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SUMMARY 

Two and t h r e e  d imens iona l  t h e r m a l  a n a l y s e s  have  been p e r -  
formed t o  p r e d i c t  t h e  i n t e r n a l  t e m p e r a t u r e s  i n  an i s o t o p e  hea c 
s o u r c 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  w i t h  a  Brayton power s y s -  
tem, The h e a t  s o u r c e  d e s i g n  c o n s i d e r e d  is  a  s l i g h t  modi1iea-  
t i o n  of  t h e  P i o n e e r  h e a t  s o u r c e  and is  r e f e r r e d  t o  h e r e i n  a?  
IBHS, Two and t h r e e  d imens iona l  r e s u l t s  a r e  compared Tor a 
l i m i t e d  r a n g e  of  f u e l  l o a d i n g s  abou t  t h e  nominal  400 W V~LLIE 
and f o r  a  r a n g e  o f  c a p s u l e  l e n g t h s .  Three  t y p e s  o f  r e ~ n t r y  
p r o t e c t i o n  i n s u l a t i o n  s l e e v e s  were c o n s i d e r e d ,  namely the 
n i c k e l - z i r c o n i a  t h e r m a l  s w i t c h ,  Carb-I-Tex g r a p h i t e ,  and L d c  
l a y e r s  o f  p y r o l y t i c  g r a p h i t e ,  

S e v e r a l  two d imens iona l  methods t o  t h e r m a l l y  analyai-ng an  
IBHS were  examined, Two s l i g h t l y  d i f f e r e n t  t h e r m a l  models 
were employed, For  each o f  t h e s e  models two approaches  Lo 
a p p l y i n g  t h e  r e s u l t s  t o  t h e  IBHS were used,  One apprcae% con- 
s i s t e d  o f  e s t i m a t i n g  t h e  e f f e c t - i v e  f u e l  power d e n s i t y  l i i d e p e n -  
d e n t  of  t h r e e  d imens iona l  r e s u l t s )  which was t h e n  i n p u t  l o  t h e  
two d imens iona l  models,  & h i s  r e s u l t e d  i n  s l i g h t l y  eovser~vai ;  ive 
(h igh)  p r e d i c t i o n s  o f  IBHS' h o t - s p o t  t e m p e r a t u r e s  compaued el: 
t h r e e  d imens iona l  r e s u l t s ,  The o t h e r  approach c o n s i s t e d  o f  
u s i n g  a  s m a l l  number o f  t h r e e  d imens iona l  s o l u t i o n s  t o  develop 
e x p r e s s i o n s  f o r  e f f e c t i v e  f u e l  power d e n s i t y  a s  a  f u n c t i o n  of 
h e a t  s o u r c e  l e n g t h  and t h e n  a p p l y i n g  t h e s e  t o  t h e  two d inen- -  
s i o n a l  t h e r m a l  models. Such an approach cou ld  b e  u s e d ,  when 
many s o l u t i o n s  a r e  r e q u i r e d ,  t o  r e d u c e  t h e  t i m e  which would be 
invo lved  i f  a  t h r e e  d imens iona l  a n a l y s i s  were  used t o  cibtair; 
a l l  r e q u i r e d  s o l u t i o n s .  

INTRODUCTION 

Refe rences  1-3 were concerned w i t h  t h e  s t e a d y - s t a t e  opera-  
t i o n a l  t h e r m a l  a n a l y s i s  o f  an i s o t o p e  h e a t  s o u r c e  which was 
c o n s i d e r e d  a s  an energy s o u r c e  f o r  a Brayton sys tem f o r  genera -  
t i o n  o f  a u x i l i a r y  power i n  s p a c e  ( s e e  r e f s .  4-5). I n  t h e  Fnergy 
s o u r c e  d e s i g n ,  a  p l a n a r  a r r a y  o f  h e a t  s o u r c e s  r a d i a t e s  t-llermal 
energy t o  t h e  h e a t  s o u r c e  h e a t  exchanger (HSHX) . The B r a y t o r  
c y c l e  working g a s  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  a s  



it f lows th rough  t h i s  h e a t  exchanger,  The a r r a y  o f  h e s t  
s o u r c e s  and i t s  s u p p o r t  s t r u c t u r e  is  r e f e r r e d  t o  a s  the  
h e a t  s o u r c e  u n i t  (HSU), Each i n d i v i d u a l  h e a t  s o u r c e ,  he re i r  
c a l l e d  an  i s o t o p e  Brayton h e a t  s o u r c e  (IBHS) , c o n s i s t s  of  a 
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  ~ u ~ ~ ~  r a d i o i s o t o p e  f u e l  and s u r -  
rounded by g r a p h i t i c  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 ,  

The t h e r m a l  a n a l y s e s  i n  r e f e r e n c e s  1-3 were concerned 
w i t h  s i m u l a t i n g  one IBHS l o c a t e d  i n  t h e  a r r a y ,  I n  r e f e r e p e e s  
2  and 3 ,  a  two d imens iona l  t h e r m a l  model of  t h e  I B H S  was e m -  
p loyed ,  S i n c e  t h e  IBHS i s  a c t u a l l y  a t h r e e  d imens iona l  en- 
t i t y ,  assumpt ions  were made concern ing  t h e  t h r e e  d imensional  
h e a t  t r a n s f e r  e f f e c t s  i n  a p p l y i n g  t h e  two d imens iona l  model. 
F u l l  e v a l u a t i o n  of  t h e s e  assumpt ions  could  be  made w i t h  a 
t h r e e  d imens iona l  a n a l y s i s ,  b u t  t h i s  had n o t  been done a t  
t h a t  t ime ,  I n  r e f e r e n c e  1, a  t h r e e  d imens iona l  t h e r m a l  
model was employed, b u t  it was s i m p l i f i e d  by n e g l e c t i n g  s o m E  
o f  t h e  h e a t  t r a n s f e r  p a t h s  i n  t h e  end r e g i o n s  of t h e  h e a t  
s o u r c e ,  Because of t h e s e  s i m p l i f i c a t i o n s  t h i s  the rmal  mods1 
was known t o  be  c o n s e r v a t i v e ,  

The purpose  of t h i s  r e p o r t  is t o  p r e s e n t  some r e s c l t s  oT 
a complete t h r e e  d imens iona l  a n a l y s i s  of  an JBHS d u r i n g  
s t e a d y - s t a t e  power sys tem o p e r a t i o n  and t o  compare t h e s e  r e -  
s u l t s  t o  two d imens iona l  p r e d i c t i o n s ,  Two d imens iona l  r e s d  cs 
a r e  dependent  on t h e  assumpt ions  which a r e  n e c e s s a r y  t o  appJy  
them t o  an a c t u a l  LBFIS, S e v e r a l  methods o f  a p p l y i n g  two dir;.ien- 
s i o n a l  a n a l y s e s  a r e  cons ide red  h e r e ,  i n c l u d i n g  t h e  one used ln 
r e f e r e n c e  2 ,  The r e s u l t s  a r e  g iven  over  a  r a n g e  of  f u e l  l o r d -  
i n g ~  of 5 0  p e r c e n t  about  r h e  nominal  400 W and over  a r ange  o f  
f u e l  c a p s u l e  l e n g t h  from t h e  6 ,3- inch l e n g t h  cons ide red  f o r  t h e  
IBHS t o  t h e  4 , s - i n c h  l e n g t h  of t h e  f u e l  c a p s u l e  i n  t h e  heat 

cl LOX'* s o u r c e  f o r  t h e  P ioneer  miss ion  i s o t o p e  t h e r m o e l e c t r i c  gener -  - 

DESCRIPTION OF THE HEAT SOURCE AND THE HEAT SOURCE U N I T  

The i s o t o p e  Brayton h e a t  s o u r c e  (IBHS) cons ide red  f a r  
a n a l y s i s  h e r e  and i n  r e f e r e n c e s  1-3 i s  shown i n  f i g u r e  1, I t  i s  
a d e r i v a t i v e  o f  t h e  h e a t  s o u r c e  b e i n g  developed by t h e  AEC for 
t h e  P i o n e e r  miss ion  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 ,  The Euek 
is  con ta ined  w i t h i n  a  h e m i s p h e r i c a l l y  capped,  c y l i n d r i c a l ,  r e -  
f r a c t o r y  m e t a l  c a p s u l e ,  The s t r u c t u r a l  member is T-ILL (a t a n -  
ta lum a l l o y )  and is  s e p a r a t e d  from t h e  f u e l  by a t a n t a l u m  -LC 
p e r c e n t  t u n g s t e n  l i n e r ,  The T-El1 i s  covered by a  p la t inum -20 
p e r c e n t  rhodium o x i d a t i o n  r e s i s t a n c e  c l a d .  The f u e l  i s  d i s t r i b -  
u t e d  th roughout  t h e  c y l i n d r i c a l  p o r t i o n  of t h e  c a p s u l e ,  The 
h e m i s p h e r i c a l  end r e g i o n s  a r e  f i l l e d  by foamed molybdenum spacers. 

The f u e l  c a p s u l e  i s  v e n t e d ,  and a  p r e s s u r e  r e t e n t i o n  de- 
v i c e  i s  i n c l u d e d  i n  one end ( n o t  shown i n  f i g u r e  1 )  t o  main ta in  



a hel ium p r e s s u r e  of  1-0 t o  6,0 p s i a  w i t h i n  t h e  p l a t inu rn  -20 
p e r c e n t  rhodium c l a d ,  I n  t h e  t h e r m a l  a n a l y s i s ,  i'c i s  assurfed  
t h a t  a l l  gaps  w i t h i n  t h e  c a p s u l e  a r e  he l ium f i l l e d ,  

A h e a t  s o u r c e  c o n s i s t s  o f  a  f u e l e d  capsuLe and i t s  r e -  
e n t r y  p r o t e c t i o n ,  The IBHS r e e n t r y  p r o t e c t i o n  c o n s i d e r e d  i n  
t h i s  a n a l y s i s  c o n s i s t s  of POCO and Carb-I-Tex g r a p h i t e s  and 
i n s u l a t i o n  m a t e r i a l s .  The c y l i n d r i c a l  p o r t i o n  of  t h e  e a p s ~ - ~ l c  
i s  su r rounded  by a s l e e v e  of r e e n t r y  i n s u l a t i o n ,  T h i s  i s  i-i~en 
su r rounded  by an o u t e r  s l e e v e  of POCO g r a p h i t e  which llas a 
hexagonal  e x t e r i o r  shape ,  Two t h r e a d e d  Carb-I-Tex end pLugs 
ho ld  t h e  c a p s u l e  w i t h i n  t h e  POCO s l e e v e ,  I n  t h e  TBHS c-??-~f;gd- 
r a t i o n  c o n s i d e r e d  h e r e ,  t h e  end p l u g s  a r e  s e p a r a t e d  from the 
c a p s u l e  by 6 p e r c e n t  dense  t a n t a l u m  f e l t  compl isnce  pads ,  A 
l a y e r  o f  TZM [molybdenum a l l o y )  i s  i n c l u d e d  between "clzt? col?- 
p l i a n c e  pads and t h e  end p l u g s ,  

S e v e r a l  types of r e e n t r y  i n s u l a t i o n  s l e e v e s  a r e  considered 
f o r  t h e  IBHS, Thermal r e s u l t s  f o r  h e a t  s o u r c e s  w i t h  t h r e e  
t y p e s  o f  i n s u l a r l c n  a r e  g i v e n  here,  One c o n s i s t s  o f  a s l e e v c  
o f  two l a y e r s  of p b 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 l - ~ i c k n c s s  
of  134 m i l s ,  Beccuse of t h e  p r e s e n t  u n c e r t a i n t y  i n  tht? c o r r e c t  
v a l u e  o f  PG emiss ib  i t y ,  a l l  rescl l t -s  f o r  t h i s  t y p e  o f  i i ? s u l a r  ion 
a r e  g iven  f o r  Pwo v z h u e s  of e m i s s i v i t y ,  0 .5  and 0 - 8 ,  The o t h e r  
i n s u l a t i o n s  c o n s i d e r e d  a r e  a  200-mi l - th ick  s l e e v e  o f  Csrb-L-Iex 
g r a p h i t e  and a 200-mi l - th ick  s l e e v e  o f  n i c k e l - z i r c o n i a  thermal 
s w i t c h  m a t e r i a l ,  The t he rmal  s w i t c h  i s  a  z i r e o n i a  foain impme:;- 
n a t e d  w i t h  n i c k e l ,  I t  e x h i b i t s  an i r r e v e r s i b l e  d e c r e a s e  i n  
thermal  condue t iv i t -y  if t h e  m a t e r i a l  r e a c h e s  o r  exceeds t h e  
n i c k e l  m e l t i n g  t en7pera lrure (-2680' F) d u r i n g  a tmospher ic  re -  
e n t r y  ( s e e  r e f ,  6)- The low thermal  c o n d u c t i i / i t y  r e q u L r t d  Ear 
t h e r m a l  p r o t e c r i o n  d u r i n g  r e e n t r y  does  n o t  t h e r e f o r e  have r o  
e x i s t  d u r i n g  power sys tem o p e r a t i o n ,  

The the rmal  a n a l y s i s  assumes t h a t  f o r  o p e r a t i o n  w i t h  rhe 
Brayton sys tem,  t h e  h e a t  s o u r c e s  a r e  a r ranged  i n  a c lose -packed ,  
c i r c u l a r ,  p l a n a r  a r r a y  ( s e e  f i g ,  2 ) -  The IBHS a r r a y  and i t s  
s u p p o r t  s t r u c t u r e  a r e  r e f e r r e d  t o  a s  t h e  h e a t  s o u r c e  u n i t  (BSY), 
The t h e r m a l  energy g e n e r a t e d  i n  t h e  f u e l  i s  r a d i a t e d  frow one 
s i d e  o f  t h i s  p l a n a r  a r r a y  t o  t h e  h e a t  s o u r c e  h e a t  exchanger 
which is  l o c a t e d  p a r a l l e l  t o  it, The t h e r m a l  a n a l y s i s  presevLea 
h e r e  and i n  r e f e r e n c e s  1-3 a r e  i n t e n d e d  t o  s i m u l a t e  a  L-ypieal 
IBHS l o c a t e d  w i t h j n  t h e  HSU a r r a y ,  

THREE DIMENS I O N A L  ANALYSIS 

Thermal model - The IBHS was t h e r m a l l y  s i m u l a t e d  by the  
n o d a l  model shown i n  f i g u r e  3. The model r e p r e s e n t s  one quar- 
t e r  o f  an IBHS l o c a t e d  i n  a c lose-packed a r r a y ,  It  assumes 



t h a t  t h e  t e m p e r a t u r e  d i s ~ r i b u t i o n  of a  h e a t  s o u r c t  is 
s y m m e t r i c a l  a b o u t  t h e  two c r o s s - s e c t i o n a l  p l a n e s  Soimding r r ~ >  
n o d a l  model,  The t h e r m a l  ene rgy  g e n e r a t e d  i n  t h e  fuel i s  
t r a n s f e r r e d  w i t h i n  t h e  I B H S  t o  t h e  t o p  POCO s u r f a c e s  where  
it is  t h e n  r a d i a t e d  t o  t h e  HSIHX, The t o t a l  r a d i a t i o n  v i e w  
f a c t o r s  f rom t h e  POCO s u r f a c e  t o  t h e  HSKX a c c o u n t  f o r  the 
p r e s e n c e  o f  a d j a c e n t  h e a t  s o u r c e s  and  f o r  r e f l e c t i o t ~  anel rt- 
r a d i a t i o n  of ene rgy  be tween them and  t h e  HSMX, ITzat t r s n s f e ~ ,  
t o  t h e  s u p p o r t  s t r u c t u r e  and t o  t h e  a d j a c e n t  h e a t  s o u r c e s  
would b e  s m a l l  and is n e g l e c t e d ,  Wi th  These  t 1 ~ e ~ m a . L  b o ~ r n d ~ r ;  
c o n d i t i o n s ,  t h e  t e m p e r a t u r e  of  e a c h  node d u r i n g  power syStPir  
s t e a d y - s t a t e  o p e r a t i o n  was d e t e r m i n e d  by u s e  of  t h e  CINDA-36 
computer  code  [ r e f ,  7) , 

The t h e r m a l  p r o p e r t i e s  of t h e  nodes  d e s i g n a t e d  a s  r e -  
e n t r y  i n s u l a t i o n  were  t a k e n  a s  e i t h e r  n i c k e l - z i r c ~ n i a  t h e m a  
s w i t c h ,  Carb-I-Tex,  c r  p y r o l y t i c  g r a p h i t e  (PG) depend ing  on 
which  was b e i n g  c o n s i d e r e d  f o r  t h e  IBHS, The therrn2l  switch 
and Carb-1-Tex i n s u l a t i o n s  were  assumed t o  c o n s i s t  o f  s i n g l e  
P a y e r s  200 m i l s  t h i c k  r a d i a l l y ,  The PG i n s u l a t i o n  was rakcn 
a s  two l a y e r s ,  e a c h  67 m i l s  t h i c k ,  s e p a r a t e d  by a r a d i a t i o n  
gap  0 

The foamed mnlybdenum end r e g i o n  f i l l e r  is  assumed Lo 
h a v e  a  t h e r m a l  c o n d u c t ~ v i t y  equa l  t o  t h a t  o f  t h e  f u e l  and  is  
assumed t o  b e  s e p a r a t p d  f rom t h e  f l l e l  and t h e  l i n e r  by a unl-- 
f e r m  L O - m i l  h e J i ~ m - F x l  l e d  gap, The p r e s s u r e  r e l i e f  dev l  ee is  
n o t  i n c l u d e d  i n  t h e  modcL, H e l i u m - f i l l e d  g a p s  o f  u n i f o r ~  16- 
m i l  t h i c k n e s s  a r e  asqumed .to s e p a r a t e  t h e  fuel_ and l i n e r ,  t l r~  
L i n e r  and structural member, and t l ~ e  s t r u c t u r a l  member and 
c l a d ,  The r e e n t r y  i n s u l a t i o n  s l e e v e  is assumed t o  be s epa ra l - ed  
f rom t h e  c l a d  and  from t h e  POCO g r a p h i t e  by r a d i a t i o n  ~ j a p s ,  Fhe 
t a n t a l u m  f e l t  compl i ance  pad i s  assumed t o  have  a  t h e r m a l  coq- 
d u c t i v i t y  of 0 ,167  ~ t u / b r - f t - O ~  and  is assumed t o  b e  i n  c o n t a c t  
w i t h  t h e  c l a d  and  The TZM end cap  w i t h  n e g l i g i b l e  therii?aL co1-1- 
t a c t  r e s i s t a n c e ,  The TZM c a p  i s  s e p a r a t e d  f rom t h e  Carl,-I-Tex 
end p l u g  by e i t h e r  a  r a d i a t i o n  gap o r  an  assumed therna~i3 con- 
d u c t a n c e ,  The Carb-I-Tex end p l u g  and  t h e  POCO g r a p h i l e  a r e  
assumed t o  b e  i n  c o n t a c t  with an  assumed v a l u e  o f  t h e r m a l  con- 
d u c t a n c e ,  

T h r e e  Dimens iona l  R e s u l t s  

The key  h o t  s p o t  tempera-Lures i n  t h e  I B H S  w i t h  vay loub  
t y p e s  of r e e n t r y  i n s u l a t i o n  s l e e v e s  a r e  g i v e n  i n  f i g u r e s  4-6 
a s  a  f u n c t i o n  o f  f u e l  Load, The d imens ions  o f  t h e  IBHS a r e  
t h o s e  g i v e n  i n  f i g u r e  l, A v a r i a t i o n  o f  40 w a t t s  a b o u t  t h e  
nominal  400-watt  f u e l  l o a a  is  c o n s i d e r e d ,  The sink ternpera-  
t u r e  (HSHX s u r f a c e  t e m p e r a t u r e )  is t a k e n  a s  a u n i f o r m  1670' i', 
I n  a d d i t i o n  t o  t h e  a s s u m p t i o n s  a l r e a d y  ment ioned  i n  t h e  p r e v -  
i o u s  s e c t i o n ,  t h e  c o n t a c t  conduc tance  between t h e  POCO g r a p h i t e  
and  t h e  Carb-I-Tex end p l u g  was t a k e n  a s  100 ~ t u / h r - f t ~ - ~ ~ ,  ai:d 
it was assumed t h a t  t h e r e  is  a  r a d i a t i o n  gap  be tween t h e  TZM 

- 
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and  t h e  end p l u g ,  I l ~ e  e f f e c t s  o f  t h e s e  a s s u m p t i - , s ~ s  a2-  e - -  
amined l a t e r ,  

Fo r  a  400 W f u e l  l o a d  t h e  l i n e r  h o t  s p o t  t e m p e r a t u r e  
shown i n  f i g u r e  4 f o r  a t h e r m a l  s w i t c h  r e e n t r y  i n s u l a - t j o a  
s l e e v e  i s  2200' S znd i n  f i g u r e  5 f o r  a  Czrb-1-Tes  r e e n t r y  
i n s u l a t i o n  s l e e v e  is 2150' F, I n  t h e  casE of PG r e e n t r y  i n -  
s u l a t i o n ,  two set-s of r e s u l t s  a r e  g i v e n  i a 3  f i g u r e  5a a n d  6b 
f o r  two p o s s i b l e  v a l u e s  of PG e m i s s i v i t y y ,  Fo r  a  PG e ~ i i s s i v - t y  
o f  0 , 8 ,  t h e  l i r e r  h o t  spot t e m p e r a t u r e  is  shown a s  2207" F snd 
f o r  a PG e m i s s ~ v l i - y  of 0,5, it is-2300'  F, Eur t h e  p r e s e n i  
HSU g e o r ~ e t r y  a n d  w i t h  t h e  a s sumpt ion  t h a t  t h e  IBHS t e v i p e r a t 1 7 e s  
a r e  symmetrical a b o u t  The c e n t r a l  c r o s s  s e c t i o n s  bodnd inq  t- I IC 
t h e r m a l  ~ n o d ~ l ,  ;hc?se 1lot s p o t  t e m p e r a t u r e s  o c c u r  i n  t l l c  l c r - ~ l - -  
t u d i n a l  c e n t r a l  c r o s s  s e c t i o n  a t  t h e  bo t tom o f  t h e  heat source, 

The d i s t r i b u t i o n  of  h e a t  t r a n s f e r  w i t h i n  t h ~  IAK? for 2 
400 W fuel l o a d ,  For t h e  c a s e  shown i n  f i g u r e  4 ( t h e r m a l  
s w i t c h  i n s u l a t i o n  s l e e v e ]  i s  g i v e n  I n  f i g u r e  7 ,  OP t l  e l o t h 1  
t h e r m a l  ene rgy  g e n e r a t e d  i n  t h e  f u e l ,  9 0  p e r c e n t  i s  t r a n s f e r i e c l  
d i r e c t l y  t o  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  l i n e r ,  T ~ E  rel13a n- 
i n g  10 p e r c e n t  is t r a n s f e r r e d  t h r o u g h  t h e  foamed molybderlurn 
f i l l e r  i n  t h e  end v e g l o n s  and  t h e n  t o  t h e  l i n e r ,  Eigl- ty-onc 
p e r c e n t  o f  t h e  enprgy  i~ t r a n s f e r r e d  t h r o u g h  t h e  r een l - ry  iv~u- 
l a t i o n  s l e e v e  t-o t h e  POCO g r a p h i L e ,  The r e m a i n i n g  l 9  perce i lc  
i s  t r a n s f e r r e d  t h r o u g h  t h e  compl i ance  pad  and  Garb-I-?ex eneI 
p l u g  t o  t h e  POCO, I$  can  b e  seen t h a t  a b o u t  h a l f  o f  tlle e n e r g y  
which is  t-ra os f e r r e d  Lhrough t h e  compl i ance  pad  is  Lran.; Cer i . c i !  

f rom t h e  f u e l  t o  t i re  c8p;ule end r e g i o n  longi tudi17alky  t11rotigh 
t h e  c a p s u l e  m e c 3 l I . i ~  m~rnbers ,  

A s  a  r e su lk -  of t h e  r e l a t i v e l y  h i g h  t h e r m a l  cc jnduc t iv i t i i  of 
t h e  POCO, t h e  d i s t r i b u t i o n  o f  h e a t  t r a n s f e r  f rom t h e  FOCO t o  
t h e  HSHX i s  r % F h e r  un l fo rm,  The 58 p e r c e n t  shown b e i n g  trans- 
f e r r e d  from t h e  POCO which  s u r r o u n d s  t h e  c y l i n d r i c a l  portion 
o f  t h e  c a p s u l e  i s  f rom a b o u t  52 p e r c e n t  o f  t h e  a r e a ,  T h i s  1s 
i l l u s t r a t e d  more c l e a r l y  i n  f i g u r e  8 where  t h e  d i s t r i b u t i c n  of 
r a d i a t i o n  t r a n s f e r  p e r  u n i t  h e a t  s o u r c e  Length  a l o n g  r h e  leligrh 
i s  shown, The f l u x  is  n o r m a l i z e d  w i t h  r e s p e c t  t o  t h e  a v e r a g e  
f l u x  d e f i n e d  a s  t h e  t o t a l  f u e l  Load d i v i d e d  by t h e  t o t a l  b e a t  
s o u r c e  l e n g t h ,  

The  h o t  s p o t  t e m p e r a t u r e s  would change  w i t h  a  c h a r ~ g e  i t 1  

t h e  p e r c e n t  o f  t h e  ene rgy  r r a n s f e r r e d  t h r o u g h  t h ?  end u e g i o n ,  
I n  o r d e r  t o  d e t e r m i n e  t h e  impor t ance  o f  t h e  h e a t  t r a n s f e r  
p a t h  t h r o u g h  t h e  foamed molybdenum f i l l e r ,  a  s o l u t i o n  ~47as oh- 
t a i n e d  f o r  t h e  same c a s e  a s  shown i n  f i g u r e  7 w i t h  t h e  excep- 
t i o n  t h a t  t h e  t h e r m a l  c o n n e c t i o n  hetween t h e  f i l l e r  and L i n e r  
was removed ( e q u i v a l e n t  t o  assuming t h a t  t h e  f i l l e r  i s  pe r -  
f e c t l y  i n s u l a t e d  from t h e  l i n e r )  . 'The d i s t r i b u t i o n  of  h e a t  
t r a n s f e r  f o r  t h ~ s  c a s e  is  shown i n  f i g u r e  9 .  A l though  no  heat 



i s  t r a n s f e r r e d  from t h e  f i l l e r  t o  t h e  l i n e r ,  1 8  p e r e e p  K of  
t h e  ene rgy  g e n e r a t e d  i n  t h e  f u e l  i s  t r a n s f e r r e d  '-0 t h e  c a l ~ p l  i -  

a n c e  p a d s  a round  t h e  c a p s u l e  e n d s ,  compared t o  i9 p e r c e n t  
shown i n  f i g u r e  7 ,  T h i s  r e s u l t e d  i n  a l i n e r  h o t  s p o t  ternpel.3- 
t u r e  p r e d i c t i o n  of o n l y  5' h i g h e r  t h a n  i n  f i g u r e  4, Tke h e a t  
t r a n s f e r  t h r o u g h  t h e  end r e g i o n  f i l l e r  r e d u c e s  t h e  Pong i rud i~ - r ?a l  
h e a t  t r a n s f e r ,  and  h e n c e  t e m p e r a t u r e  g r a d i e n t ,  i n  t h e  rnetahlTc 
members, b u t  i t  d o e s  n o t  a p p r e c i a b l y  change  t h e  p e r c e r t a g e  01- 
h e a t  k r s n s f e r r e d  tlzrough t h e  r e e n t r y  i n s u l a t i o n  s l e e v e  end ?oes 
n o t  a p p r e c i a b l y  change  t h e  h o t  s p o t  t e n ~ p e r a t u r e s ,  

The eEL'ec7ts o f  changes  i n  h e a t  t r a n s f e r  t h r o u g h  The TBIIS 
end r e g i o n  on t h e  l i n e r  h o t  s p o t  t e m p e r a t u r e  is  f u r t h e r  i l L u s -  
t r a t e d  by Eiguve  10, The c u r v e  l a b e l e d  A c o r r e s p o n d s  t o  Lhe 
assumed t h e r m a l  i n t e r f a c e s  u sed  f o r  t h e  r e s u l t s  shown i? f i g -  
u r e s  4-6, The c u r v e  l a b e l e d  D i s  t h e  l i m i t i n g  e a s e  i l l  w h i c l  
no  heaT i s  t r a n s f e r r e d  Through t h e  c a p s u l e  end ,  -the ccinpii-%n e 
p a d s ,  and t h e  end p lug%,  The t h e r m a l  ene rgy  i s  c s n f i r e d  cc 
t r a n s f e r  f rom t h e  f u e l  , t h r o u g h  t h e  reez-i f r y  i n s u i a  t i o ~ ?  S L ~ S F ~  L ~ ,  

t o  t h e  POCO, The h e a t  t r t i n s f e r  i n  t h e  POCO i s  longiLtudina1 
a s  w e l l  a s  c i r e u n ~ i c r ~ n t i n l  and r a d i a l ,  t o  t h e  t o p  s u r f s c t  f r c n l  
which  i t  i s  r a d i s + - e d  t o  t h e  HSHX, A t  400 W fue l .  l o a d  this c a s r  
y i e l d s  a l i n e r  ho+ > p o t  t e m p e r s t u r e  a b o u t  70° F h i g h e r  t h a n  
c a s e  A ,  T h i s  c ? i e  D is t h e  moclrified t h r e e  climensiona.1 moclc 
which  was employed i n  r e f e r e n c e  1, 

The d i s t r i b u t i o r ,  of  ene rgy  t r a n s f e r r e d  t h r o u g h  t h e  ie- 
e n t r y  i n s u l a  t i o n  sl t e v e  and t h e  end r e g i o n s  aPso  i s  e?, l u n e t  i lrl 
o f  t h e  c a p s u l e  1-ength,  If t h e  IBWS end r e g i o n  c l i r n e ~ ~ s ~ o n s  3-i 

I i ~ l d  c o n s  kant snd  t h e  o v e r a l  l h e a t  s o u r c e  l eng  t h  i s  d e c v e a ~ c ~ c ,  
by s h o r t e n i n g  t h e  c s p s u l e  ~ y l  i n d r i e a l  s e c t i o n ,  t h e  pe? cevr o f  
ene rgy  t r a n s f e r a r e d  L h r o ~ ~ g h  the  end r e g i o n s  i n c r e a s e s  (i,e,, ";IF 

t h r e e  d i m e n s i o n a l  h e % t  t r a n s f e r  e f f e c t s  become more s i g n i P i c a n k ) ,  
A s o l u t i o n  was o b t a i n e d  f o r  t h e  c a s e  shown i n  f i g u r e  7 exeepi  
t h e  c a p s u l e  o v e r a l l  l e n g t h  was r e d u c e d  t o  4-8 i n c h e s  ( t h e  k t~ lng rb  
o f  t h e  P i o n e e r  m i s s i o n  f u e l  c a p s u l e ) ,  T h i s  s o l u t i o n  p r e d i c t ~ d  
t h a t  t h e  p e r c e n t  h e a t  t r a n s f e r r e d  t h r o u g h  t h e  end r e g i o n s  would 
b e  27 r a r h e r  t h a n  t h e  19 shown i n  f i g u r e  7 f o r  t h e  6 , 3 - i n c h  cap- 
s u l e  Length,  

F u r t h e r  t h r e e  d i m e n s i o n a l  r e s u l t s  a r e  g i v e n  i n  a later s e c -  
t i o n  when t h e y  a r e  eonpa red  t o  t h e  r e s u i t s  o f  two d i m e n s i c n a l  
a n a l y s e s  which  a r e  d e s c r i b e d  i n  t h e  f o l l o w i n g  s e c t i o n ,  



TWO DIMENSIONAL ANALYSIS 

Thermal model - The two d imens iona l  n o d a l  model shown i n  
f i g u r e  11 is  t h e  same a s  a  c r o s s  s e c t i o n  o f  t h e  t h r e e  dimen- 
s i o n a l  model, I t  assumes t h a t  t h e  t e m p e r a t u r e  d i s t r i b u t i o n  is 
symmet r i ca l  abou t  t h e  a x i a l  c r o s s  s e c t i o n ,  A s  i n  t h e  t h r e e  
d imens iona l  a n a l y s i s ,  t h e r m a l  energy g e n e r a t e d  i n  t h e  f u e l  i s  
t r a n s f e r r e d  from t h e  h e a t  s o u r c e ,  only  from t h e  t o p  POCO sur- 
f a c e ,  by r a d i a t i o n  t o  t h e  HSHX. However, i n  t h e  two dimen- 
s i o n a l  a n a l y s i s ,  t h e  l o n g i t u d i n a l  h e a t  t r a n s f e r  i n  t h e  heat 
s o u r c e  is  n o t  c a l c u l a t e d ,  A s  i n  t h e  t h r e e  d imens iona l  a n a l y s i s ,  
t h e  nodes deno ted  a s  r e e n t r y  i n s u l a t i o n  a r e  changed t o  s i n m i a t e  
t h e  n i c k e l - z i r c o n i a  t h e r m a l  s w i t c h ,  Carb-I-Tex, o r  s e p a r a t e  
l a y e r s  o f  p y r o l y t f  c  g r a p h i t e ,  

The i n t e n t  of t h e  two d imens iona l  model is t o  p r e d i c t  the 
IBHS h o t  s p o t  t e m p e r a t u r e s  d u r i n g  s t e a d y - s t a t e  power sys tem 
o p e r a t i o n ,  S i n c e  t h e  a c t u a l  IBHS is t h r e e  d imens iona l .  an  
e f f e c t i v e  f u e l  power d e n s i t y  must b e  used t o  make t h e  two d i -  
mensional  model s i m u l a t e  t h e  IBHS, The e f f e c t i v e  f u e l  powe- 
d e n s i t y  can b e  d e f i n e d  a s  t h e  f u e l  l o a d  d i v i d e d  by t h e  e f f e e -  
t i v e  volume o f  t h e  f u e l ,  The e f f e c t i v e  f u e l  volume i s  a func-  
t i o n  o f  t h r e e  d imens iona l  h e a t  t r a n s f e r  e f f e c t s  i n  addition t o  
t h e  a c t u a l  d imensions  of  t h e  f u e l  c a v i t y  i n  t h e  c a p s u l e ,  

An obvious  way o f  d e t e r m i n i n g  t h e  c o r r e c t  e f f e c t i v e  f u e l  
power d e n s i t y  is by pe r fo rming  a  t h r e e  d imens iona l  a n a l y s i s  
f o r  a t  l e a s t  one c a s e ,  When many s o l u t i o n s  a r e  r e q u i r e d  a n  
a d j u s t e d  two d imens iona l  r a t h e r  t h a n  t h e  t h r e e  d imens iona l  
model can t h e n  b e  employed, w i t h  c o n s i d e r a b l e  s a v i n g s  i n  COIII- 

p u l a t i o n a l  t i m e  and e f f o r t ,  T h i s  approach w i l l  b e  investi- 
g a t e d  i n  a  l a t e r  s e c t i o n ,  

I n  t h e  absence  o f  a  t h r e e  d imens iona l  a n a l y s i s  some Fa-- 
t i o n a l  approach must b e  t a k e n  t o  e s t i m a t e  t h e  e f f e c t i v e  f u e l  
power d e n s i t y  a s  a f u n c t i o n  o f  IBHS dimensions  and f u e l  l o a d ,  
Two s u c h  approaches  w i l l  b e  examined h e r e ,  

The approach t a k e n  i n  r e f e r e n c e  2 t o  e s t i m a t e  the e f f e c -  
t i v e  power d e n s i t y  was t o  t a k e  t h e  e f f e c t i v e  f u e l  volume a s  
t h e  volume o f  t h e  t o t a l  f u e l  c a v i t y ,  i n c l u d i n g  t h e  h e m i s p h e r i c a l  
end r e g i o n s  which a r e  a c t u a l l y  f i l l e d  w i t h  foamed molybdenum, 
I n c l u d i n g  t h e  end r e g i o n s  i s  an a t t e m p t  t o  a c c o u n t  i n  some way 
f o r  t h e  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 e f f e c t i v e  f u e l  power 
d e n s i t y  c a l c u l a t e d  i n  t h i s  way is t h e n  used i n  t h e  two dimen- 
s i o n a l  t h e r m a l  model where eve ry  node i s  assumed t o  have  a  nit 
d e p t h  i n  t h e  l o n g i t u d i n a l  d i r e c t i o n .  T h i s  approach w i l l  b e  ex- 
amined h e r e  and w i l l  b e  r e f e r r e d  t o  a s  method A. The two dimen- 
s i o n a l  model w i t h  a l l  nodes a t  uni form d e p t h  w i l l  b e  r e f e r r e d  t o  
a s  two d imens iona l  model I ,  



Another method t o  e s t i m a t e  t h e  e f f e c t i v e  f u e l  power 
d e n s i t y  i s  sugges ted  by t h e  f a c t  t h a t  t h e  POCO therxrnal con- 
d u c t i v i t y  i s  r e l a t i v e l y  h i g h  and t h e  c a p s u l e  is  surrounded 
by r e l a t i v e l y  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  pads 
on t h e  ends. The main h e a t  t r a n s f e r  p a t h  from t h e  f u e l  t o  
t h e  POCO is  t h e n  th rough  t h e  r e e n t r y  i n s u l a t i o n  s l e e v e  which 
sur rounds  t h e  c y l i n d r i c a l  p o r t i o n  of t h e  c a p s u l e ,  T h i s  i s  
confirmed by t h e  t h r e e  d imens iona l  r e s u l t s  a l r e a d y  presentee:, 
The h e a t  i s  t r a n s f e r r e d  l o n g i t u d i n a l l y ,  a s  w e l l  a s  r a d i a l l y  
and c i r c u m f e r e n t i a l l y  th rough  t h e  POCO t o  t h e  t o p  s u r f a c e  
from which it i s  t h e n  r a d i a t e d  t o  t h e  HSHX. To s i m u l a t e  th l s ,  
t h e  e f f e c t i v e  f u e l  volume could  be  t a k e n  a s  t h a t  o f  t h e  e y l l n -  
d r i c a l  p o r t i o n  of  t h e  f u e l  c a v i t y  (which it a c t u a l l y  o c c u p i e s ) ,  
The d e p t h  o f  t h e  POCO nodes i n  t h e  two d imens iona l  noda l  v o d e i  
could  be  modif ied  t o  account  f o r  t h e  l o n g i t u d i n a l  h e a t  t r a n s -  
f e r  i n  t h e  POCO, T h i s  approach i s  a l s o  i n v e s t i g a t e d  and  i s  
r e f e r r e d  t o  a s  method B, The two d imens iona l  model employed 
i n  t h i s  method, which i n c l u d e s  POCO nodes of modif ied  d ~ p t h ,  
i s  r e f e r r e d  t o  a s  two d imens iona l  model II. 

I n  Two d imens iona l  model 11, t h e  POCO nodes have been 
made deeper  i n  t h e  l o n g i t u d i n a l  d i r e c t i o n  t h a n  a l l  o t h e r s  by 
t h e  r a t i o  of  t h e  t o t a l  IBHS l e n g t h  t o  t h e  l e n g t h  of  t h c  c y l l n -  
d r i c a i  s e c t i o n  of  t h e  c a p s u l e  ( t h e  f u e l e d  l e n g t h ) .  This amcunus 
t o  assuming t h a t  t h e  t o t a l  h e a t  g e n e r a t e d  i n  t h e  f u e l  i s  t r a n s -  
f e r r e d  un i fo rmly  from t h e  IBHS POCO s u r f a c e  a l o n g  i t s  e n t i r r  
l e n g t h .  The t h r e e  d i ,nens iona l  r e s u l t s  p r e v i o u s l y  p r e s c n r e d  
showed t h i s  t o  b e  a r e a s o n a b l e  approximat ion ( s e e  f igui -e  8) , 

Two Dimensional  R e s u l t s  

The c r o s s  s e c t i o n a l  dimensions of t h e  two d imens iona l  nodal 
models shown i n  f i g u r e  11 a r e  t h o s e  o f  t h e  IBHS a s  shown in 
f i g u r e  1, For t h e s e  c r o s s  s e c t i o n a l  d imensions ,  two d i m e n s i o n a l  
t h e r m a l  r e s u l t s  can b e  g e n e r a t e d  a s  a  f u n c t i o n  of  e f f e c t i v e  f u e l  
power d e n s i t y .  When t h e  two d imens iona l  model I1 is used, t h e  
r a t i o  by which t h e  POCO nodes a r e  deepened must a l s o  b e  s p e c i f i e d ,  

I n  f i g u r e s  12 th rough  1 7 ,  t h e  key h o t  s p o t  t e m p e r a t u r e s  
a r e  p l o t t e d  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  f u e l  power d e n s i t y ,  
w i t h  each f i g u r e  c o n s i d e r i n g  an IBHS w i t h  a  d i f f e r e n t  r een t rg r  
i n s u l a t i o n  s l e e v e .  The r e s u l t s  g i v e n  i n  t h e s e  f i g u r e s  can be 
r e l a t e d  t o  t h e  IBHS a s  a  f u n c t i o n  of  f u e l  l o a d  and c a p s d i e  
l e n g t h  by u s e  of  one of  t h e  methods f o r  e s t i m a t i n g  t h e  e f f e e -  
t i v e  f u e l  power d e n s i t y ,  The curves  i n  f i g u r e s  12-14 were ob- 
t a i n e d  u s i n g  t h e  two d imens iona l  t h e r m a l  model I and a r e  f o r  
u s e  i n  method A and t h e  curves i n  f i g u r e s  15-17 were 03tai.ned 
u s i n g  t h e r m a l  model IF and a r g  f o r  method B. The e f f e c t i v e  
f u e l  volume and t h e  e f f e c t i v e  f u e l  power d e n s i t y  f o r  a 400 W 



f u e l  l o a d  a r e  g i v e n  i n  f i g u r e  1 8  f o r  method A anu B, 

I n  t h e  n e x t  s e c t i o n  f i g u r e  l 8  w i l l  b e  u s e d ,  toge t l - e r  
w i t h  t h e  r e s u l t s  i n  f i g u r e s  12-17 t o  compare met l~ods  A and 
B. These two d imens iona l  r e s u l t s  w i l l  a l s o  b e  compared co 
t h r e e  dimens i o n a l  r e s u l t s ,  F i n a l l y ,  t h e  t h r e e  dimens i o a a l  
r e s u l t s  w i l l  b e  used t o  de te rmine  an  e f f e c t i v e  IneL p o l ~ e r  
d e n s i t y  independen t  o f  f i g u r e  98 which can t h e n  b e  applied 
t o  b o t h  s e t s  o f  r e s u l t s  i n  f i g u r e s  12-17, These w i l l  b e  
r e f e r r e d  t o  a s  methods C and D, 

COMPARISON OF TWO AND THREE DIMENSIONAL ANALYSES 

Methods A and B - "re h o t  s p o t  t e m p e r a t u r e s  p r e d i c r t d  
by u s e f  two methods ( p r e v i o u s l y  d e s i g n a t e d  A and B) of 
a p p l y i n g  t h e  two d imens iona l  thermal  models t o  t h e  IBbS a r e  
compared i n  f i g u r e s  19-22 t o  r e s u l t s  o b t a i n e d  from a three 
d imens iona l  a n a l y s i s .  I n  f i g u r e s  19-21 t h e  t e m p e r a t u r e s  are 
p l o t t e d  5s a f u n c t i o n  o f  f u e l  l o a d  f o r  a 6 -3 - inch  long c m -  
s u l e  and f o r  t h r e e  t y p e s  o f  r e e n t r y  i n s u l a t i o n  s l e e v e ,  I t  
can be  s e e n  t h a t  b o t h  two d imens iona l  methods a r e  conserva-  
t i v e  (high:] i n  p r e d i c t i n g  t h e  f u e l ,  l i n e r  and T - I l l  h o t  spo:: 
t e m p e r a t u r e  f o r  t h e s e  e a s e s ,  Method B p r e d i c t s  a POCO hox 
s p o t  t e m p e r a t u r e  v e r y  c l o s e  t o  t h a t  of -the t h r e e  d i m e n ~ i c a a l -  
a n a l y s i s ,  w h i l e  method A i s  c o n s e r v a t i v e ,  

"r s t e a d y - s t a f f .  operat t ing t e m p e r a t u r e  o f  prime in te res  t 
f o r  t h e  PBHS of t h i s  a n a l y s i s  is  the l i n e r  h o t  s p o t  Cci~pera l -ure ,  
The p r e d i c t i o n s  o f  t h i s  t emperacure  made by methods A ~ t n d  G f o r  
t h e  t h e r m a l  s w i t c h  2nd Carb-ITTex i n s u l a t i o n  c a s e s  i i i  figi4rc?s 
19 and 20 a r e  compsrable ,  For  a  400 IQ f u e l  l o a d ,  t h e y  are 
50-60' F  h i g h e r  t h a n  t h e  t h r e e  d imens iona l  p r e d i c t i o n s  f o r  t h e  
t h e r m a l  s w i t c h  c a s e  and 35-40' F h i g h e r  t h a n  t h e  t h r e e  d in ,e~?-  
s i o n a l  r e s u l t s  f o r  t h e  Carb-I-Tex c a s e ,  F o r  t h e  IBHS w t L h  i-iiJo 
l a y e r s  o f  PG r e e n t r y  i n s u l a t i o n  c o n s i d e r e d  i n  f i g u r e  2 1 ,  
method B is c l e a r l y  more c o n s e r v a t i v e  t h a n  method A ,  

I n  f i g u r e  2 2 ,  an PBHS w i t h  t h e r m a l  s w i t c h  i n s u l a t i o n  and  
400 W f u e l  l o a d  i s  c o n s i d e r e d  a s  a f u n c t i o n  o f  capsul-e lengirl?, 
For t h e s e  r e s u l i s  t h e  IBHS end r e g i o n  d imensions  were heLC 
f i x e d  and th'e c a p s u l e  c y l i n d r i c a l  r e g i o n  l e n g t h  was varied, 
The r e s u l t s  a r e  g i v e n  a s  a f u n c t i o n  o f  c a p s u l e  o v e r a l l  Leng4-h 
which,  f o r  r e f e r e n c e ,  is 6 ' 3  i n c h e s  f o r  t h e  IBHS e o n s ~ d e r e a  i n  
t h i s  a n a l y s i s  and shown i n  f i g u r e  1, and 4 - 8  i n c h e s  Eoi the  
P i o n e e r  miss ion  t h e r m o e l e c t r i c  g e n e r a t o r  h e a t  s o u r c e ,  I t  
can b e  s e e n  t h a t  b o t h  methods A and B a r e  c o n s e r v a t i v e  [iligher 
t h a n  t h r e e  d imens iona l  p r e d i c t i o n s )  f o r  t h e  r a n g e  o f  l eng ths  
c o n s i d e r e d ,  A s  t h e  c a p s u l e  is  s h o r t e n e d ,  t h e  conserva  tisnl 
of  method B i n c r e a s e s  f a s t e r  t h a n  t h a t  o f  method A ,  A? ex- 
p e c t e d ,  a s  t h e  l e n g t h  i n c r e a s e s  (and t h r e e  d imens iona l  effeccs 



a r e  consequen t ly  reduced) t h e  r e s u l t s  o f  b o t h  tws dirnens ion -:? 
methods approach t h e  t h r e e  d imens iona l  r e s u l t s ,  

I n  a l l  t h e  c a s e s  c o n s i d e r e d  t h u s  f a r ,  both rwo c l imen-  
s i o n a l  methods have  been found t o  b e  e o n s e r v a r i v e  b u t  adequ21:e 
f o r  e n g i n e e r i n g  c s l c u l a t i o n s ,  I n  t h e  absence  o f  a  t h v e e  d L -  

mensional  c a l c u l a t i o n  f o r  each p a r t i c u l a r  c s s e ,  i t  wou-d b e  
d e s i r a b l e  t o  b e  a b l e  t o  p r e d i c t  whether  a  two d imens iona i  
approach would b e  c o n s e r v a t i v e  or- o p t i m i s t i c ,  It js c l i f f ' i c ~ i i t  
t o  d e t e r m i n e  a p r i o r i  whether  lvethod A i s  conservative siiie-l  
it i s  d i f f i c u l t  t o  e s t i m a t e  whether  assuming thaw t h e  TucL Is 
d i s t r i b u t e d  i n t o  t h e  c a p s u l e  ends i n  c a l c u l a t i n g  t h e  e1fecli,/e 
f u e l  power d e n s i  ty  p r o p e r l y  compensates Eor l o n g i t u d i n a l  hca?  
t r a n s f e r ,  Method M is  c o n s e r v a t i v e  i n  t h a t  5t neglee i -s  Ilea c 
t r a n s f e r  t h r o ~ g h  t h e  end o f  t h e  c a p s u l e  snd it is o p b ~ ~ - n i s ~ i c -  
i n  t h a t  it e f r e c t  i v e l y  ai;sumes t h a f  t h e  l o n g i t u d i n a l  !-l~erri~a - 
r e s i s t a n c e  o f  i-he POCO i s  z e r o ,  I n  a h e a t  s o u r c e  s u e 3  8s tlie 
IBHS cons ide red  I-iere, t h e  l o n g i t u d i n a l  r e s i s t a n c e  t o  frcat 
t r a n s f e r  i n  t h e  POCO a c t u a l l y  i s  q u i t e  s m a l l  i n  e o m p a ~ ~ i s ~ ~  L O  

t h e  r a d i a l  r e s i s t a n c e s  o f  t h e  i n s u l a t i o n  and t h e  gaps  betweiy  
e lements  o f  t h e  h e a t  s o u r c e .  The t h r e e  d imens iona l  resulis 
p r e s e n t e d  i n  a prt\/iog-ls c e c t i o n  ( f i g u r e  8) have  L n d i c ~ i l r ~ d  
t h a t  t h e  h e a t  t r a n r f ~ r  from t h e  POCO t o  t h e  HSHX i s  T a ~ r S y  
uni form a l o n g  t h e  l E H S  l e n g t h ,  It is  t h e r e f o r e  j n d i c a t e d  
t h a t  t h e  o p t i m i s t i c  e lement  i n  method B i s  s m a l l  and o v e r ~ l -  
method R is  g e r l e r a l l j  c o n s e r v a t i v e  Method B  the^ ha-. sPn-ie 
advan tage  over  inerhod A i i 7  t h a t  j n  t h e  absence  o f  a t h i e e  d - 
mensional  a n a l y s j s  the  conse rva t i sm of  method B is  r s thc i7  
e a s i l y  a s s u r e d  w h i l e  iT ii d i f f i c u l t  t o  de ter in ine  w%eether o o  
n o t  method A 1s c o n s e r v d t i v e  because  o f  t h e  assurriptlor1s 1 1  1 olvic 

Methods C and D - The t h e r m a l  r e s u l t s  g iven  i n  C ~ g u r e s  1 2 -  1 7  
a s  a  f u n c t i o n  o f  <s*Feckive f u e l  power d e n s i t y  were  obt -wif~ed u s  i-iig 
two s l i g h t l y  d i f f e r e n t  t h e r m a l  models,  Those used i n  nieibod A ,  
f i g u r e s  12-14,  were o b t a i n e d  u s i n g  a  model i n  which a l l  qadcs 
were  of  uniform Pongit  u d i n a L  d e p t h  (two dirnensio. i~al  model I) , 
For method B, t h e  r e s u l t s  i n  f i g u r e s  15-17 were o b t a i n e d  u s ~ n g  ti 

t he rmal  model i n  which t h e  POCO nodes were deeper  i n  t i le l o n g i -  
t u d i n a l  d i r e c f  ion  t h a n  t h e  o t h e r s  [two d imens iona l  modcl 16) , 
Methods A and 8 c o n s i s t  of  a p p l y i n g  t h e s e  r e s u l t s  Po the T B 2 S  
u s i n g  e s t i m a t e s  of  t h e  e f f e c t i v e  f u e l  volume (or  f u e l  power 
d e n s i t y )  g i v e n  i n  f i g u r e  1 8 ,  When a  lrhree d imensional  e l - i ~ r r l a l  
model is  a v a i l a b l e ,  an a l t e r n a t i v e  approach would b e  1-0 u s e  3 

s m a l l  number o f  t h r e e  d imens iona l  s o l u t i o n s  t o  d e t e r m i n e  ti-c 
e f f e c t i v e  f u e l  volume sf t h e  h e a t  s o u r c e ,  These e f f e c t i v ~  lueL 
volumes would t h e n  b e  u s e d ,  i n s t e a d  o f  t h o s e  i n  f i g u r e  18, w i t 1 3  
t h e  r e s u l t s  o f  b o t h  two dimensional.  t h e r m a l  models 1 and  T I  L O  

p r e d i c t  t h e  h e a t  s o u r c e  t e m p e r a t u r e s ,  Use of  t h e  r e s u l t s  o" two 
d imens iona l  model 1 i n  this way i s  d e s i g n a t e d  a s  method C and 



u s e  of t h e  r e s u l t s  of  two d imens iona l  model 11 l s  3 e s i g r a L c L  - .  
a s  method D. In t h i s  way t h e  accuracy of t h e  -CI),J h;r:iel?s i n7 , -  
approach could  be  improved over methods A and B, Whet? ~ T I G I I ~  

s o l u t i o n s  a r e  r e q u i r e d ,  t h e  two d imens iona l  model eou l d  tl:eL2 
p r e d i c t  t h e  IBHS h o t  s p o t  t e m p e r a t u r e s  w i t h  accuracy app roazh -  
i n g  t h e  t h r e e  d imens iona l  a n a l y s i s ,  b u t  w i t L  n-iueh lest- c(411p~~j7- 

i n g  t ime  t h a n  u s e  o f  t h e  t h r e e  d imens iona l  wodel w o u i ?  require, 

The e f f e c t i v e  f u e l  power d e n s i t y  of a h e a t  sourcc  i s  d<- -  
f i n e d  a s  t h e  t ( > t ? E  f u e l  Eo8d d iv ided  by t h e  Twel effec::ivc 
volume : 

In a d d i t i o n ,  St. js assumed t h a t  t h e  e f f e c t i v e  fuel vuiu~ne c?n 
b e  w r i t t e n  a s  the p r o d u c t  of  a  parameter  O( and some chzrac~:sl-- 
i s t i c  l e n g t h  of' r h e  HS :: 

Assuming t h a t  t h e  fac t .or  4 is  independen-t of  Tuel  ].odd a d  
h e a t  s o u r c e  l e n g t h  it pan be determined from a s i n g l e  three G i ~ e c -  
s i o n a l  r e s u l t  f o r  each h e a t  s o u r c e  d e s i g n ,  I t  w i l l  L a r ~ r  hi3 
shown t h a t  f o r  rneth~xd D it is necessa ry  t o  a l low 4 to v a r y  
l i n e a r l y  w i t h  l e n g t h  ( r e q u i r i n g  two t h r e e  d imens iona l  s o i u c l o n s  
t o  de te rmine  i t )  To mske t h e  accuracy of  method D eornparabi_n L c  
t h a t  o f  method C f o r  c o n ~ k a n t  d when h e a t  s o u r c e  lengi-h -s 
v a r i e d ,  Once t h i s  f a c l ~ o r  a( i s  determined f o r  a  heair source 
d e s i g n  it c?n t h e n  be used i n  equakions (29 and then 41,) L O  
de te rmine  t h e  e f f e c t i v e  f u e l  power d e n s i t y  a s  a f u n c t  _cn of' 
h e a t  s o u r c e  f u e l  l o a d  and EengLh, The c h a r a c t e r i s t i c  L ~ n g t  1 

i n  e q u a t i o n  (21 i s  taken as t h e  o v e r a l l  c a p s u l e  l e n g t t i  131 
method C and 5s t h e  l e n g t h  of  t h e  c y l i n d r i c a l  p o r t i o n  of  tho 
c a p s u l e  ( t h e  f u e l e d  l e n g t h )  f o r  method D,  

To i l l u s t r a t e  t h e  d e t e r m i n a t i o n  o f  the  f a c t o r  4 , eon- 
s i d e r  t h e  t h r e e  d imens iona l  r e s u l t s  f o r  t h e  EBHS w i t h  thermal 
s w i t c h  i n s u l a t i o n ,  6 -3 - inch  l o n g  c a p s u l e ,  and 400 W fuel load 
given  i n  f i g u r e  LC, The l i n e r  h o t  s p o t  i s  c a l c u l a t e d  to be 
2197' F, I11 f i g u r e  1 2 ,  it can b e  s e e n  t h a t  u s i n g  ~ n  eFFee-rive 
f u e l  power d e n s i t y  of  1 8 - 8  w/in3 w i t h  two dimensional  vlodel T 
would g i v e  t h e  same l i n e r  h o t  s p o t  t empera tu re ,  Using tlhis 

power d e n s i t y  and e q u a t i o n s  1-2 f o r  400 W f u e l  load a n d  6 - 3 -  
P- i n c h  l e n g t h  y i e l d s  a v a l u e  o f  3 - 3 8  i n 2  f o r  4 , i h i s  va Lue 

can t h e n  b e  used t o  c a l c u l a t e  t h e  e f f e c t i v e  power densjty fur 
method C f o r  o t h e r  f u e l  l o a d s  and h e a t  s o u r c e  l e n g t h s ,  Ilsis-ig 
t h e  two d imens iona l  model 11, t h e  r e s u l t s  i n  f i g u r e  1 5  show 
t h a t  an  e f f e c t i v e  power d e n s i t y  of 25-3  w/in3 would y i e l d  a 
l i n e r  h o t  s p o t  t e m p e r a t u r e  of  2197O F, T h i s  v a l u e  i n  e q u a t r o n s  
1-2 w i t h  a 400 W f u e l  l o a d  and a c h a r a c t e r i s t i c  l e n g t h  of  



3 - 3 4  i n c h  ( t h e  f u e l e d  l e n g r h  f o r  a  6 .3- inch o v e r a i l  l e i rg -h  
c a p s u l e )  y i e l d s  a  v a l u e  of  4,12 i n 2  f o r  d a t  t h i s  l e n ~ t i ~  
f o r  method D. The v a l u e  of d f o r  each method i s  assui11e3 
n o t  t o  v a r y  w i t h  f u e l  l o a d ,  I t  w i l l  b e  shown t h a t  it c a n  
b e  assumed t o  b e  independent  of l e n g r h  f o r  method C an3 t o  
v a r y  l i n e a r l y  w i t h  l e n g t h  f o r  method D, The f a c t o r  d d o e s  
v a r y  w i t h  changes i n  I B H S  c o n f i g u r a t i o n s  such  a s  c h a n g ~ s  ir 
t h e  r e e n t r y  i n s u l a t i o n  s l e e v e  m a t e r i a l s ,  

Determining t h e  e f f e c t i v e  f u e l  power d e n s i t i e s  2n t n i s  
way, t h e  h o t  s p o t  p r e d i c t i o n s  of methods C and D a r e  compared 
t o  t h r e e  d imens iona l  r e s u l t s  f o r  h e a t  s o u r c e s  w i t h  t h r e e  
t y p e s  o f  r e e n t r y  i n s u l a t i o n  i n  f i g u r e s  23-25, IT? eaelii cast? 
t h e  f a c t o r  d f o r  eac>h method was determined t o  make t i le  Elr7ei- 

h o t  s p o t  t emperat u r e s  p r e d i c t e d  by two d imens iona l  models 
a g r e e  w i t h  the t h r e e  d imens iona l  r e su l - s s  a t  a  f u e l  l o a d  o f  
400 W, A s  shown i r l  f i g u r e s  23-25, t h e  l i n e r  h o t  s p o t  prsc i l t>-  
t i o n s  of  b o t h  two d i n ~ n s i o n a l  methods a g r e e  c l o s e l y  w3 t l7 t l l c 3  
t h r e e  d imens iona l  p r e d l c r i o n s  over  t h e  r a n g e  of  f u e l  i o a ~ l l n ~ i  
c o n s i d e r e d ,  i n d i c a t i n g  t h a t  t h e  f a c t o r  c& a c t u a l l y  is ,iea r1.r 
independent  of  f a e l  l o a d i n g  i n  t h i s  r a n g e o  

Al though b o t h  methods C and D a r e  made t o  c l o s e l y  3grct5 
w i t h  t h e  t h r e e  dJmensiLmal r e s u l t s  OV l i n e r  h o t  s p o t ,  r-hey 
b o t h  s l i g h t l y  u n d e r e s t  irna t e  t h e  f u e l  h o t  s p o t  tempera r i ire,  
Method C p r e d i c t s  a POCO h o t  s p o t  t e m p e r a t u r e  above tlze il-iric~ 
d imens iona l  r e s u l t s  h h i l e  m e t h ~ d  D u n d e r e s t i m a t e s  it, Fig-- 
u r e s  23-25 show rhat .  rneel-~od D more c l o s e l y  p r e d i c t s  tl-lc [ r e -  
and T - l l l  hot s p o t  "criipera~ur-es Than does  method C, 

I n  f i g u r e  2 6  uhe t w u  dimensicsnal methods a r e  con~ j~a r i ?d  
t o  t h r e e  d imenszonal  r ~ s u 1 . t - s  a s  a f u n c t i o n  of  h e a t  s o u r c e  
l e n g t h  f o r  an BBHS w i t h  t h e r m a l  s w i t c h  r e e n t r y  i n s u l a t i o n  a d  
400 W f u e l  l o a d ,  For metfiod C, t h e  f ac - to r  cd was d e l  ermined 
a t  a  6 .3- inch c a p s u l e  l e n g t h ,  A 5  shown i n  f i g u r e  26b tilis 
r e s u l t s  i n  good agreement w i t h  t h e  t h r e e  d imens iona l  r e s u l t s  
i n  p r e d i c t i n g  t h e  l i n e r  h o t  s p o t  tempera 'cures througlici i t  the 
r a n g e  o f  l e n g t h s  c o n s i d e r e d  i n d i c a f i n g  t h % t  f o r  method C, t h e  
f a c t o r  d is  n e a r l y  independent  o f  l e n g t h ,  However, f o r  ryeih~d! 
D, t h e  f a c t o r  c& was found t o  b e  more dependent  on lei-gtli Ic 
f i g u r e  26b, t h e  meuhod D r e s u l t s  shown w i t h  a  broken l i n e  were 
o b t a i n e d  by u s i n g  a f s c t o r  d determined a t  a  c a p s u l e  i e ~ g f i i l  
o f  6 , 3  i n c h e s ,  A s  shcwn t h i s  r e s u l t s  i n  a disagr-eement w i t h  
t h e  t h r e e  d imens iona l  r e s u l t s  of over  50O P a t  a  c a p s u l e  
l e n g t h  o f  4 ,8  i n c h e s ,  En o r d e r  t o  make method D a g r e c  with 
t h e  t h r e e  d imens iona l  p r e d i c t i o n s  f o r  l i n e r  h o t  s p o t  r evpera -  
t u r e  a s  w e l l  a s  method C does  in f i g u r e  26b, it was n e c e s s a r y  
t o  a l l o w  cs$ t o  va ry  l i n e a r l y  w i t h  c a p s u l e  l e n g t h ,  This re- 
q u i r e s  two t h r e e  d imens iona l  so luLions  to de te rmine  4 , 111 
f i g u r e  2 6 ,  t h e  method D r e s u l t s  shown by t h e  unbroken Lhes 



were  o b t a i n e d  u s i n g  a n  d which v a r i e d  l i n e a l  Ly e"c,;[ 
t h e  v a l u e s  d e t e r m i n e d  from t h r e e  d i m e n s i o n a l  r e s ~ ~ l t s  Tor 
4.8 i n c h  and  6 , 3 - i n c h  l o n g  c a p s u l e s ,  A l lowing  ti.c t o  
v a r y  i n  a s i m i l a r  manner f o r  method C would n o t  r e s u l r  i n  
a m a t e r i a l  improvement o v e r  t h e  r e s u l t s  shown i n  f i g u r e  2 6  
f o r  c o n s t a n t  4 , 

CONCLUDING REMARKS 

A t h r e e  dirr iensional  a n a l y s i s  of 8 n  LBBS ( I s o t o p e  Br ayCo I 
h e a t  s o u r c e )  w i t h  400 IV f u e l  l o a d ,  l o c a t e d  i n  a c l o s e - p a c k e d  
p l a n a r  a r r a y  and r a d i a t i n g  t o  a  1670' F s i n k  t e m p e r a t ~ i r e  p r ~ - -  
d i c t e d  t h a t :  

1, The l i n e r  h o t  s p o t  t e m p e r a t u r e  is  a b o u t  2200' F ZT 
a t h e r m a l  s w i t c h  i n s u l a t i o n  s l e e v e  i s  used  and  a b o u t  
2150° F if a @arb - I -Tex  g r a p h i t e  insulation s l e e v e  i s  
u s e d ,  Wi th  an  i o s u i a t i o n  s l e e v e  c o n s i s t i n g  o f  t w o  Ldy€ ' ' s  
o f  PG ( p y r o ~ y t i c  g r a p h i t e )  , t h e  l i n e r  h o t  s p a t  i s  a ' u ~ - i -  
2200' F i f  t h e  PC e m i s s i v i t y  is 0 - 8 0  and 2 3 0 0 ~  F - 1 -  ti-e 
PG e m i s s i v i t y  is  0 , 5 0 ,  T h i s  i l l u s t r a t e s  t h e  s i g n - f i c a n k  
e f f e c t  o f  r h e  r a d i a t i o n  g a p s  assumed t o  e x i s t  b e t v ~ e e n  t r i p  

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  and  t h e  i m p o r t a n c e  o f  accuyatc- 
l y  knowing 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  m a t e r i a l s ,  5 r ~ i > ~ d -  
i n g  e m i s s i v i t y  , 

2,  The main h e a l  t r a n s f e r  p a t h  from t h e  f u e l  t o  11-e POCO 
g r a p h i t e  i s  th rough  t h e  reen-fry i n s u l a t i o n  s l e e v e  cub i ch 
s u r r o u n d s  t h e  c y l i n d r i c a l -  p a r t  of t h e  c a p s u l e ,  37ie L01ig~- 
t u d i n a l  h e a t  t r a n s f e r  i n  t h e  POCO is  s u f f i c i e n t  t o  n,ai<e 
t h e  v a r i a t i o n  i n  d i s t r i b u t i o a ?  of h e a t  t r a n s f e r  froili t i ie  
POCO t o  t h e  HSHX(heat s o u r c e  h e a t  exchanger)  a l o n g  thc 
h e a t  s o u r c e  l e n g t h  l e s s  t h a n  10  p e r c e n t  f rom t h e  a v e r a g ?  
Hea t  t r a n s f e r  t h r o u g h  t h e  foamed molybdenum end r e g i o n  
f i l l e r s  r e d u c e s  t h e  l o n g i t u d i n a l  h e a t  t r a n s f e r  i n  rhe  e3p- 
s u l e  m e t a l l i c  members from what  would o c c u r  i f  no  h e a t  
w e r e  t r a n s f e r r e d  t h r o u g h  t h e  f i l l e r ,  b u t  it d o e s  not sus- 
s t a n t i a l l y  a f f e c t  t h e  p e r c e n t  of ene rgy  t r a n s f e r r e d  to t h e  
compl i ance  pad o r  t h e  l i n e r  h o t  s p o t  t emperaTure ,  

S e v e r a l  two d i m e n s i o n a l  methods were  examined and  compared 
t o  t h e  t h r e e  d i m e n s i o n a l  r e s u l t s  f o r  a n  IBHS, Two s l i g h t l y  
d i f f e r e n t  two d i m e n s i o n a l  r h c r m a l  models  were  u s e d ,  Mode: 1 
had a l l  nodes  o f  un i fo rm L o n g i t u d i n a l  d e p t h ,  The o t h e r ,  Model 
11, was a s l i g h t  m o d i f i c a t i o n ,  w i t h  - the POCO g r a p h i t e  modes 
d e e p e r  l o n g i t u d i n a h h y  t h a n  o t h e r  nodes ,  F o r  e % c h  o f  t h e  ther- 
mal models ,  two a p p r o a c h e s  t o  a p p l y i n g  t h e  r e s u l t s  t o  bhe IPHS 
were  c o n s i d e r e d ,  One approach  c o n s i s t e d  o f  e s t i m a t i n g  t h e  
e f f  ee t  i v e  f u e l  power d e n s i t y ,  i n d e p e n d e n t  o f  t h r e e  d i l - iens iena l  
r e s u l t s ,  and t h e  o t h e r  c o n s i s t e d  of 



u s i n g  a s m a l l  number of t h r e e  d imens iona l  s o l u t i o n s  t o  
de te rmine  t h e  e f f e c t i v e  f u e l  power d e n s i t y ,  

The two d imens iona l  methods d e s i g n a t e d  A and B u s e  
r a t i o n a l  e s t i m a t e s  f o r  t h e  e f f e c t i v e  f u e l  power d e n s i t y ,  
Method A employed two d imens iona l  the rmal  model 1 and 
method B used t h e r m a l  model 11, Both methods A and B 
were found t o  be  c o n s e r v a t i v e  (high) i n  p r e d i c t i n g  hot: 
s p o t  t e m p e r a t u r e s  of  t h e  IBHS i n  comparison Lo t h r e e  d i -  
mensional  r e s u l t s ,  b u t  b o t h  methods could  be  used i n  c>i?- 
g i n e e r i n g  caLculaLions,  Method B p r e d i c t s  s l i g h t l y  hLgher 
t e m p e r a t u r e s  and i n  t h e  absence  of t h r e e  d imens iona l  results 
it is  e a s i e r  t o  p r e d i c t  t h a t  it is  c o n s e r v a t i v e  f o r  any p a r -  
t i c u l a r  ca 5 e ,  

Methods C and D c o n s i s t  of  u s i n g  a s m a l l  number oL' t l ~ r c e  
d imens iona l  s o l u t i o n s  t o  de te rmine  t h e  e f f e c t i v e  fuel.  power 
d e n s i t i e s  f o r  t h e  two d imens iona l  the rmal  models 1 and I1 
r e s p e c t i v e l y ,  In t h e s e  methods, one o r  two t h r e e  dimel:sionaL 
s o l u t i o n s  a r e  u s ~ d  t o  develop an  e x p r e s s i o n  f o r  t h e  e f i e c t i v ~ l  
f u e l  power d e n s i t y  a s  a f u n c t i o n  of  h e a t  s o u r c e  l e n g t h  and  
f u e l  l o a d i n g  f o r  each heat s o u r c e  d e s i g n ,  The two d i m e n s f o ~ ~ a l  
models can t h e n  be used i n  s i t u a t i o n s  where inany s o l ~ i i S o n s  a r e  
r e q u i r e d .  The hor  s p o t  t e m p e r a t u r e s  p r e d i c t e d  by b o t h  methods 
were r e l a t i v e l y  cLos e  t o  t h e  t h r e e  d imens iona l  p v e d i c t j  on% :or 
t h e  range  of  v a r i a b l e s  e o n s i d e r e d ,  Method D r e s u l t e d  In ciuser 
agreement w i t h  t h r e e  3irnelwiinnal r e s u l t s  on a l l  h o t  spox Ie~li-  
p e r a t u r e s  t h a n  d i d  method @, 
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