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2. 3. 5 Reactivity Coefficients 
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3. 1 - PRIMARY SYSTEMS 
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SECTION 1 

I N T R O D U C T I O N 

1. 1 S C O P E OF R E P O R T 

T h i s repf t r t d e s c r i b e s the n u c l e a r c h a r a c t e r i s t i c s of the C o n s o l i d a t e d 

E d i s o n T h o r i u m R e a c t o r ( C E T R ) . The C E T R i s a p r e s s u r i z e d w a t e r 

r e a c t o r wi th n u c l e a r fuel c o m p o s e d of t h o r i u m and fully e n r i c h e d u r a n i u m 

oxides con ta ined in s t a i n l e s s s t e e l t u b e s . The r e a c t o r p o w e r output i s 

585 MW of hea t . Ma jo r a s p e c t s of d e s i g n tha t a r e d i s c u s s e d in t h i s r e 

p o r t a r e the c o r e o p e r a t i n g l i f e t i m e , c o n t r o l rod wor th , and the p o w e r 

d e n s i t y d i s t r i b u t i o n . The o b j e c t i v e s of the n u c l e a r d e s i g n have been to 

m a x i m i z e the c o r e o p e r a t i n g l i fe , to m i n i m i z e the p o w e r d e n s i t y v a r i a t i o n , 

and to a s s u r e c o n t r o l of the r e a c t o r . The r e s u l t s of the d e s i g n c a l c u l a 

t ions g ive the r e a c t o r l i f e t ime of 600 d a y s , t he p o w e r d e n s i t y m a x i m u m 

l e s s t han 4. 1 t i m e s the a v e r a g e and a s s u r a n c e tha t the c o n t r o l r o d s 

k e e p the r e a c t o r at l e a s t 2% s u b c r i t i c a l u n d e r the w o r s t n o r m a l c o n d i t i o n s . 

1. 2 METHODS O F DESIGN 

The f u n d a m e n t a l d e s i g n w o r k h a s been done u s i n g four g r o u p , 

2 - d i m e n s i o n a l diffusion t h e o r y . C o r e l i f e t i m e s w e r e c a l c u l a t e d t ak ing 

in to a c c o u n t the ef fects of e p i t h e r m a l a b s o r p t i o n s on the bui ldup of h i g h 

e r i s o t o p e s . C r i t i c a l i t y , c o n t r o l rod w o r t h , and p o w e r d e n s i t y d i s t r i b u 

t i ons w e r e d e t e r m i n e d e x p e r i m e n t a l l y for a v a r i e t y of c o r e l a t t i c e s . 

C a l c u l a t i o n s m a t c h e d c r i t i c a l cond i t ions at r o o m t e m p e r a t u r e and a g r e e d 

with ef fects of t e m p e r a t u r e v a r i a t i o n n a e a s u r e d in e x p o n e n t i a l e x p e r i m e n t s . 

C a l c u l a t i o n s of c o n t r o l rod w o r t h w e r e m a t c h e d to e x p e r i m e n t s at r o o m 

t e m p e r a t u r e . E x p e r i m e n t a l f lux s h a p e s a r o u n d c o n t r o l r o d s a t r o o m and 

o p e r a t i n g t e m p e r a t u r e s w e r e m a t c h e d we l l wi th c o m p u t e d flux s h a p e s . 

P o w e r d e n s i t y d i s t r i b u t i o n s ob ta ined f r o m c a l c u l a t i o n s a g r e e d we l l wi th 

the e x p e r i m e n t a l d a t a . On the b a s i s of t h e s e s t u d i e s , a sound foundat ion 

w a s f o r m e d for the u s e of the m e t h o d s to e x t r a p o l a t e to the c h a r a c t e r i s t i c s 

of the C E T R u n d e r o p e r a t i n g c o n d i t i o n s . 
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1,3 COMPUTER CODES 

A l a r g e n u m b e r of t h e d e s i g n c a l c u l a t i o n s for the C E T R w e r e 

suf f ic ient ly c o m p l e x tha t t he a id of l a r g e d ig i t a l c o m p u t e r s w a s n e c e s s a r y . 

Use w a s m a d e of c o m p u t e r codes wh ich w e r e a l r e a d y a v a i l a b l e w h e n e v e r 

p o s s i b l e . A n u m b e r of t h e s e a r e m e n t i o n e d s p e c i f i c a l l y in t h i s r e p o r t , 

and t h e y a r e d e s c r i b e d h e r e for conven ien t r e f e r e n c e . The p r o p r i e t a r y 

(Babcock and Wilcox Company) codes w r i t t e n for u s e on the E l e c t r o D a t a 

205 C o m p u t e r a r e : 

(a) S p e c t r a l Code - A 4 0 - g r o u p , b a r e r e a c t o r c a l c u l a t i o n i s m a d e 

to d e t e r m i n e c r i t i c a l i t y , n e u t r o n b a l a n c e , f lux v a r i a t i o n wi th e n e r g y , 

and flux we igh ted effect ive c r o s s s e c t i o n s for 2 - g r o u p o r 4 - g r o u p c a l c u 

l a t i o n s . The S e l e n g u t - G o e r t z e l a p p r o x i m a t i o n i s u s e d for s lowing down, 

and the effects of i n e l a s t i c s c a t t e r i n g a r e t a k e n in to a c c o u n t . C r o s s 

s e c t i o n s g e n e r a l l y a r e t h o s e g iven in B N L - 3 2 5 , — 

(b) S L E U T H - T h i s code s o l v e s the two g r o u p diffusion equa t ions 

in one d inaens ion to d e t e r m i n e c r i t i c a l i t y (k .-) and f lux s h a p e . The 

c o n c e n t r a t i o n s of m a t e r i a l s ( f i s s ion p r o d u c t s , h i g h e r i s o t o p e s , e t c . ) 

flux s h a p e s , and c r i t i c a l i t y of the r e a c t o r at l a t e r t i m e s a r e c o m p u t e d 

in a s u c c e s s i o n of s t e p s . 

(c) F o u r G r o u p Code - Th i s code s o l v e s the 4 - g r o u p diffusion 

equa t ions in one d i m e n s i o n to obta in c r i t i c a l i t y (k ^r) and f lux s h a p e s . 

(d) M u l t i g r o u p Code - The diffusion equa t ion i s so lved in t h i s code 

in one d i m e n s i o n for e i t h e r 20 o r 40 g r o u p s to ob ta in c r i t i c a l i t y (k „ ) and 

flux s h a p e s . C r o s s s e c t i o n s a r e g e n e r a l l y t h o s e g iven in B N L - 3 2 5 . The 

S e l e n g u t - G o e r t z e l a p p r o x i m a t i o n i s u s e d for s lowing down, and the effects 

of i n e l a s t i c s c a t t e r i n g a r e t a k e n in to a c c o u n t . 

(e) Two Group Adjoint Code - Th i s code c a l c u l a t e s the flux and 

adjoint flux d i s t r i b u t i o n s and the ef fect ive m u l t i p l i c a t i o n c o n s t a n t of 

m u l t i - r e g i o n , 1 - d i m e n s i o n a l s y s t e m s , u s ing the 2 - g r o u p diffusion 

e q u a t i o n s . 

(f) T e m p e r a t u r e Coeff ic ient Code - Us ing 2 - g r o u p p e r t u r b a t i o n 

t h e o r y equa t ions and the r e s u l t s of the T w o - G r o u p Adjoint Code, t he va lue 

of 6k rr i s c o m p u t e d for g iven changes in t e m p e r a t u r e . The effects of 

s p a t i a l v a r i a t i o n in one d i m e n s i o n a r e c a l c u l a t e d . 
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The codes g e n e r a l l y a v a i l a b l e and w r i t t e n for u s e on the l B M - 7 0 4 

c o m p u t e r a r e : 

(g) P D Q - T h i s i s a 2 - d i m e n s i o n a l diffusion equa t ion code for 1 to 

4 g r o u p s , wh ich c a l c u l a t e s c r i t i c a l i t y and flux s h a p e . F o r d e t a i l s , s e e 
7 

the p r o g r a m r e p o r t , W A P D - T M - 7 0 . -

(h) TKO - Th i s i s a 3 - d i m e n s i o n a l diffusion equa t ion code for 2 o r 

4 g r o u p s which c a l c u l a t e s c r i t i c a l i t y and flux s h a p e . The code i s p a t t e r n -
3 

ed a f t e r P D Q . F o r d e t a i l s , s e e the p r o g r a m r e p o r t W A P D - T M - 1 4 3 . — 

1.4 E X P E R I M E N T A L BASIS O F DESIGN 

The b a s i c e x p e r i m e n t a l i n f o r m a t i o n u s e d to ve r i f y the c a l c u l a t i o n a l 

m o d e l w a s ob ta ined f r o m c r i t i c a l e x p e r i m e n t s a t r o o m t e m p e r a t u r e , e x 

p o n e n t i a l e x p e r i i n e n t s o v e r a r a n g e of t e m p e r a t u r e s up to 500 F , and 

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

t u r e s . T h e s e da ta a r e r e p o r t e d in o t h e r d o c u m e n t s which a r e r e f e r r e d 

to in the body of t h i s r e p o r t . T h e s e o t h e r d o c u m e n t s a r e : 

B A W - 3 1 , C o n s o l i d a t e d E d i s o n T h o r i u m R e a c t o r - C r i t i c a l 
i 

E x p e r i m e n t on P l a t e F u e l E l e m e n t s . — 

BAW-11 6, Conso l ida t ed E d i s o n T h o r i u m R e a c t o r - Hot 

E x p o n e n t i a l E x p e r i m e n t . — 

BAW-119 , Conso l ida t ed E d i s o n T h o r i u m R e a c t o r - C r i t i c a l 

E x p e r i m e n t s wi th Oxide F u e l P i n s . — 

BAW-144 , G e o m e t r i c and T e m p e r a t u r e Ef fec t s in T h o r i u m 
7 

R e s o n a n c e Cap tu re .— 





SECTION 2 

C O R E D E S C R I P T I O N 

2.. 1 G E N E R A L D E S C R I P T I O N 

The C o n s o l i d a t e d E d i s o n T h o r i u m R e a c t o r i s a p r e s s u r i z e d w a t e r 

r e a c t o r wi th n u c l e a r fuel c o m p o s e d of t h o r i u m and fully e n r i c h e d u r a n i u m 

o x i d e s . The fuel i s in p e l l e t f o r m and i s con ta ined in 0. 304 in . OD s t a i n 

l e s s s t e e l t u b e s . T h e s e fuel r o d s (pins) a r e s p a c e d by f e r r u l e s . The 

c o m p l e t e a s s e m b l y i s b r a z e d to f o r m bund le s of 195 p ins in the f o r m of 

a s q u a r e l a t t i c e . E a c h fuel bundle i s p l a c e d in a Z i r c a l o y - 2 fuel e l e m e n t 

can 5 .7 in . s q u a r e . The a c t i v e r e a c t o r c o r e c o n s i s t s of 120 fuel e l e m e n t s . 

T h e s e f o r m a c y l i n d e r wi th a he igh t of 98 . 5 i n c h e s and a m e a n d i a m e t e r 

of 7 7 . 7 i n c h e s . T w e n t y - o n e m o v a b l e c o n t r o l r o d s a r e m o u n t e d b e t w e e n 

the fuel e l e m e n t c a n s . F i x e d c o n t r o l r o d s and flux d e p r e s s o r p l a t e s a r e 

a l s o l o c a t e d be tween fuel e l e m e n t s . The c o r e and the p o s i t i o n s of fuel 

e l e m e n t s and c o n t r o l m e m b e r s a r e shown in F i g u r e 2. 1. A c r o s s s e c t i o n 

of a fuel e l e m e n t in F i g u r e 2. 2 shows one bund le . 

The loading of U - 2 3 5 in the c o r e i s 1100 kg . T h r e e zones wi th in 

the c o r e a r e c o m p o s e d of fuel e l e m e n t s wi th t h r e e d i f fe ren t fuel l o a d i n g s . 

The a r r a n g e m e n t of the t h r e e z o n e s is shown in F i g u r e 2. 1, w h e r e Zone I 

i s c o m p o s e d of e l e m e n t s 1-32, Zone II of e l e m e n t s 3 3 - 7 6 , and Zone III of 

e l e m e n t s 7 7 - 1 2 0 . 

I n t e r n a l l y , e a c h fuel e l e m e n t i s c o m p o s e d of fuel r o d s of s e v e r a l 

d i f fe ren t U-235 c o n c e n t r a t i o n s . The c o r e con ta ins fuel p e l l e t s of s ix 

d i f fe ren t t h o r i u m to u r a n i u m r a t i o s . F i g u r e 2. 3 shows the load ing a r r a n g e 

m e n t for e a c h of the t h r e e d i f fe ren t t y p e s of fuel e l e m e n t s . T h i s load ing 

a r r a n g e m e n t h a s been d e t e r m i n e d to sa t i s fy the c r i t e r i a of the r e a c t o r c o r e 

r e l a t i v e to p o w e r d i s t r i b u t i o n , c o n t r o l rod p r o g r a m m i n g , c o n t r o l rod 

a d e q u a c y , and the o p e r a t i n g life of the r e a c t o r . 

- 5 -



2. 2 T h O ^ - U O ^ OXIDE F U E L 

The c o r e con ta ins 1100 kg of U-235 (1344 kg of 93% e n r i c h e d UO^) 

and 17, 207 kg of ThO^ in the f o r m of U O ^ - T h O ^ p e l l e t s of s ix d i f fe ren t 

t h o r i u m to u r a n i u m r a t i o s . T a b l e 2. 1 shows the loading of the v a r i o u s 

fuel r o d s in t h e c o r e . A s u m m a r y of the U-235 l o a d i n g s in e a c h type of 

fuel e l e m e n t i s g iven in T a b l e 2. 2. 
3 

The a v e r a g e fuel pe l l e t d e n s i t y i s 9. 25 g m / c m . F u e l p e l l e t 

d i a m e t e r i s 0. 260 in. The p e l l e t s a r e s t a c k e d to an a c t i v e fuel l eng th of 

98. 5 in . at 68 F (99. 2 in . at full power ) and a r e p l a c e d in s t a i n l e s s s t e e l 

t u b e s (clad) to m a k e fuel r o d s . 

2. 3 F U E L RODS 

F u e l c lad i s 304 s t a i n l e s s s t e e l conta in ing 200 -225 p p m n a t u r a l 

b o r o n . (The u s e of t h i s b u r n a b l e po i son i s d e s c r i b e d in Sec t ion 4 . ) The 

d e n s i t y of the c lad i s 7. 93 g m / c c . The ou t s ide d i a m e t e r of the fuel rod 

i s 0. 304 in. and the c lad t h i c k n e s s i s 0. 0205 in . B e t w e e n the fuel p e l l e t s 

and the clad t h e r e is a gap (at r o o m t e m p e r a t u r e ) n o m i n a l l y 0. 0015 in . 

t h i ck . Th i s gap i s f i l led wi th h e l i u m g a s . 

2 . 4 F U E L BUNDLES 

F u e l r o d s a r e a s s e m b l e d in to 14 x 14 s q u a r e a r r a y s wi th one c o r n e r 

fuel rod o m i t t e d . The 195 fuel r o d s a r e s p a c e d by f e r r u l e s ( sho r t , th in , 

t u b u l a r s e c t i o n s ) and the whole a s s e m b l y i s b r a z e d t o g e t h e r to f o r m a 

bundle 5. 2 in . s q u a r e . F i g u r e 2. 2 shows the a r r a n g e m e n t of a fuel bund l e . 

F u e l r o d s a r e on a s q u a r e p i tch of 0. 374 in. V o l u m e f r a c t i o n s fo r t h i s 

l a t t i c e s t r u c t u r e a r e g iven in T a b l e 2. 3 . The m e t a l / w a t e r r a t i o for the 

l a t t i c e only, (defining " m e t a l " a s be ing e v e r y t h i n g excep t m o d e r a t o r ) i s 

equal to 1.116. (The v o l u m e f r a c t i o n s for the c o m p l e t e c o r e a r e g iven 

in T a b l e 3 . 3 . ) 

The l a t t i c e spac ing i s m a i n t a i n e d by the f e r r u l e s , which a r e 304 

s t a i n l e s s s t e e l , 0 . 2 2 5 in . OD, 0. 189 in . ID, and 0 .750 in . long. The 

f e r r u l e s a r e s p a c e d a x i a l l y 9 in . c e n t e r - t o - c e n t e r in p l a n e s p e r p e n d i c u l a r 

to the long i tud ina l ax i s of the bund le . Rows of s m a l l e r f e r r u l e s (0. 125 in . 

OD X 0. 095 in . ID) a r e s p a c e d a r o u n d the ou t s i de of the bundle to s u p p o r t 

the outer row of fuel r o d s and to s e p a r a t e the fuel r o d s f r o m the can wa l l . 

The f e r r u l e s a r e b r a z e d to the ou t e r r ow of fuel r o d s . 
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T A B L E 2. 1 

F U E L ROD LOADING SUMMARY 

Rod P e l l e t Load ing No. R o d s / B u n d l e No. R o d s / Z o n e No . Rods 
Type (gnas U - 2 3 5 / a x i a l in . ) Zone Zond Zone Zone Zone Zone in C o r e 

1__ II III 1 II III 

A 0 .2049 19 4 2 608 176 88 872 

B . 2 9 2 8 34 25 7 1088 1100 308 2496 

C . 3 9 0 4 139 40 22 4448 1760 968 7176 

D . 5 2 9 2 0 123 24 0 5412 1056 6468 

E . 6 6 1 0 0 0 137 0 0 6028 6028 

F " 1/3 ThO^ p lus 3 3 3 96 132 132 360 
2 / 3 Type A (0. 2049) 

T o t a l s 195 195 195 6240 8580 8580 23400 

C e n t e r 32. 5 ± 1 in . f i l led wi th T h 0 2 p e l l e t s ; 33 ± 1 in . at e a c h end f i l led 
wi th Type A p e l l e t s . 

T A B L E 2. 2 

F U E L E L E M E N T LOADING SUMMARY 

R o d 
Type 

A 

B 

C 

D 

E 

F 

M a s s / R o d 
in g r a m s 

20. 2 ± 

2 8 . 8 ± 

38 . 5 ± 

52. 1 ± 

65 . 1 ± 

13. 5 ± 

T o t a l M a s s of 
U - 2 3 5 / B u n d l e 

No. of 

0 . 4 

0 . 6 

0. 8 

1.0 

1 .3 

0 . 3 

B u n d l e s / Z o n e 

M a s s 
Zone I 

384 

981 

5, 345 

0 

0 

40 

6, 750 

: x 32 

i /Bund le in 
Zone II 

81 

721 

1, 538 

6, 411 

0 

40 

8, 791 

x 44 

G r a m s 
Zone III 

4 0 

202 

8 4 6 

1, 251 

8, 921 

4 0 

11,, 300 

X 4 4 

T o t a l M a s s U-235 216 kg 387 kg 497 k^ 
P e r Zone 

T o t a l M a s s of U-235 1100 kg 
in C o r e 



T A B L E 2 . 3 

VOLUME FRACTIONS IN L A T T I C E 

F u e l 
Gap 
Clad 
M o d e r a t o r 
F e r r u l e s 

0.3796 
0.0088 
0. 1306 
0.4727 
0.0083 

The t h r e e d i f fe ren t fuel bund les tha t a r e r e q u i r e d for zone loading 

of the c o r e a r e d e s c r i b e d in T a b l e 2. 2 and in F i g . 2. 1. The f igu re shows 

w h e r e e a c h rod type i s p l a c e d in the bund les of Zones 1, U and III . A t o m 

c o n c e n t r a t i o n s for a uni t ce l l wi th the v o l u m e f r a c t i o n s of T a b l e 2. 3 a r e 

g iven for e a c h fuel r od type in T a b l e 2. 4 . 

T A B L E 2 . 4 

ATOM CONCENTRATIONS FOR CLEAN LATTICE 
24 3 

(Tabu la t ed N u m b e r s x 10 = A t o m s / c m ) 

M a t e r i a l 

T h o r i u m 
U-235 
U-238 

H y d r o g e n ( 68 F ) 
(500 F) 

Boron 
Oxygen ( 68 F) 

(500 F) 
S t a i n l e s s S tee l 

B D 

.007660 

.0002292 

.0000173 

.03158 

.02495 

.0000125 

.0316 

.0283 

.01176 

.007553 .007454 .007266 

.0003275 .0004367 .0005919 

.0000247 .0000329 .0000446 
, 

Identical in all types of rods 

.007105 

.0007394 

.0000557 

.007743 

.0001528 

.0000115 

2. 5 F U E L E L E M E N T CANS 

The can i s m a d e of Z i r c a l o y - 2 in the f o r m of an enve lope s u r r o u n d 

ing the fuel bundle and i s shown in F i g . 2. 2. Cans a r e 5. 711 in. s q u a r e 

and 0. 155 in . t h i ck . Rad iu s of c u r v a t u r e at the c o r n e r s i s 0. 25 in . i n s i d e . 

Zone loading r e q u i r e s spec i f i c fuel bundle o r i e n t a t i o n in the c o r e . T h i s 

i s a c c o m p l i s h e d by o r i e n t i n g the bundle wi th in the can and o r i e n t i n g the 

can wi th in the c o r e . The m i s s i n g c o r n e r fuel r od in the bundle and an 

index s t r i p in one c o r n e r of the can i n s u r e p r o p e r r o t a t i o n a l o r i e n t a t i o n 

within the can . Two Z i r c a l o y - 2 flow b locks a r e a t t a c h e d to e a c h e l e m e n t 

to r e d u c e p o w e r peak ing and d i s t r i b u t e coolant flow in the f ixed s h i m rod 

channe l . 
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2. 6 THE C O M P L E T E A C T I V E CORE 

One h u n d r e d twen ty fuel e l e m e n t s c o m p r i s e the a c t i v e c o r e . T h e s 

a r e a r r a n g e d on a p i t c h of 6. 32 in . in the p a t t e r n shown in F i g . 2. 1. 

Zone I con ta in s 32 e l e m e n t s ; Z o n e s II and III con ta in 44 e l e m e n t s e a c h . 

E l e m e n t s in t h e s e zones have a 3 :3 :9 :5 m a s s r a t i o of U-235 loaded a s 

shown in T a b l e 2. 2, The equ iva l en t c o r e d i a m e t e r of t h i s a r r a n g e m e n t 

i s 77. 7 in . (197. 3 c m ) ; the c o r e he igh t i s 98 . 5 in . (250. 2 cm) cold and 

99. 2 in . (252. 0 cm) a t full p o w e r . 

The u s e of the Z i r c a l o y - 2 flow b l o c k s on the p e r i p h e r y of the can 

a s s u r e s c o r r e c t o r i e n t a t i o n of t h e bundle in c o r e . And t h e u s e of i ndex 

s t r i p s p e r m i t s the p r o p e r o r i e n t a t i o n of the fuel r o d s wi th in e a c h bund le . 

The c o m b i n a t i o n of both c e n t e r i n g d e v i c e s a s s u r e s p o s i t i v e l oca t ion of 

ind iv idua l fuel r o d s in the a c t i v e c o r e . 

2. 7 C O N T R O L RODS, F I X E D SHIM RODS AND F L U X D E P R E S S O R S 

The 21 m o v a b l e c o n t r o l r o d s a r e l o c a t e d in a s q u a r e p a t t e r n a s 

shown in F i g . 2. 1. T h e y a r e c r u c i f o r m ha fn ium r o d s of d e n s i t y 

1 2 . 6 5 g m s / c c . Rod c o m p o s i t i o n i s 9 5 . 4 % Hf, 4. 5% Z r , and a s s o r t e d 
1 9 i m p u r i t i e s equ iva len t to 1. 04 x 10 a t o m s of b o r o n / c c . Movab le r o d s 

a r e 0. 300 in. t h i ck and have 10 in . b l ade wid th . T h e y a r e s p a c e d a t 

12. 645 in . i n t e r v a l s . The r o d s a r e a t t a c h e d to c r u c i f o r m Z i r c a l o y - 2 

fo l lower r o d s of the s a m e d i m e n s i o n s . The ha fn ium r o d s a r e 96. 5 in . 

long and t r a v e l 91 in . b e t w e e n the full in and full out p o s i t i o n s . 

The d e s i g n a l l ows for the u s e of a s m a n y a s 24 f ixed s h i m r o d s 

of b o r o n con ta in ing s t a i n l e s s s t e e l to ad jus t c o r e r e a c t i v i t y . D e t e r m i 

na t ion of the r e q u i r e d n u m b e r of s h i m s m u s t awai t f ina l c a l i b r a t i o n 

t e s t s of the c o r e . T h e s e r o d s a r e a l s o c r u c i f o r m s h a p e and a r e 10 in . 

wide by 0. 125 in . t h i ck . The s t a i n l e s s s t e e l , b a s e type 304, con t a i n s 

1% b o r o n by weight e n r i c h e d to 80% B - 1 0 by we igh t . Rod d e n s i t y i s 

7. 87 g m s / c c . S p a c e s not o c c u p i e d by f ixed s h i m s wi l l be f i l led wi th 

Z i r c a l o y - 2 f ixed f i l l e r r o d s of the s a m e g e o m e t r y and d i m e n s i o n s a s 

the s h i m r o d s . 

T h e r e a r e o the r w a t e r c h a n n e l s a t the p e r i p h e r y of the c o r e not 

occup ied by e i t h e r f ixed o r m o v a b l e r o d s . In o r d e r to avoid l o c a l i z e d 

p o w e r peak ing in the fuel r o d s nex t to t h e s e c h a n n e l s , t h e y a r e f i l led 
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with flux d e p r e s s o r s m a d e of type 304 s t a i n l e s s s t e e l p l a t e s . T h e s e 

p l a t e s v a r y in shape to c o n f o r m to the g e o m e t r y of the c h a n n e l s occup ied 

and a r e 0. 125 in. th ick wi th 4 . 875 in . a r m s . The f lux d e p r e s s o r s occupy 

a l l but the top two feet of the a c t i v e c o r e . 

2. 8 I M M E D I A T E SURROUNDINGS OF A C T I V E CORE 

T w e n t y - e i g h t hold down c o l u m n s a r e p l a c e d a r o u n d the p e r i m e t e r 

of the c o r e a s shown in F i g . 2. 1. T h e s e a r e s t a i n l e s s s t e e l cans wh ich 

do not conta in fuel r o d s . The f i r s t a n n u l a r t h e r m a l sh i e ld c o m e s at a 

d i s t a n c e of 47 in . f r o m the a x i a l c e n t e r l ine of a c t i v e c o r e and i s 1 in . 

t h i ck type 304 s t a i n l e s s s t e e l . The u p p e r and l o w e r r e f l e c t o r s c o n s i s t 

of the fuel rod end caps and t r a n s i t i o n p i e c e s . F o r n u c l e a r p u r p o s e s 

t hey a r e 90% w a t e r and 10% s t a i n l e s s s t e e l . 

- 10 -



SECTION 3 

C O R E L I F E T I M E A N D R E L A T E D R E A C T I V I T Y E F F E C T S 

3. 1 G E N E R A L DISCUSSION 

The o p e r a t i o n of the C E T R at full p o w e r invo lves the b u r n u p of U-235 

and at the s a m e t i m e the c o n v e r s i o n of t h o r i u m to new U-233 fuel . S ince 

the b u r n u p of U-235 i s f a s t e r t han the f o r m a t i o n of U - 2 3 3 , e x t r a U-235 fuel 

i s bui l t into the r e a c t o r c o r e i n i t i a l l y . The r e a c t i v i t y ( e x c e s s m u l t i p l i c a 

t ion) a s s o c i a t e d wi th t h i s fuel i s c o n t r o l l e d wi th the c o n t r o l r o d s . As the 

fuel i s b u r n e d , the c o n t r o l r o d s a r e r e m o v e d f r o m the c o r e . Af te r an 

ex tended p e r i o d , the con t ro l r o d s a r e c o m p l e t e l y r e m o v e d f r o m the c o r e 

and c r i t i c a l i t y no l o n g e r can be m a i n t a i n e d a t full p o w e r . The l eng th of 

t i m e un t i l t h i s h a p p e n s i s ca l l ed the c o r e l i f e t i m e , o r r e a c t i v i t y l i f e t i m e . 

The r e a c t i v i t y l i f e t ime of the C E T R c o r e w a s d e t e r m i n e d by a n a l y t i c a l 

m e t h o d s . C r i t i c a l e x p e r i m e n t s w e r e u s e d to deve lop the m e t h o d s of 

c a l c u l a t i o n of i n i t i a l r e a c t i v i t y . The e s t i m a t e s of p o s s i b l e e r r o r s in the 

r e a c t i v i t y of the i n i t i a l full p o w e r c o r e w e r e d e t e r m i n e d by c o m p a r i s o n s 

of e x p e r i m e n t a l r e s u l t s wi th the r e s u l t s of the c a l c u l a t i o n a l m e t h o d s . 

Many r e a c t i v i t y f a c t o r s affect t he l i f e t i m e of the C E T R c o r e . Some 

of t h e s e f a c t o r s have been d e t e r m i n e d e x p e r i m e n t a l l y . M e a s u r e m e n t s 

w e r e m a d e a t t h e C r i t i c a l E x p e r i m e n t L a b o r a t o r y to d e t e r m i n e the t e m 

p e r a t u r e def ic i t , the p o w e r d o p p l e r effect , and the r e a c t i v i t y and r o d 

w o r t h of zone loaded c o r e s . G e n e r a l l y , t he e x p e r i m e n t s did not m o c k up 

the exac t fuel c o n c e n t r a t i o n s , g e o m e t r i e s , and t e m p e r a t u r e s p r e s e n t in 

the r e f e r e n c e d e s i g n . In o r d e r to d e t e r m i n e r e a c t i v i t y effects in the C E T R 

r e f e r e n c e des ign , a n a l y t i c a l t r e a t m e n t of the m e a s u r e d s i t ua t ion w a s u s e d 

a s the b a s i s for d e v e l o p m e n t of a d e q u a t e c a l c u l a t i o n a l m e t h o d s . C o m p a r i 

sons of m e a s u r e d and c a l c u l a t e d r e s u l t s p r o v i d e d a b a s i s for the e s t i m a t i o n 

of p o s s i b l e e r r o r s in the c a l c u l a t i o n of v a r i o u s r e a c t i v i t y ef fects of the 

r e f e r e n c e c o r e wi th t e m p e r a t u r e and p o w e r l e v e l . 



Two d i m e n s i o n a l , four g roup c a l c u l a t i o n s w e r e u s e d to d e t e r m i n e 

the in i t i a l r e a c t i v i t y of the c o r e . The e s t i m a t e d m a x i m u m e r r o r in the 

ca l cu l a t i on of k ^̂  by t h i s m e t h o d i s ± 0. 03 Ak . . for the in i t i a l hot 
eff •' eff 

o p e r a t i n g c o r e . Th i s e s t i m a t e i s b a s e d on c o m p a r i s o n of c a l c u l a t i o n s 

wi th c r i t i c a l e x p e r i m e n t s , hot exponen t i a l e x p e r i m e n t s , and m e a s u r e 

m e n t s of the Dopp le r effect a s a funct ion of t e m p e r a t u r e . The load ing 

of the C E T R h a s been s e t to g ive an e x p e c t e d c o r e l i f e t ime of 600 full 

power d a y s . If the r e a c t i v i t y of the c o r e i s t h r e e p e r c e n t l o w e r t han 

expec ted , the c o r e l i f e t ime would be no l e s s than 350 full p o w e r d a y s . 

If the r e a c t i v i t y i s t h r e e p e r c e n t h i g h e r than expec t ed , the c o r e l i f e t ime 

would be g r e a t e r than 7 50 full p o w e r d a y s . 

The r e a c t i v i t y r e q u i r e m e n t s for e q u i l i b r i u m xenon and s a m a r i u m , 

t e m p e r p i t u r e , Dopp le r effect in t h o r i u m , b u r n u p of fuel , and bui ldup of 

f i s s i on p r o d u c t p o i s o n s a r e shown inr T a b l e 3 . 1 . 

T A B L E 3 . 1 

REACTIVITY R E Q U I R E M E N T S 

Effect Akeff 

E q u i l i b r i u m X e n o n - 1 3 5 2 . 3 

Equi l ib r iunn S a m a r i u m - 1 4 9 0 .7 

T e m p e r a t u r e (68 F - 501 F) 3 . 4 

P o w e r Dopp le r (hot, z e r o to full p o w e r ) 2, 1 

B u r n u p of F u e l and Bui ldup of F i s s i o n 5. 4 
P r o d u c t s ( sh im) ,^ p 

B a s e d on an a v e r a g e fuel t e n a p e r a t u r e of 1870 F . 

Inc ludes c o m p l e t e t r a n s i e n t xenon o v e r r i d e for about 
600 full p o w e r days of o p e r a t i o n . 

The c o r e con ta in s b o r o n wh ich i s a l l oyed wi th the s t a i n l e s s s t e e l 

c ladding of the fuel r o d s . As the c o r e i s o p e r a t e d a t p o w e r , the b o r o n 

i s c o n s u m e d r e s u l t i n g in a s u b s t a n t i a l i n c r e a s e in the l ife of the c o r e . 

The in i t i a l r e a c t i v i t y w o r t h of the i n i t i a l b o r o n c o n c e n t r a t i o n (200-225 
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p a r t s p e r m i l l i o n in the c ladding) i s 0. 021 to 0. 024 Ak ^-. C o r e l i f e t ime 

s t u d i e s show a con t inuous d e c r e a s e in the r e a c t i v i t y of the c o r e du r ing 

full p o w e r o p e r a t i o n . The n e g a t i v e r e a c t i v i t y effects a s s o c i a t e d wi th 

fuel dep l e t i on and f i s s i o n p r o d u c t s po i son ing w e r e g r e a t e r t han the p o s i 

t ive r e a c t i v i t y effect t ha t r e s u l t s f r o m b u r n a b l e p o i s o n d e p l e t i o n . 

3 . 2 R E A C T I V I T Y L I F E T I M E 

The r e a c t i v i t y l i f e t ime of the r e f e r e n c e c o r e w a s c o m p u t e d by a 

c o m b i n a t i o n of one d i m e n s i o n a l two g r o u p l i f e t i m e c a l c u l a t i o n s . L i f e t i m e 

c a l c u l a t i o n s w e r e m a d e u s ing S L E U T H , and both r a d i a l and a x i a l f lux 

v a r i a t i o n w e r e i n v e s t i g a t e d . The c a l c u l a t i o n a l m o d e l for the r a d i a l l i f e 

t i m e was b a s e d on a t h r e e r e g i o n zone loaded , r e f l e c t e d c o r e . The 

in i t i a l m a t e r i a l c o n c e n t r a t i o n s and n u c l e a r p a r a m e t e r s a r e g iven in 

Tab le 3 . 2. The s u b s c r i p t no ta t ion for h e a v y i s o t o p e s in t h i s t ab l e and 

o the r p o r t i o n s of the r e p o r t i s def ined by: 25 = U - 2 3 5 , 28 = U-238 , 

23 = U - 2 3 3 , 02 - T h - 2 3 2 , 13 = P a - 2 3 3 . 

One d i m e n s i o n a l r a d i a l l i f e t i m e c o m p u t a t i o n s a s s u m e tha t the 

flux and b u r n u p in the t r a n s v e r s e o r a x i a l d i r e c t i o n i s u n i f o r m . In the 

p h y s i c a l c a s e , h o w e v e r , the b u r n u p in the a x i a l d i r e c t i o n i s n o n u n i f o r m . 

Nonun i fo rm b u r n u p l e a d s to r e a c t i v i t i e s d i f fe ren t f r o m the u n i f o r m 

b u r n u p c a s e p r i m a r i l y b e c a u s e b u r n u p i s c o n c e n t r a t e d in the r e g i o n s of 

high i m p o r t a n c e , and s e c o n d a r i l y b e c a u s e the f lux d i s t r i b u t i o n i s 

p e r t u r b e d caus ing changes in l e a k a g e . The ne t r e a c t i v i t y change i s a 

b a l a n c e b e t w e e n c o m p e t i n g e f fec t s . R e a c t o r p r o d u c e d p o i s o n s bui ld 

in nonun i fo rmly , d e p r e s s i n g r e a c t i v i t y m o r e t han in the u n i f o r m c a s e . 

Th i s effect p r e d o m i n a t e s e a r l y in life wi th the bui ld up xenon and 

s a m a r i u m . The l a t e l ife i s d o m i n a t e d by the nonunifoiTn b u r n u p of 

fue l . S ince the fuel b u r n s f a s t e r in the high i m p o r t a n c e r e g i o n s , 

r e a c t i v i t y fa l l s m o r e r a p i d l y than if t he c o r e w e r e b u r n e d u n i f o r m l y . 

A compe t ing effect i s in o p e r a t i o n if a b u r n a b l e po i son i s p r e s e n t 

s i n c e r e a c t i v i t y i n c r e a s e s a s i t b u r n s . T h e r e f o r e , one d inaens iona l 

l i f e t ime c a l c u l a t i o n s a r e in e r r o r by the d i f f e r ence b e t w e e n the u n i 

f o r m and n o n u n i f o r m t r a n s v e r s e c a l c u l a t i o n s . Two d i m e n s i o n a l b u r n -

up i s t r e a t e d e x a c t l y in the " T u r b o " Code, but t h i s p r o g r a m wi l l not 

handle the t h o r i u m cha in . As an a l t e r n a t e , an a c c u r a t e so lu t ion can 

be ob ta ined by s y n t h e s i s m e t h o d s . An e s t i m a t e of the effect of n o n 

u n i f o r m a x i a l b u r n u p h a s b e e n ob ta ined in t h i s f a sh ion . 
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TABLE 3.2 
NUCLEAR DATA FOR THE HOMOGENIZED 

CETR REFERENCE CORE 

Oute r R a d i u s , c m 

k 
00 

l o o 

^ 0 0 

D. , cm 

D_,, c m 
'^ 2 

T, cm 
£Z , cm" 
' s 
•02 

"H 
r e s 

p 
02 

25 

SS 
3 

28 
3 

Z r - 2 

to t a l 

'25' c m 

Zf ^ ,, cm t o t a l 
B^ , c m - ^ 

N^r , c m x 10 
-3 -24 

N„-,, cm X 10 
NTT ^N' c m X 10 

^ 2 ° _3 _24 
N„„ , cm ^ X 10 

-3 -24 
N „ , , c m ^ X 10 

^"•"^ -3 -24 
N , „ , cm X 10 
N „ , cm X 10 

^ 1 0 

Core Region 
1 

51.26 

1.0885 

.2693 

. 8192 

1.49 

.350 

56.8 

. 532 

1. 01 

1. 618 

2. 07 

1.936 

.796 

.782 

.959 

.991 

.998 

. 587 

.667 

. 115 

. 172 

.00064 

,000268 

.00511 

.0127 

. 0080 

.00678 

.000020 

.0000016 

2 

78.99 

1. 159 

.339 

. 820 

1. 50 

.340 

56.6 

.529 

1. 01 

1. 618 

2. 07 

1. 915 

.798 

.725 

.959 

.988 

.998 

. 544 

.722 

. 150 

.207 

.00064 

.000349 

.00502 

.0127 

. 0080 

.00678 

.000026 

.0000016 

3 

99.25 

1.220 

.410 

. 810 

1. 51 

.330 

55. 1 

. 550 

1. 01 

1. 618 

2. 07 

1. 901 

. 814 

. 672 

.953 

. 985 

.998 

. 510 

. 759 

. 192 

. 254 

.00064 

.000449 

.00491 

. 0132 

. 0096 

.00522 

.000034 

.0000016 

Reflector 

120 

2. 05 

.247 

53. 0 

1.095 

. 0115 

. 0006' 

. 0264 
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T A B L E 3 . 2 

N U C L E A R DATA F O R THE H O M O G E N I Z E D 
C E T R R E F E R E N C E CORE (CONT'D) 

C o r e Reg ion 
1 

23. 8 

487 

2. 75 

. 17 

240 

2 

23. 8 

487 

2. 75 

. 17 

240 

3 

23. 0 

487 

2. 75 

. 17 

240 

Reflector 

— « . . . i. 

R^^, b a r n s 

R_j., b a r n s 

R , b a r n s 

R „ T, b a r n s Z r - 2 
R^n, b a r n s 

The d i f f e r ence betNveen the u n i f o r m and n o n u n i f o r m a x i a l b u r n u p 

was c a l c u l a t e d u s ing S L E U T H . The s c h e m e r e q u i r e d the runn ing of a 

s ing le r e g i o n u n i f o r m buxnup a x i a l c a s e for d i r e c t c o m p a r i s o n with 

the m u l t i r e g i o n n o n u n i f o r m ax ia l b u r n u p c a s e s . The r e s u l t of the 

r a d i a l l i f e t i m e c a l c u l a t i o n wi th u n i f o r m a x i a l b u r n u p i s shown in F i g . 3 

w h e r e the m u l t i p l i c a t i o n cons t an t , k ^ ,̂ a s a funct ion of t i m e i s p lo t t ed . 
'• e i i 

F i g . 3 . 2 shows the a x i a l c a l c u l a t i o n s u s e d to ad jus t the r a d i a l l i f e t ime 

c u r v e to g ive the b e s t e s t i m a t e of the r e a c t i v i t y l i f e t i m e of the c o r e . 

The u n i f o r m b u r n u p c u r v e has the s a m e a s s u m p t i o n m a d e in the r a d i a l 

l i f e t ime c a l c u l a t i o n . The c o s i n e b u r n u p c u r v e shows the a x i a l l i f e t i m e 

wi th n o n u n i f o r m b u r n u p b a s e d on no c o n t r o l rod m o t i o n . If the c o r e 

con ta ined no r o d s , t he d i f f e r ence b e t w e e n t h e s e c u r v e s would be the 

c o r r e c t i o n to be m a d e on the r a d i a l l i f e t i m e . The t h i r d c u r v e i s the 

b e s t c a l c u l a t i o n a l e s t i m a t e of the a x i a l b u r n u p of the r e a c t o r c o r e . 

Th i s c u r v e was g e n e r a t e d by u s ing t h r e e g r o u p s of c o n t r o l r o d s s i m u 

l a t ed by h o m o g e n i z e d po i son , and by w i t h d r a w i n g one g r o u p of r o d s at 

a t i m e to k e e p the s y s t e m c r i t i c a l t h r o u g h o u t c o r e l i fe . Life ended 

when a l l t h r e e g r o u p s of r o d s w e r e w i t h d r a w n . The d e t a i l s of t h i s 

s tudy a r e d i s c u s s e d m o r e c o m p l e t e l y in Sec t ion 5. The c u r v e of 

F i g . 3 . 1 w a s ad ju s t ed by the d i f f e r ence b e t w e e n the c u r v e s of F i g . 3 . 2 

to give the e x p e c t e d r e a c t i v i t y c u r v e for the r e f e r e n c e c o r e . The r e 

su l t an t r e a c t i v i t y - l i f e c u r v e i s shown in F i g . 3. 3 . T h i s f i gu re does 

not i nc lude the effects of the f ixed s h i m r o d s . 
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3 . 2 . 1 N o m i n a l C o r e L i f e t i m e 

The n o m i n a l or b e s t e s t i m a t e of the o p e r a t i n g l i f e t ime 

c u r v e of the r e f e r e n c e c o r e i s shown in F i g . 3 . 4 . The f i g u r e shows 

k , , of the c o r e a s a funct ion of t e m p e r a t u r e and t i m e of full p o w e r 

o p e r a t i o n . Th i s n o m i n a l c a s e has four fixed s h i m r o d s con t ro l l i ng 

1% in r e a c t i v i t y . At 450 F the c o r e h a s an e x c e s s r e a c t i v i t y 

0. 101 Ak ,,, which i s . 034 Ak ^̂  l e s s than tha t c o n t r o l l e d by the 
eff eff •' 

m o v a b l e r o d s . Thus the shutdown m a r g i n at 450 F i s . 034 Ak ^^. 
^ eff 

The l i f e t ime of the c o r e i s 530 days for full xenon o v e r r i d e . F o l l o w 

ing th i s p e r i o d the r e a c t o r s t i l l can be run to 600 days if p a r t i a l 

xenon o v e r r i d e is a c c e p t a b l e . A l s o the c o r e life can be i n c r e a s e d 

beyond 530 days if the four fixed s h i m r o d s a r e r e m o v e d . In t h i s 

s i t ua t ion the c o r e life wi l l be 600 days for full xenon o v e r r i d e , and 

640 days if it i s not n e c e s s a r y to o v e r r i d e peak xenon . 
It i s expec t ed in the n o m i n a l c a s e tha t . 0 1 0 Ak , , wi l l ^ eff 

be he ld by the f ixed s h i m r o d s , and t h e s e c a l c u l a t i o n s have b e e n 

m a d e with the r o d s in the c o r e . O the r c o r e l i f e t ime c a l c u l a t i o n s 

have been p e r f o r m e d a s s u m i n g tha t t h e s e r o d s w e r e not in the c o r e . 

T h e s e o the r r e s u l t s m u s t be c o r r e c t e d b e f o r e t h e y can be c o m p a r e d 

d i r e c t l y wi th the n o m i n a l c a s e . Tab le 3 . 3 g ives the n u c l e a r p e r 

f o r m a n c e c h a r a c t e r i s t i c s and the b a l a n c e s of f e r t i l e and f i s s i o n a b l e 

m a t e r i a l at s t a r t u p and the end of 600 full p o w e r d a y s . 

3 . 2. 2 Effect of P o s s i b l e E r r o r s on R e a c t i v i t y L i f e t i m e 

The in i t i a l r e a c t i v i t y and the l i f e t ime of the c o r e can be 

c a l c u l a t e d within c e r t a i n l i m i t s of e r r o r . T h e s e e r r o r s tha t m a y 

effect the l i f e t ime a r i s e a s fo l lows : 

(a) The r e a c t i v i t y of the cold c lean c o r e can be c o m 

puted wi th in ± . 01 Ak ^^. 
^ eff 

(b) Hot exponen t i a l e x p e r i m e n t s i n d i c a t e tha t the 

d e c r e a s e in c o r e r e a c t i v i t y with t e m p e r a t u r e 

be tween 68 F and 501 F can be c o m p u t e d to w i t h 

in ± . 005 Ak rr- F o r th i s a n a l y s i s the m o r e c o n -
eii 

s e r v a t i v e l i m i t of ± . 01 Ak ^̂  i s u s e d . The e r r o r 
eff 

on the r e a c t i v i t y change be tween 68 F and 450 F 
is ± . 007 Ak ^^. 

eff 
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T A B L E 3. 3 

N U C L E A R DESIGN CHARACTERISTICS 

In i t i a l L o a d i n g s 

U r a n i u m - 2 3 5 

T h o r i u m Oxide ( fe r t i l e m a t e r i a l ) 

L o a d i n g s a t End of 600 Days 
of F u l l Pov /e r O p e r a t i o n 

U r a n i u m - 2 3 3 

U r a n i u m - 2 3 4 

U r a n i u m - 2 3 5 

U r a n i u m - 2 3 6 

P r o t a c t i n i u m - 2 3 3 

T h o r i u m Oxide 

A v e r a g e T h e r m a l N e u t r o n F l u x 
a t 585 MW 

C o n v e r s i o n r a t i o 

E q u i v a l e n t C o r e D i a m e t e r 

C o r e Heigh t (Fu l l P o w e r ) 

To ta l C o r e V o l u m e 

C o r e V o l u m e F r a c t i o n s 

M a t e r i a l 

kg ( total) 

W a t e r 
F u e l 
S t a i n l e s s S tee l 
Z r - 2 
Hel iu ra 
C o n t r o l Rods 
F i x e d Rods 

M e t a l / W a t e r Ra t io 

1, 

17, 

kg 

16, 

100 

. 207 

(total) 

147 

9 

695 

76 

14 

950 

13 2 

1 . 5 x 1 0 n / c m - s e c 

0. 46 

197. 3 c m 

252. 0 c m 

7, 705 l i t e r s 

V o l u m e F r a c t i o n 

0.48597 
0.26435 
0.09020 
0. 10084 
0.00405 
0.03672 
0.01787 

1.0577 

The c o n v e r s i o n r a t i o i s def ined a s the r a t i o of the to t a l fuel 
p r o d u c e d to the t o t a l fuel c o n s u m e d d u r i n g the c o r e l i fe . 
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(c) The l o s s of r e a c t i v i t y c a u s e d by the p o w e r coeff ic ient 

(doppler effect) m a y be c a l c u l a t e d to wi th in ± . 01 Ak , , . 

The m a r g i n of e r r o r i s due to the u n c e r t a i n t i e s in the 

d o p p l e r coeff ic ient and the fuel t e m p e r a t u r e . 

(d) U n c e r t a i n t i e s in the b u r n u p a n a l y s i s a r e not expec t ed 

to c o n t r i b u t e a p p r e c i a b l y to the t o t a l e r r o r in c o m p u t e d 

c o r e l i fe . The r e a s o n for th i s i s tha t a l a r g e f r a c t i o n 

of the p o s s i b l e e r r o r in r e a c t i v i t y of the full p o w e r c o r e 

i s c a u s e d by e r r o r in the r e s o n a n c e i n t e g r a l of t h o r i u m . 

An e r r o r in the r e s o n a n c e i n t e g r a l of t h o r i u m t e n d s to 

c o m p e n s a t e o v e r the c o r e life for the e r r o r in i n i t i a l 

r e a c t i v i t y tha t it c a u s e s . T h u s if t he i n i t i a l r e a c t i v i t y 

i s l o w e r than c a l c u l a t e d the c o r e l ife would be r e d u c e d , 

excep t tha t t h i s would be c a u s e d in p a r t by a t h o r i u m 

r e s o n a n c e i n t e g r a l h i g h e r than c o m p u t e d . The h i g h e r 

r e s o n a n c e a b s o r p t i o n m e a n s a h i g h e r c o n v e r s i o n r a t i o , 

c aus ing the c u r v e of k ^, v s t i m e to d r o p m o r e s lowly , 

and thus c o m p e n s a t i n g for the r e d u c e d in i t i a l k ^^. In 

a s i m i l a r fash ion , i n i t i a l r e a c t i v i t y h i g h e r than c o m p u t e d 

would be c a u s e d by a r e s o n a n c e i n t e g r a l l o w e r than 

c o m p u t e d . The l o n g e r life c a u s e d by the l a r g e r i n i t i a l 

k r̂ i s c o m p e n s a t e d by the f a s t e r k ^^ d e c r e a s e r e s u l t -
eif ^ ' eft 

ing f r o m the l o w e r c o n v e r s i o n r a t i o . 

(e) The f i s s i o n p r o d u c t po i son ing tha t h a s been u s e d for 

c a l c u l a t i o n s a r e such tha t the po i son ing i s m o r e l i ke ly 

to be o v e r e s t i m a t e d than u n d e r e s t i m a t e d . A t h e r m a l 

po i son ing of 65 b a r n s p e r f i s s i o n and a r e s o n a n c e 

po i son ing of 248 b a r n s r e s o n a n c e i n t e g r a l p e r f i s s i o n 

for U-235 w e r e u s e d in the c a l c u l a t i o n s . The r e s p e c t i v e 

c r o s s s e c t i o n for U-233 po i son ing w a s 52 b a r n s and the 

r e s o n a n c e i n t e g r a l w a s 180 b a r n s . 

The e r r o r s of (a), (b) and (c) m a y be c o m b i n e d in m a n y 

w a y s . The m a x i m u m p o s s i b l e v a r i a t i o n f r o m the expec t ed c o r e would be 

± . 01 Ak ^. at 68 F c lean , z e r o p o w e r : eti 
± . 017 Ak ^̂  a t 450 F c lean , z e r o p o w e r ; 

eit 
± . 02 Ak ^. at 501 F c lean , z e r o p o w e r : 

e i i 
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± . 03 Ak ^j. a t 501 F c l ean full p o w e r , i n i t i a l ; 
e i i 

< ± . 03 Ak ^r full p o w e r , a f t e r s ign i f ican t o p e r a t i o n , eff o r-

3 . 2 . 3 P o s s i b l e R e a c t i v i t y L i f e t i m e S i tua t ions 

The e r r o r e s t i m a t e s m u s t be c o n s i d e r e d in t e r m s of the 

v a r i a t i o n p e r m i t t e d by the p e r f o r m a n c e s p e c i f i c a t i o n s of the C E T R . 

T h e s e a r e c o n c e r n e d m a i n l y wi th the shu tdown m a r g i n and the l i f e t i m e . 

The m a x i m u m and m i n i m u m l i f e t i m e s i t u a t i o n s of the C E T R tha t a r e 

r e a s o n a b l y p o s s i b l e have been s tud i ed . The e x t r e m e c a s e s a r e p r e s e n t e d 

be low. 

F o r sa fe ty of the r e a c t o r , the c o n t r o l rod w o r t h was d e 

s igned to be a l w a y s at l e a s t . 02 Ak ^, g r e a t e r than the e x c e s s r e a c t i v i t y 

of the c o r e . The c r u c i a l cond i t ions o c c u r at the 450 F , c lean , z e r o 

p o w e r s t a g e . S ince the e r r o r e s t i m a t e s show a p o s s i b l e dev i a t i on in 

k rr a t t h i s point of ± . 0 1 7 Ak ^ ,̂ the rod w o r t h m a y have to be . 037 Ak ^̂  eff eff eti 
g r e a t e r than the c o m p u t e d e x c e s s r e a c t i v i t y . T h i s i s not the c a s e for the 

n o m i n a l c o r e , which h a s a shu tdown m a r g i n of only . 034 Ak ^ .̂ The k ^̂  
^ ' eff eff 

of the a c t u a l c o r e wi l l be m e a s u r e d , and if t he va lue i s suf f ic ien t ly h i g h e r 
than the n o m i n a l v a l u e , e ight add i t i ona l f ixed s h i m r o d s w o r t h . 02 Ak ^̂  

^ eff 
wi l l be p l a c e d in the c o r e to a s s u r e the safe shutdown m a r g i n . 

If k ^r a t 450 F f a l l s . 017 Ak ^r l o w e r than the n o m i n a l c a s e , 
eff eff 

t h e r e is c e r t a i n l y no q u e s t i o n of the a d e q u a c y of shu tdown m a r g i n , but 

the c o r e l i f e t ime wi l l be r e d u c e d . The m i n i m u m p o s s i b l e l i f e t i m e of 

350 days i s v e r y u n l i k e l y . T h i s m i n i m u m l i f e t ime r e s u l t s if k ^ a t the 

full p o w e r condi t ion f a l l s . 03 Ak ^r l o w e r than e x p e c t e d . The 350 day 

life r e s u l t s s i n c e end of life o c c u r s at k ^̂  equa l to 1. 03 in F i g . 3 . 3, 

which i s the r e a c t i v i t y c u r v e for the c a s e wi thout f ixed s h i m r o d s . 

3 . 3 STUDIES O F SIGNIFICANT R E A C T I V I T Y E F F E C T S 

E x p e r i m e n t a l m e a s u r e m e n t s of the c r i t i c a l i t y of s ing le r e g i o n 

l a t t i c e s and of m u l t i - z o n e c o r e s s e r v e d a s the b e n c h m a r k for c a l c u l a t i o n s 

of e x c e s s r e a c t i v i t y . The c o n s t a n t s of the S p e c t r a l Code, the F o u r Group 

Code, and S L E U T H w e r e a d j u s t e d to fit t he e x p e r i m e n t a l da ta be fo re 

e x t r a p o l a t i o n to the C E T R c o r e . C a l c u l a t i o n s us ing t h e s e codes wi th the 

a d j u s t e d c o n s t a n t s w e r e t hen c o m p a r e d with e x p e r i m e n t a l buckl ing da ta 

f r o m a s e r i e s of exponen t i a l e x p e r i m e n t s o v e r the e x p e c t e d C E T R r a n g e 
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of t e m p e r a t u r e . T h e r e i s good a g r e e m e n t b e t w e e n t h e o r y and e x p e r i 

m e n t . M e a s u r e m e n t s of the d o p p l e r coeff ic ient of the t h o r i u m r e s o n a n c e 

i n t e g r a l w e r e u s e d in a 2 g roup , 3 d i m e n s i o n a l ( s y n t h e s i z e d ) c a l c u l a t i o n 

to d e t e r m i n e the p o w e r coeff ic ient of the C E T R . In t h i s m a n n e r , the 

e x c e s s r e a c t i v i t y of the C E T R c o r e be tween 68 F and 501 F , and be tween 

z e r o and full p o w e r , w a s d e t e r m i n e d by ca re fu l c o m p a r i s o n with e x p e r i 

m e n t a l d a t a . 

3 . 3 . 1 Cold, C lean R e a c t i v i t y D e t e r m i n a t i o n 

The objec t of t h i s s tudy was to obta in a c o n s i s t e n t se t of 

c o n s t a n t s in the p r e s e n t c a l c u l a t i o n a l m o d e l for the v a r i o u s C E T R pin 

c r i t i c a l c o r e s tha t have been ope ra t ed .— Only c o r e s t ha t had no c o n t r o l 

rod i n s e r t e d w e r e u s e d in t h e s e c a l c u l a t i o n s . The n u c l e a r p a r a m e t e r s 

m e a s u r e d in the c o r e s w e r e u s e d in the c a l c u l a t i o n s . F o u r inf ini te 

l a t t i c e and t h r e e canned c o r e s w e r e c h o s e n for t h i s s tudy . The four 

inf ini te l a t t i c e c o r e s u s e t h e i r c o m m o n d e s i g n a t i o n of 9A, 9B, 7A and 

7B. The inf ini te l a t t i c e c o r e s a r e four c o m b i n a t i o n s of two ThO- , -U-235 

r a t i o s and two m e t a l - w a t e r r a t i o s . The two ThO- , -U-235 c o r e s c o n s i d 

e r e d have a t o m i c r a t i o s of 15 /1 and 2 5 . 7 6 / 1 r e s p e c t i v e l y ; the two m e t a l -

w a t e r r a t i o s and the c o r r e s p o n d i n g c e n t e r to c e n t e r pin s p a c i n g s a r e 

M / W = 1. 119 for 0. 3805 in. spac ing and M / W = 0. 892 for 0. 4027 in . 

s p a c i n g . The canned c o r e s a r e : 1) c o m p l e t e i n n e r zone and p a r t i a l 

m i d d l e zone , 2) c o m p l e t e i n n e r and m i d d l e z o n e s , and 3) c o m p l e t e 

i nne r , m i d d l e and ou t e r z o n e s . 

E a c h of the inf ini te l a t t i c e c o r e s c o n s i s t e d of an a s s e m b l y 

of fuel p i n s and four c o n t r o l r o d s and rod g u i d e s . T h e rod and r o d guide 

a r e a occup ied the s p a c e of 60 p ins p e r gu ide . In t h e s e s m a l l c o r e s t h i s 

c o r r e s p o n d e d to about 10% of the c o r e v o l u m e . F o r a h o m o g e n e o u s 

ca lcu la t ion , the fuel in the p ins and the a l u m i n u m gu ides and w a t e r 

channe l would n o r m a l l y be s m e a r e d out o v e r the e n t i r e c o r e v o l u m e . 

Howeve r , in ca l cu l a t i ng t h e s e c o r e s t h e fuel n u m b e r d e n s i t i e s u s e d w e r e 

t h o s e c o r r e s p o n d i n g to an inf ini te l a t t i c e of unit pin c e l l s . T h i s p r o c e d u r 

i s backed by e x p e r i m e n t s i n c e the l o c a l guide a r e a of a l u m i n u m and 

w a t e r was d e t e r m i n e d e x p e r i m e n t a l l y to have a p p r o x i m a t e l y the s a m e 

r e a c t i v i t y effects a s fuel p ins in the s a m e a r e a . 

- 20 -



The S p e c t r a l Code was u s e d to de te rnn ine the two g r o u p 

diffusion coef f ic ien t s for S L E U T H . M e a s u r e d f lux d e p r e s s i o n f a c t o r s 

w e r e u s e d when a v a i l a b l e , and a l l o t h e r s i n f e r r e d f r o m t h o s e m e a s u r e d . 

The c o r e s w e r e a l s o i n v e s t i g a t e d u s i n g t h e r m a l c r o s s s e c t i o n a v e r a g e d 

o v e r a W i g n e r - W i l k i n s s p e c t r u m . In t h e s e c a s e s k ^r w a s a p p r o x i m a t e l y 

0. 005 l o w e r than the v a l u e ob ta ined with the Maxwe l l a v e r a g e d s p e c t r u m . 

The t h o r i u m r e s o n a n c e i n t e g r a l s u s e d w e r e 20 and 18 b a r n s for l a t t i c e s 

wi th m e t a l - w a t e r r a t i o s of 0. 892 and 1.119 r e s p e c t i v e l y . T h e s e v a l u e s 

a g r e e wi th da t a f r o m s ing le pin r e s o n a n c e i n t e g r a l m e a s u r e m e n t s 
7 

(BAW-144) ,—and a l s o wi th the r e s u l t s of c a d m i u m r a t i o m e a s u r e m e n t s 

in the e x p e r i m e n t a l l a t t i c e (BAW-119).— To obta in a b e s t fit to the four 

s ing le r e g i o n c r i t i c a l e x p e r i m e n t s the age w a s v a r i e d in S L E U T H by 

adding a c o n s t a n t to a l l the a g e s c o m p u t e d f r o m the S p e c t r a l Code, so 

tha t T* * - T* + c o n s t a n t . T h i s cons t an t was a d i u s t e d to obta in k rr a s 
'' eff 

c lo se to 1 a s p o s s i b l e for a l l four c o r e s . T a b l e 3 . 4 shows the v a l u e s 

of k ^̂  c o m p u t e d d i r e c t l y wi th the S p e c t r a l Code, wi th S L E U T H us ing 

c o n s t a n t s f r o m the S p e c t r a l Code, and with S L E U T H us ing the a d j u s t e d 

b e s t fit a g e s . The p a r a m e t e r s for the c a l c u l a t i o n s a r e l i s t e d in T a b l e 3 . 5. 

T A B L E 3. 4 

C O M P U T E D keff OF SINGLE REGION CRITICAL E X P E R I M E N T S 

T h O ^ / U -
A t o m i c I 

15 /1 
15 /1 

2 5 . 7 6 / 1 
2 5 . 7 6 / 1 

C o r e 
-235 
la t io 

M e t a l / W a t e r 
Ra t io 

0 . 8 9 2 
1. 119 
0 . 8 9 2 
1. 119 

S p e c t r a l 
Code 

1.0108 
1.0113 
0 .9981 
1. 0035 

S L E U T H * 

1.0114 
1.0162 
0 .9940 
1.0076 

S L E U T H - * 

1.0041 
1.0094 
0 . 9 8 8 9 
1.0027 

V a l u e s us ing S p e c t r a l Code age 

V a l u e s u s ing "bes t f i t " a g e . 
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TABLE 3 . 5 

PARAMETERS USED IN CALCULATIONS OF kgff 

9A 9B 7A 7B 

^water ^fuel 

'f'clad/'f'fuel 

^l 

°2 
T « 

T* * 

^02 
Ro. 

1. 17 

1. 14 

1..452 

0. 222 

43.75 

46. 0 

20 

485 

1. 

1. 

1. 

0. 

46. 

48. 

18 

485 

13 

11 

439 

23 5 

32 

5 

1. 14 

1. 12 

1.471 

0.229 

44. 16 

46,4 

20 

485 

1. 09 

1.07 

1.452 

0.214 

46.71 

48. 9 

18 

485 
25 

Age ob ta ined f r o m S p e c t r a l Code . 

" B e s t f i t " a g e . 

A c r i t i c a l l a t t i c e wi th a l u m i n u m cans w a s bui l t to s i m u l a t e 

the full C E T R c o r e . This m u l t i - z o n e pin c r i t i c a l c o r e c o n s i s t e d of t h r e e 

zones of 32, 44, and 44 fuel e l e m e n t s . While bui ld ing up the c o r e to the 

full t h r e e z o n e s , the l a b o r a t o r y ob ta ined two o t h e r c r i t i c a l c o r e s of 

i n t e r e s t . The g e o m e t r y of the c o r e a r r a n g e m e n t s i s g iven in T a b l e 3 . 2 

of B A W - 1 1 9 . The t h r e e c a s e s which w e r e c a l c u l a t e d a r e : 

C a s e 1 - M i n i m u m C r i t i c a l 

32 i n n e r zone e l e m e n t s 

22 m i d d l e zone e l e m e n t s 

C a s e 2 - Two Zone C r i t i c a l 

32 i n n e r zone e lenaents 

44 m i d d l e zone e l e m e n t s 

C a s e 3 - T h r e e Zone C r i t i c a l 

32 i n n e r zone e lenaen ts 

44 m i d d l e zone e l e m e n t s 

44 ou t e r zone e l e m e n t s . 

- 22 -



The n u m b e r d e n s i t i e s u s e d in a unit e l e m e n t ce l l w e r e b a s e d on the oxide 

c r i t i c a l e x p e r i m e n t i n f o r m a t i o n (BAW-119) , — and the fol lowing v o l u m e 

f r a c t i o n s in a uni t canned e l e m e n t ce l l : 

L a t t i c e 0 . 7 5 8 2 

Can 0 ,1089 

W a t e r Channe l 0, 1329 

The i n n e r zone fuel e l e m e n t s con ta ined 206 fuel p ins p e r can having a 

t h o r i u m - t o - u r a n i u m r a t i o of 25. 7 6 / 1 . In e a c h of t h e s e fuel e l e m e n t s 

137 p ins had g a d o l i n i u m i m p u r i t y in e x c e s s of the spec i f i ed l i m i t s . In 

o r d e r to a c c o u n t for t h i s added n e u t r o n po i son , a b o r o n equ iva len t 

n u m b e r d e n s i t y was u s e d . The b o r o n equ iva l en t n u m b e r d e n s i t y for p ins 
1 8 

having spec i f i ed t h e r m a l p o i s o n s w a s 1.8992 x 10 a t o m s / c c , whi le the 

b o r o n equ iva l en t n u m b e r d e n s i t y for the p i n s having e x c e s s t h e r m a l 
1 9 p o i s o n s w a s 1.3725 x 10 a t o m s / c c . T h e s e n u m b e r s app l i ed to a uni t 

pin c e l l . The U-235 c o n c e n t r a t i o n r a t i o for the t h r e e z o n e s , a s a s s e m j -

b led in the c r i t i c a l e x p e r i m e n t , i s 3 . 00, 3 . 93, and 4. 8 1 . 

The F o u r Group Code was u s e d to honaogenize the c r o s s 

s e c t i o n s o v e r a fuel e l e m e n t , i nc lud ing the can . Tw^o four g r o u p c a l c u 

l a t i o n s w e r e m a d e on a uni t e l e m e n t ce l l f r o m e a c h zone in s l a b g e o m e t r y . 

One c a s e had an inf in i te l a t t i c e of fuel p ins ( C a s e A), w^hile the o t h e r 

c a s e shows the can wa l l and w a t e r channe l s u r r o u n d i n g the l a t t i c e for 

one d i m e n s i o n ( C a s e B) . In e a c h c a s e the v e r t i c a l buck l ing w a s z e r o 

and ^ w a s z e r o a t the ce l l b o u n d a r y . The v a l u e of the t h o r i u m r e s o n a n c e 

i n t e g r a l in the l a t t i c e w a s 20. 13 b a r n s in both c a l c u l a t i o n s . Va lue s of 

k rr fo r inf in i te a r r a y s of fuel e l e m e n t s w e r e c a l c u l a t e d , and the 
eff ' 

d i f f e r e n c e b e t w e e n th i s e f fec t ive k and the k of the l a t t i c e wi thout cans 
00 00 

was the c o n t r i b u t i o n of the cans and w a t e r c h a n n e l . T h i s d i f f e r e n c e w a s 

doubled to a p p r o x i m a t e the two d i m e n s i o n a l g e o m e t r y effect of the uni t 

e l e m e n t ce l l , thus g iving an effect ive k for a h o m o g e n i z e d uni t e l e m e n t 

c e l l . T h e s e v a l u e s a r e shown on T a b l e 3 . 6. O t h e r c a l c u l a t i o n s , c o m 

p a r i n g PDQ 2 - d i m e n s i o n a l r e s u l t s wi th equ iva len t 1 - d i m e n s i o n a l c a l c u 

l a t i o n s , i n d i c a t e t ha t t h i s 2 - d i m e n s i o n a l a p p r o x i m a t i o n i s va l id . 
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TABLE 3. 6 

k ^ OF ELEMENT CELL 

Zone 1 Zone 2 Zone 3 

Infinite Pin Cell Latt ice (Case A) 1, 0893 1, 2078 1. 2722 

Can, Water and Latt ice (one direction) 1.0839 1,2056 1.2734 
(Case B) 

Ak , Difference Between Cases B and A -0.0054 -0,0022 0,0012 
00 

Can, Water, Lat t ice (two direct ions) 1,0785 1.2034 1,2746 

In order to fit these calculations with homogenized data, 

curves of k vs R ,̂-, were calculated using the Spectral Code and the 
00 ^02 

volume fractions of the fuel element including the cans . It was found 
that a value of R,̂ ^ = 23. 85 barns gave a best fit to the values of k for 

02 ° 00 

the three zones. On the surface the choice of Rf̂ ^ as a fitting p a r a m e t e r 

seems a r b i t r a r y . However, one of the most important nuclear effects of 

cans and water channels is the change in the Dancoff (resonance shadow

ing) effect. Thus in a channel fuel element, the effective resonance in t e 

gral of a pin next to a water channel is l a rge r than that of a pin in the 

in ter ior of the fuel bundle. The change in R-̂ ^ from 20. 13 barns to 

23. 85 barns in the fitting procedure above includes this Dancoff effect as 

well as the effects of spatial flux var ia t ion. This value of Rp>p and values 

of the other constants averaged with the Spectral Code for the fuel element 

cell were used in SLEUTH to compute k -. for the th ree exper imenta l 

co re s . In o rder to obtain a best fit to the exper imenta l c r i t ica l i t ies , the 

age was then used as a p a r a m e t e r in SLEUTH to obtain curves of k ,j. vs 

T. Table 3, 7 gives the values of k ^f for the th ree cases studied. The 

age for cr i t ical i ty is approximately 54 cm . The spec t ra l calculated age 
2 

for the homogenized element is 49 cm . This change in the age for 

cr i t ica l matching of the mul t i -zone cores is in the same direct ion as for 

the infinite lat t ice c o r e s . 
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T A B L E 3 . 7 

keff O F M U L T I - Z O N E CORES 

keff* kgff* * 

C a s e 1 1 .0075 1.0000 
C a s e 2 1.0105 1.0010 
C a s e 3 1.0155 1.0008 

* Age ob ta ined f r o m the s p e c t r a l 
code - 49 . 2 c m 2 

* * " B e s t f i t " age = 54. 2 c m ^ 

3 . 3 . 2 Change of R e a c t i v i t y wi th M o d e r a t o r T e m p e r a t u r e 

E x p o n e n t i a l a s s e m b l i e s w e r e u s e d to m e a s u r e the m a t e r i a l 

buck l ing of a spec i f i c l a t t i c e a s a funct ion of t e m p e r a t u r e and b o r i c a c i d 

c o n c e n t r a t i o n . The spec i f i c l a t t i c e c o n s i d e r e d h a s a T h O ^ / U - 2 3 5 a t o m i c 

r a t i o of 15 /1 and a m e t a l - w a t e r r a t i o of 1. 119. A full d e s c r i p t i o n of t h e 

e x p e r i m e n t and the e x p e r i m e n t a l r e s u l t s a r e g iven in t h e r e p o r t on the 
5 

Hot E x p o n e n t i a l E x p e r i m e n t (BAW-116).— T h e m a t e r i a l buck l ing of e a c h 

of t he exponen t i a l a s s e m b l y cond i t ions w a s c a l c u l a t e d u s i n g the S p e c t r a l 

Code to d e t e r m i n e the k and m i g r a t i o n a r e a of the l a t t i c e . A c o m p a r i s o n 

of c a l c u l a t e d and m e a s u r e d buck l ing for v a r i o u s t e m p e r a t u r e s and b o r o n 

c o n c e n t r a t i o n s in the c o r e i s shown in T a b l e 3 . 8. T h i s t a b l e a l s o g i v e s 

t h e c a l c u l a t e d inf in i te m u l t i p l i c a t i o n c o n s t a n t of t h e l a t t i c e m a t e r i a l fo r 

the v a r i o u s c a s e s . F i g u r e 3 . 5 shows t h e m e a s u r e d and c a l c u l a t e d change 

in m a t e r i a l buck l ing b e t w e e n 450 F and 68 F a s a funct ion of b o r o n in t h e 

c o r e . The change of r e a c t i v i t y wi th t e m p e r a t u r e w a s a l s o c o m p u t e d 

u s i n g the T e m p e r a t u r e Coeff ic ient Code . The r e s u l t s ob ta ined f r o m t h i s 

code w e r e c o m p a r e d wi th m e a s u r e d da t a of t e m p e r a t u r e v s m a t e r i a l 

buck l ing ob ta ined f r o m hot exponen t i a l e x p e r i m e n t s . It w a s conc luded 

t h a t t h e ca l cu l a t i ona l m e t h o d would a d e q u a t e l y d e t e r m i n e t e m p e r a t u r e 

coef f ic ien ts fo r the C E T R c o r e . The r e s u l t s of the c a l c u l a t i o n on t h e 

C E T R c o r e g ive the coef f ic ien t s of T a b l e 3 , 9, and the ef fec t ive m u l t i p l i 

ca t ion (k rr) v s m o d e r a t o r t e m p e r a t u r e c u r v e i s shown in F i g , 3 . 6, 
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T A B L E 3. 8 

COMPARISON OF MEASURED AND C A L C U L A T E D M A T E R I A L BUCKLING 

T e m p . 
F 

68 
4 5 0 

68 
4 5 0 
4 5 0 

AS A FUNCTION O F BORON AND 

N * 
^^B 

0 
0 

2. 638 
2. 163 
4 . 2 6 5 

B ^ 
m 

M e a s u r e d 

. 0 0 6 6 5 

. 0 0 4 8 2 

. 0 0 5 4 8 

. 0 0 3 4 4 

. 0 0 2 9 4 

B ^ 
m 

C a l c . 

. 00643 

. 00429 

. 0 0 5 0 5 

. 0 0 3 4 3 
, 0 0 2 6 6 

T E M P E R A T U R E 

k 
00 

C a l c . 

1.3037 
1.2498 
1.2380 
1.2018 
1.1570 

T 

C a l c . 

4 6 . 4 3 
5 8 . 4 0 
4 6 . 3 8 
5 7 . 7 4 
5 7 . 7 4 

, 2 
L 

C a l c . 

. 7 5 
1.42 

. 71 
1.31 
1.25 

-19 B o r o n c o n c e n t r a t i o n , a t o m s b o r o n / c c of c o r e x 10 

T A B L E 3. 9 

T E M P E R A T U R E C O E F F I C I E N T S O F THE C E T R , A k / F 

Coeff icient 68 F (Ini t ial) 500 F (Ini t ial) 500 F (600 Days) 

Dopp le r - 4. 1 X 10"^ - 3 . 3 x 10"^ - 3 . 1 x lO"^ 

M o d e r a t o r - 3 . 1 x 10"^ - 1. 4 x 10"^ - 0. 8 x 10""* 

To ta l - 7 . 2 x 1 0 " ^ - 1 . 7 x 1 0 " ^ - l . l x l O " 

3 . 3 . 3 R e a c t i v i t y Effect Due to P o w e r D o p p l e r 

The r e a c t i v i t y d e c r e a s e in the C E T R c o r e b e t w e e n 500 F z e r o 

p o w e r and 500 F full p o w e r has been c a l c u l a t e d to be 0. 021 Ak ^^. The 
^ eff 

p o w e r coeff ic ient of r e a c t i v i t y o c c u r s a s a r e s u l t of the Dopp le r b r o a d e n i n g 
of t h o r i u m r e s o n a n c e s a s the fuel h e a t s up to o p e r a t i n g c o n d i t i o n s . The 

_5 
coeff ic ient at t he beginning of c o r e life h a s been c a l c u l a t e d a s - 1 x 1 0 

_5 
A k / F at full power , and - 3 . 3 x 1 0 A k / F a t 500 F , z e r o p o w e r . The 

change in th i s coeff ic ient du r ing c o r e life i s i n s i gn i f i c an t . T h e s e c a l c u 

la t ions u s e d the m e a s u r e d t e m p e r a t u r e d e p e n d e n c e of the t h o r i u m r e s o n a n c e 
7 

i n t e g r a l r e p o r t e d in BAW-144.— The two d i m e n s i o n a l d i s t r i b u t i o n of t h e 

- 26 -



r e s o n a n c e i n t e g r a l was b a s e d on the t e m p e r a t u r e d i s t r i b u t i o n ob ta ined 

f r o m a two d i m e n s i o n a l p o w e r s h a p e s y n t h e s i z e d f r o m one d i m e n s i o n a l 

r a d i a l and a x i a l p o w e r p l o t s . The one d i m e n s i o n a l c a l c u l a t i o n s w e r e 

p e r f o r m e d u s ing S L E U T H . 

The m e t h o d s of c a l c u l a t i n g m u l t i - d i m e n s i o n a l c o r e s by 

s y n t h e s i z i n g few d i m e n s i o n a l c a l c u l a t i o n s have r e c e i v e d c o n s i d e r a b l e 

a t t en t i on in the Nava l R e a c t o r p r o g r a m . The m e t h o d s p r o p o s e d r e s o l v e 

into s i m u l a t i o n of t r a n s v e r s e d i m e n s i o n effects t h r o u g h the u s e of the 

p r o p e r s p a c e and l i f e t ime dependen t t r a n s v e r s e buck l i ng . The p a r t i c u l a r 

s c h e m e u s e d h e r e w a s " S P O T " ( s y n t h e s i s f r o m a point t r a v e r s e ) which 

e m p l o y s t r a v e r s e s b a s e d on l o c a l m a t e r i a l p r o p e r t i e s in c o n t r a s t to 

" S C A T " ( s y n t h e s i s f r o m a c o r e a v e r a g e t r a v e r s e ) which e m p l o y s flux 

we igh ted m a t e r i a l p r o p e r t i e s . The v a l i d i t y of the " S P O T " m e t h o d b a s e d 

on a x i a l t r a v e r s e s at d i f fe ren t r a d i i was v e r i f i e d wi th two t r i a l c a s e s . 

F o r the C E T R c a l c u l a t i o n the c o r e m o d e l was c y l i n d r i c a l 

wi th 20 r e g i o n s (9 fuel) r a d i a l l y and 1 1 r e g i o n s (9 fuel) a x i a l l y . Two 

con t ro l rod r i n g s w e r e fully i n s e r t e d . The c a l c u l a t i o n a l s c h e m e c o n 

s i s t e d of the fol lowing s t e p s : 

(a) An i n i t i a l p o w e r d i s t r i b u t i o n in t h r e e d i m e n s i o n s was 

a s s u m e d . 

(b) The t e m p e r a t u r e d i s t r i b u t i o n w a s d e t e r m i n e d f r o m the 

p o w e r d i s t r i b u t i o n u s ing the fuel t e m p e r a t u r e vs p o w e r 

d e n s i t y c u r v e of F i g . 3 . 7. A gap of . 003 in . w a s 

a s s u m e d , and t h e t e m p e r a t u r e d i s t r i b u t i o n v a l u e s w e r e 

e x t r a p o l a t e d f r o m F i g . 3 . 7, 

(c) The d i s t r i b u t i o n of the t h o r i u m r e s o n a n c e i n t e g r a l , 

R , was c o m p u t e d f r o m the t e m p e r a t u r e d i s t r i b u t i o n 

employ ing the m e a s u r e d t e m p e r a t u r e d e p e n d e n c e of 
7 

the r e s o n a n c e i n t e g r a l g iven in BAW-144.— The va lue 

of R„^(68 F) was t a k e n to be 20. 13 b a r n s . The Dancoff 

c o r r e c t i o n u s e d was R^^ (500 F ) / R Q 2 (68 F) = 0. 919. 

(d) The two d i m e n s i o n a l c r i t i c a l i t y and p o w e r d i s t r i b u t i o n 

w a s s y n t h e s i z e d by the " S P O T " m e t h o d fronn one 

d i m e n s i o n a l r a d i a l and a x i a l (r = 0) c o m p u t a t i o n s 

u t i l i z i ng the two d i m e n s i o n a l Rr.^ d i s t r i b u t i o n . 

(e) S teps (b) t h r o u g h (d) w e r e r e p e a t e d un t i l k rr and the 

p o w e r d i s t r i b u t i o n c o n v e r g e d . 
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The c o n v e r g e d va lue of k -̂  w a s 1. 005 for the full p o w e r c o r e . The v a l u e 

of k a t 500 F z e r o p o w e r w a s c o m p u t e d to be 1. 026 us ing a u n i f o r m 

R_,T of 20. 27. The d i f f e r ence b e t w e e n th i s and the full p o w e r k .., wh ich 02 ^ eff 

i s t he Ak -̂  change due to the d o p p l e r effect, i s 0. 0 2 1 . F o r c o m p a r i s o n , 

the equ iva len t u n i f o r m full p o w e r R^,^, which g ives the s a m e Ak .^ (. 021) 

a s the two d i m e n s i o n a l l y d i s t r i b u t e d R^VT, w a s c a l c u l a t e d to be 22 . 58 b a r n s . 

The u n i f o r m R^.^ c a l c u l a t i o n s a r e s u m n a a r i z e d in T a b l e 3 . 1 0 . 

T A B L E 3 . 10 

E Q U I V A L E N T keff F O R UNIFORM R Q , CORES 

U n i f o r m R Q 2 a t 500 F k g ^ 

2 0 . 2 7 1.026 

2 2 . 0 0 1.010 

2 2 . 5 0 1.006 

2 3 . 0 0 1.001 

3 . 4 F A C T O R S E F F E C T I N G T H E CORE REACTIVITY AND O P E R A T I O N 
DURING L I F E 

S e v e r a l r e a c t i v i t y effects d u r i n g the c o r e life a r e i m p o r t a n t f r o m 

the o p e r a t i o n a l and e x c e s s r e a c t i v i t y s t andpo in t . The r e l a t i v e r e a c t i v i t y 

i m p o r t a n c e of U-23 5 d i s t r i b u t i o n w a s s tud ied to obta in i n f o r m a t i o n on the 

r e a c t i v i t y effects of zone fuel load ing and the fine s t r u c t u r e fuel dep l e t i on 

n e a r w a t e r c h a n n e l s . The r e a c t i v i t y effects of t r a n s i e n t xenon and of 

e q u i l i b r i u m xenon and s a m a r i u m w e r e ca l cu l a t ed , and the q u e s t i o n of 

p o s s i b l e xenon o s c i l l a t i o n w a s i n v e s t i g a t e d . The effect ive d e l a y e d 

n e u t r o n f r a c t i o n and the ha l f - l i f e of the d e l a y e d n e u t r o n s w e r e c a l c u l a t e d 

a s a b a s i s for the d e s i g n of the c o n t r o l s y s t e m . 

3 . 4 . 1 The R e l a t i v e R e a c t i v i t y I m p o r t a n c e of U-235 in the C E T R 

The C E T R c o n s i s t s of t h r e e fuel z o n e s . Within e a c h of 

t h e s e z o n e s , l o c a t e d wi th in the fuel bund le s ad j acen t to the w a t e r gap 
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r e g i o n s , a r e s e v e r a l r o w s of low e n r i c h e d fuel p ins to r e d u c e the p o w e r 

peak ing wi th in e a c h fuel can nex t to the w a t e r gap . In o r d e r to d e t e r m i n e 

the fuel loading of t h e s e z o n e s and r e g i o n s , it w a s n e c e s s a r y to d e t e r 

m i n e the effect upon the r e a c t i v i t y t ha t r e s u l t s f r o m v a r y i n g the c o n c e n 

t r a t i o n of U-235 wi th in a p o r t i o n of the c o r e . Th i s can be done by e x 

p r e s s i n g the r e a c t i v i t y by: 

5k 
^ - ] F (v , N , 3 ) 6 N , 3 d v 

w h e r e V d e n o t e s i n t e g r a t i o n o v e r the r e a c t o r v o l u m e , o r 

6k 6K p 

^ R 

w h e r e R d e n o t e s i n t e g r a t i o n o v e r t h e r e a c t o r r a d i u s . 

T h e f u n c t i o n F ( r , N^^.) i s t h e r e l a t i v e i m p o r t a n c e ( p e r c e n t 

a g e c h a n g e in k ^^) i n a c y l i n d r i c a l r e a c t o r , p e r u n i t c h a n g e i n r a d i u s 

a n d u n i t c h a n g e i n t h e U - 2 3 5 a t o m c o n c e n t r a t i o n , f o r t h e p o r t i o n of t h e 

r e a c t o r l o c a t e d a t t h e r a d i a l c o o r d i n a t e r . T h e f u n c t i o n F ( v , N^^-) i s 

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

p a r a m e t e r of v o l u m e . 

T h e r e a c t i v i t y e x p r e s s i o n w a s d e r i v e d f r o m 2 - g r o u p p e r 

t u r b a t i o n t h e o r y . T w o - g r o u p c o n s t a n t s w e r e c o m p u t e d u s i n g t h e S p e c t r a l 

C o d e , a n d t h e r e l a t i v e i m p o r t a n c e f u n c t i o n s w e r e c o m p u t e d u s i n g t h e 

T w o G r o u p A d j o i n t C o d e . T h e i m p o r t a n c e f u n c t i o n s a r e r e l a t e d b y 

F ( v , N 2 5 ) = ^ F ( r , N 2 5 ) . 

F o r t h e c a s e t h a t w a s s t u d i e d t h e c o r e a r r a n g e m e n t s k e t c h 

ed in F i g . 3 . 8 w a s u s e d i n c y l i n d r i c a l g e o m e t r y . T h e v a l u e s f o r t h e 

r a d i i s h o w n a r e t h e e x a c t n u m b e r s t h a t w e r e u s e d in t h e c a l c u l a t i o n s , a n d 

do n o t r e p r e s e n t t h e a c c u r a c y of t h e m e a s u r e d d i m e n s i o n s . T h e a s s u m e d 

r e a c t o r t e m p e r a t u r e w a s 68 F f o r t h e c a l c u l a t i o n s . T h e n u m b e r d e n s i t i e s 

of t h e c o n s t i t u e n t s i n t h e v a r i o u s r e g i o n s a r e l i s t e d i n T a b l e 3 . 11 
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TABLE 3.11 

MATERIAL COMPOSITION FOR CALCULATION OF RELATIVE 
IMPORTANCE OF 

Region 

Core Latt ice I 

Core Latt ice II 

Core Latt ice III 

Water 

Boral 

Aluminum 

U-235 AS A FUNCTION OF RADIUS 

Constituent 

H 

O 

Al 

SS-304 

Th-232 

U-235 

H 

O 

Al 

SS-304 

Th-232 

U-235 

H 

O 

Al 

SS-304 

Th-232 

U-235 

H^O 

B 

C 

Al 

Al 

Number Density 
cm-3 X 10-24 

0.0328 

0,0269 

0.0068 

0. 00806 

0.0049 

0.0001931 

0. 0328 

0.0269 

0.0068 

0.00806 

0.0049 

0.0002525 

0. 0328 

0.0269 

0. 0068 

0.00806 

0.0049 

0.0003098 

0.03327 

0, 021745 

0.005436 

0, 0325 

0.060275 
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The p h y s i c a l and adjoint f luxes a r e p lo t t ed in F i g s . 3 . 9 t h r o u g h 3 . 12. 

The r e l a t i v e i m p o r t a n c e f a c t o r s a r e p lo t t ed in F i g s . 3 . 13 t h r o u g h 3 . 16. 

Two d i s t i n c t c a s e s w e r e c o n s i d e r e d , one wi th the b o r a l c o n t r o l r o d s 

i n s e r t e d , and the o t h e r wi th the b o r a l c o n t r o l r o d s w i t h d r a w n and r e 

p l a c e d by a l u m i n u m f o l l o w e r s . 

The c u r v e s w e r e u s e d to find the change in r e a c t i v i t y of 

the c r i t i c a l e x p e r i m e n t c a u s e d by v a r i a t i o n of the load ing r a t i o in a 

p o r t i o n of the c o r e . The c u r v e s i n d i c a t e tha t a c o n s i d e r a b l e i n c r e a s e 

o c c u r s in the r e l a t i v e i m p o r t a n c e of the c o r e r e g i o n s ad jacen t to the 

w a t e r gaps when the b o r a l c o n t r o l r o d s a r e w i t h d r a w n and r e p l a c e d wi th 

a l u m i n u m f o l l o w e r s . F i g s . 3 . 13 t h r o u g h 3 . 16 p r o v i d e q u a n t i t a t i v e 

e s t i m a t e s of the m a g n i t u d e of t h i s c h a n g e . 

3 . 4 . 2 L i f e t i m e Ca l cu l a t i on With P a r t i t i o n e d F u e l Reg ions 

Two l i f e t ime c a l c u l a t i o n s w e r e m a d e for the C E T R c o r e 

to d e t e r m i n e if p a r t i t i o n i n g of the fuel zones had a s ign i f i can t effect on 

k re du r ing the c o u r s e of l i fe . In c a l c u l a t i o n s u s i n g S L E U T H the code 

r e q u i r e s e a c h r e g i o n to b u r n up u n i f o r m l y i ndependen t of the flux s h a p e 

t h r o u g h tha t r e g i o n . If t h e r e a r e a c t u a l l y l a r g e l o c a l p o w e r p e a k s , s u c h 

a s a r e e n c o u n t e r e d in the C E T R c o r e ad j acen t to w a t e r g a p s , S L E U T H 

u n d e r e s t i m a t e s the b u r n u p in t h e s e l o c a l r e g i o n s . If t h e s e a r e r e g i o n s 

of high i m p o r t a n c e a u n i f o r m b u r n u p c a l c u l a t i o n would o v e r e s t i m a t e k ^r 

l a t e in l i fe . 

The f i r s t l i f e t ime c a l c u l a t i o n w a s on a twe lve r e g i o n b a s i c 

c o r e wi th t h r e e fuel z o n e s , two rod r i n g s , and high k p ins a d j a c e n t to 

rod r i n g s . The second w a s on the s a m e b a s i c c o r e , but wi th the fuel 

zones p a r t i t i o n e d in to an add i t i ona l s even r e g i o n s for a t o t a l of n i n e t e e n . 

The p a r t i t i o n e d r e g i o n s w e r e one c e n t i m e t e r th i ck and w e r e l o c a t e d in 

the a r e a s of l o c a l p e a k s ad j acen t to high k r e g i o n s , zone i n t e r f a c e s , and 

the c o r e - r e f l e c t o r i n t e r f a c e . The k ,- v a l u e s d u r i n g life for the two c a s e s 
eff ° 

a p p e a r in T a b l e 3 . 12. 

The d i f f e r ence b e t w e e n the two c a s e s i s a p p r e c i a b l e . Th i s 

i n d i c a t e s t ha t the l o c a l v a r i a t i o n s of fuel b u r n u p a r e i m p o r t a n t to the life 

of the r e a c t o r . 
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TABLE 3. 12 

COMPARISON OF kgff DURING LIFE WITH AND WITHOUT 

FUEL PARTITIONING 

Time (days) 

0 

100 

2 0 0 

3 0 0 

4 0 0 

500 

600 

^ff 
Basic Core 

1. 1355 

1. 0746 

1.0597 

1.0443 

1.0280 

1.0114 

.9945 

P a ] 

k rr 
eff 

ptitioned Core 

1. 1355 

l.,0740 

1.0585 

1.0424 

1.0255 

1.0084 

. 9914 

Differen 

0 

. 0006 

. 0012 

. 0019 

. 0025 

. 0030 

. 0031 

3.4. 3 Reactivity Effects of Xenon and Samarium 

The reduction of core reactivity caused by the buildup of 

Xe-135 to its equilibrium value depends upon the operating power level. 

This effect in the CETR was studied using SLEUTH. The power levels 

chosen for calculational purposes are 15%, 30%, 60%, and 100% of the 

full power operating level of 585 MW. k ^r and the number densities of •^ ^ >=> eff 

Xe-135 for each power level were calculated for the first few days of 

operation. The results are shown in Figs. 3. 17 and 3. 18. Fig. 3. 17 

shows the change in reactor reactivity as a function of reactor life for 

the various power levels. Fig. 3. 18 shows the accumulation of Xe-135 

within each core region as the CETR operates at full power. The amount 

that the reactor reactivity is decreased during the period that the Xe-135 

concentration climbs to its equilibrium value is distorted because some 

U-235 depletion and some Sm-149 accumulation takes place. To obtain 

the net reactivity loss caused solely by the Xe-135 formation, a small 

correction was applied to each of the curves given in Fig. 3. 17. The 

results are plotted in Figs. 3. 19 and 3. 20. 

When power is reduced after the equilibrium Xe-135 con

centration has been established a reactivity transient occurs. Initially 

the Xe-135 concentration increases, wth a concurrent decrease in the 
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r e a c t o r r e a c t i v i t y . S h o r t l y a f t e r w a r d s the X e - 1 3 5 d e c a y s to a s m a l l e r 

e q u i l i b r i u m c o n c e n t r a t i o n than e x i s t e d at the o r i g i n a l p o w e r l e v e l . The 

r e a c t i v i t y d e c r e a s e a s s o c i a t e d wi th the t r a n s i e n t r i s e in X e - 1 3 5 c o n c e n 

t r a t i o n is ca l l ed the xenon o v e r r i d e . To s tudy th i s p h e n o m e n o n in the 

C E T R c o r e two s e p a r a t e p o w e r c h a n g e s w e r e u s e d : full p o w e r to 1 5 

p e r c e n t full p o w e r , and full p o w e r to z e r o p o w e r . The a t o m i c c o n c e n 

t r a t i o n s and the r e a c t i v i t y of the c o r ^ w e r e c o m p u t e d a s funct ions of 

t i m e a f t e r the p o w e r l eve l change , u s ing S L E U T H . The power l e v e l 

change w a s m a d e at 10 days of r e a c t o r l i fe . The r e a c t o r b e h a v i o r w a s 

s tud ied in d e t a i l d u r i n g the fol lowing day of r e a c t o r o p e r a t i o n at r e d u c e d 

p o w e r . At t e n days of r e a c t o r life the e q u i l i b r i u m X e - 1 3 5 c o n c e n t r a t i o n 

e s t a b l i s h e d is r e s p o n s i b l e for a d e c r e a s e in r e a c t o r r e a c t i v i t y equa l to 

. 023 Ak rr- The a b s o r p t i o n c r o s s s e c t i o n s u s e d w e r e ob ta ined by 
eff ^ 

a v e r a g i n g ove r a W i g n e r - W i l k i n s n e u t r o n e n e r g y s p e c t r u m a t 500 F . 

The r e s u l t s for X e - 1 3 5 and S m - 1 4 9 a r e given in T a b l e 3 . 13. 

T A B L E 3. 13 

WIGNER-WILKINS AVERAGED X e - 1 3 5 AND S m - 1 4 9 CROSS SECTIONS 

R a d i a l Z 

I 

II 

III 

one 
X e - 1 3 5 , 

a ( b a r n s ) 

1. 59 (10^) 

1. 50 (10^) 

1.42 (10^) 

S m - 1 4 9 , 

a ( b a r n s ) 

5 ,55 (10^) 

5 .28 (10^) 

5. 04 (lo"^) 

The b e h a v i o r of the r e a c t o r r e a c t i v i t y a f t e r the p o w e r l eve l i s r e d u c e d i s 

shown in F i g s . 3. 21 and 3 . 22. T h e s e f i g u r e s i n d i c a t e tha t for the p o w e r 

change of 585 MW to 87. 75 MW the m a x i m u m e x t r a r e a c t i v i t y n e e d e d for 

xenon o v e r r i d e i s 0. 555,% and for the p o w e r change of 585 MW to 0 MW 

the m a x i m u m xenon o v e r r i d e i s 0. 720%. 
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C a l c u l a t i o n s have sho-wn tha t in the C E T R c o r e the 

e q u i l i b r i u m S m - 1 4 9 c o n c e n t r a t i o n i s r e a c h e d a f t e r about 50 full p o w e r 

days of o p e r a t i o n . The r e a c t i v i t y r e d u c t i o n due to S m - 1 4 9 po i son ing 

i s a p p r o x i m a t e l y cons t an t at . 007 Ak ^̂  t h roughou t c o r e l i fe . 

3 . 4 . 4 De layed N e u t r o n s in the C E T R 

F o r the s tudy of t r a n s i e n t b e h a v i o r of the c o r e it i s 

n e c e s s a r y to d e t e r m i n e the effect ive f r a c t i o n of d e l a y e d n e u t r o n s in the 

c o r e and t h e i r effect ive half l i fe . The a b s o l u t e y ie ld of d e l a y e d n e u t r o n s 

p e r t h e r m a l f i s s i o n for U-235 has been found by e x p e r i m e n t to be 0. 0158. 

No d e p e n d e n c e of th i s y ie ld on the e n e r g y of the n e u t r o n s tha t induce the 

f i s s i o n s in a r e a c t o r has been o b s e r v e d . S ince the t o t a l n u m b e r of 

n e u t r o n s p e r f i s s i on i s v^^ = 2 . 4 7 for U - 2 3 5 , the f r a c t i o n of t h e s e tha t 

a r e de l ayed i s (3-,^ = . 0064. T a b l e 3 . 14 g ives p e r t i n e n t i n f o r m a t i o n for 

each de layed n e u t r o n g r o u p of U - 2 3 5 . 

TABLE 3. 14 

DELAYED NEUTRON GROUPS OF U-23 5 

Group Index i Ha l f - l i f e Ti A b s o l u t e Group Yield 

1 

2 

3 

4 

5 

6 

55. 72 sec 

22. 72 

6.22 

2.30 

0. 610 

0. 230 

0.00052 

0.00346 

0.00310 

0.00624 

0.00182 

0.00066 

0.000211 

0.001401 

0.001255 

0.002526 

0.000737 

0.000267 

The to t a l de l ayed n e u t r o n f r a c t i o n i s the s u m of the f r a c t i o n s 

with d i f fe ren t half l i v e s : 

2̂5= Ih-
i 
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The effect ive ha l f - l i f e of the d e l a y e d n e u t r o n s i s the a v e r a g e 

6 .T . 
^ 1 1 

T 
'25 

which g ives T^j- = 9 . 0 s e c o n d s . 

F o r U-233 the a b s o l u t e y ie ld of d e l a y e d n e u t r o n s p e r 

t h e r m a l f i s s i o n is 0. 0070. The t o t a l n u m b e r of n e u t r o n s p e r f i s s i o n i s 

Vy-, = 2. 52, and the de l ayed n e u t r o n f r a c t i o n i s (3^-, = . 0028. De layed 

n e u t r o n g r o u p da ta a r e g iven in T a b l e 3 . 15. 

TABLE 3. 15 

DELAYED NEUTRON GROUPS OF U-233 

Group Index i Ha l f - l i f e Ti Yield p e r G r o u p 

1 

2 

3 

4 

5 

6 

55. 11 sec 

20. 74 

5.30 

2.29 

0. 546 

0.221 

0. 00O60 

0.00192 

0. 00159 

0.00222 

0.00051 

0.00016 

.0. 000238 

0.000762 

0.000631 

0.000881 

0.000202 

0.000064 

The ef fec t ive ha l f - l i f e of the U-233 de l ayed n e u t r o n s is 

6 .T . 
'^i 1 

T 
23 

23 

which g ives T^-, ~ 12. 4 s e c o n d s . 

At the end of 600 days of life the r e a c t o r c o r e c o n s i s t s 

of a m i x t u r e of U-235 and U-233 n o n u n i f o r m c o n c e n t r a t i o n . Thus it 
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is necessary to perform a suitable averaging process in order to obtain 

a value for the reactor (3 and T. The reactor delayed neutron fraction 

(3 is found from a neutron balance: 

Pcore<^f23^ ^ ^iZS'^'^ " P23^f23* + P25^f25^-

Zj.̂ -,̂ ) and Z,-,|-cj) are averaged over the reactor core volume and repre 

sent contributions to the fission reaction rate from both resonance and 

thermal fissions. At 600 days of full power operation the values 

Z^23^ " 0.512 and ^f^S^ = 1.284 

were determined from a core lifetime calculation using SLEUTH. Thus 

6 =0. 0054 after 600 days of full power operation. The half-life of 
" ^ C O r e ' ir r 
the delayed neutron emitters averaged over reactor volume and groups 

of emitters is T =9. 52 sec after 600 days of full power operation, 
core IT X-

3.4.5 The Stability of the CETR Against Xenon Oscillations 

It has been established, based on the theory of Randall and 
Q 

St. John,— that the CETR will not be subject to xenon induced power 

oscillations. The magnitude of the Doppler power coefficient of this 

reactor precludes oscillations under any conditions of size and power 

level. Furthermore, the CETR is stable under operating conditions 

even without the benefit of a negative power coefficient. 

In the theory, the flux threshold for instability is the value 

of the flux which satisfies the relation: 

X ^x 
A/r^T.^ 1 + - ^ 
M B Q (T 6 g A. -JIcj, = ^—n— 

a 1 a ^ X + K. 
x -̂  x , . X 1 

1 + 
0" d) 
x^ 

where: 
.2 

M = migration area 
2 

B = geometric buckling 
o 

a = xenon coefficient of reactivity at very high flux 
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a~ = power coefficient of reactivity in t e r m s of reactivity 
per unit flux 

cj) = average flux 
^ X ^ ^ ^ ^ V 135 , 135 
X , \ . = decay constants of Xe and I 

X 1 -' y 
X 

P = fraction of xenon formed direct ly from fission 

A. 
J 

g 
2 

The values of \x. a r e determined from: 
2 . „ 2 , ^ 2 

(y + B )g. + f̂ j gj = 0 
2 

with Li = 0 . 
o 

g. = orthonormal eigenfunctions of the boundary value 
•^ problem that has the unperturbed flux shape as its 

fundamental solution 
2 

B = mater ia l buckling. 

2 2 2 

The higher eigenfunctions g. and eigenvalues B. = (\i. + B ) 

a re determined once the unperturbed (fundamental) flux shape is 

specified. They may be obtained immediately for two unperturbed flux 

shapes of pract ical importance: 

, , , . TTz T ,2. 405r, J , / \ . TTz 
d)(z, r) = sm-=5^ J ( ^ ) and <i>{z, r) = sm^p^-. 

rl O R ri 

The second distribution is the case of flat radial flux. The first harmonic 

eigenfunctions and eigenvalues for these fundamental shapes a re sum

marized in Table 3. 16. The proper t ies of the CETR which a re pertinent 

to the stability computations a re tabulated in Table 3. 17. 

TABLE 3. 16 

EIGENFUNCTIONS AND EIGENVALUES RELATED 
TO XENON STABILITY 

/ i u j \ . TTZ ̂  2 . 4 0 5 r . TTZ 
g Q Q ( u n p e r t u r b e d ) s m - | ^ J ^ ^^ ^^" I T 

2 / . . „ . \ 2 

< (K) i ^ (i) 
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TABLE 3. 16 

EIGENFUNCTIONS AND EIGENVALUES RELATED 
TO XENON ST ABILITY ^(tlONT'D) 

27rz ^ (2. 405r) . 27rz 
§10 ''""^r^o—R— "^"-H-

2 /^ ,„,v2 , v2 

< ii) ̂  (^ *'i 
. TTZ ^ (3. 832r) . . TTZ ^ (1. 841r) 

goi ^ ^ " H - ^ I R ^°^Q s m ^ J ^ ^ 

4. (ihM' i^hi"^' 

TABLE 3.17 

REACTOR PROPERTIES RELATED TO XENON STABILITY 

266 

107 

0. 0325 

0.138 X 10'^^ 

47 
,13 

H, 

R, 

a 
X 

^ T 
M 2 

< ) > . 

c m 
c m 

/ - x ' (n 

', cm2 
/ 2 n / c m 

/ cm 

s e c 1.4x10 

Doppler coefficient only. 

The xenon coefficient was calculated, using SLEUTH, as 

the difference between the reactivities with xenon concentrations of: 

Î'̂ 'l "̂  ^2^2 
x = 0 and x = (y + y ) 

"X '1 Vd i'^2 

In the second equation above, f-̂ tj)? ^^ ^^^ neutron production rate from 

thermal fissions and fntj), is the neutron production rate from epithermal 
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f i s s i o n s . The second xenon c o n c e n t r a t i o n i s tha t p r e s e n t a t v e r y high 

flux l e v e l s and i n c l u d e s r e s o n a n c e p r o d u c t i o n of xenon but not r e s o n a n c e 

b u r n u p . The t h r e s h o l d flux l e v e l s for xenon i n s t a b i l i t y w e r e d e t e r m i n e d 

for the C E T R u n d e r the two cond i t i ons of u n p e r t u r b e d f lux d i s t r i b u t i o n 

and wi th a z e r o p o w e r coef f ic ien t . T h e s e r e s u l t s a r e s u m m a r i z e d in 

T a b l e 3 . 18. 

T A B L E 3 . 1 8 

THRESHOLD F L U X E S F O R XENON OSCILLATIONS 

( Z E R O P O W E R C O E F F I C I E N T ) 

2 
Type of O s c i l l a t i o n F l u x , n / c m s e c 

13 
Ax ia l About Midp lane 6. 2 x 10 

R a d i a l About D i a m e t e r 

U n p e r t u r b e d R a d i a l Shape : 

, ( 2 . 4 0 5 r ) 
J :5 00 

o R 
U n p e r t u r b e d Rad i a l Shape : 

13 
F l a t 3 . 9 X 10 

The v a l u e s of the t h r e s h o l d f luxes w e r e r e a d f r o m the 
g 

c u r v e p r e s e n t e d by R a n d a l l and St. John.— T h i s c u r v e was c o n s t r u c t 
ed u s i n g o" = 3 . 08 x 10 b a r n s . The t h r e s h o l d f luxes w e r e c o r r e c t e d 

6 to cr = 2. 0 X 10 b a r n s by m u l t i p l y i n g the g r a p h v a l u e s by 3 . 0 8 / 2 . 0. 

The s u s c e p t i b i l i t y of a g iven m o d e to o s c i l l a t i o n i s dependen t on the 

m o d e buck l ing , wh ich e x e r t s i t s in f luence t h r o u g h A. . S u s c e p t i b i l i t y 

i n c r e a s e s wi th d e c r e a s i n g buck l ing . F o r i n s t a n c e , t he flat r a d i a l f lux 

r e a c t o r s would o s c i l l a t e about a d i a m e t e r f i r s t a s the flux was i n c r e a s • 

ed . If the f lux w a s r a i s e d f u r t h e r , t hey would a l s o beg in to o s c i l l a t e 

about the m i d p l a n e . Note tha t a l l o s c i l l a t i o n t h r e s h o l d s for the C E T R 

a r e above the a c t u a l f lux. Th i s r e a c t o r i s t hus s t ab l e a g a i n s t xenon 

o s c i l l a t i o n s even d i s coun t i ng the s t ab i l i z i ng effect of t h e p o w e r coef

f i c i en t . 
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If the p o w e r coeff ic ient i s l a r g e r than s o m e c r i t i c a l v a l u e , 

th i s m e c h a n i s m wil l in i t se l f be enough to a s s u r e s t a b i l i t y for any 
"^T -13 

r e a c t o r s i z e and f lux l e v e l . T h i s c r i t i c a l va lue i s = 0. 134 x 10 
6 °-^ 

for cr = 2 x 1 0 b a r n s . The D o p p l e r p o w e r coeff ic ient of C E T R is 

t h e r e f o r e l a r g e enough to a s s u r e s t a b i l i t y u n d e r a l l cond i t i ons . 

A s tudy w a s a l s o m a d e of the b e h a v i o r of p o w e r o s c i l 

l a t ions in the C E T R a r i s i n g f r o m the n o n - e q u i l i b r i u m xenon condi t ion 

tha t r e s u l t s f r o m a change in c o n t r o l rod p o s i t i o n . The c a l c u l a t i o n s 

w e r e m a d e for a c o r e o p e r a t i n g at 585 MW. The s tudy d e m o n s t r a t e d 

tha t the power o s c i l l a t i o n s v a r y s lowly, a t t e n u a t i n g wi th t i m e , and 

r e a c h i n g s t e a d y s t a t e a p p r o x i m a t e l y 30 h r s a f t e r t he p e r t u r b a t i o n . 

Ax ia l p o w e r p r o f i l e s d u r i n g c o r e life w e r e c a l c u l a t e d us ing S L E U T H . 

In t h e s e "window s h a d e " c a l c u l a t i o n s rod g r o u p p o s i t i o n was r e p r e s e n t e d 

by a s m e a r e d po i son d i s t r i b u t i o n . In o r d e r to d e m o n s t r a t e the effect of 

an e x t r e m e xenon n o n - e q u i l i b r i u m s t a t e , a rod g r o u p w a s w i t h d r a w n 

f r o m a p a r t i a l l y i n s e r t e d pos i t i on at a t i m e in life when the e q u i l i b r i u m 

xenon was the only effect ive po i son wi th a n o n u n i f o r m d i s t r i b u t i o n . 

R e s u l t s f r o m a "window s h a d e " l i f e t ime c a l c u l a t i o n i n d i c a t e d tha t t h e s e 

condi t ions w e r e s a t i s f i e d about e l e v e n d a y s a f t e r i n i t i a l s t a r t up . At 

th i s t i m e the xenon c o n c e n t r a t i o n v a r i e s by a f a c t o r of t h r e e a long the 

c o r e ax i s wi th the c o n c e n t r a t i o n be ing h i g h e r in the b o t t o m half of the 

c o r e . F i g s . 3 . 23 and 3 . 24 i n d i c a t e the a x i a l p o w e r shape at 11 days of 

c o r e life be fo re and a f t e r an i n s t a n t a n e o u s change in rod g r o u p p o s i t i o n . 

The p o s i t i o n s of the t h r e e rod g r o u p s a r e shown at the bo t t om of the 

f i g u r e s . F i g s . 3 . 25 and 3 . 27 show the p o w e r p r o f i l e s at 0. 75, 1. 25 

and 1. 75 days a f t e r the i n s t a n t a n e o u s m o t i o n of the c o n t r o l rod g r o u p . 

At the end of 1. 25 days the p o w e r d i s t r i b u t i o n is the f u n d a m e n t a l s t e a d y 

s t a t e shape , and no f u r t h e r change in shape o c c u r s wi th t i m e . Thus the 

s y s t e m i s s t ab l e to the s e v e r e rod w i t h d r a w a l c a s e tha t w a s s tud i ed . 

- 40 -



SECTION 4 

R E A C T I V I T Y C O N T R O L A N D C O N T R O L R O D 

W O R T H I N T H E C E T R 

4.. 1 CONTROL SUMMARY 

T w e n t y - o n e m o v a b l e hafn ium c o n t r o l r o d s , a v a r i a b l e n u m b e r of 

f ixed b o r o n s t e e l s h i m r o d s and so lub le po i son in the coolant a r e u s e d 

to c o m p e n s a t e for the r e a c t i v i t y r e q u i r e m e n t s of the C E T R . Changes 

in c o n c e n t r a t i o n s of so lub le po i son c o m p e n s a t e for the change in r e 

a c t i v i t y b e t w e e n 68 F and 450 F . The n u m b e r of f ixed s h i m r o d s in the 

c o r e i s f l ex ib le in o r d e r t ha t a d j u s t m e n t s can be m a d e in the f ina l c o r e 

for p o s s i b l e v a r i a t i o n s of the c o r e r e a c t i v i t y f r o m the e x p e c t e d v a l u e . 

T h i s s e c t i o n p r e s e n t s the r e a c t i v i t y c o n t r o l d i s t r i b u t i o n s , t he 

r e f e r e n c e and p o s s i b l e s e q u e n c e s of c o n t r o l rod p r o g r a m m i n g , and the 

w o r t h of the v a r i o u s c o n t r o l rod g r o u p s in v a r i o u s p r o g r a m m i n g s e q u e n c e s 

for the C E T R . E x p e r i m e n t a l da ta r e l a t i v e to the w o r t h s of c o n t r o l rod 

m a t e r i a l s and p a t t e r n s of c o n t r o l r o d s in the C E T R m o c k u p i s r e p o r t e d 

in BAW-119.— T h e s e da ta w e r e a n a l y z e d , and the r e s u l t s of the c o m 

p a r i s o n s of e x p e r i m e n t a l and c a l c u l a t e d r o d w o r t h s w e r e u s e d to e s t a b l i s h 

and modify c a l c u l a t i o n a l m e t h o d s . T h e s e c o m p a r i s o n s p r o v i d e d a b a s i s 

for u n c e r t a i n t y e s t i m a t e s on the a n a l y t i c a l m e t h o d s . 

With no con t ro l r o d s in the c o r e the ef fect ive m u l t i p l i c a t i o n f a c t o r 

at full p o w e r i s 1. 084 ± . 03 . At 450 F , the shu tdown t e m p e r a t u r e of the 

p r i m a r y s y s t e m and the point at which m o s t of the so lub le po i son i s r e 

m o v e d fronri the coolant , t he m u l t i p l i c a t i o n f a c t o r i s 1. I l l ± . 017. The 

450 F po in t i s c o n s i d e r e d to be the c o n t r o l point , the point a t which the 

shu tdown m a r g i n due to i n s e r t i o n of the m o v a b l e r o d s i s a m i n i m u m . 

The 21 m o v a b l e hafn ium c o n t r o l r o d s in the C E T R c o r e a r e w o r t h 

0. 112 Ak ^̂  a t 68 F , 0. 135 Ak , , a t 450 F and 0. 140 Ak , , a t 501 F . To 
eff eft eft 

i n s u r e a m i n i m u m s u b c r i t i c a l m a r g i n of 0. 02 Ak ^̂  a t 450 F wi th a l l 
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hafn ium r o d s i n s e r t e d , t h r e e c a s e s of s t a r t i n g cond i t ions w e r e c o m p u t e d . 

E a c h c a s e invo lves a d i f fe ren t n u m b e r of f ixed s h i m r o d s in the c o r e . A 

c o n t r o l rod p r o g r a m m i n g s e q u e n c e was e s t a b l i s h e d for each of the t h r e e 

c a s e s . 

4 . 2 E X P E C T E D INITIAL REACTIVITY CONTROL DISTRIBUTION 

The r e a c t i v i t y c o n t r o l of the C E T R c o r e i s d i s t r i b u t e d a m o n g t h r e e 

con t ro l m e c h a n i s m s . The c o n t r o l m e c h a n i s m s a r e 21 m o v a b l e hafn ium 

con t ro l r o d s , a v a r i a b l e n u m b e r of f ixed s h i m r o d s , and b o r i c ac id c o n 

c e n t r a t i o n in the r e a c t o r coo lan t . The in i t i a l d i s t r i b u t i o n of r e a c t i v i t y 

c o n t r o l be tween m o v a b l e r o d s , f ixed r o d s , and so lub le p o i s o n s i s g iven 

in T a b l e 4 . 1. The c o r e con ta ins b o r o n which i s a l l oyed with the s t a i n 

l e s s s t e e l c lad of the fuel r o d s . As the c o r e i s o p e r a t e d at p o w e r the 

b o r o n i s c o n s u m e d , r e s u l t i n g in a s u b s t a n t i a l i n c r e a s e in the life of the 

c o r e . The in i t i a l r e a c t i v i t y w o r t h of the b o r o n c o n c e n t r a t i o n (200-225 p p m 

in the clad) i s 0. 021 to 0. 024 Ak ^^. Th i s r e a c t i v i t y i s not c o n s i d e r e d in 
eit 

T a b l e 4. 1 b e c a u s e the n e g a t i v e r e a c t i v i t y effects a s s o c i a t e d with fuel 

dep le t ion and f i s s i on p r o d u c t po i son ing w e r e d e t e r m i n e d to be g r e a t e r 

du r ing the o p e r a t i o n of the r e a c t o r than the p o s i t i v e r e a c t i v i t y effect 

tha t r e s u l t s f r o m b u r n a b l e po i son d e p l e t i o n . 

T A B L E 4. 1 

NOMINAL INITIAL REACTIVITY CONTROL DISTRIBUTION, Akgff 

Effect 

Shim 

Temp. 68-450 F 

Temp. 450-501 F 

Power Doppler 

Equilib. Xenon 

Equilib. Samarium 

Movable 
Rods 

. 044 

. 006 

. 021 

. 023 

. 007 

Fixed 
Rods 

. 010 

Soluble 
Poison 

. 028 

Total 

. 054 

.028 

.006 

. 021 

. 023 

. 007 

101 . 0 1 0 • . 0 2 8 . 139 
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4. 3 BASIS OF CONTROL ROD WORTH 

The r e a c t i v i t y w o r t h of the CETR c o n t r o l r o d s was d e t e r m i n e d 

us ing 2 - d i m e n s i o n a l , 4 - g r o u p c a l c u l a t i o n s (PDQ code ) . C o m p a r i s o n 

of c o m p u t e d with m e a s u r e d rod w o r t h i n d i c a t e d a c o r r e c t i o n f a c t o r 

which w a s u s e d to obta in the b e s t e s t i m a t e of r o d w o r t h . 

The PDQ code was u s e d to c a l c u l a t e the k ^̂  of t he C E T R c o r e 
eff 

wi th 21 ha fn ium c o n t r o l r o d s i n s e r t e d . A s i m i l a r c a l c u l a t i o n w a s p e r 

f o r m e d with the c o n t r o l r o d s r e m o v e d and r e p l a c e d wi th z i r c o n i u m 

follow^ers. The d i f f e r e n c e b e t w e e n t h e s e c a l c u l a t i o n s w^as the c o m p u t e d 

w o r t h of the r o d s : 0. 143 Ak ^, at 68 F , 0. 173 Ak ^̂  a t 450 F , and 
eff eff 

0. 179 Ak r̂ a t 501 F . B e s t e s t i m a t e s of the r o d w o r t h w e r e ob ta ined 
eff 

by m u l t i p l y i n g e a c h of the c o m p u t e d v a l u e s by the f a c t o r 0. 78 . Thus 
the quoted rod w o r t h s a r e : 0. 112 Ak ^̂  a t 68 F , 0. 135 Ak ,r a t 450 F , 

eft eft 

and 0. 140 Ak ^̂  a t 501 F . T h e s e v a l u e s a r e u n c h a n g e d when f ixed s h i m 

r o d s a r e added , b a s e d on c a l c u l a t i o n s for the t h r e e p o s s i b l e p a t t e r n s : 

no f ixed r o d s ; 4 f ixed r o d s ; and 12 f ixed r o d s . The u n c e r t a i n t i e s in the 

c a l c u l a t i o n s w e r e e s t i m a t e d to be ' „, Ak .^ a t 68 F . T h i s m e a n s 
- . 0 1 eff 

tha t the m o v a b l e rod w o r t h a t 68 F i s m o r e than 0. 10 Ak ^̂  and l e s s 
eff 

than 0. 15 Ak ^,. 
eff 

The c o r r e c t i o n f a c t o r 0. 78 was d e t e r m i n e d a s a r e s u l t of the 

v a r i o u s m e a s u r e d and c o m p u t e d f a c t o r s tha t could affect the c a l c u l a t e d 

rod w o r t h v a l u e s . T h e s e c o n s i d e r a t i o n s a r e l i s t e d : 

(a) In the c r i t i c a l m o c k u p of CETR, 21 b o r a l c o n t r o l r o d s of 

7 - 1 / 2 in . b l ade l eng th w e r e w o r t h . 075 " „^r- ^ k ^r- The 
^ - , 005 eff 

PDQ c a l c u l a t i o n s on th i s c r i t i c a l a s s e m b l y c o r e gave a 
w o r t h of 0. 097 Ak ,^. The r a t i o of m e a s u r e d w o r t h to c a l c u -

eff 

l a t e d w o r t h g ives a f a c t o r of 0. 78 . 

(b) C r i t i c a l e x p e r i m e n t s m e a s u r e d the r e l a t i v e w o r t h of equa l 

s i z e 0. 300 in . t h i ck ha fn ium and b o r a l s a m p l e s . The r a t i o 

of ha fn ium w o r t h to b o r a l w o r t h w a s 1. 04. M u l t i g r o u p c a l c u 

l a t i o n s of the r e l a t i v e w o r t h of the ha fn ium to b o r a l gave a 

r a t i o of 1. 03 . 

(c) The s t a n d a r d four g r o u p m e t h o d u s e d to c a l c u l a t e the C E T R 

g ives a w o r t h of ha fn ium rod m a t e r i a l 14% l e s s t han tha t 

g iven by nnul t igroup c a l c u l a t i o n s . 
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(d) C a l c u l a t i o n s of flux s h a p e s in the v i c in i t y of c o n t r o l r o d s and 

rod f o l l o w e r s have a g r e e d wel l with m e a s u r e m e n t . Th i s i m 

p l i e s tha t the four g roup p r o g r a m s should c o m p u t e con t ro l rod 

w o r t h s a c c u r a t e l y . 

(e) F o u r g r o u p c a l c u l a t i o n s f i t ted the e x p e r i m e n t a l da ta ob ta ined 

f r o m hot exponen t i a l e x p e r i m e n t s . T h e s e da t a inc luded flux 

s h a p e s a r o u n d c o n t r o l r o d s at v a r i o u s t e m p e r a t u r e s . The 

c a l c u l a t i o n s a r e d e s c r i b e d in Sec t ion 5. 

F a c t o r s (b), (c), and (d), and (e) i n d i c a t e t ha t t he four g r o u p PDQ 

c a l c u l a t i o n s c o m p u t e r e l a t i v e r o d w o r t h a c c u r a t e l y . F a c t o r (a) i n d i c a t e s 

tha t the PDQ c a l c u l a t i o n s o v e r e s t i m a t e the a b s o l u t e rod w o r t h by a 

-K „ft f a c t o r . In d e t e r m i n i n g the n o m i n a l r e f e r e n c e rod w o r t h a c o n s e r 

va t ive a p p r o a c h j u s t i f i e s the u s e of the 0. 78 f a c t o r to r e d u c e the c a l c u 

l a t ed rod w o r t h . E r r o r s w e r e e s t i m a t e d by c o n s i d e r i n g the m a x i m u m 

rod w o r t h to be the c a l c u l a t e d Ak ^̂  f r o m PDQ c o m p u t a t i o n s and the 

m i n i m u m rod w o r t h to be . 01 Ak ^̂  l e s s than the n o m i n a l w o r t h . 
eff 

4. 3. 1 Rod Worth in the Zone L o a d e d C r i t i c a l A s s e m b l y 

Rod w o r t h s w e r e m e a s u r e d by the -T£- w a t e r he igh t m e t h o d 

in a zone loaded m o c k u p of the C E T R . The c o n c e n t r a t i o n of b o r o n to 

m a k e the c o r e c r i t i c a l at full w a t e r he ight w a s a l s o m e a s u r e d . Sec t ion 8 

of BAW-119— g ives a full d e s c r i p t i o n of t h e s e m e a s u r e m e n t s . S e v e r a l 

d e t e r m i n a t i o n s of -rf- o v e r a wide r a n g e of w a t e r h e i g h t s w e r e m a d e for 

the m u l t i z o n e pin c r i t i c a l a s s e m b l y . I n t e g r a t i o n of the c u r v e of -rr-vs 

c r i t i c a l w a t e r he ight y ie lds the to t a l r e a c t i v i t y of the a s s e m b l y . F r o m 

t h e s e e x p e r i m e n t s the to t a l rod w o r t h of the m u l t i z o n e c r i t i c a l was 

Ak rr = 0. 075 „• p,p,c- T h e s e v a l u e s a r e the e x p e r i m e n t a l u n c e r t a i n t y . 

The a m o u n t of so lub le b o r o n n e c e s s a r y to hold the e x c e s s 

r e a c t i v i t y of the s y s t e m was a l s o m e a s u r e d . B o r o n c o n c e n t r a t i o n for 

the j u s t c r i t i c a l , no rod , i-nfinite w a t e r r e f l e c t e d r e a c t o r i s 0. 6393 g m 

B / l i t e r of w a t e r . The e x c e s s r e a c t i v i t y a s s o c i a t e d with t h i s b o r o n 

c o n c e n t r a t i o n i s equa l to the rod w o r t h . The r e a c t i v i t y of the s y s t e m 

with and without b o r o n was c a l c u l a t e d us ing S L E U T H . T w o - g r o u p c o n 

s t a n t s w e r e g e n e r a t e d f r o m the S p e c t r a l Code . T h e r m a l flux d i s a d v a n t a g 

f a c t o r s b a s e d on a P^ t r a n s p o r t so lu t ion of the flux in a s ing le e l e m e n t 

w e r e app l i ed to each fuel r e g i o n . Rod w o r t h a s c a l c u l a t e d f r o m t h e 

c r i t i c a l b o r o n c o n c e n t r a t i o n was Ak ^r = 0. 072. 
eff 
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The P D Q p r o g r a m w a s u s e d to c a l c u l a t e the rod w o r t h of 

C o r e A m o c k e d up in the C r i t i c a l E x p e r i m e n t L a b o r a t o r y . T h i s c o r e 

inc luded c a n s , s e v e r a l c o n c e n t r a t i o n s of fuel, w a t e r g a p s , and c o n t r o l 

r o d s ; a d e t a i l e d d e s c r i p t i o n i s g iven in Sec t ion 8 . 2 . 2 of BAW-1 19.— 

With the P D Q p r o g r a m it w a s p o s s i b l e to c o r r e c t l y p i c t u r e the s q u a r e 

b o u n d a r i e s of the c o r e , and to show c o n t r o l r o d s , w a t e r g a p s , c a n s , and 

fuel pin m a t r i c e s a s :finite r e g i o n s . F o u r g r o u p coef f ic ien ts w e r e g e n e r a t 

ed by the S p e c t r a l Code . The effect ive m u l t i p l i c a t i o n w a s c a l c u l a t e d wi th 

and wi thout c o n t r o l r o d s i n s e r t e d . The k ^̂  wi th r o d s w a s 1. 005; the k ^^ 
eff eff 

wi th no r o d s was 1. 102. The d i f f e r ence g ives a c a l c u l a t e d r o d w o r t h of 
0. 097 Ak „ . 

eff 

4. 3 . 2 C o m p a r i s o n of Hafn ium and B o r a l Wor th 

The r e a c t i v i t y w o r t h of ha fn ium and b o r a l w a s c o m p a r e d 

e x p e r i m e n t a l l y in a s i ng l e r e g i o n l a t t i c e c o r e . The c o r e c o n s i s t e d of 

fuel p ins wi th a T h O - , / U - 2 3 5 a t o m r a t i o of 15 /1 and a m e t a l - w a t e r r a t i o 

of 1. 119. The c o r e and e x p e r i m e n t a r e d e s c r i b e d a s C o r e 9B in 

Sec t ion 8. 8 of BAW-119.— The r e s u l t s of the e x p e r i m e n t showed tha t 

hafn ium i s w o r t h 1. 04 t i m e s a s m u c h a s b o r a l . T a b l e 4. 2 g ives the 

e x p e r i m e n t a l r e s u l t s . 

TABLE 4. 2 

EXPERIMENTAL REACTIVITY WORTH OF BORAL AND HAFNIUM 

Wate r Gap 

0 .189 in. 

0 . 379 in . 

S a m p l e 

B o r a l 
Hafn ium 

B o r a l 
Hafn ium 

T h i c k n e s s 

. 3 0 0 in. 

. 3 0 0 in. 

R e a c t i v i 
T h e r m a l 

5 2 . 2 
52. 2 

7 1 . 5 
72 . 1 

t y Worth , 
E p i - C d 

40 . 5 
4 0 . 8 

2 7 . 3 
3 0 . 7 

cen t s 
To ta l 

9 2 . 7 
96. 0 

9 8 . 8 
102. 8 
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S e v e r a l d i f fe ren t c a l c u l a t i o n s w e r e m a d e in an a t t e m p t to 

m a t c h the e x p e r i m e n t a l r a t i o of hafn ium w o r t h to b o r a l w o r t h of 1. 04. 

The m o d e l u s e d for c a l c u l a t i o n s w a s : 

150 in. 

Hf o r 
B o r a l 

189 in. 
o r 

397 in. 

H^O 

190 in. 

A l 

13. 5 in . 

T h O / U - 2 3 5 r a t i o = 15/1 
M e t a l - w a t e r r a t i o = 1.119 
(Core 9B) 

The r e s u l t s of the v a r i o u s c a l c u l a t i o n s a r e shown in T a b l e 4 . 3 . 

TABLE 4. 3 

COMPARISON OF CALCULATED ROD WORTHS 

Code 

Mul t i g roup 

F o u r Group 

S L E U T H 

S a m p l e 

B o r a l 

Al 

Hf 

B o r a l 

Al 

Hf 

B o r a l 

Al 

Hf 

B o r a l 

Al 

Hf 

B o r a l 

Al 

Hf 

B o r a l 

Al 

Hf 

Wate r 
Gap, in . 

0. 189 

. 189 

. 1 8 9 

. 397 

. 397 

. 3 9 7 

. 189 

. 189 

. 189 

. 3 9 7 

. 397 

. 397 

. 189 

. 189 

. 189 

. 3 9 7 

. 397 

. 3 9 7 

^eff 

0 . 9 8 9 

1.061 

. 987 

. 986 

1. 062 

. 984 

. 9 9 2 

1. 056 

. 9 9 2 

. 9 9 8 

1.057 

. 9 8 9 

1. 020 

1.058 

1.024 

1.013 

1.059 
1. 017 

Ak 

0. 072 

. 0 7 4 

. 076 

. 0 7 8 

. 064 

. 064 

. 069 

. 068 

. 038 

. 0 3 4 

r\ A / 

. 046 

. 042 

Ra t io , 
Hf Worth 

B o r a l Worth 

1.03 

1. 03 

1.00 

. 9 9 

. 8 8 

. 9 1 
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The M u l t i g r o u p Code g i v e s good a g r e e m e n t wi th the e x p e r i 

m e n t . The a t t e m p t to m a t c h the r e s u l t s of the M u l t i g r o u p Code with the 

F o u r G r o u p Code and with S L E U T H w a s not s u c c e s s f u l when a l l input 

coef f ic ien ts w e r e g e n e r a t e d by the S p e c t r a l Code . B e t t e r a g r e e m e n t 

b e t w e e n M u l t i g r o u p Code r e s u l t s and t h o s e f r o m the F o u r Group Code 

w e r e ob ta ined with hafn ium a s the c o n t r o l rod m a t e r i a l by modifying the 

four g r o u p coef f ic ien ts for the ha fn ium e p i t h e r m a l g r o u p . T h e s e modi f ied 

coef f ic ien ts w e r e ob ta ined by t r a n s m i s s i o n t h e o r y . The m e t h o d i s shown 

in Append ix A. F i g . 4. 1 shows the i m p r o v e m e n t in flux d i s t r i b u t i o n o b 

t a i n e d by us ing the modi f ied coe f f i c i en t s . 

The M u l t i g r o u p Code w a s u s e d in a s tudy of the w o r t h of a 

hafn ium s l ab at 68 F and 500 F . Change in r e a c t i v i t y s u p p r e s s i o n is 

d e t e r m i n e d by c o m p a r i s o n with Z i r c a l o y u n d e r s i m i l a r cond i t i ons . The 

s l ab g e o m e t r y shown be low w a s u s e d with s y m m e t r y on the left b o u n d a r y . 

L e a k a g e c o n t r i b u t i o n s to rod •worth a r e m i n i m i a e d by us ing a l a r g e s y s t e m . 

The w o r t h of the hpfn ium s l ab w a s 0. 0367 Ak ^̂  a t 68 F and 0. 0449 Ak ,^ 
eff eff 

at 500 F , c o m p u t e d u s ing the M u l t i g r o u p Code . The i n c r e a s e in w o r t h 

of the ha fn ium s l a b f r o m cold to hot i s 22%. P D Q four g roup c a l c u l a t i o n s 

i n d e p e n d e n t l y p r e d i c t an i n c r e a s e in w o r t h f r o m cold to hot for a l l 21 r o d s 

of 25%. 1 if 

0. 397 c m 

Hf 

^ 
0. 806 c m 

H^O 

^ 
86 c m 

H o m o g e n i z e d o u t e r 
zone of C E T R 

4 . 3 . 3 C o m p a r i s o n of Wor th of 1-\IZ In. and 10 In. Rods 

A d i r e c t c o m p a r i s o n w a s m a d e b e t w e e n the r e a c t i v i t y w o r t h 

of a 7 - 1 / 2 in . c r u c i f o r m rod and a 10 in . c r u c i f o r m r o d . Sec t ion 8. 6 

of BAW-119— d e s c r i b e s the e x p e r i m e n t . The r e s u l t s of the e x p e r i m e n t 

i n d i c a t e tha t t he 10 in . r o d s a r e w o r t h b e t w e e n 23% and 29% m o r e than 

the 7 - 1 / 2 in . r o d s . C o n s i d e r i n g t ip and c o r n e r effects to r e m a i n c o n 

s t an t a s the b l ade l eng th i n c r e a s e s by 33%, a b s o r p t i o n a r e a t h e o r y p r e 

d ic t ed an i n c r e a s e d r o d w o r t h of about 25%, Th i s i s wi th in the r a n g e tha t 

w a s m e a s u r e d . 

4 . 3 . 4 Effect on R<).d Wor th of F u e l Load ing N e a r Con t ro l Rod 
C h a n n e l s 

The P D Q p r o g r a m w a s u s e d e x t e n s i v e l y to s tudy the b e 

h a v i o r of c o n t r o l r o d s and c o n t r o l rod p a t t e r n s in the r e f e r e n c e d e s i g n . 
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A mesh of points utilizing the maximunn number permi t ted by code and 

machine l imitat ions was used. Control rods , water gaps, cans and 

outer rows of pins were considered as finite reg ions . All data except 

for the group coefficients in hafnium was generated by the Spectral Code. 

A fission source was used for all regions containing modera to r . The 

leakage from adjacent modera tor regions was used as a source in solid 

meta l regions such as rod or cans . The mesh spacing and group con

stants a r e tabulated in Appendix B. 

A la rge number of PDQ cases were run in o rde r to 

evaluate a var ie ty of rod pa t t e rns . Six cases were used to de termine 

the effect oik. of the pins adjacent to the rod, PDQ reference design 
00 

resu l t s (10 in, Hf rods) for th ree different types of adjacent pins a r e 

tabulated in Table 4, 4. Special pin locations a r e shown in Fig , 4. 2. 

Exper iments which a lso show the dependence of rod worth on the fuel 

loading of the pins adjacent to the rod a r e descr ibed in Section 8, 4 of 

B A W - 1 1 9 . -

TABLE 4, 4 

ROD WORTH DEPENDENCE ON FUEL LOADING NEAR 

Special Pins 

Regular 

Light Loaded 

No Thorium 

CONTROL ROD CHANNEL 

^00 °^ 
Special P ins 

1.05 

0..95 

1.25 

No Rods 

1.0904 

1.0611 

1.1301 

Rods 

.9583 

.9517 

.9707 

Ak 

. 1321 

. 1294 

, 1594 

Mass 
FJoIddown, kg 

350 

360 

320 

4. 4 ROD PROGRAMMING IN THE CETR 

Movable hafnium rods , fixed boron s teel shim rods and soluble 

poison in the coolant a r e used to compensate for react ivi ty r equ i rements 

of the core . Changes in concentrat ions of soluble poison compensate for 
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t h e r e a c t i v i t y change b e t w e e n 68 F and 450 F . The n u m b e r of s h i m r o d s 

r e q u i r e d i s m a i n t a i n e d f l ex ib le in o r d e r to ad jus t for p o s s i b l e v a r i a t i o n 

of the c o r e r e a c t i v i t y f r o m the e x p e c t e d v a l u e . With no c o n t r o l r o d s in 

the c o r e the ef fect ive m u l t i p l i c a t i o n a t full p o w e r i s c o m p u t e d in Sec t ion 3 

to be 1. 084 ± , 0 3 . To i n s u r e s a t i s f a c t o r y p e r f o r m a n c e t h r e e c a s e s of 

s t a r t i n g cond i t ions m u s t be c o n s i d e r e d , e a c h involv ing a d i f fe ren t n u m b e r 

of f ixed r o d s . The t h r e e p o s s i b i l i t i e s a t full p o w e r a r e : 

(a) N o m i n a l k ^̂  of 1. 084 ( 1 , 1 1 1 @ 450 F ) 

(b) High k^^^ of 1. 114 ( 1 . 128 @450 F ) 

(c) Low k of 1, 054 (1 , 094 @ 4 5 0 F ) . 
+ 03 C o n t r o l r o d w o r t h a t 450 F i s 0. 135 * „ , Ak -^, A c o n t r o l r o d - . 0 1 eff 

m a r g i n g r e a t e r than , 02 Ak . i s n e e d e d a t 450 F to i n s u r e the shut down 

sa fe ty of the r e a c t o r . Thus the e x c e s s r e a c t i v i t y of the c o r e a t 450 F 

m u s t be l i m i t e d to l e s s than 0. 105 Ak ^r- To do t h i s for the n o m i n a l 
eff 

c a s e (a), four f ixed s h i m r o d s w o r t h 0. 01 Ak ^̂  a r e r e q u i r e d to be 
i n s e r t e d in the c o r e . Twe lve f ixed s h i m r o d s w o r t h 0. 03 Ak ^- a r e 

eff 

r e q u i r e d for c a s e (b). No f ixed s h i m s a r e n e e d e d for c a s e (c). A r o d 

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

f ixed r o d s i t u a t i o n s . The t h r e e a r e : the n o m i n a l four f ixed r o d s , the 
h igh k ^̂  c a s e wi th 12 f ixed r o d s , and the low k ^̂  c a s e wi th no f ixed 

" eff eff 
r o d s . The cho ice of f ixed r o d s i t ua t i on wi l l be m a d e when the k „ of 

eff 

the c o r e i s d e t e r m i n e d m o r e a c c u r a t e l y by c r i t i c a l t e s t s on the a c t u a l 

fuel e l e m e n t s . T a b l e 4 . 5 con t a i n s the w o r t h of e a c h r o d g r o u p a s 

d e t e r m i n e d by two d i m e n s i o n a l a n a l y s i s . T a b l e 4 . 6 de f ines the m o v a b l e 

(CR) and f ixed r o d (FSR) g r o u p s . 

C o n t r o l r o d w o r t h a s a funct ion of i n s e r t i o n d i s t a n c e h a s b e e n 

c a l c u l a t e d for a g r o u p w o r t h 0. 02 Ak and one w o r t h 0, 042 Ak. S L E U T H 

w a s u s e d in a s e r i e s of "•windo^w s h a d e " c a l c u l a t i o n s d e s c r i b e d in 
2 

Sec t ion 5 . 3 . The r e s u l t s of the s tudy a r e c o m p a r e d wi th a s in x r e l a t i o n 
sh ip in F i g . 4, 3 , 
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T A B L E 4, 5 

S E Q U E N C E O F CONTROL ROD WITHDRAWAL IN THE C E T R 

F i x e d 
S h i m s 

12 

12 

12 

12 

12 

12 

No fixe 

4 

4 

4 

4 

4 

4 

No fixe 

None 

None 

None 

None 

None 

No fixe 

Movab le Rod 
In G r o u p s 

A B O D E 

A B C D 

A B C 

A B 

A 

id, no m o v a b l e 

A B O D E 

A B C D 

A B C 

B C 

C 

d, no m o v a b l e 

A B C D E 

A B C D 

A B C 

B C 

C 

d, no m o v a b l e 

eff 

0, 914 

, 942 

. 9 6 7 

. 9 9 3 

1. 018 

1,054 

1, 084 

0, 934 

, 9 6 6 

, 9 9 5 

1, 023 

1,050 

1.074 

1.084 

0, 944 

. 983 

1. 019 

1. 041 

1, 063 

1, 084 

G r o u p 
R e m o v e d 

E 

D 

C 

B 

A 

12 F S R ' s 

E 

D 

A 

B 

C 

4 F S R ' s 

E 

D 

A 

B 

C 

^ ^ f f 

0. 028 

. 025 

, 0 2 6 

. 025 

, 0 3 6 

, 030 

. 032 

. 029 

. 028 

. 027 

. 024 

. 0 1 0 

. 039 

. 036 

. 022 

. 022 

. 021 

"eft 

0 . 9 5 0 

. 9 7 7 

1. 001 

1.026 

1. 050 

1.085 

1. 114 

0 . 9 6 9 

1.000 

1.028 

1.055 

1..081 

1. 104 

1. 114 

0. 979 

1.017 

1.052 

1.073 

1. 094 

1. 114 

Group 
R e m o v e d 

E 

D 

C 

B 

A 

12 F S R ' s 

E 

D 

A 

B 

C 

4 F S R ' s 

E 

D 

A 

B 

C 

^ ^ f f 

0. 027 

. 024 

, 025 

, 024 

. 035 

. 0 2 9 

. 0 3 1 

, 0 2 8 

. .027 

. 0 2 6 

, 023 

, 0 1 0 

, 038 

. 0 3 5 

. 021 

. 021 

. 0 2 0 
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TABLE 4. 6 

DEFINITION OF ROD GROUPS 

Rod Numbers that Make Up Group 
Group (Ref: Fig . 2. 1) 

CR's 6, 10, 12, 16 

CR's 5, 7, 15, 17 

CR's 2, 9, 13, 20 

CR's 1, 8, 14, 21 

CR's 3, 4, 18, 19, 11 

FSR ' s 3, 6, 19, 22 

FSR's 1, 2, 3, 6, 7, 12, 22, 23, 24 

4 

2 

A 

B 

C 

D 

E 

Fixed 

Fixed 
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SECTION 5 

P O W E R D I S T R I B U T I O N S T U D I E S 

5. 1 RATIO OF P E A K T O AVERAGE P O W E R DENSITY 

T h i s s e c t i o n d e s c r i b e s the p o w e r d i s t r i b u t i o n in the C E T R c o r e , 

the m e t h o d s u s e d to d e t e r m i n e th i s p o w e r d i s t r i b u t i o n , and the d e s i g n 

innova t ions u s e d to k e e p the p o w e r d i s t r i b u t i o n a s u n i f o r m a s p r a c t i 

c a b l e . The p o w e r d i s t r i b u t i o n in the c o r e was d e t e r m i n e d a s in i t i a l ly 

loaded with fuel . T h e n e s t i m a t e s w e r e m a d e of the ef fec ts of fuel 

b u r n u p u s ing s p e c i a l l i f e t ime s t u d i e s . F o r the C E T R the h i g h e s t 

l o c a l i z e d p o w e r d e n s i t y tha t m i g h t o c c u r du r ing c o r e life was c a l c u l a t e d 

to be 4. 1 t i m e s the a v e r a g e c o r e p o w e r d e n s i t y . The to t a l p o w e r p e a k 

ing c o n s i s t s of t h r e e s e p a r a t e f a c t o r s . 

(a) The g r o s s r a d i a l f ac to r (Pi-,) i s a r e s u l t of the g r o s s shap ing 

of the p o w e r d i s t r i b u t i o n in the r a d i a l d i r e c t i o n . It is chief ly 

in f luenced by c o n t r o l r o d p o s i t i o n s and v a r i a t i o n of fuel con 

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

is s o m e v a r i a t i o n of the g r o s s r a d i a l peak ing f a c t o r with a z i m u t h . 

The m a x i m u m of the c o m b i n a t i o n of r a d i a l and a z i m u t h a l p o w e r 

d e n s i t y v a r i a t i o n is u s e d to define the g r o s s r a d i a l f a c t o r . 

(b) The l o c a l f a c t o r ( P ) is the a d d i t i o n a l fine s t r u c t u r e peak ing 

s u p e r i m p o s e d on the g r o s s r a d i a l d i s t r i b u t i o n . It is a h igh ly 

l o c a l i z e d peak ing which o c c u r s in fuel p ins l o c a t e d n e a r w a t e r 

r e g i o n s o r c o r e r e g i o n s of low n e u t r o n a b s o r p t i o n . It is chief ly 

in f luenced by the s i z e of w a t e r gaps in the c o r e which c a u s e 

i n c r e a s e d t h e r m a l i z a t i o n of n e u t r o n s . T h i s i n c r e a s e d l o c a l 

supply of n e u t r o n s c a u s e s i n c r e a s e d f i s s i o n r a t e s in a d j a c e n t 

fuel p i n s . 

(c) The a x i a l f a c t o r (P» ) is a r e s u l t of the v a r i a t i o n of p o w e r a long 

the c o r e l eng th . F o r a b a r e c o r e l oaded u n i f o r m l y in the a x i a l 

d i r e c t i o n and with r o d s fully i n s e r t e d o r fully w i t h d r a w n the 

p o w e r d i s t r i b u t i o n is a c o s i n e . F o r the C E T R r e f l e c t e d c o r e 

the a x i a l peak ing f a c t o r is 1. 5 u n d e r the above c o n d i t i o n s . The 

a x i a l p o w e r d i s t r i b u t i o n a n d in t u r n the a x i a l p o w e r peak ing 

f a c t o r is in f luenced by the i n s e r t i o n o r w i t h d r a w a l of c o n t r o l r o d s . 
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The p r o d u c t of P_, , P^ , and P . is def ined a s the to ta l p o w e r 
^ R L A ^ 

peak ing f a c t o r ( P „ ) . N o r m a l l y , a l l t h r e e of t h e s e p e a k i n g s wil l not 

o c c u r a t the s a m e poin t in the r e a c t o r . H o w e v e r , it h a s not been 

p o s s i b l e to d e t e r m i n e that the t h r e e peak ing f a c t o r s wi l l not o c c a s i o n a l 

ly p i le up . The t h e r m a l r a t i n g of the c o r e h a s , t h e r e f o r e , been b a s e d 

on the a s s u m p t i o n tha t they wi l l . 

5. 2 DETERMINATION OF RADIAL AND L O C A L PEAKING 

The r a d i a l and loca l peak ing f a c t o r s w e r e s tud i ed in two m a i n 

p h a s e s . The f i r s t p h a s e was to choose the type of c a l c u l a t i o n , the 

m e t h o d of a p p r o x i m a t i n g c o r e g e o m e t r y , and the n u c l e a r p a r a m e t e r s 

to m a t c h c a l c u l a t e d r e s u l t s with e x p e r i m e n t a l da t a . The second p h a s e 

c o n s i s t e d of c a l c u l a t i o n s to d e t e r m i n e the peak ing f a c t o r s for the d e s i g n 

c o r e . The m e t h o d tha t r e s u l t e d u s e s the PDQ Code in four g r o u p s . 

The F o u r G r o u p Code was u s e d to s tudy the b e s t g e o m e t r i c a l and 

n u c l e a r r e p r e s e n t a t i o n of the c o r e . G r o u p c o n s t a n t s w e r e ob ta ined 

f r o m the S p e c t r a l C o d e . P o w e r d i s t r i b u t i o n s d e t e r m i n e d by e x p e r i m e n t 

w e r e m a t c h e d a d e q u a t e l y with th i s m e t h o d . 

5. 2. 1 F ine S t r u c t u r e Ver i f i ca t i on 

C o m p a r i s o n of the t h e r m a l flux p r o f i l e s in a t yp i ca l C E T R 

c o r e l a t t i c e a s g iven by c a l c u l a t i o n s and a s t aken f r o m e x p e r i m e n t a l 

m e a s u r e m e n t is shown in F i g s . 5. 1 and 5. 2. D y s p r o s i u m foil m e a s u r e 

m e n t s w e r e m a d e in the c r i t i c a l a s s e m b l y to d e t e r m i n e the flux s h a p e s 

n e a r c o n t r o l r o d r e g i o n s and c o n t r o l rod fo l lower r e g i o n s . To d e t e r 

m i n e the a d e q u a c y of c a l c u l a t i o n a l m e t h o d s c o m p a r i s o n s w e r e m a d e 

b e t w e e n four g r o u p two d i m e n s i o n a l c a l c u l a t i o n s , four g r o u p one 

d i m e n s i o n a l C a l c u l a t i o n s , and e x p e r i m e n t a l m e a s u r e m e n t s . F i g . 5 .1 

shows the t h e r m a l flux p r o f i l e s n e a r a c o n t r o l r o d and F i g . 5. 2 shows 

the s a m e p r o f i l e s n e a r a c o n t r o l r o d fo l lower . The e x p e r i m e n t a l po in t s 

p lo t t ed a r e f r o m F i g s . 9. 26 and 9. 27 of B A W - 1 1 9 . - The c a l c u l a t e d 

t h e r m a l flux p r o f i l e s w e r e d e t e r m i n e d us ing the F o u r G r o u p and P D Q 

c o d e s . The two d i m e n s i o n a l four g r o u p coe f f i c i en t s a r e by def in i t ion 

i d e n t i c a l to t h o s e of the one d i m e n s i o n a l four g r o u p . 
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5, 2, 2 Coarse Structure Verification 

Fig, 5. 3 maps the power distr ibution of the CETR zone-

loaded cr i t ica l assembly as given by exper imenta l m e a s u r e m e n t and by 

PDQ two dimensional calculation. The compar ison is made for a ho r i 

zontal c ro s s section through the c r i t i ca l co re . The numbers quoted in 

the figure a r e the ra t ios of the local radia l power density to the volume 

averaged radial power density. The c r i t i ca l a s sembly core consisted 

of three zones with approximate relat ive U-235 concentrat ions of 3:4:4. 8. 

These rat ios were a r r anged by using low loaded (25/1 Th-to U-235 ratio) 

pins in the inner zone, high loaded (15/1 Th-to U-235 ratio) pins in the 

outer zone, and a mixture of high loaded and low loaded pins in the 

middle zone. Since this assembly is symmet r i c by octants about the 

cent ra l ver t ica l ax i s , Fig. 5. 3 shows only an octant of the as sembled 

core . The exper imenta l r esu l t s a r e from Fig. 9. 3 of BAW-119.— 

5. 2. 3 Tempera tu re Effects 

The exponential assembly was used to m e a s u r e the fine 

s t ruc ture distr ibutions of the the rmal flux through simulated control 

rod and rod follower regions at 68 F and 495 F. Slab geometry calcula

tions were compared with exper imenta l m e a s u r e m e n t s of the fine s t r uc 

ture thermal flux dis t r ibut ions. The Four Group Code, where the four 

group coefficients were generated by the Spectra l Code, was used for 

the calculat ions. 

A sketch of the geometr ica l a r r angement of the exponential 

assembly is shown at the top of Fig. 5. 4. The exper imenta l data a r e 
5 

shown in Figs , 16 through 20 of BAW-116.— A valuable compar ison 

resu l t s from a study of the changes in fine s t ruc tu re flux dis tr ibut ions 

between 68 F and 495 F, Since calculations on the c r i t i ca l a s sembly 

showed that the calculated distr ibutions agreed well with c r i t i ca l exper i 

ments at room tempera tu re , these c^jmparisons of the changes in flux 

distribution between 68 F and 495 F were good checks of the calculational 

model. This nn.ethod of comparison minimizes the importance of knowing 

the exact water gap thicknesses in the exponential. This compar ison is 

shown in Fig. 5. 4, 

A compar ison of the calculated curve and the exper imental ly 

determined curve at 68 F is shown in Fig. 5. 5. A s imi la r compar ison 
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a t 495 F is shown in F i g . 5. 6. A g r e e m e n t be tween the c o m p u t e d c u r v e s 

and e x p e r i m e n t a l c u r v e s i s good e x c e p t in the v i c in i ty of the r i g h t s ide 

of the c o n t r o l rod s i m u l a t i o n . Mos t of the i r r e g u l a r i t i e s of e x p e r i m e n t a l 

po in t s in the l a t t i c e r e g i o n w e r e fine s t r u c t u r e ef fec ts in the fuel p in 

l a t t i c e . 

5. 2. 4 G r o s s R a d i a l P e a k i n g C a l c u l a t i o n s 

Two d i m e n s i o n a l P D Q c a l c u l a t i o n s in x - y g e o m e t r y w e r e 

p e r f o r m e d on the r e f e r e n c e c o r e . The ob jec t ive w a s finding the m o s t 

f lexib le and ef fec t ive c o n t r o l rod a r r a n g e m e n t s c o n s i s t e n t with s a t i s f a c 

t o r y p o w e r d i s t r i b u t i o n s . The r e s u l t s for s e v e r a l of t h e s e c a l c u l a t i o n s 

a r e shown in F i g s . 5. 7 t h r o u g h 5. 1 1 . The a c t u a l g e o m e t r y and a l l 

m a t e r i a l coef f i c ien t s u s e d in the c a l c u l a t i o n s a r e g iven in Append ix B. 

F i g . B. 1 in th i s Append ix shows the g e o m e t r i c d e t a i l s and p o w e r d i s t r i 

but ion d e t a i l s for a r e p r e s e n t a t i v e c a s e . S ince the C E T R r e f e r e n c e c o r e 

i s s y m m e t r i c , a l l f i g u r e s e x c e p t 5. 11 show only o n e - q u a r t e r of the c o r e 

c r o s s s e c t i o n . F i g . 5. 11 shows the c o m p l e t e c o r e c r o s s s e c t i o n to i l 

l u s t r a t e the p o w e r d i s t r i b u t i o n when only two r o d s of a g r o u p of four a r e 

i n s e r t e d . The n u m b e r s r e p o r t e d on the f i g u r e s a r e the r a t i o s of the 

a v e r a g e p o w e r d e n s i t y in the fuel e l e m e n t to the a v e r a g e c o r e p o w e r 

d e n s i t y . When m a k i n g the c a l c u l a t i o n s , p o w e r d e n s i t y was c a l c u l a t e d 

for m a n y po in t s wi th in the bund le . H o w e v e r , due to s u b s e q u e n t p r e 

f e r e n t i a l load ing of p i n s in the e l e m e n t to r e d u c e the l o c a l peak ing f a c t o r , 

the n u m b e r s quo ted a r e the only ones a p p l i c a b l e to the f inal c o r e d e s i g n . 

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

to a r r i v e a t a c o n t r o l rod p r o g r a m for the C E T R , The c o n t r o l r o d p r o 

g r a m a s f ina l ly d e v e l o p e d i s g iven in d e t a i l in Sec t ion 4. 4, and the effect 

of the rod p r o g r a m on p o w e r d e n s i t y is g iven in Sec t ion 5, 6. 

5 . 2 , 5 L o c a l P e a k i n g C a l c u l a t i o n s 

L o c a l peak ing f a c t o r s w e r e ob t a ined by c a l c u l a t i n g the 

p o w e r d e n s i t y in one bundle a t a t i m e . T h i s m a d e it p o s s i b l e to inc lude 

enough p o i n t s of c a l c u l a t e d p o w e r d e n s i t y in a bundle to ob ta in a t r u e 

p i c t u r e of l o c a l p e a k i n g . L o c a l peak ing c a l c u l a t e d for an i n n e r , m i d d l e , 

and o u t e r zone bundle for the c o r e a s d e s i g n e d i s shown in F i g s . 5, 12, 

5. 13 and 5. 14. F i g . 5. 15 shows the r e s u l t of a c a l c u l a t i o n p e r f o r m e d 
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to d e t e r m i n e the p o w e r d e n s i t y g r a d i e n t a c r o s s a bundle when it i s a d j a 

cen t to a hafn ium rod . The p r e f e r e n t i a l pin loading s c h e m e for e a c h 

type of e l e m e n t is shown in F i g . 2. 3. 

5. 3 AXIAL PEAKING STUDIES 

The a x i a l p o w e r peak ing f a c t o r s that r e s u l t f r o m p a r t i a l l y i n s e r t e d 

c o n t r o l rod g r o u p s w e r e s tud ied us ing S L E U T H in s l ab g e o m e t r y . A se t 

of "window s h a d e " c a l c u l a t i o n s w e r e m a d e . T h i s t echn ique c o n s i s t s of 

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

ed po i son . The po i son is i n t r o d u c e d into the c o r e un t i l it r e d u c e s the 

c o r e r e a c t i v i t y by the s a m e a m o u n t a s the g r o u p of r o d s being s i m u l a t e d . 

The p o i s o n i s then w i t h d r a w n f r o m s e g m e n t s of the c o r e l eav ing the 

o r i g i n a l c o n c e n t r a t i o n of po i son in the b a l a n c e of the c o r e . T h i s t echn ique 

s i m u l a t e d c o n t r o l rod w i t h d r a w a l . Fo l lowing e a c h r e m o v a l s t e p , the 

changes in the one d i m e n s i o n a l p o w e r d i s t r i b u t i o n s w e r e c a l c u l a t e d . The 

r e s u l t i n g c u r v e s of the a x i a l p o w e r d i s t r i b u t i o n a s a funct ion of rod wi th 

d r a w a l d i s t a n c e a r e shown on F i g . 5. 16. 

The ax i a l p o w e r d i s t r i b u t i o n is a d v e r s e l y a f fec ted by p a r t i a l l y 

w i thd rawn rod g r o u p s . F i g . 5. 16 shows tha t the a x i a l p o w e r peak ing is 

1. 5 t i m e s the a v e r a g e b a s e d on an a p p r o x i m a t e c o s i n e d i s t r i b u t i o n . 

Th i s is e x c e e d e d for p a r t i a l w i t h d r a w a l of a rod g r o u p wor th 0. 042A k , , 

( so l id c u r v e s ) . The r e s u l t a n t d i s t r i b u t i o n d e p a r t s s ign i f i can t ly f r o m a 

c o s i n e . P a r t i a l w i t h d r a w a l of a rod g r o u p w o r t h 0. 020 Ak ^, ( b roken 

c u r v e ) a l s o d e p a r t s s ign i f i can t ly f r o m a cos ine d i s t r i b u t i o n but does not 

e x c e e d the f ac to r of 1. 5 by a s g r e a t a m a r g i n . F o r i n s e r t i o n g r e a t e r 

than 75% the c u r v e is e s s e n t i a l l y c o s i n e . Al l of the g r o u p r e a c t i v i t y 

w o r t h s for the C E T R l i n e a r p o w e r r a n g e g r o u p s l ie in the r a n g e of 0. 02 

to 0. 036 A'k rjr- B a s e d on the m a x i m u m r o d g r o u p w o r t h of 0. 036 A k ^r, eff " ^ eff 

t he se c a l c u l a t i o n s p r e d i c t tha t the a x i a l p o w e r p e a k m a y a p p r o a c h 1. 9 

t i m e s the a v e r a g e . 

5. 4 T H R E E DIMENSIONAL C A L C U L A T I O N 

A t h r e e d i m e n s i o n a l c a l c u l a t i o n was p e r f o r m e d to d e t e r m i n e the 

to ta l g r o s s peak ing in the C E T R with a g r o u p of c o n t r o l r o d s p a r t i a l l y 

w i thd rawn . The TKO code with the four g r o u p opt ion was u s e d . F o r 

the c a s e s tud ied , a rod g r o u p was w i t h d r a w n f r o m the c o r e to a p o s i t i o n 
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tha t was e x p e c t e d to r e s u l t in the m a x i m u m a x i a l p e a k i n g . The r e s u l t s 

of the t h r e e d i m e n s i o n a l c a l c u l a t i o n a r e shown in F i g s . 5. 17 and 5. 18. 

In F i g . 5. 17, fully i n s e r t e d r o d s a r e iden t i f i ed by the so l id c r o s s s y m b o l 

and r o d s i n s e r t e d 168 c m a r e ident i f ied by the open c r o s s s y m b o l . 

F i g . 5. 17 shows tha t the m a x i m u m g r o s s r a d i a l p o w e r dens i t y and the 

m a x i m u m a x i a l p o w e r d e n s i t y do not o c c u r a t the s a m e point . The t h r e e 

d i m e n s i o n a l p i c t u r e in F i g . 5. 18 shows the n o r m a l i z e d p o w e r d i s t r i b u t i o n 

for the c o r e . 

T h e r e w e r e l i m i t a t i o n s in the n u m b e r of c a l c u l a t i o n po in t s tha t 

could be inc luded in th i s t h r e e d i m e n s i o n a l c a l c u l a t i o n . Thus it was 

n e c e s s a r y to nnake m a n y a p p r o x i m a t i o n s c o n c e r n i n g the c o r e g e o m e t r y 

and h o m o g e n i z e d m a t e r i a l r e g i o n s . Al though the r e s u l t s f r o m the 

c a l c u l a t i o n s a r e b e l i e v e d to be s u b s t a n t i a l l y c o r r e c t , they w e r e u s e d 

only to o b s e r v e in a q u a l i t a t i v e m a n n e r the p o w e r d i s t r i b u t i o n wi th in 

the c o r e when a rod g r o u p is p a r t i a l l y w i t h d r a w n . 

5. 5 E F F E C T OF B U R N U P ON THE P O W E R DISTRIBUTION 

Two types of s p e c i a l l i f e t ime s t u d i e s w e r e p e r f o r m e d to d e t e r m i n e 

the ef fec ts of c o r e b u r n u p and rod p r o g r a i n m i n g on p o w e r d i s t r i b u t i o n . 

One of t h e s e s t u d i e s e s t i m a t e s the effect of b u r n u p on a x i a l p o w e r d i s t r i 

but ion . The o t h e r s i m u l a t e s the fine s t r u c t u r e effect on l o c a l p o w e r 

peak ing c a u s e d by v a r i o u s b u r n u p s i t u a t i o n s . 

5. 5. 1 F ine S t r u c t u r e Ef fec t s 

It was n e c e s s a r y to d e t e r m i n e w h e t h e r w i t h d r a w a l of a 

c o n t r o l r o d l a te in life would c r e a t e a h igh l o c a l peak ing f a c t o r . A 

h igh ly u n f a v o r a b l e xenon d i s t r i b u t i o n o r low fuel b u r n u p n e a r the rod 

would be e x p e c t e d to c a u s e t h i s . A n a l y s i s shows tha t n e i t h e r of t h e s e 

cond i t ions wil l t ake p l a c e . 

F o r th i s s tudy an o u t e r zone e l e m e n t was c a l c u l a t e d with 

p e l l e t s with fuel c o n c e n t r a t i o n (D) in the p h e r i p h e r a l row of p ins and 

with c o n c e n t r a t i o n (E) p e l l e t s in a l l o t h e r p ins ( see F i g . 2. 3 and 

Tab le 2. 2). L i f e t ime c a l c u l a t i o n s us ing S L E U T H in s l a b g e o m e t r y 

w e r e p e r f o r m e d with the e l e m e n t p e s s i m i s t i c a l l y o p e r a t e d a t 160% 

of a v e r a g e p o w e r . C a l c u l a t e d l o c a l peak ing w a s h i g h e r than in the 

r e f e r e n c e e l e m e n t loading a t full p o w e r , but the r e s u l t s show q u a l i t a 

t ive ly what wi l l o c c u r in the o p e r a t i n g c o r e . L o c a l xenon d i s t r i b u t i o n 
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is shown to be r e l a t i v e l y i n s e n s i t i v e to the p r e s e n c e of c o n t r o l rod o r 

Zr fo l lower . F i g . 5. 19 i l l u s t r a t e s the xenon d i s t r i b u t i o n with and wi th 

out the c o n t r o l rod . R e d u c e d fuel b u r n u p n e a r a c o n t r o l r o d did not 

c a u s e a high loca l peaking f ac to r when the rod was even t ua l l y w i t h d r a w n . 

It was found that the t h e r m a l flux p r o v i d e s a d e q u a t e b u r n u p in the fuel 

p ins next to a c o n t r o l r od . 

A g iven rod channe l wil l m o s t p r o b a b l y have one of two 

h i s t o r i e s . E i t h e r a Z r fo l lower wil l e n t e r e a r l y in life and r e m a i n in, 

o r a c o n t r o l r o d wi l l r e p o s e in the c h a n n e l un t i l d i s p l a c e d a t s o m e poin t 

l a t e r in life by a Z r fo l lower . F i g s . 5. 20, 5. 21 and 5. 22 show the p o w e r 

peak ing ef fec ts of c o n t r o l r o d r e m o v a l a t v a r i o u s s t a g e s of r e a c t o r o p e r a 

t ion. F i g . 5. 23 shows the p o w e r h i s t o r y for fuel nex t to a rod c h a n n e l 

w h e r e the c o n t r o l rod was r e m o v e d e a r l y in c o r e l i fe . The d i s c o n t i n u i t i e s 

in the f i g u r e s a r e c a u s e d by the s e v e n d i s c r e t e r e g i o n s of the c a l c u l a t i o n a l 

m o d e l , r a t h e r than by the a c t u a l p h y s i c a l s i t ua t i on . Note tha t r e m o v a l of 

the c o n t r o l rod dur ing life wi l l a c t u a l l y c a u s e a l ower peak ing f a c t o r than 

is ob ta ined by p lac ing a Zr fo l lower in the c h a n n e l a t s t a r t u p . High b u r n -

up of the f i r s t row of low loaded p ins o c c u r s in the p r e s e n c e of the Z r 

fo l lower . The r e s u l t i n g high flux c r e a t e s i n c r e a s e d b u r n u p in the m o r e 

h e a v i l y l oaded second row of p i n s . With the c o n t r o l r o d in p l a c e d u r i n g 

l i fe , b u r n u p i m m e d i a t e l y is shi f ted m o r e t o w a r d the s e c o n d row of p ins 

but t h e r e i s s t i l l a d e q u a t e b u r n u p of the fuel n e a r the r o d . Subs t i tu t ion 

of the Z r fo l lower does not i n c r e a s e the f lux suf f ic ien t ly to p r o d u c e an 

un favorab le peak ing f a c t o r . 

5. 5. 2 G r o s s Axia l Effects 

A study w a s m a d e to d e t e r m i n e a x i a l p o w e r d i s t r i b u t i o n a s 

a function of rod p o s i t i o n and c o r e b u r n u p . F i g s . 5. 24 t h rough 5. 45 a r e 

a x i a l p o w e r p r o f i l e s c a l c u l a t e d a t v a r i o u s t i m e s d u r i n g life for the r o d 

conf igu ra t ion shown a t the bo t tom of e a c h g r a p h a t the t i m e tha t is no ted 

on the g r a p h . The rod con f igu ra t i ons w e r e s i m u l a t e d with "window 

s h a d e " b o r o n po i son c o n c e n t r a t i o n s . C a l c u l a t i o n s w e r e p e r f o r m e d us ing 

S L E U T H . The a m o u n t of rod i n s e r t i o n was c h o s e n to k e e p k -, = 1 
^ eff 

dur ing c o r e l i fe . T a b l e s 5. 1 t h rough 5. 5 exh ib i t the v a r i a t i o n of fuel and 

po i son c o n c e n t r a t i o n a long with the infini te m u l t i p l i c a t i o n f a c t o r du r ing 

c o r e l i fe . 



The m a x i m u m a x i a l peak ing f a c t o r c a l c u l a t e d was 1. 88. 

T h i s peak ing o c c u r r e d in the l o w e r p o r t i o n of the c o r e a f t e r 25 full p o w e r 

days of o p e r a t i o n . The m a x i m u m a x i a l peak ing f ac to r tha t o c c u r r e d above 

the m i d p l a n e of the c o r e was 1. 63 . T h i s o c c u r r e d a f t e r 590 days of full 

p o w e r o p e r a t i o n . On the b a s i s of t h e s e c a l c u l a t i o n s it was conc luded that 

the m a x i m u m a x i a l peak ing f a c t o r of 1. 9 e s t a b l i s h e d for the c o r e a s i n i t i a l 

ly loaded would not be e x c e e d e d du r ing i t s o p e r a t i n g l i fe . 

5. 6 E F F E C T S O F ROD PROGRAMMING ON P O W E R DISTRIBUTION 

The p o w e r d i s t r i b u t i o n s t u d i e s of the c o r e w e r e u s e d to e s t a b l i s h 

the p r e f e r e n t i a l p in loading r e q u i r e d to ob ta in a p r a c t i c a l m i n i m u m l o c a l 

peak ing f a c t o r and the c o n t r o l r o d p r o g r a m m i n g to k e e p the g r o s s peak ing 

within t o l e r a b l e l i m i t s . The rod p r o g r a m m i n g for the c o r e was e s t a b l i s h 

ed for the t h r e e p o s s i b l e f ixed rod s i t u a t i o n s tha t m a y e x i s t in the c o r e a t 

s t a r t u p ; the e x p e c t e d c a s e with four f ixed s h i m r o d s in the c o r e , the h igh 

k rr c a s e with twelve fixed s h i m r o d s in the c o r e , and the low k j.^. c a s e 
eff eff 

with no f ixed s h i m r o d s in the c o r e . T a b l e 4. 6 de f ines the m o v a b l e r o d 

g r o u p s A, B, C, D and E , the 4 f ixed s h i m r o d s , and the 12 f ixed s h i m 

r o d s . The s e q u e n c e of c o n t r o l rod r e m o v a l for e a c h c a s e is a s fo l lows : 

E x p e c t e d c a s e : E , D, A, B, C 

H i g h k rr c a s e : E , D, C , B , A 

L o w k J.J. c a s e : E , D , A , B , C . 
e i i 

T a b l e 5. 6 shows the r a d i a l peak ing f a c t o r for the c o m b i n a t i o n of m o v a b l e 

c o n t r o l r o d s and f ixed s h i m r o d s tha t m a y be in the c o r e a t r a t e d p o w e r 

o p e r a t i o n . T h e s e r a d i a l f a c t o r s w e r e c a l c u l a t e d u s ing the P D Q code a s 

d e s c r i b e d in Sec t ion 5. 2. A m a x i m u m a x i a l f a c t o r of 1. 9 was d e t e r m i n 

ed by s t e a d y s t a t e c a l c u l a t i o n s and by c o r e l i f e t ime c a l c u l a t i o n s us ing 

S L E U T H . The r e s u l t a n t t o t a l p o w e r peak ing f a c t o r for the C E T R is 4. 1. 
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T A B L E 5. 1 

INFINITE M U L T I P L I C A T I O N CONSTANT DURING CORE L I F E WITH C O N T R O L ROD SIMULATION 

T I M E C O R E REGION 
(days) 1 2 3 4 5 6 7 8 9 10 

0 

1 

10 

50 

100 

200 

300 

420 

500 

630 

,0350 

,0267 

,0248 

,0501 

0461 

,0384 

0634 

,0676 

0630 

,0852 

0350 

,0222 

0189 

,0425 

0379 

,0574 

0508 

,0544 

0466 

0573 

1.0350 

1.0193 

1.0413 

1.0365 

1.0314 

1. 0469 

1.0407 

1.0419 

1.0309 

1.0378 

1.0350 

1.0178 

1.0369 

1.0319 

1.0259 

1.0399 

1.0341 

1.0323 

1.0605 

1.0295 

0350 

0171 

0346 

0278 

0499 

0363 

0300 

,0235 

0468 

0272 

1.0350 

1.0445 

1.0337 

1.0236 

1.0435 

1.0353 

1.0277 

1.0565 

1.0377 

1.0273 

0350 

, 0453 

0342 

,0386 

0399 

0366 

0272 

, 0448 

0337 

, 0289 

,0350 

,0471 

,0363 

,0449 

0407 

,0409 

0296 

,0416 

0365 

0347 

,0350 

0502 

0406 

, 0472 

0471 

, 0499 

,0800 

0524 

0509 

,0511 

0350 

0551 

0480 

0578 

0594 

0630 

0934 

,0775 

0782 

, 0802 



TABLE 5. 2 

FUEL CONCENTRATION DURING CORE LIFE 

(Atoms/cm^ (x 10"^^) of U-235, U-233, and Pa-233) 

TIME 
(days) 

0 

1 

10 

50 

100 

200 

300 

420 

500 

630 

1 

0.3591 

. 3590 

. 3587 

. 3572 

. 3549 

. 3495 

. 3413 

. 3352 

. 3305 

. 3184 

2 

0.3591 

. 3589 

. 3584 

. 3557 

. 3519 

. 3428 

. 3300 

. 3209 

. 3140 

. 2957 

3 

0.3591 

. 3588 

. 3581 

. 3540 

. 3488 

. 3355 

. 3201 

. 3090 

. 3005 

. 2785 

4 

0.3591 

. 3588 

. 3576 

. 3525 

. 3461 

. 3292 

. 3131 

. 3008 

. 2908 

. 2684 

C O R E 
5 

0.3591 

. 3587 

. 3573 

. 3513 

. 3435 

. 3320 

. 3086 

.2949 

. 2826 

. 2625 

REGION 
6 

0.3591 

.3587 

. 3570 

. 3502 

. 3406 

. 3215 

. 3061 

.2899 

.2761 

. 2589 

7 

0.3591 

. 3588 

. 3570 

. 3491 

. 3383 

. 3205 

. 3057 

.2853 

. 2719 

. 2572 

8 

0.3591 

. 3588 

. 3572 

. 3483 

. 3380 

. 3223 

. 3084 

.2847 

. 2725 

. 2597 

9 

0.3591 

. 3589 

. 3576 

. 3497 

. 3414 

. 3290 

. 3169 

. 2929 

.2824 

. 2714 

10 

0.3591 

. 3590 

. 3582 

. 3529 

. 3476 

. 3396 

. 3307 

. 3123 

. 3047 

. 2964 
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) re 

TABLE 5. 6 

RADIAL POWER PEAKING FACTORS IN ROD PROGRAMMING 

Movable Rods in Core Radial Peaking Fac tor 

Expected Case With 4 Fixed Shim Rods in Core 

Group ABC 
Group EC 
Group C 
None 

High k „ Case With 12 Fixed Shim Rods in Co 
^ eff 

Group ABC 
Group AB 
G r o u p A i . 7 7 
Only Centra l Rod 2. 10 

Low k ^̂  Case With No Fixed Shim Rods in Core eti 
Group ABC 2. 11 
Group BC 1. 98 
Group C 1. 98 
None 1.67 

Includes local peaking. 

2. 
2. 
1. 
1. 

2. 
2. 
1. 

09 
05 
98 
88 

17 
17 
99 
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A P P E N D I X A 

M E T H O D O F OBTAINING M O D I F I E D 
C O E F F I C I E N T S F O R A THIN HIGHLY ABSORBING SLAB 

At the b o u n d a r y of an inf ini te b l ack a b s o r b e r , diffusion t h e o r y u s e s 

the flux e x t r a p o l a t i o n condi t ion 

If t he a b s o r b i n g r e g i o n i s th in r a t h e r than inf in i te and i s h e a v i l y a b s o r b 

ing r a t h e r t han b lack , the e x t r a p o l a t i o n condi t ion can be u s e d in the 

a l t e r e d f o r m 

D(^'\ ^ ]_ 1 - T ^ 
2 • 1 + T °-

w h e r e 

\ ^ / a t edge 
of s l ab 

T = 2E^(Zt ) 

Z = m a c r o s c 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 

t = s l a b t h i c k n e s s 

00 

n -xu 
E (x) = \ du. 

n J n 
1 ^ 

In s ide t h e a b s o r b i n g s l a b the n e u t r o n b a l a n c e equa t ion a s s u m i n g 

z e r o s o u r c e i s 

D.cb." - Z.ci). = 0 

Solut ion i s 

cb. - A cos h / /=— X 
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so 

^i^s : ^'" ^ Ul57 7 

A cos h 

^ijo:*^"^! /D: 1 w 1 

For a region with large absorption c ross section, the value of the 

diffusion constant makes li t t le difference in the total absorpt ions in the 

region. Fo r sinaplicity the value of D. was chosen to be the same as S. 

Then the equation becomes 

D. tan h -^ 
1 2 

or 

D. -
1 

a 

tan h -J 

1 1 - 2E^(2t) 

TTTE^IztJ" 
1 

tan h 

Values of D. and 2 . a r e then found to fit this equation. This recipe was 

used to generate the constants for hafnium control regions . In the 4 -

group representa t ions (Four Group Code, PDQ) the group 3 (just above 

the rmal energy) constants were calculated in this manner . Constants 

for all other groups and for all other regions were generated d i rec t ly 

from the Spectral Code. 
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APPENDIX B 

PDQ INPUT FOR REFERENCE CORE CALCULATIONS 

2 
The PDQ— m e s h l i n e s and the c o r r e s p o n d i n g d i s t a n c e f r o m the 

c e n t e r of the r e a c t o r a r e t a b u l a t e d in T a b l e B - 1 . 

The P D Q coef f ic ien ts for four o p e r a t i n g cond i t ions a r e t a b u l a t e d 

for e a c h of the twe lve d i f fe ren t m a t e r i a l r e g i o n s r e q u i r e d to d e s c r i b e 

the c o r e . The t a b u l a t i o n s a r e p r e s e n t e d in T a b l e s B - 2 t h r o u g h B-5» 

F i g u r e B . 1 shows the t y p i c a l m e s h s p a c i n g and m a t e r i a l a r r a n g e 

m e n t for one p a t t e r n of c o n t r o l r o d s . 

TABLE B. 1 

PDQ MESH FOR CETR REFERENCE CORE CALCULATIONS 

Line 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 

I n c h e s 
F r o m C e n t e r L i n e 

- 0 . 1 5 0 
0. 150 
0 : 4 5 0 
0. 6825 
1.0565 
1.3225 
3 . 160 
5. 000 
5. 5445 
5 .9185 
6. 151 
6 .260 
6 . 3 8 5 
6 . 4 9 4 
6 . 7 2 6 5 
7. 1005 
7. 645 
9 . 4 8 5 

1 1 . 3 2 2 5 
11 .5885 
1 1 . 9 6 2 5 
12 .195 

C e n t i m e t e r s 
F r o m C e n t e r L ine 

- 0 . 3 8 1 
0 . 3 8 1 
1. 143 
1.734 
2 . 6 8 4 
3 . 3 5 9 
8. 026 

12 ,7 
1 4 . 0 8 3 
15 .033 
1 5 . 6 2 4 
1 5 . 9 0 0 
1 6 . 2 1 8 
1 6 . 4 9 5 
1 7 . 0 8 5 
18.. 03 5 
19.. 418 
2 4 . 0 9 2 
2 8 . 7 5 9 
2 9 . 4 3 5 
3 0 . 3 8 5 
3 0 . 9 7 5 
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Line 
Inches 

F r o m Center Line 
Cent imeters 

F r o m Center Line 

22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 

12.495 
12.795 
13.095 
13.3275 
13.7015 
13.9675 
15.805 
17.645 
18. 1895 
18. 5635 
18.796 
18.905 
19. 030 
19. 139 
19.3715 
19. 7455 
20.29 
22. 13 
23.9675 
24.2335 
24. 514 
24.6075 
24.84 
25. 14 
25.44 
25.74 
25.9725 
26.066 
26.3465 
26.6125 
28.45 
30.29 
30. 8345 
31.2085 
31.441 
31. 55 
31.675 
31.784 
32.0165 
32.3905 
34. 5015 
36.6125 
36.8785 
37.2525 
37.485 
37.6725 
37.86 
38.36 
39.36 
41.86 
45.86 
49.85 

31.737 
32.499 
33.. 261 
33.852 
34.802 
35.477 
40.145 
44.818 
46.201 
47.151 
47.742 
48. 019 
48.336 
48.613 
49. 204 
50.154 
51.537 
56.210 
60.877 
61.553 
62.266 
62.503 
63.094 
63.856 
64.618 
65.380 
65. 970 
66.208 
66.920 
67.596 
72.263 
76.937 
78.320 
79.270 
79.860 
80.137 
80.455 
80.731 
81.322 
82.272 
87.634 
92.996 
93.671 
94.621 
95.212 
95.688 
96.164 
97.434 
99.974 
106.324 
116.484 
126.619 



T A B L E B - 2 

P D Q C O E F F I C I E N T S F O R 501 F AND F U L L P O W E R 

00 

M a t e r i a l 
N u m b e r 

1 

2 

3 

4 

5 

6 

M a t e r i a l 

L a t t i c e of Zone I 
C e n t r a l and Zone II 
and III P e r i p h e r a l 
F u e l P i n s 

L a t t i c e of Zone II 
C e n t r a l F u e l P i n s 

L a t t i c e of Zone III 
C e n t r a l F u e l P i n s 

L a t t i c e of Zone I 
P e r i p h e r a l F u e l P i n s 

L a t t i c e of C o r n e r 
P i n s Conta in ing 
ThO^ P e l l e t s 

Hafn ium Con t ro l Rod 

G r o u p 

1 
2 
3 
4 

1 
2 
3 
4 

1 
2 
3 
4 

1 
2 
3 
4 

1 
2 
3 
4 

1 
2 
3 
4 

D 

2 .0203991 
0 .66344871 
0 .6231046 
0 .3303093 

2 .0209829 
0 .66452786 
0 .62126848 
0 .32310275 

2 .0221945 
0 .6656913 
0 .61976689 
0 .3166158 

2 .0200794 
0 .66285712 
0 .62421275 
0 .33477627 

2 .0231532 
0 .66137787 
0 .62992712 
0 .35413446 

0 .9840825 
0 .98408248 
1. 16 
0 .3568865 

2 a 

0 .002743789 
0 .023908825 
0 .05483162 
0 .247945987 

0 .002982737 
0 .0260717 
0 .06605206 
0 .30403802 

0 .003209374 
0 .028104418 
0 .076627663 
0 .35627173 

0 .002609213 
0 .022681299 
0 .0484747 
0 .214191452 

0 .002069735 
0 .017691451 
0 .022646561 
0 .074961903 

0 .00049323 
0 .000534436 
1. 15983528 
2 .93240782 

0. 
0. 
0. 

0. 
0. 
0. 

0. 
0. 
0. 

0. 
0. 
0. 

0. 
0. 
0. 

2 R 

042189445 
085913846 
095811148 

042101381 
084925547 
09335379 

04202863 
084050914 
091220731 

042245963 
086504776 
097300615 

042560456 
089292864 
10431439 

0. 
0. 
0. 
0. 

0. 
0. 
0. 
0. 

0. 
0. 
0. 
0. 

0. 
0. 
0. 
0. 

0. 

v2£ 

002333 
,01344886 
051736559 
36061582 

0029174102 
018124301 
06964662 
47881604 

0034720966 
022517156 
086472044 
58868865 

0020040363 
010794795 
041560761 
28997149 

0006880630 



PDQ COEFFICIENTS 

^ 
• ^ 

Mater 
Numb 

7 

8 

9 

10 

11 

12 

ial 
er Mate r ia l 

Boron Steel Control 
Rod 

Water 

SS-304 

Z r - 2 

Homogenized Water 
and Z r - 2 Ratio 1:2 

Homogenized Water 
Z r - 2 Ratio 1:1 

Group 

1 
2 
3 
4 

1 
2 
3 
4 

1 
2 
3 
4 

1 
2 
3 
4 

1 
2 
3 
4 

and 1 
2 
3 
4 

TABLE B - 2 

)R 501 F AND FULL POWER (CONT'D) 

D 

1.3050602 
0 .4051895 
0 .38035182 
0. 10928394 

2 .7953089 
0 .73489355 
0 .72311216 
0 .24719869 

1.2619985 
0 .41116892 
0 .38280854 
0 .38063111 

1.144997 
1. 15288 
1.2749498 
1 .2924531 

1 .7299774 
0 .96898091 
1.0173638 
0 .53615305 

1.9297955 
0 .8967502 
0 .92325758 
0 .41468844 

0. 
0. 
0. 

10. 

0. 
0. 

- 0 . 
0. 

0. 
0. 

0. 
0. 

0. 
0. 
0. 
0. 

0. 
0. 
0. 
0. 

003012946 
049015293 
79759712 
16824248 

000330829 
000490186 
000156741 
01153107 

02374718 
165861581 

009329562 
006674719 

000128908 
000161988 
016178052 
008291319 

000182641 
000244312 
012421408 
009103 

0. 
0. 
0. 

0. 
0. 
0. 

0. 
0. 
0. 

0. 
0. 
0. 

0. 
0. 
0. 

0. 
0. 
0. 

0013248423 
00073654669 
0011765489 

060355096 
20246255 
22554059 

0033309907 
0068052977 
00028993276 

0014042092 
0009272515 
0000210832 

023821799 
068022717 
068469805 

033538664 
10169949 
10754281 



TABLE B-3 

PDQ COEFFICIENTS FOR 501 F AND NO POWER 

U l 

Mater ia l 
Number 

1 

2 

3 

4 

5 

Mater ia l 

Lat t ice of Zone 1 
Centra l and Zone II 
and III P e r i p h e r a l 
Fue l Pins 

Lat t ice of Zone II 
Centra l Fue l Pins 

Lat t ice of Zone III 
Centra l Fue l Pins 

Lat t ice of Zone I 
P e r i p h e r a l Fue l Pins 

Lat t ice of Corner 
Pins Containing 
ThOp Pe l le t s 

Group 

1 
2 
3 
4 

1 
2 
3 
4 

1 
2 
3 
4 

1 
2 
3 
4 

1 
2 
3 
4 

D 

2.0195506 
0.66326055 
0.62300416 
0.3303093 

2.0201115 
0.66435397 
0.62115279 
0.32310275 

2.0213474 
0.66552652 
0.61965192 
0.3166158 

2.0191679 
0.66266744 
0.62409693 
0.33477627 

2.0221859 
0.66116397 
0.6298138 
0.35413446 

^ a 

0.002566597 
0.022346606 
0.053273401 
0.24794599 

0.002809574 
0.024561869 
0.064499385 
0.30403802 

0.003040098 
0.026643058 
0.075082041 
0.35627174 

0.002429646 
0.021088963 
0.046914167 
0.21419146 

0.001881015 
0.015973661 
0.02108284 
0.07496191 

2 R 

0.042271403 
0.086614424 
0.095858839 

0.042181231 
0.085595771 
0.093390435 

0.042106482 
0.084693382 
0.091248169 

0.042329111 
0.08722297 
0.097355193 

0.04264835 
0.090085679 
0. 10440224 

v2£ 

0.0023327425 
0.013507611 
0.05176367 
0.36061581 

0.0029178054 
0.018201978 
0.069681265 
0.47881604 

0.0034727032 
0.022610491 
0.08651242 
0.58868864 

0.0020040589 
0.010843589 
0.04158378 
0.28997149 

0.0006874984 

6-12 All constants for m a t e r i a l regions 6 through 12 a r e identical with those shown for the 501 F , 
full power core in Table B-2 . 



TABLE B-4 

PDQ COEFFICIENTS FOR 425 F AND NO POWER 

Mater ia l 
Number 

1 

2 

3 

4 

5 

6 

Mater ia l 

Lat t ice and Zone I 
Centra l and Zone II 
and III P e r i p h e r a l 
Fue l Pins 

Lat t ice of Zone II 
Centra l Fuel Pins 

Lat t ice of Zone III 
Central Fue l Pins 

Lat t ice of Zone I 
P e r i p h e r a l Fue l Pins 

Lat t ice of Corner 
Pins Containing 
ThO^ Pe l le t s 

Hafnium Control Rod 

Group 

1 
2 
3 
4 

1 
2 
3 
4 

1 
2 
3 
4 

1 
2 
3 
4 

1 
2 
3 
4 

1 
2 
3 
4 

D 

1.9756989 
0.64338735 
0.60513763 
0.30527202 

1.9764948 
0.64448589 
0.60358019 
0.29893272 

1.9776693 
0. 64560803 
0. 60227553 
0.2931949 

1.9755525 
0.64283673 
0.60612753 
0.30920188 

1.9781572 
0.64127333 
0.61108702 
0.32607841 

0.9840825 
0.98408248 
1. 16 
0.35259942 

2 a 

0.002593215 
0. 022683165 
0.05353728 
0.26008985 

0.00283513 
0.02491178 
0.06478464 
0.31895319 

0.00306471 
0.02700743 
0.075390216 
0.37375851 

0.002456806 
0.021417778 
0.04716599 
0.22466505 

0.001910619 
0.01627822 
0.0221754 
0.07858263 

0.00049323 
0.000534436 
1.15983528 
2.92857614 

0. 
0. 
0. 

0. 
0. 
0. 

0. 
0. 
0. 

0. 
0. 
0. 

0. 
0. 
0. 

2 R 

044541193 
093208775 
10326994 

04444613 
092170878 
10074139 

044369644 
09125671 
098545541 

044601238 
093830432 
10480022 

04493527 
096754854 
11197004 

v2£ 

0.0023434974 
0.013573382 
0.051942883 
0.37878006 

0.0029268396 
0.018295609 
0.06994117 
0.50288627 

0.0034805571 
0.022734045 
0.086854383 
0.61834344 

0.0020150951 
0.010893376 
0.041719257 
0.30456373 

0.00070153293 



T A B L E B - 4 

P D Q C O E F F I C I E N T S F O R 425 F AND NO P O W E R (CONT'D) 

M a t e r i a l 

B o r o n S t e e l C 
Rod 

W a t e r 

SS-304 

Z r - 2 

H o m o g e n i z e d 
and Z r - 2 Rat: 

H o m o g e n i z e d 
Z r - 2 R a t i o 1: 

/Ontrol 

W a t e r 
Lo 1:2 

W a t e r 
1 

G r o u p 

1 
2 
3 
4 

1 
2 
3 
4 

1 
2 
3 
4 

1 
2 
3 
4 

1 
2 
3 
4 

and 1 
2 
3 
4 

D 

1.3054651 
0 .40519132 
0 .38035208 
0 .1060631 

2 .6033343 
0 .68386438 
0 .67290064 
0 .21887282 

1.2623732 
0 .41116839 
0 .3828088 
0 .3799747 

1.145094 
1.1528769 
1.2749498 
1.2921416 

1.7063937 
0 .93817512 
0 .98302337 
0 .49030842 

1 .8822216 
0 .85765005 
0 .8812809 
0 .37407146 

2^a 

0 .003011858 
0 .049018728 
0 .797639955 

10 .5958539 

0 .000355348 
0 .00052719 

- 0 . 0 0 0 1 6 7 9 5 
0 .01291267 

0 .024357998 
0. 17283667 

0 .009329175 
0 .006955419 

0 .000137615 
0 .000174382 
0 .016234639 
0 .008938362 

0 .00019532 
0 .00026289 
0 .01244102 
0 .009934047 

2 R 

0 .00132442 
0 .00073684 
0 .0011768245 

0 .064827027 
0 .21759172 
0 .24239034 

0 .0033300595 
0 .00680573 
0 .00029011312 

0 .0014039224 
0 .0009271846 
0 .0000210747 

0 .025407271 
0 .073059836 
0 .074029924 

0 .035850125 
0 .10926524 
0. 11594761 

v2^ 



TABLE B-5 

PDQ COEFFICIENTS FOR 68 F AND NO POWER 

Mater ia l 
Number 

1 

2 

3 

4 

5 

6 

Mater ia l 

Lat t ice of Zone I 
Central and Zone II 
and III P e r i p h e r a l 
Fue l Pins 

Lat t ice of Zone II 
Central Fue l Pins 

Latt ice of Zone III 
Central Fuel Pins 

Latt ice of Zone I 
P e r i p h e r a l Fuel Pins 

Latt ice of Corner 
Pins Containing 
Th02 Pel le t s 

Hafnium Control Rod 

Group 

1 
2 
3 
4 

1 
2 
3 
4 

1 
2 
3 
4 

1 
2 
3 
4 

1 
2 
3 
4 

1 
2 
3 
4 

D 

1.8575326 
0.59318765 
0.55970951 
0.2295857 

1.8577165 
0. 59407147 
0.55854251 
0.22483802 

1.8583719 
0.59499741 
0.55758697 
0.22050696 

1,8573396 
0.59266458 
0.56038142 
0.23220789 

1.8615233 
0.59147684 
0.56418454 
0.24406654 

0.95052585 
0.95089379 
1. 16 
0.2971951 

^ a 

0.00258451 
0.02278574 
0.05353604 
0.33685993 

0.00282657 
0.02507512 
0.06486487 
0.41669894 

0.00305625 
0.02723018 
0.07555218 
0.49155473 

0.00244823 
0.02148817 
0.04712373 
0.29319009 

0.00190225 
0.01622608 
0.02112315 
0. 10307068 

0.000627 
0.000609884 
1. 159835 
3.7915013 

^ R 

0.050823246 
0. 1119527 
0. 12396239 

0.050724464 
0. 11087094 
0. 12130235 

0.050644221 
0.10991663 
0.1189739 

0.050890661 
0. 11261184 
0. 12557536 

0.05125205 
0. 11571323 
0. 13305159 

vT,r 

0.0023734975 
0.013774234 
0.05247546 
0.49400658 

0.002955242 
0.018580098 
0.070706607 
0.6625084 

0.003507461 
0.023102928 
0.08785201 
0.82043953 

0.0020460957 
0.011050232 
0,042130062 
0.40068361 

0.0007365384 



TABLE B-5 

PDQ COEFFICIENTS FOR 68 F AND NO POWER (CONT'D) 

Mater ia l 

Boron Steel Control 
Rod 

Water 

SS-304 

Z r - 2 

Homogenized Water 
and Z r - 2 Ratio 1:2 

Homogenized Water 
Z r - 2 Ratio 1:1 

Group 

1 
2 
3 
4 

1 
2 
3 
4 

1 
2 
3 
4 

1 
2 
3 
4 

1 
2 
3 
4 

and 1 
2 
3 
4 

D 

1.0911954 
0.39617577 
0.38034417 
0.087281293 

2.2177913 
0.58172936 
0.57240268 
0.15021718 

1.0639234 
0.41199223 
0.38245444 
0.37524947 

1.1452696 
1. 1528712 
1.2749498 
1.2898721 

1.6481985 
0.86834589 
0.90567795 
0.3654756 

1.7712542 
0.7724913 
0.79040510 
0.26892821 

^ a 

0.00350252 
0.04088969 
0.7969522 

13.71799561 

0.00041735 
0.00062067 

-0.00019642 
0.01965249 

0.02245502 
0.22376418 

0.00932846 
0.00900488 

0.00015948 
0.00020568 
0.01634884 
0.01254949 

0.00022724 
0.00030977 
0.0124777 
0.01432884 

^ R 

0.001295066 
0.000262984 
0.0012577r 

0.076138371 
0.25583733 
0.28498651 

0.00349517 
0.0059236952 
0.0000840642 

0.001403405 
0.000927063 
0.0000210589 

0.029392226 
0.085800688 
0.08811773 

0.041671769 
0.12839732 
0. 13721266 
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FIG. 2. 2: FUEL ELEMENT CROSS SECTION 
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FIG, 3. 1: RADIAL MULTIPLICATION CONSTANT VERSUS TIME IN LIFE 
WITH UNIFORM AXIAL BURNUP 
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FIG. 3 . 2 : AXIAL M U L T I P L I C A T I O N CONSTANT VS TIME IN L I F E WITH 
UNIFORM RADIAL B U R N U P 
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FIG. 3 .3 : MULTIPLICATION CONSTANT VS TIME IN LIFE WITH THE 
CORRECTED AXIAL BURNUP 
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FIG. 3 . 4 : C E T R CORE REACTIVITY AND ROD WORTH VS O P E R A T I N G CONDITIONS 
(NOMINAL CASE . 0 1 AK IN F I X E D SHIMS) 
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F I G . 3 . 5: M A T E R I A L BUCKLING CHANGE VS BORON CONCENTRATION 
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FIG. 3.6: EFFECTIVE MULTIPLICATION AS A FUNCTION OF TEMPERATURE 
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3. 7: F U E L T E M P E R A T U R E VARIATION WITH POWER DENSITY 
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FIG. 3 .8 : GEOMETRY FOR CALCULATING 
RELATIVE IMPORTANCE OF U-23 5 
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FIG. 3 . 17: TRANSIENT E F F E C T S OF X E - 1 3 5 AND S M - 1 4 9 
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FIG. 3. 18: BUILDUP OF XE-135 AT FULL POWER OPERATION 
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FIG. 3. 19: TRANSIENT EFFECTS OF XE-135 
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F I G . 3 . 2 0 : R E A C T I V I T Y E F F E C T O F EQUILIBRIUM XE-135 
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FIG. 3. 21: XENON TRANSIENT, FULL POWER TO 15% FULL POWER 
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FIG. 3.22: XENON TRANSIENT, FULL POWER TO ZERO POWER 
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FIG. 3:23: WINDOW SHADE POWER PROFILE: STEADY STATE AT 11 DAYS IN LIFE 
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F I G . 3.24: WINDOW SHADE POWER PROFILE: PERTURBED STATE AT 11 DAYS IN LIFE 
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FIG, 3 . 25: WINDOW SHADE POWER P R O F I L E : 0. 75 DAYS A F T E R P E R T U R B A T I O N 
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F I G . 3 . 2 6 : WINDOW SHADE P O W E R P R O F I L E : 1. 25 DAYS A F T E R P E R T U R B A T I O N 

120 

S 100 
n 

I 80 

« 60 

40 -

20 

Pi 
O 
H 
U 
H 

P4 

Pi 
, / 1/ 

1 

l/ 
/ 

2 3 

1 

^^•""^ 

1 1 
CORE REGION 

1 1 

4 5 6 

^ \ 

7 

1 

\ 

8 

\ 

\ 

9 

^ 

10 

C
T

O
R

 
E

F
L

E
 

Pi 

_L-
100 200 

Distance F r o m Reactor Top, cm 



F I G . 3 . 2 7 : WINDOW SHADE P O W E R P R O F I L E : 1. 75 DAYS A F T E R P E R T U R B A T I O N 
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FIG. 4. 1: COMPARISON OF MULTIGROUP AND FOUR GROUP CODES 
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FIG. 4 . 3 : ROD WORTH AS FUNCTION 

OF % INSERTION FOR TWO DIFFERENT 

ROD GROUPS 
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FIG. 5.1: COMPARISON OF MEASURED AND CALCULATED 

THERMAL FLUX NEAR CONTROL ROD 
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FIGURE 5 - 2 C O M P A R I S O N OF MEASURED 
a CALCULATED THERMAL FLUX 
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FIGURE 5 - 3 COMPARISON OF MEASURED a CALCULATED POWER 
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FIG. 5.4: GEOMETRY OF THE EXPONENTIAL ASSEMBLY AND 
CHANGE OF FLUX SHAPE BETWEEN 68 F AND 495 F 
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FIG. 5. 5: MEASURED AND CALCULATED FLUXES IN THE EXPONENTIAL 
ASSEMBLY AT 68 F 
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FIG 5.6: MEASURED AND CALCULATED FLUXES IN THE EXPONENTIAL 

ASSEMBLY AT 495 F 
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FIGURE 5 - 7 GROSS RADIAL POWER DISTRIBUTION 

(TWO-DIMENSIONAL, PDQ CALCULATIONS) 
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FIGURE 5 - 8 GROSS RADIAL POWER DISTRIBUTION 
(TWO-DIMENSIONAL, P D Q CALCULATIONS) 
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FIGURE 5 - 9 GROSS RADIAL POWER DISTRIBUTION 

(TWO-DIMENSIONAL , PDQ CALCULATIONS) 
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FIGURE 5 - 1 0 GROSS RADIAL POWER DISTRIBUTION 
(TWO-DIMENSIONAL, PDQ CALCULATIONS) 
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FIGURE 5-11 GROSS RADIAL POWER 
DISTRIBUTION 

(TWO-DIMENSIONAL, PDQ CALCULATION) 
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FIGURE 5 - 1 2 LOCAL POWER DISTRIBUTION 
(ZONE I ELEMENT ) 
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FIGURE 5 - 1 3 LOCAL POWER D I S T R I B U T I O N 

(ZONE H ELEMENT) 
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FIGURE 5 - 1 5 LOCAL POWER DISTRIBUTION 
(ZONE H ELEMENT WITH HAFNIUM ROD) 
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FIG. 5. 17: C E T R GROSS P O W E R DISTRIBUTION 3-DIMENSIONAL 
C A L C U L A T I O N 
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F I G . 5. 19: E F F E C T O F C O N T R O L ROD R E M O V A L ON X E - 1 3 5 CONCENTRATION 
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FIG. 5. 20: EFFECT OF CONTROL ROD REMOVAL ON LOCAL POWER DISTRIBUTION 
AT BEGINNING OF LIFE 
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F I G . 5. 21: E F F E C T OF CONTROL ROD REMOVAL ON LOCAL POWER DISTRIBUTION 
AFTER 200 DAYS OPERATION 

Distance F r o m Center of Control Pod Channel , cm 



FIG. 5. 22: E F F E C T OF CONTROL ROD REMOVAL ON LOCAL POWER DISTRIBUTION 
AFTER 700 DAYS OPERATION 
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FIG. 5. 2 3 : L O C A L P O W E R DISTRIBUTION THROUGH L I F E WITH C O N T R O L ROD R E M O V E D 
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FIG. 5. 24: AXIAL POWER PROFILE AT START OF LIFE 
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FIG. 5 .25: AXIAL POWER PROFILE AT ONE DAY OF LIFE 
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FIG. 5. 26: AXIAL POWER PROFILE AT 5 DAYS OF CORE LIFE 
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FIG. 5.27: AXIAL POWER PROFILE AT 10 DAYS OF CORE LIFE 
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FIG. 5 .28 : AXIAL P O W E R P R O F I L E AT 25 DAYS O F CORE L I F E 
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FIG. 5.29: AXIAL POWER PROFILE AT 50 DAYS OF CORE LIFE 
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FIG. 5. 30: AXIAL POWER PROFILE AT 75 DAYS OF CORE LIFE 
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FIG. 5. 31: AXIAL POWER PROFILE AT 100 DAYS OF CORE LIFE 
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FIG. 5. 32: AXIAL POWER PROFILE AT 130 DAYS OF CORE LIFE 

140 

120 

100 

80 

60 

40 

20 
i/ 

1 

/ r 

2 

> 

/ 
r 

3 

^ 

/ ^ 

4 

1 

i 1 
CORE REGION 

5 

30 

6 7 

P / P = 1. 

X 

8 9 

200 

45 

\ \J 
10 

1 

1 

Distance F r o m Core Top, cm 

GROUP I 

GROUP II 

GROUP III 

ROD GROUP POSITION 



FIG. 5. 33: AXIAL POWER PROFILE AT 170 DAYS OF CORE LIFE 
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FIG. 5. 34: AXIAL POWER PROFILE AT 200 DAYS OF CORE LIFE 
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FIG. 5.35: AXIAL POWER PROFILE AT 240 DAYS OF CORE LIFE 
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FIG. 5. 36: AXIAL POWER PROFILE AT 270 DAYS OF CORE LIFE 
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FIG. 5. 37: AXIAL POWER P R O F I L E AT 300 DAYS OF CORE L I F E 
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FIG. 5 . 3 8 : AXIAL P O W E R P R O F I L E AT 340 DAYS OF CORE L I F E 
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FIG, 5.39: AXIAL POWER PROFILE AT 370 DAYS OF CORE LIFE 
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FIG. 5.40: AXIAL POWER PROFILE AT 420 DAYS OF CORE LIFE 
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FIG. 5. 41: AXIAL P O W E R P R O F I L E AT 460 DAYS O F CORE L I F E 
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FIG. 5. 42: AXIAL POWER PROFILE AT 500 DAYS OF CORE LIFE 
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FIG. 5. 43: AXIAL POWER PROFILE AT 540 DAYS OF CORE LIFE 
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FIG. 5.44: AXIAL POWER PROFILE AT 590 DAYS OF CORE LIFE 
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F I G . 5 . 4 5 : AXIAL POWER P R O F I L E AT 630 DAYS OF CORE L I F E 
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