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I. INTRODUCTION 

A r e a c t o r  s h i e l d  o p t i m i z a t i o n  p rocedure  based on t h e  ASOP s h i e l d  o p t i -  

m i z a t i o n  code'  and t h e  DOT two-dimensional r a d i a t i o n  t r a n s p o r t  code2 h a s  

been used t o  de t e rmine  a minimum-weight s h i e l d  f o r  a c o n c e p t u a l  heat-pjpe-  

coo led  f a s t  r e a c t o r  des igned  by ORNL as a n u c l e a r  e l e c t r i c  power p l a n t  f o r  

s p a c e c r a f t .  The ASOP code ( A N I S N  - - S h i e l d  - O p t i m i z a t i o n  - Program), u s i n g  one- 

d imens iona l  d i s c r e t e  o r d i n a t e s  t r a n s p o r t  t h e o r y  and th ree -d imens iona l  we igh t  

f u n c t i o n s ,  h a s  been applied p r e v i o u s l y  t o  t h e  o p t i m i z a t i o n  of s h i e l d s  f o r  

s e v e r a l  U-ZrH SNAP  reactor^.^ 
h e r e  d i f f e r s  from i t s  earlier a p p l i c a t i o n s  i n  two r e s p e c t s  : t h e  n e u t r o n  

spec t rum i n  t h e  h e a t - p i p e  r e a c t o r  is h a r d e r  t han  t h a t  i n  a U-ZrH r e a c t o r ,  

and t h e  h i g h  t e m p e r a t u r e  of t h e  h e a t  p i p e s  r e q u i r e s  t h e  d e s i g n  of  an 

optimum h igh- t empera tu re  s h i e l d  zone. 

The a p p l i c a t i o n  of t h e  code as d e s c r i b e d  

S h i e l d s  f o r  s p a c e  power r e a c t o r s  are t y p i c a l l y  asymmetric,  and the. 

s h i e l d  o p t i m i z a t i o n  p rocedure  de t e rmines  t h e  t h i c k n e s s e s  and p o s i t i o n s  of 

t h e  v a r i o u s  s h i e l d  components r e q u i r e d  t o  m e e t  the dose  c o n s t r a i n t s  w i t h  t h e  

Least w e i g h t .  O v e r a l l  t h e  shape  of  t h e  s h i e l d  s u r r o u n d i n g  the r e a c t o r  i s  

t h a t  of a t r u n c a t e d  cone whose t h i c k  b a s e  i n t e r c e p t s  r a d i a t i o n  d i r e c t e d  

toward t h e  crew compartment. Dose c o n s t r a i n t s  are s p e c i f i e d  f o r  s p h e r i c a l  

s u r f a c e s ,  o r  p o r t i o n s  of s p h e r i c a l  s u r f a c e s ,  d e s c r i b e d  by c o n s t a n t  r a d i i  

from t h e  c e n t e r  of  t h e  r e a c t o r ,  t h e  most s e v e r e  dose  c o n s t r a i n t  b e i n g ,  of 

c o u r s e ,  f o r  t h e  crew p o s i t i o n .  The dose c o n s t r a i n t s  f o r  o t h e r  r e g i o n s  

around t h e  r e a c t o r  are c o n s i d e r a b l y  h i g h e r  but l o w  enough t o  a l l o w  s p e c i f i e d  

a c t i v i t i e s ,  a s ,  f o r  example, docking w i t h  o t h e r  s p a c e c r a f t .  The r e l a t i o n s h i p  

of t h e  r e a c t o r  s h i e l d ,  crew p o s i r t o n ,  and d o s e  c o n s t r a i n t  s u r f a c e s  i s  1311~s- 

t r a t e d  i n  F i g .  1. Note t h a t  t h e  crew p o s i t i o n  f a l l s  w i t h i n  t h e  "shadow" 

cast  by the bot tom of t h e  s h i e l d .  

I n  s e t t i n g  the d o s e  c o n s t r a i n t s  c o n s i d e r a t i o n  must be  g i v e n  t o  t h e  pos- 

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

F i g .  1 ,  i n  which case r a d i a t i o n  e m i t t e d  from t h e  s i d e  o r  t o p  of t h e  s h i e l d  

could sca t te r  from t h e  s t r u c t u r e  t o  t h e  crew q u a r t e r s .  In t h e  f i n a l  s h i e l d  

d e s i g n  s t u d y  d e s c r i b e d  h e r e ,  i t  w a s  assumed t h a t  t h e  l a r g e  power conve r s ion  

components ( h e a t  exchange r s ,  t u r b i n e s ,  and r a d i a t o r s  f o r  a Brayton c y c l e  

system) would e x t e n d  o u t s i d e  t h e  cone a n g l e ;  t h e r e f o r e  the s i d e  and t o p  



6 

ORNL- DWG iP! -4010 

LOW-DOSE CONSTRAINT ‘-SHADOW CONE 
SURFACE (CREW QUARTERS 1 

NOT TO SCALE 

F i g .  1. Sketch  Showing R e l a t i o n s h i p  of Reaclror S h i e l d ,  C r e w  Q u a r t e r s ,  
and Dose Constraint S u r f a c e s .  (Note: Ln some c a l c u l a t i o n s  t h e  r a d i i  f o r  
t h e  h igh-  and low-dose c o n s t r a i n t  surfaces are t h e  same.) 
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s h i e l d  w e r e  des ig i i rd  t o  reduce  the n e u t r o n  f l u x  t o  t h e  ex ten t .  t h a t  scat-. 
t e r i n g  from t h i s  equipment would be unimpor tan t .  

The m a t e r i a l s  used f o r  t h i s  s h i e l d  d e s i g n  w e r e  t u n g s t e n  a l l o y e d  w i t h  

molybdenum f o r  t h e  gamma-ray a t t e n u a t i o n  and l i t h i u m  h y d r i d e  f o r  t h e  neu- 

t r o n  a t t e n u a t i o n  (see ' rab le  1 ) .  Although t h e  u s e  of a t u n g s t e n  a l l o y  pro-  

duces  a h e a v i e r  s h i e l d  t h a n  materials such  as Lead o r  uranium would, 

o p t i m i z a t i o n  s t u d i e s  have shown t h e  weight  p e n a l t y  t o  lie a few p e r c e n t .  
The b e n e f i t  ga ined  from u s i n g  t u n g s t e n  i s  t h a t  the secondary  gamma-ray 

p r o d u c t i o n  c r o s s  s e c t i o n s  needed f ~ r  t h e  d e s i g n  c a l c u l a t i o n s  have been 

shown t o  b e  f a i r l y  adequaLe and r e sonance  s e l f  s h i e l d i n g  is l e s s  impor t an t  

t h z n  f o r  %he nt h e z  materials.  

The l i t h i u m  h y d r i d e  was assumed t o  be  c o n t a i n e d  i n  a s t a i n l e s s  s t e e l  

honeycomb h e l d  i n  a s t a i n l e s s  s teel  can.  A d d i t i o n a l  s t a i n l e s s  s t ee l  w a s  

i n c l u d e d  i n  t h e  L i H  r e g i o n  t o  account  f o r  s t r u c t u r a l  members of t h e  

eng inee red  s h i e l d .  The s t a i n l e s s  s t ee l  r e p r e s e n t e d  3.5 v0l.X of t h e  L i H  

r e g i o n  and was cons ide red  t o  be  homogenized w i t h  t h e  LilI i n  t h e  c a l c u l a t l o n .  

I t  w i l l  be  no ted  from the. fo l lowing  p r e s e n t a t i o n  t h a t  a f t e r  t h e  bas i c  

s h i e l d  w a s  evolved  by t h e  ASOP t e c h n i q u e ,  r e f i n e m e n t s  based  on a series of  

DOT c a l c u l a t i o n s  o f  i s o d o s e s  w i t h t n  t h e  s h i e l d  reduced  t h e  s h i e l d  weight  

an add i t iona l .  10%. Th i s  weight  r e d u c t i o n  i s  n o t  n e a r l y  as d r a m a t i c  as 

t h o s e  from o t h e r  a p p l i c a t i o n s  of  t h e  s h i e l d  o p t i m i z a t i o n  p rocedure  u s i n g  

t h e  i .sodose i n f o r m a t i o n ,  some of: which have r e s u l t e d  i.n weight  s a v i n g s  

as l a r g e  as 3Q%, I n  t h i s  case, however,  t h e  d e s i g n  of  the. b a s i c  s h i e l d  

i t s e l f  b e n e f i t t e d  f r o m  t h e  e x p e r i e n c e  ga ined  in  t h e  ear l ie r  a p p l i c a t i o n s .  

A l s o ,  t h e  cone a n g l e  spec . i f i ed  f o r  t h i s  p a r t i c u l a r  r e a c t o r  s h i e l d  d i - c t a t e s  

an essentia.l.1.y h e m i s p h e r i c a l  bo t tom s h i e l d  which l i m i t s  r e f i n e m e n t s  t o  

t h o s e  p o r t i o n s  of t h e  s h i e l d  that  represent o n l y  a small f r a . c t i o n  of t.he 

we igh t .  

[n t h e  ASOP program a module c o n s i s t i n g  of t h e  one-dimensional  ANISN 

code i s  used t o  c a l c u l a t e  the coupled  n e u t r o n  and gamma-ray t r a n s p o r t  f o r  

an assumed s p h e r i c a l  s h i e l d  c o n f i g u r a t i o n  and f o r  each of s e v e r a l  p e r t u r b a -  

t i o n s  o f  t h a t  c o n f i g u r a t i o n  i n  o r d e r  t o  o b t a i n  approximat ions  Cor t h e  f i r s t  

and second d e r i v a t i v e s  of t h e  t o t a l  dose  w i t h  r e s p e c t  t o  each d e s i g n  va r i t ?? ; l z .  
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Table 1. Composi t ions  of P r i n c i p a l  
S h i e l d  Materials 

Mat e ri.al Dens i ty  (atoms /barn-cm) 

LiH-SS 

'jLi 

'L i 

H 

Fe 

C r  

N i  

Mo 

W-MO 

w 
Mo 

0.0041 1.88 

0.0506526 

0.0 5 4 7 7 1 7  
0.002068 

0.0006274 

0.0003816 

0.000111.1 

0 .05972  

0.002335 
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T!ie geometry of  t h e  c a l c u l a t i o n  i n c l u d e s  t h e  r e a c t o r  c o r e  and t h u s  pr imary  

gamma r a y s  from € i s s ion  as w e l l  as secondary  gamma r a y s  produced by o t h e r  

n e u t r o n  i n t e r a c t i o n s  throughout  t h e  c o r e  and s h i e l d  are i n c l u d e d ,  The 

i n f o r m a t i o n  gene ra t ed  i n  t h e s e  c a l c u l a t i o n s  i s  used t o  s o l v e  a s e t  of  

Linear  e q u a t i o n s  f o r  a new se t  of s h i e l d  d imens ions .  These new dimens ions  

s a t i s f y  two c o n d i t i o n s :  (1) t h e  dose  a t  some p o i n t  e x t e r n a l  t o  t h e  s h i e l d  

i s  e q u a l  t o  t h e  s p e c i f i e d  d e s i g n  l e v e l ,  and ( 2 )  t h e  d e r i v a t i v e  of t h e  dose  

w i t h  r e s p e c t  t o  weight  f o r  a d i f f e r e n t i a l  change i n  each  d e s i g n  v a r i a b l e  

is an u n s p e c i f i e d  c o n s t a n t .  Because t h e  new dimensions may lie o u t s i d e  t h e  

range of t h e  assumed l i n e a r i t i e s ,  t h e  p r o c e s s  i s  r e p e a t e d  u n t i l  t h e  s h i e l d  

c o n f i g u r a t i o n  converges .  

I n  g e n e r a l ,  t h e  assumed s h i e l d  c o n f i g u r a t i o n  h a s  e i t h e r  two o r  t h r e e  

c y c l e s ,  t h e  number of c y c l e s  d e n o t i n g  t h e  number of heavy metal l a y e r s  i n  

t h e  s h i e l d  Survey c a l c u l a t i o n s  have shown t h a t  c o n s i d e r a b l e  weight  s a v i n g s  

i s  e f f e c t e d  w i t h  each  i n c r e a s e  i n  t h e  number of  c y c l e s  up t o  t h r e e  h u t  t h a t  

l i t t l e  is ga ined  by i n t r o d u c i n g  more t h a n  t h r e e  c y c l e s .  Because c a l c u l a t i o n s  

f o r  two-cycle s h i e l d s  are p r e s e n t l y  easier  and less expens ive  t o  per form t h a n  

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

r e a c t o r  may b e g i n  w i t h  two-cycle c a l c u l a t i o n s  and t h e n  change t o  a t h r e e -  

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

111. THE REACTOR AND ITS  CALCULATlONN, MODEL 

The hea t -p ipe-cooled  r e a c t o r  f o r  which t h i s  s t u d y  w a s  performed cons i s t : ,  

of a r i g h t  c i r c u l a r  c y l i n d e r  of  f u l l y  e n r i c h e d  uranium n i t r i d e  f u e l  i n  which 

a m a t r i x  of  s t a i n l e s s  s teel  h e a t  p i p e s  i s  embedded. The h e a t  p i p e s  c o n t a i n  

po ta s s ium as t h e  working f l u i d  and run  p a r a l l e l  t o  t h e  ax is  o f  t.he c o r e ,  

emerging from t h e  end of t h e  c o r e  o p p o s i t e  from t h e  crew compartment ( t h a t  

i s ,  from t h e  top  of t h e  c o r e ) .  A 5-in.-diam c y l i n d r i c a l  n i c k e l  c o n t r o l  p l u g  

moves a long  t h e  a x i s  of t h e  c o r e ,  which i s  sur rounded by a l . .5- in . - thick 

niobium r e f l e c t o r ,  The r e a c t o r  c o r e  s i z e  js  9.9 i n .  i n  d i ame te r  and 12 i n .  

i n  h e i g h t ,  and t h e  des ign  power l e v e l  i s  450 kWt. (A few c a l c u l a t i o n s  

performed f o r  a 14.5-in.-diam by 12-in.-high ( 'ore and a d e s i g n  power of 

1780 kWt a r e  d e s c r i b e d  i n  an appendix  t o  t h i s  r e p o r t . )  
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The s p h e r i c a l  model of t h e  r e a c t o r  used i n  t h e  one-dimensional ASOP 

c a l c u l a t i o n s  conserved t h e  volumes f o r  t h e  c o n t r o l  p l u g  and c o r e  and t h e  

t h i c k n e s s  f o r  t h e  niobium r e f l e c t o r .  The r e p r e s e n t a t i o n  of t h e  r e a c t o r  f o r  

t h e  succeed ing  two-dimensional DOT c a l c u l a t i o n s  w a s  s t r a i g h t f o r w a r d  i n  

r-z geometry.  F i g u r e  2 shows t h e  r-z  model wliich was t a k e n  f r o m  r e a c t o r  

d e s i g n  c a l c u l a t i o n s .  

Tab le s  2 and 3 l i s t  t h e  volume f r a c t i o n s  and a tomic  d e n s i t i e s  r e spec -  

t i v e l y  f o r  t h e  r e a c t o r  materials. 

I V .  PRELIMINARY CALCULATIONS FOR A TWO-CYCLE SHIELD 
WITH A 45-deg CONE ANGLE 

The o p t i m i z a t i o n  of t h e  s h i e l d  f o r  t h e  r e a c t o r  o p e r a t i n g  a t  450 kWt w a s  

i n i t i a t e d  w i t h  s e v e r a l  su rvey- type  c a l c u l a t i o n s  t h a t  p rov ided  t h e  r e a c t o r  

d e s i g n e r s  w i t h  the v a r i a t i o n  of t-he approximate s h i e l d  we igh t  w i t h  t h e  dose  

c o n s t r a i n t s  and w i t h  t h e  r eac to r -c rew s e p a r a t i o n  d i s t a n c e .  I n  t h e  f i r s t  set 

of ASOP c a l c u l a t i o n s  t h e  dimensions of a s p h e r i c a l l y  symmetric two-cycle 

W-LiH s h i e l d  were determined f o r  dose c o n s t r a i n t s  of 0.75, 3 ,  and 1 2  mremlhr 

a t  a d i s t a n c e  o €  200 f t  from t h e  c e n t e r  of a s p h e r i c a l  model of t h e  r e a c t o r .  

The r e s u l t s  shown i n  F ig .  3 i n d i c a t e  how t h e  t h i c k n e s s e s  of t h e  i n d i v i d u a l  

l a y e r s  and t h e  o v e r a l l  r a d i u s  of  t h e  s h i e l d  vary w i t h  t h e  dose .  These p l o t s  

can a l s o  be used t o  de t e rmine  s h i e l d  t h i c k n e s s e s  f o r  o t h e r  d i s t a n c e s  s i n c e  

beyond t h e  s h i e l d  s u r f a c e  t h e  o n l y  a t t e n u a t i o n  of t h e  dose i s  t h e  geomet r i c  

a t t e n u a t i o n ,  which var ies  as r 2 .  That i s ,  i f  t h e  s h i e l d  t h i c k n e s s  f o r  a 

d i s t a n c e  of 100 f t  were d e s i r e d ,  t h e n  f o r  a g iven  dose  c o n s t r a i n t  t h e  

geomet r i c  a t t e n u a t i o n  would b e  less by a f a c t o r  of f o u r  and cou ld  b e  com- 

pensa ted  f o r  by choosing dimensions f o r  a dose c o n s t r a i n t  lower by a f a c t o r  

of f o u r .  

S ince  t h e  r e a c t o r  i s  t o  be  cooled w i t h  h e a t  p i p e s  t h a t  emerge from t h e  

top  of  the 9 .9 - in .  -diam c y l i n d r i c a l  c o r e  and t h e  h t g h  t empera tu res  w i l l  p r e -  

c l u d e  t h e  u s e  of  L i H  i n  t h i s  r e g i o n ,  i t  w a s  n e c e s s a r y  t o  i n v e s t i g a t e  the u s e  

of some o t h e r  n e u t r o n  s h i e l d i n g  mater ia l  around t h e  h e a t  p i p e s .  The s u b s t i -  

t u t i o n  of B e 0  was c o n s i d e r e d  and because  Be0 i s  more dense than  T,iH, 2 .96  

g/cm3 as compared t o  0 .8  g/cm3, i t  w a s  a t  f i r s t  assumed t h a t  an accompanying 

I\r I.ayer would n o t  be  r e q u i r e d .  The f i r s t  ASOP c a l c u l a t i o n s  f o r  t h i s  r e g i o n  
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F i g .  2.  R e p r e s e n t a t i o n  of ilea t-Ptpe-Cool cd Reactor i n  Two-Dimensional 
S h i e l d  Ca lcu la t ions  e 



Table 2. Volume Fractions of Core Materials 
-- --...-- 

Volume F r a c t i o n  for Core Power of 

--.-..._..-c__ 1780 kWt - 450 kWt -----. Component 

Neat Pipes (0.2) (0 .5 )  

Stainless steel. 
Potassium (liquid) 
Po tass ium (vapor) 

0.02868 0.0717 
C . C4862 0. J 215 
0.1227 0.3068 

Uranium Nitride 0 . 8  0.5 - -. 

Table 3. Atomic Densities of Core Materials 

Mat e r ial Density (atoms / barn-cm) 
_-_-I__ 

Uranium nitride 
2 3 S U  

2 3 8 ~  

N 

Stainless Steel 

Fe 
Ni 
Cr 

0.03068 
0.00221 
0.0329 

0.0631 
0.00649 
0.0165 

Potassium (liquid) 0.00986 

Potassium (vapor) 0.0000148 

Nickel ;>lug 0.0883 

Niobium r e f l e c t o r  0.0545 
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r e v e a l e d ,  however,  t h a t  t h e  t h i c k n e s s  of Be0 t h a t  would meet t h e  dose  con- 

s t r a i n t  assumed € o r  t h e  s i d e  and top  s h i e l d  -- 1.2 rcm/hr  a t  a d i s t a n c e  of 

150 f t  f o r  t h i s  p a r t i c u l a r  c a l c u l a t i o n  -- w a s  approximate ly  150 c m  ( s e e  

s k e t c h  a i n  F i g .  4 ) ,  which i s  much g r e a t e r  t h a n  t h e  93-cm t h i c k n e s s  t h a t  

would b e  r e q u i r e d  i f  t h e  s h i e l d  c o n s i s t e d  of W and L i H  ( s e e  s k e t c h  -. c ) .  

While t h e  weight  f o r  a t h i c k  B e 0  r e g i o n  i t s e l f  is r e l a t i v e l y  unimpor tan t  

compared t o  t h e  t o t a l  weight  of  t h e  s h i e l d ,  an ex tended  hea t -p ipe  s h i e l d  

r e g i o n  would d i c t a t e  a d d i t i o n a l  t o p  and s i d e  s h i e l d i n g  t o  p r o t e c t  the c r e w  

from s c a t t e r e d  r a d i a t i o n .  T h e r e f o r e  t h e  d e s i g n  c r i t e r i o n  adopted  w a s  t h a t  

t h e  t h i c k n e s s  of t h e  t o p  h e a t - p i p e  s h i e l d  20ne be  s u f f i c i e n t l y  s m a l l  t h a t  

i t  is con ta ined  w i t h i n  t h e  cone d e f i n e d  by a s i d e  s h i e l d  t h a t  meets t h e  

s i d e  dose  c o n s t r a i n t .  A second ASOP c a l c u l a t i o n  was performed w i t h  an 

i n n e r  W l a y e r  i n  t h e  hea t -p ipe  r e g i o n .  A s  a r e s u l t  t h e  r a d i u s  of t h e  r e g i o n  

w a s  dec reased  by about  43 cm,  as is appa ren t  from a comparison of s k e t c h e s  

- a and I b i n  F ig .  4 ,  and t h e  107-cm r a d i u s  f o r  t h e  W-Be0 h e a t - p i p e  s h i e l d  

zone is on ly  15% g r e a t e r  t han  t h a t  f o r  a two-cycle W-LiH s h i e l d  f o r  t h e  same 

dose  c o n s t r a i n t  as shown i n  s k e t c h  _c_. 
c u l a t i o n s  i t  w a s  assumed t h a t  t h e  h e a t  p i p e s  (20 ~ 0 1 % )  f o l l o w  a s p i r a l e d  

p a t t e r n  from t h e  c o r e  through t h e  s h i e l d  and t h u s  t h e  h e a t - p i p e  materials 

cou ld  b e  homogenized w i t h  t h o s e  i n  which they  w e r e  embedded. 

I 

For t h e  W-Be0 hea t -p ipe  s h i e l d  cal- 

With W and Be0 e s t a b l i s h e d  as a s u i t a b l e  combina t ion  f o r  t h e  h e a t - p i p e  

r e g i o n ,  survey- type  c a l c u l a t i o n s  w e r e  performed t o  de t e rmine  t h e  v a r i a t i o n  

of t h e  W and Be0 t h i c k n e s s e s  and t h e  s h i e l d  r a d i u s  w i t h  t h e  dose  c o n s t r a i n t .  

Three  sphe r i ca l -geomet ry  ASOP c a l c u l a t i o n s  were c a r r i e d  o u t  f o r  dose  con- 

s t r a i n t s  of 1, 10 ,  and 100 rem/hr  a t  a d i s t a n c e  of 100 f t .  The r e s u 1 . t ~  

p r e s e n t e d  i n  F i g .  5 show t h e  v a r i a t i o n s  i n  t h e  s h i e l d  l a y e r s  w i t h  t h e  dose .  

Another se t  of survey- type  c a l c u l a t i o n s  was t h e n  performed f o r  t h e  

d e f i n i t i o n  of a minimum s i d e  and top  s h i e l d  e x c l u d i n g  t h e  h e a t - p i p e  r e g i o n ,  

a g a i n  f o r  dose  c o n s t r a i n t s  of 1, LO, and 100 rem/hr  a t  a d i s t a n c e  of 100 f t .  

A one-cycle  W-LiH mater ia l  c o n f i g u r a t i o n  w a s  assumed and t h e  r e s u l t s  of t h e  

ASOP c a l c u l a t i o n ,  shown i n  F ig .  6 ,  i n d i c a t e  t h a t  W would n o t  b e  needed i f  

t h e  a l l o w a b l e  dose  ra te  w e r e  g r e a t e r  t h a n  about-.17 rem/hr .  

On t h e  b a s i s  of t h e  d a t a  p r e s e n t e d  i n  P igs .  3 ,  5 ,  and 6 and w i t h  a t o t a l  

i n c l u d e d  crew-shie ld  cone a n g l e  of 4 5  deg s p e c i f i e d  by t h e  r e a c t o r  d e s i g n e r s ,  
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Fig. 3. Thicknesses of W and L i H  Layers i.n a Two-cycle 
Funct ion of Dose Rate at a Distance of 200 ft (450 kWt). 
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Fig. 4. Relative T h  i-cknesses of Three HeaL-Pipe S h i e l d  Configurations 
Tor a T o t a l  Dose C o n s t r a i n t  of 1.2 rem/hr at a Distance of 150 f t  (450 kWt). 



15 

ORNL-DWG 74-4015 
200 

100 

50 - 
L 

-f 
E 

E 
E 20 

10 % 

8 5  
g 

..4 

a 

2 

1 

0.5 
0 20 40 60 80 100 120 

SHIELD RADIUS (cm) 

F i g .  5. Th icknesses  of W and Be0 Layers  i n  Top Shield as a 
Funct ion  of the Dose Rate at a D i s t a n c e  of 100 ft ( 4 5 0  kWt). 
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F i g .  6 .  Minimum Thicknesses  of W and L i H  L a y e r s  i n  S ide  S h i e l d  as a 
Func t ion  of the Dose Rate at a D i s t a n c e  of  100 f t  (450 k W t ) ,  
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t h e  two-cycle,  two-dimensional s h i e l d  w a s  des igned  f o r  a r eac to r -c rew s e p a r a -  

t i o n  d i s t a n c e  of  100 f t ,  f o r  a dose  c o n s t r a i n t  of 3 mrem/hr a t  t h e  crew 

l o c a t i o n ,  and Eor a maximum of 100 rem/hr a t  t h e  s u r € a c e  of  a 100-Ft-radius  

sphe re  around t h e  r e a c t o r .  S t e p s  i n  t h e  d e s i g n  i n c l u d e d  t h e  fo l lowing :  

(1) S u b s t i t u t i n g  t h e  two-dimensional r e a c t o r  model f o r  t h e  s p h e r i c a l  

model, 

(2 )  D e f i n i n g  t h e  s h i e l d  t o  be  a cone whose apex i s  t r u n c a t e d  t o  c o i n c i d e  

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

( 3 )  S e t t i n g  t h e  s h i e l d  t h i c k n e s s e s  a l o n g  t h e  r eac to r -c rew a x i s  as 

s p e c i f i e d  i n  F ig .  3 ( a  dose  ra te  of 3 mrem/hr a t  100 f t  would b e  t h e  same as 

0.75 mrem/hr a t  200 f t )  , 

( 4 )  S e t t i n g  t h e  s h i e l d  t h i c k n e s s e s  i n  t h e  hea t -p ipe  r e g i o n  as s p e c i f i e d  

i n  Fig.  5 f o r  a 100 rem/hr dose ra te  a t  100 f t ,  

(5) Main ta in ing  a minimum t h i c k n e s s  of  L i H  i n  t h e  r e g i o n  a d j a c e n t  t o  

t h e  h e a t - p i p e  r e g i o n  as s p e c i f i e d  i n  Fig.. 6 f o r  a lOO-rem/hr dose  r a t e  a t  

100 f t  . 
Except f o r  t h e  above s p e c i f i c a t i o n s ,  t h e  i n t e r n a l  shape  of t h e  s h i e l d  

w a s  n o t  s p e c i f i e d  by t h e  one-dimensional o p t i m i z a t i o n ;  however, a d j u s t m e n t s  

w e r e  made w i t h i n  t h e  s h i e l d  t o  reduce i t s  o v e r a l l  we igh t .  I n  p a r t i c u l a r ,  

t h e  o u t e r  r e g i o n s  of  t h e  W l a y e r s  were moved t o  p o s i t i o n s  i n  which they would 

weigh t h e  least  w h i l e  a t  t h e  same t i m e  m a i n t a i n i n g  a c o n s t a n t  t h i c k n e s s  of 

each W zone and n o t  a l lowing  t h e  t h i c k n e s s  of t h e  i n t e r v e n i n g  T A i H  l a y e r  t o  

f a l l  below t h a t  a long  t h e  r eac to r -c rew a x i s .  The r e s u l t i n g  c o n f i g u r a t i o n  

i s  shown i n  F ig .  7 .  

The f i n a l  s t e p  i n  t h i s  s t u d y  of t h e  two-cycle s h i e l d  was i o  perform a 

two-dimensional DOT c a l c u l a t i o n  f o r  t h e  complete  system t o  de t e rmine  whether  

t h e  dose c o n s t r a i n t s  t r u l y  had been m e t .  The r e s u l t s  f o r  a c o n s t a n t  r a d i a l  

d i s t a n c e  of 100 f t  are shown i n  l'able 4 as a f u n c t i o n  of ihe a n g l e  mcasured 

from t h e  r eac to r -c rew a x i s  a t  t h e  c e n t e r  of  t h e  r e a c t o r . *  A l l  a n g l e s  less 

*For t h e  l a r g e  d i s t a n c e  invol-ved, measuring t h e  a n g l e  from t h e  c e n t e r  of t h e  
c o r e  i n s t e a d  of from t h e  apex of t h e  s h i e l d  makes l i t t l e  d i f f e r e n c e  i n  t h e  
area d e s c r i b e d  by the  cone a t  t h e  crew p o s i t i o n - '  
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Fig. 7. Conf igura t ion  f o r  a Two-Cycle  Asymmetric S h i e l d  wi t11  a 45-deg 
Cone Angle ( 4 5 0  kWt), 
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Table 4 .  Dose Rates at a Constant 100-ft Radius Around 

a 14,708-lb Two-cycle Shield with 45-deg Cone Anglea 
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2.11 

2.37 

531 

12995 

29862 

54777 

51025 

32188 

aMeasured from reactor-crew axis at center 
of core. 



19 

than  22-1/2 deg are w i t h i n  t h e  shadow cone and shou ld  have dose  r a t e s  less 

t h a n  3 mrern/hr, which e x p l a i n s  t h e  sudden jump f r o m  2.37 mrem/hr a t  15 deg 

t o  531 mrem/hr a t  30 deg. 

below t h e  100,000-mrem/hr dose  c o n s t r a i n t ,  t h e  h i g h e s t  dose  ra te  b e i n g  ap- 

p rox ima te ly  a f a c t o r  of two lower than  t h a t  a l lowed.  The f a c t  t h a t  t h e  dose  

through the h e a t - p i p e  r e g i o n  is  approximate ly  o n e - t h i r d  t.har. p r e d i c t e d  by t h e  

ASOP c a l c u l a t i o n  i s  probably  a t t r i b u t a b l e  t o  t h e  f a c t  t h a t  t h e  Li t1  around t h e  

hea t -p ipe  r e g i o n  is more e f f e c t i v e  t h a n  t h e  Be0  b o t h  i n  a t t e n u a t i n g  n e u t r o n s  

and i n  r educ ing  secondary  gamma-ray p r o d u c t i o n .  (One-dimensional c a l c u l a -  

t i o n s  assume a complete  s p h e r i c a l  s h e l l  of homogenized Be0 and h e a t  p i p e s . )  

The dose  rates between 30 and 180 deg a r e  all w e l l  

The s h i e l d  which g i v e s  t h e  dose  rates shown i n  Tab le  4 weighs 1 4 , 7 0 8  

lb. Its we igh t  cou ld  be reduced c o n s i d e r a b l y  (up  t o  30%) by t a p e r i n g  t h e  

t u n g s t e n  l a y e r s ,  and p o s s i b l y  t h e  L i H  layers,  i n  t h e  s i d e  r e g i o n s  and per -  

forming a d d i t i o n a l  DOT c a l c u l a t i o n s .  A l so ,  s t u d i e s  f o r  o t h e r  r e a c t o r s  have 

shown t h a t  c o n v e r t i n g  t h e  s h i e l d  t o  a t h r e e - c y c l e  sys tem would r e s u l t  i n  a 

10 t o  15% weight  d e c r e a s e .  But a t  t h i s  p o i n t  i t  had become a p p a r e n t  t h a t  i t  

would be  ve ry  d i f f i c u l t  t o  p l a c e  t h e  power conve r s ion  equipment r e q u i r e d  f o r  

t h i s  r e a c t o r  i n  p o s i t i o n s  t h a t  would n o t  cause  e x c e s s i v e  s c a t t e r e d  r a d i a t i o n  

dose  rates a t  t h e  crew q u a r t e r s .  S i n c e ,  due t o  s h i e l d i n g  c o n s i d e r a t i o n s ,  t h e  

h e a t  p i p e s  must p e n e t r a t e  th rough t h e  top  of t h e  s h i e l d ,  an i n t e r m e d i a t e  h e a t  

exchanger  must b e  p l a c e d  beyond t h e  top  of t h e  s h i e l d ,  and t h i s  h e a t  ex- 

changer  w i l l  be r e l a t i v e l y  l a r g e  because  t h e  po ta s s ium from t h e  h e a t  p i p e s  

w i l l  be mos t ly  i n  t h e  vapor  phase .  The re fo re  t h e  s i d e  s h i e l d  r a d i u s  must 

be e n l a r g e d  t o  p r o t e c t  t h e  low-dose c o n s t r a i n t  zone from r a d i a t i o n  s c a t t e r e d  

from t h e  i n t e r m e d i a t e  h e a t  exchanger .  S i m i l a r l y ,  t h e  f i n a l  h e a t  exchanger ,  

t o g e t h e r  w i t h  t h e  compressor ,  t u r b i n e s ,  and r a d i a t o r s ,  must b e  p l aced  be low 

t h e  b a s e  o f  t h e  s h i e l d  w i t h i n  t h e  p r o t e c t i o n  of t h e  shadow cone,  and t h e  

combined s i z e  of  t h i s  equipment d i c t a t e s  a l a r g e r  d i ame te r  for t h e  b a s e  o f  

t h e  s h i e l d .  These c o n s i d e r a t i o n s ,  a l o n g  w i t h  t h e  r equ i r emen t s  f o r  a l a r g e r  

crew o p e r a t i n g  area, r e s u l t e d  i n  a s h i f t  t o  a 90-deg cone a n g l e ,  f o r  w h i c h  

t h e  s h i e l d  d e s i g n  i s  d e s c r i b e d  i n  S e c t i o n  V. 



V .  OPTIMIZAL'ION OF A THREE-CYCLE SHIELD WITH A 90-deg CONE ANGLE 

In a d d i t i o n  t o  t h e  90-deg cone a n g l e ,  t.he c r i t e r i a  s p e c i f i e d  f o r  t h e  

second s h i e l d  des igned  f o r  t h e  h e a t - p i p e  r e a c t o r  w e r e  CL 100-f t r eac to r -c rew 

sepa ra t i -on  d i - s t a n c e ,  a maximum crew d o s e  rate of  3 mrem/hr, and a maximum 

s i d e - s h i e l d  dose  c o n s t r a i n t  of 100 rem/hr a t  a 100-f t  d i s t a n c e .  The s i d e  

dose c o n s t r a i n t  w a s  mod i f i ed ,  however, when i t  w a s  dec ided  t h a t  t h e  s h i e l d  

would be  desi.gned t o  a l l o w  placement of  power conve r s ion  equipment o u t s i d e  

t h e  cone a n g l e  and t h a t  t h e  r ad ia t : i on  s c a t t e r e d  the re f rom t o  t h e  crew quar- 

ters shou ld  n o t  exceed 3 mrem/hr. With an a r b i t r a r y  f a c t o r  of 100 al lowed 

f o r  s c a t t e r i n g ,  t h e  s i d e  dose c o n s t r a i n t  vas then  reduced t o  a maximiurn of 

on ly  300 mrem/hr a t  100 fir .  Using t h i s  s p e c i f i e d  dose  c r i t e r i o n ,  an ASOP 

c a l c u l a t i o n  was perEormed f o r  a t h r e e - c y c l e  W-LiH s h i e l d .  The r e s u l t s  of 

t h i s  c a l c u l a t i o n  determined t h e  W-LiH conf i g u r a t i ~ o n  a l o n g  t h e  a x i s  between 

t h e  r e a c t o r  and crew. 

Although t h e  c a l c u l a t i o n s  t h a t  had a l r e a d y  been performed f o r  t h e  hea t -  

p i p e  r e g i o n  of t h e  s h i e l d  w e r e  i-ndependent of  t h e  number of c y c l e s  used i n  

t h e  remainder  of t h e  s h i e l d ,  t h e  new dose c o n s t r a i n t  of 300 mremlhr w a s  n o t  

wi. thin Lhe range of  d a t a  g iven  i n  Fig.  5 ,  n e c e s s i - t a t i n g  a d d i t i o n a l  ASOP 

c a l c u l a t  i.ons. For t h e s e  s p h e r i c a l  hea t -p ipe  s h i e l d  c a l c u l a t i . o n s  t h e  dose  

c r i t e r i o n  of 300 mremlhr w a s  sp~r?c:i.fied f o r  n e u t r o n s  on ly .  

w a s  j u s t i f i e d  on t h e  b a s i s  t h a t  on ly  n e u t r o n s  would be l i k e l y  t o  n e g o t i a t e  

t h e  l a r g e  a n g l e  of  s c a t t e r i n g  from t h e  power conve r s ion  equipment above t h e  

h e a t - p i p e  zone t o  t h e  crew l o c a t i o n .  Also ,  t h e  two-cycle s t u d i e s  had shown 

t h a t  when t h e  DOT c a l c u l a t i o n s  w e r e  performed f o r  t h e  complete  system, t h e  

LilS su r round ing  the  h e a t - p i p e  r e g i o n  reduced t h e  dose a t  t h e  180-deg angle. 

well below t h a t  i n d i c a t e d  by t h e  ASOP tal-culation, t h u s  allowi.ng f o r  t h e  

a d d i t i o n a l  dose  r a t e  from gamma r a y s .  

T h i s  d e c i s i o n  

S e v e r a l  h e a t - p i p e  s h i e l d  materials were c o n s i d e r e d ,  and an ASOP ca l cu -  

l a t i o n  was performed f o r  each c a s e .  The r e s u l t i n g  c o n f i g u r a t i o n s  are 

d e p i c t e d  i n  F i g .  8. I n  each case t h e  h e a t - p i p e  materials (20 ~01%) w e r e  

homogenized w i t h  t h e  s h i e l d  materi.al.s i n  t h e  c a l c u l a t i o n a l  model. The f i r s t  

m a t e r i a l  calcu1at:ed w a s  B 4 C .  

about  1.0 cm t h i c k e r  t han  t h e  t h r e e - c y c l e  crew s h i e l d .  Because i r o n  has a 

The r e s u l t i n g  t h i c k n e s s  w a s  t oo  g r e a t  -- 
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h i g h  c r o s s  s e c t i o n  f o r  f a s t - n e u t r o n  i . n e l a s t i c  s c a t t e r i n g ,  and b e r y l l i u m  and 

boron are e f f e c t i v e  s h i e l d  materials f o r  i n t e r m e d i a t e  and the rma l  energy  

n e u t r o n s ,  a c o n f i g u r a t i o n  of  i nd iv i -dua l  l a y e r s  of  s t a i n l e s s  s t ee l ,  Reo, 

and B 4 C  w a s  t hen  used.  D i s a p p o i n t i n g l y ,  t h e  thi .ckness  remained approximate ly  

the same a s  t h a t  f o r  B4C a l o n e .  Next a mix tu re  of  60% stai .nl .ess  s t e e l  and 

40% BI,C w a s  t r i e d ,  aga:in w i t h  l i t t l e  improvement: i n  t h i c k n e s s .  F i n a l l y  a 

mixture of s t a i n l e s s  s t e e l  and B4C fol lowed by a mix tu re  of B e 0  and B4C 

was used ,  y i e l d i n g  a t h i c k n e s s  approximate ly  t h e  samz a s  t h a t  of t h e  

th ree -cyc le  c r e w  shie1.d. Varying t h e  re la t ive pe rcen tages  of t h e  s t a i n l e s s  

s t e e l .  and B 4 C  gave R s l i g h t  f u r t h e r  improvement, and t h i s  l a s t  c o n f i g u r a t i o n  

was chosen f o r  t h e  f i n a l  des ign .  Note t h a t  i n  each  c a s e  ASOP de te rmined  t h e  

zone t h i c k n e s s e s  and each r e s u l t  i s  a re la t ive  optimum f o r  t h e  g iven  m a t e r i a l s  

The compositi-ons of t h e  materials i n  t h e  h e a t - r i p e  r e g i o n  are g iven  i n  

Table  5 .  

With t h e  materials and t h i c k n e s s e s  of the top  and bot tom s e c t i o n s  of tihe 

s h i e l d  de te rmined  and t h e  cone a n g l e  of 90 deg s p e c i f i e d ,  t h e  approximate 

shape  and composi t ion of t h e  asymmetric s h i e l d  around t h e  real  r e a c t o r  

became a p p a r e n t .  Before t h e  f i n a l  s h i e l d  could  be  des igned ,  however, i t  was 

necessa ry  t o  d e f i n e  t h e  minimum p e r m i s s i b l e  s i d e  s h i e l d  ( t h a t  is, t h e  shie1.d 

a long  a p e r p e n d i c u l a r  from t h e  s i d e  s h i e l d  s u r f a c e  t o  a top  c o r n e r  of t h e  

r e a c t o r ) .  Th i s  was done w i t h  one f u r t h e r  ASOP c a l c u l a t i o n  performed f o r  a 

three- -cyc le  W-LFH sh i.eld and a dose  c o n s t r a i n t  (neu t rons  p l u s  gamma r a y s )  

of  300 mrem/hr a t  a r a d i u s  of  1-00 f t .  Iil t h i s  c a l c u l a t i o n  t h e  i n s i d e  

s u r f a c e s  of t h e  W l a y e r s  were f i x e d  a t  t h e  same r a d i i  determined f o r  t h e  

bo t tom s e c t i o n  of t h e  s h i e l d  t o  e n s u r e  t h a t  t h e  bottom and s i d e  s e c t i o n s  

would b l end  t o g e t h e r .  The r e s u l t s  r e v e a l e d  t h a t  a two-c.ycle s h i e l d  would 

s u f f i c e  f o r  t h e  s i d e  s h i e l d ,  and f u r t h e r  t h a t  one o f  t h e  remaining W l a y e r s  

could h e  made t h i n n e r .  (ASOP e l i m i n a t e s  a c y c l e  by r educ ing  one of t h e  

heavy-metal  l a y e r s  t o  an i n f i n i t e s i m a l  t h i c k n e s s ,  i n  t h i s  c a s e  t h e  o u t e r  

l a y e r . )  The f i n a l  t h i c k n e s s e s  of m a t e r i a l s  i n  t h e  s i d e  s h i e l d  a r e  shown 

i n  s k e t c h  - b of F i g .  9 .  These are t o  be coinpareti w i t h  t h e  t h i c k n e s s e s  

determined e a r l i e r  f o r  t h e  bot tom shi .e ld  ( s k e t c h  - a )  and t h e  t o p  s h i e l d  

( s k e t c h  - c ) .  
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Table  5. Composi t ion  of Materials i n  Heat-Pipe 
S h i e l d  Region 

M a t  c r i a1 Dens i t y (a L o m s  / barn-crri) 

SS-BkC 

Fe 

Cr 

N i  

Mo 

8 

C 

0.0337 

0.0102 

0.0062 

0.0018 

0.0443 

0.0111 

BeO-Bq C 

B e  0.0513 

0 0.0513 

n 0.0089 

C 0.022 
II-. 
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Fig .  9 .  S h i e l d  Thicknesses  I n d i c a t e d  by ASOP C a l c u l a t i o n s  f o r  Bottom, 
S i d e ,  and Top S h i e l d s  (Three-Cycl e S h i e l d  with 90-deg Cone Angle) .  
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On t h e  b a s i s  o f  a l l  t h e  preceding  c a l c u l a t i o n s  t h e  s h i e l d  d e s i g n  shown 

i n  F ig .  10 evolved.  Note t h a t  t h e  o u t e r  l a y e r  of  W is t e r m i n a t e d  where i t  

e n t e r s  t h e  s i d e  s h i e l d .  The t o t a l  weight  of t h e  s h i e l d  i s  28,305 l b .  

When t h e  s h i e l d  shown i n  F ig .  10 w a s  checked by a two-dimensional DOT 

c a l c u l a t i o n ,  i t  y i e l d e d  t o t a l  dose  rates a t  a c o n s t a n t  100-f t  r a d i a l  d i s -  

t ance  as shown i n  Table  6 .  A l l  d o s e s  f o r  a n g l e s  less  t h a n  45 deg are below 

t h e  d o s e  c o n s t r a i n t  o f  3 mremlhr, and t h o s e  f o r  a n g l e s  g r e a t e r  t h a n  45 deg 

are below t h e  dose  c o n s t r a i n t  of 300 mremlhr e x c e p t  a t  an a n g l e  of 1.50 deg,  

which cor responds  t o  t h e  t h i n n e s t  p o r t i o n  of  t h e  s i d e  s h i e l d  des igned  on t h e  

b a s i s  of t h e  ASOP r e s u l t s  shown i n  s k e t c h  __ b of F ig .  9 .  

probably due t o  leakage  of r a d i a t i o n  i n t o  t h e  r e g i o n  from t h e  s i d e  o f  t h e  

hea t -p ipe  s h i e l d .  

This  i n c r e a s e  i s  

The dose  rates i n  Table  6 i n d i c a t e  t h a t  t h e  o u t e r  W l a y e r  i n  t h e  s i d e  

s h i e l d  should  be made s l i g h t l y  t h i c k e r  and t h a t  o t h e r  r e g i o n s  i n  t h e  bottom 

s h i e l d  could  b e  trimmed o r  shaped.  The shaping  of t h e  s h i e l d  was based on 

i s o d o s e  c u r v e s  d e r i v e d  from t h e  DOT c a l c u l a t i o n s  and p l o t t e d  i n  F i g s .  11 

and 1 2  f o r  n e u t r o n s  and gamma r a y s  r e s p e c t i v e l y .  The o u t e r  l i t h i u m  h y d r i d e  

l a y e r  i n  t h e  h e m i s p h e r i c a l  (bottom) p o r t i o n  of t h e  s h i e l d  w a s  trimmed back 

t o  t h e  o u t e r  i s o d o s e  curve  shown i n  F i g .  11 and t h e  c o r n e r  formed at  t h e  

j u n c t i o n  of t h e  hemisphere and cone w a s  smoothed o u t .  I t  w a s  n o t e d  t h a t  t h e  

gamma-ray i s o d o s e  c u r v e s  p l o t t e d  in  F ig .  1 2  d i d  n o t  i n d i c a t e  any s i g n i f i c a n t  

s c a t t e r i n g  i n  t h e  d i r e c t i o n  of t h e  crew from t h e  s h i e l d  a t  t h e  s i d e  of t h e  

r e a c t o r .  T h e r e f o r e ,  i t  w a s  deemed p r a c t i c a l  t o  t a p e r  t h e  o u t e r  l a y e r  of W 

t o  i t s  e n d p o i n t .  The f i n a l  c o n f i g u r a t i o n  ( t h e  opt imized s h i e l d )  w i t h  i t s  

weight  decreased  t o  25,589 l b  i s  shown i n  F ig .  13 .  

Dose rates f o r  t h e  100-f t  r a d i u s  o b t a i n e d  from a DOT c a l c u l a t i o n  f o r  

t h i s  f i n a l  c o n f i g u r a t i o n  are g iven  i n  Table 7 and i s o d o s e  p l o t s  art? shown i n  

F i g s .  1 4  and lS .*  Here the dose  r a t e  a t  40 deg exceeds irhc low-dose c o n s t r a i n t  

of 3 mremlhr and thE dost1 ra te  a t  150 deg is  s t i l l  s l i g h t l y  i n  excess  o f  the  

dose c o n s t r a i n t  of 300 mremlhr; however, a l l  o t h e r  dose ra tes  are w e l l  below 

*It w i l l  be noted  t h a t  i c  F i g s .  1 4  and 15 t h e  v a r i o u s  s h i e l d  l a y e r s  arc’ 
o u t l i n e d  by s t e p p e d  i x t L r v a l s  r e p r e s e n t i n g  t h e  a c t u a l  DOT geometry ra ther  
than by t h e  smooth curves shown i n  F i g s .  11 arid 1 2 .  I n  t h e s e  l a t e r  
f i g u r e s  t h e  l a y e r s  were drawn on t h e  machine p l o t t e r ,  whereas i n  the 
e a r l i e r  f i g u r e s  t h e y  w t ~ e  drawn by hand. 
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F i g .  10. Prel binary Configuration f o r  Asymmetric Shield w i t h  a 90-deg 
Cone Angle (450 kWt) . 
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Table  6. Dose Rates a t  a Constant  1 0 0 - f t  Radius Around 
t h e  P r e l i m i n a r y  28 ,305- lb  Three-Cycle S h i e l d  

w i t h  90-(leg Cone Angle" 
---- . ..... 

a 
Angle (deg) Dose Rate (mrem/hr) 

0 

15 

30 
40 

60 

90 

1 2 0  

150 
180 

2 . 3 8  

2 . 6 8  

2 .57  

2.45  

7.17  

28.3 

191 .0  

339. 

211. 

%leasued  from r e a c t o r - c r e w  ax i s  a t  c e n t e r  of 
core. 
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Fig. 11. Neut ron  I s o d o s e  P l o t s  f o r  P re l i .mina ry  Asymmetric S h i e l d  
with a 90-deg Cone Angle. 
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F i g .  1 3 .  Opt imized  Asymmetric S h i e l d  wi th  a 90-deg Cone Angle 
(450 kWt). 
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Table 7. Dose Rates at a Constant 100-ft Radius  Around 
Optimized 25,589-1b Three-Cycle Shield with 

90-deg Cone Angle" 

________- 
Dose Rate (mrem/hr) ._.ll_____l._-ll_--.--- 

a 
Angle 
(deg) Total Ne ut t- ons Gamma Rays 

0 

15 

30 

40 

60 

90 

120 

150 

180 

2.30 0.57 

2.39 0.508 

2.81 0.638 

3.90 0.855 

11.66 2.32 

32.9 5.95 

164. 21.1 

304. 32.4 

202 36.2 

1.73 

1.. 88 

2.17 

3.04 

9.35 

26.9 

143. 

271. 

165.2 

%easured f r o m  reactor-crew axis  at center of 
core. 
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a 90-deg Cone Angle .  
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a 90-deg Cone Angle. 
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t h e  p e r m i s s i b l e  levels .  I n  p a r t i c u l a r ,  t h e  t o t a l  dose  ra te  a t  180 deg, 

t h a t  is, through the hea t -p ipe  r e g i o n ,  i s  o n l y  two- th i rds  t h e  a l l o w a b l e  dose  

ra te  and of t h j s  o n l y  36 nrem/hr i s  a t t r i b u t a b l e  t o  n e u t r o n s .  T h i s  l o w  

neu t ron  dose  ra te  is  p a r t i a l l y  a t t r i b u t a b l e  t o  t h e  e f f e c t  of a low-order 

q u a d r a t u r e  S I  0 on SPACETRAN, t h e  computer program which t r a n s p o r t s  t h e  

l eakage  f l u x  from t h e  DOT c a l c u l a t i o n  t o  ihe  100-f t  r a d i u s .  T h i s  e r r o r  i s  

u s u a l l y  about  a f a c t o r  of t w u ,  and a b i a s e d  q u a d r a t u r e  must be  used t o  g e t  

an a c c u r a t e  answer t o  t h i s  case. 

S ince  t h e  heat-pipe-cooled r r a c t o r  i s  s t i l l  i n  t h e  c o n c e p t u a l  s t a g e ,  

f u r t h e r  s h i e l d  s h a p i n g  and a d d i t i o n a l  DOT c a l c u l a t i o n s  w e r e  n o t  performed i n  

t h i s  s t u d y .  It can b e  s t a t e d ,  however, that € o r  the dose c o n s t r a i n t s  and 

power level  assumed hcre a s h i e l d  we igh t  between 25,000 and 26,000 l b  

i s  rca l i s  t i c .  
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APPENDIX A .  SHIELD CALCULATIONS FOR HIGH-POWER OPERATION 

A t  t h e  t i m e  t h e  c a l c u l a t i o n s  f o r  t h e  two-cycle s h i e l d  d e s c r i b e d  in  

S e c t i o n  I V  w e r e  b e i n g  performed,  some c o n s i d e r a t i o n  was b e i n g  g iven  by t h e  

r e a c t o r  d e s i g n e r s  t o  o p e r a t i n g  t h e  heat-pipe-cooled f a s t  r e a c t o r  a t  powers 

up t o  1780 kWt. Some c a l c u l a t i o n s  f o r  a 1780-kWt o p e r a t i o n  have been performed 

and are i n c l u d e d  h e r e  t o  i l l u s t r a t e  t h e  i n c r e a s e s  i n  s h i e l d  t h i c k n e s s e s  t h a t  

can b e  expec ted  w i t h  an i n c r e a s e d  r e a c t o r  power. 

The c a l c u l a t i o n s  f o r  t h e  h i g h e r  power i n c l u d e d  survey-type ASOP ca lcu-  

l a t i o n s  f o r  a two-cycle W-LiH s h i e l d  w i t h  c r e w  dose c o n s t r a i n t s  of 0.75, 3,  

and 1 2  mrem/hr a t  a 200-ft s e p a r a t i o n  d i s t a n c e  and c a l c u l a t i o n s  f o r  a W-Be0 

hea t -p ipe  r e g i o n  w i t h  a dose c o n s t r a i n t  of 1.2 rem/hr a t  a d i s t a n c e  of 

150 f t .  The r e s u l t s ,  shown i n  F i g s .  A1 and A2, correspond r e s p e c t i v e l y  t o  

d a t a  g iven  i n  F i g s .  3 and 4 f o r  t h e  450-kWt o p e r a t i o n .  A comparison of 

F i g s .  3 and A 1  chows t h a t  t h e  h i g h e r  power i n c r e a s e d  t h e  r a d i u s  of t h e  W-LiH 

s h i e l d  approximate ly  1 2  crn f o r  a l l  dose c o n s t r a i n t s ,  and a comparison of 

F i g s .  4 and A2 show t h a t  t h e  r a d i u s  of t h e  h e a t - p i p e  s h i e l d  w a s  i n c r e a s e d  

by about  65 cm.  It is  t o  b e  n o t e d ,  however, t h a t  f o r  t h e s e  c a l c u l a t i o n s  

t h e  r a d i u s  o f  t h e  s p h e r i c a l  model c o r e  i t s e l f  w a s  i -ncreased s o  t h a t  t h e  

volumes of t h e  n i c k e l  c o n t r o l  rod and fuel r e g i o n  were e q u a l  t o  t h o s e  i n  a 

14.5-in.-diarn by 12-in.-high c y l i n d r i c a l  r e a c t o r  and t h e  h e a t  p i p e s  com- 

p r i s e d  50 v o l %  of b o t h  t h e  c o r e  and t h e  s h i e l d  r e g i o n  through which they 

p e n e t r a t e d  ( r e f e r  t o  Table  2 ) .  
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APPENDIX E .  CKOSS SECTIONS USED I N  CALCULATIONS 

The c r o s s  s e c t i o n s  used i n  b o t h  t h e  ASOP and t h e  DOT c a l c u l a t i o n s  a r e  

c o n t a i n e d  i n  a 39-group l i b r a r y  c o n s i s t i n g  oi: 2 1  n e u t r o n  groups and 18 gamma- 

ray  groups and having  t h e  energy s t r u c t u r e  shown i n  Table E l .  ‘The gamma-ray 

c r o s s  s e c t i o n s  were o b t a i n e d  w i t h  t h e  MUG program,? and t h e  n e u t r o n  c r o s s  

s e c t i o n s  w e r e  mos t ly  from an ORNL-updated v e r s i o n  o f  t h e  GAM-I1 l i b r a r y .  

The updated v e r s i o n  i n c l u d e s  some c r o s s  s e c t i o n s  f rom t h e  Evalua ted  Nuclear  

Data F i l e  (ENDF/B d a t a ) .  

8 

The n e u t r o n  c r o s s  s e c t i o n s  Tor ‘Li and 7 L i  were n o t  t a k e n  from t h e  GAM-I1 

l i b r a r y  b u t  i n s t e a d  w e r e  t h o s e  used by N .  PI. Greeneg in ANISN c a l c u l a t i o n s  of 

neut ron  t r a n s p o r t  through l a r g e  t h i c k n e s s e s  of  L i H .  Creene prepared  t h e  c r o s s  

s e c t i o n s  i n  mul t igroup form from a se t  o f  t h e  l a t e s t  p o i n t  c r o s s  s e c t i o n s  co l -  

1-ected by F. Kam and F. C l a r k ”  f o r  a Monte C a r l o  c a l c u l a t i o n  o f  n e u t r o n  

t r a n s p o r t  i n  L i H .  The good agreement of  t h e  s p h e r i c a l  ANISN c a l c u l a t i o n  and 

a cor responding  Monte C a r l o  c a l c u l a t i o n ,  p l u s  t h e  agreement o f  t h e  r e s u l t s  

from a Monte C a r l o  c a l c u l a t i o n  u s i n g  t h e  same c r o s s  s e c t j o n s  w i t h  t h e  d a t a  

From t h e  TSF SNAP-2 shadow s h i e l d  exper iment ,  v a l i d a t e d  t h e  L i  c r o s s  sec- 

t i o n s  . u s e d  in a l l  the c a l c u l a t i o n s .  F u r t h e r  v a l i d a t i o n  w a s  o b t a i n e d  when 

Mynatt e t  a l .  l 3  used t h e  c r o s s  s e c t i o n s  i n  DOT c a l c u l a t i o n s  that  success-  

f u l l y  p r e d i c t e d  t h e  p e n e t r a t i o n  o f  n e u t r o n s  through 6- and 12- in .  L i t i  

s l a b  s h i e l d s  a d j a c e n t  i o  t h e  TSF-SNAP r e a c t o r .  

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

material, W, were t h o s e  i n c l u d e d  i n  t h e  GAM-I1 l i b r a r y ,  they  t o o  were 

v a l i d a t e d  i n  a separate s t u d y  p r i o r  t o  t h e i r  u s e  i n  t h e s e  c a l c u l a t i o n s .  

For  W t h e  most impor tan t  neut ron  i n t e r a c t i o n s  a r e  those  producing gamma 

r a y s ,  and t h e  c r o s s  s e c t j o n s  f o r  t h e s e  i n t e r a c t i o n s  were checked by com- 

p a r i n g  c a l c u l a t e d  and measured gamma-ray spectra  f o r  t h i s  material. 1 0  
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Table B 1 .  Cross-Sect ion Energy Group S t r u c t u r e  

Upp&r 
Energy (ev) - .--------. Group 

1 
2 
3 
4 
5 

6 
7 
8 
9 

1.0 

11 
1 2  
1 3  
1 4  
1.5 

16 
1 7  
1 8  
19 
20 
2 1  

22 
23 
24 
25 

26 
27 
28 
29 
30 

31 
32 
33 
34 
35 

36 
37 
38 

Neutrons .. ... . . 

1.4918 (+7)* 
1.0000 (+7) 
6.7032 (+6) 

3.011 9 (+6) 

2.0190 (i-6) 
I. 3534 (1-6) 

5.5023 (+5) 

4.4033(+6) 

9.0718 (-9-5) 

3.3373 (+5) 
2.0242 (+5 ) 
1.2277(+5) 
4.0867(+4) 
1.1709 (+4) 
3.3546 (+3) 

7.4852 (4-2) 
1.6702 (+2) 
3.7266 (fl) 
8.3153 (0) 
I. 8554 (0) 
4.1399 (-1) 

.- Gamma Rays 

1.0000 (+7) 
8.0000 (+6) 
7.0000 ( + 6 )  
6.0000 (+6) 

5.0000(+6) 
(4.0000 (1-6) 
3.5000(+6) 
3.0000 (+6) 
2.5000 (+6) 

2.0000(+6) 
1.. 6000 (+6)  
1.2000 (3-6) 
9.0000 (+5) 
6.0000 (+5) 

4.0000 (+5) 
2.1000 (C5) 
1 .2000 (+5) 
7.0000 (+4) ...- Y . Y  

39 

*Read: J.,4918 x 10’. 
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