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Bu qallgrnada GELS kodu,  a l t  p r o g r a m l a r l  ile b i - r l i k t e  d e t a y l ~  

o l a r a k  i n c e l c n m i q t i r .  Bu kodu k u l l a n a r a k  yanma ( b u r n  u p ) l l  veya 

yanma olmakslzxn b a s l n ~ l x  su  so$u tmal i  b i r  reakttjrde [PwR) y s k l t  

h u c r e  h e s a b l  ve kontrol qubugu b o l g e s i  h u c r e  h e s a p l a r ~  y a p r l a r a k  

b6y le  b i r  r e a k t o r i i n  ~ e g i t l i  h u c r e l e r i n d e  Toryumdan Uranyum-233 

Lire tim o l a n a k l a r i  araq t l n l m l q  tlr. Bu amaqla Uranyum b i l e q e n i  fark- 

11 z e n g i n l i k t e  deg iq ik  U 0 2  - Tho2 k a r l q l m l a r l n l  i h t i v a  e d e n  y a k l t  

h u c r e l e r i n i n  r e a k t i v i t e  d e g e r l e r i  Ve , a y n l  zamanda bu huc-  

r e l e r d e k i  o z c l L i k l e  Xenon-135 ve U-233 olmak u z e r e  i z o t o p l a r l n  

k o n s a n t r a s y o n l a r l  hem b a q l a n g l q  d e g e r l e r i  hem de yanmanln b i r  

fonlcciyonu o l a r a k  a y r l n  t l l a r l  i l e  i n c e l e q l z  i g  t ir . 



A B S T R A C T  

I n  t h e  p r e s e n t  work t h e  compu te r  code GELS h a s  been exaruitled 

i n  d e t . a i l  toy ;e ther  w i t h  i t s  s u b r o u t i n e s .  Usin[; t i l e  GI;;L,S code  f u e l  

c e l l  c : i l c u l a t i o n ,  s u p e r  c e l l  cal.cu.Lation w i t h  a n d  a i t l r o ~ t  11ur.n-up 

were pe r fo rmed  i n  a PWR. 

'Pile p o s r , i b i l i t y  of U-251, p r o d u e t i o n  f r o n  'i'horium i n  a I'VJT? 

i s  i n v e s t i g a t e d .  For t h i s  p u r p o s e  fuel c e l l s  c o n s i s t i n g  o f  v a r v i n z  

r n i x t u r e s  of U02 - 'I1hO2 v : i t f i  t h e  Uranium cornpOncnt e n r i c h e d  t o  

t l i f f e r e n t  l e v e l s  a r e  e::air~ined f o r  t , h c i r  1., ~alue: ; .  , l l s o ,  f o r  

tl:c?ne c e l l s ,  bo th  i n i t i a l  ly and  as a func  t i a n  of  b u r n u p  i u o  t o p i c  

co tnpas i t i  ons, e s p e c i a l l y  Xenon-155 and U-253 a n c e n t r a t  i ons ,  a r e  

t rbaced i l ~  pending on e x p o s u r e  t ime.  
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CIIAPTER I 

INTRQDUC T I O N  

The'main o b j e c t  of t h i s  work i s  t o  i n v e s t i g a t e  t h e  p o s s i b i l i t y  
I 

of 'Yh cc~x :e r s ion  i n  a PWR o f  t h e  type c o n s i d e r e d  f o r  t h e  AKKUYU 

p l a n t  whose s p e c i f i c a t i  o n s  are g i ven  i n  r e f e r e n c e  ( J ) . 

In Lize ctcncitctred Thoriu:n f ue l  c y c l e ,  f u e l  i s  c o m p r i s e d  of a 

m i  >: t u r c  o f  Y l~o r ium and m o d e r a t e l y  e n r i c h e d  Uranium. D u r i n g  i r r n d b t i - o n ,  

P l l l t o n i u r n  and  U-233 w i l l  be produced  from t l lc  f e r i i l e  U-233 and 

7'11-252 i s ~ t o - p e s  p r e s e n t  i n  t h c  f u o l  ; 

,yh23.? +onl ) "33 23 .3 t l z i n .  9 0 ~ h i  233 @7.4 days D 233 9 0 91pa 
P - 

' 92 
B - 

U-253 i s  u s e d  i n  subsec luent  c y c l e s  t o  supplement the need 

f o r  U-235 enr ichment ,  t h u s  r e d u c i n g  t h e  e n r i c l l m ~ n t  c o s  L . l'i-esen tly 

t l lc  PLutoniuin p roduced  from t h e  f e r t i l e  U-258 i s  net user1 i n  later- 

c y c l e s  but s t o r e d  f o r  l a t e r  u se  i n  fast  b r e e d e r  r e a c t o r s ,  'J'he rc tnc ta rs  

wi1ic11 u:;t t h e  m i x t u r e  o f  Thorium and Uz-nniurn a s  f'uel. ivould be c o n v e r t c z s ,  

producin[:. erler:.;y a n d  s i g n i f i c t a n t  amounts  o f  i ' i s s i l e  iso1,ope U-252 

c i  t the Fi;lTIlC t Line . 



'lihori.um f u e l  c y c l e  p r o v i d e s  a n  a l t e r n a t e  p a t h  toward, a s o l u t i o n  

o f  t h e  p r e s e n t  e n e r g y  requirements. ' lhe most  s i6 :n i f i can t  advantai:e 

of L'h - U 235 c y c l e  o v e r  t h e  U 238- P U ? ~ ' )  c y c l e  in tiierrnal r e a c t o r s  

i s  t h e  p o t e n t i a l  of a h i g h e r  convemsion  r a t i o  (cR). I n  a c o n v e r t t ? r  o r  

hrdcier r e a c t o r  CR u n i t s  o f  f u e l  i s  produced for c:>cil u n i t  o f  I u e l  

consumed. 'l'he I i i g h e r  conversion r a t i o  l e a d s  c i i r e c t l y  t o  a l o w e r  

d e p l e t i o n  cl1arp;e i n  t h e  f u e l  c y c l e  c o s t .  

So far ,  't'horiuln t ins  n o t  been  u s e d  e x t e n s i v e l y  . i l l  n u e f  c a r  r e a c  t o r s  

b u t  'Yh c o f i v e r c i o n  mag be f e a s i b l e  a s  a s e c o n d a r y  aim i n  n u c l e a r  poaer  

produc l i o n .  

Advan tages  o f  t h e  'i 'horium - Uranium-233 c y c l e  are ; 

1- U-233 has  tl lc exce.tlen&rrleu t r o n i c  c h a r a c t e r i s t i c s  and d e p o s i t s  

o f  Th i n  n a t u r e  a r e  known t o  be a b e u t  two t o  t2iree t i m e s  a s  abunaant 

as t l lose  o f  U. 

2 -  It c a n  be u s e d  for b r e e d i n g  f u e l  i n  t h e r m a l  r e a c t o r s  

(3 3- The m e l t i n g  p o i n t  of Tftlnorium / l8 l t2  C )  is  Iliiyher t h a n  u ran ium 

( 1 1 3 0  "c). U 0 2  - 'EhO;, r o d s  i n  r e a c t o r s  c a n  t h e r e f o r e  be o p e r a t e d  a t  

0 Lemper3.l.tur-es o f  11-30 C or  g r e a t e r ,  whereas Uranium r o d s  a r e  l i r n i l c d  

0 t o  660 C. 

Lt- Uranium-233 i s  much 1-ess  t o - ~ i c  t h a n  P l u t o n i u m .  

5- 'i'l~e ciena1;ured ~ h o r i u m  f u c l  c y c l e  h a s  been  s u g g e s l c d  a s  an  

a l t n r n a t i v e  ~vi l ich  would a l l o w  t i le  u se  ofb~@d fissile m a t e r i a l  w h i l e  

m i  t i g a  tint:: t h e  p o t e n t i a l  f o r  n u c l e a r  weapons p ~ o t i f e r a t  i on pre:;c nt 

wii.h k ' l u  tonium u t i l i z a t i o n .  No n u c l e a r  f u e l  ~ ? ~ c _ l c  c a n  b e  lriade comr1lcte7 y 

f r e e  of p ro l - i f e rn t i011  r i s k .  I ~ h e  o b j e c t i v e  o f  p r o l i f e r f i t i o n  rcsi:;tcilzt 

f u c l  c y c l e s  i s  t o  i n c r e a s e  t h e  d i f f u c u L t y ,  c o s t ,  d c t e c t ~ b i l i t y  and t,kie 

t ime  r e q u i r e d  t o  o b t a i n  a n u c l e a r  weapon s o  Lhat n u c l e a r  power beco111e~ 

a n  unaLtiactive p a t h  t o  n u c l e a r  weapons. 



I n  t h e  d e n a t u r e d  Thorium f u e l  c y c l e ,  t h e  uranium component; of the f u e l  

m i x t u r e  would be  e n r i c h e d  t o  f 20 w/O U-235. >lmhe 20 W/O U-233 

enr ichment  leva: is s u f f i c i e n t l y  low as t o  e f f e c t i v e l y  p r e c l u d e  the  

c o n s t r u c t i o n  of  a n u c l e a r  weapon,  he enr ichment  l i m i t a t i o n  o f  U-233 

e n r i c h e d  Uranium is 12 W/O ; t h e  12  W/O U-233 limit r e s u l t s  i n  

a s i m i l a r  u n s u i t a b i l i t y  f o r  weapons u s e  a s  d o e s  20 w/O U-233. 2 

6- The mast  advan tageous  mode of u t i l i z a t i o n  o f  t h e  Tnor ium f u e l  

c y c l e  i s  t o  r e c y c l e  t h e  g e n e r a t e d  ,235 

13ut t h e  Th f u e l  c y c l e  h a s  a l o n g e r  d o u b l i n g  t i m e ,  which i s  one 

o f   he drawbacks of t h i s  c y e l e .  

'l 'here a r e  s imi lar i t ies  and d i f f e r e n c e s  i n  t h e  two f u e l  c h e l e s  ; 

a major d i f f e r e n s e  be ing  t h e  i n t e r m e d i a t e  f o r m a t i o n  o f  Pa  '" which  

is a s t r o n g  neutron a b s o r b e r ,  and d e c a y s  s lowly .  s i n c e  the  decay o f  

Pa 2'3 y i o l d s  f i i e i l a  U 233 , r e a c t i v i t y  c o n t r o l  du r ing  shutdown i s  

c o m p l i c a t e d .  I n  t n e  the rmal -neu t ron  spec t rum,  has a much l o w e r  

23 9 alp l ra  ( $4 ) and t h e r e f o r e  a  h i g h e r  e t a  r ~/ ( l  +dl] t h a n  Pu . 
T h i s  d i f f e r e n c e  i n  e t a ,  however, i s  n o t  as large a s  t h e  d i f f e r e n c e  i n  

a l p h a  might  s u g g e s t ,  because  Pu 239 h a s  a l a rge  ~ o r  a l a r g e r  number 

o f  n e u t r o -  produced p e r  f i s s i o n .  I n  t h e  t h e r m a l  and e p i t h e r m a l  e n e r g y  

r e g i o n s ,  u~~~ h a s  t h e  p o t e n t i a l  f o r  a h i g h e r  c o n v e r s i o n  r a t i o  t han  

o b t a i n a b l e  th rough  t h e  U-Psi f u e l  m i x t u r e  when a v e r a g e d  o v e r  a burnup 

p e r i o d .  T h e r e f o r e  r e a c t i v i t y  l i f e t i m e s  c a n  be l a r g e r  and a g r e a t e r  

r e t u r n  o f  f i s s i l e  m a t e r i a l  a t  t h e  end of t h e  f u e l  c y c l e  may be p o s s i b l e ,  

In T horium syfitems t h e  r a d i c a c t i v i  t y  cf t h e  d a u g l l t e r  p r o d u c t s  of 

u232 
i n  recovered Thorium and  i n  u~~~ a f t e r  t h e  r e n o v a l  o f  f i s s i o n  

p r o d u c t s  is a c h a l l e n g i n g  problem. I n  l e s s  t h a n  a week a f t e s  h i g h - l e v e l  

decolntaminat ion ,  t h e  gamma a c t i v i t y  becomes s u f f i c i e n t l y  great  s o  [ .hat  

f a b r i c a t i o n  by d i r e c t  methods can  be p e r m i t t e d  o n l y  on a schedu led-  

radi .a  t i o n  dosage b a s i s ,  



2 32 
The magn i tude  o f  t h i s  ppoblern is d i r e c t l y   elated t o  t h e  U 

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

d f  t h e  f u e l .  T h i s ,  i n  t u r n ,  i s  a f u n c t i o n  of t h e  k n t e g r a t e d  f u e l  

e x p o s u r e ,  i n c l u d i n g  t h e  n e u t r o n  e n e r g y  l e v e l  i n c i d e n t  upon tlze f u e l  
232 

m a t e r i a l s  s i n c e  t h e  p r i n c i p a l  r e a c t i o n  t h a t  p r o d u c e s  u ~ ~ ~ ,  t h e  'l'h 

( n , % n )  Th r e a c t i o n ,  d o e s  n o t  Occur  w i t h  n e u t r o n s  w i t h  an e n e r g y  

below 6 lb jcT~.  'l'he r e c o v e r e d  f u e l  c a n  be d e a l t  w i t h  i n  s e v e r a l  

Tlie T i lor ium p r o d u c t  c a n  be s t o r e d  f o r  a long t i m e  t o  a l l o w  f o r  t h e  decay 

of l'li 228 (1.91 y e a r  h a l f - l i f e )  o r  Uranium c o u l d  be c h e n i c a l . l > .  p u r i f i e d  

j u s t  b e f o r e  t h e  f a b r i c a t i o n  s t e p .  

' i ' l l is  work c o n s t i t u t e s  t h e  first p a r t  o f  a s t u d y  i n v e s t i ~ a l i n c ?  t h e  

p o s s i b i l i t y  of U-293 producLion  from 'I'h2l'? a s  one o f  t i l e  a i m s  i n  a d u a l  

pu rpose  c o r n n ~ e r c i a l  P\U?. J t  is  3ssurndd t h a t  t h e  f u e l  i n some rey ; ions  

o f  t h e  c a r e  .is a mix Lure of  Uranium anu 'i'!lorium r l i ox ide .  I n i L i a l l  y 

t h e  u r an ium cotnponen t o f  t h c  f u e l  m i x t u r e  3! ro~ld  be e n r i c h e d  Lo & 20 w%O 

u ~ ~ ~ .  'lihe e n r i c h m e n t  l i r n i t n t i o n  of  U-233 e n r i e l ~ e d  u r a n i u m  i n  12 R/O. 

'I'h(? ra i , io  o f  n lo t lc ra te ly  e n r i c h e d  J rzn ium t o  Thorium i n  d i f  f c r c ~ n t  f u e l  

r e g i o n s  can be v a r i e d  a c c o r d i n g  t o  t h e  n u c l e a r  and  e n g i n e e r i n f ;  

s n c c i f  i - c a t i o n s  and a d j u s t e d  t o  a c l i i e v e  t h e  d e s i r e d  f u e l  burnup [7, 

For k h i s  p u r p o s e ,  t h e  i n t e g r a l  t r a n s p o r t  code,  GETS i n  u s e d  t o  

p r e p a r e  t h e  i n p u t s  f o r  d i f f e r e n t  c e l l s  Por t h e  r e a c t o r  d n a l - y s i s  as 

a whole. GKLS, is :A o n e - d i m e ~ i s i o n a l ,  rtznltip;roup, i.ntej3;ral. t r r z n s p o r t  

t h e o r y  code  which p r o d u c e s  few-group l i b r a r i e s  Tor llse i n  -1i f f u s i o n  

t h e o r y  c o d e s  fo r  p r e s s u r i z e d  1ip;Icit w a t e r  reac t o r  an:-11 )-:;is, 'I'he ~h o i e  

rali;l;e o f  p o s s i b l e  t empera  Lures  i s  covered. and t h e  tre;xtmcr;l of s t r o n g  

lumped ab:;orXbers a s  c o n t r o l  o r  b u r n a b l e  p o i s o n  p i l l s  is  inc l .udcd ,  



F u ~ t h e ~ ,  p r o v i s i o n  f o r  burn-up is  p r o v i d e d .  '!'he coda  has goad  aceu ra@hr  

and a f a i r l y  h i g h  - c o m p u t a t i o n a l  speed. Y'he code is f u r ~ i s h e d  w i t h  a 

c r o s s - s e c t i o n  l i b r a r y  o f  15 f a s t  a n d  30 t h e r m a l  g r o u p s ,  s u i  t a b l c  f o r  

r:encii.al P!VR a p l ) l i c n t i o n s .  1~'hosc c r o s s - s e e  tion:; bein,? de penrlent 

d i r e c t l y  upon f u e l  o r  m o d e r a l o r  t e m p e r s t u r c  a r e  o b t a i n e d  f o r  t h e  :icdual- 

c a s e  by s q u a r e  Lagrange  i l z t e r p o l a t i o n  from d a t a  r e s o u r c e s  p r e p a r e d  f o r  

s e v e r a l  Lenrparatures .  Us ing  t h e  compu te r  code GFW ; rloralal  f u e l  c e l l  

c a l c u l a t i o n ,  c o n t r o l  s u p e r c e l l  c a l c u l a t i o n ,  burn-up f u e l  and s u p e r c e l l  

c a l c u l a  t iont ;  c a n  be made. 

L'he PlVR s p e c t r a l  code  GELS c o n s i s t s  of  a P iAIN program and sever63.1 

su br-out ines .  F i r s t  two s u b r o u t i n e s  r e a d s  o n l y  d a t a  from c a r d s  oi,  tape. 

I n  six s u b r o u t i - n e s ,  t r a n s p o r t  c a l c u l a t i o n  a r e  p ~ r f o r r n e d .  

i I A I N  program and  a l l  of t h e  s u b r o u t i n e s  w i l l  be exiimined i n  g r e a t  

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

A n a l y s i s  of  r;he GZLS c o d e w i l l  be  p r e s e n t e d  i n  c h a p t e r  11. 

In cnapter 111, an application of t h i s  computer code will be 

p r e s e n t e d  and using the GELS cell @alcufationowill ae made 

for d i f f e r e n t  U02-THO2 fuel mixture in a PYR. 



TABLE 1 : t General P,pi,roxinlatf- Flow Diagram for GELS 
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CHAPTER 11 

ANALYSIS OF T I E  GELS CODE 

HI- 1 .  MAIN PROGRAM 

The i n t e g r a l  t r a n s p o r t  code GELS p r e p a r e s  t h e  m i c r o s c o p i c  b road  

g roup  c r o s s  s e c t i o n s  and homogenized number d e n s i t i e s  f o r  d i f f e r e n t  

c e l l s  w i t h i n  a r e a c t o r  f o r  u s e  i n  d i f f u s i o n  t l leory  codes  making 

c ~ i t i c a l i t y  s e a r c h e s .  r o r  t h i s  purpose each  c e l l  i s  d i v i d e d  i n t o  a 

number o f  r e g i o n s .  The d e n s i t i e s  of a l l  i s o t o p e s ,  e e l $  geometry  and 

m i c r o s c o p i c  c r o s s  s e c t i o n  l i b r a r y  a r e  g i v e n  a s  i n p u t  t a  t h i s  code  v i a  

the subrou t , ines  INPUT A ind INPUT B. I n t e g r a l  t r a n s p o r t  c a l c u l a t i o n s  

a r e  p e r f o r ~ n e d  by u s i n g  t h e  c o l l i s i o n  probabi.1it-y me thod.   he d i s c r e  t i z ? d  

form of  t h e  rnu l t ig roup  i n t e g r a l  t r a n s p o r t  equaLion is  g i v e n  b y  

wliere t h e  right hand s i d e  o f  t h i s  e q u a t i o n  g i v e s  t h e  t o t a l  nu.mbes of 

i i a t r o n s  born  fin r e g i o n  3 and t h a t  make t h e i r  f i r s t  c o l l i s i o n s  i n  r e g i o n  3. 

The l e f t  hand s i d e  g i v e s  t h e  t o t a l  i n t e r a c t i o n  r a t e  i n  r e g i o n  3 ,  i h e  

total macroscopic cross s e c t i o n s  a p p e a r i n g  i n  t h P s  e q u a t i o n  far a l l  

energy  g r o u p s  and r e g i o n s  a r e  computed by t h e  s u b r o u t i n e  PMc"Ii0 

w h i l e  t h e  c o l l i s i o n  p roba  b i l i t ~ e s  are c a l c u l a t e d  by t h e  
'i, j 

s u b r o u t i n e  CP. The source  term is c a l c u l a t e d  by making u s e  o f  a n  i n i t i a l  

f l u x  g u e s s .  r h e n ,  t h e  q u a n t i t i e s  o b t a i n e d  are i n s e r t e d  i n t o  t h e  above 

e q u a t i o n  which is  t h e n  c o n v e r t e d  i n t o  m a t r i x  form. p i n a l l y  tlie e q u a t i o n  

is s o l u e d  f a r  t h e  f l u x e s  by m a t r i x  i n v e r s i o n  i n  s u b r o u t i n e  TRAMS, 



AS a r e s u l t ,  t h e  f l u x e s  f o r  each e n e r g y  g r o u p  and r e g i o n  a re  o b t a i n e d ,  

These f l u x e s  a r e  then normal ized  t o  s p e c i f i e d  power l e v e  1 in s u  b r a u t i n e  

TIEPRLN. Using t h e  normal ized  f l u x e s ,  s e l f  s h i e l d i n g  f a c t o r s  are calcu-  

l e t ed  and a l l  of t h e  c r o s s  s e c t i o n s  and number d e n s i t i e s  a r e  homogenized 

i n  t h e  s u b r o u t i n e  SYNOPS s o  as t o  p r e s e r v e  t h e  a c t u a l .  r e a c t i o n  rates.  

T h e s e  homogenized number d e n s i t i e s  and normal ized  f l u x e s  are t h e n  u s e d  

i n  burn-up e q u a t i o n s  t o  o b t a i n  t h e  t ime  dependen t  c h a n g e s  i n  t h e  

c o n c e n t r a t i o n s  o f  f u e l  i s o t o p e s  and f i s s i o n  p r o d u c t s  i n  s u b r o u t i n e  

EURNUP,  The M A I N  program a c h i e v e s  t h i s  l a r g e  t a s k  by making r e f e r e n c e s  

t o  t h e  s u b r o u t i n e s  mentioned above i n  the o r d e r  of t h i s  p r e s e n t a t i o n ,  

The t h e ~ r i c a l  d e t a i l s  of  t h i s  q u a l i t a t i v e  o u t l i n e  w i l l  be p r e s e n t e d  

i n  t h e  a n a l y s i s  of r e l a t e d  s u b r o u t i n e s  i n  t h e  fo l lowing  c h a p t e r s ,  



11- 2 .  TERMTNOLOGY AND DEFINITIONS 

ELEMENTARY CELL-ENLARGED CELLSUPRR CELL 

I n  PWR1s t h e  n o n - c e l l  water i n  t h e  in-!-rassernbly gaps  c a n  be 

added  t o  t h e  l a t t i c e  d u e t o  t h e  f o l l o w i n g  r e a s o n s ;  t h e  g a p s  are small- 

i n  comparison w i t h  t h e  t h e r m a l  t r a n s p o r t  l c n g h t  of n e u t r o n s ,  Qhese 

d i s s a p p e a r  a l m o s t  c o m p l e t e l y  u n d e r  o p e r a t i n g  c o n d i t i o n s  due  t o  thnr rna l  

e x p a n n i  on of t h e  f u e l  a s s e m b l i e s .  So ,  one can g e t  a pu re  l a t l  i c e  at 

t h e  r e a c t o r  w i t h  a u n i q u e  l a t t i c e  c o n s t a n t  ( =  e n l a r g e d  p i t c h ) .  

A c e l l  of t h i s  enlar i3;ed p i t c h  i s  c a l l e d  a n  e l e m e n t a r y  c e l l .  

Kot e v e r y  e l e m e n t a r ]  c e l l  h a s  t h e  same c o n t e n t .  I n  o r d e r  t o  

achi ve ;A s t r a i g h t  fo rward  one -d imens iona l  t r e a t m e n t  o f  t h e  whole  m i c r o  

s t r u c t u r e ,  one can  add  one s p e c i e s  o f  e'lernenl.ary c e l l s  t a  t h e  c y l i n d s i z e d .  

e l e m e n t a r y  c e l l  +' a n o t h e r  species forming  o u t  of i t  o n e  o r  more . 
a d d i t i o n a l  c y l i n ~ i r i c a l  r e g i o n s .  

I f  t h e  s p e c i e s  added d o e s  n o t  have  a p e c u l i a r  : ; t ructure o f  t h e  

n c l ~ i t r o n i c  f l u x  d e n s i t y  we c a l l  i t  a n  er1lnrp;ed e i c m e n t a r l -  c e l l  ,An example 

would be u n r t ~ d d e d  K C - C c l l s  added  t o  f u e l  p i n  c e l  l s t;t;i ing i r l  Lo ~ i c c o u i ~ i  

t h e  numerical r e l a t i o n  o f  b o t h  s p e c i e s .  

I f  l k ic  s j ) c c i ~ s  o f  elementary c e l l s  have a s p a c e  t l cpcndent  

strut t1:rc-l of n e u t r o n i c  f l u s  d e n s i t y  we ca1J t h e  whole t-1 s u p e r - c e l l .  

F o r  rxa~llr l le  r'odded R C C - C c l  l o r  burnnk:le ~ ~ o i s o r ,  pill?. c e l l  snr r lounded  b> 

a n u ~ t ~ l ) c r  o f  f u e l  y i n  c e l l s  luo~lld c o n s t i t v t e  a s u p e r c e l  i ,  



ZONE-MODERATOR ZONE-REGIONS 

I n  t i le c y l i n t l r i z e d  ( s u p e r - )  e e l 1  t h e  t e rm zone r e f ~ r s  t , o tVery  

p a r t  which l l a s  a ho~?logeneous m a t e r i a l  cornposi- t ion and which  is l ~ o u n d e d  

by  p:xsts o f  o t h e r  material cot?iposi t iotzs .  i)ue Lo c p l i n d r i z a  ti o n ,  the SMapB ~f 

- every zone is either cylinarical or a cylindrical annulus.Every zone 

can  be d i v i d e d  i n t o  a number o f  c y l i n d r i c a l  a n n u l i  (01 the same 

tl-i iclrficss w i t h i n  e:ich z o n e )  .The ele1nent.s of  a s u c h  ti s u b d i v i s i o n  tve c a l l  

ro{: io l~e ,  

A l l  z o n e s  which c o n t a i n  t h e  same m o d e r a t o r ,  i e .  t h e  same moderati-np; 

i - s o t o p e s  ot '  t h e  same a t o m i c  d e n s i t i e s  a r c  gathered t o  a ' l t uode ra to r  

zone".  The non-modera t ing  m a t e r i a l s  o f  z o n e s  bcl.on[;inp; t o  t h e  same 

m o d e r a t o r  zone  mcly be d i f f e r e n t .  Zones vrithout,  a inodora to r  are izeglec t e d  

in the a666unt of m o d e r a t o r  zones .  

I n  this v e r s i o n  of GELS t h e r e  i s  o n l y  one mot l e ra t ing  i s o t o p e ;  

t h e  i s o t o p i c  m i x t u r e  I1 - l f 2  0 .  The o n l y  d i s t i r l c t i o n  be tween d i f f e r e n t  

mocrerator z o n e s  i s  t h e  a t o m i c  d e n s i t y  o f  t h i s  m i x t u r e .  



11- 3 .  P'UEL CELL AND SUPERCELL 140DEL USED I N  GELS CODF: 

P'ol 1 ovring c a l c u l a t i o n s  a r e  pe r fo rmed  by usiag t h e  i n t e g r a l  

t r a n s p o r t  c o d e ,  GELS : 

Fuel  c e l l  c a l c u l a t i o n  w i t h  a n d  w i t h o u t  bu rn -up ,  

C o n t r o l  s u p e r c c l 7  c a l c u l a t i o n  , 
S u p e r  c e l l  calculation w i t h  burn-up 

In l;h(i f u e l  c e l l  c a l c u l a t i o n ,  i t  i s  assumed t h a t  t h e  f u e l  i s  

d i v i d c d  i n t o  f o u r  z o n e s :  

1. r;t zone : : h e 1  .) g a s  g a p  

j r d  zone : C e l l  iva t e r e i n t e r e l e m e n t  w a t e r  .i) s p a c e r s  ( i n c o n e l )  

4 t i :  zone : C e l l  w a t e r  4 i n t e r e l e m e n t  n a t e r  .) spacer -a g u i d e  t u b e s  

( s t a i n l e s s  steel) 

I h 'uel  p i n  

2 ; X i r c a l l o y  c a n  

5 TLlodcrator 

Fii:. 11- 1. Fuel  p i n  c e l l  

i'oi:;on supe r "  ce  11 c a l c u l a t i o n  : 

I :it zotlc : At;-In-Cd a b s o r b e r  (usual1.y t l i  v i d e d  i n t o  (q rep;ioni! 

2nd z o n e :  Stainless s t e e l  c l a d d i n g 4  {ras  ?;a!) between r o d  a n d  cladding 

S r t l  ';.,one : W;:ter g a p  between c l a d d i n g  nncl ,;ui.tle Lube. 

L t t i ~  ;:one : S t a i n l e s s  s t e e l  g u i d e  t i 1  b e s ,  

5 t,li .<one : C e l l  w a t e r  .t i n t ~ r e l c m c n t  v~a t e r  :;pacer ( i n c o n c l j  p r  .st.nt 

( ' , ' he  r a d ~ u s  01 t h i s  zone i s  equal.. t a  t h e  r 3 d i . u ~  o f  t i l e  

jrd zone  a t  t h e  normal  cell. ) 

4 t n  zone : Water  i s p a c e r  -+ c l a d d i n g  -a f u e l  



k'igure (11-2) : Super  c e l l  

1 modera tor  

2 z i r ca l . loy  c a n  

3 f u e l  p i n  

4 s t a i n l e s s  s t e e l  g u i d e  t u b e  and 

c o n t r o l  r o d  c a n  

5 Ag  - I N  - Cd a b s o r b e r  

Ifue t o  the  one d i inens iona l  c h i r r a c t e r  o f  t h e  c o d e ,  t h e  f u e l  assa~ab'I.y 

w i t h  KCC i n s e r t e d  h a s  t o  be r e p r e s e n t e d  by a s u p e r c e l l .  

I n  t h e  ca se  of  s u p e r c e l l  t h e  GELS code p r o v i d e s  f o r  two d i f f e r e n t  

schemes of g e n e r a t i n g  broad-group c o n s t a n t s  which d i f f e r  i n  t h e  
t 

homogeniza t ion  p rocedure .  I n  t h e  f i r s t  scheme, c a l l e d  burn-up s u p e r c e l l  

t h e  s e t  is produced f o r  t h e  s u p e r c e l l  a s  a whole. and i n  t h e  second 

case two s e t s  a r e  forrned;one for  t h e  cy l indr iaed  p o i s o n  c e l l  a n o t h e r  

one f o r  t h e  f u e l / m o d e r a t o s  m i x t u r e  namely c o n t r o l  s u p e r c e l l  caleulabkan, 

The group cross s e c t i o n  l i b r a r y  representing t h e  f u e l i r n o d e r a l o r  m i x t u r e  

wgl.1 be formed by a r u n  of t h e  code homogenizing t h e  f u e l  c e l l  before 

t h e  s u p e r c e l l  calculation which f o l l o w s  as  a second r u n ,  

mring t h e  f u e l  c e l l  burn-up c a l c u l a t i f m  t h e  code p r o d u c e s  a s e t  

of polynomial  c o e f f i c i e n t s  which c o r r e l a t e  t h e  self s h i e l d i n g  o r  t h e  

d i s a d v a n t a g e  f a c t o r s  i n  each e n e r g y  g roup  w i t h  t he  U-233 eoncentr~ml;xon. 

These coe f  f i c i e n t s  are t h e n  u s e d  i n  subsequen t  c a l c u l a t i o n s  of burn-up 

i n  po i son  cells namely i n  t h e  burn-up s u p c r e e l %  c a l c u l a t i o n .  



11- 4. SU BROUTINE INPUT A 

I n p u t  A is  r e f e r e n c e d  from MAIN t o  r e a d  t h e  d a t a  from c a r d s  or t a p e  

f i l e  s o  as  t o  r e  t u r n  t o  back t o  MAIN 

I n  t h i s  s u b r o u t i n e  m i c s o s c a p i c  c r o s s  s e c t i o n s  are r e a d  from t h e  

f i l e  NUX o r  NUY for  f u e l  i s o t o p e s ,  fission p r o d u c t s ,  lumped a b s o r b e r s ,  

non b u r n a b l e  i s o t o p e s  ( s t r u c t u r a l  m a t e r i a l s )  and modera to r  i s o t o p e s  f o r  

45 e n e r g y  g r o u p s  r c s p e c t i v e l y .  

F i s s i o n  p r o d u c t s  a r e  presumed t o  have  a b s o r p t i o n  c r o s s  s e c t i o n s  

o n l y .  I n  c o n t r o l  s u p e r c e l l  case, t h e  lumped a b s o r b e r  i s o t o p e s  are n o t  

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

hornpgenized by t h e  s e l f  s h i e l d i n g  f a c t o r s  i n  t h e  p r e c e d i n g  case 

Ci.e f u e l  c e l l  c a l c u l a t i o n  w i t h  EST0 = 4 o p t i o n )  and w r i t t e n  i n t o  t h e  

NUY f i l e .  

Thus i n  t h e  case of  c o n t r o l  s u p e r c e l l  bISTO=' j ) .  t h e  microscopic 

l i b r a r y  be long ing  t o  lumped a b s o r b e r  i s o t o p e s  a r e  r e a d  t o g e t h e r  w i t h  

nan b u r n a b l e  i s o t o p e s  from f i l e  NUY. 

T r a n s f e r  c r o s s - s e c t i o n s  a r e  presumed t o  e x i s t  o n l y  f o r  modera to r  

i s o t o p e s .  

Thorium-252, Uranium-238 and P l  u tonium-240 is@ t o p c s  have r e s o n a n c e  

a b s o r p t i o n  c r o s s  scc l ; ions ,  'i'haase c r o s s  s e e  b i o n s  are cc l l cu  1.a bed by 

e P t r n n o l a t i o n  depending on t h e  f u e l  t e m p e r a t u r e .  

' I ' l l i s  :;1111rov t i n e  c n  l c u l a t e s  t h o  i n - s c a t  t e r  c f o s s  snc t - ions  f o r  

f u e l  i s o t o p e s ,  r~on  hurnab lo  i s o t o p e s .  and lumped absb$bess and t h e  

s c a t  t e r i n g  c r o s s  s e c t i o n  f o r  t h e  modera to r  i s o t o p e .  

I t  a l s o  d e t e r m i n e s  the f i s s i o n  g ie l -d  of each  f i s s i o n  p r o d u c t  from 

the  6 f u e l  i s o t o v e s  and  p r i n t s  t h e  m i c r o s c o p i c  c r o s s  s e c t i o n s  f o r  fuel 

anti modera to r  i s o t o p e s  r e s p . = c t i v e l y  and r e t u r n s  t o  t h e  MAIR proil;ram. 



T h i s  s u b r o u t i n e  r e a d s  t h e  f o l l o w i n g  s e t  o f  d a t a  from kapc f i l e  

NUX f o r  a l l  i s o t o p e s  and 45 e n e r g y  g roups  

19 tire case of ISTO = 5 NUX = M U Y  

C1, I ( I L ) ,  C I A  2 ( I L ) :  I s o t o p e  name 

'POSIG ( 1 1 4 :  , IT,) : The m i c r o s c o p i c  t r a n s p o r t  c r o s s  s e c t i o n  f o r  

i s o t o p e  I L ,  f o r  g r o u p  11: 

A l 3 S I G  (IF:,  IIJ) : The r n i c r o ~ e o p i c  a b s o r p t i o n  c r o s s  s e c t i o n  Tor 

i s o t o p e  IL, and g r o u p  LE 

OUST(; ( 111: , 2, IT.,) : The m i c r o s c o p i c  o u t - s c a t  i e r  c r o s s  G C C  t i o n  f o r  

i s o t o p e  11, and group IF 

F ' I S T G  (16, IT,) : The m i c r o s c o p i c  nu f i s s i o n  c r e s s  s c c t i o n  f o r  

I L  t h  f u e l  i s o t o p e  i n  IE t h  ener-!:'y g r o u p  

XNU (IE:, I T , )  : The number o f  n e u t r s n s  p roduced  pe r  f i s s i o n  

f o r  I T ,  t h  f u e l  i s o t o p e  f o r  !:roup I E  

ST( ; lp I  (IR, !,) = FISIG (IF, ,L)  / XNU (IE,L,) : The micros-copie  f i s s i o n  

c r o s s  s cc t l . on  f o r  IT, th  f u e l  i s o t o p e  f o r  

l:roup IF: 

: Spec t rum f o r  g r o u p  117 

: 'The f i s s i o n  y i e l d  o f  l< t h  f i s s i s i i  nrotluct.  

i s o t o p e  from L th f u e l  i s o t o p e  

I ( I ,  1, 1 )  : PI icroscopic  i n - s c a t  t e r  c r o s s  s e c t i o r l  f o r  

i s o t o p e  II .tnd T r o u n  IT:. Tk1i.s i:; f o u n d  b:~. 

subtrac t i8 khe a1)sor~)tio~i nl-~tl o u i , ; c n  I;"rcr c r o s s  

s ~ c  t i o n  from i o la1 c r o s s  sect i o n .  

0 ( L 1 ,  I )  U S  ( 1  I - A D S l G  (TI:, IT,) - O U S L G  ( rl:,ITA) 

0 ( 1 ,  I , 1 )  : The r n i c r a s c o p i c  t r : iusScr  c r o s s  ccc tion for 

lnoderal  o r  i s o t  ope from ~ ~ ; r o u y ,  TI+: t . c ~  i:rouy, TJ 



1,-ist. o f  symbols  u s e d  i n  t h i s  s u b r o u t i n e  

11'01s 

NBURB 

N2 6 

N?j 

Nl,B 

Ii I ,>,I 

N TAT 

N? 0 

N ZM 

1srro 

NUX 

NU4 

I'd FT 

Td OHi3 

: Number o f  b u r n a b l e  i s o t o p e s  

: lumped a b s o r b e r  s p e c i f i c a t i o n  

: Number o f  e n e r g y  g r o u p s ,  N26 = 45 

: Number o f  f a s t  e n e r g y  g r o u p s ,  N25 = 15 

: Number o f  n u c l i d e s  

: i lutnber o f  n iode ra to r s  

: Number o f  f i s s i o n  p r o d u c t s  

: Itumber o f  regions 

: Number o f  m o d e r a t o r  z o n e s  

: IJumber o f  c a s e  type d e c l a r a t i o n , s p e c i f i e d  i n  M A I N  

: l l ' i le  name : nlUY = 17 

: F i l e  name : N U )  = 22 

: 1:urnber  o f  f u e l  i s o t o p e s +  n u m l r r  o f  f i s s i o n  p r o d u c t s  = 46 

: l i u~ tbe r  o f  lion b u r n a b l e  i s o t o p e s  

I LC : F:ner{gy i n d e x  16 = 1, .... 1126 
13 : l+;neri:y i n d e x  IJ = 1,. .. .N26 
L : i s o  t o  pc i n d e x  1, = I,. , . .NLP 

IF? : Rer;ion i n d e x  I R  = 1, .... 1120 



T I -  5. SUBROUTINE INPIJT F 

This s u b r o u t i n e  i s  c a l l e d  from t h e  M A I N  program t o  r e a d  a s e t  

o f  d a t a  from c a r d s  and  a s e t  o f  po1)nominl  coefficients from t a p e  

f i l  c 2 f o r  burn-up s u p e r c e l l  c a l c u l  a t i o n s .  Hecal l t h a t  t l l e s e  po lynomia l  

c o e f f i c i e n t s  a r e  computcd and  w r i t t e n  t o  f i  Le 2 d u r i n ~  t l ic  f u e l  c e l l  

c a l c u l a t i o n  ( i . e  IS'l'O = I ) ,  a n d  f o r  burn-up s u p e r c c l l  c a l c u l a t i o n  

( i . e  LS"0 = 21 t h e s e  c o e f f i c i e n t s  a r e  r e a d  from f i l e  2 .  

r h e  mac roscop ic  t r a n s f e r  c r o s s  s e c t i o n  o f  m o d e r a t o r  i s o t o p e s  i n  

e a c h  zone is computed as f o l l o w s #  

SIG ( I I ; : , I J , I Z )  = Q x OUSIGM ( l b ; ,  IJ,iT,M) 

Where, 

Q= D1?NM (IL'T, 1x1 ; U e n s i t g  o f  modera to r  i n  IZ t,!~ zone  

The a t b m i c  d e n s i t y  o f  Baron  att ,achmenL t o  m o a c r a t o r  i n  each 

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

DEN (NHOH, IR) = PPMS w-DEN fNWA,  I R )  

l~P34S = 1.01845 . 1.631978.10'''w PPM i s  a conve rgence  f a c t o r  

'The volume o f  e a c h  r e g i o n  and  t h e  t o t a l  valume f o r  t h e  c e l l  considered 

a r e  campu t e d  a s  f o l l o w s  ; 

VOL ( l K I  = X fRDR - RDRM) ( R D R i  RDRM) 

iq=f 
F i g u r e  {IT-3) : '- 42 

- 
-4 

VOL( %I?)= 4 (RDR, - (  l f u n ~ f /  
- 1 

Where, K D R =  Hu(IR) : t h e  r a d i u s  o f  I R t h  r e g i o n  

KDRM = RD(IR-1) : t h e  r a d i u s  of ( I R - 1 )  t h  r e g i o n  

I n  t h e  o u t p u t ,  - e g i o n ,  r e g i o n  r a d i u s ,  volume f o r  r e g i o n  E R  and  

t o t a l  volume v a l u e s  a r e  p r i n t e d .  

F i n a l l y  t h e  aata depend ing  on burn-up s u p e r c e l l  c a l c u l a t i o n  i s  

w r i t t e n  i n t o  t h e  f i l e  R U S  ( 121  a t  t h e  e n d  o f  t h e  r o u t i n e .  



L i s t  of symbols used  i n  t h i s  program: 

I R  : Reglon i n d e x  

!J 130R : Fuel i s o t o p e s +  F i s s i o n  p r o d u c t s +  1 

NWA = i d ~ E  !dumber of  n u c l i d e s  

DEN L ,  I : u e n s i t y  of i s o g o p e  L  f o r  r e g i o n  I R  

DENM ( I L ,  17,) : Dens i ty  of L L  t h  modera to r  i s o t o p e  f o r  zone 1Z 

SIGS ( I E  , IJ , I Z J  : The macroscopic  t r a n s f e r  c r o s s  s e c t i o n  o f  

i~loderator i s o t o p e  from g r o u p  IR t o  g r o u p  IJ f o r  

zone LZ 

[ )=  DRHM ( I L ,  1%) 

1)lSN (mi ;OR,  I R )  : l lensi  t y  o f  Boron i s o t o p e  f o r  r e g i o n  I R  

I % : Moderator  r e g i o n  i n d e x  

i'Jl,I>N= NLB - NLM : N u m b e r  of n u c l i d e s  excep t  modera to r  i s o t o p e s  

VOL ( I R )  : The volume of I R  t h  r e g i o n  

VC E : T o t a l  volume of t h e  c e l l  

co  (K, IE) : Polynomiui  c o e f f i c i e n t s  

I < = J  6 Number of  c o e f f i c i e n t s  

I E : Number o f  ene rgy  g r o u p s  

IT, : I s o t o p e  i n d e x  



11- 6 .  SUBROUTINE MACRO 

I t  is c a l l e d  Prom t h e  M A I N  program t o  c a l c u l a t e  t h e  rnacroseopie  

c r o s s  s e c t i o n s  2. - - . t u r n s  t o  tbe M A I N .  

A t  f i r s t ,  t h e  program c a l c u l a t e s  t h e  se1.f s h i e l d i n g  f a c t o r s  f o r  

burn-u:p s u p e r c e l l  c a l c u l a t i o n ,  as  w i l l  be e x P b n e c ?  i n  d e t a i l  i n  t h e  

s u b r o u t i n e  GRUPVE.  I f  t h e  c a s e  u n d e r  c o n s i d e r a t i o n  i s  n o t  o f  burn-up  

s u p e r c e l l ,  t h e  v a l u e  o f  s e l f  s h i e l d i n g  f a c t o r s  w i l l  be t a k e n  a s  u n i t y .  

U s i  ni'; t i l e  s e l f  s h i e l d i n g  f a c t o r s ,  t h e  program c a l m  3 a t e a  t h e  m a c r o s c o p i c  

c r o s s  s e c t i o n s  ~ 1 1 ~ 1 1  as ; 

T h e  mac roscop ic  a b s o r p t i o n  c r o s s  s e c t i o n  o f  a l l  i s o t o p e s  f o r  

Eroup I E  and r e g i o n  I R ,  

Wl~cre SSP is  t h e  s e l f  s h i e l d i n g  f a c t o r .  

Fo r  f u e l  i s o t o p e s  mac roscop ic  0 Z f ,  mac roscop ic  i n  s c a t t e r  c r o s s  

s e c t i o n s  and  rnacr.oscopic o u t  s c a t t e r  c r o s s  :;ec Lions  a re  compu t c d  

T ( 1 , L * SSP 

l \ I~:crosconic i n  s c a t t e r  an(? o u t  s c a t ~ , e r  c r o s s  s c c  t i  o n s  f o r  1u11lped 

nb:;orbcr atlcl non \ ~ u r n a t > l e  i s o t o p e s  a r e  found as;  



'Phc t o t a l  macroscop ic  c r o s s  s e c t i o n  f o r  [ y o u p  I E  and r e g i o n  I H i u  ; 

Then, 3 r z i , u rn  is made t o  the FUILJ program. 

T,:i.:;t o- f  ~yrnbo1.s used  in t h i s  program: ---.--- 

:I: .- 45 : Fuel 4 f i u s i - o n  pror iuc ts  

IITFCCT ( I ,  1 1 1 : )  : Po1:ynominL c o e f f i c i e n t ,  1 =1,,.,6, 11: = I  j t 6 * 4  %2g(!t5) 

DT = I)It:N( ICQPT, IR)  : Atomic d e n s i  t y  o f  5 t t ~  i s o t o p e  f o r  r e g i o n  IR 

f)l<i'JBT( 111; , IR) = C d  : Tilt r a t i o  o f  t h e  a v o r a g e  f u e ?  t o  ~ o d e r a t o ~ -  

f'llix. T t  i f ;  Pound in 0ur11-up f u e l  c e l l  cnlcula t - l .on  

I , I 2  : N ~ ~ i v b c r  o f  nuclic.tt1s 

I ( , I )  : 'l1Iic a t o m i c  d e n s i t y  of  L t i ]  i so l .ope  f o r  r c g i a n  I?-? 

S : il' Scl i s k i e l  ding f a c t o r  

i"l0Gl:-  NFVXE NLT 4 Kumber of fuel a n t i  f i s s i o n  r i rodrlcts  

XOGLP - N tpIJET,.s JILT .r T,tn~nped a b s o r b e r  

VlSIG ( I ? : , I L )  : F1i.croscopj.c nuw fi:;si.olz c r o s s  s e c t i o n  of  f u e l  j.soi-c)pc 

f o r  IE t h  m i c r o  r;rou!J. 

'lnl:IC ( I E ,  I?:) : Flncyoscopic i . 1 ~  i flssiori cl-0s:: :;ec t i o l i  o f fue'l 

i.so to j ~e s  for IF: t h  n i c r o  i':roll !I 

1 A ( I  I )  : F,'l;icrosc o.p:ic o l)sor.pt;.lLon c  ror,:; nc:c t.i on i'o r ;.;r.oulp I l l l  

and rei1;ion 1 t7 

OUS.I:C (i:1#:, I-, . I , )  : I ~ l i c l - o s c o ? ~ i c  :in-scat i;er cross;  s e c t i o n  o f  1, ti? 

isotoy,e for IE t h  m i c r o  :;'roup. 



U S  ( I , 2 1 )  : Macroscopic  i n - s c a t t e r  c r o s s  :;ecii.on f o r  1 b: t h  

mic ro  g r o u p  and I R  L l i  r c v i o n  

0 1  1 L )  : PI.icroscopic o u t - s c a t  t e r  c ~ o s s  cec-t i o n  of 

iso Lope I, f o r  I6 th tnicr-o c r o u p  

0 I ,  I T  : hIacroscopi c o u t - s c a t t e r  c r o s s  zec  t i o n  f o r  111: t l i  

~ i i c l - o  f;robp and I R  ti? r e g i o n  

1'' = IVC ( T R )  : DiI~de ra to r  r e g i o n  i n d e x  

= O no  maderator 

1 2  -- i:egion ilzclex 1 6  I R ~  ~ 2 0  

ASG = SIGS (Ill:, I S ,  IZ) : 'l'lle t r n n s f r l -  c r o s s  s e c t i o n  o f  t i ?oJ~~r -a to r  

i s o t o p c  from 114 t l i  g r o u p  Lo T J  t l l  r ; roupe 

O'i'l, ( T F ; ,  112) : To ttll macroscopic  cl-oss  see  l i o n  for PI? t i 1  r ; roup 

and 1R tln r e g i o n .  

AI,PJ!A : The Prar : t ion o f  t h e  f u e l  volume to o o t a l  vo lu l?~e  

of t l l p  c e l l  

L ' i l j ! l l A  z M : V y /  V f + V m  



' l ' h i s  s u b r o u t i n e  is  c a l l e d  from t h e  M A I N  t o  c a l c u l a t e  t h e  f i r s t  

c o l l i s i o n  p r o b a b i l i t y  m a t r i c e s  pg t h e  q u a n t i t y  yef i s  t h e  
ij y 13 

p r o b a b i l i t y  t h a t  a n e u t r o n  born i n  r e g i o n  i w i l l  have i t s  f i r s t  

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

D i f f u s i o n  t l l eo ry  ( o r  o t h e r  rN a p p r o x i r n a t i o a  of low o r d e r )  fails 

whenever  t h e  a n g u l a r  dependence  o f  t h e  f l u x  is c o m p l i c a t e d .  l n s  tead o f  

u L i l i z i n g  a p p r o x i m a t i o n s  o f  h i g h e r  o r d e r  i n  s u c h  s i t u a t i o n s ,  some 

s p e c i a l  methods  based  on t h e  use  o f  c o l l i s i o n  p r o b a b i l i t k e z ;  i n  p u r e l y  

a b s o r b i n g  media a r e  f r e q u e n t l y  u s e f u l .  

C o n s i d e r  a comclon s i t u a t i o n  i n  which r e a c t o r  f u e l :  l o c a l i z e d  i n  

t l ie  form o f  lumps,  e .g .  r o d s ,  i s  s u r r o u n d e d  Ly ~ n o d c r a t o r .  I t  i s  t h e n  

some t imes u s e f u l  t o  f o r l n u l a t e  t h e  problem i n  t e r m s  o f  t h e  p r o b a b i l i  t~ 

th:;t a n e u t r o n  which a p p e a r s  i n  a r e g i o n  m k e s  L L S  n e x t  c o l ' L i n i o n  

i n  t l l a t  rep ; ion .  I n  a l a t t i c e  s t r u c t u r e ,  f o r  example ,  f i s s i o n  n e u t r o n s  

may ba born more -o r - l e s s  un i for i l l ly  i n  a f u e l  r o d ,  t h e n  f o r  t h e  

computnLion o f  the  l a s t  t n u l t i p l i c a t i o n ,  ~t i s  r e q u i r e d  t o  de t c r m i n e  

ti le p r o b a b i l i t y  t h a t  t h e s e  n e u t r o n s  w r l l  undergo c o l l i s i o n s  i n  t h e  r o d  

b e f o r e  e s c a p i n g .  t h e  n e u t r o n s  which e s c a p e  w i l l  be  s l o v ~ e d  down i n  t h e  

inode ra to r  a n d  far r e s o n a n c e  a b s o r p t i m  c a l c u L a t i o n ,  t h e  p r o b a b i l i t y  

t h a t  t h e   noder rated n e u t r o n s  w i l l  make t h e i r  nex t  c o l l i s i o n  i n  t h e  f u e l  

may be d e t e r m i n e d ,  

~ o l l i s i o n  p r o b a b i l i t i e s  have a l s o  been i n c o r y . a r a t e d  i n t o  widely 

used iikl 'Jisiari t lzeory c a l c u l a t i o n s  i n v o l v i n g  t h e r m a l  n e u t r o n s ,  



I n  t h e  t y p ~ c a l  one-speed c o l l i s i o n  p r o b a b i l i t y  ca2c11laLio11, t h e  

space is  c o n s i d e r e d  t o  be d i v i d e d  i n t o  a f i n i t e  number o f  r eg ions -  and 

i t  is assumed t h a t  n e u t r o n s  a r e  produced u n i f o r m l y  and i s o t r o p i c a l l y  

i n  one o f  t h e s e  r e g i o n s .  The problem is  t h e n  t o  d e t e r m i n e  t h e  p r o b a b i l i t y  

-- .% I + - v l n 3 ~ - , - 7 - ~  .x%ke t h e i r  next  c o l l i s i o n  In t h e  s o u r c e  r e g i o n  o r  one 

LT 
- s ~ ~ ~ n  ;a Yhe first c o h l d s i o n  p r o b a b i l i t y  matrices P? . 

1 J  

ne whcie geometry  o f  t h e  problem a r e  t h o s e  o f  C a s l v i k ,  

-ri ."i.n! - - ?  .J 3-:r c y l i n d e r  h a s  been t a k e n  f o r  t h i s  c a l c u l a t i  on t o  

La.? , - -:' " ! t - i e l  c e l l ,  

Z; : i s  t h e  o p t i c a l  na th  i n  zone  F 

Z. : t h e  o p t i c a l  p a t h  i n  zone j 
J 

T : t h e  o p t i c a l  p a t h  between zone i and zone j 

-9: t h e  opti.ca.1 p a t h  th rough  t h e  i n t e r i o r .  

P 

-. 

w I ,  Carlvik,  A itIs"sood fosr C a l c u l a t i ~ c  C o l l i s i o n  P r o b a b i l i t i e s  i n  

General C y l i n d f i c a l  Geometry e t c  ,Iu' A/GONF. 28  P/681 



C o l l i s i o n  p r o b a b i l i t i e s  P f o r  each energy g ~ o u p  are  computed 

t h r o u g h  t h e  u s e  of t h e  above e q u a t i o n s ,  

IE- 8. SUBRBUTENE TRANS 

T h i s  is called from t h e  M A I N  program t o  s o l v e  the m u l t i g r o u p  

t r a n s p o r t  e q u a t i o n  and  s e t u r n s  to MAIN. 

The s e t  of e q u a t i o n s  used t o  d e s c r i b e  t h e  t r a n s p o r t  problem is Lo 

t h e  w e l l  known mul t i -g roup  i n t e g r a l  form, t h e  two b a s i c  a e s u r n p t i o n s  

made are 

- flat f l u x  and s o u r c e  as computed by e q u a k i a n  (2.81 

- i s o t r o p y  of s c a t t e r i n g  a s  i n d i c a t e d  in e q u a t i o n  (2.9) 

R e a c t i o n  r a t e s  i n  t h e  Jth r e g i o n  ( J - 1,. . . .N) are t h e n  d e s c r i b e d  by;  

Eq . ( 2 , 7 )  i s  s o l v e d  a s  u s u a l  by r ep lacement  of %he one e i ~ e n v a l u e  

problem (2.7)  by G i n  homsgeneous problems w h i c h  c o n t i n u e  t o  be c o u p l e d  

by a n  au te r  i t e r a t i o n  made, T h i s  is done by s p l i t t , i n t ;  from t i l c  u o u r c o  

(2.8) l-ilc scattering nate  be1on~ ; ing  g r o u p  g .  



'I'he irg 'r~omoi~;enous l i n e a r  sys t e ixs  a re  solved by rrnji,r-ix i n v e r s i - o n  

r a t h e r  t l ~ : ~ ?  by i n ~ e l .  i t e r a t i o n s  f o r  t h e  f l u x e s ,  

llppro:tim3.tion ( 2 . 9 )  however, i~ more s e r i o u s  a n d  a c o n s i s t a n t  1' 
I 

r r y i ? s m t n  Lion c o u l d  be wor thv~ l i i l e .  Instead o f  t h i s  however, on1.y 

I- - :% ' *7 , - *  r.~-;:-ort c o r f e c  t i o n  or" t h e  d i a g o n a l  e 1 c:i :~fi ts  o f  t h e  s c a t l . e r i n g  

Uiiere 21 is t h e  a b s o r p t i o n  and 2, is t l l i i  s c s t i . e c in f ;  c r o s s  si?c t i o n .  

131 rLh( \ r ,  i i r e f e r a l ~ l c  data f o r  diffus3.on ca'l.eulation:; a r e  f l ;enera ted  

3.n w 1 l i c h  t!ic 1r:hole a n i s ~ t r 0 ~ y   ha,^ t o  be repi*r>,.;cni;ecl l ~ y  t h c  d i f  f"usi-on 

le c o n s t ~ n ~ ~ t .  i)i f f u s i o n  c o n s i . a n t  i s  c a l c u l a t e d  u s i  ill: ! , e n ~ i : ; l - ~  8 formu1 a 

2nd (;?,I.?) t l l i i  r e a l i t y  i i s  ;ippr.oxl'i.!antc?d a'i, I .cusL on t h e  l e v e l  o f  r l i f  fus iou!  



I\:;ouiqing tllrxt t h e  Clux , IiPTII (Iid,IR) 1 , t h e  t o t s 1  l o s s e s  :md 

p r n t i u c  Lions a r c  c n l c u l n t c d  f o r  t h e  c e l l  cons idc?red  

XILOSS = L9- ~ ~ ( I E , I R )  x VQL (IR) I 
ran re:f 

b ~ u  I t i j l l - i-c:  Lien f a c t o r y  b i s  t h e n  ; 

l:T<ACT' XPROD / XT,OSS 

i)r 

Usin( :  t i le va lue  of k w ,  $/ 1.;- is c o n i p ~ ~ t c d  i.n or t ie r  t o  find 

t h e  ~!!:datc.d s o u r c e  term on t he  r i g h t  hand  s i d e  of  equat - ion .  

I f  tllel-e i s   noder rat or in region 11:s anti  no i~ iodc?ra to r  i l l  r e g i o n  IT?S 

l i  ,, ~ n c :  1.c i^-L iiand s i -de and  rit:i.~ t hand :;i.de o f  c:clua t ion can  be 

convc:r Led ill1 t o  matrix for12 

~ 1 , c  sul,pou tille ibii\TIr:IV i:; c a l l e d  to :;o'l.vo t;;lc ma t r i . x  equntian. 



Usin?; tllose f Luxes, t h e  new l o s s e s  and procducti-or, r a t e s  a r e  

c a l c  11 Ln t ed ,  

VLIH = VOI, (4R) 

RFTIlX = ( R P I I I  ( IE, TI?)  -hTX( IR) . V (  LIR) (Plevi f l u x - o l d  flux) V O I ~ (  IR) 

Gal -cu ln t e s  t h e  new r e a g  t i v i t y  u s i n g  t h e s e  v a l u e s  

P u t t i n g  t h e s e  v a l u e s  in t o  eq( 2.10) t h e  saine f iroaedure i s  r e p e a t e d  f o r  

o t h e r  jl;roups. 'i'ile mu l t i t ; roup  t r a n s p o r t  cclual ioi l  (2,$f) j i; s o l v c d  f o r  crich 

cnt?r,?y g r o u p ,  t tlore f o r e  t h e  above proce(3ure i s  r r tpea t,ed f o r  a1 1. energy 

il;;roups i r i  e,zch outel .  i ' c c r ~ a t i o n ,  1 t e r a  ti on:; a r c  c o n l i r ~ u e d  u n t i l  t h e  

conver[;ence c r i t e r i  on kz' '- k?, 7 is s a t i s f i e d  i n  t h o  11lAlN 

1- T-e l 
program. 

A t  t h e  end  o f  i;llis subrout i .ne ,  a v e r a g e  d i f f u s i o n  c o e f f i c i e n t  i s  

c a l c u l _ a t e d  f o r  each  e n e r g y  g r o u p  Es ( 2.12) 

F i n a l l y  a re turSn i s  made t o  t he  MAIN prograw. 



l L s t  of  symbol used i n  t h i s  s u b r o u t i n e :  

JN : 'lime s t e p  

VLIR = V O L (  I R )  : The volume 0%' t h e  r e g i o n  IR 

XPROD : Produe t ion  r a t e  f o r  all energy g roups  a n d  r e g i o n s  i n  

t h e  c e l l  

KLUSS : T o t a l  losses  o r  a b s o r p t i o n  r a t e  far  a l l  g r o u p s  and 

r e g i o n s  i n  t h e  c e l l .  

RPIIE ( I h : , I R ) :  Uenotes t h e  f l u x  fo r  group I E  snd r e g i o n  bR 

Y ' t i l C '  ( I I * : , I R )  : Macroscopic n u s  fission c r o s s  s e e t i o n  f o r  g roup  LE 

and r e g i o n  I R  [u  zf ( IE ,  L R J ]  

S l G U  ( IE, IR)  : Macroscopjc absorpc ion  c r o s s  s e c t i o n  f o r  g ~ s u p  1% 

and r e g i o n  IB  

TRIX = u z  f ( L E ,  I R )  . VLIR 
426 

SUMTRI ( I R )  = 2 u t f  ( IL., I R ] .  VLIR -- 1c.l 

REAC T : Denotes t h e  r e a c t i v i t y  ( k  m )  

112s and I R :  Region i n d i c e s  

IE and 1ES:  Energy indices 

ASC - SIGS ( I E S ,  1 ~ , 1 Z )  : The macrosrrapic t r a n s f e r  c r o s s  s e c t i o n  of '  

modaratos i s o t o p e  from g r o u p  I E S  t o  g r o u p  XE 

I' lKHS = B (33, IRS, PE) : C o l l i s i o n  p r o b a b i l i t y  f o r  g roup  IE 

C ( L R S ,  IR) : Denotes t h e  ma t r ix  on t h e  l e f t  hand side of 

mul t i -group t r a n s p o r t e q u a t i o n  ( 2, LO 9 

B ( IRS) : Denotes t h e  ma t r ix  on t h e  r i g h t  hand s i d e  o f  eq a 1 0 )  

S I G D  ( EE, I??) : (Mact-oseopic t r ans fe r  cross-sect i -on of modesa t o r  

from group  TE t o  I E 6  fisc~:.o~copi.c i n  scat ter  c r o s s  

s e c t i o n  of o t h e r  i s o i o p o %  Tor R r O U p  11;) i n  r e g i o n  12 

I TE R I  : I t e r a t i ~ a  i n d e x  

COWI<PC = I Convergenee C r i t e r i o n .  

UIF (IX) : Aver-age d i f f u s i o n  c o e f f i c i e n t  f o r  g roup  I E .  



11- 9. SUBROUTINE MATIRV 

MATINV is called from t h e  sub rou t ine  TRANS t o  solve t h e  matrix 

e q u a t i o n  u s i n g  t h e  matrix i n v e r s i o n  w i t h  accompanying s o l u t i o n  o f  

l i n e a r  e q u a t i o n s .  

Mul t ig roup  t r a n s p o r t  equa t ion  f o r  each r e g i o n  was t r a n s f o r m e d  t o  

t h e  m a t r i x  form by t h e  s u b r o u t i n e  TRANS 

3 

T h a t  is [c] 7' = B j 

Recall. t h a t  

j = I , .  . r e  *N20 

f ' t  g 
The t r a n s p o r t  e q u a t i o n  is sol-ved f o r  each e n e r g y  y;roup o v e r  a l l  

r e g i o n s  i n  t h c  cell, So t h a t  t h e  s u b r o u t i n e  N A T I N V  i s  referenced 

from TIUNS f o r  e a c h  ene rgy  group.  

' i ' 1 1 ~  :;ubrout,ine CIATINV i n v e r  L e s  t h e  m r i t r i  x e c u a t i  on and f i n d s  

t h e  f l u x e s  for each r e g i o n  i.n t i le c e l l ,  t h e n  rt-i;ur?ns to t h e  TRANS 

n t o  r e p e a t  t h e  same ~ l r o c e d u r e  for  t h e  n e x t  e n e r g y  [;i-i7~11~. lhj .6 p r o c e s s  

i s  c o n t i n u e d  un t i 1  t h e  er,ergy p o u p  i s  exceed N26 (45) . 

I,....:; t o f  s y ~ n l ~ o l  used i n  this :11-0i:'ra?!1 :: -- 
ASP= @, tile first terra of t h e  inn.tri.:: ecluatri.on 

.L 

i i s r ~  b?,. the r i e h t  hand  s i d e  o f  t h e  m:l-tris equn!.i.on 
-1. 

ILrMAX- H Z 0  number of r e g i o n s  



Dli:P171N is r e f e r e n c e d  Prom t h e  MAIN t o  p r i n t  t h e  o u t p u t s  and 

c u l c u l t ~ t e  t h e  weil:;llts of heavy m e t a l s ,  macro g r o u p  f l u x e s ,  f r a c t i o n a l  

abso rp t i  o n s  and p r o d u c t i o n s ,  A l so ,  if, n s ~ m a l i z e &  itlie f l u x e s  t o  a f:i ven  

i n i t i a l  powcr l c v e l .  

First. i. t e n s  .in t h e  o u t p u t  t o  be p r i n t e d  a r c  Chc: L i m p  s t e p ;  

reac  t i  vi. by arid a tomic  d e n s i t i e s  eo r respond in i~ ; to  b e  p r p s t ? n t  t i n @  s t e p  

f o r  all i s o t o p e s .  'Phen tlir l e i i : h t s  of  11eav.y m e t a l s  (\nhl.rnms) [i..e f u e l  

and lumped a b s o r b e r  i s o t o p e s ]  a r c  computed a s  f o l  lorrs  ; 

F o r  f u e l  i s o t o p e s ,  

GM ( I ,  1 1 2 )  - N (TI, IR) . VOL( IR) . ANT( TJ)/o.Gi)247 ,, 1e15, .N20 
NZO 

i;S ( L) = N( L,  IR) . VOTJ IT?) . A\hrT( L ) / i 1 . 6 8 2 4 7  (2 -159  
rn: 1 

pr FUEL 

F!JFL = 54 G S ( L )  w h i c h  is t h e  t o t a l .  we igh t  o f  f u c i  i s o t o y ) ~ s  
L:{ 

i l l  a1 l r e g i o t i s .  

:Vi~eu.t?, N (L ,TR)  Lh nuiilbc?r d e n s i t y  o f  is01 opr. id for. T R  t11 rcp;i on 

( i  n :;:-,,il r i rd)  , V01, ( Iti) : Volume of the  I R  t;h r e g i o n .  

AWT ( i,) : ',T':~ct a tomic  lveight o f  t h e  i s o t o p e  L 

0.60247 : Avagadro number &A szilarda, 

F o r  lumped a b s o r b e r s  : 

All o f  t h e  above r l \ \ a n t i t i c s  ar=c p~' i11ted i n  t,'iic o ~ ~ t l ? u t ,  n f t r : r  t ' , e s a  



On t h e  o t h e r  band, t o  n o r m a l i z e  t h e  f l u x e s  and t o  calculate the 

local  form f a c t o r  fo l lo iv ing  c a l c u l a t i o n s  are  made in t h e a q r r o n c e  shotvn, 

First, UENOM is g i v e n  by 

Where t h e  s m ~ ! l a t i o n s  a re  o v e r  a l l  energy g r o u p s ,  overal.1 r e g i o n s  
\ 

a n d  f u e l  i s o t o p e s  and r e c a l l  t h a t  SSP is  e q u a l t o  1 exeapt f o r  t h e  

burn-up s t ~ p e r c e l l  u a l c u l a t i o n s .  F o r  burn-up supercell c a l c u l a t i o n ;  

SSP= DKNN( TE, IF? )/ ( l i RL,PHA, UENN ( IE , 1R) - 1) 
Then t h e  r ~ o r m a l i z a t i o n  factor i.8 found by u s i n g  t .he uENOM 

WNC = FIWATT. POWER. ~ O - ~ ~ / I I E N O M  

\Vherc b'IilllhT?' i s  g i v e n  i n  MAIN as  l / g r  3.125. 10" 

POWER is t h e  integ~al power pe r  em i n  v $ & t E ~ ,  i , e  power g e n e r a t i o n  

p e r  u n i t  l e n g h t  o f  f ue l  e lement . ,  i t  is  most commonly used  when t h e  

fue l .  el-ernents are c y l i n d r i c a l  r o & s , u n i t s  al-ekn waL t /cm, 

I - R e c a l l  tha t ,  n o r m a l i z a t i o n  f a c  toor= , . Pcswer(l1;n t t ) ....- 
F i s s i o n  rate 

3'hcn a l l  o f  t he  f l u x e s  are norma l i zed  with this n o r m a l i z n i i o n  

f a c t o r ;  

PiPIlI f l l3,l_l{ = FU16C . R P H I  ( IP: ,  IR) 

IIot~rever Co calculate the l o c a l  form f a c t o r  l<'(Ifi); Lflc fission r a t e  

of t h e  t u e l  isotopes ove r  a l l  e n e r g y  groups. i n  r e g i o n  .iR a n d  t h e  

average f i a ~ i o n  r a t e  for t h e  c e l l  are co~:i~lc~teti  i 1 1  tlie f o l l o w i n g  vjag 



And t h e n  l o c a l  form f a c t o r  i s  g i v e n  by  

F ( 1 ~ )  = ~i IR: ( L e e ,  f i s s i o n  r a t e  Flh r eg ion  ZR/avarage f i s s i o n  
AAA 

r a t e  i n  the  c e l l )  

The program a l s o  c a l c u l . a t e s  t h e  macro g r o u p  f l u x a s ,  t h o s e  are 

f a s t  and t h e r m a l  group f l uxes .  
1s 

1 I, 5 2 RPIIT(1E I R )  I R =  1, ;. .h2O (2.1911 

Which i-s t h e  t o t a l  f as t  group f l u x  f o r  each reg ion ,  aridJ 

Which is t h e  t o t a l  thermal  g roup  f l u x  f o r  each ~ e g i o n .  311e r e s u l t s  . 

a r e  p r i n t e d  i n  t h e  ou tpu t  i f  t h e  o p t i a n  NI1REN 1 -- O l ~ o l d s ,  However, recal l  

-that if N r l l I N  3 = Oglf .5  group  f l u x e s  are  p r i n t e d  and if id~:iIm+ 8 

2 group Yluxes are p r i n t e d .  In t h e  f i n a l  section ot' t h e  program, 

f r a c t i o n a l  absorption& and p rodue t ions  are eojaputed a s  follows; 

Total a b s o r i t i o n s  and ~ r o d u e t i o n s  in t h e  c e l l  are ca lcu l . a ted  ;;lo 

S e 4 I  .E:f 
'l'otal. a b s o r p t i o n s  and  productio-ns f o r  f a s t  and thermal  energy  

groups in t h e  s e l l  a re  c a l c u l a t e d  88; 
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T , i ~ t  o f  11ymk)o1~ used  i n  t h i s  program: 

L : i s o t o p e  i n d e x  L= 1, .. ,NLR 

TG E : t o t a l  volume f o r  t h e  c e l l  

N24 = W 2 j i 1  = 1 5 4 1  = 16 

NPRIN 1 : P r i n t  i n d e x  ( o u t p u t  c o n t r o l  p a r a m e t e r )  

s p e c i f i e d  i n  INPUT # 

NLR : Number of  i s o t o p e s  

NFVEI, : number o f  fael  i s o t o p e s  

JW : number o f  t ime s t e p s  

RRAC T : r e a c t i v i t y  f o r  t h e  c e l l  c o n s i d e r e d  

IIEN (L , IR) :  a tomic  d e n s i t y  of  t h e  L th  i s o t o p e  f o r  r e g i o n  I R  

MOGL <L (MOGLP : r e p r e s e n t s  t h e  lumped a b s o r b e r s  

J R  : r e g i o n  i n d e x  I R = l , .  , ,N20 

1 E : g r o u p  i n d e x  IE= 1, ,. ,If26 (45 )  

SSP : s e l f  s h i e l d i n g  f a c t o r  

/ F (PI?) . : l o c a l  form f a c t o r  f o r  r e g i o n  I R  

HPI-11 ( I E ,  I P )  : f l u x  A ~ r .  g r o u p  I E  and r e g i o n  IR 

PITI( 1 , I R )  : far; t group f l u x  f o r  r e g i o n  IR 

PEII(2,IR) : t h e r m a l  g r o u p  flux f o r  r e g i o n  IR 

AWT (L)  : a tomic  we igh t  o f  i s o t o p e  L 

N P R I N  3 : p r i n t  i n d e x  

A I S U  1.1 : T o t a l  a b s o r p t i o n  r a t e  ove r  al-1 r e g i o n s  a n d  g r o u p s  i n  

t h e  c e l l  

PRSUPl : t o t a l  p r o d u c t i o n  r a t e  ove r  a l l  ret ; ions and g r o u p s  

i n  t h e  c e l l .  

813 1 : t o t a l  a b s o r p t i o n  r a t e  ove r  all r e g i o n s  2nd ovpr  a l l  

fast gPotip> in. the c e l l  11:- L ,  r e  e el? 

A13 ? : t o t a l  absorp-kiorz r a t e  ove r  a l l  regions rlntl over a11 

t h e r m a l  ene rgy  g r o u p i l l  t h e  cell. 



PR 1 : t o t a l  p r o d u c t i o n  r a t e  o v e r  a l l  f a s t  energy croup.5 

PR 2 : t o t a l  p r o d u c t i o n  r a t e  o v e r  a l l  r e p i o n s  and t h c r m a l  

energy groups,  

A13 I = RT31/AFSUPI : f r a c t i o n a l  a b s o r ~ t i o n  r a t e  o f  i s o t o p e  L 

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

8 1 7  = AIEJAI~SUM : F r a c t i o n a l  a b s o r p t i o n  of i s o t o p e  L f o r  t h e r m a l  

ener t :y  g r o u p s  i n  t h e  c e l l  

PR 1 = PII1/PRSUFI : f r a c t i o n a l  p r o d u c t i o n  r a t c  o f  i s o t o p e  I; f o r  f a s t  

encr[:y { ~ r o u s i n  t he  ~ e 1 . J . ~  

I'm 2 = l'RZ/I'RSUDI : f r a c t , i o n a l  p r o d u c t i o n  r a t e  o f  i s o t d p c  I, for. 

t h e r m a l  ene rgy  g r o u p i n  t h e  c e l l  

ART= A131 i AF2 : F r a c t i o n a l  a b s o r p t i o n  f o r  f a s t  t:rnup ; f r a c t i o n a l  

a b s o r p t i o n  f o r  t i ~ c r ~ ~ a l  g roup ,  f o r  i s o t o p e  T i  i n  

t h e  c e l l .  



IT- 11. SUBROUTINE T3URI\$IIP 

Burnup is  r e f e r e n c e d  f o r  each  t ime s t e p  from t h e  M A I N  i n  o r d e r  t o  

so l -vs  t h e  sys t em of  burnup e q u a t i o n s  and  t o  f i n d  t h e  number d e n s i t i e s  

depcndini: on t h e  t ime s t o p  f o r  a l l  i s o t o b e s  i n v o l v e d  -in t h e  c e l l .  

Liurnup e q u a t i o n s  d e s c r i b e  c h a n g e s  i n  t h e  i s o t o p i c  c o n c e n t r a t i o n s  

w i t h  t i rae  a t  a p o i n t  o r  a r e g i o n  i n  t h e  rectc t o r  c o r e ,  'Ybe p o i n t  o r  

rey: ion i s  a u n i t  o f  vol.utne which i.s e i t h e r  I ro l i~o l ; i i~~ous  i.n c o m p o e i t i o n  

o r  has bcen p r o p c r l y  homogenized by volutne and  f l u x  ivei.ghti.ng. 

Dur ing  t h e  o p e r a t i o n  o f  a  r e a c t o r ,  t h e  f i s s i l e  n u c l i d e s  a r e  consumed 

by f i s s i o n  and  abou t  two hundred d i f f e r e n t  i s o t o n e s  e x i s t  i n  t h e  c o r e  

a f t e r  a su f f i c i - o n  t . 1 ~  long  p e r i o d  of t ime.  Sotlie n u c l c i  a r e  d i p e e t  r i s s i o n  

p roc luc t s  and ~ ' C h e r ~  are formed th rough  r a d i o a c t i v e  ilecny* A num1)cr  o f  

n e u t r o n  c a g t u r e  , c o n s e q u e n t l y  t h e y  have a s i - s n i f i c a n t  i n f  Luence on t h e  

n e u t r o n  economy o f  tlhc syskem, rUr thermorc  , t h e  c o n v e r s i o n  o f  f e r t i l e  

n u c l ~ ;  i n t o  f i s s i l c  n u c l e i  has o f  cou r se ,  a n  i rnpor tnnt  e f f e c t  on 

r e a c t o r  l i f e  t i m e  and c o n t r o l ,  I n  a d d i t i o n ,  r a d i o a c t i v e  c a p t u r e  o f  

n e u t r o n s  by bo th  E i s s i l e  and f e r t i l e  s n e c i e s  'leads t o  the f o r r i ~ a t i o n  

o f  s u c h  nucle; as Uranium-256, plu toiiiurn-2!+0, Ur i~ri?ia-;lj;Q, ;ind so on. 

Tlicse c a n  a l s o  c a p t u ~ e  n e u t r o n s  o r  sq f f e l -  b e t a  d e c a y  o r  b o t h  s o  t l lnc  

m:my new i ~ e a v y  isotopes, i ,e  , i s o t o p e s  of  Tl ior ium, P r o t  a c t i n i u m ,  U r a n i u m ,  

Neptuniuri:, PZuLoniurn, e t c .  are p y e s e n t  i n  tile f ~ e l  af terv a p e r i o d  

l-eac t o r  c!pcrnLi on,  

Cross s e c t i o n  1 - i b r a r i c s  p e r t i n e n t  t o  t h e  i s o t o p i c  c h a i n s  i -nvolved  

a r c  ncetlaci f o r  burnup cal-c?l . la t ions.  For 'iiri: c,,ke o f  c o n v e n i c n c c  t i l e  

a v o i d a n c e  0.f several pseudo fission p r o d u c t s  i ~ i i t h  d i f f e r e n t  s n t u l - a t i o n  

1~ejlnv-jouu.s was co l l s i de rcd  t o  be d e s j  r a b l e .  iilihile Lllc number o f  heavy  

m e t a l r  is fj.xed in some rileastire b;y ~ , I I P  a p p l i c i - f i t i o n s  p l , ~ n n e d ,  the nvi~lbex. 

o f  f i s s i o n  pu.ociuets has t o  b~ oplimia,[>d, uo t h a t  i t  i.c; ae r;rr~all as 

p o s s i b l e  allowiAng at sacie t ime f o r  a ,p;00d burnu%? c t t l c u l . a t i o n .  



Morevor, the  sLrueture o f  the c l i a i n s  s r iou ld  be silnp-LC. h ' i i :  @5) 

S ~ ~ O L V S  t h o  hensry ~ne t a l  c l ~ a i n s .  I h e  six irli>ort,:-nt iso t o p c s  a re  equipped 

w i t h  a n o n - r ; n t u r ; ~ t i n g  l?soudo f i s s i o n  p ~ o t i u c t  r e ~ ~ r ~ s e n t i n p ;  tile low 

aross see I ion absorbers, 

NSFP : Non saturating f i s s i o n  product 

1 3  r; 'u re (IT-5) : i i eavy m e t a l  c l l a ins  

' l ' i lo tist; .umy l ; i~a i nvo lved .  ifl niibr.evir.:i :'LII~.; t ile c 11a.i.;-1s ar.i. l;?ic: f n  1.1 ov::ing : 



2.  LOMI y i e l d  n u c l i d c s  ( yield, 6 I.%) 1.v i Lhou t s t - rong  fission 

produc t  parc2nts a r c  on l i t l ed  even if t l i e i r  a h s o r p t i o n  cross sect;-ons 

a r c  high 

3. u n s t a b l . ~  nuclides of  a s u i f i c i e n t  l i fe t inme a r e  taken i n t o  

a c c o u n t ,  even i f  t h e i r  a b s o r p t i o n  is  small,  ~1iitl.t r egard  t o  burn-up  

e f f e c t s  caused by power c y c l i n g .  

'Vl~ia s p e c i a l  c h o i c e  of  figsion p r o d u c t s  f a c i L i L a t e s  t h e  s s l u t i o n  

of t h e  sys t em o f  bum-up  e q u a t i o n s ;  

N t t )  = N $ ( t )  ... .. . N n f ( t ) ,  N n f  i i t )  , . a  e . .  0 .  .N (t) i 
Where, 

d 

x1 : number o f  burnable  n u c l ~ % c  

1 U P  : number of f i s s i o n  pr-oduct 

T : t i - anspos i  t i o n  symbol  

C; : D e p z e t i o n  mat r ix  

G being of  l o w e r  t r i a n g u l a r  form h a s  been brougllt to a 

more d iagona l  shape ,  by e l /~ tn ina t i l zg  t h e  nf, XI!, blocli  o f  u l e l n c n t s  

which coupLes the f i s s i ~ n  p r o a u e t s  w i t h  t h e  Eissionabl-c n u c l e i .  ~ ~ l i m i n a -  

t i o n  c a n  be  jicrLf'or111ed by assuming "iile f l s c io i z  i r o d u c t s  n o t  t o  o r i g h n a t e  

c o n t i t l u o u s l y  frora t h e  f i s s i o n a b l e  nuclei but from an ex i e r n a l  source 

term or t h e  i'orra: 



Where 

yisk: y i e l d  of f i s s i o n  p r o d u c t  k from f i s s i l e  i s o t o p - i  

Gm 43 : number o f  e n e r g y  g r o u p s  

t-te : l enght  of t ime step 

I' 
i : specif-i.c n e u t r o n  p r o d u c t i o n  r a t e  p e r  i s s t o p e  L 

This approximat ian is j u s t i f i e d  by t h e  1 ~ 4 ~  sha re  of f i s s i o n  

p r o d u c t s  i n  t h e  t o t a l  n e u t r o n  abso rp t i on  balance.  Moreover the time step 

l e n g h t  t - t o ,  is l i m i t e d  by t h e  basic assumpt ion that t h e  r e g i o n a l  f l u x  

i n  eq , ( 2  2 2 )  i s  c o n s t a n t .  Eq (2,2i) h o l d s  fajr every ~ p a t i a l  r e g i o n  

s e p e r a t e l y .  

Approximation (2.22) t u r n s  t h e  h s n s ~ e n e o u s  sys t en  (2,21) i n t o  a n  

inhomogeneous en@ b u t  t h e  new dep l . e t i on  matrix has o n l y  t h r e e  g e n e r a l l y  

non-van i sh ing  ~ u c c e s s i v e  e l e m e n t s  p e r  row: 

Under t h e  above c o n s i d e r a t i o n s  d e p l e t i o n  e q u a t i o n s  a t  a r e g i o n  

have  t h e  form: 

Where; 

3 ' i : t h e  nawbea d e n s i t y  (nuc le i / e~ f t  ) of t h e  i s o t o p e  i 

, , : decay  c o n s t a n t  f o r  t h e  i s o t o p e  i. and i-1 

8% : average,  power-narrna~i ze3 f l u x  f o r  e n e r g y  g r o u p  g 

G[, , 2 { 2  : ~ ~ p t u r e  c r o s s  i i ~ ~ t i . ~ i l ; i  fcr enTr3[;y g(.oIIp g a n d  

. I  , \ 
isotopes (i-1) , (1-2) 

r - 2  
b' Q L  : a b s o r p t i o n  c ~ o c s  see t i o n  f o r  g r o u p  g and  i s o t o p e  i 

G .: 45 : number of ene rgy  g r o u p s ,  



Then t h e  e l e m e n t s  0% t h e  d e p l e t i o n  m a t r i x  C becomes : 

1 

coupling indie& t a r s  ,actual value due 
t o  chain structure 

In t h f l  e 3 s e  o f  a p s e u d o  f ' i s s ion  p r o d u c t  the co lap lc tc  row uai~is l . ier ;  

i;y c > q u t l t i o n s  ( 2 . 2 2 )  and (2.23) t h e  s o l u t i o i ?  o f  e r lua t  i o n  ('-'.;'1) 

has been s i m p l i  f i e d ,  thci t  i n d e x  c a l c u l n t  i ol-ts be,-ome unncces : ;a ry  2 n d  t h e  

I - e c u r r e n c e  r c . k x t i o n s  f o r  th i .  c o r f f i c i e l z t s  o f  "LIP s o l v i n ) ;  sum a r c  q u i t e  
1 

s h o r t .  

C I; 
I- I  

1Vdhr:rc j.11 : j.nde:r of the first cll.erneni; i.r! thc cbiaj.11, 

ln ense  o f  pse1:d.o f i s s i o n  ~ , r o d i r c i s  eq k.~ji i?y;ctner;i i ;e~ i n t . 0 :  



The subr-autim-te burnup normal izes  t.11e f luxer ;  and calculates 

a b s o r p t i o n ,  f i s s i s n  and capture  r a t e s  f o r  e a c h  i s o t o p c  i n  a r e g i o n .  

A l s o  t jccay rates are found f o r  t h e  most important n u c T e i ,  Then t h e  

lower t r ian1: 'ular  d e p l e t i o n  m a t r i x  is  e s t - l b l i s h ~ d  and s p l i t  i n t o  a 

nu~n l ) c r  of  iritle pendent fuel and f f  s s i o n  product cha in s .  'The c o e f f i c i e n t  

m a t r i x  01-curin!; i n  equa t i o n @ * 8 q i s  coo!nputcd a n t i  u s i n l ~ :  t h e s e  values 

; c ~ t  n f e u u a t i o n s  of  t h e  f o r m ~ ; % 5 ]  nu.? s o l v e d .  Conscr~uent , ly ,  t h f .  

ri1lmbt.r d r n s i t i e s  f o r  f u e l  and f i s s i o n  p r o d u c t s  a-re o b t a i n e d  f o r  ti le 

p r e s e n t  t ime s t e p .  Then a r e t u r n  i s  made 1.0 t h e  M A I N  jiroyrnm. 



II- 12. STJFROUrPIWl+~ SYNOPS 

sYNOPS is c a l l e d  3 t imes i n d e p e n d e n t l y  from tile M A I N  accurdink: 

t o  the v a l u e  of  t h e  o p t i o n  NSYFT t o  perform t h e  c e l l  ho:iioy,cnization and  

t o  c a l c u l a t e  t h e  mic roscop ic  and wac rosccp ic  broad f;roup c o n s t a n t s .  

'I'l~e rr11Lion I'ISYN h a s  t h r e e  p o s s i b l e  v a l u e s  s p e c i f i e d  in t<;AIN i . c ,  

FTS1N= -1 ,0 ,1  . I f  NSlN i s  e q u a l  t o  1, SYMOYS i s  re fc reneed  from M A I N  

t o  p r i n t  [ ,he  r c s l ~ l  ts o f  burn-up c a l c u l a t i o n s  f o r  each time s t e p .  

W l i c t l  KSYW is cio1~nl t o  0 o r  -1, S\INOPS c a l c u l a t e s  t h o  broad tyroup 

c o n a t ; i n t s  anti v~z- i tes  t h e r n  t o  f i l e  NUY and 1SPI:Efl aviih t h e  h c i p  o f  i t s  

sub-?)l*o!;riims GKUPVF: a n d  GRUPVF. Then t h e  prograln c a l l s  s u b r o u t i n e  G R U E V E  

t o  p n r f o r r n  \,he c e l l  homogeniza t ion  and  c a i c u f a t ~ a  the s e l f  s h i e l d i n g  

f a c t o r s ,  R v a r i e t y  of methods ilave been devel .n~)ed  t o  account for. t h e  

h e t e r o g e n i t y  in a r e a c t o r  l a t t i c e  c e l l .  Such homogeniza t ion  t e c h n i q u e s  

are  used  f o r  c a l c u l a t i n g  t h e  p h y s i c a l  pararnetcrs f o r  7 u n i t  c e l i  t h a t  

may be  d e f i n e d  a.s a s i l ~ g l e  f u e l  r o d  toe;et!ier v i t h  i t s  as r , ac i a t t ?d  c l add ing  

gap and modera to r .  F u e l ,  w a t e r  and s t r u c t ~ i r z l  m a t c r i n l s  are assumed 

t o  be homoy.;enixed oveP t h e  volume of t h e  u n i t  cell, e i id  t h e  c b a r a c l e r i s -  

t.ics o f  the ce l l .  a r e  computed f o r  the homogeneous mi:.:ture. An i m p o r t ? n t  

probleru a s s o c i a t e d  w i t h  hornagenizatj_on i s  t h c  difference ir, flux l e v e l s  

i n  d i f f e l - e n t  t n n t e r i a l s  rsri'i-hi.n the ce.Plcil ,  s t ypLpa l  r ra2r~*-reactor  

].at t i c e  . 'l'he homogenized a r e a  i s  n h n a ? ~  ri-n EL{;;are ( 11-6 ,J . 



When t h e  c e l l  i s  homogenized t h e  e f f e c t i v e  c r o s s  s e c t i o n s  a re  

d e f i n e d  i n  ~ i u c h  a way t h a t  t h e  r e a c t i o n  r a t e s  a r e  p rese rved  ahen 

intel';rai:c(? o v e r  a c e l l ,  Suppose,  f o p  example,  t h a t  (r) r e p r e s e n t s  
2: 

t h e  c r o s s  s e c t i o n  f o r  a g i v e n  r e a c t i - o n  x ,  ; o r  neu trans of. R given 

energy a t  p o s i t i o n  r within the  c e l l ,  9 < r )  j s the computed f l u x  
- *- i n  tllc cr:l l  c a l c u l a k i o n ,  t h e n  t h e  sfr"ecti%re crfic:i scc  t.rsr, V p  , may be 

and Li i r i t  nl~ . ich  would bc i^ounn for the same  laicri rial exposed  to the 

volutne avernged f:lux, t h u s ,  t h e  s h i e l d i n g  f a c t o r ,  5 f o r  a r e a c t i o n  
x 

of t y p e  x can be r e p r e s e n t e d  by, 

I n  Lernls o f  S t h e r e f o r e ,  \$-$ may be w r i t t e n  a s  x 

Hy using t h e  e f f e c t i v e  c r o s s  sections or s h i e l d i n g  f a c t o r s ,  all 

r e a c t i o n  r a t e s  i n  the homogenized c e l l  7111 bo eynal Z,o t h o s e  i n  t h e  

a c t u a l  h e t e r e g e n e o u s  @ e l l ,  

and c a l c u l a t e s  me m : i c r o ~ c ~ ~ i c  broad  group c o i l e t a n t s  f o r  t h e  cell 

u n d e r  c o n s i d e y a t i s n .  After  t h i . s  p l . ~  , $  d u r e  i f 3  comple t ed ,  ayi\u'OPS a l s o  

calls t h e  s u b r , , - ~ t i ~ e  bRUPVB t o  c a l c u l n t e  the macroscop ic  b r o a d  constaxktc 



I f  t h e  burnup f u e l  c e l l  c a l c u l a t i o n  i s  t o  be c o n s i d e r e d  (i .e ISLO=I I 

LYNOPS does  n o t  call. t h e  s u b r o u t i n e  bRUPVL;. jdecause i n  t h i s  c a s e  ~t 

o n l y  p r e p a r e s  t h e  c o e f f i c i e n t s  of  t h e  polylaornial f o r  use  i n  the burn-up 

s u p e r  c e l l  c a l c u l a t i o n  ( i . e ,  PSIL'U = 2 ) .  

P ' i n a l l y ,  t h e  program wr i tes .  t h e  w e i g h t s  of heavy  meta l s  and t h e  

r e a c t i v i t y  t o  f i l e  NU(13) a f t e r  which a r e t u r n  1s made t o  the M A I N  

program, un t h ~  o t h e r  hand,  i f  SYNBPS is cal led  from MAIN w i t h  t h e  

- 
o p t i o n  NSYN - 1, t h e  program p r i n t s  as  t h e  o u t p u t ;  t ime s t e p  (dN1, 

time ( d a y s ) ,  wei.c:hts of  heavy metals (grams) and burn-up( I y n % r ~ / ~ o . U ) .  

1 

L i s t  o f  symbols  u sed  i n  t h i s  program: 

I N  : Tiroe s t e p  

NSYW : C o n t r o l  i n d e x  N S Y N =  -1,0,1 

NXXX : Punch i n d e x  f o r  r e g i o n  dependent d e n s i t i e s  f o r  r ~ s t a r t  

from a c e r t a i n  t ime s t e p  ( N X X X =  0,1) 

I R : Region i n d e x  

N LB : I s o t o p e  i n d e x  

DTCN(L,ZR) : The  a tomic  d e n s i t y  of  t h e  isotopes f o r  region 1 R  

NDOlV : Group c d e n s a t i a n  c o n t r o l  number 

IRSTGP : Maximum tLme ste;? 

1:E AC T : Reactivity 

i : i s o t o p e  i n d e x  

1 X : T N + 1  

NRSrIRT Time s t e p  nun11)er o f  t icr~sl . ty p u n c h ,  



11- 13, SUBROUTINE GRUPVE 

GRIJPVG is c a l l e d  from t h e  s u b r o u t i n e  SYNOPS t o  pe r fo rm t h e  

homogen iza t ion  f o r  t h e  c e l l  under  c o n s i d e r a t i o n .  

I n  this program, two d i f f e r e n t  c a l c u l a t i o n s  a r e  made for- t h e  opt-ion 

ISrl10 e q u a l  t o  and n o t  e q u a l  t o  1,. 

I f  TSTO iz e q u a l  t o  1, ( i . e ,  burn-up f u e l  c e l l  c n l c u l r ~ t i o n ) ,  t h e  r a t i a  

o f  t h e  ave ra , ; e  f u e l  t o  txodera tor  f l u x  ( rg)  and i~omogcnizecl denzi1.y f o r  

t h e  U-235 a r e  cornputcd as o u t l i n e d  below. 

1 

The r a t i o  of  t h e  a v e r a g e  f u e l  t o  inodera tor  f.'lux is  g i v e n  b y ,  

h/ 

Where ; 

k , is tas r e g i o n  i n d e x  

; a v e r a g e  f u e l  f l u x  f o r  g r o u p  g 

, a v e r a g e  modera to r  f l u x  f o r  .-roup F: 

Vrn ; modera to r  volume 

r~ - 
Prl l .  s facr.i;or i.s calci .~lnted.  as. fol.l.ocin; 

s t  t h e  prol';r:im c a l c u l . a t a s  tl!e total a o l u i ~ ~ n  oi' t1.1~ c e l l  , t o t a l  

C I I C Z  v o l ~ ~ ~ n e ,  to2::l f l u x   time^ volume -for t h e  fuel regiprn:; an i i  3verap;e 

flux f o r  t i l e  f u c i  re~;.;ions. 
N 2 a  



I G C  J - 

I'lotr t h ; i t ,  t h e  s ~ ~ l n m a t i o n s  a r c  over a1 l. f11el r ~ ( ~ i . o n s ,  f o r  ISTO=l, 

t h e  v a l u e  of J G C i  v~as found kr, t h e  numl>er of regions i.n t h e  fuel 

zone Ly Lhe s u b r o u t i n e  INPUTR (I(;C1.= MP(1) 

A 1  so, t:?le, p)roib;rarn f o l l o ~ s  tile same procedure f o r  the a 0 ~ 1 ~ r a t o - r  

'Then t11c r a t i o  of  t h e  average fuel t o  r11odcr:itor f!us is j5ivc.n I.)? 

Iil f2,11al scc t . ion of' t h i s  roll  t-ilnc, tllc ! ~ o m o r ~ ; e n i  c-lens-i ty of 

5 t h  :i F;(7 I,opt:: j lJ-2 .:,ST;) o v e r  21.1 fiiel rqq i on:; i:: cc7rll!:\l~cd , 



J l ~ i c t  to t,!?f: low he ter7~1i:eni t y  i t ,  i s  a y:ood appr-o?ciina t i  on t o  clot? o n l y  

two s c  L f - s h i p  1 d i  nt: f a c t o r s  Tor \ ) u r n u p  s l ~ p r r c c l l  cr71~111-7i  i o n ,  

' i ' i ~ ~  i'11cCL cel.1. b ~ i i - c u p  calcu 1 3 1  i o n  ( TS1i'O--1.) pi-e p:~.r.c:; on 1 y t t ~ c t  

coe Si ' i r - i  enl:; of t,i;i-? po! ynoi:?ial., U s i n ~  tlic.8?e cot? f f i c i o n  t i ; ,  t i l e  .soLf 

: ;hr io ld . i t i i :  f . 7 ~  t,or:; a r e  ca.Lci~l: i t i~d i n  i ~ ~ u r n u  [J supcu.cc>l 1 c:!lcu:l.a ILion i'170!n 

l,j:vo i.lj..I'i'ci-kent Sorrilul.;is ; Onii f o r  f u e l  j ? ) ,  otll:?r for ;:loci \Y), : ~ f t , c i r ~ - .  

~ v a t - ~ i > ; ,  ti,:\ :s(l-l.f s/l.L(:l.ilir~c; f a c t , o r s  [ i i S P ) 3  .C'or L.!\(: k i u ~ % \ \ o : )  : ; ~ ~ ~ ~ ~ P I - ~ : ~ . ~ ~ I . !  

calcul ;i i-i.nr :.irac u:;cd i n  !ioi.!o:.;en-i.;:nt-i on na (2:; i > l . i . ~ ? . ! ~ ~ i i r k r - f  &t?f ' , i1 .1 o::r i l i ! ' ;  :;rc I i or!. 

I l l lO . . i l .  I r -c : : l i l  1,:; :,re w p i _ t , i  o,; i r1 t0  f j,lr?. X I J V ( ~ . . ~ )  at the  e n d  o f  t h e  sec t ions  

when '[,ii-i.s i;-0uli.rlc? ii; c o m p l e t e r 1  a i..etr!;-n 1.s 811:i;ir i:o l . i i ~  : ; l i i~~r.o~li . i r~i  ,!<:;\I'NOPS. 



u::;it'i[I: t11j.s t':i(:Lor ~ ~ o ~ ~ ! ~ > ~ ; c r ~ i : . ; a l - , L ~ r ~  i: i i .L- i .  i:l;j~.ie [ < ) I -  l,':le !.l(nt*::l$l fuc:]. 

CC: 1-1 (*;11 < : I I ~  a! , ion a i~t?  C O ~ I  b i-01 :-ill l j e r ( : ( ? l  ] C:-J] c : ~ j ' l  : i j , j  o n e  

. . 
!4:1i1,1 k2i.11 i n!); t l i c  cc)rice~)L f o r  t , l~c 1)11rn-11:) c ; i l  (: ~1:1;1 i, i .c>!~ o f  :I s ~ ~ ; ~ c r c i : L ! . ~  

! IU~!J~!V(>I~, v!i .~~i . !  (1 * n 1 1 1  Lip:! ttlc c :x?x ;~~~ : i i t , ~~  re P?I~I,I<~I~-I:):I:.; t , - t l ) l  (IS S t,11c ~'II(;-I. 

!i.tlr:\l.:; ~ ! c ? ~ . ~ r ? i - t , i i n : :  otl f-1.ux ti.:,le llad to i )o prct-ii;.lr.ecl i~cl 'ort--~ ; i t i : l  Lo be 

I :  1 i 1 .  1 I :  i o n  I I ,  i t  j i l .ok~ 1 I o 1111;(i:(:i: 1 1  1 ; I  i ?  1 (: 

(::.~~(;I~:~:I\,:L::II;:I~ ic,i~!ic:.: ~ ~ n d  ;:;L.c)~;a,!~;<~ { ! e ! ; ~ ; ~ ~ ~ c i s .  

1 1 1  ' t i l e  u c c n i ~ d  s c c  t i o n  or tile i i  i'tiil'\Ji4:, ( 1S1!'O fl) , pt.1-fo t,ril i . i ~ ( ,  ~;c1.1 

! ! o : I I c ) ; : : P : ~ , ~ . . Y ~ ~ ~ ~ ( I I ~  f o r  a 1 1  r ~ ~ s c : ;  ( i . c 7  e i ( . $ .  J ! L  i,!tfe ! J ( J I : ~ ? I I ~ I  ~ ' I I P - 1  ( 7 c 7 1  1 

1 1 L : i 1  ' ' 0  '1) I follow.i.r.i!: !irboceci~.ire 3:; fol . lo~ltcc! j 

f l u x  Lor Llle c e l l ,  avcu.ai;e dcnsit:: ool' a l l  i : ;ol  or,rs lor t t ~ e  (.a 11 2nd 

:;e 1 i' s l i i e l  d-i~?[l: fac oars for t h e  c c 1  l , 

I ( ;C 2 : last r egzon  par t i c i  ;?:I l,ii!b.; in k~omogenizal.ion 



2 VOL ( I X )  
-rz= rcc j 

p , v  
i d r  a uF~NA! IE9 1R) tile s e l f  shielding f ac to r  f o r  a l l  fue  1 pei; ione 

s p e c i f i e d  in LNPUT B 

S S P  DERN( IF:, I R ) \ ( I  s ALPHA, DF:N (IF:, IR)-I 1 (2.572 

f o r  the  n l i c l e ~  mixec l  w i t h  t h e  i"ir;I 

a s  1. ( SSP= 1. for.  21.1 casass except. t11e buri?up su!.c:-cell. c n l c u . ! . n t i a n )  

, " SSP, in t h e  d i v i s o r  o f  t!ie abo;ie q u a c L G r i  is e:li.:al. to I I T : N N ( I E , I R )  fop 

- . .. 
b u r t l u p  supeu-cell.. c a l c u l a t i o n s  w i t h ,  t.5" 1 , , , , ,N26. 



A l l  Df t h e  microscopic contar i t s  are m u l t i p l i e d  by t h e  s e l f  s h i e l d i n g  

factors  as follows; 

For  f a e l  i s o t c p e s :  L= 1, . . ,M FJEL, EE= 1, , , , , , ,N26 

SIGFI ( I R ,  L ) =  SIGPI (IE, L I  .GAM (IE, L )  [ G; (1G.c) ] 
FJsIa ( ( I E ,  L) . GAM( L R ,  L) [ ~5 ( S G . ~ )  TL3' 1 

For a11 i s o t o p e s :  L-- 1, . e , ,P3 FUXL I$ a , ,,. ,N26 

nusrc; (IE, L): A~*STC((  IS ,L)  .GAM(IE,L) [ 6 --, w L)  F T ~ ~ ]  

For I.umped - absorber and  n o n b ~ ~ r l ~ a b l e & g E - i _ i ~ ~ ~ w +  ir,oiierator i s o t o p e s  

TOSK I E ~  L ) =  TOSTG ( I I~ :?L)  * G A N  ( I ]<+ 1,) 1 &;(IE k) TL-" 1 
46 (1, ( , 1 ~ ' 1 , 1 \  

For  I ~ a c d  a b s o r b e r  and non b u r n a b l e  i so tnpc .c i :  --- .---------- --- .-- 
i T-- 

, j u s I G ( I T : ,  1, L) E QUSIG(TC, I L) .GAR (IF:, L) i ~ S , ~ ( L ' ~ ' ~  6; 
I. 

,,,,? ficc tions Ilnrt~o!-:i?!l.ized b y  the ~ p f  above u;iicrot;cirp:i.(: @I-oi-.'. 

se1-f a l l  j-c lii.inr; f ac to r5  a r c  vrj.I;ta:i t o  i i l  a ,,?i!i (82 ) i f tlir case ilncirr 

colzrii~c?.r-a.~;ion j.s i . , r c -ca l* lcu] .a t i~n  of i;he cc>!~ti-ol. su .p t? rc i+ l l  c~?l.c~~l.ntion, 

( i . e ,  t i le o p t i o n  IS'TOZ I { - ) ;  



ifowever, t h e  o1icrosco;)ic b road  g ~ o u p  cross scc t l  oras Tor a l l  

i s o t o p e s  i n  t h e  c e l l  u n d e r  c o n s i d e r a t i o n  are  c o a p u t e d ;  

F-lIIq = I C  PIJ ( IG 1 : n o ,  or" t i l e  h i g h e s t  :;?iall f ~ r o u p  
w i t h i n  broad 

M A X =  TCP( IG) : no, of t he - lov~es t  small i:~.oian tyroup MGR 

@ ~ Q . ~ ~ )  VO, ( 1,) , ssp 
sa,= { A AHiI(IJ)= 9 (IJ] = xr--- 

V O L ( I E )  6. 
x:..- l 

I l  l h - i s  is t h e  average flux for e~icil  g r o l i p  i n  homof(erlized r e g i o a e  f a r  

t h e  c c l l .  

MA# \ 

S N M =  AFGIJ- @ ( I J )  Tota l  : : c e r a ~ e  f l .us  f o r  I G  t h  

: M ~ N  12: M J d  
broad p;e.oup. 

f o r  L , h f d l l ' ~ ~  I, 
M4< 

/@Arc 

V ' I I S = T  r s G J ) *  A [ L .@(mi] 
- bjgr N 

27. &?/N 

M4u' 
f o r  L ~ ? ~ ; ' F U ! ~ : I ,  ( f u e l  isotopes) 

!,uinped. absorbers, rlonbllrnn h l  e i s o t o p c s ,  m 3 t i .  iuo t.opes. 

Usj.j~g tile above cjuani;:iti.es,'il.le progr;vn @t!l.cul.atec t h e  broad  r;roup 

(-orii.,t;.inLs f o r  31-1 i s o t o p e s  in t h e  c e l l ,  



( Lumped a b s o r b e r s ,  n o n l i u r n n h l e  i s o t o p c s ,  mod .lso t r l ! ~ e r )  

V R Y S T  ( T(: , L,) = 

17. ~ / r d  

I,-- ,I,. , . , . . ,N LI: f o ~ .  a l l  i s o t o p c s  

VC l(; 1'1: ( IG , I,) = V:;IG I /SWFI = -LL------- - 
"4Z 

d (17) L 

nlso c a l c u j . a t e d  aye; The mici-oscopic i.i:road [;'roup. in,r;c:!tt.cr cro:;s 

:;ec [ . ions f o r  f ~ z c l  i s o t o p e s ,  

VC)USI(SG, I, I,) .: i l T O S I ( I G ,  I,) =- BAl',Sl.(TG, 1;) " i iOUSI  (-LC,2,  L) 

I 1 1 lie In~cr~os@opj .c  b road  ~.:rou.p i i l - sca i te? .  21nii cut-sc;ati;eix cross sections 



1,ist 0.C s \ m b o l ~  used  i n  t h i s  s u b r o u t i n e  : 

1 R : r e g i o n  index 

PrI = Li 6 

d F I =  3r 
1 

VG I< : t o t a l  volume of t h e  c e l l  

VOI;UM( 111) : tlie volume of t h e  I R  t l i  r e g i o n  

I G C  1 : first r e g i o n  p a r t i c i  e a t i n g  i n  l?o!no,f;enizalion 

LC; (;2 : l a s t  r e g i o n  p a r t i c i p a t i n g  i n  ho:nogcllizaiion 

Til: : group  i n d e x  IF: = I-, . . .. . .1u?6 

RPtTI( IE, IR) : t h e  f l u x  f o r  IE: k:? group,  I R  t h  r e g i o n  

A I G l  ( Ill:) : t h e  homogeni-zed f l u x  ove r  a l l  r e g i o n s  f o r  1E t h  g r o u p  

l)I+:NW( E X ,  IT?} : t h e  s e l f  s h i e l d i n g  f a c t o r  Per  11;: "L g r o u p  a n d  IK t h  r e g i o n  

uENll (1,) : t h e  llomogenized d e n s i t y  o f  tile L th  i - co tope  -in t h e  cell 

I ~ L I ~  L'r : t h e  homogenized d e n s i t y  of  U - 2  55 

G l i M  ( IF,, 1,) : t h e  s e l f  s h i e l d i n g  factor f o r  IE t h  g r o u p  and Lrith i s o t o p e s  

iu k ' U S  L : nuinbes o f  f u e l  i s o t o p e s  

L ) l tb  : r e p r e s e n t s  t h e  lumped absorber, r lonburnable  i s o t o p e s  and 

modera tor  i s o t o p e s  

PiIE ( L  SMLBM : p e p r e s e n t s  the lumped a b s o r b e r  2nd non-burnab le  isotopes 

NG R : nuixber o f  broad group$,  

N I N  PI. IGPU Q P G )  i : r e p r e s e n t s  t h e  boundary o f  r;he b r o a d  g r o u p  I G  
rvnax - zl;iJ ( T G )  

s ~ G F I ( P F , L )  : t h e  m i c ~ o s c o p i c  f i s s i o n  c r o s s  s e c t i o n  o f  t h e  L th  f u e l  

i s o t o p e  f o r  ~ E t h  g ~ ' o i l p ~  ti ines self s h i e l d i n g  f a c t o r  

slsrc ( IF : ,  Id)@ t h e  nr icroseopic v 5 f o r  L t t i  f i le1  i s o t o p e  and  

IE t i1  group, times sel. l' ~1 i i . s l c l i ng  f a c t o r .  [ u r f .  SZ ] 



A E K K  i i p ; , ~ , )  : the mi@roacopic a b s o r p ~ l o r a  c r o s s  s e c t i o n  f o r  IE t h 

group and L t h  i s o t o p e ,  times s e l f  s h i e l t l i n g  f a c t o r  

T O S l G  ( IE, 1,) : " c h e  t n i c roscsp ic  t r a n s p o r t  c r o s s  s e c t i o n  f o r  If;: t h  

G'tcoup and L t  h i s o t o p e ,  t i m e s  s e l f  s h i e l d i n g  f a c t o r  

OTJS JG ( I R ,  1, L) : t h e  mic roscop ic  i n - s c a t t e r  c r o s s  ssc t i o n  f o r  IF, t h  

g roup  and L t h  i s o t o p e ,  times s e l f  s h i e l d i n g  factor 

OUSl(f ( I E , 2 ,  L) : t h e  mic roscop ic  o u t - s c a t t e r  c r o s s  s e c t i o n  for- f E  th 

gsouz, and L zri i so tope ,  tlmt-s se l f  shielding 

l ac  t o r  



CRUP%PB is re fe renced  from t h e  s u b r o u t i n e  SYNOPS t o  c a l c u l a t e  t h e  

mac roscop ic  b road  RFQllp cross s e c t i o n s  and t o  w y j  t e  t h e  homogenlLzed 

~ n i c r o s c a p i c :  broad group c o n ~ t a n t s  t o  I R R E R  f i l e  f o r  use i n  t h e  ERREUS 

c o d e ,  

F i r ' s t l y ,  the ppogram r e a d s  data  from a s i n g l e  card w h i c h  is t h e  

c o n t r o l  card f o r  w ~ i t l . n g  o u t p u t  t h a t  v i i l l  be u sed  For ERERUS i n p u t .  

'Phcn khe mi.cros@opie- and macroscopic broad grou17 transfer c r o s s  

s e c t i o n s  of  t h e  m o d e r i t o r  i s o t o p e s ,  broad ; ; roup diffusion eoef  f i c i e n t s  

artd t h e ,  macroscopic  broad group  c o n s t n n t , ~  ? o r  t!?e c a l l  a r e  computci? 

respec  i i v e l g .  

Mrbi:rosccs!!ic t,rans r e r  cross sec t i o r l  f o r  i!lr;d~rc?tor i s o t o p e  ia 

r -- I ?  J ' S )  = ) I  O U S I G M  [ I  I . ,  t:, ( I E  --,13 I 
- 

1e 
!$!{>ere , Liip f uc Coy G A M I  [r, 1 i.s calculat.ri! in the sil hrou  t i n e  

G KU PVb: . :f oi-* 1 !d 1 , . . . . . . N2 6 IJ 2 l,. . , . .N26 
If i ; ! ~ c ?  o p t i o i i  I S T O  is ec!rlnl to 4-, tl.ic?g-,e I-csult,s nr-o w r i t t e n  i !? ta  

tilo j'.i.].e NU:! (22 ) so as to use? j.n t11 e SLI jicrcel 1. cal.c11 I.,? t : i .o~~. 



MA J 1 l ippcr  l i r i i t  oi. ~ ~ O Q C I  i;yoUp 1~ 

MTN = IC PU ( I G S l  
LOYJBP and uppep i o f  t h c  c g r o u p  IGS 

M A X =  ICP ( T G s )  1 - 

i ) i f  fll:;ion COef ficicntn for broad Krao 13s a r c  c ~ l c l ~ l  c i tpd  j t  t ] l p  same 

r ( IIIF I. ( )/SPUREII.G r Fx 1 1 ~ ~  ( i ~ )  3 XJ, 
re ~'"L-____ --_.- 

MHz 
7 $ ~ I ; I )  
L 

i'd ru/u (3 38) 

\ l  i.,s the d i f f u s i o n  c o e f f i r . i c n t  f o p  bile m:i~crorpoq 1~ 

anti. i.s computed i n  the  sllljrout:jylp DRPRIN. 

M~i!.t.ip:l.yin!; til:? e i c r o s e o n j . c  broad ::r-ou:i cona t : . :n t s  s i i i c !~  lvcrc 

the c t l l ,  !iiac~*oscopic broad rroup c o n ~ t ~ n i s  zro c t ) l  nined as f o  l i o ~ r s  ; 

L N ( i , ~ ~ )  Vo; L I E )  
f i (  I,) = ? 1 .- i L 2 J & c (  

------u~__ ___ - __ _ _ 
I C C Z  
r; 



i: Index d r n o t i n g  the type of cross 5Ectio16: 

!?hen, till? ioacroscopic b r o a i  group crcss sec ii::ns are compll l e d .  

MACROSCOPIC 1601: r) GROU13 FISSION CROSS SICC1'ION; ( 1 ) ; 

NA-JG4 

VSK ( u ; )  = 7 i 1 ,  C ( 1.c L) 
L-- 

L =  f P 

PZAC [?OSCOPII: E 8 O A D  GROUP AF,SOI?13TJO~J G T \ C : I ~ S I . C ~ N ;  2 at ~ ( i  ) ; 
N c  2 



0 i-:Ron;, c: nor; I> xr:wfiar, i;ngss :;!,:I. q-or,f, 2. 1~ ) ; 

I !  ( t i  = ovD.9. ( IC; * I., L(; ) 

On l;ho o t l t e r  ~iand; t1l.c rnicro:;copic bro~-zil !;l-oul~ crns:; : ;cctions for 

a l l  -i.coi,opc?s a r e  ivrfitten into the file IICKEE fcr use j.n !:i?EijiJS cotic.  

L:ecal.:L ti?:.il; this ct.oso-sec t i o r ? ,  library 3.s ger lera ted  1157 ttre s u b r o u  Line 

c.i 1?U l'vI~: . 

!lowcvci-, tile program prints i n  tile o u ~ p ~ t ,  t l ~ e  m i c t ~ o s c o p i c  <ind 

[!lac r o s c o n i c  broad  g roup  c r o s s  s e e  tions, 
1 

If Ihc case under consideration is a su11crce1.2 c a l c u l a t i o n  t l i ~  

prot.;r'am c a L r u 2 a i . r ~  t h e  e f f e c t i v e  cross s e c t i o n s  an? prints l:l~c.rn in 

t ;hc 011 Lpu L, L ~ I P  ccxl_ci~.lai,ion is r;ivcn by, 
-- 

EFG(?1 = DEPT:I( L) ' JABS~( IG 1,) [ G( T,) * ( XG TJ)]  ( & e l k ~ )  

! I (  J : t11e densj. t y  o f  t h e  lumped a b r ; i ~ ~ L : ~ i *  i o o t n ~ ) c s  

P ~ Y  t h c  szme case, tile si l ie ldi izg f a c t o r s  of f;h= burnab1.e p o i s o n s  

and o e i l  f l u x e s  are  p r i n t e d .  

When this program is completed,  a return in made back L O  a\NOPS. 



List of  s y ~ n b o l s  used i n  t t i i ~ ~ ~ g ~ ~ i , :  

NIX : number Of m o d e r a t ~ r  i s o t o p e s  

I E : grolrp i n d e x  I E  = l p  e!\;2G 

IJ : group  index EtT P, X I  6 .  6 .~26 

I G  , IGS 

ulF Z ( I G )  : 

V s I G  ( 3 G )  .. 
r l S  ( L C ; )  : 

' ? ' O S ( I G )  : 

A133 (IG) : 

wUMM( I G ,  1) : 

OUMM( sa ,c : 

broad group Ihladex. LG = 1, . . .IvGR? IGS = 1, . . .HGK 

d i f f u s i o n  c r o s s  section f o r  t h e  broad groupe iti 

macroscopic bsoad group f i s s i o n  cross s e c t i o n  f o r t h e  c e l l  

fnacroscop5c broaa g r o u p  nu.  i i s s i o n  c r o s s  s e c t i o n  f o r  t h e  cell 

macroscopic broad g r o u p  t r a n s p o r t  c r o s s  s e c  izion f'or t h e  c e l l  

trracl-aseopi@ broad g roup  a b s u r p  c i o n  c r o s s  s e c  t i o n  f o r  t h e  c e l l  

macroscopsc broad g ro~xp  ~ n - s c a t  t e r  cross s e c t i o n  f o r  the cell 

macroscopic broad group out-i;-sc:,.i t e r  c r o s s  s e c  t i o n  f o r  the cell 

OyM CTG IGS) :macroscopfe broad group t r g n ~ r e r  c r o s s  section from 16 tlrt 

bread group t o  b ~ o a d  s ~ c u p  !GS 

SRk% (161 : maersscoric removal c m a c  o e c t f o n  f o r  broad croup IG 

G A M I  (;AM ( EE, L) : t h e  s e l f  s h i e l d L n g  f l c  t o r  f o r  IF: 'ch m i c r o  g r o u p  

and 51th i s o t o p e ,  

NGF : number of  broad g r o u p s  

NLI3 : number of  i - s o t o p e s  

NFUI.:P, : number o f  f u e l  i s o t o p e s  

DEN!] ( L )  : repreh;cnts  the  h o r n o g e ~ i i ~ e d  density o f  t he  isotope L. 

V O N M  : t , o t a l  volursc of  t h e  r ~ ~ , i ~ ~ o t r ; ~ . ; ~ i z e d  ~ e g i o i ? ,  

NPUNC : c o l l i ; y ~ l  illdej: foi  21 l ii~!: ille i n p u t  t o  ERE1)US 

. R - 1 : number cf i . s f ) iopcr  t i le rnoricrator i s o t o p e s  

MI E lt6 

UJ?I = 3 1- 



If  burnup fuel c e l l  ca lcu la t i i in  (IS'POZ 1) is  t c  be considered, t h e  

s u b r o u t i n e  GOBES i s  c a l l e d  f ~ o m  t h o  ilAj'!i program cr111g to c a l c u l a t e  

a s e t  of pol y n n m i a l  coef f i c i i i n t s  which  cijr8rel_a tc  t!~o sc!  f s h i e l d i n g  

f a c t o r s  i n  sac11 e n e r g y  group wi th  t h e  T4--235 corazecr;rat ion,  

For  t h i s  purpose  t h e  progpam CO!%S is called frotn the MAIM for 

U-215 i s o t o p e  o n l y ,  

I f  no  Zlurn-up f u e l  ce l l .  c a l c u l s  t i 0 2  ( ZSr:qil ,& i ) i.3 to be c o n s i d c r c d ,  

t h e n  b o t h  COlll l :S and ORDO lare r e f e r e n c e d  Ti3:>ii ti13 biA'T?\l t,or;~ti-ler. T h e  

s u b r o u t i n e  ORDO r e z d s  t h e  hornsy;eni-zed dei:,4 2nd  self shieldins f a c t o r s  

for. a1 1 i s o t o p e s  from f i  l e  h U ' Z  arid t v r . i l e  ? i i r  io fi'Le RUV f o r  u s e  i n  

C OTXS. 

7:he subrouthe C'OBES 2.s eai . led fro:!! .ti.].? I:TATIN for each i.soto1-!r! v~it1ii.n 

t h e  c e l l  s epe r ; l t e l j  ti? cal.euia.te the b ' i i ~ n - . : ) . ~  dopc?ili'tcnce of :;<-,If 

sili.el.c!:i.ng fat toys u s i n g  t h e  teas-I; squares  or tliagonci 1. ~ol;;norni.al 

t e c h n i q u e  , 

li!ie aj)yt,rcpr.i.;~te function for- the l e m  k sciuarrs fi I; if; a ::;i~'ti o f  

W o r  o:,;i,nal poly::omj.tzls tq~hich has the f 01-m, 

x : ttie .i.ntic~penden l; v a r i ~ i b l e  

_-___.- _ -.._._ --.-.---- 

w ) Any po?,:rnc;;ili.al can  ba ~ ~ F - i ; t e n  as a :;urn of or%ho:';o~lr\l ylol:;ilo?ni.;ils 



is d e f i n e d  as,  

Where, 
- 

N : number of obscsvstions 

1 

,Y' l:\n:st lie a:ini.aizrdto ,i-.ter:,ine tile c o e f f i c i c n t u  a, b, c ,  il, e t c  . 
with tl1.o f l ~ r t k i e r  c ~ i t t ? r i o n  that t h e  addition o f  11ig:iler-order t~rms t o  

the ~ O ] . Y E O I % ~ . ~ ~  mji1.3. not e f f e c t  . the eval .uat i .nn c j f  1oy::er-orricr tcr.il$i. 

Sett-ill;: L/ie r l i l r i~ ia t ives  of $ w i t h  rei;l:i-cL t o  ortch oi' 1 1 1 ~ 1  

coo Sf  i . c ients  equal t o  0 yic ' i  rl:: n + l ;;'iniultanco~~r; eol~ati.or!.r,. 

~ ~ R V C  ~lnitl~d a T~\CLOI^ of  ' i  l p  deiroisihator o f  i.aci1 eer-m 

f o r  clarity. 



If Oni. is r ~ s t r i c t e d  t o  ,q 0 t h  dog-xet p o l y n o m i a l ,  t l l n r e  i s  0nl.g 

one c i l f ! f f i c i e n t  a ; a l l  Bf t h e  o t h e r  e o e f f - i - c i e n t s  a r e  s e t  et lual  t o  0 

by d e  Binj. i:ion, The cc?e f ficien t a ,  t h e r e  f o r e  tias the f or!n 

TI' on t l ie  o  t h c r  hand a f i r s t - d e g r e e  p o l \  no>rtinl i s  uncler  

c o n s  i tir>r:lti o n ,  t h e  c o c f f i c i e l l t  b is  n o t  0. I n  ortler- t o  h a v e  independence 

c o n c l u s i o n  t h a t  t he  s u ~ n  i-n this term is 0. 

l e a d s  t,o a v a l u e  for P 

:.;i!.:iiLarl.y, i.f c o n s i d e r  a q u a d r a t i c  Cl~!~c ' t i .on,  t h e  tfi-i.rd t e r m  

of  e q u a t i o n  (?. , l1,5)  must be O ~ v e n  when thc. cocfficic--?111; C i s  n o t  0. 

T h i s  cont ; t inai .n t  l e a d s  t o  a q u a d r a t i c  erluatfion i n  y,, a n d  yx. :'!e i lavr  t h e  

add.i i : ioiial  c o n s t r a i n t ,  however  t h a t  t h e  c o e f f i c i e n l ;  b must be 

s p e c i f i e d  by equation (2.4.3) and  (2,LI.4), t h a t  i s  ec- luat ion \?_.4&) [:illst 

be de.torln%ned sf tr?r a is dc. ter : : i i i~ed (2 , l t3 )  , 'LIILIIS. t,/!c t l l j  ~ ' ( i  i,i.rtfl i n  

equa&&on ( ,%11.1.5) tni.lst a l s o  be 0 ~ e g a r d l e s s  of t h e  v a l u e  o f  t h e  

c o e f f i c i e n t  c . 



L ~ G  c;:trnpol.ation to higher-order paramc. is :;I r a l i ~ ; b  t ~~~~~~~~d. 

O ~ c e  the pnraineLers p ,  k' , h , e c c .  arc de tor ;n inc( l  by t h e  

c o r i s t r a i n t s ;  described above, the coeffic-~ients a, b ,  c ,  e t c .  can be 

determined from the ~ e s u l t i r t p ;  ( n +  l) s i ~ : ~ u l l ; l c ~ c u i ~ s  eouations, *I'he value 
3 

for  t h e  i'i.?.%t c o e f f i c i e n t  a i s  specified c o m p l ~ t e l . y  by rninirnieing X.? 

w i t h  r e s p e c t  t o  a i n  e q u a t i o n  (2eLt3)e The va lue  o f  the  second 

c o e f f i c i e n t  h i s  determined. by minimizing k2 w i t 1 1  r e spec t  t o  b o t h  " and 
b i n  e q u a t i o n s  ( 2  .Lt3 and 2*$4). hubstits ting the vzlue of a i n t o  

e q u a t i o n  (2@44) y i e l d s  a r e s u l t  f o r  b d i r e c t l ~ ,  S i m i l a r l y ,  t h e  va lue  

for. c car? be de tcrtrii.ned from e q u a t i o n  (2.451, ~ i f t e r  s u b s t i t u t i n g  

t h c  values of a and b d o ~ e ~ i l a i n e d  from equaLi 011s (2,115 and 2.44). 

Each succeed ing  e ( ~ u a t i o n  y i e 1 d . s  t h e  value f c r  t h e  n e x t  h i g h e r - o r d e r  , 

coc f f i c i e n t  , 

and 80 011, 



111- E *  INPUT DATA PRXPARATPOEI 

For one-dimensionel  b u r n u p  and  s p e c  t r u a  c a l c u l a t i o n  t h e  f s l l .owing 

f u e l  c e l l  model is  u s e d ,  The f u e l  c e l l  is d f a i d e b  ? n t o  f o u r  zones i n  

o rde r  t o  a e h i v e  a s t r a i g h t  forward one diiner,aic:~:;l t r-eatment of t h e  

whole micro s t r u e  t u r e  . 

7,ONE 1: C o n s i s t s  of f u e l  (U02-ThP) and gas  cap.  radius of t h e  u ) ~  -- 

is e q u a l  t o  t h e  r a d i u s  o f  t h e  c l add ing  ini?o.i- ~ u r f a c e ,  T o t a l  f u e l  

d e n s i t y  : 

Where, 

P Tho2 
: f r a c t i o n  of Tho2 in t o t a l  fue l .  

Th j -6  t o t a l  d e n s i t y  is I-el?uccd. by t h c  f ac to r  of ( L-0,i)15}-7-- t o  
r 
1 

i n c  rude  al:;o t h e  CaE; gap a i ~ d  d i s l t i i ' f ,  ;V~ee 'c  i n t o  Llle fuel 

re,qj.on, r p  bei.ng the r a d i u s  of i i l r -  fuel. j>i.n, 
T c 1. 

bein):' t h e  c l a d 4 3  ng 

i -nne r  r a d i u s ,  b a t h  g i v e n  i n  ern, 

Nevj d p n s i  i i e s  of Tho, and UoZ : 
L 



W I I  ose , 

E 
: f i s s i l e  enr ichment  i n  t h c  Uranium m a t e r i a l  ( %  ) 

MA : atomic inass of  the f i s s i l e  element  

M 13 : atomic mass of I h e  n o n - f i s s i i e  ~ l c t n e n t  

1"18 : atomic mass o f  t h e  oxygen 

a n d ,  s u b s c r i p t  x =  e j  t h e r  U o r  Th 

r i  L f l ~  d i - ~ s i t ~  of each e lement  : 



A f t e r  ]lavin?: found the  drnsities t h e  nunihep d e n s i t i e s  a r e  r o u n d  by; 

\!J t 1 r !  ta €> 

F I  : atomic mass cf t h e  element 

MA V : Avngadro ntzmber 

Y 1: V : O1602252. 10'' Ruclei/mol = (3,602252 n z i l a r d  

ZONE 2 : C o n s i s t s  of e7adding (Zr-lt  ) . The r a d i u s  of  t h i s  zonc is 

e q u a l  t o  c 3 add ing  outs i -de  rad ius .  

7 ' 1 1 ~  nurribe~ c i c n ~ i t i e s  of t h e  elements can k ?  calculated from 

the equation: 

For' I ;hc  st.alcula.t.L~n of" number dena i  tics oP oi; l ler  ?,ones,  see  (1) 



I n  t h i s  ~ L i l d ) ,  f o r  c e l l s  w i th  d i f f e r e n t  m i x t u r e s  o f  UOe - Tho;, 

and ii i f f e r f 3 i ~ t  enri.ch~aerr-t  level^ of the ~-?-55 camponcn t nor.:nn i c e l l  

c a l c t l l a t i  011, 1 )ur~ lup  f u e l  c e l l  and burnl lp  s l l n e r  c c l l  cnlculnti o n s  have 

been ma4e v c i  n;, t h e  computer code C,i,JS, 

11s a r e s u l  t , microscop2c a n d  macroscopic broad g r o u p  c o n s t a n t s ,  

wei il;tlts a f fue  1- eler;lcni.,s, rezc t  i v i t g ,  East and t l i c r r?z l  [Srouy fluxes, 

iiomog:'ci~is;ed (?en:; ities were o b t a i n e d  for t h e  t y n e s  o f  c c l  l s ex:a~iin+d. 

The main o b j e c t i v e  was t o  detei-mine t l ~ c  way in n11ich tl le llurullcr 

d e n s i t i e s  01 irnportallt i so t .opes  and k- chany;e v r i t ! ?  lime s i e ~ i u  f o r  

b o t h  f u e l  2nd s u p e r  c e l l s  dur i lzg  one yea r  burntrp ~ ~ e r i  od. 

'L'ablc (111- 2 , l )  sllovrs t h e  result:; :is an e~,a1711!1e, for '~110,- 110, 
C 

m i x t u r e  rcition:; of  30% - 70% and 4072 =-. 60"; by v c i f i h t .  111 110ti1 

m i x - t u r o s  k&,, i~icr .eases with increasl.rri; elzriclit~ient v ~ h j . l e  t h e  n o r m a l i z e d  

c e l l  f l u x e s  t i cc rense  as e x p e c t e d ,  'i'ilis is l)c@ausc r ie l- lcr  f u e l  would 

sus-1;ni.n a :Lower. f l u x  l c v e l  f o r  t h e  same power. yjroi. iuction. In case o r  

30% UD? - 7 0 %  T I I U ~  mlxt , l~re  1 8 %  w/U s n r . i c h ~ r n t  l e v e l  f o r  tile uO. 2 

c(>mporlen'i; 2:esuLts; i.n Lrk = 1,  ' l 'h is  type  o f  a ccl:l  be-i.np; ? e l l n i . i v e l ~  

r i c h  .i.n T1.1, would have a iiigil convers io l l  r a t i o  and  a hir;h ~-:-?t;e o f  

U-233 ~~rod t :c  t i o n  b u t  cl .bvious iy  a o n l d  havz i11lc:uf f i c i  ent, e x c e s s  

1-eac t ivi.ty for c o n t r o l  purposes and f rom t i l e  point of view of r c r c  

'rab].e ( 113-2 ,2) sl.lo\s~s .t!le ycisu:ii;:; for* 700/o UC)., - ?i!% 'i'tru ori.x-ture , 
I.. 2 

~ ~ . ~ ] r . ! i ~  .tyF:c o f  :, c ~ ] . J - ,  beinp; y rs l ; i t ive iy  pco r  i n  'I'i-1, vf(1u1.d i~nlre a .low 

conveT-.Ls ra (;,Lo t j l ~ ; - ~ f f i r e  the 11-255 p ~ o c ' l u ~  Lion I:: tdi?c r .enaed, I . I I I ~  

\~bou.L,-l ]lnvc cj..p:nj.fi.ci;;l.ni, e x c e s s  reac i;ivrit!,; foi- COI-e 1-i fc? t-ime . 



'1'ablc.s (111- 2 ' - .5 ,6 ,7 )  s h w  t h e  c h a n ~ e  i n  t h e  a tomic  d e n s i t y  

01 xel'l0l1-135 n u c l i d e  dcpcnding 02 t!;e P,i;fie s t e p s  duping  one year  

bu rnup  p e r i o d  f o r  v z r i o u s  i r i x ~ i - ~ r c s o f  U 0 2  - Th02 2nd t h e  enr ichment  

l e v e l s o f  t h e  UO component, 
2 

7 : t?ci: t h a t ; ,  t h e  atomic d e n s i t y  of  xenon-135 nuc l i de  

i.h increaning amounts  of U02 and cnr ic l lment  l e v e l s  

',, (  or^ r\.'.ncn't as expec ted ,  

<-een i n  tn&Ses ( I f  I -  2,5,6,'7) and  i 'kgures (5,6,7 1 

t r i l c  a to i ; l i~  d c n s i t y  of xeno~-135  deepeases v ~ i t h  i a c r e a s i n g  time s t e p s .  

'I'hc: c o n c e n t r a t i o n  of  xenon-135 i c  F B G B C ~ G S  B " c  sniaxi!num v a l u e  a t  

t h e  e n d  of f i r s t  month and then b e g i n s  t o  dac reaz~?  w i t h  t ime s t e p s .  

Because xenon-135 has  a v e r y  la rge  wbserpt ion  c r i s s  s e c t i o n  f o r  thermal 

neutrolaa,  lorn xenon-135 cancent ra t ioa  3 2  d c s i  arb3-e f o r  c o n t r o l  p u r p o s e s  

e s p e c i a l l y  f o r  start up aad shutdckfn, 

r ' i g u r e  (8) s h e ~ ~ s  "&kt U-233 product ion ~ r l  g'PaIiD f o r  ane yea r  

burnup pe r i ad  versus t h e  e n ~ i c h m e n t  l e v e l s  $or ~ i i f f e r e n t  m ix tu r e s  

of UQ2- Tho2. it i s  ,seen. t h a t  t h e  I[-25% p-oduc c i o n  d e c r e a s e s  by 

i n c r e a s i n g  ai:rounts of b a t h  UU2 and t h e  en r i ckxcnx  of t h e  u02 

component a s  expec ted ,  

I n  tile es:.lreae case  ctf pure uQ2 cell;.; ao kn-re Irca exceeding 1 b y  

more en.mgh margins f o r  conlrol . .  135d suf f j . c ien i ; ly  Long core l i r ' a  

time purposes ,  J.Janevar such  eel3fi? ?:?o.tlld"~:~ i :  >C o f  an!/ u s e  i n  li'h 

conversion h u t  wou ld  be t h e  main ~ s u ~ c o  of ene rgy  p r ~ d u c t i o n  

i n  t h e  core,  



C l e a r l y  a core tha t  is t o  produce energy on a commercial sca le  

w h i l e  c o n v e r t i n g  s i g n i f i c a n t  amounts  of Th ~ o u l d  have  t o  be made up 

o f  a mixture  of t h e  d i f f e r e n t  t,ypea of  c e l l s  t o  be employed in t h e  

f i n i t e  r e a c t o r  gwme try,Factor-s t h a t  tr\rould g u i d e  ones e f  f C f i s  

w0uId be ; r e l a t i v e i y  f l a t  povfer p r o d u c t i o n ,  desirable l e v e l s  of 'I'h 

c o n v e r s i o n ,  s u f f i c i e n t l y  l ong  reactor  eDTe l i f e  ti me and  ease o f  

c o n t r o l  d u r i n g  s t a r t  up a n d  s h u t  dol~lz. In a d e s i n g n  p r o c e s s  d i f f e r e n t  

care configusations would be i n v e s t i g a t e d  with ths da ta  gene ra t ed  

in t h i s  c t ~ ~ d , y  end t h e  c o n f i ~ ; u r a t i o n s  t h a t  optifi t ize the above f a c t o r - s  

woul-d be c l~osen  as t h e  d e s i g n  basis, 

ilence further work t o  be suggested Z ~ O E F ;  t h e  lines of  t h i s  

s t u d y  v l o ~ l d  be t o  use a reactor a n a l y s i s  cacic cilrrh z s  EJRI313US 

u t l  l i z i  n(i; t i l e  d a t a  qenerated by GELS I ~ c r e  LC) rii:,i gn a commerc ia l  

PWR m ~ r :  co l ive r t ing  s i z n i f i e i a n t  ar~oull is  Th 1 i 1101lt  much s a c r i f i c c  

on o t h e r  pe r fo~ma~zce  e r i  ber ia ,  
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T a b l e  (111-2.4) U-233 ! 'rodoction f o r  yea r  in gr. f o r  t h e  c e l l  



T a b l e  (111- 2.6) Atomic d e n s i t y  of xenm-1-55 depending  on t ime s t e p s  
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I 
 able( 111-2-8) :The wei.gh:bts of  f u e l  i B c t o p e s f o r  30%~0~-70%TH0~ 

a > f u e l  mixture and 109611-215 snriehment l e v e l  





TABLE(III-~-~) : Th@ weight@ of f u e l  i~0top6bf or J Q % U ~ ~ - ' ? Q % T H ~ ~  

k "as% mixture and l2%U-235 enrichment level 
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� able( 111-2-ll) The weights of fuel  isotopes for 30%U02-?0%TH02 

fueL mixture and 20960-235 anr ichea t  level 

a > 
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~ a b l @ (  111-5-12) :The weights of fuel ieotopes f o r  509;~0~-50THO~ 

f u e l  mixture and 10%U-235 enrichment level 
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T~ble(111-2-13) : T h a  weight. of fuel isatopes f o r  50%~0~-50%TH0~ 

f u e l  mixture and X2%U-235 enrichment level 

a >  





~able(111-2-l4):The @eights of fuel isotopes f o r  5 0 % U 0 ~ - 5 0 % ~ ~ ~ ~  

fuel  mixture and 16%U-235 enrichment l e v e l  
a> 
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1 06952-03 
1 e 7086-03  
1,7214-03 

9E TIMt 112 14 ii;Z,i5 U2 30 \ I ?  37 NP2,47 WRNUP 

IF '  D A Y 5  t7~\,;\;iS G[{/\bIO GRAMS (,RASIS GRAMS MWD/TO-u 



U23R NP239 BllNtlP 
GRAMS GRAMS MWD/TO-U 



& V Y C m r C 7 P , K f y  3 
C C C C C C C C C C C  C 
+ - + + + + + + + + + + +  

3 W 3 9 0 C O O Q C ~ G R J  
s N x 3 S T 2 N s  S32.X.n 

L C  t C G C  c,LTI-(r,= 
C r - n K l r S P c c t - t x  

f C C C S r S r r r . f r  
C C C C C C C C C C C C  
l l l l l I l l 8 l l I  

C C C C C C C C C C C C  
~ I I I I I I I I I B ~  * ?  G P - C C G c ~ ~ ~ r ~ c O J G  P? 

r ,  c ~ P ~ c ~ . c ~ L - ~  r c- 
C. cr c ~ , ~ ~ c ~ ~ r - c c ~ ~  
c c c s c . - ~ ~ ~ ~ ~ z ~ z - r r  

I 12-B I 8  I F ;  B I 
-. , . - a C C 3 =  =.-:.:-) ;r 
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- .  ? .  ,,; - -  ;<- c -  cr 5 ; 5- - .- ,- - ,  - - .. . .. . - - 
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C C C C C C C C C C C  C C  
~ ~ + ~ ~ ~ ~ a - ~ + - - ~  



Z E C E t C  
,,c-=c 
~ S C C C ~  
C C C C C C  . . . . . .  

J T - h P - C \ f S S S  
C C C C C C C C C C  r ? 

LC: 
Li- \C 
c- C, 
C ,  
* * 
< c 

C C C C C C C C C : r ? C '  
C C C C C C C C C c C C C  

' C C C C C C C ~  i f : r  
C C C  C C C t C  C C C C C  

- - 
C C C C C C C C C C C C  

! 1 8 ! 8 9 1 8 1 1 1 1  
C C  C C  C F L C ~ C P  " S T  
c . A - 5  l " ~ ~ ~ Z i P . C i , C P  
c c 'M-T c . , i'-r.=.r c cr; 
C +- C C K F C ~ L ~  h Z  +--P 



Table( IXI-P-~& : The veighte of fuel  i ~ o t o p e ~  for 7096U0~-30%TH0~ 

fuel akxture and 1 0 ~ ~ - 2 3 5  enric-ent level  





Tabla(xIx-2-l~/ :The v~lghta of fuel asotopaa for 70%U4 -?O%THQ2 

fuel  mixture and $2440-255 enrichment level 

1 . , l l nn l !  I Q P  

7 * [ ~ ~ n ? + n n  
' , Tr  C):, 1 " ': 
I , a ~ i ~ ~ + . n n  
i , 7 0 8 1  i n n  

1 ,-507;5 c n n  
1 , j~ lhh  ~ ? n  
1 %r! \q4 -nn  

I * 71r15C k q ?  
l e 7 n ' 4 T ) + O T ,  

q jcl5lr t nc? 
4 * 3026 f r)P 
1 5 c . l  '7 E n Q  



. a ~ > E ~ 7 m q 0 m j  3 "  
C C C C C C C C C C C C  

% " - ' - J F , ) 6 , ) 6 r C < C , W i f  ;f j 
C C C C C C C C C C C C  
+ + + + + + + + + + + +  

C P E & P 7 C E n m 3 F x 9  
Z ~ X ~ t R ? N a l P Z d  
c i:~' ~ ~ c r t - * - ~ r  c r r C I c  -C 
c r - c \ T Y  C F C  cc.-n. . . . . . . . . . . . . .  
C d - - + h F 3 U C f i C i - -  

c 9 " c ' f  = ~ C C , T - b ~ S c r $ u  C ~ . z t S C W Z - C & c  
fc cr T c c  c, r F P r- p p \ , L L , C  

r. N c c - ~ ~ c r c ~ c C  P Y  c c  
- - 

1 Cr c c c c  c L P C  c? C \ C z - . - c  
1 C C C C F ~ C - ~ C  F F 2 C  

r L- L' b LF 
C C C C C  

1 1 1 1 1  
c c c  , ^ , - - . - y -  
C C I C C r c C  
< C C - , " C  =- 
c c> v, = z t r  w *  

. t D . * O O  

8 - c L L v , - . <  

- -  - - - -  - - - . . - - -  
C C C C C C  

r !  f !  r - f  
-e . r-. c r  c - L , L  

C P  Z f C \ . C T C  
< c c . --, :: i-' 

C L p - c T  s \r  
. . , * ( l e e  

7 F" C. C 7 - 

..- u- - - L ~ ~ ~ ~ r ~ ~ f :  ; r  

v .F C C C C C C c C C C C C C  
*. < i .  i :  

C 1 C C C  C C C C C C  C C C J C  
f c P  O O B D l * O * O D 0 * n  



Table (111-2-18  he weights of fuel idatopds for 70$UQ 30STHO 
2- 2 

f u e l  m i ~ t u r e  and 16%U-235 e n r i c h e n t  level 
a)  



r 3 3 3 3 3 3 3 3 3 5 j  
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C C C C C C C C C  Z C  C F  - - -  - 
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r C \ i c r c a m c C  
c = ? . . - c  C ' L .  - -  .- , : ? = F P r  
F P - F r - W f - r -  

C C C C C  c c c c  
l l l i l l l f ~  

C C C O S U ' L n ~ ~ C C = r l ' -  
C C C C-- c L-c = < C  = c 
C c c c r  c c L ! ! = ~ r c C  R. 

C C C C L r F c C & z L I  S C  ZP' 
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J B ~ K  a u o  JQJ  a o ~ q a n p o a d  [CZ-n 



Card EJo. - 

c o l ,  9 -  42 NGR 

c 0 % , % 3  16 kZM 

T i t l e  card 
_q_n__r- 

Basic control and dimensioning -- 
E m e t e r s  (See the discussion in sect ion ~ 
C for definitions of "regionN, "zone", and ~ 
various types of "ce l l s " . )  

Lmped abso rbe r  specif icat ion 

No lumped absorber 

Gd 155,  Gd 1 5 6 ,  Gd 157 

Si lver ,  Cd 173, I n  115 

6d 113 

B 90 

NmDer of regions, sun to ta l  f o r  a l l  

z o n s  (R20 - > 3 ) .  I n p u t  of Nm < 3 

ciiuses termination of the run I 

Nuinber o f  condensed (broad) groups 

.- ~ 
Number of  zones with d i f fe ren t  moderator ~ 
materi a1 (zones without moderator neglected) 

I 



Card No. - 
i . e .  number of  moderators. Only 

I E-l - - G i s  in l i b r a r y .  Only d i f f e r e n t  
2 

moderator dens i t ies  a r e  meant here.  

ca9.17 - 20 ISYO Case type declarat ion (See Chapter 2, 

Section 2.3.1) 

= 1 Normal ce l l  ca lcu la t ion ,  c o e f f i c i e n t s  of 

the s e l f  shielding polynomial of  t h e  fue l  

and re la ted  isotopes are generated and 

wri t ten t o  logical  I/O devise 2 .  See a l s o  

Section D. 

,- 2 Burn-up supercell  ca l cu la t ion ,  t he  

coef f ic ien ts  generated by ISTO G 1 

have to be used. 

a 3 Normal ce l l  ca lcu la t ion ,  f u l l  ou tput  
1 

possible.  

z 4 Nomal ce l l  cal cuiat ion,  only homogenized 

library nf l l  b~ gsnerated on logical  f l l e  

NUY, (NBURP > 0)  
'r 

5 Control supercell  ca l cu la t ion ,  t h e  

homogenized l ibrary  generated by ISTO a 4 

has t o  be used. 

3 (6E92.5) 

c o l a  1-12 TBRENH Fuel temperature O K  

c04 .13-24 f M O D  Pf;od%rato r teinperature O K  



Card No. 

4 (1814) 

c o l .  1 - 4 

Output  c o n t r o l  parameters 

NPRIN3 Print i ndex  o f  t h e  f l u x  f i e l d  

e 0 45-group f l u x e s  a r e  p r i n t e d  

= 1 2-group f l u x e s  a r e  p r i n t e d  ( f a s t  

and the rma l )  
* 

NPRJN5 P r i n t  i ndex  of t h e  n u c l i d  dependent  
f 

c o r r e c t i o n  f a c t o r s  (EREBUS) 

n 1 Fri n t  

DdPliNC Output  i ndex  of t h e  condensed c r o s s  

s e c t i o n  1 i b r a r y  

E 1 W r i t e  EREBUS i n p u t  t o  mass s t o r a g e  

(See alsa$Card 16 )  

s 0  No punch 

O\IPR%Nl 

= 0  No e f f e c t  

eg 1 Suppression of a1 1 except  synops i s  

S u b t i t l e  ca rd  f o r  f u r t h e r  s p e c i f i c a t i o n  

Case c o n t r o l  n m b e r s  

NXXX P m c h  Sndex f o r  r e g i o n  dependent  

d e ~ s i t i e s .  (cards  No. 12, 13)  f o r  r e s t a r t  

frsirn ii c e r t a i n  t i m e  s t e p  

@ 0 No punch 

i Punch 



- 1 
I I. :- - 

Card No, 

C O ~ .  5 - 8 NRSTRT Time step number s f  dens i t j  punch. 
# 

No e f f e c t  i f  N X X X  = 0 

Group condensation control number - 
No gyoup condensation performed 

gb 

#Group condensation performed 

Init iat ion o f  successor cases 

Na new case 

,P 1 F u l l  new case s ta r t ing  w i t n  card 1 

e -1 New case s tar t ing w i t h  card 5 

co1 , I 7  - 20 JAN Control for  special sequential cases. 

No e f f e c t  i f  KSER s 0 -- 

ease. 
__a 

= 0  No effect  

1 Repeated homogenization w i t h  change i n  
B 

regions i n v o l v e d ,  ( c f .  card No. 7 )  

The new i n p u t  consists only o f  cards 

No, 5 ,  6, 7 ) .  KSER E -1 +n  the preceding 

case. 

Repetition of a case w i t h  moderator 

dens i t ies  al tered.  The new input consis t  

o f  cards No. 1-6 and card No.8. KSER c 1 

i n  the preceding case. 

Req-ional boundaries f o r  homogenization 
&-I)__̂"....-- 

2 

Supplied - i f  JAN 1 or ISTO a 5 



Card No. -- 

CQI, 1 - 4 IGCS reg ion  p a r t i c i p a t i n g  i n  

col. 5 - 8 1 G'62 L a s t  . homogenization 

8 (6E'i2,5) MoCet-:ator dens i t i e s  --- 
co la  1 - 12 DENqJI) Density i n  the f i r s t  zone c o n t a i n i n g  

O moderator 

DE~I.~(NZM) Density i n  the l a s t  zone con ta i n i ng  ~ 
modergtar ~ 
Haarndarfes -. o f  condensed groups 

(omitted if NDOW = 0) 

tole 1 - 4  E C P U ( $ )  Number o f  the  h ighes t  

small g?Qup, w i t h i n  broad 

col 5%- 8 I@(I) Nmber of t h e  l o w e s t  
9 

graup 1 

small group 

ICPU(@GR) Nmber ob the h l g h e s t  

small group  w i t h i n  b road  

I C P ( R G R )  Nmber of  t h e  lowest group NGR 

small g r o u p  / 

Note :  The group o f  t he  h i g h e s t  energy 

has t h e  lowest  n m b e r ,  

The op t i on  I S T O  = 4 demands f o r  

t h e  i n p u t  o f  ca rd  9 (and f o r  NDOW -/ 0)  

Else no l i b r a r y  can be produced, ! 
1 ' 



Card No. 

10-7 I 
_P___II 

'1 10 ( 9  814) 

Geometry and r e l a t e d  i n p u t  -.---- 

S p e c i f i c a t i o n  of zones, a t tachment  of 

6 q i o n s  and moderators t o  zones. 

:ol. 1 4 rdZQ l imber. of zones 

c09. 5 - 8 M P ( I  ) Number o f  r e g i o n s  i n  zone 1 

col, 9 - 1 2  IT171 Moderator i ndex  o f  zone 1 

The regions o f  a zone are  a n n u l i  o f  equal t h i c k n e s s  

%T(J) E K: %one J conta ins  moderator  K .  
-2r 

~oderaeg6%'sre indexed by t h e  sequence o f  t h e i r  

densitfes ( c f ,  card No, 81, 

1 < K < N34 - - 
17$9) M -1: NQ moderatar if1 zone J ,  

co%,  1 - 1 2  u ( 1 )  Outer  r a d i u s  o f  zone 1 

e04 - 24 R Z ( 2 )  Outer radias o f  zone 2 
4 

s 

~i(l-4~0) Outer r a d i u s  a f  zone NZO 

i{+qinn dependent atom1 c dgnsl t i  es 
,,A .r - "'",-Y 

Yh l s  se ia  o f  cards has t o  be s u p p l i e d  

far  e::einy rcy- ian  XR; 1 - < IR - < N20 



4 
Card No. I 

7 2 ( 1  8x4) Control card d Q 

co l .  1 - 4  NREA'BD Nmber o f  cards No. 13 having t o  fol low 

card No. 12 + i 

sol, 5 - 8 NCH? Previous region spec i f i e r  i c 
e 0 I f  NREAD # 0 E 

6 0 I f  BREAD rn 0 

DesSgnates a foregoing region w i t h  

ident ical  atomic densi t ies .  

13  ( 1 4 ~ 8 ~ ~ ~ 1 2 . k )  Stlppl led  only for  NREAD > 0 

L 
i 

e a l ,  7 - 4 I s o t o p e  nmber (f ixed by 1 i brary , see  i 

Sect ion B, $01 lowing) 

~ ~ 1 ~ 1 %  24 BEN(L,&R) Atomic densi ty  o f  isotope L 

Lfq$d bsro;+i coo ten t  o f  the moderator 
&- .-s.J-t-". "-----A. 

C Q I @  I a 12 PPM P!trtg p e r  mi173sn O f  n a t u r a l  b o r o n  

co1,I  3 - 24 POWER Integral  power per cm i n  Watts 

6 0 1 . 2 5 -  36 STOP Nwxber of  bur?-up t i m e  s t e p s  
1 

GQI 37 += 48 DELBAY 3 ~ i ~ i - i ~ ~  tiirre s t e p  i n  days 

~ 0 %  ,49 - 60 ZKFIND ~ A % n + * n t . r p  km terminat1 ng t h e  b u r n * u p  

ca i?~ l ; : l on ,  
I 

Nst,zs: POWER $ ,O, or  e l s e  print o f  

the f l u x  f i e l d  i s  wrong. 

STOP e , O p  must be p u t  I n  i f  no 

b u r n - u p  i s  wanted. 



Card No, 

15 (314,  E 1 2 . 5 )  S ~ e c i a l  input "Burn-up s u p e r c e l l "  data  
-.--.-- 

This card has t o  he omitted i f  ISTO + 2. 
c o l .  1 - 4 I CON Is0 ~ u ~ e  nui1lbc.r of t t i eUl  eadi ng dens i t y "  

(must be 5 for  p tesen t  vers ion  of  code) 

c o l .  5 - 8 IGCl F i r s t  1 region p a r t i c i p a t i n q  

co l .  9 - 1 2  IGC2 Last \ in honloqenization 

llote: The rei,iainincj data f o r  t h e  burn-up 

supercel l  i s  read froin l o g i c a l  

I/O device 2 .  i 

16  (214) Contrul card f o r  wr i t ing  ou tpu t  t h a t  

w i l l  be used fo t -  EREEUS inpu t .  

c o l .  1 - 4 I E R E B  Mass s torage l o q ~ c a l  I / O  u n i t  number t o  

brkiich l n p u t  f o r  EREBUS i s  to be w r i t t e n .  

Shvuld be 23 f u r  f i r s t  s e t  o f  data  t o  

b~ redd by [REBUS, 24  for  recond s e t ,  

e t c .  See a l s o  Section D. I 

NP UNC 

r: 0 Do not wr i t e  E R E B U S  i n p u t  

z 1 Write EEESUS input 

(One card nuniber 1 7  [nust be s u p p l  ied  f o r  

ezch tirile step - including t h e  ze ro th  - 
u p  t o  thi" l a s t  t i i 4 ~ c  s t e p  f o r  which i t  i 

i s  des i red  to  \:ri t ?  CRECUS input. The I 

va lL1e  O F  I E R L U  i i - u ~ t  be different f o r  each 

t i r ~ e  .s tep a t  i i h ~ c t ~  EREOUS i n p u t  i s  to  be 



I .  Heavy M e t a l s  (FUEL = 15 )  

T h o r i  urn 232 

P r o t o a c t i n i u m  233 

U ran i  urn 233 

Uranium 2 34 

Uran i  urn 2  35 

Uran i urn 2 36 

Uran i  urn 237 

Neptunium 237 

Uran i  urn 2  38 

Neptun i  urn 2  39 

P I  u t o n i  urn 2  39 

$1 u t o n i  urn 240 

P I  u t o n i  urn 241 

P l  u t o n i  urn 242 

Americium 24 3 



11. F i s s i o n  P roduc t s  (NLT 31)  - 
16 Non s a t u r a t i n g  F i s s i o n  p r ,oduc t  o f  ~ h ~ ~ ~  

1 7  Non s a t u r a t i n g  f i s s i o n  p r o d u c t  o f  ti233 

18 Non s a t u r a t i n g  f i s s ~  I p r o d u c t  o f  u~~~ 

19 Non s a t u r a t i n g  f i s sSon  p r o d u c t  o f  tiz3* 

20 Hon satut -a . t ing f i s s i o n  p r o d u c t  o f  ~ u ~ ~ ~  

2 1 Non s a t u r a t i n g  f i s s i o n  p r o d u c t  o f  ~ u ~ ~ ~  

2 3 I o d i n e  131 
F i r s t  c h a i n  

24 Xenon 131 
O - - - - s - ~ - - - - - P - p ~ a l - - - ~ -  

2 5 X e n ~ n  133 
Second c h a i n  

2 6 Ces -i urn 133 

2 7 Ces i urn 134 

28 I o d i n e  1 3 5  

29 Xenon 135 

3 0 Ces i urn 135 
- w _ m _ _ _ _ - D _ _ - P - " _ L b - - - - - -  

3 1 Praseodyrni urn 143 
T h i r d  c h a i n  

32 Neodyrni um 143 . . . . . . . . . . . . . . . . . . . . . . . .  

33 Molybdenum 9 5  

S4 Technet  i urn 9 9 
~ - - _ - - - ~ ~ ~ P - O - - ~ _ - ~ - - - - -  

35 Neodyrni uni 145 

36 Neodyrni urn 145 

3 7 Neodyini urn 1 4 7  
F o u r t h  c h a i n  

3  8 Frome-th i urn 1 4 7  



39 Prome t h i  at11 7 48 

40 Promethi urn 148 

4 1 Promethium 149 

4 3 Sama ri  urn I50 

- 44 Prome t h  i ~ i n l  151 

4 5 %mar i urn 151 

46 Sama ri ti111 152 
- - ~ - P - - _ l _ l _ l - - _ _ _ _ - - - - -  

Gadol i n i u m  

Gadol i n i u m  

Gadol i n i  urn 

S i  1 v e r  

Cadm i urn 

I n d i u m  

Ca dm i urn 

Boron  

I V .  Nonburnable i s o t o p e s  (NOB = 1 2 )  
__P11__.____ . -- 

4 7 Boron  10 

48 Ch rom i um 

4 9 Z i  r c o n i  urn 

50 Oxygen ( i i?  U02, see 6150  !', f o r  0 jli I i t i i ) )  

5 1 Nicltel 



52 I r o n  

5 3 T i t a n i u m  - 
54 Manganese 

55 Copper 

56 ldiobi cam 

5 7 Mo? ybdenum 

5 8 A l  urninurn 
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Humbar densities f c r  30961102-7096TH02 fuel mixture 

TABLE 6-2 

Nurabar denei t iee f or4094UO2-6Q$THO2 fuel mixture 



rsBm e - j  
Number derzeit ies for 50$@02-50%TH02 fuel mixture 

- 
Enrichment 
%U-235 235 N02 

N ~ h  

TABLE C-4 

Number densities for 70%UO2-30%THQ2 f u e l  mixture 



~ ~ b @ ~  densities f o r  IfC)%UC2-10%TH02 fuel mixture 

TABLE C-6 

Nunber densities f o r  puce UQ2 f u e l  







A A 3 i p  A S ~ , 5 . ~ 3 , F ~ , r F ~ ~  
A J S C  ~ ~ G E L L ~ Q E F z ~  
A A S S ,  1 d G ~ ? , ' , I ~ $ ~ d 3 e  P F2k  
AJs, 13s  J G J ? ; , I ~ E ~ ~ ~ ~ ,  
A A S S @ T  ~ S J ~ F H L E T + ? . ~ K ~ ~  
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