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U A R T E R L Y  R E P O R T  N O .  4

(A p r i l  — J u n e  I960)

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 fo rn 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.  TORY II-A 

SE C T IO N  I .  NEUTRONICS 

Snoopy  E x p e r i m e n t s  Invo lv ing  G a p s  b e tw e e n  C o r e  and  R e f l e c t o r

A s e r i e s  of e x p e r i m e n t s  h a v e  b e e n  p e r f o r m e d  r e c e n t l y  with the Snoopy 

s y s t e m  on a s s e m b l i e s  w h ich  h a d  g a p s ,  o r  vo id s ,  b e tw ee n  the  c o r e  and  s ide  
r e f l e c t o r .  T he  m o t i v a t i o n  l i e s  in  the  f a c t  th a t  the  c o r e  and s ide  r e f l e c t o r  of 

T o r y  I I -A  a r e  s e p a r a t e d  by s u ch  a gap,  and  the  c o s t  in r e a c t i v i t y  is  a p p r e ­
c i a b l e .  An  i m m e d i a t e  a p p l i c a t i o n  of the  f ind ings  is  i l l u s t r a t e d  in U CRL-5925:  

C h a p t e r  I,  S e c t io n  I. T h e r e ,  a c a l c u l a t i o n a l  p r o c e d u r e  is e s t a b l i s h e d  w hich  

a d e q u a te ly  t r e a t s  the  p r e s e n c e  of a c o r e - r e f l e c t o r  gap  us ing  the  d i f fus ion  
co d es  Z o o m  and A ng ie .

F o u r t e e n  c o n f ig u r a t io n s  w e r e  s tu d i e d  and  a r e  l i s t e d  in  T a b le  I - l .  S u b ­

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

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

i n f o r m a t i o n  can  be  d e r i v e d  f r o m  the  f in d in g s ,  in d e p en d e n t  of t h e i r  fu n d a m e n ta l  

r e l a t i o n  to  the  c o m p u t e r  c o d e s .  V a lu e s  f o r  r e f l e c t o r  s av in g s  m a y  be d e t e r ­

m i n e d  f o r  v a r i o u s  s id e  r e f l e c t o r  t h i c k n e s s e s .  R e a c t iv i t y  c o s t s  of c o r e - r e f l e c t o r  

g ap s  a r e  a v a i l a b l e ,  a s  w e l l  as  e f f e c t s  of add i t ion  of m a t e r i a l  to th e  g a p s .  The 

r o l e  of the  end  r e f l e c t o r  h a s  b e e n  s tu d ie d  as  w e l l  as  s id e  r e f l e c t o r  l eng th .

The  l a t t e r  g ro u p  i s  t h r e e - d i m e n s i o n a l  in  n a t u r e  and  so  cannot  be e x a m i n e d  
w i th  th e  c u r r e n t l y  a v a i l a b le  c o d es  a t  L R L .

E x p e r i m e n t a l  F i n d i n g s

T h e  Snoopy e x p e r i m e n t s  w e r e  p e r f o r m e d  in  a s t a n d a r d  way, as  d e s c r i b e d  

in  r e p o r t  U C R L -5 1 7 5 .  The  v ane  s y s t e m  u t i l i z e d  the  g r a p h i t e  c r u c i f o r m  which

R E S ^ T ^ C T E D  DATA

T h i s / d o c u i ^ n t  con ta in s  r e s t r i c t e d  d a ta  
as  defk^e^t^n the  A to m ic  E n e r g y  A c t  of 
195'4^^5^ t-aj^smifetal o r  the  d i s c l o s u r e  
of i t s^con ten ts  ' i h  any  m a n n e r  to an  u n ­
a u t h o r i z e d  p e r s o n  is  p r o h ib i t e d .



T a b le  I - l .  C r i t i c a l  A s s e m b l i e s  C on ta in ing  C o r e - S i d e  R e f l e c t o r  G aps

E x p .
No.

L
(in.)

W
(in.)

He
(in.)

He (corr .)^^^ 
(in.)

Tr
(in.)

T, (d) 
(in.)

P.c P.r 
( g / c c )  ( g / c c )

C o m m e n t s

92 48. 5 48. 5 35. 9 35. 57 ----- 1. 633 ____ 296
93 42. 5 42. 5 32. 11 31. 92 6 .0 1 .6 3 2 1. 70 295 Ak = $2. 4 4 / i n c h  (E xp . 116)AH^
94 42. 5 42. 5 29. 16 28. 97 12 .0 ----- 1 .636 1.70 295 ± 10%^^

97 42. 5 42. 5 33. 32 33. 13 6 . 0 1 .0 1 .6 3 2 1. 70 295

99 4 2 . 5 42. 5 3 4 .44 34. 25 6 .0 2. 0 1. 632 1. 70 295
103 42. 5 42. 5 35 .49 35. 30 6 .0 3 .0 1. 632 1. 70 295

105 42. 5 42. 5 28. 85 28. 66 6 .0 2 .0 1, 632 1. 70 Z95 6. 0" end r e f l e c t o r ( b )  (®)

106 42. 5 42. 5 28. 63 2 8 .4 4 6 .0 2 .0 1 .6 3 2 1. 70 295 7 .0 " end r e f l e c t o r ,  Hj^ = 30. 3"

107 42. 5 42. 5 29. 63 29. 44 6 .0 2. 0 1 .6 3 2 1. 70 295 6. 0" end  r e f l e c t o r ,  H r  = 29-65"

111 42. 5 42. 5 34. 2 34.01 6 .0 3 .0 I.  632 1. 70 295 M a t e r i a l  in  gap(^)

112 42. 5 42. 5 33. 2 33. 01 6 .0 2. 0 1. 632 1. 70 295 II II II

113 42. 5 42. 5 32. 3 32. 11 6 . 0 1. 0 1 .6 3 2 I .  70 295 II n II

119
122

36. 5 

3 6 .5
36. 5 

3 6 .5

36 .06  

40. 6

35. 73 

40. 27

6 .0

6 .0 2 .0
1. 635 

1. 635

1. 70 

1. 70
298

298
Ak
AH c

= $1. 9 6 / i n c h  (Exp .  
± 5%(f)

121)

I
-J
I

(a)

(b)

(c)

( d )

(e)

S e e  F i g .  I - l .
C o r r e c t e d  f o r  vane  s lo t  v o id s .

+ 6 . 0 "  = Hr , w h e r e  H r  i s  the  h e ig h t  of th e  s id e  r e f l e c t o r .
S t a i n l e s s  s t e e l ,  0. 122" th ick ;  a l u m in u m ,  0 . 7 2 "  th ick ;  p o ly e th y le n e ,  0. 124" th ick .  

D e n s i ty  of a l u m i n u m  h o n e y c o m b  in  gap; 0 .0 1 8  g / c c .  

p (end  r e f l e c t o r )  = p ( s id e  r e f l e c t o r )  f o r  E x p .  105, 106, and 107.
T h e s e  v a lu e s  w e r e  found by p e r f o r m i n g  a s e r i e s  of i n v e r s e  m u l t i p l i c a t i o n  m e a s u r e m e n t s  a t  two  d i f f e r e n t  

a s s e m b l y  h e ig h ts  w i th  a c o n t r o l  ro d  c a l i b r a t e d  in  d o l l a r s .

C
0

tr
1<r-o
u>O'
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a c c o m m o d a t e d  c a d m i u m  v a n e s  e a r l i e r .  In  the  p r e s e n t  s e r i e s  th e  van e  c o n ­

t a i n e d  e n r i c h e d  C o r r e c t i o n s  h a v e  b e e n  m a d e  to  the  c r i t i c a l  h e ig h t  fo r

the  p r e s e n c e  of the  v a n e s .  T h e s e  w e r e  m a d e  on th e  b a s i s  of w e igh t ing  the  

r e d u c e d  d e n s i t y  due to  th e  v a n e s  by S u c h  a p r o c e d u r e  h a s  b e e n  v e r i f i e d

in  th e  c a s e  of b a r e  Spade  BeO s y s t e m s ,  w h e r e  the  g a p s  w e r e  in  a m e d i a n  

p la n e .  S e e  p ag e  24 f o r  A i r  G a p  S tu d ie s  w i th  the  S p ad e  F a c i l i t y ,  w h ich  l i s t s  

the  S p ad e  e x p e r i m e n t s  c i t ed ,  and  a  d e m o n s t r a t i o n  of the  v a l id i t y  of the  
w e igh t ing  p r o c e d u r e .  T he  c o r r e c t i o n s  to  the  c r i t i c a l  h e ig h t  w e r e  only about 

0. 2" in  m a g n i t u d e .  T h e  r e s u l t s  a r e  g iv en  in  T a b le  I - l .
T he  g r a p h i t e  e m p lo y e d  w a s  found  by c h e m i c a l  a n a l y s i s  to  co n ta in  f r o m  

t e n  to  f i f t e e n  a t o m  p a r t s  p e r  m i l l i o n  by w e ig h t  of b o r o n .  A p u l s e d  n e u t r o n  
s o u r c e  e x p e r i m e n t  i n d i c a t e d  a  p o i s o n  l e v e l  e q u iv a l e n t  to  t h i r t e e n  a to m  p a r t s  

p e r  m i l l i o n  of b o r o n .  T he  n o m i n a l  d i s p l a c e m e n t  of fu e l  fo i l s  w a s  4 m i l s  p e r
T O C

l / Z  inch .  T he  fu e l  fo i l s  c o n ta i n e d  93 . 2% U by w e ig h t .  R e f e r e n c e  is  

m a d e  to  U C R L -5 1 7 5  f o r  m o r e  c o m p l e t e  d e t a i l .
In  a d d i t io n  to  th e  e x p e r i m e n t s  l i s t e d  in  T a b le  I - l ,  s e v e r a l  f i s s i o n  

t r a v e r s e s  on e x p e r i m e n t s  93,  97, 99, 103, 105, and  119 w e r e  p e r f o r m e d  
u s in g  a  f i s s i o n  c o u n t e r .  T h e  s tu d i e s  w e r e  c o n c e n t r a t e d  a r o u n d  the  i n t e r f a c e  

g a p s .  A x ia l  t r a v e r s e s  a s  w e l l  as  t r a v e r s e s  n o r m a l  to  the  p l a n e s  of the  

gaps  w e r e  t a k e n .
R e f l e c t o r  S a v in g s

S e v e r a l  of th e  e x p e r i m e n t s  p e r f o r m e d  a r e  e a s i l y  a n a ly z e d  to  d e t e r m i n e

the  t r a d e - o f f  v a lu e  of c o r e  m a t e r i a l  to  r e f l e c t o r  m a t e r i a l .  One s p e a k s  of
" r e f l e c t o r  s a v i n g s "  in  t h i s  co n tex t .  T he  e x a c t  d e f in i t io n  e m p lo y e d  in  th i s

p a p e r  d i f f e r s  f r o m  th a t  of G l a s s t o n e  and  E d lu n d .   ̂ T h e  q u an t i ty  h e r e  is

d i m e n s i o n l e s s :  /■ i . - i  - /  2T h i c k n e s s  of c o r e  m o d  + fu e l  m a t e r i a l ,  in  g / c m
 ̂ ^ • w h ich  r e p l a c e s  r e f l e c t o r  and  m a i n t a i n s  c r i t i c a l i t yR e f l e c t o r  S a v in g s  = -------------- ^------------------------------------------------- ----------------

T h i c k n e s s  of r e f l e c t o r ,  in  g / c m  

I t  i s  a s s u m e d  t h a t  the  c o r e  m o d e r a t o r  i s  of th e  s a m e  m a t e r i a l  and  a p p r o x i ­

m a t e  d e n s i t y  as  the  r e f l e c t o r .  In  the  p r e s e n t  s e t  of e x p e r i m e n t s ,  s u ch  a 
co n d i t io n  e x i s t s .  O b s e r v e  t h a t  a s  th e  r e f l e c t o r  t h i c k n e s s  d e c r e a s e s  to  z e r o ,  

the  r e f l e c t o r  s a v in g s  sh o u ld  a p p r o a c h  u n i ty .  T he  r e a d e r  sho u ld  be  a l e r t e d  
to  the  f ind ing  t h a t  r e f l e c t o r  s a v in g s  a r e  a m a r k e d  f u n c t io n  of th e  c o r e  s p e c t r u m .  
F o r  m o r e  t h e r m a l  s y s t e m s ,  th e  s a v in g s  d e c r e a s e  m o r e  r a p i d l y  f r o m  unity

G l a s s t o n e  and Ed lu n d ,  " E l e m e n t s  of N u c l e a r  R e a c t o r  T h e o r y ,  " p.  234
(1952) .
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w ith  i n c r e a s i n g  r e f l e c t o r  t h i c k n e s s .  T he  a s s e m b l i e s  h e r e  h a v e  a  m e d i a n  

f i s s i o n  e n e r g y  in  th e  c e n t e r  of the  c o r e  of a p p r o x i m a t e l y  20 v o l t s .  The  c a l ­

c u la t io n s  h a v e  b e e n  p e r f o r m e d  by r e f e r e n c e  to  the  f a c t  th a t  if  the  g e o m e t r y  
of a  c r i t i c a l  r e a c t o r  i s  v a r i e d  s u ch  t h a t  i t s  buck l ing  is  m a i n t a i n e d  cons tan t ,  
the  r e a c t o r  r e m a i n s  c r i t i c a l .  D e n s i t i e s  a r e  a s s u m e d  to  r e m a i n  c o n s ta n t .

The d a t a  of E x p e r i m e n t s  92,  9 3, 94,  and  119 have  b e e n  i n t e r p r e t e d  to  y ie ld  
r e s u l t s  w h ich  a r e  g iv en  in  T a b l e  1 -2  and  F i g .  1-2 .  The  u n c e r t a i n t i e s  a r e  
b a s e d  on an  u n c e r t a i n t y  in  the  c r i t i c a l  h e ig h t ,  of ± 0 . 2  i n c h e s .  R e f l e c t o r
t h i c k n e s s e s  h a v e  b e e n  c o n v e r t e d  to  c o r r e s p o n d  to  r e f l e c t o r s  of dens i ty :

1 .6 3 3  g / c c  (= p^).

T a b le  1-2 .  R e f l e c t o r  Sav in g s

C o r e  C r o s s  S e c t io n R e f l e c t o r  T h i c k n e s s R e f l e c t o r  Sav ings

42. 5" X 42. 5" 6. 25" 0 .9 8 0  ± 0 .0 3 8

42. 5" X 42. 5" 12. 50" 0. 906 ± 0 .0 4 4
3 6 . 5 ” X 36. 5" 6 .  30" 0 . 9 4 5  ± 0 . 0 1 8

An a d d i t io n a l  v a lu e  m a y  be found f r o m  c o m p a r i s o n  of E x p e r i m e n t s  99 
and  105. T he  d i f f e r e n c e  b e t w e e n  the  two e x p e r i m e n t s  l i e s  in  the  f a c t  th a t  

the  l a t t e r  h a s  an  end  r e f l e c t o r ,  6 in.  t h ic k ,  whi le  the  f o r m e r  h a s  a  u n i f o r m  

c o r e  o v e r  th e  e n t i r e  h e ig h t  of the  c o r e .  H e r e

R e f l e c t o r  S av ing  = 0. 89 ± 0, 03.
I t  i s  c l e a r  t h e r e f o r e  t h a t  f o r  r e a c t o r s  which  n e u t r o n i c a l l y  r e s e m b l e  

the  a s s e m b l i e s  t r e a t e d ,  r e f l e c t o r s  of t h i c k n e s s  l e s s  th a n  6 in.  m a y  be ,  aifter 
a  s l ig h t  c o r r e c t i o n  f o r  r e f l e c t o r  s a v i n g s ,  eq u a te d  to  c o r e  m a t e r i a l  and  t h e r e ­

a f t e r  the  r e s u l t a n t  a s s e m b l y  cou ld  be c o n s i d e r e d  as  b a r e .  T h i s  p r a c t i c e  is  

w a r r a n t e d  w h en  one  is  c o n c e r n e d  w i th  the  s y s t e m  r e a c t i v i t y .  If, h o w e v e r ,  
s p e c i f i c  q u e s t i o n s  a r i s e  w h ic h  a r e  s e n s i t i v e  to  th e  a c tu a l  g e o m e t r y  and 

s p a t i a l l y  d e p en d e n t  s p e c t r a  of the  o r i g i n a l  r e f l e c t e d  s y s t e m ,  the  u s e  of the  
n o t ion  of r e f l e c t o r  s a v in g s  m a y  no t  be  p e r m i t t e d .  I t  is  g ra t i fy in g  to  find,  

e x p e r i m e n t a l l y ,  l a r g e  v a l u e s  f o r  r e f l e c t o r  s a v in g s .
One n o te s  a l s o  th a t  th e  end  r e f l e c t o r  e x p e r i m e n t s  c i t e d  m u s t  be t r e a t e d  

by t h r e e - d i m e n s i o n a l  n e u t r o n i c  co d es  if  t h e y  a r e  to  be so lv ed  a n a ly t i c a l ly .  

T h e s e  undoub ted ly  r e q u i r e  a  g r e a t  d e a l  of c o m p u t e r  t i m e  and a l a r g e  i n v e s t ­

m e n t  in  d e v e l o p m e n t  t i m e  an d  m a n p o w e r .  C i t e d  h e r e  a r e  e x p e r i m e n t a l  d a ta
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and i n t e r p r e t a t i o n s  w h ich  l e a d  to  the  c o n c lu s io n  th a t  t h e r e  m a y  be s i tu a t io n s  
w h e r e  t h a t  a s p e c t  of the  p r o b l e m  w h ich  c a u s e s  i t  to  be  t h r e e - d i m e n s i o n a l  in 

n a t u r e  m a y  be  r e p l a c e d  by  an  e q u iv a l e n t  d e s c r i p t i o n  w h ich  r e n d e r s  the  s y s ­

t e m  t w o - d i m e n s i o n a l ,  o r  e v en  o n e - d i m e n s i o n a l .  To r e i t e r a t e ,  t h r e e - d i ­

m e n s i o n a l  co d es  a r e  j u s t i f i e d  only  w h en  the  a c c u r a c y  of so lu t io n  is  no t iceab ly  
a f f e c t ed  by t r a n s f o r m a t i o n  to  a s i m p l e r  s y s t e m .

G a p  S tu d ie s ;  C o r e  — S i d e - R e f l e c t o r  G aps

A gap , o r  s p a c in g  b e tw e e n  the  c o r e  of a r e a c t o r  and  i t s  r e f l e c t o r ,  h a s  

the  a d v e r s e  e f fe c t  of uncoup l ing  the  c o r e  f r o m  r e f l e c t o r .  In  a  c y l i n d r i c a l  
s y s t e m  o r  one s i m i l a r  to  t h a t  w h ic h  we c o n s i d e r  h e r e ,  the  uncoupl ing  is  

a c h ie v e d  by g r e a t e r  a x ia l  l e a k a g e  f r o m  th e  gap  open ings  b e c a u s e  of a  l a r g e  

m i g r a t i o n  le n g th  in  the  g a p  r e g i o n .  W hen  the  gap  is  su f f ic ie n t ly  s m a l l ,  the  
l o s s  i s  due to  s i m p l e  d i f fu s ion  e f fe c t s  w h e r e a s  l a r g e  g a p s  a l low  s t r e a m i n g  
to  o c c u r  a s  w e l l .

P e r i p h e r a l  g a p s  r a n g in g  f r o m  1 to  3 in.  in  w id th  hav e  b e e n  s tu d ie d  h e r e .
The  n e u t r o n i c  e f f e c t s  h a v e  b e e n  found  to  be  a p p r e c i a b l e .  The  d e p en d en ce  of

H , th e  c r i t i c a l  h e ig h t ,  on  gap  w id th ,  i s  i l l u s t r a t e d  in  F i g .  1-3;  i t  s u m m a r i z e s  o
s o m e  of the  d a ta  of T a b le  I - l ,  T h e  v a r i a t i o n  is  quite  l i n e a r  and  so  s u g g e s t s
a s i m p l e  m e c h a n i s m .  S in c e ,  f o r  s m a l l  gap  w id ths  ( i . e . ,  T ^  V ^ « 1 . 0 " ) ,^ ^ ' V t r a n s p o r t  '
d i f fu s ion  t h e o r y  is  e x p e c t e d  to  h o ld  ( s e e  page  24), one w ould  be in c l in e d  to  f ee l  

t h a t  the  l i n e a r  b e h a v i o r  of on  T^ s u g g e s t s  th a t  d i f fu s ion  t h e o r y  is  a p p l i ­
ca b le  e v e n  a t  r- 3. 0 in .  H o w e v e r ,  i t  m a y  be  t h a t  a t  l a r g e r  v a lu e s  of

s tu d ie d ,  th e  e f fe c t  of s t r e a m i n g  on H i s  c o u n t e r a c t e d  by th e  t e n d en c y  fo ro
H to  a p p r o a c h  a l im i t i n g  v a lu e  w h ic h  c o r r e s p o n d s  to  c o m p le t e  uncoupling

^ f
of the  r e f l e c t o r .  T h i s  v a lu e  is :  H = 4 3 . 5  in.  If l i n e a r i t y  of H vs  Tc £ c V

p e r s i s t e d ,  a  gap  of 1 0 .5  in .  w ould  y i e ld  th e  v a lu e  of H^, w h ich  is  m u c h  

l a r g e r  t h a n  the  m a x i m u m  v a lu e  of T^ t r e a t e d .  I t  would  a p p e a r  t h e r e f o r e  

t h a t  s t r e a m i n g  p la y s  a  s m a l l  r o l e  in  the  p r e s e n t  s e t  of e x p e r i m e n t s .

T he  c o s t  in  r e a c t i v i t y  of the  p e r i p h e r a l  gaps  m a y  be d e r i v e d  f r o m  the 
f ind ings  of E x p s .  116 and  121 (w h ich  app ly  to  the  g e o m e t r i e s  of E x p s .  93 and 

119, T a b l e  I - l ) .  T he  p r o c e d u r e  in v o lv ed  c o n v e r t in g  the  c o n f ig u ra t io n  of 
E x p ,  119 ( T a b le  I - l )  to  a  b a r e  a s s e m b l y  w i th  a  buck l ing  of 2, 337 X 10 ^ c m  ^

(p = 1. 633 g / c c )  w h ich  is  t h a t  v a lu e  f o r  th e  b a r e  a s s e m b l y  of E x p .  92.  The  

r e f l e c t o r  s a v in g s  v a lu e  of T a b le  1 -2  w a s  u s e d ,  of c o u r s e ,  s i n c e  s av in g s  value

S e e  C o m m e n t s ,  T a b le  I - l .
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w as  d e r i v e d  w i th  r e f e r e n c e  to  the  buck l ing  of the  b a r e  s y s t e m .  I t  i s  n e c e s ­
s a r y  to  fo l low s u c h  a  c o u r s e  in  th e  c a l c u l a t i o n s  b e c a u s e  a  change  in  c r i t i c a l  
h e igh t  h a s  an e f fec t  on r e a c t i '  

p u ta t io n  g iv e s ,  f o r  E x p .  119,

2
h e igh t  h a s  an e f fec t  on r e a c t i v i t y  w h ich  d ep en d s  on i t s  e f fec t  on B . A c o m -

d s V d H  = 5 . 8 2  X 10" ^

w hich  c o r r e s p o n d s  to

Ak^^j/AH^ = $ 1 . 9 6 / i n .  (E xp ,  121)

If  we t a k e  p = 0 .0 0 6 9 .  i t  fo l low s  i n c id e n t a l l y  th a t

A k / (A B ^ /B ^ )  = 0 . 5 4 2  ( — mi i t s  of
f r a c t i o n a l  change  of

The f r a c t i o n  is  e x p e c t e d  to  be l e s s  th a n  u n i ty .  In  a t h e r m a l  s y s t e m ,  i t  can
2 2 2 2 2 2 be shown to  be M B / ( I  + M B ), w h e r e  M = t  + L . The  l a r g e  v a lu e  of

the  f r a c t i o n  i m p l i e s  c o n s i d e r a b l e  l e a k a g e  and  t h e r e f o r e  a n o n t h e r m a l  s y s t e m
2 3in  t h i s  s i t u a t i o n .  S in c e  th e  f r a c t i o n  (dB / d H  ) v a r i e s  as  (H + 2A) , onec o

m a y  c o m p u te  i t  f o r  v a r i o u s  v a lu e s  of A c o n s i s t e n c y  c h e c k  b e tw ee n

E x p s .  121 and  116 g i v e s ,  on the  b a s i s  of the  l a t t e r  d e p en d e n c e  and  the  finding
of E x p .  121, a v a lu e  of $2.  7 2 / in .  f o r  E x p .  116 w h e r e a s  the  m e a s u r e d  va lue

w as  $2. 4 4 / i n  ± 10%, T h e  di s a g r e e m e n t  i s  .-11% w hich  i s  b a r e l y  o u ts id e  of
the  e x p e r i m e n t a l  u n c e r t a i n t y .  F i g u r e  1 -4  i l l u s t r a t e s  the  d e p en d e n c e  of
Ak/AH on H , and  a l s o  AB^/AH on H . c c ' c c

F i g u r e  1 -3  d e p ic t s  the  c o s t  in  r e a c t i v i t y  of the  v a r i o u s  gaps  of E x p s .  97, 
99, and  103. A n  a v e r a g e  of ~ $3.  OO/in. of gap  is  o b s e r v e d ,  o r  rough ly  

A k / A T ^ «  - 0 . 0 2 0  in .  C l e a r l y  t h e s e  g a p s  h av e  a s ig n i f i c a n t  e f fec t  on the
n e u t r o n  b a l a n c e  of the  s y s t e m .

A m a j o r  j u s t i f i c a t i o n  f o r  p e r f o r m a n c e  of the  above  e x p e r i m e n t s  a r i s e s  

f r o m  the  c lo s e  d e p e n d e n c e  of d ig i t a l  c o m p u t e r  c a lc u l a t i o n s  on  s u ch  f ind ings .

A m e t h o d  w as  d e v e lo p e d  f o r  t r e a t i n g  v o id s  with  a  d i f fu s ion  co d e .  T h e r e ,  

one p e r f o r m s  a  s e q u e n c e  of c a l c u l a t i o n s  in  w h ich  the g a p  is  f i l l e d  w i th  s u c ­
c e s s i v e l y  l e s s  m o d e r a t o r  m a t e r i a l  so  t h a t  a r e l a t i o n s h i p  is  d e v e lo p e d  b e ­
tw e en  k^^^ and  (p /p ^ )  w h e r e  p^ w a s  t a k e n  as  the  r e f l e c t o r  d e n s i t y .  One 

th e n  d r a w s  a t a n g e n t  a t  s o m e  po in t  of th e  c u r v e  and e x t r a p o l a t e s  to  p / p ^  = Oi 
f o r  the  c o r r e c t  k^^^. (In the  p r e s e n t  i n s t a n c e ,  *-1 .025 as  found f r o m

c a l c u l a t i o n s  f o r  c r i t i c a l  a s s e m b l i e s  no t  con ta in ing  g a p s . )  T h a t  point  at 
w h ich  the  t a n g e n t  i s  d r a w n  (to  e x t r a p o l a t e  to  k^^^ = 1 .025) h a s  b e e n  found to 

be  p / p  ~ 0 . 5 .  T he  v a l id i t y  f o r  t h i s  s c h e m e  depends  on p r o p e r  i n t e r p r e t a t i o n
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of th e  p r e s e n t  e x p e r i m e n t a l  d a t a .  C l e a r l y  one a s s u m e s  in  the  above  r e c ip e  

th a t  ' i k g f f / ^ ( p / P q) i s  c o n s t a n t  f o r  low v a lu e s  of p /p ^ -  Al though the  e x p e r i ­
m e n t s  w e r e  p e r f o r m e d  fo l lowing  a p r o c e d u r e  w h e r e  the  r e f l e c t o r  th i c k n e s s  

w as  a lw ay s  6 . 0 " .  w h i le  the  c a l c u l a t i o n a l  r e c i p e  in  e f fec t  v a r i e d  r e f l e c t o r  
t h i c k n e s s ,  one cou ld  by r e c o u r s e  to  the  o b s e r v a t i o n s  on r e f l e c t o r  sav ings  

r e l a t e  e x p e r i m e n t  to  c a l c u l a t i o n .  I t  h a s  b e e n  v e r i f i e d  t h a t  /"^(p / P q)
c o n s ta n t  f o r  v a lu e s  of p / p ^  l e s s  th a n  0. 5. T he  c a lc u l a t i o n s  a r e  s t r a i g h t ­
f o r w a r d  and  w i l l  no t  be  g iv e n  h e r e .  Of c o u r s e ,  i f  one d e a l s  w i th  v e r y  l a r g e  
g aps  (e .  g.  , > 5 in .  ), the  r e c i p e  sh o u ld  be e x p e c te d  to  fa il .

M a t e r i a l  P l a c e d  in  G ap

An a t t e m p t  w as  m a d e  to  d e t e r m i n e  the e f fec t  on r e a c t i v i t y  of s t r u c t u r a l  
m a t e r i a l  p l a c e d  in  the  gap* T he  m a t e r i a l  w as  in  the  f o r m  of s h e e t s  and  f i l l ed  

a o n e - i n c h  g a p  a l m o s t  c o m p l e t e l y .  D i r e c t l y  in  c o n ta c t  w i th  the  c o r e  was 
s t a i n l e s s  steel, ,  0. 122" th i c k .  In  c o n ta c t  with  th a t  was a lu m in u m ,  0. 72" th ick .

A s h e e t  of p o ly e th y le n e  0.  124" t h i c k  c o m p l e t e d  th e  san d w ich .  T h e i r  c h e m i c a l  
a n a l y s e s  a r e  g iven  in  T a b le  1-3 .  T a b le  I - l  l i s t s  the  r e s u l t s  as  E x p s .  I l l ,

112, and 113. R e f e r e n c e  to  F i g .  1-4 ,  w h ich  g iv e s  ( A k / a h ^) ($ / i n c h ) ,  d e m ­
o n s t r a t e s  t h a t  the  f i l l e r  m a t e r i a l  h a s  a c o n s t a n t  r e a c t i v i t y  e f fec t  of + $2. 81 ± 5 %  

in  the  r a n g e :  1" ^  T^ 5. O b s e r v e  t h a t  a p o s i t iv e  r e a c t i v i t y  c o n t r ib u t io n
is  r e a l i z e d .  I t  fo l lows  th a t  the  m o d e r a t i n g  e f fec t  of the  f i l l e r  m a t e r i a l  o f f se ts  
i ts  p o i so n in g  e f fec t .  A n o t h e r  o b s e r v a t i o n  m a y  be  m a d e  c o m p a r in g  the  effec t  

on r e a c t i v i t y  of the  f i l l e r  m a t e r i a l  c o m p a r e d  to  g r a p h i t e  of e q u iv a l en t  t h i c k ­
n e s s  (p^ = 1. 70 g / c c ) .  S t r a i g h t f o r w a r d  i n t e r p r e t a t i o n  of E x p s .  92,  93, and 94 

y i e ld s  the  r e s u l t  t h a t  the  m a t e r i a l  i s  0.  50 as  e f fec t ive  as  g r a p h i t e  of equal 
t h i c k n e s s  (p^ = 1. 70 g / c c ) .

L e n g th  of S ide  R e f l e c t o r

E x p e r i m e n t s  106 and  107 w e r e  p e r f o r m e d  to d e m o n s t r a t e  the  e f fec t  of
le n g th  of th e  s id e  r e f l e c t o r  on r e a c t i v i t y .  In a c tu a l  c o n s t r u c t i o n  of a r e f l e c t e d
r e a c t o r ,  i t  i s  of ten  i m p o s s i b l e  to  h av e  a  s id e  r e f l e c t o r  w h o se  leng th ,  ( s e eK.
F i g .  I - l )  is  e q u a l  to  the  t o t a l  r e a c t o r  l en g th .  In the  e x p e r i m e n t s  u n d e r  a t t e n ­

t ion ,  the  l e n g th  of a n  e n d - r e f l e c t e d  c r i t i c a l  s y s t e m  was  m od i f ied ,  and 

w as  a d j u s t e d  to  r e t u r n  th e  s y s t e m  to  c r i t i c a l i t y .  In  E x p .  106 (a s  c o m p a r e d  
to  E x p .  105), t h e  end r e f l e c t o r  t h i c k n e s s  was  i n c r e a s e d  e f fe c t iv e ly  0. 75" and 

w a s  d e c r e a s e d  4. 36".  (T h e  f o r m e r  n u m b e r  t a k e s  in to  acc o u n t  a c o r r e c t i o n  

f o r  s l ig h t  change  in  ) E x p e r i m e n t  107 d i f f e r e d  f r o m  i t s  p r e d e c e s s o r ,  Exp .  
106, by c o n v e r s i o n  of the  i n n e r m o s t  in c h  of end  r e f l e c t o r  to  a c t i v e  c o r e  v o lu m e .
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The e f fe c t  w as  to  d e c r e a s e  by 0 .6 5K. in .  Tw o t r a d e - •off v a lu e s  r e s u l t :

A T  ^ „  = 1 . 0 ’’ -  ̂end  r e f l . AHj^ = 5. 82"

and
A H  = 1 . 0 " -  c o r e AHj^ = 6. 48"

T a b le  I -3 .  C h e m i c a l  A n a l y s e s  of G ap  F i l l e r M a t e r i a l

E l e m e n t S S -3 0 4 A l u m in u m P o ly e th y le n e

(Spec troscop ic)^^^

B ND ND ND

Cd ND ND ND

Mn 8000 ± 30% - - - -
Mo 8000 ± 30% - -
SI 4000 ± 30%

T1 200
Sm ND ND ND

Gd ND ND ND
E u ND ND ND

Dy ND ND ND
Cu 5000 ± 30%

(Chemical)^^^
C r 19%
Ni 9. 5%
F e 70%
P

S

T h i c k n e s s 0 . 1 2 2 " 0. 72" 0 . 1 2 4 "

(b)

A l l  e n t r i e s  in  p a r t s  p e r  m i l l i o n  by w e igh t .  
ND = no t  d e t e c t a b l e .

E n t r i e s  a s  w e ig h t  p e r c e n t .
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A n a d d i t io n a l  f inding is  t h a t  of a s o r t - o f  r e f l e c t o r  s av in g s  of the  end  r e ­
f l e c to r :

( R e f l e c t o r  Sav ing)^ ,^^  R e f l e c t o r  =

T h i s  i s  i n  a g r e e m e n t  w i th  the  e a r l i e r  f ind ing  of 0. 89 ± 0. 03, a l though  the 

d e t a i l s  of the  e x p e r i m e n t s  d i f f e r .

One s e e s  t h e r e f o r e  t h a t  s l ig h t  d e v ia t io n s  of s id e  r e f l e c t o r  l e n g th  f r o m  
a d e s i r e d  va lue  a f fec t s  the  r e a c t i v i t y  s l ig h t ly .  In  the  p r e s e n t  g e o m e t r y ,  one 

f inds  (Ak/AHj^) a i $ 0 , 4 0 / i n . ,  o r  0 .0 0  3 / in .  in  a b so lu t e  u n i t s .
S u m m a r y  of A ng ie  C a l c u l a t i o n s

All  e x p e r i m e n t s  l i s t e d  in  T a b le  1-1  e x ce p t  th o s e  of t h r e e - d i m e n s i o n a l  
n a t u r e  ( i . e . ,  E x p s .  105-7) h a v e  b e e n  r e p r e s e n t e d  in  v a r i o u s  Angie  ( tw o-  

d im e n s io n a l )  c a l c u l a t i o n s .  T h e  r e s u l t s  a r e  g iv e n  in  T a b le  1 -4 .  T h o s e  v a lu e s  
of f o r  the  c o n f ig u r a t io n s  no t  con ta in ing  gaps  fa l l  u n i f o r m ly  a ro u n d  =
1 .0 2 5 .  Id e a l ly ,  sh o u ld  be  un i ty .  T he  d i s c r e p a n c y  is  not u n d e r s to o d .

I t  i s  no t  due  to the  t w o - d i m e n s i o n a l  n a t u r e  of the  p r o b l e m  s in ce  the  k^££ of 
E x p .  92, a  b a r e  p a r a l l e l e p i p e d ,  i s  a l s o  1 .0 2 5 .  Both  Angie  and  Z o o m  (the 
o n e - d i m e n s i o n a l  code)  u t i l i z e  e ig h t e e n  e n e r g y  g ro u p s  of equa l  l o g a r i t h m i c  

w id th .  T h e  c a u s e  of the  d i s c r e p a n c y  m a y  l i e  in  the  cho ice  of c r o s s  s e c t io n s .  
I m p r o v e m e n t s  a r e  c u r r e n t l y  b e in g  m a d e  in  the  t e c h n iq u e s  of com put ing  the  

c r o s s  s e c t i o n s .  A l s o ,  n e w e r  e x p e r i m e n t a l  d a ta  a r e  be ing  i n c o r p o r a t e d .
In  c o n f ig u r a t io n s  invo lv ing  gaps  f r o m  1 to  3 in .  in  t h i c k n e s s ,  a s e n s ib le  

v a lu e  f o r  th a t  (p /p ^ )  a t  w h ic h  e x t r a p o l a t i o n  of the  t a n g e n t  to  the  k^^^ vs 
c u r v e  is  m a d e  is

( p /p ^ )  0 . 5 0  (± 0 .05 )

R e p o r t  U C R L -5 9 2 5 *  i l l u s t r a t e s  in  d e t a i l  the  t e ch n iq u e  f o r  d e t e r m i n i n g  the  
p r o p e r  k^^^ f o r  a  s y s t e m  con ta in ing  a  gap .

T he  va lue  of k^^^ f o r  E x p ,  113 ( i . e . ,  1" gap  f i l l e d  w i th  s t a i n l e s s  s t e e l ,  
a l u m i n u m  and po ly e th y len e )  i s  1. 0 37, o r  - ' 0 . 0 1 2  h i g h e r  th a n  o t h e r s  in 

T a b le  1 -3 .  S in ce  i t  w a s  found e x p e r i m e n t a l l y  t h a t  the  f i l l e r  m a t e r i a l  added  

$2 .81  to  the  s y s t e m  r e a c t i v i t y  w h ic h  is  Ak ~ 0 .0 1 9 4 ,  the  e r r o r  i m p l i e s  a 

~ 6 0 %  o v e r e s t i m a t e  of the  e f fe c t  of the  gap  m a t e r i a l .  E x p r e s s e d  a n o th e r  way, 

the  e r r o r  of Ak 0 . 0 1 2  is  e q u iv a l e n t  to  = 0,  7 in ,  w h ich  is  m u c h  l a r g e r

*
C h a p t e r  I , S e c t i o n  I .



T a b le  1-4 .  S u m m a r y  of R e s u l t s  of Angie  C a l c u la t io n s

Exp .
No.

L
(in.)

W
(in.)

He (corr . )^^^ 
(in.)

Tr
(in.)

Tv
(in.)

C / U “ 5 eff C o m m e n t s

92 48. 5 48. 5 35. 57 ----- ----- 296 1. 0255 -----

93 42. 5 42. 5 31 .92 6 .0 ----- 295 1. 0253 -----

94 42. 5 42. 5 28. 97 12. 0 ----- 295 (1.0163)*^^ -----

97 42. 5 42. 5 33. 13 6. 0 1 .0 295 ----- 0. 54*̂ *̂

99 42. 5 42. 5 34. 25 6 .0 2 .0 295 ----- 0.45(^>
103 42. 5 42. 5 35. 30 6 .0 3 .0 295 ----- 0. 50^^^

111 42. 5 42. 5 34. 01 6 .0 3 .0 295 ----- 0. 57 (e)M a t e r i a l  in  G a p '  ’
112 42. 5 42. 5 33. 01 6 .0 2. 0 295 ----- 0. 25 M a t e r i a l  in G a p '  '
113 42. 5 42. 5 32. 11 6 .0 1 .0 295 1. 0371 ----- M a t e r i a l  in  Gap^^^

119 36. 5 36. 5 35. 73 6 .0 ----- 298 1 .0258 -----

122 36. 5 36. 5 40. 27 6 . 0 2 .0 298 ----- 0. 42

(b)
C o r r e c t e d  f o r  v an e  s lo t s .

D e n s i ty  of c o r e  a s s u m e d  in  a l l  c a s e s  to  be: p = 1. 633 g / c c .  R e f l e c t o r  den s i ty :  p = 1. 70 g / c c .

Value  of (p /p ^ )  w i th in  gap  at  w h ich  t a n g en t  to  (p /p ^ )  sh o u ld  be  d r a w n .  E x t r a p o l a t i o n  to
(p/pj .)  = 0 g iv e s  f o r  s y s t e m  w ith  gap .  S e e  T e x t .

( d )

(e)
E s t i m a t e d  f r o m  r e s u l t s  of p r e v io u s  w o r k  r e p o r t e d  in  U C R L -5 9 2 5 .  
C o m p o s i t i o n  g iv e n  in  T a b le  1-3 .

I
V —

sO

a  n

I<T-O
OJO'
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th a n  the  u n c e r t a i n t y  of ± 0. 2 in .  A p o s s i b l e  d i r e c t i o n  fo r  e x p lan a t io n  of the  
d i s c r e p a n c y  m a y  be t o w a r d  th e  t r a n s p o r t  c h a r a c t e r  of the  f i l l e r  m a t e r i a l .

S in ce  it  d i f f e r s  r a d i c a l l y  f r o m  th e  s u r r o u n d i n g  m o d e r a t o r ,  su b t le  t r a n s p o r t  
c o r r e c t i o n s  m a y  be in  o r d e r .  T he  s u r p r i s i n g l y  low va lue  of (p/Pj.)rp of 

E x p .  112 is  a f u r t h e r  i n d i c a t io n  of i n c o m p l e t e  u n d e r s t a n d in g  of gap  m a t e r i a l  
e f f e c t s  of the  type  e x a m i n e d .

F i s s i o n  t r a v e r s e s  in  s e v e r a l  of the  a s s e m b l i e s  w e r e  m a d e  us ing  a
235c o m m e r c i a l  f i s s i o n  c o u n t e r  w hich  c o n ta in s  a v e r y  th in  l a y e r  of U 

F i g u r e s  1-5  and  1-6  c o m p a r e  the  e x p e r i m e n t a l  f ind ings  of E x p s .  93  and  119, 
and  the  c o r r e s p o n d i n g  r e s u l t s  f r o m  A n g ie .  The  p e ak s  in  the  e x p e r i m e n t a l  

c u r v e s  a r i s e  b e c a u s e  of s p a c e s  b e tw e e n  fue l  fo i l s .  The  t r a v e r s e s  w e r e  

t a k e n  n o r m a l  to  the  f a c e  of a s id e  r e f l e c t o r  and  a p p r o x i m a t e l y  c e n t e r e d  on 
the  f a c e .  A g r e e m e n t  i s  s e e n  to  w i th in  ± 10% in  the  ( P o w e r  p e r  Unit  U n ­

s h i e l d e d  F u e l  M a s s )  a s  a f u n c t io n  of p o s i t io n ,  e x c e p t  w i th in  the s id e  r e f l e c t o r .  
T h e r e ,  t h e  c o m p u te d  v a lu e  i s  ' •15%  be low  the  m e a s u r e d  v a lu e .

F i g u r e s  1-7  and  1-8  show  e x p e r i m e n t a l  t r a v e r s e s  n o r m a l  to  a s ide  
r e f l e c t o r  f o r  a  1" and  2" g a p  (i .  e.  , E x p s .  97 and  99). The  uncoupl ing  e f fec t  
i s  v e r y  r e c o g n i z a b l e .

V e r t i c a l  t r a v e r s e s  in  the  gaps  h a v e  shown s o m e  r a t h e r  i n t e r e s t i n g  
r e s u l t s .  The  t r a v e r s e s  h a d  a c h a r a c t e r i s t i c  cos  [ t t x / ( L  + 2A)] sh a p e .  The  

e x t r a p o l a t i o n  leng th ,  A, h o w e v e r ,  v a r i e d  r a d i c a l l y  f r o m  e x p e c te d  v a lu e s .

W ith in  the  c o r e  p r o p e r ,  A ~ 2. 0 c m  w h e r e a s  in the  gap  of E x p ,  99, A = 7. 6 c m i  
T he  t r a v e r s e s  of E x p .  105, sh o w n  in  F i g .  1-9 ,  a l s o  exh ib i t  th is  an o m a ly .  The 

l a t t e r  o b s e r v a t i o n  i l l u s t r a t e s  t h e  r i s k  one t a k e s  in  p e r f o r m i n g  t r a v e r s e s  o r  
w o r th  d e t e r m i n a t i o n s  in  r e g i o n s  of low d e n s i ty .  F o r  e x a m p l e ,  " r o d  bum p"  

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

a s s e m b l y ,  w i l l  g ive  a n s w e r s  t h a t  w i l l  be  in  e r r o r  b e c a u s e  of the  e x i s t e n c e  of 
the  a s s e m b l y  h o le  w h ich  a c c o m m o d a t e s  the  rod .

In  th e  e n d - r e f l e c t e d  s y s t e m ,  E x p .  105, t r a v e r s e s  showed  a  m a r k e d  

peak ing  in  the  end  r e f l e c t o r .  A v e r t i c a l  t r a v e r s e  in  the  gap  did not  show th i s .  

F i g u r e  1-9  i l l u s t r a t e s  the  f in d in g s .

T he  A n g ie  r e s u l t s  a r e  s e e n ,  t h e r e f o r e ,  to  a g r e e  s a t i s f a c t o r i l y  with  the 

e x p e r i m e n t s  w h e r e  c o m p a r i s o n s  m a y  be  m a d e .  A few i s o l a t e d  and  r e l a t i v e l y  

u n i m p o r t a n t  d i s c r e p a n c i e s  p e r s i s t .  T he  a g r e e m e n t  b e tw ee n  e x p e r i m e n t a l  

and  c a l c u l a t e d  t r a v e r s e s  i s  p a r t i c u l a r l y  g ra t i fy in g .
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F i g .  1 -9 .  V e r t i c a l  f i s s i o n  t r a v e r s e s .  E x p .  105.

C o n c lu s io n s
1. In an  a t t e m p t  to  u n d e r s t a n d  m o r e  c l e a r l y  th e  n a t u r e  of gap s  b e ­

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

2 35m a t e r i a l .  T he  c o r e  w as  lo a d e d  w i th  e n r i c h e d  u r a n i u m  {i. e. , 9 3. 2% U ) 
to  a m o l a r  r a t i o  of

~ 295:1

2. V a lu e s  of r e f l e c t o r  s a v in g s  w e r e  d e r i v e d  d i r e c t l y  f r o m  th e  e x ­

p e r i m e n t s .  F o r  6 - in .  r e f l e c t o r s ,  s a v in g s  v a l u e s  r a n g in g  f r o m  0 . 8 9  to

0 . 9 8  w e r e  found,  depend ing  on  th e  g e o m e t r y .
3. D i r e c t  r e a c t i v i t y  e f fe c t s  of c o r e - s i d e  r e f l e c t o r  gaps  w e r e  d e t e r ­

m in e d .  In  the  g e o m e t r y  c o n s i d e r e d ,  a c o s t  of

Ak .Va t  . , X - 0 . 0 2 0  in.  eff  vo id

w as  found. T h e r e  w as  no c l e a r  i n d i c a t io n  of n e u t r o n  s t r e a m i n g  f r o m  gaps  

up  to  3 in .  in  t h i c k n e s s .
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4. A r e p r e s e n t a t i o n  of s t r u c t u r a l  m a t e r i a l  in  the  gap  — n a m e l y ,  a 
s an d w ic h  of s t a i n l e s s  s t e e l ,  a l u m i n u m  and  p o ly e th y len e  — h a d  a s ig n i f ic an t  

e f fe c t  on r e a c t i v i t y .  T he  s a n d w ic h  h a d  a n  e f fec t  in d ep en d en t  of gap  th i c k n e s s .

5. E n d  r e f l e c t o r s  w e r e  s tu d ie d .  A r e f l e c t o r  s av in g s  va lue  f o r  a 

6 - i n .  - t h i c k  end  r e f l e c t o r  w a s  d e t e r m i n e d  to  be  0 . 8 9 .
6. The  e f fe c t  of a v a r i a t i o n  in  s id e  r e f l e c t o r  l e n g th  w as  r e l a t e d  to  

c o r e  l e n g th  v a r i a t i o n .  I t  w a s  found t h a t  an  i n c r e a s e  in  c o r e  l eng th  of a 

c r i t i c a l  r e a c t o r  of 1 .0  in .  r e q u i r e s  a d e c r e a s e  in  s ide  r e f l e c t o r  l e n g th  of

5. 8 in .  in  o r d e r  to  r e m a i n  c r i t i c a l .
7. A c a l c u l a t i o n a l  t e c h n i q u e  h a s  b e e n  e s t a b l i s h e d  w hich  a l low s  the  u se  

of a n e u t r o n  d i f fu s ion  code  in  d e t e r m i n i n g  the  r e a c t i v i t y  of a r e a c t o r  which 

c o n ta in s  m a j o r  v o id s ,
8. G e n e r a l l y  good  a g r e e m e n t  w a s  o b s e r v e d  b e tw e e n  the  Angie  r e s u l t s  

and  e x p e r i m e n t .  A v a lu e  of = 1 .0 2 5  w a s  found f o r  the  b a s i c  s y s t e m s
in  the  p r e s e n t  f a m i l y .  A g r e e m e n t  w i th  m e a s u r e d  f i s s i o n  t r a v e r s e s  was  
s a t i s f a c t o r y .

A i r  G a p  S tu d ie s  w i th  the  S p a d e  F a c i l i t y

A v a r i e t y  of c r i t i c a l  a s s e m b l y  e x p e r i m e n t s  h av e  b e e n  p e r f o r m e d  on 

the  Spade  f a c i l i t y  t o  i n v e s t i g a t e  e f f e c t s  of d i f f e r e n t  k inds  of gaps  in  r e a c t o r s .  

One s e t  w a s  c o n c e r n e d  w i th  b a r e  r e c t a n g u l a r  p a r a l l e l e p i p e d s  s p l i t  in  two at 

a  m e d i a n  p l a n e .  T h e  gaps  w e r e  no  l a r g e r  t h a n  one inch .  A n o t h e r  s e t  d e a l t  

w i th  " s a n d w i c h  c r i t s "  ( s e e  F i g .  I - IO ) ,  and  g a p s  in  the  m e d i a n  p lane  of the  

c o r e  a s  w e l l  a s  a t  the  c o r e - r e f l e c t o r  i n t e r f a c e  w e r e  s tu d ie d .  A t h i r d  s e t  

d e a l t  w i th  "box  c r i t s "  ( s e e  F i g .  I - l l ) ,  and  g a p s  w e r e  p r e s e n t  a t  the  c o r e -  

r e f l e c t o r  i n t e r f a c e .

T he  r e s u l t s  a r e  l i s t e d  in  T a b le  1 -4 .  In  a ll  c a s e s ,  the  BeO  c o r e  d e n s i ty  
w as  p Q = 2. 86 g / c c ,  t h e  g r a p h i t e  r e f l e c t o r  d e n s i t y  w as  p = 1. 70 g / c c .

T he  BeO w a s  found,  f r o m  a  p u l s e d  n e u t r o n  s o u r c e  e x p e r i m e n t ,  to  have
a  7 ± 4 m b  t h e r m a l  n e u t r o n  a b s o r p t i o n  c r o s s  s e c t io n ,  in d ica t in g  the  a b se n c e

of i m p u r i t i e s ,   ̂ B y  the  s a m e  p r o c e d u r e  the  g r a p h i t e  i n d i c a t e s  a p o i so n  le v e l

e q u iv a l e n t  to  1 3 a t o m  p a r t s  p e r  m i l l i o n .  C h e m i c a l  a n a l y s i s  g iv e s  f o r  the
l a t t e r  12, 5 ± 2. 5 a t o m  p a r t s  p e r  m i l l i o n  of b o r o n  w h ich  is  in  good a g r e e m e n t

2
w i th  the  p u l s e d  n e u t r o n  d e t e r m i n a t i o n .

^ U C R L - 5 3 6 9 ,  P t .  1 ( R e v i s e d ) .  
^ U C R L - 5 1 7 5 .  p .  4.



-  25 - U C R L -6 0 3 6

“c’“r “2 
h2=  1 3 .  O'

B e O / U ^ ^ ^  = 4 9 3

B e O  8/^="

T c

2 4 .  O'

2 4 ,  O'

R e f l e c t o r12,00

C o r e

B e O / U ^ ^ ^  = 2 4 7

C o r e

12 , 0 0 " R e f l e c t o r
2 4 .  0 "

2 4 .  O'

F i g .  I - IO

B e O / U ^ ^ ^  = 2 4 7  
p ( B e O )  = 2 .  8 6  g / c c

2 4 .0 ' .9.0'

G r a p h i t e

R e f l e c t o r

F i g .  I - l l



- 2 6  - U C R L -6 0  36

N e u t r o n i c  W o r th  of G aps
T h e  f i r s t  g r o u p  of e x p e r i m e n t s  l i s t e d  in  T a b le  1-5 d e a l s  w i th  v e r y  

s i m p l e  c o n f i g u r a t i o n s ,  w h ich  e n a b le s  one  to  em p lo y  the  co n ce p t  of buckling.  

In  p a r t i c u l a r ,  i t  is  of i n t e r e s t  to  e s t a b l i s h  w h e t h e r  r e m o v a l  of m o d e r a t o r  
m a t e r i a l  f r o m  a  s i m p l e  b a r e  s y s t e m  r e s u l t s  in  a  p r e d i c t a b l e  change  in 

b uck l ing .

T a b le  1-5

Ex p .
No.

D e s c r i p t i o n B e O / U ^ ^ ^ T■‘•c
(in.)

Te
(in.) (in.)

"Void"  C on ten ts

1 B a r e  BeO 49 3 ---- ---- 22. 2 ----

2 B a r e  B eO 49 3 0. 470 ---- 24. 53 H e x c e l l  A1 (p = 0. 053)
3 B a r e  BeO 493 0 . 9 3 7 ---- 27. 56 H e x c e l l  A1 (p = 0. 053)
4 B a r e  BeO 49 3 0 .9 7 0 . . . 25. 53 H e x c e l l ,  l / 2 "

g r a p h i t e  
p = 1. 70

5 S a n d w ic h 247 ----- ----- 14. 4 -----

6 S a n d w ic h 247 0 .4 7 0 ----- 16. 54 H e x c e l l  A1 (p = 0. 053)
7 S a n d w ic h 247 0 . 9 3 7 ---- 18 .96 H e x c e l l  A1 (p = 0. 053)
8 S a n d w ic h 247 ---- 0 .4 7 15. 47 H e x c e l l  A1 (p = 0. 053)

9 Box 247 ---- ----- 16. 25 S t y r o f o a m  (p = 0. 0 32)
10 Box 247 ----- 0. 50 16 .6 S t y r o f o a m  (p = 0. 032)
11 Box 247 ----- 1 .00 17 .0 S t y r o f o a m  (p = 0 . 0  32)
12 Box 247 ----- 1. 063 17. 3 a i r

U ) H i s  the  c r i t i c a l  h e ig h t  no t  inc lud ing  the  g a p s ,  T o r  T

I t  i s  shown in  the  p r e s e n t  s e c t i o n  th a t  the  n e u t r o n ic  w o r t h  of a  m o d e r a t o r  

v a r i e s  s i m p l y  a s  ^ . I t  is  n e c e s s a r y  in  the  c a l c u l a t i o n  to  e m p lo y  the  f a c t  tha t  
i f  a  r e a c t o r  (1) of d i m e n s i o n s ,  ^r^, and  d e n s i t i e s  i s  c r i t i c a l ,  th e n  a n o th e r

(2) in  w h ich  ( 2^1)* ^2^i^ " ^l^i^ ^ ^ i ^  a l s o  c r i t i c a l .  A c o r o l l a r y  is

X ( p ^ / p j ) 2

in  the  c a s e  of a  b a r e  h o m o g e n e o u s  s y s t e m .  The  above  e x p r e s s i o n s  a r e  s im p ly  
an  a r g u m e n t  f r o m  c o n s t a n c y  of m e a n - f r e e - p a t h s .
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T h e  buck l ing  of E x p .  1 of T a b le  I - 4 i s  found t o b e ( 7 . 7 2 ± 0 . 0 5 ) X l O  

c m  ^ a t  a B eO  d e n s i t y  of 2 .8 6  g / c c .  T he  u n c e r t a i n t y  is  due  to  the  a c c u r a c y

of m e a s u r i n g  H ( i . e . ,  ± 0 . 2  i n . ). The  buck l ing  of the  E x p .  2 i s  7. 145 X
- 3 - 2 ^  - 3 - 210 c m  w h i le  t h a t  of E x p .  3 is  6 . 64 X 10 c m  . H e r e ,  the  e x t r a p o l a t i o n

leng th  is  1. 3 c m ,  and  o v e r a l l  d i m e n s i o n s  d e t e r m i n e  the  buck l ing .  Now in

the  c a s e  of E x p .  2, the  a p p a r e n t  ch an g e  in  d e n s i t y  is

^  ^  0 ^  = 0 .0 1 9  p 25. 0

H o w e v e r ,  the  gap  is  in  a m e d i a n  p lan e  and  so  0 ^ / ~ ^- 0.  0 ^ is® ^ ^ ^gap  ^ ^gap
a v e r a g e d  o v e r  th e  gap . T h e  e f fe c t iv e  d e n s i t y  ch an g e  is  th e n  tw ice  t h a t  l i s t e d
above .  Apply ing  the  a r g u m e n t  of c o n s t a n c y  of m e a n - f r e e - p a t h s , one finds

(E xp .  2) = 7. 71 X 10"^  c m ’ ^ (p^^^ = 2. 86)

One s e e s  a g r e e m e n t  w i th in  the  a c c u r a c y  of the  e x p e r i m e n t .  T he  o v e r a l l  

change  in  a c t i v e  c r i t i c a l  h e ig h t  w as  2. 3 in.  An u n c e r t a i n t y  of ± 0. 2 in c h es  

i m p l i e s  th e n  an  e x p e r i m e n t a l  u n c e r t a i n t y  in  the  t e s t  of ± 9%.
In  E x p .  3, we f ind  by th e  s a m e  p r o c e d u r e ,

(E xp .  3) = 7. 61 X 10"^  c m " ^  (p^^^ = 2. 86)

H e r e  th e  a g r e e m e n t  i s  no t  a s  good.  O b s e r v e  h o w e v e r  t h a t  the  d i f f e r e n c e  in 

B ^  is  e q u iv a l e n t  to  a AH = 0. 47" ,  w h e r e a s  the  a c t i v e  c o r e  h e ig h t  change  
w as  5. 36".  In  o t h e r  w o r d s  the  0 p r o c e d u r e  a cc o u n te d  f o r  91% of the  e f fec t  

of the  l a r g e r  gap.
T h e  l a t t e r  s l i g h t  d i s a g r e e m e n t  is  r e a s o n a b l e .  One e x p e c t s  the  s t r e a m ­

ing m e c h a n i s m  to  b e c o m e  m o r e  i m p o r t a n t  a s  the  g a p s  i n c r e a s e  in  wid th .
The t e n d e n c y  w ould  be  to  r e q u i r e  a l a r g e r  c r i t i c a l  h e ig h t  th a n  w ould  be p r e ­
d i c t e d  by the  0^ r u l e .  A s m a l l e r  v a lu e  f o r  B ^  w ou ld  r e s u l t .  T h e  f ind ings  
of E x p .  3 a r e  in  a c c o r d  w i th  t h i s .  U n f o r tu n a te ly ,  q u a n t i t a t i v e  e s t i m a t e s  of 

s t r e a m i n g  a r e  not q u i te  j u s t i f i e d  b e c a u s e  of the  a c c u r a c y  of the  e x p e r i m e n t .

R e v i s e d  T o r y  I I - A - 1  F u e l  L o a d in g  D i s t r i b u t i o n

T he  fu e l  d i s t r i b u t i o n  as  s p e c i f i e d  c a n  be c o n s i d e r e d  e s s e n t i a l l y  f ina l .

In  f ac t ,  a s s e m b l y  of the  f i r s t  c o r e  i s  a c tu a l ly  u n d e r  w ay  a c c o r d i n g  to  the  
fu e l  e l e m e n t  load ing  m a p  a s  shown in  F i g s . 1 -12  and  1-13.
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The  f i r s t  p a r t  of t h i s  s e c t i o n  d e s c r i b e s  the  b a s i c  a s s u m p t i o n s  and  c o n ­

s t a n t s  w h ich  w e r e  u s e d  in n e u t r o n i c  c a l c u l a t i o n s  p r e p a r a t o r y  to  the  fuel  
c h a r t .  T h i s  c h a r t  h a s  b e e n  d a t e d  M ay  16, I960.

B a s i c  A s s u m p t i o n s  L e a d in g  to  the  F u e l  M ap  of M ay 16, I960 (F ig .  1-12)

T he  c h a r a c t e r i s t i c  p a r a m e t e r s  w h ich  e n t e r e d  in to  the  d e t e r m i n a t i o n  of 

the  p r e s e n t  fue l  d i s t r i b u t i o n  can  be s u m m a r i z e d  a s  fo llows: (All  d a ta  a r e  
n o m in a l  an d  a r e  l i s t e d  a t  a m b i e n t  t e m p e r a t u r e s . )

1. F o r  th e  C o re

A v e r a g e  fue l  loading^ 5. 954 wt%
m a x  load ing  7. 49 wt%
m i n  load ing  3. 5 3 wt%

A v e r a g e ,  e f fec t iv e ,  f u e l e d  B eO  d e n s i t y  3. 049 g / c c
P e r c e n t  of t h e o r e t i c a l  d e n s i t y  in  fu e le d  B eO  97
P e r c e n t  of t h e o r e t i c a l  d e n s i t y  in  s t r u c t u r a l  BeO 96
T o t a l  m a s s  of f u e l e d  B eO  859- 352 kg
T o ta l  m a s s  of s t r u c t u r a l  BeO  4. 1868 k g / i n .
T o ta l  m a s s  of B eO ,  f r o m  f u e l e d  808. 183 kg
T o ta l  m a s s  of 0 y 0 2  51. 168 kg
T o t a l  m a s s  of U-235  41. 980 kg
T o t a l  m a s s  of U -2 3 8  3 .0 6 3  kg
M o d e r a t o r  to  U -2 3 5 ,  m o l a r  r a t i o  2 2 2 .6 8

T o t a l ,  e q u iv a l en t ,  f r o n t a l  a r e a  of r e a c t o r  8 3 9 .5 6 9  in^
E q u i v a l e n t  f r o n t a l  a r e a  of f u e l e d  B eO  386. 466 in^
E q u i v a l e n t  f r o n t a l  a r e a  of s t r u c t u r a l  BeO  88. 478 in^
T o ta l  f low a r e a  t h r o u g h  fue l  tu b e s  272. 26 in^
T o ta l  f low a r e a  t h r o u g h  t e n s i o n  t u b e s  21. 19 in^
T o ta l ,  e q u iv a l e n t  f r o n t a l  vo id  a r e a  343. 385 in^
P o r o s i t y ( ^ )  0 .4 1 3 3
C o r e  length : m e d i u m ,  f u e l e d  r e g i o n  44. 506 in.
C o r e  v o lu m e  in  fu e le d  r e g i o n  37, 365. 858 in^
Use  of t e n s i o n  tu b e s  w i th  an e q u iv a len t ,

to t a l  f r o n t a l  a r e a  of 21. 19 in
F l a t - t o - f l a t  d i m e n s i o n s ,  fue l  tu b e s  0. 297 in^
F l o w  o r i f i c e  d i a m e t e r ,  fue l  tu b e s  0. 2005 in^
N u m b e r  of f u e l e d  tu b e s  in  c o r e  c r o s s  s e c t i o n  8623
T h e o r e t i c a l  d e n s i t y  of OyO^ 10. 83 g / c c
T h e o r e t i c a l  d e n s i t y  of B eO  3. 008 g / c c
S e l f - s h i e l d i n g  in  H a s t e l l o y  t e n s i o n  tu b e s  yes

W eigh t  O y O ^ /W e i g h t  of t o t a l  f u e l e d  B eO .
(2) R a t io  of f low a r e a  to  f r o n t a l  a r e a  of fue l  e l e m e n t s .
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Z. F o r  the  G ap  R e g i o n  B e t w e e n  C o r e  and  R e f l e c t o r

E q u i v a l e n t  f r o n t a l  a r e a  of s h r o u d  
C o r r e s p o n d i n g  to  an  e q u iv a l e n t  t h i c k n e s s  of 
E q u i v a l e n t  f r o n t a l  a r e a  of p r e s s u r e  v e s s e l  
E q u i v a l e n t  f r o n t a l  a r e a  of c o o lan t  w a t e r  
S e l f - s h i e l d i n g  in  s h r o u d  H a s t e l l o y  
C o r r e l a t i o n  to Snoopy c r i t i c a l  a s s e m b l i e s

3. F o r  th e  S ide  R e f l e c t o r

1 0 .

0 .

77,
1 1 ,

612 in
09844 in.  
213 in^  
495 in^

yes
yes

E q u i v a l e n t  f r o n t a l  a r e a  of g r a p h i t e  
E q u i v a l e n t  f r o n t a l  a r e a  of c o o lan t  w a t e r  
E q u i v a l e n t  f r o n t a l  a r e a  of a l u m i n u m  
E q u i v a l e n t  f r o n t a l  a r e a  of v o id s  
C a l c u l a t i o n a l  u n c e r t a i n t y  in  a r e a  d e t e r m i n a t i o n s

3998
147,
48,
1 2 ,

± 0 ,

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

wi th  i m p u r i t i e s  bu t  w i thou t  a b s o r p t i o n  w a t e r  
S e l f - s h i e l d i n g  in  b o r o n  s t e e l  tu b e s  yes

4.  F o r  th e  I n l e t  R e f l e c t o r

008 in'^ 
264 in^ 
888 in^ 
56 in^
1 %

784 g / c c  
755%

-45. 835 X 10 c m -1

F l a t - t o - f l a t  d i m e n s i o n  of tu b e s  
F l o w  o r i f i c e  d i a m e t e r  in  tu b e s  
P e r c e n t  of t h e o r e t i c a l  d e n s i t y  
S a m e  e q u iv a l en t ,  f r o n t a l  a r e a s  as  t h o s e  

p e r t a i n i n g  to  the  fu e le d  c o r e  r e g i o n  
T h i c k n e s s  of r e f l e c t o r

5. F o r  the  E x i t  R e f l e c t o r

F l a t - t o - f l a t  d i m e n s i o n  of tu b e s  
F l o w  o r i f i c e  d i a m e t e r  in  tu b e s  
P e r c e n t  of t h e o r e t i c a l  d e n s i t y  
S a m e  e q u iv a l en t ,  f r o n t a l  a r e a s  as  th o s e  

p e r t a i n i n g  to  th e  f u e l e d  c o r e  r e g i o n  
T h i c k n e s s  of r e f l e c t o r

6. F o r  the  F r o n t  R e t a i n e r  P l a t e

T h i c k n e s s  of R e z i s t a l  R - 3 4 7  p la te  
A p p r o x i m a t e l y  the  s a m e  e q u iv a l e n t  f r o n t a l  a r e a  

is  a s s u m e d  f o r  the  R e z i s t a l  p l a t e  a s  th a t  
of the  c o m b in e d  fu e le d  and  s t r u c t u r a l  BeO 
in  th e  c o r e

7. F o r  th e  B a s e  P l a t e
M a t e r i a l  of p la te
A p p r o x i m a t e l y  the  s a m e  e q u iv a l e n t  f r o n t a l  a r e a  

i s  a s s u m e d  f o r  the  b a s e  p la te  a s  th a t  
of the  c o m b in e d  f u e l e d  an d  s t r u c t u r a l  
B eO  in  th e  c o r e

0 .

0 .

97

297 in^  
2005 in.

6.  046 in.

0.  297 in.  
0. 2005 in, 

97

2 .0 0 0  in.

0 .2 5 0  in.

4 7 4 .9 4 4  in^

0. 5 T i - M o

474. 944 in^
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A r e a l i z a t i o n  of the  above  m a g n i t u d e s  fo r  the  e n u m e r a t e d  p a r a m e t e r s  

i s  e x p e c t e d  to  p e r m i t  the  r e a c t o r  to  go c r i t i c a l  a t  a  c o n t r o l  van e  ang le  p o s i t io n  
of 68*. T h i s  p e r t a i n s  to c o r e  t e m p e r a t u r e s  c o r r e s p o n d i n g  to  h igh  p o w e r  

o p e ra t io n .
As to  the  p o w e r  d e n s i t y  v a r i a t i o n s  a c r o s s  fuel  e l e m e n t s  a t  the  d e s ig n  

po in t,  it  i s  e x p e c t e d  to  be  e s s e n t i a l l y  ± Z. 5%. On the  o th e r  hand ,  c o n t r a r y  
to  the  c o n s i d e r a t i o n s  of ± 3% a z i m u t h a l  p o w e r  d e n s i t y  v a r i a t i o n ,  i t  was  fe lt  
th i s  t i m e  th a t  th e  l o c a l  e f fe c t  of v a n e s ,  e t c . ,  w as  s t i l l  r e l a t i v e l y  s m a l l ,  in  

view of o t h e r  u n c e r t a i n t i e s .  T he  fue l  e l e m e n t  c l a s s  d i s t r i b u t i o n  a s  shown 
in  F i g s .  1-12 and 1-13, t h e r e f o r e ,  does  no t  in c lu d e  a z i m u t h a l  p e r t u r b a t i o n s  
in  the  load ing  p a t t e r n .

T he  r e d u c t i o n  in  fue l ,  in  c o n t r a s t  to  w ha t  was  o r ig i n a l ly  p r e d i c t e d ,  can  

be  a t t r i b u t e d  p r i m a r i l y  to  th e  n e t  e f fec t  of the  following i t e m s ,  s o m e  of which 
a c t e d  to  c o u n t e r  a g a in  in  r e a c t iv i t y :

a.  R e a l i z a t i o n  of a  h i g h e r  d e n s i t y  in  fu e le d  B eO ,  n a m e l y ,  97% of 
t h e o r e t i c a l ,  i n s t e a d  of 96%.

b. R e a l i z a t i o n  of a  h i g h e r  d e n s i t y  in  s t r u c t u r a l  BeO, n a m e l y ,  96% 
i n s t e a d  of 94% p r e v i o u s l y  a s s u m e d .

c. A p p l i c a t i o n  of s e l f - s h i e l d i n g  e f f e c t s ,  and h e n ce  r e d u c t io n  in  the  

n e u t r o n  c a p t u r e ,  in  t e n s i o n  tu b e s ,  in  the  s h ro u d ,  and  in  the  b o ro n  tu b e s  of 

the  c o n t r o l  v a n e s .

d. R e - e v a l u a t i o n  of th e  end  e f f e c t s  in  the  l igh t  of m o r e  u p - t o - d a t e  da ta .

e.  R e a l i s t i c  i n f o r m a t i o n  f o r  p a r a m e t e r s  of the  s id e  r e f l e c t o r ,  b a s e d  
upon r e c e n t  a n a l y s i s  of c o m p o n e n t s .

f. I m p r o v e d  n e u t r o n i c  r e p r e s e n t a t i o n  of the  d i s t r i b u t i o n  of s t r u c t u r a l  

BeO in  th e  c o r e  and  the  a r r a y  of t e n s i o n  tu b e s .
g.  C o r r e l a t i o n  of T o r y  I I -A  n e u t r o n i c  c a lc u l a t i o n s  with  th o s e  i n t e r p r e t i n g  

the  f ind ings  f r o m  "S noopy” c r i t i c a l  e x p e r i m e n t s .

E f f e c t  of P h o t o n e u t r o n s  on Shu tdow n P o w e r

An e v a lu a t io n  of the  c o n t r i b u t i o n  of d e la y e d  p h o to n e u t ro n s  f r o m  the
9

Be (y, n) r e a c t i o n  in  T o r y  I I -A  to  the  r e a c t o r  p o w e r  a f t e r  shu tdown h a s  b e e n  
m a d e .

E x p e r i m e n t a l  d a ta  f r o m  Hot  Box  ( r e p o r t  U C RL -5829)  w as  u s e d  to  d e t e r ­
m in e  an e f fe c t iv e  (y, n) c r o s s  s e c t i o n  fo r  a  BeO a s s e m b l y ;  th i s  in f o r m a t io n  
t o g e t h e r  w i th  known f i s s i o n  p r o d u c t  g a m m a  d e c a y  r a t e s  a f t e r  s p e c i f i c  r e a c t o r
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o p e r a t i o n  t i m e s  y i e l d s  a p h o to n e u t r o n  p r o d u c t i o n  r a t e  as  a  fu n c t io n  of t i m e  

a f t e r  shu tdown.
9

Since  th e  n e u t r o n  s p e c t r u m  f r o m  B e  (y, n) p r o c e s s  is  not known ex ac t ly ,  

i t  i s  d i f f icu l t  to  im p l y  a  s p e c i f i c  f i s s i o n  r a t e  c o n t r ib u t io n  f r o m  th i s  s o u r c e .  
H o w e v e r ,  a s s u m i n g  th a t  a t  b e s t  a l l  of t h e s e  n e u t r o n s  r e a c h  t h e r m a l  e n e r g i e s ,  

the  p r o b a b i l i t y  t h a t  t h e s e  w i l l  c a u s e  f i s s i o n  i s  ~ 0 .  8; a  l o w e r  l i m i t  c an  be  
e s t a b l i s h e d  by a s s u m i n g  t h a t  only 1 of 5 n e u t r o n s  w i l l  c a u s e  f i s s i o n  le ad in g  

to  a 0 . 4  p r o b a b i l i t y .  We c a n  say ,  t h e r e f o r e ,  w i th  a  30% u n c e r t a i n t y ,  th a t  

- 6 0 %  of the  p h o to n e u t r o n s  w i l l  c o n t r i b u t e  to  the  a f t e r - s h u t d o w n  p o w e r .  

A d d i t io n a l  c o n s i d e r a t i o n s  m u s t  t ak e  in to  a c c o u n t  the  a m o u n t  of n e g a t iv e  
r e a c t i v i t y  i n t r o d u c e d  a t  the  end  of the  r e a c t o r  o p e r a t i o n ,  th i s  w i l l  a f fec t  the  

m u l t i p l i c a t i o n  of th e  p h o to n e u t r o n s  and  d e t e r m i n e  the  e f fe c t iv e  a f t e r - s h u t d o w n  

p h o to n e u t r o n  p o w e r  l e v e l .

I t  w as  found th a t  f o r  a n e g a t i v e  r e a c t i v i t y  s t e p  of $ 0 .8  a f t e r  a 1 - m i n  
ru n ,  the  p h o to n e u t r o n  p o w e r  l e v e l  5 m i n u t e s  a f t e r  shu tdow n  is  —0. 5% of the  

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

th a t  i s  c o n t r i b u t e d  by f i s s i o n  p r o d u c t  g a m m a s  and  b e t a s ,  r e s p e c t i v e l y ,  u n d e r  

the  s a m e  o p e r a t in g  co n d i t io n s .
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S E C T IO N  II .  TORY I I - A  AEROTHERM ODYNAM ICS*

1. D u r in g  th i s  r e p o r t i n g  p e r i o d  the  T o r y  I I -A  a e r o t h e r m o d y n a m i c  

d e s i g n  a n a l y s i s  w as  c o m p l e t e d .  A r e p r e s e n t a t i v e  s e t  of d e s ig n  poin t param^ 

e t e r s  f o r  the  m a j o r  T o r y  I I -A  c o m p o n e n t s  i s  g iven  in  T a b le  1-6.

T a b le  1-6

C o m p o n e n t  D e s i g n  P o i n t  P a r a m e t e r s  
D e s i g n  P o i n t  C r i t e r i a :
R e a c t o r  in le t  s t a g n a t io n  p r e s s u r e  357 p s i a
R e a c t o r  in le t  s t a g n a t io n  t e m p e r a t u r e  846®K
F u e l  e l e m e n t  m a x i m u m  w a l l  t e m p e r a t u r e  1505*K
E x i t  n o z z l e  g e o m e t r i c  a r e a  326. 24 in.

T y p i c a l  F u e l  E l e m e n t
E x i t  s t a g n a t i o n  te m p e jc a tu re  1343®K
E x i t  M a c h  n u m b e r  0 . 6 3
E x i t  s t a g n a t io n  p r e s s u r e  229 p s i a
S ing le  condu i t  p o w e r  1 7 .4 5  kw
F l o w  p e r  tube  30. 1 g / s e c
T o ta l  fue l  e l e m e n t  p o w e r  151 Mw
T o t a l  fue l  e l e m e n t  f low 611 pps
M a x i m u m  fue l  e l e m e n t  w a l l  t e m p e r a t u r e  1505*K

T y p i c a l  T i e  R od
E x i t  s t a g n a t io n  t e m p e r a t u r e  90 3**K
E x i t  M a c h  n u m b e r  0. 717
E x i t  s t a g n a t io n  p r e s s u r e  2 7 3 .4  p s i a
S ing le  condu i t  p o w e r  31 kw
F l o w  p e r  tube  482 g / s e c
T o ta l  t i e  r o d  p o w e r  2. 23 Mw
T o t a l  t ie  r o d  flow 76 pps
M a x i m u m  t i e  r o d  w a l l  t e m p e r a t u r e  996. 4*K

S h r o u d

E x i t  s t a g n a t io n  t e m p e r a t u r e  S62*K
E x i t  M a c h  n u m b e r  0. 293
E x i t  s t a g n a t io n  p r e s s u r e  210 p s i a
S h r o u d  p o w e r  317 Mw
S h r o u d  flow 38 pps
M a x im u m  condu i t  w a l l  t e m p e r a t u r e  863®K

D e t a i l s  of th e  c a l c u l a t i o n a l  t e c h n i q u e s  u s e d  in  T o r y  I I -A  a e r o t h e r m o ­
d y n a m ic  a n a l y s e s  w i l l  be  p r e s e n t e d  in  a  fo r th c o m i n g  U C RL r e p o r t .
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A t  the  d e s i g n  poin t ,  the  m a x i m u m  t e m p e r a t u r e  of the  f r o n t  s u p p o r t  is 

e x p e c te d  to  be  abou t  870®K. T h e  m a x i m u m  b a s e  p la te  t e m p e r a t u r e  should  
be  abou t  1 350®K, the  s t r u c t u r a l  l in k  m a x i m u m  t e m p e r a t u r e  about  1420*K, 

and  the  w i p e r  s e a l  m a x i m u m  t e m p e r a t u r e  about  1090*K.
The  t o t a l  d e s i g n  po in t  p o w e r  of T o r y  I I -A  sh o u ld  be abou t  156 Mw.

T o t a l  r e a c t o r  f low r a t e  a t  d e s ig n  c o n d i t io n s  is  e x p e c t e d  to  be  726 pps .

2. F o r  p u r p o s e s  of n u c l e a r  c o n t r o l  s y s t e m  and  o p e r a t i o n a l  a n a ly s i s ,  
a l u m p e d  p a r a m e t e r  t r a n s f e r  func t ion  h a s  b e e n  d e r i v e d .  F o r  r e a s o n a b l e  

o p e r a t i o n a l  s i t u a t i o n s ,  the  lu m p e d  p a r a m e t e r  r e c i p e  sh o u ld  p r e d i c t  the  a v e r ­

age  fue l  e l e m e n t  t e m p e r a t u r e  to w i th in  2% of i t s  t r u e  va lue  a t  any t i m e .
3. F l o s s  III,  the  m u l t i z o n e ,  s i n g l e - e l e m e n t ,  s t e a d y - s t a t e  a e r o t h e r m o ­

d y n a m ic  code ,  h a s  b e e n  s u c c e s s f u l l y  u s e d  as  a s u b r o u t in e  f o r  a  m u l t i - e l e m e n t ,  

m u l t i z o n e ,  s t e a d y - s t a t e  a e r o t h e r m o d y n a m i c  co d e .  T h e  n a m e  of th i s  new 
code,  w h ich  is  in  IBM  709 p r o d u c t i o n  s t a t u s ,  i s  NOMAC. I t  i s  now p o s s i b l e

to  c a lc i i l a te  a c o m p l e t e  s e t  of p a r a m e t e r s  f o r  a  r e a c t o r  con ta in ing  s t r u c t u r a l  

a s  w e l l  a s  fu e le d  e l e m e n t s .  E n t r o p y  i n c r e a s e s  due to  n o n - i d e a l  g e o m e t r i e s  

a r e  in c lu d e d  in  th e  c o m p u t e r  m a tc h in g  c a l c u l a t i o n s .  T h e  g a s  v e lo c i ty  p ro f i l e  

in  the  u p s t r e a m  fe e d  d u c t  i s  a s s u m e d  to  be i n d e p e n d e n t  of l a t e r a l  po s i t io n .
E x i t  n o z z l e s  n e e d  be  s p e c i f i e d  only as  r e g a r d s  t h e i r  i s e n t r o p i c  g e o m e t r i e s ;  

the  NOMAC p r o g r a m  d e t e r m i n e s  ex i t  n o z z le  p a r a m e t e r s  fo r  c a s e s  of s u b ­

so n ic  t h r o u g h  s u p e r s o n i c  flow.
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S E CT IO N  III. TORY II -A  CONTROLS

D u r in g  the  c u r r e n t  r e p o r t i n g  p e r i o d ,  S tag e  IV ( a n a l o g - e l e c t r o n i c s - 

conso le )  and  S ta g e  V ( f ina l  s y s t e m s  checkou t )  w e r e  s u c c e s s f u l l y  c o m p le te d  
and the  p o w e r  c o n t r o l  s y s t e m  h a r d w a r e  w a s  d e l i v e r e d  to  NTS o r  the  cold 

c r i t i c a l  f a c i l i t y  as a p p l i c a b l e .  S t a g e s  1, II and  III w e r e  r e p o r t e d  in  P lu to  
Q u a r t e r l y  R e p o r t  No.  3 (U C R L -5 9 2 5 )  f o r  J a n u a r y - M a r c h  i960 .  S tage  V 
r e s u l t s  w i l l  be b r i e f l y  s u m m a r i z e d  h e r e i n .

T he  t e s t s  c a r r i e d  out d u r in g  S ta g e  V in c lu d e  a ll  the  t e s t s  ou t l ined  

p r e v i o u s l y  in  S e c t io n  11(4) of the  l a s t  r e p o r t  No. 3 and the  following add i t ions  
(con t inu ing  w i th  s t e p  e of i t e m  6 in  s u b s e c t i o n  4. 1 of r e p o r t  No. 3):

6. C h ec k o u t  of Log  P o w e r  S y s t e m

e. R e s p o n s e  t o  R e a c t i v i t y  D i s t u r b a n c e s  

P o w e r  L e v e l  — P^

F l o w  R a t e  — "Wq 

T e m p e r a t u r e  — T^
P e r i o d  — 5 s e c o n d  d e m a n d  

R e s e t  L e v e l  — P  = 1. 2 P^, t  = 1 s eco n d  
S c r a m  L e v e l  — P  = 3 Pq (Log),  x = 1 s eco n d  

P  = 1. 5 pQ ( L in e a r )
R e a c t i v i t y  D i s t u r b a n c e s  — ± 10^, ± 2 0 ^  ± $ 1 . 0 0  

O b je c t i v e  — M e a s u r e  s t i f f n e s s  of log p o w e r  c o n t ro l  

s y s t e m  to  r e a c t i v i t y  d i s t u r b a n c e s  
R e c o r d  -  L o g  Log P ,  W, T^. P.

K / t . 6k

f. R e s p o n s e  to  F l o w  D i s t u r b a n c e s  
P o w e r  L e v e l  — Pq

F l o w  R a te  — S te p  flow r a t e  -*• 0. 1 "Wq Wq 

T e m p e r a t u r e  — V a r i a b l e  about  T(.^
P e r i o d  — 5 s e c o n d  d e m a n d  

R e s e t  L e v e l s  — P  = 1. 2 P^,  x = 1 s ec o n d  

S c r a m  L e v e l s  — P  = 3 Pq (Log),  x = 1. 0 sec o n d s  

P  = 1. 5 Pq ( L in e a r )
O b je c t iv e  — M e a s u r e  s t i f f n e s s  of log  p o w e r  c o n t ro l  s y s t e m  

to  c o o lan t  d i s t u r b a n c e s  

R e c o r d - L o g  ^  ^ r o d ’ ®vanes «)•

^ s a f e t y  ro d
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g. L o s s  of V e r n i e r  Rod

P o w e r  L e v e l  — R a m p  change  0.  1 Pq Pq ^  0. 1 Pq

60 s ec o n d  
r a m pF lo w  R a t e  — R a m p  ch an g e  0. 1 -► -► 0. 1 Wq

T e m p e r a t u r e  — C o n s t a n t

P e r i o d  — 5 s e c o n d  d e m a n d

R e s e t  L e v e l s  —  P  = 1. 2 P q ,  t  = 1 s ec o n d

O b je c t i v e  — D e t e r m i n e  r e s p o n s e  and  s t a b i l i t y  of log p o w e r
s y s t e m  w h en  o p e r a t in g  on v a n e s  only

R e c o r d - L o g  P ^  ,, Log P. W, T . X , . 0  ( a l l  8),® D e m a n d  © * * c* r o d  v a n e s  ' '*
X .  * K / t , €s a f e t y  r o d  ' p

7. C h eck o u t  of S c r a m  O v e r r i d e  S y s t e m

a.  S lewing  One C o n t r o l  E l e m e n t  
P o w e r  L e v e l  — P(o) = Pq 
F low R a t e  — W(o) =

T e m p e r a t u r e  — V a r i a b l e  about  T_
o

P e r i o d  D e m a n d  — 5 s e c o n d s  
R e s e t  L e v e l  — 1 . 2  Pq, t  = 1 s ec o n d

O b je c t iv e  — D e t e r m i n e  e f fec t  of s l e w  o p e r a t i o n  of one

c o n t r o l  e l e m e n t  w h i le  in  the  (1) m a n u a l ,  and 
(2) a u t o m a t i c  c o n t r o l  m o d e s  

P r o c e d u r e  — W hile  in  (1) m a n u a l ,  (2) a u to m a t i c  s l e w  f i r s t  

one ro d ,  th e n  one  vane ,  in  an d  out.  Move the  

c o n t r o l  e l e m e n t s  the  m i n i m u m  a m o u n t  p o s s i b l e  

by going f r o m  ho ld  to  s l e w  to  h o ld  as  r a p id ly  

as  p o s s i b l e .

R e c o r d  -  P, W, T^, 9 , ^ , ^  ( a l l  8).

^ s a f e t y  ro d  ^

b.  S lewing  A l l  C o n t r o l  E l e m e n t s  
P o w e r  L e v e l  — P(o) = P^
F lo w  R a t e  — WCo) =

T e m p e r a t u r e  — V a r i a b l e
P e r i o d  D e m a n d  — 5 s e c o n d s
R e s e t  L e v e l  — 1 . 2  Pq, t  = 1 s ec o n d
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O b je c t iv e  — Sh u t  down r e a c t o r  as  s low ly  and sm o o th ly  as 
p o s s i b l e  u s in g  " o v e r r i d e  i n . "

P r o c e d u r e  — With  r e a c t o r  a t  i n i t i a l  cond i t ions  above,
sh u t  down r e a c t o r  by u s e  of " o v e r r i d e  in" 
s w i tc h .  In  o r d e r  to  m i n i m i z e  t h e r m a l  
s t r e s s e s ,  m o v e  c o n t r o l  e l e m e n t s  in  a s  s m a l l  

i n c r e m e n t s  as  p o s s ib l e  by r a p id  swi tch ing  
of the  " o v e r r i d e  in"  sw i tch .

O p e r a t o r  S c r a m  T e s t  

P o w e r  L e v e l  — Pq 

F low R a t e  — Wq 
T e m p e r a t u r e  — T^(o) = Tq 

P e r i o d  D e m a n d  — 5 s e c o n d s

R e s e t  L e v e l s  — 1 . 2  Pq, t = 1 s ec o n d
S c r a m  L e v e l s  — 3 P^ (Log) ,  t  = 1 s ec o n d

1. 5 Pq ( L in e a r )
P r o c e d u r e  — At i n i t i a l  c ond i t ions  above, s c r a m  r e a c t o r

w i th  s c r a m  bu t ton  and  r e c o r d  v a r i a b l e s
shown be low  un t i l  a l l  c o n t r o l  e l e m e n t s  a r e

fu l ly  i n s e r t e d .

R e c o r d - P _  ,, P, W, T-,  X ,, 0 (a l l  8),D e m a n d  ^ r o d  vane
X . ,  , (both),  X ,s a f e ty  ro d  o s c .  ro d

d. P u m p  F a i l u r e  S c r a m  T e s t  
P o w e r  L e v e l  — P(o)  -  Pq 

F low R a t e  — W(o) -  Wo
T e m p e r a t u r e  — T^-(o) = 
P e r i o d  D e m a n d  — 5 sec o n d s
R e s e t  L e v e l s  — 1 . 2  P q ,  t  = 1 s ec o n d  

S c r a m  L e v e l s  — 3 Pq (Log) ,  t  = 1. 0 sec o n d s  

O b je c t i v e  — To d e t e r m i n e  how long c o n t r o l  s y s t e m  can  r u n  

on a c c u m u l a t o r  c h a r g e  a f t e r  p u m p  b re a k d o w n .  
P r o c e d u r e  — At the  i n i t i a l  cond i t ions  in d ic a ted ,  t u r n  off

p u m p ,  s i m u l t a n e o u s l y  tak ing  p o w e r  and  flow 

r a t e  f r o m  Pq, Wq to  0. 1 Pq, 0. 1 Wq on a  15 
s e c o n d  r a m p .  H o ld  a t  0. 1 Pq and  0.  1 Wq unt i l  
s c r a m  o c c u r s .
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R e c o r d - P _  P, W, T ,  X ,, 0 ( a l l  8),D e m a n d  c* r o d  vane  '
X . ,  , (both),  X ,s a f e ty  r o d  o s c .  ro d

8. M i s c e l l a n e o u s

D e m o n s t r a t e  th a t  the  r e a c t o r  c o n t r o l  s y s t e m  c a n  be s w i tc h e d  

f r o m  M an u a l  to  A u to m a t i c ,  A u t o m a t i c  to M anua l ,  L i n e a r  P o w e r  

to  Log  P o w e r  (whi le  i n  th e  a u to m a t i c  m ode)  and  L o g  P o w e r  to  
L i n e a r  P o w e r  (whi le  in  a u to m a t i c )  w i thou t  sw i tch ing  t r a n s i e n t s .

R e c o r d  — P_ ,, Log  P_ ,, P, Log P, X ,,D e m a n d  ® Demand* * ® rod*
0 ( a l l  8), X  ̂  ̂ ,, k / tv a n e  s a f e t y  r o d

D u r in g  S ta g e  V a l l  t r a n s i e n t  t e s t s  w e r e  r u n  f r o m  0. 1 Pq ( w h e r e  Pq 

d e n o te s  fu ll  d e s i g n  p ow er)  to  Pq and  b a c k  to  0. 1 Pq r a t h e r  t h a n  f r o m  0. 2 P^ 
as  in  p r e v i o u s  s t a g e s .  S y s t e m  r e s p o n s e  w a s  c h e c k e d  down to  0 . 0 2  P^ (the  

l i m i t  of the  r e a c t o r  ana log  s im u la t io n )  and  found to be s a t i s f a c t o r y .
F i g u r e  1-14 shows in  b lo ck  d i a g r a m  f o r m  the  h a r d w a r e  w h ich  w a s  i n ­

c lu d ed  in  the  S ta g e  V c h e c k o u t .  F i g u r e  1-15  show s  the  ana log  c o m p u t e r  se tup .  
E x c e p t  f o r  th e  r e a c t o r  an a lo g  s i m u l a t i o n  and  the  A u x i l i a r y  C o n t r o l  P a n e l ,  
a l l  c o m p o n e n t s  shown a r e  th e  a c tu a l  T o r y  I I -A  h a r d w a r e .  T h e  only p o w e r  

c o n t r o l  s y s t e m  c o m p o n e n t s  no t  in c lu d e d  in  th i s  c h ec k o u t  w e r e  the  V e r n i s t a t s  
w h ich  w i l l  be  u s e d  to p r o g r a m  p o w e r  l e v e l  and  a i r  f low r a t e  a t  the  c o n t r o l  

po in t  ( th u s ,  th e y  w i l l  be  in c lu d e d  in  the  c o n so le ) .  B e c a u s e  the  V e r n i s t a t s  w e r e  

not r e a d y  f o r  u s e  a t  c h ec k o u t  t i m e ,  the  A u x i l i a r y  C o n t r o l  P a n e l  was  u s e d  in  
t h e i r  p l a c e .  I t  w a s  u s e d  to  p r o g r a m  6k d i s t u r b a n c e s  as  w e l l  a s  a i r  f low r a t e  

and p o w e r .  F o r  c o n v e n ie n c e  i t  w a s  l o c a t e d  n e x t  to  the  ana log  c o m p u t e r  and  

the  s y s t e m  e l e c t r o n i c s  d u r in g  the  c h ec k o u t  t e s t s  as shown in  F i g .  1-16.
F i g u r e s  1-17  and  1-18 show  s e v e r a l  v iew s  of the  e l e c t r o - h y d r a u l i c  a c t u a t io n  

s y s t e m s  as  m o u n te d  on the  f l a t c a r  d u r in g  S ta g e  V t e s t s .

S e v e r a l  of th e  S ta g e  V t e s t  r e s u l t s  a r e  sh o w n  in  th e  f i g u r e s  w h ich  follow:

F i g u r e  1-19  shows the  c l o se d - lo o p  s m a l l - s i g n a l  f r e q u e n c y  r e s p o n s e  of 
the  p o w e r  c o n t r o l  s y s t e m  w i th  r o d  and  v a n e s  and w i th  v a n es  only .  I t  i s  s e e n  

t h a t —90® p h a s e  sh i f t  o c c u r s  a t  co = 2‘rr(6.4) r a d / s e c  w h ich  is  s l i g h t ly  l o w e r  

th a n  the  d e s ig n  v a lu e  of co = 2tt(9. 5) r a d / s e c .  The  d i f f e r e n c e  is  c a u s e d  by 
the  s l ig h t ly  l o w e r  f r e q u e n c y  r e s p o n s e  of the  v e r n i e r  r o d  a c t u a t o r .

F i g u r e  1-20 show s  the  s y s t e m  r e s p o n s e  to  ± 90% s t e p s  of p o w e r  d e m a n d  
w h i le  F i g u r e  1-21 shows the  s y s t e m  r e s p o n s e  to  ± 90% s t e p s  of p o w e r  d e m a n d  
and r e a c t o r  a i r  f low r a t e .  T h e s e  two s i t u a t io n s  r e p r e s e n t  the  m o s t  e x t r e m e
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F i g .  1 - 1 7 .  V ie w  of T o r y  I I - A  c o n t r o l  e l e m e n t  a c t u a t i o n  s u b s y s t e m s .
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F i g .  1 - 1 8 .  V i e w  of T o r y  I I - A  c o n t r o l  e l e m e n t  a c t u a t i o n  s u b s y s t e m s .
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F i g .  1 -21 .  R e s p o n s e  of p o w e r  c o n t r o l  s y s t e m  to  ± 90% P  s t e p s  of p o w e r  
d e m a n d  and r e a c t o r  a i r  f low r a t e .
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t r a n s i e n t  d e m a n d s  w h ich  c a n  be  e n v i s i o n e d  f o r  th is  s y s t e m  and, a s  s ee n ,  the 

s y s t e m  t a k e s  p o w e r  t o  i t s  f in a l  va lue  in a  s tab l e  m a n n e r .
F i g u r e  1-22  show s  th e  r e s p o n s e  of the  p o w e r  c o n t r o l  s y s t e m  to  a ty p ica l

T o r y  I I -A  p r o g r a m  of p o w e r  and  a i r  f low r a t e  w h e r e  the  p o w e r  is  v a r i e d

f r o m  10% P  to  P  in  60 s e c o n d s ,  o o
F i g u r e  1 -23  sh o w s  th e  s y s t e m  to  ± $1. 00 s t e p s  of r e a c t i v i t y  u s ing  the 

f a s t  r e s e t  m o d e .  R e c o v e r y  to  th i s  a c c i d e n t  s i tu a t io n  w as  so  f a s t  t h a t  a s c r a m  
d id  not o c c u r .

F i g u r e  1 -2 4  show s  the  r e s p o n s e  of the  p o w e r  c o n t r o l  s y s t e m  to a  ±90%
P^ r a m p  w h en  us ing  " v a n e s - o n l y ,  " i.  e .  , a s s u m i n g  the  v e r n i e r  r o d  was  i n ­

o p e r a t i v e .  A s  s e e n ,  t h e r e  e x i s t s  a  l i m i t  c y c le  o s c i l l a t i o n .  Th is  o s c i l l a t i o n  
i s  c a u s e d  by the  f in i t e  r e s o l u t i o n  of the  van e  a c tu a t io n  s y s t e m s ,  a s  c an  be 

shown by i m p r o v i n g  the  van e  r e s o l u t i o n  o r  r a i s i n g  the o v e r a l l  s y s t e m  ga in .
One c a n  a l t e r n a t e l y  c a l c u l a t e  the  l i m i t  c y c le  a m p l i tu d e  and  f r e q u e n c y  us ing  

n o n l i n e a r  d e s c r i b i n g  f u n c t io n  a n a l y s i s ,  and  the  v a lu e  o b ta in e d  c o m p a r e s  
c l o s e l y  to  the  o b s e r v e d  v a lu e  (w i th in  50%). The  l im i t in g  f a c t o r  in  ge t t ing  

good  v an e  r e s o l u t i o n  w as  found  to  be  the  p o t e n t i o m e t e r  u s e d  f o r  f e e d b a c k  
and  in d ic a t io n .  In  S t a g e  V t h i s  s a m e  p o t e n t i o m e t e r  w a s  u s e d  to g ive  vane  

r e a c t i v i t y ,  s i n c e  r e a c t i v i t y  w a s  a s s u m e d  p r o p o r t i o n a l  to  vane  po s i t io n .  The  
p o t e n t i o m e t e r s  w e r e  found to  h a v e  r e s o l u t i o n  ± 0. 1% of fu ll  d i s p l a c e m e n t  

(ISO®) o r  ± 0.  18®. W hen  c o n s i d e r i n g  8 v a n e s ,  the  r e s o l u t i o n  of the  " v a n e -  

on ly"  s y s t e m  i s  found to  be  a p p r o x i m a t e l y  ± 15^ r e a c t i v i t y  which  exp la ins  

the  r a t h e r  l a r g e  p o w e r  c o n t r o l  s y s t e m  "hun t ing .  "

T o  m i n i m i z e  the  l i m i t  c y c le  a m p l i t u d e ,  an i m p r o v e d  p o t e n t i o m e t e r  is 
be ing  p u r c h a s e d  f o r  u s e  w i th  the  van e  s y s t e m .  T h i s  p o t e n t i o m e t e r  h a s  a 

r e s o l u t i o n  of 0 . 0 2 5 % ,  so  i t  sho u ld  r e d u c e  the  a m p l i tu d e  of the  l i m i t  cyc le  by 
a t  l e a s t  a f a c t o r  of f o u r .  As  s e e n  in  p r e v i o u s  f i g u r e s ,  u s e  of the  v e r n i e r  

ro d  e l i m i n a t e s  the  l i m i t  c y c l e  e n t i r e l y .

F i g u r e  1-25 show s  the  s y s t e m  r e s p o n s e  following an  o p e r a t o r  i n i t i a t e d  
s c r a m .  As  s e e n ,  the  p o w e r  i s  d r o p p e d  to  20% in  a p p r o x i m a t e l y  0. 3 s ec o n d s  
a f t e r  w h ic h  the  d e l a y e d  n e u t r o n s  s low  down the  p o w e r  l e v e l  shu tdow n r a t e .

D u r in g  th e  S ta g e  V c h ec k o u t ,  a p p r o x i m a t e l y  25-30 h o u r s  of o p e r a t io n  
w e r e  a c c u m u l a t e d  on the  e n t i r e  s y s t e m ,  w i th  m u c h  lo n g e r  o p e r a t in g  t i m e s  
a c c u m u l a t e d  on the  e l e c t r o n i c s  c h a s s i s .

D u r in g  the  s y s t e m  c h e c k o u t  in  S t a g e s  I I -V ,  s o m e  500 h o u r s  of running  

t i m e  w a s  a c c u m u l a t e d  on th e  T o r y  I I -A  e l e c t r o n i c  c h a s s i s  w i thou t  any m a l ­
fu n c t io n s  o r  f a i l u r e s .



- 4 9  - U C R L -6 0 3 6

POWER DEM 10%
100%10 sec

POWER
T6o%

50%

GAS FLOW
temp

91 %

20

OUT
20

.944

1.256

SAFETY ROOSEiiLL OUT

PERIOD

WJL-10155

F i g .  1 -22 .  R e s p o n s e  of p o w e r  c o n t r o l  s y s t e m  to  ± 90% P  r a m p s  change  
in  d e m a n d  p o w e r  (60 s e c o n d  s lo p e ) .
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- 11.00

O F F  SCALE
P O W E R

80% 2 sec

F U L L  G A S  F L O W

T E M P .

9! %

20

V E R N I E R  R O D

O U T

20

. 9 4 4
V A N E S

1 . 2 5 6

20

O U T  10 ,  
20S A F E T Y  R O D

2 sec 
5 secP E R I O D

F i g .  1 -23 .  P o w e r  c o n t r o l  s y s t e m  r e c o v e r y  to  ± $ 1 .0 0  s t e p s  of r e a c t i v i t y .



100 %

10 sec 50%

P O W E R  DEMAND iqq/ .

P O W E R 100%

G A S  F L O W

T E M P .  1 0 0 %

V E R N I E R  R O D  F U L L  )N

.944
V A N E S

1 . 2 5 6

S A F E T Y  R O D S  F U L L  O U T

I sec 
2sec

P E R I O D  5sec

MUL-10157

I

C
0  
pa
IT1
o
ooO'

F i g .  1 -24 .  R e s p o n s e  of the  p o w e r  c o n t r o l  s y s t e m  to  ± 90% r a m p  c h an g e s  in  p o w e r  w hen  
u s in g  ” v a n e s - o n l y "  ( i . e . ,  no v e r n i e r  rod) .
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P OWE R DEMAND

I s e c

S C R A M I NI T I A T E D  H E R EP OWER 1 0 0 %

5 0 %

1 0 %

F U L L  GAS F L O W

T E M P .

8 2 %
6 4 % .

20 "

V E R N I E R  ROD

ALL IN

9 4 4
VANES

20

OUT
S A F E T Y  ROD 20

I s e c

P ER I OD

F i g .  1 -25 .  R e s p o n s e  a t  s y s t e m  to  o p e r a t i o n  i n i t i a t e d  s c r a m .
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S E C T IO N  IV. ENGINEERING

B a s e  P l a t e  T e s t in g

To d a te  13 ho t  f low t e s t s  h a v e  b e e n  m a d e  on v a r i o u s  0. 5% T i - M o l y  

c o a te d  p l a t e s  u t i l i z in g  th e  M a r q u a r d t  C o r p o r a t i o n  h y d r o g e n  b u r n e r  f a c i l i ty  
w h ich  y ie ld s  f low con ta in in g  abou t  13% oxygen  by w e igh t  at  2000*F.  T h e s e  

t e s t s  w e r e  a c o n t in u a t io n  of the  s e r i e s  of ho t  f low t e s t s  conduc ted  on b a se  
p la te  m a t e r i a l s .  In  t h i s  s e r i e s  th e  p l a t e s  w e r e  of T o r y  I I -A  c o n f ig u ra t io n  

and w e r e  c o n s i d e r e d  to  be  of b e t t e r  m a t e r i a l  t h a n  t h o s e  in  the  p r e v io u s  t e s t s .

T he  " H - 7 "  p la te  h a d  s l i g h t ly  c h a m f e r e d  e d g e s  on the  h o l e s .  T he  p la te  

a f t e r  W - 2  co a t in g  at  2000®F h a d  s u c c e s s i v e  l a y e r s  of m o ly b d e n u m  and 
R ok ide  a p p l i e d  to  a s a n d - b l a s t e d  s u r f a c e .  T he  '*H-4" p la te  h a d  a  l / l 6 - i n .  

r a d i u s  on the  h o l e s .  T he  W-Z w as  a p p l i e d  at  2000®F and one s u r f a c e  of 

the  p la te  h a d  a  R ok id e  c o a t  a p p l i e d  w i th  no p r e p a r a t i o n  of the  s u r f a c e .  The  

" H - 5 "  p la te  a l s o  h a d  r a d i i  and  h a d  a W-Z c o a t  ap p l i e d  at  2450“F .  On one 

s u r f a c e  a R ok ide  c o a t  w a s  a p p l i e d  w i th  no  s u r f a c e  p r e p a r a t i o n .
The  r e s u l t s  of the  t e s t s  a p p e a r  in  T a b le  1-7 .  T he  k e n ta n iu m  p la te  was  

u s e d  a s  a  c h ec k o u t  p a r t .  F i g u r e s  1-26  th r o u g h  1-28 show the  p l a te s  a f t e r  

t e s t i n g .
P r e l i m i n a r y  c o n c l u s i o n s  to  be d r a w n  f r o m  th i s  s e r i e s  of t e s t s  a r e :

Upon c o m p a r i s o n  w i th  e a r l i e r  d a t a  i t  i s  e v id en t  tha t
(1) I n c r e a s i n g  the  h o le  c o r n e r  r a d i u s  h a s  n o t i c e a b ly  i n c r e a s e d  a v e r a g e  

t i m e - t o - c o a t i n g  f a i l u r e .
(2) A R ok id e  c o a t  a p p l i e d  to  a  s m o o t h  W -2  s u r f a c e  h a s  a  t e n d en c y  to 

sp a l l ;  h o w e v e r ,  s u r f a c e  p r e p a r a t i o n  and  m o ly  co a t in g  s e e m s  to  im p r o v e  the 

p la te  l i f e t i m e .

T a b le  1-7 .  S augus  B a s e  P l a t e  T e s t in g  S u m m a r y

Run  P l a t e  F a c e  S e c t o r  Coa t ing  o r  R un  R e s u l t s
No. No.__________________________ M a t e r i a l  Cond i t ions__________________

1 H -1  F r o n t  6 K e n ta n iu m  3 m i n  a t  One m a j o r  c r a c k
2 0 0 0 “F  f r o m  hub to  o p p o ­

s i t e  hub but not 
c r a c k e d  out to 
e x t e r n a l  s u r f a c e

2 H - 7  " " W - 2  ap p l i e d  a t  S a m e  Good
2 0 0 0 ‘*F R ok ide  ( C o o p e r  plate)
and  Mo ap p l ied  
o v e r  s a n d b l a s t  

(con t inued )  W -2  s u r f a c e
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F i g ,  1 - 2 6 .  T e s t  142.  S p e c i m e n  H - 5 ,  f r o n t  v i e w  a f t e r  t e s t .
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3N-20885

F i g .  1 - 2 7 .  T e s t  142 .  S p e c i m e n  H - 5 ,  S e c t o r  5,  r e a r ,  a f t e r  18 m i n u t e s .
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F i g .  1 - 2 8 .  T e s t  142.  S p e c i m e n  H - 7 ,  S e c t o r  6,  f r o n t ,  a f t e r  18 m i n u t e s .
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T a b le  1-7 .  S a u g u s  B a s e  P l a t e  T e s t i n g  S u m m a r y  (continued)

Run
No.

P l a t e
No.

F a c e S e c t o r C o atin g  o r  
M a t e r i a l

Run  
Condi ti  ons

R e s u l t s

3 H -1 F r o n t 6 K e n ta n iu m 30 m i n  at  
2000"F

C on t inued  c r a c k ­
ing a t  r a n d o m  — 
p r e v io u s  c r a c k  
con t in u ed  to  o u t ­
s id e  s u r f a c e

4 H - 7 M n W -2  a p p l i e d  at  
2000*F R ok ide  
and  Mo ap p l ied  
o v e r  s a n d b l a s t  
W - 2  s u r f a c e

15 m in  at 
2000"F

Good — s u r f a c e  
i s  d i s c o l o r e d  
( C o o p e r  pla te )

5 H - 4 I I M W - 2  ap p l i e d  at  
2000*F and 
Rok ide

3 m i n  at  
2000'>F

P o o r  — ox id ized  
at  2 p l a c e s ,  
R ok ide  ch ipped  
at  2 spo ts

6 H - 5 n 11 W - 2  a p p l i e d  a t  
2450"F  and  
Rok ide

S a m e Good

7 H - 5 n 11 S a m e 15 m i n  at  
2000“F

O x id iz e d  one 
p la c e  u n d e r  
R ok ide  p in  ho le

8 H - 5 R e a r I t W -2  ap p l i e d  a t  
2450"F

3 m i n  at  
2000“F

O x id iz ed  on 
ou ts id e  edges

9 H - 5 I I 5 S a m e S a m e Good

10 H - 5 M I I S a m e 15 m i n  at 
2000'’F

O x id iz ed  at 
one point

11 H - 5 F r o n t 3 W - 2  ap p l i e d  at  
2450"F  and 
Rok ide

3 m i n  at  
2000"F

Good

1 2 H - 5 n M S a m e 15 m in  at 
2000'*F

B a d  oxida t ion ,  
l / S  to  3 /1 6  in.  
of e r o s i o n  on 
1/ 2  of f low fa c e  
and  a d j a c e n t  a r e  
to  nex t  hub in  on 
d i r e c t i o n

14 H - 4 R e a r 4 W - 2  ap p l i e d  at  
2000‘*F

3 m i n  at  
2000'’F

Good

15 H - 4 f t M S a m e 15 m i n  at  
2000"F

O x id iz ed  at 
one point
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S h o r t  M odule  A c o u s t i c  F a t i g u e  T e s t

F o l lo w in g  i n s p e c t i o n  and  r e p a i r  of the  s h o r t  m o d u le  s u b s e q u e n t  to  the  

dam p in g  e v a lu a t io n  i t  w a s  s u b j e c t e d  to  a h igh  e n e r g y  so und  l e v e l  to  d e t e r ­

m i n e  the  s t r u c t u r a l  i n t e g r i t y  of the  b e r y l l i a  c o m p o n e n t s  in  a n o i s e  e n v i r o n ­
m e n t  b e l i e v e d  to  a p p r o x i m a t e  the  a c t u a l  r e a c t o r .

The  a c o u s t i c  f a t ig u e  t e s t  w a s  c o n d u c ted  a t  the  M a r q u a r d t  J e t  L a b o r a t o r y ,  

V an  N u y s ,  C a l i f o r n i a ,  and  w a s  c o m p l e t e d  on A p r i l  7, I960.  The  t e s t  i t e m ,  

a s  shown in  F i g .  I-29» w a s  p l a c e d  in s id e  of two p l a s t i c  b a g s .  T h e  sound  
a t t e n u a t io n  of the  two p l a s t i c  b a g s  w a s  m e a s u r e d  a t  r a n d o m  so und  l e v e l s  a t  

L R L  and the  r e s u l t s  a r e  p r e s e n t e d  on  T a b le  1 -8 .  T h i s  e n t i r e  a s s e m b l y  was  
i n s t a l l e d  i n s id e  the  s i l e n c e r  h o u s e  of the  j e t  e n g in e s  u t i l i z e d  a s  h e a t  e x ­
c h a n g e r s  a t  M a r q u a r d t .

T a b le  1 -8 .  Sound  A t t e n u a t io n  of Double  P l a s t i c  B a g s

R a n d o m  Sound D e c ib e l  L e v e l  O u ts id e  B ag s D e c ib e l  L e v e l  I n s i d e  B ags
A 80 79
B 69 68
C 57 56

D u r in g  the  w a r m u p  p e r i o d  of the  e n g in e s ,  the  r e c o r d e d  so und  l e v e l  
w i th in  the  p l a s t i c  b a g s  v a r i e d  b e tw e e n  118 and 124 d e c i b e l s ,  and  b e tw e e n  130 

and 133 d e c i b e l s  d u r in g  ru n n in g  o p e r a t i o n s .  T h e  to t a l  t i m e  a c c u m u l a t e d  w as  

1 2 .2  h o u r s  a t  118 to  124 d e c i b e l s  and  1 6 .3  h o u r s  a t  1 30 to  133 d e c i b e l s . T he  

f r e q u e n c y  r a n g e  v e r s u s  the  d e c i b e l  so und  l e v e l  i s  p r e s e n t e d  on F i g .  1 -30 .
T he  r e f e r e n c e  sound  in t e n s i t y  i s  the  s t a n d a r d  1 m i c r o w a t t / c m ^ .

Upon c o m p l e t i o n  of the  t e s t  su f f i c i e n t  d u s t  h a d  a c c u m u l a t e d  in  th e  b o t to m  

of the  i n n e r  bag  to  be  r e a d i l y  v i s i b l e  to  the  u n a id e d  e y e .  T h e  d u s t  p a r t i c l e s  

r a n g e d  in  s i z e  up to  a p p r o x i m a t e l y  0 . 0 5  in .  in  d i a m e t e r .  T h e  c o n ta m in a t i o n  
l e v e l s  w e r e  w e l l  b e lo w  t o l e r a n c e  o u t s id e  the  b a g s .  T he  m o d u le  w a s  th e n  

sh ip p e d  b a c k  to  L R L  f o r  d i s a s s e m b l y  and  in s p e c t i o n .  T h e r e  w e r e  no b r o k e n  
o r  ch ip p ed  p a r t s  v i s u a l l y  o b s e r v e d  on  d i s a s s e m b l y .  A s a m p l e  lo t  of 2 0 - tube  

e l e m e n t s  w as  i n s p e c t e d  w i th  Zyg lo  e q u ip m e n t .  The  Z yg lo  r e s u l t s  w e r e  good 
and a r e  l i s t e d  on T a b l e  1 -9 .  One f a c t o r  w h ich  m a y  r e s u l t  in  th e  t e s t s  be ing 
o v e r l y  s e v e r e  is  t h a t  p r e s s u r e  f o r c e s  tend ing  to  r e s t r a i n  the  t u b u l a r  e l e m e n t  
e x i s t  in  the  r e a c t o r ,  w h e r e a s  th e y  do no t  h e r e .
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MUL-10159

iPi  ir~̂ fTti

F i g .  1 -2 9 .  S h o r t  m o d u le  a s s e m b l y .



# 1 H e a te r  in le t .
Microphone in 
p las t ic  bag.
Fu l l  power.
Run for 16 .3  h r  s .

# 1 H ea te r .
Idle condition.
Microphone in 
p la s t ic  bag.
Run for 12. 2 h r s .

MOL-10160

1 4 0

1 3 0

- I  1 2 0
l i J
CD

O
LiJ
O 100

9 0

5 0 0 0  1 0 0 0 0  2 0 0 0 05 0 0  1 0 0 0  2 0 0 0100 2005 0

1 4 0

1 3 0

CO
- I  1 2 0
l i J
CD
u
LiJ
O 100

9 0

5 0 0 0  1 0 0 0 0  2 0 0 0 05 0 0  1 0 0 0  2 0 0 0100 2005 0

F i g .  1 -30 .  C e r a m i c  e l e m e n t  f a t ig u e  t e s t  s p e c t r u m  a n a l y s i s .

I
0
1

CJ
0
I-1oo(Jj
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A f u l l - l e n g t h  c o r e  m o d u le  a s s e m b l y  w as  f a b r i c a t e d  fo r  t e s t  e v a lu a t io n  
a t  low, o r  a m b i e n t  t e m p e r a t u r e s .  T h i s  a s s e m b l y  is  d e s ig n a t e d  as  the  co ld  

flow m o d u le ,  and  w as  e v a l u a t e d  a t  t h e  M a r q u a r d t  R e s e a r c h  F i e l d  L a b o r a t o r y .

One of th e  m o s t  s i g n i f i c a n t  r e s u l t s  of th e  t e s t  i s  t h e  va lue  of the  tube  
f r i c t i o n  c o e f f i c i en t .  Two ex i t  n o z z le  c o n f ig u r a t io n s  w e r e  e m p lo y e d  to  give 

two d i f f e r e n t  tube  e x i t  M ac h  n u m b e r s .  T he  d a ta  i s  p lo t te d  on F i g .  1-31 and 
shows l i t t l e  d i f f e r e n c e  w i th  ex i t  M a c h  n u m b e r s .  I t  is  obvious  f r o m  th i s  da ta  

th a t  th e  tu b e s  a r e  any th ing  but c o m p a r a b l e  to  s m o o th  p ip e s ,  ex ceed ing  sm o o th  

p ipe  v a lu e s  by a  f a c t o r  of 2. 5.

T a b le  I - 9 -  Zyglo  R e s u l t s  on 2 0 - T u b e  S a m p l e  A f t e r  T e s t  C o m p le t io n

Tube R e s u l t s Qua l i ty

1 to  15 U n c r a c k e d A c ce p ta b le
16 4 s m a l l  l o n g i tu d in a l  c r a c k s A c ce p ta b le
17 4 s m a l l  lo n g i tu d in a l  c r a c k s ,  l / l 6 " A c c e p ta b le
18 2 t r a n s v e r s e  c r a c k s ,  l / l 6 " M a r g in a l l y  a c c e p ta b le

19 1 t r a n s v e r s e  c r a c k ,  l / l 6 " A c c e p ta b le
20 1 end c r a c k A c c e p ta b l e

I n s p e c t i o n  of P r o t o t y p e  C a n t i l e v e r  S h r o u d  — T o r y  I I -A  1

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

t e s t  the  s h r o u d  was  d e l i v e r e d  f o r  a p o s t - m o r t e m  in s p e c t io n  by n o n d e s t r u c t i v e  

m e t h o d s .  C o n v en t io n a l  r a d i o g r a p h i c ,  p e n e t r a n t ,  and  r e s o n a n c e  u l t r a s o n i c  
m e t h o d s  w e r e  u s e d .  A l s o  a p r o p r i e t a r y  oi l  was  t r i e d  as  a m e th o d  to  lo ca te  

s p o t - w e l d  n u g g e t s  t h a t  w e r e  no t  ho ld ing .

T h e  co n v en t io n a l  m e t h o d s  r e v e a l e d  t h r e e  c r a c k s  up  to  1. 5 in .  long in 

the  b a s e  m e t a l .  The  m a j o r i t y  of the  sp o t  w e lds  w e r e  c r a c k e d  a l s o .  The 

s e a m  w e ld s  w e r e  r e a s o n a b l y  good though  t h e r e  was  s o m e  m i n o r  c r a c k in g  

and  s o m e  p o r o s i t y .  R e s o n a n c e  u l t r a s o u n d  showed  the  s h e e t  to be  u n i f o r m  

w i th in  0. 002 in .  w h ich  is  w e l l  w i th in  t o l e r a n c e  f o r  s h e e t  s tock .

T h e r e  is  one i m p o r t a n t  q u e s t i o n  r e g a r d i n g  an  a r r a y  of spot  w e lds  tha t  

i s  no t  a n s w e r e d  by any  of the  e x i s t in g  m e t h o d s  of i n s p e c t io n .  A r e  a l l  of the  
w e ld  n u g g e ts  f u s e d  to  the  two s e c t i o n s ?  T he  only m e th o d  th a t  a p p e a r e d  f e a ­
s ib le  w a s  to  d e t e c t  th e  e x i s t e n c e  of h e a t  s inks  r e s u l t i n g  f r o m  good w e ld s ,  and
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c o n v e r s e l y  the  a b s e n c e  of su ch  s in k s  if  the  nugge t  i s  not bonded  to both  s e c ­

t io n s .  A n  oil  t h a t  h a s  a s h a r p  ch an g e  in  s u r f a c e  t e n s i o n  as a func t ion  of 
t e m p e r a t u r e  w as  u s e d  so  t h a t  if  a  t h e r m a l  g r a d i e n t  i s  e s t a b l i s h e d  in  the 

p lane  of th e  s u r f a c e  be ing  i n s p e c t e d  the  oil  f lows to  the  cool end of the  g r a ­
d ien t .  W hen  a th in  co a t in g  of t h i s  oil  is  ap p l i e d  to  the  s u r f a c e  to  be  i n ­
s p e c t e d ,  and  t h a t  s u r f a c e  i s  h e a t e d  in  a t r a n s i e n t  m a n n e r ,  the  oil  c o l l e c t s  

o v e r  the  good  spo t  w e ld s  and f lows  aw ay  f r o m  the  spo t  we lds  which  a r e  not 
bonded  to  the  b a c k  l a y e r .  A p p l i c a t i o n  of th is  i n s p e c t i o n  m e th o d  to  the  s h ro u d  

r e v e a l e d  th a t  about  h a l f  of the  p lug w e ld s  w e r e  unbonded .  T h i s  w as  c o n ­

f i r m e d  by q u a s i - d e s t r u c t i v e  m e t h o d s .  A l l  of the  r e s i s t a n c e  spot  welds  on the 
i n n e r  s h e e t  a p p e a r e d  to  be bonded .

S e c t io n s  w e r e  m a r k e d  f o r  s a m p l e s  to  c o n f i r m  the  find ings  of the  s e v ­

e r a l  t e s t s  and  to  f u r n i s h  t e n s i l e  t e s t  s p e c i m e n s  to e v a lu a te  w e ld  e f f ic iency .  
R e s i s t a n c e  spo t  w e ld s  a r e  be ing  e m p lo y e d  in  the  f a b r i c a t i o n  of the  T o r y  I I -A  1 
s h ro u d .

T o r y  I I -A  V i b r a t i o n  M ockup

An a t t e m p t  to  s i m u l a t e  th e  c o r e  d y n a m ic  c o m p o n en t s  h a s  b e e n  m a d e .  

The  s y s t e m ,  r e s p o n s i v e  to  l a t e r a l  d r iv i n g  f o r c e s  c o n ta in ed  the  fo llowing 
c o m p o n en t s :

(1) T e n  s o l id  r o d s  0. 19 in .  d i a m  c o n n e c t e d  by a l u m in u m  s lo t s  dogbone 
fa sh io n ,  and  con ta in ing  h e x a g o n a l  s t e a t i t e  tu b e s .

(2) S p r in g s  c o n n ec t in g  th e  end of the  r o d  a s s e m b l y  w i th  the  s i m u l a t e d  
s h ro u d .

(3) A t h i n - w a l l  c y l i n d e r  ( s h ro u d ) .

(4) C o r r u g a t e d  s n u b b e r s  b e t w e e n  the  s h r o u d  and a h e av y  o u t e r  c o n ­
t a i n e r .

T he  m o d e l  in  F i g .  1-32 w as  v i b r a t e d  a t  v a r i o u s  d r iv in g  f o r c e s  f r o m  
6 to  300 c y c l e s  p e r  s e c o n d .  R e s u l t s  of t h i s  t e s t  at 2 g is  shown in  F i g .  1-33.

S h o r t  M odu le  D am p in g  E v a l u a t i o n

A s h o r t  m o d u le ,  12 in.  in  l eng th ,  w as  f a b r i c a t e d  u t i l i z ing  c o m p o n en t s  

s i m u l a t i n g  the  T o r y  I I -A  p a r t s  in  m a t e r i a l  and  s i z e  (i .  e .  , b e r y l l i a  tubes  and 

d ogbones ,  (ou tm oded)  m o ly b d e n u m  t ie  ro d s  and  in co n e l  s p r in g s ) .  T h i s  t e s t  

i t e m  w as  s u b j e c t e d  to  a v i b r a t i o n  t e s t  to  d e t e r m i n e  the  i n h e r e n t  dam ping  
c h a r a c t e r i s t i c s  of the  d e s ig n .
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T he  a r r a n g e m e n t  and  g e o m e t r y  of the  fue l  b e a r in g  e l e m e n t s  and t h e i r  

hou s in g  p o te n t i a l ly  a p p e a r e d  to  h a v e  an a p p r e c i a b l e  dam p in g  f a c t o r .  I t  was 
t h e r e f o r e  d e c id e d  to  e v a lu a t e  the  d a m p in g  c h a r a c t e r i s t i c  of th i s  d e s ig n .  Two 

t e s t  i t e m s  w e r e  e m p lo y e d .  T h e  " s h o r t  m o d u le "  s i m u l a t e d  a c o r e  m o d u le  as 

d e s c r i b e d  above  and  as  shown in  F i g .  1-29- A s im p le  s o l id  r e p l a c e m e n t  fo r  
the  s h o r t  m o d u le  known as  t h e  " d u m m y  m o d u le "  w as  f a b r i c a t e d  to  eva lua te  

the  t a r e  d a m p in g  of the  s y s t e m .  T he  d u m m y  m o d u le  is  shown on F i g .  1-34,
T h e  t e s t  r i g  c o n s i s t s  of a c a n t i l e v e r e d  b e a m  w h ich  h a s  p r o v i s i o n s  f o r  v a ry in g  

the  l en g th  of the  b e a m ,  and  f o r  d e f le c t in g  and r e l e a s i n g  the  u n s u p p o r t e d  end.

T he  b e a m  is  m o u n te d  in  a  v e r t i c a l  p o s i t i o n  and is  shown p i c t o r i a l l y  in  F i g .  1-35. 

T he  s h o r t  o r  d u m m y  m o d u le  w a s  m o u n te d  on the  f r e e  end  of the  c a n t i l e v e r e d  

b e a m  and the  e n t i r e  a s s e m b l y  w as  c l a m p e d  to  a r i g i d  I - b e a m  im b e d d e d  in  a 
c o n c r e t e  w a l l  of the  t e s t  b u i ld ing .  T he  i n i t i a l  p o s i t io n  u t i l i z e d  one c l a m p  d e ­

v ic e  p l a c e d  a t  the  top  end  of th e  c a n t i l e v e r e d  b e a m  and d e t e r m i n e d  the  m i n i m u m  
f r e q u e n c y  of the  s y s t e m .  T he  u n s u p p o r t e d  end  was  d e f l e c t e d  by t igh ten ing  the 

nu t  on the  r e l e a s e  a r m .  A f t e r  ob ta in ing  the  p r o p e r  d e f lec t ion ,  the  c a n t i l e v e r e d  
b e a m  w as  r e l e a s e d  by d o w n w a r d  m o t i o n  of the  r e l e a s e  a r m .  A f t e r  the  s y s t e m  
c a m e  to  r e s t ,  the  s e c o n d  c l a m p  was  p l a c e d  u n d e r  the  f i r s t  and  the  t e s t  p r o ­

c e d u r e  r e p e a t e d .  T h e  l o w e r  c l a m p  w as  m o v e d  d o w n w ard  in  6 - in .  i n c r e m e n t s  
f o r  e a c h  ru n .

T he  n a t u r a l  f r e q u e n c y  of the  t e s t  a s s e m b l y  f o r  v a r i o u s  l e n g th s  of the 

b e a m  is  sh o w n  on F i g .  1-36 a s  c a l c u l a t e d  by two in d ep en d en t  t h e o r e t i c a l  

m e t h o d s  a s s u m i n g  a  u n i f o r m l y  l o a d e d  c a n t i l e v e r e d  b e a m  w ith  a c o n c e n t r a t e d  

m a s s  a t  th e  end.  T he  d i v e r g e n c e  of the  s u p e r i m p o s e d  t e s t  d a ta  f r o m  the  c a l ­
c u la t io n s  a t  the  h i g h e r  f r e q u e n c i e s  i s  due to  the  i n e x a c t  a s s u m p t i o n  of a c o n ­

c e n t r a t e d  m a s s  a t  th e  end, w h e n  the  m o d u l e s  w e r e  a c tu a l ly  a t t a c h e d  at  two 

lo n g i tu d in a l  po in ts  a s  shown by F i g .  1-35. T h i s  a s s u m p t i o n  is  v a l id  a t  the  low 

f r e q u e n c i e s  w h en  the  b e a m  l e n g th  i s  long, bu t  b e c o m e s  i n c r e a s i n g l y  e r r o n e o u s  
a s  the  l e n g th  is  s h o r t e n e d .

The  t e s t  d a ta  i n d i c a t e s  t h a t  th e  s h o r t  m o d u le  h a s  two b a s i c  ty p e s  of 

d am p in g .  C ou lo m b  o r  d r y  f r i c t i o n a l ,  and  v i s c o u s  d am p in g .  T he  C ou lo m b  
d a m p in g  i s  p r e d o m i n a n t  d u r in g  the  i n i t i a l  p o r t i o n  fo l low ed  by the  v i s c o u s  

d a m p in g .

T he  c o r r e s p o n d i n g  r u n  w i th  th e  d u m m y  m o d u le  in d i c a t e d  only v i s c o u s  

d a m p in g  of a v e r y  s m a l l  m a g n i tu d e .  The  d a t a  f r o m  t h e s e  two ru n s  a r e  r e ­
du ced  and  a r e  p lo t t e d  on F i g s .  1-37  and  1-38. C a l c u la t io n  of the  dam p in g
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F i g .  1 -3 4 .  D u m m y  m o d u le  a s s e m b l y  N o .  2.
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f a c t o r s  i s  in  p r o g r e s s .  Of n o t e w o r th y  i n t e r e s t ,  h o w e v e r ,  i s  the  d iv i s io n  of 
C o u lo m b  and v i s c o u s  d a m p in g .  T ak ing  the  a m p l i tu d e  d e ca y  f r o m  the  in i t i a l  

d i s p l a c e m e n t  to  2% of the  i n i t i a l  d i s p l a c e m e n t  as  100% re d u c t io n ,  Cou lom b 
d a m p in g  a c c o u n t s  f o r  a p p r o x i m a t e l y  2 / 3  of the  e n e r g y  a b s o r p t i o n  a s  p r e s e n t e d  

in  F i g .  1 -39 . T h i s  i s  d e t e r m i n e d  by  th e  poin t a t  w h ich  the  d e c a y  c u rv e  ch an g es  
f r o m  l i n e a r  to  n o n l i n e a r  ( e . g .  , po in t  A in  F i g .  1-40) .  The  l i m i t  of 2% in i t i a l  

d i s p l a c e m e n t  i s  the  l i m i t a t i o n  of the  i n s t r u m e n t a t i o n  a c c u r a c y .  A n o th e r  c o r ­
r e l a t i o n  of the  d a m p in g  d i v i s i o n  c a n  be  m a d e  a g a in s t  f r e q u e n c y  and t im e  as  
shown in  F i g .  1-41.

A f t e r  c o m p l e t i o n  of th e  t e s t ,  the  s h o r t  m o d u le  w a s  d i s a s s e m b l e d  and all  

c o m p o n e n t s  i n s p e c t e d .  T w e n t y - o n e  of the  988 tube  e l e m e n t s  h a d  ch ipped  en d s .  
T h e  l o c a t i o n  of the  ch ip p ed  t u b e s  is  shown on the  d a m a g e  m a p  of F i g .  1-42.

T he  e n c l o s u r e  h a d  b e e n  c o n t a m i n a t e d  w i th  0. 18 m i c r o g r a m s  of b e r y l l i a  d u s t  
p e r  cub ic  m e t e r .

T e s t  C a r s

C a r  No. 1. A s s e m b l y  of the  f i r s t  c a r  con t in u ed  th r o u g h  the  m id d le  of 

M ay .  On M ay  14, a f t e r  the  c o m p le t i o n  of c o n t r o l s  t e s t i n g ,  the  f i r s t  r e f l e c t o r  

w as  r e a d y  f o r  the  co ld  c r i t i c a l i t y  t e s t s .  The  c a r ,  i t s  s u p p o r t  s t a n d s ,  c a r r i a g e s ,  

e l e c t r i c a l  and w a t e r  coo l ing  s y s t e m  c o m p o n e n t s  w e r e  sh ip p ed  to  NTS on M ay  16. 
M i n o r  m o d i f i c a t i o n s  of A i r  D u c t  S e c t io n s  w e r e  a c c o m p l i s h e d  d u r ing  A p r i l  and 

M ay .  NTS r e a s s e m b l y  of the  f i r s t  c a r  i s  in  p r o g r e s s  a t  th i s  t i m e .  F i g u r e  1-43  
show s  the  c o m p l e t e d  c a r  a t  L i v e r m o r e .

C a r  No.  2. T h e  s e c o n d  c a r  and  s e c o n d  r e f l e c t o r  a r r i v e d  a t  L i v e r m o r e  
on M ay  1 3.
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F i g .  1 -40 . T y p i c a l  s h o r t  m o d u le  dam p in g  c h a r a c t e r i s t i c s .
MUL-10170
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2% of i n i t i a l  d i s p l a c e m e n t ,  s h o r t  m o d u le  a s s e m b l y .
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I I  A  H
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A R E A No. OF TUBES
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B 3
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T U B E  D A M A G E

T U B E  L E N G T H No . O F  T U B E S

l ] / 2  " 9

2 " 2

2 ' / 2 " 5

4 " 6 MUL-10172

F i g .  1 - 4 2 .  D a m a g e  m a p  of c h i p p e d  t u b e s ,  s h o r t  m o d u l e  a s s e m b l y .
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C H A P T E R  II. M ATER IA LS D E V E L O P M E N T  AND P I L O T
P L A N T  ACTIVITIES

S E C T IO N  1. P R O C E S S  AND M ATER IA LS D E V E L O P M E N T

I.  CERAMICS

A. M a t e r i a l s  S tu d ie s

1. P r e p a r a t i o n  and  P r o p e r t i e s  of P u r e  BeO

T he  d e n s i t y  vs  t i m e  a t  t e m p e r a t u r e  d a ta  a r e  c o m p le te  f o r  35-0 and 

35-2  B e O  s a m p l e s  i s o s t a t i c a l l y  p r e s s e d  and  f i r e d  a t  1750®C in  flowing h y d r o ­
g e n  f o r  p e r i o d s  up to  47.  5 h o u r s .  T h e  35-0 oxide  w as  p r e p a r e d  by ca lc in ing  

BeSO^* ^H^O f o r  4 h o u r s  a t  1000*^0 in  a i r .  T h e  35-2  BeO w as  m a d e  by c a l ­

c in ing  (a s  above) B e(O H )2 p r e c i p i t a t e d  by bubbling NH^ in to  the  su l fa te  s o l u ­
t io n .  T he  t i m e s  and  d e n s i t i e s  w e re :

35-2  35-01750 C in
H^i  h r s  % T heo .  D e n s i t y  A v e r a g e  % T heo .  D e n s i ty  A v e r a g e

4 95. 3. 95. 3, 95. 0 95. 2 98. 5, 9 8 .0 , 98. 4 98. 3

8 96. 3. 96- 2. 96. 2 96. 2 98. 5, 98.  3, 98. 5 9 8 . 4

12 96. 1. 96. 2. 96. 4 96. 2 98. 6, 9 8 .6 , 98. 6 98. 6

16 96. 5, 96. 2, 96. 7 96. 5 98. 8. 98.  7, 98. 4 98. 6
20 96. 5, 96. 8, 96. 7 9 6 . 6 99. 0, 98.  5, 98. 6 98. 7
24 96. 6, 96. 7. 96. 5 96. 6 98. 5, 9 8 .4 . 99. 0, 9 8 .7 98. 7

47. 5 ------- 98. 7. 98.  6, 98. 9 98. 7

F o r  th e  two k inds  of B eO  r e p r e s e n t e d  h e r e ,  m a x i m u m  d e n s i t i e s  

a t t a in a b le  u n d e r  o u r  c o n d i t io n s  a r e  r e a c h e d  in  20 h o u r s  o r  l e s s .

P r e l i m i n a r y  p e t r o g r a p h i c  e x a m i n a t i o n  of 35-2  shows t h a t  be tw een  

4 and  24 h o u r s  f i r i n g ,  th e  s m a l l  g r a i n  m a t e r i a l ,  w h ich  is  i n t e r s p e r s e d  among 

the  l a r g e r  g r a i n s ,  g r o w s  f r o m  c a . 10 to  25 p in  d i a m e t e r  d u r in g  the s i n t e r ­
ing .  T he  l a r g e r  g r a i n s  m a i n t a i n  a d i a m e t e r  of ca .  50

2. F u e l  R e t e n t i o n  and  S ta b i l i ty :  B eO - U O ^

a. G e n e r a l

A n o te w o r th y  o c c u r r e n c e  d u r in g  the  p a s t  q u a r t e r  h a s  b e e n  the  

o b s e r v a t i o n  th a t  fue l  l o s s  of B e O - U O ^  in  a i r  cou ld  be r e d u c e d  m a r k e d l y  by
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" a n n e a l in g "  the  h y d r o g e n - s i n t e r e d  fuel  e l e m e n t s  in  v a c u u m  at t e m p e r a t u r e s  

above the  p r e v i o u s  s i n t e r i n g  t e m p e r a t u r e .  D e t a i l s  a r e  r e p o r t e d  be low.

b. E f f e c t  of V a c u u m  R e h e a t in g
S a m p l e s  of 0, 5, 10, and  15 w / o  UO^ in  BeO w e r e  a n n e a l e d  in  

v a c u u m  a t  a t e m p e r a t u r e  of 1885®C f o r  a p e r i o d  of one h o u r .  T he  s a m p l e s  

a ll  e x h ib i t e d  a w e ig h t  d e c r e a s e  a s  fo llows:
A v e r a g e  %

L o t  No. No.  of S a m p l e s  % UO^ "Weight L o s s

V - 3 - 4  3 0 0 . 6 2 3

V - 2 4  4 5 0 . 7 7 3

V -2 6  6 10 0 .9 0 6

V -3 8  8 15 0. 766

S a m p l e s  f r o m  lo t s  "V-24 and  -26 w e r e  a n a ly z e d  fo r  % b e f o r e

and a f t e r  the  v a c u u m  a n n e a l in g .  T h e  d a ta  in d i c a t e  a s m a l l  UO^ v o la t i l i z a t i o n  

l o s s  d u r in g  a n n ea l in g ,  as fo llows:

L o t  No. % UO^

V - 2 4  (C o n t ro l )  5. 39
V - 2 4  5 .3 0

V - 2 6  (C o n t ro l )  10. 77
V - 2 6  10 .58

One s a m p l e  e a c h  f r o m  lo t s  V - 3 - 4 ,  V -24  and V -26  w e r e  lo s s  

t e s t e d  in a i r  a t  1525**C f o r  a  t o t a l  l a p s e d  t i m e  of 452 h o u r s .  The  d a ta  a r e  
g iv en  in  T a b le  I I - l .
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T a b le  I I -1

L o t
No. % u o 2

V a c u u m  
A n n e a le d  

Wt, g r a m s

W e igh t  (g r a m s )  A f t e r  H ea t ing in A i r at  1525‘’C
4

h r s
10

h r s
40

h r s
116
h r s

452
h r s

V - 3 - 4 0 2. 0804 2. 0804 2 .0 8 0 3 2. 0800 2 .0795 2 .0 7 9 2
% wt lo s s 0 ----- 0 . 0 2 0 . 0 4 0 .0 6

V - 2 4 5. 30 2. 5566 2 .5 5 6 4 2. 5564 2 .5 559 2. 5527 2 .5 486
% w t l o s s 0. 008 0. 008 0 .0 2 7 0. 152 0. 313
% fue l  l o s s 0. 15 0. 15 0. 51 2. 87 5. 90

V -26 10. 58 2. 7283 2.7281 2. 7283 2. 7281 2. 7245 2. 5759
% w t l o s  s 0. 007 0 0. 007 0. 139 5. 586
% fue l  lo s s 0 .0 6 6 0 0. 066 1. 31 *52. 78

The  s a m p l e f r o m  lo t s  V ■-24 and  V -2 6  w e r e a n a ly z e d  a f t e r  the  4 5 2 -h o u r
t e s t  f o r % u o ^ . T h e  d a t a  a r e as  fo llows:

% U O 2 ( C h e m . % u o 2 ( D e t e r m i n e d
L o t  No. A n a ly s i s ) f r o m W eight  L o s s )

V - 2 4 4. 85 4 .9 9
V -2 6 5. 16 5. 02

T h i s  e f fe c t  due to  f u r n a c e  f a i l u r e -  See  tex t .

In  an a t t e m p t  to  d e t e r m i n e  th e  e f fec t  of the  t i m e  and t e m p e r a t u r e  
of v a c u u m  a n n ea l in g  on the  fu e l  l o s s ,  s a m p l e s  f r o m  lo t  V -1 6  con ta in ing  5 w /o  

UO^ in  B eO  w e r e  a n n e a l e d  f o r  v a r i o u s  t i m e s  and  t e m p e r a t u r e s .  The  s a m p l e s  

a ll  e x h ib i t e d  a w e ig h t  d e c r e a s e  ( T a b le  I I -2 ) .  I t  w as  i n t e r e s t i n g  to no te  tha t  

a l l  of the  s a m p l e s  g a in e d  up to  1% in  d e n s i t y  e x ce p t  th o s e  h e a t e d  fo r  20 m i n ­
u te s  a t  1885®C. S a m p l e s  f r o m  the  v a r i o u s  ru n s  w e r e  l o s s  t e s t e d  in  a i r  at 

1525^0 .  T he  r e s u l t s  a r e  t a b u l a t e d  in  T a b le  I I - 2 .

T h e  f a i l u r e  w h ic h  o c c u r r e d  to  the  s a m p l e  f r o m  lo t  V -2 6  (T ab le  
I I - l )  (10 w / o  UO^) a p p e a r e d  to  be  due  to  a p o w e r  f a i l u r e  w hich  p e r m i t t e d  the 

f u r n a c e  to  coo l  s low ly  to  a t e m p e r a t u r e  be low r e d  h e a t .  I t  i s  f e l t  tha t  th i s  is 

r e l a t e d  to  the  v o lu m e  of m a t e r i a l  t h a t  u n d e r g o e s  the  U^Og t r a n s f o r m a ­
t ion .

T h e  w e ig h t  l o s s  w h ich  o c c u r s  on v a c u u m  annea l ing  i s  ch ief ly  

v a p o r i z a t i o n  of BeO, s i n c e  r e p e a t e d  v a c u u m  h e a t i n g s  of un fue led  BeO s a m p l e s  
a t  1885®C g ive  e s s e n t i a l l y  a c o n s t a n t  r a t e  of w e igh t  l o s s  with  t i m e .  T h i s  r a t e  
i s  abou t  the  s a m e  as  t h a t  m e a s u r e d  fo r  B eO -U O _ .



- 80 - U C R L -6 0 3 6

T a b le  I I - 2

No. of S a m p l e s 2 2 2 2 3

V a c u u m  A n n e a l  T e m p  (*0) 1885 1885 1885 1780 1675
A n n e a l  T i m e  (min) 20 40 60 60 60
A v e r a g e  % W eigh t  L o s s 0.  58 0. 37 0. 56 0. 16 0 .0 6
D e n s i ty  ( g / c c )

O r ig in a l 3 .0 7 3.051 3. 050 3. 07 3. 07

A f t e r  A n n ea l 3. 07 3 .060 3. 053 3.09 3. 09
w / o  L o s s  in A i r *

4 h r  at  1525*0 0. 36 0 . 0 3 0 .0 1 0. 01 0. 04
20 h r  " " 0.  04 0 . 0 3 0 . 0 5 - -

-1 0 0  h r  " " ** 0. 173 0. 145 0. 201 —

^  <rtTo d e t e r m i n e  % fue l  l o s s ,  m u l t i p l y  by 20.

T he  t i m e  is  a p p r o x i m a t e  s i n c e  f u r n a c e  f a i l u r e  o c c u r r e d  o v e r  the  w eekend

E x a m i n a t i o n  of t h in  s e c t i o n s  of th e  1885*C v a c u u m - a n n e a l e d

s p e c i m e n s  i n d i c a t e d  th a t  t h e r e  h a s  b e e n  a d e p le t io n  of fue l  f r o m  th e  g r a i n
b o u n d a r i e s  a t  the  s u r f a c e  w i th  s u b s e q u e n t  d e n s i f i c a t i o n  of the  s u r f a c e  g r a i n s .

T h i s  a p p a r e n t l y  h a s  a f f e c t e d  the  r a t e  of oxygen  d i f fu s io n  in  t h a t  a  s a m p l e

a f t e r  117 h o u r s  a t  1525*0  in  a i r  w a s  s t i l l  b r o w n  in the  c e n t e r ,  in d ic a t in g  th a t
the  fue l  w as  s t i l l  UO-. and  no t  b l a c k  U .O « .2 4 9

T h e  n a t u r e  of t h e s e  e x p e r i m e n t s  i s  e n c o u r a g in g  in  t h a t  i t  r e p r e ­
s e n t s  a f a c t o r  of 4 o r  b e t t e r  i m p r o v e m e n t  of the  fue l  r e t e n t i o n  a t  1525*0 in 
a i r .

c.  E f f e c t  of H e a t in g  in  V a r i o u s  A t m o s p h e r e s

B e c a u s e  i m p r o v e d  fue l  l o s s  w as  o b ta in e d  by t r e a t m e n t  a t  1885*0 
in  v a c u u m ,  h e a t in g  in  o t h e r  a t m o s p h e r e s  was  a l s o  t r i e d .  I t w a s  c o n c e iv a b le  

th a t  th e  e l e v a t e d  t e m p e r a t u r e  w as  s ig n i f i c a n t ,  no t  the  v a c u u m .
H y d r o g e n .  S e v e r a l  g r e e n  s p e c i m e n s  w e r e  s i n t e r e d  in  h y d r o g e n  

to  1925*0  w i th  a  6 - h o u r  s o a k  at  t e m p e r a t u r e .  F u e l  l o s s e s  w e r e  m e a s u r e d  
a t  1525*0 ,  1650°C and  1800®C f o r  4 h o u r s  in  5 l i t e r s / m i n  d r y  a i r  f low. See  
below.
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A v e r a g e
D e n s i ty

g / c c

% F u e l  L o s s ,  4 H o u r s  at

1525*0 1650*0 1800*0

(V-18)
1725* /5  h o u r s  3. 2252 1. 36 ( a v e r a g e )  1. 97 ( a v e r a g e )  ----

(V-19)
1 9 2 5 * /6  h o u r s  3 .2439  l . l / l .  4 / 1 . 3  3. 5 / 2 . 8 / 2 .  3 4 2 . 3 / 3 7 . 4 / 4 3 . 1

E v i d e n t l y  f i r i n g  in  h y d r o g e n  a t  h igh  t e m p e r a t u r e s  does  not i m ­
p r o v e  fue l  r e t e n t i o n  p r o p e r t i e s .

In  a n o t h e r  s e t  of t e s t s ,  the  n o r m a l  s i n t e r e d  B eO -U O _ tubes  

( i . e . ,  1 7 2 5 * 0 / 5  h o u r s )  w e r e  h e a t e d  in  a t  1800*C f o r  30 m i n u t e s ,  which 

ga s  w as  t h e n  sw ep t  out by H e .  F i n a l l y ,  d r y  a i r  w as  p a s s e d  o v e r  the  s a m p l e  
a t  1800*0  f o r  4 h o u r s .  L o s s e s  w e r e  h igh ,  v i z . ,  50 -72%  fue l  l o s s ,  in  c o n ­
t r a s t  w i th  the  h e l i u m  t e s t s  r e p o r t e d  be low .

H e l iu m  and A r g o n .  T he  r a t i o n a l i z a t i o n  th a t  UO^ is the  m o r e  
s t a b l e  p h a se  a t  h igh  t e m p e r a t u r e s  l e d  to  fue l  l o s s  t e s t in g  in a i r  a t  1800*0,  
a f t e r  b r in g i n g  a s p e c i m e n  to  t e m p e r a t u r e  in  h e l iu m .

In  the  f i r s t  e x p e r i m e n t ,  a 10% UO^ tube  w as  h e a t e d  to  1800*0 
in  h e l i u m  and  kep t  a t  t h a t  t e m p e r a t u r e  f o r  about l / 2  h o u r .  T he  f u r n a c e  a t ­

m o s p h e r e  w a s  th e n  c h an g e d  to  a i r  a t  1800*0 and the  s p e c i m e n  h e ld  f o r  4 h o u r s .  
T he  fue l  l o s s  w as  r e m a r k a b l y  low (1%). S u b s e q u e n t  t e s t s  w e r e  a l s o  m a d e  in 

p u r e  h e l i u m  to  c h e c k  w e ig h t  l o s s  due to  t h i s  t r e a t m e n t .  O th e r  t e s t s  w e r e  

m a d e  in  h e l i u m  and  a r g o n ,  bu t  e v id e n t ly  a i r  l e a k e d  in to  the  f u r n a c e  d u r ing  
the  i n e r t  g a s  t r e a t m e n t ,  and  i n v a l i d a t e d  the  r e s u l t s .

T e s t
1. He  1800*0

2. He  1800*0 ,  A i r  1800*0
4 H o u r s

3. He  1800*0

4. A 1800*0

5. A 1800*0 ,  A i r  1800*0
4 H o u r s

% W eigh t  L o s s
0 . 0 4 / 0 . 0 4

0 . 0 9 4 / 0 . 0 9 8

0 .1 9 9 *

0 . 1 7 1 / 0 . 1 6 0 *  

6 . 4 / 6 . 2 *

% F u e l  L o s s  R e m a r k s

1. 0

S p e c i m e n  not 
ox id ized  a f t e r  
t e s t .

S p e c i m e n  oxid ized.  
E v id en t ly  leaky  
f u r n a c e .

6 3*

T h e s e  d a t a  a r e  in v a l id  b e c a u s e  a i r  l e a k e d  in to  the f u r n a c e  d u r in g  the i n e r t  
gas  t r e a t m e n t ,  as  e v id e n c e d  by o x id iz e d  a p p e a r a n c e  (b lack) .
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T h e  tube  f r o m  t e s t  #2 in  the  above t a b u la t i o n  w as  s u b se q u e n t ly  

t e s t e d  at  1525*C f o r  4 h o u r s .  No change  in  w e igh t  w as  o b s e r v e d .  A f t e r  

a n o t h e r  20 h o u r s ,  the  fue l  l o s s  w a s  0 . 4 6 % ,  w h ich  is  a l s o  a low f ig u r e .

In  a n o t h e r  s e t  of p a r a l l e l  e x p e r i m e n t s ,  s i n t e r e d  B e O - 1 0 %  UO^ 

tu b e s  w e r e  h e a t e d  in  h e l i u m  and  th e n  in  a i r  to  fo l low u r a n i a  l o s s  b e h a v io r .

In  th e  in i t i a l  e x p e r i m e n t  a t  1650®C, w e ig h t  l o s s e s  in  a i r  of two 

h e l i u m - f i r e d  s a m p l e s  w e r e  o n e - f i f t h  of th o s e  of c o n t r o l  s a m p l e s  t e s t e d  in  
a i r  only  ( F ig .  I I - l ) .  T h e  w e ig h t  l o s s e s  of t h e s e  s a m p l e s  in  a i r  c o n t in u e d  at  

th is  low r a t e  f o r  28 h o u r s  and  th e n  i n c r e a s e d  to  r a t e s  c o m p a r a b l e  to  th o s e  of 

the  c o n t r o l  s a m p l e s .
In  f u r t h e r  e x p e r i m e n t s  (F ig .  I I -2)  the  r e d u c t i o n  of w e ig h t  lo s s  

in  a i r  w a s  v e r i f i e d  and  the  t i m e  and  t e m p e r a t u r e  of hea t in g  in  h e l i u m  w e r e  
v a r i e d  f r o m  2 to  16 h o u r s  and  1525 to  1650*0  to  b r i e f l y  e x p lo r e  e f fe c t s  on 

the  r e d u c t i o n  of l o s s  and  the  d u r a t i o n  of low w e ig h t  l o s s  w h en  s u b s e q u e n t ly  
t e s t e d  in  a i r .

In  g e n e r a l  the  l o n g e r  t i m e s  a t  the  h i g h e r  t e m p e r a t u r e s  showed  
g r e a t e r  s u b s e q u e n t  s u p p r e s s i o n  of u r a n i a  l o s s .  H o w e v e r ,  a i r  l e a k e d  in to  the 

i n e r t  a t m o s p h e r e s  of th e  f u r n a c e s ,  and so  q u a n t i t a t iv e  c o n c lu s io n s  a r e  not 
w a r r a n t e d .  F u t u r e  w o r k  w i l l  c o n c e n t r a t e  on h i g h e r  t e m p e r a t u r e  i n e r t  gas  
t r e a t m e n t .

d. E f f e c t  of Cooling
E v i d e n c e  i n d i c a t e s  t h a t  fue l  l o s s  m a y  be  s e r i o u s l y  a f f e c t e d  if  a 

fu e le d  s a m p l e  is  co o led  t h r o u g h  the  U^Og r a n g e  a f t e r  h igh  t e m p e r a t u r e  t e s t i n g .  

T h u s  e x p e r i m e n t s  w e r e  c a r r i e d  out u n d e r  c o n t r o l l e d  c ond i t ions  of cooling 

f r o m  1525*C.  S p e c i m e n s  w e r e  co o led  to  600, 900, and  1200*C r e s p e c t i v e l y ,  

and at  r a t e s  of 5, 10, and  30°C p e r  m i n u t e .  A l s o  v a r i e d  w e r e  the  f a c t o r s  of 

the  t i m e  at  1525* b e f o r e  coo l ing ;  t i m e  a t  co o led  t e m p e r a t u r e ;  and  e f fec t  of 
t h e r m a l  c y c l in g .  In the  l a s t  c a s e ,  a s a m p l e  w as  p l a c e d  in  a f u r n a c e  a t  1525*C 

f o r  5 m i n u t e s  to  r e a c h  t e m p e r a t u r e ,  w i th d r a w n  to  cool,  th e n  p l a c e d  in  again .
The  fo llowing T a b le  I I - 3  g iv e s  a c o n d e n s a t i o n  of the  d a ta  a c c u ­

m u l a t e d  to d a t e .  T e s t s  w e r e  r u n  on h ig h  d e n s i t y  10 w / o  V -2 6  t u b e s ,  which  
h a d  b e e n  s i n t e r e d  at  1750°C f o r  6 h o u r s  in  An a i r  f low of 5 l i t e r s / m i n
w as  u s e d  in  a ll  e x p e r i m e n t s .
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(5 l i t e r s / m i n ) .
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T a b le  I I - 3

I t e m

R a t e  of 
Cooling 

( p e r  min)

C oo l  T e m p  
&c T i m e  h e l d  at 

C oo l  T e m p

T i m e  a t  1525*C 
B e f o r e  Cool  Off % F u e l  

(H o u rs )  L o s s

1 30*C 9 0 0 -C  -  1 h r 1 1. 53/ 1. 82
2 30 "C 9 0 0 ‘’C -  1 " 4 2. 15/ 1, 67
3 30 "C 900*C -  1 " 16 5 . 2 4 / 5 . 2 4
4 SO^C 9 0 0 ^ 0  — 5 m i n 16 3. 29/ 6 . 39

5 10“C 900 '’C -  1 h r 16 6 . 8 0 / 5 . 2 0

6 5*C 900*C -  1 " 16 7. 8 5 / 7 .  43

7 30“C 6 0 0 “C -  1 " 16 7. 7 0 /7 .  47

8 30 “C 1200®C -  1 " 16 6 . 00/ 6 . 29

9 10"C 1200*C -  1 " 16 7 . 5 8 / 8 . 3 5

10 5 “C 1200*C -  1 " 16 5 . 9 8 / 7 . 0 2

A i r  Q u en ch es  
5 m i n  a t  
1525®C r a p id ly  
q u en ch ed  
(15 t i m e s )

S a m e  
T r e a t m e n t  
P l u s  4 H o u r s  
at  1525*0

16 H o u r s  at 
1525*C; 
S ing le  a i r  
quench;
4 H o u r s  at  
1525*C

16 H o u r s  a t  1525*C; 
S ing le  a i r  quench;
1 H o u r  a t  1525*C; 
C o o le d  a t  3 0 * /m in  
to  900*C; h e ld  1 H our ;  
b a c k  to  1525*C f o r  
3 H o u r s

% F  ue 1 
L o s s : 0 . 9 7 1 . 4 8 / 1 . 6 1 1 .97 4. 10

F r o m  the  above  t a b l e s ,  the  fo llowing c o n c lu s io n s  m a y  be  d raw n:

1. T he  l o n g e r  the  m a t e r i a l  is  at  15ZS^C  ( c o n v e r s i o n  of U O 2 
U4O 9), the  g r e a t e r  the  e f f e c t  of coo l ing  to  the  U^Og r a n g e .  ( I t e m s  1, 2 and 
3, T a b le  I I -3 ) .  T h i s  is  c o n s i s t e n t  w i th  r e l a t i v e l y  r a p i d  c o n v e r s i o n  of

to  UgOg and r e a d y  v o l a t i l i z a t i o n  of the  u r a n i u m  a s  UOg a f t e r  r e a d y  t r a n s f o r ­
m a t i o n  f r o m  T h i s  m a y  be  a m e c h a n i c a l  i n s t e a d  of a  c h e m i c a l  e f fec t ,

s i n c e  the  s l ig h t  s h r i n k a g e  of UO^ to  m i g h t  p e r m i t  a c c e s s  of to  the
u r a n i a  o r  e a s i e r  pa th s  f o r  m a s s  t r a n s f e r  of UOg th r o u g h  the  B eO .

2. T he  t i m e  the  s p e c i m e n  is  a t  the  l o w e r  t e m p e r a t u r e  s e e m s  
u n i m p o r t a n t  ( I t e m s  3 & 4). The  r a t e  of coo l ing ,  o r  the  t o t a l  t i m e  in  the  U^Og 

r a n g e ,  a p p e a r s  to  h a v e  a m o d e s t  e f fec t  ( I t e m s  3, 5 and  6).



- 8 5 -  U C R L -6 0 3 6

3. T he  t e m p e r a t u r e  to  w h ich  the  m a t e r i a l  i s  co o led  m a y  a l so  
be  p e r t i n e n t ,  ( I t e m s  3, 7 & 8) a l though  th i s  in  e f fec t  cou ld  be  the  l eng th  of 
t i m e  in  t h e  U^Og r a n g e .  T h e  d a t a  show  a m b ig u o u s ,  bu t  m i n o r  e f f e c t s ,

4. M u l t ip le  (15) a i r  q u e n c h e s  w e r e  c a r r i e d  out by i n s e r t i n g  a 
s a m p l e  in to  a 1525®C a i r  f u r n a c e ,  a l low ing  i t  to s t a n d  fo r  5 m i n u t e s ,  then  

r e m o v in g  i t .  The  i n s e r t i o n  and  r e m o v a l  t ak e  a few m i n u t e s  e ach  to  p r e v e n t  

s e v e r e  sh o ck .  The  fue l  l o s s  w as  a b o u t  1%. H o w e v e r ,  t h i s  t r e a t m e n t  fo l lowed  

by 4 - h o u r  a i r  l o s s  t e s t i n g  a t  1525®C show s  no en h an c e d  lo s s  a t  the  l a t t e r  

t e m p e r a t u r e .  T h u s ,  t h e r m a l  cy c l in g  of a  v i r g i n  fue l  e l e m e n t  does  not p e r  se 

i n c r e a s e  l o s s  a p p r e c i a b l y .
5. A l s o  no te  t h a t  a 1 6 - h o u r  l o s s  t e s t  fo l lowed  by an a i r  quench  

and a f in a l  4 - h o u r  l o s s  t e s t i n g  p e r i o d  a t  1525®C does  no t  show en h an c e d  lo s s .  

T h u s  a g a in  the  a i r  q u e n c h  h a d  l i t t l e  e f fec t .

6. H o w e v e r ,  a  s i m i l a r  t r e a t m e n t  in  c o m b in a t io n  w i th  r e l a t i v e l y  

s low coo l ing  (30®C/min)  to  9 0 0 * 0  d id  a u g m e n t  fuel  l o s s  by a f a c t o r  of 2.

e.  E f f e c t  of T h e r m a l  C ycl ing
5 w / o  and  10 w / o  t h e r m a l  c y c l e d  tubes  w h ich  h a d  b e e n  th ro u g h  

15 s low  c y c l e s  of 1250*F to  2 5 0 0 °F  ( r e p o r t e d  in  r e p o r t  No. 2, UCRL-5829)  

w e r e  l o s s  t e s t e d  at  1525*C f o r  4 and  10 h o u r s .  R e s u l t s  a r e  s e e n  in  T ab le  
I I - 4 .  T h e  l o s s e s  a r e  about  2 - 1 / 2  t i m e s  t h a t  of the  u s u a l  fue l  l o s s e s  w i thou t  

t h e r m a l  cy c l in g .  T h i s  r e s u l t  is  c o n s i s t e n t  w i th  the r e s u l t s  m e n t io n e d  in  the 
e x p e r i m e n t s  on coo l ing .  N o te  t h a t  t h e s e  w e r e  s low  c y c l e s  of s e v e r a l  h o u r s  

e a c h  as  o p p o s ed  to  the  a i r  quen ch  t e s t s  r e f e r r e d  to in  a p r e v io u s  s ec t io n .

T a b l e  IX-4

w / o  UO^

% F u e l  L o s s  ( t e m p . 1 5 2 5 * 0
4 H o u r s 10 H o u r s

5. 72 17 .02
10 3. 88 13. 17

6. 30 16. 59

6. 40 13. 64

5 4. 62 13. 67

5. 28 9. 68
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f. E f f e c t  of S u r f a c e  G r in d in g
P r e v i o u s l y  we r e p o r t e d  e n h a n c e d  fu e l  l o s s  of g r o u n d  tu b es  and 

r e d u c t i o n  in  th i s  l o s s  e f f e c t e d  by a n n ea l in g  in h y d r o g e n .  M o r e  e x te n s iv e  

t e s t s  w e r e  c a r r i e d  out t h i s  q u a r t e r .  S p e c i f i c a l l y ,  tube  s u r f a c e s  w e r e  g ro u n d  

on a l a t h e .  S o m e  w e r e  l o s s  t e s t e d ,  a n d  o t h e r s  a n n e a l e d  in  h y d r o g e n  f o r  

v a r i o u s  t i m e s ,  t h e n  a i r  l o s s  t e s t e d .  A l l  t u b e s  c o n ta in e d  10% The
fo l lowing  d a t a  in c lu d e  p r e v i o u s  t e s t s  as  w e l l  a s  the  new t e s t s .  I t  i s  ev iden t  

th a t  s o m e ,  bu t  no t  a m a r k e d ,  i m p r o v e m e n t  i s  e f f e c t e d  by  h y d r o g e n  an n ea l .

I t  i s  a l s o  e v id en t  t h a t  t h e  s m o o t h e r  s u r f a c e s  c r e a t e d  in  t h e s e  t e s t s  r e s u l t e d  

in  s o m e w h a t  l o w e r  fue l  l o s s .

% F u e l  L o s s  
4 H o u r s  4 H o u r s
15Z5°C  1650’ C

P r e v i o u s  T e s t s :
S u r f a c e  g r o u n d  ----- 9 . 7 / 9 . 6 / 9 . 3
A n n e a le d  1 h o u r  a t  ----- 5. 3 /5 .  1 / 6 . 0
1725*0  in 

P r e s e n t  T e s t s :
S u r f a c e  g r o u n d  2. 2 / 2 .  5 6. 5 / 7 . 4
A n n e a le d  2 h o u r s  a t  2. l / 1. 4 5. S / 4 .  4
1725*0  in
A n n e a le d  4 h o u r s  a t  1. 3 /1 .  2 4. 5 / 5 .  6
1725*0  in

C o m p a r i s o n  R e s u l t s :
V i r g i n  tu b e s  1 . 2 / 1 .  4 l , S / 2 . 7
(unground)

3. S y s t e m  B e O - U O ^

a. P h a s e  D i a g r a m ;  B e - U - O
T h e r e  is  n e e d  f o r  a m o r e  t h o r o u g h  k n ow ledge  of th e  p h a s e s  

p r e s e n t  in  t h i s  s y s t e m  in  a i r  a t  t e m p e r a t u r e s  a bove  15 0 0 * 0 .  S p e c i f i c a l l y ,  

we w ou ld  l ik e  to  know i f  o r  UO^ is  s t a b l e  in  a i r  up to  the  m e l t i n g  po in t

and  if t h e r e  is  a  s i g n i f i c a n t  a m o u n t  of B eO  s o l id  s o lu t io n  in
P o w d e r  s a m p l e s  w e r e  w r a p p e d  in  r h o d i u m  fo i l  to  a l low  f o r  e x ­

p o s u r e  to  a i r  bu t  r e t a r d  l o s s  due  to  u r a n i a  v o l a t i l i z a t i o n .  T h e  f u r n a c e  w a s  

h e a t e d  to  c o n s t a n t  t e m p e r a t u r e  and  th e n  the s a m p l e  w a s  i n t r o d u c e d .  A f t e r  
abou t  o n e - h a l f  h o u r  the  s a m p l e  w as  q u e n c h e d  in to  w a t e r .
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A p u r e  s a m p l e  of U^Og w as  h e a t e d  and  q u en ch ed  in  th i s  m a n n e r  
at  1500®C in  a i r .  T he  x - r a y  r e s u l t s  show ed  a l a t t i c e  p a r a m e t e r  of = 5. 437, 
equa l  to  th a t  r e p o r t e d  f o r  U^O^.

S a m p l e s  of 90 w / o  BeO and  10 w / o  w e r e  q u en ch ed  at

1525°C and  1800®C. T h e r e  a r e  in d ic a t io n s  tha t  both  an  o r t h o r h o m b i c  and a 

cub ic  f l u o r i t e  p h a s e  a r e  p r e s e n t .  An o r t h o r h o m b i c  p h a s e  is  c o n t r a r y  to what 
would  be  e x p e c t e d  in  v iew  of the  r e s u l t s  f r o m  the  u r a n i a  quench  t e s t s .

4. B eO  C o a t in g s

W o rk  on a  z i r c o n  coa t ing  h a s  b e e n  d i s c o n t in u e d  b e c a u s e  of i t s  t e n d ­

en cy  to  s p a l l .  T h i s  i s  e x p e c t e d  in  v iew of i t s  low e x p a n s io n  co e f f ic ien t  as 
c o m p a r e d  w i th  BeO.

An e f f o r t  i s  be ing  m a d e  to  d e v e lo p  a z i r c o n i a  ( s t a b i l i z e d )  coating 
f o r  B eO .  F i g u r e  I I - 3 show s  th e  t h e r m a l  e x p a n s io n  of z i r c o n i a  s t a b i l i z e d  

w i th  5% CaO ( c o m m e r c i a l  p r o d u c t  c a l l e d  Z i r c o a - B ) .  Z i r c o n  is  a l s o  shown 
in  F i g .  I I - 3 .  5 w / o  S iO ^  w a s  ad d ed  to  Z i r c o a  in  an e f fo r t  to  l o w e r  z i r c o n i a ' s

e x p a n s io n  c o e f f i c i e n t  to t h a t  of B eO .  A c c o r d i n g  to the  Z r O ^ - S i O ^  p h a se  d i a ­

g r a m  5 w / o  S iO ^  w i l l  go in to  s o l id  s o lu t io n  with  z i r c o n i a .  T he  coa t ing  is  

e s s e n t i a l l y  a s o l id  s o lu t io n  w i th  5 w / o  CaO and 5 w / o  SiO^.

A p l a t i n u m  co a t in g  f o r  B e O ’ UO^ tubes  w as  t r i e d  to  Inhib i t  BeO lo s s  

a t  h igh  t e m p e r a t u r e s  in  h ig h  h u m id i ty  a i r .  T u b e s  w e r e  c o a te d  with  17 m i l s  
of P t  by  a w a s h  t e c h n i q u e .  T he  t u b e s  w e r e  th e n  r u n  a t  152.5*C f o r  4 h o u r s  in 

a i r  s a t u r a t e d  at  100®F. T h e  co a t in g  d id  no t  p r o t e c t  the  t u b e s .  T h e r e  was  

an  a p p r e c i a b l e  w e ig h t  lo s s  and  the  p l a t i n u m  a p p e a r e d  to  s p a l l  off. X - r a y  

d i f f r a c t i o n  show ed  no e x p a n s io n  of the  P t  l a t t i c e .
5. S y s t e m  B e - B

A n o x id a t io n  t e s t  was  p e r f o r m e d  in  a i r  on a f u s e d  s a m p l e  of BeBg .  

T he  s a m p l e  p r i o r  to  t e s t  e x h ib i t e d  a m e t a l l i c  l u s t r e  and  s e e m e d  to  be v e r y  

d e n s e  though  i r r e g u l a r  i n  s h a p e .  H a r d n e s s  p r i o r  to  t e s t  w a s  (HKN-100)  =
2267 ± 30.

The  t e s t  c o n d i t io n s  and  r e s u l t s  w e re :

T i m e  a t  % Weight
T e m p e r a t u r e  T e m p e r a t u r e  G a in

T e s t  I 1380*C 22 h o u r s  2 .8

T e s t  II
^1 2 0 0 “C 24

14 00^0  24 "
ISOO-C 24 " 4. 2

T o t a l  Weight  Gain : 7. 0
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In  o r d e r  to  r e l a t e  t h i s  s m a l l  w e ig h t  i n c r e a s e  to  am o u n t  of B eB ^  
a c tu a l ly  r e a c t e d ,  the  m o s t  l i k e ly  r e a c t i o n  which  c an  o c c u r  is

B e B ^  + 5 3 + BeO

_  3
The  v a p o r  p r e s s u r e  of B ^ O ^  is  r e l a t i v e l y  h igh  at  1500*0 (~10 

a t m o s ) .  One w ould  e x p e c t  t o t a l  l o s s  of any B ^ O ^  f o r m e d  bu t  th is  would  r e ­

s u l t  in  a n e t  l o s s  w h e r e a s  a n e t  g a in  w a s  e x p e r i e n c e d .  X - r a y  a n a l y s i s  of 
r e a c t i o n  p r o d u c t  i n d i c a t e d  only BeO  + B e B ^ .  If no l o s s  of B ^ O ^  is  a s s u m e d ,  

the  7. 0% w e ig h t  g a in  r e s o l v e s  in to  a  3. 5% B eB ^  r e a c t e d .  T h i s  i s  a  low 
o x id a t io n  r a t e  f o r  a b o r i d e .

F i n a l  m e t a l l o g r a p h i c  and  m i c r o h a r d n e s s  e x a m i n a t io n  ind ica ted :

1. A v e r y  th in  r e a c t i o n  l a y e r  e x i s t e d  at  the  s u r f a c e  which  a p p e a r e d  
to  be  B eO .  I t  w a s  d i f f icu l t  to  e s t a b l i s h  w h e t h e r  o r  not th is  r e a c t i o n  p ro d u c t  

w as  c o n t in u o u s  o r  d i s c o n t in u o u s .
2. No m e a s u r a b l e  ch an g e  in  m i c r o h a r d n e s s  w as  found f r o m  edge 

g r a i n s  to  c e n t e r  g r a i n s .  E d g e  g r a i n s :  (HKN-100) = 2113 ± 140

C e n t e r  g r a i n s :  (HKN-100) = 2268 ± 120

B .  F a b r i c a t i o n  D e v e l o p m e n t  and  P r o d u c t i o n

1. 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

The  p r o c e d u r e  f o r  p r o d u c in g  P l u t o  r e a c t o r  fue l  e l e m e n t s  i s  as
fo l lows:

B e r y l l i u m  ox ide  p o w d e r  is  a d d ed  to a s o lu t io n  of u r a n y l  n i t r a t e .

The  u r a n i u m  is  p r e c i p i t a t e d  u s in g  a m m o n i u m  h y d ro x id e  and  the  so l id s  a r e  

f i l t e r e d  and  d r i e d .  A w e ig h e d  b a t c h  of the  d r i e d  m a t e r i a l  i s  m i x e d  w i th  a 

m e a s u r e d  a m o u n t  of w a t e r  and  b i n d e r .  T he  m ix  is  aged ,  e x t r u d e d  to  shape ,  

cu t to  l e n g th  and  d r i e d .  T he  d r i e d  tu b e s  a r e  h e a t e d  in  a i r  to  1500*F to  r e ­

m o v e  the  b i n d e r ,  t h e n  f i r e d  to  1775*0  in  a h y d r o g e n  a t m o s p h e r e  to  f ina l
d e n s i ty .

O v e r  450 b a t c h e s  of abou t  1700 g r a m s  e ac h  have  b e e n  p r e c i p i t a t e d  

d u r in g  the  p a s t  3 m o n t h s .  A bout  300 of t h e s e  have  b e e n  e x t r u d e d .  A p p r o x i ­

m a t e l y  20, 000 tu b e s  h a v e  b e e n  f i r e d  in  the  l a r g e  k i ln  and  700 in  the  s m a l l e r  
m o d i f i e d  k i ln .
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C. M e c h a n ic a l  P r o p e r t i e s  — C o m p r e s s i v e  C r e e p

T he  T a b le  I I - 5  and  a s s o c i a t e d  c r e e p  c u r v e s  F i g s .  I I - 4  and  I I -5  s u m ­
m a r i z e  the  r e s u l t s  of fo u r  t e s t s  on p u r e  e x t r u d e d  B eO .  C o m p a r i s o n s  of 

t h e s e  p a r t i c u l a r  r e s u l t s  sho u ld  be  m a d e  c a u t i o u s ly  as the  s p e c i m e n s  h a d  a 
v a r i e t y  of p r o d u c t i o n  h i s t o r i e s .

H o w e v e r ,  the  r e l a t i v e l y  l a r g e  c r e e p  s t r a i n s  in  a c e r a m i c  m a t e r i a l  at 
t h e s e  t e m p e r a t u r e s  an d  s t r e s s e s  a r e  s ig n i f i c a n t .  In ad d i t ion ,  s p e c i m e n  

d e n s i t i e s  in  the  t e s t s  m a d e  a t  2400*F a r e  low in  c o m p a r i s o n  w i th  m a t e r i a l  

now be ing  p r o d u c e d .  F u t u r e  i n v e s t i g a t i o n s  a r e  p la n n e d  to  e x p l o r e  c r e e p  at 
h igh  s t r e s s e s  and  r e l a t i v e l y  low t e m p e r a t u r e s  on h igh  d e n s i t y  m a t e r i a l .

T a b le  I I -5

S p e c i m e n
D e n s i ty ,
% Theo .

T e m p . ,
“F

S t r e s s ,
ps i

T o ta l  
S t r a i n ,

%
T i m e ,
H r s

S e 'condary  
C r e e p  R a te

i n / i n / h r X l Q R e m a r k s
7X115-3 98. 3 2800 1500 1 .1 2 138 0. 74 T e s t  d is  - 

con t inued

7X115-4 97. 8 2845 1500 0. 61 26 1. 41 H ea t in g
e l e m e n t
f a i l u r e

4E 137-2 90. 7 2400 3000 1. 87 125 1. 32 P o w e r
f a i l u r e

4 E 1 3 7 - 3 94, 3 2400 6000 2. 50 125 1 .96 P o w e r
f a i l u r e
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2 . 5

2 .0

. 5  -.0o

7x115-4 2845®F2  1.0
<
cr

^  0 . 5 7x115-3 2800®F

4 0 6 0 8 0 100 120 14010  20

T I M E  IN ( h o u r s )
F i g .  I I - 4 .  B eO  c o m p r e s s i v e  c r e e p ,  1500 p s i .

MUL-10090

2 . 5

4E 137-3 6 0 0 0  psi
2.0

2 4E 137-2 3 0 0 0  psi<
q:
I -
co

0.5

4 010 20 6 0 8 0 100 120 140

T I M E  IN ( hours)
MjL-10091

F i g .  I I - 5 .  BeO c o m p r e s s i v e  c r e e p ,  2400*F.
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S E C T IO N  II. G E N E R A L  CHEMISTRY

E L E C T R O N  MICROSCOPY

C h a r a c t e r i z a t i o n  of P o w d e r e d  BeO

T he  e x a m i n a t i o n  of s ix  s a m p l e s  of BeO p o w d e r s  c a l c in e d  a t  1000*C has  
b e e n  f i n i s h e d .  Of t h e s e  s a m p l e s ,  one  w a s  c a l c i n e d  d i r e c t l y  f r o m  BeSO^*4H^O, 

t h r e e  w e r e  c a l c i n e d  f r o m  Be{OH)2 con ta in ing  v a ry in g  am o u n ts  of r e s i d u a l  

s u l f a t e ,  and  two w e r e  f o r e i g n - m a d e  and  th e  s t a r t i n g  m a t e r i a l  i s  unknown.  
P h o t o g r a p h s  f r o m  the  e l e c t r o n  m i c r o s c o p e  hav e  p r o v id e d  the  following i n ­
f o r m a t io n :

1. T he  m o s t  c o m m o n  p a r t i c l e  l e n g th  f o r  BeO  p o w d e r  f r o m  the  su l fa te  
is  a p p r o x i m a t e l y  0. 1 to  0. 3 m i c r o n s ,  w h i le  t h a t  f o r  the  h y d r o x i d e - d e r i v e d  

p o w d e r  is  0 . 0 6  to 0 . 0 8  m i c r o n s .

2. M any  of the  p a r t i c l e s  m a d e  f r o m  s u l f a t e  a r e  e lo n g a ted  h e x ag o n s  

w hich  a r e  h a l f  a s  wide  a s  th e y  a r e  long .  T he  h y d r o x i d e - d e r i v e d  p a r t i c l e s  a r e  
m o r e  n e a r l y  ro u n d .

3. T h e s e  d i f f e r e n c e s  i n  s i z e  and  shape  p e r m i t  the  id e n t i f i c a t io n  of 
p a r t i c l e s  w h ic h  have  b e e n  f o r m e d  f r o m  the  su l fa te  i m p u r i t y  in B e ( O H ) , .  

H o w e v e r ,  a  su l fa t e  p a r t i c l e  coun t  does  not  p ro v id e  a s e m i - q u a n t i t a t i v e  s u l ­
fa t e  a n a l y s i s ,  b e c a u s e  the  s u l f a t e  i s  no t  ev en ly  d i s t r i b u t e d  in  the  h y d ro x id e .

4. P a r t i c l e  s i z e  and  s h a p e  c an n o t  be  c o r r e l a t e d  w i th  s i n t e r a b i l i t y .

M A T ER IA L S D E V E L O P M E N T  

T r a n s i t i o n  M e ta l  A lu m in id e s

T o  e s t a b l i s h  an  a p p r o x i m a t e  p h a s e  d i a g r a m  f o r  the  N b -A l  s y s t e m ,  

s a m p l e s  of v a r i o u s  c o m p o s i t i o n s ,  p r e s s e d  in to  l / 4  in.  o . d .  p e l l e t s  a p p r o x i ­

m a t e l y  1 / 2  in.  h igh ,  w e r e  h e a t e d  in  a g r a p h i t e  tu b e  f u r n a c e .  As  the  f u r n a c e  

w a s  s lo w ly  r a i s e d  in  t e m p e r a t u r e ,  the  t e m p e r a t u r e  a t  w h ich  the p e l l e t s  f i r s t  

b e g a n  to  m e l t  and the  t e m p e r a t u r e  a t  w h ich  the  p e l l e t s  h a d  c o m p l e t e l y  m e l t e d  

w e r e  m e a s u r e d  w i th  a  m i c r o - o p t i c a l  p y r o m e t e r .  T he  p e l l e t s  w e r e  p l a c e d  on 

T a  s h e e t  w h ich  was  in  t u r n  p l a c e d  on a  g r a p h i t e  b lo c k  in  the  f u r n a c e .  The  

T a  s h e e t  p r e v e n t e d  r e a c t i o n  of the  s a m p l e s  w i th  the  g r a p h i t e ,  and  the  g r a p h i t e  
b l o c k  p r o v i d e d  a good  b la ck b o d y  f o r  o b s e r v in g  t e m p e r a t u r e s .  S a m p l e s  fo r  

the  p e l l e t s  w e r e  p r e p a r e d  a s  d e s c r i b e d  i n  the  p r e v io u s  q u a r t e r l y  r e p o r t  
( U C R L -5 9 2 5 ,  p.  126).
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P r e l i m i n a r y  r e s u l t s  show th a t  N bAl^  d e c o m p o s e s  p e r i t e c t i c a l l y  at 

1600*C. S a m p l e s  of t h i s  c o m p o s i t i o n  a r e  c o m p le t e ly  m o l t e n  a t  1725°G.

Nb^Al m e l t s  a t  1925®C and  Nb^Al a t  2 0 4 0 ‘’C. W h e th e r  o r  no t  t h e s e  c o m ­
pounds  h a v e  c o n g r u e n t  o r  i n c o n g r u e n t  m e l t i n g  po in ts  h a s  not y e t  b e e n  d e t e r ­
m in e d .

A n u m b e r  of new s a m p l e  p r e p a r a t i o n s  and  r e h e a t i n g s  h a s  b e e n  m a d e  

in  the  T a - A l  s y s t e m .  In  a d d i t io n  to  T a ^ A l  and  T a A l^  a new c o m p o u n d  h as  

b e e n  found a t  a c o m p o s i t i o n  of TaA l^  T h e r e  is a l s o  e v id en c e  to  s u g g e s t  

the e x i s t e n c e  of a n o t h e r  c o m p o u n d  in  the  c o m p o s i t i o n  r e g i o n  TaA l^  0 1 5 '  
P h a s e  i d e n t i f i c a t i o n  w as  by m e a n s  of x - r a y  d i f f r a c t i o n .

T he  c o m p o u n d  T a ^ A l  w as  o b s e r v e d  a s  a s in g le  p h a s e  w i th  a co n t in u o u s ly  

v a r y in g  s t r u c t u r e  o v e r  the  c o m p o s i t i o n  r e g i o n  T a ^ A l t o  T a ^ A l .  I t w a s  a l so  
o b s e r v e d  t h a t  A1 d i s s o l v e s  in  T a  r e s u l t i n g  in a  s m a l l  c o n t r a c t i o n  of the  T a  
l a t t i c e .

O x id a t io n  T e s t in g  of N io b iu m  B a s e  A l lo y s

S e v e r a l  Nb b a s e  a l lo y s  w e r e  r e c e i v e d  f r o m  a s u p p l i e r  and  w e r e  s u b ­
j e c t e d  to  o x id a t io n  r e s i s t a n c e  t e s t s  in  s t i l l  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 .

The  c o m p o s i t i o n  of th e  a l lo y s  a r e  g iv en  in  T a b le  I I -6 .
S m a l l  p i e c e s  of the  a l lo y s  w e r e  cu t  f r o m  the  ingo t  and p l a c e d  in  a 

A l^ O ^  c r u c i b l e  s u s p e n d e d  f r o m  the  pan  of an a n a l y t i c a l  b a l a n c e  in to  a c o n ­

s t a n t  tem p e ra t* u re  f u r n a c e .  T h e  w e igh t  of the  p i e c e  cou ld  th u s  be r e c o r d e d  
as  o f ten  a s  d e s i r e d  w i thou t  coo l ing  and r e h e a t i n g  the  s p e c i m e n .  O x ida t ion  

r a t e  c u r v e s  f o r  the  a l lo y s  w e r e  f i r s t  o b ta in e d  a t  1013°C and  1104“C, and 
th e n  th e  m o s t  o x id a t io n  r e s i s t a n t  a l lo y s  w e r e  t e s t e d  a t  1190®C. T he  r e s u l t s  

of t h e s e  t e s t s  a r e  g iv en  in  F i g s .  I I -6 ,  lI -7» and  I I -8 .
The  dep th  of p e n e t r a t i o n  w a s  d e t e r m i n e d  by m e a s u r i n g  th e  p i e c e  b e fo re  

h e a t in g  and  a g a in  s u b s e q u e n t  to  t e s t i n g .  In  g e n e r a l ,  m e a s u r e d  p e n e t r a t i o n  
a g r e e d  w e l l  w i th  t h a t  c a l c u l a t e d  f r o m  th e  w e i g h t - g a i n  d a ta .  In m o s t  c a s e s  

the  oxide  c o a t  s p a l l e d  off upon  cooling; in  th o s e  c a s e s  w h e r e  i t  did  no t  i t  
was  r e m o v e d  m e c h a n i c a l l y  b e f o r e  m e a s u r i n g .

T he  a l lo y s  d e s i g n a t e d  a s  283, 78 an d  292 a l l  e x h ib i t  o x id a t io n  r e s i s t a n c e  
g r e a t l y  s u p e r i o r  to  the  9 0 -10  T a -W  a l loy .  A l l  t h r e e  a l s o  a p p e a r  to  fo l low a 

p a r a b o l i c  r a t e  law .  If the  o x id a t io n  r e s i s t a n c e  of t h e s e  a l lo y s  p r o v e s  i n s u f ­

f i c i e n t  f o r  u s e  w i thou t  co a t in g ,  th e y  so u ld  c e r t a i n l y  be  c o n s i d e r e d  the  m o s t  
lo g i c a l  c a n d id a t e s  f o r  coa t ing .
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70

S T A T I C  A I R  
1 1 9 0 * 0

FAN S T E E L  8 2

6 0  -
7 8

2 8 3

2 9 2  _
5 0

4 0c
oo>

3 0

9 H r t

F i g .  I I - 8 .  O x id a t io n  r a t e  c u r v e  f o r  Nb b a s e  a l lo y s  an d  f a n s t e e l  82.

T a b le  I I - 6  W eig h t  P e r c e n t  C o m p o s i t i o n s  of N io b iu m  B a s e  A l lo y s

A l loy  N u m b e r Nb T a W Mo Co* Z r

1 . . 90 10 . .
77 85 10 5
78 80 10 10
79 85 10 6
80 87 10 2 - - 1

280 87 _ _ 10 2 _ _ 1
282 85 10 5
283 85 5 5 5
284 80 5 10 5
285 40 46 10 3 - - 1
286 40 50 10 -  - _
292 60 30 10
298 60 30 10  ̂*

R e p o r t s  i n d i c a t e  t h a t  m o s t  of the  Co is  l o s t  d u r in g  v a c u u m  m e l t i n g  of 
the  a l loy .  MUL-10104
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O x id a t io n  R e s i s t a n c e  of C r
F u s e d  lu m p s  of C r  s u p p l i e d  w e r e  a b r a d e d  to  r e c t a n g u l a r  s o l id s  and 

t e s t e d  f o r  o x id a t io n  r e s i s t a n c e  in  s t i l l  a i r  u s ing  the  t h e r m o b a l a n c e .  The  

o x id a t io n  in  m g / c m ^  is  g iv e n  in  F i g ,  I I -9 -  O x id a t io n  p r o c e e d s  a cc o rd in g  
to  a  p a r a b o l i c  r a t e  l a w  in  the  t e m p e r a t u r e  r a n g e  of th is  in v e s t ig a t i o n .  By- 

p lo t t ing  log ( r a t e  co n s tan t )  v e r s u s  l / X  ( s e e  F i g .  11-10), an a c t i v a t io n  e n e r g y  
of 3 6 .0  k c a l / m o l e  i s  o b ta in e d  f o r  the  o x id a t io n  p r o c e s s .

O x id a t io n  R e s i s t a n c e  of Y M e ta l

A s p e c i m e n  of Y w a s  cu t out of a 9 9 .9 9 %  p u r i t y  fu s e d  ingot .  The 
w e ig h t  change  w h en  e x p o s e d  to  s t i l l  a i r  w a s  m e a s u r e d  with  a t h e r m o b a l a n c e .  

The o x id a t io n  w as  found to  fo l low a  l i n e a r  r a t e  law  at  iZOO^C ( s e e  F i g .  11-11) 

A p p r o x i m a t e l y  0 . 0  30 in.  of o x id a t io n  r e s u l t e d  a f t e r  Z h o u r s  at th i s  t e m p e r a ­
t u r e .

S tu d i e s  on S c a n d iu m  M e ta l

S c a n d i u m  is  an  e l e m e n t  w h o se  c h e m i c a l  and  p h y s i c a l  p r o p e r t i e s  have  

r e c e i v e d  l i t t l e  a t t e n t io n .  R e c e n t  w o r k  h a s  shown th a t  i t  i s  a h igh  m e l t in g  
m e t a l  ( m . p .  "-1570®C) of low  d e n s i t y  (p = 2 .9 9 5  g / c m ^ ) . ^

To  l e a r n  m o r e  about  the  p r o p e r t i e s  of Sc ,  50 g r a m s  of a r c - m e l t e d  

in g o t s ,  1 /2  in.  to 1 in .  d i a m  w e r e  p r o c u r e d .  S p e c t r o g r a p h i c  a n a l y s i s  gave  

a p u r i t y  of 99- 99%. T he  fo l lowing  m e a s u r e m e n t s  w e r e  m a d e  d u r in g  the  
q u a r t e r :

1. M e l t ing  P o i n t  of S c .  T he  m e l t i n g  poin t of Sc w as  m e a s u r e d  in  a 
V - s h a p e d  T a  fo il  h e a t e r  in  a  v a c u u m  of 3 X 10 ^ m m  Hg. M el t ing  w as  o b ­

s e r v e d  a t  an  a p p a r e n t  t e m p e r a t u r e  of 1460 ± 30*0 as  r e a d  on the  T a  s u r f a c e .  

T he  c o r r e c t i o n  f o r  the  low e m i s s i v i t y  of th e  T a  s u r f a c e  and  the  a b s o r p t io n  

of th e  w indows w as  142®C. T he  m e l t i n g  po in t  of Sc is  thus  1602 ± 30®C.

2. H a r d n e s s  of Sc .  T he  h a r d n e s s  of Sc m e a s u r e d  by a R ockw e l l  " F "  

h a r d n e s s  t e s t e r  ( 6 0 -kg lo a d ,  I / I 6 in .  ba l l )  gave  a va lue  of 42.  A B a r c o l  
I m p r e s s o r  m e a s u r e d  a h a r d n e s s  of 70. T h e s e  v a lu e s  c o n v e r t e d  to  th e  Knoop 
( 5 0 0 -g load)  s c a l e  g ive  a  h a r d n e s s  of 70 ± 6.

H e r r m a n n ,  K. W . , D a a n e ,  A . H . ,  and  Spedding ,  F . H . ,  "Som e  P h y s i c a l - 
M e t a l l u r g i c a l  P r o p e r t i e s  of S c a n d iu m ,  Y t t r i u m  and the  R a r e  E a r t h  M e ta l s " ,  
IS C -702 ,  1955; D a t a s h e e t ,  R e s e a r c h  C h e m i c a l s  D iv i s io n  of N u c l e a r  C o r p o r a '  
t io n  of A m e r i c a .
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AW* = K t t C  
K=  Kq

a h  = 3 6 . 0  K C A L / M O L E  

( A H  = ACTI VATI ON H E A T )

S’ -6.0

-7.0*—
6.0 7.56.5 7.0

l / T  xI O^ ( °K- ' )

F i g .  11-10. Log  k vs  1 /T  f o r  C r  m e t a l .
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3, D u c t i l i ty  of Sc» One of the  ingo ts  a s  r e c e i v e d  w as  s w a g e d  down 

to  a 0.  3 - in .  - d i a m  ro d  a f t e r  only  one i n t e r m e d i a t e  annea l ing  at  1200*0.

T h i s  r o d  w a s  u s e d  to  m e a s u r e  the  t h e r m a l  d i f fu s iv i ty  of Sc ,  which  is  g iven 

l a t e r  in  T a b le  11-11.
4.  V a p o r  P r e s s u r e  of Sc .  A n  a l l - T a  K n u d se n  ce l l  and  h e a t e r  a s s e m b l y  

w as  c o n s t r u c t e d  and t h o ro u g h l y  o u t g a s s e d  a t  2000*0 .  M e a s u r e m e n t s  of the  

t e m p e r a t u r e  p r o f i l e  of th e  c e l l  show ed  g r a d i e n t s  to  be  l e s s  t h a n  5 - 1 0 * 0 ,  Sc 

m e t a l  ch ip s  of 99.  995% p u r i t y  w e r e  i n t r o d u c e d  in to  the  ce l l  and the  r a t e  of 
w e ig h t  l o s s  d e t e r m i n e d  at  v a r i o u s  t e m p e r a t u r e s .  The  r e s i d u a l  p r e s s u r e  in  
the  s y s t e m  w as  m a i n t a i n e d  a t  - 5  X 10 ^ m m  Hg d u r ing  the  m e a s u r e m e n t s .

A k n i f e - e d g e d  h o le  of 0 .0 6 9 0 5  c m ^  a r e a  was  u s e d .  T h e  r e s u l t s  a r e  s u m ­
m a r i z e d  in  T a b le  I I - 7 .  T he  K n u d s e n  r e l a t i o n  was  u s e d  to  c a l c u l a t e  v a p o r  

p r e s s u r e s  by a s s u m i n g  e q u i l i b r i u m  in  the  c e l l  and m o n a t o m i c  Sc to  be the  
so le  v a p o r i z i n g  s p e c i e s .  T h e  v a p o r  p r e s s u r e  o b s e r v e d  fo r  the  f i r s t  hea t ing

i s  h igh  a s  a  r e s u l t  of s a m p l e  o u t g a s s i n g .  O m i t t in g  th i s  poin t ,  the  r e s t  of the
-1 9 35 X 10 “d a t a  y i e ld  the  a p p r o x i m a t e  r e l a t i o n  log ~ ^ ^ ------------  + 6 .6 3 .

T he  h e a t  of s u b l i m a t i o n  of Sc ,  A H j ^ qq i s  c a l c u l a t e d  a s  8 8 .5  k c a l / m o l e  f r o m  
th e  s lope  of the  log P  v e r s u s  1 / T  c u r v e .

T a b le  I I - 7 .  V a p o r  P r e s s u r e  of S c a n d i u m  at S e v e r a l  T e m p e r a t u r e s

O r d e r  of 
H e a t in g

T e m p e r a t u r e ,
*K

T i m e ,
m i n

Wt lo s s ,  
g r a m s

P r e s s u r e ,
a tm

1 1561 111 0 .0 0 9 5 5 2. 8 X 10"^
2 1802 46. 0 0. 10365 7 .8  X 10 ^
3 1800 20. 5 0 .0 4 5 3 1 7. 6 X 10"^
4 1532 70. 5 0. 00207 9. 4 X 1 0 '^
5 1591 93. 3 0 .0 0 8 2 2 2 .9  X 10"^
6 1586 91. 4 0 .0 0 7 4 5 2. 6 X 10 "
7 1482 6 35 0 .0 0 7 6 2 3. 8 X 10

5. O x id a t io n  R a t e  of Sc . C h ips  of Sc of a p p r o x i m a t e l y  1 c m ^  s u r f a c e

a r e a  w e r e  cu t f r o m  an a r c - m e l t e d  ingo t  w i th  a c h i s e l .  The  p i e c e s  w e r e  

o x id iz e d  w i th o u t  f u r t h e r  t r e a t m e n t  by  e xpos ing  t h e m  to  s t a t i c  a i r  a t  v a r i o u s  
t e m p e r a t u r e s  and r e c o r d i n g  the  w e ig h t  c h a n g e s  by m e a n s  of a t h e r m o b a l a n c e .  

T he  r e s u l t s  a r e  s u m m a r i z e d  in  F i g .  11-12.
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F i g .  11-12. O x id a t io n  r a t e  of s c a n d i u m  m e ta l .
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I t  i s  n o ted  th a t  o x id a t io n  p r o c e e d s  a c c o rd in g  to  a p a r a b o l i c  r a t e  law.

The  o x id a t io n  r a t e  i n c r e a s e s  w i th  i n c r e a s i n g  t e m p e r a t u r e  to  about 1000*C.
A d e c r e a s i n g  r a t e  is  th e n  n o te d  to  abou t  1250“C. At 1300°C the  ox ida t ion  
r a t e  a g a in  i n c r e a s e s  w i th  i n c r e a s i n g  t e m p e r a t u r e .  The  r e a s o n  f o r  th is  

s t r a n g e  b e h a v i o r  i s  no t  known. A d d i t io n a l  s tu d i e s  w i th  b e t t e r  s p e c im e n s  
a r e  p la n n ed .  T he  o x id a t io n  r a t e  of Sc  a t  1300'’C c o r r e s p o n d s  to  a  s u r f a c e  

p e n e t r a t i o n  of 0 . 0 2 2  in.  in  5 h o u r s .
S u m m a r y  of S tu d ie s  on  S c .  T he  p r o p e r t y  m e a s u r e m e n t s  on Sc r e v e a l  

a  m a t e r i a l  th a t  i s  d u c t i l e ,  h igh  m e l t i n g ,  of low d e n s i t y  and  of ou ts tand ing  

o x id a t io n  r e s i s t a n c e .  A l th o u g h  the  m e c h a n i c a l  s t r e n g t h  is  p ro b a b ly  low, it 
is  l ik e ly  t h a t  the  m a t e r i a l  c a n  be s t r e n g t h e n e d  by both  so lu t io n  and  d i s p e r s i o n  

h a r d e n i n g  a g e n t s .  If  a  s u f f i c i e n t  q u an t i ty  of the  m a t e r i a l  w e r e  a v a i l a b le ,  it  
is  p o s s i b l e  the  m a t e r i a l  cou ld  be  qu i te  u s e f u l ,  e s p e c i a l l y  in  ap p l ica t io n s  

w h e r e  h igh  t e m p e r a t u r e s  and  ox id iz ing  cond i t ions  p r e v a i l ,  e . g . ,  r o c k e t  n o z z le s  
and n o se  c o n e s ,  a i r f o i l  l e a d in g  e d g e s ,  e t c .  A c o m p a r i s o n  of the  p r o p e r t i e s  of 

s e v e r a l  l ig h t -w e ig h t  m e t a l s  w i th  t h o s e  of Sc  is  as  fo llows:

A1 Be Ti Sc

M el t ing  P o in t ,  ®C 
D e n s i ty ,  g / c m  
T h e r m a l  D i f fus iv i ty

100°C, ca l
c m - s e c - * C

H a r d n e s s
(Knoop,  5 0 0 -g load)

O x id a t io n  R e s i s t a n c e  in  A i r  
T e m p e r a t u r e  for:

0, 010 in .  in  10 h r s
0 .0 1 0  in.  in  100 h r s

659
2. 70

0 . 90 

30

1283 

1. 85

0. 45 

130

1677 
4. 51

0 . 10

90

1600

3. 00

0 . 12 

70

> m . p .  800°C  900 1200
> m . p .  700 800 700

P r e p a r a t i o n  of N b C r ^

S e v e r a l  h u n d r e d  g r a m s  of the  i n t e r m e t a l l i c  N b C r ^  w e r e  p r e p a r e d  and 

f o r m e d  in to  a s a m p l e  ingo t .  I t  w a s  h o p ed  th a t  th is  com pound  w ould  hav e  s o m e  
of the  ox id a t io n  r e s i s t a n c e  of c h r o m i u m ,  and  in  a d d i t io n  be s t r o n g e r  than
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e i t h e r  Nb o r  C r  a t  e l e v a t e d  t e m p e r a t u r e s .  N b C r .  i s  r e p o r t e d  to  m e l t  c o n -
1 ^

g r u e n t l y  a t  — 1710*C.
T h e  c o m p o u n d  w a s  p r e p a r e d  by r e a c t i o n  of the  p o w d e r e d  e l e m e n t s  in  

a  T a  c r u c i b l e  a t  -» 1650®C f o r  30 m i n u t e s  a t  l / 2  a t m  A r .  T h e  s i n t e r e d  m a s s  
w a s  c r u s h e d  and r e s i n t e r e d  a g a i n  a t  ~ 1650®C f o r  a n  a d d i t io n a l  30 m i n u t e s .

S o l id  s p e c i m e n s  of the  c o m p o u n d  w e r e  p r e p a r e d  by m e l t i n g  and  c a s t i n g  
in  a n  A I 2O 2 m o ld .  M e l t in g  w a s  done u n d e r  1 / 2  a t m  A r  to  s u p p r e s s  A l  v o l a t i l i  
za t ion .  T he  r e s u l t i n g  ingo t  w a s  qu i te  sound ,  w i th  only  a  few s m sd l  v o id s ,  al l  
on the  o u t e r  s u r f a c e .  S a m p l e s  w e r e  cu t  f r o m  th e  ingo t  u s in g  a n  SiC  w h e e l .  

T h e  c o m p o u n d  i s  h a r d  an d  v e r y  b r i t t l e  a t  r o o m  t e m p e r a t u r e s .
A n  o x id a t io n  t e s t  on  the  c o m p o u n d  w a s  ru n  a t  1150®C in  s t i l l  a i r .  The  

r e s u l t s  a r e  g iv e n  in  F i g .  11-13. T he  s a m p l e  w a s  h e a t e d  6 h o u r s ,  t h e n  r e ­
m o v e d  f r o m  th e  f u r n a c e ,  and  th e  co a t in g  r e m o v e d .  Upon be ing  r e i n t r o d u c e d  

in to  th e  f u r n a c e ,  th e  r a t e  of a t t a c k  w a s  found to  be  a p p r o x i m a t e l y  the  s a m e  

a s  the  i n i t i a l  r a t e .

o p p r o x . l / 2 M I L  P E N E T R A T IO N

a>

5 hrs

t (

F i g .  11-13. O x id a t io n  r a t e  of N b C r  a t  1150®C in  s t a t i c  a i r .

^ H a n s e n ,  M. an d  A n d e r k o ,  K. , " C o n s t i t u t i o n  of B i n a r y  A l l o y s " ,  M c G r a w -  
H i l l  B o o k  C o m p a n y ,  N ew  Y o r k ,  N . Y . ,  1958, p. 541.
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In  v iew  of the  r a t h e r  p o o r  o x id a t io n  r e s i s t a n c e ,  it  does  not a p p e a r  tha t  
N b C r ^  is  a p r o m i s i n g  m a t e r i a l  f o r  u s e  in  the  T o r y  I I -C  r e a c t o r .  F u r t h e r  

w o r k  on the  p r o p e r t i e s  w i l l  be  done ,  h o w e v e r .

A lu m in id e  C o a t in g s  on  90% T a - 1 0 %  W Alloy
T he  p e r f o r m a n c e  of s ix  m o r e  a lu m in id e  c o a te d  p i e c e s  of 90Ta-10W  .

a l loy  is  p r e s e n t e d  in  F i g s .  11-14 and 11-15. The  m e th o d  of apply ing  the  coa t  

i s  d e s c r i b e d  in  p r e v i o u s  r e p o r t s .  C o a t s  of 1 -2  m i l s  a lu m in id e  (10-20  mg 
A l / c m ^ )  w e r e  a p p l i e d  and  the  p i e c e s  t e s t e d  in  gen t ly  m o v in g  a i r  o r  at 

1250®C. T e s t i n g  w a s  d i s c o n t in u e d  a t  the  f i r s t  v i s ib le  s ig n  of a f law.

F r o m  the  d a ta  the  fo l lowing  f a c t s  a r e  a p p a r e n t :  T h e r e  is  l i t t l e  d i f ­
f e r e n c e  in  the  r a t e  of a t t a c k  w h e t h e r  in  a i r  o r  oxygen. D ur ing  the  in i t i a l  

h e a t in g  the  w e ig h t  g a in  v a r i e s  w id e ly  f r o m  p i e c e  to p ie ce ,  due to  the  d i f ­

f e r e n c e  in  th e  a m o u n t  of f r e e  Al l e f t  on the  s u r f a c e  by the  coa t ing  p r o c e s s .  
A f t e r  the  f r e e  A l  h a s  ox id ized ,  the  a t t a c k  p r o c e e d s  a c c o r d i n g  to  a p a r a b o l i c  

r a t e  law, at  a r a t e  c o m p a r a b l e  to  the  r a t e  of a t t a c k  on p u r e  T a A l^ .  F l a w s  
a p p e a r  in  the  c o a t  — u s u a l l y  a t  e d g e s  o r  c o r n e r s  — at  t i m e s  m u c h  s h o r t e r  than  

w ould  be  e x p e c t e d  f r o m  th e  a v e r a g e  co a t in g  t h i c k n e s s  and the  r a t e  of o x id a ­

t io n  of the  c o a t .  W h e th e r  f a i l u r e  o c c u r s  f r o m  a  " th in  sp o t"  o r  d e fec t  in  the  

c o a t ,  o r  f r o m  th e  i n w a r d  d i f f u s io n  of Al i s  not  known.
T he  c o a t i n g s  a r e  s a i d  to  h a v e  f a i l e d  w hen  the  f i r s t  v i s ib le  a t t a c k  is 

no ted .  I t  sh o u ld  be  e m p h a s i z e d  t h a t  the  a p p e a r a n c e  of the  f i r s t  f law  does  

not r e a l l y  r e p r e s e n t  f a i l u r e  in  a  m e c h a n i c a l  s e n s e .  In  no c a s e  w a s  a f law 

o b s e r v e d  w h ich  w as  s u f f i c i e n t ly  s e v e r e  to  t h r e a t e n  the i n t e g r i t y  of a s t r u c ­

t u r a l  p i e c e .  T e s t i n g  bey o n d  th e  po in t  a t  w h ich  f law s  f i r s t  a p p e a r  was  not 

done,  h o w e v e r ,  s i n c e  i t  w a s  f e l t  t h a t  the  r a t e  at  which  the f law  " w o r s e n s "  

wil l  be  h igh ly  d e p e n d e n t  upon  the  e n v i r o n m e n t .  Thus  s t i l l  a i r  t e s t s  a r e  of 

l i t t l e  u s e  w h en  the  in te n d e d  a p p l i c a t i o n  in v o lv e s  h igh  v e lo c i ty  a i r  f low.
No f u r t h e r  l a b o r a t o r y  s c a l e  w o r k  on th i s  a l loy  i s  c o n te m p la te d .  I t  i s  

f e l t  t h a t  the  u n c o a te d  m a t e r i a l  i s  i t s e l f  no t  s u f f ic ie n t ly  o x ida t ion  r e s i s t a n t ,  

and s in c e  m o r e  r e s i s t a n t  a l lo y s  a r e  b e c o m in g  a v a i l a b l e ,  i t  i s  w i s e  to  c o n ­

c e n t r a t e  on coa t ing  only  s u c h  a l lo y s  w h ich  a r e  t h e m s e l v e s  qu i te  r e s i s t a n t ,

A m o s t  i m p o r t a n t  c h a r a c t e r i s t i c  of a  c o a te d  p i e c e  is  t h a t  any flaw which 
d e v e lo p s  in  the  c o a t  sh o u ld  not l e a d  r a p id ly  to  a c a t a s t r o p h i c  f a i l u r e  in  the  
p i e c e ,  t h a t  i s ,  c o a t s  sho u ld  be to  s o m e  e x ten t  " s e l f - h e a l i n g " .  I t  h a s  b een  

o b s e r v e d  th a t  p u r e  T a  is  c a t a s t r o p h i c a l l y  a t t a c k e d  as  so o n  a s  the  coat ing  
f a i l s ;  the  r e s u l t i n g  o x id a t io n  a c t u a l l y  " l i f t s "  the  coa t  f r o m  th e  s u r f a c e  a ro u n d



-  103 - U C R L -6 0 3 6

6
TM-t7- 11,7 mg Al/cm* 

TM -2I- l9.5mgAI/cn^ 

TM-20-l6.6mgAI/cm*5

4

3

2

11 mgAI/cm^ ~  0.001 COAT 

7 mg/cm2goin-O.OOrcOAT OXIDIZED
I

0
3 4  5

[t i m e , hrs]''"
6 70 I 2

F i g .  11-14. O x id a t io n  r a t e  of a l u m i n i d e  c o a t e d  a l lo y ,  90% T a - 1 0 %  W, 
1250 ± 5 * 0  (g e n t ly  f lowing  O^)*

6

TM -19 -  1 6 .4  m g A J/c m *  

T M - 2 3 - 2 1 . 2  m g A I/c m *  

T M - 2 9 -  1 8 .0  m g A I/c m *5

Eo

c
3

II  m g A I / c m * - 0 . 0 0 r C 0 A T  

7  m g /tm * g o ln -> O .O O r COAT OX IDIZED

0
0 2 6 7

F i g .  11-15. O x id a t io n  r a t e  of a l u m i n i d e  c o a t e d  a l lo y ,  90% T a - 1 0 %  W, 
1250 ± 5*C (g e n t ly  f lowing  a i r ) .
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the  i n i t i a l  f law, and  f a i l u r e  s p r e a d s  r a p id ly .  The  90-10  T a -W  a l loy  is  m u c h  

l e s s  d r a s t i c a l l y  a f f e c t e d  th a n  p u r e  T a ,  but f law s  a r e  o b s e r v e d  to w o r s e n  
s t e a d i l y  once  a t t a c k  h a s  s t a r t e d .

I t  s e e m s  r e a s o n a b l e  t h a t  the  m o s t  o x ida t ion  r e s i s t a n t  b a s e  m a t e r i a l  

sh o u ld  be the  one w h ich  r e c e i v e s  the  p r e f e r e n c e  on coa t ing  d e v e lo p m en t .  
F u r t h e r  coa t ing  s t u d i e s  w i l l  t h e r e f o r e  be c o n c e n t r a t e d  on the  m o s t  ox ida t ion  

r e s i s t a n t  of the  Nb o r  T a  b a s e  a l lo y s .

A lu m in id e  C o a t in g s  on F a n s t e e l  82

One of the  few Nb b a s e  a l lo y s  a v a i l a b l e  in  q u an t i ty  i s  F a n s t e e l  82, an 

a l lo y  con ta in in g  66 wt% Nb,  33% T a  and  0. 75% Z r .  A l though  the  h igh  t e m ­
p e r a t u r e  o x id a t io n  r e s i s t a n c e  of the  u n c o a te d  m a t e r i a l  i s  not p a r t i c u l a r l y  

good,  it  i s  of i n t e r e s t  to  s e e  if  a lu m in id e  c o a t in g s  would  o f f e r  su f f ic ien t  p r o ­

t e c t i o n  to  be  u s e f u l .  F o r  th i s  p u r p o s e  f o u r  s p e c i m e n s  w e r e  coa ted  by the  
u s u a l  m e l t - a n d - f l o w  m e th o d  w h ic h  h a s  b e e n  d e s c r i b e d  in  p r e v io u s  r e p o r t s .

The  a p p l i c a t i o n  of the  c o a t in g s  to  t h i s  a l loy  s e e m e d  to be ex ce p t io n a l ly  

s i m p l e .  T he  c o a t in g s  w e r e  sm o o th ,  a d h e r e n t ,  and  in  g e n e r a l  f law f r e e .

F o u r  s p e c i m e n s  so  c o a t e d  w e r e  e x p o s e d  to  g en t ly  m ov ing  a i r  a t  1250°C fo r  

p e r i o d s  of 13, 10, 6 and  4 h o u r s ,  th e n  e x a m i n e d ,  w i th  the  following r e s u l t s :
8 2 -1 .  A s i m p l e  b l o c k - s h a p e  c o a te d  with  23. 1 m g  A l / c m ^ .  A f t e r  13 

h o u r s  of t e s t i n g  in  a i r  the  p i e c e  h a d  g a in ed  5. 7 m g / c m ^ .  A l though  a t t a c k  

w a s  l o c a l i z e d  at  s e v e r a l  p o in t s ,  t h e  f a i l u r e  a t  t h e s e  po in ts  cou ld  no t  be s a id  

to  be  d r a s t i c ;  in  f a c t  th e  m e c h a n i c a l  i n t e g r i t y  of the  p ie c e  w as  ju d g ed  to  be 
u n i m p a i r e d .

8 2 - 2 .  A p la te  0. 53 c m  t h i c k  con ta in ing  two 0. 5 3 - c m - d i a m  h o le s .
T h e  co a t in g  w a s  a g a in  v e r y  e a s i l y  a p p l ie d ,  and  the  in s id e  s u r f a c e s  of the  

h o l e s  w e r e  c o m p l e t e l y  c o a te d .  T he  coa t ing  t h i c k n e s s  was  only 7 .9  m g  A l / c m '  

A f t e r  10 h o u r s  t e s t i n g  the  s a m p l e  h a d  g a in e d  3. 4 m g / c m ^ .  A g a in  m o s t  of the 

w e ig h t  g a in  w as  l o c a l i z e d  a t  a  few p o in t s .  T he  coa t  h a d  in  no s e n s e  fa i led ,  
h o w e v e r ,  and the  Nb b e n e a th  the  c o a t  h a d  not b e e n  e m b r i t t l e d  by oxygen 
p e n e t r a t i o n .

8 2 -3 .  A p la t e  0 . 6 3  c m  th ic k ,  con ta in in g  five  0 . 4 9 - c m - d i a m  ho le s  
d r i l l e d  th r o u g h .  T h e  coa t ing  a g a in  w en t  on v e r y  sm o o th ly ,  c o v e r in g  the  e n ­

t i r e  s u r f a c e  w i thou t  f l a w s .  T h e  t h i c k n e s s  of the  c o a t  w as  11 .5  m g / c m ^ ,  o r  
~ 0 .0 0 1  in .  A f t e r  6 h o u r s  a t  1250®C in  a i r  the  p i e c e  h a d  g a in ed  only 0 . 9 4  

m g / c m ^ .  No po in ts  of a t t a c k  w e r e  v i s i b l e .  T he  m e t a l  b e n e a th  the  coa t  was  
u n a t t a c k e d .
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8 2 -4 .  A p la te  0. 63 c m  th ick ,  con ta in ing  9 h o le s  of 0. 3 5 - c m - d i a m  

d r i l l e d  th ro u g h .  T he  c o a t  a g a in  w en t  on v e r y  s m o o th ly ,  and  t o t a l e d  7 mg 

A l / c m ^ .  A f t e r  4 h o u r s  a t  IZSO^C the  p i e c e  w a s  v i r t u a l l y  u n c h an g e d  in  a p ­

p e a r a n c e .

In  c o n c lu s io n ,  i t  s e e m s  th a t  f o r  s h o r t  t i m e  a p p l i c a t i o n s ,  the  u s e  of 

p u r e  a lu m in id e  c o a t in g s  on F S - 8 2  is  q u i te  f e a s i b l e .  I t  w ou ld  c e r t a i n l y  be 
n e c e s s a r y ,  h o w e v e r ,  to  t e s t  su ch  c o a t in g s  th o ro u g h ly  in r a p id ly  m o v in g  a i r .  

In  add i t ion ,  the  c a p a b i l i t y  of p ro d u c in g  n u m b e r s  of l a r g e ,  i n t r i c a t e l y  sh a p e d  

p i e c e s  of p r e d i c t a b l e  b e h a v i o r  c an  only be  e s t a b l i s h e d  by a d e t a i l e d  d e v e l o p ­

m e n t  p r o g r a m .

M o r e  i m p o r t a n t  th a n  th e  s o m e w h a t  l i m i t e d  s u c c e s s  of the  c o a t s  on 

F S - 8 2  is  the  e m e r g e n c e  of the  f a c t  t h a t  a  N b - T a  a l loy  h a s  p r o v e n  to  be  quite  
c o m p a t i b l e  w i th  the  a l u m i n i d e  c o a t .  S in c e  su c h  a l lo y s  w i th  g r e a t e r  o x ida t ion  

r e s i s t a n c e  th a n  F S - 8 2  a r e  c u r r e n t l y  be ing  d e v e lo p e d ,  i t  i s  to  be  h o p e d  tha t  

co a t in g  the  m o s t  o x id a t io n  r e s i s t a n t  of the  new a l lo y s  w i l l  p r o v e  p o s s i b l e .

P l a t i n u m  C o a t in g s  on M o ly b d en u m

S tu d ie s  have  c o n t in u e d  on the  u s e  of F t  a s  a p o s s i b l e  coa t ing  m a t e r i a l  
f o r  Mo.  T h e  m e th o d  u s e d  to  app ly  th e  c o a t s  i s  to  f i r s t  b r i n g  F t  fo i l  in to  

i n t i m a t e  p h y s i c a l  c o n ta c t  w i th  a  s m o o th ,  c l e a n  Mo s u r f a c e  by p r e s s i n g  in  a 
m o ld in g  d ie .  S u b s e q u e n t  to  t h i s ,  t h e  m e c h a n i c a l l y  c lad  p i e c e  is  p l a c e d  on a 

t h r e e - p o i n t  T a  s t a n d  and  h e a t e d  c a r e f u l l y  in  vacu o  to  the  f u s io n  po in t  of F t .
I t  h a s  b e e n  found th a t  d i s c s  so  c o a t e d  w i th  0. 0 0 1 - in .  F t  fo il  a r e  not 

c o m p l e t e l y  p r o t e c t e d  w h en  h e a t e d  in  a i r  a t  1200*0 ,  a l though  the  c o a t  a p p e a r s  

to  be  c o n t in u o u s .  T he  m o s t  l i k e ly  e x p l a n a t io n  f o r  f a i l u r e  i s  th a t  e x c e s s i v e  
g r a i n  g r o w th  t a k e s  p l a c e  in  th e  F t  sk in ,  bo th  d u r in g  the  a p p l i c a t i o n  of the  

c o a t  and  in  s u b s e q u e n t  t e s t i n g .  O x id a t io n  a t  the  g r a i n  b o u n d a r i e s  th e n  r e ­
s u l t s .

T o  s e e  if s u c c e s s i v e  c o a t s  w ou ld  c o v e r  the  f l a w s ,  th e  p r o c e d u r e  of 

a p p l i c a t i o n  w a s  m o d i f i e d  to  app ly  s e v e r a l  s u c c e s s i v e  c o a t s .  C o a t s  ap p l ied  
in  t h i s  m a n n e r  w e r e  c o n s i d e r a b l y  b e t t e r  th a n  t h o s e  a p p l i e d  in  a o n e - s t e p  o p ­

e r a t i o n .  I t  w as  found th a t  th e  a t t a c k  on th e  p i e c e s  cou ld  be  r e p r e s e n t e d  by 

the  equation:

A w  = k t ^ / ^

w h e r e  A w  i s  % wt l o s t  o r  100) ^  i s  a  c o n s t a n t ,  and  t i s  t im ein i t i a l  wt
in  m i n u t e s .
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In  T a b le  I I - 8  a r e  g iv e n  th e  v a lu e s  of k  f o r  o n e - s t e p  and  t w o - s t e p  a p ­
p l i c a t i o n s  of fo il .

T a b l e  I I - 8 .  R a t e  of A t t a c k  on P t - C o a t e d  Mo, T e s t e d  in A i r  a t  1200*0

S a m p le k C o m m e n t s  on C oat ing C o m m e n t s  on T e s t in g

M o -4 9 5. 1 X 10"^ S ing le  l a y e r  of 0 .0 0 1 "  
fo il

P in h o l e s  on a ll  s u r f a c e s

M o-51 1. 6 X 10" F o u r  s u c c e s s i v e  c o a t s  
of 0 . 0 0 2 5 "  fo il

P in h o l e s  on a ll  s u r f a c e s

M o - 5 3 9 X 10"*^ S in g le  l a y e r  of 0 . 0 0 1 "  
fo i l .  D i f fu se d  in  19 h r  
a t  1600*C

B adly  a t t a c k e d  on one 
s u r f a c e

M o -5 5 9. 2 X 10"^ S a m e  a s  M o-53 ;  Two 
c o a t s  ap p l i e d

In i t i a l  a t t a c k  fo l lowed 
l i n e a r  r a t e  law, then  
w en t  o v e r  to  t V ^  law

T h e  d a t a  in d ic a te  th e  t w o - c o a t ,  l o n g - d i f f u s i o n - t i m e  p r o c e s s  to  be s u ­

p e r i o r  to  the  o n e - s t e p  p r o c e d u r e .  A t  p r e s e n t  d i f f i cu l t i e s  a r e  being  e n ­

c o u n t e r e d  a t  the  p o in t s  w h e r e  the  p i e c e  r e s t s  on the  T a  s u p p o r t .  A l^O^ wil l  
be  u s e d  in  f u t u r e  e x p e r i m e n t s .

W a t e r  V a p o r  R e s i s t a n t  C o a t in g s  on BeO

T h e  w o r k  r e p o r t e d  h e r e  i s  in  co n t in u a t io n  of a p r o g r a m  to dev e lo p

c o a t in g s  to  p r o t e c t  B eO  a g a i n s t  a t t a c k  by w a t e r  v a p o r  a t  h igh t e m p e r a t u r e s .

A l - O ^  w a s  t r i e d  as  th e  co a t in g  m a t e r i a l  on unfue led ,  t h i n - w a l l e d  BeO  tubes
- 1w i th  a  s u r f a c e  to  v o lu m e  r a t i o  of about  21 c m  . T e s t s  w e r e  conduc ted  at  

1490-1508*C in  w a t e r  v a p o r  d i lu t e d  w i th  a i r  to  a p a r t i a l  p r e s s u r e  of 0. 4 5 -

0 . 5  a t m .  The  t e s t  t i m e s  w e r e  b e tw e e n  1. 75 and  2 .0  h r ,  and  the  flow r a t e  
about  350 l i t e r s / h r .  In  T a b le  I I - 9 ,  w h ich  g ives  n u m e r i c a l  r e s u l t s ,  R  is 

the  r a t i o  of the  l o s s  r a t e  of a c o a t e d  s a m p l e  to  t h a t  of an u n c o a te d  check  
s a m p l e  t e s t e d  s i m u l t a n e o u s l y .

T h e  c o a t in g s  lo o k ed  m e c h a n i c a l l y  s t r o n g  and  d e n se ,  w i th  low p o r o s i t y  

e x ce p t  a t  t h i c k  spo ts  f o r m e d  d u r in g  the  d ip - c o a t in g  s t e p .  H o w e v e r ,  they  

gave  l i t t l e  p r o t e c t i o n  to  the  BeO;  th e  l o w e s t  R v a lu e  is  0 . 8 1 ,  quite  c lo s e  to  

t h o s e  r e p o r t e d  l a s t  q u a r t e r  f o r  S i - Z r O ^  and M g O - Z r O ^  c o a t in g s  on unfue led  
s a m p l e s .  The a p p e a r a n c e  of s a m p l e s  a f t e r  t e s t  s u g g e s t s  th a t  the  coat ing  
w as  not  s t r o n g l y  bonded  to  the  B eO .  I t  i s  p lan n ed  to  t r y  the  e f fec t  of l o n g e r
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f i r in g  t i m e s  and  h i g h e r  t e m p e r a t u r e s ,  s in c e  t h e s e  w ou ld  be e x p e c t e d  to  i n ­

c r e a s e  the  e x te n t  of r e a c t i o n  b e tw e e n  th e  BeO  and the  Al^O^.

T a b le  I I - 9 .  W a t e r  V a p o r  A t t a c k  on A l^ O ^  C o a te d  BeO

F i r in g  C o n d i t io n s R e s u l t s  of T e s t in g

S a m p le
T i m e
m in

, T e m p ,
"C

P r e s s u r e Wt l o s s ,  
g

L o s s  R a te ,
% /h r

R a t io
R

92-10 93 1804 1 a tm 0 .0 1 4 5 1 .06 0. 81

9 2 -7 24 1800 0. 1 m i c r o n 0 .0 1 7 6 1. 17 0 . 9 3

92-9 40 1816 0. 1 m i c r o n 0 .0 1 8 8 1 .4 3 0. 89

B e r y l l i d e  S i n t e r in g  S tu d ie s

S p e c i m e n s  of N b ^ B c j ^ ,  N b B e^ ^ ,  T a ^ B e ^ ^  and  T a B e ^ ^  w e r e  c o m p a c t e d  
by i s o s t a t i c a l l y  p r e s s i n g  -200 m e s h  p o w d e r s  a t  20, 000 p s i .  D e n s i t i e s  w e r e  

a p p r o x i m a t e l y  70% of t h e o r e t i c a l  and  g r e e n  s t r e n g t h  w a s  good. T h e  s p e c i ­

m e n s  w e r e  s i n t e r e d  by h e a t i n g  u n d e r  a r g o n  in  T a  c r u c i b l e s .  T h e  following 
h e a t i n g  c o n d i t io n s  w e r e  used:

F o r  Nb^Be^.^,  1 h o u r  a t  1630®C p r o d u c e d  a d e n s i t y  of 99% t h e o r e t i c a l .  
F i f t e e n  m i n u t e s  a t  1600®C r e s u l t e d  in  a d e n s i t y  of 94% t h e o r e t i c a l .  F o r  

N b B e ^2 w a s  n e c e s s a r y  to  e x c e e d  the  p e r i t e c t i c  t e m p e r a t u r e  to  p r o m o t e  
s i n t e r i n g .  H e a t in g  f o r  a s h o r t  t i m e  to  1675®C p r o d u c e d  a  s p e c i m e n  th a t  a p ­

p e a r e d  to  be  d e n s e ,  a l though  d e n s i t y  m e a s u r e m e n t s  h av e  no t  y e t  b e e n  m a d e .  
F o r  Ta^BCj^^, an  a t t e m p t  to  d e n s i f y  the  m a t e r i a l  a t  1650“C w a s  u n s u c c e s s f u l .  

A t  abou t  1700®C, the  c r u c i b l e  w as  a t t a c k e d  and  m e l t i n g  r e s u l t e d .  F o r  
T a B e ^ ^ ,  30 m i n u t e s  a t  1670*C p r o d u c e d  a s p e c i m e n  t h a t  w as  85% of t h e o ­

r e t i c a l  d e n s i t y .

O x id a t io n  R e s i s t a n c e  of MoSi^

It  h a s  b e e n  o b s e r v e d  th a t  MoSi^  l o s e s  i t s  o x id a t io n  r e s i s t a n c e  when 
s u b j e c t e d  to  p ro lo n g e d  s i n t e r i n g .  A l ik e ly  r e a s o n  f o r  t h i s  w ou ld  be  t h a t  the  

M oSi^  p h a s e  b e c o m e s  d e p l e t e d  in  Si  due  to  l o s s  by v a p o r i z a t i o n ;  th e  S i - p o o r  

p h a s e  i s  t h e n  a t t a c k e d .
To  c h e c k  th i s  h y p o t h e s i s ,  p e l l e t s  of MoSi^  w e r e  p r e s s e d  and  s i n t e r e d  

u n d e r  v a r i o u s  c o n d i t io n s  of t e m p e r a t u r e ,  t i m e  and  a t m o s p h e r e .  A s m a l l  
p o r t i o n  of e ac h  p e l l e t  w a s  t h e n  a n a ly z e d  by x - r a y  d i f f r a c t i o n ,  the  r e m a i n d e r  
t e s t e d  in  a i r  at  e l e v a t e d  t e m p e r a t u r e s .
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T h e  r e s u l t s  show  t h a t  w hen  S i  w as  l o s t  f r o m  the  p e l l e t s ,  the  p e l le t  
m o s t  d e p le t e d  in  S i  h a d  the  p o o r e s t  ox ida t ion  r e s i s t a n c e .  P e l l e t s  w h ich  had  

l o s t  no Si  w e r e  u n a f fe c t e d  w h en  t e s t e d  in  a i r .
I t  i s  t h e r e f o r e  m a n d a t o r y  in  any p r o c e s s  which  is  to  p r o t e c t  Mo f r o m  

o x ida t ion  th r o u g h  the  f o r m a t i o n  of a  MoSi^  coa t ,  t h a t  su f f i c i e n t  Si  r e m a i n  

on the  s u r f a c e  to  f o r m  S i - r i c h  MoSi^*

T h e r m a l  D i f fu s iv i ty  M e a s u r e m e n t s

In  the  p r e v i o u s  q u a r t e r l y  r e p o r t ,  a m e th o d  w a s  d e s c r i b e d  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 . In  the  m e t h o d  one end of a s a m p l e  ro d  is  b ro u g h t  into 

c o n t a c t  w i th  an  i s o t h e r m a l  h e a t  s o u r c e  and  the  t e m p e r a t u r e  r i s e  at  the  o p p o ­
s i t e  end  i s  m e a s u r e d  as  a f u n c t io n  of t i m e .  T he  h e a t  f low equ a t io n  d e s c r i b i n g  

the t e m p e r a t u r e  r i s e  a t  the  co ld  en d  of the  s p e c i m e n  f o r  th e  c a s e  w h e r e  

r a d i a t i o n  l o s s e s  a r e  n e g l ig ib le  is:
n = o or r i  r r ^

— . . l 3  .  1 L i  y  e x p
T, -  T.  ̂ TT A  2n + 1h 1 n = 0

( 2 n + l ) ^

w h e r e  T = t e m p e r a t u r e  a t  co ld  end  a s  func t ion  of t i m e ,  °K 
X = in i t i a l  s a m p l e  t e m p e r a t u r e ,  “K 

Tj  ̂ = h e a t  s o u r c e  t e m p e r a t u r e ,  *K 

a  = t h e r m a l  d i f fu s iv i ty  in  c m ^ s e c  
t  = t i m e  in  s e c o n d s  

L. = s a m p l e  l e n g th  in  c m

In  p r a c t i c e  i t  i s  found t h a t  th e  h e a t  f low equ a t io n  w o r k s  w e l l  f o r  good 

t h e r m a l  c o n d u c t o r s  s u ch  a s  Cu  and Al .  F o r  p o o r e r  c o n d u c to r s ,  h o w e v e r ,  

r a d i a t i o n  r e m o v e s  a  s i g n i f i c a n t  a m o u n t  of the  a v a i l ab le  h e a t  and  the  " l e v e l  

off" t e m p e r a t u r e  a t  t h e  co ld  end l i e s  be low  the  h e a t  s o u r c e  t e m p e r a t u r e .

A n  e x a c t  m a t h e m a t i c a l  s o lu t io n  to  c o r r e c t  f o r  r a d i a t i o n  l o s s e s  is  b e l i e v e d  

to  be  i m p o s s i b l e .  T h e r e f o r e ,  in  o r d e r  to  c o r r e c t  f o r  r a d i a t i o n ,  i t  i s  a s s u m e d  

th a t  the  sh ap e  of the  t e m p e r a t u r e - t i m e  c u r v e  is  in d ep en d en t  of " l e v e l  off" 

t e m p e r a t u r e .  H e n c e ,  th e  t i m e  r e q u i r e d  to  r e a c h  a c e r t a i n  f r a c t i o n  of " l e v e l  

off" sh o u ld  be i n d ic a t iv e  of the  t h e r m a l  d i f fu s iv i ty .  F ix in g  a v a lu e  of 
(T - T . ) / (T^  - Xp in  t u r n  f ix e s  the  expo n en t  in  the  h e a t  f low equ a t io n  so  tha t  

a t / L ^  is  c o n s ta n t .  T h i s  r e l a t i o n s h i p  w as  c h ec k e d  f o r  s e v e r a l  m e t a l s  of 

known p u r i t y  and  t h e r m a l  d i f fu s iv i ty ,  and  the  d a ta  a r e  p r e s e n t e d  in  T a b le  

11-10. T h e  h e a t  s o u r c e  w a s  s e t  a t  240®C and the  in i t i a l  s a m p l e  t e m p e r a t u r e
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a t  40®C f o r  t h e s e  m e a s u r e m e n t s .  T he  t i m e  r e q u i r e d  f o r  the  t e m p e r a t u r e  

a t  the  co ld  end to  r i s e  f r o m  10 to 50 p e r c e n t  of " l e v e l  off" w as  d e s ig n a t e d  

a s  At.  A p lo t  of known v a lu e s  of a  v e r s u s  l / A t  g iv e s  th e  r e q u i r e d  
s t r a i g h t - l i n e  r e l a t i o n s h i p  ( F ig .  11-16). Th is  c u r v e  m a y  now be  u s e d  as a 

s t a n d a r d  f o r  ob ta in ing  a ' s  f r o m  A t ' s  f o r  o t h e r  m a t e r i a l s .
An a d d i t io n a l  d i f f i cu l ty  n o te d  in  t h e s e  m e a s u r e m e n t s  w as  a l o c a l i z e d  

coo l ing  of th e  h e a t  s o u r c e  s u r f a c e  w h en  the  s a m p l e  in i t i a l l y  m a d e  co n tac t .  
T h i s  w as  e s p e c i a l l y  n o t i c e a b l e  in  the  c a s e  of Al ,  and  w as  p r e s e n t  to a l e s s e r  

d e g r e e  f o r  W and  Mo.  T he  d i f f icu l ty  w as  o v e r c o m e  by re d u c in g  s a m p l e  
d i a m e t e r s  to  0. 5 c m  o r  l e s s .

T h e r m a l  d i f f u s iv i ty  m e a s u r e m e n t s  w e r e  r u n  on  v a r i o u s  m a t e r i a l s  at 

an  a v e r a g e  s p e c i m e n  t e m p e r a t u r e  of ~ 145‘’C. T he  d a ta  a r e  p r e s e n t e d  in 
T a b le  11-11. I t  i s  n o t e w o r th y  th a t  f o r  h i g h - p u r i t y  F e ,  Ni and  Cu, the  t h e r m a l  

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

M e a s u r e m e n t s  w e r e  a l s o  r u n  on a  90% t h e o r e t i c a l  d e n s i t y  A l^ O ^  ^ 
fu n c t io n  of t e m p e r a t u r e .  T h e  r e s u l t s  a r e  g iv e n  in F i g .  11-17. The  t e m p e r a ­
t u r e  c o e f f i c i e n t  of t h e r m a l  d i f fu s iv i ty  i s  in  a g r e e m e n t  w i th  l i t e r a t u r e  v a lu e s ,  
a l though  the  a b s o lu t e  v a l u e s  d i f f e r .  ^

^ C a m p b e l l ,  I . E . ,  H igh  T e m p e r a t u r e  T e c h n o lo g y ,  p. 51, W iley ,  N . Y . ,  1956.
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T a b l e  11-10.  T h e r m a l  D i f f u s i v i t y  S t a n d a r d s  a t  145*C

M a t e r i a l P u r i t y K  C p  p A t  1 / A t a L d W

Z r I o d i d e  P r o c e s s  0 . 0 4 8  0 . 0 7 0 3  6 . 4 9  5 4 . 9  0 . 0 1 8 2 1  
C r y s t a l  B a r

0 .  105 3. 39 0 . 9 5 6 . 1 0 8 8

F e A r m c o 0 . 1 5 5  0 . 1 1 7 9  8 . 2 2  3 5 . 4 0  0 . 0 2 8 3 0.  168 3. 62 0.  62 8 . 9 6 4 1

Ni " A "  N i c k e l  0 . 1 8 8  0 . 1 1 7 1  8 . 8 2 5  2 8 . 0 5  0 . 0 3 5 6 2 0 .  182 3. 81 0 . 4 0 4 . 1 1 8 9

T a 9 9 .  9% 0 . 1 2 6  0 . 0 3 4 8  1 6 . 6 8  2 4 . 8 2  0 . 0 4 0 2 5 0.  217 3. 48 0 . 9 2 4 1 . 5 2 0 1

Mo 9 9 .  9% 0 . 3 5 5  0 . 0 6 4 5  1 0 . 0 5  9 . 6 6  0 . 1 0 3 4 0.  548 3 . 4 1 0 . 4 6 6 . 2 2 3 7

W 9 9.  9% 0 . 3 6 4  0 . 0 3 2 8  1 9 . 2  8 . 8 7  0 . 1 1 2 9 0.  575 3. 26 0 . 4 9 1 0 . 6 7 1 3

Al 9 9 .  9 9 % 0 . 5 4 0  0 . 2 2 8 9  2 . 7 1  5 . 8 2  0 . 1 7 2 2 0.  870 3. 47 0 . 6 0 2 . 9 1 3 0

D e f i n i t i o n  of  s y m b o l s K  = T h e r m a l  c o n d u c t i v i t y ,  c a l / c m - s e c - * C  = a C  p

C p  = H e a t  c a p a c i t y ,  c a l / g - * C

p = M e a s u r e d  d e n s i t y ,  g / c m ^

A t  = t i m e  ( s e c )  t o  g o  f r o m  10 t o  50 p e r c e n t  o f  t e m p e r a t u r e  i n t e r v a l  b e t w e e n  
i n i t i a l  a n d  " l e v e l  o f f "  t e m p e r a t u r e s

a  = T h e r m a l  d i f f u s i v i t y ,  c m  / s e c

L  = s a m p l e  l e n g t h ,  c m

d  = s a m p l e  d i a m e t e r ,  c m

W = s a m p l e  w e i g h t ,  g

T a b l e  1 1-11 .  T h e r m a l  D i f f u s i v i t i e s  a t  * *1 4 5 ' C

M a t e r i a l P u r i t y
%

K  C p  p At  1 / A t a L d W

S c 9 9 .  99 0 . 0 4 8 5  0 . 1 3 6 9  3 . 0 0 8  4 6 . 4  0 . 0 2 1 5 4 0.  118 3. 50 0.  95 7 . 4 8 1 6

Y 9 9 .  9 0 . 0 6 0 2 5  0 . 0 6 9 2  4 . 4 4  3 2 . 8  0 . 0 3 5 9 0.  196 3 . 4 2 0.  91 4 . 4 4

T i 9 9 .  9 0 . 0 7 0 7 5  0 . 1 3 3 7  5 . 1 7  5 3 . 2 5  0 . 0 1 8 7 8 0.  1025 3. 44 0.  80 8.  9 42

V 9 9 .  7 0 . 0 4 8 5  0 . 1 2 3 2  7 . 8 4  5 7 . 7  0 . 0 1 7 3 4 0 . 0 9 6 3. 22 0.  75 7. 84

Nb 9 9 .  5 0 . 1 0 4  0 . 0 6 1 7  8 . 5 4  2 7 . 9  0 . 0 3 5 9 0.  197 3. 40 0 . 9 0 2 1 . 0 5 4

F e 9 9 . 9 9 9 0 . 3 7 5  0 . 1 1 7 9  7 . 8 6  1 2 . 6 4  0 . 0 7 9 0 0 . 4 0 5 3. 58 0.  501 5.  568

Ni 9 9 . 9 9 9 0 . 2 4 2  0 . 1 1 7 1  8 . 8 7  2 3 . 5 5  0 . 0 4 2 5 0.  233 3. 58 0.  502 6.  292

C u 9 9 . 9 9 9 0 . 9 0 1  0 . 0 9 4 9  8 . 9 4  4 . 7 5  0 . 2 1 0 4 1. 076 3. 80 0.  396 4.  213

A 1 ,0 3 99.  8 0 . 0 6 3 0  0 . 2 3 5 0  3 . 5 6  7 2 . 0  0 . 0 1 3 8 9 0.  0 7 5 3 3. 30 0 . 9 2 8.  715

N b A l j 97 0 . 0 4 7 2 5  0 . 1 4 1 3  3 . 7 1 3  6 0 . 2  0 . 0 1 6 6 2 0 . 0 9 2 5 3. 55 1. 22 3. 713

N b B e g 99 0 . 1 2 2 5  0 . 2 6 4 3  4 . 3 1  5 1 . 9  0 . 0 1 9 2 9 0.  1075 2 . 4 4 0.  85 4.  31

M o S i ^ 99 0 . 1 1 3 0  0 . 1 1 0 5  5 . 5 0  2 9 . 8 9  0 . 0 3 3 4 7 0.  186 3. 50 0.  52 5.  50
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F i g .  11-17. V a r i a t i o n  of t h e r m a l  d i f f u s iv i ty  of A I 2 O 2  w ith  t e m p e r a t u r e ,
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RADIOCHEMISTRY

F i s s i o n  P r o d u c t  E s c a p e  f r o m  P l u t o - T y p e  F u e l  E l e m e n t s
T he  e s c a p e  of f i s s i o n  p r o d u c t s  f r o m  P l u t o - t y p e  fue l  e l e m e n t s  i s  be ing  

s tu d ie d  f u r t h e r .  T h e  d a ta  a p p e a r i n g  in the  t a b l e s  be low  w e r e  ob ta ined  f r o m  
c y l i n d r i c a l  tu b e s  of 90 % B e O - 10% UO^, a t  l e a s t  9 9 -5 %  t h e o r e t i c a l  d ens i ty ,

2. 54  c m  long ,  0.  86 c m  o. d . , 0. 60 c m  i.  d.

T a b le  11-12. F r a c t i o n a l  L o s s e s  in  5 - 1 / 2  H o u r s

N u c l id e T e m p e r a t u r e in "C
M e a s u r e d 1500 1450 1400 1300 1225

y 91 3 X 10 ‘ ^
5 X 10"^ ------ ------ ------ ------

0. 16 0 .0 4 0 0. 027 0 .0 0 1 4 6 . 6  X 1 0 ' ^

0 .0 4 0 0 . 0 3 3 0. 014 0 .0 0 1 8 0 .0 0 1 3
l l 3 1 0. 0 34 0. 022 0 .0 1 2 0 .001 6 X 10"^

0 .0 2 0 0 .0 2 0 0 . 0 1 4 0 . 0 0 4 0 .0 0 2
8 X 10"^ 6 X 10"^ 4 X 10"^ 8 X 10“^ 3 X 10"^
1. 5 X 10"^ 3. 6 X 1 0 ' ^ 1 . 4  X 10 -4 5 X 10"^ 3 X 10‘ ^

9 X 10"^

T a b le  11-13. R a n g e s of F i s s i o n  F r a g m e n t s in 9 0 % B e O - 1 0 % U O 2

N u c l id e m g / c m ^ M ic r o n s

3 .9 12
3. 2 9 .9

l l 3 1 3. 2 9. 9
3. 1 8. 0
3. 0 9. 3

2 .9 8 .9
r- 141Ce 2 .9 8 .9
^  144 Ce 2. 8 8. 6

T he  e s c a p e  d a t a  a r e  r e p r o d u c i b l e  to  only about a f a c t o r  of two; the  
d i s c r e p a n c y  is  m o s t  l i k e ly  due to  s l ig h t  d i f f e r e n c e s  in  the  m a t e r i a l  a s  f a b r i  

c a t e d .  T h e  r e p r o d u c i b i l i t y  of the  r a n g e  d a ta  h a s  not b e e n  d e t e r m i n e d  ye t .
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C H A P T E R  III.  TORY I I -C  

S E C T IO N  I.  P E R F O R M A N C E  CHOICE

T he  T o r y  I I -C  r e a c t o r  h a s  b e e n  d e f in ed  as  a r e a c t o r  which  wil l  p ro p e l  

a  m i s s i l e  w i th  a r e a s o n a b l e  p a y lo ad .  E v e n  with  the  p r e s e n t  undef ined  s t a t e  
of the  a i r f r a m e  and the  m a n y  unknowns  y e t  c o n n e c te d  with  the  r e a c t o r  the  
cho ice  of a s i z e  and  p e r f o r m a n c e  f o r  th e  r e a c t o r  m u s t  be m a d e  so  tha t  the  
r e a c t o r  d e s i g n  can  p r o c e e d  and  fo l low th r o u g h  to  t e s t in g  w i thout  ch an g es  in 

the  m a j o r  p a r a m e t e r s .  An a d e q u a te  m a r g i n  of s a f e ty  m u s t  be l e f t  in  the  

d e s ig n  so  th a t  r e a s o n a b l e  e r r o r s  in  a s s u m p t i o n s  w i l l  s t i l l  l e a v e  enough t h r u s t  
f o r  the  m i s s i l e .

ID E A L  R E A C T O R  P E R F O R M A N C E

T h e s e  b a s i c  g r o u n d  r u l e s  h a v e  b e e n  e s t a b l i s h e d  and  w e r e  inpu ts  f o r  a 
b a s e  t h r u s t  c o e f f i c i e n t  p r o b l e m .

1. T he  m a x i m u m  m i s s i l e  d i a m e t e r  w i l l  o c c u r  a t  the  r e a c t o r ,  s ince  to 

do o t h e r w i s e  is  to  l o s e  p e r f o r m a n c e .  T he  d i s t a n c e  f r o m  th e  r e f l e c t o r  o u t e r  
b o u n d a r y  to  th e  o u t s id e  of the  m i s s i l e  s k in  w i l l  be  1 - 1 / 4  in.  m a x i m u m  in  the  

ho t  cond i t ion .  R ed u c in g  th i s  by l / Z  in.  i n c r e a s e s  the  t h r u s t  c o ef f ic ien t  by 
3 - 1 / 2 % .

2. T he  r e a c t o r  c r i t i c a l  m a s s  w i l l  be  100 kg o r  l e s s .  A f u r t h e r  i n ­

c r e a s e  in  c r i t i c a l  m a s s  buys  v e r y  l i t t l e  in  p e r f o r m a n c e  and  does  not w a r r a n t  

the  i n c r e a s e d  c o s t  and  i n c r e a s e d  d i f f icu l ty  of f a b r i c a t i n g  the  fue l  e l e m e n t s .

3. T he  d e s ig n  w a l l  t e m p e r a t u r e  w i l l  be 2500®F which  i m p l i e s  about 
2600®F m a x i m u m  i n t e r i o r  t e m p e r a t u r e .  W ith  the  p r e s e n t  L R L  BeO the  m a ­

t e r i a l  cou ld  r u n  a t  2800®F w i thou t  i n c u r r i n g  s e r i o u s  l o s s  of fue l .  H o w ev e r ,  

w a t e r  v a p o r  a t t a c k  w ou ld  be s e r i o u s  a t  t e m p e r a t u r e s  above 2500*F. I t  i s  
e x p e c t e d  t h a t  m e a n s  to  inh ib i t  w a t e r  v a p o r  a t t a c k  w i l l  be deve loped .

A l s o  a v e r a g e  c o n d i t io n s  of h u m id i ty  would  not s e r i o u s l y  d i s t u r b  the 
r e a c t o r  f o r  t y p i c a l  m i s s i o n s .  H o w e v e r ,  f o r  the  p r e s e n t  t i m e  the w a t e r  v a p o r  

p r o b l e m  w il l  be  a l lo w ed  to  l i m i t  th e  t e m p e r a t u r e .  An i n c r e a s e  in  wal l  t e m ­

p e r a t u r e  of 200 *F i n c r e a s e s  the  t h r u s t  c o e f f ic ien t  14%.

4. T he  t h r u s t  c o e f f i c i e n t  w i l l  be  c o m p u te d  f o r  a d e s ig n  at  M ac h  No. 2. 8 

a t  1000-f t  a l t i t u d e  and  f o r  a n  a m b i e n t  t e m p e r a t u r e  of 100*F.  The  t h r u s t  c o ­
e f f ic ie n t  i s  i n c r e a s e d  by 1 .6 %  p e r  10®F d e c r e a s e  in  a m b ie n t  t e m p e r a t u r e .
A d e s ig n  at  M a c h  3 .0  i n c r e a s e s  th e  t h r u s t  c o e f f ic ien t  7%.
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5. The  BeO m o d e r a t o r  w i l l  be  a s s u m e d  to  be  96% of t h e o r e t i c a l  d e n s i ty .  

I t  i s  e x p e c t e d  th a t  9 9 + %  m a t e r i a l  w i l l  be  a c h ie v e d  r e s u l t i n g  in a 3% t h r u s t  

i n c r e a s e .
6.  A 20% t h r u s t  m a r g i n  w i l l  be  a l lo w ed  f o r  m a n e u v e r s  and v e lo c i ty  

c h a n g e s .  T h i s  is  no t  to  be  c o n f u s e d  w i th  a s a f e ty  f a c t o r .

7. T h e  d i f f u s e r  p r e s s u r e  r e c o v e r y  w i l l  be  80% w i th  a  4% b l e e d  w i th  
80% r e c o v e r y  of the  b l e e d .  T h i s  i s  r e a s o n a b l e  p e r f o r m a n c e  f o r  p r e s e n t  day 

d i f f u s e r s .
8. A n o z z le  d i v e r g e n c e  f a c t o r  of 0 . 9 8  and  a  n o z z le  v e lo c i ty  c o e f f ic ien t  

of 0 . 9 7  w i l l  be u s ed .
9. T h e  c o r e  w i l l  be  51.  2 in.  (130 cm) in  l en g th  w i th  a 7 in.  f r o n t  r e ­

f l e c t o r  and  a  2 in. r e a r  r e f l e c t o r .  T he  c o r e  l e n g th  h a s  l i t t l e  e f fe c t  on the  

t h r u s t  co e f f ic ien t .
10. T h e  r e a c t o r  ex i t  M a c h  No.  w i l l  be  0.  5. T h i s  h a s  b e e n  found to  give 

n e a r  o p t i m u m  t h r u s t  c o e f f i c i e n t s  f o r  the  r e f l e c t e d  s y s t e m .
11. T he  e x t e r n a l  m i s s i l e  d r a g  c o e f f i c i e n t  w i l l  be t a k e n  to  be  0. 140 b a s e d  

on the  m a x i m u m  m i s s i l e  d i a m e t e r .  T h i s  d r a g  Coeff ic ien t i s  the  r e s u l t  of an 

a n a l y s i s  of the  t h r e e  a i r f r a m e  m a n u f a c t u r e r s '  r e p o r t s  t o g e t h e r  w i th  an  L R L  

s tudy .  With  the  20% m a n e u v e r  a l lo w a n c e  the  d r a g  c o e f f i c i e n t  b e c o m e s  0. 168.
12. T he  m i s s i l e  w i l l  h a v e  to  fly f o r  10 h o u r s .  H o w e v e r ,  only  3 h o u r s  

a t  th e  ho t  day , 1000-f t  a l t i t u d e  c o n d i t io n s  w i l l  be  r e q u i r e d .

T h e  b a s e  t h r u s t  c o e f f i c i e n t  p r o b l e m  u s e d  the  fo l lowing  inputs :
P r e s s u r e  r e c o v e r y  - 80%

M ax  w a l l  t e m p  - 2500®F
C o r e  l e n g th  - 130 c m  w ith  7" f o r w a r d  and

2" r e a r  r e f l e c t o r s

R a d i a l  p o w e r  - F l a t

A x ia l  p o w e r  - 3 / 4 - 1 /4  s in e  in  c o r e

N o z z le  - 0 . 9 8  d i v e r g e n c e ,  0 . 9 7  v e l  coeff

M a c h  N-o. - 2. 8
A m b ie n t  t e m p  - 100“F  (hot day)

A l t i tu d e  - 1000 ft

E x i t  M ach  No.  - 0 . 5

T he  b a s e  t h r u s t  c o e f f i c i e n t  f o r  an  " i d e a l "  r e a c t o r  a s  a fu n c t io n  of p o r o s i t y  
i s  g iv e n  in  F i g .  I I I - l .
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T he  fo l lowing  p e r t u r b a t i o n s  w e r e  m a d e  on the  b a s e  t h r u s t  c o e f f ic ien t

p r o b le m :  * i- rr- • *.T h r u s t  C o e f f ic ien t
G a in  o r  L o s s  % P o s s i b l e  E r r o r

1. B o u n d a r y  l a y e r  b le e d
4% at 80% r e c o v e r y  - 4 . 0  + 0 . 0  - 1 . 0

2. E n t r a n c e  l o s s e s  0 . 4 %  
in  p r e s s u r e  ( s o m e  
t a p e r i n g  of e n t r a n c e
a s s u m e d )  - 0 . 7  + 0 . 3  - 0 . 4

3. M i s a l i g n m e n t  of a i r  
f low tu b e s  (7 o f f se t s
of 10 m i l s  p e r  p a s s a g e )  - 3 . 0  + 2 . 0  - 1 .0

4. T ube  ex i t  l o s s e s  (1%  ̂
l o s s  in  p r e s s u r e ,  s o m e
t a p e r i n g  a s s u m e d )  - 1 . 0  + 0 . 2  - 1 . 0

5. E r r o r  in  f r i c t i o n  f a c t o r
u s e d  0 0 - 4 .0

6. E r r o r  in  e n t r a n c e  h e a t
t r a n s f e r  c o e f f i c i e n t  0 + 1 . 0  - 0

7. S ide  r e f l e c t o r  cooling 
(3"  r e f l e c t o r ,  1 . 2 %
r e a c t o r  p o w e r )  0 + 1 . 0  - 0

8. A x ia l  p o w e r  d i s t r i b u t i o n  
( F l a t  t h r o u g h  f i r s t  ha l f
of r e a c t o r )  + 2 . 0  0..0 - 2 . 0

9. R a d ia l  p o w e r  d i s t r i b u t i o n  
(5% of m a t e r i a l  a r e a
l o w e r  th a n  p e a k  by  135®C) - 1 . 0  + 0 . 5  - 1 . 0

10. h e a t in g  in  f r o n t  and 
r e a r  r e f l e c t o r s  (0.  3% of
r e a c t o r  p o w e r  d e p o s i t ed )  + 0. 1 + 0 . 1  - 0. 1

11. P o w e r  d e p r e s s i o n  due
to  r o d s  - 1 . 0  + 0 . 5  - 0 . 5

12. P o w e r  f o r  e l e c t r o n i c s  and  
r e f r i g e r a t i o n  ( c a n  u s e
b o u n d a r y  l a y e r  b l e e d  a i r )  0 + 0  - 0 . 5

T o t a l  - 8. 6 + 5 . 6  - 1 1 . 5

The  b a s e  t h r u s t  c o e f f i c i e n t  sh o u ld  th u s  be d e c r e a s e d  by 8 . 6 %  w i th  the 
p o s s i b l e  e r r o r s  show n.  T h e  e r r o r s  h a v e  b e e n  a d d ed  a l g e b r a i c a l l y  w h ich  of 
c o u r s e  is  i m p r o p e r  and  m a g n i f i e s  t h e m  c o n s i d e r a b l y .  H o w e v e r ,  th e y  a r e  
so  p o o r ly  known th a t  b e t t e r  t r e a t m e n t  i s  no t  j u s t i f i e d .
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T h e  fo l lowing  i n c r e a s e s  in  t h r u s t  c o e f f i c i e n t  w i l l  a l m o s t  s u r e l y  be 
a c h ie v e d  and  c a n  be  c o n s i d e r e d  a s  p a r t  of the  s a f e ty  f a c t o r .

1. 86% p r e s s u r e  r e c o v e r y  a t  10% b leed + 3 .6
2. M a c h  3 d e s i g n + 7 .0
3. 99% B eO  d e n s i t y + 3 .0

4. I n c r e a s e  in  t e m p e r a t u r e  of 200*F + 14 .0

5. R e d u c t i o n  of m i s s i l e  d i a m e t e r  by 1" + 3. 5

T o t a l + 31. 1%

R E A L  R E A C T O R  P E R F O R M A N C E

T he  p e r f o r m a n c e  of t h r e e  d i f f e r e n t  T o r y  I I -C  r e a c t o r  d e s ig n s  w e r e  

c o n s i d e r e d .  T h e s e  w e r e  d e s c r i b e d  in  P r o g r e s s  R e p o r t  No. 2 (U C R L-5829)  
and  w i l l  be  c a l l e d  h e r e  by th e  n a m e s :

1. D o m e

2. I n t e g r a l
3. T r a y

T h e s e  d e s i g n s  h a v e  d i f f e r e n t  s t r u c t u r a l  coo l ing  r e q u i r e m e n t s  and  d i f f e r e n t  
s t r u c t u r a l  s p a c e  l o s s e s  in  the  c o r e .  T he  p e r c e n t  c o r e  a r e a  a f fec ted  is  g iven  
below:

D o m e I n t e g r a l T r a y
1. M e ta l  a r e a 0 0. 34 1 .4
2. I n c i d e n t a l  v o id  (pack ing) 1 .0 1 .0 1.0
3. C o n t r o l  r o d  void 1. 6 1 .6 1.6
4. S t r u c t u r a l  coo l ing  vo id 0__ 2. 3 4. 1

A r e a  l o s t  ( p e r c e n t ) 2. 6 5. 2 8. 1

T he  t h r u s t  p e n a l t i e s  ( in  % of t h r u s t  coef f ic ien t )  a s s o c i a t e d  w i th  m e ­
c h a n ic a l  d e s i g n  a r e  g iv e n  b e lo w  f o r  e a c h  r e a c t o r :

D o m e  I n t e g r a l  T r a y

1. S t r u c t u r a l  coo l ing  0 + 1 . 5  + 3 . 0
2. R e a c t o r  ex i t  l o s s e s  - 5 . 0  0 0

T o t a l  - 5 . 0  + 1 . 5  + 3 . 0

In  ad d i t io n ,  t h r u s t  p e n a l t i e s  a r e  i n c u r r e d  f o r  a  g iv en  c r i t i c a l  m a s s  by 
the  e f fec t  of a b s o r b e r s .  In  the  c r i t i c a l i t y  c a l c u l a t i o n s  the  fo llowing  g ro u n d  

r u l e s  w e r e  a p p l i e d  g e n e r a l l y .  R e s u l t s  a r e  g iven  in  T a b le  I I I - l .
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1. R a d i a l  r e f l e c t o r  3 in .  t h i c k  of 96% d e n se  BeO  w i th  5% p o r o s i t y  and 

a t  c o r e  t e m p e r a t u r e .

2. C o r e  B eO  of 96% d e n s i t y .  V o lu m e  t a k e n  by  UO^ is  a l lo w ed  fo r ,
3. A l l  d i m e n s i o n s  and  c r i t i c a l i t y  c a l c u l a t i o n s  a r e  f o r  the  r e a c t o r  at 

2 6 0 0 ° F .

4. C r i t i c a l  m a s s  is  g iv e n  in  k i l o g r a m s  of UO^ w ith  the  u r a n i u m  in  the  
f o r m  of o r a l l o y .  Two c a s e s  a r e  com p u ted :  One f o r  a c r i t i c a l  m a s s  of 50 kg,
the  s ec o n d  f o r  100 kg.

5. R e a c t o r  l e n g th  is  51 in.

6. The  c r o s s  s e c t i o n s  u s e d  f o r  Mo and R - 2 3 5  a r e  a s  d e t e r m i n e d  f r o m  

L R L  c r i t i c a l i t y  e x p e r i m e n t s .

7. No e f f o r t  to  f l a t t e n  p o w e r  w a s  m a d e .
8. No end r e f l e c t o r s  w e r e  u s e d .

9. T h e  B eO  w as  c o n s i d e r e d  h o m o g e n e o u s  (i.  e .  , no s t r e a m i n g  a l l o w ­
ance) .

10. T he  r e d u c t i o n  in  c r i t i c a l  m a s s  by the  a d d i t io n  of the  end r e f l e c t o r s  

i s  o f f se t  by the  i n c r e a s e  in  c r i t i c a l  m a s s  due to  p o w e r  f l a t t e n in g ,  c o n t r o l  ro d s  

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

T a b le  l l l - l

° c M e p
CR Cf

D o m e

40 50
100

53. 5 
5 6 .0

50. 9 
53.  4

34. 6 
3 6 .4 i-H

0. 152 
. 160

48 50
100

57. 2 
6 0 .0

54. 6 
57.  4

3 9 .4  
41.  5

t—1 •-4 1—« . 171
. 181

56 50
100

59. 2 
62. 5

56. 6 
5 9 .9

42. 6 
45.  1

Ofl• l-»

<0
. 187 
. 197

64 50
100

60. 3 
64. 2

57. 7 
61.  6

I n t e g r a l

4 5 . 0  
48.  1

cn . 197 
. 211

40 50
100

5 1 . 2
5 4 . 4

4 6 .0  
49.  2

31. 3 
33. 5

1hHI-H
4) -•

0. 147 
. 158

48 50
100

54. 2 
57.  5

4 9 .0  
52.  3

(con t inued)

3 5 .4  
37. 9

<u . 
W W)•iH . 166 

. 178
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T a b l e  I I I - l  (cont inued)

^ C R ^ F
C ‘^ f

I n t e g r a l  (cont inued)

56 50
100

55. 8 
59.  8

50. 6 
54. 6

35. 2 
41.  1

I.H1
1-4 »—1(U

0. 179 
. 193

64 50
100

56. 7 
61. 1

5 1 .5
5 5 .9

T r a y

40. 2 
43.  4

0) . 
CO 150 . 189 

. 204

40 50
100

46. 5 
5 1 .9

38. 4 
43.  8

26. 1 
29. 8

0. 125 
. 143

48

56

50
100

50
100

49. 1 
54.  1

50. 3 
56.  4

41, 0 
4 6 . 0

42. 2 
48.  3

29. 6 
33. 2

31, 8 
36. 5

►H •—1 HH

cio• .H
Ui
<u

. 141 

. 159

. 152 

. 175
64 50

100
50. 6 
5 6 . 4

42. 5 
48.  3

33. 0 
37. 5

0)
CO . 158 

. 180

S y m b o ls used: -  C o r e d i a m e t e r ,  in c h es

CR

Cf

C r i t i c a l  m a s s ,  kg of UO^
Void  a r e a  in  c o r e  -h a r e a  of c o r e  h e a t  t r a n s f e r  ho le s  

G r o s s  a r e a  of c o r e

A r e a  of h e a t  t r a n s f e r  ho le  
G r o s s  a r e a  of fue l  e l e m e n t
___________ A r e a  of c o r e  h e a t  t r a n s f e r  h o le s ____________
AreaTof c o r e  + a r e a  of (3 ” r e f l e c t o r  ^  l-T /4 ^ ’) annulus

Id e a l  r e a c t o r  t h r u s t  c o e f f ic ien t
C^ c o r r e c t e d  f o r  p e r t u r b a t i o n s  in  i d e a l  r e a c t o r  and 

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

T he  t h r u s t  c o e f f i c i e n t  v e r s u s  the  r e a c t o r  d i a m e t e r  i s  p lo t t e d  in  F i g .  I I I -2  

f o r  a  5 0 -kg  c r i t i c a l  m a s s  and  in  F i g .  I I I - 3  f o r  a 100-kg c r i t i c a l  m a s s .  The  

T r a y  d e s i g n  is  m a r g i n a l  e v e n  f o r  the  100-kg c r i t ,  whi le  the  D om e  and I n t e g r a l  
r e a c t o r s  a r e  v e r y  s i m i l a r  in  p e r f o r m a n c e .

A 5 4 - in .  - d i a m  r e a c t o r  h a s  an  e x c e s s  t h r u s t  of 7% f o r  the  100-kg c r i t  
wh ich  w ou ld  be an  a d e q u a te  m a r g i n  w i th  th e  p o te n t i a l  i n c r e a s e s  of 31. 1% in
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t h r u s t  c o e f f i c i e n t  d i s c u s s e d  e a r l i e r .  By  going to  60 in.  an i n c r e a s e  in  t h r u s t  

c o e f f i c i e n t  of 7% w ou ld  r e s u l t .  H o w e v e r ,  t h i s  does  not s e e m  to  be an  a d eq u a te  

ga in  f o r  the  25% i n c r e a s e  in  a i r  f low and  r e a c t o r  m a t e r i a l s  t h a t  go a long with  

th i s  s i z e  i n c r e a s e .  A l s o ,  a s m a l l  m i s s i l e  w i l l  h a v e  the  a d v a n ta g e s  of r e d u c e d  
b o o s t e r  s i z e  and  f e w e r  d i f f i c u l t i e s  in  m a k in g  the  s y s t e m  m o b i l e .  A de f in i te  

r e q u i r e m e n t  f o r  the  m i s s i l e  i s  th a t  i t  h av e  a n  a d eq u a te  pay lo ad  c o m p a r t m e n t .  

The  5 6 - 1 / 2  - in .  - d i a m  m i s s i l e  h a s  an  a d e q u a te  pay lo ad  c o m p a r t m e n t ,  and  the  
5 4 - in .  - d i a m  r e a c t o r  ( c r i t i c a l  m a s s  100 kg) w i l l  p r o p e l  th e  m i s s i l e ;  thus  the  

T o r y  I l - C  r e a c t o r  d e v e l o p m e n t  w i l l  be  b a s e d  on a 4 8 - in .  c o r e  and a 3- in .  s ide  
r e f l e c t o r .

R E A C T O R  CHOICE

T he  f o r e g o in g  c o n s i d e r a t i o n s  of p e r f o r m a n c e  and  s t a t e - o f - t e c h n o l o g y  

c o n s i s t e n t  with  P l u t o  P r o g r a m  s c h e d u l e s  r e q u i r e s  th a t  p r i m a r y  d e v e lo p m en t  
e m p h a s i s  be p l a c e d  on the  f r o n t  s u p p o r t e d  ( In teg ra l )  r e a c t o r .  T h i s  r e a c t o r  

wil l  h e r e a f t e r  be  r e f e r r e d  to  a s  T o r y  I I - C - 1 .  D e v e lo p m e n t  of the  D om e  

r e a c t o r  ( h e r e a f t e r  r e f e r r e d  to  a s  T o r y  I I - C - 2 )  i s  be ing  con t in u ed  on a  r e d u c e d  
e f fo r t  b a s i s .  T he  T o r y  I I - C - 2  r e a c t o r  w i l l  p ro v id e  a back u p  d e s ig n  and  can  

a l s o  a c c o m o d a t e  f u t u r e  i n c r e a s e d  o p e r a t i n g  r e q u i r e m e n t s .
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S E C T IO N  II, AERODYNAM IC CHARACTERISTICS

T he  a e r o d y n a m i c  c h a r a c t e r i s t i c s  and  p e r t i n e n t  r e a c t o r  p a r a m e t e r s  
upon w h ich  d e v e lo p m e n t  of th e  T o r y  I I - C - 1  r e a c t o r  i s  p ro c e e d in g  is  g iv en  in 
T a b le  I I I -2 .  A t  the  d e s i g n  po in t ,  the  d i f f u s e r  i s  o p e r a t in g  c r i t i c a l  and  at 
M a c h  3 the  d i f f u s e r  i s  o p e r a t in g  s u p e r c r i t i c a l .

O p t i m i z a t i o n  of fue l  e l e m e n t  p a r a m e t e r s  i s  b a s e d  on d e s ig n - p o in t  
o p e r a t i o n  a s s u m in g :

a.  F i x e d  n o z z le  t h r o a t  a r e a .

b.  E x p a n s i o n  r a t i o  v a r i a b l e  su c h  t h a t  a i r  e x h a u s t  p r e s s u r e  a lw ays  
e q u a l s  a t m o s p h e r i c  p r e s s u r e .

c.  V e lo c i ty  c o e f f i c i e n t  = 0 . 9 7
d. D i v e r g e n c e  f a c t o r  = 0 .9 8

F o r  d e s i g n - p o i n t  o p e r a t i o n ,  the  e f fe c t  on the  t h r u s t  c o e f f ic ien t  of 
v a r y in g  th e  fu e l  e l e m e n t  e x i t  M a c h  n u m b e r  is  shown in  F i g .  I I I -4 .

F i g u r e  I I I -5  p r e s e n t s  the  r e s u l t s  of a f i r s t  a t t e m p t  a t  o f f - d e s ig n  p e r ­

f o r m a n c e  a n a l y s i s .  W hen  the  d i f f u s e r  i s  o p e ra t in g  s u p e r c r i t i c a l ,  the  s y s ­

t e m  is  f low l im i t e d ;  h e n c e ,  the  t h r u s t  c o e f f i c i e n t  d e c r e a s e s  fo r  M ac h  n u m ­
b e r s  g r e a t e r  th a n  2. 8 (hot day ,  1000-f t  a l t i tu d e ) .  F o r  M ach  n u m b e r s  l e s s  

th a n  2. 8, the  s y s t e m  b e c o m e s  p r e s s u r e  l i m i t e d  and  p e r f o r m a n c e  s u f f e r s  

a c c o r d i n g l y .  A s  sh o w n  in  F i g .  I I I - 5 ,  the  p e r f o r m a n c e  c u r v e  f o r  s u b d e s ig n  

M a c h  n u m b e r s  i s  i n c o r r e c t ,  f o r  l o s s e s  due  to  flow sp i l l a g e  h av e  no t  b e e n  

in c lu d e d .  T he  n e t  r e s u l t  of t h i s  c o r r e c t i o n  r e d u c e s  the  M a c h  m a r g i n .  In 

add i t ion ,  the  d r a g  c o e f f i c i e n t ,  h a s  b e e n  a s s u m e d  to  be c o n s ta n t .  In

t r u t h ,  Cq  w i l l  i n c r e a s e  a s  the  f l igh t  M a c h  n u m b e r  is  d e c r e a s e d .  T h i s  in 
t u r n  w i l l  t e n d  to  l o w e r  th e  M a c h  m a r g i n .

As  shown in  F i g .  I I I - 5 ,  M ac h  3 o p e r a t i o n  w i th  a  2500*F m a x i m u m  wal l  
t e m p e r a t u r e  w ould  no t  be  p o s s i b l e  w i th  th e  p r e s e n t  c o n f ig u r a t io n  (hot day,  

1000 ft) .  S in c e  s o m e  of the  b a s e  p a r a m e t e r s  canno t  y e t  be  f i r m l y  f ixed ,  it  

a p p e a r s  r e a s o n a b l e  to  a s s u m e  a  M a c h  l i m i t  of 3 .0  fo r  the  d e v ic e .  T he  r e ­

a c t o r  s t r u c t u r a l  l i m i t  i s  now e s t a b l i s h e d  by  th is  M ach  l i m i t .  S in ce  a  g r e a t  
a m o u n t  of e f f o r t  w i l l  be  e x p e n d e d  on s t r u c t u r a l  d e s ig n  of the  r e a c t o r ,  an 
e a r l y  s p e c i f i c a t i o n  of the  s t r u c t u r a l  load ing  l i m i t  i s  r e q u i r e d .  The  a e r o d y ­

n a m i c  load ing  of the  r e a c t o r  s h a l l  no t  e x c e e d ,  u n d e r  any c i r c u m s t a n c e s ,  tha t  

w h ich  is  p r e s e n t  in  the  f l i g h t  c o n d i t io n s  l i s t e d  u n d e r  c r i t i c a l  o p e r a t i o n  in 
T a b le  I I I -2 .
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T a b le  II1-2 .  P a r a m e t e r s  f o r  a U n i f o r m R e a c t o r  at 2500‘’F

D i f f u s e r  Mode

C r i t i c a l
S u p e r  - 
c r i t i c a l

M i s s i l e  M a c h  No. 2. 8 3 .0
A l t i tu d e ,  f t  above  s e a  l e v e l 1000 1000
A m b ie n t  t e m p e r a t u r e ,  *F 100 100
D i f f u s e r  ang le  of a t t a c k ,  deg . 0
D i f f u s e r  p r e s s u r e  r e c o v e r y ,  % 80
B l e e d  f r a c t i o n ,  % 4
M o m e n t u m  r e c o v e r y  of b le ed ,  % 80
S u p e r s o n i c  s p i l l a g e 0
M a x i m u m  fu e l  e l e m e n t  w a l l  t e m p e r a t u r e ,  "F 2500 2500
P o w e r  d i s t r i b u t i o n F i g .  m - 5

C o r e  d i a m ,  in. 4 8 .0
R e a c t o r  d i a m ,  in. 54. 0
M i s s i l e  d iam ,  in. 56. 5
C o r e  l en g th ,  in. 51. 2
F o r w a r d  r e f l e c t o r  t h i c k n e s s ,  in. 7. 0
Aft  r e f l e c t o r  t h i c k n e s s ,  in. 2. 0
F u e l  e l e m e n t  p o r o s i t y ,  % 52. 3
Side  r e f l e c t o r  p o r o s i t y ,  % 2. 6
S t r u c t u r a l  coo l ing  void ,  % 2. 3
C o n t r o l  ro d  coo l ing  void ,  % 0. 8
A v e r a g e  v o l u m e t r i c  p o w e r  d e n s i t y ,  M w / f t

(inc lud ing  end  r e f l e c t o r  v o lu m e s )  ^ 9 . 0 3 8. 95
M a x i m u m  v o l u m e t r i c  p o w e r  d e n s i t y ,  M w / f t  ^ 13. 73 13 .60
M a x i m u m  fu e l  e l e m e n t  p o w e r  d e n s i t y ,  M w / f t 28. 8 28. 6
F u e l  e l e m e n t  ho le  r a d i u s ,  in. 0 .0 9 4 2 : 0 .0 9 4 2
E n t r a n c e  M a c h  No. . 213 . 222
E x i t  M ac h  No. . 520 . 52
E n t r a n c e  s t a g n a t i o n  t e m p e r a t u r e ,  ®F 946 1063
E x i t  s t a g n a t i o n  t e m p e r a t u r e ,  *F 2221 2236
E n t r a n c e  s t a g n a t i o n  p r e s  s u r e ,  p s i a 321 343
E x i t  s t a g n a t i o n  p r e s s u r e ,  p s i a 212 228
S ing le  tube  t h r u s t  co e f f ic ien t* 0. 267 0. 192
Side  r e f l e c t o r  ho le  r a d i u s ,  in. .040 .0 4 0
Side  r e f l e c t o r  a v e r a g e  v o l u m e t r i c  p o w e r  

d e n s i t y ,  M w / f t ^ . 3
M a x i m u m  r e f l e c t o r  w a l l  t e m p e r a t u r e ,  *F 2300
R e f l e c t o r  ex i t  g a s  t e m p e r a t u r e ,  ®F 2263
T o ta l  r e a c t o r  p o w e r ,  Mw 568 562
T o ta l  r e a c t o r  f low r a t e ,  pps 1604 1719

( in c lu d e s  1 .1 %  f o r  r e f l e c t o r  cooling
1 .4 %  f o r  c o n t r o l  ro d  cooling 
4. 1% f o r  s t r u c t u r e  cooling)  

A v e r a g e  ex i t  ga s  t e m p e r a t u r e  *F 2215 2230
O v e r a l l  r e a c t o r  p o r o s i t y ,  %

( inc lud ing  m i s s i l e  s k in  c o r r e c t i o n ) 37. 9

F o r  d e s i g n - p o i n t  o p e r a t i o n  the  e f fe c t  on  t h r u s t  c o e f f i c i e n t  of v a ry in g  fu e l  
e l e m e n t  e x i t  M ac h  No. i s  sh o w n  in  F i g .  I I I -6 .
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T h e  p r e d i c t e d  p r e s s u r e ,  t e m p e r a t u r e ,  M ac h  N o . , and  p o w e r  p ro f i l e  
of a t y p i c a l  fu e l  e l e m e n t  i s  g iv en  in  F i g .  I I I - 6  and  F i g .  I I I -7  f o r  c r i t i c a l  and  
s u p e r c r i t i c a l  d i f f u s e r  o p e r a t i o n  w i th  a 3 / 4 y ^ l / 4  s ine  p o w e r  d i s t r i b u t i o n .

T he  fu e l  e l e m e n t  e l a s t i c  t h e r m a l  s t r e s s  p a r a m e t e r ,  ( r k / E a ,  i s  p lo t te d  

a s  a f u n c t io n  of a x ia l  p o s i t i o n  in  F i g .  1II-8.  T he  T o r y  I I -A  c u r v e  is  a l s o  
p r e s e n t e d  f o r  a c o m p a r i s o n .  N e i t h e r  s e t  of c u r v e s  w e r e  c o r r e c t e d  f o r  end  
o r  s h a p e  e f f e c t s  {««- -16%  e r r o r ) .

In  the  f a b r i c a t i o n  of fu e l  e l e m e n t s ,  s o m e  g e o m e t r i c a l  t o l e r a n c e  m u s t  

be  s p e c i f i e d .  T he  e f fec t  of fue l  e l e m e n t  ho le  s i z e  v a r i a t i o n  on the  t h r u s t  
c o e f f i c i e n t  i s  p r e s e n t e d  in  F i g .  I1I -9 .  T he  r e f e r e n c e  a r e a  u s e d  i s  the  g r o s s  

a r e a  of a s in g le  fu e l  e l e m e n t .  In  m a k in g  the  p e r t u r b a t i o n  c a l c u l a t i o n ,  i t  was  
a s s u m e d  th a t  only one f u l l - l e n g t h  fu e l  e l e m e n t  of the  r e a c t o r  h a d  a  flow c h a n ­
ne l d i a m e t e r  d i f f e r e n t  t h a n  th a t  d e s i r e d .

In  co m p u t in g  the  a x ia l  f o r c e  a c t in g  on the  r e a c t o r  ( a t  s u p e r c r i t i c a l  
d i f f u s e r  o p e r a t io n ) ,  p r e s s u r e  l o s s e s  due to  e x p e c t e d  e x i t ,  e n t r a n c e ,  and 

o f f se t  c o n d i t io n s  m u s t  be  i n c lu d e d .  An e x i t  s t a g n a t i o n  p r e s s u r e  l o s s  of 1%, 

an  e n t r a n c e  l o s s  of 0. 4%, and  an o f f se t  l o s s  of 1. 8% w il l  p r o b a b ly  be e x ­

p e r i e n c e d .  Inc lud ing  t h e s e  e f f e c t s ,  the  a x i a l  t h r u s t  load ing  on the  r e a c t o r  

i s  c a l c u l a t e d  to  be  122. 7 p s i .  T h i s  va lue  sh o u ld  be  u s e d  in  r e a c t o r  d e s ig n  
c a l c u l a t i o n s .  T he  to t a l  a x ia l  f o r c e  on the  5 4 - in .  r e a c t o r  i s  e x p e c t e d  to  be 

28 1 ,0 0 0  p o unds .  T he  g r o s s  t h r u s t  a t  the  d e s ig n  po in t  i s  about  35, 000 p o unds .

T he  a x i a l  f o r c e  l e v e l  of 122. 7 p s i  i s  c o n s i d e r e d  n o m in a l .  No sa fe ty  
f a c t o r  h a s  b e e n  in c lu d e d .  S in c e  the  f r i c t i o n  f a c t o r  of the  fue l  tu b e s  m a y  be 

h i g h e r  t h a n  p r e s e n t l y  a n t i c ip a t e d ,  th e  r e a c t o r  a x ia l  load ing  m a y  be  found to 

be g r e a t e r  th a n  122. 7 p s i  by as  m u c h  a s  6% .  T h e  flow c h a n n e l s  of e n t r a n c e  

and  e x i t  r e a c t o r  s e c t i o n s  m u s t  be c a r e f u l l y  t a p e r e d  to  i n s u r e  t h e  low p a r a s i t i c  
l o s s e s  u s e d  in  th e  c a l c u l a t i o n s .
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S E C T IO N  III. NEUTRONICS

A l l  c o m p u ta t io n  d u r in g  th i s  p e r i o d  h a s  b e e n  m a d e  on the  fo llowing r e ­
a c t o r  c o n f ig u r a t io n  (a t  1700®K):

T o t a l  length : 60. 2 in.

C o r e  d i a m e t e r :  48 in .
R e f l e c t o r  t h i c k n e s s :  3 in.
UO^ m a s s :  50 o r  100 k i l o g r a m s

R e f l e c t o r  p o r o s i t y :  0 . 0 5

V o lu m e  f r a c t i o n  of S t r u c t u r a l  m a t e r i a l  (m olybdenum ):  0. 00289

The  5 0 -kg  r e a c t o r  i s  c r i t i c a l  w i th  a  c o r e  p o r o s i t y  of 0.  5639.

T h e  100-kg  r e a c t o r  i s  c r i t i c a l  w i th  a  c o r e  p o r o s i t y  of 0. 5921.

To  s t a r t  t h e  r e a c t o r  w e  m u s t  go f r o m  300®K to  1700'’K. S ince  we have  

a  n e g a t i v e  t e m p e r a t u r e  c o e f f i c i e n t  of r e a c t i v i t y  we m u s t  h av e  e x c e s s  r e a c t i v i t y  
bu i l t  in to  th e  r e a c t o r  so  t h a t  i t  w i l l  r e m a i n  c r i t i c a l  a t  1700°K. A n u m b e r  of 

th in g s  a f fe c t  r e a c t iv i t y :  f i s s i o n  p r o d u c t  po iso n in g ,  i n i t i a l  h e a t in g  of the  r e ­

a c t o r ,  b u r n - o u t ,  f u e l  d i f fu s io n  in to  th e  a i r  s t r e a m ,  e t c .  In add i t ion  the  c o n ­
t r o l s  m u s t  a l low  s e v e r a l  p e r c e n t  of n e g a t i v e  r e a c t i v i t y  fo r  shu tdow n w h e n  th^---  
r e a c t o r  i s  cold .

T he  ch an g e  in  r e a c t i v i t y  d u r in g  the  in i t i a l  h e a t in g  is  due  to d e n s i ty  

c h a n g e s  (Ap),  c h a n g e s  in  t h e  t h e r m a l  s p e c t r u m  (A|x), c h an g e s  in  the  r a d i a l  

d i m e n s i o n  (AR) and in  the  a x i a l  d i m e n s i o n  (AA). H e r e  we s h a l l  f ind  it  c o n ­

v e n i e n t  to  e x p r e s s  change  in  r e a c t i v i t y  in  t e r m s  of p e r c e n t  change  in  the 
e f f e c t iv e  m u l t i p l i c a t i o n  f a c t o r  (% The  o v e r a l l  change  in  r e a c t i v i t y

going  f r o m  300*K to  1700*K fo r  the  T o r y  I I -C  r e a c t o r  i s  g iven  below along 
w i th  the  i t e m i z e d  b re a k d o w n :

F o r  the  5 0 -kg  r e a c t o r ,  Ak^^^ = - 6 . 4 3 %
A p = - 4 . 2 8 %

Ap. = -  3. 8 4 %

AR = + 1 . 1 6 %
AA = + 0 . 5 3 %

F o r  th e  100-kg  r e a c t o r ,  ‘̂ ^ e f f  ” " ^6%
Ap = -  3. 9 6 %

ApL = -  1 . 0 8 %

A R  = + 1 . 0 2 %

AA = + 0. 26%
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Z e n o n  is the  m o s t  t r o u b l e s o m e  f i s s i o n  p r o d u c t  p o i so n  in  r e a c t o r s  and  

h a s  b e e n  c o n s i d e r e d  in T o r y  I I - C  a f t e r  a  1 0 -h o u r  r u n  at  600 m e g a w a t t s .  T h e  

zen o n  p r e s e n t  p r o d u c e d  a  1% d r o p  in  F u e l  l o s s  due to  b u r n - u p  and
o u t - d i f f u s io n  a r e  e s t i m a t e d  to  a c c o u n t  f o r  a n o t h e r  0. 5% in  About 3%

n e g a t i v e  r e a c t i v i t y  i s  n e c e s s a r y  f o r  shu tdow n b r in g i n g  the  t o t a l  to

1 0 .9 %  and 8. 26%, r e s p e c t i v e l y .  S e v e r a l  m e th o d s  to  c o n t r o l  t h i s  m u c h  r e ­

a c t i v i t y  w e r e  c o n s i d e r e d .  S in c e  th e  c o m p l e t e  r e m o v a l  of the  r e f l e c t o r  r e ­
s u l t e d  in a 25% d e c r e a s e  in  k^^^ a c o n t r o l  r o d  s y s t e m  in  th i s  r e g i o n  is  not 

f e a s i b l e  (we w ould  n e e d  at  l e a s t  45% of t h i s  a m o u n t ) .
A c e n t r a l  c o n t r o l  r o d  of 2 0 - m i l  60% p l a t i n u m -40%  r h o d i u m  on a  2 - in .  

r a d i u s  p r o d u c e d  on ly  a 5% d r o p  in  k^^£. If  a c o m p l e t e l y  " b l a c k "  a b s o r b e r  

i s  pu t  in  th e  4 - i n . - d i a m  r e g i o n  ( b l a c k  f r o m  1 k e v  down) ,  we o b ta in  a  12. 7% 

ch an g e  in  k^^^. S in c e  t h i s  i s  in  a r e g i o n  of m a x i m u m  e f f e c t i v e n e s s  u n d e r  
f l a t  load ing  the  % ch an g e  i n  k^^^ w ou ld  d e c r e a s e  w h e n  w e  l e v e l  the  r a d i a l  

p o w e r  p r o f i l e .  W ith  th e  c o n t r o l  r o d s  t h a t  a r e  now a v a i l a b l e  i t  i s  c o n s i d e r e d  

th a t  t h i s  c o n f i g u r a t i o n  c an n o t  g ive  u s  the  n e e d e d  12% in  k^^^.
A t w o - d i m e n s i o n a l  p r o b l e m  w a s  r u n  w h ic h  c a l c u l a t e d  the  e f f e c t i v e n e s s  

of s ix  l - l / 4 - i n .  d i a m  " b l a c k "  ( f r o m  1 k e v  down) r o d s  l o c a t e d  4 - 1 / 2  in.  in 
f r o m  th e  o u t e r  b o u n d a r y  of th e  c o r e .  S t i l l  u s in g  f l a t  l o ad in g  th i s  c o n f ig u r a t i o n  

p r o d u c e d  a change  of 18. 8% in  k^^^. W ith  fu e l  v a r i e d  so  as  to  p r o d u c e  a f l a t  

p o w e r  p r o f i l e  t h i s  f i g u r e  i s  e x p e c t e d  to  i n c r e a s e  c o n s i d e r a b l y .
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SE C T IO N  IV.  N U C L E A R  CONTROLS

D u r in g  the  r e p o r t i n g  p e r i o d ,  c l o s e  to 100% of the  c o n t r o l s  d e v e lo p m en t  

is  r e p r e s e n t e d  by the  e f f o r t  be ing  c a r r i e d  on by a s u b c o n t r a c t o r .  The  d e v e l o p ­

m e n t  p r o g r a m  a i m s  fo r  a 1200°F  e l e c t r o - p n e u m a t i c - m e c h a n i c a l  c o n t ro l  s y s ­

t e m .  L R L ' s  m a j o r  ro l e  h a s  b e e n  the  ou t l in ing  of r e a l i s t i c  s p e c i f i c a t i o n s  f o r  

the  s u p p l i e r  to w o r k  to w a r d  and  d i r e c t i o n  of t h e i r  e f fo r t s  to i n s u r e  c o m p a t i ­

b i l i ty  w i th  the o v e r a l l  r e a c t o r  s y s t e m .

E f fe c t iv e  M a r c h  21, I960 , the  s co p e  of the  s u p p l i e r ,  P h a s e  V e f fo r t s  

( e l e c t r o - p n e u m a t i c  a c t u a t o r  d e v e lo p m e n t )  w as  changed .  P r e v i o u s l y  the  o b ­

j e c t i v e  of P h a s e  V w as  d e v e lo p m e n t  of a 20 - in .  s t r o k e  a c tu a t io n  s y s t e m  to 
r u n  as  h igh  as  750 °F  w i th  no v i b r a t i o n  o r  g - lo a d in g  e n v i r o n m e n t  s p ec i f i e d .

T h e  d e s i g n  s p e c i f i c a t i o n s  now r e q u i r e  i n s t e a d  a 4 0 - in .  s t r o k e  a c t u a t o r  to  ru n  
4

o v e r  2 X 10 c y c l e s  at  1 2 00°F ,  w i th  v i b r a t i o n  e n v i r o n m e n t  and  cont inuous
a x ia l  g - lo a d in g  s p e c i f i e d .  T h e  d e ta i l  d e s i g n  s p e c i f i c a t i o n s  fo r  P h a s e  V

(a m e n d ed )  a r e  show n  in  T a b le  I I I -3 .  A s c h e m a t i c  ou t l ine  of the  a c t u a t o r  
a s s e m b l y  i s  shown in F i g .  I I I - IO .

The  t a r g e t  d a te  f o r  c o m p le t io n  of P h a s e  V a c c e p ta n c e  t e s t s  at  the  s u p ­
p l i e r  is  J a n u a r y  15, 1961, w i th  d e l i v e r y  of th e  r e b u i l t  s u b s y s t e m  at  L R L  

by M a r c h  15, 1961. T h e  s u p p l i e r  h a s  l a i d  out a d e ta i l e d  sch ed u le  fo r  c o m ­

p le t io n  of e ac h  p h a s e  of the  c o m p o n en t  and s u b a s s e m b l y  w o rk .

P r o g r e s s  on P h a s e  V to  d a te  is  b r i e f l y  s u m m a r i z e d  below:

1. P n e u m a t i c  a c t u a t o r

a.  B e a r i n g  and  l u b r i c a t i o n  s tudy .  D e ta i l e d  s p e c i f i c a t i o n s  have  

b e e n  f o r m u l a t e d .

b.  P n e u m a t i c  m o t o r .  P r e l i m i n a r y  and f ina l  d e s ig n  c o m p le t e .

c. T r a n s m i s s i o n  and  h o u s in g .  D e ta i l  d e s ig n  c o m p le t e .  S p e c i f i ­

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

d.  R o o m  t e m p e r a t u r e  m o t o r .  D es ig n ,  f a b r i c a t i o n ,  c o m p le t e .  

E v a l u a t i o n  u n d e r w a y .
2. S e r v o  va lve

D es ig n ,  m a t e r i a l  s e l e c t i o n  c o m p l e t e .  F a b r i c a t i o n  u n d e rw ay .
3. T r a n s d u c e r

S p e c i f i c a t i o n s  e s t a b l i s h e d .  D e s ig n  and  f a b r i c a t i o n  c o m p le t e .
T e s t  u n d e r w a y .

4. E l e c t r o n i c s

S p e c i f i c a t i o n s  e s t a b l i s h e d .  D e s i g n  c o m p le te  and  p r o c u r e m e n t
u n d e r w a y .
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T a b l e  I I I - 3. H igh  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
D e s i g n  S p e c i f i c a t i o n

1. S y s t e m  gas  supp ly  p r e s s u r e  (min)

2. A c t u a t o r  g a s  su p p ly  p r e s s u r e

3. M a x i m u m  s t e a d y  s t a t e  f low p e r
a c t u a t o r  

M a x i m u m  f low a l lo w ab le  p e r  
a c t u a t o r

4. S y s t e m  f i l t r a t i o n

5. C o n n e c t io n s
m e c h a n i c a l
e l e c t r i c a l

6. A m b ie n t  t e m p e r a t u r e  r a n g e  
F l u i d  t e m p e r a t u r e  r a n g e

7. S t r o k e

8. D y n a m ic  r e s p o n s e
T h e  c l o s e d  loop  f r e q u e n c y  r e ­
s p o n s e  a t  ± 0 . 0 2 - i n .  a m p l i tu d e  
w i th  z e r o - g  lo ad in g  and  z e r o  
a v e r a g e  s p e e d  a t  any p o s i t i o n  
of the  output  m e m b e r  s h a l l  h a v e  
l e s s  t h a n  90® p h a s e  sh i f t  at:

9. C o n t r o l s

10. B a s i c  m e c h a n i s m

11. D i s p o s a l  of a c t u a t o r  d i s c h a r g e
A m b ie n t  p r e s s u r e  and  e x h a u s t  e n ­
v i r o n m e n t  f o r  d e s i g n  c o n s i d e r a t i o n

1000 p s ig
1000 p s ig  ( o p e r a b l e  th r o u g h  

9 0 -1000  ps ig )

L e s s  th a n  50 s c f m  at  1000 ps ig

300 s c f m  a t  1000 ps ig  
10 m i c r o n

C o n v en t io n a l  type: m a k e  r e c o m ­
m e n d a t i o n s  f o r  h igh  t e m p e r a t u r e  
q u ic k  d i s c o n n e c t s ;  L R L  a s s u m e s  
r e s p o n s i b i l i t y  f o r  d e v e l o p m e n t  of 
h igh  t e m p e r a t u r e  q u ick  d i sco n n ec t .

R o o m  t e m p e r a t u r e  to  1200*F 
R o o m  t e m p e r a t u r e  1060"F

H igh  t e m p e r a t u r e  t e s t  co nd i t ion  
1200®F a m b ie n t  
1060®F f lu id

40 in c h e s

15 cps  a t  1000 ps ig  
10 cps  a t  360 ps ig  

3 cps  at  90 ps ig

In d iv id u a l  e l e c t r i c a l ,  0 to  ± 10 vo l t s  
d - c  ( r o d  c e n t e r  p o s i t i o n  at  z e r o  vo l t s )

P o s i t i v e  v o l t s  r e p r e s e n t  p o s i t iv e  r e ­
a c t i v i t y  ( r o d  is  w i thd raw n)

A c t u a t o r  w i th  l i n e a r  outpu t

M a n i f o ld e d  to  a t m o s p h e r e

- F  P P^T55lir
1000

360
0 -3 0 0
0 -3 0 0

(con t inued)
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T a b l e  I I I - 3  (cont inued)

12. L i fe  t e s t s  ( m i n i m u m  r e q u i r e m e n t s )
R o o m  t e m p e r a t u r e  t e s t s  at 
1000 ps ig

16. G a s  su p p ly ,  r e g u la t i n g  and  shut  
off v a lv e s

17. S p a c e  enve lope  of a c t u a t o r  a s s e m ­
bly

18. A c t u a t o r  o v e r a l l  l e n g th

19. C e n t e r  spac ing  b e tw e e n  a c t u a t o r s

20. A c t u a t o r  w e igh t

10 c y c l e s  a t  1 cps  w i th  8" p - p  
am p l i tu d e
10^  c y c l e s  a t  10 cp s  w i th  2" p - p  
am p l i tu d e
100 fu ll  d i s p l a c e m e n t  s t e p s  in 
e a c h  d i r e c t i o n  
100 s c r a m s

High  t e m p e r a t u r e  t e s t s  
1200®F a m b i e n t  
lObO^F g as  
1000 ps ig

S u p e r i m p o s e  s low  r a m p  on c y c l i c  
t e s t s

13. S a t u r a t i o n  v e lo c i ty  ( v e r n i e r  rod)

14. A c c e l e r a t i o n  a t  z e r o  v e lo c i ty  w i th  
z e r o - g  a c c e l e r a t i o n  an d  v i b r a t i o n  
e n v i r o n m e n t

15. P o s i t i o n  t r a n s d u c e r  and  r e a d - o u t

10 c y c l e s  a t  1 cps  w i th  8“ p - p  
an m l i tu d e
10^  c y c l e s  a t  10 cps  w i th  1" 
am p l i tu d e

p - p

21. L o c a t i o n  of e l e c t r o n i c  e q u ip m e n t

( cont inued)

50 fu ll  s t r o k e  s t e p s  in  e ac h
d i r e c t i o n
50 s c r a m s

G r e a t e r  th a n  60 i n . / s e c  a t  1000 ps ig  

G r e a t e r  th a n  lOg a t  1000 ps ig

E l e c t r i c a l  i n s t r u m e n t :  m u s t  be 
cap a b le  of o p e r a t i o n  th ro u g h o u t  
the  t e m p e r a t u r e  r a n g e  f r o m  r o o m  
t e m p e r a t u r e  to  1200*F; e x c i t a t io n  
f r e q u e n c y  to  be  equa l  to  o r  g r e a t e r  
th a n  1000 cps ;  not a m u l t i p l e  of 60 
o r  400 cps;  t r a n s d u c e r  to  be  fo lded  
o r  i n t e g r a l  p a r t  of a c t u a t o r  with  
ob jec t iv e  to  m i n i m i z e  o v e r a l l  leng th

F u r n i s h e d  by L R L

M in im u m  c r o s s  s e c t i o n a l  a r e a  p e r ­
p e n d i c u l a r  to  d i r e c t i o n  of l i n e a r  
m o t io n

See  F i g .  II I - IO f o r  lo a d  and a c t u a t o r  
c o n f ig u r a t io n  in  a  ty p i c a l  a p p l ic a t io n
L e s s  th a n  3 s t r o k e  len g th s  excluding  
c o n t r o l  r o d  and  connec t ing  m e m b e r s

Not s p e c i f i e d  (5 in .  m a x i m u m  p r e ­
f e r r e d )

M in im u m  c o n s i s t e n t  w i th  a i r b o r n e  
p r a c t i c e s

100 ft t r a n s m i s s i o n  cab le  to  a c t u a t o r
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T a b l e  I I I - 3 (continued)

22. S e r v o  a m p l i f i e r s

23. P o s i t i o n  r e s o l u t i o n

24. L i n e a r i t y

25. F a i l - s a f e  i n s e r t i o n  c h a r a c t e r i s t i c s

26. V i b r a t i o n  e n v i r o n m e n t  and a c c e l ­
e r a t i o n

27. C o n t r o l  r o d  and  s u p p o r t
28. P o w e r  m e d i a  f o r  t e s t i n g  

29- P o w e r  m e d i a  f o r  d e s ig n

30. W eigh t  of c o n t r o l  r o d

31. A l lo w a b le  c o n t r o l  r o d  a s s e m b l y  
f r i c t i o n  f o r c e

32. Cooling  s y s t e m

33. T r a n s i e n t  r e s p o n s e

34. S y s t e m  s t i f f n e s s

35. S e r v o  v a lv e

36. F u l l  s t r o k e  d i s p l a c e m e n t  t i m e  
u n d e r  s e r v o  c o n t r o l

37. V i b r a t i o n  t e s t s

38. R e l a t i v e  s t a b i l i t y  o v e r  r a n g e  of
t e m p e r a t u r e  and  p r e s s u r e s  ( c l o s e d  t h a n  6 db;

I n d u s t r i a l  qua l i ty ,  r o o m  t e m p e r a ­
t u r e ,  n e g l ig ib le  r a d i a t i o n ,  t r a n ­
s i s t o r s  m a y  be  u sed ,  o p e r a t io n a l  
a m p l i f i e r  c a p a b i l i ty  r e q u i r e d

± 0. 02 in .  to be  d e t e r m i n e d  w i th  
a  s ine  o r  t r i a n g u l a r  wave  input  
s ig n a l  a t  0. 1 cps

± 5 p e r c e n t  of s t r o k e  o v e r  t e m ­
p e r a t u r e  r a n g e  of o p e r a t io n

40 in.  in  a m a x i m u m  of 0. 25 s ec  
a t  1000 ps ig  supp ly  and z e r o - g

6g, 3 a x e s ,  0 -3 0 0 0  cp s ,  6g c o n ­
t in u o u s  tend ing  to  pu l l  r o d  out of 
c o r e  at  1000 p s ig  supp ly  and r o o m  
t e m p e r a t u r e
F u r n i s h e d  by L R L

N i t r o g e n  and a i r

A i r

20 pounds

25 pound s t a r t i n g  and  s l id ing  
f r i c t i o n

A m b ie n t  (Ram) A i r

E q u a l  to  o r  l e s s  t h a n  12 p e r c e n t  of 
d e m a n d e d  s t e p  o r  0. 1 i n . ,  w h i c h ­
e v e r  i s  g r e a t e r

C a p a b le  of ho ld ing  2 0 -pound load  
w i th in  r e s o l u t i o n  w i th  con t inuous  
6g a x ia l  lo a d  a t  1000 ps ig

E l e c t r o p n e u m a t i c  s e r v o  va lve  
c a p a b le  of o p e r a t i n g  th ro u g h o u t  
t e m p e r a t u r e  r a n g e  f r o m  r o o m  t e m ­
p e r a t u r e  to 1 2 0 0 °F ,  and  m e c h a n i ­
c a l ly  b i a s e d  to  i n s e r t  r o d  in  c a s e  
of e l e c t r i c a l  inpu t  p o w e r  f a i l u r e

L e s s  th a n  0. 75 s ec

T o  be d e t e r m i n e d ,  a l s o  m e th o d  and 
r e s p o n s i b i l i t y  to  be  d e t e r m i n e d
G a in  m a r g i n  eq u a l  to  o r  g r e a t e r

lo o p  u n d e r  c ond i t ions  of I t e m  8) p h a s e  m a r g i n  e q u a l  to  o r  g r e a t e r  
t h a n  50°

(con t inued)
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39. I n t e g r a t e d  r a d i a t i o n  d o s a g e

40. R od  lo c k  m e c h a n i s m

41. N u m b e r  of t h e r m a l  c y c l e s  
( r o o m  t e m p e r a t u r e  to  1200*F)

42. T i m e  p e r i o d  f o r  t h e r m a l  c y c le
43 . P o w e r  s o u r c e

10 r a d s  to t a l
5 X 10^ r a d  f a s t  n e u t r o n s  
3 X 10*̂  r a d  t h e r m a l  n e u t r o n s  
2 X 10*̂  r a d  g a m m a s

F a i l  sa fe
lo c k s  r o d  in  s c r a m  p o s i t io n  
(fu lly  i n s e r t e d )  un t i l  supp ly  
p r e s s u r e  is  a v a i l ab le

30 m i n i m u m ;  a c t u a t o r  sh o u ld  fu lf i l l  
a l l  of the  above  s p e c i f i c a t i o n s  b e f o r e  
and  a i t e r  t h e r m a l  cyc l ing

5 m i n u t e s  r o o m  t e m p e r a t u r e  to  1200*F
120V, 60 c p s ,  1 - p h a s e  
480V, 60 c p s ,  3 -p h a s e  
400 c p s ,  120V, 1- p h a s e

MOU NT I N G  S U R F A C E

E X T E N S I O N  ROD
^ Q U I C K  D I S C O N N E C T  C O U P L I N G  
\  ^ C O N T R O L  R O D  
\  \  T GUI DE T U B E

c

—  r

5" Ma x  
P R E F E R R E D

R E A C T O R- 3  S T R O K E  L E NGTHS  MA X ------------
2  S T R O K E  L E N G T H S  P R O B A B L E )

F i g .  I I I - IO .  S p a c e  e n v e lo p e  of a c t u a t o r  a s s e m b l y  and  t y p i c a l  coupl ing  to  load .
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S E C T IO N  V. E N G IN E ER IN G  -  R E A C T O R  DESIGN

A. TORY I I - C - 1  R E A C T O R  

U ni t  C e l l  S tu d ie s
A n a ly s i s  h a s  c e n t e r e d  on c h o ice  of a unit  c e l l  in  a ll  s i z e s  and c o n f ig u ­

r a t i o n s .  L a r g e r  un i t  c e l l s  th a n  the  one  c o n s i d e r e d  p r e v i o u s l y  r e s u l t  in l o w e r  
" t e n s i o n "  nneta l  t e m p e r a t u r e .  In  th i s  w ay  the  m e t a l  t e m p e r a t u r e  m a y  be  r e ­

d u c ed  su f f i c i e n t ly  to  p e r m i t  u s e  of n o n - r e f r a c t o r y  a l lo y s .  If an  ox ida t ion  
r e s i s t a n t  m a t e r i a l  is  u s ed ,  a r g u m e n t s  f a v o r in g  s o l id  vs  ho l low  t e n s i o n  m e m ­

b e r s  d i s a p p e a r .  U n p e r t u r b e d  coo l ing  of the  m e t a l  c an  be  m o r e  c e r t a i n l y  
a s s u r e d  u s in g  ho l low  t e n s i o n  m e m b e r s .  The  m o s t  e f fec t ive  m e th o d  of o b ­

t a in in g  a t e m p e r a t u r e  d r o p  b e tw e e n  ho t  fue l  e l e m e n t s  and  a t e n s i o n  tube is 
to  a l low  only r a d i a t i v e  h e a t  t r a n s f e r .  T h i s  a l s o  r e s u l t s  in  low d e g r a d e d  

f r a c t i o n a l  a r e a s  in  th e  un i t  c e l l  by l im i t i n g  in t r o d u c t io n  of e x t r a n e o u s  ( i n ­

su la t ing )  m a t e r i a l s .

F i g u r e  I I I - l l  show s  the  g e n e r a l  a r r a n g e m e n t  of an a t t r a c t i v e  b a s i c  

unit  c e l l .  T h e  unit  c e l l  c o n s i s t s  of 213 fu e l  e l e m e n t s  g r o u p e d  in  a h e x ag o n a l  
a r r a y  a p p r o x i m a t e l y  4 in .  a c r o s s  f l a t s .  The  c o m p le t e  r e a c t o r  wil l  con ta in  

a p p r o x i m a t e l y  175 un i t  c e l l s .  P e r i p h e r a l  unit  c e l l s  w i l l  c o n s i s t  of a p a r t i a l  

b a s i c  un i t  c e l l  and  w i l l  c o n t a i n  u n fu e le d  BeO  e l e m e n t s  in a 3 - in .  - d e e p  p e r i p h e r a l  

r e g io n .  T h i s  c h o ice  of un i t  c e l l  s i z e  i s  c o n s i s t e n t  w i th  the  c a p a c i ty  of ex i s t in g  
h i g h - t e m p e r a t u r e  b lowdown t e s t  f a c i l i t i e s .  D e v e lo p m e n t  t e s t in g  on a  unit  c e l l  

b a s i s  c an  th u s  p r o c e e d  u s in g  f u l l - s c a l e  r e a c t o r  p a r t s .
T e n s i o n  m e m b e r s  of H a s t e l l o y  R - 2 3 5  a r e  being c o n s i d e r e d  to  c a r r y  the 

r e a c t o r  p r e s s u r e  d r o p  lo a d .  E x p e r i e n c e  w i th  t h i s  a l loy  in  the  T o r y  I I -A  c o re  
has  shown it  to  h av e  a d e q u a t e  s t r e n g t h  f o r  th i s  a p p l i c a t io n  at  t e m p e r a t u r e s  

t o  Ib S O ^ F . M a x i m u m  t e n s i o n  tube  w a l l  t e m p e r a t u r e  is  b e lo w  1600‘’F .
S e p a r a t i o n  b e tw e e n  s u r r o u n d i n g  hot  fu e l  e l e m e n t s  and  the  c o l d e r  t e n s io n  

tube i s  p r o v i d e d  by c e r a m i c  w a s h e r s .  T h e s e  w a s h e r s  a r e  h e x ag o n a l  in shape  

and e x a c t ly  r e p l a c e  tw e lv e  fu e l  e l e m e n t s .  T h e  w a s h e r s  a r e  un fue led  BeO. 

N e u t r o n ic  h e a t in g  in  the  w a s h e r s  k e e p s  t h e i r  o u t e r  p e r i m e t e r  a t  a t e m p e r a t u r e  
n e a r  th a t  of s u r r o u n d i n g  fu e l  e l e m e n t s .  H e a t  d e p o s i t e d  in  the  in su la t in g  
w a s h e r s  i s  r a d i a t e d  to  the  t e n s i o n  tu b e s .

The  p r e s s u r e  d r o p  lo a d  on the  fue l  e l e m e n t s  is  t r a n s f e r r e d  to  the  t e n ­
s ion  r o d  t h r o u g h  two BeO  p l a t e s  and  a  r e f r a c t o r y  m e t a l  a l loy b a s e  b lock .

H o le s  in  th e  f i r s t  BeO p la te  a r e  s i z e d  to  c o l l e c t  the  flow f r o m  t h r e e  fue l  e l e ­

m e n t s .  H o le s  in  the  s e c o n d  BeO p la te  a r e  s i z e d  in  t u r n  to  c o l l e c t  the  flow
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f r o m  t h r e e  h o le s  in  the  f i r s t  B eO  p la te  ( to t a l  f low f r o m  nine  fue l  e l e m e n t s ) .  

H o le s  in  the  b a s e  b lo c k  a r e  s i z e d  to  m a t c h  th o se  in  the  s ec o n d  BeO p la te .
T he  a r r a n g e m e n t  of h o l e s  u s e d  h e r e  is  a d v an ta g e o u s  in  t h e s e  w ays ;  m i s ­
a l i g n m e n t  e f f e c t s  of fu e l  e l e m e n t s  w i th  h o le s  in the  lo a d  t r a n s f e r  b locks  a r e  

m i n i m i z e d ,  f a b r i c a t i o n  of the  BeO p la t e s  and the  b a s e  b lo c k  is  s im p l i f i e d ,  
a n d  r e l i a b i l i t y  of the  o x id a t io n  p r o t e c t i o n  coa t ing  on th e  b a s e  b lo ck  is  i m ­

p r o v e d .  L o a d  is  t r a n s f e r r e d  f r o m  the  b a s e  b lo c k  to  the  t e n s i o n  tube  th ro u g h  

a n  i n s u l a t e d  f lange  on the  t e n s i o n  tu b e .

B a s e  B lo c k  D e v e lo p m e n t

S e l e c t i o n  of a un i t  c e l l  c o n f ig u r a t io n  d e s c r i b e d  above  l e a v e s  l i t t l e  

c h o ice  am ong  m a t e r i a l s  s u i t a b l e  f o r  the  2300®F b a s e  b lock .  C e r a m i c s  a r e  
e x c lu d e d  f o r  t h e i r  f r a n g i b l e  p r o p e r t i e s  and  s u p e r  a l lo y s  f o r  t h e i r  low s t r e n g th .  

Of  the  r e f r a c t o r y  a l lo y s  c o m m e r c i a l l y  a v a i l a b l e ,  c o lu m b iu m  and t a n t a l u m  

b a s e  a l lo y s  h a v e  o r d e r - o f - m a g n i t u d e  b e t t e r  o x ida t ion  c h a r a c t e r i s t i c s  than  
m o l y b d e n u m  b a s e  a l l o y s .  S in c e  v e r y  h igh  s t r e n g t h s  a r e  not  r e q u i r e d  f o r  

the  b a s e  b l o c k  and  b e c a u s e  o x id a t io n  p r o t e c t i o n  of c o lu m b iu m  h a s  r e c e i v e d  

c o n s i d e r a b l e  a t t e n t io n ,  s e v e r a l  c o l u m b i u m  a l lo y s  a r e  be ing  s tud ied .  At 
l e a s t  one tan ta lvun  b a s e  a l lo y  is  a l s o  be ing  s tud ied .

B .  TORY I I - C - 2  R E A C T O R

T h e  c r i t i c a l  d e v e l o p m e n t  a r e a  in  the  T o r y  I I - C - 2  R e a c t o r  i s  in  the  

d e s i g n  and  f a b r i c a t i o n  of the  l a r g e  d o m e  s t r u c t u r e .  The  s u i t a b i l i t y  of s e v ­

e r a l  m a t e r i a l s  and  f a b r i c a t i o n  t e c h n i q u e s  a r e  d i s c u s s e d  be low.
M a t e r i a l  R e q u i r e m e n t s

I t  i s  a s s u m e d  th a t  r e l a t i v e l y  p u r e  h igh  d e n s i ty  c e r a m i c  m a t e r i a l s  a r e  
r e q u i r e d .  I t  m a y  be t h a t  c h e a p e r  g r a d e s  of r e f r a c t o r i e s  c an  m e e t  the  r e ­

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

c o m m e r c i a l l y  in  v e r y  l a r g e  s h a p e s ,  and  i t  i s  p lan n ed  to e v a lu a t e  s o m e  of 

t h e s e  m a t e r i a l s .  S o m e  of t h o s e  of i n t e r e s t  a r e  s i l i c o n - n i t r i d e - b o n d e d  s i l i c o n  

c a r b i d e ,  e l e c t r o - c a s t  a l u m i n a - z i r c o n i a - s i l i c a  r e f r a c t o r y ,  and  c o m m e r c i a l  
r a m m i n g  m i x e s .

1. O x id a t io n  R e s i s t a n c e

D a ta  f r o m  a n u m b e r  of s o u r c e s  on s e v e r a l  ox ides  and  on s i l i c o n  
c a r b i d e  i n d i c a t e  t h a t  f o r  th e  in t e n d e d  a p p l ic a t io n ,  o x id a t io n  is  not ap t to be 

a  p r o b l e m  e v en  to t e m p e r a t u r e s  h i g h e r  th a n  the  p r e s e n t  r a n g e  of i n t e r e s t .
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2. C o m p r e s s i v e  S t r e n g t h

A n a l y s i s  i n d i c a t e s  t h a t  c o m p r e s s i v e  s t r e n g t h s  of the  o r d e r  of 3000 

p s i  f o r  f l ig h t  d u r a t i o n  ( s e v e r a l  h o u r s )  i s  a m i n i m u m  r e q u i r e m e n t .  E x p e c t e d  

t e m p e r a t u r e  of the  b a s e  d o m e  is 2300®-2400®F.  C o m p r e s s i v e  s t r e n g t h  d a ta  

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

C a r b o r u n d u m ' s  K T - S iC  m a y  hav e  th e  r e q u i r e d  c o m p r e s s i v e  s t r e n g t h .   ̂

T e n s i l e  t e s t s  of S iC  w e r e  c o n d u c te d  a t  1200®C {2200®F). T he  m o s t  h igh ly  

s t r e s s e d  s p e c i m e n  s u s t a i n e d  8000 p s i  f o r  84.  8 h o u r s  w i thou t  f a i l u r e .  The  
o t h e r s  s u s t a i n e d  l o w e r  s t r e s s e s  w i th o u t  f a i l u r e .  C o m p r e s s i v e  s t r e n g t h  should  
be  m u c h  g r e a t e r  t h a n  t e n s i l e  s t r e n g t h .  T h e r e  i s  c o n s i d e r a b l y  m o r e  d a t a  on 

the  e f fec t  of t e m p e r a t u r e  on f l e x u r e  s t r e n g t h .  C o m m o n  ox ides  s t a r t  to  l o s e  

s t r e n g t h  r a p i d l y  a t  abou t  2 0 0 0 ®F, ^ K T - S iC  a t  2700®F, h o w e v e r ,  h a s  about 

80% of i t s  m a x i m u m  s t r e n g t h .  ^
3. F a b r i c a b i l i t y

F o r  f a b r i c a t i o n  of l a r g e  ox ide  s h a p e s ,  two b a s i c  t e c h n i q u e s  a r e  
a v a i l a b l e .  T h e y  a r e  c o l d - s h a p i n g  and  s i n t e r i n g ,  an d  h o t - p r e s s i n g .  With  

th e  f i r s t  m e t h o d  s h r i n k a g e  is  ty p i c a l ly  20% and  v a r i a t i o n  in  s h r i n k a g e  r e ­

q u i r e s  c o m p l e t e  m a c h i n in g  of the  f i r e d  p i e c e s  if c l o s e  t o l e r a n c e s  a r e  n e c e s ­
s a r y .  M ach in in g  w i th  d i a m o n d  to o ls  i s  s low  and e x p e n s iv e .

In  h o t - p r e s s i n g ,  th e  l e n g th  to  w a l l - t h i c k n e s s  r a t i o  d e s i r e d  in  the  

d o m e  (150:1) i s  a p p a r e n t l y  m u c h  too  h ig h  f o r  p r e c i s i o n  h o t - p r e s s i n g ,  t h e r e ­
f o r e ,  s u b s e q u e n t  d i a m o n d  m a c h i n in g  w ou ld  a l s o  be  n e c e s s a r y .

KT S i l i c o n  C a r b i d e  is  f o r m e d  co ld  ( c o n s i s t i n g  in i t i a l l y  of abou t  75% 

m in u s -1 0 0  m e s h  g r a n u l a r  S iC ,  the  b a l a n c e  g r a p h i t e  a n d  p l a s t i c  b in d e r ) .  I t  
c a n  be g r e e n - m a c h i n e d  e x t e r n a l l y  w i th  c a r b i d e  to o ls  and  r e c e n t  d e m o n s t r a t i o n s  

h a v e  shown t h a t  h o l e s  c a n  b e  g r e e n - d r i l l e d  f o r  the  d o m e  w i th  a i r - c o o l e d  d i a ­

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

" T h e  H igh  T e m p e r a t u r e  P r o p e r t i e s  of C e r a m i c s  an d  C e r m e t s " ,  E .  G lenny  
and T . A .  T a y l o r ,  P o w d e r  M e t a l l u r g y ,  1958, N o .  l / 2 .

2
" O x id e s  f o r  H igh  T e m p e r a t u r e  A p p l i c a t i o n s " ,  W . D .  K in g e r y ,  A d v an ce  

P a p e r  f o r  th e  H igh  T e m p e r a t u r e  T e c h n o lo g y  C o n f e r e n c e  h e l d  a t  A s i l o m a r ,  
C a l i f o r n i a ,  S e p t .  6, 7, 8 and  9, 1959.

3
" S e l e c t i o n  of M a t e r i a l s  f o r  H y p e r s o n i c  L e a d in g  E d g e  A p p l ica t ions ." ,  Anthony 

and P e a r l ,  I n s t i t u t e  of th e  A e r o n a u t i c a l  S c i e n c e s  No. 5 9 -1 1 1 .
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c a r b i d e  body w i th  a s h r i n k a g e  of about  1%. ( 3 - l / 2 - i n .  p i e c e s  h av e  exh ib i ted
a s h r i n k a g e  of 0. 4 p e r c e n t  w h e n  r e f e r r e d  to  the  m o ld ) .  Th is  am o u n t  of 

s h r i n k a g e  sh o u ld  a llow u s e  of th e  p i e c e  w i th  l i t t l e  o r  no m a c h in in g  a f te r  
f i r in g .

4. C r a c k  R e s i s t a n c e
The  d o m e  w il l  h a v e  a t e m p e r a t u r e  d i s t r i b u t i o n  d i c t a t e d  by the  r e ­

a c t o r .  T e m p e r a t u r e  c h a n g e s  w i l l  p r o b a b l y  be s u f f ic ie n t ly  s low t h a t  t h e r m a l  
s h o c k  is  not a  p r o b l e m .

S te a d y  s t a t e  t h e r m a l  s t r e s s e s  w i l l  be  a p p r o x i m a t e l y  p r o p o r t i o n a l  

to  the  q u an t i ty  E a  w h e r e  E i s  Y o u n g ' s  m o d u lu s  and  a  i s  the  ex p an s io n  c o ­

e f f ic ie n t .  M e a s u r e m e n t s  by B e l l  A i r c r a f t  Co. g ive  E a  ( m a x i m u m  value) =

90 f o r  K T - S i C  (us ing  p s i  and  ®F). The  v a lu e  f o r  BeO and  A l^O ^  is about 

250 at  t e m p e r a t u r e s  of i n t e r e s t .  K T - S iC  shows a  c l e a r  ad v an tag e  but the  
o x ides  m a y  be  s a t i s f a c t o r y .  R e s i s t a n c e  to  th i s  k ind  of t h e r m a l  s t r e s s  m a y  
be  c o m p a r e d  by  t h e  q u a n t i ty  a / E a  w h e r e  a is  the  t e n s i l e  s t r e n g t h .  A high 

v a lu e  of t h i s  q u a n t i ty  m i n i m i z e s  the  p r o b l e m  of t h e r m a l  s t r e s s e s .

T he  t e n s i l e  s t r e n g t h s  of K T - S iC  and the  c o m m o n  ox ides  a r e  s i m i l a r  

a t  2000®F, bu t  K T - S iC  h a s  a  c l e a r  a d v a n ta g e  o v e r  2500®F. H o t - p r e s s e d  
s i l i c o n  c a r b i d e  h a s  b e e n  p r o d u c e d  by  A l f r e d  U n i v e r s i t y  and  C a r b o r u n d u m  

w i th  f l e x u r e  s t r e n g t h s  of a b o u t  50, 000 to  60, 000 p s i  at  2500®F, H o t - p r e s s e d  
B eO  of v e r y  h igh  d e n s i t y  h a s  b e e n  m a d e  w i th  f l e x u r e  s t r e n g t h s  of about 
40,  000 p s i  a t  2 2 00°F  by A t o m i c s  I n t e r n a t i o n a l .  T h e s e  h igh s t r e n g t h s  w e r e  

a c h i e v e d  a t  the  e x p e n s e  of r e d u c e d  d u c t i l i t y  a long  wi th  a  c o n s i d e r a b l e  i n ­
c r e a s e  in  f r a g i l i t y  and  e a s e  of c r a c k  p r o p a g a t io n .  T h e r e f o r e ,  v e r y  high 
s t r e n g t h  c o m p o s i t i o n s  m a y  be u n d e s i r a b l e .

F a b r i c a t i o n  of K T - S iC  D o m e

In  p r e p a r i n g  p e r f o r a t e d  SiC s h a p e s  the  h o le s  c a n  be  m a d e  up  to  50 w a l l  
t h i c k n e s s e s  by p r e s s i n g .  T h e  d e e p e r  h o l e s  d e m a n d e d  f o r  a b a s e  d o m e  r e ­

q u i r e  m o r e  e l a b o r a t e  t e c h n i q u e s .  P r e v i o u s  d r i l l i n g  e x p e r i e n c e  on g r e e n  
s h a p e s  by C a r b o r u n d u m  w a s  not v e r y  e n c o u r a g in g .  T h e i r  b i g g e s t  d if f icu l ty  
w as  b r e a k i n g  the  t h in  w eb  b e tw e e n  h o l e s .

C o n se q u e n t ly ,  d r i l l i n g  g r e e n  and  f i r e d  s h a p e s  w a s  s tu d ie d  by  LRL. at 

H o f fm a n  D r i l l  Co. , P u n x s u ta w n e y ,  P a .  H o f fm an  h a s  h a d  e x t e n s iv e  and 

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

H o f fm an  ha s  now d e m o n s t r a t e d  th a t  t h e i r  d i a m o n d  c o r e  d r i l l s  c an  s in k  

h o l e s  in  f i r e d  K T - S iC  at  the  r a t e  of about  1 i n . / m i n .  In  u n f i r e d  m a t e r i a l  the
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r a t e  i s  about  20 i n . / m i n .  C o n s i d e r a b l y  t h i n n e r  w ebs  a r e  p e r m i t t e d  th a n  a r e  

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

only  to  the  c o s t  of the  c o r e  d r i l l  p r o p e r )  a r e  $3.  5 0 / in .  in  f i r e d  SiC and 

$0. 0 0 5 / i n .  in  u n f i r e d  p i e c e s  .
Owing to  t h i s  d e m o n s t r a t e d  d r i l l i n g  c ap a b i l i ty ,  d e v e lo p m e n t  of t e c h ­

n i q u e s  f o r  p r e s s i n g  the h o l e s  h a s  no t  b e e n  p u r s u e d .  W ith  d r i l l i n g  i t  i s  f e a ­

s ib l e  to  h a v e  h o le s  w i th  n o n p a r a l l e l  a x e s ,  as  i s  l i k e ly  to  be r e q u i r e d  in  th is  

i n s t a n c e .

M o d e l  T e s t s
G e n e r a l
The  p r i n c i p a l  m o d e l  t e s t s  c o n s i s t  of apply ing  h y d r o s t a t i c  p r e s s u r e  

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

P r o p e r  s t r u c t u r a l  s i m i l i t u d e  in  t h i s  c a s e  r e q u i r e s  that:

1. T he  m o d e l  m a i n t a i n s  c o m p l e t e  g e o m e t r i c  s i m i l a r i t y .
2. T h e  m o d e l  is  c o n s t r u c t e d  of th e  s a m e  m a t e r i a l  as  the  p ro to t y p e .

3. T he  m a t e r i a l  sh o u ld  be u n i f o r m  and c o n t in u o u s .  If  t h e s e  r e l a t i o n ­

sh ip s  ho ld ,  th e  p r e s s u r e - s t r e s s  r e l a t i o n s h i p  w i l l  be  i d e n t i c a l  in  bo th  m o d e l  

and  p r o to t y p e .  T h e  lo a d  p r o d u c e d  by the  p r e s s u r e  and  th e  r e s i s t i n g  s t r e n g t h  

bo th  v a r y  as  the  s q u a r e  of the  s c a l i n g  f a c t o r .

C o m p le t e  g e o m e t r i c  s i m i l i t u d e  i s  no t  f e a s i b l e  f o r  s m a l l  p e r f o r a t e d  

m o d e l s  h o w e v e r .  T h e s e  w ou ld  be  d i f f i cu l t  to  m a c h i n e  a n d  the  w eb  t h i c k n e s s  
cou ld  r e d u c e  to  an  o r d e r  of m a g n i tu d e  w h e r e  g r a i n  s i z e  cou ld  no  l o n g e r  be 

i g n o r e d .  G e o m e t r i c  s i m i l a r i t y  w o u ld  be  m a i n t a i n e d  a t  th e  e x p e n s e  of m a t e ­
r i a l  c o n s i s t e n c y .  H o w e v e r ,  the  r a t i o  of h o l e - t o - d o m e  d i a m e t e r s  sh o u ld  hav e  

l i t t l e  e f fec t  i f  the  n u m b e r  of h o l e s  r e m a i n s  l a r g e  and  e q u a l  p o r o s i t y  and  s i m i ­

l a r  h o le  p a t t e r n s  a r e  m a i n t a i n e d .
The  h igh  c o s t  and  f a b r i c a t i o n  d i f f i c u l t i e s  e n c o u n t e r e d  w i th  a c tu a l  m a ­

t e r i a l s  w ould  s low  down m o d e l  t e s t s .  S in c e ,  f o r  a l l  p r a c t i c a l  p u r p o s e s ,  the  
m a g n i tu d e  of the  r u p t u r e  l o a d  is  t h e  only  v a r i a b l e  in  t h e i r  r u p t u r e  c h a r a c ­

t e r i s t i c s  a l m o s t  any  b r i t t l e  m a t e r i a l  w i l l  p r o v id e  m o s t  of the  i n f o r m a t i o n  r e ­
q u i r e d  in  s h o r t - t i m e  m o d e l  t e s t s .

T e s t s  to  D a te
A s e r i e s  of 12 - in .  - d i a m  p l a s t e r  d o m e s  h a v e  b e e n  t e s t e d  t o  d e s t r u c t i o n .  

F o u r  of t h e s e  w e r e  s o l id  d o m e s  an d  e igh t  w e r e  50% p o r o u s  w i th  h a l f - i n c h  
h o l e s .  Tw o of the  l a t t e r  w e r e  s e g m e n t e d  7 - p i e c e  d o m e s  c o n s i s t i n g  of a k e y ­

s to n e  and  6 c i r c u m f e r e n t i a l  b lo c k s .
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T he  p r e s s u r e  d e f l e c t i o n  r e a d i n g s  f o r  the  p o ro u s  d o m e s  a r e  shown in 

F i g .  I I I -1 2 .  T he  c u r v e s  a r e  m o r e  r e g u l a r  th a n  s i m i l a r  c u r v e s  f o r  so l id  
m o d e l  d o m e s .  F a i l u r e  in  t h e s e  m o d e l s  o c c u r s  b e tw ee n  130 p s i  and 210 p s i .  

T h e r e  do es  not s e e m  to  be  any  s ig n i f i c a n t  d e c r e a s e  in  s t a t i c  s t r e n g t h  with  
s e g m e n t a t i o n  f o r  the  7 - p i e c e  s p e c i m e n s .

T he  p h o to g r a p h  F i g .  I I I - 1 3  shows both  a o n e - p i e c e  and  a s e g m e n t e d  
d o m e  w h i le  s u p p o r t i n g  p r e s s u r e .  F i g u r e  I I I -1 4  shows t h e s e  m o d e l s  a f t e r  

r e m o v a l  f r o m  the  t e s t  e q u ip m e n t .  T h e  d e g r e e  of d e s t r u c t i o n  is  obv ious .  

H o w e v e r ,  m o s t  of t h e  c r a c k s  w e r e  r a d i a l  and  d id  not i n t e r f e r e  w i th  the  

a b i l i ty  to s u p p o r t  l o a d  by m e r i d i o n a l  s t r e s s e s .
C y l i n d r i c a l  c o m p r e s s i o n  s p e c i m e n s  of t h i s  p l a s t e r  m a t e r i a l  f a i l e d  at 

2960, 2370, 2650, 2370, and  1600 p s i .  T h i s  i n d i c a t e s  a f a c t o r  of 10 to 15 

b e t w e e n  s t r e s s  and  p r e s s u r e  l o a d  in  c o n s i s t e n t  un i t s .  I t  is  s ig n i f i c a n t  th a t  

in  a  co ld  s t a t i c  s h o r t - t i m e  t e s t ,  o r d i n a r y  p l a s t e r - o f - p a r i s  s u p p o r t e d  a  load  

ro u g h ly  e q u iv a l e n t  to  the  d e s i g n  lo a d .  T h i s  i n d i c a t e s  th a t  a m a t e r i a l  w i th  a 

l i f e t i m e  h ig h  t e m p e r a t u r e  s t r e n g t h  of l e s s  th a n  5000 p s i  m a y  be a c c e p ta b l e  

f o r  an  a c t u a l  d o m e .

E l e v a t e d  T e m p e r a t u r e  M o d e l  T e s t  E q u i p m e n t

F o r  h igh  t e m p e r a t u r e  e n d u r a n c e  t e s t i n g  the  s m a l l  h y d r o s t a t i c  t e s t  unit  

sh o w n  in  F i g .  I I I -1 5  h a s  b e e n  b u i l t .  T h i s  un i t  c a n  a c c o m m o d a t e  a 3 - l / 2 - i n .  - 
d i a m  m o d e l .

T he  t e s t  e q u ip m e n t  c o n s i s t s  of a  f r a m e  and s e a t  m a c h i n e d  f r o m  a s ing le  
p i e c e  of m o l y b d e n u m .  A f t e r  the  d o m e  h a s  b e e n  s e t  in  p lace  a  p r e s s u r e  

c h a m b e r  w i th  a r e p l a c e a b l e  m o ly  d i a p h r a g m  is  i n s e r t e d  above i t .  T he  e n t i r e  

un i t  w i l l  t h e n  be  p l a c e d  in  an  i n e r t  a t m o s p h e r e  f u r n a c e  f o r  the  t e s t .  T he  low 

v o lu m e  of the  p r e s s u r e  v e s s e l  and  the  s m a l l  d i a m e t e r  in le t  tube  r e m o v e  the  
d a n g e r  of an  e x p lo s i o n  in  the  f u r n a c e .  T h e  p r e s s u r e  c h a m b e r  m u s t  be  f a c e d  

off and  a new d i a p h r a g m  w e ld e d  on a f t e r  e a c h  t e s t  due to  t e m p e r a t u r e  e m ­
b r i t t l e m e n t .

T h i s  type  of c o n s t r u c t i o n  e l i m i n a t e s  f a s t e n e r s  and  p e r m i t s  the  u se  of 

v e r y  h igh  p r e s s u r e s .  F r a m e  d e s i g n  c a p a b i l i t y  i s  2500 p s i  a t  3000**F f o r  100 

h o u r s .  T h i s  i s  a m p l e  to  d e m o n s t r a t e  the  m a x i m u m  s t r e n g t h  c a p a b i l i t i e s  of 

any of the  h igh  p e r f o r m a n c e  c e r a m i c s  and  to j u s t i f y  e x t r a p o l a t i o n  of m o d e l  
t e s t  r e s u l t s .

S e v e r a l  S iC  m o d e l s  h a v e  b e e n  bu i l t  and  t e s t s  on th i s  e q u ip m e n t  a r e  now 
in  p r o g r e s s .
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F i g .  I l l - 13.  U p p e r :  S i n g l e - p i e c e  d o m e  s u p p o r t i n g  m a x i m u m  p r e s s u r e .  
A l m o s t  a l l  m a j o r  c r a c k s  s h o w n  h a d  o c c u r r e d  20 p s i  e a r l i e r .  B e low :  S e g ­
m e n t e d  d o m e  a f t e r  t e s t .  D o m e  h a d  s u p p o r t e d  130 p s i  w h ile  c r a c k e d  a s  s h o w n .
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F i g .  I I I -14 .  U pper: S in g le -p ie c e  d om e r e m o v e d  fr o m  the t e s t  r ig ,  sh ow in g  
e x te n t of d a m a g e . L o w er: S e g m e n te d  d om e r e m o v e d  fr o m  th e t e s t  r ig .
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F i g .  I I I -1 5 .  H ig h  t e m p e r a t u r e  t e s t  c e l l .  1. C e r a m i c  d o m e .  Z,  Moly  
f r a m e .  3. P r e s s u r e  c h a m b e r .  4 ,  M oly  d i a p h r a g m .

B o th  T o r y  I I - C - 1  a n d  T o r y  I I - C - 2  r e a c t o r s  w i l l  u t i l i z e  h e x a g o n a l  fue l  

e l e m e n t s  a p p r o x i m a t e l y  l / 4 - i n .  a c r o s s  f l a t s  w i th  about  a  3 / l 6 - i n .  d ia m  
h o le .  T he  e l e m e n t s  w i l l  be  4 - i n c h e s  long .

T E S T  V E H IC L E

C o n c e p tu a l  d e s i g n  of th e  fo l lowing  T o r y  I I -C  t e s t  v e h ic l e  i t e m s  is  c o m ­
p le te .

1. C a r .  A s p e c i a l  f l a t c a r  of s t a n d a r d  r a i l r o a d  gauge  w i l l  be  f a b r i ­

c a t e d .  T he  p u r p o s e  of t h i s  c a r  i s  to  s u p p o r t  and  t r a n s p o r t  the  t e s t  r e a c t o r .  

T he  c a r  w i l l  be  38 ft  lo n g .  I t  w i l l  hav e  a  l o w - p o w e r  e l e c t r i c a l  m o t o r  d r iv e  
w h ich  c a n  m o v e  the  c a r  f o r  s h o r t  d i s t a n c e s .  T he  c a r  w i l l  be  eq u ip p ed  to 

u s e  the  s a m e  t r a c k s ,  o u t r i g g e r s  and  b u n k e r  a s  the  T o r y  I I -A  c a r .
2. I n l e t  D u c t s .  T he  i n l e t  d u c t s  w i l l  c o n s i s t  of a f o r w a r d  d i f f u s e r  s e c ­

t ion ,  a n  af t  d i f f u s e r  s e c t io n ,  an d  a  c o n t r o l s  s e c t io n .  T he  d u c t s  w i l l  be w e ld ed  
f a b r i c a t i o n s  of h e a t - r e s i s t a n t  n i c k e l  b a s e  a l l o y s .  T he  f o r w a r d  d i f f u s e r  s e c ­
t io n  w i l l  be  d e s i g n e d  to  u s e  the  e x i s t i n g  T o r y  I I -A  r e m o t e  duc t  coupl ing .  The  
d i f f u s e r  t h r o a t  d i a m e t e r  w i l l  be  a p p r o x i m a t e l y  18 in.  T h e  d i f f u s e r  d iv e r g e n t
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h a l f - a n g l e  w i l l  be  6 ° .  T h e  aft  d i f f u s e r  s e c t i o n  w i l l  c o n n ec t  to  the  f o r w a r d  

d i f f u s e r  s e c t i o n  and  the  c o n t r o l s  s e c t i o n  w i th  b o l t e d  f l a n g e s .  T he  c o n t r o l  

s e c t i o n  to  r e a c t o r  coup l ing  w i l l  be of the  V - b a n d  ty p e .  R e a c t o r  c o n t r o l  rod  

a c t u a t o r s  w i l l  be  l o c a t e d  in  the  c o n t r o l  s e c t io n .

3. N o z z le  S e c t io n .  T h e  n o z z le  s e c t i o n  w i l l  be  a w e ld e d  f a b r i c a t i o n  of 

h e a t - r e s i s t a n t  n i c k e l  b a s e  a l lo y .  T h i s  s e c t i o n  w i l l  be  e x t r e m e l y  a i r - c o o l e d  

by h igh  p r e s s u r e  co ld  a i r  f r o m  the  bo t t l e  f a r m  ( r e d u c e d  to  a c o n t r o l l a b l e  

200 p s i  l e v e l ,  100°F  m a x  t e m p ) .  T h e  i n t e r n a l  s u r f a c e s  e x p o s e d  to  the  e x ­

h a u s t  a i r  w i l l  be  c o a t e d  w i th  c e r a m i c  m a t e r i a l s  f o r  ad d ed  p r o t e c t i o n .  The  

n o z z l e  w i l l  be  c o n v e r g e n t  w i th  a s h o r t  d i v e r g e n t  s e c t io n .  T h e  t h r o a t  d i a m e t e r  

w i l l  be  a p p r o x i m a t e l y  33 in .  Cooling  a i r  f o r  th e  n o z z l e  w i l l  be  s u p p l ie d  

t h r o u g h  the  b u n k e r  w a l l  to  a r i g i d  8 - in .  p ipe  m o u n t e d  on the  c a r .  T h e  c o n ­

n e c t i o n  to the  n o z z l e  w i l l  be  t h r o u g h  a h ig h  p r e s s u r e  b e l lo w s  and  a V - b a n d  

coup l ing .  I n s t r u m e n t a t i o n  r a k e s  w i l l  be  l o c a t e d  in  the  f o r w a r d  c y l i n d r i c a l  

p o r t i o n  of the  n o z z l e  s e c t i o n .  I n s e r t i o n  and  r e m o v a l  to  t h e s e  r a k e s  w i l l  be 

t h r o u g h  d i a m e t r a l l y  o p p o s i t e  p a r t  in  the  n o z z l e  w a l l .

4.  E l e c t r i c a l .  A l l  i n s t r u m e n t a t i o n  and  e l e c t r i c a l  l i n e s  wi l l  be  r o u t e d  

t h r o u g h  w i r i n g  t r a y s  b u i l t  in to  the  d e c k  of the  c a r .  The  T o r y  I I - C  t e s t  v e ­

h ic l e  w i l l  u s e  th e  T o r y  I I -A  m a i n  e l e c t r i c a l  d i s c o n n e c t  in  the  t e s t  b u n k e r .

A i r  Supp ly  E x t e n s i o n

The  fo l lowing  f a c i l i t i e s  a r e  to  be  a d d e d  to  A r e a  401 a i r  supp ly  s y s t e m  
u n d e r  the  P h a s e  III c o n s t r u c t i o n  p r o g r a m :

A d d i t io n  of a 280, 0 0 0 -p o u n d  c a p a c i t y  a i r  s t o r a g e  s y s t e m  to  i n c r e a s e  

the  a i r  s t o r a g e  c a p a c i t y  f r o m  120, 000 pounds  of a i r  a t  3600 p s i  to  400, 000 

pounds  of a i r  a t  3600 p s i .

M o d i f i c a t i o n  of th e  c o m p r e s s o r  h o u s e  to p e r m i t  the  i n s t a l l a t i o n  of a 

t h i r d  h ig h  p r e s s u r e  a i r  c o m p r e s s o r  and i t s  a s s o c i a t e d  e q u i p m e n t .

/  m d

S E C R E T



L E G A L  NOTICE

This report was prepared as an account of Government sponsored work. 
Neither the United States, nor the Commission, nor any person acting on 
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with 
respect to the accuracy, completeness, or usefulness of the information con­
tained in this report, or that the use of any information, apparatus, method, 
or process d isclosed  in this report may not infringe privately owned rights; or

B. Assumes any liabili ties  with respect to the use of, or for damages 
resulting from the use of any information, apparatus, method or process dis­
closed in this report.

As used in the above, " person acting on behalf of the Commission ” 
includes any employee or contractor of the commission, or employee of such 
contractor, to the extent that such employee or contractor of the Commission, 
or employee of such contractor prepares, disseminates, or provides access  
to, any information pursuant to his employment or contract with the Commis­
sion, or his employment with such contractor.


