  o f  
h e a t  t r a n s f e r  p r o p e r t i e s ,  f i l m  c o e f -  
f i c i e n t s ,  and t h e  e f f e c t s  of t u r b u l e n c e  
i s  i n c r e a s i n g  . 

I n i t i a l  a t t e m p t s  a t  p r e h e a t i n g  
s y s t e m s  t o  be  u s e d  i n  h a n d l i n g  f u s e d  
f l u o r i d e  m i x t u r e s  m e l t i n g  b e t w e e n  800 
and  1 0 0 0 ° F  r e s u l t e d  i n  an e p i d e m i c  o f  
h e a t e r  f a i l u r e s .  H e a t i n g  methods  used  
w i t h  sodium were s t u d i e d  and improved  
t o  avo id  o v e r h e a t i n g  o f  h e a t e r  e l e m e n t s ,  
a n d  t h e  i n s u l a t i o n ,  w h i c h  h a d  b e e n  
c h o s e n  f o r  i n e r t n e s s  i n  c o n t a c t .  w i t h  
s o d i u m ,  was i m p r o v e d  t o  r e d u c e  h e a t  
l o s s e s .  The  h e a t i n g  t e c h n i q u e s  d e -  
s c r i b e d  b e l o w ,  w h i c h  were d e v e l o p e d  
f o r  u s e  w i t h  f l u o r i d e s ,  a r e  e q u a l l y  
a p p l i c a b l e  t o  h y d r o x i d e s  a n d  l i q u i d  
m e  t a 1  s . 

E x t e r n a l  H e a t i n g  Systems. S e v e r a l  
v a r i e t i e s  o f  e x t e r n a l  h e a t e r  u n i t s  
have  b e e n  t e s t e d  i n  f l u o r i d e  s y s t e m s .  
The d i f f e r e n t  h e a t  u n i t s  i n c l u d e d  a n  
i n t e g r a  1 h e a t e r  - i n s u l a t i o n  a s  s e m b l y  
t h a t  c a n  b e  p r e f a b r i c a t e d  i n  t h e  d e -  
s i r e d  s h a p e ,  a f l e x i b l e  h e a t e r  c a b l e  
t h a t  c a n  b e  wrapped  a r o u n d  t h e  o b j e c t  
t o  be h e a t e d ,  and c a l r o d  h e a t e r s  t h a t  
a r e  s p e c i a l l y  c o n s t r u c t e d  t o  h a v e  
g r e a t e r  c o n t a c t  w i t h  t h e  s u r f a c e  t o  
which  t h e y  a r e  a t t a c h e d .  The l i m i t i n g  
t e m p e r a t u r e  o f  t h e s e  h e a t e r s  i s  d e -  
t e r m i n e d  b y  t h e  h e a t e r  e l e m e n t s  a n d  
v a r i e s  f rom 1 2 5 0  t o  1 8 0 0 ° F ,  d e p e n d i n g  
upon t h e  d e s i r e d  l i f e t i m e .  
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T h e  i n t e g r a l  h e a t e r - i n s u l a t i o n  
a s s e m b l y ,  w h i c h  c a n  be  p r e f a b r i c a t e d  
i n  a v a r i e t y  o f  s i z e s ,  c o n s i s f s  o f  a 
c o n v e n t i o n a l  c l a m s h e l l  t u b e  f u r n a c e  
e l e m e n t  i n s e r t e d  i n t o  and  a t t a c h e d  t o  
p r e f o r m e d  i n s u l a t i o n  by  m e a n s  o f  
c l a m p s .  T h i s  a s sembly  h a s  r e s u l t e d  i n  
a s u b s t a n t i a l  s a v i n g  o f  i n s t a l l a t i o n  
time a s  w e l l  a s  i n  r e d u c e d  h e a t  l o s s  
t o  t h e  a m b i e n t  a i r .  The h e a t e r s  h a v e  
o p e r a t e d  m o r e  t h a n  5 0 0  h r  w i t h  
f i l a m e n t  t e m p e r a t u r e s  a t 1 8 0 0 " F  w i t h o u t  
becoming d e t a c h e d  f r o m  t h e  i n s u l a t i o n .  
H e a t e r s  o f  t h i s  t y p e  a r e  p r e f e r r e d  
when a s s e m b l y  t ime is a t  a premium. 

A f l e x i b l e  h e a t e r  c a b l e  t h a t  c a n  
be t i g h t l y  wound on s u r f a c e s  o f  com- 
p l e x  g e o m e t r y  h a s  been  used  t o  o b t a i n  
c o n t a c t  h e a t i n g  a n d  r e d u c t i o n  o f  
h e a t - u p  t ime.  The h e a t e r ,  c o n s i s t i n g  
o f  n i c h r o m e  wire c o v e r e d  w i t h  a d o u b l e  
l a y e r  of  f i b e r g l a s s  t u b u l a r  i n s u l a t i o n ,  
h a s  been  u s e d  s u c c e s s f u l l y  w i t h  f i l a -  
ment  t e m p e r a t u r e  o f  1250°F.  Nichrome 
w i r e  c o m m e r c i a l l y  c o v e r e d  w i t h  t h i s  
i n s u l a t i o n  h a s  b e e n  p r o c u r e d  a n d  i s  
b e i n g  t e s t e d .  T h i s  t h i n  i n s u l a t i o n  is 
s u p e r i o r  t o  o t h e r  t y p e s  of  i n s u l a t i o n ,  
s u c h  a s  ceramic  b e a d s ,  s i n c e  t h e  w i r e  
can  be more c l o s e l y  wound on t h e  s u r f a c e  
t o  be h e a t e d  and t h e  t e m p e r a t u r e  d r o p  
f rom h e a t e r  wire t o  h e a t e d  s u r f a c e  i s  
c o n s i d e r a b l y  l o w e r .  

D i e s  h a v e  b e e n  c o n s t r u c t e d  f o r  
f l a t t e n i n g  t h e  t u b u l a r  c a l r o d  h e a t e r s  
t o  g i v e  g r e a t e r  c o n t a c t  w i t h  t h e  p i p e  
t o  wh ich  t h e y  a r e  a t t a c h e d .  A s  mod i -  
f i e d ,  one s i d e  of  t h e  h e a t e r  i s  s h a p e d  
t o  c o n f o r m  t o  t h e  c u r v a t u r e  o f  t h e  
p i p e  f o r  n e a r l y  t h e  f u l l  l e n g t h  o f  
t h e  h e a t e r .  Care must be e x e r c i s e d  i n  
s u c h  s h a p i n g  s i n c e  i t  d e c r e a s e s  t h e  
volume o f  t h e  h e a t e r  t h a t  c o n t a i n s  t h e  
magnesium o x i d e  i n s u l a t i o n  and r e s u l t s  
i n  h e a t e r  f i l a m e n t  r e l o c a t i o n  a n d  
d i s t o r t i o n  a n d  s u b s e q u e n t  h o t  s p o t s  
i n  o p e r a t i o n .  

I n d u c t i o n  Heat ing  (A. L. S o u t h e r n ,  
ANP D i v i s i o n ) .  H i g h - f r e q u e n c y  h e a t i n g  
i s  a d v a n t a g e o u s  a n d  a v a i l a b l e  a s  a 
means f o r  r a p i d  h e a t i n g  of s m a l l  com- 
p o n e n t s .  Mega the rms  p r o d u c i n g  2 0  kw 
o f  power a t  220  kc  h a v e  been  m o d i f i e d  
w i t h  w a t e r - c o o l e d  c o i l s  t o  o b t a i n  
t e m p e r a t u r e s  o v e r  1500°C.  T h i s  method 
o f  h e a t i n g  i s  u n i f o r m  when t h e  ma- 
t e r i a l  t o  w h i c h  h e a t  i s  a p p l i e d  is of  
s y m m e t r i c a l  g e o m e t r y .  On c o m p l e x  
s u r f a c e s ,  however ,  t h a t  s e c t i o n  c l o s e s t  
t o  t h e  c o i l  is  h e a t e d  a s  much a s  200°C 
h i g h e r  t h a n  t h e  r e s t  of t h e  m a t e r i a l .  
T h e  p o w e r  p r o d u c i n g  e q u i p m e n t  i s  
r e a d i l y  a d a p t a b l e  t o h e a t i n g  components  
c o n t a i n a b l e  i n  a s p a c e  u p  t o  2 4  i n .  
i n  d i a m e t e r  and l e n g t h .  

R e s i s t a n c e  H e a t i n g  (R. G .  A f f e l ,  
ANP D i v i s i o n ) .  The  g e n e r a l l y  a p p l i -  
c a b l e  m e t h o d  f o r  r a p i d  h e a t i n g  o f  
equ ipmen t  a p p e a r s  t o  be d i r e c t  r e s i s t -  
a n c e  h e a t i n g .  T h i s  t y p e  of  h e a t i n g  i s  
s u p e r i o r  t o  o t h e r  t y p e s ,  i n  c a s e s  
w h e r e  a p p l i c a b l e ,  s i n c e  t h e  h e a t  is  
g e n e r a t e d  i n t e r n a l l y  a t  t h e  p o i n t  
where  i t  i s  d e s i r e d  and  h e a t  c o n d u c -  
t i o n  by  means o f  a i r  o r  o t h e r  g a s  i s  
e l i m i n a t e d .  D i r e c t  r e s i s t a n c e  h e a t i n g  
h a s  been  used  s u c c e s s f u l l y  f o r  h e a t i n g  
s e c t i o n s  o f  p i p e  where  f r e e z i n g  would 
be c r i t i c a l  and f o r  p r e h e a t i n g  t h e r m a l -  
c o n v e c t i o n  l o o p s  i n  p r e p a r a t i o n  f o r  
t h e  f i l l i n g  o p e r a t i o n .  S e c t i o n s  of  
1 - i n . - i p s  p i p e  6 f t  l o n g  h a v e  b e e n  
h e a t e d  t o  1 5 0 0 ° F  and c o n v e c t i o n  l o o p s  
t o  2000°F, f o r  t h e  p u r p o s e  o f  c l e a n i n g  
w i t h  h y d r o g e n - f i r i n g .  H e a t i n g  r a t e s  
o f  t h e  o r d e r  o f  10O0F/min may be  o b -  
t a i n e d .  The  u n i f o r m  h e a t i n g  o b t a i n e d  
and  t h e  e l i m i n a t i o n  of h e a t e r  f a i l u r e s  
make t h i s  method o f  h e a t  a p p l i c a t i o n  
a t t r a c t i v e .  

I n s u l a t i o n  T e s t i n g  ( R .  G .  A f f e l ,  
ANP D i v i s i o n ) .  The m o s t  s a t i s f a c t o r y  
i n s u l a t i o n  f o r  u s e  w i t h  s o d i u m  a n d  
s o d i u m - p o t a s s  ium a l l o y  h a s  p r o v e d  t o  
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b e  t h e  l e a d - m i l l  s l a g - w o o l  t y p e  b e -  
c a u s e  o f  i t s  r e l a t i v e  i n e r t n e s s  when 
i n  c o n t a c t  w i t h  t h e s e  l i q u i d s  a t  h i g h  
t e m p e r a t u r e s .  For f l u o r i d e s ,  however ,  
t h e  c h e m i c a l s  t h e m s e l v e s  a r e  r e l a -  
t i v e l y  i n e r t  a n d  t h e  i n s u l a t i o n  i s  
o n l y  r e q u i r e d  t o  be n o n o x i d i z i n g  a n d  
n o n e x p l o s i v e  when s u d d e n l y  p l a c e d  i n  
i n t i m a t e  con  t a c t  w i t h  t h e  h i g h -  t e m p e r a -  
t u r e  l i q u i d .  However ,  w i t h  f l u o r i d e s  
i t  was found  n e c e s s a r y  t o  r e d u c e  h e a t  
l o s s e s  t h r o u g h  i n s u l a t i o n  t o  a l l e v i a t e  
o v e r h e a t i n g  o f  h e a t e r  e l e m e n t s ,  a n d  
J o h n s  - Man v i 1 1 e "S upe  r e x  " i n s  u 1 a t i on  , 
r a t e d  f o r  1 9 0 0 ° F  s e r v i c e ,  w a s  u s e d  
s i n c e  i t  i s  a v a i l a b l e  i n  p r e f o r m e d  
s h a p e s  t o  c o v e r  s t a n d a r d  p i p e  s i z e s .  
T h i s  new i n s u l a t i o n  h a s  r e d u c e d  t h e  
i n s u l a  t i  o n  s u r  f a c e  t e m  pe r a t  u r  e o n  
1500°F t h e r m a l - c o n v e c t i o n  and f o r c e d -  
c i r c u l a t i o n  l o o p s  f rom 400°F  f o r  t h e  
l e a d - m i l l  s l a g  t o  an  a v e r a g e  o f  200°F 
f o r  t h e  J o h n s  - M a n v i l l e  " S u p e r e x "  i n -  
s u l a t i o n .  

ARE Core Preheating (D. F. Sa lmon ,  
ANP D i v i s i o n ) .  The  e f f e c t i v e n e s s  o f  
v a r i o u s  methods  of  p r e h e a t i n g  t h e  ARE 
c o r e  i s  b e i n g  e x a m i n e d  a n a l y t i c a l l y  
and by t e s t .  The most  p r o m i s i n g  p r e -  
h e a t i n g  methods  a r e  b e l i e v e d  t o  b e :  

1. E l e c t r i c  r e s i s t a n c e  e l e m e n t s  a p -  
p l i e d  d i r e c t l y  t o  t h e  o u t s i d e  o f  
t h e  p r e s s u r e  s h e l l ,  

2 .  C i r c u l a t i o n  o f  a h i g h - t e m p e r a t u r e  
g a s  o r  l i q u i d  t h r o u g h  t h e  c o o l a n t  
t u b e s  o r  c o r e  i n t e r s t i c e s ,  

3 .  C y c l i c  c h a r g i n g  and dumping of t h e  
a c t u a l  r e a c t o r  c o o l a n t ,  h e a t i n g  
t h e  f l u i d  b e t w e e n  c y c l e s ,  a n d  
u t i l i z i n g  a p o r t i o n  of  t h e  t e m p e r a -  
t u r e  e x c e s s  a b o v e  i t s  f r e e z i n g  
p o i n t .  

The t e s t  v e h i c l e  would be a f u l l - s i z e  
60 -deg  7~ segmen t  o f  t h e  r e a c t o r .  The 
m e t h o d s  o f  p r e h e a t i n g  may b e  t r i e d  

FOR PERIOD ENDING MARCH 10, 1952 

s i n g l y  or  i n  c o m b i n a t i o n  and c o r e  t e m -  
p e r a t u r e  v s .  t i m e  f o r  v a r y i n g  q u a n t i -  
t i e s  o f  h e a t  i n p u t  r e c o r d e d ,  i n  o r d e r  
t o  d e t e r m i n e  a c t u a l  r e q u i r e m e n t s  a n d  
t o  g a i n  o p e r a t i n g  e x p e r i e n c e .  

I n  t h e  c o u r s e  o f  t h e  i n v e s t i g a t i o n  
a g r a p h i c a l  s o l u t i o n  o f  t h e  t r a n s i e n t  
h e a t i n g  o f  a ho l low c y l i n d e r  of  b e r y l -  
l i u m  o x i d e  w i t h  a c o n s t a n t  f l o w  o f  
h e l i u m  a t  1 5 0 0 ° F  i n s i d e  t h e  c y l i n d e r  
was made. A t h e r m a l  d i f f u s i v i t y  c o n -  
s t a n t  o f  0 . 1 8 6  f t 2 / h r  f o r  b e r y l l i u m  
o x i d e  was a s s u m e d ,  a n d  a n  e f f e c t i v e  
i n t e r n a l  h e a t  t r a n s f e r  c o e f f i c i e n t  o f  
2 5  B t u / h r . f t 2 * " F  was u s e d .  The s o l u -  
t i o n  i n d i c a t e d  t h a t  t h e  t ime r e q u i r e d  
t o  r e a c h  a n  o u t e r  b e r y l l i u m  o x i d e  
s u r f a c e  t e m p e r a t u r e  o f  1200°F w i t h  t h e  
a b o v e  c o n d i t i o n s  i s  a p p r o x i m a t e l y  40  
m i n u t e s .  T h e  low h e a t  c a p a c i t y  o f  
h e l i u m  g a s  would o b v i o u s l y  be  the: c o n -  
t r o l l i n g  f a c t o r  f o r  p r e h e a t i n g  t i m e  
a n d  wou ld  g r e a t l y  i n c r e a s e  t h e  t i m e  
r e q u i r e d .  

TECHNOLOGY OF HIGH-TEMPERATURE LlrQUIDS 

The s u c c e s s f u l  o p e r a t i o n  o f  e q u i p -  
ment c o n t a i n i n g  l i q u i d  m e t a l s ,  f l u o -  
r i d e s ,  and h y d r o x i d e s  a t  h i g h  t e m p e r a -  
t u r e s  i s  l a r g e l y  d e p e n d e n t  upon p u r i t y  
o f  t h e  f l u i d  s a m p l e  and  c l e a n l i n e s s  o f  
t h e  u l t i m a t e  c o n t a i n e r .  A t t a i n m e n t  o f  
t h e  d e s i r e d  p u r i t y  of  t h e  f l u i d  w i l l  
r e q u i r e  c l o s e  m o n i t o r i n g  o f  e a c h  f l u i d  
b a t c h  f r o m  t h e  t i m e  i t  i s  p r e p a r e d  
u n t i l  i t  i s  s e a l e d  i n  i t s  c o n t a i n e r  
and  t h e  d e v e l o p m e n t  o f  s p e c i a l  e q u i p -  
ment f o r  t h e  p r e p a r a t i o n ,  s t o r a g e  , a n d  
t r a n s f e r  o f  t h e  v a r i o u s  f u e l  m i x t u r e s .  
S i m i l a r  p r e c a u t i o n s  mus t  be t a k e n  t o  
a s c e r t a i n  t h e  c l e a n l i n e s s  o f  f l u i d  
c o n t a i n e r s ,  and  d e g r e a s  i n g ,  p i c k . l i n g ,  
h y d r o g e n - f i r i n g ,  a n d  e l e c t r o l y t i c  
c l e a n i n g  may be i n v o l v e d .  

Fluoride Preparation and Handling 
(R. C. MacPherson,  H .  P. K a c k e n m e s t e r ,  
L .A .Mann ,  J .  C. Whi te ,  E .  Wischhusen,  
ANP D i v i s i o n ) .  P i l o t - p l a n t - s c a l e  
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p r e p a r a t i o n  and  h a n d l i n g  of  s e v e r a l  s i m p - y  f o r c i n g  t h e  f l u i d  t h r o u g h  a 
e u t e c t i c  f l u o r i d e  m i x t u r e s ,  T a b l e  5 ,  f r a n g i b l e  d i a p h r a g m  l o c a t e d  b e t w e e n  
have  been  a c c o m p l i s h e d  by u s i n g  t e c h -  t h e  t w o  c h a m b e r s .  The  p r e t r e a t m e n t  
n i q u e s  s p e c i f i e d  b y  t h e  M a t e r i a l s  c o n s i s t s  o f  h e a t i n g  t h e  f l u o r i d e s  t o  
Chemis t ry  D i v i s i o n .  Fo r  most  o f  t h e s e  1800'F f o r  s e v e r a l  h o u r s  i n  t h e  p r e s e n c e  
b a t c h e s ,  t h e  m i x e d  c o m p o n e n t s  were  o f  s t a i n l e s s  s t e e l  and  I n c o n e l  c h i p s  
l i q u i f i e d  i n  a n  i n e r t  a t m o s p h e r e  i n  b e f o r e  f i l t e r i n g .  
t h e  p r e s e n c e  o f  s t a i n l e s s  s t e e l  and  
I n c o n e l  c h i p s  a t  1800°F t o  remove some S t o r a g e  a n d  h a n d l i n g  r e q u i r e  t h a t  
o f  t h e  o b j e c t i o n a b l e  c o n t a m i n a n t s .  t h e  f l u o r i d e s  a r e  n o t  r e c o n t a m i n a t e d  
They were s u b s e q u e n t l y  s t o r e d  s o l i d  and  t h a t  t h e y  a r e  c o n t a i n e d  i n  s i m p l e  
o r  t r a n s f e r r e d  f o r  u s e  i n  t h e  m o l t e n  e q u i p m e n t  i n  s u i t a b l e  p h y s i c a l  c o n d i -  
s t a t e  u n d e r  h e l i u m  o r  a r g o n  g a s  p r e s -  t i o n  f o r  h a n d y  u s e .  T h e s e  r e q u i r e -  
s u r e .  men t s  a r e  somewhat  c o n t r a d i c t o r y ,  and  

TABLE 5 

Composition of Various Fluoride Fuels and Coolants 

Mixtu re  Number 

Compos i t ion  (wt 

UF'4 
NaF 

KF 

LiF 
BeF2 

Composi t ion  (mole X >  
UF4 
NaF 

KF 

L iF  

BeF2 

*Made by adding UF, t o  F l inak  

F L I N A K  

1 2  

1 1 . 7  

5 9 . 1  

29 .2  

11.5 
42 .0  

4 6 . 5  

The e q u i p m e n t  f o r  f l u o r i d e  m e l t i n g  
and  t r e a t m e n t  h a s  been  r e d e s i g n e d  a n d  
s i m p l i f i e d  i n  c o n s t r u c t i o n  and o p e r a -  
t i o n .  T h e  m i x i n g  c h a m b e r ,  s t o r a g e  
c h a m b e r ,  f i l t e r ,  a n d  t r a n s f e r  l i n e s  
c a n  be e n c l o s e d  w i t h i n  a s i n g l e  f u r n a c e  
t o  a s s u r e  more  a d e q u a t e  h e a t i n g ,  and  
f i l t r a t i o n  c a n  be a c c o m p l i s h e d  by  
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F U L I N A K *  

1 4  

7 . 8  
1 0 . 8  

5 4 . 5  

2 6 . 9  

1.1 
1 0 . 9  

43.5 

4 4 . 5  

FUNAK 

2 

71 .4  
1 6 . 1  

1 2 . 5  

27 .5  

46 .5  

26 .0  

F U B E N A  
- 

1 7  

1 2 . 6  

39 .5  

4 7 . 9  

2 . 0  

4 7 . 0  

51 .0  

f o r  t h e  p r e s e n t  a l l  f l u o r i d e s  a r e  
s t o r e d  i n  t h e  s o l i d  s t a t e  u n d e r  p u r i -  
f i e d  i n e r t  g a s  when r e c e i v e d  f rom t h e  
m e l t i n g  a n d  p r e t r e a t m e n t  e q u i p m e n t .  
H a n d l i n g  is accompl i shed  by c o n n e c t i n g  
t h e  s t o r a g e  c o n t a i n e r s  t o  t e s t  e q u i p -  
men t  a n d  m a k i n g  a p r e s s u r e  t r a n s f e r  
a f t e r  r e m e l t i n g  t h e  f l u o r i d e s .  



S i n c e  f l u o r i d e  f u e l  i n  0 t h  r t h a n  
s o l i d  a n d  l i q u i d  f o r m  may b e  n e e d e d  
u 1 t ima t e 1 y , p r  e 1 imitn a r y e x  pe r imen t s , 
w h i c h  were  q u i t e  s u c c e s s f u l ,  h a v e  
b e e n  c a r r i e d  o u t  on  p e l l e t i n g  t h e  
e u t e c t i c  s a l t s .  

Sampl ing  and Analyzi ing T e c h n i q u e s  
( J .  P .  B l a k e l y ,  M a t e r i a l s  C h e m i s t r y  
D i v i s i o n ) .  A m o l t e n  f u e l  s a m p l e r  h a s  
b e e n  d e s i g n e d ,  c o n s t r u c t e d ,  a n d  u s e d  
s u c c e s s f u l l y  t o  o b t a i n  a s a m p l e  o f  
m o l t e n  f u e l  d u r i n g  t h e  f i l l i n g  o f  a 
c o n v e c t i o n  l o o p .  T h e  s a m p l e r  c o n -  
s i s t s  o f  a h e a v y - w a l l . e d ,  1 0 0 - c c ,  
g r a p h i t e  c r u c i b l e  h e l d  b e t w e e n  t w o  
m e t a l  p l a t e s  w i t h  n e c e s s a r y  t r a n s f e r  
a n d  g a s  l i n e s  a t t a c h e d .  The  s a m p l e r  
c a n  be  u s e d  e i t h e r  i n d e p e n d e n t l y  o f  
o r  i n  c o n j u n c t i o n  w i t h  t h e  a c t u a l  
f i l l i n g  o f  a l o o p .  

A n o t h e r  s a m p l e r  h a s  b e e n  d e s i g n e d  
t h a t  w i l l  m a k e  p ~ s s i b l e  r e p e a t e d  
s a m p l i n g  o f  a s y s t e m  t h a t  i s  i n  o p e r a -  
t i o n .  When i n  u s e ,  m o l t e n  f u e l  w i l l  
c o n t i n u o u s l y  d r i p  t h r o u g h  t h e  s a m p l e r  
and  t h e  s a m p l e  c o n t a i n e r  c a n  b e  moved 
a s  d e s i r e d  t o  i n t e r c e p t  t h e  d r o p s .  

A n a l y s i s  o f  t h e  i n d i v i d u a l  f l u o -  
r i d e s  a n d  e u t e c t i c  m i x t u r e s  o f  NaF-  
KF-LiF-UF, ( t a k e n  i n  t h i s  manner)  have  
shown t r a c e s  o f  o x y g e n ,  h y d r o c h l o r i c  
a c i d ,  s u l p h u r  d i o x i d e ,  s i l i c o n ,  s i l i c o n  
t e t r a f l u o r i d e ,  s o d i u m ,  p o t a s s i u m ,  
b o r o n  t r i f l u o r i d e ,  and  l e a d  c h l o r i d e .  
L i t h i u m  and u r a n i u m  h a v e  n o t  been  ob-  
s e r v e d .  ( 7 )  

i v i t y  o f  H e l i u m  T h r o  
S t a i n l e s s  S t e e l  ( E .  W i s c h h u s e n ,  ANP 
D i v i s i o n ) .  H e l i u m  i s  g e n e r a l l y  p r e -  
f e r r e d  f o r  a n  i n e r t  g a s  b l a n k e t  b e -  
c a u s e  o f  i t s  low d e n s i t y  and r e l a t i v e  
m o b i l i t y .  R e c e n t  t e s t s  h a v e  demon-  
s t r a t e d  t h a t  h e l i u m ,  u n d e r  5 4 - p s i  
c o n s t a n t  p r e s s u r e ,  may b e  c o n t a i n e d  

(7)Letter f r o m  C. R. B a l d o c k  t o  R. C. B r i a n t ,  
Y-B16-3 ,  Jan. 1 5 ,  1952. 
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i n  s t a i n l e s s  s t e e l  a n d / o r  I n c o n e l  
s e a m l e s s  t u b i n g  o f  0 . 0 3 0 - i n .  w a l l  
t h i c k n e s s  a t  1500°F+ f o r  1 5 0  h r  w i t h -  
o u t  d e t e c t a b l e  d i f f u s i o n  t h r o u g h  t h e  
w a l l s .  A W e s t i n g h o u s e  mass  s p e c t r o -  
g r a p h  t y p e  o f  h e l i u m  l e a k  d e t e c t o r ,  
s e n s i t i v e  t o  1 p a r t  i n  3 . 5  m i l l i o n ,  
was employed i n  t h i s  t e s t  . ( ) 

C l e a n i n g  and I n s p e c t i o n  Techniques  
( L .  A .  Mann and  D .  R .  Ward, ANP D i v i -  
s i o n ) .  M e t a l  c o m p o n e n t s  h a v e  b e e n  
r e c e i v e d  i n  v a r i o u s  c o n d i t i o n s  o f  
c l e a n  1 i n e s s  and  s o u n d n e s s  ; t h e r e  f o r  e 
i n  s p e  c t i on and c 1 e a n i  ng s pe c i f i c a t i  ons 
f o r  c o m p o n e n t s  a n d  a s s e m b l i e s  h a v e  
been  e s t a b l i s h e d  t o  e l i m i n a t e  s t r u c -  
t u r a l  d e f e c t s  s u c h  a s  c r e v i c e s  a n d  
p i t s  a n d  t o  remove  o x i d e s  and  o t h e r  
c o n t a m i n a n t s  from m e t a l  s u r f a c e s .  The 
c l e a n i n g  t e c h n i q u e s  i n c l u d e  d e g r e a s  - 
i n  g , h y d r o g e n  - f i r i n g  , a n d  
p o s  s i b 1 y e 1 e c t r o 1 y t i c c l e  a n  i n  g; . I n  
a d d i t i o n  t o  t h e s e  t e c h n i q u e s  , t h e  u s e  
o f  a d d i t i o n a l  f l u s h i n g  s o l u t i o n s  i s  
r e q u i r e d  when c l e a n i n g  p r e v i o u s l y  u s e d  
e q u i p m e n t .  The c l e a n l i n e s s  of i n t e r n a l  
s u r f a c e s  may b e  d e t e r m i n e d  w i t h  a 
b o r o s c o p e .  

p i  c k l  i n  g , 

T h e  p r o c e s s  u s e d  f o r  d e g r e a s i n g  
m e t a l  p a r t s  d e p e n d s  upon t h e  t y p e  of  
g r e a s e  e n c o u n t e r e d ,  t h e  c o m p l e t e n e s s  of 
d e g r e a s i n g  r e q u i r e d  , and t h e  t o l e r a b l e  
amount  o f  f i l m  o r  d e p o s i t  t h a t  'can b e  
l e f t  o n o r  i n  t h e  d e g r e a s e d  p a r t .  T e t -  
t r a c h l o r o e t h y l e n e  a p p e a r s  t o  b e  t h e  
mos t  p r o m i s i n g  of  a l l  d e g r e a s e r s  f o r  
t h e s e  p u r p o s e s  and  t r  i c h 1 oroe  t h y  l e n e  
t h e  n e x t .  

F o l l o w i n g  t h e  d e g r e a s i n g  o p e r a t i o n ,  
p i c k l i n g  w i t h  "0,  h a s  been  e s t a b l i s h e d  
a s  t h e  most  s a t i s f a c t o r y  g e n e r a l  c l e a n -  
i n g  p r o c e s s  f o r n i c k e l ,  I n c o n e l ,  Monel ,  
and  s t a i n l e s s  s t e e l  e q u i p m e n t .  T h i s  
t y p e  o f  p i c k l i n g  l e a v e s  t h e  m e t a l  

( * I F .  W i s c h h u s e n ,  C o n t a i n m e n t  of f e l i u a  i n  
S t a i n l e s s  S t e e l  a n d  I n c o n e l  a t  t h e  1 5 0 0  Ft R a n g e ,  
ANP-72, Oct. 1 6 ,  1951. 
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c o v e r e d  w i t h  w h a t  i s  t h o u g h t  t o  b e  
e s s e n t i a l l y  a m o n o m o l e c u l a r  l a y e r  o f  
p r o t e c t i v e  ( a ' g a i n s t  many c o r r o d e n t s )  
o x i d e ;  o t h e r w i s e ,  i t  i s  a s  c l e a n  a s  
p o s s i b l e .  O x i d e s  may t h e n  be removed 
f r o m  t h e  s u r f a c e  o f  t h e s e  m e t a l s  b y  
c o n t a c t i n g  t h e  m e t a l  ( o x i d e )  s u r f a c e  
w i t h  v e r y  d r y  o x y g e n - f r e e  h y d r o g e n  
g a s  a t  t e m p e r a t u r e s  o f  f r o m  a b o u t  
1 5 0 0 ' F  f o r  n i c k e l  t o  a b o v e  1 8 0 0 ' F  
f o r  ch romium.  T h e  h y d r o g e n  i s  d r i e d  
t o  a -4O'F dew p o i n t  by f i r s t  p a s s i n g  
i t  o v e r  a p a l l a d i u m  (or o t h e r )  c a t a l y s t  
a t  room t e m p e r a t u r e  and  t h e n  p a s s i n g  
i t  t h r o u g h  a c t i v a t e d  a lumina .  

E l e c t r o l y t i c  c l e a n i n g  h a s  a l s o  been  
e x a m i n e d  a s  a p o s s i b l e  t e c h n i q u e ,  
a l t h o u g h  i n h e r e n t l y  i t  h a s  t h e  d i f f i -  
c u l t y  of  r e q u i r i n g  p r o p e r l y  shaped  and 
p l a c e d  i n t e r n a l  e l e c t r o d e s .  Of t h e  
v a r i o u s  e l e c t r o l y t i c  p r o c e d u r e s  e x -  
a m i n e d ,  o n l y  t h e  a n o d i c  t r e a t m e n t  i n  
p h o s p h o r i c  a c i d  s o l u t i o n  e v i d e n c e d  
t h e  h i g h  d e g r e e  o f  c l e a n i n g  d e s i r e d .  

I n  used  equ ipmen t  most  of  t h e  f l u o -  
r i d e s  may be d r a i n e d  o u t  w h i l e  m o l t e n .  
H o w e v e r ,  a c o a t i n g  w i l l  r e m a i n  t h a t  

i s  d a n g e r o u s  i f  r a d i o a c t i v e  o r  t o x i c  
f l u o r i d e s  a r e  p r e s e n t .  I t  h a s  b e e n  
d e t e r m i n e d  t h a t  some m o l t e n  s a l t s  and  
h y d r o x i d e s  w i l l  r emove  t h e  f l u o r i d e s  
by f l u s h i n g  a t  t e m p e r a t u r e s  a b o v e  t h e  
m e l t i n g  p o i n t  o f  t h e  f l u o r i d e s ,  b u t  
s u c h  a t r e a t m e n t  i s  d i f f i c u l t  a n d  
c o u l d  e a s i l y  mask t h e  s u r f a c e  c o n d i -  
t i o n  by  a d d i t i o n a l  c o r r o s i o n .  Of t h e  
s e v e r a l  n o n c o r r o s i v e  c l e a n i n g  s o l u -  
t i o n s  t e s t e d ,  t a p  w a t e r  and w a t e r  c o n -  
t a i n i n g  1 0  t o  50% H 2 0 2  g a v e  t h e  b e s t  
r e s u l t s ,  t h e  l a t t e r  b e i n g  p e r h a p s  
s l i g h t l y  m o r e  e f f e c t i v e .  H o w e v e r ,  
t h e  r e s u l t s  o b t a i n e d  amounted  o n l y  t o  
s o f t e n i n g  t h e  f l u o r i d e s  s o  t h a t  t h e y  
c o u l d  be  e a s i l y  removed m e c h a n i c a l l y  
b y  b r u s h i n g  o r  w i t h  h i g h - v e l o c i t y  
w a t e r  . 

P r i o r  t o  a s s e m b l y  a l l  m e t a l  p a r t s  
a r e  v i s u a l l y  i n s p e c t e d  f o r  s u r f a c e  
d e f e c t s  a n d  c l e a n l i n e s s .  I n t e r n a l  
s u r f a c e s  a r e  e x a m i n e d  b y  u s e  o f  a 
b o r o s c o p e  t h a t  w i l l  r e v e a l  m a j o r  i n -  
t e r n a l  f l a w s ,  s c a l e ,  s l a g ,  e t c . ,  b u t  
i t s  e f f e c t i v e n e s s  i s  l i m i t e d  by  t h e  
p a t i e n c e  a n d  t h o r o u g h n e s s  o f  e a c h  
i n d i v i d u a l  i n s p e c t o r .  
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4. REACTOR PHYSICS 

W. K .  E r g e n ,  ANP D i v i s i o n  

I 

The s t a t i c s  a n d  uranium i n v e s t m e n t  
o f  t h e  3 5 0 - m e g a w a t t  c i r c u l a t i n g -  f u e l  
a i r c r a f t  r e a c t o r  were d e s c r i b e d  i n  t h e *  
l a s t  r e p o r t ( ' )  and a t  p r e s e n t  a r e  n o t  
a ma jo r  c o n c e r n .  However,  t h e  k i n e t i c  
b e h a v i o r  o f  a c i r c u l a t i n g - f u e l  r e a c t o r  
i n t r o d u c e s  s e v e r a l  new c o n s i d e r a t i o n s  
i n t o  a s o m e w h a t  o b s c u r e  k i n e t i c  
p i c t u r e .  M a l f u n c t i o n s  t h a t  b r o u g h t  
a n  i n c r e a s e  a s  l a r g e  a s  3% o f  u r a n i u m  
i n t o  t h e  r e a c t i n g  z o n e  would c a u s e  a n  
a v e r a g e  t e m p e r a t u r e  r i s e  o f  -100°C i f  
a t h e r m a l  e x p a n s i o n  c o e f f i c i e n t  o f  
3 X p e r  "C i s  a s s u m e d  f o r  t h e  
f u e l .  (An e x a m p l e  o f  t h i s  t y p e  o f  
m a l f u n c t i o n  i s  t h e  t h r o m b o s i s  e f f e c t ,  
i n  w h i c h  a p r e c i p i t a t i o n  o f  u r a n i u m  

i a c c u m u l a t e s  o u t s i d e  t h e  a c t i v e  l a t t i c e  
and  i s  s u d d e n l y  t r a n s p o r t e d  i n t o  t h e  
r e a c t o r . )  I n  a d d i t i o n  t o  t h e  t h e r m a l  
e x p a n s i o n  o f  t h e  f u e l ,  d i r e c t  n u c l e a r  
e f f e c t s  c o u l d  y i e l d  a t e m p e r a t u r e  
c o e f f i c i e n t  o f  r e a c t i v i t y  whose s i g n  
i s  n o t  now known. T h e  l o s s  o f  d e l a y e d  
n e u t r o n s  f r o m  t h e  a c t i v e  l a t t i c e ,  
c a u s e d  by t h e  c i r c u l a t i o n  o f  t h e  f u e l ,  
h a s  b e e n  p r e v i o u s l y  v i e w e d  w i t h  c o n -  
c e r n  b e c a u s e  o f  t h e  d a m p i n g  e f f e c t  
a s s o c i a t e d  w i t h  t h e  p r e s e n c e  o f  t h e s e  
n e u t r o n s  i n  s t a t i c - f u e l  r e a c t o r s .  I t  
now a p p e a r s  p l a u s i b l e ,  a l t h o u g h  n o t  
y e t  p r o v e d ,  t h a t  t h e  c i r c u l a t i o n  o f  
t h e  f u e l  i t s e l f  a c t s  a s  a d a m p i n g  
mechanism,  and p o s s i b l y  a s  a p o w e r f u l  
o n e .  

T h e  k i n e t i c  d i f f i c u l t i e s  a r e  n o t  
v e r y  s e r i o u s  f o r  t h e  ARE. T h e  f l o w  
v e l o c i t i e s  o f  t h e  f u e l .  a r e  s o  l o w  
t h a t  t h e  c o n t r o l  r o d s  c a n  k e e p  u p  
w i t h  t h e  p o s s i b l e  e n t r a n c e  o f  e x c e s s  
f u e l  i n t o  t h e  r e a c t i n g  z o n e  o r  w i t h  
t h e  e x i t  o f  p o i s o n  f r o m  t h i s  z o n e .  

("N. M. S m i t h ,  J r . ,  " R e a c t o r  P h y s i c s , "  
A i r c r a f t  N u c l e a r  P r o p u l s i o n  P r o j e c t  Q u a r t e r l y  
P r o g r e s s  R e p o r t  for P e r i o d  E n d i n g  D e c e n b e r  1 0 ,  
ORNL-1170, p .  1 3 .  

C o n s e q u e n t l y ,  t h e  n e g a t i v e  t e m p e r a t u r e  
c o e f f i c i e n t  o f  r e a c t i v i t y  w i l l  n o t  be  
c a l l e d  upon t o  c o m p e n s a t e  f o r  l a r g e  
r e a c t i v i t y  c h a n g e s .  T h e  r e s i d e n c e  
t i m e  o f  t h e  f u e l  i n  t h e  r e a c t o r  i s  
c o m p a r a b l e  w i t h  t h e  l o n g e s t  d e l a y e d -  
n e u t r o n  p e r i o d s ;  t h e r e f o r e  a c o n -  
s i d e r a b l e  f r a c t i o n  o f  t h e  d e l a y e d  
n e u t r o n s  i s  g i v e n  o f f  i n  t h e  r e a c t i n g  
volume a n d i s  a v a i l a b l e  f o r  t h e  damping 
o f  o s c i l l a t i o n s .  S i n c e  i t  c a n  m a s o n -  
a b l y  be  e x p e c t e d  t h a t  t h e  uran ium w i l l  
b e  r e t u r n e d  t o  t h e  U 2 3 5  s t o c k p i l e ,  
t h e  u r a n i u m  i n v e s t m e n t  i s ,  w i t h i n  
l i m i t s ,  a m i n o r  p r o b l e m .  T h e  work  
o n  t h e  ARE was m a i n l y  c o n c e r n e d  w i t h  
s p e c i f i c  d e s i g n  p r o b l e m s  and c u l m i n a t e d  
i n  a f a i r l y  d e t a i l e d  s t u d y  o f  t h e  
s p e c i f i c  d e s i g n  s e l e c t e d  f o r  t h e  
f e a s i b i l i t y  s t u d y .  T h e  c r i t i c a l  
m a s s  o f  t h i s  d e s i g n  w a s  2 2 . 3  l b ,  
which l e d  t o  a t o t a l  u ran ium i n v e s t m e n t  
i n  t h e  sys tem o f  7 4  pounds .  

C I R C U L A T I N G -  F U E L  A I R C R A F T  REACTOR 

T h e  k i n e t i c s  o f  t h e  c i r c u l a t i n g -  
f u e l  a i r c r a f t  r e a c t o r s  a r e  c u r r e n t l y  
u n d e r  i n t e n s e  i n v e s t i g a t i o n .  T h e  
p r o b l e m s  a r e  t h e  t hrombo s i  s e f f e c t  , 
d i r e c t  n u c l e a r  e f f e c t s ,  a n d  f a s t  
o s c i l l a t i o n s .  

T h e  c o n s i d e r a b l e  a m o u n t  o f  f u e l  
o u t s i d e  t h e  r e a c t o r  c o u l d  c a u s e  
m a l f u n c t i o n s  t o  o c c u r  and  b r i n g  a n  
e x c e s s i v e  amount o f  f u e l  i n t o  (or  o u t  
o f )  t h e  r e a c t i n g  z o n e .  A s  p r e s e n t l y  
c o n c e i v e d  , t h e  m a i n  m e c h a n i s m  t h a t  
c o m p e n s a t e s  f o r  t h e s e  r e a c t i v i t y  
c h a n g e s  b e f o r e  any  c o n t r o l  r o d s  c a n  
a c t  i s  t h e  t h e r m a l  e x p a n s i o n  o f  t h e  
l i q u i d  f u e l .  F o r  t h e r m a l  v o l u m e  
e x p a n s i o n  c o e f f i c i e n t s  o f  3 x 1 0 - ~  
p e r  " C ,  a n  i n c r e a s e  b y  3% o f  t h e  
f i s s i o n a b l e  m a t e r i a l  i n  t h e  r e a c t o r  
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w o u l d  c a l l  f o r  t e m p e r a t u r e  r i s e  o f  
100OC.  A c t u a l l y ,  t h e  t e m p e r a t u r e  
r i s e  would b e  somewhat l a r g e r  b e c a u s e  
a t  s h o r t  t imes a f t e r  a sudden  i n c r e a s e  
o f  f i s s i o n a b l e  m a t e r i a l  i n  t h e  r e a c t o r  
a t e m p e r a t u r e  o v e r s w i n g  o c c u r s ,  and 
a t  l o n g e r  t i m e s  t h e  e f f e c t i v e  f u e l  
e x p a n s i o n  c o e f f i c i e n t  i s  d e c r e a s e d  by 
t h e  e x p a n s i o n  o f  t h e  f u e l  t u b e s .  
F u r t h e r m o r e ,  t h e  t e m p e r a t u r e  r i s e  o f  
100°C r e f e r s  t o  t h e  a v e r a g e  temperature ,  
and  l o c a l  t e m p e r a t u r e s  may i n c r e a s e  
somewha t  m o r e .  A l l  t h i s  l i m i t s  t h e  
a l l o w a b l e  change  i n  f u e l  c o n c e n t r a t i o n  
i n  t h e  r e a c t o r  t o  a b o u t  3% - a v e r y  
s t r i n  gen t r equ i r emen t . 

I n  a d d i t i o n  t o  t h e  t h e r m a l  e x -  
p a n s i o n  o f  t h e  l i q u i d  f u e l ,  d i r e c t  
n u c l e a r  e f f e c t s ,  s u c h  a s  a d a p t a t i o n  
o f  t h e  n e u t r o n  t e m p e r a t u r e  t o  t h e  
f u e l  t e m p e r a t u r e  o r  D o p p l e r  b r o a d e n i n g  
o f  r e s o n a n c e  l i n e s ,  c o u l d  y i e l d  a 
t e m p e r a t u r e  c o e f f i c i e n t  o f  r e a c t i v i t y .  
S h o u l d  i t  d e v e l o p  t h a t  s u c h  a t e m p e r -  
a t u r e  c o e f f i c i e n t  i s  p o s i t i v e  and o f  
t h e  same  o r d e r  o f  m a g n i t u d e  a s  t h e  
n e g a t i v e  t e m p e r a t u r e  c o e f f i c i e n t  
r e s u l t i n g  f r o m  f u e l  e x p a n s i o n ,  t h e n  
t h e  c i r c u l a t i n g - f u e l  ANP r e a c t o r  
would be  a l m o s t  i m p r a c t i c a l .  However,  
i t  i s  hoped  t h a t  t h e  d i r e c t  n u c l e a r  
e f f e c t  can  b e  made t o  y i e l d  a n e g a t i v e  
t e m p e r a t u r e  c o e f f i c i e n t  o f  r e a c t i v i t y  
o n c e  t h e s e  e f f e c t s  a r e  w e l l  u n d e r -  
s t o o d .  A n e g a t i v e  t e m p e r a t u r e  c o e f -  
f i c i e n t  would a i d  t h e  f u e l  e x p a n s i o n  
e f f e c t .  A s t r e n u o u s  e f f o r t  i s  b e i n g  
m a d e  t o  i n v e  s t i  g a t e t h e  t empe r a t  u r  e 
c o e f f i c i e n t  o f  r e a c t i v i t y  r e s u l t i n g  
from d i r e c t  n u c l e a r  e f f e c t s .  T h i s  i s  
a v e r y  d i f f i c u l t  p r o b l e m  and  i n  i t s  
f u l l  e x t e n t  i s  s o m e w h a t  n o v e l .  No 
r e p o r t a b l e  r e s u l t s  have  been  o b t a i n e d  
t h u s  f a r .  

I n  c o n v e n t i o n a l  r e a c t o r s ,  a n y  
o s c i l l a t i o n s  o f  p e r i o d s  t h a t  were  
s h o r t  compared w i t h  c o n t r o l  r o d  a c t i o n  
times would be  v e r y  e f f e c t i v e l y  damped 
o u t  by d e l a y e d  n e u t r o n s .  T h e  c i r c u -  
l a t i n g - f u e l  r e a c t o r  l o s e s  a l a r g e  
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f r a c t i o n  o f  i t s  d e l a y e d  n e u t r o n s  i n  
t h e  v o l u m e  e x t e r i o r  t o  t h e  r e a c t i n g  
z o n e ,  a n d  a t  t h e  b e g i n n i n g  o f  t h i s  
q u a r t e r  c o n s i d e r a b l e  c o n c e r n  e x i s t e d  
a s  t o  t h e  p o s s i b i l i t y  o f  undamped o r  
i n c r e a s i n g  o s c i l l a t i o n s .  T h i s  c o n c e r n  
h a s  b e e n  g r e a t l y  a l l e v i a t e d  b y  t h e  
r e a s o n i n g  g i v e n  be low,  i n  which  i t  i s  
shown t h a t  i t  i s  p l a u s i b l e  t h a t  t h e  
c i r c u l a t i o n  o f  t h e  f u e l  i t s e l f  w i l l  
a c t  a s  a d a m p i n g  m e c h a n i s m ,  a n d  
p o s s i b l y  a s  a p o w e r f u l  o n e ,  

T h e  u r a n i u m  i n v e s t m e n t  o f  c i r c u -  
l a t i n g - f u e l  r e a c t o r s  i s  a t  p r e s e n t  n o t  
a m a j o r  c o n c e r n .  H o w e v e r ,  an i n -  
v e s t i g a t i o n  o f  t h e  u s e  o f  l o w - a s s a y  
u r a n i u m  ( s a y  1 0 %  U 2 3 5 )  i s  p l a n n e d ,  
but n o  work h a s  b e e n  c o m p l e t e d  t h u s  
f a r .  

Oscillations. Work i n  r e a c t o r  
k i n e t i c s  w a s  c o n c e n t r a t e d  o n  t h e  
e f f e c t  o f  t h e  c i r c u l a t i o n  o f  t h e  f u e l .  
I t  a p p e a r s  l i k e l y  t h a t  t h e  c i r c u l a t i o n  
o f  t h e  f u e l  i t s e l f  a c t s  a s  a d a m p i n g  
mechan i sm.  I t  s h o u l d  b e  e m p h a s i z e d  
t h a t  t h e  f o l l o w i n g  r e a s o n i n g  d o e s  n o t  
c o n s t i t u t e  a r i g i d  p r o o f  and  t h a t  
t h e r e  i s  n o t  y e t  a n y  q u a n t i t a t i v e  
m e a s u r e  o f  t h e  d a m p i n g  e f f e c t  o f  t h e  
f u e l  F u r  t h e  rmo  r e , 
a n t i d a m p i n g  a s  a r e s u l t  o f  c o u p l i n g  
be tween  m e c h a n i c a l  and n u c l e a r  o s c i l -  
l a t i o n s  i s  s t i l l  a p o s s i b i l i t y .  The  
f o l l o w i n g  s i m p l i f y i n g  a s s u m p t i o n s  
w e r e  made  f o r  t h i s  a n a l y s i s  o f  t h e  
c i r c u l a t i n g -  f u e l  r e a c t o r  k i n e t i c s :  

c i  r c u  1 a t i o n .  

1. A l l  p a r t i c l e s  o f  t h e  f u e l  
spend t h e  same t i m e ,  0, i n  t h e  r e a c t o r .  

2 .  T h e  f l u x  a n d  p o w e r  d i s t r i -  
b u t i o n s  a r e  c o n s t a n t  o v e r  t h e  r e a c t o r  
so t h a t  t h e  t e m p e r a t u r e  r i s e  o f  a 
f u e l  p a r t i c l e  d u r i n g  a t i m e  i n t e r v a l  
d t  i s  p r o p o r t i o n a l  t o  t h e  t o t a l  r e a c t o r  
power  P (  t )  a n d  t h e  p r o p o r t i o n a l i t y  
c o n s t a n t  E i s  i n d e p e n d e n t  o f  s p a t i a l  
c o o r d i n a t e s ,  and so t h a t  a t e m p e r a t u r e  
c h a n g e o f  an e l e m e n t  o f  f u e l  i n f l u e n c e s  
t h e  r e a c t i v i t y  t o  an e x t e n t  t h a t  i s  



i n d e p e n d e n t  o f  t h e  p o s i t i o n  o f  t h e  
e l  emen t. 

3 .  Delayed  n e u t r o n s  a r e  n e g l e c t e d .  

4. A change  AT o f  t h e  a v e r a g e  f u e l  
t e m p e r a t u r e ,  1 , c a u s e s  an i n s t a n t a n e o u s  
change  -aAT i n  t h e  I - e a c t i  v i  t y .  

5 .  The r e a c t o r  i n l e t  t e m p e r a t u r e  
i s  c o n s t a n t .  

The e q u a t i o n s  used  a r e  

a 
r 

P = - - P T  (1) 

. I n  a d d i t i o n  t o  t h e  s y m b o l s  a l r e a d y  
s p e c i f i e d ,  r i s  t h e  prompt g e n e r a t i o n  
t i m e ,  P a n d  T a r e  f u n c t i o n s  o f  t h e  
t i m e  t ;  and T i s  t h e  d e v i a t i o n  o f  t h e  
a v e r a g e  f u e l  t e m p e r a t u r e  f r o m  t h e  
v a l u e  t h a t  g i v e s  z e r o  e x c e s s  r e -  
a c t  i v i  t y  . 

With t h e s e  s i m p l i f y i n g  a s s u m p t i o n s ,  
E q .  1 i s  e q u i v a l e n t  t o  t h e  f i r s t  o f  
Eqs .  1 i n  an HRP q u a r t e r l y  r e p o r t . ( * )  
E q u a t i o n  2 c a n  b e  u n d e r s t o o d  b y  
c o n s i d e r i n g  t h a t  7 c h a n g e s  d u r i n g  a 
t i m e  e l e m e n t  d t  f o r  two r e a s o n s :  i t  
i n c r e a s e s  by E P d t  a s  a r e s u l t  o f  t h e  
power  i n p u t  and  i t  d e c r e a s e s  b e c a u s e  
h o t  f u e l  i s  e x p e l l e d  from t h e  r e a c t o r .  
( T h i s  e x p l a n a t i o n  would h e  v e r y  s i m p l e  
i f  T were d e f i n e d  a s  t h e  e x c e s s  o f  
t h e  t e m p e r a t u r e  o v e r  t h e  c o n s t a n t  
r e a c t o r  i n l e t  t e m p e r a t u r e .  S u c h  a 
d e f i n i t i o n  o f  T would d i f f e r  f rom t h e  
o n e  u s e d  h e r e  o n l y  b y  an  a d d i t i v e  
c o n s t a n t  t h a t  d i s a p p e a r s  i f  t h e  t ime 

("T. A.  W e l t o n ,  "Damping P r o d u c e d  b y  D e l a y e d  
N e u t r o n s , "  H o m o g e n e o u s  R e a c t o r  . P r o j e c t  Q u a r t e r l y  
P r o g r e s s  R e p o r t  f o r  P e r i o d  E n d i n g  A u g u s t  1 5 .  1 9 5 1 ,  
OWL-1121, p .  99. 
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d e r i v a t i v e  T i s  f o r m e d . )  The d e c r e a s e  
i s  p r o p o r t i o n a l  t o  t h e  f u e l  o u t l e t  
t e m p e r a t u r e ,  w h i c h  i s  E t i m e s  t h e  
i n t e g r a l  o f  t h e  power  o v e r  t h e  t i m e  
t h e  e x p e l l e d  f u e l  s p e n t i n  t h e  r e a c t o r .  
T h e  f a c t o r  1/8 i s  u s e d  b e c a u s e  t h e  
t e m p e r a t u r e  o f  t h e  e x p e l l e d  f u e l  
i n  f l u  en  c e  s t h e  a v e r a g e  t emp  e r a t u  r e 
T o n l y  t o  t h e  e x t e n t  o f  t h e  r a t i o  o f  
t h e  v o l u m e  o f  t h e  e x p e l l e d  f u e l  t o  
t h e  t o t a l  v o l u m e  o f  f u e l  i n  t h e  r e -  
a c t o r ;  f o r  t h e  f u e l  e x p e l l e d  d u r i n g  
d t  t h i s  r a t i o  i s  d t / e .  

By d i v i d i n g  E q .  1 b y  P ,  d i f f e r -  
e n t i a t i n g  t w i c e  w i t h  r e s p e c t  t o  t ,  
s u b s t i t u t i n g  1 from Eq. 2 ,  and d i f f e r -  
e n t i a t i n g  a g a i n  w i t h  r e s p e c t  t o  t ,  
t h e  f o l l o w i n g  e q u a t i o n  i s  o b t a i n e d :  

d 3  a€ a6 

a t 3  r r6 
- 1 o g P t - P  - - P ( t ) - P ( t - 8 ) 1 = 0 .  ( 3 )  

T h i s  t h i r d - o r d e r ,  n o n - l i n e a r ,  
d i f f e r e n  t i  a1 - d i f f e r e n c  e e q u a t  i on h a s  , 
e v i d e n t l y ,  a s i m p l e  s o l u t i o n  if' P (  t )  
happens  t o  be  p e r i o d i c  w i t h  t h e  p e r i o d  
e / n ,  where n i s  a whole  number .  T h i s  
s p e c i a l  c a s e  o c c u r s ,  o f  c o u r s e ,  o n l y  
i f  6 h a s  a s p e c i f i c  r e l a t i o n  t o  t h e  
p a r a m e t e r s  d e t e r m i n i n g  t h e  p e r i o d  o f  
o s c i l l a t i o n  ( a E / r ,  and t h e  amp1 i t u d e  
a n d  a v e r a g e  v a l u e  o f  P ) .  I n  t h e  
s p e c i a l  c a s e  t h e  s o l u t i o n  t u r n s  o u t  
t o  b e  i d e n t i c a l  w i t h  t h e  w e l l - k n o w n  
s o l u t i o n  f o r  c o n s t a n t  p 0 w e . r  e x -  
t r a c t i o n . ( 3 )  T h i s  i s  a l s o  p h y s i c a l l y  
e a s y  t o  v i s u a l i z e :  i f  e a c h  p a r t i c l e  
s e e s ,  o n  i t s  t r a n s i t  t h r o u g h  t h e  
r e a c t o r ,  a w h o l e  n u m b e r  o f  c y c l e s ,  
t h e n  e a c h  p a r t i c l e  a t t a i n s  t h e  same 
t e m p e r a t u r e  by t h e  t ime i t  r e a c h e s  
t h e  r e a c t o r  o u t l e t .  W i t h  c o n s t a n t  
o u t l e t  t e m p e r a t u r e ,  t h e  p o w e r  e x -  
t r a c t i o n  i s  c o n s t a n t .  

( 3 ) t ' E f f e c t  o f  T e m p e r a t u r e  C o e f f i c i e n t , "  
H o m o g e n e o u s  R e a c t o r  E x p e r i m e n t  R e p o r t  f o r  t h e  
Q u a r t e r  E n d i n g  F e b r u a r y  24, 1 9 5 0 ,  ORNL-630, p .  2 3 .  

4 3  

t 



ANP PROJECT QUARTERLY PROGRESS REPORT 

I f  t h e  p e r i o d  i s  n o t  e/n, t h e  c a s e  
o f  s m a l l  o s c i l l a t i o n s  c a n  b e  c o n -  
s i d e r e d ,  t h a t  i s ,  t h e  l i n e a r i z e d  
form o f  E q .  3 .  The N y q u i s t  t h e o r e m ,  
o r  i t s  e q u i v a l e n t ,  t h e n  s h o w s  t h a t  
t h e r e  a r e  no  an t idamped o s c i l l a t i o n s .  

I n  t h e  n o n l i n e a r  c a s e ,  t h e  f o l l o w i n g  
r e a s o n i n g  may b e  u s e d  t o  m a k e  i t  
p l a u s i b l e  t h a t  a l l  o s c i l l a t i o n s  a r e  
damped: 

D i v i d e  Eq.  1 by P ,  and m u l t i p l y  by 
Eq. 2:  

t 
a *  ~d - -  TT = E P  - - -  l o g  P ( t )  P ( a >  ao; 
r e d t  

t -6 

I n t e g r a t e  f r o m  a t o  a + p ,  u s i n g  
p a r t i a l  i n t e g r a t i o n  on  t h e  l a s t  term 
on t h e  r i g h t .  a a n d  a + p a r e ,  s o  
f a r ,  a r b i t r a r y  t imes.  

t i m e s ,  t h i s  r e l a t i o n  c a n n o t  b e  f u l -  
f i l l e d  f o r  a l l  p a r t i c l e s ,  a n d  t h e  
r i g h t  s i d e  i s  r e a l l y  n e g a t i v e  i f  t h e  
o s c  i ll  a t i o n s  a r e  und amped . A p p a r e n t l y  
t h i  s d i s c r e p  an c y b e t w e  en t h e  v an i s h i  n g 
l e f t  s i d e  a n d  t h e  n o n v a n i s h i n g ,  
n e g a t i v e  r i g h t  s i d e  d i s a p p e a r s  i f  t h e  
o s c i l l a t i o n s  a r e  d a m p e d ,  and  h e n c e  
P ( 0 )  i s  d e p r e s s e d  a s  c o m p a r e d  w i t h  
P ( a  - 8). 

S l o w  K i n e t i c  E f f e c t s .  ( ’ )  s l o w  
k i n e t i c  e f f e c t s  a r e  t h o s e  t h a t  o c c u r  
i n  t i m e s  o f  1 s e c  o r  l o n g e r .  T h e s e  
e f f e c t s  a r e  n o t  a m a j o r  wor ry  b e c a u s e  
o f  t h e  p o s s i b i l i t y  o f  c o m p e n s a t i n g  
f o r  t hem by  c o n t r o l  r o d s  and  s e r v o  
m e c h a n i s m s .  Hence ,  t h e  s l o w  e f f e c t s  
h a v e  n o t  been  i n v e s t i g a t e d  s y s t e m a t i -  
c a l l y  f o r  t h e  a i r c r a f t  r e a c t o r .  
h o w e v e r ,  a s t u d y  was made o f  t h e  n e t  
p o s i t i v e  r e a c t i v i t y  c o e f f i c i e n t  r e -  
s u l t i n g  f r o m  t h e  r e d u c t i o n  i n  t h e  
xef ion  a b s o r p t i o n  c r o s s  s e c t i o n  w i t h  

Now assume t h a t  t h e r e  i s  an undamped 
p e r i o d i c  o s c i l l a t i o n ,  a n d  i d e n t i f y  
p w i t h  t h e  p e r i o d .  T h e n  t h e  l e f t  
s i d e  o f  t h e  e q u a t i o n  v a n i s h e s  and t h e  
r i g h t  s i d e  i s ,  by a known t h e o r e m C 4 )  
$ 0 .  P r e s u m a b l y  t h e  r i g h t  s i d e  i s  
e q u a l  t o  z e r o  o n l y  i f  t h e  t r a n s i t  t i m e  
8 i s  i n  a c e r t a i n  r e l a t i o n  t o  t h e  
o t h e r  p a r a m e t e r s  o f  t h e  o s c i l l a t i o n .  
S i n c e ,  i n  r e a l i t y ,  d i f f e r e n t  p a r t i c l e s  
o f  t h e  f u e l  h a v e  d i f f e r e n t  t r a n s i t  

i n c r e a s e d  m o d e r a t o r  t e m p e r a t u r e .  The  
s t u d y  shows  t h a t  f o r  a 2 0 0 - m e g a w a t t  
r e a c t o r ,  an i n t r o d u c t i o n  o f  an e x c e s s  
r e a c t i v i t y  o f  0 . 0 0 9 1  c a u s e s  a t e m p e r -  
a t u r e  i n c r e a s e  o f  o n l y  39°F’ i n  t h e  
f i r s t  s e c o n d .  ( F o r  f u r t h e r  s p e c i f i -  
c a t i o n s  o f  t h e  a s s u m p t i o n s ,  s e e  r e f .  6 .  ) 

C r i t i c a l  Mass. I n s t e a d  o f  t h e  
NaF-UF4 c o o l a n t  u s e d  i n  t h e  c o r r e -  
s p o n d i n g  c a l c u l a t i o n s  o f  t h e  l a s t  
q u a r t e r l y  r e p o r t , ( 6 )  a NaF-BeF2 -UF4 

( 4 ) T h i s  f o l l o w s  r e a d i l y  f r o m  t h e o r e m  3 7 8  o f  
I n e q u a l i t i e s  b y  G. H .  H a r d y ,  J .  E. L i t t l e w o o d ,  
a n d  G. P o l y a ,  U n i v e r s i t y  P r e s s ,  C a m b r i d g e ,  E n g . ,  ( 5 ) C .  B. M i l l s ,  A F l u x  T r a n s i e n t  D u e  t o  a 
1 9 3 4 ,  p .  278. I n  o r d e r  t o  a p p l y  t h e o r e m  3 7 8  P o s i t i v e  R e a c t i v i t y  C o e f f i c i e n t ,  Y - F 1 0 - 6 3 ,  
d i r e c t l y ,  l o g  P h a s  t o  b e  n o n n e g a t i v e ,  w h i c h  J a n .  1 4 ,  1 9 5 2 .  
a l w a y s  c a n  b e  a c c o m p l i s h e d  by c h o o s i n g  t h e  u n i t s  
o f  power s u f f i c i e n t l y  s m a l l .  The u n i t s  o f  p o w e r  ( ) C. B. M i  11 s , 1 ’  C i  r c u  1 a t  i n  E;- Fu e 1 Re a c t o r s  ,” 
a r e  n o r m a l l y  a r b i t r a r y .  op .  c i t . ,  ORNL-1170, p .  1.4. 
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- COMPOSITION BY VOLUME FRACTION 
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F i g .  9 .  Leakage Spectrum Through t h e  R e f l e c t o r  o f  the  C i r c u l a t i n g - F u e l  Air- 
c r a f t  Reactor.  

c o o l a n t  was  u s e d . ( ' )  F u r t h e r m o r e ,  
t h e  I n c o n e l  s t r u c t u r e  was assumed t o  
o c c u p y  2% o f  t h e  r e a c t o r  v o l u m e  
( i n s t e a d  o f  1 . 5 %  a s  i n  t h e  l a s t  r e -  
p o r t ) .  T h e  n e t  e f f e c t  o f  t h e s e  two 
c h a n g e s  w a s  a s m a l l  d e c r e a s e  i n  
c r i t i c a l  mass .  U s i n g  b e r y l l i u m  m e t a l  
i n s t e a d  o f  b e r y l l i u m  o x i d e  a s  a 
m o d e r a t o r  would r e d u c e  t h e  c r i t i c a l  
m a s s  by o n l y  6 . 5 % .  T h e  f u e l  s e l f -  
s h i e l d i n g  c o r r e s p o n d s  t o  c h a n g e s  
Ak o f  2 . 2  and  5 . 8 %  f o r  l - i n .  -ID and 
2 - i n .  -ID t u b i n g ,  r e s p e c t i v e l y .  

( 7 ) C .  B. M i l l s ,  T h e  C i r c u l a t i n g  F u e l  A N P  
R e a c t o r  w i t h  NaF-BeF2-UF4 F u e l - C o o l a n t ,  Y-F10-83, 
Feb. 5 ,  1952. 
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Neutron  Leakage  S p e c t r a .  A s  h a s  
been  d e s c r i b e d , ( 8 )  l e a k a g e  s p e c t r a  f o r  
an  a i r c r a f t  r e a c t o r  were c o m p u t e d .  
The r e a c t o r  i s  shown s c h e m a t i c a l l y  i n  
F i g .  8 .  I t  h a s  t w o - p a s s  f u e l  f l o w ,  
and t h e  c o r e ,  which i s  a r i g h t  c y l i n d e r  
w i t h  c o n i c a l  e n d s ,  i s  s u r r o u n d e d  o n  
a l l  b u t  t h e  f u e l  e n t r a n c e  s i d e s  by a 
t h i c k  b e r y l l i u m  o x i d e  r e f l e c t o r .  
L e a k a g e s  t h r o u g h  t h e  r e f l e c t e d  s i d e s  
and e n d ,  t h r o u g h  b o t h  t h e  t h i n ,  u n -  
r e f l e c t e d  a n n u l u s  a r o u n d  t h e  f u e l -  
c o o l a n t  p i p e ,  and  t h r o u g h  t h e  p i p e  
i t s e l f  ( c u t  o f f  6 i n .  f r o m  t h e  c o r e  
s u r f a c e ) ,  a r e  shown i n  F i g s .  9 and 10 .  

(*IC. B. Mills, C i r c u l a t i n g  F u e l - C o o l a n t  of t h e  
ARE o f  F e b r u a r y  1 2 ,  1 9 5 2 ,  Y-F10-92 ( t o  be issued). 
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F i g .  10. Leakage Spectrum Around the  Fuel P i p e s  o f  the  C i r c u l a t i n g - F u e l  A ir -  
( a )  Through t h e  a n n u l a r  a r e a  a round t h e f u e l  p i p e s .  ( b )  Through  c r a f t  Reactor.  

t h e  f u e l  p i p e s .  
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ALKALI HYDROXIDE MODERATED REACTOR( ) 

I n  c o n t i n u a t i o n  o f  t h e  work  o n  
c i r c u l a t i n g - m o d e r a t o r  r e a c t o r s  r e -  
p o r t e d  i n  t h e  l a s t  q u a r t e r l y  r e p o r t , ( 6 )  
t h e  c r i t i c a l  masses  p l o t t e d  i n  F i g .  11 
a s  f u n c t i o n s  o f  c o r e  d i a m e t e r  were 
computed by t h e  b a r e - r e a c t o r  m u l t i g r o u p  
me thod .  A t h i c k  h y d r o x i d e  r e f l e c t o r  
w a s  a s s u m e d ,  t h e  c r o s s  s e c t i o n  o f  
u r a n i u m  and t h e  h y d r o x i d e s  o n l y  were 
i n c l u d e d  ( t h u s  n e g l e c t i n g  t h e  p o i s o n i n g  
b y  s t r u c t u r e s ,  e t c .  1, and t h e  f o l l o w i n g  
d e n s i t y  v a l u e s  ( i n  g / c c )  w e r e  u s e d :  
L i G h  = 1 . 2 1 ,  1VaGH = 1 . 6 1 ,  KOH = 1 . 5 9 ,  
hbOH = 2 . 9 ,  Sr(OH), = 3 . 4 .  A l l  c u r v e s  
w o u l d  show min imums  i f  e x t e n d e d  t o  
l o w e r  r e a c t o r  v o l u m e s .  T h e  l a r g e  
c r i t i c a l  m a s s e s  f o r  p o t a s s i u m  h y -  
d r o x i d e  r e s u l t  f r o m  t h e  l a r g e  a b -  
s o r p t i o n  and s m a l l  s c a t t e r i n g  c r o s s  
s e c t i o n  o f  p o t a s s i u m ,  and t h e s e  c r o s s  
s e c t i o n s  a l s o  e x p l a i n  t h e  m o v i n g  o f  
t h e  minimum t o  l a r g e  c o r e  v o l u m e s .  
E x c e p t  w i t h  p o t a s s i u m  h y d r o x i d e ,  t h e  
h y d r o g e n  m o d e r a t i o n  r e s u l t s  i n  s m a l l  
c r i t i c a l  m a s s e s .  

SURVEY CALCULATIONS OF THE 
CIRCULATING-FUEL ARE 

C. B. Mills, ANP D i v i s i o n  

A t  t h e  b e g i n n i n g  o f  t h i s  q u a r t e r ,  a 
s u r v e y  c a l c u l a t i o n  was c a r r i e d  o u t ( " )  
on  t h e  c i r c u l a t i n g - f u e l  ME. The main  
v a r i a b l e  w a s  t h e  v o l u m e  f r a c t i o n  
o c c u p i e d  by t h e  f u e l - c o o l ' a n t .  A1 though 
t h i s  f r a c t i o n  v a r i e d  f r o m  6 . 8 5  t o  
2 2 . 4 % ,  t h e  t o t a l  u r a n i u m  i n v e s t m e n t  
( a s s u m i n g  6 . 8  f t 3  o f  f u e l  e x t e r n a l  t o  
t h e  r e a c t o r )  v a r i e s  o n l y  f r o m  4 1  t o  
4 3  l b  and g o e s  t h r o u g h  a f l a t  minimum 
o f  4 0  l b  a r o u n d  a v a l u e  o f  1 5 %  f o r  

( 9 ) C .  B. M i l l s ,  C r i t r c a l  M a s s e s  o f  S o m e  
A l k a l  i - i i y d r o x i d e  M o d e r a t e d  R e a c t o r s ,  Y - F 1 0 - 8 6 ,  
J a n .  21,  1952.  

( l 0 ) C .  B. Mills, The C i r c u l a t i n g  F u e l  ARE C o r e  
S e r i e s  o f  D e c e m b e r  1 3 ,  1 9 5 1 ,  Y - F 1 0 - 7 6 .  

t h i s  f r a c t i o n .  The  p e r  c e n t  t h e r m a l  
f i s s i o n  d e c r e a s e s  f r o m  8 3  t o  6 7 ,  a s  
t h e  f u e l  v o l u m e  f r a c t i o n  i n c r e a s e s  
o v e r  t h e  above r a n g e .  The most  r e c e n t  
v e r s i o n  o f  t h e  ARE h a s  a s m a l l  ( 7 . 6 0 )  
volume p e r  c e n t  o f  f u e l - c o o l a n t  c i r c u -  
l a t i n g  i n  a s e r i e s - p a r a l l e l  p i p i n g  
a r r angemen t .  C r i t i c a l  mass ,  r e a c t i v i t y  
c o e f f i c i e n t s ,  and  o t h e r  n u m b e r s  o f  
d e s i g n  i n t e r e s t  f o r  t h e  c i r c u l a t i n g -  
f u e l  ARE a r e  p r e s e n t e d .  

A s p e c i f i c A R E  d e s i g n ,  now o b s o l e t e ,  
was i n v e s t i g a t e d (  1 1 )  p r i o r  t o  t h e  work 
on t h e  ARE d e s i g n  p r e s e n t e d  h e r e .  

ARE Core Design. The c r o s s  s e c t i o n  
o f  t h e  c i r c u l a t i n g - f u e l  ARE c o r e  
n o r m a l  t o  t h e  a x i s  c o n s i s t s  o f  8 2  
h e x a g o n s  o f  b e r y l l i u m  o x i d e  w i t h  
c e n t r a l  h o l e s  f o r  7 8  f u e l  t u b e s  and  
4 c o n t r o l  r o d s .  T h e  f u e l  t u b e s  a r e  
1 . 2 3 5  OD a n d  h a v e  0 . 0 6 0 - i n .  w a l l  
t h i c k n e s s .  T h e  c o r e  l e n g t h  i s  3 5 . 2 5  
i n . ,  and t h e  e n d s  o f  t h e  c o r e  a r e  b a r e .  

T h e  r e f l e c t o r  i s  c o m p o s e d  o f  
h e x a g o n a l  b l o c k s  o f  b e r y l l i u m  o x i d e  
w i t h  57  c e n t r a l  c o o l i n g  h o l e s  c o n -  
s t r u c t e d  t o  b u i l d  o u t  t h e  c o r e  p l u s  
r e f l e c t o r  t o  a r i g h t  c y l i n d e r  w i t h  a 
d i a m e t e r  o f  4 7 . 7 5 0  i n c h e s .  A 2 - i n . -  
t h i c k  I n c o n e l  p r e s s u r e  s h e l l  w i t h  4 8  
i n .  I D ,  5 2  i n .  O D ,  a n d  4 8 . 5 0  i n .  
i n  l e n g t h  e n c l o s e s  t h e  c o r e  a n d  r e -  
r e  f l e c  t o r  a s s e m b l i e s  . 

T h e  f u e l - c o o l a n t  v o l u m e  i n  t h e  
h e a t  e x c h a n g e r  and t h e  p lumbing  o u t s i d e  
t h e  r e a c t o r  i s  4.4 f t 3  ( d o e s  n o t  
i n c l u d e  0 . 2  f t 3  i n  t u b e  b e n d s  a t  t h e  
r e a c t o r  e n d s ) .  The  t o t a l  c o r e  volume 
i s  2 0 . 4 2  f t 3 ,  so  t h e r e  i s  1 . 5 5  f t 3  o f  
f u e l  i n  t h e  c o r e .  The  r a t i o  o f  f u e l  
i n  t h e  c o r e  t o  t o t a l  f u e l  i s  0 . 2 6 .  
Vo lume  f r a c t i o n s  o f  t h e  c o r e  a n d  
r e f l e c t o r ,  a s  u s e d  i n  t h e  d e s i g n  
c a l c u l a t i o n s ,  a r e  g i v e n  i n  T a b l e  6 .  

('"C. B. Mills, The ARE w i t h  C i r c u l a t i n g  F u e l -  
C o o l a n t ,  Y-F10-82 ,  Jan. 11, 1952 .  

. .. 

. .  
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Fuel-coolant 

Beryllium oxide 

Inconel 

Inert salt 

Void 

TABLE 6 

7.6 

80.7 

1.96 

8.26 

1. 40 

VolumeFractions o f t h e  C i r c u l a t i n g - F u e l  
ARE Core and R e f l e c t o r *  

CORE 
(vol %) 

I 

REFLECTOR 
(vol %I 

92.23 

0,. 69 

6.34 

0.64 

*Communicated by R. W. Schroeder ,  February 8, 1952. 

C r i t i c a l  Mass and' T o t a l  Uranium 
I n v e s t m e n t .  T h e  c r i t i c a l  m a s s  f o r  
t h e  c i r c u l a t i n g - f u e l  ARE i s  o b t a i n e d  
from b a r e ( 1 2 )  and r e f l e c t e d ( 1 3 )  r e a c t o r  
c a l c u l a t i o n s  o f  e q u i v a l e n t  s p h e r i c a l  
c o r e  w i t h  t h e  v o l u m e  f r a c t i o n s  a s  
g i v e n  i n  t h e  p r e c e d i n g  s e c t i o n .  T h e  
c r i t i c a l  m a s s  i s  a r r i v e d  a t  b y  a 
s e r i e s  o f  a p p r o x i m a t i o n s  i n  which t h e  
k e f f  c o r r e s p o n d i n g  t o  an  a r b i t r a r y  
uran ium mass  i s  c a l c u l a t e d  u n t i l  t h e  
mass  c o r r e s p o n d i n g  t o  t h e  r e q u i r e d  
k e f f  i s  f o u n d .  T h e  k e f {  f r o m  t h e  
b a r e  and r e f l e c t e d  c a l c u  a t i o n s  a r e  
we igh ted  when d e t e r m i n i n g  t h e  a c t u a l  
k e f f  o f  t h e  ARE a c c o r d i n g  t o  t h e  
p e r c e n t a g e  s u r f a c e  a r e a  o f  t h e  c o r e ,  
which i s  assumed t o  b e  e i t h e r  b a r e  o r  
r e f l e c t e d .  

The r e s u l t i n g  c r i t i c a l  mass  o f  t h e  
ARE r e a c t o r  d e s c r i b e d  i n  t h e  p r e c e d i n g  
s e c t i o n  i s  2 2 . 3  l b  and w i l l  p r o v i d e  a 

('"M. J .  N i e l s e n ,  B a r e  P i l e  A d j o i n t  Solution, 
Y-F10-18, Oct .  2 7 ,  1950. 

(I3)D. K .  H o l m e s ,  T h e  M u l t i g r o u p  M e t h o d  a s  
U s e d  b y  t h e  ANP P h y s i c s  G r o u p ,  ANP-58, Feb .  1 5 ,  
1 9 5 1 .  

5 0  

o f  1 . 0 3 4 ,  w h i c h  i s  d i s -  maximum k 
t r i b u t e d  among t h e  v a r i o u s  r e a c t i v i t y  
e f f e c t s  a s  f o l l o w s :  

e f f  

criticality 1.000 

fission-product override 0.005 

excess for experiment 0 024 

excess for delayed neutron loss 0.0054 

- .  

= 4. t 

T h e  u r a n i u m  i n v e s t m e n t  i n  t h e  
c i r c u l a t i n g - f u e l  ARE i s  summar ized  i n  
T a b l e  7 .  

TABLE 7 

Uranium Requirementsof  t h e  ARE 

Uranium reacting volume 22.3 lb 

Total uranium inventory 85 lb 

Assumed error range + 10% to 20% 

A " best" guess allowing -4.5% for 

94 to 68 lb 
2 .  

critical experiment correlation 74 lb 

C Y  

T h e r e  w i l l  b e  a s m a l l  r e d u c t i o n  i n  
t h e  u ran ium r e q u i r e m e n t  a s  t h e  r e s u l t  
o f  r e f l e c t i o n  and  f i s s i o n i n g  i n  t h e  
end r e f l e c t o r  r e g i o n ,  which was assumed 
t o  be  b a r e .  The r e f l e c t e d  r e a c t o r  h a s  
70.73% t h e r m a l  f i s s i o n s  and a l e a k a g e -  
t o - a b s o r p t i o n  r a t i o  o f  a b o u t  1 t o  3 .  

R e a c t i v i t y  C o e f f i c i e n t s .  T h e  
v a l u e s  o f  t h e  r e a c t i v i t y  c o e f f i c i e n t s ,  
summar ized  i n  T a b l e  8 ,  were  o b t a i n e d  
b y  b a r e  r e a c t o r  c a l c u l a t i o n  m e t h -  
o d ~ . ( ' ~ '  1 3 )  T h e s e  m e t h o d s  a p p e a r  
j u s  t i  f i e d ,  s i n c e  t h e  c o r  r e s p o n d i n g  
b a r e  r e a c t o r  c a l c u l a t i o n  f o r  c r i t i c a l  

= 1 . 0 5 4  f o r  15  l b  o f  m a s s  g a v e  
u r a n i u m ,  which  i s  c l o s e  t o  t h e  v a l u e  
o f  k e f f  = 1 . 0 3 9 8  f o r  t h e  r e f l e c t e d  
r e a c t o r .  H o w e v e r ,  t h e  r e f l e c t e d  
r e a c t o r  c a l c u l a t i o n s  f o r  A k / k  p e r  O F  

g a v e  -0 .64  x so t h a t  t h e  a c t u a l  
r e a c t o r  (whose  s u r f a c e  i s  1 3 . 9 2 / 4 1 . 3 9  
b a r e  and 2 7 . 4 7 / 4 1 . 3 9  r e f l e c t e d )  would 
h a v e  a A k / k  p e r  OF o f  - 1 . 9 5  x 

k e f  f 
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I C  

F o r  t h e  c h a n g e  A k / k  c o r r e s p o n d i n g  t o  i s  t h a t  o f  f i s s i o n  f r a g m e n t s  /in t h e  
a t e m p e r a t u r e  change  from 68 t o  1283’F, f u e l - c o o l a n t .  F i g u r e  1 2  p r e s e n t s  t h e  
t h e  v a l u e  c a l c u l a t e d  f o r  a r e f l e c t e d  r e s u l t s  o f  t h e  t h r e e  s e p a r a t e d  power 
r e a c t o r  i s  v e r y  n e a r l y  e q u a l  t o  t h e  d e n s i t i e s .  T h e  power  d e n s i t y  i n  t h e  
above  v a l u e  o f  - 0 . 0 3 1 s  c a l c u l a t e d  f o r  f u e l - c o o l a n t  i s  shown b o t h  a s  f i s -  
a b a r e  r e a c t o r .  s i o n s / c c / s e c  a n d  n o r m a l i z e d  t o  a n  

TABLE 8 

Reactivity Coefficients 

WITH CHANGE OF 
RANGE OF VARIABLE 1 OF COLUMN 1 1 SYMBOL 1 VALUE 

Thermal base ( r e a c t o r  temperature)  

Uranium mass 

Coolant d e n s i t y  

Moderator d e n s i t y  

D e n s i t y  o f  s t r u c t u r e  ( I n c o n e l )  

Core r a d i u s  

1283 t o  1672OF 

68 t o  1283’F 

1 1 . 7 5  t o  15 l b  

90 to  100% of 
quoted d e n s i t y  

9 5  t o  100% of 
quoted d e n s i t y  

100 t o  140% of 
quoted d e n s i t y  

100 t o  101% of  
quoted r a d i u s  

I 

‘Total change over range of column 2. 

- 5 . 7 6  .L 10” 

-0.031BO* 

0 . 4 0 4  

0 . 0  15 3 

0.505 

- 0 . 1 7 4  

0 . 4 3 8  

tribution. T h e  p a v e r a g e  o f  1 f i s s i o n / c c / s e c  i n  t h e  
d i s t r i b u t i o n  i n  t h e  ABE f u e l - c o o l  a n t  r e a c t o r  c o r e .  T h e  f a c t o r  c o n v e r t i n g  
h a s  b e e n  e v a l u a t e d  b y  s e p a r a t i n g  t h e  t h i s  t o  w a t t s / c c  from f i s s i o n  f r a g m e n t s  
t o t a l  f i s s i o n  e n e r g y  i n t o  t h r e e  p a r t s :  i n  t h e  f u e l - c o o l a n t  s o l u t i o n  i s  g i v e n  
f i s s i o n  f r a g m e n t  e n e r g y  a b s o r b e d  i n  o n  t h e  g r a p h ,  a n d  t o  t h i s  m u s t  b e  
t h e  f u e l - c o o l a n t ;  f i s s i o n - n e u t r o n  added t h e  gamma-ray h e a t i n g ,  which  i s  
e n e r g y  a b s o r b e d  i n  t h e  m o d e r a t o r ;  and g i v e n  on t h e  g r a p h  d i r e c t l y  i n  w a t t s  
gamma-ray e n e r g y  f rom d i r e c t  f i s s i o n ,  p e r  c u b i c  c e n t i m e t e r .  Fower  d e n s i t y  
f i s s i o n  p r o d u c t s ,  a n d  ( n , y )  a b -  i n  t h e  m o d e r a t o r  a s  a r e s u l t  o f  
s o r p t i o n s .  T h e  l a r g e  e n e r g y  d e n s i t y  h e a t i n g  b y  gamma r a y s  i s  a l s o  g i v e n  
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I 

o n  t h e  g r a p h  i n  w a t t s  p e r  c u b i c  
c e n t i m e t e r .  T h e  a s s u m p t i o n  i s  made 
t h a t  g a m m a - r a y  h e a t i n g  i s  t h e  same 
f o r  m o d e r a t o r  and  c o o l a n t .  A f i r s t  
a p p r o x i m a t i o n  t o  t h e  t o t a l  p o w e r  
d e n s i t y  i n  w a t t s / c c  i n  t h e  m o d e r a t o r  
i s  o b t a i n e d  by a d d i n g  gamma-ray h e a t i n g  
t o  n e u t r o n  h e a t i n g .  A r e f i n e d  c a l c u -  
l a t i o n  w i l l  b e  made when t h e  d e s i g n  
i s  f i x e d .  
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Neutron  F l u x  and Leakage  S p e c t r a .  
N e u t r o n  l e a k a g e  f r o m  t h e  s u r f a c e  o f  
t h e  r e a c t o r  i s  shown i n  F i g s .  13 and 
1 4 .  L e a k a g e  f r o m  t h e  r e f l e c t o r  
s u r f a c e  i n  n e u t r o n s / c m * / s e c  and l e a k a g e  
f rom t h e  e n d s  a r e  a l s o  p r e s e n t e d  i n  
F i g s .  1 3  a n d  1 4 ,  a n d  t h e  r e l a t i v e  
i m p o r t a n c e  o f  o p e n  e n d s  on  n e u t r o n  
f l u x  o u t  o f  t h e  r e a c t o r  c o r e  may b e  

, 

-.: 

. -  
n o t e d .  

m 
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DISTANCE FROM CENTER OF REACTOR ( c r n )  

F i g .  12. Power D i s t r i b u t i o n  i n  t h e  Core of  t h e  C i r c u l a t i n g - F u e l  ARE.  
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F i g .  13. Leakage Spectrum from the  R e f l e c t o r  of  the  C i r c u l a t i n g - F u e l  ARE. 
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F i g .  14. Leakage Spectrum from the Open Ends o f  the  C i r c u l a t i n g - F u e l  ARE.  
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N e u t r o n  f l u x  n o r m a l i z e d  t o  1 
f i s s i o n / c c / s e c  was  c o m p u t e d  t o  b e  
3 6 4  f o r  t h e  m o n t h e r m a l  n e u t r o n s  and 
80 f o r  t h e  t h e r m a l  n e u t r o n s  i n  t h i s  
r e a c t o r .  A t  f u l l  power ,  3 m e g a w a t t s ,  
t h e  t o t a l  i n t e g r a t e d  f l u x  i n  t h e  
c e n t e r  o f  t h e  r e a c t o r  i s  1 6 . 7  x 1 0 1 3  
n e u t r o n s / s e c / c m 2 .  T h e  t h e r m a l  f l u x  
i s  3 . 0  x l o i 3  n e u t r o n s / s e c / c m 2 ,  and 
t h e  f a s t  f l u x  i s  1 3 . 7  x 1 0 1 3  n e u -  
t r o n s / s e c / c m 2 .  N e u t r o n  f l u x  s p e c t r a  
a t  t h r e e  p o i n t s  i n  t h e  r e a c t o r  a r e  
g i v e n  i n  F i g .  1 5 .  T h e  i m p o r t a n t  
d i f f e r e n c e  i s  t h a t  o f  a m p l i t u d e .  
N o t e  t h a t  h i g h - e n e r g y  n e u t r o n  f l u x  
i s  r e l a t i v e l y  somewhat  h i g h e r  t o w a r d  
t h e  r e a c t o r  c e n t e r ,  b u t  t h e  d i f f e r e n c e  
i s  s m a l l .  F i g u r e  16 shows t h e  c o r r e -  
s p o n d i n g  p l o t s  o f  f l u x  v s .  r a d i u s  f o r  
f o u r  e n e r g i e s .  T h e  i m p o r t a n c e  o f  
m o d e r a t i o n  by t h e  r e f l e c t o r  i s  q u i t e  
a p p a r e n t .  
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F i g .  1 5 .  T r a n s v e r s e  N e u t r o n  F l u x  
Spec trum f o r  T h r e e  S e c t i o n s  Through 
t h e  Core o f  t h e  C i r c u l a t i n g - F u e l  ARE. 
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STATICS OF ARE CONTROLS 

S t a t i c  c a l c u l a t i o n s  o f  t h e  v a r i o u s  
mechanisms f o r  t h e  r e g u l a t i o n ,  s a f e t y ,  
and sh im c o n t r o l  o f  t h e  c i r c u l a t i n g -  
f u e l  AIiE a r e  g i v e n  i n  terms o f  c h a n g e s  
i n  r e a c t i v i t y .  The o n e  b o r o n  c a r b i d e  
r e g u l a t o r  r o d ,  f u l l y  i n s e r t e d ,  e f f e c t s  
a n e t  c h a n g e  i n  r e a c t i v i t y  o f  0 . 0 0 7 5 .  
T h e  t h r e e  s a f e t y  r o d s  e a c h  e f f e c t  a 
n e t  c h a n g e  i n  r e a c t i v i t y  o f  0 . 0 5 3 .  
C e t a i l s  o f  t h e  o p e r a t i o n  o f  t h e s e  
c o n t r o l  mechanisms a r e  g i v e n  i n  sec.  2 .  

Shim C o n t r o l  R e q u i r e m e n t s .  E s t i -  

f '  m a t e d  r e a c t i v i t y  c h a n g e s ,  A k / k e  
from room t e m p e r a t u r e  t o  1 0 0 0 0 ~  a n d  t o  
an assumed c o n t r o l l e d  r e a c t o r  t e m p e r -  
a t u r e  o f  1283°F a r e  g i v e n  i n  T a b l e  9 .  

T h e  e f f e c t  on  r e a c t i v i t y  o f  x e n o n  
a t  f u l l  p o w e r  i s  t o  r e d u c e  t h e  k e  
o f  t h e  c l e a n  r e a c t o r  c a l c u l a t i o n  Xf, 
Ak = 0 . 0 0 3 1 .  Maximum t r a n s i e n t  xenon 

f u r t h e r  by Ak = 0 . 0 0 8 2 .  r e d u c e s  k 
T h e  t e m p e r a t u r e  c o e f f i c i e n t  a s  a 
r e s u l t  o f  t h e  xenon  a t  f u l l  power  i s  

e f  f 

i n  t h e  v i c i n i t y  o f  1400°F.  

R e g u l a t o r  R o d .  I n  t h e  p o i s o n  
c o n t r o l  s y s t e m ,  t h e r e  i s  o n e  a x i a l  
b o r o n  c a r b i d e  r e g u l a t o r  r o d  l y i n g  
a l o n g  t h e  l o n g i t u d i n a l  a x i s  o f  t h e  
c y l i n d r i c a l  r e a c t o r .  T h e  p e r m a n e n t  
r e a c t i v i t y  e f f e c t  o f  t h e  r e g u l a t o r  
s t r u c t u r a l  m a t e r i a l  i s  i n c l u d e d  i n  
t h e  c o r e  volume f r a c t i o n s .  D e t a i l e d  
c a l c u l a t i o n s  h a v e  b e e n  made  f o r  t h e  
s o d i u m -  c o o l e d  ARE r e a c t o r  f o r  t h i s  
r e a c t o r  c o n t r o l  s y s t e m  d e s i g n .  T h e  
o n l y  i m p o r t a n t  r e a c t o r  c h a r a c t e r i s t i c  
t h a t  a f f e c t s  t h e  c o n t r o l  rod  e f f e c t i v e -  
n e s s  i s  t h e  n e u t r o n  s p e c t r u m ,  a n d  
t h i s  s p e c t r u m  i s  q u i t e  s i m i l a r  f o r  
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F i g .  16. Radial  Neutron-Flux D i s t r i b u t i o n  i n  t h e  Core o f  t h e  C i r c u l a t i n g - F u e l  
ARE. 

t h e  s o d i u m - c o o l e d  r e a c t o  
p r e s e n t  ARE.  H e n c e ,  t h e  c o n t r o l  rod  
e f f e c t  o n  r e a c t i v i t y  i s  a s s u m e d  t o  

T h e  n e t  c h a n g e  i n  r e a c t i v i t y  when 
t h e  r e g u l a t o r  r o d  i s  f u l l y  i n s e r t e d  
i s  t o  b e  made 0 . 0 0 7 5 .  

S a f e t y  Rods. T h r e e  s a f e t y  r o d s  a r e  
e q u a l l y  s p a c e d  o n  a 1 5 - i n .  c i r c l e  
a round  t h e  r e a c t o r  a x i s .  The s p a c i n g  
i s  s u f f i c i e n t l y  l a r g e  t o  r e d u c e  t h e  
s h a d o w i n g  e f f e c t  o f  e a c h  r o d  on  t h e  
o t h e r s  t o  a r e l a t i v e l y  s m a l l  v a l u e ,  
a n d  t h i s  e f f e c t  i s  n o t  c o n s i d e r e d .  

T h e s e  r o d s  a r e  2 - i n .  d i a m e t e r  cy:! inders  
o f  b o r o n  c a r b i d e  w i t h  w a l l  t h i c k n e s s  
o f  0 . 3 3 5  i n . ,  and a b e r y l l i u m  o x i d e  
r o d  i s  a t t a c h e d  t o  t h e  e n d  o f  e a c h  
r o d .  T h e  n o r m a l  p o s i t i o n  o f  t h e  
s a f e t y  r o d s  i s  o u t ,  s o  t h a t  b e r y l l i u m  
o x i d e  w i l l  b e  added  t o  c o r e  m a t e r i a l  
w i t h  a r e s u l t i n g  d e c r e a s e  1.n t h e  
u r a n i u m  r e q u i r e m e n t .  T h e  n e t  c h a n g e  
i n  k e f f  f o r  e a c h  r o d  i s  t h u s  t h e  sum 
o f  t w o  r e a c t i v i t y  c o n t r i b u t i o n s :  
( 1 )  from t h e  removal  o f  b e r y l l i u ~ n  o x i d e  
m o d e r a t i n g  m a t e r i a l  and ( 2 )  f rom t h e  
i n s e r t i o n  o f  a 2 - i n .  - d i a m e t e r  b o r o n  
c a r b i d e  n e u t r o n - a b s o r b i n g  r o d .  Each  
b o r o n  c a r b i d e  r o d  i s  w o r t h  - 5 . 3 %  i n  

5 5  



EFFECT 

Expansion of l i q u i d  f u e l  

Dimensional expansion 
with constant  mater ia l  

Change o f  d e n s i t y  of 
Inconel i n  core 

Change of dens i ty  of 
r e f l e c t o r  Be0 

Change of  c r o s s  s e c t i o n s  
(except Xe) with reactor 
temperature 

Change of  Xe cross sec t ior  
with reactor temperature 

TABLE 9 

Shim Control Requirements 

nk/keff FOR CHANGE 

ASSUMPTION 

Volume expansion c o e f f i c i e n t s  
per OF; f u e l ,  1.67 x 
(melt ing ignored) ,  Inconel ,  
0.20 x di f fe rence ,  
1.47 

Radial expansion determined 
by Inconel; a x i a l ,  by BeO. 

Linear expansion c o e f f i c i e n t s  
per  OF; Inconel, 6.7 x 
BeO, 4.9 x weighted 
average expansion c o e f f i c i e n t :  
l i n e a r  6 .1  x volume 
18.3 x per  "F 

Inconel  volume expansion coef- 
f i c i e n t  per  OF, 20 x 

Same as  metal-cooled ARE 

0.26ofdecay  products i n  t h e  
core ,  remainder i n  ex terna l  

Total  &/k 

FROM 100 
D 1000°F 

,0.0554 

0.0024 

0.0083 

9 .0031 

0.0054 

0.0271 

0.0907 

FROM 1000 
TO 1283OF 

-0.0 174 

0.00076 

-0.0026 

+O. 00098 

-0.00 17 

-0.0047 

-0.0247 

OF 1°F AT 
3PER. TEMP. 

-6.16 x 

2.67 x 

-0.92 1 0 ' ~  

63.5 x 

-5.7 x 

-2 x 

cO.6 x 

-7 .2 1 0 ' ~  



FOR P E R I O D  ENDING MARCH 1 0 ,  1 9 5 2  

A k / k ,  a n d  e a c h  b e r y l l i u m  o x i d e  r o d  
i n  t h e  same p o s i t i o n  i s  wor th  + 0 . 1 6 % .  
The  I n c o n e l  a r o u n d  t h e  b o r o n  c a r b i d e  
r o d s  i s  n o t  an e f f e c t i v e  p o i s o n  when 

:a- t h e  r o d s  a r e  i n s e r t e d  and r e s u l t s  i n  
a d e c r e a s e  i n  p o i s o n  r o d  e f f e c t  o f  
0 . 2 1 % .  T h e  n e t  e f f e c t  o f  i n s e r t i o n  

c .  7 o f  t h e  t h r e e  s a f e t y  r o d s  i s  t h u s  
1 5 . 9 %  i n  k e f f .  T h i s  v a l u e  i s  l a r g e r  
t h a n  t h a t  q u o t e d  f o r  t h e  m e t a l -  
c o o l e d  r e a c t o r  b e c a u s e  t h e r e  i s  no  
p o i s o n  NaK t o  d i s p l a c e .  T h e  maximum 
e f f e c t  o f  c o n t r o l  r o d  m o t i o n  i s  t h u s  
16% i n  k e f f ,  c o r r e s p o n d i n g  t o  a b o u t  
6 l b  o f  uran ium i n  t h e  core .  

SPECIFIC DESIGN PROBLEMSOF THE 
CIRCULATING- FUEL ARE 

D u m p i n g  a l l  t h e  ARE f u e l  i n t o  a 
s i n g l e  t a n k  d o e s  n o t  r e s u l t  i n  a 
c r i t i c a l  m a s s  i n  t h e  t a n k .  T h e  
a s s u m p t i o n s  p e r t i n e n t  t o  t h i s  c o n -  
c l u s i o n  a r e  g i v e n  i n  R e f .  1 4 ;  t h e  
m o s t  i m p o r t a n t  a s s u m p t i o n  i s  t h e  
a b s e n c e  o f  good m o d e r a t o r s  i n  o r  n e a r  
t h e  t a n k .  

1 .  
I -  

Two ARE d e s i g n s  w i t h  volume f r a c -  
t i o n s  o f  f u e l  i n  t h e  c o r e  o f  6 . 8 5  and 
2 2 . 5 %  were compared  a s  t o  t h e  s e n s i -  
t i v i t y  o f  t h e i r  c r i t i c a l  mass  t o  t h e  
a d d i t i o n  o f  p o t a s s i u m  ( w h i c h  h a s  a 
1 a r g e  a b s o r p t i o n  c r o s s  s e c t i o n )  t o  
t h e  f u e l  m i x t u r e . (  1 5 )  O f  i m p o r t a n c e  

( 1 4 ) C .  B. Mills, A N o t e  o n  F u e l  D u m p i n g  f r o m  
ARE N o .  5 ,  Y-F10-84.  Jan. 1 8 ,  1952.  

(”’C. B .  Mills, E f f e c t  o f  P o t a s s i u m  c n  t h e  
F u e l - C o o l a n t  S o l u t i o n  i n  T w o  ARE R e a c t o r s ,  

F Y - F 1 0 - 8 5 ,  J a n .  2 1 ,  1 9 5 2 .  

d u r i n g  t h e  d i s c u s s i o n  w a s  w h . e t h e r  
t h e  e x i s t i n g  b e r y l l i u m  o x i d e  b l o c k s  
s h o u l d  b e  c u t  t o  a c c o m m o d a t e  t h e  
l a r g e r  f u e l  p e r c e n t a g e .  F o r  t h e  
6 . 8 5 %  d e s i g n ,  i n c r e a s e  o f  t h e  p o t a s s i u m  
f l u o r i d e  m o l e  f r a c t i o n  i n  t h e  f u e l  
f rom 0 t o  60% i n c r e a s e d  t h e  c r i t i c a l  
m a s s  by 55%. F o r  t h e  2 2 . 5 %  d e s i g n ,  
t h e  c o r r e s p o n d i n g  i n c r e a s e  was 105%. 
S i n c e  t h e  u s e  o f  p o t a s s i u m  niay b e  
n e c e s s a r y ,  t h e  l a r g e  s e n s i t i v i t y  o f  
t h e  2 2 . 5 %  d e s i g n  t o  p o t a s s i u m  w o r k s  
t o  t h e  d i s a d v a n t a g e  o f  t h i s  d e s i g n .  

T h e  p o w e r  g e n e r a t i o n  i n  a b o r o n  
c a r b i d e  c u r t a i n  o n  o n e  e n d  o f  a 
3 - m e g a w a t t  ARE r e a c t o r  was  f o u n d  t o  
b e  0 . 5 3  w a t t s / c m 2 ,  2 0 %  o f  w h i c h  i s  
d e v e l o p e d  i n  t h e  f i r s t  0 . 0 5  c e n t i -  
m e t e r .  ( 6 ,  

T h e  p r o b l e m s  o f  f u e l - t u b e - w a l l  
c o r r o s i o n  may  n o t  b e  c o m p l e t e l y  
s o l v e d  by t h e  t i m e  t h e  ARE i s  b e i n g  
b u i l t ,  and f o r  t h i s  r e a s o n ,  a s  w e l l  
a s  f o r  r e a s o n s  o f  f a b r i c a t i o n ,  i t  i s  
h i g h l y  d e s i r a b l e  t o  u s e  t h i c k  t u b e  
w a l l s .  U n d e r  a s s u m p t i o n s  s p e c i f i e d  
i n  t h e  r e f e r e n c e , ( ” )  i n c r e a s i n g  t h e  
t u b e  w a l l  t h i c k n e s s  f rom 2 0  t o  40 o r  
60 m i l s  i n c r e a s e s  t h e  c r i t i c a l  m a s s  
by 1 8 . 5  and 43%, r e s p e c t i v e l y .  

( 1 6 ) C .  B .  M i l l s ,  T h e  P o w e r  G e n e r a t , o n  i n  a 
B 4 C  C u r t a i n  ARE o n  O n e  E n d  o f  i 
R e a c t o r ,  Y-F10-87,  Jan. 2 1 ,  1952.  

( 1 7 ) C .  B .  M i l l s ,  E f f e c t  o f  S t r u c t u r e  o n  
C r i t i c a l i t y  o f  t h e  ARE o f  J a n u a r y  2 2 ,  1 9 5 2 ,  

t h e  A R E  N o .  

Y- F l O -  8 9 .  
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T h e  g r o u p  r e s p o n s i b l e  f o r  s t u d i e s  
o f  p r e l i m i n a r y  r e a c t o r  a s s e m b l i e s  h a s  
c o n t i n u e d  i n v e s t i g a t i o n s  d u r i n g  t h e  
p a s t  q u a r t e r  w i t h  t h e  mockup o f  t h e  
G-E,  d i r e c t - c y c l e  r e a c t o r  d e s c r i b e d  i n  
t h e  p r e c e d i n g  r e p o r t . ( ' )  R e l a t i v e  
e v a l u a t i o n s ,  i n  t e r m s  o f  c o n t r i b u t i o n s  
t o  r e a c t i v i t y ,  h a v e  b e e n  m a d e  o f  
s e v e r a l  r e f l e c t o r  m o d i f i c a t i o n s .  D a t a  
o b t a i n e d  s e v e r a l  m o n t h s  a g o  f r o m  a 
c r i t i c a l  a s s e m b l y  o f  u r a n i u m  a n d  
g r a p h i t e  h a v e  b e e n  a n a l y z e d ,  a n d  
p r e l i m i n a r y  p l a n s  f o r  e x p e r i m e n t s  on 
t h e  l i q u i d - f u e l - c o o l a n t  a i r c r a f t  
r e a c t o r  have  been made. The d a t a  from 
t h e  g r a p h i t e  a s sembly  have  been c o r r e -  
l a t e d  w i t h  t h e  t h e o r e t i c a l  c a l c u l a t i o n s  
o f  t h e  a s s e m b l y ,  T h e  c o r r e l a t i o n  
l a c k s  p r e c i s i o n  b u t  g i v e s  r e s u l t s  t h a t  
a r e  a t  l e a s t  c o n s i s t e n t  w i t h  e x p e r i -  
m e n t a l  f a c t .  

5. CRITICAL EXPERIMENTS 

A. D. C a l l i h a n ,  P h y s i c s  D i v i s i o n  

DIRECT-CYCLE REACTOR( 2 ,  

E. V .  Haake and D. V.  P.  W i l l i a m s  
P h y s i c s  D i v i s i o n  

W .  G. Kennedy 
P r a t t  and  Whi tney  A i r c r a f t  D i v i s i o n  

Dunlap  S c o t t  
A N P  D i v i s i o n  

q u a r t e r l y  r e  
d e s c r i b e d  b r i e f l y  a n  a s s e m b l y  o f  
u r a n i u m ,  b e r y l l i u m ,  m e t h a c r y l a t e  
p l a s t i c ,  and s t a i n l e s s  s t e e l  t h a t  was 
d e s i g n e d  t o  y i e l d  i n f o r m a t i o n  o f  
v a l u e  t o  t h e  G e n e r a l  E l e c t r i c  Company 

A .  D .  C a l l i h a n ,  ' ' C r i t i c a l  E x p e r i m e n t s , ' '  
A i r c r a f t  N u c l e a r  P r o p u l s i o n  P r o j e c t  Q u a r t e r l y  
P r o g r e s s  R e p o r t  f o r  P e r i o d  E n d i n g  D e c e m b e r  1 0 ,  
1 9 5 1 ,  ORNL-1170, p .  3 5 .  

( 2 ) T h e  c r i t i c a l  a s s e m b l y  o f  t h i s  r e a c t o r  w i l l  
b e  d i s c u s s e d  i n  g r e a t e r  d e t a i l  i n  a r e p o r t  t h a t  
i s  now b e i n g  w r i t t e n  t o  t h e  G e n e r a l  E l e c t r i c  
Company .  

i n  t h e  d e v e l o p m e n t  o f  t h e  d f i r e c t -  
c y c l e  n u c l e a r  r e a c t o r  f o r  a i r c r a f t  
p r o p u l s i o n .  A l o a d i n g  c h a r t  o f  t h i s  
a s s e m b l y  i s  shown i n  F i g .  1 7 .  D u r i n g  
t h i s  q u a r t e r  t e m p e r a t u r e  e f f e c t s  on  
r e a c t i v i t y  have  been  s t u d i e d , a n d  some 
c o m p a r i s o n s  h a v e  b e e n  made  o f  t h e  
e f f e c t  on r e a c t i v i t y  o f  t h e  b e r y l l i u m  
r e f l e c t o r  a n d  o f  v a r y i n g  r e l a t i v e  
t h i c k n e s s e s  o f  s t a i n l e s s  s t e e l  a n d  
p l a s t i c  s u b s t i t u t e d  f o r  t h e  b e r y l l i u m .  
A c o n t r o l  r o d  c a l i b r a t i o n  was made ,  
a n d  a l t h o u g h  t h e  d a t a  o b t a i n e d  a r e  
u n i q u e  t o  t h e  d i r e c t - c y c l e  r e a c t o r ,  
t h e y  a r e  o f  v a l u e  f o r  o t h e r  t y p e s  o f  
r e a c t o r s ,  s i n c e  t h e y  i n d i c a t e  t h e  
m e t h o d  a n d  p r e c i s i o n  o f  e v a l u a t i n g  
r e a c t i v i t y  c h a n g e s  i n t r o d u c e d  b y  
c h a n g e s  i n  r e f l e c t o r ,  s t r u c t u r a l  
e l e m e n t s ,  and o t h e r  components ,  

C o n t r o l  R o d  C a l i b r a t i o n .  T h e  
c h a n g e  i n  r e a c t i v i t y  i n t r o d u c e d  by 
d i s p l a c e m e n t  o f  e a c h  c o n t r o l  r o d  h a s  
been d e t e r m i n e d  by two me thods ,  I n  t h e  
f i r s t ,  t h e  " p e r i o d "  method,  a m e a s u r e -  
m e n t  i s  made  o f  t h e  p e r i o d  o f  t h e  
s u p e r c r i t i c a l  s y s t e m  r e s u l t i n g  f r o m  
t h e  i n s e r t i o n  o f  a c o n t r o l  r o d ,  and  
t h e  c o r r e s p o n d i n g  change  i n  r e a c t i v i t y  
i s  d e t e r m i n e d .  I n  t h e  s e c o n d ,  t h e  
" r o d - d r o p "  m e t h o d ,  a s a f e t y  r o d  i s  
e v a l u a t e d  from t h e  t r a n s i e n t  o c c u r r i n g  
i n  t h e  f l u x  a s  t h e  s a f e t y  r o d  i s  
r a p i d l y  r e m o v e d  f r o m  t h e  a s s e m b l y .  
S i n c e  e a c h  c o n t r o l  r o d  i s  p r a c t , i c a l l y  
c o a x i a l  w i t h  a s a f e t y  r o d  ( F i g .  171,  
t h e  o v e r - a l l  v a l u e  o f  c o r r e s p o n d i n g  
r o d s  i s  t a k e n  t o  b e  e q u a l .  

A c o m p a r i s o n  o f  t h e  t o t a l  r o d  
c a l i b r a t i o n s  o b t a i n e d  f rom t h e  r o d -  
d r o p  method w i t h  t h e  i n t e g r a t e d  v a l u e  
from t h e  p e r i o d  measu remen t s  is g i v e n  
i n  T a b l e  10.  C h a n g e s  i n  r e a c t i v i t y  
a r e  e x p r e s s e d  i n  " c e n t s , "  w h e r e  1 0 0  
c e n t s  ( "one  d o l l a r " )  i s  e q u i v a l e n t  t o  
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FUEL ELEMENT, EACH 18in. LONG, EACH HALF BACKED BY 6 in .  OF 
GRAPHITE TOP: 6 LAYERS OF STAINLESS STEEL, WITH 5 TO 1O-mil 
BY 3in. URANIUM DISKS, HORIZONTAL, BOTTOM: 1 in. OF PLEXIGLAS. 

-STAINLESS STEEL, AIR, FUEL 

- PLEXIGLAS 

LETTERS REPRESENT CONTROL ROD POSITIONS ; NUMBERS, 
SAFETY ROD POSITIONS. 

Fig. 17. Loading Chart of Critical Assembly of Direct-Cycle Reactor. 
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0.00730 Ak/k. I t  i s  b e l i e v e d  t h a t  t h e  
p r e c i s i o n  o f  t h e  r o d - d r o p  method i s  n o  
g r e a t e r  t h a n  k 2  c e n t s ,  s o  t h e  a g r e e -  
ment i n  some c a s e s  i s  f o r t u i t o u s .  

TABLE 10 

Comparison o f  Control  Rod C a l i b r a t i o n s  

CONTROL 
ROD 

A 

B 

C 

D 

CORRESPONDING 
SAFETY ROD 

REACTIVITY CHANGE 

PERIOD, 
INTEGRATED 

( c e n t s )  

18.2 

15.9 

15.9 

18.3 

ROD DROP 
( c e n t s )  

16 

16 

18 

18 

D a t a  o b t a i n e d  i n  t h e  i n c r e m e n t a l  
c a l i b r a t i o n  o f  c o n t r o l  r o d  A by t h e  
p e r i o d  m e t h o d  a r e  shown i n  F i g .  1 8 ,  
wh ich  g i v e s  t h e  c h a n g e  i n  r e a c t i v i t y  
o c c u r r i n g  when t h e  r o d  i s  w i t h d r a w n  
f r o m  t h e  r e a c t o r .  

eEm6.T- 
DWG 14435 
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5 12 0000876 
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9 6  0000438 

4 0000292 

2 0000146 
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3 

0 4 8 42 16 20 24 
E ROD POSITION FROM MID-PLANE ( in)  

F i g .  18. i t y  a s  a Function 
of Control  Rod P o s i t i o n .  

Temperature  E f f e c t s .  D u r i n g  t h e  
o p e r a t i o n  o f  r e a c t o r  a s s e m b l i e s  a n  
i r r e p r o d u c i b i l i t y  o f  v a r y i n g  d e g r e e  
h a s  b e e n  o b s e r v e d  o c c a s i o n a l l y  i n  
d a y - t o - d a y  l o c a t i o n s  o f  c o n t r o l  r o d s  

FOR PERIOD ENDING MARCH 10, 1952 

r e q u i r e d  f o r  c r i t i c a l i t y  u n d e r  c o n -  
s t a n t  l o a d i n g  c o n d i t i o n s .  I n  t h e  work 
r e p o r t e d  h e r e  t h e s e  v a r i a t i o n s  exceeded 
t h e  s e n s i t i v i t y  r e q u i r e d  t o  d e t e c t  t h e  
r e a c t i v i t y d i f f e r e n  c e s p r o du ce  d by 
some s t r u c t u r a l  c h a n g e s  u n d e r  s t u d y .  
I n v e s t i g a t i o n s  h a v e  i n d i c a t e d  t h e  
p r o b a b l e  c a u s e  t o  be a m b i e n t  t e m p e r a -  
t u r e  c h a n g e s ,  T h e  c o n c o m i t a n t  r e -  
a c t i v i t y  d i f f e r e n c e s  , f r o m  t h e  r e -  
a c t i v i t y  a t  7 2 . 9 ' F J  a r e  p l o t t e d  a s  
f u n c t i o n s  o f  t e m p e r a t u r e  i n  F i g .  1 9 .  

3EcRET 
DWG. I4436 

0 9  10 i f  12 13 14 
MILLIVOLTS (IRON-CONSTANTAN) 

3.00073 

3 

-0.00073 

F i g .  19. R e a c t i v i t y  v s .  Tempertature. 

R e f l e c t o r  S t u d i e s .  An e x p e r i m e n t  
was i n i t i a t e d  b e f o r e  t h e  r e a c t o r  was 
i n  f i n a l  form t o  compare t h e  r e a c t i v i t y  
v a l u e  o f  a r e f l e c t o r  e l e m e n t  w i t h  t h a t  
o f  a f u e l  e l e m e n t  t o  a s c e r t a i n  t h e  
m o s t  s a t i s f a c t o r y  l o c a t i o n  o f  t h e  
s a f e t y  rod .  A s e c t i o n  o f  <he b e r y l l i u m  
r e f l e c t o r  22 i n ,  l o n g  ( o n e - h a l f  o f  t h e  
4 4 - i n .  t o t a l  r e f l e c t o r  j a c k e t  l e n g t h )  
was removed from p o s i t i o n s  M-21, v-11, 
and W - 1 1  ( F i g .  1 7 )  , and t h e  r e s u l t i n g  
c h a n g e  i n  r e a c t i v i t y  w a s  a s c e r t a i n e d  
b y  a c a l i b r a t e d  c o n t r o l  r o d .  T h e  
r e s u l t i n g  d a t a  ( T a b l e  1 1 )  g i v e  t h e  
r e a c t i v i t y  c h a n g e  ( w i t h  an e s t i m a t e d  
e r r o r  o f  k 1  c e n t )  when a b e r y l l i u m -  
f i l l e d  t u b e  i s  s u b s t i t u t e d  f o r  a n  
a i r - f i l l e d  t u b e .  

6 1  
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TEST CELL 
REACTIVITY CHANGE 

( c e n t s )  

::::: ~ f f  
V - 1 1  and W-11 

I n  a s e c o n d  s e r i e s  o f  e x p e r i m e n t s ,  
w i t h  f i n a l  r e a c t o r  g e o m e t r y ,  t h e  
b e r y l l i u m  i n a s e c t i o n  9 by 36 by 6 i n .  
t h i c k c 3 )  was r e p l a c e d  by a t y p e - 3 1 0  
s t a i n l e s s  s t e e l  s e c t i o n  9 by 3 6  by 3 
i n .  t h i c k ,  T h i s  c h a n g e  w a s  m a d e  
s e p a r a t e l y  a t  t h e  s i d e  o f  t h e  r e a c t o r ,  
a t  t h e  t o p ,  and a t  t h e  bot tom. R e s u l t s  

' g i v i n g  t h e  c h a n g e  i n  r e a c t i v i t y  
e f f e c t e d  by t h e  s u b s t i t u t i o n  and  t h e  
c h a n g e s  i n  l o c a t i o n  o f  t h e  r e f l e c t o r  
a l t e r a t i o n s  a r e  l i s t e d  i n  T a b l e  1 2  
( d e s i g n a t i o n s  a r e  t h e  same a s  i n  F i g .  
1 7 ) .  T h e  s y s t e m  w a s  m o r e  r e a c t i v e  
w i t h  t h e  b e r y l l i u m  r e f l e c t o r .  

I 

GRA 

I 

HITE REACTOR 

E.  L. Zimmerman, P h y s i c s  D i v i s i o n  

L i m i t e d  e f f o r t  h a s  been d i r e c t e d  t o  
t h e  a n a l y s i s  o f  d a t a  o b t a i n e d  f rom a 
u r a n i u m - g r a p h i t e  r e a c t o r  a n d  t o  c o r -  
r e l a t i o n  o f  t h e  d a t a  w i t h  t h e o r y .  
T h i s  m a t e r i a l  w i l l  b e  p r e s e n t e d  when 
t h e  a n a l y s i s  i s  comple t e .  Such  r e s u l t s  
a s  a r e  now a v a i l a b l e  a r e  d i s c u s s e d  i n  
a s u b s e q u e n t  p a r a g r a p h  on t h e  " C o r r e -  
l a t i o n  o f  T h e o r y  and C r i t i c a l  E x p e r i -  
m e n t s . "  

LOCATION 
I N  REACTOR 

CIRCULATING-FUEL REACTOR 

Dunlap  S c o t t ,  ANP D i v i s i o n  \ 

FINAL POSITION REACTIVITY CHANGE 
( c e n t s )  I N I T I A L  POSITION PLASTIC I N  I STAINLESS STEEL I N  

A p r e l i m i n a r y  a s s e m b l y  i s  t o  b e  
made o f  t h e  p r o j e c t e d  a i r c r a f t  p r o -  
p u l s i o n  r e a c t o r  by u s i n g  b e r y l l i u m  
o x i d e  a s  a m o d e r a t o r  and r e f l e c t o r  and 
m o l t e n  UF4-BeF2-NaF  a s  a c i r c u l a t i n g  
f u e l  and c o o l a n t .  T h i s  a s sembly  i s  t o  
b e  o p e r a t e d  a t  room t e m p e r a t u r e  and  
e s , s v e n t i a l l y  z e r o  power and w i l l  u t i l i z e  

+ f' 

Si de 

TOP 

Bottom 

TABLE 12 

R e a c t i v i t y  Change E f f e c t e d  by S u b s t i t u t i n g  P l a s t i c  and S t a i n l e s s  S t e e l  
f o r  Beryl l ium i n  t h e  R e f l e c t o r  

V , W - 1 1 , 1 2 , 1 3  V - 1 1 , 1 2 , 1 3  W -  11, 1 2 , 1 3  

L , M , N - 2 , 3  L , M , N - 3  L , M , N - 2  

L , M , N - 2 1 ,  22 L , M , N - 2 1  L ,  M ,  N- 22 

-.- 

. . *  

. -  

- 5 6 . 5  

- 4 1 . 3  

-33 .0  

b e r y l l i u m  o x i d e  and packed-powder f u e l ;  ( 3 ) I t  m u s t  b e  n o t e d  t h a t  s i n c e  t h e  o u t s i d e  
d i m e n s i o n s  o f  t h e  aluminum t u b i n g  a r e  3 by 3 i n . ,  b e r y l l i u m  f l u o r i d e  w i l l  be o m i t t e d  from 
t h e  c r o s s  s e c t i o n  o f  t h e  u n i t s  o f  t h e  r e f l e c t o r  fue l  f o r  convenience in preparation. 
( a n d  t h e  f u e l )  i s  2 7 / 8  b y  2 7/8 i n . ,  and  t h e  
r e m a i n d e r  i s  a l u m i n u m  ( w a l l )  a n d  a i r - f i l l e d  One p o s s i b l e  e x p e r i m e n t a l  v a r i a b l e  w i l l  

t h e  

s p a c e .  For c o n v e n i e n c e  i n  d i s c u s s i o n ,  t h e  3 - i n .  b e  t h e  uranium d e n s i t y  o f  t h e  f u e l .  
dimens ion ,  and m u l t i p l e s  t h e r e o f ,  w i l l  be  u s e d  t o  
d e s i t r n a t e  t h e  r e f l e c t o r  a l t e r a t i o n s .  ~n t h e  I n  t h e  f i r s t  e x p e r i m e n t  t h e  d e n s i t y  
q u a n c i t i v e  p r e s e n t a t i o n  o f  t h e  d a t a  a c t u a l  t h i c k -  w i l l  be t h a t  c a l c u l a t e d  f o r  t h e  molten 
n e s s e s  o f  t h e  m a t e r i a l  w i l l  b e  s t a t e d ,  w i t h  t h e  
u n d e r s t a n d i n g  t h a t  t h e  v o i d s  a r e  p r e s e n t .  f l u o r i d e  m i x t u r e  f o r  t h e  ARE.  A l s o  



t h e  powder m i x t u r e  w i l l  h a v e  t h e  same 
u r a n i u m - s o d i u m  a t o m i c  r a t i o  a s  t h e  
d e s i g n  f u e l .  However,  i t  w i l l  p r o b a b l y  
n o t  be p o s s i b l e  t o  a c h i e v e  t h e  o v e r -  
a l l  f u e l  d e n s i t y  o f  t h e  d e s i g n  f u e l  i n  
t h i s  m o c k u p .  D e s i g n  o f  f u e l  c o n -  
t a i n e r s  and c o n t r o l  and s a f e t y  d e v i c e s  
i s  u n d e r  way. 

CORRELATION OF T H E O R Y  A N D  
C R I T I C A L  EXPERIMENTS 

D. K .  Holmes,  P h y s i c s  D i v i s i o n  

An a t t e m p t  h a s  b e e n  made t o  d e -  
t e r m i n e  how c l o s e l y  t h e o r y  c a n  be made 
t o  c h e c k  w i t h  r e s u l t s  f rom c r i t i c a l  
e x p e r i m e n t s .  T h e  s e v e r a l  t y p e s  o f  
r e s u l t s  t h a t  a r e  s u b j e c t  t o t h e o r e t i c a l  
a n a l y s i s  i n c l u d e  ( 1 )  c r i t i c a l i t y  w i t h  
a nonhydrogenous  m o d e r a t o r  and w i t h  a 
h y d r o g e n o u s  m o d e r a t o r ,  ( 2 )  f o i l  e x -  
p o s u r e s ,  ( 3 )  d a n g e r  c o e f f i c i e n t s ,  ( 4 )  
r o d  s e n s i t i v i t y ,  a n d  ( 5 )  t h e  g a p  
e x p e r i m e n t .  

A l t h o u g h  c r i t i c a l i t y  c a l c u l a t i o n s  
f o r  b o t h  hydrogenous  and nonhydrogenous 
m o d e r a t e d  r e a c t o r s  a r e  a c c e p t a b l y  
c o n s i s t e n t ,  t h e  r e s u l t s  c o u l d  b e  
i m p r o v e d  i n  t h e  c a s e  o f  a b e r y l l i u m  
m o d e r a t o r  by t h e  e x i s t e n c e  o f  b e t t e r  
c r o s s - s e c t i o n  d a t a .  M u l t i g r o u p  c a l c u -  
l a t i o n s  o f  hydrogen  modera ted  r e a c t o r s  
y i e l d  h i g h  m u l t i p l i c a t i o n  c o n s t a n t s .  
D a n g e r  c o e f f i c i e n t  d a t a  p r o v i d e  a 
f u r t h e r  check  o f  t h e  m u l t i g r o u p  method,  
and t h e  c r o s s  s e c t i o n s  upon which  t h e s e  
c a l c u l a t i o n s  a r e  based  a g r e e  r e a s o n a b l y  
w e l l ,  a t  l e a s t  i n  t h e  c a s e s  o f  i r o n  
a n d  n i c k e l .  F o i l  m e a s u r e m e n t s  a l s o  
s h o w  a p p r e c i a b l e  c o r r e l a t i o n  w i t h  
p r e d i c t e d  v a l u e s .  However,  e l e m e n t a r y  
t h e o r y  on t h e  l o s s  o f  r e a c t i v i t y  i n  
t h e  g a p  e x p e r i m e n t  i s  c o n s i s t e n t l y  
a b o u t  50% low. 

C r i t i c a l i t y  w i t h  N o n h y d r o g e n o u s  
Moderators.  S i n c e  c o n s i d e r a b l e  e f f o r t  
h a s  b e e n  d e v o t e d  t o  s e t t i n g  u p  t h e  
" m u l t i g r o u p "  t e c h n i q u e  f o r  n u m e r i c a l  

FOR PERIOD ENDING MARCH 1 0 ,  1 9 5 2  

i n t e g r a t i o n  o f  t h e  a g e - d i f f u s i o n  
e q u a t i o n , ( 4 )  a v e r y  d e f i n i t e  a t t e m p t  
h a s  b e e n  made t o  d e t e r m i n e  w h e t h e r  
t h e s e  c a l c u l a t i o n s  can  p r e d i c t  e x p e r i -  
m e n t a l  r e s u l t s .  Two s e p a r a t e  b a r e  
a s s e m b l i e s  have  been s t u d i e d ,  one  w i t h  
b e r y l l i u m  a s  m o d e r a t o r  and  t h e  o t h e r  
w i t h  g r a p h i t e .  Two a s s e m b l i e s  a r e  
d e s c r i b e d  i n  T a b l e  13. 

T h e  r e s u l t s  o f  t h e  m u l t i g r o u p  
c a l c u l a t i o n s  on t h e s e  two r e a c t o r s  a r e  
g i v e n  i n  T a b l e  1 4 .  

The v a l u e s  o f  k e f f  l i s t e d  i n  T a b l e  
14 e n c o u r a g e  t h e  b e l i e f  t h a t  t h e  method 
a n d  t h e  c r o s s  s e c t i o n s  on  w h i c h  t h e  
c a l c u l a t i o n  i s  b a s e d  a r e  a c c u r a t e ;  
h o w e v e r ,  t h e s e  r e s u l t s  a r e  somewha t  
o f f s e t  by t h e  c a l c u l a t i o n s  o f  t h e  a g e s  
o f  t h e r m a l  n e u t r o n s  i n  b e r y l l i u m  a n d  
i n  g r a p h i t e ,  S i n c e  b o t h  t h e s e  c a l c u -  
l a t i o n s  i n v o l v e  t h e  same  m u l t i g r o u p  
m e t h o d  and  t h e  same c r o s s  s e c t i o n s ,  
t h e  c o r r e l a t i o n  w i t h  e x p e r i m e n t a l  d a t a  
w o u l d  b e  e x p e c t e d  t o  be  s i m i l a r  t o  
t h a t  f o r  t h e  m u l t i p l i c a t i o n  c o n s t a n t s ,  
T a b l e  15 shows t h a t  whereas  t h e  c a l c u -  
l a t e d  v a l u e  f o r  g r a p h i t e  w a y  b e  
a c c e p t a b l e ,  t h e  c a l c u l a t e d  a g e  f o r  
b e r y l l i u m  i s  n o t  a c c e p t a b l e ,  T h e  
f o l l o w i n g  p o s s i b l e  e x p l a n a t i o n s  f o r  
t h i s  d i s c r e p a n c y  have  been examined:  

1. I n c o r r e c t  e x p e r i m e n t a l  v a l u e  
f o r  t h e  a g e ,  

2 .  I n c o r r e c t  v a l u e s  f o r  t h e  b e r y l -  
l i um s c a t t e r i n g  c r o s s  s e c t i o n ,  

3 .  N e g l e c t  o f  p - s c a t t e r i n g  i n  
b e r y l l i u m .  

The measu remen t s  o f  t h e  a g e  i n  b e r y l -  
l i u m  seem t o  be i n  g o o d  a g r e e m e n t .  
Changes i n  e i t h e r  t h e  t o t a l  s c a t t e r i n g  
c r o s s  s e c t i o n  o r  t h e  p - s c a t t e r i n g  
c o n t r i b u t i o n  s u c h  a s  t o  g i v e  t h e  
c o r r e c t  v a l u e  f o r  t h e  a g e ,  w h e n  

( 4 ) M .  J. Nielsen, B a r e  P i l e  A d j o i n t  S o l u t i o n ,  
Y - F I O - 1 8 ,  Oct. 27, 1950.  
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ASSEMBLY 1 

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

0 . 9 0 .  e f f  

An a d d i t i o n a l  c o m p l i c a t i o n  i s  
i n t r o d u c e d  by t h e  p o s s i b i l i t y  o f  t h e  
e x i s t e n c e  o f  a s i g n i f i c a n t  c r o s s  
s e c t i o n  f o r  t h e  ( n , 2 n )  r e a c t i o n  i n  

ASSEMBLY 4 

b e r y l l i u m . ( ' )  V a r i o u s  e x p e r i m e n t a l  
e s t i m a t e s  f o r  t h i s  c r o s s  s e c t i o n  may 
l e a d  t o  i n c r e a s e s  o f  a s  much a s  2 0 %  
i n  t h e  c a l c u l a t e d  k e f f  f o r  a s sembly  1. 
A t  p r e s e n t  t h e  b e s t  a p p r o a c h  t o  ma tch -  ... 
i n g  t h e  c a l c u l a t i o n s  w i t h  e x p e r i m e n t a l  
d a t a  i s  p r o b a b l y  t h a t  o f  a l l o w i n g  some 
p - s c a t t e r i n g  t o  r a i s e  t h e  c a l c u l a t e d  . '  

k e f f  

Median energy  f o r  
f i s s i o n  

F r a c t i o n  o f  f i s s i o n s  
t h a t  a r e  thermal  

ASSEMBLY 1 ASSEMBLY 4 and Graphite 

0.98* 0.9912* 

1.1 ev 0.15 

BERYLLIUM GRAPHITE 
( ) ( cm2) 

Measured age 93 3 50 

Cal cu l  a t e d  age  69 3 9 1  
0.107 0.274 

C r i t i c a l  d imens ions  

Volume f r a c t i o n s  o f  c o n s t i t u e n t  m a t e r i a l s  
Fuel (93.4% U235) 

Beryl I ium 

Carbon 

S t a i n 1  ess s t e e l  

AI uminum 

T o t a l  mass 93.4% U 2 3 5  

2 1  x 2 1  x 23.22 i n .  

0.00658 

0.90202 

0.000826 

0.03004 

19.36 kg 

5 1  x 5 1  x 44.111 i n .  

0.00 15032 

0.88916 

0.0003127 

0.06073 

57.092* 



FOR PERIOD ENDING MARCH 1 0 ,  1952 I 
a g e  and a l s o  some ( n , 2 n )  c r o s s  s e c t i o n  

b a c k  t o  u n i t y .  I n  t o  b r i n g  t h e  k 
t h e  a b s e n c e  o f  r e l i a b l e  e x p e r i m e n t a l  
d a t a  on b o t h  p o i n t s ,  such  c a l c u l a t i o n s  
would  be  p u r e l y  s p e c u l a t i v e .  I n  a n y  
c a s e ,  i t  seems f a i r  t o  c o n c l u d e  t h a t  
t h e  method o f  c a l c u l a t i o n  g i v e s  r e s u l t s  
t h a t  a r e  a t  l e a s t  c o n s i s t e n t  w i t h  
e x p e r i m e n t a l  f a c t  a 

e f f  

C r i t i c a l i t y  w i t h  H y d r o g e n o u s  
M o d e r a t o r s .  A m o d i f i e d  f o r m  o f  t h e  
mu1 t i g r o u p  m e t h o d  h a s  b e e n  u s e d  t o  
c a l c u l a t e  t h e  m u l t i p l i c a t i o n  c o n -  
s t a n t s  f o r  f o u r  c r i t i c a l  a s s e m b l i e s  
c o n s i s t i n g  o f  e i t h e r  b a r e  o r  r e f l e c t e d  
c o r e s  o f  s o l u t i o n s  o f  u r a n i u m  h e x a -  
f l u o r i d e  i n  w a t e r .  An e x t r a  t e r m  i s  
a d d e d  t o  t h e  u s u a l  a g e - d i f f u s i o n  
e q u a t i o n  t o  t a k e  a c c o u n t  o f  t h e  
r e l a t i v e l y  l a r g e  e n e r g y  l o s s e s  o f  t h e  
n e u t r o n s  b e c a u s e  o f  s c a t t e r i n g  i n  
h y d r o g e n o u s  m a t e r i a l s .  S i n c e  t h e  
r e f l e c t o r s ,  w h e n  u s e d ,  w e r e  e s -  
s e n t i a l l y  i n f i n i t e  a n d  o f  w a t e r ,  a 
s i m p l e ,  r e f l e c t o r - s a v i n g  c o r r e c t i o n  t o  
t h e  b a r e  c a l c u l a t i o n  was u s e d .  T h e  
r e s u l t s ( 6 )  g a v e  e f f e c t i v e  m u l t i p l i -  
c a t i o n  c o n s t a n t s  r a n g i n g  f rom 0 .97  t o  
0 . 9 8 8  f o r  t h e  c r i t i c a l  a s s e m b l i e s .  
S i n c e  t h e  r e a c t o r s  r anged  from 41.5 t o  
94% t h e r m a l  a n d a s i m p l e  a g e - d i f f u s i o n ,  
m u l t i g r o u p  c a l c u l a t i o n  g a v e  e f f e c t i v e  
m u l t i p l i c a t i o n  c o n s t a n t s  a b o u t  20% t o o  
h i g h ,  i t  may be  e x p e c t e d  t h a t  t h e  
m e t h o d  o f  c a l c u l a t i o n  w i l l  g i v e  
a c c e p t a b l e  r e s u l t s ,  i n  g e n e r a l ,  f o r  
hydrogenous  r e a c t o r s .  

F o i l  Exposures .  I t  i s  p o s s i b l e  t o  
c a l c u l a t e  t h e  a c t i v i t y  o f  an  aluminum 
c a t c h e r  f o i l  p l a c e d  a g a i n s t  a f u e l  
d i s k ,  e i t h e r  b a r e ,  cadmium c o v e r e d ,  o r  
cadmium-indium c o v e r e d ,  i f  t h e  n e u t r o n  
f l u x  i n  t h e  r e g i o n  and t h e  uran ium and 
cadmium c a p t u r e  c r o s s  s e c t i o n s  a r e  
known a s  f u n c t i o n s  o f  e n e r g y .  Ey 
d e n o t i n g  t h e  a c t i v a t i o n s ,  b a r e ,  cadmium 
c o v e r e d ,  and cadmium-indium c o v e r e d  by 

(6)C. B. M i l l s ,  W a t e r  M o d e r a t e d  R e a c t o r s ,  
Y-F10-78, Jan. 7 ,  1952. 

\ . ', 

A , ,  A , ,  A C I ,  r e s p e c t i v e l y ,  t h e  : fo l low-  
i n g  p r o p o r t i o n a l i  t i e s  a r e  o b t a i n e d :  

where 

E ,  = some h i g h  n e u t r o n  e n e r g y ,  
s a y  10  Mev 

I E , ,  = t h e r m a l  e n e r g y ,  

Z f ( ~ )  = m a c r o s c o p i c  f i s s i o n  c r o s s  
s e c t i o n  o f  t h e  f u e l  d i s k s ,  

+ ( E )  = n e u t r o n  f l u x  a s  a f u n c t i o n  
o f  e n e r g y ,  

a n d  f c ( E )  and f ( E )  a r e  t h e  f r a c -  c;r 
t i o n s  o f  t h e  i n c i d e n t  n e u t r o n s  o f  
e n e r g y  E t h a t  r e a c h  t h e  f u e l  d i s k .  
From t h e s e  e x p r e s s i o n s  i t  may be s e e n  
t h a t  t h e  e x t e n t  t o  which a c a l c u l a t i o n  
o f  f o i l  a c t i v i t i e s  c h e c k s  e x p e r i m e n t a l  
r e s u l t s  i s  some measure  o f  t h e  a c c u r a c y  
o f  t h e  c a l c u l a t i o n  o f  t h e  f l u x  a s  a 
f u n c t i o n  o f  e n e r g y .  F o r  p u r p o s e s  o f  
c o m p a r i s o n ,  r a t i o s  o f  a c t i v a t i o n s  a r e  
u s e d ,  The r e s u l t s  a r e  g i v e n  i n  T a b l e  
1 6  ( b o t h  c a l c u l a t i o n  a n d  e x p e r i m e n t  
r e f e r  t o  a s s e m b l y  4, t h e  g r a p h i t e  
a s s e m b l y ) .  T h e  v a r i a t i o n  o f  t h e  
r a t i o s  o v e r  t h e  r e a c t o r  m u s t  b e  
a t t r i b u t e d  t o  t h e  l o a d i n g  i n  a s s e m b l y  
4 n o t  c o n t i n u i n g  u n i f o r m l y  t o  t h e  
edge o f  t h e  a s sembly  s o  t h a t  t h e  o u t e r  
3 i n ,  g a v e  a r e f l e c t o r - l i k e  e f f e c t ;  
t h u s  a h i g h e r  f r a c t i o n  o f  t h e  n e u t r o n  
f l u x  i s  t h e r m a l  n e a r  t h e  edge  o f  t h e  
r e a c t o r .  The c a l c u l a t i o n  r e p r e s e n t s  

w 
I 
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an  a v e r a g e  o v e r  t h e  e n t i r e  r e a c t o r .  
T h e  c a l c u l a t e d  v a l u e s  r e p o r t e d  i n  
T a b l e  16  do  n o t  t a k e  i n t o  a c c o u n t  t h e  
r e l a t i v e  d e p r e s s i o n  o f  t h e  low e n e r g y  
end o f  t h e  f l u x  s p e c t r u m  n e a r  t h e  f o i l  
u p o n  i n t r o d u c t i o n  o f  t h e  c a d m i u m .  
I n c l u d i n g  t h i s  e f f e c t  wou ld  t e n d  t o  
r a i s e  b o t h  c a l c u l a t e d  v a l u e s ,  

AB 

ACI 
rat io  =- 

TABLE 16 

3 . m  

Experimental and Calculated Values for 
the Cadmiumand Cadmium-Indium Ratios 

I I EXPERIMENTAL 

I 
CENTER OF 
ASSEMBLY 

I 
Cadmium r a t i o  

AB 

I 2*11 

=- 

AC 

Cadmium-indium I 

I 

OUTS I DE 
EDGE OF 

ASSEMBLY 

2.60 

3.90 

CALCULATED 
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2.72 

2.98  

Danger Coefficients. A f u r t h e r  
check  o f  t h e  m u l t i g r o u p  method and t h e  
c r o s s  s e c t i o n s  on w h i c h  c a l c u l a t i o n s  
a r e  b a s e d  i s  a v a i l a b l e  i n  t h e  d a n g e r  
c o e f f i c i e n t  m e a s u r e m e n t s  E x p e r i  - 
m e n t a l l y ,  t h e  measurement  c o n s i s t s  o f  
d e t e r m i n i n g  t h e  l o s s  i n  r e a c t i v i t y  
w h e n  a b l o c k  o f  s o m e  m a t e r i a l  i s  
p l a c e d  i n  t h e  c e n t e r  o f  t h e  a s s e m b l y ,  
(The  compar i son  i s  w i t h  a v o i d  o f  t h e  
same s i z e  and a t  t h e  same p o s i t i o n  a s  
t h e  b lock  o f  m a t e r i a l ;  t h e  e x p e r i m e n t s  
were p e r f o r m e d  on a s s e m b l y  4.) T h e r e  
a r e  two m e t h o d s  o f  c a l c u l a t i o n  t h a t  
may be used  t o  check  t h e s e  e x p e r i m e n t s ,  
I n  t h e  " d i f f e r e n c e  m e t h o d , "  t h e  r e -  
a c t i v i t y i s  recomputed  f o r  t h e  a s sembly  
u s i n g  t h e  m u l t i g r o u p  method w i t h  t h e  
p r o p e r  a d d i t i o n a l  a m o u n t  o f  t h e  
p a r t i c u l a r  m a t e r i a l  a d d e d  t o  t h e  
a s sembly .  [ S i n c e  t h e  m a t e r i a l  i s ,  by 
t h i s  p r o c e d u r e  , e s s e n t i a l l y  s p r e a d  

u n i f o r m l y  o v e r  t h e  v o l u m e  o f  t h e  
r e a c t o r ,  whereas  i n  t h e  e x p e r i m e n t  t h e  
m a t e r i a l  i s  c o n c e n t r a t e d  a t  t h e  c e n t e r  
o f  t h e  a s s e m b l y ,  t h e  c a l c u l a t e d  
r e s u l t s  a r e  m u l t i p l i e d  by ( 7 ~ / 2 ) ~  t o  
p r o p e r l y  w e i g h t  t h e  i m p o r t a n c e  o f  t h e  

e f f  c e n t e r  o f  t h e  r e a c t o r . ]  The new k 
i s  t h e n  c o m p a r e d  w i t h  t h e  o l d  o n e  
o b t a i n e d  b e f o r e  t h e  i n t r o d u c t i o n  o f  
n e w  m a t e r i a l .  S i n c e  t h e  v o l u m e  
f r a c t i o n s  o f  t h e  a d d e d  m a t e r i a l s  a r e  
r e l a t i v e l y  s m a l l ,  t h i s  method i n v o l v e s  
t a k i n g  s m a l l  d i f f e r e n c e s  o f  l a r g e  
numbers ;  however ,  i t  i s  f e l t  t h a t  t h e  
n u m e r i c a l  m e t h o d s  u s e d  a r e  q u i t e  
a d e q u a t e  f o r  t h i s  c a s e ,  and t h e  method 
h a s  t h e  a d v a n t a g e  o f  i n c l u d i n g  t h e  
s c a t t e r i n g  c r o s s  s e c t i o n  and t h e  e f o r  
t h e  a d d e d  m a t e r i a l  a s  w e l l  a s  i t s  
a b s o r p t i o n  c r o s s  s e c t i o n .  The s e c o n d  
m e t h o d  i s  a p e r t u r b a t i o n  t e c h n i q u e  
t h a t  i n v o l v e s  t h e  c a l c u l a t i o n  o f  a n  
" i m p o r t a n c e "  f u n c t i o n ( ' )  ( o f  e n e r g y )  
f o r  t h e  a s s e m b l y .  T h e  p e r t u r b a t i o n  
m e t h o d  a l l o w s  t h e  m a t e r i a l  t o  b e  
p l a c e d  d i r e c t l y  a t  t h e  c e n t e r  o f  t h e  
r e a c t o r  b u t ,  a s  u s e d  f o r  t h e  d a n g e r  
c o e f f i c i e n t  c a l c u l a t i o n s  , t a k e s  i n t o  
a c c o u n t  o n l y  t h e  a b s o r p t i o n  c r o s s  
s e c t i o n  o f  t h e  a d d e d  m a t e r i a l ;  t h u s  
any  g a i n  i n  m o d e r a t i o n  o v e r  t h e  v o i d  
i s  n o t  i n c l u d e d  i n  t h e  p e r t u r b a t i o n  
m e t h o d .  I n  T a b l e  17  t h e  t o t a l  l o s s  
i n  k e f f  upon i n t r o d u c t i o n  o f  a b l o c k  
o f  t h e  m a t e r i a l  o f  t h e  s i z e  l i s t e d  
i n t o  a s sembly  4 i s  g i v e n ,  

An a d d i t i o n a l  e f f e c t  o w i n g  t o  t h e  
l u m p i n g  o f  t h e  added  m a t e r i a l ,  w h i c h  
would r e d u c e  t h e  e f f e c t i v e  a b s o r p t i o n  
c r o s s  s e c t i o n ,  was n o t  i n c l u d e d  i n  t h e  
c a l c u l a t i o n ;  s u c h  a n  e f f e c t  w o u l d  
r e d u c e  t h e  m a g n i t u d e s  o f  t h e  n u m b e r s  
c a l c u l a t e d .  

Rod Sensitivity. The c o n t r o l  r o d s  
f o r  a s s e m b l y  4 were  t y p i c a l  s e c t i o n s  
a b o u t  3 by 3 i n .  i n  c r o s s  s e c t i o n  and 
e x t e n d e d  f rom t h e  c e n t e r  t o  t h e  e d g e  
o f  t h e  a s s e m b l y ,  An e x p e r i m e n t  ,which  
i s  o f  i n t e r e s t  from a t h e o r e t i c a l  p o i n t  
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TABLE 17 

Experimental and Calculated Values for  the Total Loss i n  k e f f  upon Introduction 
o f  Various Materials into  Assembly 4 

MATERIAL 

Sodium 

I r o n  

I r o n  

Nicke l  

Molybdenum 

SIZE OF BLOCX 
( i n . )  

3 X 3 X 1  

3 X 3 X 1  

3 x 3  x %  

3 X 3 X %  

3 x 3 x K  

EXPERIMENTAL 

0.066 

1. 44 

0.450 

0.657 

1. 3 1  

o f  v i e w ,  i s  t h e  m e a s u r e m e n t  o f  t h e  
i n c r e m e n t a l  s e n s i t i v i t y  o f  s u c h  a r o d  
a s  a f u n c t i o n  o f  p o s i t i o n  i n  t h e  
a s sembly ,  i . e .  , 

--- 
[ k e : f  A::'] 

e v a l u a t e d  when t h e  c o n t r o l  r o d  i s  
wi thdrawn ( f r o m  t h e  c e n t e r )  a d i s t a n c e  
x .  I n  t h e  r e l a t i v e l y  s i m p l e  c a s e  o f  a 
v e r y  t h i n  p o i s o n  r o d  ( w h i c h  l e a v e s  
b e h i n d  a n e g l i g i b l e  v o i d  a s  i t  i s  
w i t h d r a w n )  t h e  d a t a  f o r  a s s e m b l y  4 
f i t t e d  t h e  t h e o r e t i c a l l y  e x p e c t e d  
i m p o r t a n c e  f u n c t i o n ,  i . e .  , 

- cos2  y x  

I k  e f f ) t h i n  poison rod 

where x i s  measured  from t h e  c e n t e r  of  
t h e  r e a c t o r ,  and  y = r / L ,  w h e r e  L i s  
t h e  l e n g t h  o f  t h e  r e a c t o r .  However ,  
t h e  " t y p i c a l - e l e m e n t "  c o n t r o l  r o d ,  
w h i c h  d o e s  l e a v e  a 3 by 3 i n .  v o i d  

DIFFERENCE 

0.002 

1.42 

0 . 3 6 8  

0.700 

0.600 

PERTURBATION 

2 . 2 3  

0.560 

0 .960  

c h a n n e l  b e h i n d  a s  i t  i s  w i t h d r a w n ,  
showed an e n t i r e l y  d i f f e r e n t  b e h a v i o r .  
The s e n s i t i v i t y  was f a i r l y  c o n s t a n t  a s  
a f u n c t i o n  o f  x u n t i l  t h e  r o d  had been  
wi thdrawn somewhat o v e r  t h r e e - q u a r t e r s  
o f  t h e  t o t a l  r o d  l e n g t h ,  a t  w h i c h  
p o i n t  t h e  s e n s i t i v i t y  r o s e  t o  a maximum 
( a b o u t  2 0 %  a b o v e  i t s  v a l u e  ;at t h e  
c e n t e r  o f  t h e  a s s e m b l y )  and t h e n  f e l l  
r a p i d l y  a s  t h e  edge  of  t h e  r e a c t o r  was 
approached .  

I t  seems f a i r l y  c e r t a i n  t h a t  t h e  
r e m o v a l  o f  a b l o c k  o f  m o d e r a t o r  o f  
w i d t h  Ax a t  a p o i n t  x i n  t h e  r e a c t o r  
( l e a v i n g  a t h i n  v o i d  s e c t i o n  b e h i n d )  

t h a t  
v a r i e s  a g a i n  a s  c o s  y x ;  t X u s  t h e  
p e c u l i a r  b e h a v i o r  o f t h e  rod  S e n s i t i v i t y  
seems mos t  l i k e l y  t o  be t h e  r e s u l t  o f  
t h e  v o i d  c h a n n e l ,  w h i c h  i s  o f  l e n g t h  
( L / 2 )  - x when t h e  r o d  h a s  been w i t h -  
d r a w n  a d i s t a n c e  x .  T h u s  i t  i s  
p o s s i b l e  t h a t  a term p r o v i d e d  by t h e  
t r a n s p o r t  o f  n e u t r o n s  a l o n g  t h e  c h a n n e l  
from n e a r  t h e  c e n t e r  o f  t h e  r e a c t o r  t o  
a r e g i o n  o f  much lower  i m p o r t a n c e  n e a r  
t h e  o u t s i d e  m i g h t  a c c o u n t  f o r  t h e  

s h o u l d  g i v e  a c h a n g e  2 i n  k e  f 
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e x p e r i m e n t a l  r e s u l t .  A t y p i c a l  form h a s  t h e  v a l u e s  f o r  t.,e v o i d  e f f e c t  
€ o r  t h e  t h e o r e t i c a l  e k t i m a t e  o f  t h i s  g i v e n  by t h e  i n t e g r a t i o n  above ,  and t o  
e f f e c t  i s :  c h o o s e  A and B s o  t h a t  an  a c c e p t a b l e  

. -. . 

where  P ( x ’  -+ x “ )  i s  t h e  p r o b a b i l i t y  
t h a t  a n e u t r o n  w i l l  m a k e  a f l i g h t  
t h r o u g h  t h e  v o i d ,  l e a v e  t h e  c h a n n e l  
w a l l s  a t  x ’ ,  and  r e - e n t e r  a t  x ” .  T h i s  
term w i l l  d epend  upon t h e  f l u x  a t  x ’  
a n d  t h e  s o l i d  a n g l e  s u b t e n d e d  a t  x ’  
by a s m a l l  a r e a  a t  x n .  I(%’ -+ x ” )  i s  
t h e  change  i n  i m p o r t a n c e  o f  a n e u t r o n  
w h i l e  b e i n g  t r a n s p o r t e d  from X I  t o  x ” .  
S i n c e  t h e  i n t e g r a l  i s  o v e r  a l l  v a l u e s  
o f  x ’  and x ” ,  a c c o u n t  i s  t a k e n  o f  t h e  
gain i n  i m p o r t a n c e  owing  t o  t r a n s p o r t  
t oward  t h e  c e n t e r  o f  t h e  r e a c t o r ,  b u t  
t h i s  w i l l  be s m a l l e r  t h a n  t h e  loss o f  
i m p o r t a n c e  s i n c e  t h e  f l u x  f a l l s  o f f  
from t h e  c e n t e r  a s  c o s  yx .  N u m e r i c a l  
e v a l u a t i o n  o f  t h e  i n t e g r a l s  s h o w n  
i n d i c a t e s  t h a t  t h e  v o i d  c o n t r i b u t i o n  
t o  t h e  rod  s e n s i t i v i t y  r i s e s  from z e r o  
a t  t h e  c e n t e r  o f  t h e  a s s e m b l y  t o  a 
maximum n e a r  t h e  t h r e e - q u a r t e r  p o i n t  
a n d  t h e n  f a l l s  o f f  r a p i d l y .  I t  i s  
p o s s i b l e  t o  w r i t e  

[i ‘1 t o t a l  

where 

- - c o s 2  yx 
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I ( x ’  -+ x ” )  P ( x ’  -+ x ” )  d x ‘  d x ”  

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

Gap E x p e r i m e n t .  W i t h  c a l i b r a t e d  
c o n t r o l  r o d s  i t  i s  p o s s i b l e  t o  measu re  
t h e  l o s s  i n  r e a c t i v i t y  upon s e p a r a t i n g  
t h e  two h a l v e s  o f  t h e  r e a c t o r  a t  t h e  
c e n t e r  p l a n e .  Such  an  e x p e r i m e n t  was 
p e r f o r m e d  o n  a s s e m b l y  4 w i t h  s e p a -  
r a t i o n s  u p  t o  0 . 3  i n .  a n d  l o s s e s  i n  
r e a c t i v i t y  up  t o  a b o u t  0.005. A c a l c u -  
l a t i o n  h a s  b e e n  made  b y  u s i n g  t h e  
m u l t i g r o u p  m e t h o d  a n d  a l l o w i n g  a n  
a p p a r e n t  a b s o r p t i o n  c r o s s  s e c t i o n  a t  
e a c h  l e t h a r g y  c o r r e s p o n d i n g  t o  t h e  
p r o b a b i l i t y  f o r  l o s s  o f  n e u t r o n s  from 
t h e  g a p  [ w i t h  a w e i g h t i n g  f a c t o r  o f  
( 7 ~ / 2 ) ~  t o  a c c o u n t  f o r  t h e  f a c t  t h a t  
t h e  l o s s e s  a r e  a c t u a l l y  f r o m  t h e  
c e n t e r  o f  t h e  r e a c t o r ] .  T h e  l e a k a g e  
l o s s e s  from t h e  gap  were c a l c u l a t e d  by 
u s i n g  t h e  r e s u l t s  g i v e n  i n  CP-3443. ( ’ )  
T h e  c a l c u l a t e d  l o s s e s  i n  k e f f  a r e  
u n i f o r m l y  a b o u t  50% l o w e r  t h a n  t h e  
e x p e r i m e n t a l  r e s u l t s .  However ,  s i n c e  
t h e  maximum s e p a r a t i o n  o f  h a l v e s  i s  
o n l y  0 . 3  i n . ,  w h e r e a s  t h e  d imens ion  o f  
a f a c e  o f  t h e  r e a c t o r  i s  51  i n . ,  t h e  
e n t i r e  e x p e r i m e n t  i s  i n  t h e  r a n g e  o f  
“ s m a l l  g a p ”  f o r  w h i c h  t h e  r e s u l t s  o f  
CP-3443 a r e  known t o  u n d e r e s t i m a t e  t h e  
l e a k a g e  f rom t h e  gap .  An improvemen t  
o f  t h e  m e t h o d o f C P - 3 4 4 3  h a s  been made, 
and t h e  l o s s e s  a r e  now b e i n g  r e c a l c u -  
l a t e d  on t h e  new b a s i s .  

(7)M. G. G o l d b e r g e r ,  M. I.. G o l d b e r g e r ,  a n d  
J. E. W i l k i n s ,  J r . ,  T h e  E f f e c t  o f  G a p s  o n  P i l e  
R e a c t i v i t y ,  CP-3443. Feb.  20. 1946. 







W 
SUMMARY AND INTRODUCTION 

E. P. B l i z a r d ,  P h y s i c s  D i v i s i o n  

.< The mockup o f  t h e  d i v i d e d  s h i e l d  i s  
now b e i n g  measured  i n  t h e  Bulk  S h i e l d -  
i n g  F a c i l i t y  ( s e c .  6 ) .  T h e  a n g u l a r  
and e n e r g y - d e p e n d e n t  gamma-ray measu re -  
m e n t s  t h a t  h a v e  b e e n  o b t a i n e d  a r e  
g r a t i f y i n g l y  d e t a i l e d .  I t  i s  n o t  
c e r t a i n  t h a t  t h e  n e u t r o n  s p e c t r a l  and 
a n g u l a r  d i s t r i b u t i o n s  w i l l  b e  a s  
a m e n a b l e  t o  m e a s u r e m e n t s ;  t h e  i n -  
s t r u m e n t s  f o r  t h e s e  m e a s u r e m e n t s  a r e  
s t i l l  b e i n g  d e v e l o p e d .  

R e s e a r c h  o n  d u c t s  h a s  i n c l u d e d  
d e t a i l e d  measu remen t  o f  t h e  e f f e c t  o f  
d u c t  geometry  on n e u t r o n  t r a n s m i s s i o n ,  
a s  w e l l  a s  t h e  e x p e r i m e n t a l  c o r r o b o -  
r a t i o n  o f  a s i m p l i f i e d  t h e o r y  o f  
n e u t r o n  t r a n s m i s s i o n  i n  d u c t s  ( s e c .  7 ) .  
T h e  a g r e e m e n t  b e t w e e n  t h e o r y  a n d  
e x p e r i m e n t  f o r  d u c t  t r a n s m i s s i o n  i s  
w i t h i n  a f a c t o r  o f  2 f o r  a t t e n u a t i o n s  
a s  h i g h  a s  D u c t  p a r a m e t e r s  i n -  
v e s t i g a t e d  i n c l u d e  d i a m e t e r ,  l e n g t h ,  

A comprehens ive  d e s i g n  o f  t h e  Tower 
S h i e l d i n g  F a c i l i t y ,  w h i c h  w i l l  make 

. -  - -  

* ,  and a n g l e s  of  a s i n g l e  bend. 

p o s s i b l e  f u l l - s c a l e  ( b u t  n o t  f u l l -  
i n t e n s i t y )  m e a s u r e m e n t s  o f  d i v i d e d  
s h i e l d s  h a s  been  c o m p l e t e d  ( s e c .  8 ) .  
The r e s u l t i n g  c o n f i g u r a t i o n ,  b a s i c a l l y  
a 3 0 0 - f t  t o w e r  w i t h  a 1 0 0 - f t  c r o s s  
member f o r  t he  r e a c t o r  and crew s h i e l d ,  
m e e t s  a l l  r e q u i r e m e n t s  r e g a r d i n g  
f r e e d o m  f r o m  s p u r i o u s l y  s c a t t e r e d  
r a d i a t i o n  a n d  f l e x i b i l i t y .  I t  i s  
e s t i m a t e d  t h a t  t h i s  f a c i l i t y  w i l l  
c o s t  a b o u t  two m i l l i o n  d o l l a r s  a n d  
t h a t  i t  w i l l  b e  c o m p l e t e d  i n  t h e  
m i d d l e  o f  1 9 5 3 .  

A d d i t i o n a l  c r o s s - s e c t i o n  m e a s u r e -  
men t s  have  been  o b t a i n e d  on t h e  5-Mev 
Van d e  G r a a f f  and  t h e  t i m e - o f - f l i g h t  
n e u t r o n  s p e c t r o m e t e r  f o r  u s e  i n  r e a c t o r  
c r o s s - s e c t i o n  m e a s u r e m e n t s  h a s  b e e n  
c o m p l e t e d  ( s e c .  9 )  The s p e c t r o m e t e r  
h a s  b e e n  i n s t a l l e d  a n d  t h e  c o u n t i n g  
r a t e s  o p t i m i z e d  and t e s t e d  on t h e  LITR.  
Measurements  o f t h e  t o t a l  c r o s s  s e c t i o n  
o f  i r o n  on t h e  5-Mev a c c e l e r a t o r  e x t e n d  
from 0 . 7  t o  3 . 6  M e V .  
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6. BULK SHIELDING REACTOR 

J. L. Meem H. E. H u n g e r f o r d  
R .  G. Cochran  E. B. J o h n s o n  
M. P. Haydon J. K .  L e s l i e  
K .  M. Henry F. C. M a i e n s c h e i n  
L .  B. H o l l a n d  G. M .  McCammon 

T. N. R o s e b e r r y  

P h y s i c s  

The  d i v i d e d  s h i e l d  mockup, s u p p l i e d  
by t h e  G e n e r a l  E l e c t r i c  Company, h a s  
been  i n s t a l l e d  i n  t h e  B u l k  S h i e l d i n g  
F a c i l i t y .  For t h e s e  m e a s u r e m e n t s  t h e  
r e a c t o r  was  r e l o a d e d  t o  c o m p l e t e l y  
f i l l  t h e  l a t t i c e  o f  t h e  r e a c t o r  and  
t o  m i n i m i z e  t h e  e f f e c t  o f  t h e  b o r a t e d  
w a t e r ,  The  gamma-ray s p e c t r o s c o p y  i s  
w e l l  u n d e r  way,  b u t  i n s t r u m e n t a t i o n  
r e q u i r e d  f o r  t h e  n e u t r o n  s p e c t r o s c o p )  
w i l l  n o t  b e  c o m p l e t e d  u n t i l  t h i s  
summer. 

MOCKUP OF THE DIVIDED SHIELD ' 

The d i v i d e d  s h i e l d  mockup c o n s i s t s  
o f  a t a n k  c y l i n d r i c a l  on t h e  s i d e s  and 
r o u g h l y  h e m i s p h e r i c a l  i n  f r o n t  ( F i g .  
2 0 ) .  A v e r t i c a l  s l o t  t h a t  b a r e l y  
a l l o w s  c l e a r a n c e  f o r  t h e  r e a c t o r  i s  
c u t  a l o n g  t h e  l e n g t h o f  t h e  c y l i n d r i c a l  
s e c t i o n  s o  t h a t  t h e  r e a c t o r  and i t s  

- s u p p o r t i n g  b r i d g e  may be  moved b a c k  
o u t  o f  t h e  s h i e l d .  C y l i n d r i c a l  a i r  
v o i d s  on t h e  s i d e s  p r o v i d e  a r e g i o n  o f  
no  a t t e n u a t i o n  f o r  n e u t r o n s  and gamma 
r a y s .  T h i s  h a s  t h e  e f f e c t  o f  s i m u l a t -  
i n g  a r e a c t o r  4 f t  i n  d i a m e t e r  a n d  
e x t e n d i n g  o u t  t o  t h e  w a l l s  o f  t h e  a i r  
v o i d s .  Mount ing  b r a c k e t s  a r e  p r o v i d e d  
t o  h o l d  two, l a r g e  , r o u g h l y  h e m i s p h e r i  - 
c a l l  l e a d  d i s h e s  t h a t  c a n  be  i n s t a l l e d  
t o  m o c k u p  t h e  l e a d  s h a d o w  s h i e l d .  
T h e s e  l e a d  d i s h e s  a r e  n o t  b e i n g  u s e d  
f o r  t h e  p r e s e n t  e x p e r i m e n t s .  

For t h e  e x p e r i m e n t s  now u n d e r  way 
t h e  s h i e l d h a s  been f i l l e d  w i t h  b o r a t e d  
w a t e r  ( 0 . 4  w t  % b o r o n ) ,  a n d  a l l  

D i v i s i o n  

measurements  a r e  b e i n g  t a k e n  a l o n g  t h e  
c e n t e r  l i n e  o u t  from t h e  f r o n t  f a c e  o f  
t h e  r e a c t o r ,  a s  f o l l o w s :  

1. C e n t e r  l i n e  m e a s u r e m e n t s  o f  
t h e r m a l - n e u t r o n  f l u x ,  f a s t - n e u t r o n  
d o s a g e ,  and gamma-ray d o s a g e ,  s u c h  a s  
were made on  t h e  u n i t - s h i e l d  mockup,  

2. Energy  and a n g u l a r  d i s t r i b u t i o n  
o f  gamma r a y s ,  

3 .  Energy  and a n g u l a r  d i s t r i b u t i o n  
o f  n e u t r o n s ,  

U n i t - s h i e l d  m e a s u r e m e n t s  w i l l  p r o -  
v i d e  a t e m p o r a r y  e s t i m a t e  o f  m e a s u r e -  
men t  1 , a n d  m e a s u r e m e n t  2 ,  t h e  gamma- 
r a y  s p e c t r o s c o p y ,  i s  w e l l  unde . r  way. 
Assuming 140  cm t o  be a t y p i c a l  s h i e l d  
t h i c k n e s s ,  measurements  h a v e  been  made 
w i t h  t h e  s p e c t r o m e t e r ( ' )  a t  v a r i o u s  
a n g l e s  w i t h  r e s p e c t  t o  t h e  c e n t e r  l i n e  
( s e e  F i g .  2 0 ) .  The r e s u l t s  h a v e  been  
d e s c r i b e d  by M a i e n s c h e i n (  2 ,  arid a r e  
shown i n  F i g .  21 .  These  d a t a  s u p e r s e d e  
t h e  p r e l i m i n a r y  s p e c t r a d a t a  p r e v i o u s l y  
r e p o r t e d ,  ( 3, 

(l)F. C. M a i e n s c h e i n ,  M u 2  t i p l e - C r y s  tar! C a m a a -  

( 2 ) F .  C.  M a i e n s c h e i n ,  G a m m a - R a y  S p e c t r a l  
M e a s u r e a e n t s  w i t h  t h e  D i v i d e d  S h i e l d  M o c k - u p ,  
P a r t  I, ORNL C F - 5 2 - 3 - 1 ,  Mar. 3, 1952. 

( 3 ) F i g u r e  5. 1, " P r e l i m i n a r y  G a m m a - R a y  S p e c t r u m  
a t  1 3 0  c m  f r o m  t h e  W a t e r - R e f l e c t e d  R e a c t o r , "  
A i r c r a f t  N u c l e a r  P r o p u l s i o n  P r o j e c t  Q u a r t e r l y  
P r o g r e s s  R e p o r t  f o r  P e r i o d  E n d i n g  S e p t e m b e r  1 0 ,  
1951, O R N L - 1 1 5 4 ,  p. 85. 

R a y  S p e c t r o a e t e r ,  O R N L - 1 1 4 2  ( i n  press). 
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Measurements  a r e  now b e i n g  made a t  
v a r i o u s  o t h e r  d i s t a n c e s  f r o m  t h e  
r e a c t o r .  T h e  r e a c t o r  w i l l  t h e n  be  
moved o u t  o f  t h e  s h i e l d  i n t o  t h e  open 
w a t e r ,  and  a few o f  t h e  m e a s u r e m e n t s  
w i l l  be r e p e a t e d  f o r  c o m p a r i s o n  w i t h  
t h e  s p e c t r a  i n  t h e  b o r a t e d - w a t e r  
s h i e l d .  F i n a l l y ,  a n  a t t e m p t  w i l l  be 
made t o  measu re  t h e  s p e c t r u m  o f  gamma 
r a y s  e m e r g i n g  f r o m  t h e  f a c e  o f  t h e  
r e a c t o r .  

The  t h i r d  m e a s u r e m e n t ]  t h e  e n e r g y  
a n d  a n g u l a r  d i s t r i b u t i o n  o f  t h e  
n e u t r o n s ,  w i l l  be u n d e r t a k e n  a s  s o o n  
a s  t h e  n e c e s s a r y  i n s t r u m e n t s  have  been  
d e v e l o p e d ,  which now a p p e a r s  l i k e l y  t o  
be some time t h i s  summer. 

R E A C T O R  C A L I B R A T I O N  

For t h e  d i v i d e d - s h i e l d  e x p e r i m e n t s  
t h e  r e a c t o r  was l o a d e d  s o  a s  t o  com- 
p l e t e l y  f i l l  t h e  l a t t i c e  when r o l l e d  
i n t o  t h e  s h i e l d  a s  shown i n  F i g .  2 0 .  
F u r t h e r m o r e ,  s i n c e  t h e  s h i e l d  c o n -  
t a i n e d  b o r a t e d  w a t e r  a n d  d u p l i c a t e  
measu remen t s  were t o  be made w i t h  t h e  
r e a c t o r  i n  t h e  open  w a t e r  b e h i n d  t h e  
s h i e l d ,  t h e  r e a c t o r  was l o a d e d  s o  a s  
t o  m i n i m i z e  t h e  e f f e c t  o f  t h e  b o r a t e d  

w a t e r  and was s u r r o u n d e d  on f o u r  s i d e s  
w i t h  b e r y l l i u m  o x i d e  r e f l e c t o r  a s  shown 
i n  F i g .  22. F u e l  e l e m e n t s  were  added  
i n  t h e  i n t e r i o r  o f  t h e  l a t t i c e  u n t i l  

U235. The comple t e  i n t e r i o r  c o u l d  n o t  
be f i l l e d ,  b u t  two p o s i t i o n s  ( 4 4  a n d  
4 6 )  had e x t r a  b e r y l l i u m  o x i d e  e l e m e n t s  
a n d  t w o  p o s i t i o n s  ( 4 3  a n d  4 7 )  were  
l e f t  f i l l e d  w i t h  w a t e r .  R e p e a t i n g  t h e  
c r i t i c a l  e x p e r i m e n t  i n  t h e  open  w a t e r  
n e c e s s i t a t e d  a s l i g h t  r e a r r a n g e m e n t  o f  
t h e  e x t r a  b e r y l l i u m  o x i d e  e l e m e n t s ]  
w h i c h  a m o u n t e d  t o  e x c h a n g i n g  t h e  
p o s i t i o n s  o f  t h e  e x t r a  b e r y l l i u m  o x i d e  
e l e m e n t s  ( 4 4  and 46  a b o v e )  w i t h  t h a t  
o f  t h e  w a t e r  ( 4 3  and  4 7 ) .  The f i n a l  
a s s e m b l y  r e q u i r e d  a b o u t  30 g l e s s  o f  
f u e l .  

c r i t i c a l i t y  was r e a c h e d  w i t h  3 . 1  kg o f  ,. 

The power  d i s t r i b u t i o n  o f  t h e  two 
c r i t i c a l  a s s e m b l i e s  i s  b e i n g  m e a s u r e d  
w i t h  g o l d  f o i l s ,  f o l l o w i n g  t h e  method 

t h e  d i v i d e d - s h i e l d  m e a s u r e m e n t s  w i l l  
b e  n o r m a l i z e d  t o  1 w a t t  u s i n g  t h e s e  
power c a l i b r a t i o n s .  

o f  M e e m  and  J o h n s o n . ( 4 )  A l l  d a t a  on . -  

. '  

( 4 ) J .  L.  Meern and E. B. J o h n s o n ,  D e t e r n i n a t i o n  
o f  t h e  P o w e r  o f  t h e  S h i e l d - T e s t i n g  R e a c t o r  - I .  
N e u t r o n  F l u x  M e a s u r e m e n t s  i n  t h e  W a t e r - R e f l e c t e d  
R e a c t o r ,  ORNL-1027, Aug. 13, 1951. 
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7 .  DUCT TESTS 

C. E. C l i f f o r d  F. Rilucke t h a l e r  
M .  H u l l i n g s  L. A b b o t t  

A .  S '  imon 

P h y s i c s  D i v i s i o n  

D u c t  work h a s  been  d i r e c t e d  toward  
o b t a i n i n g  f u r t h e r  e x p e r i m e n t a l  c o r -  
r o b o r a t i o n  o f  t h e  s i m p l i f i e d  t h e o r y  
o f  n e u t r o n  t r a n s m i s s i o n  t h r o u g h  
c y l i n d r i c a l ,  a i r - f i l l e d  d u c t s  i n  
w a t e r .  T h e  e f f e c t s  o f  f u r t h e r  v a r i -  
a t i o n s  i n  d u c t  d i a m e t e r s ,  l e n g t h s ,  and 
a n g l e s  o f  a s i n g l e  bend  ( w i t h  s t r a i g h t  
s e c t i o n s  o f  e q u a l  l e n g t h )  o n  n e u t r o n  
t r a n s m i s s i o n  t h r o u g h  t h e  d u c t  h a v e  
b e e n  m e a s u r e d  i n  t h e  T h e r m a l  Column 
F a c i l i t y .  I n  a d d i t i o n  t o  t h e  a b o v e  
v a r i a t i o n s ,  m e a s u r e m e n t s  h a v e  a l s o  
b e e n  m a d e  t o  p r e d i c t  t h e  e f f e c t i v e  
s o u r c e  a r e a  t h a t  c o n t r i b u t e s  t o  t h e  
r a d i a t i o n  r e a c h i n g  t h e  e x i t  o f  a 
s i n g l e  d u c t .  An i n c r e a s e  o f  a f a c t o r  
o f  6 i n  t h e  c a l c u l a t e d  s o u r c e  s t r e n g t h  
r e s u l t e d  when t h e  s o u r c e  was i n c r e a s e d  
f r o m  a n  a r e a  e q u a l  t o  t h a t  o f  t h e  
d u c t  m o u t h  t o  a m u c h  l a r g e r  a r e a .  
T h i s  was  m e a s u r e d  f o r  o n l y  o n e  d u c t  
s i z e  ( 3  i n .  I D )  a n d  i s  r e p o r t e d  t o  
i n d i c a t e  t h e  o r d e r  o f  m a g n i t u d e  o f  
t h e  e f f e c t .  T h i s  i s ,  o f  c o u r s e ,  v e r y  
i m p o r t a n t  f o r  e x t r a p o l a t i n g  t h e  
s i n g l e - d u c t  d a t a  t o  a r e a c t o r  d e s i g n  
i n  which an a r r a y  i s  u s e d .  

e n t  w i t h  t h e  
r e m a i n e d  g o o d  i n  t h a t  t h e  d o s e  c a n  
b e  p r e d i c t e d  f o r  a g i v e n  d u c t  geomet ry  
w i t h i n  a f a c t o r  o f  2 when t h e  g e o -  
m e t r i c a l  a t t e n u a t i o n  o f  t h e  d u c t  i s  
a s  h i g h  a s  A r e p o r t  o f  a l l  
t h e  e x p e r i m e n t a l  and t h e o r e t i c a l  work 
on d u c t s  i s  e s s e n t i a l l y  c o m p l e t e  and 
w i l l  b e  i s s u e d  d u r i n g  t h e  n e x t  q u a r t e r .  

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

T h e  g e n e r a l i z e d  e q u a t i o n  u s e d  t o  
p r e d i c t  a m e a s u r e d  d o s e  a t  t h e  end o f  

a d u c t  can  b e  w r i t t e n  a s  f o l l o w s :  

e . .  

Xu2 

= no E] [+] 812' s i n  6,: 

where 

D = r e l a t i v e  d o s e  ( t h e r m a l - n e u t r o n  
f l u x ) ,  

no = r e l a t i v e  s o u r c e  s t r e n g t h  p e r  
u n i t  a r e a ,  

a = d i a m e t e r  o f  d u c t ,  

l rn  = l e n g t h  o f  mth s t r a i g h t  s e c t i o n ,  

= e x p e r i m e n t a l l y  d e t e r m i n e d  
c o n s t a n t ,  i n c l u d i n g  n e u t r o n  
a l b e d o ,  e t c . ,  

ern = a n g l e  b e t w e e n  mth  and  n t h  + I 
s t r a i g h t  s e c t i o n .  

F o r  t h e  s p e c i a l  c a s e  o f  e q u a l -  
l e n g t h  s t r a i g h t  s e c t i o n s  w i t h  b e n d s  
o f  e q u a l  a n g l e s ,  t h e  e q u a t i o n  becomes:  

w h e r e  m i s  t h e  n u m b e r  o f  s t r a i g h t  
s e c t i o n s .  T h i s  c a s e  g i v e s  minimum 
t r a n s m i s s i o n  f o r  a g i v e n  c e n t e r  l i n e  
l e n g t h .  I t  s h o u l d  b e  n o t e d  t h i I t  t h e  
e q u a t i o n s  a r e  n o t  v a l i d  f o r  a n g l e s  
o f  bend t h a t  a r e s o  s m a l l  t h a t  n e u t r o n s  
c a n  p a s s  d i r e c t l y  t h r o u g h  t h e  d u c t  
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w i t h o u t  a w a l l  c o l l i s i o n .  The  f o r m u l a  
becomes i n c r e a s i n g l y  more a c c u r a t e  a s  
t h e  a n g l e  of  bend a p p r o a c h e s  90 d e g r e e s .  

MEASUREMENTOF AIR-FILLED DUCTS 
I N  WATER 

F o r  c o r r e l a t i o n  w i t h  t h e  a b o v e  
t h e o r y ,  m e a s u r e m e n t s  were made  w i t h  
v a r i o u s  c o n f i g u r a t i o n s  o f a i  r-  f i  1 l e d  , 
c y l i n d r i c a l  d u c t s  i n  t h e  T h e r m a l  
Column w a t e r  t a n k ,  i n c l u d i n g  s t r a i g h t  
d u c t s  and d u c t s  w i t h  s i n g l e  b e n d s  up 
t o  90  d e g r e e s .  The s o u r c e  a r e a s  were  
a l s o  v a r i e d .  T h e  m e a s u r e d  r e s u l t s  
h a v e  been  compared w i t h  t h e  p r e c e d i n g  
t h e o r y  a n d  a r e  w i t h i n  a f a c t o r  o f  2 
for a g i v e n  d u c t  geometry .  

S t r a i g h t  D u c t s .  One  e n d  o f  t h e  
d u c t  w a s  p l a c e d  a g a i n s t  a f i s s i o n  
s o u r c e  ( u r a n i u m  s l u g s )  i n  t h e  The rma l  
Co lumn w a t e r  t a n k ,  a n d  t h e  c o u n t e r  
was  l o c a t e d  i n  t h e  v a r i o u s  s l o t s  o f  
t h e  c o u n t e r  h o l d e r  a t  t h e  o t h e r  e n d  
o f  t h e  d u c t .  ( T h e s e  d u c t s  had 1 / 4 - i n .  
l u c i t e  w a l l s  and were  c l o s e d  a t  e a c h  
'end w i t h  a 1 / 4 - i n .  l u c i t e  d i s k . )  The 
f i s s i o n - s o u r c e  box i n c l u d e d  a movab le  
cadmium s h u t t e r  t o  c o v e r  t h e  s o u r c e  
f o r  background  measurements  . 

M e a s u r e m e n t s  were  t a k e n  o n  a l l  
s t r a i g h t  - d u c t  c o n f i g u r a t i o n s  w i t h  t h e  
f u l l  s o u r c e ,  w h i c h  c o n s i s t e d  o f  2 4  
n a t u r a l  u r a n i u m  s l u g s ,  1 1/8 by 4 1 /8  
i n . ,  i n  a r e c t a n g u l a r  a r r a y  ( 9 . 3  by 
1 2 . 4  i n .  ) .  A d d i t i o n a l  m e a s u r e m e n t s  
were  made on t h e  6 - i n .  - I D  d u c t s  u s i n g  
a 6 - i n .  - d i a m e t e r  c i r c u l a r  s o u r c e  b y  
p l a c i n g  a c a d m i u m  s h u t t e r  w i t h  a 
6 - i n .  - d i a m e t e r  h o l e  b e n e a t h  t h e  s l u g s .  
T y p i c a l  c u r v e s  f o r  t h e  n e u t r o n  t r a n s -  
m i s s i o n ,  a s  measu red  a l o n g  t h e  c e n t e r  
l i n e  o f  t h e  6 - i n . - I D  d u c t s ,  a r e  g i v e n  
i n  F i g .  23 ,  and t r a v e r s e  measu remen t s  
a r e  shown i n  F i g .  24.  

Ducts  w i t h  Bends. The t r a n s m i s s i o n  
o f  n e u t r o n s  t h r o u g h  a f l e x i b l e  r u b b e r  

h o s e  ( 6 0  i n .  i n  l e n g t h ,  1 / 4 - i n .  w a l l s )  
w i t h  s i n g l e  b e n d s  o f  0 t o  90  d e g r e e s  
w a s  m e a s u r e d  w i t h  b o t h  t h e  f u l l  
r e c t a n g u l a r  s o u r c e  and a 3 - i n .  - d i a m e t e r  
c i r c u l a r  s o u r c e .  T h e  d u c t s  w e r e  - .. 
s e a l e d  w i t h  1 1 / 2 - i n .  r u b b e r  p l u g s  t o  
g i v e a n  a c t u a l  a i r  column o f  57 i n c h e s .  
T h e  two s t r a i g h t  s e c t i o n s  s h o r t e n e d  . -  
a s  t h e  a n g l e  o f  bend  i n c r e a s e d ,  s i n c e  
t h e  h o s e  was a lways  b e n t  w i t h  a 1 2 - i n .  
r a d i u s  o f  c u r v a t u r e .  F o r  e a c h  a n g l e  
t h e  s t r a i g h t  s e c t i o n s  w e r e  o f  e q u a l  
1 e n g t h .  

T h e  s m a l l e s t  a n g l e  o f  b e n d  w a s  
e q u i v a l e n t  t o  a d i s p l a c e m e n t  o f  t h e  
c e n t e r  o f  t h e  d u c t  b y  o n e  d i a m e t e r  
t o  p r e v e n t  n e u t r o n s  f r o m  r e a c h i n g  
t h e  c o u n t e r  w i t h o u t  h a v i n g  m a d e  a t  
l e a s t  o n e  c o l l i s i o n  or h a v i n g  p e n e t r a t e d  
t h e  s u r r o u n d i n g  w a t e r .  C e n t e r  l i n e  
and t r a v e r s e  measu remen t s  f o r  t h e  f u l l  
s o u r c e  a r e  shown i n  F i g s .  25 and 2 6 .  
C e n t e r  l i n e  m e a s u r e m e n t s  were a l s o  . .  
made  o n  a 4 1 / 4 - i n .  - d i a m e t e r  d u c  t 
w i  t h  aluminum w a l l  s .  

Comparison w i t h  Theory .  I n  o r d e r  
t o  c o m p a r e  t h e  m e a s u r e d  r e s u l t s  w i t h  
t h e  p r e d i c t i o n s  o f  Eq. 1 o r  Eq. 2 ,  an 
e f f e c t i v e  s o u r c e  s t r e n g t h  m u s t  b e  
d e t e r m i n e d .  To s i m p l i f y  t h e  c a l c u -  
l a t i o n s  a n d  a l s o  t o  g i v e  some i d e a  
o f  t h e  c h a n g e  i n  d u c t  t r a n s m i s s i o n  
w i t h  e n e r g y ,  t h e  e f f e c t i v e  s o u r c e  
s t r e n g t h s  have  been  a r b i t r a r i l y  d e f i n e d  
a s  t h e  r e l a t i v e  t h e r m a l  f l u x  ( t h e  
r e s p o n s e  o f  a s p e c i f i e d  c o u n t e r  a t  
1 0 ,  2 0 ,  and  30 cm o f  w a t e r  f r o m  t h e  
e n d  o f  t h e  d u c t )  m u l t i p l i e d  b y  t h e  
g e o m e t r i c a l  a t t e n u a t i o n  o f  t h e  d u c t ,  
t h a t  i s ,  D / n ,  f r o m  Eq .  1 o r  E q .  2 .  
I t  was  a s s u m e d  t h a t  t h e  c o u n t e r  was  
l a r g e  e n o u g h  t o  g i v e  a r e a d i n g  p r o -  
p o r t i o n a l  t o  t h e  i n t e g r a l  o f  t h e  f l u x  
l e a v i n g  t h e  d u c t .  T h i s  c a n  b e  shown 
t o  b e  n e a r l y  c o r r e c t  b y  a c o m p a r i s o n  
o f  i n t e g r a l s  u n d e r  t h e  t r a v e r s e s  w i t h  
t h e  c e n t e r  l i n e  r e a d i n g s  f o r  v a r i o u s  
d u c t s .  I f  t h e  f o r m u l a  i s  c o r r e c t ,  
n o  s h o u l d  b e  a f u n c t i o n  o n l y  o f  t h e  
d i s t a n c e  from t h e  d u c t  e n d ,  p r o v i d e d ,  
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FOR P E R I O D  ENDING MARCH 1 0 ,  1 9 5 2  

o f  c o u r s e ,  t h a t  t h e  s o u r c e  i s  e i t h e r  
t h e  same s i z e  a s  t h e  d u c t  mouth o r  es- 
s e n t i a l l y  i n f i n i t e  i n  e x t e n t .  T h a t  
t h e  f o r m u l a  i s  a c c u r a t e  t o  w i t h i n  a 
f a c t o r  o f  2 may b e  s e e n  i n  T a b l e  1 8 ,  
f o r  s t r a i g h t  d u c t s ,  and T a b l e  19,  f o r  
d u c t s  w i t h  b e n d s .  T h e s e  t a b l e s  
s u m m a r i z e  t h e  c a l c u l a t i o n s  o f  no f o r  
e a c h  d u c t  g e o m e t r y  m e a s u r e d  t o  d a t e .  
T h e  m e a s u r e m e n t s  w i l l  c o n t i n u e  on a 
s e r i e s  o f  4 1 / 4 - i n .  c y l i n d r i c a l  d u c t s .  

The  e f f e c t i v e  s o u r c e  s t r e n g t h ,  n o ,  
i s  p l o t t e d  a s  a f u n c t i o n  o f  t h e  
e q u i v a l e n t  c e n t i m e t e r s  o f  w a t e r  be tween  
t h e  c o u n t e r  a n d  t h e  e n d  o f  t h e  d u c t  

i n  F i g .  27.  T h e  l o w e r  g r o u p  a p p l i e s  
t o  t h e  3 - i n .  d u c t  w i t h  t h e  1 1 / 2 - i n .  
r u b b e r  p l u g  a d j  a c e n t  t o  t h e  s I 3 u r c e ,  

a s e n t s  w h e r e a s  t h e  u p p e r  g r o u p  r e p r c ,  
d a t a  f r o m  d u c t s  t h a t  d i d  n o t  h a v e  
r u b b e r  p l u g s .  The  d i f f e r e n c e  i s  n o t  
s i m p l y  a s c r i b a b l e  t o  t h e  a t t e n u a t i o n  
o f  t h e  p l u g  s i n c e  t h i s  c o r r e c t i o n  h a d  
a l r e a d y  been  a p p l i e d .  No s a t i s  Eac to ry  
e x p l a n a t i o n  h a s  y e t  b e e n  o b t a i n e d .  
F u r t h e r  work i s  b e i n g  done  t o  c l a r i f y  
t h e  a b o v e  e n i g m a .  T h e  i n c r e a s e  i n  
n o  u p o n  i n c r e a s i n g  t h e  s o u r c e  s i z e  
b e y o n d  t h e  a r e a  o f  t h e  d u c t  mou th  i s  
shown i n  F i g .  2 8 ,  w h i c h  a l s o  s h o w s  
an gu 1 a r  c o r  re1 a t i  on.  

TABLE 18 

Comparison o f  C a l c u l a t e d  E f f e c t i v e  Source S t r e n g t h  f o r  S t r a i g h t ,  
C y l i n d r i c a l  Ducts  

Low-pres su re ,  25- in . ,  BF, c o u n t e r  

C a l c u l a t e d  from c o u n t e r  r e s p o n s e s  a t  1 0 ,  20 ,  and 30 cm of  w a t e r  from end o f  duc t  

DUCT 
DIAMETER 

( i n .  1 

6 

6 

8 

DUCT( a )  
LENGTH 
( i n . )  

2 4  
3 6  
4 8  

2 4  
3 6  
4 8  

2 4  
3 6  
4 8  

( a ) I n c l u d e s  p l a s t i c  ends. 

SOURCE 

F u l l (  b ,  
F u l l  
F u l l  

6 i n . ( c )  
6 i n .  
6 i n .  

F u l l  
F u l l  
F u l l  

EFFECT1 VE SOURCE STRENGTH 

" 0  
2 ( n e u t r o n s / c m  /set) 

1 0  c m  

1 . 0 s  1 0 3  
2 .  6 4  x l o 2  
7 . 2 5  x l o 2  

4 . 1  x l o 2  
3 . 4 3  x l o 2  
3 . 0 4  x l o 2  

7 . 4  x l o 2  
7 . 9 9  x l o 2  
7 . 1  x l o 2  

20 cm 

1 . 2 9  x l o 2  
1. 1 4  x l o 2  
1 . 0 8  x l o 2  

5 . 6 2  x 1 0  
5 . 2 8  x 1 0  
4 . 9 1  x 10 

9 . 9 9  x 10 
1 . 0 4  x l o 2  
9 . 6 2  x 1 0  

f 6 ) 2 4  uranium s l u g s ,  1 l / 8  b y  4 1/8 i n . ,  i n  r e c t a n g u l a r  a r r a y ,  9 . 3  b y  1 2 . 4  i n c h e s .  

( " 6 - i n .  - d i a m e t e r  c i r c u l a r  s o u r c e .  

30 cm 

1. 5 8  x 10 
1. t i 1  x 1 0  
1. 59 x 1 0  

7 .  9 6  
7 . 9 2  
7 .  9 6  

1 . 3 3  x 1 0  
1 . 3 3  x 10  
1 . 3 3  x 1 0  
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10 cm 

6 . 7  x l o 2  
1.32 x l o 3  
1.37  x l o 3  

1.45 x lo3  
6 .6  x lo2  

1. 1 x l o 2  
1 . 7 1  x l o 2  
1 .57  x l o 2  

2.68 x l o 2  
3.99 x lo2  

1.26 l o 3  

TABLE 19 

Comparison of C a l c u l a t e d  E f f e c t i v e  Source S t r e n g t h  f o r  Bent,  
Cy1 i n d r i c a l  Ducts  

Low-pressure, 25- in .  , BF, counter 

C a l c u l a t e d  from counter  responses  a t  10 ,  20, and 30 c m  o f  water from end o f  duct(')  

20 c m  30 cm 

9 . 1 8  x 10 1 . 2 9  x 10 
1 . 8 7  x l o 2  3.57 x 10 
1 .22  x l o 2  1 .68  x 10 
9 . 1  10 9.0 
9 . 2 5  x 10 9 . 2  
6 . 1  x 10 

1 .64  x 10 4.22 
2.60 x 10 6 .05  
2 .14  x 10 3 .29  

4 . 4  x 10 6.95 
3.92 x 10 4 .31  

CENTER LINE 
DIAMETER 

( i n .  1 ( i n .  1 

40 
4 * 2 5  I 

SOURCE 

F u l l (  b ,  
F u l l  
F u l l  
F u l l  
F u l l  

' F u l l  

3 in.(c) 
3 i n .  
3 i n .  

3 i n .  
3 i n .  

ONE-BEND 
ANGLE 
(deg. 1 

0 
13.5 
33.25 
46.5 
60 .6  
90 

0 
13 .5  
33.25 

0 
90 

( a ) I n c l u d e s  rubber p l u g s  on a l l  3 - i n .  d u c t s .  

( b ) 2 4  uranium slugs, 1 1/8 by 4 1/8 i n . ,  i n  r e c t a n g u l a r  a r r a y ,  9 . 3  by 1 2 . 4  i n .  

( " 3 - i n .  - d i a m e t e r  c i r c u l a r  s o u r c e .  
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4 

- 
- 
- 

3-in.-ID x 57- in .  DUCT, 3-in.-dia. CIRCULAR SOURCE - 

- X STRAIGHT 
V 13.5 deg.BEND 
>< 33.25 deg. BEND 

2 

4'/4-in.-iD x 4 0 - i n .  DUCT, 3- in . -d ia .  CIRCULAR 
103 

u STRAIGHT 
0- n 90 d e s .  BEND 

2 

20 i 
0 10 

EQUIVALENT CENTIMETERS OF WATER FROM 

I 

30  
END OF DUCT 

Fig. 27. Comparison of Relative Source Strengths ( n o )  from 
Various Ducts. Source area  equal  t o  duct  mouth a r e a .  
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W 

F 

-I 
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0 
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6 

DUCT: 3 - in . - ID  X 57 in. 
F U L L  SOURCE:  

0 STRAIGHT 
A 13.5 deg.  BEND 
13 33.25 dea.BEND 

\T 
4 

,v 
-I ’ 

\ 

0 10 20 30  
EQUIVALENT CENTIMETERS OF WATER F R O M  END OF DUCT 

I .. . 

F i g .  28 .  Comparison o f  R e l a t i v e  S o u r c e  S t r e n g t h s  ( n o )  from 
V a r i o u s  G e o m e t r i e s  o f  t h e  3 - i n .  Duc‘t. 
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8 .  TOWER SHIELDING FACILITY 

E. P. B l i z a r d  J. L .  Meem 
C. E .  C l i f f o r d  A. S '  imon 

P h y s i c s  D i v i s i o n  

The p r e l i m i n a r y  p r o p o s a l ( ' )  f o r  t h e  
Tower S h i e l d i n g  F a c i l i t y  h a s  been  con-  
s i d e r a b l y  r e v i s e d ,  and a f i r m  p r o p o s a l  
w i l l  s o o n  b e  s u b m i t t e d  t o  t h e  AEC. 
C a l c u l a t i o n s  o f  s p u r i o u s  s c a t t e r i n g  
from t h e  g round  and s t r u c t u r e  i n d i c a t e  
t h a t  t h e  s h i e l d  c o m p o n e n t s  ( r e a c t o r  
a n d  c r e w  s h i e l d s )  s h o u l d  be a t  l e a s t  
2 0 0  f t  f r o m  t h e  g r o u n d  a n d  f r e e  o f  
s c a t t e r i n g  m a t e r i a l  i n  t h e  i m m e d i a t e  
v i c i n i t y  o f  e i t h e r  c o m p o n e n t .  A s  a 
consequence ,  t h e  o r  i g i n a  1 con f i gu r a  t i o n  
h a s  b e e n  d i s c a r d e d  i n  f a v o r  o f  t h e  
p r e s e n t  d e s i g n ,  w h i c h  c a l c u l a t i o n s  
i n d i c a t e  w i l l  s a t i s f y  t h e  r e q u i r e m e n t s .  

A new c o s t  e s t i m a t e  f o r  t h i s  Tower 
S h i e l d i n g  F a c i l i t y ,  based  on much more 
c o m p l e t e  a n a l y s i s ,  i n d i c a t e s  t h a t  t h e  
t o t a l  c a p i t a l  e x p e n d i t u r e  w i l l  b e  
a b o u t  two m i l l i o n  d o l l a r s .  

TOWER F A C I L I T Y  D E S I G N  

T h e  t o w e r  w i l l  c o n s i s t  o f  t w o  
v e r t i c a l  members 300 f t  h i g h  c o n n e c t e d  
a t  t h e  t o p  by a 2 0 0 - f t  b r i d g e ,  A t  t h e  
c e n t e r  o f  t h e  b r i d g e  i s  a 1 0 0 - f t  c r o s s  
member from t h e  e n d s  o f  wh ich  w i l l  be 
s u s p e n d e d  a s h i e l d e d  r e a c t o r  o n  o n e  
s i d e  a n d  a c r e w  s h i e l d  on t h e  o t h e r  
( F i g .  2 9 ) .  T h e  d i s t a n c e  f r o m  t h e  
r e a c t o r  o r  c rew s h i e l d  t o  t h e  g r o u n d  
w i l l  be  v a r i a b l e  u p  t o  a b o u t  250  f t ;  
a b o v e  250 f t  t h e  s c a t t e r i n g  f rom t h e  
c r o s s  member w o u l d  i n t e r f e r e .  T h e  
n o r m a l  o p e r a t i n g  a l t i t u d e  w i l l  b e  
a b o u t  200  f e e t ,  T h e  v a r i a b l e  h e i g h t  
w i l l  make i t  p o s s i b l e  t o  i d e n t i f y  and  

( ' ) E .  P .  B l i z a r d ,  C. E.  C l i f f o r d ,  H. L. F. 
Enlund,  J. L. Meern, and A. Simon,  ('Tower S h i e l d i n g  
F a c i l i t y  P r o p o s a l  11' A i r c r a f t  N u c  1 e a r  P r o p u  I s i o n  
P r o ~ e c t  Q u a r t e r l y  P r o g r e s s  R e p o r t  f o r  P e r i o d  
E n d t n g  D e c e m b e r  1 0 ,  1951 ,  ORNL-1170, p. 73. 

m e a s u r e  t h e  g r o u n d  s c a t t e r i n g .  T h i s  
i s  a v e r y  welcome p o t e n t i a l i t y  s i n c e  
t h e  c a l c u l a t i o n s  o f  t h i s  e f f e c t  may 
n o t  be a c c u r a t e  and i t  can t h u s  be a s s u r e d  
t h a t  t h e  d i v i d e d - s h i e l d  m e a s u r e m e n t s  
d o  n o t  i n c o r p o r a t e  an unknown s p u r i o u s  
c o m p o n e n t .  I n  a d d i t i o n ,  i t  ~ 1 1 1 1  be  
p o s s i b l e  t o  e s t i m a t e  t h e  a d d e d  c r e w  
e x p o s u r e  f rom g r o u n d  s c a t t e r i n g  t h a t  
w i l l  De i n c u r r e d  o n  t a k e - o f f  a n d  
l a n d i n g .  

I t  w i l l  be  p o s s i b l e  t o  mount  l a r g e  
p i e c e s  o f  s t r u c t u r a l  m a t e r i a l  ( e . g .  , 
aluminum) a t  v a r i o u s  l o c a t i o n s  a r o u n d  
t h e  r e a c t o r  o r  crew s h i e l d s  t o  s i m u l a t e  
a i r p l a n e  s t r u c t u r e .  Thus t h e  r a d i a t i o n  
s c a t t e r i n g  f r o m  t h e  a i r p l a n e  { i t s e l f  
c a n  b e  e s t i m a t e d  o n  t h e  b a s i s  o f  
d i r e c t  e x p e r i m e n t a l  e v i d e n c e .  

E X P E R I M E N T A L  PROGRAM 

The program f o r  t h e  Tower S h i e l d i n g  
F a c i l i t y  a s  p r e s e n t l y  c o n c e i v e d  w i l l  
c o n s i s t  o f  f o u r  p a r t s :  

1. 

2. 

3 .  

4. 

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

Measurement o f  a s h i e l d  mockup f o r  
t h e  X - 6  a i r p l a n e  ( F i g .  301, 

A g e n e r a l  s t u d y  of  d i v i d e d  s h i e l d s ,  
i n c l u d i n g  o p t i m i z a t i o n  w i t h  r e s p e c t  
t o  w e i g h t  and  p a r a m e t r i c  s t u d i e s  
o f  r e a c t o r - c r e w  s e p a r a t i o n ,  w e i g h t  
d i s t r i b u t i o n ,  d i a m e t e r  o f  r e a c t o r  
s h i e l d ,  s i z e  o f  c r ew c o m p a r t m e n t ,  
e t c .  , 
A s t u d y  o f  t h e  s c a t t e r i n g  t o  b e  
e x p e c t e d  from a i r c r a f t  s t r u c t u r e ,  
e n g i n e s ,  and g r o u n d .  
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F i g .  29.  Proposed 3 0 0 - f t  Tower S h i e l d  F a c i l i t y .  
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9 .  NUCLEAR MEASUREMENTS 

A .  H .  S n e l l ,  P h y s i c s  D i v i s i o n  

The t o t a l  c r o s s  s e c t i o n  o f  i r o n  h a s  
been m e a s u r e d  o n  t h e  5 -Mev  Van  d e  
G r a a f f  f r o m  0 . 7  t o  3 . 6  Mev w i t h  a 
r e s o l u t i o n  o f  a p p r o x i m a t e l y  3 5  k e v .  
Measurements  o f  t h e  i n e l a s t i c  s c a t t e r -  
i n g  l e v e l s  i n  i r o n  a r e  now u n d e r  way 
w i t h  t h e  a c c e l e r a t o r .  The  t i m e - o f -  
f l i g h t  n e u t r o n  s p e c t r o m e t e r  h a s  been  
i n s t a l l e d  i n  t h e  LITR and used  ( a f t e r  
o p t i m i z a t i o n  o f  t h e  b a c k g r o u n d - t o -  
c o u n t  r a t i o )  t o  s c a n  t h e  t r a n s m i s s i o n  
o f  ind ium a t  a r e s o l u t i o n  o f  1 .25  p s e c  
p e r  meter. 

i 

MEASUREMENTS WITH THE 5-Mev VAN de 
GRAAFF ACCELERATOR 

I H. B. W i l l a r d  C. H. Johnson  
J .  K .  B a i r  J .  D. Kingdon 

P h y s i c s  D i v i s i o n  

D u r i n g  t h e  l a s t  q u a r t e r  t h e  5-Mev 
Van d e  G r a a f f  a c c e l e r a t o r  h a s  b e e n  
used  t o  o b t a i n  d e t a i l e d  i n f o r m a t i o n  on 
t h e  t o t a l  c r o s s  s e c t i o n  o f  i r o n  a n d  
t h e  i n e l a s t i c  s c a t t e r i n g  l e v e l s  
e x c i t e d  i n  i r o n  by f a s t  n e u t r o n s .  I n  
a d d i t i o n ,  equ ipmen t  h a s  been a s sembled  
and p r e l i m i n a r y  measurements  have  been  
made on  t h e  t o t a l  c r o s s  s e c t i o n s  o f  
L i 6  a n d  L i 7  a n d  t h e  f i s s i o n  c r o s s  
s e c t i o n s  o f  U235 and U 2 3 8 .  

Total Cross S e c t i o n  o f  Iron.  The  
t o t a l  c r o s s - s e c t i o n  c u r v e  f o r  i r o n  was 
measu red  w i t h  a r e s o l u t i o n  o f  35 k e v  
( F i g .  3 1 ) .  T h e  d o t t e d  c u r v e  o f  t h i s  
f i g u r e  i n d i c a t e s  t h e  r e a l  v a r i a t i o n  
( o u t s i d e  t h e  s t a t i s t i c a l  e r r o r  o f  3%)  
o f  c r o s s  s e c t i o n  w i t h  e n e r g y  and shows 
many u n r e s o l v e d  ‘ r e s o n a n c e s .  

I n e l a s t i c  s c a t t e r i n g  L e v e l s  i n  
Iron. M e a s u r e m e n t  o f  i n e l a s t i c  
s c a t t e r i n g  l e v e l s  i n  i r o n  b y  f a s t  

n e u t r o n s  p l a c e s  t h e  f i r s t  l e v e l  
e x c i t e d  by t h i s  p r o c e s s  a t  0 . 8 3  Mev 
above t h e  g r o u n d  s t a t e ,  No a b s o l u t e  
c r o s s  s e c t i o n s  have been o b t a i n e d .  

TIME-OF-FLIGHT N E U T R O N  SPECTROMETER 

G .  S. P a w l i c k i ,  ORINS 
E .  C. Smith. ,  P h y s i c s  D i v i s i o n  

The  t i m e - o f - f l i g h t  n e u t r o n  s p e c -  
t r o m e t e r  f o r  o p e r a t i o n  up t o  s e v e r a l  
t h o u s a n d  e l e c t r o n  v o l t s  h a s  been  i n -  
s t a l l e d  i n  t h e  LITR a n d  c h e c k e d  w i t h  
i n d i u m .  When t h e  h a r d  b a c k g r o u n d  
l e v e l  was a t t e n u a t e d  by a 3 - i n . - t h i c k  
b e r y l l i u m  f i l t e r ,  t h e  t r a n s m i s s i o n  o f  
ind ium was s a t i s f a c t o r i l y  s c a n n e d  a t  a 
r e s o l u t i o n  o f  1 . 2 5  p s e c  p e r  me te r .  

Background M e a s u r e m e n t s .  T h e  
i n s t r u m e n t  f o r  b a c k g r o u n d  m e a s u r e -  
m e n t s ,  a s  o r i g i n a l l y  i n s t a l l l e d  i n  
h o l e  HB-1 o f  t h e  LITR, l ooked  d i r e c t l y  
a t  f u e l  e l e m e n t s ,  and t h e  t r a n s m i s s i o n  
o f  t h e  s h u t t e r  was n o t  u p  t o  d e s i g n  
e x p e c t a t i o n s .  A s p e c t r u m  c h e c k  made 
w i t h  t h e  i n s t r u m e n t  i n d i c a t e d  a s u r p l u s  
of  n e u t r o n s  a b o v e  a 1 / E  d i s t r i b u t i o n  
a t  e n e r g i e s  g r e a t e r  t h a n  1 k e v .  A 
l a r g e  f r a c t i o n  o f  t h e s e  h i g h - e n e r g y  
n e u t r o n s  w a s  s u b s e q u e n t l y  shown t o  
have  a n  e n e r g y  a b o v e  0 . 1  Mev. A s  a 
t e m p o r a r y  m e a s u r e  an  a luminum f i l t e r  
was f i r s t  u s e d  t h a t  d i d  i m p r o v e  t h e  
b a c k g r o u n d - t o - c o u n t  r a t i o  a t  s o m e  
s a c r i f i c e  i n  c o u n t i n g  r a t e  and  d e f i -  
n i t e l y  c o n f i r m e d  t h e  s u s p e c t e d  r e a s o n  
f o r  t h e  poor  background o b s e r v e d .  

By r e l o a d i n g  t h e  l a t t i c e  t o  p r o v i d e  
3 i n .  o f  b e r y l l i u m  i n  t h e  beam,  t h e  
b a c k g r o u n d  w a s  r e d u c e d  t o  d e s i g n  
e x p e c t a t i o n  w i t h o u t  l o s s  o f  c o u n t i n g  
r a t e .  The t a b u l a t i o n  i n  T a b l e  20  shows 
t h e  c o u n t i n g  r a t e s  a n d  b a c k g r o u n d s  

i 

h 
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UNCLASSIFIED 
DWG.14444 

Original  l oad ing  

Aluminum f i l t e r  

3 - i n .  beryl l ium f i l t e r  

MEASURED CURVE 
AVERAGED CURVE 

_ _ _ _  

ind ium h a s  been s u r v e y e d  a t  a r e s o l u t i o n  
COUNTS BACKGROUND o f  1 . 2 5  p s e c  p e r  m e t e r .  T h e  t h r e e  

(No./min) ( N o e l m i n )  known r e s o n a n c e s  a t  1. 4 3 ,  3. 9 ,  a n d  
9 . 5  e v  were  s c a n n e d .  I n  a d d i t i o n ,  

209 38 r e s o n a n c e s  were o b s e r v e d  a t  1 0 . 6 ,  1 5 . 4 ,  
2 3 . 8 ,  4 8 ,  78 ,  and  90  e v .  The  r e g i o n  
o f  3 . 9  e v  and h i g h e r  w i l l  be r e p e a t e d  149 6 

2 56 12 w i t h  s e p a r a t e d  i s o t o p e  s a m p l e s  o f  known 







SUMMARY AND 
The r e s e a r c h  on  h i g h - t e m p e r a t u r e  

l i q u i d s  h a s  been  a l m o s t  e n t i r e l y  con-  
c e r n e d  w i t h  t h e  deve lopmen t  o f  a f u e l -  
c o o l a n t  f o r  t h e  c i r c u l a t i n g - f u e l  
r e a c t o r ,  a n d  t h e  e f f o r t  o n  l i q u i d  
modera t o r s  a n d  c o o l a n t s  h a s  b e e n  
c o r r e s p o n d i n g l y  r e d u c e d  ( s e c .  l o ) .  
The p roposed  r e a c t o r  l o a d i n g  t e c h n i q u e  
r e q u i r e s  t h a t  t h e  c i r c u l a t i n g - f u e l  
s o l u t i o n  p e r m i t  w i d e l y  v a r y i n g  uranium 
c o n c e n t r a t i o n  w i t h  n e a r  u n i f o r m  
m e l t i n g  p o i n t .  However,  f o r  t h e  added 
r e q u i r e m e n t  o f  low (< 1 0  c p )  v i s c o s i t y ,  
t h e  p r e v i o u s l y  p r o p o s e d  s y s t e m ,  
NaF-BeF2 -UF4 , would p r o v i d e  a s u i t a b l e  
f u e l .  Of t h e  o t h e r  a v a i l a b l e  f l u o r i d e s  , 
h o w e v e r ,  s e v e r a l  c o m p o s i t i o n s  i n  t h e  
sys t em NaF-KF-ZrF4 -TJF4 a p p e a r  p r o m i s i n g  
on  t h e  b a s i s  o f  t h e  l i m i t e d  d a t a  
a v a i l a b l e .  I n  a d d i t i o n  t o  t h i s  s y s t e m ,  
n u m e r o u s  o t h e r  s y s  tems  c o n t a i n i n g  
z i r c o n i u m  f l u o r i d e  a r e  b e i n g  examined.  

The  e f f o r t  on c o r r o s i o n  r e s e a r c h  
was d i v i d e d  among s t a t i c  and  d y n a m i c  
t e s t s  o f  f l u o r i d e  a n d  h y d r o x i d e  
c o r r o s i o n  and  s t a t i c  t e s t s  o f  l i q u i d  
m e t a l  c o r r o s i o n  ( s e c ,  1 1 ) .  The s e v e r e  
c o r r o s i o n  e x p e r i e n c e d  i n  dynamic t e s t s  
w i t h  f l u o r i d e s  a t  1 5 0 0 ° F  - d e s p i t e  
r e l a t i v e  i n e r t n e s s  i n  s t a t i c  t e s t s  - 
has r e d i r e c t e d  a t t e n t i o n  t o  f l u o r i d e  
c o r r o s i o n  phenonema.  A l t h o u g h  t h e r e  
i s  a t t a c k  o f  u p  t o  1 4  m i l s ,  t h e  0.622- 
i n . - I D  I n c o n e l  c o n v e c t i o n  l o o p s  w i l l  
c i r c u l a t e  t h e  f u e l  , NaF-KF-LiF-UF4 , 
f o r  t h e  d u r a t i o n  o f  500-  and  1 0 0 0 - h r  
t e s t s  w i t h o u t  p l u g g i n g .  On t h e  o t h e r  
h a n d ,  t h e  3 0 0 - s e r i e s  s t a i n l e s s  s t e e l  
l o o p s  h a v e  a l i f e  e x p e c t a n c y  ( b e f o r e  
p l u g g i n g )  o f  150 h r  and t h e  4 0 0 - s e r i e s  
s t a i n l e s s  s t e e l  l o o p s  p l u g  i n  l e s s  t h a n  
50 h o u r s .  I t  i s  k n o w n  t h a t  t h e  
u r a n i u m - f r e e  f l u o r i d e s  a r e  l e s s  c o r -  
r o s i v e  t h a n  u r a n i u m - b e a r i n g  f l u o r i d e s  
a n d  t h a t  i n  t e s t s  w i t h  t h e  l a t t e r  
u r a n i u m  d i o x i d e  c r y s t a l s  fo rm i n  t h e  
c o l d  z o n e .  T h e  e f f e c t  o f  v a r i o u s  
a d d i t i v e s  o n  b o t h  f l u o r i d e  a n d  h y -  
d r o x i d e  c o r r o s i o n  i s n o w  b e i n g e v a l u a t e d  

INTRODUCTION 
and dynamic c o r r o s i o n  o f  h y d r o x i d e s  i s  
b e i n g  d e t e r m i n e d  i n  v a r i o u s  e n v i r o n -  
m e n t s .  I n  o n e  s u c h  e x p e r i m e n t  w i t h  
p o t a s s i u m  h y d r o x i d e  i n  I n c o n e l  u n d e r  
h y d r o g e n  , t h e r e  was n o  c o r r o s i ' o n  o r  
mass t r a n s f e r  a f t e r  1 3 5  h r  a t  715°C. 

The m e t a l l u r g i c a l  p r o c e s s e s  i n v o l v e d  
i n  t h e  c o n s t r u c t i o n  and a s s e m b l y  o f  a 
h i g h - t e m p e r a t u r e  r e a c t o r  c o r e ,  i n c l u d -  
i n g  f a b r i c a t i o n  o f  c o n t r o l  s o d s ,  
w e l d i n g  and b r a z i n g  o f  core  s t r u c t u r e ,  
and c r e e p  and s t r e s s - r u p t u r e  o f  m e t a l s ,  
a r e  b e i n g  i n v e s t i g a t e d  ( s e c .  1 2 ) .  The 
c o n e - a r c  w e l d i n g  method may be a d a p t e d  
f o r  t u b e - t o - h e a d e r  w e l d s  i n  t h e  c o r e ,  
b u t  t h e  c o m p l e x i t y  o f  t h e  h e a t  e x -  
c h a n g e r s  s u g g e s t s  t h e  u s e  o f  a b r a z i n g  
t e c h n i q u e ,  S e v e r a l  bo ron-  f r e e  b r a z i n g  
a l l o y s  a r e  b e i n g  t e s t e d  t o  d e t e r m i n e  
t h e i r  q u a l i t i e s  a s  b r a z i n g  m a t e r i a l  
a n d  t h e i r  c o r r o s i o n  r e s i s t a n c e .  ARE 
s a f e t y  r o d s  w i l l  p r o b a b l y  b e  c o n -  
s t r u c t e d  o f  t y p e - 4 3 0  s t a i n l e s s  s t e e l  
b e c a u s e  o f  i t s  c o m p a t i b i l i t y  w i t h  
b o r o n  c a r b i d e .  S t r e s s - r u p t u r e  a n d  
c r e e p  d a t a  h a v e  b e e n  o b t a i n e d  o n  
f i n e -  a n d c o a r s e - g r a i n e d  I n c o n e l  s h e e t .  

Hea t  t r a n s f e r  r e s e a r c h  and p h y s i c a l  
p r o p e r t i e s  m e a s u r e m e n t s  h a v e  b e e n  
l a r g e l y  d i r e c t e d  t o  t h e  i m m e d i a t e  
n e e d s  o f  c i r c u l a t i n g - f u e l  r e a c t o r  
s t u d i e s  f o r  t h e s e  d a t a .  Measuremen t s  
o f  v i s c o s i t y  , t h e r m a l  c o n d u c t i v i t y  , 
h e a t  c a p a c i t y  and  v a p o r  p r e s s u r e  o f  
o n e  o r  more  o f  t h e  v a r i o u s  f l u o r i d e  
m i x t u r e s  a r e  b e i n g  o b t a i n e d .  T h e  
t h e o r e t i c a l  a n a l y s i s  o f  h e a t  t r a n s f e r  
i n  a c i r c u l a t i n g - f u e l  r e a c t o r  h a s  
e s t a b l i s h e d  t h e  d e s i g n  p a r a m e t e r s  f o r  
t h e  c o r e  f u e l  c i r c u i t  ( a s s u m i n g  n o  
w a l l  h e a t  t r a n s f e r ) .  M a t h e m a t i c a l  
n a t u r a l  c o n v e c t i o n s  f o r  l i q u i d  f u e l  
e l e m e n t s  h a v e  been  d e v e l o p e d  f o r  t h e  
c a s e  o f  t u r b u l e n t  f l o w .  Some d a t a  
have  been o b t a i n e d  on t h e  h e a t  t r a n s f e r  
o f  b o i l i n g  m e r c u r y ,  and  d a t a  s h o u l d  
soon be a v a i l a b l e  on t h e  h e a t  t r a n s f e r  
o f  f u s e d s a l t s ,  h y d r o x i d e s ,  and l i t h i u m .  

I 
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R a d i a t i o n  damage s t u d i e s  i n c l u d e d  
i r r a d i a t e d  f u e l  c a p s u l e s  and  i n p i l e  
l i q u i d  l o o p s  and  m e a s u r e m e n t s  o f  t h e  
e f f e c t  o f  i r r a d i a t i o n  on  c r e e p  a n d  
the rma l  c o n d u c t i v i t y .  I n  s e v e r a l  o f  t h e  
i n p i l e  e x p e r i m e n t s  w i t h  f l u o r i d e  mix-  
t u r e s  i n  I n c o n e l  c a p s u l e s ,  t h e  r a t e  o f  
a t t a c k  o n  t h e  c o n t a i n e r  m a t e r i a l  h a s  
b e e n  c o n s i d e r a b l y  h i g h e r  t h a n  t h a t  
o b s e r v e d  i n  t h e  o u t - o f - p i l e  c o n t r o l s .  

R a d i o a c t i v e  d e c a y  c u r v e s  were t a k e n  
w h i l e  sod ium was b e i n g  c i r c u l a t e d  i n  
t h e  i n p i l e  l o o p  f o r  165  h o u r s .  P a r t i a l  
c o n f i r m a t i o n  o f t h e  p r e v i o u s l y  o b s e r v e d  
d e c r e a s e  i n  t h e  t h e r m a l  c o n d u c t i v i t y  
o f  I n c o n e l  a t  1500°F u n d e r  i r r a d i a t i o n  
h a s  b e e n  o b t a i n e d .  T h e  c r e e p  o f  
n i c k e l  u n d e r  i r r a d i a t i o n  h a s  a h i g h e r  
r a t e  t h a n  i t s  bench  c o u n t e r p a r t  a f t e r  
a b o u t  115 h o u r s .  

? 
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FOR PERIOQ ENDING MARCH 10, 1952 

IO. CWEMIHSTWY OF ~ I ~ ~ - ~ E ~ ~ ~ R A T U ~ E  LIQUIDS 
Warren Gr imes ,  M a t e r i a l s  C h e m i s t r y  D i v i s i o n  

The  r e s e a r c h  on  h i g h -  t e m p e r a t u r e  
l i q u i d s  h a s  b e e n  c o n c e r n e d  a l m o s t  
e n t i r e l y  w i t h  t h e i r  d e v e l o p m e n t  f o r  
u s e  a s  f u e l s  a n d / o r  m o d e r a t o r s  f o r  an  
a i r c r a f t  r e a c t o r ,  T h e  p r o p e r t i e s  
r e q u i r e d  o f  t h e s e  l i q u i d s  a l o n g  w i t h  
p e r i o d i c  d e s c r i p t i o n s  o f  p r o g r e s s  i n  
d e v e l o p m e n t  o f  s u c h  m a t e r i a l s  h a v e  
b e e n  t h e  s u b j e c t  o f  p r e v i o u s  r e -  
p o r t s , ( ' )  D u r i n g  t h e  p a s t  q u a r t e r ,  
h o w e v e r ,  e f f o r t  on r e a c t o r  c o o l a n t s  
and on l i q u i d  m o d e r a t o r  m a t e r i a l s  h a s  
been marked ly  r e d u c e d ,  i n  s p i t e  o f  t h e  
p o t e n t i a l  l o n g - r a n g e  i m p o r t a n c e  o f  t h e  
l a t t e r ,  t o  i n c r e a s e  t h e  e f f o r t  o n  
v a r i o u s  a s p e c t s  o f  t h e  f l u o r i d e  
program. 

The i n t e r e s t  i n  a c i r c u l a t i n g - f u e l  
ARE h a s  e m p h a s i z e d  a n e e d  f o r l i q u i d s  
o f  v e r y  l o w  m e l t i n g  p o i n t  a t  l o w  
u r a n i u m  c o n c e n t r a t  i o n .  I n  a d d i t i o n ,  
i t  i s  v e r y  d e s i r a b l e  t o  c h o o s e  t h e  
f u e l  s y s t e m  s o  t h a t  a d i l u t e  ( s u b -  
c r i t i c a l )  f u e l  s o l u t i o n  may be i n t r o -  
d u c e d  t o  f i l l  t h e  c o r e ,  a n d  s m a l l  
i n c r e m e n t s  o f  a c o n c e n t r a t e d  s o l u t i o n  
o f  u ran ium i n  t h e  same s o l v e n t  may be 
a d d e d  t o  b r i n g  t h e  s y s t e m  t o  c r i t i -  
c a l i t y ,  T h i s  r e q u i r e s  t h a t  s o l u t i o n s  
w i d e l y  v a r y i n g  i n  u r a n i u m  c o n t e n t  a n d  
m e l t i n g  a t  t e m p e r a t u r e s  w e l l  below t h e  
o p e r a t i n g  r a n g e  be a v a i l a b l e  and  t h a t  
n o  h i g h - m e l t i n g  compounds be formed a t  
i n t e r m e d i a t e  c o n c e n t r a t i o n s .  

T h e  q u a l i f i c a t i o n s  seem t o  be m e t  
a d e q u a t e l y  by t h e  s y s t e m  NaF-BeF2-UF,. - 

(''W. R. G r i m e s ,  " C h e m i s t r y  of L i q u i d  Fuels," 
A i r c r a f t ,  N u c l e a r  P r o p u l s i o n  P r o j e c t  Q u a r t e r l y  
P r o g r e s s  R e p o r t  for P e r i o d  E n d i n g  M a r c h  I O ,  1 9 5 1 ,  
ANP-60;, p. 127; W. G r i m e s ,  " C h e m i s t r y  o f  L i q u i d  
F u e l s ,  A i r c r a f t  N u c l e a r  P r o p u l s i o n  P r o j e c t  
Q u a r t e r l y  P r o g r e s s  R e p o r t  f o r  P e r i o d  E n d i n g  J u n e  
IO, 1 9 5 1 ,  A N P - 6 5 ,  p .  84; W. G r i m e s ,  <'Chemistry o f  
H i g h - T e m p e r a t u r e  L i q u i d s , "  A i r c r a f t  N u c l e a r  
P r o p u l s i o n  P r o j e c t  Q u a r t e r l y  P r o g r e s s  R e p o r t  for 
P e r i o d  E n d i n g  S e p t e m b e r  1 0 ,  1 9 5 . 1 ,  O R N L - 1 1 5 4 ,  
p .  1 5 4 ;  W. G r i m e s ,  " C h e m i s t r y  o f  H i g h - T e m p e r a t u r e  
L i q u i d s , "  A i r c r a f t  N u c l e a r  P r o j u l s i o n  P r o j e c t  
Q u a r t e r l y  P r o g r e s s  R e p o r t  f o r  P e r i o d  E n d i n g  
D e c e m b e r  I O ,  1 9 5 1 ,  O R N L - 1 1 7 0 ,  p. 7 9 .  

However,  i t  a p p e a r s  t h a t  t h e  v i s c o s i t y  
o f  t h i s  l i q u i d  i n  t h e  l o w e s t  m e l t i n g  
r e g i o n  o f  t h e  s y s t e m  i s  t o o  h i g h .  O f  
t h e  o t h e r  a v a i l a b l e  m a t e r i a l s ,  s e v e r a l  
c o m p o s i t i o n s i n  t h e  sys t em NaF-KF-ZrF4- 
UF, a p p e a r  p r o m i s i n g o n  t h e  b a s i s  o f t h e  
l i m i t e d  d a t a  a v a i l a b l e .  Numerous o t h e r  
s y s t e m s  c o n t a i n i n g  z i r c o n i u m  f l u o r i d e  
a r e  b e i n g  examined.  

S t u d i e s  o f  t h e  i o n i c  s p e c i e s  i n  
m o l t e n  f l u o r i d e s  by d e t e r m i n a t i o n  o f  
t r a n s f e r e n c e  numbers  h a v e  n o t  p r o v e d  
c a p a b l e  o f  u n i q u e  i n t e r p r e t a t i o n .  
G e n e r a l  p l a n n i n g  f o r  p r o d u c t i o n  o f  t h e  
s i m u l a t e d  f u e l  f o r  t h e  "co ld"  c r i t i c a l  
e x p e r i m e n t  h a s  b e e n  c o m p l e t e d  a n d  
e x p e r i m e n t a l  p r e p a r a t i o n  o f  f u e l  and 
f u e l  a s s e m b l i e s  i s  u n d e r  way. 

LOW-MELTING-FLUORIDE FUEL SYSTEMS 

J.  Po B l a k e l y  R .  E .  T r a b e r ,  J r .  
L .  M. B r a t c h e r  C. J .  B a r t o n  

M a t e r i a l s  C h e m i s t r y  D i v i s i o n  

The p r e v i o u s  r e p o r t ( 2 )  p r e s e n t e d  a 
p r e l i m i n a r y  l i s t  o f  f i v e  p r o m i s i n g  
f l u o r i d e  f u e l  s y s t e m s  o f  low u r a n i u m  
c o n c e n t r a t i o n ,  o f  which f o u r  c o n t a i n e d  
l i t h i u m  f l u o r i d e  a s  a c o m p o n e n t .  
S i n c e  l i t h i u m  f l u o r i d e  w o u l d  b e  
a t t r a c t i v e  a s  a component  o n l y  i f  t h e  
h e a v i e r  i s o t o p e  o f  l i t h i u m  w e r e  t o  
become a v a i l a b l e  i n  h i g h  c o n c e n t r a t i o n ,  
o n l y  t h e  NaF-BeF2 -UF, s y s t e m  appea red  
p r o m i s i n g  f o r  immedia te  u s e .  However,  
t h e  t o x i c i t y  o f  b e r y l l i u m  f l u o r i d e  and 
t h e  p r e l i m i n a r y  i n d i c a t i o n s  o f  h i g h  
v i s c o s i t y  o f  b e r y l l i u m  f l u o r i d e -  b e a r i n g  
l i q u i d s  have  p rompted  e f f o r t s  t o  f i n d  
o t h e r  s y s t e m s  f o r  i m m e d i a t e  u s e .  
P r o m i s i n g  r e s u l t s  h a v e  been  o b t a i n e d  
r e c e n t l y  w i t h  m i x t u r e s  c o n t a i n i n g  
z i r c o n i u m  f l u o r i d e ,  

(2)J. P. B l a k e l y ,  L. M. B r a t c h e r ,  a n d  C. J. 
B a r t o n ,  " L o w  M e l t i n g - F l u o r i d e  F u e l  Sy.stems," 
OP. cit., O R N L - 1 1 7 0 ,  p. 79. 
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b i  
c o  

I t  h a s  been  n e c e s s a r y  t o  s t u d y  t h e  
n a r y  a n d  t e r n a r y  s y s t e m s  o f  z i r -  
n i u m  f l u o r i d e  w i t h  t h e  a l k a l i  

f l u o r i d e s .  Work on t h e s e  u r a n i u m - f r e e  
m a t e r i a l s  i s  r e p o r t e d  u n d e r  " C o o l a n t  
D e v e l o p m e n t "  i n  t h e  f o l l o w i n g .  Ad- 
d i t i o n  o f  s m a l l  amounts  (1  t o  5 mole %) 
o f  u ran ium f l u o r i d e  t o  s e v e r a l  o f  t h e  
s y s t e m s  h a s  been  shown t o  a f f e c t  t h e  
m e l t i n g  p o i n t s  o n l y  s l i g h t l y ,  and  i t  
a p p e a r s  l i k e l y  t h a t  a n y  o f  t h e  l o w -  
m e l t i n g  c o o l a n t s  o b t a i n e d  f r o m  t h e  
p r e l i m i n a r y  s t u d i e s  c a n  be  r e a d i l y  
c o n v e r t e d  t o  f u e l s .  T h e  a v a i l a b l e  

NaF-BeF,-UF,. D i f f i c u l t y  i n  e s -  
t a b l i s h i n g  r e p r o d u c i b l e  m e l t i n g  p o i n t s  
by  t h e r m a l  a n a l y s i s  o f  m i x t u r e s  o f  
h i g h  b e r y l l i u m  f l u o r i d e  c o n c e n t r a t i o n  
h a s  been  d i s c u s s e d . ( 2 )  I n  a n  e f f o r t  
t o  ove rcome  t h i s  d i f f i c u l t y ,  h e a t i n g  
c u r v e s  have  been compared w i t h  c o o l i n g  
c u r v e s  f o r  a number o f  c o m p o s i t i o n s  i n  
t h i s  s y s t e m .  S e l e c t e d  m i x t u r e s  were 
h e a t e d  t o  8 5 0  t o  9 0 0 ° C  a n d  c o o l e d ,  
w i t h  s t i r r i n g ,  by t e c h n i q u e s  p r e v i -  
o u s l y  d e s c r i b e d ,  T h e  s o l i d i f i e d  
m a t e r i a l s  w e r e  t h e n  r e h e a t e d  and  t h e  
h e a t i n g  c u r v e ,  measu red  w i t h  c h r o m e l -  

d a t a  on z i r c o n i u m  f u e l s  a r e  r e p o r t e d  a l u m e l  t h e r m o c o u p l e s ,  was r e c o r d e d  i n  
u n d e r  a p p r o p r i a t e  h e a d i n g s  i n  t h e  t h e  manner p r e v i o u s l y  d e s c r i b e d .  
f o l l o w i n g ,  a l o n g  w i t h  a d d i t i o n a l  d a t a  
o n s e v e r a l  s y s t e m s  c o n t a i n i n g  b e r y l l i u m  The  d a t a  shown i n  T a b l e  2 1  a f f o r d  
f l u o r i d e .  a compar ison  between b r e a k  t e m p e r a t u r e s  

TABLE 21 

Comparison of Break Temperatures from Heating and Cooling Curves 
O f  the System NaF-BeF2-UF4 

COMPOSITION ( m o  1 e %) 

N a F  

48 

47.5 

47 

46. 5 

46 

45.5 

40 

39.6 

39.2 

38.8 

38.4 

38.0 

B e F Z  

52 

51.5 

51 

50. 5 

50 

49.5 

60 

59.4 

58.8 

58.2 

57.6 

57.0 

UF 4 

0 

1 

2 

3 

4 

5 

0 

1 

2 

3 

4 

5 

BREAK TEMP' 

ON HEATING 

345, 375, 380 

330, 365, 385 

365, 385 

245, 315, 369, 385 

295, 325, 385 

270, 360, 395 

230, 300, 330, 365 

290, 330, 355 

325, 355 

325, 370, 400, 405 

325, 365 

330, 360 

.ATURE* ( O C )  

ON COOLING 

332** 

350** 

340* * 

355* * 

342. * 

352** 

250, 390 

270, 415 

295, 445 

315, 430 

285, 290, 315 

317 

* *  

Highest break temperature considered most reliable indication of melting point. 

* *  
Supercooling definitely indicated. 
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FOR PERIOD ENDING MARCH 1 0 ,  1 9 5 2  

RbF BeF, 

40 60 

3 9 . 4  5 9 . 1  

3 8 . 2  5 8 . 2  

3 8 . 0  57 .0  

3 6 . 0  5 4 . 0  

t a k e n  f rom h e a t i n g  c u r v e s  and c o o l i n g  
c u r v e s ,  which  were made w i t h  t h e  same 
m a t e r i a l s  and e q u i p m e n t .  The  h i g h e s t  
t e m p e r a t u r e  a t  wh ich  a b r e a k  i s  shown 
i n  t h e  h e a t i n g  c u r v e  i s  c o n s i d e r e d  t h e  
m o s t  r e l i a b l e  i n d i c a t i o n  o f  m e l t i n g  
p o i n t  a v a i l a b l e .  A s  t h e  d a t a  i n d i c a t e ,  
m e l t i n g  p o i n t s  f o r  t h i s  s y s t e m  a r e  
l i t t l e  a f f e c t e d  by u r a n i u m  c o n c e n -  
t r a t i o n  i n  t h e  r a n g e  s t u d i e d .  I t  
a p p e a r s  t h a t  m i x t u r e s  o f  u s e f u l  
u r a n i u m  c o n c e n t r a t i o n  may be p r e p a r e d  
w i t h  m e l t i n g  p o i n t s  below 4OOOC. 

UF4 

0 

1 . 5  

3 

5 

10 
KF-BeF,-UF, .  A p r e v i o i i s  documen t (3 )  

p r e s e n t e d  some p r e l i m i n a r y  d a t a  on t h e  
s y s t e m  KF-BeF,-UF4.  R e s u l t s  o f  a d -  
d i t i o n a l  s t u d i e s  w i t h  t h e s e  m a t e r i a l s  
a r e  s h o w n  i n  T a b l e  2 2 .  A l l  t h e  
m i x t u r e s  s t u d i e d  show m e l t i n g  p o i n t s  
c o n s i d e r a b l y  h i g h e r  t h a n  t h o s e  a v a i l -  
a b l e  i n  t h e  NaF-BeF2-UF, sys t em.  

TABLE 22 

52 

51 .2  

5 0 . 5  

4 9 . 5  

4 4 . 5  

B r e a k  T e m p e r a t u r e s  from Cool ing  C u r v e s  
o f  t h e  System KF-BeF,-UF,  

48 0 400, 475,  520 

4 7 . 3  1. 5 3 9 7 ,  514, 5 3 3 ,  5 6 3  

4 6 . 5  3 390,  472, 525 

4 5 . 5  5 385, 510, 600** 

4 0 . 5  10 385, 525, 607 

*Highest break temperature considered most 
reliabla indication of melting point. 

.t 

m i x t u r e s  of- l ow 'u ran ium c o n t e n t  i n  t h e  
s y s t e m  RbF-BeF2-UF, a r e  p r e s e n t e d  i n  
T a b l e  2 3 .  A l t h o u g h  i t  a p p e a r s  t h a t  
t h e  m e l t i n g  p o i n t s  a r e  somewhat h i g h e r  

( 3 ) J .  P. Bl a k e l y ,  L. M. B r a t c h e r ,  and C. J. 
Barton, "Low-Melting Fluoride Systems," o p .  c i t . ,  
ORNL-1154, p .  155. 

TABLE 23  

B r e a k  T e m p e r a t u r e s  from Cool ing  C u r v e s  
of t h e  System RbF-BeF,-UF,  

BREAK TEMPERATURES* 
("(2) 

~ 

375, 420 

380, 440 

325, 370, 445 

365, 442 

430, 544 

*Highest break temperature considered most 
reliable indication of melting point. 

t h a n  t h o s e  for NaF-BeF2-UF4 m i x t u r e s ,  
t h e  RbF-BeF,-UF4 s y s t e m  seems tcl show 
p r o m i s e ,  e s p e c i a l l y  b e l o w  5 ml31e % 
u r a n i u m  t e t r a f l u o r i d e .  The  p h y s i c a l  
p r o p e r t i e s  o f  t h i s  s y s t e m  a r e  p r o b a b l y  
v e r y  s i m i l a r  t o  t h o s e  o f  a n a l a g o u s  
sodium f l u o r i d e - b e a r i n g  s y s t e m s .  

L i F - N a F - B e F , - U F , .  T h e  a b o v e -  
m e n t i o n e d  h e a t i n g  t e c h n i q u e  h a s  been  
a p p l i e d  t o  v a r i o u s  m i x t u r e s  i n  t h e  
s y s t e m  LiF-NaF-BeF,-UF, i n  an  a t . t empt  
t o  v e r i f y  t h e  v e r y  low m e l t i n g  p o i n t s  
t e n t a t i v e l y  r e p o r t e d ( , )  f o r  t h e s e  
m a t e r i a l s ,  A l t h o u g h  i t  i s  p o s s i b l e  
t h a t  m i x t u r e s  m e l t i n g  b e l o w  3 2 5 ° C  may 
be p r e p a r e d  from t h e s e  m a t e r i a l s ,  t h e  
d a t a  p r e v i o u s l y  r e p o r t e d  seem t o  b e  
much t o o  low.  A d d i t i o n a l  s t u d i e s  o f  
t h i s  sys t em w i l l  p r o b a b l y  be p o s t p o n e d  
i n  f a v o r  o f  more immedia te  p rob lems .  

F u e l s  Containing  Z i r c o n i u m  F l u o r i d e .  
Data  from a number o f  s t u d i e s  o f  a l k a l i  
f l u o r i d e - z i r c o n i u m  f l u o r i d e  m i x  t u r e s  
i s  r e p o r t e d  i n  a f o l l o w i n g  s e c t i o n  on 
"Coo lan t  Development ."  Only a l i m i t e d  
number o f  e x p e r i m e n t s  on m i x t u r e s  con-  
t a i n i n g  u r a n i u m  t e t r a f l u o r i d e  h a v e  
b e e n  c o m p l e t e d  a n d  t h e  r e s u l t s  a r e  
s u m m a r i z e d  i n  T a b l e  24.  I t  s e e m s  
l i k e l y  f r o m  t h i s  d a t a  a n d  t h a t  p r e -  
s e n t e d  u n d e r  " C o o l a n t  D e v e l o p m e n t "  
t h a t  t h e  NaF-KF-ZrF4 -UF, sys t em may be 
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1 

2 

3 

4 

5 

0 

0 

o f  d e f i n i t e  v a l u e  a s  a f u e l .  Measu re -  
m e n t s  o f  v i s c o s i t y  h a v e  n o t  y e t  b e e n  
made f o r  t h i s  m a t e r i a l ,  b u t  m i c r o s c o p i c  
e x a m i n a t i o n  o f  t h e  s o l i d i f i e d  m e l t  h a s  
i n d i c a t e d  a c o m p l e t e  a b s e n c e  o f  
g l a s s e s .  I t  i s  l i k e l y  t h a t  t h e  
v i s c o s i t y  o f  t h e  l i q u i d s  w i l l  r e s e m b l e  
t h o s e  o f  t y p i c a l  f u s e d  s a l t  m i x t u r e s  
r a t h e r  t h a n  g l a s s e s .  A d d i t i o n a l  
e x p e r i m e n t s  w i t h  t h i s  a n d  s i m i l a r  
s y s t e m s  a r e  u n d e r  way. 

TABLE 24 

Break Temperatures from Heating and 
Cooling Curves of Zirconium-Bearing 

Fuel Mixtures 

395, 465, 475 

263,  380, 460 

395, 410, 450 

390, 410, 440 

375, 451, 505 ( ? )  

375, 400, 455 

305, 405, 425 

360, 380, 425 

3 
3 5 . 5  19 .0  

4 .9  

t 
Hiehe st 

ZrF, 

42.5  

4 2 . 1  

41.7 

4 1 . 3  

40.9 

40 .5  

43 

42. 1 

reak t - 
liable indication of melting point. 

D. R.  Cuneo . G. O v e r h o l s e r  
M a t e r i a l s  C h e m i s t r y  D i v i s i o n  

T h e  c o l d  c r i t i c a l  e x p e r i m e n t  i s  
d e s i g n e d  t o  y i e l d  d a t a  a t  room t emper -  
a t u r e  t h a t  w i l l  be o f  v a l u e  i n  c a l c u -  
l a t i n g  t h e  c r i t i c a l  mass  o f  t h e  f i n a l  
h i g h - t e m p e r a t u r e  A R E .  T h e  p r i m a r y  
r e q u i r e m e n t  o f  t h e  s i m u l a t e d  f u e l  i s  
t h a t  t h e  d e n s i t y o f u r a n i u m  i n  t h e  t u b e s  
o f  f u e l  m i x t u r e  be un i fo rm and e q u a l  t o  
t h e  d e s i g n  d e n s i t y  o f  u r a n i u m  i n  t h e  
ARE f u e l  a t  o p e r a t i n g  t e m p e r a t u r e s .  

I n  a d d i t i o n ,  i t  i s  d e s i r a b l e  t o  h a v e  
t h e  s o d i u m - t o - u r a n i u m  r a t i o  e q u a l  t o  
t h a t  i n  t h e  r e a l  ARE f u e l  a n d ,  i f  
p o s s i b l e ,  t o  have  t h e  o v e r - a l l  d e n s i t y  
o f  t h e  s i m u l a t e d  a n d  r e a l  f u e l s  t h e  
same.  The h y d r o g e n - t o - u r a n i u m  r a t i o  
must  be c o n s i d e r a b l y  l e s s  t h a n  1 ;  t h i s  
w i l l  be p o s s i b l e  i f  t h e  w a t e r  c o n t e n t  
o f  t h e  m a t e r i a l s  i s  l e s s  t h a n  0 .01%.  

I t  i s  p r e s e n t l y  a n t i c i p a t e d  t h a t  
t h e  ARE f u e l s  w i l l  b e  s i m u l a t e d  f o r  
t h i s  e x p e r i m e n t  by p a c k i n g  r e a l i s t i c  
f u e l  t u b e s  w i t h  a m i x t u r e  o f  u r a n i u m  
t e t r a f l u o r i d e  a n d  s o d i u m  f l u o r i d e  
powders ,  The Y - 1 2  P r o d u c t i o n  D i v i s i o n  
w i l l  be r e s p o n s i b l e  f o r  p r e p a r i n g  t h e  
e n r i c h e d  f u e l  and f o r  f i l l i n g  t h e  f u e l  
t u b e s .  The  ANP c h e m i s t r y  g r o u p  w i l l  
r e n d e r  a s s i s t a n c e  i n  f o r m u l a t i o n  o f  
t h e  m i x t u r e  and e x p e r i m e n t a l  s t u d y  o f  
t u b e  f i l l i n g  and p a c k i n g  c o n d i t i o n s .  

P r e l i m i n a r y  e x p e r i m e n t s w i t h  uran ium 
t e t r a f l u o r i d e  a n d  s o d i u m  f l u o r i d e  
powders  d e s i g n e d  t o  y i e l d  i n f o r m a t i o n  
a s  t o  e f f e c t  o f  p a r t i c l e  s i z e ,  m i x t u r e  
c o m p o s i t i o n ,  w a t e r  c o n t e n t ,  and p a c k -  
i n g  t e c h n i q u e  on  u r a n i u m  d e n s i t y ,  
o v e r - a l l  d e n s i t y ,  and  e a s e  o f  s e g r e -  
g a t i o n  o f  t h e  m i x t u r e  a r e  u n d e r  way. 

IONIC SPECIES IN FUSED FLUORIDES 

M. T. Robinson  
M a t e r i a l s  C h e m i s t r y  D i v i s i o n  

D e t e r m i n a t i o n  o f  t h e  e l e c t r o l y t i c  
t r a n s f e r e n c e  numbers i n  f u s e d  f l u o r i d e  
m i x t u r e s  c o n t a i n i n g  u r a n i u m  t e t r a -  
f l u o r i d e  was a t t e m p t e d  i n  an e f f o r t  t o  
a s c e r t a i n  t h e  n a t u r e  o f  t h e  i o n i c  
s p e c i e s  i n  t h e s e  s y s t e m s .  The  e q u i p -  
ment and g e n e r a l  t e c h n i q u e  u s e d  i n  t h e  
s t u d y o f  e l e c t r o l y s i s  o f  f u s e d  f l u o r i d e s  
h a v e  b e e n  d i s c u s s e d  i n  a p r e v i o u s  
r e p o r t . ( 4 )  U n c e r t a i n t i e s  owing t o  t h e  
u s e  o f  a n  e l e c t r i c a l l y  c o n d u c t i n g  

( 4 ) M .  T. R o b i n s o n ,  “ I o n i c  S p e c i e s  in F u s e d  
F l u o r i d e s , ”  o p .  c i t . ,  O R N L - 1 1 7 0 ,  p .  82 .  
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d i a p h r a g m  i n  t h e  c e l l  a n d ,  i n  p a r t ,  
t o  t h e  l a c k  o f  h i g h  a c c u r a c y  i n  t h e  
a n a l y t i c a l  methods a v a i l a b l e  l i m i t  t h e  
u s e f u l n e s s  o f  t h e  d a t a  o b t a i n e d .  
C o n s e q u e n t l y ,  n o  f u r t h e r  s t u d i e s  o f  
e l e c t r o l y t i c  t r a n s f e r e n c e  a r e  now 
a n t i c i p a t e d .  B e f o r e  t h e s e  e x p e r i -  
m e n t s  c a n  be  i m p r o v e d ,  an  e l e c t r i c a l  
i n s u l a t o r  c a p a b l e  o f  h o l d i n g  t h e  
s a l t s  w i t h o u t  r e a c t i o n  a n d  c o n -  
s i d e r a b l y  b e t t e r  a n a l y t i c a l  m e t h o d s  
t h a n  now e x i s t  w i l l  be  n e e d e d .  (An 
e x c e l l e n t  r e v i e w  o f  s u c h  e x p e r i m e n t s  
h a s  b e e n  g i v e n  b y  B a i m a k o v  a n d  
Samusenko.  ( 5 ,  ) The  f o l l o w i n g  e x p e r i -  
m e n t a l  r e s u l t s  f rom t h e  r e c e n t  s t u d y  
a r e ,  however ,  o f  i n t e r e s t .  

The  number  o f  e l e c t r o n s  n e c e s s a r y  
t o  r e d u c e  one  uranium(1V)  i o n  t o  m e t a l  
d e c r e a s e s  f rom a b o u t  f o u r  i n  t h e  more 
d i l u t e  s o l u t i o n s  t o  l e s s  t h a n  two i n  
t h e  m o r e  c o n c e n t r a t e d  o n e s .  T h e  
changes  i n  t h e  i o n  E r a c t i o n  o f  uran ium 
i n  t h e  t w o  c o m p a r t m e n t s  o f  t h e  c e l l  
a r e  n o t  a l t o g e t h e r  c o n s i s t e n t .  The  
a n o l y t e  c o n c e n t r a t i o n  o f  u r a n i u m  d o e s  
n o t  d i f f e r  s i g n i f i c a n t l y  f r o m  t h a t  
found b e f o r e  e l e c t r o l y s i s ,  whereas  t h e  
change  i n  t h e  c a t h o l y t e  c o n c e n t r a t i o n  
i s  l i t t l e  more  t h a n  t h e  e x p e r i m e n t a l  
e r r o r ,  On t h e  o t h e r  h a n d ,  t h e  a l k a l i  
m e t a l  c o n c e n t r a t i o n  r i s e s  s h a r p l y  i n  
t h e  c a t h o l y t e  a n d  s l i g h t l y  i n  t h e  
a n o l y  te .  

T h e  a p p a r e n t  d e v i a t i o n s  f r o m  
F a r a d a y ' s  law may r e p r e s e n t  a c a s e  o f  
s t e n o l y s i s ,  i . e . ,  e l e c t r o d e  p r o c e s s e s  
o c c u r r i n g  i n  t h e  p o r e s  o f  t h e  d iaphragm 
s e p a r a t i n g  t h e  a n o l y t e  and  c a t h o l y t e .  
I f  a l l  c u r r e n t  p a s s i n g  t h r o u g h  t h e  
c e l l  d i d  s o  by a s t e n o l y t i c  mechanism,  
two e l e c t r o n s  would a p p a r e n t l y  s u f f i c e  
t o  r e d u c e  o n e  u r a n i u m ( 1 V )  i o n  t o  
m e t a l ,  w h e r e a s  c o m p l e t e  a b s e n c e  o f  
s t e n o l y s i s  would r e q u i r e  f o u r  e l e c t r o n s  
p e r  r e d u c e d  u r a n i u m ( 1 V ) .  I t  i s  
p o s s i b l e  t h a t  t h e  d i a p h r a g m  u s e d  w a s  

("Y. V. Baimakov and S. P. Samusenko,  ' ' D e t e r m i -  
n a t i o n  o f  T r a n s f e r e n c e  Numbers o f  I o n s  i n  F u s e d  
S a l t s , ' '  T r a n s .  L e n i n g r a d  I n d .  I n s t . ,  3 - 2 6  (1938). 
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n o t  c o m p l e t e l y  pe rmeab le  t o u r a n i u m ( 1 V )  
and t h a t  t h e  d e v i a t i o n s  from F a r a d a y ' s  
law r e s u l t  from a n  i n c r e a s e  o f  s t m o l y -  
s i s  w i t h  i n c r e a s i n g  u r a n i u m  t a t r a -  
f l u o r i d e  c o n c e n t r a t i o n .  A p h o t o -  
m i c r o g r a p h  o f  t h e  s u r f a c e  o f  t h e  
d i aphragm,  however ,  seemed t o  i n d i c a t e  
a p o r e  s i z e  s u f f i c i e n t  t o  p a s s  any  o f  
t h e  i o n s  p r o b a b l y  p r e s e n t .  

T h e  s t e n o l y t i c  b e h a v i o r ,  c o u p l e d  
w i t h  t h e  o b s e r v e d  c o n c e n t r a t i o n  
c h a n g e s ,  i n d i c a t e s  t h a t  t h e  q u a d r i -  
v a l e n t  uran ium i s  p r o b a b l y  n o t  p r e s e n t  
a s  Ut4. The s m a l l  r a d i u s  o f  t h i s  i o n  
and  i t s  l a r g e  c h a r g e  i n d i c a t e  a h i g h  
m o b i l i t y .  T h a t  t h i s  i s  n o t  o b s e r v e d  
i s  e v i d e n c e  f o r  t h e  p r e s e n c e  o f  some 
more c o m p l i c a t e d  s p e c i e s .  

PREPARATION OF STANDARD FUEL SAlYiPLES 

G .  J.  Nessle  J .  E .  Eorgan  
V. C. Love J a c k  T r u i t t  

C. J.  B a r t o n  
M a t e r i a l s  C h e m i s t r y  D i v i s i o n  

A t o t a l  o f  6 8  b a t c h e s  o f  f l u o r i d e  
f u e l s  was  p r e p a r e d  d u r i n g  t h e  p a s t  
q u a r t e r ,  i n c l u d i n g  t w o  l a r g e  ( 3  t o  
4 kg)  b a t c h e s o f p r e t r e a t e d a n d  f i l t e r e d  
m a t e r i a l  f o r  e x p e r i m e n t s  i n  d y n a m i c  
c o r r o s i o n  i n  t h e r m a l  c o n v e c t i o n  l o o p s .  
The m a t e r i a l s  were used  t o  f i l l  e q u i p -  
ment  f u r n i s h e d  by o t h e r  ANP g r o u p s  a s  
i n d i c a t e d  i n  T a b l e  2 5 .  

TABLE 25  

D i s p o s i t i o n  o f  Standard F u e l  Samples  

NUMBER OF 
T l P E  OF EXPERIMENT CONTAINERS FILLED 

S t a t i c  corros ion  t e s t s  243 

Cyclotron bombardment 26 

Radiat ion damage 15 

V i s c o s i t y  measurement a 
Dens i ty  measurement 4 

Loop  t e s t  2 
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PREPARATION OF PURE HYDROXIDES 
D. R. Cuneo D. E. N i c h o l s o n  
E. E. Ketchen  L .  G. O v e r h o l s e r  

M a t e r i a l s  C h e m i s t r y  D i v i s i o n  

D e v e l o p m e n t  o f  m o d e r a t o r - c o o l a n t s  
h a s  b e e n  l i m i t e d  d u r i n g  t h e  p a s t  
q u a r t e r  t o  p r e p a r a t i o n  o f  p u r e  a l k a l i  
a n d  a l k a l i n e  e a r t h  h y d r o x i d e s  f o r  
c o r r o s i o n  s t u d i e s .  Barium, s t r o n t i u m ,  
and sodium h y d r o x i d e h a v e  been p r e p a r e d  
w i t h  a c c e p t a b l e  p u r i t y ,  t h a t  i s ,  con-  
t a i n i n g  l e s s  t h a n  0 . 1 ,  0 .06,  and 0.1%, 
r e s p e c t i v e l y ,  o f  t h e i r  c a r b o n a t e s ,  
P u r i f i c a t i o n  o f t h e  p o t a s s i u m  h y d r o x i d e  
h a s  n o t  been so  s u c c e s s f u l .  

Bar ium h y d r o x i d e  h a s  been  p r e p a r e d ,  
i n  a q u a n t i t y  s u f f i c i e n t  f o r  u s e  i n  
d y n a m i c  c o r r o s i o n  e x p e r i m e n t s ,  by  a 
p r o c e d u r e (  6 ,  t h a t  y i e l d s  1 - l b  b a t c h e s  
o f  m a t e r i a l  c o n t a i n i n g  l ess  t h a n  0 . 1  
w t  % b a r i u m  c a r b o n a t e .  S t r o n t i u m  
h y d r o x i d e  p r e p a r e d  by t h e  same p r o c e s s  
c o n t a i n e d  0 . 0 6 % o f s t r o n t i u m  c a r b o n a t e ,  
a n d  s p e c t r o g r a p h i c  a n a l y s i s  s h o w e d  
a b o u t  0.1% bar ium h y d r o x i d e .  S t r o n t i u m  
h y d r o x i d e  may be  d e h y d r a t e d  w i t h o u t  
d i f f i c u l t y  b u t  is  n o t  y e t  a v a i l a b l e  i n  
l a r g e  q u a n t i t y .  

A d d i t i o n a l  b a t c h e s  o f  s o d i u m  h y -  
d r o x i d e  have  been p u r i f i e d  by removing  
s o d i u m  c a r b o n a t e  f r o m  a 50% a q u e o u s  
s o l u t i o n  o f  s o d i u m  h y d r o x i d e  a n d  
d e h y d r a t i n g  u n d e r  vacuum a t  425°C. 
T h e s e  b a t c h e s  h a v e  a s s a y e d  1 0 0 .  0% 
s o d i u m  h y d r o x i d e ,  a n d  t h e  s o d i u m  
c a r b o n a t e  c o n t e n t  h a s  been  l e s s  t h a n  
0.1% i n  a l l  c a s e s .  

P o t a s s i u m  c a r b o n a t e  c a n  be  removed 
from p o t a s s i u m  h y d r o x i d e  by d i s s o l u t i o n  
o f  t h e  l a t t e r  compound i n  i s o p r o p y l  
a l c o h o l ,  b u t i t  h a s  n o t  p roved  p o s s i b l e  
t o  remove t h e  a l c o h o l  f rom p o t a s s i u m  
h y d r o x i d e  w i t h o u t  c a r b o n i z a t i o n  a n d  
c o n t a m i n a t i o n  o f  t h e  p o t a s s i u m  h y -  
d r o x i d e .  P o t a s s i u m  h y d r o x i d e  p r e p a r e d  

(6)L. G. O v e r h o l s e r ,  D. E. N i c h o l s o n ,  E. E. 
K e t c h e n ,  and D. R. C u n e o ,  “ P r e p a r a t i o n  o f  P u r e  
H y d r o x i d e s , ”  o p .  c i t . ,  ORNL-1170, p. 84. 
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by d e h y d r a t i o n  o f  an  a q u e o u s  s o l u t i o n  
c o n t a i n i n g  5 w t  % p o t a s s i u m  h y d r o x i d e ,  
w h i c h  h a d  b e e n  t r e a t e d  w i t h  b a r i u m  
h y d r o x i d e ,  s t i l l  c o n t a i n e d  a b o u t  0 . 3 %  
p o t a s s i u m  c a r b o n a t e ,  T h e  p o t a s s i u m  
c a r b o n a t e  c o n t e n t  o f  h i g h e r  c o n c e n -  
t r a t i o n  p o t a s s i u m  h y d r o x i d e  s o l u t i o n s  
d e c r e a s e d ,  h o w e v e r .  T h e r e  was  0 . 1 %  
p o t a s s i u m  c a r b o n a t e  i n  t h e  3 8  w t  % 
a q u e o u s  s o l u t i o n  o f  p o t a s s i u m  h y -  
d r o x i d e .  R e c e n t  e x p e r i m e n t a l  d e t e r m i -  
n a t i o n s h a v e  s h o w n t h a t b a r i u m  c a r b o n a t e  
i s  a p p r e c i a b l y  s o l u b l e  i n  p o t a s s i u m  
h y d r o x i d e .  P r e l i m i n a r y  s t u d i e s  o f  t h e  
f e a s i b i l i t y  o f  u s i n g  c a l c i u m  h y d r o x i d e  
f o r  t h i s  c a r b o n a t e  r e m o v a l  a r e  i n  
p r o g r e s s .  I n  a d d i t i o n ,  e q u i p m e n t  i s  
u n d e r  c o n s t r u c t i o n  f o r  p r e p a r i n g  
p o t a s s i u m  h y d r o x i d e  by r e a c t i o n  o f  
p u r e  w a t e r  w i t h  m e t a l l i c  p o t a s s i u m .  

COOLANT DEVELOPMENT 

J. P. B l a k e l y  R.  C. T r a b e r ,  J r .  
L ,  M. B r a t c h e r  C. J .  B a r t o n  

M a t e r i a l s  C h e m i s t r y  D i v i s i o n  

I n v e s t i g a t i o n  o f  l o w - m e l t i n g  
f l u o r i d e  m i x t u r e s  f o r  p o s s i b l e  a p p l i -  
c a t i o n  a s  c o o l a n t s  h a s  been  c o n t i n u e d  
d u r i n g  t h e  p a s t  q u a r t e r .  I n  a d d i t i o n  
t o  p o s s i b l e  v a l u e  a s  c o o l a n t s ,  a n y  
l o w - m e l t i n g  c o m p o s i t i o n s  d i s c o v e r e d  
a r e  o f  p o t e n t i a l  v a l u e  as s o l v e n t s  for 
uran ium t e t r a f l u o r i d e  i n  t h e  p r e p a r a -  
t i o n  o f  f u e l s  o f  l o w  u r a n i u m  c o n t e n t .  

R e c e n t  i n t e r e s t  i n  f u e l  s y s t e m s  
c o n t a i n i n g  z i r c o n i u m  f l u o r i d e  h a s  l e d  
t o  a c o n s i d e r a b l e  program o f  s t u d y  i n  
p h a s e  e q u i l i b r i a  i n  a l k a l i  f l u o r i d e -  
z i r c o n i u m  f l u o r i d e  s y s t e m s .  A l t h o u g h  
s e v e r a l  o f  t h e s e  s y s t e m s  show p romise ,  
i n  n o  c a s e  a r e  t h e  d a t a  s u f f i c i e n t  f o r  
c o n s t r u c t i o n  o f  t h e  p h a s e  d i ag ram.  I n  
many o f  t h e s e  m i x t u r e s  w e l l - d e f i n e d  
t h e r m a l  b r e a k s  o c c u r  w e l l  b e l o w  t h e  
l i q u i d u s  t e m p e r a t u r e ,  I t  h a s  n o t  been  
d e f i n i t e l y  e s t a b l i s h e d  w h e t h e r  t h e s e  
e f f e c t s  a r e  t h e  r e s u l t  o f  s o l i d  
t r a n s i t i o n s  or t h e  p r e s e n c e  o f  some 
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i m p u r i t y  s u c h  a s  ZrOF,, which i s  known 
t o  be p r e s e n t  i n  t h e  o n l y  a v a i l a b l e  
z i r c o n i u m  f l u o r i d e .  

LiF-ZrF,. T h e  s y s t e m  L i F - Z r F , ,  
which  i s  o f  p o s s i b l e  f u t u r e  i n t e r e s t ,  
i s  u n d e r  s t u d y  i n  o r d e r  t o  o b t a i n  a 
c o m p l e t e  p i c t u r e  o f  t h e  a l k a l i  f l u o r i d e -  
z i r c o n i u m  f l u o r i d e  s y s t e m s .  C o o l i n g  
c u r v e s  h a v e  been r u n  on n i n e  m i x t u r e s  
r a n g i n g  be tween 15  and 7 0  mole  % z i r -  
conium f l u o r i d e .  T h e r e  a p p e a r s  t o  be 
a e u t e c t i c  a t  a b o u t  39  m o l e  % z i r -  
conium f l u o r i d e  m e l t i n g  a t  560 t- 1 0 O C .  
No c o n g r u e n t l y  m e l t i n g  compounds were  
o b s e r v e d ,  b u t  t h e r e  i s  some e v i d e n c e  
f o r  an  i n c o n g r u e n t l y  m e l t i n g  compound 
t h a t  i s  p r o b a b l y  L i 2 Z r F 6 .  B r e a k s  o t h e r  
t h a n  m e l t i n g  p o i n t s  o r  t h e  e u t e c t i c  
h a l t  were  o b s e r v e d  a t  5 9 0 ,  5 1 5 ,  a n d  
470°C i n  some m i x t u r e s ,  T h i s  s t u d y  
w i l l  be  c o n t i n u e d  i n  g r e a t e r  d e t a i l  
a t  some f u t u r e  d a t e .  

NaF-ZrF,. The  s t u d y  o f  t h e  s y s t e m  
NaF-ZrF, i s  s t i l l  i n  p r o g r e s s ;  m i x t u r e s  
b e t w e e n  1 0  a n d  5 0  m o l e  % z i r c o n i u m  
f l u o r i d e  have  been s t u d i e d .  I t  a p p e a r s  
l i k e l y  t h a t  t h e r e  i s  a e u t e c t i c  a t  
a p p r o x i m a t e l y  35  m o l e  % z i r c o n i u m  
f l u o r i d e ,  m e l t i n g  a t  595rtrlO"C. B r e a k s  
o t h e r  t h a n  m e l t i n g  p o i n t , s  o r  e u t e c t i c  
h a l t s  were  o b s e r v e d  a t  a p p r o x i m a t e l y  
735,  530 ,  and  495°C w i t h  some m i x t u r e s .  

KF-ZrF,. A 1  t h o u g h  c o o l i n g  c u r v e s  
have  been r u n  on a r a t h e r  l a r g e  number 
o f  m i x t u r e s  i n  t h e  s y s t e m  K F - Z r F , ,  
c o v e r i n g  t h e  r a n g e  from 5 t o  95 mole  % 
z i r c o n i u m  f l u o r i d e ,  t h e  m e l t i n g  p o i n t  
o f  s o m e  c o m p o s i t i o n s  h a s  n o t  b e e n  
d e t e r m i n e d  w i t h  c e r t a i n t y .  T h e  
e x i s t e n c e  o f  a e u t e c t i c  a t  13 mole  %I 
z i r c o n i u m  f l u o r i d e ,  m e l t i n g  a t  7 6 5  -t 
10°C, was e s t a b l i s h e d  and a compound 
K,ZrF7,  m e l t i n g  c o n g r u e n t l y  a t  910  rtr 
10°C' h a s  been d e m o n s t r a t e d .  M i x t u r e s  
i n  t h e  r a n g e  3 0  t o  6 0  m o l e  % z i r -  
c o n i u m  f l u o r i d e  s h o w  w e l l - d e f i n e d  
b r e a k s  o r h a l t s  a t  415 t o  435  and 485°C 

RbF-ZrF,. The s y s t e m  RbF-ZrF, h a s  
b e e n  s t u d i e d  i n  t h e  r a n g e  5 t o  6 0  
mole  7% z i r c o n i u m  f l u o r i d e  and a p p e a r s  
t o  be  q u i t e  s i m i l a r  t o  t h e  KF-ZrF4  
s y s t e m .  T h e r e  i s  a e u t e c t i c  a t  a b o u t  
6 mole % z i r c o n i u m  f l u o r i d e ,  m e l t i n g  
a t  720 f lO"C, and t h e  compound Rb,ZrF7 
m e l t s  c o n g r u e n t l y  a t  870  t- 1 0 ° C .  I t  
a p p e a r s  l i k e l y  t h a t  t h e r e  i s  a e u t , e c t i c  
b e t w e e n  3 0  a n d  4 0  m o l e  % z i r c o n i u m  
f l u o r i d e ,  m e l t i n g  a t  5 7 5  rtr 1 0 ° C ,  b u t  
t h e r e  a r e  a l s o  w e l l - m a r k e d  b r e a k s  o n  
t h e  c o o l i n g  c u r v e s  f o r  m i x t u r e s i n  t h i s  
r a n g e  a t  a b o u t  405°C. 

NaF-KF-ZrF,. C o o l i n g  c u r v e s  h a v e  
been  r u n  on more t h a n  50  m i x t u r e s  i n  
t h e  t e r n a r y  sys t em NaF-KF-ZrF,, and i t  
s h o u l d  be  p o s s i b l e  t o  d r a w  c o n t o u r s  
f o r  t h i s  sys t em when t h e  c o r r e s p o n d i n g  
b i n a r y  p h a s e  d i a g r a m s  a r e  c o m p l e t e d .  
The  l o w e s t  m e l t i n g  c o m p o s i t i o n  t h a t  
h a s  been found i n  t h i s  sys t em c o n t a i n e d  
43  mole % z i r c o n i u m  f l u o r i d e ,  5 niole % 
sodium f l u o r i d e ,  and 52 mole % p o t a s s i u m  
f l u o r i d e .  T h i s  m i x t u r e  e x h i b i t e d  n o  
b r e a k  i n  t h e  c o o l i n g  c u r v e  above  405°C 
and s t i r r e d  down t o  t h i s  t e m p e r a t u r e .  
When h e a t e d ,  i t  s t a r t e d  s t i r r i n g  a t  
405°C and  showed n o  f u r t h e r  b r e a k  u p  
t o  5 0 0 " C ,  a t  w h i c h  t e m p e r a t u r e  t h e  
e x p e r i m e n t s  w e r e  t e r m i n a t e d ,  O t h e r  
s i m i l a r  s y s t e m s  showed c o n s i d e r a b l y  
h i g h e r  m e l t i n g  p o i n t s .  T h e  4 0 5 ° C  
m e l t i n g  p o i n t  t h e r e f o r e  s e e m s  t o  
r e q u i r e  f u r t h e r  v e r i f i c a t i o n .  Com- 
p o s i t i o n s  w i t h  a b o u t  t h e  same amount  
o f  z i r c o n i u m  f l u o r i d e  a s  t h e  a b o v e -  
men t ioned  m i x t u r e  b u t  w i t h  more sodium 
f l u o r i d e  and  l e s s  p o t a s s i u m  f l u o r i d e  
show w e 1  1 -marked b r e a k s  i n  t h e  cc io l ing  
c u r v e s  a t  a p p r o x i m a t e l y  450"C,  w h i c h  
may i n d i c a t e  a e u t e c t i c  m e 1 t i : n g  a t  
t h i s  t e m p e r a t u r e ;  t h e  c o m p o s i t i o n  o f  
t h i s  e u t e c t i c  h a s  n o t  been e s t a b l i s h e d .  

NaF-RbF-ZrF,. T h e  N a F - R b F - Z r F ,  
s y s t e m  h a s  been  i n v e s t i g a t e d  a b o u t  a s  
t h o r o u g h l y  a s  t h e  NaF-KF-ZrF, s y s t e m .  
The l o w e s t  m e l t i n g  p o i n t  r e c o r d e d  was 

f o r  some c o m p o s i t i o n s .  460°C f o r  t h e  m i x t u r e  c o n t a i n i n g  52  
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mole  % z i r c o n i u m  f l u o r i d e ,  11 mole  % 
r u b i d i u m  f l u o r i d e ,  a n d  3 7  m o l e  % 
s o d i u m  f l u o r i d e .  O t h e r  b r e a k s  w e r e  
o b s e r v e d  i n - t h e  c o o l i n g  c u r v e  f o r  t h i s  
and o t h e r  c o m p o s i t i o n s  a t  t e m p e r a t u r e s  
r a n g i n g  f r o m  4 1 0  t o  4 4 0 ° C .  T h e s e  
c o u l d  be c a u s e d  by a s o l i d  t r a n s i t i o n  
o r  by a e u t e c t i c  o f  unknown compo-  
s i t i o n ,  

NaF-KF-LiF-ZrF,. Only a few m i x t u r e s  
were p r e p a r e d  i n  t h e  f o u r  c o m p o n e n t  
s y s t e m  NaF-KF-LiF-ZrF , .  I n c r e a s i n g  
a m o u n t s  o f  z i r con ium f l u o r i d e  were 
a d d e d  t o  t h e  t e r n a r y  N a F - K F - L i F  
e u t e c t i c  ( 4 2  mole  % KF, 4 6 . 5  m o l e  $2 
L i F ,  11 .5  mole % N a F ) ,  wh ich  was c o n -  
s i d e r e d  t o  b e  o n e  c o m p o n e n t  o f  a 
p s e u d o b i n a r y  m i x t u r e .  T h e  c o o l i n g  

t h a t  w e r e  r u n  a f t e r  e a c h  a d -  
d i t i o n  o f  z i r c o n i u m  f l u o r i d e  showed 
t h a t  t h e  m e l t i n g  p o i n t  c l i m b s  r a t h e r  
r a p i d l y ,  r e a c h e s  a maximum o f  810°C a t  
2 0  m o l e  % z i r c o n i u m  f l u o r i d e ,  d r o p s  
s h a r p l y  t o  4 5 0 ° C  a t  30 m o l e  % z i r -  
conium f l u o r i d e ,  and t h e n  r i s e s  a g a i n ,  

PREPARATION OF PURE FLUORIDES 

G. J .  N e s s l e  F. F. B l a n k e n s h i p  
J. E. Eorgan  W. R .  Grimes 

m i s t r y  D i v i s i o n  

The l a c k  o f  s u c c e s s f u l  o p e r a t i o n  of  
t h e  t h e r m a l  l o o p s  w i t h  f l u o r i d e  f u e l  
m a t e r i a l  a s  p r e s e n t l y  s u p p l i e d  and t h e  
d e f i n i t e  p l a n s  f o r  a n  A R E  i n  t h e  
r e l a t i v e l y  n e a r  f u t u r e  have  emphas ized  
t h e  need f o r  r e s e a r c h  on equ ipmen t  f o r  
p r e p a r a t i o n  o f  p u r e ,  h o m o g e n e o u s ,  
f l u o r i d e  s o l u t i o n s  and h a n d l i n g  o f  t h e  
l i q u i d s  s o  a s  t o  k e e p  them f r e e  from 
c o n t a m i n a t i o n  u n t i l  t h e y  a r e  u s e d .  
The  m a s s - t r a n s f e r  p h e n o m e n o n ,  w h i c h  
t r a n s f e r s  m e t a l  f r o m  h o t  t o  c o l d  
r e g i o n s  o f  t h e  t h e r m a l  l o o p s ,  i s  s t i l l  
n o t  w e l l  u n d e r s t o o d .  However,  a l l  t h e  
p l u g s  s o  f a r  o b s e r v e d  h a v e  c o n t a i n e d  
c o n s i d e r a b l e  q u a n t i t i e s  o f  o x i d e  
s l u d g e  admixed w i t h  t h e  m e t a l  p a r t i c l e s .  
I t  h a s  n o t  been  e s t a b l i s h e d  t h a t  t h e  
o x i d e s  a r e  p r i m a r i l y  r e s p o n s i b l e  f o r  

c o r r o s i o n ,  b u t  f r e e d o m  o f  t h e  s y s t e m  
f r o m  o x i d e s  wou ld  c e r t a i n l y  h e l p  t o  
c l a r i f y  t h e  p i c t u r e .  I n  a d d i t i o n ,  i t  
i s  e s s e n t i a l  f o r  r e a c t o r  o p e r a t i o n  t h a t  
t h e  f u e l  be f r e e  from s l u d g e  f o r m a t i o n .  

The  raw m a t e r i a l s  f o r  f u e l  manu-  
f a c t u r e  a r e ,  i n  g e n e r a l ,  q u i t e  h y g r o -  
s c o p i c ;  i t  i s  d i f f i c u l t  t o  p r e v e n t  
some p i c k u p  o f  w a t e r  d u r i n g  t h e  u n -  
a v o i d a b l e  h a n d l i n g  o f  t h e  p o w d e r s .  
F u r t h e r m o r e ,  a n y  w a t e r  p i c k e d  u p  by 
t h e  f l u o r i d e s  w i l l  h y d r o l y z e  u r a n i u m  
t e t r a f l u o r i d e  t o  i n s o l u b l e  u r a n i u m  
d i o x i d e  when t h e  t e m p e r a t u r e  i s  r a i s e d .  
U r a n i u m  t e t r a f l u o r i d e  a l s o  o x i d i z e s  
r e a d i l y  a t  e l e v a t e d  t e m p e r a t u r e s  t o  
y i e l d  v o l a t i l e  u r a n i u m  h e x a f l u o r i d e  
and  s o l u b l e  and c o r r o s i v e  UO,F, i f  any 
oxygen  i s  p r e s e n t .  I t  seems e v i d e n t  
t h e r e f o r e  t h a t  i m p r o v e m e n t  o f  t h e  
c o r r o s i o n  p i c t u r e  w o u l d  r e s u l t  i f  
s a t i s f a c t o r y  m e a n s  e x i s t e d  f o r  p r e -  
p a r i n g  and h a n d l i n g  f l u o r i d e s  s o  t h a t  
o x i d a t i o n  o r  h y d r o l i z a t i o n  c o u l d  n o t  
o c c u r .  C o n s e q u e n t l y ,  e q u i p m e n t  d e -  
s i g n e d  t o  p r e v e n t  t h e s e  r e a c t i o n s  
d u r i n g  f u e l  p r e p a r a t i o n  and  t r a n s f e r  
a r e  b e i n g  deve  1 oped.  

Fuel 
f u e l  p r  
r e a c t o r  

Preparation Equipment. T h e  
e p a r a t i o n  e q u i p m e n t  w i l l  be a 
i n  which  a l l  l i n e s  i n  c o n t a c t  

w i t h  t h e  m o l t e n  f l u o r i d e s  a r e  o f  
n i c k e l  s o  t h a t  t h e y  c a n  r e a d i l y  b e  
r e d u c e d  w i t h  hydrogen  t o  remove o x i d e  
f i l m s  and s c a l e .  The r e a c t o r  w i l l  be 
c h a r g e d  w i t h  d r y ,  p u r e  f l u o r i d e s ,  
s e a l e d  by t h e  g a s k e t e d  f l a n g e s  t o  t h e  
g a s  m a n i f o l d ,  and e v a c u a t e d  t o  remove 
a s  much a d s o r b e d  oxygen and  w a t e r  a s  , 

p o s s i b l e  a t  l ow t e m p e r a t u r e s .  T h e  
m i x t u r e  w i l l  t h e n  b e  m e l t e d  a n d  
t r e a t e d  a t  5 0 0  t o  6 0 0 ° C  w i t h  d r y  
o x y g e n - f r e e  h y d r o g e n  t o  r e d u c e  a n y  ~ 

UO,F, o r  UF, f o r m e d  by o x i d a t i o n  o r  
p r e s e n t  i n  t h e  u r a n i u m  t e t r a f l u o r i d e  
u s e d .  The w a t e r  w i l l  r e a c t  w i t h  t h e  
u ran ium t e t r a f l u o r i d e  a t  t h i s  t empera -  

w i l l  be  s w e p t  a n d  pumped  o u t ,  a n d  

t u r e a n d y i e l d  hydrogen  f l u o r i d e ,  which  * 
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u r a n i u m  d i o x i d e ,  w h i c h  w i l l  be s u s -  
pended  i n  t h e  m e l t .  By t r e a t m e n t  o f  
t h e  mol t en  l i q u i d  at, 500 t o  600°C w i t h  
d r y  h y d r o g e n  f l u o r i d e ,  t h e  s u s p e n d e d  

- o x i d e s  can  be r e c o n v e r t e d  t o  f l u o r i d e s .  
T h e  e x c e s s  h y d r o g e n  f l u o r i d e  w i l l  be 
pumped o f f ,  t h e  l i q u i d  swep t  w i t h  p u r e  
h e l i u m ,  and t h e  p u r e  l i q u i d  t r a n s f e r r e d  
t h r o u g h  a n i c k e l  f i l t e r  t o  a c l e a n  
r e c e i v e r  by u s e  o f  h e l i u m  p r e s s u r e .  

The p u r e  m a t e r i a l  w i l l  be u s e d  f o r  
c a p s u l e  and  d y n a m i c  l o o p  c o r r o s i o n  
s t u d i e s ,  a s  w e l l  a s  f o r  a l l  p h y s i c a l  
p r o p e r t y  m e a s u r e m e n t s .  I t  i s  a n t i c i -  
p a t e d  t h a t  a number  o f  p r e p a r a t i o n s  
w i l l  be made u n d e r  v a r y i n g  c o n d i t i o n s  
o f  t e m p e r a t u r e ,  e x p o s u r e  t i m e ,  l i q u i d  
c o m p o s i t i o n ,  e t c .  t o  d e f i n e  t h e  optimum 

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

Fuel Handling Equipment. If t h e  
f u e l  p r e p a r a t i o n  i s  t o  be c o n d u c t e d  
u n d e r  s u c h  s t r i n g e n t  c o n d i t i o n : ; ,  i t  
w i l l  o b v i o u s l y  be u n d e s i r a b l e  t o  h a v e  
i t  c o n t a m i n a t e d  b e f o r e  t e s t i n g ,  Conse-  
q u e n t l y ,  a c a p s u l e - f i l l i n g  r i g  i s  b e i n g  
d e v e l o p e d  i n  wh ich  c o r r o s i o n  c a p , s u l e s  
can  be t r e a t e d  w i t h  h y d r o g e n ,  hydrogen  
f l u o r i d e ,  f l u o r i n e  , o r  a n y  d e s  i r e d  
r e a g e n t ,  f i l l e d  w i t h  a n  i n e r t  g a s ,  
c o n n e c t e d  t o  a s o u r c e  o f  p u r e  f u e l ,  
f i l l e d ,  s e a l e d ,  amd w e l d e d  w i t h o u t  
e x p o s u r e  t o  a i r  o r  t o  an  u n c o n t r o l l e d  
a t m o s p h e r e .  
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11. C O R R O S I O N  RESEARCH 

W. €3. Grimes, M a t e r i a l s  C h e m i s t r y  D i v i s i o n  

W,, D. Manly,  M e t a l l u r g y  D i v i s i o n  

H. W. S a v a g e ,  ANP D i v i s i o n  

The m a j o r  emphas i s  i n  t h e  c o r r o s i o n  
t e s t i n g  p r o g r a m  r e t u r n e d ,  d u r i n g  t h e  
p a s t  q u a r t e r ,  t o  t h e  p r o b l e m  o f  c o n -  
t a i n e r  m a t e r i a l s  f o r  t h e  f u s e d  f l u o r i d e  
m i x t u r e s .  T h i s  e f f o r t  was e x t e n d e d  
c o n s i d e r a b l y  fo  1 l o  wing t h e  d i  f f i c u l  t i  e s 
e n c o u n t e r e d  d u r i n g  c i r c u l a t i o n  o f  t h e  
f l u o r i d e s  b y  f o r c e d  c o n v e c t i o n  i n  
c l o s e d  m e t a l  s y s t e m s .  E m p i r i c a l  
t e s t i n g  o f  c o r r o s i o n  o f  f l u o r i d e  
m i x t u r e s  by  t h e  s t a t i c  c a p s u l e  t e c h -  
n i q u e  p r e v i o u s l y  d e s c r i b e d  h a s  b e e n  
c o n t i n u e d ,  a n d  d y n a m i c  t e s t i n g  o f  
f l u o r i d e  c o r r o s i o n  i s  b e i n g  i n t e n s i v e l y  
i n v e s t i g a t e d  b y  s e v e r a l  t e c h n i q u e s ,  
f o r  ex  amp 1 e ,  therm a1 c o n v e c t i o n  l o o p s  , 
s e e s a w  t e s t s ,  a n d  s t a n d p i p e s .  I n  
a d d i t i o n ,  a l a r g e  p r o g r a m  o f  a m o r e  
f u n d a m e n t a l  n a t u r e  d e a l i n g  w i t h  
p o s s i b l e  r e a c t i o n s  o f  m e t a l s  w i t h  t h e  
f l u o r i d e  m e l t s  h a s  been  i n i t i a t e d .  

0 

c 

S t a t i c  c o r r o s i o n  t e s t i n g  u n d e r  
g e n e r a l l y  i s o t h e r m a l  c o n d i t i o n s  h a s  
b e e n  c o n t i n u e d  w i t h  s e v e r a l  h i g h -  
t e m p e r a t u r e  l i q u i d s  and  s t r u c t u r a l  
m e t a l s  by u s i n g  s l i g h t  v a r i a t i o n s  o f  
t h e t e c h n i qu e p r e v i o u s 1 y 
d e s c r i b e d .  O t h e r  m a t e r i a l s  h a v e  been  
t e s t e d  i n  t h e  m o l t e n  f l u o r i d e s  t o  
f i n d  p o s s i b l e  b e a r i n g  m a t e r i a l s  and 
v a l v e  s e a t  m a t e r i a l s  t h a t  wou ld  n o t  
b e  s e r i o u s l y  a t t a c k e d  by  t h e  f l u o r i d e  
m i x t u r e .  S t e l l i t e ,  w h i c h  i s  a good 
v a l v e  s e a t  m a t e r i a l ,  i s  a p p a r e n t l y  
u n a t t a c k e d  i n  t h e  f l u o r i d e  m i x t u r e  
when t e s t e d  s t a t i c a l l y .  A d d i t i o n s  o f  
z i r c o n i u m  and  m a g n e s i u m  a s  p o s s i b l e  
c o r r o s i o n  i n h i b i t o r s  were made t o  t h e  
f l u o r i d e s  p r i o r  t o  r u n n i n g  c o r r o s i o n  
t e s t s .  I t  was  f o u n d  t h a t  m a g n e s i u m  
i n c r e a s e d  t h e  c o r r o s i o n  a t t a c k ,  
w h e r e a s  a d d i t i o n s  o f  z i r c o n i u m  d e -  
c r e a s e d  t h e  a t t a c k  o f  t h e  f l u o r i d e s  
on  3 0 0 - s e r i e s  s t a i n l e s s  s t ee l s .  

c a p s u 1 e 

S t a t i c  c o r r o s i o n  t e s t s  h a v e  a l s o  
been  r u n  o n  l o w  m e l t i n g  p o i n t  a l l o y s  
f o r  s e c o n d a r y  c o o l a n t s ,  s u c h  a s  
sod ium- lead  a l l o y s  and t h e  h y d r o x i d e s .  
Low m e l t i n g  p o i n t  a l l o y s  c o n t a i n i n g  
m i x t u r e s  o f  l e a d ,  t i n ,  cadmium,  and 
b i s m u t h  h a v e  b e e n  t e s t e d  t o  f i n d  
s u i t a b l e  c o n t a i n e r  m a t e r i a l .  I t  h a s  
b e e n  f o u n d  t h a t  l e a d - c a d m i u m  a n d  
b i smuth -cadmium a l l o y s  c a n  b e  s t a t i -  
c a 1 1 y con  t a i n e d  i n  t y p e  - 3 17 s t a i n l  e s s 
s t e e l .  C o r r o s i o n  t e s t i n g  i n  s o d i u m -  
l e a d  a l l o y s h a s  shown t h a t  t h e  a d d i t i o n  
o f  sodium t o  l e a d  l e s s e n s  t h e  a t t a c k  
o n  s t a i n l e s s  s t e e l s  a n d  I n c o n e l .  
A d d i t i o n s  o f  z i r c o n i u m ,  sodium, :sodium 
c a r b o n a t e ,  sodium c y a n i d e ,  and sodium 
h y d r i d e  were made t o  sodium h y d r o x i d e  
p r i o r  t o  r u n n i n g  s t a t i c  c o r r o s i o n  
t e s t s ,  a n d  t h e  e f f e c t s  o f  t h e s e  
a d d i t i o n s  have  b e e n  t a b u l a t e d .  

A l t h o u g h  t h e  s t a t i c  c a p s u l e  t e c h -  
n i q u e  h a s  p r o v e d  s a t i s f a c t o r y  f o r  
r o u t i n e  s c r e e n i n g  o f  m a t e r i a l s ,  i t  
1 a c k  s t o  
a n t i c i p a t e  t h e  r e s u l t s  o f  t h e  m o r e  
d i f f i c u l t ,  l a r g e - s c a l e ,  dynamic t e s t s .  
When r o u t i n e  d y n a m i c  t e s t s  t h a t  c a n  
b e  c o n d u c t e d  i n  l a r g e  n u m b e r s  a r e  
d e v e l o p e d ,  t h e  s t a t i c  c a p s u l e  me thod  
w i l l  b e  d i s c a r d e d .  Thermal  c o n v e c t i o n  
l o o p s ,  w h i c h  h a v e  h i t h e r t o  been  u s e d  
a l m o s t  e x c l u s i v e l y  f o r  d y n a m i c  c o r -  
r o s i o n  t e s t s ,  h a v e  now b e e n  s u p p l e -  
m e n t e d  by  a s e e s a w  c a p s u l e  t e c h n i q u e  
and s t a n d p i p e  t e s t s .  

s u  f f i  c i e n  t s e n  s i  t i  v i  1;y 

Dynamic c o r r o s i o n  o f  t h e  f l u o r i d e s  
and h y d r o x i d e s  h a s  b e e n  s t u d i e d  w i t h  
t h e s e  d e v i c e s .  D y n a m i c  c o r r o s i o n  
t e s t i n g  r e v e a l s  t h e  c o r r o s i o n  be ihavior  
o f  d i f f e r e n t  a l l o y s  w i t h  t h e  f l u o r i d e s ,  
t h e  e f f e c t  o f  i n h i b i t o r  a d d i t i o n s ,  and 
p r o v i d e s  a means  f o r  d e t e r m i n i n g  t h e  
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e f f e c t  o n  t h e  r e a c t i o n  o f  v a r i o u s  
a t m o s p h e r e s ,  s u c h  a s  a r g o n ,  h y d r o g e n ,  
o x y g e n ,  and  vacuum,  i n  c o n t a c t  w i t h  
t h e  b a t h .  One dynamic  e x p e r i m e n t  h a s  
shown t h a t  po t a s s i u m  h y d r o x i d e  c a n  b e  
s u c c e s s f u l l y  c o n t a i n e d  i n  I n c o n e l  
w i t h o u t  c o r r o s i o n  o r  m a s s  t r a n s f e r .  
F o r  t h i s  e x p e r i m e n t ,  t h e  l o o p  was  
o p e r a t e d  u n d e r  a h y d r o g e n  a t m o s p h e r e  
f o r  135 h r  w i t h  a h o t - l e g  t e m p e r a t u r e  
o f  715°C and  a c o l d - l e g  t e m p e r a t u r e  o f  
4 4 0 ° C .  T h i s  e f f o r t  o n  c o n t a i n e r  
m a t e r i a l s  f o r  m o l t e n  h y d r o x i d e s  i s  
s u p p l e m e n t a l  t o  a fundamen ta l  approach  
t o  t h e  c o r r o s i o n  p r o b l e m  t h r o u g h  
r e a c t i o n s o f h y d r o x i d e s  w i t h  s t r u c t u r a l  
m e t a l s  a t  h i g h  t e m p e r a t u r e s .  

STATIC CORROSIONBY FLUORIDES 

F .  K e r t e s z  
M a t e r i a l s  C h e m i s t r y  D i v i s i o n  

D. C. V r e e l a n d  
M e t a l l u r g y  D i v i s i o n  

D u r i n g  t h e  p a s t  q u a r t e r  t e s t i n g  
t e c h n i q u e s  h a v e  b e e n  i m p r o v e d  a n d  
c o r r o s i o n  t e s t s  o f  a w i d e  v a r i e t y  
o f  m a t e r i a l s  i n  v a r i o u s  f l u o r i d e s  
have  been  c o m p l e t e d .  Even so ,  w e i g h t  
c h a n g e  and p e n e t r a t i o n  d a t a  f rom t h e  
r e c e n t  t e s t s  w i t h  d i l u t e  f u e l s  do n o t  
j u s t i f y  a c o n c l u s i o n  a s  t o  w h i c h  
m e t a l  among I n c o n e l  a n d  s t a i n l e s s  
s t e e l s  t y p e s - 3 1 6 ,  - 3 2 1 ,  -347 and -316 
ELC i s  s u p e r i o r .  T h e  l a t e s t  s t a t i c  
t e s t s  o f  I n c o n e l  a n d  3 0 0 - s e r i e s  
s t a i n l e s s  s t e e l s  i n  c a r e f u l l y  p r e p a r e d  
f l u o r i d e  m i x t u r e s  s u p p o r t  t h e  e a r l i e r  
c o n c l u s i o n  t h a t  t h e r e  i s  l i t t l e  
c o r r o s i v e  r e a c t i o n  a t  1500°F. 

A s e r i e s  o f  s c r e e n i n g  t e s t s  i n  t h e  
un t re a t  ed f 1 uo r i d  e f u e l  ( N  aF -KF - L i  F-UF, 
f o r  100  h r  a t  1500°F showed t h a t  t h e  
r e f r a c t o r y  m e t a l s  and  S t e l l i t e  were 
u n a f f e c t e d  a n d  t h a t  t h e  s t a i n l e s s  
s t e e l s  were a t t a c k e d  t o  a d e p t h  n o  
g r e a t e r  t h a n  1 m i l .  A n a l y s e s  o f  t h e  
f l u o r i d e s  a f t e r  c o r r o s i o n  t e s t s  h a v e  

i n d i c a t e d  t . . a t  n o  m a j o r  r e a c t i o n  
c a p a b l e  o f  c h a n g i n g  t h e  p h y s i c a l  
p r o p e r t i e s  o f  t h e  f l u o r i d e  m e l t  h a d  
o c c u r r e d .  T h e  e f f e c t s  o f  s e v e r a l  
a d d i t i v e s  t o  t h e  f l u o r i d e  h a v e  b e e n  
d e t e r m i n e d .  Z i r c o n i u m  a n d  u r a n i u m  
d i o x i d e  a p p a r e n t l y  d e c r e a s e  t h e  c o r -  
r o s i v e n e s s  o f  t h e  f l u o r i d e ,  w h e r e a s  
magnesium and u r a n i u m  o x i d e  i n c r e a s e  
t h e  c o r r o s i o n .  

E f f e c t  o f  P r e t r e a t m e n t  o f  F u e l  
(H. J .  B u t t r a m ,  N .  V .  S m i t h ,  R .  E .  
M e a d o w s ,  C .  R .  C r o f t ,  M a t e r i a l s  
C h e m i s t r y  D i v i s i o n ) .  T h e  o r i g i n a l  
t e s t s  w i t h  f u e l s  o f  h i g h  u r a n i u m  
c o n t e n t  ( 1 2 0  t o  140 l b  o f  u ran ium p e r  
f t 3 )  showed e x t e n s i v e  c o r r o s i o n  (4 t o  
8 m i l s )  i f  t h e  m a t e r i a l s ,  a s  r e c e i v e d ,  
were m e 1  t e d  u n d e r  i n e r t  a t m o s p h e r e s  
and u s e d i n  t h e  t e s t s .  A f t e r  t r e a t m e n t  
w i t h  s t a i n l e s s  s t e e l  a n d  I n c o n e l ,  
h o w e v e r ,  t h e s e  f u e l s  s h o w e d  c o n -  
s i d e r a b l y  r e d u c e d  c o r r o s i o n  ( 0 . 5  t o  
2 m i l s )  i n  1 0 0  h r  a t  8 0 0 ° C .  T h e  
m o r e  d i l u t e  f u e l s  ( 5  t o  1 0  l b  o f  
u r a n i u m  p e r  f t3 ) c o n t a i n i n g  l i  t h i u m  
f l u o r i d e  a n d  b e r y l l i u m  f l u o r i d e ,  
which  a r e  u n d e r  s t u d y  a t  p r e s e n t ,  a r e  
n o t  a p p r e c i a b l y  i m p r o v e d  b y  t h e  
t r e a t m e n t  p r o c e d u r e ;  t h e y  show 1 t o  
3 m i l s  o f  p e n e t r a t i o n  w h e t h e r  t r e a t e d  
or n o t  t r e a t e d .  

C o r r o s i o n  o f  S t r u c t u r a l  M e t a l s  
(D. C. V r e e l a n d ,  E .  E. Hoffman,  R. €3. 
Day, L. D. Dyer ,  M e t a l l u r g y  D i v i s i o n ) .  
I n  a d d i t i o n  t o  a s e r i e s  o f  s c r e e n i n g  
t e s t s  o f  v a r i o u s  m a t e r i a l s  i n  an 
u n t r e a t e d  f l u o r i d e  f u e l  f o r  1 0 0  h r  
a t  1 5 0 0 " F ,  some  d a t a  h a v e  b e e n  o b -  
t a i n e d  on t h e  c o r r o s i o n  o f  t h e  t r e a t e d  
f u e l  o n  m o l y b d e n u m ,  c o l d - w o r k e d  
I n c o n e l ,  and  s t a i n l e s s  s t e e l .  T h e r e  
i s  n o  d i s c e r n a b l e  t e m p e r a t u r e  e f f e c t  
b e t w e e n  850 a n d  1 0 0 0 ° C  o n  t h e  c o r -  
r o s i o n  o f  I n c o n e l  and s e v e r a l  s t a i n l e s s  
s tee1 s. 

T h e  s c r e e n i n g  t e s t s  o f  v a r i o u s  
m a t e r i a l s  i n  f l u o r i d e  f u e l  ( 4 3 . 5  m o l e  
% KF,44.5  mole  % L i F ,  1 0 . 9  mole  % NaF, 

t 
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a n d  1 .1  i n o l e  k UF,) h a v e  b e e n  com- 
p l e t e d .  T h e s e  t e s t s  were r u n  w i t h  
d e h y d r a t e d ,  u n t r e a t e d ,  f l u o r i d e  
m i x t u r e s  f o r  1 0 0  h r  a t  816OC u n d e r  
vacuum. Molybdenum, columbium, Monel ,  
a n d  S t e l l i t e  2 5  w e r e  a p p a r e n t l y  u n -  
a t t a c k e d .  A l l  t h e  3 0 0 - s e r i e s  s t a i n -  
l e s s  s t e e l s  t e s t e d  ( t y p e s - 3 1 0 ,  - 3 1 7 ,  
-321, -347 ,  and -304 ELC) were a t t a c k e d  
t o  a d e p t h  o f  1 m i l  o r  l e s s ,  e x c e p t  
t y p e - 3 0 4  ELC, which was a t t a c k e d  t o  a 
d e p t h  o f  2 m i l s .  S t a i n l e s s  s t e e l s  o f  

FOR PERIOD ENDING MARCH 1 0 ,  1 9 5 2  

t h e  400 s e r i e s  were n o t  a t t a c k e d o v e r  
1 m i l .  Z - n i c k e l ,  which  was t h e  m o s t  
s e v e r e l y  a t t a c k e d  m a t e r i a l  o f  t h o s e  
t e s t e d ,  was a f f e c t e d  t o  a d e p t h  o f  5 
m i l s .  T h e  a t t a c k  o n  I n c o n e l  was 3 
m i l s .  D e t a i l s  o f  t h e s e  t e s t s  a r e  
p r e s e n t e d  i n  T a b l e  26 .  

M o l y b d e n u m ,  T i m k e n  A l l o y  6 ( 1 6 %  
C r ,  26% N i ,  6% Mo, b a l a n c e  F e ) ,  Timken 
A l l o y  3 ( 1 6 %  C r ,  1 3 %  N i ,  3 %  Mo,  
b a l a n c e  F e ) ,  a n d  a 74% n i c k e l - 2 6 %  

TABLE 26 

S t a t i c  C o r r o s i o n  of  Var ious  M a t e r i a l s  i n  t h e  Untreated  F l u o r i d e  Fuel  

(NaF-KF-LiF-UF4)* i n  100 hr  a t  1500°F  

MATERIAL 

Globe  i r o n  

Molybdenum 

Type-310 s t a i n l e s s  s t ee l  

Type-317 s t a i n l e s s  s t e e l  

Type-321 s t a i n l e s s  s t e e l  

Type-347 s t a i n l e s s  s t e e l  

Type-430 s t a i n l e s s  s t e e l  

Type-446 s t a i n l e s s  s t e e l  

H a s t e l l o y  B 

H a s t e l l o v  C 

S t e l l i t e  25 (L-605) 

2 - N i c k e l  

Tanta lum 

Columbium 

Monel 

Nichrome V 

I n c o n e l  

Type-304 ELC s t a i n l e s s  s t e e l  

DEPTHOFMETAL 
AFFECTED ( m i l s )  

2 

1 

1 

0 t o  1/2 

1 

1 

1 

0 t o  1/4 

2 

1 

5 

1 

3 

3 

2 

METALLOGRAPHIC NOTES 

S u r f a c e  o f  spec imen ve ry  rough 

S u r f a c e  o f  specimen roughened  

Subsur f  ace  v o i d s  

I n t e r g r a n u l a r  p e n e t r a t i o n  

I n t e r g r a n u l a r  p e n e t r a t i o n  

Subsur f  ace  v o i d s  

S l i g h t  i n t e r g r a n u l a r  p e n e t r a t i o n  and 
d e c a r b u r i z a t i o n  

S u b s u r f a c e  v o i d s  

S u b s u r f a c e  v o i d s  

S u b s u r f a c e  v o i d s  

S u b s u r f  ace  v o i d s  

No v i s i b l e  a t t a c k  

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

Sur f  ace  o f  spec imen roughened  

S u r f a c e  o f  spec imen roughened  

No a p p a r e n t  a t t a c k  

S u b s u r f a c e  v o i d s ,  some f o l l o w i n g  g r a i n  
b o u n d a r i e s  

S u b s u r f a c e  v o i d s ,  some f o l l o w i n g  g r a i n  

S u b s u r f a c e  v o i d s ,  some f o l l o w i n g  g r a i n  
b o u n d a r i e s ,  a t t a c k  somewhat i r r e g u l a r  

b o u n d a r i e s  

*Composition in mole %: N a F ,  43.5; KF, 44. 5 ;  L i F ,  10.9;  UF4, 1. 1. 
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molybdenum a l l o y  h a v e  been  t e s t e d  i n  
a p r e t r e a t e d  f l u o r i d e  f u e l  ( c o m p o -  
s i t i o n  i n  mole %: NaF, 4 6 . 5 ;  KF, 2 6 . 0 ;  
UF, ,  2 7 . 5 )  f o r  1 0 0  h r  a t  8 1 6 ° C .  
Molybdenum was n o t  a t t a c k e d ,  and  t h e  
T imken  a l l o y s  and  m o l y b d e n u m - n i c k e l  
a l l o y  were a t t a c k e d  o n l y  s l i g h t l y  
(1  m i l  o r  l e s s ) .  

S t a t i c  t e s t s  have  a l s o  been  r u n  on 
s p e c i m e n s  o f  a s - r e c e i v e d  a n d  a p -  
p r o x i m a t e l y  20% c o l d - w o r k e d  I n c o n e l  
and 20% co ld -worked  types -316  and -310 
s t a i n l e s s  s t e e l  i n  t h e  above-ment ioned  
f l u o r i d e  f u e l  a t  816°C f o r  100 h o u r s .  
T h i s  amount  o f  c o l d  w o r k i n g  a p p e a r e d  
t o  h a v e  n o  s i g n i f i c a n t  e f f e c t  on t h e  
c o r r o s i o n  p r o p e r t i e s  o f  t h e s e  m a t e r i a l s  
u n d e r  t h e  t e s t i n g  c o n d i t i o n s  employed.  
T e s t s  h a v e  a l s o  been r u n  a t  850 ,  9 0 0 ,  
and 1 0 0 0 ° C  f o r  100  h o u r s .  T h e  e x t e n t  
o f  a t t a c k  v a r i e d  f r o m  2 t o  5 m i l s ,  
b u t  n o  d e f i n i t e  c o r r e l a t i o n  b e t w e e n  
t e m p e r a t u r e  o f  t e s t  a n d  a m o u n t  o f  

a t t a c k  c o u l d  b e  e s t a b l i s h e d .  Ap-  
p a r e n t l y  t h e s e  m a t e r i a l s  a r e  i n -  
s e n s i t i v e  t o  t e s t  t e m p e r a t u r e s  w i t h i n  
t h i s  r a n g e .  

C o r r o s i o n  by F l u o r i d e s  w i t h  V a r i o u s  
A d d i t i v e s .  A s h o r t  s e r i e s  o f  t e s t s  
o n  I n c o n e l  a n d  t y p e - 3 0 9  s t a i n l e s s  
s t e e l  h a v e  b e e n  r u n  u s i n g  f l u o r i d e  
f u e l  (NaF-KF-LiF-UF,)  w i t h  z i r c o n i u m  
and  magnes ium a d d e d  t o  t h e  t e s t s  i n  
t h e  form o f  t u r n i n g s .  The r e s u l t s  a r e  
summarized i n  T a b l e  27.  

T h e  a d d i t i o n s  o f  m a g n e s i u m  a p -  
p a r e n t l y  i n c r e a s e d  t h e  c o r r o s i o n  o f  
b o t h  t y p e - 3 0 9  s t a i n l e s s  s t e e l  a n d  
I n c o n e l .  A d d i t i o n s  o f  z i r c o n i u m  
a p p e a r e d  t o  l e s s e n  t h e  a t t a c k  o f  t h e  
f l u o r i d e  o n  t h e s e  m e t a l s .  I n  t h e  
t e s t s  w i t h  t h e  z i r c o n i u m  a d d i t i o n s  i t  
was n o t e d  t h a t  b u i l t - u p  s u r f a c e  l a y e r s  
o f  1 1 / 2  t o  2 m i l s  a n d  1 / 2  m i l  i n  
t h i c k n e s s  were p r e s e n t  on t h e  I n c o n e l  

TABLE 27 

S t a t i c  Corros ion  o f  I n c o n e l  and Type-309 S t a i n l e s s  S t e e l  

and Zirconium A d d i t i v e s i n  100 hr  a t  1500'F 
by t h e  F l u o r i d e  F u e l  ( N a F - K F - L i F - U F , ) *  w i t h  Magnesium 

METAL 

Inconel  

I n  cone 1 

Inc one 1 

Type-309 s t a i n l e s s  s t e e l  

Type-309 s t a i n l e s s  s t e e l  

Type-309 s t a i n l e s s  s t e e l  

BATH ADDITIVE 

None 

2% magnesium 

2% zirconium 

None 

2% magnesium 

2% zirconium 

DEPTH OF METAL 
AFFECTED ( m i  1 s ) 

'Composition in mole %: NaK, 10.9; KF, 43.5; LiF, 44.5; UF,, 1.1. 
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Subsurface vo ids  

Large v o i d s  

Surface  l a y e r  1 1/2 t o  2 m i l s  
t h i c k ,  l / 2  t o  1 m i l  of a t -  
t a c k  beneath the sur face  
1 ayer 

Subsurface vo ids  

Subsurface v o i d s ,  i r r e g u l a r  

No v i s i b l e  a t t a c k ,  specimen 
had sur face  l a y e r  1/2 m i l  
deep 

a t tack  



* -  " 

F .  I 

a n d  t y p e - 3 0 9  s t a i n l e s s  s t e e l ,  r e -  
s p e c t i v e l y .  A p h o t o m i c r o g r a p h  o f  t h e  
I n c o n e l  c o r r o s i o n  s p e c i m e n  i s  shown 
i n  F i g .  3 2 .  An a t t e m p t  i s  b e i n g  made 
t o  i d e n t i f y  t h e s e  l a y e r s  by s p e c t r o -  
g r a p h i c  methods .  

P r e l i m i n a r y  e x p e r i m e n t s  h a v e  i n -  
d i c a t e d  t h a t  a d d i t i o n  o f  u r a n i u m  
d i o x i d e  t o  t h e  f u e l s  d o e s  n o t  i n c r e a s e  
t h e  c o r r o s i o n  i n  s t a t i c  e x p e r i m e n t s .  
A d d i t i o n  o f  u ran ium o x i d e  h a s ,  however ,  
g r e a t l y  i n c r e a s e d  t h e  c o r r o s i o n  o b -  
s e r v e d  e v e n  i n  t h e  s t a t i c  t e s t s .  I t  

h e x  av a 1 en t u r an i um compo un d i n c 1 ud i n  g 
UO,F,, which  i s  t h e  e x p e c t e d  p r o d u c t  
o f  o x i d a t i o n  o f  uran ium t e t r a f l u o r i d e .  
T h i s  i s  d i s c u s s e d  i n  a s e p a r a t e  
s e c t i o n  b e  1 o w. 

- i s  l i k e l y  t h a t  t h i s  i s  t r u e  o f  a n y  

FOR PERIOD ENDING MARCH 1 0 ,  1 9 5 2  

M e l t i n g  P o i n t  o f  F l u o r i d e s  A f t e r  
Corros ion T e s t s  ( J .  M .  D i d l a k e ,  G. J. 
N e s s l e ,  C. J .  B a r t o n ,  M a t e r i a l s  
C h e m i s t r y  D i v i s i o n ) .  S a m p l e s  f r o m  
2 6  s t a t i c  c o r r o s i o n  c a p s u l e s  a n d  
d y n a m i c  l o o p  e x p e r i m e n t s  were r e -  
c o v e r e d  t o  e s t a b l i s h  w h e t h e r  a n y  
c h a n g e s  i n  t h e  m e l t i n g  p o i n t  o f  t h e  
m a t e r i a l  had  o c c u r r e d  a s  a consequence  
o f  t h e  c o r r o s i o n  r e a c t i o n s .  As i n -  
d i c a t e d  by  t h e  d a t a  i n  T a b l e  2 5 ,  t h e  
m e l t i n g  p o i n t  o f  t h e s e  s a m p l e s  i s  n o t  
a f f e c t e d  b y  t h e  c o r r o s i o n .  I11 some 
c a s e s  r e m o v a l  o f  t h e  l i q u i d  f rom t h e  
c a p s u l e  l e f t  some v e r y  h i g h  m e l t i n g  
p o i n t  m a t e r i a l s  b e h i n d .  A l t h o u g h  
a n a l y s e s  o f  t h e s e  m a t e r i a l s  s h o w s  
them t o  b e  wet w i t h  t h e  m o l t e n  f l u o r i d e ,  
t h e y  seemed  t o  c o n s i s t  o f  o x i d e s  o f  
u ran ium and t h e  s t r u c t u r a l  m e t a l s  and 

Fig. 32. Corrosion of Inconel  i n  a Fluoride  Fuel [ (NaF-KF-UF,)  t 2% 2:rl f o r  
100 hr a t  816OC. 20OX. 
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o f  m e t a l l i c  p a r t i c l e s  f r o m  t h e  c o n -  
t a i n e r  w a l l s .  I t  was c l e a r  t h a t  n o  
m a j o r  r e a c t i o n  c a p a b l e  o f  c h a n g i n g  t h e  
p h y s i c a l  p r o p e r t i e s  o f  t h e  f l u o r i d e  
me1 t had o c c u r r e d .  

STATIC CORROSION BY SODIUM H Y D R O X I D E  

D. C. V r e e l a n d  E. E. Hoffman 
' R .  D. Day L. D. Dyer  

M e t a l l u r g y  D i v i s i o n  

T h e  s t a t i c  c o r r o s i o n  o f  s o d i u m  
h y d r o x i d e  h a s  b e e n  d e t e r m i n e d  w i t h  a 
v a r i e t y  o f  s p e c i m e n s  and t h e  a d d i t i o n  

o f  p r e s u m e d  i n h i b i t o r s .  N o n e  o f  a 
n u m b e r  o f  s p e c i a l  a l l o y s  t h a t  were 
t e s t e d  w a s  s e v e r e l y  c o r r o d e d  a f t e r  
100 h r  a t  1 5 0 0 ° F ,  a l t h o u g h  t h e  a t t a c k  
was e r r a t i c .  The  c o r r o s i o n  o f  s t r u c -  " -. 
t u r a l  m e t a l s  i n  sodium h y d r o x i d e  w i t h  
v a r i o u s  a d d i t i v e s  w a s  i n  n o  c a s e  
r educed  t o  i n s i g n i f i c a n c e .  Of s e v e r a l  
r e f r a c t o r y  m a t e r i a l s  e x p o s e d  t o  t h e  
t e s t  c o n d i t i o n s  o n l y  v i t r i f i e d  b e -  
r y l l i u m  o x i d e  s u r v i v e d  w i t h o u t  c rum-  
b l i n g ,  a n d  i t  l o s t  c o n s i d e r a b l e  
we igh t .  

- . .  

C o r r o s i o n  o f  S p e c i a l  A l l o y s .  A 
few t e s t s  o f  s p e c i a l  a l l o y s  h a v e  b e e n  

TABLE 28 

Melting Points of Samples of Fluoride from Corrosion Tests 

CAPSULE MATERIAL i 

I 

Type-316 s t a i n l e s s  s t e e l  

I n c o n e l  

Type-316 s t a i n l e s s  s t e e l  

I n  cone1  
Type-316 ELC s t a i n l e s s  s t e e l  

Type-321 s t a i n l e s s  s t e e l  

Type-347 s t a i n l e s s  s t e e l  

Type-316 s t a i n l e s s  s t e e l  

Type-316 s t a i n l e s s  s t e e l  

LOOP SECTION MATERIAL 

Type-316 s t a i n l e s s  s t e e l  ( h o t )  

Type-316 s t a i n l e s s  s t e e l  ( c o l d )  

Type-410 s t a i n l e s s  s t e e l  ( b o t t o m )  

Type-410 s t a i n l e s s  s t e e l  ( h o t )  

Type-410 s t a i n l e s s  s t e e l  ( c o l d )  

NO. OF SAMPLES 

9 
1 

10 

1 
2 

1 
1 
2 

4 

1 

1 ,  
1 
1 
1 

MELTING POINT ( OC) 
FINAL* 

5 27 

5 26 

450 

450 

45 0 
456 

450 

458 
338 

45 5 
455 

453 

453 

453 

ORIGINAL * .  

530 

530 

45 2 
452 

452 

4 5.2 

452 

460 
345 

4 52 

452 

45 2 

452 

45 2 



FOR P E R I O D  E N D I N G  MARCH 1 0 ,  1 9 5 2  

r u n  i n  sodium h y d r o x i d e  f o r  100 h r  a t  
1500°F. A 26% molybdenum-74% n i c k e l  
a l l o y  showed l i g h t  a t t a c k  t o  a d e p t h  
o f  2 m i l s ,  w h e r e a s  a 25% n i c k e l - 7 5 %  
i r o n  a l l o y  was  a t t a c k e d  t o  a d e p t h  
o f  o n l y  1 m i l .  O t h e r  a l l o y s  composed 
o f  e q u a l  p a r t s  o f  i r o n  a n d  n i c k e l ;  
i r o n ,  n i c k e l ,  and  c o b a l t ;  and n i c k e l  
a n d  c o b a l t  h a v e  a l s o  b e e n  t e s t e d .  
A l t h o u g h  o n e  o f  t h e s e  a l l o y s  w a s  
s e v e r e l y  c o r r o d e d ,  i n  g e n e r a l ,  t h e  
a t t a c k  w a s  q u i t e  e r r a t i c  w i t h  d e e p  
l o c a l  p e n e t r a t i o n s .  S i n c e  t h e  c a p s u l e s  
and  s p e c i m e n s  were m a c h i n e d  f rom a s -  
c a s t  b a r s  w i t h o u t  p r i o r  w o r k i n g  o r  
a n n e a l i n g ,  i t  i s  b e l i e v e d  t h a t  t h e  
c a s t  s t r u c t u r e  o f  t h e s e  m a t e r i a l s  may 
h a v e  c a u s e d  t h i s  t y p e  o f  a t t a c k .  I t  

i s  p l a n n e d  t o  t e s t  m a t e r i a l s  o f  
s i m i l a r  c o m p o s i t i o n s  t h a t  h a v e  b e e n  
h o t - w o r k e d  and a n n e a l e d  s o  a s  t o  h a v e  
a more u n i f o r m  s t r u c t u r e .  

Corros ion by Sodium Hydroxide w i t h  
Various A d d i t i v e s .  A s e r i e s  o f  t e s t s  
were  r u n  w i t h  s o d i u m  h y d r o x i d e  and  
v a r i o u  s a d d i  t i  on a g e n t  s , i n  cl. u d i n g  
z i r c o n i u m ,  s o d i u m ,  sod ium c a r b o n a t e ,  
s o d i u m  c y a n i d e ,  and  s o d i u m  hy ,d r i . de .  
T h e  a d d i t i o n  o f  a p p r o x i m a t e l y  50% o f  
s o d i u m  c y a n i d e  a p p e a r e d  t o  1 . e s s e n  
a t t a c k  somewhat on t y p e - 3 1 6  s t a i n l e s s  
s t e e l  and I n c o n e l .  None o f  t h e  a g e n t s  
t e s t e d  a p p e a r e d  t o  r e d u c e  c o r r o s i o n  t o  
a n  i n s i g n i f i c a n t  l e v e l .  D e t a i l s  o f  
t h e s e  t e s t s  a r e  p r e s e n t e d  i n  T a b l e  29. 

TABLE 29 

S t a t i c  Corrosion o f  S t r u c t u r a l  Metals  by Sodium Hydroxide wi th  
Various A d d i t i v e s  i n  100 h r  a t  1500'F 

MATERIAL 

Type-304 s t a i n l e s s  s t e e l  

Type-304 s t a i n l e s s  s t e e l  

Type-304 s t a i n l e s s  s t e e l  

A-Ni  cke 1 

I n c o n e l  

Type-316 s t a i n l e s s  s t e e l  

I ncone  1 

I n c o n e l  

I n c o n e l  

A-Nicke 1 

A - N i  c k e  1 

I n c o n e l  

Type-304 s t a i n l e s s  s t e e l  

ADD1 T I  VE 

10% Z r  

30% Na2C03 

7% Z r  

12% Zr  

48% NaCN 

49% NaCN 

7.4% Na 

50% Na 

14% Na 

54% Na 

31% NaH 

31% NaH 

WEIGHT 
CHANGE 

(mg/in.  2,  

DEPTH OF METAL 
AFFECTED ( m i l s )  

2 

2 1/2 

3 

3 

2 

7 

Compl e t  e 
p e n e t r a t i o n  

Complete 
p e n e t r a t i o n  

Complete 
p e n e t r a t i o n  

4 1 /2  

-286.6 

-207 .3  

+ 5 1 . 1  

- 2 . 5  

- 24.9 
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5-mi l  o x i d e  l a y e r  

6 - m i l  o x i d e  l a y e r  

6-mi l  o x i d e  l a y e r  

No a t t a c k  

1 1 - m i l  o x i d e  l a y e r  

I n t e r  g r  anu 1 a r  a t  t ii ck 

I n t e r  g r  anu 1 a r  a t t a c k  

Specimen c o n v e r t e d  
c o m p l e t e l y  t o  c o r r o s i o n  
p r o d u c t  

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

No c o r r o s i o n  p r o d u c t ,  
b u t  edge  o f  spec imen 
rough 

Specimen c onve r tecl  

No a t t a c k  

Specimen c o n v e r t e d  
c o m p l e t e l y  t o  c o r r o s i o n  
p r o d u c t  

Oxide l a y e r  

http://hy,dri.de
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Corros ion o f  Refrac tory  M a t e r i a l s .  
A n y n b e r  o f  r e f r a c t o r y  m a t e r i a l s  were 
t e s t e d  i n  sodium h y d r o x i d e  i n  c a p s u l e s  
o f  n i c k e l  a t  8 0 0 ° C  f o r  1 0 0  h o u r s .  
C a r b i d e s  o f  t u n g s  t e n  , t a n t a l u m ,  
co lumbium,  t i t a n i u m ,  and s i l i c o n  and  
z i r c o n i u m  n i t r i d e ,  a l l  i n  t h e  h o t -  
p r e s s e d  c o n d i t i o n ,  d i s i n t e g r a t e d  
d u r i n g  t h e  t e s t .  V i t r i f i e d  b e r y l l i u m  
o x i d e  l o s t  c o n s i d e r a b l e  w e i g h t  b u t  
s u r v i v e d  w i t h o u t  c r u m b l i n g .  

STATIC CORROSIONBY L I Q U I D  METALS 

D.  C. V r e e l a n d  E .  E. Hoffman 
R .  B. Day L. D. Dyer  

M e t a l l u r g y  D i v i s i o n  

L i q u i d  m e t a l  c o r r o s i o n  s t u d i e s  
d u r i n g  t h e  p a s t  q u a r t e r  h a v e  b e e n  
l i m i t e d  t o  t h e  t e s t i n g  o f  v a r i o u s  
low m e l t i n g  p o i n t  a l l o y s  o f  p o t e n t i a l  
u s e  a s  a s e c o n d a r y  c o o l a n t  a n d  a 
number o f  l ead - sod ium a l l o y s .  I n c o n e l  
and types -310  and -317 s t a i n l e s s  s t e e l  
were t e s t e d  i n  t h e  l o w  m e l t i n g  a l l o y s  
f o r  100  h r  a t  1500'F.  T h e  t y p e - 3 1 7  
s t a i n l e s s  s t e e l  was & a t t a c k e d  by  the 
82% lead-18% columbium a l l o y  and o n l y  
s l i g h t l y  a t t a c k e d  by t h e  60% bismuth-40% 
cadmium a l l o y ,  whereas  I n c o n e l  and t h e  
type-310 s t a i n l e s s  s t e e l  were g e n e r a l l y  
s u b j e c t  t o  somewhat  g r e a t e r  a t t a c k .  
L e a d -  s o d i u m  a 1  l o y s  c o n t a i n i n g  a s  
l i t t l e  a s  5% s o d i u m  h a v e  b e e n  s u c -  
c e s s f u l l y  c o n t a i n e d  i n  I n c o n e l  and a 
number  o f  3 0 0 -  and 4 0 0 - s e r i e s  s t a i n -  
l e s s  s t e e l s  w i t h  n o  g r e a t e r  t h a n  
1 /2 -mi l  a t t a c k  a f t e r  100 h r  a t  1500°F. 

C o r r o s i o n  by Low M e l t i n g  P o i n t  
A l l o y s .  A low m e l t i n g  p o i n t  a l l o y  i s  
b e i n g  c o n s i d e r e d  a s  a c o o l a n t  i n  a 
s e c o n d a r y  h e a t  e x c h a n g e r ,  s o  s e v e r a l  
e u t e c t i c  c o m p o s i t i o n s  o f  l o w  m e l t i n g  
p o i n t  a l l o y s  h a v e  b e e n  e m p l o y e d  a s  
c o r r o d i n g  mediums i n  s t a t i c  c o r r o s i o n  
t e s t s  w i t h  types -310  and -317 s t a i n l e s s  
s t e e l  and I n c o n e l .  The  c o m p o s i t i o n s  

a n d  m e l t i n g  p o i n t s  o f  t h e  e u t e c t i c  
a l l o y s  u s e d  a r e  l i s t e d  i n  T a b l e  30. 

TABLE 30 

Melt ing  P o i n t s  o f  Various A l l o y s  

COMPOSITION MELTING POINT 
BY WEIGHT ( "C)  

44% P b - 5 6 %  B i  1 2 4  

4 3 %  Sn-57% Bi 1 3 8 . 5  

6 0 %  B i - 4 0 %  Cd 1 4 4  

68% s n - 3 2 %  ca 1 7  6 

3 8 %  P b - 6 2 %  Sn 1 8  3 

8 2 %  P b - i a %  ca 2 4a 

I n  t h e s e  e x p e r i m e n t s ,  w h i c h  were 
r u n  f o r  100 h r  a t  816OC u n d e r  vacuum, 
a l l  t h e  l o w  m e l t i n g  p o i n t  a l l o y s  

b e  e x t r e m e l y  v i g o r o u s  i n  t h e i r  a t t a c k  
on t h e  m e t a l s  t e s t e d .  I t  i s  b e l i e v e d  
t h a t  t h e  t y p e  o f  a t t a c k  i n  t h e s e  
med iums  c a n  b e  c l a s s i f i e d  e i t h e r  a s  
i n t e r g r a n u l a r ,  a s  i n  F i g .  3 3  t h a t  
shows t h e  c h a r a c t e r i s t i c  p e n e t r a t i o n  
a l o n g  t h e  g r a i n  b o u n d a r i e s  s o m e t i m e s  
accompanied by v o i d s ,  o r  a s  an a l l o y i n g  
t y p e  o f  a t t a c k  i n  w h i c h  t h e  a t t a c k e d  
s u r f a c e  a c t u a l l y  a l l o y s  w i t h  t h e  
m o l t e n  c o o l a n t  b e i n g  t e s t e d ,  a s  shown 
i n  F i g .  34. 

I n c o n e l  d i d  n o t  show much p r o m i s e  
i n  t h e  t e s t s .  T y p e - 3 1 7  s t a i n l e s s  
s t e e l  w a s  u n a t t a c k e d  b y  t h e  8 2 %  
l e a d - ' 1 8 %  cadm. ium a l l o y  a n d  o n l y  
s l i g h t l y  a t t a c k e d  by t h e 6 0 %  bismuth-40% 
cadmium a l l o y .  The  r e s u l t s  o f  t h e s e  
t e s t s  a r e  s u m m a r i z e d  i n  T a b l e  3 1 .  
I t  i s  p l a n n e d  t o  t e s t  o t h e r  s t r u c t u r a l  
m a t e r i a l s  i n  t h e  l o w  m e l t i n g  p o i n t  
a l l o y s  t h a t  p r o v e d  l e a s t  c o r r o s i v e  i n  
t h e  i n i t i a l  t e s t s .  
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. . -  

F i g .  3 3 .  I n t e r g r a n u l a r  A t t a c k  o f  Type-310  S t a i n l e s s  S t e e l  T e s t e d  i n  
. 4 4 %  Lead-56% Bismuth A l l o y  f o r  1 0 0  hr  a t  1500'F.  2 0 0 X .  

F i g .  34.  A l loy ing  A t t a c k o f  Inconel  Tested i n  43% Tin-5?% Bismuth Allloy f o r  
100 hr a t  1500'F. 1OOX. 
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TABLE 31 

Corrosion of Types-310 and -317 Stainless Steel and Inconel by Various 
Low Melting Point Alloys in 100 hr at 1500°F 

ALLOY 
COMPOS1 TION 

BY WEIGHT 

43% Sn-57% B i  

43% Sn-57% B i  

43% Sn-57% B i  

60% Bi-40% Cd 

60% Bi-40% Cd 

60% Bi-40% Cd 

38% Pb-62% Sn 

38% Pb-62% Sn 

38% Pb-62% Sn 

68% Sn-32% Cd 

68% Sn-32% Cd 

68% Sn-32% Cd 

82% Pb-18% Cd 

82% Pb-18% Cd 

82% Pb-ia% c d  

44% Pb-56% Bi  

44% Pb-56% Bi  

44% Pb-56% B i  

MATER1 AL 

Type-310 s t a i n l e s s  s t e e l  

Type-317 s t a i n l e s s  s t e e l  

I n c o n e l  

Type-310 s t a i n l e s s  s t e e l  

Type-317 s t a i n l e s s  s t e e l  

I n c o n e l  

Type-310 s t a i n l e s s  s t e e l  

Type-317 s t a i n l e s s  s t e e l  

I n c o n e l  

Type-310 s t a i n l e s s  s t e e l  

Type-317 s t a i n l e s s  s t e e l  

I n c o n e l  

Type-310 s t a i n l e s s  s t e e l  

Type-317 s t a i n l e s s  s t e e l  

I n c o n e l  

Type-310 s t a i n l e s s  s t e e l  

Type-317 s t a i n l e s s  s t e e l  

I n  con e l  

DEPTH OF METAL 
AFFECTED (mi 1 s 

10 

11 

8 

15 

2 

Comple te  pene-  
t r a t j o n  of  
spec imens  

t r a t j o n  o f  
specimens 

t r a t i o n  of  
spec imens  

Complete pene-  

Complete pene-  

8 

Complete pene-  
t r a t i o n  o f  
spec imen 

t r a t i o n  of  
spec imen 

Complete pene-  

2 

0 

1 0  

6 

15 

4 

METALLOGRAPHIC NOTES 

Many l a r g e  v o i d s  

I r r e g u l a r  a t t a c k ,  many v o i d s  

5 - m i l s  o f  a u n i f o r m  l a y e r  on 
s u r f a c e  w i t h  an u n d e r l y i n g  
l a y e r  o f  v o i d s ,  3 - m i l s  i n  
t h i c k n e s s  

A t t a c k  v e r y  i r r e g u l a r ,  v a r y i n g  
0 t o  15 m i l s ,  bo th  g r a i n s  and 
g r a i n  b o u n d a r i e s  a t t a c k e d  i n  
some c a s e s  

I n t e r g r a n u l a r  p e n e t r a t i o n  and 

Voids t h r o u g h o u t  e n t i r e  s p e c i -  
men, t u b e  a t t a c k e d  t o  a d e p t h  
of  20 m i l s  

v o i d s  i n  a few a r e a s  

E r r a t i c  a t t a c k  

E r r a t i c  a t t a c k ,  o n l y  2 m i l s  
a f f e c t e d  i n  p l a c e s  

E r r a t i c  a t t a c k  

E r r a t i c  a t t a c k ,  t u b e  f a i l e d  by 
p e n e t r a t i o n  o f  w a l l  

E r r a t i c  a t t a c k  

Uniform a t t a c k  

I n t e r g r a n u l a r  a t t a c k  

No a t t a c k  on spec imen o r  t u b e  

I n t e r g r a n u l a r  a t  t a c k  

I n t e r g r a n u l a r  a t t a c k  v a r y i n g  
f rom 2 t o  6 m i l s  

I n t e r g r a n u l a r  a t t a c k  

I n t e r g r a n u l a r  a t t a c k  v a r y i n g  
from 1 t o  4 m i l s  

Corrosion by Sodium-Lead Alloy. l e a d ;  50% s o d i u m - 5 0 %  l e a d ;  a n d  5% 
A s e r i e s  o f  s t a t i c  c o r r o s i o n  t e s t s  o f  sodium-95% l e a d )  h a s  been  c o m p l e t e d .  
v a r i o u s  m a t e r i a l s  i n  t h r e e  d i f f e r e n t  The  t e s t s  were r u n  a t  8 1 6 ° C  f o r  100 h r  
s o d i u m - l e a d  m i x t u r e s  (80% sodium-20% u n d e r  vacuum.  O n l y  i n  t h e  c a s e  o f  
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I n c o n e l  i n  t h e  5% s o d i u m - 9 5 %  l e a d  
m i x t u r e  w a s  t h e  d e p t h  o f  a t t a c k  
g r e a t e r  t h a n  1 / 2  m i l ;  I n c o n e l  was  
a f f e c t e d  t o  a maximum d e p t h  o f  3 m i l s .  
The  v a r i o u s  t e s t  c o m b i n a t i o n s  i n c l u d e d  
I n c o n e l  and t y p e s - 3 1 7  and -346 s t a i n -  
l e s s  s t e e l  i n  a l l  t h e  a l l o y s ,  type-316 
s t a i n l e s s  s t e e l  i n  t h e  5 0 - 5 0  a l l o y ,  
a n d  t y p e - 3 0 4  s t a i n l e s s  s t e e l  i n  t h e  
5% sodium-95% l e a d  a l l o y .  E x c e p t  f o r  
t h e  a f o r e m e n t i o n e d  c a s e  o f  I n c o n e l ,  
t h e  5% sodium-95% l e a d  a l l o y s  show n o  
a t t a c k  w h a t s o e v e r .  A l l  s p e c i m e n s  
were d u c t i l e  on b e n d i n g  180 d e g r e e s .  

I t  w a s  n o t e d  t h a t  s o m e  o f  t h e  
s t a i n l e s s  s t e e l  s p e c i m e n s  t h a t  h a d  
been  t e s t e d  i n  t h e  80% sodium-20% l e a d  
m i x t u r e  h a d  a p p a r e n t l y  become c a r b u -  
r i z e d .  T h i s  p h e n o m e n o n  h a s  b e e n  
o b s e r v e d  b e f o r e  i n  t e s t i n g  s i m i l a r  
m a t e r i a l s  i n  s o d i u m . ( ’ )  No c a r b u -  
r i z a t i o n  o f  a n y  o f  t h e  s t a i n l e s s  
s t e e l s w a s  n o t e d  w i t h t h e  50% sodium-SO% 
l e a d  o r  5% sodium-95% l e a d  m i x t u r e s ,  
w h i c h  i n d i c a t e s  t h a t  o c c u r r e n c e  o f  
c a r b u r i z a t i o n  i s  e n h a n c e d  by t h e  
p r e s e n c e  o f  h i g h e r  p e r c e n t a g e s  o f  
s o d i u m  i n  t h e  b a t h  m e t a l .  F u t u r e  
p l a n s  i n c l u d e  r u n n i n g  s t a t i c  c o r -  
r o s i o n  t e s t s  w i t h  l o w e r  p e r c e n t a g e s  
o f  sodium i n  t h e  b a t h  m e t a l .  

FACILITIES FOR DYNAMIC CORROSION 
TESTING 

S t a t i c  c o r r o s i o n  t e s t s  a r e  s a t i s -  
f a c t o r y  f o r  t h e  r o u t i n e  s c r e e n i n g  
o f  c o r r o s i o n  r e s i s t a n t  m a t e r i a l s ,  b u t  
t h e y  l a c k  t h e  s e n s i t i v i t y  t o  a n t i c i -  
p a t e  t h e  r e s u l t s  o f  d y n a m i c  t e s t i n g .  
T h e  mass  t r a n s f e r  phenomenon and t h e  
d e e p  p e n e t r a t i o n  i n  t h e  h o t  z o n e  
t h a t  a r e  c h a r a c t e r i s t i c  o f  a l l  t h e  
dynamic  t h e r m a l  c o n v e c t i o n  l o o p s  a r e  
n o t  o b s e r v a b l e  i n  s t a t i c  i s o t h e r m a l  
c a p s u l e  s t u d i e s .  T h e s e  l a t t e r  e x -  
p e r i m e n t s  a r e ,  h o w e v e r ,  e a s y  t o  

(I)R. N. L y o n  (ed.), L i q u i d  M e t a l s  H a n d b o o k ,  
NAVEXOS P - 7 3 3 ,  p. 90, June 1, 1950. 

p e r f o r m  i n  l a r g e  n u m b e r s  a n d  u n d e r  
c o n d i t i o n s  o f  b e t t e r  r e p r o d u c i b i l i t y .  
D y n a m i c  c o r r o s i o n  t e s t i n g  i n  t h e  
t h e r m a l  c o n v e c t i o n  l o o p s  i n  which  t h e  
b u l k  o f  t h e  t e s t i n g  h a s  b e e n  p e r -  
formed h a s  now b e e n  s u p p l e m e n t e d  b y  a 
number  o f  t e c h n i q u e s  t h a t  p r o m i s e  t o  
d u p l i c a t e  t h e  phenomena  shown i n  t h e  
l a r g e  l o o p s  w i t h  m u c h  s m a l l e r  a n d  
m o r e  e c o n o m i c a l  e q u i p m e n t .  O n e  o f  
t h e s e  t e c h n i q u e s  i s  t h e  s t a r i d p i p e  
t e s t  i n  w h i c h  c o n t r o l l e d  t h e r m a l  
g r a d i e n t s  may b e  i n t r o d u c e d .  T h e  
most  p r o m i s i n g ,  however ,  i s  t h e  seesaw 
t e c h n i q u e  w i t h  wh ich  f l u i d  m o t i o n  a s  
w e l l  a s  t h e r m a l  g r a d i e n t s  a r e  r e a d i l y  
a t t a i n e d .  

Thermal  C o n v e c t i o n  L o o p s .  T h e  
l a r g e  t h e r m a l  c o n v e c t i o n  l o o p s ,  which  
h a v e  b e e n  i n  o p e r a t i o n  f o r  a l m o s t  
t w o  y e a r s ,  h a v e  b e e n  d e s c r i b e d  i n  
p r e v i o u s  r e p o r t s . ( 2 * 3 ’ 4 )  T h e  l o o p s  
a r e  u s u a l l y  f a b r i c a t e d  o f  1 / 2 - i n .  
p i p e  a n d  a r e  s h a p e d  r o u g h l y  itn t h e  
form o f  a r e c t a n g l e  1 f t  wide and 3 f t  
h igh .  When t h e  bo t tom and an a d j a c e n t  
s i d e  o f  t h e  r e c t a n g l e  a r e  h e a t e d ,  
c o n v e c t i o n  f o r c e s  i n  t h e  c o n t a i n e d  
f l u i d  e s t a b l i s h  a f l o w  t h a t  a t t a i n s  
a v e l o c i t y  o f  u p  t o  8 f t / m i n  d e -  
p e n d i n g  upon t h e  t e m p e r a t u r e  d i f f e r e n c  e 
a c r o s s  t h e  h o t  and c b l d  s i d e s  o f  t h e  
rec t a n g 1  e. 

R e c e n t l y ,  s m a l l e r  c o n v e c t i o n  
l o o p s  h a v e  b e e n  u s e d  i n  t h e s e  e x -  
p e r i m e n t s .  T h e s e  l o o p s  a f f o r d  t h e  
s i m p l e s t  a n d  m o s t  d i r e c t  m e a n s  o f  
s t u d y i n g  mass  t r a n s f e r ,  s i n c e  t h e  

( 2 ) E .  M. L e e s ,  J .  L. G r e g g ,  and R. B. D a y ,  
“ D y n a m i c  C o r r o s i o n  T e s t s  in T h e r m a l - C o n v e c t i o n  
L o o p s , ”  A i r c r a f t  N u c l e a r  P r o p u l s i o n  P r o j e c t  
Q u a r t e r l y  P r o g r e s s  R e p o r t  f o r  P e r i o d  E n d i n g  
S e p t e m b e r  10, 1951, ORNL-1154, p. 1 2 4 .  

( 3 ) E .  M .  L e e s ,  “ T h e r m a l - C o n v e c t i o n  Loops,” 
A i r c r a f t  N u c l e a r  P r o p u l s i o n  P r o j e c t  Q u a r t e r l y  
P r o g r e s s  R e p o r t  f o r  P e r i o d  Ending J u n e  IO, 1951, 
ANP-65, p. 150. 

( 4 ) E .  M. L e e s ,  “ T h e r m a l  C o n v e c t i o n  L o o p s , ”  
A i r c r a f t Nu c 1 e a r P r o p  u 1 s i o n  P r o  j e c t Q I I  a r t e r 1 y 
P r o g r e s s  R e p o r t  for P e r i o d  E n d i n g  March  j‘0. 1 9 5 1 ,  
ANP-60, p. 2 0 3 .  
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c h a r a c t e r i s t i c s  a r e  s u c h  a s  t o  a c -  
c e n t u a t e  t h e  e f f e c t s  l e a d i n g  t o  m a s s  
t r a n s f e r .  T h e  l o o p s  c a n  b e  a d a p t e d  
t o  a l l o w  t h e  e x c l u s i o n  o f  o x y g e n ,  
w a t e r  v a p o r  - a n d  t o  s o m e  e x t e n t  
m e t a l l i c  o x i d e s  - f r o m  t h e  s y s t e m .  
T h e  l o o p s  a r e  f o r m e d  o f  1 / 2 - i n . - I D  
t u b i n g  w i t h  a n o m i n a l  w a l l  t h i c k n e s s  
o f  0 . 0 3 5  i n .  i n t o  t h e  f o r m  o f  a 
r e c t a n g l e ,  7 by 17 i n . ,  w i th  a l o a d i n g  
t u b e  e x t e n d i n g  a b o v e  t h e  h o t  l e g  o f  
t h e  l o o p .  A d e h y d r a t i o n  p o t  i s  
c o n n e c t e d  w i t h  t h e  l o o p  b y  s t a n d a r d  
1 / 4 - i n .  t u b i n g .  G l a s s  t u b i n g  i s  
a t t a c h e d  a t  t h e  t o p s  of  t h e  l o a d i n g  l e g s  
o f  b o t h  t h e  l o o p  and t h e  d e h y d r a t i o n  
p o t  b y  m e a n s  o f  K o v a r  s e a l s  f o r  
c o n n e c t i n g  vacuum and hydrogen  l i n e s .  
T h e  f u r n a c e s  f o r  h e a t i n g  t h e  l o o p s  
a r e  c o n s t r u c t e d  f r o m  h e a t i n g  c o i l s  
mounted i n  s p l i t ,  c y l i n d r i c a l  c e r a m i c  
f o r m s  f i t t e d  a r o u n d  t h e  s e c t i o n s  o f  
t h e  l o o p .  

Seesaw Corrosion T e s t s .  The seesaw 
t e s t s  r e q u i r e  a s e a l e d  m e t a l  t u b e  
a p p r o x i m a t e l y  o n e - t h i r d  f u l l  o f  mol t e n  
m a t e r i a l .  The  c a p s u l e s  a r e  p l a c e d  i n  

f u r n a c e  c a p a b l e  o f  h e a t i n g  t o  1700°F,  
nd up t o  18 s e a l e d  c o r r o s i o n  c a p s u l e s  
ay b e  h e a t e d  a t  o n e  t ime.  To c r e a t e  

a t e m p e r a t u r e  d i f f e r e n t i a l ,  t h e  
c a p s u l e s  may b e  p l a c e d  so t h a t  one  end 
e m e r g e s  f rom t h e  f u r n a c e .  T h e  t u b e s  
a r e  g e n t l y  r o c k e d  on a c e n t r a l  f u l c r u m  
s i m i l a r  t o  a seesaw s o  t h a t  t h e  m o l t e n  

b y  g r a v i t y  t o  b o t h  e n d s  
. T h e  a p p a r a t u s  i s  shown 

i n  F i g .  3 5 .  A f t e r  s e v e ' r a l  t h o u s a n d  
c y c l e s ,  t h e  t u b e s  a r e  s e c t i o n e d  f o r  
e x a m i n a t i o n .  I t  i s  a n t i c i p a t e d  t h a t  
i n  t h i s  m a n n e r  t h e  mass t r a n s f e r  and 
e n h a n c e d  c o r r o s i o n  phenomena  c a n  b e  
o b t a i n e d  and  a v a r i e t y  o f  c o n d i t i o n s  

D i f f e r e n t i a l  Temperature T e s t s .  A 
t y p e  o f  t e s t  f r e q u e n t l y  r e f e r r e d  t o  
a s  t h e  s t a n d p i p e  t e s t  i n v o l v e s  c a p s u l e s  
s i m i l a r  t o  t h o s e  u s e d  i n  t h e  seesaw 
t e s t s ,  e x c e p t  t h a t  t h e y  a r e  a l m o s t  
c o m p l e t e l y  f i l l e d  w i t h  t h e  f l u i d  and  

a r e  h e l d  s t a t i o n a r y  i n  a v e r t i c a l  
p o s i t i o n .  T h i s  i s  n o t  a t r u e  dynamic  
t e s t  b e c a u s e  t h e  f l u i d  i s  e s s e n t i a l l y  
i m m o b i l e .  W i t h  t h i s  t y p e  o f  t e s t ,  
however ,  t h e  t e m p e r a t u r e  g r a d i e n t  may 
b e  c o n t r o l l e d  s o  t h a t  i t  i s  h o t t e s t  
a t  t h e  t o p ,  bo t tom,  o r  c e n t e r .  Normal 
c o n v e c t i o n  p r o v i d e s  t h e  o n l y  means o f  
c i r c u l a t i o n .  A f t e r  a s u i t a b l e  t i m e ,  
t h e  t u b e s  a r e  s e c t i o n e d  and examined.  

A n o t h e r  d e s i g n  w i t h  w h i c h  a l a r g e  
t h e r m a l  g r a d i e n t  may  b e  o b t a i n e d  
e m p l o y s  a U - s h a p e d  t u b e .  I n  t h i s  
a p p a r a t u s  t h e r e  i s  a l a r g e  t e m p e r a t u r e  
d i f f e r e n t i a l  b e t w e e n  t h e  two  l e g s ,  
b u t  t h e r e  i s  t h e  s m a l l e s t  p o s s i b l e  AT 
f r o m  t o p  t o  b o t t o m  o f  e a c h  l e g  ( t o  
m i n i m i z e  l o c a l  c o n v e c t i o n  c u r r e n t s ) .  
T h e  o b j e c t  o f  s u c h  t e s t s  w i t h  t h i s  
a p p a r a t u s  i s  t o  d e t e r m i n e  t h e  c o n t r i -  
b u t i o n  o f  t e m p e r a t u r e  d i f f e r e n c e  a l o n e  
t o  c o r r o s i o n  and /o r  m e t a l  t r a n s p o r t .  

A t h i r d  t y p e  o f  a p p a r a t u s  w i l l  
p e r m i t  o n e  p o r t i o n  o f  a m e t a l  spec imen 
t o  b e  w a t e r - c o o l e d  i n t e r n a l l y .  One  
end o f  t h e  metal  w i l l  b e  immersed i n  a 
c r u c i b l e  c o n t a i n i n g  s t i r r e d  o r  u n -  
s t i r r e d  m o l t e n  t e s t  f u e l  a t  a s p e c i f i e d  
t e m p e r a t u r e .  T h i s  e q u i p m e n t  w i l l  b e  
c o n t a i n e d  i n  a 5 - i n .  p o t  f u r n a c e .  

R o t a t i n g  Dynamic C o r r o s i o n  T e s t s .  
A n o t h e r  t e s t e r  i n c o r p o r a t e s  means f o r  
p r e p a r i n g  t h e  l i q u i d  t o  b e  u s e d  
and f o r  i n s e r t i n g  a r o t a t i n g  spec imen  
t h a t  a c t s  a s  a s m a l l  purnpfor  a g i t a t i n g  
t h e  l i q u i d .  B a s i c  c o m p o n e n t s  o f  t h e  
a p p a r a t u s  a r e  a l i n e d  p o t  f o r  t h e  
p r e p a r a t i o n  o f  t h e  e ' u t e c t i c  a n d  a 
l i n e d  r e c e i v e r  w i t h  a s c r e e n  b e t w e e n  
t h e  p o t  and r e c e i v e r .  The sequence  o f  
o p e r a t i o n s  i n c l u d e s  p r e p a r i n g  t h e  
e u t e c t i c  f rom c o m p o n e n t s  i n  t h e  p o t ,  
w i t h  d e s i r e d  p r e t r e a t m e n t ,  and  t h e n  
u p - e n d i n g  t h e  d e v i c e  t o  a l l o w  t h e  
m o l t e n  f l u o r i d e  t o  r u n  i n t o  t h e  
r e c e i v e r .  The p o t s  a r e  t h e n  s e p a r a t e d  
i n  a d r y  box  and t h e  r e c e i v e r  f a s t e n e d  
o n t o  t h e  s t u f f i n g - b o x  a s s e m b l y  t h a t  
i n c l u d e s  a weighed and measured  r o t a t i n g  
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t e s t  s p e c i m e n .  A f t e r  a t e s t  a t  a n y  
d e s i r e d  t e m p e r a t u r e  t h e  s p e c i m e n  c a n  
b e  c o m p l e t e l y  examined and t h e  e u t e c t i c  
ana lyzed .  

Forced  C o n v e c t i o n  Loops .  F o r c e d  
c i r c u l a t i o n  l o o p s  a r e  n o t  r o u t i n e l y  
u s e d  f o r  c o r r o s i o n  r e s e a r c h .  S e v e r a l  
pump l o o p s ,  h e a t  e x c h a n g e r  l o o p s ,  e t c .  
a r e  o p e r a t i n g  w i t h  b o t h  sodium and t h e  
f l u o r i d e s ,  b u t  t h e s e  a r e  p r i m a r i l y  f o r  
t h e  d e v e l o p m e n t  o f  t h e  m e c h a n i c a l  
e q u i p m e n t  ( s e c .  3 ) .  T h e  f l o w  r a t e s  
a t t a i n a b l e  i n  t h e r m a l  c o n v e c t i o n  l o o p s  
h a v e  been  a d e q u a t e  t o  expose  c o r r o s i o n  
phenomena. When c o r r o s i o n  t e s t s  w i t h  
h i g h e r  f l o w  r a t e s  a r e  n e c e s s a r y ,  t h e y  
w i l l  b e  p e r  formed i n  f o r c e d  c o n v e c t i o n  
l o o p s .  

DYNAMIC C O R R O S I O N  BY FLUORIDES 

A p r o g r a m  f o r  d y n a m i c  t e s t i n g  o f  
v a r i o u s  f l u o r i d e  m i x t u r e s  i n  c o n t a i n i n g  
m a t e r i a l s  i s  b e i n g  c o n d u c t e d  i n  t h e  
l a r g e  ( 1 / 2  i n .  I D )  t h e r m a l  c o n v e c t i o n  
l o o p s .  D u r i n g  t h i s  p e r i o d  t h e  emphas i s  
h a s  b e e n  on s c r e e n i n g  t e s t s  t o  d e t e r -  
m i n e  t h e  m o r e  f e a s i b l e  c o n t a i n e r  
m a t e r i a l s .  A t  p r e s e n t  n o n e  o f  t h e  
s t a i n l e s s  s t e e l s  o r  I n c o n e l  w i l l  
s a t i s f a c t o r i l y  c o n t a i n  t h e  f l u o r i d e  
m i x t u r e s  u n d e r  d y n a m i c  c o n d i t i o n s  a t  
1 5 0 0 ' F .  I n  g e n e r a l ,  t h e  u r a n i u m  
b e a r i n g  f l u o r i d e  ( N a F - K F - L i F - U F 4 )  
i s  m o r e  c o r r o s i v e  t h a n  t h e  e u t e c t i c  
m i x t u r e  NaF-KF-LiF. F u r t h e r m o r e ,  w i t h  
t h e  a b o v e  f l u o r i d e  f u e l  m i x t u r e ,  n o  
4 0 0 - s e r i e s  s t a i n l e s s  s t e e l  l o o p  h a s  
o p e r a t e d  m o r e  t h a n  1 5  h r  b e f o r e  
p l u g g i n g ,  whereas  no 300 -ser ies  s t a i n -  
l e s s  s t e e l  l o o p  h a s  o p e r a t e d  f o r  more 
t h a n  150 h r  b e f o r e  p l u g g i n g .  I n c o n e l  
l o o p s ,  on t h e  o t h e r  h a n d ,  g e n e r a l l y  
run  t o  s c h e d u l e d  t e r m i n a t i o n  a t  500 h r  
w i t h o u t  p l u g g i n g ,  b u t  t h e  l o o p  m a t e r i a l  
i s  u s u a l l y  a t t a c k e d t o  10 m i l s  or more. 

P r e l i m i n a r y  r e s u l t s  o f  f l u o r i d e  
c o r r o s i o n  i n  s e e s a w  t e s t s  h a v e  s u b -  
s t a n t i a t e d  p r e v i o u s  r e s u l t s ,  w h i c h  
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i n d i  c a t e d  t h a t  u r an ium - f r e e f 1 u o r i  d e  s 
were  l e s s  c o r r o s i v e  t h a n  s i m i l a r  
s y s t e m s  c o n t a i n i n g  u r a n i u m  t e t r a -  
f l u o r i d e .  I n  t h e s e  s e e s a w  t e s t s ,  a s  
w e l l  a s  s i m i l a r  s t a n d p i p e  t e s t s ,  t h e  
f o r m a t i o n  o f  u r a n i u m  d i o x i d e  c r y s t a l s  
i n  t h e  c o l d  zone was o b s e r v e d .  

C o r r o s i o n  by F l u o r i d e s  i n  Thermal 
C o n v e c t i o n  L o o p s  ( G .  M .  A d a m s o n ,  
K .  W .  R e b e r ,  M e t a l l u r g y  D i v i s i o n ) .  
I t  i s  o f  p a r t i c u l a r  i n t e r e s t  t h a t  n o  
s y s t e m  o r  m e c h a n i c a l  d e v i c e  o t h e r  
t h a n  c o n v e c t i o n  l o o p s  h a s  c e a s e d  
o p e r a t i o n  b e c a u s e  o f  p l u g g i n g ,  p a r e n t  
m e t a l  p i p e  f a i l u r e ,  or l i q u i d  l e a k a g e  
( e x c e p t  a t  p o o r l y  d e s i g n e d  w e l d s ) .  
I t  i s  e q u a l l y  t r u e ,  however ,  t h a t  some 
o f  t h e  o t h e r  s y s t e m s  wou ld  n o t  h a v e  
e n d u r e d  h a d  t h e  w a l l s  and p a r t s  b e e n  
t h i n  enough t o  p e r m i t  f u l l  p e n e t r a t i o n  
o f  i n t e r g r a n u l a r  c o r r o s i o n .  A l l  
l o o p s ,  w i t h  o n e  e x c e p t i o n ,  h a v e  b e e n  
o f  t h e  s a m e  d e s i g n  a n d  h a v e  b e e n  
f a b r i c a t e d  f r o m  1 / 2 - i n . - i p s l  s c h e d -  
u l e - 4 0  p i p e .  

T a b l e  32 i s  a summary o f  t h e  c o r -  
r o s i o n  d a t a  f rom a l l  l o o p s ,  i n c l u d i n g  
t h o s e  s t i l l  i n  o p e r a t i o n ,  i n  w h i c h  
t e s t s  h a v e  b e e n  made w i t h  f l u o r i d e s .  
I t  i s  e v i d e n t  t h a t  c o n s i d e r a b l e  c o r -  
r o s i o n  o c c u r r e d  i n  a l l  l o o p s  examined  
s o f a r  and t h a t  t h e  p r e s e n c e  o f  uran ium 
i n  t h e  c o o l a n t  a c c e l e r a t e s  p l u g g i n g .  
T h e  two  s t a i n l e s s  s t e e l  l o o p s  t h a t  
c o n t a i n  f l u o r i d e  m i x t u r e s  w i t h o u t  
u r a n i u m  s h o w  n o  s i g n s  o f  p l u g g i n g  
a f t e r  350 h r  o f  o p e r a t i o n ,  w h e r e a s  
a l l  s t a i n l e s s  s t e e l  l o o p s  c o n t a i n i n g  
t h e  u r a n i u m - b e a r i n g  f l u o r i d e s  h a v e  
p lugged .  

T h e  3 0 0 - s e r i e s  s t a i n l e s s  s t e e l s  
w i t h  u r a n i u m - b e a r i n g  f l u o r i d e s  u s u a l l y  
p l u g i n  from 100 t o  200 h r  i n  c o n v e c t i v e  
s y s t e m s ,  a n d  t h e  l i f e  a p p e a r s  t o  b e  
on t h e  o r d e r  o f  10 h r / m i l  ( 0 . 0 0 1  i n .  
o f  t h i c k n e s s .  The 4 0 0 - s e r i e s  s t a i n l e s s  
s t e e l s  u s u a l l y  p l u g  i n  50 h r  or l e s s .  
I n c o n e l  l o o p s ,  on t h e  o t h e r  hand ,  have  
n o t  p l u g g e d  i n  a n y  o f  t h e  5 0 0 -  and  

. - -  
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T y p e 4 1 6  s t a i n l e s s  soeel 

Type-316 s r a i n l e s s  steel 

Typs-316 s t a i n l e s s  steel 

I".O"Cl 

TABLE 32 

Corrosion Data from Inconel  and S t a i n l e s s  S t e e l  Thermal Convection 
Loops Operated with Various F l u o r i d e s  

F l i n a k  12 

Ful inak 14("  

F v l i n s k  14 

Ful innk 14 

Flrnak 12(') 

InC0"el 
Type-410 s t a i n l e s s  steel 

Type-410 s c a i n l e s n  steel 

Type-430 s t a i n l e s s  steel 
Type-430 s t a i n l e s s  steel 
Type-347 s t a i n l e s s  steel 
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F u l i n a k  1 4  
Ful inak 1 4  

F u l i n s k  1 4  

Ful inak 1 4  
F u l i n s k  14 
Ful inak 14 

c> 112 

2 10 

F' 
c.3 211 

8-- 212 
40 

43 

48 
49 

275 

251 

IO 4 

I18 

214 

116 
119 

213 
2 16 
2 17 
365 
276 

I n c o n e l  Ful inak 14 

Type-316 s t a i n l e s s  

1"W"el 

Type-316 s r a i n l e r r  
T y p e 4 1 6  s t a i n l e s s  

= t e e 1 ( e )  

Ineonel( e )  

I"W"e1 
1"CO"el 
Nimonie( 
T y p e 4 4 7  s t a i n l e s s  

F u l i n a k  I4  
Fubena 1 7 I A )  
Fubena 17 
Ful inak 14 

TIME Of 
IWVITION 

( h r )  

1000 

173 

82 

123 

500 

500 

3 8  
9 

12 

8 
9 

39 

73 

500 

147 

500 
350 

350 
200 
225 
37 5 
225 

19 

REASON 
FOR 

TERMINATION 

Scheduled 

Leak 

P l v g  

P l v g  

Scheduled 

Scheduled 

Leak 
P l u g  

P l u g  

Plug 

Leak 
Leek 

HOT 
LEG 

EMPrnTURE 
(OF) 

1500 

1525 

1500 

160OCd)  

1500 

1500 

1500 

1500 

IS00 

IS00 
1500 
1500 

1500 

1500 

MINIMUM 
'WERATURE 
(start) 

("F) 

1220 

1210 

1210 

1250 

1245 

1250 

1230 
1240 

12 30 

1250 
1250 
1250 

1260 

1260 

M I N I h M  
TEMPERATURE 
t e r m i n a t i o n )  

(OF)(O) 

1220 

1150 

960 

1145 

1245 

1230 
1115 

1160 

1150 
1100 

I140 

1185 

- 

X-RAY STUDIES 

Second phase i n  hoc leg. p o s s i b l y  
i n  c o l d  l e g  

Second phase i n  hoc h o r i z o n t a l  
and c o l d  legs 

Second phase i n  h o t  h o r i z o n t a l  
and c o l d  l e g s ,  p o s s i b l y  i n  h o t  lei 

Second phase i n  both p a r t s  o f  h o t  

Second phase found i n  a l l  s e c t i o n s  

Second phase i n  h o t  h o r i z o n t a l  leg 

l e g  

Second phase i n  hoc h o r i r m t s l  l eg  

Second phase i n  a l l  p a r t s  o f  h o t  

p o s s i b l y  i n  c o l d  leg 

leg. p o s s i b l y  i n  c o l d  leg 

METALIOGWHIC NDTES 

WT LEG 

i r e r m i c r e n ~  layer of p i t s .  5 m i l s  
mcergranulsr  a t t a c k ,  10 m i l s  
:ry coarse-Rrained m e t a l .  i n t e r -  
q r a n u l s r  efLack 1 0  m i l s .  some 
reduct ion o f  w a l l  

t ~ e r g r a n u l n r  n t r a c k  up t o  8 m x l s  

t~ergrnnulsr a t t a c k  8 m i l s .  some 
, i t t i n g  

syer  o f  p i t s  10 m i l s ,  w i t h  maxi- 
nu0 o f  15 m i l s :  l s y e r  on s u r f a c e  
2 m i l s  

ayer of p i t s .  4 to 8 m i l s .  rough 
s u r f a c e  

mrermicronr l a y e r  of p i t s .  5 m i l s  

nrergranular  a c t a c k .  8 t o  1 3  m i l s  
g r a i n s  50 t imer  l a rge r  than i n  c o I  
leg 

M L D  LEG 

I a t t a c k .  no mas* transfer 

,ry coarse-graxned m e t a l .  
:c."tln"o"a layer.  1 . ,I, 
to a t t n e k  

ILermlLLenr  ma*= t r m s f e r  
layer 

I," m*Ps transfer layer 

l z g h r  s u r f a c e  r o u g h c n m g  

hin e o n r i n u o u s  layer on 
s u r f a c e .  surface rough 

ayer of 1 m i l  w i t h  nonmc- 
r a l l i c  p a r t i c l e s  OD and i n  
i t  

crl 
0 s 
cp 
3 
H 
0 
U 

m 

m 
2 a u 
2 
c, 
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1 0 0 - h r  t e s t s ,  a n d  c o r r o s i o n  d a t a  
i n d i c a t e  a l i f e  o n  t h e  o r d e r  o f  1 0 0  
h r / m i  1 o f t h i  ckn e s s . 

C h e m i c a l  a n a l y s e s  o f  h o t -  a n d  
c o l d - l e g  m a t e r i a l s  a f t e r  o p e r a t i o n  
i n d i c a t e  an  i n c r e a s e  i n  c o n c e n t r a t i o n  
o f  h e a v i e r  componen t s  i n  t h e  c o l d  l e g  
and o f  l i g h t e r  c o m p o n e n t s  i n  t h e  h o t  
l e g .  The  t u b e  w a l l s  o f  t h e  h o t  a n d  
c o l d  l e g s  from an I n c o n e l  l o o p  (No. 210)  
t h a t  r a n  f o r  500 h r  w i t h  t h e  f l u o r i d e  
f u e l  (NaF-KF-LiF-UF, )  a r e  shown  i n  
F i g .  3 6 .  T h e  a t t a c k  s h o w n  i n  t h e  
h o t  l e g  i s  more t h a n  c a n  be  t o l e r a t e d  
i f  a t h i n - w a l l e d  t u b e  i s  t o  b e  u s e d .  
V e r y  l i t t l e ,  i f  a n y ,  a t t a c k  i s  f o u n d  
i n  t h e  c o l d - l e g  s e c t i o n .  The  h o t  and 
c o l d  l e g s  o f  a t y p e - 3 1 6  s t a i n l e s s  
s t e e l  l o o p  (No. 1 1 3 )  t h a t  p l u g g e d  
a f t e r  1 2 3  h r  o f  c i r c u l a t i n g  t h e  
f l u o r i d e  f u e l  a r e  shown i n  F i g .  37 .  
T h e  m e c h a n i s m  a n d  n a t u r e  o f  t h e  
p l u g g i n g  i n  t h e  s t a i n l e s s  s t ee l  l o o p s  
h a v e  n o t  y e t  been  d e t e r m i n e d .  M e t a l l i c  
d e n d r i t e s  c a n  b e  found  i n  t h e s e  l o o p s ,  
b u t  a s  y e t  i t  i s  n o t  c e r t a i n  t h a t  
t h e y  a r e  p r e s e n t  i n  s u f f i c i e n t  q u a n t i -  
t i e s  t o  c a u s e  t h e  p l u g g i n g .  

Corrosion by F l u o r i d e s  in a Seesaw 
F u r n a c e  ( A .  D. B r a s u n a s  a n d  L .  S.  
R i c h a r d s o n  , Me t a l  l u r g y  D i v i s i o n )  . 
TWO s e e s a w  t e s t s  were made  w i t h  t h e  
f l u o r i d e  m i x t u r e  ( 1 0 . 9  m o l e  % N a F ,  
4 3 . 5  m o l e  % KF,  4 4 . 5  m o l e  % L i F ,  
1. 1 m o l e  % UF,) c o n t a i n e d  i n  I n c o n e l  
t u b e s  i n  which t h e  t u b e s  were " rocked"  
f o r  1 6 2 , 0 0 0  c y c l e s  ( 4 5 0  h r ) .  T h e  
h o t - z o n e  t e m p e r a t u r e  was a p p r o x i m a t e l y  
8OO0C and t e m p e r a t u r e  d r o p s  o f  120  and 
18OOC were  m a i n t a i n e d .  Many t i n y ,  
m e t a l  d e n d r i t e s  w e r e  o b s e r v e d  e m -  
bedded  i n  t h e  f l u o r i d e  a t  t h e  h o t  and 
c o l d  e n d s  o f  t h e  t u b e s .  T h e y  were 
p resumab ly  a t t a c h e d  t o  t h e  w a l l  p r i o r  
t o  t h e  s o l i d i f i c a t i o n  o f  t h e  f l u o r i d e  
a n d  h a v e  b e e n  i d e n t i f i e d  a s  f a c e -  
c e n t e r e d - c u b i c  met31  w i t h  a 1 a t  t i c e  
p a r a m e t e r  o f  3 . 5 4 1  A.  An a n a l y s i s  o f  
t h e s e  c r y s t a l s  i n d i c a t e d  t h e  f o l l o w i n g  

c o m p o s i t i o n :  13.6% i r o n ,  4.9% chromium, 
and 81.5% n i c k e l .  The f l u o r i d e  m i x t u r e  1 

w a s  a l s o  a n a l y z e d  f o r  m e t a l  c o n -  
s t i t u e n t s ,  and chromium was  f o u n d  t o  

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

6.5% Fe, 79.5% N i ) .  

b e  t h e  m a j o r  m e t a l l i c  i m p u r i t y .  T h i s  2 + -  

t h a t  o f  t h e  o r i g i n a l  I n c o n e l  (14% Cr, - -  

T h e  c o l d  z o n e  a l s o  c o n t a i n e d  
a p p r e c i a b l e  q u a n t i t i e s  o f  b l a c k  
c r y s t a l s  o f  h i g h  m e l t i n g  p o i n t  embedded 
i n  t h e  f l u o r i d e .  T h e s e  c r y s t a l s  were 
i d e n t i f i e d  b y  x - r a y  d i f f r a c t i o n  a s  
u ran ium d i o x i d e .  T h e  oxygen  may h a v e  
come  f r o m  i m p u r i t i e s  a d d e d  t o  t h e  
f l u o r i d e  d u r i n g  p r e p a r a t i o n  or l o a d i n g ,  
T h e  r o u g h e n e d  s u r f a c e s  o f  t h e  h o t  
z o n e s  o f  t h e  t u b e s  i n d i c a t e d  t h a t  some 
c r y s t a l  d e p o s i t i o n  may h a v e  o c c u r r e d  
t h r o u g h o u t  t h e  t u b e .  

P r e l i m i n a r y  e x p e r i m e n t s  e m p l o y i n g  
t h e  seesaw c a p s u l e s  i n d i c a t e d  t h a t  t h e  
u r a n i u m - f r e e  f l u o r i d e  s y s t e m s  do n o t  
show t h e  mass t r a n s f e r  phenomenon and 
t h a t  t h e y  a r e  g e n e r a l l y  l e s s  c o r r o s i v e  
t h a n  s i m i l a r  s y s t e m s  c o n t a i n i n g  
u r a n i u m  t e t r a f l u o r i d e .  T h e  m a s s  
t r a n s f e r  phenomenon i s  n o t  y e t  u n d e r -  
s t o o d ,  b u t  i t  i s  p r o b a b l y  c a u s e d  b y  
t h e  r e a c t i o n  o f  h i g h e r  v a l e n c e  com- 
pounds o f  uran ium.  

S t a n d p i p e  T e s t s  o f  F l u o r i d e  Cor- 
r o s i o n  ( A .  D. B r a s u n a s  a n d  L .  S.  
R i c h a r d s o n  , Met a 1  l u  r g y  D i  v i  s i o n ) .  
R e s u l t s  h a v e  b e e n  o b t a i n e d  from tes t s  
w i t h  I n c o n e l  c a p s u l e s  c o n t a i n i n g  t h e  
f l u o r i d e  f u e l  ( 1 0 . 9  m o l e  % NaF, 4 3 . 5  
m o l e  % KF, 4 4 . 5  m o l e  % L i F ,  1. 1 m o l e  
% UF,) .  I n  d u p l i c a t e  t e s t s ,  w i t h  a 
maximum t e m p e r a t u r e  o f  815OC a n d  a 
t e m p e r a t u r e  d i f f e r e n c e  o f  165"C,  o n e  
c a p s u l e  s h o w e d  v e r y  s l i g h t  m a s s  
t r a n s f e r  and t h e  o t h e r  n o n e .  I n  b o t h  
t h e s e  t e s t s ,  however ,  s e p a r a t i o n  o f  a 
s e c o n d ,  r e d d i s h -  b l  ack  p h a s e  o c c u r r e d ,  
w h i c h  w a s  a s s u m e d  t o  b e  u r a n i u m  
d i o x i d e .  
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FOR PERIOD ENDING MARCH 10, 1952 

Fig. 36. Sections of Hot and Cold Legs of an Inconel Convection LOOP After 
( a )  C o l d  l e g  Circulating the Fluoride Fuel (NAF-KF-LiF-UF,) for 500 H o u r s .  

s e c t i o n ,  1250°F. 250X. ( b )  Hot  l e g  s e c t i o n ,  1500°F. 250X. 
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Fig. 37. Sections of Hot and Cold L e g s o f a  Type-316 Stainless Steel Convec- 
tion LOOP After Circulating the Fluoride Fuel (NaF-KF-LiF-UF4) for 123 Hours. 
( a )  Cold l e g  s e c t i o n ,  <1250°F. 250X. ( b )  Hot  l e g  s e c t i o n ,  7 0  h r  a t  1500'F , 
63 h r  a t  1600°F. 250X. 
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FOR PERIOD ENDING MARCH 1 0 ,  1952 

D Y N A M I C  C O R R O S I O N B Y  H Y D R O X I D E S  

T h e  d y n a m i c  c o r r o s i o n  o f  s o d i u m  
h y d r o x i d e  i n  n i c k e l  c o n v e c t i o n  l o o p s  
and o f  p o t a s s i u m  h y d r o x i d e  i n  I n c o n e l  
l o o p s  h a s  b e e n  i n v e s t i g a t e d .  B o t h  
t h e s e  s y s t e m s  h a v e  b e e n  o p e r a t e d  i n  a 
c a r e f u l l y  m a i n t a i n e d  h y d r o g e n  a t m o s -  
p h e r e ,  and  c o m p a r a b l e  r u n s  h a v e  b e e n  
o b t a i n e d  w i t h  t h e  s o d i u m  h y d r o x -  
i d e - n i c k e l  s y s t e m  i n  a i r  a n d  i n  
vacuum. A l l  t h e s e  l o o p s  were c a r e f u l l y  
c l e a n e d  a n d  h y d r o g e n - f i r e d .  T h e  
h y d r o g e n  i t s e l f  was  f i r s t  d e h y d r a t e d  
and t h e n  l o a d e d  and m a i n t a i n e d  u n d e r  
t h e  d e s i r e d  p r e s s u r e .  

App rec  i ab  1 e m a s s  t r a n  s f e r o c  cu rr  e d 
i n  t h e  t h r e e  sod ium h y d r o x i d e - n i c k e l  
t h e r m a l  c o n v e c t i o n  l o o p s  t h a t  h a v e  
been  o p e r a t e d .  The p r e s e n c e  o f  oxygen  
d e f i n i t e l y  i n c r e a s e d  t h e  o x i d a t i v e  
c o r r o s i o n  i n  t h e  l o o p ;  t h i s  t y p e  o f  
c o r r o s i o n  c a n  p o s s i b l y  b e  c o m p l e t e l y  
e l i m i n a t e d  i f  t h e  l o o p  i s  o p e r a t e d  
u n d e r  an a tmosphe re  o f  hydrogen .  

On e I n c o n  e 1 -p o t a s s i  um h y d r o  x i d e 
l o o p  o p e r a t e d  for 135 h r  showed n e i t h e r  
m a s s  t r a n s f e r  n o r  a p p r e c i a b l e  c o r -  
r o s i o n .  The maximum h o t - l e g  t e m p e r a -  
t u r e  was o n l y  715°C. 

P r e l i m i n a r y  t e s t s  i n  t h e  s e e s a w  
f u r n a c e  a n d  s t a n d p i p e  h a v e  b e e n  
c o n d u c t e d  w i t h  s o d i u m  h y d r o x i d e .  
S t a n d p i p e  t e s t s  u n d e r  h y d r o g e n  a t m o s -  
p h e r e  h a v e  shown n e i t h e r  mass  t r a n s f e r  
n o r  o x i d a t i o n  w i t h  h o t - z o n e  t e m p e r a -  
t u r e s  o f  74OOC. B o t h  s e e s a w  a n d  
s t a n d p i p e  t e s t s  u n d e r  v a c u u m  h a v e  
shown t h e  n o w - f a m i l i a r  c r y s t a l  f o r -  
m a t i o n  ( p r e d o m  a t e l y  n i c k e l  o x i d e )  
and mass  t r a n s f e r .  

C o r  
C o n v e c t i o n  Loops (G. P .  S m i t h ,  J .  V. 
C a t h c a r t ,  W .  H .  B r i d g e s ,  M e t a l l u r g y  
D i v i s i o n ) .  F i v e  I n c o n e l  l o o p s  c o n -  
t a i n i n g  p o t a s s i u m  h y d r o x i d e  and  f o u r  
n i c k e l  l o o p s  c o n t a i n i n g  s o d i u m  h y -  
d r o x i d e  h a v e  b e e n  o p e r a t e d .  T h e s e  

l o o p s  a r e o f  t h e  second  t y p e  p r e v i o u s l y  
d e s c r i b e d  u n d e r  " T h e r m a l  C o n v e c t i o n  
L o o p s . "  T h e  c a r e  t a k e n  i n  t h e s e  
e x p e r i m e n t s  i s  e x e m p l i f i e d  bmy t h e  
f o 1 l o  wing p ro  cedu re  : 

1. 

2. 

3 .  

4 .  

5. 

T h e  l o o p  a n d  h y d r o x i d e  ( i n  t h e  
a t t a c h e d  l o a d i n g  p o t )  were  
h y d r o g e n  - f i r e d  a t  t emp e r  a t u r  e s 
up t o  15OOC. 

The  h y d r o x i d e  was d e h y d r a t e d  b y  
m a i n t a i n i n g  t h e  s y s t e m  u n d e r  
v a c u u m  f o r  48 h r  a t  5 0 0 ° C .  

T h e  s y s t e m  w a s  r e f i r e d  w i t h  
hydrogen ,  

T h e  h y d r o x i  d e  w a s  l o  a d e d  i n  t o  
t h e  l o o p  u n d e r  hydrogen  p r e s  s u r e ,  

T h e  h y d r o x i d e  i n  t h e  l o o l p  w a s  
m a i n t a i n e d  u n d e r  h y d r o g e n ,  a i r ,  
o r  vacuum, a s  t h e  c a s e  may h a v e  
b e e n .  

O p e r a t i o n  o f  o n e  o f  t h e  t j od ium 
h y d r o x i  de_n i c k e l  s y s t e m s  e n d e d  p r  ema - 
t u r e l y .  T h e  r e m a i n i n g  t h r e e  l o o p s  
were  o p e r a t e d  i n  a i r ,  v a c u u m ,  o r  
h y d r o g e n ,  a n d  i n  e a c h  l o o p  a c o n -  
s i d e r a b l e  a m o u n t  o f  m a s s  t r a n s f e r  
o c c u r r e d  b e t w e e n  t h e  h o t  a n d  c o l d  
l e g s .  I n  t h e  l o o p  o p e r a t e d  u n d e r  
vacuum f o r  317  h r ,  t h e r e  were moder-  
a t e l y  heavy  d e p o s i t s  o f  n i c k e l  i n  t h e  
c o l d  l e g  b o t h  i n  t h e  form o f  d e n d r i t i c  
n e e d l e s  and a s  a d e n s e ,  compact.  l a y e r  
on t h e  l o o p  w a l l s .  

The  l o o p  run  u n d e r  an  oxygen atmos-  
p h e r e  f o r  117 h r  ( F i g .  3 8 )  showed n o  
p o l i s h e d  r e g i o n s  even  i n  t h e  h o t  l e g .  
H o w e v e r ,  t h e  w a l l  s u r f a c e s  o f  t h e  
e n t i r e  i n s i d e  o f  t h e  l o o p  were c o v e r e d  
w i t h  a h e a v y ,  b l a c k  p o w d e r  t h a t  was 
f o u n d  t o  c o n t a i n  n i c k e l o u s  o x i d e ,  
m e t a l l i c  n i c k e l ,  and an u n i d e n t i f i e d  
c o n s t i t u e n t .  C r y s t a l s  o f  n i c k e l  
c o u l d  b e  d i s t i n g u i s h e d  i n  t h e  c o l d  
l e g ,  and t h e r e  was an e x t r e m e l y  h e a v y  
d e p o s i t  o f  n i c k e l  c r y s t a l s  1.n t h e  
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F i g .  38 .  Nickel  Thermal Convection Loop Operated for  
1 1 7  h r  wi th  Sodium Hydroxide Under an Air Atmosphere. 



FOR PERIOD ENDING MARCH 10, 1952 

t o p  c r o s s p i e c e  o f  t h e  l o o p .  T h e r e  
w a s  n o  e v i d e n c e  o f  i n t e r g r a n u l a r  
a t  t ack. 

The sodium h y d r o x i d e - n i c k e l  s y s t e m ,  
w h i c h  o p e r a t e d  u n d e r  h y d r o g e n  f o r  
296 h r  ( F i g .  3 9 ) ,  showed c o n s i d e r a b l e  
m a s s  t r a n s f e r  b e t w e e n  t h e  h o t  a n d  
c o l d  l e g .  T h e  h o t  r e g i o n  s h o w e d  a 
h i g h  s u r f a c e  p o l i s h  t h a t  e x t e n d e d  o v e r  
t h e  e n t i r e  h i g h -  t e m p e r a t u r e  r e g i o n .  
I t  was  s i g n i f i c a n t  t h a t  n o  o x i d a t i o n  
o c c u r r e d  i n s i d e  t h e  l o o p ,  a s  e v i d e n c e d  
b y  a c o m p l e t e  a b s e n c e  o f  b l a c k  powder .  
M e t a l l o g r a p h i c  e x a m i n a t i o n  o f  t h i s  
l o o p  h a s  n o t  b e e n  c o m p l e t e d ,  a n d  
h e n c e  n o  i n f o r m a t i o n  i s  a v a i l a b l e  
c o n c e r n i n g  t h e  e x t e n t  o f  r e m o v a l  o f  
m e t a l  from t h e  h o t - l e g  w a l l s .  

O p e r a t i o n  o f  f o u r  o f  t h e  f i v e  
I n c o n e l  l o o p s  w i t h  p o t a s s i u m  h y d r o x i d e  
e n d e d  p r e m a t u r e l y ,  b u t  t h e  f i f t h  l o o p  
was o p e r a t e d  f o r  135 h r  w i t h  h o t -  and  
c o l d - l e g  t e m p e r a t u r e s  o f  7 1 5  a n d  
4 4 0 " C ,  r e s p e c t i v e l y  ( F i g .  4 0 ) .  T h e  
run  had t o b e  s t o p p e d  a t  135 h r  b e c a u s e  
a f a i l u r e  o f  t h e  t e m p e r a t u r e  c o n t r o l l e r  
a l l o w e d  t h e  c o l d  l e g  t o  f r e e z e .  No 
mass  t r a n s f e r  o c c u r r e d  i n  t h i s  l o o p .  
V i r t u a l l y  no  c h a n g e  c o u l d  b e  n o t e d  i n  
t h e  w a l l  t h i c k n e s s  o f  e i t h e r  t h e  h o t  
or t h e  c o l d  l e g s .  A s l i g h t  s m o o t h i n g  
o u t  o f  t h e  i r r e g u l a r i t i e s  i n  t h e  l o o p  
w a l l  w a s  n o t e d  i n  b o t h  t h e  h o t  a n d  
c o l d  l e g s ,  b u t  o e r w i s e  t h e r e  w a s  
l i t t l e  e v i d e n c e  o f  c o r r o s i o n .  

C o r r o s i o n  
Seesaw Tests ( A .  D. B r a s u n a s  and L. S. 
R i c h a r d s o n ,  M e t a l l u r g y  D i v i s i o n ) .  
S e v e r a l  t e s t s  were made i n  t h e  s e e s a w  
dynamic  c o r r o s i o n  a p p a r a t u s  by  u s i n g  
ASTM-grade n i c k e l  i n  c o n j u n c t i o n  w i t h  
m o l t e n  sod ium h y d r o x i d e  i n  a vacuum. 
An a b u n d a n c e  o f  
i n  t h e  c o l d  zon  t h e  t u b e  a f t e r  
117 h r ,  and t h e  u s u a l  s u r f a c e  p o l i s h i n g  
was n o t e d  i n  t h e  h o t  z o n e s  ( F i g .  4 1 ) .  
S i m i l a r  t e s t s  w i t h  n i c k e l  and  sodium 
h y d r o x i d e  p r o d u c e d ,  i n  a d d i t i o n  t o  
t h e  u s u a l  m e t a l  c r y s t a l s ,  a p p r e c i a b l e  

q u a n t i  t i e s  o f  n o n m e t a l l i c  c r y s t a l s .  
B o t h  t h e  b l a c k ,  c o m b - l i k e  c r y s t a l s  
a n d  t h e  h e x a g o n a l ,  g r e e n  p l a t e l e t s  
were p o s i t i v e l y  i d e n t i f i e d  a s  n i c k e l  
o x i d e .  

Standpipe  Tests of  Sodium Hydroxide 
C o r r o s i o n  ( A .  D.  B r a s u n a s  and  L .  S. 
R i c h a r d s o n ,  M e t a l l u r g y  D i v i s i o n ) .  TWO 
s t a n d p i p e  t e s t s  w i t h  m o l t e n  c a u s t i c  
have  been  comple t ed .  One o f  t h e  t e s t s  
w i t h  n i c k e l  a n d  sod ium h y d r o x i d e  was  
o p e r a t e d  u n d e r  vacuum and  t h e  o t h e r  
u n d e r  a hydrogen  a t m o s p h e r e .  Fo r  t h e  
t e s t  i n  vacuum, t h e  maximum h o t - z o n e  
t e m p e r a t u r e  w a s  8 2 0 ° C  and  a t h e r m a l  
g r a d i e n t  o f  140°C was m a i n t a i n e d  o v e r  
t h e  l e n g t h  o f  t h e  p i p e .  A m o d e r a t e  
a m o u n t  o f  m e t a l  c r y s t a l  f o r m a t i o n  
o c c u r r e d ,  a n d  s o m e  o x i d a t i o n  w a s  
n o t e d .  The  t e s t  u n d e r  h y d r o g e n ,  w i t h  
a maximum h o t -  z o n e  t e m p e r a t u r e  o f  
7 4 0 ° C  and a t e m p e r a t u r e  g r a d i e n t  o f  
14OoC, showed n e i t h e r  m a s s  t r , a n s f e r  
n o r  o x i d a t i o n .  

FUNDAMENTAL CORROSION RESEARCH 

S e v e r a l  f u n d  ament  a 1  a p p r o  a c h e s  t o  
an u n d e r  s t and in  g o f c o  r ro s i o n  p h en  omen a 
a r e  b e i n g  p u r s u e d .  I t  i s  s t i l . 1  t o o  
e a r l y  t o  s a y  how s u c c e s s f u l  t h e s e  
s t u d i e s  w i l l  b e ;  h o w e v e r ,  s i m p l e ,  
f r e e -  e n e r g y  and  e q u i  l i  b r i u m  -con  s t  a n t  
d a t a  h a v e  c o n f i r m e d  some o f  t h e  e x -  
p e r i m e n t a l  r e s u l t s ,  f o r  e x a m p l e ,  
chromium, i r o n ,  and n i c k e l  a r e  a t t a c k e d  
by  u r a n i u m  t e t r a f l u o r i d e .  Chromium 
w a s  t h e  m o s t  s e v e r e l y  a t t a c k e d  a n d  
n i c k e l  t h e  l e a s t .  Measurements  o f  t h e  
p o t e n t i a l  d i f f e r e n c e s  be tween c e l l s  o f  
v a r i o u s  f l u o r i d e s  a r e  b e i n g  u n d e r t a k e n .  
E l e c t r o d e  p o t e n t i a l s  i n  s o d i u m  h y -  
d r o x i d e  w i l l  b e  m e a s u r e d  a s  a m e a n s  
o f  a s c e r t a i n i n g  t h e  p u r i t y  o r  t h e r m a l  
h i s t o r y  o f  n i c k e l ,  n i c k e l  o x i d e ,  and 
s o d i u m  h y d r o x i d e .  P o l a r o g r a p h i c  
s t u d i e s  o f  t h e  sodium h y d r o x i d e - n i c k e l  
o x i d e  s y s t e m  w i l l  b e  u n d e r t a k e n  i f  
p r e l i m i n a r y  t e s t s  a re  p r o m i s i n g .  

1 2  9 
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F i g .  39 .  N i c k e l  Thermal Convect ion Coop 
Operated f o r 2 9 6 h r w i t h  SodiurnHydroxide Under 
a Hydrogen Atmosphere. 
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F i g .  40 .  Inconel  Thermal Convection Loop Operated f o r  135 h r  
w i t h  Potassium Hydroxide Under a Hydrogen Atmosphere. 

z 



ANP PROJECT QUARTERLY PROGRESS REPORT 

F i g .  41. S e c t i o n a l  V i e w  o f  L - N i c k e l  Specimen After 117  hr  ( 1 4 , 0 0 0  C y c l e s )  
w i t h  Molten Sodium Hydroxide i n  Seesaw Apparatus.  N o t e  p o l i s h i n g  a t  h o t  zone  
and  a b u n d a n t  c r y s t a l  f o r m a t i o n  a t  c o l d  zone .  

P o s s i b l e  E q u i l i b r i a  Among F l u o r i d e s  
a n d  Metals ( L .  E .  T o p o l  a n d  L .  G .  
O v e r h o l s e r ,  M a t e r i a l s  C h e m i s t r y  
D i v i s i o n ) .  T h e  v a l u e s  o f  t h e  f r e e  
e n e r g y  a n d  e q u i l i b r i u m  c o n s t a n t  o f  
t h e  f o l l o w i n g  r e a c t i o n  were computed  
a t  1000 and 1500°K from known the rmo-  
dynamic d a t a : ( ’ )  

E/1 + xAF = MF, + x A ,  

where  M i s  i r o n ,  chromium, o r  n i c k e l ,  
and A i s  p o t a s s i u m  o r  sodium. 

T h e  a c t i v i t i e s  w e r e  c a l c u l a t e d  
assumingM and AF t o  b e  o f  u n i t  a c t i v i t y  
an d 

( 5 ) L .  L. Q u i l l  (ed.), T h e  C h e m i s t r y  a n d  
M e t a l l u r g y  of M i s c e l l a n e o u s  M a t e r i a l s :  T h e r m o -  
d y n a m i c s ,  M c G r a w - H i l l ,  N e w  Y o r k ,  1950. 

E 

T a b l e  33 l i s t s  t h e  v a l u e s  o f  AF and 
K a n d  a l s o  a p p r o x i m a t e  e s t i m a t e s  o f  
t h e  a c t i v i t y  o f  t h e  m e t a l l i c  f l u o r i d e .  

T h e s e  r e s u l t s  i n d i c a t e :  s o d i u m  
f l u o r i d e  i s  l e s s  c o r r o s i v e  t h a n  
p o t a s s i u m  f l u o r i d e  and  t h e  r e a c t i o n  
i n c r e a s e s  w i t h  t e m p e r a t u r e ;  chromium 
i s  t h e  m o s t  s o l u b l e  o f  t h e  m e t a l s  
c o n s i d e r e d ,  i r o n  i s  second ,  and n i c k e l  
l a s t ;  and t h e  t r i v a l e n t  c a t i o n s  a r e  
s l i g h t l y  l e s s  r e a c t i v e  t h a n  t h e  
d i v a l e n t  ( h o w e v e r ,  f r o m  f r e e  e n e r g y  
con  s i  d e r  a ti on s t h e  t r i v a l e n t  i o n  s a r e  
t h e  more  s t a b l e  a t  t h e  t e m p e r a t u r e s  
c o n s i d e r e d ) .  

C o n v e r t i n g  t h e  v a l u e s  o f  a t o  p a r t s  
p e r  m i l l i o n ,  a c o n c e n t r a t i o n  o f  10” 
ppm i s  found f o r  Fe+2  a t  1000°K. T h i s  
f i g u r e  i s  much  l e s s  t h a n  t h e  e x -  
p e r i m e n t a l l y  d e t e r m i n e d  v a l u e  ( s i r n i l  a r  
r e s u l t s  a r e  found f o r  t h e  o t h e r s ) ,  .and 
i f  t h e  a c t i v i t y  o f  AF i s  c o r r e c t e d  
( s i n c e  m i x t u r e s  o f  a l k a l i  f l u o r i d e s  

13 2 
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u 
a r e  u s e d ) ,  t h e  m e t a l l i c  f l u o r i d e  where  M i s  i r o n ,  chromium, o r  n i c k e l ,  
( M F )  c o n c e n t r a t i o n s  a r e  f u r t h e r  d e -  a n d  t h e  c o r r e s p o n d i n g  e q u i l i b r i u m  

c r e a s e d .  T h u s  i t  seems i m p o s s i b l e  t o  ‘Ons tan t  is 
e x p l a i n  t h e  c o r r o s i o n  o f  m e t a l s  b y  

2 ,  a l k a l i  f l u o r i d e s  a t  h i g h  t e m p e r a t u r e s  
b y  p o s t u l a t i n g  t h e  a b o v e - m e n t i o n e d  

e q u i l i b r i u m  r e a c t i o n  t o  b e  t h e  c h i e f  

(UF3 1” (MF,)  
K =  

( M i )  (UF,)‘ ’ 

i n  which t h e  a c t i v i t i e s  o f  t h e  m o l e c u l a r  
7 -  i e f f e c t .  s p e c i e s  a r e  d e n o t e d  b y  p a r e n t h e s e s .  

c 

TABLE 33 

M AF T ( O K )  AF ( c a l )  

Fe+2 KF 1000 +84,800 
1500 80 , 000 

Fe+3 KF 1000 1 4 3  , 700 
1500 138 , 200 

Cr+2 KF 1000 69,800 
1500 62 , 000 

~ r + ~  KF 1000 1 1 1 , 7 0 0  
1500 101 , 000 

N i + 2  KF 1000 93 , 800 
1500 90 ,500  

Fe+ N aF 1000 9 1  , 000 
1500 86  , 500 

. . .  

K 

10- 1 8 .  6 

10-3  1 . 4  

1 0 - 2 0 . 2  

10- 1 5 . 3  

10’9.1 

10’ 2 4  4 

10-14.7 

U 

.LO - 

1 0 ’ 7 . 5  

:LO- 

10-5 
10-3 

10’3.7 

0 

T h e  a v a i l a b l e  f r e e - e n e r g y  d a t a ( ’ )  The a c t i v i t y  o f  hi = 1 ,  and assuming 
- - and s e v e r a l  a s s u m p t i o n s  were u s e d  t o  a UF3 ‘MF, = ‘2 then 

e v a l u a t e  t h e  r e  t i o n  o f  i r o n ,  n i c k e l ,  
and chromium wi th  uran ium t e t r a f l u o r i d e  

m e t a l l i c  f l u o r i d e .  (UF, ) ”  

x x  ‘%+l 

a t  l O O O ’ K  a n d  t h e  a c t i v i t y  o f  t h e  K =  1 

from which T h e  r e a c t i o n  i n v o l v e d  m a y  b e  
w r i t t e n  

M + xUF4 = xUF3 + MF, , 
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I f  u r a n i u m  t e t r a f l u o r i d e  i s  t h e  s o l e  
r e a c t a n t  p r e s e n t  i t s  a c t i v i t y  i s  a l s o  
1, and y i e l d s  

I f  t h e  uran ium t e t r a f l u o r i d e  i s  one o f  
s e v e r a l  c o m p o n e n t s  o f  a s y s t e m ,  i t s  
a c t i v i t y  w i l l  b e  a p p r o x i m a t e d  by  i t s  
m o l e  f r a c t i o n ,  a n d  t h e r e f o r e  t h e  
m e t a l l i c  f l u o r i d e  a c t i v i t y  w i l l  b e  
d e c r e a s e d .  

T a b l e  3 4  g i v e s  t h e  v a l u e s  f o u n d  
f o r  f r e e  e n e r g y ,  AF, e q u i l i b r i u m  
c o n s t a n t ,  K ,  and m e t a l l i c  f l u o r i d e  
a c t i v i t i e s ,  al ( i f  aUF4 = l ) ,  a2 ( i f  
e q u i l i b r i u m  c o n c e n t r a t i o n  o f  UF, = i n -  
i t i a l  c o n c e n t r a t i o n  = 1 m o l e  % ) ,  and 
a3 ( i f  e q u i l i b r i u m  c o n c e n t r a t i o n  o f  
UF, = 0 . 1  mole X). 

From t h e s e  r e s u l t s  i t  i s  s e e n  t h a t  
a l t h o u g h  t h e  t r i v a l e n t  f o r m s  o f  i r o n  
a n d  c h r o m i u m  a r e  m o r e  s t a b l e ,  t h e  
d i v a l e n t  i o n s  w i l l  b e  p r e f e r e n t i a l l y  
f o r m e d .  I n  f a c t ,  i t  c a n  e a s i l y  b e  
s h o w n  t h e r m o d y n a m i c a l l y  t h a t  a n y  
t r i v a l e n t  i r o n  o r  c h r o m i u m  f o r m e d  

w i l l  r e a d i l y  b e  r e d u c e d  b y  t h e  p u r e  
m e t a l .  O f  t h e  m e t a l s  c o n s i d e r e d  
chromium i s  t h e  most  r e a d i l y  a t t a c k e d ,  
i r o n  i s  n e x t ,  a n d  n i c k e l  l a s t .  I n  
a d d i t i o n ,  a compar i son  o f  t h e s e  r e s u l t s  
w i t h  t h o s e  f o u n d  f o r  t h e  a l k a l i  
f 1 u o  r i d e s  t h a t  u r an i u m  
t e t r a f l u o r i d e  i s  t h e  much b e t t e r  
o x i d i z i n g  a g e n t  o f  t h e  t w o .  ( I t  
s h o u l d  b e  s t a t e d  t h a t  t h e  a c c u r a c y  o f  
t h e  d a t a  u s e d  i s  n o t  c e r t a i n  and even  
q u a l i t a t i v e  c o n c l u s i o n s  may b e  i n  
e r r o r .  

i n d i  c a t e  s 

T h e r e  i s  some e x p e r i m e n t a l  e v i d e n c e  
t h a t  b e r y l l i u m  o x i d e  w i l l  r e a c t  w i t h  
u r a n i  um t e  t r a f l u o  r i d e  a t  h i  gh temper  a- 
t u r e s  t o  f o r m  u r a n i u m  d i o x i d e  a n d  
b e r y l l i u m  f l u o r i d e ,  a c c o r d i n g  t o  t h e  
f o l l o w i n g  f o r m u l a s :  

2Be0 + UF, = UO, + 2BeF2 , 

(UO, 1 ( BeF, 1 

( B e 0 l 2  (UF,) 
K =  

( t h e  a c t i v i t y  o f  a m o l e c u l a r  s p e c i e s  
i s  d e n o t e d  by  p a r e n t h e s e s ) .  From 

TABLE 34 

Free Energies and Equilibrium Constants for Reduction 
of Uranium Tetrafluoride with Metals 

Fe+2 
Fe+3 

C r +  
~ r + ~  

N i  

t 2 0 . 0  
4 5 . 0  

4 . 0  

1 3 . 0  

28 .0  

K 

10 '4 .4  

10-9.5 

10-0.88 

10- 2 .  8 5  

10- 6. 1 

a1 

10- 1. 6 

1 0 ' 2 . 7  

1 0 - 0 . 5  

10-  

10- 2 . 2  

a2 

10-  2 . 9  

10 '4 .2  

10- 1. 8 

10 '2 .5  

10- 3 . 5  

a3 

10-  3 .  6 

10- 

10-  2 . 5  

10 '3 .2  

10- 4 .  2 
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a v a i l a b l e  d a t a ,  ( '  ' ' )  t h e  f r e e  e n e r g y  
a n d  e q u i l i b r i u m  c o n s t a n t  o f  t h i s  
r e a c t i o n  were c a l c u l a t e d  t o  b e  t 4 . 2  
k c a l  a n d  10'0*9, r e s p e c t i v e l y ,  a t  
1000'K. 

I f  t h e  b e r y l l i u m  o x i d e  and u r a n i u m  
t e t r a f l u o r i d e  a r e  a s s u m e d  t o  b e  o f  

t h e  e q u i l i b r i u m  c o n s t a n t  i s  g i v e n  by  

- 
u n i t  a c t i v i t y ,  and avo 2 - = a ,  

K = 4 a 3 .  

T h i s  r e s u l t s  i n  a v a l u e  o f  0 . 4  
f o r  t h e  a p p r o x i m a t e  a c t i v i t y  o f  u ran ium 
d i o x i d e  and 0 . 8  f o r  b e r y l l i u m  f l u o r i d e  
a t  e q u i  1 i b rium . 

A l t h o u g h  t h e  a c c u r a c y  o f  t h e  d a t a  
i s  unknown, t h e r e  seems t o  b e  s u f f i c i e n t  
e v i d e n c e  f o r  t h e  a s s u m p t i o n  t h a t  t h e  
above  r e a c t i o n  o c c u r s  t o  a r e a s o n a b l e  
ex t e n t .  

EMF Measurements i n  Fused F l u o r i d e s  
( L .  E .  T o p o l ,  L .  G .  O v e r h o l s e r ,  
M a t e r i a l s  C h e m i s t r y  D i v i s i o n ) .  A 
s e r i e s  o f  e x p e r i m e n t s  a r e  p l a n n e d  f o r  
s t u d y i n g  t h e  p o s s i b l e  m e c h a n i s m s  o f  
f l u o r i d e  c o r r o s i o n  by m e a s u r i n g  t h e  
p o t e n t i a l  d i f f e r e n c e s  o f  v a r i o u s  c e l l s  
c o n t a i n i n g  t h e  f l u o r i d e s  o f  n i c k e l ,  
ch romium,  o r  i r o n  d i s s o l v e d  i n  f u s e d  
a l k  a l i  f l u o r i  d e  s. 

C o n c e n t r a t i o n  c e l l s o f  t h e  f o l l o w i n g  
t y p e  w i l l  b e  i n v e s t i g a t e d :  

M/MF* (C) i n  f u s e d  AF/MF* (C) i n  f u s e d  AF/M 

where  M i s  i r o n ,  chromium, o r  n i c k e l ,  
and A i s  sodium,  p o t a s s i u m ,  o r  l i t h i u m .  

(6)L. Brewer, L. A. Bromley, P. W. Gilles, and 
N. L. Lofgren, The T h e r m o d y n a m i c  P r o p e r t i e s  a n d  
Equilibria a t H i g h  Tenperatures of Uranium Halides, 
O x i d e s ,  N i t r i d e s ,  a n d  C a r b i d e s ,  MDDC-1543, Sept. 
20, 1945. 

E v a n s ,  M e t a l -  
l u r g i c a l  T h e r a o c h e m i s t r y ,  A c a d e m i c  P r e s s ,  N e w  
Y o r k ,  1951. 

(7)0. Kub a s c h e w s k i  and E. L1. 

B i n a r y  a n d  t e r t i a r y  m i x t u r e s  o f  
t h e  a l k a l i  f l u o r i d e s  w i l l  b e  s t u d i e d ,  
and t h e  e f f e c t  o f  s m a l l  a d d i t i o n s  o f  
u ran ium f l u o r i d e  w i l l  b e  e v a l w a t e d ,  
i f  p o s s i b l e .  

E l e c t r o d e  P o t e n t i a l s  i n  F u s e d  
Sodium Hydroxide (Ambrose R .  N i c h o l s ,  
J r .  , M a t e r i a l s  C h e m i s t r y  D i v i s i o n ) .  
The  a p p a r a t u s  p r e v i o u s l y  d e s c r i  bed '  * ) 
h a s  u n d e r g o n e  c o n t i n u e d  m o d i f i c a t i o n  
o v e r  t h e  p a s t  t h r e e  m o n t h s .  I t  
c o n s i s t s  o f  a n i c k e l  v e s s e l  w i t h i n  
w h i c h  i s  p l a c e d  a p o r o u s  c u p ,  w h i c h  
d i v i d e s  t h e  c o n t e n t s  i n t o  two e l e c t r o d e  
c o m p a r t m e n t s .  A n i c k e l  e l e c t r o d e  i s  
suspended  i n  e a c h  compar tment .  Chrome1 - 
Alumel t h e r m o c o u p l e s  i n  n i c k e l  w a l l s  
a r e  l o c a t e d  a g a i n s t  t h e  o u t e r  w a l l  o f  
t h e  n i c k e l  c u p  a n d  i n  e a c h  'of t h e  
c o m p a r t m e n t s .  T h e  w h o l e  a s s e m b l y  
s i t s  a t  t h e  bo t tom o f  a c l o s e d  s t a i n -  
l e s s  s t e e l  c o n t a i n e r  t h a t  r e s t s  i n  a 
5 - i n .  p o t  f u r n a c e .  H e l i u m  p u r i f i e d  
by p a s s i n g  o v e r  c o p p e r  t u r n i n g s  a t  
450°C and t h r o u g h  magnesium p e r c  h l  o - 
r a t e  t u b e s  i s  p a s s e d  t h r o u g h  t h e  
c o n t a i n e r  a t  a p r e s s u r e  s l i g h t l y  i n  
e x c e s s  of' a t m o s p h e r i c .  

When a m e a s u r e m e n t  i s  t o  be made,  
t h e  d e s i r e d  amounts  o f  p u r i f i e d  sodium 
h y d r o x i d e  and  n i c k e l  o x i d e  a r e  weighed  
i n  a d r y  b o x  a n d  p l a c e d  i n  t h e  t w o  
e l e c t r o d e  c o m p a r t m e n t s  o f  a n i c k e l  
c o n t a i n e r .  T h e  c l o s e d  c o n t a i n e r  i s  
t h e n  removed t o  t h e  f u r n a c e  and  t h e  
n e c e s s a r y  c o n n e c t i o n s  made.  H e l i u m  
c i r c u l a t i o n  i s  s t a r t e d  b e f o r e  h e a t i n g  
b e g i n s .  A f t e r  t h e  c h o s e n  t e m p e r a t u r e  
h a s  been  r e a c h e d ,  t h e  p o t e n t i a l  be tween 
t h e  two e l e c t r o d e s  i s  d e t e r m i n e d  by  
u s i n g  a type-K p o t e n t i o m e t e r ,  a.1 though  
i n  some c a s e s  a r e c o r d i n g  p o t e n t i o m e t e r  
h a s  a l s o  b e e n  used .  

(*)A. R. N i c h o l s ,  " E M F  M e a s u r e m e n t s  i n  H y -  
droxides," A i r c r a f t  N u c l e a r  P r o p u l s i o n  P r o j e c t  
Q u a r t e r l y  P r o g r e s s  R e p o r t  f o r  P e r i o c !  E n d i n g  
December IO, 1951, ORNL-1170, p .  110. 
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The r e s u l t s  have  t h u s  f a r  n o t  been  
r e p r o d u c i b l e .  The measured  p o t e n t i a l s  
h a v e  c h a n g e d  w i t h  t i m e ,  e v e n  t o  t h e  
e x t e n t  o f  r e v e r s a l  o f  p o l a r i t y .  I t  
was  o b s e r v e d  i n  e a c h  c a s e  t h a t  t h e  
e l e c t r o d e  i n  t h e  more  c o n c e n t r a t e d  
s o l u t i o n  d e v e l o p e d  a d e p o s i t  o f  f i n e  
n i c k e l  c r y s t a l s ,  w h e r e a s  t h a t  i n  t h e  
more d i l u t e  s o l u t i o n  a p p e a r e d  t o  h a v e  
u n d e r g o n e  p o l i s h i n g .  T h i s  m a s s  
t r a n s f e r  h a s  s o  f a r  a p p e a r e d  t o  b e  
i n d e p e n d e n t  o f  t e m p e r a t u r e  o v e r  t h e  
n a r r o w  t e m p e r a t u r e  r a n g e  u s e d .  

T h r e e  p r i n c i p a l  e x p e r i m e n t a l  
d i f f i c u l t i e s  e x i s t  a n d  e a c h  c o u l d  
a c c o u n t f o r  t h e  p o o r  r e s u l t s :  ( 1 )  f a i l -  
u r e  t o  f i n d  a s u i t a b l e  d i a p h r a g m .  
m a t e r i a l ;  ( 2 )  l a c k  o f  k n o w l e d g e  o f  
t h e  t r u e  n i c k e l  o x i d e  c o n c e n t r a t i o n  
i n  t h e  s o l u t i o n s  i n  which t h e  e l e c t r o d e s  
a r e  p l a c e d ;  a n d  ( 3 )  d i f f i c u l t y  o f  
m a i n t a i n i n g  a u n i f o r m  t e m p e r a t u r e  
t h r o u g h o u t  t h e  c e l l .  U n t i l  t h e s e  
p r o b l e m s  a r e  o v e r c o m e ,  i t  i s  n o t  
p o s s i b l e  t o  a s c e r t a i n  t h e  e f f e c t  o f  
s u c h  f a c t o r s  a s  t h e  p u r i t y  o r  t h e  
t h e r m a l  h i s t o r y  of  t h e  n i c k e l ,  n i c k e l  
o x i d e ,  or sodium h y d r o x i d e .  

Polarography of Sodium Hydroxide 
in Silver and Platinum (R.  A. Bolomey, 
M a t e r i a l s  C h e m i s t r y  D i v i s i o n ) .  I n  
p r e v i o u s  r e p o r t s ( * )  i t  w a s  s t a t e d  
t h a t  anhydrous  sodium h y d r o x i d e  h e a t e d  
t o  a t e m p e r a t u r e  o f  3 5 0  t o  6OOOC i n  
e i t h e r  a s i l v e r  o r  p l a t i n u m  c r u c i b l e  
i n  vacuum r e s u l t e d  i n  t h e  p r o d u c t i o n  
o f  i o n i c  s p e c i e s  t h a t  g a v e  c h a r a c t e r -  
i s t i c  p o l a r o g r a p h i c  w a v e s .  I t  was  
a l s o  m e n t i o n e d  t h a t  t h e  v o l t a g e  a t  
which  t h e  peaks '  o c c u r r e d  was t e m p e r a -  
t u r e - d e p e n d e n t .  To d a t e ,  85 p o l a r o -  
g r a m s  on s o d i u m  h y d r o x i d e  i n  s i l v e r  
c r u c i b l e s  a n d  8 8  p o l a r o g r a m s  o n  
sodium h y d r o x i d e  i n  p l a t i n u m  c r u c i b l e s  
h a v e  b e e n  o b t a i n e d .  Even t h o u g h  a l l  
t h e  d a t a  w e r e  n o t  o b t a i n e d  a t  t h e  
same t e m p e r a t u r e ,  enough  i n f o r m a t i o n  
h a s  b e e n  o b t a i n e d  t o  a n a l y z e  t h e  
r e p r o d u c i b i l i t y  o f  t h e  r e s u l t s .  Such  
an a n a l y s i s  r e v e a l e d  c o n s i d e r a b l e  

r a n d o m n e s s  i n  t h e  waves  and t h a t  t h e  
c u r v e s  o f  a g i v e n  s e r i e s  show o n l y  
q u a l i t a t i v e  s i m i l a r i t y .  

T h e  s o u r c e  o f  r a n d o m n e s s  i n  t h e  
p o s i t i o n  o f  t h e  p o l a r o g r a p h i c  waves  
i s  n o t  u n d e r s t o o d .  I t  i s  p o s s i b l e  
t h a t  i t  i s  t o  b e  found i n  t h e  i n s t r u -  
ment i t s e l f  a s  a r e s u l t  o f  t h e  method 
e m p l o y e d  t o  c o l l e c t  t h e  d a t a .  A t -  
t e m p t s  t o  o b t a i n  t h e  d a t a  by  a l l o w i n g  
t h e  r e a d i n g s  t o  come t o  e q u i l i b r i u m  
a f t e r  e a c h  s e t t i n g  p r o v e d  t o  b e  
i m p r a c t i c a l  b e c a u s e  o f  t h e  s l o w  r a t e  
o f  e q u i l i b r i u m  a t t a i n m e n t .  T h e  p r e s e n t  
method o f  c o l l e c t i n g  t h e  d a t a  r e q u i r e s  
t h a t  t h e  p o t e n t i a l  on  t h e  c e l l  b e  
v a r i e d  a t  a u n i f o r m  r a t e ,  s i n c e  a n y  
f l u c t u a t i o n  i n  t h e  r a t e  o f  p o t e n t i a l  
c h a n g e s  can  p r o d u c e  a n o m a l o u s  e f f e c t s  
o n  a c u r r e n t - v o l t a g e  c u r v e  o f  t h e  
t y p e  o b t a i n e d  w i t h  a p o l a r o g r a p h  and  
s t a t i o n a r y  m i c r o e l e c t r o d e s .  I t  may 
b e  t h a t  t h e s e  a n o m a l o u s  e f f e c t s  a r e  
more a p p a r e n t  when o p e r a t i n g  t h e  c e l l  
a t  t h e  h i g h  t e m p e r a t u r e s  r e q u i r e d  i n  
t h i s  work t h a n  when o p e r a t i n g  a t  room 
t e m p e r a t u r e s  i n  a q u e o u s  s o l u t i o n s .  

E qu i pme n t f o r  d i f f e r en t i  a 1 t h e  r m  a1 
a n a l y s i s  h a s  b e e n  g a t h e r e d  S O  t h a t  
p r e l i m i n a r y  t e s t s  may be  made t o  s t u d y  
t h e  f e a s i b i l i t y  a n d  a p p l i c a b i l i t y  o f  
t h i s  method t o  t h e  s t u d y  of  c o r r o s i o n  
m e c h a n i s m s .  I t  i s  i n t e n d e d  f i r s t  t o  
a p p l y  t h e  method t o  t h e  sys t em sodium 
h y d r o x i d e - n i c k e l  o x i d e  u n d e r  a n  i n e r t  
a t m o s p h e r e .  

Magnetic Susceptibility of Stain- 
less Steel Exposed to Fluorides (w. c. 
T u n n e l l ,  AhP D i v i s i o n ) .  It h a s  b e e n  
o b s e r v e d  r e p e a t e d l y  t h a t  t h e  s u r f a c e s  
o f  a l l  n o r m a l l y  n o n m a g n e t i c  s t e e l s  
b e c o m e  m a g n e t i c  a f t e r  e x p o s u r e  t o  
h i g h - t e m p e r a t u r e  f l u o r i d e s .  S u r f  a c e  
l a y e r s  have  been removed and a n a l y z e d ,  
a n d  i t  a p p e a r s  t h a t  t h e  i r o n - t o -  
ch romium r a t i o  i n c r e a s e d .  A m i c r o -  
s p e c t r o g r a p h i c  a n a l y s i s ,  u n d e r  e l e c t r o -  
m a g n e t i z a t i o n  u s i n g  a c o l l o i d a l  
d i s p e r s i o n  o f  i r o n  p a r t i c l e s ,  r e v e a l e d  
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t h e  m a g n e t i c  m a t e r i a l  t o  b e  a t  t h e  
gr a i  n bound a r  i e s whe r e i n  t e r  g r  an u l a  r 
p e n e t r a t i o n  h a d  o c c u r r e d .  

. *  - I n  one  t e s t  u s i n g  a g a s k e t  r i n g  o f  
t y p e -  316 st a i n l e  ss s t e e l ,  t h e  m a g n e t i c  
s u r f a c e  w a s  submerged  i n  c o n c e n t r a t e d  

" .  n i t r i c  a c i d ,  a n d  a 1- t o  2 - m i l  l a y e r  
o f  s t r o n g l y m a g n e t i c  m a t e r i a l  s e p a r a t e d  
t h a t  was c h e m i c a l l y  a n a l y z e d  a s  >90% 
i r o n ,  2 .5% chromium,  and 1 .5% n i c k e l .  
T h e  m a t e r i a l  u n d e r  t h e  l a y e r  was n o t  
m a g n e t i c .  I n  a n o t h e r  t e s t  t h e  h o t  
s e c t i o n  o f  an I n c o n e l  l o o p  t h a t  h a d  
been  e x p o s e d  t o  F u l i n a k  was examined ,  
s i n c e  i t  seemed more m a g n e t i c  t han  t h e  
c o l d  s e c t i o n .  I m m e r s i o n  i n  c o n -  
c e n t r a t e d  n i t r i c  a c i d  l e f t  p i t s  a n d  
made t h e  m a t e r i a l  l e s s  m a g n e t i c ,  and  
t h e  r e m a i n i n g  s u r f  a c e  l a y e r  a p p e a r e d  
t o  b e  p u r e  n i c k e l .  A n o t h e r  s p e c i m e n  

o f  t y p e - 3 1 6  s t a i n l e s s  s t e e l  t h a t  h a d  
b e e n  i n  c o n t a c t  w i t h  F l i n a k  lsecame 
p o r o u s  a f t e r  t r e a t m e n t  w i t h  c o n c e n . t r a t e d  
n i t r i c  a c i d  and l o s t  a l l  i t s  m a g n e t i c  
p r o p e r t i e s .  

I t  may b e  c o n c l u d e d  t h a t ,  a s  i n  
most  i n t e r g r a n u l a r  c o r r o s  on o f  s t a i n -  
l e s s  s t e e l s ,  t h e  ch romiu  1 i s  p r e f e r -  
e n t i a l l y  l e a c h e d  a t  t h e  g r a i n  bound-  
a r i e s ,  p o s s i b l y  by t h e  u s u a l  d e v i c e  o f  
c a r b i d e  p r e c i p i t a t i o n ,  w h i c h  e x p o s e s  
e x c e s s  i r o n  and  n i c k e l  f o r  a t t a c k  and 
g i v e s  t h e  m a g n e t i c  s u s c e p t i b i l i t y .  
P h o t o m i c r o g r a p h s  a p p e a r  t o  b e a r  o u t  a 
phenomenon o f  t h i s  t y p e .  The  a t t a c k  
on i r o n  a lways  a p p e a r s  g r e a t e r  t h a n  on 
n i c k e l ,  a s  h a s  been shown, f o r  example ,  
by t e s t s  where t h e  r a t e  o f  p e n e t r a t i o n  
a p p e a r s  t o  b e  p r o p o r t i o n a l  t o  t h e  
amount o f  i r o n  i n  t h e  m e t a l .  
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1 2 .  METALLURGY AND C E R A M I C S  

W .  D. Manly,  M e t a l l u r g y  D i v i s i o n  
T. N. McVay, C o n s u l t a n t  

T h e  d r a w i n g  o f  t u b i n g  f r o m  t h e  
p r e v i o u s l y  p r e p a r e d  s o l i d  f u e l  p l a t e s  
h a s  been  a c c o m p l i s h e d ,  and t h e  r e s u l t s  
o f  t h e  d r a w i n g  on t h e  bond c o n t i n u i t y  
a n d  o x i d e  d i s t r i b u t i o n  o f  t h e  s o l i d  
f u e l  e l e m e n t s  a r e  d i s c u s s e d .  From 
t h i s  work i t  was f o u n d  t h a t  t h e  b e s t  
c o r e  m a t e r i a l  t o  u s e  i n  t h e  u r a n i u m  
o x i d e  m i x t u r e  was i r o n  powder .  Com- 
p a t i b i l i t y  e x p e r i m e n t s  h a v e  s h o w n  
b o r o n  c a r b i d e  t o  r e a c t  r a t h e r  e x -  
t e n s i v e l y  w i t h  t h e  3 0 0 - s e r i e s  s t a i n -  
l e s s  s t e e l s  a n d  I n c o n e l  b u t  t o  b e  
i n e r t  t o  t y p e - 4 3 0  s t a i n l e s s  s t e e l ;  
t h e r e f o r e  t h e  ARE s a f e t y  r o d s  w i l l  
p r o b a b l y  b e  c o n s t r u c t e d  o f  t y p e - 4 3 0  
s t a i n l e s s  s t e e l .  T h e  s o l i d - p h a s e  
b o n d i n g  o f  m e t a l s  i s  a l w a y s  d i f f i c u l t  
w i t h  m a t e r i a l s  t h a t  a r e  i n  i n t i m a t e  
c o n t a c t  a t  e l e v a t e d  t e m p e r a t u r e s .  
C o n s e q u e n t l y ,  s e l f  - w e l d i n g  e x p e r i m e n t s  
a r e  b e i n g  c o n d u c t e d  on t h e  p o s s i b l e  
c o m b i n a t i o n s  o f  m a t e r i a l s  t o  b e  u s e d  
i n  t h e  s a f e t y  r o d s .  

T h e  u s e  o f  t h e  c o n e - a r c  w e l d i n g  
p r o c e s s  f o r  t h e  p r o d u c t i o n  o f  t u b e -  
t o - h e a d e r  j o i n t s  i s  b e i n g  i n v e s t i g a t e d  
t o  d e t e r m i n e  t h e  a p p l i c a t i o n s  a n d  
l i m i t a t i o n s  o f  t h e  p r o c e s s ,  s i n c e  
t h e r e  i s  a n e e d  f o r  a r e l i a b l e  a u t o -  
m a t i c  or s e m i a u t o m a t i c  w e l d i n g  method 
f o r  t h e  p r o d u c t i o n  o f  t h e  many t u b e -  
t o - h e a d e r  j o i n t s  i n  ANP c o r e  and  h e a t  
e x c h a n g e r  d e s i g n s .  A d e s c r i p t i o n  o f  
t h e  e q u i p m e n t  and  o p e r a t i n g  p r o c e d u r e  
a n d  a d i s c u s s i o n  o f  t h e  v a r i a b l e s  
b e i n g  s t u d i e d  a r e  p r e s e n t e d .  B e c a u s e  
o f  t h e  c o m p l e x i t y  o f  t h e  ANP t y p e  o f  
h e a t  e x c h a n g e r s ,  i t  i s  p r o b a b l e  t h a t  
e x t e n s i v e  b r a z i n g  w i l l  be n e c e s s a r y  
i n  f a b r i c a t i o n .  P r e l i m i n a r y  work f o r  
h e a t  e x c h a n g e r  a s s e m b l i e s  i n d i c a t e s  
t h a t  b r a z i n g  c a n  p r o d u c e  sound  j o i n t s  
i f  p r o p e r  c o n t r o l  o f  t h e  b r a z i n g  
v a r i a b l e s  i s  e x e r c i s e d .  N i c r o b r a z i n g  
a l l o y s  , Pd - N i  , Mn - N i  , Ag -Pd , N i  -Cr -Sr , 

a n d  N i - C r - S i - M n ,  a r e  b e i n g  s t u d i e d  
and  t h e i r  c o r r o s i o n  i n  h y d r o x i d e s  and 
f l u o r i d e s  i s  b e i n g  i n v e s t i g a t e d .  
S i n c e  I n c o n e l  h a s  b e e n  d e s i g n a t e d  a s  
t h e  s t r u c t u r a l  m a t e r i a l  f o r  t h e  ARE 
e x t e n s i o n ,  r u p t u r e  and c r e e p  d a t a  a r e  
b e i n g  o b t a i n e d  a t  t h e  o p e r a t i n g  t e m -  
p e r a t u r e  o f  t h e  r e a c t o r .  D a t a  a r e  
p r e s e n t e d  t o  s h o w  ( 1 )  t h e  t i m e  r e -  
q u i r e d  t o  p r o d u c e  d e f o r m a t i o n s  o f  
v a r i o u s  p e r c e n t a g e s  and f o r  r u p t u r e  t o  
o c c u r  a s  a f u n c t i o n  o f  t h e  a p p l i e d  
s t r e s s  f o r  f i n e -  a n d  c o a r s e - g r a i n  
I n c o n e l ,  a n d  ( 2 )  t h e  minimum c r e e p  
r a t e  a n d  p e r  c e n t  d e f o r m a t i o n  p e r  
h o u r  f o r  t h e  t w o  t y p e s  o f  I n c o n e l  
p l o t t e d  a s  a f u n c t i o n  o f  a p p l i e d  
s t r e s s .  

The o x i d e  c e r a m i c s  or c o m b i n a t i o n s  
o f  c e r a m i c s  a n d  o x i d e s  a p p e a r  m o s t  
p r o m i s i n g  f o r  r e a c t o r  a p p l i c a t i o n  b e -  
c a u s e  t h e y  o f f e r  t h e  b e s t  c o m b i n a t i o n  
o f  s t r u c t u r a l  i n t e g r i t y  a n d  t h e r m a l  
p r o p e r t i e s .  C e r a m i c  c o a t i n g s  f o r  
I n c o n e l  and s t a i n l e s s  s t e e l  a r e  b e i n g  
t e s t e d .  Of t h o s e  t e s t e d ,  t h e  NBS 
C e r a m i c - C o a t i n g  A-418 ,  w i t h  i t s  h i g h  
t e m p e r a t u r e  a n d  o x i d a t i o n  r e s i s t a n c e  
c h a r a c t e r i s t i c s ,  shows  p r o m i s e  a s  a 
c o a t i n g  f o r  t h e  ARE r a d i a t o r  a n d  p o s -  
s i b l y  o t h e r  s t r u c t u r a l  p a r t s .  

FABRICATION OF REACTOR ELEMENTS 

E. S. Bomar J .  S.  Coobs 
M e t a l l u r g y  D i v i s i o n  

T u b u l a r ,  s o l i d ,  f u e l  e l e m e n t s  i n  
w h i c h  t h e  f u e l  c o m p a c t  i s  b e t w e e n  
t w o  c o n c e n t r i c  t u b e s  a r e  b e i n g  d e -  
v e l o p e d  b u t  h a v e  n o t  y e t  p r o v e d  e n -  
t i r e l y  s a t i s f a c t o r y .  The b o n d i n g  and  
d i s t r i b u t i o n  of t h e  u r a n i u m  d i o x i d e  
powder  b e t w e e n  t h e  t u b e s  a f t e r  c o l d  
d r a w i n g  h a s  v a r i e d  f r o m  v e r y  p o o r  t o  
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f a i r .  I t  i s  hoped t h a t  b e t t e r  i n i t i a l  
b o n d i n g  a n d  a d i f f e r e n t  c o l d - d r a w i n g  
t e c h n i q u e  may y e t  y i e l d  g o o d ,  s m a l l ,  
t u b u l a r ,  s o l i d ,  f u e l  e l e m e n t s .  

T e s t s  f o r  s o l i d - p h a s e  b o n d i n g  
( s e l f - w e l d i n g )  o f  t h e  m o v a b l e  p a r t s  
o f  t h e  ARE c o n t r o l  r o d s  a t  r e a c t o r  
t e m p e r a t u r e s  (1472°F)  i n d i c a t e  a f a i r  
amount  o f  r e a c t i o n  b e t w e e n  t h e  b o r o n  
c a r b i d e  t y p e - 3 1 6  s t a i n l e s s  s t e e l  and  
b o r o n  c a r b i d e  I n c o n e l  s y s t e m s  i n  1 0 0  
h o u r s .  Of t h e  f e w  m a t e r i a l s  t e s t e d  
t h e  r e a c t i o n  be tween  b o r o n  c a r b i d e  and 
t y p e - 4 3 0  s t a i n l e s s  w a s  t h e  l e a s t  
mar ked .  

- 

Cold Drawing o f  Tubular S o l i d  F u e l  
E l e m e n t s .  T u b u l a r ,  s o l i d ,  f u e l  e l e -  
men t s  f a b r i c a t e d  by j o i n i n g  two semi-  
c i r c u l a r  l a m i n a t e d  p l a t e s  e i t h e r  w i t h  
s e a m  w e l d s  or b y  " r u b b e r s t a t i c " ( ' )  
p r e s s i n g  m e t h o d s  h a v e  b e e n  s u b j e c t e d  
t o  c o l d - d r a w i n g  o p e r a t i o n s  a t  t h e  
S u p e r i o r  Tube  Company. A l l  s a m p l e s ,  
e x c e p t  t h e  one p r e p a r e d  b y r u b b e r s t a t i c  
p r e s s i n g ,  were g i v e n  a n  i n i t i a l  h o t  
r e d u c t i o n  of  62 t o  75% t o  b o n d - p r e s s e d  
c o r e ,  p i c t u r e  f r a m e ,  a n d  c l a d d i n g .  
T h i s  o p e r a t i o n  was c a r r i e d  o u t  on t h e  
f l a t  s t o c k  b e f o r e  f o r m i n g  i n t o  t u b e s .  
The c o r e s  o f  t h e  s a m p l e s  were 3 0  v o l  % 
u r a n i u m  d i o x i d e  a n d  7 0  v o l  % m e t a l  
( t y p e - 3 0 2  s t a i n l e s s  s t e e l ,  i r o n ,  or 
n i c k e  1 1. 

A r e d u c t i o n  s c  on com- 
m e r c i a l  p r a c t i c e  
r a n g i n g  f r o m  18  t o  28% a f t e r  a t e s t  
r e d u c t i o n  o f  38% c a u s e d  a t u b e  f a i l u r e .  
T h e  w e l d  s e a m s  wer s a t  i s  f a c t o r  i l y  
s m o o t h e d  i n  t h i s  pa , and t h e  t u b e s  
w e r e  s u b s e q u e n t l y  r e d u c e d  8 7 . 5 %  i n  

p a s s e s ,  w h i c h  y i e l d e d  t u b e s  o f  
1 / 4 - i n .  OD by 0 . 0 1 5 - i n .  w a l l  t h i c k n e s s .  
T h r e e  o f  t h e s e  t u b e s  were  t h e n  f u r t h e r  
r e d u c e d  t o  y i e l d  t u b e s  1 / 8 - i n .  OD by 

("6. M. A d a m s o n ,  E. S. B o m a r ,  a n d  J. H. 
C o o b s  , '' F u e  1 -El erne n t F a b r  i c a t i o n  ," A i r c r a  f t 
N u c  1 e a r P r o p  u 1 s i o n  P r o  j e c t Qua r t e r I y P r o  g r e  s s 
R e p o r t  f o r  P e r i o d  E n d i n g  S e p t e m b e r  I O ,  1 9 5 1 ,  
OWL-1154, p.  149. 

0 . 0 1 5 - i n .  w a l l  t h i c k n e s s .  M e t a l l o -  
g r a p h i c  e x a m i n a t i o n  o f  s p e c i m e n s  t a k e n  
from t h e  t u b e s  showed t h a t  bond ing  and  
u r a n i u m  d i o x i d e  d i s  t r  i b u  t i on v a r i e d  
f rom v e r y  poor  t o  f a i r  f o r  t u b e s  p r e -  
p a r e d  f rom r o l l e d  p l a t e  and  was  a l s o  
f a i r  f o r  o n e  s p e c i m e n  p r e p a r e d  b y  
r u b b e r s t a t i c  p r e s s i n g .  S e c t i o n s  t r a n s -  
v e r s e  t o  t h e  d i r e c t i o n  o f  d r a w i n g  a r e  
s h o w n  i n  F i g .  42 a t  r e d u c t i o n s  o f  
8 7 . 5 % ,  t h a t  i s ,  f o r  1 / 4 - i n . - O D  t u b e s .  
I n  g e n e r a l ,  f u r t h e r  r e d u c t i o n s  t o  
1 /8 - in . -OD t u b i n g  o n l y  e x a g g e r a t e d  t h e  
d e f e c t s  found i n  t h e  l / 4 - i n . - O D  s t o c k .  

A l though  p l u g  d r a w i n g  was n o t  t r i e d  
on a n y  o f  t h e  c o m p o s i t e  t u b e s ,  i t  was 
t h e  o p i n i o n  o f  some o f  t h e  t e c h n i c a l  
s t a f f  a t  S u p e r i o r  Tube  Company t h a t  
p l u g  d r a w i n g  w o u l d  n o t  d i s t u r b  t h e  
c o r e  o f  a l a m i n a t e d  s t r u c t u r e  s o  much 
a s  d r a w i n g  on a m a n d r e l ,  w h i c h  w a s  
t h e  t e c h n i q u e  u s e d  i n  a l l  d r a w i n g s  t o  
d a t e .  Rod d r a w i n g  p r o d u c e s  s l i p  
c r a c k s  i n  t h e  c o r e  b e c a u s e  of  s l i g h t l y  
u n e v e n  r e d u c t i o n  o f  t h e  two c l a d d i n g  
l a y e r s ,  b u t  i t  i s  b e l i e v e d  t h a t  p l u g  
d r a w i n g  s h o u l d  g i v e  u n i f o r m  r e d u c t i o n .  
V a r i a t i o n  i n  t h e  r e d u c t i o n  s c h e d u l e s  
u s e d  f o r  t h e s e  t u b e s  w i l l  be  t r i e d  by 
u s i n g  t h e  M e t a l l u r g y  D i v i s i o n  d r a w -  
b e n c h  a n d  e m p h a s i z i n g  l e s s  s e v e r e  
r e d u c t i o n s .  Mandre l s  a r e  now on o r d e r  
t o  s u p p l e m e n t  d i e s  a l r e a d y  on h a n d .  
E q u i p m e n t  f o r  p l u g  d r a w i n g  i s  n o t  
a v a i l a b l e  a t  p r e s e n t .  
I _-- _- 

ARE Control  Rod. A t  t h e  o p e r a t i n g  
t e m p e r a t u r e  o f  t h e  A R E ,  t h e r e  e x i s t s  
t h e  p o s s i b i l i t y  o f  sol i d  -phase  bond ing  
o f  m e t a l l i c  c o m p o n e n t s  t h a t  a r e  i n  
c l o s e  c o n t a c t .  T h i s  phenomenon c o u l d  
p o s s i b l y  l e a d  t o  m a l f u n c t i o n i n g  of t h e  
c o n t r o l  r o d s  i f  i t  o c c u r r e d  b e t w e e n  
t h e  c o n t r o l  r o d  c l a d d i n g  and t h e  w a l l s  
o f  t h e  t u b e s  i n  which  t h e y  a r e  housed .  

S e v e r a l  t e s t s  h a v e  b e e n  made i n  
which  s a m p l e s  o f  two d i f f e r e n t  m e t a l s  
were p r e s s e d  t o g e t h e r  a t  1472°F.  One- 
e i g h t h - i n c h - d i a m e t e r  s p e c i m e n s  o f  t h e  
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F i g .  4 2 .  Transverse  S e c t i o n s  Through t - i n .  - O D ,  Cold-Drawn, Tubular ,  S o l i d  
Fuel Elements.  ( a )  Tube p r e p a r e d  from r o l l e d  p l a t e ,  2OOX. ( b )  Tube p r e p a r e d  
by r u b b e r s t a t i c  p r e s s i n g ,  200X. ( P r i n t s  r e p r o d u c e d  83% o f  o r i g i n a l  s i z e . )  
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d i s s i m i l a r  m a t e r i a l s  were  s u b j e c t  t o  
250 p s i  f o r  1 0 0 - h r  i n t e r v a l s .  T h i s  
p r e s s u r e  is  p r o b a b l y  h i g h e r  t h a n  would 
be e n c o u n t e r e d  r a d i a l l y  a t  t h e  c o n t r o l  
r o d  a n d  c o n t r o l - r o d - t u b e  c o n t a c t  
p o i n t s .  Type -316  s t a i n l e s s  s t e e l  and 
I n c o n e l ,  i n  v a r i o u s  a t m o s p h e r e s ,  were 
u s e d  i n  t h e  i n i t i a l  t e s t s .  However ,  
r e s u l t s  o f  c o m p a t i b i l i t y  t e s t s  made 
a v a i l a b l e  a f t e r  a p o r t i o n  o f  t h e  
w e l d i n g  t e s t s  had  been  r u n  i n d i c a t e d  
a f a i r  amount  o f  r e a c t i o n  be tween  t h e  
b o r o n  c a r b i d e - t y p e - 3 1 6  s t a i n l e s s  
s t e e l  a n d  b o r o n  c a r b i d e - I n c o n e l  
s y s t e m s .  A l e s s  marked  i n t e r a c t i o n  
w a s  f o u n d  w h e n  b o r o n  c a r b i d e  w a s  
c o n t a i n e d  i n  t y p e - 4 3 0  s t a i n l e s s  s t e e l .  
The s o l i d - p h a s e  w e l d i n g  s c h e d u l e  was 
r e v i s e d  t o  i n c l u d e  t h e  t y p e - 4 3 0  v s .  
t y p e - 3 1 6  s t a i n l e s s  s t e e l  and  I n c o n e l  
s y s t e m s .  H o w e v e r ,  t h e  o n l y  b o n d i n g  
e v i d e n c e d  t h a t  c o u l d  n o t  be  r emoved  
w i t h  f i n g e r  p r e s s u r e  w a s  b e t w e e n  
s imi l a r  m e t a l s .  T e s t s  o f  t h e  t y p e - 4 3 0  
v s .  t y p e - 3 1 6  s t a i n l e s s  s t e e l  s y s t e m  
w i t h  t a n k  h e l i u m  a t m o s p h e r e  a r e  now 
b e i n g  c o n d u c t e d .  E x p o s u r e  t o  t h e  
o t h e r  a t m o s p h e r e s  w i l l  b e  c a r r i e d  o u t  
i f  r e s u l t s  i n d i c a t e  t h a t  t h i s  i s  
d e s i r a b l e .  

C O N E - A R C  WELDING 

P. P a t r i a r c a  G .  M .  S l a u g h t e r  
Me t a 11 u r g y D i  v i s  i on 

The f e a s i b i l i t y  of  t h e  u s e  of t h e  
c o n e - a r c  w e l d i n g  p r o c e s s  f o r  p r o d u c t i o n  
o f  t u b e - t o - h e a d e r  j o i n t s  h a s  b e e n  
d e m o n s t r a t e d  by  p r e v i o u s  i n v e s  t i g a -  
t i o n s . ( 2 )  The  w e l d i n g  g r o u p  o f  t h e  
M e t a l l u r g y  D i v i s i o n  i s  i n v e s t i g a t i n g  
t h e  a p p l i c a t i o n s  a n d  l i m i t a t i o n s  o f  
t h e  p r o c e s s ,  s i n c e  t h e  n e e d  f o r  a 
r e l i a b l e  a u t o m a t i c  o r  s e m i a u t o m a t i c  
p r o c e s s  f o r  p r o d u c t i o n  o f  t h e  many 
t u b e - t o - h e a d e r  j o i n t s  r e q u i r e d  b y  

( 2 ) E .  R .  M a n n ,  M e a n s  f o r  M a k i n g  U n i f o r m  
C i r c u l a r  H e l i a r c  W e l d s  by D e f l e c t i n g  the I o n  B e a m  
Continuously, ANP-63,  Apr. 9 ,  1951. 

ANP c o r e  a n d  h e a t  e x c h a n g e r  d e s i g n s  
i s  e v i d e n t .  

Equipment. The a p p a r a t u s  c o n s i s t s  
o f  a G - E ,  2 0 0 - a m p ,  d i r e c t - c u r r e n t  
w e l d i n g  g e n e r a t o r  w i t h  t h e  a d d i t i o n  o f  
a r e s i s t o r  c i r c u i t  t h a t  p e r m i t s  t h e  
u s e  o f  c u r r e n t s  a s  low a s  3 amp,  i f  
d e s i r e d .  A M i l l e r  E l e c t r i c  Company, 
h i g h  - f r e q u e n c y  , s p a r k  - g a p  os  c i 1 l a  t o r  
p r o v i d e s  t h e  h i g h  f r e q u e n c y  r e q u i r e d  
f o r  s t a r t i n g  t h e  i n e r t  w e l d i n g  a r c  
w i t h o u t  h a v i n g t o t o u c h  t h e  l % t h o r i a t e d  
t u n g s t e n  e l e c t r o d e  t o  t h e  w o r k .  The 
a p p a r a t u s  h a s  b e e n  p r o v i d e d  w i t h  a 
t i m e r  a n d  c o n t a c t o r  c o n t r o l  c i r c u i t  
t o  r e n d e r  t h e  a r c  t i m i n g  a n  a u t o m a t i c  
o p e r a t i o n .  

P r i n c i p l e  o f  Operat ion .  The c o n e -  
a r c  w e l d i n g  t e c h n i q u e  i s  p a r t i c u l a r l y  
s u i t e d  t o  w e l d i n g  a t u b e  t o  a h e a d e r  
p l a t e .  T h e  n o z z l e  o f  t h e  w e l d e r  i s  
a p e r m a n e n t  A l n i c o  m a g n e t  t h a t  s e t s  
up l i n e s  o f  f l u x  t o  t h e  t u b e  and p l a t e  
o v e r  which  t h e  n o z z l e  i s  h e l d .  S i n c e  
t h e  w e l d i n g  a r c  w i l l  s t r i k e  f rom t h e  
e l e c t r o d e  t i p  t o  a p o i n t  on  t h e  
p e r i p h e r y  o f  t h e  t u b e ,  t h e  a r c  s t r e a m  
i s  c u t  by t h e  l i n e s  o f  f l u x  a t  a s m a l l  
a n g l e .  T h i s  a n g l e  s e t s  u p  r e s u l t a n t  
f o r c e s  t a n g e n t i a l  t o t h e  t u b e  p e r i p h e r y  
i n  t h e  p l a n e  o f  t h e  h e a d e r  s h e e t ,  
and  t h e  f o r c e s  r o t a t e  t h e  a r c  a r o u n d  
t h e  t u b e  a t  v e r y  h i g h  s p e e d s .  To t h e  
o b s e r v e r  t h e  a r c  a p p e a r s  a s  a c o n e ;  
h e n c e ,  t h e  name “ c o n e  a r c . ”  The  a r c  
r a i s e s  t h e  t e m p e r a t u r e  o f  t h e  t u b e  
e d g e  a n d  t h e  p e r i p h e r y  o f  c o m p l e t e  
h e a d e r  h o l e  i n  a u n i f o r m  manner  u n t i l  
t h e  m e l t i n g  p o i n t  i s  r e a c h e d  a n d  a 
c i r c u m f e r e n t i a l  weld r e s u l t s .  

E x p e r i m e n t a l  P r o c e d u r e .  Some o f  
t h e  v a r i a b l e s  t h a t  may a f f e c t  t h e  
o p e r a t i o n  a r e :  

1. Arc c u r r e n t  and t i m e ,  

2 .  Arc d i s t a n c e ,  w h i c h  a f f e c t s  t h e  
a r c  v o l t a g e  and  t h e  a n g l e  b e t w e e n  
t h e  a r c  s t r e a m  a n d  t h e  m a g n e t i c  
l i n e s  o f  f l u x ,  

. 



3 .  Magne t i c  n o z z l e  t o  work d i s t a n c e ,  

4 .  C h o i c e  o f  i n e r t  g a s  a n d  r a t e  o f  
f l o w ,  which  a f f e c t  t h e  a r c  v o l t a g e  
( h i g h e r  f o r  h e l i u m  t h a n  a r g o n )  and  
t h e  t u r b u l e n c e ,  

5.  Work g e o m e t r y ,  t h a t  i s ,  t u b i n g  
s i z e ,  h e a d e r  t h i c k n e s s ,  and  h e a t  
t r a n s f e r  u n i f o r m i t y  of  h e a d e r  h o l e -  
t o - h o l e  d i s t a n c e ,  h o l e - t o - h e a d e r -  
e d g e  d i s t a n c e ,  a n d  c e n t e r i n g  o f  
work and e l e c t r o d e .  

I n  t h e  i n i t i a  1 e x p e r i m e n t s  h e a d e r  
h o l e s  w i t h o u t  t u b i n g  were u s e d ,  s i n c e  
i t  was a s s u m e d  t h a t  t h e  b e h a v i o r  o f  
t h e  a r c  i n  t h e  f o r m a t i o n  o f  a c i r c u m -  
f e r e n t i a l  m o l t e n  p o o l  w o u l d  y i e l d  
r e p r e s e n t a t i v e  i n f o r m a t i o n  w i t h  o r  
w i t h o u t  a t u b e .  The  h e a d e r  m a t e r i a l  
u s e d  was t y p e - 3 0 4  s t a i n l e s s  s t e e l  s h e e t  
1/8 i n .  t h i c k .  H o l e s  were 3/16 i n .  i n  
d i a m e t e r  and s p a c e d  3 /8  i n .  c e n t e r  t o  
c e n t e r .  W e l d i n g  c o n d i t i o n s  were a s  
f o l l o w s :  

1. 1 / 1 6 - i n .  d i a m e t e r  e l e c t r o d e ,  

2 .  E l e c t r o d e  t o  p l a n e  o f  w o r k  d i s -  
t a n c e ,  0 . 0 7 0  i n . ,  

3 .  Magne t i c  n o z z l e  ( t i p  o f  s o f t  i r o n )  
t o  p l a n e  o f  w o r k  d i s t a n c e ,  0 . 4 1  
i n . ,  

I 4 .  Argon f l o w ,  3 0  f t 3 / h r ,  

m e t a l  f o r m e d  a r o u n d  t h e  p e r i p h e r y  
o f  t h e  h o l e  a b o u t  2 0  s e c  a f t e r  t h e  
a r c  was s t r u c k .  The p o o l s  grew u n t i l  
t h e y  encompassed  t h e  e n t i r e  p e r i p h e r y  
o f  t h e  h o l e  and  e f f e c t e d  t h e  d e s i r e d  

FOR PERIOD ENDING MARCH 1 0 ,  1 9 5 2  

w e l d .  A s  would be e x p e c t e d ; " t h e  s i z e  
o f  t h e  h e a t - a f f e c t e d  z o n e , " a s  d e -  
t e r m i n e d  by t h e  s i z e  o f  t h e  h e a t - t i n t e d  
z o n e  s u r r o u n d i n g  t h e  h e a d e r  h o l e ,  
d i m i n i s h e d  w i t h  i n c r e a s i n g  c u r r e n t  and 
d e c r e a s i n g  a r c  t i m e . ! ,  T h e  l i m i t i n g  
v a  1 u e  o f  p e  r m  i s s i b  l e  -"ho l e  - t o - h o 1 e 
d i s t a n c e  w i l l  p r o b a b l y  be a f u n c t i o n  
o f  t h e  a r c  c u r r e n t  a n d  t i m e  f o r  a 
g i v e n  h e a d e r  t h i c k n e s s  and  h o l e  s i z e .  
E x p e r i m e n t s  w i l l  b e  c o n d u c t e d  t o  d e -  
t e r m i n e  t h e s e  l i m i t i n g  v a l u e s ,  s i n c e  
A N P  d e s i g n s  may r e q u i r e  a s  s m a l l  a 
h o l e - t o - h o l e  d i s t a n c e  a s  p o s s i j b l e  i n  
o r d e r  t o  o b t a i n  t h e  maximum number o f  
h e a t  e x c h a n g e r  t u b e s  p e r  u n i t  a r e a  of  
h e a d e r  s h e e t  . 

The r e s u l t s  from t h e  few e x p e r i m e n t s  
made were  i n c o n c l u s i v e ,  b u t  i t  i s  e x -  
p e c t e d  t h a t  f u r t h e r  w o r k  d u r i r i g  t h e  
c o m i n g  q u a r t e r  may y i e l d  s u f f i c i e n t  
i n f o r m a t i o n  f o r  a c o m p r e h e n s i v e  s t u d y  
o f  t h e  q u a l i t y  o f  c o n e - a r c  w e l d e d ,  
t u b e - t o - h e a d e r  j o i n t s  a s  a f u n c t i o n  of  
t h e  w e l d i n g  v a r i a b l e s .  

BRAZING 

P .  P a r t r i a r c a  G .  M .  S l a u g h t e r  
Me t a  1 l u  r g y  D i v i s i o n  

E x p e r i m e n t s  were made t o  d e t e r m i n e  
t h e  f e a s i b i l i t y  o f  b r a z i n g  s i r i c e  i t  
i s  q u i t e  p r o b a b l e  t h a t  t h i s  method may 
be used  e x t e n s i v e l y  i n  t h e  f a b r i c a t i o n  
o f  t h e  A N P  t y p e  o f  h e a t  e x c h a n g e r s .  
Tube compacts  w i t h  t u b e s ,  0 .100  i n .  OD 
w i t h  0 . 0 1 0 - i n .  w a l l  t h i c k n e s s ,  h a v e  
b e e n  s u c c e s s f u l l y  b r a z e d  t o  b a f f l e  
p l a t e s  t h a t  w e r e  0 . 0 2 0  i n ,  i n  t h i c k -  
n e s s .  P r e l i m i n a r y  w o r k  on s u c h  a s -  
s e m b l i e s  i n d i c a t e s  t h a t  b r a z i n g  c a n  
be used  a d v a n t a g e o u s l y  i n  t h e  p r o d u c -  
t i o n  o f  sound j o i n t s  i f  p r o p e r  c o n t r o l  
i s  m a i n t a i n e d  o f  s u c h  b r a z i n g  v a r i a b l e s  
a s  j o i n t  f i t ,  j o i n t  g e o m e t r y ,  degree 
of  b a s e - m e t a l  c l e a n l i n e s s ,  and q u a l i t y  
o f  t h e  f u r n a c e  a t m o s p h e r e  d u r i n g  t h e  
b r a z i n g  p r o c e s s .  C o r r o s i o n  t e s t s  of  
N i c r o b r a z  a n d  a 6 0 %  p a l l a d i u m - 4 0 %  
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n i c k e l  a l l o y  i n  sod ium h y d r o x i d e  and  
i n  UF, -NaF-KF-LiF m i x t u r e  showed t h e  
p a l l a d i u m - n i c k e l  a l l o y  t o  be  f a r  more 
c o r r o s i o n  r e s i s t a n t  i n  b o t h  f l u i d s  a t  
1472"F, b u t  t h e  a t t a c k  by t h e  f l u o r i d e  
on e i t h e r  b r a z e  was s e v e r e .  

Flow Tests .  A r e l a t i v e l y  l o n g - t e r m  
program f o r  e v a l u a t i n g  v a r i o u s  b r a z i n g  
a l l o y s  f o r  t h e  h i g h - t e m p e r a t u r e  ANP 
t y p e  o f  a p p l i c a t i o n  i s  a n t i c i p a t e d  
b e c a u s e  o f  t h e  p r o m i s i n g  r e s u l t s  o b -  
t a i n e d  i n  t h e  e x p e r i m e n t s  on t h e  f e a s i -  
b i l i t y  o f  b r a z i n g .  A s e r i e s  o f  t e s t s  
were c o n d u c t e d  t o  d e t e r m i n e  t h e  m i n i -  
mum t e m p e r a t u r e  a t  w h i c h  t h e  v a r i o u s  
b r a z i n g  a l l o y s  f low r e a d i l y .  The t e s t  
s p e c i m e n  c o n s i s t e d  o f  a m o d e r a t e  
amount  o f  b r a z i n g  a l l o y  p l a c e d  a t  one  
end  o f  a 6 - i n . - l o n g  b u t t  j o i n t .  B o t h  
l e g s  o f  t h e  j o i n t  w e r e  0 . 0 6 2 - i n .  
I n c o n e l  s t r i p s ,  o n e  o f  w h i c h  w a s  
m i l l e d  f l a t  on t h e  m a t i n g  s u r f a c e  t o  
f a c i l i t a t e  t h e  p r o d u c t i o n  o f  a t i g h t -  
f i t t i n g  j o i n t .  T h e  s p e c i m e n s  were  
t h e n  h e a t e d  u n t i l  t h e  t e m p e r a t u r e  was 
found a t  which  t h e  b r a z i n g  a l l o y  f lowed  
f r e e l y  up  t h e  e n t i r e  j o i n t  l e n g t h  of 
6 i n c h e s .  I t  became a p p a r e n t  d u r i n g  
t h e s e  e x p e r i m e n t s  t h a t  any  o x i d e  s c a l e  
oh t h e  m e t a l  s p e c i m e n s  i s  h i g h l y  u n -  
d e s i r a b l e .  The b r a z i n g  a l l o y  d o e s  n o t  

e t  s c a l e d  s u r f a c e s  a n d  f l o w  
a j o i n t  i s  i m p e d e d .  A v e r y  

d r y  h y d r o g e n  a t m o s p h e r e ,  w i t h  a dew 
p o i n t  i n  t h e  r a n g e  o f  -60°F  o r  b e l o w ,  
p r e v e n t e d  s c a l i n g  i n  m o s t  c a s e s ;  
t h e r e f o r e  m o i s t u r e  was a p p a r e n t l y  t h e  
p r o m i n e n t  f a c t o r  i n  s c a l e  f o r m a t i o n .  
I t  was s u s p e c t e d  t h a t  i f  t h e  h y d r o g e n  
c o n t i n u o u s l y  r e d u c e d  a n y  o x i d e  a n d  
t h e r e  w e r e s u b s e q u e n t l y  m o i s t u r e  fo rma-  
t i o n  i n  t h e  h y d r o g e n  a t m o s p h e r e ,  t h e  
e x i t  dew p o i n t  o f  t h e  h y d r o g e n  would 
d e c r e a s e  w i t h  i n c r e a s i n g  f l o w  r a t e .  
A s e r i e s  o f  e x p e r i m e n t s  p r o v e d  t h i s  
h y p o t h e s i s .  T e s t s  w i t h  a n  i n l e t - g a s  
dew p o i n t  o f  - 7 8 ° F  and  h i g h  h y d r o g e n  
f low r a t e s  showed t h a t  e x i t  dew p o i n t s  
a p p r o x i m a t i n g  t h o s e  a t  t h e  i n l e t  were 
a t t a i n e d .  The e x p e r i m e n t s  were s i g -  
n i f i c a n t  i n  t h a t  t h e y  made i t  o b v i o u s  

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

Corros ion  o f  B r a z i n g  A l l o y s .  The 
r e s i s t a n c e  t o  c o r r o s i o n  o f  t h e  v a r i o u s  
b r a z i n g  a l l o y s ,  a l o n e  and i n  combina -  
t i o n  w i t h  v a r i o u s  b a s e  m e t a l s  s u c h  a s  
f o u n d  i n  j o i n t s ,  i s  i m p o r t a n t  i n  t h e  
s e l e c t i o n  o f  s u i t a b l e  j o i n i n g  m e d i a ;  
t h e r e f o r e  e m p h a s i s  h a s  b e e n  p l a c e d  on 
t h e  r e s u l t s  o f  c o r r o s i o n  t e s t s  of t h e  
b r a z i n g  a l l o y s  i n  f l u o r i d e s  a n d  h y -  
d r o x i d e s .  E x t e n s i v e  t e s t s  w e r e  c o n -  
d u c t e d  o n N i c r o b r a z ,  a b o r o n - c o n t a i n i n g  
a l l o y ,  w h i c h  i s  a n  e x c e l l e n t  b r a z i n g  
a l l o y  f o r  u s e  i n  c o n v e n t i o n a l  h i g h -  
t e m p e r a t u r e  a p p l i c a t i o n s .  Samples  of 
t h e  p u r e  a l l o y  w e r e  s u b j e c t e d  t o  
c o r r o s i o n  e x p e r i m e n t s  i n  f l u o r i d e s  and 
h y d r o x i d e s  and  t h e  b a t h s  were l a t e r  
a n a l y z e d  c h e m i c a l l y  f o r  b o r o n .  

A s a m p l e  o f  N i c r o b r a z  t r e a t e d  i n  
sodium h y d r o x i d e  f o r  100  h r  a t  1500"F,  
s h o w e d  t h e  h e a v y  c o r r o s i v e  a t t a c k  
c h a r a c t e r i s t i c  of  t h i s  medium. T h e r e  
was g e n e r a l l y  h e a v y  s u r f a c e  a t t a c k  t o  
a d e p t h  o f  6 0  m i l s  a n d  s e v e r e  l o c a l  
a t t a c k .  T h e  s a m p l e  t e s t e d  i n  t h e  
NaF-KF-LiF-UF, m i x t u r e  f o r  1 0 0  h r  a t  
1 5 0 0 ° F  w a s  m o d e r a t e l y  p i t t e d ,  p a r -  
t i c u l a r l y  n e a r  t h e  i n t e r m e t a l l i c  
c o m p o n e n t s ,  t o  a d e p t h  o f  4 m i l s .  
O t h e r  s u r f a c e  a r e a s  were r e l a t i v e l y  
u n t o u c h e d .  R e s u l t s  o f  t h e  c h e m i c a l  
a n a l y s e s  o f  t h e  c o n t e n t s  o f  b o t h  t h e  
f l u o r i d e  and  h y d r o x i d e  b a t h s  i n d i c a t e  
t h a t  b o r o n  i s  p r e f e r e n t i a l l y  l e a c h e d  
f r o m  t h e  a l l o y .  An a t t e m p t  w i l l  be  
made t o  d e t e r m i n e  t h e  a c t u a l  p e r c e n t a g e  
l o s s  o f  t h e  bo ron  f rom t h e  a l l o y .  

The c o r r o s i o n  r e s i s t a n c e  o f  N i c r o -  
b r a z e d  t u b e - t o - h e a d e r  j o i n t s  w i t h  
I n c o n e l  a s  t h e  b a s e - m e t a l  h a s  b e e n  
s t u d i e d .  A s e c t i o n  o f  a t u b e - t o -  
h e a d e r  j o i n t  e x p o s e d  t o  s o d i u m  h y -  
d r o x i d e  e x h i b i t e d  e x c e s s i v e  a t t a c k  
b o t h  a t  t h e  b r a z e d  j o i n t  a n d  on  t h e  
b a s e - m e t a l ,  a s  shown i n  F i g .  4 3 a  a n d ,  
w i t h  a h i g h e r  m a g n i f i c a t i o n ,  i n  F i g .  
4 3 b .  The r e l a t i v e l y  m i l d  a t t a c k  o f  
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t h e  m i x t u r e  NaF-KF-LiF-UF,  o n  t h e s e  
j o i n t s  i s  shown i n  F i g .  44, w h i c h  i s  
a p h o t o m i c r o g r a p h  of  a j o i n t  t e s t e d  i n  
t h e  f l u o r i d e  m i x t u r e .  Chemica l  a n a l y -  
s e s  o f  t h e  b a t h s  w i l l  b e  g i v e n  i n  
l a t e r  r e p o r t s .  

A e x p e r i m e n t s  h a v e  a l s o  b e e n  
c o n d u  o n  t h e  6 0 %  p a l l a d i u m - 4 0 %  
n i c k e l  a n d  60% m a n g a n e s e - 4 0 %  n i c k e l  
a l l o y  s y s t e m s .  S m a l l  i n g o t s  o f  t h e  
p a l l a d i u m - n i c k e l  a l l o y  were t e s t e d  f o r  
1 0 0  h r  a t  1 5 0 0 ° F  i n  b o t h  t h e  s o d i u m  
h y d r o x i d e  and  t h e  NaF-KF-LiF-UF, m i x -  
t u r e  and gave  p r o m i s i n g  r e s u l t s .  The 

o n  r e s i s t a n c e  o f  t h i s  a l l o y  
was e x c e l l e n t ;  t h e  a t t a c k  w a s  l e s s  
t h a n  2 m i l s  i n  b o t h  c a s e s .  An I n c o n e l  

1 t u b e - t o - h e a d e r  j o i n t  b r a z e d  w i t h  t h e  
6 0 %  m a n g a n e s e - 4 0 %  n i c k e l  a l l o y  w a s  

t e s t e d  f o r  100  h r  a t  1500°F i n  sod ium 
a n d  t h e r e  w a s  m o d e r a t e  

a t t a c k  a t  t h e  j o i n t  ( F i g .  45). More 
e x t e n s i v e  c o r r o s i o n  t e s t s  on t h e s e  
a l l o y s  w i l l  b e  p e r f o r m e d ,  a n d  t h e  
b a t h s  w i l l  be a n a l y z e d  f o r  t h e  p r e s e n c e  
o f  t h e  v a r i o u s  e l e m e n t s  i n  t h e  b r a z i n g  
a l l o y  b e i n g  i n v e s t i g a t e d .  

S i m i l a r  t e s t s  w i l l  b e  c o n d u c t e d  on 
o t h e r  h i g h -  t e m p e r a t u r e  b r a z i n g  a 1  l o y s  
o f  c u r r e n t  i n t e r e s t ,  i n c l u d i n g  7 5 %  
s i l v e r - 2 0 %  p a l l a d i u m - 5 %  m a n g a n e s e ,  
64% s i l v e r - 3 3 %  pa l l ad ium-3% manganese ,  
60% p a l l a d i u m - 3 7 %  n i c k e l - 3 %  s i l i c o n ,  
1 6 . 5 %  c h r o m i u m - 7 3 . 5 %  n i c k e l - 1 0 %  
s i l i c o n ,  1 6 . 5 %  chromium-71.5% n i c k e l -  
1 0 %  s i l i c o n - 2 . 5 %  m a n g a n e s e .  No d a t a  
a r e  y e t  a v a i l a b l e  on t h e  r e s i s t a n c e  t o  
c o r r o s i o n  o f  t h e s e  a l l o y s .  M e t h o d s  

-. 

F i g .  44. Corros ion T e s t  o f  N i c  ro  b r a z e d  Inconel  Tube-to-Header  J o i n t  E x -  
p o s e d  t o  NaF-KF-LiF-UF, for  100 hr a t  1500OF. 250X. 

146 



I FOR PERIOD ENQING MARCH 1 0 ,  1 9 5 2  

F i g .  4 5 .  Corros ion o f  Inconel  Tube-to-Header J o i n t  Brazed w i t h  a 6 0 %  
Manganese-40% Nicke l  A l loy  a f t e r  100 h r  a t  1500'F i n  NaOH. 1 O O X .  

I -  

'1 

h a v e  b e e n  d e v i s e d  f o r  c o a t i n g  t h e  
i n s i d e  o f  t h e  s t a n d a r d  n i c k e l  t e s t  
c a p s u l e s  w i t h  b r a z i n g  a l l o y  s o  t h a t  
c o r r o s i o n  r e s u l t i n g  f r o m  d i s s i m i l a r  
m e t a l  c o m b i n a t i o n s  c a n  be  e l i m i n a t e d  
w h e n  t e s t i n g  s a m p l e s  o f  t h e  p u r e  
b r a z i n g  a l l o y .  When b r a z e d  j o i n t s  
a r e  t e s t e d  f o r  c o r r o s i o n ,  a c a p s u l e  
of  t h e  same m e t a l  a s  t h a t  o f  t h e  j o i n t  
b a s e - m e t a l  i s  u s e d  t o  e l i m i n a t e  d i s -  
s i m i l a r  m e t a l  c o m b i n a t i o n s .  

MECHANICAL TESTING OF MATERIALS 

R .  B .  O l i v e r  J .  W .  Woods 
C. W .  Weaver 

M e t a l l u r g y  D i v i s i o n  

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

r e a c t o r  i s  b e i n g  a c c u r a t e l y  d e t e r m i n e d .  
E l o n g a t i o n ,  r u p t u r e ,  a n d  c r e e p  r a t e s  
v s .  s t r e s s  c u r v e s  h a v e  been  o b t a i n e d  
f o r  f i n e -  and c o a r s e - g r a i n e d  I n c o n e l  
s p e c i m e n s  t e s t e d  i n  a r g o n  a t  1500°F .  
T h r e e  t u b e - b u r s t  t e s t s  w i t h  s t r e s s e s  
up  t o  4000 p s i  h a v e  been  r u n n i n g  c o n -  
t i n u o u s l y  f o r  1300 h r  w i t h o u t  d a v e l o p -  
i n g  d e t e c t a b l e  l e a k s .  

I n c o n e l  Creep and S t r e s s  Data .  
E l o n g a t i o n ,  r u p t u r e ,  a n d  c r e e p  r a t e  
v s .  s t r e s s  c u r v e s  were o b t a i n e d  w i t h  
f i n e -  and c o a r s e - g r a i n e d  I n c o n e l  s h e e t  
s p e c i m e n s  0 . 0 6 5  i n .  t h i c k ,  0 . 5 0 0  i n .  
w i d e ,  a n d  3 i n .  l o n g .  The  e x t e n s i o n  
was  m e a s u r e d  d u r i n g  t h e  t e s t  by o b -  
s e r v i n g  t h e  r e l a t i v e  d i s p l a c e m e n t  o f  
two p l a t i n u m  s t r i p s  f a s t e n e d  a t  o p p o s i t e  
e n d s  o f  t h e  t e s t  s e c t i o n .  A G a e r t n e r  
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m i c r o m e t e r  m i c r o s c o p e  h a v i n g  a l e a s t  
d i v i s i o n  o f  50 p i n .  was used  t o  e v a l u -  
a t e  t h i s  r e l a t i v e  mot ion .  

The t ime t o  p roduce  d e f o r m a t i o n s  of 
0 . 1 ,  0 . 5 ,  1 ,  2 ,  5 ,  a n d  1 0 %  a n d  t h e  
t ime f o r  r u p t u r e  t o  o c c u r ,  a s  a f u n c -  
t i o n  o f  t h e  a p p l i e d  s t r e s s  f o r  f i n e -  
g r a i n e d  I n c o n e l ,  a r e  shown i n  F i g .  46 .  
A l s o  p r e s e n t e d  i s  t h e  minimum c r e e p  
r a t e  i n  p e r c e n t a g e  o f  d e f o r m a t i o n  p e r  
h o u r  a s  a f u n c t i o n  o f  t h e  a p p l i e d  
s t r e s s .  T h e  p e r c e n t a g e s  a p p e a r i n g  
above  t h e  r u p t u r e  c u r v e  a r e  t h e  t o t a l  
e l o n g a t i o n s  a t  t h e  s e v e r a l  s t r e s s e s .  
T h e  f i n e - g r a i n e d  m a t e r i a l  w a s  c o l d  
r o l l e d  and  b r i g h t  a n n e a l e d  a t  1 6 5 0 ° F  
t o  p r o d u c e  a g r a i n  s i z e  o f  a p p r o x i -  
m a t e l y  0 . 1 0 5  m m  ( 9 0  g r a i n s / m m 2 ) .  
S i m i l a r  d a t a  f o r  t h e  c o a r s e - g r a i n e d  
I n c o n e l - s h e e t  s p e c i m e n s  a r e  p r e s e n t e d  
i n  F i g .  47 ,  b u t  t h e  c u r v e  r e p r e s e n t i n g  
t h e  t imes t o  p r o d u c e  d e f o r m a t i o n s  o f  
1 0 %  i s  o m i t t e d  s i n c e  i t  i s  n e a r l y  
c o i n c i d e n t  w i t h  t h e  r u p t u r e  c u r v e .  
T h i s  I n c o n e l  s h e e t  w a s  a n n e a l e d  f o r  
2 h r  a t  2 0 5 0 ° F  i n  a hydrogen a t m o s -  
p h e r e  t o  p r o d u c e  a g r a i n  s i z e  o f  a p -  
p r o x i m a t e l y  0 . 2 5 0  m m  ( 1 5  g r a i n s / m m 2 ) .  

Two s e p a r a t e  c r e e p  r a t e s  were o b -  
t a i n e d  f o r  t h e  f i n e - g r a i n e d  s p e c i m e n s  
t e s t e d  a t  3 0 0 0  a n d  1 8 5 0  p s i ;  t h e s e  
r a t e s  w e r e  o b s e r v e d  d u r i n g  t h r e e  
d i f f e r e n t  t e s t s .  L i n e a r  s e c t i o n s  
w e r e  o b s e r v e d  o n  t h e  s t r a i n - t i m e  
p l o t s  a t  5 0  t o  1 5 0  h r  a n d  a g a i n  a t  
a b o u t  300 and  600 h o u r s .  The e a r l i e r  
o f  t h e  t w o  l i n e a r  p e r i o d s  e x h i b i t e d  
c r e e p  r a t e s  o f  o n e - t h i r d  t o  o n e - h a l f  
o f  t h e  r a t e  f o u n d  d u r i n g  t h e  l a t e r  
l i n e a r  p e r i o d .  

Tube-Burst T e s t s .  Three  t u b e - b u r s t  
t e s t s  w i t h  t a n g e n t i a l  s t r e s s e s  o f  
a b o u t  1 0 0 0 ,  3 0 0 0 ,  a n d  4 0 0 0  p s i ,  r e -  
s p e c t i v e l y ,  have  been  r u n n i n g  f o r  a p -  
p r o x i m a t e l y  1300 h r  w i t h o u t  d e v e l o p i n g  
d e t e c t a b l e  l e a k s  i n  t h e  type -316  s t a i n -  
l ess  s t e e l  t u b e s .  T h e s e  t u b e s ,  w i t h  
4 8 0  m i l s  OD and 1 0 - m i l  w a l l  t h i c k n e s s ,  

w e r e  l o a d e d  i n t e r n a l l y  w i t h  a r g o n  
u n d e r  p r e s s u r e  a n d  e x p o s e d  t o  a n  
e n v i r o n m e n t  o f  s t a g n a n t  a i r .  S i n c e  
n o  m e t h o d  e x i s t s  t o  g a g e  t u b u l a r  
s p e c i m e n s  d u r i n g  t h e  t e s t ,  t h e  r e -  
s u l t s  w i l l  b e  b a s e d  o n  b e f o r e  a n d  
a f t e r  measuremen t s .  

A s e c o n d  p h a s e  o f  t h i s  work  i s  t o  
o b t a i n  d a t a  on p h y s i c a l  p r o p e r t i e s  o f  
m e t a l s  i n  t h e  f l u o r i d e s .  A p p a r a t u s  
used  f o r  a s i m i l a r  s t u d y  of  sodium h a s  
b e e n  m o d i f i e d  a n d  c a l i b r a t e d  s o  t h a t  
f l u o r i d e s  may be u s e d .  Two t u b e - b u r s t  
t e s t s  were r u n  i n  NaF-KF-LiF-UF4 ( 1 0 . 9  
mole % NaF, 4 3 . 5  mole % KF, 4 4 . 5  mole  
% L i F ,  1.1 mole  % UF,) b y  u s i n g  t h e  
a p p a r a t u s  d e s c r i b e d  i n  t h e  p r e v i o u s  ANP 
q u a r t e r l y  r e p o r t .  Type -316  s t a i n l e s s  
s t e e l  h a s  w i t h s t o o d  a hoop s t r e s s  o f  
2320 p s i  and t h e  I n c o n e l  2170 p s i .  B o t h  
t h e s e  t e s t s  h a v e  b e e n  i n  o p e r a t i o n  
o v e r  4 0 0  h o u r s .  S t r e s s - t o - r u p t u r e  
t e s t s  i n  t h e  s ame  e n v i r o n m e n t  a n d  
t e m p e r a t u r e  b u t  o f  1 0 0 0 - h r  d u r a t i o n  
were  a l s o  r u n  on I n c o n e l  and t y p e - 3 1 6  
s t a i n l e s s  s t e e l  t u b e s .  T h e s e  m a t e r i a l s  
w i t h s t o o d  h o o p  s t r e s s e s  o f  1 2 0 0  p s i  
a n d  1 7 0 0  p s i ,  r e s p e c t i v e l y ,  and  t h e  
d i a m e t e r s  i n c r e a s e d  1 . 7  a n d  0 . 7 % ,  
r e s  pec  t i v e  1 y . 

O p e r a t i o n  o f  C r e e p  a n d  S t r e s s -  
R u p t u r e  E q u i p m e n t .  T h e  c e n t e r  o f  
g r a v i t y  o f  t h e  l e v e r - a r m  c o u n t e r  w e i g h t  
on e a c h  t e s t i n g  m a c h i n e  was  r a i s e d  
a p p r o x i m a t e l y  2 i n .  above  t h e  p l a n e  of 
t h e  k n i f e  e d g e s  p r i o r  t o  m a k i n g  a 
s e r i e s  o f  c r e e p  a n d  s t r e s s - r u p t u r e  
t e s t s .  Wi th  t h e  c o u n t e r  w e i g h t s  t h u s  
r a i s e d ,  t h e  t a r e  w e i g h t  o f  t h e  l e v e r  
arm w a s  i n c r e a s e d  by  t h e  same  amount  
t h a t  t h e  s p r i n g  l o a d  of  t h e  compressed  
s e a l i n g  b e l l o w s  was d e c r e a s e d ,  s o  t h a t  
a c o n s t a n t  l o a d  c o u l d  be  m a i n t a i n e d  
d u r i n g  t e s t .  The  i n i t i a l ,  o r  t a r e ,  
l o a d  o f  e a c h  t e s t i n g  m a c h i n e  w a s  
m e a s u r e d  w i t h  w i r e  s t r a i n  g a g e s  
m o u n t e d  on  a d u p l i c a t e  s p e c i m e n  a n d  
t h e  c o n s t a n c y  o f  t h e  l o a d  w a s  a l s o  
v e r i f i e d  . 
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CERAMICS L A B O R A T O R Y  

T .  N .  McVay, C o n s u l t a n t  

C o n s i d e r a t i o n  o f  t h e  p o s s i b l e  a p p l i -  
c a t i o n  o f  c e r a m i c s - c o a  t e d  m a t e r i a l s  
t o  r e a c t o r s  h a s  i n d i c a t e d  s e v e r a l  po-  
t e n t  i a  l i  t i e s  t h a t  r e q u i r e  f u r t h e r  
d e v e l o p m e n t .  A c e r a m i c  c o a t i n g  h a s  
b e e n  a p p l i e d  t o  a h i g h - t e m p e r a t u r e  
r a d i a t o r  and a p p e a r s  t o  o f f e r  e x c e l l e n t  
o x i d a  t i o n  r e s i s t  an c e .  Pe t r o g r  a p h i c  
e x a m i n a t i o n  of f l u o r i d e  f u e l s  i s  b e i n g  
u n d e r t a k e n  and  a d d i t i o n a l  e q u i p m e n t  - 
m a i n l y  h i g h - t e m p e r a t u r e  f u r n a c e s  - 
h a v e  b e e n  a d d e d  t o  t h e  l a b o r a t o r y  
f a c i l i t i e s .  

Ceramic A p p l i c a t i o n s  t o  Reactors .  
Some g e n e r a l  c o n c l u s i o n s  c a n  be  g i v e n  
c o n c e r n i n g  t h e  u s e f u l n e s s  o f  c e r a m i c s  
i n  r e a c t o r s  on t h e  b a s i s  o f  an  a n a l y -  
s i s  o f  t h e i r  p h y s i c a l  p r o p e r t i e s  and  
o t h e r  i n f o r m a t i o n . ( 3 )  

1. G l a s s  a n d g l a s s - b o n d e d  c e r a m i c s ,  
which i n c l u d e  n e a r l y  a l l  " c o n v e n t i o n a l "  
c e r a m i c s ,  a r e  n o t  u s e f u l  i n  h i g h -  
t e m p e r a t u r e  r e a c t o r s  a s  s t r u c t u r a l  
e l e m e n t s  b e c a u s e  o f  a t e n d e n c y  t o  
s o f t e n  a t  r e l a t i v e l y  low t e m p e r a t u r e s ,  
b r i t t l e n e s s ,  poor  m e c h a n i c a l  and t h e r m a l  
s h o c k  p r o p e r t i e s ,  a n d  p o o r  t h e r m a l  
c o n d u c t i v i t i e s .  However ,  i f  t h e y  can  
b e  u s e d  a s  l i q u i d s ,  g r a i n s ,  p o w d e r ,  
o r  c o a t i n g s  t h e y  may be c o n s i d e r e d .  

2 .  Ox ide  c e r a m i c s  g e n e r a l l y  h a v e  
m o s t  o f  t h e  a b o v e - m e n t i o n e d  d i s a d -  

. v a n t a g e s ,  o f t e n  t o  a l e s s e r  d e g r e e ,  
b u t  t h e y  d o  n o t  e x h i b i t  t h e  t e n d e n c y  
t o  s o f t e n  a t  l ow t e m p e r a t u r e s .  A l l  
t h e  o x i d e s  w i t h  t h e  e x c e p t i o n  o f  b e r y l -  
l i um o x i d e  have  t h e r m a l  c o n d u c t i v i t i e s  
c o n s i d e r a b l y  l e s s  t h a n  t h o s e  o f  m o s t  
m e t a l s .  I f  t h e  t h e r m a l  and s t r u c t u r a l  
r e q u i r e m e n t s  a r e  n o t  t o o  g r e a t  a n d  
t h e  c o o l a n t  c o r r o s i o n  p r o b l e m s  c a n  be  

( 3 ) J .  R. J o h n s o n ,  C e r a m i c  M a t e r i a l s  a s  R e l a t e d  
t o  t h e  R e a c t o r  P r o g r a m ,  ORNL CF-52-1-144, J a n .  
18, 1 0 5 2 .  

m e t ,  o x i d e s  may b e  u s e d  i n  r e a c t o r s ,  
p e r h a p s  e v e n  a s  s t r u c t u r a l  m a t e r i a l .  
O x i d e s  i n  c o m b i n a t i o n  w i t h  0 the . r  ma- 
t e r i a l s  of f e r  t h e  g r e a t e s t  p r o m i s e .  

3 .  C a r b i d e s ,  n i t r i d e s ,  b o r i d e s ,  
h y d r i d e s ,  a n d  s u l f i d e s  h a v e  b e e n  
i n v e s t i g a t e d ,  b u t  m o s t  o f  t h e m  n e e d  
f u r t h e r  s t u d y .  B e r y l l i u m  c a r b i c l e  was 
i n t e n s i v e l y  i n v e s t i g a t e d  and devleloped 
i n  theNEPA p r o j e c t  and w i l l  be s t u d i e d  
f u r t h e r  u n d e r  G . E .  I t  h a s  many d e -  
s i r a b l e  p r o p e r t i e s  and  i f  s u c c e s s f u l l y  
c o a t e d  t o  p r e v e n t  c o r r o s i o n  ( p a r t i c u -  
l a r l y  o x i d a t i o n )  and  l o s s  o f  f i s s i c n  
p r o d u c t s ,  s h o u l d  p r o v e  u s e f u l  i n  h i g h -  
t e m p e r a t u r e  r e a c t o r s .  A l t h o u g h  many 
o f  t h e s e  u n u s u a l  m a t e r i a l s  a r e  v e r y  
r e f r a c t o r y ,  t h e y  a r e  a l s o  v e r y  r e -  
a c t i v e  a t  h i g h  t e m p e r a t u r e s ,  p a r t i c u -  
l a r l y  i n  t h e  p r e s e n c e  o f  o x y g e n  a n d  
w a t e r  v a p o r .  

4. C e r a m i c - m e t a l  c o m b i n a t i o n s  
( C e r m e t s )  have  been  s t u d i e d  i n t e n s i v e l y  
by g r o u p s  s p o n s o r e d  b y  t h e  Air F o r c e .  
Both  s t r u c t u r a l  m a t e r i a l s  and c o a t i n g s  
have  been  d e v e l o p e d .  A few tha t ;  have  
shown p r o m i s e  a r e  A 1 , 0 3  -Cr  A 1 , 0 ,  - F e ,  
A l , O , - N i ,  MgO-Nil  a n d  T i c - C o .  The  
Cr-A1 0 Cermets  have some i n t e r e s t i n g  
p r o p e r t i e s  s u c h  a s  r e a s o n a b l y  h i g h  
s t r e n g t h  a t  t e m p e r a t u r e s  up t o  2372'F 
and v e r y  good o x i d a t i o n  r e s i s t a n c e  a t  
t h e s e  t e m p e r a t u r e s .  They a r e  somewhat 
b r i t t l e ,  h o w e v e r ,  a n d  a r e  n o t  t o o  
r e s i s t a n t  t o  t h e r m a l  s h o c k .  T h i s  
p r o p e r t y  depends  on t h e  o x i d e  c o n t e n t .  
F a b r i c  a t  i on t e c h n i q u e s  have  be en  w e  11 
d e v e l o p e d  f o r  some s h a p e s .  C o n s i d e r -  
a b l e  f u r t h e r  s t u d y  w i l l  b e  n e c e s s a r y  
t o  d e t e r m i n e  t h e i r  u s e f u l n e s s  i n  h i g h -  
t e m p e r a t u r e  r e a c t o r s .  

2 3 .  

Coatings for  the Radiator. 11. c o n -  
s i d e r a b l e  a m o u n t  o f  w o r k  h a s  b e e n  
done  t h i s  q u a r t e r  i n  a p p l y i n g  c e r a m i c  
c o a t i n g s  t o  s t a i n l e s s  s t e e l  and I n c o n e l ,  
s i n c e  t h e s e  may b e  r e q u i r e d  i n  a 
l i q u i d - t o - a i r  r a d i a t o r .  Much p r o m i s e  
f o r  h i g h - t e m p e r a t u r e  a n d  o x i d a t i o n  
r e s i s t a n c e  f o r  r e a c t o r  m a t e r i a l s  h a s  

1 c 

i 
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b e e n  s h o w n  by  NBS C e r a m i c - C o a t i n g  
A-418. Samples  c o a t e d  t o  a b o u t  2 m i l s  
t h i c k n e s s  a r e  c u r r e n t l y  u n d e r g o i n g  
t e s t i n g .  The computed  o x i d e  compos i -  
t i o n  o f  t h e  f r i t  ( g l a s s  p h a s e  o f  t h e  
c o a t i n g )  i s :  

S io, 3 7 . 5 %  
B2 0 3  6 . 5  
BaO 4 4 . 0  
CaO 3 . 5  
ZnO 5 . 0  

1 . 0  
2 . 5  Zr02 

1 0 0 . 0  

%03 

S i m i l a r  c o a t i n g s  d e v e l o p e d  f o r  t h e  
A i r  F o r c e  have  b e e n  shown t o  p r o t e c t  
s t a i n l e s s  s t e e l  a t  2 0 0 0 ' F  f o r  o v e r  
2 0 0  h r ,  or 1 8 0 0 ° F  f o r  a n  a l m o s t  i n -  
d e f i n i t e  p e r i o d .  T e s t i n g  p r o c e d u r e s  
f o r  t h e s e  c o a t i n g s  a r e  d e s c r i b e d  i n  
t h e  l i t e r a t u r e . ( 4 )  

( 4 ) W .  N. H a r r i s o n ,  D. G. M o o r e ,  a n d  J. C. 
Richmond, "Ceramic Coatings f o r  High-Temperature 
P r o t e c t i o n  of Steel," R P 1 7 7 3 ,  J. R e s e a r c h  N a t .  
Bur. S t a n d a r d s  38, 2 9 3 - 3 0 7  (March 1947). 

Ceramic Laboratory Equipment. A 
h i g h - t e m p e r a t u r e  m o l y b d e n u m - w o u n d  
f u r n a c e  d e s i g n e d  b y  Thomas S h e v l i n ,  
C o n s u l t a n t  f rom Ohio  S t a t e  U n i v e r s i t y ,  
w i l l  b e  u s e d  f o r  Cermet w o r k .  T h e  
s h e l l  and  a c c e s s o r y  c o m p o n e n t s  a r e  
b e i n g  f a b r i c a t e d  i n  t h e  Y-12  s h o p s .  
T h e  r e f r a c t o r i e s  a n d  w i n d i n g s  a r e  
e i t h e r  on hand or  on o r d e r .  

The h i g h - t e m p e r a t u r e  x - r a y  f u r n a c e  
and t h e  s m a l l ,  h i g h - t e m p e r a t u r e  vacuum 
f u r n a c e  have been  b u i l t .  The t h e r m a l -  
d i f f u s i v i t y  a n d  t h e r m a l - e x p a n s i o n  
e q u i p m e n t  h a v e  b e e n  d e s i g n e d  a n d  a r e  
i n  t h e  s h o p s .  The  h i g h - t e m p e r a t u r e  
d i l a t o m e t e r  i s  i n  u s e .  

Microscopic  Examination o f  F l u o -  
r i d e s .  P e t r o g r a p h i c  e x a m i n a t i o n  o f  
f l u o r i d e  f u e l s  i s  u n d e r  way,  and  t h e  
s o l u b i l i t y  o f  u r a n i u m  t e t r a f l u o r i d e  
i n  b e r y l l i u m  f l u o r i d e  g l a s s  i s  b e i n g  
s t u d i e d .  F i v e  m o l e  p e r  c e n t  o f  t h e  
u r a n i u m  t e t r a f l u o r i d e  a p p e a r s  t o  b e  
s o l u b l e  i n  t h e  b e r y l l i u m  f l u o r i d e .  
No g l a s s  was p r e s e n t  i n  t h e  one  f u s e d  
m i x t u r e  o f  NaF-KF-ZrF4 -UF4 s t u d i e d .  
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13. HEAT TRANSFER AND PHYSICAL PROPERTIES RESEARCH 

H. F. P o p p e n d i e k ,  R e a c t o r  E x p e r i m e n t a l  E n g i n e e r i n g  D i v i s i o n  

V i s c o s i t i e s  o f  NaF-KF-LiF e u t e c t i c  
h a v e  b e e n  d e t e r m i n e d  o v e r  a w i d e  
t e m p e r a t u r e  r a n g e  by u t i l i z i n g  t h r e e  
t y p e s  o f  v i s c o m e t e r s  t h a t  r a n g e  f rom 
a b o u t  8 c e n t i p o i s e s  a t  5 5 O o C  t o  3 
c e n t i p o i s e s  a t  80OoC. The a d d i t i o n  o f  
up t o  30 w t  % o f  uran ium t e t r a f l u o r i d e  
i n c r e a s e d  t h e  v i s c o s i t y  o f  t h i s  
f l u o r i d e  f rom 5 t o  7 c e n t i p o i s e s  a t  
7OO0C b u t  o n l y  from 4 . 0  t o  4 . 3  c e n t i -  
p o i s e s  a t  8 0 0 O C .  Some p r e l i m i n a r y  
t h e r m a l  c o n d u c t i v i t y  i n f o r m a t i o n  o n  
t h i s  c o o l a n t  h a s  a l s o  been  o b t a i n e d .  
H e a t  c a p a c i t y  d e t e r m i n a t i o n s  have  been 
made f o r  two d i f f e r e n t  c o m p o s i t i o n s  o f  
NaF-BeF2-UF, m i x t u r e s  o v e r  wide t emper -  
a t u r e  r a n g e s .  A t a b l e  s u m m a r i z i n g  
p h y s i c a l  p r o p e r t i e s  o f  m a t e r i a l s  o f  
i n t e r e s t  t o  ANP i s  i n c l u d e d .  

A s e r i e s  o f  c o r r o s i o n  f a i l u r e s  h a s  
made i t  i m p o s s i b l e ,  f o r  t h e  p r e s e n t ,  
t o  o b t a i n  f u n d a m e n t a l  h e a t  t r a n s f e r  
d a t a  f o r  f u s e d  s a l t s  and h y d r o x i d e s .  
T h e  h e a t e d - t u b e ,  l i t h i u m  s y s t e m  h a s  
b e e n  c o m p l e t e d  a n d  i s  t o  be u s e d  t o  
d e t e r m i n e  h e a t  t r a n s f e r  c h a r a c t e r i s t i c s  
f o r  t h i s  c o o l a n t  i n  t h e  n e a r  f u t u r e .  
Some e x p e r i m e n t a l  b o i l i n g h e a t  t r a n s f e r  
d a t a  f o r  a m e r c u r y  s y s t e m  h a v e  b e e n  
o b t a i n e d .  

The m a t h e m a t i c a l  a n a l y s i s  o f  c i r c u -  
l a t i n g - f u e l  h e a t  t r a n s f e r  f o r  t u r b u l e n t  
f l o w  h a s  been  e v a l u a t e d  f o r  a s e r i e s  
o f  R e y n o l d ’ s  and P r a n d t l ’ s  m o d u l i  f o r  
t h e  c a s e  o f  n o  w a l l  h e a t  t r a n s f e r .  
Ma themat i ca l  s o l u t i o n s  f o r  t h e  n a t u r a l  
c o n v e c t i o n o f  l i q u i d  f u e l  e l e m e n t s  have  
been deve loped  f o r  t u r b u l e n t  f l o w s .  

V I S C O S I T Y  OF FLUORIDE M I X T U R E S  

M. T o b i a s  S. I .  Kap lan  
R e a c t o r  E x p e r i m e n t a l  Eng inee r i tng  

D i  v i  s i  on 

J .  M .  C i s a r  
ANP D i v i s i o n  

F. A .  Knox F. K e r t e s z  
M a t e r i a l  s C h e m i s t r y  D i  v i s i o r i  

The v i s c o s i t y  o f  t h e  v a r i o u s  f l u o r i d e  
f u e l s  p r o p o s e d  f o r  t h e  c i r c u l a t i n g -  
f u e l  r e a c t o r  i s  o f  g r e a t  i m p o r t a n c e ,  
s i n c e  a low v a l u e  ( l e s s  t h a n  1 0  c e n t i -  
p o i s e s  a t  8 0 0 ° C )  i s  r e q u i r e d .  T h e  
m i x t u r e  NaF-KF-LiF-UF4 a p p e a r s  t o  meet 
t h i s ,  r e q u i r e m e n t ,  w h e r e a s  NaF-KF-UF4 
d o e s  n o t .  

V i s c o s i t y  of N a F - K F - L i F .  T h e  
v i s c o s i t y  o f  t h e  NaF-KF-LiF  e u t e c t i c  
( 1 1 . 5  m o l e  % N a F ,  4 2 . 0  m o l e  % KF,  
46 .5  mole % L i F )  was measured  by u s i n g  
t h r e e  d i f f e r e n t  v i s c o m e t e r s ,  a m o d i f i e d  
B r o o k f i e l d  v i s c o m e t e r ,  an e f f l u x  u n i t ,  
and t h e  p r e v i o u s l y  d e s c r i b e d  f a l l i n g -  
b a l l  i n s t r u m e n t . ( ’ )  T h e  d a t a  o b -  
t a i r ~ e d ( ~ * ~ )  r a n g e  f r o m  a b o u t  8 * 1 
c e n t i p o i s e s  a t  550°C t o  3 & 1 c e n t i -  
p o i s e s  a t  80OoC. 

( “ F .  A .  K n o x  a n d  F .  K e r t e s z ,  “ B r o o k f i e l d  
V i s c o m e t e r , ”  A i r c r a f t  N u c l e a r  P r o p u l s i o n  ,Project 
Q u a r t e r l y  P r o g r e s s  R e p o r t  f o r  P e r i o d  E n d i n g  
September 10, 1 9 5 1 ,  ORNL-1154, p .  1 3 6 .  

(2)M. T o b i a s ,  M e a s u r e m e n t s  of the Viscosity o f  
F l i n a k ,  Y - F 3 0 - 6 ,  F e b .  2 6 ,  1952 .  

( 3 ) S .  I .  K a p l a n ,  V i s c o s i t y  M e a s u r e m r n t s  o f  
F l i n a k  b y  t h e  F a l l i n g - B a l l  V i s c o m e t e r  ( t o  b e  
i s s u e d ) .  
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Viscosity of NaF-KF-LiF-UF,. T h e  
p r e v i o u s l y  d e s c r i b e d ( , )  a p p a r a t u s  con-  
s i s t i n g  o f  a m o d i f i e d  B r o o k f i e l d  
v i s c o m e t e r  and a c o n t r o l l e d  a tmosphe re  
f u r n a c e  w i t h  c e r t a i n  i m p r o v e m e n t s  t o  
g u a r d  a g a i n s t  h y d r o l y s i s  a n d  o x i d i -  
z a t i o n  was u s e d  d u r i n g  t h e  p a s t  q u a r t  e r 
t o  d e t e r m i n e  t h e  v i s c o s i t y  o f  NaF-KF- 
L i F - U F , .  I n c r e a s i n g  t h e  a m o u n t  o f  
uran ium f l u o r i d e ,  up  t o  3 0 w t % ,  f a i l e d  
t o  c a u s e  a s u b s t a n t i a l  c h a n g e  i n  t h e  
v i s c o s i t y ,  a s  shown i n  T a b l e  35.  

TABLE 35 

Viscosity of NaF-KF-LiF-UF, MIXTURES 
as a Function of Uranium Tetrafluoride 

Concentration 

UF, CONCENTRATION* 

( w t  %) 

;; 1 %i% 1 ",; 
4.3 

7.2 4.3 

*Solvent (mole 76):  11.5, NaF; 4.2, KF; 46.5, LiF. 

Modifications of Viscosity Apparatus. 
The e f f l u x  and B r o o k f i e l d  v i s c o m e t e r s  
a r e  b e i n g  i n s t a l l e d  i n a d r y  box f i l l e d  
w i t h  i n e r t  g a s  t o  s t u d y  t h e  v i s c o s i t y  
o f  b e r y l l i u m - c o n t a i n i n g  f l u o r i d e  
m i x t u r e s  a f t e r  h y d r o f l u o r i n a t i o n  t o  
r e m o v e  i n s o l u b l e  o x i d e s  f o r m e d  b y  
o x i d a t i o n  a n d  h y d r o l y s i s .  A n e w ,  
n i c k e l  v i s c o m e t e r  t u b e  h a s  b e e n  i n -  
s t a l l e d  i n  t h e  f a l l i n g - b a l l  a p p a r a t u s  
f o r  f u r t h e r  h i g h - t e m p e r a t u r e  s a l t  work. 

(4)F. A .  Knox and F .  K e r t e s z ,  " V i s c o s i t y  o f  
F l u o r i d e  M i x t u r e s , "  A i r c r a f t  N u c l e a r  P r o p u l s i o n  
P r o j e c t  Q u a r t e r l y  P r o g r e s s  R e p o r t  f o r  P e r i o d  
E n d i n g  Decenber  10, 1951,  ORNL-1170, p .  126. 
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The l e n g t h  o f  t h e  m e a s u r e d  f a l l  p a t h  
h a s  been i n c r e a s e d  by a b o u t  o n e - f o u r t h  
a n d  t h e  a m o u n t  o f  m a t e r i a l  n e e d e d  
d e c r e a s e d  by o n e - t h i r d ,  

THE R ill AL C ON D U C T I V I T Y OF L I QU I D  S 
AND SOLIDS 

L.. Cooper  M .  T o b i a s  
W. D. Powers  S. J. C l a i b o r n e  
R e a c t o r  E x p e r i m e n t a l  E n g i n e e r i n g  

D i v i s i o n  

The  t h e r m a l  c o n d u c t i v i t y  a p p a r a t u s  
was f u r t h e r  checked  by c a l i b r a t i o n  with 
a m o l t e n  m e t a l .  T h e  v a l u e  o f  t h e  
t h e r m a l  c o n d u c t i v i t y  o f  l e a d  o b t a i n e d  
w i t h  t h i s  d e v i c e  a g r e e d  w i t h i n  13% o f  
t h e  v a l u e  g i v e n  i n  t h e  l i t e r a t u r e .  
E x p e r i m e n t s  t o  s t u d y  F l i n a k  (L,iF-NaF- 
KF e u t e c t i c )  were  i n i t i a t e d ;  however ,  
a t  t h e  e n d  o f  o n e  r u n  a c o r r o s i o n  
f a i l u r e  ( a t t a c k  on a weld and  a s t a i n -  
l ess  s t e e l  b e l l o w s )  h a l t e d  t h e  e x p e r i -  
m e n t a l  w o r k .  The  p r e l i m i n a r y  r e s u l t s  
o f  t h i s  s i n g l e  r u n  i n d i c a t e d  t h a t  t h e  
t h e r m a l  c o n d u c t i v i t y  o f  F l i n a k  was  
s e v e r a l f o l d  g r e a t e r  t h a n  t h a t  o f  t h e  
f l u o r i d e  h e a v i l y  l a d e n  w i t h  u r a n i u m  
( 4 6 . 5  mole 75 NaF, 26 .0  mole % KF, and  
2 7 . 5  m o l e  X UF,) t h a t  had been  s t u d i e d  
p r e v i o u s l y .  M o d i f i c a t i o n  o f  t h e  
s y s t e m  w i l l  b e  a t t e m p t e d  s o  t h a t  
c o r r o s i o n  w i l l  be min imized ,  Upon t h e  
c o m p l e t i o n  o f  t h i s  m o d i f i c a t i o n ,  
f u r t h e r  t h e r m a l  c o n d u c t i v i t y  m e a s u r e -  
m e n t s  o f  t h e  f l u o r i d e s  w i l l  be made. 

A new, l o n g i t u d i n a l  f l ow a p p a r a t u s ,  
o r i g i n a l l y  d e v e l o p e d  t o  i n v e s t i g a t e  
s o l i d s ,  h a s  been e r e c t e d .  T h i s  d e v i c e  
w i l l  now be u s e d  f o r  s t u d i n g  l i q u i d s  
w i t h  h i g h  t h e r m a l  c o n d u c t i v i t i e s .  I t  
i s  b e l i e v e d  t h a t  t h e  m i n o r  f r e e -  
c o n v e c t i o n  c u r r e n t s  t h a t  m i g h t  o c c u r  
i n  t h i s  s y s t e m  w i l l  n o t  s i g n i f i c a n t l y  
i n f l u e n c e  t h e  h e a t  t r a n s f e r  ( c o n d u c t i o n  
b e i n g  t h e  i m p o r t a n t  h e a t  t r a n s f e r  mode 
i n  t h i s  c a s e ) .  



FOR P E R I O D  ENDING MARCH 1 0 ,  1952 

HEAT CAP CITIES 

W. D. Powers  R.  M .  B u r n e t t  
G. C. B l a l o c k  

R e a c t o r  E x p e r i m e n t a l  E n g i n e e r i n g  
D i v i s i o n  

The e n t h a l p i e s  and h e a t  c a p a c i t i e s  
o f  t h e  f o l l o w i n g  s a l t  m i x t u r e s  h a v e  
been  d e t e r m i n e d  by t h e  u s e  o f  Bunsen  
i c e  c a l o r i m e t e r s .  F o r  t h e  76 m o l e  % 
N a F - 1 2  m o l e  % BeF, -12  m o l e  % UF, 
m i x t u r e  a t  250 t o  46SoC, 

HT ( s )  - Hooc (s) = 0.22T - 5 (cal /g)  , 

c = 0.22 k 0.02 (cal/g.'C) , P 

a n d  a t  520 t o  lOOO'C, 

HT ( I )  - H o O c ( s )  = 0.32T - 35 (cal/g) , 

c = 0.32 k 0.03 (cal/g"C) . P 

, For t h e  2 5  mole  % NaF-60 mole  % BeF2- 
15  mole %UF, m i x t u r e  a t  280 t o  1000°C, 

H T  - Hoot = 0.32T - 85 ( c a l / g )  , 

c = 0 . 3 2  k 0.02 ( c a l / g * ' C )  . 
The e n t h a l p y -  t e m p e r a t u r e  c u r v e  o f  t h e  
s e c o n d  s a l t  m i x t u r e  e x h i b i t e d  n o  d i s -  
c o n t i n u i t i e s  a n d  t h u s  i n d i c a t e d  t h e  
c h a r a c t e r i s t i c s  o f  a g l a s s .  

P 

- 
a p a c i t i e s  o f  

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

a r e  i n  d i s a g r e e m e n t ;  t h e r e f o r e  new 
m e a s u r e m e n t s  were made b e t w e e n  1037 
( s l i g h t l y  a b o v e  t h e  m e l t i n g  p o i n t )  
a n d  1185OC. T h e  a p p a r a t u s  and  p r o -  
c e d u r e  employed were d e s c r i b e d  p r e v i -  
o u ~ l y . ( ~ * ~ )  The  d a t a  may b e  r e p r e -  
s e n t e d  by t h e  e q u a t i o n  

log,,, P(mm Hg) = ( -9130 .5 /T)  + 7 . 7 7 4  , 

which  g i v e s  a maximum v a r i a t i o n  f r o m  
t h e  measured  v a l u e s  o f  4.6%. The h e a t  
o f  v a p o r i z a t i o n ,  a s  c a l c u l a t e d  f r o m  
t h e  e q u a t i o n ,  i s  4 2 . 1  k g - c a l / m o l e .  

I n  e a r l i e r  w o r k  J o h n s o n ( ' )  u s e d  
a s t a t i c  m e t h o d  f o r  d e t e r m i n i n g  
t h e  v a p o r  p r e s s u r e  o f  s o l i d  u r a n i u m  
t e t r a f l u o r i d e ,  and Ryon and T w i t c h e l l (  8 ,  

m e a s u r e d  a s e r i e s  o f  b o i l i n g  p o i n t s  
a t  r e d u c e d  p r e s s u r e s .  T h e  h i , g h e s t  
vapor  p r e s s u r e  o b t a i n e d  w i t h  t h e  s o l i d  
was  a p p r o x i m a t e l y  6 . 5  m m  a t  1 0 0 0 ° C ,  
b u t  i n  t h e  p r e s e n t  work t h i s  p r e s s u r e  
was  o b s e r v e d  a t  a b o u t  1O4O0C. T h e  
b o i l i n g - p o i n t  m e t h o d  g a v e  a much  
h i g h e r  h e a t  o f  v a p o r i z a t i o n  t h a n  t h a t  
c a l c u l a t e d  f r o m  t h e  d a t a  i n  t h i s  
r e p o r t ;  t h a t  i s ,  t h e  p r e s s u r e s  o b -  
t a i n e d  a t  h i g h e r  t e m p e r a t u r e s  were 
c o n s i d e r a b l y  h i g h e r ,  and  t h o s e  o b t a i n e d  
a t  l o w e r  t e m p e r a t u r e s  c o n s i d e r a b l y  
l o w e r ,  t h a n  t h e v a l u e s  r e p o r t e d  h e r e i n .  
T h e  d i f f i c u l t y  o f  o b t a i n i n g  r e l i a b l e  
b o i l i n g  p o i n t s  i n  t h e  l o w  p r e s s u r e  
r a n g e  a n d  t h e  f a c t  t h a t  t h e  p o i n t s  
were s c a t t e r e d  m i g h t  a c c o u n t  f o r  some 
o f  t h e  d i f f e r e n c e s .  

Vapor  p r e s s u r e s  o f  sod ium f l u o r i d e  
and p o t a s s i u m  f l u o r i d e ,  t h e  o t h e r  two 
components  o f  t h e  NaF-KF-UF, e u t e c t i c  

VAPOR PRESSURE OF LIQUID FUELS 

R. E.  Moore 
M a t e r i a l s  C h e m i s t r y  D i v i s i o n  

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

(')R. E .  M o o r e  a n d  C .  J .  B a r t o n ,  " V a p o r  
P r e s s u r e , "  o p .  c i t . ,  ORNL-1154, p .  137. 

(6)R. E .  M o o r e ,  " V a p o r  P r e s s u r e  o f  L i q u i d  
F u e l s , "  o p .  c i t . ,  ORNL-1170, p.  126. 

("K. 0.  J o h n s s o n ,  T h e  V a p o r  P r e s s u r e  o f  
l l r a n i u r  T e t r a f l u o r i d e ,  Y-42, Oct. 20, 1947. 

( 8 ) A .  D .  R y o n  a n d  L. P .  T w i c h e l l ,  V a p o r  
P r e s s u r e  and  R e l a t e d  P h y s i c a l  C o n s t a n t s  o f  ( J r a n i u r  
T e t r a f l u o r i d e ,  H-5.385.2, J u l y  2 5 ,  1947. 
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m i x t u r e ,  h a v e  b e e n  d e t e r m i n e d  b y  
W a r t e n b e r g  and  S c h u l z e . ( g )  The  d a t a  
f o r  s o d i u m  f l u o r i d e  a n d  p o t a s s i u m  
f l u o r i d e ,  a s  w e l l  a s  t h e  d a t a  r e p o r t e d  
h e r e  f o r  u r a n i u m  t e t r a f l u o r i d e ,  w e r e  
e x t r a p o l a t e d  t o  1267"C,  t h e  h i g h e s t  
t e m p e r a t u r e  a t  which t h e  vapor  p r e s s u r e  
of  t h e  e u t e c t i c  m i x t u r e  was measured .  
The i d e a l  p a r t i a l  p r e s s u r e s  a t1267 'C  o f  
e a c h  o f  t h e  components  o f  t h e  m i x t u r e ,  
a s  c a l c u l a t e d  by R a o u l t ' s  l a w ,  show 
6 .4  m m  f o r  sodium f l u o r i d e ,  31 m m  f o r  
p o t a s s i u m  f l u o r i d e ,  a n d  1 9  m m  f o r  
u r a n i u m  t e t r a f l u o r i d e .  T h e  i d e a l  
t o t a l  p r e s s u r e  i s  t h e r e f o r e  a p p r o x i -  
m a t e l y  56 mm, whereas  t h e  e x p e r i m e n t a l  
vapor  p r e s s u r e  a t  1267'C i s  1 1 . 6 . ( ' )  

A s s o c i a t i o n  i n  t h e  m i x t u r e  p r o b a b l y  
a c c o u n t s  f o r  t h e  l a r g e  d e v i a t i o n  from 
i d e a l  b e h a v i o r .  A l i k e l y  p o s s i b i l i t y  
i s  t h e  p r e s e n c e  o f  c o m p l e x  i o n s  
formed by a s s o c i a t i o n  o f  f l u o r i d e  i o n s  
and uranium t e t r a f l u o r i d e  m o l e c u l e s .  

P H Y S I C A L  P R O P E R T Y  D A T A  

M. T o b i a s  
R e a c t o r  E x p e r i m e n t a l  E n g i n e e r i n g  

D i v i s i o n  

Summar ies  o f  t h e  a v a i l a b l e  d a t a  on  
t h e  p h y s i c a l  p r o p e r t i e s  o f  f l u o r i d e  
s a l t s  and o t h e r  r e a c t o r  m a t e r i a l s  a r e  
p r e s e n t e d  i n  T a b l e s  36  and  37 .  Most  
o f  t h e  d a t a  w e r e  o b t a i n e d  by  t h e  
p h y s i c a l  p r o p e r t i e s  g r o u p  a t  O W L ;  
h o w e v e r ,  p e r t i n e n t  p h y s i c a l  p r o p e r t y  
measu remen t s o b t a i n e d  by o t h e  r o rgan  i - 
z a t i o n s  a r e  a l s o  i n c l u d e d .  The  ORNL 
p h y s i c a l  p r o p e r t y  m e a s u r e m e n t s  a r e  
b e i n g  made f o r  t h e  p u r p o s e  o f  q u i c k l y  
s u p p l y i n g  t h e  ANP p r o j e c t  w i t h  d a t a  o f  
a r e a s o n a b l e  a c c u r a c y .  The  g e n e r a l  

(9)H. v .  W a r t e n b e r g  a n d  S i .  S c h u l z e ,  " V a p o r  
P r e s s u r e  o f  Some S a l t s .  11," 2. E l e k t r o c h e n .  27, 
5 6 8  (1921). 

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

1. M e l t i n g  p o i n t :  w i t h i n  a b o u t  f10'C. 

2 ,  H e a t  C a p a c i t y :  w i t h i n  a b o u t  + lo%.  

3 ,  Thermal  c o n d u c t i v i t y :  p r e l i m i n a r y  
c h e c k s  on t h e  t h e r m a l  c o n d u c t i v i t y  
d e v i c e  f o r  l i q u i d s ,  made by u s i n g  
mol t en  lead,  i n d i c a t e d  t h a t  t h e  d a t a  
f e l l  w i t h i n  a b o u t  +30% o f t h e k n o w n  
v a l u e s .  An e r r o r  a n a l y s i s ,  assum- 
i n g  p e s s i m i s t i c  C h r o m e l - A l u m e l  
the rmocoup le  d e v i a t i o n s ,  s u g g e s t e d  
t h a t  t h e  N a F - K F - U F 4  d a t a  w e r e  
a c c u r a t e  t o  w i t h i n  a b o u t  + 3 0 % .  
F u r t h e r  checks a r e  b e i n g  made. 

U 
4. V i s c o s i t y :  t h e  r e s u l t s  s o  f a r  a r e  

p r e l i m i n a r y .  A d e f i n i t e  a c c u r a c y  
c a n n o t  y e t  be a s s i g n e d .  

5. D e n s i t y :  w i t h i n  a b o u t  t5%. 

Only  t h e  e x i s t e n c e  o f  p r e l i m i n a r y  
p h y s i c a l  p r o p e r t y  d a t a  h a s  been  n o t e d  
on T a b l e s  36 and 3 7 ;  when t h e  r e s u l t s  
h a v e  been  c o n f i r m e d ,  t h e  d a t a  w i l l  be 
l i s t e d .  

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

D. C .  H a m i l t o n  L. P a l m e r  
F. E .  Lynch R.  F. Redmond 
R e a c t o r  E x p e r i m e n t a l  E n g i n e e r i n g  

D i  v i  s i o n  

A n a l y  t i c a  1 s o l u t i o n s  h a v e  b e e n  
d e v e l o p e d  f o r  n a t u r a l  c o n v e c t i o n  
s y s t e m s  i n  w h i c h  t h e  h e a t  s o u r c e  and  
t h e  w a l l  f l u x  a r e  u n i f o r m  a n d  t h e  
a s p e c t  r a t i o  i s  v e r y  h i g h  ( i , e , ,  L/d * 
v e r y  l a r g e ) ,  T h r e e  memorandums h a v e  
been  p u b l i s h e d  r e g a r d i n g  t h e  l a m i n a r  

., 
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FOR PERIOD ENDING MARCH 10, 1952 

C 

f low c a s e . ( 1 0 * 1 1 * 1 2 )  One a n a l y s i s  i n -  
v o l v e s  a p a r a l l e l  p l a n e  s y s t e m  a n d  
c o n s i s t s  o f  s o l v i n g  t h e  h e a t  c o n -  
d u c t i o n  e q u a t i o n  by u s i n g  a s i m p l i f i e d  
v e l o c i t y  d i s t r i b u t i o n ;  a s i m i l a r  
a n a l y s i s  h a s  been  made f o r  a c i r c u l a r  
p i p e  s y s t e m ;  and a t h i r d  a n a l y s i s  con-  
s i s t s  o f  s o l v i n g  t h e  hydrodynamic  and 
h e a t  f l o w  e q u a t i o n s  s i m u l t a n e o u s l y .  
T h e  t e m p e r a t u r e  d i s t r i b u t i o n s  a n d  
c r i t i c a l  R e y n o l d ' s  modul i  f o r t h e  t h i r d  
a n a l y s i s ,  w h i c h  was m o r e  e x a c t  t h a n  
t h e  f i r s t ,  were a l m o s t  i d e n t i c a l .  

The f o l l o w i n g  comments  a p p l y  o n l y  
t o  t h e  i d e a l  s y s t e m s  t r e a t e d  i n  t h e s e  
memorandums. I n  s m a l l  t u b e s  ( 0 . 2  i n .  
i n  d i a m e t e r )  a t e m p e r a t u r e  r e d u c t i o n  
a s  a r e s u l t  o f  n a t u r a l  c o n v e c t i o n  d o e s  
n o t  seem t o  o c c u r  f o r  p r a c t i c a l  v a l u e s  
o f  t h e  v a r i a b l e s .  The  r a t i o  o f  t h e  
d i f f e r e n c e  i n  c e n t e r  l i n e  w a l l  t emper-  
a t u r e  and  t h e  t e m p e r a t u r e  when c o n -  
d u c t i o n  i s  t h e  o n l y  mechanism p r e s e n t  
i s  r e p r e s e n t e d  by cpo. F o r  l a m i n a r  
f low i n  v e r y  l a r g e  t u b e s ,  q50 may be a s  
s m a l l  a s  0.3. I n  t h e  c a s e  o f  t u r b u l e n t  
f l o w ,  cp0 i s  s m a l l e r  by a n  o r d e r  o f  
m a g n i t u d e .  To a t t a i n  t u r b u l e n t  f l o w  
and  t h e  r e s u l t i n g  low v a l u e s  o f  c#o i n  
s m a l l  t u b e s ,  l a r g e  t e m p e r a t u r e  d i f -  
f e r e n c e s  a r e  n e c e s s a r y .  I t  s h o u l d  be 
n o t e d ,  h o w e v e r ,  t h a t  s y s t e m s  u s i n g  
l a r g e - d i a m e t e r  t u b e s  w o u l d  y i e l d  
t u r b u l e n t  f l o w  w i t h  much s m a l l e r  
t e m p e r a t u r e  d i f f e r e n c e s .  

An a p p a r a t u s  i s  b e i n g  c o n s t r u c t e d  
t o  o b t a i n  a n  o v e r - a l l  t e m p e r a t u r e  
d i f f e r e n c e  f o r  a c y l i n d r i c a l  sys t em i n  

(' 'ID. C. H a m i l t o n ,  H .  F .  p o p p e n d l e k ,  a n d  
L .  D. P a l m e r ,  T h e o r e t i c a l  a n d  E x p e r i m e n t a l  
A n a l y s e s  of  N a t u r a l  C o n v e c t i o n  W i t h i n  F l u i d s  in 
w h i c h  H e a t  i s  B e i n g  G e n e r a t e d ,  P a r t  I ,  ORNL 
C F - 5 1 - 1 2 - 7 0 ,  D e c .  1 8 ,  1 9 5 1 .  

('"From A .  S i m o n  t o  H .  E .  S t e r n ,  L e t t e r  
R e g a r d i n g  A g r e e m e n t  o n  T o w e r  C a l c u l a t i o n s ,  ORNL 
C F - 5 2 - 1 - 2 ,  J a n .  2 ,  1 9 5 2 .  

a n d  L .  D. 
P a l m e r ,  T h e o r e t i c a l  a n d  E x p e r r m e n t a l  A n a l y s e s  o f  
N a t u r a l  C o n v e c t i o n  W i t h i n  F l u i d s  in w h i c h  H e a t  i s  
B e i n g  G e n e r a t e d ,  P a r t  III, ORNL C F - 5 2 - 1 - 2 ,  J a n .  
1 1 ,  1 9 5 2 .  

( 1 2 ) D .  C. H a m l l t o n ,  R. F. Redmond, 

t h e  t u r b u l e n t  f l o w  r e g i o n .  The  new 
d e s i g n  w i l l  f a c i l i t a t e  t h e  m e a s u r e -  
m e n t  o f  w a l l  t e m p e r a t u r e .  M e r c u r y  
w i l l  be u s e d  a s  t h e  h e a t  g e n e r a t i o n  
medium. 

A f l a t  p l a t e  a p p a r a t u s  i s  b e i n g  
d e s i g n e d  t o  p e r m i t  v i s u a l  s t u d y  o f  t h e  
v e l o c i t y  d i s t r i b u t i o n  i n  t h e  l a m i n a r  
r e g i o n . ( 1 3 )  A d i l u t e  s u l f u r i c  a c i d  
s o l u t i o n  w i l l  b e  u s e d  a s  t h e  h e a t  
g e n e r a t i o n  medium. 

ANALYSIS OF HEAT TRANSFER IN A 
CIRCULATING-FUEL SYSTEM 

H. F. Poppend iek  L ,  P a l m e r  
R e a c t o r  E x p e r i m e n t a l  E n g i n e e r i n g  

D i v i  s i  on 

Math ema t i c a 1 s o l u t i o n s  f o r  1 amin a r 
a n d  t u r b u l e n t  h e a t  t r a n s f e r  i n  t h e  
c i r c u l a t i n g -  f u e l  s y s t e m s  were d e s c r i b e d  
i n  a p r e v i o u s  r e p o r t . ( 1 4 )  The  w a l l -  
mixed mean f l u i d  t e m p e r a t u r e  d i f f e r e n c e  
i n  t h e  e s t a b l i s h e d  f l o w  r e g i o n  f o r  
l a m i n a r  f low i s  

where 

G = volume. h e a t  s o u r c e ,  
- r, ,  - p i p e  r a d i u s ,  

k = f l u i d  the rma l  c o n d u c t i v i t y ,  

F = l - - [ Z ]  2 , 

G r 0  0 

( I 3 ) R .  F. Redmond, Theoretical and Experimental 
A n a l y s e s  o f  N a t u r a l  C o n v e c t i o n  W i t h i n  F l u i d s  in 
w h i c h  H e a t  is B e i n g  G e n e r a t e d ,  P a r t  I!, ORNL 
CF-52-1-5, F e b .  1 2 ,  1 9 5 2 .  

( I 4 ) H .  F .  P o p p e n d i e k  a n d  L .  P a l m e r ,  F o r c e d  
C o n v e c t i o n  H e a t  T r a n s f e r  in a P i p e  S y s t e m  w i t h  
V o l u m e  H e a t  S o u r c e s  W i t h i n  t h e  F l u i d s ,  Y - F 3 0 - 3 ,  
N o v .  2 0 ,  1 9 5 1 .  

i 
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The w a l l - m i x e d  mean f l u i d  t e m p e r a t u r e  c o n d u c t i v i t y ,  t h e  p i p e  r a d i u s ,  anl- t h e  
d i f f e r e n c e  f o r  t u r b u l e n t  flow i s  found f u n c t i o n  F .  T h e  t u r b u l e n t  s o l u t i o n  
t o  be a f u n c t i o n  o f  R e y n o l d ’ s  modulus  f o r  t h e  c a s e  o f  n o  w a l l  h e a t  t r a n s f e r  
( R e ) ,  P r a n d t l ’ s  m o d u l u s  ( P r ) ,  t h e  ( F  = 1 )  h a s  been e v a l u a t e d  f o r  a r a n g e  
volume h e a t  s o u r c e ,  t h e  f l u i d  t h e r m a l  o f  Re and  P r  and  g r a p h e d  i n  F i g .  4 8 .  

UNCLASSIFIED 
DWG. 14447 

Re 
f o5 1 O6 

J. 48. Dimensionless, Wall-Mixed Mean Temperature Difference a s  a Function 
of Reynold’s  and P r a n d t l ’ s  Moduli f o r  a Heat Transfer System w i t h  Insulated 
Pipe Walls.  
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T h e s e  s o l u t i o n s  f o r  l a m i n a r  and  t u r -  
b u l e n t  f l o w s  c a n  be u s e d  i n  d e s i g n i n g  
c i r c u l a t i n g -  f u e l  s y s t e m s ,  

HEAT TRANSFER COEFFICIENTS 

H e a t  T r a n s f e r  i n  Mollten L i t h i u m  
(H .  C .  C l a i b o r n e  a n d  G .  M .  W i n n ,  
R e a c t o r  E x p e r i m e n t a l  E n g i n e e r i n g  
D i v i s i o n ) .  The a p p a r a t u s  f o r  m e a s u r i n g  
h e a t  t r a n s f e r  c o e f f i c i e n t s  w i t h  a n  
e l e c t r i c a l l y  h e a t e d  t u b e  was comple t ed .  
I n t e r n a l  c l e a n i n g . a n d  d e g r e a s i n g  were  
accompl i shed  by tho rough  f l u s h i n g  w i t h  
e t h a n o l  a n d  t r i c h l o r o e t h y l e n e .  T h e  
s y s t e m  was o u t g a s s e d  by h e a t i n g  a n d  
r e p e a t e d  f l u s h i n g  w i t h  a r g o n  s c r u b b e d  
w i t h  l i t h i u m  a n d  e u t e c t i c  s o d i u m -  
p o t a s s i u m  a l l o y  t o  remove t h e  oxygen  
and n i t r o g e n  c o n t a m i n a n t s .  The f l u s h -  
i n g  p r o c e d u r e  c o n s i s t e d  o f  r a i s i n g  t h e  

a r g o n  and  b l e e d i n g  t h e  p r e s s u r e  down 
t o  a b o u t  2 p s i g .  A f t e r  f i l l i n g  w i t h  
l i t h i u m ,  t h e  s y s t e m ,  w h e n  n o t  i n  
o p e r a t i o n ,  was k e p t  u n d e r  35 p s i g  w i t h  
s c r u b b e d  a r g o n  t o  p r e v e n t  a i r  c o n -  
t a m i n a t i o n .  

m p r e s s u r e  t o  a b o u t  35 p s i g  w i t h  s c r u b b e d  

S i x t e e n  p o u n d s  o f  l i t h i u m  w a s  
added t o  t h e  sys t em t h r o u g h  t h e  f i l t e r  
i n  4 - l b  b a t c h e s .  The l i t h i u m  used  was 
t h e  l o w - s o d i u m  g r a d e  p u r c h a s e d  f r o m  
t h e  M e t a l l o y  C o r p o r a t i o n .  To k e e p  
c o n t a m i n a t i o n  down t o  a minimum, t h e  
f i l m  o f  n i t r i d e s  and  o x i d e s  a d h e r i n g  
t o  t h e  1 - l b  c y l i n d e r s  o f  s o l i d  l i t h i u m  
was s h a v e d  o f f  a n d  t h e  s o l i d  m e t a l  
s o a k e d  i n  t r i c h l o r o e t h y l e n e .  T h i s  
o p e r a t i o n  was done i n  a d r y  box f i l l e d  
w i t h  a r g o n .  The l i t h i u m  was s u c c e s s -  
f u l l y  pumped a r o u n d  t h e  s y s t e m  ( v i a  
t h e  t e s t  s e c t i o n  b y - p a s s )  by t h e  two 
e l e c t r o m a g n e t i c  pumps i n  s e r i e s .  The 
e l e c t r o m a g n e t i c  f l o w  meter  was c a l i -  
b r a t e d  by u s i n g  t h e  d r a i n  t a n k  t h a t  
h a d  b e e n  p r e v i o u s l y  c a l i b r a t e d  w i t h  
w a t e r .  

A f t e r  t h e  s y s t e m  was p r e p a r e d  f o r  
o b t a i n i n g  h e a t  t r a n s f e r  d a t a ,  i t  was 

FOR P E R I O D  ENDING MARCH 1 0 ,  1 9 5 2  

found t h a t  an e l e c t r i c a l  c u r r e n t  c o u l d  
n o t  be p a s s e d  t h r o u g h  t h e  t e s t  s e c t i o n .  
E x a m i n a t i o n  r e v e a l e d  t h . a t  t h e  t e s t  
s e c t i o n  h a d  m e l t e d  a t  o n e  p o i n t .  
A p p a r e n t l y  t o o  much c u r r e n t  was p a s s e d  
t h r o u g h  t h e  s e c t i o n  w h i l e  t e s t i n g  t h e  
t r a n s f o r m e r  c i r c u i t .  A n e w  t e s t  
s e c t i o n  i s  b e i n g  f a b r i c a t e d  and o t h e r  
minor  changes  a r e  b e i n g  made. A n o t h e r  
a t t e m p t  t o  g e t  h e a t  t r a n s f e r  d a t a  w i l l  
b e  m a d e  a s  s o o n  a s  t h i s  w o r k  i s  
compl e t e ,  

H e a t  T r a n s f e r  t o  F u s e d  S a l t s  and  
Hydroxides  (H. W. Hoffman and J. Lones ,  
R e a c t o r  E x p e r i m e n t a l  E n g i n e e r i n g  
D i v i s i o n ) .  F l i n a k  was r emoved  f r o m  
t h e  h e a t  t r a n s f e r  s y s t e m  and r e p l a c e d  
w i t h  sodium h y d r o x i d e  d u r i n g  t h e  l a s t  
q u a r t e r ,  C o r r o s i o n  by t h e  F l i n a k  had  
c a u s e d  l e a k s  i n  s e v e r a l  w e l d s  and  i n  
o n e  o f  t h e  m i x i n g  p o t s ,  a n d s i t ;  was  
n e c e s s a r y  t o  r e p l a c e  t h e s e  p a r t s  o f  
t h e  s y s t e m .  A r e d e s i g n e d  m i x i n g  p o t  
c o n s i s t i n g  o f  a s e c t i o n  o f  1 - i n .  n i c k e l  
p i p e  23: i n .  l o n g  and  c a p p e d  a t  b o t h  
e n d s  was i n s t a l l e d .  The f l u i d  e n t e r s  
a t  one  end o f  t h e  p o t  t a n g e n t i a l l y  t o  
t h e  i n s i d e  s u r f a c e  o f  t h e  p i p e ,  p a s s e s  
t h r o u g h  a p e r f o r a t ' e d  n i c k e l  d i s k ,  and  
l e a v e s  a t  t h e  b o t t o m ,  A t h e r m o c o u p l e  
i s  l o c a t e d  i n  f r o n t  o f  t h e  e x i t .  

E n t r a n c e  R e g i o n  Heat T r a n s f e r  i n  a 
Sodium System ( W .  B. H a r r i s o n ,  R e a c t o r  
E x p e r i m e n t a l  E n g i n e e r i n g  D i v i s i o n ) .  
T h e  m o d i f i c a t i o n s  a n d  a d d i t i o n s  t o  
t h e  e x p e r i m e n t a l  s y s t e m  p r o p o s e d  i n  
t h e  l a s t  q u a r t e r l y  r e p o r t ( 1 5 )  h a v e  
been  made, and p r e p a r a t i o n s  a r e  b e i n g  
m a d e  f o r  l o a d i n g  t h e  s y s t e m  w i t h  
sodium. 

E x t r e m e l y  h i g h  v a l u e s  o f  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  s h o u l d  be a c h i e v e d  
w i t h  t h e  u s e  o f  sodium i n  an  e n t r a n c e  
r e g i o n  ( e . g .  , 2 0 0 , 0 0 0  E t u / h r  f t 2 * O F ) ;  
t h e r e f o r e  good w e t t i n g  o f  t h e  c o p p e r  

( 1 5 ) W .  B. H a r r i s o n ,  " E n t r a n c e - R e g i o n  H e a t  
T r a n s f e r  in a Sodium System," o p .  cit., ORNL-1170, 
p .  118. 
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t e s t  s e c t i o n  by t h e  sodium i s  o f  c o n -  
s i d e r a b l e  i m p o r t a n c e .  T h e r e  a r e  n o  
s o d i u m  w e t t i n g  d a t a  a v a i l a b l e  f o r  
c o p p e r ,  b u t  t h e  d a t a  f o r  s i m i l a r  
m e t a l s  i n d i c a t e  t h a t  c o p p e r  may be  
w e l l  w e t t e d  by sodium e v e n  a t  t h e  low 
o p e r a t i n g  t e m p e r a t u r e s  ( u p  t o  3 0 0 ° F ) .  
A t e s t  w i l l  be c o n d u c t e d  t o  d e t e r m i n e  
t h e  d e g r e e  o f  w e t t i n g  a n d  p o s s i b l e  
ways o f  i m p r o v i n g  i t  i f  i t  s h o u l d  b e  
p o o r .  T h e  s t u d y  w i l l  c o n s i s t  o f  
m e a s u r i n g  r e l a t i v e  e l e c t r i c a l  r e -  
s i s t a n c e s  a c r o s s  a few c o p p e r - s o d i u m  
i n t e r f a c e s  a s  f u n c t i o n s  o f  tempera ture .  
The i n t e r f a c e s  p roposed  a t  p r e s e n t  a r e  
sodium i n  c o n t a c t  w i t h  c o p p e r  t h a t  h a s  
b e e n  s i l v e r  p l a t e d ,  m e r c u r y  p l a t e d ,  
and o x i d i z e d .  The e q u i p m e n t  h a s  been  
a s s e m b l e d  f o r  t h i s  e x p e r i m e n t ,  a n d  
d a t a  s h o u l d  be a v a i l a b l e  i n  t h e  n e a r  
f u t u r e .  Work on  t h e  h e a t  t r a n s f e r  
s y s t e m  i s  b e i n g  d e f e r r e d  i n  o r d e r  t o  
c a p i t a l i z e  on any  p o s i t i v e  r e s u l t s  o f  
t h e  w e t t i n g  s t u d i e s ,  

HEAT TRANSFER OF BOILING 
L I Q U I D  METALS 

W .  S. Farmer  

R e a c t o r  E x p e r i m e n t a l  E n g i n e e r i n g  
D i v i s i o n  

The  p r e v i o u s  b o i l i n g - m e r c u r y  d a t a  
f o r  t h e  h o r i z o n t a l  p l a t e  s y s t e m (  1 6 )  
h a v e  been  a n a l y z e d  and  compared  w i t h  
e x i s t i n g  i n f o r m a t i o n  i n  t h e  l i t e r a t u r e  
o n  n u c l e a t e  b o i l i n g  a n d  f r e e  c o n -  
v e c t i o n .  A p l o t  o f  t h i s  d a t a  i s  shown 
i n  F i g .  49. T h e  N u s s e l t  n u m b e r s  
( h L / k )  o b t a i n e d  e x p e r i m e n t a l l y  f a l l  
b e l o w  t h e  v a l u e s  p r e d i c t e d  by c o r -  
r e l a t i o n s  o f  I n s i n g e r  and  B l i s s ( ” )  
f o r  n u c l e a t e  b o i l i n g  and Jakob(’ ’ )  f o r  
f r e e  c o n v e c t i o n .  O v e r  m o s t  o f  t h e  

( 1 6 ) W .  S .  F a r m e r ,  “ H e a t  T r a n s f e r  i n  B o i l i n g -  
L i q u i d - M e t a l  Systems,”  o p .  c i t . ,  OWL-1154,  p .  1 3 8 .  

( 1 7 ) T .  H .  I n s i n g e r ,  J r .  and H .  B l i s s ,  “ T r a n s -  
m i s s i o n  o f  B e a t  t o  B o i l i n g  L i q u i d s , ”  T r a n s .  A A .  
I n s t .  C h e l r .  E n g r s .  38, 4 9 1  ( 1 9 4 0 ) .  

N e w  York ( 1 9 4 9 ) .  
(‘*)M. J a k o b ,  H e a t  T r a n s f e r ,  I ,  6 4 0 ,  W i l e y ,  

t e m p e r a t u r e  d i f , : r e n c e  r a n g e  t h e  
e x p e r i m e n t a l  v a l u e s  a r e  a p p r o x i m a t e l y  
o n e - f o u r t h  t h e  p r e d i c t e d  v a l u e s .  
E x i s t i n g  c o r r e l a t i o n s  may n o t  c o r r e c t l y  
t a k e  i n t o  a c c o u n t  P r a n d t l ’ s  number and 
w e t t i n g ,  which may be o f  i m p o r t a n c e  i n  
l i q u i d  m e t a l  b o i l i n g .  

UNCLASSIFIED 
DWG. 14448 

WHERE I I 

I I 

r, = METAL SURFACE TEMPERATURE r- = BULK LIQUID TEMPERATURE 

I I 

20 50 100 200 

<-5 ( O F )  

Fig .  49. Heat Transfer  C o e f f i c i e n t s  
f o r  B o i l i n g  Mercury. 

Minor changes  a r e  t o  be made i n  t h e  
h o r i z o n t a l  f l a t  p l a t e  s y s t e m  i n  o r d e r  
t o  e v a l u a t e  w e t t i n g  c h a r a c t e r i s t i c s  
and h e a t  t r a n s f e r  s u r f a c e  r e s i s t a n c e s .  
I n  a d d i t i o n ,  a s m a l l ,  i n e x p e n s i v e ,  
mercury  c i r c u l a t i o n  u n i t  i s  t o  be con-  
s t r u c t e d .  M e r c u r y  w i l l  t h e n  be u s e d  
a s  t h e  c o n d e n s e r  c o o l a n t  f o r  e x p e r i -  
m e n t s  i n  w h i c h  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 s  o f  b o i l i n g  sodium w i l l  be 
measured .  

The e x p e r i m e n t a l  a p p a r a t u s  f o r  i n -  
v e s t i g a t i n g  h e a t  t r a n s f e r  c o e f f i c i e n t s  
o f  b o i l i n g  l i q u i d  m e t a l s  by u s i n g  a 
h o r i z o n t a l  t u b e  geometry  was comple t ed  
t h i s  q u a r t e r .  P r e l i m i n a r y  t e s t s  u s i n g  
w a t e r  a s  a b o i l i n g  f l u i d  a r e  now i n  
p r o g r e s s .  

T 
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14. RADIATION DAMAGE 

D .  S. B i l l i n g t o n ,  S o l i d  S t a t e  D i v i s i o n  

A. J .  Mi l l e r ,  ANP D i v i s i o n  

S t u d i e s  h a v e  c o n t i n u e d  o n  t h e  
t h e  e f f e c t  o f  r a d i a t i o n  on t h e  s t a -  
b i l i t y  o f  a i r p l a n e  r e a c t o r  c o n s t i t u -  
e n t s .  C o n s i d e r a b l e  d a t a  h a v e  b e e n  
o b t a i n e d  f rom e x p e r i m e n t s  i n  t h e  X-10 
g r a p h i t e  p i l e ,  t h e  h i g h e r  f l u x  LITR, 
and t h e  Y-12 c y c l o t r o n .  I n  a l l  p h a s e s  
o f  t h e  w o r k ,  p r e p a r a t i o n s  a r e  b e i n g  
made t o  c a r r y  o u t  a d d i t i o n a l  s t u d i e s  
i n  t h e  LITR a n d  t o  u t i l i z e  t h e  MTR 
f a c i l i t y  when i t  becomes  a v a i l a b l e .  
T h i s  work h a s  b e e n  c o n c e r n e d  l a r g e l y  
w i t h  t h e  s t a b i l i t y  o f  f u s e d  f l u o r i d e  
s a l t  m i x t u r e s  o f  t h e  t y p e  p r o p o s e d  a s  
f u e l  f o r  c i r c u l a t i n g  f u e l  r e a c t o r s .  
I n  s e v e r a l  o f  t h e  . i n p i l e  e x p e r i m e n t s  
w i t h  t h e  s a l t s  i n  I n c o n e l  c a p s u l e s ,  
t h e  r a t e  o f  a t t a c k  on t h e  c o n t a i n e r  
m a t e r i a l  h a s  b e e n  c o n s i d e r a b l y  h i g h e r  
t h a n  t h a t  o b s e r v e d  i n  t h e  o u t - o f - p i l e  
c o n t r o l s .  H o w e v e r ,  t h e  e v i d e n c e  i s  
n o t  c o n c l u s i v e  t h a t  t h e  i n c r e a s e d  
c o r r o s i o n  r a t e  i s  caused  by the  r a d i a -  
t i o n  f i e l d .  

O t h e r  r a d i a t i o n  damage s t u d i e s  have 
i n c l u d e d  i n p i l e  l i q u i d  m e t a l  l o o p  
e x p e r i m e n t s  and c r e e p  o f  m e t a l .  So-  
d i u m  w a s  c i r c u l a t e d  i n  t h e  i n p i l e  
l o o p  f o r  1 6 5  h r ,  d u r i n g  w h i c h  t i m e  
r a d i o a c t i v e  d e c a y  c u r v e s  were  t a k e n .  
T h e  t h e r m a l  c o n d u c t i v i t y  o f  m e t a l s  
u n d e r  i r r a d i a t i o n  h a s  a l s o  b e e n  
s t u d i e d .  The e a r l i e r  c r e e p  and t h e r m a l  
c o n d u c t i v i t y  d a t a  have  been  p a r t i a l l y  
s u b s t a n t i a t e d  by  r e c e n t  t e s t s .  One 
s u c h  c r e e p  t e s t  w i t h  n i c k e l  i n d i c a t e s  
t h a t  t h e  i n p i l e  c r e e p  r a t e  b e c o m e s  
h i g h e r  t h a n  i t s  bench  c o u n t e r p a r t  a f t e r  
a b o u t  1 1 5  h o u r s .  A d d i t i o n a l  d e t a i l s  
on r a d i a t i o n  damage s t u d i e s  a r e  c o n -  
t a i n e d  i n  a q u a r t e r l y  r e p o r t  o f  t h e  
P h y s i c s  of  S o l i d s  I n s t i t u t e .  ( l )  

( " P h y s i c s  o f  S o l i d s  I n s t i t u t e  Q u a r t e r l y  
P r o g r e s s  R e p o r t  f o r  P e r i o d  E n d i n g  J a n u a r y  3 1 ,  
1 9 5 2 ,  OWL-1261 (in press). 

I R R A D I A T I O N  OF FUSED M A T E R I A L S  

G .  W .  K e i l h o l t z  
M a t e r i a l s  C h e m i s t r y  D i v i s i o n  

T h e  e f f e c t s  o f  r a d i a t i o n  on  t h e  
s t a b i l i t y  o f  f u s e d  f l u o r i d e s  i n  c o n -  
t a c t  w i t h  I n c o n e l  h a v e  b e e n  i n v e s t i -  
g a t e d  b y  u s e  o f  t h e  X - 1 0  g r a p h i t e  
p i l e ,  t h e  LITR, and t h e  Y-12 c y c l o t r o n .  
R e a s o n a b l y  d e t a i l e d  i n s p e c t i o n  o f  
m a t e r i a l s  f rom e x p e r i m e n t s  c a r r i e d  o u t  
i n  t h e  X-10 g r a p h i t e  p i l e  a n d  c y c l o -  
t r o n  a t  1 5 0 0 ' F  s h o w e d  n o  p o s i t i v e  
e v i d e n c e  o f  f u e l  d e c o m p o s i t i o n  o r  
i n c r e a s e d  c o r r o s i o n  o f  t h e  I n c o n e l  
when compared  t o  o u t  - o f  - p i l e  c o n t r o l  
t e s t s .  H o w e v e r ,  two f u s e d  f l u o r i d e  
f u e l s  i r r a d i a t e d  i n  t h e  LITR a t  power 
d e n s i t i e s  o f  8 0 0  and  8 4  w a t t s / ' c c  i n  
a p p r o x i m a t e l y  1 / 8 - i n . - I D  t u b e s .  h a v e  
e x h i b i t e d  i n c r e a s e s  i n  t h e  c o r r o s i o n  
r a t e  a s  i n d i c a t e d  by  a n a l y s e s  o f  t h e  
f u e l  f o r  c o r r o s i o n  p r o d u c t s .  One o f  
t h e s e  h a s  t h e  compos i t i o n  NaF-KF-UF, , 
4 6 . 5 ,  2 6 ,  a n d  2 7 . 5  m o l e  %, r e s p e c -  
t i v e l y ,  i n  wh ich  t h e  power d i s s i p a t e d  
when i r r a d i a t e d  i n  t h e  LITR i s  a b o u t  
800  w a t t s / c c  o f  m a t e r i a l ,  The second  
f u e l  h a s  a c o m p o s i t i o n  NaF-BeF,2 -UF,, 
4 7 ,  5 1 ,  a n d  2 m o l e  %, r e s p e c t i v e l y ,  
and  a power  d i s s i p a t i o n  o f  a b o u t  8 4  
w a t t s / c c .  T h i s  i s  i n  t h e  power r a n g e  
of  t h a t  o c c u r r i n g  i n  t h e  l a r g e - d i a m e t e r  
t u b e s  o f  t h e  p r o p o s e d  ARE. I n  b o t h  
c a s e s  t h e r e  i s  some q u e s t i o n  a s  t o  
w h e t h e r  t h e  i n p i l e  t e s t s  a r e  b e i n g  
c a r r i e d  o u t  i n  a manner  s u f f i c i e n t l y  
i s o t h e r m a l  t o  p r e v e n t  i n c r e a s e d  c o r -  
r o s i o n  r a t e s  by t h e r m a l  g r a d i e n t s  i n  
t h e  c a p s u l e s .  I n  t h e  c a s e  o f  t h e  
1 o w  - u r  a n  i u m -  c o n c e n  t r a  t i on f 1 u o r  i d  e 
m i x t u r e ,  i r r a d i a t e d  a t  84 w a t t ; s / c c ,  
a n a l y t i c a l  r e s u l t s  a r e  a v a i l a b l l e  f rom 
o n l y  one  e x p e r i m e n t .  T h e s e  r e s u l t s  
a r e  i n  s h a r p  c o n t r a s t  t o  t h o s e  f r o m  
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a n  e x p e r i m e n t  on a s i m i l a r  b e r y l l i u m  
t y p e  o f  f u e l  c o n t a i n i n g  a h i g h e r  p e r -  
c e n t a g e  o f  u r a n i u m ,  w h i c h  had a power 
d i s s i p a t i o n  o f  5 5 4  w a t t s / c c .  T h e  
l a t t e r  e x p e r i m e n t  showed n o  e v i d e n c e  
o f  i n c r e a s e d  c o r r o s i o n ,  on t h e  b a s i s  
o f  a n  i m p u r i t y  a n a l y s i s  o f  t h e  f u e l ,  
a s  compared w i t h  t h e  c o n t r o l .  

P r e p a r a t i o n s  a r e  b e i n g  made t o  
c a r r y  o u t  s t u d i e s  on t h e  e s c a p e  o f  
xenon from t h e  m e l t  i n  t h e  X-10 g r a p h -  
i t e  p i l e  and  on f u e l  s t a b i l i t y  i n  t h e  
MTR . 

P i l e  I r r a d i a t i o n  o f  F u e l  ( J .  G .  
Morgan ,  P. R .  K l e i n ,  C .  C .  W e b s t e r ,  
B .  W .  K i n y o n ,  M .  J .  F e l d m a n ,  H .  E .  
R o b e r t s o n ,  S o l i d  S t a t e  D i v i s i o n ) .  
E x p e r i m e n t s  d u r i n g  t h e  p a s t  q u a r t e r  
h a v e  b e e n  c o n d u c t e d  e n t i r e l y  o n  
f u s e d  f l u o r i d e  f u e l s  i n  t h e  L I T R .  

R e s u l t s  o f  t h e s e  e x p e r i m e n t s  a s  com- 
p a r e d  w i t h  t h e  c o n t r o l  r u n s  a r e  shown 
i n  T a b l e  3 8 .  T h e  c o r r o s i o n  o f  t h e  
I n c o n e l  i n  some LITR r u n s  i s  n o t  o n l y  
d e e p e r  and  more g e n e r a l  t h a n  t h a t  i n  
t h e  c o n t r o l s ,  b u t  t h e r e  a r e  a l s o  two 
k i n d s  p r e s e n t  - t h e  i n t e r g r a n u l a r  - t y p e  
f o u n d  i n  t h e  c o n t r o l  r u n s  and  a t y p e  
o f  c o r r o s i o n  t h a t  i s  c o n f i n e d  w i t h i n  
t h e  g r a i n  and shows e v i d e n c e  o f  b e i n g  
p r e f e r e n t i a l  i n  t h e  g r a i n s  a t t a c k e d .  

The c a p s u l e s  a r e  c o n s i d e r a b l y  c o r -  
r o d e d  above t h e  p o i n t  where t h e  l i q u i d  
l e v e l  i s  a s s u m e d  t o  b e .  T h e r e  i s  a 
s m a l l  amount  of s u c h  c o r r o s i o n  i n  t h e  
c a p s u l e s  i r r a d i a t e d  i n  t h e  X -  10 g r a p h -  
i t e  p i l e  b u t  l i t t l e  e v i d e n c e  o f  c o r -  
r o s i o n  o f  I n c o n e l  i n  c o n t a c t  w i t h  t h e  
v a p o r  phase  i n  c o n t r o l  r u n s .  C h e m i c a l  
a n a l y s e s  i n  T a b l e  3 8  i n d i c a t e  t h a t  
l e s s  c h r o m i u m  i s  d i s s o l v e d  i n  t h e  
i r r a d i a t e d  f u e l  t h a n  i n  t h e  c o n t r o l  

TABLE 38 

L I T R  Tests on Fused F l u o r i d e  F u e l s  i n  I n c o n e l  a t  1500'F 

FUEL COMPOSITION 
(mole %) 

4 6 . 5  NaF- 
26  KF-27.5 UF4 

fl 

47 NaF- 
5 1  BeF,-2 UF4 

2 5  NaF- 
60 BeF2-15 UF4 

TIME 
( h r  

115  

115 

1 6 1  

161  

1 3 6  

143 

1 3 6  

139  

131  

IRRADIATION 
( w a  t t s / c c  ) 

800 

C o n t r o l  

800 

C o n t r o l  

800 

84  

C o n t r o l  

554 

C o n t r o l  

INCONEL COMPONENTS I N  
FUEL AFTER TEST 

N i  

26 ,878  

1 , 034 

45 , 169 

1 ,100  

1 , 3 8 0  

80 ,000  

1 , 1 2 3  

1 , 4 9 0  

1 , 5 4 0  

Cr 

1878 

7 54 

950 

645 

160 

2450 

3300 

1060 

7380 

Fe 

1 6 , 3 2 9  

1 ,270  

6 ,414  

2 ,655  

1 , 2 2 0  

3 ,100  

811  

1 , 2 0 0  

2 ,300  

CAPSULE CONDITION 

G e n e r a l l y  c o r r o d e d  t o  
d e p t h  of  2 t o  3 m i l s  

O c c a s i o n a l  1 t o  2 m i l  
i n t e r g r a n u l a r  a t t a c k  

Genera  1 1 y c or r od ed t o 
d e p t h  of 2 t o  3 m i l s  

O c c a s i o n a l  1 t o  2 m i l  
i n t e r g r a n u l a r  a t t a c k  

No c o r r o s i o n *  

I n s p e c t i o n  i n c o m p l e t e  

I n s p e c t  i o n  i n  c omp l e  t e  

I n s p e c t i o n  i n c o m p l e t e  

I n s p e c t i o n  i n c o m p l e t e  

* A t  824'F ( s o l i d )  
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s a m p l e s  b u t  t h a t  t h e r e  i s  a l a r g e  
i n c r e a s e  i n  t h e  n i c k e l  and  i r o n  c o n -  
t e n t  o f  t h e  i r r a d i a t e d  f u e l  compared  
w i t h  t h a t  i n  t h e  c o n t r o l .  

C y c l o t r o n  I r r a d i a t i o n  o f  F u e l  
(W. J .  S t u r m  and  M .  J .  Fe ldman ,  S o l i d  
S t a t e  D i v i s i o n ,  R .  J .  J o n e s  a n d  
R .  L. K n i g h t  , E l e c t r o m a g n e t i c  R e s e a r c h  
D i v i s i o n ) .  F u e l  i r r a d i a t i o n s  i n  t h e  
c y c l o t r o n  wi th20-Mev  p r o t o n s  d e s c r i b e d  
i n  t h e  p r e v i o u s  q u a r t e r l y  r e p o r t ( 2 )  
were c a r r i e d % o u t  a t  30  t o  415 w a t t s / c c  
o f  f u e l  f o r  a s h o r t  p e r i o d  o f  t i m e ,  
u s u a l l y  a n  h o u r .  D u r i n g  t h e  p a s t  
q u a r t e r  s m a l l e r  I n c o n e l  c a p s u l e s  h a v e  
been  d e v e l o p e d  t o  a v o i d  t e r m i n a t i o n s  of  
r u n s  b e c a u s e  o f  u n e v e n  t e m p e r a t u r e s .  
A h e l i u m  c o o l i n g  s y s t e m  h a s  b e e n  d e -  
s i g n e d  a n d  i s  b e i n g  c o n s t r u c t e d  t o  
a l l o w  h i g h e r  p o w e r  d i s s i p a t i o n s .  
W i t h  t h e  I n c o n e l  m i c r o c a p s u l e s  i t  was 
p o s s i b l e  t o  bombard a l i t h i u m - b e a r i n g  
f u e l  - K F - N a F - L i F - U F 4 ,  4 3 . 5 ,  1 0 . 9 ,  
4 4 . 5 ,  and 1 .1  mole  %, r e s p e c t i v e l y  - 
u p  t o  8 h r  w i t h  1 0 0  t o  4 0 0  w a t t s / c c .  
F u e l  a n a l y s e s  a n d  m e t a l l o g r a p h i c  e x -  
a m i n a t i o n s  a r e  b e i n g  made. 

A d d i t i o n a l  f u e l  i r r a d i a t i o n s  a r e  
b e i n g  c a r r i e d  o u t  by N o r t h  A m e r i c a n  
A v i a t i o n  w i t h  t h e  u s e  of t h e  6 0 - i n .  
B e r k e l e y  c y c l o t r o n .  

INPILE CIRCULATING LOOPS 

0. Sisman C.  E l l i s  
W .  W .  P a r k i n s o n  W .  E.  Brundage  
A .  S. Olson  R .  M .  C a r r o l l  

C .  D .  Baumann 
S o l i d  S t a t e  D i v i s i o n  

Sodium was c i r c u l a t e d  a t  a v e l o c i t y  
o f  1 f t / s e c  i n  t h e  X-10 g r a p h i t e  p i l e  
t h r o u g h  a l o o p  o f  I n c o n e l  f o r  5 0  h r  
a t  1 0 0 0 ° F  a n d  115 h r  a t  1500’F.  An 

( 2 ) W .  J. S t u r m ,  M. J. F e l d m a n ,  R. J. J o n e s ,  
J. S. Luce, and C. L. Viar, &‘Cyclotron Irradiation 
o f  F u e l  a n d  KOH C a p s u l e s , ”  A i r c r a f t  N u c l e a r  
P r o p u l s i o n  P r o j e c t  Q u a r t e r l y  P r o g r e s s  R e p o r t  f o r  
P e r i o d  E n d i n g  D e c e m b e r  1 0 ,  1 9 5 1 ,  O W L - 1 1 7 0 ,  p. 143. 

e l e c t r o m a g n e t i c  pump was u s e d ,  and t h e  
t e m p e r a t u r e  o f  t h e  m a t e r i a l  i n  t h e  
pump c e l l  w a s  1 0 0 0 ° F .  The  f l o w  r a t e  
o f  s o d i u m  t h r o u g h  t h e  l o o p  g r a d u a l l y  
d e c r e a s e d ,  a n d  e v e n t u a l l y  t h e  l o o p  
c o u l d  n o t  b e  o p e r a t e d .  When t h e  a c -  
t i v i t y  o f  t h e  l o o p  h a s  d e c a y e d  s u f -  
f i c i e n t l y ,  a n  e x a m i n a t i o n  w i l l  be made 
t o  d e t e r m i n e  t h e  c o n d i t i o n  of  t h e  l o o p  
and  t h e  c a u s e  o f  t h e  f l o w  s t o p p a g e .  
A t  v a r i o u s  t i m e s  w h i l e  t h e  f l o w  w a s  
s t o p p e d ,  r a d i o a c t i v e  d e c a y  c u r v e s  were 
o b t a i n e d  f o r  t h e  p a r t  o f  t h e  l o o p  
o u t s i d e  t h e  p i l e .  T h e  c u r v e s  a r e  
b e i n g  examined f o r  l o n g - l i v e d  c o r r o s i o n  
p r o d u c t s  f rom t h e  I n c o n e l  t u b e  w a l l s .  

A s e c o n d  s o d i u m  l o o p  f o r  t h e  X-10  
g r a p h i t e  p i l e  and  a s o d i u m  1 0 0 . p  f o r  
o p e r a t i o n  i n  t h e  LITR a r e  b e i n g  c o n -  
s t r u c t e d .  A f u s e d  f l u o r i d e  f u e l  l o o p  
f o r  o p e r a t i o n  i n  t h e  MTR i s  b e i n g  d e -  
s i g n e d .  

CREEP UNDER IRRADIATION 

J .  C .  Wi lson  J .  C .  Zukas  
W .  W .  D a v i s  

S o l i d  S t a t e  D i v i s i o n  

I t  was p r e v i o u s l y  r e p o r t e d ( 3 )  t h a t  
a c a n t i l e v e r  c r e e p  t e s t  a t  1 5 0 0 ° F  a n d  
1 5 0 0  p s i  s h o w e d  t h a t  X - 1 0  g r a p h i t e  
p i l e  i r r a d i a t i o n  a t  a f l u x  o f  4 X 10”  
f a s t  n e u t r o n s / c m 2  c a u s e d  an  i n c r e a s e  
i n  t o t a l  c r e e p  s t r a i n  o f  a b o u t  20% i n  
t y p e - 3 4 7  s t a i n l e s s  s t e e l  a f t e r  a b o u t  
2 5 0  h r  o f  e x p o s u r e ,  w h i c h  w a s  t h e  
d u r a t i o n  of  t h e  t e s t s .  E x t r a p o l a t i o n  
o f  t h e  b e n c h  a n d  i n p i l e  c u r v e s  t o  
l o n g e r  t i m e s  i n d i c a t e d  t h a t  t h e  d i f -  
f e r e n c e  b e t w e e n  t h e m  i n c r e a s e d  w i t h  
t i m e .  I n  o r d e r  t o  o b t a i n  f u r t h e r  
i n f o r m a t i o n  on t h i s  p o i n t ,  a 5 0 0 - h r  
t e s t  w a s  r u n  i n  t h e  p i l e  w i t h  n o  

(3)J. C. Wilson, J. C. Zukas, and W. W. Davis, 
“ C r e e p  U n d e r  I r r a d i a t i o n , ”  A i r c r a f t  N i r c  Z e a r  
P r o p u l s i o n  P r o j e c t  Q u a r t e r l y  P r o g r e s s  R e p o r t  f o r  
P e r i o d  E n d i n g  S e p t e m b e r  I O ,  1 9 5 1 ,  O R N L - 1 1 5 4 ,  
p .  170. 
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s t r a i n  m e a s u r i n g  m i c r o f o r m e r  ( s i n c e  
i n  500  h r  t h e  c r e e p  s t r a i n  would  e x -  
c e e d  t h e  maximum m i c r o f o r m e r  t r a v e l ) .  
The beam d e f l e c t i o n  was measu red  w i t h  
c a t h e t o m e t e r  a f t e r  w i t h d r a w a l  f r o m  
t h e  r e a c t o r .  The s t r a i n  i n  t h e  bench  
t e s t  e x c e e d e d  t h a t  o f  t h e  i n p i l e  t e s t  
by 5%. S i n c e  t h i s  i s  c o n t r a r y  t o  what 
would  be e x p e c t e d  f rom e x t r a p o l a t i o n  
o f  t h e  e a r l i e r  d a t a ,  t h e  e x p e r i m e n t  
w i l l  be r e p e a t e d .  

O n e  i n p i l e  t e s t  w a s  r u n  o n  a n  
e l e c t r o l y t i c  n i c k e l  s a m p l e  a t  1 3 0 0 ° F  
a t  a maximum f i b e r  s t ress  o f  2000 p s i .  
T h e  m a t e r i a l  was a n n e a l e d  a t  1500’F 
f o r  5 h r  f o l l o w i n g  a c o l d  r e d u c t i o n  
o f  40%. T h e  t e m p e r a t u r e  o f  1 3 0 0 ° F  
was chosen  a s  t h e  maximum a t  which  t h e  
g r a i n  s t r u c t u r e  was known t o  r e m a i n  
s t a b l e  d u r i n g  t h e  t e s t .  F i g u r e  5 0  
shows  a p l o t  o f  c r e e p  r a t e  v s .  t i m e  
f o r  b o t h  i n p i l e  a n d  b e n c h  t e s t s .  I n  
common w i t h  t h e  e a r l i e r  work on t y p e -  
347 s t a i n l e s s  s t e e l ,  t h e  c u r v e s  show 
t h a t  t h e  i n p i l e  s t r a i n - t i m e  c u r v e  

0- BENCH TEST - INIPILE T E S T  
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F i g .  50.  C o m p a r i s o n  o f  B e n c h  a n d  
I n p i l e  C r e e p  Rates o f  N i c k e l .  
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becomes more l i n e a r  and shows a l e s s e r  
s t r a i n  b u t  a h i g h e r  r a t e  t h a n  i t s  
b e n c h  c o u n t e r p a r t  a f t e r  a b o u t  1 1 5  
h o u r s .  A t  a b o u t  1 2 0  h r  t h e  i n p i l e  
r i g  had r e a c h e d  a n  a p p r o x i m a t e l y  c o n -  
s t a n t  s t r a i n  r a t e ,  whereas  t h e  r a t e  i n  
t h e  bench t e s t  was s t i l l  d e c r e a s i n g .  

R A D I A T I O N  EFFECTS ON THERMAL 
COND U C T I  V ITY 

A .  F. Cohen L.  C .  Temple ton  
S o l i d  S t a t e  D i v i s i o n  

I n  a p r e l i m i n a r y  r e l a t i v e  t h e r m a l  
c o n d u c t i v i t y  e x p e r i m e n t  on I n c o n e l ,  
p r e v i o u s l y  r e p o r t e d , ( * )  a l a r g e  d e -  
c r e a s e  i n  t h e r m a l  c o n d u c t i v i t y  w a s  
o b s e r v e d  a f t e r  t h r e e  d a y s  of  i r r a d i a -  
t i o n  a t  a p p r o x i m a t e l y  1 5 1 7 ° F  i n  t h e  
X - 1 0  g r a p h i t e  p i l e .  To  c h e c k  t h i s  
r e s u l t ,  a c a r e f u l l y  a n n e a l e d  I n c o n e l  
s p e c i m e n  w a s  i r r a d i a t e d  a t  482  a n d  
1067°F and showed a p p a r e n t l y  no e f f e c t s  
from t h e i r  r a d i a t i o n .  When r a i s e d  t o  
1517°F  t h e r e  was a g a i n  some a p p a r e n t  
l o w e r i n g  o f  t h e r m a l  c o n d u c t i v i t y ,  t h e  
c a u s e  o f  w h i c h  h a s  n o t  y e t  b e e n  d e -  
t e r m i n e d .  I n  r e l a t i v e  t h e r m a l  c o n -  
d u c t i v i t y  t e s t s  of  h i g h - p u r i t y  c o b a l t -  
f r e e  n i c k e l  i n  t h e  X - 1 0  g r a p h i t e  
p i l e ,  n o  l o w e r i n g  h a s  b e e n  o b s e r v e d  
d u r i n g  l o n g  p e r i o d s  a t  l o w  t e m p e r a -  
t u r e s  and  s e v e r a l  weeks of t e s t i n g  i n  
t h e  r e g i o n  o f  1 5 0 0 ° F .  An a b s o l u t e  
t h e r m a l  c o n d u c t i v i t y  t e s t  i s  b e i n g  
r u n  i n  t h e  LITR a t  1 5 0 0 ° F  on I n c o n e l  
t h a t  h a s  b e e n  h e a t - t r e a t e d  t o  p r e -  
c i p i t a t e  a l l  t h e  c a r b i d e s  t h a t  c a n  
be p r e c i p i t a t e d  by t h e r m a l  t r e a t m e n t .  

I n  an  a b s o l u t e  t h e r m a l  c o n d u c t i v i t y  
t e s t  on t y p e - 3 1 6  s t a i n l e s s  s t e e l  i n  
t h e  f a s t  f l u x  o f  t h e  LITR a t  2 1 2  t o  
3 9 2 ° F  t h e  t h e r m a l  c o n d u c t i v i t y  w a s  
shown t o  be u n a f f e c t e d  by t h e  i r r a d i a -  
t i o n .  

kr, ( 4 ) A .  F. Cohen, “Radiation Effects o n  Thermal 
Conductivity,” o p .  c i t . ,  ORNL-1154, p .  171. 
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SUMMARY AND INTRODUCTION 

T h e  s u r v e y  o f  t h e  s u p e r c r i t i c a l -  p r o c e d u r e s  w h e r e  n e c e s s a r y .  T h i s  
w a t e r  r e a c t o r  by t h e  Oak R idge  N a t i o n a l  d e v e l o p m e n t  ( s e c .  1 6 )  i s  l a r g e l y  con-  
L a b o r a t o r y ' s  s u b c o n t r a c t o r ,  N u c l e a r  c e r n e d  w i t h  t h e  a n a l y s i s  o f  f l u o r i d e  
Development  A s s o c i a t e s ,  I n c . ,  i s  com- m i x t u r e s  f o r  c o r r o s i o n  p r 0 d u c t . s  a n d  
p l e t e .  NDA h a s  c o n c l u d e d  ( s e c .  1 5 )  changes  i n  c o m p o s i t i o n .  

The " L i s t  o f  R e p o r t s  I s s u e d "  ( s e c .  t h a t  a r e a c t o r  o f  t h i s  t y p e  may b e  

d e v e l o p e d  f o r  s u p e r s o n i c  p r o p u l s i o n  1 7 )  i n c l u d e s  f o r m a l  r e p o r t s  a n d  
b u t  t h a t  t h e  r e a c t o r  i s  an  i n t r i c a t e  i n f o r m a l  d o c u m e n t s  on a l l  p h a s e s  o f  
m a c h i n e  and  w i l l  p r e s e n t  a d i f f i c u l t  the ANP P r o j e c t ,  
d e s i g n  j o b .  A l t h o u g h  ORNL w i l l  n o t  
p u r s u e  t h i s  r e a c t o r  c y c l e  b e c a u s e  o f  
t h e  p r e v a i l i n g  b e l i e f  i n  t h e  g r e a t e r  
p o t e n t i a l i t i e s  o f  l o w - p r e s s u r e  l i q u i d -  
c o o l a n t  r e a c t o r s ,  NDA w i l l  c o n t i n u e  
i t s  w o r k ,  t o g e t h e r  w i t , h  P r a t t  a n d  
Whi tney ,  unde r  d i r e c t  AEC c o n t r a c t .  

T h e  l a r g e ,  a n a l y t i c a l  c h e m i s t r y  
p r o g r a m  r e q u i r e d  i n  s u p p o r t  o f  t h e  
m a t e r i a l s  r e s e a r c h  p r o g r a m  i n c l u d e d  
t h e  r o u t i n e  a n a l y s i s  o f  574  s a m p l e s  
and t h e  d e v e l o p m e n t  o f  new a n a l y t i c a l  

A d i r e c t o r y  o f  t h e  r e s e a r c h  p r o j e c t s  
o f  t h e  A i r c r a f t  N u c l e a r  P r o p u l s i o n  
P r o j e c t  o f  t h e  Oak R i d g e  N a t i o n a l  
L a b o r a t o r y  i s  g i v e n  i n  s e c .  18.  The  
r e s e a r c h  p r o j e c t s  o f  t h e  L a b o r a t o r y ' s  
s u b c o n t r a c t o r s  on t h e  ANP P r o j e c t  a r e  
l i s t e d ,  a s  w e l l  a s  t h e  r e s e a r c h  now i n  
p r o g r e s s  a t  t h e  L a b o r a t o r y ,  T h e  
r e s e a r c h  p r o j e c t s  b e i n g  p e r f o r m e d  by 
ORNL f o r  t h e  ANP p r o g r a m s  o f  o t h e r  
o r g a n i z a t i o n s  a r e  i n c l u d e d  and marked 
a s  s u c h .  

1' 
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15. THE SUPERCRITICAL-WATER REACTOR 
N u c l e a r  Development  A s s o c i a t e s ,  I n c .  

T h e  s u p e r c r  i t i c a l - w a  t e r  c y c l e  , 
f i r s t  p r o p o s e d  i n  R e p o r t  Wash-24 , " '  
h a s  b e e n u n d e r  c o n t i n u o u s  i n v e s t i g a t i o n  
by t h e  N u c l e a r  Development  A s s o c i a t e s ,  
I n c . ,  f o r  o v e r  a y e a r .  NDA h a s  now 
c o m p l e t e d  t h e i r  a n a l y s i s  of  t h e  s u p e r -  
c r i t i c a l - w a t e r  r e a c t o r  f o r  ORNL and  a 
f i n a l  r e p o r t  h a s  b e e n  w r i t t e n . ( 2 )  
T h i s  r e p o r t  c o n c l u d e s  t h e  s u b c o n t r a c t  
w o r k  b y  NDA f o r  ORNL on  t h e  s u p e r -  
c r i t i c a l - w a t e r  r e a c t o r .  NDA w i l l ,  
h o w e v e r ,  c o n t i n u e  i t s  w o r k  i n  t h i s  
f i e l d  i n  c o n j u n c t i o n  w i t h  P r a t t  a n d  
W h i t n e y  A i r c r a f t  D i v i s i o n  i n  a s t u d y  
o f  t h e  e n g i n e  and h a r d w a r e  a s p e c t s  o f  
t h i s  s y s t e m .  T h e  c o n c l u s i o n s  a n d  
recommenda ti ons  i n  t h e  f i n a l  NDA r e p o r t  
a r e  q u o t e d  i n  d e t a i l  b e l o w .  T h i s  
s t u d y  w a s  c o n c e r n e d  o n l y  w i t h  t h e  
r e a c t o r  a n d  s h i e l d ;  t h e  power  p l a n t  
a n d  e n g i n e  a s p e c t s  o f  t h e  p r o p o s a l  
a r e  o u t s i d e  t h e  s c o p e  o f  t h e  p r e s e n t  
summary . 

DESCRIPTION OF REACTOR 
The r e a c t o r  c o n s i s t s  o f  a s t r u c t u r e  

o f  s t a i n l e s s  s t e e l  p l a t e s  i m m e r s e d  
i n  a v e s s e l  o f  w a t e r  t h a t  i s  a b o v e  
t h e  c r i t i c a l  p r e s s u r e ,  s o  t h a t  i t  c a n  
be h e a t e d  t o  h i g h  t e m p e r a t u r e s  w i t h o u t  
p h a s e  c h a n g e .  The p l a t e s  c o n t a i n  t h e  
f u e l  and  p r o v i d e  s u r f a c e s  f o r  t r a n s -  
f e r r i n g  t h e  h e a t  t o  t h e  w a t e r .  The  
w a t e r  s e r v e s  s e v e r a l  f u n c t i o n s :  i t  
i s  t h e  c o o l a n t  t h a t  c a r r i e s  away t h e  
h e a t  from t h e  p l a t e s ;  i t  i s  t h e  moder-  
a t o r  t h a t  s l o w s  down t h e  n e u t r o n s  i n  
t h e  c h a i n  r e a c t i o n ;  t h r o u g h  v a r i a t i o n s  
i n  i t s  d e n s i t y  i t  c o n t r o l s  t h e  r e -  
a c t i v i t y  o f  t h e  m a c h i n e ;  i t  i s  t h e  
n e u t r o n  r e f l e c t o r  t h a t  s u r r o u n d s  t h e  
r e a c t o r  c o r e ;  and  i t  i s  t h e  i n n e r m o s t  
p o r t i o n  o f  t h e  r e a c t o r  s h i e l d .  

("Appltcation of a Water C o o l e d  a n d  M o d e r a t e d  
R e a c t o r  t o  A i r c r a f t  P r o p u l s i o n ,  AEC R e a c t o r  
D e v e l o p m e n t  D i v i s i o n ,  W a s h - 2 4 ,  Aug. 18, 1950. 

(2 'The S u p  e r c r i t a c a 1 W a  t e r R e  a c t o r ,  N u c  1 ear 
Development Associates, Inc., O R N L - 1 1 7 7 ,  Feb .  1, 
1952. 

CONCLUSIONS OF THE NDA STUDY 

I t  i s  t h e  c o n c l u s i o n  o f  NDA t h a t  
i t  i s  p o s s i b l e  t o  d e v e l o p  a r e a c t o r  
o f  t h i s  t y p e  b u t  t h a t  i t  i s  an  i n t r i -  
c a t e  mach ine  and  w i l l  p r e s e n t  a d i f -  
f i c u l t  d e s i g n  j o b .  NDA d o e s  n o t  b e -  
l i e v e  t h a t  t h i s  r e a c t o r  r e p r e s e n t s  a n  
e a s y  s h o r t  c u t  on t h e  d i f f i c u l t  r o a d  
t o  s u p e r s o n i c  f l i g h t  b u t  t h a t  i t  may 
o f f e r  one  n o t - i m p o s s i b l e  p a t h  t l o  t h a t  
g o a l .  I t  is f u r t h e r  s t a t e d  t h a t  t h i s  
s t u d y  r e p r e s e n t s  o n l y  a n  e a r l y  s t e p  
t o w a r d  e v o l v i n g  s u c h  a r e a c t o r  a n d  
d e f i n i t e l y  d o e s  n o t  p r o v i d e  a p r e -  
l i m i n a r y  d e s i g n  r e a d y  f o r  de  ta l l  l i n g .  
An a t t e m p t  i s  made  t o  d i s p l a y  t h e  
p o t e n t i a l i t i e s  o f  t h e  m a c h i n e  a n d  t o  
s e t  f o r t h  a t  l e a s t  some o f  t h e  p r o b -  
lems - t h e  s t u d y  h a s  n o t  s o l v e d  t h e  
p r o b l e m s .  The i m p r e s s i o n s  t h a i ;  h a v e  
b e e n  g a i n e d  i n  r e g a r d  t o  p a r t i c u l a r  
i tems a r e :  
1. 

2 .  

3 .  

4. 

The h e a t  o u t p u t  ( 4 0 0 , 0 0 0  kur) r e -  
p o r t e d ( ' )  a p p e a r s  a t t a i n a b l e  w i t h  
a r e a c t o r  h a v i n g  a m o d e s t  s i z e  
c o r e  ( 2 . 5 - f t - s q u a r e  c y l i n d e r )  and  
a r e a s o n a b l e  f u e l  i n v e n t o r y  ( 2 0  
k g ) .  

The p r e s e n t  e s t i m a t e  ( 8 5 , 0 0 0  l b )  
f o r  t h e  w e i g h t  o f  a d i v i d e d  s h i e l d  
w i t h  a c r e w  c o m p a r t m e n t  o f  i n -  
t e r m e d i a t e  s i z e  compares  f a v o r a b l y  
w i t h  t h e  a l l o w a n c e  ( 9 0 , 0 0 0  l b )  
made i n  t h e  r e p o r t ,  o r  w i t h  t h e  
s o m e w h a t  h i g h e r  w e i g h t s  a l l o w e d  
f o r  i n  t h e  p r e l i m i n a r y  B o e i n g  
s t u d i e s  . 

T h i s  s h i e l d ,  l i k e  o t h e r  d i v i d e d  
s h i e  I d s  , d o e s  n o t  p e r m i t  n o r m a l  
a p p r o a c h  t o  t h e  a i r p l a n e  a f t , e r  i t  
h a s  l a n d e d .  A d d i t i o n a l  awkward  
s h i e l d i n g  p r o v i s i o n s  a r e  n e e d e d  
for ground hand l i n g .  

I n  v i ew o f  i n d u s t r i a l  e x p e r i e n c e  
w i t h  h i g h  p r e s s u r e s ,  t h e  p r e s s u r e  
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(5000  p s i )  c a l l e d  f o r  i n  t h i s  r e -  
a c t o r  d o e s  n o t  i n  i t s e l f  a p p e a r  
t o  c o n s t i t u t e  a ma jo r  d i f f i c u l t y .  
D e p a r t u r e  f r o m  s t a n d a r d  p r e s s u r e  
v e s s e l  p r a c t i c e  w i l l  b e  n e c e s -  
s i t a t e d  by t h e  low-we igh t  r e q u i r e -  
ment  i n  t h e  p r e s e n t  a p p l i c a t i o n ;  
a l t h o u g h  t h i s  w i l l  pose  i m p o r t a n t  
d e s i g n  p r o b l e m s ,  i t  i s  t h o u g h t  
t h a t  t h e y  c a n  be worked o u t  s a t i s -  
f a c t  or i l y  . 

5 .  T h e r e  i s  c o n s i d e r a b l e  e x p e r i e n c e  
w i t h  w a t e r  a n d  s t a i n l e s s  s t e e l ,  
a n d ,  a t  l e a s t  i n  t h e  a b s e n c e  o f  
r a d i a t i o n  e f f e c t s ,  t h e  u s e  o f  t h e s e  
m a t e r i a l s  a p p e a r s  t o  b e  q u i t e  
p r  omi  s i n g  . 

6 .  A t y p e  o f  f u e l  e l e m e n t  p l a t e  u n d e r  
deve lopmen t  a t  ORNL a p p e a r s  p r o m i s -  
i n g  f o r  u s e  i n  t h i s  r e a c t o r .  

7 .  I n c o r p o r a t i o n  o f  t h e  b a s i c  f u e l  
p l a t e s  i n t o  s a t i s f a c t o r i l y  c o o l e d  
a s s e m b l i e s  i s  a c o m p l e x  p r o b l e m  
t h a t  w i l l  r e q u i r e  m a j o r  e f f o r t .  
The r e a c t o r  c a l l s  f o r  a v e r y  f i n e -  
s c a l e  f u e l - b e a r i n g  s t r u c t u r e  
worked a t  t remendous  h e a t  l o a d .  

8.  A p a r t i c u l a r  d i f f i c u l t y  i s  t h a t  
o f  m a i n t a i n i n g  e q u a l  t e m p e r a t u r e s  
i n  p a r a l l e l  c o o l i n g  s t r e a m s  b e -  
c a u s e  o f  t h e i r  s e n s i t i v i t y  ( a r i s -  
i n g  f r o m  t h e  l a r g e  e x p a n s i o n  o f  
t h e  f l u i d )  t o  d i f f e r e n c e s  i n  h e a t  
l o a d  or o t h e r  q u a n t i t i e s .  T h i s  
t e n d s  t o  i n c r e a s e  t h e  a m o u n t  by  
which  t h e  maximum w a l l  t e m p e r a t u r e  
e x c e e d s  t h e  e x i t  mixed t e m p e r a t u r e  
o f  t h e  c o o l a n t .  T h u s ,  t h e  i m -  
p o r t a n t  t e m p e r a t u r e s  a r e  s e n s i -  
t i v e  t o  c o m p l e x  d e t a i l s  o f  t h e  
r e a c t o r  power p a t t e r n  and  t o  i m -  
p e r f e c t i o n s  i n  t h e  d e s i g n  a n d  
f a b r i c a t i o n  o f  t h e  m a c h i n e .  

9. V a r i a t i o n s  i n  w a t e r  d e n s i t y  p r o -  
v i d e  a s u b s t a n t i a l  a m o u n t  o f  
s e l f - r e g u l a t i o n ,  a s  w e l l  a s  a 
c o n v e n i e n t  m e c h a n i s m  f o r  s l o w  
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10. 

11. 

e x t e r  a 1  c o n t  01 o f  t h e  e a c t o r .  
The machine a p p e a r s  q u i t e  amenable  
t o  c o n t r o l  u n d e r  s t e a d y  c o n d i -  
t i o n s .  

A d e t a i l e d  s t u d y  o f  s t a r t u p  p r o -  
c e d u r e ,  w h i c h  wou ld  a l s o  i n v o l v e  
t h e  p o w e r  p l a n t ,  h a s  n o t  b e e n  
made .  H o w e v e r ,  i t  a p p e a r s  p o s -  
s i b l e ,  w i t h  o n l y  d e n s i t y  c o n t r o l s ,  
t o  s t a r t  u p  t h e  r e a c t o r  when i t  
i s  a t t a c h e d  t o  a s i m p l e  e x t e r n a l  
s ys  tem. 

A u s e f u l  a m o u n t  o f  s h i m  c o n t r o l  
c a n ,  i n  p r i n c i p l e ,  b e  o b t a i n e d  by 
v a r i a t i o n  o f  w a t e r  d e n s i t y  i n  
t h e  r e a c t o r .  However,  t h e  e f f e c t s  
o f  d e n s i t y  c h a n g e  upon t h e  power  
p a t t e r n  ( c f .  8 a b o v e )  h a v e  n o t  
y e t  been  i n v e s t i g a t e d ,  and  i t  may 
p r o v e  d e s i r a b l e  t o  i n c o r p o r a t e  
m e c h a n i c a l  or o t h e r  s l o w l y  a c t i n g  
c o n t r o l s  t o  a s s i s t  i n  s t a r t u p  or 
i n  sh im c o n t r o l .  

RECOMMENDATIONS OF T H E  NDA S T U D Y  

I f  t h e  s u p e r c r i t i c a l - w a t e r  r e a c t o r  
i s  deemed s u f f i c i e n t l y  p r o m i s i n g  t o  
be of  f u r t h e r  i n t e r e s t  f o r  a i r c r a f t  
or o t h e r  a p p l i c a t i o n s ,  t h e  f o l l o w i n g  
r e c o m m e n d a t i o n s  f o r  f u r t h e r  work  a r e  
i n  

1. 

2 .  

3 .  

4 .  

5. 

o r d e r :  

R e f i n e m e n t  o f  r e a c t o r  and  s h i e l d  
de s i g n  g e n e r a  11 y ,  

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

O u t - o f - p i l e  work on h e a t  t r a n s f e r ,  
c o r r o s i o n ,  a n d  f l u i d  f l o w ,  

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

E x p e r i m e n t a l  and  t h e o r e t i c a l  w o r k  
on t h e  g e n e r a l  " f l a t  f l u x "  c o n c e p t  
of  r e a c t o r  d e s i g n ,  
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6 .  C r i t i c a l - a s s e m b l y  e x p e r i m e n t s  f o r  a t t e n t i o n  t o  t h e  c o u p l i n g  be tween  
t h e  s u p e  r c  r i t i c a  1 - w a t e r  r e  a c t o r  r e a c t o r  and power p l a n t ,  
i n  p a r t i c u l a r ,  i n c l u d i n g  s u c h  
i t e m s  a s  f u e l  c o n t e n t ,  l u m p i n g  
e f f e c t s ,  power  p a t t e r n ,  a n d  t h e  
e f f e c t s  o f  w a t e r - d e n s i t y  v a r i a t i o n  
and  n o n u n i f o r m i t i e s ,  

7 .  Semi mockup m e a s u r e m e n t s  o f  o v e r -  
a l l  s h i e l d  e f f e c t i v e n e s s  a n d  o f  
t h e  r a d i a t i o n  h e a t  l o a d  i n  t h e  
ne ighborhood  of t h e  p r e s s u r e  s h e l l ,  

8 .  R e f i n e m e n t  o f  s t a b i l i t y ,  c o n t r o l  
a n d  s t a r t u p  c o n s i d e r a t i o n s ,  w i t h  

9 .  C o n s i d e r a t i o n  o f  a r e d u c e d - p o w e r  
r e a c t o r  e x p e r i m e n t  f o r  s t u d y i n g  
t h e  dynamics and c o n t r o l  of s t a r t u p ,  
a n d  a l s o  c o n s i d e r a t i o n  o f  a n y  
o t h e r  c o n c e i v a b l e  e x p e r  i m e n t s  t h a t  
migh t  shed  l i g h t  on t h e s e  p r o b l e m s ,  
e . g . ,  t h e  c o u p l i n g  ( v i a  a w a t e r -  
d e n s i t y  s e n s i n g  d e v i c e )  o f  a n  
e l ec  t r  i c a  1 l y  he a t e d  s u p e r  c r i 1; i c a  1 - 
w a t e r  s y s t e m  t o  a n e u t r o n  s i m u l a t o r .  
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16. ANALYTICAL CHEMISTRY 
C. D.  S u s a n o  

A n a l y t i c a l  Chemis t r y  D i v i s  i o n  

The m a j o r  p o r t i o n  o f  t h e  e f f o r t  i n  
t h e  f i e l d  o f  A n a l y t i c a l  C h e m i s t r y  i s  
c o n c e r n e d  w i t h  t h e  a n a l y s i s  o f  t e r n a r y  
and  q u a t e r n a r y  e u t e c t i c s  composed o f  
a l k a l i - m e  t a l  , b e r y l l i u m ,  and  u r a n i u m  
f l u o r i d e s  t h a t  have  b e e n  s u b j e c t e d  t o  
c o r r o s i o n  t e s t s  i n  s t a i n l e s s  s t e e l  
and  n i c k e l  a l l o y  c o n t a i n e r s .  S t u d i e s  
made d u r i n g  t h e  p a s t  q u a r t e r  l e d  t o  
r e v i s i o n s  i n  t h e  m e t h o d s  f o r  t h e  d e -  
t e r m i n a t i o n  o f  u r a n i u m ,  i r o n ,  n i c k e l ,  
ch romium,  m a n g a n e s e ,  a n d  molybdenum. 
The r e v i s e d  methods a r e  y i e l d i n g  s a t i s -  
f a c t o r y  r e s u l t s .  The d e t e r m i n a t i o n s  
o f  b e r y l l i u m ,  t o t a l  a l k a l i  m e t a l ,  
f l u o r i d e ,  a n d  s i l i c o n  p r e s e n t  more  
s e r i o u s  p r o b l e m s ,  b u t  p r o g r e s s  i s  
b e i n g  made  i n  t h e  m o d i i f i c a t i o n  o f  
e x i s t i n g  m e t h o d s  o r  t h e  d e v e l o p m e n t  
o f  new me thods  f o r  d e t e r m i n i n g  t h e s e  
c o n s t i t u e n t s .  T h e  f e a s i b i l i t y  o f  
s e p a r a t i n g  b e r y l l i u m  f r o m  u r a n i u m  b y  
t h e  u s e  o f  a n i o n  e x c h a n g e  r e s i n s  i s  
b e i n g  s t u d i e d ,  w i t h  v e r y  p r o m i s i n g  
r e s u l t s .  A method has  been  worked o u t  
f o r  t h e  d e t e r m i n a t i o n  o f  f l u o r i d e ,  
w h i c h ,  i t  i s  b e l i e v e d ,  w i l l  s how a 
m a r k e d  i m p r o v e m e n t ,  i n  a c c u r a c y  a n d  
e x p e n d i t u r e  o f  t i m e  ove r  t h e  p r e s e n t l y  
u s e d  p y r o h y d r o l y s i s  m e t h o d .  E f f o r t s  
a r e  b e i n g  made t o  a d a p t  t h e  c o l o r i -  
m e t r i c  s i l i c o - m o l y b d a t e  m e t h o d  f o r  
t h e  d e t e r m i n a t i o n  o f  s i l i c o n  i n  f l u o -  
r i d e  e u t e c t i c s .  

S e v e r a l  f u r t h e r  a t t e m p t s  t o  remove 
b o r o n  f r o m  d i a t o m a c e o u s  e a r t h  b y  
w a s h i n g  w i t h  h y d r o c h l o r i c  a c i d  h a v e  
shown t h a t  t h e  b o r o n  c o n t e n t  c a n  b e  
r e d u c e d  t o  50 ppm or l e s s .  

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

J.  C .  Whi te  W .  J. Ross 
A n a l y t i c a l  C h e m i s t r y  D i v i s i o n  

S e v e r a l  a t t e m p t s  t o  r emove  b o r o n  
f r o m  o n e  t y p e  o f  d i a t o m a c e o u s  e a r t h  

( w i t h  t h e  t r a d e  name " S i l - 0 - C e l t ' )  b y  
w a s h i n g  w i t h  h y d r o c h l o r i c  a c i d  i n  
c o n c e n t r a t i o n s  from 3 3  t o  67% r e s u l t e d  
i n  l o w e r i n g  t h e  b o r o n  c o n t e n t  f r o m  
3 0 0  ppm t o  50 ppm o r  l ess .  T h i s  i n -  
v e s t i g a t i o n  h a s  been  hampered  b,y t h e  
l a c k  o f  a more  s e n s i t i v e  m e t h o d  f o r  
t h e  d e t e r m i n a t i o n  o f  b o r o n  i n  q u a n t i -  
t i e s  l e s s  t h a n  5 0  ppm; t h e r e f o r e  t h e  
u l t i m a t e l y  p o s s i b l e  r e d u c t i o n  o f  t h e  
b o r o n  c o n t e n t  is  i n d e t e r m i n a t e  a t  t h i s  
t ime.  

A method f o r  t h e  d e t e r m i n a t i o n  o f  
b o r o n  t h a t  i n v o l v e s  t h e  c o l o r  complex  
be tween bo ron  and 1 , 1 ' -d i a n  t hrimj.de i n  
s u l f u r i c  a c i d ( ' )  i s  m o r e  s e n s i t i v e  
t h a n  t h e  s p e c t r o g r a p h i c  method b e i n g  
u s e d ,  b u t  i t s  a p p l i c a t i o n  t o  d i a t o -  
m a c e o u s  e a r t h  s a m p l e s  h a s  n o t  b e e n  
s u c c e s s f u l .  

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

J .  C. Whi t e  C.  K .  Ta1bo t . t  
W .  J .  Ross  C. M.  Boyd 

A n a l y t i c a l  C h e m i s t r y  Div  is  i o n  

The ma jo r  p o r t i o n  o f  t h e  e f f o r t  for 
t h e  ANP p r o g r a m  i n  t h e  f i e l d  o f  Ana-  
l y t i c a l  C h e m i s t r y  i s  c o n c e r n e d  w i t h  
t h e  a n a l y s i s  of  t e r n a r y  and q u a t e r n a r y  
e u t e c t i c s  composed  o f  a l k a l i - m e t a l ,  
b e r y l l i u m ,  and u r a n i u m  f l u o r i d e s  t h a t  
have  been  s u b j e c t e d  t o  c o r r o s i o n  t es t s  
i n  s t a i n l e s s  s t e e l  a n d  n i c k e l  a l l o y  
c o n t a i n e r s .  D e t e r m i n a t i o n s  o f  u ran ium,  
b e r y l l i u m ,  t o t a l  a l k a l i  m e t a l s ,  a n d  
f l u o r i d e s  a r e  made f o r  t h e  purpcrse o f  
f o l l o w i n g  p o s s i b l e  c h a n g e s  i n  compo- 
s i t i o n  o f  t h e  e u t e c t i c s ,  and d e t e r m i n a -  
t i o n s  o f  i m p u r i t i e s  s u c h  a s  i r o n ,  

("5. C .  W h i t e  a n d  W .  J .  Ross, " S t u d i e s  o f  
D i a t o m a c e o u s  E a r t h , "  A i r c r a f t  N u c l e a r  P r o p u l s i o n  
P r o j e c t  Q u a r t e r l y  P r o g r e s s  R e p o r t  f o r  P e r i o d  
E n d i n g  December 1 0 ,  1951, ORNL-1170, p .  1 5 3 .  
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n i c k e l ,  chromium, manganese ,  a n d m o l y b -  
denum a r e  r e q u i r e d  i n  o r d e r  t o  d e -  
t e r m i n e  t h e  e x t e n t  o f  c o r r o s i o n  o f  
t h e  m e t a l  c o n t a i n e r .  S i n c e  t h e  p r e s -  
e n c e  o f  s i l i c o n  i n  t h e s e  m i x t u r e s  
h a s  been  d e t e c t e d  by e x a m i n a t i o n  w i t h  
t h e  m a s s  s p e c t r o m e t e r ,  m e t h o d s  o f  
d e t e r m i n i n g  s i l i c o n  a r e  a l s o  b e i n g  
d e v e l o p e d .  The a d a p t a t i o n  o f  e x i s t i n g  
m e t h o d s  o f  a n a l y s i s  t o  t h e  f l u o r i d e  
e u t e c t i c  t y p e  o f  s a m p l e  h a s  b e e n  t h e  
p r i n c i p a l  problem of  t h e  g roup .  

Uranium. T h e  d e t e r m i n a t i o n  o f  
u r a n i u m  i n  f l u o r i d e  e u t e c t i c s  i s  
b e i n g  s a t i s f a c t o r i l y  a c c o m p l i s h e d  by  
t h e  p o t e n t i o m e t r i c  method o f  t i t r a t i n g  
uranium(IV1 w i t h  f e r r i c  s u l f a t e .  ( 2  ) 

Beryllium. The s e p a r a t i o n  of b e r y l -  
l i u m  f rom u r a n i u m  i s  g e n e r a l l y  b a s e d  
on t h e  s e l e c t i v e  p r e c i p i t a t i o n  o f  one 
c o m p o n e n t ,  s u c h  a s  t h e  p r e c i p i t a t i o n  
o f  b e r y l l i u m  h y d r o x i d e  i n  c a r b o n a t e  
s o l u t i o n .  The d e t e r m i n a t i o n  of  b e r y l -  
l i u m  i s  o r d i n a r i l y  c o m p l e t e d  g r a v i -  
m e t r i c a l l y  by  p r e c i p i t a t i o n  o f  t h e  
h y d r o x i d e ,  b u t  a v o l u m e t r i c  p r o c e d u r e  
would be p r e f e r a b l e .  The f e a s i b i l i t y  
o f  s e p a r a t i n g  b e r y l l i u m  f r o m  u r a n i u m  
by t h e  u s e  of a n i o n  exchange  r e s i n s  i s  
b e i n g  s t u d i e d .  Bo th  column and  b a t c h  
t e s t s ,  w i t h  t h e  u s e  of  Dowex-1 i n  t h e  
c h l o r i d e  and s u l f a t e  f o r m s ,  h a v e  i n -  
d i c a t e d  t h a t  u r a n i u m  i s  a d s o r b e d  b y  
s u c h  r e s i n s  and t h a t  b e r y l l i u m  i s  n o t  
a d s o r b e d .  S u c h  a s e p a r a t i o n  w i l l  
p e r m i t  t h e  d i r e c t  t i t r a t i o n  o f  b e r y l -  
l i u m .  

A n o t h e r  method f o r  t h e  s e p a r a t i o n  
of  u ran ium and b e r y l l i u m ,  recommended 
b y  F i s c h e r  ( r e p o r t e d  b y  R o d d e n ( 2 ) ) ,  
d e p e n d s  u p o n  t h e  e x t r a c t i o n  o f  t h e  
u r a n i u m  s a l t  o f  1 - n i t r o s  0 - 2  - n a p h t h o l  
w i t h  amyl  a l c o h o l .  T h i s  method w i l l  
be i n v e s t i g a t e d .  

( 2 ) C .  J. Rodden (Editor-in-chief), A n a Z y t i c a Z  
C h e m i s t r y  o f  t h e  M a n h a t t a n  P r o j e c t ,  p. 7 0 - 7 1 ,  
M c G r a w - H i l l ,  N e w  York (1950). 
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T o t a l  Alkali Metals. I n  t h e  p r o -  
c e d u r e  now i n  u s e ,  a l l  t h e  c a t i o n s  
e x c e p t  t h e  a l k a l i  m e t a l  i o n s  a r e  p r e -  
c i p i t a t e d  b y  ",OH f r o m  a s u l f a t e  
s o l u t i o n  of  t h e  e u t e c t i c  and e v a p o r a t e d ,  
and t h e  a l k a l i  m e t a l s  a r e  w e i g h e d  a s  
s u l f a t e s .  

Total Fluoride. The d e t e r m i n a t i o n  
of t o t a l  f l u o r i d e  i n  t h e  e u t e c t i c s  i s  
a c c o m p l i s h e d  b y  h y d r o l y s i s  o f  t h e  
powdered  e u t e c t i c  i n  t h e  p r e s e n c e  o f  
U,O, and  s t e a m  a t  1000°C,  f o l l o w e d  by  
t h e  t i t r a t i o n  o f  t h e  hydrogen  f l u o r i d e  
c o n t a i n e d  i n  t h e  d i s t i l l a t e .  

The problem o f  removing  i n t e r f e r i n g  
i o n s  i s  w e l l  o n  t h e  way t o  b e i n g  
s o l v e d  by a method t h a t  i n v o l v e s  f u s i o n  
o f  t h e  m a t e r i a l  w i t h  sodium c a r b o n a t e .  
L e a c h i n g  t h e  c a r b o n a t e  f u s i o n  m i x t u r e  
w i t h  w a t e r  d i s s o l v e s  t h e  f l u o r i d e s ,  
w h i c h  c a n  t h e n  b e  s e p a r a t e d  f rom t h e  
i n s o l u b l e  r e s i d u e  b y  f i l t r a t i o n .  
B e r y l l i u m ,  u r a n i u m  d i o x i d e ,  a n d  a l l  
t h e  m e t a l  i m p u r i t i e s  excep tmolybdenum,  
g e n e r a l l y  a v e r y  minor  componen t ,  a r e  
r e t a i n e d  i n  t h e  r e s i d u e .  F l u o r i d e  i s  
p r e c i p i t a t e d  i n  t h e  f i l t r a t e  a s  l e a d  
c h l o r o f l u o r i d e ,  which may be d r i e d  and 
w e i g h e d .  A l t e r n a t i v e l y ,  a v o l u m e t r i c  
d e t e r m i n a t i o n  o f  c h l o r i d e ,  a f t e r  d i s -  
s o l u t i o n  o f  t h e  p r e c i p i t a t e  i n  n i t r i c  
a c i d ,  a l s o  y i e l d s  t h e  f l u o r i d e  c o n t e n t .  
R e c o v e r y  o f  f l u o r i d e  was f rom 9 9 . 3  t o  
1 0 0 . 6 %  c o m p l e t e  when t h e  c h l o r i d e  
c o n c e n t r a t i o n  r a n g e d  f rom two t o  f i v e  
t i m e s  t h e  t h e o r e t i c a l  a m o u n t .  T h e  
v o l u m e t r i c  method is  l e s s  s a t i s f a c t o r y ,  
a n d  f u r t h e r  w o r k  i s  b e i n g  d o n e  t o  
c o r r e c t  i t s  d e f i c i e n c i e s .  

The c a r b o n a t e  f u s i o n  method o f f e r s  
t w o  main a d v a n t a g e s  o v e r  t h e  h y d r o l y s i s  
p r o c e d u r e :  ( 1 )  i t  i s  more a d a p t a b l e  
t o  u s e  on a l a r g e  s c a l e ,  i n  t h a t  i t  
r e q u i r e s  n o  s p e c i a l  e q u i p m e n t  and  i s  
more  r a p i d ,  a n d  ( 2 )  i t  p e r m i t s  t h e  
d e t e r m i n a t i o n  o f  a number o f  c o n s t i t u -  
e n t s  on t h e  same s a m p l e ;  i n  f a c t ,  when 
n e c e s s a r y ,  a l l  t h e  d e s i r e d  c o n s t i t u e n t s  
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c a n  b e  d e t e r m i n e d  on a s i n g l e  s a m p l e  
o f  t h e  f u s e d  m i x t u r e .  

Nickel.  The d i m e t h y l g l y o x i m e  method 
b e i n g  u s e d  f o r  t h e  c o l o r i m e t r i c  d e -  
t e r m i n a t i o n  o f  n i c k e l  employs  s p e c i a l  
t r e a t m e n t  f o r  a p p l i c a t i o n  t o  f l u o r i d e  
e u t e c t i c s .  ( 3  ) 

C h r o m i u m .  T h e  u s e  o f  d i p h e n y l -  
c a r b a z i d e  t o  f o r m  a v i o l e t  c o m p l e x  
w i t h  chromium(1V) f o r  t h e  c o l o r i m e t r i c  
d e t e r m i n a t i o n  o f  c h r o m i u m  i s  w e l l  
e s t a b l i s h e d ;  c h o i c e  of a s u i t a b l e  
o x i d a n t ,  u n f o r t u n a t e l y ,  is  n o t .  P e r -  
manganate  h a s  been  used  s a t i s f a c t o r i l y  
i n  t h i s  c a p a c i t y  , b u t  sodium b i s m u t h a t e  
h a s  a l s o  been  e x t e n s i v e l y  s t u d i e d .  

Manganese. The c o l o r i m e t r i c  method 
f o r  t h e  d e t e r m i n a t i o n  o f  m a n g a n e s e ( 4 )  
p r e s c r i b e s  t h e  u s e  of sodium b i s m u t h a t e  
a s  t h e  o x i d a n t  t o  produce  pe rmangana te  
i o n s .  T h i s  m e t h o d ,  h o w e v e r ,  h a s  
p r o v e d  u n s a t i s f a c t o r y  f o r  t h e  c o r r o -  
s i o n - t e s t  s a m p l e s  c u r s e n t l y  b e i n g  
r e c e i v e d ,  b e c a u s e  t h e y  have been  found 
t o  c o n t a i n  h i g h  chromium-to-manganese  
r a t i o s .  A s  a n  a l t e r n a t i v e ,  t h e  
p e r i o d a t e  method h a s  been  s t u d i e d  and  
f o u n d  t o  b e  m o r e  a p p l i c a b l e ,  o w i n g  
c h i e f l y  t o  t h e  p o s s i b i l i t y  o f  r e -  
t a r d i n g  t h e  o x i d a t i o n  o €  c h r o m i u m  
w i t h o u t  a f f e c t i n g  t h e  o x i d a t i o n  r a t e  
o f  m a n g a n e s e  t h r o u g h  t h e  c o n t r o l  o f  
t h e  a c i d i t y  o f  t h e  s y s t e m .  

S i l i c o n .  I n  t h e  c o l o r i m e t r i c  d e -  
t e r m i n a t i o n  o f  s i l i c o n ,  t h e  c o m p l e x  
m o l y b d o s i l i c i c  a c i d  i s  e x t r a c t e d  w i t h  
e i t h e r  b u t y l  or amyl a l c o h o l ,  and t h e  
molybdenum b l u e  c o m p l e x  i s  m e a s u r e d  
s p e c t r o p h o t o m e t r i c a l  l y  . A 1 t h o u g h  t h i s  
method y i e l d s  r e s u l t s  t h a t  a r e  some-  
t i m e s  d i f f i c u l t  t o  d u p l i c a t e ,  i t  i s  

( 3 ) F r o m  J .  C. W h i t e  t o  L .  J. B r a d y ,  E f f e c t  
of p H  a n d  C o n c e n t r a t i o n  of A m n o n i u m  P e r s u l f a t e  on 
C o l o r i m e t r i c  D e t e r m i n a t i o n  o f  N i c k e l  by t h e  
D i m e t h y l g l y o x i m e  M e t h o d ,  Y - B 3 1 - 3 2 4 ,  J a n .  1 7 ,  
1 9 5 2 .  

( 4 ) J .  C .  W h i t e ,  ‘ ‘ S t u d y  a n d  A n a l y s i s  o f  
F l u o r i d e  E u t e c t i c s , ”  Analytical Chemistry Division 
Q u a r t e r l y  P r o g r e s s  R e p o r t  f o r  P e r i o d  E n d i n g  
D e c e m b e r  26, 1951, O W L - 1 2 3 3 ,  p .  6 2 .  

w i d e l y  u s e d  f o r  t h e  d e t e r m i n a t i o n  o f  
s o l u b l e  s i l i c o n  i n  low c o n c e n t r a t i o n  
r a n g e s .  

D i s s o l u t i o n  o f  t h e  f l u o r i d e  e u t e c t i c  
t o  y i e l d  a l l  t h e  s i l i c o n  i n  t h e  f o r m  
o f  s o l u b l e  s i l i c a  i s  a c r i t i c a l  s t e p .  
Hoffman and L u n d e l l ( ’ )  made a t h o r o u g h  
s t u d y  o f  t h e  d e t e r m i n a t i o n  of  s j . l i c o n  
i n  t h e  p r e s e n c e  of f l u o r i d e  and recom-  
mended sod ium c a r b o n a t e  f u s i o n  o f  t h e  
s o l i d .  Small  c o n c e n t r a t i o n s  o f  s i l i -  
con  c a n  be  l e a c h e d  o u t  o f  t h e  f u s i o n  
m i x t u r e  w i t h  w a t e r .  The  u s e  of t h i s  
method i n  p r e l i m i n a r y  t e s t s  i n d i c a t e d  
t h e  p r e s e n c e  o f  s u b s t a n t i a l  q u a n t i t i e s  
o f  s i l i c o n  i n  c e r t a i n  f l u o r i d e  e u t e c -  
t i c s .  A n e f f o r t  i s  b e i n g  made t o  a d a p t  
t h e  m e t h o d  f o r  a p p l i c a t i o n  t o  t h e  
f l u o r i d e  e u t e c t i c s  and  t o  t h e  i n d i -  
v i d u a l  components  of  t h e  e u t e c t i c s .  

S O L U B I L I T Y  OF B O R I C  A C I D  I N  WATER 

A .  P.  F r a a s  G .  E’. P e t e r s e n  

ANP D i v i s i o n  

T h e  s o l u b i l i t y  i n  w a t e r  o f  t h e  
b o r i c  a c i d ,  H,BO,, i s  s o  low t h a t  t h e  
i n c r e a s e  i n  t h e  w a t e r  d e n s i t y  i s  
s l i g h t .  H o w e v e r ,  b y  a d d i n g  1 1 . 8 5  g 
o f  l i t h i u m  h y d r o x i d e  t o  1 0 0  I n 1  o f  
w a t e r ,  i t  was p o s s i b l e  t o  e f f e c t i v e l y  
d i s s o l v e  66 g o f  b o r i c  a c i d  p e r  1 0 0  
m l  o f  w a t e r ,  w i t h  a r e s u l t i n g  d e n s i t y  
o f  1 . 2  g / c c .  T h i s  m e t h o d  h a s  b e e n  
c o n s i d e r e d  a s  a d e v i c e  f o r  r e d u c i n g  
s h i e  I d  w e i g h t  . 

C L A R I T Y  OF BORATED WATER 
H. P. House 

A n a l y t i c a l  C h e m i s t r y  D i v i s i o n  

L i t t l e  work was c a r r i e d  o u t  on t h i s  
p r o j e c t  d u r i n g  t h e  q u a r t e r ,  a n d  n o  
f u r t h e r  work  i s  p l a n n e d  b e c a u s e  t h e  
u s e  o f  b o r a t e d  w a t e r  i s  n o  l o n g e r  
c o n t e m p l a t e d  i n  t h e  ARE, 

( ” 5 .  I .  Hoffman and G. E. F. L u n d e l l ,  “ D e t e r m i -  
n a t i o n  o f  F l u o r i n e  and  o f  S i l i c a  i n  G l a s s e s  and  
Enamels  C o n t a i n i n g  F l u o r i n e , ”  RP110 ,  J. R s s e a r c h  
N a t .  B u r .  S t a n d a r d s  3, 5 8 3  ( J u n e  1 9 2 9 ) .  
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STUDIES OF ALKALI AND ALKALINE 
EARTH HYDROXIDE COOLANTS 

J .  C. W h i t e  

A n a l y t i c a l  C h e m i s t r y  D i v i s i o n  

No work h a s  been done  on a n a l y t i c a l  
methods a p p l i c a b l e  t o  ' a l k a l i  and a l k a -  
l i n e  e a r t h  h y d r o x i d e  c o o l a n t s  t h i s  
q u a r t e r  b e c a u s e  o f  t h e  i n c r e a s e d  em- 
p h a s i s  o n  t h e  s t u d y  o f  f l u o r i d e  
e u t e c t i c s ,  

ANALYTICAL SERVICES 

H, P. House L. J ,  Brady 
J .  W .  Robinson  

A n a l y t i c a l  C h e m i s t r y  D i v i s i o n  

A n a l y t i c a l  s e r v i c e  w o r k  i s  now 
c e n t r a l i z e d  i n  t h e  ANP a n a l y t i c a l  
C h e m i s t r y  L a b o r a t o r y  i n  B u i l d i n g  

9 2 0 1 - 2 .  O v e r  7 0 %  o f  t h e  s a m p l e s  
a n a l y z e d  t h i s  q u a r t e r  were from r e a c t o r  
c h e m i s t r y  s t u d i e s  o f  r e a c t o r  f u e l s  and 
c o o l a n t s ,  E m p h a s i s  s h i f t e d  f r o m  
a l k a l i  a n d  a l k a l i n e  e a r t h  h y d r o x i d e s  
t o  f l u o r i d e s ,  u r a n i u m ,  a l k a l i  m e t a l s ,  
a n d  c o r r o s i o n  p r o d u c t s  i n  v a r i o u s  
f l u o r i d e  s a l t  m i x t u r e s .  O t h e r  d e t e r m i -  
n a t i o n s ,  s u c h  a s  t h e  p u r i t y  o f  s a l t  
m i x t u r e s ,  oxygen  i n  h e l i u m  and  a r g o n ,  
and i r o n  i n  b e r y l l i u m  o x i d e ,  were a l s o  
made,  A summary o f  s e r v i c e  a n a l y s e s  
per formed i s  shown i n  T a b l e  39. 

TABLE 39 

Summary o f  Serv ice  Analyses  

Samples  on hand 11 /2 /51  1 4 9  

Number o f  s a m p l e s  r e c e i v e d  63 8 
T o t a l  number o f  s a m p l e s  787  

B a c k l o g  a s  of  2 /2 /52  2 13 
Number o f  s a m p l e s  r e p o r t e d  5 74 

a 
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1 7 .  LIST OF REPORTS ISSUEQ 

REPORT NO. 

Y-F15- 10 

DATE ISSUED 

( t o  b e  i s s u e d )  

TITLE OF REPORT AUTHOR ( S  ) 

Design 

A. P .  F r a a s  
G. F. W i s l i c e n u s  

Des ign  Study o f  C1 o s e l  y-Coup1 e d  Reac to r -  
Heat -Exchanger -Shie ld  Combina t ions  f o r  
Use w i t h  a Fused F l u o r i d e  C i r c u l a t i n g  
Fuel  

The S u p e r c r i t i c a l  Water R e a c t o r  Nucl e a r  Development 
A s s o c i a t e s ,  I n c .  

G. H. Cohen 
A. P .  F r a a s  

2- 1- 52 

( t o  be i ssued)  

ORNL- 1177 

O W L -  1255 B a s i c  Pe r fo rmance  C h a r a c t e r i s t i c s  o f  t h e  
Steam Turbine-CompressorJe t  A i r c r a f t  
P r o p u l  s i o n  Cyc le  

1-29-52 W. B. C o t t r e l l  
C. B. M i l l s  

Rega rd ing  Homogeneous A i r c r a f t  R e a c t o r s  Y-F26-29 

Reactor Physics 

10- 1 5 - 5 1  Some R e s u l t s  o f  C r i t i c a l i t y  C a l c u l a t i o n s  
on Be0 and Be Modera ted  R e a c t o r s  

J .  W.  Webs ter  
0. A. S c h u l z e  

J .  W .  Webster 
M.  J .  N i e l s e n  

C. B. Mil ls  

ANP- 66 

Y- F10 -7 5 

Y - F10-76 

10-  19-51  Some R e s u l t s  o f  K i n e t i c  S t u d i e s  on t h e  ARE 
Des ign  o f  10 June 1951 

12-27-  51 The C i r c u l a t i n g  Fuel  ARE Core Ser ies  o f  
December 13,  1951 

C r i t i c a l i t y  C a l c u l a t i o n s  f o r  Hydrogen 
Modera ted  R e a c t o r s  from Microscop ic  Da ta  

M.  S h a p i o r  
S. P r e i s e r  

C. B. Mills 

C. B. Mil ls  

11- 29- 51  ORNL- 1176 

Y - F10 - 77 

Y- F10 -8 1 

1- 5- 52 

1-8-  52 

P h y s i c s  o f  t h e  A i r c r a f t  R e a c t o r  Exper iment  

S t a t i c s  o f  t h e  ANP R e a c t o r  - A P r e l i m i n a r y  
R e p o r t  

E f f e c t  o f  Po ta s s ium i n  t h e  Fuel -Coo lan t  
S o l u t i o n  i n  Two ARE R e a c t o r s  

C. B. Mil ls  1-21-  52 Y- F10 -85  

A F l u x  T r a n s i e n t  Due To a P o s i t i v e  
R e a c t i v i t y  C o e f f i c i e n t  

C. B. Mil ls  1- 1 4 s -  52 Y- F10 - 6 3  

P 

1-7-52  

1- 11- 52 

1-29-52  

Water Modera ted  R e a c t o r s  C. B. M i l l s  

C. B. Mi l l s  

C. B. Mills 

Y- F10 - 78 

The ARE w i t h  C i r c u l a t i n g  Fue l -Coo lan t  Y- F10- 82  
5 

Y- F10 -89 E f f e c t  o f  S t r u c t u r e  on C r i t i c a l i t y  of  t h e  
ARE o f  J anua ry  22,  1952 
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TITLE OF REPORT AUTHOR ( S 1 

C. B. Mills 

DATE ISSUED 

1-7-  52 

REPORT Na. 

Y - F10 - 79 E f f e c t  o f  t h e  Delayed Neu t rons  on t h e  
K i n e t i c  Response o f  t h e  S t a t i o n a r y  L i q u i d  
Fuel ARE 

CF- 52- 1-2  T h e o r e t i c a l  and Exper imenta l  Ana lyses  o f  
N a t u r a l  Convec t ion  With in  F l u i d s  i n  which 
Heat  i s  b e i n g  Genera t ed .  P a r t  111. Hea t  
T r a n s f e r  from a F l u i d  i n  Laminar Flow t o  
t h e  Wal Is t o  a Cy1 i n d r i c a l  Tube: A 
S i m p l i f i e d  V e l o c i t y  D i s t r i b u t i o n  was 
P o s t u l a t e d  

D. C. Hami l ton  
R. F. Redmond 
L. D. Pa lmer  

1- 11- 52 

CF- 52- 1- 3 T h e o r e t i c a l  and Exper imen ta l  Ana lyses  o f  
N a t u r a l  Convec t ion  Wi th in  F l u i d s  i n  which 
Heat  i s  b e i n g  Genera t ed .  P a r t  I V .  Hea t  
T r a n s f e r  from a F l u i d  i n  T u r b u l e n t  Flow 
t o  Two P a r a l l e l  P l a n e  Bounding Wal l s  

T h e o r e t i c a l  and Exper imen ta l  A n a l y s e s  o f  
N a t u r a l  Convect ion  With in  F l u i d s  i n  
which Heat  i s  b e i n g  Genera t ed .  P a r t  V. 
Na tu ra l  Convec t ion  V e l o c i t y  Measurement 
i n  a P a r a l l e l  P l a n e  System 

H. F. Poppendiek  
D. C. H a m i l t o n '  
L. D. Pa lmer  

( t o  be i s sued)  

CF- 52- 1- 5 R. F. Redmond 2- 12- 52 

T h e o r e t i c a l  and Exper imen ta l  Ana lyses  o f  
N a t u r a l  Convec t ion  Wi th in  F l u i d s  i n  which 
Heat  i s  b e i n g  Genera t ed .  P a r t  V I .  Hea t  
T r a n s f e r  from a F l u i d  i n  T u r b u l e n t  Flow 
t o  t h e  Wal l s  of  a C y l i n d r i c a l  Tube 

CF- 52- 1- 4 D. C. Hami l ton  
H. F. Poppendiek  
L. D. Pa lmer  

( t o  be i ssued)  

No d a t e  CF- 52- 1-76 Heat  T r a n s f e r  i n  N u c l e a r  R e a c t o r s  R. N. Lyon 
W. B. H a r r i s o n  

CF- 51- 11-195 

Physical Properties 

Heat  C a p a c i t i e s  W. D. Powers 
G. B l a l o c k  

11- 30 - 5 1 

11-30-51  

12- 14- 5 1  

1-28- 52 

CF-51-11-198 

CF- 51- 12-  9 1 

Y-F30-5 

D e n s i t y  of  F u l i n a k  

D e n s i t y  o f  F1 i n a k  

J. M. C i s a r  

J. M. C i s a r  

P h y s i c a l  P r o p e r t y  C h a r t s  of  Some R e a c t o r  
Cool a n t s ,  F u e l s ,  and Misce l  1 aneous  
M a t e r i a l s  

M. T o b i a s  
H. F. Poppendiek  

Y-F30-6 Measurements o f  t h e  V i s c o s i t y  o f  F l i n a k  M. T o b i a s  

S. I. Kaplan  

2-26-  52 

( t o  be i s sued)  V i s c o s i t y  Measurements o f  F l i n a k  by t h e  
Fa1 I i n g - B a l l  Viscometer  
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ORNL- 1131 

Y-F10-86 

Y- F10- 87 

Y- F1O - 9 1 

Y- F5-7 3 

ORNL- 1046 

CF-51-8-290 

CF-51- 12- 185  

Y-F5-7 5 

OWL- 1142 

CF- 52- 3- 1 

ORNL- 12  17 

CF-51-12-70 

FOR PERIOD E N D I N G  MARCH 

T I T L E  OF R E P O R T  

The Thermal C o n d u c t i v i t y  of  Molybdenum 
o v e r  t h e  Tempera tu re  Range 1000-2000°F 

C r i t i c a l  Masses o f  Some A l k a l i - H y d r o x i d e  
Moderated R e a c t o r s  

The Power G e n e r a t i o n  i n  a B,C C u r t a i n  ARE 
on One End of  t h e  ARE No. 1 R e a c t o r  

ARE w i t h  Fue l -Coo lan t  i n  t h e  R e f l e c t o r  

Shielding Research 

Notes  on t h e  I d e a l  U n i t  S h i e l d  

A N u c l e a r  P l a t e  Camera f o r  F a s t  Neu t ron  
S p e c t r o s c o p y  a t  t h e  Bulk S h i e l d i n g  
F a c i l i t y  

An E s t i m a t e  of t h e  P h o t o n e u t r o n  F l u x  i n  
t h e  Water S u r r o u n d i n g  t h e  Bulk  S h i e l d i n g  
F a c i l i t y  R e a c t o r  

E s t i m a t e  of  Background a t  Tower S h i e l d i n g  
F a c i l  i t y  

Rough Notes  From S e l e c t e d  S h i e l d i n g  
L i t e r a t u r e  

Mu1 t i p 1  e - C r y s t a l  Gamma -Ray S p e c t r o m e t e r  

Gamma-Ray S p e c t r a  from t h e  Div ided  S h i e l d  
P a r t  I 

Neu t ron  A t t e n u a t i o n  Through A i r - F i l  l e d  
Duc t s  i n  Water 

AUTHOR( S) 

E. P. Mikol 

C. B. M i l l s  

C. B. Mills 

C. B. M i l l s  

C. B. E l l i s  
L. A. Wills 

J. L. Meem 
E. B. Johnson 

J. M. LaRue 
G. P. L e t z  
T. J. Morley 
J. N.  Renaker 

A. Simon 

C. B. E l l i s  

F. C. Maiensche in  

F. C. Maienschein  

C. E. C l i f f o r d ,  e t  a l .  

Heat Transfer Research 

T h e o r e t i c a l  and Exper imen ta l  Ana lyses  of  D. C. Hami l ton  
N a t u r a l  Convec t ion  Wi th in  F l u i d s  i n  which H. F. Poppendiek  
Heat i s  b e i n g  Genera t ed .  P a r t  I. Heat  L. D. Pa lmer  
T r a n s f e r  from a F l u i d  i n  Laminar Flow t o  
Two P a r a l l e l  P l a n e  Bounding Wal ls :  A 
S i m p l i f i e d  V e l o c i t y  D i s t r i b u t i o n  was 
Pos  tu1  a t e d  

1 0 ,  1 9 5 2  

D A T E  I S S U E D  

1-21-52  

1-21-  52 

2- 27- 52 

7 -  10 -51  

1- 11- 52 

8 -24-51  

12- 17 - 5 1 

12-5 -51  

( t o  be i ssued)  

3- 3- 52 

( t o  be i ssued)  

12- 18 -51  
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12-19-51  

1 -22-51  

C l a s s i f i e d  Addendum t o  U n c l a s s i f i e d  Memo 
CF-51-12-70 on N a t u r a l  Convec t ion  i n  
Conf ined  Spaces  

D. C. Hami l ton  
H. F. Poppendiek  
L. D. Pa lmer  

Addendum t o  
CF-51- 12-70 

T h e o r e t i c a l  and Exper imen ta l  Ana lyses  o f  R. F. Redmond 
N a t u r a l  Convec t ion  Wi th in  F l u i d s  i n  whic.. D. C. Hami l ton  
Hea t  i s  b e i n g  Genera t ed .  P a r t  11. Heat  L. D. Pa lmer  
T r a n s f e r  from a F l u i d  i n  Laminar Flow t o  
Two P a r a l l e l  Bounding Walls  

CF- 52- 1- 1 

Chemistry 

The Vapor P r e s s u r e  o f  Some S a l t s  11. 2. fur H. v.  War tenberg  
E l e c t r o c h e m i e  27, 568-573 (1921)  ( t r a n s l a t e d  H. S c h u l z e  
by Mary E. Lee)  

E f f e c t  of  pH and C o n c e n t r a t i a n  o f  Ammonium J. C. White 
P e r s u l  f a t e  on C o l o r i m e t r i c  D e t e r m i n a t i o n  
o f  N icke l  by Dimethylg lyoxime Method 

1-21-52 

1- 17- 52 

Y- F3 5- 2 

Y - B3 1- 3 24 

Y-F3 5- 1 Conce rn ing  t h e  Thermal Behavior  o f  Sodium E. G. Bunzel 
Compounds, S p e c i f i c a l l y  o f  Sodium Oxide  F. J. Kohlmeyer 
and Sodium S u l f i d e  and T h e i r  R e a c t i o n s  
w i t h  Metals, 2. f u r  Anorg. Chem. 254, 
1-30  (1947)  ( t r a n s l a t e d  by Mary  E. Lee )  

1- 3-52 

1-23- 52 The Phase  Diagrams f o r  t h e  Sys tems KF-MgF, H. Remy 
and RbF,. Rec. T r a u .  Chirn. 59, 516-525 W. Seeman 
(1940)  ( t r a n s l a t e d  by Mary E.  Lee) 

Y- F3 5- 3 

Metallurgy and Ceramics 

11-29-51  , CF-51-11-186 

Y- B32 - 8 8 

CF- 52- 1- 144  

O p e r a t i o n  o f  a Ni-NaOH Thermal Convec t ion  M e t a l l u r g y  D i v i s i o n  
Loop 

2- 12- 52 Changes i n  M e l t i n g  P o i n t  o f  F l u o r i d e s  G. J. Nessle 
Dur ing  C o r r o s i o n  T e s t s  C. J.  Bar ton  

Ceramic M a t e r i a l s  a s  R e l a t e d  t o  t h e  R e a c t o r  J .  R. Johnson 
Program 

1- 18 - 52 

CF- 52- 1- 192 S a f e t y  Rods f o r  t h e  ARE W. D. Manly 
E.  S. Bomar 

Miscellaneous 

1-29-  52 

Y- F26- 3 1 

Y - F26- 2 3 

1 a2 

ANP I n f o r m a t i o n  Meet ing  of  Februa ry  20, 1952 W. B. C o t t r e l l  

ANP I n f o r m a t i o n  Mee t ing  o f  November 14,  1951 W. B. C o t t r e l l  

2 -28-52  

11-21- 5 1  



FOR PERIOD E N D I N G  MARCH 1 0 ,  1 9 5 2  

1 8 .  DIRECTORY 01F ACTIVE ANP RESEARCH PROJECTS AT ORNL' l )  
'r 

March 1, 1952 
1 

t 

I .  REACTOR A N D  COMPONENT D E S I G N  

A. Aircraft Reactor Design 

1. Survey  o f  C i r c u l a t i n g - F u e l  Cyc le  

2.  Survey  of  Ai r -Water  Cyc le  (G.E.)  

B. ARE Reactor Design 

1. Core  and P r e s s u r e  S h e l l  

2 .  F l u i d  C i r c u i t  Des ign  

3 .  P r e s s u r e  and Flow I n s t r u m e n t a t i o n  

4 .  S t r u c t u r a l  A n a l y s i s  

5 .  Thermodynamic and Hydrodynamic A n a l y s i s  

6 .  Remote Hand1 i n g  Equipment 

7 .  S h i e l d i n g  S t u d i e s  f o r  t h e  ARE 

8 .  E l e c t r i c a l  Power C i r c u i t s  

C. ARE Control Studies 

1. High-Tempera ture  F i s s i o n  Chamber 

2 .  C o n t r o l  System Des ign  

3. C o n t r o l  Rod Des ign  * 

D. ARE Building 
1. C o n s t r u c t i o n  

2 .  I n t e r n a l  Des ign  

9704- 1 

9204- 1 

920 1- 3 

920 1- 3 

920 1- 3 

9201-3 

9201-3  
9204- 1 

920 1- 3 

9201-3  

1000 

200 5 
2005 

920 1- 3 

7503 

100 0 

E. Reactor Statics 

9704- 1 

r a t e d  C i r c u l a t  9704- 1 

9704-1  
1 
Y 

I 
f 

4 .  S t a t i c s  o f  t h e  NaOH Modera ted  R e a c t o r  9704- 1 

5. P r e p a r a t i o n  o f  R e a c t o r  C a l c u l a t i o n s  and Cy1 i n d r i c a l  9704- 1 
C o o r d i n a t e s  f o r  t h e  IBM 

F r  a a s  

Lane,  Nodere r  

Hemphi l l ,  Wesson 

C r i s t y ,  Lawrence ,  
J a c k s o n ,  S c o t t  Eckerd ,  

Hluchan  

Maxwel I ,  Walker 

Lu b a r  sk y , G r  ee n s t r e e  t 
Longyear ,  Palmer 

H u t t o ,  AI exande r  

Enlund 

Walker 

Hanauer  

E p l e r ,  K i t c h e n ,  Rub le  

Es t ab rook  

Nicho l son  Company 

Brown i n  g 

Mil I s ,  Edmonson, 
U f f e I man, J ohii s on 

Uffe lman,  Johiison 
M i l  I s ,  Edmonsoii, 

M i l l s ,  Holmes 

Mi l l s ,  Edmonson, 

Edmonson 

Uf f e l  man, Jo hi1 son  

("This directory was previously issued as D i r e c t o r y  o f  A c t i v e  ANP R e s e a r c h  P r o j e c t s  a t  ORNL. 11y W. B. 
Cottrell, Y - F 2 6 - 3 0 ,  March 1, 1952. 
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6. Problem of  Minimum C r i t i c a l  Mass 9704- 1 

7. Energy D i s t r i b u t i o n  o f  Thermal and Ep i the rma l  9704- 1 

8. IBM C a l c u l a t i o n s  f o r  t h e  ORNL ARE P r o p o s a l s  9704- 1 

9. IBM Cal CUI a t i o n s  f o r  G-E R e a c t o r s  (G. E. ) 9704-1 
10. Age C a l c u l a t i o n s  o f  Hydrogen-Moderated R e a c t o r  (G.E. ) 9704- 1 

Neut rons  

11. Tempera tu re  C o e f f i c i e n t s  o f  R e a c t i v i t y  

12. E f f e c t  o f  Voids  

F. Reactor Dynamics 

1. K i n e t i c s  o f  t h e  C i r c u l a t i n g - F u e l  R e a c t o r  

G.  Critical Experiments 

1. ARE C r i t i c a l  Assembly 

2. Ai r -Water  R e a c t o r  C r i t i c a l  Assembly (G. E. ) 

H. Pump Development 

1. Gas-Seal C e n t r i f u g a l  Pump 

2. Frozen-Sea l  Pump f o r  Sodium and F l u o r i d e s  

3. 

4. E l e c t r o m a g n e t i c  Pump 

5. Canned-Rotor Pump 

6.  Rocking-Channel S e a l l e s s  Pump 

7. S e a l s  for NaOfI Sys tems 

8. S e a l s  f o r  High-Tempera ture  System8 

ARE Pump Des ign  and Development 

I.  Valve Development 

1. Se l  f -Weld ing  T e s t s  

2. Bel lows  T e s t s  a t  High Tempera tu res  

3. Valves  for High-Tempera ture  Systems 

Heat Exchanger and Radiator Development 
1. NaK- to-NaK Hea t  Exchanger 

J.  

2.  Sodium- t o - A i r  R a d i a t o r  

3. 

4. 
Boeing  T u r b o j e t  w i t h  Na R a d i a t o r  

Fuel - t o - L i q u i d  Hea t  Exchanger 

9704- 1 

9704- 1 

9704- 1 

9213 

9213 

9201-3 

9201-3 

920 1- 3 

9201- 3 

9204-1 

BMI 
BMI 
9201-3 

9201-3 

9201-3 

920 1- 3 

9201-3 

9201-3 

9201-3 

9201-3 

Coveyou 

Coveyou 

Mills, Edmonson 

Lee th  (G .E . ) ,  Johnson 

Macauley, L e e t h  (G.E.) 

Osborne  

Tamor 

Ergen ,  Prohammer, 
Thompson, Coveyou 

Cal I i h a n ,  Zimmerman, 
Keen, Wil I i ams ,  Haake, 
S c o t t ,  Kennedy (P&W) 

Same a s  above 

McDonald, Cobb 

Cobb, Hun t l ey ,  Smi th ,  

Cobb, Gr inde l  I ,  T a y l o r ,  

McDonald, S o u t h e r n ,  Wyl d 

R icha rdson  

Dayton 

Simons, AI 1 en  

Cobb, Johnson, Smi th ,  

T a y l o r  

Sou the rn  

T a y l o r ,  Gr inde l  1 

Adamson, P e t e r s e n ,  Reber  

John son  

Cobb, Ward, Johnson 

F r a a s ,  Wyld, Lave rne ,  
P e t e r  s e n  

F r a a s ,  Lave rne ,  
Whitman, P e t e r s e n  

F r a a s ,  LaVerne 

F r a a s ,  Whitman, 
McDonald, Salmon, 
B a i l e y  
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5. F u e l - t o - G a s  R a d i a t o r  9201-3  

6. R a d i a t o r  and Hea t  Exchanger Des ign  S t u d i e s  9201-3 

K. Instrumentation 
1. Heater Development and Ap p l i c a t i o n  9201-3  

2. Development o f  High-Tempera ture  Measurement 9201-3  
Techn iques  

Dev ices  f o r  F l u o r i d e  Systems 
3. Development o f  Flow and P r e s s u r e  Measur ing  9201-3 

4. Leak D e t e c t i o n  f o r  F l u o r i d e  Sys tems 9201- 3 

5. M o n i t o r i n g  Equipment f o r  Sodium Leaks  K-  1005 

6. Development o f  High-Tempera ture  S t r a i n  Gage Corne l  1 
Aero. 

11. SHIELDING RESEARCH 

A. Cross-section Measurements 

1. Neu t ron  V e l o c i t y  S e l e c t o r  2005 

2. A n a l y s i s  f o r  He i n  I r r a d i a t e d  Be 3026 

3. T o t a l  C r o s s  S e c t i o n s  of  N14 and 0l6 (G.E.) 9201-2 

4. E l a s t i c  S c a t t e r i n g  D i f f e r e n t i a l  C r o s s  S e c t i o n  9201-2  
o f  N 1 4  and 0I6 (G.E. )  

5. T o t a l  C r o s s  S e c t i o n s  o f  L i 6 ,  Li’, Be9, B’O, BI2 ,  C1* 9201-2 

6. F i s s i o n  C r o s s  S e c t i o n s  9201-2 

7. C r o s s  S e c t i o n s  of  Be and C 3001 

8. I n e l a s t i c  S c a t t e r i n g  Energy L e v e l s  9201-2 

B. shielding Measurements 

1. D i v i d e d - S h i e l d  Mockup T e s t s  (G.E.) 

2. 

3. Wllk S h i e l d i n g  R e a c t o r  O p e r a t i o n  

Bulk S h i e l d i n g  R e a c t o r  Power C a l i b r a t i o n  

r ah1 ung Mea sur emen t 

7. A i r  Duct 

C. Shielding Theory and Calculations 

1. Survey  R e p o r t  on S h i e l d i n g  

2. S h i e l d i n g  S e c t i o n  f o r  R e a c t o r  Technology 

3. C a l c u l a t i o n s  o f  Removal C r o s s  S e c t i o n s  

30 10 

30 10 

3010 

3010 

300 1 

3025 

3001 

3022, 
9204- 1 

3022 

3022 

McDona I d , Bai  I e: y , 
Salmon, Whitma.n, 
Tunne I I 

F r a a s ,  Whitman B a i l e y ,  Salmon, 

McDonald, A f f e l  

McDonald, A f f e l  

Cobb, S o u t h e r n ,  T a y l o r  

Cobb, S o u t h e r n ,  T a y l o r  

Cameron, McKown 

P u f f e r ,  G r e y ,  1)onovan 

P a w l i c k i ,  Smith 

P a r k e r  

W i l  I a r d ,  B a i r ,  Johnson 

W i l l a r d ,  Johnson ,  B a i r  

Johnson,  Will a r d ,  B a i r  

Lamphere, Wi l l  Eird 

C l i f f o r d ,  Flynri, B l o s s e r  

Wil I a r d ,  B a i r ,  K ing ton  

Meem and group 

Johnson,  McCamnion 

Ho I I and, Les l  i t : ,  
Rose b e r  r y 

M e e m  

Hu l l  i n g s ,  Hul l  

S i  sman 

C l i f f o r d ,  F lynn ,  B l o s s e r  

B1 i z a r d ,  We1 tori 

B1 i z a r d  

B1 i z a r d  

B1 i z a r d ,  Enluntf 4. Theory o f  Neu t ron  Transmiss ion  i n  Water 3022 
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5. 

6. D i v i d e d - S h i e l d  Theory and Des ign  

I n t e r p r e t a t i o n  o f  Pb-H 0 L i d  Tank Data 
2 

7. A i r  Duct Theory  (G.E.) 

8. S h i e l d i n g  S e c t i o n  f o r  R e a c t o r  Handbook 

9. Consul t a t i o n  on  R a d i a t i o n  Haza rds  (G. E. ) 

D. Shielding Instruments 

1. Gamma S c i n t i l l a t i o n  S p e c t r o m e t e r  

2. Neu t ron  Dos imeter  Development 

3. P r o t o n  Reco i l  S p e c t r o m e t e r  f o r  Neu t rons  

4. H e 3  Counter  f o r  Neu t rons  

5. L i I  C r y s t a l s  f o r  Neu t rons  

6 .  Neut ron  Spec t roscopy  w i t h  P h o t o g r a p h i c  P l a t e s  

E. Shielding Materials 

1. P r e p a r a t i o n  of  High-Hydrogen Rubber 

2. Development of Hydr ides  f o r  S h i e l d s  

2005 

NDA 

3001 

30 22 

2001 

30 10 

3010 

30 10 

3010 

30 10 

3006 

Goodr ich  
Company 

MHI 

111. MATERIALS RESEARCH 

A. Liquid Fuel Chemistry 

1. 

2 .  

3. 

4. 

5. 

6. 

7. 

8. 

9. 
10. 

11. 

12. 

Phase  E q u i l i b r i u m  S t u d i e s  o f  F l u o r i d e s  

P r e p a r a t i o n  of S t a n d a r d  Fuel Samples 

S p e c i a l  Methods of  Fuel P u r i f i c a t i o n  

E v a l u a t i o n  o f  Fuel P u r i t y  

Thermodynamic S t a b i l i t y  and E l e c t r o c h e m i c a l  

H y d r o l y s i s  and O x i d a t i o n  o f  Fuel M i x t u r e s  

S i m u l a t e d  Fuel f o r  C r i t i c a l  Exper iment  

S t a b i l i t y  o f  S l u r r i e s  of  UO, ‘in NaOH 

Phase  E q u i l i b r i a  Among S i l i c a t e s ,  B o r a t e s ,  e t c .  
Fuel M i x t u r e s  C o n t a i n i n g  Hydr ides  

Chemical L i t e r a t u r e  S e a r c h e s  

S o l u t i o n  o f  M e t a l s  i n  T h e i r  H a l i d e s  

P r o p e r t i e s  of  Fuel M i x t u r e s  

B. Liquid Moderator Chemistry 

1. P r e p a r a t i o n  and E v a l u a t i o n  of  Pure  Hydrox ides  

186 

9733-3 

97 33- 3 

9733-3 

97 33- 3 

9733-3 

9733-3  

9733-3 

l3MI 

BMI 
MHI 

9704- 1 

3550 

9733-3  

Simon 

G o l d s t e i n ,  Feshback ,  

C1 i f  f o r d ,  Simon 

B1 i z a r d ,  Hunger fo rd ,  
Simon, R i t c h i e ,  M e e m ,  
L a n s i n g ,  Cochr an ,  
Maienschein  

S t e r n  

Morgan 

Maienschein  

H u r s t ,  G l a s s ,  Cochran 

Cochran, Henry, 
Hunger f o r d  

Cochran 

Maiensche in ,  Schenck 

Johnson,  Haydon 

Davidson 

Banus 

Bar ton ,  B r a t c h e r ,  

N e s s l e ,  T r u i t t ,  Morgan, 
Love 

Grimes , B1 an kens  h i p  , 
Ness1 e 

O v e r h o l s e r ,  Sturm 

T r a b e r  

O v e r h o l s e r ,  Topol 

BI ankensh ip ,  Metcal f 

O v e r h o l s e r ,  Cuneo 

P a t t e r s o n  

Crooks  
Banus 

Le e 

Bred ig ,  Johnson,  
Br on s t e i  n 

O v e r h o l s e r ,  Ketchen  



F O R  P E R I O D  E N D I N G  MARCH 1 0 ,  1952 

2. E l e c t  
Molt 

ochemical Behavior  o f  Metal Oxides  i n  
n Hydrox ides  

3. Modera tor  Systems C o n t a i n i n g  Hydr ides  

C. Corrosion by Liquid Metals 

1. S t a t i c  C o r r o s i o n  T e s t s  i n  L i q u i d  M e t a l s  and T h e i r  
A l l o y s  

2. Dynamic C o r r o s i o n  Resea rch  i n  Harps  

3. E f f e c t  o f  C r y s t a l  O r i e n t a t i o n  on C o r r o s i o n  

4. E f f e c t  o f  C a r b i d e s  on  L i q u i d  Metal C o r r o s i o n  

5. Mass T r a n s f e r  i n  Mol ten  M e t a l s  

6. D i f f u s i o n  o f  Molten Media i n t o  S o l i d  M e t a l s  

7. S t r u c t u r e  of  L i q u i d  Pb  and Bi 

8. A l l o y s ,  M i x t u r e s ,  and Combustion o f  L i q u i d  Sodium 

D. Corrosion by Fluorides 

1. S t a t i c  C o r r o s i o n  of  M e t a l s  and A l l o y s  i n  F l u o r i d e  

2.  I s o t h e r m a l  S t a t i c  C o r r o s i o n  T e s t s  i n  F l u o r i d e  S a l t s  

Sa l t s  

3. F l u o r i d e  C o r r o s i o n  i n  Small - S c a l e  Dynamic Systems 

4. Dynamic C o r r o s i o n  T e s t s  o f  F l u o r i d e  S a l t s  

5. C o r r o s i o n  o f  M e t a l s  and T h e i r  Oxides  i n  HF 

6. Magne t i c  S u s c e p t i b i l i t y  Due To F l u o r i d e  C o r r o s i o n  

7. F l u o r i d e  C o r r o s i o n  i n  R o t a t i n g  C y l i n d e r  Appara tus  

8. R e a c t i o n  o f  M e t a l s  w i t h  F l u o r i d e s  and Contaminants  

9.  Loop T e s t s  w i t h  F l u o r i d e s  

10. 

11. E q u i l i b r i a  Between E l e c t r o p o s i t i v e  and T r a n s i t i o n  

Dynamic C o r r o s i o n  T e s t i n g  o f  F l u o r i d e s  

M e t a l s  i n  H a l i d e  Melts 

E. Corrosion by Hydroxides 

Is and A l l o y s  i n  Hydroxides  

2. Mass Tr r i n  Mol t e n  Hydrox ides  

i s t r y  o f  t h e  Hydroxide  C o r r o s i o n  

s i o n  by Hydrox ides  

n by Hydrox ides  

F. Physical Properties of Materials 

1. D e n s i t y  o f  L i q u i d s  

2. V i s c o s i t y  of  L i q u i d s  

9733-2 

MHI 

2000 

9201-3  

2000 

2000 

2000 

2000 

2000 

2000 

2000 

9766 

9766 

9201-3 

9766 

9201-3 

9201-3  

9733-3 

2000 

2000 

3550 

2000 

2000 

2000 

9766 

BMI 

9204- 1 

9204- 1 

Bolomey, Nichol !s  

Ban u s 

Vreel and ,  Day, 

Adamson, Reber 

Smi th ,  C a t h c a r t ,  

Brasunas ,  R icha rdson  

Hoffman 

B r i d g e s  

Br asun  a s ,  R i  c hilr d s  on 

R icha rdson  

Smi th  

B r i d g e s ,  Smi th  

Vree land ,  Day,  Hoffman 

K e r t e s z ,  But t ram,  Smi th ,  

Ker tesz ,  Bu t t r am,  Smi th ,  

Meadows 

Meadows 

Adamson, Reber  

K e r t e s z ,  But t ram,  C r o f t  

Tunnel 1 

Tunnel I 

Overhol s e r ,  Retlman, 

Smi th ,  C a t h c a r t ,  B r i d g e s  

Brasunas ,  R icha rdson  

Bred ig ,  Johnson,  

Powers 

Brons t e i n  

Vreel and, Day,  Hoffman 

Brasunas ,  R icha rdson ,  

C a t h c a r t ,  Smi th  

Smi th ,  C a t h c a r t  

K e r t e s z ,  C r o f t  

J a f f e e ,  C r a i g h e a d  

C i s a r ,  Kapl an 

T o b i a s ,  J o n e s  C i s a r ,  Kaplan ,  

187 



A N P  D I V I S I O N  QUARTERLY PROGRESS REPORT 

3. Thermal C o n d u c t i v i t y  o f  S o l i d s  

4. Thermal C o n d u c t i v i t y  of  L i q u i d s  

5. S p e c i f i c  Hea t  o f  S a l i d s  and L i q u i d s  

6. Thermal D i f f u s i v i t y  

7. E l e c t r i c a l  R e s i s t a n c e  of  F l u o r i d e  S a l t s  

8. V i s c o s i t y  o f  F l u o r i d e  Fuel M i x t u r e s  

9. Vapor P r e s s u r e  of  F l u o r i d e  F u e l s  

10. Vapor P r e s s u r e  of  BeFz 

G. Heat Transfer 

1. Convec t ion  i n  L i q u i d  Fuel Elements  

2. Hea t  T r a n s f e r  i n  C i r c u l  a t i n g - F u e l  R e a c t o r  

3. Hea t  T r a n s f e r  C o e f f i c i e n t s  of F l u o r i d e s  and 

4. Heat  T r a n s f e r  C o e f f i c i e n t  o f  L i th ium 

5. B o i l i n g  L i q u i d  Metal Heat Transfer 

6. Sodium Hea t  T r a n s f e r  C o e f f i c i e n t s  i n  S h o r t  Tubes 

7. H e a t  T r a n s f e r  i n  S p e c i a l  R e a c t o r  Geomet r i e s  

Hydroxides  

H. Fluoride Handling 

1. F l u o r i d e  P r o d u c t i o n  

2. Design  o f  S p e c i a l  F l u o r i d e  Hand l ing  Equipment 

3. P r e t r e a t m e n t  of  F l u o r i d e - C o n t a i n i n g  Sys tems 

4. I n s p e c t i o n  o f  Components o f  F l u o r i d e  Systems 

5. F i l l i n g  Techniques  f o r  F l u o r i d e  Sys tems 

6. P r e t r e a t i n g  of  F l u o r i d e  Sys tems 

7. Decontaminat ion  o f  F l u o r i d e  Systems 

8. F l u o r i d e  Sa lvage  and Di sposa l  

I .  Liquid Metal Handling 

1. Equipment C l e a n i n g  Techniques  

2. Cont inuous  and Batch  Sodium P u r i f i c a t i o n  

3. Sampl ing  Techniques  

4. Sodium Vapor Trapp ing  

5. L i q u i d  Metal Sa lvage  and Di sposa l  

6. L i q u i d  Metal S a f e t y  Equipment 

7. B l a n k e t  Gas P u r i f i c a t i o n  

J. Dynamic Liquid Loops 

1. O p e r a t i o n  of  Convec t ion  Loops 

2. O p e r a t i o n  of  F i g u r e - E i g h t  Loops 

188 

9204- 1 

9204- 1 

9204- 1 

9204-1  

9201-3 

9766 

9733-2 

BMI 

9204-1  

9204- 1 

9204- 1 

9204-1  

9204- 1 

9204- 1 

9204- 1 

'9201-3 

9733- 3 

9201-3 

9201-3 

9201-3 

9201- 3 

920 1- 3 

9201-3 

920 1- 3 

920 1- 3 

9201-3 

920 1- 3 

920 1- 3 

920 1- 3 

920 1- 3 

9201-3 

920 1- 3 

Powers ,  B u r n e t t  

C l a i b o r n e ,  Cooper 

Powers,  B1 a1 ock 

T o b i a s  

A f f e l  

K e r t e s z ,  Knox 

Bar ton ,  Moore 

P a t t e r  son ,  C1 egg  

Hamil t o n ,  Redmond, 
Lynch 

Poppendiek ,  Pa lmer  

Hoffman, Lones 

C l a i b o r n e ,  Winn 

Farmer 

H a r r i s o n  

Cl a i b o r n e  

White,  Cour tney ,  Mann 

Grimes,  B1 a n k e n s h i p ,  

Mann, Wischhusen 

Reber ,  Mann 

M ann, W i  s c h hus  en 

McDonald, Af fe l  

Mann , W i  s chhu s en 

Mann, Cour tney ,  White 

Ness1 e 

Mann 

Mann 

Mann, B1 ake l  y 

Mann 

Devenish ,  Mann 

Devenish ,  Mann 

Mann 

Adamson, Reber 

Cough1 en  



F O R  P E R I O D  E N D I N G  MARCH 1 0 ,  1952 

3. U0,-NaOH S l u r r y  Loop 

4. O p e r a t i o n  o f  Thermal Convec t ion  Loops 

K. Materials Analysis and Inspection Methods 

1. A n a l y s i s  of F l u o r i d e s  f o r  M e t a l l i c  C o r r o s i o n  
P r o d u c t s  

2. A n a l y s i s  o f  A l k a l i  F l u o r i d e  E u t e c t i c s  

3. T r a c e  I m p u r i t i e s  i n  A l k a l i  F l u o r i d e s  

4. D e t e r m i n a t i o n  and Removal of  Boron i n  Dia tomaceous  

5. M e t a l l i c  and Oxide  I m p r i t i e s  i n  A l k a l i  Hydrox ides  

6 .  

7.  Metal  1 o g r a p h i c  Examina t ions  

8. I d e n t i f i c a t i o n  of  Compounds i n  S o l i d i f i e d  F u e l s  

9. P r e p a r a t i o n  o f  T e s t e d  Specimens f o r  Examinat ion  

10. I d e n t i f i c a t i o n  o f  C o r r o s i o n  P r o d u c t s  from Dynamic 

11. Assembly and I n t e r p r e t a t i o n  o f  C o r r o s i o n  Data  from 

E a r t h  

Chemical Methods o f  F l u i d  Hand l ing  

Loops 

Dynamic Loop Tests  

L. Radiation Damage 

1. 

2. 

3. 
4. 

5. 

6. 

7. 

8. 

9. 

10. 
11. 

L i q u i d  Compound I r r a d i a t i o n s  i n  LITR 

L i q u i d  Compound I r r a d i a t i o n s  i n  C y c l o t r o n  

L i q u i d  Compound I r r a d i a t i o n s  i n  M T R  

F l u o r i d e  Fuel I r r a d i a t i o n  i n  B e r k e l e y  C y c l o t r o n  

L i q u i d  Metal C o r r o s i o n  i n  X-10 G r a p h i t e  P i l e  Loops 

Stress C o r r o s i o n  and Creep  i n  LITR Loops 

Creep  o f  M e t a l s  i n  X-10 G r a p h i t e  P i l e  and LITR 

Thermal C o n d u c t i v i t y  o f  M e t a l s  i n  X-10 G r a p h i t e  

D i f f u s i o n  of F i s s i o n  P r o d u c t s  from F u e l s  

P i l e  and LITR 

I r r a d i a t i o n  o f  Water (G.E. ) 

1. Strength of Materials 
1. Creep  T e s t s  i n  F l u o r i d e  F u e l s  

2. Creep  and S t r e s s - R u p t u r e  T e s t s  o f  M e t a l s  i n  
Vacuum and i n  F l u i d  Media 

MI 

2000 

9201-2 

9201-2 

9201-2 
9201-2 

9201-2 
920 1- 3 
2000 

9733-2 
9733-2 
9733-3 

97 33- 3 
9201- 3 

300 5 

920 1- 3 

3025 
NAA 

300 1 

3005 

300 1 
3025’ 
300 1, 
3005 
300 1 

300 5 
3550 

9201-3 
2000 

Simons 

C a t h c a r t ,  B r i d g e s ,  
Smith 

White,  T a l b o t t  

White,  Boyd, R.oss 

White  

White,  Ross 

White 

Mann, B1 ake l  y 

Gray, Krouse ,  Roeche 

B a r t o n ,  Anderson 

Ness1 e ,  T r u i t t  , Did1 ake  

Hoffman, B1 ankensh ip  

Bl a n k e n s h i p ,  E!;] ake l  y 
Adamson 

K e i l h o l  t z ,  Morgan, 
Webs ter ,  Rober t son ,  
K l e i n ,  Kinyon 

Sturm,  J o n e s  
K e i l h o l  t z ,  Feldman, 

K e i l h o l  t z ,  K l e i n ,  Kinyon 

P e a r l  man 

Sisman, Bauman, C a r r o l l ,  
Brun dage  P a r k i n  son  
E l l i s ,  O l s e n  

Brundage, P a r k i n s o n ,  
E l l i s ,  O l sen  

Wilson ,  Zukas,  Dav i s  

Sisman, Bauman, C a r r o l l ,  

Cohen, Templeton 

K e i l h o l  t z ,  Morgan, 
Webs t e r  , Rober t son  , 
K l e i n ,  Kinyon 

Sisman, T r i c e ,  Lewis 

T a y l o r  

Adamson, Reber 

O l i v e r ,  Woods, Weaver 

189 



A N P  DIVISION QU RTERLY PROGRESS REPORT 

3. High-Tempera ture  C y c l i c  T e n s i l e  T e s t s  

4. Tube B u r s t  Tests  

5. Tube B u r s t  T e s t s  

6.  R e l a x a t i o n  T e s t s  o f  R e a c t o r  M a t e r i a l s  

7. Creep  T e s t s  of Reac tor  M a t e r i a l s  (G.E.) 

N. Metals Fabrication Methods 

1. Welding Techn iques  f o r  ARE P a r t s  

2. B r a z i n g  Techn iques  f o r  ARE P a r t s  

3. Molybdenum We1 d i n g  Resea rch  

4. Molybdenum We1 d i n g  Resea rch  

5. R e s i s t a n c e  Welding f o r  Mo and C l a d  M e t a l s  

6.  Welds i n  t h e  P r e s e n c e  o f  Var ious  C o r r o s i o n  Media 

7 .  

8. B a s i c  E v a l u a t i o n  of Weld-Metal D e p o s i t s  i n  Thick  

9. E v a l u a t i o n  of t h e  Cone-Arc Welding Technique  

10. Development o f  High-Tempera ture  B r a z i n g  AI l o y s  

N o n d e s t r u c t i v e  T e s t i n g  o f  Tube- to-Header  We1 d s  

P l a t e s  

11. E v a l u a t i o n  o f  t h e  High-Tempera ture  B r a z i n g  A l l o y s  

0. New Metals Development 

1. Mo and Cb A l l o y  S t u d i e s  

2. Heat Trea tmen t  of  Metals 

P. Solid Fuel Element Fabrication 

1. S o l i d  Fuel Element F a b r i c a t i o n  

2. D i f f u s i o n - C o r r o s i o n  i n  S o l i d  Fuel E lemen t s  

3. 

I 

D e t e r m i n a t i o n  o f  t h e  E n g i n e e r i n g  P r o p e r t i e s  o f  

4. E l e c t r o f o r m i n g  Fuel -Tube t o  Header C o n f i g u r a t i o n s  

S o l i d  Fuel Elements  

5. E l e c t r o p l a t i n g  Mo and Cb 

6.  Carbonyl P l a t i n g  o f  Mo and Cb 

7. R o l l i n g  o f  Fuel P l a t e  Lamina te s  (G.E.) 

Q. Ceramics and Metals Ceramics 

1. Be0 F a b r i c a t i o n  Resea rch  

2. Metal C l a d d i n g  f o r  Be0 

3. B,C C o n t r o l  Rod Development 

190 

2000 

9201-3  

2000 

2000 

200 0 

2000 

2000 

BMI 

MIT 

RPI 
2000 

2000 

2000 

2000 

Wal I - 
2000 

Co 1 mono y 

2000 

2000 

2000 

2000 

2000 

Geri t y  

G e r i t y  

2000 

3012, 
2000 

M i  c h i  gan 

Michigan  

G e r i t y  

G e r i t y  

2000 

M i  c h i  gan 

M i  c h i  gan 

O l i v e r ,  Woods, Weaver 

Adamson, Reber  

O l i v e r ,  Woods, Weaver 

01 i v e r ,  Woods, Weaver 

O l i v e r ,  Woods, Weaver 

P a t r i a r c a ,  S l a u g h t e r  

P a t r i a r c a ,  S l a u g h t e r  

P a r k e  

Wul f f 

N ippes ,  Savage 

Vree l  and, P a t r i a r c a ,  

P a t r i a r c a ,  S l a u g h t e r  

P a t r i a r c a ,  S l a u g h t e r  

S1 a u g h t e r  

P a t r i a r c a ,  SI a u g h t e r  

Peas1  ee 

P a t r i a r c a ,  SI a u g h t e r  

Bomar, Coobs 

Bomar, Coobs 

Bomar, Coobs 

Bomar, Coobs 

Bomar, Coobs 

Graa f  

Graaf 

Bomar 

Bomar, Cunningham, 
Leonard  

Graaf  

Graaf 

Bomar, Coobs 



. .  
i 

i 

c 

FOR P E R I O D  E N D I N G  MARCH 1 0 ,  1952 

4. Hot P r e s s i n g  of Tungs ten  C a r b i d e  B e a r i n g s  2000 Bomar, Coobs 

5 .  High-Tempera ture  F i r i n g  o f  Uranium Oxide  t o  2000 Bomar, Coobs 

6 .  Development of Cr-UO, Cermets  f o r  Fuel Elements  9766 Johnson, S h e v l i n  

7 .  Ceramic  C o a t i n g s  for S t a i n l e s s  Steel 9766 White 

8. Ceramic  Valve  P a r t s  f o r  L i q u i d  Metals and F l u o r i d e s  O.S.U. Shevl i n  

9. A p p l i c a t i o n  of Ceramic M a t e r i a l s  t o  R e a c t o r s  97 66 John son  

P roduce  S e l e c t i v e  Power S i z e s  

10. C r u c i b l e  Development f o r  High Tempera tu res  N o r r i s  W i  1 son ,  Doney 
9 E l e c t r i c  

Lab. 

I V .  T E C H N I C A L  A D M I N I S T R A T I O N  O F  A I R C R A F T  NUCLEAR P R O P U L S I O N  P R O J E C T  
A T  OAK R I D G E  N A T I O N A L  LABORATORY 

PROJECT DIRECTOR R. C. B r i a n t *  

ASSISTANT DIRECTOR FOR COORDINATION A. J .  Mil ler* 

ASSOCIATE DIRECTOR FOR ARE J .  H. Buck 

A s  s i s t a n  t for Coo r d i n a t i on B. T. Macauley 

A d m i n i s t r a t i v e  A s s i s t a n t  L .  M. Cook 

P r o j e c t  E d i t o r  W .  B. C o t t r e l l  

PROJECT DIRECTORY 

S E C T I O N  NUMBER 

STAFF ASSISTANT FOR PHYSICS 

S h i e l d i n g  R e s e a r c h  

R e a c t o r  P h y s i c s  

C r i t i c a l  E x p e r i m e n t s  
Nu c l  ear Measurements  

STAFF ASSISTANT FOR RADIATION DAMAGE 

R a d i a t i o n  Damage 

STAFF ASSISTANT FOR GENERAL DESIGN 
Genera l  Des ign  

STAFF ASSISTANT FOR ARE 
ARE Des ign  

R e a c t o r  C o n t r o l  
S p e c i a l  ARE P r o j e c t s  

STAFF ASSISTANT FOR ENGINEERING RESEARCH 
E x p e r i m e n t a l  E n g i n e e r i n g  

Hea t  T r a n s f e r  Research 

W .  K .  E rgen*  

E. P. B l i z a r d  

W .  K .  Ergen* 

A. D. C a l l i h a n  
A .  H. S n e l l  

A. J .  Mil le r*  

D. S .  B i l l i n g t o n  

A.  P. F r a a s *  
A.  P. F r a a s *  

E. S. B e t t i s *  

R.  W .  S c h r o e d e r  
E. S. B e t t i s *  
u n a s s i g n e d  

R.  C. B r i a n t *  

H. W .  Savage  

H. F. Poppendiek  

I1 B,C,D,E 

I E , F  

I G  
I1 A 

111 L 

I A  

I B,D 

I C  
I K  

I H , I , J , K ;  
111 D , H , I , K  
111 F,G 

191 



Ceramics 

STAFF ASSISTANT FOR METAL LURGY 
M e  tal lur gy 

STAFF ASSISTANT FOR CHEMISTRY 
Chemistry 
Corrosion Research 
Chemical Analyses 

Dual c a p a c i t y .  

a 

T. N. McVay 

W. D. Manly* 
W. D. Manly* 

W. R. Grimes* 
W. R. Grimes* 
F. Kertesz 
C. D. Susano 

111 Q 

111 C , D , E , J , M , N ,  
O , P , Q  

111 A , E  
111 D , E  
111 K 

t 

192 


	Heat exchangers
	Control System
	Shim control
	Regulating and safety rods
	High-temperature fission chamber
	Control console and panel
	Reactor dynamic computer

	Instrumentation
	Bui 1 d ing
	3 EXPERIMENTAL REACTOR ENGINEERING
	Seals and Closures
	Frozen sodium seal
	Frozen fluoride seal
	Bellows type of face seal for ARE pump
	Stuffing-box seals for molten fluorides
	Lubrication of seals and shafts

	Pumps
	ARE centrifugal pump
	Laboratory frozen-fluoride-sealed centrifugal pump
	Worthite frozen-sodium-sealed pump
	Modified Durco centrifugal pumps
	Forced-convection-cooled sodium-sealed pumps
	Canned-rotor pumps

	ves
	Packing-gland seal test equipment
	Os ci 11 at ions
	f f e c t s
	Critical mass
	Neutron leakage spectra

	f t Reac tor
	Survey Calculations of the Circulating-Fuel ARE
	ARE core design
	Critical mass and total uranium investment
	Reactivity coefficients
	Power distribution
	Neutron flux and leakage spectra

	Statics of ARE Controls
	Shim control requirements
	Regulator rod
	Safety rods

	ting-Fuel ARE

	5 CRITICAL EXPERIMENTS
	Direct-Cycle Reactor
	Control rod calibration
	Temperature effects
	Reflector studies

	Graphite Reactor
	Circulating-Fuel Reactor
	Correlation of Theory and Critical Experiments
	Criticality with nonhydrogenous moderators
	Criticality with hydrogenous moderators


	Foil exposures
	Danger coefficients
	Rod sensitivity
	Gap experiment
	PART 11 SHIELDING RESEARCH

	SUMMARY AND INTRODUCTION
	EULK SHIELDING REACTOR
	Mockup of the Divided Shield
	Reactor Calibration

	DUCT TESTS
	Theoretical Treatment of Duct Transmission
	Measurement of Air-Filled Ducts in Water
	Straight ducts
	Ducts with bends
	Comparison with theory


	TOWER SHIELDING FACILITY
	Tower Facility Design
	Experimental Program

	NUCLEAR MEASUREMENTS
	Measurements with the 5-Mev Van de Graaff Accelerator
	Total cross section of iron
	Inelastic scattering levels in iron

	Time - of -F1 i gh t Neu t ron Spectrometer
	Background measurements
	Indium resonances
	PART 111 MATERIALS RESEARCH



	SUMMARY AND INTRODUCTION
	10 CHEMISTRY OF HIGH-TEMPERATURE LIQUIDS
	Low-Melting-Fluoride Fuel Systems
	NaF-BeF2 UF,
	KF-BeF2-UF
	RbF-BeF UF,
	LiF-NaF-ReF,-UF
	Fuel containing zirconium fluoride

	Simulated Fuel Mixture for Cold Critical Experiment
	Ionic Species in Fused Fluorides
	Preparation of Standard Fuel Samples
	Preparation of Pure Hydroxides
	Cool ant Development
	LiF-ZrF
	NaF-ZrF
	KF-ZrF
	RbF-ZrF
	NaF -KF - Zr F
	NaF-RbF- ZrF
	NaF-KF-LiF-ZrF

	Preparation of Pure Fluorides
	Fuel preparation equipment
	Fuel handling equipment

	Flu or ide s
	Effect of pretreatment of fuel
	Corrosion of structural metals
	Corrosion by fluorides with various additives
	Melting point of fluorides after corrosion tests
	Static Corrosion by Sodium Hydroxide
	Corrosion of special alloys
	Corrosion by sodium hydroxide with various additives
	Corrosion of refractory materials

	Static Corrosion by Liquid Metals
	Corrosion by low melting point alloys
	Corrosion by sodium-lead alloy

	Facilities for Dynamic Corrosion Testing
	Thermal convection loops
	Seesaw corrosion tests
	Differential temperature tests
	Rotating d ynami c cor r osi on tests
	Forced convection loops

	Dynamic Corrosion by Fluorides
	Corrosion by fluorides in thermal convection loops
	Corrosion by fluorides in a seesaw furnace
	Standpipe tests of fluoride corrosion

	Dynamic Corrosion by Hydroxides
	Corrosion by hydroxides in thermal convection loops
	Corrosion by sodium hydroxide in seesaw tests
	Standpipe tests of sodium hydroxide corrosion

	Fundamental Corrosion Research
	Possible equilibria among fluorides and metals

	EMF measurements in fused fluorides
	Electrode potentials in fused sodium hydroxide
	silver and platinum
	Magnetic susceptibility of stainless steel exposed to fluorides


	METALLURGY AND CERAMICS
	Fabrication of Reactor Elements
	Cold drawing of tubular solid fuel elements
	ARE control rod

	Cone-Arc Welding
	Equipment
	Principle of operation
	Experimental procedure

	Er az ing
	Flow tests
	Corrosion of brazing alloys

	Mechanical Testing of Materials
	Inconel creep and stress data
	Tube-burst tests
	Operation of creep and stress-rupture equipment

	Ceramics Laboratory
	Ceramic applications to reactors
	Coatings for the radiator
	Ceramic laboratory equipment
	Microscopic examination of fluorides


	HEAT TRANSFER AND PHYSICAL PROPERTIES RESEARCH
	Viscosity of Fluoride Mixtures
	Viscosity of NaF-KF-LiF
	Viscosity of NaF-KF-LiF-UF
	Modifications of viscosity apparatus
	Thermal Conductivity of Liquids and Solids
	Heat Capacities
	Vapor Pressure of Liquid Fuels
	Physical Property Data
	Natural Convection in Confined Spaces with Internal Heat Generation
	Analysis of Heat Transfer in a Circulating-Fuel System
	Coe f f i c i en ts
	Heat transfer in molten lithium
	Heat transfer to fused salts and hydroxides
	Entrance region heat transfer in a sodium system

	Boiling Liquid Metals
	14 RADIATION DAMAGE
	Irradiation of Fused Materials
	Pile irradiation of fuel
	Cyclotron irradiation of fuel

	Inpile Circulating L.oops
	Creep Under Irradiation
	Radiation Effects on Thermal Conductivity
	PART IV APPENDIXES


	SUMMARY AND INTRODUCTION
	15 THE SUPERCRITICAL-WATER REACTOR

	Description of Reactor
	Conclusion of the NDA Study
	Recommendations of the NDA Study
	ANALYTICAL CHEMISTRY
	Studies of Diatomaceous Earth
	Analytical Studies of Fluoride Eutectics
	Uranium
	Be r y 11 ium
	Total alkali metals
	Total fluoride
	Nickel
	Chromium
	Manganese
	Si 1 icon

	Solubility of Boric Acid in Water
	Clarity of Borated Water
	Studies of Alkali and Alkaline Earth Hydroxide Coolants
	Analytical Services
	LIST OF REPORTS ISSUED
	DIRECTORY OF ACTIVE ANP RESEARCH PROJECTS AT ORNL
	Reactor and Component Design
	Shielding Research
	Materials Research
	Technical Administration
	Tandem Heat Exchanger Arrangement for Circulating-Fuel Reactor
	for Circulating-Fuel Reactor
	Circulating-Fuel ARE Core Design
	Fluid Circuit Equipment
	Frozen Fluoride Seal Tester
	ARE Centrifugal Pump
	Ball Check Valve
	Schematic Diagram of Circulating-Fuel Aircraft Reactor
	Aircraft Reactor
	Aircraft Reactor


	Thick Reflectors of the Same Composition
	Power Distribution in the Core of the Circulating-Fuel ARE
	Leakage Spectrum from the Reflector of the Circulating-Fuel ARE
	Leakage Spectrum from the Open Ends of the Circulating-Fuel ARE
	Core of the Circulating-Fuel ARE
	Fuel ARE

	ssembly of Direct-Cycle Reactor
	as a Function o trol Rod Position
	Reactivity vs Temperature
	Spectrometer in Bulk Shielding Facility

	Gamma-Ray Spectra at 130 cm from the Water-Reflected Reactor
	Bulk Shielding Facility Reactor
	Cylindrical Ducts in Water
	Ducts
	with Variable Bends
	Ducts with Variable Bends

	Comparison of Relative Source Strengths (no) from Various Ducts
	Geometries of the 3-in Duct

	Proposed 300-ft Tower Shielding Facility
	Tower Shielding Facility
	Total Cross Section of Iron
	for 100 hr at 816OC
	Lead-56% Bismuth Alloy for 100 hr at 1500OF
	•or 100 hr at 1500'F

	for Dynamic Corrosion Tests
	Circulating the Fluoride Fuel (NaF-KF-LiF-UF4) for 500 Hours
	Shields for Circulating-Fluoride-Fuel Reactors
	Fuel Temperature After Each Pass Through Core
	Performance of Fluoride-to-Fluoride Heat Exchanger
	Analysis of Heater Section (ModelA-1)
	Composition of Various Fluoride Fuels and Coolants
	Volume Fractions of the Circulating-Fuel ARE Core and Reflector
	Uranium Requirements of the ARE
	Reactivity Coefficients
	Shim Control Requirements
	Comparison of Control Rod Calibrations


	Reactivity Change Introduced by Substituting Beryllium for Air
	Steel for Beryllium in the Reflector
	Experimental Pata on Critical Assemblies 1 and
	Calculated Results for Critical Assemblies 1 and
	Thermal Neutrons in Peryllium and Graphite
	Indium Ratios
	upon Introduction of Various Materials into Assembly
	Cylindrical Ducts
	Cylindrical Ducts
	Beryllium Filters
	Curves of the System NaF-BeF,-UF4

	Break Temperatures from Cooling Curves of the System KF-BeF2-UF
	conium-Bearing Fuel Mixtures

	Disposition of Standard Fuel Samples
	(NaF-KF-LiF-UF4) in 100 hr at
	conium Additives in 100 hr at

	Melting Points of Samples of Fluoride from Corrosion Tests
	with Various Additives in 100 hr at

	Melting Points of Various Alloys
	Various Low Melting Point Alloys in 100 hr at
	vection Loops Operated with Various Fluorides
	Metals with Alkali Fluorides
	Uranium Tetrafluoride with Metals

	1227pgs.pdf
	FOREWORD
	Fuel containing zirconium fluoride

	Description of Reactor
	Hydrogen Atmosphere

	c/


	HELP: 
	home: 


