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ABSTRACT 

A s y s t e m a t i c  a n a l y t i c a l  approach t o  de te rmine  t h e  t h e r m a l  
4 p r o p e r t y  r equ i rements  o f  t h e  r e e n t r y  p r o t e c t i o n  on i s o t o p e  h e a t  
03 
r- 
Ln 

s o u r c e s  i s  p r e s e n t e d -  Such an approach i s  n e c e s s a r y  i n  o r d e r  t o  
I s a t i s f y  b o t h  r e e n t r y  and s t e a d y  s t a t e  the rmal  r e q u i r e m e n t s  i n  

p r e s e n t  h e a t  s o u r c e  d e s i g n s  i n  which h e a t  i s  t r a n s f e r r e d  th rough  
t h e  r e e n t r y  m a t e r i a l s  d u r i n g  power sys tem o p e r a t i o n .  R e s u l t s  
a r e  p r e s e n t e d  f o r  a  P ioneer - type  h e a t  s o u r c e  which i s  b e i n g  con- 
s i d e r e d  f o r  t h e  I s o t o p e  Brayton a p p l i c a t i o n .  These r e s u l t s  
i n d i c a t e  t h s t  t h e  r ange  of  the rmal  p r o p e r t i e s  of  t h e  h e a t  s o u r c e  
r e e n t r y  m a t e r i a l s  whieh w i l l  r e s u l t  i n  a c c e p t a b l e  t e m p e r a t u r e s  
d u r i n g  r e e n t r y  and d u r i n g  s t e a d y  s t a t e  Brayton power sys tem 
o p e r a t i o n  i s  v e r y  l i m i t e d .  
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dc 
a, A s y s t e m a t i c  a n a l y t i c a l  app roach  t o  d e t e r m i n e  t h e  t h e r m a l  
r- 
10 p r o p e r t y  r e q u i r e m e n t s  o f  t h e  r e e n t r y  p r o t e c t i o n  on i s o t o p e  h e a t  

I 
w s o u r c e s  i s  p r e s e n t e d o  Such an approach  i s  n e c e s s a r y  i n  o r d e r  t o  

s a t i s f y  b o t h  r e e n t r y  and s t e a d y  s t a t e  t h e r m a l  r e q u i r e m e n t s  i n  
p r e s e n t  h e a t  s o u r c e  d e s i g n s  i n  which  h e a t  i s  t r a n s f e r r e d  t h r o u g h  
t h e  r e e n t r y  m a t e r i a l s  durSng power s y s t e m  o p e r a t i o n .  R e s u l t s  
a r e  p r e s e n t e d  f o r  a F i o n e e r - t y p e  h e s t  s o u r c e  which i s  b e i n g  con-  
s i d e r e d  f o r  t h e  I s o t o p e  Brayton  a p p l i c a t i o n .  These r e s u l t s  
i n d i c a t e  t h a t  t h e  r a n g e  o f  t h e r m a l  p r o p e r t i e s  o f  t h e  h e a t  s o u r c e  
r e e n t r y  m a t e r i a l s  which w i l l  r e s u l t  i n  a c c e p t a b l e  t e m p e r a t u r e s  
d u r i n g  r e e n t r y  and  d u r i n g  s t e a d y  s t a t e  Bray ton  power s y s t e m  
o p e r a t i o n  i s  v e r y  l i m 2 t e d .  

A Bray ton  c y c l e  power sys t em i s  c u r r e n t l y  b e i n g  deve loped  
by NASA Lewis Resea rch  C e n t e r  f o r  g e n e r a t i o n  o f  a u x i l i a r y  
e l e c t r i c a l  power i n  s p a c e  ( s e e  r e f .  1 ) "  One o f  t h e  e n e r g y  s o u r c e s  
b e i n g  c o n s i d e r e d  f o r  t h i s  sys t em is  r a d i o i s o t o p e s e  I n  t h i s  c a s e ,  
t h e  h e a t  s o u r c e  u n i t  (HSU) c o n s x s t s  o f  a c i r c u l a r ,  p l a n a r  a r r a y  
of h e a t  s o u r c e s  (HS), f i g u r e  1, e a c h  o f  which c o n t a i n s  i s o t o p e  
f u e l  ( s e e  r e f .  2 ) .  

The HSU r a d i a t e s  t h e r m a l  e n e r g y  t o  t h e  h e a t  s o u r c e  h e a t  
exchange r  (HSHX)o The Bray ton  c y c l e  work ing  f l u i d  i s  h e a t e d  t o  
t h e  t u r b i n e  i n l e t  t e m p e r a t u r e ,  1600' F, a s  i t  f l o w s  t h r o u g h  t h e  
HSHX- The e n t i r e  HSU i s  an  i n t e g r a l  p a r t  o f  a  r e e n t r y  v e h i c l e  
(HSRV). Shou ld  a t m o s p h e r i c  r e e n t r y  e v e r  o c c u r ,  t h e  HSRV i s  
d e s i g n e d  t o  i n s u r e  safe, i n t a c t  r e e n t r y  o f  t h e  HSU. I n  a d d i t i o n ,  
s h o u l d  a n  i n d i v i d u a l  HS e v e r  become s e p a - r a t e d  f rom t h e  H S U  and  
H S N  i t  i s  p r o v i d e d  w i t h  t h e  c a p a b i l i t y  o f  s a f e  r e e n t r y  by i t s  
own i n d i v i d u a l  r e e n t r y  p r o t e c t i o n  r t s a t e r i a lo  W i t h i n  t h e  r e e n t r y  
m a t e r i a l s ,  e a c h  HS cont-..ins a r ~ e f r a c t o r y  m e t a l  c a p s u l e  i n t o  
which t h e  i s o t o p e  f u e l  i s  l o a d e d o  



S i n c e  t h e  h e a t  g e n e r a t e d  i n  t h e  f u e l  must be t r a n s f e r r e d  
th rough  t h e  HS r e e n t r y  p r o t e c t i o n ,  t h e  p resence  of  t h i s  m a t e r i a l  
i n c r e a s e s  t h e  c a p s u l e  t e m p e r a t u r e s  d u r i n g  power sys tem o p e r a t i o n .  
S i n c e  i n c r e a s e d  r e e n t r y  p r o t e c t i o n  r e s u l t s  i n  i n c r e a s e d  s t e a d y  
s t a t e  o p e r a t i n g  t e m p e r a t u r e s ,  t h e s e  m a t e r i a l s  must b e  chosen t o  
s i m u l t a n e o u s l y  s a t i s f y  b o t h  r e e n t r y  and s t e a d y  s t a t e  t h e r m a l  
r equ i rements .  I n  t h e  p r e s e n t  a n a l y s i s ,  a  p a r a m e t r i c  approach 
i s  p r e s e n t e d  t o  de te rmine  t h e  t h e r m a l  p r o p e r t i e s  o f  t h e  HS 
r e e n t r y  m a t e r i a l  which s a t i s f y  b o t h  requ i rements .  Some examples 
a r e  g iven  f o r  t h e  Brayton a p p l i c a t i o n .  They a r e  n o t  comprehen- 
s i v e  b u t  a r e  i n t e n d e d  on ly  t o  i l l u s t r a t e  t h e  approach and t o  
i n d i c a t e  t h e  s e v e r i t y  o f  t h e  problem i n  mee t ing  b o t h  r e q u i r e m e n t s  
i n  t h e  Brayton a p p l i c a t i o n  u s i n g  t h e  p r e s e n t  t y p e  o f  HS r e e n t r y  
p r o t e c t i o n  d e s i g n .  

BRAYTON HEAT SOURCE THERMAL CONSTRAINTS 

The AEC i s  d e v e l o p i n g  an i s o t o p e  t h e r m o e l e c t r i c  g e n e r a t o r  
f o r  t h e  P ioneer  miss ion .  A P ioneer - type  HS i s  b e i n g  c o n s i d e r e d  
f o r  u s e  i n  t h e  Brayton HSU. A s  shown i n  f i g u r e  2, t h e  c a p s u l e  
i s  su r rounded  by a  hexagonal  p r i sm shaped POCO g r a p h i t e  r e e n t r y  
p r o t e c t i o n  m a t e r i a l .  Between t h e  c a p s u l e  and t h e  POCO, a  s l e e v e  
o f  i n s u l a t i n g  m a t e r i a l  i s  i n c l u d e d  and comple te ly  s u r r o u n d s  t h e  
c y l i n d r i c a l  p o r t i o n  o f  t h e  c a p s u l e .  The i n s u l a t i n g  m a t e r i a l  i s  
n e c e s s a r y  a s  a  r e s u l t  o f  t h e  r equ i rement  t h a t  t h e  plat inum-20% 
rhodium o x i d a t i o n  r e s i s t a n c e  c l a d  on t h e  t a n t a l u m  a l l o y  (T-111) 
s t r e n g t h  member of  t h e  c a p s u l e  n o t  be  a l lowed t o  r e a c h  i t s  m e l t i n g  
t e m p e r a t u r e  (-34000 F) d u r i n g  r e e n t r y .  

For  t h e  P ioneer  a p p l i c a t i o n ,  t h e  r e e n t r y  i n s u l a t i o n  c u r r e n t l y  
b e i n g  e v a l u a t e d  c o n s i s t s  o f  t h r e e  l a y e r s  of  p y r o l y t i c  g r a p h i t e  
(PG) w i t h  a  t o t a l  t h i c k n e s s  o f  200 m i l s .  I n  t h a t  c a s e ,  t h e  HS 
i s  r e q u i r e d  t o  s u r v i v e ,  w i t h o u t  p la t inum c l a d  mel t ing ,  a  s u p e r -  
o r b i t a l  r e e n t r y  i n  a  s i d e - o n - s t a b l e ,  f l a t  s i d e  l e a d i n g  o r i e n t a t i o n .  
T h i s  o r i e n t a t i o n  mode i s  g e n e r a l l y  accep ted  t o  b e  t h e  most s e v e r e  
t h e r m a l l y .  I n  t h e  P i o n e e r  a p p l i c a t i o n  t h e  HS c o n t a i n s  875 w a t t s  
t h e r m a l  o f  f u e l .  Heat  i s  t r a n s f e r r e d  ax i sy rnmet r i ca l ly  from t h e  
HS t o  a  s i n k  t empera tu re  o f  approx imate ly  1100° F. 

I n  t h e  Brayton a p p l i c a t i o n  each HS c o n t a i n s  400 w a t t s  t h e r m a l  
of  f u e l  and h e a t  i s  t r a n s f e r r e d  from o n l y  one s i d e  o f  t h e  HS p l a n a r  
a r r a y  and t h e  s i n k  t e m p e r a t u r e  (HSHX s u r f a c e )  i s  above 1 6 0 0 ~  F. 
Opera t ion  t e m p e r a t u r e s  i n  t h e  Brayton a p p l i c a t i o n  w i l l  be  h i g h e r  
t h a n  i n  t h e  P ioneer  a p p l i c a t i o n .  For Brayton,  t h e  t e m p e r a t u r e  
l i m i t a t i o n  on t h e  T-111 s t r u c t u r a l  member o f  t h e  c a p s u l e  h a s  been 
assumed f o r  t h i s  s t u d y  t o  be  2200° F. S teady  s t a t e  t h e r m a l  c a l c u -  
l a t i o n s  have shown t h a t  t h e  T-111 t empera tu re  r e a c h e s  abou t  2000' F 



even  when no i n s u l a t i n g  m a t e r i a l  i s  i n c l u d e d ,  i . e . ,  when t h e  r e -  
e n t r y  p r o t e c t i o n  c o n s i s t s  o f  o n l y  POCO w i t h  e m i s s i v i t y  o f  0 . 8  and  
t h e r m a l  c o n d u c t i v i t y  o f  -20.0 B ~ u / h r - f t - O ~  a t  2000' F. When t h e  
P i o n e e r  i n s u l a t i o n ,  t h r e e  l a y e r s  o f  PG (wi th  t h e r m a l  c o n d u c t i v i t y  
< 1 . 0  B ~ U / h r - f t - ~ ~ ) ,  i s  i n c l u d e d  t h e  assumed t e m p e r a t u r e  l i m i t  i s  
a p p r e c i a b l y  exceeded .  The T-111 o p e r a t i n g  t e m p e r a t u r e ,  when PG 
i n s u l a t i o n  i s  i n c l u d e d ,  c a n  b e  k e p t  below 22000 F by  e i t h e r  
r e d u c i n g  f u e l  l o a d i n g  o r  i n c r e a s i n g  c a p s u l e  l e n g t h .  The o t h e r  
o b v i o u s  a l t e r n a t i v e  would b e  t o  r e d u c e  t h e  amount of i n s u l a t i o n ,  
which  would t h e n  r e s u l t  i n  d e c r e a s e d  r e e n t r y  c a p a c i t y .  

THERMAL ANALYSI S  

P a r a m e t r i c  A n a l y s i s  o f  t h e  Reen t ry  I n s u l a t i o n  

F o r  i n d i v i d u a l  HS r e e n t r y ,  p r o t e c t i o n  m a t e r i a l s  w i t h  low 
t h e r m a l  d i f f u s i v i t y ,  i . e . ,  low c o n d u c t i v i t y  and  h i g h  h e a t  c a p a c i t y ,  
a r e  r e q u i r e d .  Yet d u r i n g  power s y s t e m  o p e r a t i o n ,  t h e  same p r o -  
t e c t i o n  m a t e r i a l  i s  r e q u i r e d  t o  have  a s  h i g h  a  t h e r m a l  c o n d u c t i v i t y  
a s  p o s s i b l e .  C l e a r l y  a  t r a d e o f f  be tween t h e s e  two r e q u i r e m e n t s  i s  
n e c e s s a r y .  The t h e r m a l  p r o p e r t i e s  r e q u i r e d  o f  t h e  r e e n t r y  p r o t e c -  
t i o n  i n  o r d e r  t o  meet  b o t h  r e q u i r e m e n t s  can  b e  d e t e r m i n e d  i n  a  
s y s t e m a t i c  manner on one g r a p h .  T h i s  g raph  would show t h e  peak  
c l a d  t e m p e r a t u r e  d u r i n g  r e e n t r y  and t h e  peak  T-111 t e m p e r a t u r e  
d u r i n g  power s y s t e m  o p e r a t i o n  a s  a  f u n c t i o n  o f  t h e  e f f e c t i v e  
t h e r m a l  c o n d u c t i v i t y  o f  t h e  r e e n t r y  m a t e r i a l .  On s u c h  a  p l o t ,  
t h e  minimum t h e r m a l  c o n d u c t i v i t y  which  would r e s u l t  i n  a c c e p t a b l e  
T-111 t e m p e r a t u r e s  d u r i n g  o p e r a t i o n  (kSS) and  t h e  maximum t h e r m a l  
c o n d u c t i v i t y  which  would r e s u l t  i n  a c c e p t a b l e  c l a d  t e m p e r a t u r e s  
d u r i n g  r e e n t r y  (kE) c o u l d  be  r e a d  d i r e c t l y .  If k ~  i s  g r e a t e r  
t h a n  k s s s  t h e  r a n g e  between them would b e  t h e  r a n g e  o f  d e s i g n  
v a l u e s  f o r  which b o t h  t e m p e r a t u r e  l i m i t a t i o n s  a r e  s a t i s f i e d .  

Such a  p l o t  would o f  c o u r s e  be  a  f u n c t i o n  o f  many o t h e r  
p a r a m e t e r s  s u c h  a s  i n i t i a l  r e e n t r y  c o n d i t i o n s  and  dynamic mot ion  
o f  t h e  HS, ' a b l a t i v e '  p r o p e r t i e s  o f  t h e  r e e n t r y  m a t e r i a l ,  t empera -  
t u r e s  i n  t h e  HS a t  i n i t i a l  r e e n t r y ,  HS f u e l  l o a d i n g ,  HS o r i e n t a t i o n  
and  s p a c i n g  i n  t h e  HSU, and t h e  e f f e c t i v e  s i n k  t e m p e r a t u r e  t o  which 
t h e  HSU r a d i a t e s .  I n  u s i n g  t h i s  p l o t  a s  a p r e l i m i n a r y  d e s i g n  t o o l ,  
v a r i a t i o n  i n  e a c h  o f  t h e s e  a d d i t i o n a l  f a c t o r s  would r e s u l t  i n  a  
d i f f e r e n t  g raph .  I n  t h e  Bray ton  HSU a p p l i c a t i o n ,  however,  many o f  
t h e s e  a d d i t i o n a l  f a c t o r s  have  a l r e a d y  been  f i x e d  o r  l i m i t e d .  The 
e x t e r i o r  geometry o f  t h e  HS, e x c e p t  t h e  l e n g t h ,  i s  c u r r e n t l y  
s p e c i f i e d ;  t h e  f u e l  l o a d  i s  f i x e d  a t  400 w a t t s ,  and t h e  r e e n t r y  
p r o t e c t i o n  m a t e r i a l s  were assumed t o  b e  POCO w i t h  a  200 m i l  i n -  
s u l a t i n g  s l e e v e  o v e r  t h e  c a p s u i e .  The HSHX t e m p e r a t u r e ,  t h e  s i n k  



t e m p e r a t u r e  t o  which t h e  HSU r a d i a t e s ,  i s  f i x e d  by t h e  Brayton 
c y c l e  t u r b i n e  i n l e t  t empera tu re  and t h e  HSU i s  conf ined  by s i z e  
l i m i t a t i o n s  t o  be a  c lose-packed a r r a y .  

S e v e r a l  examples of t h i s  peak t e m p e r a t u r e  v e r s u s  r e e n t r y  
p r o t e c t i o n  c o n d u c t i v i t y  p l o t  a r e  p r e s e n t e d  h e r e i n  f o r  t h e  Brayton 
HSU a p p l i c a t i o n .  Only o r b i t a l  r e e n t r y  v e l o c i t i e s  ( ~ 2 6 , 0 0 0  f t l s e c )  
a r e  c o n s i d e r e d .  S ide -on-s tab le ,  f l a t  s i d e  l e a d i n g  and s i d e - o n -  
s p i n n i n g  o r i e n t a t i o n s  d u r i n g  r e e n t r y  o f  t h e  HS a r e  examined. The 
r e e n t r y  p r o t e c t i o n  m a t e r i a l s  a r e  t a k e n  a s  POCO w i t h  a  200 m i l  
t h i c k  i n s u l a t i o n  s l e e v e  o v e r  t h e  c y l i n d r i c a l  p o r t i o n  o f  t h e  c a p s u l e .  
The t h e r m a l  c o n d u c t i v i t y  o f  t h e  i n s u l a t i n g  s l e e v e  i s  t a k e n  a s  t h e  
independen t  pa ramete r .  The e f f e c t s  o f  POCO s u r f a c e  r e c e s s i o n  on 
t h e  HS t e m p e r a t u r e s  o r  on t h e  n e t  i n p u t  h e a t  f l u x  a r e  n o t  i n c l u d e d .  

For  s i m p l i c i t y ,  t o  e l i m i n a t e  t h e  n e c e s s i t y  of  d e t e r m i n i n g  
t h e  h e a t i n g  d i s t r i b u t i o n  around a  hexagonal  p r i sm i n  c r o s s  f low, 
t h e  o u t e r  enve lope  o f  t h e  HS i s  assumed t o  b e  c y l i n d r i c a l  w i t h  
a  d i a m e t e r  e q u a l  t o  t h e  a c r o s s  f l a t s  d imension o f  t h e  P i o n e e r  HS. 

Thermal Mode 1 

The two d imens iona l  the rmal  model, a  network o f  nodes 
r e p r e s e n t i n g  one h a l f  of a HS, used  i n  b o t h  t h e  s t e a d y  s t a t e  
o p e r a t i o n  and t h e  r e e n t r y  a n a l y s i s  i s  shown i n  f i g u r e  3. A s  
p r e v i o u s l y  e x p l a i n e d ,  t h e  hexagonal  shape  was t a k e n  a s  c y l i n d r i -  
c a l .  For  t h e  s t e a d y  s t a t e  a n a l y s i s ,  t h e  POCO g r a p h i t e  s u r f a c e s  
a t  t h e  t o p  h a l f  o f  t h e  HS r a d i a t e  t o  t h e  HSHX which was t a k e n  t o  
be a t  1670° F, t h e  h o t  s p o t  t e m p e r a t u r e  p r e d i c t e d  i n  r e f e r e n c e  2. 
The r a d i a t i v e  exchange f a c t o r s  between t h e  HS and HSHX were 
c a l c u l a t e d  u s i n g  an e m i s s i v i t y  o f  0 .8  f o r  POCO g r a p h i t e  and 0 .85 
f o r  t h e  HSHX. The p resence  o f  t h e  a d j a c e n t  HS was i n c l u d e d  i n  
t h i s  c a l c u l a t i o n .  The e x t e r n a l  s u r f a c e s  of  t h e  POCO on t h e  
bottom h a l f  o f  a  HS were assumed t o  be  a d i a b a t i c ,  a  s l i g h t l y  
c o n s e r v a t i v e  approach.  

For  t h e  r e e n t r y  a n a l y s i s ,  t h e  e x t e r n a l  s u r f a c e s  o f  t h e  POCO 
g r a p h i t e  were s u b j e c t e d  t o  a  c o n v e c t i v e  h e a t  p u l s e  u s i n g  t h e  
h e a t i n g  r a t i o s  shown i n  f i g u r e  4. These a r e  t h e  r a t i o s  o f  l o c a l  
h e a t i n g  on a  s i d e - o n - s t a b l e  c y l i n d e r  t o  t h a t  a t  t h e  s t a g n a t i o n  
p o i n t  of a  one-foot  r a d i u s  sphere .  I n  t h i s  a n a l y s i s  only ,  
c o n v e c t i v e  h e a t i n g  i n  continuum f low i s  c o n s i d e r e d  and s u r f a c e  
r e c e s s i o n  i s  n e g l e c t e d .  The h e a t i n g  f a c t o r s  a r e  t h e r e f o r e  
assumed t o  be c o n s t a n t  throughout  t h e  h e a t i n g  p u l s e .  I n  t h e  c a s e  
of t h e  s i d e - o n - s p i n n i n g  mode t h e  h e a t i n g  f a c t o r s  a r e  a l l  t a k e n  
a s  t h e  ave rage  o f  t h o s e  g iven i n  f i g u r e  4. I t  i s  a l s o  assumed 
t h a t  a l l  e x t e r n a l  POCO s u r f a c e s  r a d i a t e  t o  a  O0 F  s i n k  w i t h  an 
e m i s s i v i t y  of 0 .8 .  



The nodes i n  t h e  r e g i o n  denoted  i n  f i g u r e  3  a s  r e e n t r y  
i n s u l a t i o n  were assumed t o  have a  t e m p e r a t u r e  dependent  h e a t  
c a p a c i t y  i d e n t i c a l  t o  POCO. The t h e r m a l  c o n d u c t i v i t y  o f  t h e s e  
nodes was v a r i e d  p a r a m e t r i c a l l y .  I t  was assumed t h a t  t h e r e  i s  
a  r a d i a t i o n  gap between t h e  POCO and t h e  i n s u l a t i o n  and between 
t h e  i n s u l a t i o n  and t h e  c l a d ,  The e m i s s i v i t y  of  t h e  POCO was 
t a k e n  a s  0 . 8  and o f  t h e  c l a d  a s  0.85.  Two v a l u e s ,  0 .5  and 0.8,  
were t a k e n  a s  t h e  e m i s s i v i t y  o f  t h e  i n s u l a t i o n  m a t e r i a l .  Dur ing 
r e e n t r y ,  t h e  p resence  o f  a  gas  such  a s  a i r  o r  CO i n  t h e s e  gaps ,  
o r  t h e  p r e s e n c e  o f  p a r t i a l  c o n t a c t  between t h e  s u r f a c e s ,  would 
i n c r e a s e  t h e  c a p s u l e  t e m p e r a t u r e s .  T h i s  was n o t  c o n s i d e r e d  i n  
t h e  p r e s e n t  a n a l y s i s .  

S i n c e  c l a d  m e l t i n g  d u r i n g  r e e n t r y  was c o n s i d e r e d  a  f a i l u r e ,  
emphasis  was n o t  p l a c e d  on t e m p e r a t u r e s  o c c u r r i n g  a f t e r  s u c h  an 
e v e n t .  T h e r e f o r e ,  t h e  e f f e c t s  o f  t h e  h e a t  o f  f u s i o n  o f  t h e  
plat inum-20% rhodium c l a d  was n o t  i n c l u d e d .  A s  a  r e s u l t ,  when 
t h e  m e l t  t e m p e r a t u r e  i s  reached,  t h e  e x p e c t e d  p l a t e a u  i n  c l a d  
t e m p e r a t u r e  i s  n o t  p r e d i c t e d .  

The t e m p e r a t u r e  d i s t r i b u t i o n s  f o r  b o t h  r e e n t r y  and s t e a d y  
s t a t e  o p e r a t i n g  c o n d i t i o n s  were de te rmined  u s i n g  t h i s  t h e r m a l  
model and t h e  CINDA-3G ( r e f .  4) computer  code.  

I t  i s  r e c o g n i z e d  t h a t  i n  o r d e r  t o  s i m u l a t e  t h e  a c t u a l  c a p s u l e  
d u r i n g  s t e a d y  s t a t e  o p e r a t i o n  u s i n g  t h e  p r e s e n t  two--dimensional  
model, an  e f f e c t i v e  power d e n s i t y  o f  t h e  f u e l  i n  t h e  model must 
be  used.  T h i s  e f f e c t i v e  power d e n s i t y  i s  o b t a i n e d  by d i v i d i n g  
t h e  HS f u e l  l o a d i n g  by t h e  e f f e c t i v e  volume of t h e  f u e l .  The 
e f f e c t i v e  volume i s  a  f u n c t i o n  n o t  o n l y  o f  t h e  c a p s u l e  d imens ions  
b u t  of  t h e  three-dimensional  h e a t  t r a n s f e r  a t  t h e  HS ends .  Two 
p o s s i b l e  approaches  a r e :  ( I )  t o  t a k e  t h e  e f f e c t i v e  volume a s  t h e  
volume o f  t h e  c y l i n d r i c a l  p o r t i o n  o f  t h e  f u e l  c a v i t y ,  and (2)  t o  
t a k e  t h e  e f f e c t i v e  volume a s  t h e  sum o f  t h e  c y l i n d r i c a l  volume and 
t h e  volume o f  t h e  h e m i s p h e r i c a l  v o i d  i n  t h e  c a p s u l e  ends .  The 
f i rst  approach would be  c o n s e r v a t i v e  because  i t  t a k e s  no a c c o u n t  
f o r  l o n g i t u d i n a l  h e a t  t r a n s f e r .  The second approach i s  o p t i m i s t i c  
s i n c e  t h e  end r e g i o n  v o i d s  w i l l  n o t  a c t u a l l y  be comple te ly  f i l l e d  
and t h e  c a p s u l e  ends  a r e  surrounded by low t h e r m a l  c o n d u c t i v i t y  
t a n t a l u m  f e l t  compliance pads .  

I n  f i g u r e  5 t h e  e f f e c t i v e  power d e n s i t y  f o r  t h e s e  two c a s e s  
i s  p l o t t e d  a s  a  f u n c t i o n  of  o v e r a l l  c a p s u l e  l e n g t h  f o r  a 400 w a t t  
l o a d i n g .  The broken l i n e  was e s t i m a t e d  by comparing two-dimensional  
c a l c u l a t i o n s  s i m i l a r  t o  t h e  p r e s e n t  ones  w i t h  t h r e e - d i m e n s i o n a l  
r e s u l t s  g i v e n  i n  r e f e r e n c e  3 f o r  t h e  P i o n e e r  a p p l i c a t i o n .  The 
e f f e c t i v e  power d e n s i t y  g iven  by t h e  broken l i n e  i s  used i n  t h i s  
a n a l y s i s .  



RESULTS AND DIS CUSS1 ON 

S teady  S t a t e  Opera t ing  Cond i t ions  

I n  f i g u r e s  6 th rough  11 s t e a d y  s t a t e  o p e r a t i n g  t e m p e r a t u r e s  
a r e  g iven f o r  r e e n t r y  i n s u l a t i o n  c o n d u c t i v i t i e s  o f  1 .0 ,  5.0, and 
20.0  B ~ u / h r - f t - O ~  and r e e n t r y  i n s u l a t i o n  e m i s s i v i t i e s  o f  0 . 5  and 
0 .8 .  I n  each c a s e  two s e t s  o f  c u r v e s  a r e  g iven .  One shows t h e  
key h o t  s p o t  t e m p e r a t u r e s  and t h e  o t h e r  g i v e s  t h e  t e m p e r a t u r e s  
r a d i a l l y  th rough  t h e  r e e n t r y  m a t e r i a l s  a t  t h e  t o p  o f  t h e  HS.  The 
t e m p e r a t u r e s  a r e  g i v e n  a s  a  f u n c t i o n  o f  e f f e c t i v e  power d e n s i t y  
o f  t h e  f u e l  and must be  r e l a t e d  t o  t h e  a c t u a l  c a p s u l e  by u s e  o f  
f i g u r e  5. For  example, t h e  f i g u r e s  showing t h e  h o t  s p o t  tempera-  
t u r e s  t o g e t h e r  w i t h  f i g u r e  5  ( o r  c u r v e s  s i m i l a r  t o  f i g u r e  5 f o r  
d i f f e r e n t  c a p s u l e  l o a d i n g s )  can  be used t o  d e t e r m i n e  t h e  s t e a d y  
s t a t e  c a p s u l e  t e m p e r a t u r e s  a s  a  f u n c t i o n  o f  l e n g t h  ( o r  l o a d i n g ) .  
The d a t a  g iven  i n  t h e s e  f i g u r e s  w i l l  l a t e r  be used  t o  i l l u s t r a t e  
t h e  p a r a m e t r i c  approach t o  de te rmine  t h e  a c c e p t a b l e  range  o f  
r e e n t r y  i n s u l a t i o n  t h e r m a l  p r o p e r t i e s .  

The f i g u r e s  showing t h e  r a d i a l  t e m p e r a t u r e  p r o f i l e s  a t  t h e  
t o p  o f  t h e  HS c l e a r l y  show t h e  the rmal  p e n a l t y  o f  t h e  t h e r m a l  
i n s u l a t i o n  and t h e  r a d i a t i o n  gaps i n  each  c a s e .  For  a  t h e r m a l  
c o n d u c t i v i t y  o f  t h e  200 m i l  i n s u l a t i n g  s l e e v e  o f  1 . 0  B ~ u / h r - f t - O ~  
( f i g .  6b) t h e  t e m p e r a t u r e  g r a d i e n t  th rough  t h e  i n s u l a t i o n  m a t e r i a l  
i s  of  t h e  o r d e r  o f  magnitude o f  t h e  t e m p e r a t u r e  i n c r e a s e  a c r o s s  
one o f  t h e  r a d i a t i o n  gaps .  For  an i n s u l a t i o n  c o n d u c t i v i t y  o f  
20 .0  B ~ u h r - f t - O ~  ( f i g .  8b) a  v a l u e  approx imat ing  t h a t  o f  POCO, 
t h e  g r a d i e n t  th rough  t h e  m a t e r i a l  i s  s m a l l .  However, i n  any c a s e ,  
t h e  t h e r m a l  p e n a l t y  o f  t h e  r a d i a t i o n  gap remains .  The advantage  
i n  keep ing  t h e  i n s u l a t i o n  e m i s s i v i t y  h i g h  i s  shown by comparison 
of t h e  c a s e s  i n  f i g u r e s  8b and l l b ,  f o r  which t h e  t e m p e r a t u r e  
g r a d i e n t s  through t h e  i n s u l a t i o n  a r e  s m a l l  and t h e  major  t h e r m a l  
p e n a l t y  i s  t h e  r a d i a t i o n  g a p s o  For  t h e  lower  e m i s s i v i t y  v a l u e ,  
i n  f i g u r e  l l b ,  t h e  t e m p e r a t u r e  i n c r e a s e  caused by t h e  r a d i a t i o n  
gaps  i s  s i g n i f i c a n t l y  h i g h e r  t h a n  t h a t  caused by t h e  gaps i n  t h e  
h i g h e r  e m i s s i v i t y  c a s e  o f  f i g u r e  8b. 

Reen t ry  o f  an I n d i v i d u a l  HS 

For  t h e  r e e n t r y  r e s u l t s  p r e s e n t e d  h e r e ,  i n i t i a l  r e e n t r y  a n g l e s  
of -0. So ( r e p r e s e n t a t i v e  of long ,  sha l low t r a j e c t o r i e s )  and -2.15' 
( r e p r e s e n t a t i v e  o f  s h o r t e r  t r a j e c t o r i e s  which r e s u l t  i n  h i g h e r  POCO 
s u r f a c e  t e m p e r a t u r e s )  were chosen.  The c o n v e c t i v e  p u l s e s  t o  t h e  
s t a g n a t i o n  p o i n t  of a one - foo t  r a d i u s  s p h e r e  a r e  g i v e n  i n  f i g u r e s  
12  and 1 3  f o r  t h e s e  two i n i t i a l  r e e n t r y  a n g l e s .  The h e a t i n g  f a c t o r s  
i n  f i g u r e  4 were used t o  r e l a t e  t h e  p u l s e  on t h e  t h e r m a l  model t o  
t h e  p u l s e s  g iven  i n  f i g u r e s  12 and 13.  



I n  f i g u r e s  1 4  th rough  22 t h e  t empera tu re  g r a d i e n t s  th rough  
t h e  r e e n t r y  m a t e r i a l s  and t h e  T-111 and Pt-20% Rh c l a d  tempera-  
t u r e s  on t h e  l e a d i n g  s i d e  d u r i n g  r e e n t r y  a r e  g i v e n  f o r  i n s u l a t i o n  
c o n d u c t i v i t i e s  of  1 . 0 ,  5 .0 ,  and 20.0 ~ ~ u / h r - f t - O ~  and e m i s s i v i t i e s  
o f  0 . 5  and 0 .8 .  The t e m p e r a t u r e s  i n  f i g u r e s  1 4  th rough  19 c o r r e -  
spond t o  r e e n t r y  from o r b i t  a t  i n i t i a l  a n g l e  o f  -2.15O and t h o s e  
i n  f i g u r e  20 th rough  22 cor respond  t o  t h e  s m a l l e r  a n g l e  cons ide red ,  
-0.5'. For t h e  s m a l l e r  r e e n t r y  a n g l e  c a s e s ,  o n l y  t h e  h i g h e r  i n s u -  
l a t i o n  e m i s s i v i t y  c a s e  ( t h e  c a s e  which r e s u l t s  i n  h i g h e r  peak 
c a p s u l e  t e m p e r a t u r e s )  was c o n s i d e r e d .  The HS l e n g t h  and e f f e c t i v e  
power d e n s i t y  o f  t h e  f u e l  a r e  n o t  no ted  i n  f i g u r e s  1 4  th rough  22 
f o r  t h e  f o l l o w i n g  r e a s o n s :  (1) a  two-dimensional  model was used,  
(2) t h e  e f f e c t  o f  f u e l  power d e n s i t y  i s  s m a l l  compared t o  a e r o -  
dynamic h e a t i n g ,  and (3)  t h e  b a l l i s t i c  c o e f f i c i e n t  was a r b i t r a r i l y  
f i x e d  making t h e  c o n v e c t i v e  p u l s e  independent  o f  t h e  HS l e n g t h .  
Also ,  a s  p r e v i o u s l y  e x p l a i n e d ,  t h e  a n a l y s i s  does  n o t  i n c l u d e  t h e  
e f f e c t  o f  c l a d  h e a t  o f  f u s i o n  and t h e  p r e d i c t e d  c l a d  t e m p e r a t u r e s  
i n  f i g u r e s  1 4  th rough  22 r e f l e c t  t h i s  omiss ion when t h e  m e l t  
t e m p e r a t u r e  i s  reached .  The HS tempera tu re  d i s t r i b u t i o n  a t  i n i t i a l  
r e e n t r y  was t h e  same i n  each  c a s e  and rough ly  c o r r e s p o n d s  t o  t h e  
s t e a d y  s t a t e  r a d i a l  d i s t r i b u t i o n  o f  an i n d i v i d u a l  HS exposed t o  
s p a c e .  

Q u a n t i t a t i v e  comparisons between t h e  t h e r m a l  r e s u l t s  f o r  t h e  
two t r a j e c t o r i e s  c o n s i d e r e d  s h o u l d  be made c a r e f u l l y  s i n c e  t h e  
amount o f  s u r f a c e  r e c e s s i o n  w i l l  be d i f f e r e n t  i n  t h e  two c a s e s ,  
and a s  a l r e a d y  noted ,  t h i s  e f f e c t  h a s  n o t  been i n c l u d e d .  The 
r e s u l t s ,  however, do  i l l u s t r a t e ,  a s  expected ,  t h a t  t h e  peak POCO 
s u r f a c e  t empera tu re  i s  much lower  f o r  t h e  s h a l l o w e r  t r a j e c t o r y  and 
t h a t  s i n c e  t h e  s h a l l o w e r  t r a j e c t o r y  is  much l o n g e r  i n  t ime,  i t  
r e s u l t s  i n  a  s m a l l e r  d i f f e r e n c e  between peak POCO s u r f a c e  tempera-  
t u r e  and peak c l a d  t e m p e r a t u r e .  

The d i f f e r e n c e  i n  t h e  HS t e m p e r a t u r e s  r e s u l t i n g  from s i d e - o n -  
s t a b l e  and s i d e - o n - s p i n n i n g  modes o f  r e e n t r y  can be  i l l u s t r a t e d  
f o r  one c a s e  by comparing f i g u r e s  16 and 23. The c l a d  does  n o t  
r e a c h  mel t  t empera tu re  i n  t h e  s p i n n i n g  c a s e  o f  f i g u r e  23 even 
though t h e  i n s u l a t i o n  c o n d u c t i v i t y  and e m i s s i v i t y  a r e  t h e  h i g h e s t  
c o n s i d e r e d  h e r e .  The amount o f  i n s u l a t i o n  r e q u i r e d  t o  p r o t e c t  
a g a i n s t  s i d e - o n - s t a b l e  r e e n t r y  i s  c o n s i d e r a b l y  more t h a n  t h a t  
r e q u i r e d  f o r  s p i n n i n g  r e e n t r y .  



Simul taneous  C o n s i d e r a t i o n  of  S teady  S t a t e  
and Reentry Cond i t ions  

The r e s u l t s  g iven i n  f i g u r e s  6a th rough  l l a  and 1 4  th rough  22 
can be combined t o  show peak c l a d  and T-111 t e m p e r a t u r e s  d u r i n g  
r e e n t r y  and s t e a d y  s t a t e  o p e r a t i o n  a s  a  f u n c t i o n  o f  i n s u l a t i o n  
c o n d u c t i v i t y  and e m i s s i v i t y .  These a r e  g iven i n  f i g u r e s  24  and 
25 f o r  r e e n t r y  a n g l e s  o f  -0.5' and -2.15' r e s p e c t i v e l y .  S teady  
s t a t e  t e m p e r a t u r e s  a r e  i n c l u d e d  f o r  two c a p s u l e  l e n g t h s ,  4 . 8  i n c h  
and 6 . 3  i n c h .  The power d e n s i t i e s  g iven  by t h e  broken l i n e  i n  
f i g u r e  5 were used and t h e  r e s u l t s  must t h e r e f o r e  be  c o n s i d e r e d  
p r e l i m i n a r y  pending a  b e t t e r  a s sessment  o f  t h r e e  d imens iona l  
e f f e c t s .  The r e e n t r y  t e m p e r a t u r e s  a r e  n o t  g iven  f o r  d i f f e r e n t  
l e n g t h s  s i n c e  t h e  e f f e c t  on p r e d i c t e d  r e e n t r y  t e m p e r a t u r e s  i s  
s m a l l  a s  p r e v i o u s l y  e x p l a i n e d .  

The s t e a d y  s t a t e  t e m p e r a t u r e s  i n  f i g u r e s  24 and 25 show a  
d e c r e a s i n g  r a t e  o f  change w i t h  i n c r e a s i n g  i n s u l a t i o n  c o n d u c t i v i t y .  
Reference  t o  f i g u r e s  Bb and l l b  p r o v i d e s  t h e  e x p l a n a t i o n .  A s  t h e  
c o n d u c t i v i t y  o f  t h e  i n s u l a t i o n  i s  i n c r e a s e d ,  on ly  t h e  t h e r m a l  
p e n a l t y  o f  t h e  r a d i a t i o n  gap remains  and t h e  T-111 t e m p e r a t u r e  
becomes r e l a t i v e l y  independen t  o f  t h e  i n s u l a t i o n  c o n d u c t i v i t y .  
The t e m p e r a t u r e s  d u r i n g  r e e n t r y  a r e  a l s o  i n d i c a t e d  by f i g u r e s  24 
and 25 t o  become r e l a t i v e l y  independent  of  i n s u l a t i o n  c o n d u c t i v i t y  
a t  h igh  c o n d u c t i v i t y  v a l u e s .  F i g u r e s  1 4  th rough  22 show t h a t  t h e  
peak POCO s u r f a c e  t empera tu re  does  n o t  v a r y  a p p r e c i a b l y  w i t h  changes 
i n  i n s u l a t i o n  c o n d u c t i v i t y  and t h a t  a t  h i g h  v a l u e s  o f  i n s u l a t i o n  
c o n d u c t i v i t y  most o f  t h e  t h e r m a l  p r o t e c t i o n  f o r  t h e  c l a d  i s  p r o -  
v i d e d  by t h e  r a d i a t i o n  gaps  which were assumed t o  e x i s t  between 
t h e  r e e n t r y  p r o t e c t i o n  m a t e r i a l s .  

I n  f i g u r e  24 it i s  s e e n  t h a t  f o r  t h e  4 .8  i n c h  c a p s u l e  l e n g t h  
t h e  T-111 t empera tu re  exceeds  2200° F  ( t h e  l i m i t  assumed f o r  t h i s  
s t u d y )  f o r  a l l  i n s u l a t i o n  c o n d u c t i v i t i e s  c o n s i d e r e d .  For  t h e  6 . 3  
i n c h  c a p s u l e  t h e  minimum c o n d u c t i v i t y  which y i e l d s  s t e a d y  s t a t e  
T-111 o p e r a t i n g  t e m p e r a t u r e s  l e s s  t h a n  22000 F  i s  1 . 2  B T U / ~ ~ - f t - O ~  

(denoted  by t h e  c i r c l e  symbol) .  For  t h i s  s h a l l o w  r e e n t r y  t r a j e c t o r y ,  
a l l  i n s u l a t i o n  c o n d u c t i v i t i e s  c o n s i d e r e d ,  up t o  20.0 ~ T u / h r - f t - O F ,  
r e s u l t e d  i n  a c c e p t a b l e  c l a d  t e m p e r a t u r e s .  The a c c e p t a b l e  range  o f  
i n s u l a t i o n  c o n d u c t i v i t i e s  f o r  t h i s  c a s e  would t h e n  be  from 1 . 2  t o  
o v e r  20.0 BTU/hr-ft-OF. 

I n  f i g u r e  25 f o r  an i n s u l a t i o n  e m i s s i v i t y  of 0 .8  t h e  s t e a d y  
s t a t e  t e m p e r a t u r e s  a r e  t h e  same a s  i n  f i g u r e  24. I t  h a s  a l r e a d y  
been no ted  t h a t  f o r  t h e  6 0 3  i n c h  c a p s u l e  l e n g t h  t h e  i n s u l a t i o n  
c o n d u c t i v i t y  must exceed 1 . 2  BTU/hr-ft-OF t o  y i e l d  T-111 tempera-  
t u r e s  l e s s  t h a n  2200' F. For  t h i s  c a s e  t h e  maximum i n d i c a t e d  
c o n d u c t i v i t y  which keeps  t h e  c l a d  below i t s  m e l t i n g  t e m p e r a t u r e  



i s  2 .3  BTU/hr- f t - '~  (denoted  by t h e  s q u a r e  symbol) .  The 
a c c e p t a b l e  r ange  f o r  t h i s  t r a j e c t o r y  (&= 2 . 1 ~ ~ )  would t h e n  be  
from 1 . 2  t o  2 . 3  ~ T U / h r - f t - ~ ~ .  

F o r  an i n s u l a t i o n  e m i s s i v i t y  o f  0 . 5  t h e  s i t u a t i o n  i n  f i g u r e  
25 i s  q u i t e  d i f f e r e n t .  For a  6 . 3  i n c h  l e n g t h  t h e  i n s u l a t i o n  
c o n d u c t i v i t y  must be  a  minimum of  1 1 . 0  B T u h r - f t - O ~  (denoted  by 
t h e  diamond symbol) f o r  a  T-111 o p e r a t i n g  t e m p e r a t u r e  under  2200' F. 
The d i f f e r e n c e  between t h i s  v a l u e  and t h a t  f o r  t h e  h i g h e r  i n s u l a t i o n  
e m i s s i v i t y  i l l u s t r a t e s  t h e  s e n s i t i v i t y  o f  t h e  s t e a d y  s t a t e  t h e r m a l  
performance t o  r a d i a t i o n  gaps and t h e  e m i s s i v i t i e s  o f  t h e  bounding 
s u r f a c e s .  The maximum a l l o w a b l e  i n s u l a t i o n  c o n d u c t i v i t y  f o r  t h i s  
r e e n t r y  c a s e  i s  i n d i c a t e d  by f i g u r e  25 t o  b e  about  3.8 B ~ l J l h r - f t - O ~  
(denoted  by t h e  i n v e r t e d  t r i a n g l e  symbol) .  F o r  t h i s  c a s e  t h e r e  i s  
no s i n g l e  a c c e p t a b l e  the rmal  c o n d u c t i v i t y  which w i l l  meet b o t h  
r e e n t r y  and s t e a d y  s t a t e  r equ i rements .  A ' t h e r m a l  s w i t c h '  m a t e r i a l ,  
i . e . ,  a  m a t e r i a l  w i t h  a  s t e a d y  s t a t e  e f f e c t i v e  c o n d u c t i v i t y  h i g h e r  
t h a n  i t s  e f f e c t i v e  v a l u e  a t  t h e  h i g h e r  t e m p e r a t u r e s  d u r i n g  r e e n t r y  
( s e e  r e f .  5 ) ,  i s  r e q u i r e d .  Another  approach would be t o  reduce  
t h e  need f o r  s imul taneous  t h e r m a l  c o n s i d e r a t i o n  of  b o t h  s t e a d y  
s t a t e  and r e e n t r y  c o n d i t i o n s .  T h i s  c o u l d  be  accomplished by s h a p i n g  
t h e  POCO m a t e r i a l  such t h a t  t h e  HS r e e n t e r s  i n  one p r e d i c t a b l e  
s i d e - o n - s t a b l e  mode making r e e n t r y  i n s u l a t i o n  necessa ry  o n l y  on 
one s i d e .  S i n c e  t h e  HSU r a d i a t e s  t o  t h e  HSHX on on ly  one s i d e ,  
t h e  p r e f e r r e d  r e e n t r y  s i d e ,  which would i n c l u d e  t h e  i n s u l a t i o n  
m a t e r i a l ,  c o u l d  be  o r i e n t e d  downward i n  t h e  HSU a r r a y  (away from 
t h e  HSHX) w i t h o u t  s u b s t a n t i a l l y  a f f e c t i n g  s t e a d y  s t a t e  performance.  
Such a  concep t ,  u s i n g  t h e  P ioneer  c a p s u l e ,  i s  c u r r e n t l y  b e i n g  
e v a l u a t e d .  

CONCLUDING EMARKS 

A s y s t e m a t i c  a n a l y t i c a l  approach t o  de te rmine  t h e  t h e r m a l  
p r o p e r t y  r e q u i r e m e n t s  of  t h e  r e e n t r y  p r o t e c t i o n  on i s o t o p e  h e a t  
s o u r c e s  was p r e s e n t e d .  Such an approach i s  n e c e s s a r y  t o  s a t i s f y  
b o t h  r e e n t r y  and s t e a d y  s t a t e  t h e r m a l  r e q u i r e m e n t s ' i n  p r e s e n t  HS 
d e s i g n s  i n  which h e a t  i s  t r a n s f e r r e d  th rough  t h e  r e e n t r y  m a t e r i a l s  
d u r i n g  power sys tem o p e r a t i o n .  The e f f e c t i v e  the rmal  c o n d u c t i v i t y  
o f  t h e  r e e n t r y  m a t e r i a l s  i s  t a k e n  a s  an independent  pa ramete r .  
S teady  s t a t e  o p e r a t i o n  t e m p e r a t u r e s  and t e m p e r a t u r e s  d u r i n g  r e -  
e n t r y  a r e  c a l c u l a t e d  a s  a f u n c t i o n  of  t h i s  pa ramete r  t o  de te rmine  
t h e  range  o f  v a l u e s  f o r  which b o t h  s t e a d y  s t a t e  and r e e n t r y  
t e m p e r a t u r e s  a r e  a c c e p t a b l e .  

Example c a l c u l a t i o n s  f o r  a P i o n e e r  t y p e  HS f o r  Brayton 
a p p l i c a t i o n  a r e  p r e s e n t e d .  Reentry  from o r b i t  w i t h  e n t r y  a n g l e s  
of - 0 . 5 ~  and -2.15' a r e  c o n s i d e r e d  f o r  s i d e - o n - s t a b l e  HS r e e n t r y .  



The s i d e - o n - s p i n n i n g  mode o f  HS motion i s  a l s o  i n c l u d e d .  The 
t h e r m a l  c o n d u c t i v i t y  of  a  200 m i l  t h i c k  i n s u l a t i n g  s l e e v e  over  
t h e  c a p s u l e  and w i t h i n  t h e  POCO g r a p h i t e  is  t a k e n  a s  t h e  i n d e -  
pendent  pa ramete r .  The e f f e c t s  o f  POCO s u r f a c e  r e c e s s i o n  a r e  
n o t  i n c l u d e d .  

The r e s u l t s  p r e s e n t e d  i n d i c a t e :  

(1) The r a d i a t i o n  gap i n t r o d u c e d  i n t o  t h e  HS by i n c l u d i n g  a  
s e p a r a t e  r e e n t r y  i n s u l a t i o n  l a y e r  is  a  s i g n i f i c a n t ,  and i n  some 
c a s e s  t h e  most impor tan t ,  t h e r m a l  p e n a l t y  d u r i n g  s t e a d y  s t a t e  
o p e r a t i o n .  The s t e a d y  s t a t e  t e m p e r a t u r e s  a r e  s e n s i t i v e  t o  t h e  
e m i s s i v i t i e s  o f  t h e  s u r f a c e s  bounding t h e s e  gaps .  These emis-  
s i v i t i e s  must t h e r e f o r e  be  k e p t  a s  h i g h  a s  p o s s i b l e  and be  w e l l  
known i n  o r d e r  t o  a c c u r a t e l y  p r e d i c t  performance,  

(2)  The r a d i a t i o n  gaps  assumed t o  e x i s t  i n  t h e  HS r e e n t r y  
p r o t e c t i o n  m a t e r i a l  d u r i n g  r e e n t r y  p rov ide  a  s i g n i f i c a n t  t h e r m a l  
p r o t e c t i o n  o f  t h e  c a p s u l e .  Whether t h e s e  w i l l  i n  f a c t  remain 
p u r e  r a d i a t i o n  gaps  d u r i n g  r e e n t r y  shou ld  be  i n v e s t i g a t e d .  

(3) The amount o f  r e e n t r y  i n s u l a t i o n  r e q u i r e d  t o  p r o t e c t  t h e  
c a p s u l e  d u r i n g  a  s i d e - o n - s t a b l e  dynamic mode i s  c o n s i d e r a b l y  
g r e a t e r  t h a n  r e q u i r e d  f o r  a  s i d e - o n - s p i n n i n g  mode f o r  t h e  same 
t r a j e c t o r y .  

(4) I n  u s i n g  a  P i o n e e r  t y p e  HS f o r  t h e  Brayton a p p l i c a t i o n ,  
t h e  the rmal  r equ i rements  on t h e  r e e n t r y  i n s u l a t i o n  i n  o r d e r  t h a t  t h e  
c a p s u l e  is p r o t e c t e d  d u r i n g  s i d e - o n - s t a b l e  r e e n t r y  and t h a t  s t e a d y  
s t a t e  o p e r a t i o n  t e m p e r a t u r e s  a r e  k e p t  below 2200' F, a r e  v e r y  s t r i c t .  
Such a  d e s i g n  w i l l  r e q u i r e  v e r y  c l o s e  the rmal  a n a l y s i s ,  u s i n g  w e l l  
c h a r a c t e r i z e d  m a t e r i a l s ,  i n  o r d e r  t o  have any s a f e t y  margin.  A 
d e s i g n  which would e l i m i n a t e  t h e  need t o  s i m u l t a n e o u s l y  c o n s i d e r  
r e e n t r y  and s t e a d y  s t a t e  t e m p e r a t u r e s  i n  s e l e c t i o n  o f  r e e n t r y  
p r o t e c t i o n  m a t e r i a l s  would be d e s i r a b l e .  



HSU 

HSHX 

HS RV 

POCO 

RE INS 

APPENDIX 

Nomenclature 

Heat  s o u r c e ;  m e t a l l i c  c a p s u l e  c o n t a i n i n g  i s o t o p e  
f u e l  su r rounded  by i n d i v i d u a l  r e e n t r y  p r o t e c t i o n  
m a t e r i a l .  

Heat  s o u r c e  u n i t ;  p l a n a r  a r r a y  o f  h e a t  s o u r c e s  
and i t s  s u p p o r t i n g  s t r u c t u r e  f o r  u s e  a s  Brayton 
eng ine  ene rgy  s o u r c e .  

Heat  s o u r c e  h e a t  exchanger .  

Heat  s o u r c e  r e e n t r y  v e h i c l e ;  r e e n t r y  p r o t e c t i o n  
f o r  t h e  h e a t  s o u r c e  u n i t .  

Thermal c o n d u c t i v i t y .  

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

P y r o l y t i c  g r a p h i t e .  

Tantalum a l l o y  s t r e n g t h  member o f  a  c a p s u l e .  

I n i t i a l  r e e n t r y  v e l o c i t y .  

I n i t i a l  r e e n t r y  a n g l e .  

E m i s s i v i t y .  
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