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. 

INVESTIGATION OF ONE CONCEPT OF A THERMAL SHIELD 
FOR THE ROOM HOUSING A MOLTEN-SALT BREEDER REACTOR 

Ab s t rac t 

The c o n c r e t e  p r o v i d i n g  t h e  b i o l o g i c a l  s h i e l d  f o r  a 
250-Mw(e) m o l t e n - s a l t  b r e e d e r  r e a c t o r  must b e  p r o t e c t e d  
from t h e  gamma c u r r e n t  w i t h i n  t h e  r e a c t o r  room. A con- 
f i g u r a t i o n  o f  a l amina ted  s h i e l d i n g  w a l l  proposed f o r  
t h e  r e a c t o r  room was s t u d i e d  t o  de t e rmine  (1) i t s  a b i l -  
i t y  t o  m a i n t a i n  t h e  b u l k  t e m p e r a t u r e  o f  t h e  c o n c r e t e  
and t h e  maximum tempera tu re  d i f f e r e n t i a l  a t  l e v e l s  be- 
low t h e  a l l o w a b l e  maximums, ( 2 )  whether  o r  n o t  t h e  con- 
d u c t i o n  l o s s  from t h e  r e a c t o r  room w i l l  b e  k e p t  below a 
g iven  maximum v a l u e ,  ( 3 )  whether  a i r  i s  an a c c e p t a b l e  
medium f o r  c o o l i n g  t h e  w a l l ,  and ( 4 )  t h e  l e n g t h  o f  t i m e  
t h a t  a l o s s  o f  t h i s  c o o l a n t  a i r  f low can be s u s t a i n e d  
b e f o r e  t h e  b u l k  t empera tu re  o f  t h e  c o n c r e t e  exceeds  t h e  
maximum a l l o w a b l e  t e m p e r a t u r e .  Equa t ions  were developed 
t o  s t u d y  t h e  h e a t  t r a n s f e r  and s h i e l d i n g  p r o p e r t i e s  of  
t h e  proposed r e a c t o r  room w a l l  f o r  v a r i o u s  combina t ions  
o f  l a m i n a t i o n  t h i c k n e s s e s .  The proposed c o n f i g u r a t i o n  
i s  a c c e p t a b l e  f o r  (1) an i n c i d e n t  monoenerget ic  (1 MeV) 
gamma c u r r e n t  o f  1 x 10l2 photons/cn? .sec and (2) an 
i n s u l a t i o n  t h i c k n e s s  o f  5 i n .  o r  more. The b e s t  r e s u l t s  
a r e  o b t a i n e d  when most o f  t h e  g a m a - s h i e l d  s t ee l  i s  
p l a c e d  on t h e  r e a c t o r  s i d e  of  t h e  c o o l i n g  channe l .  

1. INTRODUCTION 

Thermal-energy m o l t e n - s a l t  b r e e d e r  r e a c t o r s  (MSBR) are b e i n g  s t u d i e d  

t o  a s s e s s  t h e i r  economic and n u c l e a r  performance and t o  i d e n t i f y  impor t an t  

d e s i g n  problems.  One d e s i g n  problem i d e n t i f i e d  d u r i n g  t h e  s t u d y  made of 

a c o n c e p t u a l  1000-Mw(e) MSBR power plant '  was t h a t  t h e r e  w i l l  be  a r a t h e r  

i n t e n s e  gamma c u r r e n t  i n  t h e  room i n  which t h e  m o l t e n - s a l t  b r e e d e r  r e a c t o r  

i s  housed. The c o n c r e t e  w a l l  p r o v i d i n g  t h e  b i o l o g i c a l  s h i e l d  around t h e  

r e a c t o r  room m u s t  be  p r o t e c t e d  from t h i s  i n t e n s e  gamma c u r r e n t  t o  l i m i t  

'P. R .  Kas t en ,  E .  S, Bet t i s ,  and R.  C .  Robertson,  "Design S t u d i e s  of  
lOOO-Mw(e) Mol t en -Sa l t  Breeder  Reac to r s , "  USAEC Report  ORNL-3996, Oak 
Ridge N a t i o n a l  L a b o r a t o r y ,  August 1966. 



gamma h e a t i n g  i n  t h e  c o n c r e t e .  F u r t h e r ,  the c o n c r e t e  must be  p r o t e c t e d  

from t h e  h i g h  ambient t empera tu re  i n  t h e  r e a c t o r  room. One p o s s i b l e  

method o f  p r o t e c t i n g  t h e  c o n c r e t e  i s  t h e  a p p l i c a t i o n  of l a y e r s  o f  gamma 

and thermal  s h i e l d i n g  and i n s u l a t i n g  m a t e r i a l s  on t h e  r e a c t o r  s i d e  of t h e  

c o n c r e t e .  A proposed c o n f i g u r a t i o n  of the l a y e r e d - t y p e  w a l l  f o r  t h e  

r e a c t o r  room i s  i l l u s t r a t e d  i n  F i g .  1. 

ORNL Owp 67-12000 
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F i g .  1. Proposed C o n f i g u r a t i o n  of Reac to r  Room Wall. 

The s t u d y  r e p o r t e d  h e r e  was made t o  i n v e s t i g a t e  t h i s  proposed con- 

f i g u r a t i o n  of  a r e a c t o r  room w a l l  f o r  t h e  modular concept' of a lQOQ-Mw(e) 

MSBR power p l a n t .  T h i s  modular p l a n t  would have f o u r  s e p a r a t e  and i d e n t i -  

c a l  250-Mw(e) r e a c t o r s  w i t h  t h e i r  s e p a r a t e  s a l t  c i r c u i t s  and heat-exchange 

l o o p s .  T h i s  p r e l i m i n a r y  i n v e s t i g a t i o n  was made t o  de t e rmine  whether o r  

n o t  t h e  proposed c o n f i g u r a t i o n  f o r  t h e  r e a c t o r  room w a l l  w i l l  

1. m a i n t a i n  t h e  b u l k  t empera tu re  o f  t h e  c o n c r e t e  p o r t i o n  o f  t h e  w a l l  a t  

l e v e l s  below 212'F, 

2 .  m a i n t a i n  t h e  t empera tu re  d i f f e r e n t i a l  i n  t h e  c o n c r e t e  l a m i n a t i o n  a t  

less  than  4Q°F (a f a i r l y  c o n s e r v a t i v e  v a l u e ) ,  and 

3 .  m a i n t a i n  t h e  conduc t ion  l o s s  from a r e a c t o r  room a t  1 Mw o r  less .  

T h i s  s t u d y  was a l s o  performed t o  de t e rmine  whether  o r  n o t  a i r  i s  a s u i t -  

a b l e  medium f o r  c o o l i n g  t h e  r e a c t o r  room w a l l  and t o  de t e rmine  t h e  l eng th  

o f  t ime o v e r  which t h e  l o s s  of  t h i s  a i r  flow can be  t o l e r a t e d  b e f o r e  t h e  
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bulk temperature of  the concrete lamination exceeds the maximum allowable 

temperature of  212'F. 

Analysis of the proposed configuration for the wall of the reactor 

room was based on an investigation of  the heat transfer and shielding 

properties of  the composite wall shown in F i g .  1. Equations were devel- 

oped that would allow these properties to be examined parametrically for 

various combinations o f  lamination materials and thicknesses in the wall. 

8 



2.  SUMMARY 

Methods were d e v i s e d  t o  p a r a m e t r i c a l l y  a n a l y z e  a composi te  p l a n e  w a l l  

w i t h  i n t e r n a l  h e a t  g e n e r a t i o n  produced by t h e  a t t e n u a t i o n  of  t h e  gamma 

c u r r e n t  from t h e  r e a c t o r  room. Both s t e a d y  s t a t e  and t r a n s i e n t  c o n d i t i o n s  

were c o n s i d e r e d .  Th i r ty -one  e q u a t i o n s  were d e r i v e d  and a computer pro- 

gram was  w r i t t e n  t o  examine t h e  h e a t  t r a n s f e r  and s h i e l d i n g  p r o p e r t i e s  o f  

t h e  proposed w a l l  f o r  v a r i o u s  combina t ions  of l a m i n a t i o n  m a t e r i a l s  and 

t h i c k n e s s e s ,  

photons/cn? ‘sec through 3 x 1012 photons/cn? ‘ s e c  were examined. 

d i f f e r e n c e  approach,  w i t h  t h e  d i f f e r e n c i n g  w i t h  r e s p e c t  t o  t i m e ,  was 

used i n  the  t r a n s i e n t - c o n d i t i o n  a n a l y s i s  t o  o b t a i n  a f i r s t  approximat ion  

o f  t h e  amount of  t i m e  t h a t  t h e  proposed w a l l  could  s u s t a i n  a loss of  

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

I n c i d e n t  monoenerget ic  ( 1  M e V )  gamma c u r r e n t s  o f  1 x l0l2 

A f i n i t e  

The r e s u l t s  of  t h e s e  s t u d i e s  i n d i c a t e  t h a t  t h e  proposed c o n f i g u r a t i o n  

o f  t h e  lamina ted  w a l l  i n  t h e  r e a c t o r  room i s  a c c e p t a b l e  f o r  t h e  c a s e s  

c o n s i d e r e d  w i t h  an i n c i d e n t  monoenerge t ic  (1 MeV) gamma c u r r e n t  o f  1 x 1012 

photons/crri?.sec and a f i r e b r i c k  i n s u l a t i o n  l a m i n a t i o n  of  5 i n .  o r  more. 

Under t h e s e  c o n d i t i o n s ,  a t o t a l  o f  approximate ly  4 i n .  of s t ee l  i s  s u f f i -  

c i e n t  f o r  gamma s h i e l d i n g .  The b e s t  r e s u l t s  a r e  o b t a i n e d  when t h e  t h i c k -  

n e s s e s  o f  t h e  m i l d - s t e e l  gamma s h i e l d s  a r e  a r r anged  so t h a t  t h e  major  

p o r t i o n  01 t h e  s t ee l  i s  on t h e  r e a c t o r  s i d e  o f  t h e  a i r  channe l .  However, 

t h e  proposed c o n f i g u r a t i o n  of t h e  lamina ted  w a l l  f o r  t h e  r e a c t o r  room 

does  n o t  p r o t e c t  t h e  c o n c r e t e  from e x c e s s i v e  t empera tu re  when t h e  i n c i d e n t  

monoenerget ic  gamma c u r r e n t  i s  2 x lo1” photons/cn?’.sec.  

With an  i n c i d e n t  monoenerget ic  ( 1  M e V )  gamma c u r r e n t  o f  1 x 10l2 

photons/ci$.sec,  t h e  proposed l amina ted  w a l l  w i l l  m a i n t a i n  t h e  t empera tu re  

d i f f e r e n t i a l  i n  the s t e e l  t o  w i t h i n  10°F o r  l ess  f o r  a l l  t h e  cases s t u d i e d .  

The d i f f e r e n t i a l  between t h e  t empera tu re  o f  t h e  s t e e l - c o n c r e t e  i n t e r f a c e  

and t h e  maximum tempera tu re  o f  t h e  c o n c r e t e  i s  less  than  15OF f o r  a l l  t h e  

c a s e s  s t u d i e d .  The v a l u e s  o f  b o t h  of t h e s e  t empera tu re  d i f f e r e n t i a l s  a r e  

w e l l  below a c r i t i c a l  v a l u e .  

Based on t h e  assumption t h a t  t h e  f l o o r  and c e i l i n g  o f  t h e  r e a c t o r  

room have t h e  same lamina ted  c o n f i g u r a t i o n  as t h e  w a l l s ,  t h e  proposed 
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w a l l  w i l l  a l l o w  t h e  conduc t ion  l o s s  from t h e  r e a c t o r  room t o  b e  ma in ta ined  

a t  a l e v e l  below 1 Mw f o r  an i n c i d e n t  monoenerget ic  (1 MeV) gamma c u r r e n t  

o f  1 x 10l2 photons/ctri! 'sec if t h e  t h i c k n e s s  o f  t h e  f i r e b r i c k  i n s u l a t i o n  

l a m i n a t i o n  i s  5 i n .  o r  more and i f  a t  least  4 i n .  of  m i l d - s t e e l  gamma 

s h i e l d i n g  i s  i n c l u d e d .  

With a c o o l a n t  a i r  channe l  w i d t h  o f  3 i n .  and an a i r  v e l o c i t y  o f  

50 f t / s e c ,  a i r  i s  an a c c e p t a b l e  medium f o r  c o o l i n g  t h e  proposed r e a c t o r  

room w a l l .  I f  t h e  ambient t e m p e r a t u r e  o f  t h e  r e a c t o r  room remains a t  

app rox ima te ly  llOO°F and i f  t h e  gamma c u r r e n t  i s  ma in ta ined  a t  1 x 10l2 

photons/ctri! .sec,  t h e  t e m p e r a t u r e  o f  t h e  c o n c r e t e  w i l l  remain below t h e  

c r i t i c a l  l e v e l  (212OF) f o r  approx ima te ly  one hour  a f t e r  a l o s s  of  t h e  

c o o l a n t  a i r  f low.  I f  a z e r o  i n c i d e n t  gamma c u r r e n t  i s  assumed, t h e  

"pe rmis s ib l e"  l o s s - o f - c o o l a n t - a i r - f l o w  time i s  g r e a t e r  t h a n  one hour  b u t  

l ess  t h a n  two h o u r s .  

To de t e rmine  whether  o r  n o t  a conduc t ion  loss of  1 Mw w i l l  p e r m i t  

maintenance of  t h e  d e s i r e d  ambient  t e m p e r a t u r e  w i t h i n  t h e  r e a c t o r  room 

w i t h o u t  t h e  a d d i t i o n  of  a u x i l i a r y  c o o l i n g  o r  h e a t i n g  systems,  an o v e r a l l  

ene rgy  b a l a n c e  shou ld  be  performed when s u f f i c i e n t  i n f o r m a t i o n  becomes 

a v a i l a b l e .  

r e a c t o r  and ex tend  o u t  through t h e  w a l l  o f  t h e  r e a c t o r  room t o  a n  o u t s i d e  

s u r f a c e .  

T h i s  b a l a n c e  shou ld  s t a r t  w i t h  t h e  f i s s i o n i n g  p r o c e s s  i n  t h e  



6 

3 .  DEVELOPMENT OF ANALYTICAL METHODS 

I n  t h e  modular concept  of  a 1000-Mw(e) MSBR power plant , '  t h e  f o u r  

i d e n t i c a l  b u t  s e p a r a t e  250-Mw(e) m o l t e n - s a l t  b r e e d e r  r e a c t o r s  would be  

housed i n  f o u r  s e p a r a t e  r e a c t o r  rooms. One pr imary f u e l - s a l t -  t o - c o o l a n t -  

s a l t  h e a t  exchanger  and one b l a n k e t - s a l t - t o - c o o l a n t - s a l t  h e a t  exchanger  

would a l s o  be housed i n  each r e a c t o r  room a l o n g  w i t h  t h e  r e a c t o r .  These 

i tems of equipment a r e  t o  be l o c a t e d  11 f t  from each o t h e r  i n  t h e  5 2 - f t -  

l ong  r e a c t o r  room t h a t  i s  22 f t  wide and 48 f t  h i g h .  The r e a c t o r  and t h e  

p r imary  f u e l - s a l t - t o - c o o l a n t - s a l t  h e a t  exchanger  are r e s p o n s i b l e  f o r  t h e  

gamma c u r r e n t  i n  each of t h e  r e a c t o r  rooms, The proposed c o n f i g u r a t i o n  

o f  t h e  l a m i n a t i o n s  d e v i s e d  t o  p r o t e c t  t h e  c o n c r e t e  froin t h e  gamma c u r r e n t  

i n  t h e  r e a c t o r  room i s  shown i n  Fig.  2 w i t h  t h e  co r re spond ing  terminology 

used i n  t h e  p a r a m e t r i c  s t u d i e s  made o f  t h e  composi te  w a l l .  

'P .  R. Kasten,  E. S.  Be t t i s ,  and R .  C .  Robertson,  "Design S t u d i e s  o f  
lOOO-Mw(e) Mol t en -Sa l t  Breeder  Reactors ,"  USAEC Report  ORNL-3996, Oak 
Ridge N a t i o n a l  Labora to ry ,  August 1966. 

ORNL Dwa 67-12001 
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SKIN- TI Ti INSULATION--  STEEL -- CONCRETE 

Fig .  2 .  Proposed C o n f i g u r a t i o n  o f  Reac to r  Room Wall With Cor re s -  
ponding Terminology. 
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I n  t h e  d i r e c t i o n  from t h e  i n t e r i o r  o f  t h e  r e a c t o r  room o u t  t o  t h e  

o u t e r  s u r f a c e  o f  t h e  w a l l  ( l e f t  t o  r i g h t  i n  Fig.  Z),  t h e  l a y e r s  o f  mate- 

r i a l  compr i s ing  t h e  w a l l  a r e  a s t a i n l e s s  s t e e l  s k i n ,  f i r e b r i c k  i n s u l a t i o n ,  

a m i l d - s t e e l  gamma s h i e l d ,  an a i r  channe l ,  a m i l d - s t e e l  gamma s h i e l d ,  and 

t h e  c o n c r e t e  b i o l o g i c a l  s h i e l d .  The t h i c k n e s s e s  o f  t h e  f i r e b r i c k  i n s u l a -  

t i o n  and each  o f  t h e  two m i l d - s t e e l  gamma s h i e l d s  are c o n s i d e r e d  t o  be  

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

s t ee l  s k i n  i s  f i x e d  a t  1/16 i n . ,  t h e  t h i c k n e s s  of  t h e  c o n c r e t e  i s  e i t h e r  

8 f t  f o r  a n  e x t e r i o r  w a l l  o r  3 f t  f o r  an i n t e r i o r  w a l l ,  and t h e  w i d t h  o f  

t h e  a i r  channe l  i s  f i x e d  a t  3 i n .  

The t e m p e r a t u r e  o f  t h e  i n t e r i o r  s u r f a c e  o f  t h e  r e a c t o r  room w a l l  i s  

c o n s i d e r e d  t o  be  uniform o v e r  t h e  s u r f a c e  and c o n s t a n t  a t  1100'F. The 

t empera tu re  o f  t h e  e x t e r i o r  s u r f a c e  o f  t h e  w a l l  is c o n s i d e r e d  t o  b e  u n i -  

form o v e r  t h e  s u r f a c e  and c o n s t a n t  a t  50°F f o r  t h e  8 - f t  t h i c k n e s s  o f  

c o n c r e t e  ( t h e  t empera tu re  of  t h e  e a r t h  f o r  an e x t e r i o r  w a l l )  o r  a t  70°F 

f o r  t h e  3 - f t  t h i c k n e s s  o f  c o n c r e t e  ( t h e  ambient t empera tu re  o f  a n  a d j o i n -  

i n g  room w i t h i n  t h e  f a c i l i t y  f o r  a n  i n t e r i o r  w a l l ) .  

t h e  c o o l a n t  a i r  i s  assumed t o  be 100°F a t  t h e  bottom ( e n t r a n c e )  o f  t h e  

a i r  c h a n n e l ,  and t h e  v e l o c i t y  of  t h e  a i r  i s  assumed t o  be  50 f t / s e c .  

The t e m p e r a t u r e  of 

The s i t u a t i o n  examined i s  b a s i c a l l y  one i n v o l v i n g  a composi te  p l a n e  

w a l l  w i t h  i n t e r n a l  h e a t  g e n e r a t i o n  caused  by t h e  a t t e n u a t i o n  o f  t h e  gamma 

c u r r e n t  from t h e  r e a c t o r  room. Two c o n d i t i o n s  were cons ide red :  t h e  

s t e a d y - s t a t e  c o n d i t i o n  and t h e  t r a n s i e n t  c o n d i t i o n .  The s t e a d y - s t a t e  

c o n d i t i o n  was c o n s i d e r e d  f i r s t  and t h e  t r a n s i e n t  c o n d i t i o n  w a s  c o n s i d e r e d  

l a t e r  when t h e  problem o f  a loss o f  w a l l  c o o l a n t  was examined. 

S t e a d y - S t a t e  C o n d i t i o n  

E q u a t i o n s  were developed t o  a l l o w  t h e  h e a t  t r a n s f e r  and s h i e l d i n g  

p r o p e r t i e s  of t h e  composi te  w a l l ,  shown i n  F ig .  2 ,  t o  b e  examined pa ra -  

m e t r i c a l l y  f o r  v a r i o u s  combina t ions  o f  l a m i n a t i o n  m a t e r i a l s  and t h i c k -  

n e s s e s .  A one-d imens iona l  a n a l y s i s  was used ,  assuming t h a t  t h e  tempera- 

t u r e s  of t h e  i n t e r i o r  and e x t e r i o r  s u r f a c e s  o f  t h e  w a l l  were c o n s t a n t  and 

u n i  f orm . 



a 

D e r i v a t i o n  o f  Equa t ions  

A s t e a d y - s t a t e  energy b a l a n c e  on a d i f f e r e n t i a l  e lement  o f  t h e  r e a c t o r  

room w a l l  can be expres sed  s e m a n t i c a l l y  a s  f o l l o w s .  The h e a t  conducted 

i n t o  t h e  element through t h e  l e f t  f a c e  d u r i n g  t h e  t i m e  A0 p l u s  t h e  h e a t  

g e n e r a t e d  by s o u r c e s  i n  t h e  element d u r i n g  t h e  time A0 e q u a l s  t h e  h e a t  

conducted o u t  of  t h e  element through t h e  r i g h t  f a c e  d u r i n g  t h e  time A0. 

T h i s  i s  expres sed  a l g e b r a i c a l l y  i n  Eq. 1. 

where 

k = thermal  c o n d u c t i v i t y ,  B t u / h r - f t * O F ,  

A~ = u n i t  a r e a  on w a l l ,  f t 2 ,  
0 T = t empera tu re ,  F, 

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

8 = t i m e ,  hou r s ,  and 

Q = v o l u m e t r i c  gamma h e a t i n g  ra te ,  B t u / h r . f t ? .  

A p p l i c a t i o n  o f  t h e  mean-value theorem t o  dT/dx g i v e s  t h e  e x p r e s s i o n  o f  

Eq .  2 .  

where M i s  a p o i n t  between x and x + Ax. Equa t ion  2 i s  s u b s t i t u t e d  i n t o  

Eq. 1 and A0 i s  c a n c e l e d .  

The common term -kAl - ::Ix i s  c a n c e l e d ,  and i t  i s  no ted  t h a t  

= d2T/d*. The r e s u l t i n g  e x p r e s s i o n  i s  given i n  Eq. 4 .  

Div id ing  E q .  4 by A,& and a l l o w i n g  Ax t o  approach z e r o  a s  a l i m i t  so 

t h a t  a v a l u e  a t  M becomes a v a l u e  a t  x, t h e  v o l u m e t r i c  gamma h e a t i n g  r a t e ,  
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Equation 5 is integrated twice, and if Q # Q(x), 
T(x) = -2 9 + Clx 4 C, . (6) 

The applicable boundary conditions for any particular lamination in the 

wall are T = at x = 0 and T = T at x = L ,  where T, = the temperature L 
of the lamination interface at zero location designated in Fig. 2 and 

L = the thickness of the material in a lamination in feet. These con- 

ditions are applied to E q .  6 .  

The internal heat generation encountered in this study is caused by 

a deposition of energy in the form of heat when the gamma rays are atten- 

uated by the materials in the wall of the room. Because of this atten- 

uation of the gamma rays, the volumetric gamma heating rate, Q, is a 

function of the distance perpendicular to the surface of the wall, x. 

The equations derived in this study are based on the assumption that the 

incident gamma current is monoenergetic, but appropriate equations for 

a multi-energetic gamma current are given in Appendix A .  For a mono- 

energetic gamma current where buildup and exponential attenuation are 

considered, the equation for Q(x) becomes 
~ 

Q(x) = Q, /AeqX + (1 - A)e 
where 

A, a, and f3 = dimensionless constants used in the Taylor buildup 

equation 

and p = the total gamma attenuation coefficient, ft"'. 

When 

where 

Q = t h e  volumetric gamma heating rate at the surface on the reactor 

side of the stainless steel skin, Btu/hr.ft?, 

E = energy of the incident garmna current, MeV, 

m, = incident gamma current, photons/cn?.sec, and 

vE = gamma energy attenuation coefficient, it-'. 
_, I.....̂ .,.,.. . _.. 
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S u b s t i t u t i n g  Eo,. 9 i n t o  Eq, 5 ,  

Equat ion 10 i s  i n t e g r a t e d  tw ice  t o  y i e l d  

+ & x + C * = O .  (11) 

The p r e v i o u s l y  s t a t e d  boundary c o n d i t i o n s  a r e  s t i l l  a p p l i c a b l e ,  and t h e  

r e s u l - t  o f  app ly ing  t h e s e  c o n d i t i o n s  t o  Eq. 11. i s  t h a t  

+ 

- 
The 

i s  given 

t empera tu re  d i s t r i b u t i o n  i n  any p a r t i c u l a r  l a m i n a t i o n  o f  t h e  wa l l  

by Eq. 1 2  when t h e  a p p r o p r i a t e  c o n s t a n t s  f o r  t h a t  l a m i n a t i o n  are  

used .  

i n  t h e  c o n c r e t e  and t o  de t e rmine  t h e  l o c a t i o n  o f  t h i s  maximum t e m p e r a t u r e .  

To l o c a t e  t h e  p o s i t i o n  of t h e  maximum tempera tu re  i n  t h e  c o n c r e t e ,  Eq. 1 2  

i s  d i f f e r e n t i a t e d  w i t h  r e s p e c t  t o  x) t h e  r e s u l t i n g  d e r i v a t i v e  (dT/dx) i s  

s e t  e q u a l  t o  ze ro ,  and t h e  e q u a t i o n  i s  so lved  f o r  x .  The v a l u e  of  x 

o b t a i n e d  g i v e s  t h e  d i s t a n c e  from t h e  c o n c r e t e - s t e e l  i n t e r f a c e  t o  t h e  

p o s i t i o n  o f  t h e  maximum tempera tu re  i n  t h e  c o n c r e t e .  

Equa t ion  12  i s  used p r i m a r i l y  t o  de t e rmine  t h e  maximum tempera tu re  

Equat ion 13 i s  a t r a n s c e n d e n t a l  e q u a t i o n  i n  x ,  and a s  such, i t  must 

be solved by u s i n g  a t r i a l - a n d - e r r o r  t echn ique .  There a r e  o n l y  two terms 

i n  Eq. 13 t h a t  c o n t a i n  x, and t h e s e  terms a r e  r e a r r a n g e d  t o  p u t  Eq. 13 

i n  a form more e a s i l y  s o l v e d  by t r i a l  and e r r o r .  
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All of t h e  c o e f f i c i e n t s  on t h e  l e f t  s i d e  o f  E q .  14 a r e  known, and a l l  o f  

t h e  terms on t h e  r i g h t  s i d e  a r e  known, The re fo re ,  Eq .  14 may be w r i t t e n  

i n  t h e  form 

(15) 
- a, x 

Kl e-a1 4- J&e = K3 9 

where t h e  K ' s  and a ' s  a r e  c a l c u l a b l e  numbers. When E q .  14 i s  so lved  f o r  

x, t h i s  va lue  o f  x i s  c a l l e d  xT max. The v a l u e  x = x i s  s u b s t i t u t e d  
T max 

i n t o  E q .  12 t o  o b t a i n  t h e  maximum tempera tu re  o f  t h e  c o n c r e t e .  

To d e t e r m i n e  t h e  magnitude o f  t h e  conduc t ion  l o s s ,  q*, from t h e  

r e a c t o r  room, e q u a t i o n s  were w r i t t e n  t o  g i v e  t h e  t e m p e r a t u r e  d r o p s  a c r o s s  

each  s e p a r a t e  l a m i n a t i o n  i n  t h e  w a l l .  These e q u a t i o n s  are s imple  con- 

d u c t i o n  and c o n v e c t i o n  e q u a t i o n s  i n  which a l l  o f  t h e  h e a t  g e n e r a t e d  i n  a 

p a r t i c u l a r  l a m a i n a t i o n  i s  assumed t o  be  conducted through a l e n g t h  e q u a l  

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

amount of gamma h e a t ,  qT, d e p o s i t e d  p e r  u n i t  a r e a  i n  a d i r e c t i o n  normal t o  

t h e  f a c e  o f  t h e  w a l l  i s  found € o r  any par t icular  l a m i n a t i o n  by i n t e g r a t i n g  

E q .  9 o v e r  t h e  l e n g t h ,  L, of  t h e  p a r t i c u l a r  l a m i n a t i o n .  

J o  

where Q is t h e  i n c i d e n t  v o l u m e t r i c  gamma h e a t i n g  rate. 

There a r e  two p o s s i b l e  ways t o  e v a l u a t e  t h e  i n c i d e n t  v o l u m e t r i c  

gamma h e a t i n g  ra te  a t  some p a r t i c u l a r  material i n t e r f a c e ,  which s h a l l  b e  

r e f e r r e d  t o  as t h e  " j - t h "  i n t e r f a c e .  The first way i s  t o  c a l c u l a t e  t h e  

gamma current, 

v a l u e  of  4 
t h i s  c a l c u l a t e d  

(j) ' a t  each i n t e r f a c e .  To o b t a i n  Q, 
' o ( j>  J 

i s  s u b s t i t u t e d  i n t o  t h e  e q u a t i o n  
o ( j )  
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The second method o f  e v a l u a t i n g  t h e  i n c i d e n t  v o l u m e t r i c  gamma h e a t i n g  

r a t e  i n v o l v e s  s u b t r a c t i n g  t h e  t o t a l  amount of  gamma h e a t  d e p o s i t e d  p e r  

u n i t  a r e a  i n  t h e  j - t h  laminaL:ion, q j ,  from t h e  gamma energy c u r r e n t  p e r  

u n i t  a r e a  i n c i d e n t  upon t h e  j - t h  l a m i n a t i o n ,  

gamma energy c u r r e n t  p e r  u n i t  area i n c i d e n t  upon t h e  f a c e  o f  t h e  fol low- 

i n g  l a m i n a t i o n  q 

t o  approximate t h e  
‘o(j> 

o ( j  + 1)’ 

t 
- - q0(j) - q j  * 

The v o l u m e t r i c  gamma h e a t i n g  r a t e  i n c i d e n t  upon a p a r t i c u l a r  l a m i n a t i o n ,  

and t h e  gamma energy c u r r e n t  p e r  u n i t  a r e a  i n c i d e n t  upon t h e  j - t h  
Q o ( j )  J 

a r e  r e l a t e d  by t h e  f o l l o w i n g  e q u a t i o n .  
‘o(.j)’ 

l a m i n a t i o n ,  

There f o r e ,  

These two methods are i n  f a i r l y  good agreement,  and s i n c e  t h e  v a l u e s  f o r  

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

d e s i g n  f o r  t h e  r e a c t o r  room w a l l ,  t h e  second method o f  e v a l u a t i n g  t h e  

i n c i d e n t  v o l u m e t r i c  gamma h e a t i n g  ra te  w a s  u s e d i n  t h i s  s t u d y .  The 

second method i s  s i m p l e r  t o  u s e  and easier  t o  c a l c u l a t e .  

The e q u a t i o n s  f o r  t h e  s t e a d y - s t a t e  t empera tu re  d r o p s  a c r o s s  each o f  

t h e  m a t e r i a l  l a m i n a t i o n s  on t h e  r e a c t o r  s i d e  of  t h e  a i r  channe l  are  g iven  

below and t h e  t empera tu re  p o i n t s  a r e  as i l l u s t r a t e d  i n  F ig .  2 .  

where 

q* = h e a t  conduc t ion  r a t e  o u t  o f  t h e  r e a c t o r  room, B t u / h r * f t ; ? ,  

;̂. gamma heat: d e p o s i t i o n  r a t e  i n  t h e  s t a i n l e s s  s t ee l  o u t e r  s k i n ,  4s 
Btu /h r*  St’, 

L = t h i c k n e s s  of  t h e  s t a i n l e s s  s t ee l  s k i n ,  f t ,  and  

k 
S 

S 

0 
-: thermal  c o n d u c t i v i t y  o f  t h e  s t a i n l e s s  s t e e l  s k i n ,  B t u / h r . f t .  F.  
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where t h e  s u b s c r i p t  I r e f e r s  t o  t h e  i n s u l a t i o n  l a m i n a t i o n  shown i n  F ig .  2 .  
CI 

where t h e  s u b s c r i p t  FS refers t o  the f i r s t  m i l d - s t e e l  gamma s h i e l d  (on 

t h e  r e a c t o r  s i d e  o f  t h e  a i r  channe l ) .  

q" + 4, + 9 1  + q F s  
T Z - T  a = h 7 (22) 

where 

T = t empera tu re  of  t h e  a i r  i n  t h e  channel ,  O F ,  and 
a 
h = c o n v e c t i v e  h e a t  t r a n s f e r  c o e f f i c i e n t ,  B t u / h r - f $  * O F .  

The ave rage  c o n v e c t i v e  h e a t  t r a n s f e r  c o e f f i c i e n t  a c r o s s  t h e  walls of t h e  

a i r  channel  i s  e v a l u a t e d  i n  Appendix B, and t h e  v a l u e  of 5 was de te rmined  

f o r  a mean t empera tu re  o f  from 130 t o  150°F. 

gamma h e a t i n g  i n  t h e  a i r  channel  i s  n e g l i g i b l e .  Equa t ions  19, 20, 21, 

and 22 w e r e  added and t h e  r e s u l t i n g  e q u a t i o n  was s o l v e d  f o r  q*. 

conduc t ion  r a t e  o u t  o f  t h e  r e a c t o r  room t o  t h e  a i r  channel ,  

It was assumed t h a t  t h e  

The h e a t  

Iks  kI kFS 8 h :  

On the  c o n c r e t e  s i d e  o f  t h e  a i r  channel ,  t h e  v a l u e  of  pr imary  i n t e r e s t  

i s  t h e  maximum tempera tu re  of  t h e  c o n c r e t e ,  T . T h i s  t empera tu re  may b e  
max 

de termined  by u s i n g  Eqs. 12 and 14, b u t  t h e  t empera tu re  of t h e  steel-  

c o n c r e t e  i n t e r f a c e ,  T5, must be  known b e f o r e  t h e s e  e q u a t i o n s  can be  used .  

The s imple  conduc t ion  and convec t ion  e q u a t i o n s  f o r  t h e  l amina ted  w a l l  on 

t h e  c o n c r e t e  s i d e  o f  t h e  a i r  channel  a r e  g iven  below. 
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where 

= gamma h e a t  d e p o s i t i o n  r a t e  i n  t h e  second m i l d - s t e e l  gamma s h i e l d ,  qss 

4, 

qR 

R t u / h r . f t 2 ,  

I :: r a t e  a t  which t h e  gamma h e a t  gene ra t ed  i n  t h e  c o n c r e t e  i s  

conducted back toward t h e  a i r  channe l ,  B t u / h r . f ? ,  and 

= r a d i a n t  h e a t  t r a n s f e r  r a t e  between t h e  w a l l s  o f  t h e  a i r  channe l ,  

B tu /h r .  ft‘ 

where 

0 = Stefan-Boltzmann c o n s t a n t  

= 0.1714 x lo”* 

F = s u r f a c e  e m i s s i v i t y  o f  a i r  channe l  w a l l s ,  assumed t o  t h e  

same f o r  b o t h  s u r f a c e s .  

KSS 

I n  this s tudy ,  t h e r e  i s  a p o i n t  i n  t h e  c o n c r e t e  a t  which t h e  tempera- 

t u r e  o f  the c o n c r e t e  i s  a maxi.mum. A l l  of t h e  gamma h e a t  g e n e r a t e d  on 

t h e  a i r  channe l  s i d e  o f  t h a t  p o i n t  w i . l l  b e  conducted toward t h e  a i r  channe l ;  

t h a t  i s ,  i n  t h e  d i r e c t i o n  of  d e c r e a s i n g  t empera tu re .  Th i s  amount o f  h e a t ,  

~ 1 ‘  

Eq. 13. 

may be  c a l c u l a t e d  by e v a l u a t i n g  dT/dx i n  t h e  c o n c r e t e  a t  x = 0, u s i n g  
C’ 

r e c o g n i z i n g  t h a t  

where t h e  s u b s c r i p t  c deno tes  c o n c r e t e .  The r i g h t  s i d e  o f  E q .  28 i s  

p o s i t i v e  r a t h e r  t han  n e g a t i v e  because Eq .  27 makes p o s i t i v e  conduc t ion  

i n  t h e  d i r e c t i o n  from t h e  a i r  channel. toward t h e  c o n c r e t e ,  bu t  q‘ i s  
C 
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t o  be made p o s i t i v e  i n  t h e  d i r e c t i o n  from t h e  c o n c r e t e  toward t h e  a i r  

channe l .  Equa t ions  24,  25, 26 ,  27 ,  and 28 were combined t o  y i e l d  one  

e q u a t i o n  i n  which t h e  o n l y  unknown i s  G. The v a l u e  f o r  T3 can b e  c a l c u -  

l a t e d  from t h e  e q u a t i o n s  f o r  t h e  r e a c t o r  s i d e  o f  t h e  a i r  channe l .  

LcQo c) 1 2 L s s q s s  
w - 4 - B  - 

Lss LC 

kSS kc 

' f 3 + 1  - (a  - 1) / Lc[ (a  - 

3kSS 0 kCp 
i- hTa + qss + - f 

I f- - + -  

where , 
p ( l  - A) pA 1 1 
i 

B' = 1 - -  

The c o n s t a n t s  i n  Eq .  29a t h a t  have no i d e n t i f y i n g  s u b s c r i p t s  are under s tood  

t o  be f o r  c o n c r e t e .  Equat ion  29 i s  a l s o  a t r a n s c e n d e n t a l  e q u a t i o n .  There-  

f o r e ,  a t r i a l - a n d - e r r o r  method must b e  used  t o  s o l v e  f o r  7&. Once & and 

QE a r e  known, T, can be  c a l c u l a t e d  by u s i n g  Eq. 25.  

C a l c u l a t i o n a l  Procedure  

S i n c e  t h e  c a l c u l a t i o n  of c e r t a i n  of t h e  d e s i r e d  q u a n t i t i e s  r e q u i r e s  

t h a t  t h e  v a l u e  of o t h e r  d e s i r e d  q u a n t i t i e s  be known, t h e r e  is a c e r t a i n  

o r d e r  i n  which t h e  problem must b e  worked. For  a p a r t i c u l a r  case, the 

t h i c k n e s s  of each  of t h e  l a m i n a t i o n s  i n  t h e  w a l l  i s  s e l e c t e d ,  and t h e  

i n s i d e  ( r e a c t o r  room) and o u t s i d e  ( e a r t h  o r  i n t e r n a l )  w a l l  t empera tu res  

are s p e c i f i e d .  The i n c i d e n t  gamma c u r r e n t  and t h e  t empera tu re  of t h e  

c o o l a n t  a i r  are also s p e c i f i e d .  The c o n s t a n t s  for the various e q u a t i o n s  

are s e l e c t e d ,  and  those  used are g iven  i n  Appendix C .  
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With t h e  p rope r  c o n s t a n t s  f o r  each d i f f e r e n t  l a m i n a t i o n ,  Eq. 1 7  i s  

f i r s t  used t o  c a l c u l a t e  t h e  gamma h e a t  d e p o s i t i o n s  i n  each o f  t h e  sepa-  

r a t e  l a m i n a t i o n s  (qs ,  q I ,  qFs, qss ,  and 4,). 

t o  c a l c u l a t e  t h e  conduc t ion  l o s s  from t h e  r e a c t o r  room qfc. The tempera- 

t u r e  d r o p s  and t h e  i n t e r f a c e  t e m p e r a t u r e s  on t h e  r e a c t o r  s i d e  o f  t h e  a i r  

channe l  a r e  c a l c u l a t e d  by u s i n g  E q s ,  19, 20, 21 ,  and 22. Equa t ion  29 i s  

used t o  c a l c u l a t e  t h e  v a l u e  o f  G ,  and then  t h e  v a l u e  o f  q i s  c a l c u l a t e d  

by u s i n g  E q .  25. Then q' i s  c a l c u l a t e d  by u s i n g  E q .  24, and t h e  v a l u e  

o f  T5 i s  c a l c u l a t e d  by u s i n g  E q .  26, Once t h e  v a l u e  o f  T5 i s  known, 

X i s  o b t a i n e d  by u s i n g  Eq. 14, and t h e  maximum tempera tu re  o f  t h e  

c o n c r e t e  i s  c a l c u l a t e d  by e v a l u a t i n g  Eq. 1 2  a t  x = x 

Equa t ion  23 i s  t h e n  used 

R 

C 

T max 

T max' 
i t  i s  p o s s i b l e  t o  c a l c u l a t e  t h e  v e r t i c a l  t empera tu re  

the  c o o l a n t  a i r .  T h i s  t empera tu re  g r a d i e n t ,  

A t  t h i s  p o i n t ,  

g r a d i e n t  (OF/ft)  i n  

AT = 

where 

U = b u l k  v e l o c i t y  o f  c o o l a n t  a i r ,  f t / s e c ,  
a 

Pa 

Lch 
C 

P a  

=: d e n s i t y  of  a i r ,  l b / f t ? ,  

= wid th  o f  a i r  channe l  ( d i s t a n c e  between s t e e l  l a m i n a t i o n s ) ,  f t ,  

= s p e c i f i c  h e a t  o f  a i r  a t  c o n s t a n t  p r e s s u r e ,  B t u / l b *  F. 
0 

The t empera tu re  of  t h e  a i r  a t  t h e  top  of t h e  channe l ,  

a a f AT(H) , (31) 
Tt  ~ '1' 

where €1 = t h e  v e r t i c a l  l e n g t h  o f  t h e  a i r  channe l  i n  f e e t .  

The e n t i r e  c a l c u l a t i o n a l  p rocedure  can now be  r e p e a t e d  u s i n g  t h e  

new a i r  t empera tu re  a t  t h e  t o p  o f  t h e  a i r  channel ,  I T h i s  c a l c u l a t i o n  

o f  t h e  t empera tu re  o f  t h e  a i r  a t  t h e  t o p  o f  t h e  channe l  i s  n e c e s s a r y  

because  a h i g h e r  T 

h i g h e r ,  and t h e  magnitude o f  t h i s  maximum tempera tu re  i s  one of t h e  

c o n s t r a i n t s  i n  t h i s  s t u d y .  

T: 

c a u s e s  t h e  maximum tempera tu re  of t h e  c o n c r e t e  t o  be  a 

A program w a s  developed f o r  t h e  CDC 1604-A computer t o  s o l v e  E q s .  8 

through 31 f o r  t h e  s t e a d y - s t a t e  c o n d i t i o n .  The TSS (Thermal S h i e l d  Study) 
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computer program i s  d e s c r i b e d  i n  Appendix D .  

c a l c u l a t i o n s  i n  t h e  o r d e r  d e s c r i b e d  above, and i t  w i l l  hand le  up t o  f i v e  

m a t e r i a l  l a m i n a t i o n s  ( e x c l u d i n g  t h e  a i r  channel)  i n  t h e  proposed r e a c t o r  

room w a l l  and up t o  e i g h t  ene rgy  groups € o r  t h e  i n c i d e n t  gamma c u r r e n t .  

The program performs t h e  

T r a n s i e n t  Case 

The problem of t h e  l o s s  o f  c o o l a n t  f o r  t h e  r e a c t o r  room w a l l  i s  

b a s i c a l l y  a t r a n s i e n t  h e a t  conduc t ion  problem w i t h  i n t e r n a l  h e a t  genera-  

t i o n ,  I f  t h e  f low of c o o l a n t  a i r  t h rough  t h e  channe l  i n  t h e  w a l l  i s  l o s t  

f o r  an a p p r e c i a b l e  l e n g t h  o f  t ime ,  t h e  t empera tu re  i n  t h e  c o n c r e t e  and /o r  

t h e  s t e e l  l a m i n a t i o n s  may become e x c e s s i v e .  To i n v e s t i g a t e  t h i s  s i t u a t i o n  

w i t h  t h e  g o a l  o f  o b t a i n i n g  a f i r s t  app rox ima t ion  o f  t h e  amount of  t i m e  

t h a t  such a l o s s  o f  a i r  f low cou ld  b e  s u s t a i n e d  s a f e l y ,  a f i n i t e  d i f f e r -  

ence approach was t a k e n .  The d i f f e r e n c i n g  i s  w i t h  r e s p e c t  t o  t ime  and 

t h e  s u p e r s c r i p t  n i n  t h e  f o l l o w i n g  e q u a t i o n s  d e n o t e s  v a l u e s  a f t e r  the 

n - t h  time i n t e r v a l .  

The proposed c o n f i g u r a t i o n  o f  t h e  r e a c t o r  room w a l l  was broken i n t o  

segments of g iven  l e n g t h s  w i t h  noda l  p o i n t s  l o c a t e d  a t  t h e  c e n t e r  o f  each 

segment, a s  shown i n  F i g .  3 .  Each segment i n  t h e  c o n c r e t e  r e g i o n  of the  

w a l l  was assumed t o  be  1 f t  t h i c k ,  each segment i n  t h e  m i l d - s t e e l  gamma 

s h i e l d s  and i n  t h e  f i r e b r i c k  i n s u l a t i o n  was assumed t o  b e  1 i n ,  t h i c k ,  

t h e  e n t i r e  s t a i n l e s s  s t e e l  s k i n  was t r e a t e d  as a s i n g l e  segment 1/16 i n .  

t h i c k ,  and t h e  a i r  channe l  was t r e a t e d  a s  a s i n g l e  segment 3 i n .  t h i c k .  

The ene rgy  b a l a n c e  € o r  a p a r t i c u l a r  segment can be e x p r e s s e d  seman- 

t i c a l l y  a s  follows. The h e a t  conducted i n t o  a segment d u r i n g  t h e  time ne 
p l u s  t h e  h e a t  g e n e r a t e d  i n  t h e  segment d u r i n g  t h e  t i m e  0 8  e q u a l s  t h e  h e a t  

s t o r e d  i n  t h e  segment d u r i n g  t h e  time A@ p l u s  t h e  h e a t  conducted o u t  o f  t h e  

segment d u r i n g  t h e  t i m e  ,A€). The co r re spond ing  a l g e b r a i c  e q u a t i o n  f o r  a 

t y p i c a l  segment o f  t h e  composi te  w a l l  i s  g i v e n  below w i t h  Segment 4 

s e l e c t e d  f o r  i l l u s t r a t i v e  pu rposes .  

PC*L k A  
" ( q n  '- 1 - T,") + T(T4n C - Tan).  

k A  
*(T," - qn) + = 

C 
ne 

C 
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Rearranging Eq, 32, 

A c h a r a c t e r i s t i c  e q u a t i o n  a t  an i n t e r f a c e  between two d i f f e r e n t  

m a t e r i a l s  i s  g iven  i n  Eq. 3 4 .  

where t h e  s u b s c r i p t  s denotes  t h e  s t a i n l e s s  s t e e l  s k i n ,  t he  s u b s c r i p t  c 

d e n o t e s  t h e  c o n c r e t e ,  and k 
E Q .  35. 

i s  an e q u i v a l e n t  c o n d u c t i v i t y  g iven  by s -  c 

- ka-b - kaLb + kbLa ' (35) 

where t h e  s u b s c r i p t s  a and b r e f e r  t o  any t w o  a d j a c e n t  m a t e r i a l s .  
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Eighteen equations similar to those just given were derived to carry 

the analysis across the entire r e a c t o r  room wall, and a simple computer 

program was written t o  perform the calculations required for one specific 

transient condition. 



4 .  PARAMETRIC S'l'IJDIES 

The p a r a m e t r i c  s t u d i e s  oE t h e  proposed c o n f i g u r a t i o n  o f  a l amina ted  

w a l l  fox t h e  r e a c t o r  room, shown i n  F ig .  2 ,  t o  p r o t e c t  t h e  c o n c r e t e  b io -  

l o g i c a l  s h i e l d  from t h e  gamma c u r r e n t  w i t h i n  t h e  room were made f o r  two 

c o n d i t i o n s :  t h e  s t e a d y - s t a t e  c o n d i t i o n  and t h e  t r a n s i e n t  c o n d i t i o n .  

P a r a m e t r i c  s t u d i e s  o f  t h e  m a t e r i a l  l a m i n a t i o n s  f o r  t h e  s t e a d y - s t a t e  con- 

d i t i o n  were made t o  de t e rmine  whether  o r  n o t  

1. t h e  bu lk  t empera tu re  o f  t h e  c o n c r e t e  p o r t i o n  o f  t h e  w a l l  cou ld  be 

maintained a t  l e v e l s  below 212'F, 

2 .  t h e  t empera tu re  d i f f e r e n t i a l  i n  t h e  c o n c r e t e  cou ld  be ma in ta ined  a t  

l e s s  t han  40°F, and 

3 .  t h e  conduc t ion  l o s s  f o r  a r e a c t o r  room cou ld  be ma in ta ined  a t  1 Mw 

o r  l e s s .  

A t r a n s i e n t  c o n d i t i o n  was i n v e s t i g a t e d  t o  de t e rmine  t h e  l e n g t h  of time 

o v e r  which t h e  loss  o f  c o o l a n t  a i r  flow cou ld  be t o l e r a t e d  b e f o r e  t h e  

t empera tu re  o f  t h e  c o n c r e t e  would exceed t h e  maximum a l l o w a b l e  tempera- 

t u r e  of 212'F. 

Cases S t u d i e d  For S t e a d y - S t a t e  Cond i t ion  

For t h e  p a r a m e t r i c  a n a l y s i s  o f  t h e  composi te  p l a n e  w a l l  w i t h  i n t e r n a l  

h e a t  g e n e r a t i o n  f o r  s t e a d y - s t a t e  c o n d i t i o n s ,  t h e  a i r  channe l  was not  con- 

s i d e r e d  as a m a t e r i a l  l a m i n a t i o n  b u t  r a t h e r  a s  hav ing  a f i x e d  wid th  of  

3 i n .  between t h e  f i r s t  and second m i l d - s t e e l  gamma s h i e l d s ,  The tempera- 

t u r e  o f  t h e  incoming c o o l i n g  a i r  a t  t h e  bottom o f  t h e  a i r  channe l  v a s  

assumed t o  be  100°F, and t h e  v e l o c i t y  o f  t h e  a i r  was set  a t  50 f t / s e c .  

The t h i c k n e s s  o f  t h e  s t a i n l e s s  s t ee l .  s k i n  on t h e  r e a c t o r  s i d e  o r  i n t e r i o r  

s u r f a c e  o f  t h e  wall was f i x e d  a t  1/16 i n . ,  and t h e  t empera tu re  o f  t h e  

i n t e r i o r  s u r f a c e  o f  t h e  r e a c t o r  room w a l l  w a s  c o n s i d e r e d  t o  be uniform 

o v e r  t h e  s u r f a c e  and c o n s t a n t  a t  llOO°F. 

i n  Chapter  3 were used w i t h  t h e  TSS computer program d e s c r i b e d  i n  

Appendix D t o  examine t h e  s t e a d y - s t a t e  e f f e c t s  o f  changing t h e  

Equa t ions  8 through 31 d e r i v e d  
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1. t h i c k n e s s  of t h e  f i r e b r i c k  i n s u l a t i o n ,  

2 .  t o t a l  amount o f  mild s t ee l  used f o r  t h e  gamma s h i e l d s ,  

3 .  r a t i o  of  t h e  amount o f  s t e e l  on t h e  r e a c t o r  s i d e  of  t h e  a i r  channel  

t o  t h e  amount o f  s tee l  on t h e  c o n c r e t e  s i d e  of t h e  a i r  channe l ,  

4 .  t h i c k n e s s  and o u t s i d e  t empera tu re  of t h e  c o n c r e t e  w a l l ,  and t h e  

5 .  magnitude o f  t h e  i n c i d e n t  monoenerget ic  ( 1  MeV) gamma c u r r e n t .  

S i x t y - f o u r  s e p a r a t e  c a s e s  were ana lyzed  f o r  t h e  s t e a d y - s t a t e  con- 

d i t i o n  t o  de t e rmine  t h e  e f f e c t s  of  changing t h o s e  p a r a m e t e r s  o f  i n t e r e s t .  

Data i l l u s t r a t i v e  of t h e  t y p i c a l  e f f e c t s  o f  v a r y i n g  t h e  pa rame te r s  were 

s e l e c t e d  from t h e  r e s u l t s  o f  t h e s e  a n a l y s e s  and a r e  compiled i n  T a b l e s  1 

through 7. The e f f e c t s  o f  changing t h e  p a r a m e t e r s  are given f o r  i n c i d e n t  

gamma c u r r e n t s  o f  1 x 10l2 and 2 x 10l2 photons/c$.sec i n  a l l  o f  t h e s e  

t a b l e s ,  and t h e  c o n d i t i o n s  a t  t h e  bottom ( e n t r a n c e )  and t o p  ( e x i t )  o f  

t h e  a i r  channel  a r e  g i v e n  f o r  b o t h  magnitudes of  i n c i d e n t  gamma c u r r e n t .  

For c a s e s  w i t h  a n  i n c i d e n t  gamma c u r r e n t  of 1 x lo1' photons/cn?-sec,  

t h e  maximum t e m p e r a t u r e  of t h e  c o n c r e t e  i n c r e a s e s  approx ima te ly  50°F from 

t h e  bot tom o f  t h e  a i r  channe l  t o  t h e  t o p .  For  cases w i t h  an i n c i d e n t  

gamma c u r r e n t  of  2 x 10l2 p h o t o n s l c n f - s e c  and no conduc t ion  back t o  t h e  

r e a c t o r  room, t h e  maximum t e m p e r a t u r e  of  t h e  c o n c r e t e  i n c r e a s e s  approx i -  

ma te ly  80°F from t h e  bottom t o  t h e  top  o f  t h e  a i r  channe l .  

gamma c u r r e n t  and i n s u l a t i o n  t h i c k n e s s ,  t h e  conduc t ion  l o s s  changes v e r y  

l i t t l e  ( abou t  0.04 Mw) between t h e  bottom and t h e  t o p  o f  t h e  a i r  channe l .  

The l a r g e s t  v a l u e  f o r  t h e  maximum tempera tu re  o f  t h e  c o n c r e t e  a t  

For a g iven  

t h e  t o p  o f  t h e  a i r  channe l  i n  t h o s e  cases w i t h  a n  i n c i d e n t  gamma c u r r e n t  

o f  1 x 10l2 photons/c*.sec and an i n s u l a t i o n  t h i c k n e s s  of  5 i n .  o r  more 

i s  approx ima te ly  200°F. 

maximum tempera tu re  o f  t h e  c o n c r e t e  a t  t h e  t o p  o f  t h e  a i r  channe l  i n  

t h o s e  c a s e s  w i t h  an i n c i d e n t  gamma c u r r e n t  of 2 x 10l2 pho tons / c&.sec  

and an i n s u l a t i o n  t h i c k n e s s  o f  5 i n .  o r  more i s  g r e a t e r  t han  250°F. 

On t h e  o t h e r  hand, the s m a l l e s t  v a l u e  f o r  t h e  



22 

Table 1. Results of Investigation of First Steady-State Case 

Case Conditions Studied 

To = llOO°F Lc = 8 f t  T6 = 50°F 

L = 5 in. LFs = 4 in. Lss -- 2 in. I L = 1/16 in. 
8. 

t+, = 1 x Wa photons/cn? osec bo = 2 X 1OI2 photons/ct# I sec 
Bottom of Top of Bottom of Top of 
Channel Channel Channel Channel - 

q,, Btu/hr.ft? 16.59 16.57 33.14 33.14 

qI: Btu/hr* ft? 75.47 75.47 151.0 151.0 

qFs, Btu/hr. fp 370.6 370.6 741.2 741.2 

qss, Btu/hr"ft? 11.69 11.69 23.38 23.38 

qc, Btu/hr. fta 33.65 33.65 67.30 67.30 

qR> BtU/hk'fta 110.6 131.2 198.9 253.9 

' Btu/hr-ft? 25.84 22.04 55.31 48.99 9, ' 

0.2838 s Mt? 0.5812 0.5382 0.3520 

1099.9 1099.9 1099.9 1099.9 
247.9 297.1 324.6 4Q2 a 7 
240.5 289.9 314.1 392.5 
100 .o 153 .O 100 .o 184 .O 

129.6 186 .O 155.5 249 3 
129.8 186.2 156.0 249 I 7 

0.1018 0.0946 0.0699 0 .OS65 
0 

b - T 1 ,  F 

'E,-b 2 F 

T1-Tas OF 852.0 802.8 775.3 697.3 

7.412 7.185 10.55 10,19 

T3-Ta, B 140.5 136.9 214.1 208.5 

&-T,, F 29.63 32.98 55.52 65.25 

% - 4 s  F 0.216 0.1916 0.4554 0.4148 

0 

0 

0 

0 

F 140.5 193.6 181.3 268.5 
0 

xT max? ft 0.5422 0.4083 0.6343 0.4887 
AT/H, 'F/ft 1.104 1.103 1.751 1.777 
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Table 2. Results o f  Investigation of Second Steady-State Case 

Case Conditions Studied 

L = 3 f t  Te = 70'F 
C 

To = llOO°F 

La = 1/16 in. L = 5 in. I LFs = 4 in. L~~ = 2 in. 

@o = 1 X lo1' photons/cu? 'sec @o = 2 X 10l2 photons/cu? .see 
Bottom of Top of Bottom of  Top of  
Channel channel Channel Channel 

qg, Btu/hr*ft" 16.57 16.57 33.14 33.14 

qI, Btu/hr.f$ 75 * 47 75.47 151.0 151.0 

qFs, Btu/hr* ft? 370.6 370.6 741.2 741.2 

qss, Btu/hr*ft? 11.69 11.69 23.38 23.38 

q,, Btu/hr* f9 33.65 33.65 67.30 67.30 

9, ' ' Btu/hr.fta 18.33 8.446 42.64 26.19 

qR, Btu/hr* f? 111.6 133.3 200. a 258.2 
MWL, xw 0.5812 0.5385 0.3520 0.2845 

1099.9 1099.9 1099.9 1099.9 

247.9 296.7 324.6 402.1 

240.5 289.5 314.1 391.9 
100.0 152.6 100 .o 183.4 

128.3 183.3 153.4 244.9 
128.5 183.4 153.7 245.2 

G - 9 ,  OF 0.1018 0.0947 0.0679 0 -0566 
TI -Ta , OF 852.0 803.2 775.3 697.9 

Ta-T,, OF 140,5 136.9 214.1 208.5 

%-Ta,  OF 28.32 30.68 53.36 60.55 

'%3-T3, OF 7.412 7.187 10.55 10.19 

0 

F 0.1678 0.1043 0.3740 0.2683 

T-, OF 133.4 184.4 167.4 250.0 

XT max' 
AT/H, OF/ft 1.096 1.086 1.737 1.754 

0,3124 0.1276 0.3878 0.2061 f t  
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Table 3. Results of Investigation of Third Steady-State Case 

Case Conditions Studied 
T = llO0'F L = 8 f t  T6 = 50'F 

0 C 

L = 5 in. LFs = 2 in. Lss = 4 in. 
31 

L, = 1/16 in. 

$o = 1 x lOla photons/cn? esec $o -. 2 X 10la photons/c$ .sec 
Bottom of Top of Bottom of Top of 
Channel Channel Channel Channel 

q,, Btu/hr*f$ 16.57 16.57 33.14 33 " 14 

qI, Btu/hr*fp 75.47 75.47 151.0 151 .o 
qFs, Btu/hr. f t? 299.6 299.6 599.2 599.2 

qssJ Btu/hr"ft? 82.69 82.69 165.4 165.4 

qc* Btu/hr* fta 33.65 33.65 67.30 67.30 

qc' ,  Btu/hr.ft? 25.15 21.50 54.08 48.21 

qR> Btu/hr"f? 87.31 102.6 141.5 177.6 

XWL, Mw 0.5960 0.5538 0.3799 0.3139 

1099.9 1099.9 1099.9 1099.9 

230.9 279.2 

227.5 275.9 

100.0 151.9 

139 .O 193.3 

140.1 194.2 

292.7 368.2 

288.Q 363.6 

100 .o 181.1 

172.2 259.3 

174.3 261.4 

0.1043 0.0972 0.0276 0.0616 0 
Z3-R 9 F 
Tl-Ta OF 869.0 820.7 807.2 731.7 

3.452 3.341 4.754 4.580 

%-Ta, F 127.5 124.0 188,O 182.5 

0 

0 

0 

0 

39.03 41.35 72.19 78.24 %-Tat F 

Tmx, 
5 a x '  ft 0.5139 0.3927 0.6004 0.4745 

%-%> F 1.028 0,9814 2.105 2.030 

F 150.1 201.2 198.2 279.5 
0 

AT/", O F / f t  1.081 1.074 1.689 1.694 
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Table 4. Results of Investigation of Fourth Steady-State Case 

Case Conditions Studied 

To = llOO°F Lc = 3 ft Ts = 70°F 

LB = 1/16 In. LI = 5 in. LFs = 2 in. Lss = 4 in. 

@o = 1 x 10l2 photons/c& 'sec $o = 2 X 10l2 photons/cu? msec 
Bottom of Top of Bottom of Top of 
Channel Channel Channel Channel 

q,, Btu/hr'ft? 16.57 16.57 33.14 33.14 

qI, Btu/hr.ft? 75.47 75.47 151.0 151 .O 

qs3, Btu/hr*fP 82.69 82.69 165.4 165.4 

q,, Btu/hr* ff? 33.65 33.65 67.30 67.30 

qc', Btu/hr.ft? 16.53 7.048 39.42 24.17 

m, Mw 0.5960 0.5543 0.3799 0.3146 

a,,, Btu/hr. f? 299.6 299.6 599.2 599.2 

qR, Btu/hr' ft? 88.49 104.9 143. a 182.4 

0 

0 
Ta, 

T 4 ,  F 

1099.9 1099.9 1099.9 1099.9 

230.9 278.8 292.7 367.5 
227.5 275.5 288 -0 362.9 

100.0 151.4 100.0 180.3 

137.5 190.4 169.7 254.7 

138.5 191.2 171.6 256.4 
0 

%-T1, F 0.1043 0.0973 0.0726 0.0617 
TI -Ta , OF a69 .o 821.1 807.2 732.4 
%-T3, OF 3.452 3.342 4.754 4.581 
Ta'T,' F 127.5 124.0 188 .o 182.6 
Tc'T,' OF 37.54 38.93 69.71 74.40 
Ts"G, F 0.9178 0.7963 1.917 1.722 

Tmx, OF 142.4 192.8 183.1 260.5 

XT max' ft 0.2724 0.1052 0.3454 0.1881 
AT/H, OF/ft 1.072 1.058 1.673 1.669 

0 

0 
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Table 5. Results of Investigation of Fifth Steady-State Case 

Case Conditions Studied 

To = llOO°F Lc = 8 f t  T6 = 50°F 

L = 5 in. 
I Ls = 1/16 in. L~~ = 2 in. Lss = 2 in. 

0, = 1 x l O l a  photons/cn?.sec a,, = 2 X lOla photons/cni) - sec 
Bottom of Top of Bottom of Top of 
Channel Channel Channel Channel 

qa, Btu/hr'ft? 16.57 16.57 33.14 33.14 

q2, Btu/hr- €3 75.47 75.47 151.0 151.0 

qFs2 Btu/hr.ft? 299.6 299.6 599.2 599.2 

qss, Btu/hr*fta 71.15 71.15 142 3 142 3 
qc, Btm/hr.fta 45.19 45.19 90.38 90.38 

qc', Btu/hr. ft? 35.90 32.24 75.58 69.71 

qRj ~ t u / h r  * fta 87.42 102.7 141.7 177.9 

0.5960 0.5538 0.3799 0.3141 , Hw 
1099.9 1099.9 1099.9 1099.9 

230.9 279.2 292.7 368.1 

227.5 275.9 288 .O 363 e 6 

100 .o 151.9 100 .o 181.0 

138 9 193.1 171.9 2.59 .O 

139.4 193.6 173.0 260.1 

0.1043 0.0972 0.0726 0.0616 
(3 

"6-h F 

%-% > F 

OF 869.0 820.7 807.2 731.8 

3,452 3 .I 341 4.754 4.580 

Ta-T,, OF 127.5 124.0 188 .O 182.6 

38.89 41.22 71.92 77.99 

0.5353 0.5118 1.095 1.057 

F 155 .O 205.6 208.6 289 a 1 

0 

0 

0 
WT,, p 

Tmax 
XT max' ft 0.5851 0.4716 0.6638 0.5484 

b-4, P 
0 

AT/H, "F/ft 1.080 1.073 1.688 1 - 692 
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Table 6. Results of Investigation of Sixth Steady-State Case 

Case Conditions Studied 

T = llOO°F L~ = 8 ft & = 50°F 
0 

L8 = 1/16 in. LI = 7.5 in. LFs = 4 in. Lss = 2 in. 

= 1 x ld2 photons/cni) .set 

Channel Channel Channel Channel 

@o I 2 X LO1" photons/cu? .see 
Bottom of Top of Bottom of Top of 

qs, Btu/hr*fid 

qx, Btu/hr.ft? 

qFs, Btu/hr*ft? 

qss, Btu/hr.f$ 

qc, Btu/hr*f@ 

I Btu/hr-f$ 

qR2 Btu/hr*ft? 
4, ' 

m, 

T1, F 

T3, F 

0 

Ta, OF 
0 

16.57 

111.9 

338.1 

10.69 

30.70 

23.47 

86.60 

0.2891 

1099.9 

223.2 

217.2 

100.0 

124.1 

193.6 

0.0529 

876.7 
6.060 

117.2 

24.10 

0.1965 

134.0 

0.5375 

0.9177 

16.57 

111.9 

338.1 

10.69 

30.70 

20.35 

101.1 

0.2649 

1099.95 

265.1 

259.2 

144 .O 

170.5 

170.6 

0.0488 

834.8 
5.931 

115.2 

26.42 

0.1764 

177.6 

0.4162 

0.9194 

33.14 

223.8 

676.2 

21.38 

61.40 

50.39 

164.5 

0.0245 
0 
U 

1099.99 e 
297.9 

288.7 

100 .o 
147.2 

147.7 

0.0131 

802.1 
9.195 

188.7 
47.24 

0.4150 

170.7 

0.6322 

1.532 

L 
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Table 7. Results of Investigation of Seventh Steady-State Case 

Case Conditions Studied 
0 L -- 8 f t  +rs = 50 F 

C 
To = llOO°F 

L = 10 in. LFs = 4 in. Lss .= 2 in. 
I La = 1/16 in. 

4o = 1 x 10l2 photons/cn? .sec 4, -- 2 x lOla photons/cd - sec 
Bottom of Top of Bottom of Top of 
Channel Channel Channe 1 Channel 

qsJ Btu/hr"fl? 16.57 16 57 33.14 33.14 

qIJ Btu/hr*fs 146.7 146.9 293.4 293.4 

qFs, Btu/hr ft2 307 1 307.1 614.2 614.2 

qss, Btu/hr* f 19 9.689 9.689 19.38 19.38 

qc, Btu/hr* ft? 27 -89 27 -89 55.78 55.78 

21.03 

73.58 

0.1118 

1099.98 

208.6 

203.3 

100 .o 
120.9 

121.0 

0.0232 

891.4 

5.304 

103.3 

20.87 

0.1769 

129.6 

0.5256 

0.8064 

18.35 

34.92 

0,0955 

1099.98 

245.9 

240.7 

138.7 

161.3 

161.5 

0 -0205 

854.1 

5.218 

102.0 

22.59 

0.1594 

167.6 

0 A117 

0.8088 

8 
0 
0 
!-I 
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T a b l e s  1, 6, and 7 may be  compared f o r  t h e  e f f e c t s  o f  changing t h e  

t h i c k n e s s  o f  t h e  f i r e b r i c k  i n s u l a t i o n  from 5 i n .  t o  7 . 5  i n .  and 10 i n .  

The a d d i t i o n  o f  2 .5  i n .  o f  i n s u l a t i o n  d e c r e a s e s  t h e  conduc t ion  loss  by  

about  a f a c t o r  o f  2 ,  and t h i s  a d d i t i o n  a l s o  d e c r e a s e s  t h e  maximum temper- 

a t u r e  o f  t h e  c o n c r e t e  b y  approx ima te ly  15'F i n  t h o s e  cases w i t h  an i n c i -  

d e n t  gamma c u r r e n t  o f  1 x 1012 photons/cn?-sec.  

T a b l e s  1 and 5 may be compared f o r  t h e  e f f e c t s  o f  changing t h e  

t o t a l  t h i c k n e s s  o f  t h e  s t e e l  i n  t h e  two gamma s h i e l d s .  Dec reas ing  t h e  

t o t a l  t h i c k n e s s  from 4 t o  2 i n .  c a u s e s  o n l y  a s l i g h t  i n c r e a s e  i n  t h e  

conduc t ion  loss.  The maximum t e m p e r a t u r e  of t h e  c o n c r e t e  i s  i n c r e a s e d  

approx ima te ly  10°F f o r  t h e  c a s e s  w i t h  an i n c i d e n t  gamma c u r r e n t  o f  1 x loL2 
p h o t o n s / c $ * s e c  and by approx ima te ly  20°F f o r  t h e  cases w i t h  an i n c i d e n t  

gamma c u r r e n t  o f  2 x 1Ol2 p h o t o n s / c d  'sec.  

T a b l e s  1 and 3 and T a b l e s  2 and 4 may b e  compared f o r  t h e  e f f e c t s  o f  

changing t h e  r a t i o  o f  t h e  t h i c k n e s s  o f  the s t e e l  on t h e  r e a c t o r  s i d e  of 

t h e  a i r  channe l  t o  t h e  t h i c k n e s s  o f  t h e  s t e e l  on t h e  c o n c r e t e  s i d e  o f  t h e  

a i r  c h a n n e l .  Changing from 4 i n .  on t h e  r e a c t o r  s i d e  and 2 i n .  on t h e  

c o n c r e t e  s i d e  t o  2 i n .  on t h e  r e a c t o r  s i d e  and 4 i n .  on t h e  c o n c r e t e  s i d e  

i n c r e a s e s  t h e  conduc t ion  l o s s  o n l y  s l i g h t l y  and i n c r e a s e s  t h e  maximum 

t empera tu re  o f  t h e  c o n c r e t e  approx ima te ly  10°F. 

Tab le s  1 and 2 and T a b l e s  3 and 4 may b e  compared f o r  t h e  e f f e c t s  o f  

changing t h e  t h i c k n e s s  of  t h e  c o n c r e t e  and t h e  t e m p e r a t u r e  o v e r  t h e  o u t -  

s i d e  s u r f a c e  of t h e  c o n c r e t e  w a l l .  Changing t h e  t h i c k n e s s  o f  t h e  c o n c r e t e  

from 8 t o  3 f t  and t h e  t e m p e r a t u r e  on the o u t s i d e  s u r f a c e  from 50 t o  700F 

d e c r e a s e s  t h e  maximum t e m p e r a t u r e  o f  t h e  c o n c r e t e  about  l O O F  b u t  t h e  

conduc t ion  l o s s  i s  no t  a f f e c t e d  a p p r e c i a b l y .  

Case S t u d i e d  f o r  T r a n s i e n t  C o n d i t i o n  

E i g h t e e n  f i n i t e  d i f f e r e n c e  equations, w i t h  t h e  d i f f e r e n c i n g  w i t h  

r e s p e c t  t o  t i m e ,  s i m i l a r  t o  E q s .  32 through 35 d i s c u s s e d  i n  Chap te r  3 

were w r i t t e n  t o  a n a l y z e  t h e  proposed c o n f i g u r a t i o n  of  t h e  r e a c t o r  room 

w a l l  f o r  one t r a n s i e n t - c o n d i t i o n  c a s e .  The a n a l y s i s  was performed t o  
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de te rmine  t h e  l e n g t h  of  t ime o v e r  which a l o s s  o f  c o o l a n t  a i r  flow could 

be t o l e r a t e d  b e f o r e  t h e  t empera tu re  o f  t h e  c o n c r e t e  would exceed t h e  

maximum a l l o w a b l e  t empera tu re  o f  212'F. 

cou ld  a r i s e  as a r e s u l t  o f  a m a l f u n c t i o n  i n  t h e  blower system supp ly ing  t h e  

c o o l a n t  a i r .  Although n a t u r a l  convec t ion  c u r r e n t s  would c a u s e  some c i r -  

c u l a t i o n  of t h e  c o o l a n t  a i r  d u r i n g  a blower f a i l u r e ,  i t  was assumed t h a t  

tile c o o l a n t  a i r  was s t a g n a n t  d u r i n g  t h e  f a i l u r e  so t h a t  t h e  wors t  c a s e  

cou ld  be ana lyzed .  Under t h i s  assumption,  t h e  a i r  channe l  s e r v e s  o n l y  

a s  an i n s u l a t i n g  m a t e r i a l  and removes no h e a t  from t h e  w a l l .  

Such a l o s s  o f  c o o l a n t  a i r  f low 

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

were a 5 - i n , - t h i c k  l a y e r  o f  f i r e b r i c k  i n s u l a t i o n ,  a 4 - i n . - t h i c k  l a y e r  o f  

mild s t e e l  f o r  t h e  f i r s t  gamma s h i e l d ,  t h e  3- in . -wide a i r  channe l ,  a 2- 

i n . - t h i c k  l a y e r  o f  mi ld  s t e e l  f o r  t h e  second gamma s h i e l d ,  and a 6 - f t -  

t h i c k  c o n c r e t e  w a l l  f o r  t h e  b i o l o g i c a l  s h i e l d .  A s i m p l e  computer program 

was w r i t t e n  t o  perform t h e  c a l c u l a t i o n s ,  b u t  t h e  ze ro - t ime  t e m p e r a t u r e s  

and h e a t  d e p o s i t i o n s  f o r  each segment i n  t h e  composi te  wall were c a l c u -  

l a t e d  by hand and used as  f i x e d  numbers i n  t h e  program. T h i s  computer 

program w a s  used o n l y  t o  o b t a i n  a f i r s t  approximation t o  t h e  t r a n s i e n t  

s i t u a t i o n  f o r  one p a r t i c u l a r  ca se ,  and t h e  d e t a i l s  of t h e  program are  

n o t  p r e s e n t e d  h e r e .  

The program was run f o r  e l a p s e d  t imes o f  t = 1.0 h r ,  t = 2.0 h r ,  

t = 3.0 h r ,  t = 4 .0  h r ,  and t = 5.0 h r  f o r  t h e  c o n d i t i o n  of  i n t e r n a l  h e a t  

g e n e r a t i o n  ( r e a c t o r  a t  power d u r i n g  blower f a i l u r e )  d u r i n g  t h e  t r a n s i e n t  

p e r i o d .  The program w a s  t hen  run  a g a i n  f o r  t h e  same e l a p s e d  t i m e s  b u t  

for t h e  c o n d i t i o n  of no i n t e r n a l  h e a t  g e n e r a t i o n  ( r e a c t o r  shutdown 

s imul t aneous  w i t h  blower f a i l u r e )  d u r i n g  t h e  t r a n s i e n t  p e r i o d .  The 

computer program used t o  a n a l y z e  t h e  c o n d i t i o n  f o r  i n t e r n a l  h e a t  genera-  

t i o n  i s  g iven  i n  Tab le  8 .  To a n a l y z e  t h e  c o n d i t i o n  of  no i n t e r n a l  h e a t  

g e n e r a t i o n ,  Q2C through Q 1 9 S S  i n  Tab le  8 a r e  s e t  e q u a l  t o  ze ro .  The 

r e s u l t i n g  t empera tu re  d i s t r i b u t i o n  i n  t h e  proposed r e a c t o r  room w a l l  

ana lyzed  f o r  t h e  c o n d i t i o n  of  i n t e r n a l  h e a t  g e n e r a t i o n  d u r i n g  t h e  

t r a n s i e n t  p e r i o d  i s  shown i n  F i g .  4 ,  and t h e  t empera tu re  d i s t r i b u t i o n  i n  

t h e  w a l l  w i t h  no i n t e r n a l  h e a t  g e n e r a t i o n  d u r i n g  t h e  t r a n s i e n t  period i s  

i l l u s t r a t e d  i n  F ig .  5 .  
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Table 8. Computer Program Used to Analyze the Proposed Reactor Room Wall for 
the Condition of Internal Heat Generation 
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Fig. 4. Temperature Distribution in Proposed Reactor Room Wall 
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ant Transient Period. 
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Transient Period.  
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5 ,  CONCLUSIONS 

Two b a s i c  c o n c l u s i o n s  may be drawn from t h e  r e su l t s  o f  t h e  p a r a m e t r i c  

s t u d i e s  made i n  t h i s  i n v e s t i g a t i o n  o f  t h e  proposed c o n f i g u r a t i o n  o f  a 

l amina ted  w a l l  t o  p r o t e c t  t h e  c o n c r e t e  b i o l o g i c a l  s h i e l d  from t h e  gamma 

c u r r e n t  w i t h i n  t h e  room hous ing  a 250-Mw(e) m o l t e n - s a l t  b r e e d e r  r e a c t o r ,  a 

fuel-salt-to-coolant-salt h e a t  exchanger ,  and a blanket-salt-to-coolant- 

s a l t  h e a t  exchanger .  The f i r s t  b a s i c  c o n c l u s i o n  i s  t h a t  w i t h  a i r  used 

as t h e  w a l l  c o o l a n t ,  t h e  proposed c o n f i g u r a t i o n  i s  a c c e p t a b l e  f o r  an 

i n c i d e n t  monoenerget ic  (1 M e V )  gamma c u r r e n t  o f  1 x 10'" photons/c$ 'sec 

for a l l  c a s e s  c o n s i d e r e d  i n  which t h e  t h i c k n e s s  o f  t h e  f i r e b r i c k  i n s u l a -  

t i o n  was 5 i n .  o r  more. A second b a s i c  c o n c l u s i o n  i s  t h a t  t h e  proposed 

c o n f i g u r a t i o n  i s  n o t  a c c e p t a b l e  f o r  t h o s e  c a s e s  c o n s i d e r e d  w i t h  an 

i n c i d e n t  monoenerget ic  (1 M e V )  gamma c u r r e n t  o f  2 x 10'" photons/cni".sec 

because  t h e  maximum a l l o w a b l e  t empera tu re  o f  t h e  c o n c r e t e  (212OF) i s  

exceeded by 50 to 100°F. The v a l u e s  o f  s e v e r a l  o f  t h e  p a r a m e t e r s  o f  

i n t e r e s t  i n  t h i s  s t u d y  t h a t  were o b t a i n e d  from t h e  cases ana lyzed  f o r  

a gamma c u r r e n t  o f  1 x 1 O I 2  photons/cn?.sec are g iven  i n  Tab le  9 .  

Based on t h e  assumption t h a t  t h e  f l o o r  and c e i l i n g  o f  t h e  r e a c t o r  room 

have t h e  same l amina ted  c o n f i g u r a t i o n  as t h e  w a l l s ,  g i v i n g  a t o t a l  " w a l l "  

s u r f a c e  a r e a  of  8276 f t ? ,  t h e  proposed wall c o n f i g u r a t i o n  w i l l  a l l o w  t h e  

conduc t ion  l o s s  from t h e  reactor room t o  be ma in ta ined  a t  a l e v e l  below 

1 Mw i f  t h e  t h i c k n e s s  of  t h e  i n s u l a t i o n  i s  5 i n ,  o r  more. 

based on a n  a i r  v e l o c i t y  of  50 f t / s e c  and a n  a i r  c o o l a n t  channe l  w i d t h  

of 3 i n . ,  a i r  i s  a n  a c c e p t a b l e  medium f o r  c o o l i n g  t h e  w a l l ,  

A g e n e r a l  c o n c l u s i o n  t h a t  may be  drawn from t h e  l i m i t e d  a n a l y s i s  

F u r t h e r ,  

made of  one t r a n s i e n t - c o n d i t i o n  case i s  t h a t  i f  t h e  ambient t e m p e r a t u r e  

of t h e  r e a c t o r  room remains a t  app rox ima te ly  1100 F, t h e  proposed con- 

f i g u r a t i o n  o f  t h e  r e a c t o r  room wal l  s t u d i e d  i n  t h i s  c a s e  can s u s t a i n  a 

l o s s  o f  c o o l a n t  a i r  f low under t h e  c o n d i t i o n s  d e s c r i b e d  i n  Chap te r  4 f o r  

approx ima te ly  1 hour  b e f o r e  t h e  t e m p e r a t u r e  of  t h e  c o n c r e t e  begins t o  

exceed 212'F. 

"pe rmis s ib l e"  l o s s - o f - c o o l a n t - a i r  t i m e  i s  g r e a t e r  than one hour  b u t  less 

than  two hour s .  

0 

If a z e r o  i n c i d e n t  gamma c u r r e n t  i s  assumed, t h e  



Table 9 .  Range of  P a r a m e t e r s  of I n t e r e s t  i n  S t u d i e s  Made of Proposed Wall With An 
I n c i d e n t  Gama C u r r e n t  of 1 x 10;" p h o t o n s / c ~ ? * s e c  

P a r a m e t r i c  C o n d i t i o n s  
M i  n i m u m  Maximum LI LFS =ss =C TG V a r i a b l e  of  

I n t e r e s t  Value Value ( i n . )  ( i n . )  ( i n . )  ( f t )  (OF1 
S k i n  AT,OF 0.021 10 4 2 a a 

0.22 2.5 2 4 a a 

I n s u l a t i o n  
AT, F 

0 

F i r s t  s tee l  
0 

s h i e l d  AT, F 

s h i e l d  AT, F 
Second s tee l  

0 

726 2.5 4 2 8 50 
90 6 10 2 a a a 

2.38 10 2 a a a 
10.9 2.5 4 2 a a 

0.08 2.5 4 2 3 70 
1.1 2.5 2 4 8 50 

A i r  v e r t i c a l  tempera- 0 . 7 7  10 2 2 3 70 
1.57 2.5 4 2 8 50 w 

cn 
0 

t u r e  g r a d i e n t ,  F / f t  

F 

((2 12 OF) 

0 

Tc max' 

X f t  T max' 
(Tmax < 212OF) 

'WL, Mw 

124 

0.11 

- 
10 4 2 3 70 

205.6 5 2 2 8 50 

5 2 

0.58 7.5 2 
4 

2 
3 70 

8 50 

0.096 10 4 2 8 50 
1.32 2.5 2 a a a 

a 
T h i s  pa rame te r  ha5 l i t t l e  e f f e c t  i n  combinat ion w i t h  t h e  o t h e r  p a r a m e t e r s  g iven ,  and 

the  v a l u e s  o f  t h e  v a r i a b l e s  of i n t e r e s t  are  e s s e n t i a l l y  t h e  same f o r  v a r i o u s  v a l u e s  of  t h i s  
pa rarne t e r . 
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I f  a w a l l  o f  t he  t y p e  proposed i s  used ,  t h e  t empera tu re  or' t h e  con- 

c re te ,  Tc, o r  t h e  conduc t ion  lo s s ,  o r  bo th ,  can be  c o n t r o l l e d  t o  some 

e x t e n t  by v a r y i n g  t h e  p h y s i c a l  c h a r a c t e r i s t i c s  o f  t h e  w a l l .  The t h i c k n e s s  

o f  t h e  i n s u l a t i o n  can  be i n c r e a s e d ,  bu t  t h e  d e s i r a b l e  e f f e c t  approaches  

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

i n d i c a t e d ,  an  i n s u l a t i o n  t h i c k n e s s  can be  reached  t h a t  w i l l  c a u s e  con- 

d u c t i o n  back i n t o  t h e  r e a c t o r  room. The t o t a l  t h i c k n e s s  o f  the mi ld-  

s t e e l  gamma s h i e l d s  can b e  i n c r e a s e d  w i t h  good r e s u l t s  up t o  the p o i n t  

where t h e  gamma c u r r e n t  i s  reduced by s e v e r a l  o r d e r s  o f  magni tude.  

A f t e r  t h i s  p o i n t  i s  reached ,  add ing  more s t ee l  for gamma s h i e l d i n g  does  

n o t  produce s i z a b l e  changes  i n  t h e  maximum tempera tu re  of t h e  c o n c r e t e .  

A t o t a l  o f  approximate ly  6 i n .  o f  s t e e l  i s  s u f f i c i e n t  f o r  an i n c i d e n t  

monoenerge t ic  (1 MeV) gamma c u r r e n t  o f  1 x 10l2 photons /cn?+sec .  The 

t h i c k n e s s  of  t h e  m i l d - s t e e l  gamma s h i e l d s  should  be a r r anged  so t h a t  

t h e  major  p o r t i o n  o f  t h e  s t ee l  i s  on t h e  r e a c t o r  s i d e  of  t h e  a i r  channe l .  

P l a c i n g  t h e  major  p o r t i o n  o f  t h e  s t e e l  on t h e  c o n c r e t e  s i d e  of  t h e  a i r  

channe l  r e s u l t s  i n  t h e  u n d e s i r a b l e  e f f e c t  o f  r a i s i n g  t h e  maximum tempera- 

t u r e  o f  t h e  c o n c r e t e .  

w i t h i n  t h e  r e a c t o r  room t h a t  may be  c a u s i n g  a l a r g e  gamma c u r r e n t  appea r s  

t o  be a b e t t e r  s o l u t i o n  t h a n  i n c r e a s i n g  t h e  t h i c k n e s s  of t h e  w a l l  

l a m i n a t i o n s  f o r  gamma c u r r e n t s  g r e a t e r  t han  1 x 1OI2 photons/crt? qsec. 

When s u f f i c i e n t  i n fo rma t ion  becomes a v a i l a b l e ,  a n  o v e r a l l  ene rgy  

Shadow s h i e l d i n g  o f  t h e  p a r t i c u l a r  components 

ba l ance  should  be  w r i t t e n ,  s t a r t i n g  w i t h  t h e  f i s s i o n i n g  p r o c e s s  i n  t h e  

r e a c t o r  and ex tend ing  o u t  th rough t h e  wall o f  t h e  r e a c t o r  room t o  an  

o u t s i d e  s u r f a c e .  This b a l a n c e  i s  n e c e s s a r y  t o  de t e rmine  whether  o r  n o t  

a conduc t ion  l o s s  o f  1 Mw w i l l  pe rmi t  maintenance o f  t h e  d e s i r e d  ambient 

t empera tu re  w i t h i n  t h e  r e a c t o r  room wi thou t  t h e  a d d i t i o n  o f  a u x i l i a r y  

c o o l i n g  o r  h e a t i n g  sys tems.  
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Appendix A 

EQUATIONS NECESSARY To CONSIDER A MULTIENERGETIC GAMMA CURRENT 

The e q u a t i o n s  d e r i v e d  i n  Chapter  3 of  t h i s  r e p o r t  were based  on t h e  

assumption t h a t  t h e  i n c i d e n t  gamma c u r r e n t  i s  monoenerget ic .  I f  t h e  

energy  d i s t r i b u t i o n  of t h e  i n c i d e n t  gamma c u r r e n t  i s  known, t h i s  c u r r e n t  

can b e  r e p r e s e n t e d  a s  a mul t ig roup  c u r r e n t .  The e q u a t i o n s  i n  which an 

i n c i d e n t  mul t ig roup  gamma c u r r e n t  appea r s ,  e i t h e r  d i r e c t l y  o r  i n d i r e c t l y ,  

must b e  w r i t t e n  t o  account  f o r  t h i s  segmenta t ion  i n  gamma energy .  T h i s  

mul t ig roup  m o d i f i c a t i o n  h a s  been  made i n  the  fo l lowing  e q u a t i o n s ,  and t h e y  

a r e  t o  b e  used  i n  p l a c e  o f  t h e  c o r r e s p o n d i n g l y  numbered e q u a t i o n s  i n  

Chapter  3 when t h e  energy  d i s t r i b u t i o n  o f  t h e  gamma c u r r e n t  i s  known. 

The s u b s c r i p t  i d e n o t e s  t h e  energy  group, and t h e  terms a r e  d e f i n e d  i n  

Appendix E .  

a.l*-.x 
( A . 8 )  

1 1  i-1 

Q(x> = LQo [Aie + (1 - A i ) e  
i i  

.. j- Pix(ai  - 1) - v i m i  3. 1) 
Q(x) = L Q  1 A . e  + (1 - A i ) e  I .  (A.9) 

i OiC 

A 

T(x) = T + -y(T 
0 L L - To) 

(A.9a) 
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( A .  18) 

( A .  18a) 
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( A .  18b) 

( A . 2 7 )  
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Appendix 0 

EVALUATION OF THE CONVECTIVE HEAT TRANSFER COEFFICIENT 

The average convective heat transfer coefficient, h, for the walls 

o f  the air channel was evaluated by using the expression published by 

Kreith.' 

where 
0 k .= thermal conductivity of air, Btu/hr-ft. F, 

H = vertical length of the air channel, f t ,  

H 
Re = Reynolds number evaluated at the top  of the air channel, and 

Pr = Prandtl number evaluated for air. 

The Reynolds number evaluated at the top of the air channel, 

Uo H Re = - ,  
H C L  

where 

U I:; the bulk air velocity, ft/sec, 

p = density of  the air, lb/ft?, and 

1-1 = viscosity of air, lb/ft* sec. 

The Prandtl number evaluated for air, 

0 where C 

In the range o f  temperatures considered, Pr is approximately constant 

and equal to 0.72. Kreith's' expression f o r  h was evaluated for various 

air-wall mean temperatures in the air channel, and the results are 

on the following page. 

= the specific heat of  air at a constant pressure, Btu/lb" F. 
P 

' F r ank  Kreith, p. 286 in Principles of Heat Transfer, International 
Textbook Company, Scranton, Pennsylvania, 4th printing, 1961. 
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- 
T h 
0 (Btu/hr* fi? .OF) 

100 5.15 
130 5.04 
150 5.04 

The mean temperature of the walls of the air channel is expected to 

be approximately 130 to 150°F, and a value of 5 was used for the convective 

heat transfer coefficient at the walls of the air channel. 
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Appendix C 

VALUES OF PHYSICAL CONSTANTS USED IN THIS STUDY 

Values for the gamma energy attenuation coefficient , b, the total g a m a  attenuation 
coefficient, p, and the dimensionless constants 0, p, and A used in the Taylor buildup 

formula for a gamma energy of 1 Mev are tabulated below. 

"E P 
Material (ft-11 jft") a g3 - A 

Type 347 stainless 6.28a 14.08b 0.0895' 0.04C SC 
steel 

brick 
Kaolin insulating 0.367d 0.838d 0.088d 0.02gd lod 

Mild steel 6.30a 14.0Za 0.0895' 0.04C 8 C  

Concrete 1.99d 4.55d O.088d 0.02gd lod 

Values for the density, p ,  specific heat, C thermal conductivity, k, and equivalent 

thermal conductivity at interfaces of adjacent materials, k, for materials in the propoeed 

laminated wall in their order of occurrence from the reactor outward are tabulated below. 

P' - 

Material 

Type 347 stain- 
less steel 

Kaolin insulat- 
ing brick 

Mild steel 

A i r  

Mild steel 

Concrete 

- C 
k k P 

(Btuhr' f t-OF) (lbm/fp) (Btu/lbm.OF) jBtujhr. ft.~F) .Ld&l 
7.ab 486.gb 0.11e 12.8e 

0.159 

0.298 

0.0232 

0.0232 

0 .433e 27 .03e 0. 23e 0. l s e  

7.83b 488.8b 0-11e 26.0e 

0.060e 0. 241e 0.0174e 

7.83b 488.8b 0.11e 26.0e 
0.584 

2.35d 146.7d 0 * 20e 0. 54e 

aE. P. Blizard and L. S, Abbott, editors, p. 107 in Reactor Handbook, Vol. 3, 

bM. M. El-Wakil, p. 223 in Nuclear Power Engineering, McCraw-Hill Book Company, Inc., 

'E. P. Blizard and L. S. Abbott, editors, p. 116 in Reactor Handbook, Vol. 3, 

d"Reactor Physics Constants," USAEC Report ANL-5800, Argonne National Laboratory, 

Part B, Johh Wiley and Sons, New York, 1962. 

First Edition, New York, New York, 1962. 

Part B, John Wiley and Sons, New York, 1962. 

pp. 653-657, July 1963. 

eFrank Kreith, pp.  533-535 in Principles of Heat Transfer, 
Company, 4th printing, Scranton, Pennsylvania, 1961. 

International Textbook 
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Appendix D 

TSS COMPUTER PROGRAM 

A program was developed f o r  t h e  CDC 1604-A computer t o  s o l v e  t h e  

e q u a t i o n s  (Eqs .  8 through 31) n e c e s s a r y  t o  e v a l u a t e  t h e  proposed  con- 

f i g u r a t i o n  of t h e  r e a c t o r  room w a l l  f o r  t h e  s t e a d y - s t a t e  c o n d i t i o n s .  As 

w r i t t e n ,  t h e  TSS (Thermal S h i e l d  Study) program w i l l  h a n d l e  up t o  f i v e  

m a t e r i a l  l a m i n a t i o n s ,  e x c l u d i n g  t h e  a i r  channel ,  and up t o  e i g h t  energy  

groups  f o r  t h e  i n c i d e n t  gamma c u r r e n t .  

i n  t h e  o r d e r  d e s c r i b e d  i n  Chapter  3 .  

groups  and s i x t e e n  d i f f e r e n t  combina t ions  of l a m i n a t i o n s  ( c a s e s ) ,  the 

machine t i m e  i s  one minute  and 45 seconds  and t h e  compi l a t ion  t i m e  i s  

56 seconds .  

The c a l c u l a t i o n s  a r e  performed 

For a problem w i t h  f i v e  energy  

A Newton-Raphson i t e r a t i o n  scheme i s  used  t o  e v a l u a t e  ‘.I& and x T max’ 
The convergence c r i t e r i o n  f o r  T1: i s  t h a t  t h e  r i g h t  and l e f t  s i d e s  of  

Eq. 29 must a g r e e  t o  w i t h i n  0.05, and t h e  c r i t e r i o n  f o r  x i s  t h a t  t h e  

r i g h t  and l e f t  s i d e s  of E q .  14 must a g r e e  t o  w i t h i n  0.10.  These conver-  

gence c r i t e r i a  cou ld  be  made s m a l l e r  w i t h  a co r re spond ing  i n c r e a s e  i n  

machine t i m e ,  b u t  ve ry  l i t t l e  more r e a l  accu racy  would be o b t a i n e d  be- 

c a u s e  the program u s e s  t h e  approximate method t o  c a l c u l a t e  t h e  i n c i d e n t  

gamma c u r r e n t  a t  each  m a t e r i a l  i n t e r f a c e .  If more r e a l  accu racy  i s  

r e q u i r e d ,  t h e  program cou ld  be modi f ied  t o  c a l c u l a t e  t h e  a t t e n u a t e d  gamma 

c u r r e n t  a t  each  i n t e r f a c e  and t o  c a l c u l a t e  from t h i s  i n f o r m a t i o n  t h e  

i n c i d e n t  gamma c u r r e n t  a t  t h e  m a t e r i a l  i n t e r f a c e s .  

T rnax 

I f  a v e r t i c a l  t empera tu re  p r o f i l e  were known f o r  t h e  i n t e r f a c e  of  

t h e  r e a c t o r  room and t h e  s k i n ,  t h e  program could  be modi f ied  t o  do c a l c u -  

l a t i o n s  a t  s e v e r a l  p o i n t s  up t h e  a i r  channe l  r a t h e r  t h a n  j u s t  a t  t h e  t o p  

and bot tom a s  i t  does  a t  p r e s e n t .  Both t h e  s e t u p  of  t h e  program and t h e  

manner i n  which t h e  n e c e s s a r y  i n p u t  d a t a  a r e  p repa red  a r e  e x p l a i n e d  i n  

t h e  fo l lowing  d i s c u s s i o n .  

The TSS computer program i s  s e t  up f o r  a g iven  p h y s i c a l  s i t u a t i o n  

w i t h  a g i v e n  photon cu r ren t  i n c i d e n t  upon t h e  r e a c t o r  room w a l l .  

t empera tu re  o f  t h e  i n s i d e  s u r f a c e  o f  t h e  w a l l  i s  f i x e d  a t  a g iven  v a l u e .  

The 
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The composi te  w a l l  i s  composed o f  f i v e  m a t e r i a l  r e g i o n s ,  and p r o g r e s s i n g  

from t h e  i n s i d e  s u r f a c e  outward, t h e s e  r e g i o n s  a r e  (1) a t h i n  s t e e l  s k i n ,  

(2)  an i n s u l a t i n g  m a t e r i a l ,  (3)  t h e  f i r s t  s t e e l  gamma s h i e l d ,  ( 4 )  t h e  

second s t e e l  gamma s h i e l d ,  and (5) t h e  c o n c r e t e  b i o l o g i c a l  s h i e l d  w i t h  a 

f i x e d  t empera tu re  on t h e  o u t s i d e  s u r f a c e .  The 3-in.-wide a i r  channe l  

p l aced  between the f i r s t  and second gamma s h i e l d s  i s  n o t  c o n s i d e r e d  a 

m a t e r i a l  r e g i o n .  By c a l c u l a t i n g  a v e r t i c a l  t empera tu re  g r a d i e n t  i n  t h e  

a i r  channel ,  t h e  program w i l l  c a l c u l a t e  a t  b o t h  t h e  bottom and t o p  o f  

t h e  r e a c t o r  room w a l l  t h e  

1. gamma h e a t  g e n e r a t i o n  r a t e  i n  each  m a t e r i a l ,  

2 .  Lemperature a t  each m a t e r i a l  i n t e r f a c e  and t empera tu re  changes a c r o s s  

each m a t e r i a l ,  

3 .  conduc t ion  h e a t  l o s s  from t h e  r e a c t o r  room t o  t h e  a i r  channe l ,  

4 .  r a d i a t i o n  h e a t  t r a n s f e r  r a t e  between t h e  w a l l s  o f  t h e  a i r  channel ,  

5.  h e a t  i n  t h e  c o n c r e t e  conducted b o t h  toward and away from t h e  a i r  

channe l ,  and t h e  

6 .  maximum tempera tu re  i n  t h e  c o n c r e t e  and i t s  co r re spond ing  l o c a t i o n .  

The program i n p u t  deck a l l o w s  the u s e  oL any m a t e r i a l  i n  any r e g i o n  

of t h e  composite w a l l .  For a f i x e d  i n c i d e n t  photon c u r r e n t ,  a f i x e d  

i n s i d e  w a l l  temperat.ure, a f i x e d  i n l e t  a i r  v e l o c i t y  and t empera tu re ,  and 

f i x e d  w a l l  m a t e r i a l s ,  t h e  c a l c u l a t i o n  of a p a r t i c u l a r  case i s  done by 

s e l e c t i n g  a l l  m a t e r i a l  t h i c k n e s s e s  and t h e  t empera tu re  o f  the o u t s i d e  

s u r f a c e  of t he  c o n c r e t e  w a l l .  A t  p r e s e n t ,  t h e  program w i l l  a l l o w  a maxi- 

mum o f  32 c a s e s  t o  be run,  b u t  i t  can e a s i l y  be expanded t o  h a n d l e  more. 

P r e p a r a t i o n  o f  I n p u t  Data 

The f i r s t  s e t  of i n p u t  d a t a  c o n s i s t s  of  energy-dependent i n f o r m a t i o n  

p e r t a i n i n g  t o  t h e  i n c i d e n t  photon c u r r e n t  and t o  t h e  n u c l e a r  p r o p e r t i e s  

of  t h e  m a t e r i a l s  chosen f o r  each r e g i o n  i n  t h e  w a l l .  The o r d e r  i n  which 

t h e  i n f o r m a t i o n  i s  s u p p l i e d  i s  given on t h e  f o l l o w i n g  page. 
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Card 1. QSl(l), QS1(2), ..., QSl(8) .  The i n c i d e n t  photon c u r r e n t  

( B t u / h r * f F )  f o r  each  o f  e ight :  p o s s i b l e  energy  g roups ,  

Card 2 .  EMUI(l), EPWl(2), ..., EMUl(8) .  The energy  a b s o r p t i o n  

c o e f f i c i e n t  ( l / f t )  i n  t h e  f i r s t  r e g i o n  o f  t h e  w a l l  ( t h e  i n n e r  s k i n )  f o r  

each  o f  e i g h t  p o s s i b l e  energy  groups.  

Card 3 .  AMU1(1), AMU1(2), ..", AMlJl(8). The mass a t t e n u a t i o n  

c o e f f i c i e n t  ( l / f t )  i n  t h e  f i r s t  r e g i o n  o f  t h e  w a l l  ( t h e  i n n e r  s k i n )  f o r  

each  of  e i g h t  p o s s i b l e  energy  groups .  

Card 4 ,  ALPHA(l), ALPHA1(2), ..., BLPHAl(8). The d imens ion le s s  

c o n s t a n t  a used i n  t h e  TayLor bu i ldup  formula i n  t h e  f i r s t  r e g i o n  o f  t h e  

wall ( t h e  i n n e r  s k i n )  f o r  each  of  e i g h t  p o s s i b l e  energy  groups .  

Card 5 .  BETA1(1), BETAl(2), ..., BETAl(8). The d imens ion le s s  con- 

s t a n t  f3 used i n  t h e  T a y l o r  b u i l d u p  formula i n  t h e  f i r s t  r e g i o n  o f  t h e  

w a l l  ( t h e  i n n e r  s k i n )  for each  of  e i g h t  p o s s i b l e  energy  groups .  

Card 6.  A l ( l ) ,  A1(2), ..., A l ( 8 ) .  The d imens ion le s s  c o n s t a n t  A used 

i n  the Taylor b u i l d u p  formula i n  t h e  f i r s t  r e g i o n  of  t h e  w a l l  { t h e  i n n e r  

s k i n )  f o r  each o f  e i g h t  p o s s i b l e  energy  groups.  

Card 7 .  EMU2(1), EMLI2(2), ..., EMU2(8). The same as  Card 2 excep t  

f o r  t h e  second r e g i o n  of t h e  w a l l  ( i n s u l a t i o n ) .  

Card 8 .  AMU2(1), AMJ2(2), ..., AMU2(8). The same a s  Card 3 excep t  

f o r  t h e  second r e g i o n  of  t h e  w a l l  ( i n s u l a t i o n ) .  

Card 9.  ALPHA2(1), ALPHA2(2), ..., ALPHA2(8). The same as Card 4 

excep t  f o r  t h e  second r e g i o n  o f  t h e  w a l l  ( i n s u l a t i o n ) .  

Card 10. BETA2(1), BETA2(2), ..., BETA2(8). The same as Card 5 

excep t  f o r  t h e  second r e g i o n  of t h e  w a l l  ( i n s u l a t i o n ) .  

Card 11. A2(1),  A2(2), ..., A2(8) .  The same a s  Card 6 excep t  f o r  

t h e  second r e g i o n  o f  t h e  w a l l  ( i n s u l a t i o n ) ,  

Card 12. EMU3(1), EW3(2) ,  ..., EMU3(8). The same as Card 2 excep t  

f o r  t h e  t h i r d  r e g i o n  o f  t h e  w a l l  ( t h e  f i r s t  gamma s h i e l d ) .  

Card 13. AMU3(1), AMU3(2), ..., AMU3(8). The same a s  Card 3 except 

f o r  t h e  t h i r d  r e g i o n  o f  t h e  w a l l  ( t h e  f i r s t  gamma s h i e l d ) .  

Card 1 4 .  ALPHA3(1), ALPHA3(2), ..., ALPHA3(8). The same a s  Card 4 

excep t  f o r  t h e  t h i r d  r e g i o n  o f  t h e  w a l l  ( t h e  f i r s t  gamma s h i e l d ) .  
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Card 15. BETA3(1), BETB3(2), ..., BETA3(8). The same a s  Card 5 excep t  

f o r  t h e  Lhird r e g i o n  of  t h e  w a l l  ( t h e  f i r s t  gamma s h i e l d ) .  

Card 16. A3(1),  A3(2), ..., A3(8). The same a s  Card 6 f o r  the t h i r d  

r e g i o n  of t h e  w a l l  ( t h e  f i r s t  gamma s h i e l d ) .  

Card 17. EW4(1), EMIJ4(2), , . . , EMU4(8), The same as Card 2 excep t  

f o r  t h e  f o u r t h  r e g i o n  o f  t h e  w a l l  ( t h e  second gamma s h i e l d ) ,  

Card 18. &N4(1), AMu4(2), . . . , AMU4(8), The same a s  Card 3 excep t  

f o r  t h e  f o u r t h  r e g i o n  of  t h e  w a l l  ( t h e  second gamma s h i e l d ) .  

Card 19 .  ALPHA4(1), ALPHA4(2), ..., ALPHBh(8). The same as Card 4 

excep t  f o r  t h e  f o u r t h  r e g i o n  of  t h e  w a l l  ( t h e  second gamma s h i e l d ) .  

Card 20. BETA?t(l), BETA4(2), . . ,, BETA4(8). The same a s  Card 5 

excep t  f o r  t h e  f o u r t h  r e g i o n  o f  t h e  w a l l  ( t h e  second gamma s h i e l d ) .  

Card 21.  A4(l), A4(2>, ..., A4(8). The same a s  Card 6 excep t  f o r  

t h e  f o u r t h  r eg ion  of  t h e  w a l l  ( t h e  second gamma s h i e l d ) ,  

Card 22.  EMU5(1), EMU5(2), . . . , EMU5(8), The same as  Card 2 excep t  

f o r  t h e  f i f t h  r e g i o n  of  t h e  w a l l  ( t h e  b i o l o g i c a l  s h i e l d ) .  

Card 23, AMU5(1), AMJ5(2), ..., AMv5(8). The same a s  Card 3 excep t  

f o r  t h e  f i f t h  r e g i o n  of t h e  w a l l  ( t h e  b i o l o g i c a l  s h i e l d ) .  

-- Card 24. ALPHA5(1), ALPHA5(2), . , . , ALPHA5(8). The same as  Card 4 

excep t  for- t h e  f i f t h  r e g i o n  o f  t h e  w a l l  ( t h e  b i o l o g i c a l  s h i e l d ) .  

Card 25.  BET85(1), BETA5(2), ..., BETA5(8). The same as Card 5 

excep t  f o r  t h e  f i f t h  r e g i o n  o f  t h e  w a l l  ( t h e  b i o l o g i c a l  s h i e l d ) ,  

Card 26,  A5(1), A5(2), ..., A5(8). The same as Card 6 excep t  f o r  

t h e  f i f t h  r e g i o n  o f  t h e  w a l l  ( t h e  b i o l o g i c a l  s h i e l d ) .  

The format s t a t e m e n t  f o r  a l l  of t h e  above c a r d s  i s  8F9.0. S i n c e  

o n l y  t h e  f i r s t  7 2  s p a c e s  on each data c a r d  a r e  used,  t h e  l a s t  e i g h t  may 

be used  f o r  i d e n t i f i c a t i o n  pu rposes .  If fewer than  e i g h t  energy groups 

a r e  used,  t h e  unused d a t a  f i e l d s  may e i t h e r  b e  punched w i t h  a z e r o  o r  

l e f t  b l a n k .  I n  e i t h e r  case, t h e  energy-summing DO loops s u b s c r i p t e d  

J, K, L ,  and N m u s t  be changed t o  co r re spond  t o  t h e  number o f  energy 

groups used ;  t h a t  i s ,  i f  t h e r e  are s i x  energy groups,  DO 100 I = 1 , 6 ;  

and K, L, and N are a l s o  1 ,6 .  I f  t h e  DO loops  a r e  n o t  changed t o  c o r r e s -  

pond t o  t h e  number of  ene rgy  groups used ,  d i v i s i o n  by zero w i l l  o c c u r .  
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The n e x t  set  of  d a t a  e n t e r e d  i s  energy independent  and i s  assumed 

t o  b e  c o n s t a n t  o v e r  t h e  range o f  t e m p e r a t u r e s  cove red  i n  t h e  program. 

T h i s  i n f o r m a t i o n  shou ld  be  g i v e n  on the two f o l l o w i n g  c a r d s .  

Card 27,  CON1, CON2, CON3, CON4, CON5, TO, HT, and HF. The the rma l  
0 

c o n d u c t i v i t i e s  ( B t u / h r * f t *  F) o f  t h e  materials i n  each  o f  t h e  f i v e  r e g i o n s  

shou ld  b e  e n t e r e d  i n  t h e  f i r s t  f i v e  d a t a  f i e l d s .  The t e m p e r a t u r e  on  t h e  

i n s i d e  s u r f a c e  o f  t h e  r e a c t o r  room wall ,  TO i n  OR, t h e  h e i g h t  o f  t h e  

r e a c t o r  room, HT i n  f t ,  and t h e  f i l m  c o e f f i c i e n t  on t h e  s i d e s  of  t h e  a i r  

channe l ,  HF i n  Btu/hr ' f t?*°F,  should be  e n t e r e d  i n  d a t a  f i e l d s  s i x  through 

e i g h t .  The format  f o r  t h i s  c a r d  i s  t h e  same as  t h a t  f o r  t h e  p r e v i o u s  

26 c a r d s  (8F9.0). 

Card 28. TA, EPSIL ,  V E L ,  ACHAN, CP, RHO, and SIGMA are r e s p e c t i v e l y  
0 

t h e  i n l e t  a i r  t empera tu re ,  R, t h e  e m i s s i v i t y  of  t h e  s u r f a c e  o f  the a i r  

channe l  ( d i m e n s i o n l e s s  and assumed t o  be e q u a l  f o r  b o t h  s i d e s  o f  t h e  a i r  

c h a n n e l ) ,  t h e  v e l o c i t y  o f  t h e  a i r ,  f t / sec ,  t h e  w i d t h  of  t h e  a i r  channe l ,  

f ? ,  t h e  s p e c i f i c  h e a t  o f  a i r ,  B tu / lb .  F, t h e  d e n s i t y  of a i r ,  l b / f $ ,  and 

t h e  Stefan-Boltzmann c o n s t a n t  (Btu/hr . f t?  m o p ) .  
e n t e r e d  a c c o r d i n g  t o  format  6F9.0, F18.0. 

can  b e  used f o r  i d e n t i f i c a t i o n .  

0 

These v a l u e s  must b e  

Again, t h e  l a s t  eight s p a c e s  

P r e p a r a t i o n  o f  Case Data 

Once the  i n p u t  d a t a  have been s u p p l i e d ,  one c a r d  must be p r e p a r e d  

for each case t o  be  run.  This c a r d  c o n t a i n s  EL1, EL2, EL3, EL4, EL5, 

and T6. EL1  through EL5 co r re spond  t o  t h e  mater ia l  t h i c k n e s s e s  ( f t )  t o  

be used  f o r  each of  t h e  f i v e  r e g i o n s  i n  t h e  w a l l ,  and T6 i s  t h e  tempera- 
t u r e  of  t h e  e x t e r n a l  s u r f a c e  o f  t h e  c o n c r e t e  b i o l o g i c a l  s h i e l d  i n  0 R .  

The format  8F9.0 a l l o w s  n i n e  s p a c e s  f o r  each  d a t a  f i e l d  and the l a s t  e i g h t  

s p a c e s  f o r  i d e n t i f i c a t i o n .  For 1 6  cases, t h e  c a r d s  cou ld  be  numbered 

29 through 44. Numbering i s  f o r  t h e  u s e r ' s  convenience and i s  n o t  re- 

q u i r e d .  The f i r s t  DO loop  i n  t h e  program must a lways be  changed t o  DO 

5000 I = l , N  where N i s  t h e  number o f  cases t o  b e  run.  A l l  cases must 

have t h e  same a i r  t empera tu re ,  TA, and t h e  s t a t e m e n t  immediately 



f o l l o w i n g  DO 5000 I = l , N  must b e  w r i t t e n  t o  co r re spond  t o  t h e  a i r  

t empera tu re  used.  The DIMENSION s t a t e m e n t  c o n t a i n i n g  ELl(1) through 

E L 5 ( I ) ,  r6(1), B O P ( I ) ,  and BAM(1) m u s t  be checked t o  see t h a t  a s u f f i c i e n t  

dimension s i z e  i s  g iven  t o  a l l o w  a l l  o f  t h e  cases t o  be  run.  ROP(1) and 

RAM(I) a r e  dummy v a r i a b l e s  and may be l e f t  b l ank .  

T y p i c a l  Computer S h e e t s  

The assembly of  the c o n t r o l  c a r d s ,  deck, i n p u t  d a t a ,  and c a s e  d a t a  

c a r d s  f o r  t h e  TSS computer program i s  i l l u s t r a t e d  i n  F ig .  D . I .  T y p i c a l  

d a t a  f o r  32 c a s e s  t o  be  run w i t h  one ene rgy  group are given i n  Tab le  D . l .  

The o u t p u t  d a t a  a t  t h e  bottom o f  t h e  a i r  channe l  f o r  one case are g iven  

i n  Table  D . 2 ,  and t h e  o u t p u t  d a t a  a t  t h e  top  of  t h e  a i r  channe l  fo r  the 

case a r e  g iven  i n  Tab le  D . 3 .  
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Fig. D . l .  Assembly of Data Cards f o r  TSS Computer Program. 
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Appendix E 

NOMENCLATLJFE 

A = d imens ion le s s  c o n s t a n t  used i n  t h e  Tay lo r  b u i l d u p  e q u a t i o n  

A~ = u n i t  a r e a  o f  r e a c t o r  room w a l l ,  f P  

C = s p e c i f i c  h e a t  a t  c o n s t a n t  pressure,  B tu / lbwoF  
P 
E = energy o f  i n c i d e n t  gamma c u r r e n t ,  Mev 

H = v e r t i c a l  l e n g t h  o f  a i r  channe l ,  f t  

h = c o n v e c t i v e  h e a t  t r a n s f e r  c o e f f i c i e n t ,  Btu/hr*f t?  *OF 

k = t he rma l  c o n d u c t i v i t y ,  B t u / h r - f t .  F 
0 

- 
= e q u i v a l e n t  c o n d u c t i v i t y  where t h e  s u b s c r i p t s  a and b r e f e r  t o  

ka-b 
any two a d j a c e n t  materials 

L = t h i c k n e s s  of  a m a t e r i a l  l a m i n a t i o n  

Lch = width o f  a i r  channel  ( d i s t a n c e  between a d j a c e n t  s u r f a c e s  o f  

f i r s t  and second s tee l  gamma s h i e l d s ) ,  f t  

MWL = h e a t  conduc t ion  r a t e  o u t  o f  t h e  r e a c t o r  room t o  t h e  a i r  channe l ,  

MW 

Q = v o l u m e t r i c  ganuna h e a t i n g  r a t e ,  B tu /h r* f t ?  

q* = h e a t  conduc t ion  ra te  o u t  o f  t h e  r e a c t o r  roam t o  t h e  a i r  channe l ,  

Btu/hr .  f t? 

' = r a t e  a t  which t h e  gamma h e a t  g e n e r a t e d  i n  the c o n c r e t e  i s  con- 
4, 

4R 

duc ted  back toward t h e  a i r  channel ,  Btu/hraf t?  

= r a t e  of  r a d i a n t  h e a t  t r a n s f e r  between t h e  w a l l s  o f  t h e  a i r  channe l ,  

B tu /h r*  €9 
T = t empera tu re ,  OF 

Ua = b u l k  v e l o c i t y  of c o o l a n t  a i r ,  f t / s e c  

x = d i s t a n c e  p e r p e n d i c u l a r  t o  t h e  s u r f a c e  o f  t h e  r e a c t o r  room w a l l ,  

f t  

a and 6 = d i m e n s i o n l e s s  c o n s t a n t s  used i n  t h e  Tay lo r  b u i l k u p  e q u a t i o n  

E = s u r f a c e  e m i s s i v i t y  of wal l s  o f  a i r  channe l  

8 = t i m e ,  h o u r s  

ii. = t o t a l  gamma a t t e n u a t i o n  c o e f f i c i e n t ,  f t - l  

pE = gamma energy a t t e n u a t i o n  c o e f f i c i e n t ,  f t - l  
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p = density, l b / f $  

0 = Stefan-Boltzmann constant 

Go = incident gamma current, photons/cni? * sec 

Subscripts Used With Terms 

0 through 6 = numbers denoting a lamination interface as illustrated 

in Fig. 2 and usually associated with temperature, T 

a = air 

c = concrete 

I = insulation 

i = energy group 

j = lamination 

s = skin  lamination on reactor side of wall 

FS = first steel gamma shield 

SS = second steel gamma f i e l d  

T = total 





, ! 6 3  

ORNL TM-2029 

Internal Distribution 

1. M. Bender 

2 .  C. E. Bettis 

3 .  E. S. Bettis 

4 .  E. G .  Bohlmann 

5 .  R. B. Briggs 

6-7. W .  K. Crowley 

8 .  F. L. Culler 

9. S. J. Ditto 

10. H. G. Duggan 

11. D. A .  Dyslin 

12 .  D. E. Ferguson 

1 3 .  W. F. Ferguson 

1 4 .  F. C. Fitzpatrick 

15. C .  H. Gabbard 

16. W, R. Gall 

17. W. R. Grimes 

18. A .  G. Grindell 

19 .  P. N. Haubenreich 

20. H. W. Hoffman 

21. P .  R. Kasten 

22.  R. J. Ked1 

2 3 .  G. €1. Llewellyn 

24. R. E. MacPherson 

25 .  H. E. McCoy 

2 6 .  

2 7 .  

2 8 .  

29 .  

3 0 .  

31. 

32- 33 .  

34- 35. 

3 6 .  

3 7 .  

38. 

39 .  

40. 

41. 

4 2 .  

4 3 .  

4 4 .  

45 -46 .  

47.  

4 8 .  

49-58. 

59 .  

6 0 .  

R. L. Moore 

H. A .  Nelms 

E. L. Nicholson 

L. C. Oakes 

A .  M. Perry 

T. W .  Pickel 

J. R. Rose 

M. W. Rosenthal 

Dunlap Scott 

W. C. Stoddart 

D. A. Sunberg 

R. E. Thoma 

H. K.  Walker 

J. R. Weir 

M. E. Whatley 

J. C. White 

W. R. Winsbro 

Central Research Library 

Document Reference Section 

GE Division Library 

Laboratory Records Department 

Laboratory Records, O W L  R. C 

ORNL Patent O f f  ice 

External Distribution 

61. P. F. Pasqua, Nuclear Engineering Department, University of  

62. L .  R. Shobe, Engineering Mechanics Department, University of 

Tennessee, Knoxville, Tennessee 

Tennessee, Knoxville, Tennessee 

6 3 - 7 7 .  Division of Technical Information Extension 

78. Laboratory and University Division, USAEC, O R 0  




