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Sec t ion 1 

R E A C T O R P R O J E C T S AND P R O G R A M S 

1.1 E X P E R I M E N T A L B R E E D E R R E A C T O R - I I ( E B R - I l ) 

1.1.1 S u m m a r y 

On S e p t e m b e r 13, 1965, p r i n c i p a l r e s p o n s i b i l i t y for the E B R - I I w a s 
f o r m a l l y t r a n s f e r r e d f r o m t h e R e a c t o r E n g i n e e r i n g D i v i s i o n at A r g o n n e , to 
the Idaho D i v i s i o n . S ince tha t t i m e , p e r s o n n e l f r o m both D i v i s i o n s h a v e c o l ­
l a b o r a t e d in ef fect ing s y s t e m r e p a i r s and i m p r o v e m e n t s , and in deve lop ing 
e x p e r i m e n t a l e q u i p m e n t , a l l d e s i g n e d to i n c r e a s e p l an t r e l i a b i l i t y , r e d u c e 
o p e r a t i o n a l conap lex i t i e s and c o s t s , and e n h a n c e t h e i r r a d i a t i o n t e s t c a p a ­
b i l i t y of t h e r e a c t o r . 

In s o m e i n s t a n c e s ( e .g . , p r i m a r y p u m p m o t o r c o v e r s ) , th i s jo in t 
effor t h a s r e s u l t e d in m i n o r m o d i f i c a t i o n of a c c e s s i b l e d r i v e u n i t s to e x p e ­
d i te o c c a s i o n a l , naanual d i s l o d g e m e n t of i n a c c e s s i b l e d r i v e sha f t s . In o t h e r 
c a s e s , s c h e d u l e d shu tdowns h a v e b e e n u s e d a d v a n t a g e o u s l y to p l an and effect 
r e m o v a l , m o d i f i c a t i o n , and r e i n s t a l l a t i o n of m a j o r c o m p o n e n t s (e .g . , s u b a s -
sem.bly t r a n s f e r a rm. ) . T h i s w a s done to e l i m i n a t e d i f f icu l t i es t h a t m i g h t 
i m p a i r o p e r a t i o n o r c a u s e u n s c h e d u l e d shu tdown of t h e A E C ' s so l e f a s t flux 
i r r a d i a t i o n t e s t f ac i l i t y . 

In an ef for t t o r e d u c e o p e r a t i o n a l c o m p l e x i t i e s and c o s t s , two r e ­
v i s i o n s h a v e b e e n m a d e in the f e r t i l e b l a n k e t s e c t i o n s of t h e c o r e s u b a s ­
s e m b l i e s , and def in i t ive d e s i g n of an i r r a d i a t e d fuel s u b a s s e m b l y m o n i t o r 
i s n e a r i n g c o m p l e t i o n . P r o p o s e d for i n s t a l l a t i o n in the p r i m a r y t ank , t h i s 
m o n i t o r w i l l s a f e g u a r d a g a i n s t i n a d v e r t e n t , r enao te load ing of a spen t s u b ­
a s s e m b l y in to t h e r e a c t o r . 

In t e r m s of e n h a n c i n g the i r r a d i a t i o n c a p a b i l i t y of E B R - I I , t he 
R e a c t o r E n g i n e e r i n g D i v i s i o n h a s f a b r i c a t e d four m o d e l s of t h e M a r k - B 
i r r a d i a t i o n t e s t s u b a s s e m b l y , e s t a b l i s h e d t h e i r h y d r a u l i c c h a r a c t e r i s t i c s 
in an o u t - o f - p i l e w a t e r loop, and i s c u r r e n t l y engaged in the c o n c e p t u a l 
d e s i g n of a M a r k - C un i t . A l s o , p r o t o t y p e c o m p o n e n t s of t h e M a r k - I I o s c i l ­
l a t o r s y s t e m h a v e b e e n s u c c e s s f u l l y t e s t e d in an a i r e n v i r o n m e n t , a f ac i l i t y 
for t e s t i n g t h e i n t e g r a t e d p r o t o t y p e s y s t e m in 850° s o d i u m is u n d e r c o n s t r u c ­
t ion , and d e s i g n of t h e i n - r e a c t o r c o n t r o l s c h e m e s and i n s t r u m e n t a t i o n i s 
e s s e n t i a l l y c o m p l e t e d . 

1.1.2 P l a n t I m p r o v e m e n t s 

1.1.2.1 M o d i f i c a t i o n of M a i n P r i m a r y Sys tena P u m p C o v e r s 

A s p r e v i o u s l y r e p o r t e d ( s e e A N L - 7 1 9 0 , p . 16), t he s t i c k i n g t r o u b l e 
e x p e r i e n c e d d u r i n g s t a r t - u p of No. 1 p u m p w a s a t t r i b u t e d to a c c u m u l a t i o n of 



s o d i u m oxide in the runn ing c l e a r a n c e b e t w e e n the punap shaft and the u p p e r 
and l o w e r l a b y r i n t h b u s h i n g s in the sh ie ld p lug . O r i g i n a l l y spec i f i ed a s 
0.030 and 0.033 in. for p u m p s No. 1 and No. 2, r e s p e c t i v e l y , t h e s e c l e a r a n c e s 
w e r e i n c r e a s e d to 0.110 and 0.120 in. du r ing r e w o r k i n g of the p u m p sha f t s . 
In add i t ion , the shaft p e n e t r a t i o n s in the h o r i z o n t a l baffle p l a t e s be low t h e 
sh i e ld p lug w e r e m a c h i n e d s l igh t ly in e x c e s s of t h e bush ing c l e a r a n c e s . In 
the c a s e of No. 1 p u m p , t h i s e n l a r g e d a n n u l a r s p a c e p r o v i d e d a p a t h for in ­
c r e a s e d flow of s o d i u m - v a p o r - c o n t a m i n a t e d i n e r t gas u p w a r d a long the 
p u m p shaft , w i th c o n s e q u e n t b ind ing a f t e r a s c h e d u l e d r e a c t o r shutdown for 
s e v e r a l w e e k s . In th i s i n s t a n c e , t he shaft w a s r o t a t e d m a n u a l l y to effect 
d i s l o d g e m e n t . 

A l though bo th p u m p m o t o r s a r e r e a d i l y a c c e s s i b l e f r o m a top the 
p r i m a r y t ank , t h e y a r e h e r m e t i c a l l y s e a l e d . H e n c e , e a c h un i t m u s t be p a r ­
t i a l l y d i snaan t l ed to gain a c c e s s to the d r i v e shaft for m a n u a l r o t a t i o n . 
T h e r e f o r e , to e l i m i n a t e t h i s t i m e - c o n s u m i n g o p e r a t i o n , both p u m p c o v e r s 
w i l l be m o d i f i e d to a c c o m m o d a t e a shaft e x t e n s i o n , w h e n n e c e s s a r y , to en­
gage and m a n u a l l y r o t a t e t h e p u m p shaft . The shaft e x t e n s i o n w i l l o p e r a t e 
t h r o u g h an O - r i n g - s e a l e d , o i l - f i l l ed s e c t i o n . T h i s s e c t i o n wi l l be p r e s s u r ­
i z e d w i th i n e r t gas to p r e v e n t i n l e a k a g e of a i r in to t h e s e a l e d m o t o r h o u s i n g . 

D r a w i n g s and m a t e r i a l s p e c i f i c a t i o n s for the mod i f i ed c o v e r s have 
b e e n f o r w a r d e d to cogn izan t Idaho D i v i s i o n p e r s o n n e l for t h e i r r e v i e w a n d / 
o r i m p l e m e n t a t i o n should the shaft b inding r e c u r . To da te , no b inding has 
o c c u r r e d s i n c e r e a c t o r shu tdowns h a v e b e e n l i m i t e d to v e r y s h o r t p e r i o d s . 

1.1.2.2 R e m o v a l and Modi f i ca t ion of Sod ium S u r v e i l l a n c e P e r i s c o p e 

The sub jec t p e r i s c o p e i s an a s s e m b l y c o n s i s t i n g of a 142 - f t - l ong , 
t u b u l a r , o p t i c a l s y s t e m h o u s e d in a f u l l - l e n g t h s h i e l d e d e n c l o s u r e . Th i s 
tube can be l o w e r e d in to the a r g o n b l anke t r e g i o n of t h e p r i m a r y t ank for 
v iewing p u r p o s e s . When not in u s e , the tube is r a i s e d into t h e s h i e l d e d 
e n c l o s u r e . 

The a s s e m b l y w a s i n s t a l l e d in a s p a r e n o z z l e of the E B R - I I p r i m a r y 
tank, in J u n e , 1962, for v iewing c e r t a i n i n t e r n a l a r e a s d u r i n g t h e s o d i u m -
fi l l p e r i o d and, for a l i m i t e d t i m e t h e r e a f t e r , du r ing c o l d - t r a p p i n g o p e r a ­
t i o n s . A s e c o n d a r y p u r p o s e w a s to t e s t v a r i o u s m a t e r i a l s r e q u i r e d in o p t i c a l 
s y s t e m s (e .g . , l e n s e s , w indows , g a s k e t s , and s p e c i a l l ight s o u r c e s ) u n d e r 
a c t u a l r e a c t o r o p e r a t i n g cond i t i ons of h igh g a m m a r a d i a t i o n and c o r r o s i v e 
a e r o s o l at ~800°F . Da ta f r o m t h e s e t e s t s w e r e to p r o v i d e the b a s i s for f u r ­
t h e r d e v e l o p m e n t of r e m o t e v iewing d e v i c e s for s e r v i c e in fu tu re fas t 
r e a c t o r s . 

The p e r i s c o p e w a s u s e d s u c c e s s f u l l y for s h o r t p e r i o d s (3 -4 m i n ) 
d u r i n g i n i t i a l f i l l ing and s u b s e q u e n t c l e a n u p o p e r a t i o n s . H o w e v e r , a f t e r t he 
s o d i u m had b e e n h e a t e d to 750°F, an a t t e m p t to u s e the p e r i s c o p e r e v e a l e d 



t ha t t h e o p t i c a l s y s t e m had b e c o m e o b s c u r e d and i n o p e r a t i v e . At t h a t t i m e , 
the p e r i s c o p e w a s r a i s e d into i t s s h i e l d e d c o n t a i n e r w h e r e it r e m a i n e d 
t h r o u g h o u t t h e ensu ing wet c r i t i c a l e x p e r i m e n t s and a p p r o a c h - t o - p o w e r 
p r o g r a m . 

D u r i n g a s c h e d u l e d r e a c t o r shu tdown in J a n u a r y , 1965, the o p t i c a l 
s y s t e m tube w a s r e m o v e d f r o m the a s s e m b l y , c h e c k e d and found to b e n o n ­
r a d i o a c t i v e , and sh ipped to I l l i no i s for e x a m i n a t i o n . It w a s found tha t e x ­
c e s s i v e h e a t had m e l t e d t h e p i t c h - t y p e cenaent in t h e a c h r o m a t l ens l o c a t e d 
at t h e l o w e r end of the t u b e , c a u s i n g it to beconae o p a q u e . A l s o , one of the 
s t a i n l e s s s t e e l , k n i f e - e d g e - t y p e g a s k e t s a t t h e l o w e r end cap h a d fa i l ed due 
to t h e r m a l cyc l i ng . T h i s f a i l u r e p e r m i t t e d i n l e a k a g e of s o d i u m w h i c h 
f o r m e d a l ight f i lm of ox ide on t h e two, s i m p l e , o b j e c t i v e l e n s e s . 

The fol lowing m o d i f i c a t i o n s w e r e m a d e to c o r r e c t t h e s e m a l f u n c t i o n s : 

(1) The c e m e n t e d a c h r o m a t l ens w a s c o n v e r t e d to an a i r - s p a c e d 
t y p e . 

(2) The s i m p l e , u n c o a t e d , ob j ec t i ve l e n s e s w e r e r e p l a c e d wi th 
c o a t e d t y p e s w h i c h do no t a t t r a c t s o d i u m p a r t i c l e s a s r e a d i l y 
a s did the u n c o a t e d t y p e . 

(3) The m e t a l l i c g a s k e t s w e r e r e p l a c e d w i th a new h i g h - t e m p e r a t u r e , 
r e i n f o r c e d Tef lon g a s k e t m a t e r i a l . 

(4) K o v a r - t y p e s e a l s w e r e e m p l o y e d a s s e a l s for s y n t h e t i c - s a p p h i r e -
t o - n a e t a l f r anaes . 

(5) The s c r e w - t y p e j o i n t s w e r e r e d e s i g n e d a s b o l t e d f l a n g e - t y p e 
j o i n t s . 

(6) The l ight s o u r c e window w a s e n l a r g e d to i n c r e a s e the a v a i l a b l e 
i l l u m i n a t i o n . 

(7) The p e r i s c o p e a r g o n s y s t e m w a s r e v i s e d to m a i n t a i n a c o n s t a n t 
g a s p r e s s u r e (5 in . W.G.) i n s i d e t h e p e r i s c o p e . In add i t ion , t he 
a r g o n flow w a s i n c r e a s e d to e n h a n c e cool ing and p u r g i n g . 

No l a b o r a t o r y t e s t s of t h e m o d i f i c a t i o n s w i l l be p e r f o r m e d . The 
p e r i s c o p e a s s e m b l y w i l l be r e i n s t a l l e d in the p r i m a r y t ank and e v a l u a t e d 
in s e r v i c e . R e i n s t a l l a t i o n is s c h e d u l e d for the n e x t shu tdown p e r i o d . 

F u r t h e r r e s e a r c h and d e v e l o p m e n t w o r k i s c o n t i n g e n t upon t h e p e r ­
f o r m a n c e of t h i s a s s e m b l y and t h e funding a v a i l a b l e fo r m o r e a d v a n c e d and 
i m p r o v e d c o n c e p t s . T e n t a t i v e l y , t h e r e a r e two a r e a s w h e r e i n r e s o l u t i o n of 
unknowns could h a v e a m a r k e d in f luence on t h e s u c c e s s of fu tu re v iewing 
d e v i c e s : 



(1) The s o d i u m "fog" p h e n o m e n o n , w h i c h i s s u s p e c t e d to o c c u r in 
s o d i u m - s a t u r a t e d i n e r t gas at , o r above , 700°F. 

(2) An o p t i c a l l y t r a n s p a r e n t window n a a t e r i a l o r window coa t ing , 
wh ich i s unaf fec ted by s u s t a i n e d e x p o s u r e to c o r r o s i v e s o d i u m v a p o r in the 
t e m p e r a t u r e r a n g e 7 0 0 - 1 0 0 0 ° F , and h igh g a m m a r a d i a t i o n . 

1.1.2.3 R e m o v a l and R e p a i r of S u b a s s e m b l y T r a n s f e r A r m 

D u r i n g r o u t i n e fuel hand l ing in e a r l y F e b r u a r y , 1966, o p e r a t i o n of 
the t r a n s f e r a rna s e n s i n g and locking d e v i c e b e c a m e p r o g r e s s i v e l y m o r e 
diff icul t . B e c a u s e of i t s v i t a l r o l e in effect ing t r a n s f e r s of s u b a s s e m b l i e s 
b e t w e e n the r e a c t o r and s t o r a g e b a s k e t wi th in the p r i m a r y tank , t he d e c i ­
s ion w a s m a d e to r e m o v e and i n s p e c t t he t r a n s f e r a r m - p l u g a s s e n a b l y d u r ­
ing a r e a c t o r shu tdown p e r i o d s c h e d u l e d for l a t e F e b r u a r y . 

Af t e r c o n s i d e r a t i o n of v a r i o u s r e m o v a l m e t h o d s w h i c h would e n s u r e 
l eak t igh t i n t e g r i t y of the p r i m a r y tank, it w a s conc luded tha t t he m o s t e x ­
p e d i t i o u s and e c o n o m i c a l s c h e m e would be to w i t h d r a w t h e p lug a s s e m b l y 
in to a f l ex ib le g a s t i g h t bag . 

A c c o r d i n g l y , D i v i s i o n p e r s o n n e l a s s u m e d the r e s p o n s i b i l i t y for 
( l ) d e s i g n i n g , p r o c u r i n g , and d e m o n s t r a t i n g the r e l i a b i l i t y of s u c h an en­
c l o s u r e ; (2) d e v i s i n g a m e t h o d of s e a l i n g i t to the t r a n s f e r a r m plug n o z z l e ; 
and (3) p r e p a r i n g a d e t a i l e d s e q u e n c e for r e m o v a l of the plug into the bag 
and t r a n s p o r t to a s h i e l d e d a r e a for i n s p e c t i o n . T h e s e r e s p o n s i b i l i t i e s 
w e r e fulf i l led a s fo l lows : 

(1) A s a m p l e of n e o p r e n e r u b b e r - c o a t e d ny lon f a b r i c w a s ob ta ined 
f r o m a l o c a l v e n d o r . Th i s s a m p l e w a s s u c c e s s f u l l y t e s t e d for 6 h r u n d e r 
cond i t ions s i m u l a t i n g t h o s e e x p e c t e d d u r i n g t h e r e m o v a l o p e r a t i o n : a m ­
b ien t t e m p e r a t u r e of, and in c o n t a c t wi th sodiuna p a r t i c l e s a t , 250°F. Suf­
f ic ien t m a t e r i a l w a s then p u r c h a s e d to f a b r i c a t e a bag 9 ft in d i a m e t e r and 
30 ft long. 

(2) P r e p a r a t o r y to r e m o v a l of the t r a n s f e r a r m p lug , the bag w a s 
folded a r o u n d and c l a m p e d a t the l o w e r end to t h e p lug n o z z l e . At the u p p e r 
end, t h e bag w a s s e a l e d in s i m i l a r f a sh ion to the p lug - l i f t i ng lugs w h i c h w e r e 
engaged by t h e bu i ld ing c r a n e . D u r i n g s u b s e q u e n t l if t ing o p e r a t i o n s , t he bag 
unfolded, f o r m i n g a l eak t igh t e n c l o s u r e a r o u n d the w i t h d r a w n t r a n s f e r a r m -
plug a s s e m b l y . 

The d e g r e e of s u c c e s s a c h i e v e d by the f o r e g o i n g p r o c e d u r e is b e s t 
m e a s u r e d by t h e fact t h a t w i t h d r a w a l of the p lug a s s e m b l y w a s a c c o m p l i s h e d 
in 1 h r wi thou t i nc iden t and undue r a d i a t i o n h a z a r d to m a i n t e n a n c e p e r s o n n e l . 



S u b s e q u e n t d i s a s s e m b l y and i n s p e c t i o n of t h e t r a n s f e r a r i n r e v e a l e d 
a b r o k e n b e l l c r a n k p ivo t in the s e n s i n g and locking pin l i n k a g e . The f a i l u r e 
w a s t r a c e d to an i n c o m p l e t e we ld . Th i s p o r t i o n of the l i nkage w a s r e d e s i g n e d 
to e l i m i n a t e the w e l d e d p ivot . In add i t ion , the n a a t e r i a l w a s changed f r o m 
Type 304 s t a i n l e s s s t e e l to Type 4140 s t e e l . 

Upon c o m p l e t i o n of t h e s e m o d i f i c a t i o n s , the t r a n s f e r a r m - p l u g a s ­
s e m b l y w a s r e i n s t a l l e d in the p r i m a r y tank , u s i n g the s a m e f l ex ib le bag 
t e c h n i q u e . R e i n s t a l l a t i o n and s u b s e q u e n t c h e c k - o u t t e s t s w e r e p e r f o r m e d 
d u r i n g the w e e k of M a r c h 7, 1966. S ince t h a t t i m e , rou t ine fuel hand l ing 
h a s b e e n c a r r i e d out wi thou t f u r t h e r diff icul ty. 

I n s p e c t i o n of Ro ta t i ng Shie ld P l u g Annul i 

R e m o v a l of the t r a n s f e r a r m - p l u g a s s e m b l y p r e s e n t e d an o p p o r t u n i t y 
for r e m o t e v i s u a l i n s p e c t i o n of the annu l i b e t w e e n the p r i m a r y t ank c o v e r 
and t h e l a r g e and s m a l l index ing s h i e l d p l u g s . The ob j ec t i ve h e r e w a s to 
d e t e r m i n e w h e t h e r t h e s e annu l i could , o r had , b e c o m e " b r i d g e d " o r p a r t i a l l y 
f i l led wi th f r o z e n s o d i u m o r s o d i u m oxide . 

T h e p o s i t i o n of the t r a n s f e r a r m plug r e l a t i v e to t h e s h i e l d p lugs 
p r e c l u d e d i n s p e c t i o n of the e n t i r e c i r c u m f e r e n c e of e a c h s h i e l d p lug . How­
e v e r , w i th the a id of a s i m p l e p e r i s c o p e a r r a n g e m e n t , it w a s p o s s i b l e to 
v iew and p h o t o g r a p h l a r g e s e c t i o n s of e a c h annu l i . A s s u m i n g tha t t h e s e 
s e c t i o n s a r e r e p r e s e n t a t i v e of the e n t i r e c i r c u m f e r e n c e of e a c h r o t a t i n g 
p lug , t h e r e i s no c a u s e for c o n c e r n ; e a c h s e c t i o n e v i d e n c e d a v e r y s l igh t 
a m o u n t of sodiuna c o n d e n s a t e and no b r i d g i n g . 

1.1.2.4 Spent F u e l S u b a s s e m b l y M o n i t o r : An A d d i t i o n a l S a f e g u a r d a g a i n s t 
Load ing E r r o r 

Refue l ing of t h e E B R - I I i n v o l v e s r e m o t e - c o n t r o l l e d t r a n s f e r s and 
e x c h a n g e s b e t w e e n spen t fuel s u b a s s e m b l i e s in the r e a c t o r and i d e n t i c a l l y -
s h a p e d , f r e s h o r r e p r o c e s s e d un i t s in t h e p r i m a r y t ank s t o r a g e r a c k . D e s p i t e 
the r i g o r o u s l y c o n t r o l l e d fuel ing s e q u e n c e and i n v e n t o r y - a c c o u n t i n g s y s t e m , 
w h i c h h a v e p r e v a i l e d wi thou t m a l f u n c t i o n thus f a r , a r e m o t e p o s s i b i l i t y 
e x i s t s tha t , d u r i n g r e p e a t e d un load ing and load ing o p e r a t i o n s , a spen t s u b ­
a s s e m b l y m i g h t be r enaoved f r o m t h e s t o r a g e r a c k and r e t u r n e d to t h e r e ­
a c t o r . S u b s e q u e n t i r r a d i a t i o n to h i g h e r fuel b u r n u p could l e a d to s u b a s s e m b l y 
f a i l u r e and p o s s i b l e danaage to the r e a c t o r . As an a d d i t i o n a l s a f e g u a r d 
a g a i n s t s u c h a load ing e r r o r , it i s p r o p o s e d to i n s t a l l an I r r a d i a t e d F u e l 
M o n i t o r i n g S y s t e m in the p r i n a a r y t ank to he lp t h e o p e r a t o r s d i s t i n g u i s h 
b e t w e e n s p e n t and r e p r o c e s s e d fuel s u b a s s e m b l i e s d u r i n g r e fue l ing 
o p e r a t i o n s . 

The m o n i t o r i n g s y s t e m c o n s i s t s of a s p e c i a l h i g h - t e m p e r a t u r e 
gamnaa i o n i z a t i o n c h a m b e r , d r i v e m e c h a n i s m , and r e a d o u t i n s t r u m e n t a t i o n 



to d i f f e r en t i a t e b e t w e e n the g a m m a - r a d i a t i o n l e v e l s and p a t t e r n s of the 
r e s p e c t i v e s u b a s s e m b l i e s . Suppor t ing des ign c a l c u l a t i o n s i n d i c a t e tha t 
r a d i a t i o n frona a r e p r o c e s s e d fuel s u b a s s e m b l y i s l o w e r by a f a c t o r of 
~10'* t han tha t e m i t t e d f r o m a spen t uni t . A l s o , tha t t he r a d i a t i o n p ro f i l e 
i s m o r e u n i f o r m , whi le tha t of a spen t unit is t yp ica l ly c o s i n e in s h a p e . 

The ganama c h a m b e r and d r i v e m e c h a n i s m wi l l be i n s t a l l e d in a 
Type 304 s t a i n l e s s s t e e l t h i m b l e which m e a s u r e s 12 in. O.D. a t the top 
and 19 f t -10 in. long. Th i s t h i m b l e ex tends t h r o u g h the "X" n o z z l e of the 
p r i m a r y t ank , w i th the l o w e r s t e p p e d - d o w n s e c t i o n (3 in. O.D. , 12 ft long) 
t angen t to the a r c i n s c r i b e d by the t r a n s f e r a r m . (See F i g . 1-1.) 
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Fig. 1-1. Concept of Irradiated Fuel Subassembly Monitor installation 
in the EBR-II primary tank. In this view, transfer arm has 
positioned the suspended fuel subassembly adjacent to the 
thimble containing the gamma chamber. When properly 
identified, the subassembly will be transported to and en­
gaged by the gripper for insertion into the reactor. 



In o p e r a t i o n , t h e g a m m a c h a m b e r in th i s s e c t i o n w i l l be r a i s e d o r l o w e r e d 
a m a x i m u m of 60 in. Th i s v e r t i c a l t r a v e l c o r r e s p o n d s to the a c t i v e he igh t 
of the s u b a s s e m b l y when it is s u p p o r t e d by the t r a n s f e r a r m whi l e e n r o u t e 
f r o m the s t o r a g e b a s k e t . F i n a l l y , the fue l -hand l i ng s e q u e n c e wi l l be m o d i ­
fied to i n c o r p o r a t e a t r a n s f e r - a r m s top at t he I r r a d i a t e d F u e l M o n i t o r 
l oca t i on . At t h i s po in t , e v e r y c o r e s u b a s s e m b l y w i l l be s c a n n e d and i d e n t i ­
fied p r i o r to i t s t r a n s f e r to t h e g r i p p e r m e c h a n i s m for i n s e r t i o n in to the 
r e a c t o r . 

The s t a t u s of the naoni tor ing s y s t e m i s a s fo l lows . C o n c e p t u a l d e ­
s ign d r a w i n g s and p u r c h a s e s p e c i f i c a t i o n s h a v e b e e n f ina l i zed ; def in i t ive 
d e s i g n of the p r o t o t y p e s y s t e m i s u n d e r w a y . C o n s t r u c t i o n and in i t i a l t e s t s 
a r e e x p e c t e d to be c o m p l e t e d b y J a n u a r y , 1967. 

1.1.2.5 R e d e s i g n of C o r e S u b a s s e m b l y B lanke t S e c t i o n s 

The o r i g i n a l d e s i g n of the c o r e s u b a s s e m b l i e s i n c l u d e d a b l a n k e t 
s e c t i o n of f e r t i l e n a a t e r i a l above and be low the c o r e s e c t i o n for b r e e d i n g 
m e a s u r e m e n t s . Unl ike the c o r e s e c t i o n , w h i c h con ta ined 9 1 , w i r e - s p a c e d , 
s o d i u m - b o n d e d , e n r i c h e d fuel e l e m e n t s (0.144 O.D. , 14.22 in. long) , e a c h 
b l a n k e t s e c t i o n c o n t a i n e d 18 e lenaen ts (0.375 in. O.D. , 18 in. long) of s i m i ­
l a r l y bonded , una l l oyed , d e p l e t e d u r a n i u m . T h e s e e l e m e n t s w e r e m a d e 
i n t e n t i o n a l l y t h i c k e r to ob ta in p l u t o n i u m p r o d u c t i o n d i s t r i b u t i o n s ; h o w e v e r , 
even at t h a t t i m e t h e y w e r e c o n s i d e r e d too t h i ck for o p t i m u m e c o n o m y of 
p l a n t o p e r a t i o n . M o r e r e c e n t l y , a po in t w a s r e a c h e d w h e r e t h e b r e e d i n g 
da ta d e r i v e d f r o m t h e s e e l e m e n t s no l o n g e r j u s t i f i ed t h e c o m p l e x i t y and 
c o s t of t h e i r f a b r i c a t i o n . A s a r e s u l t of e f for t s to s impl i fy c o n s t r u c t i o n 
and r e d u c e c o s t s , t he o r i g i n a l d e s i g n of t h e s e b l anke t s e c t i o n s h a s u n d e r ­
gone two r e v i s i o n s s i n c e A p r i l , 1964. 

In t h e f i r s t r e v i s i o n (F ig . 1 - 2 ( A ) ) , t he u r a n i u m b l anke t e l e m e n t s 
w e r e r e p l a c e d wi th so l id s t a i n l e s s s t e e l r o d s of i d e n t i c a l d i m e n s i o n s . 
T h e s e r o d s w e r e p o s i t i o n e d b e t w e e n two s u p p o r t g r i d s , w i th a c e n t r a l 
s p a c e r r o d and a r e t a i n e r nut . S e v e r a l of t h e s e s u b a s s e n a b l i e s w e r e 
loaded into the r e a c t o r d u r i n g the l a t t e r p a r t of F Y - 1 9 6 6 . 

The l a t e s t r e v i s i o n (F ig . 1 - 2 ( B ) ) p r o p o s e s to r e p l a c e t h e s e p a r t s 
w i th a s t a i n l e s s s t e e l t r i f l u t e s e c t i o n . It wi l l s e r v e a s a r e f l e c t o r and 
sh i e ld to p r o t e c t t h e s t r u c t u r a l p o r t i o n s of the r e a c t o r above and be low 
the c o r e s e c t i o n . In add i t ion , a flow d i s t r i b u t o r w i l l be i n s t a l l e d in t h e 
l o w e r b l a n k e t s e c t i o n to d i r e c t t h e s o d i u m coolan t into t h e g r i d wh ich 
s u p p o r t s t h e a c t i v e fuel e l e n a e n t s . 

C o n s t r u c t i o n of t h e s e s u b a s s e m b l i e s i s pend ing c o m p l e t i o n of w a t e r 
loop t e s t s on p r o t o t y p e c o m p o n e n t s . The ob j ec t i ve h e r e i s to e n s u r e tha t 
t he h y d r a u l i c c h a r a c t e r i s t i c s m a t c h t h o s e of the s u b a s s e n a b l y shown in 
F i g . 1-2(A). 



ALTERNATE CONSTRUCTION 

Fig. 1-2. Sectional views of revised core subassemblies containing solid stainless 
steel (A) blanket rods and (B) triflute reflector and shield section 



1.1.2.6 S p a r e C o m p o n e n t s for C o n t r o l Rod D r i v e M e c h a n i s n a s 

Two 26 - f t - l ong c o n c e n t r i c d r i v e , g r i p p e r , and s e n s i n g shaft a s s e m ­
b l i e s , w i th g r i p p e r m e c h a n i s m s , w e r e f a b r i c a t e d and s h i p p e d to t h e r e a c t o r 
s i t e . Both a s s e m b l i e s w e r e n e e d e d to c o m p l e t e t h e two s p a r e c o n t r o l r od 
d r i v e m e c h a n i s n a s tha t a r e kep t r e a d i l y a v a i l a b l e for p a r t i a l o r c o m p l e t e 
r e p l a c e m e n t of an i n o p e r a b l e d r i v e uni t . As r e p o r t e d in A N L - 7 1 9 0 (p. 21), 
shaft a s s e m b l i e s in c o n t r o l r od d r i v e s No. 7 and No. 9 w e r e d a m a g e d by 
f a i l u r e of the o s c i l l a t o r d r i v e m e c h a n i s m . In add i t ion , two s p a r e g r i p p e r 
m e c h a n i s m s w e r e f a b r i c a t e d , and suff ic ient r aw m a t e r i a l , p a r t i c u l a r l y 
t u b u l a r p r o d u c t s invo lv ing l o n g - d e l i v e r y t i m e s , w a s p r o c u r e d to e x p e d i t e 
c o n s t r u c t i o n of two m o r e shaft a s s e m b l i e s at a l a t e r d a t e . 

With the excep t ion of c e r t a i n g r i p p e r i n a p r o v e m e n t s and m i n o r 
m a t e r i a l c h a n g e s , t he new c o m p o n e n t s w e r e f a b r i c a t e d a c c o r d i n g to the 
o r i g i n a l d r a w i n g s and s p e c i f i c a t i o n s . G r i p p e r i m p r o v e m e n t s inc luded : 
( l ) v /e lded c a m b a r s on the j a w - a c t u a t i n g s l e e v e ; (2) o n e - p i e c e jaw con ­
s t r u c t i o n ; (3) r e d e s i g n of t h e jaw c a m - b e a r i n g s u r f a c e ; (4) a s t r o n g e r e n t r y 
guide for t h e c o n t r o l rod ; and (5) jaw r e v i s i o n s tha t p e r m i t an opened g r i p ­
p e r to p a s s t h r o u g h t h e r e a c t o r v e s s e l c o v e r s l e e v e s . 

The e x p e d i t i o u s m a n n e r in w h i c h t h e s e c o m p o n e n t s w e r e m a d e a v a i l ­
a b l e i s b e s t i l l u s t r a t e d by t h e fact t h a t p r o c u r e m e n t of the n e c e s s a r y h a r d ­
w a r e and m a t e r i a l s w a s i n i t i a t e d in O c t o b e r , 1965. One g r i p p e r a s s e m b l y 
w a s c o m p l e t e d and sh ipped to t h e Idaho s i t e in D e c e m b e r , 1965. Al l r a w 
m a t e r i a l for fu tu re f a b r i c a t i o n of s p a r e c o m p o n e n t s w a s r e c e i v e d a t A r g o n n e 
by F e b r u a r y , 1966. The s e c o n d s p a r e g r i p p e r and t h e two shaft a s s e m b l i e s 
w e r e conaple ted in S e p t e m b e r , 1966. S o m e d e l a y in shaft f a b r i c a t i o n w a s 
e x p e r i e n c e d due to d i f f icu l t i es in ho ld ing d i m e n s i o n a l t o l e r a n c e s wh i l e ex­
t r u d i n g t h e o u t e r t u b e s . 

1.1.2.7 D i g i t a l C o n t r o l of E B R - I I 

The f i r s t p h a s e of t h e E B R - I I i m p r o v e m e n t p r o g r a m to a c h i e v e 
au tonaa t ic d e m a n d c o n t r o l r e s p o n s e r ang ing f r o m 10 to 100% of full p o w e r 
h a s b e e n d e f e r r e d at t he p r o c u r e m e n t s t a g e . T h i s p h a s e p r o v i d e d for t h e 
p r o c u r e m e n t , eva lua t i on , and i n s t a l l a t i o n of d ig i t a l c o n t r o l e q u i p m e n t w h i c h 
would a u t o m a t i c a l l y ad jus t s e c o n d a r y s o d i u m f l o w r a t e s to naa tch r e a c t o r 
s y s t e m and s teana s y s t e m r e q u i r e m e n t s . If s u c c e s s f u l , t h e c o n t r o l func­
t i ons of t h e d ig i t a l equipnaent w e r e to be expanded to i nc lude p r i m a r y s o d i u m 
flow and, u l t i m a t e l y , n e u t r o n flux. 

P u r c h a s e of the d ig i t a l c o n t r o l e q u i p m e n t h a s b e e n w i thhe ld in r e ­
s p o n s e to a r e q u e s t by DRDT to de f e r p r o c u r e m e n t un t i l t e c h n i c a l j u s t i f i ­
ca t ion for s u c h e q u i p m e n t to i m p r o v e t h e i r r a d i a t i o n t e s t c a p a b i l i t i e s of 
E B R - I I h a s b e e n r e c e i v e d and c o n c u r r e d wi th by D R D T . 



A l e t t e r to th i s effect has b e e n f o r w a r d e d . Br ie f ly , it ou t l i nes the 
p r o p o s e d o n - l i n e and of f - l ine a p p l i c a t i o n s of d ig i t a l c o n t r o l to E B R - I I , t h e i r 
spec i f i c r o l e s in enhanc ing sa fe ty and u t i l i t y of E B R - I I a s a fuels i r r a d i a t i o n 
fac i l i ty and, f inal ly , t h e i r c o n t r i b u t i o n s to the t echno logy of autonaated c o n t r o l 
and i n s t r u m e n t a t i o n for fu ture L M F B R p l a n t s . 

1.1.3 E x p e r i m e n t a l Suppor t 

1.1.3.1 M a r k - B and M a r k - C I r r a d i a t i o n T e s t S u b a s s e m b l i e s 

F o u r m o d e l s of the M a r k - B s u b a s s e m b l y d e s i g n w e r e c o m p l e t e d , the 
p r e s s u r e d r o p c h a r a c t e r i s t i c s of e a c h m o d e l w e r e d e t e r m i n e d in w a t e r loop 
t e s t s , and c o n c e p t u a l de s ign of a M a r k - C unit w a s s t a r t e d . 

M a r k - B 

O u t w a r d l y , the b a s i c f e a t u r e s of the M a r k - B d e s i g n a r e i d e n t i c a l to 
t h o s e of the M a r k - A uni t : both employ the top end f ix tu re , hexagona l can, and 
l o w e r a d a p t e r of a s t a n d a r d c o r e s u b a s s e m b l y . I nward ly , the M a r k - B s u b a s ­
s e m b l y con ta in s s e v e r a l f e a t u r e s wh ich identify the r e s p e c t i v e m o d e l s and 
which r e p r e s e n t a d i s t i n c t i m p r o v e m e n t o v e r the M a r k - A d e s i g n . 

B r i e f ly , t he M a r k - A s u b a s s e m b l y p r o v i d e s for s i m u l t a n e o u s i r r a ­
d ia t ion of n i n e t e e n e n c a p s u l a t e d s a m p l e s . M a x i m u m c a p s u l e length is about 
40 in. M a x i m u m s a m p l e length and d i a m e t e r t ha t can be a c c o m m o d a t e d is 
about 37 and 0.32 in . , r e s p e c t i v e l y . E a c h c a p s u l e is p o s i t i o n e d wi th in a 
dinapled s h r o u d t u b e . S p a c e s be tween adjoining s h r o u d t u b e s a r e c l o s e d off 
wi th f i l l e r s t r i p s so that e s s e n t i a l l y a l l of the coolan t flows t h r o u g h the 
s h r o u d t u b e s . 

By c o m p a r i s o n , the M a r k - B s u b a s s e m b l y (F ig . 1-3) offers ( l ) g r e a t e r 
f l ex ib i l i ty in the n u m b e r , d i a m e t e r , length , and h e n c e , e x p e r i m e n t a l c a p a c i t y 
of the t e s t e l e m e n t s tha t can be a c c o m m o d a t e d ; (2) po t en t i a l u s e of u n e n c a p -
su l a t ed fuel s p e c i m e n s ; and (3) the po t en t i a l of r e m o t e a s s e m b l y when fac i l i ­
t i e s b e c o m e a v a i l a b l e to a l low s u c c e s s i v e i r r a d i a t i o n s of given s a m p l e s . 

Tab le 1-1 l i s t s t h e n u m b e r and c o r r e s p o n d i n g d i a m e t r a l t o l e r a n c e s of 
t e s t e lenaents t ha t can be i n s t a l l e d in the r e s p e c t i v e M a r k - B m o d e l s . E a c h 
e l e m e n t m e a s u r e s 61 in. long, wi th a p p r o x i m a t e l y 58 in. i n t e r i o r length a v a i l ­
ab le for e x p e r i m e n t s . If d e s i r e d , the i n t e r i o r length can be r e d u c e d by one 
of the two a l t e r n a t e naethods shown in F i g . 1-4. 

Table l - I . Total Number and Diametral Tolerances of Test Elements Contained In Mark-B Subassemblies 

Model No. 

B-61 
B-37 
B-19 
B-7 

No. of 
Elements 

61 
37 
19 
7 

Diameters, In. 

O.D. 

0.220 ± .001 
0.290 ± .001 
0.375 ± .001 

0.8055 ± .0005 

I.D.* 

0.188 ± .001 
0.250 ± .001 
0.325 ± .001 
0.750 ± .003 

Spacer Wire 
DIa., In. 

0.0515 ± .0005 
0.0565 ± .0005 
0.0970 ± .0005 

•Size as ordered in Type 304L stainless steel; to be furnisfied to experimenters. 



TOP END FIXTURE-

SECTION A-A 
FOR 61 ELEMENTS 

SECTION A-A 
FOR 37 ELEMENTS 

SECTION A-A 
FOR 19 ELEMENTS 

SECTION A-A 
FOR-7 ELEMENTS 

SECTION B-B 
WITH ORIFICE 

SECTION 8 - 8 
WITHOUT ORIFICE 
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21765 
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( B ) ( C ) 

Fig. 1-3. Sectional views of Mark-B 
irradiation test subassembly 

Fig. 1-4. (A) Typical Mark-B test element. Also shown 
are two methods for reducing capacity of ra­
diation capsule: (B) use of insert of optional 
length, and (C) longer end fitting. Latter is 
welded to test element at reactor site and 
may be severed after irradiation to provide 
a more convenient shipping length. 



T e s t e l e m e n t s for M o d e l s B - 6 1 , B - 3 7 , and B - 1 9 a r e s p a c e d by 
s p i r a l w i r e s wh ich have a 6- in . p i t c h s i m i l a r to the s t a n d a r d E B R - I I fuel 
e l e m e n t s . T h e s e w i r e s a r e w e l d e d to the e lenaents j u s t p r i o r to load ing in 
the d e s i g n a t e d s u b a s s e m b l y . Th i s p r o c e d u r e a l lows t h e o f f - s i t e e x p e r i ­
m e n t e r to a s s e m b l e , t e s t , and sh ip the e l e m e n t s wi thout i n t e r f e r e n c e f r o m 
the w i r e . A l s o , un l ike the s h r o u d tube of M a r k - A , t h i s m o d e of s p a c i n g 
a l lows h i g h e r s o d i u m f l o w r a t e s . If a r e d u c t i o n in flow is d e s i r e d , an o r i -
f iced g r i d s u p p o r t can be s u b s t i t u t e d . (See Sec t ion B - B , F i g . 1-3.) 

As e v i d e n c e d by the t e s t e l e m e n t d i a m e t e r s in T a b l e 1-1 , the 
Mode l B-7 s u b a s s e m b l y h a s t h e s m a l l e s t flow a r e a and i s i n t e n d e d p r i ­
m a r i l y for i r r a d i a t i n g s t r u c t u r a l m a t e r i a l s p e c i m e n s . The s e v e n e l e m e n t s 
a r e devoid of w i r e s p a c e r s . (See a p p r o p r i a t e Sec t ion A - A , F i g . 1-3.) In 
add i t ion , the o u t e r l eng th h a s been s h o r t e n e d to 57-|- in . to p r o v i d e a plenuna 
above the e l e m e n t s for m i x i n g of effluent coo lan t . 

P r e s s u r e D r o p C h a r a c t e r i s t i c s . F i g u r e 1-5 is a conapos i te p lo t of 
f l o w r a t e s v s . p r e s s u r e d r o p a s a funct ion of r e a c t o r row p o s i t i o n for p r o t o ­
type M a r k - B s u b a s s e m b l i e s . T h e s e t e s t s w e r e conduc ted in the s a m e w a t e r 
loop t h a t w a s u s e d to d e t e r m i n e flow v a l u e s for the s t a n d a r d c o r e and M a r k -
A i r r a d i a t i o n s u b a s s e m b l i e s . In e a c h i n s t a n c e , the s u b a s s e n a b l y w a s p o s i ­
t i oned in a m o c k - u p c o r e s u p p o r t g r i d l o c a t e d in a v e r t i c a l s e c t i o n of t h e 
loop. Di f fe ren t r e a c t o r rows w e r e s i m u l a t e d by t h e add i t ion of b u s h i n g s to 
c o v e r flow h o l e s . M a i n flow in t h e loop w a s m e a s u r e d on t h e h i g h - p r e s s u r e 
s ide a c r o s s a s t a n d a r d o r i f i c e p l a t e wi th a m e r c u r y m a n o m e t e r a n d / o r p r e s ­
s u r e g a g e s . L e a k a g e a r o u n d the o u t s i d e of t h e l o w e r a d a p t e r w a s m e a s u r e d 
in the s a m e m a n n e r . F l o w w a s a c h i e v e d by a c e n t r i f u g a l p u m p w h i c h h a s a 
c a p a c i t y of ~100 g p m a g a i n s t a 230-ft head . F i n a l l y , t he w a t e r t e s t da ta w e r e 
c o n v e r t e d to sodiuna flow at 800°F by u s i n g a p p r o p r i a t e d e n s i t y and v i s c o s i t y 
c o r r e c t i o n s ( t e m p e r a t u r e c o m p e n s a t e d ) . 

V e l o c i t y and F l o w D i s t r i b u t i o n . In the M a r k - B d e s i g n , t he flow chan ­
n e l s do not h a v e equ iva l en t a r e a s ; i . e . , t he c h a n n e l s b e t w e e n t h e o u t e r e l e ­
m e n t s and the h e x a g o n a l tube a r e l a r g e r t han t h o s e b e t w e e n any g r o u p s of 
t h r e e e l e m e n t s . 

F i g u r e 1-6 shows t h e m a t h e n a a t i c a l m o d e l s e m p l o y e d and t h e c o r ­
r e s p o n d i n g c a l c u l a t e d v e l o c i t y and flow d i s t r i b u t i o n in e a c h of the M a r k - B 
m o d e l s . The c a l c u l a t i o n s w e r e b a s e d on m e t h o d s w h i c h w e r e p r e v i o u s l y 
v e r i f i e d by flow t e s t s on a s c a l e d - u p naodel of an E B R - I I s t a n d a r d c o r e 
subassenably. '^ In t h e s e t e s t s , t h e r e w a s a 3% v a r i a t i o n in bo th v e l o c i t y 
and flow a c r o s s t h e s u b a s s e m b l y . With r e s p e c t to t h e M a r k - B s u b a s s e m ­
b l i e s , the p r o b l e m is w h e t h e r c r o s s - m i x i n g naay be a m o r e s e r i o u s con­
s i d e r a t i o n as t h e s p a c e b e t w e e n e l e m e n t s and e l e m e n t s i z e i n c r e a s e s . 
Subjec t to e x p e r i m e n t a l v e r i f i c a t i o n , i t is b e l i e v e d tha t t he d i s t r i b u t i o n 
v a l u e s in F i g . 1-6 m a y v a r y by 7%. 

* Superscript numerals correspond to references listed at the end of each subsection throughout this report. 
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Fig. 1-5. Pressure drop as a function of sodium flow at 800°F through Mark-B irradiation 
test subassemblies. Horizontal dashes near top of curves are the effective AP 
for the reference 67-subassembly EBR-II core. 
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Fig. 1-6. Mathematical models and calculated velocity and flow 
distribution in Mark-B irradiation test subassemblies 

M a r k - C 

In addi t ion to the a d v a n t a g e s c i ted for the M a r k - B subassenab ly , the 
p r o p o s e d M a r k - C uni t wi l l p e r m i t i r r a d i a t i o n of fuel e l e m e n t s at h i g h e r 
coolan t t e m p e r a t u r e s than can be a t t a ined m e i t h e r the M a r k - A or M a r k - B 
d e s i g n s 

As shown m F ig 1-7, the M a r k - C s u b a s s e m b l y wi l l a c c o m m o d a t e 
37 t e s t e l e m e n t s (O 220 m O D , 0 188 m I D.) o r 19 e l e m e n t s (O 290 m 
O.D , 0 250 in I.D ) s p a c e d wi th s p i r a l w i r e s of 0 0515 m and 0 0805 m 
d i a m e t e r , r e s p e c t i v e l y . All e l e m e n t s have an i r r a d i a t i o n length of 41 m 
They a r e pos i t i oned on a s u p p o r t g r id which con ta ins o r i f i c m g for the e n t i r e 
s u b a s s e m b l y and for d i v e r t i n g a m a j o r p o r t i o n of the flow t h r o u g h an annulus 
s u r r o u n d i n g the c l u s t e r of t e s t e l e m e n t s Th i s b y p a s s annu lus is f o r m e d by 
the ou t e r hexagona l e n c l o s u r e and the d o u b l e - w a l l e d s h r o u d which e n c i r c l e s 
the t e s t e lenaents The double wa l l is p r o v i d e d to r e d u c e t h e r m a l s t r e s s e s 
g e n e r a t e d by the AT a c r o s s the s h r o u d F i n a l l y , a m ix ing p l e n u m is l oca t ed 
above the e n s h r o u d e d c l u s t e r . The ob jec t ive h e r e i s to e n s u r e an exit coo l ­
ant t e m p e r a t u r e tha t wi l l r e a s o n a b l y m a t c h t h e effluent t e m p e r a t u r e of ad ja ­
cent s t a n d a r d c o r e s u b a s s e m b l i e s M a x i m u m p e r m i s s i b l e s o d i u m t e m p e r a t u r e 
at the s h r o u d ou t le t has been c a l c u l a t e d to be 1200°F. 
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1.1.3.2 H y d r a u l i c Ho ld -Down 
C h a r a c t e r i s t i c s of I r r a -
d ia t ion T e s t S u b a s s e m b l i e s 

One sa fe ty f e a t u r e of the 
s t a n d a r d E B R - I I c o r e s u b a s s e m ­
b l i e s is t he downward h y d r a u l i c 
f o r c e , wh ich i n c r e a s e s wi th in ­
c r e a s e d u p w a r d s o d i u m coolant 
flow. Th is f o r c e i s in add i t ion to 
the g r a v i t a t i o n a l f o r c e (weight) of 
the s u b a s s e m b l i e s . In o p e r a t i o n , 
the c o m b i n e d f o r c e s p r e v e n t t h e s e 
s u b a s s e m b l i e s f r o m being lifted 
out of t h e i r r e s p e c t i v e p o s i t i o n s in 
the c o r e s u p p o r t g r i d . 

S ince t h e E B R - I I i s the 
p r i n c i p a l fas t flux t e s t fac i l i ty , 
m a n y i r r a d i a t i o n t e s t s u b a s s e m ­
b l i e s a l s o wi l l be i n s t a l l e d in the 
c o r e zone . M o r e o v e r the we igh t s 
of, and the d e s i g n flow t h r o u g h , 
t h e s e s u b a s s e m b l i e s wi l l v a r y , 
b a s e d on the n a t u r e of the t e s t 
m a t e r i a l s and the n u m b e r of t e s t 
e l e m e n t s . H e n c e , 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 to d e t e r m i n e the 
h y d r a u l i c ho ld -down o r s ea t ing 
f o r c e of t h e s e s u b a s s e m b l i e s . 

The r e s u l t a n t c u r v e s 
(F ig . 1-8) show tha t in a c o r e 
p o s i t i o n wi th n o r m a l p r e s s u r e 
d r o p s (de r ived f r o m o p e r a t i n g 
da ta ) , the h y d r a u l i c ho ld -down 
f o r c e cannot be m o r e than 2 lb 
(nega t ive ) . The t o t a l s ea t i ng 

f o r c e is t hen the a p p r o p r i a t e c u r v e va lue p l u s t h e weigh t of t h e s u b a s s e m b l y 
in s o d i u m . Th i s we igh t can be ob ta ined by s i m p l e d i s p l a c e m e n t c o m p u t a ­
t i o n s , u s ing the m e a s u r e d weight of the p a r t i c u l a r s u b a s s e m b l y in a i r and 
w a t e r . In g e n e r a l , t he c o m b i n e d ho ld -down f o r c e s shou ld be a d e q u a t e for 
any i r r a d i a t i o n t e s t s u b a s s e m b l y p o s i t i o n e d in the c o r e zone of the E B R - I I 
r e a c t o r . 

LOWER ADAPTER 

SODIUM FLOW 

Fig. 1-7. Sectional views of Mark-C 
irradiation test subassembly 
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A f u l l - s c a l e m o c k - u p of the 
o s c i l l a t o r r o d ( see A N L - 7 1 9 0 , p . 37) 
w a s c o n s t r u c t e d to f ac i l i t a t e i n i t i a l 
t e s t i n g of the p r o t o t y p e g r i p p e r -
d r i v e a s s e m b l y in an a i r e n v i r o n m e n t 
To s impl i fy c o n s t r u c t i o n , s t a n d a r d -
s i z e tub ing w a s u s e d wh ich c l o s e l y 
a p p r o x i m a t e d the 28 - f t - l ong , r o t a t i n g 
d r i v e shaft . F i n a l l y , t h e o u t e r b e a r ­
ing guide tube w a s s u p p o r t e d at t he 
s a m e e l e v a t i o n s a s w i l l be e m p l o y e d 
in t h e E B R - I I p r i m a r y t ank . 

At the o u t s e t , the d r i v e shaft 
and d u m m y o s c i l l a t o r rod w e r e 
r o t a t e d for s h o r t p e r i o d s (0 .5 -6 h r ) 
at s p e e d s up to 4 r p s . S u b s e q u e n t 
t e s t s i nc luded shaft r o t a t i o n at 2 r p s 
for 291 h r , and at 4 r p s for 104.5 h r . 
Th roughou t t h e s e t e s t s , t h e r e w a s a 
m i n i m u m of v i b r a t i o n and no m a l ­
func t ions . P o s t - t e s t e x a m i n a t i o n of 

the g r i p p e r a s s e m b l y r e v e a l e d no ev idence of w e a r on the g r i p p e r j a w s o r 
the s e n s i n g and j a w - a c t u a t i n g m e c h a n i s m s . 

The f inal s e r i e s of t e s t s wi l l be m a d e on the p r o t o t y p e o s c i l l a t o r 
rod and d r i v e a s s e m b l y in an i n d u c t i o n - h e a t e d v e s s e l con ta in ing s o d i u m at 
850°F. F a b r i c a t e d f r o m Type 304 s t a i n l e s s s t e e l p ipe (10;^ in . I .D . , 32-|- ft 
long), the v e s s e l i n t e r n a l s inc lude a l i n e r tube wi th b u s h i n g s to s i m u l a t e 
the d r i v e shaft b e a r i n g s u p p o r t s in the p r i m a r y tank, and a m o c k - u p of the 
r e a c t o r g r i d and c o n t r o l r o d t h i m b l e into wh ich the o s c i l l a t o r rod is l o c k e d . 
T h e s e t e s t s a r e pend ing c o m p l e t i o n of the t e n a p o r a r y o p e r a t i n g c o n s o l e . 
Th i s c o n s o l e a l s o wi l l be u s e d for i n i t i a l i n s t a l l a t i o n c h e c k - o u t t e s t s in the 
r e a c t o r . 

D e s i g n C o n t r o l and I n s t r u m e n t a t i o n 

_L j _ _L I 
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Fig. 1-8. Calculated hydraulic hold-down force for 
any EBR-II subassembly in the core zone 

M o d e s of C o n t r o l . Concep tua l de s ign of the c o n t r o l s c h e m e , i n s t r u -
naenta t ion , and e l e c t r i c a l s y s t e m h a s been c o m p l e t e d . Br ie f ly , p a r t of the 
o s c i l l a t o r d r i v e wi l l be c o n t r o l l e d f r o m the E B R - I I F u e l - H a n d l i n g C o n s o l e , 
and p a r t f r o m a s e p a r a t e p a n e l in the R e a c t o r C o n t r o l R o o m . F o r exanaple , 
du r ing fue l -hand l ing o p e r a t i o n s , the g r i p p e r j aws on the o s c i l l a t o r d r i v e and 
the c o n t r o l rod d r i v e s w i l l be o p e r a t e d f r o m the F u e l - H a n d l i n g Conso l e in 



t he R e a c t o r Bui ld ing . On t h e o t h e r hand , d u r i n g r e a c t o r o p e r a t i o n s , when 
t r a n s f e r funct ion m e a s u r e m e n t s a r e d e s i r e d , r o t a t i o n of the o s c i l l a t o r rod 
w i l l be c o n t r o l l e d f r o m the R e a c t o r C o n t r o l R o o m . The m o d e of o p e r a t i o n 
i s c o n t r o l l e d by a m a n u a l l y - o p e r a t e d r o t a t i o n lock on the d r i v e m e c h a n i s m ; 
it is p o s i t i o n e d by an o p e r a t o r j u s t p r i o r , and s u b s e q u e n t , to fuel hand l ing . 

O p e r a t i n g C h a r a c t e r i s t i c s . T o t a l r o t a t i o n a l s p e e d of t h e o s c i l l a t o r 
d r i v e (0.002 to 2 r p s ) , i s d iv ided in to t h r e e r a n g e s , w i th p r o v i s i o n s for a 
four th r a n g e up to about 10 r p s . Within e a c h r a n g e , t h e s p e e d i s con t inu ­
o u s l y a d j u s t a b l e f r o m the C o n t r o l R o o m p a n e l by e n e r g i z i n g a s m a l l m o t o r 
tha t c o n t r o l s the v a r i a b l e s p e e d t r a n s m i s s i o n . E a c h r a n g e i s s e l e c t e d by 
e n e r g i z i n g t h e a p p r o p r i a t e c l u t ch in the g e a r box . An i n t e r l o c k p r e v e n t s 
e n g a g e m e n t of any c lu t ch un t i l ( l ) t he t r a n s m i s s i o n s p e e d h a s b e e n r e d u c e d 
to z e r o r p s ; and (2) a p r e s c r i b e d t i m e d e l a y h a s e x p i r e d a f t e r s topp ing the 
r o t a t i o n a l d r i v e m o t o r . 

I n s t r u m e n t a t i o n . R o t a t i o n a l p o s i t i o n of t h e d r i v e i s m o n i t o r e d by 
( l ) a s y n c h r o g e n e r a t o r for r e m o t e p o s i t i o n ind ica t ion ; (2) t h r e e s i n e - c o s i n e 
p o t e n t i o m e t e r s ; t hey a r e g e a r e d to o p e r a t e at one , two, and t h r e e t i m e s r o ­
t a t i o n a l s p e e d to g e n e r a t e s y n c h r o n i z e d input p o s i t i o n s i g n a l s and t h e i r h a r ­
m o n i c s ; (3) a p u l s e r tha t g e n e r a t e s 180 p u l s e s and one m a r k e r p u l s e p e r 
r evo lu t i on ; and, f inal ly , (4) a p u l s e r t ha t effects one s w i t c h c l o s u r e p e r 
r e v o l u t i o n . E a c h p u l s e r p r o v i d e s t i m i n g s i g n a l s . 

R e s i s t a n c e p o t e n t i o m e t e r s a l s o a r e u s e d to s i g n a l the p o s i t i o n of 
the g r i p p e r j aw , s e n s i n g rod , and c o n t r o l s e t t i n g of the v a r i a b l e - s p e e d 
t r a n s m i s s i o n . In add i t ion , l i m i t s w i t c h e s a r e e m p l o y e d to i n d i c a t e the 
s t a t u s of c e r t a i n c r i t i c a l o p e r a t i o n s , i . e . , g r i p p e r j a w s fully open o r c l o s e d , 
s e n s i n g rod loaded o r e m p t y , a n g u l a r o r i e n t a t i o n lock engaged o r d i s e n g a g e d 
and s o l e n o i d - a c t u a t e d lock ing pin in o r out . 

The n o r n a a l c o n t r o l s , i n t e r l o c k s , and l i m i t s w i t c h e s a r e b a c k e d up 
( l ) by a lock ing pawl on t h e jaw d r i v e m o t o r , wh ich p r e v e n t s jaw o p e r a t i o n 
d u r i n g r o d r o t a t i o n ; and (2) by aud ib l e a l a r n a s i g n a l s . T h e s e a l a r m s w i l l 
be e n e r g i z e d by f o r c e - s e n s i t i v e d e v i c e s upon d e t e c t i o n of any s ign i f i can t 
f r i c t i o n o r o b s t r u c t i o n d u r i n g i n s t a l l a t i o n o r r e m o v a l of the o s c i l l a t o r r o d 
sys t ena . 

D u r i n g s u b s e q u e n t d r i v e r o t a t i o n , a l l p o s i t i o n - m o n i t o r i n g s i g n a l s 
w i l l be d i s p l a y e d on a p p r o p r i a t e i n s t r u m e n t a t i o n in the R e a c t o r C o n t r o l 
R o o m . I m p o r t a n t da ta w i l l be r e c o r d e d on m a g n e t i c t a p e . Def in i t ive d e ­
s ign and w i r i n g d i a g r a m s for the p e r m a n e n t e l e c t r i c a l s y s t e m to be o p e r ­
a t e d f r o m t h e R e a c t o r C o n t r o l R o o m i s s c h e d u l e d fo r c o m p l e t i o n in 
A u g u s t , 1966. 



1.1.3.4 U n i v e r s a l M a t e r i a l s S t r e s s e d T e s t A s s e m b l y 

The ob jec t ive of t h i s a c t i v i t y is to deve lop a p r a c t i c a l and e c o n o m i c a l 
s t a n d a r d t e s t a s s e m b l y for eva lua t ing m e c h a n i c a l p r o p e r t i e s of c a n d i d a t e 
s t r u c t u r a l m a t e r i a l s e x p o s e d to o u t - o f - p i l e and i n - p i l e e n v i r o n m e n t s whi le 
lander s t r e s s . T e n t a t i v e l y , it is a s s u m e d tha t t he a s s e m b l y u n t i m a t e l y would 
be i n s t a l l e d in the E B R - I I , wi th no c o m m u n i c a t i o n to a point ou t s i de the 
r e a c t o r . 

On t h e s e b a s e s , t he m o s t p r o m i s i n g c o n c e p t evolved thus f a r f e a t u r e s 
a s m a l l tube ( tes t s p e c i m e n ) , an i n t e r n a l f i l l e r b a r (to r e d u c e gas vo lume) , 
wi th p r o v i s i o n s for i n i t i a l l y p r e s s u r i z i n g the i n t e r v e n i n g annu lus and m a i n ­
t a in ing a l eak t igh t a s s e m b l y . P r e s c r i b e d p r e s s u r e - i n d u c e d s t r e s s e s in the 
tube w a l l a r e g e n e r a t e d by r a i s i n g the t e m p e r a t u r e of the t e s t m e d i u m 
(coolant ) s u r r o u n d i n g the a s s e m b l y . By v a r y i n g the r e s p e c t i v e i n i t i a l c h a r g ­
ing p r e s s u r e s , s e v e r a l tube a s s e m b l i e s could be t e s t e d s i m u l t a n e o u s l y o v e r 
v a r i o u s s t r e s s r a n g e s a t a c o m m o n t e m p e r a t u r e . 

F i g u r e 1-9 shows two v a r i a t i o n s of the b a s i c concep t tha t a r e be ing 
e x p l o r e d . The in ten t h e r e is to a c h i e v e the s i m p l e s t s t r e s s and s t r a i n 

>- SCREW DRIVER -^ ^ 
COOLANT FLOW 

(A) (B) (C) 

Fig. 1-9. Concepts of (A) uniaxially stressed and (B) biaxially stressed tubular test speci­
men assemblies. Also shown is method of pressurizing and sealing each unit 
prior to attachment of welding support end fittings (C). These fittings eliminate 
welding of dissimilar metal supporting structures. All dimensions are in inches. 



p a t t e r n s i n t h e t u b e w a l l a n d t h u s to s i m p l i f y a c c u r a t e v o l u m e - c h a n g e c a l ­
c u l a t i o n s . A s s e m b l y ( A ) i s d e s i g n e d t o v i r t u a l l y e l i m i n a t e l o n g i t u d i n a l 
s t r e s s a n d t o p r o d u c e e s s e n t i a l l y u n i a x i a l s t r e s s i n t h e c i r c u m f e r e n t i a l 
d i r e c t i o n . A n o m e g a b e l l o w s i s u s e d t o e f f e c t a s e a l b e t w e e n t h e s p e c i m e n 
t u b e a n d t h e f i l l e r b a r s h o u l d e r . T h i s m o d e of c o n s t r u c t i o n p r o v i d e s a x i a l 
f r e e d o m f o r d i f f e r e n t i a l t h e r m a l e x p a n s i o n b e t w e e n t h e t u b e a n d " i n s u l a t e d " 
b a r in c a s e of r a p i d t h e r n a a l t r a n s i e n t s in t h e s u r r o u n d i n g c o o l a n t . S o m e 
d e g r e e of r a d i a l f r e e d o m i s a f f o r d e d a t t h e t u b e e n d s a n d s h o u l d r e s u l t i n a 
n e a r l y u n i f o r m h o o p s t r e s s f r o m e n d t o e n d . 

In t h e b i a x i a l l y - s t r e s s e d c o n c e p t ( A s s e m b l y ( B ) ) , t h e h e m i s p h e r i c a l 
e n d c a p s of t h e s p e c i m e n t u b e a r e w e l d e d t o a n d s u p p o r t e d b y 0 . 2 5 - i n . t u b e s 
T h e f i l l e r b a r i s a l s o w e l d e d t o t h e s u p p o r t t u b e a t t h e v a l v e d e n d , b u t i s 
f r e e a n d g u i d e d a t t h e o p p o s i t e e n d t o e l i m i n a t e a x i a l r e s t r a i n t . T h i s m o d e 
of c o n s t r u c t i o n p r o b a b l y r e s u l t s i n t h e s i m p l e s t s t r e s s a n d s t r a i n p a t t e r n s 
i n t h e t u b e a n d e n d s , a s w e l l a s t h e s i m p l e s t v o l u m e - c h a n g e c a l c u l a t i o n s 
f o r m a t e r i a l s w h o s e e l a s t i c m o d u l i a t p r o p o s e d o p e r a t i n g o r e x p o s u r e t e m ­
p e r a t u r e s a r e k n o w n . 

U l t i m a t e s e l e c t i o n i s c o n t i n g e n t u p o n ( l ) c o m p l e t i o n of o p t i m i z a t i o n 
of d e s i g n a n d s t r u c t u r a l a n a l y s e s of b o t h c o n c e p t s ; (2) e a s e of f a b r i c a t i n g 
p r o t o t y p e u n i t s ; a n d f i n a l l y (3) r e s u l t s of o u t - o f - p i l e p r o o f t e s t s a t a n t i c i ­
p a t e d p r e s s u r e s a n d t e m p e r a t u r e s . 
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1.2 ARGONNE ADVANCED R E S E A R C H R E A C T O R (AARR) 

1.2.1 S u m m a r y 

The A r g o n n e A d v a n c e d R e s e a r c h R e a c t o r (AARR) is a n a u l t i p u r p o s e 
too l w h i c h w i l l enab le s c i e n t i s t s at A r g o n n e and m i d w e s t e r n u n i v e r s i t i e s to 
ex tend b a s i c n u c l e a r p h y s i c s , n u c l e a r c h e m i s t r y , and so l id s t a t e r e s e a r c h 
p r o g r a n a s beyond the s c o p e of r e s e a r c h r e a c t o r s c u r r e n t l y a v a i l a b l e at the 
A r g o n n e s i t e . P r i n c i p a l e x p e r i m e n t a l f a c i l i t i e s c o n s i s t of an i n t e r n a l t h e r ­
m a l c o l u m n , o r flux t r a p , hav ing an u n p e r t u r b e d t h e r m a l n e u t r o n flux a p ­
p r o a c h i n g 4 X 10^^ n / ( c m ^ ) ( s e c ) , and a m u l t i p l i c i t y of h o r i z o n t a l b e a m t u b e s 
hav ing t h e r m a l n e u t r o n f luxes in e x c e s s of 1 x 10^^ n / ( c m ) ( sec ) . L o w e r -
i n t e n s i t y s a m p l e i r r a d i a t i o n f a c i l i t i e s a l s o a r e p r o v i d e d . 



The AARR fac i l i t y f e a t u r e s a 100 MW(t) , p r e s s u r i z e d l i g h t - w a t e r -
coo led , b e r y l l i u m - r e f l e c t e d r e a c t o r emp loy ing a fully e n r i c h e d U O 2 - s t a i n l e s s 
s t e e l c e r m e t f l a t - p l a t e c o r e . * Al though t h e coo lan t o p e r a t i n g t e m p e r a t u r e i s 
r e l a t i v e l y low ( r e a c t o r v e s s e l in le t and ou t l e t t e m p e r a t u r e s a r e 135 and 
164°F, r e s p e c t i v e l y , a t 100 MW), the s y s t e m is d e s i g n e d for a v e s s e l in le t 
p r e s s u r e of 750 p s i . The ob jec t ive h e r e i s to p r o v i d e a d e q u a t e subcoo l ing 
for p r e v e n t i o n of coo lan t bo i l ing at the e x t r e m e c o r e p o w e r d e n s i t y ex i s t i ng 
d u r i n g n o r m a l o p e r a t i o n . 

E n g i n e e r i n g d e s i g n and c o n s t r u c t i o n of AARR w a s a u t h o r i z e d by 
C o n g r e s s a s p a r t of the f i s c a l 1965 a u t h o r i z i n g l e g i s l a t i o n . B u r n s and Roe , 
Inc . (New York ) , t he s e l e c t e d a r c h i t e c t - e n g i n e e r for the p r o j e c t , b e g a n the 
T i t l e - I d e s i g n effort in S e p t e m b e r , 1966, b a s e d upon the A r g o n n e concep t 
d e s c r i b e d in A N L - 7 1 9 0 , p . 78. E x c e p t for p r e p a r a t i o n of the T i t l e - I r e p o r t , 
t h i s d e s i g n effor t w a s c o m p l e t e d d u r i n g f i s c a l 1966, and i s r e f l e c t e d in the 
f ac i l i t y d e s c r i p t i o n w h i c h fol lows t h i s s u m m a r y . P r i n c i p a l d i f f e r e n c e s b e ­
t w e e n the A r g o n n e concep t and the T i t l e - I d e s i g n a r e : 

(1) The fue l -hand l ing c a n a l h a s b e e n m o v e d f r o m the s e r v i c e f loor 
of the R e a c t o r C o n t a i n m e n t Bui ld ing to the e x p e r i m e n t f loor , a t t h e s a m e 
e l eva t i on a s the r e a c t o r pool . Th i s r e s u l t s in a m a j o r s i m p l i f i c a t i o n of 
f u e l - h a n d l i n g p r o c e d u r e s . 

(2) The S t o r a g e and M o c k - u p Bui ld ing h a s b e e n r e p l a c e d by an 
A c t i v e M a t e r i a l Handl ing Bui ld ing , w h i c h con t a i n s an e x t e n s i o n of the r e ­
a c t o r and fue l -hand l i ng poo l s in the R e a c t o r C o n t a i n m e n t Bu i ld ing . Th i s 
pool e x t e n s i o n p r o v i d e s s a m p l e - h a n d l i n g s p a c e for e x p e r i m e n t e r s and 
a f fords a s inap le r m e a n s for u l t i m a t e r e m o v a l (in c a s k s ) of spen t fuel frona 
the C o n t a i n m e n t Bui ld ing . The poo l s in the two bu i ld ings c o m m u n i c a t e by 
m e a n s of an u n d e r w a t e r c o n t a i n m e n t - s e a l h a t c h . 

(3) The E q u i p m e n t Bui ld ing h a s b e e n r e l o c a t e d , r e d u c e d in s i z e , 
and now h o u s e s only e l e c t r i c a l e q u i p m e n t . P r i m a r y s y s t e m e q u i p m e n t 
f o r m e r l y l o c a t e d on the l o w e r , b e l o w - g r a d e l e v e l of the E q u i p m e n t Bu i ld ­
ing (which w a s p a r t of the r e a c t o r c o n t a i n m e n t v o l u m e ) h a s b e e n r e l o c a t e d 
to the R e a c t o r C o n t a i n m e n t Bui ld ing s e r v i c e f loor . 

(4) The L a b o r a t o r y and Office Bui ld ing h a s been r e d u c e d in s i z e . 

(5) The n u m b e r of h o r i z o n t a l b l ind b e a m t u b e s h a s b e e n r e d u c e d 
to s ix . H o w e v e r , the i n s i d e d i a m e t e r s of the b l ind t u b e s and t h e two t h r o u g h -
t u b e s h a v e b e e n s t a n d a r d i z e d at 5 in . , a s c o m p a r e d wi th the r a n g e of 2-|- to 
6-^ in. in the e a r l i e r concep t . M o r e o v e r , in t h e c u r r e n t d e s i g n , t he b e a m h a s 
a d i a m e t e r of about 12 in. at t h e o u t e r face of t h e r e a c t o r b i o l o g i c a l sh i e ld ; 

*In October, 1966, a decision was made to revise the facility design to accommodate the UaOg-aluminum 
cermet, involute-plate core which had been developed and successfully operated in the High Flux Isotope 
Reactor (HFIR) at Oak Ridge National Laboratory. This revision is not reflected in the facility description 
or supporting research and development activities presented herein. 



t h i s p e r m i t s sp l i t t i ng of the b e a m and p e r f o r m i n g two d i f fe ren t e x p e r i m e n t s 
s i m u l t a n e o u s l y at a s i n g l e b e a m tube fac i l i ty . 

(6) The n u m b e r of v e r t i c a l s a m p l e i r r a d i a t i o n f a c i l i t i e s h a s b e e n 
i n c r e a s e d . F o u r h y d r a u l i c and two p n e u m a t i c r a b b i t s h a v e b e e n added in 
the i n t e r n a l t h e r m a l c o l u m n , and two h y d r a u l i c and two p n e u m a t i c r a b b i t s 
have b e e n added in the o u t e r b e r y l l i u m r e f l e c t o r . The low-f lux i r r a d i a t i o n 
t h i m b l e s in the w a t e r o u t s i d e the b e r y l l i u m r e f l e c t o r have b e e n e l i m i n a t e d . 

(7) The r e a c t i v i t y m e a s u r e m e n t f ac i l i t y and h i g h - l e v e l cave have 
b e e n e l i m i n a t e d . 

(8) The p r i n a a r y coo lan t sys tena h e a t e x c h a n g e r s h a v e b e e n r e d u c e d 
to t h r e e , w i th t h e p r i m a r y coo lan t on t h e s h e l l s i d e , and s e c o n d a r y coo lan t 
on the t ube s i d e . T h i s e n a b l e s m a i n t e n a n c e of a h igh v e l o c i t y in t h e s e c o n ­
d a r y coo lan t , w h i c h n e c e s s a r i l y c o n t a i n s a r e l a t i v e l y h igh l e v e l of i m p u r i t i e s , 
and p e r m i t s u s e of a s i g n i f i c a n t l y l o w e r foul ing f a c t o r in the d e s i g n , w i th 
c o n s e q u e n t s a v i n g s in h e a t e x c h a n g e r s i z e and c o s t . 

(9) The p r i m a r y coo lan t p u m p s h a v e b e e n r e d u c e d to two , both of 
w h i c h a r e n o r m a l l y in o p e r a t i o n . 

(10) The s e p a r a t e e m e r g e n c y cool ing c i r c u i t s h a v e b e e n e l i m i n a t e d . 
In t h e r e v i s e d d e s i g n , e m e r g e n c y coo l ing i s a c c o m p l i s h e d by e n e r g i z i n g t h e 
m a i n p r i m a r y and s e c o n d a r y p u m p s wi th pony m o t o r s m o u n t e d on the p u m p 
s h a f t s , and by u s i n g t h e m a i n p r i m a r y h e a t e x c h a n g e r s and coo l ing t o w e r to 
d i s s i p a t e t h e h e a t . The pony m o t o r s a r e s u p p l i e d wi th C l a s s I ( u n i n t e r r u p t e d ) 
p o w e r . 

(11) The f ac i l i t y i s d e s i g n e d for a m a x i n a u m p o w e r l e v e l of 100 MW, 
r a t h e r t h a n the 240 MW p r e v i o u s l y c o n t e m p l a t e d . 

T h e P r e l i m i n a r y Safety A n a l y s i s R e p o r t ( P S A R ) on AARR w a s c o m ­
p l e t e d and s u b m i t t e d to A E C . R e v i e w by t h e A E C D i v i s i o n of R e a c t o r D e ­
v e l o p m e n t and T e c h n o l o g y (DRDT), D i v i s i o n of R e a c t o r L i c e n s i n g ( D R L ) 
and C h i c a g o O p e r a t i o n s Office (CH) w a s begun . 

A n a l y t i c a l and e x p e r i m e n t a l h e a t t r a n s f e r i n v e s t i g a t i o n s w e r e con ­
t i nued . R e s u l t s of an e a r l i e r ana log s tudy of the ef fec ts of s t e p r e a c t i v i t y 
i n s e r t i o n s w e r e c o n f i r m e d , in p a r t , by c o m p u t a t i o n s of r a m p i n s e r t i o n s 
u s i n g a d i g i t a l c o m p u t e r code : a $1.00 r a m p i n s e r t i o n o v e r a d u r a t i o n of 
33 m s e c a p p e a r s to be t h e t h r e s h o l d for fuel nael t ing . 

A m a j o r i m p r o v e m e n t w a s a c h i e v e d in t h e d e t e c t i o n of i m m i n e n t 
b u r n o u t in s t e a d y - s t a t e h e a t t r a n s f e r t e s t s e c t i o n s , enab l ing at l e a s t a 
s e v e n - f o l d i n c r e a s e in t h e b u r n o u t da ta o b t a i n a b l e f r o m e a c h t e s t s e c t i o n . 



F o r the t r a n s i e n t h e a t t r a n s f e r e x p e r i m e n t s , a p u l s i n g d - c p o w e r 
supp ly w a s deve loped , and t e s t s c o n f i r m e d t h e c a p a b i l i t y of t h e d e v i c e to 
s inau la te , in a t e s t s ec t i on , r e a c t o r t r a n s i e n t s of the m a g n i t u d e and d u r a ­
t ion p r e d i c t e d by a n a l y s i s to c a u s e fuel d a m a g e in AARR. 

The s h u t d o w n - e m e r g e n c y cool ing t e s t loop w a s a s s e m b l e d , c h e c k e d 
out , and t h e t e s t p r o g r a m in i t i a t ed . P r e l i m i n a r y da ta i n d i c a t e tha t at 
7 5 0 - p s i g s y s t e m p r e s s u r e , flow r e v e r s a l f r o m f o r c e d downflow to n a t u r a l 
convec t i on upflow could be a c c o m p l i s h e d a t up to ~1 80,000 Btu/(hr) ( f t^) a v e r ­
age h e a t flux in the ho t c h a n n e l (~9 MW r e a c t o r p o w e r ) ; at 1 5 - p s i g s y s t e m 
p r e s s u r e , t he l i m i t i n g v a l u e s a r e l ower by a f a c t o r of ~ 2 . 5 . The da ta a l s o 
show tha t , fol lowing r e a c t o r shutdown, m a x i m u m h e a t f luxes and r e a c t o r 
p o w e r l e v e l ( i . e . , the d e c a y t i m e ) at w h i c h f o r c e d c i r c u l a t i o n c o r e cool ing 
can be s topped and c o r e r e m o v a l o p e r a t i o n s i n i t i a t e d p r o b a b l y wi l l be 
l inai ted by i n s t a b i l i t y of n a t u r a l c i r c u l a t i o n fol lowing flow r e v e r s a l , r a t h e r 
t h a n by t h e r m a l t r a n s i e n t s du r ing t h e r e v e r s a l . A l though i n v e s t i g a t i o n to 
d e t e r m i n e a c t u a l q u a n t i t a t i v e l i m i t s is con t inu ing , t he da ta ob t a ined t h u s 
far i n d i c a t e t ha t l i m i t i n g v a l u e s a r e s ign i f i can t ly h i g h e r t h a n e a r l i e r ex ­
p e c t a t i o n s , and t h a t p r o v i s i o n of a f o r c e d c i r c u l a t i o n flow r e v e r s a l s y s t e m 
in AARR p r o b a b l y wi l l be u n n e c e s s a r y . 

A d e t a i l e d fuel p l a t e t h e r m a l s t r e s s a n a l y s i s w a s p e r f o r m e d , and 
p r e p a r a t i o n s w e r e m a d e to c o n f i r m the r e s u l t s e x p e r i m e n t a l l y . M o d e l s 
w e r e d e v e l o p e d to e x p r e s s d y n a m i c r e s p o n s e of c o n t r o l b l a d e s to m e c h a n i ­
c a l and h y d r o d y n a m i c l o a d i n g s . 

A g e n e r a l - p u r p o s e h y d r a u l i c s t e s t loop c a p a b l e of s i m u l a t i n g AARR 
flow, p r e s s u r e , and t e m p e r a t u r e cond i t i ons w a s m a d e o p e r a t i o n a l . The ex ­
p e r i m e n t a l p r o g r a m i n c l u d e s t e s t s of f low- and t e m p e r a t u r e - i n d u c e d d e f l e c ­
t i o n s of fuel p l a t e s and s u b a s s e m b l i e s , c o n t r o l b l a d e s , and o t h e r r e a c t o r 
c o m p o n e n t s . D e v e l o p m e n t of s p e c i a l i n s t r u m e n t a t i o n to m e a s u r e s u c h d e ­
f l ec t ions d u r i n g flow t e s t i n g w a s i n i t i a t e d . 

P o s t - i r r a d i a t i o n e x a m i n a t i o n of r e f e r e n c e 37 wt -% U O 2 - s t a i n l e s s 
s t e e l c e r m e t fuel p l a t e s p e c i m e n s showed tha t u s e of 8 5 % - d e n s e UO2 p r o ­
d u c e s l e s s p l a t e swe l l i ng at a g iven b u r n u p t h a n o b s e r v e d in p r e v i o u s e x ­
p e r i m e n t s wi th f u l l y - d e n s e U02. M e a s u r e d s w e l l i n g r a t e s w e r e c o r r e l a t e d 
s a t i s f a c t o r i l y wi th t h e o r e t i c a l p r e d i c t i o n s . S u b s e q u e n t b l i s t e r t e s t s i n d i ­
c a t e d q u a l i t a t i v e l y t h a t t he r e f e r e n c e fuel m a t e r i a l shou ld o p e r a t e at p o w e r s 
w e l l above 100 MW wi thou t s e r i o u s i r r a d i a t i o n d a m a g e . 

A m i n i a t u r e , b r a z e d s u b a s s e m b l y of t h r e e fuel p l a t e s w a s i r r a d i a t e d 
to a b u r n u p of 30 a t - % U - 2 3 5 . E x a m i n a t i o n r e v e a l e d no s ign i f i can t d i m e n ­
s i o n a l c h a n g e s d e s p i t e t h e t h e r m a l s t r e s s e s g e n e r a t e d in t h e a s s e m b l y . 
D u m m y s t a i n l e s s s t e e l b r a z e d - j o i n t s p e c i m e n s w e r e a l s o i r r a d i a t e d , w i th 
no a d v e r s e ef fec ts on the b r a z i n g compound . 



R e f e r e n c e c o m p o s i t i o n fuel p l a t e s f a b r i c a t e d by c o n a m e r c i a l v e n d o r s 
in s t r i c t c o m p l i a n c e wi th l a b o r a t o r y - d e v e l o p e d p r o c e d u r e s w e r e , in s o m e 
c a s e s , found to be s u b s t a n d a r d . H o w e v e r , when c o n t r a c t o r s w e r e a l l owed to 
r e v i s e t h e p r o c e d u r e s c o n s i s t e n t w i th t h e i r e q u i p m e n t a v a i l a b i l i t y and p e r ­
s o n n e l c apab i l i t y , the end p r o d u c t s w e r e equa l t o , o r b e t t e r than , p l a t e s p r o ­
duced in the l a b o r a t o r y . 

M e t h o d s of i n c o r p o r a t i n g f ixed b u r n a b l e p o i s o n (boron) in to the 
r e f e r e n c e c e r m e t fuel w e r e i n v e s t i g a t e d . It w a s found t h a t t he s e l e c t e d 
s t a r t i n g m a t e r i a l (ZrB2) b r o k e down, and a s u b s t a n t i a l f r a c t i o n of the b o r o n 
w a s lo s t , if c e r m e t t e m p e r a t u r e s s ign i f i can t ly e x c e e d e d 1150°C d u r i n g fab ­
r i c a t i o n ; at 1300°C, 98% of the b o r o n w a s l o s t . H o w e v e r , if f a b r i c a t i o n t e m ­
p e r a t u r e s w e r e m a i n t a i n e d be low 1150°C, l e s s t h a n 5% of the b o r o n w a s l o s t . 
Coa t ing t h e Z r B 2 wi th n i o b i u m p r i o r to i n c o r p o r a t i o n in to t h e c e r m e t a f fo rded 
p r o t e c t i o n a g a i n s t b o r o n l o s s up to 1175°C. S a t i s f a c t o r y b o r o n - c o n t a i n i n g 
r e f e r e n c e c e r m e t fuel p l a t e s w e r e p r o d u c e d b y u s i n g the n i o b i u m - c o a t e d 
ZrB2 and r e s t r i c t i n g f a b r i c a t i o n t e n a p e r a t u r e to 11 60°C m a x i m u m . . 

B o r o n w a s a l s o s u c c e s s f u l l y i n c o r p o r a t e d into t h e r e f e r e n c e c e r m e t 
fuel m a t e r i a l by an a l t e r n a t e m e t h o d e m p l o y i n g B203-Si02 g l a s s b e a d s . M e -
t a l l o g r a p h i c e x a m i n a t i o n of the c e r m e t s i n d i c a t e d n e g l i g i b l e b e a d d a m a g e 
d u r i n g f a b r i c a t i o n . 

S e v e r a l m e t h o d s of p r e p a r i n g U O 2 - s t a i n l e s s s t e e l c e r m e t s for t h e 
g r a d e d load ing of AARR fuel w e r e e v a l u a t e d . The c a p a b i l i t y to ob ta in a d e ­
qua t e d i s p e r s i o n h o m o g e n e i t i e s wi th 6 to 18 wt -% UO2 w a s v e r i f i e d . 

A c h a r a c t e r i z a t i o n s tudy w a s p e r f o r m e d w h e r e i n e l e v e n t y p e s of 
UO2 p a r t i c l e s , d i f fe r ing in b a s i c f a b r i c a t i o n p r o c e s s e s , d e n s i t i e s , a d d i t i v e s , 
e t c . , w e r e c o m p a r e d by f a b r i c a t i n g c e r m e t p l a t e s and m e a s u r i n g the d e g r e e 
of d a m a g e i n c u r r e d by t h e v a r i o u s t y p e s of p a r t i c l e s d u r i n g t h e r o l l i n g p r o ­
c e s s . The r e s u l t s w e r e i n c o r p o r a t e d into the AARR fuel s p e c i f i c a t i o n s . 

T h r e e d i f f e r en t b r a z i n g a l l o y s w e r e i n v e s t i g a t e d for t h e i r a b i l i t y to 
p r o d u c e sound b r a z e d j o i n t s a t t he m i n i m a l b r a z i n g t e n a p e r a t u r e s r e q u i r e d 
to avo id l o s s of b o r o n f r o m the fuel c e r m e t . The b e s t m i n i m u m - t e m p e r a t u r e 
b r a z e w a s o b t a i n e d u s i n g G E - J 8 1 0 0 a l loy in a h y d r o g e n b r a z e c y c l e of 
two h o u r s at 2100°F. S e v e r a l s a t i s f a c t o r y f u l l - s i z e s t a i n l e s s s t e e l dunamy 
fuel s u b a s s e m b l i e s w e r e b r a z e d by th i s m e t h o d . 

T h r o u g h - t r a n s m i s s i o n , u s i n g a m o n o e n e r g e t i c c o b a l t - 5 7 i s o t o p e 
s o u r c e , w a s ad judged m o s t p r o m i s i n g for i n s p e c t i o n and c o n t r o l of UO2 
d i s p e r s i o n h o m o g e n e i t y in AARR fuel p l a t e m a n u f a c t u r e . The r e s o l u t i o n 
w i t h t h i s s o u r c e i s suf f ic ien t to d i f f e r e n t i a t e a v a r i a t i o n of 0.8 wt -% UO2 
in an 0.08 in. s q u a r e a r e a of fuel p l a t e . 



H y d r a u l i c and p n e u m a t i c t e s t p r o c e d u r e s w e r e deve loped for eva lu ­
a t ing t h e qua l i t y of b r a z e d jo in t s in p r o d u c t i o n fuel s u b a s s e m b l i e s . L i m i t e d 
s u c c e s s w a s ob ta ined wi th t h r o u g h - t r a n s m i s s i o n t e c h n i q u e s , the r e s u l t s b e ­
ing m o r e q u a l i t a t i v e than q u a n t i t a t i v e . 

S t a b i l i z e d e u r o p i u m oxide , con ta in ing a t \ v o - m o l add i t ion of T i 0 2 p e r 
m o l of EU2O3 w a s s e l e c t e d a s the r e f e r e n c e a b s o r b e r m a t e r i a l in the AARR 
c e n t r a l c o n t r o l b l a d e s . S p e c i m e n c e r m e t b l a d e s , con ta in ing 32 wt -% of the 
s t a b i l i z e d a b s o r b e r in s t a i n l e s s s t e e l , w e r e f a b r i c a t e d in a c c o r d wi th the 
P M - 3 r e a c t o r c o n t r o l b l ade s p e c i f i c a t i o n s . The d i s p e r s i o n u n i f o r m i t y o b ­
t a i n e d w a s d e t e r m i n e d to be s a t i s f a c t o r y by X - r a y and n e u t r o n r a d i o g r a p h y . 

The f a b r i c a t i o n of a p r o t o t y p e c o n t r o l b l ade d r i v e m e c h a n i s m w a s 
begun . 

An e x p e r i m e n t a l p h o t o - s t r e s s s tudy w a s m a d e of a f u l l - s c a l e a lunai -
n u m c o r e s u p p o r t g r i d p r o t o t y p e , emp loy ing load a p p l i c a t i o n by h y d r a u l i c 
j a c k s . The t e s t s showed a c o n s t r i c t i o n in the c o n t r o l b l ade s l o t s t h r o u g h 
the s u p p o r t p l a t e of l e s s t h a n 0.005 in. at a load e q u i v a l e n t to a 1 2 5 - p s i 
p r e s s u r e d r o p t h r o u g h t h e c o r e . 

D e t a i l e d s t r e s s a n a l y s e s w e r e p e r f o r m e d on the r e a c t o r p r e s s u r e 
v e s s e l for t h r e e p r o p o s e d m a t e r i a l s of c o n s t r u c t i o n . The r e s u l t s w e r e 
u s e d to d e t e r m i n e o p t i m u m n o z z l e p l a c e m e n t s , and to a s s e s s r a d i a t i o n 
d a m a g e e f fec t s . E s t i m a t e s w e r e a l s o m a d e of t h e v e s s e l p o t e n t i a l for con ­
t a in ing sudden i n t e r n a l e n e r g y r e l e a s e s w h i c h m i g h t be i n c u r r e d by a c c i ­
d e n t a l r e a c t i v i t y i n s e r t i o n s . 

S t e a d y - s t a t e t h e r m a l and h y d r a u l i c a n a l y s e s w e r e p e r f o r m e d on the 
b e a m tube f a c i l i t i e s to d e t e r m i n e hea t g e n e r a t i o n , coo lan t r e q u i r e m e n t s 
and b e a m tube t h i m b l e m e t a l and s u r f a c e t e m p e r a t u r e s , and to d e s i g n flow 
b y p a s s o r i f i c e s for t h e b e a m tube cool ing j a c k e t s to p r o v i d e a d e q u a t e flow 
d i s t r i b u t i o n wi thou t h igh w a t e r v e l o c i t i e s . A n a l y s i s of t h e r m a l , p r e s s u r e , 
and bend ing s t r e s s e s , on the b e a m t u b e s i n d i c a t e d tha t t he e s t i m a t e d v a l u e s 
a r e w e l l wi th in a l l o w a b l e l i m i t s . 

In connec t i on wi th t h e d e v e l o p m e n t of the d e s i g n for the h y d r a u l i c 
r a b b i t f a c i l i t i e s to be i nc luded in AARR, an ana log s tudy w a s m a d e to d e ­
t e r m i n e the ef fects of flow r e v e r s a l on loop p r e s s u r e f l uc tua t i ons and on 
s a m p l e t e m p e r a t u r e r i s e d u r i n g s a m p l e r e m o v a l . A p r e l i m i n a r y h e a t 
t r a n s f e r a n a l y s i s w a s p e r f o r m e d u s i n g a d ig i t a l c o m p u t e r m e t h o d . An 
e x p e r i n a e n t a l t e s t loop w a s c o n s t r u c t e d and u s e d to c o r r o b o r a t e the 
a n a l y t i c a l da t a . 

A s e r i e s of d y n a m i c loop c o r r o s i o n t e s t s , to d e t e r n a i n e t h e c o r r o ­
s ion c o m p a t i b i l i t y of s t a i n l e s s s t e e l , b e r y l l i u m and a l u m i n u m , w a s c a r r i e d 
out at Oak R i d g e N a t i o n a l L a b o r a t o r y u n d e r s u b c o n t r a c t . E n g i n e e r i n g da ta 



w e r e o b t a i n e d on the c o r r o s i o n r a t e s of b e r y l l i u m and b e r y l l i u m - a l u m i n u m 
c o u p l e s , w i t h v a r i a t i o n of t h e r a t i o of e x p o s e d s u r f a c e a r e a to w a t e r v o l u m e . 
C o r r o s i o n r a t e s w e r e a c c e p t a b l e , and no d e l e t e r i o u s coupl ing effects w e r e 
no ted . O t h e r t e s t s s i m u l a t i n g t h e u s e of p r i m a r y w a t e r ob t a ined d i r e c t l y 
f r o m t h e r e a c t o r v e s s e l to cool t h e a l u m i n u m b e a m t u b e s r e s u l t e d in e x c e s ­
s i v e nae ta l t e m p e r a t u r e s and d e p o s i t i o n of c o r r o s i o n p r o d u c t s . F o l l o w - o n 
t e s t s w i th l o w e r t e m p e r a t u r e coo lan t , w h i c h could be p r o v i d e d f r o m an e x ­
t e r n a l s y s t e m , p r o d u c e d s a t i s f a c t o r y r e s u l t s . 

E f f o r t s to i m p r o v e t h e ana log m o d e l of AARR and deve lop an ex ­
p a n d e d c o m p u t e r p r o g r a n a for a n a l y s i s of p r o p o s e d r e a c t o r c o n t r o l m e t h o d s 
w e r e con t inued . E x t e n s i v e c a l c u l a t i o n s w e r e m a d e to d e t e r m i n e the r e a c t o r 
t r a n s i e n t b e h a v i o r u n d e r cond i t i ons of r a p i d r e a c t i v i t y add i t ion ; the f indings 
w e r e i n c o r p o r a t e d into the P r e l i m i n a r y Safety A n a l y s i s R e p o r t . N u m e r o u s 
a n a l y t i c a l r e f inenaen t s w e r e m a d e in the t r a n s i e n t m a t h e m a t i c a l m o d e l . 

A p r o g r a m w a s i n i t i a t e d to d e t e r m i n e the t e c h n i c a l and e c o n o m i c 
m e r i t s of u s i n g o n - l i n e d ig i t a l c o m p u t e r c o n t r o l in AARR. 

1.2.2 T i t l e - I D e s i g n 

T h i s s e c t i o n d e s c r i b e s the T i t l e - I d e s i g n of AARR, w h i c h wi l l s e r v e 
a s the b a s i s for the d e t a i l e d c o n s t r u c t i o n d e s i g n ( T i t l e - I l ) w o r k to be i n i ­
t i a t e d in f i s c a l 1967. The T i t l e - I d e s i g n r e p r e s e n t s t h e c o m b i n e d effort of 
the L a b o r a t o r y and B u r n s and R o e , Inc . , t h e a r c h i t e c t - e n g i n e e r for t h e 
p r o j e c t . 

The T i t l e - I d e s i g n ef for t b e g a n e a r l y in f i s c a l 1966, b a s e d upon t h e 
c o n c e p t d e s c r i b e d in A N L - 7 1 9 0 , p . 78 . The d i f f e r e n c e s b e t w e e n t h e two d e ­
s i g n s w e r e ef fec ted for the m o s t p a r t ( l ) to i m p r o v e u t i l i t y to e x p e r i n a e n t e r s ; 
(2) to p r o v i d e g r e a t e r e a s e and r e l i a b i l i t y of o p e r a t i o n ; (3) to i n c r e a s e t h e 
sa fe ty of the fac i l i ty ; and (4) to a c h i e v e g r e a t e r s i m p l i c i t y and e c o n o m y of 
c o n s t r u c t i o n . 

A s u m m a r y of t h e p r i n c i p a l T i t l e - I d e s i g n p a r a m e t e r s and f e a t u r e s 
of the f ac i l i t y is p r e s e n t e d in T a b l e 1-2. 

T a b l e 1-2. P r i n c i p a l D e s i g n P a r a m e t e r s and F e a t u r e s 
of A r g o n n e A d v a n c e d R e s e a r c h R e a c t o r (AARR) 

R e a c t o r P o w e r L e v e l s , MW 
S t e a d y - s t a t e o p e r a t i o n 
M i n i m u m s t e a d y - s t a t e b u r n o u t 

C o r e Life a t F u l l P o w e r , days 

100 
250 

90 
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T h e r m a l N e u t r o n F l u x e s at 100 MW, 10^^ n / ( c m ^ ) ( s e c ) 
M a x i m u m u n p e r t u r b e d in ITC 
In t y p i c a l ITC s a m p l e ^ 

M a x i m u m 
A v e r a g e 

M a x i m u m u n p e r t u r b e d in Be r e f l e c t o r t h r o u g h o u t 
fuel cyc l e 

R e a c t o r M a t e r i a l s 
F u e l 

F u e l p l a t e c o m p o s i t i o n 

UO2 in c e r m e t , wt -% 
U-235 in U, wt -% 
T o t a l U - 2 3 5 p e r c o r e , kg 
B u r n a b l e p o i s o n 

P r i m a r y Coo lan t and ITC M o d e r a t o r 

R a d i a l R e f l e c t o r 

C o n t r o l P l a t e s 
A b s o r b e r c o m p o s i t i o n 

EU2O3 • 2 T i 0 2 in c e r m e t , wt -% 

F o l l o w e r m a t e r i a l 
I n - c o r e c o n t r o l p l a t e 
P e r i p h e r a l sa fe ty p l a t e 

G e n e r a l Hea t T r a n s f e r and Coolan t Da ta 
S y s t e m d e s i g n p r e s s u r e , p s i 
N o r m a l o p e r a t i n g p r e s s u r e ( v e s s e l in l e t ) , p s i 

Coo lan t d e s i g n f l o w r a t e s , gpm 
T o t a l p r i m a r y p u m p i n g c a p a c i t y 
F u e l c h a n n e l s 
I T C c o n t a i n i n g r e f e r e n c e r a b b i t f ac i l i t y i n s e r t ^ 
C o n t r o l p l a t e r e g i o n 
B e r y l l i u m reflector*^ 
B e a m t u b e s , s t r u c t u r e s 
M i s c e l l a n e o u s e x t e r n a l f lows (net) 

3.7 

2.7 
1.7 

1.0 

U 0 2 - T y p e 347 SS 
c e r m e t c lad w i th 
Type 347 SS 
37b 
93.2 
- 6 0 . 0 
S t a b i l i z e d ZrB2 

H2O 

Be + - 3 % H2O 

EU2O3 • 2 T i 0 2 -
Type 347 SS c e r m e t 
c lad wi th Type 347 
SS 
- 3 2 

Type 347 SS 
Z i r c a l o y - 2 

875 
750 

27,200 
18,500 
330 
2,200 
3,070 
560 
2,540 

3-Rabbit s a m p l e s in a f u l l y - l o a d e d ITC (assunaed to con ta in 75% w a t e r and 25% 
a l u m i n u m ) , wi th a d d i t i o n a l n e u t r o n a b s o r p t i o n c o r r e s p o n d i n g to e x p e c t e d 
s a m p l e s . 

^ G r a d e d to l o w e r c o n c e n t r a t i o n s a d j a c e n t to ITC and at c o r e p e r i p h e r y . 
^ Inc ludes i r r a d i a t i o n f a c i l i t i e s in t h e s e r e g i o n s . 
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S y s t e m p r e s s u r e d r o p , p s i 175 

Coo lan t t e m p e r a t u r e s (at 100 MW), °F 
V e s s e l in le t 135 
V e s s e l ou t l e t 164 

C o r e H e a t T r a n s f e r and Coolan t Da ta 
F u e l p l a t e and coo lan t c h a n n e l d i m e n s i o n s , in . 

T o t a l he igh t 20 
A c t i v e he igh t 18 
T h i c k n e s s 

UOz-Type 347 SS c e r m e t 0.030 
C ladd ing (each s u r f a c e ) 0.005 
T o t a l 0.040 

Coo lan t c h a n n e l t h i c k n e s s 
N o r m a l 0.040 
Hot 0.050 

T o t a l n u m b e r of fuel p l a t e s 1,167 
T o t a l hea t t r a n s f e r a r e a , ft 692 
V o l u m e of a c t i v e c o r e , l i t e r s 79.6 
P o w e r d e n s i t y , M W / l i t e r 

A v e r a g e 1.3 
M a x i m u m 5.0 

Hea t flux, 10^ Btu / (hr ) ( f t^ ) 
A v e r a g e 0.51 
Hot spo t 1.94 
B u r n o u t (end of fuel c y c l e , at o p e r a t i n g p r e s s u r e ) 4 .85 

T e m p e r a t u r e s , °F 
Bulk coo l an t 

A v e r a g e ( c o r e ou t l e t ) 186 
M a x i m u m (fuel ou t l e t ) 250 

F u e l p l a t e s u r f a c e 
A v e r a g e 205 
M a x i m u m 378 

F u e l p l a t e i n t e r i o r 
A v e r a g e 270 
M a x i m u m (unde r s p a c e r ) 707 

S a t u r a t i o n t e n a p e r a t u r e a t hot spo t 495 

Coo lan t v e l o c i t y , fps 45 

P r e s s u r e d r o p a c r o s s fuel s u b a s s e m b l y , p s i 110 
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E x p e r i m e n t a l F a c i l i t i e s 
H o r i z o n t a l 

Bl ind b e a m t u b e s 
T h r o u g h - t u b e s 

V e r t i c a l : I n t e r n a l T h e r m a l C o l u m n 
H y d r a u l i c - o p e r a t e d r a b b i t s 
G a s - o p e r a t e d r a b b i t 
F a s t , g a s - o p e r a t e d r a b b i t 
S t a t i c ( b a s k e t type) 

V e r t i c a l : O u t e r R a d i a l Re f l ec to r^ 
H y d r a u l i c - o p e r a t e d r a b b i t s 

G a s - o p e r a t e d r a b b i t s 
S t a t i c ( b a s k e t type) 
S p a r e h o l e s for fu tu re u s e § 

R e a c t o r V e s s e l 
O v e r a l l he igh t , ft 
I n s i d e d i a m e t e r , ft 
Wal l t h i c k n e s s , in . 
U p p e r m a i n c l o s u r e f r e e d i a m e t e r , ft 
L o w e r c l o s u r e d i a m e t e r , ft 
B a s e m a t e r i a l 
C ladd ing 

In s ide 
O u t s i d e 

P r i m a r y H e a t E x c h a n g e r s 
N u m b e r of u n i t s 
T h e r m a l c a p a c i t y p e r un i t , MW 
Type 

She l l s i d e fluid 
Tube s i d e fluid 
M a t e r i a l s 

She l l 
C ladd ing ( i n s ide ) 
T u b e s 

No. 

6 
26 

5 
1 
1 
4 

2 
2 
2 
2 
3 
1 
6 

29.5 
8 
4 
8 
4 
SA 302-

Type 
Type 

E )ia., in."^ 

5.0 
5.0 

0.5 
0.1 
0.5 
0.5 

1.0 
0.5 
0.5 
2.0 
1.5 
2.0 
2.5 

B steel 

304 SS 
304 SS 

Inconel--600 
or 

3 
33.3 
V e r t i c a l s h e l l and 
U - t u b e 
P r i m a r y coo lan t 
S e c o n d a r y coo lan t 

C a r b o n s t e e l 
Type 304 SS 
I n c o l o y - 8 0 0 

S a m p l e d i a m e t e r for r a b b i t f a c i l i t i e s ; i n s i d e d i a m e t e r for o t h e r f a c i l i t i e s . 
^If d e s i r e d , e a c h t h r o u g h - t u b e m a y be u s e d a s two b l ind t u b e s . 

H y d r a u l i c r a b b i t s a r e i n s t a l l e d in 1 . 5 - i n . - d i a . h o l e s , gas r a b b i t s in 2 - i n . 
h o l e s , a n d s t a t i c b a s k e t s in 3 - in . h o l e s . 

S T w e n t y - f o u r a d d i t i o n a l i r r a d i a t i o n f a c i l i t i e s m a y be m a d e a v a i l a b l e by in ­
s t a l l i n g s p e c i a l , r e m o v a b l e , i n n e r r e f l e c t o r s e g m e n t s . 



T a b l e 1-2 (Contd. ) 

P r i m a r y Coo lan t P u m p s 
Uni t s r e q u i r e d for 100-MW o p e r a t i o n 
H e a d at d e s i g n flow, ft of H2O 
Coolan t flow p e r uni t , g p m 

N o r m a l d r i v e m o t o r 
P o n y d r i v e m o t o r (d -c ) 

H o r s e p o w e r p e r un i t 
N o r m a l d r i v e m o t o r 
P o n y d r i v e m o t o r (d -c ) 

M a t e r i a l ( c a s ing ) 

Conta innaent Bui ld ing 
G e o m e t r y 

M a t e r i a l 

D i m e n s i o n s , ft 
I n s i d e d i a m e t e r 
I n s i d e he igh t 
T h i c k n e s s 

Side w a l l s 
D o m e 

O v e r p r e s s u r e , p s i g 
L e a k a g e , % / d a y 

2 
500 

13,600 
3,000 

2,000 
10 
Type 304 SS 

C y l i n d r i c a l , wi th 
e l l i p s o i d a l d o m e . 
R e i n f o r c e d c o n c r e t e , 
s t e e l l i n e r . 

120 
122 

2 
1 
7.5 
0.1 

1.2.2.1 S i t e , B u i l d i n g s , and Aiaxi l ia ry S t r u c t u r e s 

S i te 

The AARR c o m p l e x (F ig . 1-10) i s to be c o n s t r u c t e d on a 1 0 - a c r e 
s i t e w h i c h is n e a r the g e o g r a p h i c c e n t e r of the L a b o r a t o r y . With r e s p e c t 
to e x i s t i n g e x p e r i m e n t a l f a c i l i t i e s , the s i t e is about 500 ft n o r t h w e s t of 
C P - 5 and wi th in 1800 ft of the E B W R , J U G G E R N A U T , and Z P R r e a c t o r s . 

R e a c t o r C o n t a i n m e n t Bui ld ing 

C e n t r a l l y l o c a t e d on the AARR s i t e , t h i s m u l t i l e v e l , s t e e l and con­
c r e t e s t r u c t u r e ( F i g . 1-11) m e a s u r e s 120 ft i n s i d e d i anae t e r , and 122 ft h igh 
f r o m t h e s e r v i c e f loor to t h e v a p o r - c o n t a i n n a e n t l i n e r of t h e e l l i p s o i d a l d o m e . 
T h i s s t e e l l i n e r (0 .375 in. th ick) i s b a c k e d by r e i n f o r c e d c o n c r e t e (24 in. 
t h i c k ) . 
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I. REACTOR CONTAINMENT BUILDING 
2. LABORATORY AND OFFICE BUILDING 
3 ACTIVE MATERIAL HANDLING BUILDING 
4 ELECTRICAL EQUIPMENT BUILDING 
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7 250-ft EXHAUST STACK 
8. TRUCK DOORS 
9 ARGONNE RESEARCH REACTOR (CP-5) 

Fig. 1-10. Artist's c 
•s concept of Argonne Advanced Research Reactor (Title-I design) 

I. REACTOR CONTAINMENT BUILDING 

'• BSlLmNG^'"'"' "*'^°^"^° 
3 TRANSFER CANAL 

4. CORE PARTS STORAGE POOL 

5. SPENT CORE STORAGE POOL 
6. REACTOR POOL 

7. CORE DISASSEMBLY POOL 
8 RABBIT HANDLING POOL 
9. REACTOR VESSEL 

10. BEAM TUBE 

H. MECHANICAL EQUIPMENT SPACE 
12. AIR HANDLING EQUIPMENT SPACE FicT 1.11 n„r 12- AIR HANDLING EQUIPMEi 



On the s e r v i c e f loor a r e l o c a t e d t h e p r i m a r y cool ing s y s t e m , off-
gas s y s t e m , gas r a b b i t s y s t e m , s h i e ld plug cool ing s y s t e m , h i g h - p r e s s u r e 
p o r t i o n of the h y d r a u l i c r a b b i t s y s t e m , i r r a d i a t i o n f a c i l i t i e s cool ing s y s ­
t e m s , c o n t r o l r o d d r i v e s , poo l and c a n a l cool ing s y s t e m , and t h e p o i s o n 
in jec t ion s y s t e m . A s h i e l d e d s t a i r w a y l e a d s up to t h e m a i n f loor . 

E x c e p t for s m a l l a r e a s n e a r t h e bu i ld ing a c c e s s a i r l o c k s , the 
e n t i r e m a i n f loor a r e a a r o u n d the r e a c t o r and adjo in ing c o n c r e t e - s h i e l d e d 
p o o l s i s a v a i l a b l e for e x p e r i m e n t e r s ' e q u i p m e n t . The r e a c t o r v e s s e l is 
c o m p l e t e l y s u b m e r g e d , w i t h t h e c o r e c e n t e r l i n e 6-2 ft above t h e m a i n f loor 
l e v e l . In add i t ion , t he v e s s e l is offset wi th r e s p e c t to the bu i ld ing c e n t e r -
l ine to f a c i l i t a t e e x p e r i m e n t s wi th n e u t r o n b e a m l e n g t h s r a n g i n g up to 50 ft. 

L a r g e - s i z e p e n e t r a t i o n s in the R e a c t o r C o n t a i n m e n t Bui ld ing i n c l u d e : 
(1) a p e r s o n n e l a i r - l o c k l e a d i n g f r o m t h e m a i n f loor to t h e s e r v i c e f loor of 
the L a b o r a t o r y and Office Bui ld ing ; (2) an e m e r g e n c y p e r s o n n e l a i r - l o c k 
l e a d i n g f r o m t h e m a i n f loor to the o u t d o o r s ; (3) v e h i c l e and e q u i p m e n t 
h a t c h e s l e ad ing f r o m the m a i n and s e r v i c e f l o o r s to an o u t d o o r a r e a w a y ; 
and (4) a p e r s o n n e l a i r - l o c k l e ad ing f r o m the t r a n s f e r c a n a l l e v e l to the 
o p e r a t i n g f loor of the A c t i v e M a t e r i a l Handl ing Bui ld ing . S m a l l - s i z e p e n e ­
t r a t i o n s a r e p r o v i d e d for s y s t e m p ip ing , i n s t r u m e n t and c o n t r o l c i r c u i t r y , 
u t i l i t i e s , and v e n t i l a t i o n d u c t s . A l l open ings a r e d e s i g n e d to m a i n t a i n l e a k -
t igh t i n t e g r i t y of t h e c o n t a i n m e n t s t r u c t u r e . 

The e n t i r e m a i n f loor i s s e r v i c e d by a p o l a r c r a n e hav ing a 1 5 - t o n -
c a p a c i t y m a i n hook and a 5 - t o n - c a p a c i t y a u x i l i a r y hook. T h i s c r a n e is u s e d 
in con junc t ion Avith a p o w e r - o p e r a t e d , p e r s o n n e l b r i d g e , w h i c h i s p o s i t i o n e d 
o v e r t h e r e a c t o r poo l and t r a n s f e r c a n a l d u r i n g r e fue l ing a n d / o r un load ing 
of i r r a d i a t e d e x p e r i m e n t a l e q u i p m e n t . Spent fuel and o t h e r i r r a d i a t e d m a ­
t e r i a l s a r e t r a n s p o r t e d t h r o u g h an u n d e r w a t e r h a t c h in t h e t r a n s f e r c a n a l 
d i r e c t l y in to t h e a d j a c e n t A c t i v e M a t e r i a l Handl ing Bu i ld ing . 

A c t i v e M a t e r i a l Hand l ing Bu i ld ing 

C o n s t r u c t e d of c o n v e n t i o n a l s t r u c t u r a l s t e e l f ranaing, and e n c l o s e d 
wi th i n s u l a t e d m e t a l w a l l p a n e l s , t h i s bu i ld ing e x t e n d s two s t o r i e s above 
g r a d e and t h r e e s t o r i e s be low g r a d e . The a b o v e - g r a d e l e v e l h o u s e s an e x ­
t e n s i o n of t h e t r a n s f e r c a n a l , an a s s o c i a t e d w o r k a r e a , and a poo l w h i c h i s 
u s e d in con junc t ion w i t h a c c e l e r a t e d i r r a d i a t i o n s ( r a b b i t f a c i l i t i e s ) . On the 
g r a d e l e v e l ( f i r s t f loor ) and a d j a c e n t to the p o o l s a r e l o c a t e d the a i r supp ly 
s y s t e n a s for t h e R e a c t o r C o n t a i n m e n t and t h e A c t i v e M a t e r i a l Hand l ing 
B u i l d i n g s , t he p r o c e s s c h i l l e d w a t e r s y s t e m , and the p o w e r d i s t r i b u t i o n 
p a n e l s for i n - b u i l d i n g e q u i p m e n t . On t h e b e l o w - g r a d e l e v e l s a r e l o c a t e d 
the e x h a u s t s y s t e m s for bo th b u i l d i n g s and t h e p u m p s for t h e l o w - p r e s s u r e 
r a b b i t t r a n s f e r s y s t e m . 

T h i s bu i ld ing i s s e r v i c e d by an o v e r h e a d , 3 5 - t o n - c a p a c i t y c r a n e , 
w i th a 3 - t o n - c a p a c i t y a u x i l i a r y hook. 



L a b o r a t o r y and Office Bui ld ing 

L o c a t e d a d j a c e n t and w e s t of the R e a c t o r C o n t a i n m e n t Bui ld ing , t h i s 
m a s o n r y s t r u c t u r e h o u s e s the f a c i l i t i e s for p e r s o n n e l engaged in the o p e r a ­
t ion, m a i n t e n a n c e , and conduc t of e x p e r i m e n t s in the AARR. 

T h e s e f a c i l i t i e s a r e d i s p o s e d on two l e v e l s . On t h e m a i n f loor l e v e l 
a r e l o c a t e d a r e c e p t i o n a r e a , f o u r t e e n of f ices , a c o n f e r e n c e r o o m , an i n s t r u ­
m e n t shop , a l u n c h r o o m , a r e c o r d s vaul t , a m e n s ' l o c k e r r o o m , and the n o r ­
m a l a n c i l l a r y a r e a s . The s e r v i c e f loor l eve l , w h i c h c o m m u n i c a t e s d i r e c t l y 
w i th t h e r e a c t o r e x p e r i m e n t f loor , con t a in s a h e a l t h p h y s i c s l a b o r a t o r y and 
office, t h e c o n t r o l r o o m , i n s t r u m e n t c a b l e and r e l a y r a c k r o o m s , two c h e m ­
i s t r y l a b o r a t o r i e s , four count ing r o o m s , a r a d i o c h e m i s t r y s e r v i c e r o o m , 
and e m e r g e n c y s c r u b and change r o o m s . A l s o on th i s l e v e l a r e t h e bu i ld ing 
h e a t i n g , v e n t i l a t i n g , and a i r - c o n d i t i o n i n g s y s t e m s . Both l e v e l s a r e s e r v i c e d 
by a conabined p a s s e n g e r - f r e i g h t e l e v a t o r wi th a 7500-pound c a p a c i t y . 

E l e c t r i c a l E q u i p m e n t Bui ld ing 

Th i s t w o - l e v e l s t r u c t u r e ad jo ins t h e n o r t h e a s t s ide of the R e a c t o r 
C o n t a i n m e n t Bui ld ing . The b a s e m e n t c o n t a i n s four b a t t e r y r o o m s , s w i t c h -
g e a r , two d i e s e l - d r i v e n g e n e r a t o r s , and m o t o r c o n t r o l c e n t e r s . T h i s 
e q u i p m e n t i s p a r t of the e m e r g e n c y p o w e r s y s t e m u s e d to s u s t a i n o p e r a ­
t ion of v i t a l r e a c t o r c o m p o n e n t s upon l o s s of n o r m a l p o w e r . The n o r m a l 
p o w e r supp ly s y s t e m is l o c a t e d on the g r a d e l e v e l f loor . S y s t e m e q u i p m e n t 
i n c l u d e s 4 8 0 - v o l t s u b s t a t i o n s , m o t o r c o n t r o l c e n t e r s , and t h e 4 1 6 0 - v o l t 
s w i t c h g e a r . As shown in F i g . 1-10, t he 13 .2-kV s w i t c h g e a r s and t r a n s ­
f o r m e r s a r e i n s t a l l e d in a f e n c e d - i n a r e a n o r t h of t h e E l e c t r i c a l E q u i p m e n t 
Bui ld ing . 

A u x i l i a r y S t r u c t u r e s 

T h e s e s t r u c t u r e s i nc lude : ( l ) cool ing t o w e r s , a bu i ld ing w h i c h 
h o u s e s t h e s e c o n d a r y coo lan t s y s t e m p u m p s , and w a t e r t r e a t m e n t e q u i p ­
m e n t , a l l l o c a t e d about 250 ft n o r t h of the L a b o r a t o r y and Office Bui ld ing ; 
(2) r e t e n t i o n ponds for s t o r i n g and t e s t i n g s e c o n d a r y s y s t e m b l o w - d o w n 
w a t e r p r i o r to i t s r e l e a s e to the e n v i r o n s ; (3) a c o n t a m i n a t e d w a s t e s t o r a g e 
fac i l i ty ; and (4) a 250-f t e x h a u s t s t a c k . A l l c o n t a m i n a t e d so l id and l iqu id 
w a s t e s f r o m the R e a c t o r C o n t a i n m e n t and A c t i v e M a t e r i a l Handl ing Bu i ld -
d ings a r e r o u t e d to t h e w a s t e s t o r a g e f ac i l i t y w h i c h is s o u t h w e s t of the 
R e a c t o r C o n t a i n m e n t Bui ld ing . A l l g a s e o u s eff luent f r o m bo th bu i ld ings is 
m o n i t o r e d p r i o r to d i s c h a r g e t h r o u g h t h e e x h a u s t s t a c k . 



1.2.2.2 R e a c t o r C o m p o n e n t s 

C o r e I n s e r t A s s e m b l y 

C o n s i s t e n t w i th the d e c i s i o n to o p e r a t e AARR at a p o w e r l e v e l of 
100 MW(t) , t h e M a r k - I c o r e i s be ing deve loped to p r o v i d e , for e x p e r i m e n t a l 
p u r p o s e s , u n p e r t u r b e d t h e r m a l n e u t r o n f luxes a p p r o a c h i n g 4 x 1 0 n / 
( cm^) ( sec ) in the I n t e r n a l T h e r m a l C o l u m n ( iTC) , and 1 x 10^^ n / ( c m ^ ) ( s e c ) 
a t t he i n n e r m o s t t i p s of t h e h o r i z o n t a l b e a m t u b e s . 

D e s i g n e d fo r uni t r e p l a c e m e n t , the c o r e i n s e r t a s s e m b l y ( F i g . 1-12) 
c o m p r i s e s t h e 4 5 - s u b a s s e m b l y c o r e , 12 c o n t r o l and sa fe ty b l a d e s , and s u p ­
p o r t i n g s t r u c t u r e s . T h e s e s t r u c t u r e s inc lude the g r i d p l a t e , c o r e s h r o u d , 
c o r e holHdown, ITC s h r o u d , and l o w e r s h r o u d . A l l fuel s u b a s s e m b l i e s a r e 
s u p p o r t e d and p o s i t i o n e d by t h e g r i d p l a t e . T igh t l a t e r a l t o l e r a n c e s b e ­
t w e e n s u b a s s e m b l i e s a r e m a i n t a i n e d by a c c u r a t e l y f a b r i c a t i n g the u p p e r 
ho lddown and g r i d p l a t e s . E a c h of t h e c o n t r o l and sa fe ty b l a d e s i s gu ided 
p r i m a r i l y by t h e u p p e r end f i t t ings of a d j a c e n t s u b a s s e m b l i e s and s h r o u d 
above the c o r e . Within the c o r e , t h e b l a d e s a r e guided by r a i s e d r i b s on 
the s u b a s s e m b l i e s o r the s h r o u d c h a n n e l s . Dur ing load ing o r un load ing 
o p e r a t i o n s , the b l a d e s a r e locked and s u p p o r t e d in the l o w e r s h r o u d g u i d e s . 
P r i o r to t h e s e o p e r a t i o n s , the ITC s h r o u d i s r e m o v e d and r e p l a c e d w i th a 
s u i t a b l e n e u t r o n a b s o r b i n g m a t e r i a l . Th i s a b s o r b e r m a t e r i a l s e r v e s a s an 
a d d i t i o n a l shu tdown d e v i c e d u r i n g t r a n s p o r t of a new o r spen t c o r e . 

A s shown in F i g . 1-16, the c o r e i n s e r t a s s e m b l y , i n n e r and o u t e r 
r a d i a l r e f l e c t o r s , r e f l e c t o r s h r o u d , and coo lan t flow s h r o u d a r e m o u n t e d 
on the c o r e and r e f l e c t o r s u p p o r t g r i d . Th i s g r i d i s bo l t ed to t h e c o r e and 
r e f l e c t o r s u p p o r t p e d e s t a l . The l a t t e r , in t u r n , i s b o l t e d to a s u p p o r t r i n g 
w h i c h i s an i n t e g r a l p a r t of the p r e s s u r e v e s s e l . T h u s e x c e p t for the con­
t r o l and sa fe ty b l a d e s , a l l s t a t i c and d y n a m i c l o a d s of t h e c o r e i n s e r t a s ­
s e m b l y a r e t r a n s f e r r e d to t h e v e s s e l s u p p o r t r i ng . 

T h e a d v a n t a g e s of t h e p a c k a g e d c o r e concep t a r e twofold. F i r s t , 
r e a c t o r d o w n t i m e for r e fue l ing i s f o r e s h o r t e n e d s ign i f i can t ly . Second , a 
h igh d e g r e e of f l ex ib i l i t y is p r o v i d e d for uni t i n s p e c t i o n o u t s i d e the v e s s e l , 
p a r t i a l d i s a s s e m b l y wi th in t h e v e s s e l , o r d e s i g n m o d i f i c a t i o n s for o p e r a ­
t ion a t h i g h e r p o w e r l e v e l . 

F u e l S u b a s s e m b l i e s . E a c h of t h e 45 fuel s u b a s s e m b l i e s ( F i g . 1-13) 
i s r h o m b o i d a l in c r o s s s e c t i o n and c o n s i s t s of flat p l a t e s b r a z e d to r e c t a n ­
g u l a r w i r e s p a c e r s a t t h e s i d e s and m i d s e c t i o n . T h e s e s p a c e r s e l i m i n a t e 
the n e e d for s i d e p l a t e s . R h o m b o i d a l end f i t t i ngs , f a b r i c a t e d f r o m Type 347 
s t a i n l e s s s t e e l , a r e w e l d e d at t h e top and b o t t o m ; t h e y a r e o r i f i c e d to e n s u r e 
a d e q u a t e d i v e r s i o n of coo lan t flow t h r o u g h o u t t h e m u l t i p l a t e a s s e m b l y . The 
u p p e r end f i t t ing of e a c h s u b a s s e m b l y is i d e n t i c a l , and a l l u n i t s a r e a c c o m ­
m o d a t e d by t h e s a m e hand l ing and t r a n s f e r d e v i c e s . The l o w e r end f i t t ing, 
w h i c h t a p e r s to a c y l i n d r i c a l c r o s s s e c t i o n , s e a t s in the g r i d p l a t e . 



CORE HOLDDOWN AND LATERAL SUPPORT STRUCTURE 
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Fig. 1-12. Core insert assembly 



43 

VIEW A-A 

SECTION B-B 

NOTE: ALL DIMENSIONS IN INCHES 

Fig. 1-13 

Sectional views of fuel sub­
assembly and fuel plates 



F i v e t y p e s of s u b a s s e m b l i e s w i l l b e e m p l o y e d , d i f f e r i n g o n l y i n 
n u m b e r of f u e l p l a t e s , f ue l c o n t e n t , a n d s p a c i n g . 

F u e l P l a t e s . T h e t o t a l c o r e l o a d i n g c o m p r i s e s 1167 T y p e 347 s t a i n ­
l e s s s t e e l - c l a d f u e l p l a t e s f a b r i c a t e d b y t h e p i c t u r e - f r a m e t e c h n i q u e . E a c h 
p l a t e m e a s u r e s 20 i n . l o n g , 2 . 5 4 6 i n . w i d e , 0 . 0 4 0 i n . t h i c k , a n d f e a t u r e s a n 
a c t i v e f u e l r e g i o n 18 in . l o n g , 2 . 3 7 0 i n . w i d e , 0 . 0 3 0 i n . t h i c k . 

T h e s t a n d a r d f u e l p l a t e c o n t a i n s h i g h l y e n r i c h e d ( 9 3 % U - 2 3 5 ) s p h e ­
r o i d a l u r a n i u m d i o x i d e (37 w t - % m a x . ) u n i f o r m l y d i s p e r s e d in a T y p e 347 
s t a i n l e s s s t e e l m a t r i x . A s u f f i c i e n t a m o u n t of s t a b l e b o r o n c o m p o u n d 
( Z r B 2 ) w i l l b e a d d e d t o t h e fue l t o p r o v i d e a d d i t i o n a l r e a c t i v i t y h o l d d o w n 
d u r i n g i n i t i a l o p e r a t i o n s . T o m i n i m i z e p o w e r p e a k i n g a t t h e i n n e r a n d o u t e r 
e d g e s of t h e c o r e , t h e s u b a s s e m b l i e s i n t h e s e r e g i o n s w i l l c o n t a i n p l a t e s of 
v a r y i n g fue l c o n t e n t a n d c o o l a n t c h a n n e l s p a c e s . F i g u r e 1 -14 s h o w s t h e f u e l 
p l a t e - s p a c i n g in s u b a s s e m b l i e s c o m p r i s i n g o n e q u a d r a n t of t h e c o r e l o a d i n g 

Fig. 1-14. Partial plan view of AARR core showing relative positions of standard and 
graded fuel subassemblies, and orientation of control and safety blades 

C a l c u l a t i o n s i n d i c a t e t h a t a c o r e l o a d i n g of ~ 5 8 k g U - 2 3 5 a n d 
250 g m n a t u r a l b o r o n w i l l p r o v i d e a m a x i m u m of 9% a v a i l a b l e e x c e s s 
r e a c t i v i t y t h r o u g h o u t t h e 9 0 - d a y c o r e l i f e t i m e . 



C o n t r o l B l a d e s . In add i t ion to the f ixed b u r n a b l e p o i s o n in the fuel 
p l a t e s , s y s t e m r e a c t i v i t y i s c o n t r o l l e d by t w e l v e flat b l a d e s wh ich m o v e 
v e r t i c a l l y into o r out of the c o r e . A s shown in the p a r t i a l p lan view of the 
c o r e (F ig . 1-14), s ix b l a d e s a r e p o s i t i o n e d in the fuel zone : t h r e e r a d i a l l y 
and t h r e e offset . T h e s e b l a d e s a r e u s e d for l o n g - t e r m r e a c t i v i t y s h i m 
c o n t r o l ; t h e y a l s o funct ion a s sa fe ty b l a d e s . 

The o t h e r s ix b l a d e s boiond the fuel zone at i t s o u t e r r a d i a l p e r i m ­
e t e r . One wi l l be u s e d a s a r e g u l a t i n g b l a d e , for a u t o m a t i c c o n t r o l of r e a c t o r 
p o w e r . T h e o t h e r f i v e wi l l b e u s e d o n l y a s s a f e t y b l a d e s (af ter e q u i l i b r i u m 
l e v e l s of x e n o n - 1 3 5 a r e a t t a i n e d d u r i n g r e a c t o r o p e r a t i o n ) to avoid f lux-

d e p r e s s i o n effects in e x p e r i m e n t a l 
f a c i l i t i e s in the b e r y l l i u m r e f l e c t o r . 
When u s e d s t r i c t l y a s s a f e t y b l a d e s , 
the l ead ing edge of the r e s p e c t i v e 
po i son s e c t i o n s wi l l be p o s i t i o n e d 
~1.5 in. wi th in the a c t i v e c o r e r eg ion . 
Th i s wi l l be done to e n h a n c e t h e 
d i f f e r en t i a l r e a c t i v i t y c o n t r o l 
w o r t h of t h e s e b l a d e s in the f i r s t 
inch of b l ade m o t i o n . 
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Fig. 1-15. Sectional views and composition of 
(A) safety blade and (B) control 
blade. All dimensions are in inches. 

As shown in F i g . 1-15, the 
b l a d e s differ only in wid th and in 
m a t e r i a l e m p l o y e d for t h e r e s p e c ­
t ive fo l lower s e c t i o n s . E a c h b l ade 
f e a t u r e s a r e c t a n g u l a r s lot in the 
fo l lower s ec t i on , wh ich is engaged 
by a r o t a r y key in the d r i v e shaft 
c o n n e c t o r , and a T - s l o t in the 
a b s o r b e r s e c t i o n for e n g a g e m e n t 
and r e m o v a l by a c o m m o n g r a p ­
pl ing d e v i c e . E x t r a p o l a t i o n s f r o m 
r e a c t o r p h y s i c s e x p e r i m e n t s in 
the AARR C r i t i c a l i t y F a c i l i t y in ­
d i ca t e tha t , in the f r e s h r e a c t o r , 
the to t a l r e a c t i v i t y c o n t r o l w o r t h 
wi l l be a p p r o x i m a t e l y 15%, d i s ­
t r i b u t e d rough ly equa l ly a m o n g 
the twe lve b l a d e s . 

I n n e r and O u t e r R e f l e c t o r s 

Both r e f l e c t o r s f o r m a 
1 6 - i n . - t h i c k r eg ion of b e r y l l i u m 
a r o u n d t h e c o r e in the r a d i a l d i ­
r e c t i o n . Some r e f l e c t i o n of n e u ­
t r o n s is p r o v i d e d by the coolan t 
above and be low the c o r e . 



As shown in F i g . 1-16, the o u t e r r e f l e c t o r i s a s e g m e n t e d c y l i n d e r 
of b e r y l l i u m (52 in. O.D.) , w i th a c e n t r a l , h e x a g o n a l opening (~25 in. a c r o s s 
f l a t s ) to a c c o m m o d a t e t h e c o r e and i n n e r r e f l e c t o r . It e x t e n d s 10 in. above 
and below t h e c e n t e r l i n e of the a c t i v e fuel zone , and i s s u p p o r t e d , ax i a l l y , 
by the c o r e - r e f l e c t o r suppoi ' t g r i d and r e f l e c t o r holddown, and, l a t e r a l l y , 
by the r e f l e c t o r o u t e r s h r o u d . The l a r g e , r e c t a n g u l a r s e g m e n t s a r e p i e r c e d 
wi th coo lan t p a s s a g e s , v e r t i c a l h o l e s for r a b b i t f a c i l i t i e s , and h o r i z o n t a l 
h o l e s for b l ind b e a m t u b e s and t h r o u g h - t u b e s . C a l c u l a t i o n s i n d i c a t e t ha t 
t he o u t e r r e f l e c t o r shou ld e n d u r e for a n u m b e r of y e a r s b e f o r e it n e e d be 
r e p l a c e d for r e a s o n s of c o r r o s i o n , r a d i a t i o n d a m a g e , a n d / o r bu i ldup of 
t r i t i u m f r o m (n,a) r e a c t i o n s . 

The i n n e r r e f l e c t o r m e a s u r e s 3 in. t h i ck , and ex t ends 15 in. above 
and be low the c o r e c e n t e r l i n e . S ince it is in a r e g i o n of h igh n e u t r o n flux 
and h igh h e a t g e n e r a t i o n , t he i n n e r r e f l e c t o r i s c o m p r i s e d of s m a l l e r r e c ­
t a n g u l a r p i e c e s (30 in. long, ~9 sq in . ) . T h e s e p i e c e s a r e r e m o v e d (and can 
be r e p l a c e d , if n e c e s s a r y ) c o n s i s t e n t wi th the p r o p o s e d s e q u e n c e of c o r e 
un load ing o p e r a t i o n s . 

T h e c o m b i n e d r e f l e c t o r r e g i o n i s coo led by the p r i m a r y coolan t , 
wh ich i s b y p a s s e d a r o u n d t h e fuel zone and flows d o w n w a r d t h r o u g h the 
p a s s a g e s , p e n e t r a t i o n s , and gaps m a i n t a i n e d b e t w e e n the b e r y l l i u m s e g m e n t s 

R e a c t o r V e s s e l 

The m a i n d e s i g n p a r a m e t e r s and f e a t u r e s of t h e r e a c t o r v e s s e l a r e 
s u m m a r i z e d in T a b l e 1-3 and i l l u s t r a t e d in F i g . 1-16. 

T a b l e 1-3. S u m m a r y of R e a c t o r V e s s e l D e s i g n P a r a m e t e r s 

P r e s s u r e , p s i g 
O p e r a t i n g 750 
D e s i g n 875 

T e m p e r a t u r e , °F 
O p e r a t i n g ~135 and 164 
D e s i g n 350 

She l l D i m e n s i o n s , f t - i n . 
M a i n c y l i n d r i c a l s e c t i o n 

In s ide d i a m e t e r 8-0 
L e n g t h 15-4 

H e m i s p h e r i c a l t r a n s i t i o n l e n g t h 3 -9 .75 

L o w e r c y l i n d r i c a l s e c t i o n 
I n s i d e d i a m e t e r ' 3-11 
L e n g t h 6-3 

Wal l t h i c k n e s s ( inc l . c l ad) 0 - 4 

Clad ( in s ide and o u t s i d e ) 0 - 0 . 2 5 



T a b l e 1-3 (Contd . ) 

C l o s u r e s and P e n e t r a t i o n s 
Top h e a d 

I n s i d e d i a m e t e r , ft 
T h i c k n e s s , in . 

P e n e t r a t i o n s 
V e r t i c a l f a c i l i t i e s 
V e r t i c a l f a c i l i t i e s 
I n s t r u m e n t 
Q u i c k - o p e n i n g c l o s u r e 

ITC a c c e s s 
I n s t r u m e n t 

B o t t o m h e a d 
O u t s i d e d i a m e t e r , f t - i n . 
T h i c k n e s s , in. 

P e n e t r a t i o n s 
C o n t r o l b l a d e d r i v e shaf t s 
R a b b i t f a c i l i t i e s 
I T C a c c e s s 

She l l p e n e t r a t i o n s 
Coo lan t n o z z l e s 
Beana t u b e s 
E m e r g e n c y coo l an t n o z z l e s 

M a t e r i a l 
B a s e m e t a l ( she l l and h e a d s ) 
C l a d 

29 

T o t a l No. 
7 
6 
3 
1 
1 
6 

5-4 
- 1 0 . 

T o t a l No. 
12 

2 
1 

T o t a l No. 
2 

10 
2 

Dia . , in. 
1.75 
2.75 
5.0 
31.5 
- 5 . 5 
1.0 

25 

Dia . , in . 
2 .125 
3.25 
- 5 . 5 

Dia . , in. 
24 
8.5 
2.5 

S A - 3 0 2 B o r S A - 2 1 2 B 
Type 304 SS o r 
I n c o n e l - 600 

A s shown in F i g . 1-16, the v e s s e l i s s u b m e r g e d in a poo l of dena iner -
a l i z e d w a t e r (pH = 7.0) w h i c h s e r v e s a s a b i o l o g i c a l s h i e l d d u r i n g r e a c t o r 
o p e r a t i o n and, a l s o , d u r i n g fuel t r a n s f e r . The b o l t e d top head , w h i c h i s a p ­
p r o x i m a t e l y 18.5 ft be low t h e poo l s u r f a c e , can be r e m o v e d to e x p o s e t h e 
e n t i r e p l a n s e c t i o n of the v e s s e l . In add i t ion to n u m e r o u s p e n e t r a t i o n s for 
e x p e r i n a e n t a l f a c i l i t i e s and i n s t r u m e n t a t i o n , t he top h e a d f e a t u r e s a c e n t r a l , 
3 1 . 5 - i n . - d i a . , q u i c k - o p e n i n g c l o s u r e to e x p e d i t e r e m o v a l and r e p l a c e n a e n t of 
t h e c o r e i n s e r t a s s e n a b l y . D u r i n g t h e s e o p e r a t i o n s , t he h igh p u r i t y (pH = 
5 .0 -7 .0 ) p r i m a r y coo l an t in t h e v e s s e l w i l l m e r g e w i t h t h e poo l w a t e r . 

T h e u p p e r v e s s e l w a l l i s p e n e t r a t e d by a 2 2 - i n . - I . D . coo lan t i n l e t 
n o z z l e l o c a t e d 5 f t -4 in . above the c o r e c e n t e r l i n e . A coo lan t ou t le t n o z z l e 
of i d e n t i c a l d i a n a e t e r i s i n s t a l l e d 6 f t -6 in . be low t h e c o r e c e n t e r l i n e . 
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Fig. 1-16. Vertical section of reactor vessel installation m Reactor 
Pool. Also see Fig. 1-17 for plan view of Section A-A. 



At a l e v e l c o r r e s p o n d i n g to the c o r e m i d p l a n e , the v e s s e l i s p e n e ­
t r a t e d by t e n n o z z l e s wh ich a c c o m m o d a t e the h o r i z o n t a l b e a m t u b e s . T h e s e 
n o z z l e s (F ig . 1-17) a r e a l i gned wi th open ings in the s t a i n l e s s s t e e l l i n e r of 
the R e a c t o r P o o l and c o n c r e t e b i o l o g i c a l sh i e ld . 

BT-I > BT-2 

INTERNAL THERMAL COLUMN 

BT-3 
CONTROL BLADE 

SAFETY BLADE 

VERTICAL FACILITY PENETRATIONS 

REFLECTOR SHROUD 

INNER REFLECTOR 

BT-8 

PRESSURE VESSEL 

FUEL SUBASSEMBLY 

TT-2 

TT-I 

AUXILIARY INLET 

OUTER REFLECTOR 

THERMAL SHIELD 

Fig. 1-17. Plan view of reactor vessel at core midplane. Beam tubes BT-7 and BT-8 are additive alternates. 

To m i n i m i z e v e r t i c a l expans ion of the v e s s e l at o p e r a t i n g t e m p e r a ­
t u r e , the v e s s e l s u p p o r t i n g lugs and c o l u m n s a r e p l a c e d c l o s e to the c o r e 
m i d p l a n e . In addi t ion , be l lows connec t ions a r e i n s t a l l e d b e t w e e n the b i o ­
log i ca l sh i e ld p e n e t r a t i o n s and the b e a m t u b e s ( see F i g . 1-20) to c o m p e n ­
s a t e for any m i s a l i g n m e n t o r d i f f e ren t i a l m o v e m e n t b e t w e e n the v e s s e l 
and the t u b e s . 

P r i m a r y coolan t flows downward f r o m the top in le t n o z z l e , t h r o u g h 
the c o r e - r e f l e c t o r r eg ion , and exi t s t h r o u g h the b o t t o m n o z z l e . C a l c u l a ­
t ions i nd i ca t e tha t du r ing o p e r a t i o n at 100 MW, the i n n e r s u r f a c e of the 
v e s s e l above the p e d e s t a l s u p p o r t r ing , inc luding the top head , wi l l be e x ­
p o s e d to w a t e r at 135°F, whi le the s u r f a c e be low the c o r e , but above the 



s m a l l e r c y l i n d r i c a l e x t e n s i o n , w i l l be e x p o s e d to 1 64°F w a t e r . M o r e o v e r , 
the c o n t r o l rod n o z z l e s and b o t t o m s e c t i o n of t h e l o w e r e x t e n s i o n wi l l be 
cooled and f lushed wi th w a t e r wh ich wi l l flow u p w a r d and m i x wi th coolan t 
f r o m the c o r e . H e n c e , the t r a n s i t i o n zone b e t w e e n t h e 8 - f t - d i a . m a i n v e s ­
s e l and the l o w e r e x t e n s i o n m a y b e e x p o s e d a l t e r n a t e l y to 164 and 135°F 
w a t e r . The n a t u r e and ex ten t of the s u r f a c e s t r e s s e s i m p o s e d by t h e s e 
t e m p e r a t u r e d i f f e r e n t i a l s wi l l be i n v e s t i g a t e d . If w a r r a n t e d , a t h e r m a l 
s l e e v e wi l l be i n s t a l l e d in t h i s r eg ion . 

The annu lus b e t w e e n the b e r y l l i u m r e f l e c t o r and v e s s e l wa l l is 
f i l led wi th bulk coo lan t to sh i e ld t h e v e s s e l a g a i n s t g a m m a and n e u t r o n 
r a d i a t i o n . One o r m o r e n e u t r o n windows m a y be i n s t a l l e d in th i s r e g i o n . 
In t h i s even t , t h e bu lk of the n u c l e a r d e t e c t o r s could b e l o c a t e d o u t s i d e 
the r e a c t o r v e s s e l . E x t e n d i n g r a d i a l l y o u t s i d e t h e v e s s e l , t he sh i e ld ing 
c o n s i s t s of t h e poo l w a t e r and a zone of m a g n e t i t e c o n c r e t e . 

C o n t r o l B l ade D r i v e M e c h a n i s m s 

E a c h of the t w e l v e c o n t r o l b l a d e s is i n d e p e n d e n t l y r a i s e d o r l o w e r e d 
o v e r a t o t a l t r a v e l of 20 in. by a v e r t i c a l d r i v e shaf t w h i c h o p e r a t e s t h r o u g h 
a p r e s s u r e b r e a k d o w n s e a l in the v e s s e l b o t t o m h e a d . E a c h shaft i s a c t u ­
a t e d by a r a c k - a n d - p i n i o n d r i v e m e c h a n i s m w h i c h i s a t t a c h e d to the b o t t o m 
h e a d . E l e v e n of t h e s e m e c h a n i s m s a r e i d e n t i c a l ; t he twelf th is mod i f i ed to 
o p e r a t e a s a r e g u l a t i n g d r i v e in con junc t ion wi th an a u t o m a t i c p o w e r con­
t r o l l e r . E x c e p t for t h e add i t ion of an a c c e l e r a t i o n s p r i n g , the d e s i g n is 
s i m i l a r to t h e r a c k - a n d - p i n i o n d r i v e s e m p l o y e d in the E B W R . 

A s shown in the r e f e r e n c e d e s i g n (F ig . 1-18), e a c h m e c h a n i s m con­
s i s t s of: ( l ) a g e a r r a c k w i th e x t e n s i o n shaft and c o n n e c t o r lock, wh ich is 
r o t a t e d to e n g a g e o r d i s e n g a g e the l o w e r end of the c o n t r o l b l a d e ; r o t a t i o n 
i s ef fec ted by a s p e c i a l too l w h i c h p e n e t r a t e s t h e s e a l at t h e l o w e r end of 
the d r i v e hous ing ; (2) a p in ion and p in ion shaft , w h i c h i m p a r t s l i n e a r m o t i o n 
to the r a c k ; (3) a r o t a r y , h i g h - p r e s s u r e , l o w - f r i c t i o n s e a l on the p in ion 
shaft ; (4) an e l e c t r o m a g n e t i c c lu t ch , wh ich c o u p l e s t h e p in ion shaft to the 
output shaft of the d r i v e m o t o r d u r i n g n o r m a l o p e r a t i o n and is d e - e n e r g i z e d 
to p e r m i t r a p i d , d o w n w a r d i n s e r t i o n ( s c r a m ) of t h e b l a d e ; (5) a c o m p r e s s i o n 
s p r i n g , w h i c h in add i t i on to g r a v i t y and h y d r a u l i c f o r c e s of the p r i m a r y cool 
an t flow, e n h a n c e s b l a d e a c c e l e r a t i o n du r ing a s c r a m ; and (6) a h y d r a u l i c 
dashpo t , w h i c h d e c e l e r a t e s the b l a d e at the end of the s c r a m s t r o k e . 

In add i t ion , e a c h m e c h a n i s m is equ ipped wi th : ( l ) a s e n s i n g d e v i c e 
to e n s u r e p o s i t i v e e n g a g e m e n t (or d i s e n g a g e m e n t ) of the d r i v e shaft and 
c o n t r o l b l a d e ; (2) c a m - o p e r a t e d l i m i t s w i t c h e s and a s y n c h r o t r a n s m i t t e r 
g e a r e d to t h e d r i v e m o t o r output shaft to p r o v i d e con t inuous b l ade p o s i t i o n 
ind ica t ion ; and (3) a w a t e r b a c k - f l u s h i n g s y s t e m to m a i n t a i n the d r i v e shaft 
p i s t o n and d a s h p o t f r e e of d e p o s i t s o r p a r t i c u l a t e m a t t e r . F i n a l l y , w i th 
p o s s i b l e e x c e p t i o n of the r e g u l a t i n g b l a d e , t he d r i v e m e c h a n i s m s wi l l be 
e n e r g i z e d by s i n g l e - s p e e d , r e v e r s i b l e , a - c m o t o r s . 
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Fig. 1-18. Typical installation of reference design control blade drive mechanism 



1.2.2.3 Fuel Handling 

The fuel-handling sys tem and sequence is designed to load and un­
load in tegra l core inse r t a s sembl i e s and, if nece s sa ry , individual fuel sub­
a s sembl i e s . In any event, until confined in appropr ia te ly shielded conta iners , 
all active cores or d i sassembled components thereof a r e t r anspor t ed to and 
from the r eac to r vesse l while completely submerged in the light water- f i l led 
pools as shown in Fig . 1-19. Moreover , all operat ions involved in effecting 
these exchanges a r e observed di rect ly from the personnel br idge crane which 
t r a v e r s e s the pools . Finally, suitable source and radiation de tec tors a r e 
employed to naonitor cer ta in operat ions which may reflect an i nc rease in 
react ivi ty. 

Spent Core 

After r eac to r shutdown, the spent core is cooled by forced c i rcu la ­
tion of the p r i m a r y coolant until the decay heat can be removed by na tura l 
circulat ion. At that t ime, the p r i m a r y cooling sys tem is reduced to a tmo­
spher ic p r e s s u r e . 

The subsequent sequence of operat ions is descr ibed l i t e ra l ly and 
p ic tor ia l ly in Fig . 1-19. In Step A, the ITC in se r t is r e l eased from the 
quick-opening c losure plug by rotating a b reech lock. In Step B, the water 
level is lowered by connecting a dra in line to a pipe which extends down­
ward into the pool. 

Calculations indicate that removal of the inner bery l l ium ref lector 
and substitution of water resu l t s in a react ivi ty loss of - 3 % . Therefore , in 
Step C, a t r an spo r t abso rbe r is locked in the ITC shroud to provide addi­
tional shutdown marg in . Also, twelve control blade locks a r e instal led to 
prevent the blades from falling out of the core in the event the core is 
dropped by the handling fixture. 

In Step D, the core in se r t a s sembly is t r anspor t ed through an under ­
wate r gate, lowered, and secured to a pedes ta l in the adjoining Spent Core 
Storage Pool . After a p r e s c r i b e d decay per iod, the a s sembly is removed 
through another gate and posit ioned on a pedes ta l in the adjacent Core Dis ­
assembly Pool (step E ) . Here , the core components a r e d i sassembled and 
then t r anspo r t ed to the Core P a r t s Storage Pool (Step F ) , where they a r e 
fur ther d i sassembled and confined in shielded shipping casks . These casks 
a r e hoisted onto a dolly and t r a n s f e r r e d through the underwater hatch in the 
t r ans fe r canal leading to the Active Mate r i a l Handling Building (Step G). 
Final ly, with the aid of the building crane , the casks a r e removed from the 
canal, decontaminated, and then deposited onto a t ruck for t r an spo r t to a 
p rocess ing site (Step H ) . 



v.* 

*. ITC FACILITY REMOVAL 
(1) Position personnel bridge and lifting 

fixture over reactor vessel. 
(2) Disconnect and remove ITC and reflector 

rabbit tubes. 
(3) Remove ITC Facility; store in Reactor Pool. 

B. REACTOR VESSEL PLUG REMOVAL 
(1) Lower Reactor Pool level. 
(2) Attach building crane hook to vessel plug. 
(3) Remove plug; store in Reactor Pool. 

C. INNER BERYLLIUM REFLECTOR REMOVAL 
(1) Unlock and store reflector holddown in 

reactor vessel. 
(2) Remove beryllium segments (singly); 

store in vessel. 
(3) Insert and lock transfer absorber in 

ITC shroud. 
(4) Attach control blade locks. 
(5) Disconnect control blade drives. 

E. CORE DISASSEMBLY 
(1) After core decay period, position 

personnel bridge and handling fixture 
over Spent Core Storage Pool. 

(2) Remove grating; open hatch to Core 
Disassembi y Pool. 

(3) Raise and transport core assembly to 
Core Disassembly Pool. 

(4) Lower and lock core assembly (and control 
blades) to pedestal. 

(5) Close hatch to disassembly pool. 
(6) Disassemble core insert assembly. 

F. PROCESS CORE COMPONENTS 
(1) Using core handling fixture, transport 

components to Core Parts Storage Pool. 
(2) Cut or crush components to convenient 

size for shipment. 

G. INTERBUILDING TRANSFER 
(1) Load processed components into transfer dolly. 
(2) Open pressure hatch in Reactor Containment 

Building transfer canal. 
(3) Shuttle transfer dolly to main canal in 

Act Ive Mater I a I Handling Building. 
(4) Load processed components into shipping casks 
(5) Return transfer dolly to Reactor Containment 

Bu1 IdIng. 

(6) Close pressure hatch. 
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0. CORE INSERT ASSEMBLY REMOVAL 
(1) Position personnel bridge over reactor vessel. 
(2) Lower and engage handling fixture to core assembly. 
(3) Unlock core assembly from support structure. 
(4) Raise Reactor Pool to normal level. 
(5) Open hatch to Spent Core Storage Pool; remove 

pool grating. 
(6) Transport and lower core assembly on pedestal; 

replace grating. 
(7) Close hatch to storage pool. 

H. OFF-SITE SHIPMENT 
(1) Using building crane, remove loaded casks to 

decontamination area. 
(2) Decontaminate, casks. 
(3) Transfer loaded casks and lower through building 

hatch onto transport vehicle 
Fig. 1-19 

Sequence employed in removing 
spent core from reactor vessel to 
shipping platform in Active Ma­
terial Handling Building 



New C o r e 

E a c h new c o r e i n s e r t a s s e m b l y wi l l e i t h e r be sh ipped to A r g o n n e by 
the fuel v e n d o r , o r it w i l l be a s s e m b l e d on t h e L a b o r a t o r y g r o u n d s o t h e r 
than at t h e AARR s i t e . In e i t h e r event , e a c h c o r e a s s e m b l y w i l l be i n s p e c t e d 
and s u b j e c t e d to p h y s i c s m e a s u r e m e n t s in an A N L c r i t i c a l fac i l i ty to e n s u r e 
c o m p l i a n c e wi th s p e c i f i c a t i o n s . If not n e e d e d i m m e d i a t e l y at AARR, the c o r e 
wi l l be d r i e d , p l a c e d in a s h i e l d e d c o n t a i n e r and s t o r e d e l s e w h e r e . 

Upon a r r i v a l a t AARR, the t r a n s p o r t v e h i c l e wi l l p o s i t i o n the s h i e l d e d 
c o n t a i n e r b e n e a t h a h a t c h in the ce i l ing of the A c t i v e M a t e r i a l Handl ing 
Bui lding ( s ee Step H, F i g . 1-19). With the a id of the bu i ld ing c r a n e , the c o r e 
is r e m o v e d f r o m the c o n t a i n e r to an a r e a n e a r the m a i n c a n a l . At th i s poin t , 
r a d i a t i o n m o n i t o r s and a s o u r c e d e t e c t o r a r e a t t a c h e d to t h e c o r e . 

Aga in , u s i n g the bu i ld ing c r a n e , t he c o r e is l o w e r e d into a d r y t ank 
in the m a i n c a n a l . Th i s t ank is f i l led wi th pool w a t e r at a c o n t r o l l e d r a t e 
and the r e a c t i v i t y c h a n g e s a r e m o n i t o r e d . Upon c o m p l e t i o n of the we t t ing 
o p e r a t i o n , the c o r e i s h o i s t e d f r o m the t ank , l o w e r e d onto t h e dol ly in t h e 
m a i n c a n a l ( s e e Step G, F i g . 1-19), and t r a n s p o r t e d t h r o u g h the u n d e r w a t e r 
h a t c h e s into the R e a c t o r P o o l . 

With the a id of t h e c o r e hand l ing f i x t u r e , t he c o r e i s t r a n s p o r t e d 
f rom the dolly, l o w e r e d into the r e a c t o r v e s s e l , and bo l t ed to the s u p p o r t 
g r id . Th i s o p e r a t i o n i s a l s o m o n i t o r e d for r e a c t i v i t y c h a n g e s . 

The b a l a n c e of the loading s e q u e n c e i s e s s e n t i a l l y the r e v e r s e of 
the un load ing s e q u e n c e . Br ie f ly , the c o n t r o l b l a d e s and d r i v e s a r e i n t e r ­
connec ted , the b l ade locks a r e r e m o v e d , and e a c h b lade i s t e s t e d for f r e e 
moveiment . The shutdown m a r g i n wi th the t r a n s p o r t a b s o r b e r in the ITC 
s h r o u d i s d e t e r m i n e d . It is then w i t h d r a w n , at a p r e d e t e r m i n e d r a t e , and 
u l t i m a t e l y r e m o v e d f r o m the R e a c t o r C o n t a i n m e n t Bui ld ing . At t h i s t i m e , 
the p o r t a b l e m o n i t o r s and the s o u r c e d e t e c t o r a r e r e m o v e d f r o m the c o r e 
a s s e m b l y and n o r m a l n u c l e a r s u r v e i l l a n c e i s r e s t o r e d . T h i s s u r v e i l l a n c e 
i s m a i n t a i n e d whi le e a c h of the i n n e r r e f l e c t o r s e g m e n t s is i n s t a l l e d ; in 
addi t ion , one of the c o n t r o l b l a d e s i s p o i s e d for r a p i d i n s e r t i o n . 

Fo l lowing i n s t a l l a t i o n of the i n n e r r e f l e c t o r and holddown, the qu i ck -
opening c l o s u r e plug is r e m o v e d f r o m s t o r a g e and i n s t a l l e d in the r e a c t o r 
v e s s e l top head , the ITC is i n s e r t e d and s e a l e d to the c e n t r a l opening in the 
plug, and the v e s s e l is p r e s s u r e t e s t e d to e n s u r e l eak t igh t i n t e g r i t y p r i o r 
to s t a r t - u p . 

D a m a g e d C o r e 

In the event of a fuel p l a t e r u p t u r e and c o n s e q u e n t r e l e a s e of f i s s i o n 
p r o d u c t s , f o r c e d c i r c u l a t i o n of the coo lan t w i l l be e m p l o y e d in conjunct ion 



with the p r i n a a r y coo lan t p u r i f i c a t i o n s y s t e m to r e m o v e t h e d e c a y h e a t and 
the e n t r a i n e d f i s s i o n p r o d u c t s . When t h e a c t i v i t y h a s b e e n r e d u c e d to t o l ­
e r a b l e l e v e l s , the c o r e a s s e m b l y wi l l be r e m o v e d f r o m the v e s s e l , a s d e ­
s c r i b e d p r e v i o u s l y , but t r a n s p o r t e d d i r e c t l y to the C o r e D i s a s s e m b l y P o o l 
for an a d d i t i o n a l d e c a y p e r i o d . T h i s p r o c e d u r e i s d e s i g n e d to m i n i m i z e 
c o n t a m i n a t i o n of t h e r e s p e c t i v e p o o l s . 

Subsequen t l y , t he c o r e w i l l be d i s a s s e m b l e d and e a c h fuel s u b a s s e m ­
bly s u b j e c t e d to a l e a k d e t e c t i o n t e s t . S u b a s s e m b l i e s wi th r u p t u r e d fuel 
p l a t e s w i l l be l oaded in s e p a r a t e s e a l e d c o n t a i n e r s and t r a n s f e r r e d to t h e 
m a i n c a n a l . H e r e , they wi l l be r e m o v e d into s h i e l d e d c a s k s , equ ipped wi th 
a d e q u a t e cool ing s y s t e m s , for o f f - s i t e s h i p m e n t . 

1.2.2.4 E x p e r i m e n t a l F a c i l i t i e s 

To a l a r g e d e g r e e , t he b a s i c f e a t u r e s , n u m b e r , l oca t ion , and con­
t e m p l a t e d u s e of e x p e r i m e n t a l f a c i l i t i e s in AARR h a v e b e e n def ined, and 
m u c h of the d e s i g n c a l c u l a t i o n s h a v e b e e n p e r f o r m e d . A s d e s c r i b e d b r i e f l y 
in the fol lowing s u b s e c t i o n s , t h e r e w i l l be a v a i l a b l e : ( l ) e igh t h o r i z o n t a l 
b e a m t u b e s (6 b l ind and 2 t h r o u g h - t u b e s ) for p h y s i c s s t u d i e s wi th h igh -
i n t e n s i t y , t h e r m a l n e u t r o n b e a m s ou t s i de the r e a c t o r v e s s e l ; and (2) t h i r t y 
v e r t i c a l f a c i l i t i e s for both l o n g - t e r m ( s t a t i c b a s k e t s ) and a c c e l e r a t e d 
( p n e u m a t i c and h y d r a u l i c r a b b i t s ) i r r a d i a t i o n of s a m p l e s in the i n t e r n a l 
t h e r m a l c o l u m n ( iTC) and o u t e r b e r y l l i u m r e f l e c t o r . 

In add i t ion , p r o v i s i o n s h a v e b e e n m a d e for : ( l ) fu tu re i n s t a l l a t i o n 
of two m o r e h o r i z o n t a l b l ind t u b e s to t r a n s m i t n e u t r o n b e a m s of s l i gh t l y 
l o w e r t h a n m a x i m u m flux i n t e n s i t y ; and (2) r e p l a c e m e n t of s t a t i c b a s k e t s 
in the ITC and r e f l e c t o r wi th p n e u m a t i c and h y d r a u l i c r a b b i t s . 

T h e r e a r e no i r r a d i a t i o n f a c i l i t i e s l o c a t e d in t h e i n n e r b e r y l l i u m 
r e f l e c t o r . H o w e v e r , by i n s t a l l i n g s p e c i a l , c o r e d and r e m o v a b l e b e r y l l i u m 
s e g m e n t s , 24 a d d i t i o n a l s t a t i c b a s k e t s could be m a d e a v a i l a b l e for i r r a d i a ­
t ion of s a m p l e s o v e r a p e r i o d equa l to the c o r e l i f e t i m e at full p o w e r 
(90 d a y s ) . 

H o r i z o n t a l B e a m T u b e s 

D e s i g n C r i t e r i a and P h i l o s o p h y . Cond i t i ons w i th in t h e r e a c t o r v e s ­
s e l r e q u i r e t h a t t h e b e a m t u b e s be d e s i g n e d to w i t h s t a n d : ( l ) a c o l l a p s i n g 
p r e s s u r e of 875 p s i g ; (2) t h e r m a l s t r e s s e s c r e a t e d by the h i g h - t e m p e r a t u r e 
coo lan t and by g a m m a and n e u t r o n h e a t i n g ; and (3) m a t e r i a l d a m a g e by s u s ­
t a i n e d e x p o s u r e to g a m m a and n e u t r o n r a d i a t i o n . F i n a l l y , t he tube m a t e r i a l 
m u s t h a v e a low t o t a l a b s o r p t i o n c r o s s s e c t i o n to e n s u r e t r a n s m i s s i o n of 
beanas at n a a x i m u m n e u t r o n flux d e n s i t y . 



A l u m i n u m 6O6I -T6 w a s s e l e c t e d a s t h e m o s t s u i t a b l e tube m a t e r i a l . 
In add i t ion to i t s s t r u c t u r a l s t r e n g t h and a c c e p t a b l e t o t a l n e u t r o n a b s o r p ­
t ion c r o s s s e c t i o n : ( l ) the m a t e r i a l h a s a h igh t h e r m a l conduc t iv i ty , w h i c h 
r e s u l t s in low t h e r n a a l g r a d i e n t s , h e n c e low t h e r m a l s t r e s s e s , a c r o s s t h e 
tube wa l l ; and (2) i t w i l l not suffer s e v e r e c h a n g e s in p h y s i c a l p r o p e r t i e s 
due to n e u t r o n r a d i a t i o n o v e r a r e a s o n a b l e b e a m tube l i f e t i m e . 

S t a n d a r d i z a t i o n , i n t e r changeab i l i t y , and e a s e of a s s e m b l y of b e a m 
tube c o m p o n e n t s h a s b e e n e m p h a s i z e d t h r o u g h o u t t h e c o n c e p t u a l d e s i g n 
p h a s e . With one excep t ion , i . e . , l eng th of the t h r o u g h - t u b e a d a p t e r , wh ich 
i s t a i l o r e d c o n s i s t e n t w i th the i n - p i l e l eng th of the tube , t h i s ph i l o sophy 
a l s o h a s r e f l e c t e d s t a n d a r d i z a t i o n of the r e a c t o r v e s s e l n o z z l e s , n o z z l e -
tube i n t e r c o n n e c t i o n s and s e a l s , t ube p e n e t r a t i o n s and s e a l s in t h e b i o ­
l o g i c a l sh i e ld ing , sh i e ld l i n e r s and m o d e of a l i g n m e n t , and a s s e m b l y t o o l s . 
As a r e s u l t , f a b r i c a t i o n c o s t s can be r e d u c e d s ign i f i can t ly , and i n i t i a l i n ­
s t a l l a t i o n , s u b s e q u e n t m a i n t e n a n c e , a n d / o r r e p l a c e m e n t of de fec t ive c o m ­
ponen t s can be c a r r i e d out e x p e d i t i o u s l y . 

C o n c e p t u a l Des ign . D e s i g n c o n c e p t s of the b l ind tube and the 
t h r o u g h - t u b e h a v e b e e n c o m p l e t e d . A p r o t o t y p e b l ind tube ( s e e A N L - 7 1 9 0 , 
p .102) i s be ing f a b r i c a t e d for t e s t s d e s i g n e d to ident i fy a r e a s in n e e d of 
f u r t h e r d e v e l o p m e n t and r e f i n e m e n t . 

A s shown in F i g . 1-20, one end of bo th t u b e s i s i d e n t i c a l in a l l 
r e s p e c t s . E x c e p t for the h e m i s p h e r i c a l t ip of the b l ind tube , bo th t u b e s 
have an i n s i d e d i a m e t e r of 5 in . , and a w a l l t h i c k n e s s of 0.45 in. In t h e 
c a s e of b l ind t u b e s , t h e w a l l t h i c k n e s s t a p e r s to 0.225 in. at t he t i p . At 
the o p p o s i t e end, the t h r o u g h - t u b e t e r m i n a t e s in a b r e e c h lock connec t ion 
to t h e s t a i n l e s s s t e e l tube a d a p t e r . Th i s c o n n e c t o r f e a t u r e s a h igh -
p r e s s u r e b e l l o w s s e a l w h i c h c o m p e n s a t e s for a x i a l t h e r m a l e x p a n s i o n of 
the tube du r ing r e a c t o r o p e r a t i o n . It i s b a c k e d up by a s p l i t - r i n g s e a l to 
p r e v e n t c a t a s t r o p h i c l e a k a g e in the event of a b e l l o w s s e a l f a i l u r e . 

The b e a m tube a d a p t e r ex tends f r o m t h e b i o l o g i c a l s h i e l d face to 
the r e a c t o r v e s s e l n o z z l e . E x c e p t for the G r a y l o c s e a l connec t i on b e t w e e n 
the b e a m tube a d a p t e r and v e s s e l n o z z l e , w h i c h w i l l be s e r v i c e d f r o m a top 
the v e s s e l , a l l a s s e m b l y and d i s a s s e m b l y o p e r a t i o n s w i l l be p e r f o r m e d 
t h r o u g h t h e b e a m p o r t in the b i o l o g i c a l sh ie ld . As shown in F i g . 1-20, the 
d e s i g n of a l l connec t i ons tha t a r e not r e a d i l y a c c e s s i b l e is b a s e d on the 
b r e e c h - l o c k p r i n c i p l e to f a c i l i t a t e d i s a s s e m b l y by r e m o t e l y - o p e r a t e d t o o l s . 
I n s t a l l a t i o n of the b e a m tube r e p r e s e n t s t h e f ina l p h a s e of t h e a s s e m b l y 
s e q u e n c e . 

The s t e p p e d d e s i g n of the b e a m tube a s s e m b l y f u r n i s h e s a c o n i c a l l y -
s h a p e d b e a m of h i g h - i n t e n s i t y n e u t r o n s a p p r o x i m a t e l y 12 in. in d i a m e t e r a t 
the sh i e ld f ace . The wid th of the c o l l i m a t e d b e a m is suff ic ient to p e r m i t 
p e r f o r m a n c e of two e x p e r i m e n t s s i m u l t a n e o u s l y by sp l i t t i ng t h e b e a m . The 
c o l l i m a t o r a d a p t e r p r o v i d e s a connec t i on for the i n s t a l l a t i o n of the e x p e r i ­
m e n t e r ' s c o l l i m a t o r . 
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I n t e r n a l T h e r m a l Co lumn 

L o c a t e d c e n t r a l l y in the r e a c t o r c o r e , t he i n t e r n a l t h e r m a l co lumn 
con ta in s e l e v e n f a c i l i t i e s for s h o r t - and l o n g - t e r m i r r a d i a t i o n of e n c a p s u ­
la t ed s a m p l e s in a r eg ion of h igh t h e r m a l n e u t r o n flux. T h e s e f a c i l i t i e s 
(Table 1-4) a r e s u p p o r t e d in a t w o - p i e c e , i n t e r l o c k e d a s s e m b l y h e r e a f t e r 
ca l l ed the ITC F a c i l i t y . 

Table 1-4. S u m m a r y of ITC I r r ad ia t ion Tes t Fac i l i t i e s 

Type of Fac i l i t y 

Hydraul ic Rabbi ts 
F a s t Gas Rabbit 
Gas -Cooled Rabbit 
Stat ic Baske t s 

Total 
No. 

5 
1 
1 
4 

Sampl 

Dia. 

0.5 
0.5 
0.1 
0.5 

e Size, in. 

Accrued 
Length 

24.0 (max.) 
0.75b 
0.75b 

18.0 (max.) 

T r a n s f e r 
In te rna l^ 

30 sec 
50 m s e c - 1 sec 

2.0 (min.) 

Exposu re Time 

~1 m s e c (min.) 
1 sec (min.) 

C o r e l i fe t ime 

^ F r o m r e a c t o r to load-unload stat ion. 
"One sample p e r i r r ad ia t ion . 

As shown in F i g . 1-21, the lower , t u b u l a r , r e a c t o r c o r e a s s e m b l y , 
wh ich con t a in s a l l the i r r a d i a t i o n f a c i l i t i e s , ex t ends 19 ft frona the top of 
the v e s s e l and t e r m i n a t e s about 5 ft be low the c o r e c e n t e r l i n e . It is s u p ­
p o r t e d l a t e r a l l y by gu ides be low the c o r e . The u p p e r end i s i n t e r l o c k e d 
wi th t h e top a s s e m b l y which , in t u r n , i s f a s t e n e d to the c l o s u r e plug by a 
b r e e c h lock w h i c h s e a l s a g a i n s t r u b b e r O - r i n g s in the p lug . F i t t i n g s for 
i n t e r c o n n e c t i n g the h y d r a u l i c and p n e u m a t i c t u b e s wi th in the fac i l i ty to the 
r e s p e c t i v e l o a d - u n l o a d s t a t i o n s a r e i n s t a l l e d in the top a s s e m b l y . 

P r i m a r y coo lan t flow is m a i n t a i n e d t h r o u g h the h y d r a u l i c r abb i t and 
s t a t i c b a s k e t f a c i l i t i e s by the p r e s s u r e d i f f e ren t i a l (AP = -110 p s i ) a c r o s s 
the ITC F a c i l i t y . Coolant e n t e r s the flow tube at t he top of e a c h h y d r a u l i c 
r abb i t , f lows downward t h r o u g h the annu lus be tween the s a m p l e and tube , 
and d i s c h a r g e s into the coolant be low the c o r e . Ve loc i ty of the bulk w a t e r 
wi th in the fac i l i ty s u p p o r t hous ing is i n t en t iona l ly kept low to p r e v e n t r ap id 
i n t r o d u c t i o n of vo ids . A c c o r d i n g l y , the ou t e r s u r f a c e i s cooled by w a t e r 
wh ich e n t e r s t h r o u g h p o r t s in the b o t t o m of the hous ing , flows up t h r o u g h 
the hous ing , t h e n downward t h r o u g h the annu lus f o r m e d by the hous ing and 
ITC s h r o u d , and d i s c h a r g e s t h r o u g h ho le s in the r abb i t l a t e r a l s u p p o r t g r i d 
p l a t e . 

H e l i u m is u s e d to cool and to p r o p e l s a m p l e s in the p n e u m a t i c r a b ­
bit f a c i l i t i e s , a s d e s c r i b e d in a l a t e r s u b s e c t i o n . 

O u t e r B e r y l l i u m R e f l e c t o r 

In addi t ion to the e ight h o r i z o n t a l open ings for b e a m t u b e s and 
t h r o u g h - t u b e s , t h e r e a r e 19 v e r t i c a l p e n e t r a t i o n s in the ou t e r b e r y l l i u m 
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r e f l e c t o r . E a c h p e n e t r a t i o n is c y l i n d r i c a l and ex t ends t h e full he ight of 
the r e f l e c t o r . Tab le 1-5 l i s t s t he r e s p e c t i v e d i a m e t e r s , r a d i a l o r i e n t a t i o n , 
and c o n t e m p l a t e d u s e s of t h e s e p e n e t r a t i o n s . T h o s e l i s t e d as s p a r e s wi l l 
be s e a l e d t e m p o r a r i l y wi th a b e r y l l i u m f i l l e r rod of c o r r e s p o n d i n g d i a m e t e r 

Table 1-5. Summary of Irradiation Facilities Available in Outer Beryllium Reflector 

Facility 
No. 

V2-1 
V2-3 
V2-5 
V3-1 
V3-2 
V4-2 
V4-4 
V2-2 
V2-4 
V2-6 
V4-3 
V5-1 
V5-2 
V5-3 
V5-4 
V5-5 
V5-6 
V4-1 
V4-5 

Diameter, 
in. 

1.5 
1.5 
1.5 
1.5 
1.5 
1.5 
1.5 
2.0 
2.0 
2.0 
2.0 
2.5 
2.5 
2.5 
2.5 
2.5 
2.5 
3.0 
3.0 

Distance from 
Core Center, 

in. 

15.0 
15.0 
15.0 
17.75 
17.75 
19.5 
19.5 
15.25 
15.25 
15.5 
19.5 
24.0 
24.0 
24.0 
24.0 
24.0 
24.0 
19.5 
19.5 

aprom Reactor & Building N-S centerline. 
"From reactor to load-unload station 
'^Single sample. 
''Exposure time • • 1 sec (min.). 

Angular 
Orientation.^ 

degrees 

108 
150 
192 
127 
173 
133 
167 
138 
162 
285 
150 
40 

125 
138 
162 
175 
260 
118 
182 

Contemplated Use 

Hydraulic Rabbit 
Hydraulic Rabbit 
Spare 
Spare 
Spare 
Hydraulic Rabbit 
Hydraulic Rabbit 
Possible Source 
Spare 
Gas Rabbit 
Gas Rabbit 
Spare 
Spare 
Spare 
Spare 
Spare 
Spare 
Static Basket 
Static Basket 

Sample Size, 

Diameter 

0.5 
0.5 

1.0 
1.0 

-
0.5<: 
0.5c 

2.0 
2.0 

in. 

Accrued 
Length 
(max.) 

3.0 
3.0 

18.0 
18.0 

-
3.0c 
3.D<: 

18.0 
18.0 

Transfer 
Interval,' ' 

sec 

30 
30 

30 
30 

-
2.0^1 
2.0" 

F i g u r e 1-22 shows a t y p i c a l s t a t i c b a s k e t i n s t a l l a t i o n . Br ie f ly , it 
c o n s i s t s of a t ube , wh ich ex t ends downward into the r e f l e c t o r p e n e t r a t i o n , 
a lock ing m e c h a n i s m for s e c u r i n g t h e con ta ined s a m p l e , and a holddown 
dev ice to f a s t en the a s s e m b l y to the r e f l e c t o r top s t r u c t u r e . When not 
u s e d for i r r a d i a t i o n t e s t s , the b a s k e t i s r e p l a c e d wi th a b e r y l l i u m f i l l e r . 
A holddown dev ice and lock ing m e c h a n i s m a r e a l s o p r o v i d e d for t h e f i l l e r 
i n s e r t . 

Aga in , u s ing the p r e s s u r e d r o p a c r o s s the c o r e , p r i m a r y coolan t 
e n t e r s each b a s k e t tube t h r o u g h o r i f i c e s a t the top , f lows downward t h r o u g h 
the annu lus b e t w e e n the tube and s a m p l e , and d i s c h a r g e s into the bulk coo l ­
ant t h r o u g h o r i f i c e s in t h e tube b o t t o m . 

The h y d r a u l i c - and p n e u m a t i c - r a b b i t f a c i l i t i e s a r e cooled i n t e r ­
na l ly and o p e r a t e d by the p r i m a r y coolan t and by h e l i u m , r e s p e c t i v e l y . 

H y d r a u l i c R a b b i t s 

E a c h h y d r a u l i c r abb i t s y s t e m i s equipped to p r o p e l s a m p l e s f r o m 
l o a d - u n l o a d s t a t i o n s in t h e A c t i v e M a t e r i a l Handl ing Bui ld ing Rabb i t P o o l 
to t r a n s f e r s t a t i o n s in the R e a c t o r P o o l . F r o m t h e s e s t a t i o n s , the s a m p l e s 
a r e r o u t e d to e i t h e r the ITC o r o u t e r b e r y l l i u m r e f l e c t o r , cooled t h r o u g h ­
out the e x p o s u r e p e r i o d , and t h e n r e t u r n e d to the l o a d - u n l o a d s t a t i o n s . 
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Fig. 1-22. Typical static basket irra­
diation facility in outer 
bervllium reflector 

The p o r t i o n of the s y s t e m b e t w e e n t h e 
l o a d - u n l o a d and t r a n s f e r s t a t i o n s is a 
l o w - p r e s s u r e c i r c u i t i ndependen t of the 
r e a c t o r , w h e r e a s the p o r t i o n b e t w e e n the 
t r a n s f e r s t a t i on and the r e a c t o r is p a r t of 
the h i g h - p r e s s u r e p r i m a r y coo lan t s y s ­
t e m . Al l h y d r a u l i c t u b e s e n t e r the r e a c ­
t o r t h r o u g h the v e s s e l top head . 

In o p e r a t i o n , s a m p l e s a r e c h a r g e d 
into the l o a d - u n l o a d s t a t i on and, by p r o p e r 
se t t ing of the l o w - p r e s s u r e s y s t e m v a l v e s , 
a r e t r a n s p o r t e d to the t r a n s f e r s t a t i on . At 
th i s poin t , t he l o w - p r e s s u r e s y s t e m v a l v e s 
a r e c losed , and the a p p r o p r i a t e v a l v e s in 
the h i g h - p r e s s u r e p r i m a r y s y s t e m a r e 
opened . P r i m a r y coolan t c i r c u l a t e d by the 
i r r a d i a t i o n f ac i l i t y cool ing s y s t e m b o o s t e r 
p u m p s (at 785 p s i a ) p r o p e l s t h e s a m p l e s 
into the ITC o r r e f l e c t o r . H e r e , t he s a m ­
p l e s a r e p o s i t i o n e d by a m e c h a n i c a l s top 
in the tube b o t t o m , and t h e p r o p e l l i n g c o o l ­
ant d i s c h a r g e s into the c o r e ou t le t p l e n u m 
(at about 640 p s i a ) . 

I m m e d i a t e l y a f t e r t he s a m p l e s a r e 
p o s i t i o n e d wi th in the r e a c t o r , the h igh-
p r e s s u r e t r a n s i t va lve i s c l o s e d . Sinaul-
t a n e o u s l y , a s l e e v e va lve a s s e m b l y in the 
v e s s e l top head is p o s i t i o n e d to d i r e c t 
p r i m a r y coolan t f r o m the c o r e in le t p l e n u m 
downward t h r o u g h the h y d r a u l i c tube and 
a r o u n d the con ta ined s a m p l e s , a s d e s c r i b e d 
p r e v i o u s l y . Th i s m o d e of cool ing con t inues 
t h roughou t the i r r a d i a t i o n p e r i o d . 

P r e p a r a t o r y to un load ing , the h igh -
p r e s s u r e t r a n s i t va lve is opened . A l s o , the 
s l e e v e va lve a s s e m b l y is p o s i t i o n e d to i s o ­
l a t e the c o r e in le t p l e n u m and, s i m u l t a ­
neous ly , to d i r e c t coo lan t flow f r o m the 
c o r e ou t le t p l e n u m up t h r o u g h the h y d r a u l i c 
tube b a c k to the t r a n s f e r s t a t i o n . Th i s s t a ­
t ion is ven ted to the p r i m a r y d e g a s i f i e r 
tank. In addi t ion , a p o r t i o n of the p r e s s u r e 
d i f f e ren t i a l be tween the c o r e ou t le t p l e n u m 
(-640 p s i a ) and the d e g a s i f i e r tank (-5 p s i a ) 
is u s e d to a s s i s t in effect ing the flow r e ­
v e r s a l . Af te r a r r i v a l of the s a m p l e in the 



t r ans fe r station, the h i g h - p r e s s u r e t r ans i t valve is closed, the sleeve valve 
assembly is reposit ioned for the next loading, and the l o w - p r e s s u r e sys tem 
is used to re tu rn the sample to the load-unload station. 

Pneumat ic Rabbits 

Except for the valving a r rangement , sample t r ans i t t ime (see 
Tables 1-4 and 1-5), and r e v e r s a l point within the reac to r , the pneumatic 
rabbit sys tems a r e essent ia l ly s imi la r in operation. Each sys tem employs 
h i g h - p r e s s u r e helium to propel and to cool single, encapsulated samples in 
tubes leading from load-unload stations in the Labora tory and Office Build­
ing to the r eac to r vesse l top head (iTC rabbits) or the bottom head (reflector 
rabbits) . In all sys tems , the valves in the t r ans fe r tubes within the Reactor 
Containment Building a r e open only when a sample is in t r ans i t to or from 
the reac to r . Also, since the operating gas p r e s s u r e does not exceed 400 psia 
at any point in the sys tems , a tube rupture will not resul t in entry of gas 
voids into the r eac to r . 

The gas-cooled rabbits in the ITC operate independent of those in 
the ref lector . Each sys tem employs two gas pumps, one operating and one 
standby. On the other hand, both rabbits in the reflector a r e serviced by a 
single gas system; hence, only one rabbit tube can be serviced at a t ime. 

F igure 1-23 is a flow d iagram which is represen ta t ive of the gas -
cooled sys tems in the ITC and outer beryl l ium ref lector . In operation, the 
sample is inser ted in the load-unload station, the valves in mode (3) a r e 
opened, and the sample is propelled into the ITC or ref lector to a mechani ­
cal stop at the core midplane. The containment valves a r e closed (mode (4)), 
and the sample is cooled by the h i g h - p r e s s u r e gas throughout the exposure 
period. Subsequently, the containment valves a r e opened and the gas flow 
is r eve r sed (mode (5)). Note: Damaged capsules , or capsules which a re 
monitored above p r e s c r i b e d activity levels , a r e stopped within the shielded 
zone (Valve G). Upon a r r i v a l of the sample at the load-unload station, the 
containment valves a r e closed. 

In the fast gas rabbit sys tems , the sample is propel led rapidly into 
the ITC, down through the reac tor to a mechanical stop below the core . At 
this stage in the sequence, the containment valves a r e closed, the high-
p r e s s u r e gas is c i rcula ted to cool the sample, and a hold-up tank is p r e s ­
sur ized to effect re turn of the sample . After the sample has decayed 
sufficiently, a r e l ease valve and the containment valves a r e opened, the 
gas flow is r eve r sed , and the sample is re turned to the load-unload station. 
Finally, the containment valves a r e closed to complete the cycle. 
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Fig. 1-23. Flow diagram for gas-cooled rabbits in ITC and outer beryllium reflector 

1 2 2 5 Heat R e m o v a l and A u x i l i a r y S y s t e m s 

P r i m a r y Coo lan t S y s t e m 

The p r i m a r y coolan t s y s t e m r e m o v e s hea t g e n e r a t e d m the r e a c t o r 
and t r a n s f e r s it to the s e c o n d a r y coolan t s y s t e m for s u b s e q u e n t d i s s i p a t i o n 
to the e n v i r o n m e n t In add i t ion to the m a m coo lan t loop, the p r i m a r y s y s ­
t e m i n c l u d e s s ix s u b s y s t e m s w h o s e funct ions a r e d e s c r i b e d be low 

F i g u r e 1-24 is a s imp l i f i ed d i a g r a m , showing the flow d i s t r i b u t i o n s 
t h r o u g h the p r i m a r y coo lan t loop and the r e l a t e d s u b s y s t e m s The v a l u e s 
a r e a p p r o x i m a t e and have not b e e n c o r r e c t e d for coolan t t e m p e r a t u r e dif­
f e r e n t i a l s p r e v a i l i n g m v a r i o u s p o r t i o n s of the s y s t e m 

P r i m a r y Coolan t Loop Th i s loop i s c o m p r i s e d of the r e a c t o r v e s ­

s e l , t h r e e p a r a l l e l - c o n n e c t e d hea t e x c h a n g e r s , a ful l-f low f i l t e r i m m e d i a t e l y 



u p s t r e a m of the v e s s e l , two h a l f - c a p a c i t y p u m p s , 24 - in . i n t e r c o n n e c t i n g 
p ip ing , a s s o c i a t e d v a l v e s , and a p r e s s u r e r e l i e f t ank into wh ich t h e sa fe ty 
v a l v e s d i s c h a r g e . 
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Fig. 1-24. Distribution of primary coolant flow (gpm) through reactor 
vessel components (shaded zone) and auxiliary systems 

E a c h hea t e x c h a n g e r i s of the v e r t i c a l , s h e l l - a n d - t u b e type , and is 
c o n s t r u c t e d in a c c o r d a n c e wi th Sec t ion III, C l a s s A, of the ASME Code and 
C l a s s R of t h e TEMA S t a n d a r d s . S ized for 33.3 MW t h e r m a l c apac i t y , e a c h 
un i t f e a t u r e s Inco loy 800 t u b e s and a Type 304 s t a i n l e s s s t e e l - c l a d , c a r b o n 
s t e e l she l l w i th bo l ted b o n n e t s . P r i n a a r y coolan t c i r c u l a t e s on the s h e l l 
s ide and s e c o n d a r y coolan t on the tube s i d e . 

E a c h p u m p is a v e r t i c a l , s t a i n l e s s s t e e l , s ing le suc t ion , cen t r i fuga l 
uni t , wi th a r a t i n g of 13,000 gpm at 135°F, 6 4 0 - p s i a in le t , and 500-ft head . 
E a c h unit is coupled , t h r o u g h a c o n t r o U e d - l e a k a g e shaft s e a l , to a w a t e r -
coo led a - c m o t o r ; e s t i m a t e d h o r s e p o w e r is 2000. 



Type 304 s t a i n l e s s s t e e l p ip ing i s u s e d t h r o u g h o u t t h i s sys tena , and 
c o n f o r m s w i th the ASA Code for P r e s s u r e P i p i n g ( P o w e r Sec t ion : B31.1) 
and a p p l i c a b l e n u c l e a r code c a s e s . Al l j o in t s a r e w e l d e d and, excep t for 
c e r t a i n s e c t i o n s , the p ip ing is d e s i g n e d for s y s t e m o p e r a t i o n at 250°F and 
875 p s i g . P i p i n g r a t e d a t h i g h e r p r e s s u r e s w i l l be u s e d in s e c t i o n s w h e r e 
v a l v e c l o s u r e can i m p o s e p u m p shut-off h e a d in add i t ion to s y s t e m 
p r e s s u r e . 

E m e r g e n c y and Shutdown Cool ing . In o p e r a t i o n , t h i s s y s t e m u t i l i z e s 
the p r i m a r y loop c o m p o n e n t s , w i th one excep t ion : e a c h p u m p is e n e r g i z e d 
by a d - c pony m o t o r w h i c h i s m o u n t e d on the p u m p shaft in t a n d e m wi th t h e 
a - c m o t o r . Upon f a i l u r e of m a i n p o w e r o r a f t e r r e a c t o r shu tdown, e a c h 
pony m o t o r is supp l i ed w i th C l a s s I ( u n i n t e r r u p t e d ) p o w e r to o p e r a t e the 
p u m p a t r e d u c e d speed . U n d e r t h e s e c o n d i t i o n s , e i t h e r punap wi l l c i r c u l a t e 
coo lan t a t 3000 gpm, w h i c h i s suff ic ient to r e m o v e t h e c o r e d e c a y h e a t . 

P u r i f i c a t i o n . In t h i s s y s t e m , coo lan t at 135°F and 100 gpm is c i r ­
c u l a t e d f r o m t h e p r i m a r y p u m p d i s c h a r g e l ine t h r o u g h a d e c a y v e s s e l to 
r e d u c e t h e N^ a c t i v i t y . It t h e n f lows t h r o u g h a snaal l h e a t e x c h a n g e r , 
w h e r e the w a t e r is coo led to 120°F, and a s e r i e s of f i l t e r s and m i x e d - b e d 
d e m i n e r a l i z e r s . F i n a l l y , t he p u r i f i e d w a t e r i s r e t u r n e d to the m a i n loop 
u p s t r e a m of the h e a t e x c h a n g e r s . 

P r e s s u r i z a t i o n . Nornaa l coo lan t o p e r a t i n g p r e s s u r e (750 p s i ) at 
t he v e s s e l i n l e t is m a i n t a i n e d by two p r e s s u r i z i n g p u m p s , w i th a c o m b i n e d 
c a p a c i t y of 400 gpm. T h e s e p u m p s d i s c h a r g e into the m a i n loop u p s t r e a m 
of the r e a c t o r v e s s e l ; d i s c h a r g e i s r e g u l a t e d by a c o n t r o l va lve w h i c h is 
r e s p o n s i v e to r e a c t o r i n l e t p r e s s u r e . 

A s u r g e tank , b l a n k e t e d i n t e r n a l l y wi th h e l i u m , i s a l s o c o n n e c t e d to 
the p ip ing u p s t r e a m of the v e s s e l . Th i s t ank a b s o r b s any r a p i d s u r g e s in 
p r e s s u r e o r v a r i a t i o n s in t h e loop w a t e r i n v e n t o r y . 

D e g a s i f i c a t i o n . The n a t u r e of d i s s o l v e d and c o o l a n t - e n t r a i n e d g a s e s 
r e m o v e d by th i s s y s t e m i n c l u d e : ( l ) a t m o s p h e r i c a i r in the cold coo lan t 
p r i o r to s t a r t - u p ; (2) h e l i u m i n t r o d u c e d f r o m the s u r g e tank; and f i s s i on 
p r o d u c t g a s e s , if any . S o m e oxygen and h y d r o g e n , p r o d u c e d by r a d i o l y t i c 
d e c o m p o s i t i o n of the coo lan t , i s a l s o r e m o v e d ; h o w e v e r , t h e q u a n t i t i e s 
r e a c h an e q u i l i b r i u m c o n c e n t r a t i o n w h i c h i s e s s e n t i a l l y unaf fec ted by the 
d e g a s i f i c a t i o n s y s t e m . 

In o p e r a t i o n , coo lan t a t - 4 0 0 gpm i s c i r c u l a t e d t h r o u g h p ip ing l e a d ­
ing f r o m t h e v e s s e l t o a p r e s s u r e - r e d u c i n g v a l v e and into t h e d e g a s s i f i e r 
t ank . H e r e , t he g a s e s a r e r e m o v e d , and c y c l e d to the o f f -gas and t ank ven t 
s y s t e m . D e g a s s e d w a t e r i s p u m p e d to a d e m i n e r a l i z e d m a k e - u p w a t e r 
s t o r a g e t ank . F r o m t h e t ank , t he w a t e r i s r e t u r n e d to the loop by the p r e s ­
s u r i z a t i o n s y s t e m . 



I r rad ia t ion Fac i l i t ies Cooling. This sys tem features two half-
capacity p r e s s u r e boos ter pumps which circulate coolant at 135°F and 
500 gpm from the main punap discharge line, through the beam tube th im­
ble jackets and vesse l nozzles , and back into the r eac to r vesse l . The total 
flow includes 60 gpm for continuous flushing of the control blade dr ive shaft 
nozzles and shock absorber , and intermit tent propulsion-cooling of hydraulic 
rabbi ts . 

Soluble Poison Injection System. Should the control blades become 
inoperable, and upon manual signal from the control room, this sys tem will 
inject sufficient sodium pentaborate solution to reduce core react ivi ty by 
~2% Ak/k. This reduction is effected within 7.5 min. after the initiating 
signal. 

The injection sys tem is designed to function with the p r i m a r y coolant 
sys tem at no rmal operating p r e s s u r e s and at e i ther nornaal or emergency 
coolant f lowrates . 

Secondary Cooling Loop 

Heat absorbed by secondary coolant on the tube side of the main 
heat exchangers is removed through 24-in. carbon steel piping which leads 
to a cooling tower . Here , the heat is re jected to the a tmosphere . Make-up 
water for the tower is obtained from the nearby Chicago Sanitary and Ship 
Canal via the Labora tory Water Trea tment Plant . 

Subcooled water is c irculated back through the heat exchanger tubes 
by two half-capacity, a-c powered pumps. Water t empera tu re is controlled 
by regulating the flowrate. Both pumps a r e also equipped with tandem-
mounted, d-c pony motors to sustain coolant flow during an emergency and 
after r eac to r shutdown. 

The cooling tower also se rves as a heat sink for the i r rad ia t ion 
facili t ies cooling sys tem, the p r i m a r y purification sys tem cooler , and the 
Reactor Pool and Transfer Canal cooling systena. 

Pool and Canal Cooling System 

Each pool ( reac tor , core s torage, core d isassembly) and the in te r ­
connecting canals is serviced by a separa te cooling circui t s ized to remove 
-0 .34 MW of reac tor or decay heat. A spare c i rcui t is available for cooling 
ei ther the r eac to r or core s torage pools upon failure of thei r respect ive 
c i rcu i t s . Use of the core d i sassembly pool c i rcui t is r e s t r i c t ed to prevent 
g ross contamination of the ent i re pool and canal sys tem. Heat removed 
from the pools is t r a n s f e r r e d to a chilled water sys tem and, ul t imately, to 
the cooling tower. 



Chi l l ed w a t e r is u s e d in the poo l s and c a n a l s to avo id e x c e s s i v e 
e v a p o r a t i o n wi th in the R e a c t o r C o n t a i n m e n t Bui ld ing . C o m p o n e n t s of the 
ch i l l ed w a t e r s y s t e m inc lude a r e f r i g e r a t i o n uni t , two p u m p s , and a s u r g e 
t ank . Condens ing w a t e r for t h e r e f r i g e r a t i o n uni t i s supp l i ed f r o m the s e c ­
o n d a r y coo lan t s y s t e m . In o p e r a t i o n , a p p r o x i m a t e l y 640 g p m of ch i l l ed 
w a t e r ( 4 5 ° F ) i s c i r c u l a t e d , p r o v i d i n g - 2 6 7 tons of cool ing c a p a c i t y . Th i s 
cool ing load is equ iva l en t to t h e c o m b i n e d c o n v e c t i v e h e a t l o s s (0.94 MW 
h e a t ) f r o m t h e r e a c t o r v e s s e l at full p o w e r and the d e c a y h e a t f r o m s t o r e d 
spen t c o r e s . 

P r o v i s i o n s h a v e b e e n m a d e for fu tu re i n s t a l l a t i o n of an a i r c o n d i ­
t ion ing s y s t e m a s an e m e r g e n c y b a c k u p for t h e ch i l l ed w a t e r r e f r i g e r a t i o n 
s y s t e m . 

P u r i f i c a t i o n of a l l pool and c a n a l w a t e r i s a c c o m p l i s h e d con t i nuous ly 
t h r o u g h a c o m m o n over f low s y s t e m and m i x e d - b e d d e m i n e r a l i z e r . M a k e - u p 
w a t e r i s i n t r o d u c e d to a l e v e l - c o n t r o l l e d t ank in the over f low loop . When 
b e i n g u s e d , the C o r e D i s a s s e m b l y P o o l i s i s o l a t e d frona the over f low s y s t e m . 
The r e a c t o r pool , in add i t i on to be ing c o n n e c t e d to the over f low s y s t e m , i s 
s e r v i c e d by a s e p a r a t e p u r i f i c a t i o n loop . 

Two a d d i t i o n a l d e m i n e r a l i z e r un i t s a r e p r o v i d e d . One is i n s t a l l e d 
in the coo lan t loop of the C o r e D i s a s s e m b l y P o o l , s i n c e o p e r a t i o n s wi th in 
t h e pool m a y r e q u i r e l a r g e - s c a l e r e m o v a l of e n t r a i n e d c o n t a m i n a n t s . The 
o t h e r uni t i s a v a i l a b l e for s e r v i c e wi th any pool cool ing c i r c u i t t ha t m a y be 
a c c i d e n t a l l y c o n t a m i n a t e d d u r i n g t r a n s f e r of a spen t c o r e . 

A l l poo l and c a n a l c o m p a r t m e n t s a r e p iped to a d u m p t ank in an 
a c t i v e w a s t e s t o r a g e fac i l i ty . Th i s t ank is l a r g e enough to a c c o m m o d a t e 
w a t e r f r o m the l a r g e s t pool . Dur ing re fue l ing o p e r a t i o n s , i t is u s e d to 
d r a i n and l o w e r the R e a c t o r P o o l l eve l . In a l l p o o l s , d r a m p i p e s l ead up 
to t h e s u r f a c e l e v e l to p r e v e n t a c c i d e n t a l l o s s of sh i e ld ing w a t e r . 

1.2.2.6 I n s t r u m e n t a t i o n and C o n t r o l 

I n s t r u m e n t a t i o n is p r o v i d e d for m o n i t o r i n g a l l p a r a m e t e r s t ha t a r e 
n e c e s s a r y to e n s u r e sa fe o p e r a t i o n of the r e a c t o r , e x p e r i m e n t a l f a c i l i t i e s , 
and p r o c e s s s y s t e m s ; and to p r o t e c t p l an t p e r s o n n e l and the g e n e r a l publ ic 
f r o m e x p o s u r e to h a r m f u l r a d i a t i o n . 

A l l v i t a l i n f o r m a t i o n i s t r a n s m i t t e d to the c o n t r o l r o o m w h e r e e s s e n ­
t i a l l y a l l r o u t i n e o p e r a t i o n s , i nc lud ing r e a c t o r s t a r t - u p and shutdown, a r e 
m o n i t o r e d and c o n t r o l l e d . 

Aud ib le and v i s u a l a l a r m s a r e a c t u a t e d upon t h e o c c u r r e n c e of any 
p o t e n t i a l l y unsa fe a b n o r m a l i t y in p l an t condi t ion . C o r r e c t i v e and p r o t e c t i v e 
a c t i o n is i n i t i a t e d a u t o m a t i c a l l y , w h e r e r e q u i r e d , by c o n t r o l and sa fe ty s y s ­
t e m s to p r e v e n t safe l i m i t s f r o m be ing e x c e e d e d . 



N u c l e a r I n s t r u m e n t a t i o n . The n u c l e a r i n s t r u m e n t a t i o n s y s t e m i s 
d e s i g n e d to m o n i t o r n e u t r o n flux f r o m s o u r c e l eve l to a p p r o x i m a t e l y 300% 
of full p o w e r ; to p r o t e c t a g a i n s t e x c e s s i v e l y s h o r t p e r i o d o r h igh flux l eve l ; 
and to g e n e r a t e s i g n a l s f r o m the a u t o m a t i c n e u t r o n flux c o n t r o l s y s t e m . 

A t o t a l of e l even c h a n n e l s a r e e m p l o y e d . Of t h e s e , t h r e e r e d u n d a n t 
l o g a r i t h m i c count r a t e - p e r i o d c h a n n e l s a r e u s e d in the s t a r t - u p r a n g e . A 
g r o u p of t h r e e r e d u n d a n t Log N - p e r i o d channe l s is effect ive in the i n t e r ­
m e d i a t e and p o w e r r a n g e s , and o v e r l a p s t h e s t a r t - u p c h a n n e l s a p p r o x i m a t e l y 
one d e c a d e . P r o t e c t i o n a g a i n s t an e x c e s s i v e l y h igh n e u t r o n flux l eve l i s 
p r o v i d e d by t h r e e r e d u n d a n t l i n e a r c h a n n e l s , e a c h wi th an effect ive r a n g e 
f r o m a p p r o x i m a t e l y 5 to 150% of full p o w e r . A l i n e a r channe l p r o v i d e s a 
s i g n a l for t h e autonaat ic flux l e v e l c o n t r o l l e r and i s ef fect ive in the r a n g e 
f r o m about 1 to 100% of full p o w e r . F i n a l l y , a l i n e a r channe l , equipped 
wi th a r a n g e swi tch , i s u s e d for s e n s i t i v e i n d i c a t i o n of flux l e v e l in the in ­
t e r m e d i a t e and p o w e r r a n g e s . 

The s t a r t - u p c h a n n e l d e t e c t o r s a r e h o u s e d in t h i m b l e s wh ich p e n e ­
t r a t e the r e a c t o r v e s s e l . D e t e c t o r s for a l l o t h e r c h a n n e l s a r e l o c a t e d ou t ­
s ide t h e v e s s e l . To e n h a n c e t h e n e u t r o n flux s e e n by t h e s e d e t e c t o r s , 
n e u t r o n windows a r e p l a c e d b e t w e e n the r e f l e c t o r and the v e s s e l w a l l . 

Add i t i ona l n e u t r o n m o n i t o r i n g i n s t r u m e n t a t i o n wi l l be t e m p o r a r i l y 
i n s t a l l e d to m o n i t o r r e a c t i v i t y changes du r ing c e r t a i n s t a g e s of c o r e -
hand l ing o p e r a t i o n s and, a l s o du r ing i n s t a l l a t i o n of a new c o r e un t i l suffi­
c i en t i n d i c a t i o n is p r o v i d e d by the p e r m a n e n t s t a r t - u p c h a n n e l s . 

A u t o m a t i c F l u x C o n t r o l . T h i s s y s t e m wi l l a c t t h r o u g h a s e r v o -
c o n t r o l l e d r e g u l a t i n g rod d r i v e to m a i n t a i n a p r e s e l e c t e d flux l e v e l wi th in 
±1 /2%; and, to change flux l e v e l at a c o n s t a n t p e r i o d . P e n d i n g f u r t h e r 
a n a l y s i s , t h i s s y s t e m a l s o m a y b e u s e d to i m p l e m e n t a u t o m a t i c s e t b a c k of 
r e a c t o r p o w e r . 

P r o c e s s In s t r i amen ta t i on . The p r o c e s s i n s t r u m e n t a t i o n s y s t e m i s 
c o n c e r n e d wi th the m e a s u r e m e n t and c o n t r o l of a l l n o n n u c l e a r p lan t p a r a m ­
e t e r s . T h e s e inc lude t e m p e r a t u r e s , f lows, p r e s s u r e s , l iqu id l e v e l s , and 
c h e m i s t r y of the p r i m a r y coolant , s e c o n d a r y coolan t and r e l a t e d p r o c e s s 
s y s t e m s . A u t o m a t i c c o n t r o l of r e a c t o r coolan t i n l e t t e m p e r a t u r e and p r e s ­
s u r e i s p r o v i d e d . C o m m u n i c a t i o n b e t w e e n a l l s e n s o r s , t r a n s d u c e r s , and 
t h e i r r e s p e c t i v e r e a d o u t s , b e t w e e n c o n t r o l and c o n t r o l l e d e l e m e n t s , is 
a c c o m p l i s h e d e l e c t r i c a l l y . 

T r a n s m i t t e r s t ha t a r e v u l n e r a b l e to r a d i a t i o n w i l l be i n s t a l l e d a s 
t w o - p a r t u n i t s ; t he p a r t s u s c e p t i b l e to r a d i a t i o n w i l l be m o u n t e d in an 
a c c e p t a b l y low r a d i a t i o n e n v i r o n m e n t . In c e r t a i n i n s t a n c e s , s p a r e s e n s o r s 
and t r a n s m i t t e r s wi l l be i n s t a l l e d in r e g i o n s w h e r e a c c e s s for r e p a i r o r 
r e p l a c e m e n t of de fec t ive c o m p o n e n t s i s p r o h i b i t e d d u r i n g r e a c t o r o p e r a t i o n . 



Al though conven t iona l ana log i n s t r u m e n t a t i o n is e m p l o y e d , the d e ­
s ign i n c l u d e s p r o v i s i o n s for sonae d e g r e e of d ig i t a l c o m p u t e r c o n t r o l in 
the f u t u r e . 

R a d i a t i o n M o n i t o r i n g S y s t e m . Th i s s y s t e m is c o m p r i s e d of 
t h r e e s u b s y s t e m s equ ipped to c o n t i n u o u s l y m o n i t o r w o r k i n g a r e a s , p r o c e s s 
f lu ids , and p l an t e f f luen ts , r e s p e c t i v e l y . 

A r e a m o n i t o r s w i l l p r o v i d e i n f o r m a t i o n r e l a t i v e to the a m b i e n t 
l e v e l s of gamnaa r a d i a t i o n , n e u t r o n r a d i a t i o n , and a i r p a r t i c u l a t e a c t i v i t y 
in a l l a c c e s s i b l e a r e a s wi th in the fac i l i ty t h a t a r e sub jec t to t h i s r a d i a t i o n . 
The p r i m a r y funct ion of t h e s e m o n i t o r s i s t he p r o t e c t i o n of w o r k i n g 
p e r s o n n e l . 

P r o c e s s l iquid m o n i t o r s w i l l i n d i c a t e a c t i v i t y l e v e l s in the p r i m a r y 
and s e c o n d a r y coo lan t s y s t e m s , in c e r t a i n p o o l s , and in the pool and cana l 
coo l ing s y s t e m . The p r i m a r y coo lan t m o n i t o r s w i l l m e a s u r e t h e l eve l of 
N^^ a c t i v i t y , w h i c h va lue wi l l s e r v e a s a rough c h e c k on r e a c t o r p o w e r , and 
wi l l a l s o d e t e c t t h e p r e s e n c e of f i s s i o n p r o d u c t s in the coolan t a s an i n d i c a ­
t ion of fuel e l e m e n t r u p t u r e . M o n i t o r i n g of the s e c o n d a r y s ide of v a r i o u s 
h e a t e x c h a n g e r s , w h o s e p r i m a r y f luids a r e o r m i g h t be r a d i o a c t i v e , wi l l 
s e r v e to i n d i c a t e i n a d v e r t e n t l e a k s in t h e s e u n i t s . 

P l a n t effluent m o n i t o r s w i l l m e a s u r e the a c t i v i t y of g a s e s e x h a u s t e d 
to t h e s t a c k . Ind iv idua l naon i to r ing w i l l be p r o v i d e d for the R e a c t o r Bui ld ing 
e x h a u s t . A c t i v e M a t e r i a l s Bui ld ing exhaus t , and the of f -gas f r o m the p r i ­
m a r y coo lan t . A u t o m a t i c p r o t e c t i v e a c t i o n s wi l l be t a k e n if t he a c t i v i t y 
l e v e l s e x c e e d p r e s e t l i m i t s . Th i s wi l l i nc lude d i r e c t i n g the flow t h r o u g h 
f i l t e r s a n d / o r c o m p l e t e l y i s o l a t i n g a sys t ena f r o m the s t a c k . A c o m b i n a t i o n 
p a r t i c u l a t e gas and iod ine naoni tor in t h e s t a c k wi l l p r o v i d e i n d i c a t i o n of the 
t o t a l a c t i v i t y of a l l eff luents be ing r e l e a s e d . 

R e a c t o r Safety S y s t e m . The r e a c t o r s a fe ty s y s t e m i s p r o v i d e d to 
shut down t h e r e a c t o r a u t o m a t i c a l l y and r a p i d l y to p r e v e n t sa fe ty l i m i t s 
f r o m b e i n g e x c e e d e d . It c o m p r i s e s i n s t r u m e n t s and c o n t r o l d e v i c e s tha t 
m o n i t o r p l a n t p a r a m e t e r s e s s e n t i a l t o r e a c t o r s a f e ty and p r o v i d e inpu ts to 
t h e s c r a m c i r c u i t s t h r o u g h wh ich p o w e r is supp l i ed to the c o n t r o l rod 
m a g n e t i c c l u t c h e s . 

W h e r e a p p r o p r i a t e , r e d u n d a n c y is e m p l o y e d to p r e v e n t s y s t e m n u l ­
l i f i ca t ion by f a i l u r e of any one c o m p o n e n t o r i n s t r u m e n t channe l , and to 
p e r m i t o n - l i n e t e s t i n g . In g e n e r a l , t h r e e r e d u n d a n t c h a n n e l s , c o n n e c t e d in 
t w o - o u t - o f - t h r e e log ic , w i l l naoni tor the s c r a m p a r a m e t e r s . To the m a x i -
nauna ex ten t f e a s i b l e , e a c h c h a n n e l i s d e s i g n e d to be p h y s i c a l l y and e l e c ­
t r i c a l l y i n d e p e n d e n t of the o t h e r c h a n n e l s m e a s u r i n g t h e s a m e v a r i a b l e . 



Provis ions for test ing a r e a r ranged to pe rmi t verification of sys tem 
integri ty at any t ime without having to s c r a m the reac to r . Where technically 
and economically prac t icable , test ing of ins t rumentat ion channels will in­
clude a complete channel from p a r a m e t e r change to final s c r a m contact. 
Whenever a channel is made inoperative during a tes t , it will automatical ly 
generate a t r ip output signal, leaving the operable channels in a one-out-
of-two configuration. Similar ly, where feasible, t r ip output signals also 
will be generated automatical ly for any condition that in te r rup ts normal 
channel operation. This includes removal of an essent ia l module or sub­
sys tem from the protect ive c i rcu i t s . 

1.2.3 Supporting Resea rch , Design, and Development 

This section descr ibes the na ture and resu l t s of analyt ical and ex­
per imenta l work that has been and is being per formed in support of the 
Ti t le-I design outlined in the preceding section. This design reflected 
numerous revis ions in the P r e l i m i n a r y Safety Analysis Report which was 
based on the plant concept descr ibed in the annual repor t for f iscal 1965. 
(See ANL-7190, p . 77.) Accordingly, the work in f iscal 1966 has been 
focussed p r i m a r i l y on r e a s s e s s m e n t of theore t ica l poss ibi l i t ies and con­
sequences of a maximum credible accident consistent with the quality of 
design, m a t e r i a l s , construction, operation, inherent stability, and engi­
neered safeguards incorporated in the Ti t le- I plant conaplex. 

On Apri l 6, 1966, a l imited number of copies of the PSAR were 
forwarded for review by cognizant AEC-DRDT personnel . Thei r comments 
and questions were d iscussed at a joint meeting with ANL-AARR staff m e m ­
be r s on June 27-28, 1966. Final approval by the ACRS is expected in 
fiscal 1967. 

1.2.3.1 M a r k - I Core Development 

Analytical and Exper imenta l Heat Transfe r 

Both aspects of the heat t r ans fe r act ivi t ies have a common objective: 
to operate the core at maximum power density consistent with plant safety 
and the production of maximum neutron flux for r e s e a r c h purposes . During 
s teady-s ta te operation at 100 MW, the core conditions a r e expected to in­
clude a peak power density of - 5 MW/l i t e r and a peak heat flux of ~2 x 
10 Btu/(hr)(ft^). Although s teady-s ta te analysis indicates the existence of 
la rge safety marg ins , these marg ins must be equally adequate during rapid 
power t rans ien t s incur red by operat ional malfunctions and, par t icu lar ly , by 
inadvertent react ivi ty addit ions. 

Analytical . Thus far, two analytical methods have been employed 
to es t imate the adequacy of the overal l safety marg ins consequent to inad­
ver tent react ivi ty additions. E a r l i e r use of an analog model of the core 



i n d i c a t e d tha t wi th the r e a c t o r i n i t i a l l y o p e r a t i n g at 100 MW, a $0.90 s t e p 
add i t ion of p o s i t i v e r e a c t i v i t y r e p r e s e n t e d the t h r e s h o l d for fuel m e l t i n g at 
the hot spo t . (See A N L - 7 1 9 0 , p . 96.) Th i s e s t i m a t e w a s b e l i e v e d to be 
o v e r l y c o n s e r v a t i v e ; h e n c e a m e t h o d for a c h i e v i n g a m o r e r e a l i s t i c a s s e s s ­
m e n t w a s sought . D u r i n g the c o u r s e of t h i s s e a r c h , t he CHIC-KIN Code 
w a s m a d e a v a i l a b l e and, of t h e codes s u r v e y e d , it a p p e a r e d t h e b e s t s u i t ed 
for a n a l y z i n g r a p i d p o w e r t r a n s i e n t s . 

S u b s e q u e n t c a l c u l a t i o n s w e r e m a d e b a s e d on a $1.00 r a m p r e a c ­
t i v i t y input ( l i n e a r l y i n s e r t e d in 33 m s e c ) at a s t e a d y p o w e r l eve l of 100 MW, 
wi th no c o n t r o l rod ac t ion . O t h e r input cond i t ions and p h y s i c a l p r o p e r t i e s 
w e r e s e l e c t e d to a g r e e c l o s e l y wi th v a l u e s u s e d in, a n d / o r d e r i v e d f r o m , 
the ana log m o d e l . The l a t t e r i n c l u d e d the p o w e r v s . t i m e b e h a v i o r of t h e 
hot channe l w i th s k e w e d ax ia l h e a t g e n e r a t i o n . (See A N L - 7 1 9 0 , F i g . 1-33.) 

T h e s e c a l c u l a t i o n s c o n s t i t u t e d a p a r a m e t r i c s tudy invo lv ing 
t h r e e q u a n t i t i e s : 

'^DNB ~ M a x i m u m s u r f a c e hea t flux w h i c h can be m a i n t a i n e d wi th 
n u c l e a t e bo i l ing ; c o m p u t e d f r o m t h e Z e n k e v i c h - S u b b o t i n 
c r i t i c a l h e a t flux c o r r e l a t i o n . 

fj, = F r a c t i o n of h e a t going into v o i d s . 

T - Bubble c o l l a p s e (or r e m o v a l ) t i m e . 

T h e s e q u a n t i t i e s a r e e s s e n t i a l to the p h y s i c a l d e s c r i p t i o n of t r a n s i e n t b o i l ­
ing e m p l o y e d in the CHIC-KIN Code ; t h e i r v a r i a t i o n can h a v e a p rofound 
effect on the c o u r s e of hot c h a n n e l b e h a v i o r . 

B r i e f l y , the CHIC-KIN Code p r e d i c t e d tha t ( l ) p r e s s u r e s u r g e s a s 
h igh a s 250 p s i naay o c c u r upon in i t i a t ion of s u b c o o l e d loca l bo i l ing d u r i n g 
a t r a n s i e n t , if the r a t e of v a p o r f o r m a t i o n i s r a p i d enough; and (2) v e r y 
l a r g e l o c a l p r e s s u r e s (>2000 p s i ) a l s o naay o c c u r d u r i n g a t i m e i n t e r v a l 
iden t i f ied a s t h e p o s t p o w e r b u r s t r eg ion , when a s i z e a b l e a m o u n t of v a p o r 
i s p r e s e n t in the fuel channe l . In the l a t t e r c a s e , t he fluid i s a t , o r n e a r , 
s a t u r a t i o n cond i t ions at the channe l exi t , and expu l s ion is p r e d i c t e d frona 
bo th ends of the c h a n n e l . 

W h e t h e r s u c h p r e s s u r e s u r g e s w i l l o c c u r i s sub j ec t to v e r i f i c a t i o n 
in the t r a n s i e n t h e a t t r a n s f e r t e s t s w h i c h a r e to be conduc ted . To beg in 
wi th , t h e i r m a g n i t u d e s a r e q u e s t i o n a b l e b e c a u s e the CHIC-KIN Code a s ­
s u m e s a c o n s t a n t r e f e r e n c e p r e s s u r e and n e g l e c t s s o n i c - v e l o c i t y e f fec t s . 
A l s o , the p r e s s u r e s u r g e s a r e af fec ted by the n u m b e r of ax i a l s e c t i o n s 
u s e d in the c o m p u t a t i o n s . 

F o r the $1.00, 3 3 - m s e c r a m p r e a c t i v i t y input at 100 MW, it is b e ­
l i eved t h a t v a l u e s of fj- no l e s s t h a n 0 .01 -0 .05 and v a l u e s of r no l e s s t h a n 
10 m s e c c o n s t i t u t e r e a s o n a b l y c o n s e r v a t i v e e s t i m a t e s f r o m a sa fe ty 



viewpoin t . H o w e v e r , v a l u e s of fj, a s h igh a s 0.1 canno t be r u l e d out . S u r ­
face h e a t f luxes c o m p u t e d f r o m the Z e n k e v i c h - S u b b o t i n c o r r e l a t i o n should 
be c o n s e r v a t i v e d u r i n g t h e p o w e r b u r s t , but m i g h t not be o v e r l y so when 
app l ied to t h e p o s t p o w e r b u r s t r e g i o n . 

In conc lu s ion , t h e CHIC-KIN Code c o m p u t a t i o n s i n d i c a t e t h a t a 
$1.00 r a m p r e a c t i v i t y input of 33 m s e c d u r a t i o n at 100 MW, in t h e a b s e n c e 
of c o n t r o l rod ac t ion , w i l l l e a d e i t h e r to fuel m e l t i n g a n d / o r p r e s s u r e 
s u r g e s , w i th fluid e x p u l s i o n at hot c h a n n e l l o c a t i o n s . Th i s s u p p o r t s , in 
p a r t , the t h r e s h o l d for fuel m e l t i n g e s t i m a t e d f r o m the p r e v i o u s ana log 
s t u d i e s , i . e . , a s t e p r e a c t i v i t y add i t ion of $0.90 a t an in i t i a l p o w e r of 
100 MW. 

S t e a d y - S t a t e Hea t T r a n s f e r T e s t s . Both s t e a d y - s t a t e and t r a n s i e n t 
h e a t t r a n s f e r t e s t s w i l l be conduc ted s e q u e n t i a l l y in the s a m e fac i l i ty . As 
a c o n s e q u e n c e , t h e s t e a d y - s t a t e t e s t s e r i e s h a s b e e n d e l a y e d pend ing i m ­
p r o v e m e n t s in b u r n o u t d e t e c t i o n and t r i p p i n g of p o w e r to t h e t e s t s ec t i on , 
and d e m o n s t r a t e d f e a s i b i l i t y of u s ing the p o w e r supp ly for t h e t r a n s i e n t 
t e s t s . Tha t the i m p r o v e m e n t s in b u r n o u t d e t e c t i o n and p o w e r t r i p p i n g w i l l 
be of i m m e a s u r a b l e he lp to the s t e a d y - s t a t e t e s t p r o g r a n a i s b e s t i l l u s ­
t r a t e d by p r e l i m i n a r y checkou t t e s t s . In t h e s e t e s t s , a s ing le t e s t s e c t i o n 
w a s u s e d to ob ta in 23 b u r n o u t po in t s and about 95 spec i f i c da ta p o i n t s . By 
c o m p a r i s o n , t h r e e b u r n o u t po in t s w e r e ob ta ined at t he e x p e n s e of t h r e e 
t e s t s e c t i o n s , a s r e p o r t e d in A N L - 7 1 9 0 , p . 89. 

T r a n s i e n t H e a t T r a n s f e r T e s t s . The m a j o r a c t i v i t i e s r e l a t e d to 
t h e s e t e s t s have b e e n to d e m o n s t r a t e f e a s i b i l i t y of u s i n g a 1500-kW, d - c 
p o w e r supply for r e s i s t a n c e hea t i ng of s i m u l a t e d AARR fuel p l a t e channe l 
t e s t s e c t i o n s , to d e s i g n the t e s t s e c t i o n s , and to deve lop an X - r a y s y s t e m 
for m e a s u r i n g void f r a c t i o n s d u r i n g p o w e r t r a n s i e n t s . 

F e a s i b i l i t y of the p o w e r supply h a s been d e m o n s t r a t e d . Br i e f ly , it 
c o n s i s t s of four r e c t i f i e r un i t s c o n t r o l l e d by s a t u r a b l e , m a g n e t i c a m p l i f i e r s 
T h e s e a m p l i f i e r s , in t u r n , a r e c o n t r o l l e d by b i a s ( exc i t a t ion) c u r r e n t s 
wh ich v a r y t h e a m p l i f i e r i m p e d a n c e . In add i t ion , t he b i a s - c o n t r o l c i r c u i t r y 
is w i r e d s u c h tha t the t i m e of m a x i m u m p u l s e d p o w e r p e r i o d can be v a r i e d 
frona 30 to 100 m s e c , and t h e r a t i o of m a x i m u m to i n i t i a l p o w e r for e a c h 
p e r i o d can be s e l e c t e d by v a r y i n g t h e m a g n i t u d e of the b i a s c u r r e n t . 

F o r e x a m p l e , by p u l s i n g a s i ng l e r e c t i f i e r uni t f r o m t h e l o w e s t 
i n i t i a l p o w e r , i t i s p o s s i b l e to ob ta in m a x i m u m - t o - i n i t i a l p o w e r r a t i o s b e ­
t w e e n 4 and 5 for a p u l s e d u r a t i o n of 38 m s e c . S ince t h e p o w e r r a t i o d e ­
c r e a s e s a s t h e i n i t i a l p o w e r i s i n c r e a s e d , it m a y be n e c e s s a r y to d e s i g n 
d i f fe ren t t e s t s e c t i o n s to ob ta in da ta at e a c h r e a c t o r p o w e r l e v e l of i n t e r e s t 
H o w e v e r , a s shown by t h e d a s h e d c u r v e in F i g . 1-25, the capab i l i t y of o p e r ­
a t ing in t h e r a m p r e a c t i v i t y i n s e r t i o n r a n g e f r o m $0.75 to $0.85 a p p e a r s 
p o s s i b l e and m a y be suff ic ient to e v a l u a t e AARR r e s p o n s e to t h e s e p o w e r 
t r a n s i e n t s . 
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Fig. 1-25. Dashed curve indicates power-time re­
lationship obtained with the 1500-kW, 
d-c power supply. Solid curves were 
plotted from earlier analog computa­
tions. Arrows on these curves indicate 
time critical heat flux occurred at the 
channel hot spot. 

In addi t ion to having suffi­
c ient s t r e n g t h and c o r r o s i o n r e s i s ­
t a n c e , any t e s t s e c t i o n i n s t a l l e d in 
the h e a t t r a n s f e r loop m u s t be d e ­
s igned such t h a t the h e a t flux at the 
w a l l - w a t e r i n t e r f a c e c o r r e s p o n d s to 
r e a c t o r d e s i g n cond i t ions and the 
o v e r a l l e l e c t r i c a l r e s i s t a n c e m a t c h e s 
the p o w e r supp ly r e q u i r e m e n t s . In 
the c a s e of the t r a n s i e n t t e s t s ec t ion , 
an add i t i ona l c o n s t r a i n t is the w a l l 
h e a t s t o r a g e dur ing the p o w e r t r a n ­
s ien t , i . e . , t he w a l l t h i c k n e s s and 
m a t e r i a l m u s t be b a l a n c e d a g a i n s t 
each o t h e r . 

A ided by an ana log so lu t ion 
of the t r a n s i e n t conduc t ion p r o b l e m , 
coppe r w a s s e l e c t e d a s the m a t e r i a l 
for the t r a n s i e n t t e s t s ec t i on . As 
shown in F i g . 1-26, the p r e s e n t fab­
r i c a t i o n m e t h o d c o n s i s t s of f l a t t en ­
ing an a n n e a l e d c o p p e r tube and then 
m a c h i n i n g t h e c o r n e r s to p r e v e n t 
hea t flux p e a k s . 

D e v e l o p m e n t of an X - r a y s y s t e m to m e a s u r e void f r a c t i o n s c a u s e d 
by boi l ing du r ing s i m u l a t e d p o w e r t r a n s i e n t s is p r o c e e d i n g s a t i s f a c t o r i l y . 
The c r i t e r i a h e r e is a s y s t e m which wi l l d e t e c t void f r ac t i on d i f f e r en t i a l s 
in the r a n g e 0 .05 -1 .0 , wi th a 1 - m s e c r e s p o n s e . Spec i f i ca t ions for the X - r a y 
s y s t e m have been d r a w n up, and p r o c u r e m e n t of the s y s t e m and r e l a t e d 
equipiTient, i . e . , r a p i d - r e s p o n s e f l o w m e t e r s and p r e s s u r e t r a n s d u c e r s , h a s 
been i n i t i a t e d . 

S h u t d o w n - E m e r g e n c y Cooling T e s t s . The o b j e c t i v e s of t h e s e t e s t s 
a r e twofold. F i r s t , to d e t e r m i n e the a l lowab le t i m e i n t e r v a l s for spec i f i c 
o p e r a t i o n s , e .g . , c o r e un loading , following r e a c t o r shutdown. M o r e s p e ­
c i f ica l ly , b u r n o u t l i m i t s wi l l be e s t a b l i s h e d for low coo lan t f l o w r a t e s and 
power l e v e l s p r e v a i l i n g in the r e a c t o r dur ing flow r e v e r s a l f r o m fo rced 
c i r c u l a t i o n downflow to upflow and s u b s e q u e n t n a t u r a l c i r c u l a t i o n of p r i ­
m a r y coolant t h roughou t the shutdown p e r i o d . Second, to eva lua t e the 
m e r i t s and need of i n s t a l l i ng a f o r c e d c i r c u l a t i o n s y s t e m to effect the 
d e s i r e d flow r e v e r s a l . 

The loop c o n s t r u c t e d for t h e s e t e s t s (F ig . 1-27) is a r e c i r c u l a t i n g 
c l o s e d s y s t e m , wi th fo rced c i r c u l a t i o n downflow or n a t u r a l c i r c u l a t i o n 
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Fig. 1-26. Sectional views of simulated AARR fuel plate channel to be used in transient heat transfer tests 
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Fig. 1-27. Components of Shutdown-Emergency Cooling Test Loop 



76 

upflow t h r o u g h the 4 - c h a n n e l , h e a t e d t e s t s e c t i o n shown m F i g . 1-28 P e r ­
t inen t da ta on t h e loop and t e s t s e c t i o n s a r e a s fo l lows: 

S y s t e m p r e s s u r e 

P u m p c a p a c i t y 

P o w e r supply 

Hot c h a n n e l / n o r m a l channe l 
a v e r a g e hea t flux r a t i o 

Max inaum p e r i p h e r a l / a v e r a g e 
h e a t flux r a t i o in hot channe l 

A x i a l hea t flux d i s t r i b u t i o n 

15-1000 p s i g 

30 gpm at 6 0 - p s i h e a d 

40 kW, a - c 

- 2 . 5 

2 2 

loniform 

COPPER SPACER 
(0 0 6 2 5 ) 

IRON-CONSTANTAN 
THERMOCOUPLES 

(WELDED TO CHANNEL NO I 
WALL AS JUNCTION) 

PRESSURE TAP 

Fig. 1-28. Sectional views and instrumentation of 4-channel test 
section used for shutdown-emergency cooling studies 

In o p e r a t i o n , the p u m p is e n e r g i z e d to e s t a b l i s h f o r c e d c i r c u l a t i o n 
downflow of w a t e r at 7-8 f t / s e c t h r o u g h the t e s t s e c t i o n P u m p i n g i s con­
t inued unt i l the d e s i r e d s y s t e m p r e s s u r e and t e s t s e c t i o n p o w e r input a r e 
c o n s i s t e n t wi th a fixed in le t t e m p e r a t u r e of 1 35°F At t h i s t i m e , p u m p 



p o w e r is i n t e r r u p t e d and the flow r e v e r s e s to n a t u r a l c i r c u l a t i o n upflow. 
D u r i n g the flow r e v e r s a l p e r i o d and up to the t i m e n a t u r a l c i r c u l a t i o n i s 
e s s e n t i a l l y s t a b i l i z e d , i n l e t and ou t l e t coo lan t t e m p e r a t u r e s and f l o w r a t e s , 
p o w e r , and s y s t e m p r e s s u r e a r e r e c o r d e d con t inuous ly . Hot c h a n n e l out ­
s ide w a l l t e m p e r a t u r e s a r e r e c o r d e d at i n t e r v a l s of 5 s e c / t h e r m o c o u p l e , 
g iving a c o m p l e t e p ro f i l e e v e r y 30 s e c . When def ined b u r n o u t cond i t ions 
a r e a n t i c i p a t e d , i . e . , wa l l t e m p e r a t u r e g r e a t e r than the 855°F i n s t r u m e n ­
t a t i o n l i m i t , the u p p e r m o s t w a l l t h e r m o c o u p l e (which r e g i s t e r s the h i g h e s t 
t e m p e r a t u r e in n a t u r a l convec t ion ) i s s w i t c h e d to a f a s t - r e s p o n s e (0.25 s e c ) 
con t inuous r e c o r d e r . T h i s r e c o r d e r s e r v e s a s a v i s u a l b u r n o u t a l a r m . 

When a s t a b l e o s c i l l a t o r y p a t t e r n of n a t u r a l c i r c u l a t i o n h a s b e e n 
a c h i e v e d , the p u m p i s aga in e n e r g i z e d to r e - e s t a b l i s h f o r c e d c i r c u l a t i o n 
downflow, and the t e s t s e c t i o n p o w e r input i s i n c r e a s e d to t h e nex t d e s i r e d 
l e v e l . Th i s p r o c e d u r e i s r e p e a t e d un t i l a def ined b u r n o u t condi t ion i s 
a c h i e v e d . 

The 7 5 0 - p s i p r e s s u r e r a n g e w a s i n v e s t i g a t e d up to the def ined 
b u r n o u t cond i t ion . At t h i s condi t ion , t h e hot c h a n n e l a v e r a g e h e a t flux w a s 
193,000 Btu / (hr ) ( f t^ ) . No p h y s i c a l b u r n o u t w a s i n c u r r e d . With a hot c h a n ­
n e l a v e r a g e h e a t flux of 187,000 B tu / (h r ) ( f t ), n a u t r a l c i r c u l a t i o n flow w a s 
n o t i c e a b l y u n s t a b l e , w i th m i n o r i n d i c a t i o n s of d o w n w a r d p e r c o l a t i o n frona 
the h e a t e d c h a n n e l s . D u r i n g flow r e v e r s a l , t h e ou t s i de w a l l t e m p e r a t u r e 
of t h e hot c h a n n e l p e a k e d a t 772°F. It t h e n o s c i l l a t e d r a p i d l y b e t w e e n the 
c a l c u l a t e d n u c l e a t e bo i l ing t e m p e r a t u r e of 750°F and a n a a x i m u m v a l u e of 
643°F t h r o u g h o u t the p e r i o d of n a t u r a l c i r c u l a t i o n upflow. P r e l i m i n a r y 
a n a l y s i s of the da ta i n d i c a t e s a safe flow r e v e r s a l p o w e r l e v e l of 
- 1 8 0 , 0 0 0 Btu/ (hr ) ( f t^) a v e r a g e in the hot c h a n n e l . T h i s c o r r e s p o n d s to a 
r e a c t o r p o w e r l e v e l of - 9 MW. 

A l i m i t e d n u m b e r of t e s t s w e r e m a d e at n e a r - a t m o s p h e r i c p r e s s u r e 
(15 p s i g ) . F o r e x a m p l e , w i t h an a v e r a g e flux of 70,000 B t u / ( h r ) ( f t ), n a t u r a l 
c i r c u l a t i o n upflow w a s h igh ly u n s t a b l e , but no m e a s u r e d w a l l t e m p e r a t u r e 
e x c e e d e d the c a l c u l a t e d n u c l e a t e bo i l ing t e m p e r a t u r e . F u r t h e r i n v e s t i g a t i o n 
of t h i s p r e s s u r e r e g i o n w i l l be h e l d in a b e y a n c e pend ing i m p r o v e m e n t of the 
fine p o w e r c o n t r o l s c h e m e and r e l a t e d i n s t r u m e n t a t i o n . 

T h e fol lowing c o n c l u s i o n s a r e t e n t a t i v e and s u b j e c t to c o n f i r m a t i o n 
by a d d i t i o n a l t e s t i n g . N o n e t h e l e s s , it a p p e a r s tha t : 

(1) R e a c t o r p o w e r l e v e l a t w h i c h safe flow r e v e r s a l can be a c c o m ­
p l i s h e d i s s i gn i f i can t ly h i g h e r at a s y s t e m p r e s s u r e of 750 p s i g t han at 
n e a r - a t m o s p h e r i c p r e s s u r e . 

(2) I n s t a b i l i t y of n a t u r a l c i r c u l a t i o n upflow p o s e s a g r e a t e r l i m i t a ­
t ion ( than the flow r e v e r s a l t h e r n a a l t r a n s i e n t s ) on the r e a c t o r p o w e r l e v e l 
a t wh ich c o r e - r e m o v a l o p e r a t i o n s can be i n i t i a t e d a f t e r r e a c t o r shu tdown. 



(3) Limiting heat fluxes and reactor power levels at which flow 
reversal and natural circulation core cooling appear feasible are signifi­
cantly higher than expected. Therefore, a forced circulation, flow reversal 
system in AARR is probably not required. However, the quantitative limits 
remain to be determined. 

Thermal Stress and Hydraulics Analyses 

Transient Thermal Stresses. Detailed analysis of transient stresses 
induced in fuel plates by both internal heat generation and sudden changes in 
coolant temperature was essentially completed. Computations indicate a 
significant temporal stress peaking in the plate, with the maximum stress 
being considerably less than would be estimated by assuming sudden changes 
in the plate surface temperature. The effect of internal heat generation is to 
increase the peak stress value and lengthen the time during which the stress 
is above some given level. 

Figure 1-29 illustrates these effects and can be used in conjunction 
with the following equations to estimate stresses consequent to sudden 
changes in environmental temperature (AT). In these equations, a and t' 
represent dimensionless stress and dimensionless time, respectively, with 
a proportional to surface stress (o^) of the quenched plate. 

a = -[ax(l -v)/Ea(AT)] 

V = /ct/L^ 

a = Oi + Ca 

C = QLyk(AT) 

m = hL/k 

where 

V = Poisson's ratio 

E = Young's naodulus 

a = c o e f f i c i e n t of e x p a n s i o n 

T = t e m p e r a t u r e 

K = d i f f u s i v i t y 

k = c o n d u c t i v i t y 

L = c h a r a c t e r i s t i c l e n g t h ( 1 / 2 p l a t e t h i c k n e s s ) 

Oi - dimensionless stress with no heat generation 

Co - additional dimensionless stress caused by heat generation 

Q = uniform internal heat generation rate 

h = film conductance. 
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Fig. 1-29. Comparison of thermal stresses induced in fuel plate with 
(solid curves, C = 0.5) and without (dashed curves, C = 0) 
internal heat generation for corresponding Biot numbers 

In the a b s e n c e of a w e l l - e s t a b l i s h e d t h e o r y on p la te f a i l u r e u n d e r 
t h e s e c o n d i t i o n s , it is b e l i e v e d tha t f a i l u r e would r e f l ec t not only the peak 
s t r e s s but , a l s o , would be inf luenced by i t s d u r a t i o n F o r e x a m p l e , con­
s i d e r a m a x i m u m h e a t g e n e r a t i o n r a t e of - 1 0 M W / l i t e r and a Biot n u m ­
b e r (m) g r e a t e r t han 3 As shown m F i g 1-29, quenching f r o m an in i t i a l 
g iven t e m p e r a t u r e would, m add i t ion to i n c r e a s i n g the m a g n i t u d e of the 
t e m p o r a l p e a k s t r e s s , p r o d u c e a 50% i n c r e a s e in the t i m e du r ing which the 
s t r e s s would e x c e e d 80% of the peak s t r e s s of the quenched p l a t e wi thout 
i n t e r n a l hea t g e n e r a t i o n (C = 0) 

F o l l o w - u p E x p e r i m e n t s P r o c u r e m e n t and c o n s t r u c t i o n of a m u l t i ­
p u r p o s e f u r n a c e and loading s y s t e m is p r o c e e d i n g on s c h e d u l e When 
c o m p l e t e d , it w i l l be u s e d for the r e l a t e d e x p e r i m e n t a l p r o g r a n a on 
t h e r m a l l y - and m e c h a n i c a l l y - l o a d e d p r o t o t y p e fuel s u b a s s e m b l i e s 

In i t i a l e x p e r i m e n t s wi l l be p e r f o r m e d on a m o d e l s u b a s s e m b l y con­
t a in ing a s ing le p l a t e w h o s e coeff ic ient of expans ion d i f fe rs f r o m the r e ­
m a i n d e r of the a s senab ly The ob jec t ive h e r e w i l l be to e s t a b l i s h a 
c o r r e l a t i o n be tween t h e o r e t i c a l and m e a s u r e d v a l u e s of p l a t e de f lec t ion as 
a funct ion of t e m p e r a t u r e d i f f e ren t i a l Subsequen t e x p e r i m e n t s wi l l be 
m a d e on s i m u l a t e d p r o t o t y p e s u b a s s e m b l i e s to d e t e r m i n e g r o s s d e f o r m a t i o n 
b e h a v i o r 



s t e a d y - s t a t e P r e s s u r e D r o p . E s t i m a t e s have b e e n m a d e of the 
p r e s s u r e d i f f e r e n t i a l s a s a funct ion of a x i a l p o s i t i o n s in a r e f e r e n c e coo lan t 
channe l . S i m i l a r e s t i n a a t e s w e r e m a d e for a l t e r n a t e p o s i t i o n s of c o n t r o l 
and s a f e t y b l a d e s wi th in t h e i r r e s p e c t i v e c h a n n e l s . P r e s s u r e d r o p s a c r o s s 
the ITC and r e f l e c t o r w i l l be c o m p u t e d when d i m e n s i o n s of t h e s e c o m p o ­
n e n t s a r e f i r m l y e s t a b l i s h e d . 

In the m e a n t i m e , a t w o - d i m e n s i o n a l , i d e a l fluid flow m o d e l i s be ing 
f o r m u l a t e d for p u r p o s e s of e s t i m a t i n g the effect on p r e s s u r e d i f f e r en t i a l of 
flow o r i f i c e s b e t w e e n a d j a c e n t c h a n n e l s . T h i s m o d e l w i l l be u s e d in con­
junc t ion wi th t h e e x p e r i m e n t s d e s i g n e d to r e l a t e the s h a p e and s i z e of the 
o r i f i c e s in t h e d i r e c t i o n n o r m a l to t h e p l a n e of t h e i d e a l flow a n a l y s i s . 

F l o w - i n d u c e d D y n a m i c s . F l o w - i n d u c e d o s c i l l a t i o n of fuel p l a t e s , 
c o n t r o l b l a d e s , s h r o u d s , and s h i e l d s can l ead to coo lan t c h a n n e l c l o s u r e , 
fa t igue f a i l u r e s , and u l t i m a t e buck l ing of l o a d - c a r r y i n g m e m b e r s . E x p l o r ­
a t o r y a n a l y s i s of c o n t r o l b l a d e r e s p o n s e to sudden , long i tud ina l , m e c h a n i ­
c a l l oad ings i s e s s e n t i a l l y c o m p l e t e d . W o r k h a s s t a r t e d on the p r o b l e m of 
h y d r o d y n a m i c l o a d i n g s . 

H o w e v e r , due to the c o m p l e x i t y of the p r o b l e m , ana log c o m p u t e r 
s i m u l a t i o n i s b e i n g c o n s i d e r e d . The i n i t i a l m o d e l , w h i c h d e s c r i b e s the 
f l ow- induced b l a d e o s c i l l a t i o n , a s s u m e s o n e - d i m e n s i o n a l flow of i n c o m ­
p r e s s i b l e fluid, w i th no c r o s s flow b e t w e e n c h a n n e l s f o r m e d by the c o n t r o l 
b l a d e s . In t h e s p e c i a l c a s e of s t e a d y - s t a t e flow, a p p l i c a t i o n of the p r i n c i ­
p l e of c o n s e r v a t i o n of m o m e n t u m y i e l d s a p a r t i a l d i f f e r e n t i a l equa t ion 
wh ich can be so lved by i n t e g r a t i o n . F i n a l l y , w i th the a s s u m p t i o n t h a t p r e s ­
s u r e d i s t r i b u t i o n in u n s t e a d y flow can be a p p r o x i n a a t e d by t h e s t e a d y - s t a t e 
p r e s s u r e , t he d e r i v e d equa t ion c a n be u s e d to a n a l y z e the d y n a m i c r e s p o n s e 
of t h e b l a d e s . 

G e n e r a l P u r p o s e H y d r a u l i c s T e s t Loop 

A s t h e n a m e i m p l i e s , t h i s loop (F ig . 1-30) w a s o r i g i n a l l y d e s i g n e d 
to p r o v i d e a v e r s a t i l e f ac i l i t y for r e a c t o r - r e l a t e d h y d r a u l i c s s t u d i e s . M a x i ­
m u m o p e r a t i n g cond i t ions i n c l u d e d p r e s s u r e a t 1235 p s i g , w a t e r a t 500°F and 
1200 gpm, and a A P of 450 p s i t h r o u g h the t e s t c h a m b e r . In o r d e r to a c h i e v e 
t h e s e c o n d i t i o n s , t h e r e f e r e n c e d e s i g n spec i f i ed i n s t a l l a t i o n of two 8 0 0 - g p m 
p u m p s in s e r i e s , and four , s h e l l - a n d - t u b e - t y p e hea t e x c h a n g e r s . 

H o w e v e r , b e c a u s e of the long l ead t i m e invo lved in ob ta in ing th i s 
e q u i p m e n t , and t h e p r e s s i n g n e e d for h y d r a u l i c s s t u d i e s of A A R R c o r e c o m ­
p o n e n t s , t he loop w a s m a d e o p e r a t i o n a l wi th one pump and two s m a l l hea t 
e x c h a n g e r s . T h i s e q u i p m e n t i s suff ic ient to m a i n t a i n the AARR t e s t e n v i ­
r o n m e n t , wh ich i nc ludes p r e s s u r e a t 600 p s i g , w a t e r a t 110-400°F and 
800 gpm, and a m a x i m u m A P of 240 p s i t h r o u g h t h e t e s t c h a m b e r . The s e c ­
ond p u m p and two add i t i ona l h e a t e x c h a n g e r s w i l l be i n s t a l l e d at a l a t e r d a t e . 
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Fig. 1-30. General-purpose h\draulics test loop 



M a t e r i a l s of C o n s t r u c t i o n . F o r the m o s t p a r t , t he p r i m a r y loop i s 
c o n s t r u c t e d of Type 304 s t a i n l e s s s t e e l . The h e a t e x c h a n g e r s f e a t u r e 
Incone l t u b e s , and the p u m p is f a b r i c a t e d f r o m 11-13% c h r o m i u m s t e e l . 
W h e r e a p p l i c a b l e , the p ip ing c o n f o r m s wi th the ASA Code for P r e s s u r e 
P i p i n g (Sect ion B31.1) , wi th t h e add i t i ona l s p e c i f i c a t i o n of 100% r a d i o g r a p h y 
du r ing e r e c t i o n . D e s i g n of the h e a t e x c h a n g e r s and t e s t c h a m b e r i s con­
s i s t e n t w i th t h e ASME Code for Unf i red P r e s s u r e V e s s e l s (Sect ion VIIl) . 
P r i o r to i n i t i a l o p e r a t i o n , t he p r i m a r y s ide w a s h y d r o s t a t i c a l l y t e s t e d a t 
a m b i e n t t e m p e r a t u r e to 2175 p s i g to e n s u r e a l e ak t i gh t s y s t e m . 

Cool ing w a t e r , supp l i ed f r o m the L a b o r a t o r y c a n a l s y s t e m , is c i r ­
c u l a t e d a t low p r e s s u r e t h r o u g h the she l l s i de of the h e a t e x c h a n g e r s . 
A c c o r d i n g l y , t he loop p ip ing and conaponents a r e f a b r i c a t e d of b l a c k i r o n , 
c a s t i r o n , o r b r o n z e . 

O p e r a t i o n , C o n t r o l , I n s t r u m e n t a t i o n . A l l hea t input ( -120 kW) in to 
the f ac i l i t y i s g e n e r a t e d by pumping p o w e r (150 hp) and a b s o r b e d by the 
p r i m a r y coo lan t . B e c a u s e of the l a c k of i n su l a t i on , i n i t i a l loop o p e r a t i o n 
at 400°F r e s u l t e d in an e x c e s s i v e r i s e in roona t e m p e r a t u r e . A s a c o n s e ­
q u e n c e , the loop wi l l be p a r t i a l l y o r t o t a l l y i n s u l a t e d , depend ing on w h e t h e r 
t h i s t e m p e r a t u r e l eve l wi l l be e m p l o y e d t h r o u g h o u t the AARR t e s t p r o g r a m . 

With r e f e r e n c e to the s c h e m a t i c flow d i a g r a m in F i g . 1-30, p u m p 
d i s c h a r g e m a y be d i r e c t e d t h r o u g h the t e s t c h a m b e r , t he t e s t c h a m b e r by ­
p a s s , o r d iv ided b e t w e e n the two . In add i t ion , a p o r t i o n of t h e flow r e t u r n i n g 
to the p u m p m a y be d i r e c t e d to t h e tube s ide of the h e a t e x c h a n g e r s for c o o l ­
ing. The d e s i r e d flow m o d e and t e m p e r a t u r e is effected by m a n u a l m a n i p u ­
la t ion of four c o n t r o l v a l v e s : F C V - 1 on t h e suc t ion s i d e of the p u m p , F C V - 2 
on the t e s t c h a m b e r b y p a s s l ine , F C V - 3 on t h e t e s t c h a m b e r flow l ine , and 
F C V - 4 on t h e p ip ing l ead ing to h e a t e x c h a n g e r s No. 1 and No . 2. In t h i s 
m a n n e r , t he loop can be o p e r a t e d wi th f l o w r a t e s r ang ing f r o m 20 to 1600 g p m 
t h r o u g h t h e t e s t c h a m b e r , depend ing on the AP t h r o u g h t h e t e s t s e c t i o n in the 
c h a m b e r and the d e s i r e d o p e r a t i n g t e m p e r a t u r e . 

T e m p e r a t u r e c o n t r o l of t h e p r i m a r y fluid i s a c c o m p l i s h e d b y va lve 
T C V - 1 , w h i c h a u t o m a t i c a l l y r e g u l a t e s the flow of s e c o n d a r y cool ing w a t e r 
t h r o u g h the s h e l l s i d e s of t h e o p e r a t i n g h e a t e x c h a n g e r s . As shown by the 
d a s h e d l i n e s , two a d d i t i o n a l v a l v e s , T C V - 2 and T C V - 3 , wi l l s i m i l a r l y con­
t r o l cool ing w a t e r to h e a t e x c h a n g e r s No. 3 and No. 4, r e s p e c t i v e l y , when 
the r e f e r e n c e d e s i g n i n s t a l l a t i o n is c o m p l e t e d . 

I n s t r u m e n t a t i o n i n s t a l l e d thus fa r c o v e r s n o r m a l loop c o n t r o l func­
t i ons and o p e r a t i o n a l c h a r a c t e r i s t i c s . A d d i t i o n a l e q u i p m e n t is p r e s e n t l y 
be ing i n s t a l l e d c o n s i s t e n t wi th the n a t u r e of the p r o p o s e d in i t i a l t e s t s . T h i s 
e q u i p m e n t c o n s i s t s b a s i c a l l y of h i - s p e e d r e c o r d e r s to m o n i t o r c h a n g e s in 
p r e s s u r e , flow, and p u m p r e v o l u t i o n s d u r i n g p r e s s u r e d r o p s t u d i e s wi th a 



c o n t r o l b l a d e m o c k - u p i n s t a l l e d in the t e s t c h a m b e r . Th i s t e s t s e r i e s wi l l 
be fol lowed by an ana log s tudy of the " c o a s t - d o w n c h a r a c t e r i s t i c " of the 
loop. 

F u t u r e s t u d i e s wi l l i nc lude f low- and t e m p e r a t u r e - i n d u c e d s t r e s s 
and de f l ec t ion of fuel p l a t e s , fuel s u b a s s e m b l i e s , c o n t r o l b l a d e s , e t c . ; 
p r e s s u r e p u l s e c h a r a c t e r i s t i c s of s m a l l e r flow loops t h a t wi l l be i n t e g r a t e d 
into the p a r e n t loop; and m e a s u r e m e n t of p r e s s u r e d r o p s t h r o u g h p r o t o t y p e 
c o r e and s y s t e m c o m p o n e n t s evo lved d u r i n g def in i t ive d e s i g n of the AARR. 
D e v e l o p m e n t of i n s t r u m e n t a t i o n for t h e s e s t u d i e s i s p r e s e n t l y focused on 
d i s p l a c e m e n t t r a n s d u c e r s and P i t o t t u b e s for u s e in conjunc t ion wi th fuel 
p l a t e de f l ec t ion and flow n a e a s u r e m e n t s in fuel p l a t e c h a n n e l s . 

I n s t r u m e n t a t i o n D e v e l o p m e n t . Two c y l i n d r i c a l d i s p l a c e m e n t t r a n s ­
d u c e r s a r e b e i n g deve loped to m e a s u r e fuel p l a t e de f l ec t ion : a c a p a c i t y -
type uni t for h igh t e m p e r a t u r e s and p r e s s u r e s , and a v a r i a b l e i m p e d a n c e -
type uni t for low t e n a p e r a t u r e s and p r e s s u r e s . 

The c a p a c i t y - t y p e t r a n s d u c e r i s d e s i g n e d to o p e r a t e at 500°F and 
1250 p s i , w i th a m e a s u r e m e n t r a n g e f r o m z e r o to 0.040 in. It m e a s u r e s 
1 in . in d i a m e t e r , 0.50 in . long, w i th an a t t a c h e d 0 . 7 5 - i n . - l o n g m o u n t i n g 
s tud, and i s e n e r g i z e d by an e l e c t r o n i c b r i d g e . The output s i g n a l , t r i g ­
g e r e d by fuel p l a t e d i s p l a c e m e n t , w i l l be t r a n s m i t t e d to an e l e c t r i c r e ­
c o r d i n g o s c i l l o g r a p h . 

The v a r i a b l e i m p e d a n c e uni t i s d e s i g n e d to o p e r a t e a t 7 5 - 2 0 0 ° F and 
200 p s i , wi th a s i m i l a r m e a s u r e m e n t r a n g e . It m e a s u r e s 0.625 in. in d i a m ­
e t e r , 0 .625 in. long, wi th an a t t a c h e d 0 . 7 5 - i n . - l o n g m o u n t e d s tud and a 
1.25-in. t u b u l a r e x t e n s i o n . In o p e r a t i o n , the t r a n s d u c e r wi l l be e n e r g i z e d 
by an e l e c t r o n i c o s c i l l a t o r - m o d u l a t o r uni t ; d i s p l a c e m e n t s i g n a l s wi l l be 
t r a n s m i t t e d to an e l e c t r i c r e c o r d i n g o s c i l l o g r a p h . 

P r o t o t y p e s of bo th u n i t s a r e be ing a s s e m b l e d for t e s t p u r p o s e s . 

S p e c i a l P i t o t t u b e s wi l l be u s e d to m e a s u r e flow t h r o u g h t h e fuel 
p l a t e coo lan t c h a n n e l s . E a c h tube a s s e m b l y m e a s u r e s 70 in. o v e r a l l l ength , 
and c o n s i s t s of two c o n c e n t r i c s t a i n l e s s s t e e l t u b e s : an o u t e r tube (0.040 in. 
d i a . , 0 .004 in. wa l l ) , and an i n n e r tube (0.020 in. d ia . , 0.004 in. wa l l ) . Both 
t u b e s a r e s i l v e r s o l d e r e d a t t h e s e n s i n g end, w h i c h is a l s o f l a t t ened to 
0.035 in. o v e r a 4 - i n . l eng th to f a c i l i t a t e i n s e r t i o n in the c h a n n e l s . Two ho le 
a r e E l o x e d 0.200 in. f r o m the t ip on the c u r v e d p o r t i o n of the f l a t t ened s e c ­
t ion . At t h e t e r m i n a l end, t he t u b e s a r e c o n n e c t e d t h r o u g h an O - r i n g p r e s ­
s u r e s e a l to a s p e c i a l r o t a t a b l e v a l v e and r e l a t e d r e a d o u t c i r c u i t r y . 

F u e l M a t e r i a l F a b r i c a t i o n D e v e l o p m e n t 

P o s t - i r r a d i a t i o n E v a l u a t i o n s of C e r m e t F u e l s . T h e s e e v a l u a t i o n s 
h a v e c e n t e r e d on a t t e m p t s to c o r r e l a t e t h e i r r a d i a t i o n b e h a v i o r of r e f e r e n c e 
37 wt -% UO2-SS c e r m e t fuel p l a t e s p e c i m e n s to ex i s t i ng da ta on s i m i l a r 



c e r m e t s con ta in ing 24 -30 wt-% UO2, o r h i g h e r . The ob jec t ive i s to e s t a b ­
l i s h a b a s i s for p r e d i c t i n g life e x p e c t a n c y of the r e f e r e n c e fuel in AARR. 
To t h i s end, e v a l u a t i o n s have b e e n p e r f o r m e d by P h i l l i p s P e t r o l e u m Co. , 
ORNL, and BMI u n d e r s u b c o n t r a c t wi th A r g o n n e . T h e i r f indings a r e s u m ­
m a r i z e d a s fo l lows . 

Thus fa r , m e a s u r e m e n t s by P h i l l i p s on i r r a d i a t e d A A R R - t y p e fuel 
p l a t e s p e c i m e n s show tha t u s e of n o m i n a l 8 5 % - d e n s e UO2 r e s u l t s in a p p r e ­
c i ab ly l e s s swe l l i ng a t a g iven b u r n u p t h a n o b s e r v e d wi th f u l l y - d e n s e U02. 
T h e s e m e a s u r e m e n t s w e r e m a d e in the M T R - E T R hot c e l l s on p l a t e s p e c i ­
m e n s (1.25 X 5.75 X 0.040 in.) which had b e e n i r r a d i a t e d in the E T R to 
b u r n u p s r a n g i n g f r o m 8 to 30 a t -% U - 2 3 5 . D u r i n g e x p o s u r e , t he f i s s i o n 
p r o d u c t i n v e n t o r y a c r o s s t h e face of the fuel p l a t e s in the E T R - G 1 2 c o r e 
p o s i t i o n v a r i e d by a f a c t o r of two. 

De t a i l ed a n a l y s i s showed tha t t h e net swe l l ing r a t e in the c e r m e t 
( C u r v e s A, F i g . 1-31) a g r e e d f a v o r a b l y wi th t h a t p r e d i c t e d for the UO2 
when c o r r e c t i o n w a s m a d e for p r o p o r t i o n a t e v o l u m e r e l a t i o n s h i p in the 
o r i g i n a l , n o m i n a l 32 vo l -% UO2-68 vo l -% SS c e r m e t . The s p r e a d in the 
c e r m e t swe l l ing r a t e i s a t t r i b u t e d to v a r i a t i o n in b u r n u p a c r o s s the wid th 
and l eng th of the fuel p l a t e s . F i g u r e 1-32 shows the change in the UO2 
p a r t i c l e wi th i n c r e a s e d b u r n u p . 

0 2 4 6 8 10 12 14 16 18 20 22 

BURNUP, fiss/cc cermet (x 10'^°) 

Fig. 1-31. Comparison between theoretical rates of fission-induced swelling in UO2 and 
measured range of swelling rates in AARR 37 wt-'7oU02-SS cermet fuel 
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'8 a t - % U-235 10 a t - % U-235 

~ I 8 a t - % U-235 ~ 2 4 a t - % U-235 

Fig. 1-32 Microstructures of cross section through AARR fuel plate samples after irradiation 
to various U-235 burnups. Average UO2 particle diameter is 125 microns 



An at tenapt w a s m a d e to d e t e r m i n e the c o r r e l a t i o n b e t w e e n fuel 
p l a t e t e m p e r a t u r e and b u r n u p for g r o s s i n s t a b i l i t y of the fuel p l a t e s t r u c ­
t u r e ( i . e . , m a t r i x r u p t u r e due to inab i l i t y of the m a t r i x m a t e r i a l to a c c o m ­
m o d a t e t h e f i s s i o n p r o d u c t p r e s s u r e s at e l e v a t e d t e m p e r a t u r e s ) . B l i s t e r 
t e s t s w e r e p e r f o r m e d in the M T R - E T R hot c e l l s , and the t e m p e r a t u r e a t 
wh ich the b l i s t e r f o r m e d w a s p lo t t ed a g a i n s t the fuel b u r n u p to e s t a b l i s h a 
s t a b i l i t y - i n s t a b i l i t y r e l a t i o n s h i p s i m i l a r to t h a t p u b l i s h e d on i n - p i l e fuel 
f a i l u r e . 

F i g u r e 1-33 is a c o m p o s i t e plot of b l i s t e r t e s t da ta f r o m P h i l l i p s 
and ORNL, and the s t a b i l i t y c u r v e s d e r i v e d by Ke l l e r^ f r o m a v a i l a b l e in -
p i l e da ta on UO2-SS c e r m e t fue l s . The ORNL da ta w e r e ob ta ined f r o m 
b l i s t e r t e s t s s i m i l a r to t h o s e p e r f o r m e d by P h i l l i p s . H o w e v e r , the s a m p l e s 
inc luded coupons and t u b e s conta in ing c e r m e t s of h i g h e r UO2 conten t (up to 
50 wt-% UO2-SS). T h e s e s a m p l e s w e r e p a r t of the A r m y R e a c t o r Advanced 
F u e l I r r a d i a t i o n T e s t P r o g r a n a ( t e r m i n a t e d in May , 1964), and had b e e n 
s t o r e d in the Oak Ridge R e s e a r c h R e a c t o r pool s i n c e S e p t e m b e r , 1964. 
M o s t of the s a m p l e s s e l e c t e d for b l i s t e r t e s t s con t a ined the s a m e type of 
UO2 a s did t h e p l a t e s i r r a d i a t e d in the E T R . I r r a d i a t i o n of the A r m y fuel 
w a s t e r m i n a t e d at f a i r l y low b u r n u p (-7 a t -% avg . - 15% peak) ; n o n e t h e l e s s , 
e x p o s u r e w a s suff ic ient to e s t a b l i s h a c o r r e l a t i o n b e t w e e n b u r n u p and the 
o n s e t of d e t r i m e n t a l changes in p h y s i c a l p r o p e r t i e s . 

• AARR-ETR PLATES 
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BLISTER FORMATION TEMPERATURE, °F 

Fig. 1-33. Comparison of out-of-pile blister-test data on AARR reference fuel plates with similar 
data on Army Reactor fuel specimens. Dashed curves represent upper and lower stabil­
ity limits established by Keller's correlation of in-pile data. Numbers adjacent to data 
points indicate wt-'7o UO2 in Type 347 stainless steel matrix. 



D i r e c t c o r r e l a t i o n f r o m o u t - o f - p i l e t e s t s to i n - p i l e t e s t s i s q u e s t i o n ­
a b l e due to the g r o s s d i f f e r e n c e in e n v i r o n m e n t s and m a t e r i a l s b e h a v i o r in 
t h e d i f fe ren t e n v i r o n m e n t s . Only a q u a l i t a t i v e e v a l u a t i o n of t h e r e s u l t s to 
d a t e i s p o s s i b l e . H o w e v e r , t he r e l a t i o n s h i p d e v e l o p e d t h u s f a r for b u r n u p s 
up to t w i c e t h e a v e r a g e e n d - o f - c o r e life b u r n u p for the UO2-SS fuels i n d i ­
c a t e s t ha t t h e M a r k - I c o r e should be a b l e to o p e r a t e at p o w e r s w e l l in e x ­
c e s s of t h e p r e s e n t 100 MW d e s i g n l e v e l wi thout i n c u r r i n g s e r i o u s i r r a d i a t i o n 
d a m a g e . 

T h e s e hot c e l l i n v e s t i g a t i o n s w i l l be ex t ended to i nc lude o t h e r changes 
in p h y s i c a l and m e c h a n i c a l p r o p e r t i e s a s a funct ion of i n c r e a s e d b u r n u p s . 

In add i t ion to t h e fo rego ing s t u d i e s , a m i n i a t u r e , t h r e e - p l a t e , b r a z e d 
s u b a s s e n a b l y con ta in ing t h e r e f e r e n c e c e r m e t fuel , and s e v e r a l s t a i n l e s s 
s t e e l d u m m y p l a t e s wi th b r a z e d w i r e s p a c e r s w e r e i r r a d i a t e d in the E T R . 
The o b j e c t i v e s of t h e s e t e s t s w e r e twofold: F i r s t to e v a l u a t e t h e effects of 
t h e r m a l g r a d i e n t s ( t h e r m a l s t r e s s ) on d i m e n s i o n a l s t a b i l i t y of the t h r e e -
p l a t e s u b a s s e m b l y and, s e c o n d , to a s s e s s the change in p r o p e r t i e s of the 
b r a z i n g c o m p o u n d u s e d to affix t h e w i r e s p a c e r s . 

P r e l i m i n a r y i n s p e c t i o n of the m i n i a t u r e s u b a s s e n a b l y a f t e r i r r a d i a ­
t ion to p e a k b u r n u p of - 3 0 a t -% U - 2 3 5 showed no s ign i f i can t d i m e n s i o n a l 
c h a n g e s . A d d i t i o n a l t e s t s on the s u b a s s e m b l y and the d u m m y p l a t e s a r e 
s c h e d u l e d for c o m p l e t i o n in e a r l y F Y 1967. 

C o m m e r c i a l V e r i f i c a t i o n of P l a t e F a b r i c a t i o n . Two c o m m e r c i a l 
f a b r i c a t o r s -were s u b c o n t r a c t e d to d e t e r m i n e f e a s i b i l i t y and r e p r o d u c i b i l i t y 
of L a b o r a t o r y - d e v e l o p e d p r o c e d u r e s for f a b r i c a t i n g the o p t i m i z e d 37 wt-% 
UO2-SS fuel p l a t e s t r u c t u r e . The end p r o d u c t s w e r e e v a l u a t e d at A r g o n n e . 

T h e s e e v a l u a t i o n s showed tha t a t t e m p t s to follow e x p l i c i t l y the p r e ­
s c r i b e d p r o c e d u r e s r e s u l t e d in s u b s t a n d a r d p l a t e s , in s o m e c a s e s . The 
g r e a t e s t diff icul ty o c c u r r e d in the b l end ing and r o l l i n g p r o c e s s e s , wh ich 
r e q u i r e o p t i m i z e d c o m b i n e d input of m a t e r i a l , e q u i p m e n t , and p e r s o n n e l 
c a p a b i l i t y . H o w e v e r , e a c h f a b r i c a t o r w a s a l s o a l lowed to adap t and r e v i s e 
the p r o c e s s e s c o n s i s t e n t w i th h i s p e r s o n n e l ' s c a p a b i l i t y , e x p e r i e n c e , e q u i p ­
m e n t , and w o r k i n g cond i t i ons ( inc luding s l i gh t v a r i a t i o n s in the feed m a ­
t e r i a l s ) . U n d e r t h e s e c i r c u m s t a n c e s , t he end p r o d u c t w a s ad judged equa l 
to , if not b e t t e r t han , t h e fuel p l a t e s f a b r i c a t e d in t h e l a b o r a t o r y . 

A s a r e s u l t of t h e s e f ind ings , m o d i f i c a t i o n s h a v e b e e n m a d e in the 
v e n d o r q u a l i f i c a t i o n s , fuel p l a t e and r e f e r e n c e c o r e s p e c i f i c a t i o n s . In s o m e 
a r e a s , the s p e c i f i c a t i o n s w e r e u p g r a d e d c o n s i s t e n t wi th t h e i m p r o v e d qua l i t y 
of t h e c o m m e r c i a l l y f a b r i c a t e d p l a t e s . 



B u r n a b l e P o i s o n Addi t ion to R e f e r e n c e C e r m e t F u e l 

T h e r e f e r e n c e c e r m e t fuel wi l l con ta in a f ixed b u r n a b l e p o i s o n of 
0.4 to 0.6% n a t u r a l b o r o n equ iva l en t . A c c o r d i n g l y , BMI and t h e M a r t i n Co. , 
w e r e s u b c o n t r a c t e d to i n v e s t i g a t e m e a n s for e l i m i n a t i n g t h e b o r o n l o s s 
p r o b l e m tha t had b e e n e x p e r i e n c e d d u r i n g f a b r i c a t i o n of t h e A r m y R e a c t o r 
c e r m e t fuel . 

Z i r c o n i u m d i b o r i d e (ZrB2) w a s s e l e c t e d as a r e f e r e n c e s t a r t i n g 
po in t b e c a u s e i t w a s the m o s t s t a b l e of b e t t e r known c o m p o u n d s of b o r o n . 
S u b s e q u e n t a n a l y s i s w a s m a d e of t h e t i m e - t e m p e r a t u r e r e l a t i o n s h i p s for 
f o r m a t i o n of b i n a r y , t e r n a r y , and m o r e c o m p l e x e u t e c t i c s of d i f fe ren t 
c o m b i n a t i o n s of Z r , B , Ni, F e , and C r . Th i s a n a l y s i s i n d i c a t e d t h a t con­
v e n t i o n a l m e t h o d s of f a b r i c a t i n g UO2-SS c e r m e t s r e s u l t e d in g r o s s r e a c ­
t ions b e t w e e n t h e s e m a t e r i a l s , w i th e s s e n t i a l l y t o t a l l i b e r a t i o n of b o r o n 
(in the f o r m of b o r o n h y d r i d e ) to the a t m o s p h e r e . 

M a r t i n Co . r e p o r t e d a s e v e r e H 2 0 - Z r B 2 r e a c t i o n d u r i n g h e a t i n g of a 
U 0 2 - Z r B 2 - S S c o m p a c t in a h y d r o g e n a t m o s p h e r e above 1000°C. H o w e v e r , 
s e q u e n t i a l v a c u u m hea t t r e a t m e n t s f r o m 600 to 1000°C r e s u l t e d in s u b s t a n ­
t i a l s t a b i l i z a t i o n of t h e ZrB2 in t h e s t a i n l e s s s t e e l m a t r i x . A n a l y s i s showed 
tha t a f t e r s e q u e n t i a l h e a t t r e a t m e n t , l e s s t h a n 5% of t h e ZrB2 d i s p l a y e d e v i ­
dence of a p p r e c i a b l e r e a c t i o n p r o v i d e d the t e m p e r a t u r e did not e x c e e d 
1150°C. At t e n a p e r a t u r e s above 1200°C, both M a r t i n Co. and BMI r e p o r t e d 
a g r o s s r e a c t i o n b e t w e e n t h e ZrB2 and s t a i n l e s s s t e e l , w i th s u b s t a n t i a l l o s s 
of b o r o n . At 1300°C, in e x c e s s of 98% of the b o r o n w a s l o s t . 

A t t e m p t s to r e d u c e the r e a c t i o n i nc luded coa t ing t h e ZrB2 wi th Nb 
and wi th e l e m e n t a l s t a i n l e s s s t e e l . Though ef fec t ive a g a i n s t t he H2O r e a c ­
t ion , t h e s t a i n l e s s s t e e l p r o v i d e d v e r y l i t t l e p r o t e c t i o n above t h e 1500°C 
t e m p e r a t u r e r a n g e for t h e B, F e , and B - N i e u t e c t i c s . On the o t h e r hand , 
the n i o b i u m coa t i ng (a 1-2 m i c r o n CrC4 b a r r i e r b e t w e e n the Nb and ZrB2) 
p r o v e d ef fec t ive a t t e m p e r a t u r e s up to 1175°C, and a f forded s o m e p r o t e c ­
t ion for s h o r t p e r i o d s a t 1200°C. 

F i g u r e 1-34 shows t h e effect of e u t e c t i c f o r m a t i o n s on the m i c r o -
s t r u c t u r e of fuel p l a t e s con t a in ing N b - c o a t e d ZrB2 in a 37 wt -% UO2-SS 
m a t r i x . P l a t e ( A ) w a s h e a t e d w e l l above 1200°C d u r i n g f a b r i c a t i o n , wh i l e 
p l a t e ( B ) w a s e x p o s e d to t e m p e r a t u r e s l i gh t ly be low 1160°C. 

A s a r e s u l t of t h e s e s t u d i e s , s i n t e r i n g of the AARR c e r m e t w i l l be 
p e r f o r m e d in a v a c u u m f u r n a c e , the fuel f a b r i c a t i o n t e m p e r a t u r e •will be 
l i m i t e d to l e s s t han 1160°C, and t h e s u b a s s e m b l y b r a z i n g t e m p e r a t u r e wi l l 
be s i m i l a r l y r e s t r i c t e d to l e s s t h a n 1160°C. 
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(A) (B) 

Fig. 1-34. Microstructures of 37 •tii-'^o UO2-SS fuel plate containing Nb-coated ZrB2 burnable poison. 
Plate (A), exposed to 1200°C during fabrication, shows evidence of gross reaction, while 
Plate (B), exposed to slightly below 1160°C, shows negligible reaction. 

S tud ies w e r e a l s o s t a r t e d on an a l t e r n a t e b u r n a b l e p o i s o n m a t e r i a l : 
B203-Si02 g l a s s b e a d s . T h e s e s t u d i e s w e r e i m p l e m e n t e d on the b a s i s of 
unpub l i shed da ta by O R N L which show p r o m i s e . E T R - G 1 2 i r r a d i a t i o n 
s p e c i m e n s i z e s a m p l e s w e r e s a t i s f a c t o r i l y f a b r i c a t e d u s ing the s a m e t e c h ­
n iques and p r o c e s s e m p l o y e d for the N b - c o a t e d Z r B 2 - b e a r i n g fuel p l a t e s . 
M e t a l l o g r a p h i c e x a m i n a t i o n r e v e a l e d neg l i g ib l e d a m a g e to the ~2 wt-% 
BzOj-SiOj b e a d s . 

G r a d e d F u e l C e r m e t F a b r i c a t i o n D e v e l o p m e n t 

As m e n t i o n e d e a r l i e r , the M a r k - I c o r e wi l l inc lude s u b a s s e m b l i e s 
of g r a d e d fuel p l a t e s to p r e v e n t flux peak ing a t t he c o r e e x t r e m i t i e s . T h e s e 
p l a t e s wi l l con ta in d i s p e r s i o n s of 6 to 33 wt-% UO2 in the s t a i n l e s s s t e e l 
m a t r i x . S ince m o s t of the w o r k on d i s p e r s i o n s h a s been conduc ted in the 
18 to 32 wt-% r a n g e , s t u d i e s w e r e c e n t e r e d on ach iev ing u n i f o r m d i s p e r ­
s ions of UO2 m the 6-18 wt-% r a n g e . 

S e v e r a l a p p r o a c h e s w e r e t aken . T h e s e inc luded: 

(1) F a b r i c a t e a s t a n d a r d s i z e c o m p a c t wi th low UO2 c o n c e n t r a t i o n s 
(6, 8, 10, 12, 14 wt-%) in a s t a i n l e s s s t e e l m a t r i x . 



(2) F a b r i c a t e a c o m p a c t of one -ha l f s t a n d a r d t h i c k n e s s , double the 
UO2 c o n c e n t r a t i o n (12, 16, 20, 24, 28 wt -%) , and u s e a m u c h t h i c k e r c ladding 

(3) F a b r i c a t e a v e r y th in c o m p a c t of the r e f e r e n c e 37 wt-% c o n c e n ­
t r a t i o n fuel c e r m e t and u s e a v e r y th i ck c l add ing . F o r e x a m p l e , a 6 wt-% 
equ iva len t , 0 . 0 0 4 5 - i n . - t h i c k , 37 wt -% r e f e r e n c e fuel c e r m e t , wi th a v e r y 
t h i c k c lad; o r an 8 wt-% equ iva l en t 0 . 0 0 6 5 - i n . - t h i c k , 37 wt-% r e f e r e n c e fuel 
c e r m e t , e t c . 

Of t h e s e , a p p r o a c h ( l ) p r o d u c e d the b e s t o v e r a l l d i s p e r s i o n s in the 
6 to 1 5 wt-% UO2 r a n g e . T h e y w e r e a c c o m p l i s h e d wi th a s p e c i a l b l end ing 
t e chn ique employ ing a spec i f i c r a t i o of d i f f e r e n t - s i z e d s t a i n l e s s s t e e l pow­
d e r s wi th the d e s i r e d UO2 c o n c e n t r a t i o n s . Above 15 wt-%, the s t a n d a r d 
b lend ing p r o c e s s r e s u l t e d in an a d e q u a t e l y h o m o g e n e o u s d i s p e r s i o n . F i g ­
u r e 1-35 shows the d e g r e e of d i s p e r s i o n h o m o g e n e i t y ob ta ined in e a c h c a s e 
wi th t h e 6 wt-% equ iva len t fuel l o a d s . 
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Fig. 1-35. Microstructures of cross sections from 6 wt-^o equivalent UO2-SS cermet 
fuel plates showing typical dispersions of UO2 concentrations 



UO2 C h a r a c t e r i z a t i o n and E v a l u a t i o n 

S tud ies w e r e conduc ted at BMI to e s t a b l i s h c o r r e l a t i o n s b e t w e e n 
p h y s i c a l and c h e m i c a l p r o p e r t i e s of v a r i o u s t y p e s of UO2 s p h e r i c a l p a r t i ­
c l e s and t h e i r r e s p e c t i v e b e h a v i o r du r ing f a b r i c a t i o n into fuel p l a t e s In 
a l l , e l even t y p e s of UO2 p a r t i c l e s , wh ich d i f fe red m b a s i c f a b r i c a t i o n p r o ­
c e s s , d e n s i t y , and a d d i t i v e s , w e r e m e a s u r e d and c h a r a c t e r i z e d 

T h e s e p a r t i c l e s w e r e t hen u s e d m the f a b r i c a t i o n of 37 wt -% UO2-
SS c e r m e t s a m p l e s for s u b s e q u e n t d e s t r u c t i v e t e s t s E v a l u a t i o n w a s b a s e d 
on the r e l a t i v e ab i l i t y of the UO2 s p h e r e s to w i t h s t a n d ro l l i ng p r e s s u r e s 
wi thout s ign i f i can t dens i f i ca t ion , d e f o r m a t i o n , o r c r u s h i n g and s t r i n g e r i n g 
P r o v i d e d t h e r e w a s no m a r k e d d i s p l a c e m e n t o r d i s t o r t i o n of the m a t r i x , 
s h e a r c r a c k s w e r e not c o n s i d e r e d d e t r i m e n t a l Such c r a c k s have b e e n 
found to h e a l d u r i n g i r r a d i a t i o n a t an in i t i a l b u r n u p of 5-10 a t -% U - 2 3 5 , 
and have no a p p a r e n t d e t r i m e n t a l effect on the a m o u n t of f i s s ion p r o d u c t s 
r e l e a s e d f r o m the UO2 

The r e s u l t s of t h e s e s t u d i e s a r e s u m m a r i z e d m T a b l e 1-6 In the 
c a s e of s a m p l e s B t h r o u g h J, w h e r e d e f o r m a t i o n and s t r i n g e r i n g w a s not 
e x c e s s i v e (<25%), the UO2 p a r t i c l e s e x p e r i e n c e d v e r y l i t t l e change m 
shape un t i l the ro l l i ng s c h e d u l e e x c e e d e d 4-1 F i g u r e 1-36 shows t y p i c a l 
m i c r o s t r u c t u r e s of t h e s p e c i m e n s l i s t e d m T a b l e 1-6 

Table 1-6 Summary of UO^ Particle Characterization and Evaluation Studies 

Sample 

A 

B 

C 

D 

E 

F 

G 

H 

|4 

J 

K 

S 

Mesh Size 

-100 +140 

-100+200 

-100 +140 

-100 +140 

-70 +100 

-80+100 

-100 +270 

-100 +140 

-100 +140 

-100 +140 

-100 +140 

-100 +140 

^HFS High-fired spherical 
H F F Hydrogen flame fired 
S B Settled bed 
S G Sol Gel 
S Spherical 

^Determined by Hg pycnometer 

Prerolled Particle Characteristics 

Process! 

HFS 

HFS 

HFS 

HFS 

HFS 

HFS 

HFS 

HFS 

HFS 

HFF 

SB 

SG 

Density 2 
%T D 

60 

72 

68 

70 

69 

-
79 

78 

74 

75 

80 

97 

Crush Strength 
gm/particle 

50 

127 

159 

168 

490 

188 

231 

211 

187 

240 

218 

800 

h B Footballed with major/minor axis 
S Spherical 
Irreg Irregular particles 

^Same as sample C 
'spherical but 20% cracked 

Additive 
wt-% 

None 

None 

None 

2C2O 

None 

None 

3Zr02 

2C2O 

None 

13Ti , 
2Ca 

None 

None 

> 1 5 1 

Density % 
(approx ) 

Postrolled Observations 

Particle^ 
Deformation 

Badly crushed and stringered 

>90 

>90 

<80 

>90 

>90 

<85 

<85 

>90 

<85 

>90 

-97 

FB 

FB 

S 

FB 

FB 

S 

s 
FB 

s 

Irreg 

S5 

Percent 
Stringered 

-90 

-10 

~5 

-25 

-15 

-
-30 

-30 

-3 

-20 

-85 

-5 

T h e s e da ta have b e e n u s e d in conjunct ion wi th known i r r a d i a t i o n 
p r o p e r t i e s of UO2 to e s t a b l i s h p r e l i m i n a r y M a r k - I c o r e s p e c i f i c a t i o n s 
Subjec t to v e r i f i c a t i o n by l a b o r a t o r y and c o m m e r c i a l f a b r i c a t o r s , t hey 
wi l l be i n c o r p o r a t e d m the c o r e p r o c u r e m e n t spec i f i c a t i ons 



D e n s i f i c a t i o n , p l a s t i c de fo rma t i on , nominal c rush ing o r s t r i n g e r i n g ; 

t y p i c a l o f n o n - a d d i t i v e h i g h - f i r e d samples B, C, and I 

Random c r u s h i n g , s t r i n g e r i n g , no p l a s t i c de fo rma t i on ; t y p i c a l o f h i g h - f i r e d 

sphe r i ca l and hydrogen f l a m e - f i r e d samples D, G, H, and J 

Typical s t r u c t u r e o f low d e n s i t y - l o w c rush ing s t r e n g t h UO^ samples A and K 

Fig. 1-36. Typical microstructures of UO2 particles after fabrication into 
specimen 37 wt-'7o UO2-SS fuel plates. (Also see Table 1-6.) 

F u e l Subassennbly D e v e l o p m e n t 

B r a z i n g M a t e r i a l s and T e c h n i q u e s . E a c h r h o m b o i d a l fuel s u b a s ­
s e m b l y wi l l c o m p r i s e a p r e s c r i b e d n u m b e r of fuel p l a t e s b r a z e d to s p a c e 
w i r e s . S ince the c o m p o s i t i o n of each p la t e wi l l inc lude a b u r n a b l e po i son 
(ZrB2), t he t i m e a t t e m p e r a t u r e du r ing the b r a z i n g cyc le is of p a r a m o u n t 
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i m p o r t a n c e b e c a u s e of i t s effect on b o r o n r e t e n t i o n in the p l a t e . A c c o r d ­
ingly, t h r e e d i f fe ren t b r a z i n g a l l o y s , two b r a z e c y c l e s , and a v a r i e t y of 
t e m p e r a t u r e s w e r e i n v e s t i g a t e d to d e t e r m i n e the o p t i m u m b r a z e cyc l e at 
the l owes t p o s s i b l e t e m p e r a t u r e c o n s i s t e n t w i th a d e q u a t e s t r e n g t h . 

The b r a z i n g a l l oys u s e d w e r e G E - J 8 1 0 0 , Coas t M e t a l s N P , and 
N i c r o b r a z e 50. Cyc l e t i m e s w e r e e i t h e r 2 h r at b r a z i n g t e m p e r a t u r e o r 
10 m i n . at b r a z i n g t e m p e r a t u r e fol lowed by a 3 - h r soak at a lower t e m ­
p e r a t u r e . The t e m p e r a t u r e r a n g e s for e a c h b r a z i n g a l loy a r e t a b u l a t e d 
be low. 

B r a z e Al loy 

G E - J 8 1 0 0 
C o a s t M e t a l s N P 
N i c r o b r a z e 50 

Braze Temp., °F 

2100, 2120, 2130, 2150 
2030, 2050, 2075, 2100 
1825, 1850, 1875, 1900 

Soak Temp., °F 

2000 
1800 
1700 

S i x - p l a t e s p e c i m e n s u b a s s e m b l i e s (F ig . 1-37) w e r e b r a z e d at e a c h 
condi t ion . S u b s e q u e n t s h e a r t e s t s r e v e a l e d tha t t he 1 0 - m i n . b r a z i n g t e m ­
p e r a t u r e cyc l e p r o d u c e d unsound b r a z e d j o i n t s . Of the s p e c i m e n s b r a z e d 
for 2 h r at t e m p e r a t u r e , the b e s t m i n i m u m - t e m p e r a t u r e b r a z e (Fig . 1-38) 
w a s ob ta ined u s ing the G E - J 8 1 0 0 a l loy at 2100°F. M o r e so\ind b r a z e s w e r e 
p r o d u c e d at h i g h e r t e m p e r a t u r e s . 

F u l l - s i z e , s t a i n l e s s s t e e l d u m m y s u b a s s e m b l i e s w e r e a l s o b r a z e d , 
u s ing G E - J 8 1 0 0 a l loy and a " r e f e r e n c e " h y d r o g e n b r a z e cyc l e of 2 h r at 
2135-2145°F . T h e s e un i t s wi l l be nnachined and u s e d in c o r e m o c k - u p t e s t s . 

I n s p e c t i o n and Qua l i ty C o n t r o l 

Th i s a c t i v i t y i s c o n c e r n e d wi th the d e v e l o p m e n t of n o n d e s t r u c t i v e 
qua l i ty c o n t r o l and i n s p e c t i o n p r o c e d u r e s to e n s u r e c o m p l i a n c e wi th 

Fig. 1-37. Specimen 6-plate subassembly used in shear test 
evaluation of brazing alloys and temperatures 
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Fig. 1-38. Microstructure of plate-spacer braze obtained with GE-J8100 
brazing alloy. Brazing cycle: 2 hr at 2100°F. 

M a r k - I c o r e p r o c u r e m e n t s p e c i f i c a t i o n s . P a r t i c u l a r e m p h a s i s i s on t e c h ­
n i q u e s for a s s e s s i n g the h o m o g e n e i t y of UO2 d i s p e r s i o n in the s t a i n l e s s 
s t e e l c e r m e t m a t r i x , and i n t e g r i t y of the b r a z e b e t w e e n fuel p l a t e s and 
s p a c e r w i r e s . T h e s e t e c h n i q u e s a r e be ing deve loped by the I l l ino i s I n s t i ­
tu t e of Techno logy R e s e a r c h I n s t i t u t e u n d e r s u b c o n t r a c t wi th A r g o n n e . 

UO2 D i s p e r s i o n H o m o g e n e i t y . Of a l l t he t h r o u g h - t r a n s m i s s i o n 
m e t h o d s i n v e s t i g a t e d thus fa r , the m o s t p r o m i s i n g r e s u l t s w e r e ob ta ined 
wi th a s y s t e m employ ing a m o n o e n e r g e t i c c o b a l t - 5 7 i so tope (120 keV) . 
The 120-keV e n e r g y l e v e l w a s s e l e c t e d b e c a u s e it is s l igh t ly above the 
u r a n i u m "K" r ing a b s o r p t i o n edge at 11 6 keV. Thus when exposed to the 
120-keV g a m m a r a y s , t he m a s s a b s o r p t i o n coeff ic ient of UO2 is n e a r l y a 
r e l a t i v e m a x i m u m . On the o t h e r hand, the a b s o r p t i o n coeff ic ient of s t a i n ­
l e s s s t e e l at th i s e n e r g y l e v e l is suff ic ient ly lower to p r o d u c e a miarked 
d i f f e rence in ne t 120-keV g a m m a - r a y a t t enua t ion . Consequen t ly , a h igh 
d e g r e e of c o n t r a s t is ob ta ined in the r e a d o u t equ ipmen t . (See F i g . 1-39.) 
H i g h e r r e s o l u t i o n of UO2 p a r t i c l e s in the s t a i n l e s s s t e e l m a t r i x m a y be 
p o s s i b l e wi th the a id of a d i f f e ren t i a t ing anapl i f ie r tha t h a s been deve loped 
by UKAERE (Harwe l l ) . Th i s a m p l i f i e r and i t s a s s o c i a t e d r e a d o u t a l s o wi l l 
be t e s t e d . If s u c c e s s f u l , t he equ ipmen t wi l l be i n c o r p o r a t e d into a c o m ­
p l e t e fuel p l a t e i n s p e c t i o n p a c k a g e . 

In the m e a n t i m e , an eva lua t ion has b e e n m a d e of the b a s i c c o b a l t - 5 7 
p h o t o m u l t i p l i e r g a m m a a t t enua t ion equ ipmen t , wi th conven t iona l a m p l i f i e r s 
and s t r i p c h a r t r e a d o u t . As shown m F i g . 1-40, u s e of a 1 - m i c r o c u r i e s o u r c e 



i s suff ic ient to d i f f e r en t i a t e fuel load ing v a r i a t i o n s of <2% ( i . e . , 0.8 wt-% 
UO2 in the c o r e ) in an 0.08 in . s q u a r e a r e a of fuel p l a t e . D i f f e rence in c lad 
t h i c k n e s s of 0.001 in. p r o d u c e d a c o r r e s p o n d i n g d i f f e r ence of 0.6% in 
t r a n s m i t t a n c e . 

100 
ENERGY, keV 

200 

Fig. 1-39. Mass absorption coefficients of UO2 and stainless steel 
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Fig. 1-40. Typical print-out of homogeneity in 37 wt-"Jo UO2-SS fuel plate, 
using cobalt-57 source gamma-ray attenuation technique 

In s u b s e q u e n t t e s t s , the s o u r c e s t r e n g t h wi l l be i n c r e a s e d by a f ac ­
t o r of 10. Th i s should p e r m i t the u s e of a s m a l l e r s cann ing a p e r t u r e , 
t h e r e b y i n c r e a s i n g the s c a n n i n g speed and r e d u c i n g the b a c k g r o u n d " n o i s e " 
Th i s a l s o r e s u l t s in i n c r e a s e d speed and a c c u r a c y of the h o m o g e n e i t y m e a ­
s u r e m e n t and eva lua t i on p r o c e s s 



B r a z e d Jo in t I n t e g r i t y . H y d r a u l i c and p n e u m a t i c t e s t p r o c e d u r e s 
w e r e deve loped for d e t e r m i n i n g g r o s s bond d e f e c t s , a long wi th m o r e d e ­
t a i l e d t e c h n i q u e s for d e t e c t i n g p i n h o l e - t y p e d e f e c t s . H o w e v e r , e f for t s to 
deve lop t h r o u g h - t r a n s m i s s i o n m e t h o d s have m e t wi th l i m i t e d s u c c e s s . 
The m o s t r e c e n t t e s t a s s e m b l y u s e s a r e f l e c t e d L a m b wave wi th an u l t r a ­
s o n i c t r a n s d u c e r to ident i fy unbonded a r e a s . Thus f a r , t h e r e s u l t s h a v e 
b e e n m o r e q u a l i t a t i v e than q u a n t i t a t i v e . 

1.2.3.2 C o n t r o l B l a d e s and D r i v e M e c h a n i s m s 

C o n t r o l B lade M a t e r i a l s . A r a r e e a r t h , e u r o p i u m , i s to be u s e d a s 
the a b s o r b e r m a t e r i a l in t h e c e n t r a l c o n t r o l b l a d e s b e c a u s e of i t s h i g h e r 
w o r t h r e l a t i v e to tha t of h a f n i u m . C o n t r o l r o d s con ta in ing ~32 wt -% EU2O3 
in bo th the u n s t a b i l i z e d and s t a b i l i z e d (2 m o l add i t ion of T i02 p e r m o l of 
EU2O3) h a v e b e e n u s e d s u c c e s s f u l l y in the A r m y R e a c t o r P r o g r a m . How­
e v e r , b e c a u s e u n s t a b i l i z e d EU2O3 r e a c t s when e x p o s e d to w a t e r , t h e s t a b i l ­
i z ed n a a t e r i a l h a s b e e n s e l e c t e d for u s e in AARR. 

S p e c i m e n c o n t r o l b l a d e s , f a b r i c a t e d to P M - 3 R e a c t o r s p e c i f i c a t i o n s , 
w e r e o b t a i n e d to d e t e r m i n e the d i s p e r s i o n c h a r a c t e r i s t i c s of the s t a b i l i z e d 
m a t e r i a l and to m e a s u r e the Y o u n g ' s m o d u l u s of e l a s t i c i t y of the c lad and 
u n c l a d m a t r i x . T h e s e s p e c i m e n s h a v e a face c l ad ~0.021 in. t h i ck . S u b s e ­
quen t X - r a y and n e u t r o n r a d i o g r a p h s r e v e a l e d a r e l a t i v e l y u n i f o r m d i s p e r ­
s ion of t h e e u r o p i u m - t i t a n a t e i n t h e m a t r i x . ( S e e F i g . 1-41.) M e a s u r e m e n t s 
by v i b r a t i o n and t e n s i l e m e t h o d s gave a Young ' s m o d u l u s of 21 x 10 p s i 
for t he c o m p o s i t e p l a t e , and 18 x 10 p s i for the u n c l a d m a t r i x . 

C o n s i d e r a t i o n is a l s o be ing g iven to t h e u s e of ha fn ium in t h e p e r i p h ­
e r a l c o n t r o l b l a d e s . No i n s o l u b l e p r o b l e m s a r e a n t i c i p a t e d in t h i s event . 

A c c o r d i n g l y , two f u l l - s i z e c o n t r o l b l a d e s a r e to be f a b r i c a t e d for 
h y d r a u l i c t e s t p u r p o s e s . One wi l l con ta in the s t a b i l i z e d e u r o p i u m - t i t a n a t e 
in a s t a i n l e s s s t e e l m a t r i x c l ad w i th s t a i n l e s s s t e e l ; i t w i l l a l s o h a v e a 
s t a i n l e s s s t e e l f o l l ower . The s e c o n d b l a d e w i l l h a v e a ha fn ium p o i s o n s e c ­
t ion , w i th a Z i r c a l o y - 2 fo l lower . Both b l a d e s w i l l be equ ipped wi th a s t a i n ­
l e s s s t e e l u p p e r end f i t t ing . 

C o n t r o l B l ade D r i v e s . A f u l l - s c a l e p r o t o t y p e d r i v e n a e c h a n i s m ( s e e 
F i g . 1-18) i s b e i n g f a b r i c a t e d for p e r f o r m a n c e t e s t s in an e x i s t i n g c o n t r o l 
rod flow t e s t loop . T h e p r e s s u r e v e s s e l of t h i s loop con t a in s a s inau la ted 
AARR c o n t r o l b l a d e c h a n n e l and d u m m y b l a d e , w i th p r o v i s i o n s for a b o t t o m -
m o u n t e d d r i v e . O n s e t of t h e t e s t p r o g r a m i s a l s o pend ing c o m p l e t i o n of 
m o d i f i c a t i o n s in t h e loop p ip ing and va lv ing . 

D a s h p o t E v a l u a t i o n . I n d e p e n d e n t b e n c h - t y p e t e s t s w i th a dumnay con­
t r o l b l a d e have r e v e a l e d the n e e d for r e d e s i g n of t h e d a s h p o t . Two t e s t 
d r o p s , one at z e r o p r e s s u r e and the o t h e r at 8 p s i r e s u l t e d in aud ib l e i m p a c t 
b e t w e e n the b l a d e - m o u n t e d p i s t o n and t h e d a s h p o t b o t t o m . 
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Fig. 1-41. (Top) Longitudinal and (Bottom) transverse microstructures of PM-3 control blades showing 
relatively uniform dispersion of stabilized EU2O3 • 2Ti02 in stainless steel matrix 



1.2.3.3 S t r e s s A n a l y s e s of C o r e Suppor t G r i d 

An e x p l o r a t o r y p h o t o - s t r e s s s tudy was p e r f o r m e d on the f u l l - s c a l e , 
a l u m i n u m c o r e s u p p o r t g r i d shown in F i g . 1-42. The ob jec t ive h e r e w a s to 
p r o v i d e v i s i b l e ind ica t ion of m a x i m u m s t r e s s e d a r e a s which would guide 
p l a c e m e n t of add i t i ona l s t r a i n gages for m o r e c o m p r e h e n s i v e t e s t s . Load ­
ing w a s a c c o m p l i s h e d by a se t of h y d r a u l i c j a c k s e a c h of wh ich a c t e d on a 
s e p a r a t e d u m m y fuel end f i t t ing. 

Fig. 1-42. Stress-analysis facility, with full-scale aluminum core support grid in test position 

As a r e s u l t of t h i s s tudy, the g r i d w a s r e i n s t r u m e n t e d , wi th a 
m a j o r i t y of s t r a i n gages be ing loca ted n e a r the junc t ions of the c o n t r o l 
b l ade s l o t s . S t r e s s da ta ob ta ined f r o m s u b s e q u e n t t e s t s a r e c u r r e n t l y 
be ing e v a l u a t e d . 

S u p p l e m e n t a r y s t r e s s s t u d i e s w e r e m a d e to d e t e r m i n e the changes 
in wid th of the b l a d e s lo t a s a f\inction of load. M e a s u r e m e n t s w e r e m a d e 
wi th a s p e c i a l l y d e s i g n e d s t r a i n gage p r o b e capab le of d e t e c t i n g d i m e n ­
s iona l changes of O.OOOlin. 

T h e s e m e a s u r e m e n t s i nd ica t ed width c h a n g e s of a p p r o x i m a t e l y the 
s a m e m a g n i t u d e at the top and bo t tom of the s l o t s , but in oppos i t e d i r e c ­
t i o n s . Th i s i m p l i e s d e f o r m a t i o n of the s u p p o r t g r id about a n e u t r a l p l ane 
m i d w a y b e t w e e n the u p p e r and l ower e x t r e m i t i e s . With an app l i ed load of 



25 p s i , m a x i m u m c l o s u r e of t h e four t y p i c a l s l o t s m e a s u r e d w a s l e s s t han 
0.001 in. On the a s s u m p t i o n tha t e l a s t i c b e h a v i o r of the g r i d wi l l p r e v a i l 
a t i n c r e a s e d l o a d s , a p r e s s u r e d r o p of 125 p s i a c r o s s t h e c o r e wi l l c a u s e 
a s lo t c o n s t r i c t i o n of l e s s t h a n 0.005 in . 

1.2.3.4 S t r e s s A n a l y s i s of R e a c t o r V e s s e l 

S t r e s s a n a l y s e s w e r e p e r f o r m e d for t h r e e v e s s e l m a t e r i a l s (SA212B, 
Type 304 s t a i n l e s s s t e e l , and I n c o n e l - 6 0 0 a l loy) to d e t e r m i n e t h e r e l a t i v e 
s t r e s s e s in (1) the s h e l l b e l t - l i n e con ta in ing n o n r a d i a l b e a m tube n o z z l e 
c l u s t e r s ; (2) the top h e a d wi th i t s q u i c k - o p e n i n g c l o s u r e and n u m e r o u s p e n e ­
t r a t i o n s , and (3) t h e l o w e r b o l t e d - o n h e a d wi th i t s c o m p l e m e n t of o p e n i n g s . 
In e a c h c a s e , d e s i g n s m e e t i n g the m a n d a t o r y r e q u i r e m e n t s of ASME Code , 
Sec t ion III could be effected; h o w e v e r , t he d e s i g n wi th SA212B w a s un ique 
in t ha t a l l s t r e s s e s could be m a i n t a i n e d in t h e e l a s t i c r a n g e . 

The b e a m tube n o z z l e s a r e l o c a t e d in a r e g i o n of m a x i m u m n e u t r o n 
flux in add i t ion to the h i g h e s t l e v e l of g a m m a h e a t i n g . T h e r e f o r e , e x t e n s i v e 
s t r e s s a n a l y s e s , i n c o r p o r a t i n g s t r e s s c o n c e n t r a t i o n f a c t o r d i s t r i b u t i o n s 
a r o u n d t h e n o z z l e - s h e l l i n t e r s e c t i o n , w e r e p e r f o r m e d to d e t e r m i n e o p t i m u m 
p l a c e n a e n t s of the n o z z l e s . S p e c i a l c o m p u t a t i o n s w e r e i nc luded b e c a u s e 
func t iona l d e s i g n of t h e v e s s e l is in v a r i a n c e wi th P a r . N - 4 4 6 of Sec t i on III: 
" . . . n o z z l e s shou ld not be p l a c e d in r e g i o n s of h igh n e u t r o n f lux." I r r a d i a ­
t ion d a m a g e , p a r t i c u l a r l y a t t h e low o p e r a t i n g t e m p e r a t u r e , m u s t be con­
s i d e r e d in t h r e e v e s s e l a r e a s : ( l ) t he b e a m tube n o z z l e s ; (2) the h e a t -
a f fec ted zone at e a c h n o z z l e ; and (3) the v e s s e l w a l l a d j a c e n t to n u c l e a r 
i n s t r u m e n t a t i o n . 

A n u m b e r of s c h e m e s w e r e d e v i s e d to r e d u c e the r a d i a t i o n d a m a g e 
e f f ec t s . T h e s e inc luded : ( l ) i n c r e a s e d v e s s e l d i a m e t e r to p e r m i t i n c l u s i o n 
of w a t e r s h i e l d i n g to r e d u c e b e a m tube n o z z l e d a m a g e ; (2) r e l o c a t i o n of 
s h e l l - t o - n o z z l e w e l d s in o r d e r to u t i l i z e t h e s h i e l d i n g v a l u e of the v e s s e l 
she l l ; (3) i n t r o d u c t i o n of an i n t e r n a l l o c a l s h i e l d (8 in . of i r o n p lus 4% w a t e r ) 
in t h e a l u m i n u m window r e g i o n . C o m p u t a t i o n s i n d i c a t e d tha t t h e s u p p l e m e n ­
t a r y i r o n - w a t e r s h i e l d r e d u c e d the 4 0 - y e a r v e s s e l i r r a d i a t i o n e x p o s u r e , in 
t h e window r e g i o n , to 1 x 10̂ ® nvt ( e > 0.1 MeV) at t he 100 MW p o w e r l e v e l . 

V e s s e l She l l . S t r e s s a n a l y s i s of t h e v e s s e l s h e l l w a s p e r f o r m e d 
w i th t h e a id of a c o m p u t e r p r o g r a m , SEAL-SHELL-2 . -^ T h i s p r o g r a m is 
b a s e d on t h e f i n i t e - e l e m e n t m e t h o d of c a l c u l a t i o n in w h i c h the s h e l l i s a p ­
p r o x i m a t e d by a s e r i e s of s t r a i g h t o r c u r v e d s e g m e n t s . E a c h s e g m e n t m a y 
h a v e d i f f e r en t e l a s t i c p r o p e r t i e s and p r e s s u r e s , and m a y v a r y l i n e a r l y in 
t h i c k n e s s . E a c h s e g m e n t a l s o m a y h a v e a t e m p e r a t u r e d i s t r i b u t i o n w h i c h 
v a r i e s a r b i t r a r i l y t h r o u g h o u t the t h i c k n e s s , but l i n e a r l y a long the s e g m e n t . 
The s e g m e n t s a r e a s s u m e d to be i n t e r c o n n e c t e d a t t h e n o d a l p o i n t s ; t h e r e ­
f o r e , t h e e s s e n t i a l e l a s t i c c h a r a c t e r i s t i c s of a s e g m e n t a r e r e p r e s e n t e d by 



the r e l a t i o n s h i p b e t w e e n f o r c e s app l i ed to the n o d a l po in t s and the d e f l e c ­
t ions r e s u l t i n g t h e r e f r o m . In the S E A L - S H E L L - 2 p r o g r a n a , the f o r c e -
def lec t ion r e l a t i o n s h i p i s ob ta ined in t h e fol lowing m a n n e r : 

(1) F o r e a c h s e g m e n t a d i s p l a c e m e n t f ie ld i s a s s u m e d and t h e 
s t r a i n e n e r g y is d e t e r m i n e d . 

(2) By a p p l i c a t i o n of the p r i n c i p l e of v i r t u a l w o r k to t h e s t r a i n 
e n e r g y of e a c h s e g m e n t , t he f o r c e s on e a c h s e g m e n t a r e d e t e r m i n e d in 
t e r m s of d e f l e c t i o n s . Once t h e f o r c e - d e f l e c t i o n r e l a t i o n s h i p is known for 
e a c h s e g m e n t , t he f o r c e s at t h e n o d a l po in t s can be c o m p u t e d . 

It should be no t ed tha t t he a p p r o x i m a t i o n in the f i n i t e - e l e m e n t m e t h o d 
i s of a p h y s i c a l n a t u r e , i . e . , a s h e l l i s s u b s t i t u t e d by a s e r i e s of s t r a i g h t o r 
c u r v e d s e g m e n t s . T h e r e n e e d be no a p p r o x i m a t i o n in the m a t h e m a t i c a l a n a l ­
y s i s of t h e s e s u b s t i t u t e s e g m e n t s . A l s o , t he f i n i t e - e l e m e n t so lu t ion wi l l con­
v e r g e to the t r u e so lu t ion if the s e g m e n t s i z e is s u c c e s s i v e l y r e d u c e d . 

F i g u r e 1-43 shows the m e c h a n i c a l and t h e r m a l s t r e s s e s c o m p u t e d 
for t h e I n c o n e l - 6 0 0 a l l oy s h e l l . In t h e s e c o m p u t a t i o n s , t he s h e l l w a s a p ­
p r o x i m a t e d by 200 s e g m e n t s , w i th an a v e r a g e l eng th of 2 in . The s t i f fness 
m a t r i x w a s c a l c u l a t e d f r o m t h e s t r a i n e n e r g y t h r o u g h t h e p r i n c i p l e of v i r ­
t u a l w o r k . B a s e d on the t h e o r y of th i ck s h e l l s , m e c h a n i c a l and t h e r m a l 
s t r e s s e s w e r e c a l c u l a t e d at t h e i n n e r , m i d d l e , and o u t e r s u r f a c e s of the 
v e s s e l w a l l . B e c a u s e of the n u m e r o u s n o n r a d i a l n o z z l e c o n n e c t i o n s and 
p o s s i b l e n e u t r o n i r r a d i a t i o n d a m a g e , l o w e r l i m i t s of s t r e s s i n t e n s i t y than 
p e r m i t t e d by t h e ASME Code , Sec t i on III w e r e adop ted : 

(1) The p r i m a r y g e n e r a l and t h e p r i m a r y l o c a l m e m b r a n e s t r e s s e s 
p r o d u c e d by m e c h a n i c a l loads w e r e l i m i t e d to Sm-

(2) The c o m b i n e d p r i m a r y m e m b r a n e , p r i m a r y bend ing , and s e c ­
o n d a r y bend ing p r o d u c e d by m e c h a n i c a l l o a d s , d i s c o n t i n u i t i e s , o r t h e r m a l 
e x p a n s i o n w a s l i m i t e d to 90% of t h e m a t e r i a l y ie ld s t r e n g t h . 

(3) The p e a k s t r e s s i n t e n s i t y w a s l i m i t e d to S^-

M u l t i p l i c i t y of n o n r a d i a l b e a m tube n o z z l e s in the c y l i n d r i c a l she l l 
i n t r o d u c e s s t r e s s c o n c e n t r a t i o n a r o u n d t h e p e n e t r a t i o n s . B e c a u s e of t h e 
c l o s e p r o x i m i t y of ad j acen t n o z z l e s a r o u n d the v e s s e l c i r c u m f e r e n c e , t h e 
t i m e - h o n o r e d a r e a r e p l a c e m e n t m e t h o d of the ASME v e s s e l codes w a s not 
e x p e c t e d to y i e ld a r e l i a b l e e v a l u a t i o n of the s t r e s s s t a t e . A c c o r d i n g l y , 
j u n c t i o n s t r e s s e s w e r e c o m p u t e d by E r i n g e n ' s naethod wh ich a s s u m e s t h a t 
the beana tube n o z z l e s a r e m e m b r a n e c l o s u r e s . T a b l e 1-7 l i s t s t he c o m ­
pu ted f a c t o r s (Sc) a r o u n d a t y p i c a l n o z z l e p e n e t r a t i o n . T h e s e v a l u e s a r e 
in good a g r e e m e n t w i th p h o t o e l a s t i c t e s t da ta .^ 
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Fig. 1-43. Computed primary, secondary, and peak stresses in an Inconel-600 alloy vessel 



T a b l e 1-7. C a l c u l a t e d S t r e s s C o n c e n t r a t i o n F a c t o r s 

Angle b e t w e e n 
R a d i a l L ine and 

Long i tud ina l 
Axis of She l l 

0 
22.5 
4 5 
67.5 
90 

Top Head . 

SQ SQ 

(Upper Su r f ace ) (Middle Su r face ) 

3.308 3.286 
3.068 2.892 
2.469 1.904 
1.842 0.863 
1.574 0.415 

N u m e r o u s head c o n f i g u r a t i o n s , rangin 

S c 
( L o w e r Su r f ace ) 

3.263 
2.716 
1.340 

-0 .117 
-0 .745 

Lg f r o m the or ig in , 

flat p l a t e to the c u r r e n t d o m e d s h a p e , and s e v e r a l p e n e t r a t i o n a r r a n g e m e n t s 
w e r e a n a l y z e d to y i e l d t h e o p t i m u m a r r a n g e m e n t for e x p e r i m e n t a l n e e d s 
within the l i m i t a t i o n s i m p o s e d by s t r e s s e s . 

In the a n a l y s e s , the top h e a d w a s t r e a t e d a s a p e r f o r a t e d p la t e and 
effect ive e l a s t i c c o n s t a n t s w e r e u s e d in t h e c o m p u t a t i o n of the equ iva l en t 
s t r e s s e s and d e f l e c t i o n s . P e a k s t r e s s i n t e n s i t y due to any loading w a s l i m ­
i ted to Sa to e n s u r e a g a i n s t fa t igue f a i l u r e s . To p r e v e n t g r o s s p l a s t i c d e ­
f o r m a t i o n , t h e a v e r a g e s t r e s s i n t e n s i t y a c r o s s the m i n i m u m l i g a m e n t s e c t i o n 
t h r o u g h the p l a t e t h i c k n e s s w a s l i m i t e d to Sj-^., whi le tha t a c r o s s the m i n i m u m 
l i g a m e n t wid th t r a n s v e r s e to the p l a t e t h i c k n e s s w a s l i m i t e d to 1.5 Sm- ^o^ 
the m e c h a n i c a l l o a d s . F o r the c o m b i n e d m e c h a n i c a l and t h e r m a l l o a d s , the 
s t r e s s i n t e n s i t y a c r o s s the m i n i m u m l i g a m e n t w a s l i m i t e d to 3 Sm-

B o t t o m Head . A s in the c a s e of t h e t op head , n u m e r o u s c o n f i g u r a ­
t ions w e r e a l s o a n a l y z e d to a r r i v e a t an o p t i m u m d e s i g n at a c c e p t a b l e s t r e s s 
l eve l s and d e f l e c t i o n s . 

N o z z l e L o a d s . The B i j l a a r d t h e o r y w a s u s e d to d e t e r m i n e l o c a l 
s t r e s s e s in t h e v e s s e l w a l l at the two 2 4 - i n . - d i a . in le t and ou t le t n o z z l e - t o -
she l l j ionct ions. E x t e r n a l f o r c e s and m o m e n t s w e r e f i r s t r e s o l v e d in the 
t h r e e p r i n c i p a l d i r e c t i o n s and then the v e s s e l w a l l m e m b r a n e bend ing , and 
s h e a r s t r e s s e s w e r e c a l c u l a t e d a t t he n o z z l e i n t e r s e c t i o n . B e c a u s e of t h e 
l im i t ed a p p l i c a b i l i t y of B i j l a a r d ' s t h e o r y to l a r g e n o z z l e s , t he c a l c u l a t e d 
s t r e s s e s w e r e c o m p a r e d wi th a v a i l a b l e e x p e r i m e n t a l d a t a . W h e r e v e r a 
d i s c r e p a n c y ex i s t ed , t he l a r g e r v a l u e w a s u s e d a s the l oca l s t r e s s due to 
e x t e r n a l load ing . F o r a p a r t i c u l a r load ing of 31,000 f t - lb , on the in l e t 
nozz l e , a m a x i m u m a d d i t i o n a l she l l s t r e s s w a s found. The p ipe load 
s t r e s s e s a r e v e r y m o d e r a t e and a r e e a s i l y a c c o m m o d a t e d by an e x t e n s i o n 
of a u n i f o r m w a l l f r o m the c r i t i c a l b e l t - l i n e r e g i o n to t h e top and b o t t o m 
s e c t i o n s of the v e s s e l . 



V e s s e l Conta innaent P o t e n t i a l . E x p l o r a t o r y 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 e v e s s e l w a l l can a b s o r b a 200 M W - s e c c o r e e n e r g y r e l e a s e . Th i s 
e n e r g y r e l e a s e , w h i c h i s t w i c e t h a t p o s t u l a t e d for t h e m a x i m u m c r e d i b l e 
a c c i d e n t , is b a s e d on g r o s s p l a s t i c d e f o r m a t i o n wh ich would r e n d e r the 
v e s s e l i n o p e r a b l e bu t s t r u c t u r a l l y i n t a c t . F o r s l o w - r e l e a s e n u c l e a r ex­
c u r s i o n s , t h e a b s o r p t i o n p o t e n t i a l of the w a l l i n c r e a s e s by a f ac to r of 3. 

N e i t h e r the s h o c k w a v e n o r the q u a s i - s t a t i c i n t e r n a l b l a s t p r e s s u r e 
c o n s e q u e n t to a 200 M W - s e c e x c u r s i o n i s of suff ic ient i n t e n s i t y to r e n d e r 
m i s s i l e s of the top and b o t t o m h e a d s . The m o s t p r o b a b l e m i s s i l e i s t he 
c e n t r a l q u i c k - o p e n i n g plug in the top head , but only if it i s in t h e un locked 
p o s i t i o n a t t h e t i m e of t h e e x c u r s i o n . In t h i s event , it m a y be a c c e l e r a t e d 
to a v e l o c i t y suf f ic ient to b r e a c h the c o n t a i n m e n t bu i ld ing . 

1.2.3.5 F a c t o r s Invo lved in S e l e c t i o n of V e s s e l M a t e r i a l 

S e l e c t i o n of a m a t e r i a l for the AARR r e a c t o r v e s s e l i s g o v e r n e d 
m o r e by e n v i r o n m e n t a l and p r o c u r e m e n t f a c t o r s t h a n by s t r e n g t h . F o r the 
t h r e e m a t e r i a l s e m p l o y e d in t h e s t r e s s a n a l y s i s , t he r e q u i r e d s h e l l t h i c k ­
n e s s i s about the sanae: ~ 4 in. The s t r e s s s t a t e s , h o w e v e r , differ m a r k ­
ed ly b e c a u s e of l a r g e d i f f e r e n c e s in the coef f i c ien t s of t h e r m a l conduc t iv i ty 
and e x p a n s i o n . T h e s e two p r o p e r t i e s def ine the m a g n i t u d e of t h e c o m p u t e d 
t h e r m a l s t r e s s e s and t h e conabined s t r e s s e s . F o r e x a m p l e : 

(1) P e a k s t r e s s e s in c a r b o n s t e e l (SA21 2 B / S A 1 0 5 B ) a r e be low the 
y i e l d s t r e n g t h of t h e m a t e r i a l , i . e . , t he s h e l l i s e l a s t i c a l l y s t r e s s e d . 

(2) L o c a l p e a k s t r e s s e s in t h e I n c o n e l - 6 0 0 m a t e r i a l ( s ee F i g . 1-43) 
a p p r o x i m a t e the y i e ld s t r e n g t h in r e g i o n s r e m o v e d f r o m t h e b e l t - l i n e s e c t i o n . 

(3) P e a k s t r e s s e s in s t a i n l e s s s t e e l Type 304 a r e at , o r above , t h e 
y i e ld s t r e n g t h of t h e a l loy , i . e . , t he s h e l l i s s t r e s s e d p l a s t i c a l l y and m u s t 
be w o r k - h a r d e n e d to r e s i s t f a i l u r e by fa t igue . 

The c a r b o n s t e e l s r e q u i r e i n t e r n a l c l add ing to m a i n t a i n p r i m a r y 
coo lan t p u r i t y . E x t e r n a l l y , the v e s s e l s h e l l i s s u b j e c t to c o r r o s i o n by oxy­
g e n a t e d ( n a t u r a l and r a d i o l y t i c ) pool w a t e r . C o r r o s i o n m a y be l i m i t e d e i t h e r 
by e x t e r i o r c l add ing , o r by c h e m i c a l l y m a i n t a i n i n g a ( r a d i o l o g i c a l l y a c t i v e ) 
pool e n v i r o n m e n t inof fens ive to u n c l a d s t e e l w a l l s . S t r e s s c a l c u l a t i o n s i n d i ­
c a t e a p r e f e r e n c e for l o o s e c l add ing w h i c h (1) r e d u c e s t h e t h e r m a l g r a d i e n t 
(and s t r e s s e s ) a c r o s s t h e w a l l , and (2) r a i s e s the s h e l l t e m p e r a t u r e . M o d e r ­
a t e i n c r e a s e of the s h e l l t e m p e r a t u r e , p a r t i c u l a r l y in the b e l t - l i n e s e c t i o n , 
a l s o r e d u c e s t h e s e v e r i t y of the NDT p r o b l e m a s s o c i a t e d w i th the low t e m ­
p e r a t u r e ( 1 3 0 ° F ) of t h e r e a c t o r . 



A u s t e n i t i c s t a i n l e s s s t e e l Type 304, c u r r e n t l y b e l i e v e d to be m o r e 
r a d i a t i o n - d a m a g e r e s i s t a n t t han the c a r b o n s t e e l s , is r u l e d out as a s h e l l 
m a t e r i a l for at l e a s t two r e a s o n s : 

(1) C r a c k i n g of the p a r e n t v e s s e l m a t e r i a l by e i t h e r s t r e s s o r 
c h l o r i d e (or both) m e c h a n i s m s . In e i t h e r even t , c r a c k p r o p a g a t i o n i s a p ­
p a r e n t l y un inh ib i t ed in s t r u c t u r e s s t r e s s e d by t e n s i l e f o r c e s . In add i t ion , 
c lad c r a c k i n g h a s b e e n o b s e r v e d in a r c - d e p o s i t e d c l add ing in t h e E l k R i v e r 
R e a c t o r and in w r o u g h t s p o t - r e s i s t a n c e w e l d e d c ladd ing in t h e EBWR. 

(2) T e c h n o l o g y of we ld ing th ick p l a t e s . C o n s u l t a t i o n s wi th qua l i f ied 
v e s s e l f a b r i c a t o r s fa i led to r e v e a l e s t a b l i s h e d da ta on w e l d s in a u s t e n i t i c 
s t a i n l e s s s t e e l p l a t e s in e x c e s s of 2 in. th ick . Th i s l a c k of da ta c l o s e l y 
p a r a l l e l s t h e r e c e n t l y deve loped m e c h a n i c a l p r o p e r t i e s for s t a i n l e s s s t e e l 
p l a t e s 4 in. and t h i c k e r . 

A u s t e n i t i c h igh n i c k e l I n c o n e l - 6 0 0 a l loy w a s s e l e c t e d a s an a l t e r n a t e 
m a t e r i a l b e c a u s e of i t s r e s i s t a n c e to s t r e s s and c h l o r i d e c r a c k i n g , and 
p r o b a b l e r e s i s t a n c e to r a d i a t i o n d a m a g e . A l s o , i t s t h e r m a l p r o p e r t i e s a r e 
i n t e r m e d i a t e b e t w e e n t h e c a r b o n s t e e l s (SA21 2 B / S A 1 0 5 B ) and s t a i n l e s s 
s t e e l Type 304, wh ich r e s u l t s in t o l e r a b l e t h e r m a l s t r e s s e s . The m a g n i ­
tude of the t h e r m a l s t r e s s e s a c r o s s a so l id I n c o n e l - 6 0 0 w a l l can be c o m ­
pu ted f r o m F i g . 1-43. 

R a d i a t i o n d a m a g e o v e r t h e v e s s e l l i f e t i m e (40 y e a r ) p o s e s a p r o b ­
l e m in two h igh ly l o c a l i z e d r e g i o n s : (1) the " a l u m i n u m w i n d o w s " which 
p a s s e p i t h e r m a l n e u t r o n s f r o m the c o r e r eg ion , and (2) t h r o u g h the v e s s e l 
w a l l to the a d j a c e n t i n s t r u m e n t c l u s t e r . A way w a s found to ef fec t ive ly r e ­
duce the v e s s e l w a l l n e u t r o n - r a d i a t i o n d a m a g e effects by i n t e r p o s i n g an 
i n t e r n a l s c a t t e r i n g sh i e ld of i r o n and w a t e r in to the w a t e r zone b e t w e e n 
the b e r y l l i u m r e f l e c t o r and the " a l u m i n u m - w i n d o w . " S tud ie s w e r e s t a r t e d 
to a s s e s s r a d i a t i o n - d a m a g e effects to the w a t e r - c o o l e d b e a m n o z z l e s by 
ob l ique ly i n c i d e n t n e u t r o n b e a m s . 

1.2.3.6 S tud ie s R e l a t e d to D e v e l o p m e n t of B e a m Tube F a c i l i t i e s 

S t e a d y - S t a t e T h e r m a l A n a l y s i s 

The ob jec t ive of t h i s a n a l y s i s w a s to d e t e r m i n e t h e t o t a l h e a t gen­
e r a t i o n , coo lan t r e q u i r e m e n t s , m a x i m u m m e t a l and s u r f a c e t e m p e r a t u r e s 
for t h e b e a m t u b e s c o n s i s t e n t w i th t h e p r e s e n t s t a i n l e s s s t e e l c o r e d e s i g n . 

T a b l e 1-8 l i s t s t h e c a l c u l a t e d t o t a l hea t g e n e r a t i o n in t h a t p o r t i o n of 
the b e a m t u b e s and j a c k e t s wi th in t h e r e f l e c t o r . T h e s e r e s u l t s a r e b a s e d on 
h e a t i n g v a l u e s for a h o m o g e n e o u s r e f l e c t o r w h e r e i n l a r g e g r a d i e n t s in hea t 
g e n e r a t i o n r a t e s a c r o s s the tubes a r e p r e d i c t e d . 



T a b l e 1-8. T o t a l Hea t G e n e r a t e d (kW) in B e a m T u b e s 
and J a c k e t s at R e a c t o r P o w e r L e v e l s of 100 and 240 MW 

100 MW 240 MW 

B e a m Tube J a c k e t B e a m Tube J a c k e t 

T h r o u g h - T u b e s 
Bl ind T u b e s : B T - 1 , - 3 , - 4 , 
Bl ind T u b e s : B T - 2 , - 5 

11.2 
9.7 
7.2 

1.8 
1.6 
1.1 

26.9 
23.3 
17.2 

4.4 
3.8 
2.8 

C a l c u l a t e d m a x i m u m (hot spot ) t e m p e r a t u r e s a r e g iven in T a b l e 1-9-
The ho t spo t is l o c a t e d on the c o r e s ide of the t u b e s , and for the bl ind t u b e s 
is v e r y n e a r t h e j unc t ion of the h e m i s p h e r i c a l t i p and the c y l i n d r i c a l s e c t i o n . 
At t h i s l oca t i on , t h e h e a t i n g r a t e (at 240 MW) is 11 w / g m . The hea t flux 
v a l u e s a r e f r o m o n e - d i m e n s i o n a l c a l c u l a t i o n s and h a v e b e e n ad ju s t ed for an 
e s t i m a t e d t h e r m a l g r o w t h of the b l ind t u b e s i n w a r d t o w a r d the c o r e . F o r a l l 
t u b e s , t h e coo lan t f l o w r a t e i s 50 gpm, wh ich r e s u l t s in f i lm coef f ic ien ts on 
the o r d e r of 2000-2500 Btu / (hr ) ( f t^ ) (°F) , depend ing upon the w a t e r t e m p e r a ­
t u r e . T e m p e r a t u r e d r o p a c r o s s s u r f a c e ox ides i s b a s e d on f i lm t h i c k n e s s 
d e t e r m i n a t i o n s f r o m A N L - s p o n s o r e d c o r r o s i o n t e s t s on Type 6 0 6 1 - T 6 
a l u m i n u m . 

T a b l e 1-9- C a l c u l a t e d Hot Spot T e m p e r a t u r e s 

„ .,.̂  , M a x i m u m T e m p e r a t u r e s , °F 
R e a c t o r P e a k , t 
P o w e r , W a t e r In l e t H e a t F l u x , L o c a l O x i d e - H 2 0 Tube M e t a l 

MW T e m p . , °F Btu/ (hr) ( f t^) W a t e r I n t e r f a c e ( ins ide Su r face ) 

Bl ind Tubes 

240 
100 
100 

240 
100 
100 

135 
135 
190 

135 
135 
190 

Hydraulics 

125,000 148 
52,000 141 
52,000 196 

Through-Tubes 

60,500 140 
25,200 137 
25,200 192 

209 
167 
217 

170 
150 
203 

253 
181 
236 

184 
156 
212 

A s e r i e s of flow b y p a s s o r i f i c e s for the b e a m tube j a c k e t s w a s de­
s igned to r e l i e v e u n n e c e s s a r i l y h igh w a t e r v e l o c i t i e s in the c o n v e r g i n g 
p o r t i o n of the c h a n n e l a r o u n d the t ip of the b l ind t u b e s and to ob ta in the 



p r o p e r d i s t r i b u t i o n of flow in t h i s a r e a . T h i s i s d e s i r a b l e to m i n i m i z e 
p r e s s u r e l o s s e s and m a y a l s o r e d u c e e r o s i v e e f fec t s . D e s i g n c r i t e r i a for 
the o r i f i c e layout w e r e to m a i n t a i n a d e q u a t e cool ing o v e r the t ip and to 
p r e v e n t v e l o c i t i e s o v e r the t ip and t h r o u g h the o r i f i c e s f r o m e x c e e d i n g 
150% of t h o s e in t h e s t r a i g h t a n n u l a r channe l . A d e s i g n m e t h o d b a s e d on 
s i m p l e m o m e n t u m t h e o r y w a s deve loped which gave r e a s o n a b l e a g r e e m e n t 
wi th p u b l i s h e d da ta f r o m s o m e w h a t s i m i l a r g e o m e t r i e s involv ing s e p a r a t ­
ing and jo in ing flows wi th a b r u p t a r e a c h a n g e s and s udden flow r e v e r s a l s . 
Th i s m e t h o d w a s a l s o e m p l o y e d in t h e d e s i g n of the f l o w - d i s t r i b u t i n g o r i ­
f i ces at t h e coo lan t i n l e t . 

A rough e s t i m a t e of p r e s s u r e l o s s e s for the r e a c t o r p o r t i o n of t h e 
b e a m tube coolan t c i r c u i t w a s m a d e . C a l c u l a t e d l o s s e s on the o r d e r of 9 
and 11 p s i at 50 g p m w e r e ob ta ined for the b l ind and t h r o u g h - t u b e s , r e ­
s p e c t i v e l y . T h e s e v a l u e s a r e sub j ec t to f u r t h e r a n a l y t i c a l r e f i n e m e n t s 
and an e x p e r i m e n t a l c h e c k on t h e p r o t o t y p e t u b e . 

B e a m Tube E m e r g e n c y and Shutdown Cool ing 

S o m e l i m i t i n g - t y p e c a l c u l a t i o n s w e r e m a d e to e s t i m a t e b e a m tube 
t e m p e r a t u r e s a f t e r l o s s of flow wi th and wi thou t r e a c t o r s c r a m . Al though 
t h e s e s i t u a t i o n s p r e s e n t l y canno t be r i g o r o u s l y e x a m i n e d , t h e fol lowing r e ­
su l t s w e r e ob ta ined t h r o u g h the u s e of s i m p l e a n a l y t i c a l m o d e l s w h i c h a s ­
s u m e no t r a n s f e r of hea t f r o m the l o c a l r e g i o n u n d e r c o n s i d e r a t i o n : 

Cond i t ions a f t e r L o s s of F l o w wi th R e a c t o r S c r a m f r o m 240 MW 

T i m e for b l ind tube m e t a l to r e a c h 350°F >10 m i n . 
T i m e for b l ind tube m e t a l to r e a c h 500°F >45 m i n . 
T i m e for coo lan t to r e a c h s a t u r a t i o n t e m p . (511°F) >79 m i n . 
T i m e to c o m p l e t e l y e v a p o r a t e coolan t l o c a l l y >167 m i n . 

Cond i t ions a f t e r L o s s of F low, R e a c t o r at 240 MW wi thou t S c r a m 

T i m e for b l ind tube m e t a l to r e a c h 500°F >10 s e c 
T i m e to c o m p l e t e l y e v a p o r a t e coolant l o c a l l y >81 s e c 
R a t e of t e m p e r a t u r e r i s e of v a p o r " i n s u l a t e d " t ube ~ 2 4 ° F / s e c 

B e a m T u b e S t r e s s A n a l y s i s 

G e n e r a l i z e d c h a r t s for d e t e r m i n i n g t h e r m a l and p r e s s u r e s t r e s s e s 
in the t h r o u g h - t u b e s and in the c y l i n d r i c a l p o r t i o n of the b l ind tube have 
b e e n p r e p a r e d . M a x i m u m s t r e s s e s o c c u r at t he i n s i d e s u r f a c e s of the tube 
and a r e c o m p r e s s i v e . The s t r e s s due to e x t e r n a l (des ign) p r e s s u r e of 
875 p s i a is 6300 p s i . T h e o r e t i c a l tube buck l ing p r e s s u r e h a s b e e n c a l c u l a t e d 
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to be wi th in the r a n g e of 5600-6700 p s i , a s s u m i n g an i d e a l tube at u n i f o r m 
t e m p e r a t u r e . T h e r m a l s t r e s s e s c a l c u l a t e d on the b a s i s of u n i f o r m h e a t i n g 
at t h e m a x i m u m r a t e w e r e found to be 1360 p s i . 

E s t i m a t e s of bend ing m o m e n t s and s t r e s s e s in the b e a m tube a d a p ­
t e r h a v e b e e n m a d e for v a r i o u s p o s s i b l e loading c o n d i t i o n s . T h e s e s t r e s s e s 
can a r i s e frona t h e we igh t of i n t e r n a l sh i e ld ing in the a d a p t e r a n d / o r r e ­
s t r a i n t of the a d a p t e r d u r i n g t h e r m a l g r o w t h of t h e r e a c t o r v e s s e l r e l a t i v e 
to the b i o l o g i c a l sh i e ld . Al though sh i e ld ing loads and v e s s e l t e m p e r a t u r e s 
h a v e not been f ina l i zed , t he e s t i m a t e d s t r e s s e s a r e w e l l w i t h i n a l l o w a b l e l i m i t s 
for a l l p r e s e n t l y f o r e s e e a b l e c o n d i t i o n s . 

1.2.3.7 A n a l y t i c a l and E x p e r i m e n t a l S tud ies of t h e F l o w - R e v e r s a l P r o b l e m 
in H y d r a u l i c Rabb i t F a c i l i t i e s 

N a t u r e of P r o b l e m 

One of the m a j o r p r o b l e m s a s s o c i a t e d wi th m o s t r e - e n t r y - t y p e hy­
d r a u l i c r a b b i t i r r a d i a t i o n f a c i l i t i e s is p o s e d by coo lan t flow r e v e r s a l , wh ich 
p r e f a c e s s a m p l e r enaova l o p e r a t i o n s . The t i m e e l a p s e d du r ing flow r e v e r s a l 
w i l l r e f l e c t a t e m p e r a t u r e r i s e in t h e s a m p l e and coo lan t , and a f luc tua t ion in 
the coo lan t p r e s s u r e . With r e f e r e n c e to AARR, an i n c r e a s e in coo lan t t e m ­
p e r a t u r e c o m b i n e d w i th a d e c r e a s e in coo lan t p r e s s u r e could l ead to boi l ing 
at t h e s a m p l e s u r f a c e , an i n c r e a s e in r e a c t i v i t y due to void f o r m a t i o n in the 
i n t e r n a l t h e r m a l co lumn , and r a p i d shutdown of the r e a c t o r . In s u c h event , 
con t inued i n c r e a s e in s a m p l e t e m p e r a t u r e could l ead to p a r t i a l o r t o t a l m e l t ­
down of the s a m p l e . U n d e r t h e s e cond i t i ons , a l a r g e s u r g e of p r e s s u r e r e ­
su l t ing f r o m flow r e v e r s a l could t e r m i n a t e in f a i l u r e of the f ac i l i t y tub ing . 
O t h e r p r o b l e m s r e l a t e d to the d e s i g n of r e - e n t r y - t y p e r a b b i t f a c i l i t i e s in ­
c lude c a p a c i t y to cool a s a m p l e du r ing s t e a d y - s t a t e i r r a d i a t i o n , h e a t t r a n s f e r 
c a p a b i l i t i e s and l i m i t a t i o n s . 

M o s t of t h e s e p r o b l e m s h a v e b e e n i n v e s t i g a t e d a n a l y t i c a l l y and ex -
p e r i n a e n t a l l y , and the f indings i n c o r p o r a t e d in t h e d e s i g n of H y d r a u l i c Rabb i t 
F a c i l i t y D e v e l o p m e n t T e s t Loop for AARR. T h e s e f indings a r e s u m m a r i z e d 
in t h e fol lowing s u b s e c t i o n s . 

A n a l y t i c a l S tud ie s 

P r e s s u r e F l u c t u a t i o n s . The flow s y s t e m of a p r o t o t y p e H y d r a u l i c 
R a b b i t F a c i l i t y D e v e l o p m e n t T e s t Loop (F ig . 1-44) w a s s i m u l a t e d on an 
ana log c o m p u t e r to d e t e r m i n e the ef fects of coo lan t f l o w r a t e , d u r a t i o n of 
flow r e v e r s a l , and p o s i t i o n and c a p a c i t y of s u r g e t a n k s on p r e s s u r e f luc tu­
a t i ons p r o m o t e d by flow r e v e r s a l . 

The r e s u l t s of t h e s e s t u d i e s e m p h a s i z e d an i m p o r t a n t c o n s i d e r a t i o n 
in t h e d e s i g n of a h y d r a u l i c r a b b i t f ac i l i ty . When a va lve i s c l o s e d , an 



i n i t i a l l y p o s i t i v e p r e s s u r e f luc tua t ion i s g e n e r a t e d on the in le t s ide of the 
va lve , and an i n i t i a l l y n e g a t i v e p r e s s u r e f luc tua t ion is g e n e r a t e d on the 
d i s c h a r g e s ide of the v a l v e . The r e s p e c t i v e f luc tua t ions a r e a m a x i m u m 
ad jacen t to the va lve and d e c r e a s e in m a g n i t u d e wi th d i s t a n c e f r o m t h e 
v a l v e . H e n c e , at s o m e pos i t i on in the flow s y s t e m , a node e x i s t s w h e r e 
no p r e s s u r e f luc tua t ions a r e g e n e r a t e d by flow r e v e r s a l . 

F i g u r e 1-45 shows t y p i c a l p r e s s u r e f luc tua t ions g e n e r a t e d at 
P o i n t s 1, 2, and 3 in F i g . 1-44, when the " n o r m a l l y opened" v a l v e s a r e 
c l o s e d . Th i s b e h a v i o r d i c t a t e s t ha t s a m p l e p o s i t i o n d u r i n g s t e a d y - s t a t e 
i r r a d i a t i o n should be at the noda l point of the flow s y s t e m . 
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* r ' (NORMALLY OPEN) 
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- CLOSED-
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o FLOW SENSOR 

POINT 2 
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Fig. 1-44. Schematic of analog model of Hydraulic 
Rabbit Facility Development Test Loop 

Fig. 1-45. Typical pressure fluctuations gen­
erated at specific points in analog 
model when "normally opened" 
valves A in Fig. 1-44 are closed, 
and valves B are opened to effect 
flow reversal 

O t h e r o b s e r v a t i o n s of i n t e r e s t to the t e s t loop d e s i g n w e r e as fol lows: 

( l ) The m a g n i t u d e of p r e s s u r e f luc tua t ions d u r i n g flow r e v e r s a l can 
be c o n t r o l l e d and l i m i t e d by a p p r o p r i a t e s i z ing and pos i t i on ing of the s u r g e 
t a n k s . F low r e v e r s a l t i m e i n c r e a s e s a s the s i z e of the s u r g e t ank(s ) is 
i n c r e a s e d . 

(2) The m a g n i t u d e of the p r e s s u r e f luc tua t ions i n c r e a s e s (a) as the 
flow r e v e r s a l t i m e d e c r e a s e s , o r (b) a s the coolant f l owra t e i n c r e a s e s . 



109 

T e m p e r a t u r e R i s e . F o r a t y p i c a l a l u m i n u m s a m p l e , c a l c u l a t i o n s 
i n d i c a t e a t e m p e r a t u r e r i s e of 10°F d u r i n g a flow r e v e r s a l t i m e of 35 m s e c , 
and a m a x i m u m t e m p e r a t u r e of 210°F du r ing r e m o v a l o p e r a t i o n s . 

S t e a d y - S t a t e Hea t T r a n s f e r . A d ig i t a l c o m p u t e r p r o g r a m h a s been 
w r i t t e n w h i c h p r o v i d e s a h e a t t r a n s f e r a n a l y s i s d u r i n g con t inuous s a m p l e 
i r r a d i a t i o n . Th i s p r o g r a m c a l c u l a t e s the a x 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 
in t h e r e a c t o r v e s s e l , and t e m p e r a t u r e s of t h e f ac i l i t y coo lan t , r a b b i t tube , 
s a m p l e ( s u r f a c e and i n t e r n a l ) , and p r i m a r y coo lan t ad j acen t to the f ac i l i ty . 

The a n a l y s i s r e n d e r e d by the p r o g r a m m u s t be c o n s i d e r e d p r e l i m i ­
n a r y , s i n c e i t i s b a s e d on a f ac i l i t y c o m p o s e d of one r a b b i t t u b e and " s t r a i g h t 
t h r o u g h " coo lan t flow. By c o m p a r i s o n , t he p r e s e n t AARR d e s i g n s p e c i f i e s 
two c o n c e n t r i c t u b e s , w i th coo lan t r e t u r n t h r o u g h the i n t e r v e n i n g annu lus 
( r e - e n t r y t ype ) . P o s s i b l e u s e of a t h i r d c o n c e n t r i c t ube , to i n c r e a s e coo lan t 
v e l o c i t y (and h e a t t r a n s f e r ) is a l s o u n d e r c o n s i d e r a t i o n . 

N o n e t h e l e s s , a p p l i c a t i o n of t h e p r o g r a m output to the p r e s e n t AARR 
fac i l i ty is no t a s l i m i t e d as would a p p e a r . F o r e x a m p l e , the h e a t b a l a n c e 
m u s t be a l t e r e d only by the a d d i t i o n a l hea t g e n e r a t i o n (~10%) of t h e s econd 
c o n c e n t r i c t u b e . T e m p e r a t u r e d i s t r i b u t i o n a l s o m u s t be a l t e r e d , but the 
p r i m a r y ob jec t ive of t h e p r e l i m i n a r y a n a l y s i s - s a m p l 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 - i s e s s e n t i a l l y unaf fec ted . 

T h u s fa r , t h e a n a l y s i s i n d i c a t e s t h a t t h e p r o p o s e d r a b b i t f ac i l i t y i s 
c a p a b l e of r e m o v i n g hea t g e n e r a t e d by t h e fuel s a m p l e . H o w e v e r , the p r e s ­
ent c y l i n d r i c a l s a m p l e c o n t a i n e r does h a v e hea t t r a n s f e r l i m i t a t i o n s . M o r e ­
o v e r , in the c a s e of a fuel s a m p l e , t h e i n t e r n a l t e m p e r a t u r e s of the c y l i n d e r 
m i g h t e x c e e d t h e fuel m e l t i n g poin t . To offset t h i s l i m i t a t i o n , t he c o n t a i n e r 
d e s i g n w i l l be mod i f i ed to e n s u r e a d e q u a t e h e a t t r a n s f e r . 

E x p e r i m e n t a l S tud ies 

The s c o p e of t h e s e s t u d i e s i n c l u d e d flow r e v e r s a l t i m e s , p r e s s u r e 
f l u c t u a t i o n s , and s a m p l e t e n a p e r a t u r e r i s e . T h e s e da ta w e r e ob t a ined d u r ­
ing o p e r a t i o n of the H y d r a u l i c Rabb i t D e v e l o p m e n t T e s t Loop . 

T e s t Loop . E x c e p t for t h e u s e of one s u r g e t ank (vo lume = 0.018 ft^ 
a i r ) , t h e loop e q u i p m e n t and h y d r a u l i c s y s t e m w e r e d e s i g n e d and a r r a n g e d 
c o n s i s t e n t w i th i n f o r m a t i o n deve loped f r o m the ana log m o d e l (F ig . 1-44). 

B r i e f l y , t he r e - e n t r y r a b b i t f ac i l i ty w a s s i m u l a t e d by a t e s t s e c t i o n 
c o n s i s t i n g of two, i n d e p e n d e n t l y s u p p o r t e d , c o n c e n t r i c s t a i n l e s s s t e e l t u b e s , 
5 in. long. The i n n e r tube m e a s u r e d 1.978 in. O.D. , wi th a w a l l t h i c k n e s s of 
0.062 in. The o u t e r tube (2.360 in. O.D. , 0.248 in. wa l l ) w a s e l e c t r i c a l l y 
h e a t e d (13 kW) to p r o v i d e t h e d e s i r e d h e a t flux. S e c t i o n s of P l e x i g l a s tub ing 



were installed in the 1-in. s ta inless s teel piping ups t r eam and downstream 
of the tes t section to observe any boiling that might occur during flow r e ­
ve r sa l . A Plexiglas section, containing a movable cylinder, was installed 
in a bypass line to provide indication of flow direct ion. Water was pumped 
through the sys tem at 12 gpm. 

As shown in Fig. 1-44, instrumentat ion consisted of a hydropoise 
flow sensor cal ibrated in both direct ions of flow, a p r e s s u r e t r ansducer , 
thermocouples , fas t - response r e c o r d e r , and osci l loscope. Special e l ec ­
t r i ca l switches were installed on the valve assembl ies to t r igger the 
oscil loscope during flow r e v e r s a l . T r a c e s were photographed with a 
Polaroid camera mounted on the osci l loscope. 
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Fig. 1-46 

Oscilloscope traces of (A) flow sensor output and 
valve position signals, and (B)pressure fluctuations 
resulting from flow reversal 

Flow-Reversa l T imes . The 
procedure used to obtain these data 
consisted of opening the c a m e r a 
shut ter , manually positioning the 
f low-revers ing valve assembl ies 
which t r iggered the osci l loscope, 
and then closing the camera shutter 
after a prede te rmined exposure t ime. 

F igure 1 - 4 6 ( A ) is a typical 
recording of the flow magnitude as 
a function of valve position. As the 
valves begin to close (or open, de­
pending on direct ion of flow), the 
oscil loscope is t r iggered . When 
completely closed, the valves ini­
tiate a step change in the signal; 
total valve t rave l t ime is ~ 100 msec . 
Examination of Fig. 1 - 4 6 ( A ) shows 
that the duration of no flow appears 
to be a maximum of 30 m s e c , that 
flow is 50% developed in the en­
suing 40 m s e c , and fully developed 
in 100 msec after the period of 
no flow. 

P r e s s u r e Fluctuat ions. As 
shown in Fig. 1 - 4 6 ( B ) maximum 
p r e s s u r e fluctuations of ~24 ps i 
occurred adjacent to the valves during 
c losure , and dissipated ~0.8 sec after 
the valves were completely closed. 



T e n a p e r a t u r e R i s e . 
F i g u r e 1-47 shows a t y p i c a l 
s t r i p - c h a r t r e c o r d i n g of the 
s u r f a c e t e n a p e r a t u r e of the 
t e s t s e c t i o n , a s r e g i s t e r e d by 
c h r o m e l - a l u m e l t h e r m o c o u p l e s . 
The ind ica t ed m a x i m u m t e m ­
p e r a t u r e r i s e of 30°F e x c e e d s 
the va lue of 22°F c a l c u l a t e d 
for a s a m p l e g e n e r a t i n g 13 kW 
of h e a t . H o w e v e r , unl ike the 
s a m p l e , the t e s t s e c t i o n i s not 
r e m o v e d f r o m the hea t i ng zone 
when the flow is r e v e r s e d . 

T h e r e f o r e , c o r r e c t i o n s w e r e m a d e in the e x p e r i n a e n t a l da t a to a c c o u n t for 
the h e a t t r a n s f e r to a m a s s of w a t e r h e a t e d j u s t p r i o r to flow r e v e r s a l . 
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Fig, 1-47. Strip-chart recording of test section surface 
temperature rise during flow reversal 

A n a l y t i c a l v s . E x p e r i m e n t a l . As shown in T a b l e 1-10, w h e r e t h i s 
c o r r e c t i o n i s app l i ed to the m e a s u r e d t e m p e r a t u r e r i s e , the fo rego ing ex­
p e r i m e n t a l v a l u e s a l l fal l wi th in the r a n g e of the a n a l y t i c a l da t a . 

T a b l e 1-10. C o m p a r i s o n of A n a l y t i c a l and E x p e r i m e n t a l Da ta 

P a r a m e t e r s A n a l y t i c a l E x p e r i m e n t a l 

T e m p e r a t u r e R i s e 
R e v e r s a l T i m e 
P r e s s u r e F l u c t u a t i o n s 

22°F 
2 0 - 4 5 m s e c * 
60-17 p s i * 

30°F 
35 m s e c 
24 p s i 

* E x t r a p o l a t e d l i m i t s . 

F u t u r e W o r k . A f u l l - s c a l e h y d r a u l i c r a b b i t fac i l i ty wi l l be con­
s t r u c t e d for c o m p r e h e n s i v e p e r f o r m a n c e - e v a l u a t i o n t e s t s of p r o t o t y p e 
c o m p o n e n t s . 

1.2.3.8 C o r r o s i o n and C o m p a t i b i l i t y of R e a c t o r M a t e r i a l s 

The AARR r e a c t o r v e s s e l wi l l con t a in t h r e e p r i n c i p a l m a t e r i a l s in 
con t ac t wi th the l i g h t - w a t e r coo l an t : ( l ) s t a i n l e s s s t e e l in the fuel , c o n t r o l 
b l a d e s , and s t r u c t u r a l c o m p o n e n t s ; (2) be ry l l i una in the r e f l e c t o r ; and 
(3) a l u m i n u m in the b e a m t u b e s and o t h e r e x p e r i n a e n t a l f a c i l i t i e s . Al though 
t h e s e m a t e r i a l s a r e c o n v e n t i o n a l for w a t e r - c o o l e d r e a c t o r s , they wi l l be 
exposed u n d e r m o r e s e v e r e cond i t ions in the AARR. F o r e x a m p l e , c o r r o ­
s ion of anodic a r e a s m a y be a c c e n t u a t e d by the e x t r e m e l y low B e - A l to 
s t a i n l e s s s t e e l s u r f a c e r a t i o , and the s i m i l a r l y low B e - A l s u r f a c e to H2O 
v o l u m e r a t i o . Of m a j o r c o n c e r n is the d e p o s i t i o n of c o r r o s i o n p r o d u c t s on 
fuel c lad s u r f a c e s and on the b e a m tube t i p s . 



In the a b s e n c e of c o r r o s i o n d a t a d i r e c t l y a p p l i c a b l e to AARR con ­
d i t i o n s , and in v iew of t h e i r e x p e r i e n c e wi th s i m i l a r s t u d i e s for the H F I R , 
A T R , and ORR s y s t e m s , O R N L w a s s u b c o n t r a c t e d to conduc t the r e q u i r e d 
t e s t p r o g r a m . The r e s u l t s and o b s e r v a t i o n s , a s of June 30, 1966, a r e 
s u m m a r i z e d in the fol lowing s u b s e c t i o n s . A l l e x p e r i m e n t s w e r e conduc ted 
in de ion i zed w a t e r wi th a spec i f ic r e s i s t i v i t y of 10 o h m - c m or g r e a t e r . 

B e r y l l i u m . Two s e r i e s of loop t e s t 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 effect of Be s u r f a c e - t o - H 2 0 v o l u m e r a t i o on the c o r r o s i o n r a t e of 
b e r y l l i u m . Both t e s t s r e v e a l e d tha t the c o r r o s i o n r a t e is l i n e a r wi th t i m e 
and de f in i t e ly dependen t upon the r a t i o of exposed s u r f a c e a r e a to w a t e r 
v o l u m e . M o r e o v e r , a s shown in F i g . 1-48, i n c r e a s i n g the r a t i o by a fac to r 
of 10 r e d u c e s the c o r r o s i o n r a t e by a fac to r of ~ 2 . 
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A r e v i e w of l o n g - t e r m 
(~2 y e a r ) c o r r o s i o n t e s t da t a 
a c c u m u l a t e d by ORNL d u r i n g the 
a f o r e m e n t i o n e d r e a c t o r p r o g r a m s 
a l s o showed that b e r y l l i u m c o r ­
r o d e s a t a c o n s t a n t r a t e . T h e r e ­
f o r e , s i nce the Be s u r f a c e - t o - H 2 0 
v o l u m e r a t i o in AARR wi l l l ie 
wi thin the scope of the c u r r e n t 
t e s t s , the c o r r o s i o n r a t e of 
b e r y l l i u m is expec ted to r a n g e 
f r o m 1.1 to 2.8 m p y . T h i s r a t e 
is a c c e p t a b l e . 

Fig. 1-48. Corrosion of beryllium in deionized B e r y l l i u m - A l u m i n u m . In 
water at 200°F and 44 fps ,̂ ^ •— z 7- ,̂_ 

t h e s e t e s t s , s a m p l e s of b e r y l l i u m 
and 6 0 6 1 - T 6 a l u m i n u m w e r e e x ­

p o s e d s i m u l t a n e o u s l y u n d e r s i m i l a r loop cond i t i ons . At f i r s t g l a n c e , the 
r e s u l t s in F i g . 1-48 would ind ica t e tha t the p r e s e n c e of a l u m i n u m a c c e l e r ­
a t e s the c o r r o s i o n of B e ; h o w e v e r , it i s p r o b a b l e tha t the d i f f e rence b e t w e e n 
2.8 and 3.8 m p y r e p r e s e n t s the l i m i t s of r e p r o d u c i b i l i t y . 

Alunainum B e a m Tube Coolant Channe l . Two s e r i e s of c o r r o s i o n 
t e s t s w e r e conduc ted on an e l e c t r i c a l l y hea t ed (60 c y c l e , a - c ) , 6. 5 - i n . - l o n g , 
s p e c i m e n coo lan t c h a n n e l (0.5 x 0.050 in . ) f a b r i c a t e d f r o m 6 0 6 1 - T 6 a l u m i ­
n u m . Ten t h e r m o c o u p l e s w e r e s p o t - w e l d e d a long the o u t e r s u r f a c e . The 
s p e c i m e n w a s then c o v e r e d wi th c l o s e - f i t t i n g i n s u l a t i o n so tha t a l l h e a t 
g e n e r a t e d in the s p e c i m e n was r e m o v e d by w a t e r c i r c u l a t e d t h r o u g h the 
c e n t r a l channe l . 

T a b l e 1-11 l i s t s the f i r s t t e s t s e r i e s r e s u l t s b a s e d on c i r c u l a t i n g 
coolan t f r om wi th in the r e a c t o r v e s s e l . T h i s t e s t was i n t e r r u p t e d a f t e r 
1818 h r by a p o w e r f a i l u r e . L o w e r t e m p e r a t u r e s w e r e r e g i s t e r e d upon 



r e s u m p t i o n of loop o p e r a t i o n , i nd i ca t ing s o m e s p a l l a t i o n of c o r r o s i o n 
p r o d u c t s f r o m the s p e c i m e n . Upon r e m o v a l a f t e r 2000 h r e x p o s u r e , the 
s p e c i m e n w a s found coa ted wi th a n o n u n i f o r m b l a c k ox ide . M e t a l l u r g i c a l 
e x a m i n a t i o n r e v e a l e d a r e l a t i v e u n i f o r m a t t a c k , wi th m e t a l l o s s e s i n c r e a s ­
ing f r o m 2 nai ls a t the s p e c i m e n in le t to 4 m i l s a t the ou t l e t . 

T a b l e 1-11. Effect of Us ing I n - V e s s e l Coolan t on C o r r o s i o n Bui ldup and 
R e s u l t i n g T e m p e r a t u r e s of S p e c i m e n A l u m i n u m B e a m Tube 

T e s t 
T i m e , 

h r 

7 9 3 
1507 
2000 

I n t e r f a c e 
a t A x i a l 
Midpoin t 

2 5 8 
2 5 8 
2 5 8 

T( s n a p e r a t u r e , °F 

I n c r e a s e on 
Ou t s ide Wa l l 

78 
130 
150 

T o t a l 

336 
3 8 8 
4 0 8 

Co r r e s p o n d i n g 
Oxide T h i c k . , 

m i l 

1.48 
2.47 
2.90 

In v i ew of the h igh a l u m i n u m m e t a l t e m p e r a t u r e s r e c o r d e d in the 
f i r s t t e s t s e r i e s , the s econd s e r i e s was b a s e d on c i r c u l a t i n g coo lan t a t 
l o w e r t e n a p e r a t u r e s f r o m a s y s t e m e x t e r n a l to the v e s s e l . The c o r r e s p o n d ­
ing t e m p e r a t u r e s and oxide t h i c k n e s s e s a r e l i s t e d in T a b l e 1-12. 

T a b l e 1- 12. Ef fec t of Us ing Independen t Cool ing S y s t e m on 
C o r r o s i o n Bui ldup and R e s u l t i n g T e m p e r a t u r e s of 

S p e c i m e n A l u m i n u m B e a m Tube 

T e s t 
T i m e , 

h r 

140 

8 0 7 
2000 

I n t e r f a c e 
a t A x i a l 
Midpoin t 

190-202 
193.0 
194.5 

T e m p e r a t u r e , °F 

I n c r e a s e on 
Ou t s ide Wal l 

0 

12.6 
17.0 

T o t a l 

190-202 
205.6 
211 .5 

C o r r e s p o n d i n g 
Oxide T h i c k . , 

m i l 

0 
0 .5 
0.66 

Af te r 2000 h r e x p o s u r e , the s p e c i m e n s u r f a c e w a s s m o o t h and l ight 
g r a y , wi th no e v i d e n c e of f i lm s p a l l a t i o n o r l o c a l i z e d a t t a c k . M e t a l l u r g i c a l 
e x a m i n a t i o n r e v e a l e d an a c t u a l m e t a l l o s s r a n g i n g f r o m 1.0 to 1.6 m i l s . 

A l u m i n u m - B e r y l l i u m - S t a i n l e s s S t e e l . T h e s e loop t e s t s w e r e m a d e 
to d e t e r m i n e the effect of h igh h e a t f l u x e s , and the p r e s e n c e of a l u m i n u m 
and b e r y l l i u m , on the c o r r o s i o n and bu i ldup of c o r r o s i o n p r o d u c t s on fuel 
c l add ing s u r f a c e s . The c l add ing w a s s i m u l a t e d by an e l e c t r i c a l l y h e a t e d , 
Type 304 s t a i n l e s s s t e e l tube (0.118 in. I .D . , 0.015 in. wa l l ) . Aga in , 



t h e r n a o c o u p l e s w e r e a t t a c h e d to the ou te r s u r f a c e and i n su l a t i on appl ied to 
e n s u r e h e a t r e m o v a l by the c i r c u l a t i n g w a t e r . The r e l a t i v e exposed s u r ­
faces of a l l m a t e r i a l s and the s u r f a c e - t o - w a t e r v o l u m e r a t i o s w e r e c o n s i s ­
tent wi th v a l u e s expec t ed in the AARR. 

Tab le 1-13 l i s t s the t e m p e r a t u r e s and c o r r e s p o n d i n g fluid f i lm c o ­
ef f ic ien ts p r e v a i l i n g at the s t a r t of P h a s e I t e s t . T h e s e v a l u e s r e m a i n e d 
e s s e n t i a l l y c o n s t a n t du r ing the 1004-hr t e s t p e r i o d . 

Tab le 1-13 T y p i c a l T e m p e r a t u r e s and F lu id F i l m Coeff ic ien ts for 
S i m u l a t e d S t a i n l e s s S tee l Cladding d u r i n g A l - B e - S S C o m p a t i b i l i t y T e s t -
P h a s e I Hea t F l u x = 40 x 10^ B t u / ( h r )(ft^), Coolant Ve loc i ty = 47 fps 

T C * 

Spac ing , 
m 

1 00 
1 25 
2 25 
3 25 
3 25 
4 25 
5 25 
5 50 
6 25 

Oute r 
Sur face 

5 6 8 

5 8 4 

5 9 2 
6 1 3 

5 7 4 

6 1 9 
6 3 0 

6 2 9 
6 5 7 

T e m p e r a t u r e , °F 

W a t e r 
I n t e r f a c e 

3 5 0 

3 6 6 

3 7 4 

3 9 5 

3 5 6 

4 0 1 

4 1 2 

4 1 1 

4 1 9 

Bulk 
W a t e r 

132 

136 

148 

161 

161 

176 

187 

190 

2 0 0 

Flu id F i l m 
Coeff ic ient , 

Btu/ (hr ) ( f t^) (°F) 

18,100 
16,700 
17,500 
16,700 
20,500 
17,500 
17,500 
17,000 
18,000 

*Dis t ance f rom tube in le t 

L o n g - t e r m P h a s e II t e s t s a r e in p r o g r e s s . The ob jec t ive h e r e i s 
to eva lua t e the c o r r o s i o n b e h a v i o r of the tube a t s i m u l a t e d AARR c o r e con­
d i t ions and c o r e l i f e t i m e . 

Tab le 1-14 l i s t s the t e m p e r a t u r e s and f i lm coef f ic ien ts a t the ou t se t 
of the P h a s e II t e s t . Thus fa r , 1465 h r of t e s t i n g have b e e n a c c u m u l a t e d , 
wi th no s ign i f ican t change in t e m p e r a t u r e . Th i s t e s t is s chedu led for c o m ­
p le t ion in J u l y , 1966. 

T a b l e 1-14 T y p i c a l T e m p e r a t u r e s and F lu id F i l m Coef f ic ien ts for 
S i m u l a t e d S t a i n l e s s S t e e l Cladd ing d u r i n g A l - B e - S S C o m p a t i b i l i t y T e s t -
P h a s e II Hea t F l u x = 2 1 x 10^ B t u / ( h r )(ft^), Coolant V e l o c i t y = 47 fps 

T C * 
Spacing 

m 

1 25 
2 25 
3 25 
4 25 
5 25 
5 50 
6 25 

O u t e r 
S u r f a c e 

454 0 
465 0 
464 0 
471 0 
475 0 
484 0 
482 0 

T e m p e r a t u r e , °F 

W a t e r 
I n t e r f a c e 

345 5 
356 5 
355 5 
362 5 
366 5 
373 5 
375 5 

Bulk 
W a t e r 

236 0 
245 0 
252 0 
258 0 
265 0 
267 0 
272 0 

F lu id F i l m 
Coeff ic ien t , 

Btu / (hr ) ( f t^ ) (°F 

19,000 
18,700 
18,400 
18,200 
18,700 
18,100 
18,400 

* D i s t a n c e f r o m tube in le t 
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Couple C o r r o s i o n . C r e v i c e and g a l v a n i c a l l y coupled s a m p l e s of 
b e r y l l i u m , a l u m i n u m , and s t a i n l e s s s t e e l a r e a l s o u n d e r l o n g - t e r m c o r r o ­
s ion t e s t in an i s o t h e r m a l loop con ta in ing d e i o n i z e d w a t e r a t 200°F and 
v e l o c i t i e s of 44 fps and 2 fpm. V i s u a l e x a m i n a t i o n of a l l s a m p l e s a f t e r 
1000 h r of e x p o s u r e r e v e a l e d no e v i d e n c e of c o r r o s i v e a t t a c k . T h i s t e s t 
i s s c h e d u l e d for t e r m i n a t i o n in e a r l y F Y - 1 9 6 7 . 

1.2.3.9 S y s t e m D y n a m i c s and T r a n s i e n t A n a l y s i s 

C o n t r o l S y s t e m s A n a l y s i s 

T h i s a c t i v i t y is an e x t e n s i o n of the f i s c a l 1965 effort d i r e c t e d 
t o w a r d i m p r o v e m e n t in the ana log m o d e l of AARR and an expanded c o m ­
p u t e r p r o g r a m to be u s e d for s u p p o r t i n g a n a l y s i s of p r o p o s e d m e t h o d s 
of r e a c t o r c o n t r o l . (See A N L - 7 1 9 0 , p . 96-) When c o m p l e t e d , the m o d e l 
wi l l d e s c r i b e the d y n a m i c b e h a v i o r of the r e a c t o r c o r e , m a j o r p r o c e s s 
s y s t e m s , and t h e i r c o n t r o l m e c h a n i s m s c o n s e q u e n t to n o m i n a l d i s t u r b a n c e s 
of the r e a c t o r s t e a d y - s t a t e and p r o g r a m m e d p o w e r m a n e u v e r s . C o n t r o l 
s t a b i l i t y , and speed and a c c u r a c y of r e s p o n s e s a r e the p r i m a r y goa l s of the 
a n a l y t i c a l e f for t . 

T h u s f a r , two s u b p r o g r a m s have b e e n d e v e l o p e d . One c o n s i s t s of 
e q u a t i o n s wh ich d e s c r i b e c o r e n e u t r o n i c s , h e a t t r a n s f e r , and coo lan t c o n d i ­
t i o n s . The o t h e r is a hyb r id c o d e , which is u s e d in con junc t ion wi th the 
P D P - 7 d i g i t a l c o m p u t e r to c a l c u l a t e the t r a n s p o r t d e l a y s in p r o c e s s 
v a r i a b l e s . C u r r e n t effor t i s c e n t e r e d on d e v e l o p m e n t of equa t i ons for s u b ­
p r o g r a m s tha t d e s c r i b e the b e h a v i o r of p r i m a r y h e a t e x c h a n g e r s and a l l 
c o n t r o l l e r s in m a j o r c o n t r o l l o o p s . 

U l t i m a t e l y , a l l of t h e s e s u b p r o g r a m s wi l l be i n t e g r a t e d to p r o v i d e 
an o v e r a l l s i m u l a t i o n of the c o n t r o l l e d r e a c t o r . No m a j o r o b s t a c l e s a r e 
a n t i c i p a t e d in the p r o d u c t i o n of a c o m p r e h e n s i v e , o p e r a t i n g ana log p r o g r a m . 

T r a n s i e n t A n a l y s i s and Safety S tud ie s 

R e v i s e d E s t i m a t e s . E a r l i e r e s t i m a t e s of r e a c t o r t r a n s i e n t b e h a v i o r 
(see A N L - 7 1 9 0 , p . 97) w e r e r e c a l c u l a t e d b e c a u s e of s u b s e q u e n t c h a n g e s in 
d e s i g n p a r a m e t e r s , p a r t i c u l a r l y t h o s e r e l a t i n g to n e u t r o n i c , t h e r m a l , and 
s a f e t y - s y s t e m c h a r a c t e r i s t i c s . As in the e a r l i e r s t u d i e s , the 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 a modi f i ed v e r s i o n of the c o r e m o d e l u s e d to p r e d i c t 
t r a n s i e n t r e s p o n s e s of the H F B R . A d j u s t m e n t s w e r e m a d e in bo th the 
m a t h e m a t i c a l m o d e l and ana log c o m p u t e r p r o g r a m to r e f l e c t the a f o r e ­
m e n t i o n e d d e s i g n c h a n g e s . 

The d e t a i l e d r e s u l t s w e r e i n c o r p o r a t e d in the a p p r o v a l copy of the 
P r e l i m i n a r y Safe ty A n a l y s i s R e p o r t for AARR. B r i e f l y , the c a l c u l a t i o n s 
c o n s i s t e d of: ( l ) p a r a m e t r i c s t u d i e s to d e t e r m i n e the g e n e r a l c h a r a c t e r i s t i c s 



of r eac to r responses to rapid react iv i ty additions; and (z) determinat ions of 
reac to r behavior and effect of safety sys tem action for specific hypothetical 
accidents during operat ion at 100 MW. The significant findings a re as 
follows: 

(1) For rapid react ivi ty inser t ions less than $0.85, the reac tor 
inherently l imits the initial power burs t through tempera ture-dependent 
react ivi ty compensation. Rapid safety sys tem action is not required to 
suppress the ensuing power r i s e . 

(2) For rapid react ivi ty inser t ions much g rea te r than $0.85, 
p resen t ly conceived safety sys tems a r e ineffective in limiting the initial 
power burs t . Peak power occurs within tens of mil l iseconds following 
initiation of the t rans ien t and sonae fuel melting will be incurred . 

(3) For cer ta in specific accidents (e.g., inadvertent control rod 
withdrawal, cold water injection in the core , and mass ive voiding of the 
bulk coolant within the Internal Thernaal Column), safety sys tem action 
will prevent fuel naelting. Calculations indicate that even with al l blades 
positioned for low differential worth, an initial s c r a m accelera t ion of <2g 
should be adequate to l imit t rans ien ts incurred by postulated accidents . 
Moreover , with appropr ia te r e s t r a in t s imposed upon maxinaum withdrawal 
of the blades from the active co re , an init ial s c r a m acce lera t ion of Ig is 
sufficient to prevent fuel melt ing. 

Analytical Refinements . Extensive planning studies have resul ted 
in inaplementation of a long- t e rm p r o g r a m involving further refinements 
of the cu r ren t mathemat ica l model. These refinements a r e essent ia l to the 
successful conduct of a comprehensive analysis of AARR t rans ien t behavior 
under hypothesized accident conditions. Specific i tems identified for de­
tailed analys is included: 

(1) Space- t ime dependent neutron kinet ics . 

(2) Trans ien t heat t ransfe r and hydraul ics , including void formation 

(3) Mode of t he rma l expansion of the reac tor core . 

(4) Effects of t rans ient t he rma l s t r e s s e s upon fuel plates and other 
potentially vulnerable s t ruc tu re s . 

(5) Effects of p r e s s u r e pu l ses , originating frona coolant boiling and 
t he rma l or chemical interact ions of naolten fuel and coolant 

• (steam or water ) , upon reac tor core and p r i m a r y sys tem 
containment. 

Initial p rog rammat i c efforts have centered on subroutines for heat 
t ransfer and hydraul ics ana lyses , and digital code revis ions for neutron 



k i n e t i c s s t u d i e s . E q u a t i o n s for f i r s t a p p r o x i m a t i o n to t r a n s i e n t h e a t t r a n s f e r 
and h y d r a u l i c cond i t i ons in c o r e coo lan t c h a n n e l s have b e e n deve loped and 
a r e be ing p r o g r a m m e d for c o m p u t e r s o l u t i o n s . U l t i m a t e l y , the r e s u l t s wi l l 
be c o m p a r e d with d a t a ob ta ined f r o m the p r o p o s e d t r a n s i e n t hea t t r a n s f e r 
t e s t s . 

C o n s i s t e n t wi th the a b o v e - m e n t i o n e d p r o g r a m , an a n a l y s i s w a s m a d e 
to e v a l u a t e the m a r g i n of e r r o r i n c u r r e d in c a l c u l a t e d t r a n s i e n t t e m p e r a t u r e s 
by n e g l e c t i n g the t e m p e r a t u r e d e p e n d e n c e of fuel p l a t e t h e r m a l p r o p e r t i e s . 
B a s i c d a t a for t h i s e v a l u a t i o n w e r e ob ta ined f r o m a d e t a i l e d t h e r m a l m o d e l 
a s p r o v i d e d by the G .E . d i g i t a l code T H T B (ANL d e s i g n a t i o n : R E - 3 2 2 ) . 
T i m e d e p e n d e n c e of hea t g e n e r a t i o n w a s s e l e c t e d f r o m ana log c a l c u l a t i o n s 
of coupled n e u t r o n i c and t h e r m a l r e s p o n s e s to v a r i o u s r e a c t i v i t y p e r t u r ­
b a t i o n s . C o m p a r i s o n c a l c u l a t i o n s of p l a t e and coo lan t t e m p e r a t u r e s for a 
g iven h e a t g e n e r a t i o n funct ion w e r e t hen m a d e a s s u m i n g ( l ) c o n s t a n t and 
(2) t e n a p e r a t u r e - d e p e n d e n t c o n d u c t i v i t i e s and spec i f i c h e a t s of the p l a t e 
m e t a l . 

The w o r s t c a s e s tud ied c o r r e s p o n d e d to a s t e p - f u n c t i o n r e a c t i v i t y 
add i t ion of $1 .50 . In t h i s c a s e , the m a x i m u m e r r o r i n c u r r e d by the u s e of 
c o n s t a n t t h e r m a l p r o p e r t i e s w a s l e s s than 6% in m e t a l t e m p e r a t u r e s , and 
l e s s than 3% in coo lan t t e m p e r a t u r e s . A l s o , the e s t i m a t e d m a x i m u m e r r o r 
r e f l e c t e d in the c a l c u l a t e d r e a c t i v i t y f eedback i s l e s s than 10%. A c c o r d i n g l y , 
i t is conc luded tha t the u s e of c o n s t a n t t h e r m a l p r o p e r t i e s for fuel p l a t e 
m a t e r i a l s p r o v i d e s suf f ic ient a c c u r a c y for t r a n s i e n t t e m p e r a t u r e c a l c u l a t i o n s . 

D i g i t a l C o m p u t e r C o n t r o l 

A t w o - p h a s e p r o g r a m is u n d e r w a y to d e t e r m i n e the t e c h n i c a l and 
e c o n o m i c a l m e r i t s of u s i n g an o n - l i n e d ig i t a l c o m p u t e r in the AARR 
c o n t r o l s c h e m e . T h u s far in P h a s e I, b a s i c d e s i g n c r i t e r i a have b e e n 
f o r m u l a t e d and four m a j o r l e v e l s of c o m p u t e r p a r t i c i p a t i o n in p l an t o p e r a t i o n 
have b e e n ou t l ined for f u r t h e r i n v e s t i g a t i o n . U l t i m a t e l y , the r e s u l t s of t h i s 
i n v e s t i g a t i o n wi l l l ead to s e l e c t i o n of the m o s t p r o m i s i n g c o m p u t e r c o n t r o l 
c o m p l e x for c o m p r e h e n s i v e e v a l u a t i o n ( P h a s e II). 

P h a s e I s t u d i e s a r e be ing p e r f o r m e d by the AARR a r c h i t e c t - e n g i n e e r 
(Burns and Roe ) in c o l l a b o r a t i o n with c o g n i z a n t A N L p e r s o n n e l . B r i e f l y , 
t h e s e s t u d i e s i n c l u d e : ( l ) a r e v i e w of the T i t l e I p l an t d e s i g n and func t iona l 
r e q u i r e m e n t s for v a r i o u s o p e r a t i n g m o d e s ; (2) p r e p a r a t i o n of logic and 
func t iona l e q u i p m e n t b l o c k d i a g r a m s ; (3) e s t a b l i s h m e n t of c o m p u t e r r e ­
q u i r e m e n t s ; (4) a s u r v e y of the c o m p u t e r e q u i p m e n t m a r k e t ; and (5) p r e p a r a ­
t ion of p r e l i m i n a r y e q u i p m e n t s p e c i f i c a t i o n s and c o m p a r i s o n c o s t e s t i m a t e s . 

A r e v i e w of the p r e l i m i n a r y p lan t d e s i g n and o p e r a t i n g o b j e c t i v e s 
h a s r e s u l t e d in f o r m u l a t i o n of the fol lowing b a s i c d e s i g n c r i t e r i a for c o m p u t e r 
a p p l i c a t i o n in AARR: 



(1) The d ig i t a l c o n t r o l s y s t e m s h a l l not inhib i t o p e r a t i o n of, n o r 
s h a l l it r e p l a c e any p o r t i o n or funct ion of, t he n o r m a l sa fe ty s y s t e m . 

(2) The p lan t s h a l l be o p e r a b l e wi thout the c o m p u t e r . 

(3) In the event of a c o m p u t e r f a i l u r e , the conaputer ou tpu ts to 
the p r o c e s s c o n t r o l l e r s sha l l hold the va lue in effect j u s t p r i o r to the 
f a i l u r e . 

C o m p u t e r funct ions a s s o c i a t e d wi th four m a j o r l e v e l s of p a r t i c i p a t i o n 
in p lan t o p e r a t i o n tha t w e r e s e l e c t e d for f u r t h e r i n v e s t i g a t i o n a r e l i s t e d 
be low. (Note: F u n c t i o n s at e a c h l e v e l i nc lude t h o s e l i s t e d for a l l l o w e r 
l e v e l s . ) 

L e v e l 1: H igh - and l o w - s p e e d da ta l o g g e r 
A l a r m s c a n n e r 
H i s t o r i c a l da ta s t o r a g e 
S e l e c t e d c a l c u l a t i o n s 

L e v e l 2: Add i t iona l c a l c u l a t i o n s and r o u t i n e s 
O p e r a t o r guide 

L e v e l 3: S t e a d y - s t a t e c l o s e d - l o o p c o n t r o l wi th m i n o r p e r t u r b a t i o n s 

L e v e l 4: C l o s e d - l o o p c o n t r o l w i th m a j o r p e r t u r b a t i o n s 

The fol lowing c a l c u l a t i o n s and r o u t i n e s have b e e n s e l e c t e d for s tudy 
f r o m a m o n g t h o s e r e q u i r e d to i m p l e m e n t the above func t ions . A p p r o p r i a t e 
add i t i ons a n d / o r d e l e t i o n s wi l l be m a d e a s i n d i c a t e d by a con t inu ing 
e v a l u a t i o n . 

(1) R a b b i t tube fac i l i ty da ta r e a d o u t 

(2) R e a c t o r t h e r m a l p o w e r 

(3) R e a c t o r t o t a l t h e r m a l e n e r g y p r o d u c t i o n 

(4) A p p r o a c h to c r i t i c a l i t y 

(5) R e l a t i o n b e t w e e n t h e r m a l p o w e r and n e u t r o n flux m e a s u r e m e n t s 

(6) C o m p a r i s o n of r e d u n d a n t p lant p a r a m e t e r m e a s u r e m e n t s 

(7) H i s t o r i c a l da ta s t o r a g e and r e t r i e v a l 

(8) T r e n d i n g 

(9) C o m p u t e r and i n s t r u m e n t s y s t e m d i a g n o s t i c t e s t s 

(10) C o n t r o l rod p o s i t i o n and a c c e l e r a t i o n 

(11) Ef fec t s of Xe and Sm 

a. T i m e r e m a i n i n g b e f o r e xenon and s a m a r i u m po i son ing 
a f t e r shutdown 

b . O u t a g e t i m e a f t e r xenon and s a m a r i u m p o i s o n i n g 
c. O p t i m u m r e a c t i v i t y c o n t r o l d u r i n g p o w e r cu tback 



(12) Reactivity measurement (Rho-meter) 

(13) Protective system response time 

(14) Protective system operating sequence 

(15) Valve sequence and timing 

(16) Beam port safety 
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1.3 EXPERIMENTAL BOILING WATER REACTOR (EBWR) 

Plutonium Recycle Experiment 

1.3.1 Summary 

Inspection, repair, and modification of primary and secondary 
system components (e.g., piping, valves, filter units), in preparation for 
the Plutonium Recycle Experiment, was essentially completed by late 
October, 1965. The findings and corrective measures employed are 
described in the following subsections. 

Earlier evaluation of the reactor pressure vessel (i.e., cracking 
of internal cladding) and implementation of a continuing vessel surveillance 
program were described briefly in ANL-7190, p. 107, and comprehensively 
in ANL-7117. Consistent with the latter program, the upper half of the 
shock shield in the vessel was modified to include removable windows for 



o b s e r v a t i o n s of c o r r o s i o n , c o r r o s i o n r a t e s , and p o s s i b l e p r o p a g a t i o n of 
i nc ip i en t c l add ing c r a c k s in the s t e a m , w a t e r - l i n e , and b e l o w - w a t e r - l i n e 
z o n e s . As ye t , t h e r e a r e no da ta on c o r r o s i o n effects at o p e r a t i n g 
t e m p e r a t u r e (488°F) . 

Af t e r a s e r i e s of loading e x p e r i m e n t s , cold c r i t i c a l i t y w a s a c h i e v e d 
on S e p t e m b e r 22, 1965, w i th a loading of 22 p l u t o n i u m - f u e l e d s u b a s s e m b l i e s . 
T h e s e e x p e r i m e n t s w e r e fol lowed by z e r o p o w e r t r a n s f e r funct ion m e a ­
s u r e m e n t s p r e p a r a t o r y to a p p r o a c h to p o w e r . 

1.3.2 P l a n t I n s p e c t i o n , R e p a i r s , and Modi f i ca t ion 

1.3.2.1 S y s t e m P i p i n g , We lds , and Valv ing 

In add i t ion to the w e l d s and v a l v e s of the n e w l y - i n s t a l l e d ion-
exchange s y s t e m , c o m b i n a t i o n s of r a d i o g r a p h i c , u l t r a s o n i c , and d y e -
p e n e t r a n t e x a m i n a t i o n s w e r e p e r f o r m e d to e s t a b l i s h the s o u n d n e s s of 
( l ) p r i m a r y s t e a m p ip ing i n s i d e (to t u r b i n e ) and ou t s i de (to R e b o i l e r 
Bui ld ing) the c o n t a i n m e n t she l l ; (2) p r i m a r y sa fe ty va lve p ip ing; (3) s t a r t ­
up h e a t e r p ip ing ; (4) f e e d w a t e r p ip ing b e t w e e n the r e a c t o r face and shutoff 
v a l v e s ; (5) p r i m a r y pu r i f i c a t i on sys tena p ip ing ; (6) p r e s s u r e - r e s i s t i n g va lve 
b o d i e s c o n n e c t e d to t h e p r i m a r y coolan t p ip ing; and (7) c o n d e n s a t e p ip ing 
be low the t u r b i n e . 

S t r e s s a n a l y s i s (by S p i e l v o g e l ' s Method' ' ) of t he h i g h - p r e s s u r e 
s t e a m pip ing s y s t e m i n d i c a t e d tha t t he n o m i n a l s t r e s s w a s s l i gh t l y be low 
8,000 p s i d u r i n g o p e r a t i o n s at 600 p s i . R a d i o g r a p h y r e v e a l e d t h a t about 
50% of a l l the p r i m a r y p ip ing w e l d s con ta ined unfused we ld r o o t s and s o m e 
c r a c k s , w h i c h nu l l i f i ed the o r i g i n a l c o n s e r v a t i v e d e s i g n for 8 0 0 - p s i s y s t e m 
p r e s s u r e . Al l s u b s t a n d a r d w e l d s w e r e r e m o v e d , r e w e l d e d , and r a d i o g r a p h e d 
to e n s u r e sound w e l d s . 

Of the 34 c a s t v a l v e s ( i f in. and l a r g e r ) a t t a c h e d to the p r i m a r y 
s y s t e m p ip ing , 31 w e r e adjudged C l a s s - I I c a s t i n g s (as def ined by ASTM 
R a d i o g r a p h i c S t a n d a r d E 7 1 - 5 2 ) and s u i t a b l e for f u r t h e r s e r v i c e . One of 
the r e m a i n i n g t h r e e v a l v e s - a 3- in . f e e d w a t e r flow c o n t r o l va lve - w a s 
no b e t t e r t han C l a s s V; it w a s r e p a i r e d , by we ld ing , to m e e t C l a s s II 
s t a n d a r d s . The o t h e r two - both Ij in. w a t e r c o l u m n shutoff ang le v a l v e s -
c o n t a i n e d l a r g e blow h o l e s ; t h e s e w e r e r e p a i r - w e l d e d to C l a s s - I s o u n d n e s s . 
None of the c a s t v a l v e s showed e v i d e n c e of l e a k a g e in p r i o r s e r v i c e . 

A p p r o x i m a t e l y 50% of the (Velan) fo rged , a u s t e n i t i c s t a i n l e s s s t e e l 
ang le and g lobe v a l v e s in t h e i o n - e x c h a n g e s y s t e m con ta ined s u r f a c e c r a c k s . 
A l l d y e - p e n e t r a n t - i n d i c a t e d c r a c k s w e r e e x p l o r e d by g r ind ing ; h o w e v e r , 
none of the c r a c k s w a s deep enough to w a r r a n t r e p l a c e m e n t of the v a l v e s . 
In a l l i n s t a n c e s , p l a s t e r - c a s t m e a s u r e m e n t s r e v e a l e d tha t the r e m a i n i n g 



w a l l t h i c k n e s s e q u a l l e d o r e x c e e d e d t h a t spec i f i ed by ASA Valve S tan ­
d a r d B 1 6 . 5 . L o c a l g r i n d i n g e x p l o r a t i o n s w e r e t hen f a i r e d out to r e d u c e 
s t r e s s c o n c e n t r a t i o n f a c t o r s . 

1.3.2.2 L o w e r A l l o w a b l e M a x i m u m O p e r a t i n g S t e a m P r e s s u r e 

The s p r i n g s of bo th 8 0 0 - p s i g sa fe ty v a l v e s i n s t a l l e d du r ing EBWR 
c o n v e r s i o n for 100-MW o p e r a t i o n w e r e r e p l a c e d wi th new s p r i n g s wh ich 
l i m i t m a x i m u m s y s t e m s t e a m p r e s s u r e to 650 p s i g . T h i s l o w e r sa fe ty 
v a l v e "popp ing" p r e s s u r e w a s e s t a b l i s h e d b e c a u s e : ( l ) the p lan t n e i t h e r 
h a s been o p e r a t e d n o r i s i n t e n d e d to be o p e r a t e d wi th a s t e a m p r e s s u r e 
above 600 p s i g ; and (2) the p ip ing d e s i g n i s a c o n s e r v a t i v e i n t e r p r e t a t i o n 
of the 1955 ASA P r e s s u r e P i p i n g Code (B31 . 1 , p a r a . 122) for we lded , 
a u s t e n i t i c s t a i n l e s s p ipe and i n c l u d e s an 0 .065 - in . " C " f a c t o r for p la in end 
p i p e . F i n a l l y , even a t 650 p s i g , the s t e a m - d i s c h a r g e c a p a c i t y of the 
mod i f i ed v a l v e s i s w e l l above the s t e a m - g e n e r a t i n g c a p a b i l i t y of the 
p l u t o n i u m - f u e l e d c o r e . 

A s a p r e c a u t i o n a r y m e a s u r e , t he o r i g i n a l two, 8 0 0 - p s i g , s a fe ty 
v a l v e s a r e s t i l l c o n n e c t e d to the p r i m a r y s y s t e m ; t hey a r e se t to r e l i e v e 
at 700 and 725 p s i , r e s p e c t i v e l y . 

1.3.2.3 F e e d w a t e r F u l l - F l o w F i l t e r s 

A s r e p o r t e d in A N L - 7 1 9 0 , p . 113, one of the two, s t a i n l e s s s t e e l -
c lad , c a r b o n s t e e l f i l t e r un i t s (No. 2) w a s r e m o v e d f r o m s e r v i c e , wh i l e 
i t s c o u n t e r p a r t (No. l ) and two a l l - s t a i n l e s s s t e e l un i t s (Nos . 3 and 4) 
w e r e ad judged a m e n a b l e to r e p a i r s o r r e i n f o r c e m e n t in o r d e r to m e e t 
code r e q u i r e m e n t s . The n a t u r e of t h i s w o r k w a s a s fo l lows . 

In Unit 1, a s m a l l c r a c k in the c a r b o n s t e e l p o r t i o n of t h e l o w e r 
h e a d - t o - s h e l l we ld w a s g r o u n d out and r e w e l d e d . A d d i t i o n a l we ld m e t a l 
w a s a p p l i e d onto the c o v e r - t o - f l a n g e we ld to r e d u c e s t r e s s e s in t h e f l ange . 
P o r o s i t y and s m a l l c r a c k s in the inle t and ou t le t n o z z l e w e l d s a l s o w e r e 
g r o u n d out and the jo in t s r e w e l d e d . An o v e r s t r e s s e d , s l i p - o n - t y p e , in le t 
c o n n e c t i o n f lange w a s r e p l a c e d wi th a w e l d i n g - n e c k - t y p e f i t t ing s a l v a g e d 
frona Uni t No. 2. 

S m a l l c r a c k s w e r e d e t e c t e d in the long i tud ina l s e a m , the l o w e r -
h e a d - t o - s h e l l seana , and the u p p e r , c i r c u m f e r e n t i a l w e l d s of Unit No. 3. 
T h e s e w e r e g r o u n d out and the j o in t s r e w e l d e d . A m o d e r a t e l y o v e r s t r e s s e d 
f i l t e r body f lange w a s c o r r e c t e d by we ld ing a p e r i p h e r a l , r e i n f o r c i n g r i n g 
(4 in. h igh , 1/2 in. t h i ck ) to the top and b o t t o m e d g e s . 

An i d e n t i c a l c l o s u r e f lange de f i c i ency w a s o b s e r v e d in Unit No. 4, 
and c o r r e c t e d in a l ike m a n n e r . F i n a l l y , a l a m i n a t i o n i r r e g u l a r i t y in the 



s h e l l p l a t e w a s e x p l o r e d by g r ind ing and found to be a sha l low (<0.010 in . ) 
s u r f a c e defec t . Th i s defec t i s ins ign i f i can t , s i n c e the she l l t h i c k n e s s is 
b a s e d on a 90% weld jo in t e f f ic iency f a c t o r . 

1.3.3 R e a c t o r K i n e t i c s 

M a j o r effor t w a s f o c u s s e d on m a i n t e n a n c e , mod i f i ca t i on , and c h e c k ­
out t e s t i n g of the c o n t r o l r o d o s c i l l a t o r d r i v e m e c h a n i s m , c o n t r o l c i r c u i t r y , 
and d ig i t a l d a t a - r e c o r d i n g e q u i p m e n t p r e p a r a t o r y to z e r o p o w e r t r a n s f e r 
funct ion m e a s u r e m e n t s on the p l u t o n i u m - f u e l e d c o r e . Th i s e q u i p m e n t had 
b e e n s t o r e d s i n c e c o m p l e t i o n of the 100-MW e x p e r i m e n t s in D e c e m b e r , 1962 
In add i t ion , r e v i s i o n s of the codes w h i c h r e d u c e the d ig i t a l da ta to t r a n s f e r 
funct ion i n f o r m a t i o n w e r e c o m p l e t e d c o n s i s t e n t w i th t h e c h a n g e - o v e r f r o m 
the I B M - 7 0 4 to the C D C - 3 6 0 0 c o m p u t e r . T h e s e codes i nc lude the o p e r a t i o n s 
of a u t o c o r r e l a t i o n , c r o s s c o r r e l a t i o n , and n o i s e r e j e c t i o n . F i n a l l y , two 
f i s s i o n d e t e c t o r s (with s e p a r a t e count ing c h a n n e l s ) w e r e p u r c h a s e d . 
D e s i g n e d for o p e r a t i o n at e v a l u a t e d t e m p e r a t u r e s , bo th d e t e c t o r s w e r e 
i n s t a l l e d in the c o r e to e v a l u a t e t h e i r c a p a b i l i t y for m o n i t o r i n g n e a r - s o u r c e -
l eve l a c t i v i t y d u r i n g the c o l d - c r i t i c a l e x p e r i m e n t s . 

1.3.3.1 C o l d - C r i t i c a l E x p e r i m e n t s 

The d e t a i l e d n a t u r e and r e s u l t s of t h e s e e x p e r i m e n t s a r e r e p o r t e d 
e l s e w h e r e . ^ Br ie f ly , t hey i nc luded m e a s u r e m e n t s of c o n t r o l rod w o r t h s , 
b o r i c ac id w o r t h s , t e m p e r a t u r e coef f ic ien t s of r e a c t i v i t y , shu tdown m a r g i n s , 
and v e r i f i c a t i o n of e i g h t - r o d and n i n e - r o d shutdown c r i t e r i a for t h e full 
l oad ing . 

T h i s loading c o m p r i s e d 36 c e n t r a l s u b a s s e m b l i e s , e a c h con ta in ing 
fuel p i n s f a b r i c a t e d f r o m a h o m o g e n e o u s m i x t u r e of 1.5 wt -% P u 0 2 (8 a t -% 
P u - 2 4 0 ) and dep l e t ed UO2. Ex t end ing r a d i a l l y o u t w a r d , t he b a l a n c e of the 
load ing c o n s i s t e d of 60 s h i m s u b a s s e m b l i e s (2 r o w s ) con ta in ing fuel p i n s of 
UO2 e n r i c h e d to 6% in U - 2 3 5 , 49 o u t e r s u b a s s e m b l i e s con ta in ing n a t u r a l 
UO2 fuel p i n s , and an a n t i m o n y - b e r y l l i u m s o u r c e . E a c h s u b a s s e n a b l y h a s 
an a c t i v e he igh t of 4 ft and con ta in s 36 fuel p ins (0.372 in. O.D.) c lad in 
Z i r c a l o y tub ing (0.025 in. t h i ck ) . 

T h r o u g h o u t t h e s e e x p e r i m e n t s , both d e t e c t o r s p e r f o r m e d s a t i s ­
f a c t o r i l y . T h e y wi l l be f u r t h e r e v a l u a t e d d u r i n g the h o t - c r i t i c a l e x p e r i m e n t s 
at a p p r o x i m a t e l y 340°F. 

1.3.3.2 Z e r o P o w e r T r a n s f e r F u n c t i o n 

Upon c o m p l e t i o n of the c o l d - c r i t i c a l e x p e r i m e n t s , t he o s c i l l a t o r 
d r i v e w a s coup led to the c e n t r a l c o n t r o l rod and the z e r o p o w e r t r a n s f e r 
funct ion w a s m e a s u r e d . Th i s w a s done by s i n u s o i d a l l y o s c i l l a t i n g the rod 
± 1 / 8 in. f r o m 0.1 to 1.0 r a d / s e c and ± 1 / 4 in. f r o m 1.0 to 55 r a d / s e c 



a r o u n d a m e a n w i t h d r a w n p o s i t i o n of 18.5 in . , wh i l e t h e o u t e r e ight r o d s 
w e r e h e l d at 18.9 in . w i t h a b o r i c ac id c o n c e n t r a t i o n of 6.78 g m / g a l of 
r e a c t o r w a t e r . 

T r a n s f e r funct ion da ta w e r e t a k e n s i m u l t a n e o u s l y wi th ana log and 
d ig i t a l r e c o r d i n g e q u i p m e n t . T h e s e da ta a r e now b e i n g c o m p a r e d wi th an 
a n a l y t i c a l t r a n s f e r funct ion, w h i c h is r e p r e s e n t a t i v e of the c o m p o s i t e 
p l u t o n i u m - u r a n i u m c o r e . 

S i m i l a r t r a n s f e r funct ion m e a s u r e m e n t s wi l l be m a d e at s e l e c t e d 
i n t e r v a l s d u r i n g t h e a p p r o a c h to p o w e r . T h e s e da ta w i l l be e x t r a p o l a t e d 
to d e t e r m i n e the u p p e r p o w e r l i m i t for s t a b l e o p e r a t i o n of the p l u t o n i u m -
fueled c o r e . 
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1.4 ARGONNE NUCLEAR ROCKET PROGRAM 

1.4.1 Summary 

The A r g o n n e N u c l e a r R o c k e t P r o g r a m w a s imp lenaen t ed in J a n u a r y , 
1963, to d e t e r m i n e t he t e c h n i c a l f e a s i b i l i t y and p e r f o r m a n c e p o t e n t i a l of 
r e f r a c t o r y m e t a l - f u e l e d , fas t r e a c t o r s for a d v a n c e d s p a c e p r o p u l s i o n s y s ­
t e m s . The p r o g r a m w a s t e r m i n a t e d in Ju ly , 1966. 

D u r i n g the c o u r s e of t h e p r o g r a m , two r e f e r e n c e s y s t e m d e s i g n s 
w e r e evo lved to p r o v i d e a focus for the d e v e l o p m e n t effor t : a 1 0 0 , 0 0 0 - l b -
t h r u s t s y s t e m ( s e e A N L - 7 1 9 0 , p . 124) and a 1 0 , 0 0 0 - l b - t h r u s t s y s t e m . 
D i v i s i o n a l effor t in s u p p o r t of t h e s e s y s t e m s inc luded : (1) s t u d i e s of v a r i o u s 
eng ine o p e r a t i n g c h a r a c t e r i s t i c s , c o n t r o l s c h e m e s , o p e r a t i o n a l p r o c e d u r e s , 
n u c l e a r t r a n s i e n t s , and t h e i r effects on o v e r a l l s y s t e m s t ab i l i t y ; (2) p a r a ­
m e t r i c s t u d i e s of e n g i n e - w e i g h t - t h r u s t c h a r a c t e r i s t i c s of p r o m i s i n g 
c o n c e p t s ; (3) d e v e l o p m e n t of c o r r e l a t i o n s , c o m p u t e r p r o g r a m s , and e x p e r i ­
m e n t a l a p p a r a t u s for a n a l y z i n g , ve r i fy ing , and t e s t i n g s t r u c t u r a l i n t e g r i t y 
of s i n g l e c o m p o n e n t s and i n t e g r a t e d s y s t e m s ; and (4) c o n s t r u c t i o n and 
o p e r a t i o n of unique o u t - o f - p i l e t e s t loops and f a c i l i t i e s to e v a l u a t e the 
b e h a v i o r of r e f r a c t o r y - m e t a l fuels and o t h e r s t r u c t u r a l m a t e r i a l s u n d e r 
s i m u l a t e d o p e r a t i n g c o n d i t i o n s . 



F o r s e c u r i t y r e a s o n s , the f indings r e p o r t e d h e r e i n a r e confined to 
u n c l a s s i f i e d a s p e c t s of the 1 0 , 0 0 0 - l b - t h r u s t s y s t e m and s u p p o r t i n g a n a l y t i c a l 
e x p e r i m e n t a l s t u d i e s p e r f o r m e d up to da t e of p r o g r a m t e r m i n a t i o n . 

1.4.2 1 0 , 0 0 0 - l b - t h r u s t S y s t e m 

1.4.2.1 D e s c r i p t i o n 

In t h i s s y s t e m (F ig . 1-49), t h e r e a c t o r c o n s i s t s e s s e n t i a l l y of a 
c y l i n d r i c a l c o r e of W-UO2 c e r m e t fuel e l e m e n t s con t a ined wi th in an Incone l 
p r e s s u r e v e s s e l . Th i s v e s s e l is s u r r o u n d e d by a r a d i a l b e r y l l i u m r e ­
f l e c to r and an o u t e r v e s s e l m a d e of a l u m i n u m . R e a c t o r c o n t r o l i s a c c o m ­
p l i s h e d by l a t e r a l naovement of s e g m e n t s of the r e f l e c t o r . 

The s y s t e m o p e r a t e s on a b l e e d c y c l e . H y d r o g e n p r o p e l l a n t is 
p u m p e d into the e n t r a n c e man i fo ld of t h e r e g e n e r a t i v e l y - c o o l e d n o z z l e and 
then up t h r o u g h the n o z z l e t u b e s . The flow con t inues t h r o u g h a n o z z l e 
e x t e n s i o n which s u r r o u n d s the c o r e , and d i s c h a r g e s into a f o r w a r d p l e n u m 
above the r e f l e c t o r . At t h i s point , the flow c o n t i n u e s down t h r o u g h the 
r e f l e c t o r and r e t u r n s in the f o r w a r d p l e n u m u p s t r e a m of the r e a c t o r w h e r e 
it e n t e r s the c o r e . F r o m the c o r e , t he h y d r o g e n is e x h a u s t e d t h r o u g h the 
n o z z l e . S o m e of the hot h y d r o g e n is b l ed f r o m the n o z z l e , m i x e d wi th 
h y d r o g e n frona the n o z z l e coo lan t t u b e s , and p a s s e d t h r o u g h the t u r b i n e to 
p r o v i d e h y d r o g e n p u m p i n g p o w e r . Th i s h y d r o g e n i s then e x h a u s t e d o v e r b o a r d . 

1.4.2.2 E n g i n e Weight v s . T h r u s t C h a r a c t e r i s t i c s 

C o m p a r i s o n s w e r e m a d e of the engine w e i g h t - t h r u s t c h a r a c t e r i s t i c s 
f o r U-235 and U - 2 3 3 fueled s y s t e m s in the t h r u s t r a n g e of 5 ,000-30 ,000 lb . 

The a n a l y s i s c o n s i s t e d of a r e a c t o r c r i t i c a l i t y s tudy in wh ich the 
c r i t i c a l v o l u m e w a s d e t e r m i n e d a s a function of c o r e L / D r a t i o , p o r o s i t y , 
and r e f l e c t o r t h i c k n e s s . T h e s e da ta s e r v e d as input in a p a r a m e t r i c c o m ­
p u t e r code w h i c h u l t i m a t e l y def ined a r e a c t o r t h a t s a t i s f i e d a l l c r i t i c a l i t y 
and h e a t t r a n s f e r r e q u i r e m e n t s . E n g i n e we igh t s ( t u r b o p u m p , n o z z l e , e tc . ) 
u s e d in the a n a l y s i s w e r e b a s e d on e x t r a p o l a t i o n s of c o m p o n e n t w e i g h t s in 
the NERVA s y s t e m and o t h e r d e t a i l e d d e s i g n s t u d i e s . 

T h e r e s u l t s (F ig . 1-50) show tha t t o p p i n g - c y c l e eng ines a r e f r o m 
300 to 700 lb h e a v i e r than the h o t - b l e e d e n g i n e s in the spec i f i ed t h r u s t r a n g e 
H o w e v e r , t h e topping cyc le p r o v i d e s an add i t i ona l 25 s ec of spec i f i c i m p u l s e . 
Thus u l t i m a t e cho ice of cyc le w i l l depend on the s p a c e c r a f t m i s s i o n and 
r e l a t i v e i m p o r t a n c e of t h e ques t ion : Is one s e c o n d of spec i f i c i m p u l s e w o r t h 
1 2 to 18 lb of eng ine w e i g h t ? 
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Fig. 1-49. Concept of 10,000-lb-thrust [20O MW(t)] fast reactor rocket engine 
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Fig. 1-50. Weight-thrust characteristics of topping-cycle and hot-bleed cycle nuclear rocket engines 
fueled with U-235 and U-233. Solid and dashed curves pertain to use of 4-in.-thick and 8-in.-
thick beryllium reflectors, respectively. 

In g e n e r a l , the s tudy r e v e a l e d tha t a n u m b e r of l igh tweight configu­
r a t i o n s a r e f e a s i b l e for s m a l l , fas t r e a c t o r s u s ing t u n g s t e n a s a s t r u c t u r a l 
m a t e r i a l . 

1.4.3 A r g o n n e H y d r o g e n F l o w F a c i l i t y 

Th i s f ac i l i ty c o m p r i s e s a l a r g e and a s m a l l h y d r o g e n t e s t loop for 
the p u r p o s e of eva lua t i ng c a n d i d a t e fuel s p e c i m e n s in h i g h - v e l o c i t y , h igh -
t e m p e r a t u r e h y d r o g e n . The l a r g e loop w a s d e s c r i b e d in A N L - 7 1 9 0 , p . 133; 
it i s d e s i g n e d to o p e r a t e wi th p o w e r inputs up to 1000 kW. The s m a l l loop 
i s s c a l e d down to o p e r a t e wi th p o w e r inpu t s up to 50 kW. In both loops , 
h y d r o g e n is cyc l ed f r o m h i g h - p r e s s u r e s t o r a g e t r a i l e r s , t h r o u g h a s y s t e m 
of p r e s s u r e - r e g u l a t i n g v a l v e s , to an e l e c t r i c a l - r e s i s t a n c e h e a t e r m o u n t e d 
in the l ower end of a w a t e r - j a c k e t e d p r e s s u r e v e s s e l . H e r e , the gas i s 
h e a t e d to t e m p e r a t u r e s up to 2450°C, and t h e n p a s s e d o v e r fuel s p e c i m e n s 
in the u p p e r end of the v e s s e l . F r o m the v e s s e l , t he gas flows t h r o u g h a 
w a t e r - c o o l e d h e a t e x c h a n g e r , a flow c o n t r o l v a l v e , and d i s c h a r g e s to the 
a t m o s p h e r e . 

H y d r o g e n flow is m e a s u r e d in a c r i t i c a l flow n o z z l e tha t had b e e n 
c a l i b r a t e d a g a i n s t a p r e c i s i o n v e n t u r i u s ing bo th n i t r o g e n and h y d r o g e n . 
F u e l s p e c i m e n and h e a t e r t e m p e r a t u r e s a r e s e n s e d wi th I r c o n r a d i a t i o n 
p y r o m e t e r s . H e a t e r c u r r e n t input is m e a s u r e d to wi th in 0.4% by m e a n s of 
a D y n / A m p s y s t e m . A u t o m a t i c shu tdown is i n i t i a t e d by s y s t e m m a l f u n c t i o n s 
s u c h a s low h y d r o g e n flow, low s y s t e m p r e s s u r e , o v e r h e a t i n g of the h e a t e r , 
and l o s s of p o w e r to the cool ing w a t e r p u m p . 

At the t i m e of p r o g r a m t e r m i n a t i o n , both loops w e r e being o p e r a t e d 
for s i m u l t a n e o u s eva lua t i on of fuel s p e c i m e n s and d e v e l o p m e n t of p r o t o t y p e 
h e a t e r s . T h e s e h e a t e r s a r e shown in F i g . 1-51. 
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Fig. 1-51. Sectional views of single-flow-passage, resistance heaters under development 
for use in (A) small and (B) large hydrogen flow test loops 



1.4.3.1 L o o p - H e a t e r P e r f o r m a n c e 

50 -kW Loop . T h i s loop h a s b e e n o p e r a t e d i n t e r m i t t e n t l y s i n c e 
D e c e m b e r , 1965. Dur ing th i s p e r i o d , two h e a t e r s of the type shown in 
F i g . 1 - 1 2 ( A ) w e r e f a b r i c a t e d and t e s t e d . On e a c h o c c a s i o n , f a i l u r e o c c u r r e d 
a f t e r 12 h r of loop o p e r a t i o n . The cond i t ions p r e v a i l i n g at t i m e of f a i l u r e 
w e r e a s fo l lows : 

H y d r o g e n f l o w r a t e 19-6 S C F M 
M a x i m u m s p e c i m e n t e m p e r a t u r e 2450°C 
M a x i m u m h e a t e r vo l t age 24.2 V 
M a x i m u m h e a t e r c u r r e n t 1,665 A 
M a x i m u m h e a t e r p o w e r 40 .3 kW 
E s t i m a t e d m a x i n a u m h e a t e r t e m p e r a t u r e 2750°C 
A p p r o x i m a t e n u m b e r of t h e r m a l c y c l e s f r o m 

r o o m t e m p e r a t u r e to 2750°C 16 

In bo th c a s e s , f a i l u r e w a s a t t r i b u t e d to the l a r g e r e x p a n s i o n c o ­
eff ic ient of the r h e n i u m m a t e r i a l . Th i s r e s u l t e d in g r a d u a l d i s r u p t i o n of 
the bond b e t w e e n t h e r h e n i u m end plug and the a d j a c e n t t u n g s t e n muff le . 
T h e r e w a s no e v i d e n c e of f a i l u r e due to c r e e p in t h e r e g i o n of m a x i m u m 
t e m p e r a t u r e . 

E x c e p t for the h e a t e r f a i l u r e s , o p e r a t i o n of t h i s un ique s y s t e m w a s 
e s s e n t i a l l y s e l f - c o n t r o l l e d . Once e s t a b l i s h e d , h y d r o g e n flow and p r e s s u r e 
w e r e m a i n t a i n e d wi th m i n i m a l a d j u s t m e n t s . P o w e r input to the h e a t e r w a s 
c o n t r o l l e d a u t o m a t i c a l l y ; u s e of the D a t a - t r a k s y s t e m p e r m i t t e d any t h e r n a a l 
cyc l e d e s i r e d , wi th good r e p r o d u c i b i l i t y of cyc l i c c o n d i t i o n s . H e a t e r 
o p e r a t i n g c h a r a c t e r i s t i c s w e r e in a c c o r d wi th t h o s e p r e d i c t e d by a o n e -
d i m e n s i o n a l c o m p u t e r code u s ing t h e T a y l o r - K i r c h g e s s n e r h y d r o g e n 
c o r r e l a t i o n . 

1000-kW Loop . The f inal t e s t r un wi th the h e a t e r shown in F i g . 1 - 1 2 ( B ) 
w a s of s h o r t e r d u r a t i o n . A f t e r 6 m i n . a t 613 kW (28,800 A a t 21 .3 V), t h e 
p o w e r w a s g r a d u a l l y d e c r e a s e d b e c a u s e of o v e r h e a t i n g of the l iquid m e t a l 
c o n t a c t s at e a c h end of the h e a t e r . M a x i m u m t e m p e r a t u r e s a c h i e v e d d u r i n g 
the 6 - m i n . p e r i o d w e r e 2440°C for t h e h e a t e r , and 2270°C for the fuel 
s p e c i m e n . Aga in , h e a t e r ma l func t ion w a s a t t r i b u t e d to f a i l u r e of the bond 
b e t w e e n t h e r h e n i u m c o l l a r and t u n g s t e n r i n g at the u p p e r end. 

T h i s loop h a s b e e n d i s a s s e m b l e d and p l a c e d in s t o r a g e . 

1 .4.4 S t r u c t u r a l M e c h a n i c s 

The o b j e c t i v e s of the s t r u c t u r a l m e c h a n i c s p r o g r a m w e r e c e n t e r e d 
on c o n c u r r e n t d e v e l o p m e n t of a n a l y t i c a l m o d e l s and e x p e r i n a e n t a l f a c i l i t i e s 
for a s s e s s i n g s t r u c t u r a l i n t e g r i t y of the r e f e r e n c e s y s t e m d e s i g n s . With 
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one excep t ion - the H i g h - T e m p e r a t u r e Mode l T e s t i n g F a c i l i t y - t h i s s e c t i o n 
s u m m a r i z e s the t e r m i n a l ef for ts in s u p p o r t of i n v e s t i g a t i o n s i n i t i a t ed in 
F Y - 1 9 6 5 . 

1.4.4.1 D e f o r m a t i o n A n a l y s i s of a G r i d P l a t e Suppor t S t r u c t u r e 

E x p e r i m e n t a l a n a l y s i s h a s c o n f i r m e d the a d e q u a c y of u s i n g c l o s e d 
f o r m so lu t ions of the def lec t ion equa t ion and i t s d e r i v a t i v e s to p r o v i d e 
r e a l i s t i c e s t i m a t e s of s t r e s s and d e f o r m a t i o n of h y d r a u l i c a l l y - l o a d e d g r i d 
s u p p o r t s t r u c t u r e s . 

The s t r u c t u r e a n a l y z e d c o n s i s t e d of two, p a r a l l e l , c i r c u l a r p l a t e s 
i n t e r c o n n e c t e d by m a n y e q u a l l y - s p a c e d m e m b e r s . T h e o r e t i c a l i n v e s t i g a t i o n 
of the o v e r a l l d e f o r m a t i o n p r o p o s e d s u p e r p o s i t i o n of two c o m p o n e n t s 
r e p r e s e n t i n g p l a t e bend ing : one about a c o m m o n , i n t e r m e d i a t e n e u t r a l 
a x i s , and the o t h e r about t h e i r ind iv idua l i n t e r n a l n e u t r a l a x e s . In addi t ion , 
the t h e o r y d e p e n d s on the va l id i ty of the d i s t r i b u t e d bending m o m e n t concep t 
to deve lop the second componen t . Th i s a p p r o a c h w a s a l s o app l i ed to the 
a n a l y s i s of coupled b e a m s . 

The t e s t s w e r e m a d e on a c r y l i c p l a s t i c m o d e l s of coupled b e a m s 
and c i r c u l a r p l a t e s t r u c t u r e s . (See F i g . 1-52.) T w e n t y - s e v e n b e a m and 
e ight p l a t e con f igu ra t i ons w e r e e m p l o y e d to ident i fy the inf luence on 
d e f o r m a t i o n b e h a v i o r of p a r a m e t e r s such as type of load (un i fo rm p r e s s u r e 
o r c o n c e n t r a t e d app l i ca t i on ) , l eng th and spac ing of g r i d m e m b e r s , and span 
length of the b e a m s . Al l m o d e l s w e r e i n s t r u m e n t e d to d e t e r m i n e c e n t r a l 
de f lec t ion , s t r a i n in the p a r a l l e l p l a t e s , and bending s t r a i n in one of the 
g r i d m e m b e r s . 

Fig. 1-52. Typical acryllic plastic models of (A) circular grid plates and 
(B) grid beams used in support of deformation analysis 



C o m p a r i s o n of the e x p e r i m e n t a l and t h e o r e t i c a l b e a m da ta i nd i ca t ed 
a g r e e m e n t w i th in 10% for the m i d s p a n def lec t ion , and wi th in 20% for the 
s t r a i n m e a s u r e m e n t s . In the c a s e of the c i r c u l a r p l a t e m o d e l s , the d e f l e c ­
t i ons w e r e f r o m 7 to 28% g r e a t e r than p r e d i c t e d by t h e o r y . 

A d e t a i l e d d e s c r i p t i o n of th i s s tudy i s con t a ined in A N L - 7 1 4 5 . 

1.4.4.2 E x p e r i m e n t a l Study of Shel l D e f o r m a t i o n and S tab i l i t y 

F i g u r e 1 - 5 3 ( A ) shows the i n s t r u m e n t a t i o n s c h e m e deve loped to 
e x p e r i m e n t a l l y e v a l u a t e s t r e s s and d e f o r m a t i o n of an i n t e r n a l c y l i n d r i c a l 
s h e l l when s u b j e c t e d to an e x t e r n a l c o l l a p s i n g load . B a s i c a l l y the s c h e m e 
c o n s i s t s of u s i n g a c o n s t a n t s cann ing d e v i c e o v e r the full she l l c i r c u m ­
f e r e n c e , but confined to a u n i f o r m band of p h o t o e l a s t i c m a t e r i a l . In add i t ion 
to af fording i m p r o v e d o v e r a l l s h e l l s u r v e i l l a n c e , t h e p h o t o e l a s t i c m e a s u r e ­
m e n t s , w h e n coupled wi th s t r a i n gage output , p r o v i d e a m e a n s for s e p a r a t i n g 
m e m b r a n e and b e n d i n g s t r a i n s . T h i s s t r a i n s e p a r a t i o n i s a n e c e s s a r y 
f e a t u r e of s u b s e q u e n t s t r e s s a n a l y s i s . 

F i g u r e 1 - 5 3 ( B ) shows the t e s t s e tup u s e d to m o n i t o r the i n n e r s h e l l 
of the p r o t o t y p e , d o u b l e - w a l l e d , s t e e l v e s s e l . The s t r u c t u r e w a s s t i f fened 
by t w e l v e , e q u a l l y - s p a c e d , ax ia l r i b s wh ich c o n n e c t e d the i n n e r and o u t e r 
s h e l l s . The i n n e r s h e l l w a s s u b j e c t e d to e x t e r n a l p r e s s u r e by h y d r a u l i c a l l y 
load ing t h e a n n u l a r r e g i o n . 

1.4.4.3 V i b r a t i o n E x c i t e r F a c i l i t y 

Th i s f ac i l i ty w a s c o n s t r u c t e d and m a d e o p e r a t i o n a l for the p u r p o s e 
of deve lop ing m o d e l s in s u p p o r t of d y n a m i c s t r e s s and d e f o r m a t i o n a n a l y s i s 
of fuel rod a s s e m b l i e s , r e f l e c t o r conaponents , and o t h e r s u p p o r t i n g s t r u c ­
t u r e s . It p r o v i d e s for s i m u l t a n e o u s v i s u a l , p h o t o g r a p h i c , and t a p e r e c o r d i n g 
of da ta f r o m t e s t s p e c i m e n s v i b r a t e d a t f r e q u e n c i e s f r o m 5 to 3,000 c p s , 
w i th an a m p l i t u d e a c c u r a c y of ±1 db. 

F u e l E l e m e n t C l u s t e r s . A v i b r a t i o n t e s t f i x tu re w a s d e s i g n e d to 
a c c o m m o d a t e c l u s t e r s of s i m u l a t e d fuel e l e m e n t s r ang ing f r o m one to a 
m a x i m u m of 163 e l e m e n t s . The e l e m e n t s w e r e s i m u l a t e d by h e x a g o n a l 
s t e e l r o d s (0.5 in . a c r o s s f l a t s , 24 in . long) . The ob j ec t i ve w a s to d e t e r m i n e 
the n u m b e r of e lenaents r e q u i r e d to give r e s u l t s t h a t could be e x t r a p o l a t e d 
to a p r o t o t y p e c l u s t e r of fuel e l e m e n t s . 

The s h a k e r w a s s e r v o c o n t r o U e d to i m p a r t a c o n s t a n t d i s p l a c e m e n t 
a m p l i t u d e , s i n u s o i d a l m o t i o n to the f i x t u r e . M a g n e t i c t a p e r e c o r d i n g s w e r e 
m a d e of the fol lowing m e a s u r e d v a r i a b l e s : (1) input d i s p l a c e m e n t and 
a c c e l e r a t i o n ; (2) s t r a i n a t t he roo t of the c e n t e r rod; and (3) s t r a i n at the 
roo t and a c c e l e r a t i o n a t the f r ee end of a rod in the o u t e r row. T h e s e da ta 
w e r e p r o c e s s e d on a s p e c t r u m a n a l y z e r to ob ta in f r e q u e n c y r e s p o n s e p l o t s . 
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Fig. 1-53. Instrumentation used to monitor membrane and bending strains in 
hydraulically-loaded inner shell of double-walled steel vessel 



The r e s u l t s of t h e s e t e s t s , a s r e p r e s e n t e d by the f i r s t and s e c o n d 
m o d e n a t u r a l f r e q u e n c i e s and c o r r e s p o n d i n g m a g n i f i c a t i o n f a c t o r s , * a r e 
g iven in F i g s . 1-54 and 1-55. As shown in F i g . 1-54, the n a t u r a l v i b r a t i o n 
f r e q u e n c i e s of a r o d in a c l u s t e r do no t v a r y s ign i f i can t ly f r o m tha t of a 
s ing le rod . S l o w - m o t i o n m o v i e s a s w e l l a s s t r a i n gage i n f o r m a t i o n a l s o 
r e v e a l e d t h a t m o d e s h a p e s a r e unaf fec ted by, o r i ndependen t of, c l u s t e r 
s i z e . F i g u r e 1-55 shows tha t the f i r s t and s e c o n d m o d e m a g n i f i c a t i o n 
f a c t o r s d e c r e a s e a s the c l u s t e r s i z e is i n c r e a s e d . Th i s is a t t r i b u t e d to the 
c o r r e s p o n d i n g i n c r e a s e in e n e r g y d i s s i p a t i o n . 
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Averaged values of first- and second-
mode natural frequencies of simulated 
(steel) fuel rods 

Fig. 1-55 

First- and second-mode magnification 
factors for simulated (steel) fuel rods 

A n a t t e m p t w a s m a d e t o i d e n t i f y a p a r a m e t e r t h a t c o u l d b e u s e d to 
r e l a t e t h e r e s u l t s f r o m t h e v a r i o u s c l u s t e r s t e s t e d . T h e o n l y i n v a r i a n t 
o b s e r v e d w a s t h e r a t i o of f i r s t t o s e c o n d m o d e m a g n i f i c a t i o n f a c t o r s . F o r 
t e s t s w i t h a 2 - m i l , p e a k - t o - p e a k i n p u t , t h i s r a t i o i s a p p r o x i m a t e l y 1 .72. 

I d e n t i f i c a t i o n - E v a l u a t i o n of D a m p i n g M o d e l s . D u e t o t h e c l o s e 
s p a c i n g of f u e l e l e m e n t s i n t h e c o r e , i n t e r a c t i o n a m o n g t h e e l e m e n t s c a n b e 
e x p e c t e d w h e n t h e r e a c t o r i s s u b j e c t e d t o a d i s t u r b a n c e . In o r d e r to p r e d i c t 
d i s p l a c e m e n t a m p l i t u d e s a n d t o o b t a i n e s t i m a t e s of i m p a c t v e l o c i t i e s ( i n f o r ­
m a t i o n w h i c h m i g h t t h e n b e u s e d in a p p l y i n g v a r i o u s d a m a g e c r i t e r i a t o t h e 
e l e m e n t s ) , a m a t h e m a t i c a l m o d e l d e s c r i b i n g t h e d y n a m i c b e h a v i o r of a n 
i n - c o r e e l e m e n t i s r e q u i r e d . D i s s i p a t i o n of e n e r g y i s a n i m p o r t a n t c o n ­
s i d e r a t i o n i n s u c h m o d e l i n g . A c c o r d i n g l y , t h r e e d a m p i n g m e c h a n i s m s 
w e r e c o n s i d e r e d a s d e f i n e d b y t h e d a m p i n g f o r c e i n t e n s i t y : 

-'= Ratio of output to input displacement amplitudes. 



fD(x.t) =' 

Cy ^ , v i s c o u s d a m p i n g 

Cg -r—2^ > s t r e s s d a m p i n g 

Cy -v 4-;. , load d a m p i n g . 

(1) 

A t h e o r e t i c a l a n a l y s i s was c a r r i e d out wi th the a s s u m p t i o n s tha t 
( l ) E u l e r beana t h e o r y a p p l i e s and (2) d a m p i n g i s suf f ic ien t ly s m a l l t ha t the 
m o d e s h a p e s and n a t u r a l f r e q u e n c i e s a r e unaf fec ted . B r i e f l y , the a n a l y s i s 
c o n s i s t e d of e q u a t i n g a t h e o r e t i c a l l y - d e r i v e d e x p r e s s i o n for b e a m de f l ec t ion 
a t r e s o n a n c e to the e x p e r i m e n t a l l y - o b s e r v e d r e s p o n s e , and so lv ing for an 
ef fec t ive danaping f a c t o r . T h i s f ac to r i s a l i n e a r c o m b i n a t i o n of the d a m p i n g 
coe f f i c i en t s a s s o c i a t e d wi th the a s s u m e d d a m p i n g m e c h a n i s m s . F o r " p u r e 
f o r m s " of the p r o p o s e d d a m p i n g , a r a t i o of fir s t - t o - s e c o n d m o d e m a g n i f i c a ­
t ion f a c t o r s can be f o r m e d . T h i s r a t i o i s c o n s t a n t at any s e c t i o n a long the 
b e a m . If the m o d e s h a p e s and n a t u r a l f r e q u e n c i e s a r e known, the v a l u e s of 
the r a t i o d e p e n d s only on the type of d a m p i n g a s s u m e d . 

F o r a c a n t i l e v e r b e a m , the fol lowing v a l u e s a r e ob t a ined : 

r 

0.288, v i s c o u s d a m p i n g 

R(-^') - 1 4 .46 , s t r e s s d a m p i n g 

(2) 

^11 .3 , load d a m p i n g . 

The v a l u e of the r a t i o i s r a t h e r s e n s i t i v e to the p a r t i c u l a r type of 
d a m p i n g . T h i s s u g g e s t s a m e t h o d of ident i fy ing the d o n a i n a n t d a m p i n g m e c h a ­
n i s m s , i . e . , c o m p a r i n g e x p e r i m e n t a l l y - d e t e r m i n e d r a t i o s of fir s t - t o - s e c o n d -
m o d e m a g n i f i c a t i o n f a c t o r s wi th v a l u e s c o r r e s p o n d i n g to p u r e f o r m s of the 
d a m p i n g . F o r e x a m p l e , e x p e r i m e n t a l r e s u l t s f r o m c l u s t e r t e s t s gave a va lue 
of a p p r o x i m a t e l y 1.72. C o m p a r i s o n of t h i s n u m b e r wi th t hose of Eq . (2) 
i n d i c a t e s v i s c o u s and s t r e s s d a m p i n g m a y be the d o m i n a n t m e c h a n i s m s to be 
inc luded in the m o d e l . 

The a s s o c i a t e d d a m p i n g coe f f i c i en t s can be e v a l u a t e d by u s ing e x p e r i ­
m e n t a l r e s u l t s a t f i r s t and second m o d e r e s o n a n c e to w r i t e two s i m u l t a n e o u s 
e q u a t i o n s frona the l i n e a r c o m b i n a t i o n of d a m p i n g coe f f i c i en t s . Bo th e q u a t i o n s 
a r e e a s i l y so lved for the two unknown d a m p i n g coe f f i c i en t s . 



1.4.4.4 T r a n s i e n t T h e r m a l S t r e s s e s in F u e l E l e m e n t Coolant Channe l s 

Of the v a r i o u s o p e r a t i n g t r a n s i e n t s to wh ich c o r e e l e m e n t s could be 
e x p o s e d , the m o s t l i ke ly to p r o d u c e s e r i o u s t h e r m a l s t r e s s e s would be the 
sudden i n t r o d u c t i o n of cold h y d r o g e n . To d e t e r m i n e the effect of s u c h an 
event on the t h e r m a l s t r e s s s t a t e of the fuel e lenaent coo lan t c h a n n e l c l ad , 
the fol lowing p r o b l e m w a s c o n s i d e r e d : 

The c h a n n e l s w e r e a s s u m e d to be in f in i te ly long , u n c o n s t r a i n e d 
hol low c y l i n d e r s a t a u n i f o r m i n i t i a l t e m p e r a t u r e . At s o m e g iven i n s t a n t , 
coo lan t of a d i f fe r ing t e m p e r a t u r e t r a n s f e r s h e a t f r o m the i nne r s u r f a c e 
of the c h a n n e l whi le the c y l i n d e r b e g i n s g e n e r a t i n g h e a t a t a u n i f o r m r a t e . 
The e x t e r n a l s u r f a c e of the c y l i n d e r i s p e r f e c t l y i n s u l a t e d and a l l m a t e r i a l 
p r o p e r t i e s a r e a s s u m e d t e m p e r a t u r e i ndependen t . 

The b o u n d a r y va lue p r o b l e m was r e s o l v e d by app ly ing r e c e n t l y -
deve loped e x t e n s i o n s of f inite H a n k e l t r a n s f o r m s and then s u b s t i t u t i n g 
the so lu t ion for the t e m p e r a t u r e field into the c o n v e n t i o n a l e x p r e s s i o n s 
for s t r e s s e s in long t u b e s s u b j e c t e d to r a d i a l v a r i a t i o n s in t e n a p e r a t u r e . 
T h i s r e s u l t s in s e r i e s e x p r e s s i o n s for the v a r i o u s s t r e s s e s which involve 
s u m m a t i o n s o v e r the r o o t s of the t r a n s c e n d e n t a l equa t ion u sed in def ining 
the H a n k e l t r a n s f o r m s . F o r s m a l l v a l u e s of the Biot n u m b e r and th in 
c l add ing t u b e s , the n e c e s s a r y r o o t s m a y be e a s i l y d e t e r m i n e d and it is 
found tha t c o n s i d e r a t i o n of only the f i r s t two t e r m s in the s t r e s s e x p r e s s i o n s 
is suff ic ient to p r o d u c e a c c u r a t e r e s u l t s . 

F r o m the c l add ing d i m e n s i o n s , the r a t i o of i n n e r - t o - o u t e r r a d i u s 
w a s t a k e n a s yo = 1.20 and an u p p e r bound on the Biot n u m b e r w a s c o n ­
s e r v a t i v e l y a s s u m e d to be |3 = 1.0 ( t h e r m a l s t r e s s e s i n c r e a s e wi th i n c r e a s e s 
in /3 in the p r e s e n t p rob l ena ) . Us ing the above v a l u e s , a t y p i c a l s t r e s s 
e x p r e s s i o n ( d i m e n s i o n l e s s c i r c u m f e r e n t i a l s t r e s s at the i n n e r s u r f a c e ) i s 

OQ = 0.064 [exp (-4.26T) - exp ( - 2 5 7 . 2 T ) ] (3) 

w h e r e T is d i m e n s i o n l e s s t i m e m e a s u r e d f r o m the t i m e of i n t r o d u c t i o n of 
coo l an t , and the h e a t g e n e r a t i o n r a t e is a s s u m e d z e r o . 

E q u a t i o n (3) g ives a m a x i m u m s t r e s s of a == 0.06. By c o m p a r i s o n , 
a va lue of 1.0 would be c o m p u t e d by n e g l e c t i n g the effect of b o u n d a r y 
c o n d u c t a n c e (/3 = oo) and a s s u m i n g an equ iva l en t i n s t a n t a n e o u s change of 
s u r f a c e t e m p e r a t u r e . T h i s r e s u l t is t y p i c a l of a l l the s t r e s s c o m p o n e n t s 
and r e f l e c t s the i m p o r t a n c e of inc lud ing the effect of s m a l l v a l u e s of the 
Biot n u m b e r . 
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1.4.4.5 P o s s i b l e In f luences of A n i s o t r o p y on T h e r m a l S t r e s s So lu t ions 

A p r o p o s e d m e t h o d for i n c o r p o r a t i n g v a r i o u s d e t a i l s of the i n t e r n a l 
s t r u c t u r e of a fuel e l e m e n t into t h e r m a l s t r e s s c o m p u t a t i o n was to c o n s i d e r 
the e l e m e n t a s a h o m o g e n e o u s but n o n i s o t r o p i c so l id . E l e m e n t g e o m e t r y 
and p r o b a b l e m e t h o d of f a b r i c a t i o n i n d i c a t e d tha t the a p p r o p r i a t e a n i s o t r o p i c 
b e h a v i o r to u s e would be t r a n s v e r s e i s o t r o p y ( i . e . , a m a t e r i a l wi th one 
p r e f e r r e d d i r e c t i o n and s u c h t h a t a l l p l a n s n o r m a l to t h i s d i r e c t i o n a r e 
i s o t r o p i c ) . Such a m a t e r i a l p o s s e s s e s five e l a s t i c c o n s t a n t s , a s c o m p a r e d 
to two c o n s t a n t s of o r d i n a r y i s o t r o p y . M o r e o v e r , few t h e r m a l s t r e s s p r o b ­
l e m s have e v e r b e e n so lved for a n i s o t r o p i c b o d i e s . 

T h e r e f o r e , p r i o r to a t t e m p t i n g a c o m p l e t e a n a l y s i s for the p r o t o t y p e 
e l e m e n t , s i m p l e e x a m p l e p r o b l e m s w e r e s tud ied to ga in i n s igh t into the 
a n a l y t i c a l and n u m e r i c a l d i f f i cu l t i e s p e c u l i a r to an a n i s o t r o p i c t r e a t m e n t . 
T h e s e p r o b l e m s i n c l u d e d ' ( l ) a t r a n s v e r s e l y i s o t r o p i c s p a c e hav ing z e r o 
t e m p e r a t u r e wi th the e x c e p t i o n of a ha l f - in f in i t e c i r c u l a r c y l i n d e r of uni t 
t e m p e r a t u r e ly ing in the d i r e c t i o n of the a x i s of s y m m e t r y ; and (2) a t r a n s ­
v e r s e l y i s o t r o p i c inf ini te r i g h t c i r c u l a r c y l i n d e r whose s u r f a c e has a f inite 
c i r c u m f e r e n t i a l t e m p e r a t u r e band whi le the r e m a i n i n g s u r f a c e i s a t z e r o 
t e m p e r a t u r e . 

A n a l y t i c a l s o l u t i o n s of bo th p r o b l e m s w e r e c o m p l e t e d and suff ic ient 
n u m e r i c a l c o m p u t a t i o n s w e r e p e r f o r m e d to i n d i c a t e tha t the u s e of such 
m o d e l s d o e s no t i n t r o d u c e any s e r i o u s m a t h e m a t i c a l d i f f i cu l t i e s . 

1.4.4.6 M u l t i p u r p o s e H i g h - T e m p e r a t u r e M o d e l T e s t i n g F u r n a c e F a c i l i t y 

At the t i m e of p r o g r a m t e r m i n a t i o n , a f ac i l i t y w a s be ing c o n s t r u c t e d 
to e v a l u a t e the s t r u c t u r a l b e h a v i o r of c a n d i d a t e m a t e r i a l s a n d / o r p r o t o t y p e 
c o m p o n e n t m o d e l s in a h i g h - t e m p e r a t u r e v a c u u m or gas a t m o s p h e r e . As 
shown in F i g . 1-56, the i n t e g r a t e d u n i v e r s a l t e s t i n g m a c h i n e , f u r n a c e , and 
f o r c e a p p l i c a t o r s p r o v i d e the c a p a b i l i t y for app ly ing l a t e r a l , t o r s i o n a l , a n d / o r 
a x i a l f o r ce l o a d i n g s to t e s t s p e c i m e n s o r m o d e l s a t a m b i e n t t e m p e r a t u r e s 
up to 5900°R. C o n t r o l c o n s o l e s for the u n i v e r s a l t e s t i n g m a c h i n e , f u r n a c e 
p o w e r s u p p l i e s , h i g h - v a c u u m s y s t e m , and r e a d o u t i n s t r u m e n t a t i o n a r e 
l o c a t e d wi th in the e x p e r i m e n t a l a r e a . The s y s t e m is supp l ied wi th 600 kVA 
of 3 - p h a s e , 440 vo l t p o w e r . 

H i g h - T e m p e r a t u r e F u r n a c e . T h i s c o m p o n e n t (F ig . 1-57) c o n s i s t s 
of a l a r g e (58 in. O.D. ) , d o u b l e - w a l l e d , w a t e r - c o o l e d chanaber f i t ted wi th 
v a c u u m , h y d r o g e n , w a t e r , i n s t r u m e n t a t i o n , v i e w i n g , and fo rce a p p l i c a t o r 
o p e n i n g s . The f u r n a c e i s s u s p e n d e d f r o m a m o v e a b l e do l ly and is locked 
in to the c e n t e r l i n e of the t e s t i n g m a c h i n e f r a m e . S t r u c t u r a l m o d e l s or t e s t 
s a m p l e s a r e c e n t r a l l y p o s i t i o n e d in the hot zone by t e s t m a c h i n e g r i p p e r s 
w h i c h ex tend t h r o u g h the top and b o t t o m of the f u r n a c e . 



SATURABLE REACTORS 

FURNACE CONTROLS 

VACUUM FURNACE CHAMBER MECHANICAL TESTING MACHINE 

Fig. 1-56. Multipurpose high-temperature model testing facility 



Fig 1-57 Components of high-temperature furnace chamber 

The 3 4 - i n . - h i g h fu rnace hot zone c o n s i s t s of four , t u n g s t e n - m e s h 
hea t ing e l e m e n t s (7 in. I .D . , 8 in. long) which a r e s u p p o r t e d f rom i n d e p e n ­
den t power bus b a r s . T h i s p o w e r input a r r a n g e m e n t p e r m i t s s ign i f ican t 
v a r i a t i o n s in a x i a l t e m p e r a t u r e g r a d i e n t . A w a t e r - c o o l e d t h e r m a l sh ie ld 
p a c k i s i n s t a l l e d a r o u n d the h e a t e r s to r e d u c e t h e r m a l r a d i a t i o n l o s s f rom 
the hot zone . 

F o r c e - A p p l i c a t o r S y s t e m . Th i s s y s t e m (Fig . 1-58) is u sed to apply 
a p r e c i s e fo rce to the t r a n s v e r s e p l ane of the t e s t m o d e l . Mode l d e f l e c ­
t ion v s . load i s m e a s u r e d by a l i n e a r p o t e n t i o m e t e r and fo rce t r a n s d u c e r 
naounted in the r e a r of the fo rce p r o b e . 



S H I E L D ASSY 

Fig 1-58. Sectional view of prototype biaxial force-applicator system 

The force probe consists of a water-cooled tungsten rod, one end of 
which is coupled to a thrust bearing and ball screw assembly and mounted 
to the transducer within the force applicator package. The opposite end of 
the probe projects through the thermal shield in the furnace hot zone and 
inapinges against the test model. Furnace atmosphere is protected by a 
bellows seal on the force train assembly. 

The force applicator drive can be either a manually-operated gear 
reducer for simple experiments, or a servo drive operated with a 
differential-summing circuit control for force vs. deflection studies. In 
addition, a number of force applicator packages can be mounted to the 
furnace viewing ports at various elevations and lateral positions to impose 
a variable axial or radial force distribution on the test model. Finally, the 
test system will also accommodate other deflection monitors, e.g., Optron 
equipnaent for optically measuring stress-strain relationships at extremely 
high temperatures. 

Status of Facility. Funds have been allocated for procurement and 
fabrication of the furnace. The universal testing machine and associated 
instrumentation have been approved and funded, but have not been released 
for procurement. Design of a prototype force-applicator system has been 
completed. 
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Sec t ion 2 

F A S T R E A C T O R R E S E A R C H AND D E V E L O P M E N T 

2.1 A d v a n c e d S y s t e m s and C o n c e p t s 

2 .1 .1 lOOO-MW(e) M e t a l - F u e l e d F a s t B r e e d e r R e a c t o r C o n c e p t 

The D i v i s i o n ' s p a r t i c i p a t i o n in the i n t r a l a b o r a t o r y d e s i g n s tudy of 
a lOOO-MW(e) f a s t b r e e d e r r e a c t o r c o n c e p t for c e n t r a l s t a t i o n p o w e r a p p l i ­
ca t i on w a s c o m p l e t e d wi th the p r e p a r a t i o n of a f o r m a l i n t e g r a t e d r e p o r t in 
f i s c a l 1966.* T a b l e 2 -1 l i s t s t h e m a i n c h a r a c t e r i s t i c s of the r e f e r e n c e 
v a n a d i u m - t i t a n i u m clad , m e t a l l i c u r a n i u m - p l u t o n i u m - f u e l e d c o r e t h a t w a s 
evo lved . A c o n c i s e d e s c r i p t i o n of the m o d u l a r c o r e , p o w e r p lan t , s u p p o r t ­
ing f a c i l i t i e s , and r e l a t e d c o s t s a l s o w a s p u b l i s h e d in the f i s c a l 1965 Annual 
R e p o r t . (See A N L - 7 1 9 0 , p . 143). 

T a b l e 2 - 1 , M a i n C h a r a c t e r i s t i c s of lOOO-MW(e) S o d i u m - C o o l e d 
M e t a l l i c - F u e l e d F a s t R e a c t o r P l a n t 

T h e r m a l P o w e r , MW(t) 2513 
Net P l a n t Ef f i c iency 0.398 
C o r e 

T y p e M o d u l a r 
He igh t , c m 91 
D i a m e t e r , c m 105 
R e g i o n s 2 
T o t a l U + P u Weight , MT 17.9 
F i s s i l e C o n c e n t r a t i o n , w t -% 

I n n e r Reg ion 13.5 
O u t e r R e g i o n 17.5 

B l a n k e t Weight , MT 
Ax ia l 16.5 
I n n e r R a d i a l 14.9 
O u t e r R a d i a l 47 .4 

S o d i u m T e n a p e r a t u r e , °F 
In l e t 720 
Out le t (avg.) 1000 

P o w e r D e n s i t y (avg. ) , k w / l i t e r 450 
B r e e d i n g R a t i o 1.48 
Refue l ing F r a c t i o n 1/3 
Doubl ing T i m e for R e a c t o r I n v e n t o r y , y r 7.6 
R e f e r e n c e C l a d M a t e r i a l V-20 Ti 

W o r k p e r f o r m e d d u r i n g f i s c a l 1966 inc luded f u r t h e r deve lopnaen t 
of n a e c h a n i c a l d e s i g n a s p e c t s to e n s u r e a t igh t , r e p r o d u c i b l e c o r e conf ig­
u r a t i o n , and a c o m p a r a t i v e fuel cyc l e c o s t e s t i naa t e b a s e d upon u s i n g s t a i n ­
l e s s s t e e l c l a d d i n g . The r e s u l t s of t h e s e s t u d i e s a r e s u m m a r i z e d in t h e 
fol lowing p a r a g r a p h s . 



As descr ibed in ANL-7190, the r eac to r consis ts of a ring of six 
core modules which, from a nuclear standpoint, we re very loosely coupled. 
A mechanical ly tight core assembly was obtained by using a s e r i e s of 
lower grid pla tes of d i s s imi l a r naater ials and consequent t he rma l expan­
sion differentials to exert a force against touching pads on the respec t ive 
subassenabl ies . 

Additional fuel cycle cost es t imates were prompted by the p rospec t s 
of using a less expensive cladding m a t e r i a l . The re ference burnup of 
6 at-% was based on calculat ions which assumed a ze ro s t rength for the 
U-Pu fuel and a strong cladding to r e s t r a i n the fission products , with only 
a smal l , total deformation. Because of its s t rength cha rac t e r i s t i c s and 
compatibili ty with the fuel, vanadium-20% ti tanium clad was se lected. How­
ever , m a t e r i a l s studies have indicated that when alloyed with ~25 at-% z i r ­
conium, the uraniuna-plutoniuna fuel would be compatible with s ta in less 
s tee l . The attendant advantages a r e : (1) inc reased naelting point of the 
fuel; and (2) dec reased cladding cos t s . 

In o rder to examine, in an approximate fashion, the influence of 
these advantages on fuel cycle cos t s , fuel composit ions were adjusted and, 
due to the inc reased fuel s trength, an allowable burnup of 7 at-% was a s ­
sumed. The re su l t s of these calculat ions together with the main cost fac­
to rs a r e given in Table 2 -2 . Compared to a hypothetical burnup of 7 at-% 
in V-20% Ti, the use of s ta in less s teel cladding reduces the es t imated fuel 
cycle cost by 0.1 m i l l / k W - h r . This is about the same magnitude of cost 
difference as would preva i l in going frona 6 to 7 at-% burnup in the V-Ti 

Table 2 -2 . Equi l ibr ium Fuel Cycle Costs for Meta l l i c -Fue led Systems 
with Close-Coupled Reprocess ing Fac i l i t i es Serving 

Three lOOO-MW(e) P lan t s 

Annual Capacity Fac to r 80% 
Annual Charge on Working Capital 9% 
F i s s i l e Plutonium $10/gna 
Chemical Reprocess ing $60/kg 

Case I Case II Case III 

Avg. Core Burnup, at-% 
Fue l Mate r ia l 
Clad Mater ia l 
Avg. Refabricat ion Cost, $/kg 
Unit Energy Cost, m i l l s / k W - h r 

Refabricat ion 
Chenaical Reprocess ing 
Puf Credi t 
Working Capital 

Total Fuel Cycle Cost 

6 
U-Pu-
V-20 
130 

0.63 
0.29 

-0.47 
0.57 
1.02 

• T i 

Ti 

7 
U-Pu-
V-20 
130 

0.54 
0.25 

-0.45 
0.58 
0.92 

-Ti 
Ti 

7 
U - P u - Z r 
SS 
90 

0.39 
0.27 

-0.38 
0.52 
0.80 



c l a d d i n g . With the s u c c e s s of s o m e r e c e n t e x p e r i m e n t s in a p p r o a c h i n g 
10 a t -% b u r n u p in naeta l fuel s a m p l e s , t h e r e a p p e a r s to be f l ex ib i l i ty in 
d e s i g n a p p r o a c h to ob ta in h igh b u r n u p s in m e t a l l i c fue l s . 

2 .1 .2 E n g i n e e r i n g D e s i g n and C o s t Study of S o d i u m - H e a t e d S t e a m -
G e n e r a t o r and T u r b i n e - G e n e r a t o r I s l a n d s for 500-MW(e) and 
lOOO-MW(e) C e n t r a l S t a t i ons 

2 .1 .2 .1 O b j e c t i v e s and Scope 

T h i s s tudy r e p r e s e n t s a s e c o n d jo in t effor t by D i v i s i o n p e r s o n n e l 
and Uni ted E n g i n e e r s and C o n s t r u c t o r s , I n c . (UEC) to e s t a b l i s h d e s i g n 
t r e n d s for l a r g e , s o d i u m - c o o l e d , f a s t - b r e e d e r - r e a c t o r - p o w e r e d c e n t r a l 
s t a t i o n s . In add i t i on to upda t i ng the r e s u l t s of the f i r s t s tudy ( s ee ANL-71 90, 
p . 148), t h r e e m o r e s t e a m cond i t i ons w e r e e v a l u a t e d wi th r e s p e c t to ne t 
t h e r m a l e f f ic iency and c a p i t a l c o s t s of the t u r b i n e - g e n e r a t o r i s l a n d ; and for 
two s teana c o n d i t i o n s , c o s t s of the s t e a n a - g e n e r a t o r i s l a n d Avere e s t i m a t e d . 

2 .1 .2 .2 Study P r o c e d u r e 

The w o r k i n g a r r a n g e m e n t wi th UEC w a s s i m i l a r to t ha t of the i n i t i a l 
s tudy p h a s e e x c e p t t ha t D i v i s i o n p e r s o n n e l w e r e m o r e invo lved in the e n g i ­
n e e r i n g a s p e c t s of the s o d i u m and s t e a m c o m p o n e n t s for the s t e a m -
g e n e r a t o r i s l a n d . F o r e a c h s e t of s t e a m c o n d i t i o n s , e n g i n e e r i n g flow s h e e t s 
and equ ip inen t l a y o u t s w e r e d e v e l o p e d c o n s i s t e n t wi th s p e c i f i c a t i o n s wh ich 
e l e c t r i c a l u t i l i t i e s and sa fe ty c o m m i s s i o n s m i g h t e s t a b l i s h for no rnaa l o p ­
e r a t i o n . D e s i g n of the s teana g e n e r a t o r w a s b a s e d on the B a b c o c k and 
W i l c o x c o n c e p t w h i c h i s be ing d e v e l o p e d u n d e r AEC funds . S e l e c t i o n of 
equipnaent for the s t e a m - e l e c t r i c - g e n e r a t i n g i s l a n d w a s b a s e d on UEC 
e x p e r i e n c e . 

C o s t e s t i m a t e s w e r e p r e p a r e d in a c c o r d a n c e wi th the F e d e r a l P o w e r 
C o m n a i s s i o n Uniforna Code of A c c o u n t s . They inc luded a l l d i r e c t and in ­
d i r e c t c o s t s r e l a t e d to m a t e r i a l s , l a b o r , and e q u i p m e n t ; e x c l u d e d w e r e land, 
i n t e r e s t d u r i n g c o n s t r u c t i o n , and c e r t a i n of the p u r c h a s e r s ' i n d i r e c t c o s t s . 

2 .1 .2 .3 T u r b i n e - G e n e r a t o r I s l a n d C o s t s 

The t u r b i n e - g e n e r a t o r i s l a n d c o s t s i n c l u d e a l l e q u i p m e n t f r o m the 
i n l e t s t eana l i ne a t t he T - G bu i ld ing w a l l to the h i g h - v o l t a g e t e r m i n a l s of t h e 
m a i n t r a n s f o r n a e r . 

T a b l e 2 - 3 l i s t s t he c o m p a r a t i v e c o s t s for a l l the n o m i n a l lOOO-MW(e) 
c a s e s •with an op t iona l s i n g l e tandena c o m p o u n d t u r b i n e a r r a n g e m e n t . The 
ne t s t a t i o n e f f i c i enc i e s h a v e b e e n a d j u s t e d s l i gh t ly to p r o v i d e u n i f o r m i t y 
anaong the c a s e s c o n s i d e r e d in the f i r s t and s e c o n d s tudy . 



Table 2 - 3 . Influence of Steam Conditions on Thernaal Efficiency and 
Capital Costs of the Turb ine-Genera tor Island for 

lOOO-MW(e) Nuc lea r -Powered Centra l Stations 

Steam Condition: 
P r e s s u r e - In i t ia l /Reheat Temp. , 

psig - ° F / ° F 

Net The rma l 
Efficiency, 

% 

43.5 
42.6 
40.4 
33.9 
38.5 
41.8 
39.5 

Capital 
Cost, 

$/Net kW 

44.40 
43.15 
47.36 
56.99 
48.37 
45.48 
50,31 

(A) 3500 - lOOO/lOOO 
(B) 2400 - lOOO/lOOO 
(C) 1800 - 900/900 
(D) 1000 - Dry and Saturated 
(E) 1450 - 1000 
(F) 2400 - 950/950 
(G) 2400 - 950 

The resu l t s for the lOOO-MW(e) cases lead to the following comments 
and conclusions: 

(1) Excluding Case D (1000 psig D&S), the es t imated net t he rma l 
efficiencies a r e close (i.e., 38.5% low - 43.5% high). F o r reasonable con­
dit ions, s t eam cycles for fast sodium-cooled r e a c t o r s naay be general ly 
cha rac te r i zed as providing a net station heat r a t e of 8300 Btu /kW-hr . 

(2) Again excluding Case D, the capital costs per net kilowatt range 
from $43.15 (Case B) to $50.31 (Case G). 

(3) Based on an average energy cost of Zl^/\0 Btu for the steana, 
an annual capacity factor of 80%, and annual capital charges of 13%, the four 
s t eam cycles with sodium rehea t (Cases A, B, C, F) yield costs within 
~0.2 m i l l s / k W - h r , while Cases D and G with no sodium rehea t a r e about 
0,3 m i l l s / k W - h r m o r e expensive. Although the assumed average steana en­
ergy cost is a g ross simplification, this approach does provide sonae p e r ­
spective on design t rends for T-G i s lands . 

(4) It would appear that the T-G island for sodium-cooled fast r e ­
ac tors could exhibit a capital cost advantage of about $10/kW(e) over is lands 
for wa te r -coo led the rma l r e a c t o r s . 

The r e su l t s for the nominal 500-MW(e) output a r e s imi l a r : net 
thernaal efficiencies a r e slightly lower and the unit capital costs a r e 15 to 
20% higher than those for a like cycle at lOOO-MW(e) nominal output. 



2 .1 .2 .4 C o m b i n e d S t e a m - G e n e r a t o r and T u r b i n e - G e n e r a t o r I s l a n d C o s t s 

Idea l ly , the to t a l p o w e r p lan t , inc lud ing the fuel c y c l e , should be i n ­
v e s t i g a t e d in o r d e r to speci fy the d e s i g n t r e n d s . A s t ep in th i s d i r e c t i o n is 
to couple the s t e a m - g e n e r a t o r and t u r b i n e - g e n e r a t o r i s l a n d s . 

F o r th i s p u r p o s e , two of the s e v e n s t e a m cond i t ions i n v e s t i g a t e d 
for the t u r b i n e - g e n e r a t o r i s l and w e r e s e l e c t e d for e s t i m a t i n g c o s t s of the 
s t e a m - g e n e r a t o r i s l a n d . The s e l e c t i o n s w e r e b a s e d on p r e v i o u s s t u d i e s 
which i nd i ca t ed tha t ( l ) t e m p e r a t u r e s e l e c t i o n i s m o r e i m p o r t a n t than 
s teana p r e s s u r e b e c a u s e t e m p e r a t u r e l e v e l s in f luence c o s t on a l a r g e r 
n u m b e r of p lan t c o m p o n e n t s ; (2) a 2400 p s i g - 9 5 0 ° F / 9 5 0 ° F sodiuna r e h e a t 
s t e a m cyc le m i g h t be c l o s e to o p t i m u m ; and (3) u s e of a sodiuna r e h e a t e r , 
in add i t ion to i n c r e a s i n g c a p i t a l cos t , would i n c r e a s e p lan t c o m p l e x i t y and, 
p r o b a b l y , d e c r e a s e r e l i a b i l i t y . 

A c c o r d i n g l y , e n g i n e e r i n g e s t i m a t e s w^ere m a d e of the s t e a m - g e n e r a t o r 
i s l a n d c o s t s for 2400 p s i g - 9 5 0 ° F / 9 5 0 ° F s t e a m wi th s o d i u m r e h e a t , and 
2400 p s i g - 950°F with n o n s o d i u m r e h e a t . In both c a s e s , the o v e r a l l b a t t e r y 
l i m i t s w e r e the h i g h - t e m p e r a t u r e s o d i u m in le t l ine to the s t e a m g e n e r a t o r 
and the s e c o n d a r y s o d i u m p u m p d i s c h a r g e l ine a t o n e i n t e r f a c e , and the h igh -
vo l t age t r a n s f o r m e r output t e r m i n a l s at the o t h e r . 

The r e s u l t s a r e l i s t e d in T a b l e 2 - 4 . B e f o r e m a k i n g any c o m p a r i s o n s , 
a few c o m m e n t s on the 2400 p s i g - 950°F cyc l e a r e a p p r o p r i a t e . Th i s cyc l e , 
a s d e s c r i b e d in the UEC s tudy, h a s a v e r y h igh m o i s t u r e con ten t in the lo-w-
p r e s s u r e c y l i n d e r of the t u r b i n e . D i s c u s s i o n s wi th t u r b i n e m a n u f a c t u r e r s 
r e v e a l e d t h e r e w a s no r e a d i l y a v a i l a b l e i n f o r m a t i o n on th i s c y c l e no r on 
c o m m e r c i a l naeans of a l l e v i a t i n g the n a o i s t u r e con ten t . B a s i c a l l y , n e g l e c t ­
ing new m a t e r i a l s o r t u r b i n e s d e s i g n e d for h igh m o i s t u r e , e x t e r n a l m o i s t u r e 
s e p a r a t i o n o r l ive s t e a m r e h e a t a r e p o s s i b i l i t i e s for l o w e r i n g m o i s t u r e con­
ten t . H o w e v e r , e a c h of t h e s e so lu t ions h a s an effect on the h e a t r a t e and 
cap i t a l c o s t . 

T a b l e 2 - 4 . Es t i naa t ed C o s t s of C o m b i n e d S t e a m - G e n e r a t o r and 
T u r b i n e - G e n e r a t o r I s l a n d s wi th and wi thout Sodiuna R e h e a t 

Case 

(F) 

(G) 

Steam Condition, 
psig - ° F / ° F 

2400 - 950/950 

2400 - 950 

Net 
MW(e) 

1029 

1001 

S-G 

36.66 

29.69 

C ost, $/kW(< 

T-G 

45.48 

50.31 

= ) 

Combined 

82.14 

80.00 



The resu l t s of the combined study lead to the following comments 
and conclusions: 

(1) Ignoring the influence of obtaining an allowable naoisture level 
in Case G, and assuming an 80% annual plant capacity factor, 13% charges 
on capital , with an incrementa l energy cost of \bji/lO Btu, one finds a 
0.03 m i l l s / k W - h r differential which favors the sodium reheat cycle . 

(2) Adjustnaents for obtaining an allowable naoisture content would 
i nc r ea se the differential, probably by a slight amount. P lant sinaplifications 
could i nc r ea se the rel iabi l i ty of the nonsodium rehea t cycle. 

These statenaents should be t empered by the fact that only two steana 
conditions were considered along with a pa r t i cu la r type of sodium-heated 
steana genera tor . A m o r e comprehensive study of a l te rna te engineering 
and equipment designs could modify the foregoing observa t ions . Final ly, it 
is in teres t ing to note that linking the tu rb ine -genera to r and s teana-genera tor 
is lands tends to foreshor ten the ex t remes indicated by studies confined to 
the T-G island. An even grea te r impact on apparent design t rends can be 
expected upon inclusion of r eac to r island and fuel cycle de ta i l s . 

2.1.3 lOOO-MW(e) F a s t Breede r Reactor Follow-On P r o g r a m 

2.1.3.1 Ret rospec t 

This p r o g r a m is a continuation of four, AEC-sponsored core design 
studies per formed independently by AUis -Cha lmer s , Combustion Engineer ­
ing, General E lec t r i c , and Westinghouse in 1963. The common objective of 
these studies (designated P h a s e I) was to evaluate the technical feasibil i ty of 
sodiuna-cooled, ceramic-fue led , fast b reede r r eac to r concepts for use in a 
cent ra l stat ion plant of lOOO-MW(e) net capacity, with a turbine inlet s t eam 
t e m p e r a t u r e of 1000°F. This plant would have as a goal the production of 
e lec t r ic power at nainimum cost consistent with a breeding ra t io of ~1 .20 
and a reasonable fuel-doubling t ime . Each study was l imited to the core 
geometry, physics , thernaal c h a r a c t e r i s t i c s , and m a t e r i a l s ; the r eac to r v e s ­
sel; core instrunaentation and mechanica l devices for control and safety; and 
fuel-handling m e c h a n i s m s . 

In thei r t e rmina l r e p o r t s , each of the par t ic ipat ing organizat ions con­
cluded that (1) it was technically feasible to design a fast b r eede r r eac to r 
core with a t he rma l output l a rge enough (~2500 MW) to produce 1000 MW(e); 
and (2) it was deemed advantageous that the studies be extended to include 
the "Total P lant Concept." These conclusions were supported by subsequent 
ANL-AEC evaluation of the four different core concepts that were p resen ted . 



2.1.3.2 Follow-On P r o g r a m 

On August 16, 1965, the Labora tory was authorized by the AEC to 
execute technical naanagement and guidance of P h a s e s IIA, IIB, and III, 
which compr i se the follow-on p r o g r a m . Briefly, P h a s e s IIA and IIB cover, 
respect ive ly , design optimization and cost optinaization of the r eac to r and 
p r i m a r y sys tem, while P h a s e III includes both design and cost optimization 
of the secondary-sod ium and s team tu rb ine-genera to r s y s t e m s . 

At the outset, each of the aforementioned cont rac tors was requested 
to submit p roposa ls for P h a s e IIA and IIB studies in p reass igned counter­
p a r t port ions of the overa l l plant conaplexes. Subject to Division approval, 
these "ver t ica l" studies would be pursued to a depth sufficient to pe rmi t 
a s s e s s m e n t and reconamendation to the AEC of the naost promis ing inte­
grated "Total P lant Concept" for definitive r e s e a r c h , design, and development. 

On October 13, 1965, Atomics Internat ional was authorized to p r e p a r e 
a work schedule covering their proposed P h a s e III effort under separa te 
contract to the AEC and naanagement by the Division. Ultinaately, the ap­
proved schedule was confined to six t a sks . In essence , these tasks encom­
passed a p a r a m e t r i c study to evaluate var ious conabinations of sodium 
t e m p e r a t u r e s , s team p r e s s u r e s and tenapera tures in t e r m s of re la t ive 
capital costs and operat ing costs of secondary sodiuna/s team turbine s y s ­
t ems for a lOOO-MW(e) F a s t Breede r Reactor Power Plant . 

In addition to submitting thei r proposa ls for P h a s e IIA and IIB 
studies by the end of November 1965, each P h a s e I cont rac tor included a 
conamentary on problenas inherent in the "ver t ica l" approach. P a r t i c u l a r 
emphasis was placed on the m e r i t s of a "horizontal" approach: each con­
t r a c t o r indicated a s trong p re fe rence for conducting comprehens ive anal­
yses and evaluations of his own "Total Plant Concepts ." The la t te r approach 
prevai led at subsequent review meet ings (Decenaber 6-10, 1965) attended by 
cognizant AEC, ANL, and cont rac tor personne l . 

Pending rece ip t of AEC authorizat ion to proceed on this ba s i s . 
Atomics Internat ional was advised to t e rmina te its P h a s e III s tudies , s ince 
such studies would be incorpora ted in the rev i sed bid package. At the t ime 
of notification, Al had completed Task II (Initial Scoping Effort) and p r e ­
p a r e d a p r e l im ina ry design of the secondary-sodium and steana turb ine-
genera tor systenas. A t e rmina l r epo r t is in p r e s s . Where applicable, the 
findings will be used in the continuance of the Follow-On P r o g r a m . 

Upon rece ip t of AEC authorizat ion on F e b r u a r y 21, 1966, a tentative 
outline of the Scope of Work, repor t ing p rocedu re s , etc. , was p repa red by 
the Division and forwarded to each cont rac tor for conanaents. These com­
ments were reviewed at a subsequent meeting -with the con t rac to rs on 
March 30, 1966. At that t ime the scope of work was finalized and incorpo­
ra ted in a Request for P r o p o s a l s . 



Briefly, the scope of work for each contractor encompasses the 
Nuclear Steana Supply Systena and Energy Conversion Systena of a linaited 
number of concepts (or var iat ions of a pa r t i cu la r concept), of lOOO-MW(e) 
liquid meta l fast b reeder r e a c t o r s . Fo r adminis t ra t ive convenience, the 
work is to be perfornaed consistent with the following four t a sks : 

Task I: Develop one or m o r e lOOO-MW(e) LMFBR cent ra l station 
power plant concepts on the basis of establ ished ground rules and an es t i ­
mation of the technology attainable in 1980. In addition, consider the ef­
fects of f iss i le and fer t i le m a t e r i a l cos ts , instal led capacity and growth 
ra t e of the power industry, efficient uti l ization of na tura l r e s o u r c e s , safety, 
and other per t inent fac tors . 

P r e p a r e design descr ipt ions and pe r fo rm pre l imina ry evaluations, 
indicating the concept (and a l t e rna tes ) which m e r i t selection as the Refer­
ence Concept. 

Task II; P r e p a r e detailed sys tem and subsys tem design descr ip t ions 
for the Reference Concept selected in Task I and, in such detail as may be 
war ran ted , for any a l te rna te concepts of p r o m i s e . 

Task III: P r e p a r e detailed evaluations of the Reference System and 
Subsystem designs descr ibed in Task II, as well as any a l te rna tes that may 
be agreed upon. Include fully documented trade-off studies and applicable 
paranaetr ic s tudies . Upon completion of Task III, submit final r epor t to the 
Labora tory . 

Task IV: Concurrent with the final repor t , p r e p a r e a document outlin­
ing the r e s e a r c h , developnaent, and component test ing reconamended as 
essent ia l to the successful design and construct ion of a safe, economically 
competi t ive lOOO-MW(e) LMFBR. Where significant uncer ta in t ies exist in 
the technology, potential cost savings shall be weighed against the projected 
costs of a successful development p r o g r a m . 

2.1.3.3 Cur ren t Status of Prograna 

P r o p o s a l s for the "follow-on" prograna have been rece ived from 
Atonaics Internat ional , Babcock & Wilcox, Combustion Engineering, General 
E lec t r i c , and Westinghouse. A l l i s -Cha lmer s asked to be excused because 
of thei r announced withdrawal from the r eac to r bus iness . Babcock & Wilcox 
was reques ted to submit a proposa l because of thei r i n t e re s t and exper ience . 
An unsolici ted proposa l was received from Atonaics Internat ional because of 
sinailar i n t e re s t and pending te rminat ion of their P h a s e III work. 

In summary , the five proposa ls a r e being evaluated. Initial design 
concepts descr ibed in the respec t ive documents cover a var ie ty of core 
geomet r i e s , fuels (carbide and oxide), refueling methods , and p r i m a r y s y s ­
tem and containment configurations. It is expected that the outcome of these 
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evaluations will a s s i s t the AEC in (1) defining the future course of the 
LMFBR r e s e a r c h and development p rog ram; and (2) a s se s s ing the scope 
and capability of indust r ia l par t ic ipat ion in that p r o g r a m . 

2.2 Mater ia l s and Components 

Continued developnaent of advanced fast b reede r r e a c t o r s for safe 
and economic power generat ion is dependent upon availabili ty of naater ials 
and components capable of sustained exposure to, and operat ion in, intense 
fast neutron radiat ion and/or sodium at t e m p e r a t u r e s up to 1200°F. Their 
availabili ty depends upon the r e su l t s of conaprehensive screening, develop­
ment, and per fo rmance evaluation of existing or prototype m a t e r i a l s and 
components in facil i t ies designed to s imulate and to naaintain specific oper­
ating conditions and environments of in te res t . These facil i t ies also mus t 
provide for s imultaneous evaluation and cal ibrat ion of in- l ine or auxi l iary 
components or techniques for monitor ing, controll ing, or renaoving impur i ­
t ies (e.g., carbon, oxygen, fission products , etc.) that may be contained or 
entrained in the sodium coolant. Unless controlled or removed, these im­
pur i t i es could affect adverse ly the physical and mechanica l p rope r t i e s of 
candidate m a t e r i a l s and conaponents, and thus reflect inaccura te a s s e s s ­
ment of thei r potential perfornaance c ha ra c t e r i s t i c s and se rv ice lifetime in 
prototype advanced fast r eac to r s y s t e m s . 

All of these factors a r e being considered in the design and conduct 
of the fast r eac to r m a t e r i a l s and component development p r o g r a m at 
Argonne. The Divisional efforts, the re la ted tes t faci l i t ies , and the p r o g r e s s 
during fiscal 1966 a r e desc r ibed briefly in the following subsect ions . 

2.2.1 1200°F Component and Mate r ia l s Evaluation Loop 

Sustained t roub le - f ree operat ion of control rod d r ives , pumps, 
valves, instrunaentation, piping, etc. , at the t a rge t sodium t e m p e r a t u r e of 
1200°F places a seve re demand on m a t e r i a l s used in the fabricat ion of these 
components . F o r example, at this t e m p e r a t u r e , s ta in less s tee ls opera te in 
a region of dec reased tens i le s t rength. Thus in addition to cor ros ion , they 
a r e subject to further de te r io ra t ion as a consequence of s t r e s s e s inaposed 
by stat ic or dynamic loading, or wear due to rubbing, sliding, or roll ing con­
tact between su r faces . S t r e s s e s placed upon the m a t e r i a l s a r e also depen­
dent upon component configuration. 

These and other aspec ts of conaponent and m a t e r i a l pe r fo rmance 
and behavior will be invest igated in the loop shown in F ig . 2 - 1 . Scheduled 
for completion in 1967, the major features include: 

(1) A l a rge number of posit ions for instal la t ion of ins t rumenta t ion . 

(2) Modular construct ion for g r ea t e r flexibility in removal or addi­
tion of t es t components . 
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(3) A h i g h - c a p a c t i y , e l e c t r o m a g n e t i c p u m p to supply a wide v a r i a ­
t ion in s o d i u m f l o w r a t e . 

(4) F l a n g e d c o n n e c t i o n s a top the s u r g e t ank for i n s t a l l a t i o n of m a ­
t e r i a l s w e a r t e s t i n g m a c h i n e s . 

(5) A d a t a - a c q u i s i t i o n s y s t e m c o n n e c t e d to an e x t e n s i v e a r r a y of 
loop i n s t r u m e n t a t i o n for c o l l e c t i n g and p r o c e s s i n g t e s t da t a . 

Fig. 2-1. 1200°? Components and Materials Evaluation Loop prior to application of insulation. 
Shown installed are: (1) surge tank; (2) pipe bellows; (3) throttling valve; (4) Cono­
seal flange; (5) electromagnetic pump; (6) pressure transducers; (7) flowmeter. 
Modified Falex wear tester will be installed on top the surge tank (1). Coils of wire 
will lead from thermocouples to data-acquisition system (not shown). 

A n u m b e r of c o m p o n e n t s have been i n s t a l l e d as p a r t of the i n i t i a l 
t e s t s e r i e s . They inc lude 4 - i n . C o n o s e a l f l a n g e s , p ipe b e l l o w s , a t h r o t t l i n g 
va lve , and c e r t a i n i n s t r u m e n t a t i o n , e .g. , f l o w m e t e r s and p r e s s u r e t r a n s ­
d u c e r s . T h e i r l oca t ion , a long wi th o the r loop c o m p o n e n t s can be s e e n in 
F i g . 2 - 1 . 

Also shown in the f i gu re is the l a r g e n u m b e r of t h e r m o c o u p l e s tha t 
h a v e b e e n i n s t a l l e d t h r o u g h o u t the loop and a t s t r a t e g i c l o c a t i o n s on i n d i ­
v idua l c o m p o n e n t s . Whi le a n u m b e r of t h e s e t h e r m o c o u p l e s c o m p r i s e p a r t 
of the s o d i u m t e m p e r a t u r e - f l o w c o n t r o l and m o n i t o r i n g s y s t e m , the m a j o r i t y 
supply s e n s i n g v o l t a g e s to the d a t a - a c q u i s i t i o n s y s t e m . Th is s y s t e m 



p e r i o d i c a l l y s c a n s t h e s e vo l t age s and r e c o r d s the da ta on punched p a p e r 
t a p e in b i o c t a l f l e x o w r i t e r code for s u b s e q u e n t c o m p u t e r p r o c e s s i n g o r 
g r a p h i c a l a n a l y s i s . The l a t t e r is p e r f o r m e d r a p i d l y by a H e w l e t t - P a c k a r d 
X-Y p l o t t e r , wh ich can be p r o g r a m m e d to p r o d u c e g r a p h s of p e r t i n e n t p a ­
r a m e t e r r e l a t i o n s h i p s . 

P h y s i c a l e r e c t i o n of the loop i s 90% c o m p l e t e . The d a t a - a c q u i s i t i o n 
s y s t e m w a s s e l e c t e d , p u r c h a s e d , and i n s t a l l e d in the l a b o r a t o r y . Coupl ing 
of th i s s y s t e m to the loop m o n i t o r s is n e a r i n g c o m p l e t i o n . 

2.2.2 H i g h - T e m p e r a t u r e (1200°F) Sod ium, L o n g - T e r m E n v i r o n m e n t a l 
T e s t Loop 

Since i t s c o n s t r u c t i o n in 1957, the t e s t ob j ec t i ve s of t h i s 2 - i n . , 
Type 304 s t a i n l e s s s t e e l loop h a v e been r e d i r e c t e d f r o m eva lua t i on of d -c 
e l e c t r o m a g n e t i c p u m p s in s o d i u m at 25 gpm and 1550°F, to tha t of m a t e r i a l 
c o m p a t i b i l i t y in 1200°F s o d i u m . M o r e r e c e n t l y , i n t e r e s t h a s been f o c u s s e d 
on the condi t ion of the loop p r o p e r , s i n c e the s t r u c t u r e h a s a c c u m u l a t e d 
12,000 h r of o p e r a t i o n , inc lud ing 8,000 h r at 1200°F. 

I n t e r e s t w a s t r i g g e r e d by a c h e m i c a l a n a l y s i s of the s o d i u m , which 
w a s p e r f o r m e d in l a t e f i s ca l 1965. Th i s a n a l y s i s r e v e a l e d only m o d e s t in ­
c r e a s e s in F e and Ni content , d e s p i t e the fact t ha t the loop f e a t u r e s no p r o ­
v i s i o n s for cold t r a p p i n g or hot t r a p p i n g of the s o d i u m . 

E n c o u r a g e d by t h e s e r e s u l t s , a s e c t i o n of the loop p ip ing w a s f o r ­
w a r d e d to U . S . S tee l Co . for c h e m i c a l , p h y s i c a l , and m i c r o s t r u c t u r a l 
a n a l y s e s . F o r p u r p o s e s of c o m p a r i s o n , s i m i l a r a n a l y s e s w e r e p e r f o r m e d 
on a p ipe s e c t i o n "as r e c e i v e d " d u r i n g c o n s t r u c t i o n of the loop . The fol low­
ing da ta have been e x t r a c t e d f r o m t h e i r r e p o r t . 

T a b l e 2 - 5 l i s t s the r e s u l t s of chenaica l a n a l y s e s of both exposed 
and "as r e c e i v e d " p ipe s e c t i o n s . Of p a r t i c u l a r i n t e r e s t is the p e r ­
cen t i n c r e a s e in n i t r o g e n ( f rom 0.14 to 0.24) and s o d i u m ( f rom <0 .01 
to 0 .0270) on the s o d i u m s ide (l .D.) of the exposed s e c t i o n . 

Table 2-5 Chemical Analyses of A IS I Type 304 Stainless Steel 
Loop Piping As Received and after Exposure for 8,000 hr 

to [)ynaniic(24 gpm) Sodium at 1200°F 

Analyses 
Location 

Outside surface 
Midthickness 
Inside surface 

Outside surface 
Midthickness 
Inside surface 

C 

0 063 
0 027 
0 082 

0 068 
0 027 
0 084 

Mn 

187 

185 

183 

186 

P 

0 020 

0 020 

0 020 

0 020 

S 

0 012 

0 012 

0 010 

0 010 

SI 

0 45 

0 46 

0 48 

044 

Cu 

015 

0 15 

015 

0 15 

Composition, 

NI 

10 4 

10 2 

10 2 

10 3 

Cr 

18 5 

18 3 

18 2 

18 3 

% 
Mo 

010 

010 

0 10 

010 

V 

0 05 

0 05 

0 05 

0 05 

TI 

0 01 

0 01 

0 01 

0 01 

Al 

00O4 

0004 

0 0O7 

0 007 

Co 

0 05 

0 05 

0 05 

0 05 

N 

006 
006 
006 

014 
006 
0 24 

Na 

<0 01 

<0 01 

<0 01 

002 

•Not determined 

AISI Composition Range for Type 304 Stainless Steel, % 

C Mn P S SI NI Cr 

008 200 0045 0030 100 8 0 18 0 
Max Max Max Max Max 12 0 20 0 



Tensi le , yield strength, and hardness tes t s of the exposed sec ­
tion yielded values which were above the nainimuna specified by 
ASTM. When flattened in the normal direct ion of pipe curva ture , 
the re was no evidence of cracking; however, when flattened in the 
opposite direct ion, c racks about 0.005 in. deep were observed in 
the a r e a of maxinaum s t r e s s . 

Mic ros t ruc tu ra l analysis of the exposed section revealed the 
existence of a l amel la r phase on the sodium side, but not on the air 
s ide. E lec t ron-probe microana lys i s of this phase indicated a r e a s 
higher in chromium and slightly lower in i ron and nickel than that 
found in a r e a s not associa ted with the l amel la r phase . These obse r ­
vations, coupled with the high nitrogen content of the pipe I.D., 
suggest that the lanaellar phase is predominantly Cr2N. 

In sunamary, the foregoing investigations indicate that the Type 304 
s ta inless s teel piping has not suffered any marked dele ter ious changes in 
naechanical p r o p e r t i e s . However, the detected i nc r ea se in ni t rogen and 
sodiuna in the pipe I.D. enaphasizes the need for a m o r e scientific approach 
to resolving the physicochenaical mechan i sms which might affect the 
s t rength and ductility of existing and prototype m a t e r i a l s upon sustained 
exposure to h igh - t empera tu re sodium. 

Such an approach has been initiated, and tentative avenues of en­
deavor have been identified. Among o thers , they include analyt ical and 
exper imenta l studies to de te rmine the na ture of in te rc rys ta l l ine boundaries 
in polycrys ta l l ine m a t e r i a l s ; the re la t ive orientat ion of linked c rys t a l s and 
thei r chemis t ry in h igh - t empera tu re sodium; and the effect of increas ing 
(horophilic) or decreas ing (horopholic) concentrat ions of dissolved compo­
nents of c rys ta l l ine boundaries on s t ruc tu ra l integri ty . Subsequent accom­
pl ishments of this r e s e a r c h activity will be repor ted under the heading: 
Physicochenaical Mechanics of Metals in Sodium. 

2.2.3 Mater ia l Compatibili ty Test Faci l i ty 

The facility shown in F ig . 2-2 is being used to de te rmine the effects 
of geometry, surface finish, s tat ic loading, and sodium quality on the self-
welding cha rac t e r i s t i c s of like or unlike ma te r i a l s when inamersed in stat ic 
sodium at tenapera tures up to 1200°F. 

In operat ion, five pa i r s of tes t specinaens a r e posit ioned in an 
e lec t r i ca l ly -hea ted autoclave ( L = D = 1 2 in.) par t i a l ly filled with sodium of 
a p rede t e rmined quality. Loadings a r e t r ansmi t t ed to the samples through 
be l lows-sea led push- rods (5/8 in. dia.) which operate through the flanged 
c losure . 
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•THUMB MICROSCREW 

TO LIFT U3AD 

"^"-STRAIN GAGE 

LOAD-LIFTING ROD 

LEAD SHOT LOAD 

CONTAINER 

CONTAINER SUPPORT 

AND ALIGNMENT 

BLANKET GAS 
PRESSURE GAGE 

COVER FLANGE 

ALIGNMENT GRID 

LOAD CELL STRUCTURE 
ALIGNMENT POSITIONS-

Fig. 2-2. Apparatus for evaluating self-welding characteristics of various material combina­
tions and configurations under static load in sodium at temperatures up to 1200°F. 
Inset shows simulated EBR-II subassembly-core grid configuration used in current tests. 



F i v e Type 304 s t a i n l e s s s t e e l b a l l - a n d - c o n e c o n f i g u r a t i o n s a r e u n d e r 
t e s t . They r e p r e s e n t the c u r v e d s e a t i n g s u r f a c e s of s u b a s s e m b l i e s b e a r i n g 
a g a i n s t the f lat , c h a m f e r e d c o r e s u p p o r t g r i d open ings in the E B R - I I . The 
ob jec t ive i s to d e t e r m i n e w h e t h e r or not s t i ck ing wi l l o c c u r a t t e m p e r a t u r e s 
beyond t h o s e of E B R - I I (700°F), up to and inc lud ing 1200°F. 

In t h e s e t e s t s , the b a l l s (1 in. d ia . ) a t t he end of the p u s h - r o d s ( r e p r e ­
s e n t i n g the s u b a s s e m b l i e s ) a r e f o r c e d into the i n v e r t e d f r u s t u m of the cones 
( r e p r e s e n t i n g the g r i d open ings ) u n d e r d i f fe ren t l oads and at a g iven s o d i u m 
t e m p e r a t u r e . As shown in the i n s e t of F i g . 2 - 2 , t he cone i s a l l owed to lift 
wi th the b a l l if t h e r e i s any a d h e s i o n . In s u c h event , t he cone e n c o u n t e r s t h e 
r e s t r a i n i n g p l a t e and is s e p a r a t e d f r o m the b a l l . The n a e a s u r e d f o r c e r e ­
q u i r e d to effect t h i s s e p a r a t i o n i n d i c a t e s the s t r e n g t h of the s e l f - w e l d e d bond 
o r s t i ck ing tha t h a s o c c u r r e d . 

A p p r o x i m a t e l y 865 h r of t e s t i n g h a s b e e n a c c u m u l a t e d thus f a r . D u r ­
ing th i s p e r i o d , l oads of 11 .5 , 2 1 , 38, 80, and 119 lb w e r e app l i ed to the s p e c ­
i m e n s in s o d i u m at 1200°F. The m i n i m u m load c o r r e s p o n d s to the s e a t i n g 
f o r c e of a t y p i c a l E B R - I I c o r e s u b a s s e m b l y , wh i l e the m a x i n a u m load is equa l 
to the y i e ld s t r e n g t h of the a l loy a t the t e s t t e m p e r a t u r e . S o m e s t i ck ing w a s 
e x p e r i e n c e d wi th the 8 0 - and 119 - lb l o a d s ; h o w e v e r , in both c a s e s , a f o r c e 
of l e s s t han 10 lb w a s r e q u i r e d to effect s e p a r a t i o n . 

Of p a r t i c u l a r s i g n i f i c a n c e is the p o s t - t e s t a p p e a r a n c e of t h r e e p u s h -
r o d - b a l l - c o n e a s s e m b l i e s shown in F i g . 2 - 3 . C o r r o s i o n i s n o t i c e a b l e in the 
r e g i o n w h e r e the r o d s p e n e t r a t e the f r e e s u r f a c e of the 1200°F s o d i u m . Sub­
s e q u e n t m e t a l l u r g i c a l t e s t s and e x a m i n a t i o n s of the five p u s h - r o d s r e v e a l e d : 
(1) c h a n g e s in m i c r o s t r u c t u r e ; (2) s e v e r e s e n s i t i z a t i o n , i n d i c a t e d by a m o d i ­
f ied 1-hr S t r a u s s t e s t ; (3) e x t e n s i v e c a r b i d e p r e c i p i t a t i o n in the g r a i n bound­
a r i e s ; and (4) r e d u c t i o n s in t e n s i l e s t r e n g t h , i m p a c t r e s i s t a n c e , and h a r d n e s s . 

A new c o m p l e m e n t of i d e n t i c a l p u s h - r o d - b a l l - c o n e a s s e m b l i e s h a s 
b e e n i n s t a l l e d and wi l l be t e s t e d for a p e r i o d c o n s i d e r a b l y in e x c e s s of 
800 h r . 

2 .2 .4 Modif ied F a l e x M a c h i n e for W e a r T e s t s in H i g h - T e m p e r a t u r e Sod ium 

O p e r a t i o n of c e r t a i n i n - r e a c t o r and a u x i l i a r y m e c h a n i s m s s u c h a s 
c o n t r o l r o d d r i v e s and f u e l - h a n d l i n g m a c h i n e s i s in the c a t e g o r y of i n t e r m i t ­
t en t d e m a n d r a t h e r t han h i g h - s p e e d con t inuous a c t i o n . In p a r t i c u l a r , the 
m a j o r i t y of t h e s e m e c h a n i s m s inc lude c o m p o n e n t s t ha t o p e r a t e u n d e r l o a d s 
a n d / o r invo lve l oaded s u r f a c e s in s l id ing o r r o l l i n g c o n t a c t . Thus the c a p a ­
b i l i ty of t h e s e m e c h a n i s m s to o p e r a t e r e l i a b l y upon denaand, o v e r long 
p e r i o d s of t i m e , i s d e p e n d e n t upon s e l e c t i o n of m a t e r i a l s t ha t a r e m u t u a l l y 
c o m p a t i b l e in con t ac t wi th e a c h o t h e r and the h i g h - t e m p e r a t u r e s o d i u m 



coo lan t a n t i c i p a t e d in a d v a n c e d fas t r e a c t o r s y s t e m s . To f ac i l i t a t e s e l e c t i o n 
of m a t e r i a l s tha t s a t i s fy t h e s e c r i t e r i a , a modi f i ed F a l e x m a c h i n e (F ig . 2-4) 
h a s b e e n deve loped and proof t e s t e d at A r g o n n e . 

Fig. 2-3. Appearance of push-rods, balls, and cones of Type 304 stain­
less steel loaded to 119 lb in 1200°F sodium. Discolored 
areas evidence extent of corrosion attack on push-rods. 

2.Z.4.1 O p e r a t i o n a l C h a r a c t e r i s t i c s 

D e s i g n e d to e v a l u a t e the w e a r c h a r a c t e r i s t i c s of v a r i o u s m a t e r i a l 
c o m b i n a t i o n s in s o d i u m at 1200°F, the m a c h i n e o p e r a t e s as fo l lows : The 
t u b u l a r body, which is s e a l e d to an opening in a loop or t e s t v e s s e l , s u p ­
p o r t s two l e v e r s which s q u e e z e two vee b locks a g a i n s t a c e n t r a l , r o t a t i n g 
shaft e x t e n s i o n whi le i m m e r s e d in the s o d i u m . Both vee b locks and the 
shaft e x t e n s i o n r e p r e s e n t the m a t e r i a l s being eva lua ted ; they can be r e ­
m o v e d and r e p l a c e d with s i m i l a r c o n f i g u r a t i o n s of o t h e r l ike and un l ike 
m a t e r i a l s of i n t e r e s t . (See i n s e t , F i g . 2 - 4 . ) 

The s q u e e z i n g ac t ion on the t e s t s p e c i m e n s is app l i ed at the u p p e r 
end of the loading l e v e r by m e a n s of the b a l l - s c r e w , s e c t o r whee l , and 
be l lows a s s e m b l y m o u n t e d on the s i d e of t h e t u b u l a r body. Ro ta t i on of t h e 
t e s t shaft e x t e n s i o n is i m p a r t e d by the d r i v e shaft of a c o n s t a n t - s p e e d , 
d - c m o t o r a top the body. Th roughou t the t e s t , c o n s t a n t p r e s s u r e is m a i n ­
t a i n e d on the load ing l e v e r by a we igh t s u s p e n d e d f r o m the s e c t o r w h e e l . 
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R a t e of w e a r i s r e c o r d e d e l e c t r o n i c a l l y by m o t i o n of t h i s l e v e r -which, i n 
t u r n , m o v e s t h e c o r e i n a l i n e a r , v a r i a b l e , d i f f e r e n t i a l t r a n s f o r m e r . 

Fig. 2-4. Modified Falex wear tester for evaluating candidate materials in high-temperature sodium, lisets 
show (left) specimen vee blocks, shaft extension, and supporting structure which are immersed in 
the sodium, and (right) simplified sketch of ball screw-sector wheel-loading lever assembly. 



During the course of test ing, the outer water cooling coils around 
the vapor dome provide a reflux t empe ra tu r e region below the sc rew naech­
anism. A wi re mesh in this region opera tes as a flooded m e m b e r . This 
a r rangement nainimizes condensation and deposition of sodium in the 
mechan i sm region, s ince sodium has an appreciable vapor p r e s s u r e at 
1200''F. 

In addition to recording ra t e of wear , the machine can be used to 
naeasure the r a t e of expansion due to fr ict ional heating of the tes t spec imens . 
F r ic t ion is deternained from the changes in cu r ren t requi red to drive the 
constant -speed, d-c motor . Also, the onset of galling is c lear ly evident by 
the torque behavior of the motor and the fluctuations in the wear readout. 
Finally, by replacing the d-c motor with an impulse dr ive, the machine can 
be used for s t a r t - s t op , wear s tudies . 

2.2.4.2 Mode and Objective of Evaluations 

Initial sc reening t e s t s of var ious m a t e r i a l combinations will be con­
ducted in iner t gas at 1200°F. P r o m i s i n g combinations will then be sub­
jected to nnore extensive tes t s in sodium at 1200°F. 

The major p a r a m e t e r s of significance to wear of m a t e r i a l s a r e de­
fined in thei r p r o p e r t i e s . F o r example, the coefficient of wear in iner t gas 
can be expressed by the function: 

Kz / e \ ^ / B A \ g / E A N ^ 
^ " TTD^N VD/ V F ; [F I 

where 
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nunaber of shaft revolutions 

applied force 
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constants 

F o r control pu rposes , a m a t e r i a l of known ha rdness , surface finish, 
and modulus of e las t ic i ty will be subjected to a p rede te rmined number of 
shaft revolut ions and applied loads while wear is m e a s u r e d . F r o m these 
data, the constants K2, a, g, and h will be de te rmined . Other m a t e r i a l s will 
be subst i tuted and the corresponding constants denoted. S imi lar t e s t s will 



be conduc t ed in s o d i u m at 1200°F. The u l t i m a t e ob j ec t i ve wi l l be to r e l a t e 
the v a r i o u s r e l e v a n t p a r a m e t e r s in m a t h e m a t i c a l funct ions wh ich d e s c r i b e 
the r e s p e c t i v e t e s t m o d e l s . 

2 .2 .4 .3 P r o o f T e s t s , Schedu led C o n s t r u c t i o n and A v a i l a b i l i t y 

P r o o f t e s t s of a p r o t o t y p e uni t c o n f i r m e d tha t the m a c h i n e i s c a p a ­
b le of r e c o r d i n g both w e a r and e x p a n s i o n . T h e s e t e s t s w e r e conduc ted wi th 
c a r b o n and s t a i n l e s s s t e e l s in i n e r t gas a t r o o m t e m p e r a t u r e and a t 1200°F. 
Both m a t e r i a l s exh ib i t ed v e r y p o o r w e a r p r o p e r t i e s in the h i g h - t e m p e r a t u r e 
g a s ; b r e a k d o w n o c c u r r e d in a m a t t e r of m i n u t e s wi th low (~20) rpna and 
l ight (275 p s i ) l oad ing . D i a m e t r a l v a r i a t i o n due to f r i c t i o n a l h e a t i n g of the 
shaf t w a s m e a s u r e d to an a c c u r a c y of 0 .000018 in. A S t e l l i t e and C a r b o l o y 
con f igu ra t i on e v i d e n c e d w e a r of 0.0016 in. a f t e r 12 h r at 1200°F and u n d e r a 
load of 660 p s i . 

Nine m o d i f i e d F a l e x m a c h i n e s a r e s c h e d u l e d for i n s t a l l a t i o n and o p ­
e r a t i o n in e a r l y f i s ca l 1967. T h r e e wi l l be i n s t a l l e d in the 1200°F C o m p o n e n t 
and M a t e r i a l s E v a l u a t i o n Loop, and four in s t a t i c s o d i u m p o t s . The o t h e r two 
wi l l be u s e d to e s t a b l i s h c o n t r o l s in i n e r t gas at t e m p e r a t u r e s r a n g i n g f r o m 
r o o m to 1200°F . 

2 .2 .5 1200°F Sod ium F u r n a c e - T e n s i l e T e s t i n g M a c h i n e 

The t e s t o b j e c t i v e s of t h i s un ique f ac i l i t y a r e to i s o l a t e and a s s e s s 
the r e l a t i v e effects of h i g h - t e n a p e r a t u r e s o d i u m , f a s t n e u t r o n i r r a d i a t i o n , 
t e n s i o n , c o m p r e s s i o n , and b i a x i a l s t r e s s e s on the m e c h a n i c a l p r o p e r t i e s of 
t h i n - w a l l e d t u b e s s i m u l a t i n g , for e x a m p l e , fuel e lenaent c l ad . 

As shown in F i g . 2 - 5 , the l ower end of a t u b u l a r t e s t spec inaen , up 
to 8 in . long and 0.50 in. O.D. , is engaged by a chuck in the b o t t o m of a 
Type 304 s t a i n l e s s s t e e l t ank (8 - in . p i p e , 14 in. long) f i l led wi th s o d i u m at 
t e m p e r a t u r e s up to 1200°F . T h i s chuck and t a n k a r e an i n t e g r a l p a r t of a 
r o d e x t e n s i o n wh ich is engaged by the l ower g r i p p e r of a u n i v e r s a l t e n s i l e 
m a c h i n e . At the u p p e r end, the s p e c i m e n i s w e l d e d to a s i m i l a r r o d e x t e n ­
s ion which p e n e t r a t e s a be l lows s e a l and is engaged by the u p p e r g r i p p e r of 
the t e n s i l e m a c h i n e . 

T h i s a r r a n g e m e n t p e r m i t s e longa t ion o r c o m p r e s s i o n of the t u b u l a r 
s p e c i m e n whi l e m a i n t a i n i n g an a r g o n a t m o s p h e r e above the sodiuna in wh ich 
the s p e c i m e n i s i m m e r s e d . B i a x i a l s t r e s s can be app l i ed by p r e s s u r i z i n g 
(with a r g o n ) the s p e c i m e n I .D . t h r o u g h a l / l 6 - i n . - d i a . - b o r e in the u p p e r rod 
e x t e n s i o n . The t e n s i l e m a c h i n e m a y then be p r o g r a m m e d to cyc l e the 
s t r e s s e d tube t h r o u g h any p r e d e t e r m i n e d s t r e s s r a n g e . 

In i t i a l t e s t i n g of an u n i r r a d i a t e d E B R - I I b l anke t e l e m e n t tube w a s 
t e r m i n a t e d a f t e r 20,000 c y c l e s due to f a i l u r e of the be l lows s e a l . At the 
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t ime of te rminat ion , the tube had been cycled to 70% of its yield s t rength 
at 1200°F. Visual inspection of the tube revealed no naacro surface defects . 
A m o r e thorough meta l lu rg ica l examination was deferred in o rde r to in­
vest igate the cause of the bellows fai lure . 

2.2.5.1 Nature of Bellows Seal F a i l u r e 

Upon removal from the tes t facility, the bellows assembly was 
s team cleaned, washed with dist i l led water , and soaked in ethyl alcohol for 
72 hr . It was then washed three more t imes with dist i l led water and allow^ed 
to dry in a i r . 

When thoroughly dried, meta l lu rg ica l and mechanical tes t specimens 
were removed frona th ree sect ions: adjacent to the fai lure, and 1 in. and 
2 in. above the fa i lure . These sections had been exposed to t e m p e r a t u r e s 
ranging from 1200°F at the fa i lure , to about 1000°F at the uppermos t sect ion. 
(Note: Sodium vapor is contained in the O.D. of the bellows and a tmospher ic 
a i r in the I.D.) After removal of the tes t spec imens , the r emainder of the 
bellows assembly was s tored in an a i r a tmosphere . 

Microscopic examination of specimens frona the 1000°F section r e ­
vealed incipient in te rgranula r co r ros ion on the sodium vapor side, but not 
on the air s ide. Cor ros ion of the in te rmedia te section (~1100°F) was m o r e 
pronounced on the sodiuna side and modera te on the air s ide. A modified 
( l5 -min) S t rauss test , followed by e lec t r ica l r e s i s t ance m e a s u r e m e n t on 
this section revea led a 50% inc rease in res i s t iv i ty (2.7 x 10"'* vs . 3.3 x 
10 ohm-cm) , indicating a sensi t ized condition. 

Sinailar examination and test ing of specimens adjacent to the failed 
a r ea revealed gross in te rgranu la r cor ros ion on the sodium side, and a 200% 
inc rea se in e lec t r i ca l res i s t iv i ty (2.0 x 10""* vs . 4.3 x 10""* ohm-cm) . Sam­
ples subjected to a s tandard (48-hr) S t rauss t es t completely dis in tegrated 
after 1 h r . 

The degree of sensi t izat ion in each instance was confirmed by bend 
t e s t s . F o r example, five 180-degree bends were requ i red to s t a r t f rac ture , 
and four additional bends to complete fai lure, of specimens from the 1200°F 
sect ion. By compar ison , 12 bends were requ i red to s ta r t , and 11 additional 
bends to complete, f rac ture of specimens from 1 in. above the failed a r ea . 
In all c a se s , the surface on both sides "powdered," naore deeply on the 
sodium side, leaving a tough, inner core which requ i red additional bends to 
f r ac tu re . 

A s imple alkalinity t es t with l i tmus paper lends support to the belief 
that sodium vapor is affecting the gra in boundaries of the bellows m i c r o -
s t r u c t u r e . After two weeks ' s to rage in air , the balance of the "thoroughly 
cleaned" bellows a s sembly was coated with a white powder. One drop of 
dis t i l led water on each convolution indicated that the powder has basic or 
alkaline chemical p r o p e r t i e s . 



P r e s e n t w o r k i s f o c u s s e d on l 6 0 0 ° F so lu t ion annea l ing the r e p l a c e ­
m e n t be l l ows a s s e m b l y , and to d e t e r m i n e in s u b s e q u e n t t e s t s w h e t h e r s u c h 
p r e t r e a t m e n t can m e a s u r a b l y i n c r e a s e be l lows l i f e t i m e in a s o d i u m v a p o r 
env i ronnaen t . 

2.3 S o d i u m Qua l i t y C o n t r o l 

D e v e l o p m e n t and eva lua t i on of i n - l i n e and of f - l ine i n s t r u m e n t a t i o n 
for s o d i u m oxide and i m p u r i t y c o n t r o l h a s b e e n expanded to e n c o m p a s s a 
b r o a d p r o g r a m to inap rove a n a l y t i c a l e q u i p m e n t and t e c h n i q u e s a v a i l a b l e in 
the D i v i s i o n . T h i s p r o g r a m inc l udes the a c c e l e r a t e d des ign , d e v e l o p m e n t , 
and c o n s t r u c t i o n of a B y p a s s Tube S o d i u m S a m p l i n g and D i s t i l l a t i o n F a c i l i t y 
to p r o v i d e a p r e s e n t l y - n e e d e d a n a l y t i c a l s e r v i c e in ex i s t i ng s o d i u m s y s t e m s 
and f a c i l i t i e s . It a l s o i n c l u d e s c o n s t r u c t i o n of a m u l t i l o o p s o d i u m qua l i t y 
c o n t r o l f a c i l i t y w h e r e i n e x i s t i n g and n e w l y - d e v e l o p e d a n a l y t i c a l d e v i c e s and 
s a m p l i n g t e c h n i q u e s can be s i m u l t a n e o u s l y e v a l u a t e d , c a l i b r a t e d , and c r o s s -
conapa red u n d e r r i g i d l y - c o n t r o l l e d s o d i u m t e m p e r a t u r e s and i m p u r i t y c o n ­
t e n t . F i n a l l y , t he a n a l y t i c a l c a p a b i l i t y of the Sod ium Qua l i t y C o n t r o l 
L a b o r a t o r y h a s b e e n e n h a n c e d by the a c q u i s i t i o n of a 1 0 2 4 - c h a n n e l count ing 
s y s t e m for a c t i v a t i o n a n a l y s i s of i m p u r i t y con ten t in s o d i u m , an a t o m i c a b ­
s o r p t i o n s p e c t r o p h o t o m e t e r for t r a c e a n a l y s i s of n o n a c t i v e i m p u r i t i e s , and 
a m a s s - s p e c t r o m e t e r - t y p e gas a n a l y z e r to m o n i t o r the a t m o s p h e r e d u r i n g 
vacuuna d i s t i l l a t i o n s a m p l i n g o p e r a t i o n s . 

C e r t a i n a s p e c t s of t h i s p r o g r a m w e r e i m p l e m e n t e d d u r i n g f i s c a l 1966, 
and the a c c o m p l i s h m e n t s a r e s u n a m a r i z e d in the fol lowing s e c t i o n s . T h e s e 
s e c t i o n s i n c l u d e the p r o g r e s s of i n v e s t i g a t i o n s i n t r o d u c e d in A N L - 7 1 9 0 . 

2 .3 .1 S o d i u m V a p o r T r a p D e v e l o p m e n t 

T h r e e a d d i t i o n a l A N L - d e s i g n e d , s o d i u m v a p o r t r a p s w e r e f a b r i c a t e d 
and i n s t a l l e d for f u r t h e r p roof t e s t s in i n e r t gas l i ne s l e ad ing to m a j o r c o m ­
p o n e n t s of the f o r m e r F A R E T C o r e T e s t Loop . T h e s e t r a p s a r e c a p a b l e of 
r e m o v i n g sodiuna v a p o r f r o m a r g o n v e n t e d at up to 40 ft / h r frona a s y s t e m 
con ta in ing sodiuna at 1200°F . 

E a c h t r a p c o n s i s t s of a s e r i e s of c o n c e n t r i c s t a i n l e s s s t e e l baff les 
w h i c h s l o p e d o w n w a r d i n s i d e a v e r t i c a l , 8 - in . l eng th of 2 - i n . , Schedu le 40 
s t a i n l e s s s t e e l p i p e . The t r a p ou t l e t is m a i n t a i n e d a t a t e m p e r a t u r e s l igh t ly 
above the s o d i u m nae l t ing po in t . In o p e r a t i o n , the a r g o n - e n t r a i n e d s o d i u m 
d r o p l e t s d e p o s i t on the baff les and r e t u r n by g r a v i t y to t h e bulk s o d i u m in 
the s y s t e m . E a r l i e r b e n c h - t y p e t e s t s of a p r o t o t y p e un i t gave m e a s u r e d 
e f f i c i enc i e s of 97 and 99% at f l o w r a t e s of 5 and 20 f t y h r , r e s p e c t i v e l y . 

F u r t h e r p roof t e s t s of t h e n e w l y - i n s t a l l e d t r a p s w i l l be m a d e in con ­
j u n c t i o n w i th an F F T F s u p p o r t p r o g r a n a b e i n g d e v e l o p e d to u t i l i z e a v a i l a b l e 
t e s t f a c i l i t i e s a t A r g o n n e . 



2.3.2 S o d i u m S a m p l i n g M e t h o d s 

A p p l i c a t i o n of t h r e e p r o t o t y p e m e t h o d s of s a m p l i n g s o d i u m f r o m 
a loop at t e m p e r a t u r e s up to 500°F h a s m e t wi th l i m i t e d s u c c e s s . T h e s e 
m e t h o d s i nc luded d i p - s a m p l i n g t h r o u g h a snaal l g love box, v a c u u m - c u p 
s a m p l i n g , and gu i l lo t ine cut-off of a s o d i u m s a m p l e e x t r u d e d f r o m a b y p a s s 
s a m p l i n g t u b e . 

Whi le no p r o b l e n a s w e r e e n c o u n t e r e d d u r i n g d i p - s a m p l i n g o p e r a t i o n s , 
s u b s e q u e n t a n a l y s e s of a l l s a m p l e s y i e l d e d e x c e s s i v e l y h igh and e r r a t i c 
v a l u e s of oxygen con ten t . In a l l c a s e s , the e x c e s s i v e oxygen w a s a t t r i b u t e d 
to a i r and m o i s t u r e wh ich diffused t h r o u g h the r u b b e r g love m a t e r i a l into 
the glove box. 

T h e r e w a s a l s o c o n s i d e r a b l e v a r i a t i o n in the ox ide m e a s u r e n a e n t s 
m a d e wi th the v a c u u m - c u p s a m p l i n g t e c h n i q u e . O b s e r v a t i o n s t h r o u g h q u a r t z 
windows in the d i s t i l l a t i o n c h a m b e r r e v e a l e d tha t i n c o n s i s t e n c i e s in the 
he igh t of the s o d i u m m e n i s c u s in a 14 c m h e m i s p h e r i c a l cup could r e s u l t 
in a s a m p l e v o l u m e d i f f e r e n c e of ~30%. R e d e s i g n of the s a n a p l e s , a long wi th 
p r o v i s i o n s for c o n t r o l of the f i l l ing o p e r a t i o n , is e x p e c t e d to r e s o l v e t h i s 
p r o b l e m . 

U s e of the g u i l l o t i n e - t y p e c u t t e r to s e c t i o n s o d i u m e x t r u s i o n s of u n i ­
f o r m v o l u m e w a s ine f fec t ive due to s t i c k i n g of the cut-off p e l l e t to the b l a d e . 

2 .3 .3 S o d i u m Q u a l i t y M e a s u r e m e n t Loop 

O r i g i n a l l y c o n s t r u c t e d for E B R - I I co ld t r a p s t u d i e s , t h i s 2 - i n . , 
Type 304 s t a i n l e s s s t e e l loop w a s m o d i f i e d to a c c o m m o d a t e and s i m u l t a ­
n e o u s l y e v a l u a t e v a r i o u s i n s t r u m e n t a t i o n and m e t h o d s for a n a l y z i n g the i m ­
p u r i t y con ten t in s o d i u m at v a r i o u s f l o w r a t e s and t e m p e r a t u r e s . 

E x c e p t for o c c a s i o n a l shu tdown for r e p a i r s , the loop w a s o p e r a t e d 
con t i nuous ly a t 600°F f r o m Ju ly 1, 1965 to A p r i l 26, 1966. D u r i n g th i s 
p e r i o d , two Uni t ed N u c l e a r e l e c t r o c h e m i c a l ox ide n a e t e r s , a B l a k e r e s i s ­
t i v i t y m e t e r , a d i s t i l l a t i o n a n a l y z e r , and a p lugg ing m e t e r w e r e e m p l o y e d 
to naoni tor the i m p u r i t y con ten t in sodiuna c i r c u l a t e d at 10 to 12 g p m . A 
c o n s i d e r a b l e q u a n t i t y of da t a w a s t a k e n f r o m t h e s e i n s t r u m e n t s . In add i t ion , 
b y p a s s l i ne f r e e z e s a m p l e s w e r e r e m o v e d p e r i o d i c a l l y for a m a l g a m a t i o n 
c h e m i c a l a n a l y s i s . 

H o w e v e r , s u b s e q u e n t c o m p a r i s o n s of the da t a r e v e a l e d c o n s i d e r a b l e 
i n c o n s i s t e n c i e s . F o r e x a m p l e , t h e oxygen con ten t of t h e p lugg ing m e t e r 
v a r i e d ±20% d u r i n g c o n s e c u t i v e r u n s ; s m a l l e r v a r i a t i o n s w e r e n o t e d in t h e 
v o l t a g e output of the e l e c t r o c h e m i c a l c e l l s . The B lake m e t e r w a s too s e n s i ­
t ive to sodiuna t e m p e r a t u r e , flow, and o t h e r i n d e t e r m i n a t e c a u s e s . F i n a l l y , 
t he d i s t i l l a t i o n m e t h o d w a s i n a c c u r a t e b e c a u s e a u n i f o r m s a m p l e s i z e cou ld 
not be w i t h d r a w n into the d i s t i l l a t i o n cup . 



S o m e of the above d i f f icu l t ies w e r e enhanced by the fact tha t the 
a c t u a l oxygen con ten t w a s e v e r chang ing due to (1) s t o r a g e of ox ide in cold 
l eg s of d e a d - e n d p i p e s and l a r g e , b e l l o w s - s e a l e d va lves o r i g i n a l l y i n c o r ­
p o r a t e d in the loop; and (2) i n a d e q u a t e t e m p e r a t u r e c o n t r o l of the long p ipe 
r u n s . T h e r e f o r e , the loop is be ing d e a c t i v a t e d . S u b s e q u e n t eva lua t i ons wi l l 
be p e r f o r m e d in the Sod ium A n a l y t i c a l Loop, wh ich i s n e a r i n g c o m p l e t i o n . 

2 .3 .4 S o d i u m A n a l y t i c a l Loop 

When c o m p l e t e d , th i s loop wi l l be u s e d to e v a l u a t e , c a l i b r a t e , and 
c r o s s - c o m p a r e ex i s t i ng o r newly deve loped i n - l i n e a n a l y t i c a l i n s t r u m e n t a ­
t ion and s a m p l i n g t e c h n i q u e s for s o d i u m qua l i ty c o n t r o l in e n g i n e e r i n g s y s ­
t e m s and l o o p s . C r o s s - c o m p a r i s o n s wi l l e m p h a s i z e a c c u r a c y , speed of 
r e s p o n s e , and r e l i a b i l i t y of o p e r a t i o n . 

C o n s t r u c t e d of Type 304 s t a i n l e s s s t e e l and d e s i g n e d to e n s u r e a c c u ­
r a t e c o n t r o l of s o d i u m t e m p e r a t u r e and oxide i m p u r i t y content , the b a s i c 
600°F, 1 5 - g a l - c a p a c i t y t e s t fac i l i ty c o m p r i s e s t h r e e loops (with no va lv ing) 
c o n n e c t e d to a c o m m o n supply of s o d i u m . As shown s c h e m a t i c a l l y in F i g . 2 - 6 , 
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two of the loops (1/2 in. O.D., 7 / l 6 in. I.D,, l / 32 in. wall) a r e equipped to 
accommodate candidate in- l ine analytical ins t rumentat ion and plugging 
indicators , respect ive ly . The former include a d-c Absolute Res is tance 
Meter and two United Nuclear oxygen m e t e r s . Local t empera tu re and im­
puri ty gradients a r e el iminated by means of the thi rd loop. This loop r e c i r ­
culates sodium from the upper region of the vesse l back into the neck of 
an eductor located at the bottom of the vesse l . 

The facility includes provis ions for evaluating l ine- and dip-
sampling techniques . As i l lus t ra ted in Fig , 2-6, the line sampler will be 
connected to a l / 4 - i n . tube leading from the vesse l ; the dip sample r will 
opera te through a 2-in. valved access por t atop the vesse l . 

Design and fabrication of all major components is essent ia l ly com­
pleted. Instal lat ion of the support s t ruc tu re is under way, 

2,3,5 Sodium Quality Control Labora tory 

The analytical capability of this labora tory has been improved 
marked ly by the addition of a 1024-channel counting sys tem, an atomic ab­
sorption spect rophotometer , a m a s s spec t rome te r - t ype gas analyzer , and 
provis ions for controll ing tenaperature and humidity in the work a rea . 

The mult ichannel sys tem will be pa r t i cu la r ly useful for quali tat ive 
and quantitat ive determinat ion of activated impur i t ies in r e a c t o r - g r a d e 
sodium. These impur i t ies range from the type normal ly p re sen t in "as 
rece ived" sodium, to pa r t i c l e s or iginated by cor ros ion , erosion, or solubil­
ity of s t r uc tu r a l or fuel cladding m a t e r i a l . Regard less of the source , ac t i ­
vation analysis is general ly m o r e sensi t ive (higher detection l imi ts) than 
conventional analyt ical naethods. 

Complementing the mult ichannel sys t em is the newly acquired 
spec t rophotometer . It will be used for t r a c e analysis of nonactive impur i ­
t ies in sodium. With this unit, 38 of the m o r e commonly de te rmined e le­
ments can be detected within the range 1.0 to 0.005 / i g /ml . In te r fe rence 
effects, experienced by other ins t rumenta l or wet chemical ana lyses , a r e 
a lmost totally absent . 

Final ly , the m a s s spec t rome te r will be used to furnish quali tat ive 
indication of off-gases that might be genera ted during vacuum dist i l lat ion 
sampling of sys tem sodium. Sensit ivity of this ins t rument , expressed as 
min imum detectable total p r e s s u r e , is 1.5 x 10"'^ T o r r . With minor modi­
fications, it can be adapted for analysis of blanket gas and glove box a tmo­
sphere during sampling opera t ions . 



1 

2.4 I n - C o r e I n s t r u m e n t a t i o n 

O r i g i n a l l y imp lenaen t ed in s u p p o r t of the F A R E T concept ,^ ' t h e w o r k 
u n d e r t h i s r e s e a r c h ac t i v i t y is be ing r e o r i e n t e d c o n s i s t e n t w i th A r g o n n e ' s r o l e 
a s t h e A E C s c e n t e r for fas t r e a c t o r d e v e l o p m e n t . One ob j ec t i ve i s to p r o v i d e in ­
s t r u m e n t a t i o n e s s e n t i a l to the de s ign , d e v e l o p m e n t , c o n s t r u c t i o n , and e x p e r i ­
naenta l u s e of t h e F F T F . T h e e x a c t n a t u r e of the i n s t r u m e n t a t i o n r e q u i r e d , 
and the t e s t f a c i l i t i e s and e n v i r o n m e n t s in wh ich they a r e to be eva lua t ed , 
is pend ing c o m p l e t i o n of n e g o t i a t i o n s b e t w e e n A r g o n n e and F F T F p e r s o n n e l . 
T e n t a t i v e l y , i t i s e x p e c t e d tha t m u c h of the w o r k wi l l r e p r e s e n t an e x t e n s i o n 
of the f i s c a l 1966 effort , wh ich i s s u m m a r i z e d in the fol lowing s u b s e c t i o n s . 

The s c o p e of t h i s effor t h a s r a n g e d f r o m o u t - o f - p i l e and i n - p i l e t e s t ­
ing of ex i s t i ng o r m o d i f i e d c o n a n a e r c i a l l y - a v a i l a b l e t h e r n a o c o u p l e s , f low-
n a e t e r s , l e a d c o n n e c t o r s , s e a l s , and c a b l e s , to s i m i l a r t e s t i n g of new and 
un ique c o u n t e r p a r t s for s e n s i n g and t r a n s m i t t i n g i n - c o r e p a r a m e t e r s and 
v a r i a b l e s in s o d i u m - n u c l e a r r a d i a t i o n e n v i r o n m e n t s r a n g i n g f r o m 650°C to 
in e x c e s s of 2400°C. 

In the c a s e of f u e l - p i n t h e r m o c o u p l e s , for e x a m p l e , c o m b i n a t i o n s of 
c a n d i d a t e r e f r a c t o r y m a t e r i a l s a s w e l l a s p r o t o t y p e a s s e m b l i e s a r e i n i t i a l l y 
s c r e e n e d wi th r e s p e c t to t h e i r t h e r m o e l e c t r i c p r o p e r t i e s , e l e c t r i c a l r e s i s ­
t iv i ty , and c o m p a t a b i l i t y in i n e r t gas f u r n a c e s at t e m p e r a t u r e s up to 2800°C. 
P r o m i s i n g u n i t s a r e f u r t h e r e v a l u a t e d in t e r m s of t h e i r ab i l i t y to m e a s u r e 
c e n t e r l i n e t e m p e r a t u r e s of fuel p ins in t e s t c a p s u l e s d u r i n g s u s t a i n e d e x p o ­
s u r e to a h igh t e m p e r a t u r e , h igh t h e r m a l - and f a s t - n e u t r o n f lux and g a m m a 
env i ronnaen t in the C P - 5 r e a c t o r . 

2 .4 .1 T h e r m o c o u p l e s 

2 .4 .1 .1 Hot Zone E r r o r s 

When r e f r a c t o r y o x i d e - i n s u l a t e d t h e r m o c o u p l e s a r e u s e d to n a e a s u r e 
fuel p in t e m p e r a t u r e s above 1000°C, t h e shun t ing effect of the i n s u l a t i o n m a ­
t e r i a l can r e f l e c t a s ign i f i can t e r r o r in the m e a s u r e d v a l u e s . The m a g n i t u d e 
of t h i s ho t zone e r r o r h a s b e e n t h e o r e t i c a l l y p r e d i c t e d by t r e a t i n g the t h e r m o ­
coup le a s a d i s t r i b u t e d p a r a m e t e r t r a n s m i s s i o n l ine , and so lv ing the r e s u l t ­
ing d i f f e r e n t i a l e q u a t i o n s . It w a s found tha t t h e e r r o r d e p e n d s upon the 
m a t e r i a l s , d i m e n s i o n s , and t e n a p e r a t u r e d i s t r i b u t i o n a long the l eng th of the 
t h e r m o c o u p l e . T h i s w a s a f f i r m e d by s u b s e q u e n t f u r n a c e t e s t i n g of 0 . 0 1 0 - i n . -
d i a . W - 3 % R e / w - 2 5 % Re w i r e s , i n s u l a t e d wi th 99 .8% t h o r i a of the c r u s h a b l e 
t ype , and s p a c e d on 0 . 0 2 0 - i n . c e n t e r s in a t a n t a l u m s h e a t h (0.062 in. O.D. , 
0.010 in . w a l l ) . 

F i g u r e 2 - 7 l i s t s t he c a l c u l a t e d and m e a s u r e d hot zone e r r o r s for the 
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 s t r i b u t i o n s and h y p o t h e t i c a l t h o r i a r e s i s t i v i t i e s . 
C u r v e B a p p r o x i n a a t e s the r e s i s t i v i t y of the t h o r i a u s e d in the t h e r m o c o u p l e 
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t e s t s . As evidenced by the accompanying table, there is good agreement be­
tween calculated and measu red e r r o r s . However, comparison between Curve B 
and Curves C and D indicates that the computational p rocedure is sensi t ive to 
minor var iat ions in res is t iv i ty , par t icu lar ly for values g rea te r than 10 ohm-cm. 
This table also shows that use of thoria represen ted by Curve A in the cur ren t 
t es t s would have reflected the leas t hot zone e r r o r s . 
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Fig. 2-7. Measured and calculated hot zone errors for thoria-insulated, 
tungsten-rhenium thermocouple wires sheathed in tantalum 

2.4.1.2 Resist ivi ty of Refractory Oxides 

Knowledge of the res is t iv i ty of ref rac tory oxides is essent ia l to the de­
velopment of thermocouples to monitor t empera tu res up to 2800°C. If these 
values can be well defined, important computations (hot zone e r r o r s ) can be 
made to a s s i s t in selecting the ma te r i a l combination and size of thermocouple 
best suited for a given t empera tu re environment. 

Alumina. At present , thoria appears to be the only oxide suitable for 
use as e lec t r ica l insulation in sheath-type thermocouples at t empera tu res 
above 2300°C. It has a high melting point (~3300°C) and is compatible with r e ­
fractory meta l s and alloys being considered for sheathing and/or wire ele­
ments . However, since the e lec t r ica l p roper t ies of thoria in this t empera tu re 



r e g i o n a r e not we l l known, and pend ing p r o c u r e m e n t of an anaple supply 
for t e s t p u r p o s e s , the p r o p o s e d r e s i s t i v i t y - m e a s u r i n g t e c h n i q u e w a s c h e c k e d 
out on a m o r e w e l l - d e f i n e d i n s u l a t i n g ox ide , i . e . , a l u m i n a , to e s t a b l i s h a 
c o n t r o l . 

R e s i s t i v i t y m e a s u r e m e n t s w e r e m a d e on both c r u s h a b l e and v i t r i f i e d 
t y p e s of a l u m i n a i n s u l a t o r s . In e a c h i n s t a n c e , the s p e c i m e n (0.055 in. I .D . , 
0 .161 in . O.D. , 3 in . long) w a s p o s i t i o n e d b e t w e e n two t a n t a l u m c o a x i a l 
e l e c t r o d e s and h e a t e d to the d e s i r e d t e m p e r a t u r e in a d r y h e l i u m a t n a o s p h e r e . 
R e s i s t i v i t y da t a w e r e t a k e n •with the a id of a t r a n s i s t o r c u r v e t r a c e r . The 
v a l u e s r e p o r t e d h e r e r e p r e s e n t the i n i t i a l s lope of the c u r r e n t - v o l t a g e t r a c e s . 

It ^vas found tha t the r e s i s t i v i t y of both t y p e s of a l u m i n a w a s inf lu­
enced by two s e p a r a t e e f fec t s , bo th r e l a t e d to the t i m e - t e m p e r a t u r e h i s t o r y 
of the t e s t s p e c i m e n . One effect i s t he " f r e e z i n g - i n " of h i g h - t e m p e r a t u r e 
l a t t i c e de f ec t s b r o u g h t about by r a p i d l y coo l ing the a l u m i n a . The o t h e r is an 
a p p a r e n t s t o i c h i o m e t r i c c h a n g e w h i c h o c c u r s in t h e a l u m i n a w h e n i t i s h e a t e d 
to in e x c e s s of 1800°C in the p r e s e n c e of the t a n t a l u m e l e c t r o d e s . 

The effect of " f r e e z i n g - i n " of de f ec t s on the r e s i s t i v i t y is b e s t i l l u s ­
t r a t e d by n a e a s u r e n a e n t s m a d e on a v i t r i f i ed alunaina s a m p l e . Th i s s a m p l e 
w a s h e a t e d and m a i n t a i n e d a t 1400°F un t i l t he r e s i s t i v i t y s t a b i l i z e d at 
1.82 X 10 o h m - c m . It w a s t hen h e a t e d to 1900°C for t h r e e na inu tes and then 
r a p i d l y coo led ( in ~2 m i n ) to 1400°C, w h e r e u p o n the r e s i s t i v i t y m e a s u r e d 
2.2 7 X 10^ o h m - c m and w a s s lowly d r i f t ing h i g h e r . The i n i t i a l v a l u e of 
1.82 X 10 o h m - c n a w a s r e s t o r e d by h e a t i n g the s a m p l e to 1900°C for t h r e e 
m i n u t e s fo l lowed by a s low c o o l - d o w n (~20 m i n ) to 1400°C. Th i s p r o c e s s 
w a s r e p e a t e d m a n y t inaes , wi th the s a m e r e s u l t s . 

The f o r e g o i n g o b s e r v a t i o n s lend s u p p o r t to the t h e o r y tha t : (1) so 
long as the s a m p l e t e m p e r a t u r e is not he ld in e x c e s s of 1800°C for m o r e 
t han 30 nain, no s t o i c h i o m e t r i c change o c c u r s in the a lunaina; (2) r a p i d c o o l ­
ing of the sanaple does " f r e e z e - i n " l a t t i c e de f ec t s w h i c h a r e p r e s e n t a t h igh 
t e m p e r a t u r e s and c a u s e s an abnornaa l ly low r e s i s t i v i t y at t he l o w e r t e m p e r a ­
t u r e s ; and (3) if the s a m p l e i s coo led s lowly , t he h i g h - t e m p e r a t u r e de f ec t s 
" a n n e a l " out, and the no rnaa l l o w - t e n a p e r a t u r e r e s i s t i v i t y i s r e s t o r e d . 

In s u b s e q u e n t t e s t s , a sanaple of v i t r i f i e d a l u m i n a w^as h e a t e d to and 
he ld at 1900°C for 5-2 h r . D u r i n g th i s p e r i o d , t he r e s i s t i v i t y i n c r e a s e d f r o m 
3.64 to 10 o h m - c m to a m a x i m u n a of 9.1 x 10^ ohm-cna , and the c o l o r of the 
a l u m i n a c h a n g e d frona wh i t e to l ight g r a y . S p e c t r o g r a p h i c and m i c r o p r o b e 
a n a l y s e s i n d i c a t e t ha t the d a r k e n e d a l u m i n a is not c o n t a m i n a t e d wi th t a n t a ­
l u m , bu t a p p e a r s to be s u b s t o i c h i o m e t r i c a l u m i n a . The l o s t oxygen, m o s t 
p r o b a b l y , h a s b e e n a d s o r b e d by the t a n t a l u m . 

Af te r the long h e a t a t 1900°C, the n o r m a l r e s i s t i v i t i e s ( i . e . , wi th no 
" f r o z e n - i n " d e f e c t s ) i n c r e a s e d s l igh t ly a t t e m p e r a t u r e s above l600°C and 
d e c r e a s e d s l i gh t l y a t t e m p e r a t u r e s be low th i s v a l u e . T h e s e da t a a r e p lo t t ed 



in F i g . 2 - 8 . T h e y a r e s l igh t ly h i g h e r than v a l u e s p u b l i s h e d in the open 
l i t e r a t u r e , ^ and a p p r o a c h the a p p a r e n t " r e s i s t i v i t y " for h e l i u m g a s . Thus 

the d i s c r e p a n c y m a y be due to gas gaps 
tha t ex i s t in the r e s i s t i v i t y p r o b e s . I09 
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Fig. 2-8. Resistivity of vitrified and crush-
able types of alumina. Solid 
curve represents average values 
obtained from open literature. 

The d i f f e r ence b e t w e e n r e s i s t i v i ­
t i e s for v i t r i f i ed and for c r u s h a b l e a l u m i n a 
is due p r i n c i p a l l y to the r a t i o of w^ire- to-
i n s u l a t i o n con tac t a r e a . Unl ike the c r u s h -
a b l e a l u m i n a in su l a t i on , the v i t r i f i ed 
a l u m i n a is s l ip fit o v e r the w i r e s ; th i s r e ­
su l t s in poin t o r l ine c o n t a c t s and, c o n s e ­
quen t ly , h i g h e r r e s i s t i v i t y . Th i s i s ev iden t 
f r o m the p lo t t ed da ta for c r u s h a b l e a l u m i n a 
in F i g . 2 - 8 . As the sanaple t e m p e r a t u r e 
w a s i n c r e a s e d to 1900°C, the m e a s u r e d r e ­
s i s t i v i t i e s -were low^, as e x p e c t e d . At the 
c o n c l u s i o n of t h e s e m e a s u r e m e n t s , the 
s a m p l e w a s he ld at 1900°C for 1 h r , du r ing 
wh ich tinae the a l u m i n a p r e s u m a b l y v i t r i ­
f ied. As the t e m p e r a t u r e w a s d e c r e a s e d 
s lowly , the m e a s u r e d r e s i s t i v i t i e s a p ­
p r o a c h e d t h o s e of the v i t r i f i ed a l u m i n a . 

V i t r i f i ed T h o r i a . P i e c e s of v i t r i ­
fied t h o r i a (99.8% or b e t t e r p u r i t y ) a l s o 
ev idenced changes in co lo r f r o m whi te to 
v e r y d a r k g r e y when h e a t e d to >2400°C in 
a h e l i u m a t m o s p h e r e and in the p r e s e n c e 
of t a n t a l u m or W-25% Re . 

S p e c t r o g r a p h i c a n a l y s i s i nd i ca t ed 
no c o n t a m i n a t i o n of the s a m p l e s ; t h e r e ­
fo re the d a r k e n i n g of the t h o r i a h a s b e e n 

a t t r i b u t e d to a s t o i c h i o m e t r i c c h a n g e . What effect th i s change h a s on the 
r e s i s t i v i t y of t h o r i a is not known at th i s t inae . 

2 .4 .1 .3 I n - P i l e T e s t s 

The w o r k r e p o r t e d h e r e is an ex t ens i on of e x p l o r a t o r y i r r a d i a t i o n 
t e s t s of four c a p s u l e s con ta in ing t u n g s t e n - r h e n i u n a t h e r m o c o u p l e s for m e a ­
s u r i n g c e n t e r l i n e t e m p e r a t u r e s in UO2 and in UO2PUO2 fuel p e l l e t s . (See 
A N L - 7 1 9 0 , p . 60.) 

In add i t ion to the s u c c e s s f u l p e r f o r m a n c e of the c o u p l e s , t h e s e t e s t s 
d e m o n s t r a t e d tha t the d e s i g n of h i g h - t e m p e r a t u r e c a p s u l e H T - 1 w a s c a p a ­
b le of a c h i e v i n g a t e s t t e m p e r a t u r e of >2 300°C in the C P - 5 r e a c t o r a t m a x i ­
m u m p o w e r (4.5 MW). Th i s c a p s u l e con ta ined UO2 fuel p e l l e t s which w e r e 
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m o n i t o r e d by a t a n t a l u m - s h e a t h e d , t h o r i a - i n s u l a t e d , W-3% R e / W - 2 5 % Re 
coup le . In addi t ion , t a n t a l u m s p a c e r s w e r e p o s i t i o n e d b e t w e e n the fuel and 
c a p s u l e wa l l , and the c a p s u l e w a s backf i l l ed wi th a r g o n . 

To d e t e r m i n e w h e t h e r the c e n t e r l i n e fuel t e m p e r a t u r e s could be 
v a r i e d o v e r a r a n g e of v a l u e s by changing the fill g a s , an i d e n t i c a l c o u n t e r ­
p a r t of the H T - 1 c a p s u l e w a s a s s e m b l e d , backf i l l ed wi th h e l i u m , and i n ­
s t a l l e d in the r e a c t o r . 

F i g u r e 2 -9 i s a p lo t of the t i m e - t e m p e r a t u r e h i s t o r y of the c a p s u l e 
a s m o n i t o r e d by the s ing l e t h e r m o c o u p l e du r ing the 6 -day t e s t . D u r i n g 
in i t i a l s t a r t - u p , the c a p s u l e t e m p e r a t u r e b e h a v e d n o r m a l l y , r e a c h i n g an 
e q u i l i b r i u m va lue of ~l680°C at the full r e a c t o r power l e v e l . T h i s t e m p e r a ­
t u r e r e m a i n e d e s s e n t i a l l y c o n s t a n t for about 40 h r , a t wh ich t i m e the r e a c t o r 
w a s shu t down r o u t i n e l y . Upon r e s u m p t i o n of r e a c t o r o p e r a t i o n two h o u r s 
l a t e r , the c a p s u l e t e m p e r a t u r e aga in b e h a v e d nornaa l ly du r ing s t a r t - u p . 
How^ever, a f t e r about two h o u r s at m a x i m u m p o w e r , t he i n d i c a t e d t e m p e r a t u r e 
(1825°C) d r o p p e d a b r u p t l y to l600°C and then s o a r e d to 2225°C. It then 
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Fig. 2-9. Centerline temperatures of UO2 fuel pellets as monitored by 
prototype thermocouple in CP-5 irradiation capsule HT-2 
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d r o p p e d r a p i d l y to 800°C and f r o m th i s va lue con t inued to d e c r e a s e s lowly 
and e r r a t i c a l l y to about 200°C. Th roughou t t h i s p e r i o d , the r e a c t o r p o w e r 
l e v e l had not been changed . Six h o u r s p r i o r to t e r m i n a t i o n of the t e s t , the 
c a p s u l e t e m p e r a t u r e i n c r e a s e d sudden ly to about 1540°C and r e m a i n e d e s ­
s e n t i a l l y a t t h i s va lue un t i l the r e a c t o r w a s shut down as s c h e d u l e d . 

P o s t - t e s t e x a m i n a t i o n of the c a p s u l e in a hot ce l l r e v e a l e d tha t t he 
fuel had c r a c k e d and d i s a s s e m b l e d . The t a n t a l u m s p a c e r r o d s and t h e r m o ­
couple s h e a t h had d e t e r i o r a t e d badly , as if s o m e r e a c t i o n had o c c u r r e d . 
The c a u s e of the d e t e r i o r a t i o n o r the n a t u r e of the r e a c t i o n , if any, wi l l be 
i n v e s t i g a t e d in o u t - o f - p i l e t e s t s . A c c o r d i n g l y , f u r t h e r i n - p i l e t e s t s wi l l be 
he ld in a b e y a n c e , pend ing c o m p l e t i o n of th i s i n v e s t i g a t i o n . 

In s u m m a r y , the t e s t ob jec t ive was ach ieved : a lower c e n t e r l i n e 
fuel t e m p e r a t u r e was ob ta ined with the h e l i u m backf i l l . A l so , u s e a b l e s i g ­
na l s w e r e t r a n s m i t t e d th roughou t the 6 - d a y t e s t . With r e f e r e n c e to the 
t e r m i n a l r i s e in t e m p e r a t u r e , it is t h e o r i z e d tha t at th i s poin t the t h e r m o ­
couple w a s a c t u a l l y m o n i t o r i n g the b e h a v i o r of the c r a c k e d fuel . 

2.4.2 I n - C o r e E l e c t r o m a g n e t i c F l o w m e t e r 

Th i s m e t e r (F ig . 2 -10) i s one of t h r e e c o n c e p t s o r i g i n a l l y d e ­
ve loped for m e a s u r i n g s o d i u m coo lan t flow t h r o u g h fuel s u b a s s e m b l i e s in 
the F A R E T c o r e . T e s t s a r e u n d e r w a y to d e t e r m i n e i t s i m p e d a n c e (without 
sod ium) and s igna l n o i s e l eve l s in a h e l i u m a t m o s p h e r e at t e m p e r a t u r e s up 
to 650°C. C o n c u r r e n t l y , the f l o w m e t e r i s being a l t e r n a t e l y t h e r m a l cyc led 
and s o a k e d to " c u r e " the m a g n e t s . 

SECTION A-A 

Fig. 2-10. Sectional views of electromagnetic flowmeter for measuring sodium coolant flow 
through a fuel subassembly. Materials of construction include Type 304 stainless 
steel body and electrodes, Alnico-VB magnets, and soft-iron poles 

F i g u r e 2 -11 shows the t i m e - t e m p e r a t u r e - m a g n e t i c flux h i s t o r y of 
the A l n i c o - V B m a g n e t s a f te r four c y c l e s up to 690°C and two 7 2 - h r soaks 
at 650°C. Owing to t h e r m o c o u p l e ef fec ts , no d e t e c t a b l e emf i s be ing gen­
e r a t e d , even with a 5 0 ° C - g r a d i e n t a c r o s s the m e t e r at a m e a n t e m p e r a t u r e 
of 650°C. Mos t of the m e a s u r e d r e s i s t a n c e is due to a p p r o x i m a t e l y 14 ft of 
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No. 24 AWG s t a i n l e s s s t e e l w i r e l ead ing to the r e a d o u t i n s t r u m e n t s . The 
equ iva l en t f l o w m e t e r r e s i s t a n c e w a s c a l c u l a t e d to be ~34 o h m s a t 23°C and 
- 4 0 o h m s at 650°C. 
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Fig. 2-11. Effect of thermal cycling and soaking in helium on magnetic flux density 
of Alnico-VB magnets in prototype electromagnetic flowmeter 
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Section 3 

LIQUID METAL HEAT TRANSFER RESEARCH PROGRAM 

3.1 Objectives 

The overal l objectives of this p r o g r a m a re : (1) to acquire theore t ica l 
and exper imenta l data on liquid meta ls during single- and two-phase flow, 
boiling, and condensation in forced convection sys tems ; and (2) to use these 
data to derive new methods or to improve engineering computations t r ad i ­
tionally employed in designing liquid metal heat t ransfe r equipment or in 
predict ing t empera tu re gradients in r eac to r coolant channels. 

3.2 Boiling Sodium Studies 

3.2.1 Objective 

The specific objective of these studies is to obtain exper imenta l in­
format ion per t inent to the two-phase heat t r ans fe r and fluid flow behavior of 
alkali me ta l s , pa r t i cu la r ly sodium at a tenaperature of 2100°F and a p r e s s u r e 
of about 8 atm. Var iab les to be invest igated include boiling heat flux and 
t empe ra tu r e difference up to the c r i t i ca l heat flux, boiling and adiabatic 
two-phase p r e s s u r e l o s se s , vapor volume fraction, and boiling stabil i ty 
p a r a m e t e r s . Ultimately, the tes ts will be extended to include the t rans ien t 
behavior of flowing, two-phase sodium in response to var ious types of 
power excurs ions . Knowledge of the t rans ien t phenomena is vital to the 
safe operat ion of h igh - t empera tu re - sod ium-coo led fast b r e e d e r r eac to r 
sys t ems . 

The foregoing tes t s a r e to be conducted in the recent ly completed 
2100°F Boiling Sodium Tes t Faci l i ty . 

3.2.2 2100°F Boiling Sodium Tes t Fac i l i ty 

This facili ty was descr ibed in the FY 1965 Annual Repor t (ANL-7190, 
p. 159). Briefly, it compr i se s a loop fabricated from Nb-1% Zr tubing 
(0.500 in. O.D., 0.035 in. wall) and major components, all enclosed within a 
chamber that can be evacuated to a p r e s s u r e of 10"^ to 10" T o r r . The loop 
proper was const ructed at CANEL to Argonne specif icat ions. Major com­
ponents instal led at Argonne included a the rmal r ad ia t ion- t r ea ted boi ler , 
an adiabatic r i s e r section, a radia t ing coil condenser , and an e l ec t romag­
netic, he l ica l induction pump. 

Upon its a r r i v a l from CANEL, the loop was wrapped with Nb-1% Zr 
ribbon for co r ros ion protect ion. Tantalum condenser shut te rs (to control 
heat loss) were positioned, and the a s sembly fastened to the loop support 
and balancing s t ruc tu r e . This integrated assembly was then instal led in 
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the v a c u u m c h a m b e r . T h e r m o c o u p l e a n d p r e s s u r e t r a n s d u c e r a s s e m b l i e s , 
a n d t h e p r e s s u r i z i n g s y s t e m w e r e a t t a c h e d t h r o u g h p o r t s i n t h e c h a m b e r . 
F i n a l l y , a f t e r a p e r i o d of c h a n n b e r b a k e o u t a n d o p e r a t i o n a t l o w v a c u u m , 
t h e l o o p w a s c h a r g e d w i t h s o d i u m w h i c h h a d b e e n c i r c u l a t e d f o r s e v e r a l 
w e e k s i n t h e 1 3 0 0 ° F h o t t r a p s y s t e m . 

T h e l o o p i s u n d e r g o i n g s h a k e d o w n a n d c a l i b r a t i o n a t l ow s o d i u m 
t e m p e r a t u r e s . T h u s f a r , a l l n a a j o r c o m p o n e n t s a n d i n s t r u m e n t a t i o n h a v e 
o p e r a t e d s a t i s f a c t o r i l y . I n i t i a l b o i l i n g t e s t s w i l l b e c o n d u c t e d u s i n g t h e 
t h e r m a l - r a d i a t i o n - h e a t e d b o i l e r . D e v e l o p e d a t A r g o n n e , t h e t h e r m a l r a d i a ­
t i o n h e a t e r i s c a p a b l e of s u p p l y i n g h e a t f l u x e s u p to 10 B t u / ( h r ) ( f t ). 

3 . 2 . 3 A d v a n c e d H e a t e r D e v e l o p m e n t 

A n e l e c t r o n b o m b a r d m e n t h e a t e r ( E B H ) c a p a b l e of g e n e r a t i n g h e a t 
f l u x e s w e l l i n e x c e s s of 10 B t u / ( h r ) ( f t ^ ) i s b e i n g d e v e l o p e d a s a n e v e n t u a l 
r e p l a c e m e n t f o r t h e t h e r m a l r a d i a t i o n h e a t e r . T o t h i s e n d , s e v e r a l s m a l l -
s c a l e e x p e r i m e n t s h a v e b e e n c o n d u c t e d to g a i n e x p e r i e n c e w i t h E B H o p e r a ­
t i o n a n d to i d e n t i f y t h e m e c h a n i c a l a n d g e o m e t r i c f a c t o r s i n f l u e n t i a l to 
s u c c e s s f u l d e s i g n . T h e r e s u l t s of t h e s e t e s t s w e r e r e p o r t e d in A N L - 7 1 9 0 . 

T h e p r e s e n t d e s i g n i s b e i n g e m p l o y e d a s a h e a t s o u r c e in a s o d i u m 
p o o l b o i l i n g e x p e r i m e n t i n c o n j u n c t i o n w i t h t h e R e a c t o r S a f e t y P r o g r a m . 
W i t h r e f e r e n c e to t h e i n s e t s c h e m a t i c in F i g . 3 - 1 , t h e c e n t r a l l y l o c a t e d , 
l 6 - i n . - l o n g h e a t e r c o n s i s t s of a 0 . 0 3 0 - i n . - d i a . w i r e c a t h o d e p o s i t i o n e d i n ­
s i d e a t u b u l a r a n o d e . B o t h t h o r i a t e d - t u n g s t e n a n d t u n g s t e n w i r e s a r e b e i n g 
e v a l u a t e d . T h e a n o d e i s f a b r i c a t e d f r o m T y p e 3 1 6 s t a i n l e s s s t e e l ( 1 . 0 5 in . 
O . D . , 0 . 2 1 9 in . w a l l ) . T e m p e r a t u r e s a r e m o n i t o r e d b y c h r o m e l - a l u m e l 

Fig. 3-1. Apparatus Used in Electron-bombardment-heated Sodium Pool Boiling Experiment. 
Also shown is a schematic of the EBH-boiler installation. 



thernaocouples attached to the tube wall. Heat is removed from the boiler 
by condensation of sodium vapor on cooling coils instal led above the sodium 
level. The power supply is var iable from 500 to 20,000 V, and is capable of 
del ivering 200 kW at 10 A. 

Over 500 hr of s teady-s ta te and t rans ien t testing have been accumu­
lated. During this period, heat fluxes exceeding 300,000 Btu/(hr)(ft ) have 
been supplied to the anode, with peak sodium t e m p e r a t u r e s up to 1350°F. 
This includes an emiss ion cur ren t range to 3.55 A at a corresponding 
cathode-to-anode potential up to 7700 V. 

Thus far, this s e r i e s of tes ts has yielded information pert inent to 
cathode l ifet ime, as well as the effects of vacuum, anode voltage, and other 
factors upon cathode emiss ion c h a r a c t e r i s t i c s . P r e l i m i n a r y analysis 
indicates : (1) that e i ther thor ia ted- tungsten or tungsten wi res can be em­
ployed for exper iments where hea te r l ifetimes must exceed 1000 hr in 
vacuums ranging from 10" to 10" To r r ; and (2) that p r e s s u r e is the most 
important var iable with respec t to cathode l ifet ime. More stable emiss ions 
and longer cathode l ifet imes (hundred of hours) have been experienced in 
the 10" to 10" To r r range than at p r e s s u r e s less than 10"'* To r r . 

These tes t s will be continued in o rder to obtain information e s ­
sential to completing the Argonne design or selecting one of two large 
(150 kW) EBH configurations recommended by a commerc ia l vendor for 
use in the Nb-1% Zr loop. The la t ter designs - one a t r iode and the other 
a diode - we re evolved from a study contract with EIMAC Corporat ion. 
Both designs were recommended consistent with the following c r i t e r i a ; 

(1) Maximum heat flux: 10^ Btu/(hr)(ft^). 

(2) Trans ien t capability: hea te r shall be capable of increas ing the 
heat flux two o rde r s of magnitude within one second. 

(3) Geome t ry -Ma te r i a l s : hea te r shall supply e lec t rons to a 
5 / l 6 - i n . - L D . , ver t ica l , Nb-1% Zr tube. 

(4) Environment: hea ter shall operate in a vacuum range from 
10"^ to 10"^ To r r at t empe ra tu r e s up to 2100°F. 

An analysis of both hea te r s indicates the tr iode design would provide 
g r e a t e r flexibility in controll ing power t r ans ien t s ; however, on the bas i s of 
dimensional stabil i ty and uniform heat flux, the diode design appears to be 
the leading candidate. 



3.3 E v a l u a t i o n of T r a d i t i o n a l L i q u i d - M e t a l Hea t T r a n s f e r D e s i g n 
C o m p u t a t i o n s 

3.3.1 O b j e c t i v e s and M e t h o d s of A p p r o a c h 

T r a d i t i o n a l d e s i g n c o m p u t a t i o n s involving t u r b u l e n t f o r c e d con­
v e c t i o n h e a t t r a n s f e r in duc ts a r e b a s e d on two m a j o r a s s u m p t i o n s . F i r s t , 
it is a s s u m e d tha t , for a l l p r a c t i c a l p u r p o s e s , h e a t t r a n s f e r coef f ic ien t s 
a r e i n d e p e n d e n t of duct length , i . e . , u s e of "fully deve loped" h e a t t r a n s f e r 
coef f i c ien t s is suff ic ient . Second, that t h e s e coe f f i c i en t s , when e x p r e s s e d 
a s N u s s e l t o r S tan ton n u m b e r s , a r e funct ions of P r a n d t l and R e y n o l d s 
n u m b e r s only. T h e r e is c o n s i d e r a b l e e x p e r i m e n t a l and t h e o r e t i c a l j u s t i f i ­
c a t i o n for t h e s e a s s u m p t i o n s when app l i ed to t u r b u l e n t flow of n o n m e t a l l i c 
f lu ids . Wi th l iquid m e t a l s , h o w e v e r , t h e s e a s s u m p t i o n s can r e s u l t in 
d e s i g n i n a c c u r a c i e s , depend ing on the a p p l i c a t i o n . F o r e x a m p l e , bo th a s ­
s u m p t i o n s a r e u s u a l l y un jus t i f i ed in the d e s i g n of s i m p l e l iquid n a e t a l - t o -
l iquid naeta l h e a t e x c h a n g e r s . ^ One o r both a s s u m p t i o n s m a y be inva l id 
for p r e d i c t i n g t e n a p e r a t u r e s in l iquid m e t a l - c o o l e d r e a c t o r c h a n n e l s , d e ­
pend ing , for e x a m p l e , on the h e a t flux d i s t r i b u t i o n . 

E v a l u a t i o n s of t r a d i t i o n a l d e s i g n c o m p u t a t i o n s u s e d for " s i z i n g " 
and p e r f o r m a n c e a n a l y s i s of l i q u i d - m e t a l h e a t e x c h a n g e r s , and for p r e ­
d ic t ing l i q u i d - m e t a l t e m p e r a t u r e s in r e a c t o r coo lan t c h a n n e l s a r e the m a i n 
i n t e r e s t s of the r e s e a r c h s u m m a r i z e d h e r e . The r e s e a r c h p r o c e d u r e con­
s i s t s of d e t a i l e d n a a t h e m a t i c a l a n a l y s e s b a s e d on " f i r s t p r i n c i p l e s " r a t h e r 
t h a n on u s e of h e a t t r a n s f e r coe f f i c i en t s . R e s u l t s of t h e s e a n a l y s e s a r e 
t hen u s e d to i n v e s t i g a t e the va l i d i t y of the a b o v e - m e n t i o n e d a s s u m p t i o n s 
and t h e i r effect on the a c c u r a c y of p r e d i c t i o n s by t r a d i t i o n a l d e s i g n r e ­
l a t i o n s h i p s . When p o s s i b l e , e x p e r i m e n t a l v e r i f i c a t i o n is sought . A t t e m p t s 
a l s o a r e m a d e to ob ta in " i m p r o v e d " p r e d i c t i o n t e c h n i q u e s when conven t iona l 
ones a r e found too c o m p l e x a n d / o r i n a c c u r a t e . 

Of n e c e s s i t y , " f i r s t p r i n c i p l e s " a r e app l i ed to r e l a t i v e l y s i m p l e 
c o n f i g u r a t i o n s ; o t h e r w i s e the r e q u i r e d m a t h e m a t i c a l a n a l y s e s b e c o m e 
too c o m p l i c a t e d for def in i t ive i n v e s t i g a t i o n s . Thus fa r , only d o u b l e - p i p e 
h e a t e x c h a n g e r s and g e o m e t r i c a l l y s i m p l e coo lan t c h a n n e l s a r e be ing in­
v e s t i g a t e d . E x t e n s i o n s to m o r e c o m p l i c a t e d c o n f i g u r a t i o n s , inc luding 
s h e l l - a n d - t u b e e x c h a n g e r s and a c t u a l r e a c t o r coo lan t channe l g e o m e t r i e s , 
a r e p l a n n e d for the fu tu r e . 

3.3.2 H e a t T r a n s f e r in D o u b l e - P i p e Hea t E x c h a n g e r s 

A c o n c i s e bu t r e l a t i v e l y c o m p l e t e s u m m a r y of a c c o m p l i s h m e n t s in 
th i s c a t e g o r y of r e s e a r c h , f r o m incep t ion t h r o u g h f i s c a l 1966, h a s b e e n 
pub l i shed .^ 



D u r i n g f i s c a l 1966, the p r e v i o u s s p e c i a l i z e d n a a t h e m a t i c a l a n a l y s e s ^ 
w e r e g e n e r a l i z e d to inc lude l a m i n a r o r t u r b u l e n t f lows, v a r i o u s g e o m e t r i c a l 
c o n f i g u r a t i o n s , and bo th c o c u r r e n t and c o u n t e r c u r r e n t o p e r a t i o n s . P r a c t i c a l 
a s p e c t s of t h e s e g e n e r a l i z a t i o n s c o n s i s t e d m a i n l y of unif ied def in i t ions of the 
q u a n t i t i e s r) and 0 wh ich o c c u r in s u g g e s t e d " i m p r o v e d " h e a t e x c h a n g e r d e ­
s ign e x p r e s s i o n s . The quan t i t y 0, c a l l e d the " e f f e c t i v e n e s s coef f ic ien t , " 
m u l t i p l i e s the e x p o n e n t i a l t e r m s in the f a m i l i a r e f f e c t i v e n e s s v s . N T U - t y p e 
of r e l a t i o n s and, t h e r e b y , a c c o u n t s for h e a t t r a n s f e r coef f ic ien t s not be ing 
i n d e p e n d e n t of duct l ength . The quan t i ty T) is the r a t i o of the a c t u a l ful ly-
deve loped o v e r a l l h e a t t r a n s f e r coef f ic ien t to the o v e r a l l coef f ic ien t c o m ­
puted f r o m fully deve loped h e a t t r a n s f e r coef f ic ien ts p e r t a i n i n g to the duct 
b o u n d a r y cond i t ion of u n i f o r m h e a t flux; i t a c c o u n t s for the d e p e n d e n c e of 
i nd iv idua l c h a n n e l N u s s e l t n u m b e r s on the h e a t e x c h a n g e r o p e r a t i n g cond i ­
t i o n s , in add i t ion to the u s u a l P r a n d t l and Reyno lds n u m b e r d e p e n d e n c e . 
Thus 0 and r) a r e in the n a t u r e of c o r r e c t i o n f a c t o r s r e l a t e d to the two 
m a i n a s s u m p t i o n s upon wh ich t r a d i t i o n a l h e a t e x c h a n g e r d e s i g n r e l a t i o n s 
a r e b a s e d . When 0 and r) a r e bo th equa l to uni ty , t h e s e r e l a t i o n s apply in 
t h e i r s i m p l e s t f o r m . 

Ma jo r ef for t w a s c o n c e n t r a t e d on the l iquid m e t a l - t o - l i q u i d m e t a l , 
c o u n t e r c u r r e n t , t u r b u l e n t flow c a s e , and inc luded r e v i s i o n s of the m e r c u r y 
h e a t t r a n s f e r loop for c o u n t e r c u r r e n t flow e x p e r i m e n t s . The m a i n ob jec t ive 
of t h e s e e x p e r i m e n t s , wh ich b e g a n in la te f i s ca l 1966, is to d e t e r m i n e 
v a l u e s of 0 and 7] for c o m p a r i s o n wi th p r e d i c t i o n s of the m a t h e m a t i c a l 
a n a l y s i s . 

The m o s t s ign i f i can t a c c o m p l i s h m e n t of the a n a l y t i c a l effor t d u r i n g 
F Y 1966 w a s the d i s c o v e r y of an a c c u r a t e c o m p u t a t i o n a l p r o c e d u r e , b a s e d 
on f i r s t p r i n c i p l e s , for p r e d i c t i n g o v e r a l l h e a t t r a n s f e r r a t e s in c o u n t e r -
c u r r e n t flow h e a t e x c h a n g e r s . P r i o r to th is p e r i o d , no s a t i s f a c t o r y p r o ­
c e d u r e w a s a v a i l a b l e b e c a u s e of the u n u s u a l m a t h e m a t i c a l a s p e c t s of 
c o u n t e r c u r r e n t o p e r a t i o n tha t a r e i n h e r e n t in a n a l y s e s b a s e d on o t h e r than 
f u l l y - d e v e l o p e d h e a t t r a n s f e r coe f f i c i en t s . 

In o r d e r to adjudge the va lue of the r e s e a r c h to h e a t e x c h a n g e r 
d e s i g n , a s e r i e s of e x p l o r a t o r y c o m p u t a t i o n s w e r e p e r f o r m e d to p r e d i c t 
the h e a t t r a n s f e r a r e a s r e q u i r e d to a c h i e v e spec i f i ed o v e r a l l h e a t t r a n s f e r 
r a t e s . C o m p a r i s o n s w e r e then m a d e wi th a r e a s p r e d i c t e d by t r a d i t i o n a l 
h e a t e x c h a n g e r d e s i g n r e l a t i o n s b a s e d on f u l l y - d e v e l o p e d u n i f o r m flux h e a t 
t r a n s f e r coe f f i c i en t s . T h e r e w e r e s ign i f i can t d i f f e r e n c e s b e t w e e n the r e ­
s p e c t i v e p r e d i c t i o n s . 

The ex ten t of t h e s e d i f f e r e n c e s is shown in Tab le 3 - 1 . In th is t a b l e , 
the spec i f i ed o v e r a l l t r a n s f e r r a t e s a r e e x p r e s s e d in t e r m s of h e a t e x ­
c h a n g e r e f f ic iency . Th i s e f f ic iency is def ined as the r a t i o of the a c t u a l 
o v e r a l l h e a t t r a n s f e r r a t e of a spec i f i c e x c h a n g e r to tha t of an e x c h a n g e r 
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with infinite heat t ransfer a r ea at the same operating conditions. These 
conditions, specified by the dimensionless p a r a m e t e r s H, K, and K^ apply 
to a concentr ic tube heat exchanger with a narrow annulus. 

TABLE 3 -1 . P e r c e n t Differences in Pred ic ted Heat Transfer Areas 

^w -

170 
105 
78 
65 
52 
47 

H 

0 

= 0. 

Kw 

5; K 

= 0. 

64 
56 
49 
42 
35 
32 

= 

05 

0 .05 

Kvv , = 0.1 

58 
43 
34 
28 
26 
18 

Specified 
Efficiency 

0.5 
0.6 
0.7 
0.8 
0.9 
0.95 

K = 

H = 0.1 

_ 

635 
243 
169 
146 
137 

K-w -

H = 0 

64 
56 
49 
42 
35 
32 

0. 

.5 

05 

H = 1 

32 
24 
16 
9 
2 
0 

The p a r a m e t e r H is the famil iar heat capacity flow ra te ra t io and 
is defined by 

H - C2W2/C1W1 (1) 

where C is the fluid specific heat, W is the m a s s flow ra te , and subscr ip ts 
" 1 " and "2" refer to the tube and annulus side of the exchanger, respect ively. 

The p a r a m e t e r K is a re la t ive the rma l r e s i s t ance for heat flow 
from within the fluid in the annulus and is defined by 

K = (kikyk2k^)(a2/ai) (2) 

where a2 is the width of the annulus, ai the inside radius of the tube, and 
k the fluid the rmal conductivity. Heat t r anspor t by turbulent diffusion is 
accounted for by the dimensionless p a r a m e t e r k ' . For the tube side 

kf ~ 0.87 + 0.0031 Pe?•^ 

while for the nar row annulus 

k^ == 0.97 + 0.0033 Pe^•^ 

where Pe is the Pec le t number. 

The p a r a m e t e r K.̂ ^ r ep re sen t s the relat ive thermal r e s i s t ance of the 
tube wall and is defined by 

Kw = (kikt/kw)(b/ai) , (3) 

where k^ is the the rmal conductivity of the wall ma te r i a l and b the wall 
th ickness . 
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Equations (2) and (3) requi re that b « a^ a condition usually met in 
prac t ice . 

The values of H, K, K^ in Table 3-1 a re represen ta t ive of operating 
conditions for actual heat exchangers with nar row annuli. Under these con­
ditions, the t radi t ional heat exchanger design re la t ions always predicted 
heat t r ans fe r a r ea s that were l a rge r than actually requi red to obtain the 
specified overal l heat t r ans fe r ra te . Consequently, except for cases with 
H = 1 and modera te to large heat exchanger efficiencies, use of these r e ­
lations will r e su l t in costly, overs ized heat exchangers . 

For purposes of exchanger design, the newly discovered computa­
tional p rocedure is lengthy and requ i res the se rv ices of a large digital 
computer . On the other hand, the suggested "improved" tradit ional re la ­
t ions, which include the quantit ies 0 and 7], a re much s impler to apply; 
however, they requ i re that these quantit ies be known as a function of ex­
changer operat ing conditions. Accordingly, the analytical effort is also 
focussed on means of simplifying, as much as possible , thei r dependence 
on operating conditions. Table 3-2 l is ts typical values of 0 and r] as a 
function of H, K, and K.^. The effectiveness coefficient 0 also depends on 
the heat exchanger efficiency (or, equivalently, the heat exchanger length), 

TABLE 3-2. Quantities Related to the Turbulent Liquid-Metal 
Countercur ren t Flow Double-Pipe Heat Exchanger 

K 

0,01 

0,05 

0.10 

H 

0.1 
0.5 
0.9 
1.1 
2.0 

0.1 
0.5 
0.9 
1.1 
2.0 

10.0 

0.1 
0.5 
0.9 
1.1 
2.0 

10.0 

K-w 

0(00) 

0.6 
0.78 
0.966 
0.971 
0.85 

0.63 
0.792 
0.968 
0.973 
0.86 
0.7 

0.67 
0.811 
0.971 
0.975 
0.86 
0.75 

= 0 

•n 

4.74 
1.468 
1.037 
0.971 
0.851 

3.50 
1.318 
1.033 
0.974 
0.863 
0.770 

2.76 
1.269 
1.029 
0.977 
0.878 
0.795 

^ w -

0(oc) 

0.8 
0.85 
0.976 
0.979 
0.881 

0.8 
0.856 
0.978 
0.981 
0.888 
0.79 

0.8 
0.867 
0.979 
0.982 
0.894 
0.79 

: 0.05 

r] 

2.39 
1.229 
1.025 
0.979 
0.890 

2.18 
1.206 
1.023 
0.981 
0.898 
0.823 

1.990 
1.181 
1.021 
0.983 
0.908 
0.842 

^ w ' 

0(oo) 

0.8 
0.88 
0.982 
0.985 
0.91 

0.82 
0.892 
0.983 
0.986 
0.914 
0.83 

0.827 
0.899 
0.984 
0.986 
0.918 
0.83 

-- 0.1 

1 

1.851 
1.160 
1.018 
0.985 
0.916 

1.767 
1.147 
1,017 
0.986 
0.922 
0.861 

1.678 
1.133 
1.016 
0.987 
0.929 
0.876 



but for sufficiently large efficiencies the dependence is negligible. As a 
resul t , when the quantit ies 0 and T] in Table 3-2 a re applied as cor rec t ion 
fac tors , the t radi t ional effectiveness vs. NTU-type of relat ionship can 
reproduce mos t of the values for H < 1 in Table 3 -1 . 

3.3.3 Tempera tu r e s in Reactor Coolant Channels 

R e s e a r c h in this category was re la t ively l imited during fiscal 1966, 
During the la t te r pa r t of this period, an analytical investigation of the im­
por tance of axial heat conduction in the coolant was begun. This mode of 
heat conduction is usually neglected in analytical and exper imental studies 
of liquid metal , turbulent convection heat t ransfe r as well as in design 
considera t ions . Justif ication for this assumption is based on studies which 
do not consider cer ta in features of actual r eac to r coolant channels that 
may possibly exe rc i se a g rea te r influence on axial heat conduction. Two 
of these features - nonuniform heat flux dis t r ibut ions, and inlet and outlet 
flow configurations - a r e cur ren t ly under investigation. 

REFERENCES 

1. R. P. Stein, Liquid Metal Heat Transfer, Advances in Heat Transfer 
(eds.) T. F. Irvine and J. P. Hartnett (New York: Academic Press, Inc., 
1966), Vol. Ill, pp. 101-174. 

2. R. P. Stein, Mathematical and Practical Aspects of Heat Transfer in 
Double Pipe Heat Exchangers, Proceedings of the Third International Heat 
Transfer Conference, Chicago, 111., August 7-12, 1966, Vol. I, 
pp. 139-148. 

3. L. J. Koch and M. R. Sims, Reactor Engineering Division Annual Report, 
July 1, 1964 to June 30, 1965, ANL-7190 (March 1966), p. 162. 



178 I 

Section 4 

M AGHETO H Y DiiOpXNAMICS__ ̂  

4.1 Liquid-Metal MHD Genera tors for Central Station and Space Power 

4.1.1 Objectives 

The overal l objective of these studies is to develop and evaluate the 
technical feasibili ty and per formance potential of coupled reac tor - l iqu id 
metal magnetohydrodynamic energy conversion cycles for commerc ia l and 
space power applications. 

There a re severa l incentives for developing such "unconventional" 
b inary power cycles . F i r s t , from a commerc ia l view^point, effective further 
development of the s team cycle is rapidly nearing an end. Although re la ­
tively small gains in efficiency have been achieved by increasing s team 
p r e s s u r e and t e m p e r a t u r e , they have not been very successful , economi­
cally. Second, conventional energy-convers ion cycles cannot be used as 
auxil iary power sources for spacecraft because heat t r ans fe r and w^eight 
considerat ions dictate operat ion at a minimum sink t empera tu re of ~1400°F, 
Third, no conversion p r o c e s s exis ts today which can efficiently ext rac t u se ­
ful energy at t e m p e r a t u r e s above 1100°F, Final ly, the need for developing 
unique cycles is pa r t i cu la r ly justified since continued advances in r eac to r , 
m a t e r i a l s , and space technologies a re likely to r a i se the t empera tu re b a r ­
r i e r s on power sys t ems . 

One power sys tem which holds p romise features a liquid meta l MHD 
genera tor coupled to a nuclear r eac to r heat source . The concept can be 
developed ei ther as a compact pow^er source for spacecraft or as a topping 
unit for a conventional s team plant which functions as the sink or bottoming 
cycle. In the la t te r case , extensive thermodynamic cycle analyses indicate 
that overal l efficiencies of 50-55% can be achieved w^ith a maximum opera t ­
ing t empera tu re of 2000°F, as compared to ~40% at 1050°F for the best 
s team plant operating today (see ANL-7190, p. 167). 

Exper imenta l ly , the initial objective is to es tabl ish the key compo­
nent efficiencies, using scaled-down sys t ems . An understanding of the loss 
mechan i sms in model components is p re requ i s i t e to the design of l a r g e -
scale counte rpar t s . 

Three investigations were completed during the report ing period. 
They re la te to the per formance of d-c conduction tw^o-phase and film-flow^ 
g e n e r a t o r s , and to m a t e r i a l s const ra in ts on a-c induction gene ra to r s . The 
resu l t s a re summar ized in the following sect ions . 



4 .1 .2 D - C Conduc t ion MHD G e n e r a t o r O p e r a t i o n s wi th T w o - P h a s e 
L i q u i d - M e t a l F l o w s 

4 .1 .2 .1 G e n e r a t o r C o n c e p t s 

F i g u r e 4 - 1 shows a h igh ly s imp l i f i ed l i q u i d - m e t a l MHD p o w e r 
c y c l e w h i c h i s b a s e d on t h e p r e m i s e t h a t MHD g e n e r a t o r s can o p e r a t e w^ith 
t w o - p h a s e f lows . In o p e r a t i o n , the effluent f r o m the hea t s o u r c e ( r e a c t o r ) 

e n t e r s the n o z z l e w h e r e p a r t i a l e x ­
p a n s i o n o c c u r s . The tw^o-phase 
m i x t u r e t h e n f lows t h r o u g h the MHD 
g e n e r a t o r w h e r e the e x p a n s i o n p r o ­
c e s s is c o m p l e t e d and p o w e r i s e x ­
t r a c t e d in a m a n n e r s i m i l a r to the 
p l a s m a c y c l e . 

REACTOR 

Fig. 4 -1 . Concept of two-phase liquid-metal MHD 
generator power cycle B e c a u s e the flow p a t t e r n of a 

two-phase m i x t u r e c h a n g e s f r o m a 
d i s p e r s i o n of gas in l iqu id to a d i s p e r s i o n of l iqu id in g a s a s the m i x t u r e 
qua l i ty is i n c r e a s e d , t he e l e c t r i c a l conduc t iv i ty of the fluid changes r a p ­
idly. In the l o w - q u a l i t y r e g i o n s , the t w o - p h a s e m i x t u r e can be t r e a t e d 
e s s e n t i a l l y a s a h o m o g e n e o u s fluid. Da ta t a k e n on an a i r - w a t e r s y s t e m 
ind ica t e tha t the e l e c t r i c a l conduc t iv i ty in the void f r a c t i o n r a n g e 
0 < a, < 0.9 can be r e a d i l y p r e d i c t e d by M a x w e l l ' s r e l a t i o n s h i p : 

o/c^TP - (^ +a) /2 ( l - a) (1) 

Beyond t h i s po in t , dev i a t i ons o c c u r and b e c o m e i n c r e a s i n g l y l a r g e r un t i l 
the r a t i o b e c o m e s infini te at a m i x t u r e qua l i ty of x ~ 0 . 5 0 (a = 0.9987). The 
l a t t e r condi t ion i s i nd i ca t i ve of t o t a l d i s p e r s i o n of the l iqu id p h a s e in the 
g a s p h a s e . The da ta a l so ind ica t e t ha t beyond void f r a c t i o n s of 85-90%, 
w h e r e the l iquid p h a s e b e g i n s to d i s p e r s e in the g a s p h a s e , e l e c t r i c a l con­
duc t ion is e s s e n t i a l l y t h r o u g h the l iquid f i lm on the wa l l . T h e r e f o r e , a 
l i m i t e d qua l i ty and void f r a c t i o n r a n g e e x i s t s w h e r e it is f eas ib l e to p a s s 
the t w o - p h a s e m i x t u r e d i r e c t l y t h r o u g h the g e n e r a t o r wi thout a r a d i c a l 
d rop in p e r f o r m a n c e . 

A c c o r d i n g l y , for the c a s e of v e r y h i g h - v o i d - f r a c t i o n - l i q u i d d i s ­
p e r s e d in a g a s flow^ r e g i m e , a f i lm-f low g e n e r a t o r w^as conce ived . In t h i s 
concep t (F ig . 4 - 2 ) , the l i q u i d - v a p o r effluent f r o m a r e c t a n g u l a r , h igh-
a s p e c t - r a t i o - n o z z l e i m p i n g e s at a s m a l l angle (~15°) on the l o w e r s u r f a c e 
of the g e n e r a t o r . Upon i m p i n g e m e n t , the l iquid is s e p a r a t e d f r o m the 
v a p o r and a h i g h - v e l o c i t y f i lm is f o r m e d . T h i s f i lm i n t e r a c t s w i t h the 
m a g n e t i c f ie ld and b u i l d s up in t h i c k n e s s as e l e c t r i c a l e n e r g y is e x t r a c t e d . 
S e p a r a t i o n and p o w e r g e n e r a t i o n m a y o c c u r s i m u l t a n e o u s l y . By us ing a 
f i lm flow g e n e r a t o r , t r a n s i t i o n a l k ine t i c h e a d l o s s e s b e t w e e n s e p a r a t o r 
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Fig. 4-2. Concept of film-flow MHD generator 

and g e n e r a t o r a r e e l i m i n a t e d . A l so , 
end l o s s e s on the h i g h - v e l o c i t y side 
of the g e n e r a t o r a r e r e m o v e d s ince 
the fluid e n t e r s as a h i g h l y - d i s p e r s e d 
m i x t u r e . 

4 .1 .2 .2 T e s t M o d e l s and P r o c e d u r e s 

L u c i t e m o d e l s of bo th gen ­
e r a t o r s w e r e p e r f o r n a a n c e t e s t e d in 
a l a r g e NaK-N2 loop shown s c h e m a t i ­
ca l ly in F i g . 4 - 3 . The m a g n e t 
(16 in. d ia . ) is a l o w - i m p e d a n c e uni t 

d e s i g n e d for o p e r a t i o n w i th k e r o s e n e coolan t . It i s m o u n t e d on a p l a t f o r m 
wh ich m o v e s l a t e r a l l y in s lo t s m i l l e d in the b a s e suppo r t ; t hus the a i r gap 

Fig. 4-3. NaK-N2 loop used to evaluate performance of MHD generators. NaK is pumped from the supply 
tank (1) through the EM flowmeter (2) into the injector (3) where the NaK is mixed with dry 

The two-phase mixture flows through the nozzle (4) and generator (5) into the separation ^2-
tank (6). At this point, the N2 is exhausted to the atmosphere and the NaK flows back to the 

supply tank. 
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b e t w e e n m a g n e t y o k e s and g e n e r a t o r channe l can be v a r i e d b e t w e e n 2 and 
20 in. I n t e n s i t y of the m a g n e t i c f ield is con t inuous ly ad jus t ab l e f r o m 500 
to 17,000 g a u s s , wi th a nonhonaogenei ty of l e s s than 0.5%. 

The t w o - p h a s e flow g e n e r a t o r w a s of v a r i a b l e c r o s s s ec t i on d e s i g n , 
w i th an a s p e c t r a t i o (C = r a t i o of l eng th to width) of 2 .75 , b a s e d on a log 
m e a n wid th of aj-|-̂  = 5.5. D i m e n s i o n a l l y , the in le t m e a s u r e d 3 /8 in. x 2 in. 
and the exi t 3 /8 in. x 9\ in. 

With one excep t ion (height = 1.625 in . ) , the d i m e n s i o n s of the f i lm-
flow g e n e r a t o r w e r e i den t i ca l to t hose of the t w o - p h a s e flow un i t . 

P e r f o r m a n c e da ta for bo th g e n e r a t o r s w e r e t a k e n o v e r the following 
p a r a m e t e r r a n g e s : m i x t u r e qua l i ty , 0 < x < 0.06; l iquid f l o w r a t e , 
0 < W^ < 3.75 l b / s e c ; and m a g n e t i c f ield i n t e n s i t y , 0 < BQ < 12,000 g a u s s . 
The m a x i m u m m e a s u r e d p o w e r a c h i e v e d w a s 237 w a t t s . 

4 .1 .2 .2 R e s u l t s 

B e c a u s e of the l i m i t e d p a r a m e t e r r a n g e s c o v e r e d , the da ta for bo th 
g e n e r a t o r s can be ad judged a s p r e l i m i n a r y . At m o s t , the o b s e r v a t i o n s and 
t r e n d s in e a c h i n s t a n c e a r e i nd i ca t ive of p o s s i b l e l i m i t a t i o n s in p e r f o r m a n c e . 

a fun 

0.5 

0.4 

•^. 0.3 

o 0.2 

F i g u r e 4 - 4 shows the ef f ic iency of the t w o - p h a s e flow g e n e r a t o r a s 
c t ion of m a g n e t i c f ie ld s t r e n g t h for v a r i o u s in le t m i x t u r e q u a l i t i e s . 

Also shown is the m a x i m u m t h e o r e t i c a l 
e f f ic iency, a s g iven by the r e l a t i o n s h i p 

MAGNETIC FIELD gauss 

Fig. 4- •4. Effect of mixture quality and 
magnetic field strength on 
efficiency of liquid-metal two-
phase flow MHD generator. 
Uppermost curve is the theoreti­
cal maximum efficiency. 
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The t h e o r e t i c a l u p p e r l i m i t is only 
a function of g e n e r a t o r g e o m e t r y . Th i s i s 
s u p p o r t e d by the da ta for o p e r a t i o n at z e r o 
qua l i ty , wh ich a p p r o a c h e s the t h e o r e t i c a l 
l i m i t a s the f ie ld s t r e n g t h i s i n c r e a s e d . 
T h i s t r e n d r e f l e c t s the r e d u c e d p r o p o r t i o n 
of the t o t a l p r e s s u r e d rop tha t can b e a t t r i b ­
u ted to f r i c t i ona l l o s s e s . F o r a fixed flow-
r a t e , a s the f ie ld i s i n c r e a s e d , the A P 
a c r o s s the g e n e r a t o r i n c r e a s e s w h e r e a s the 
f r i c t i o n a l l o s s e s r e m a i n e s s e n t i a l l y cons t an t . 



H o w e v e r , a s t h e m i x t u r e qua l i ty and void v o l u m e f r a c t i o n a r e i n ­
c r e a s e d , t he g e n e r a t o r ef f ic iency d e c r e a s e s g r a d u a l l y un t i l a m i x t u r e 
qua l i ty of 0.02 i s r e a c h e d . Beyond t h i s po in t , the p o w e r output and effi­
c i ency d r o p sudden ly to z e r o . T h i s sudden d r o p in p e r f o r m a n c e can be 
v i ewed m o r e r e a l i s t i c a l l y on a void f r a c t i o n b a s i s , s i nce da ta t a k e n on a 

qua l i ty b a s i s can be m i s l e a d i n g in an 
e x t r a p o l a t i o n to o t h e r f lu ids and p a r a m ­
e t e r r a n g e s . A c c o r d i n g l y , t h e d rop-of f in 
ef f ic iency o c c u r r e d at vo id f r a c t i o n s 
g r e a t e r t han 0 ,85 . 
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With r e s p e c t to the f i lm- f low gen ­
e r a t o r , F i g . 4 - 5 shows t y p i c a l t r e n d s of 
p o w e r wi th l iqu id f l o w r a t e and m a g n e t i c 
f ie ld s t r e n g t h . T h e s e t r e n d s m a y be a t ­
t r i b u t e d to sk in f r i c t i on . F o r e x a m p l e , 
the da ta p lo t t ed m the u p p e r c u r v e w e r e 
t a k e n at a f ixed m a g n e t i c f ie ld s t r e n g t h of 
9100 g a u s s and in a l iqu id ve loc i t y r a n g e 
of 200-250 f t / s e c . It can be shown a n a ­
ly t i c a l l y t ha t the v e l o c i t y l o s s is i n v e r s e l y 
p r o p o r t i o n a l to the l iqu id f l o w r a t e for a 
spec i f i ed d r a g f o r c e . T h e r e f o r e , a s the 
t o t a l l iqu id flow is r e d u c e d , the ve loc i t y 
and k ine t i c e n e r g y l o s s in the f luid f i lm 
IS i n c r e a s e d . S i m i l a r l y , for a f ixed flow-

r a t e and qua l i ty , r e p r e s e n t e d by the da ta m the l o w e r c u r v e , the r e l a t i v e 
effect of f r i c t i on is r e d u c e d a s the m a g n e t i c f ield s t r e n g t h i s i n c r e a s e d . 
The g e n e r a t o r , m effect , b e c o m e s s h o r t e r . The da ta show p r o m i s e of i m ­
p r o v e d p e r f o r m a n c e wi th a l a r g e r - s c a l e g e n e r a t o r . 

0 2 4 6 8 10 12 
MAGNETIC FIELD, lo' gauss 

Fig. 4-5. Typical power trends of film-
flow MHD generator as a function 
of liquid flowrate and magnetic 
field strength 

4 . 1 . 3 R e d u c t i o n of E n d L o s s e s m M H D C h a n n e l s 

4 . 1 . 3 . 1 N a t u r e of P r o b l e m 

T h e p r e s e n c e of e l e c t r i c - c o n d u c t i n g f l u i d u p s t r e a m a n d d o w n s t r e a m 
of t h e g e n e r a t o r e l e c t r o d e s a n d a p p l i e d m a g n e t i c f i e l d p r o v i d e s p a t h s f o r 
f l o w of s u b s t a n t i a l l e a k a g e c u r r e n t s . In g e n e r a t o r c h a n n e l s of l o w a s p e c t 
r a t i o , t h e s e e l e c t r i c a l e n d l o s s e s m a y r e a c h a l a r m i n g p r o p o r t i o n s a n d e v e n 
p r e c l u d e n e t p o w e r g e n e r a t i o n . T h e p r o b l e m of a c c u r a t e p r e d i c t i o n a n d 
r e d u c t i o n of t h e s e l o s s e s i s of p a r t i c u l a r s i g n i f i c a n c e w h e n a p p l i e d to l i q ­
u i d m e t a l M H D g e n e r a t o r s . 

A n u m b e r of i n v e s t i g a t o r s h a v e s u g g e s t e d i n s e r t i o n of i n s u l a t i n g 
v a n e s a t t h e e x t r e m i t i e s of t h e g e n e r a t o r c h a n n e l . T h e y h a v e s h o w n a n a ­
l y t i c a l l y , f o r e x a m p l e , t h a t i n s t a l l a t i o n of a n i n f i n i t e l y l o n g v a n e o n t h e 
c e n t e r l i n e of a p a r a l l e l c h a n n e l w o u l d d o u b l e t h e e f f e c t i v e a s p e c t r a t i o . 



S i m i l a r l y t h r e e equa l ly s p a c e d , inf in i te ly long v a n e s at e a c h end of the 
c h a n n e l would q u a d r u p l e t he effect ive a s p e c t r a t i o . In e a c h i n s t a n c e , t he 
end l o s s e s w^ould be r e d u c e d c o m m e n s u r a b l e wi th the i n c r e a s e d a s p e c t 
r a t i o . 

The effect of f i n i t e - l e n g t h v a n e s i s not so e a s y to a s s e s s ; in p a r ­
t i c u l a r , c o n f i g u r a t i o n s involving v a n e s of v a r i e d l e n g t h s . Such c o n f i g u r a ­
t i o n s have p o t e n t i a l a p p l i c a t i o n s in s y s t e m s w h e r e f luid v e l o c i t i e s a r e h igh 
enough to p r o d u c e s ign i f ican t v i s c o u s l o s s e s . 

4 .1 ,3 .2 Analog A p p r o a c h 

To ga in s o m e ins igh t into the e f f ec t i venes s of s u c h v a n e s , an ana log 
s tudy w a s m a d e wi th T e l e d e l t o s conduct ing p a p e r . In p r i n c i p l e , it c o n s i s t e d 
of m e a s u r i n g the r e s i s t a n c e of the p lane analog m o d e l of an MHD channe l 
by applying a p o t e n t i a l (~50mV) a c r o s s the e l e c t r o d e s and m e a s u r i n g the 
r e s u l t i n g c u r r e n t , w h i c h n o r m a l l y r a n g e d about 100 ^ A . 

Two s e r i e s of t e s t s w e r e m a d e . The ob jec t ive of the f i r s t s e r i e s 
w a s to d e t e r m i n e the f ini te l eng th of c e n t e r l i n e i n su l a t i ng v a n e s w h o s e 
effect would be e s s e n t i a l l y i d e n t i c a l to tha t of inf in i te ly long v a n e s . The 
foUow^ing cond i t ions w e r e c h o s e n a s a y a r d s t i c k : (1) the shunt r e s i s t a n c e 
(Rg) should differ no m o r e t h a n 5%; and (2) the p o t e n t i a l b e t w e e n one 
e l e c t r o d e and any poin t in the f ield should differ no m o r e than 2%. 

After s e v e r a l t e s t s w i th c h a n n e l s of v a r i o u s a s p e c t r a t i o s , it w a s 
conc luded tha t bo th cond i t ions w e r e s a t i s f i ed p r o v i d e d the vane l eng th w a s 
e q u a l to o r g r e a t e r t h a n 3.5 t i m e s the channe l w^idth, t h i s r e s u l t be ing r e l a ­
t i v e l y independen t of the a s p e c t r a t i o . 

The s e c o n d s e r i e s of t e s t s w^ere f o c u s s e d on d e t e r m i n i n g a vane 
conf igu ra t ion w h i c h would e f fec t ive ly r e d u c e the e l e c t r i c a l end l o s s e s w i th ­
out con t r i bu t ing to e x c e s s i v e v i s c o u s l o s s e s , even at r e l a t i v e l y h igh fluid 
v e l o c i t i e s . 

F i g u r e 4 - 6 shows a t y p i c a l vane conf igu ra t ion i n s t a l l e d in the down­
s t r e a m end of a c o n s t a n t - a r e a g e n e r a t o r . The l e n g t h s of the r e s p e c t i v e 
v a n e s a r e equa l to 2.5 h ( c e n t e r l i n e ) , 0. 5 h ( i n t e r m e d i a t e ) , and 0, 25 h ( s h o r t ) . 

A s i m i l a r con f igu ra t ion would be in ­
s t a l l e d in the u p s t r e a m end. 

4 .1 .3 .3 O b s e r v a t i o n s 
/ELECTRODES-( > INSULATING VANES 

When app l i ed to a channe l of 
c- A o o u ^ .• c- 1 .• aspect ratio C = 2, this configuration 
Fig. 4-6. Schematic of insulating-vane con- -"̂  ' 6 -̂  

figuration in downstream end of changes the ratio of internal res i s tance 
constant-area MHD generator channel to shunt res i s tance (Rj/Rg) from 0.221 



to 0.080, thereby increasing the effective aspect rat io to ~5.5 . Neglecting 
friction, the maximum theore t ica l efficiency is increased from 40.4 to 
about 56.8%. Applied to a channel of aspect rat io C = 4, this same con­
figuration would reflect a decrease in Rj^/Rg from 0.110 to 0.040, thus 
increasing the efficiency from 52.1 to 67%. 

A s imi la r installat ion of proport ionally longer vanes in channels 
with aspect ra t ios of 2 and 4 increased the maximum theore t ica l efficiencies 
to 66 and 74%, respect ively . 

If it is assumed that the vanes a re s t reamlined, so that no en large­
ment or contraction lo s ses occur , and that pipe friction formulas apply, it 
may be shown that, inthe p resence of f r i c t ion- losses , the efficiency of an 
MHD genera tor is 

'gen 1-77 1 + ( l - r ) ) F (3) 

where T] is the genera tor loading and the friction p a r a m e t e r F = kpfu / 
OW^BQ. Here , p is the density, f the Moody friction coefficient, and k a 
nunaerical factor which accounts for a r ea contraction, length of vanes , e tc . , 
and is usually of o rde r 10. For a liquid meta l genera tor with U = 20 m / s e c 
and Bo = 30,000 gauss , a typical value of F would be about 0.03. The 
variat ion of maLximum theore t ica l efficiency w^ith channel aspect ratio for 
severa l values of F is shown by the dotted l ines in Fig. 4 -7 . It is c lear 
that the effect of friction, while relat ively unimportant for high BQ-IOW U 

gene ra to r s , beconaes cr i t ica l for genera to r s with high fluid veloci t ies . In 
the la t te r case , a gain due to introduction of insulating vanes may be easily 
offset by an inc rease in friction loss . 
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4.1.4 Mater ia l s Constra ints on A-C Induction MHD Genera to rs 

4.1.4.1 Background 

An MHD induction machine consis ts of a channel containing a flow­
ing, e lect r ic-conduct ing fluid and a set of exci ter windings which produce a 
t ravel ing magnet ic field. Cur ren t s a re induced in the fluid by relat ive 
motion between the field and fluid. In the case of liquid m e t a l s , the high 
e lec t r i ca l conductivity of the liquid phase yields a magnet ic Reynolds Num­
b e r sufficient for d i rec t generat ion of al ternating cur ren t . 

The force of e l ec t r i ca l origin is always in a direct ion such that the 
fluid tends to t r ave l at the same velocity as the field. The slip velocity (s) 
is defined as the difference between the field velocity (vg) and the fluid 
velocity (v) normal i zed with respec t to Vg, If v is g r e a t e r than Vg, the 
force opposes the motion and the machine is a genera to r , converting m e ­
chanical energy to e lec t r i ca l energy. However, if the re is to be an appre ­
ciable energy t r ans fe r re la t ive to the s tored magnet ic energy, as is requi red 
for high efficiency, the induced magnet ic field, due to the fluid c u r r e n t s , 
must be comparable to the applied magnet ic field. 

P rev ious studies on the potential of MHD induction machines for a-c 
generat ion have indicated that (1) there should be no m a t e r i a l between the 
conducting fluid and magnet w^hich will dec rease the magnet ic flux density 
in the fluid; and (2) the magnet c ha r a c t e r i s t i c s must include high p e r m e ­
ability, high sa tura t ion flux density, and low los s . 

All of the configurations considered thus far have requi red (1) a 
channel to contain liquid me ta l at t e m p e r a t u r e s (>1000°F) envisioned for 
cent ra l station application or for sma l l e r , space vehicle power sys t ems ; 
and (2) thernaal insulation to r e s t r i c t heat loss from the fluid and to keep 
the magnet t empe ra tu r e sufficiently below the Curie point. 

Accordingly, an analytical study was undertaken to de termine the 
probable naater ia ls cons t ra in ts on the efficiency of the a-c induction gen­
e ra to r . A detailed descr ipt ion of the study has been p r e p a r e d for publica­
tion as ANL-7148.^ 

4.1.4.2 Analytical Approach and Resul ts 

Briefly, the approach used was to es tabl ish t r ends from the approxi­
mate slit channel solution of the problem, and then obtain numer ica l r esu l t s 
from the exact solution. 

F igure 4-8 shows typical resu l t s for a genera tor constructed of 
re f rac tory m a t e r i a l (conductivity = ~2 x 10^ m h o s / m e t e r and operating with 
po tass ium at 1600°F. The p a r a m e t e r s displayed are defined as follows: 
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Fig. 4-8. Generator efficiency vs. a as a function of 
slip velocity (s) for refractory metal 
channel wall thickness of (A) 1/2 in. 
and (B) 1/8 in. 

As can be s e e n , the ef f ic iency for a 
g iven s l ip ve loc i t y (s) goes t h r o u g h 
a p e a k . Th i s is in c o n t r a s t wi th 
s l i t - c h a n n e l t h e o r y , w h i c h p r e d i c t s 
a s t e a d y r i s e and even tua l l eve l ing 
off at l / l - s when the fluid c o m ­
p l e t e l y d o m i n a t e s . In F i g . 4 -8 (A) , 
t he exac t and s l i t - c h a n n e l so lu t ions 
for s = 1.0, for wh ich c a s e t h e r e i s 
n e v e r a good c o r r e s p o n d e n c e , show 
the d i f f e r ence . 

The p e a k i s due to the i n t e r ­
ac t ion b e t w e e n the e x c i t a t i o n s on the 
two s i d e s of the fluid. F o r m o d e r a t e 
o r l a r g e v a l u e s of a, the p o w e r l o s s 
in the w a l l s is e s s e n t i a l l y i ndepen ­
dent of a. H o w e v e r , a s a i n c r e a s e s , 
the f ie ld in the fluid d r o p s off r a p i d l y 
and the p o w e r dens i ty d r o p s off f a s t e r 
than the v o l u m e i n c r e a s e s . In i t i a l 
i n c r e a s e in the fluid v o l u m e c a u s e s 
the p e r f o r m a n c e to i m p r o v e , but the 
even tua l d e c r e a s e in the fluid p o w e r 
d e n s i t y r e s u l t s in the d rop ine f f i c i enc 

The ef f ic iency c u r v e s c r o s s for d i f fe ren t s e t s of p a r a m e t e r s . Th i s 
does not m e a n tha t a d e g e n e r a c y o c c u r s , but only tha t the r a t i o of output 
p o w e r to input p o w e r is t he s a m e for bo th p a r a m e t e r s e t s , and tha t the s l i t -
channe l so lu t ion is no l o n g e r va l id . 

F o r a.^ = 0.08 (a l / 2 - i n . w a l l ) , the m a x i m u m g e n e r a t o r ef f ic iency 
of about 20% is not a c c e p t a b l e . It h a s i m p r o v e d to about 55% for a.^ = 0.02 
(a l / 8 - i n . w a l l ) , but t h i s i s s t i l l too low s ince v i s c o u s and o t h e r l o s s e s a r e 
not inc luded . E f f i c i e n c i e s c a l c u l a t e d for a l / l 6 - i n . coa t ing (a-^ = 0.01) 
p e a k e d at about 66% for a = 0 .6 , s = - 0 . 3 , wh ich is s t i l l too low, e s p e c i a l l y 
s i nce the v i s c o u s v e l o c i t y p ro f i l e wi l l d e c r e a s e the ef f ic iency . F i n a l l y , a 
l / 6 4 - i n . coa t ing gave an ef f ic iency of 76% at a = 0 .3 , s = - 0 . 1 . 



In s u m m a r y , s t r u c t u r a l c o n s i d e r a t i o n s have shown tha t a r e f r a c t o r y 
m e t a l c h a n n e l at l e a s t l / 4 - i n . t h i c k is r e q u i r e d to con ta in the p r e s s u r e of 
the l i qu id m e t a l and to p r o v i d e p r o t e c t i o n a g a i n s t c o r r o s i o n and e r o s i o n . 
H o w e v e r , a s e v i d e n c e d by F i g . 4 - 8 , a w a l l t h i c k n e s s l e s s t h a n l / 6 4 in. is 
r e q u i r e d in o r d e r to a c h i e v e an a c c e p t a b l e g e n e r a t o r e f f ic iency . T h e s e two 
conf l ic t ing r e q u i r e m e n t s m u s t b e r e c o n c i l e d s i n c e s u c c e s s f u l r e s o l u t i o n of 
t h e w a l l p r o b l e m is e s s e n t i a l to t h e u l t i m a t e s u c c e s s of t h e MHD induc t ion 
g e n e r a t o r . 

The a n s w e r e n t a i l s s e v e r a l a v e n u e s of r e s e a r c h and d e v e l o p m e n t . 
T h e s e inc lude d e v e l o p m e n t of su i t ab l e nonconduc t ing w a l l m a t e r i a l s , o r 
m e t h o d s of apply ing r e f r a c t o r y nae ta l c o a t i n g s a few m i l l s t h i c k on an in­
s u l a t o r w h i c h •will t r a n s m i t t h e s t r e s s to t h e f ie ld s t r u c t u r e . A n o t h e r p o s ­
s i b i l i t y i s t o u s e a l a m i n a t e d w a l l of a l t e r n a t e s h e e t s of r e f r a c t o r y m e t a l 
and i n s u l a t i o n . In add i t i on , a d e s i g n s tudy shou ld b e p e r f o r m e d on an MHD 
induc t ion g e n e r a t o r coup led to a c o m p l e t e l iqu id m e t a l pow^er c y c l e . T h i s 
s tudy wou ld inc lude f u r t h e r i n v e s t i g a t i o n of w a l l c o n s t r u c t i o n , d e s i g n of a 
f ie ld s t r u c t u r e , and a s s o c i a t e d cool ing at a t e m p e r a t u r e d e t e r m i n e d by 
sys t ena and m a t e r i a l s c o n s i d e r a t i o n . F i n a l l y , an e x p e r i m e n t a l p r o g r a m 
shou ld b e c o n d u c t e d c o n c u r r e n t l y , u s i n g s m a l l - s c a l e MHD induc t ion g e n e r a ­
t o r s , t o v e r i f y t h e t h e o r e t i c a l a n a l y s i s . In m o s t c a s e s , t h e m o d e l s a n a l y z e d 
a r e c r u d e a p p r o x i m a t i o n s to the p a r e n t naach ine ; h e n c e , it is not known how 
w e l l t he p r e d i c t i o n s wi l l c o r r e l a t e w i th a c t u a l p e r f o r m a n c e . 

REFERENCE 

1. E. S. Pierson and W. D. Jackson, Channel Wall Limitations in the MHD 
Induction Generator, ANL-7148 (to be published). 
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Sec t ion 5 

FASjr_REACTmR S A F E T Y R E S E A R C H ANDJDE^VELOPMENT 

5.1 Coo lan t D y n a m i c s 

5.1.1 A n a l y t i c a l M o d e l for P r e d i c t i n g Inc ip ien t Boi l ing S u p e r h e a t s in 
Liquid M e t a l s 

One ob jec t ive of the fas t r e a c t o r sa fe ty p r o g r a m is to deve lop a n a ­
l y t i c a l m o d e l s and t e c h n i q u e s for a c c u r a t e l y p r e d i c t i n g s y s t e m d y n a m i c s 
d u r i n g v a r i o u s h y p o t h e t i c a l r e a c t o r a c c i d e n t s . Knowledge of the d e g r e e of 
l iquid s u p e r h e a t r e q u i r e d to in i t i a t e bo i l ing is of p a r t i c u l a r i m p o r t a n c e in 
the sa fe ty a n a l y s i s of l iquid m e t a l - c o o l e d r e a c t o r c o n c e p t s . B e c a u s e of 
insuf f ic ien t i n f o r m a t i o n , c u r r e n t m e t h o d s of a n a l y s e s u s u a l l y a s s u m e z e r o 
l iquid s u p e r h e a t . 

R e c e n t e x p e r i m e n t s p e r f o r m e d e l s e w h e r e have shown tha t s u p e r ­
h e a t s r a n g i n g up to 700°F m a y be r e q u i r e d to p r o m o t e bo i l ing in l iquid m e t a l 
s y s t e m s . Some of the v a r i a b l e s g e n e r a l l y a c c e p t e d a s p e r t i n e n t to the o n s e t 
of bo i l ing a r e : ( l ) t h e r m o p h y s i c a l p r o p e r t i e s of the fluid; (z) s u r f a c e 
c o n d i t i o n s , i . e . , r o u g h n e s s and c l e a n l i n e s s ; (3) h e a t flux; (4) gas p h a s e in 
the l iqu id ; (5) s y s t e m p r e s s u r e ; and (6) p r e s s u r e - t e m p e r a t u r e h i s t o r y of the 
bo i l ing s u r f a c e . In any g iven l iquid m e t a l s y s t e m , h o w e v e r , once the w o r k i n g 
f luid, m a t e r i a l s ( s u r f a c e c o n d i t i o n s ) and c o v e r g a s (if any) have b e e n d e t e r ­
m i n e d , and the s y s t e m o p e r a t i n g cond i t i ons have b e e n e s t a b l i s h e d , the 
r e m a i n i n g s ign i f i can t f ac to r to be e x p l o r e d is the p r e s s u r e - t e m p e r a t u r e 
h i s t o r y of the bo i l i ng s u r f a c e . 

A c c o r d i n g l y , an a n a l y t i c a l m o d e l h a s b e e n deve loped which u t i l i z e s 
t h i s h i s t o r y to p r e d i c t the s u p e r h e a t r e q u i r e d to p r o m o t e bo i l ing in a l iquid 
m e t a l s y s t e m . A d e t a i l e d d e s c r i p t i o n of the a n a l y t i c a l p r o c e d u r e and 
i l l u s t r a t i v e e x a m p l e s of i t s a p p l i c a t i o n have b e e n p r e p a r e d for p u b l i c a t i o n 
a s A N L - 7 1 8 4 . ^ 

B r i e f l y , the m o d e l e x a m i n e s the v a r i o u s cond i t ions of we t t ing and 
nonwet t ing of s u r f a c e s , p o s s i b i l i t i e s of e n t r a p p e d g a s e s , e t c . , and t h e n 
c o r r e l a t e s th i s i n f o r m a t i o n wi th the p r e s s u r e - t e m p e r a t u r e h i s t o r y to d e t e r ­
m i n e the bubble r a d i u s at i nc ip i en t bo i l i ng . T h i s r a d i u s is then u s e d in 
conjunc t ion wi th the bubble e q u i l i b r i u m equa t i on to c a l c u l a t e the d e g r e e of 
s u p e r h e a t r e q u i r e d . 

Mode l p r e d i c t i o n s of s u p e r h e a t s for i nc ip i en t bo i l ing of s o d i u m 
and p o t a s s i u m w e r e found in good a g r e e m e n t wi th the s p a r s e a m o u n t of 
e x p e r i m e n t a l d a t a r e p o r t e d in the l i t e r a t u r e . F o r e x a m p l e , F i g . 5 - 1 ( A ) 

and ( B ) shows a c o m p a r i s o n b e t w e e n p r e d i c t e d v a l u e s and d a t a due to L e w i s 
and E d w a r d s and Hoffman. In bo th f i g u r e s , the c a l c u l a t e d c u r v e s for Pn 
( subcoo led) a r e the m a x i m u m s y s t e m p r e s s u r e s u sed in the m o d e l . 

2 
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Fig. 5-1. Comparisons of model superheat predictions with experimental data 

In s u m m a r y , the good a g r e e m e n t b e t w e e n m o d e l p r e d i c t i o n s and 
a v a i l a b l e e x p e r i m e n t a l da t a l ends s u p p o r t to the con ten t ion tha t r e l a t i v e l y 
h igh l iquid s u p e r h e a t s m a y be r e q u i r e d for bubble n u c l e a t i o n in r e a c t o r s 
cooled by e i t h e r s o d i u m or p o t a s s i u m . The m o d e l a l s o shows tha t in ­
c r e a s i n g the s y s t e m p r e s s u r e , while the l iquid is subcoo led , wi l l r e f l e c t a 
c o r r e s p o n d i n g i n c r e a s e in the d e g r e e of s u p e r h e a t r e q u i r e d . 

A s e r i e s of t e s t s a r e p l anned w h e r e i n p a r a m e t e r s wi l l be s y s t e m ­
a t i c a l l y v a r i e d to d e t e r m i n e , q u a n t i t a t i v e l y , t h e i r i ndependen t and combined 
effects on the l i q u i d - m e t a l s u p e r h e a t r e q u i r e d to in i t i a t e bo i l ing in s i m u ­
la ted fas t r e a c t o r e n v i r o n m e n t s . In add i t ion to the p r e s s u r e - t i m e h i s t o r y , 
t h e s e p a r a m e t e r s wi l l inc lude p r e s s u r e , d i s s o l v e d gas con ten t , hea t flux, 
and s u r f a c e c h a r a c t e r i s t i c s . An e x p e r i m e n t a l fac i l i ty for th i s t e s t p r o g r a m 
h a s b e e n d e s i g n e d and is unde r c o n s t r u c t i o n . 



5.1.2 Sodium Expulsion Studies 

During an accidental rapid power excursion in a fast r eac to r , the 
t empe ra tu r e of the fuel and cladding will inc rease rapidly, possibly causing 
boiling, generat ion of p r e s s u r e , coolant expulsion, and, ul t imately core 
meltdown. It is vital to the safety of fast r e ac to r s to know under what 
conditions these untoward effects occur and, when they do occur , what is 
thei r magnitude and significance. 

To these ends, exploratory tes ts have been conducted -with water , 
methanol, acetone, and ethylene bromide, to refine exper imenta l techniques 
and to observe the physical response of the working fluid. In addition, an 
experinaent has been designed to conduct sinailar t es t s with sodium. 

The facility used for the nonnaetallic fluid tes t s was descr ibed in 
ANL-7190. In operation, the tes t fluid was contained in a sinaulated 
coolant annulus formed by (1) an inner tube (fuel pin) of Type 304 s ta inless 
steel , which was heated rapidly (power t rans ient ) by the sudden d ischarge 
of s torage ba t t e r i e s ; and (2) an outer quartz pipe, to facil i tate high-speed 
canaera recording of the ensuing dynamics . The inside d iameter of the 
annulus was 19 nam, the annular gaps used were 3.2 and 1.3 nana, and the 
heated length was 254 nam. Power inputs ranged from 2.5 to 13.7 kW, 
corresponding to volumetr ic energy generat ion ra t e s of 2.5 to 13.7 k c a l / 
(sec)(cna ) or l62 to 891 Btu/(sec)( in . ). Other var iables included initial 
liquid tenaperatures from 20°C to saturat ion, inlet velocit ies from zero to 
10 m / s e c , and liquid column heights from zero to 2 na above the top of the 
heated length. 

On the bas is of the tes t data and film record ings , the following 
sequence of events was deduced: as heat energy is rapidly generated in 
the tes t section (simulated fuel pin), the surface t e m p e r a t u r e exceeds the 
boiling point of the adjacent fluid. Vapor bubbles a r e suddenly formed, 
causing a p r e s s u r e pulse; this pulse is re l ieved by motion of the liquid 
away from the heated source . If the liquid is near its sa tura t ion t e m p e r a ­
tu re , the naagnitude of the consequent p r e s s u r e pulse is sufficient to com­
pletely expel the liquid from the annulus. If significantly subcooled, the 
liquid again is expelled; however, before a displacenaent of severa l cent i ­
m e t e r s occurs , the vapor recondenses , c r ea t e s a par t i a l vacuuna, and pulls 
back the liquid, which contacts the hot surface and r evapo r i ze s . This cycle 
is repeated up to 15 or 20 t imes (depending upon sys tem paranaeters ) , with 
a frequency of 40 to 100 cps, and t e rmina tes when the heated surface is 
cooled below the boiling t empe ra tu r e of the liquid. 

A sys temat ic study of p a r a m e t e r s which affect the initial and secon­
dary p r e s s u r e pulses was made and the following prel inainary conclusions 
were reached: 



(1) As the i n i t i a l l iqu id t e n a p e r a t u r e i s i n c r e a s e d , t he in i t i a l 
p r e s s u r e p u l s e s i n c r e a s e m o n o t o n i c a l l y , wh i l e the l a r g e r s e c o n d a r y p u l s e s 
a t f i r s t i n c r e a s e , t h e n d e c r e a s e , f ina l ly not a p p e a r i n g for n e a r l y s a t u r a t e d 
l iqu id . 

(2) As the e n e r g y g e n e r a t i o n r a t e i s i n c r e a s e d , t he p r e s s u r e s a l l 
i n c r e a s e m o n o t o n i c a l l y . 

(3) As the he igh t of the l iquid colunan is i n c r e a s e d , the i n i t i a l 
p r e s s u r e p u l s e s at f i r s t i n c r e a s e , t hen d e c r e a s e s l i gh t ly . 

(4) As the a n n u l a r gap is d e c r e a s e d , the p r e s s u r e p u l s e s i n c r e a s e . 

(5) As the l iquid ve loc i t y i s i n c r e a s e d , the p r e s s u r e p u l s e s change 
i n s i g n i f i c a n t l y . 

(6) The naagni tude of the i n i t i a l p r e s s u r e p u l s e i n c r e a s e s wi th 
i n c r e a s e d l iquid d e n s i t y and d e c r e a s e d l a t en t h e a t of v a p o r i z a t i o n . 

An a n a l y t i c a l m o d e l , d e v i s e d in a d v a n c e of the w a t e r t e s t s , hypo th ­
e s i z e d p r e s s u r e g e n e r a t i o n and expu l s ion by sudden t h e r m a l e x p a n s i o n s . 
As a r e s u l t of the t e s t s , the m o d e l i s be ing mod i f i ed to i n c l u d e the effects 
of v a p o r i z a t i o n and c o n d e n s a t i o n . 

S i m i l a r p a r a m e t e r s a s w e r e s tud i ed in the w^ater t e s t s wi l l be 
e v a l u a t e d in the s o d i u m t e s t f ac i l i t y . If n e c e s s a r y , the a n a l y t i c a l m o d e l 
wi l l be mod i f i ed to i nc lude any ne-w p h e n o m e n a tha t a r e o b s e r v e d . 

5.1.3 A T e c h n i q u e to Study S o d i u m - A i r R e a c t i o n s 

T h e u n i q u e a s s e m b l y shown in F i g . 5-2 i s an o u t g r o w t h of t h e F A R E T 
P r o j e c t . It -was d e v e l o p e d to d e t e r m i n e if e j e c t i ons of snaal l q u a n t i t i e s of 
s o d i u m into a s c a l e d - d o w n a i r c e l l would p r o v i d e r e a c t i o n da t a wh ich could 
be e x t r a p o l a t e d to the F A R E T c o n t a i n m e n t cell .^ Th i s a s s e m b l y m a r k e d the 
f i r s t p h a s e of an effor t to show tha t t he d e s i g n p r e s s u r e of t h e conta innaent 
c e l l would not (or would) be e x c e e d e d in the even t of a s o d i u n a - a i r r e a c t i o n 
fol lowing a m a x i m u n a c r e d i b l e a c c i d e n t . The con ten t ion w a s tha t if snaa l l -
s c a l e e x p e r i m e n t s w e r e s u c c e s s f u l in def ining the p h y s i c a l n a t u r e of the 
r e a c t i o n then l a r g e r , m o r e cos t l y , and nao re t i n a e - c o n s u m i n g e x p e r i m e n t s 
could be avo ided . 

The a s s e n a b l y i l l u s t r a t e d enaploys a 0 . 3 8 - c a l i b e r Tef lon p e l l e t f i r e d 
f r o m a r e v o l v e r to effect e j ec t i on of ~2 g m s o d i u m into a s c a l e d - d o w n 
L u c i t e a i r c e l l . P r i o r to e jec t ion , the sodiuna is c o n t a i n e d in a s t a i n l e s s 
s t e e l c a p s u l e (1) wh ich is open at the top and r e s t s on an inapact d i aphragna 
of s p r i n g s t e e l (2) i n s i d e the c a p s u l e b a r r e l (3). The s o d i u m is b l a n k e t e d 
w i th a r g o n (4) and can be h e a t e d to t e m p e r a t u r e s up to 1200°F by an e x t e r n a l 
h e a t e r (5) w h i c h s u r r o u n d s the b a r r e l . An a l u m i n u m foil (6) s e a l s the 
s o d i u m a t m o s p h e r e f r o m the a i r c e l l (7) above the b a r r e l . 
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Fig. 5-2. Frame from animated film shows O.-38-caliber Teflon 
pellet (8) striking impact diaphragm (2), propelling 
sodium in capsule (1) toward air cell (7) 

In o p e r a t i o n , t h e T e f l o n p e l l e t (S) s t r i k e s t h e i m p a c t d i a p h r a g m 
w h i c h p r o p e l s t h e c a p s u l e t o w a r d t h e fo i l s e a l . T h e c a p s u l e r u p t u r e s t h e 
s e a l a n d i s r e s t r a i n e d b y t h e m e c h a n i c a l s t o p (9) i n t h e b a r r e l , w h e r e u p o n 
t h e s o d i u m i s e j e c t e d i n t o t h e c e l l . 

T h e e n s u i n g r e a c t i o n i s r e c o r d e d o n h i g h - s p e e d c o l o r f i l m 
( 6 , 0 0 0 f r a m e s / s e c ) . A i r - c e l l p r e s s u r e i s m e a s u r e d b y a 1 5 0 - p s i g p r e s s u r e 
t r a n s d u c e r w i t h a f r e q u e n c y r e s p o n s e of 40 k c . P r e s s u r e s i g n a l s a r e r e ­
c o r d e d on a f r e q u e n c y - m o d u l a t e d , m a g n e t i c - t a p e r e c o r d e r w i t h a d - c 
r e s p o n s e to 10 k c . 



The d e t a i l s of the s o d i u m - a i r e x p e r i m e n t s a r e d e s c r i b e d in A N L - 7 1 2 0 , 
and a f i lm r e c o r d ( A N L - M P - 7 3 0 - 1 1 ) is a v a i l a b l e upon r e q u e s t f r o m the 
A r g o n n e F i l m L i b r a r y . The m o s t s ign i f i can t o b s e r v a t i o n m a d e in t h e s e 
t e s t s w a s t h a t , for a g iven s o d i u m - o x y g e n r a t i o , the p e a k p r e s s u r e r e c o r d e d 
w a s a funct ion of the h e i g h t - t o - d i a m e t e r r a t i o of the a i r c e l l . 

S u b s e q u e n t t e s t s a r e in the p l ann ing s t a g e . In t h e s e t e s t s , the s ign i f i ­
can t f a c t o r s , e .g . , a i r c e l l g e o m e t r y , s o d i u m t e m p e r a t u r e and v e l o c i t y , e t c . , 
a f fec t ing p e a k p r e s s u r e would be d e t e r m i n e d s t a t i s t i c a l l y , and t h e i r r e s p e c ­
t i v e i n f luences quant i f ied . 

5.1.4 A n a l y t i c a l - E x p e r i m e n t a l S tud i e s of C r i t i c a l F l o w of S t e a m - W a t e r 
M i x t u r e s , S o d i u m , and W a t e r 

5 .1 .4 .1 O b j e c t i v e s 

Al though a n a l y s i s of p o s t a c c i d e n t b e h a v i o r of a r e a c t o r r e q u i r e s a 
t h o r o u g h u n d e r s t a n d i n g of void d i s t r i b u t i o n s in the coo lan t (which r e l a t e s 
c l o s e l y to the e x p u l s i o n v e l o c i t y ) , no d a t a e x i s t for c r i t i c a l v e l o c i t i e s of 
l iquid m e t a l s , and v e r y l i t t l e d e t a i l e d i n f o r m a t i o n i s a v a i l a b l e for s t e a m -
w a t e r m i x t u r e s . H o w e v e r , c a l c u l a t i o n s r e v e a l tha t c r i t i c a l flow m i g h t o c c u r 
in the c o r e , l e ad ing to vo idage of the coo lan t c h a n n e l , shock p h e n o m e n a , and 
p r e s s u r e bu i l dup . B e c a u s e s h o c k s wi l l c a u s e s u b s o n i c v e l o c i t i e s , the c r i t i c a l 
v e l o c i t y o r m a x i m u m c r i t i c a l f l owra t e wi l l se t the e x p u l s i o n ve loc i t y . 

A c c o r d i n g l y , the o b j e c t i v e s of t h e s e c o m b i n e d s t u d i e s a r e ( l ) to 
e x p e r i m e n t a l l y i n v e s t i g a t e the c r i t i c a l flow and v e l o c i t y of sound t h r o u g h 
s t e a m - w a t e r m i x t u r e s , sodiuna, and w a t e r , by m e a s u r i n g the c r i t i c a l f low-
r a t e s , p r e s s u r e p r o f i l e s , and void d i s t r i b u t i o n s in s i m u l a t e d r e a c t o r coo lan t 
c h a n n e l s ; and (2) to u s e t h e s e da t a to deve lop a n a l y t i c a l t e c h n i q u e s tha t c a n 
p r e d i c t c r i t i c a l v e l o c i t i e s , m e t a s t a b i l i t y , s u p e r h e a t , v e l o c i t y r a t i o s , and 
flow p a t t e r n s in h i g h - v e l o c i t y , t w o - p h a s e flows of the f luids of i n t e r e s t . 

5 .1.4.2 E x p e r i m e n t a l 

Two e x p e r i m e n t s w e r e i n i t i a t e d d u r i n g the f i s c a l r e p o r t i n g p e r i o d : 
( l ) fluid b e h a v i o r of c r i t i c a l s t e a m - w a t e r m i x t u r e s in c o n s t a n t - a r e a d u c t s ; 
and (2) c r i t i c a l flow of s o d i u m and w a t e r . 

S t e a m - W a t e r M i x t u r e s . T h i s s e r i e s of t e s t s i nvo lves d e t a i l e d i n ­
v e s t i g a t i o n of fluid b e h a v i o r a t the po in t of chok ing . It i n c l u d e s m e a s u r e ­
m e n t s of c r i t i c a l f l o w r a t e , c r i t i c a l p r e s s u r e , qua l i ty , v e l o c i t y r a t i o and 
m e t a s t a b i l i t y , a x i a l p r e s s u r e , and void p r o f i l e . T h e s e n a e a s u r e m e n t s a r e 
m a d e m a i n l y in the l o w - q u a l i t y r e g i o n , i . e . , vo ids of 0 -95%, and a t low 
p r e s s u r e s (15-400 p s i a ) . 



The exper imenta l facility has been const ructed, c i rcu la r (l.D. = 
0.312 in.; L = 36 in.) and rectangular ( l / 8 x 1 x 36 in.) tes t sections have 
been instal led, and seve ra l runs have been made in the quality range 0.1-10%. 
Measuremen t s of c r i t i ca l f lowrate, axial p r e s s u r e profi le , and void fraction 
at the point of choking a r e being analyzed. 

P r e l i m i n a r y findings a r e : (l) that the test section geometry has no 
significant effect on the c r i t i ca l f lowrate; (2) that the var ia t ion of c r i t i ca l 
flowrate with quality does not exhibit a maximuna, as predic ted by some 
available analyt ical models ; (3) that the assumpt ion of t he rma l equi l ibr ium 
in the low-quali ty region is e r roneous ; and (4) that the velocity ra t io at the 
point of choking is considerably less than predic ted. These exper iments 
a r e expected to be completed in ea r ly fiscal 1967. 

Sodium vs . Water . These exper iments a re designed to identify any 
differences between c r i t i ca l flow of sodium and of water . They involve 
identical but independent loop tes t s with a number of long and short tubular 
ducts (l.D. = l / l 6 in., l / 8 in.; L / D = 10-40), and fluid p r e s s u r e s in the 
range 1-15 ps ia . Overal l m e a s u r e m e n t s will be made of total flow, c r i t i ca l 
p r e s s u r e , and stagnation p rope r t i e s . 

The subatmospher ic water loop has been assembled and is under ­
going shakedown t e s t s . Fabr ica t ion of the boi le r , blowdown, and tes t sections 
for the sodium loop is scheduled for completion by ea r ly f iscal 1967. 

5.1.4.3 Analytical 

Analyses of the dynamic behavior of two-phase , one-component 
droplet flow, including c r i t i ca l flow and the velocity of sound, were com­
pleted. The re su l t s a r e summar ized below. 

Cr i t i ca l Flow. Based on the assumpt ion of one-dimensional droplet 
flow, the equations of continuity and momentum for a differential element at 
the point of choking a r e : 

^ ( P g u | + p^„^) + | £ = 0 (Z) 

where 

"p = concentrat ion of gas phase per unit volume of the mixture 

p = concentrat ion of liquid phase per unit volume of the mixture 



u - average gas velocity 

Ufl = average liquid velocity 

P = pressure 

y = length of differential element 

Consideration of relaxation phenomena that result from tempera­
ture and velocity lags between the phases in the approach region to critical 
flow leads to the following conditions: 

Spg Pg 
SP KP 

w h e r e 

Pp = density of liquid phase 

p = density of gas phase 

X = quality (ratio of gas weight to total weight of mixture flowing) 

K = isentropic coefficient for gas (K - 1.32 for water vapor) 

Combining Eqs. (l) and (2) with the above conditions results in a 

solution for the critical flowrate, G: 

Ĝ  = 
KPp, 

(3) 
X 

At low pressures and high qualities, p 
g. P g" 

In these cases, no informa­
tion is required about the slip between the liquid and vapor phase, and Eq. (3) 

can be readily evaluated. 
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Fig. 5-3. Comparison between calculated and experimental 
critical flowrates for steam-water mixtures at 
40 psia. Shaded band represents earlier model 
predictions. 

A s e v i d e n c e d b y 
F i g . 5 - 3 , t h e c a l c u l a t e d c r i t i ­
c a l f l o w r a t e s f o r s t e a m - w a t e r 
m i x t u r e s a r e i n e x c e l l e n t 
a g r e e m e n t w i t h d a t a t a k e n i n 
t h e h i g h - q u a l i t y r e g i o n (d i s -

"~ p e r s e d f l o w ) . A l s o s h o w n i s 
t h e r a n g e of v a l u e s p r e d i c t e d 
f r o m p r e v i o u s m o d e l s . ~ ^ 
W i t h r e f e r e n c e t o t h e o r d i n a t e 
l a b e l , Gj^-gj^ i s t h e h o m o g e ­
n e o u s t h e r m a l e q u i l i b r i u m 
m o d e l c r i t i c a l f l o w r a t e . 



F u r t h e r c o m p a r i s o n b e t w e e n v a l u e s c a l c u l a t e d f r o m Eq . (3) and the 
m o s t r e c e n t da t a a v a i l a b l e in the l i t e r a t u r e ^ ^ i n d i c a t e s tha t the t h e o r y is 
c a p a b l e of p r e d i c t i n g m e a s u r e d v a l u e s to wi th in ±6%. 

V e l o c i t y of Sound. A o n e - d i m e n s i o n a l p r o p a g a t i o n v e l o c i t y m o d e l 
was f o r m u l a t e d on the a s s u m p t i o n tha t the flow p a t t e r n is a h o m o g e n e o u s 
m i s t flow, i n i t i a l l y a t z e r o v e l o c i t y . In the d i s p e r s e d flow r e g i m e (high 
qua l i t y ) , the effect of m a s s t r a n s f e r is n e g l i g i b l e , and the m o m e n t u m 
equa t ion a c r o s s the wave m a y be w r i t t e n : 

d P = ^P£^^£ "'•/^g^^g) ^ (4) 

w h e r e 

a = p r e s s u r e p r o p a g a t i o n v e l o c i t y in the m i x t u r e 

F u r t h e r m o r e , wi th the a s s u m p t i o n s tha t the l iquid p h a s e is i n c o m p r e s s i b l e 
and the v o l u m e f r a c t i o n occup ied by the l iquid d r o p l e t s is neg l ig ib l e (pg = 
p ), the con t inu i ty e q u a t i o n for the gas p h a s e on bo th s i d e s of the wave 
f ront t a k e s the f o r m : 

PgdUg = adp^ (5) 

E q u a t i o n s (4) and (5) l ead to the fol lowing g e n e r a l e x p r e s s i o n for the 
son ic v e l o c i t y in a t w o - p h a s e , o n e - c o m p o n e n t d r o p l e t m i x t u r e : 

d P g / _ _ du £ 

g, 
(6) 

Two e x t r e m e c a s e s w e r e i n v e s t i g a t e d : ( l ) a s y s t e m w h e r e i n d i s t u r ­
b a n c e s o c c u r in m u c h s h o r t e r t i m e s than the r e l a x a t i o n t i m e s of the m i x t u r e 
(high f r e q u e n c i e s ) , i . e . , no h e a t and m o m e n t u m t r a n s f e r b e t w e e n the p h a s e s , 
r e s u l t i n g in 

K P 
' N E (7) 

and (2) a s y s t e m wh ich r e m a i n s in e q u i l i b r i u m t h r o u g h o u t the d i s t u r b a n c e 
(low f r e q u e n c i e s ) , r e s u l t i n g in 

^ T D E ' ^' sv"̂ ''̂ ' (8) 



1 

T h e so lu t ions for both c a s e s 
a r e p lo t t ed m F i g . 5 -4 . F o r h igh 
v a p o r f r a c t i o n b y we igh t . C a s e ( l ) 
g ives c a l c u l a t e d p r o p a g a t i o n v e l o c ­
i t i e s i ndependen t of the m i x t u r e 
qua l i t y and equa l to the v e l o c i t y of 
sound m s a t u r a t e d v a p o r . T h i s i s 
in good a g r e e m e n t wi th an e x p e r i ­
m e n t a l s tudy u s ing s m a l l w a v e -
g r o w t h t imes . ^^ On the o t h e r hand . 
C a s e (2) i n d i c a t e s tha t the m o i s t u r e 
con ten t can affect g r e a t l y the p r o p a ­
ga t ion ve loc i t y In th i s c a s e , the v e ­
loc i ty d e c r e a s e s wi th d e c r e a s i n g 
m i x t u r e qua l i ty , r e s u l t i n g m con ­
s i d e r a b l y l ower v a l u e s than the 
p r o p a g a t i o n v e l o c i t y ob ta ined for 
the a l l - v a p o r c a s e . 

If the a c c e p t e d exp l ana t i on of s i n g l e - p h a s e flow choking is adopted , 
i .e , tha t the c r i t i c a l ve loc i t y is equ iva l en t to the son ic ve loc i t y of the m e ­
d i u m , it is e a s i l y shown tha t the son ic ve loc i t y ob ta ined f r o m Eq. (?) r e s u l t s 
m an e x p r e s s i o n for the c r i t i c a l f l owra t e wh ich is i d e n t i c a l to Eq. (3). T h i s 
l e a d s to the i m p o r t a n t c o n c l u s i o n tha t the t w o - p h a s e c r i t i c a l flow p h e n o m e n o n 
IS a s s o c i a t e d wi th the v e l o c i t y of sound as ob ta ined when the t w o - p h a s e m i x ­
t u r e IS s u b j e c t e d to a h i g h - f r e q u e n c y d i s t u r b a n c e . 

A p r e l i m i n a r y a n a l y t i c a l i n v e s t i g a t i o n of the speed of sound m low-
qua l i t y m i x t u r e s a l s o w a s c o m p l e t e d S impl i f i ed m o d e l s w e r e f o r m u l a t e d 
to show the effect of m e t a s t a b i l i t y and s l ip on the speed of sound The 
r e s u l t s a p p e a r to b r a c k e t and p r e d i c t the t r e n d s of a v a i l a b l e da ta m the 
l i t e r a t u r e 

H o w e v e r , an e x a m i n a t i o n of the l i t e r a t u r e r e v e a l s tha t for low-
qua l i ty , o n e - c o m p o n e n t m i x t u r e s , only the p r o p a g a t i o n ve loc i t y of c o m ­
p r e s s i o n w a v e s has been i n v e s t i g a t e d , no i n f o r m a t i o n e x i s t s for r a r e f a c t i o n 
w a v e s The l a t t e r a p p e a r s m o r e i m p o r t a n t m i n t e r p r e t i n g the c r i t i c a l 
flow p h e n o m e n o n F u r t h e r m o r e , t h e r m o d y n a m i c c o n s i d e r a t i o n s i nd i ca t e 
tha t the speed of p r o p a g a t i o n of the two types of w a v e s m o n e - c o m p o n e n t 
m i x t u r e s m a y be qu i te d i f fe ren t , p a r t i c u l a r l y m the l o w - f r e q u e n c y r a n g e . 
A c c o r d i n g l y , an e x p e r i m e n t a l p r o g r a m wil l be i m p l e m e n t e d m l a t e f i s ca l 
1967 to ob ta in suff ic ient da ta to c h e c k the m o d e l p r e d i c t i o n s 
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Fig. 5-4. Comparison between calculated and experi­
mental values for velocity of sound in 
steam-water mixtures at 45 psia 



5.2 R e a c t o r C o n t r o l and S t ab i l i t y 

5.2.1 A Single F i x e d - P o s i t i o n D e t e c t o r S y s t e m for C o n t i n u o u s l y M o n i ­
t o r i n g T e n D e c a d e s of N e u t r o n F l u x 

5 .2 .1 .1 P r o b l e m s of Conven t iona l S y s t e m s 

T h e r e q u i r e m e n t to con t inuous ly m o n i t o r the e n t i r e r a n g e of n e u t r o n 
flux in po'wer r e a c t o r s h a s long b e e n r e c o g n i z e d by c o n t r o l e n g i n e e r s to be 
a diff icul t t a s k ; p a r t i c u l a r l y in f a s t s o d i u m - c o o l e d s y s t e m s w h e r e ganama 
b a c k g r o u n d s e x c e e d i n g 10 R / h r can be e x p e c t e d even a t r e l a t i v e l y low 
p o w e r . 

In o r d e r to a c h i e v e full c o v e r a g e , p r e s e n t m o n i t o r i n g sys t enas con­
v e n t i o n a l l y u s e two or m o r e types of n e u t r o n d e t e c t o r s i n s t a l l e d in v a r i o u s 
l o c a t i o n s r e l a t i v e to the c o r e . H o w e v e r , a d e q u a t e d i s c r i m i n a t i o n a g a i n s t 
g a m m a s i g n a l s is s t i l l d iff icul t o v e r p o r t i o n s of the o p e r a t i n g r a n g e . 

5 .2 .1 .2 A S y s t e m of P r o m i s e 

A n e u t r o n d e t e c t i o n s y s t e m d e s i g n e d to offset t h e s e p r o b l e m s has 
b e e n a s s e m b l e d and p e r f o r m a n c e t e s t e d in the A r g o n a u t R e a c t o r . It f ea ­
t u r e s a s ing le f i x e d - p o s i t i o n f i s s i o n c o u n t e r coupled to a " n o n s w i t c h e d " 
e l e c t r o n i c s y s t e m which c o n t i n u o u s l y m o n i t o r s up to t e n d e c a d e s of r e a c ­
t o r p o w e r ( e x c l u s i v e of r a n g e - s w i t c h i n g in the C a m p b e l l S y s t e m ) . In con­
t r a s t w i th c o n v e n t i o n a l s y s t e m s , c a l c u l a t i o n s i n d i c a t e t h a t s u p e r i o r g a m m a 
d i s c r i m i n a t i o n i s r e a l i z e d o v e r the e n t i r e flux r a n g e . No a t t e m p t h a s b e e n 
m a d e to d e v e l o p t h e s p e c i a l e l e c t r o n i c s r e q u i r e d for i n s t a l l a t i o n in a n 
o p e r a t i n g p o w e r r e a c t o r . With i m p r o v e d e l e c t r o n i c s , h o w e v e r , it is b e ­
l i eved tha t the coun t ing s y s t e m could e a s i l y m o n i t o r an add i t i ona l half-
d e c a d e of n e u t r o n flux. 

T h e s y s t e m is b a s e d upon p r i n c i p l e s e s t a b l i s h e d by o t h e r s . 
F o r t e s t p u r p o s e s , a conven t iona l count ing t e c h n i q u e w a s u s e d to c o v e r the 
s o u r c e and low i n t e r m e d i a t e r a n g e s , and a m e a n - s q u a r e - v o l t a g e t e c h n i q u e 
( C a m p b e l l S y s t e m ) w a s e m p l o y e d to m o n i t o r the i n t e r m e d i a t e and p o w e r 
r a n g e s . Suff ic ient l i n e a r o v e r l a p of the two output s i g n a l s w a s v e r i f i e d 
e x p e r i m e n t a l l y , thus d e m o n s t r a t i n g the con t inuous m o n i t o r i n g f e a t u r e of 
the c o m b i n e d t e c h n i q u e s . A m e a n c h a m b e r c u r r e n t m e a s u r e m e n t w a s i n ­
c luded in the s y s t e m ; in a p o w e r r e a c t o r , i t would be u s e d to g e n e r a t e 
l i n e a r h i g h - p o w e r - t r i p s i g n a l s . 

T h e only s p e c i a l c o m p o n e n t r e q u i r e d w a s t h e p r e a m p l i f i e r . Sys tena 
d e s i g n c r i t e r i a e s t a b l i s h e d tha t the uni t be c a p a b l e of p r o d u c i n g ( l ) p u l s e s 
s u i t a b l e for count ing at r e l a t i v e l y h igh r a t e s ; and (2) d e t e c t a b l e m e a n s q u a r e 
v o l t a g e s i g n a l s p r o p o r t i o n a l to n e u t r o n flux a t low p o w e r l e v e l s . Swi tch ing 
of p r e a m p l i f i e r s , p r e a m p l i f i e r i n t e r n a l c h a r a c t e r i s t i c s , o r d e t e c t o r e x c i t a ­
t ion v o l t a g e w a s d e e m e d u n s a f e p r a c t i c e for c o n t r o l s y s t e m a p p l i c a t i o n s . 



5.2 .1 .3 T e s t P r o c e d u r e and R e s u l t s 

In o p e r a t i o n , a s t a n d a r d f i s s ion c o u n t e r o p e r a t i n g at 300 vol t s p r o ­
v ided the s igna l to a n a r r o w - b a n d p a s s p r e a m p l i f i e r . Output f r o m the p r e ­
a m p l i f i e r w a s fed to a l i n e a r p u l s e a m p l i f i e r , wi th a c o u n t - r a t e m e t e r 

output , and a t r u e r m s v o l t m e t e r 
connec t ed m p a r a l l e l . The m e a n 
c h a m b e r c u r r e n t s igna l was m e a ­
s u r e d wi th a p i c o - a m m e t e r . 

F i g u r e 5-5 shows the v a r i o u s 
r e s p o n s e s of the e x p e r i m e n t a l s y s ­
t e m to n e u t r o n flux p r e v a i l i n g m the 
A r g o n a u t r e a c t o r Only the m e a n 
c u r r e n t m e a s u r e n a e n t w a s inf luenced 
by a g a m m a flux of ~1.5 x 10^ R / h r . 
With r e s p e c t to the count ing s y s t e m , 
the u p p e r l i m i t w a s e s t a b l i s h e d by 
the p a r t i c u l a r e l e c t r o n i c s u s e d , and 
the l ower l i m i t by the a l l owab le s t a ­
t i s t i c a l v a r i a t i o n of the c o u n t - r a t e 
m e t e r output . In the c a s e of the s t a ­
t i s t i c a l c u r r e n t f luc tua t ion s y s t e m , 
the u p p e r r a n g e p r o b a b l y wi l l be 

d e t e r n a i n e d by d e t e c t o r s p a c e c h a r g e e f fec t s , h o w e v e r , such effects w e r e 
not p e r c e p t i b l e o v e r the r a n g e of n e u t r o n flux m o n i t o r e d by the t e s t 
a s s e m b l y . 

10 10 10 

NEUTRON FLUX, nV 

Fig 5-5 Responses of prototype monitoring 
system to neutron flux levels in 
the Argonaut reactor 

T h e l o w e s t f l u x l e v e l t h a t c a n b e m e a s u r e d w i l l b e d e t e r m i n e d e i t h e r 
b y t h e a l p h a o u t p u t of t h e f i s s i o n a b l e c o a t i n g ( a s s h o w n b y t h i s e x p e r i m e n t ) 
o r b y t h e g a m m a o u t p u t . C a l c u l a t i o n s i n d i c a t e a g a m m a f lux of 10^ R / h r 
w^ould b e r e q u i r e d to p r o d u c e a 10% e r r o r m a m e a s u r e d n e u t r o n f lux of 

10^ n v 

In s u m m a r y , t h e e x p e r i m e n t a l s y s t e m h a s m o n i t o r e d t e n d e c a d e s 
of n e u t r o n f lux w i t h a s i n g l e f i x e d - p o s i t i o n d e t e c t o r i n s t a l l e d m t h e A r g o n a u t 
r e a c t o r . N o c h a n g e s m t h e p r e a m p l i f i e r c h a r a c t e r i s t i c s o r t h e d e t e c t o r 
e x c i t a t i o n v o l t a g e w e r e m a d e o r r e q u i r e d t h r o u g h o u t t h e e x p e r i m e n t . T h e 
e x c e l l e n t g a m m a d i s c r i m i n a t i o n h a s n o t b e e n c o m p l e t e l y v e r i f i e d H e n c e , 
p l a n s a r e u n d e r w a y t o c o n d u c t a s i m i l a r e x p e r i m e n t m t h e E B R - I I F a c i l i t y . 
In a d d i t i o n t o i t s l a r g e g a m m a b a c k g r o u n d a t l o w n e u t r o n f lux l e v e l s , t h e 
E B R - I I w i l l p r o v i d e a n e x c e l l e n t m e a n s of e v a l u a t i n g r e s p o n s e of t h e p r o ­
t o t y p e s y s t e m m a f a s t r e a c t o r o p e r a t i n g e n v i r o n m e n t 



5.2.2 S tud ie s of T i m e - and S p a c e - D e p e n d e n t R e a c t o r D y n a m i c s 

5 .2 .2 .1 O b j e c t i v e s and B a s i c A p p r o a c h 

T h e o b j e c t i v e s of t h e s e s t u d i e s a r e : ( l ) to r e s o l v e the p r o b l e m of 
a n a l y z i n g the d y n a m i c a l p r o p e r t i e s (e .g . , s t a b i l i t y , e tc . ) of r e a c t o r s y s t e m 
v a r i a b l e s •which a r e a funct ion of t i m e and s p a c e ( i . e . , n e u t r o n flux, fuel 
t e m p e r a t u r e , and coo lan t flow); and (2) to e s t a b l i s h c o n t r o l t e c h n o l o g y tha t 
wi l l e n s u r e the s t a b i l i t y and c o n t r o l l a b i l i t y of l a r g e , fas t p o w e r b r e e d e r 
r e a c t o r s . 

T h e b a s i c a p p r o a c h to the p r o b l e m c o n s i s t s of s e q u e n t i a l l y ( l ) d e ­
r i v ing m a t h e m a t i c a l m o d e l s to d e s c r i b e the n u c l e a r and n o n n u c l e a r c h a r ­
a c t e r i s t i c s of the r e a c t o r s y s t e m ; (2) exanaining e x i s t i n g m e t h o d s or 
deve lop ing new m e t h o d s for s tudy ing s p a t i a l l y - d e p e n d e n t r e a c t o r d y n a m i c s ; 
and (3) e v a l u a t i n g t h e i r s u i t a b i l i t y for s t a b i l i t y a n a l y s i s of s p a c e - d e p e n d e n t 
r e a c t o r d y n a m i c s y s t e m s . 

M a t h e m a t i c a l M o d e l . T h e m o d e l for t h e n e u t r o n flux w a s the c o n ­
ven t iona l m u l t i g r o u p diffusion equa t ion coup led wi th d e l a y e d n e u t r o n e q u a ­
t i o n s . In o r d e r to m o r e a c c u r a t e l y d e s c r i b e the s y s t e m (which i s b a s i c a l l y 
i n h o m o g e n e o u s and n o n s t a t i o n a r y in i t s m a t e r i a l c o m p o s i t i o n due to m o t i o n 
of the c o n t r o l r o d s ) , the n u c l e a r p a r a m e t e r s w e r e a s s u m e d to be s p a c e -
t i m e v a r y i n g and, p o s s i b l y , n o n l i n e a r . 

T h e m o d e l for the n o n n u c l e a r v a r i a b l e s (e .g . , t e m p e r a t u r e s ) w a s 
d e r i v e d f r o m s t u d i e s of r e p r e s e n t a t i v e l o c 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 a t y p i c a l fuel e l e m e n t and i t s s u r r o u n d i n g coo l an t c h a n n e l . R e a c t o r 
h e a t t r a n s f e r and h y d r o d y n a m i c s e q u a t i o n s w e r e fornaula ted by u s ing the 
a v e r a g 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 . 

F i n a l l y , the n e u t r o n k i n e t i c s e q u a t i o n s w e r e coupled wi th equa t ions 
g o v e r n i n g the n o n n u c l e a r v a r i a b l e s to f o r m u l a t e the m o d e l for the conaplete 
r e a c t o r s y s t e m . 

M e t h o d s and E v a l u a t i o n s . Both noda l and m o d a l m e t h o d s w e r e ex -
anained wi th r e s p e c t to t h e i r s u i t a b i l i t y for s tudy ing s p a t i a l l y d e p e n d e n t 
r e a c t o r d y n a m i c s . T h e f o r m e r i nvo lves d iv id ing a l a r g e - s i z e r e a c t o r into 
s m a l l e r r e g i o n s o r z o n e s and a p p r o x i m a t i n g the d y n a m i c b e h a v i o r of each 
zone by a s p a c e - i n d e p e n d e n t m o d e l (us ing the a v e r a g e or we igh ted a v e r a g e 
of t h e s y s t e m v a r i a b l e s in e a c h zone) s i m i l a r to t ha t of a poin t m o d e l . 
T h e s e po in t s o r z o n e s a r e coupled t h r o u g h t h e i r m u t u a l p r o p e r t i e s ( e .g . , 
diffusion, e t c . ) . A s e t of coupled nodal e q u a t i o n s w a s d e r i v e d for the r e ­
a c t o r s y s t e m . In add i t i on , a s t u d y of s e v e r a l "we igh t ing f u n c t i o n s " (used 
to c a l c u l a t e the w^eighted a v e r a g e of the s y s t e m v a r i a b l e s ) w a s conduc ted to 
find t h e b e s t noda l a p p r o x i m a t i o n for v a r i o u s a p p l i c a t i o n s of the m e t h o d 
(e .g . , s t a b i l i t y a n a l y s i 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 , e t c . ) . 



T h e m o d a l m e t h o d a s s u m e s the so lu t ion of the s y s t e m v a r i a b l e s to 
be a c o m b i n a t i o n of the c h a r a c t e r i s t i c func t ions of the s y s t e m . When t h i s 
a s s u m e d so lu t ion i s s u b s t i t u t e d into the s y s t e m e q u a t i o n s , and wi th s u i t a b l e 
m a n i p u l a t i o n s , the s y s t e m can be r e d u c e d to a se t of s p a c e - i n d e p e n d e n t 
e q u a t i o n s . The diff icul ty of t h i s m e t h o d is f inding the c h a r a c t e r i s t i c func­
t ions of the r e a c t o r s y s t e m . An a t t e m p t to d e v e l o p a s i m p l e r m e t h o d for 
a p p l i c a t i o n to g e n e r a l r e a c t o r s y s t e m s w a s u n s u c c e s s f u l ; h o w e v e r , t he 
r e s u l t s t h a t w e r e ob ta ined can be app l i ed to r e a c t o r s y s t e m s involv ing one 
or two s p a c e - d e p e n d e n t v a r i a b l e s . 

A l though L y a p u n o v ' s s econd m e t h o d h a s p r o v e d usefu l m s t a b i l i t y 
a n a l y s i s of s y s t e m s involv ing l i n e a r and n o n l i n e a r o r d i n a r y d i f f e ren t i a l 
e q u a t i o n s , no g e n e r a l i z e d t e c h n i q u e e x i s t s for f inding Lyapunov funct ions 
for s p a c e - d e p e n d e n t d y n a m i c s y s t e n a s . H o w e v e r , a t e c h n i q u e for finding 
Lyapunov funct ions for a c l a s s of r e a c t o r d y n a m i c s y s t e m s was d e v e l o p e d . 
F i r s t , a g e n e r a l i z e d Lyapunov funct ion w a s deve loped for the l i n e a r i z e d 
r e a c t o r s y s t e m to p r o v i d e cond i t ions suff ic ient for s t a b i l i t y •with r e s p e c t 
to the s y s t e m p a r a m e t e r s . Nex t a new L y a p u n o v funct ion for the n o n l i n e a r 
sys tena w a s c o n s t r u c t e d by adding n o n l i n e a r t e r m s to the l i n e a r s y s t e m 
funct ion. T h i s mod i f i ed funct ion i s u s e d to d e t e r n a i n e a r e g i o n of stabilit^y 
and to a s s e s s the p r o p e r f e e d b a c k funct ion which wi l l e n s u r e s y s t e m s t a ­
b i l i t y w i t h m the p h y s i c a l l i m i t s w h e r e the c h o s e n m a t h e m a t i c a l m o d e l and 
a s s u n a p t i o n s a r e v a l i d . 

T h e m a t h e m a t i c a l m o d e l c h o s e n for the a n a l y s i s w a s r a t h e r g e n e r a l , 
bu t •was k e p t a s c l o s e to r e a l i t y a s p o s s i b l e . S ince the effect of t h e c o n t r o l 
d e v i c e s a r e e m b e d d e d m the s y s t e m p a r a m e t e r s , the a n a l y s i s b a s e d on th i s 
m o d e l should be m o r e a c c u r a t e , and c o n s e q u e n t l y , m o r e r e l i a b l e . T r e a t i n g 
the p r o b l e m d i r e c t l y e l i m i n a t e s the n e e d for def in ing r e a c t i v i t y , s i n c e t h e 
g e n e r a t i o n and d e s t r u c t i o n of n e u t r o n s a r e i n h e r e n t m the s y s t e m e q u a t i o n s . 

In t h i s i n s t a n c e , the conven t iona l m o d a l naethod, u s i n g the c h a r a c ­
t e r i s t i c funct ion of a b a r e h o m o g e n e o u s r e a c t o r s y s t e m , w a s found r e a d i l y 
a p p l i c a b l e m l i m i t e d c a s e s , and r a t h e r c o m p l e x for m o s t o t h e r s y s t e m s . 
The noda l m e t h o d h a s the a d v a n t a g e tha t the r e s u l t s a r e confined to a f ini te 
n u m b e r of e q u a t i o n s , but the r e s t r i c t i o n on s y s t e m v a r i a t i o n l i m i t s i t s 
r a n g e of a p p l i c a b i l i t y . 

In s u m m a r y , s t a b i l i t y a n a l y s i s of l i n e a r s y s t e m s can be p e r f o r n a e d 
by e i t h e r the noda l o r m o d a l m e t h o d In the c a s e of n o n l i n e a r s y s t e n a s , 
h o w e v e r , s i m i l a r a n a l y s i s is b e s t p e r f o r m e d by c o n s t r u c t i n g a Lyapunov 
funct ion p e r t i n e n t to the s p a c e - d e p e n d e n t r e a c t o r sys tena u n d e r s tudy . 
M o r e o v e r , i t c a n be app l i ed to o t h e r r e l a t e d s y s t e m d y n a m i c s g o v e r n e d by 
p a r t i a l d i f f e r e n t i a l e q u a t i o n s (e .g . , s t a b i l i t y of r e a c t o r h e a t g e n e r a t i o n , 
s t r u c t u r a l , and c o n t a i n m e n t s h e l l p r o b l e m s ) . 



5.2.3 S y n t h e s i s of O p t i m a l C o n t r o l S y s t e m for N u c l e a r R e a c t o r s wi th 
G e n e r a l i z e d T e m p e r a t u r e F e e d b a c k 

5 .2 .3 .1 S y n t h e s i s P r o b l e m 

C o n t r o l o b j e c t i v e s (and p r o b l e m s ) v a r y f r o m one type of r e a c t o r to 
a n o t h e r . In c e n t r a l s t a t i o n p l a n t s , for e x a m p l e , the ob jec t ive m i g h t be to 
p r o g r a m the p o w e r output to follow a g iven t i m e function d e t e r m i n e d by 
c o n s u m e r d e m a n d s . A s i m i l a r s i t u a t i o n m i g h t e x i s t in a n u c l e a r r o c k e t , 
w h e r e the t h r u s t i s p r o g r a m m e d to effect c e r t a i n r o c k e t m a n e u v e r s . O t h e r 
p r o b l e m s a r e r e f l e c t e d by c o n t r o l ob j ec t i ve s such a s changing p o w e r l e v e l s 
in m i n i m u m t i m e , or m i n i m i z i n g xenon bui ldup , h e n c e , r e s t a r t u p t i m e a f t e r 
shu tdown. 

In a l l i n s t a n c e s , the c o n t r o l inputs to the s y s t e m a r e the r e a c t i v i t y 
and the coolan t flow. H e n c e , the s y n t h e s i s p r o b l e m is to m a n i p u l a t e t h e s e 
v a r i a b l e s in the f o r m of a f eedback s y s t e m . 

5.2.3.2 A n a l y t i c a l A p p r o a c h 

DESIRED PERFORMANCE 

T h e m a t h e n a a t i c a l m o d e l of the r e a c t o r c o n s i s t e d of the poin t k ine t i c 
equa t ions wi th a s i ng l e d e l a y e d n e u t r o n g r o u p . By g e n e r a l i z i n g the func­
t iona l a n a l y s i s a p p r o a c h , an o p e n - l o o p - t y p e so lu t ion w a s ob ta ined . T h i s 
so lu t ion was c o m b i n e d wi th an a n a l y s i s of the r e a c t o r t r a j e c t o r i e s in the 
s t a t e p l ane (plot of p r o m p t n e u t r o n s v s . d e l a y e d n e u t r o n s ) to d e r i v e the 
c lo sed loop c o n t r o l law. T h e s e r e s u l t s w e r e then ex tended to inc lude 
s ix g r o u p s of de l ayed n e u t r o n s . Under t h e s e cond i t i ons , the s t a t e p lane is 
no l o n g e r a d e q u a t e ; h e n c e , a m u l t i d i m e n s i o n a l s t a t e s p a c e concep t w a s 
app l i ed . F ina l l y , the r e a c t o r sys tena w a s expanded to inc lude a g e n e r a l i z e d 

t e m p e r a t u r e feedback , and the con­
t r o l l e r r e q u i r e m e n t s w e r e d e r i v e d . 

5 .2 .3.2 Mode of O p e r a t i o n 

Two c o n t r o l l e r s a r e emp loyed , 
a s shown s c h e m a t i c a l l y in F i g . 5 -6 . 
D e s i r e d p e r f o r m a n c e is a c h i e v e d by 
the spec i f i c c o n t r o l l e r which con ­
t r o l s r e a c t o r hea t t r a n s f e r ( t e m p e r a ­
t u r e s ( T ) ) t h r o u g h the coo lan t flow 
(C), and d e t e r m i n e s the d e r i v e d n e u ­
t r o n d e n s i t y (n^j) input to the u n i v e r s a l 
c o n t r o l l e r . C o n t r o l r e a c t i v i t y (p) 
input f r o m the l a t t e r f o r c e s the r e ­
a c t o r to g e n e r a t e the spec i f i ed n e u ­
t r o n flux l eve l (n). 
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Fig. 5-6. Schematic of optimal control system for 
reactors with generalized temperature 
feedback 



T h e s y s t e m is a p p l i c a b l e to m a n y t y p e s of r e a c t o r s . In the f inal 
d e s i g n of the u n i v e r s a l c o n t r o l l e r , the "only" i n f o r m a t i o n r e q u i r e d i s t he 
f eedback effects on the r e a c t i v i t y , a s g iven by the r e a c t i v i t y coe f f i c i en t s . 
T h e s e coef f ic ien t s m u s t be d e t e r m i n e d e x p e r i m e n t a l l y . 

5.3 F u e l Mel tdown S t u d i e s : E x p e r i m e n t a l F a c i l i t i e s 

5.3.1 L a r g e T R E A T Loop 

D u r i n g the f i s ca l r e p o r t i n g p e r i o d , i n s t a l l a t i o n of the o u t - o f - p i l e 
p o r t i o n of the loop w a s c o m p l e t e d and p r e s s u r e t e s t e d p r e p a r a t o r y to f i l l ing 
wi th s o d i u m ; the i n - p i l e t e s t s e c t i o n w a s f a b r i c a t e d and p a r t i a l l y i n s t r u -
naented to naoni tor t e m p e r a t u r e s and p r e s s u r e s ; and the c e n t e r of the T R E A T 
c o r e w a s modi f ied to a c c o m m o d a t e the t e s t s e c t i o n . In M a r c h , 1966, the 
l a t t e r •was d e l i v e r e d to the R e a c t o r P h y s i c s D i v i s i o n for c o m p l e t i o n of in ­
s t r u n a e n t a t i o n and p h y s i c s c a l i b r a t i o n s c o n s i s t e n t wi th the next p h a s e of 
s c h e d u l e d m e l t d o w n e x p e r i m e n t s in T R E A T . T h e s e e x p e r i m e n t s wi l l i n ­
vo lve c l u s t e r s of 7 to 17 E B R - I I fuel e l e m e n t s and, u l t inaa te ly , a mod i f i ed , 
f u l l - s i z e s u b a s s e m b l y con ta in ing a m a x i m u m of 37 e l e m e n t s of a p p r o p r i a t e 
e n r i c h m e n t s u r r o u n d e d by 54 s t a i n l e s s s t e e l d u m m y c o u n t e r p a r t s to c o m ­
p l e t e the load ing . A naore d e t a i l e d d e s c r i p t i o n of t h e s e e x p e r i m e n t s and 
a n a l y s e s of h y p o t h e t i c a l h a z a r d s a t t e n d a n t to t h e i r execu t ion is in v a r i o u s 
s t a g e s of r e v i e w by cogn izan t A r g o n n e and Idaho p e r s o n n e l . 

S ign i f ican t a s p e c t s of the fo rego ing f i s c a l e f for ts a r e s u m m a r i z e d 
in the fol lowing s u b s e c t i o n s . 

5 .3 .1 .1 P r e s s u r e T e s t i n g of O u t - o f - P i l e A s s e n a b l a g e 

T h i s p o r t i o n of t h e i n t e g r a t e d loop (F ig . 5-7) w a s d e s c r i b e d in the 
p r e v i o u s annua l r e p o r t (ANL-7190 , p . 181). In J u n e , 1966, i n s t a l l a t i o n w a s 
c o m p l e t e d and the e n t i r e a s s e n a b l a g e w a s p r e s s u r e t e s t e d wi th i n e r t gas a t 
r o o m t e m p e r a t u r e and 180 p s i g . T h e r e w e r e no l e a k s ; h o w e v e r , one of the 
i n - l i n e e x p a n s i o n b e l l o w s a s s e m b l i e s w a s a x i a l l y defornaed to the ex ten t 
t ha t i t had to be r e p l a c e d . F a b r i c a t e d of Type 304 s t a i n l e s s s t e e l , t h i s s t a n ­
d a r d 3 -p ly (0.018 in. p e r p ly) , 5 - convo lu t ion a s s e m b l y w a s p o s i t i o n e d in the 
3 - in . p ip ing bet^ween the p u m p out le t and the b y p a s s v a l v e . T h r e e i d e n t i c a l 
a s s e n a b l i e s w e r e p u r c h a s e d : one for r e p l a c e m e n t of the de f ec t i ve un i t , and 
t̂ wo s p a r e s . S t i f f e n e r s w e r e i n s t a l l e d a r o u n d the r e p l a c e m e n t uni t to s a f e ­
g u a r d a g a i n s t s i m i l a r d e f o r m a t i o n . 

One of the s p a r e b e l l o w s a s s e n a b l i e s , i d e n t i c a l to t h o s e employed in 
c r o s s - o v e r s e c t i o n (See I t e m 1, F i g . 5-7) , w a s b e n c h - t e s t e d to d e t e r m i n e i t s 
p r e s s u r e capab i l i t y . D u r i n g t h e s e t e s t s , the a s s e m b l y w a s c o m p r e s s e d 
1/4 in . , o r t w o - t h i r d s the a m o u n t due to p ipe e x p a n s i o n a n t i c i p a t e d d u r i n g 
h e a t i n g f r o m a m b i e n t to d e s i g n t e m p e r a t u r e (1000°F) . F i g u r e 5-8 shows 
the a p p e a r a n c e of the be l lows a f t e r be ing p r e s s u r i z e d (and he ld for 35 sec ) 
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1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 

CROSSOVER SECTION 
TEST SECTION 
CONTROL PANEL 
EXPANSION JOINTS 
BELLOWS-SEALED VALVES 
SODIUM STORAGE TANK 
SETTING TANK 
E.M. PUMP AND RECTIFIER 
COLD TRAP 

Fig. 5-7. Artist's concept of Large Tt^AT Sodium Loop. Arrow points to in-line 
pipe expansion bellows that was deformed. 
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at the m a x i m u m va lue of 1180 p s i . 
S ince the p r e s s u r e - t e m p e r a t u r e 
r a t i n g for T y p e 304 s t a i n l e s s s t e e l 
a t 1000°F is 0.65 tha t at r o o m t e m ­
p e r a t u r e , the r e s u l t s of the loop 
p r e s s u r e t e s t s a r e c o m p a r a b l e to 
long- ter iTi , 7 6 0 - p s i p r e s s u r i z a t i o n 
of the be l lows a t 1000°F. T h i s e x ­
c e e d s by a f ac to r of 1.5, the ~500 p s i 
h y p o t h e s i z e d for the m a x i m u m c r e d ­
ib le a c c i d e n t in the loop sa fe ty 
a n a l y s e s . 

5 .3.1.2 C o r e Modi f ica t ions 

T h e s e m o d i f i c a t i o n s i nc luded 
(1) h a l f - d u m m y e l e m e n t s to fill the 
voided r e g i o n s u r r o u n d i n g the c o r e ; 
(2) a Z i r c a l o y l i n e r to i s o l a t e the 
t e s t s e c t i o n and con ten t s f r o m the 
T R E A T fuel e l e m e n t s ; and (3) i n s t a l ­
l a t i on of c i r c u i t r y l ead ing f r o m s o ­
d i u m l e a k d r i p - g r i d s pos i t i oned a t 
s e n s i t i v e loop a r e a s . 

5 .3 .1 .3 T e s t Sec t ion 

F i g u r e 5-9 is a cu t away 
p i c t o r i a l of the t e s t s e c t i o n which 
wil l be pos i t i oned in the c e n t e r of 
the T R E A T c o r e . F a b r i c a t e d of 
Type 304 s t a i n l e s s s t e e l , the a s s e m ­

bly c o n s i s t s of a 2 | -- in. , Schedu le 5 flow tube pos i t i oned c o n c e n t r i c a l l y 
wi th in a 4 - i n . , Schedu le 80 p r e s s u r e c o n t a i n e r . At the u p p e r end, the flow 
tube is c l a m p e d b e t w e e n the f lange f aces of a 4 - in . C o n o s e a l p ipe jo in t tha t 
i n t e r c o n n e c t s the in le t and out le t h e a d e r to the top of the p r e s s u r e con­
t a i n e r . (Also s e e F i g . 5-7.) T h i s h e a d e r con ta ins a s h o r t ex t ens ion of the 
flow tube which is b e l l o w s - s p r i n g - l o a d e d a g a i n s t the u p p e r face of the p a r ­
ent flow tube to c o m p l e t e the coolan t channe l . 

Fig. 5-8. Appearance of Type 304 cross-over pipe 
expansion bellows after hydrostatic pres­
sure tests up to and including 35 sec 
at 1180 psi. 

The lower p o r t i o n of the t e s t s e c t i o n is hea t ed by s ix C h r o m o l o x 
h e a t e r s i n s t a l l e d at 6 0 - d e g r e e i n t e r v a l s a r o u n d the p r e s s u r e c o n t a i n e r . 
T h e s e h e a t e r s , a r e e n c l o s e d by a t h i n - w a l l e d s t a i n l e s s s t e e l s h e a t h which , 
in t u r n , is c o v e r e d wi th t h e r m a l i n su l a t i on . T h e e n t i r e a s s e m b l y is p o s i ­
t ioned wi th in a Z i r c a l o y l i n e r to p r o t e c t ad j acen t T R E A T fuel e l e m e n t s 
f rom m e c h a n i c a l d a m a g e and s o d i u m s p i l l s . At the u p p e r end, the l i n e r 
is g a s k e t e d to a d r i p pan which u n d e r l i e s the c r o s s - o v e r r i s e r and down-
c o m e r p i p e s l ead ing to the e q u i p m e n t r o o m . 
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LEGEND 
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5 

BLANKET GAS INLET 

BAFFLE 

SODIUM OUTLET 

SODIUM INLET 

BELLOWS SEALED 
FLOW TUBE EXTENSION 

6 PRESSURE CONTAINER 

7. FLOW TUBE 

8. MOUNTING FLANGE 

9 DRAIN 

10 HEATER 

11 THERMAL INSULATION 

12 SPRING HOLDDOWN 

13 PRESSURE TRANSDUCER 

14 TEST SUBASSEMBLY 

15 FUEL SPECIMEN 

16 THERMOCOUPLE WELL 

Fig. 5-9. Components of in-pile portion of Large TREAT loop 



T h e s e p i p e s l ead h o r i z o n t a l l y f rom t h e in le t and out le t h e a d e r s to 
9 0 - d e g r e e e lbows and then d o w n w a r d t h r o u g h c y l i n d r i c a l duc t s c a s t in the 
b i o l o g i c a l c o n c r e t e s h i e l d i n g . H o r i z o n t a l s e c t i o n s of both r i s e r and down-
c o m e r a r e f langed to f ac i l i t a t e r e m o v a l of the t e s t s e c t i o n upon c o m p l e t i o n 
of the e x p e r i m e n t . 

Wi th r e f e r e n c e to F i g . 5 -9 . s o d i u m f r o m the r i s e r e n t e r s the h e a d e r 
and flows d o w n w a r d t h r o u g h the annu lus b e t w e e n the flow tube and the p r e s ­
s u r e c o n t a i n e r . At a l e v e l c o r r e s p o n d i n g to the t h e r m o c o u p l e we l l , the 
flo^w is d i v e r t e d u p w a r d t h r o u g h the flow tube and e x p e r i m e n t a l fuel c l u s t e r 
(in t h i s i n s t a n c e , an E B R - I I s u b a s s e m b l y ) . The flow con t inues u p w a r d , 
p a s t t h e b e l l o w s s p r i n g - f l o w tube e x t e n s i o n , w h e r e it e n t e r s the d o w n c o m e r 
l ine and r e t u r n s to the o u t - o f - p i l e p o r t i o n . 

Upon c o m p l e t i o n of the m e l t d o w n e x p e r i m e n t , the s o d i u m in the t e s t 
s e c t i o n and i n t e r c o n n e c t i n g p ip ing wi l l be p e r m i t t e d to f r e e z e . At t ha t t i m e , 
the sh i e ld b l o c k s •will be s e t a s i d e and the t e s t s e c t i o n d i s c o n n e c t e d and 
renaoved in to a s h i e l d e d c a s k . Af te r a p r e d e t e r m i n e d a c t i v i t y d e c a y p e r i o d , 
the d r a i n l ine of the t e s t s e c t i o n •will be c o n n e c t e d to a d i s p o s a b l e c o n t a i n e r , 
and p o w e r l i n e s a t t a c h e d to the h e a t e r s to m e l t t h e s o d i u m . Upon c o m p l e ­
t ion of the d r a i n i n g o p e r a t i o n s (~ 42 lb or 0.75 ft ), the c a s k wi l l be sh ipped 
to the A r g o n n e s i t e for s u b s e q u e n t r e m o v a l and exana ina t ion of the t e s t 
a s s e m b l y . 

5 .3 .1 .4 Safe ty A n a l y s i s R e p o r t 

T h i s r e p o r t c o n t a i n s the r e s u l t s of d e t a i l e d sa fe ty a n a l y s e s of con­
d i t i ons tha t wi l l p r e v a i l d u r i n g n o r m a l e x p e r i m e n t s wi th r e a c t i v i t y a d d i t i o n s 
(kgx) of Z.O, m a x i m u m e x p e r i n a e n t s w i th k e x = 2.3 and, f inal ly , t h e m a x i ­
m u m c r e d i b l e a c c i d e n t h y p o t h e s i z e d for a 2.8% r e a c t i v i t y add i t ion , wi th a 
m o d i f i e d f u l l - s i z e E B R - I I s u b a s s e m b l y t e s t spec inaen con ta in ing a m a x i ­
m u m of 37 a c t i v e fuel e l e m e n t s . 

In a l l i n s t a n c e s , C D C - 3 6 0 0 ARGUS Code c a l c u l a t i o n s i n d i c a t e d tha t 
the loop is c a p a b l e of s u s t a i n i n g the m o s t s e v e r e c o n d i t i o n s , wi th a con ­
s i d e r a b l e m a r g i n of sa fe ty . In o p e r a t i o n , t he code r e l a t e s coo lan t and fuel 
t e m p e r a t u r e s d u r i n g a t r a n s i e n t ; it a l s o e m p l o y s a s e c o n d p r e s s u r e p u l s e 
m o d e l wh ich e s t i m a t e s t e m p e r a t u r e s and p r e s s u r e s t ha t m a y r e s u l t f r o m 
a s e c o n d c o n t a c t b e t w e e n s o d i u m and the m o l t e n fuel . To e n s u r e m o r e 
i n t i m a t e c o n t a c t and c o n s e q u e n t h i g h e r h e a t t r a n s f e r r a t e s , the fuel w a s 
a s s u m e d to h a v e r u p t u r e d into s m a l l f r a g m e n t s . 

T h a t a l a r g e f ac to r of s a fe ty e x i s t s is e v i d e n c e d by the c a l c u l a t e d 
r e s u l t s ( T a b l e 5 - l ) and the fac t t h a t the s t e a d y - s t a t e d e s i g n p r e s s u r e of 
the t e s t s e c t i o n i s equa l to 1990 p s i a . 



T a b l e 5 - 1 . C a l c u l a t e d M a x i m u m Coo lan t T e m p e r a t u r e s and 
P r e s s u r e s for the L a r g e T R E A T Loop 

R e a c t i v i t y T o t a l E n e r g y M a x i m u m S a t u r a t i o n 
Add i t i on , R e l e a s e , Coo lan t P r e s s u r e 

Cond i t i ons % kg^^ Btu T e m p . , °C P u l s e , p s i a 

N o r m a l 
E x p e r i m e n t 2.0 650 1014 60 

M a x i m u m 
E x p e r i m e n t 2 .3 850 1212 138 

M a x i m u m 
C r e d i b l e 
A c c i d e n t 2.8 1170 1490 ~424 

In s u m m a r y , the L a r g e T R E A T Sod ium Loop h a s b e e n c o m p l e t e d 
and c h e c k e d out . The o n s e t of s c h e d u l e d m e l t d o w n e x p e r i m e n t s is pend ing 
f inal r e v i e w of the h a z a r d s a n a l y s i s r e p o r t by c o g n i z a n t A r g o n n e , Idaho , 
and A E C p e r s o n n e l . 

5.3.2 An I n - P i l e Loop to S tudy F u e l F a i l u r e P r o p a g a t i o n 

A s tudy w a s m a d e of an i n - p i l e loop w h i c h would extend the s c o p e of 
fuel f a i l u r e e x p e r i m e n t s c u r r e n t l y p l anned for the T R E A T r e a c t o r . Unl ike 
the T R E A T e x p e r i m e n t s , t he p r o p o s e d t e s t s would s t a r t f r o m the f u l l - p o w e r 
l e v e l , w i th s y s t e m a b n o r m a l i t i e s p e r m i t t e d to d e v e l o p g r a d u a l l y o r r a p ­
idly a s d e s i r e d or e n c o u n t e r e d . 

T y p i c a l e x p e r i m e n t s would i nc lude l o s s of coo l ing , fuel r e s t a r t 
c a p a b i l i t y fol lowing s u c h l o s s , c a t a l y t i c f a i l u r e p r o p a g a t i o n , and p r o j e c t i o n 
of f a i l u r e to a d j a c e n t fuel. In i t i a l l y , fuel s a m p l e s would be i n s t a l l e d in the 
loop and the r e a c t o r b r o u g h t up to n o r m a l coo l an t flow, t e m p e r a t u r e , and 
p o w e r l e v e l s . T h i s p h a s e of the t e s t would i nc lude checkou t and c a l i b r a t i o n 
of i n s t r u m e n t a t i o n to m e a s u r e s ign i f i can t o p e r a t i n g p a r a m e t e r s . S u b s e ­
quen t ly , t he a b n o r m a l cond i t i on would b e i n t r o d u c e d and the c o n s e q u e n t 
b e h a v i o r of the p a r a m e t e r s r e c o r d e d . F i n a l l y , t he fuel s p e c i m e n s would be 
r e m o v e d , i n s p e c t e d , and the r e s u l t s c o r r e l a t e d wi th cond i t i ons p r e v a i l i n g 
d u r i n g the t e s t . 

T h e r a n g e of t e m p e r a t u r e s of i n t e r e s t and c o n s e q u e n c e i m p o s e s 
s e v e r e d e m a n d s upon m a t e r i a l s and i n s t r u m e n t a t i o n . F o r e x a m p l e , the 
c u r r e n t t a r g e t o p e r a t i n g t e m p e r a t u r e for l a r g e , s o d i u m - c o o l e d r e a c t o r s 
is 1200°F. H e n c e , the loop wi l l h a v e to a c c o m m o d a t e a coo lan t ou t le t t e m ­
p e r a t u r e of t h i s m a g n i t u d e , w i th a p o w e r r e j e c t c a p a b i l i t y up to 1 MW. 
P r o v i s i o n s m u s t be m a d e for c o n t a i n m e n t of s t i l l h i g h e r s o d i u m t e m p e r a ­
t u r e s wh ich m a y be e n c o u n t e r e d on a t r a n s i e n t b a s i s o r d u r i n g p o s s i b l e 



s h o r t - t e r n a , s t e a d y - s t a t e bo i l ing . In add i t i on , t he loop m u s t con ta in the 
c o n s e q u e n c e s of a b n o r m a l cond i t i ons up to and inc lud ing fuel m e l t d o w n . 
H e n c e , d e v e l o p m e n t of s p e c i a l m a t e r i a l s and m o n i t o r i n g e q u i p m e n t wi l l be 
r e q u i r e d in s u p p o r t of the loop d e s i g n ef for t . 

T h e n a t u r e of the p r o p o s e d t e s t s n e c e s s i t a t e s t h e i r conduc t in an 
o p e r a t i n g r e a c t o r s i n c e r e a l i s t i c g e n e r a t i o n of h e a t canno t be r e p r o d u c e d by 
o u t - o f - p i l e m e t h o d s . A cho ice of r e a c t o r h a s not b e e n m a d e ; c o n s e q u e n t l y , 
a spec i f i c loop d e s i g n d o e s not e x i s t . Ho^wever, the b a s i c c o m p o n e n t s •would 
c o n s i s t of a s p e c i a l a l l oy r e - e n t r a n t t e s t s e c t i o n , a s o d i u m - t o - n i t r o g e n h e a t 
e x c h a n g e r , a c o n t i n u o u s l y v a r i a b l e m e c h a n i c a l s o d i u m punap, p ip ing , t a n k s , 
and i n s t r u m e n t a t i o n . A s u r v e y of o p e r a t i n g s y s t e m s i n d i c a t e s t ha t the loop 
c o m p l e x e n v i s i o n e d i s a m e n a b l e to i n s t a l l a t i o n in r e a c t o r s s u c h a s the 
BAWTR, G E T R , S R E , o r o t h e r s . 

The s t a t u s of the s tudy is a s fo l lows . P r e l i m i n a r y c o s t e s t i m a t e s 
of the b a s i c loop i n s t a l l a t i o n have b e e n p r e p a r e d . E x p l o r a t o r y m e e t i n g s 
and i n f o r m a t i o n e x c h a n g e s have b e e n conduc ted wi th cogn izan t m a n a g e m e n t 
p e r s o n n e l to d e t e r m i n e a v a i l a b i l i t y of r e a c t o r s . T h i s infornaa t ion h a s b e e n 
c o m p i l e d in a p r o p o s a l for l o c a l and A E C revie^w. 

5.4 C o n t a i n m e n t 

5 .4 .1 A New C o n c e p t of P r i m a r y Conta innaen t by E n e r g y A b s o r p t i o n 

C u r r e n t p r o v i s i o n s for c o n t a i n m e n t of U.S. n u c l e a r r e a c t o r s v a r y 
a c c o r d i n g to the type of r e a c t o r , i t s l o c a t i o n , m a g n i t u d e of m a x i m u m c r e d ­
ib le a c c i d e n t h y p o t h e s i z e d , and o t h e r c o n s i d e r a t i o n s . In m o s t s y s t e m s , 
h o w e v e r , two d i s t i n c t s t a g e s of con f inemen t a r e e m p l o y e d . T h e s e s t a g e s 
a r e iden t i f i ed a s p r i m a r y and s e c o n d a r y c o n t a i n m e n t , r e s p e c t i v e l y . 

T h i s s e c t i o n s u m m a r i z e s the r e s u l t s of an a n a l y t i c a l s tudy con ­
duc t ed in s u p p o r t of a new p r i m a r y c o n t a i n m e n t concep t which offers 
i m p r o v e m e n t in sa fe ty and s u b s t a n t i a l c o s t r e d u c t i o n s ove r a c c e p t e d s y s ­
t e m s . A m o r e d e t a i l e d a c c o u n t is r e p o r t e d e l s e w h e r e . 

5 .4 .1 .1 Old v s . New C o n c e p t 

N u c l e a r a c c i d e n t s a r e m o s t c o m m o n l y a s s u m e d to o r i g i n a t e in the 
r e a c t o r c av i t y wh ich i s f o r m e d by the b i o l o g i c a l c o n c r e t e sh i e ld w a l l s 
(u sua l ly 4 to 6 ft t h i c k ) . T h i s c av i t y c o n t a i n s the r e a c t o r v e s s e l , c e r t a i n 
p r i m a r y s y s t e m p ip ing and conaponents , and s o m e f o r m of i ndependen t 
b l a s t sh i e ld wh ich s u r r o u n d s the r e a c t o r v e s s e l . 

Qu i t e often, the b l a s t sh i e ld i s c o m p r i s e d of four or m o r e c o n c e n ­
t r i c s t e e l c y l i n d e r s wi th i n t e r i m l a y e r s of c r u s h a b l e m a t e r i a l . T h i s con ­
f i g u r a t i o n is b a s e d upon the fol lowing p r i n c i p l e s of c o n t a i n m e n t . In the 



event of a m a j o r n u c l e a r a c c i d e n t , the f i r s t s ign i f i can t confining a c t i o n is 
offered by the w a l l s of the r e a c t o r v e s s e l and of the cav i ty . F u r t h e r a t t e n ­
ua t ion of the b u r s t effects i s a c c o m p l i s h e d by s e q u e n t i a l e x p a n s i o n of the 
b l a s t sh i e ld c y l i n d e r s and c r u s h i n g of the i n t e r v e n i n g m a t e r i a l . 

Fig. 5-10. Concept of primary containment by energy 
absorption. Sectioned half of concrete 
shield shows basket-like reinforcement 
formed by successive layers of vertical and 
horizontal strands of high-tensile steel posi­
tioned in sheaths. Sheaths are mounted on 
concentric wire mesh cylinders (not 
shown). Vertical strands terminate in top 
cylinder designed for internal pressure 
equal to tension applied by the strands. 

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

T h e r e a r e t h r e e b a s i c d i s ­
a d v a n t a g e s to the b l a s t sh i e ld con ­
cep t . F i r s t , c o s t of n a a t e r i a l , 
f a b r i c a t i o n , and e r e c t i o n of m u l ­
t ip le s t e e l c y l i n d e r s and l a y e r s of 
c r u s h a b l e c o m p o s i t i o n is s u b s t a n ­
t i a l . Second, they a r e d e s i g n e d to 
s a t i s fy s e m i f i c t i t i o u s p r e s s u r e -
v o l u m e c a l c u l a t i o n s •which do not 
d i s c l o s e the p r e s e n c e and m a g n i ­
tude of ex i s t ing m a r g i n s of sa fe ty . 
F i n a l l y , i n s t a l l a t i o n of the a s s e m ­
bly bet^ween the r e a c t o r v e s s e l and 
b io log ica l sh ie ld r e s u l t s in a 
l a r g e r r e a c t o r bu i ld ing . 

In c o n t r a s t , t he p r o p o s e d 
p r i m a r y c o n t a i n m e n t concep t 
(F ig . 5 -10) : 

(1) Effec ts s u b s t a n t i a l c o s t 
r e d u c t i o n s by e l i m i n a t i n g the need 
for an independen t b l a s t sh ie ld . 

(2) P e r m i t s e s t a b l i s h m e n t 
of de f ineab le sa fe ty m a r g i n s by 
equa t ing a s c e r t a i n a b l e q u a n t i t i e s , 
i . e . , the d e s t r u c t i v e c o m p o n e n t s of 
the exp los ion , to the e n e r g y -
a b s o r p t i o n c a p a b i l i t y of m a t e r i a l 
s u r r o u n d i n g the r e a c t o r . 

(3) Offers po t en t i a l s a v i n g s 
(by s e v e r a l feet) of the s e c o n d a r y 

E c o n o m y is a c h i e v e d by m a k i n g the e v e r - p r e s e n t c o n c r e t e b io log ica l 
sh ie ld an i n t e g r a l p a r t of the p r i m a r y c o n t a i n m e n t s t r u c t u r e and independen t 
of the s e c o n d a r y c o n t a i n m e n t . As sho^wn in F i g . 5-10 , th i s is done by r e i n ­
fo rc ing the c o n c r e t e sh ie ld wi th s e v e r a l l a y e r s of c o m m e r c i a l l y - a v a i l a b l e , 
u n s t r e s s e d s t r a n d s of h i g h - t e n s i l e s t e e l to f o r m an e x t r e m e l y eff icient , 
e n e r g y - a b s o r b i n g b a s k e t . The s t r a n d s a r e p l a c e d in s h e a t h s to p r e v e n t 



bonding to the c o n c r e t e ; t h u s , t e n s i o n app l i ed at one point is m a n i f e s t e d 
o v e r the e n t i r e l eng th , w i th neg l ig ib l e l o s s e s due to f r i c t ion . N u m b e r , s i z e , 
and spac ing of the s t r a n d s can be d e t e r m i n e d by the m a g n i t u d e of the d e ­
s t r u c t i v e c o m p o n e n t s of the h y p o t h e t i c a l a c c i d e n t . 

T h e s e c o m p o n e n t s ( shock w a v e , fluid m o m e n t u m , gas bubble , with, 
t h e i r r e s p e c t i v e t i m e p a r a m e t e r s ) a r e a b s o r b e d by the e l a s t o - p l a s t i c d e ­
f o r m a t i o n of the s t r a n d s . In F i g . 5 - 1 1 , the a r e a s be low the s t r e s s - s t r a i n 
c u r v e s sho^w the s t r a i n e n e r g y - d e f o r m a t i o n p r o p e r t i e s of h i g h - t e n s i l e 
s t r e n g t h s t e e l s t r a n d s and s t r u c t u r a l c a r b o n s t e e l r e i n f o r c e m e n t . A n a l y s i s 
of a h i g h - s t r e n g t h s t e e l b a s k e t , s i m i l a r to t ha t of F i g . 5-10, e m b e d d e d in 
a 4 - f t - t h i c k b io log i ca l s h i e l d wal l showed tha t the d e s t r u c t i v e c o m p o n e n t s 
of a n equ iva l en t 300 - lb TNT exp los ion in the cav i ty could be a b s o r b e d by 
an e l a s t o - p l a s t i c d e f o r m a t i o n of 6%. T h i s va lue is b a s e d on the m i n i m u m 
s p a c i n g c o n s i s t e n t wi th m a x i m u m s t r a n d d i a m e t e r which would not fail the 
c o n c r e t e in b e a r i n g . If the wa l l t h i c k n e s s w e r e i n c r e a s e d to 6 ft, the s t r a n d 
d i a m e t e r and spac ing could be modi f ied to r e a l i z e c o n t a i n m e n t of a 500- to 
1000- lb TNT de tona t i on for the s a m e p e r c e n t a g e of d e f o r m a t i o n . 
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UNIT STRAIN, i n . / i n . 

Fig. 5-11. Stress, strain, and strain-energy diagram for structural and high-tensile steels. Light cross-
hatching beneath each curve signifies plastic strain energy for each steel. Denser triangles 
A and B indicate the corresponding elastic energy-absorbing properties. 



5.4.1.2 A s s e s s m e n t of Safety M a r g i n s 

A r e a l i s t i c a s s e s s m e n t can be ob ta ined by the ind iv idua l and s e q u e n ­
t i a l t r e a t m e n t of the v a r i o u s d e s t r u c t i v e m a n i f e s t a t i o n s i n h e r e n t in the 
n u c l e a r i nc iden t . Br ie f ly , the d e s t r u c t i v e c o m p o n e n t to be a b s o r b e d p r o b ­
ab ly m a n i f e s t s i t se l f in to t h r e e s u b c o m p o n e n t s o c c u r r i n g over d i f fe ren t 
t i m e s : s h o c k •wave, fluid m o m e n t u m , and expanding gas b u b b l e . 

The shock wave p r o c e e d s e x t r e m e l y fas t (lO~ to 10" sec ) and p r o b ­
ab ly c a u s e s r u p t u r e of the r e a c t o r v e s s e l . S o m e e n e r g y is l o s t in r u p t u r i n g 
the v e s s e l and in c r u s h i n g and a c c e l e r a t i n g c e r t a i n r e a c t o r i n t e r n a l s . The 
s h o c k wave canno t e f fec t ive ly p r o p a g a t e p a s t the v e s s e l wa l l due to d e n s i t y 
d i f f e r e n c e s in the wal l and the s u r r o u n d i n g m a t e r i a l (u sua l ly i n e r t gas o r 
a i r ) . T h e r e f o r e , the e n e r g y i s c o n v e r t e d into w o r k , h e a t , and k ine t i c e n ­
e r g y , i m p a r t i n g m o m e n t u m both i n i t i a l l y and on r e f l e c t i o n a s i t p a s s e s 
t h r o u g h the m a t e r i a l s . C o n v e r s i o n of the k i n e t i c e n e r g y in the m a t e r i a l 
m o m e n t u m m u s t be c o n s i d e r e d o v e r l o n g e r t i m e p e r i o d s (lO""* to 10"^ s e c ) . 
F i n a l l y , t he expanding gas bubble c o n t a i n s abou t o n e - h a l f the t o t a l d e s t r u c ­
t ive e n e r g y and i t s e f fec ts o c c u r o v e r a s t i l l l a r g e r p e r i o d (lO~^ to 1 s e c ) . 

5 .4 .1 .3 S t r a i n - R a t e P r o p e r t i e s of S t r a n d M a t e r i a l s 

T h e t i m e e l e m e n t s a s s o c i a t e d •with the d e s t r u c t i v e s u b c o m p o n e n t s 
e m p h a s i z e the i m p o r t a n c e of s t r a i n - r a t e p r o p e r t i e s of the s t r a n d m a t e r i a l s 
e m p l o y e d in t h i s c o n t a i n m e n t concep t . To p r o v i d e s o m e i n s i g h t in to the 
m a g n i t u d e of s t r a i n r a t e i m p o s e d on any s t r a n d , a fluid d y n a m i c s a n a l y s i s 
w a s m a d e of an i d e a l i z e d s o d i u m r e a c t o r conta innaent s y s t e m hav ing s p h e r ­
i ca l s y m m e t r y . ^ ^ 

F o r th i s a n a l y s i s , the d e s t r u c t i v e c o m p o n e n t w a s a s s u m e d e q u i v a ­
l e n t to the d e t o n a t i o n of a b a r e c h a r g e of 376 lb of T N T . T h i s c h a r g e , m e a ­
s u r i n g 2 ft in d i a m e t e r , w a s s u r r o u n d e d s u c c e s s i v e l y by 5 ft of w a t e r , 1 ft 
of a r g o n , and a 6 - f t - t h i c k c o n c r e t e b i o l o g i c a l sh i e ld e m b e d d e d wi th non-
p r e s t r e s s e d , unbonded , h i g h - s t r e n g t h - s t e e l s t r a n d s . 

T h e h y d r o d y n a m i c a l e q u a t i o n s of m o t i o n , "which c o n s t i t u t e a s e t of 
n o n l i n e a r p a r t i a l d i f f e r e n t i a l e q u a t i o n s , w e r e i n t e g r a t e d n u m e r i c a l l y by 
the C D C - 3 6 0 0 c o m p u t e r . P r o p a g a t i o n of s h o c k d i s c o n t i n u i t i e s w a s t r e a t e d 
by a c o m m o n f o r m of the a r t i f i c i a l v i s c o s i t y t e c h n i q u e of von N e u m a n n and 
R i c h t m e y e r . G e n e r a l i n f o r m a t i o n on the m o d e of p r o p a g a t i o n and c h a n g e s 
wi th t i m e of the d e s t r u c t i v e c o m p o n e n t w a s ob ta ined by naoni to r ing the 
p r e s s u r e a t v a r i o u s c r i t i c a l l o c a t i o n s in the s y s t e m and by fol lowing the 
m o v e m e n t of the f l u i d - g a s i n t e r f a c e s . De t a i l ed i n f o r m a t i o n in the f o r m of 
p r e s s u r e - t i m e and l o c a t i o n - t i m e p lo t s is g iven in r e f e r e n c e 24. 
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The r a t e of s t r a i n i m p o s e d on the s t e e l s t r a n d s is r e l a t e d to the 
p r e s s u r e pu l s e ac t ing on the m s i d e face of the c o n c r e t e sh i e ld . F o r the 
r e a c t o r s y s t e m d e s c r i b e d above , the m a x i m u n a s t r a i n r a t e on any s t e e l 
s t r a n d w a s c a l c u l a t e d to be 12.32 m . / m / s e c T h i s is c l a s s i f i e d m the 
e x t r e m e l o w e r r a n g e of the m o d e r a t e r a t e of s t r a i n (lO to 10" m / m . / s e c ) . 

Klmger^^ has r e p o r t e d s t r a i n r a t e s of 10"^ < e < 10 for h i g h - s t r e n g t h 
s t e e l (SAE 4340) r ang ing f r o m 120,000 p s i ul t (annea led condi t ion) , up to a 
n o m i n a l u l t i m a t e s t r e n g t h of 220,000 p s i . A r e v i e w of h i s r e s u l t s i n d i c a t e s , 
m g e n e r a l , tha t the s t r a i n - r a t e effect d e c r e a s e s m a r k e d l y a s the s t r e n g t h 
l eve l of the s t e e l is i n c r e a s e d . In fact , the 2 2 0 , 0 0 0 - p s i s t e e l showed e i t h e r 
no change or s l igh t l o s s (<3%) m s t r e n g t h wi th i n c r e a s i n g s t r a i n r a t e . 
T h e r e w a s no n o t i c e a b l e effect on the to t a l e longa t ion at any s t r e n g t h l e v e l . 

T h e new concep t of p r i m a r y c o n t a i n m e n t is b a s e d upon the e n e r g y -
a b s o r b i n g c a p a b i l i t y of the e m b e d d e d s t e e l s t r a n d s . T h i s capab i l i t y , m 
t u r n , IS dependen t upon the s t r e n g t h and e longa t ion p r o p e r t i e s of the s t r a n d s ; 
and both p r o p e r t i e s a r e funct ions of the s t r a i n r a t e T h e r e f o r e , the m o d e s t 
s t r a i n r a t e s i m p o s e d on the b a s k e t - c o n t a i n m e n t concep t , c o m p a r e d to the 
high s t r a i n r a t e s r e p o r t e d by K l m g e r , r e n d e r t he concep t e n t i r e l y f e a s i b l e . 
F o r e x a m p l e , s i n c e the s t r e n g t h and e longa t ion p r o p e r t i e s of the 2 2 0 , 0 0 0 - p s i 
s t e e l do not change a p p r e c i a b l y at a s t r a i n r a t e of <10 m / m / s e c , which 
i s the r e g i o n of r e l e v a n c e to the new concep t ( l2 32 m / m / s e c ) , c o r r e s p o n d ­
ing p r o p e r t i e s ob ta ined (by s t a t i c t e s t s ) a t a s t r a i n r a t e of 10"^ m . / m . / s e c 
could be app l i ed m the d e s i g n of the s p h e r i c a l con f igu ra t ion a n a l y z e d . 
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Sec t ion 6 

STUDIES AND EVALUATIONS 

6.1 F e a s i b i l i t y Study of a N u c l e a r S t e a m Supply S y s t e m Using a 
1U70^00-MW S o d i u m - C o o l e d F a s t B r e e d e r R e a c t o r 

6 .1 .1 O r i g i n of Study 

C o n s i s t e n t wi th an AEC P r o g r a m , Oak Ridge Na t iona l L a b o r a t o r y 
has been a s s i g n e d s e v e r a l t a s k s r e l a t i n g to d e v e l o p m e n t of n u c l e a r hea t 
s o u r c e s for l a r g e - s c a l e d e s a l t i n g p l a n t s . One t a s k c o n c e r n s the t e c h n i c a l 
f e a s ib i l i t y of n u c l e a r s t e a m supply s y s t e m s capab le of 10,000 MW t h e r m a l 
output . In e a r l y Augus t , 1965, the p a r t of th i s t a s k r e l a t i n g to l a r g e s o d i u m -
cooled fas t b r e e d e r r e a c t o r s w a s d e l e g a t e d to A r g o n n e in the f o r m of a 
p u r c h a s e o r d e r : 

" B a s e d on p o w e r - o n l y cond i t ions and u s i n g a s a s t a r t i n g point 
t he 1000 MWe r e p o r t s on c e r a m i c fueled r e a c t o r s by W e s t i n g h o u s e , 
G e n e r a l E l e c t r i c , C o m b u s t i o n E n g i n e e r i n g , A l l i s - C h a l m e r s , and 
A t o m i c s I n t e r n a t i o n a l , the t e c h n i c a l f e a s ib i l i t y of e x t r a p o l a t i n g 
s o d i u m - c o o l e d fas t r e a c t o r s to 10,000 MWt wil l be s tud ied . The 
e m p h a s i s wi l l be p l a c e d on t h o s e a s p e c t s of n u c l e a r s t e a m supp ly 
s y s t e m which m a y c a u s e l i m i t a t i o n s on the e x t r a p o l a t i o n . . . " 

In addi t ion to a l l o c a t i n g $100,000 and a 6 - m o n t h t i m e linait for the 
s tudy, the p u r c h a s e o r d e r p r o v i d e d for s e l e c t i o n of a s u b c o n t r a c t o r to m a k e 
a f ea s ib i l i t y d e t e r m i n a t i o n of the p r i m a r y p u m p s and the e n t i r e s e c o n d a r y 
s y s t e m e q u i p m e n t up to and inc lud ing the s t e a m g e n e r a t o r s . W e s t i n g h o u s e 
E l e c t r i c C o r p o r a t i o n w a s s e l e c t e d and, owing to i ts e s t a b l i s h e d pos i t i on , 
ex tended the s cope to inc lude c o n s i d e r a t i o n s of s i z e and a v a i l a b i l i t y of 
t u r b i n e - g e n e r a t o r e q u i p m e n t . 

A d e s c r i p t i o n of the c o n c e p t u a l 10 ,000-MW n u c l e a r s t e a m supply 
s y s t e m evolved f r o m th i s jo in t effort.^ The s ign i f i can t d e s i g n c o n s i d e r ­
a t i o n s , p l an t f e a t u r e s , o p e r a t i n g c h a r a c t e r i s t i c s , and e x p l o r a t o r y cos t 
e s t i m a t e s a r e s u m m a r i z e d in the fol lowing s u b s e c t i o n s . 

6.1.2 D e s i g n C o n s i d e r a t i o n s 

The a p p r o a c h u sed to d e t e r m i n e sys tena f eas ib i l i t y w a s to deve lop a 
c o n c e p t u a l d e s i g n . T h i s involved ( l ) e s t a b l i s h m e n t of g e n e r a l g round r u l e s ; 
(2) e n g i n e e r i n g c h o i c e s of d e s i g n c r i t e r i a ; (3) s e l e c t i o n of c e r t a i n s y s t e m 
p a r a m e t e r s and e q u i p m e n t b a s e d on e x p e r i e n c e ; (4) b r i e f t h e r m a l and n e u ­
t r o n i c s t u d i e s in s u p p o r t of the m o s t p r o m i s i n g c o r e g e o m e t r y , s y s t e m 
a r r a n g e m e n t , e t c ; and finaly, (5) evolut ion of a concep t wi th s o m e e n g i n e e r ­
ing d e s c r i p t i o n . 
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Of the g e n e r a l g round r u l e s e s t a b l i s h e d , the naost i m p o r t a n t w a s an 
a s s u m p t i o n tha t the e r a of 10 ,000-MW r e a c t o r s would be p r e f a c e d by a w e l l -
deve loped t echno logy for n o m i n a l lOOO-MW(e) s o d i u m - c o o l e d fas t b r e e d e r 
r e a c t o r p l a n t s . M o r e o v e r , tha t t h e s e p l a n t s would be c o m p e t i t i v e for c e n ­
t r a l s t a t i o n u s e in the U.S . b e f o r e the 10 ,000-MW(t) p l an t is bu i l t . A l s o it 
w a s r u l e d tha t no new d e v e l o p m e n t would be conce ived to so lve a p r o b l e m 
o r to a c c o m p l i s h a s e g m e n t of p l an t d e s i g n . 

E n g i n e e r i n g c h o i c e s of c r i t e r i a w e r e l a r g e l y c o n c e r n e d wi th sa fe ty 
and fuel p e r f o r m a n c e . With r e g a r d to sa fe ty , the s o d i u m - v o i d i n g c h a r a c ­
t e r i s t i c s and the l e v e l of D o p p l e r coef f ic ien t w e r e e v a l u a t e d wi th s l i gh t l y 
m o r e o p t i m i s m than p r e v a i l s in c u r r e n t p r o j e c t i o n s to the n o m i n a l 
lOOO-MW(e) fas t b r e e d e r p l a n t . Idea l ly , fuel m a t e r i a l s e l e c t i o n and t e m ­
p e r a t u r e of o p e r a t i o n should be m a d e on r e a s o n a b l e p e r f o r m a n c e e x p e c t a ­
t ions for known m a t e r i a l s . H o w e v e r , a p p l i c a t i o n of t h i s g e n e r a l c r i t e r i o n 
to the p r e s e n t s tudy •was diff icult b e c a u s e of insuf f ic ien t da t a on m a t e r i a l 
b e h a v i o r a t t h e a n t i c i p a t e d t e m p e r a t u r e s and n e u t r o n i r r a d i a t i o n s . 

A c c o r d i n g l y , a c o n s e r v a t i v e ou t le t s o d i u m t e m p e r a t u r e of 1050°F 
•was s e l e c t e d , t o g e t h e r wi th a 720°F in l e t t e m p e r a t u r e to l e s s e n the b u r d e n 
on m a t e r i a l p e r f o r m a n c e . F r e e s u r f a c e m e c h a n i c a l p u m p s and s i n g l e - t u b e -
w a l l - t y p e s t e a m g e n e r a t o r s a r e i l l u s t r a t i v e of the e q u i p m e n t s e l e c t i o n . A 
c a r b i d e f o r m of fuel •was c h o s e n b e c a u s e of i t s p o t e n t i a l for h igh n e u t r o n i c 
and t h e r m a l p e r f o r m a n c e . 

B a s e d on b r i e f t h e r m a l and n e u t r o n i c i n v e s t i g a t i o n s , an a n n u l a r 
r e a c t o r g e o m e t r y w a s s e l e c t e d . At the t i m e of s e l e c t i o n a s we l l a s a t c o m ­
p l e t i o n of the w o r k , i t w a s r e a l i z e d tha t o t h e r g e o m e t r i e s ( m o d u l a r , double 
a n n u l a r , p a n c a k e ) a l s o could m e e t f e a s ib i l i t y r e q u i r e m e n t s . A r e m o t e , 
n o n v i s u a l , f ue l -hand l ing s c h e m e , as exempl i f i ed by the E B R - I I and F e r m i 
p l a n t s , w a s c h o s e n a f t e r c o n s i d e r a t i o n of o t h e r r e fue l ing m e t h o d s . A l o o p -
type p r i m a r y coo lan t s y s t e m w a s s e l e c t e d o v e r the l a r g e - t a n k - o f - s o d i u m 
c o n c e p t b e c a u s e i t a f fo rded g r e a t e r f r e e d o m in e q u i p m e n t s e l e c t i o n and 
s y s t e m a r r a n g e m e n t . 

T h e s e c o n s i d e r a t i o n s r e f l e c t e d o the r d e c i s i o n s and s u p p o r t i n g i n v e s ­
t i g a t i o n s b e f o r e the r e f e r e n c e concep t b e c a m e f ixed. In a l l i n s t a n c e s , e q u i p ­
m e n t c o s t a s we l l a s the o p e r a t i o n and m a i n t e n a n c e c o s t s w e r e u s e d a s 
gu ides in effect ing r e s o l u t i o n s . F o r m a l i n s t a l l e d - c o s t e s t i m a t e s w e r e 
l i m i t e d to spec i f i c equ ipmen t and the fuel c y c l e . 

6 .1 .3 P l a n t D e s c r i p t i o n 

F o r e a s e of d e s c r i p t i o n , the p l an t is d iv ided in to t h r e e i s l a n d s : r e ­
a c t o r , s t e a m - g e n e r a t o r , and t u r b i n e - g e n e r a t o r . The bounds of e a c h i s l a n d 
a r e m a i n l y def ined by the w a l l s of t h e i r r e s p e c t i v e b u i l d i n g s . (See i t e m s 11, 
12, and 14, in F i g . 6-1. ) C e r t a i n p l an t s e r v i c e s and a u x i l i a r y s y s t e m s a r e 



located in separa te s t ruc tu re s . Summary design data and a simplified flow 
d iagram for the overal l plant a r e l isted in Table 6-1 and shown in Fig. 6-2, 
respect ively. 

KAREHOUSE 
HEALTH I PHYSICS 
LABORATORY i OFFICES 
WATER STORAGE TANKS 
POTABLE WATER TREATMENT 
SERVICE WATER TREATMENT 
HEATING PLANT 

8 FUEL OIL STORAGE TANKS 
9 FUEL PROCESSING 

10 SODIUM STORAGE 
STEAM GENERATORS (3) 

12 REACTOR BUILDING 
13 AUXILIARY SECONDARY SYSTEM 
14 TURBO-GENERATOR STEAM PLANT 

TRANSFORMER YARD 
PUMP HOUSE (WATER INTAKE) 
BARGE DOCK 

15 SEWAGE PLANT 
19 WATER DISCHARGE 

Fig. 6-1. Plan view of 10,000-MW(t), sodium-cooled, fast breeder reactor plant complex 

Table 6-1 . Summary Data for 'Very Large Fast Breeder Reactor Plant 

G r o s s t h e r m a l output 

Net e l e c t r i c a l output 

Sodium inle t t e m p e r a t u r e 

Sodium out le t t e m p e r a t u r e 

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

S t e a m t e m p e r a t u r e 

Type of fuel m c o r e 

C o r e g e o m e t r y 

10,000 MW 

3,880 MW 

720°F 

1050°F 

2400 p s i a 

900°F 

(U+Pu)C 

Annula r 

C o r e vo lume 

R e a c t o r f i ss i le P u weight 

R e a c t o r b r eed in g r a t i o 

F i s s i l e m a t e r i a l doubling t i m e 

L i n e a r hea t r a t e (avg.) 

C o r e burnup (avg.) 

I n t e r v a l be tween refue l ings 

E q u i l i b r i u m fuel cycle cos t 

16,700 l i t e r s 

10,500 kg 

1.4 

7 y e a r s 

16 kW/f t 

110,000 M W D / M T 

1/2 y e a r 

1/4 m i l l / k W h r 
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143,000-GPM PUMPS lOOO'F 

2675 A 
-• '^eo'F 

STEAM GENERATOR 
(75,500 ft2) 

REACTOR 
INTERMEDIATE 

HEAT EXCHANGER 
(54,000 ft2) 

Fig. 6-2. Simplified flow diagram showing thermal and hydraulic characteristics of one of 
six primary-secondary loops comprising the 10,000-MW(t) system 

6.1 .3 .1 R e a c t o r I s l and 

T h e c o r e and i n t e g r a l ax i a l b l a n k e t s of the r e a c t o r con ta in 456 h e x ­
agona l s u b a s s e m b l i e s a r r a n g e d in an a n n u l a r r i n g four s u b a s s e m b l i e s t h i ck 
to p r o d u c e a c o r e I .D. and O.D. of 19.9 and 24.6 ft, r e s p e c t i v e l y . E a c h of 
the 331 e l e m e n t s p e r s u b a s s e m b l y c o n s i s t s of a 1 0 6 - i n . - l o n g , 0 . 2 7 5 - i n . - O . D . , 
0.01 5 - i n . - t h i c k . T y p e 304 s t a i n l e s s s t e e l tube con ta in ing a 4 3 - i n . - l e n g t h of 
u ran iuna-p lu ton iuna c a r b i d e b e t w e e n l 6 - i n . - l e n g t h s of u r a n i u m c a r b i d e . The 
r e m a i n i n g 3 0 - i n . - l e n g t h of the fuel e l e m e n t s e r v e s a s a r e s e r v o i r for r e ­
l e a s e d f i s s ion p r o d u c t g a s e s . The h^ype r s to i ch iome t r i c c o r e and a x i a l b l a n ­
ke t c a r b i d e s a r e v i b r a t o r y c o m p a c t e d to 80% t h e o r e t i c a l d e n s i t y wi th in the 
c ladd ing and u t i l i z e a h e l i u m t h e r m a l bond. Within the c o r e r eg ion , c o n t r o l 
r o d s con ta in ing b o r o n c a r b i d e a r e c o n c e n t r i c wi th about one out of e v e r y 
five s u b a s s e m b l i e s . 

The i n n e r r a d i a l b l anke t is c o m p r i s e d of the two, s i n g l e - s u b a s s e m b l y -
th i ck r e g i o n s l o c a t e d ad j acen t to the i n t e r n a l and the e x t e r n a l p e r i p h e r i e s 
of the c o r e . E a c h of the 234 r a d i a l b l anke t s u b a s s e m b l i e s ad j acen t to the 
c o r e ( l 0 2 - i n t e r n a l i nne r r a d i a l b l anke t , 1 3 2 - e x t e r n a l i n n e r r a d i a l b lanke t ) 
con ta in s 217 e lenaents which have a c lad O.D. of 0.385 in. and a 0 .022- in . 
w a l l t h i c k n e s s . The ou t e r r a d i a l b l anke t is c o m p r i s e d of 235 s u b a s s e m b l i e s 
( 9 6 - i n t e r n a l ou t e r r a d i a l b l anke t , 1 3 8 - e x t e r n a l o u t e r r a d i a l b l anke t ) , e a c h 
con ta in ing 169 e l e m e n t s which have a 0 .515- in . c lad O.D. , and a 0 .025- in . 
wal l t h i c k n e s s . Both the i n n e r and o u t e r r a d i a l b l anke t e l e m e n t s con ta in 
U-10 wt-% Z r p ins and a m e a s u r e d a m o u n t of s o d i u m to p r o v i d e a t h e r m a l 
bond b e t w e e n the b l anke t p i n s and the T^ype 304 s t a i n l e s s s t e e l c l add ing . 



The a n n u l a r l y - s h a p e d r e a c t o r is housed in a 40 ft O.D. by 64 ft h igh 
v e s s e l . (See F i g . 6-3.) The v o l u m e i n s i d e the r e a c t o r annu lus is u s e d for 
we t fuel s t o r a g e . Refuel ing of the r e a c t o r t a k e s p l a c e tw ice a y e a r du r ing 
shutdown. On e a c h o c c a s i o n , a p p r o x i m a t e l y 25% of the c o r e and 16% of the 
r a d i a l b l a n k e t s u b a s s e m b l i e s a r e r e p l a c e d . F i g u r e 6 -4 shows the g e n e r a l 
s c h e m e and e q u i p m e n t a r r a n g e m e n t of the r e m o t e - c o n t r o l l e d fue l -hand l ing 
s y s t e m s u s e d to effect t h e s e r e p l a c e m e n t s . 

A b r i e f d e s c r i p t i o n of the re fue l ing concep t is inc luded b e c a u s e of 
i t s i m p o r t a n c e in c o n s i d e r i n g p l a n t a v a i l a b i l i t y . Fo l lowing r e a c t o r shu tdown 
the c o n t r o l rod d r i v e shaf t s a r e d i s e n g a g e d frona t h e i r f u l l y - i n s e r t e d con­
t r o l s u b a s s e m b l i e s and l if ted c l e a r of the pa th i n s c r i b e d by the Offset H a n ­
dl ing M e c h a n i s n a (OHM). T h i s m e c h a n i s m is s i m i l a r to the one e m p l o y e d 

Fig. 6-3. Reactor vessel assembly 
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CHAIN REELS 

ARGON BLOMER 

Fig. 6-4. Sectional views of fuel-handling system components 



s u c c e s s f u l l y in the F e r m i P l a n t . Suspended f r o m an e c c e n t r i c a l l y - l o c a t e d 
p o r t in the top indexing p lug , the OHM is u s e d to exchange spen t c o r e and 
b l anke t s u b a s s e n a b l i e s wi th f r e s h un i t s s t o r e d in the c e n t r a l r e g i o n of the 
r e a c t o r (Wet F u e l S t o r a g e ) . Upon r e s u m p t i o n of r e a c t o r o p e r a t i o n , and 
a f t e r a p r e d e t e r m i n e d d e c a y p e r i o d , the OHM is u sed to r e m o v e e a c h spen t 
uni t to the s u b a s s e m b l y r e c e i v e r in the s t o r a g e l a t t i c e . At th i s po in t , the 
g r i p p e r of the F u e l Unloading M a c h i n e is l o w e r e d to engage and w i t h d r a w 
the s u b a s s e m b l y into a sh i e lded c a s k for t r a n s p o r t to a p r o c e s s i n g p l an t . 
Af te r c o m p l e t i o n of the un load ing o p e r a t i o n , the Unloading M a c h i n e i s u s e d 
in conjunc t ion with t h e OHM to r e p l e n i s h the Wet F u e l S t o r a g e with f r e s h 
fuel and b l anke t s u b a s s e m b l i e s for the next r e c h a r g i n g c y c l e . 

T h e r e a c t o r v e s s e l and s i x p r i m a r y coo lan t loops a r e c e n t r a l l y 
l oca t ed in the c o n t a i n m e n t s p h e r e . With r e f e r e n c e to F i g s . 6-2 and 6 - 5 , 
s o d i u m at 1050°F and n e a r a t m o s p h e r i c p r e s s u r e flows f rom the v e s s e l into 
a U - l e g e x p a n s i o n loop and to the p r i m a r y p u m p (143,000 gpm c a p a c i t y ) . 
The flow con t inues t h r o u g h the she l l s ide of a v e r t i c a l s o d i u m - t o - s o d i u m 
i n t e r m e d i a t e h e a t e x c h a n g e r and r e t u r n s to the r e a c t o r v ia a n o t h e r U - l e g 
e x p a n s i o n loop to conaplete the c y c l e . 

SERVICE 
CRANE 

CONTAINMENT-. 
BUILDING. 
SHELL 

SECONDARY^ 
SYSTEM 
PIPING 

FLEXIBLE' 
SEALS 

INTERMEDIATE' 
HEAT EXCHANGER 

RE-B-UtSUS-C 

-INTERBUILDING 
CASK CAR 

Fig. 6-5. Elevation view of primary system component arrangement within containment sphere 



6.1 .3 .2 S t e a m - g e n e r a t o r I s l and 

T h e s t e a m g e n e r a t o r s and s e c o n d a r y s o d i u m p u m p s a r e h o u s e d in 
p a i r s in t h r e e bu i ld ings s y m n a e t r i c a l l y a r r a n g e d a d j a c e n t to the c o n t a i n m e n t 
s p h e r e . (See F i g . 6-6 . ) E a c h bui ld ing a l s o h o u s e s a u x i l i a r y e q u i p m e n t for 
t̂ wo s e c o n d a r y l o o p s . E a c h s t e a m g e n e r a t o r i s of the o n c e - t h r o u g h , v e r t i c a l , 
s h e l l - a n d - t u b e t^ype and m e a s u r e s 14 ft d i a . by 50 ft long. The o n c e - t h r o u g h 
d e s i g n •was s e l e c t e d for i t s s i m p l i c i t y of c o n s t r u c t i o n and o p e r a t i o n , lo^w 
c o s t , c o m p a c t n e s s , and v e r y low w a t e r r e t e n t i o n in c a s e of l e a k a g e . M a t e ­
r i a l s of c o n s t r u c t i o n i nc lude Type 316 s t a i n l e s s s t e e l for the s h e l l , tube 
s h e e t s , and i n t e r n a l s . T h e t u b e s a r e of I n c o l o y - 8 0 0 , wh ich is c o m p a t i b l e 
wi th both s o d i u m and w a t e r ; t hey a r e bundled into s i x b a s i c m o d u l e s . 

Aga in , w i th r e f e r e n c e to F i g s . 6-2 and 6 - 5 , s e c o n d a r y s o d i u m c i r ­
c u l a t e s frona the tube s i d e of the i n t e r m e d i a t e h e a t e x c h a n g e r t h r o u g h two 
3 0 - i n . p i p e s l e ad ing to the s h e l l s ide of the s t e a m g e n e r a t o r . F r o m the 
s t e a m g e n e r a t o r the flow r e t u r n s t h r o u g h a s i n g l e , 4 2 - i n . p ipe and an a x i a l 
flow p u m p (113,000 g p m c a p a c i t y ) . The s e c o n d a r y s y s t e m is d e s i g n e d so 
t h a t t he p u m p s and s t e a m g e n e r a t o r s a r e hung by t i e b a r s . T h i s a l l ows 
l a t e r a l m o t i o n due to p ipe e x p a n s i o n and thus p e r m i t s m o r e d i r e c t p ip ing 
r u n s . 

6 .1 .3 .3 T u r b i n e - g e n e r a t o r I s l a n d 

S u p e r h e a t e d s t e a m a t 2400 p s i a and 900°F f rom the s t e a m g e n e r a t o r s 
flows to t h r e e t a n d e n a - c o m p o u n d - q u a d r u p l e - f l o w t u r b i n e g e n e r a t o r s in the 
t u r b i n e - g e n e r a t o r bu i ld ing . (See F i g . 6-6 . ) T h r o t t l e s t e a m is u s e d to r e h e a t 
e x h a u s t s t e a m f r o m the i n t e r m e d i a t e p r e s s u r e c y l i n d e r to 660°F b e f o r e 
e n t e r i n g the l o w - p r e s s u r e c y l i n d e r . F e e d w a t e r is r e t u r n e d to the s teana 
g e n e r a t o r a t 480°F . With s e v e n s t a g e s of feed^water h e a t i n g and 1 -2 in . Hg 
b a c k p r e s s u r e , e a c h g e n e r a t o r p r o v i d e s a g r o s s output of 1320 MW(e) . 

6 .1.4 Safe ty 

In deve lop ing the concep t , m a j o r d e s i g n f e a t u r e s w e r e s c r u t i n i z e d 
f r o m a s a f e ty s t andpo in t and no m a n i f e s t l y u n s a f e s i t u a t i o n s •were t o l e r a t e d . 
As wi th o t h e r a s p e c t s of t h i s s tudy , the lOOO-MW(e) d e s i g n s w e r e t a k e n a s 
the d e p a r t u r e poin t . H o w e v e r , in the p r e s e n t s t a t e of f a s t r e a c t o r t echno logy , 
t h e r e a r e n u m e r o u s u n r e s o l v e d sa fe ty q u e s t i o n s a s s o c i a t e d wi th t h e s e d e ­
s i g n s . F o r e x a m p l e , a v a r i e t y of v i ewpo in t s w e r e e x p r e s s e d by the p a r t i c i ­
pa t ing o r g a n i z a t i o n s on the p r o b l e m of s o d i u m vo id ing . F o r the p u r p o s e s 
of the p r e s e n t s tudy , in m o s t c a s e s , a m i d d l e g round w a s t aken b e t w e e n the 
m o s t c o n s e r v a t i v e and the m o s t o p t i m i s t i c of the lOOO-MW(e) d e s i g n s . 

In g e n e r a l , sa fe ty p r o b l e m s a r e b a s i c a l l y the s a m e a s t h o s e e n c o u n ­
t e r e d in the d e s i g n of a lOOO-MW(e) p l an t . C e r t a i n d e s i g n c r i t e r i a w e r e 
adop ted : ( l ) a n e g a t i v e p o w e r coef f ic ien t w a s p r o v i d e d for s t a b i l i t y d u r i n g 
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n o r m a l o p e r a t i o n ; (2) the d e s i g n m a k e s i n c r e d i b l e the to ta l l o s s of s o d i u m 
f r o m the r e a c t o r ; and f ina l ly , (3) n o m i n a l c o n t a i n m e n t of the r e a c t o r and 
p r i m a r y loops i s p r o v i d e d by a 2 4 0 - f t - d i a . s p h e r i c a l s h e l l . No s ign i f i can t 
ne^w s a f e t y p r o b l e m s w e r e e n c o u n t e r e d in d e s i g n o t h e r t h a n t h o s e n o r m a l l y 
e x p e c t e d in the s c a l e - u p of p l an t s i z e ; and t h e s e p r o b l e m s wi l l have s o l u ­
t i o n s s i m i l a r to t h o s e found in lOOO-MW(e) d e s i g n s . 

6 .1 .5 C o s t F a c t o r s 

Al though t h e m a i n p u r p o s e of t h e s tudy w a s to d e t e r m i n e t h e t e c h n i c a l 
f e a s i b i l i t y of a 10 ,000-MW n u c l e a r s t e a m supp ly s y s t e m , a s ign i f i can t o b ­
j e c t i v e c o n c e r n e d def in i t ion of c e r t a i n " c o s t f a c t o r s . " T h e s e f a c t o r s w e r e : 
fuel c y c l e c o s t s , c a p i t a l c o s t of s o m e p i e c e s of e q u i p m e n t , and p l an t a v a i l ­
ab i l i t y a s a f fec ted by r e fue l i ng t i m e . In add i t i on , t e c h n i c a l f e a s ib i l i t y in 
s o m e r e s p e c t s cannot be s e p a r a t e d f r o m c o s t s , and s o m e c o s t gu idance is 
r e q u i r e d in d e s i g n . T h i s g u i d a n c e , ho^wever, should not be i n t e r p r e t e d a s 
c o s t o p t i m i z a t i o n ; such an effor t •would be beyond the s c o p e of the s tudy . 

B a s e d on an annua l p l an t f ac to r of 90%, a 5% c h a r g e on w o r k i n g c a p ­
i t a l , and a f i s s i l e p l u t o n i u m c o s t of $ 1 0 / g , the fuel cyc l e c o s t w a s e s t i ­
m a t e d a t 1/4 m i l l p e r k i l o w a t t - h o u r . On an i n s t a l l e d b a s i s , the s o d i u n a - t o -
s o d i u m h e a t e x c h a n g e r , s e c o n d a r y s o d i u m p u m p s and d r i v e s , s e c o n d a r y 
s o d i u m p ip ing , and s t e a m g e n e r a t o r s w e r e e s t i m a t e d a t $10 to $12 p e r ne t 
e l e c t r i c a l kilo^watt. P l a n t a v a i l a b i l i t y , a s l i m i t e d by two p a r t i a l r e fue l i ngs 
p e r y e a r , w a s 95.6%. If an add i t i ona l shu tdown t i m e of 14 days a y e a r i s 
a s s u m e d for s c h e d u l e d and u n s c h e d u l e d m a i n t e n a n c e , a p l an t a v a i l a b i l i t y 
of 92% can be a t t a i n e d . 

6 .1.6 C o n c l u s i o n s 

In the fu tu r e , e x a m i n a t i o n s of v e r y l a r g e f a s t r e a c t o r s m a y r e s u l t 
in a m o r e s u i t a b l e s e l e c t i o n of d e s i g n c o n d i t i o n s , t h o s e which give a l ower 
e n e r g y c o s t . T h e s e e x a m i n a t i o n s m a y modi fy , but p r o b a b l y wi l l no t c h a n g e , 
the fol lowing c o n c l u s i o n s : 

(1) The 10 ,000-MW(t) s o d i u m - c o o l e d fas t b r e e d e r r e a c t o r is fea ­
s i b l e w i th in the con tex t of the g round r u l e s of t h i s s tudy . 

(2) In v i ew of t h e e s t i m a t e d fuel c y c l e c o s t and doubl ing t i m e , fuel 
p e r f o r m a n c e for t h i s concep t i s in l ine •with o t h e r fas t b r e e d e r s t u d i e s 
u s i n g c a r b i d e fuel . 

(3) E q u i p m e n t s i z e s and d u t i e s a r e not e x c e s s i v e by c o m p a r i s o n 
to the p r o b a b l e r e q u i r e m e n t s for n o m i n a l lOOO-MW(e) d e s i g n s . 



(4) S u c c e s s f u l d e v e l o p m e n t of fas t b r e e d e r p l a n t s of n o m i n a l 
1000 MW(e) s i z e wi l l p r o v i d e the t e c h n o l o g i c a l b a s e for v e r y l a r g e fas t 
b r e e d e r s , wi th no s ign i f i can t add i t i ona l R&D p r o g r a m r e q u i r e d . 

In s u m m a r y , v e r y l a r g e s o d i u m - c o o l e d f a s t b r e e d e r p l a n t s wi l l c o m e 
about by an e v o l u t i o n a r y p r o c e s s , and n u c l e a r p o w e r p l a n t s u t i l i z ing s u c h 
r e a c t o r s wi l l be a v a i l a b l e when e l e c t r i c a l s y s t e m s can a c c o m m o d a t e the 
output , p r o v i d e d t h e f a s t r e a c t o r r e s e a r c h and d e v e l o p m e n t p r o g r a m a c h i e v e s 
p l a n t s of 1000 MW(e) s i z e in the 1 9 8 0 ' s . 
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Sec t ion 7 

P U B L I C A T I O N S 

7.1 M e t h o d s of R e p o r t i n g 

The s t a t u s of v a r i o u s p r o g r a m m a t i c and b a s i c r e s e a r c h a c t i v i t i e s 
of the R e a c t o r E n g i n e e r i n g Div i s ion , and o t h e r D iv i s ions a t A r g o n n e , i s 
p u b l i s h e d in L a b o r a t o r y Month ly P r o g r e s s R e p o r t s . U l t i m a t e l y , t h e s e 
c h r o n o l o g i e s a r e c o m p i l e d to p r e s e n t a c o m p r e h e n s i v e d e s c r i p t i o n and 
e v a l u a t i o n of spec i f i c a c c o m p l i s h m e n t s in the f o r m of ANL t o p i c a l r e ­
p o r t s . T h e s e r e p o r t s a r e d i s t r i b u t e d to a l l AEC s i t e s and to p r e s e l e c t e d 
A E C - a f f i l i a t e d o r g a n i z a t i o n s and i n s t i t u t i o n s which h a v e an i m m e d i a t e 
i n t e r e s t in t h e i r c o n t e n t s . 

In c e r t a i n i n s t a n c e s , the t o p i c a l s a r e s u p p l e m e n t e d by a b r i d g e d 
a r t i c l e s o r p a p e r s . T h e s e a r e p r e p a r e d for p u b l i c a t i o n in t r a d e j o u r n a l s , 
o r for o r a l p r e s e n t a t i o n to p r o f e s s i o n a l and e d u c a t i o n a l o r g a n i z a t i o n s 
wh ich m a i n t a i n an i n t e r e s t in the s t a t e of the a r t . 

F i n a l l y , and not too i n f r equen t ly . Staff p e r s o n n e l a r e s o l i c i t e d o r 
v o l u n t e e r to p u b l i c i z e t h e i r e x p e r t i s e . The n a t u r e of t h e s e p u b l i c a t i o n s 
m a y r a n g e f r o m b r i e f c r i t i q u e s of j o u r n a l a r t i c l e s , to ed i t ing o r w r i t i n g 
handbook c h a p t e r s and m o n o g r a p h s . T h e s e a c t i v i t i e s , the l a t t e r in p a r ­
t i c u l a r , en t a i l s e v e r a l m a n - m o n t h s ' ef for t on the p a r t of the a u t h o r . In 
m o s t c a s e s , the w o r k i s p e r f o r m e d in add i t ion to h i s r e g u l a r l y a s s i g n e d 
t a s k s . 

7.2 R e c a p of P u b l i c a t i o n s 

The fol lowing r e c a p i t u l a t i o n r e p r e s e n t s the l i t e r a r y output by 
D i v i s i o n Staff p e r s o n n e l d u r i n g the f i s c a l r e p o r t i n g p e r i o d . In o r d e r to 
c o n s e r v e s p a c e , the p u b l i c a t i o n s a r e indexed to the m a j o r s e c t i o n s w h i c h 
c o m p r i s e th i s r e p o r t . 
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