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T A B L E  O F  C O N V E R S IO N S

» c OF »C °F “C OF

0 32 650 1202 1250 2282

50 122 700 1292 1300 2372
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1.82 m e g a w a t t s / f o o t
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4 54  g r a m s
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2
70 .30  g r a m s / c e n t i m e t e r

- 2 4  210 c e n t i m e t e r
2 2 980 .7  c m / s e c  = 32 .17  f t / s e c

M U Ir-lk l22
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P L U T O  Q U A R T E R L Y  R E P O R T  NO.  8

( A p r i l  - J u n e  1961)

L a w r e n c e  R a d i a t i o n  L a b o r a t o r y ,  U n i v e r s i t y  of  C a l i f o r n i a  

L i v e r m o r e ,  C a l i f o r n i a

C H A P T E R  I . . T O R Y  I I -A

S E C T I O N  I. P R E L I M I N A R Y  S T A T E M E N T  T O R Y  I I - A - 1  

4 0 - M w  P O W E R  RUN

O n M a y  14, 1961, th e  T o r y  I I - A  r e a c t o r  w a s  r u n  f o r  th e  f i r s t  t i m e  a t  

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

the  d e s i g n  p o in t .  T h e  p o w e r  l e v e l  w a s  h e l d  a t  50 Mw f o r  a b o u t  two m i n u t e s ,  

a n d  w a s  in  e x c e s s  of 10 M w  f o r  s i x t e e n  m i n u t e s .  T h e  a v e r a g e  fu e l  e l e m e n t  

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

2 5 0 0 ° F  f o r  a b o u t  one  m i n u t e ,  a n d  r e m a i n e d  a t  a  v a l u e  of  1 9 0 0 °F  o r  g r e a t e r  

f o r  f o u r t e e n  m i n u t e s .  N o  d a m a g e  to  th e  r e a c t o r  w a s  d e t e c t e d  d u r i n g  th e  r u n  

o r  a f t e r w a r d s .

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

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

A c o m p l e t e  a c c o u n t  w i l l  b e  p r e s e n t e d  in  a s e p a r a t e  r e p o r t .

T h i s  r u n  w a s  i n t e n d e d  to  p r o v i d e  a f i r s t  t e s t  of the  r e a c t o r  a t  p o w e r  

l e v e l s  h ig h  e n o u g h  to  p r o d u c e  h e a t  b a l a n c e  c o n d i t i o n s  in  the  c o r e  s i m i l a r  to  

t h o s e  e x p e c t e d  a t  d e s i g n  p o i n t  ( in p a r t i c u l a r ,  w i th  h e a t  t r a n s f e r  to th e  a i r  

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

p o n e n t s ) .  A p o w e r  of  40 M w  w a s  c h o s e n  a s  s u f f i c i e n t l y  h ig h  to m e e t  t h i s  c o n ­

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

a t  the  d e s i g n - p o i n t  p o w e r  of  150 Mw.

I t  w a s  i n t e n d e d  t h a t  th e  d e s i g n - p o i n t  f u e l - e l e m e n t  w a l l  t e m p e r a t u r e  of 

2250 ° F  s h o u l d  b e  r e a c h e d .  I t  w a s  d e c i d e d  b e f o r e  th e  r u n  t h a t ,  s i n c e  s o m e  

p o i n t s  in  th e  c o r e  w e r e  l i k e l y  to s h o w  t e m p e r a t u r e s  w e l l  a b o v e  the  a v e r a g e  

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

l o w e d  to  go a s  h ig h  a s  2500  °F  in  o r d e r  to  b e  s u r e  of  b r i n g i n g  th e  a v e r a g e  up 

to 2250° .

SEiSEtET'-R-BSTffe igTED D A T A
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A n  a i r f l o w  r a t e  of 120 lb p e r  s e c  w a s  d e t e r m i n e d  to  b e  a p p r o p r i a t e  to 

m a t c h  t h e s e  p o w e r  a n d  t e r h p e r a t u r e  l e v e l s .

B e c a u s e  of  t h e  p r e s e n c e  in  th e  b u n k e r  a i r d u c t  of  s o m e  t e m p o r a r y  s e c ­

t i o n s  of m i l d  s t e e l ,  u n a b l e  to  s u p p o r t  th e  d e s i g n  i n l e t  a i r  t e m p e r a t u r e  of 

1 0 6 0 ° F ,  a i r  w a s  s u p p l i e d  to  th e  r e a c t o r  a t  a  t e m p e r a t u r e  of 4 0 0 ° F .

T h e  m o d e  of o p e r a t i o n ,  in  b r i e f ,  w o u ld  be  a s  f o l l o w s ;

a .  B r i n g  r e a c t o r  a i r f l o w  r a t e  up to 30 l b / s e c ,  a t  a m b i e n t  t e m p e r a t u r e .

b .  R a i s e  r e a c t o r  i n l e t  a i r  t e m p e r a t u r e  to  4 0 0 ° F .

c .  R a i s e  r e a c t o r  p o w e r  u n t i l  p e a k  c o r e  t e m p e r a t u r e s  a r e  a t  1 9 0 0 ° F .

d.  R a i s e  p o w e r  a n d  a i r f l o w  r a t e  s i m u l t a n e o u s l y ,  k e e p i n g  c o r e  t e m p e r ­

a t u r e  c o n s t a n t  a t  lOOG^F, u n t i l  f l o w  r a t e  i s  a t  120 l b / s e c .

e .  R a i s e  p o w e r  u n t i l  p e a k  c o r e  t e m p e r a t u r e s  a v e r a g e  a b o u t  2 2 5 0 ° F ,  o r  

u n t i l  i n d i v i d u a l  t h e r m o c o u p l e s  r e a d  2500  ° F .

f.  S h u t  do w n  m o r e  o r  l e s s  in  r e v e r s e  o r d e r .

F o l l o w i n g  two d a y s  p o s t p o n e m e n t  f o r  f a v o r a b l e  w e a t h e r ,  t h e  r u n  w a s  

s t a r t e d  s h o r t l y  b e f o r e  n o o n  on  M a y  14, 1961,  w i th  a l l  c o m p o n e n t s  of th e  f a c i l ­

i t y  a n d  r e a c t o r  in  s a t i s f a c t o r y  o p e r a t i n g  c o n d i t i o n .

A b o u t  tw o  h o u r s  w e r e  o c c u p i e d  w i th  p r e l i m i n a r y ^ s t e p s  i n v o l v e d  in  b r i n g ­

ing  th e  r e a c t o r  up  to  th e  1 0 0 - k w  p o w e r  r a n g e ,  a n d  t h e n  a b o u t  o n e - h a l f  h o u r  

in  go in g  t h r o u g h  th e  o p e r a t i n g  s e q u e n c e  l i s t e d  a b o v e .

T h i s  p r o c e d u r e  w a s  c a r r i e d  o u t  a p p r o x i m a t e l y  a s  p l a n n e d .  F i g u r e  I - 1 

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

d u r i n g  t h e  r u n .  T h e  t e m p e r a t u r e  t r a c e  i s  r e p r e s e n t a t i v e  o n ly ,  b e i n g  t a k e n  

f r o m  a n  e s t i m a t e d  a v e r a g e  of d a t a  a v a i l a b l e  a t  t h e  t i m e  of w r i t i n g .

T h e  o n ly  s t r i k i n g  d e p a r t u r e  f r o m  p l a n n e d  o p e r a t i o n  i s  i n  th e  c o r e - t e m ­

p e r a t u r e  h i s t o r y .  T h e  t r a c e  s h o w n  r e p r e s e n t s  a n  a v e r a g e  of  f u e l - e l e m e n t  

w a l l  t e m p e r a t u r e s  a t  t h e  h o t t e s t  a x i a l  s t a t i o n  of  t h e  c o r e .  A l t h o u g h  th e  r e a l  

a m p l i t u d e  of  t h i s  c u r v e  i s  s t i l l  u n c e r t a i n  to  p e r h a p s  5 0 ° F ,  a t  t h e  p e a k  i t  s e e m s  

c l e a r  t h a t  the  i n t e n d e d  v a l u e  of  2250 ° F  w a s  e x c e e d e d  b y  s e v e r a l  h u n d r e d  d e ­

g r e e s .  T w o  p r i n c i p l e  r e a s o n s  l i e  b e h i n d  t h i s :  F i r s t ,  i t  w a s  f o u n d  to b e  i m ­

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

th e  t e m p e r a t u r e  i n d i c a t i o n  to  w h i c h  th e  n u c l e a r  o p e r a t o r  w a s  g iv i n g  m o s t  of  

h i s  a t t e n t i o n  d u r i n g  th e  p e r i o d  of  h i g h e s t  p o w e r  h a p p e n e d  to  b e  o n e  w h i c h  g a v e  

a r e a d i n g  w e l l  b e l o w  th e  c o r e  a v e r a g e .  S e c o n d ,  th e  c o r e  r a d i a l - p o w e r  d i s t r i ­

b u t i o n ,  a n d  h e n c e  t e m p e r a t u r e  d i s t r i b u t i o n ,  w a s  v e r y  f l a t  (~ ± 3 p e r c e n t )  — 

c o n s e q u e n t l y  t h e  d i f f e r e n c e s  f r o m  p e a k  to a v e r a g e  t e m p e r a t u r e s  w h i c h  we h a d
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e x p e c t e d  t h a t  we m i g h t  e n c o u n t e r  d id  n o t  m a t e r i a l i z e ,  a n d  th e  a v e r a g e  c a m e  

up  f a i r l y  c l o s e  to  i n d i v i d u a l  p e a k  v a l u e s .

P r e l i m i n a r y  d a t a  on d e t a i l e d  b e h a v i o r  of th e  r e a c t o r  w i th  r e s p e c t  to  

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

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

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

p o w e r .

A E R O - T H E R M O D Y N A M I C  A S P E C T S  O F  T O R Y  I I - A - 1  O P E R A T I O N ,  M A Y  14, 

1961 ( P R E L I M I N A R Y )

P e r t i n e n t  p a r a m e t e r s  f o r  the  l o w - f l o w  p h a s e  of the  t e s t  a p p e a r  to b e  the  

f o l l o w i n g :

a .  F l o w  r a t e  = 30 ± 2 p p s .

b .  I n l e t  a i r  t o t a l  t e m p e r a t u r e  = 400  ± 2 0 ° F .

c .  T o t a l  r e a c t o r  p o w e r  = 10 ± 1 Mw .

d .  M a x i m u m  m e a s u r e d  f u e l - e l e m e n t  t e m p e r a t u r e  = 199 1 ° F .

e .  R a d i a l  p o w e r  d i s t r i b u t i o n  n e a r  r e a c t o r  m i d p l a n e  a p p e a r e d  to  be  

u n i f o r m  to  ± 3 %  ( a z i m u t h a l  e f f e c t s  a c c o u n t e d  f o r ) .

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

s t a t i o n  = 1 9 9 4 ° F .

g.  P r o b a b l e  a v e r a g e  u n p e r t u r b e d  f u e l - e l e m e n t  e x i t - a i r  t o t a l  

t e m p e r a t u r e  = 1876 ° F .

h .  P r o b a b l e  n o z z l e  a i r  t o t a l  t e m p e r a t u r e  = 1593 ° F .

i .  M e a s u r e d  n o z z l e  a i r  t o t a l  t e m p e r a t u r e  = 1 6 9 0 ° F  ( e v i d e n c e  of 

n o n m i x e d  c o n d i t i o n s ) .

j .  U n p e r t u r b e d  f u e l - e l e m e n t  t e m p e r a t u r e  d e v i a t i o n  a t  h o t t e s t  

l o c a t i o n  = 140®F.

P e r t i n e n t  p a r a m e t e r s  f o r  th e  h i g h - p o w e r  p h a s e  of t h e  t e s t  a p p e a r  to  be  

th e  fo l l o w i n g ;

a .  F l o w  r a t e  = 122 p p s  ± 5  p p s .

b .  I n l e t  a i r  t o t a l  t e m p e r a t u r e  = 400  ± 2 0 ° F .

c .  T o t a l  r e a c t o r  p o w e r  = 50 ± 3 M w  .

d.  M a x i m u m  m e a s u r e d  f u e l - e l e m e n t  t e m p e r a t u r e  = 2 7 1 2 ' ’F .

e .  R a d i a l  p o w e r  d i s t r i b u t i o n  n e a r  r e a c t o r  m i d p l a n e  a p p e a r e d  to  b e  

u n i f o r m  to  ± 3 %  ( a z i m u t h a l  e f f e c t s  a c c o u n t e d  f o r ) .

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

s t a t i o n  = 2600® F.
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g.  P r o b i i b l e  a v e r a g e  u n p e r t u r b e d  f u e l - e l e m e n t  e x i t - a i r  t o t a l  

t e m p e r a t u r e  = 2 3 2 0 ° F .

h.  P r o b a b l e  n o z z l e  a i r  t o t a l  t e m p e r a t u r e  = 1927 ° F .

i .  M e a s u r e d  n o z z l e  a i r  t o t a l  t e m p e r a t u r e  = 2 0 6 4 ° F  ( e v i d e n c e  of  

n o n m i x e d  c o n d i t i o n s ) .

j .  M e a s u r e d  r e a c t o r  p r e s s u r e  d i f f e r e n t i a l  = 3 1 p s i .

k .  P r o b a b l e  n o z z l e  t o t a l  p r e s s u r e  = 35 .5  p s i a .

1. P r o b a b l e  r e a c t o r  i n l e t  t o t a l  p r e s s u r e  = 65 p s i a .  

m .  U n p e r t u r b e d  f u e l - e l e m e n t  t e m p e r a t u r e  d e v i a t i o n  a t  h o t t e s t  

l o c a t i o n  = 2 8 0 ° F .

R e a c t o r  s t r u c t u r a l  t e m p e r a t u r e s  w e r e  f o u n d  to  be  the  fo l lo w in g  a t  50 Mw.

X / L  = 0.71 X / L  = 0.9Z

a . S h r o u d 5 4 9 ° F 542 ° F

b . T i e  r o d 6 5 5 ° F 6 9 5 ° F

c . S l a t s 2 4 6 8 °F 2 5 9 9 “F

d. O u t e r  l i n k s 1 6 5 8 “F 1 7 8 6 ° F

e . W i p e r  s e a l s 1464“F 1 4 2 7 ° F

f. B a s e  p l a t e  s p r i n g s 5 2 7 “F

g- T i e  r o d  e x i t  h u b s 2 0 5 6 “F

h . F r o n t  s u p p o r t  s t r u c t u r e 503 °F

T h e  t e m p e r a t u r e s  of  th e  w a t e r - c o o l e d  c o m p o n e n t s  w e r e  f o u n d  to  b e  r e a s o n a b l e .

D u r i n g  th e  t e s t ,  r e a c t o r  f u e l  e l e m e n t s  w e r e  a t  t e m p e r a t u r e s  g r e a t e r  

t h a n  1 9 0 0 ° F  f o r  840  s e c o n d s  (14 m i n u t e s ) .  D u r i n g  the  h i g h - p o w e r  p h a s e  of  th e  

e x p e r i m e n t ,  f u e l  e l e m e n t s  w e r e  a t  t e m p e r a t u r e s  in  e x c e s s  of  2500®F f o r  68 

s e c o n d s .  T e m p e r a t u r e s  in  e x c e s s  of  d e s i g n  l i m i t  ( 2 5 5 0 ' ’F )  o c c u r r e d  f o r  14 

s e c o n d s .  E q u i l i b r i u m  c o n d i t i o n s  w e r e  p r o b a b l y  n o t  p r e s e n t  a t  t h e  e n d  of  t h i s  

1 4 - s e c o n d  p e r i o d .

R e a c t o r  v o l u m e  a v e r a g e d  f u e l e d - e l e m e n t  t e m p e r a t u r e  a t  50 Mw a p p e a r s  

to  b e  2 1 5 5 “F .

T O R Y  I I - A - 1 ,  M A Y  14, 1961 R U N ;  F IS SIO N  F R A G M E N T  LOSS

I t  w a s  e x p e c t e d  t h a t  f i s s i o n  f r a g m e n t s  w o u ld  be  l o s t  f r o m  T o r y  I I - A - 1  

d u r i n g  t h e  d e m o n s t r a t i o n  r u n  of  5 - 1 4 - 6 1 .  T h e  a n t i c i p a t e d  l o s s  f r a c t i o n  w a s

0 .001  o f  th e  n u m b e r  of  f r a g m e n t s  m a d e  d u r i n g  o p e r a t i o n .  T h e  o b s e r v e d  f r a c -
_ 5

t i o n  w a s  l / l 6 of t h i s ,  o r  6 X 10 . T h e  l a t t e r  f r a c t i o n  i s  a c c u r a t e  to  a n  o r d e r

of  m a g n i t u d e .  P e r t i n e n t  c o m m e n t s  a r e  l i s t e d  b e l o w :
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1. A l t i t u d e  a t  t e s t  p o in t ;  4400  f t  M . S . L .  ( m e a n  s e a  Level).

2.  W in d  d i r e c t i o n  d u r i n g  r u n :  W . - S . W .

3.  W in d  v e l o c i t y  d u r i n g  r u n :  1 5 -20  m p h .

4.  A s t a b l e  l a y e r  of  a i r  e x i s t e d  a b o v e  6000  f t  M. S. L .  ( i.  e .  , 1600 

f t  a b o v e  g r o u n d  l e v e l ) .  T h e r e  w a s  no i n v e r s i o n .  H o w e v e r ,  the  

s t a b l e  l a y e r  a c t e d  to  c o n f in e  th e  e f f l u e n t  to  a l t i t u d e s  b e l o w  

6000  f t  M . S .  L .

5. A s  t h e  r a d i o a c t i v e  c l o u d  m o v e d  a w a y  t o w a r d  th e  n o r t h e a s t ,

L . R . L .  d e t e c t o r  N o .  3 p e a k e d  a t  30 m r / h r  f o u r  m i n u t e s  a f t e r  

s h u td o w n .  (See  F i g s .  1-2 ,  1-3 ,  a n d  1-4) .  A t  t h e  s a m e  t i m e ,  

d e t e c t o r  No.  4 (3500 f t  s o u t h  of  No.  3) s h o w e d  0 .23 m r / h r .  

T r i a n g u l a t i o n  p r o c e d u r e s  g iv e  a n  a l t i t u d e  of th e  r a d i o a c t i v e  

c l o u d  c e n t e r  a s  1250 f t  a b o v e  th e  g r o u n d ,  w h i c h  i s  in  v e r y  

go o d  a g r e e m e n t  w i t h  t h e  e a r l i e r  c o n c l u s i o n .

6 . A t  t h e  t i m e  th e  c l o u d  p a s s e d  d e t e c t o r  No.  3, i t  i s  t h o u g h t  to 

h a v e  b e e n  1 . 0 -m i l e  long ,  1 5 0 0 - f t  w id e ,  1 0 0 0 - f t  h ig h ,  a n d  w a s  

t r a v e l i n g  a t  15 m p h .
4

7. D u r i n g  th e  r u n ,  2 .05  X 10 M w - s e c  of n u c l e a r  p o w e r  w a s  g e n ­

e r a t e d  (i.  e .  , 6 .8  X 10^^ f i s s i o n s ) .

8 . T h e  r e a c t o r  l o s t  f r a g m e n t s  due  to  4 .4  X 10^^ f i s s i o n s .
_5

9. T h e  f r a c t i o n a l  f i s s i o n  f r a g m e n t  l o s s  i s  6 X 10

10. D a t a  f r o m  th e  d e t e c t o r s  a n d  th e  L - 2 0  a i r p l a n e  a r e  n o t  in  c o n ­

f l i c t  w i th  th e  a b o v e  s t a t e m e n t s .

S E C T I O N  I I . N E U T R O N I C S

T h e  T o r y  I I - A -  1 t e s t  of  M a y  14, 196 1 h a s  b e e n  s t u d i e d  in  d e t a i l  to  s e e  

how  w e l l  th e  n e u t r o n  d i f f u s i o n  c a l c u l a t i o n s  a g r e e d  w i th  a c t u a l  e x p e r i m e n t a l  

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

e x a m i n e d .  T h e  r e s u l t s  of t h e  c o m p a r i s o n  w e r e  e x t r e m e l y  g r a t i f y i n g ,  f o r  the  

A n g ie  p r e d i c t i o n  of  th e  r e q u i r e d  c h a n g e  of c o n t r o l  v a n e  a n g l e  w a s  w i th i n  10 

p e r c e n t  of  th e  o b s e r v e d  v a n e - a n g l e  c h a n g e .  T h e  r a d i a l  p o w e r  d e n s i t y  w a s  o b ­

s e r v e d  to  b e  f l a t  w i t h i n  ± 3  p e r c e n t  a t  50 M w ,  w h i c h  a l s o  e x c e e d e d  e x p e c t a t i o n s .

D u r i n g  t h e  t e s t ,  t h e  c o r e  w a s  s u s t a i n e d  a t  10 M w  f o r  s e v e r a l  m i n u t e s  

a n d  w a s  t h e n  t a k e n  to  50 M w  f o r  a  s h o r t  t i m e .  T a b l e  I - l  l i s t s  a  g r o u p  of s e ­

l e c t e d  p a r a m e t e r s  a t  th e  two p o w e r  l e v e l s  a n d  a l s o  t h o s e  v a l u e s  a p p r o p r i a t e  to  

th e  t h e n  a n t i c i p a t e d  t e s t .  On th e  b a s i s  of  t h e  l a t t e r  v a l u e s  , p r e d i c t i o n s  w e r e  m a d e .
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F i g .  1-3.  P l a n  — T o r y  I I - A  s u r v e y  — c l o u d  s a m p l i n g ,  M a y  14, 1961.  M a x i m u m  r e a d i n g  1.5 m r / h r  ( a s  r e ­
p o r t e d  b y  a e r i a l  m o n i t o r ) .
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a r e a  4 0 1 ,  m i d t i m e  — 1643,  ( r e a c t o r  in  p l a c e ) .
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T a b l e  I - l .  P r e d i c t e d  a n d  M e a s u r e d  P a r a m e t e r s  f o r  the  

M a y  14, 1961 T o r y  I I - A - 1  O p e r a t i o n  a t  N TS .

M e a s u r e d P r e d i c t e d

1. P e a k  p o w e r 10 ± 1 Mw 50 ± 3 Mw 40 Mw

2 . R a d i a l  p o w e r  d e v i a t i o n  f r o m  f l a t 3% 3% 5%

3. C r i t i c a l  v a n e  a n g l e 8 8 ° 1 00° 95°  ± 5°

4. F r o n t  s u p p o r t  s t r u c t u r e  t e m p 4 9 9 ° F 503 °F 4 0 0 ° F
( a s s u m e d )

5. B a s e  p l a t e  t e m p 18 7 6 °F 2 3 8 0 ° F 1 9 2 0 ° F

6 . A v e r a g e  f u e l - e l e m e n t  t e m p e r a t u r e

a t  h o t t e s t  a x i a l  s t a t i o n 1 9 4 4 °F 2 6 0 0 ° F 2 2 5 0 ° F

A t  r o o m  t e m p e r a t u r e ,  t h e  c r i t i c a l  v a n e  a n g l e  w a s  found  to  b e  6 6 . 7 ° .  

T h e r e f o r e ,  a  3 3 . 3 °  c h a n g e  in  p o s i t i o n  w a s  r e a l i z e d  in  g o in g  to  50 M w  a n d  

2 6 0 0 ° F  p e a k  t e m p e r a t u r e .  T h i s  r e p r e s e n t s  a p p r o x i m a t e l y  3% in  r e a c t i v i t y  

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

of r e a c t i v i t y .  C o m p a r i s o n s  b e t w e e n  e x p e r i m e n t  a n d  c a l c u l a t i o n  s h o u l d  b e  

m a d e ,  r e c o g n i z i n g  th e  f a c t  t h a t  c o n s i d e r a b l e  u n c e r t a i n t y  w i l l  e x i s t  in  a n y  c o n ­

c l u s i o n  b e c a u s e  of  th e  m a n y  c o m p l i c a t i o n s  i n  t h e  T o r y  I I - A -  1 d e s i g n .

A n  a n a l y s i s  h a s ,  n e v e r t h e l e s s ,  b e e n  m a d e ,  a n d  i s  l i s t e d  in  T a b l e  1-2 .  

T h e  A n g ie  c a l c u l a t i o n s  f u r n i s h  a  d e p e n d e n c e  of  Kg££ on  v a n e  a n g l e ,  a n d  th i s  

w a s  e m p l o y e d  i n  d e t e r m i n i n g  th e  Ak ( e x p e r . )  l i s t e d  b e l o w .  C a l c u l a t e d  g e o ­

m e t r i c  e f f e c t s  w e r e  s e p a r a t e d  i n t o  a x i a l  a n d  r a d i a l  e x p a n s i o n  e f f e c t s .  If 

t h e s e  a r e  a s s u m e d  to  b e  a c c u r a t e l y  r e p r e s e n t e d  in  A n g i e ,  c o m p a r i s o n  b e t w e e n  

th e  c a l c u l a t e d  a n d  o b s e r v e d  n u c l e a r  (i.  e .  , s p e c t r u m )  e f f e c t s  m a y  b e  m a d e .

T a b l e  1 -2 .  C o m p a r i s o n  B e t w e e n  O b s e r v e d  a n d  P r e d i c t e d  R e a c t i v i t y  E f f e c t s .

C o n d i t i o n
F u e l

t e m p
£ V a n e  

°F '  a n g l e
- A k
(exp)

- A k
( a x ia l )

- A k
( r a d i a l )

- A k
( n u c l e a r )

❖
Ak ( n u c l . ) c a l c  
Ak ( n u c l . ) e x p

R o o m  t e m p 6 6 .7 °

P r e d i c t e d 2250 9 5 .0 ° 0 .0233 0 .0 0 4 9 0 .0059 0.0125 ( 1. 0 0 )

10 M w 1944 8 8 ° 0 .0205 0 .0047 0 .0 0 5 4 0.012 1 1.16

50 Mw 2600 100° 0 .0290 0 .0057 0 .0076 0 .0158 1.01

A k ( n u c l . )  A k ( a x . )  , - A k ( r a d . )  , = Ak ( n u c l . ) c a l c .' ' e x p  ' ' c a l c  ' ' c a l c  '
A v e r a g e  f u e l  tu b e  t e m p e r a t u r e s  a t  h o t t e s t  a x i a l  s t a t i o n .
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A n e r r o r  of  ± 1 ° in  v a n e  a n g l e  c a n  c o n t r i b u t e  ± 6 % in  Ak ( n u c l e a r )  f o r  

t h e  50 M w  c a s e .  P o s s i b l e  " b a r r e l i n g  o u t , "  o r  r a d i a l  s w e l l i n g  of t h e  c o r e  can  

a l o n e  a c c o u n t  f o r  a  3° i n c r e a s e  in  v a n e  a n g l e .  A p p r o x i m a t i o n  of  th e  c o r e  in  

t h e  A n g ie  c a l c u l a t i o n  a s  i s o t h e r m a l  i m p l i e s  a  ± 1° u n c e r t a i n t y .  O t h e r  i s s u e s  

c o u l d  e a s i l y  b r i n g  th e  u n c e r t a i n t y  i n [ A k ^ / A k ^ ]  n u c l e a r  to ± 3 0 % .  T h e  e q u i v a ­

l e n t  (Ak) u n c e r t a i n t y  i s  o n ly  ± 0 .0 0 3 .  T h e  a b o v e  r e a c t i v i t y  r a t i o  i s  n o t  in  c l o s e  

a c c o r d  w i th  a  r e c e n t  f i n d in g  f r o m  c a l c u l a t i o n s  a p p l i e d  to a b a r e  B eO  H ot  B o x  

e x p e r i m e n t .  T h e r e ,  [ A k ^ / A k ^ ]  n u c l e a r  — 1.5 ± 0 . 3 .  " B a r r e l i n g "  of  the  c o r e

w o u ld  a c t  to  d e c r e a s e  A k ( n u c l .  ) a n d  t h e r e b y  i n c r e a s e  the  r a t i o .  O nce' e x p  ^
a g a i n  we s e e  t h a t  b a s i c  u n c e r t a i n t i e s  p r e v e n t  a c a r e f u l  a n a l y s i s .

T e m p e r a t u r e s  in  th e  f o r w a r d  c u t  of  t h e  c o r e  r e l a t i v e  to th e  c e n t e r  a p ­

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

i n d i c a t e  t h a t  th e  p o w e r  d e n s i t y  i s  15 -2 0 %  h i g h e r  r e l a t i v e  to  the  p e a k  th a n  

A n g ie  p r e d i c t e d .  S e e  F i g .  1-5 .  A d d i t i o n a l  e v i d e n c e  f r o m  the  D e c e m b e r  9, 

I 9 6 0 , f i s  s i o n  t r a v e r s e  e x p e r i m e n t  a t  r o o m  t e m p e r a t u r e ,  t e n d s  to  c o n f i r m  the  

d i s a g r e e m e n t .  T h e r e ,  a  15% h i g h e r  p o w e r  d e n s i t y  r e l a t i v e  to the  p e a k  i s  

n o t e d  in  th e  e x p e r i m e n t  t h a n  in  A n g i e ,  in  th e  c o r e  r e g i o n  c l o s e  to th e  f o r w a r d  

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

C a l c u l a t i o n s  s h o w  t h a t  i f  the  r e a c t o r  i s  o p e r a t e d  a t  2 2 5 0 ° F  p e a k  t e m ­

p e r a t u r e  a n d  150 Mw d u r i n g  th e  f o r t h c o m i n g  r u n ,  the  r e a c t o r  s h o u l d  b e  c r i t ­

i c a l  a t  a  v a n e  a n g l e  of  94°,  w h i c h  i s  s m a l l e r  t h a n  the  v a l u e  (100°) r e a l i z e d  on 

M a y  14, 1961.  T h e  m a i n  r e a s o n  i s  t h a t  t h e  p a s t  t e s t  w a s  c o n d u c t e d  3 5 0 ° F  in  

e x c e s s  of  th e  p l a n n e d  v a l u e .

S E C T I O N  I I I . C O N T R O L S

S U M M A R Y

A l l  T o r y  I I - A  c o n t r o l  s y s t e m s  p e r f o r m e d  s a t i s f a c t o r i l y  d u r i n g  the  lo w -  

p o w e r  r u n s  c o n d u c t e d  d u r i n g  t h i s  q u a r t e r  a n d  d u r i n g  th e  4 0 - M w  r u n  c o n d u c t e d  

on  M a y  14, 1961. D u r i n g  th e  r u n ,  r e a c t o r  p o w e r  w a s  c o n t r o l l e d  o v e r  the  

r a n g e  400  k i l o w a t t s  to  50 m e g a w a t t s  u s i n g  a u t o m a t i c  log  p o w e r  c o n t r o l .  A i r ­

f lo w  r a t e  t h r o u g h  the  r e a c t o r  w a s  c o n t r o l l e d  b y  the  a i r f l o w  o p e r a t o r  u s in g  the  

6 - in .  p r e s s u r e  c o n t r o l  v a l v e  (A V -4 )  in  th e  m a n u a l  s e r v o  m o d e .  T h e r e  h a v e  

b e e n  no  d e v i a t i o n s  of a c t u a l  c o n t r o l  s y s t e m  p e r f o r m a n c e  f r o m  i n t e n d e d  p e r ­

f o r m a n c e  d u r i n g  a n y  of the  o p e r a t i o n s  c a r r i e d  o u t  t h u s  f a r .  T h e  a u t o m a t i c  

p o w e r  c o n t r o l  s y s t e m  h a s  n o w  d e m o n s t r a t e d  i t s  a b i l i t y  to a c c u r a t e l y  a n d  s a f e l y
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F i g .  1-5 ,  T o r y  I I - A - 1 ,  b e s t  e s t i m a t e  of  a x i a l  p o w e r  d i s t r i b u t i o n  a s  d e d u c e d  f r o m  M a y  14, 1961 d e m o n ­
s t r a t i o n  r u n .  P o w e r  l e v e l ,  50 Mw; a v e r a g e  c o r e  t e m p e r a t u r e ,  2155®F ( m e a s u r e d ) ;  a v e r a g e  c o r e  t e m p e r ­
a t u r e  in  c a l c u l a t i o n s ,  1 9 7 1 “F .
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c o n t r o l  r e a c t o r  p o w e r  l e v e l  o v e r  m a n y  d e c a d e s .  A l l  c o n t r o l  s y s t e m s  a r e  c o n ­

s i d e r e d  p r o v e n  f o r  f u r t h e r  h i g h - p o w e r  t e s t i n g .

T O R Y  I I - A  O P E R A T I O N S

T h e r e  w e r e  f o u r  T o r y  I I - A  n u c l e a r  r u n s  h a v i n g  s i g n i f i c a n c e  a s  r e g a r d s  

t h e  c o n t r o l  s y s t e m s .

A p r i l  27 N u c l e a r  R u n .  D u r i n g  th i s  r u n  the  r e a c t o r  t r a n s f e r  f u n c t i o n  

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

f r e q u e n c y  r e s p o n s e  t e c h n i q u e s .  T h e  v e r n i e r  r o d  w a s  u s e d  to i n s e r t  a s i n u s ­

o i d a l  5k i n p u t  to t h e  r e a c t o r  of a p p r o x i m a t e l y  ± 2 (± 2 . 5 - i n c h e s  r o d  d i s p l a c e ­

m e n t ) .  L o g  p o w e r  a m p l i f i e r  P 4  w a s  u s e d  to  d e t e c t  r e a c t o r  p o w e r - l e v e l  v a r i ­

a t i o n .  T h e  r e a c t o r  t r a n s f e r  f u n c t i o n  w a s  d e t e r m i n e d  a t  tw o  p o w e r  l e v e l s :

30 w a t t s  a n d  7 kw.  T h e  r e s u l t s  a r e  p l o t t e d  in  F i g s .  1-6 a n d  1-7 a l o n g  w i th  

p r e d i c t e d  v a l u e s ,  u s i n g  = 5 0 p s  a n d  = 70|a.s. As  c a n  b e  s e e n ,  t h e r e  is  

c l o s e  c o r r e s p o n d e n c e  b e t w e e n  th e  p r e d i c t e d  a n d  m e a s u r e d  t r a n s f e r  f u n c t i o n .  

B a s e d  on th e  m e a s u r e d  t r a n s f e r  f u n c t i o n ,  i t  i s  c o n c l u d e d  t h a t  T o r y  I I - A  h a s  

a n  jf* = 7 0 |jls .

M a y  3 N u c l e a r  R u n .  T h e  M a y  3 n u c l e a r  r u n  w a s  th e  f i r s t  a t t e m p t  to  u s e  

a u t o m a t i c  log  p o w e r  c o n t r o l .  T h e  r e a c t o r  w a s  t a k e n  to  a p p r o x i m a t e l y  200 kw  

u n d e r  m a n u a l  c o n t r o l  a t  w h i c h  t i m e  a t r a n s f e r  to log  p o w e r  a u t o m a t i c  u s in g  

log  p o w e r  a m p l i f i e r  P I  w a s  a t t e m p t e d .  I t  w a s  i n t e n d e d  to d e m o n s t r a t e  s t a ­

b i l i t y  of  th e  a u t o m a t i c  log  p o w e r  s y s t e m  a t  low  p o w e r  l e v e l s  d u r i n g  th i s  r u n .

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

p e n d i n g  d i a g n o s i s  of t h e  s c r a m .

E x a m i n a t i o n  of t h e  r u n  d a t a  s h o w e d  t h a t  th e  v e r n i e r  r o d  h a d  n o t  b e e n  

c e n t e r e d  p r i o r  to go ing  to  th e  a u t o m a t i c  m o d e  a s  i s  r e q u i r e d ,  b u t  r a t h e r  w a s  

fu l l  ou t .  In t h e  a u t o m a t i c  m o d e ,  t h e  v e r n i e r  r o d  i s  g iv e n  an  i n i t i a l  d e m a n d  

a s k i n g  f o r  r o d  a t  c e n t e r  p o s i t i o n .  T h i s  d i f f e r e n c e  c a u s e d  the  v e r n i e r  r o d  to 

j u m p  i n  a p p r o x i m a t e l y  30 i n c h e s  a s  th e  m o d e  t r a n s f e r  w a s  m a d e .  A p o w e r  

d r o p  r e s u l t e d  w h i c h  th e  a u t o m a t i c  c o n t r o l  s y s t e m  a t t e m p t e d  to  c o r r e c t  b y  d e ­

m a n d i n g  the  r o d  go b a c k  to  t h e  f u l l - o u t  p o s i t i o n .  T h i s  p o s i t i v e  c h a n g e  i n  p o w e r  

c a u s e d  a n  i n s t a n t a n e o u s  i n d i c a t e d  p e r i o d  of a p p r o x i m a t e l y  4 s e c o n d s  a n d  i n i ­

t i a t e d  a  s c r a m  f r o m  log  p o w e r  c h a n n e l  P 4 ,  w h ic h  h a d  a p e r i o d  s c r a m  l e v e l  

s e t  p o i n t  a t  5 s e c o n d s .



7 0

6 0

= 5 0 / i s ,  7 0 fJLS 
( Z E R O  POWER)5 0

i 4 0

LEGEND

CALCULATED RES P ONS E

A  EXPERI MENTAL VALUES - 7 kw20

•  EXPERI MENTAL VALUES " 3 0 w

1000.01.0 100.00.1 10.00.01

c
0

r1o
t— *

O'

I

MUL- 1 3 7 8 6
OJ -------- ^

F i g .  1-6 .  P l o t  of  p r e d i c t e d  a n d  m e a s u r e d  t r a n s f e r  f u n c t i o n  f o r  T o r y  I I - A - 1  s h o w i n g  r e a c t o r  p h a s e  a n g l e  
a s  f u n c t i o n  of  a n g u l a r  f r e q u e n c y .



G p - p  P H A S E

7 5

5 0

2 5

LEGEND

—  CALCULATED RESPONSE 

A EXPERI MENTAL VALUES 7 kw- 5 0

ERIMENTAL VALUES 3 0 w

- 7 5
7 0  /IS ( " ZERO"  POWER)

-100
0.0 ! 0.1 1 0 100 1000

MUL-13787 CD

F i g .  1-7 .  P l o t  of  p r e d i c t e d  a n d  m e a s u r e d  t r a n s f e r  f u n c t i o n  f o r  T o r y  I I - A - 1  s h o w i n g  r e a c t o r  g a i n  a s  a  
f u n c t i o n  of  a n g u l a r  f r e q u e n c y .

01
I

d0
r
1

01
h-*



U C R L - 6 5 1 6  - 1 6 -

T h i s  e n t i r e  s e r i e s  of e v e n t s  w a s  r e p r o d u c e d  th e  fo l lo w in g  d a y  u s in g  a 

r e a c t o r  s i m u l a t i o n  w i t h  a c t u a l  h a r d w a r e .  I t  w a s  d e c i d e d  on  th e  b a s i s  of  t h i s  

i n f o r m a t i o n  to  r e p e a t  t h i s  r u n  a t  a  l o w e r  p o w e r  l e v e l  p r i o r  to th e  4 0 - M w  r u n .

M a y  5 N u c l e a r  R u n . D u r i n g  th e  l o w - p o w e r  r u n  of M a y  5, th e  c o m p e n ­

s a t e d  i o n  c h a m b e r  u s e d  f o r  c o n t r o l  ( P 4 )  w a s  p o s i t i o n e d  j u s t  b e l o w  th e  c o r e ,  

s o  t h a t  t h e  a u t o m a t i c  p o w e r  c o n t r o l  l o o p  c o u l d  b e  c l o s e d  a t  a  lo w  p o w e r  l e v e l  

th u s  c a u s i n g  l i t t l e  a d d i t i o n a l  s i t e  a c t i v a t i o n .  T h e  r e a c t o r  w a s  b r o u g h t  c r i t i c a l  

to  a  p o w e r  of  180 w a t t s  u n d e r  m a n u a l  c o n t r o l .  T h e  t r a n s f e r  w a s  t h e n  m a d e  to  

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

b a t i o n s .  In  o r d e r  to  c h e c k  s t a b i l i t y  of  th e  p o w e r  a n d  p e r i o d  c l o s e d - l o o p  s y s ­

t e m s ,  a  r a p i d  i n c r e a s e  in  p o w e r  d e m a n d  to  270 w a t t s ,  t h e n  1050 w a t t s  w a s  

s c h e d u l e d  b y  th e  n u c l e a r  o p e r a t o r .  T h e  s y s t e m  r e s p o n s e  i s  s h o w n  in  F i g ,  1-8 

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

q u a t e  s t a b i l i t y .  T o  c h e c k  l a r g e - s i g n a l  s t a b i l i t y  of  t h e  p o w e r  loop ,  r a p i d  d e ­

c r e a s e s  in  p o w e r  d e m a n d  w e r e  p r o g r a m m e d  to  800 w a t t s ,  t h e n  180 w a t t s .  A s  

s e e n  i n  F i g ,  1 -8 ,  m a j o r  c o r r e c t i o n s  of  the  v e r n i e r  r o d  a n d  v a n e s  w e r e  r e q u i r e d ,  

b u t  t h e  s y s t e m  b r o u g h t  t h e  p o w e r  l e v e l  to  t h e  d e m a n d e d  v a l u e  i n  a  s t a b l e  m a n n e r , 

B a s e d  on  t h e  r e s u l t s  of  t h i s  t e s t ,  i t  w a s  d e c i d e d  to  u s e  a u t o m a t i c  log  

p o w e r  c o n t r o l  d u r i n g  th e  i n t e r m e d i a t e  a n d  h i g h - p o w e r  p o r t i o n s  of  th e  4 0 - M w  r u n .

M a y  14 4 0 - M w  R u n ,  D u r i n g  t h i s  r u n ,  the  r e a c t o r  w a s  b r o u g h t  c r i t i c a l  

a n d  t a k e n  to  a p p r o x i m a t e l y  400  kw  u n d e r  m a n u a l  c o n t r o l .  At t h i s  p o in t  t h e  

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

p o w e r  a m p l i f i e r  P I  f o r  p o w e r  l e v e l  f e e d b a c k .  S y s t e m  s t a b i l i t y  w a s  d e t e r ­

m i n e d  b y  m e a n s  of  p o s i t i v e  a n d  n e g a t i v e  s t e p  c h a n g e s  in  p o w e r  d e m a n d  b e f o r e  

p r o c e e d i n g  to  h i g h e r  p o w e r  l e v e l s .  T h e  a c t u a l  p r o g r a m s  of  p o w e r ,  f lo w ,  a n d  

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

r e p e a t e d  h e r e .  T h o s e  i t e m s  r e l a t i n g  to  th e  c o n t r o l  s y s t e m s  w h i c h  a r e  c o n ­

s i d e r e d  to b e  of  i n t e r e s t  a r e  i t e m i z e d  b e l o w :

1, A i r f l o w  r a t e  w a s  c o n t r o l l e d  t h r o u g h o u t  t h e  r u n  u s i n g  A V - 4  

(6 - i n .  p r e s s u r e  c o n t r o l  v a l v e )  in  th e  m a n u a l  s e r v o  m o d e .  T h e  m a x ­
i m u m  f lo w  r a t e  a t t a i n e d  w a s  a p p r o x i m a t e l y  122 l b / s e c ,

2,  P o w e r  l e v e l  w a s  c o n t r o l l e d  a b o v e  400  kw  u s i n g  a u t o m a t i c  log  

p o w e r  c o n t r o l .  T h e  s y s t e m  w a s  s t a b l e  a n d  a c c u r a t e  a t  a l l  p o w e r  l e v e l s  

c o v e r e d .
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3.  S e t  p o i n t s  u s e d  d u r i n g  th e  r u n  w e r e  a s  f o l l o w s :

P o w e r  - S c r a m  s e t  p o i n t  - 275 Mw

R e s e t  s e t  p o i n t  - 137 Mw 

P e r i o d  - S c r a m  s e t  p o i n t  - 1.1 s e c o n d s  

R e s e t  s e t  p o i n t  - 2 s e c o n d s

4 ,  T h e  r e a c t o r  w a s  s h u t  do w n  a t  t h e  e n d  of  th e  r u n  b y  m e a n s  of  

a n  o p e r a t o r - i n i t i a t e d  s c r a m .  T h i s  d e v i a t i o n  f r o m  the  p l a n n e d  o p e r a t i o n  

w a s  c o n s i d e r e d  d e s i r a b l e  b e c a u s e  of  the  e x t r e m e l y  s l o w  s h u t  dow n  r e ­

q u i r e d  in  t h e  a u t o m a t i c  log  p o w e r  m o d e .  T h e  l a t t e r  w a s  c a u s e d  b y  th e  

s l o w  d e c a y  of  th e  8 0 - s e c o n d  d e l a y e d  n e u t r o n  g r o u p ,  w i th  s o m e  g a m m a - n  

r e a c t i o n  n o t e d  a l s o .  F i g u r e  1 -9  s h o w s  th e  t e s t  d a t a  a s  r e c o r d e d  d u r i n g  

t h e  h i g h - p o w e r  p o r t i o n  of  th e  4 0 - M w  r u n .

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

w e  c a n  c o n c l u d e  t h e  fo l l o w i n g :

1. T h e  a u t o m a t i c  log  p o w e r  c o n t r o l  s y s t e m  h a s  a m p l e  s t a b i l i t y  

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

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

l e v e l .  I t  i s  c o n c l u d e d  t h a t  t h i s  c o n t r o l  m o d e  c a n  b e  u s e d  to c o n t r o l  p o w ­

e r  l e v e l  in  a  s t a b l e  a n d  a c c u r a t e  m a n n e r  f o r  p o w e r  l e v e l s  > 100 k w  (4 

d e c a d e  r a n g e  a b o v e  th i s  v a l u e  i s  p o s s i b l e ) .

2.  T h e  a u t o m a t i c  i n v e r s e - p e r i o d  c o n t r o l  p r o v i d e s  a c c u r a t e  a n d  

s t a b l e  c o n t r o l  of  r e a c t o r  p e r i o d  f o r  p e r i o d  d e m a n d s  < 30 s e c o n d s  f o r  

p o w e r  l e v e l s  > 100 kw  (4 d e c a d e  r a n g e ) .

3.  T h e  d u a l - m o d e  c o n c e p t  ( p o w e r - p e r i o d  c o n t r o l  c o m b i n a t i o n )  i s  

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

l o g a r i t h m  of p o w e r .  H e r e  a  s m a l l  d e m a n d  v o l t a g e  c h a n g e  a p p e a r s  a s  a  

r e l a t i v e l y  l a r g e  p o w e r  c h a n g e .

4 .  T h e  f a s t  r e s e t  s a f e t y  p r i n c i p l e  m i n i m i z e s  t h e  p r o b a b i l i t y  of  a  

f a l s e  s c r a m  b y  a l l o w i n g  th e  o p e r a t o r  to  s e t  s c r a m  l e v e l s  q u i t e  h ig h  w i t h ­

o u t  j e o p a r d i z i n g  s a f e t y  c o n s i d e r a t i o n s  .

S Y S T E M  R E L I A B I L I T Y  T E S T S

L i f e  t e s t s  h a v e  b e e n  c o m p l e t e d  a t  L i v e r m o r e  on  one  v a n e  a c t u a t o r  a s ­

s e m b l y  a n d  o n e  r o d  a c t u a t o r  a s s e m b l y .  T h e s e  t e s t s  i n c l u d e d  one  m i l l i o n  c y c l e s  

of s i n e - w a v e  e x c i t a t i o n ,  200  f u l l - s t r o k e  f a s t  r e s e t s ,  a n d  200 s c r a m s  on  e a c h  

a s s e m b l y .  T h e  s e v e r i t y  of  t h e s e  t e s t s  e x c e e d s  t h a t  of  th e  N e v a d a  T e s t  S i t e
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o p e r a t i n g  c o n d i t i o n s  b y  a w id e  m a r g i n .  D u r i n g  t h e s e  t e s t s  no  m a j o r  f a i l u r e s  

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

T h e  " o n "  t i m e  of th e  h y d r a u l i c  a c t u a t o r  s y s t e m  a t  th e  N e v a d a  T e s t  S i te  

to  d a t e  t o t a l s  415 h o u r s .  T h i s  t i m e  i n c l u d e s  120 h o u r s  of a u t o m a t i c  c o n t r o l ,  

180 h o u r s  of m a n u a l  s e r v o  c o n t r o l ,  a n d  80 h o u r s  of  m a n u a l  o v e r r i d e  o p e r a t i o n .  

T h i s  " o n "  t i m e ,  d u r i n g  w h i c h  t h e r e  h a v e  b e e n  a p p r o x i m a t e l y  50 s c r a m s ,  h a s  

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

o p e r a t i o n s  .

S E C T I O N  I V . E N G I N E E R I N G

T E S T  V E H I C L E  R E P A I R

T o  q u a l i f y  a  t e s t  v e h i c l e  a f t e r  t h e  a c c i d e n t  ( s e e  U C R L - 6 3 7 6 ) ,  th e  s e c o n d  

c a r  w a s  b u i l t  up .  C o m p o n e n t s  t h a t  h a d  b e e n  m o d i f i e d  o r  a v a i l a b l e  in  a  s i n g l e  

s e t  w e r e  t r a n s f e r r e d  f r o m  th e  d a m a g e d  c a r  a n d  r e p a i r e d  a s  r e q u i r e d .  A s e c ­

o nd  s e t  of  p a r t s  w a s  o r d e r e d  t h r o u g h  a  s u p p l i e r ,  h a v e  b e e n  d e l i v e r e d ,  a n d  a r e  

in  th e  f i n a l  s t a g e  of i n s t a l l a t i o n  on  th e  f i r s t  c a r .

D U C T  I N S P E C T I O N  A ND  R E P A I R

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

p a r t i c l e  t e c h n i q u e s  in  N e v a d a .  T h e  b e s t  s e t  of  h a r d w a r e  w a s  r e t a i n e d  a t  

N e v a d a  a n d  u s e d  f o r  th e  40—M w  p o w e r  n u c l e a r  r u n .  T h e  b a l a n c e  of t h e  e q u i p ­

m e n t  t h a t  w a s  in  n e e d  of r e p a i r  w a s  s e n t  to  L R L .  T h i s  i n c l u d e d  i n l e t  d i f f u s e r  

f o r w a r d ,  i n l e t  d i f f u s e r  a f t ,  t u r n i n g  s e c t i o n ,  r a k e  s e c t i o n ,  a n d  n o z z l e .  I t  w a s  

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

In  o r d e r  to  r e p a i r  e i t h e r  of  t h e s e  s e c t i o n s  i t  w o u ld  b e  n e c e s s a r y  to  r e m o v e  

75% of t h e  w e l d e d  a r e a .  T h e  r e p a i r  w e l d i n g  i s  a c c o m p l i s h e d  b y  a  n e u t r a l  r o d ,  

I n c o n e l  A .  T h e  r e p a i r e d  a r e a  d o e s  n o t  h a v e  th e  s t r e n g t h  of  th e  p a r e n t  w e l d s ,  

h o w e v e r ,  i t  d o e s  h a v e  a n  e l o n g a t i o n  t h a t  p e r m i t s  i t  to  d i s t r i b u t e  t h e  s t r e n g t h ; ’ 

t h e r e f o r e  t h e r e  i s  a  l i m i t  to  th e  a m o u n t  of  w e l d  t h a t  c a n  b e  r e p l a c e d .  B e c a u s e  

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

w o r k  th e  n o z z l e  a n d  a f t  d i f f u s e r  t h a t  w e r e  u s e d  on  th e  4 0 - M w  p o w e r  r u n  in  

N e v a d a .
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In th e  4 0 - M w  p o w e r  r u n ,  th e  t e s t  v e h i c l e  w a s  e q u i p p e d  w i th  f o r g e d  a n d  

c a s t  c l a m p s .  T h e  c a s t  c l a m p  c o n n e c t i o n s  w e r e  b e t w e e n  th e  f o r w a r d  a d a p t e r /  

c o r e  v e s s e l  a n d  t u r n i n g  s e c t i o n / n o z z l e .  T h e  r e c o m m e n d a t i o n  of  th e  M e t a l l u r ­

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

f o r e ,  th e  m a n u f a c t u r e  of  a  n e w  d e s i g n ,  16 - s h o e  c l a m p  i s  b e i n g  e x p e d i t e d .

M A R M A N  C L A M P S

R e s u l t s  f r o m  th e  4 0 - M w  p o w e r  n u c l e a r  r u n  s h o w e d  t h a t  s t r e s s e s  in  t h e  

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

p e a k  of 100 ,000 p s i  a t  a  t i m e  c o r r e s p o n d i n g  to  th e  end  of the  a i r f l o w  down 

r a m p .  T h e  s t r e s s  t r a c e s  d id  n o t  e x h i b i t  v i b r a t i o n a l  e f f e c t s  o r  c o r r e l a t e  to  

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

of t h e r m a l  e x p a n s i o n  of  t h e  f l a n g e  in to  th e  c l a m p ,  w h ic h  f o r c e d  th e  c l a m p  to 

s p r e a d  a p a r t .  No a p p r e c i a b l e  s t r e s s e s  w e r e  r e c o r d e d  u p s t r e a m  of the  c o r e .

T h e  t o r q u i n g  p r o c e d u r e  on th e  e x i t  n o z z l e / t u r n i n g - s e c t i o n  c l a m p  w as  to 

s e a t  t h e  c o n o s e a l  g a s k e t  w i th  400  f t / l b  t o r q u e  a n d  t h e n  to  l o o s e n  the  c l a m p  b y  

r o t a t i n g  e a c h  b o l t  150° .  W i th  t h i s  p r o c e d u r e  i t  w a s  p o s s i b l e  to  p r e d i c t  80,  000 

p s i  s t r e s s  in  th e  c l a m p  d u r i n g  the  4 0 - M w  p o w e r  r u n .  A s t r e s s  of 180, 000 p s i  

c a n  b e  p r e d i c t e d  f o r  a  h i g h - p o w e r  n u c l e a r  r u n  w i th  t h i s  s a m e  t o r q u i n g  p r o ­

c e d u r e .

To  r e d u c e  th e  m a g n i t u d e  of t h e s e  s t r e s s e s  d u r i n g  a h i g h - p o w e r  r u n ,  the  

e x i t  n o z z l e ,  t u r n i n g  s e c t i o n ,  a n d  r a k e  s e c t i o n s  w e r e  p a i n t e d  w i th  i n s u l a t i n g  

p a i n t .  T h e  e f f e c t  of  t h i s  p a i n t  i s  s u c h  t h a t  a  t h i c k n e s s  of 0 .0075  i n c h  r e d u c e s  

th e  p r e d i c t e d  s t r e s s  f r o m  1 8 0 , 0 0 0  to  6 0 , 0 0 0  p s i  ( s e e  F i g .  I - 10). A s  a  s a f e t y  

p r e c a u t i o n  in  c a s e  th e  p a i n t  c h i p s  off ,  t h e  c o u p l i n g s  d o w n s t r e a m  of the  c o r e  

w i l l  b e  l o o s e n e d  21 0 °  on  e a c h  b o l t .  T h i s  a l l o w s  f o r  a  p r e d i c t e d  s t r e s s  of 

120 , 000 p s i  w i th  no  i n s u l a t i n g  p a i n t  on  th e  s u r f a c e .

H O R N IN G

A p u r e - t o n e  a c o u s t i c  r e s o n a n c e  a t  a p p r o x i m a t e l y  100 c p s  h a s  b e e n  e x ­

p e r i e n c e d  d u r i n g  b l o w - d o w n  o p e r a t i o n  of  t h e  T o r y  I I - A  t e s t  v e h i c l e  a t  N TS .  

D u r i n g  th e  c o u r s e  of  s e v e r a l  b l o w - d o w n  r u n s  f r o m  9 / 2 9 / 6 0  to I / I I / 6 I,  the  

fo l l o w i n g  i n f o r m a t i o n  w a s  d e d u c e d :  ( 1) t h e  h o r n i n g  o c c u r r e d  b o t h  w i th  a n d  

w i t h o u t  th e  a e r o d y n a m i c  g r i d  i n  p l a c e ;  (2 ) h o r n i n g  o c c u r r e d  w i th  b o th  a s t r a i g h t  

a n d  a  c a n t e d  n o z z l e ;  a n d  (3) h o r n i n g  o c c u r r e d  b o th  w i th  a n d  w i th o u t  the  c o r e
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F i g .  I - 10. T o r y  I I - A  n o z z l e - c o u p l i n g  s t r e s s  r e d u c t i o n  due  to  t h e  u s e  of  b a c k ­
off a n d  i n s u l a t i n g  p a i n t .
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in  p l a c e .  R e s o n a n c e  o c c u r r e d  o v e r  a  r a n g e  of t o t a l  p r e s s u r e  u p s t r e a m  of the  

n o z z l e ,  P t ^ ,  b e t w e e n  1.15 a n d  2 .2 0  a t m o s p h e r e s  a b s o l u t e .  T h e  n o z z l e  c h ok ing  

p o i n t  i s  a t  1.4 a t m o s p h e r e ,  a b s o l u t e ,  t h u s  th e  h o r n i n g  o c c u r s  b o th  b e f o r e  a n d  

a f t e r  t h e  n o z z l e  h a s  c h o k e d .  No d u c t  v i b r a t i o n  w as  a s s o c i a t e d  w i th  t h i s  h o r n ­

in g ,  h o w e v e r ,  a  s t a t i c - p r e s s u r e  m e a s u r e m e n t  a t  the  n o z z l e  t h r o a t  i n d i c a t e d  

a  ± 0 . 5  v a r i a t i o n  d u r i n g  h o r n i n g  a t  a p p r o x i m a t e l y  o n e - h a l f  the  a c o u s t i c a l l y  o b ­

s e r v e d  f r e q u e n c y .

A s c a l e  m o d e l  of th e  T o r y  I I - A  t e s t  v e h i c l e  d u c t in g  ( d i f f u s e r ,  p r e s s u r e  

v e s s e l ,  t u r n i n g  s e c t i o n ,  a n d  n o z z l e )  h a s  b e e n  o p e r a t e d  u n d e r  f lo w  c o n d i t i o n s  

s i m i l a r  to t h e  c h e c k o u t  r u n s  a t  N e v a d a .  I t  h a s  b e e n  d e m o n s t r a t e d  t h a t  the  

h o r n i n g  e x p e r i e n c e d  in  N e v a d a  i s  e n t i r e l y  a s s o c i a t e d  w i th  the  e x i t  n o z z l e .  T h e  

h o r n i n g  f r e q u e n c y  w a s  o b s e r v e d  to  s c a l e  i n v e r s e l y  w i th  th e  l i n e a r  d i m e n s i o n s ,  

a s  i s  to  b e  e x p e c t e d  w i th  a n  a c o u s t i c  p h e n o m e n o n .  It  w a s  fo u n d  t h a t  a  t h i n  

p o l y u r e t h a n e  s h e e t  c e m e n t e d  to  th e  w a l l  of  the  c o n v e r g i n g  p o r t i o n  of th e  n o z z l e  

e l i m i n a t e d  r e s o n a n c e .  C u t t i n g  off th e  d i v e r g i n g  p o r t i o n  in  i n c r e m e n t s  d id  n o t  

a f f e c t  th e  r e s o n a n t  f r e q u e n c y  o r  i n t e n s i t y  un t i l  t h r e e - f o u r t h s  of  the  d i v e r g i n g  

p o r t i o n  h a d  b e e n  e l i m i n a t e d ,  a t  w h i c h  t i m e  th e  i n t e n s i t y  d i m i n i s h e d .  The  

h o r n i n g  w a s  s t o p p e d  b y  e l i m i n a t i n g  the  d i v e r g i n g  p o r t i o n  of the  n o z z l e .

A d e c i s i o n  w a s  m a d e  n o t  to  a t t e m p t  to e l i m i n a t e  t h i s  a c o u s t i c  r e s o n a n c e  

b y  m o d i f i c a t i o n  of  th e  noziz le ,  s i n c e  t h e r e  w a s  no  e v i d e n c e  of t e s t  v e h i c l e  v i ­

b r a t i o n  a s s o c i a t e d  w i th  th e  h o r n i n g .
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C H A P T E R  II. M A T E R I A L S  D E V E L O P M E N T  

AND P I L O T  P L A N T  A C T I V I T I E S

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

I. M A T E R I A L S  S T U D IE S

A. B e O  a n d  B e O  - UO^

1. G r o w t h  of  B e O  S in g le  C r y s t a l s

V e r y  f e w  c r y s t a l s  w e r e  g r o w n  f r o m  b e r y l l i u m  f l u o r i d e ,  s o d i u m  

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

f r o m  l e a d  f l u o r i d e  a n d  l e a d  o x id e .

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

h a b i t .  C r y s t a l s  h a v i n g  a  t a b u l a r  h a b i t  w e r e  g e n e r a l l y  3 - 5  m i l l i m e t e r s  long  in  

th e  a - d i r e c t i o n  a n d  one  m i l l i m e t e r  in  t h e  c - d i r e c t i o n .  I t  w a s  fo u n d  t h a t  in  

c r y s t a l s  h a v i n g  a n  a c i c u l a r  h a b i t  t h e  n e e d l e  a x i s  a n d  th e  c r y s t a l l o g r a p h i c  c -  

a x i s  c o i n c i d e d .  T h e s e  c r y s t a l s  g r e w  to  a  l e n g t h  of  3 - 5  m i l l i m e t e r s  in  th e  c -  

d i r e c t i o n ,  w h e r e a s  g r o w t h  in  t h e  a - d i r e c t i o n  s e l d o m  e x c e e d e d  0.5 m i l l i m e t e r .  

( F i g u r e s  I I - 1, I I - 2 ) .

2.  E l e c t r i c a l  P r o p e r t i e s  of  B e O

T h e  e l e c t r i c a l  c o n d u c t i v i t y  of B e O  i s  b e i n g  d e t e r m i n e d  a s  p a r t  of 

a  g e n e r a l  p r o g r a m  to  o b t a i n  t r a n s p o r t  d a t a  on  o x id e  m a t e r i a l s  a t  h i g h  t e m ­

p e r a t u r e s  .

M e a s u r e m e n t s  a r e  b e i n g  m a d e  on e x t r u d e d  s a m p l e s ,  97% of t h e o ­

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

p r o b e  a c  b r i d g e  m e t h o d .  R e s u l t s  f r o m  tw o  s a m p l e s  i l l u s t r a t e  t h a t  w h e n  log 

cr i s  p l o t t e d  a g a i n s t  1 / T ,  the  c u r v e  s h o w s  a k i n k  s e p a r a t i n g  tw o  s t r a i g h t  l i n e s
_ 9

( F ig .  I I - 3 ) .  T h e  c r i t i c a l  t e m p e r a t u r e  i s  d e t e r m i n e d  to  b e  1022 °C a t  4 .6  X 10
-1 -15 -1 o( o h m - c m )  . V a l u e s  of c o n d u c t i v i t y  r a n g e  f r o m  10 ( o h m - c m )  a t  2 0 0 ° C

-5 -1to  10 ( o h m - c m )  a t  IdO O 'C .  T h e  a c t i v a t i o n  e n e r g y  f o r  t h e  low t e m p e r a t u r e  

o r  e x t r i n s i c  c o n d u c t i o n  r e g i o n  i s  c a l c u l a t e d  to  b e  20 k c a l / m o l e  (0 .87 ev) .  T h e  

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

58 k c a l / m o l e  (2 .5  ev) .

T o  d e t e r m i n e  th e  m e c h a n i s m  of c o n d u c t i o n  in  B e O ,  th e  e m f  of th e  

c e l l  P t / F e ,  F e O / B e O / N i ,  N i O / P t  w a s  m e a s u r e d  in  t h o r o u g h l y  p u r i f i e d  h e l i u m .
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sN-25360

F ig .  I I - 1. B e O  s i n g l e  c r y s t a l .

SK-25361

F ig .  I I -2 .  G r o w t h  of  B e O  s i n g l e  c r y s t a l s .



U C R L - 6 5 1 6 - 2 6 -

| - 4

5  8  k c o l  ( 2  . 5  e v )

E01
E -8
o

> -

>
I—L)
3
Q
Z
oo

- 9

2 0  k c a l  ( 0 . 8 7  e v )_l -10<o
cc
I—o
LU_l
LU

-12

, ' 13

r i 4

6.0 8.0 10.0 12.0 14.0 16.0 10.0 20.0
l / T  X I O ‘̂ ( ° K )

MUL-12958
Rev, T /21/61

F i g .  I I -3 .  T e m p e r a t u r e  d e p e n d e n c e  of  t h e  e l e c t r i c a l  c o n d u c t i v i t y  of  po ly-  
c r y s t a l l i n e  B eO .
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If  B e O  w e r e  a  p u r e  e l e c t r o n i c  c o n d u c t o r ,  the  e m f  of the  c e l l  w o u ld  b e  e q u a l  

to  z e r o .  A c t u a l l y  th e  e m f  of  t h e  c e l l  w a s  fo u n d  to b e  0 .100  ± 0 .010  v o l t s  a t  

1075 °C .  A n  e m f  of 0 .2 9 4  v o l t s  w a s  m e a s u r e d  b y  u s in g  a p u r e  i o n i c  c o n d u c t o r  

s u c h  a s  Z r O ^  (with  15 m o l e - p e r c e n t  C a O )  in  p l a c e  of the  B e O  s a m p l e .  T h e r e ­

f o r e ,  a t  l e a s t  34% of th e  c u r r e n t  i s  s i m u l t a n e o u s l y  c a r r i e d  b y  ion  m i g r a t i o n  

a t  t h i s  t e m p e r a t u r e .

3.  S i n t e r i n g  of B e O

T h e  e q u i p m e n t  f o r  s t u d y i n g  th e  s i n t e r i n g  of  B e O  c o m p a c t s  w a s  

c o m p l e t e d .  T h e  f u r n a c e  c a n  b e  c o n t r o l l e d  w i th i n  ± 2 ° C .  T h e  s h r i n k a g e  of the  

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

r a n g e  s e n s i t i v i t y  of 0 .005  i n c h .  ,

B e O  c o m p a c t s  w e r e  p r e p a r e d  b y  p r e s s i n g  UOX p o w d e r s  a t  6 ,000  

p s i  a n d  t h e n  s i n t e r i n g  i n  a i r  a t  1320 °C.  T h e  s h r i n k a g e  w a s  v e r y  r a p i d ,  w i th  

t h e  i n i t i a l  s t a g e  ( c o r r e s p o n d i n g  to  a p p r o x i m a t e l y  4% s h r i n k a g e )  c o m p l e t e  w i t h ­

in  th e  f i r s t  30 m i n u t e s .  A log  A L / L  v e r s u s  l o g - t i m e  p lo t  w a s  n o t  l i n e a r  f o r  

th e  f e w  s a m p l e s  e x a m i n e d .  T h e  s h r i n k a g e s ,  a s  d e t e r m i n e d  b y  m e a s u r e m e n t s  

b e f o r e  a n d  a f t e r  s i n t e r i n g ,  a g r e e d  w i th i n  5% w i th  t h o s e  r e c o r d e d  b y  the  t r a n s ­

d u c e r  e q u i p m e n t .  T h e  p e r i o d  of  t i m e  f r o m  the  i n t r o d u c t i o n  of the  s a m p l e  in to  

t h e  h o t  zone  u n t i l  t h e  s y s t e m  c o m e s  to  t h e r m a l  e q u i l i b r i u m  is  a b o u t  5 m i n u t e s .  

A t  t h e s e  t e m p e r a t u r e s  t h i s  r e p r e s e n t s  a  l a r g e  p o r t i o n  of the  i n i t i a l  s t a g e  w h ic h  

i s  n o t  r e c o r d e d .  M o d i f i c a t i o n s  a r e  n o w  b e i n g  m a d e  s o  t h a t  th e  t i m e  to  e q u i l i b ­

r i u m  w i l l  b e  d e c r e a s e d  to 30 s e c o n d s  o r  l e s s ,  th u s  m a k i n g  th e  e q u i p m e n t  

c a p a b l e  of f o l l o w in g  i n i t i a l ,  i n t e r m e d i a t e ,  a n d  f i n a l  s t a g e s  of s i n t e r i n g .

4 .  I n f r a r e d  S tu d y  of  U r a n i u m  O x i d e s

A p r e l i m i n a r y  s t u d y  h a s  s h o w n  the  v a l u e  of i n f r a r e d  t e c h n i q u e s  in

a n a l y z i n g  th e  c o m p l e x  u r a n i a - o x y g e n  s y s t e m s .  U - 0 „ ,  a  - U _ 0 „ ,  3 - U _ 0 „ ,
5 1 J O  J O

a n d  a l o n g  w i th  t h e  v a r i o u s  UO^ m o d i f i c a t i o n s ,  h a v e  g i v e n  d i s t i n c t  a b ­

s o r p t i o n  s p e c t r a .

5. O x i d a t i o n  of U r a n i u m  M o n o c a r b i d e

D e s p i t e  u r a n i u m  m o n o c a r b i d e ' s  g r e a t  p o t e n t i a l  a s  a  f u e l  f o r  h i g h -  

t e m p e r a t u r e  n u c l e a r  r e a c t o r s ,  no  d a t a  on i t s  o x i d a t i o n  p r o p e r t i e s  h a v e  a p ­

p e a r e d  in  th e  l i t e r a t u r e .  F o r  t h i s  r e a s o n ,  a n  o x i d a t i o n  s t u d y  h a s  b e e n  i n i t i a t e d .

T h e  o x i d a t i o n  of  u r a n i u m  m o n o c a r b i d e  c a n  be  c a t e g o r i z e d  in to  a t  

l e a s t  t h r e e  r a t h e r  l o o s e l y  d e f i n e d  t e m p e r a t u r e  r e g i o n s ,  180°C to 2 8 0 ° C ,  2 8 0 °C  

to  3 7 0 “C ,  a n d  a b o v e  3 7 0 ° C ,  b a s e d  on  th e  o x i d a t i o n  p r o d u c t .  S u c h  a  c l a s s i f i c a ­

t i o n  i s  u n c e r t a i n ,  s o  f u r t h e r  e x p e r i m e n t a t i o n  s h o u l d  p r o v i d e  b e t t e r  d e f in i t i o n .
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180°C to  2 8 0 ° C .

O n ly  a  f e w  s a m p l e s  h a v e  b e e n  o x i d i z e d  in  t h i s  r e g i o n ,  so 

the  r e s u l t s  a r e  s t i l l  i n c o n c l u s i v e .  So f a r ,  t h e  o x i d a t i o n  p r o d u c t s  h a v e  b e e n  

a m o r p h o u s  to  x - r a y s  a n d  do n o t  c o r r e s p o n d  to e i t h e r  UO^ o r  ^ w e i g h t -

g a i n  b a s i s .  T h e  k i n e t i c s  s u g g e s t  a  d i f f u s i o n  m e c h a n i s m  s i n c e  t h e  w e i g h t  g a in  

v e r s u s  t i m e  d a t a  f i t  d a n d e r ' s  e q u a t i o n .

2 8 0 ° C  to  3 7 0 ° G .

A t  t h e s e  t e m p e r a t u r e s ,  l a r g e r  p a r t i c l e s  (70 to 140 m e s h )  

a r e  u s e d  to  d e c r e a s e  th e  r a t e  of o x i d a t i o n .  T h e  o x i d a t i o n  p r o d u c t  i s  a  b r o w n ­

i s h - o r a n g e  c o l o r  a n d  h a s  b e e n  i d e n t i f i e d  b y  x - r a y  a s  U O ^ .  F r e e  c a r b o n  h a s  

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

W e i g h t - g a i n  d a t a  r e q u i r e  a n  a d d i t i o n a l  r e a c t i o n  p r o d u c t ,  

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

t h e  w a t e r  v a p o r  in  t h e  a i r .

T h e  o x i d a t i o n  c u r v e s  f i t  e i t h e r  of t h e  fo l l o w i n g  k i n e t i c  e q u a -  

t i o n s  q u i t e  w e l l ,  e x c e p t  a t  h i g h e r  p f e r c e n t a g e s  of  o x i d a t i o n :

1 /3 ' = k ^ t ,  ( I )1 - (1 - R)

In  ( 1 / 1  - R )  = k ^ t  , (2)

w h e r e  R i s  th e  f r a c t i o n  r e a c t e d  a t  t i m e  t .  E q u a t i o n  (1) r e q u i r e s  th e  m o v e m e n t  

of  a n  i n t e r f a c e  in to  a  s p h e r i c a l  p a r t i c l e .  S in c e  t h e r e  i s  a  l a r g e  v o l u m e  i n c r e a s e  

d u r i n g  o x i d a t i o n  w h i c h  c a u s e s  a  b r e a k u p  of  th e  o r i g i n a l  p a r t i c l e ,  E q .  (1) d o e s  

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

v a t i o n  e n e r g y  of 28 k c a l  w a s  f o u n d  in  t h i s  t e m p e r a t u r e  r e g i o n .

A p u z z l i n g  f e a t u r e  of  th e  o x i d a t i o n  w a s  th e  ty p e  of  UO^ 

f o r m e d .  U n d e r  a p p a r e n t l y  i d e n t i c a l  o x i d i z i n g  c o n d i t i o n s ,  th e  UO^ w a s  a m o r ­

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

O v e r  3 7 0 ° C .

A b o v e  t h i s  t e m p e r a t u r e  the  l a r g e  e x o t h e r m i c  e f f e c t  c a u s e s  

t h e  r e a c t i o n  to  p r o c e e d  v e r y  r a p i d l y .  T h e  o x i d a t i o n  p r o d u c t  i s  U ^O g  w i th  

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

a l t h o u g h  t h e i r  p r e s e n c e  h a s  n o t  b e e n  c o n f i r m e d  a s  y e t .  No a t t e m p t  h a s  b e e n  

m a d e  to d e f in e  th e  k i n e t i c s .
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6.  U O ^ - O  S y s t e m

T h e  q u e s t i o n  of  th e  s t a b i l i t y  of  t h e  "U O ^  ^  p h a s e "  a s  a  p h a s e  d i s ­

t i n c t  f r o m  th e  U 3^ g  p h a s e s  h a s  b e e n  i n v e s t i g a t e d  w i th  s e v e r a l  e x p e r i m e n t s  in  

th e  h i g h - t e m p e r a t u r e  x - r a y  d i f f r a c t o m e t e r .  P r e v i o u s  w o r k  h a s  s h o w n  t h a t  th e  

x - r a y  p o w d e r  p a t t e r n s  of  t h e  tw o  p h a s e s  a r e  s l i g h t l y  d i f f e r e n t ,  a l t h o u g h  the  

d i f f e r e n c e s  a r e  v e r y  s u b t l e .  T h e  u n i t  c e l l s  a r e  b a s e d  on  the  s a m e  h e x a g o n a l  

p s e u d o - c e l l .  H o w e v e r ,  t h e  b - a x i s  of U^Oq i s  t h r e e  t i m e s  th e  p s e u d o - a x i s ,0 J O
w h e r e a s  in  UO^ g th e  b - a x i s  i s  e i g h t  t i m e s .  T h e  c o m p o s i t i o n  of th e  UC>2 6 

p h a s e  m a y  v a r y  f r o m  UO^ to UO^ ^^nd th e  v a r i a t i o n  i s  r e f l e c t e d  in  

v a r i a b l e  c e l l  c o n s t a n t s .  T h e  UgOg rna-y l o s e  o x y g e n  to a b o u t  w i th  no

a p p a r e n t  c h a n g e  i n  c e l l  c o n s t a n t s .  No e v i d e n c e  h a s  b e e n  p r e s e n t e d  to i n d i c a t e  

a n  e q u i l i b r i u m  e x i s t s  b e t w e e n  t h e s e  tw o  p h a s e s .

S a m p l e s  of  U ^O g h e a t e d  a b o v e  400 °C a p p e a r  to b e  t r u l y  h e x a g o n a l .  

A t  l e a s t  t h e i r  b / a  r a t i o  r e m a i n s  a t  n/ 3 / 1 a b o v e  th i s  i n v e r s i o n  t e m p e r a t u r e .U 0./
B e t w e e n  1 2 0 0 “G a n d  1300°C in  a i r ,  t h e  s a m p l e s  of  U _ 0 „  " r e c r y s t a l l i z e "  on

J  o

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

t h e s e  c r y s t a l s  a t  t h e  h ig h  t e m p e r a t u r e  i n d i c a t e  t h a t  t h e y  a r e  t r u l y  o r t h o r h o m b i c .
-3

S a m p l e s  of U^Og h e a t e d  in  a  v a c u u m  of 10 m m  Hg b e h a v e  th e  s a m e  a s  th e  

a i r  s a m p l e s  up to  5 0 0 ° C .  A b o v e  5 0 0 ° C ' t h e y  a p p e a r  to  l o s e  O^, a n d  f o r m  a n  

o r t h o r h o m b i c  p h a s e .  F u r t h e r  h e a t i n g  to  a r o u n d  1000°G c a u s e s  c o m p l e t e  c o n ­

v e r s i o n  to a  c u b i c  p h a s e .  S a m p l e s  of  th e  UO^ g p h a s e ,  on the  o t h e r

h a n d ,  do n o t  t r a n s f o r m  to  a h e x a g o n a l  p h a s e  w h e n  h e a t e d  in  a  v a c u u m  of 10 ^

m m  H g.  I n s t e a d ,  t h e y  a p p e a r  to t r a n s f o r m  to  a c u b i c  U O ,  a t  t e m p e r a t u r e sU T X
a t  l e a s t  a s  low  a s  5 0 0 °G. In c o n t r a s t ,  t h e  UO^ g d o e s  c h a n g e  to a  h e x a g o n a l  

p h a s e  w h e n  h e a t e d  in  a i r  to  a r o u n d  4 0 0 °G, a p p a r e n t l y  g a in in g  a n d  b e c o m i n g

T h e s e  p r e l i m i n a r y  e x p e r i m e n t s  i n d i c a t e  t h a t  the  UO^ g p h a s e  h a s  

a  d i s t i n c t  o n e - p h a s e  f i e l d  in  th e  e q u i l i b r i u m  p h a s e  d i a g r a m .  T h e  a c t u a l  b o u n d ­

a r y  l i n e  h a s  n o t  b e e n  l o c a t e d  a n d  s o m e  q u e s t i o n  s t i l l  e x i s t s  a s  to  w h e t h e r  t h i s  

p h a s e  c h a n g e  i s  of  f i r s t  o r  h i g h e r  o r d e r  b e c a u s e  no r e g i o n  c o n t a i n i n g  b o th  

p h a s e s  h a s  y e t  b e e n  o b s e r v e d .

7. G r ^ O g  - U O g - O  S y s t e m

S t u d i e s  of  t h e  G r . , 0 . j  - UO_ s y s t e m  h a v e  b e e n  c a r r i e d  ou t  w i th^ ^ 2 +x
5 c o m p o s i t i o n s  r a n g i n g  f r o m  10 w / o  UO^ to  90 w / o  UO^ in  20 w / o  i n c r e m e n t s .  

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

e i t h e r  in  a i r  a t  IZOO'C f o r  a p p r o x i m a t e l y  50 h o u r s  o r  in  h e l i u m  a t  1500°C f o r  

2 h o u r s .  T h e  x - r a y  r e s u l t s  a r e  t a b u l a t e d  in  T a b l e  I I - 1.

I t  i s  a p p a r e n t  t h a t  t h e  p h a s e  d i a g r a m  in  a i r  i s  q u i t e  d i f f e r e n t  f r o m  

th e  one  u n d e r  i n e r t  c o n d i t i o n s .  T h e  e x i s t e n c e  of  a  c o m p o u n d  i s  i n d i c a t e d  a t  

a b o u t  78 w / o  UO^ - 22 w / o  C r ^ O ^  s i n c e  th e  u n i t  c e l l  a^ = 5 .0 7 8 ,  b̂  ̂ = 1 1.702,  

c^  = 4 .8 6 1  i n d e x e s  th e  x - r a . y  p o w d e r  p a t t e r n  c o m p l e t e l y .  T h e  x - r a y  p o w d e r  

d a t a  on  t h i s  p h a s e  a r e  s h o w n  in  T a b l e  I I - 2 .  A s m a l l  ( l e s s  t h a n  50p) c r y s t a l  of 

th e  p h a s e  a p p e a r e d  to b e  a  h e x a g o n a l  b i p y r a m i d .  S i n g l e - c r y s t a l  s t u d i e s  in  th e  

p r e c e s s i o n  c a m e r a  i n d i c a t e  a n  o r t h o r h o m b i c  c r y s t a l  t w i n n e d  a s  a n  i n t e r p e n ­

e t r a n t  t r i p l e t .  C h e m i c a l  a n a l y s i s  i s  b e i n g  c a r r i e d  ou t .  An a t t e m p t  w i l l  be  

m a d e  to d e t e r m i n e  th e  r a t i o  b y  a  c o u l o m e t r i c  t e c h n i q u e .

A p p r o x i m a t e l y  80 g r a m s  of t h e  o r t h o r h o m b i c  p h a s e  w e r e  i n c o r p o ­

r a t e d  in to  B e O  a n d  e x t r u d e d .  S e v e r a l  s a m p l e s  w e r e  h e a t e d  in  h y d r o g e n  a t  

1650°C  f o r  5 h o u r s ,  b u t ,  f r o m  x - r a y  a n d  v i s u a l  a p p e a r a n c e ,  t h e  s a m p l e s  a p ­

p e a r  to  h a v e  l o s t  t h e  C r ^ O ^  p h a s e ,  a n d  th e  u r a n i a  p h a s e  e x i s t s  a s  U O ^ '

T a b l e  I I - l .  P h a s e s :  C r ^ O ^  -

C o m p o s i t i o n F  i r i n g F i r i n g F i r i n g
% w UO^ % w  C r ^ a t m o s p h e r e t e m p  °C t i m e ,  h r P h a s e s  p r e s e n t

90 10 A i r 1200 53 x - p h a s e  + U _0 „
He 1500 2 U O z + ' ^ " 2 ° 3

78 22 A i r 1200 53 x - p h a s e

70 30 A i r 1200 53 x - p h a s e  + C r ^ O
He 1500 2 U ° 2 " ^ ^ 2 ° 3

50 50 A i r 1200 53 x - p h a s e  + C r ^ O
He 1500 2 U0 3 + C r 2 0 3 '̂

30 70 A i r 1200 53 x - p h a s e  + C r ^ O „
He 1500 2 U O 3 + C r 2 0 3 ^

10 90 A i r 1200 53 x - p h a s e  + C r ^ O
He 1500 2 U O ^ + C r 2 0 3

N o t e :  x - p h a s e  i s  a n  u n k n o w n  p h a s e , a p p a r e n t l y a  c o m p o u n d .
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T a b l e  I I - 2 .  X - r a y  D i f f r a c t i o n  P a t t e r n  f o r  78 w / o  UO^ - 22 w / o  C r ^ O ^

( F i r e d  in  a i r  53 h o u r s ) .

S in^  6 " d "  V a lu e I n t e n s i t y Sin^  9 " d "  V a lue I n t e n s i t y

0 .0 1 1 9 7.08 VVW 0,1006 2.43 1 w-
0.0145 6 .4 0 VVW 0 .1102 2 .32^ W -

0 .0 1 7 4 5.85 W - oai7i 2.25^ W

0.0295 4 .4 9 W 0.1222 2 .2 0 D̂ W

0.0406 3 .82 M 0 .1318 2 . 1 2 3 W +

0.0527 3.36 S + 0 .1408 2 .054 M+

0.0637 3 .05 S - 0 .1572 1.95^ S

0 .0687 2 .9 4 W - 0 .1608 1.92^ W

0.0876 2 .60  . 4 s- 0 .1 6 7 9 1.8 8 ^ W

0.0923 2 .53g w+ 0 .1 9 1 9 1.75g S

8 . Z r O ^  - UO^ - ©2 S y s t e m

S a m p l e s  of  Z r O ^  a n d  UO^ w e r e  p r e p a r e d  w i th  5 c o m p o s i t i o n s  

r a n g i n g  f r o m  10 w / o  Z r O ^  (21 m o l e  %) to  90 w / o  Z r O ^  (95 m o l e  %) in  20 w / o  

i n c r e m e n t s .  T h e  s a m p l e s  w e r e  m i x e d ,  s i e v e d ,  a n d  p r e s s e d  in to  p e l l e t s .  T h e  

p e l l e t s  w e r e  h e a t e d  in  p l a t i n u m  b o a t s  f o r  22 h o u r s  a t  1200 °G in  a i r .  T h e y  

w e r e  t h e n  c r u s h e d ,  s i e v e d ,  r e p r e s s e d ,  a n d  r e h e a t e d  f o r  38 a d d i t i o n a l  h o u r s  

a t  1 2 0 0 °C.  X - r a y  a n a l y s i s  i n d i c a t e d  t h a t  t h e  on ly  p h a s e s  p r e s e n t  w e r e  U^Og 

a n d  m o n o c l i n i c  z i r c o n i a .

T h e  s a m p l e s  w e r e  t h e n  s i n t e r e d  to a t e m p e r a t u r e  of 1 7 0 0 “C f o r  

30 m i n u t e s .  T h e  t i m e  b e t w e e n  1500 a n d  1700 °C w a s  a b o u t  2 h o u r s .  X - r a y  

d a t a  a r e  p r e s e n t e d  in  T a b l e  I I - 3 .

T h e  d a t a  i n d i c a t e  t h a t  c o m p o s i t i o n s  n e a r  50% w (68 m o l e  %)

a p p e a r  to  f o r m  a  c o m p o u n d .  T h e  u n i t  c e l l  i s  o r t h o r h o m b i c  w i th  a  p r i m i t i v e  

l a t t i c e .  I ts  c e l l  c o n s t a n t s  a r e  5.3.84A, 5 .2 8 2 A ,  a n d  5 .105A  f o r  a  s t a r t i n g  c o m ­

p o s i t i o n  of  60 w / o  UO^ - 40 w / o  Z t O^  ( n o m i n a l ) .  T h e s e  v a l u e s  a r e  v e r y  c l o s e  

to th e  t e t r a g o n a l  c e l l  of  the  UO^ - in  - Z r O ^  s o l i d - s o l u t i o n .  T h e  n o m i n a l  

c o m p o s i t i o n  50 w / o  UC>2 " w / o  Z r O ^  a l s o  s h o w e d  o n ly  one  p h a s e  w i th  s l i g h t l y  

d i f f e r e n t  c e l l  c o n s t a n t s ,  i n d i c a t i n g  p o s s i b l e  s o l i d - s o l u t i o n  b e t w e e n  th i s  c o m ­

p o u n d  a n d  th e  Z r O ^  o r  U O ^ .  C h e m i c a l  a n a l y s e s  a r e  b e i n g  m a d e  to  c o n f i r m  

th e  e x a c t  c o m p o s i t i o n s .
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T a b l e  I I - 3 .  X - r a y  D a t a  f o r  Z r O ^  - S y s t e m .

( S a m p l e s  h e a t e d  in  a i r  to  1700°C f o r  30 m i n u t e s ) .

N o m i n a l  
c o m p o s i t i o n  ( Z r O ^ / U O ^ )

w / o
9 0 / 1 0

7 0 / 3 0

5 0 / 5 0

m / o

9 5 / 5

8 3 . 5 / 1 6 . 5  

6 8 . 6 / 3  1.4

3 0 / 7 0  4 8 . 5 / 5  1.5

10 /9 0  2 1 / 7 9

P h a s e s  p r e s e n t

M o n o c l i n i c  Z r O ^

W e a k  U ^O g + s t r o n g  

o r t h o r h o m b i c  Z r O ^  p h a s e

W e a k  m o n o c l i n i c  Z r O ^

+ s t r o n g  o r t h o r h o m b i c

t

Z r O ^  p h a s e

M o n o c l i n i c  Z r O -

S e v e r a l  u n e x p l a i n e d  l i n e s .

^ 3 0 / 7 0  s a m p l e  u n e x p l a i n e d l y  a p p e a r s  to  h a v e  c h a n g e d  c o m p o s i t i o n  w i th  e x ­

c e s s i v e  l o s s  of  U _ O q .J O

V i s u a l  c o m p a r i s o n  of  the  x - r a y  p a t t e r n  of t h e  o r t h o r h o m b i c  p h a s e  w i th  

f a c e - c e n t e r e d  t e t r a g o n a l  p a t t e r n s  of UgO.^ s u g g e s t  t h a t  the  o r t h o r h o m b i c  p h a s e  

i s  v e r y  n e a r l y  f a c e - c e n t e r e d ,  i . e . ,  t h o s e  r e f l e c t i o n s  w h ic h  s h o u l d  b e  a b s e n t  

due  to  t h e  f a c e - c e n t e r i n g  a p p e a r  onl'Y a s  v e r y  w e a k  b u t  d e f i n i t e  r e f l e c t i o n s .

T h e  s u b s t i t u t i o n  of U f o r  Z r  a t o m s  in  the  f a c e - c e n t e r e d  t e t r a g o n a l  Z r O ^  

s t r u c t u r e ,  on  w h ic h  the  o r t h o r h o m b i c  s t r u c t u r e  i s  b a s e d ,  i s  a p p a r e n t l y  n o t  

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

p h a s e  i s  a  d i s t i n c t  p h a s e ,  o r  a  s o l i d - s o l u t i o n  w i th  t e t r a g o n a l  Z r O ^  in v o l v in g  

a h i g h e r - o r d e r  p h a s e  c h a n g e  w i th  r e s p e c t  to  c o m p o s i t i o n ,  i s  n o t  y e t  c l e a r l y  

e s t a b l i s h e d .

R e h e a t i n g  p o w d e r e d  s a m p l e s  of  th e  o r t h o r h o m b i c  p h a s e  to  t e m p e r a t u r e s  

a b o v e  9 0 0 ° C  d e c o m p o s e s  th e  p h a s e  to  z i r c o n i a  a n d  U gO g .  S a m p l e s  h e a t e d  a t  

900 °C f o r  24 h o u r s  s h o w e d  v e r y  l i t t l e  d e c o m p o s i t i o n .  A t  1000 “C ,  a b o u t  o n e -  

h a l f  th e  s a m p l e  a p p e a r e d  d e c o m p o s e d  in  24 h o u r s .  At 1200 °C,  c o m p l e t e  b r e a k ­

dow n o c c u r r e d  in  l e s s  t h a n  5 h o u r s .
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B.  F u e l  R e t e n t i o n  a n d  S t a b i l i t y

1. F u e l  M i x t u r e s  f o r  S t a b i l i t y

B e c a u s e  B e O  - UO^ t u b e s  m a d e  b y  o u r  u s u a l  t e c h n i q u e s  s h o w e d  

s t r u c t u r a l  i n s t a b i l i t y  w h e n  e x p o s e d  to  1 100-  1 2 5 0 “G a t  h ig h  o x y g e n  p r e s s u r e s  

(75 p s i a ) ,  a t t e m p t s  w e r e  m a d e  to  d e v e l o p  m o r e  s t a b l e  m i x e s .

S e v e r a l  t e c h n i q u e s  w e r e  u s e d  to  s o l v e  the  p r o b l e m :  " g r o g "  a n d  

p o w d e r  m i x e s ,  A1 c o a t i n g  of  t h e  n o r m a l  t u b e s ,  a n d  t h i r d - c o m p o n e n t  a d d i t i o n s  

to  m i x t u r e s  of B e O  - U O ^ .  D u r i n g  t h i s  p e r i o d ,  Z r O ^  - UO^ - B e O  s h o w e d  

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

b e e n  d one  a l s o ,  a n d  i s  r e p o r t e d  b e l o w .

A t h r e e f o l d  a t t a c k  w a s  m a d e  on  Z r O ^  - " D eO :  (1) A b r i e f

p h a s e - d i a g r a m  s t u d y  w a s  i n i t i a t e d  ( s e e  a b o v e ) ;  (2) s y s t e m a t i c  Z r O ^  - U O 2 

m i x e s  of  d i f f e r e n t  r a t i o s  w e r e  m a d e ,  e x p o s e d  to o x i d a t i o n ,  a n d  e x a m i n e d ;  

a n d  (3) Z r  w a s  c o p r e c i p i t a t e d  w i th  U f r o m  s o l u t i o n  on to  s l u r r i e d  B e O  p o w d e r  

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

t u b e s .  T h e  l a t t e r  tw o  a p p r o a c h e s  a r e  d e s c r i b e d  b e l o w ,  a l o n g  w i th  o t h e r  (non -  

Z r O ^ )  a p p r o a c h e s  to  t h e  p r o b l e m .

a .  Z r O ^  “ ^ ^ 2  ~ M i x e s

S in c e  UO^ a n d  Z r O ^  a r e  k n o w n  to  f o r m  s o l i d  s o l u t i o n s ,  an  

a t t e m p t  w a s  m a d e  to  p r o d u c e  s t a b i l i z e d  f u e l  t u b e s  b y  m i x i n g  t h e s e  in  B e O .  To 

a v o i d  c o m p l i c a t i o n s  of  c h a n g i n g  th e  tu b e  p r o c e s s  a s  we n o w  h a v e  i t ,  the  z i r ­

c o n i a  a n d  u r a n i a  w e r e  c o p r e c i p i t a t e d  f r o m  z i r c o n y l  n i t r a t e  a n d  u r a n y l  n i t r a t e  

on  s l u r r i e d  B e O .  N o r m a l  t e c h n i q u e s  w e r e  u s e d  up t h r o u g h  th e  e x t r u s i o n  p r o c ­

e s s .  T h e  s t a r c h  b u r n - o u t  t e m p e r a t u r e  w a s  i n i t i a l l y  r a i s e d  f r o m  1 5 0 0 °F  to 

1 9 3 0 ° F  a n d  h e l d  f o r  4 h o u r s .  F u r t h e r  w o r k  i n d i c a t e d  t h a t  s t a r c h  b u r n - o u t  

t e m p e r a t u r e s  of  1 5 0 0 ° F  a r e  a d e q u a t e .  T h e r e f o r e ,  a l l  t u b e s  m a d e  n o w  a r e  

s t a r c h - b u r n e d  a t  t h e  l o w e r  t e m p e r a t u r e .  T u b e s  of th i s  m i x  (80X,182), (80X204) ,  

a n d  (80X205)  h a v e  b e e n  m a d e  a n d  t e s t e d  in  p a r t  f o r  s t a b i l i t y  a n d  fu e l  l o s s .

T u b e s  of m i x  (80X 182)  w e r e  s i n t e r e d  to I 6 OO, 1650, 1700,  

1750,  1800,  a n d  1 8 5 0 ‘’C .  X - r a y  d a t a  a n d  p e t r o g r a p h i c  e x a m i n a t i o n  r e s u l t s  

a r e  g i v e n  in  T a b l e  I I - 4 .



T a b l e  I I - 4 .  UO^ - Z r O ^ B eO  T u b e s .  (M ix  80X 182) .

S i n t e r i n g  
t e m p  °C

D e n s i t y
g / c c 1

P h a s e s
2 3

B e O  
S i z e ( p )

g r a i n
S h ap e

F  uel  
S i z e ( p )

g r a i n
S h a p e P o r e s

1600 3.23 B eO
H e x

f . c . c . 
a  = 5 .35gA

f . c . t .
a  = 5 .167 
c =5.25.^A

0.5 - 2.5 “■ ■“ D if f i c u l t  
to s e e

1650 3.25 B eO
H e x

f . c . t ,  
a  = 5 .300 
c = 5 .332A

f . c . t .  
a  = 5.183 
c = 5 .272A

1.5 - 2.0 B o th  e l o n ­
g a t e  a n d  e -  
q u a n t  g r A i n s . 
R o u n d e d  e d g e s

D i f f i c u l t  
to  s e e

1700 3.27. B eO
H e x

f . c . t .
a  = 5 .277  
c = 5 .3 2 5

=«3 - 25 
M o d e  5

E  q u an t ;  
a n g u l a r

1 /2  - 2.5 E l o n g a t e , 
t r i a n g u l a r , 
f a c e t e d

1750 3.27 B eO
H e x

f . c . t.  
a  = 5 .277  
c = 5 .325

5 - 2 5  
M o d e  
7 - 10

E q u a n t ;
a n g u l a r

*2 - 5 E l o n g a t e ,  
i r r e g u l a r ,  
c i r c u l a r  

(al l  3 p r e s e n t )

F  ew

1800 3.27 B eO
H e x

f . c . t.  
a  = 5.277 
c = 5.325

5 - 45 
M o d e  15

E q u a n t ;
a l m o s t
r o u n d e d

*0 .5  - 7 E l o n g a t e , 
i r r e g u l a r ,  
c i r c u l a r , 

(a l l  3 p r e s e n t )

S m a l l ,
v e r y
fe w

1850 3.27 B e O
H e x

f . c . t .
a  = 5.277  
c = 5.325

5 - 50 
M o d e  20

E q u a n t ;
a l m o s t
r o u n d e d

*0 .5  - 1
w i t h i n
B e O  g r a i n
2 . 5 - 5
g r a i n
b p u n d a r y

E l o n g a t e ,  
i r r e g u l a r , 
c i r c u l a r , 

(a l l  3 p r e s e n t )

F  ew

c!
0

r1
O'LH
O'

I
OJ

F u e l  d i s t r i b u t e d  

G e n e r a l  C o m m e n t

a r o u n d  B e O  g r a i n s  a s  w e l l  a s  w i th i n .

: A l l  s a m p l e s  i n d i c a t e  a  c o m p l e t e  r e a c t i o n  b e t w e e n  UO^ - Z r O ^ -

P o r o s i t y  i s  g e n e r a l l y  low f o r  t h o s e  s a m p l e s  w h e r e  g r a i n  b o u n d a r i e s  

c a n  b e  o b s e r v e d ,  i . e . ,  w h e r e  B e O  g r a i n  s i z e  > 5p.
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T h e  c o m p o s i t i o n  of th e  Z r O ^  - - B e O  is  a s  f o l l o w s :

1500 g B e r y l l i a  87 .25%  w

69 g Z r O ^  4 .91%

140 g UO^ 7.84%

w i th  a  m o l e  r a t i o  of  a p p r o x i m a t e l y  5 8 / 4 2  m o l e  p e r c e n t  z i r c o n i a  to  u r a n i a .

T h e  t u b e s  c o n t a i n i n g  UO^ a n d  Z r O ^  (80X182) p e r f o r m e d  

v e r y  w e l l  in  e v e r y  t e s t  so  f a r .  (See b e l o w ) .

S o m e  t u b e s ,  s i n t e r e d  a t  l 6 0 0 ° G  f o r  6 h o u r s ,  w e r e  x - r a y e d  

a f t e r  b e i n g  s u b j e c t e d  to  5 a t m o s p h e r e s  p r e s s u r e  a t  1250°C f o r  10 h o u r s .  

T h e r e  w a s  a  t h i n  b l a c k  l a y e r  on th e  o u t e r  s u r f a c e s  w h i c h  c o n t a i n e d  U ^O g.

T h e  t u b e  h a d  a h i g h  m o d u l u s  of r u p t u r e ,  h o w e v e r ,  i n d i c a t i n g  th e  e l e m e n t  h a d  

n o t  d e g r a d e d  b e c a u s e  of t h i s .
235M i x e s  c o n t a i n i n g  U h a v e  b e e n  m a d e  a n d  a r e  b e i n g  f u e l -  

l o s s  t e s t e d  a t  1 5 2 5 ‘“G a n d  l6 5 0 ° G  (1 a t m o s p h e r e  p r e s s u r e  f o r  7 h o u r s ) .  

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

b .  Z i r c o n i a - U r a n i a  M i x t u r e s

C o m p o n e n t s  w e r e  r e a c t e d  to g ive  th e  fo l l o w in g  c o m p o s i t i o n s :

Z r O ^  w t  % ^ ^ 2  w t  % ^ ^ ^ 2  *7° ^ ^ 2  %

20 80 35 .4  64 .6

30 70 4 8 .4  51.6

40 60 59 .4  40 .6

50 50 68.6  31 .4

60 40 76.7 23.3

A l l  t h e  v a l u e s  l i s t e d  a r e  n o m i n a l .  A c t u a l  a n a l y s e s  of  the  

r e a c t e d  p o w d e r s  w e r e  s o m e w h a t  l o w e r  in  U O ^ .  T h e  d e t a i l e d  r e s u l t s  a r e  b e i n g  

c o m p i l e d  a n d  w i l l  b e  r e p o r t e d  l a t e r .

T h e  Z r O ^  - p o w d e r s  w e r e  p r e p a r e d  b y  a c o p r e c i p i t a t i o n

f r o m  m i x e d  n i t r a t e - s a l t  s o l u t i o n s  w i th  N H ^ O H ,  f o l l o w e d  b y  a  f i l t r a t i o n ,  w a s h ­

in g ,  r e f i l t r a t i o n ,  d r y i n g ,  a n d  c a l c i n i n g  s t e p  p r i o r  to r e a c t i o n  of v a r i o u s  p o r ­

t i o n s  a t :

(a)  1250°G in  a i r  f o r  a  3 - h o u r  s o a k ,

(b) 1 5 0 0 “C in  a i r  f o r  a  3 - h o u r  s o a k ,

(c) 1 6 0 0 - 1 6 5 0 ° G  in  a i r  f o r  a  3 - h o u r  s o a k .
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(d) 1700°C in  a i r  f o r  a  1 - h o u r  s o a k ,

(e)  1500°C in  h y d r o g e n  f o r  a  2 - h o u r  s o a k ,

(f) ITOO'C in  h y d r o g e n  f o r  a  2 - h o u r  s o a k .

T h e s e  r e a c t i o n  p r o d u c t s  w e r e  c r u s h e d  a n d  s c r e e n e d  t h r o u g h  a 3 2 5 - m e s h  s c r e e n  

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

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

In s u m m a r y ;

(1) It  a p p e a r s  t h a t  t h e  m i n i m u m  r e a c t i o n  t e m p e r a t u r e  r e ­

q u i r e d  f o r  s o l i d  s o l u t i o n  f o r m a t i o n  i s  1500 °C.

(2) A t  1 2 5 0 “C ,  no  s o l i d  s o l u t i o n  f o r m a t i o n  w a s  n o t e d  b y  x -

r a y  d i f f r a c t i o n .

(3) C o m p a r a b l e  r e s u l t s  w e r e  o b t a i n e d  f r o m  p o w d e r  m i x e s  

a n d  c o p r e c i p i t a t e d  p o w d e r s .

(4) A i r  r e a c t i o n s  r e s u l t e d  in  U ^O g  - Z r O ^  s o l i d  s o l u t i o n  

a n d  U gO g f o r m a t i o n ,  w h i l e  h y d r o g e n  r e a c t i o n  l e d  to UO^ - ^ ^ ^ 2  s o l u t i o n  

a n d  UO^ f o r m a t i o n .

c.  C e r i a - U r a n i a  M i x t u r e s

M i x t u r e s  w e r e  p r e p a r e d  of  th e  f o l l o w i n g  n o m i n a l  c o m p o s i t i o n s :

C e O ^  w t  % ^ ^ 2  ^ ® ^ 2  % ^ ^ 2

20 80 28 .2  71 .8

30 70 40 .2  59 .8

40 60 51.1 4 8 .9

50 50 61.1  38 .9

60 40 70 .2  29 .8

T h e  C e O ^  - p o w d e r s  w e r e  r e a c t e d  in  a i r  a t

(1) 1350°C f o r  a  3 - h o u r  s o a k  o r ,

(2) 1500°C f o r  a  3 - h o u r  s o a k .

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

d .  F u e l  M i x t u r e s  i n  B e O

B a s e d  upon  th e  a n a l y s e s  of th e  s c r e e n e d  f u e l  p o w d e r s ,  B eO  

b o d i e s  c o n t a i n i n g  6 w / o  a n d  8 w / o  UO^ ( n o m i n a l )  w e r e  p r e p a r e d  f o r  d e n s i f i c a -  

t i o n  s t u d i e s  b y  c o l d - p r e s s i n g  p e l l e t s  a t  2 0 , 0 0 0  p s i ,  p r e f i r i n g  in  a i r  a t  900®C,

a n d  f i n a l l y  s i n t e r i n g  a t  1 6 0 0 - 1 6 5 0 ° C  o r  1750°C  i n  h y d r o g e n  o r  a i r  a t m o s p h e r e
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f o r  a  m a x i m u m  p e r i o d  of  t h r e e  h o u r s .  T h e  r e s u l t s  i n d i c a t e  t h a t  t h e  d e s i r e d  

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

m o s p h e r e s .  T h i s  i s  of  i n t e r e s t  f o r  i t s  p o t e n t i a l  e f f e c t  on  th e  m i c r o s t r u c t u r e  

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

e .  P o w d e r  a n d  G r o g  M i x e s

M i x e s  w e r e  m a d e  in  w h ic h  u r a n i a  w as  a d d e d  to  b e r y l l i a  a s  a 

p o w d e r  in  th e  f o l l o w i n g  w a y s :

a .  T h e  h a r d - g r o g  m i x  (80X188) .  T h i s  m a t e r i a l  w a s  a  5 0 / 5 0  

w / o  UO^ - B e O  m i x t u r e  s l u r p i t a t e d  a n d  s i n t e r e d  to 1750®C/6 h o u r s ,  t h e n  

g r o u n d  to -3 2 5  m e s h .  T h i s  w a s  u s e d  a s  th e  fu e l  a n d  t h e n  m i x e d  in to  the  B e O .

b .  T h e  s o f t - g r o g  m i x  (80X 189) .  T h i s  m a t e r i a l  w a s  a l s o  a 

5 0 / 5 0  w / o  UO^ - B e O  m i x t u r e ,  b u t  s i n t e r e d  to l 6 0 0 ° G / 6  h o u r s ,  t h e n  g r o u n d .  

T h i s  w a s  th e  fu e l  a d d i t i o n  to  B e O .

c.  T h e  U _ 0  m i x  (80X 190) .  T h e  U _ 0 „  w a s  o b t a i n e d  b yJ O  J O
h e a t i n g  -325  m e s h  UO^ in  a i r  to 2 3 0 0 ° F  f o r  10 h o u r s .  T h e  U^Og w a s  t h e n  

m i x e d  w i th  B e O .

d.  U _ O q i n t e n s i v e  m i x  (80X192) .  T h i s  i s  t h e  s a m e  a s  m i x3 o
(80X 190)  e x c e p t  t h e  b e r y l l i a  a n d  U ^O g  w e r e  d r y - b l e n d e d  in  a n  i n t e n s i f i e d  Y-  

b l e n d e r  f o r  24 h o u r s  r a t h e r  t h a n  th e  30 m i n u t e s  n o r m a l l y  u s e d .

T u b e s  f r o m  t h e s e  m i x e s  w e r e  s i n t e r e d  a t  1650°C ,  1700°C ,  

a n d  1750°C  f o r  6 h o u r s  in  a  h y d r o g e n  a t m o s p h e r e .  P e t r o g r a p h i c  e x a m i n a t i o n s  

a n d  o t h e r  d a t a  a r e  s h o w n  in  T a b l e  I I - 5 .

A n i n t e r e s t i n g  o b s e r v a t i o n  i s  the  e x t r e m e l y  f in e  g r a i n  s i z e  

of  the  5 0 / 5 0  g r o g  a f t e r  s i n t e r i n g  a t  1750 °C .  A p p a r e n t l y  th e  h i g h  u r a n i a  c o n ­

c e n t r a t i o n  i m p e d e d  B e O  g r a i n  g r o w t h .  T h i s  w ou ld  be  e x p e c t e d  b e c a u s e  t h e r e  

w o u ld  b e  f e w e r  B e O - t o - B e O  g r a i n  c o n t a c t s  in  th e  p r e s e n c e  of a  l a r g e  c o n c e n ­

t r a t i o n  of UO^ g r a i n s .

A l s o  n o t e w o r t h y  i s  t h e  l o w e r  d e n s i t y  (97 .5 )  o b t a i n e d  w hen  

B e O  p l u s  g r o g  w a s  r e s i n t e r e d  to  a n  8% UO^ c o n t e n t ,  c o m p a r e d  to  n o r m a l  s l u r ­

p i t a t e d  m i x e s  ( g e n e r a l l y  98.7  - 99 .8%  t h e o r e t i c a l  d e n s i t y ) .

T e s t i n g  a t  1150°C  (4 h o u r s ,  75 p s i a  O^) i n d i c a t e d  e x c e l l e n t  

s t a b i l i t y  i n s o f a r  a s  p o s t - t e s t  s t r e n g t h s  w e r e  h ig h ,  a n d  no  d e c r e a s e s  in  s o n i c  

m o d u l i  w e r e  o b s e r v e d  ( T a b l e  I I - 5 ) .  H o w e v e r ,  a p p r e c i a b l e  w e i g h t  g a i n s  w e r e  

o b s e r v e d ,  e s p e c i a l l y  f o r  th e  l o w e r  d e n s i t y  t u b e s  ( e . g . ,  + 0 .3% f o r  a  95% -

d e n s e  t u b e ) .  T h e  U _ O q p o w d e r - m i x  t u b e s  s h o w e d  v i r t u a l l y  no  w e i g h t  i n c r e a s e s ,
3 8



T a b l e  I I - 5 .  P o w d e r  a n d  G r o g  M i x e s .

S a m p l e
No.

S i n t e r i n g  
t e m p  “C 
6 h o u r s

B e O  g r a i n  
S iz e  ([J.)

UO^ g r a i n  

s i z e  (p) L a t h s P o r e s

%
T h e o r e t .
d e n s i t y

P e r c e n t
s h r i n k a g e

H a r d  G r o g  + B e O

80X188 1750 10-35 
M o d a l  2 5 - 3 0 1-5 S o m e

F  e w  
Ip 97.5 22 .0

80X188 1700 97.0 22 .0
80X188 1650 95.9 21.5

Sof t  G r o g  + B eO

1750^^^80X189 2 0 - 5 0  
M o d a l  35 5 - 1 0 S o m e M a n y  < Ip  97.3 2 3 .0

80X189 1700 96.5  • 2 3 ,0

80X189 1650 95.1 22,3

U ^O g M ix  + B e O

80X190 1750 3 0 - 5 0  
M o d a l  40 3 - 4 S o m e

S o m e  
< Ip 98.6 2 4 ,4

80X190 1700 98.3 24 .4

80X190 1650 97 .4 23 .8

H a r d  G r o g  A lone

500X170 1750^^^ < 5 I S o m e M a n y

an

I
oô
CT-

IU)
00

(a)

(b)

(c)

T h e  m i c r o s t r u c t u r e  of  t h i s  s p e c i m e n  r e s e m b l e d  t h a t  of th e  T o r y  I I - A - I  t u b e s .

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

T h e  fu e l  a s s u m e s  a  u n i f o r m  s h a p e ,  a s  in  n o r m a l  m i x ,  a s  w e l l  a s  i r r e g u l a r  s h a p e s  — f i l l i n g  i n t e r s t i c e s
b e t w e e n  g r a i n s  c o r r e s p o n d i n g  to  th e  g e n e r a l  s h a p e  of g r a i n  b o u n d a r i e s  b e f o r e  c o m p l e t e  s i n t e r i n g .
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b u t  n o t e  t h a t  t h e i r  d e n s i t i e s  w e r e  a b o v e  97% e v e n  a t  the  low s i n t e r i n g  t e m ­

p e r a t u r e  {1650°C) .  T h e r e  i s  Little o r  no c o r r e l a t i o n  b e t w e e n  p o s t - t e s t  s t r e n g t h  

a n d  s i n t e r i n g  t e m p e r a t u r e .  N o  s a m p l e s  w e r e  s u b j e c t e d  to h o t  b e n d  t e s t s .

2.  P r e s s u r e  T e s t i n g

a .  Z r O ^  - UO^ T u b e s

T h e s e  t u b e s  p e r f o r m e d  v e r y  w e l l  in  the  fu e l  i n s t a b i l i t y  r a n g e  

(1 1 5 0 - 1Z50 “C a t  75 p s i a  o x y g e n ) .  T a b l e s  I I - 6  a n d  I I - 7  c o n t a i n  the  d a t a  to d a t e .

T a b l e  I I - 6 .  M o d u lu s  of  R u p t u r e ,  U n t e s t e d  Z r O ^  - - B e O  T u b e s .

T u b e  d e s c r i p t i o n
S a m p l e
n u m b e r

M o d u lu s  r u p t u r e  ( 4 -p o in t )  
(ps i  X 10"^)

A l l  80X 205  f i r e d  in  a t  1700°C 62 20.7

f o r  6 h o u r s
1 t 63 23.9
I I 65 27.1
1 I 43 30 .8
1 I 52 33.1
1 1 38 33.6
1 1 45 34 .0

2 9 .0  ( A v e r a g e )

T h e  d a t a  p r e s e n t e d  in  T a b l e  I I -6  w e r e  i n t e n d e d  to s h o w  the  

v i r g i n  s t r e n g t h  of Z r O ^  - UO^ t u b e s  p r i o r  to  t e s t i n g .  T h e  s t r e n g t h s  v a r y  

o v e r  a  w id e  r a n g e  (20 ,700  - 3 4 ,0 0 0  p s i ) .  T h e  p o s s i b i l i t i e s  of t e m p e r a t u r e  g r a ­

d i e n t s  d u r i n g  h y d r o g e n  f i r i n g  w i l l  b e  e x a m i n e d  in  the  f u t u r e .

In T a b l e  I I - 7  th e  d a t a  a r e  g r o u p e d  in to  s a m p l e s  " h o t - b e n d "  

t e s t e d ,  a n d  t h o s e  s i m p l y  p r e s s u r e  t e s t e d .  T u b e s  in  b o t h  g r o u p s  w e r e  t e s t e d  

s i m u l t a n e o u s l y .  S e v e r a l  u n c o a t e d  10% UO^ tu b e s  ( r e s u l t s  n o t  t a b u l a t e d )  w e r e  

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

( f ina l  v a l u e s  5 ,0 0 0  - 7 ,000  p s i ) .  T h e  Z r O ^  - - B e O  t u b e s ,  on the  o t h e r

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

b e n d  t e s t i n g  e x c e p t  in  th e  c a s e  of h i g h  lo a d s  (15 ,000  p s i )  a t  h ig h  t e m p e r a t u r e s  

( 1 4 0 0 ° C ) .  F a i l u r e  u n d e r  t h e s e  c o n d i t i o n s  i s  p r o b a b l y  due  to t h e  u l t i m a t e  

s t r e n g t h  of t h e  m a t e r i a l  r a t h e r  t h a n  fu e l  i n s t a b i l i t y .  A l th o u g h  c u r r e n t  t e s t  r e ­

s u l t s  a r e  s t i l l  s p a r s e ,  the  f o l l o w i n g  o b s e r v a t i o n s  a p p e a r  f i r m :



T a b l e  I I - 7 . F u e l  S t a b i l i t y  T e s t i n g ,  B e O  - Z r O ^  - UO^ T u b e s a t  75 p s i a ° 2 -

S a m p l e Tube %U02 T e s t  t e m p T i m e  at B u l k  d e n s i t y F  i r i n g % We ight ^ F l e x ,  r e s o n . H o t - b e n d^
Mod.  rupt.  

a f t e r  t e s t i n
N o . d e s c r i p t i o n ( c h e m i s t r y ) (°C) t e m p  (hr) b e f o r e  ( g / c c ) t e m p  ( * C )  c h a ng e r a t i o r e s u l t s  (ps i ) (ps i )

4 3 - 1 80X182 7.8 1150 4 3 .2 7 1800 +0.02 1.00 U B - 7 4 0 0 2 6 , 2 0 0
4 5 - 3 80X182 7.8 1250 10 3. 27 1800 +0.02 1.00 U B - 7 4 0 0 2 9 , 9 0 0
4 9 - 1 80X182 7.8 g « 4 0 3. 27 1750 No  t e s t N o  t e s t B - 7 4 0 0 ® 30,400®

3 2 , 3 0 0
5 3 - 4 80X182 7.8 1 150 10 3. 27 1750 +0.01 1.00 U B -  10,000 N o  t e s t

1250 N o  t e s t N o  t e s t B -  15,000® N o  t e s t
5 5 - 3 80 X182 7. 8 1150 3 .2 7 1750 +0.02 l .OOiO.03 U B -  10,000 S t i l l  t e s t i n g
5 8 - 2 8 0X182 7. 8 1250 20 3. 27 1700 +0.03 1.00 U B - 1 0 , 0 0 0 S t i l l  t e s t i n g
6 O-6 80 X182 7.8 1150 10 3. 27 1700 +0.02 1.00 U B - 1 5 , 0 0 0 S t i l l  t e s t i n g
6 1 - 8 80X182 7.8 1250 10 3 . 27 1700 +0.02 1.00 U B -  1 5 ,00 0, S t i l l  t e s t i n g
6 2 - 1 1 80 X182 7.8 1400 10 3 . 27 1750 N o  t e s t N o  t e s t B -  15,000 N o  t e s t

4 3 - 2 8 0X1 82 7.8 1150 4 3.27 1800 +0.01 1.00 N o  t e s t 3 3 , 6 0 0
4 9 - 2 8 0X182 7.8 g =  40 3 . 27 1750 - 0 . 0 5 1.00 N o  t e s t 3 2 , 1 0 0
5 3 - 5 8 0X18 2 7.8 1150 10 3. 27 1750 +0.02 0 . 98 N o  t e s t N o  t e s t

1250 ^°d + 0 . 0 4 ( 0 . 0 6 ) 1.00 N o  t e s t 2 0 , 8 0 0
5 5 - 6 80X182 7.8 1150 30 3 . 27 1750 +0.01 1 . 00 *0 . 03 N o  t e s t S t i l l  t e s t i n g
5 7 - 2 0 80X182 7.8 1150 10 3. 26 1650 +0.02 N o  t e s t N o  t e s t 4 4 , 600 ,
5 7 - 3 0 8 0X182 7.8 1 150 ^°d 3 . 23 1600 +0.04 N o  t e s t N o  t e s t 5 5 , 5 0 0
5 8 - 3 80X1 82 7.8 1250 20 3 . 27 1700 +0.03 1.00 N o  t e s t S t i l l  t e s t i n g
6 0 - 7 80X1 82 7.8 1150 10 3 . 27 1700 +0.02 1.00 N o  t e s t S t i l l  t e s t i n g
6 1 - 1 0 80X182 7.8 1250 10 3. 27 1750 +0.05 1.00 N o  t e s t S t i l l  t e s t i n g
6 2 - 1 2 80X1 82 7.8 1400 10 3 . 2 4 1750 +0.01 1.00 N o  t e s t 27,300^

To t a l  c u m u l a t i v e  w e i g h t  c ha n g e  i n p a r e n t h e s i s .

U B - U n b r o k e n ,  B - B r o k e n .

B r o k e n  h a l v e s  M . R .  t e s t e d  on l - l / 2 - i n .  c e n t e r .

' ^Te s t i ng  in 10 -hou r  i n c r e m e n t s .  C y c l e d  to r o o m  t e m p e r a t u r e  in b e t w e e n .

^ S a m p l e  b r o k e  a f t e r  2 to 5 h o u r s  at  125 0° C.  T o t a l  t e s t  t i m e  at  1150°C and 1250°C abou t  15 h o u r s .

 ̂ S a m p l e  b r o k e  upon r e a c h i n g  1400 °C.

^ T e s t e d  1250 ° C / 10 hour  s , c o o l e d  to 1150 ° C / 10 hour  s , h e a t e d  to 1400 ° C / 10 hour  s , and c o o l e d  to  r o o m  t e m p e r a t u r e .  H ot -be nd  
s a m p l e  under  7400 p s i  b r o k e  s o m e t i m e  a f te r  1 4 0 0 ° C / 2  h o u r s .

B l a c k  s k i n  c o n ta i ns  h e x a g o n a l  U^Og ( x - r a y  d i f f r a c t o m e t e r ) .

 ̂ 4 - P o i n t  l oadi ng
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1. 80X182  t u b e s  l o s e  l i t t l e  o r  no  s t r e n g t h  u n d e r  75 p s i a  

f o r  p e r i o d s  in  e x c e s s  of  10 h o u r s  f r o m  1 150 °C - 1400 °G ,

2. T h e s e  t u b e s  w i l l  s u p p o r t  h o t - b e n d  lo a d s  of 1 0 ,0 0 0 -1 5 ,0 0 0  

p s i  f o r  p e r i o d s  in  e x c e s s  of 10 h o u r s  a t  1 1 5 0 ‘’C a n d  1250®C.

An i n t e r e s t i n g  f e a t u r e  w h ic h  i s  b e i n g  c h e c k e d  i s  f i r i n g  t e m ­

p e r a t u r e  vs  s t r e n g t h .  T w o  s a m p l e s  ( 5 7 - 2 0  a n d  5 7 - 3 0 )  e x h i b i t e d  m u c h  h i g h e r  

s t r e n g t h s  a f t e r  t e s t i n g  t h a n  we a r e  a c c u s t o m e d  to s e e i n g  (44 ,600  a n d  55 ,500  

p s i ) .  T h e s e  s a m p l e s  w e r e  f i r e d  a t  1650 a n d  1600°C r e s p e c t i v e l y .  A s m a l l e r  

B e O  g r a i n  s i z e  c o u l d  a c c o u n t  f o r  i n c r e a s e d  s t r e n g t h ,  w h ic h  w o u ld  w a r r a n t  a 

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

a l t e r e d .

b .  G r o g  a n d  P o w d e r  M i x e s

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

g i v e n  in  a n o t h e r  s e c t i o n  of  t h i s  r e p o r t .  M a n y  of t h e s e  m i x e s  a p p e a r e d  s t a b l e  

i n  s h o r t - t i m e  t e s t s .

R e s u l t s  of  f u e l - s t a b i l i t y  t e s t i n g  a t  1150®G a n d  1250®G a r e  

g i v e n  in  T a b l e  I I - 8 .

1. G r o g  M ix  ( - 3 2 5 - m e s h  B e O  - UO^ G r o g )

E v e r y  s p e c i m e n  (18) w i t h s t o o d  th e  t e s t s  a t  1150°G a n d  1250°G, 

P e r f o r m a n c e  w a s  n o t  a  f u n c t i o n  of  f i r i n g  t e m p e r a t u r e  (1650,  1700,  1750°G) o r  

of  w e i g h t  g a i n  in  th e  1250°G t e s t .  O n e  s a m p l e  ( 4 7 - 8 0 X 1 8 8 - 4 0 )  w i t h s t o o d  a h o t -  

b e n d  lo a d  of  7 ,4 0 0  p s i  a t  1250°G f o r  10 h o u r s .

2. G r o g  M ix  ( 1 0 0 - m e s h ,  a n d  f i n e r ,  B e O  - UO^ G r o g )

T h i s  m a t e r i a l ,  l i k e  t h e  - 3 2 5 - m e s h  g r o g  m i x ,  s h o w e d  l i t t l e  

l o s s  i n  s t r e n g t h  a f t e r  t e s t i n g  a t  1150°G a n d  1250°G .  T h e  s t r e n g t h s  w e r e  in  

g e n e r a l  s o m e w h a t  l o w e r  t h a n  the  - 3 2 5 - m e s h  g r o g  m i x .  B o th  m i x  t e c h n i q u e s  

g iv e  m u c h  b e t t e r  s t a b i l i t y  t h a n  th e  n o r m a l  s l u r r y - m i x  p r o c e s s .

3. U ^O g  P o w d e r  M ix

T h i s  m a t e r i a l  p e r f o r m e d  w e l l  a t  1150°G r e g a r d l e s s  of  f i r i n g  

t e m p e r a t u r e .  T e s t i n g  a t  1 2 5 0 °G, h o w e v e r ,  i n d i c a t e d  v e r y  p o o r  s t r e n g t h  r e ­

t e n t i o n  f o r  s a m p l e s  f i r e d  a t  1750 a n d  1700°G .  S a m p l e s  f i r e d  a t  l6 5 0 ° G  d id  

n o t  e x h i b i t  a  l o s s  in  s t r e n g t h  a t  e i t h e r  1150°G o r  1250°G.  T h e  a v e r a g e  (6 

s a m p l e s )  d e n s i t i e s  w e r e :



T a b l e  I I - 8 .  L R L  G r o g -  a n d  P o w d e r - M i x  T u b e s  a t  75 p s i a  O^-

R e s o n a n c e

S a m p le  d e s c r i p t i o n

(41-
(41-

G r o g  (41- 
( - 3 2 5 M )  (47- 

(47- 
(47-

(41-
(41-

G r o g  (41- 
(-1 0 0 M ) (47- 

(47- 
(47-

(UaOg

G r o g
(-3 2 5 M )

G ro g
(-1 0 0 M )

(UsOg)

G ro g
(-325M )

G ro g
( -100M )

-80X188-2  
-80X 188-10  
-80X188-13 
-80X 188-40  
-80X188-42 
8 0 X 1 8 8 -4 7

8 0 X 189-1  
80 X 189-3  
80 X 1 8 9 -7  
80 X 1 8 9 -5  
8 0 X 1 8 9 -9  
80 X 1 8 9 -1 1

( 4 1 - 8 0 X 1 9 0 - 1 3
( 4 1 - 8 0 X 1 9 0 - 1 6
(4 1 -8 0 X 1 9 0 - 2 2
( 4 8 - 8 0 X 1 9 0 - 1 0
( 4 8 - 8 0 X 1 9 0 - 1 9
(4 8 -8 0 X 1 9 0 - 3 4

(43 
(43 
(43 
(47 
(47 
(47

8 0 X 189-25  
8 0 X 1 8 9 -2 7  
80 X 189-31  
80 X 1 8 9 -2 6  
80 X 1 8 9 -2 9  
8 0 X 1 8 9 -3 0

-2 8
-30
-3 6
-31
-3 2
-3 5

(43 
(43 
(43 
(47 
(47 
(47

( 4 3 - 8 0 X 1 9 0 - 4 7  
( 4 3 - 8 0 X 1 9 0 - 5 4  
(4 3 - 8 0 X 1 9 0 - 5 6  
(4 8 - 8 0 X 1 9 0 - 4 8  
(4 8 - 8 0 X 1 9 0 - 5 3  
(4 8 -8 0 X 1 9 0 - 5 5

(4 3 -8 0 X 1 8 8 - 2 2  
( 4 3 - 8 0 X 1 8 8 - 2 4  
(4 3 -8 0 X 1 8 8 - 2 6  
(4 7 -8 0 X 1 8 8 - 1 8  
(4 7 -8 0 X 1 8 8 - 2 0  
(4 7 -8 0 X 1 8 8 - 2 7

(4 3 -8 0 X 1 8 9 - 1 7  
( 4 3 - 8 0 X 1 8 9 - 1 8  
(4 3 - 8 0 X 1 8 9 - 2 1  
(4 7 - 8 0 X 1 8 9 - 1 4  
(4 7 - 8 0 X 1 8 9 - 2 0  
(4 7 - 8 0 X 1 8 9 - 2 3

(4 3 - 8 0 X 1 9 0 - 3 8  
(4 3 - 8 0 X 1 9 0 - 4 1  

(U 0 „ )  (4 3 - 8 0 X 1 9 0 - 4 3
(4 8 - 8 0 X 1 9 0 - 3 7  
( 4 8 - 8 0 X 1 9 0 - 4 2  
( 4 8 - 8 0 X 1 9 0 - 4 5

(U jO  ) ( 4 8 - 8 0 X 1 9 2 - 2 2
, , ,  “ (4 8 - 8 0 X 1 9 2 - 3 3

(4 8 - 8 0 X 1 9 2 - 4 7  d r y  '
m ix )

F i r e d
1 7 5 0 “C

F i r e d
nso^c

F i r e d
1750*C

F i r e d
1700*C

F i r e d
1700*0

F i r e d
1700*0

F i r e d
1 6 5 0 * 0

F i r e d
\6 5 0 * C

F i r e d
1 6 5 0 * 0

F i r e d
1 7 5 0 * 0

T e s t
t e m p
(* 0 )

T e s t  
t i m e  

( h o u r s )
% %

T h e o r e t .
d e n s i t y

r a t i o
b e f o r e /

a f t e r
% w t 

c h an g e
M od .  r u p t .  

a f t e r

1150 4 8.58 97.4 1.00 -0 .01 32 ,4 0 0
1150 4 8 .58 97.4 1.00 -0 .0 1 33 ,2 0 0
1150 4 8.58 97.4 1.00 -0 .0 1 34 ,2 0 0
1250 10 8 .58 97.2 1.05 +0.01 33 ,500
1250 10 8 .58 97.3 1.01 +0.05 24 ,8 0 0
1250 10 8 .58 97.4 1.02 +0.03 2 3 ,600

1150 4 8 .60 97.1 1.00 -O.OI 26 ,700
1150 4 8 .60 97 .2 1.00 -0 .0 1 30 ,300
1150 4 8 .60 97 .0 1.00 +0.04 2 3 ,8 0 0
1250 10 8 .60 97 .2 1.00 -0 .0 4 25 ,6 0 0
1250 10 8 .60 97.2 1.00 -0 .0 7 27 ,300
1250 10 8.60 97.1 1.00 -0 .0 6 25 ,8 0 0

1150 4 8.06 98.5 1.00 - 0  01 25 ,000
1150 4 8 .06 98.5 1.00 -0 .0 1 25 ,300
1150 4 8 .06 97 .2 1.00 -0 .0 2 26 ,8 0 0
1250 10 8.06 98.6 1.52 +0.19 2 ,700
1250 10 8 .06 98 .6 No r e s . +0.19 2 ,7 0 0
1250 10 8.06 98.6 1.57 +0.23 3 ,800

1150 4 8 .58 96.9 1.00 +0.02 33 ,2 0 0
1150 4 8 .58 96.9 1.00 +0.03 38 ,5 0 0
1150 4 8 .58 96 .8 1.00 +0.03 35 ,0 0 0
1250 10 8 .58 97.1 1.01 +0.19 22 ,7 0 0
1250 10 8 .58 96.8 1.01 +0.18 30 ,5 0 0
1250 10 8 .58 96.9 1.02 +0.14 27 ,0 0 0

1150 4 8 .60 96.3 1.00 +0.07 29 ,3 0 0
1150 4 8 .60 96.5 1.00 +0.05 31 ,9 0 0
1150 4 8 .60 96.4 1.00 +0.05 26 ,900
1250 10 8 .60 96.4 1.03 +0 .26 2 2 ,8 0 0
1250 10 8 .6 0 96.5 1.01 +0.23 24 ,3 0 0
1250 10 8 .60 96.5 1.03 +0.24 24 ,200

1150 4 8 .06 98 .2 1.00 0 31 ,2 0 0
1150 4 8.06 98.3 1.00 -0 .0 1 30 ,5 0 0
1150 4 8.06 98.3 1.00 -0 .0 1 33 ,5 0 0
1250 10 8.06 98 .2 1.14 +0.17 N o t e s t
1250 10 8.06 98 .2 1.15 +0.18 7 ,000
1250 10 8 .06 98 .2 1.06 +0.14 8 ,100

1150 4 8 .58 96.1 1.00 +0.10 31 ,6 0 0
1150 4 8 .58 95 .8 0 .98 +0.15 3 5 ,600
1150 4 8 .58 96.1 1.00 +0.17 2 9 ,9 0 0
1250 10 8 .58 95 .7 1.01 +0.29 2 4 ,600
1250 10 8 .58 95.8 1.01 +0.28 2 7 ,700
1250 10 8 .58 95.9 1.01 +0.31 2 7 ,600

1150 4 8 .60 95.0 1.00 +0.30 23 ,0 0 0
1150 4 8 .60 95.0 1.01 +0.30 2 2 ,700
1150 4 8 .60 95.1 1.00 +0.26 2 3 ,300
1250 10 8 .60 95 .0 1.03 +0.34 23 ,3 0 0
1250 10 8 .60 95 .0 1.02 +0.32 23 ,2 0 0
1250 10 8 .60 95 .0 1.02 +0.32 2 4 ,300

1150 4 8.06 97.4 1.00 +0.01 3 1,100
1150 4 8.06 97.4 1.00 0 36 ,1 0 0
1150 4 8.06 97.5 1.00 -0 .01 31 ,1 0 0
1250 10 8.06 97.2 1.00 +0.04 32 ,600
1250 10 8.06 97.4 1.04 +0.03 3 2 ,7 0 0
1250 10 8.06 97 .5 1.01 +0.01 29 ,500

1250 10 98 .5 1.25 +0.20 5 ,700
1250 10 98.5 1.20 +0.15 C r a c k e d
1250 10 98.4 1.18 +0.11 5 ,500

S a m p l e  r e m a r k s

H o t  b e n d  7400  p s i / l O  h r

a
0

r1
H-•

S u r f a c e  a n d  c e n t e r  b r o w n ,  no  c r a z i n g

S u r f a c e  a n d  s e c t i o n  b l a c k ,  e x t r e m e  
c r a z i n g

S u r f a c e  b l a c k ,  s e c t i o n  b r o w n  w i th  b l a c k  
r i n g ,  no  c r a z i n g
S u r f a c e  b l a c k ,  s e c t i o n  b l a c k ,  no  c r a z i n g

I

I

S u r f a c e  b l a c k ,  s e c t i o n  b r o w n  w i th  b l a c k  
s k in ,  no  c r a z i n g

MUL-13792
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1750°C - 98.3  ± 0 .4  

IVOC’C - 9B..2 ± 0..2 

- 97 .4  ± 0.2

T h e  e x p l a n a t i o n  f o r  th e  d i f f e r e n t  b e h a v i o r  a t  t h e s e  t e m p e r a t u r e s  m a y  b e  r e ­

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

m i t t e d  to  p e t r o g r a p h y  to e l u c i d a t e  t h i s  p o in t .

c .  L R L  U n c o a t e d  T u b e s

T a b l e  I I - 9  s h o w s  a s e r i e s  of L R L  u n c o a t e d  t u b e s  of c o m ­

p o s i t i o n  2 .5 ,  5 .0 ,  a n d  10.0% U O 2 w h i c h  w e r e  t e s t e d  a t  1350°C f o r  4 h o u r s  

u n d e r  75 p s i a  o x y g e n .  T u b e s  s i m i l a r  to  t h e  s a m p l e - 13 s e r i e s  h a d  p r e v i o u s l y  

b e e n  t e s t e d  a t  1250°C a n d  1150°C f o r  4 h o u r s  a t  75 p s i a  o x y g e n .  T h e s e  t e s t s  

w e r e  r e p o r t e d  in  Q u a r t e r l y  P r o g r e s s  R e p o r t  No.  7. T h e  p r e s e n t  t e s t s  w e r e  

do n e  to  d e t e r m i n e  w h e t h e r  i n s t a b i l i t y  p e r s i s t s  up to t e m p e r a t u r e s  of 1350®C. 

S a m p l e  N o .  1 3 -3 2 ,  c o n t a i n i n g  5 w / o  U O ^ .  w a s  h o t - b e n d  t e s t e d  u n d e r  7500  p s i  

a t  1 350°C .  A f t e r  t e n  m i n u t e s  a t  t e s t  t e m p e r a t u r e ,  th e  a l u m i n a  " l o a d - t r a n s f e r - 

r o d "  b r o k e .  T h e  s a m p l e ,  h o w e v e r ,  w a s  u n a f f e c t e d  a n d  n o - l o a d  e x p o s u r e  w a s  

c o n t i n u e d .  T h e  d e n s i t i e s  f o r  a l l  s a m p l e s  r a n g e  f r o m  98 .8% to 99 .6% of t h e o ­

r e t i c a l .  R o o m - t e m p e r a t u r e  m o d u l u s  of r u p t u r e  v a l u e s  a f t e r  t e s t  i n d i c a t e d  

l i t t l e  l o s s  of  s t r e n g t h  a f t e r  t e s t i n g  a t  1 3 5 0 ‘’C f o r  f o u r  h o u r s ,  e x c e p t  f o r  one  

10% s p e c i m e n  ( 1 3 - 2 8 ) .  T h e  b a l a n c e  of  t h e  d a t a  i n  T a b l e  I I - 9  a r e  p r e s e n t e d  

to  e l u c i d a t e  th e  e f f e c t  of c o m p o s i t i o n  b e t w e e n  5 a n d  10% UO^.

In T a b l e  11-10 th e  d a t a  f o r  a l l  u n c o a t e d  t u b e s  a r e  c a p s u l a t e d  

( i n f o r m a t i o n  f r o m  Q u a r t e r l y  R e p o r t  No.  7 a l s o  i n c l u d e d ) .  T h e  s a l i e n t  f e a t u r e s  

r e g a r d i n g  th e  f u e l  i n s t a b i l i t y  of  t u b e s  p r e p a r e d  b y  the  n o r m a l  L R L  p r o c e s s  a r e :

1. C o m p o s i t i o n s  of 2 .5  to  5.0% UO^ a t  1 1 5 0 ‘’C ,  1250*’C,  a n d  

1 3 5 0 ‘'C h a v e  s t r e n g t h s  r a n g i n g  f r o m  2 0 ,0 0 0  to 25 ,0 0 0  p s i  a f t e r  t e s t i n g ;  the  

2 .5%  UO^ t u b e s  a r e  th e  s t r o n g e s t  ( a v e r a g e  s t r e n g t h  2 6 ,0 0 0  p s i ) .  In a d d i t i o n ,  

tw o  5 .0% UO^ t u b e s  w i t h s t o o d  7400 p s i  h o t - b e n d  lo a d  f o r  4 h o u r s  a t  1150° a n d  

1 250°C .

2.  C o m p o s i t i o n s  f r o m  6% to 10% UO^ a r e  n o t  c o n s i s t e n t l y  

s a t i s f a c t o r y  ( the  6% t u b e s  r e t a i n e d  s t r e n g t h  a t  1 2 5 0 °C b u t  n o t  c o n s i s t e n t l y  a t  

11 50°C ) .  T h e  8% t u b e s  (80X181)  s u r p r i s i n g l y  w i t h s t o o d  a  1250°C t e s t ,  b u t  

s h o w e d  e r r a t i c  b e h a v i o r  a t  1150°C .  T u b e s  f r o m  b a t c h  80X169  w e r e  p o o r  a t  

1250°C .
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T a b l e  I I - 9 .  F u e l  S t a b i l i t y  T e s t s  — L R L  U n c o a t e d  T u b e s  a t  75 p s i a  O 2 ‘

S a m p l e
N o . T u b e  d e s c r i p t i o n %

T e s t  t e m p  
“C

T i m e  a t  
t e m p  

( h o u r s )

% T h e o r e t .
d e n s i t y  

b e f o r e  t e s t
% w t  

c h a n g e

F l e x ,  r e s o n .  
r a t i o  a f t e r  

t e s t i n g

M o d .  r u p t u r e  
a f t e r  t e s t  

( p s i )

13 -3 3 V - 3 5  ( R o u n d  - Tu)*^ 2 .5 1350 4 9 8 .8 - 0 . 0 1 N o  t e s t 2 7 , 4 0 0
1 3 - 3 4 V - 3 5  ( R o u n d  - T u ) 2 .5 1350 4 9 8 . 9 - 0 . 0 6 N o  t e s t 2 5 , 8 0 0
13-3 5 V - 3 5  ( R o u n d  - T u ) 2 .5 1350 4 9 8 . 8 - 0 . 0 9 N o  t e s t 3 0 , 9 0 0
13-3 6 V - 3 5  ( R o u n d  - T u ) 2 .5 1350 4 9 8 . 8 - 0 . 0 7 N o  t e s t 2 7 , 3 0 0
1 3 - 2 9 5 0 X 1 5 6  ( H e x  -  T u ) 5 .0 1350 4 99 .1 - 0 . 0 9 N o  t e s t 17 ,500
1 3 -3 0 5 0 X 1 5 6  ( H e x  - T u ) 5 .0 1350 4 9 9 .1 - 0 . 0 6 1.00 2 2 , 4 0 0
1 3-3  1 5 0 X 1 5 6  ( H e x  - T u ) , 5 .0 1350 4 9 9 .1 - 0 . 1 1 0 .9 9 2 2 , 4 0 0
1 3 -3 2 5 0 X 1 5 6  ( H e x  - T u ) 5 .0 1350 4 9 9 .1 - 0 . 1 0 1.00 2 3 , 8 0 0
1 3 -2 5 100X 151  ( H e x  - T u ) 10.0 1350 4 9 9 . 6 - 0 . 1 7 N o  t e s t N o  t e s t
1 3 -2 6 100X 151  ( H e x  - T u ) 10.0 1350 4 9 9 .6 - 0 . 1 4 N o  t e s t 2 4 , 7 0 0
1 3 -2 7 100X 151  ( H e x  - T u ) 10.0 1350 4 9 9 .5 - 0 . 0 9 1.00 2 7 , 1 0 0
1 3 -2 8 100X 151  ( H e x  - T u ) 10 .0 1350 4 9 9 .6 + 0 .15 1 .09 11 ,5 0 0

5 2 - 1 8 4 0 X 1 8 4  ( H e x  - T u ) 4 . 1 8 1 150 10 9 8 .5 - 0 . 0 2 1.00 N o t  t e s t e d
5 2 - 2 1 4 0 X 1 8 4  ( H e x  - T u ) 4 . 1 8 1150 10 9 8 .5 - 0 . 0 3 1.00 2 6 , 9 0 0
5 2 - 2 6 4 0 X 1 8 4  ( H e x  - T u ) 4 . 1 8 1150 10 9 8 .5 - 0 . 0 2 1 .00 17 ,7 0 0
5 2 - 2 4 5 0 X 1 8 5  ( H e x  - T u ) 5 . 2 0 1150 10 9 8 .7 - 0 . 0 2 1.00 19 ,900
5 2 - 4 1 5 0 X 1 8 5  ( H e x  - T u ) 5 . 2 0 1150 10 9 8 .7 - 0 . 0 2 1.00 2 0 , 6 0 0
5 2 - 5 3 5 0 X 1 8 5  ( H e x  -  T u ) 5 .2 0 1150 10 9 8 .7 - 0 . 0 2 1.00 2 0 , 6 0 0
5 2 - 2 4  ■ 6 0 X 1 8 6  ( H e x  -  T u ) 6 . 1 9 1150 10 9 8 .9 - 0 . 0 3 1.00 19 ,500
5 2 - 3  1 6 0 X 1 8 6  ( H e x  - T u ) 6 . 1 9 1150 10 9 8 .9 - 0 . 0 2 1 .00 2 5 , 2 0 0
5 2 - 4 5 6 0 X 1 8 6  ( H e x  -  T u ) 6 . 1 9 1150 10 9 8 .9 + 0 .1 4 1.25 8 , 8 0 0
5 2 - 1 5 7 0 X 1 8 7  ( H e x  -  T u ) 7 .2 6 1150 10 99 .1 + 0 .1 9 1.26 6 , 1 0 0
5 2 - 1 9 7 0 X 1 8 7  ( H e x  - T u ) 7 .2 6 1150 10 99 .1 + 0 .1 8 1.22 8 ,5 0 0
5 2 - 2 7 7 0 X 1 8 7  ( H e x  - T u ) 7 .2 6 1150 10 99 .1 + 0 .1 4 1.08 16 ,200
5 2 - 6 7 8 0 X 1 8 1  ( H e x  - T u ) 8 .3 6 1150 10 9 8 .9 +0 .01 1.01 2 0 ,4 0 0
5 2 - 7 5 8 0 X 1 8 1  ( H e x  - T u ) 8 .3 6 1150 10 9 9 .2 + 0 .05 1.01 8 ,6 0 0
5 2 - 9 9 8 0 X 1 8 1  ( H e x  - T u ) 8 .3 6 1150 10 9 8 .9 + 0 .0 4 1.00 14 ,300

4 4 - 4 4 0 X 1 8 4  ( H e x  - T u ) 4 . 1 8 1250 10 9 8 .5 - 0 . 0 3 1.00 2 0 ,9 0 0
4 4 - 3 0 4 0 X 1 8 4  ( H e x  - T u ) 4 . 1 8 1250 10 9 8 .5 - 0 . 0 2 1.00 2 3 , 6 0 0
4 4 - 3 9 4 0 X 1 8 4  ( H e x  - T u ) 4 . 1 8 1250 10 9 8 .5 - 0 . 0 1 1.00 2 0 , 9 0 0
4 4 - 2 3 5 0 X 1 8 5  ( H e x  - T u ) 5 .2 0 1250 10 9 8 .6 +0 .02 1.00 2 1 , 7 0 0
4 4 - 2 6 5 0 X 1 8 5  ( H e x  - T u ) 5 .2 0 1250 10 98 .1 - 0 . 0 3 1.00 2 3 , 2 0 0
4 4 - 4 5 5 0 X 1 8 5  ( H e x  - T u ) 5 .2 0 1250 10 9 8 .7 - 0 . 0 4 1.00 18 ,700
4 4 - 1 6 6 0 X 1 8 6  ( H e x  - T u ) 6 . 1 9 1250 10 9 8 . 8 + 0 .0 7 1.00 2 9 , 3 0 0
4 4 - 2 9 6 0 X 1 8 6  ( H e x  - T u ) 6 . 1 9 1250 10 9 9 . 0 - 0 . 0 2 1.00 2 1 , 6 0 0
4 4 - 3 7 6 0 X 1 8 6  ( H e x  - T u ) 6 . 1 9 1250 10 9 8 . 9 - 0 . 0 1 1.00 2 4 , 5 0 0
4 4 - 1 6 7 0 X 1 8 7  ( H e x  - T u ) 7 . 2 6  (7 .2 4 ) 1250 10 9 9 . 0 +0 .21 1.24 8 ,6 0 0
4 4 - 1 8 7 0 X 1 8 7  ( H e x  - T u ) 7 . 2 6  (7 .2 7 ) 1250 10 9 9 . 0 + 0 .2 5 1.22 6 ,8 0 0
4 4 - 2 5 7 0 X 1 8 7  ( H e x  - T u ) 7 . 2 6  (7 .2 6 ) 1250 10 9 9 . 0 + 0 .23 1.26 6 , 4 0 0
4 4 - 7 2 8 0 X 1 8 1  ( H e x  - T u ) 8 . 3 6 ( 8 . 3 6 ) 1250 10 9 9 .1 - 0 . 0 1 1.00 3 2 , 5 0 0
4 4 - 7 9 8 0 X 1 8 1  ( H e x  - T u ) 8 .3 6  (8 .3 3 ) 1250 10 9 8 . 8 + 0 .02 1.01 2 9 , 4 0 0
4 4 - 8 5 8 0 X 1 8 1  ( H e x  -  T u ) 8 . 3 6  (8 .3 4 ) 1250 10 9 9 .1 - 0 . 0 3 1.00 3 7 , 0 0 0

6 3 - 2 5 5 8 0 X 1 6 9  ( H e x  - T u ) 8 .1 1250 10 9 9 .2 + 0 .2 0 1.16 7 , 1 0 0
6 3 - 2 5 7 8 0 X 1 6 9  ( H e x  - T u ) 8.1 1250 10 9 9 .2 + 0 .2 0 1.11 6 , 6 0 0
6 3 - 2 6 7 8 0 X 1 6 9  ( H e x  - T u ) 8 .1 1250 10 9 9 .2 + 0 .2 5 1.20 6 , 6 0 0
6 2 - 2 7 6 8 0 X 1 6 9  ( H e x  - T u ) 8 .1 1250 10 99 .2 + 0 .1 9 N o  t e s t 9 ,4 0 0
6 3 - 2 8 0 8 0 X 1 6 9  ( H e x  - T u ) 8 .1 1250 10 99 .1 + 0 .2 0 1.08 10 ,300
6 3 - 2 8 2 8 0 X 1 6 9  ( H e x  - T u ) 8.1 1250 10 9 9 .2 +0 .21 1.09 8 ,0 0 0
6 3 - 2 8 3 8 0 X 1 6 9  ( H e x  - T u ) 8.1 1250 10 99 .2 +0.2  1 1.06 10 ,800

 ̂T e s t s  a t  1350*C  w e r e  b r o u g h t  up  t o  t e m p e r a t u r e  i n  75  p s i a  a r g o n .  A l l  o t h e r s  w e r e  b r o u g h t  up  i n  75 p s i a  o x y g e n .

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

' " T u "  r e f e r s  to  T u b a l l o y  ( U - 2 3 8 ) .

^ S u b j e c t e d  t o  h o t - b e n d  lo a d  (7 5 0 0  p s i )  f o r  10 m i n u t e s  a t  13 5 0 ® C — a l u m i n a  l o a d - t r a n s f e r  r o d  b r o k e .

' T u b e s  s u b m i t t e d  to  p e t r o g r a p h y .

MUL-13793



T a b l e  11-10.  S u m m a r y  of  F u e l - S t a b i l i t y  T e s t s  — L.RL U n c o a t e d  T u b e s  a t  75 p s i a  O2 '

T u b e  i d e n t i f i c a t i o n %
T e m p  
( ° C )

T i m e ^  
( h o u r s )

N o .  s a m p l e s  
t e s t e d

A v e r a g e  % t h e o r e t .  
d e n s i t y  b e f o r e  

t e s t i n g

A v e r a g e  m o d u l u s ^  
r u p t u r e  a f t e r  

t e s t  ^
(p s i  X 10" )

V35 (R ound  - T u ) ^ 2.5 1 150 4 4 98 .7  ± 0.1 26 .3  (2 1.1 - 30 .2)
40 X 1 8 4  (H ex - T u ) , 4.2 1150 10 2 98,5  ± 0.1 22 .3  (17 .7  - 26 .9 )
50X156 (H ex - Tu) 5 . 0 ( 5 . 2 ) 1 150 4 4^ 99.2  ±  0.1 2 1.0 (1 8 .0  - 23 .7 )
50X185 (H ex - Tu) 5.2 1150 10 3 98.7  ± O . l 2 0 .4  (19 .9  - 20 .6 )
60X 186  (Hex - Tu) 6.2 1150 10 3 98 .9  ± 0.1 17.8 (8 .8  - 25 .2 )
70X187 (Hex - Tu) 7.3 1150 10 3 99.1  ± 0.1 10.3 (6.1 - 16.2)
80X181 (Hex - T u )d 8 .4 1150 10 3 99 .0  ± 0 . 1 14.4 (8 .6  - 20 .4)

100X160 (Hex - Tu) 10.0 1150 4 4 99 .7  ± 0.1 4 .3  (3.6 - 4 .7 )

V35 (R ound  - T u ) ^ 2.5 1250 4 4 98 .7  ± 0.1 2 7 .0  (22 .8  - 30.9)
4 0 X 1 8 4  (Hex 4.2 1250 10 3 98.5  ± 0.1 2 1 .8  (20 .9  - 23 .6 )
50X 156  (Hex - T u ) ^ 5 . 0 ( 5 . 2 ) 1250 4 4® 99.2 ± 0.1 2 1.0 (14.7 - 21 .5 )
50X185 (Hex - Tu) 5.2 1250 10 3 9 8 .4  ± 0.2 21 .2  (18 .7  - 23 .2 )
60X 186  (Hex - Tu) 6.2 1250 10 3 98 .9  ± 0.1 25.1  (21 .6  - 29 .3 )
70X187 (Hex - Tu) 7.3 1250 10 3 99 .0  ± 0.1 7.3 (6 .4  - 8.6)
80X181 (Hex - Tu) 8.4 1250 10 3 99 .0  ± 0.1 33 .0  (29 .4  - 37 .0 )
80 X 1 6 9  (H ex - Tu) 8.1 1250 10 7 99.2  ± 0.1 8 .4  (7.1 - 10.8)

100X160 (Hex - Tu)*^ 10.0 1250 4 4 99.6  ± 0.2 5.5  (5 .0  - 6.0)

V35 (Round  - Tu) 2.. 5 1350 4 4 98 .8  ± 0.1 27.  9 (25.  8 - 30 .9)
50X156 (H ex - Tu) 5.0 (5 .2) 1350 4 4 99.1  ± 0.1 2 1 . 5  ( 1 7 . 5  - 23 .8 )

100X160 (Hex - Tu) 10.0 1350 4 3 99.6  ± 0.1 2 1 . 1  ( 1 1 .5  - 27 .  1)

V a l u e s  a r e  n o m i n a l .  O b t a i n e d  f r o m  v a u l t  r e c o r d s .  V a l u e s  in  p a r e n t h e s i s  a r e  w e t  c h e m i c a l .  

T i m e  a t  t e m p e r a t u r e .

R a n g e s  g i v e n  in  p a r e n t h e s i s .

F r o m  Q u a r t e r l y  R e p o r t  N o ,  7.

O n e  s a m p l e  w i t h s t o o d  7400 p s i  h o t - b e n d  lo a d  t h r o u g h o u t  t e s t .

I

C
0

u1

o
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3. F u e l  i n s t a b i l i t y  a t  1350°C d o e s  n o t  a p p e a r  s e r i o u s ,  a l ­

th o u g h  th e  10% UO^ tu b e s  d id  s h o w  r a t h e r  l a r g e  v a r i a t i o n s  in  m o d u l u s  of  r u p ­

t u r e  a t  t h i s  t e m p e r a t u r e .  B o t h  1150°C a n d  1250°C s e e m  to be  e q u a l l y  s e v e r e  

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

v i v e d  t h e  1 2 5 0 °C t e s t .  I t  i s  c o n c e i v a b l e  t h a t  th e  t e m p e r a t u r e  i s  m a r g i n a l l y  

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

d .  A l - C o a t e d  T u b e s

T a b l e  11-11 l i s t s  d a t a  f o r  A l - c o a t e d  L R L  t u b e s  t e s t e d  a t  75 

p s i a  o x y g e n .  T e s t  27 w a s  m a d e  to d e t e r m i n e  w h e t h e r  f a i l u r e  u n d e r  h o t - b e n d  

lo a d  w a s  due  to  o x i d a t i o n .  T h e  t e s t  f u r n a c e  w a s  f i r s t  p u r g e d  w i th  a r g o n  a t  

r o o m  t e m p e r a t u r e .  T h e  s a m p l e  w a s  t h e n  t a k e n  to  t e s t  t e m p e r a t u r e  u n d e r  75 

p s i a  a r g o n .  T h e  f u r n a c e  w a s  d e p r e s s u r i z e d  to  1 a t m o s p h e r e  a n d  r e p r e s s u r ­

i z e d  to  75 p s i a  o x y g e n ,  a t  w h i c h  p o i n t  t h e  s a m p l e  b r o k e  i m m e d i a t e l y .  C o a t i n g  

d e s i g n a t i o n s  (N o s .  4,  4A, 4B) a r e  e x p l a i n e d  e l s e w h e r e .  A l l  a r e  A l - p a i n t  d ip  

c o a t s  w i t h  v a r i o u s  a m o u n t s  of  k a b l i n i t e  a d d e d .

T h e  r e s u l t s  i n d i c a t e  t h a t ,  a l t h o u g h  A l - c o a t e d  t u b e s  ( e s p e ­

c i a l l y  N o s .  4 ,  4 A - 2 ,  a n d  4B)  w i t h s t o o d  th e  1 1 5 0 ° t e s t  in  m a n y  i n s t a n c e s  , a l l  

t e s t s  of  No.  4 c o a t i n g  f a i l e d  a t  1250°C .  N o t e  t h a t  in  m o s t  r e c e n t  t e s t s ,  the  

t e s t  t i m e  h a s  b e e n  i n c r e a s e d  f r o m  4 to  10 h o u r s .  Ye t  to  b e  p r o v e n  a r e  the  

4 A - 2  a n d  4B ty p e  c o a t i n g s  a t  1250°C  f o r  10 h o u r s .  H o w e v e r ,  t h e  g r e a t e r  

s t a b i l i t y  of Z r O ^  - f u e l s  h a s  c a u s e d  r e c o n s i d e r a t i o n  of  A1 c o a t i n g .

e .  T o r y I I - A - 1  T u b e s

R e s u l t s  f o r  T o r y I I - A - 1  t u b e s  a t  1150°C w e r e  r e p o r t e d  in  

Q u a r t e r l y  R e p o r t  No.  7. F u r t h e r  r e s u l t s  a r e  s h o w n  f o r  1 0 - h o u r  t e s t s  a t  1250°C 

a n d  75 p s i a  o x y g e n  i n  T a b l e  I I - 12. S t r e n g t h  b e h a v i o r  w a s  e r r a t i c  a n d  g e n e r a l l y  

p o o r e s t  a t  t h e  h i g h e r  c o n c e n t r a t i o n s .  M o d u lu s  of  r u p t u r e  s t r e n g t h s  f o r  4 .93%  

UO^ t u b e s  r a n g e  f r o m  1 0 , 0 0 0  p s i  to  19,000  p s i ;  f o r  t h e  6 ,25%  UO^ t u b e s ,  

s t r e n g t h s  r a n g e  f r o m  16,000  p s i  to 2 1,000 p s i ;  t h e  6 .87  a n d  7 .88%  UO^ s a m p l e s  

h a d  v e r y  low  s t r e n g t h s  r a n g i n g  f r o m  2 ,0 0 0  p s i  to  14 ,000 p s i .  U r a n i a  l o s s e s  

r a n g e d  a b o u t  1% (0 .06  to  1.7%).

T h e  p r e v i o u s  o b s e r v a t i o n  ( Q u a r t e r l y  P r o g r e s s  R e p o r t  No.  7) 

t h a t  t h e s e  t u b e s  w e r e  m o r e  s t a b l e  t h a n  L R L  s t a n d a r d  t u b e s  a t  1150°C f a i l s  to  

b e  t r u e  a t  1 2 5 0 °C ,  w h e r e  th e  T o r y  I I - A - 1  t u b e s  s h o w e d  p o o r  s t a b i l i t y .

C y c l i n g  t e s t s  w e r e  a l s o  r u n  to s i m u l a t e  p l a n n e d  T o r y  I I - A - 1  

c o n d i t i o n s .  T u b e s  c o n t a i n i n g  a  h ig h  c o n c e n t r a t i o n  of UO^ [ T o r y  I I - A - 1  c l a s s  13



T a b l e  11-11.  A l - C o a t e d  L R L  T u b e s  a t  75 p s i a

S a m p l e
N o . T u b e  d e s c r i p t i o n % u o 2

T e s t
t e m p
°C

T i m e  a t  
t e m p  

( h o u r s )

% T h e o r e t .
d e n s i t y  

b e f o r e  t e s t
% w t  

c h a n g e

F l e x ,  r e s o n .  
r a t i o  a f t e r  

t e s t i n g

M o d .  r u p t u r e  
a f t e r  t e s t  

( p s i )
H o t  b e n d  

( 7 4 0 0  p s i )

2 7 - 5 8 0 X 1 6 9  C o a t i n g  # 4 8 . 1 1 150 0 . 2 5 9 9 . 8 0 1 . 0 0 2 4 . 3 0 0 N o  t e s t
2 7 - 6 8 O X I 6 9  C o a t i n g  # 4 8 . 1 1 1 5 0 0 . 2 5 9 9 . 7 N o  t e s t N o  t e s t N o  t e s t N o t e ^

2 8 - 7 8 O X I 6 9  C o a t i n g  # 4 8 . 1 1250 10 9 9 . 8 + 0 , 1 8 1 . 1 2 4 , 4 0 0 N o  t e s t
2 8 - 8 SOX 169 C o a t i n g  # 4 8 . 1 1 2 5 0 10 9 9 . 8 N o  t e s t N o  t e s t N o  t e s t B r o k e  a t  6 0 0 ° C

4 5 - 1 8 8 0 X 1 8 1  # 4  A1 C o a t i n g 8 . 3 6 12 5 0 10 9 9 . 3 +0.04^^ 6 , 5 0 0 N o  t e s t
4 5 - 4 1 8 0 X 1 8 1  # 4  A1 C o a t i n g 8 . 3 6 1 25 0 10 9 9 . 4 + 0 . 17 >̂ 4 ,  7 0 0 N o  t e s t
4 6 - 6 8 0 X 1 8 1  # 4  A1 C o a t i n g 8 . 3 6 1 1 5 0 10 9 9 . 6 + 0 . 0 5 N o  t e s t 5 , 6 0 0 N o  t e s t
4 6 - 2 5 8 0 X 1 8 1  # 4  A1 C o a t i n g 8 . 3 6 1 1 5 0 10 9 9 . 4 + 0 . 0 1 1 . 0 0 2 4 , 3 0 0 N o  t e s t

5 0 - 9 8 0 X 1 8 1  # 4  A1 C o a t i n g 8 . 3 6 12 5 0 10 9 9 . 3 + 0 . 0 8 1 .01 8 ,  0 0 0 N o  t e s t
5 0 - 1 3 8 0 X 1 8 1  # 4  A1 C o a t i n g 8 . 3 6 1250 10 9 9 . 3 + 0 . 2 3 1 . 4 0 C r a c k e d N o  t e s t
5 0 - 3 7 8 0 X 1 8 1  # 4  A1 C o a t i n g 8 . 3 6 1250 10 9 9 . 5 + 0 . 3 2 1 . 3 4 4 , 1 0 0 N o  t e s t
5 0 - 3 8 8 0 X 1 8 1  # 4  A1 C o a t i n g 8 . 3 6 1250 10 9 9 . 3 + 0 . 2 0 1 . 1 8 6 , 4 0 0 N o  t e s t
5 0 - 4 3 8 0 X 1 8 1  # 4  A1 C o a t i n g 8 . 3 6 1 25 0 10 9 9 . 2 + 0 . 0 8 1. 02 6 , 4 0 0 N o  t e s t
5 0 - 5 0 8 0 X 1 8 1  # 4  A1 C o a t i n g 8 . 3 6 1 2 5 0 10 9 9 . 1 + 0 . 0 3 1 . 0 0 2 0 , 0 0 0 N o  t e s t

3 7 - 1 2 2 8 0 x 169 A1 C o a t i n g 8 . 1 115 0 4 9 9 . 4 + 0 . 0 5 1 . 01 2 5 , 7 0 0 N o  t e s t
3 7 - 1 2 4 8 0 X 1 6 9  A1 C o a t i n g 8 . 1 115 0 4 9 9 . 5 + 0 . 0 7 1 . 02 1 4 , 5 0 0 N o  t e s t
3 7 - 1 2 5 8 O X I 6 9  A1 C o a t i n g 8 . 1 11 5 0 4 9 9 . 4 + 0 . 0 1 1 . 0 0 2 1 , 9 0 0 N o  t e s t
3 7 - 1 1 6 8 O X I 6 9  A1 C o a t i n g 8 . 1 N o  t e s t N o  t e s t 9 9 . 4 N o  t e s t N o  t e s t 2 3 , 1 0 0 N o  t e s t

3 8 - 1 5 0 8 O X I 6 9  C o a t i n g  4 A - 1 8 . 1 1 1 5 0 4 9 9 . 4 + 0 . 0 7 1 . 07 8 , 7 0 0 N o  t e s t
3 8 - 1 5 5 8 O X I 6 9  C o a t i n g  4 A - 1 8 . 1 1 15 0 4 9 9 . 2 + 0 . 1 0 1 . 08 8 , 8 0 0 N o  t e s t
3 8 - 1 5 7 8 0 X 1 6 9  C o a t i n g  4 A - 1 8 . 1 1 15 0 4 9 9 . 6 + 0 . 0 1 1 . 0 4 1 5 , 3 0 0 N o  t e s t
3 8 - 1 6 5 8 O X I 6 9  C o a t i n g  4 A - 1 8 . 1 N o  t e s t N o  t e s t 9 9 . 2 N o  t e s t N o  t e s t 2 7 , 2 0 0 N o  t e s t

3 9 - 1 4 6 8 0 x 169 C o a t i n g  4 A - 2 8 . 1 1 15 0 4 9 9 . 5 + 0 . 0 1 1 . 0 0 2 2 , 2 0 0 N o  t e s t
3 9 - 1 4 9 8 O X I 6 9  C o a t i n g  4 A - 2 8 . 1 1 15 0 4 9 9 . 5 + 0 . 0 6 1 . 03 1 7 , 7 0 0 N o  t e s t
3 9 - 1 5 6 8 O X I 6 9  C o a t i n g  4 A - 2 8 . 1 1 15 0 4 9 9 . 6 + 0 . 0 1 1 . 0 0 1 7 , 6 0 0 N o  t e s t
3 9 - 1 6 4 8 0 X 1 6 9  C o a t i n g  4 A - 2 8 . 1 1 1 5 0 4 9 9 . 5 + 0 . 0 5 1 . 0 0 2 4 , 9 0 0 N o  t e s t
3 9 - 1 6 9 8 O X I 6 9  C o a t i n g  4 A - 2 8 . 1 N o  t e s t N o  t e s t 9 9 . 6 N o  t e s t N o  t e s t 1 7 , 1 0 0 N o  t e s t

4 0 - 1 0 6 8 O X I 6 9  C o a t i n g  4 B 8 . 1 1 1 5 0 4 9 9 . 6 + 0 . 0 1 1 . 0 0 2 4 , 7 0 0 N o  t e s t
4 0 - 1 1 4 8 O X I 6 9  C o a t i n g  4 B 8 . 1 1 15 0 4 9 9 . 6 + 0 . 0 1 1 . 0 0 2 4 , 6 0 0 N o  t e s t
4 0 - 1 1 8 8 O X I 6 9  C o a t i n g  4 B 8. 1 1 150 4 9 9 . 5 - 0 . 0 4 1 . 0 0 2 4 , 8 0 0 N o  t e s t
4 0 - 1 2 7 8 O X I 6 9  C o a t i n g  4 B 8 . 1 N o  t e s t N o  t e s t 9 9 . 5 N o  t e s t N o  t e s t 2 6 , 1 0 0 N o  t e s t

a
0

1
OunS a m p l e  t o  t e m p  i n  7 5 - p s i a  a r g o n ,  p u r g e d ,  s w i t c h e d  to  75 p s i a  0 - .  B r o k e  i m m e d i a t e l y .

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

MCJL-13830



T a b l e  11-12. O t h e r  T u b e s  ( l o r y  I I - A - 1 )  a t  75 p s i a  O,

C
0

1

t—'

S am pl
No.

e
T ube  d e s c r i p t i o n

N o m in a l  
% U O 2

T e m p
*C

T i m e
h o u r s

% T h e o r e t .  
d e n s i t y  
b e f o r e

% wt 
change

F l e x ,  r e s o n .  
r a t i o  a f t e r  

t e s t i n g

M o d .  ru p t .  
a f t e r  t e s t  

(psi)

% UO- lo s s  
by 

y count

35-1 T o r y  I I -A -  1, C l a s s  2 4.93 1250 10 97.8 +0.12 1.05 19.900 0.77
35-2 T o r y  I I -A -1 ,  C la s s  2 4.93 1250 10 97.8 +0.12 1.10 10.800 1.67
35-3 T o r y  I I -A -1 ,  C la s s  2 4.93 1250 10 97.4 +0.06 1.05 15.500 1.05
35-4 T o r y  I I -A -1 ,  C la s s  2 4.93 1250 10 97.3 +0.11 1.03 18.200 1.15
35-5 T o r y  I I -A -1 ,  C la s s  7 6.25 1250 10 97.5 -0 .04 1.04 20.900 1.64
35-6 T o r y  I I - A - I ,  C la s s  7 6.25 1250 10 97.1 +0.20 1.05 20.200 0.78
35-7 T o r y  I I -A -1 ,  C la s s  7 6.25 1250 10 97.4 +0.05 1.04 16.900 0.81
35-8 T o r y  I I -A -1 ,  C l a s s  7 6.25 1250 10 97.5 +0.04 1.04 19.000 0.82
35-9 T o r y  I I -A -1 ,  C l a s s  9 6.87 1250 10 98.0 +0.05 1.09 14,400 1.73
35-10 T o r y  I I -A -1 ,  C la s s  9 6.87 1250 10 97.9 +0.19 Not t a k e n 2,400 1.06
35-11 T o r y  I I -A -1 ,  C la s s  9 6.87 1250 10 97.8 +0.13 1.13 10,600 0.88
35-12 T o r y  I I -A -1 ,  C la s s  9 6.87 1250 10 97.5 +0.21 1.12 8,100 0.62
35-13 T o r y  I I -A -1 ,  C la s s  12 7.88 1250 10 97.4 +0.18 1.11 11,300 1.01
35-14 T o r y  I I -A -1 ,  C la s s  12 7.88 1250 10 97.6 +0.13 1.11 14,000 1.40
35-15 T o r y  I I -A -1 ,  C la s s  12 7.88 1250 10 97.5 + 0.31 1.10 10,500 0.46
35-16 T o r y  I I -A -1 ,  C la s s  12 7,88 1250 10 97.6 +0.25 1.11 6.100 0.76

42-1 C o re  s a m p l e ,  h o t - p r e s s e d  pla te No. 049360 (V -19,  Zone F) 4 .24 1150 4 98.9 -0.01 No t e s t 27 ,200^ (B row n ,  no
42-2 II 11 No. 049360 (V-19,  Zone D) 4 .24 1150 4 98.2 -0 .02 No t e s t 26,100 ( c ra z in g
42-3 II n No. 049391 (V-82,  Zone F) 6.01 1150 4 98.9 0 No t e s t 6,900 (B row n ,  bu t
4 2 -4 II 11 No. 049391 (V-82.  Zone D) 6.01 1150 4 98.5 +0.01 No t e s t 5,600 ( c r a z e d
42-5 II 11 No. 052500 (V-91,  Zone F) 3.96 1150 4 97.2 -0 .03 No t e s t 26 ,900 (
4 2 -6 If I! No. 052500 (V-91,  Zone D) 3.96 1150 4 99.9 -0.03 No t e s t 26,500 (B row n ,  no
42-7 II II No. 051855 (V-98,  Zone F) 5.40 1150 4 99.9 -0 .03 No t e s t 29 ,300 ( c ra z in g
4 2 -8 II II No. 051855 (V-98.  Zone D) 5.40 1150 4 98.5 -0.01 No t e s t 30 ,400 (
4 2 -9 R e c ta n g u la r  Hot P r e s s e d  P r i s m s  - A nnealed 5.0 1150 4 99.9 +0.11 No t e s t No t e s t (
42-10 R e c ta n g u la r  Hot P r e s s e d  P r i s m s  - A nnealed 5.0 1150 4 99.6 +0.10 No t e s t No t e s t (
42-11 R e c t a n g u la r  Hot P r e s s e d  P r i s m s  - A nnealed 5.0 1150 4 99.6 +0.12 No t e s t No t e s t /,AX1 s a m p le  s 

. b la c k  and42-1 2 R e c ta n g u la r  Hot P r e s s e d  P r i s m s  - A nnealed 5.0 1150 4 99 .6 +0.10 No t e s t No t e s t
42-13 R e c ta n g u la r  Hot P r e s s e d  P r i s m s  - A nnealed 5.0 1150 4 99.7 +0.08 No t e s t No t e s t . bad ly  c r a c k e d

42-1 4 R e c ta n g u la r  Hot P r e s s e d  P r i s m s  - A nnealed 5.0 1150 4 99 .6 +0.12 No t e s t No t e s t (

I

00
I

^ B r o k e n  on 3 / 4 - i n .  c e n t e r s .
MUL-13831



- 4 9 -  U C R L - 6 5 1 6

(8.27% UO^)] w e r e  c h o s e n ,  s i n c e  p r e v i o u s  t e s t i n g  i n d i c a t e d  t h a t  h ig h  fu e l  c o n ­

c e n t r a t i o n s  w e r e  m o s t  l i k e l y  to s h o w  o x id i z in g  i n s t a b i l i t y .

T e s t i n g  c o n d i t i o n  a n d  r e s u l t s  a r e  s h o w n  in T a b l e  11-13. A l l  

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

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

d u r i n g  t e s t i n g .

F u e l  l o s s e s  f o r  a l l  s a m p l e s  w e r e  s m a l l .  T h e  two s a m p l e s  

(35 -17  a n d  3 5 -2 0 )  c y c l e d  5 t i m e s  to  1 2 6 0 “C in  o x y g e n  s h o w e d  t h e 'h i g h e s t  l o s s e s  

(0 . 8% UO^ b y  g a m m a  c o u n t in g ) .

A p r e v i o u s  t e s t  m a d e  on  c l a s s  13 tu b e s  c o n s i s t e d  in h e a t i n g  

an d  c o o l in g  s l o w l y  ( i - l / 2  h o u r s )  u n d e r  p r e s s u r e  (5 a t m  O^) a n d  h o ld in g  a t  

1 1 5 0 °C  f o r  4 h o u r s .  A l l  f o u r  s h o w e d  h i g h  s t r e n g t h s  (24, 000; 30, 800; 33, 100; 

and  2 6 , 100 p s i ) .

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

t o r i l y .  T h e y  s h o u l d  w i t h s t a n d  s i m i l a r  T o r y  I I - A - 1  o p e r a t i o n s ,  s u b j e c t  to th e  

l i m i t a t i o n s  t h a t  the  t e s t s  w e r e  c a r r i e d  o u t  u n d e r  l a b o r a t o r y  c o n d i t i o n s  (i. e .  , 

f r e e  of  t h e r m a l  s t r e s s ,  r a d i a t i o n  f ie ld ,  a n d  f low c o n d i t i o n s ) ,  a n d  t h a t  th e  t u b e s  

r e p r e s e n t e d  o n ly  a s m a l l  s a m p l i n g  of a l l  t h e  t u b e s  in  th e  c o r e .

f. H o t - P r e s s e d  P l a t e s

T h e s e  s p e c i m e n s  ( T a b l e  11-12) w e r e  of two t y p e s .  The  f i r s t  

ty p e  w e r e  c o r e s  f r o m  h o t - p r e s s e d  p l a t e s  i n t e n d e d  f o r  T o r y  I I - A - 2 .  T h e s e  

v a r i e d  f r o m  3 .96  to  6 .01% UO^* T h e s e  s a m p l e s  w e r e  s a t i s f a c t o r y  a t  1150°C.

4 h o u r s ,  7 5 - p s i a  o x y g e n  up  to  5.4% UO^. H o w e v e r ,  th e  6.01% s a m p l e s  w e r e  

c r a z e d  a n d  h a d  p o o r  s t r e n g t h s  a f t e r  t e s t i n g .

R e c t a n g u l a r  h o t - p r e s s e d  p r i s m s  w e r e  a l s o  s u p p l i e d  ( r e p u t ­

e d l y  of  5% UO^).  T h e s e  w e r e  p u r p o r t e d  to  be h y d r o g e n - a n n e a l e d  a n d  e x p e c t e d  

to h a v e  g o o d  fu e l  r e t e n t i o n .  I n t e r e s t i n g l y ,  t h e s e  a l l  s h o w e d  w e i g h t  g a i n s  a n d  

h a d  s e v e r e  l o n g i t u d i n a l  c r a c k s  a f t e r  t e s t i n g .  C o n s e q u e n t l y ,  s t r e n g t h s  w e r e  

n o t  d e t e r m i n e d  a f t e r  t e s t .

g .  T u b e s  C o n ta in in g

T a b l e  11-14 s h o w s  a c o m p i l a t i o n  of  t e s t s  on t u b e s  c o n t a in in g  

Y2O 3 s t a b i l i z e d  u r a n i a .  T h e  d e n s i t i e s  of a l l  t h e  t u b e s  w e r e  c o n s i s t e n t l y  h ig h  

(99.9% f o r  t h e  6% UO^ t u b e s ) .  W e i g h t  g a i n s  v a r i e d  f r o m  0 .08  to 0.39%. T h e r e  

d id  n o t  s e e m  to  be  a n y  c o r r e l a t i o n  b e t w e e n  w e i g h t  g a i n  a n d  m o d u l u s  of r u p t u r e  

a f t e r  t e s t i n g .  M o d u lu s  of  r u p t u r e  s t r e n g t h s  r a n g e d  f r o m  20 ,000  to  4 2 ,000  p s i .



T a b l e  11-13. T o r y  I I - A - 1  F u e l  S t a b i l i t y  T e s t s .

S p e c i m e n
NoA

% T h e o r e t ,  
d e n s i t y

% wt 
c h a n g e

F l e x u r a l
b e f o r e

r e s o n a n c e
a f t e r

R a t io
R b / R a

(c y c le s )
( s e c )

M od. r u p t .  
(ps i)

% F u e l  l o s s  (± 0 .1 %  
by  g a m m a  count) T e s t i n g  c o n d i t io n s '^

No. of 
c y c l e s

3 5 -1 7 9 7 . 8 - 0 .0 4 8735 8356 1.05 31, 100 0.83 H e a t  in  1 a t m  O ,  to  1 2 6 0 °C  in  10 
m i n .  H o ld  a t  1 2 6 0 °C  a n d  7 0 - p s i g  
O 2  f o r  1 m i n .  C o o l  i n  1 - a t m  O 2 
to  a p p r o x .  200 °C i n  10 m in .

5

3 5 -1 8 9 7 . 9 -0 .01 8718 8448 1.03 29. 100 0 .02 H e a t  i n  5 0 - p s i g  a i r  to  1 2 6 0 °C in  
12 m i n .  H o ld  a t  1 2 6 0 °C  a n d  5 0 -  
p s i g  a i r  f o r  1 m i n .  C oo l  i n  5 0 -  
p s i g  a i r  to  a p p r o x .  2 0 0 °C  in  10 m in .

1

3 5 - 1 9 9 7 . 8 -0 .0 2 8734 8500 1.03 32 ,700 0.05 H e a t  in  1 - a t m  a i r  to  1 2 6 0 °C  i n  10 
m i n .  H o ld  a t  1 2 6 0 “C a n d  5 0 - p s i g  
a i r  f o r  1 m i n .  C oo l  i n  1 - a t m  a i r  to 
a p p r o x .  2 0 0 ° C  i n  10 m in .

1

3 5 -2 0 9 7 . 8 - 0 .0 4 8700 8395 1.04 2 8 ,9 0 0 0.81 D i t to  s a m p l e  3 5 - 1 7 5

3 6 -1 7 98.1 -0 .0 1 8737 8383 1.04 2 3 ,3 0 0 0 .1 6 H e a t  i n  1 - a t m  N2  to  1 1 5 0 “C in  20 
m i n .  F l u s h  a n d  h o ld  a t  1150°C  a n d  
6 0 - p s i g  O 2  f o r  60 m i n .  F l u s h  a n d  
c o o l  i n  1 - a t m  N 2  t o  a p p r o x .  200 ®C 
i n  10 m i n .

1

3 6 -1 8 9 7 . 8 -0 .0 1 8639 8495 1.02 2 4 ,000 0 .21 D i t to  s a m p l e  3 5 - 1 7 ,  e x c e p t  h o ld  a t  
l l O O 'C  i n s t e a d  o f  1260°C

5

3 6 - 1 9 9 7 . 1 -0 .01 8702 8510 1.02 2 8 ,800 0 .0 8 S a m p l e  a b o r t e d :  a t t e m p t e d  3 5 0 - p s i g  
a i r  a t  11 5 0 °C ,  d e v e l o p e d  l e a k  a t  
150 p s i g  a n d  t e r m i n a t e d  t e s t

1

3 6 -2 0 9 7 . 8 -0 .0 2 8688 8483 1.02 3 2 ,100 0 .25 H e a t  i n  1 - a t m  a i r  to  1100®C in  10 
m i n ;  p r e s s u r i z e  to  3 5 0 - p s i g  a i r  in  
2 m i n .  H o ld  i n  3 5 0 - p s i g  a i r  f o r  1 
m i n ;  d e p r e s s u r i z e  to  1 - a t m  a i r  in  
2 m i n .  C o o l  i n  1 - a t m  a i r  to  a p p r o x .  
200 “C i n  10 m i n .
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A ll  t u b e s  T o r y  I I - A - I ,  C l a s s  13, 8 .27% U O , .
b T e m p e r a t u r e s  a r e  n o m i n a l  ± 2 5 * 0 .
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T a b l e  11-14.  T u b e s  C o n ta in in g  S t a b i l i z e d  UO^ ( 7 5 - p s i a  O^)-

T e s t
No, T u b e  d e s c r i p t i o n

T e s t  
t e m p  °C % U O ^ "

% T h e o r e t ,  ^ 
d e n s i t y

% w t  
c h a n g e

R e s o n a n c e  
r a t i o  

R - i n i t i a l  
R - f i n a l

Hot-bend*^ 
r e s u l t s  

( 7 4 0 0  p s i )

M o d u lu s  
r u p t u r e  

a f t e r  t e s t  
p s i

F l e x u r a l  r e s o n a n c e  
b e f o r e  t e s t i n g  
( c y c l e s / s e c )

20-1 6 B F 1 1 6 - 4 5 1150 6,0 - - - 9 9 ,9 + 0 ,1 0 1.00 U n b r o k e n  (4 h r ) 20,000 722 4
6-11 6 B F 1 1 6 - 5 7 1150 6 .0  (6 ,14 ) 9 9 ,9 + 0 ,1 0 1.00 No t e s t 3 6 ,6 0 0 7157
6-12 6 B F 1 1 6 - 5 6 1150 6 ,0  (6 ,13 ) 9 9 ,9 + 0 .0 9 0 .9 9 No t e s t 3 5 ,4 0 0 7195
6 - 1 3 6 B F 1 1 6 -5 3 1150 6,0 (6 ,12) 9 9 ,9 + 0 .1 0 1.00 No t e s t 3 4 ,2 0 0 7 1 8 4
6 - 1 4 6 B F 1 1 6 - 7 4 1150 6,0 (6 ,12) 9 9 ,9 + 0 ,0 9 1,00 No t e s t 3 5 ,7 0 0 7 178

20-2 6 B F 1 1 6 - 3 2 1150 6,0 - - - 9 9 ,9 + 0 ,1 0 1,00 No t e s t 17 ,400 7 2 4 8
9 - 1 1 6 B F 1 16 -4 0 1250 6,0 (6 ,08) 9 9 ,9 + 0 ,15 0 ,9 9 No t e s t 19 ,500 7 174
9 - 1 2 6 B F 1 1 6 - 5 9 1250 6 ,0  (6 ,15 ) 9 9 ,9 + 0 ,3 9 0 ,9 9 No t e s t 2 1 ,4 0 0 715 2
9 - 1 3 6 B F 1 1 6 - 6 8 1250 6,0 (6 ,11 ) 9 9 ,9 + 0 ,2 0 0 ,9 9 No t e s t 2 0 ,5 0 0 7173
9 - 1 4 6 B F 1 1 6 -6 9 1250 6 ,0  (6 ,14 ) 9 9 ,9 - 0 ,2 0 1,00 No t e s t 21,600 7 252

3 2 - 1 1 0 B F 1 1 6 - A 2 2 E 3 0 1150 10,0 9 9 ,2 + 0 ,0 8 1,00 U n b r o k e n  (10 h r ) 2 0 ,4 0 0 5505
3 2 - 2 1 0 B F 1 1 6 - A 2 2 E 1 3 1150 10,0 99 ,1 + 0 ,0 8 1,00 No t e s t 2 1 ,5 0 0 5459

2 9 - 4 1 0 B F 1 1 6 - A 2 2 E 3 8 1250 10,0 99 ,1 N o t e s t No t e s t U n b r o k e n  (10  h r ) No t e s t 5549
2 9 - 1 1 1 0 B F 1 1 6 - A 2 2 E 8 1250 10,0 99 ,1 No t e s t 1,00 No t e s t 2 0 ,4 0 0 5510

S a m p l e  2 9 - 4  w a s  b r o k e n  a f t e r  t e s t  c o m p l e t i o n  w h e n  f u r n a c e  b l e w .  

MUL-13833

I

V a l u e s  i n  p a r e n t h e s i s  a r e  c h e m i c a l  a n a l y s i s ,  o t h e r  v a l u e s  a r e  n o m i n a l  v a l u e s .
b  3 3V a l u e s  b a s e d  on  c h e m i c a l  a n a l y s i s  w h e n  a v a i l a b l e .  T h e o r e t i c a l  d e n s i t y  o f  6% a n d  10% a r e  3 ,2 4 5  g / c m  a n d  3 ,4 2 4  g / c m  , r e s p e c t i v e l y .
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In e v e r y  c a s e ,  th e  r e s o n a n c e  r a t i o  w a s  1.00, w h i c h  i n d i c a t e d  l i t t l e  c h a n g e  in 

s t r u c t u r a l  i n t e g r i t y  d u r i n g  th e  t e s t .

Tw o  s p e c i m e n s  (10% U O 2)  w i t h s t o o d  th e  h o t - b e n d  t e s t  (7400 

p s i ,  3 - p o i n t  bend )  f o r  10 h o u r s  a t  1 1 5 0 ‘*C a n d  1 2 5 0 ‘*C.

3. F u e l - L o s s  T e s t i n g

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

a n d  o x y g e n )  a n d  t e m p e r a t u r e  ( 1 5 2 5 “C a n d  1 6 5 0 “C) a t  s e v e r a l  f u e l  l o a d i n g s

(6 .5 8 %  to  8 .22%  U O^) ,  a n d  a t  a  c o n s t a n t  t i m e  of  7 h o u r s  ( T a b l e  11-15).  A  f low  

r a t e  of  0 .0 0 8 6  c f m  (0 .2 4  l i t e r / m i n u t e )  of  d r y  g a s  w a s  u s e d ,  g iv i n g  one  f u r n a c e -  

a t m o s p h e r e  c h a n g e  o n c e  e v e r y  f ive  m i n u t e s .  T h e  f u r n a c e  w a s  p u r g e d  w i th  

d r y  a i r  b e f o r e  t h e  s a m p l e s  w e r e  i n t r o d u c e d  in to  th e  f u r n a c e  a n d  f o r  10 m i n ­

u t e s  b e f o r e  t h e  s a m p l e s  w e r e  r e m o v e d .  A f t e r  th e  s a m p l e s  r e a c h e d  t e s t  t e m ­

p e r a t u r e  ( s e v e n  m i n u t e s  a f t e r  e n t r y ) ,  t h e  t e s t  a t m o s p h e r e  w a s  t u r n e d  on .

T h e  r e s u l t s  a r e  n o t  y e t  c o m p l e t e ,  b u t  s o  f a r  i n d i c a t e :

1. F u e l  l o s s ,  b y  g a m m a  c o u n t ,  a g r e e s  w e l l  w i t h  t h a t  d e ­

t e r m i n e d  b y  w e i g h t  l o s s .

2.  L o s s e s  a t  1645-1650*’C w e r e  a l l  68 -7 7 %  in  o x y g e n .

3. L o s s e s  a t  1 5 2 5 ‘’C w e r e  6 -7%  f o r  th e  6.58% UO^ lo a d e d  

m a t e r i a l  a n d  2 . 5 - 4 %  f o r  t h e  8% UO^ l o a d i n g .

4.  At 1 6 5 0 °C  th e  l o s s  w a s  r o u g h l y  p r o p o r t i o n a l  to  t h e  o x y ­

g e n  p a r t i a l  p r e s s u r e ,  i .  e .  , a b o u t  f iv e  t i m e s  h i g h e r  f o r  o x y g e n  th a n  f o r  a i r .

T h i s  i s  n o t  n e c e s s a r i l y  t r u e  a t  t i m e s  o t h e r  t h a n  7 h o u r s ,  n o r  a t  l o w e r  t e m p e r ­

a t u r e s .

5.  At 1525 °C th e  fu e l  l o s s  f o r  B e O  - UO^ c o n t a i n i n g  Z r 0 2 »  

a  2% l o s s  b y  w e i g h t  d e t e r m i n a t i o n ,  w a s  a b o u t  t h e  s a m e  o r  s o m e w h a t  l o w e r  

t h a n  f o r  B e O  - UC>2 - 4 %  l o s s )  a t  th e  s a m e  c o m p o s i t i o n  ( 7 .5 - 8 . 2 %  UO^)*

6. At 1650 °C t h e  f u e l  l o s s  in  o x y g e n  of B e O  - UO2 c o n t a i n ­

ing  Z r 0 2  w a s  l e s s  t h a n  h a l f  t h a t  f o r  B e O  - UO^ a l o n e .

7.  S t r e n g t h  w a s  n o t  m a r k e d l y  r e d u c e d  e v e n  a f t e r  70% fu e l  

l o s s .  T h e  tw o  l o w - s t r e n g t h  v a l u e s ,  12 ,600  a n d  8 ,900  p s i ,  a c c o m p a n i e d  low 

f u e l  l o s s e s  a n d  m a y  h a v e  b e e n  c a u s e d  b y  c r a c k i n g  w h i l e  the  s a m p l e s  w e r e  

c h a n g i n g  t e m p e r a t u r e  in  t h e  i n s t a b i l i t y  r e g i o n  ( 1 0 5 0 -  1 2 5 0 °C).  T h i s  w a s  n o t  

o b s e r v e d  in  t h e  c a s e  of  t h e  l o w e r  f u e l  l o a d i n g s  (6 .58% UO^).  w h i c h  is  c o n s i s t ­

en t  w i t h  t h e i r  g r e a t e r  s t a b i l i t y .



T a b l e  I I - I 5 .  F u e l  L o s s  vs  T e m p e r a t u r e  a n d  A t m o s p h e r e  (7 h o u r s  D u r a t i o n ) .

F u e l  l o s s

S a m p le  No.
%

UO
2

A tm  f low  
c f m

T e s t  t e m p
“■c

W eight  
l o s s  {%)

B a s e d  on C hange  in  
wt % g a m m a  count  %

M odulus  of rupture  
p s i

2 0 9 - 6 5 8 - 1 1 4 - 3 1 - 120 9 -7 6 .5 8 0 .0 0 8 6 O 7 1520 0 .4 2 0 6 .3 8 6 .3 6 2 4 ,1 0 0
1 2 0 9 -2 0 6 .5 8 0 .0 0 8 6 ° 2 1525 0 . 4 9 9 7 .5 8 7 .72 2 4 ,1 0 0
1 2 0 9 -2 9 6 .5 8 0 .0 0 8 6 ° 2 1645 5 .02 76 .3 7 1 .3 2 0 ,2 0 0
1 2 0 9 - 4 4 6 .5 8 c U n tes ted  - m o d u lu s  of ruptu re  o n ly 2 4 ,4 0 0
1 2 0 9 - 5 5 6 .5 8 0 .0 0 8 6 A ir 1645 0 . 947 14.4 14.16 Not d e t e r m in e d
1 2 0 9 -6 3 6 .5 8 0 .0 0 8 6 ° 2 1645 6 7 .6 N ot  d e t e r m i n e d

2 0 9 - 6 5 8 - 1 1 7 - 3 1 - 1 2 0 9 - 9 5 6 .5 8 0 .0 0 8 6 1520 0 .3 9 8 6 .05 5 .65 2 4 ,4 0 0
1 2 0 9 -1 0 2 6 .5 8 0 .0 0 8 6 ° 2 1525 0 .4 3 0 6.53 6 .09 26 ,9 0 0
1 2 0 9 - 1 1 1 6 .5 8 0 .0 0 8 6 1645 5 .05 7 6 .8 71 .2 22 ,6 0 0
1 2 0 9 - 1 2 2 6 .5 8 d. U n te s te d  - m o d u lu s  of ru p tu re  o n ly 2 9 .6 0 0
1 2 0 9 -1 3 6 6 .5 8 0 .0 0 8 6 Air 1645 1.18 17.9 17.9 Not d e t e r m in e d
1 2 0 9 -1 4 1 6 .5 8 0 .0 0 8 6 ° 2 1645 67 .5 Not d e t e r m in e d

2 1 1 - 8 1 5 - 1 2 1 - 3 1 - 1 2 1 1 - 9 8 .15 0 .0 0 8 6 1521 0 .211 2 . 5 9 3.37 2 9 , 0 0 0
1 2 1 1 -2 0 8 .15 0 .0 0 8 6 ° 2 1540 0 .2 6 4 3 .2 4 3 .65 12 ,600
1 2 1 1 -2 7 8 .15 0 .0 2 5 8 1520 0 .3 0 0 3 .6 8 4 .2 0 2 8 ,3 0 0
1 2 1 1 -3 0 8 .15 0 .0 0 8 6 ° 2 1645 6 .40 7 8 .5 7 5 .0 Not d e t e r m in e d

2 1 2 - 8 2 2 - 1 2 3 - 3 1 - 1 2 1 2 - 1 0 8 .22 0 .0 0 8 6 1540 0 .2 3 9 2.91 3.31 8 , 9 0 0 *
1 2 1 2 -2 3 8 .22 0 .0 0 8 6 ° 2 1521 0 .1 6 9 2.01 2 .6 4 4 1 ,9 0 0
1 2 1 2 -3 1 8 .2 2 0 .0 2 5 8 ° 2 1520 0 .2 1 2 2 .33 3 .00 3 3 ,0 0 0
1 2 1 2 - 4 4 8 .2 2 0 .0 0 8 6 ° 2 1645 6 .45 7 8 .5 7 4 .4 Not d e t e r m in e d

V 36 -  17 7 .5 0 .0 0 8 6 1650 6 .20 82.7 238
7 Q Unable  to  count

V 36 - 20 7 .5 0 .0 0 8 6 ° 2 1650 6 .2 8 83.7 u 7 Q Unable  to  count
V 36 - 19 7 .5 0 .0 0 8 6 A ir 1650 1.02 13.60 u 7 “I Q Unable  to count
V 36 -  22 7 .5 0 .0 0 8 6 A ir 1650 1.20 16.00 u 238 Unable  to count

8 0 X 1 8 2 - 1 7 .8 5 0 .0 0 8 6 1520 0 .1 6 0 2 .0 4 238
7 ft U nable  to count C on ta in s  a p p ro x .  4 .9

8 0 X 1 8 2 - 2 7 .8 5 0 .0 0 8 6 ° 2 1520 0 .1 6 1 2 .05 238
7 Q U nable  to count C on ta in s  a p p ro x .  4 .9

8 0 X 1 8 2 - 3 7 .8 5 0 .0 0 8 6 ° 2 1641 2 .37 30.2 u 7 Q U nable  to count C on ta in s  a p p ro x .  4 .9
8 0 X 1 8 2 - 4 7 .8 5 0 .0 0 8 6 ° 2 1641 2 .50 3 1 .8 u238 U nable  to count C on ta in s  a p p ro x .  4 .9
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s p e c i m e n  a p p e a r e d  la m in a t e d  a f t e r  t e s t in g .
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4.  D e t e r m i n a t i o n  of  U O 2 C o n c e n t r a t i o n  b y  G a m m a  C o u n t in g

D a t a  h a v e  b e e n  c o m p i l e d  w h i c h  r e l a t e  UO^ c o n t e n t  (U -2 3 5 ) ,  

a s  d e t e r m i n e d  b y  w e t  c h e m i s t r y ,  w i t h  g a m m a  c o u n t in g .  A s s u m i n g  t h a t  t h e  

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

t h e  t u b e ,  a n d  i n v e r s e l y  p r o p o r t i o n a l  to  t h e  d e n s i t y ,  t h e n  t h e  fo l l o w in g  e q u a t i o n  

c a n  b e  w r i t t e n :

= K (c o n c .  ) W / p  ,

w h e r e  W i s  t h e  w e i g h t ,  p i s  t h e  d e n s i t y ,  a n d  K is  a  c o n s t a n t  w h o s e  v a l u e  i s  

a  f u n c t i o n  o f  s a m p l e  a n d  c o u n t e r  g e o m e t r y .  If B e O  e x h i b i t s  no  s h i e l d i n g  e f ­

f e c t ,  t h e n  a  p l o t  of  ( c o n c .  ) v s  X p / W  s h o u l d  y i e l d  a  s t r a i g h t  l i n e  w h i c h  

g o e s  t h r o u g h  th e  o r i g i n .  T h i s  i s  s h o w n  to  o c c u r  in  F i g .  I I - 4 .  A l s o ,  s o m e  v a c ­

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

a v a i l a b l e  a r e  a l s o  s h o w n .  T h e s e  p o i n t s  f a l l  s l i g h t l y  b e l o w  th e  c u r v e ,  b u t  it 

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

s p e c i m e n s  a n d  h a d  to  b e  c o r r e c t e d  to  t h e  s a m e  s h e l v e s  a s  t h e  s t a n d a r d  s a m p l e s .  

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

c a l i b r a t i n g  d i f f e r e n t  s h e l v e s  a n d  d i f f e r e n t  s p e c i m e n  l e n g t h s .  D a t a  a r e  l i s t e d  

i n  T a b l e s  11-16 a n d  11-17.

5. C o r r o s i o n  B lo w p ip e

A  s u m m a r y  o f  s i x  s a m p l e s  r u n  in  t h e  b lo w p i p e  i s  g iv e n  in 

T a b l e  11-18.  A l l  of  th e  s a m p l e s  b u t  o n e  w e r e  c o a t e d  w i t h  f r o m  o n e  to t h r e e  

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

S a m p l e  1 0 9 - L - 3  w a s  r e c o a t e d  w i t h  o n e  c o a t  of  a l u m i n u m  p a i n t  No.  4,  a n d  

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

T h e r m a l  s t r e s s e s  w e r e  i n d u c e d  in s a m p l e s  1 0 9 - L - 2  a n d  3.

T h e  SiC h e a t e r  t e m p e r a t u r e  w a s  1 5 5 0 ° C  a t  th e  s t a r t  of  th e  t e s t  o f  s a m p l e  2. 

D u r i n g  th e  r u n  t h e  SiC o x i d i z e d ,  g i v i n g  low  o p t i c a l  r e a d i n g s .  T h e  f i n a l  h e a t e r  

t e m p e r a t u r e  w a s  a t  l e a s t  1750° C, g iv in g  a  c o r r e s p o n d i n g  m a x i m u m  t e n s i l e  

s t r e s s  o f  a b o u t  8300  p s i  in  t h e  s a m p l e .  F o r  s a m p l e  3 t h e  SiC t e m p e r a t u r e  

w a s  l i m i t e d  to  1 5 0 0 ° C ,  w h i c h  g a v e  a  m a x i m u m  t e n s i l e  s t r e s s  of  a b o u t  3800  p s i .  

T h e s e  t e n s i l e  s t r e s s e s  (cr.) w e r e  l o c a t e d  a l o n g  th e  b a s e  s u r f a c e  of  t h e  tu b e ,  
t a n g e n t i a l  to  th e  b o r e  d i a m e t e r ;  a l o n g  t h i s  s a m e  s u r f a c e  a x i a l  s t r e s s e s  (a  ) 

h a v e  th e  s a m e  v a l u e .  T h e  p r e d o m i n a n t  e f f e c t  in  th e  s a m p l e s  r e p o r t e d  a p p e a r s  

to  be  d a m a g e  — o x i d a t i o n  ( b l a c k  c o l o r ) ,  c r a z i n g ,  a n d  l o s s  of  s t r e n g t h  ( m o d u l u s  

o f  r u p t u r e )  — due  to t h e r m a l  s t r e s s e s .  W e i g h t  a n d  g a m m a - c o u n t  c h a n g e s  do 

n o t  f o r m  a  p a t t e r n .  T h e  a l u m i n u m - p a i n t  c o a t i n g s  do n o t  a p p e a r  to b e  e f f e c ­

t i v e  in  t h e  p r e s e n c e  of t h e r m a l  s t r e s s e s .
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T a b l e  11-16.  D e t e r m i n a t i o n  of UO^ C o n c e n t r a t i o n  by  G a m m a  C o u n t in g  of U235

S a m p le
No. w / o P . g / c c

% T h e o r e t .  
d e n s i t y

C o u n t e r
S p e c i m e n s  c u t  to  4 - i n c h  l e n g t h s

!lf 6
S p e c i m e n s  c u t  to  l - l / 4 - i n c h  l e n g t h s

No. I , s h e l f  8 C o u n t e r No. 2, sh€ C o u n t e r No. 1, s h e l f  5
y C o u n t  

c p m
y c t  p (cp m )  

W j ( cc  T
y C o u n t  

c p m
y c t  p

Wi
(c p m )  
( c c  )

y C o u n t  
c p m

y c t  p
Wi

(c p m )  
( cc  )

1 0 4 3 B -4 7
1 4 .6 0 3 .048 97 .9 5 5 ,8 2 0 2 0 ,2 8 0 7 9 ,1 6 0 2 8 ,7 6 0 6 3 ,9 4 8 7 3 ,8 6 0
2 4 .6 1 3 .0 5 6 98 .2 55 ,893 2 0 ,2 9 0 7 9 ,2 1 4 2 8 ,7 6 0 6 4 ,1 5 8 7 4 ,0 8 0

67 4 .6 0 3 .063 98 .4 5 6 ,0 4 5 2 0 ,5 4 0 7 9 ,3 4 8 2 9 ,0 8 0 6 4 ,2 7 8 74, 150
3 4 .5 9 3 .022 97.1 5 5 ,837 2 0 , 1 2 0 7 9 ,0 2 0 2 8 ,4 7 0 6 3 ,7 9 8 73, 110

1 0 4 0 E -4 0
10 5 .2 8 3 .0 8 4 9 8 .6 6 4 ,5 0 0 2 3 ,123 91, 180 32 ,6 9 0 7 4 ,0 5 2 8 4 ,8 9 0
17 5 .30 3 .081 98 .5 63 ,702 2 3 ,0 9 0 9 1 .107 3 2 ,6 7 0 7 2 ,4 6 3 8 4 ,8 5 0

8 5 .2 8 3 .081 98 .5 63, 160 2 3 ,1 4 0 8 9 ,3 2 6 3 2 ,7 2 3 7 1 ,9 0 9 8 4 ,6 8 0
4 5 .2 9 3 .0 8 6 98 .6 6 4 ,092 2 3 ,1 3 0 9 0 ,7 9 5 3 2 ,7 6 4 7 2 ,7 9 4 8 4 ,6 5 0

1 0 4 9 J - 1 1
55 6 .2 4 3 .0 9 9 98.3 7 5 ,2 6 4 2 7 ,3 0 0 106 ,454 3 8 ,6 1 0 8 6 ,317 99,7  10
71 6 .2 4 3 .1 0 6 9 8 .6 7 6 ,0 3 5 2 7 ,4 3 0 107 ,500 3 8 ,7 8 0 8 6 ,77  1 9 9 ,9 5 0

1 6.23 3 .102 98 .4 7 6 ,3 4 0 2 7 ,4 0 0 108 ,122 3 8 ,8 0 0 8 7 ,4 4 4 9 9 ,9 5 0
26 6.25 3 .105 9 8 .52 7 6 ,0 3 4 2 7 ,4 5 0 107 ,925 3 8 ,9 7 0 8 6 ,5 4 8 9 9 ,9 0 0

13Q
1 8 .32 3 .180 99.3 106,427 3 6 ,8 1 0 150 ,404 5 2 ,0 2 0 121 ,700 134 ,250
2 8.43 3 .181 99.3 105 ,656 3 7 ,0 0 0 149 ,810 5 2 ,4 6 0 1 2 1 , 2 0 0 135, 190
3 8 .40 3 .1 8 4 9 9 .4 105 ,255 3 7 ,0 8 0 149,153 5 2 ,5 4 0 120 ,578 135 ,380
4 8 .42 3 .182 99.3 1 05 ,974 3 7 ,1 0 0 149 ,796 5 2 ,4 5 0 1 2 1 , 1 0 0 135 ,140

I

I

D e t e r m i n e d  b y  w e t  c h e m i c a l  a n a l y s i s .

MUI.-I3 8 3 5

A c c u r a c y  = ± 0 ,5 % .
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T a b l e  11-17.  D e t e r m i n a t i o n  of UO^ C o n c e n t r a t i o n  by  G a m m a -  

C o u n t i n g  V a c u u m - A n n e a l e d  S a m p l e s .

S a m p l e
No.

w /  o' 
U O 3

A n n e a l i n g  c o n d i t i o n s

T i m e  T e m p  
h r  °C

% UO 
l o s s

P
g / c c

C o u n t e r  No.  2 
s h e l f  6 

y c t  p c p m  
W cc

1 1 0 9 -1 3 6 6.96 0.5 1800°C 0.301 3 .139 43 ,970
11 0 9 -1 2 6 7 .0 4 0.5 1 8 0 0 “ C 0.02 3.137 4 4 ,4 0 0
11 0 9 -2 3 5 6.93 2 1 9 0 0 “ C 5.92 3 .146 44 ,470
1 1 0 9 -1 5 9 6.93 2 1 9 0 0 “C 6.98 3 .146 43 ,590
1 1 0 9 -2 5 6 6.78 4 lOOO^C 15.95 3.142 4 3 ,000
1 1 0 9 -1 4 8 6.57 4 1900°C 16.25 3.145 42 ,500

By w e t  c h e m i c a l  a n a l y s i s .  A c c u r a c y  = ± 1%.

S a m p l e  X - 15 1-7 h a d  a n  a i r  f low of 62 .4  s c f m ,  e q u a l  to  r e ­

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

th e  s a m p l e ,  a n d  a  p r e s s u r e  d r o p  a t  t h a t  p o i n t  of f r o m  285 to  32 p s i a .  T h i s  

r e s u l t e d  in  l o s s  of  f low  c o n t r o l ,  a n d  th e  s h o c k  w a v e  b r o k e  the  a i r - s t r e a m  t h e r ­

m o c o u p l e .  W h e n  th e  f low  w a s  r e d u c e d  to  a b o u t  85% of r e a c t o r  f low (52 s c f m ,  

a l l  o t h e r  s a m p l e s )  a l l  v e l o c i t i e s  w e r e  s u b s o n i c ,  f low  c o n t r o l  w a s  good ,  and  

d o w n s t r e a m  p r e s s u r e s  w e r e  u s u a l l y  a b o u t  235 p s i a .

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

T h e  u n i t  w i l l  d e v e l o p  t h e r m a l  s t r e s s e s  (cr ) up  to  15 ,000 p s i  t e n s i o n  in  s t a n d a r d
C7

f u e l e d  t u b e s  a t  a l l  r e a c t o r  o p e r a t i n g  t e m p e r a t u r e s ,  w i th  a  m o d e r a t e  v e l o c i t y  

a i r  f low  a t  a l l  p r e s s u r e s  u p  to  400  p s i a .  B o r e  t e m p e r a t u r e s  a r e  d e t e r m i n e d  

by  o p t i c a l l y  s i g h t i n g  do w n  th e  l e n g t h  of t h e  t u b e .  C a l i b r a t i o n  r u n s  sh o w  m a x ­

i m u m  e r r o r s  of a b o u t  ± 2 5 ° C  a t  50 p s i a  i n c r e a s i n g  to  ± 1 0 0 ° C  a t  300 p s i a .

T h e s e  m a x i m u m  e r r o r s  w i l l  v a r y  s t r e s s e s  by  o n ly  ± 1000 p s i ,  b u t  th e  p r o b l e m  

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

C.  P r o t e c t i v e  C o a t i n g s

1. A1 C o a t i n g s

S e v e r a l  a d d i t i o n s  to  A1 p a i n t - d i p  c o a t s  w e r e  t r i e d ,  in  a d d i t i o n  to

th e  A1 p a i n t  c o a t  i t s e l f :

No.  4 9.2 w / o  k a o l i n i t e ,  b a l a n c e  A1 p a i n t
No.  4 A - 1  6 .6  w / o  k a o l i n i t e ,  b a l a n c e  A1 p a i n t
No.  4 A - 2  1.7 w / o  k a o l i n i t e ,  b a l a n c e  A1 p a i n t
No.  4 B  3.3 w / o  k a o l i n i t e ,  b a l a n c e  A1 p a i n t



T a b l e  11-18. C o r r o s i o n  B lo w p ip e  R e s u l t s .

S a m p le
%

U ° 2

D e n s i t y  

g / c c  % T h e o r et .

Coating  „----------- — P r e s s u r e
p s ia

T e s t  c o n d i t io n s

T e m p  A ir  f low  
°C s c f m

Dew point  
°F

T im e ,
h o u rs

Lot X -1 5 1
29 5.3 3 .0 9  9 8 .9 None 285 1160 52 -4 8 2

3 5.3 3 .0 9 9 8 .9 1 c o a t  A1 paint... 285 1160 52 -6 0 2
7 5.3 3 . 0 9  9 8 .8 1 c o a t  A1 paint 285 1100 62 -61 0 .5

Lot 1 0 9 - L
1 6 .86 3 .1 4  99 .3 1 c o a t  A1 pa in t  ,,, 285 1170 52 -8 0 4
2 6 .86 3 .1 4  99 .3 2 c o a t s  A1 paint 285 (1200 in s id e  52 -7 6 ' 2

(1218  o u ts id e
3 6 .8 6 3 .1 4  99 .3 1 c o a t  A1 pa in t  # 4 285 (1160 in s id e  52 -8 0 1.5

(1169  o u ts id e

T h e s e  c o a t in g s  w e r e  not c o n s i d e r e d  go o d  c o a t in g s  — s e e  te x t .

R e s u l t s
AUO^ D e n s i t y  T h e r m a l  s t r e s s , M odulus of rupture .

Sa m p le % by wt % by Y c ount g / c c  (^o) m a x  t e n s io n ,  p s iU
p s i  ( p o s t - t e s t ) C r a z e d A p p e a r a n c e

Lot X -1 5 1
29 - 0 .5 t 3 .0 9  0 18 ,000 No Sol id  bro w n ,  d a r k  s u r f a c e ,  no

a p p a r e n t  d a m a g e
3 -0 .1 t 3 .0 9  0 No So l id  brow n , no a p p a re n t  d a m a g e
7 -0 .1 t 3 .0 9  0 17 ,500 No So l id  brow n, no a p p a re n t  d a m a g e

Lot 1 0 9 -L
1 - 0 .8 -1 .2 3 .1 4  0 2 3 ,3 0 0 No Sol id  brow n , no a p p a r e n t  d a m a g e
2 -0 .3 -1 .4 3 .0 4  8 ,3 0 0 2 .9 0 0 Y e s B la c k  through out ,  b a d ly  c r a z e d .

few  i s o l a t e d  bro w n  a r e a s
3 -0 .3 0 3 .1 4  3 ,8 0 0 4 ,4 0 0 Y e s B la c k  thro ug h o ut  w ith  a few i s o ­

la te d  b r o w n  a r e a s ,  s o m e  c r a z in g

C
0  
JO
r1

o

I

00
I

 ̂ U - 2 3 8  — no c o u n ts  taken .

M UL-13836
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T u b e s  c o n t a i n i n g  8% w e r e  d i p - c o a t e d  a n d  t e s t e d  f o r  i n s t a ­

b i l i t y  ( T a b l e  11-11).  T h e  t e s t  r e s u l t s  w e r e  e r r a t i c  f o r  t h e  No,  4 c o a t s  a t  75 

p s i a  a n d  1150°C,  b u t  a l l  " f a i l e d "  a t  IZbO^C (10 h o u r s ) ,  i . e . ,  p o s t - t e s t  s t r e n g t h s  

of  a b o u t  5000 p s i  ( s e e  p r e s s u r e  t e s t i n g ) .  F u r t h e r m o r e ,  No.  4 A1 c o a t s  s h o w e d  

e r r a t i c  b e h a v i o r  in  o t h e r  t e s t s  c a r r i e d  o u t  a s  f o l l o w s :  t u b e s  w e r e  h e a t e d  up  to  

l l b O ' C  in  15 m i n u t e s  in  7 5 - p s i a  o x y g e n ,  t h e n  k e p t  a t  1150*C f o r  1.5 h o u r s  a n d  

5 h o u r s ,  r e s p e c t i v e l y  (2 s a m p l e s ) .  W e i g h t  c h a n g e s  w e r e  n e g l i g i b l e  a n d  th e  

t u b e s  w e r e  i n t e g r a l  a f t e r  t e s t i n g .  H o w e v e r ,  two o t h e r  s a m p l e s  c r a c k e d  a f t e r  

8 a n d  22 h o u r s ,  r e s p e c t i v e l y ,  a t  ISbO^C, a f t e r  b e i n g  h e a t e d  up  (26 m i n u t e s )  to 

t e m p e r a t u r e  in 7 5 - p s i a  o x y g e n .  F u r t h e r m o r e ,  w e i g h t  l o s s  w a s  0 . 5 % ,  i n d i ­

c a t i n g  a p p r e c i a b l e  f u e l  l o s s  ( 0 . 5 / 0 . 0 8  = 6% U O^,  i g n o r i n g  o x i d a t i o n  to

It i s  b e l i e v e d  t h a t  t h e s e  c o a t i n g s  a r e  n o t  r e l i a b l e  eno u g h ,  a l t h o u g h  

No.  4B  c o a t i n g ,  w h i c h  s h o w e d  good  s t a b i l i t y  in  3 o u t  of  3 t u b e s  at  1150°C t e s t ­

ing ,  h a v e  n o t  b e e n  e x p o s e d  to  1250°C.  T h e  t r e n d  s e e m s  to  i n d i c a t e  t h a t  low 

o r  z e r o  c o n c e n t r a t i o n  of  k a o l i n i t e  i s  b e s t .

2.  V a p o r  P h a s e  A l^ O ^  C o a t i n g

A n e i g h t - p e r c e n t  ( U - 2 3 5 ) - B e O  tu b e ,  f o u r - i n c h e s  long ,  w a s

c o m p l e t e l y  c o a t e d  w i t h  A1 O . C o a t i n g  t h i c k n e s s  w a s  f i g u r e d  on a w e i g h t -
Cd o

g a i n  b a s i s  a n d  a v e r a g e d  a b o u t  0.7 m i l s  on  t h e  i .  d. a n d  0 .15  on the  o. d. V i s u a l l y ,  

( n e a r  t h e  t u b e  e n d s )  t h e  i . d .  c o a t  a p p e a r e d  a s  d e n s e ,  c r y s t a l  c l e a r ,  a n d  u n i ­

f o r m .  T h e  o . d .  c o a t  h a d  s o m e  a r e a s  w h i c h  a p p e a r e d  p o w d e r y  a n d  l e s s  d e n s e .  

E x p e r i m e n t a l  w o r k  h a s  i n d i c a t e d  t h a t  t h i s  p o w d e r y  a p p e a r a n c e  is  i n f e r i o r  in 

i m p e r v i o u s n e s s  a n d  a d h e r e n c e  to  t h e  d e n s e  v i t r e o u s  c o a t s .

T h i s  t u b e ,  a n  a d j a c e n t  B e O  a n d  a n  8% ( U - 2 3 5 ) - B e O  c o n t r o l

t u b e ,  w e r e  w e i g h t - l o s s  t e s t e d  in w e t  a i r  (94°F  dew  poin t )  f o r  f o u r  h o u r s .  A p ­

p r o x i m a t e l y  t h r e e  i n c h e s  of  e a c h  t u b e  w e r e  in  a  c o n s t a n t - t e m p e r a t u r e  z o n e  

of  1530°C w i t h  t h e  o t h e r  i n c h  in  a g r a d i e n t  ( end  a t  a b o u t  1490°C).

B o th  w e i g h t  c h a n g e  a n d  v i s u a l  o b s e r v a t i o n  of s e c t i o n s  t h r o u g h  the  

t e s t e d  t u b e s  i n d i c a t e d  t h a t  t h e  one  c o a t e d  w i t h  A1 O s h o w e d  UO  o x i d a t i o n  toCd a Ld
a b o u t  t h e  s a m e  d e g r e e  a s  t h e  U - 2 3 5  c o n t r o l .  T h e  o . d .  c o a t i n g  d id  n o t  u n i f o r m l y  

c o v e r  th e  s p e c i m e n .  A p p a r e n t l y ,  p o r t i o n s  of  t h e  t h i n  c o a t  (0.2 m i l )  a n d  i t s  

p o w d e r y  a r e a s  o f f e r e d  l i t t l e  o r  no  p r o t e c t i o n .
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A n i m p r o v e d  a p p a r a t u s  f o r  v a p o r - d e p o s i t i n g  -^12^3 o . d .  of

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

w i t h  t h i s  e q u i p m e n t  a r e  m o r e  d e n s e  a n d  v i t r e o u s  a p p e a r i n g  o v e r  th e  e n t i r e  

tu b e  s u r f a c e  w i t h  no p o w d e r y - l i k e  a r e a s  p r e s e n t .  I m p r o v e m e n t  h a s  a l s o  b e e n  

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

w h i c h  s e e m s  u n i f o r m  o v e r  th e  e n t i r e  i.  d.

P h o t o m i c r o g r a p h s  of v a p o r - d e p o s i t e d  A1 O on th e  i . d .  of a n  8%

UO - B e O  t u b e  w e r e  m a d e .  T h e  A1 O c o a t i n g ,  w h e n  d e p o s i t e d  d u r i n g  a h a l f -  

h o u r  p e r i o d ,  v a r i e d  in  t h i c k n e s s  b e t w e e n  0 .4  a n d  0 .6  m i l s  o v e r  t h e  4 - i n c h  

l e n g t h .  It  w a s  s i n g l e  c r y s t a l  in  t h i c k n e s s  a n d  p o ly  c r y s t a l l i n e  a l o n g  i t s  l e n g t h  

a n d  w id t h .  G r a i n  b o u n d a r i e s  in  t h e  c o a t i n g  a p p e a r  to  e x i s t  at ,  a n d  p r o t r u d e  

out  f r o m ,  t h e  g r a i n  b o u n d a r i e s  in t h e  t u b e .

D. M e c h a n i c a l  P r o p e r t i e s

1, C o m p r e s s i v e  C r e e p

R e c e n t  w o r k  h a s  b e e n  d i r e c t e d  t o w a r d s  e s t a b l i s h i n g  c r e e p  s t r e s s  

l a w s  f o r  L R L  B e O - 10 w / o  U O^.  A  t e s t  s e l e c t e d  to  c l a r i f y  th e  n a t u r e  of  th e  

c r e e p  s t r e s s  l a w  a t  2 5 0 0 “F h a s  b e e n  c o m p l e t e d  ( s p e c i m e n  L - 1 4 4 ) .  T h e  c r e e p  

r a t e  a t  5500  p s i  c o r r e l a t e s  w i t h  th e  l i n e a r  p o r t i o n  of  the  c u r v e  (F ig .  I I - 6  — 

Q u a r t e r l y  R e p o r t  No.  7). T h e  c o n f l i c t i n g  r e s u l t s  f r o m  s p e c i m e n s  L - 1 4 4  a n d  

L - 1 0 3  (6000 p s i  t e s t )  h a v e  b e e n  s c r u t i n i z e d ,  b u t  no d i s c r e p a n c i e s  cou ld  be  

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

o f - t e m p e r a t u r e  a n d  c h a n g e - o f - s t r e s s  t e c h n i q u e  w i l l  b e  u s e d  to  e s t a b l i s h  w h i c h  

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

T h r e e  t e s t s  s e l e c t e d  t o  r e v e a l  t h e  n a t u r e  of th e  s t r e s s  l a w s  at  

2 6 0 0 ° F  a n d  2 7 0 0 ° F  a r e  r e p o r t e d  b e l o w  a l o n g  w i t h  th e  d a t a  fo r  s p e c i m e n  L - 1 4 4 .

S e c o n d a r y  c r e e p  r a t e  
in./ in . /h rS p e c i m e n

P e r c e n t
u o ^

D e n s i t y  
% t h e o r e t .

T e m p
°F

S t r e s s
p s i

L - 1 4 4 10 98 .8 2500 5500
L - 1 13 10 99 .0 2600 1500
L - 1 1 5 10 99 .0 2700 1500
L - 1 5 3 10 99 .0 2700 3000

3 .28  X 10" 
2 .0 5  X  l O '  
6.01  X 10 

10.9  X l O '
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2.  H i g h - S t r e n g t h  E x t r u d e d  R o d s

T w o  s a m p l e s  of B e O  e x t r u d e d  r o d s  s i n t e r e d  a t  1500° C ( o u t s id e  

o r g a n i z a t i o n )  w e r e  e x a m i n e d  f o r  c h e m i s t r y  a n d  m i c r o s t r u c t u r e .  T h e s e  r o d s  

w e r e  s a m p l e s  w h i c h  e x h i b i t e d  v e r y  h i g h  m o d u l i  of  r u p t u r e  (70 ,000  p s i  in  3-  

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

b e t w e e n  t h e s e  b o d i e s  a n d  s t a n d a r d  UOX p o w d e r  i s  t h a t  the  f o r m e r  c o n t a i n s
3

a b o u t  0 .1% of m a g n e s i u m .  D e n s i t i e s  w e r e  2 .93  a n d  2 .85  g / c m  .

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

f e r e n t  r o d s  s h o w e d  the  fo l l o w i n g :

S a m p l e  I. T h e  e q u a n t ,  a n g u l a r  B e O  g r a i n s  v a r y  in  s i z e  f r o m  

7 - 2 8  p w i t h  a  m o d a l  s i z e  of  a p p r o x i m a t e l y  7 p. T h e r e  a r e  tw o  d i f f e r e n t  i m ­

p u r i t i e s  in t h i s  s a m p l e .  O ne  i s  b l a c k  o p a q u e  m a t e r i a l ,  3 - 1 5  p in  s i z e  and  

e q u a n t  to  t a b u l a r  in s h a p e .  It  c o n s t i t u t e s  a b o u t  0 .8% of the  s a m p l e .  T h e  o t h e r  

i m p u r i t y  a p p e a r s  g r e y  in t r a n s m i t t e d  l i g h t ,  is  a b o u t  10 p in  s i z e  a n d  a p p e a r s  

to  b e  i s o t r o p i c  o r  h a v e  v e r y  low  b i r e f r i n g e n c e .  P o r e s  m a k e  up  ab o u t  4 - 5 %
3

of t h e  m a t e r i a l .  ( D e n s i t y  = 2 .8 5  g / c m  o r  95%.  )

S a m p l e  II. T h e  B e O  g r a i n s  a r e  e q u a n t  a n d  a n g u l a r  w i t h  a  m o d a l  

s i z e  of a b o u t  7 p. No i m p u r i t i e s  w e r e  o b s e r v e d  w i t h i n  the  s a m p l e .  P o r o s i t y
3

a p p e a r e d  v e r y  low ,  a b o u t  0 .8 % .  ( D e n s i t y  = 2 .93  g / c m  o r  9 7 . 6 % . )

3. T h e r m a l  S t r e s s

F i v e  s t e a d y - s t a t e  t h e r m a l - s t r e s s  r u n s  on  B e O  h a v e  b e e n  c o m ­

p l e t e d  u s i n g  t h e  w a s h e r - s h a p e d  s a m p l e s ,  3 / 4 - i n .  -o .  d. X  1 / 4 - i n .  - i .  d. X  3 / 4 -  

in.  - l o n g .  F o u r  s a m p l e s  a r e  t e s t e d  a t  a  t i m e  s o  t h a t  th e  r e s u l t s  in T a b l e  11-19 

g ive  a n  i n d i c a t i o n  of  t h e  s a m p l e  s t a t i s t i c s .

T h e  s t r e s s  w a s  a p p l i e d  in  a  l i n e a r  f a s h i o n  on  a o n e - m i n u t e  c y c l e .  

T h e  d a t a  i n d i c a t e  t h e  m a t e r i a l s  p a r a m e t e r  a k / E a  i s  d e c r e a s i n g  up  to at  l e a s t  

2 5 5 0 ° F .
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T a b l e  I I - 19 . T h e r m a l  S t r e s s  R e s i s t a n c e  of  B eO .

S a m p l e
No.

P
( g / c c )

No. s a m p l e s  
c r a c k e d

T
m e a n  

»F “C
Q

( w a t t s / i n c h )
S t r e s s ,  p s i  

'■‘( c a l c )

8 97 .0 9 3 2067 I I 3 0 230 2 1 ,8 0 0
5 -  - 3 2540 1393 156 18 ,470

32 -  - 0 2550 1398 116 13,750
26 9 7 .0 9 4 2550 1398 203 2 4 ,0 7 0

* (c a l c )  =
E a  Q In

f o r

4Trk

0 .0 8 7 4  EqQ  
~ k

E.  S i n t e r i n g  S tu d y  o n  8 - w / o  F u e l e d  T u b e s

T h e  p u r p o s e  of t h i s  i n v e s t i g a t i o n  w a s  to  o b s e r v e  t h e  d e n s i t y  c h a n g e  w i t h  

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

w o u ld  be  to  i m p r o v e  th e  s l i p - d i p  a p p l i c a t i o n  of  r e f r a c t o r y  c o a t i n g s  to  p r o t e c t  

t h e  fu e l  e l e m e n t  f r o m  w a t e r  a t t a c k  a t  h ig h  t e m p e r a t u r e s .

T u b e s  c o n t a i n i n g  n o m i n a l l y  8 - w / o  w e r e  u s e d .  T h e  m e t h o d s  of

a d d i n g  th e  fu e l  w e r e  (I)  b y  s t a n d a r d  s l u r p i t a t i o n ,  a n d  (2) m i x i n g  of  p o w d e r s .

T h e s e  f u e l  e l e m e n t s  w e r e  e x t r u d e d  a n d  s t a r c h - b u r n e d  a t  t h e  u s u a l  t e m ­

p e r a t u r e  (1500 °F ) .  T h e  s i n t e r i n g  t e m p e r a t u r e  w a s  v a r i e d  f r o m  I 5 0 0 ° C / 6  

h o u r s  to  I 8 5 0 ° C / 6  h o u r s .  R e s u l t s  of  t h e  s i n t e r i n g  c u r v e s  a r e  s h o w n  in  T a b l e  

11- 2 0 .

In a n o t h e r  s t u d y ,  t u b e s  w e r e  f i r e d  in  h y d r o g e n  a n d  t h e i r  s h r i n k a g e s  o b ­

s e r v e d  ( u s i n g  a  c a t h e t o m e t e r )  a s  t e m p e r a t u r e s  i n c r e a s e d .  T h e  t o t a l  h e a t i n g  

t i m e  w a s  4 h o u r s  f r o m  r o o m  t e m p e r a t u r e  to  1750 °C in  e a c h  c a s e ,  w i t h  a 

l i n e a r  t i m e - p o w e r  inpu t .  T h e  t u b e s  s u b j e c t e d  to  t h i s  s t u d y  a l l  c o n t a i n e d  8% 

U O^.  80X182  c o n t a i n e d  z i r c o n i a ;  8 OXI9 O w a s  a  p o w d e r  m i x ;  a n d  80X182 w a s  

a  n o r m a l  s l u r p i t a t e d  m i x .  R e s u l t s  a r e  s h o w n  in  F i g s .  I I - 5 ,  I I - 6 ,  a n d  I I -7 .
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T a b l e  II-■20. S i n t e r ing  of B e O - 8% UO^ v s  T e m p e r a t u r e .

S a m p l e
No.

S i n t e r i n g  
t e m p  °C 
(6 h o u r s )

UO^ g r a i n  
s i z e  (p)

B e O  g r a i n  
s i z e ( p )  L a t h s P o r e s

%
T h e o r e t .  
d e n s  i ty

%
S h r i n k a g e

80X181
G 1500 < 0.5 5 S o m e 81 .0 21.87
F 1550 < 0.5 5 - - 80 .0 22 .00
C 1600 < 1.0 4 S o m e - 92.2 24 .50
E 1650 0.7 5 S o m e F  ew 97.9 25 .38
D 1700 5 - 2 5 - F  ew 98 .4 25 .88

C - 1 * 1750 0 . 7 - 0 . 5 5 - 2 5 S o m e F  ew 98.7 26 .25
A* 0.7 5 - 3 5 - F  ew 98 .8 26 .25
B * 0.7 1 0 - 2 5 - F  ew 99 .0 26 .13

S t a n d a r d 1750 0.7 5 - 1 0 M a n y F  ew 99 .0 26 .13

S a m p l e s :  A  Was. f i r e d  to  1 8 0 0 ° C ,  h e l d  f o r  1 h o u r ;  c o o l e d  to 1650° C 
a n d  h e l d  f o r  5 h o u r s .

B Was f i r e d  to  1650°C ,  h e l d  f o r  5 h o u r s ,  r a i s e d  to  
1800 °C a n d  h e l d  f o r  1 h o u r .

C - 1 T h e s e  t u b e s  w e r e  f i r s t  s i n t e r e d  to  1 6 0 0 “C / 6  h o u r s ,  
t h e n  r e f i r e d  to  1 7 5 0 ° C / 6  h o u r s .

S e v e r a l  o b s e r v a t i o n s  s t a n d  ou t:

1. D e n s i f i c a t i o n  i s  n o t  h i g h  u n t i l  1 6 5 0 - 1 7 5 0 “C is  r e a c h e d .

2.  T u b e s  rr iay b e  f i r e d  a t  1 600°C  a n d  t h e n  r e s i n t e r e d  at

1 7 5 0 “C w i t h  l i t t l e  o r  no a d v e r s e  e f f e c t  on th e  u l t i m a t e  

d e n s i t y .

3. T u b e s  f i r e d  a t  1 8 0 0 ° C / 1  h o u r  a n d  t h e n  a t  l 6 5 0 ° C / 5  h o u r s  

s h o w e d  n o  i m p r o v e m e n t  in d e n s i t y  c o m p a r e d  w i t h  the  

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

T u b e s  of k n o w n  d e n s i t y  w i l l  b e  m a d e  a n d  c o a t e d  w i t h  r e f r a c t o r y  o x id e s ,  

t h e n  r e s i n t e r e d  to  m a t u r e  t h e  c o a t i n g  a n d  th e  f u e l  e l e m e n t  s i m u l t a n e o u s l y .
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T E M P E R A T U R E  ( ° C )  * 1. 13625. .

F i g .  I I - 5 .  S h r i n k a g e  v s  t e m p e r a t u r e ,  s a m p l e  8 0 X 1 8 2 - 2  ( c o n ta in s  Z r 0 2 ) .  
S t a r c h - b u r n e d  d e n s i t y  1 .35 g / c c ;  s i n t e r e d  d e n s i t y  3 .27  g / c c ;  t o t a l  s h r i n k a g e
26.6%. H e a t i n g  t i m e :  4 h o u r s  f r o m  r o o m  t e m p e r a t u r e  to  1750®C.

8 0 0  9 0 0  1 0 0 0 MOD 1 2 0 0  1 3 0 0  1 4 0 0
T E M P E R A T U R E  ( ° C )

1 5 0 0  1 6 0 0 1 7 0 0  1 8 0 0
>WL-13826

F ig .  I I - 6 .  S h r i n k a g e  v s  t e m p e r a t u r e ,  s a m p l e  8 0 X 1 9 0 - 2  (p o w d e r  m ix ) .  
S t a r c h - b u r n e d  d e n s i t y  1.47 g / c c ;  s i n t e r e d  d e n s i t y  3 .12  g / c c ;  t o t a l  s h r i n k a g e  
23.0%. H e a t i n g  t i m e :  4 h o u r s  f r o m  r o o m  t e m p e r a t u r e  to  1750 °C.
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F ig .  I I - 7 .  S h r i n k a g e  v s  t e m p e r a t u r e ,  s a m p l e  80X181 ( n o r m a l  m i x ) .  S t a r c h -  
b u r n e d  d e n s i t y  1.35 g c c ;  s i n t e r e d  d e n s i t y  3 .18 g cc ;  t o t a l  s h r i n k a g e  2 6 .0 % .  
H e a t i n g  t i m e :  4 h o u r s  f r o m  r o o m  t e m p e r a t u r e  to  1750°C .

II .  F U E L - E L E M E N T  F A B R I C A T I O N  F A C I L I T Y

A. G e n e r a l

S i n c e  t h e  l a s t  q u a r t e r l y  r e p o r t ,  a p p r o x i m a t e l y  800 f u e l e d  t u b e s  h a v e  b e e n  

s u b m i t t e d  f o r  i n s p e c t i o n .  T h e s e  r e p r e s e n t  a b o u t  57 p e r c e n t  of t h e  m a t e r i a l  i n i ­

t i a l l y  f e d  to  t h e  p r o c e s s .  O f  t h e  t u b e s  s e n t  to  i n s p e c t i o n ,  73 p e r c e n t  w e r e  a c ­

c e p t a b l e  i n  r a d i o g r a p h  a n d  z y g l o ,  e x c e p t  f o r  end  d e f e c t s .  (End  d e f e c t s  w e r e  d i s ­

c o u n t e d  b e c a u s e  m o s t  of  t h e  t u b e s  w e r e  n o t  c r o p p e d  b e f o r e  i n s p e c t i o n . )  T h u s ,  

a b o u t  42  p e r c e n t  of  t h e  t o t a l  m a t e r i a l  e n e t e r i n g  t h e  p r o c e s s  e m e r g e d  f l a w - f r e e .  

A b o u t  20 p e r c e n t  o f  t h e  o r i g i n a l  m a t e r i a l  e n e t e r i n g  th e  p r o c e s s  w a s  n e v e r  e x ­

t r u d e d ;  i t  w a s  s c r a p p e d  a s  e x t r u d e r  p l u g s .  R e c o g n i z i n g  t h i s ,  o n e  n o t e s  t h a t  

s l i g h t l y  o v e r  50 p e r c e n t  of  t h e  m a t e r i a l  a c t u a l l y  e x t r u d e d  w a s  f i n a l l y  r e p o r t e d  

a s  f l a w - f r e e .
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A s i z e a b l e  n u m b e r  of  t h e s e  t u b e s  w e r e  a l s o  d i m e n s i o n a l l y  a c c e p t a b l e ,  

a l t h o u g h  c l o s e  d i m e n s i o n a l  c o n t r o l  w a s  no t  a n  i m m e d i a t e  o b j e c t i v e  of  t h e s e  

e x t r u s i o n s .

D i m e n s i o n a l  d a t a  i n d i c a t e  t h a t  t h e  f i n a l  s i n t e r e d - t u b e  c r o s s  s e c t i o n  is  

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

i z e d  in  s i n t e r i n g ,  w i t h i n  l i m i t s .  In g e n e r a l ,  t h e  s t r a i g h t e r  th e  g r e e n  t u b e ,  

t h e  s t r a i g h t e r  th e  s i n t e r e d  t u b e .  G r e e n  t u b e s  s o  c u r v e d  t h a t  t h e y  w i l l  b a r e l y  

a c c e p t  a  3 / 1 6 - in. - d i a m e t e r  m a n d r e l  w i l l  n o t  s i n t e r  t o  a c c e p t a b l e  c a m b e r s  

w h e n  c u r r e n t  s i n t e r i n g  m e t h o d s  a r e  u s e d .

Q u a l i t y  i m p r o v e m e n t  is p r i m a r i l y  a t t r i b u t e d  to  tw o  f a c t o r s :

1. i m p r o v e m e n t  of t h e  m i x i n g - p r e c i p i t a t i o n  s t e p ;  a n d

2.  t h e  u s e  of  a  d ie  w i t h  l a n d s  c a r e f u l l y  r a d i u s e d  a t  t h e  e x i t  end .

P r o c e s s  d e t a i l s  f o l lo w .

B. R a w  M a t e r i a l s

T h e  m i x i n g  s y s t e m  h a s  l o n g  b e e n  r e c o g n i z e d  a s  i n a d e q u a t e .  H o w e v e r ,  

it i s  now  r e a l i z e d  t h a t  i t  a l s o  i s  a  m a j o r  s o u r c e  of tu b e  f l a w s .  T h i s  h a s  to  do 

w i t h  t h e  " d i s p e r s a b i l i t y " of  t h e  B e O  p o w d e r .  A  s u r v e y  of  tu b e  i n s p e c t i o n  r e ­

s u l t s  i n d i c a t e d  t h a t  t u b e s  m a d e  f r o m  c e r t a i n  l o t s  of  B e O  c o n t a i n e d  f a r  f e w e r  

l o w - d e n s i t y  i n c l u s i o n s  t h a n  t h o s e  f r o m  o t h e r  l o t s .  T h i s  c o r r e l a t e s  w i t h  t h e  

b e n c h - t o p  o b s e r v a t i o n  t h a t  s o m e  l o t s  of B e O  a r e  m o r e  d i f f i c u l t  t o  d i s p e r s e  

t h a n  o t h e r s .  T w o  a p p r o a c h e s  to  t h i s  p r o b l e m  h a v e  b e e n  t a k e n :  f i r s t ,  c h a n g e s  

in  th e  m i x i n g  p r o c e s s ,  t o  b e  d i s c u s s e d  in t h e  n e x t  s e c t i o n ;  s e c o n d ,  e l i m i n a ­

t i o n  of  t h e  d i s p e r s a l  p r o b l e m  b y  o b t a i n i n g  w e t  B e O  m u d ,  p r i o r  to  th e  d r y i n g  

s t e p ,  f r o m  th e  s u p p l i e r .  T h i s  m a t e r i a l  i s  o n  o r d e r .

C. M i x i n g - P r e c i p i t a t i o n

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

s u l t s .  (See  F i g .  I I - 8 . )  T h e r e  w e r e  no e x t r u s i o n s  in  t h e  s h a d e d  a r e a .  T h i s  

i m p l i e s  t h a t  i n c l u s i o n s  in  t h e  tu b e  w a l l  a r e  a  m a j o r  c o n t r i b u t o r  t o  s u r f a c e  

f l a w s  (z y g lo  i n s p e c t i o n ) .  C l e a n  m i x e s  a s  w e l l  a s  g o o d  e x t r u s i o n  a n d  f i r i n g  

p r a c t i c e s ,  a r e  p r e r e q u i s i t e  to  good  tu b e  s u r f a c e s .
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F i g .  I I - 8 .  S u r f a c e  f l a w s  v s  r e j e c t a b l e  i n c l u s i o n s .
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A b e n c h - t o p  m i x i n g  o p e r a t i o n  w a s  i n s t a l l e d  in  w h i c h  B e O  p o w d e r  c a n  b e  

s l u r r i e d  a n d  th e  d i s p e r s i o n  o b s e r v e d  u n t i l  it i s  s m o o t h .  T h i s ,  c o u p l e d  w i t h  

v i b r a t o r y  s c r e e n i n g  of  a l l  b a t c h e s  t h r o u g h  5 0 - m e s h  s c r e e n s ,  h a s  c o n s i s t e n t l y  

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

T h e  b e n c h - t o p  m i x e r  h a s  now  b e e n  s u p p l a n t e d  b y  a  n ew  m i x - t a n k  c o n ­

f i g u r a t i o n  w h i c h  r e s u l t e d  f r o m  m i x i n g  s t u d i e s  m a d e  in  a  L u c i t e  t a n k .  T h e  n ew  

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

T h r e e  b a t c h e s  of  c o - p r e c i p i t a t e d  Z r ( O H ) ^ - ( N H ^ ) ^  (53.2 a n d  4 6 .8

m o l e  p e r c e n t  Z r O ^  a n d  r e s p e c t i v e l y )  in  a  B e O  s l u r r y  w e r e  p r e p a r e d  a n d

c a l c i n e d  a t  1000°  F  f o r  s u b s e q u e n t  e x t r u s i o n  a n d  e v a l u a t i o n .  No s e r i o u s  d i f ­

f i c u l t y  w a s  e n c o u n t e r e d  in  p r e p a r i n g  t h i s  m a t e r i a l  u s i n g  th e  n o r m a l  p r o c e d u r e  

a n d  m i x  l i n e .  H o w e v e r ,  f i l t r a t i o n  t i m e s  w e r e  i n c r e a s e d  b y  a  f a c t o r  of 2 to  3. 

C l o g g i n g  of th e  f i l t e r  in t h e  f i l t r a t e - t o - w a s t e  l i n e  t o o k  p l a c e  m o r e  r a p i d l y  t h a n  

h a d  b e e n  p r e v i o u s l y  n o t e d ;  h o w e v e r ,  t h i s  w a s  o n ly  a q u a l i t a t i v e  o b s e r v a t i o n .

At t h i s  t i m e  w e  h a v e  no i n f o r m a t i o n  on  d e g r e e  of  d i s p e r s i o n  o r  f i n a l  c o n c e n ­

t r a t i o n  of  Z r O  . T h i s  c o n c e n t r a t i o n  i s  s u s p e c t  due  to  h y d r o l y s i s  of t h e  z i r -  

c ony l  n i t r a t e ,  r e s u l t i n g  in  l o s s  a s  c o l l o i d a l  m a t e r i a l .

D. T u n g s t e n  K i l n s

T h e  t u n g s t e n - k i l n  o p e r a t i o n  h a s  d e v e l o p e d  v e r y  w e l l .  O ne  k i l n  (J C  2) 

i s  now  on  a  f u l l y  a u t o m a t i c ,  c a m - c o n t r o l l e d  c y c l e .  T h e  o p e r a t i o n  i s  v e r y  

s i m p l e  a n d  s t a b l e .  No d i f f i c u l t i e s  a r e  f o r e s e e n  in  p l a c i n g  a n d  m a i n t a i n i n g  

t h e s e  k i l n s  in  o p e r a t i o n .  E a c h  u n i t  c a n  s i n t e r  a b o u t  1000 t u b e s  p e r  w e e k  on  

a  r o u n d - t h e - c l o c k  s c h e d u l e .

K i ln  f u r n i t u r e  f r o m  t h e  f i r s t  u n i t  is  h o l d i n g  u p  w e l l  w i th o u t  s e r i o u s  d i s ­

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

E .  E x t r u s i o n  a n d  D r y i n g

1. S u m m a r y

D u r i n g  t h e  q u a r t e r  c o v e r e d  b y  t h i s  r e p o r t ,  w o r k  h a s  c o n t i n u e d  on 

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

f r e e  f r o m  d i e - c a u s e d  d e f e c t s  ( t r a n s v e r s e  a n d  l o n g i t u d i n a l  c r a c k s ) .
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S p i d e r

T w o  s p i d e r  d e s i g n s  h a v e  b e e n  c h e c k e d .  T h e  o r i g i n a l  s p i d e r  w a s  

t h i c k  w e b b e d  a n d  h a d  a  t a p e r e d  c e n t e r  s e c t i o n  to  s e a t  t h e  m a n d r e l ;  t h i s  f o r m e d  

a  d e c o m p r e s s i o n  a r e a  in  th e  e n t r a n c e  a n g l e .  T h e  n e w  s p i d e r  is  t h i n  w e b b e d ;  

th e  w e b s  e x t e n d  o n ly  o n e - h a l f  t h e  d i s t a n c e  t h r o u g h  t h e  s p i d e r  a n d  h a v e  a  r o u g h ­

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

w i t h  a  s t r a i g h t - s h a n k e d  m a n d r e l  a n d  a  d i e  h o l d e r  w i t h  a  90® r a t h e r  t h a n  a  

120® i n c l u d e d  e n t r a n c e  a n g l e .

3. M a n d r e l s

T h e  o r i g i n a l  m a n d r e l  d e s i g n  t a p e r e d  in to  t h e  s p i d e r ,  w h e r e a s  t h e  

n e w  s p i d e r  d e s i g n  t a k e s  a n  u n t a p e r e d  m a n d r e l .  T w o  m a j o r  v a r i e t i e s  of  the  

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

l e n g t h  a t  a b o u t  1 / 2  i n c h ,  w h e r e a s  a  l o n g  t y p e  h a s  a  r e l i e v e d  l e n g t h  of  ab o u t  

3 .4  i n c h .  T h e  p u r p o s e  of  th e  lo n g  m a n d r e l  i s  to  b r i d g e  t h e  g a p  b e t w e e n  th e  

e n d  of  t h e  d ie  a n d  t h e  b e l t .  A  n u m b e r  of  e x p e r i m e n t s  h a v e  a l s o  b e e n  m a d e  to  

d e t e r m i n e  t h e  b e s t  k i n d  o f  r e l i e f  f o r  th e  m a n d r e l .  O r i g i n a l l y ,  t h e  r e l i e f  w a s  

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

t i c e  w a s  i n i t i a t e d  of  g iv in g  t h e  r e l i e f  a  0 . 0 1 2 - i n c h  r a d i u s .  A n o t h e r  e x p e r i ­

m e n t a l  m a n d r e l  h a d  t h e  r e l i e f  in  t h e  f o r m  of  a  t a p e r  of 1® 2 2 "  f o r  a b o u t  1 /2  

in c h .  T h i s  m a n d r e l  w a s  i n t e n d e d  f o r  u s e  w i t h  a  d ie  h a v i n g  a  s i m i l a r l y  t a p e r e d  

f l a r e .

A  n u m b e r  of  e x p e r i m e n t s  w e r e  m a d e  to  d e t e r m i n e  t h e  b e s t  r e l a ­

t i o n s h i p  b e t w e e n  th e  d i e  r e l i e f  a n d  th e  m a n d r e l  r e l i e f .  T h e  v a r i a b l e  r e l a t i o n ­

s h i p  w a s  e f f e c t e d  b y  p l a c i n g  one  o r  m o r e  a c c u r a t e l y  s i z e d  s h i m s  b e t w e e n  th e  

d i e  a n d  t h e  d i e  h o l d e r ,  t h u s  m o v i n g  t h e  d i e  r e l i e f  in  i t s  r e l a t i o n  to  th e  m a n d r e l  

r e l i e f .

4 .  D ie  H o l d e r

A l o n g  w i t h  t h e  n e w l y  d e s i g n e d  s p i d e r ,  a  r e d e s i g n e d  d i e  h o l d e r  h a s  

b e e n  p u t  in to  u s e .  In  t h i s  d i e  h o l d e r , t h e  i n c l u d e d  e n t r a n c e  a n g l e  i s  90® r a t h e r  t h a n  

120®. I t  w a s  h o p e d  t h a t  t h e  s m a l l e r  a n g l e  w o u l d  r e s u l t  i n a m o r e  u n i f o r m  f low  

p a t t e r n  w i t h  a  m a t e r i a l - m e t a l  f lo w  i n t e r f a c e  r a t h e r  t h a n  a  m a t e r i a l - m a t e r i a l  

i n t e r f a c e .  It i s  f e l t  t h a t  t h e  t h i x o t r o p i c  n a t u r e  o f  t h e  m a t e r i a l  a l l o w s  th e  n o n f lo w in g
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p o r t i o n  in  th e  e n t r a n c e  t h r o a t  to  s e t  u p ,  b u t  d u e  to  th e  f r i c t i o n a l  d r a g  

of  th e  m a t e r i a l  w h i c h  is  m o v i n g ,  o c c a s i o n a l  l a y e r s  of h a r d e n e d  m a t e r i a l  w o u l d  

b e  f e d  in to  t h e  s t r e a m  a n d  c a u s e  u n e v e n  f low  p a t t e r n s  t h r o u g h  th e  d ie .

5. C o n v e y o r

It h a s  b e e n  d e n > o n s t r a t e d  t h a t  t h e  p o s i t i o n  of t h e  r e c e i v i n g  e n d  of 

th e  c o n v e y o r  ( w h ic h  i s  a  h i n g e d  b r i d g e )  m u s t  be  so  a l i g n e d  w i t h  t h e  e x t r u s i o n  

a x i s  t h a t  th e  t u b e s  d r o p  on to  t h e  c o n v e y o r  b e l t .  S t r a i g h t  t u b e s  h a v e  b e e n  m a d e  

w h e n  t h e  c o n v e y o r  a x i s  w a s  a s  m u c h  a s  1 / 1 6  in c h  b e l o w  th e  e x t r u s i o n  a x i s .

If t h e  r e l a t i o n s h i p  i s  r e v e r s e d ,  t h e  t u b e s  d i s h  b a d l y  a s  t h e y  m o v e  down- th e  

b e l t .

6. C u t t e r

A d e e p  c u t  in to  th e  e x t r u s i o n  r e s u l t s  in :  (a) m o m e n t a r i l y  s t o p p in g  

the  f low  o f  t h e  e x t r u s i o n  on  th e  m a n d r e l ;  (b) g e n e r a t i n g  c h i p s  a n d  s c r a p i n g s  

of  m a t e r i a l  b e h i n d  th e  c u t t e r ;  a n d  (c) c r e a t i n g  a n  u p s e t  w h i c h  n e a r l y  d o u b l e s  

th e  w a l l  t h i c k n e s s  f o r  1 / 8  i n c h  a t  o n e  e n d  of th e  t u b e .  A  l i g h t  c u t  l e a v e s  t h e  

t u b e s  c o n n e c t e d  a t  t h e  t a k e o f f  e n d  of  t h e  c o n v e y o r ,  w h i c h  c r e a t e s  s t r e s s e s  in  

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

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

m e n t i o n e d  in  t h i s  r e p o r t  w e r e  m a d e  u s i n g  a  m o d e r a t e l y  d e e p  c u t ,  so  t h a t  t h e  

t u b e s  w e r e  s e p a r a t i n g  a b o u t  15 f e e t  d o w n  th e  c o n v e y o r  f r o m  th e  e x t r u d e r .

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

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

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

c r a c k e d  t r a n s v e r s e l y .

7. D r y e r

V o l t a g e  in p u t  in to  t h e  s i d e  h e a t e r s  a l o n g  t h e  c o n v e y o r  h a s  b e e n  

d r o p p e d  f r o m  l 9 0 v  to  150v.  T h i s  h a s  r e s u l t e d  i n  a  m o r e  n e a r l y  u n i f o r m  l o n ­

g i t u d i n a l  t e m p e r a t u r e  d i s t r i b u t i o n  a l o n g  t h e  c o n v e y o r .
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T . C .  L o c a t i o n  f r o m  t a k e o f f  e n d  190v s e t t i n g  I5 0 v  s e t t i n g

1 4 f t  72 °F  72 °F

2 16 f t  2 5 0 ° F  2 1 0 ° F

3 25 f t  3 1 0 ° F  2 5 0 ° F

4 34 f t  1 1 0 ° F  1 1 0 ° F

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

d r i e d  in  a m o r e  u n i f o r m  t e m p e r a t u r e  d i s t r i b u t i o n  a n d  a r e  n o t  s u b j e c t e d  to 

n e a r l y  a s  s h a r p  a s h o c k  a s  t h e y  t r a v e l  d o w n  th e  c o n v e y o r .  I d e a l ly ,  the  t u b e s  

s h o u l d  e n t e r  a  d r y i n g  c y c l e  a t  low t e m p e r a t u r e  a n d  h ig h  h u m i d i t y ,  w i t h  the  

two p a r a m e t e r s  b e i n g  s l o w l y  r e v e r s e d  a s  t h e  t u b e  d r i e s  (w i th  the  m o i s t u r e  

t r a v e l i n g  f r o m  th e  i n t e r i o r  to t h e  e x t e r i o r  a l o n g  f ine  c a p i l l a r y  p o r e s )  u n t i l  

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

8. B i n d e r  B u r n o u t

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

l e v e l s  a t  t e m p e r a t u r e s  of  3 5 0 - 4 0 0 ° F  ( w a t e r  a n d  g l y c e r i n e  ou t ) ;  1080 ° - 1120 “F  

( o r g a n i c  b u r n o u t )  a n d  1450 ° F  f o r  c o m p l e t i o n  of  b u r n o u t .  T h e  c y c l e  r e q u i r e s  

t w e n t y - f o u r  h o u r s .

A  s e r i e s  of  e x p e r i m e n t s  w a s  r u n  u s i n g  n o n f u e l e d  B eO  to e v a l u a t e  

e x t r u s i o n  a n d  d r y i n g  t e c h n i q u e s .  A f t e r  e x t r u s i o n  a n d  p r e - d r y i n g  in  th e  c o n ­

v e y o r  d r i e r ,  t u b e s  w e r e  d r i e d  f o r  s e v e r a l  h o u r s  a t  2 0 0 ° F  in  t h e  s t a r c h - b u r n ­

ing  o v e n s .  T h e y  w e r e  t h e n  e x a m i n e d  v i s u a l l y  f o r  d e f e c t s  u s i n g  f l u o r e s c e n t  

dye  u n d e r  u l t r a  v i o l e t  l i g h t  ( u s u a l l y  a b o u t  36 t u b e s  w e r e  e x a m i n e d  f r o m  an  e x ­

t r u s i o n ) .

9. E n t r a n c e  A n g l e ,  S p i d e r

One e x p e r i m e n t  w a s  r u n  a t  t h e  b e g i n n i n g  of  t h i s  p e r i o d  in  w h i c h  

th e  n e w  s p i d e r  a n d  e n t r a n c e  a n g l e  (90°)  w e r e  c o m p a r e d  w i t h  t h e  o ld  d e s i g n  

(120°  i n c l u d e d  a n g l e ) .  T h e  f o l l o w i n g  r e s u l t s  w e r e  o b t a i n e d  on the  r u n s  m a d e :

120° s t y l e  - 8 6 .5 % ,  83 .5% a c c e p t a b l e ,

9 0°  s t y l e  - 83 .5% a c c e p t a b l e .

E x t r u s i o n  p r e s s u r e  a v e r a g e d  1 0 0 - 2 0 0  p s i  h i g h e r  f o r  t h e  120°  s t y l e .



U C R L - 6 5 1 6  - 7 2 -

10. M a n d r e l  S h o r t  v s  Long

T h e  s h o r t  m a n d r e l  e n d s  a b o u t  l / z  i n c h  f r o m  th e  e n d  of  t h e  d ie ;  

t h i s  l e a v e s  a g a p  of  a b o u t  3 i n c h e s  b e t w e e n  th e  e n d  of  t h e  m a n d r e l  a n d  th e  

b e l t  c o n v e y o r .  T h e  long  m a n d r e l  i s  d e s i g n e d  to  e n d  j u s t  b e y o n d  t h e  p o in t  

w h e r e  t h e  i d l e r - w h e e l  r a d i u s  f a i r s  in to  th e  c o n v e y o r  b e d ,  t h u s  b r i d g i n g  the  

gap .  R e s u l t s  w e r e :

L o n g  - 80% ,  93% a c c e p t a b l e .

S h o r t  - 57% ,  70% a c c e p t a b l e .

11. L o c a t i o n  of  M a n d r e l  a n d  R e l i e f

E x p e r i m e n t s  w e r e  p e r f o r m e d  to  d e t e r m i n e  t h e  o p t i m u m  r e l a t i o n ­

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

fo l l o w in g  d a t a  m i g h t  i m p l y  t h a t  t h e  m a t e r i a l  m a y  b e  r e l e a s e d  f r o m  t h e  m a n ­

d r e l  e i t h e r  b e f o r e  ( m i n u s )  o r  a f t e r  (p lu s )  d ie  r e l e a s e ,  b u t  n o t  s i m u l t a n e o u s l y  

w i t h  d i e  r e l e a s e ;  t h e s e  d a t a  a r e  i n c o n c l u s i v e ,  h o w e v e r  ( s e e  T a b l e  11-21 .)

12. P l u g  G a u g e s

A  s e t u p  w a s  p u t  t o g e t h e r  c o n s i s t i n g  of  d ie  1D 12A -1  (0 .391R ) ,  m a n ­

d r e l  1 H O 3 A -0 ,  th e  9 0 °  e n t r a n c e - a n g l e  d ie  h o l d e r s ,  a n d  a n  a c c u r a t e  p lu g  g a u g e  

to  c h e c k  out  c e n t e r i n g  of  m a n d r e l  in  d ie .  S u r f a c e  f l a w s  w e r e  a t  a  low l e v e l ,  

b u t  e v e n  w i t h  t h i s  m a t c h e d  s e t  of  d ie  p a r t s ,  c a m b e r  c o n t i n u e s  to  b e  a  p r o b l e m .

13. C u t t e r

V a r y i n g  the  d e p t h  of cu t  f r o m  l i g h t  to  h e a v y  s h o w e d  th e  fo l l o w in g :

P e r c e n t  S u r f a c e s  O. K.

X 1 2 0 5  X 1 2 0 6  X 1 2 0 7  X 1208

L i g h t  c u t  88% 92% 92% 92%

H e a v y  c u t  88% 84% 96% 96%
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T a b l e  11-21. L o c a t i o n  o f  M a n d r e l  in  D ie .

M a ndre l Die
Shim
(in.)

R e la t io n sh ip  
(+) 3 m a n d r e l  d o w n s tr e a m  
( - )  = m a n d r e l  u p s t r e a m

R e s u l t s  
(% a c c e p ta b le )

Short l / l 6 - i n .  - R  (0 .391R ) 0 + 0 .0 4 8 92%; 100%

0 .0 3 3 + 0 .015 47%; 71%
0 .0 4 8 0 33%
0.051 - 0 .0 0 3 100%
0 .0 6 3 - 0 .0 1 5 98%; 95%
0 .0 7 8 - 0 .0 3 0 71%; 97%
0 .111 - 0 .0 6 3 95%

Long l / l 6 - i n ,  - R  (0 .391R ) 0 + 0 .0 5 5 100%
0 .033 + 0 .022 91%
0.051 + 0 .0 0 4 94%
0 .0 7 8 - 0 .0 2 3 91%
0.111 - 0 .0 5 6 88%

1 F O 5 A -0 l / l 6 - i n ,  -R  (0 .391R ) 0 + 0 .0 5 5 97%
0.0 1 8 + 0 .037 69%; 100%

(Long, 0 .033 + 0 .017 97%; 100%; 100%;
Wy/ r a d iu s e d 100%
r e l ie f )

0 .0 4 8 + 0 .002 100%; 94%; 100%;
0.051 -0 .0 0 1 94%; 93%
0 .0 7 8 - 0 .0 2 8 97%; 100%; 97%
0.111 -0 .0 6 1 86%; 86%

1 F O 5 A -0 0 .0 0 5 - in .  -R  (0 .400R ) 0 - 0 .0 0 4 80%; 8%
0.0 1 8 -0 .0 2 2 25%; 39%
0.033 - 0 .0 3 7 80%; 28%; 95%
0.051 - 0 .0 5 5 6%; 29%

1G O 5A -0 0 .3 9 5 R 0 72%

(Long w /ta p ie r e d  ( ta p e r e d 0 .0 1 8 55%
r e l i e f ) r e l i e f ) 0 .033 53%

0.051 5%

A d d it io n a l  r e s u l t s :

D i e s  u s in g  the  0 .391  d ie  w i th  a r a d iu s  — 86%; 83%; 68%; 98%; 88%; 88%; 84%; 92%; 92%;

96%; 96%; 92%; 100%; 92%; 96%; 92%; 94%; 100%; 92%. O th e rs  ha v e  a l r e a d y  b e e n  in d ic a ted  under  

"M andre l  E x p e r im e n t s ."

D i e s  u s in g  th e  0 .3 9 5  d ie  w ith  the  0 .0 0 5 - in .  f l a r e  — 58%.

D i e s  u s in g  the  0 .3 9 7  d ie  w ith  a l / l 6 - i n .  r a d iu s  ( th is  d ie  w a s  not r a d iu s e d  a s  a c c u r a t e ly  a s  the  

0 .3 9 1 R  d ie )  -  8%; 78%; 61%.

T he  l a s t  two r e s u l t s  w e r e  o b ta in ed  a f te r  the d ie  had  b e e n  r e w o r k e d .

D i e s  u s in g  the  0 .4 0 0 R  d ie ,  w i th  a h a n d -h o n e d  0 .0 0 5 - i n .  r a d iu s  — 94%. Other e x p e r im e n t s  a r e  r e ­

p o r te d  under  " M a n d r e l s ."
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S E C T I O N  I I . G E N E R A L  C H E M IS T R Y

A. S t a b i l i t y  of F u e l e d  T u b e s  in  H i g h - P r e s s u r e  — H i g h - T e m p e r a t u r e  

E n v i r o n m e n t s

T h e  c r a c k i n g  r e g i o n  f o r  u n t r e a t e d  7 .29  w t  p e r c e n t  OyO h e x  t u b e s  e x -
Cd

t e n d s  f r o m  1 0 0 0 °C  to  a b o u t  1 3 0 0 ° C  a t  5 a t m  O^,  a n d  1 0 4 0 °C  to  1 2 3 0 °C  a t  

0.21 a t m  O . It i s  s o m e w h a t  l a r g e r  f o r  t h e s e  h e x e s  t h a n  f o r  u n t r e a t e d  7.5  w t
Ld

p e r c e n t  OyO r o u n d  t u b e s .  A l t h o u g h  th e  e x t e n t  of  t h e  c r a c k i n g  r e g i o n  w a s
Cd

no t  d e t e r m i n e d  f o r  t u b e s  w i t h  o t h e r  l o a d i n g s  (3 .53 ,  5.0 ,  6 .175 ,  7 .89 ,  a n d  8 .03 

w t  p e r c e n t )  r e s u l t s  w i t h  t h e s e  t u b e s  i n d i c a t e  t h a t  t h e  c r i t i c a l  c o n c e n t r a t i o n  is  

a b o u t  5 w t  p e r c e n t .  T u b e s  s h o w i n g  a  w e i g h t  c h a n g e  of  + 0 .0 1 3  p e r c e n t  o r  

g r e a t e r  w e r e  c r a c k e d ;  t h o s e  s h o w i n g  a  c h a n g e  o f  - 0 . 0 2  p e r c e n t  o r  l e s s  w e r e  

u n c r a c k e d .  W i th  t h e  d e v e l o p m e n t  of  s t a b i l i z e d  f u e l  t u b e s ,  th e  p r o b l e m  of 

c r a c k i n g  i s  no  l o n g e r  of  c r u c i a l  i m p o r t a n c e .

B.  M e a s u r e m e n t  of T h e r m a l  D i f f u s i v i t y

1. E q u i p m e n t

T w o  p i e c e s  of  e q u i p m e n t  a r e  now  in o p e r a t i o n  f o r  m e a s u r i n g  t h e r ­

m a l  d i f f u s i v i t i e s .  One i s  e s s e n t i a l l y  a  r o o m - t e m p e r a t u r e  d e v i c e  (T ~  150°C ) ,  

a n d  h a s  b e e n  d e s c r i b e d  p r e v i o u s l y  ( U C R L - 5 9 2 5 ,  p.  136).  T h e  n e w e r  a p p a r a ­

t u s  i s  d e s i g n e d  to o p e r a t e  a t  t e m p e r a t u r e s  u p  to  a b o u t  1 8 0 0 ‘“C, a n d  i s  c u r r e n t l y  

b e i n g  c h e c k e d  ou t .  T e s t  m e a s u r e m e n t s  o n  s t a n d a r d s  of  T a ,  M o,  a n d  F e  a r e  

now u n d e r  w a y .  T h i s  e q u i p m e n t  i s  m u c h  th e  s a m e  a s  t h e  r o o m - t e m p e r a t u r e  

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

T h e  h e a t  s o u r c e  i s  a  m o l y b d e n u m  b l o c k ,  w i t h  a  h e a t i n g  e l e m e n t  of  m o l y b d e n u m

w i r e  w o u n d  o n  A1 O i n s u l a t i o n .  T h e  s y s t e m  c a n  b e  e v a c u a t e d  to  a p p r o x i -  
-5

m a t e l y  10 m m  Hg.

2.  C o r r e c t i o n  of E x p e r i m e n t a l  R e s u l t s

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

p a r a t u s ,  two e f f e c t s  h a v e  b e e n  e n c o u n t e r e d  w h i c h  a r e  d i f f i c u l t  to  e l i m i n a t e  

e x p e r i m e n t a l l y  a n d  i m p r a c t i c a l  to  c o m p e n s a t e  f o r  a n a l y t i c a l l y .  T h e s e  a r e
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r a d i a t i o n  of  h e a t  f r o m  t h e  s a m p l e ,  a n d  l o c a l  c o o l in g  of  t h e  h e a t  s o u r c e  u p o n  

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

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

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

p e r a t u r e  of t h e  h e a t  s o u r c e .  S in c e  t h e  r a d i a t i o n  l o s s  i s  p r o p o r t i o n a l  to th e

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

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

L o c a l  c o o l i n g  a l w a y s  t a k e s  p l a c e  i n i t i a l l y  w h e n  th e  c o l d  s a m p l e  

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

m a t e r i a l  i s  d e p e n d e n t  o n  t h e  m a s s  of  t h e  s a m p l e ,  so ,  a g a i n  f o r  s a m p l e s  of  

c o n s t a n t  l e n g t h ,  t h e  e f f e c t  c a n  be  c o r r e l a t e d  w i t h  t h e  s a m p l e  d i a m e t e r .

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

■ c o r r e c t i n g  t h e  c o m b i n e d  e f f e c t  of  r a d i a t i o n  l o s s  a n d  s o u r c e  c o o l in g ,  b u t  g iv e s

no i n s i g h t  i n t o  t h e  r e l a t i v e  i m p o r t a n c e  of  t h e  tw o  e f f e c t s .  T h e  c u r v e s  s h o w n

in F i g .  I I - 9  w e r e  c o n s t r u c t e d  f r o m  e x p e r i m e n t a l  d a t a  u s i n g  th e  a p p a r a t u s

w i t h  i r o n  a n d  m o l y b d e n u m  a s  s t a n d a r d s ,  w h e r e :
2 ,

<x = t h e r m a l  d i f f u s i v i t y ,  c m  / s e c

° r e l  ° c a l c / ° ^ r u e

2 / t  _ t  \
- 0 . 9 3 3  L  , f L O  5 0 \

••calc =

L  = l e n g t h  of  s a m p l e  in c m

A t  = t i m e  in s e c o n d s  f o r  s a m p l e  to  c h a n g e  in t e m p e r a t u r e  
f r o m  10% to  50% of  t h e  " l e v e l - o f f "  t e m p e r a t u r e

Tj^^ = 10% of " l e v e l - o f f "  t e m p e r a t u r e

T = 50% of " l e v e l - o f f "  t e m p e r a t u r e  
50

T = " l e v e l - o f f "  t e m p e r a t u r e-LjO

To c a l c u l a t e  a « v a l u e  f o r  a n  u n k n o w n  m a t e r i a l ,  a  A t  m e a s u r e ­

m e n t  i s  m a d e  w i t h  t h e  e q u i p m e n t .  N e x t ,  oc i s  o b t a i n e d  f r o m  E q .  (1). T h e
C cL J.C

t h i r d  s t e p  i n v o l v e s  s u c c e s s i v e  a p p r o x i m a t i o n s  c a r r i e d  o u t  in  t h e  fo l lo w in g  w a y :

u s i n g  t h e  c u r v e s  f r o m  F i g .  I I - 9, a  i s  l o c a t e d  o n  t h e  f a m i l y  of c u r v e s  f o r
C 3, XC

t h e  p a r t i c u l a r  d i a m e t e r  a n d  a  , r e a d ;  <x , , t h e n  g i v e s  " a  ", w h i c h  is
r e l  c a l c '  r e l  t r u e
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a>

O

1.0

0 .9 0

0 .8 0

0 .70

0 .6 0

0 .50

0 .4 0

0 .2  0 .4  0 .6  0 .8  1.0 1.2 1.4 1.6 1.8
DI AME T E R ( c m)  MUL-13829

F i g .  I I - 9 .  T h e r m a l  d i f f u s i v i t y  c o r r e c t i o n  c u r v e s .
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the  f i r s t  a p p r o x i m a t i o n ;  "oc " i s  t h e n  u s e d  w i t h  t h e  c u r v e s  in  p l a c e  of  oc _ ,
t r u e  c a l c

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

to  b r i n g  c o n v e r g e n c e .

In T a b l e  11-22 a r e  g i v e n  th e  r e s u l t s  of a  n u m b e r  of  m e a s u r e m e n t s  

of  t h e r m a l  d i f f u s i v i t y  a t  a b o u t  150 °C.

T a b l e  11-22.  T h e r m a l  D i f f u s i v i t y  M e a s u r e m e n t s .

R u n Ave ”b a l c
z

°^true
2

M a t e r i a l L D No. A t ( s e c ) A t ( s e c ) ( c m  !  s ec ) ( c m  1 s e c )

V a n a d i u m 3.23 c m 0 .8 1 5 1 33 .0
2 29 .8 31.4 0.071 0.081
3. 31.3

S c a n d i u m 3.50 0.97 1 4 0 .6 0
2.
3

4 1 .1 0
40 .3 0 41 : i 0 .070 0.082

4 42 .5 5

N i o b i u m 3.59 1.29 1 19.50
a l lo y :  10% 2 19.03 19.3 0 .19 0.28
T a ,  10% M o, 3 19 .26
80% Nb

C. O x i d a t i o n  of  H a f n i u m

D i f f e r e n c e s  in  o x i d a t i o n  b e h a v i o r  of w e i g h t - c h a n g e  m e a s u r e m e n t s  on 

h a f n i u m  in  a i r  a t  t e m p e r a t u r e s  b e t w e e n  7 0 0 ‘’C a n d  1200°C  w e r e  o b s e r v e d  to 

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

S a m p l e s  w h i c h  w e r e  a n n e a l e d  a n d  p i c k l e d ,  to  r e m o v e  s u r f a c e  c o n t a m i n a t i o n ,  

w e r e  c h a r a c t e r i z e d  b y  a n  i n i t i a l  l i n e a r  o x i d a t i o n  f o l l o w e d  b y  a  p a r a b o l i c  r a t e  

l a w .  T h i s  b e h a v i o r  i s  t h o u g h t  to b e  r e p r e s e n t a t i v e  of  t h e  p u r e  m e t a l ,  a n d  i s  

s i m i l a r  to  t h e  b e h a v i o r  s h o w n  b y  h i g h  p u r i t y  C r . S a m p l e s  w h i c h  w e r e  u n t r e a t e d  

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

h i g h e r  o x i d a t i o n  r a t e s  w e r e  o b s e r v e d  a t  l o w e r  t e m p e r a t u r e s .  P a r t  of  t h i s  

p h e n o m e n o n  m a y  b e  e x p l a i n e d  b y  th e  p r e s e n c e  of  s t r a i n  b e l o w  9 0 0 °C, a n d  a l s o  

b y  c o n t a m i n a t i o n  in  t h e  s u r f a c e .  F u r t h e r  w o r k  w i l l  b e  d one  to c h a r a c t e r i z e
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th e  o x i d a t i o n  b e h a v i o r  of  Hf  u n d e r  m o r e  c o n t r o l l e d  c o n d i t i o n s  of  s p e c i m e n  

p u r i t y  a n d  e n v i r o n m e n t .

D. E s t i m a t i o n  of  ^°2 gg f r o m  H i g h - T e m p e r a t u r e  E n t h a l p y  D a t a

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

b i d e s ,  b o r i d e s ,  s i l i c i d e s ,  n i t r i d e s ,  a n d  o x i d e s  f o r  w h i c h  th e  c o r r e s p o n d i n g  

l o w - t e m p e r a t u r e  h e a t  c a p a c i t y  d a t a  a r e  a s  y e t  u n d e t e r m i n e d .  A s  v a l u e s  of

^ r e  n e e d e d  f o r  e q u i l i b r i u m  c a l c u l a t i o n s  f r o m  t h e r m o d y n a m i c  d a t a ,  th e  

fo l l o w in g  m e t h o d  f o r  e s t i m a t i n g  t h i s  p a r a m e t e r  h a s  b e e n  d e v e l o p e d .  T h e  

m e t h o d  f i t s  a n  e q u a t i o n  to  t h e  h i g h - t e m p e r a t u r e  e n t h a l p y  d a t a .  T h e  e q u a t i o n  

i s  t h e n  e x t r a p o l a t e d  to  0 “K ( - 2 7 3  °C) ,  a n d  th e  o b t a i n e d .

F o r  a r e f r a c t o r y  o f  e m p i r i c a l  f o r m u l a  A  B , one  m a y  w r i t e :
m  n

3(m+n)

+ aT

T h e  f i r s t  tw o  t e r m s  o f  t h i s  e x p r e s s i o n  r e s u l t  f r o m  B o r n ' s  l a t t i c e  t h e o r y ,  

w h i l e  t h e  l a s t  t e r m  a t t e m p t s  to  t a k e  a c c o u n t :  of  C - C a n d  i s  a l s o  c o n s i s t e n t
'  p  V

w i t h  t h e  B o r n - B r o d y  t h e o r y  of  h i g h - t e m p e r a t u r e  h e a t  c a p a c i t y .  A n  e m p i r i c a l  

s e l e c t i o n  of tw o  c h a r a c t e r i s t i c  t e m p e r a t u r e s  a n d  (7 i s  u s u a l l y  e n o u g h  to  f i t  

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

m a k i n g  t h e  f i t ,  one  m a y  i n t e g r a t e  e a c h  of t h e  t e r m s  in  t h i s  h e a t  c a p a c i t y  e q u a ­

t i o n  to  o b t a i n  S"  a n d  f r o m  T

S° = S® - (S° - S° )
298  T  ' T 298

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

g i v e n  in  T a b l e  11-23. T h e  v a l u e s  w e r e  o b t a i n e d  b y  u s i n g  a n  IB M  709 p r o g r a m  

w h i c h  c a r r i e d  ou t  t h e  n e c e s s a r y  c o m p u t a t i o n s  b y  s u c c e s s i v e  a p p r o x i m a t i o n s .

P r i v a t e  c o m m u n i c a t i o n  f r o m  J .  L .  M a r g r a v e ,  D e p t ,  o f  C h e m i s t r y ,  U n i ­
v e r s i t y  o f  W i s c o n s i n .
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C o m p a r i s o n  of  E s t i m a t e d
o  7 O

w i t h  E x p e r i m e n t a l  V a l u e s .
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V a l u e s

C o m p o u n d S °  ^ ( e s t i m a t e d )  
2 9 8

S° ( e x p e r i m e n t a l )
^ 7 O

A IN 4 .3  e.  u. 4 . 8  e.  u.
C ( p y r o g r a p h i t e ) 1 . 2 1.37 ( g r a p h i t e )

C e ° 2 15 14.9

C eS 13 -

C r B ^
2

1 1 -

HfB
2

15 -

®3 2
18 -

M o ^ S i 26 25 .4

M o S i
2

13 -

T a B ^ 15 -

T a C 1 0 1 0 . 1

WSi^ 24 -

Z r B z 1 2 -

Z r C 7.8 -

E .  P r e p a r a t i o n  of  M a g n e s i u m  U r a n a t e

M i x t u r e s  of p o w d e r s  of  M gO  a n d  U O w e r e  m a d e  up to  g iv e  t h e  f o l l o w -
3 8

ing  c o m p o s i t i o n s :  ZMgO • U O  . , M gO  - UO . , M gO  • 2UO , and
2 .67  2 .67  2 .67

M g O  - 3UO . T h e  s a m p l e s  w e r e  h e a t e d  in A1 O c r u c i b l e s  in a i r  to IZOO^C 
2 .6 7  2 3

f o r  6 h o u r s .  T h e y  w e r e  t h e n  f u r n a c e  c o o l e d ,  c r u s h e d ,  b l e n d e d ,  a n d  r e h e a t e d  

to  1200 °C f o r  a n  a d d i t i o n a l  6 h o u r s .

T h e  f i r s t  tw o  s a m p l e s  w e r e  y e l l o w - b r o w n  in c o l o r  a n d  t h e  l a s t  two w e r e  

g r e e n .  X - r a y  d i f f r a c t i o n  a n a l y s i s  s h o w e d  th e  f i r s t  two s a m p l e s  to  b e  p r e d o m ­

i n a n t l y  t h e  M g ( U 0 ^ ) 0 ^  p h a s e  r e p o r t e d  b y  Z a c h a r i e s e n  [A c ta  C r y s t  7, 788

( 1 9 5 4 ) ] .  T h e  l a s t  tw o  w e r e  m i x t u r e s  of  M g ( U 0  ) 0  a n d  U O .
Z 2- 3 8
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F .  H o t - P r e s s e d  B e O - F u e l  P r e p a r a t i o n s

In a n  a t t e m p t  to  p r o d u c e  f u e l e d  B e O  b o d i e s  s t a b l e  to  h ig h  p r e s s u r e s  of 

o x y g e n  a t  h i g h  t e m p e r a t u r e s ,  s e v e r a l  m i x t u r e s  of  B e O  w i t h  v a r i o u s  f u e l s  w e r e  

v a c u u m  h o t - p r e s s e d  in to  1 - i n .  - d i a m e t e r ,  9 / 1 6 - i n .  - h i g h  c y l i n d r i c a l  p i e c e s .

It w a s  fo u n d  t h a t  B e O  (UOX) c o u l d  b e  s u c c e s s f u l l y  h o t  p r e s s e d  in  g r a p h i t e  d i e s  

t o  g r e a t e r  t h a n  95% t h e o r e t i c a l  d e n s i t y  b y  p r e s s i n g  a t  1 4 7 5 * 0  a n d  3500  p s i  

f o r  30 m i n u t e s .  T h e  u s e  of  t h e  h o t  p r e s s  m a k e s  i t  c o n v e n i e n t  to  p r e p a r e  s a m ­

p l e s  in  t h e  l a b o r a t o r y  w h i c h  a r e  c o m p a r a b l e  to  t h o s e  m a d e  b y  p r o d u c t i o n  t e c h ­

n i q u e s  .

M i x t u r e s  of B e O  w i t h  - 2 0 0 - m e s h  p o w d e r s  of  U ^O ^,  M g U O ^ ,  UBe^^^, a n d  

U q 6 ^ ^ 1 3  m a d e  up  e q u i v a l e n t  in  f u e l  to 7.5 w t  p e r c e n t  UO^ in  B eO .

B e f o r e  p r e s s i n g ,  t h e s e  m i x t u r e s  w e r e  b l e n d e d  o v e r n i g h t  in  a  " V "  b l e n d e r  w i t h  

p o l y e t h y l e n e  b a l l s  a d d e d  to a i d  t h e  b l e n d i n g .  T h e  6 ^ ^  13 p r e ­

p a r e d  b y  h o t - p r e s s i n g  a m i x t u r e  of  ^ ^ ^ ^ 1 3  ^ M o - l i n e d  g r a p h i t e

d ie  a t  1 5 7 5 * 0  a n d  3500  p s i  f o r  30 m i n u t e s .  X - r a y  d i f f r a c t i o n  a n a l y s i s  s h o w e d  

th e  r e s u l t i n g  p r o d u c t  to b e  a b o u t  90 p e r c e n t  s i n g l e  p h a s e .

P r e s s i n g s  of  U O in  B e O  w e r e  n o t  u n i f o r m .  T h e  o u t e r  e d g e s  of  the  
3 o

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

t i o n  p r o d u c t s  of  U O p r e s e n t  in l a y e r s  a r o u n d  th e  e d g e s .  T h e  c e n t r a l  p o r t i o n
3 o

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

t i o n  d i s i n t e g r a t e d  w h e n  h e a t e d  to 1 1 5 0 * 0  in  a i r .  It w a s  c o n c l u d e d  t h a t  v a c u u m  

h o t - p r e s s i n g  to  h i g h  d e n s i t i e s  i s  p r o b a b l y  i m p o s s i b l e  w i t h o u t  r e d u c t i o n  of the

u.,o„.
3 8

A  p r e s s i n g  of  M g U O ^  in  B e O  m a d e  a t  1 4 5 0 * 0  w a s  u n i f o r m l y  d e n s e  

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

b r o w n  r e d u c t i o n  p r o d u c t s .  T e s t s  w e r e  m a d e  on  s l a b s  c u t  f r o m  t h e  b l a c k  c e n ­

t e r  s e c t i o n  of  t h e  p i e c e .  A t  1 1 5 0 * 0  a n d  5 a t m  O^,  a  s l a b  of  t h e  m a t e r i a l  

g a i n e d  0 .03% in  2 h r s .  In a  2 - h o u r  t e s t  a t  1 5 0 0 * 0 ,  t h e  s a m p l e  s t u c k  to the  

A1 O s u p p o r t ,  a p p a r e n t l y  b e c a u s e  of s p i n e l  f o r m a t i o n  a t  t h e  p o i n t s  of c o n t a c t .
u  J

T h e  p i e c e  c o u l d  n o t  b e  w e i g h e d ,  b u t  d id  n o t  l o o k  b a d l y  o x i d i z e d ,  n o r  d id  it 

h a v e  a n y  a p p a r e n t  f l a w s .
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P r e s s i n g s  of  U B e , _ in  B e O  a n d  U . Z r ^  , B e , _  in B e O  a t  152 5 “C a n d  ^ 13 0 .4  0.6 13
3500  p s i  r e s u l t e d  in  u n i f o r m  p i e c e s  w i t h  d e n s i t i e s  97% t h e o r e t i c a l .  T e s t s  a t

11 5 0 °C  a n d  5 a t m  O^ r e s u l t e d  in  s e v e r e  o x i d a t i o n  a n d  s p a l l i n g  w i t h  t h e  UBe^^^-

B e O  p i e c e s .  T h e  U >Zr  , B e ,  in  B e O  s h o w e d  m u c h  m o r e  p r o m i s i n g  b e -
0 .4  0 . o 1J

h a v i o r .  T h e  r e s u l t s  of  s e v e r a l  t e s t s  a r e  g i v e n  in  T a b l e  11-24.

T a b l e  11-24.  O x i d a t i o n  of  . .Z r^  . B e , _  in B eO .
0 .4  0 .6  13

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

P  T®C
o x y g e n T o t a l  t i m e  t e s t e d  

( h r s )
% w t  c h a n g e

C 125-1 60 p s i g 1300 4 + 0.2
I I I I 8 + 0.4
I I I I 12 + 0 .47
I I I I 27 + 0 .58

C 1 25 -2 60 p s i g 1300 4 + 0.22
I I I I 8 + 0 .35
I I I I 12 + 0 .35
I I I I 27 + 0 .46

C 1 2 5 -3 60 p s i g 1500 2 + 0.5
I I I I 8 .25 + 0.9
I I I I 14.5 + 1.2

C 1 2 6 - 1 ^ 60 p s i g 1150 2 .33 + 0.1
I t I I 18 + 0 .33

3 i
C 125 a n d  C 126 w e r e  d i f f e r e n t  p r e s s i n g s .

G. O x id a tio n -R es is ta n t C oatings for U n sta b ilized  F u e led  T ubes

O ra llo y -lo a d ed  B eO -fu e led  tu bes w e re  s u c c e s s fu lly  coated  w ith  a C a- 

A l-M g -O  co m p o sitio n . C oated tu b es have w ith stood  the con d ition s of te m p e r ­

a tu re  and oxygen  p r e s s u r e  w h ich  o r d in a r ily  cra ck  h ig h -lo a d ed , u n protected  

tu b es. (A m o re  d e ta iled  d is c u s s io n  o f the con d ition s ca u sin g  the cra ck in g  p h e­

nom enon is  p r e se n te d  e a r lie r  in  th is  r e p o r t .)
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T h e  c o a t i n g s  w e r e  a p p l i e d  in  t h i c k n e s s e s  of  a p p r o x i m a t e l y  4 m i c r o n s  

b y  s p r a y i n g  o r  d ip p i n g  in  a  w a t e r  s u s p e n s i o n .  T h e  c o m p o s i t i o n  of  t h e  c o a t i n g  

c o n s i s t e d  of a  m i x t u r e  of  C aO ,  A1 O , a n d  M gO,  in  t h e  m o l a r  r a t i o s  of  54.1;Cd J
32 .6 :  13 .4 .  A p p l i c a t i o n  h a s  b e e n  m a d e  on  f i r e d  6 . 1 7 5 - p e r c e n t  O r a l l o y  h e x  

t u b e s  cu t  in to  3 / 8 - i n .  l e n g t h s .  T h e  c o a t e d  t u b e s  w e r e  h e a t e d  to  1 3 7 5 - 1 4 0 0 ° C  

fo r  a  p e r i o d  of  1 to  2 h o u r s  in  an  a t m o s p h e r e  of f l o w in g  A r .  T h e  r e s u l t s  o f  a  

n u m b e r  of  t e s t s  a r e  g i v e n  in  T a b l e  11-25.

T a b l e  11-25. T e s t  R e s u l t s .

P r e t r e a t m e n t T e s t  c o n d i t i o n s
S a m p l e T “ C t i m e T “C t i m e T ' C t i m e R e  s u i t s

1 1375 1 h r 1150 7 h r No c r a c k s
2 1375 1 1250 1 C r a c k e d
3 1375 2 1250 1 No c r a c k s
4, 1375 1 1150 1 No c r a c k s
5. 1400 1 1250 1 No c r a c k s
6 1375 1 1 0 0 ° C  H ^O 8 h r 1150 1 No c r a c k s

7 1375 1 1450 a i r 1 6 - 1 /2  h r 1150 1 No c r a c k s
(1 a t m )

A l l  t e s t s  w e r e  m a d e  \ander 60 p s i g  O ^ .

F o r  s a m p l e  1, e x a m i n a t i o n  of  a  t h i n  s e c t i o n  w i t h  a  p o l a r i z i n g  m i c r o ­

s c o p e  i n d i c a t e d  no m i c r o c r a c k i n g  h a d  o c c u r r e d  in  th e  B e O  - UO^ b o d y .  T h i s  

p a r t i c u l a r  s a m p l e  h a d  b e e n  s u b j e c t e d  to  tw o  s u c c e s s i v e  h e a t i n g s .  No c r a c k i n g  

o c c u r r e d  d u r i n g  t h e  f i r s t  h o u r ,  so  a  s u b s e q u e n t  6 - h o u r  r u n  w a s  p e r f o r m e d .  

T h e r e  w a s  s o m e  e v i d e n c e  of  m o v e m e n t  of  t h e  p h a s e  in to  t h e  c o a t i n g  to

f o r m  a  p h a s e  w h i c h  i s  t h o u g h t  to be  C a U G ^ .  V e r y  l i t t l e  o x i d a t i o n  to 

o c c u r r e d ,  a n d  th e  a r e a  n e a r  t h e  c o a t i n g  w a s  no t  g r e a t l y  d e p l e t e d  b y  t h e  c o a t ­

ing  o r  b y  th e  h i g h - t e m p e r a t u r e  o x i d a t i o n  t r e a t m e n t .  No d e t e c t a b l e  w e i g h t  

c h a n g e  w a s  n o t e d  d u r i n g  th e  t e s t i n g  e x c e p t  f o r  s a m p l e  # 2 ,  w h i c h  s h o w e d  c r a c k ­

ing  a f t e r  1 h o u r  a t  1 2 5 0 °C  a n d  6 0 - p s i g  O^.  A p p a r e n t l y  t h e  f i r i n g  t i m e  d u r i n g  

c o a t i n g  a p p l i c a t i o n  w a s  i n s u f f i c i e n t  to  f o r m  a  s a t i s f a c t o r y  c o a t ,  b e c a u s e
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s a m p l e  # 3 ,  w h i c h  w a s  f i r e d  2 h o u r s  r a t h e r  t h a n  one ,  s h o w e d  no c r a c k s .  T h e  

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

s h o w n  b y  s a m p l e  # 5 .

S in c e  a  v e r y  f lu id  l i q u i d  is  f o r m e d  a b o v e  th e  l i q u i d u s  t e m p e r a t u r e  (abou t  

1 3 0 0 - 1 3 5 0 °C),  th e  p e r f o r m a n c e  of  t h e  c o a t e d  t u b e  a t  h i g h e r  t e m p e r a t u r e s  

m a y  b e  l i m i t e d  by  t h i s  e f f e c t  r a t h e r  t h a n  b y  c r a c k i n g .  T e s t i n g  a t  h i g h e r  t e m ­

p e r a t u r e s  i s  now  in  p r o g r e s s .  In t h e  c a s e  of  s a m p l e  7, a  p r o l o n g e d  e x p o s u r e  

in  1 a t m  a i r  a b o v e  th e  l i q u i d u s  t e m p e r a t u r e  c a u s e d  no d e t e c t a b l e  w e ig h t  c h a n g e .  

A  s u b s e q u e n t  t e s t  u n d e r  " c r a c k i n g  c o n d i t i o n s "  r e s u l t e d  in  no  c r a c k s .  T h i s  

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

t o o k  p l a c e ,  w i t h  no d e l e t e r i o u s  e f f e c t  o n  t h e  r e s i s t a n c e  of  t h e  c o a t i n g  to p e n ­

e t r a t i o n .

It i s  h o p e d  t h a t  th e  c o a t i n g  m a y  a l s o  p r o v i d e  r e s i s t a n c e  to  t h e  h y d r o l y s i s  

of  t h e  B eO .  None  of  t h e  c o m p o n e n t s  of  t h e  c o a t  is r e p o r t e d  to be  c a r r i e d  b y  

h i g h - t e m p e r a t u r e  w a t e r  ( U C R L - 1 8 3 1 ,  1952).  One  w o u ld ,  t h e r e f o r e ,  e x p e c t  

l i t t l e  l o s s  o f  B eO ,  a t  l e a s t  u n t i l  t h e  l i q u i d u s  t e m p e r a t u r e  is r e a c h e d .  H y d r o l ­

y s i s  e x p e r i m e n t s  w i l l  b e  d o n e  if t h e  c o a t s  p r o v e  o t h e r w i s e  s a t i s f a c t o r y .

H. S p i n e l  C o a t i n g s  o n  B e O - U O ^  T u b e s

A s  p r e v i o u s l y  r e p o r t e d ,  t h e  r a t e  of  g r o w t h  of  t h e  a l u m i n a - c o n t a i n i n g  

l a y e r  o n  L R L  t u b e s  i s  v e r y  m u c h  s l o w e r  t h a n  t h a t  r e p o r t e d  by  a s u p p l i e r .  A 

s u p p l i e r ' s  t u b e  of  th e  ty p e  u s e d  in  T o r y  I I - A  w a s  s u b j e c t e d  to  th e  s a m e  c o a t ­

ing p r o c e d u r e  t h a t  h a d  b e e n  p r e v i o u s l y  u s e d  f o r  an  L R L  t u b e .  W h e r e a s  the  

i n i t i a l  r a t e  of  b u i l d u p  on t h e  L R L  t u b e  w a s  a b o u t  0 .18  m i c r o n s / h r ,  t h e  i n i t i a l  

r a t e  f o r  t h e  s u p p l i e r ' s  t u b e  ( C l a s s  5 -0 )  w a s  1.13 m i c r o n s / h r .  In b o t h  c a s e s  

the  r a t e  b e c o m e s  p a r a b o l i c .

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

f o r m a t i o n  w e r e  t r i e d .  T h e s e  w e r e ;

1. A p p l i c a t i o n  of th e  a l u m i n a  b y  d ip p i n g  th e  tu b e  in  a n  a l u m i n a  s l u r r y  

of v a r i o u s  l i q u i d s ,  f o l l o w e d  b y  s i n t e r i n g  in  v a c u o  a n d / o r  h y d r o g e n .
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2.  A p p l i c a t i o n  of t h e  a l u m i n a  a s  a b o v e ,  t h e n  f i r i n g  w i t h  M g O  r o d s  

e i t h e r  d u r i n g  a n d / o r  f o l l o w in g  t h e  i n i t i a l  s i n t e r i n g  of t h e  a l u m i n a .

3. D ip p i n g  t h e  t u b e  in  s o l u t i o n s  of  v a r i o u s  a l u m i n u m  s a l t s ,  t h e n  d e ­

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

T h e  c o a t i n g s  p r o d u c e d  w i t h  t h e s e  m e t h o d s  w e r e ,  in  v a r i o u s  c o m b i n a ­

t i o n s ,  a l l  u n s a t i s f a c t o r y .  It w a s  a l s o  a p p a r e n t  t h a t  h a v i n g  th e  a l u m i n a  in  

c o n t a c t  w i t h  th e  B e O  s u r f a c e  d id  no t  c a u s e  a  m o r e  r a p i d  b u i l d u p  of  c h r y s o b e r y l  

t h a n  i s  p o s s i b l e  u s i n g  t h e  s a p p h i r e  r o d s  a s  in  t h e  s u p p l i e r ' s  m e t h o d .  A p p a r ­

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

t i o n  r a t h e r  t h a n  t h e  r a t e  of  a l u m i n a  t r a n s p o r t  t h r o u g h  th e  g a s e o u s  p h a s e  to 

th e  s u r f a c e .
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C H A P T E R  III.  H O T  BO X

P R E L I M I N A R Y  R E S U L T S  O F  H I G H - T E M P E R A T U R E  

B A R E  U ^ ^ ^ - C  C R I T I C A L  A S S E M B L Y  M E A S U R E M E N T S *

A s u r v e y  h a s  b e e n  c o m p l e t e d  of  t h e  i n f l u e n c e  of  t e m p e r a t u r e  upon  th e  

c r i t i c a l  b u c k l i n g  of b a r e - g r a p h i t e  e n r i c h e d - u r a n i u m  a s s e m b l i e s  in  the  L a w r e n c e  

R a d i a t i o n  L a b o r a t o r y ' s  H o t  B o x  h i g h - t e m p e r a t u r e  c r i t i c a l  f a c i l i t y . ^  T h e  s u r ­

v e y  c o v e r e d  th e  w h o le  r a n g e  of c a r b o n - t o - u r a n i u m - 2 3 5  m o l a r  r a t i o  a v a i l a b l e  

i n  H o t  B o x ,  f o r  t e m p e r a t u r e s  b e t w e e n  45 ° F  a n d  1205 ° F .  T h e  l o w e s t  r a t i o ,

1185,  r e q u i r e d  m o r e  t h a n  90% of t h e  t o t a l  i n v e n t o r y  of  b o th  4 - m i l  a n d  2 - m i l  
2

f u e l  e l e m e n t s ,  a n d  th e  h i g h e s t  r a t i o ,  2 1 ,6 9 0 :1  (18 t i m e s  the  l o w e s t ) ,  i n v o l v e d

th e  l a r g e s t  a s s e m b l y  t h a t  c a n  p r e s e n t l y  b e  s t a c k e d  on  th e  l o w - m a s s  t a b l e .

P r e l i m i n a r y  r e s u l t s  of  th e  s u r v e y  a r e  g i v e n  in  T a b l e  I I I - l .
235

T h e  C / U  r a t i o s  a r e  t a k e n  f r o m  th e  a m o u n t  of g r a p h i t e  p e r  l a t t i c e
235

u n i t  a n d  th e  a m o u n t  of  U p r e s e n t  in  th e  a s s o c i a t e d  f o i l s ;  no  c o r r e c t i o n s  

h a v e  b e e n  m a d e  f o r  fo i l  s e l f - s h i e l d i n g  o r  f lu x  d e p r e s s i o n .  A l l  d i m e n s i o n s  a r e  

r o o m - t e m p e r a t u r e  m e a s u r e m e n t s ,  a n d  t h e  h e i g h t s  i n c l u d e  2 . 5 - i n . f o r  the  c o n ­

t r i b u t i o n  of  t h e  b a s e  l a y e r ,  l o w - m a s s  t a b l e ,  a n d  f l o o r .  T h e  p o i s o n  of th e  n e u -
3

t r o n  s o u r c e  c o n t a i n e r  w a s  p r e s e n t  in  the  c e n t e r  of  the  a s s e m b l y  f o r  a l l  c r i t i -  

c a l i t y  d e t e r m i n a t i o n s .  T h e  v o l u m e - a v e r a g e  d e n s i t y  of th e  g r a p h i t e ,  i n c lu d in g  

f lo w  p a s s a g e s  a n d  c o n t r o l  v o i d s ,  w a s  1.48 g / c m  . T h e  g r a p h i t e  c o n t a i n e d  

5 p p m  b o r o n - e q u i v a l e n t  m o d e r a t o r  p o i s o n .  T h e  m e a s u r e d  t h e r m a l  e x p a n s i o n  

of  H o t  B o x  g r a p h i t e  ( g r a d e  C S - 3 1 2 )  in  t h e  v e r t i c a l  a n d  h o r i z o n t a l  d i r e c t i o n s  i s  

s h o w n  i n  F i g .  I I I - l .  R o o m - t e m p e r a t u r e  c r i t i c a l  h e i g h t s  a n d  th e  c r i t i c a l  t e m ­

p e r a t u r e s  of  o v e r  s t a c k e d  a s s e m b l i e s  w e r e  d e t e r m i n e d  b y  m e a n s  of s t a n d a r d
4

H o t  B o x  e x p e r i m e n t a l  p r o c e d u r e s .

T h e  n u m b e r s  i n  t h e  t a b l e ,  w h i l e  of p r e l i m i n a r y  n a t u r e  a n d  s u b j e c t  to  

m i n o r  r e v i s i o n ,  a r e  of  s u f f i c i e n t  a c c u r a c y  to  a l l o w  c o m p a r i s o n  w i th  m a c h i n e

*
T h i s  d i s c u s s i o n  a l s o  a p p e a r s  in  a n  u n c l a s s i f i e d  R e p o r t  U C R L - 6 5 0 4 .  

 ̂ S ee  U C R L - 5 4 8 3 .

^ S e e  U C R L - 5 3 3 4 .

^ S e e  U C R L - 6 3 2 9 .

“̂ S e e  U C R L - 6 3 2 9 .



T a b l e  I I I - l .  P r e l i m i n a r y  R e s u l t s  of H o t  B o x  B a r e  G r a p h i t e  A s s e m b l y  S u r v e y . C
n

I
O'oi
O '

U n c o r r e c t e d  
.235C / U H L  X W F u e l  e l e m e n t  l a t t i c e

(°F) (in. a t  
R .  T . )

(ft a t  
R .  T . )

1185 60 50.3 4 X
1185 850 52.5 4 X

2370 45 59.2 4 X
2370 950 65 .5 4 X
2370 1620* 69 .5 4 X

7150 85 6 1 . Ot 6 X
7150 1110 7 2 . 5 t 6 X

8940 50 62 .0 6 X
8940 880 74 .5 6 X

14440 79 61.5 8 X
14440 723 69.5 8 X
14440 1060 73.5 8 X

16850 52 68.8 8 X
16850 961 84.5 8 X

21690 46 78.8 8 X
21690 557 89.5 8 X

- m i l  f o i l s  
m i l  fo i l s

2 - i n .  s p a c i n g  
1 - in .  s p a c i n g

(T o p  v iew )

4 4 2 2 4
4 4 2 2 4
4 4 2 2 4
4 4 2 2 4

4 - m i l  f o i l s  - 4 - i n .  s p a c i n g

(Top  v iew )

; i

si

lo l

2 - m i l  f o i l s

2 - m i l  f o i l s

J
I 8 - i n .

( 5 - i n .  
"110- in .

s p a c i n g
s p a c i n g

8
4
8
8
4
8

8
4
8
8
4
8

2 - m i l  f o i l s  - 12 - in .

s p a c i n g  ( w h e r e  4 a b o v e )  
s p a c i n g  ( w h e r e  8 a b o v e )

s p a c i n g

2 - m i l  f o i l s  - 1 4 - in .  s p a c i n g

2 - m i l  f o i l s  - 1 8 - in .  s p a c i n g

L o c a t i o n  of  
fo i l  t h i c k n e s s e s

L o c a t i o n  of 
fo i l  s p a c i n g s

I
00
O '

A v e r a g e  2 - m i l  fo i l  w t  = 123 g o r a l l o y  (93 .2% U'^^^) w i th  105 g S S -3 4 7  c l a d d in g .
A v e r a g e  4 - m i l  fo i l  w t  = 246 g o r a l l o y  (93 .2% U^35^ w i th  105 g S S -3 4 7  c l a d d i n g .
A v e r a g e  g r a p h i t e  d e n s i t y  = 1.48 g / c m ^ ;  a 12- X 2 4 - i n .  g r a p h i t e  a r e a  i s  a s s o c i a t e d  w i th  e a c h  fo i l .

* E x t r a p o l a t e d  f r o m  a  1205 ®F e x p e r i m e n t .
t  T h i s  e x p e r i m e n t  h a d ,  in  e f f e c t ,  a n  e x t r a  2 . 4 1 k g  of  S S - 3 0 4 p e r  kg  of  o r a l l o y ,  n o t  in  th e  o r a l l o y  f lu x  d e p r e s  s io n .
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c a l c u l a t i o n s  o f  t h e  d i f f e r e n t i a l  e f f e c t  of t e m p e r a t u r e .  A d i f f e r e n c e  in  b u c k l i n g

b e t w e e n  th e  a s s e m b l y  c r i t i c a l  a t  r o o m  t e m p e r a t u r e  a n d  th e  a s s e m b l y  c r i t i c a l
23 5a t  an  e l e v a t e d  t e m p e r a t u r e  f o r  e a c h  C / U  r a t i o  h a s  b e e n  c a l c u l a t e d  f r o m  

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

i n  b u c k l i n g  a n d  th e  a s s o c i a t e d  c h a n g e  in  t e m p e r a t u r e  g iv e  t h e  f r a c t i o n a l  r a t e  

of  c h a n g e  of  b u c k l i n g  w i th  t e m p e r a t u r e  f o r  e a c h  e x p e r i m e n t .  T h i s  q u a n t i t y  i s  

p l o t t e d  i n  F i g .  I I I -2  a g a i n s t  t h e  m e d i a n  t e m p e r a t u r e  b e t w e e n  r o o m  t e m p e r a ­

t u r e  a n d  th e  e l e v a t e d  c r i t i c a l  t e m p e r a t u r e  in  e a c h  c a s e .  It  i s  s e e n  t h a t ,  f o r  
23 5th e  tw o  C / U  r a t i o s  w h e r e  tw o  h i g h  t e m p e r a t u r e  e x p e r i m e n t s  w e r e  d o n e ,

2 2t h e  a b s o l u t e  v a l u e  o f  (B / B  ) / T  d e c r e a s e s  w i th  T .  U s i n g  th i s  i n f o r m a t i o n

on  the  v a r i a t i o n  of t h i s  q u a n t i t y  w i th  t e m p e r a t u r e ,  we  c a n  e v a l u a t e  i t  a t  one
235t e m p e r a t u r e  f o r  a l l  v a l u e s  of th e  C / U  r a t i o .  F i g u r e  I I I -3  i s  a  p lo t  of  th e

Z 2 235v a l u e  of (B / B  ) / T  a t  5 0 0 ‘’F  v s  C / U  r a t i o .  (T h e  e x p e r i m e n t a l  r e s u l t s

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

in g  a n d  th e  o f t e n - i g n o r e d  v a r i a t i o n  in  fo i l  s e l f - s h i e l d i n g  w i th  t e m p e r a t u r e .  )
5

A s e r i e s  of Z o o m - c o d e  c a l c u l a t i o n s  f o r  th e  a c t u a l  H o t  B o x  e x p e r i m e n t s  

w i l l  b e  u n d e r t a k e n  s o o n .  A m o r e  c o m p l e t e  d e s c r i p t i o n  a n d  a n a l y s i s  of  th e  e x ­

p e r i m e n t s  w i l l  b e  i s s u e d  in  a l a t e r  r e p o r t .

^ S e e  U C R L - 5 6 8 2 .



- 8 9 - U C R L - 6 5 1 6

‘# 2 1 6 9 0 =  UNCORRECTED C/U^^s

2.0
16850

X 8940

U.o
O
O

o'
7150

CD
1-
<CD

<

2370

0.5 —

1185

0.3

100 200 300400 500 600 700 800900 1000
T (®F) MUL-139^1
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T = (T + T ) /2 .  ^'  c o '
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C H A P T E R  IV. T O R Y  I I - C

S E C T I O N  I.  N E U T R O N I C S

C R I T I C A L  MASS O F  T O R Y  I I - C

A n g ie  c a l c u l a t i o n a l  r e s u l t s  o n  t h e  T o r y  I I - C  r e a c t o r  c o n f i g u r a t i o n  h a v i n g  

a s i d e - s u p p o r t  s t r u c t u r e  a n d  c o n t r o l - r o d  h o l e s  a r e  d i s c u s s e d  in t h i s  s e c t i o n ,  

a s  w e l l  a s  a n  i n t e r i m  s t a t e m e n t  on  c r i t i c a l  m a s s .

T h e  n e u t r o n i c  d e s c r i p t i o n  of t h e  r e a c t o r  c o n f i g u r a t i o n  a s  it  e x i s t e d  in 

M a y ,  1961 is  d e s c r i b e d  b e l o w .  T h e  c o n f i g u r a t i o n  t r e a t e d  h e r e  d o e s  no t  c o n ­

t a i n  a n y  c o n t r o l  r o d s .  T h e  s i d e - s u p p o r t - s t r u c t u r e  w o r t h  a n d  c o n t r o l - r o d -  

h o l e  w o r t h  w e r e  b o t h  f o u n d  u s i n g  A n g ie  c a l c u l a t i o n s .  T h e  e f f e c t  of th e  f r o n t  

s u p p o r t  s t r u c t u r e  a n d  th e  r e a r  b a s e  p l a t e  w e r e  e s t i m a t e d  u s i n g  Z o o m  c a l c u ­

l a t i o n s  .

T h e  m o r e  i m p o r t a n t  p a r a m e t e r s  u s e d  in t h e  c a l c u l a t i o n s  a r e :

D i m e n s i o n s

C o r e  l e n g t h  ( co ld )  50 .7  in.

C o r e  r a d i u s  (co ld)  2 3 .6 2 5  in.

S ide  r e f l e c t o r  t h i c k n e s s  ( co ld )  3 .00  in.

F r o n t  r e f l e c t o r  t h i c k n e s s  (co ld )  10.00 in.

R e a r  r e f l e c t o r  t h i c k n e s s  (co ld )  2 .00  in.

R e a r  b a s e - p l a t e  t h i c k n e s s  ( co ld )  1.00 in.

F r o n t  s u p p o r t - s t r u c t u r e  t h i c k n e s s  (co ld )  9-00 in.

S ide  s u p p o r t - s t r u c t u r e  t h i c k n e s s  ( co ld )  1 .875  in.

A v e r a g e  t e m p e r a t u r e  1277°C

F r a c t i o n a l  l i n e a r  e x p a n s i o n ,  a l l  d i m e n s i o n s  

V o l u m e  f r a c t i o n s :

1.272 p e r c e n t

C o r e  (not  i n c l u d i n g  e f f e c t  of c o n t r o l  r o d  h o l e s ) :

F u e l e d  B eO  

U n f u e l e d  B eO  

T i e  t u b e s  

V o id

0 .4 3 3 2 7

0 .0 3 9 3 5

0 . 0 0 4 4 7

0 .52291
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Front r e f lec to r :

Unfueled BeO  

B er y ll iu m  m e ta l  

T ie tubes  

Void  

R ear r e f lec to r :

l in fue led  BeO  

T ie  tubes  

Void  

Side r e f lec to r :

Unfueled BeO  

T ie  tubes  

Void

Side support structure:  

713-C  

R -41  

H a-C  

Void  

R ear b a se  p late:

F - 4 8

Void

F ront support s tructure:  

H a-C  

Void

0.40077

0.04903

0.00447

0.54573

0.47262

0.00447

0.52291

0.9121

0.006025

0.081875

0.13220

0.08144

0.18837

0.598

0.381

0.619

0.25

0.75

F u e led  and unfueled  BeO w as a s su m ed  to be at 98 p ercen t th e o r e t ic a l  

d en sity .  T w o -th ird s  of a l l  t ie  tubes w ere  of R e n e -4 1 ,  the rem ain d er  w e re  

of H a ste l lo y  R -2 3 5 .  The t ie  tubes w e re  d istr ibu ted  u n iform ly  (sm ea red )  

throughout the co re  reg ion  accord in g  to the num ber actu a lly  p resen t  in the 

c o re .  The rem a in d er  w e re  d istr ib u ted  u n iform ly  throughout the s ide  r e f le c to r .

B a s e  P r o b le m

The b a se  ca lcu la tion  em p loyed  the b e s t  se t  of c r o s s  

se c t io n s  a v a ilab le  at the p r e se n t  t im e  ( s e l f - s h ie ld e d  and r e so n a n ce s
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w h e r e  a p p r o p r i a t e ) .  T h e  f u e l  m a s s  (OyO^) w a s  s e t  a t  50 kg.  T h e  f u e l  w a s  

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

w i t h i n  ± 5  p e r c e n t  o v e r  t h e  m a j o r  p o r t i o n  of  t h e  c o r e  l e n g th .  A l s o ,  th e  a x i a l  

p o w e r  p r o f i l e  is  f l a t  in  th e  f o r w a r d  h a l f  of  the  c o r e .  T h i s  b a s e  c a l c u l a t i o n  

d o e s  no t  c o n s i d e r  th e  e f f e c t  of  a  s i d e  s u p p o r t  s t r u c t u r e ,  th e  c o n t r o l  r o d  h o l e s ,  

th e  r e a r  b a s e  p l a t e ,  o r  t h e  f r o n t  s u p p o r t  s t r u c t u r e .  T h e  c a l c u l a t e d  m u l t i p l i ­

c a t i o n  c o n s t a n t  f o r  t h i s  r e a c t o r  (hot)  w a s :

k   ̂ = 1 .0304 
eff

S ide  S u p p o r t  S t r u c t u r e

T h e  m a t e r i a l s  a n d  t h i c k n e s s e s  ( e q u iv a l e n t )  u s e d  in the  s i d e  s u p ­

p o r t  s t r u c t u r e  a r e :

M a t e r i a l s  T h i c k n e s s

H a s t e l l o y  7 1 3 - C  4 . 9 8  g / c m ^  - 0.63 c m
y , 2R e n e  - 41 3 .20  g / c m  - 0 .388  c m

2
H a s t e l l o y  C 8 .02  g / c m  - 0 .897  c m

16.2 g / c m ^  - 1.915 c m  

T h e  s i d e  s u p p o r t  s t r u c t u r e  r e g i o n  t h i c k n e s s  i s  4 .7 6 2 5  c m .

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

ing  th e  t h r e e  m a t e r i a l s  g i v e n  a b o v e  w i t h i n  th e  r e g i o n  s p e c i f i e d .  No m a t e r i a l  

w a s  s m e a r e d  f r o m  o r  in to  t h e  s i d e  r e f l e c t o r .  In t h i s  s e n s e ,  w e  c a l l  t h i s  

t r e a t m e n t  d i s c r e t e .  T h i s  t r e a t m e n t  is  n e u t r o n i c a l l y  j u s t i f i a b l e  d u e  to  t h e  

c l o s e n e s s  of  th e  t r a n s p o r t  c r o s s  s e c t i o n s  (w h ich ,  in  d i f f u s i o n  t h e o r y ,  d e t e r ­

m i n e s  e x t r a p o l a t i o n  d i s t a n c e )  in v a l u e .

T h e  d i s c r e t e  t r e a t m e n t  y i e l d e d  a r e a c t i v i t y  i n c r e a s e ,  in  t e r m s  

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

A k  / k  ^  0 .0 4 4  . e f r  e f f

T h e  c h a n g e  in  th e  r a d i a l  p o w e r  p r o f i l e  m a y  b e  s e e n  in  F i g .  I V - 1. 

At th e  c o r  e - r e f l e c t o r  i n t e r f a c e  t h e r e  i s  a b o u t  a  20% i n c r e a s e  in  p o w e r . S p r e a d  

in  p o w e r  i s  a b o u t  5%. A  g e n t l e  r i s e  in p o w e r  f r o m  th e  c o r e  c e n t e r  to  r a d i a l  

e d g e  of  a b o u t  7.5% w i l l  b e  r e d u c e d  to  4% w h e n  g a m m a  h e a t i n g  i s  i n c lu d e d .
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RADIAL POWER PROFILES FOR ANGIE
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F i g .  I V - 1 .  P o w e r  p r o f i l e s  v e r s u s  r a d i a l  d i s t a n c e .
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C o n t r o l  R o d  H o l e s

A  c a l c u l a t i o n  i n v o l v i n g  a  c o n s i d e r a t i o n  of  b o t h  s id e  s u p p o r t  s t r u c ­

t u r e  a n d  c o n t r o l  r o d  h o l e s  h a s  b e e n  m a d e .  T h e  t o t a l  r e a c t i v i t y  i n c r e a s e  ( the 

b a s e  p r o b l e m  AR52)  i s :

W e m a y  t h u s  a s s i g n  to  t h e  h o l e s  a  r e a c t i v i t y  c h a n g e  of:

A k , V k  . .  = - 0 . 0 1 3  ( c o n t r o l  r o d  h o l e s )  .
eff  e f f

T h i s  c a l c u l a t i o n  w a s  a  r a d i a l - a x i a l  (RZ)  c a l c u l a t i o n  w h e r e i n  t h e  

h o l e s  w e r e  r e p r e s e n t e d  b y  a  r e d u c t i o n  of  c o r e  m a t e r i a l  (b o th  f u e l  a n d  m o d e r ­

a t o r )  in  t h e  a n n u l a r  c y l i n d r i c a l  s h e l l  i n  w h i c h  t h e y  f e l l .  A l l  14 h o l e s  w e r e  i n ­

c l u d e d .  T h e  a d d i t i o n a l  t i e - r o d  m a t e r i a l  w a s  t a k e n  in to  a c c o u n t .  T h e  e f f e c t  

o f  t h e  h o l e s  on  th e  r a d i a l  p o w e r  p r o f i l e  i s  n e g l i g i b l e  ( l e s s  t h a n  2%).

F r o n t  S u p p o r t  S t r u c t u r e

T h e  f r o n t  s u p p o r t  s t r u c t u r e  f o r  T o r y  I l - C  c o n s i s t s  of  b e a m s  of  

H a s t e l l o y  C of 2 - i n .  X 9 - i n .  c r o s s  s e c t i o n  w h i c h  h a v e  a n  a p p r o x i m a t e  p o r o s i t y  

o f  0 .5 .  T h e  b e a m s  a r e  p l a c e d  w i t h  t h e i r  c e n t e r  l i n e s  h a v i n g  a  4 - i n .  s e p a r a ­

t i o n  (a  2 - i n .  g a p  b e t w e e n  b e a m s ) .  T h e  r e s u l t a n t  p o r o s i t y  i s  0 .75 .  S in c e  t h e  

s u p p o r t  s t r u c t u r e  c o v e r s  s o  l i t t l e  o f  t h e  c o r e ' s  c r o s s - s e c t i o n a l  a r e a ,  m o s t  of  

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

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

To adequately  tr e a t  the e ffec t  of the front support structure  on 

r ea c t iv ity ,  in the a b se n c e  of an a n a ly t ica l  trea tm en t or ex p er im en ta l  e s t im a ­

tion  of the e ffec t  o f  s trea m in g ,  th ree  o n e -d im e n s io n a l  (axial) ca lcu la tion s  w ere  

m ad e u s in g  q u a r te r -d e n s ity  H a s te l lo y  C sm e a r e d  to th ic k n e s s e s  of 9 inches ,

5 i n c h e s ,  a n d  2 i n c h e s .  T h e  g r e a t e s t  e f f e c t  o n  r e a c t i v i t y  o f  t h e s e  c a l c u l a t i o n s  

( i . e . ,  9 - i n .  c a s e )  w a s  A k / k  = 0 .008 .  F i s s i o n  t r a v e r s e s  o n  th e  T o r y  I I - A - 1 

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

v a t i v e  e s t i m a t e  of t h e  e q u i v a l e n t  t h i c k n e s s  i s  a b o u t  0 .4  i n c h e s .  A c c o r d i n g l y ,  

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

A k  - , / k  = 0.001 .
eff  ef f
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T h e  e f f e c t  of  t h e  f r o n t  s u p p o r t  s t r u c t u r e  o n  a x i a l  p o w e r  i s  n e g ­

l i g i b l e .  O u r  0 . 4 - in c h  e q u i v a l e n t  t h i c k n e s s  e s t i m a t i o n  w i l l  p r o v i d e  a b o u t  a  2% 

g a in  in  p o w e r  a t  t h e  f r o n t  r e f l e c t o r - c o r e  i n t e r f a c e .

R e a r  B a s e  P l a t e

A  r e a r  b a s e  p l a t e  of F - 4 8  i n i o b i u m  a l l o y )  h a v i n g  a  v o l u m e  f r a c ­

t i o n  of  0.381 w a s  a t t a c h e d  to  t h e  c o r e  in  a  c a l c u l a t i o n  m a d e  b y  Z o o m .  T h i s  

a d d i t i o n  w i l l  p r o v i d e  a  r e a c t i v i t y  i n c r e a s e  of:

E f f e c t  of  C a m b e r

It i s  c u r r e n t l y  p l a n n e d  t h a t  t h e  B e O  f u e l e d  a n d  u n f u e l e d  t u b e s  b e  

g r o u n d ,  w i t h  a n  a l l o w a b l e  c a m b e r  of  0 .5  m i l s .  On the  o t h e r  h a n d ,  i f  c a m b e r  

of  t h e  u n g r o u n d  t u b e s  c a n  b e  k e p t  w i t h i n  2 m i l s ,  t h e  d e c i s i o n  m a y  b e  to e l i m ­

in a t e  t h e  g r i n d i n g  s t e p .  H w e  a s s u m e  th e  2 - m i l  c a m b e r ,  a n d  f u r t h e r  a s s u m e  

no c a n c e l l a t i o n  in t h e  s t a c k i n g  p r o c e s s ,  w e  m a y  r e a l i z e  a  0 .45% i n c r e a s e  in  

r a d i a l  d i m e n s i o n  a n d  an  a c c o m p a n y i n g  0.9% d e c r e a s e  in  r e a c t o r  m a t e r i a l  

d e n s i t y .  T h i s  m a x i m u m  e f f e c t  h a s  b e e n  c a l c u l a t e d  by  Z o o m  to  g ive  a  r e a c ­

t i v i t y  d e c r e a s e  of

A k  ^ 7 k  -  0 .006 .eff  e f f

G r o u n d  t u b e s  a r e  e x p e c t e d  to  g iv e  a  r e a c t i v i t y  d e c r e a s e  of

A k  , 7 k  = 0 .0 0 1 5 .e f r  e f f

O t h e r  R e a c t i v i t y  C h a n g e s

T h r e e  f a c t o r s  c a u s i n g  a  c h a n g e  in  e f f e c t i v e  m u l t i p l i c a t i o n  f a c t o r  

c o n s i d e r e d  e a r l i e r  a r e :

1- N e u t r o n  s t r e a m i n g :  A k  , 7 k  = - 0 . 0 1 0
( B e h r e n s '  m e t h o d )  ^ ^

2.  X e n o n  p o i s o n i n g :  A k  . J h .  = - 0 . 0 2 5
/ ,  _ , . . . eff  ef f( 1 0 - h r  m i s s i o n )

3. F u e l b u r n u p :  A k  . J k .  .. = -0 .0 0 1
eff  eff( 1 0 - h r  m i s s i o n )

- 0 . 0 3 6  .
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To t h i s  l i s t  we m u s t  a d d  th e  k  ..  m a r g i n  n e c e s s a r y  to  p l a c e  t h e
eff

ho t  r e a c t o r  o n  a  5 - s e c  p e r i o d  d u r i n g  s t a r t u p .  T h i s  i s  c r u d e l y  e s t i m a t e d  to  be :

4.  A k  , 7 k  . .  = 0.005 
ef f  e f f

( s t a r t u p )  .

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

f u e l  t u b e s  b e  r e d u c e d  b y  27 .1%  to  a v o i d  u n d u e  t h e r m a l  s t r e s s .  T h i s  r i n g

o c c u p i e s  2 .47% of t h e  c o r e  c r o s s - s e c t i o n a l  a r e a .

A ng ie  a n d  Z o o m  c a l c u l a t i o n s  i n d i c a t e  t h a t  6% in  f u e l  e q u a l s  1% in

k  . .  . A  f u r t h e r  Z o o m  c a l c u l a t i o n  s h o w s  t h a t  1% in  fu e l  e q u a l s  1.02% in  p o w e r  
eff

in t h e  c o r e  p e r i p h e r a l  r e g i o n .  T h u s ,  1% in p o w e r  e q u a l s  0 .0817%  in  in

t h i s  r e g i o n  w h e r e  th e  fu e l  i m p o r t a n c e  i s  o n ly  0 .50 .  A  27 .1% p o w e r  c h a n g e  in

2 .47%  of t h e  c o r e  i s  a  0 .67%  o v e r - a l l  p o w e r  c h a n g e .  T h e  r e d u c t i o n  in  k 

due  to t h i s  p o w e r  d e c r e a s e  is
e f f

A k  ^ 7 k  . .  -  - 0 . 0 0 0 5  . 
ef f  e f f

C o n c l u s i o n

T h e  v a r i o u s  i t e m s  c o n t r i b u t i n g  to  o r  r e d u c i n g  t h e  e f f e c t i v e  m u l ­

t i p l i c a t i o n  f a c t o r  m a y  b e s t  be  s u m m a r i z e d  b y  t h e  f o l l o w i n g  t a b l e :

I t e m

Side  s u p p o r t  s t r u c t u r e  

C o n t r o l  r o d  h o l e s  

F r o n t  s u p p o r t  s t r u c t u r e  

R e a r  b a s e  p l a t e  

C a m b e r

N e u t r o n  s t r e a m i n g  

X e n o n  p o i s o n i n g  

F u e l  b u r n - u p  

F a s t  p e r i o d  s t a r t u p  

C o r e - e d g e  p o w e r  r e d u c t i o n

C o n t r i b u t i o n

0 .0437

0.001

0 . 0021

R e d u c t i o n

■0.0125

- 0. 006

■ 0 .010

-0.025

■ 0 . 0 0 1

■0.005

■0.0005

0 .0 4 6 8 ■0.0600
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Total d efic it

A k . , / k  = - 0 .0 1 3 2e f f '  e ff

Our b a se  p rob lem  had

k  = 1 .0304  . eff

Thus k = 0 .0172  = 1.72%e x c e s s
In te r m s  of fu el, th is  is  10% or 5.0 kg. Thus, c r i t i c a l  m a s s  

45 .0  kg of OyO^ .

CRITICALITY ADJUSTMENTS

E x p e r ien ce  w ith  T ory  II-A  has shown that c r i t ic a l i ty  adjustm ent is  

n e c e s s a r y  w hen dealing  w ith  prototype r e a c to r s .  In th is  report w e p r e se n t  

s e v e r a l  m eth od s  o f adjustm ent, so m e  of w hich  lend th e m s e lv e s  to the fina l  

s ta g e s  of con stru ction , o th er s  req u ire  com p lete  d isa s se m b ly .

T ie -T u b e  Adjustm ent

Two m a te r ia ls  are  being  c o n s id e re d  for t ie - tu b e  fab rication ;  

R en e-4 1  and H a ste l lo y  R -2 3 5 .  The "normal" co re  configuration  c a l l s  for  

o n e -th ir d  of a l l  t ie  tubes to be m ade of H a ste l lo y  and tw o -th ir d s  of Ren^. By  

rep lac in g  a l l  R ene t ie  tu bes  by H a ste l lo y ,  we m ay  r a is e  (e f fe c t iv e  m u l­

t ip lica t io n  factor) by 4.2%. C o n v e r se ly ,  rep lac in g  a l l  H a s te l lo y  t ie  tu b es  by

R ene lo w e rs  k by 2%.eff

U nfueled C entra l C ylinder

U nfueled BeO tubes of s m a l l  b ore  m ay  be p laced  in the cen tra l  

reg io n  of the co re  to e ither  in c r e a s e  or  d e c r e a s e  k , depending on the  

c r o s s - s e c t io n a l  a r ea  of the reg ion . B ear  in m ind that h e r e  the BeO  d en s ity  

is  tw ic e  that of the fu e led  tu b es . F o r  a rad ius  of 2 - 1 / 4 - in. , a m a x im u m  

Ak in c r e a s e  is 0.35%. The "break-even"  radius i s  4 - 5 / 8 - i n .  Beyond  

th is  rad iu s  Ak^^^ b e c o m e s  in c r ea s in g ly  n eg a tiv e .
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S t a i n l e s s  S t e e l  E x t e r i o r  " S k in "

A  g a i n  in k  m a y  b e  o b t a i n e d  b y  p l a c i n g  s h e e t s  of  s t a i n l e s s  s t e e l

(SS-304)  c o m p l e t e l y  a r o u n d  th e  r e a c t o r  e x t e r i o r  to th e  s id e  s u p p o r t  s t r u c t u r e

a n d  d u c t .  A  1 - in .  s h e e t  is  found  to  i n c r e a s e  k  . .  b y  1 .62%.  (In o r d e r  to  o b -
ef f

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

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

s t r u c t u r e .  C a l c u l a t i o n s  h a v e  s h o w n  t h a t  S  of  th e  s i d e  s u p p o r t  s t r u c t u r e  ist r
r o u g h l y  t h e  s a m e  a s  t h a t  o f  th e  s i d e  r e f l e c t o r .  ) One  in c h  of  s t a i n l e s s  s t e e l  

a l t e r s  th e  p o w e r  p r o f i l e  b y  a b o u t  6%.

238U 0 „  F u e l e d  T u b e s  in t h e  F o r w a r d  R e f l e c t o r  
 2______________________________

W h e n  a l l  of t h e  l a r g e - b o r e  t u b e s  in  th e  f o r w a r d  r e f l e c t o r  a r e  
238

f u e l e d  w i t h  10% (by  w e i g h t )  U O^,  t h e r e  i s  a  r e s u l t a n t  1.92% d e c r e a s e  in

k  . . .  T h i s  d e c r e a s e  i s  s l i g h t l y  due  to  t h e  l o s s  of  B eO  a n d  m a i n l y  due  to  t h e
^ 238n e u t r o n  a b s o r p t i o n  b y  U . T h e  a x i a l  p o w e r  p r o f i l e  c h a n g e s  c o n s i d e r a b l y .

T h e  f o r w a r d  f u e l  t u b e s  w o u l d  o p e r a t e  a t  a  p o w e r  l e v e l  of 70% of  n o r m a l .

F i v e  P e r c e n t  F u e l  L o a d i n g  L i m i t a t i o n

At th e  f r o n t  of  t h e  c o r e ,  t h e  f u e l  lo a d in g  a p p r o a c h e s  7% b y  w e ig h t

a s  we n e a r  the  c o r e - s i d e - r e f l e c t o r  i n t e r f a c e .  At th e  i n t e r f a c e  th e  lo a d in g

d o e s  no t  d r o p  b e l o w  5% f o r  th e  f i r s t  20% o f  th e  c o r e  l e n g th .  R a d i a l l y ,  th e

h i g h - l o a d i n g  r e g i o n  o c c u p i e s  40% of  t h e  c r o s s - s e c t i o n a l  a r e a  a t  t h e  f r o n t  c o r e

f a c e .  On th e  c o n v e n t i o n a l  r a d i a l - a x i a l  l o a d i n g  c h a r t ,  t h e  h i g h - l o a d i n g  r e g i o n

o c c u p i e s  a  t r i a n g u l a r  r e g i o n  in  t h e  f r o n t  e x t e r i o r  c o r n e r .

If w e  i m p o s e  a  l i m i t  of  5% b y  w e i g h t  f u e l  l o a d i n g ,  c a l c u l a t i o n s

r e v e a l  an  a l m o s t  n e g l i g i b l e  0 .1% d r o p  in k  . T h e  a x i a l l y  i n t e g r a t e d  p o w e r
eff

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

f o r  b y  a n  i n c r e a s e  c e n t e r i n g  a r o u n d  4 5 - c m  r a d i u s .  A  t w o - t o - t h r e e  p e r c e n t  

d r o p o f f  in i n t e g r a t e d  p o w e r  is t h e r e f o r e  r e a l i z e d  a t  t h e  c o r e  p e r i p h e r y .  T h e  

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

s t r u c t u r e .

H a l f - I n c h  E x t e n s i o n  o f  S ide  R e f l e c t o r  in to  th e  C o r e

By i n c r e a s i n g  th e  t h i c k n e s s  of  t h e  s id e  r e f l e c t o r  b y  h a l f  a n  inch
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a t  t h e  e x p e n s e  of  c o r e  m a t e r i a l ,  we  m a y  i n c r e a s e  tiy 1 .77% .  H e r e ,  t h e

f u e l  w e i g h t  p e r c e n t a g e s  a r e  m a i n t a i n e d  c o n s t a n t  in t h e i r  r e s p e c t i v e  z o n e s ,

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

a s  d e n s e  a s  th e  c o r e .  ) If w e  now  v a r y  t h e  f u e l  l o a d i n g  s u c h  a s  to a g a i n  a t t a i n

th e  o r i g i n a l  p o w e r  p r o f i l e ,  a  n e t  k  of  2 .4% i s  r e a l i z e d .
ef f

O n  th e  o t h e r  h a n d ,  w e i g h t - p e r c e n t  f u e l i n g  m a y  b e  l o w e r e d  o v e r ­

a l l  to  m a i n t a i n  th e  o r i g i n a l  k  . If t h i s  i s  d o n e ,  t h e  m a x i m u m  w e i g h t  p e r -
ef f

c e n t  d r o p s  f r o m  a b o u t  7% to  a b o u t  5 .5 % .

F i v e - I n c h  F r o n t  R e f l e c t o r  C h a n g e  H o ld in g  T o t a l  R e a c t o r  L e n g t h  C o n s t a n t  

If w e  a d d  5 i n c h e s  to th e  f o r w a r d  r e f l e c t o r ,  r e d u c i n g  th e  c o r e  

l e n g t h  b y  th e  s a m e  a m o u n t ,  w e  m a y  r e d u c e  k  b y  2 . 2 % .  C o n v e r s e l y ,  a d d ­

ing 5 i n c h e s  to th e  c o r e  a n d  r e d u c i n g  t h e  f o r w a r d  r e f l e c t o r  l e n g t h  b y  th e  s a m e

a m o u n t ,  r a i s e s  k  b y  o n l y  0 . 8 % .  In n e i t h e r  c a s e  w a s  t h e  f u e l  l o a d i n g  in a n y  
eff

r e g i o n  a l t e r e d ,  e x c e p t  in  t h e  e f f e c t e d  r e g i o n s  a d j a c e n t  to  th e  f o r w a r d  r e f l e c t o r .

In t h e  f i r s t  c a s e ,  5 i n c h e s  of  th e  c o r e  w a s  s i m p l y  " c h o p p e d  o f f "  l e a v i n g  the  

r e m a i n d e r  u n c h a n g e d ;  in  t h e  s e c o n d  c a s e  a 5 - i n c h  e x t e n s i o n  of  th e  f i r s t  r e g i o n  

w a s  a d d e d  o n  w h i c h  h a d  th e  s a m e  f u e l  l o a d i n g .  In b o t h  c a s e s ,  th e  f u e l  m a s s  

c h a n g e s  b y  a b o u t  16% , s i n c e  t h e  l o a d i n g  i s  q u i t e  h i g h  a t  th e  f o r w a r d  e n d  of  

th e  c o r e .  T h e  a x i a l  p o w e r  p r o f i l e  i s  p r o f o u n d l y  a f f e c t e d  ( ± 4 0 % )  a t  th e  f o r ­

w a r d  end .

B e r y l l i u m - M e t a l  S ide  R e f l e c t o r

A l l  B e O  (96% t h e o r e t i c a l  d e n s i t y )  w a s  r e p l a c e d  b y  s o l i d  Be  m e t a l

(h a v in g  t h e  a p p r o p r i a t e  s i d e  r e f l e c t o r  p o r o s i t y ) .  F o r  t h e  s t a n d a r d  3 - i n c h

(co ld )  s i d e  r e f l e c t o r  t h e r e  i s  a  k g a i n  of  0 . 3 8 % .  F u r t h e r  c a l c u l a t i o n s  r e -
eff

v e a l  t h e  f o l l o w i n g  e q u i v a l e n c e ;

1 - in .  Be  - 1 . 0 1 7 - i n .  B e O  ( in  the  s i d e  r e f l e c t o r ) ,
3 3

w h e r e  p(Be)  = 1.85 g / c m  ; p (BeO)  = 2 .89  g / c m  .

B e r y l l i x i m  M e t a l  in  t h e  C o r e

A s  a n  a c a d e m i c  e x e r c i s e ,  one  m a y  c o m p a r e  th e  n e u t r o n i c  a s p e c t  

of  b e r y l l i u m  m e t a l  a s  a  r e p l a c e m e n t  to  B e O  in  t h e  c o r e .  Z o o m  c a l c u l a t i o n s  

sh o w  t h a t  t o t a l  r e p l a c e m e n t  i n c r e a s e s  b y  1 1 .2% .  If we c o m p a r e  m o d e r a t i n g
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r a t i o s  (i.  e.  , £ S  / 2  ) o f  B e  m e t a l  a n d  B e O ,  we f i n d  t h a t  B e  i s  1.27 t i m e s  a s
sc  a

good  a  m o d e r a t o r  a s  B eO .  T h i s  i s  r o u g h l y  a  f a c t o r  of  2 too  h ig h  a n d  i s  h e n c e

o n ly  g o o d  a s  a  v e r y  c r u d e  e s t i m a t i o n .  A  s l o w i n g - d o w n  p o w e r  (i. e .  , ^ S  )s c
r a t i o  y i e l d s  1 .236,  a g a i n  a  f a c t o r  of  2 to o  h igh .  T h r o u g h  Z o o m  w e  m a y ,  h o w ­

e v e r ,  e s t a b l i s h  th e  f o l l o w i n g  c a l c u l a t e d  e q u i v a l e n c e s :

3 3
1 c m  Be  = 1.112 c m  B e O ,

1 g Be  = 1.77 g BeO ,

1 a t o m  o f  Be  = 0 .642  m o l e c u l e s  of  B e O ,
3 3

wh.e re  p(Be) = 1.85 g / c m  ; p (BeO)  = 2 .95  g / c m  .

E x c h a n g e  of F u e l e d  T u b e s  f o r  U n f u e l e d  T u b e s  of  S m a l l  B o r e

One p e r c e n t  of a l l  f u e l e d  t u b e s  w e r e  r e p l a c e d  b y  u n f u e l e d  B e O  

t u b e s  of  0 . 0 8 7 - i n c h  b o r e . E a c h  s m a l l - b o r e  t u b e  h a s  d o u b le  th e  c r o s s - s e c ­

t i o n a l  a r e a  of  " n o r m a l "  f u e l e d  t u b e s ,  a n d  t h u s  a  1% r e p l a c e m e n t  b y  th e  s m a l l ­

b o r e  t u b e s  a m o u n t s  to  a  1% i n c r e a s e  in  B e O  a r e a .  F r o m  r e s u l t s  of Z o o m

p r o b l e m s  w e  c a l c u l a t e  t h a t  t h e  k  ..  c h a n g e  r e s u l t i n g  f r o m  s u c h  a  r e p l a c e -
eff

m e n t  w i l l  b e  a  0 .61%  i n c r e a s e .

C o n c l u s i o n

U s i n g  the  m e t h o d s  of a d j u s t m e n t  p r e s e n t e d  h e r e ,  k  m a y  b e  

r a i s e d  o r  l o w e r e d  w i t h  v a r i o u s  d e g r e e s  of  d i f f i c u l ty .  S o m e  m e t h o d s  a r e  u s e ­

fu l  in  f i n a l  a d j u s t m e n t  of  c o r e  c r i t i c a l i t y ,  w h i l e  o t h e r s  r e q u i r e  v a r i o u s  a m o u n t s

o f  d i s a s s e m b l y .  In t a b u l a r  f o r m  th e  m e t h o d s  a n d  e f f e c t  o n  k  . .  a r e  l i s t e d
eff

b e l o w :

M e t h o d  ^ e f f  ^ e f f

T i e - t u b e  a d j u s t m e n t  4 .2%  2 .0%
U n f u e l e d  B e O  c e n t r a l  c y l i n d e r  0 .36% m a x  v a r i e s
O n e - i n c h  e x t e r i o r  s t a i n l e s s  s t e e l  1.62% ____
10% b y  w e i g h t  U ^ ^® 02  in  f w d  r e f l .    1 .92%
5% b y  w e i g h t  f u e l i n g  l i m i t    0 .10%
H a l f - i n c h  e x t e n s i o n  of  s .  r e f .  in to  c o r e  1 .77% -* '2 .47%  ____
F i v e - i n c h  c h a n g e  in  fwd.  r e f l .  0 .8% 2 .17%
B e r y l l i u m - m e t a l  s i d e  r e f l e c t o r  0 .38% -------
B e r y l l i u m - m e t a l  c o r e  m o d e r a t o r  ____  11.2%
F u e l  t u b e  e x c h a n g e  0 .61%



U C R L - 6 5 1 6  - 1 0 2 -

A N G IE  C A L C U L A T I O N S  O F  A H I G H - T E M P E R A T U R E  B e O  C R I T I C A L  

E X P E R I M E N T

I n t r o d u c t i o n

S o m e  c r i t i c a l  e x p e r i m e n t s  w e r e  r e c e n t l y  r e p o r t e d  ( U C R L - 6 3 2 9 )  

w h i c h  w e r e  p e r f o r m e d  o n  b a r e  B e O  a s s e m b l i e s  a t  t h e  H o t  B o x  f a c i l i t i e s  

( U C R L - 5 4 8 3 ) .  T h e  e x p e r i m e n t s  w e r e  p r i m a r i l y  i n v o l v e d  w i t h  m e a s u r i n g  the

c r i t i c a l  l e n g t h  a t  r o o m  t e m p e r a t u r e  a n d  a t  5 I 5 ° C  of a n  a s s e m b l y  w i t h  a n  e f -
3 235

f e c t i v e  B e O  d e n s i t y  of  2 .73  g / c m  a n d  a  g r o s s  B e O / U  m o l a r  r a t i o  of  556:1 .

C a l c u l a t i o n s  of t h e s e  a s s e m b l i e s  w e r e  p e r f o r m e d  on  th e  A n g ie  c o d e  ( U C R L -

6076) w i t h  a  d e t a i l e d  d e s c r i p t i o n  in  tw o  d i m e n s i o n s  of t h e  f u e l  l o a d i n g  a n d

c r u c i f o r m  g a p s  in o r d e r  to  m o r e  a c c u r a t e l y  e v a l u a t e  o u r  c a l c u l a t i o n  of n u c l e a r

t e m p e r a t u r e  e f f e c t s .

D e s c r i p t i o n

T h e  g e o m e t r i c a l  d e s c r i p t i o n  u s e d  in  A n g ie  i s  s h o w n  in  F i g .  I V - l a .  

O n ly  t h o s e  s p a c e  p o i n t s  w h i c h  a r e  a t  t h e  b o u n d a r y  of  a  r e g i o n  a r e  s h o w n .  R e ­

g ion  6 c o n s i s t e d  of  a s  m a n y  r e g i o n s  a s  t h e r e  w e r e  f u e l  f o i l s  (62 f o i l s  in  t h e  

c o l d  c o n f i g u r a t i o n  a n d  66 f o i l s  in  t h e  h o t  c o n f i g u r a t i o n ) .  E a c h  f u e l e d  r e g i o n  

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

i m a t e l y  0 .5  i n c h  of  e i t h e r  s i d e  of it .  Se l f  - s h i e l d i n g  f a c t o r s  a p p r o p r i a t e  to 4 -  

m i l - t h i c k  f o i l s  in a  l a t t i c e  s p a c i n g  of  I i n c h  w e r e  a p p l i e d  to  t h e  fu e l .  T h e  

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

l o a d i n g  c h a r t s  ( U C R L - 6 3 2 9 ) .  T h e  c r u c i f o r m  g a p s  w e r e  i n i t i a l l y  t r e a t e d  b y  

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

t h r o u g h  t h e  g a p  a r e a .  T h i s  w i l l  b e  d i s c u s s e d  in  m o r e  d e t a i l  l a t e r .  T h e  B e O  

in  r e g i o n s  4,  5, a n d  6 h a d  t r a n s f e r  c o e f f i c i e n t s  in g r o u p s  5 t h r o u g h  14 w h ic h  

w e r e  a p p r o p r i a t e  f o r  th e  a v e r a g e  f lu x  in  e a c h  r e g i o n ,  a s s u m i n g  t h e  f lu x  to 

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

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

( U C R L - 5 7 4 0 ) ,  a n d  f r o m  t h i s  n  t h e  p r o p e r  \   ̂ w a s  d e t e r m i n e d .  T h e  

v a l u e s  of n u s e d  w e r e  - 0 . 9 3  f o r  r e g i o n  4,  - 0 . 9 6 5  f o r  r e g i o n  5, a n d  - 0 .9 1  fo r  

r e g i o n  6. In c a l c u l a t i n g  t h e r m a l  e x p a n s i o n  e f f e c t s ,  t h e  c o e f f i c i e n t s  of  t h e r m a l



- 1 0 2 a - 1 0 2 b - U C R L - 6 5 1 6

8 6 .9 9 5  —  
8 5 .7 2 5 —

—  93 .485  
 92.213

43L445-----
4 0 .9 0 5 ----

46.682
44 .138

HOT
LENGTH

COLD
LENGTH

1.27----
0 —

1.272

(FOR HOT WlOTH MULTIPLY EACH

in 00
O  CM 
0> 0)

COLD WIDTH
^  POINT BY 1 .001462)

1 s FULL-DENSITY GRAPHITE 6= BeO, U 235,U 238, S S 3 0 4
2 s J/2- " " 8 *  1/2- d e n sit y  GRAPHITE, U 235
3=  0 .8 3  •' " U 238 , 3 3  3 0 4
4 ,5 ,7  = BeO mul-i 3944

F i g .  I V - l a .  D e s c r i p t i o n  of  B e O  Hot B o x  (A ng ie ) .
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e x p a n s i o n  u s e d  w e r e  4 . 5  X 10* / * F  f o r  l l c O ,  a n d  1.8 X 10 / * F  f o r  g r a p h i t e .

I t w a s  a s s u m e d  t h a t  t h e  l e n g t h  a n d  w id th  e x p a n s i o n s  w e r e  due  to g r a p h i t e ,  

a n d  the  h e i g h t  e x p a n s i o n  w a s  d u e  to  B e O .  T h i s  a s s u m p t i o n  a n d  i t s  e f f e c t s  

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

R e s u l t s

T a b l e  I V - 1 .  C r i t i c a l i t y  C a l c u l a t i o n s .

T e m p  (* C) C o m m e n t s

27 1 .0017 R o o m - t e m p e r a t u r e  a s s e m b l y

515 0 .9 9 3 8 H i g h - t e m p e r a t u r e  a s s e m b l y

T h e  c r i t i c a l  of  t h e  h o t  a s s e m b l y  w a s  o b t a i n e d  f r o m  F i g . I V - 2 ,

a p l o t  of  v s  n e u t r o n i c  t e m p e r a t u r e  a t  th e  p o i n t s  2 7 “C, 3 7 7 “C, a n d  727®C.

C o m p a r i s o n  of  t h e  r e s u l t s  of  T a b l e  I V -1 s h o w s  a n  i n c o n s i s t e n c y  of 0 .0079  in

K c a l c u l a t i o n s .  I t  i s  of  i n t e r e s t  to  d e t e r m i n e  if th e  c a u s e  of t h i s  i n c o n s i s -  ef f
t e n c y  l i e s  in  th e  c a l c u l a t i o n a l  p r o c e d u r e s  o r  if  it i s  due  to  e x p e r i m e n t a l  u n ­

c e r t a i n t i e s  .

T h e  e x p e r i m e n t a l  u n c e r t a i n t y  in  th e  c r i t i c a l  l e n g t h  of ± 0 . 2  in c h  

g i v e s  a n  u n c e r t a i n t y  in  th e  r o o m  t e m p e r a t u r e  K.g££ of  ± 0 . 0 0 1 6 ;  h o w e v e r ,  

t h e  e x p e r i m e n t a l  u n c e r t a i n t y  in  b e t w e e n  r o o m - t e m p e r a t u r e  c r i t i c a l i t y

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

m e r e l y  a n  e x t e n s i o n  of  1 i n c h  of  B e O  a n d  fu e l  to  e a c h  e n d  of  the  r o o m  

t e m p e r a t u r e  c r i t i c a l i t y .  T h e  p r i n c i p l e  e x p e r i m e n t a l  u n c e r t a i n t y  in ^ ^ ^ £ £  

b e t w e e n  h o t  a n d  c o l d  c r i t i c a l i t y  i s  in  the  t h e r m a l  e x p a n s i o n  of the  h o t  c r i t ­

i c a l i t y ,  e s p e c i a l l y  in  the  w i d t h  e x p a n s i o n .  If the  B e O  b l o c k s  w e r e  s t a c k e d  

f l u s h  a g a i n s t  th e  c e n t e r  c r u c i f o r m ,  th e  w i d t h  w o u ld  h a v e  e x p a n d e d  l i k e  

B e O ,  i n s t e a d  of  l i k e  g r a p h i t e  a s  w a s  a s s u m e d  in the  a b o v e  c a l c u l a t i o n s .  

T h i s  w o u ld  h a v e  r e s u l t e d  in  = - 0 .002  f o r  t h e  h o t  c r i t i c a l i t y .  In th e  e x ­

p e r i m e n t a l  c r i t i c a l i t y ,  no  s p e c i a l  a t t e n t i o n  w a s  g i v e n  to  t h e  p o s i t i o n i n g  of  th e  

b l o c k s  w i t h  r e s p e c t  to th e  c r u c i f o r m ,  h o w e v e r ,  i t  i s  m o s t  p r o b a b l e  t h a t  none  

o r  v e r y  f e w  of t h e  b l o c k s  w e r e  a g a i n s t  t h e  c r u c i f o r m .  A ny  c o r r e c t i o n  f o r  

t h i s  e x p a n s i o n  e f f e c t  w o u l d  i n c r e a s e  t h e  i n c o n s i s t e n c y  in  t h e  c a l c u l a t e d  r e s u l t s .
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o  NUCLEAR EFFECTS ONLY 
•  NUCLEAR AND THERMAL 

EXPANSION E F F E C T S
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H-
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0.99

TEMPERATURE ("C) m ui- 139**5

F i g .  IV -Z .  A n g ie  c a l c u l a t i o n s  of  t e m p e r a t u r e  v s  f o r  t h e  h o t  a s s e m b l y
c o n f i g u r a t i o n .

A  l e s s  i m p o r t a n t  e x p e r i m e n t a l  u n c e r t a i n t y  w h i c h  c o n t r i b u t e s  to  t h e  i n c o n s i s ­

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

T h i s  e im oun ts  to a  A K  of ± 0 . 0 0 0 8 .  A  m i n o r  c o r r e c t i o n  of  A K  = - 0 .0 0 0 3eff  eff
s h o u l d  b e  a p p l i e d  t o  t h e  r o o m  t e m p e r a t u r e  c a l c u l a t i o n s  to a c c o u n t  f o r  t h e  d i f ­

f e r e n c e  b e t w e e n  " r o o m  t e m p e r a t u r e "  in  t h e  c a l c u l a t i o n s  (Z7°C)  a n d  t h e  e x p e r ­

i m e n t a l  " r o o m  t e m p e r a t u r e "  (3Z°C) .  C l e a r l y ,  t h e  e x p e r i m e n t a l  u n c e r t a i n t i e s  

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

do  n o t  p r o p e r l y  t r e a t  t h e  t e m p e r a t u r e  e f f e c t  o n

T h e  s o u r c e s  o f  t h e  t e m p e r a t u r e  e f f e c t  m a y  b e  s e p a r a t e d  in to  two 

k i n d s ,  n e u t r o n  t r a n s f e r - c o e f f i c i e n t  c h a n g e s  ( n u c l e a r  e f f e c t s ) ,  a n d  g e o m e t r y  

c h a n g e s  ( t h e r m a l - e x p a n s i o n  e f f e c t s ) .  C a l c u l a t i o n s  o f  t h e  n u c l e a r  e f f e c t s  w e r e  

p e r f o r m e d  a t  Z7®C, 3 7 7 ° C ,  a n d  7Z7®C ( c i r c l e d  p o i n t s .  F i g .  IV -Z) .  In  t h e s e  

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

v a l u e  t o  r e p r e s e n t  a  t e m p e r a t u r e  of  515®C a n d  o n l y  t h e  m a t e r i a l  t r a n s f e r  c o ­

e f f i c i e n t s  w e r e  c h a n g e d .  C a l c u l a t i o n s  of  b o t h  n u c l e a r  a n d  t h e r m a l  e x p a n s i o n
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e f f e c t s  w e r e  p e r f o r m e d  a t  3 7 7 ° C  a n d  7 2 7 ° C  (x p o i n t s ,  F i g .  IV -2 ) .  W i th  t h i s  

i n f o r m a t i o n ,  t h e  n u c l e a r  t e m p e r a t u r e  c o e f f i c i e n t  of  r e a c t i v i t y  a n d  th e  t h e r m a l -  

e x p a n s i o n  t e m p e r a t u r e  c o e f f i c i e n t  of  r e a c t i v i t y  w e r e  c o m p u t e d  ( T a b l e  IV - 2 ) .

T a b l e  I V - 2 .  C a l c u l a t e d  T e m p e r a t u r e  C o e f f i c i e n t s  of  R e a c t i v i t y .

(A p /A T ) - 4 . 6 3  X 1 0 ' ^ / ° C
N u c l e a r o v e r  r a n g e

2 7 ° C  — 7 2 7 ° C

(A p /A T ) - 3 .9 2  X 1 0 ' ^ / ° C
N u c l e a r o v e r  r a n g e

3 7 7 ° C  7 2 7 ° C

(A p /A T ) - 1 . 6 7  X 10“ ^ / ° C
T h e r m a l  e x p a n s i o n o v e r  r a n g e

3 7 7 “C 7 2 7 ° C

(A p /A T ) - 5 . 5 9  X 10~
T h e r m a l  e x p a n s i o n o v e r  r a n g e
a n d  n u c l e a r 3 7 7 ° C  -* 7 2 7 ° C

T h e  e f f e c t  o n  t h e  c a l c u l a t i o n  of  v o id  s p a c e s  in  t h e  c r u c i f o r m  w a s  

d e t e r m i n e d  b y  th e  t e c h n i q u e  in  w h i c h  t h e  v o i d s  w e r e  f i l l e d  w i th  v a r i o u s  d e n ­

s i t i e s  of g r a p h i t e ,  a n d  K c a l c u l a t e d  f o r  e a c h  c a s e  ( F ig .  IV -3 ) .  F r o m  p r e ­

v io u s  e x p e r i m e n t s  on s i m i l a r  a s s e m b l i e s ,  i t  h a s  b e e n  d e t e r m i n e d  t h a t  the  

e x t r a p o l a t i o n  of  t h e  t a n g e n t  to t h e  c u r v e  of  K vs  v o id  d e n s i t y  a t  a  p o in t  

b e t w e e n  0 .75  a n d  1.5 t i m e s  g r a p h i t e  d e n s i t y  g i v e s  the  c o r r e c t e d  c u r v e  of K
eff

v s  v o i d  d e n s i t y .  T h e  d i f f e r e n c e  in  F i g .  IV -3  b e t w e e n  th e  c a l c u l a t e d  c u r v e  a t

h a l f - d e n s i t y  g r a p h i t e  a n d  t h e  l i n e a r  e x t r a p o l a t i o n  i s  a  m e a s u r e  of th e  e r r o r

in  d u e  to  t h e  i m p r o p e r  t r e a t m e n t  of  th e  vo id .  F o r  the  r o o m  t e m p e r a t u r e

c r i t i c a l i t y  t h i s  w a s  AK = - 0 . 0 1 0 6  ± ^ a n d  f o r  t h e  ho t  c r i t i c a l i t y ,  AK = 
0 0077 ® 0 .0041  0004 ^

- 0 .0 1 0 1  QQ3 g- T h i s  w o u ld  c o n t r i b u t e  AK = + 0.005 * q  qqq^

c o n s i s t e n c y  of t e m p e r a t u r e  c a l c u l a t i o n s  d i s c u s s e d  b e f o r e . A d d in g  th e  c o r ­

r e c t i o n  f o r  th e  v o id  to  t h e  r o o m  t e m p e r a t u r e  c a l c u l a t i o n  r e s u l t s  in  a  c o r r e c t e d  

K = 1 .0123.  T h i s  v a l u e  i s  a p p r o x i m a t e l y  1% h i g h e r  t h a n  p r e v i o u s  c a l c u l a ­

t i o n s  o n  s i m i l a r  S p a d e  c r i t i c a l i t i e s  t h a t  d id  no t  c o n t a i n  v o i d s  (see U C R L - 5740).
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In c lu d i n g  the  a b o v e  d i s c u s s e d  x i n c e r t a i n t i e s  a n d  c o r r e c t i o n s ,  t h e

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

c r i t i c a l i t y  i s  a  AK of  0 .0 0 8 0  w i t h  p o s s i b l e  e x t r e m e  v a r i a t i o n s  of + 0.004Z
eff

a n d  - O.OOZZ. T h i s  i n c o n s i s t e n c y  c a n  b e  a t t r i b u t e d  s o l e l y  to  t h e  n u c l e a r  e f ­

f e c t ,  s i n c e  th e  g e o m e t r i c  ( t h e r m a l  e x p a n s i o n )  e f f e c t  c a n  be  c a l c u l a t e d  to  a 

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

e f f e c t  i s  AK . .  = 0.0Z41 (F ig .  IV-Z) .  F r o m  t h i s  t h e  e r r o r  of  0 .0080  AK
eff  eff

m u s t  b e  s u b t r a c t e d ,  l e a v i n g  0 . 0 I 6 I  AK a s  th e  p r o p e r  n u c l e a r  t e m p e r a t u r e  

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

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

b y  a  f a c t o r  of  1.50 w i t h  p o s s i b l e  e x t r e m e s  of + 0.Z6 a n d  - 0 .33 .  T h e  c a l c u ­

l a t e d  e f f e c t s  c a n  a l s o  be  d i s c u s s e d  in  t e r m s  of  c r i t i c a l  l e n g th ;  h o w e v e r ,  it 

s h o u l d  be  n o t e d  t h a t  a d d i t i o n a l  u n c e r t a i n t i e s  a r e  i n t r o d u c e d  in  th e  c o n v e r s i o n  

f a c t o r  f r o m  to  l e n g th .  T h e  c a l c u l a t e d  n u c l e a r  t e m p e r a t u r e  e f f e c t  on

c r i t i c a l  l e n g t h  i s  t h e r e f o r e  a n  i n c r e a s e  of 3. 13 in. ± 0 .19 in.  , w h i c h  i s  1.04 in.
0 .63  in.

* 0 . 3 2  in.
In s o m e  p r e v i o u s  e x p e r i m e n t s  w i t h  g r a p h i t e  m o d e r a t e d  o r a l l o y

s y s t e m s , t h i s  r e l a t i v e  e r r o r  in  th e  t e m p e r a t u r e  e f f e c t  w a s  fo u n d  to  be  a b o u t
2 35 2 35

Z i n . / 1 1.5 in.  ( C / U  = 8700  m o l a r  r a t i o )  a n d  ab o u t  Z i n . / l O  in. ( C / U  =

14114 m o l a r  r a t i o )  w h i c h  i n d i c a t e s  t h a t  o u r  t r e a t m e n t  of n u c l e a r  e f f e c t s  b y

the  h e a v y - g a s  m o d e l  i s  b e t t e r  f o r  s y s t e m s  w i t h  l a r g e r  m o d e r a t o r / f u e l  r a t i o s .

T h i s  i s  r e a s o n a b l e ,  s i n c e  th e  c a l c u l a t i o n  of  th e  n u c l e a r  e f f e c t  i s  b a s e d  o n  a

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

t h e r m a l  s y s t e m s  t h a n  f o r  f a s t  s y s t e m s .

C o n c l u s i o n

A l t h o u g h  th e  a b s o l u t e  K.^££ foi" t h e  r o o m  t e m p e r a t u r e  s y s t e m  is

a b o u t  1% a b o v e  u n i t y  a n d  in  r o u g h  a g r e e m e n t  w i t h  p r e v i o u s  Spade  c r i t i c a l

m e a s u r e m e n t s ,  t h e r e  i s  a  s i z e a b l e  e r r o r  in  th e  t e m p e r a t u r e  e f f e c t s .  T h i s

e r r o r ,  d u e  to  n u c l e a r  e f f e c t s ,  is  a n  o v e r - p r e d i c t i o n  of  0.80% (AK ..) in a  c a l -
eff

c u l a t e d  '^K^££ Z.41% f o r  t h e  t e m p e r a t u r e  c h a n g e  f r o m  Z7°C to 5 1 5°C .  An

e q u i v a l e n t  s t a t e m e n t  i s  t h a t  t h e  c a l c u l a t e d  n u c l e a r  t e m p e r a t u r e  e f f e c t  o n  K
+ 0 Z6

i s  too  l a r g e  by  a  f a c t o r  of  1 .50 g 33 ' e r r o r  in n u c l e a r  e f f e c t s  a r i s e s
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p r i n c i p a l l y  f r o m  t h e  a s s u m p t i o n s  of t h e  s c a t t e r i n g  k e r n e l  a n d  th e  n e u t r o n  

s p e c t r u m .  T e c h n i q u e s  a r e  p r e s e n t l y  b e i n g  d e v e l o p e d  to a p p r o x i m a t e  t h e  

s p e c t r u m  m u c h  m o r e  a c c u r a t e l y .

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

I n t r o d u c t i o n

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

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

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

of  t h i s  d i s c u s s i o n .

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

n i u m  h a v e  b e e n  f o r m u l a t e d  f o r  i n p u t  to t h e  t w o - d i m e n s i o n a l ,  m u l t i g r o u p ,  

n e u t r o n  d i f f u s i o n  c o d e - 9  A n g ie  [ s e e  U C R L - 5 9 1 3  a n d  N u c l e a r  Sc i .  a n d  E n g .

2Z6 ( I 9 6 0 ) ] .  T h e  r e s u l t s  of  t h e  n e u t r o n i c  c a l c u l a t i o n s  e m p l o y i n g  t h i s  c o d e  

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

N e u t r o n  l e a k a g e  c a l c u l a t i o n s  h a v e  b e e n  m a d e  fo r  e a c h  of t h e s e  

e x p e r i m e n t s  a n d  a r e  d i s c u s s e d .  T w o  m e t h o d s  h a v e  b e e n  u s e d  to  c a l c u l a t e  

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

of  t h e s e  two m e t h o d s  i s  d e m o n s t r a t e d .

M e t h o d  1 . D i r e c t  c a l c u l a t i o n  of  l e a k a g e  f r o m  n e u t r o n  b a l a n c e  

c o n s i d e r a t i o n ,  k n o w in g  t o t a l  r e a c t o r  p o w e r  a n d  n o n - f i s s i o n  c a p ­

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

th e  s y s t e m .

M e t h o d  2 . I n t e g r a t i o n  of  l e a k a g e  o v e r  t h e  r e a c t o r  s u r f a c e  u s i n g  

th e  18 e n e r g y  g r o u p  f l u x e s .

E x p e r i m e n t

T h e  m e a s u r e m e n t s  w e r e  m a d e  in  a  Spade  c r i t i c a l  a s s e m b l y ,  a n

u n r e f l e c t e d ,  B e O - m o d e r a t e d  o r a l l o y  s y s t e m  w i t h  d i m e n s i o n s  24 X 24 X 2 0 - i n .

h a v in g  a 2 4  X 1 X 1 / 8  - in .  s l o t  th r o u g h  th e  c e n t e r  o f  th e  a s s e m b l y .  A  m o d e r -
2 35

a t o r - t o - f u e l  ( B e O - t o - U  ) m o l a r  r a t i o  of  247 w a s  a c h i e v e d  w i t h  a B e O  d e n s i t y
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of 2 .8 6  g / c c  a n d  a  f u e l  l a t t i c e  of 8 - m i l - t h i c k  fo i l s  a t  a  1 - in .  s p a c i n g .  T h e  

a s s e m b l y  w a s  b u i l t  u p  of  B e O  b l o c k s  m e a s u r i n g  6 x 6 X 1  in.  w i t h  a  0.01 5 - in .  - 

d e e p ,  5 . 3 7 5 - i n .  - w id e  g r o o v e  c u t  in  one  f a c e  to  a c c o m m o d a t e  t h e  f u e l  in  the  

f o r m  of 5 . 2 5 - i n ^  f o i l s  [ N u c l e a r  Sci .  a n d  E n g .  221 ( I 9 6 0 ) ] .

W i th  t h e  h a f n i u m  s a m p l e  f u l l y  i n s e r t e d  in t h e  s lo t ,  a n  O m n i t r o n  

w a s  u s e d  to  p u l s e  th e  r e a c t o r .  T h e  r e a c t i v i t y  w o r t h  of  t h e  s a m p l e  w a s  t h e n  

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

r e a c t o r  ( p r i v a t e  c o m m u n i c a t i o n  D. E .  K r o f t  to  E .  G o l d b e r g ,  D e c e m b e r  2, 

1960 ) .

N e u t r o n i c  In p u t  D a t a

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

r y l l i u m  o x id e ,  a s  w e l l  a s  t h e  e n e r g y  g r o u p  l i m i t s ,  the  n e u t r o n  f i s s i o n  s p e c -
Z 3 5t r u m ,  a n d  t h e  O r a l l o y  s e l f - s h i e l d i n g  c o r r e c t i o n s  f o r  t h i s  B e O / U  = 2 4 7 / 1  

S pade  a s s e m b l y  a r e  t h o s e  in  g e n e r a l  u s e  a t  t h i s  l a b o r a t o r y .  T h e y  h a v e  p r e ­

v i o u s l y  b e e n  p u b l i s h e d  ( s e e  U C R L - 5 9 1 3 )  a n d  a r e  n o t  d u p l i c a t e d  h e r e .

T h e  h a f n i u m  18 e n e r g y - g r o u p  a b s o r p t i o n  c r o s s  s e c t i o n s  a n d  s e l f ­

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

" R O E ” m e t h o d  u s i n g  th e  9 S o p h i s t  II c o d e  ( K A P L - 1 2 4 1 ) .  In t h e s e  c a l c u l a t i o n s  

t h e  1 / v  p o r t i o n  of 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  w a s  e l i m i n a t e d .  C o n s e q u e n t l y  

t h e s e  1 / v  c o n t r i b u t i o n s  h a v e  b e e n  a d d e d  to  t h e  r e s o n a n c e  c o n t r i b u t i o n  a f t e r  

a p p l y i n g  a  s e l f - s h i e l d i n g  f a c t o r  a p p r o p r i a t e  to  t h e  h a f n i u m  t h i c k n e s s  u n d e r  

c o n s i d e r a t i o n .  T h e  u n - s e l f - s h i e l d e d  1 / v  p o r t i o n  of  t h e  c r o s s  s e c t i o n  w a s  

t a k e n  to  b e  105 b a r n s  a t  .2200 m / s .

A s  p r e s e n t e d  to  t h e  c o d e ,  t h e  h a f n i u m  a n d  b e r y l l i u m  o x id e  w e r e  

t r e a t e d  a s  a  u n i f o r m  m i x t u r e  s m e a r e d  t h r o u g h  t w i c e  th e  a c t u a l  s l o t  w id th ,  

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

f u s i o n  r e g i o n  w h i c h  o t h e r w i s e  e x i s t s  b e t w e e n  th e  h a f n i u m  a n d  the  w a l l s  of 

t h e  s lo t .

In  c a l c u l a t i n g  t h e  i n d i v i d u a l  pf  (T) b y  the  " R O E "  m e t h o d  u s i n giv di
t h e  9 S o p h i s t  II  c o d e ,  r e s o n a n c e  s c a t t e r i n g  h a s  b e e n  n e g l e c t e d  on th e  a s s u m p ­

t i o n  t h a t  i t  i s  v e r y  s m a l l  c o m p a r e d  to  t h e  a b s o r p t i o n ;  i. e.  , ^  ^

u p p e r  l i m i t  to  th e  e r r o r  i n v o l v e d  in  n e g l e c t i n g  r e s o n a n c e  s c a t t e r i n g  m a y  b e  

d e t e r m i n e d  a s  f o l l o w s :  One f i r s t  s p e c i f i e s  t h a t  a l l  n e u t r o n s  w i t h  e n e r g y  a t
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(o r  v e r y  n e a r )  th e  r e s o n a n c e  e n e r g y  w h i c h  s u f f e r  a  s c a t t e r i n g  c o l l i s i o n  w i t h ­

in  th e  fo i l  a r e  d e g r a d e d  in  e n e r g y  to  s u c h  a n  e x t e n t  t h a t  t h e y  a r e  e f f e c t i v e l y  

r e m o v e d  f r o m  th e  r e s o n a n c e ,  a n d  h e n c e  a r e  d e n i e d  t h e  p o s s i b i l i t y  of a b s o r p ­

t i o n  d u e  to  t h a t  r e s o n a n c e .  W h i l e  t h i s  i s  no t  an  e x a c t  m o d e l  of  th e  s i t u a t i o n  

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

a  n a r r o w  r e s o n a n c e .

It c a n  be  s h o w n  t h a t  th e  ^ f  (T) c a l c u l a t e d  b y  t h e  c o d e  ( n e g l e c t i n g  

r e s o n a n c e  s c a t t e r i n g )  i s  e q u i v a l e n t  to  f ( T ' )  w i t h  r e s o n a n c e  s c a t t e r i n g
XX

t r e a t e d  a s  s p e c i f i e d  a b o v e ,  w h e r e  T a n d  T '  a r e  r e l a t e d  b y  T ' =  ( r ^ / r ) T  .

T h i s  e n a b l e s  o n e  to  u s e  th e  r e s u l t s  of  t h e  R O E  c a l c u l a t i o n s  to

f in d  t h e  c o n t r i b u t i o n  to  due  to  r e s o n a n c e  s c a t t e r i n g .  T h i s  p r o c e d u r e  w a s
a

c a r r i e d  ou t  f o r  t h e  h a f n i u m  p r o b l e m s  s t u d i e d .  T h e  e r r o r s  so  found ,  r e p r e ­

s e n t i n g  a s  t h e y  do a n  u p p e r  l i m i t ,  w e r e  s m a l l  (i. e .  , < 5%) so  t h a t  t h e  n e g l e c t  

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

F l u x  D e p r e s s i o n

T h e  a r t i f i c i a l  f lu x  d e p r e s s i o n  w h i c h  o c c u r s  in  t h e  m u l t i g r o u p  

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

c o m p a r e d  to  th e  w i d t h  (1 .15  l e t h a r g y  u n i t s )  of  t h e  e n e r g y  g r o u p s  in  t h e  r e s o ­

n a n c e  r e g i o n .  N e u t r o n s  a t  o r  n e a r  r e s o n a n c e  e n e r g y  w i l l ,  u p o n  p a s s i n g  in to  

th e  h a f n i u m  s h e e t ,  e i t h e r  b e  a b s o r b e d  o r  w i l l  p a s s  t h r o u g h .  If t h e y  p a s s  

t h r o u g h  a n d  a r e  t h e n  s c a t t e r e d  b a c k  in to  t h e  h a f n i u m ,  t h e y  w i l l  g e n e r a l l y  h a v e  

b e e n  d e g r a d e d  b e l o w  th e  e n e r g y  of  t h a t  r e s o n a n c e .

In a s s i g n i n g  a n  e f f e c t i v e  r e s o n a n c e  a b s o r p t i o n  c r o s s  s e c t i o n  to  an  

e n e r g y  g r o u p  of  t h e  c o d e ,  i t  i s  n e c e s s a r y  to  s p r e a d  a  n a r r o w  r e s o n a n c e  

t h r o u g h o u t  t h e  g r o u p .  T h i s  c a u s e s  a  f lu x  d e p r e s s i o n  in  t h e  g r o u p  b e c a u s e  

s e v e r a l  s c a t t e r s  a r e  r e q u i r e d  to t r a v e r s e  t h e  g r o u p ,  w h i c h  l e a d s  to  a n  a b ­

s o r p t i o n  r a t e  t h a t  i s  too  low  f o r  t h e  n a r r o w  r e s o n a n c e .

One c a n  c o m p a r e  th e  g r o u p  f l u x e s  w i t h i n  t h e  h a f n i u m  f r o m  th e  

A ng ie  c a l c u l a t i o n s  in t h e  p e r t u r b e d  c a s e ,  w i t h  t h e  f l u x e s  in  t h e  s a m e  r e g i o n  

in  th e  u n p e r t u r b e d  c a s e  (no h a f n i u m  p r e s e n t )  to d e t e r m i n e  a  f lu x  d e p r e s s i o n  

f a c t o r .  T h i s  h a s  b e e n  d o n e  f o r  t h e  m o s t  e x t r e m e  c a s e  c o n s i d e r e d  (i.  e.  , 9 7 .9 -  

m i l s  h a f n i u m ) .  T h e  r a t i o  of  t h e  ( i - l ) s t  to  t h e  i^^ g r o u p  f lu x  in  t h e  p e r t u r b e d
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and unperturbed p ro b lem s  w e r e  found to differ by about 3.5% in the lower  

e n erg y  ( i . e . ,  h igher c r o s s  s e c t io n  ) groups. This w as co n s id ered  too s m a ll  
an e ffec t  to w arran t a change in the group c r o s s  s ec t io n s .

R e su lts

The r e s u l t s  of the ca lcu la t io n s  involved  in th is  study are  p r e ­

sen ted  in T ab le  I V - 3 and F ig s .  IV -4  and IV -5 .
The ex p e r im en ta l  w orth  (d o lla rs)  w as con verted  to (co l. Z)

fro m  a know ledge of the r ea c t iv ity  and w orth  of a o n e - in ch  height change in 

the Spade a s s e m b ly .  T h is  p ro ced u re  p rec lu d es  the n e c e s s i ty  of determ ining  

Peff (the e f fe c t iv e  fra c t io n  of the neutron s  l ib era ted  which are delayed), a l ­

though it d o es  im ply  a p articu lar  value  of P^££ • (This value, Pg££ = 0 .00871, 
m u st  be co n s id e re d  as  p re lim in a ry .  )

In co l.  3 are  l i s t e d  the e f fe c t iv e  m u ltip lica t ion  fa c to rs  as c a lc u ­

la ted  by the code . T h e se  a re  com p ared  w ith  the ex p er im en ta lly  determ ined  
v a lu e s  in the m anner ind icated  in co l .  4.

A further c o m p a r iso n  of ca lcu la ted  to exp er im en ta l  r e su lt s  is  

g iven  in F ig .  IV -4  w h ere  the change in the e f fec t iv e  m u ltip lica t ion  factor  is  

plotted  v e r s u s  the hafnium th ic k n e ss .  The uncerta in ty  of s te m s
fro m  a probable  e r r o r  of about 0.001 in K a s  ca lcu la ted  by 9 A ngie. For  

(AK) , the probable  e r r o r  is  b a s e d  on a 7% est im a te d  error  in m ea su r in g  

the r e a c t iv i ty  and a 2% e rr o r  in m e a s u r in g  the neutron decay  rate  after  p u ls ­
ing the a s s e m b ly .

T he f i s s io n  rate  (i. e . , total pow er) and the neutron capture ra te s  

(tota l and in hafnium  a lone) are  l i s t e d  in c o ls .  5, 6, and 7, r e sp e c t iv e ly .  
T h e se  v a lu es  r e su lt  fro m  the A ngie edit v a lu es  after  c o rrect io n  for the d i s ­
tr ibution  fa c to r  co s  "— z and n o r m a lize d  to the sa m e  tota l power for a l l  
e x p e r im en ts .

Colum n 8 has been  added for u s e  in ca lcu la tin g  co n tr o l-r o d  h e a t ­
ing due to neutron absorption . H ere  K = K (average) and the other sym b ols  

a re  s e l f -e x p la n a to r y .  It i s  p r e se n te d  for A K /K  d eterm in ed  by both e x p e r i ­
m en t and ca lcu la tion  for  co m p a r iso n .

Colum n 9 l i s t s  the r e s u l t s  of leakage ca lcu la tion s  from  both the 

n eu tton  b a lan ce  m ethod and fr o m  in tegratin g  the leakage over  the su r fa ce .  

(C alcu la tion  of leak age  by in tegrating over  the su r face  w as p er fo rm ed  only
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fo r  th e  b a s e  p r o b l e m  a n d  t h e  9 7 . 9 - m i l  h a f n i u m  p r o b l e m  a n d  t h e s e  a r e  d e n o t e d  

in  c o l .  9 b y  p a r e n t h e s e s .  ) A  c a r e f u l  i n t e g r a t i o n  w a s  m a d e  in  t h e  b a s e  p r o b ­

l e m  b y  f i t t i n g  a  c o s i n e  c u r v e  to  t h e  A n g ie  f lu x  v a l u e s  a l o n g  th e  m e d i a n  l i n e  of 

e a c h  s u r f a c e  to  w i t h i n  a f e w  c e n t i m e t e r s  of  t h e  e d g e ,  a n d  t h e n  a s s u m i n g  a 

l i n e a r  f i t  f r o m  t h e r e  to  t h e  b o u n d a r y .  T h e  r e l a t i v e  l e a k a g e  b e t w e e n  the  p e r ­

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

o v e r  t h e  s u r f a c e ,  t h i s  b e i n g  a n  e a s i e r  t a s k  t h a n  i n t e g r a t i o n  of  l e a k a g e .  T h i s  

y i e l d e d  a  v a l u e  of  1.032 5 w h i c h ,  w h e n  a p p l i e d  to  t h e  l e a k a g e  r a t e  in  th e  b a s e  

p r o b l e m ,  g iv e s  a  v a l u e  of  138 .048  f o r  l e a k a g e  r a t e  in  the  p e r t u r b e d  p r o b l e m .  

T h e  e x c e l l e n t  a g r e e m e n t  b e t w e e n  th e  tw o  m e t h o d s  w o u ld  s e e m  to  v e r i f y  the  

a c c u r a c y  of  t h e  " n e u t r o n  b a l a n c e  " m e t h o d .

T h e  n u m b e r  of  n e u t r o n s  l e a k e d  p e r  f i s s i o n  ( L / F )  a n d  th e  n u m b e r  

of  n e u t r o n s  l e a k e d  p e r  p a r e n t  f i s s i o n  ( K L / F )  a r e  l i s t e d  in  c o l s .  10 a n d  11, 

r e s p e c t i v e l y .  A n g ie  s o l v e s  f o r  t h e  e i g e n v a l u e  K, a n d  b y  r e q u i r i n g  t h a t  v / K  

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

h y p o t h e t i c a l  c r i t i c a l  s y s t e m .  T h u s ,  L / F  m a y  b e  t a k e n  a s  th e  n e u t r o n s  l e a k e d  

p e r  f i s s i o n  if  v / K  n e u t r o n s  w e r e  l i b e r a t e d  p e r  f i s s i o n ,  in  w h i c h  c a s e  t h e  r e ­

a c t o r  w o u l d  b e  c r i t i c a l .  O n  t h e  o t h e r  h a n d ,  K L / F  g iv e s  t h e  n u m b e r  of n e u ­

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

It i g n o r e s  t h e  n e u t r o n  p o p u l a t i o n  p r e s e n t  a t  t h e  t i m e  K is  c h a n g e d ,  in  o r d e r  

to  f in d  th e  l e a k a g e  p e r  f i s s i o n  f r o m  t h o s e  n e u t r o n s  s u b s e q u e n t l y  l i b e r a t e d .

No p a r t i c u l a r  s i g n i f i c a n c e  i s  i m p l i e d  in  t h e  q u a n t i t y  K L / F  e x c e p t  t h a t  it  d o e s  

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

p e r  f i s s i o n .

C o l u m n  12 d o c u m e n t s  t h e  f a c t  t h a t  a d d i t i o n  of  a  p o i s o n  r o d  i n ­

c r e a s e s  l e a k a g e  l o s s ,  i f  c r i t i c a l i t y  i s  r e g a i n e d  b y  a d j u s t m e n t  of  v .

In F i g .  I V - 5  a r e  p r e s e n t e d  g r a p h i c a l l y  s o m e  of th e  v a l u e s  f r o m  

T a b l e  I V - 1 ,  in a d d i t i o n  to  c a p t u r e s  p e r  f i s s i o n  ( C / F )  a n d  c a p t u r e s  p e r  p a r e n t  

f i s s i o n  ( K C / F ) .

C o n c l u s i o n s

T h e  r e l a t i v e l y  good  a g r e e m e n t  ( F i g .  IV -4 )  b e t w e e n  A K  a n d
e x p

A K ^ ^ ^ ^  — t h e y  d i f f e r  b y  a b o u t  0 .003  f o r  t h e  t h r e e  h a f n i u m  t h i c k n e s s e s
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c o n s i d e r e d  — a f f o r d s  a  m e a s u r e  of  c o n f i d e n c e  in  t h e  d e r i v e d  c r o s s  s e c t i o n s .  

F u r t h e r ,  it l e n d s  j u s t i f i c a t i o n  to  t h e  n e g l e c t  of  r e s o n a n c e  s c a t t e r  a n d  a r t i f i ­

c i a l  f l u x  d e p r e s s i o n .  H o w e v e r ,  t h e  v a l u e s  of  (K - K ) 4- A K  ine x p  c a l c  e x p
co l .  4 ,  T a b l e  IV - 1, i n d i c a t e  t h e  d e s i r a b l i l t y  of  f u r t h e r  r e f i n e m e n t  o f  t h o s e  

c r o s s  s e c t i o n s .

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

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

o f  l e a k a g e  o v e r  t h e  r e a c t o r  s u r f a c e .  T h e  o n l y  r e q u i r e m e n t  i s  t h a t  t o t a l  p o w e r  

a n d  c a p t u r e  r a t e  a r e  c a l c u l a t e d  a n d  e d i t e d  b y  th e  c o d e .  T h e  r e a c t o r  s h a p e ,  

th e  m a t e r i a l s ,  a n d  w h e t h e r  a  b a r e  o r  r e f l e c t e d  a s s e m b l y  is c o n s i d e r e d ,  a r e  

i m m a t e r i a l  i n  a p p l i c a t i o n  of  t h e  n e u t r o n  b a l a n c e  a p p r o a c h .  K th e  c o d e  p r o ­

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

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

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

A K / K  = - 0 . 0 1 0  r e s u l t e d  f r o m  a b s o r p t i o n  o f  0 .0 0 9 5  ± 0 .0002  n e u t r o n s  p e r  f i s ­

s i o n  in  t h e  r o d .  T h i s  v a l u e  a p p l i e s  to  r o d s  w o r t h  u p  to  A K / K -  - 0 .0 2 3 .

C O U P L I N G  E F F E C T S  B E T W E E N  C O N T R O L  R O D S

T h e  r e l a t i v e  w o r t h  of  c o n t r o l  r o d s  w a s  s t u d i e d  u s i n g  th e  A n g ie  d i f f u s i o n  

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

l o c a l  p o w e r  d e n s i t y  w e r e  n o t e d  d u e  to  t h e  c e n t r a l  12 c o n t r o l  r o d s .  A n  a p p r o x ­

i m a t e l y  c o r r e c t  d i s t r i b u t i o n  of  c o n t r o l  r o d  l o c a t i o n s  w a s  a s s u m e d ,  a l l  r o d s  

b e i n g  p l a c e d  on  a  2 1 . 1 1 6 - c m  a v e r a g e  r a d i u s .  C o n t r o l  r o d s  w e r e  r e p r e s e n t e d  

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

f u e l e d  a n d  u n f u e l e d  B e O .  T h e  p o i s o n  c o n t e n t  w a s  s e l e c t e d  to  d e p r e s s  t h e  m u l ­

t i p l i c a t i o n  f a c t o r  b y  a p p r o x i m a t e l y  1% p e r  o n e  r o d .

R e s u l t s  of  t h i s  s t u d y  a r e  s h o w n  o n  F i g .  I V - 6 .  It c a n  b e  s e e n  t h a t  t h e  

r e l a t i v e  w o r t h  o f  c o n t r o l  r o d s  r e m a i n s  q u i t e  c o n s t a n t  up to  6 u n i f o r m l y  s p a c e d  

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

of  t w e l v e  i n s e r t e d  r o d s  i s  w o r t h  o n ly  87% of t h a t  v a l u e  w h i c h  w o u l d  b e  r e a l i z e d  

if  i t  e x i s t e d  a l o n e  in  t h e  r e a c t o r .  A l s o ,  g i v e n  a  t o t a l  n u m b e r  of  o n ly  4 r o d s ,  

a  s l i g h t  e n h a n c e m e n t  of  c o n t r o l  r o d  w o r t h  is  o b s e r v e d .  H o w e v e r ,  t h i s
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F i g .  I V - 6 .  R e l a t i v e  w o r t h  of c o n t r o l  r o d s .

e n h a n c e m e n t  i s  v e r y  s m a l l ,  i . e . ,  0 .4 % .  T h i s  s tu d y  w a s  p e r f o r m e d  b y  r e p r e ­

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

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

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

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

t h e  r a d i a l  p o w e r  d e n s i t y .  T h i s  is  c l e a r l y  s e e n  o n  F i g .  I V - 7 w h e r e  th e  p e r c e n t  

c h a n g e  in  l o c a l  p o w e r  d e n s i t y  d u e  to  t h e  i n s e r t i o n  of  tw e l v e  c o n t r o l  r o d s  i s  n o te d .  

T h e  s a m e  r e p r e s e n t a t i o n  of c o n t r o l  r o d s  in m a c h i n e  c o d e s ,  a s  m e n t i o n e d  b e f o r e ,  

w a s  u s e d .  T h i s  e f f e c t  d e p r e s s e s  t h e  p o w e r  a t  th e  c o r e  c e n t e r  b y  12.4% a n d  

c a u s e s  a  10 .4% i n c r e a s e  of  p o w e r  n e a r  t h e  p e r i p h e r y .  In th e  i m m e d i a t e  v i c i n i t y  

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

e s t ;  i t  i s  a s  m u c h  a s  2 0 % .  In t h e  p r e s e n c e  of  12 c o n t r o l  r o d s ,  e q u a l l y  s p a c e d
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a b o u t  th e  c o r e  c e n t e r ,  t h e  r o d s  a r e  s u f f i c i e n t l y  c l o s e  to  e a c h  o t h e r  to  r e n d e r  

a  r a d i a l  p o w e r  p r o f i l e  b e t w e e n  r o d s  w h i c h  is  o n ly  s l i g h t l y  d i f f e r e n t  f r o m  t h a t  

t h r o u g h  a n y  one  r o d .  T h i s  p o w e r  p r o f i l e  i s  m a r k e d  b y  t h e  d o t t e d  l i n e  on  F i g .  

IV -7 .  A  2 - d i m e n s i o n a l  p lo t  o f  i s o p o w e r l i n e s  is s h o w n  o n  F i g .  I V - 8. A c r u ­

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

s h a p e  r e p r e s e n t a t i o n .

It m u s t  b e  s t r e s s e d  t h a t  th e  s t u d y  o n  c o u p l in g  e f f e c t s  a n d  r a d i a l  p o w e r  

d e n s i t y  p e r t u r b a t i o n s  w a s  m a d e  b y  a n  a p p r o p r i a t e  u s e  of  the  h a f n i u m  r e s o ­

n a n c e  on ly .  T h e  b a c k g r o u n d  m a t e r i a l  w a s  f u e l e d  B e O ,  e t c .  , a s  m e n t i o n e d .  

C a l c u l a t i o n s  a r e  in  p r o g r e s s  w h e r e  th e  l o c a l  r e m o v a l  of  f u e l e d  B e O  a n d  the  

i n s e r t i o n  of  t e n s i o n - t u b e  m a t e r i a l s  a n d  c o n t r o l  r o d s  i s  s t u d i e d ,  to  r e n d e r  the  

a b s o l u t e  w o r t h  of  c o n t r o l  r o d s  f o r  t h e  T o r y  I I - C  r e a c t o r .

S U M M A R Y  O F  T O R Y  H - C  N U C L E A R  H E A T I N G  V A L U E S

A. S u m m a r y  of  R e s u l t s

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

e v a l u a t i o n  o f  t h e  s p a t i a l  g a m m a - r a y  a b s o r p t i o n  i n t e n s i t y  d i s t r i b u t i o n  in the  

T o r y  I I - C  r e a c t o r  h a s  b r o u g h t  a b o u t  a  r e v i s i o n  of th e  T o r y  I I - C  n u c l e a r  h e a t ­

ing v a l u e s  p u b l i s h e d  to  d a t e .  A s  a  r e s u l t ,  in  o r d e r  to  a r r i v e  a t  a  c l o s e r  a p ­

p r o x i m a t i o n  of t h e  h e a t i n g  r e a l i z e d  b y  T o r y  I I - C  c o m p o n e n t s  a f t e r  a  1 0 - h o u r  

s t e a d y  o p e r a t i o n ,  it w a s  fo u n d  t h a t  t h e  g a m m a  c o m p o n e n t  of  e a c h  h e a t i n g  v a l u e  

p u b l i s h e d  h a d  to  b e  e n h a n c e d  b y  a p p r o x i m a t e l y  10% . S ince  g a m m a  h e a t i n g  

g e n e r a l l y  c o n t r i b u t e s  f r o m  30% to  80% to t h e  t o t a l  h e a t i n g  of  n o n f u e l e d  c o m ­

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

3% to 8% f o r  t h e  1 0 - h r  s t e a d y  o p e r a t i o n  ( o r  90% f i s s i o n  p r o d u c t  g a m m a  s a t u ­

r a t i o n )  c a s e .  A  r e v i s e d  s u m m a r y  of  t h e  m a x i m u m  p e a k  n u c l e a r  h e a t i n g  of  

T o r y  I I - C  c o m p o n e n t s  p u b l i s h e d  to  d a t e  i s  g i v e n  in  T a b l e  IV -4 .
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F i g .  I V - 8 .  E f f e c t  of c o n t r o l  r o d s  o n  a v e r a g e  p o w e r  d e n s i t y  in  p r o b l e m  w i t h  r a d i a l l y  v a r i e d  fu e l i n g  ( n o r ­
m a l i z e d  to p r o b l e m  w i th o u t  r o d s  a n d  to  p o w e r  a t  c o r e  c e n t e r ) .



T a b l e  I V - 4 .  S u m m a r y  of  R e v i s e d  P e a k  N u c l e a r  H e a t i n g  V a l u e s  f o r  T o r y  I l - C  C o m p o n e n t s  ( M w / f t ^  of  F u l l -  
D e n s i t y  C o m p o n e n t  M a t e r i a l  p e r  M w / f t ^  of  A v e r a g e  C o r e  P o w e r  D e n s i t y  a t  90% F i s s i o n  P r o d u c t  S a t u r a t i o n ) .

C o m p o n e n t P e a k  V a l u e s  of  R e s p e c t i v e  C o m p o n e n t s

G a m m a (n, y) (n, n) B e t a T o t a l

R - 2 3 5 0 .6705 0 .249 0 .0241 - - 0 .9436

T i e  r o d s  a t  R=0

R e n e  41 0 .6 7 8 5 0 .5 0 4 0 .0241 1 .2066

H a f n i u m  c o n t r o l  r o d s

8 0 - m i l  

A s t e r i s k -  s h a p e d 1.132 1.151 - - 2 .283

P r e s s u r e  p a d s 0 .0811 0.0251 0 .0029 0 .1091

Side  s u p p o r t  s t r u c t u r e B u g g y  s p r i n g s 0.051 0 .0166 0 .0025 0.0701

Aft  d u c t 0 .0 4 2 5 0 .0267 0 .0023 0 .0715

a
U n f u e l e d  B e O  i n s e r t s 0 .1 9 7 5 0.05 0.023 0 .2705

I n n e r  b o u n d a r y 0 .085 0 .026 0 .023 0 .134

S ide  r e f l e c t o r

O u t e r  b o u n d a r y 0 .0 2 4 4 0 .006 0 0 .0304
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KJ\U n f u e l e d  B e O  t u b e s  s u r r o u n d i n g  t h e  t i e  r o d s .
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B. S u m m a r y  o f  C a l c u l a t i o n s

1. R e - e v a l u a t i o n  of  t h e  T o t a l  G a m m a  S o u r c e  in  T o r y  I I - C .

T h e  g a m m a - e n e r g y  s o u r c e  in a r e a c t o r  c o n s i s t s  of  p r o m p t  f i s s i o n  

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

n e u t r o n  c a p t u r e  in  th e  r e a c t o r  m e d i u m ,  o r  (n, y) g a m m a s .  B e c a u s e  of the  

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

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

i m u m  v a l u e  a t  t i m e  in f i n i t y .  T h i s  m a x i m u m  v a l u e  in t h e  c a s e  of  T o r y  I I -C  i s  

a b o u t  1 .64 t i m e s  t h e  i n i t i a l  s t a r t - u p  v a l u e .  T o  i l l u s t r a t e .  T a b l e  IV - 5 l i s t s  

th e  g a m m a - e n e r g y  y i e l d  p e r  f i s s i o n  a t  v a r i o u s  t i m e s  of  o p e r a t i o n .

T a b l e  I V - 5. G a m m a - - E n e r g y  Y ie ld p e r  F i s s ion.

T i m e  a f t e r  s t a r t - u p 0 2 m i n 10 h r 00

% F i s s i o n  p r o d u c t  s a t u r a t i o n 0 50% 90% 100%

P r o m p t  f i s s i o n  g a m m a s 7 .925 7 .9 2 5 7 .925 7 .925

F i s s i o n  p r o d u c t  d e c a y  o f  g a m m a s 0. 3 .492 6 .286 6 .984

N e u t r o n  c a p t u r e  in  f u e l 1.445 1.445 1.445 1.445

N e u t r o n  c a p t u r e  in  t i e - r o d s 1.634 1.634 1.634 1.634

T o t a l  y i e l d 11 .004 14 .496 17 .290 17 .988

A l l  p r e v i o u s  g a m m a  h e a t i n g  c a l c u l a t i o n s  w e r e  b a s e d  o n  a  1 4 .7 5 -  

M e v / f i s s i o n  g a m m a - e n e r g y  s o u r c e  ( w h ic h  w a s  a p p l i c a b l e  to  t h e  T o r y  I I - A  

c a s e ) .  F o r  a n y  of  t h e  f o u r  c o n s i d e r e d  T o r y  I I -C  c a s e s ,  t h e  g a m m a  h e a t i n g

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

c u l a t e d  g a m m a - e n e r g y  y i e l d  to  t h e  o n e  c o n s i d e r e d  b e f o r e  (i .  e.  , 1 4 . 7 5 - M e v /  

f i s s i o n ) .  F o r  t h e  c o n s i d e r e d  t i m e s  a f t e r  s t a r t - u p  t h e s e  r a t i o s  a r e :

T i m e  a f t e r  s t a r t - u p  S o u r c e  y i e l d  c o r r e c t i o n

0 0 .7 4 6
2 m i n  0 .9 8 2 8
10 h r  1 .1722

«> 1 .2196
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2. A p p r a i s a l  of  t h e  S p a t i a l  G a m m a - R a y  A b s o r p t i o n  I n t e n s i t y  D i s t r i b u ­

t i o n  in  T o r y  I I - C .

It h a s  so  f a r  b e e n  a s s u m e d  t h a t ,  g iv e n  a  h o m o g e n e o u s  m e d i u m  

w i t h  a  u n i f o r m  s o u r c e  d i s t r i b u t i o n ,  th e  g a m m a  h e a t i n g  in  t h e  g e o m e t r i c  c e n ­

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

d i u m .  H o w e v e r ,  f o r  T o r y  I I - C  a v e r a g e  c o r e  c o m p o s i t i o n  a n d  d i m e n s i o n s ,  

i t  i s  s e e n  t h a t  t h e  v a l u e  of g a m m a  h e a t i n g  d o e s  no t  a t t a i n  t h a t  o f  a n  i n f in i t e  

m e d i u m  a t  t h e  g e o m e t r i c a l  c e n t e r .

U s i n g  th e  a n a l y t i c a l  e x p r e s s i o n  d e r i v e d  in  C h a p t e r  22 of J . R.  

S t e h n ' s  T h e  P h y s i c s  of I n t e r m e d i a t e  S p e c t r u m  R e a c t o r s , f o r  th e  g a m m a - r a y  

a b s o r p t i o n  o n  t h e  a x i s  of  a  c y l i n d r i c a l  s o u r c e  r e g i o n  g i v e n  b y  E q .  22 .139 ,  it 

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

d r i c a l  c o r e  w i t h  L  = 2R  a n d  a n  a v e r a g e  g a m m a - e n e r g y  a b s o r p t i o n  c o e f f i c i e n t
- 1 * 

of  0.041 c m  ( w h ic h  w a s  c a l c u l a t e d  b y  T r i k l  c o d e  f o r t h e  a v e r a g e  I I -C  c o m ­

p o s i t i o n )  i s  0 .9 4 . S in c e  t h e  s p a t i a l  g a m m a - r a y  a b s o r p t i o n  i n t e n s i t y  d i s t r i b u ­

t i o n  u s e d  in t h e  p a s t  w a s  n o r m a l i z e d  to  u n i t y  a t  th e  c e n t e r  of  t h e  c o r e ,  a n d  

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

t h e  c o r r e c t i o n  f a c t o r  of 0 .94  a p p l i e s  t h r o u g h o u t  th e  c o r e .

T o  s u m m a r i z e :  T h e  c o m b i n e d  e f f e c t  of  t h e  s o u r c e  a n d  g e o m e t r y  

c o r r e c t i o n s  r e s u l t s  in  a  g a m m a  h e a t i n g  c o r r e c t i o n  f a c t o r  of  1.102,  o r  a n  e f ­

f e c t i v e  i n c r e a s e  of  t h e  g a m m a  h e a t i n g  c o m p o n e n t  b y  10 .2% ,  f o r  th e  c a s e  of  a  

1 0 - h r  s t e a d y  o p e r a t i o n .

3. N u c l e a r  H e a t i n g  o f  T o r y  I I -C  H a f n i u m  C o n t r o l  R o d s .

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

p r o p o s e d  c o n t r o l  r o d  d e s i g n  w h i c h  h a s  s i x  8 0 - m i I - t h i c k  b y  1 / 2 - i n c h  b l a d e s  

a r r a n g e d  in a n  a s t e r i s k  c o n f i g u r a t i o n .

In o r d e r  to  o b t a i n  m o r e  a c c u r a t e  c o n t r o l  r o d  h e a t i n g  v a l u e s ,  a  

s i m p l i f i e d  M o n t e - C a r l o  c o d e .  Y og i ,  h a s  b e e n  w r i t t e n ,  c h e c k e d  out ,  a n d  e m ­

p l o y e d  d u r i n g  t h i s  q u a r t e r .  T h i s  c o d e  c o m p u t e s ,  in a  r e a s o n a b l e  a m o u n t  of

See  U C R L - 6 3 7 6 .
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I B M - 7 0 9 0  c o m p u t e r  t i m e ,  v a l u e s  f o r  t h e  m a g n i t u d e  of  c o n t r o l  r o d  h e a t i n g  by- 

g a m m a  r a d i a t i o n  g e n e r a t e d  in th e  m e d i u m  s u r r o u n d i n g  t h e  c o n t r o l  r o d ,  a s  

■well a s  g a m m a s  g e n e r a t e d  b y  th e  (n, y) p r o c e s s  in  th e  c o n t r o l  r o d  i t s e l f .  S e c ­

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

v e r s i o n  of  t h e  c o d e ;  t h e  c o d e  w a s  m o d i f i e d  h o w e v e r ,  a n d  it w a s  f o u n d  t h a t  

w h e n  th e  e l e c t r o n s  p r o d u c e d  in  C o m p t o n  c o l l i s i o n s  w e r e  f o l l o w e d ,  t h e i r  e n ­

e r g i e s  b e i n g  l i n e a r l y  d e c r e a s e d  a l o n g  t h e i r  p a t h s ,  no c h a n g e  in  h e a t i n g  v a lu e  

w a s  o b s e r v e d ,  w i t h i n  s t a t i s t i c s .

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

r o d s  c o n s i d e r i n g  a  90% f i s s i o n  p r o d u c t  g a m m a - s a t u r a t i o n  l e v e l  ( c o r r e s p o n d ­

ing  to  a  1 0 - h o u r  s t e a d y  o p e r a t i o n ) .  T h e  r e s u l t s  o b t a i n e d  f r o m  th e  Y o g i  

M o n t e - C a r l o  c o d e  w e r e  a p p l i c a b l e  to  t h e  c o n s i d e r e d  g e o m e t r i c  c o n f i g u r a t i o n  

(i.  e .  , 8 0 - m i l  a s t e r i s k - s h a p e d  ro d )  w i t h o u t  d u e  r e g a r d  p a i d  to  t h e  s u r r o u n d i n g  

3 0 - m i l  H a s t e l l o y  R - 2 3 5  c o n t r o l  r o d  s h e l l .  T h e  s h i e l d i n g  e f f e c t  of  t h e  H a s -  

t e l l o y  s h e l l  o n  th e  c o n t r o l  r o d  w a s  e v a l u a t e d  b y  m e a n s  of  th e  T r i k l  c o d e  ( s e e  

U C R L - 6 3 7 6 ,  p .  92) b y  i n c o r p o r a t i n g  t h e  s h i e l d i n g  e f f e c t  of t h e  H a s t e l l o y  s h e l l  

in  th e  p h o t o e l e c t r i c  c r o s s  s e c t i o n s  of t h e  h a f n i u m .  T h i s  s h i e l d i n g  f a c t o r  c a n  

b e  s h o w n  to b e  p r o p o r t i o n a l  to  t h e  e x p o n e n t i a l  i n t e g r a l  of  th e  s e c o n d  o r d e r  

(|jLx), w h e r e  (|j,x) i s  c o n s i d e r e d  to b e  t h e  p h o t o e l e c t r i c  m e a n  f r e e  p a t h  in the  

3 0 - m i l  H a s t e l l o y  s h e l l .  T h e  n e t  e f f e c t  of  t h e  H a s t e l l o y  s h e l l  o n  t h e  h a f n i u m  

c o n t r o l  r o d  e x t e r n a l  g a m m a  h e a t i n g  w a s  f o u n d  t o  b e  a b o u t  10%.

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

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

t r o l .  T h e  ( n , y )  h e a t i n g  c a l c u l a t i o n s  w e r e  b a s e d  on a  n e u t r o n  a b s o r p t i o n  c a ­

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

s w in g .  T h i s  i m p l i e s  0 .0 1 2 7  n e u t r o n s / f i s s i o n  c a p t u r e d  p e r  r o d  ( s e e  U C R L -  

6376,  p.  92).  T h e  a b s o r b e d  e n e r g y  f r a c t i o n  of g a m m a s  g e n e r a t e d  in  a n  a s ­

t e r i s k - s h a p e d  c o n t r o l  r o d  w a s  d e t e r m i n e d  b y  th e  Y o g i  M o n t e - C a r l o  c o d e  to  

b e  2 5 .5% .

‘1
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S E C T I O N  I I . T O R Y  I I - C  C O N T R O L S

S U M M A R Y

T h e  T o r y  I I - C  c o n t r o l s  e f f o r t  h a s  c e n t e r e d  on  (1) th e  d e v e l o p m e n t  of 

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

a n d  (2) th e  s e r v o  l a b o r a t o r y  f a c i l i t y  w h i c h  w i l l  be u s e d  to  t e s t  a n d  e v a l u a t e  

t h e s e  s y s t e m s  a n d  c o m p o n e n t s .

D u r i n g  t h i s  q u a r t e r ,  t h e  d e v e l o p m e n t  of  th e  h i g h - t e m p e r a t u r e  a c t u a t i o n  

s y s t e m  h a s  p r o g r e s s e d  t h r o u g h  th e  h i g h - t e m p e r a t u r e  c h e c k o u t  s t a g e  a t  one  

c o n t r a c t o r ' s  f a c i l i t y  a n d  h a s  r e a c h e d  th e  h i g h - t e m p e r a t u r e  c h e c k o u t  s t a g e  a t  

a n o t h e r  c o n t r a c t o r ' s  f a c i l i t y .  E a c h  of t h e s e  d e v e l o p m e n t a l  p r o g r a m s  a p p e a r s  

p r o m i s i n g .

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

c o m p l e t e d  a t  L R L  a n d  i s  b e in g  u s e d  to  a n a l y z e  and  r e f i n e  c o m p o n e n t  d e s i g n  

a n d  s y s t e m  p e r f o r m a n c e .

D E V E L O P M E N T  O F  1 2 0 0 ° F  E L E C T R O P N E U M A T I C  A C T U A T I O N  S Y S T E M

M o d e l  1240 T e s t  a n d  E v a l u a t i o n

T h i s  s e c t i o n  s u m m a r i z e s  th e  p r o g r e s s  t o w a r d  d e v e l o p m e n t  of a  

p r o t o t y p e  h i g h - t e m p e r a t u r e  ( 1 2 0 0 ° F )  a n d  r a d i a t i o n  r e s i s t a n t  e l e c t r o p n e u m a t i c  

c o n t r o l  r o d  p o s i t i o n i n g  s y s t e m .  T h i s  p r o t o t y p e  is  c a l l e d  the  M o d e l  1240 a c ­

t u a t o r ,  a n d  i s  a p p l i e d  in  a  s i m p l e  c l o s e d - l o o p  s y s t e m  s h o w n  s c h e m a t i c a l l y  in

F i g .  I Y - 9 .  A c o n d e n s e d  d r a w i n g  of t h e  c o m p o n e n t s  e x p o s e d  to  e l e v a t e d  t e m ­

p e r a t u r e s  a n d  h ig h  r a d i a t i o n  i s  s h o w n  in  F i g .  I V - 10.

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

h i g h - t e m p e r a t u r e  t e s t s  a r e :

1. T h e  s e r v o  v a l v e ,  in  i t s  p r e s e n t  c o n f i g u r a t i o n ,  c a n n o t  t o l e r a t e  

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 s  b e t w e e n  a m b i e n t  a n d  s u p p ly  a i r .

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

r o o m  a n d  h i g h  t e m p e r a t u r e .

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

4.  B o th  s n u b b e r  s p r i n g s  f a i l e d  a t  h ig h  t e m p e r a t u r e  due  to  l a c k  of 

s p r i n g  l u b r i c a t i o n .

B e lo w  a r e  s u m m a r i z e d  a l l  s i g n i f i c a n t  r e s u l t s  d e t e r m i n e d  d u r i n g  

r o o m  a n d  t e m p e r a t u r e  t e s t i n g  of t h e  M o d e l  1240,  c o m p a r i n g  a c t u a l  p e r f o r m ­

a n c e  to  s p e c i f i e d  p e r f o r m a n c e  w h e r e  r e s u l t s  a r e  a v a i l a b l e .
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6( \ 0 &64/-Oo2-K>4 HI4H TBHP. yAlO/C
60 1 D 1670-003- hO OHSOHATIC HPTOR. KODCU I140

51 1 -
SB 1 B 2470-003- /3i BBARlHft fteTAiNCO.

5 7 1 A 1670 -003-187 SPACCQ. -  BCARiKG OCTAinSO.
56 1 B 26U-003-IZ1 B«An.lHO ReXAiHtA.
65 X A 1670-003-IBB SPACSfl-BSAPlNS MTAlNSt^
54 z - ^TOCK.
53 1 6 2670-003-136 p.ou.eo.
51 S' 8 2670-00 3-10-1 CAPSCnJCM/-HOL.60C.H0. .375- I 6 UHC
SI C 2670-003- 140 SCAP. RACK
S O 5 8 2670-003-145-1 SCn.Sw-HrA.HD. MACK. .I40-31NP
41 C 2670-0O3-J58 BBAniNA
46 \ C 2670-003-160 neTAiHBQ.
47 S - ^TOCK ESHA HOT -.140-31NP ♦ 1001-01
46 \ A 267D-003- 147 WA5HBR
45 8 2670-003-114-1 CAPacnsw-HSA.SOc. HD. 5625-ia one
44. 1 C 2670-00J- 16/ «AT«HSiOH
43 t D 2670-003- 145 LATCH HOOSIHA
41 d B 2670-OOJ-I42-3 CAPbcASw-HEA.. SOC.H& .3ii5-i0onc

1 8 2670-0O3- 134 SPO.tna-ENO R.INe
4o 1 C 26Tb-Oo3-l63 CL&.VIS ROO

31 16 Q 2670-003-/33 SPRiHS-lNNSn. R.m«
38 IS B 2670-003- /33 SPRING OOTSn.
37 X C 2470-003-/42 CLBOIS
36 1 — STOCK. COUUVNS LMT-47404. TRAmoocrO.
35 It 8 2670-OOS-I1I-I CAPSCSU6W -HKX. sec. HO. .150-10 OHC

34 5 B Z67O-O03H64-I CAPscnrw-Hsx. sac. ho. .175-i .<6unp

33 S 8 2670-003-/96 SPhcqjcAl  wAShccz

32 S B 2670-003- ISS 8PHSmCAU VUASHSR
31 1 c 2670-003-183 PLAT* - convex

36 1 c 1670-003-104 PLATE - COHCAvr
a i 5 - STOCK. FLAT WASHER, 6375 SCfteM/̂ looscMaK SST
l e S - STOCK eSHA noT.375-24UNr-3B*Xvioo-o6s
17 \ E 2670-003-144 AFT <SU108 TL^e.

26 I C 2670-003-/91 BSAniHR HOOSIH8
25 1 - STOCK eSHA HuT-.150-180HF4X iXOO“ O64
24 2 8 2670-003-175 o ow eu  P in

23 I 8 1670-003-41 LATCH P late

21 4 B 2672-003-143-1 CAP &CR0W H6A. s e e . HP. .|40 -24HC
2! I - STOCK " K' SEAL- HAnmsOH •  11130
20 I c 1670-003-166 LARSe SPRlNS PLvn&SR.
>4 1 0 2670-003-/57 H006IHS. LARO* SPRiKS

Id 1 A 1670-003-185 R(OD *NO ALTEOATiOH
17 1 A 2670-0(03-<76 sOAcsn. sPPiHO

16 2 - •STOCK n e x  3>sH NLrr.6254S(JHS3Q sst

15 1 e 2670-003-/50 LATCH PISTON STOP

14 1 8 2670-003-14 8 LATCH <=>PniNS

13 1 B 2670-003-W7 LATCH Pi STON
12 1 0 1670-O03- 146 LATCH s e c T o n
M 1 A 2670-003-186 PLLxa - s*AuiN«s
lO 1 J3 2670-003-/51 LATCH P iston pcos

2 B 2670-0CB-I16 CAP SCaeo/-FL.HD. sec. .140-24 NC
0 2 S 2670-003-145 CLEVIS WA&HEQ,
7 2. 8 1670-003-164 CLEVIS P'N
6 1 - •EjTO ck. ESNAF7q-02Q-llS--0375 POu_ PlN
5 1 A 1670-003-180 SPACER. G>E(\R.
4 1 A 2670-003-181 nUT - PSTAiNiNS
3 1 C 2670-003-13'? DRIVE 6SAR.
2 B B 2670-003-141 3 . rs.\-J * ME*, sec. HD. .2S0-10VNC
1 a e •Zfc7a-OC3-<'// 2 LfMV bCaLv-./-HWX.SCC. HO 250-10WNC

(TKH »2« smT ho, 'pAfR.T HAHvt
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T a b l e  I V - 6  s h o w s ,  in  s u m m a r y ,  r e l i a b i l i t y  i n f o r m a t i o n  o n  th e  

h i g h - t e m p e r a t u r e  e l e c t r o p n e u m a t i c  s e r v o  v a l v e  u s e d  in  t h e  M o d e l  1240. T h e  

s e r v o  v a l v e ,  w h i c h  i s  t h e  m o s t  c r i t i c a l  c o m p o n e n t  in  t h e  s y s t e m ,  h a s  p e r ­

f o r m e d  q u i t e  w e l l  e x c e p t  f o r  i t s  i n t o l e r a n c e  to t e m p e r a t u r e  d i f f e r e n t i a l s .  If 

t h e  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  t h e  v a l v e  b o d y  a n d  s p o o l  e x c e e d s  100-200 '*F ,  

t h e  v a l v e  w i l l  no t  o p e r a t e  p r o p e r l y .  A  c o r r e c t i o n  p r o g r a m  i s  p r e s e n t l y  b e i n g  

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

T a b l e  I V - 7  s h o w s  a  s u m m a r y  o f  a c t u a t o r  p e r f o r m a n c e  c h a r a c t e r ­

i s t i c s  d e t e r m i n e d  d u r i n g  r o o m - t e m p e r a t u r e  a n d  h i g h - t e m p e r a t u r e  t e s t i n g .  In 

g e n e r a l ,  t h e  M o d e l  1240 m e e t s  t h e  s p e c i f i e d  d y n a m i c  p e r f o r m a n c e .  T a b l e  

I V - 8  s h o w s  a  s u m m a r y  of  k n o w n  r e l i a b i l i t y  i n f o r m a t i o n  r e l a t i v e  to th e  h i g h -  

t e m p e r a t u r e  m o t o r .  T a b l e  I V - 9 g i v e s  a  s u m m a r y  of  r e l i a b i l i t y  i n f o r m a t i o n  

o n  t h e  e n t i r e  M o d e l  1240 a c t u a t i o n  s y s t e m  i n c lu d in g  (1) s e r v o  v a l v e ,  (2) h i g h -  

t e m p e r a t u r e  m o t o r ,  (3) r a c k ,  p in i o n ,  a n d  s i m u l a t e d  lo a d ,  (4) p o s i t i o n  t r a n s ­

d u c e r ,  a n d  (5) a m p l i f i e r  w i t h  c o n n e c t i n g  c a b l e .  T a b l e  I V - 10 s h o w s  a  s u m m a r y  

o f  p r o b l e m  a r e a s  r e v e a l e d  t h u s  f a r  d u r i n g  o p e r a t i o n  of  th e  s y s t e m .  P o s s i b l e  

s o l u t i o n s  a n d  a c t i o n  i t e m s  a r e  i n d i c a t e d  w h e r e  known.

T h e  M o d e l  1240 a c t u a t o r  i s  s h o w n  in  e x p l o d e d  f o r m  in  F i g .  I V - 11 

p r i o r  to  a s s e m b l y  a n d  t e s t .  F i g u r e s  I V - 1 2 ,  I V - 1 3 ,  a n d  I V - 1 4  s h o w  s e v e r a l  

v i e w s  o f  t h e  M o d e l  1240 m o t o r  b e f o r e  h i g h - t e m p e r a t u r e  t e s t .  F i g u r e s  I V -1 5 

a n d  I V - 16 s h o w  th e  a c t u a t o r  s y s t e m  b e i n g  p r e p a r e d  f o r  h i g h - t e m p e r a t u r e  t e s t  

a t  t h e  c o n t r a c t o r ' s  f a c i l i t y .  F i g u r e  I V - 17 s h o w s  th e  m o t o r - s e r v o  v a l v e  c o m ­

b i n a t i o n  f o l l o w i n g  t e s t  a t  1 2 0 0 ° F .  F i g u r e  I V - 18 s h o w s  a n  e x p l o d e d  v i e w  of 

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

D u r i n g  J u n e  1961,  t h e  M o d e l  1240 a c t u a t o r  i s  u n d e r g o i n g  v i b r a t i o n  

t e s t s  a t  th e  c o n t r a c t o r ' s  f a c i l i t y .

C o m p e n s a t i o n  N e t w o r k  A n a l y s i s

A  c o m p l e t e  s i g n a l  f low  r e p r e s e n t a t i o n  n e t w o r k - o p e r a t i o n a l - a m -  

p l i f i e r  c i r c u i t  u s e d  in  th e  p T o t o ty p e  s y s t e m  h a s  b e e n  d e v e l o p e d  a n d  r e d u c e d  to 

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

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

th e  c o m p e n s a t i o n  c r i t i c a l  f r e q u e n c i e s  ( c o m p l e x )  in  t h e  n e i g h b o r h o o d  of  t h o s e  

u s e d  in  c o m p e n s a t i n g  th e  p r o t o t y p e  s e r v o .

R A H S  A c t u a t o r  D e v e l o p m e n t

T h i s  a l t e r n a t e  a p p r o a c h  to  t h e  h i g h - t e m p e r a t u r e  a c t u a t o r  p r o b l e m  

i s  b e i n g  p u r s u e d  b y  a  c o n t r a c t o r ,  b u t  w i t h  th e  T o r y  I I - C  a p p l i c a t i o n  in  m i n d .
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T h e  c o n t r a c t o r  i s  a t t e m p t i n g  to  e s t a b l i s h  f e a s i b i l i t y  of a  s y s t e m  s i m i l a r  to 

t h e  M o d e l  1240, b u t  w h i c h  u t i l i z e s  a  n u t a t i n g - d i s k  m o t o r  in  p l a c e  of  t h e  g e a r  

m o t o r .  A  d r a w i n g  o f  t h e  n u t a t i n g - d i s k  m o t o r  i s  s h o w n  in  F i g .  I V - 19, F i g u r e s  

I V - 2 0  a n d  IV -2 1  s h o w  p h o t o g r a p h s  of  an  e a r l y  h i g h - s p e e d  p r o t o t y p e ,  w h i l e  

F i g .  I V - 2 2  s h o w s  a  p h o t o g r a p h  of t h e  RAHS.

T h e  n u t a t i n g - d i s k  m o t o r  a p p r o a c h  s h o w s  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  o p e r a t i o n ,  a s  h a s  b e e n  d e m o n s t r a t e d  w i t h  a  " 4 - i n c h "  a c t u a t o r  m o d e l  

o v e r  a  t w o - y e a r  s p a n .  T h i s  a c t u a t o r  h a s  b e e n  r u n  s u c c e s s f u l l y  a t  1 2 2 0 ° F  f o r  

o v e r  40 h o u r s ,  a n d  a t  1 6 0 0 ° F  f o r  tw o  h o u r s .  T h e  R A H S  d e v e l o p m e n t ,  u t i l i z i n g  

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

s m a l l  v e r s i o n  of  t h e  R A H S  s e r v o  v a l v e  h a s  b e e n  o p e r a t e d  f o r  s e v e r a l  h o u r s  

in  p e r f o r m a n c e  t e s t s  w i t h  t h e  " 4 - i n c h "  a c t u a t o r .

T h e  p r i n c i p l e  v a r i a t i o n s  of  t h e  R A H S a c t u a t o r  f r o m  th e  M o d e l  1240

a r e :

1. S c r a m  i s  a c c o m p l i s h e d  t h r o u g h  t h e  m o t o r - t r a n s m i s s i o n  p a t h  

b y  m e a n s  of  p n e u m a t i c  s h i f t i n g .

2.  P n e u m a t i c  s n u b b i n g  i s  u s e d  r a t h e r  t h a n  s p r i n g  s n u b b in g .

3. No o u t b o a r d  r a c k  s u p p o r t s  ( o t h e r  t h a n  t h o s e  i n t e g r a l  w i th  

m o t o r )  a r e  r e q u i r e d .

4 .  V a r i a t i o n s  w i t h i n  t h e  e x i s t i n g  u n i t  to a c c o m p l i s h  s h i m - r o d -  

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



T a b l e  I V - 6 .  S u m m a r y  of  R e l i a b i l i t y  of  H i g h - T e m p e r a t u r e  S e r v o  V a lv e .

T e s t
T  i m e  a t  

r o o m  t e m p
T i m e  a t  

h i g h  t e m p R e m a r k s

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

9.7 h r  o v e r  
100 0 » F  (3 .75  h r  
o v e r  1200®F)

T i m e  o v e r  lOGG^F w i th o u t  d i s a s s e m b l y  a n d  
a d j u s t m e n t  - 5.3 h r .
T i m e  o v e r  12GG*F w i th o u t  d i s a s s e m b l y  a n d  
a d j u s t m e n t  - 3 .6  h r .

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

1 h r 7 m i n  1200*F  
1 h r - 3 7  m i n  
100 0 » F  (17 m i n  
c y c l i c )

V a lv e  w a s  i n i t i a l l y  o p e r a t i n g  e r r a t i c a l l y ;  
c o r r e c t e d  b y  a p p l y i n g  l a r g e  r a p i d - i n p u t  
s i g n a l  to v a l v e  a t  f u l l  p r e s s u r e .

A c c e p t a n c e  t e s t 6 h r  - 17 m i n  
(1 h r - 5 1  m i n  
c y c l i c )

1 0 0 0 “ F  3 h r -  
29 m i n  (1 h r -  
38 m i n  c y c l i c )

N e w  t o r q u e - m o t o r
v a l v e  m a l f u n c t i o n e d ;  found  to b e  d i r t  in  
p i l o t  s t a g e  - v a l v e  c l e a n e d  a n d  r e a s s e m b l e d .

2 h r - 31 m i n  
(1 h r  - 14 m i n  
c y c l i c )

5 h r - 5  m i n  
1 0 0 0 ° F  
(1 h r - 26 m i n  
c y c l i c ) T e s t  t e r m i n a t e d

T o t a l 9 h r - 4 8  m i n 20 h r

*
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T a b l e  IV - 7 .  A c t u a t o r  P e r f o r m a n c e  C h a r a c t e r i s t i c s .

I t e m S p e c i f i e d R o o m  t e m p  Q(0) 1 0 0 0 ° F

D y n a m i c  r e s p o n s e  
90° p h a s e  s h i f t

1 5 c p s  1000 p s i g 10 c p s  700 p s i g 1 5 c p s  100 p s i g

S a t u r a t i o n  v e l o c i t y G r e a t e r  t h a n  
60 i n / s e c  a t  
1000 p s i g

Not a v a i l a b l e 166 i n / s e c

P o s i t i o n  r e s o l u t i o n ± 0 .02 in. ± 0 .0 1 5  in. ± 0 .0 3 0  in.

S c r a m  t i m e 40 in c h  
25 s e c  a t  
1000 p s i g

0 .38  s e c ,  v a l v e  
h a r d  o v e r

N ot  a v a i l a b l e

T r a n s i e n t  r e s p o n s e E q u a l  to  o r  l e s s  t h a n  
12% of d e m a n d  s t e p  o r  
0.01 in c h ,  w h i c h e v e r  
i s  g r e a t e r

0 .14  s t e p  o v e r s h o o t  0 
0 .69 s t e p  " 32% 
1.2 3 s t e p  ” 32% 
9.1 s t e p  " 11%

0.13 s t e p  o v e r s h o o t  0 
0.6 s t e p  " 0
1 .04 s t e p  " 0
8 .05  s t e p  " 30%

S y s t e m  s t i f f n e s s C a p a b l e  of h o ld i n g  2 0 - lb 
l o a d  w i t h i n  r e s o l u t i o n  
w i t h  c o n t i n u o u s  6 9 - lb a x i a l  
lo a d  a t  1000 p s i g

10 ,000  l b / i n . N ot  a v a i l a b l e

L i n e a r i t y ± 5% of s t r o k e  o v e r  t e m p  
r a n g e  of  o p e r a t i o n

Not a v a i l a b l e N ot  a v a i l a b l e

F u l l  s t r o k e  d i s p l ,  
t i m e  u n d e r  s e r v o  con t .

L e s s  t h a n  0 .75  s e c Not a v a i l a b l e 0.4 s e c

R e l a t i v e  s t a b i l i t y G a i n  m a r g i n  6 db o r  m o r e ,  
p h a s e  m a r g i n  - 50° o r  m o r e

Not a v a i l a b l e Not a v a i l a b l e
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T a b l e  IV - 8 .  S u m m a r y  of  R e l i a b i l i t y  of  1240 H ig h  T e m p e r a t u r e  M o t o r .

T e s t
T i m e  a t  

r o o m  t e m p
T i m e  a t  

h i g h  t e m p R e m a r k s

O p e n - l o o p  c y c l i c  
r e l i a b i l i t y  t e s t

1 h r  - 14 m i n (1 h r  - 11 m i n )  
1 2 0 0 ° F ,
1 h r - 2 4  m i n  
1000®F

M o t o r  h a d  n e w  b e a r i n g s  a n d  c a r b o n  w e a r  
p l a t e s  a n d  g e a r s  w e r e  r e - e l e c t r o f i l m e d .  
A f t e r  t e s t  w a s  c o m p l e t e d ,  t h e  m o t o r  w a s  
d i s a s s e m b l e d  a n d  a l l  p a r t s  w e r e  fo u n d  in  
good  c o n d i t i o n .

P r e l i m i n a r y  p e r f o r m a n c e  
t e s t s  o f  a c t u a t o r

1 h r 7 m i n  12 0 0 ° F ,
1 h r - 37 m i n  
lOOO'F  (17 m i n  
c y c l i c )

M o t o r  w a s  r e - a s s e m b l e d  u s i n g  a l l  t h e  o r i g ­
in a l  p a r t s „  M o t o r  f a i l e d  d u r i n g  400®F o p ­
e r a b i l i t y  t e s t  in  c o o l - d o w n  c y c l e .
D r i v e  g e a r  r u b b e d  a g a i n s t  h o u s i n g ,  t e a r i n g  
s i l v e r  p l a t e  l o o s e  - c a u s i n g  m o t o r  to b i n d  up.

A c c e p t a n c e  t e s t 4 h r  - 3 m i n  
(1 h r  - 14 m i n  
c y c l i c )

1 h r -3 7  m i n  
1 0 0 0 ° F  
(37 m i n  
c y c l i c )

N e w  b e a r i n g s  a n d  c a r b o n  w e a r  p l a t e s  w e r e  
p u t  in  m o t o r ,  g e a r s  w e r e  r e - e l e c t r o f i l m e d  
a n d  c e n t e r  s e c t i o n  w a s  r e - s i l v e r - p l a t e d .  
C a r b o n  w e a r  p l a t e s  r e p l a c e d .

2 h r  - 51 m i n  
(1 h r  - 14 m i n  
c y c l i c )

3 h r - 4 5  m i n  
(1 h r  - 50 m i n  
c y c l i c )

C a r b o n  w e a r  p l a t e s  r e p l a c e d .

D e m o n s t r a t i o n

1 h r  - 4  m i n  
(37  m i n )  
c y c l i c

1 h r - 3 0  m i n  
1 0 0 0 ° F  
1 h r  - 17 m i n  
(37 m i n  c y c l i c )  
1 0 0 0 ° F ,  25 m i n  
1 0 0 0 ° F M o t o r  d i s a s s e m b l e d  f o r  i n s p e c t i o n  on  c a r b o n  

p l a t e ;  s h o w e d  s i g n s  of  w e a r  ( 0 . 0 0 1 - i n . )  - 
r e - a s s e m b l e d .

T e s t s  t e r m i n a t e d

100 s c r a m  
2 h r

T o t a l 12 h r  - 12 m i n 11 h r -4 2  m i n
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T a b l e  IV -9-  S u m m a r y  o f  R e l i a b i l i t y  o f  1240 A c t u a t o r .

T e s t
T im e  at 

ro o m  tem p
T im e  at 

high  tem p R e m a rk s

R o o m -te m p e r a tu r e  life 3 h r -2 1  m in  
(c y c lic )

No fr ic t io n  lo a d  - ro o m  tem p  1240 m o to r  
u sed . A fter  t e s t  w a s  c o m p le te d , ac tu a to r  
w a s d is a s s e m b le d  and p a r ts  e x a m in ed  fo r  e x ­
c e s s iv e  w e a r  - p a r ts  in  good  co n d itio n , ra ck  
and p in io n  r e - e le c tr o f i lm e d ,  a c tu a to r  r e - a s -  
se m b le d  w ith  o r ig in a l  p a r ts .

P r e lim in a r y  p e r fo rm a n c e  
t e s t  o f ac tu a to r

1 hr 1000'*F E le c t r ic a l  c a b le  to to rq u e  m o to r  fa ile d .

15 m in 7 m in  
1200*^ T r a n sd u c er  fa i le d  - aft w e a r  r in g  r ep la c e d .

1 h r -3 7  m in  
1000'>F
(18 m in  c y c lic )

M otor fa i le d  du rin g  co o lin g  c y c le  -  a c tu a to r  
and m o to r  d is a s s e m b le d  - a l l  ca rb o n  p a r ts  
show  s ig n s  o f e r o s io n  w ith  e x ce p tio n  fo rw a rd  
w ea r  r in g  and p is to n  r in g s  - sn ub ber sp r in g s  
lo ck ed .

A c ce p ta n ce  te s t 2 h r -4 9  m in  
(37 m in  c y c lic )

lOOO^F 
9 m in

A ll b e a r in g s  and ca rb o n  p a r ts  r e p la c e d  w ith  
new  p a r ts  - r a ck  and p in ion , r in g  sp r in g s ,  
sp r in g  h o u sin g  r e - e le c tr o f i lm e d  -  n ew  torque  
m o to r .

1 hr - 14 m in  
(37 m in  c y c lic )

1 h r -2 8  m in  
(37 m in  c y c l ic )

T r a n sd u c er  fa ilu r e  - s m a ll  snubber sp r in g  
lo ck ed , la tc h  m e c h a n ism  not fu n ctio n in g  - 
r em o v e d , v a lv e  e le c t r ic a l  c o n n ec to r  r e p la c e d .  
F o r c e  ga in  down.
C arbon m o to r  p la te s  r ep la c e d .

2 hr - 14 m in  
(37 m in  c y c l ic )

1 h r -5 2  m in  
(51 m in  c y c lic )

V a lve  m a lfu n c tio n  - tr a n sd u c e r  fa i lu r e ,  r o o m -  
tem p  tr a n sd u c e r  u se d  to  c lo s e  loop .

37 m in  (c y c lic ) 1 h r -5 3  m in  
(49 m in  c y c lic )

C arbon m o to r  p la te s  r e p la c e d .
D e m o n stra tio n

D e m o n stra tio n

1 hr - 4  m in 1 h r -3 0  m in
1 hr - I 7 m in  
(c y c lic )
25 m in  + s c r a m s

L a rg e  snubber sp r in g  lo ck ed . S y s te m  had
ten d en cy  to 
go u n sta b le .

M otor d is a s s e m b le d  and in sp ec te d , r in g  sp r in g s  
g r e a s e d , la tch  m e ch . g r e a s e d .100 s c r a m s  2 hr

T o ta l 14 h r -3 4  m in 10 h r -  18 m in
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T a b l e  I V - 10. M a j o r  P r o b l e m  A r e a s R e v e a l e d  b y  P r o t o t y p e  A c t u a t o r  O p e r a t i n g

E x p e r i e n c e to  M a y  1, 1961

Com ponent or 
c h a r a c te r is t ic P ro b lem P o ss ib le  so lution A ction being taken

(1)
LVDT p o s it io n  
tran sd u cer

No to ler a n c e  to th erm a l  
g ra d ien ts, lead s open, 
stru c tu ra l fa ilu re .

M ech an ica l d es ig n  to allow  
d iffe re n tia l expansion , support 
lea d s .

C ontractor red esig n  w ith  
su pp lier  fabrication  
contractor e levation .

(2)
Servo va lv e E r ra tic  op eration , m ay  

be d irt, p ilo t stage  
lea k a g e , tem p era tu re  
d ifferen ce  betw een  gas  
and body.

Im prove p ilo t stage f ilte r .  
Im prove s e a ls .

R ed esig n  study by 
co n tra cto r .

(3)
M otor b ea r in g s L arge  rad ia l c le a ra n ce  and 

poor rad ia l s ta b ility  ca u se  
high leak age  and a llow  gear  
to o th -c en ter  se c tio n  contact. 
P o s s ib le  ca u se  of carbon w ear  
due to skew .

M in im ize  rad ia l load- 
d e flec tio n  req u irem en ts  
by capping ex tern a l leakage; 
u se  p re -lo a d ed , angular  
contact, th e r m a lly  com pen­
sa ted  b e a r in g s .

Sm all gear bearin gs are  
capped.
C ontractor investiga tin g  
to ta l bearing capping.

(4)
M otor carbon  
p la te s

E x c e s s iv e  w ear in c r e a se s  
leak age  p a s sa g e s .

P r e s s u r e  b alan ce m otor, 
avoid  b ea r in g  skew , 
im prove  w ear  c h a r a c te r is t ic s .  
R e str a in  a x ia l gear play.

(5)
B uffer spring L ocks in c o m p r essed  

p o sitio n .
Im prove lub rican t design . ■ L ubricant in vestiga tion  

by contractor .

(6)
L atch

S ticks Im prove lub ricant. 
In cr e a se  c le a r a n c e s .

L ubricant in vestiga tion  
by contractor .

(7)
E le c tr ic a l  cable  
and connector

H igh contact r e s is ta n c e .  
Sh orts to sh ie ld  and 
betw een  lea d s at e lev a ted  
tem p era tu re .

(8)
C om bined  
m ech a n ism  
fr ic t io n , including  
load  fr ic tio n  
sim u la tor

T im e-te m p e ra tu re  
v a r ia tio n  changes  
p erfo rm a n ce  c h a r a c te r is t ic s .

In cr e a se  se r v o  sta tic  and 
dynam ic s t if fn e s s .
R educe fr ic tio n .

V a lv e-m o to r  design  
op tim ization  and 
com pensation  red esig n  
for im proved  e le c tr o ­
pneum atic com ponents 
by LRL.
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3N-25il2

F i g .  I V - 1 1 .  M o d e l  1240 a c t u a t o r  d i s a s s e m b l e d  p r i o r  to  t e s t .

SS-?5513

F i g .  I V - 1 2 .  M o d e l  1240 m o t o r ,  s e r v o - v a l v e  e n d  ( b e f o r e  h i g h - t e m p e r a t u r e
t e s t ) .



- 1 3 7 - U C R L - 6 5 1 6

SIT-2551A

F i g .  I V - 1 3 .  M o d e l  1240 m o t o r ,  o u tp u t  e n d  ( b e f o r e  h i g h - t e m p e r a t u r e  t e s t ) .

F i g .  I V - 1 4 .  E x p l o d e d  v i e w  of M o d e l  1240 m o t o r  ( p r i o r  to  h i g h - t e m p e r a t u r e
t e s t ) .
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m

F i g .  I V - 15. M o d e l  1Z40 a c t u a t o r  s y s t e m  b e i n g  p r e p a r e d  f o r  h i g h - t e m p e r ­
a t u r e  t e s t .
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SN-25517

F i g .  I V - 1 6 .  M o d e l  1240 a c t u a t o r  s y s t e m  in  q u a r t z - l a m p  o v e n  r e a d y  f o r  
h i g h - t e m p e r a t u r e  t e s t .
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F i g .  I V - 1 7 .  M o d e l  1240 s e r v o  v a l v e  a n d  m o t o r  a f t e r  1 2 0 0 ° F  t e s t .

F i g .  I V - 1 8 .  E x p l o d e d  v i e w  o f  M o d e l  1240 m o t o r  a f t e r  1 2 0 0 ° F  t e s t .
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s e c T io u  
W»TH ALL M A T IN G  P A R T S  

R E M O V E D

MUL-1 2 9 6 4  
R e v .  Q f 2 f G l

•sEcriOKi ID ^ L D
W IT H  ALL M A H N &  P A R T S  R E M O V E D

SPUTTER PLATE 
ROTATED 90“
F O R  C L A R IT Y ----------

VIEW
C O M T R O l  V A l V E  M O O K JT IN C  F L A S i G E

C>«R.tCTiOKI O F

F i g .  I V - 1 9 .  N u t a t i n g - d i s k  m o t o r  of  R A H S  h i g h - t e m p e r a t u r e  a c t u a t o r  d e v e l o p m e n t .





SN-2p520

00I

F i g .  I V - 2 0 .  M a j o r  c o m p o n e n t s  o f  h i g h - s p e e d  n u t a t i n g - d i s k  m o t o r  ( l e f t - h a n d  v i e w ) .
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F i g .  I V - 2 1 .  M a j o r  c o m p o n e n t s  of  h i g h - s p e e d  n u t a t i n g - d i s k  m o t o r  ( r i g h t - h a n d  v ie w ) .
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Fig. IV-22. RAHS actuator assembly shown in bread-board version.
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S E C T I O N  I I I . E N G I N E E R I N G

D U C T  M A T E R I A L  E V A L U A T I O N

It h a s  b e e n  d e c i d e d  to  f a b r i c a t e  t h e  e n t i r e  T o r y  I I - C  d u c t  f r o m  a  s i n g l e  

m a t e r i a l ,  H a s t e l l o y  C. T h i s  d e c i s i o n  w a s  b a s e d  o n  t h e  p h i l o s o p h y  t h a t  if  one  

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

t h u s  t h e  f a b r i c a t i o n  t e c h n o l o g y  w o u ld  be  a p p l i c a b l e  to  t h e  e n t i r e  jo b .

M O B I L E  S U P P O R T  S Y S T E M

T h e  v e h i c l e  a n d  th e  t r u c k s  f o r  t h e  m o b i l e  s u p p o r t  s y s t e m  a r e  s o o n  to  b e  

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

b e r  of  r e d e s i g n s  in  a n  a t t e m p t  to  s a t i s f y  o p p o s i n g  c r i t e r i a ,  i. e.  , r i g i d i t y  to 

p r e v e n t  v i b r a t i o n s  a n d  f l e x i b i l i t y  to  p e r m i t  t h e r m a l  g r o w t h  w h i l e  m a i n t a i n i n g  

a x i a l  s y m m e t r y .  I t  i s  f e l t  t h a t  th e  p r e s e n t  f l a n g e  d e s i g n  i s  s t i f f  e n o u g h  to  e l i m ­

i n a t e  e c c e n t r i c i t i e s .  W o r k  i s  in  p r o g r e s s  o n  a  r e t r a c t a b l e  d u c t  s u p p o r t .  It  

a p p e a r s  f e a s i b l e  to c o m b i n e  t h i s  r e q u i r e m e n t  w i t h  f i x t u r i n g  c a p a b l e  o f  p e r ­

m i t t i n g  a x i a l  r o t a t i o n  of  t h e  d u c t  w i t h o u t  r e m o v a l  f r o m  th e  c a r .  T h e  v e h i c l e  

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

H O R N IN G

S c a l e  m o d e l s  ( l / 2 4 t h  a n d  l / 4 8 t h )  of  t h e  T o r y  I I - C  t e s t  v e h i c l e  d u c t i n g  

h a v e  b e e n  o p e r a t e d  \ i n d e r  f lo w  c o n d i t i o n s  s i m i l a r  to  t h e  T o r y  I I - C  o p e r a t i o n a l  

r a n g e .  A n  a c o u s t i c  h o r n i n g  h a s  b e e n  e x p e r i e n c e d  w h i c h  a p p e a r s  to  b e  q u i t e  

d i f f e r e n t  f r o m  t h a t  n o t i c e d  w i t h  th e  T o r y  I I - A  v e h i c l e  a n d  m o d e l .  F o r  t h e  

T o r y  I I - C  m o d e l  a  h i g h - f r e q u e n c y  ( a b o u t  1500 c p s )  a c o u s t i c  p u r e  t o n e  o c c u r s  

u n d e r  f lo w  c o n d i t i o n s  f o r  w h i c h  th e  n o z z l e  i s  c h o k e d .  T h e  h o r n i n g  p e r s i s t s  

u n d e r  a l l  f lo w  c o n d i t i o n s  f o r  w h i c h  t h e  n o z z l e  i s  c h o k e d  ( e . g . ,  220  p s i ,

t h e  T o r y  I I - C  d e s i g n  p o in t ) .  No s u b s o n i c  r e s o n a n c e  h a s  b e e n  e x p e r i e n c e d .

In  t h e  T o r y  I I - A  s y s t e m ,  t h e  n o i s e  i s  e n t i r e l y  a s s o c i a t e d  w i t h  t h e  e x i t  n o z z l e ;  

in  t h e  T o r y  I I - C  it a p p e a r s  t h a t  th e  n o i s e  i s  g e n e r a t e d  in  t h e  e x t e r n a l  f lo w  f i e l d .  

T h i s  a c o u s t i c  r e s o n a n c e  i s  s e n s i t i v e  to  f lo w  c o n d i t i o n s  in  th e  i m m e d i a t e  v i ­

c i n i t y  o f  t h e  n o z z l e  t h r o a t .  V a n e s  e x t e r n a l  to  th e  n o z z l e  a n d  a  l / 8 - i n .  r o d  

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

n o z z l e  e l i m i n a t e  h o r n i n g .  H o r n i n g  w a s  a l s o  e l i m i n a t e d  b y  d r i l l i n g  s e v e r a l  

'Tbleed"  h o l e s  a r o u n d  th e  p e r i p h e r y  o f  t h e  e x i t  t h r o a t .  P o l y u r e t h e n e  s h e e t  

c e m e n t e d  in  t h e  d i v e r g i n g  p o r t i o n  a l s o  e l i m i n a t e d  h o r n i n g .
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R E A C T O R  D E S IG N

F i g u r e  IV - 2 3  (a,  b,  c ,  a n d  d) i s  a n  a s s e m b l y  d r a w i n g  of  th e  T o r y  I I -C  

r e a c t o r .  P r o c u r e m e n t  o f  a l l  m a j o r  s t r u c t u r a l  c o m p o n e n t s  i s  p r o c e e d i n g  on  

t h e  b a s i s  o f  t h i s  d e s i g n .  T h e  g e n e r a l  f e a t u r e s  of th e  r e a c t o r  w e r e  d e s c r i b e d  

in  a  p r e v i o u s  P l u t o  Q u a r t e r l y  R e p o r t .

A  c h a n g e  i n  t h e  b a s i c  u n i t  c e l l  s i z e  h a s  r e s u l t e d  in  a  m o r e  f a v o r a b l e  

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

c r o s s  s e c t i o n  c o n s i s t s  of 37 g r o u p s  of  7 f u e l  e l e m e n t s  e a c h ,  f o r  a  t o t a l  of  

259  f u e l  e l e m e n t s .  T h e  g r o u p i n g  i s  h e x a g o n a l ,  w i t h  th e  c e n t r a l  s e v e n  tu b e s  

r e m o v e d  to  m a k e  a  p a s s a g e  f o r  t h e  t i e  r o d .  T h e  12 f u e l  e l e m e n t s  s u r r o u n d i n g  

t h e  t i e  r o d  a r e  r e p l a c e d  b y  unfufe led t u b e s  w h i c h  r u n  c o o l  to  p r o v i d e  a  t h e r m a l  

s h i e l d .  T h e  t r a n s i t i o n  f r o m  e a c h  g r o u p  of  s e v e n  f u e l - e l e m e n t  h o l e s  to  one  

l a r g e  h o l e  in  the  b a s e  b l o c k  i s  a c c o m p l i s h e d  b y  u s i n g  tw o  B e O  i n s e r t s .  T h e  

p e r i p h e r y  o f  th e  two i n s e r t s  e x a c t l y  r e p l a c e s  t h e  p e r i p h e r y  of  a  c l u s t e r  of  7 

t u b e s .  T h e  u p s t r e a m  i n s e r t  c o n t i n u e s  t h e  s e v e n  f low  p a s s a g e s  a n d  f e e d s  t h e m  

t h r o u g h  a  f i in n e l in g  a r r a n g e m e n t  in to  o n e  l a r g e  h o l e  in  th e  d o w n s t r e a m  i n s e r t .  

T h i s  h o l e  m a t c h e s  t h e  b a s e  b l o c k  h o le .

O n e  o f  th e  m a i n  r e a s o n s  f o r  h a v i n g  l a r g e  h o l e s  in  t h e  b a s e  b l o c k s  i s  t h a t  

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

ex i t  a i r  f r o m  th e  s i d e  r e f l e c t o r  i s  s u f f i c i e n t l y  c o o l  to  m a k e  s m a l l  h o l e s  f e a s i b l e  

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

a r e  b r o u g h t  do w n  to  t h e  b a s e  b l o c k  a n d  e x h a u s t e d  t h r o u g h  s e p a r a t e  s m a l l  h o l e s .

A  m a j o r  c h a n g e  w a s  m a d e  i n  t h e  f r o n t  s u p p o r t  g r i d  d e s i g n .  W i th  th e  

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

b e a m s  to  c o l l e c t  t h e  u p s t r e a m  e n d  of  t h e  t i e  r o d s .  E a c h  b e a m  w i l l  be  m a d e  

f r o m  a  2 - i n c h - t h i c k  p l a t e  of  H a s t e l l o y  C p l a c e d  o n  e d g e  a n d  d r i l l e d  f o r  c o o l in g  

f lo w  p a s s a g e .  E n d s  o f  e a c h  b e a m  w i l l  b e  f i t t e d  in to  a  c o n t i n u o u s  r i n g  w h e r e  

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

ing .  S t r e s s e s  a n d  d e f l e c t i o n s  in  t h i s  t y p e  of  s t r u c t u r e  c a n  be  p r e d i c t e d  a c ­

c u r a t e l y .

T I E  R O D S

T u b i n g  F a b r i c a t i o n  D e v e l o p m e n t

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

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

u s a b l e  H a s t e l l o y  R - 2 3 5  a n d  R e n e  41 t h i n - w a l l  s m a l l -  a n d  l a r g e - d i a m e t e r  t u b in g .
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F i g .  I V - 2 3 c .  R e a c t o r  a s s e m b l y .
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MUL- 1 3 9 5 6

F i g .  I V - 2 3 d .  R e a c t o r  a s s e m b l y .
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R e s u l t s  h a v e  b e e n  e n c o u r a g i n g ,  a n d  i t  h a s  b e e n  s h o w n  t h a t  c r a c k - f r e e  t u b in g  

c a n  b e  m a d e ,  p r o v i d e d  p r o p e r  a n n e a l i n g  a n d  p r o p e r  c o l d  w o r k i n g  a r e  p e r ­

f o r m e d  in  e a c h  s t e p  of th e  p r o c e s s .  D e t a i l e d  f a b r i c a t i o n  s p e c i f i c a t i o n s  h a v e  

b e e n  p r e p a r e d  a n d  r e a c t o r  q u a n t i t i e s  of t u b i n g  a r e  n o w  o n  o r d e r .

F i g u r e  I V - 2 4  s h o w s  t h e  r e s u l t s  of  a n  u l t i m a t e - s t r e n g t h  t e n s i l e  

t e s t  o n  a p i e c e  of  c o n t r o l  r o d  t u b i n g  of  l - l / 4 - i n .  o. d.  a n d  0 . 0 3 0 - i n .  w a l l  

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

a n d  d r a w i n g  to  f i n a l  s i z e .  T h e  s m a l l  a m o u n t  of  c o l d  w o r k  in t h e  w e l d  d u r i n g  

s i z i n g  d o e s  n o t  c a u s e  c r a c k i n g .  T h e  xxlt imate b r e a k i n g  s t r e s s  in  t h i s  t e s t  

w a s  1 12 ,000  p s i  a t  1 4 0 0 “F .  E l o n g a t i o n  w a s  9% o v e r  a  2 - i n c h  g age  l e n g t h .

A f t - F l a n g e  T e m p e r a t u r e  A n a l y s i s

F i g u r e  I V - 2 5  s h o w s  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  of  th e  a i t  f l a n g e  

w h i c h  t r a n s f e r s  t h e  l o a d  f r o m  t h e  b a s e  p l a t e  to  t h e  t e n s i o n  tu b e .  T h e  z i r -  

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

o x i d e - c o a t e d  H a s t e l l o y - C  w a s h e r s .  T h i s  h a s  s o l v e d  t h e  p r o b l e m  of  h i g h  t h e r ­

m a l  s t r e s s e s  in  a  b r i t t l e  m a t e r i a l  b y  u s e  o f  a  c e r a m i c - c o a t e d  d u c t i l e  m e t a l  

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

5N-25002

F i g .  I V - 2 4 .  T e n s i l e  f r a c t u r e  of c o n t r o l - r o d  t e n s i o n  t u b e .  R - 2 3 5  m a t e r i a l  
in  a g e d  c o n d i t i o n ,  l - l / 2 - i n .  o . d .  , 0 . 0 3 0 - i n .  w a l l  t h i c k n e s s .
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B r a z i n g  D e v e l o p m e n t

F i g u r e  IV - 2 6  s h o w s  t h e  r e s u l t s  of  a n  u l t i m a t e  - s t r e n g t h  t e s t  o n  the  

a f t - e n d  b r a z e d  j o i n t  a t  1400° F .  T h e  b r e a k  o c c u r r e d  in  th e  tu b i n g ,  no t  in th e  

b r a z e ,  t h u s  o b t a i n i n g  100% j o i n t  e f f i c i e n c y .  T h i s  i s  t y p i c a l  of  a l l  t e s t s  w h i c h  

h a v e  b e e n  p e r f o r m e d  o n  t h i s  j o i n t  d e t a i l .  T h e  jo i n i n g  a l l o y  i s  v e n d o r ' s  J - 8 1 0 0  

b r a z e d  a t  2 1 5 0 ° F  in  v a c u u m  f o r  f i v e  m i n u t e s .  Tw o s u b c o n t r a c t o r s  a r e  b r a z ­

in g  t e s t  a s s e m b l i e s  to d e t e r m i n e  o p t i m u m  s e t u p s ,  t i m e s ,  a n d  t e m p e r a t u r e s . 

J o i n t  e v a l u a t i o n  u t i l i z e s  u l t r a s o n i c ,  x - r a y ,  f l u o r e s c e n t  d y e - p e n e t r a n t ,  a n d  

m e t a l l o g r a p h i c  t e c h n i q u e s .

F i g u r e  IV - 2 7  s h o w s  a 100 X p h o t o m i c r o g r a p h  of  a  t y p i c a l  b r a z e  

u s i n g  t h i s  a l lo y .

F i g u r e  I V - 2 8  s h o w s  t h e  L R L  v a c u u m - b r a z i n g  e q u i p m e n t  u s e d  in  

i n i t i a l  d e v e l o p m e n t  a n d  f o r  b r a z i n g  t e s t  a s s e m b l i e s .

F r o n t  A t t a c h m e n t  D e s i g n

T h e  p r i m a r y  r e q u i r e m e n t s  of  t h e  f i t t i n g  a t t a c h i n g  th e  t i e  r o d  to  

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

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

713C .  T h i s  p r o v i d e s  f o r  a s s e m b l y  s i m p l i c i t y  a n d  g i v e s  a  low  s t r e s s - c o n c e n -  

t r a t i o n  f a c t o r  of 1.5 in t h e  t h r e a d  r o o t s .

GN-2500:-?

F i g .  I V - 2 6 .  U l t i m a t e  s t r e n g t h  t e s t  of  t e n s i o n  tu b e  a f t  b r a z e d  j o i n t  a t  
1 4 0 0 ° F .  R - 2 3 5  tu b in g  a n d  f l a n g e .  J - 8 1 0 0  b r a z i n g  a l l o y .
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F i g .  I V - 2 7 .  P h o t o m i c r o g r a p h  of  t e n s i o n  t u b e  a f t  b r a z e d  jo in t .  T u b e  a n d  
f l a n g e  a r e  R - 2 3 5 .  B r a z i n g  a l l o y  i s  J - 8 1 0 0 .
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F i g u r e  IV - 2 9  s h o w s  t h e  f r o n t  s u p p o r t  f a s t e n e r  a t t a c h e d  to  t h e  s t a n d a r d  

t i e  r o d .  T h e  g u a r a n t e e d  m i n i m u m  d u c t i l i t y  of th e  a s - c a s t  m a t e r i a l  is  5%.

R - 2 3 5  C r e e p  T e s t i n g

T o  c o n f i r m  L R L  t e s t  d a t a ,  a  s u b c o n t r a c t  f o r  c r e e p - t e s t i n g  R - 2 3 5  

h a s  b e e n  c a r r i e d  ou t .  T h e  d a t a  h a v e  b e e n  p l o t t e d  on  L a r s e n - M i l l e r  c o o r d i ­

n a t e s  a n d  a r e  s h o w n  in  F i g .  I V - 30.

C O N T R O L  RO DS

O x i d a t i o n  of  H a f n i u m

O x i d a t i o n  s t u d i e s  w e r e  c o n d u c t e d  on  h a f n i u m  in  a i r  a t  e l e v a t e d  

t e m p e r a t u r e s  a n d  p r e s s u r e s  in th e  e q u i p m e n t  s h o w n  in F i g .  I V - 3 1 .  A t m o s ­

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

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

p i c k l e d  in  a  H F - H N O ^  - ^ 2 ^  b a t h  to  g ive  a  u n i f o r m  s u r f a c e .  T h e y  w e r e  p l a c e d  

in  h o l d e r s  of e i t h e r  a l u m i n a ,  H a s t e l l o y  R - 2 3 5  o r  R e n 6  41 ,  t h e n  b r o u g h t  u p  to  

t e m p e r a t u r e  a n d  p r e s s u r e  a s  s h o w n  in  T a b l e  I V - 11, a n d  h e l d  f o r  3 h o u r s .

T h e  o x i d i z e d  s p e c i m e n s  w e r e  e v a l u a t e d  a s  f o l l o w s :

1. W e i g h t  g a i n  p e r  u n i t  s u r f a c e  a r e a  w a s  c o m p u t e d  f o r  e a c h  

s p e c i m e n  to  d e t e r m i n e  t h e  a m o u n t  of  o x i d a t i o n  of  t h e  hafn i iam 

u n d e r  e a c h  e n v i r o n m e n t a l  c o n d i t i o n .

2.  S u p e r f i c i a l  h a r d n e s s  t e s t s  w e r e  p e r f o r m e d  to d e t e r m i n e  if

t h e  s u r f a c e  h a r d n e s s  w a s  d e p e n d e n t  on  th e  a m o u n t  of  o x id a t io n .

3. R o o m - t e m p e r a t u r e  b e n d  t e s t s  w e r e  p e r f o r m e d  on  th e  s p e c i ­

m e n s  a f t e r  e x p o s u r e  to  d e t e r m i n e  th e  e f f e c t  of  o x i d a t i o n  on 

d u c t i l i t y .  T h e  s p e c i m e n s  w e r e  p l a c e d  in  a d ie  a n d  b e n t  

a r o u n d  a  r a d i u s  of 3 t i m e s  th e  s p e c i m e n  t h i c k n e s s .  T h e  c r o s s ­

h e a d  m o v e m e n t  r a t e  w a s  0 . 0 6 - i n c h  p e r  m i n u t e  u n t i l  t h e  s p e c ­

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

w a s  l e s s  t h a n  90;

T h e  r e s u l t s  of t h e  b e n d  t e s t ,  s u p e r f i c i a l  h a r d n e s s  t e s t ,  a n d  w e i g h t  

g a i n  p e r  u n i t  s u r f a c e  a r e a  a r e  s h o w n  in  T a b l e  I V - 11. F i g u r e  IV -3 2  i s  a  p h o t o ­

g r a p h  of  s o m e  o f  th e  s p e c i m e n s .  T h e  s u p e r f i c i a l  h a r d n e s s  t e s t s  s h o w  a  r a n ­

d o m  e f f e c t ,  o r  no  t r e n d ,  w i t h  r e s p e c t  to  t e s t  t e m p e r a t u r e ,  p r e s s u r e ,  o r  h o l d e r  

m a t e r i a l .

F r o m  w e i g h t - g a i n  d a t a ,  i t  a p p e a r s  t h a t  a b o v e  1700®F th e  o x i d a t i o n  

r a t e  i n c r e a s e s  s h a r p l y  w i t h  t e m p e r a t u r e .  T h i s  m a y  be  s e e n  f r o m  the  c u r v e s
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F i g .  IV -2 9 -  T e n s i o n  tu b e  f o r w a r d  a t t a c h m e n t .
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M A ST E R  R U P T U R E  C H A R T
Alloy H A S T E L L O Y  R 2 3 5 Temp. Stress Time Elong.

1000 PSI HoursFe 1 0 . 2 0Test
5 . 7 212 0 0 1 0 1 . 2Heat
6 . 8 5108. 2I 2 0 0Vendor B A L .

Co 0 . 7 7 1 2 0 0 2 .5 1I 0 4. 0Requestor
5 . 8 51 2 0 0 I 0  6. 4Date
3 . 3 04 0 0 5 7. I
5 6 06 0  4I 4 0 0
4 .  4 32 .5 1Temp. I 4 0 0
4 .  2 56 5 . 5. 9 0 I 4 0 0T.S.
5 . 8 4Mn 0 . 0 1 2 9 . 0I 6 0 0Y.S.
9 . 5 0I 6 0 00 .  0 9Elong.

1 0 . 0 02 8 .9I 6 0 0R.A.
10 . 004  4. 6I 6 0 0Charpy

Treatment: S O L U T IO N  T R E  A T ^  2 0 2 5  F 4 5 m m  Remarks: 
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Fig. IV-31. High-pressure furnace facility.



T a b l e  I V - 1 1 .  R e s u l t s  Df H a f n i u m  O x i d a t i o n  T e s t s .

S p e c i m e n
No.

T e s t
t e m p e r a t u r e

° F
T e s t

p r e s s u r e
H o l d e r

m a t e r i a l
T e s t

f a c i l i t y

W e i g h t  g a i n  
u n i t  s u r f a c e  o v e n  
m i l l i g r a m s / c m ^

S u p e r f i c i a l
h a r d n e s s

B en d
b r e a k i n g

lo a d
B en d
a n g l e

1 N T N T N T NT N T 8 8 . 2 N 8 4 “

2 1500 1 a t m o s A1 O 3 M 0. 73 8 6 .0 N 8 8 . 5 “

3 1500 200 p s i P 1. 53 8 8 . 5 N 8 6 . 5 “

4 1600 1 a t m o s A1 , 0 3 M 1.21 8 8 . 2 N 88

5 1700 1 a t m o s A I2O 3 M 1 .7 5 87.  8 N 8 8 . 5

6 1500 200 p s i R - 2 3 5 P 1. 31 8 8 .0 N 85

7 1750 200 p s i R - 2 3 5 P 11. 2 76 .  9 8 . 4 173

8 1500 200 p s i R e n e  41 P 0.  87 8 8 . 2 N 87

9 1750 200 p s i R e n e  41 P 5. 14 9 1 .7 2 1 . 0 167.  5

10 1500 200 p s i A I2 O3 P 1. 30 87 .  5 N 8 6 . 5

11 1500 200 p s i ^ ^ 2 ' ' 3 P 1. 52 8 9 . 0 N 8 6 . 5

12 1500 1 a t m o s A I2O 3 P 1. 22 8 8 . 0 132.  8 108

13 1800 1 a t m o s A I2 O3 M 9. 80 85.  0 27.  6 173.  5

14 1800 1 a t m o s A I 2O 3 M 5. 15 9 3 .0 24.  4 175

N T  - n o t  t e s t e d M - m a r s j i a l l  f u r n a c e

N  - d id  n o t  b r e a k P - p r e s s u r e f u r n a c e

I»—•
0
I—•1

a
o

f
!
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Fig. IV-32. Hafnium specimens after oxidation exposure. Refer to Table IV-2 for details.
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of  F i g .  I V - 3 3 .  I n c r e a . s c d  p r e s s u r e  i n c r e a . s e s  o x i d a t i o n  r a t e s  s o m e w h a t ,  a l ­

t h o u g h  t h e r e  a r e  n o t  e n o u g h  d a t a  h e r e  to r e v e a l  a  q u a n t i t a t i v e  e f f e c t .  T h e r e  

w a s  no  m a r k e d  i n c r e a s e  in  o x i d a t i o n  r a t e  b y  u s i n g  H a s t e l l o y  R - 2 3 5  a n d  R e n e  41 

h o l d e r s  o v e r  u s i n g  a l u m i n a  h o l d e r s  a t  1500®F; h o w e v e r ,  a b o v e  1 7 0 0 * F  th e  

a l l b y  h o l d e r s  s e e m  to  i n c r e a s e  th e  o x i d a t i o n  r a t e .

B A S E  P L A T E S

F  a b r  i c a t i o n

T w o  m a c h i n i n g  b l a n k s  w h i c h  m e e t  L R L  m a t e r i a l  s p e c i f i c a t i o n s  

h a v e  b e e n  p r o d u c e d  b y  a  s u p p l i e r .  T h e s e  p i e c e s  w e r e  c r o s s - r o l l e d  f r o m  the  

e x t r u d e d  b a r  p i c t u r e d  in  t h e  p r e v i o u s  P l u t o  Q u a r t e r l y  R e p o r t .  One  s t e p  in  

t h e  c r o s s - r o l l i n g  o p e r a t i o n  i s  s e e n  in  F i g .  T V -34. M a c h i n i n g  b l a n k s  p r o d u c e d  

b y  t h i s  p r o c e s s  a r e  s h o w n  in  F i g .  I V - 3 5 .  A t e s t  p a r t  m a c h i n e d  f r o m  one  of 

t h e  b l a n k s  i s  p i c t u r e d  in  F i g .  I V - 3 6 .  T h i s  p a r t  w i l l  be  c o a t e d  a n d  s u b j e c t e d  

to  t e s t i n g  in  a  h i g h - t e m p e r a t u r e  a n d  h i g h - p r e s s u r e  f low  e n v i r o n m e n t .

M e c h a n i c a l  P r o p e r t i e s

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

w r o u g h t  F - 4 8  p l a t e  m a t e r i a l .  A  d e s c r i p t i o n  of  t h e  f i v e  s o u r c e  p i e c e s  is  g iv e n  

in  T a b l e  I V - 12.  S h o r t - t i m e  u l t i m a t e  a n d  y i e l d  s t r e n g t h s ,  c r e e p  r u p t u r e  

s t r e n g t h ,  a n d  m o d u l u s  of  e l a s t i c i t y  w e r e  d e t e r m i n e d  up  to 2500®F.  C o m p l e t e  

r e s u l t s  of  a l l  t e s t i n g  a r e  g i v e n  in  T a b l e s  l V - 1 3  t h r o u g h  I V - 2 1 ,  a n d  F i g u r e s  

l V - 3 9  t h r o u g h  l V - 4 4 .  T y p i c a l  t e s t  s p e c i m e n s ,  t y p i c a l  f a i l u r e s ,  a n d  s o m e  of 

t h e  t e s t  e q u i p m e n t  u s e d  t o  o b t a i n  t h e s e  d a t a  a r e  p i c t u r e d  in  F i g u r e s  l V - 4 5  

t h r o u g h  IV -  50.

R o o m - t e m p e r a t u r e  d u c t i l i t y  of  m a t e r i a l  f r o m  s o u r c e  p i e c e  No.  1 

i s  s h o w n  in  F i g .  l V - 3 7 .  T h e  t h r e e  s m a l l  b e n d  b a r s  p i c t u r e d  h e r e  w e r e  t a k e n  

in  t h e  s a m e  p l a n e  a n d  a s  c l o s e  t o g e t h e r  a s  p o s s i b l e .  A s  n o t e d  in  T a b l e  I V - 12, 

t h i s  m a t e r i a l  h a s  b e e n  e x t r u d e d  4:1 f r o m  th e  c a s t  b i l l e t ,  f o l l o w e d  b y  a  2200®F 

s t r e s s  r e l i e f .  G r e a t e r  d u c t i l i t y  c a n  b e  e x p e c t e d  a f t e r  m o r e  w o r k  i s  p u t  in to  

t h e  m e t a l  b y  c r o s s - r o l l i n g .

O n e  a t t e m p t  w a s  m a d e  to  p r e s s - f o r g e  a  c a s t  b i l l e t  of  F - 4 8 .  F o r g ­

ing  d i r e c t i o n  w a s  p a r a l l e l  to  t h e  b i l l e t  a x i s .  A  r e d u c t i o n  of  44% w a s  a c c o m ­

p l i s h e d  in  th e  i n i t i a l  p r e s s i n g ,  h o w e v e r ,  a n  i n t o l e r a b l e  a m o u n t  of  e d g e  c r a c k ­

ing  o c c u r r e d .  F i g u r e  l V - 5 1  s h o w s  t h e  b i l l e t  a f t e r  u p s e t .  T h e  c r a c k s  r a n  in  

to  a  d e p t h  of  1 / 4  in.  a n d  c a u s e d  a  w e i g h t  l o s s  of  22% o n  c l e a n - u p  m a c h i n i n g .
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Fig. IV-34. Cross-rolling extruded bar to produce plates shown in Fig. IV-35.
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Fig. IV-35. Machining blanks of F-48 produced by the same process as for source piece No. 3 of Table
IV-12. Sizes are typical for Tory II-C base plates. Material meets LRL, specification for Tory II-C ap
plication.
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Fig. IV-36. Base plate for Tory II-C unit cell, test-machined from the small blank of Fig. IV-35.
Similar in detail to final Tory II-C parts.
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T a b l e  I V - 12. D e s c r i p t i o n  of  F - 4 8  S o u r c e  P i e c e s .

S o u r c e  P i e c e  No. 1: (se  

B i l l e t  C h e m is t r y :

F ig . IV -3 7  - a , b . and  c)

Top B o tto m

W 15.7 15.3 w /  o
Mo 5.2 5.2
Zr 0.99 1.10
O 210 150 pp m
C 443 320
N 13 57

W ork H is t o r y :
E x tr u d e d  at a p p r o x im a t e ly  4:1 r e d u c t io n  f r o m  a 5 - i n . - d i a m e t e r  b i l l e t .  E x ­

tr u d e d  bar  d i m e n s i o n s  a p p r o x im a t e ly  4  in. X 1 - 1 / 4  in. ( fu l ly  r ound ed  e d g e s ) .  A n n ea led  
o n e  hour at 2200® F after  e x t r u s io n .

S o u r c e  P i e c e  No. 2:

B i l l e t  C h e m is t r y : T op B o tto m

W 15.6 15.7 w /  o
Mo 4 .6 4 .8
Zr 0 .97 0 .99
O 180 270 pp m
C 320 430
N 41 85

W ork H is t o r y :
E x tr u d e d  at a p p r o x im a t e ly  3 .1:1  r e d u c t io n  f r o m  a  5 - in, -  d i a m e t e r  b i l l e t .  E x ­

t r u d e d  bar  d im e n s io n s  a p p r o x im a t e ly  4 - 1 / 4  in. X 2 - 1 / 4  in. A p i e c e  5 - 1 / 2 - i n .  long w a s  
r e m o v e d  f r o m  th e  bar  and p r e s s - f o r g e d  by  a "nibbling" o p e r a t io n  ( l - i n .  b i te  p e r  n ibble)  
f r o m  2 - 1 / 4 - i n .  th ic k  to 1 - 1 / 4 - i n .  th ick .  A n n e a le d  one  hour a t  2 2 0 0 * F  a fter  fo rg in g .

S o u r c e  P i e c e  No. 3:

B i l l e t  C h e m is t r y : T op B o tto m

W 15.6 15.7 w / o
Mo 4 .6 4 .8
Zr 0 .97 0.99
O 180 270 pp m
C 320 430
N 41 85

W ork H is t o r y :
A  s e c o n d  p i e c e  5 - 1 / 2 - i n .  long  w a s  r e m o v e d  f r o m  the e x tr u d e d  bar  d e s c r ib e d  

u n d er  S o u r c e  P i e c e  N o . 2 .  T h is  p i e c e  w a s  c r o s s - r o l l e d  f r o m  2 - 1 / 4 - i n .  th ic k  to 1 - 1 / 4 - i n .  
th ic k .  R o l l in g  t e m p e r a t u r e  w a s  2 3 0 0 -2 5 0 0 ® F  for e a c h  of 6 to 7 p a s s e s .  A n n e a le d  one  
hour  at 2200®F a f te r  r o l l in g .

S o u r c e  P i e c e  No. 4:

B i l l e t  C h e m is t r y :
F r o m  o n e  a n a l y s i s  on the f in i s h e d  p ie c e :

W
M o
Zr
O
C
N

12.4 w / o  
3.9  
1.0 

109 ppm  
232  

36

W ork  H is t o r y :
E x tr u d e d  at a p p r o x im a t e ly  3:1 r e d u c t io n  f r o m  a 4 - 1 / 2 - i n . - d i a m e t e r  b i l l e t .  E x ­

tr u d e d  bar  d im e n s io n s  a p p r o x im a t e ly  3 in. X 1 - 1 / 2  in. B ar  w a s  p r e s s - f o r g e d  f r o m  1 - 1 / 2  in. 
dow n to 1 - 1 / 8 - i n .  t h i c k n e s s  a s  it  w a s  c o o l in g  dow n f r o m  the e x t r u s io n  o p e r a t io n .

S o u r c e  P i e c e  No. 5: ( s e e  F ig .  IV -3 8 )

B i l l e t  C h e m is t r y : Top B o t to m

W 13.8 14.5  w / o
M O 4.7 4 .8
Zr 0 .92 0 .98
O 210 190 ppm
C 290 330
N 17 37

W ork  H is t o r y :
E x tr u d e d  at 2 .1 :1  r e d u c t io n  f r o m  3 . 9 - i n . - d i a m e t e r  b i l l e t .  E x tr u d e d  b a r  d i m e n ­

s i o n s  a p p r o x i m a t e ly  2 - 7 / 8  X 1 - 1 / 2  in. B ar  w a s  ta k e n  to  a p r e s s  f o r g e  i m m e d ia t e ly  a f ter  
e x t r u s io n ,  w h e r e  h a l f  the len g th  (29 i n . )  w a s  r e d u c e d  f r o m  1 - 1 / 2  in. to  1 - 1 / 4  in. in t h i c k ­
n e s s  by  a "nibbling" o p e r a t io n .  E x t r u s i o n  t e m p e r a t u r e  2 6 0 0 -2 7 0 0 ® F .  F o r g in g  t e m p e r a t u r e  
2 1 0 0 - 2 4 0 0 * F .
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Fig. IV-37. Room-temperature bend tests of F-48 material. Removed
from source piece No. 1 of Table IV-12. (1) longitudinal, (2) transverse,
(3) 45°.
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Fig. IV-38. Extruded and press-forged bar of F-48, extrusion ratio 2.9 :1, extrusion temperature
2700°F. A top view of the bar is shown at the top, an edge view at the bottom.
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T a b l e  I V - 1 3 .  T e n s i l e  P r o p e r t i e s  of  F - 4 8  S o u r c e  P i e c e  No.  1 O b t a i n e d  a t  L R L ,  

( P i n n e d - e n d  s p e c i m e n s  c o a t e d  f o r  o x i d a t i o n  p r o t e c t i o n  a n d  t e s t e d  i n  a i r .  

I n d u c t i o n  h e a t i n g  3 - i n .  g a g e  l e n g t h . )

L R L  s p e c i m e n  
d e s i g n a t i o n

T e s t
t e m p

T e s t i n g  d i r e c t i o n  
r e l a t i v e  to  

e x t r u s i o n  d i r e c t i o n

Y i e l d  
s t r e n g t h  (k s i )  

0 . 0 0 5  0 . 0 5  0 . 5

U l t i m a t e  
s t r e n g t h  (k s i )  

0 . 0 0 5  0 . 0 5 0.  5

U l t i m a t e  
e l o n g a t i o n  (%) 

0 . 0 0 5  0 . 0 5 0.  5

37b R .  T . P a r a l l e l 9 6 . 7 109.  7 4 . 7

38*^ R .  T , 99 .  5 114.  5 2 . 0

l b R , T . T  r a n s v e r s e 1 0 0 . 0 113. 8 = 3. 0

Zb R, T . 102 .  5 117.  0<i 2 . 0

3b R . T . 97 .  0 11 2 . 2 = 2.  5

4 b R .  T . 96 .  0 1 1 0 . 5 ' 2 . 2 ®

5b R .  T . 9 8 .  2 1 1 1 . 7<i 1.9®

6 b R .  T . 1 0 1 . 0 113.  3<i 1 . 9 ®

T - 2 4 IOOO*F P a r a l l e l 80.  2 7.  7

T - 2 2 lO O O 'F 78 .  3 5. 7

T - 2 1 0 0 0 “F 78 .  0 6 . 0

T - 3 3 1 6 0 0 » F P a r a l l e l 6 3 .  5 3. 3

T - 5 1 6 0 0 * F 6 6 . 9 3. 0

T - 3 4 1 6 0 0 ' F 6 8 . 3 3. 0

T - 1 9 1 6 0 0 * F 59 .  0 64 .  9 2. 3

T - 2 9 2 2 0 0 » F P a r a l l e l 50 .  0 52. 9 6 . 3

T - 4 2190 4 9 .  6 54. 8 4 . 6

T - 1 2 222,5 52.  2 56. 1 4.  6

T - 1 5 2203 52 .  3 56.  1 4 . 6

T -B 2200 53.  3 59.  2 5 . 6

T - 1 3 2198 55.  0 6 1 . 2 5. 6

T - 1 0 2 3 8 0 ” F P a r a l l e l 3 8 .  2 40.  9 7 . 7

T - 3 4 2375 4 2 .  7 4 5 .  0 9. 3

T - 1 1 2365 4 3 .  5 46.  0 8 . 7

T - 3 2 2385 4 8 .  5 51.  3 4.  0

T - 6 2365 42 .  9 48.  4 7 . 7

T - 2 8 2375 41 .  8 46 .  5 9 . 7

T - 1 8 2490 P a r a l l e l 39 .  5 42 .  6 1 1 . 0

T - 3 2500 4 3 .  6 46 .  9 8 . 0

T - 1 6 2560 3 2 .  0 34.  1 1 2 . 0

T - 2 3 2565 32 .  0 34.  5 8 . 3

^  S t r a i n  r a t e ,  p e r  m i n .
T e s t e d  w i t h o u t  c o a t i n g .

^  S t r a i n  r a t e  = 0 . 0 1 5  p e r  m i n .  
S t r a i n  r a t e  = 0 . 1 5  p e r  m i n .  
B r o k e  o u t  o f  g a g e  l e n g t h .
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T a b l e  I V - 14. T e n s i l e  P r o p e r t i e s  of  F - 4 8  S o u r c e  P i e c e  No.  1 O b t a i n e d  in  

T h r e e  L a b o r a t o r i e s .  ( S t r a i n  r a t e  = 0 .0 0 5  p e r  m i n . )

T e s t i n g
l a b o r a t o r y

T e s t
e q u i p m e n t

T y p e  of 
s p e c i m e n

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

Y ie ld  
s t r e n g t h  (ks i)

U l t im a te  
s t r e n g t h  (k s i )

U l t i m a t e  
e l o n g a t io n  (%)

L R L In d u c t io n  
h e a t i n g  in  
a i r

P i n n e d  end .  
C o a t e d  f o r  
o x id a t io n  
p r o t e c t i o n  
3 - i n .  g ag e  
l e n g t h .

P a r a l l e l  R. T. 9 6 . 7

9 9 . 5

109. 7 

114. 5

4 . 7  

2. 0

T r a n s v e r s e ^ 100. 0 

97 . 0 

96 . 0

113.  8 

112.  2 

110.  5

3. 0 

2. 5 

2. 2

P a r a l l e l  2200 50.  0 

4 9 . 6

52. 9 

54.  8

6.  3 

4 . 6

O u t s id e V a c u u m  f u r ­
n a c e  w i th  r a d i ­
a n t  h e a t i n g

B u t t o n - h e a d  
s p e c i m e n  
0. l 6 0 - i n .  d i a m  
in  g a g e  l e n g th .  
1 - in .  g a g e  l e n g th .

T r a n s v e r s e  R .  T. 9 4 . 4  

92. 3 

86.  2 

100. 1

108. 0 

9 8 . 0  

90. 3 

115. 1

6

3

2

3

2200 24. 6 36. 2 12

O u t s id e V a c u u m
f u r n a c e
w i th
e l e c t r o n -
b e a m
h e a t i n g

T h r e a d e d - e n d  
s p e c i m e n .
1 -  in .  d i a m e t e r  
4
in  g a g e  length., 
1 - in .  g a g e  l e n g th .

P a r a l l e l  R .  T .  

T r a n s v e r s e

102.  3

103. 1 

101. 4

117.  0 

90. 2^

116. 1 

115.  0 

63.

7 .  0

5. 0 

3. 0 

1. 0

45" 96.  2 lOZ. 6 

44.  4"=

2. 0

P a r a l l e l  2200 50. 1 

41.  1

56. 6 

45.  9

23. 0 

23.  0

T r a n s v e r s e 51.  5 53.  2 20. 0

45" 44.  6 

40 .  7

52. 6 

50. 5

23. 0 

23.  0

^  LRLi t r a n s v e r s e  s p e c i m e n s  w e r e  t e s t e d  a t  0 .0 1 5  p e r  m i n  s t r a i n  r a t e .  
S p e c i m e n  f a i l e d  in  t h r e a d s .
No in d i c a t i o n  of p l a s t i c  y ie ld in g .



T a b l e  I V - 1 5 .  T e n s i l e  P r o p e r t i e s  of  F - 4 8  S o u r c e  P i e c e  No.  2.

T e s t i n g  
d i r e c t i o n  

T e s t i n g  T e s t i n g  r e l a t i v e  to  
l a b o r a t o r y  t e m p  (°F) e x t r u s i o n

P o s i t i o n  of  
s p e c i m e n  in  
s o u r c e  p i e c e

Y i e l d  
s t r e n g t h  (ks i )

U l t i m a t e  U l t i m a t e  
s t r e n g t h  (ks i )  e l o n g a t i o n  (%)

O u t s i d e  R. T.  P a r a l l e l T op 95 .  8 117 .  0 9. 0

B o t t o m 89.  6 103 .  5 9. 0

T r a n s v e r s e Top 95.  5 110 .  6 10. 0

B o t t o m 91.  8 94 .  0 3. 0

4 5 “ T op 94.  5 109 .  2 9.  0

B o t t o m 81.  2 91 .  1 3. 0

2 2 0 0  P a r a l l e l T o p 36.  7 43 .  5 16.  0

B o t t o m 42.  6 44 .  6 15. 0

T r a n s v e r s e T o p 38.  1 42 .  6 10. 0

B o t t o m 24.  0 27.  9 17.  0

4 5 “ T o p 42 .  3 53 .  8 16.  0

B o t t o m 39.  3 46 .  7 16.  0

O u t s i d e  R.  T.  P a r a l l e l

T r a n s v e r s e

1
T)
<0

t3M
oo

96.  0 

93 .  0 

98.  5

116 .  9 

116 .  9 

114 .  4

15. 0 

15. 0 

7.  0
(U

c2 96.  5 1 1 1 . 9 5. 0

4 5 “ 0
Z 90.  7 106 .  2 7. 6
1

97.  9 115 .  5 7.  0

N o t e s :  T e s t s  p e r f o r m e d  at  o u t s i d e  
1 - 5 / 8 - i n .  - l o n g  b u t t o n - h e a d

l a b o r a t o r i e s ;  
s p e c i m e n s  w it h

T e s t s  in  v a c u u m  u s i n g  rad ia n t  
h e a t i n g  s t r a i n  rate:  0. 005  p e r

I

0. l 6 0 - i n .  d i a m  in  g a g e  l e n g t h .

C
0

r1
O '
Oi



T a b l e  I V - 16. T e n s i l e  P r o p e r t i e s  of  F - 4 8  S o u r c e  P i e c e  No.  3.

T e s t i n g
l a b o r a t o r y

T e s t i n g  
t e m p  (°F)

T e s t i n g  
d i r e c t i o n  
r e l a t i v e  to  
e x t r u s i o n

P o s i t i o n  
s p e c i m e n  in  
s o u r c e  p i e c e

Y i e l d  
s t r e n g t h  (k s i )

U l t i m a t e  
s t r e n g t h  (ks i )

U l t i m a t e  
e l o n g a t i o n  (%)

O u t s i d e R.  T. P a r a l l e l T o p 89.  5 107 .  5 8. 0

B o t t o m 93.  9 115.  2 17.  0

T r a n s v e r s e T o p 96.  0 108 .  7 10.  0

B o t t o m 89.  8 93.  7 3. 0

45 ° T o p 91.  5 9 9 . 6 8. 0

B o t t o m 83.  9 98 .  9 6.  0

2200 P a r a l l e l To p 40.  6 4 5 .  1 14 .  0

B o t t o m 43 .  2 48 .  3 25 .  0

T r a n s v e r s e T op 45 .  3 50 .  6 10.  0

B o t t o m 46 .  0 50 .  9 21 .  0

45 ° T o p 25.  8 33 .  7 6.  0

B o t t o m 47 .  6 49 .  1 16.  0

O u t s i d e R.  T. P a r a l l e l i 96.  0 118 .  6 18.  0
TJ
0)

T) 97.  5 122 .  4 12.  0

T r a n s v e r s e 0
o 93.  0 117 .  9 15.  0

P i 9 4 . 9 120.  4 12.  0

45°
0

Z
1

1 0 0 . 8 111.  9 2. 1

97 .  0 116 .  9 11.  0

a
0

1
OiI—■
o

I

Note :  S e e  t a b l e  I V - 1 5 .
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Table I V - 17. T en s i l e  P r o p e r t ie s  of F - 4 8  Source P iec e No. 4 .

D irec t ion  re l . 0.2% Yield Ultimate
Temp ("F) ex trus ion strength  (ksi) strength  (ksi) Elongation ( %

R. T. P a r a l l e l 123.2 130.5 3
120.6 133.9 5
117.2 126.6 2
121.6 130.1 4

T r a n s v e r s e 117.0 122.7 3
125.2 128.3 2
115.2 117.1 2

45* 135.2 123.4 4
132.1 134.6 2
121.8 126.6 2

2200 P a r a l l e l 25.9 29.0 20
32.5 37.7 33
26.2 33.8 16
28.7 33.5 12

T r a n s v e r s e 26.6 29.9 13
31.9 38.4 7
31.4 35.8 8
35.2 39.8 4

4 5 “ 36.5 30.1 20
32.2 36.0 18
27.1 34.7 12

Notes:  T e s t s  p e r fo r m ed  at outside  laboratory .
1 - 5 / 8  - in .  long button-head sp e c im e n  with 0 .1 6 0 - in .  d iam eter  in 
gage  length.
T es ted  in vacuum  using radiant heat .
Strain rate  = 0 .005 per  min .
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T a b l e  I V - 18. C r e e p  P r o p e r t i e s  of  F - 4 8  S o u r c e  P i e c e  No.  1.

T e s t  d i r e c t i o n  : P a r a l l e l  to  e x t r u s i o n .

S p e c i m e n  : P i n n e d - e n d  w i t h  2 - in .  u n i f o r m l y  h e a t e d  g a g e  l e n g t h .
C o a t e d  f o r  o x i d a t i o n  p r o t e c t i o n .

H e a t i n g  ; I n d u c t i o n  h e a t i n g  in  a i r .

T e m p e r a t u r e
m e a s u r e m e n t  : L  & N o p t i c a l  p y r o m e t e r  a n d  Shaw t w o - c o l o r  p y r o m e t e r

T e s t i n g  l a b o r a t o r y  : L R L

T e m p  ( ° F ) S t r e s s  (ks i) T i m e  to  r u p t u r e  (min) T i m e  to  1% c r e e p  (min)

2100 40 1080 520
45 758 480
46 186 148
46 103 56

2300 33 676 270
36 670 338
40 140 75
40 114 87
40 95 64

2350 32 107 54
35 124 65
35 97 62
35 300
40 69
40 43 —

42 55 —

44 10
45 3 —

45 6 - -
2400 30 654 370

40 19 8
2500 27 295 75

30 113 48
30 85 45
30 74 35

2580 25 42 17
30 4.5 2.5
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T a b l e  I V - 1 9 .  M o d u lu s  of  E l a s t i c i t y  f r o m  F - 4 8  S o u r c e  P i e c e  No.  1.

T e s t i n g
l a b o r a t o r y T e m p  ( °F )

T e s t i n g  d i r e c t i o n  
r e l a t i v e  to  e x t r u s i o n

M o d u lu s  of 
e l a s t i c i t y  (ps i)

L R L R.  T. P a r a l l e l 16.1 X 10^

17.4

T r a n s v e r s e 18.2

16.3

15.8

16.4

15.1

A v e r a g e  E  = 16.5 X 10^ p s i

O u t s i d e R.  T . P a r a l l e l 16.2

18.5

T r a n s v e r s e 16.6

16.4

45° 16.9
18.2

A v e r a g e  E  = 17.1 X 10^ p s i
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T a b l e  I V - 2 0 .  H a r d n e s s  T r a v e r s e s  of S h o r t - T i m e  T e n s i l e  S p e c i m e n s .

Source  P i e c e  No. 1.

it :
10

11

End of sp ec .  No. T -29 .  A s - r e c ' d .
R e p r esen ts  a s - c o a t e d  m a t e r ia l
m a ter ia l

T es t  s ec t io n  
of spec .  No. T -2 9 .  
R ep resen ts  a s -  
t e s ted  m a t er ia l  
at 2 2 0 0 “F.

T es t  s ec t io n  
of sp ec .  No. T -4 .  
R e p r esen ts  a s -  
t e s ted  m a t er ia l  
at 22 0 0 °F .

Knoop h a rdn ess  num bers
T r a v e r se

No.
D is tance  fr o m  edge , m i l s

1 2 4 6 8 10 25 50 Cent. Avg.
1 291 305 313 305 307 316 295 300 293 303
2 310 295 293 310 300 307 325 325 313 308
3 287 307 310 316 300 300 295 338 325 308
4 260 298 280 307 293 300 287 295 288 290
5 267 274 267 274 270 272 285 288 272 274
6 288 293 293 295 293 291 298 288 298 293
7 278 288 260 287 285 287 288 265 298 282
8 313 310 295 300 313 300 298 295 298 302

9 295 295 293 287 298 305 345 293 298 296
10 288 307 295 291 300 305 300 293 288 297
11 300 285 295 298 295 288 280 295 293 296
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Table IV-21 .  2 2 0 0 ° F  T en s i l e  P r o p e r t i e s  of F - 4 8  Source P i e c e  No. 5.

(This m a t e r ia l  is  shown in Fig .  IV-37).

Spe c im e n  code: A - 

B - 

C - 
D -

Extruded, longitudinal.
Extruded and p r e s s - f o r g e d ,  longitudinal.  

Extruded, t r a n s v e r s e .
Extruded and p r e s s - f o r g e d ,  t r a n s v e r s e .

U lt im ate 0.2% Yield
S p ec im en strength  (psi) s trength  (psi) % Elong.  1-in. % Ra

A -3 56,400 50,700 18.0 75.0
A - 4 55,800 49 ,200 16.0 79.0
B -3 59,200^ 49.700 7.3 8.5
B - 4 62,200 49,700 18.0 75.0
C-3 57,200 52,200 10.0 11.4
C -4 57,700^ 53,200 7.0 29.0
D -3 44,300®" 39,000 2.7 10.8
D - 4 51,800^ 43,300 0.0 2.0

F r a c tu r e d  in or near  rad ius .

It is  b e l ie v e d  that the cracking is due to the large  reduction at tempted.  The 

m a t e r ia l  m oved  e a s i l y  at the 2 7 0 0 ‘’F  forging tem perature ,  requiring 800 tons  
to a c c o m p l i s h  44% reduct ion  of the 5 -in.  -d ia m eter  bi l let .  It is  expected  that 
edge cracking  could be avoided by lowering  the reduction per  p a s s ,  annealing  

b etw een  p a s s e s ,  and providing oxidation protect ion  (such as a molybdenum  
can) throughout the forging operat ion.

P r e s s - f o r g i n g  for b i l le t  breakdown o ffers  no advantage over  e x ­
tru s ion  in producing Tory  II-C base  p la t e s .  There fore ,  no further attempt  

wil l  be m ade  to develop a forging p r o c e s s .

Coating Reproducib i l i ty  Studies
The deve lopm ent  of a pro tec t ive  coating for the base  plates  has  

p r o g r e s s e d  to a point w here  a s a t i s f a c t o r y  coating has been obtained. The 
p r o c e s s  sp e c i f ica t io n  for this coating has been "frozen" and a program m ed  

s e r i e s  of reproduc ib i l i ty  s tud ies  begun. Concurrent with the reproducib il ity  

s tud ies ,  lab ora tory  work is  being continued to im prove  the coating further.
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T E S T E D  P A R A L L E L  TO E X T R U S I O N
C O A T E D  F O R  O X ID A T IO N  P R O T E C T I O N

T E S T E D  IN A I R

3 - i n .  GAGE L E N G T H
0 .0 0 5  p e r  m i n  S T R A I N  R A T E
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t o
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z
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I 2 0 | -  

1 1 0
R O O M  T E M P .

o 100

(/)
a .

- 0 .0 3 4

2 2 0 0  "F

- 0 . 0 4 5

9 0

8 0

70

6 0

50

4 0

3 0

20

1 0

0  .004 8  .012 14 16 18.020 22 24 26 28 .0 3 0 .0 3 2
STRAIN (in./in.) MUL-1 3 9 6 2

F i g .  IV -3 9 -  T y p i c a l  s t r e s s - s t r a i n  c u r v e s  f o r  F - 4 8  s o u r c e  p i e c e  No.  1 
( s e e  T a b l e  I V - 12).
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p ie c e  No. 1. Coated and t e s te d  in air .
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d a ta  OBTAINED FROM DEFLECTION OF A SIMPLE BEAM 
WITH MI D- S P AN LOADING Ej  S r t

E r .t  S  t

1.0

0.8

•  BEAM 

□  BEAM
R.T,

0.6

0.4

0.2

0
20000 200 6 1000 2416

TEMP (®F) MUL-I3966

F i g .  I V - 4 3 .  Y o u n g ' s  m o d u l u s  v s  t e m p e r a t u r e  f o r  F - 4 8  s o u r c e  p i e c e  No.  1. 
C o a t e d  a n d  t e s t e d  i n  a i r .
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Fig. IV-45. Typical tensile specimens for LRL tests of F-48.
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Fig. IV-46. Typical failures of short-time tensile specimens of F-48
tested at LRL.



UCRL-6516 -188-

^

Fig. IV-47. Tensile specimens of Fig. IV-46 under test.
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SN-25024

Fig. IV-48. Short-time tensile and creep rupture fractures of 1-5/8-in. -long buttonhead specimens.
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Fig. IV-49. Short-time tensile fracture of threaded-end specimens. Material from source piece No. 1
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Fig. IV-50. Apparatus for LRL creep tests of coated F-48 in air.
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Fig. IV-51. Upset-press-forged billet of F-48. Reduction 44% . Furnace
temperature 2700°F. Original billet diameter 5 inches. Forging pressure
800 tons.
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T h e  c r i t e r i o n  f o r  r e p r o d u c i b i l i t y  i s  t h a t  the  c o a t in g  m u s t  w i t h s t a n d  

a  m i n i m u m  of t e n  h o u r s  of e n v i r o n m e n t a l  e x p o s u r e  w i t h o u t  f a i l u r e .  F a i l u r e  

is d e f i n e d  a s  a n y  l o s s  of  c o a t i n g  w h i c h  e x p o s e s  b a s e  m e t a l .

R e p r o d u c i b i l i t y  G r o u p  1 (4 s p e c i m e n s )  a n d  R e p r o d u c i b i l i t y  G r o u p  

2 (3 s p e c i m e n s )  h a v e  b e e n  t e s t e d .  Of t h e  s e v e n  s p e c i m e n s ,  one  w a s  r e m o v e d  

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

T h r e e  h a v e  s u r v i v e d  t w e n t y - s i x  h o u r s  of  e x p o s u r e  w i t h o u t  f a i l u r e  a n d  tw o  h a v e  

s u r v i v e d  t h i r t y - f o u r  h o u r s  of  e x p o s u r e  w i t h o u t  f a i l u r e .  T h e  d e t a i l s  of t h e s e  

t e s t s  a r e  s h o w n  in  T a b l e  I V - 2 2 .  P h o t o g r a p h s  of s p e c i m e n s  a f t e r  v a r i o u s  e x ­

p o s u r e  t i m e s  a r e  s h o w n  in  F i g u r e s  I V - 5 2 ,  I V - 5 3 ,  I V - 5 4 ,  I V - 5 5 ,  a n d  I V - 5 6 .

Sub-*Ignition T e s t

To  f u r t h e r  c o n f i r m  t h e  v a l i d i t y  of t h e  2 6 0 0 ° F  ig n i t i o n  t e m p e r a t u r e  

of F - 4 8  a  s u b - i g n i t i o n  t e s t  w a s  c o n d u c t e d  on  a  b a r e  s p e c i m e n  f o r  t h i r t y  m i n ­

u t e s  a t  a  t e m p e r a t u r e  of  2 5 5 0 ° F .  I g n i t i o n  d id  n o t  o c c u r .  M e t a l  l o s s  w a s  a p ­

p r o x i m a t e l y  s i x  m i l s  p e r  s i d e  w i t h  a  h a r d n e s s  i n c r e a s e  to  a  d e p t h  of  t e n  m i l s .

C o a t i n g  P r o c e s s

T h e  m o s t  s i g n i f i c a n t  c h a n g e  in  t h e  c o a t in g  p r o c e s s  d u r i n g  the  p a s t  

q u a r t e r  w a s  to  i n c r e a s e  t h e  p a c k - f i r i n g  t e m p e r a t u r e  of  th e  f i r s t - c y c l e  s i l i c o n  

p a c k  f r o m  1 9 0 0 “ F  to  2300® F.  T h i s  t e m p e r a t u r e  i n c r e a s e  p r o d u c e d  a  m o r e  

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

s i d e r a b l y  e x t e n d e d  a n d  the  u s e f u l  u p p e r  t e m p e r a t u r e  l i m i t  i n c r e a s e d .

B a s e  P l a t e  S t r e s s e s

A s e r i e s  of  t e s t s  to  d e t e r m i n e  s t r e s s e s  in  t h e  v a r i o u s  s h a p e s  of  

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

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

w e r e  a s  f o l l o w s :

Std .  h e x  p l a t e  = 7 1 5 0  p s i

P e r i p h e r a l  p l a t e  C = 8000 p s i  

P e r i p h e r a l  p l a t e  E  = 4500  p s i .

T a b l e  l V - 2 3  s h o w s  t h e  s t r e s s e s  f o r  o t h e r  l o a d  s i t u a t i o n s .  F i g u r e s  lV - 5 7  a n d  

l V - 5 8  s h o w  the  p e r i p h e r a l  p l a t e  u n d e r  t e s t .



T a b l e  I V - 2 2 .  C o a t i n g  R e p r o d u c i b i l i t y  S t u d i e s .

R e p r o d . G r o u p  1 R e p r o d . G r o u p  2

E B ^ E C ^ E D a E E a E F ^ E C a E P a

T i m e
(hr)

T e m p .
( “F)

T i m e  T e m p ,  
(hr)  ( “F)

T i m e
(h r )

T e m p
( “F)

T i m e
(hr)

T e m p  
( “F)

T i m e
(hr)

T e m p
( “F)

T i m e
(hr)

T e m p .
(°F)

T i m e
(hr)

T e m p
( “F)

2 2250 2 2250 2 2250 2 2250 2 2250 2 2250 2 2250
3 1950 3 1950 3 1950 3 1950 3 1950 3 1950 3 1950
3 2250 3 2250 3 2250 3 2250 3 2250 3 2250 3 2250
2 1950 2 1950 2 1950 2 1950 2 1950 2 1950 2 1950
2 2250 2 2250 2 2250 2 2250 3 2250 3 2250 3 2250
2 1950 2 1950 2 1950 2 1950 2 2250 2 2250 2 2250
2 2250 2 2250 2 2250 3 2250 3 2250 3 2250

2 2250 2 2250 3 2250 3 2250 3 2250
3 2250 3 2250 2 2250 2 2250 2 2250
2 2250 2 2250 3 2250 3 2250 3 2250
3 2250 3 2250
3 2250 3 2250
2 2250 2 2250
3 2250 3 2250

C o n d i t i o n s :  T e m p e r a t u r e  a n d  t i m e  a s  i n d i c a t e d .  P r e s s u r e  -  200 p s i a .
F l o w  r a t e  = 288,  000 l b / f t ^ / h r .  V e l o c i t y  t h r o u g h  h o l e s  = 0. 

^ S p e c i m e n  d e s i g n a t i o n .

O 2 c o n t e n t  of g a s  s t r e a m  = 20%, 
5M.

a
0

r1

}—*

vO
I

16 h r  t o t a l  
9 h r a t 2 2 5 0 ° F  
T h r a t  1950°F

1 4 h r  t o t a l  
7 h r  a t  2250 °F 
T h r a t  1950°F

34 h r  t o t a l  3 4 h r  t o t a l  26 h r  t o t a l  
27 h r  a t  2250  °F 27 h r  a t  2250  °F 21 h r  a t  2250 °F 
T h r a t  1950°F  T h r a t  1 950°F  5 h r a t l 9 5 0 ° F

26 h r  t o t a l  
21 h r  a t  2250 °F 

5 h r  a t  1950°F

26 h r  t o t a l  
21 h r  a t  2 2 5 0 “F  

5 h r a t  1950°F

R e m a r k s

Out, Out, 0 . K. 0 . K. O.K. 0 . K. 0 . K.
m i n o r m i n o r
d e f e c t d e f e c t
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Fig. IV-52. Test 10901, flow specimen front face after 2 hours of blow-
down at 22 50°F.
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Fig. IV-53. Test 10901, flow specimen face after 2 hours at 2250°F and
3 hours of blowdown at 1950° F.

^>
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Fig. IV-54. Test 10901, flow specimen face after 5 hours at 2250°F and
3 hours of blowdown at 1950°F.
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SN-25530

Fig. IV-55. Test 10901, flow specimen front face after 9 hours at 2250°F
and 7 hours of blowdown at 1950°F (16 hours total).
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Fig. IV-56. Flow specimen after 32 hours; 9 hours at 2250°F, 7 hours of
1950°F blowdown (16 hours total).
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T a b l e  I V - 2 3 .  B a s e  P l a t e  S t r e s s  T e s t s .

Standard H e x  P l a t e .  (Tota l  a r e a  = 19 in^, E (a lu m .  ) 10 X 10^)

Strain Total  load Unit load Stress®'
( m i c r o  i n . / i n .  ) (lb) (psi) (psi)

162 500 26. 3 1280
330 1000 52. 6 2610
47 5 1500 78.  9 3750
670 2000 105. 2 5300
833 2500 13 1 .5 6600
987 3000 157. 8 7800
850 2500 131. 5 6700 •
685 2000 105. 2 5400
515 1500 78.  9 4070
350 1000 52. 6 2780
191 500 26. 3 1510

145 (actual) 7150

^ C o r r e c t e d  for l - l / 8 - i n .  ac tu a l  t h i c k n e s s  v s  1- in.  u s e d  in t e s t .

P e r i p h e r a l  P l a t e  C . (Tota l  a r e a  = 38. 03 in^,  E (a l u m .  ) = 10 X 10^)

Strain Total  load Unit load S t r e s s
( m i c r o  i n . / i n .  ) (lb) (psi) (psi)

163 1000 26. 3 1630
321 2000 52. 6 3210
466 3000 78.  9 4660
618 4000 105. 2 6180
745 5000 131. 5 7450
872 6000 157. 8 8720

At 145 p s i  unit load,  s t r e s s  = 8000 ps i .

P e r i p h e r a l  P l a t e  E. (Total  a r e a  = 27. 58 in^, E( a lu m .  ) = 10 X 10^ ps i)

Stra in Total  load Unit load S t r e s s
( m i c r o  i n . / i n .  ) (lb) (psi) (psi)

070 500 18. 1 700
130 1000 36.  2 1300
178 1500 54. 3 1800
250 2000 72.  4 2500
286 2500 90.  5 2900
340 3000 108. 6 3400
400 3500 126. 7 4000
453 4000 144. 8 4500
509 4500 162. 9 5100
560 5000 181. 0 5600

At 145 p s i ,  s t r e s s  = 4500  ps i .
Ave .  p o r o s i t y  = 25%, wh ich a c c o u n ts  fo r  lo w  s t r e s s .

MUL-14u 8
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Fig. IV-57. Aluminum model of Tory II-C base plate ready for test.

Fig. IV-58. Aluminum model of Tory II-C base plate under test,
pads will distribute test load to simulate actual reactor loading.

Rubber
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SIDE S U P P O R T

R e n e  41 h a s  b e e n  s e l e c t e d  a s  th e  m a t e r i a l  f o r  th e  s i d e  s u p p o r t  s p r i n g s .

A s tu d y  p r o g r a m  is  u n d e r w a y  f o r  th e  f o r m i n g  a n d  b r a z i n g  of R e n e - 4 1  s p r i n g  

a s s e m b l i e s .  S ix  s p r i n g s  h a v e  b e e n  c o m p l e t e d ,  tw o  e a c h  w i t h  v e n d o r ' s  AMS 

4 7 7 8 ,  J - 8 1 0 0 ,  a n d  J - 8 6 0 0  b r a z i n g  a l l o y s .  O ne  of  t h e  b r a z e d  a s s e m b l i e s  f o r m ­

in g  a s i d e  s u p p o r t  s p r i n g  i s  s h o w n  in F i g .  IV -5 9 -  T h e  J - 8 6 0 0  b r a z e  h a s  b e e n  

u n s u c c e s s f u l ,  b u t  f u r t h e r  w o r k  i s  b e i n g  do n e .  B o th  A M S 4778  a n d  J - 8 1 0 0  

h a v e  p r o d u c e d  s o u n d  j o i n t s ;  p r e l i m i n a r y  i n f o r m a t i o n  s h o w s  AM S 4778  to be  

s l i g h t l y  s u p e r i o r .  P h o t o m i c r o g r a p h s  of AM S 4 7 7 8  a n d  J - 8 1 0 0  b r a z e d  j o i n t s  

a r e  s h o w n  in  F i g .  I V - 6 0 .

F i g u r e s  IV -6 1  a n d  I V - 5 9  i n d i c a t e  c r e e p  p r o p e r t i e s  of  R e n e  41 a t  1 2 0 0 ° F  

a n d  1 4 0 0 ° F .  T h e  e f f e c t  of  c o l d  w o r k  p r i o r  to  h e a t  t r e a t i n g  on  p r o p e r t i e s  of 

R e n e  41 i s  s h o w n  b y  t h e  d a t a  in  T a b l e  I V -2 4 .

Inco  7 1 3C h a s  b e e n  s e l e c t e d  a s  t h e  c a s t i n g  m a t e r i a l  f o r  t h e  s i d e  s u p p o r t  

p r e s s u r e  p a d s .  F i g u r e s  IV -6 2  a n d  I V - 6 3  p r e s e n t  p r o p e r t i e s  of v a c u u m - c a s t  

t e n s i l e  s p e c i m e n s  of  I n c o  71 3C o b t a i n e d  b y  L R L .

R E A C T O R  D U C T

M a t e r i a l  E v a l u a t i o n

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

to  c o m p a r e  w e l d  a n d  b a s e  m a t e r i a l  p r o p e r t i e s  f o r  H a s t e l l o y  C. T h e  t e s t s  

w e r e  a r r a n g e d  to  y i e l d  u s a b l e  d e s i g n  d a t a  f o r  th e  r e a c t o r  d u c t  a n d  to  s u p p l e ­

m e n t  o t h e r  d a t a  in  r e g i o n s  of  i n t e r e s t .

T e s t  M a t e r i a l

T y p e  of S p e c i m e n s ,  O n e - h u n d r e d  a n d  t h r e e  s p e c i m e n s  w e r e  

r e c t a n g u l a r  ( 0 .3 7 5  in.  X 0 .312  in .  o r  0 .2 5 0  in.  ) w i t h  2 - i n .  g a g e  l e n g t h s ,  p e r  

A S T M E 8 - 5 7 T .  T w e n t y - t w o  s p e c i m e n s ,  w e r e  0 . 2 5 0 - i n .  d i a m e t e r  w i t h  1 . 5 - i n .  

gage  l e n g t h s .

B a s e  M e t a l  S p e c i m e n s . T h e  50 b a s e  m e t a l  s p e c i m e n s  w e r e  

f r o m  tw o  d i f f e r e n t  p l a t e  t h i c k n e s s e s  ( 5 / 1 6  in.  a n d  3 / 4  in.  ) a n d  f ive  d i f f e r e n t  

h e a t s .  S o m e  s p e c i m e n s  w e r e  in  t h e  a s - r e c e i v e d  c o n d i t i o n  ( A . R . ) ,  a n d  o t h e r s  

w e r e  g iv e n  an  e x t r a  s o l u t i o n  h e a t - t r e a t m e n t  ( S H T ) ( s o l u t i o n  h e a t - t r e a t e d  a t  

2 2 2 5 ° F  a n d  w a t e r  q u e n c h e d ) .
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Fig. IV-59. Side support spring. Brazed assembly of l/8-in. Rene 41 plate.
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J- 8100

30 min & 2 I65°F

100 x

-204-

J- 8100

5 min & 2 I 65°F

100 x

AMS 4778 AMS 4778

5min^l975°F 30min^l975°F
100 x 100 x

Fig. IV-60. Photomicrographs of brazed joint for Rene 41.
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MASTER R U P T U R E  CHA RT
Temp. Stress Time Elong.

1000 PSI HoursTest
Heat
Vendor I 2 0 0
Requestor Co 2 0 0 I 22

2 0 0Date Mo
2 0 0
2 0 0 3 5 .  0

Temp. 1 4 0 0 8 0
T. S. 4 0 0 9 0
Y. S. 4 0 0 95Mn
Elong.
R.A.
Charpy

Treatment: 1 9 5 0 ^  F Remarks: 0 .1 4  1 GAGE
I 4 0 0 ® F 6 hours

T E M P E R A T U R E - l O O  “ F

20

ICC

1,000

t- 10,000
100,000

100
90

60

70

60

50

40

30

20

20 22 24 32 34
T (20 +  Log t) X IQ-

5026 28 30 36
•3

38 40 42 44 46

F i g .  I V - 6 1 .  C r e e p  r u p t u r e  of  R e n e  41.
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T a b l e  I V - 2 4 .  E f f e c t  o f  C o l d  W o r k  in  W a t e r - Q u e n c h e d  C o n d i t i o n  

o n  S t r e n g t h  o f  H e a t - T r e a t e d  R e n e  4 1 .

H e a t - t r e a t
c y c l e

Y i e l d  s t r e n g t h  
T h i c k n e s s  at 0 .2% o f f s e t  T e n s i l e  s t r e n g t h  

( i n . )  ( k s i )  ( k s i )

E l o n g a t i o n  
in 2 - i n .  g a g e  

(%)

C o l d  w o r k e d : 4% e l o n g a t i o n

A 0 . 1 2 6 1 3 9 . 9 2 0 0 . 5 1 7 . 5
A 0 . 1 2 7 1 3 9 . 4 2 0 1 . 1 1 8 . 5
B 0 . 1 2 9 137.1 2 0 0 . 5 18 .5
B 0 . 1 2 7 1 3 6 .9 1 9 8 - 5 14 .0
C 0 . 1 2 7 1 3 6 . 0 2 0 0 . 0 2 0 . 0
C 0 . 1 2 8 1 3 9 . 3 2 0 2 . 2 2 1 . 5
D 0 . 1 2 6 1 37 .1 2 0 0 . 0 2 1 . 0
D 0 . 1 2 7 1 3 5 . 4 1 9 9 . 5 2 1 . 5

C o l d  w o r k e d : 8% e l o n g a t i o n

A 0 . 1 2 4 1 3 8 . 8 2 0 1 . 5 1 8 . 5
A 0 . 1 2 7 1 3 9 .9 2 0 2 . 1 18 .5
B 0 . 1 2 4 1 3 7 . 5 2 0 0 . 8 1 6 . 5
B 0 . 1 2 3 1 3 8 .9 2 0 2 . 8 18 .5
C 0 . 1 2 6 1 4 0 . 0 2 0 2 . 6 1 9 . 0
C 0 . 1 2 4 1 4 1 .2 2 0 3 . 4 2 0 . 0
D 0 . 1 2 2 14 1. 1 2 0 4 . 0 2 1 . 0
D 0 . 1 2 1 1 3 9 . 5 2 0 1 . 0 1 6 . 5

C o l d  w o r k e d : 12% e l o n g a t i o n

A 0 . 1 2 1 1 4 4 . 7 2 0 2 . 6 1 5 . 0
A 0 . 1 1 8 1 4 4 .9 2 0 3 . 0 1 5 . 5
B 0 . 1 2 0 1 4 6 . 5 2 0 3 . 5 14 . 0
B 0 122 1 4 3 . 0 2 0 2 . 8 2 0 . 0
C 0 . 1 2 2 1 4 1 . 5 2 0 0 . 3 2 2 . 0
C 0 . 1 2 4 1 43 .1 2 0 2 . 3 2 1 . 5
D 0 . 1 2 2 1 4 4 . 6 2 0 8 . 9 2 2 . 0
D 0 . 1 2 0 1 4 2 . 5 2 0 3 . 5 19 .5

C o l d  w o r k e d : 16% e l o n g a t i o n

A 0 . 1 1 9 1 4 6 . 5 2 0 3 . 3 2 1 . 0
A 0 . 1 2 2 1 4 7 .3 2 0 4 . 6 2 0 . 5
B 0 . 1 1 9 1 5 0 . 4 2 0 7 . 4 2 0 . 0
B 0 . 1 2 3 1 4 5 . 7 2 0 2 . 0 1 8 .0
C 0 . 1 2 3 1 4 4 . 6 2 0 3 . 8 1 7 .5
C 0 . 1 1 8 1 5 0 .9 2 0 8 . 2 17 .5
D 0 . 1 2 0 1 4 5 . 7 2 0 2 . 3 1 7 .5
D 0 . 1 2 0 1 4 4 . 5 2 0 4 . 7 2 0 . 0

P r o c e d u r e :  1.

2.

3.
4 ,

M a c h i n e  a s - r e c e i v e d  R e n e  41  1 / 8 - i n .  p l a t e  in t o  t e s t  
c o u p o n s .  M a t e r i a l  r e c e i v e d  in  1 9 7 5 ° F  w a t e r - q u e n c h e d  
c o n d i t i o n .
P r o d u c e  d e s i r e d  a m o u n t  o f  c o l d  w o r k  i n  e a c h  s p e c i m e n  
b y  s t r e t c h i n g  it in  a  t e s t i n g  m a c h i n e .
H e a t  t r e a t .
T e s t  t o  u l t i m a t e  t e n s i l e  f a i l u r e .

H e a t  t r e a t i n g  c y c l e s :
A .  i g S Q o F  -  30 m i n  -  a c

1 4 0 0 ° F  - 20  hr  -  a c
B .  1 9 5 0 ° F  -  30 m i n  -  a c

1 4 0 0 “F  - 16 hr  - a c

C. 1 9 5 0 ° F  -  30  m i n  - a c
1 4 0 0 “F  -  12 h r  - a c

D.  1 9 5 0 ‘’F  -  30  m i n  - a c
M O O - F  - 8 h r  - a c
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MASTER R U P T U R E  CH A RT
C O .2 0  M A X . Temp. Stress TimeAlloy INCO Elong.

1000 PSI HoursTest
Cr 1 3 . 0 /  15 ■ 0 120Heat I 2 0 0

Vendor Ni B A L . 2 0  0
2 0 0Requestor Co

Mo 3. 5 / 5 -  5 I 2 0 0 4 .5
2 0 0 122
2 0 0 120

Ti 0 - 2 5 /  1-25Temp. I 4 0 0 7 9 .  9
T. S. Al 5 - 5 /  6 - 5 4 0 0 7 9 - 7

MnO.5 M A X . 4 0 0 7 9 .  2Y.S.
Elong. 4 0 0 7 9 .  4
R.A. FE 3 . 0  M A X . I 4 0  0 9 0 .  0

C b /T o  1 .0 /3 . 0 4 0 0 9 5 . 0Charpy
Cu 0 . 5  MAX

Treatment; Remarks: AS V A C U U M “ C A S T  0 - 2 5 2
S P E C IM E N

T E M P E R A T U R E *  l O O  * F

15 20

100
“  1.000 

h  10.000 

100.000

100
90
80

70

60

50

40

30

20

20 22 32 34

T (20 +  Log t) X 10‘®
24 26 26 30 36 38 40 42 44 46

F i g .  I V - 6 2 .  P r o p e r t i e s  of  p r e c i s i o n - c a s t  a l l o y  Inco  7 I 3 C .  D a t a  o b t a i n e d  
f r o m  o u t s i d e  l a b o r a t o r y .
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2 0 U L T I M A T E

100

0 . 2 %  Y I E L D

6 0

2 0 <4 0
P E RCE NT  E L ONGAT I ON

15 Q

2 0

MUL-13970TEMPERATURE ( °F x 10^)
F ig .  IV -63 . P r o p e r t ie s  of p r e c i s io n - c a s t  a lloy  Inco 713C. D ata obtained  

from  outside  laboratory .
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W eld M eta l S p e c im e n s . The weld m eta l  sp e c im en s  w ere  

m a ch in ed  fro m  H a s te l lo y -C  p la tes  w eld ed  togeth er  with 3 /3 2 - in .  -d ia m eter  

H a s te l lo y -C  w e ld  w ir e .  The dc in e r t - a r c  w eld ing m ethod, per Oak Ridge  

N ation al L ab oratory  sp e c if ic a t io n  RM W S-7, w as  used . The sp ec im en  quality  

wad d e te r m in e d  by penetrant and rad io g ra p h ica l in sp ection . Quantity of s p e c ­
im e n s ,  type of s p e c im e n s ,  and heat trea tm e n ts  w e re  a s  fo llow s:

Quantity Type Heat treatm ent
21 A ll  w e ld  A s w elded  (AW)
18 A ll  w eld  Solution h e a t- trea ted  (SHT)
20 A c r o s s  w e ld  A s  w elded
16 A c r o s s  w e ld  Solution h ea t- trea ted

T e s t  P r o c e d u r e s  and R e su l ts
T e n s i le  T e s t s . T e n s i le  tes t in g  w as conducted on 53 s p e c i ­

m e n s  at room , 1200*F, 1350*F, and 1500®F tem p er a tu r e s .  Strain r a te s  of

0 .005  in. per  in. per m inute up to y ie ld , and 0 .05  in. per  in. per m inute above  

y ie ld  point w ere  u t i l ized , w ith  a m in im u m  hold tim e of 5 m in utes  at t e m p e r a ­
tu re .

S ix  id en t ica l  sp e c im e n s  from  the sa m e  plate w ere  te s te d  
h e r e  at LR L  and in two other la b o r a to r ie s .  E ach laboratory  te s te d  one s p e c ­
im en  at 1200®F and one at 1350“F .

T he t e n s i l e - t e s t  data a re  p resen ted  in T able  IV -25 . F ig u r e s  
IV -64 , IV -65 , and I V - 66 i l lu s tra te  t e n s i le  p r o p er t ie s  v s  tem p eratu re  for the  

b a s e ,  a l l - w e ld ,  and a c r o s s - w e ld  m e ta l  sp e c im e n s .
C reep-R upture T e s t s . C reep -ru p tu re  te s t s  w ere  conducted  

at te m p er a tu r e s  of 1200°F , 1350°F , and ISOO'F on 18 a c r o s s - w e ld  sp e c im e n s .  
T im e s  to rupture a re  p r e se n ted  in Table IV -26 . Graphic p resen ta tion  of c r e e p -  

rupture t e s t  r e s u l t s  and a d v e r t is e d  rupture ranges  are given in F ig .  I V -67.
C reep  T e s t s . C reep  t e s t s  w ere  conducted on 48 sp e c im en s  

at te m p er a tu r e s  of 1200®F, 1350“F , 1400°F , 1450®F, and 1500°F . Continu­
o u s  c r e e p  c u r v es  ( s tr a in  v e r s u s  t im e)  w e re  reco rd ed  for  a ll sp e c im e n s  and 
t im e s  noted  to 0 .3 , 0 .5 , 0 .75 , 1.0, 2 .0 , and 3.0% total s tr a in s .  The r e s u lt s  

a r e  g iv en  in T able  IV -27 . A fter 3.0% c r e e p ,  or 30 hou rs , the loads w e re  in ­
c r e a s e d  to rupture, a s  noted in the la s t  four co lum n s of Table IV -27.

Graphic p resen ta t io n s  of the creep  data are  m ade in F ig u r es  
IV -6 8  through IV -72 . F ig u r e  IV -73  p r e se n ts  an extrapolated  su m m a ry  o f 3-  

hour c r e e p  data v e r s u s  te m p era tu re  for a l l  m a te r ia l  types  and conditions.
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T a b l e  I V - 2 5 .  S h o r t - T i m e  T e n s i l e  D a t a  f o r  H a s t e l l o y  C.

S p e c i m e n  d e s ig n a t io n

T e m p No.  2 lab L R L Condit ion Ftu
yj to

F ty
\J , L to
F ty El ong .

R o o m 153D A 5 3 - 1 0 All  w e ld ,  AW 127. 0 84.  0 81.  5 28.  3
363D A 5 3 - 1 2 All  Weld,  AW 124. 8 82.  4 78 .  9 23.  0
454D D 5 4 - 2 All  w e l d ,  AW 128. 1 82.  9 80.  7 24.  0
155D C 5 4 - 7 All  w e ld ,  SHT 118.  7 55.  5 49.  5 44.  0
159D No.  2 Al l  w e ld ,  SHT 118. 5 57.  0 47.  7 37.  0
47 5D X 6 0 - 1 A c r o s s  w e ld ,  AW 108.  8 5 1 . 8 48.  4 35.  0
475D X 6 0 - 2 A c r o s s  w e ld ,  AW 1 1 1 . 7 51.  3 46.  2 40.  0
47 ID Z 4 4 - 1 A c r o s s  w e ld ,  AW 113. 6 47.  2 42.  7 48.  0
200D No.  4 A c r o s s  w e ld ,  SHT 115. 0 50.  5 48 .  0 39.  0
201D No.  5 A c r o s s  w e ld ,  SHT 116.  5 5 1 . 7 48.  5 40.  0

1200°F 196D A 5 3 - 1 B a s e  m e t a l ,  AR 81.  2 33.  1 3 1 . 6 44.  0
192D B 5 3 - 1 B a s e  m e t a l ,  SHT 86.  8 34.  0 32.  8 53.  0
198D No.  1 B a s e  m e t a l ,  SHT 80.  2 37.  3 36.  6 45.  0
199D No.  3 B a s e  m e t a l ,  SHT 79.  0 34.  2 32.  3 44.  0
152D A 5 3 - 2 All  w e ld ,  AW 90.  0 58.  8 56.  1 31.  0
453D D 5 4 - 4 All  w e l d ,  AW 95. 5 58.  9 57.  0 37.  0
156D C 5 4 - 8 All  w e ld ,  SHT 84.  3 34.  8 32.  0 52.  0
160D No.  9 Al l  w e l d ,  SHT 84.  0 3 1 . 0 30.  2 42.  0
47 2D Z 4 4 - 2 A c r o s s  w e ld ,  AW 78.  4 27.  7 2 4 . 7 39.  0
47 3D Z 4 4 - 3 A c r o s s  w e l d ,  AW 77.  0 28.  1 25.  2 44.  0
477D X 6 0 - 3 A c r o s s  w e l d ,  AW 84.  0 31.  9 29.  1 30.  0
202D No.  6 A c r o s s  w e l d ,  SHT 77.  9 32.  0 29.  8 34.  0
203D No.  7 A c r o s s  w e l d ,  SHT 78.  1 31.  9 29.  5 33.  0

I3 50 ° F 222D A 5 3 - 3 B a s e  m e t a l ,  AR 74.  2 3 4 . 0 32.  8 39.  0
223D A 5 3 - 5 B a s e  m e t a l ,  AR^ 73.  2 34.  9 32.  0 57.  0
224D A 5 3 - 9 B a s e  m e t a l ,  AR^ 73.  2 35.  3 34.  0 42.  0
225D A 5 3 -1 1 B a s e  m e t a l ,  ARC 74.  1 33.  0 3 1 . 4 44.  0
226D A 5 3 - 1 3 B a s e  m e t a l ,  AR^ 76.  5 35.  7 32.  5 52.  0
193D C 5 4 - 1 B a s e  m e t a l ,  SHT 78.  8 36.  0 35.  0 40.  0
204D No.  8 B a s e  m e t a l ,  SHT 74.  3 34.  0 32.  0 40.  0
205D No.  10 B a s e  m e t a l ,  SHT 7 1 . 0 33.  0 31.  1 33.  0
157D D 5 4 - 6 All  w e l d ,  AW 80. 0 52.  9 51.  1 32.  0
452D D 5 4 - 7 All  w e ld ,  AW 80. 0 52.  7 50.  1 22.  5
154D B 5 3 - 1 2 All  w e l d ,  SHT 82.  0 36.  0 34.  5 46.  0
47 8D X 6 0 - 4 A c r o s s  w e ld ,  AW 67.  8 30.  0 28.  0 34.  5
265D X 6 0 - 5 A c r o s s  w e ld ,  AW 88. 0 46.  0 44.  0 35.  5
47 4D Z 4 4 - 4 A c r o s s  w e ld ,  AW 66.  0 28.  2 26.  0 31.  0
206D No.  14 A c r o s s  w e ld ,  SHT 69.  1 29.  8 28.  0 33.  0
207D No.  15 A c r o s s  w e l d ,  SHT 73.  5 30.  5 28.  4 35.  0

1500°F 194D D 5 4 - 1 B a s e  m e t a l ,  AR 65.  9 33.  1 32.  0 33.  0
195D B 5 3 - 3 B a s e  m e t a l ,  SHT 75.  2 45.  9 44.  6 33.  5
362D E 5 3 - 2 All  w e l d ,  AW 59.  9 43.  8 25.  0 20.  5
45 ID D 5 4 - 8 All  w e ld ,  AW 62.  8 45.  5 33.  6 43.  5
364D C 5 4 - 4 Al l  w e l d ,  SHT 56.  1 35.  1 19. 0 38.  5
266D X 6 0 - 6 A c r o s s  w e ld ,  AW 7 1 . 0 45.  1 3 1 . 0 30.  5
267D Z 4 4 - 5 A c r o s s  w e ld ,  AW 68.  0 42.  8 23.  2 29.  0
268D Z 4 4 - 6 A c r o s s  w e l d ,  AW 7 1 . 0 42.  9 27.  0 34.  5

C ont ro l  S p e c i m e n s

T e m p T e s t  L o c a t i o n

1 2 0 0 °F No.  2 lab . 448D B a s e  m e t a l ,  AR 93.  0 36.  0 3 1 . 6 62.  5
L R L I T  I I  1 1 92.  8 31.  1 29.  3 52.  0

No .  3 lab I I  I I  I I 92.  5 39.  0 - - 54.  0
1350°F No.  2 lab . 522D I I  1 1  I I 69.  9 30.  7 29.  9 46.  5

L R L I I  I I  I I 85.  0 31.  1 28.  4 49.  3
No.  3 lab I I  I I  I I 78.  8 3 6 . 6 53.  0

AR®' -  A s  r e c e i v e d ,  h e a t - s o a k e d  a t  1500  °F, 2 h o u r s
AR^ - A s  r e c e i v e d ,  h e a t - s o a k e d  a t  1 5 0 0 ° F ,  6 h o u r s
AR^ -  A s  r e c e i v e d ,  h e a t - s o a k e d  a t  1 3 5 0 ° F ,  2 h o u r s
A R d  -  A s  r e c e i v e d ,  h e a t - s o a k e d  a t  13 50  °F, 6 h o u r s
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CLOSED SYMBOLS INDICATE 
SOLUTION HEAT-TREATED 
CONDITION
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F i g .  I V - 6 5 .  T e n s i l e  p r o p e r t i e s  o f  H a s t e l l o y - C  w e l d  m e t a l .



- 2 1 3 - U C R L - 6 5 1 6

100

80

</>

CO
<0
UJ
t r
I -
c o

60

40

2 0

CLOSED SYMBOLS INDICATE 
SOLUTION HEAT- TREATED 
CONDITION.

ULTIMATE STRENGTH

YIELD STRENGTH 
0.2  % O F F S E T

A
'A

±
ROOM4 -

ELONGATION

1 1 1
1400 15001200 1300

T E M P  (® F )
F i g .  I V - 6 6 .  T e n s i l e  p r o p e r t i e s  o f  H a s t e l l o y - C  b u t t  w e l d s .

6 0

50 '—

4 0 Z
o

3 0 1 -
<

20 CD
z

10 o
_ l

0 UJ

MUL-139T3



U C R L - 6 5 1 6 -214-

T a b l e  I V - 2 6 .  C r e e p - R u p t u r e  D a t a  f o r  H a s t e l l o y  C.

T e m p

S p e c i m e n de  s i g n a t i o n

C o n d i t  ion
S t r e s  s 

(k s i )

R u p t u r e
l i fe
(h r )

%
E l o n g a t i o n  
a t  r u p t u r eNo. 2 lab L R L

1 2 0 0 ° F 273D X 6 0 - 7 A c r o s s  w e l d ,  AW 70.0 12.4 35.0
274D X 6 0 - 8 A c r o s s  w e l d ,  AW 70.0 13.0 36 .0
275D Z 4 4 - 7 A c r o s s  w e l d ,  AW 70.0 15.6 2 4 .0
276D Z 4 4 - 8 A c r o s s  w e l d  AW 70.0 16.6 30.0
210D No. 16 A c r o s s  w e l d ,  SHT 70.0 3 .4 33 .0
211D No. 17 A c r o s s  w e l d ,  SHT 70 .0 4.1 35.0

1 3 5 0 ° F 262D E 5 3 - 3 B a s e  m e t a l ,  AR 70.0 0 .16 4 9 .0
356D E 5 3 - 1 2 ^ A l l  w e l d ,  AW 3 5 .0 ^ 19.1 ^ 15 .0^
285D X 6 0 - 1 1 A c r o s s  w e l d ,  AW 50.0 6.7 36 .0
287D Z 4 4 - 1 1 A c r o s s  w e l d ,  AW 50.0 6.3 40 0
284D X 6 0 - 1 0 A c r o s s  w e l d ,  AW 50.0 3 .7 39 .0
288D Z 4 4 - 1 0 A c r o s s  w e l d ,  AW 50.0 7.1 51.0
283D X 6 0 - 9 A c r o s s  w e l d ,  AW 4 5 .0 2 8 .0 10.0
286D Z 4 4 - 9 A c r o s s  w e l d ,  AW 4 5 .0 13.8 2 8 .0

1 4 5 0 ° F 251D E 5 3 - 9 ^ B a s e  m e t a l ,  A R 2 5 . 0 ^ 2 4 .1 ^ 5 8 .0 ^
449D D 5 4 - 1 2 ^ A l l  w e ld ,  AW 2 5 . 0 ^ 2 6 .5 ^ 2 4 . 0 ^
371D C 5 4 - 1 2 ^ A l l  w e ld ,  SHT 3 0 . 0 ^ 2 2 . 0 ^ 2 5 . 0 ^

1 5 0 0 » F 250D D 5 4 - 1 1 B a s e  m e t a l ,  AR 2 5 . 0 ^ 16 .5^ 3 7 .0 ^
— X - 6 B a s e  m e t a l ,  SHT 2 5 . 0 ^ 12.1^ 4 2 . 0 ^

278D X 6 0 - 1 3 A c r o s s  w e l d ,  AW 30.0 4 .0 2 0 .0
279D X 6 0 - 1 4 A c r o s s  w e l d ,  AW 30.0 4 .3 5 2 3 .0
280D Z 4 4 - 1 4 A c r o s s  w e l d ,  AW 30.0 4 .3 5 37.0
277D X 6 0 - 1 2 A c r o s s  w e l d ,  AW 25 .0 11.1 21 .0
282D Z 4 4 - 1 2 A c r o s s  w e l d ,  AW 25 .0 15.5 32 .0
281D Z 4 4 - 1 3 A c r o s s  w e l d ,  AW 25.0 16.0 35.0

R e s u l t s  a r e  f r o m  e x t r a - l o n g  d u r a t i o n  h o l d  t i m e s  in  c r e e p  t e s t i n g .
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T a b l e  I V - 2 7 .  C r e e p  D a t a  f o r  H a s t e l l o y  C.

a
0

r1

Spec
desifi

im en
nation S tr e s s

Load
strain

Tim e (hours) to indicated  
plast ic  strain(%)

T est
dura­
tion

Rupture
load

Rupture
life

■ ^0 ' 
Elong.  

at
Tem p No. 21a1 'LKL' Condition (ksi) (%) 0. 3 0. 5 0. 75 1. 0 2. 0 3. 0 (hr) (ksi) (hr) rupture Rem arks

1200°F 208D No. 11 B a se  metal,SHT 45. 0 2. 9 0. 25 0. 4 2. 9 6. 6 23. 0 — 42. 83 82. 1 0. 138 51. 0 2. 3% in 30 hr
3. 0% in 42. 83 hr

209D No. 13 B a se  metal,SHT 45. 0 2. 6 0. 25 0. 67 0. 67 2. 4 17. 0 32. 8 40. 8 - - - - 10. 0 2. 8% in 30 hr
158D No. 12 All weld, SHT 45. 0 1.8 0. 33 0. 45 1. 8 6. 0 30. 2 - - 39. 7 98. 6 0. 033 42. 0 2. 0% in 30 hr
161D No. 19 All weld, SHT 45. 0 2. 1 0. 80 0. 80 1. 33 5. 0 24. 0 43. 0 80. 3 9 9 .0 0. 025 40. 0 2. 3% in 30 hr

1350°F 249D
262D
263D

C54-5
E 53-3
C54-3

B a se  m eta l ,  SHT 
B a se  m eta l ,  AR 
B a se  m eta l ,  SHT

40. 0 
70. 0 
35. 0

0. 33 

0. 21

1. 1

2. 2

1. 63

2. 97

2. 2 

3. 8

2. 7 

4. 5

4. 8

7. 27

6. 9 

10. 1

21. 93 

16. 13

7 1 .0  

51. 3

0. 61 
0. 16 
5. 3

34. 0 
4 9 .0  
33. 0

356D E 53-12 All weld, AW 35. 0 0. 50 2. 0 2. 8 3 .7 4. 5 8. 0 11. 3 19. 1 35. 0 19. 1 15 .0 Ext. l o s s  3.6%in 13.5 hr
357D C54-2 All weld, SHT 35. 0 0. 10 1. 47 2. 03 2 .7 3. 27 5. 45 7. 97 28. 6 60. 0 0 .  001 23. 0 3. 0% in 8 . 0  hr
261D E 53-1 B a se  m eta l ,  AR 30. 0 0. 20 3. 5 4 .7 6. 0 7. 1 - - 16. 8 48. 3 7 .6 40. 0 Ext. l o s s  at 10.4 hr  

1.7% in 10.4 hr
26 4D D54-3 B a se  m eta l ,  AR 30. 0 0. 14 3. 1 4. 1 5. 3 6. 3 10. 5 - - 65. 8 44. 1 3. 27 3 7 .0 2. 4% in 12. 4 hr
260D B 53-5 B a se  m eta l ,  SHT 30. 0 0. 48 2. 7 3 .9 5. 2 6. 4 10. 83 15. 5 20. 27 3. 0 3. 7% in 18. 5 hr  

1. 0% rec o v er y
212D No. 18 B a se  m eta l ,  SHT 30. 0 0. 06 3. 6 4. 8 6. 3 7. 67 13. 2 18. 6 66. 7 - - 17. 0 5. 1% in 30 hr  

11. 0% in 60 hr
213D No. 20 B a se  m etal ,  SHT 30. 0 0. 17 2. 07 3. 0 4. 3 5. 47 12. 4 15. 7 65. 7 69. 8 0. 008 33. 0 7. 1% in 30 hr

8. 0% in 32. 6 hr
354D A 53-4 All weld, AW 30. 0 0. 12 2 .6 4 . 4 6. 5 8. 47 16. 2 24. 7 64. 0 60. 0 0. 7 25. 0 3. 6% in 30 hr
353D E 5 3 -4 All weld, AW 30. 0 0. 17 2. 2 4. 0 6. 5 8. 9 18.6 27. 6 41. 1 60. 0 1. 8 30. 0 3. 3% in 30 hr

4. 4% in 41. 1 hr
355D C54-6 All weld, SHT 30. 0 0. 15 1.7 2. 43 3. 23 4. 0 6. 5 9. 43 20. 8 60. 0 1. 3 50. 0 6. 4% in 20. 8 hr
252D D 54-9 B a se  m eta l ,  AR 25. 0 0. 15 6. 4 9 .6 12. 4 17. 2 32 .7 5 1 .5 87. 6 - - 4. 0 1. 8% in 30 hr  

0. 08% reco v er y
295D B 53-9 B a se  m eta l ,  SHT 25. 0 0. 18 1.7 2. 8 4. 01 5. 7 12. 5 19. 5 20 .7 5 2. 0 3. 2% in 20. 75 hr  

0. 35% reco v er y
269D B 53-13 B a se  m eta l ,  SHT 25. 0 0. 10 7. 0 9 .7 12. 6 15.7 29. 3 44. 3 65. 65 5. 0 2. 05% in 30 hr  

0. 10% reco v er y
214D No. 21 B a se  m eta l ,  SHT 25. 0 0. 08 9. 2 12. 2 15. 5 18. 6 35. 0 - - 44. 03 82. 8 0. 008 42. 0 1. 8% in 30 hr
215D No. 22 B a se  m eta l ,  SHT 25. 0 0. 10 7. 0 9. 6 12. 4 15. 0 25. 7 36. 0 44. 0 - - 4. 0 2. 5% in 30 hr  

0. 12% r e c o v er y
351D A53-7 All weld, AW 25. 0 0. 10 12. 4 20. 8 30. 6 40. 2 - - "■ 69. 3 60. 0 1. 0 12. 0 0. 75% in 30 hr

1. 7% in 69. 3 hr
352D B 53-7 All weld, SHT 25. 0 0. 10 3 .7 6. 0 8. 78 11.7 23. 0 35. 2 69. 4 60. 0 0. 65 25. 0 2. 6% in 30 hr

I

I



T a b l e  I V - 2 7  ( co n t in u e d ) .

Tem p

Specim en
designation

Condition
S tr e ss

(ksi)

Load
stra in

(%)

Tim e (hours) to indicated  
p last ic  s tra in  (%)

T est
d u ra ­
tion

(hr)

Rupture
load
(ksi)

Rupture
life
(hr)

%
Elong.

at
rupture Rem arksNo. 2 lab LRL 0. 3 0. 5 0. 75 1.0 2. 0 3. 0

1400 °F 255D E 53-5 B a se  m eta l ,  AR 30. 0 0. 03 2. 05 2 .7 3. 37 3. 9 6. 37 8. 8 19. 0 6. 0 7. 5% in 19. 0 hr
0. 10% r eco v ery

258D C54-9 B a se  m eta l ,  SHT 30. 0 0. 10 1. 67 2. 5 3. 57 4. 5 8. 2 12. 2 19. 0 77. 0 0. 017 38. 0 4. 7% in 19. 0 hr
445D X-1 B a se  m eta l ,  SHT 30. 0 0. 62 1. 2 1 .73 2. 23 2. 57 4 .7 - - 53. 8 50. 0 0. 2 26. 0 Ext. l o s s  2.0% in 4.7 hr
360D A 53-6 All weld, AW 30. 0 0. 20 0. 46 0. 83 1. 2 1. 93 4. 1 - - 20. 2 4 9 .7 0. 8 30. 0 8. 7% in 20. 2 hr
361D B 53-6 All weld ,  SHT 30. 0 0. 23 1. 16 1. 95 2. 7 3. 5 - - - - 21. 9 48. 6 1. 5 25. 0 Ext. l o s s  1. 3% in 4.7 hr
450D D54-10 All weld ,  AW 2 1 .4 0. 08 4. 5 7. 83 12. 6 18. 1 48. 2 100. 0 161. 0 50. 0 1. 2 19. 0 1. 46% in 30 hr
257D D 54-5 B a se  m eta l ,  AR 25. 0 0. 15 1. 7 2. 5 3. 4 4. 2 7. 8 11. 95 2 1 .6 52. 2 4. 0 42. 0 5. 1% in 2 1 .6  hr
256D B53-11 B a se  m eta l ,  SHT 25. 0 0. 12 1. 2 1. 7 2. 7 3. 7 7. 9 11 .9 19. 05 - - - - 5. 0 4. 8% in 19. 05 hr

0. 25% r eco v ery
446D X-2 B ase  m eta l ,  SHT 25. 0 0. 23 2. 3 3. 2 4. 2 5. 2 9 .6 15. 0 69. 6 50. 0 0. 3 24. 0 10. 0% in 57 hr
358D E 5 3 -1 0  All weld, AW 25. 0 0. 15 2. 7 3. 2 4. 5 5. 7 10. 5 15.7 21. 5 63. 7 0. 117 20. 0 4. 2% in 2 1 .5  hr
359D C54-10 All weld ,  SHT 25. 0 0. 28 1. 5 2. 2 3 .03 3. 93 7. 37 10. 8 18. 9 50. 5 1.7 59. 0 3. 4% in 1 8 .9  hr

1450 °F 253D C54-11 B a se  m eta l ,  SHT 30. 0 0. 12 0. 3 0. 4 0. 55 0. 63 1. 13 1.6 8. 5 44. 8 0. 3 50. 0 Ext. l o s s  3.75% in 1.9 hr
370D E 53-6 All weld ,  AW 30. 0 0. 32 0. 3 0. 47 0. 75 1. 1 2. 37 3. 3 14. 7 35. 0 0. 2 25. 0 10. 3% in 9. 5 hr
37 ID C54-12 All weld, SHT 30. 0 0. 10 0. 4 0. 55 0. 8 1. 03 - - - - 22. 0 30. 0 22. 0 25. 0 Ext. l o s s  1. 4% in 1.3 hr
251D E 53-9 B a se  m eta l ,  AR 25. 0 0. 03 1. 05 1. 5 2. 3 2. 8 - - - - 24. 1 25. 0 24. 1 58. 0 Ext. l o s s  1. 5%in 3.7 hr
254D C54-13 B a se  m eta l ,  SHT 25. 0 0. 24 0. 83 1.2 1. 67 2. 07 4. 07 6. 13 19. 5 52. 6 0. 15 23. 0 Ext.  l o s s  3. 65% in 7. 5 hr
447 D X -3 B ase  m eta l ,  SHT 25. 0 0. 10 0. 9 1.6 2. 1 2. 73 5. 37 7. 8 38. 7 35. 0 0. 30 29. 0 10% in 24. 37 hr
368D E 53-7 All weld ,  AW 25. 0 0. 05 0 .9 1. 4 2. 1 2 .7 5 5. 3 7 .7 5 38. 7 35. 0 0. 30 29. 0 10% in 23. 25 hr
449D D 54-12  All weld. AW 25. 0 0. 05 0. 7 1. 17 1.7 2. 2 4. 1 6. 0 26. 5 25. 0 2 6 . 5 24. 0 4. 2% in 8. 3 hr
36 9D B 53-10  All weld, SHT 25. 0 0. 20 2. 45 3. 5 4. 8 6. 0 10. 8 15. 8 36. 0 35. 0 18. 3 3 1 .0 Ext. l o s s  3.4% in 17 hr

1500°F 250D D54-11 B a se  m eta l ,  AR 25. 0 0. 15 0. 4 0. 503 0. 73 0. 92 1.7 2. 6 16. 5 25. 0 16. 5 37. 0 3. 9% in 3. 9 hr
X-6 B ase  m eta l ,  SHT 25. 0 0. 05 0. 4 0. 503 0 .7 0. 87 1. 5 - - 12. 1 25. 0 12. 1 42. 0

372D E 53-8 All weld, AW 25. 0 0. 10 0. 3 0. 58 0. 83 1. 16 2. 27 3. 27 15. 1 35. 0 0. 3 30. 0 6. 0% in 6 .2  hr
373D B 5 3 -4 All weld, SHT 25. 0 0. 10 0. 25 0. 383 0. 50 0. 67 1. 2 - - 10. 4 35. 0 0. 25 40. 0 Ext.  l o s s  2. 0% in 1. 2 hr
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100.0
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LOG TIME ( h o u rs )
F i g .  I V - 7 1 .  C r e e p  o f  H a s t e l l o y  C a t  1 4 5 0 ° F .

100.0
MUL-13978
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5 0
R U P T U R E
POINTS

S = 2 5 k s i

o'
MINIMUM
OBSERVEDZ o  BASE METAL  

A  ALL WELD SPECIMENS- 

V  ACROSS-WELD "

<
cr
I—
<o

•s>

CLOSED SYMBOLS INDICATE-  
SOLUTION HEAT TREATED = 

CONDITION

e>
O
_J

1.0 10.0 100,0
LOG TIME ( h o u r s )

F i g .  I V - 7 2 .  C r e e p  o f  H a s t e l l o y  C a t  1 5 0 0 ° F .

mul-13979
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RUPTURE5 0

4 0

N.' 0 .5 %

2 0

1300 1 40 0  
TEMPERATURE (®F)

1500
MUL-13980

F i g .  I V - 7 3 .  T h r e e - h o u r  c r e e p  p r o p e r t i e s  of  H a s t e l l o y  C.  B a s e d  on :  (1) 
s h e e t  p r o p e r t i e s  p e r  s u p p l i e r ;  (2) 5 / 1 6 - in .  a n d  3 / 4 - i n .  p l a t e  b a s e  m e t a l ;
(3)  w e l d  m e t a l  i n  a s - w e l d e d  a n d  s o l u t i o n - h e a t - t r e a t e d  c o n d i t i o n s ;  a n d  (4) 
a c r o s s ,  w e l d  i n  a s - w e l d e d  a n d  s o l u t i o n - h e a t - t r e a t e d  c o n d i t i o n s  ( r u p t u r e  on ly ) .
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C y c l i c  C r e e p  T e s t s .  C y c l i c  c r e e p  t e s t s  w e r e  c o n d u c t e d  on  

s i x  s p e c i m e n s  a t  a  t e m p e r a t u r e  of  1 3 5 0 “F  a n d  s t r e s s  of  2 5 ,0 0 0  p s i .  H e a t i n g  

r a t e s  of  2 0 0 ® F / s e c o n d  w e r e  u t i l i z e d  f o r  e a c h  c y c l e  w i t h  a  h o l d  t i m e  a t  t e m ­

p e r a t u r e  of  5 m i n u t e s . M a n u a l  l o a d i n g  to  t h e  d e s i r e d  s t r e s s  l e v e l  w a s  a c c o m ­

p l i s h e d  w i t h i n  a  30 to  60 s e c o n d  l i m i t .  E a c h  c y c l e  d u r a t i o n  w a s  15 m i n u t e s  

w i t h  s t r a i n  a n d / o r  d e f o r m a t i o n s  m e a s u r e d  b y :

1. A  d i f f e r e n t i a l  e x t e n s o m e t e r , w i t h  a s s o c i a t e d  X - Y  

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

2.  A  c a l i b r a t o r  ( s e n s i t i v i t y  1 m i c r o n )  f o r  m e a s u r e m e n t s  of  

t h e  g a u g e  l e n g t h  b e t w e e n  c y c l e s .

A l l  t e s t  d a t a  a r e  g iv e n  in  T a b l e  I V - 2 8  a n d  i l l u s t r a t e d  in  

F i g u r e s  I V - 7 4 ,  I V - 7 5 ,  a n d I V - 7 6 .  T h e s e  g r a p h i c  i l l u s t r a t i o n s  a r e  c o m p a r e d  

to  t h e  o b s e r v e d  c r e e p  c u r v e s  f o r  t h e  1 3 5 0 ° F  - 2 5 ,0 0 0  p s i  s t r e s s  l e v e l .  (See 

F i g u r e  IV -6 9 -  ) A s  m a y  b e  n o t e d ,  c o n s i d e r a b l e  d e v i a t i o n  i n  r e c o v e r y  f r o m  

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

( i.  e.  , B a u s c h i n g e r  e f f e c t s ,  h y s t e r e s i s  in  l o a d i n g  a n d  u n lo a d i n g )  of  t h e  e x ­

t r e m e l y  d u c t i l e  H a s t e l l o y - C  a l l o y  ^^ igh t  b e  p r o f i t a b l e  f r o m  a  p u r e l y  t h e o r e t -  

i c a l  s t a n d p o i n t ,  b u t  w o u l d  no t  a f f e c t  t h e  T o r y  I I - C  a p p l i c a t i o n  of  t h i s  m a t e r i a l .  

F o r  e a s e  of  p r e s e n t a t i o n ,  d i s c o n t i n u o u s  p o i n t s  a r e  o m i t t e d  to  p r o v i d e  a  s m o o t h ,  

c o n t i n u o u s  c r e e p  c u r v e  f r o m  th e  c y c l i c  t e s t s  p e r f o r m e d .

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

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

a t u r e s .  A s  e x p e c t e d ,  t h e  y i e l d  s t r e n g t h s  of  t h e  w e l d e d  s p e c i m e n s  w e r e  h i g h e r  

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

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

e r t i e s .  T h e  r e s u l t s  of  t h e  c o n t r o l  t e n s i l e  s p e c i m e n s  ( t h r e e  t e s t  s o u r c e s )  i n ­

d i c a t e d  a  g r e a t  d e a l  of  s c a t t e r .  T h e  c a u s e s  of  t h i s  s c a t t e r  w i l l  b e  i n v e s t i ­

g a t e d  f u r t h e r .

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

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

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

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

T h i s  is  due  to  t h e  s m a l l  n \ i m b e r  of  i d e n t i c a l  s p e c i m e n s  t e s t e d  a t  a n y  one  t e m ­

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

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

t i s e d  d a t a  f o r  s h e e t  m e t a l  ( s e e  F i g .  I V - 7 3 ) .  T h e  c y c l i c  c r e e p  t e s t  r e s u l t s
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T a b l e  I V - 2 8 .  C y c l i c  C r e e p  T e s t  D a t a  f o r  H a s t e l l o y  C.

S p e c im e n : D 5 4 -1 3  (270D) b a s e  m e ta l ,  a s  r e c e iv e d

T o ta l T o ta l C a lib r a to r  -
T h e rm a l L oad ing L oad c r e e p  in s t r a in  in D e fo rm a tio n T o ta l to ta l  in d ic a te d
e x p a n s  ion tim e s t r a in 900 s e c 900 s e c R e c o v e ry p e r  cy c le d e fo rm a tio n d e fo rm a tio n

C y c le (X 10-3) (se c ) (X 10-3) (X 10-3) (X 10-3) (X 10-3) (X 10-3) (X 10-3) (X 10-3)

1 19 .35  in . 39.5 2 .4  in . 1 . 2 0  in. 3 .6  in . 2 .30  in. 1.30 in. 1.3 in . 1.87 in.
2 2 1 . 0 0 39.5 2 .5 0 .30 2 . 8 2.50 0 .30 1 .6 2.14
3 2 3 .0 0 59.5 2 . 1 0.31 2.41 2 . 0 0 0.40 2 . 0 2.46
4 19.50 35.4 2 . 0 0 .35 2 .35 2 . 2 2 0.13 2.13 2.85
5 2 0 . 1 0 33.0 2 .3 0.35 2 .65 2.25 0 .40 2.53 4.06
6 19.60 59.0 2 . 8 0.31 3.11 2 . 2 1 0.90 3.43 2.81
7 2 0 .4 0 34.3 2 .7 0 .6 0 3.30 2.30 1 . 0 0 4 .43 3.28
8 2 0 . 2 0 47.0 2 .7 0 .55 3.25 2.40 0.85 5.28 3.72
9 19.90 37.0 2 .4 0 .25 2 .65 2.15 0.50 5.78 3.64

10 2 0 .9 0 48.5 2 . 6 0 .55 3 .15 2.35 0.80 6 .58 3.48
11 2 1 . 0 0 35.5 2 .5 0 .50 3.00 2.30 0 .70 7.28 3.80
12 19.90 26 .0 1.9 0 .50 2.40 2 . 1 0 0.30 7 .58 4 .35
13 2 1 . 0 0 50.0 2 .5 0 .60 3.10 2.45 0 .65 8.23 4.46
14 2 1 .90 49 .0 2 . 0 0 .40 2.40 2.40 0 . 0 0 8.23 4.62
15 2 0 . 0 0 50.1 2 .5 0 .40 2 .90 2.30 0 .60 8 .83 4 .98
16 - - 50.7 2 . 6 0 .5 8 3.18 2.38 0.80 9 .63 6.31
17 2 1 .50 51.5 2 . 1 0 .5 0 2.60 2.30 0.30 9.93 5.29
18 2 0 .8 0 35.3 2 . 2 0 .6 0 2.80 2 . 2 2 0 .58 10.51 5.80
19 2 0 .8 0 48.5 2 .7 0 .5 0 3.20 2.35 0.85 11.36 6.16
2 0 2 0 .6 0 58.0 2 .3 0 .6 5 2 .95 2.45 0.50 1 1 . 8 6 6.87

A ve. p e r
c y c le 2 0 .6 0 44 .36 2 .3 9 5 0 .50 2 .8 9 5 2 .296 0 .593

S p e c im e n : £ 5 3 -1 1  (2 7 ID ) b a s e  m e ta l ,  a s  r e c e iv e d

1 19.80 in . 39.5 2 .6 0  in . 0 .3 0  in . 2 .90  in . 2 . 2 0  in . 0 .70  in . 0 .70  in . 1.87 in .
2 2 0 . 0 0 39.0 2 .2 5 0 .50 2 .75 2.27 0 .50 1 . 2 0 -2 .4 2
3 2 3 .0 0 58.0 2 .3 0 0 .36 2 . 6 6 2.05 0.61 1.81 -2 .0 7
4 2 0 . 1 0 35.4 2 .50 0 .40 2 . 9 0 2.32 0 .58 2.39 3.01
5 19.50 35.5 2 .3 0 0 .30 2 .60 2.30 0.30 2 .69 2.81
6 19.50 60.0 2 .4 5 0 .45 2 .90 2.35 0.55 3 .24 2.97
7 19.90 33.2 2 .3 0 0 .35 2 .65 2.35 0.30 3.54 3.48
8 19.30 46.3 2 .3 5 0 .50 2 .85 2.35 0.50 4 .04 3.09
9 2 0 . 2 0 38.8 2 .25 0 .3 5 2 .60 2.28 0.32 4 .36 -5 .2 6

10 19.60 48.5 2 .50 0 .40 2 .90 2.32 0.58 4 .9 4 -5 .43
11 2 0 .9 0 33.3 2 .40 0 .15 2 .55 2.40 0.15 5.90 3.84
12 2 0 . 0 0 24.5 2 .50 0 .2 5 2 .75 2.40 0.35 5.44 4.07
13 2 0 .9 0 50,0 2 .75 0 .40 3.15 2 .65 0.50 5.94 4.78
14 19.70 50.0 2 .5 0 0 .60 3.10 2 .50 0.60 6.54 4.35
15 2 1 . 1 0 50.0 2.70 0.50 3.20 2.50 0 .70 7.24 4 .95
16 2 0 .7 0 52.4 2 .8 0 0 .50 3.30 2.60 0.80 8.04 5.61
17 - - 49.3 2 .2 5 0 .5 5 2 .80 2 .25 0 .55 8.59 4 .76
18 2 0 . 1 0 34.1 2 .35 0 .25 2 .60 2.40 0 . 2 0 8.79 5.89
19 2 1 . 2 0 52.2 2 .4 0 0 .6 0 3.00 2.32 0 . 6 8 9.47 5.69
2 0 2 0 .9 0 57.0 2 . 2 0 0 .30 2.50 2.30 0 . 2 0 9 .67 6.83

A ve. p e r
c y c le 2 0 .3 8 44.3 2 .43 0 .40 2 .83 2.36 0 .483

S p e c im e n : £ 5 3 -1 3  (272D) b a s e  m e ta l ,  a s  r e c e iv e d

1 1 9 . 0 0  in . 2 0 . 0 2 . 2 2  in . 0 .3 5  in. 2 .5 7  in . 2 . 1 0  in . 0 .47  in. 0 .47  in . -0 .8 3  in .
2 2 1 . 0 0 35.0 2 .17 0 .33 2 .50 2.09 0.41 0 . 8 8 - 0 . 1 2
3 2 0 . 0 0 34.5 2 .25 0 .25 2 .50 # 44 .5  % *

* (9 m in ) (9 m in )
-  £ q u ip m e n t m a lfu n c tio n , s p e c im e n  r u p tu re d

A ve. p e r
c y c le 2 0 . 0 0 29.8 2 .18 0 .34 2 .52 2 .095 0 .44
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T a b l e  I V - 2 8  ( c o n t i n u e d ) .

S p e c i m e n : A 5 3 - 8  (365D ) a l l  w e ld , a s  w e l d e d

C y c l e
E x p a n s i o n  

(X 1 0 - ^ )

L ioad ing
t i m e
( s e c )

L o a d  
s t r a i n  

(X 1 0 -3 )

T o t a l  
c r e e p  in  
90 0  s e c  
(X 1 0 - 3 )

T o t a l  
s t r a i n  in  
900  s e c  
(X 10 -3 )

R e c o v e r y  
(X 1 0 -3 )

D e f o r m a t i o n  
p e r  c y c l e  

(X 1 0 - 3 )

T o t a l  
d e f o r m a t i o n  

(X 1 0 -3 )

C a l i b r a t o r  -  
t o t a l  i n d i c a t e d  
d e f o r m a t i o n  

(X 1 0 - 3 )

I 1 9 .8 0  in . 3 7 .5 2 .7 0  in .  1 .40  in . 4 . 1 0  in . 2 .5 0 1 .60  in . 1 .60  in . 1 .93  in .
2 2 1 . 0 0 3 2 .5 2 .5 0 0 .9 5 3 .4 5 2 .8 0 0 .6 5 2 . 2 5 - 1 2 . 2 8
3 2 0 . 2 0 3 3 .0 2 .5 0 0 .8 0 3 .30 2 .6 3 0 .6 7 2 .9 2 2 .9 2
4 2 0 . 0 0 3 5 .5 2 .4 0 0 .8 0 3 .2 0 2 .3 0 0 .9 0 3 .8 2 3.31
5 2 0 . 7 0 3 5 .5 2 .5 0 0 .7 0 3 .20 2 .6 0 0 .6 0 4 .4 2 3 .3 5
6 1 9 .5 0 3 7 .3 2 .5 0 0 .7 0 3 .2 0 2 .4 2 0 .7 8 5 .2 0 3 .6 6
7 2 0 . 5 0 3 7 .0 2 .5 5 0 .5 5 3 .1 0 2 .6 0 0 .5 0 5 .70 4 .1 0
8 19-90 3 7 .4 2 .4 0 0 .6 4 3 .0 4 2 .6 0 0 .4 4 6 .1 4 3 .82
9 2 1 . 0 0 2 9 .5 2 .5 0 0 .6 0 3 .1 0 2 .5 5 0 .5 5 6 .6 9 3 .7 0

10 1 9 .3 0 3 1 .0 2 .3 5 0 .5 0 2 . 8 5 2 . 4 5 0 .4 0 7 .0 9 4 .0 3
11 2 1 . 1 0 3 5 .3 2 .3 0 0 .3 8 2 .6 8 2 .3 8 0 .3 0 7.39 4 .3 7
12 2 0 . 9 0 3 5 .3 2 .1 5 0 .4 5 2 .6 0 2 .4 5 0 .1 5 7 .5 4 4 .6 9
13 2 0 . 1 0 3 7 .8 2 . 4 5 0 .4 0 2 . 8 5 2 .6 0 0 .2 6 7 .8 0 5 .4 4
14 2 0 . 8 0 3 8 .2 2 .5 2 0 .4 8 3 .0 0 2 .6 0 0 .4 0 8 .2 0 4 .8 1
15 2 0 . 6 0 3 6 .5 2 .6 0 0 .4 5 3 .0 5 2 .5 0 0 .5 5 8 .7 5 5 .6 3
16 2 0 . 1 0 37.1 2 .5 0 0 . 3 3 2 .8 3 2 ,5 0 0 .3 3 9 .0 8 5 .20
17 2 0 . 8 0 3 9 .0 2 .5 0 0 .5 0 3 .0 0 2 .7 0 0 .3 0 9 .3 8 6 .22
18 19 .90 3 0 .0 2 .8 0 0 .8 0 3 .6 0 2 .9 0 0 .7 0 10 .08 6 .4 6
19 2 1 . 9 0 2 8 .5 2 .2 0 0 .4 0 2 .6 0 2 .6 5 0 .5 0 10 .5 8 6 .4 6
20 2 0 . 1 0 3 5 .5 2 .5 0 0 .4 5 2 95 2 .5 5 0 .4 0 10 .98 6 .8 5

A v e . p e r
c y c l e 2 0 .4 1 3 5 .0 2 .4 7 1 0 . 6 1 4 3 .0 8 5 2 .5 6 4 0 549

S p e c i m e n : B 5 3 - 8 (366D ) a l l  w e ld , s o l u t i o n  h e a t  t r e a t e d

1 2 0 . 0 0  in . 36 .3 2 . 4  in . 0 .9 2  in . 3 .3 2  in . 2 .3 0  in . 1 .02  in . 1 .02  in . 1 .69  in .
2 2 0 . 5 0 3 3 .5 2 . 3 5 0 .5 5 2 .9 0 2 .3 0 0 .6 0 1 .62 1 .73
3 2 0 . 5 0 36 .2 2 . 2 5 0 .6 0 2 .8 5 2 .2 3 0 .6 2 2 .2 4 2 .2 8
4 2 0 . 0 0 36.1 2 . 3 8 0 .2 7 2 . 6 5 2 .1 6 0 .4 9 2 .7 3 2 .5 2
5 2 0 . 1 0 3 5 .3 2 .2 0 0 .5 2 2 .7 2 2 .3 2 0 .4 0 3 .1 3 3 .5 8
6 2 0 . 0 0 3 4 .5 2 .2 0 0 .6 0 2 .8 0 2 .3 2 0 . 4 8 3.61 3 .6 6
7 2 0 . 0 0 36 .2 2 . 0 0 0 .4 7 2 .4 7 2 .1 3 0 . 3 4 3 .9 5 3 .8 6
8 19 .3 0 2 8 .5 2 .2 0 0 .4 0 2 .6 7 2 .3 0 0 .3 0 4 .2 5 4 .3 7
9 19 .9 0 30 .0 2 . 3 0 0 .4 0 2 .7 0 2 .2 5 0 .4 5 4 .7 0 4 .71

10 19 .40 3 5 .5 2 .3 0 0 .3 5 2 .6 5 2 .2 3 0 .4 2 5 .12 5 .4 4
11 2 0 . 2 0 3 6 .3 2 .4 0 0 .4 0 2 .8 0 2 .3 2 0 . 4 8 5 .6 0 6 .1 5
12 2 0 . 3 0 3 8 .3 2 .1 0 0 .4 5 2 .5 5 2 .3 0 0 .2 5 5 .8 5 3 .9 0
13 19 .40 37 .5 2 ,1 2 0 .5 5 2 .6 7 2 .2 8 0 .3 9 6 .2 4 6 .5 8
14 19 .90 3 0 .0 2 .4 0 0 .6 0 3 .0 0 2 .4 0 0 .6 0 6 .8 4 4 .6 1
15 2 1 . 1 0 3 7 .8 2 . 6 0 0 .4 5 3 .0 5 2 .6 0 0 .4 5 7 .2 9 6 .9 7
16 2 1 . 2 0 4 0 .5 2 .4 0 0 .5 0 2 .9 0 2 .4 0 0 .5 0 7 .7 9 7 .01
17 2 0 . 0 0 4 0 .0 2 . 5 0 0 .5 0 3 .0 0 2 .3 0 0 .7 0 8 .4 9 7 .4 8
18 2 0 . 8 0 2 7 . 5 2 .5 0 0 .4 0 2 .9 0 2 .4 2 0 .4 8 8 .97 7 .6 4
19 2 0 . 8 0 3 2 .8 2 .3 0 0 .8 0 3 .1 0 2 .4 5 0 . 6 5 9 .6 2 8 .5 5
20 - - 33 .7 2 . 3 0 0 .6 0 2 .9 0 2 .2 8 0 .6 2 10 .24 8.39

A v e .  p e r
c y c l e 2 0 . 1 7 34 .8 2 .31 0 . 5 1 6 2 .8 2 6 2 .31 0 .5 1 6
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T a b l e  I V - 2 8  ( c o n t in u e d ) .

S p e c i m e n : B 5 3 - 2  (367D ) a l l  w e ld , s o l u t i o n  h e a t  t r e a t e d

C y c l e
E ^ a n s i o n  

(X 10 -3 )

L o a d i n g
t i m e
( s e c )

L o a d  
s t r a i n  

(X 1 0 -3 )

T o t a l  
c r e e p  in  
900  s e c  
(X 1 0 -3 )

T o t a l  
s t r a i n  in  
9 0 0  s e c  
(X 1 0 -3 )

R e c o v e r y  
(X 1 0 -3 )

D e f o r m a t i o n  
p e r  c y c l e  

(X 1 0 -3 )

T o t a l  
d e f o r m a t i o n  

(X 10 -3 )

C a l i b r a t o r  - 
t o t a l  i n d i c a t e d  
d e f o r m a t i o n  

(X 10 -3 )

1 2 0 . 4 0  in . 36 .1 2 .3 0  in . 0 .8 3  in . 3 .1 3  in .  2 . 1 0  in . 1 .03  in . 1.03 in . - 0 . 0 4  in .
2 2 0 . 0 0 3 3 .0 2 .3 8 0 .5 7 2 .9 5 2 .2 5 0 .7 0 1.73 0 .3 7
3 2 0 . 5 0 3 6 .3 2 .1 0 0 .2 0 2 .3 2 2 .1 0 0 .2 0 1.93 - 3 . 3 1
4 19 .70 36.1 2 .3 0 0 .4 2 2 .7 2 1.80 0 .9 2 2 .8 5 1 .06
5 2 0 . 3 0 3 6 .5 2 .4 5 0 .6 5 3 .1 0 2 .4 3 0 .6 7 3 .52 0 .91
6 2 0 . 7 0 3 6 .0 2 .4 0 0 .5 0 2 .9 0 2 .3 5 0 .5 5 4 .0 7 1 .10
7 1 9 .5 0 3 3 .0 2 . 2 0 0 .3 5 2 .5 5 2 .7 0 0 .4 7 4 .5 4 2 .0 4
8 1 9 .9 0 3 6 .0 2 . 3 0 0 .5 6 2 .8 6 2 .3 2 0 .5 4 5 .0 8 2 .21
9 2 0 . 2 0 37.1 2 . 2 5 0 .7 0 2 .9 5 2 .3 5 0 .6 0 5 .68 1.86

10 2 0 . 2 0 3 6 .8 2 . 0 5 0 .6 0 2 .6 5 2 .2 0 0 .4 5 6 .13 1.62
11 1 9 .7 0 3 5 .5 2 . 4 5 0 .5 5 3 .0 0 2 .3 5 0 .6 5 6 .7 8 2 .8 4
12 19 .90 2 6 .0 2 . 3 0 0 .3 5 2 .6 5 2 .2 5 0 .4 0 7 .1 8 3 .1 6
13 - - 3 8 .0 2 . 2 0 0 .4 5 2 .6 5 2 30 0 .3 5 7 .53 3 .5 9
14 2 1 . 4 0 38 .3 2 . 1 5 0 .5 5 2 .7 0 2 .3 5 0 . 3 5 7 .8 8 4 .4 2
15 2 0 . 9 0 3 9 .6 2 . 0 5 0 .4 0 2 .4 5 2 .3 5 0 .1 0 7 .9 8 4 .4 9
16 2 1 . 1 0 3 8 .0 2 . 7 0 0 .5 0 3 .2 0 2 .4 0 0 .8 0 8 .7 8 5 .32
17 2 0 . 0 0 3 7 .5 2 . 5 5 0 .4 5 3 .0 0 2 .3 5 0 .6 5 9 .4 3 4 .7 3
18 2 2 . 0 0 32 .3 2 . 4 0 0 .6 0 3 .0 0 2 .3 0 0 .6 7 10.10 5 .87
19 2 1 . 0 0 31 .0 2 . 1 0 0 .6 0 2 .7 0 2 .5 0 0 . 2 0 10.30 6 .62
o r> 2 0 . 2 0 35 .0 1 .90 0 .6 0 2 .5 0 2 .41 0 .0 9 10.39 6 .62

A v e . p e r
c y c l e 2 1 . 5 3 3 5 .4 2 . 2 8 0 .5 2 1 2 .8 0 1 2 .31 0 .5 1 9

T e s t  p r o c e d u r e  T e s t  e q u i p m e n t

1. H ea t s p e c im e n  to  1350®F I. M a ch in e  • E .T .T .M .
2. H o ld  a t  te m p e r a tu r e  5 m in u te s 2. H ea tin g  - r e s i s t a n c e
3. A pply  lo a d  (S = Z 5  k s i)  in  30-60  se c o n d s 3. H ea tin g  r a te  -  2 0 0 “F /s e c o n d
4. H o ld  a t  lo a d  an d  te m p e r a tu r e  f o r  15 m in u te s 4. E x te n s o m e te r  - TM C  d if fe r e n t ia l  e x te n s o m e te r
5. R e m o v e  lo a d  and  te m p e r a tu r e 5. G auge le n g th  - 2 .0  in ch es

M in im u m  do w n tim e  - 2  h o u rs 6. S tra in  r e c o r d e r  -  M o se ly  A u to g ra f  X -4  r e c o r d e r
6. R e p e a t above cy c le  20 t im e s 7. G auge le n g th  m e a s u re m e n ts  - M ann c a l ib r a to r
7. R e c o rd  a l l  d e fo rm a tio n s ( s e n s i t iv i ty  1 m ic ro n )
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a g r e e d  w i t h  t h e  s t a n d a r d  c r e e p  r e s u l t s  a n d  i n d i c a t e d  t h a t  th e  m a t e r i a l  d o e s  

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

i t s  u s e  in  t h e  T o r y  I I - C  e n v i r o n m e n t .

If  t h e  m a t e r i a l  i s  u s e d  a t  e l e v a t e d  t e m p e r a t u r e s  b e l o w  1250®F 

f o r  s h o r t  p e r i o d s  of  t i m e  (i. e.  , a b o u t  10 h o u r s )  t h e  s h o r t - t i m e  y i e l d  o r  u l t i ­

m a t e  s t r e n g t h  w o u ld  b e  th e  g o v e r n i n g  c r i t e r i o n .  F o r  t e m p e r a t u r e s  a b o v e  

1 2 5 0 * F ,  c r e e p  m a y  b e  t h e  g o v e r n i n g  c r i t e r i o n .

S i d e - S u p p o r t  S p r i n g s  F a t i g u e  T e s t

S e v e r a l  s p e c i m e n s  of  t h e  b r a z e d  s i d e - s u p p o r t  s p r i n g s  (R e n e  41) 

w e r e  f a t i g u e  t e s t e d  a t  1400®F. T h e  s p r i n g s  a r e  s i m i l a r  in  s h a p e  to  t h o s e  u s e d  

i n  t h e  " s l i c e  t e s t "  w h i c h  i s  d i s c u s s e d  l a t e r  i n  th e  r e p o r t .  T h e  b r a z e  j o i n t s  in  

t h e s e  s a m p l e s  w e r e  p r e l i m i n a r y  a n d ,  in  f a c t ,  p r o v e d  to  b e  t h e  c r i t i c a l  r e g i o n .  

T h e  r o o m - t e m p e r a t u r e  l o a d - d e f l e c t i o n  c u r v e  w a s  m e a s u r e d  f o r  tw o  s p r i n g s  to  

a  l o a d  of  500 lb.  T h e  v a r i a t i o n  w a s  l i n e a r  a n d  th e  s p r i n g  c o n s t a n t  f o r  b o t h  w a s  

2100  l b / i n .  In  a  t y p i c a l  t e s t  p r o c e d u r e ,  t h e  s p r i n g  w a s  m o u n t e d  on  i t s  h o l d e r  

i n  t h e  f u r n a c e ,  a n d  t h e  e c c e n t r i c  b a c k e d  off  ( s e e  F i g .  TV-77).  T h e  s p r i n g  w a s  

t h e n  m o v e d  f o r w a r d  u n t i l  i t  j u s t  c o n t a c t e d  t h e  l o a d i n g  p l a t e .  In  t h i s  p o s i t i o n  

t h e  t e m p e r a t u r e  w a s  r a i s e d  to  1400®F. T h e  t h e r m a l  e x p a n s i o n  of  t h e  s p r i n g  

c a u s e d  a n  i n i t i a l  p r e l o a d  of  a b o u t  200 lb.  T h e  m o t o r  w a s  t h e n  t u r n e d  on  a n d  

t h e  t r a n s m i t t e d  l o a d  r e c o r d e d .  P r e l i m i n a r y  r e s u l t s  a r e  g iv e n  in  T a b l e  I V - 2 9  

a n d  F i g .  I V - 7 8 .  In  o r d e r  to  d e t e r m i n e  t h e  l i f e t i m e  of t h e  s p r i n g  i t s e l f ,  a  

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

T h i s  s p r i n g  m o d e l  i s  d e s i g n e d  to  t a k e  u p  th e  t h e r m a l  e x p a n s i o n  

l o a d s  on ly .  A  s i m i l a r ,  b u t  s m a l l e r ,  s p r i n g  w i l l  s u p p o r t  t h e  g - l o a d s .

S e v e n - t o - O n e  H o l e  T r a n s i t i o n  S e c t i o n s

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

t i o n s  f o r  T o r y  I I - C ,  f o u r  d i f f e r e n t  g e o m e t r i e s  w e r e  t e s t e d  f o r  t o t a l  p r e s s u r e  

l o s s e s .  I n  t h e s e  t e s t s  t h e  t r a n s i t i o n  s e c t i o n s  d i s c h a r g e d  in t o  a  p l e n u m  of c r o s s -  

s e c t i o n a l  a r e a  e q u a l  to  t h e  s e v e n  t u b e s .  T h i s  w a s  do n e  to  e l i m i n a t e  s u d d e n  

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

s h o w n  f o r  t h e  t r a n s i t i o n  s e c t i o n  on ly .  (See  F i g .  I V - 7 9 .  )
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Fig. IV-77. Apparatus used for both the air-pad and side-support spring tests.
A. Motor-driven variable sheave.
B. Driving pulley which rotates an eccentric mounted to a shait. The shaft passes into the furnace.
C. Output shaft on which is mounted the spring.
D. The furnace.

E. The load cell which senses the transmitted load.
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T a b l e  I V - 2 9 .  P r e l i m i n a r y  R e s u l t s ,  S i d e - S u p p o r t  S p r i n g s  F a t i g u e  T e s t s .

R u n
No.

S p e c
No.

T e m p
( “F)

O s c i l l a t i n g  
d e f l e c t i o n  

t o t a l  
s t r o k e  

( i n .  )
F  r e q u e n c y  

(rprn)

P r e l o a d  
th e  r m  

e x p a n s i o n  
(lb)

M a x  
s t r e s  s 

CT 
(ks i)  

i n i t i a l

O s c i l l a t i n g
s t r e s s

CT
(ks i)

i n i t i a l
No.  c y c l e s  

to  f a i l R e m a r k s

1 2 1400 0.  225 700 200 60 40 10^ No f a i l

2 8 R m 0. 350 - - - - - - - - 1 B r a z e  f a i l e d

3 1 1400 0. 350 550 200 67 16 1 8 X 1 0 ^

4 1400 0. 350 200 - - 1 B r a z e  f a i l e d

5 A ( R - 2 3 5
s l i c e
s p r i n g )

1400 0. 350 550 200 73 16 5 X 1 0 ^ B r a z e  s u r v i v e d .  
0. 150 p e r m a n e n t  
s e t  in  s p r i n g .

T h e s t r e s s e s in  t h e s p r i n g s :

I
MUo
00

cr 100 P

In  t e r m s  of  t h e  d e f l e c t i o n ,  d,  in  i n c h e s  a n d  u s i n g  
2100  l b / i n ,  a s  t h e  r o o m - t e m p e r a t u r e  s p r i n g  c o n s t a n t  
f o r  t h e  R e n ^  41 s p r i n g s .

“ (R m ) = 2 X d
U s i n g  ^ j 4 o o / ^ R m  s c a l i n g  f a c t o r

“ (1400)  - a
0

r1
O
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F i g .  I V - 7 9 -  T r a n s i t i o n  s e c t i o n  l o s s e s .
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T h e  c o u n t e r b o r e  s e c t i o n  (F ig .  I V -8 0 )  h a s  a  b o r e  in to  t h e  t u b e  s e c ­

t ion .  T h i s  b o r e  h a s  t h e  s a m e  c r o s s - s e c t i o n a l  a r e a  a s  t h e  s e v e n  t u b e s  a n d  

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

t h e  s ix  o u t e r  t u b e s .  T h e  15® s e c t i o n  (F ig .  I V -8 1 )  w i t h  p o i n t s  c o n v e r g e s  t h e  

s i x  o u t e r  h o l e s  a t  15®. I t  i s  d e s i g n e d  so a s  to  g iv e  a p p r o x i m a t e l y  c o n s t a n t  

c r o s s - s e c t i o n a l  a r e a  to  t h e  s e v e n  t u b e s  p l u s  s i x  f l u t e s  l e a d i n g  in  a t  10®. T h e  

S u n f l o w e r  s e c t i o n  t u r n s  t h e  s i x  o u t e r  h o l e s  i n  a t  11 ° , so  t h a t  t h e  d o w n s t r e a m  

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

an  a r e a  (7A) e q u a l  t o  s e v e n  s m a l l - h o l e  a r e a s .  T h e  w e b s  b e t w e e n  t h e  s e v e n  

h o l e s  a r e  t h e n  r e m o v e d  b y  b o r i n g  a  s i n g l e  c i r c u l a r  h o l e  of  a r e a  7A t h r o u g h  

th e  e n t i r e  p a r t .  (See  F i g .  T V -8 2 . )  T h e  5® s e c t i o n  w i t h  f l a r e  (F ig .  I V -8 3 )  t u r n s  

t h e  s i x  o u t e r  h o l e s  a t  5®, b u t  t h e y  do n o t  i n t e r s e c t .  T h e  s e v e n  h o l e s  t h e n  d i s ­

c h a r g e  in t o  a  f l a r e  w h i c h  c o n v e r g e s  to  a c r o s s - s e c t i o n a l  a r e a  e q u a l  to  th e  

s e v e n  t u b e s .

S l i c e  T e s t

T h e  s l i c e - t e s t  u n i t  h a s  b e e n  a s s e m b l e d .  S t a t i c  l o a d  t e s t i n g  h a s  

b e e n  a c c o m p l i s h e d  a t  a  5 - p s i  s p r i n g  p r e s s u r e .

T h e  s l i c e - t e s t  a s s e m b l y  i s  a  f u l l - d i a m e t e r  a r r a y  of  s t e a t i t e  t u b e s  

( 0 . 2 9 8 5  a c r o s s  f l a t s )  . T h e  t u b e s  a r e  5 - i n .  , 3 - 1 / 2 - i n .  , a n d  l - l / 2 - i n .  long  

to  p r o v i d e  s t a g g e r ,  a n d  a r e  a s s e m b l e d  t o  a  1 0 - in . - t h i c k  s e c t i o n .  T h e  f u l l -  

d i a m e t e r  t u b e  a s s e m b l y  of  53 .25  i n c h e s  i s  c o n s t r a i n e d  b y  a  s y s t e m  of 16 p r e s ­

s u r e  p a d s  a n d  32 s p r i n g s ,  c o n c e p t u a l l y  t h e  s a m e  a s  t h e  s i d e  s u p p o r t  s y s t e m .  

F i g u r e s  I V - 8 4  t h r o u g h  I V -8 6  s h o w  t h e  t e s t  i t e m .  P r i o r  to  a s s e m b l y ,  e a c h  

H a s t e l l o y  R - 2 3 5  s p r i n g  p a i r  w a s  l o a d e d  to  d e t e r m i n e  t h e  s p r i n g  c o n s t a n t  a n d  

to  c a l i b r a t e  a n d  f l e x  t h e  s t r a i n  g a u g e s .  A l l  16 p a i r s  h a d  a  c o n s t a n t  of  4300  ±

10 p o u n d s / i n c h .

F i v e - p s i  p r e s s u r e  w a s  p u t  on  t h e  s p r i n g s ,  p l u s  t h e  g r a v i t y  lo a d ,  

w h i c h  g a v e  t h e  t o p  s p r i n g s  3 p s i  a n d  t h e  b o t t o m  s p r i n g s  7 p s i  w i t h  a  c o s i n e  

d i s t r i b u t i o n  a l l  a r o u n d .  A s u r v e y  of  s t a t i c  f r i c t i o n  l o a d s  f o r  13 l a r g e  m o d u l e s  

(4.1 i n c h e s  a c r o s s  f l a t s )  w a s  m a d e  w i t h  a  h y d r a u l i c  j a c k .  L o a d i n g  w a s  i n ­

c r e a s e d  a t  t h e  r a t e  of  200 l b / m i n u t e  u n t i l  s l i p p i n g  o c c u r r e d .  F r i c t i o n  l o a d s
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Fig. IV-85. Angle view of slice-test item.
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Fig. IV-86. End view of slice-test item.
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v a r i e d  f r o m  235 p o u n d s  n e a r  t h e  t o p  t o  350 p o u n d s  n e a r  t h e  b o t t o m  of t h e  t u b e  

a r r a y .  A  s u r v e y  of  f r i c t i o n  l o a d s  on  s e v e n - t u b e  c l u s t e r s  w a s  a l s o  m a d e .  

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

s h o w i n g  a v e r a g e  l o a d  a s  a  f u n c t i o n  o f  h e i g h t  i s  g iv e n  in  F i g .  I V - 87. P o o r  

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

o n  th e  u n i f o r m i t y  of  l o a d i n g  in  t h i s  r e g i o n ,  b u t  s h o u l d  h a v e  l i t t l e  e f f e c t  s e v e r a l  

i n c h e s  i n  f r o m  t h e  p e r i p h e r y .

L o a d - D e f l e c t i o n  C h a r a c t e r i s t i c s

T e s t i n g  of  a  l a r g e  s t a c k ,  c o n t a i n i n g  a b o u t  1000 t u b e s ,  i s  b e i n g  

c o n d u c t e d  to  d e t e r m i n e  t h e  f u n d a m e n t a l  c h a r a c t e r i s t i c s  of s u c h  a  s y s t e m .  I n  

t h e  p a s t ,  t e s t s  e m p l o y e d  T o r y  I I - A - 1  f u e l  t u b e s  a n d  s t e a t i t e  m o c k u p s  ( s e e  p r e ­

v i o u s  p r o g r e s s  r e p o r t ) .  T h e  l o a d  v s  d e f l e c t i o n  c u r v e s  f o r  e a c h  s y s t e m  c a n
2

b e  r e p r e s e n t e d  b y  a  p a r a b o l a  of  t h e  f o r m  P  = A y + B y  ; h o w e v e r ,  t h e  c o n s t a n t s  

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

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

p e a r e d  to  b e  a n  i m p o r t a n t  p a r a m e t e r ,  a n d  s t e a t i t e  t u b e s  w h i c h  h a d  b e e n  g r o u n d  

to  16 m i c r o i n c h e s  r m s .  t r a n s v e r s e ,  a n d  32 m i c r o i n c h e s  r m s .  a x i a l l y ,  w e r e  

t e s t e d .  T h e  s t i f f n e s s  of  t h i s  s t a c k  w a s  s i g n i f i c a n t l y  g r e a t e r  t h a n  f o r  t h e  p r e ­

v i o u s  r o u g h  s t e a t i t e  s t a c k .  T h e  a c c o m p a n y i n g  g r a p h s  p r e s e n t  t h e  r e s u l t s  of  

t h r e e  s e r i e s  o f  t e s t s ;  s h o w i n g  t h e  l o a d  v s  d e f l e c t i o n  (F ig .  I V - 8 8 ) ;  s t i f f n e s s  

v s  d e f l e c t i o n  (F ig .  I V - 8 9 ) ;  a n d  th e  e q u a t i o n s  f o r  e a c h  c u r v e .  A l l  t h e  c u r v e s  

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

j e c t e d  t o  p r e l i m i n a r y  l o a d s .

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

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

i s  due  t o  a  l o w e r  c o e f f i c i e n t  of  f r i c t i o n  a n d  a  r e d u c t i o n  of  c a m b e r  a n d  d i m e n ­

s i o n a l  t o l e r a n c e .  T h e  n u m b e r  of  l o o s e  t u b e s  a t  30 p s i  w a s  123,  o r  a b o u t  11% .

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

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

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

S in c e  t h e  c o n s t a n t  in  t h e  e q u a t i o n  c a n n o t  b e  d e r i v e d  t h e o r e t i c a l l y ,  

f u r t h e r  t e s t i n g  w i l l  b e  c o n d u c t e d  w i t h  v a r y i n g  s t a c k  d i m e n s i o n s .
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AT 3 0  psi

2 0 0
STEATITE

A 3-^ in 1 0 8 149 P=2.25y+Q52y^
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F i g .  I V - 8 8 .  L o a d  v s  d e f l e c t i o n  f o r  1 0 0 0 - tu b e  s t a c k .  A bou t  1 2 - in .  X 6 - i n .  X 4 - i n .  , l o a d e d  i n  t h e  1 2 - in .  
a x i s .  ( R o o m  t e m p .  )
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T h e  c u r v e  of  s t i f f n e s s  v s  d e f l e c t i o n  s h o w s  t h a t  t h e  i n t e r a c t i o n  of
2

th e  e l e m e n t s  ( c o n s t a n t  B in  P  = A y  + B y  ) f o r  t h e  g r o u n d  s t e a t i t e  w a s  s i m i l a r  

to  th e  B e O ,  b u t  t h e  s t e a t i t e  s t a c k  w a s  m u c h  l o o s e r  i n i t i a l l y  ( s e e  F i g .  I V - 8 9 ) .

T u b e  C r u s h i n g  T e s t s

A  n u m b e r  of  f u e l - e l e m e n t  s p e c i m e n s ,  1 - in .  long ,  w e r e  f r a c t u r e d

b y  l o a d i n g  on  o p p o s i t e  f l a t s  a t  e l e v a t e d  t e m p e r a t u r e .  T h e  s t r e s s e s  i n d u c e d  in
1 , 2

t h e  s p e c i m e n s  w e r e  e s t i m a t e d  on  t h e  b a s i s  of  p h o t o e l a s t i c  s t u d i e s .  A  t h e o ­

r e t i c a l  s o l u t i o n  to  t h e  s t r e s s  d i s t r i b u t i o n  i n  a  h e x a g o n a l  t u b e  u n d e r  u n i f o r m
3

p r e s s u r e  i s  a v a i l a b l e .  T h e  t e s t  t e m p e r a t u r e s  w e r e  1 4 0 0 ° F ,  I S O O 'F ,  a n d  

2 2 5 0 » F .

I n  th e  f i r s t  s e r i e s  t h e  s p e c i m e n s  w e r e  l o a d e d  on  o p p o s i t e  f l a t s  to  

f a i l u r e  a t  30 I b / m i n .  N e x t ,  t h e  m a x i m u m  l o a d  w h i c h  c o u l d  b e  s u s t a i n e d  a t  

t e m p e r a t u r e  f o r  10 h o u r s  w a s  d e t e r m i n e d .  A l l  t e s t s  w e r e  r i in  in  a i r .

F i g u r e  I V - 90 s h o w s  th e  r e s u l t s  of  t h e  " t w o - f l a t "  t e s t i n g ,  g iv in g  

th e  l o a d ,  a s  w e l l  a s  e s t i m a t e d  m a x i m u m  t e n s i l e  s t r e s s  i n d u c e d .  S e e  U C R L -  

6258,  p .  30 f o r  a  c o m p a r i s o n  of  t h e  f l e x u r e  s t r e n g t h  ( m o d u l u s  of  r u p t u r e )  of 

t h e  f u e l  e l e m e n t s .

A P h o t o e l a s t i c  S tu d y  of  S t r e s s e s  in  H y d r o s t a t i c a l l y  L o a d e d  C y l i n d e r s  w i th  
N o n c i r c u l a r  E x t e r n a l  B o u n d a r i e s ,  W. P .  T .  N o r t h  a n d  J .  B.  M a n t l e ,  S E S A  
C o n f e r e n c e , O c t .  10, I 9 6 0 ,  P a p e r  No.  618.

2
S t r e s s e s  in  H o l lo w  H e x a g o n s  U n d e r  E x t e r n a l  P r e s s u r e ,  P .  D.  F l y n n ,  

S E S A  C o n f e r e n c e ,  O c t .  1959,  P a p e r  No.  572.
3

T h e o r e t i c a l  S t r e s s  D i s t r i b u t i o n s  i n  C y l i n d e r s  H a v i n g  a  C i r c u l a r  C e n t r a l  
H o le  a n d  a  R e g u l a r  P o l y g o n  f o r  a n  O u t e r  B o u n d a r y ,  H.  K a w a g u c h i ,  J a p a n  
S o c i e t y  of  M e c h .  E n g .  (1945).



- 2 4 7 - U C R L - 6 5 1 6

>-
- I
Z
0
<n
I -
V)
UJ
1- 5 0 0
co
z
X
CO
z>

w
T3

cr
0 4 0 0

C
3 UJ
0 GQ
Q . X

1-

Q
<
O

o  3 0 0
I-

to
LU

_J

 ̂ 200 
<

iij
_i
<
o
^ 100

F L E X U R E  S T R E N G T H ,  ( S U P P L I E R  T . S B w t o / o U O g :  

•  L R L  S P E C I M E N S ,  SH OR T T l  ME ( 7 . 6 8  w t  %  U O 2 )

▲ S U P P L I E R  S P E C I M E N S , S H O R T  T I M E  
( 8 . 2 7  w t  %  U O 2 )

L O N G  T I M E  ( 1 0  h r«)  L R L ,  F R A C T U R E D  
( 7 . 6 8  w t  %  UO g)

E777ZZ3

o
/ \  LONG T I M E  ( 10  h r » )  S U P P L I E R ,  F R A C T U R E D  ( 8 . 2 7 w t  %  U Og )  

L O N G  T I M E  ( 10  h r s )  S U P P L I E R ,  NO F A I L  ( 8 . 2 7  w t  %  U Og )

o
A

A o

A

A
A

A
A 

A1
A

o

R E F E R E N C E  P O I N T  P L O T T E D  F O R  C O M P A R I S O N  
P U R P O S E S  O N L Y  ( T E M P ,  v s  S T R E S S )

0

1

CL
CO
CO

3 4  "
b

(/>

2 7 . 2  <0
CO
UJ
q:

2 0 . 4
CO

UJ
_ J

CO

UJ
13 .6  h-

6.8 X
<

1 0 0 0  1 5 0 0  2 0 0 0I V W  MUL-13989
TEMPERATURE °F

F i g .  I V - 9 0 .  F r a c t u r e  l o a d  v s  t e m p e r a t u r e  ( t w o - f l a t  load ) .



U C R L - 6 5 1 6 -248-

A i r - P a d  T e s t s

A  n u m b e r  of  a i r - p a d  m o d e l s  of t h e  f o l l o w i n g  g e o m e t r y :

A
I.U A i r  p a d  in  t e s t  f i x t u r e

0

T

w e r e  f a t i g u e  t e s t e d  a t  r o o m  t e m p e r a t u r e  a n d  a t  800®F .  T h e y  w e r e  f a b r i c a t e d  

e i t h e r  f r o m  0 .0 0 3 5  S S -3 4 7  o r  0 .0 0 5  I n c o n e l - X .  T h e  t e s t  c o n s i s t e d  of  i n s e r t i n g  

t h e  p a d  in t o  a  h o l d e r ,  p r e s s u r i z i n g  i t s  i n t e r i o r  to  100 p s i g  a n d  i m p o s i n g  a n  

o s c i l l a t i n g  d e f l e c t i o n  on  a  m o v a b l e  p l a t e  in  c o n t a c t  w i t h  t h e  p ad .

T h e  p a r a m e t e r s  w h i c h  w e r e  h e l d  f i x e d  t h r o u g h o u t  t h e  t e s t s  w e r e :

a.  T h e  i n t e r n a l  p r e s s u r e ,  100 p s i g

b.  T h e  s t r o k e  of  t h e  p r e s s u r e  p l a t e ,  1 / 8  in.

c. T h e  m a x i m u m  p a d  d e f l e c t i o n ,  1 / 8  in.

T h e  m a j o r i t y  of  t h e  t e s t i n g  w a s  d e v o t e d  to  m o d i f y i n g  p o r t i o n s  of 

t h e  t e s t  f i x t u r e s ,  n a m e l y  t h e  s p e c i m e n  h o l d e r  a n d  p r e s s u r e  p l a t e ,  in  o r d e r  to  

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

T a b l e  I V - 3 0  s u m m a r i z e s  t h e  t e s t  e n v i r o n m e n t  f o r  e a c h  ru n .  F i g u r e  

I V - 91 i s  a  p l o t  of  m a x i m u m  t r a n s m i t t e d  lo a d  a n d  o s c i l l a t i n g  b e a r i n g  p r e s s u r e  

( o b t a i n e d  b y  d i v i d i n g  t h e  l o a d  b a n d  w i d t h  b y  m a x i m u m  e s t i m a t e d  c o n t a c t  a r e a )

a g a i n s t  t h e  n u m b e r  of  c y c l e s  to  f a i l u r e  f o r  r u n s  7 to  15.

T h e  p h o t o g r a p h  (F ig .  I V - 92) of  a l l  t h e  s p e c i m e n s  s h o w s  t h e  e f f e c t  

of c h a n g i n g  t h e  p r e s s u r e  p l a t e  a n d  h o l d e r s  on  th e  f a i l u r e  c h a r a c t e r i s t i c s .  At 

s p e c i m e n  No. 15 n o  b u c k l i n g  a p p e a r s  a n d  t h e  g r e a t e s t  l i f e t i m e ,  7000 c y c l e s ,  

f o r  I n c o n e l - X  a t  800®F  w a s  a t t a i n e d .  T h e  f in a l  p r e s s u r e  p l a t e  u s e d  in  No.  15 

a p p e a r s  in  F i g .  I V - 93.



T a b l e  I V -3 0 .  A i r - P a d  T e s t  E n v i r o n m e n t s .

Sp ec  No. M a ter ia l T em p
(°F)

M ax load  
(lb)

Approx  
m ax a r e a  

(in . 2)

M ax b ea r in g  
s t r e s s  
(psi)

O sc illa t in g  
b ea r  s t r e s s  

(p si)
L ife t im e
(c y c le s )

F ix tu re  
H old er  P r e s s u r e  p late R em a rk s

1 SS 347 800 600 6 100 32 37 R ect 5 - in .  rec t F a ile d  by ex p lo s io n
2 In c-X n 600 6. 8 88 32 1000 tl M
3 SS tl 640 6 .4 100 36 31 tl 11 E x p lo s io n
4 Inc 1 r 840 9. 5 88 44 900 tl 6 . 8 - in . r ec t
5 SS II 960 9. 6 100 98 20 It tl Slow  lea k
6 Inc 1 r 600 9 .4 64 36 550 it II In itia l p r e s s  = 75 p si  

S in g le -p a d  vo lu m e
7 SS Rm 680 6. 5 104 40 250 tl 6 .8 - in .  poin ted F a ile d  at h o ld er
8 SS It 720 6 .4 112 44 200 Sh allow

V ee
It

9 SS M 440 4. 4 100 28 Run to  
10 ,000

D eep  V ee 5 - in .  pointed No fa ilu r e  u sin g  0. 075  
throw

10 SS " 980 4. 8 100 36 800 It II B ack  to  0. 125 ca m
11 SS ■ I 640 6 .7 104 40 400 II 6 .5 - in .  poin ted The m ain  ch a n g es now a re  

in c r e a s in g  the rad ii of the  
co n ta ct su r fa c e s .

12 Inc 800 732 6 . 4 116 56 900 tl tl
13 Inc 800 780 6. 8 116 56 700 If II M ore rounding on p r e s s u r e  

plate
14 Inc It 560 4. 8 116 52 1550 II 5 - in .  pointed A new  s m a ll-p la te ,  rounded
15 Inc 11 980 4 . 1 116 44 7000 tl It H igh ly  rounded

Itv
vO

a  
n
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Fig. 1V-93. Pressure plate used with test specimen 15.
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T h e  a n a l y s i s  of  th e  a i r - p a d  s y s t e m  f o r  t h e  r e c t a n g u l a r  p r e s s u r e  

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

t a k e n  b e t w e e n  0.6  a n d  0 .67  of  t h e  m a x i m u m  c o n t a c t  a r e a .

P r e d i c t i o n  of t h e  l o a d  f o r  r u n  No.  15 on th e  b a s i s  of  a  p r o l a t e  

s p h e r o i d a l  p r e s s u r e  p l a t e  a g r e e s  v e r y  w e l l  w i t h  the  e x p e r i m e n t a l  r e s u l t .

S o m e  c o n c l u s i o n s  b a s e d  on  t h e  e x p e r i m e n t a l  r e s u l t s  fo l low ;
5

a .  A  l i f e t i m e  of a b o u t  5 X 1 0  c y c l e s  is  d e s i r e d  a n d  w o u ld  p r o b ­

a b l y  be  o b t a i n e d  b y  a n  I n c o n e l - X  a i r  p a d  a t  8 0 0 ° F  t r a n s m i t t i n g  

a  m a x i m u m  l o a d  of  a b o u t  400  lb a n d  a n  o s c i l l a t i n g  b e a r i n g  

p r e s s u r e  of  a b o u t  20 p s i .  T h e  l i f e t i m e s  a t  h i g h e r  t e m p e r a t u r e  

w o u l d  h a v e  to  b e  a s s e s s e d  b y  f u r t h e r  t e s t s .

b .  T h e  s h a p e  of t h e  a i r - p a d  h o l d e r s  a n d  p r e s s u r e  p l a t e s  i s  v e r y  

s i g n i f i c a n t  in  i m p r o v i n g  f a t i g u e  l i f e ,  i. e.  , it i s  i m p e r a t i v e  to  

e l i m i n a t e  s t r a i n  c o n c e n t r a t i o n s .

c.  T h e  f i n a l  I n c o n e l - X  s p e c i m e n ,  w h i c h  s u r v i v e d  7000 c y c l e s ,  

e x h i b i t e d  no  b u c k l i n g  in  t h e  r e g i o n  of  f a i l u r e ,  w h i c h  i n d i c a t e s  

t h a t  th e  f a t i g u e  l i f e  of  th e  m a t e r i a l  m a y  be  th e  l i m i t i n g  f a c t o r .

d.  A c c u r a t e  k n o w l e d g e  of  t h e  e x p e r i m e n t a l  e n v i r o n m e n t  a l l o w s  

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

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

e.  It  w o u l d  b e  d e s i r a b l e  to  t e s t  a t  h i g h e r  t e m p e r a t u r e s ,  w i th  

v a r y i n g  s t r o k e s ,  a n d  v a r i o u s  m a t e r i a l  t h i c k n e s s e s .

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

s h a p e s  is  n e c e s s a r y  f o r  o p t i m i z a t i o n .

. S m a l l - D o m e  T e s t s

A  s e v e n - p i e c e  s e g m e n t e d  K T s i l i c o n  c a r b i d e  d o m e  3 .45  i n c h e s  in  

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

s t r u c t u r a l  i n t e g r i t y  u n d e r  c y c l i c  p r e s s u r e  l o a d  a t  2 4 0 0 ° F .  T h e  d o m e  w a s  m a n ­

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

t h e n  f i r e d .  M a c h i n i n g  w a s  d o n e  o n  t h e  f u l l y  f i r e d  p r o d u c t .  S u i t a b l e  j i g s  of 

s i m p l e  d e s i g n ,  a n d  d i a m o n d  i m p r e g n a t e d  t o o l s  w e r e  u s e d  to  f i n i s h  th e  d o m e  

p i e c e s .  T h e  c o m p l e t e d  d o m e  i s  s h o w n  in  F i g s .  I V - 9 4 ,  I V - 9 5 ,  a n d  IV -9 6 .

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

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

a n  e v e n  p r e s s u r e  d i s t r i b u t i o n  o v e r  t h e  e n t i r e  to p  f a c e  of  t h e  d o m e .  A s t e e l  

s e a t  w i t h  a  t h i n  ( 0 . 0 0 1 - i n .  ) p o l y v i n y l  l i n in g  w a s  u s e d  a s  a  s u p p o r t .  D ia l
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Fig. IV-94. Seven-piece segmented KT SiC dome.
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Fig. IV-95. Seven-piece segmented KT SiC dome.
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Fig. IV-96. Seven-piece segmented KT SiC dome.
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i n d i c a t o r s  w e r e  u s e d  f o r  d e f l e c t i o n  m e a s u r e m e n t s  o n  o n e  s id e  s e g m e n t  a n d  

t h e  c e n t e r  s e g m e n t .  L o a d s  of  up  to  375 p s i  w e r e  a p p l i e d  s l o w l y  a n d  r e l e a s e d  

s lo w ly ,  e a c h  c y c l e  t a k i n g  a b o u t  10 m i n u t e s .  T h e  r e s u l t s  f o r  tw o  of t h e s e  

c y c l e s  a r e  s h o w n  in  F i g .  I V - 9 7 .  A s  e x p e c t e d ,  t h e  c e n t e r  s e g m e n t  m o v e d  

d o w n w a r d  to  a c c o m m o d a t e  t h e  l o a d s .  No p e r m a n e n t  s e t  o c c u r r e d  in  a n y  of 

t h e  p a r t s .  I n s p e c t i o n  a f t e r  t h e  a m b i e n t  t e m p e r a t u r e  t e s t s  s h o w e d  no d a m a g e .

H o t  t e s t s  w e r e  a c c o m p l i s h e d  in  a t e s t  f i x t u r e  m o d i f i e d  f r o m  t h a t  

d e s c r i b e d  in  Q u a r t e r l y  P r o g r e s s  R e p o r t  No.  7. M o d i f i c a t i o n s  w e r e  a m o r e  

e f f i c i e n t  s e a l  in  th e  p r e s  s u r e - s u p p l y  f i t t i n g  a n d  s t r e n g t h e n i n g  of a l l  p a r t s  to 

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

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

of a  s u p p l y  p ip e  a n d  a  c h a m b e r  of  th e  s a m e  d i m e n s i o n s  a s  th e  a c t u a l  t e s t  f i x ­

t u r e ,  w i t h  a  p r e s s u r e  t r a n s d u c e r  b u i l t  in  to  the  d i a p h r a g m  c h a m b e r ,  w a s  

p r e s s u r e  c y c l e d  to  1000 p s i g  a t  a m b i e n t  t e m p e r a t u r e .  R e s u l t s  a s  s h o w n  in  

F i g .  TV-9 8  i n d i c a t e  t h a t  t h e  p r e s s u r e  c y c l e  a s  r e c o r d e d  o u t s i d e  th e  f u r n a c e  

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

W i t h  a  t e m p e r a t u r e  h e l d  c o n s t a n t  a t  2 4 0 0 ° F ,  2400  c y c l e s  w e r e  

a p p l i e d  to  t h e  d o m e  o v e r  a  t e n - h o u r  p e r i o d .  F i g .  I V - 9 8  s h o w s  a  t y p i c a l  c y c l e .  

O n e  s m a l l  c h i p  w a s  e v i d e n t  a f t e r  t h i s  t e s t .  F i g u r e s  I V - 9 9 ,  I V - 100, a n d  I V - 101, 

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

s e g m e n t s  h a d  h a i r l i n e  c r a c k s ,  b u t  a l l  s e g m e n t s  r e m a i n e d  i n t a c t .  T h e s e  c r a c k s  

b e g a n  a t  t h e  o u t e r  r o w  of h o l e s  a n d  e x t e n d e d  d o w n w a r d  a n d  i n w a r d  to  j u s t  a b o v e  

t h e  l o w e r  s u r f a c e  a t  t h e  i n n e r  e d g e  of  e a c h  s e g m e n t .  T h e  c e n t e r  s e g m e n t  

s h o w e d  no d a m a g e .

T h e  s e r i e s  of s m a l l - d o m e  t e s t s  h a s  d e m o n s t r a t e d  t h a t  c o m p l e t e  

s t r u c t u r a l  i n t e g r i t y  is  m a i n t a i n e d  e v e n  in  e x c e s s  of d e s i g n  c o n d i t i o n s .  No 

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

F a b r i c a t i o n  D e v e l o p m e n t  of L a r g e  SiC S h a p e s

T h e  f i r s t  s e g m e n t  of  a  7 - p i e c e  3 - f o o t - d i a m e t e r  t e s t  d o m e  w a s  

r e c e i v e d .  (F ig .  IV -1 0 2 ) .  T h e  p i e c e  c o n t a i n s  m i n o r  c r a c k i n g  w h i c h  i s  c o n ­

s i d e r e d  a c c e p t a b l e .  T h e  m o s t  e x t e n s i v e  c r a c k  in  t h e  p i e c e  i s  c i r c l e d  w i t h  a  

c r a y o n  m a r k ,  ( F i g .  I V - 103). D i a m o n d  m a c h i n i n g  of  th e  f i r s t  p i e c e  p r o c e e d e d  

w i t h  e a s e ,  i n d i c a t i n g  t h a t  m a c h i n i n g  of  c o m p l e x  s h a p e s  of f i r e d  SiC d o e s  no t  

r e q u i r e  d e v e l o p m e n t  s t u d i e s .

A  2 9 - i n c h - d i a m e t e r  c y l i n d e r  w e i g h i n g  a p p r o x i m a t e l y  800 lb w a s  

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

p a r t i a l l y  d r i l l e d .
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Fig. IV-102. Segment of 7-piece, 3-ft diameter test dome.
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!g- IV-103. Side view of segment shown in Fig. IV-102 (crack circled in crayon).
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M a t e r i a l  S tu d y

C h r o m e  C e r a m e t a l i x  w a s  i n v e s t i g a t e d  a s  a  p o s s i b l e  r e a c t o r  

s t r u c t u r a l  m a t e r i a l .  I t  i s  a  c e r m e t  o f  a p p r o x i m a t e l y  95% c h r o m i u m  a n d  5% 

m a g n e s i a .  It  h a s  e x c e l l e n t  o x i d a t i o n  r e s i s t a n c e  u p  to  t e m p e r a t u r e s  e x c e e d i n g  

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

a n d  m o d e r a t e  s h o r t - t i m e  s t r e n g t h  a t  t e m p e r a t u r e s  a b o v e  2 0 0 0 ° F .

C o m p r e s s i v e  c r e e p  t e s t s  w e r e  r u n  on  t h r e e  s p e c i m e n s ,  s e e  

F i g .  I V - 1 0 4 .  T h e  f i r s t  w a s  in  th e  a s - s i n t e r e d  s t a t e .  T h e  s e c o n d  w a s  e x ­

t r u d e d  a f t e r  s i n t e r i n g .  T h e  t h i r d  w a s  s i n t e r e d ,  e x t r u d e d ,  a n d  p r e - o x i d i z e d  

f o r  s i x  h o u r s  a t  2 3 0 0 ° F .  A l l  t h r e e  w e r e  t e s t e d  a t  a  n o m i n a l  i n i t i a l  s t r e s s  of 

2000  p s i  c o m p r e s s i o n .  D u e  to  t h e  i n c r e a s i n g  c r o s s  s e c t i o n  of  t h e  f i r s t  s p e c ­

i m e n  u n d e r  a  d e a d  l o a d ,  t h i s  g r a d u a l l y  d e c r e a s e d  to  a  s t r e s s  of  1300 p s i  at  

t h e  t e r m i n a t i o n  of  t h e  t e s t .  T h e  f i r s t  s p e c i m e n  w a s  t e s t e d  a t  2400®F,  the  

s e c o n d  a t  2 3 0 0 ° F ,  a n d  th e  t h i r d  a t  2 1 5 0 ° F .

I t  w a s  c o n c l u d e d  t h a t ,  in  th e  t h i r d  f o r m ,  t h e  m a t e r i a l  c o u l d  

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

T h is report w as prepared as an account of Government sponsored work. 
N either the U nited S ta te s , nor the C om m ission, nor any person actin g  on 
behalf of the C om m ission:

A. Makes any warranty or representation , ex p ressed  or im plied , with 
r esp ec t to the accu racy , c o m p le ten ess , or u se fu ln e ss  of the information con­
tained in th is report, or that the u se  of any information, apparatus, method, 
or p rocess d is c lo s e d  in th is  report may not infringe privately  owned rights; or

B . A ssu m es any l ia b il it ie s  w ith resp ect to the u se  of, or for dam ages 
resu ltin g  from the u se  of any inform ation, apparatus, method or p rocess d is ­
c lo se d  in th is report.

A s u sed  in the ab ove, "person  actin g  on behalf of the C om m ission " 
in c lu d es any em ployee or contractor of the com m ission , or em ployee of such  
contractor, to the exten t that su ch  em ployee or contractor o f the C om m ission, 
or em ployee of su ch  contractor prepares, d isse m in a te s , or provides a c c e s s  
to , any inform ation pursuant to h is  em ploym ent or contract with the Commis­
s io n , or h is  em ploym ent w ith su ch  contractor.




