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ABSTRACT 

This r e p o r t sunmmar izes the t h e r m a l and h y d r a u l i c p e r f o r m 

ance of the SNAP lOA r e a c t o r . The a n t i c i p a t e d flow d i s t r i b u t i o n 

and p r e s s u r e d r o p a r e d i s c u s s e d . Nomina l s t e a d y - s t a t e t e m p e r a 

t u r e d i s t r i b u t i o n s for the c o r e a v e r a g e , edge , and c e n t e r fuel e l e 

m e n t s a r e g iven . M a x i m u m t e m p e r a t u r e s wi th in the c e n t e r fuel 

e l e m e n t a r e e s t i m a t e d by c o n s i d e r i n g h o t - c h a n n e l f a c t o r s , which 

inc lude the ef fects of e c c e n t r i c fuel r o d s , t r i c u s p i d channe l g e o m 

e t r y , and u n c e r t a i n t i e s in p o w e r and flow d i s t r i b u t i o n s . T h e r m a l 

s t r e s s e s , a s s o c i a t e d wi th the r e s u l t i n g "ho t" e l e m e n t t e m p e r a t u r e s , 

a r e i n v e s t i g a t e d . S e v e r a l s t a r t u p t r a n s i e n t s a r e ana lyzed ; in each 

c a s e , m a x i m u m t e m p e r a t u r e s and t e m p e r a t u r e g r a d i e n t s a r e d e 

t e r m i n e d and the r e s u l t i n g s t r e s s e s i n v e s t i g a t e d . P a r t i c u l a r e m 

p h a s i s is p l a c e d upon the s t a r t u p of the flight s y s t e m in s p a c e . 

The a n a l y s i s i n d i c a t e s tha t the SNAP lOA r e a c t o r i s a c o n s e r 

va t ive t h e r m a l d e s i g n ; a l l t e m p e r a t u r e s and t h e r m a l s t r e s s e s , 

d u r i n g s t a r t u p and s t e a d y - s t a t e o p e r a t i o n , a r e we l l wi th in d e s i g n 

l i m i t s . 

N A A - S R - 9 9 0 3 
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I. INTRODUCTION 

A. SNAP lOA P O W E R SYSTEM 

The SNAP lOA r e a c t o r i s i n t ended for u s e as a p r i m a r y power s o u r c e on 

s a t e l l i t e s and o the r s p a c e v e h i c l e s . G e n e r a t i o n of p o w e r in s p a c e r e q u i r e s a 

c o m p a c t s y s t e m wi th r e m o t e c o n t r o l c a p a b i l i t i e s , long l i fe , h igh r e l i a b i l i t y , and 

an ab i l i t y to o p e r a t e in a s p a c e e n v i r o n m e n t c h a r a c t e r i z e d by a h igh v a c u u m , 

m e t e o r o i d s h o w e r s , and o t h e r p h e n o m e n a not c o m m o n to t e r r e s t r i a l e n v i r o n 

m e n t s . 

The SNAP lOA power s y s t e m ( F i g u r e 1) e m p l o y s t h e r m o e l e c t r i c e l e m e n t s to 

c o n v e r t the h e a t deve loped by a c o m p a c t n u c l e a r r e a c t o r into e l e c t r i c a l e n e r g y . 

C i r c u l a t i n g l iqu id m e t a l (NaK-78 s o d i u m - p o t a s s i u m alloy) t r a n s f e r s the h e a t gen 

e r a t e d by the r e a c t o r to the t h e r m o e l e c t r i c e l e m e n t s . E l e c t r i c a l p o w e r i s gen 

e r a t e d a s a r e s u l t of the h e a t t r a n s f e r t h r o u g h the e l e m e n t s wi th hea t r e j e c t i o n 

to s p a c e . SNAP lOA s y s t e m d e t a i l s and o p e r a t i o n a r e d e s c r i b e d in de ta i l in 

R e f e r e n c e 1, and a s u m m a r y of des ign p a r a m e t e r s i s g iven in Tab le 1. 

The r e a c t o r s u b s y s t e m ( F i g u r e 2) i n c l u d e s the r e a c t o r v e s s e l , b e r y l l i u m 

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

r a d i a t i o n s h i e l d . Ac t i ve r e a c t o r c o n t r o l i s effected by four m o v a b l e d r u m s in 

the r e f l e c t o r a s s e m b l y . T h e s e d r u m s a r e u s e d only du r ing r e a c t o r s t a r t u p , 

s t e a d y - s t a t e c o n t r o l being p a s s i v e , tha t i s , b a s e d on the i n h e r e n t n e g a t i v e t e m 

p e r a t u r e coef f ic ien t of the r e a c t o r . The r a d i a t i o n sh ie ld , l o c a t e d d i r e c t l y be low 

the r e a c t o r , p r o t e c t s the e l e c t r o n i c h a r d w a r e w^ithin the i n s t r u m e n t a t i o n 

c o m p a r t m e n t . 

B . SNAP lOA R E A C T O R 

The SNAP 1 0A r e a c t o r c o r e ( F i g u r e 3) i s c o m p o s e d of 37 m o d e r a t o r - f u e l 

e l e m e n t s . T h e s e e l e m e n t s a r e a r r a n g e d in a t r i a n g u l a r a r r a y , on 1.26-in. c e n 

t e r s , to f o r m a c o r e wh ich i s h e x a g o n a l in c r o s s s e c t i o n . The o v e r a l l d i m e n 

s ions of the a c t i v e c o r e a r e 8.750 in . a c r o s s c o r n e r s , a p p r o x i m a t e l y 8 i n . 

a c r o s s f l a t s , and 12.250 in . in l e n g t h . The c o r e a s s e m b l y i s con t a ined wi th in a 

c y l i n d r i c a l r e a c t o r v e s s e l of T y p e - 3 1 6 s t a i n l e s s s t e e l . The v e s s e l h a s an i n 

t e r n a l d i a m e t e r of 8.87 5 i n . , i s 16 in . in l eng th , and h a s a m i n i m u m w a l l t h i c k 

n e s s of 0.032 in . I n t e r n a l s ide r e f l e c t o r s of b e r y l l i u m a r e u s e d to round out the 

hexagona l c o r e con f igu ra t ion and fill the void s p a c e s in the c o r e v e s s e l . 

N A A - S R - 9 9 0 3 
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TABLE 1 

SUMMARY OF SNAP lOA REACTOR DESIGN PARAMETERS 

O p e r a t i n g Cond i t ions 

R e a c t o r p o w e r — a v e r a g e (kwt) 

Net e l e c t r i c a l p o w e r f rom s y s t e m — m i n i m u m 
(watts) 

O p e r a t i n g l i f e t i m e (yr) 

R e a c t o r in le t t e m p e r a t u r e ( °F) 

R e a c t o r ou t le t t e m p e r a t u r e ("F) 

NaK flow r a t e ( Ib /h r ) 

C o r e P a r a m e t e r s 

C o r e r a d i a l p e a k / a v e r a g e p o w e r fac tor 

C o r e ax i a l p e a k / a v e r a g e p o w e r f ac to r 

F u e l e l e m e n t peak ing f ac to r 

N u m b e r of fuel e l e m e n t s 

N u m b e r of i n t e r n a l r e f l e c t o r s 

Tota l a c t i v e h e a t - t r a n s f e r a r e a in c o r e (ft ) 

Nomina l h e a t - t r a n s f e r coef f ic ien t ( B t u / h r 

Nomina l c o r e p r e s s u r e (psia) 

M i n i m u m c o r e p r e s s u r e (psia) 

M a x i m u m c o r e p r e s s u r e (psia) 

C a l c u l a t e d r e a c t o r p r e s s u r e d r o p (psi) 

M a x i m u m fuel t e m p e r a t u r e ( "F) 

M a x i m u m c l ad s u r f a c e t e m p e r a t u r e (°F) 

C o r e D i m e n s i o n s (in inches ) 

- f t ' ^ 'F) 

F u e l e l e m e n t p i t ch ( t r i a n g u l a r a r r a n g e m e n t ) 

F u e l e l e m e n t d i a m e t e r (c ladding OD) 

Clad t h i c k n e s s 

F u e l l eng th 

Diffusion b a r r i e r t h i c k n e s s 

D i a m e t r i c f u e l - b a r r i e r c l e a r a n c e 

F u e l d i a m e t e r 

ID of c o a t e d c l add ing 

3 4 

500 

1.0 

900 

1010 

4920 

1.31 

1.47 

1.00 

37 

6 
12.35 

1500 

5 

2 

10 

0.168 

1082 

1061 

1.260 

1.25 

0.015 

12.25 

0.003 

0.004 

1.212 

1.214 

± 

± 

± 

± 

± 

± 

± 

± 

0 

0 

0 

0 

0 

0 

0 

0 

.003 

.002 

.0005 

.002 

.001 

.0005 

.0005 

.001 
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7-5-63 7 5 6 1 - 0 5 1 6 

F i g u r e 3 . I n t e r n a l View of R e a c t o r C o r e 

The r e a c t o r fuel is a h y d r i d e d z i r c o n i u m - u r a n i u m a l loy con ta in ing 10 wt % 
22 

u r a n i u m and i s h y d r i d e d to a n o m i n a l N „ of 6.35 (6.35 x 10 a t o m s of h y d r o g e n / 
3 

c m of fuel ) . The fuel i s f o r m e d into r o d s of 1 .21- in . d i a m e t e r and 12 ,25 - in . 

l eng th and i s c a n n e d in H a s t e l l o y - N c ladd ing t u b e s . I n t e r n a l s u r f a c e s of the c l a d 

ding t u b e s a r e coa t ed wi th a 3.0 m i l l a y e r of c e r a m i c g l a s s m a t e r i a l . Th i s c o a t 

ing a c t s a s a h y d r o g e n b a r r i e r for the fuel . E a c h fuel e l e m e n t we ighs 3.4 lb and 

h a s an o v e r a l l l eng th of 12.82 in . 

The e l e m e n t s a r e p o s i t i o n e d in the v e s s e l be tween g r i d p l a t e s of T y p e - 3 1 6 

s t a i n l e s s s t e e l . End p i n s , 0.242 and 0.180 in . in d i a m e t e r , engage h o l e s in the 

u p p e r and l o w e r g r i d p l a t e s , r e s p e c t i v e l y , to pos i t i on the e l e m e n t s in the c o r e . 

The l o w e r g r i d p l a t e i s s u p p o r t e d by a r ing at the bo t tom of the r e a c t o r v e s s e l . 

The top g r i d p l a t e i s s p r i n g - l o a d e d a g a i n s t the v e s s e l top h e a d to p e r m i t t h e r 

m a l e x p a n s i o n of the c o r e in the ax ia l d i r e c t i o n . 

All coo lan t flow wi th in the c o r e i s t h rough the i n t e r s t i c e s f o r m e d by ad j a 

cen t fuel e l e m e n t s o r by e l e m e n t s and the i n t e r n a l s ide r e f l e c t o r s . The o r i f i c e 

p l a t e l o c a t e d belo"w the l o w e r g r i d p l a t e w a s in tended to p r o d u c e the d e s i r e d 
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flow d i s t r i b u t i o n : equa l coo lan t t e m p e r a t u r e r i s e in a l l coo lan t c h a n n e l s and a 

c o n s t a n t ou t le t t e m p e r a t u r e p ro f i l e a c r o s s the c o r e . The coo lan t p l e n u m c h a m 

b e r s , above and below the c o r e a s s e m b l y in the v e s s e l , p r o v i d e m i x i n g s p a c e 

for the c o o l a n t . 

C . CORE P O W E R DISTRIBUTION 

B e c a u s e of the g e o m e t r i c s y m m e t r y of the lOA c o r e and r e f l e c t o r , r a d i a l 

and ax i a l p o w e r d i s t r i b u t i o n s a r e e x p e c t e d to be s y m m e t r i c a l about the c o r e 

c e n t e r . L o c a l pow^er peak ing a r o u n d the fuel e l e m e n t s i s e x p e c t e d to be n e g l i 

g i b l e . T h e r e i s no s ign i f ican t r e f l e c t o r peak ing in e i t h e r the ax ia l or r a d i a l 

p l a n e . B e c a u s e of s m a l l f r a c t i o n a l bu rnup of fuel and r e s u l t a n t s m a l l c o n t r o l 

s y s t e m m o v e m e n t , l i t t l e change of c o r e power p r o f i l e s i s e x p e c t e d du r ing the 

d e s i g n life of the r e a c t o r . F o r p u r p o s e s of a n a l y s i s , ax ia l and r a d i a l p o w e r d i s 

t r i b u t i o n s can be r e p r e s e n t e d by the following e x p r e s s i o n s : 

1) Axia l P o w e r D i s t r i b u t i o n — N o r m a l i z e d to an a v e r a g e ax ia l power 

g e n e r a t i o n r a t e of 1.0. 

P(z) = 1.47 cos (1,48 - 0.241 z) 0 < z < 12.25 in . 

2) R a d i a l P o w e r D i s t r i b u t i o n — N o r m a l i z e d t o a n a v e r a g e r a d i a l p o w e r 

g e n e r a t i o n r a t e of 1.0. 

P ( r ) = 1.31 c o s ( 0 . 2 4 4 r ) 0 < r < 4 . 0 3 i n . 
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II. FLOW DISTRIBUTION AND PRESSURE DROP 

A . FLOW THROUGH R E A C T O R 

The NaK coo lan t e n t e r s the r e a c t o r v ia two d i a m e t r i c a l l y opposed in le t n o z 

z l e s l o c a t e d below^ the l o w e r g r i d p l a t e . The v e l o c i t y of e n t r y into the l o w e r 

p l e n u m is 3.2 f t / s e c in a d i r e c t i o n n o r m a l to the r e a c t o r a x i s . Within the l o w e r 

p l e n u m , the flow d e c e l e r a t e s and t u r n s to e n t e r the c o r e . The coo lan t f i r s t p a s 

s e s t h r o u g h the low^er g r i d p l a t e a s s e m b l y : an o r i f i c e p l a t e and a s u p p o r t p l a t e , 

s e p a r a t e d by 0.380 in . The o r i f i c e p l a t e con ta in s 72 h o l e s which c o r r e s p o n d in 

l o c a t i o n to 72 flow p a s s a g e s wi th in the c o r e . The h o l e s v a r y in d i a m e t e r f r o m 

3 / 1 6 i n . to 1/4 i n . in s t e p s of 1/64 i n . The l a r g e s t h o l e s a r e in the c e n t e r of 

the o r i f i c e p l a t e , and the s i z e of the h o l e s d i m i n i s h e s a s the d i s t a n c e f r o m the 

c e n t e r of the p l a t e i n c r e a s e s . After p a s s i n g t h r o u g h the o r i f i c e p l a t e , the c o o l 

an t e n t e r s the c o r e t h r o u g h s e v e n t y - t w o 3 / 8 - i n . h o l e s in the s u p p o r t p l a t e . 

The c o r e flow a r e a i s c o m p o s e d of the 72 o r i f i c e d coo lan t c h a n n e l s and 12 

u n o r i f i c e d c h a n n e l s at the p e r i p h e r y of the c o r e . The p e r i p h e r a l c h a n n e l s r e 

c e i v e flow only by c r o s s f l o w f r o m the i n t e r i o r c h a n n e l s . E a c h t r i c u s p channe l 

f o r m e d be tween t h r e e fuel e l e m e n t s h a s a h y d r a u l i c d i a m e t e r of 0.151 in . w^hile, 

b e c a u s e of the s m a l l e r edge c h a n n e l s , the c o r e a v e r a g e h y d r a u l i c d i a m e t e r i s 
2 

0.142 in . As shown in Tab le 2, the to ta l c o r e flow a r e a i s 6.04 in . . 

TABLE 2 

CORE FLOW AREAS 

T r i c u s p c h a n n e l s 

Side c h a n n e l s 

Unor i f i ced p e r i p h e r a l c h a n n e l s 

N u m b e r 

54 

18 

12 

H y d r a u l i c 
D i a m e t e r 

( in . ) 

0.151 

0.075 

0.100 

Tota l c o r e flow a r e a ( in. ^) 

A r e a of open ings in o r i f i c e p l a t e ( in. 2) 

A r e a of open ings in baffle p la te^^( in . 2) 

Tota l F low 
A r e a 
(in. 2) 

3.987 

1.118 

0.935 

6.04 

2.60 

7.96 

*The s u p p o r t p l a t e and u p p e r g r i d p l a t e a r e h e r e i n r e f e r r e d to as 
baffle p l a t e s . 
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The coo lan t l e a v e s the c o r e t h r o u g h s e v e n t y - t w o 3 / 8 - i n . d i a m e t e r h o l e s in 

the u p p e r g r i d p l a t e . In the u p p e r p l e n u m , the flow c o n v e r g e s to the ou t le t n o z 

z l e in the c e n t e r of the top h e a d , and l e a v e s the r e a c t o r a t a v e l o c i t y of 8.2 f t / s e c 

B . CORE F L O W DISTRIBUTION 

I d e a l l y , the c o r e flow d i s t r i b u t i o n would m a t c h the r a d i a l p o w e r d i s t r i b u 

t ion , and the coo lan t t e m p e r a t u r e r i s e in e a c h channe l would be i d e n t i c a l . How

e v e r , th i s i d e a l d i s t r i b u t i o n h a s not been a c h i e v e d b e c a u s e of: 

1) Mixing b e t w e e n the l o w e r o r i f i c e p l a t e and s u p p o r t p l a t e 

2) C r o s s f l o w wi th in the c o r e 

3) N o n u n i f o r m v e l o c i t y d i s t r i b u t i o n in p l e n u m s . 

The flow d i s t r i b u t i o n in a r e a c t o r i s d i c t a t e d by the flow p a s s a g e s wh ich 

h a v e the l a r g e s t f r a c t i o n s of the to t a l p r e s s u r e d r o p . If shap ing of the flow d i s 

t r i b u t i o n i s d e s i r e d , the dev i ce which does the shap ing should c o n s u m e m o r e of 

the o v e r a l l p r e s s u r e d r o p than do o t h e r i n c i d e n t a l s o u r c e s of h e a d l o s s . When 

the p r e s s u r e d r o p a c r o s s an o r i f i c e p l a t e i s only 13% of the to ta l r e a c t o r p r e s 

s u r e d r o p , a s it i s in S N A P lOA, i t should not be e x p e c t e d tha t the c o r e v e l o c i t y 

p r o f i l e wi l l c o n f o r m c l o s e l y to the p ro f i l e for wh ich the o r i f i c e p l a t e w a s 

d e s i g n e d . 

C i r c u m f e r e n t i a l o r t angen t i a l v a r i a t i o n s in flow r a t e a r e induced by the n o n -

s y m m e t r i c i n t r o d u c t i o n of coo lan t at the e n t r a n c e to the r e a c t o r . N e a r the top 

of the c o r e , t he flow wi l l c o n v e r g e t o w a r d s the r e a c t o r ou t le t l i n e . C o n v e r g e n c e 

c a n s t a r t in the c o r e , by c r o s s f l o w , be fo re the flow r e a c h e s the u p p e r p l e n u m . 

Al though t h e s e ef fec ts h a v e not been e x p e r i m e n t a l l y m e a s u r e d , t hey a r e s u s p e c t 

b e c a u s e the r e a c t o r e n t r a n c e and exi t l o s s e s c o n s t i t u t e 78% of the to ta l r e a c t o r 

p r e s s u r e d r o p . It i s e x p e c t e d tha t by the t i m e the t i m e the coo lan t h a s t r a 

v e r s e d half the l eng th of the c o r e , the flow d i s t r i b u t i o n wi l l be n e a r l y u n i f o r m . 

The i m p o r t a n c e of the c o r e flow d i s t r i b u t i o n upon fuel e l e m e n t t e m p e r a 

t u r e s can be a s s e s s e d by a c o m p a r i s o n of two l i m i t i n g c a s e s . F i r s t , in an 

i d e a l l y o r i f i c e d SNAP lOA c o r e , w h e r e the coo lan t flow p ro f i l e e x a c t l y m a t c h e s 

the r a d i a l p o w e r p r o f i l e , the m a x i m u m fuel t e m p e r a t u r e wou ld be 1048 " F . S e c 

ond, if no o r i f i c ing w e r e p r o v i d e d and the v e l o c i t y p ro f i l e w a s u n i f o r m , the 

m a x i m u m fuel t e m p e r a t u r e in the c e n t e r fuel e l e m e n t wou ld be 1078 ° F . ( T h e s e 
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t e m p e r a t u r e s a r e b a s e d on an i n l e t coo lan t t e m p e r a t u r e of 900 ° F . ) T h i s i n d i 

c a t e s how s m a l l an i m p r o v e m e n t can be a c h i e v e d by p e r f e c t o r i f i c ing of the 

S N A P lOA r e a c t o r , and, c o n v e r s e l y , the effect tha t a 2 1 % flow de f i c i ency wou ld 

h a v e on fuel t e m p e r a t u r e s . S ince the h i g h e r of the two t e m p e r a t u r e s i s w e l l b e 

low c u r r e n t t e m p e r a t u r e l i m i t s , and s ince the i dea l flow d i s t r i b u t i o n wi l l not be 

a c h i e v e d , m u c h of the SNAP lOA a n a l y s i s i s b a s e d on the h i g h e r t e m p e r a t u r e s 

a t t a i n e d in a fuel e l e m e n t s u r r o u n d e d by f low-def ic ien t c h a n n e l s ; i . e . , a u n i f o r m 

r a d i a l flow^ d i s t r i b u t i o n i s a s s u m e d t h r o u g h o u t the c o r e . 

C. REACTOR AND CORE PRESSURE DROP 

C o r e p r e s s u r e d r o p i s m a d e up of a fluid f r i c t ion l o s s in the coo lan t c h a n 

n e l s p l u s o r i f i c e l o s s e s in the open ings of the o r i f i c e p l a t e and the two s u p p o r t 

p l a t e s . In sp i te of the fact tha t the c o r e i s o r i f i ced , the p r e s s u r e d r o p can be 

a p p r o x i m a t e d by u s ing s u p e r f i c i a l u n i f o r m v e l o c i t i e s b a s e d on the to ta l flow 

a r e a s . V e l o c i t i e s a r e b a s e d on a r e a c t o r flow r a t e of 82 I b / m i n . P r e s s u r e 

d r o p s a r e b a s e d on a s m o o t h tube f r i c t ion f ac to r and a p r e s s u r e - l o s s coef f ic ien t 

of 1.73 for s u b m e r g e d , s q u a r e - e d g e d o r i f i c e s . 

T A B L E 3 

C A L C U L A T E D SNAP lOA P R E S S U R E D R O P USING S U P E R F I C I A L 
UNIFORM VELOCITIES BASED ON TOTAL FLOW A R E A 

Reactor Component 

Reactor inlet nozzle (2 r eq . ) 

Baffle plates (2 r e q . ) 

Orifice plate 

Coolant channels 

Reactor outlet nozzle 

Total for reac tor 

Flow Area 
(in. 2) 

1.29 

7.96 

2.60 

6.04 

0.52 

Velocity 
(ft/sec) 

3.22 

0.532 

1.60 

0.70 

8.2 

P r e s s u r e Drop 
(psi) 

0.054 

0.005 

0.023 

0.010 

0.076 

0.168 

The r e a c t o r e n t r a n c e and exi t l o s s e s a r e b a s e d on 1.00 and 0.23 v e l o c i t y 

h e a d l o s s e s for sudden e x p a n s i o n and c o n t r a c t i o n , r e s p e c t i v e l y . S ince t h e s e 

two l o s s e s m a k e up 78% of the to ta l p r e s s u r e d r o p , a c c u r a c y in the to ta l f igu re 

m u s t suffer due to i n e x a c t knowledge of e n t r y and ex i t c o e f f i c i e n t s . Even though 

the o t h e r l o s s e s a r e m o r e u n c e r t a i n , they a r e only a m i n o r p o r t i o n of the to t a l 

p r e s s u r e d r o p . 
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III. STEADY-STATE PERFORMANCE 

A . NOMINAL T E M P E R A T U R E DISTRIBUTIONS 

Axial p r o f i l e s of the fuel c e n t e r l i n e , fuel s u r f a c e , b a r r i e r and coo lan t t e m 

p e r a t u r e a r e shown in F i g u r e 4 for the c o r e c e n t e r e l e m e n t and in F i g u r e 5 for 

the c o r e a v e r a g e e l e m e n t . The c o r e - e d g e - e l e m e n t m e a n fuel t e m p e r a t u r e , the 

m e a n i n t e r n a l r e f l e c t o r t e m p e r a t u r e , and the n o n - o r i f i c e d o u t e r channe l coo lan t 

t e m p e r a t u r e a r e p lo t t ed in F i g u r e 6. T e m p e r a t u r e s show^n in F i g u r e s 4 t h r o u g h 6 

a r e " n o m i n a l " o r " m o s t p r o b a b l e " v a l u e s and do not i nc lude h o t - c h a n n e l u n c e r 

t a i n t y e f f e c t s . 

The h i g h e s t fuel e l e m e n t t e m p e r a t u r e s and t e m p e r a t u r e g r a d i e n t s a r e a t 

t a i n e d in the c o r e c e n t e r e l e m e n t . If, a s a s s u m e d , the flow r a t e s in a l l coo lan t 

c h a n n e l s a r e equa l , the c e n t e r e l e m e n t wi l l a l s o p r o d u c e the h i g h e s t t e m p e r a 

t u r e r i s e s in the ad j acen t coo lan t c h a n n e l s . This would not be t r u e for a p e r 

f ec t ly o r i f i c e d c o r e in w h i c h the coo lan t t e m p e r a t u r e r i s e would be the s a m e in 

a l l c h a n n e l s . 

The m a x i m u m fuel t e m p e r a t u r e i s 1078 °F and o c c u r s 8.0 i n . f r o m the c o r e 

in l e t in the c e n t e r e l e m e n t . The m a x i m u m b a r r i e r t e m p e r a t u r e of 1051 °F o c c u r s 

on the c e n t e r e l e m e n t n e a r the u p p e r end of the c o r e . As i n d i c a t e d in F i g u r e 4, 

t h e m a j o r t h e r m a l r e s i s t a n c e s a r e o f fe red by the fuel and the gas gap b e t w e e n 

the fuel and the c e r a m i c h y d r o g e n b a r r i e r . 

The c a l c u l a t i o n s of the c o r e - e d g e - e l e m e n t t e m p e r a t u r e s a s s u m e s t agnan t 

NaK in the u n o r i f i c e d o u t e r channe l ad j acen t to the e l e m e n t . If flow o c c u r s in 

the o u t e r channe l (due to c r o s s f l o w f r o m the o r i f i c e d c h a n n e l s ) , the c o r e - e d g e -

e l e m e n t fuel t e m p e r a t u r e s wi l l be s o m e w h a t l o w e r . The r e l a t i v e l y flat ax i a l 

t e m p e r a t u r e d i s t r i b u t i o n s wi th in the i n t e r n a l r e f l e c t o r and the s t agnan t channe l 

a r e due to the high conduc t iv i t y of the b e r y l l i u m r e f l e c t o r . 

Rad ia l t e m p e r a t u r e p r o f i l e s for the c e n t e r and a v e r a g e fuel e l e m e n t s a r e 

p r e s e n t e d in T a b l e 4 . The p r o f i l e s a r e t aken a t t h r e e ax i a l p o s i t i o n s : 4.3 i n . , 

8.0 i n . , and 11.64 i n . above the c o r e i n l e t . The s e c o n d ax ia l pos i t i on i s the l o 

ca t i on of the m a x i m u m fuel t e m p e r a t u r e , and the t h i r d p o s i t i o n i s the l oca t ion of 

the m a x i m u m b a r r i e r t e m p e r a t u r e . 
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T A B L E 4 

RADIAL T E M P E R A T U R E P R O F I L E S 
AT S T E A D Y - S T A T E CONDITIONS 

C o r e C e n t e r l i n e E l e m e n t 

Distance 
from Inlet 

(in.) 

4.29 

7.96 

11.64 

Fuel Element Radius (in.) 

0.0 
(centerline) 

1006 

1070 

1056 

0.203 

1002 

1066 

1056 

0.326 

996 

1060 

1055 

0.425 

989 

1053 

1054 

0.504 

982 

1047 

1052 

0.572 

975 

1040 

1051 

0.606 
Mean 
Gas 

962 

1028 

1049 

0.6085 
Mean 
Barrier 

953 

1019 

1046 

0.6175 
Mean 
Clad 

953 

1018 

1046 

NaK 

941 

9007 

1043 

C o r e A v e r a g e E l e m e n t 

4.29 

7.96 

11.64 

982 

1029 

1023 

979 

1027 

1022 

974 

1023 

1021 

969 

1018 

1019 

964 

1013 

1018 

958 

1008 

1017 

948 

997 

1014 

941 

990 

1012 

941 

990 

1012 

931 

981 

1009 

B . H O T - C H A N N E L T E M P E R A T U R E S 

F o u r b a s i c h o t - c h a n n e l f a c t o r s a r e c o n s i d e r e d in c a l c u l a t i n g lOA h o t - c h a n n e l 

t e m p e r a t u r e s : 

1) T h r e e p e r c e n t e x c e s s p o w e r i s p r o d u c e d in the c o r e c e n t e r (hot) e l e -

e l e m e n t . Th i s e x c e s s i s due to u n c e r t a i n t i e s in the fuel load ing and 

in the ax i a l and r a d i a l p o w e r d i s t r i b u t i o n s . 

2) The flow r a t e s in a l l t r i c u s p coo lan t c h a n n e l s a r e e q u a l . Th i s i m p l i e s 

a 2 1 % flow de f i c i ency in the c e n t e r (hot) c h a n n e l a s c o m p a r e d to 

m a t c h e d r a d i a l power and flow p r o f i l e s . 

3) The t h e r m a l c o n d u c t a n c e to the hot channe l i s i n c r e a s e d 20% above 

n o m i n a l . Th i s c o r r e s p o n d s to the fuel r o d in the c e n t e r e l e m e n t and 

one of the o t h e r two e l e m e n t s b o r d e r i n g the ho t channe l be ing e c c e n t r i c 

t o w a r d s the hot c h a n n e l . The p r o b a b i l i t y of a l l t h r e e n e i g h b o r i n g fuel 

r o d s be ing e c c e n t r i c t o w a r d s the hot channe l i s n e g l i g i b l e . Al though a 

t h r e e - p o i n t c o n t a c t be tween an e c c e n t r i c fuel r o d and i t s c l ad i s m o s t 

p r o b a b l e ( i . e . , a t top and bo t t om on one s ide and c e n t e r on the oppo

s i te s i d e ) , t he m o r e s e v e r e condi t ion of a l ine c o n t a c t a long the l eng th 

of an e l e m e n t w^as a s s u m e d . 
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4) The a v e r a g e h e a t t r a n s f e r coef f ic ien t of 1500 B t u / h r - f t °F w a s r e 

duced 50% to ob ta in the m i n i m u m effect ive l o c a l h e a t t r a n s f e r coeff i 

c i e n t to a p p r o x i m a t e the effect of coo lan t s t a g n a t i o n wi th in the c u s p s 

of the c h a n n e l s and the l o c a l i n c r e a s e in c l ad t e m p e r a t u r e due to 

n e i g h b o r i n g fuel r o d s . 

T h e s e four h o t - c h a n n e l f a c t o r s a r e c o n s i d e r e d s i m u l t a n e o u s l y to p r o d u c e 

m a x i m u m t e m p e r a t u r e s w i th in the c e n t e r fuel e l e m e n t . The r e s u l t i n g ax ia l t e m 

p e r a t u r e p r o f i l e s for the hot e l e m e n t a r e shown in F i g u r e 7. The m a x i m u m fuel 

t e m p e r a t u r e i s 1082 "F c o m p a r e d to the n o m i n a l c e n t e r e l e m e n t m a x i m u m of 

1078 °F , and the m a x i m u m b a r r i e r t e m p e r a t u r e i s 1061 "F c o m p a r e d to the n o m i 

na l m a x i m u m of 1051 ° F . 

C . D I F F E R E N T I A L F U E L - C L A D EXPANSION 

T h e r m a l e x p a n s i o n da ta for the fuel and c l ad a r e i l l u s t r a t e d in F i g u r e 8 . 

The c l ad m a t e r i a l i s shown to expand m o r e r a p i d l y than does the fuel; the 

H a s t e l l o y - N exh ib i t s 29% m o r e t h e r m a l g rowth be tween 70 and 1000 ° F . 
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Figure 8. Thermal Expansion of SNAP lOA Fuel and 
Clad Mater ia l s 

As a basis for evaluating the minimum c learances during operation, the 

minimum c learances at assembly were chosen. Combination of the fuel d iam

eter and the coated tube inside diameter (with their tolerances) yields a min i 

mum diametr ic assembly c learance of 0.0035 in. The minimum axial c learance 

before welding of the end cap is z e r o . 

At the point of maximum fuel t empera tu re in the center fuel element, the 

minimum s teady-s ta te d iametr ic c learance between the fuel surface and the 

clad ID is 0.0015 in. g rea te r than the c learance at a s sembly . Between room 

tempera tu re and full power operation, the axial c learance (as determined by the 

fuel and clad t empera tu re s averaged along the length of the center fuel rod) in

c r e a s e s by 0.0159 in. 
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D . I N T E R N A L P R E S S U R E IN F U E L E L E M E N T 

The p r i n c i p a l m e c h a n i s m of p r e s s u r e bui ldup i n s i d e the fuel e l e m e n t s i s the 

d i s s o c i a t i o n p r e s s u r e of u r a n i u m - z i r c o n i u m - h y d r i d e in e q u i l i b r i u m wi th g a s e o u s 

h y d r o g e n . T a n g e n t i a l s t r e s s in the c l ad , due to d i s s o c i a t i o n , i s p lo t t ed a g a i n s t 

t e m p e r a t u r e in F i g u r e 9 for fuel wi th an N^r of 6.35 and 0.15 wt % c a r b o n add i t i ve . 

A c o n s e r v a t i v e a p p r o a c h to i n t e r n a l p r e s s u r e eva lua t i on i s to a s s u m e tha t the 

l o c a l p r e s s u r e e x e r t e d on the c l ad i s a funct ion of the l o c a l fuel t e m p e r a t u r e (no 

h y d r o g e n r e d i s t r i b u t i o n ) . S t r e s s r u p t u r e da ta for H a s t e l l o y - N s h e e t w^ere e x t r a p 

o l a t e d to 10,000 h r and a r e i l l u s t r a t e d in F i g u r e 9. 

C o m p a r i s o n of the s t r e s s l e v e l wi th the u l t i m a t e s t r e n g t h of the c l ad show^s 

tha t the m a x i m u m a l l owab le c l ad t e m p e r a t u r e i s 1430 **F. M a x i m u m e x p e c t e d 

c l a d t e m p e r a t u r e in the SNAP lOA c o r e i s 1061 ° F . T h e r e f o r e , e x c e s s i v e c r e e p 

of the c l ad due to i n t e r n a l h y d r o g e n p r e s s u r e i s not a l i m i t i n g c o n s i d e r a t i o n for 

SNAP lOA c o n d i t i o n s . 
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E. EXPANSION OF THE INTERNAL REFLECTORS AND GRID PLATES 

Due to the high the rmal conductivity of beryl l ium and the high hea t - t r ans fe r 

coefficients in the core , the internal ref lec tors w^ill operate at t empera tu re s 

close to those of the adjacent coolant (Figure 6.) . Axial expansion of the reflec 

tor between 70 and 950°F amounts to 0. 107 in. compared to the fuel element 

expansion of 0. 075 in. 

The lower grid plate , composed of the baffle and orifice p la tes , will 

operate at a uniform t empera tu re of approximately 900 °F . No significant 

the rmal s t r e s s e s a re induced in these p la tes . 

The upper grid plate will have a radial t empera tu re distr ibution matching 

the core outlet t empera tu re profile. For an ideally orificed core , the outlet 

t empe ra tu r e s would be the same for all coolant channels . If a completely 

uniform velocity profile were to exist , channel outlet t empera tu re s would vary 

by 80 °F , •with the center of the plate operating hotter than the per iphery . This 

gradient produces compress ive s t r e s s in the center of the plate and tensi le 

s t r e s s at the edges, both of which a re l e s s than 8000 ps i . This is below the 

yield s t r e s s for Type-316 s ta inless steel at 1000°F, the 1% creep in 10,000 h r . 

l imit , and will not buckle the plate . 
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IV. THERMAL BEHAVIOR DURING REACTOR STARTUP 

A. S T A R T U P TRANSIENTS 

O r b i t a l s t a r t u p of the lOA r e a c t o r i s effected by i n w a r d r o t a t i o n of the 

four r e f l e c t o r c o n t r o l d r u m s . Upon a c o m m a n d s igna l f r o m g round , two d r u m s 

a r e snapped in to t h e i r o p e r a t i n g p o s i t i o n . The o t h e r two d r u m s a r e then 

s t epped in at a n o m i n a l r a t e of 0. 5° e v e r y 150 s e c . The d r u m s t e p s con t inue 

unt i l a t e m p e r a t u r e s e n s i n g d e v i c e on the r e a c t o r ou t le t l ine r e c o r d s a coo lan t 

t e m p e r a t u r e of 1010°F , at which t i m e d r u m r o t a t i o n i s s t opped : a c t i v e c o n t r o l 

i s m a i n t a i n e d for 3 d a y s . If, d u r i n g th i s p e r i o d , t he r e a c t o r ou t le t t e m p e r a 

t u r e fa l l s belo^w 1 0 1 0 ° F , an add i t iona l d r u m s t ep wi l l be t a k e n to i n s e r t 

a p p r o x i m a t e l y 3 c e n t s of r e a c t i v i t y . After 3 d a y s , a c t i v e c o n t r o l i s d i s c o n t i n u e d 

and the r e a c t o r p o w e r and t e m p e r a t u r e follow the i n h e r e n t r e a c t i v i t y c h a n g e s 

wi th in the r e a c t o r . 

F o u r d i s t i n c t p e r i o d s of o p e r a t i o n a r e d i s c e r n i b l e d u r i n g s t a r t u p : a p p r o a c h 

to c r i t i c a l i t y and s e n s i b l e h e a t , f i r s t p e n e t r a t i o n of po^wer r a n g e , a s c e n t to 

o p e r a t i n g t e m p e r a t u r e s , and a c t i v e c o n t r o l at o p e r a t i n g c o n d i t i o n s . The 

r e a c t o r •will go c r i t i c a l a p p r o x i m a t e l y 6 h r a f te r r o t a t i o n of the fine c o n t r o l 

d r u m s i s begun . Soon a f t e r c r i t i c a l i t y ( a p p r o x i m a t e l y 20 min ) enough e n e r g y 

i s g e n e r a t e d •within the r e a c t o r to p r o d u c e t e m p e r a t u r e i n c r e a s e s . T h e s e m a r k 

the point of s e n s i b l e h e a t . The f i r s t p e n e t r a t i o n into the p o w e r r a n g e fol lows 

i m m e d i a t e l y . Th i s p e r i o d of t i m e i s c h a r a c t e r i z e d by a peak ing of the r e a c t o r 

p o w e r fol lowed s h o r t l y by r a p i d i n c r e a s e s in r e a c t o r ou t le t t e m p e r a t u r e and 

flow r a t e . The in i t i a l p o w e r t r a n s i e n t p r o d u c e s the l a r g e s t t e m p e r a t u r e 

g r a d i e n t s , and, c o n s e q u e n t l y , the m o s t s e v e r e t h e r m a l s t r e s s e s d u r i n g s t a r t u p . 

The in i t i a l t r a n s i e n t i s fol lowed by one o r m o r e w e a k s e c o n d a r y t r a n s i e n t s and 

a g r a d u a l i n c r e a s e in r e a c t o r t e m p e r a t u r e s to o p e r a t i n g c o n d i t i o n s . When the 

r e a c t o r ou t le t t e m p e r a t u r e r e a c h e s l O l O ' F , d r u m r o t a t i o n i s t e r m i n a t e d and 

the a c t i v e c o n t r o l p e r i o d begun . 

The s t r e s s e s i nduced d u r i n g the i n i t i a l p o w e r t r a n s i e n t a r e funct ions of the 

s o u r c e l e v e l e n c o u n t e r e d in o r b i t and the fine c o n t r o l d r u m s tepp ing r a t e . In 

add i t ion , the n u c l e a r and t h e r m a l c h a r a c t e r i s t i c s of the c o r e ( e . g. , fuel and 

g r i d p l a t e t e m p e r a t u r e coe f f i c i en t s , h e a t - t r a n s f e r coef f ic ien t , fuel t h e r m a l 

conduc t iv i ty and spec i f i c hea t ) a r e i m p o r t a n t . The a c t u a l r e s p o n s e i s due to a 
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complex interact ion between the core kinet ics , the the rmoelec t r i c pump, and the 

the rmal and hydraulic cha rac t e r i s t i c s of the sys tem. 

NOMINAL ORBITAL STARTUP 

1. Startup Conditions 

The nominal s tar tup conditions a re (Reference 2): 

B 

Orbit 

Source Level 

Drum Repetition Time 

Initial Flow Rate 

Initial Tempera tu re 

700 mile elliptical orbit 

10"-^^ kw 

150 sec 

4. 92 Ib /min , 6% of full flow 

70' 'F 

For purposes of analys is , the following core p a r a m e t e r s a re established 

as nominal: 

Fuel Tempera tu re Coefficient -(0.075 + 5.7 X 10"^T^) IfF 

. -5 = 
Grid Plate Coefficient (each plate) -(0. 065 + 2. 5 x 10" T )il''F 

Overal l Thermal Conductance, UA (Figure 10) 

The power, flow, and inlet and outlet t empera tu re s during the initial 

power t rans ien t ( i . e . , f i rs t penetrat ion into pow^er range) a re show^n in Figure 11 

These curves span a 240-sec period during which the power peaks at 43 kw and 

the flow ra te at 42 Ib /min , 60 sec la ter than the power. Because of the long 

sys tem time constant at low flow r a t e s , the inlet t empera tu re does not respond 

to the reac tor t rans ien t until the maximum flow ra te is passed . 
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2. Tempera tu re During Initial Power Transient 

To evaluate the rmal s t r e s s e s within the fuel rods , t rans ient radial t em

pe ra tu re dis tr ibut ions have been determined for the f i rs t 240 sec of the power 

t rans ien t . Highest the rmal gradients occur 5-1/2 in. from the lower end of the 

center fuel rod; the corresponding radial t empera tu re distr ibutions a re plotted 

in Figure 12. The t empera tu re gradient inc reases to a maximum 60 sec after 

peak power and thereaf ter d e c r e a s e s . The peak fuel s t r e s s occurs at the fuel 

surface where the t empera tu re is lowest. Tangential s t r e s s at this point is 

960 ps i , well below the ult imate tensi le strength of the fuel (O' > 15, 000 psi at 

the local t empe ra tu r e ) . 

The fuel- to-clad t empera tu re excess in the center fuel element reaches 

a maximum 50 sec after the power peaks . At this t ime , and at a point 6 in. from 

the lower end of the fuel rod, the difference between the local fuel and the adja

cent clad t e m p e r a t u r e s on the center element reaches a maximum of 80°F (407 to 

327 °F) as shown in Figure 13. At this t ime , the difference between the axial 

average fuel and clad t empe ra tu r e s on the center l ine fuel element is 38"F (344 to 

306°F) as compared to the s teady-s ta te difference of 29°F. 
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A v e r a g e fuel and c l ad t e m p e r a t u r e s a r e p lo t t ed in F i g u r e 14 for the c o r e 

a v e r a g e e l e m e n t and in F i g u r e 15 for an e l e m e n t at the edge of the c o r e . The 

ax i a l c l e a r a n c e b e t w e e n the fuel and the u p p e r end cap i s a l s o p lo t t ed for t h e s e 

two c a s e s . No ax ia l i n t e r f e r e n c e o c c u r s d u r i n g the t r a n s i e n t ; the m i n i m u m 

c l e a r a n c e i s 1.0 m i l , 80 s ec a f te r p e a k p o w e r . B e c a u s e of the t h e r m a l e x p a n s i o n 

c h a r a c t e r i s t i c s of the fuel and the c l add ing m a t e r i a l , c l e a r a n c e s a r e s o m e w h a t 

l e s s at the edge of the c o r e t h a n they a r e at the a v e r a g e r a d i a l p o s i t i o n . 

Throughou t s t a r t u p and d u r i n g s t e a d y - s t a t e o p e r a t i o n , t e m p e r a t u r e s of 

the h y d r o g e n b a r r i e r and the H a s t e l l o y N c lad differ by no m o r e than 7 ° F . Th is 

c a n be shown by u s ing a p e a k h e a t f lux of 15, 200 B t u / h r - f t c o r r e s p o n d i n g to the 

43 -kw p e a k p o w e r d u r i n g s t a r t u p . F o r t h i s h e a t f lux, the t e m p e r a t u r e d i f f e r ence 

b e t w e e n the i n s i d e s u r f a c e of the 0. 0 0 4 - i n . ( m a x i m u m ) t h i c k n e s s of b a r r i e r c o a t 

ing and the o u t e r s u r f a c e of the 0. 0 1 5 5 - i n . ( m a x i m u m ) c lad t h i c k n e s s i s : 
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The difference between the mean b a r r i e r and the mean clad t empera tu re 

does not exceed 4"'F. 

A re la t ively severe t empera tu re gradient exists during s tar tup at the 

junction of the Hastelloy N clad and the upper end cap. The difference between 

the average end cap t empera tu re and the clad t empera tu re 0. 1 in. below the end 

cap reaches a maximum of 72°F in the center l ine fuel rod 30 sec after the t r a n 

sient power peak (Figure 16). 
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As shown in Figure 17, the beryl l ium internal ref lec tors heat slowly 

throughout the initial power t rans ien t , and the t empera tu re gradients within the 

ref lec tors a re slight. The axial profile at the t ime of maximum core outlet 

t empe ra tu r e (200 sec after sensible heat) is plotted in Figure 18; the maximum 

t empe ra tu r e var ia t ion is l e ss than 40°F . 

3. Differential Fuel-Clad Expansion 

The maximum fuel- to-clad t empera tu re difference occurs 50 sec after the 

initial power peak when the average fuel t empera tu re in the center fuel element 

is 407 °F and the clad t empera tu re is 327 °F . 

This is the most severe local condition in the core , occurr ing 6 in. from 

the lower end of the fuel rod. These t e m p e r a t u r e s produce a net inc rease in the 
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d i a m e t r i c f u e l - c l a d c l e a r a n c e of 0 .0004 in . The m i n i m u m ax ia l f u e l - c l a d c l e a r 

a n c e du r ing s t a r t u p o c c u r s on the edge fuel e l e m e n t and i s 0.0010 i n . ( F i g u r e 15). 

4 . D i f fe ren t i a l C l a d - H y d r o g e n B a r r i e r E x p a n s i o n 

B e c a u s e t h e t e m p e r a t u r e e x c e s s of the h y d r o g e n b a r r i e r o v e r the ad jacen t 

c l ad wi l l not e x c e e d 7 ° F d u r i n g the life of SNAP 10A, the a s s i i m p t i o n of equa l 

c l ad and b a r r i e r t e m p e r a t u r e s c a n be app l ied in d e t e r m i n i n g the d i f f e r en t i a l 

e x p a n s i o n at any poin t in the fuel e l e m e n t . 

The c o m b i n a t i o n of sof ten ing t e m p e r a t u r e of the b a r r i e r and o p e r a t i n g 

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

f a b r i c a t i o n and r e l a x a t i o n of b a r r i e r s t r e s s e s b e t w e e n l aunch and o p e r a t i n g 

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

at the s t e a d y - s t a t e t e m p e r a t u r e l e v e l s in o r b i t . The final t e m p e r a t u r e s a r e 

be low the sof tening t e m p e r a t u r e of the b a r r i e r m a t e r i a l and we l l below the r a n g e 

in •which c r y s t a l l i z a t i o n t a k e s p l a c e . 

5. T h e r m a l S t r e s s e s in Clad and B a r r i e r at J u n c t i o n to Upper End Cap 

The H a s t e l l o y - N c l ad and the c e r a m i c b a r r i e r a r e sub jec t to m a x i m u m 

t e n s i l e s t r e s s e s at the j u n c t i o n of the u p p e r end cap and the c l ad . T h e s e s t r e s s 

e s a r e r e l a t e d to the d i f f e r ence be tween the a v e r a g e end c a p t e m p e r a t u r e and the 

a d j a c e n t c l ad t e m p e r a t u r e . As no ted in Sec t ion I V - B - 2 , the m a x i m u m t e m p e r a 

t u r e d i f f e r ence b e t w e e n the end cap and c l ad 0.1 in . f r o m the cap o c c u r s in the 

c e n t e r e l e m e n t and i s 72 "F ( F i g u r e 16). The c o r r e s p o n d i n g m a x i m u m t e n s i l e 

s t r e s s e s in the c l ad and the b a r r i e r a r e 28,700 and 9,600 p s i , r e s p e c t i v e l y . 

The y ie ld s t r e n g t h of H a s t e l l o y - N is 4 0 , 0 0 0 p s i at 5 0 0 ° F . This a s s u r e s 

an a d e q u a t e m a r g i n of sa fe ty for the c l ad . B e c a u s e of the bonding p r o c e d u r e 

u s e d , a r e s i d u a l c o m p r e s s i v e s t r e s s of a p p r o x i m a t e l y 25 ,000 p s i e x i s t s in the 

b a r r i e r when the e l e m e n t i s h e a t e d to 4 0 0 ° F d u r i n g s t a r t u p . T h e r e f o r e , the 

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

6. T h e r m a l S t r e s s e s in Clad and B a r r i e r at J u n c t i o n to L o w e r End Cap 

D i s c o n t i n u i t y s t r e s s e s at the bo t tom of a fuel e l e m e n t , w h e r e the b lend 

cup , b a r r i e r and c l ad a r e in c o n t a c t , a r e induced by the d i f f e r e n c e s in t h e r m a l 

e x p a n s i o n b e t w e e n the c y l i n d r i c a l s i d e s of the c l add ing and the l o w e r end c a p . 

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

ing s t r e s s e s at t he j u n c t i o n to the u p p e r end c a p . C o n s e q u e n t l y , the b a r r i e r 

s t r e s s i s a lways l e s s t han the p r e c o m p r e s s i o n of the b a r r i e r m a t e r i a l . 
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C. STARTUP OF FS-1 GROUND TEST SYSTEM 

Two pre l iminary s tar tups precede the normal s tar tup sequence on the lOFS-1 

ground tes t . The f irst employs a fine control drum stepping period of 300 sec , 

twice the nominal per iod. This tes t is t e rmina ted after the initial power peak, 

the total t ime in the power range (above sensible heat) being l e s s than 30 min. 

The second p re l imina ry tes t employs the design stepping ra te of 150 sec , but is 

also te rmina ted after the initial power t rans ien t . During these two t e s t s , the 

maximum fuel t empera tu re in the core will not exceed 520"F. After the p r e l im i 

nary t e s t s , and presuming the reac tor functions as predicted, a normal s tar tup 

leading to s teady-s ta te operat ion will be undertaken. 

To as s i s t in the evaluation of lOFS-1 s tar tup, the effect of source strength 

on the s tar tup t rans ien t s was determined. Source strength was varied by decades 
- 11 -8 

from 10 to 10 kw. A drum stepping ra te of 300 sec , an initial r eac to r t e m 

pera tu re of 70°F , and an initial flow ra te of 4. 92 Ib /min were assumed in each 

case . The resu l t s a re summar ized in F igures 19, 20 and 21 where power, r e a c 

tor outlet t empera tu re and flow ra te a r e plotted, respect ively . 
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Figure 19. Effect of Source Strength on Po^wer 
Transient During FS-1 Startup 
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The n o m i n a l equ iva l en t m u l t i p l i e d s o u r c e s t r e n g t h i s 10 kw, f u r n i s h e d by 

a 1.25 c u r i e s o u r c e i n s e r t e d in the F S - 1 s y s t e m . The m i n i m u m p o s s i b l e s o u r c e 

l e v e l , 10" kw, i s tha t p r o v i d e d by s pon t aneous f i s s i o n s wi th in the c o r e . 

The p r i m a r y p a r a m e t e r affect ing s t a r t u p i s the e x c e s s r e a c t i v i t y i n s e r t e d 

b e f o r e the in i t i a l p o w e r p e a k . In g e n e r a l , the l a r g e r the s o u r c e , the s m a l l e r wi l l 

be the r e a c t i v i t y i n s e r t e d (fewer d r u m s teps) p r i o r to p e a k p o w e r and the w e a k e r 

the t r a n s i e n t . I n c r e a s i n g the s o u r c e l eve l r e d u c e s the t i m e r e q u i r e d to a c h i e v e 

p o w e r o p e r a t i o n . T h u s , wi th a fixed d r u m s t epp ing r a t e , f ewer s t e p s a r e t a k e n 

b e f o r e the in i t i a l p o w e r p e a k , and the e x c e s s r e a c t i v i t y i s c o r r e s p o n d i n g l y d e 

c r e a s e d . Th i s b e h a v i o r i s i l l u s t r a t e d in F i g u r e 19 w h e r e the power t r a n s i e n t s 

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

p r o d u c e d by the w e a k e r s o u r c e s r e s u l t in m o r e s e v e r e r e a c t o r ou t le t t e m p e r a 

t u r e and flow r a t e t r a n s i e n t s ( F i g u r e s 20 and 21) . M a x i m u m r a t e s of change a r e 

shown in T a b l e 5 . 

T A B L E 5 

SUMMARY O F F S - 1 S T A R T U P CONDITIONS 
AS FUNCTIONS O F SOURCE S T R E N G T H 

S o u r c e 
S t r e n g t h 

(kw) 

10-11 

10-10 

10-9 

io-« 

M a x i m u m 
P o w e r 

(kw) 

21.2 

18.4 

15.0 

14.4 

M a x i m u m Rate of Change 
Out le t T e m p e r a t u r e 

( ° F / s e c ) 

3.1 

2.4 

2.0 

1.8 

M a x i m u m Rate of Change 
Flow Ra te 

( I b / m i n - s e c ) 

0.37 

0.31 

0.26 

0.24 

D. O F F - D E S I G N S T A R T U P CONDITIONS 

Tab le 6 s u m m a r i z e s the m a x i m u m t h e r m a l s t r e s s e s a n t i c i p a t e d for v a r i o u s 

SNAP lOA s t a r t u p c o n d i t i o n s . The c a s e s r e p o r t e d a r e : 

1) N o m i n a l s t a r t u p , 23.6^ e x c e s s r e a c t i v i t y — t h i s i s the n o m i n a l c a s e 

d i s c u s s e d in Sec t ion I V - B . The u n c e r t a i n t y in e x c e s s r e a c t i v i t y i s one 

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

2) N o m i n a l s t a r t u p wi th H a s t e l l o y - C g r i d p l a t e s — t h i s i s i d e n t i c a l to the 

p r e c e d i n g c a s e excep t for (1) t e m p e r a t u r e coef f i c ien t s c o r r e s p o n d i n g 

to H a s t e l l o y - C g r i d p l a t e s and (2) an e a r l i e r d r u m w o r t h cu rve . 
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T A B L E 6 

CONDITIONS O F MAXIMUM SEVERITY E N C O U N T E R E D 
DURING FIRST TRANSIENT P U L S E 

OO CT! 

I 

vD 
O 
00 

D r u m s t e p p i n g r a t e ( s e c ) 

S o u r c e s t r e n g t h (kw) 

T i m e t o s e n s i b l e h e a t ( h r ) 

E x c e s s r e a c t i v i t y ( c e n t s ) 

P e a k p o w e r (kw) 

M a x i m u m f u e l t e m p e r a 
t u r e ( ° F ) 

M a x i m u m o u t l e t t e m p e r a 
t u r e ( ° F ) 

M a x i m u m r a t e of c h a n g e 
of o u t l e t t e m p e r a t u r e 
( ° F / s e c ) 

M a x i m u m f l o w r a t e 
( l b / m m ) 

M a x i m u m fue l s t r e s s 
( k s i ) 

M a x i m u m c l a d s t r e s s 
( k s i ) 

M i n i m u m b a r r i e r c o m 
p r e s s i v e s t r e s s ( k s i ) 

M i n i m u m a x i a l c l e a r a n c e 
( m i l s ) 

i t 
N o m i n a l 

SS G r i d P l a t e s 
R e v D r u m W o r t h 

150 

1 0 - 1 1 

6 69 

2 4 0 

43 0 

4 9 8 

3 5 4 

6 7 

42 0 

0 96 

2 8 7 

15 4 

2 

H a s t e l l o y C 
G r i d P l a t e s 

150 

1 0 - 1 1 

6 15 

23 6 

42 0 

511 

37 1 

6 9 

44 1 

1 09 

26 7 

16 1 

1 0 

3 

A d d i t i o n a l 
D r u m S t e p 

150 

1 0 - 1 1 

6 15 

26 5 

56 2 

600 

4 2 0 

9 2 

50 3 

1 55 

31 9 

14 6 

0 7 

4 

R a p i d 
D r u m S t e p 

50 

1 0 - 1 1 

2 12 

38 0 

127 

7 7 8 

550 

16 8 

68 0 

2 6 4 

46 5 

9 9 

- 1 0 
( i n t e r f e r 

e n c e ) 

5 

R a p i d 
D r u m S t e p 

100 

1 0 - 1 1 

4 15 

29 7 

63 5 

586 

435 

9 5 

52 5 

1 34 

34 1 

14 0 

0 7 

6 

S low D r u m 
L o w S o u r c e 

300 

1 0 - 1 1 

12 14 

17 4 

21 1 

356 

286 

3 3 

32 2 

-

„ 

_ 

7 

S l o w D r u m 
H i g h S o u r c e 

300 

i o -« 

12 05 

14 3 

14 4 

256 

246 

1 9 

26 6 

_ 

„ 

_ 

-

8 

Z e r o 
I n i t i a l 
F l o \ v 

150 

1 0 - 1 1 

6 15 

2 3 6 

43 8 

632 

466 

10 4 

49 4 

1 7 5 

40 3 

11 7 

0 7 

9 

L o w ttf 
( 1 / 2 n o m ) 

150 

1 0 - 1 1 

6 15 

23 6 

6 4 2 

6 1 5 

4 5 0 

10 6 

55 0 

1 7 4 

34 5 

13 8 

0 7 

10 

L o w U A 
( 1 / 2 n o m ) 

150 

1 0 - 1 1 

6 15 

23 6 

49 1 

7 17 

6 3 5 

8 9 

46 5 

. 

37 3 

13 1 

0 5 

C e n t e r c h a n n e l ( p o w e r g e n e r a t i o n r a t e 3 1 % g r e a t e r t h a n c o r e a v e r a g e ) 
t C a s e 1 a s s u m e s s t a i n l e s s - s t e e l g r i d p l a t e s a l l o t h e r s H a s t e l l o y C 

C a s e 2 e m p l o y s a r e v i s e d d r u m w o r t h c u r v e 



3) Increased react ivi ty, one additional drum step — identical to case 2 

except for inc reased react ivi ty produced by added drum s tep. 

4) Fas t driim stepping ra te , once every 50 sec . 

5) Fas t drum stepping r a t e , once every 100 sec . 

6) Slow drum stepping r a t e , once every 300 sec . 

-8 
7) Slow drum stepping ra te with increased source strength (10 kw ra ther 

than 10"-^^ kw). 

8) Zero coolant flow at initiation of s ta r tup . 

9) Reduced fuel t empera tu re coefficient, one-half nominal. 

10) Reduced overal l t he rma l conductance UA, one-half nominal . 

The tabulation provides information on the effect of varying excess r e 

activity, drum stepping ra te and source s t rength. The most important p a r a m e t e r 

affecting the s tar tup t rans ien t is the excess reactivi ty: the react ivi ty added be 

tween cr i t ica l i ty and sensible heat . Changes in drum stepping ra te and source 

strength produce changes in excess react ivi ty and thus indirect ly modify the 

s tar tup t rans ien t . 

E. TRANSIENT LIMITATIONS UPON STARTUP 

1. B a r r i e r S t ress Limitation 

The most probable mode of core failure during lOA star tup is cracking of 

the ce ramic hydrogen b a r r i e r at the junction of the upper end cap and the cladding. 

Due to the res idual compress ive s t r e s s of 25, 000 psi (at 400"'F) within the b a r r i e r , 

a maximum tensi le s t r e s s of approximately 35,000 ps i , corresponding to a r e su l t 

ant tensi le loading of 10,000 ps i , can be applied to the b a r r i e r before cracking 

occur s . 

The most severe s tar tup b a r r i e r conditions occur during the flow t rans ien t 

which follows the initial pow^er peak. During this t ime , the t empera tu re gradient 

along the cladding is essent ia l ly proport ional to the c lad- to-end cap t empera tu re 

difference, and the b a r r i e r s t r e s s can be d i rec t ly re la ted to this t empera tu re 

difference by the approximate equation: 

a , = 2.08 E, a AT b b e 
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w h e r e 

a, = b a r r i e r t e n s i l e s t r e s s , 35 , 000 p s i m a x i m u m 

E, = b a r r i e r m o d u l u s of e l a s t i c i t y , 10 x 10 p s i 

a = c l ad coef f ic ien t of t h e r m a l e x p a n s i o n , 

6.45 X 10"^ in. / i n . "F 

AT = c l a d - e n d cap t e m p e r a t u r e d i f f e r e n c e , ° F 

C o n s e q u e n t l y , the m a x i m u m t o l e r a b l e t e m p e r a t u r e d i f f e r ence i s 260 ° F . 

The m o s t s e v e r e s t r e s s e s o c c u r wi th in the c e n t e r l i n e fuel e l e m e n t which h a s 

an i n t e r n a l h e a t g e n e r a t i o n r a t e 3 1 % g r e a t e r t han tha t of the c o r e a v e r a g e . When 

a c l a d - t o - e n d cap t e m p e r a t u r e d i f f e r e n c e of 260 ° F i s induced on the c e n t e r e l e 

m e n t , t he c o r r e s p o n d i n g t e m p e r a t u r e d i f f e r ence on the c o r e a v e r a g e e l e m e n t i s 

a p p r o x i m a t e l y 23% l e s s o r 2 0 0 ° F . If a sa fe ty f ac to r of 1.5 i s a s s u m e d , the m a x i 

m u m t o l e r a b l e t e m p e r a t u r e d i f f e r e n c e on the c o r e a v e r a g e e l e m e n t i s 1 3 3 ° F . 

2. M a x i m u m D u r a t i o n of Out le t T e m p e r a t u r e T r a n s i e n t s 

Th i s t e m p e r a t u r e d i f f e r e n c e h a s b e e n r e l a t e d to the s e v e r i t y and the 

d u r a t i o n of the r e a c t o r ou t le t t e m p e r a t u r e t r a n s i e n t . The c l a d - t o - e n d c a p t e m 

p e r a t u r e d i f f e r e n c e i s p lo t t ed a s a funct ion of the t r a n s i e n t d u r a t i o n in F i g u r e 22, 

and the maximiom a l lowab le d u r a t i o n s for the ou t le t t e m p e r a t u r e t r a n s i e n t a r e 

shown in F i g u r e 23 . B e c a u s e of the 1 3 3 ° F l i m i t , the m o r e s e v e r e t r a n s i e n t s can 

be t o l e r a t e d for on ly l i m i t e d t i m e s : a 3 0 ° F / s e c t r a n s i e n t for 6 .7 s e c , a 2 0 ° F / s e c 

t r a n s i e n t for 13.1 s e c , and a 1 5 ° F / s e c t r a n s i e n t for 23 s e c . T r a n s i e n t s of 

l l ° F / s e c o r l e s s wi l l n e v e r c r a c k the b a r r i e r r e g a r d l e s s of how long t h e y a r e 

s u s t a i n e d . ( H o w e v e r , l i m i t s a r e even t ua l l y se t by t e m p e r a t u r e s r e a c h e d wi th in 

the c o r e o r by ax ia l i n t e r f e r e n c e b e t w e e n the fuel and the u p p e r end c a p . ) 

N A A - S R - 9 9 0 3 
41 



220 

6-16-64 

10° F/sec 

8° F/sec 

5° F/sec 

10 20 30 40 50 60 

TIME FROM START OF TRANSIENT (sec) 

7623-0378 

Figure 22. Clad-End Cap Tempera tu re 
Difference During Outlet 
Tempera ture Trans ients 

40 

3 

o _L 

ASYMPTOTE- i rF/sec 

_L _L _L 
120 

6-16-64 

20 40 60 80 100 
TIME FROM START OF TRANSIENT (sec) 

7623-0379 

Figure 23. Maximum Rate of Change of 
Outlet Tempera ture as Function 
of the Duration of the Transient 

NAA-SR-9903 
42 



/̂r 

REFERENCES 

1. G. M. Anderson, "Nuclear Reactor S y s t e m s , " Astronaut ics and Aerospace 
Engineering, Vol. 1, No. 4, (May 1963) pp 27-36 

2. G. S. Drucker and T. J . Boyle, "SNAP lOA In-Orbit P r e s t a r t and S ta r tup , " 
NAA-SR-9720 (1964) 

NAA-SR-9903 
43 



millerc
Text Box
BLANK



APPENDIX A 

CORE MATERIALS AND PHYSICAL PROPERTIES AT 950°F 

I n t e r n a l r e f l e c t o r s 

G r i d p l a t e s 

F u e l 

F u e l e l e m e n t c l add ing 

Diffusion b a r r i e r 

Coolan t 

Gas gap 

M a t e r i a l 

B e 

316 SS 

Z r H + 10 wt % U 

H a s t e l l o y - N 

C e r a m i c 

N a K - 7 8 

H^ + 15 m m He 

D e n s i t y 
(lb/ft3) 

113 

4 9 5 

350 

538 

140 

46.8 

Speci f ic H e a t 
( B t u / l b - F ) 

0.65 

0.135 

0.15 

0.10 

0.20 

0.209 

Conduc t iv i ty 
( B t u / h r - f t ° F ) 

63 

11 

13 

10.9 

1 

15 

0.20 

Vapor p r e s s u r e of NaK at 1000 "F (psia) 0.8 

Vapor p r e s s u r e of NaK at llOO^F (psia) 1.7 
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APPENDIX B 

COMPUTER CODES USED IN EVALUATING THERMAL PERFORMANCE 

The ana ly t i c r e s u l t s s u m m a r i z e d in t h i s r e p o r t w e r e ob ta ined by the u s e of 

t h r e e d ig i t a l c o m p u t e r c o d e s : 

1) H E A P : H o t - c h a n n e l effects 

2) TRANCORE: Single e l e m e n t t r a n s i e n t t e m p e r a t u r e s 

3) C O R E S E C T : C o r e t r a n s i e n t t e m p e r a t u r e s . 

The H o t - E l e m e n t A n a l y s i s P r o g r a m (HEAP) i n c o r p o r a t e s v a r i o u s ho t - channe l 

f a c t o r s to c a l c u l a t e s t e a d y - s t a t e fuel , gas gap , b a r r i e r , c l ad and coolan t t e m p e r 

a t u r e s for the c o r e hot e l e m e n t . If a l l h o t - c h a n n e l f a c t o r s a r e se t equa l to one , 

H E A P d e t e r m i n e s the n o m i n a l s t e a d y - s t a t e t e m p e r a t u r e d i s t r i b u t i o n s wi th in a 

fuel e l e m e n t ; the r a d i a l l o c a t i o n of the e l e m e n t is se t by the a s s u m e d r a d i a l 

p o w e r f a c t o r . 

T r a n s i e n t t e m p e r a t u r e s a r e c a l c u l a t e d by the TRANCORE and C O R E S E C T 

c o d e s . Both c o d e s a r e d iv ided into t h r e e r o u t i n e s : 

1) C o r e h e a t t r a n s f e r 

2) R e a c t o r k i n e t i c s , and 

3) T h e r m o e l e c t r i c p u m p 

The two c o d e s differ only in the t h e r m a l m o d e l ; C O R E S E C T s i m u l a t e s the 

r e p e a t i n g one - twe l f th s e c t i o n of the r e a c t o r c o r e , and TRANCORE s i m u l a t e s one 

fuel e l e m e n t wi th i t s a s s o c i a t e d coo l an t . C o n s e q u e n t l y , the f o r m e r code p r o v i d e s 

an o v e r a l l p i c t u r e of t e m p e r a t u r e s wi th in the r e a c t o r whi le t h e l a t t e r p r e s e n t s 

m o r e d e t a i l e d i n f o r m a t i o n on an ind iv idua l e l e m e n t . 

The t h r e e t h e r m a l c o d e s a r e d i s c u s s e d in g r e a t e r de t a i l in the fol lowing 

s e c t i o n s , and the append ix c o n c l u d e s wi th the spec i f i c a p p l i c a t i o n of the c o d e s to 

the SNAP lOA r e a c t o r . 

1. THE H O T - E L E M E N T ANALYSIS PROGRAM: H E A P 

The H o t - E l e m e n t A n a l y s i s P r o g r a m (HEAP) c o n s i d e r s a t r i c u s p coo lan t 

c h a n n e l , def ined a s the hot c h a n n e l , and the t h r e e fuel e l e m e n t s adjo in ing i t , one 

of wh ich i s t he ho t e l e m e n t . Al l coo lan t c h a n n e l s r e c e i v i n g h e a t f r o m the t h r e e 

e l e m e n t s , o t h e r t h a n the hot c h a n n e l , a r e c o n s i d e r e d to h a v e the s a m e ax ia l t e m 

p e r a t u r e d i s t r i b u t i o n , i. e . , a n o m i n a l d i s t r i b u t i o n c a l c u l a t e d by the code on the 

b a s i s of input da t a for c o r e p o w e r d i s t r i b u t i o n , c o r e p o w e r , and coo lan t flow. 
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The code s u b d i v i d e s t h i s m o d e l a x i a l l y into 100 equa l i n c r e m e n t s . The p r o 

g r a m then d e t e r m i n e s an e n e r g y b a l a n c e and the t e m p e r a t u r e s at the d o w n s t r e a m 

end of each of the i n c r e m e n t s . The fol lowing h o t - c h a n n e l f a c t o r s a r e u s e d in the 

a n a l y s i s : 

a) F : The r a t i o of the m a x i m u m effect ive l o c a l s u r f a c e f i lm 
rl 

t h e r m a l r e s i s t a n c e to the a v e r a g e s u r f a c e f i lm r e s i s t a n c e ; 

t h i s f ac to r i s i n t r o d u c e d to e v a l u a t e the effect of c i r c u m f e r 

en t i a l v a r i a t i o n in h e a t f lux and h e a t - t r a n s f e r coef f ic ien t , 

r e s u l t i n g f r o m the l o c a l v a r i a t i o n of coolan t ve loc i t y in a t r i 

cu sp id c h a n n e l . The f ac to r m a y a l s o be u s e d to ob ta in the 

t e m p e r a t u r e d i f f e r e n c e a c r o s s the c l ad a n d / o r b a r r i e r . 

b) F : The r a t i o of e l e m e n t m a x i m u m p o w e r to n o m i n a l p o w e r ; 

t h i s f a c t o r i s u s e d to a c c o u n t for t h e effect of u n c e r t a i n t y in 

fuel e l e m e n t c o m p o s i t i o n . F _ m a y a l so inc lude the effect of 

u n c e r t a i n t y in r e a c t o r p o w e r d i s t r i b u t i o n , but a p r e f e r r e d 

m e t h o d of accoun t ing for t h i s is m o d i f i c a t i o n of the input va lue 

for n o m i n a l p o w e r . 

c) F „ : The r a t i o of o v e r a l l r a d i a l t h e r m a l c o n d u c t a n c e b e t w e e n 

the poin t of m a x i m u m fuel t e m p e r a t u r e and the hot channe l to 

the n o m i n a l r a d i a l c o n d u c t a n c e . The n o m i n a l r a d i a l c o n d u c t 

ance i s def ined a s the o v e r a l l c o n d u c t a n c e b e t w e e n fuel c e n t e r -

l ine and coo lan t for a fuel e l e m e n t wi th a z i m u t h a l l y u n i f o r m 

h e a t f lux. Th i s f ac to r is d e s i g n e d to dup l i ca t e the effect of 

e c c e n t r i c i t y of the fuel wi th in the fuel e l e m e n t a s s u m i n g t h a t 

the fuel t o u c h e s the b a r r i e r ad jacen t to the hot c h a n n e l . 

d) F.^^: The r a t i o of n o m i n a l to m i n i m u m coolan t flow in the ho t 

c h a n n e l . Th i s f ac to r is u s e d to d e t e r m i n e t h e effect of l o c a l 

flow de f i c i ency due to i m p e r f e c t o r i f i c e d e s i g n and c o n s t r u c 

t ion . It is a s s u m e d tha t no coo lan t m i x i n g o c c u r s b e t w e e n the 

hot c h a n n e l and ad jacen t c h a n n e l s . 

The h o t - c h a n n e l f a c t o r s F^ and F ^ a r e e v a l u a t e d by s t u d i e s 

of d e t a i l e d t e m p e r a t u r e d i s t r i b u t i o n s in a fuel e l e m e n t and 

coo lan t c h a n n e l . T h e s e s t u d i e s g e n e r a l l y u s e a nodal n e t w o r k 

a n a l y s i s c o d e , such a s TIGER ( T e m p e r a t u r e s f r o m I n t e r n a l 

G e n e r a t i o n Ra te s ) o r T A P ( T h e r m a l A n a l y z e r P r o g r a m ) . 
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2. TRANSIENT CODES - TRANCORE AND CORESECT 

To simulate t rans ien t behavior of the SNAP lOA reac to r , the two digital 

computer codes, TRANCORE-lOA and CORESECT-lOA, were p repa red . The 

codes a re used to de termine t rans ien t t empe ra tu r e s and, subsequently, t he rmal 

s t r e s s e s within the reac to r co re . In addition, the codes predict power, flow and 

reac tor inlet and outlet t e m p e r a t u r e s . The codes can be used to investigate a 

wide var ie ty of reac tor operat ional behavior: s teady-s ta te , s tar tup, s c r a m , loss 

of coolant flow, etc. However, they cannot evaluate the effects of rapid react ivi ty 

changes, i. e. , operat ion near prompt c r i t i ca l . 

Both codes a re divided into th ree rout ines: core heat t r ans fe r , reac tor 

kinetics and the rmoe lec t r i c piomp. A schematic of the basic common code, 

indicating the various inputs and outputs of each of the three rout ines , is shown 

in Figure 24. As one would anticipate, the th ree sections a re in ter re la ted: core 

t empe ra tu r e s a re dependent on reac to r power, flow rate and inlet t empera tu re ; 

power is dependent on average fuel and grid plate t empe ra tu r e s ; and flow ra te is 

dependent on reac tor outlet t empe ra tu r e . 

FLOW RATE 

REACTOR INLET 
TEMPERATURE 

POWER 

REACTOR 
HEAT TRANSFER 

DRUM WORTH 
DRUM STEPPING RATE 
SOURCE STRENGTH 

KINETICS 

6-16-64 

REACTOR OUTLET 
TEMPERATURE 

CORE TEMPERATURE 

AVERAGE FUEL 
AND GRID PLATE 
TEMPERATURE 

7623-0380 

Figure 24. Block Diagram of TRANCORE and 
CORESECT Transient Tempera tu re Codes 
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The TRANCORE h e a t - t r a n s f e r r o u t i n e , u s i n g the p h y s i c a l c o n s t a n t s a s s o c i 

a t ed wi th the lOA r e a c t o r , c a l c u l a t e s t e m p e r a t u r e s for one or two fuel e l e m e n t s 

wi th in the c o r e . The t h e r m a l m o d e l c o n s i d e r s an e l e m e n t wi th i t s a s s o c i a t e d 

l o w e r and u p p e r end c a p s , l o w e r and u p p e r g r id p l a t e s , s u r r o u n d i n g coo lan t and 

the two p l e n i i m s . The fuel e l e m e n t i s d iv ided into five r a d i a l and t e n ax i a l s e c 

t i ons to give a f i f ty-node r e p r e s e n t a t i o n . Depend ing upon the r a d i a l p o w e r f ac to r 

u s e d , the m o d e l i s r e p r e s e n t a t i v e of fuel e l e m e n t s at v a r i o u s r a d i a l l o c a t i o n s 

wi th in the c o r e . Ten coo lan t n o d e s a r e e m p l o y e d , at ax i a l p o s i t i o n s i d e n t i c a l to 

t h o s e of the fuel n o d e s . The a s s o c i a t e d u p p e r end cap and g r id p l a t e a r e e a c h 

d iv ided in to five r a d i a l n o d e s , m a t c h i n g t h o s e of t h e fuel e l e m e n t s . The m e a n 

t e m p e r a t u r e of the fifty fuel n o d e s i s t a k e n as the a v e r a g e fuel t e m p e r a t u r e . An 

a v e r a g e coo lan t t e m p e r a t u r e i s s i m i l a r l y d e t e r m i n e d f r o m the t en coo lan t node 

t e m p e r a t u r e s . A v e r a g e u p p e r and l o w e r g r i d p l a t e t e m p e r a t u r e s a r e c a l c u l a t e d 

for u s e wi th the k i n e t i c s r o u t i n e . 

The C O R E S E C T t h e r m a l m o d e l s i m u l a t e s the r e p e a t i n g 1/12 s e c t i o n of the 

r e a c t o r c o r e ( F i g u r e 25). The c o r e s e c t i o n , which i s subd iv ided ax i a l l y into 

10 p l a n e s , c o n t a i n s 1 c o m p l e t e fuel e l e m e n t , 5 p a r t i a l e l e m e n t s , 4 c o m p l e t e 

coo lan t c h a n n e l s , 4 h a l f - c h a n n e l s , 1/2 an i n t e r n a l r e f l e c t o r , 1/2 an edge c h a n n e l . 

6 - 1 6 - 6 4 7623-0381 

F i g u r e 25 . C O R E S E C T C o r e T h e r m a l Model 
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and 1/12 of the v e s s e l wa l l and the e x t e r n a l r e f l e c t o r s t r u c t u r e . Ax ia l c o n d u c 

t a n c e wi th in the fuel e l e m e n t s , i n t e r n a l r e f l e c t o r , s t agnan t coo lan t c h a n n e l , v e s 

s e l wa l l and e x t e r n a l r e f l e c t o r i s c o n s i d e r e d . V a r i o u s flow d i s t r i b u t i o n s a r e d u p 

l i c a t e d by p r o g r a m op t ions : 

a) equal m a s s v e l o c i t y in each o r i f i c e d channe l and s t agnan t coo lan t in 

the edge (unorif iced) channe l 

b) equal m a s s v e l o c i t y in a l l c h a n n e l s , inc lud ing the edge channe l 

c) a x i a l l y v a r i a b l e m a s s flow in each c h a n n e l due to c r o s s f l o w be tween 

c h a n n e l s 

C r o s s f l o w effects m u s t be d e t e r m i n e d s e p a r a t e l y and i n t r o d u c e d a s inpu ts into 

C O R E S E C T . The g r e a t e s t u s e f u l n e s s of the C O R E S E C T t h e r m a l m o d e l i s i t s 

p r e d i c t i o n s of t e m p e r a t u r e s n e a r the edge of the c o r e w h e r e the i n t e r n a l r e f l e c 

t o r s and the edge c h a n n e l s m u s t be c o n s i d e r e d . 

The r e a c t o r k i n e t i c s r o u t i n e u s e d in both c o d e s s i m u l a t e s the n u c l e a r 

b e h a v i o r of the r e a c t o r and c a l c u l a t e s p o w e r a s a funct ion of t i m e . E x t e r n a l 

inpu ts r e q u i r e d a r e d r u m w o r t h , d r u m s t epp ing r a t e , s o u r c e s t r e n g t h , and s h u t 

down r e a c t i v i t y . In add i t ion , t he c o r e a v e r a g e fuel and g r i d p l a t e t e m p e r a t u r e s 

c a l c u l a t e d by the h e a t - t r a n s f e r r o u t i n e s a r e u s e d in the d e t e r m i n a t i o n of r e a c t i v i t y 

c h a n g e s . 

The t h e r m o e l e c t r i c p u m p , l o c a t e d above the r e a c t o r on the coo lan t exi t l i n e , 

c o n s i s t s of t h r e e m a j o r c o m p o n e n t s : 

a) A dc e l e c t r o m a g n e t i c l i q u i d - m e t a l p u m p 

b) Two p o s i t i v e and two n e g a t i v e t h e r m o e l e c t r i c e l e m e n t s , and 

c) F o u r h e a t - r a d i a t i n g f i n s . 

Hea t flow is f r o m the r e l a t i v e l y hot NaK in the t h r o a t of the p u m p out t h r o u g h 

c o p p e r c o n d u c t o r s and the t h e r m o e l e c t r i c e l e m e n t s and along the fins which 

r a d i a t e to s p a c e . The i m p o s e d t e m p e r a t u r e d i f f e r e n c e s a c r o s s the t h e r m o 

e l e c t r i c e l e m e n t s g e n e r a t e a dc vo l t age by the S e e b e c k effect . Th i s vo l tage s e t s 

up a c u r r e n t t h r o u g h the NaK at r igh t a n g l e s to the f ield of the a t t a c h e d p e r m a n e n t 

m a g n e t . The r e s u l t i n g e l e c t r o m a g n e t i c i n t e r a c t i o n p r o d u c e s a f o r c e wi th in the 

NaK, d r i v i n g the l iquid m e t a l t h r o u g h the p u m p and a r o u n d the s y s t e m loop . 
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The c o m p u t e r s i m u l a t i o n i s a c c o m p l i s h e d by so lv ing f i n i t e - d i f f e r e n c e a p p r o x 

i m a t i o n s to the b a s i c p u m p e q u a t i o n s . T h u s , the i n s t a n t a n e o u s coo lan t flow r a t e 

i s c a l c u l a t e d . R e q u i r e d inpu t s to the p u m p r o u t i n e a r e the r e a c t o r ou t le t t e m p e r 

a t u r e and the equ iva l en t s p a c e t e m p e r a t u r e . 

3. APPLICATION OF CODES TO SNAP 10A REACTOR 

N o m i n a l s t e a d y - s t a t e t e m p e r a t u r e d i s t r i b u t i o n s for the c o r e a v e r a g e and 

c e n t e r e l e m e n t w e r e c a l c u l a t e d wi th the H E A P and TRANCORE c o d e s and c h e c k e d 

wi th C O R E S E C T ; the a g r e e m e n t b e t w e e n the t h r e e c o d e s i s e x c e l l e n t . Edge 

e l e m e n t ( m a r k e d a s No . 4 in F i g u r e 25) and i n t e r n a l r e f l e c t o r t e m p e r a t u r e s w e r e 

d e t e r m i n e d by C O R E S E C T . 

The fol lowing h o t - c h a n n e l f a c t o r s w e r e u s e d in the H E A P code to c a l c u l a t e 

h o t - e l e m e n t t e m p e r a t u r e s : 

a) F j^ = 2 . 0 

b) F p = 1.03 for two e l e m e n t s b o r d e r i n g the hot c h a n n e l , 1.00 for the 

t h i r d 

c) Fp. = 1.20 for two e l e m e n t s b o r d e r i n g the hot c h a n n e l , 1.00 for the 

t h i r d 

d) F , „ = 1.00 (un i fo rm r a d i a l flow d i s t r i b u t i o n ) . 

W 

T e m p e r a t u r e d i s t r i b u t i o n s d u r i n g the n o m i n a l s t a r t u p t r a n s i e n t w^ere d e t e r 

m i n e d by TRANCORE and C O R E S E C T . T e m p e r a t u r e s , p o w e r and flow r a t e a s 

funct ions of t i m e a r e in e x c e l l e n t a g r e e m e n t . TRANCORE w a s u s e d to d e t e r m i n e 

a l l o t h e r s t a r t u p t r a n s i e n t s . 
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