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ABSTRACT 

This p r o g r e s s r e p o r t s u m m a r i z e s the Argonne N a t i o n a l 
L a b o r a t o r y w o r k p e r f o r m e d dur ing O c t o b e r , N o v e m b e r , and 
D e c e m b e r 1975 on w a t e r - r e a c t o r - s a f e t y h e a t - t r a n s f e r and flow 
p r o b l e m s . The following r e s e a r c h and d e v e l o p m e n t a r e a s a r e 
c o v e r e d : ( l ) L o s s - o f - c o o l a n t Acc iden t R e s e a r c h : H e a t T r a n s f e r 
and F l u i d D y n a m i c s ; (2) T r a n s i e n t F u e l R e s p o n s e and F i s s i o n -
p r o d u c t R e l e a s e P r o g r a m ; and (3) M e c h a n i c a l P r o p e r t i e s of 
Z i r c a l o y Conta in ing Oxygen. 



z 

I. L O S S - O F - C O O L A N T A C C I D E N T RESEARCH: 
H E A T T R A N S F E R AND F L U I D DYNAMICS 

R e s p o n s i b l e Sec t ion M a n a g e r s : 
M. A. G r o l m e s , R. E . H e n r y , and P . A. L o t t e s , RAS 

A. E x p e r i m e n t a l Study of E n e r g y P a r t i t i o n in A l u m i n u m / W a t e r Vapor 
E x p l o s i o n s (R. P . A n d e r s o n , RAS) 

E x p l o s i o n s have b e e n p r o d u c e d by sudden con t ac t be tween m o l t e n 
a l u m i n u m and w a t e r in i n d u s t r i a l a c c i d e n t s and l a b o r a t o r y e x p e r i m e n t s . The 
h i g h - p r e s s u r e gas in t h e s e even t s m a y have b e e n g e n e r a t e d by a sudden v a p o r ­
i za t ion of the w a t e r (vapor exp los ion) or by a c h e m i c a l r e a c t i o n b e t w e e n the 
a l u m i n u m and w a t e r . Both t y p e s of r e a c t i o n s p r o b a b l y o c c u r in r e a l m e t a l / 
w a t e r s y s t e m s : E x p l o s i o n s in m o l t e n - s i l v e r / w a t e r s y s t e m s m u s t be c a u s e d 
by v a p o r i z a t i o n , s i nce the c h e m i c a l - r e a c t i o n po t en t i a l i s s m a l l whi le e x p e r i ­
m e n t a l s t u d i e s in m o l t e n - a l u m i n u m / w a t e r s y s t e m s h a v e ident i f ied t h r e e s i z e s 
of e x p l o s i o n s wi th the l a r g e s t s i ze g e n e r a l l y a s s u m e d to be c h e m i c a l in n a t u r e . 
The r a t i o of p r o d u c t i o n to w a t e r - v a p o r g e n e r a t i o n in a m e d i u m - s c a l e a l u m i n u m / 
w a t e r exp los ion is a m a t t e r of s o m e c o n c e r n and d e b a t e . It is f undamen ta l l y 
i m p o r t a n t to the u n d e r s t a n d i n g and a n a l y s i s of exp los ive r e a c t i o n s tha t the two 
e n e r g y - r e l e a s i n g m e c h a n i s m s be i s o l a t e d and s tud ied s e p a r a t e l y . This is a 
difficult e x p e r i m e n t a l t a s k , s ince a vapo r exp los ion and a p a r t i a l ox ida t ion 
r e a c t i o n would p r o d u c e s i m i l a r p r e s s u r i z a t i o n r a t e s . It m a y be p o s s i b l e to 
e x p e r i m e n t a l l y ident i fy the oxida t ion r e a c t i o n by m e a s u r i n g the t o t a l k i n e t i c -
e n e r g y r e l e a s e , sudden l o c a l t e m p e r a t u r e i n c r e a s e s , o r e m i s s i o n of l ight 
r a d i a t i o n . 

An e x p e r i m e n t a l p r o g r a m to s tudy t y p e s of e n e r g y g e n e r a t i o n in 
a l u m i n u m / w a t e r r e a c t i o n s h a s been u n d e r t a k e n . The f i r s t r e q u i r e m e n t for 
such a p r o g r a m is a s y s t e m c a p a b l e of g e n e r a t i n g r e p r o d u c i b l e exp los ions 
whi le r e c o r d i n g a c c u r a t e m e a s u r e m e n t s of p r e s s u r e , t e m p e r a t u r e , and l iquid 
v e l o c i t i e s . An in i t i a l d e c i s i o n w^as m a d e to t r y to g e n e r a t e e x p l o s i o n s by con­
t ac t ing s m a l l q u a n t i t i e s of w a t e r ( l e s s t han 50 g) with m o d e s t q u a n t i t i e s of 
a l u m i n u m (-1000 g). This g e o m e t r y enjoys n u m e r o u s a d v a n t a g e s over l a r g e -
s c a l e s y s t e m s ; p r o b l e m s of p e r s o n n e l sa fe ty and equ ipmen t sh i e ld ing a r e 
m i n i m i z e d , p r e s s u r e and ve loc i ty v a r i a t i o n s a r e e a s i e r to m e a s u r e , the g e o m ­
e t r y of the r e a c t i n g w a t e r m a s s is e a s i e r to c o n t r o l , and the s m a l l e r d i m e n ­
s ions m a k e eff icient r e a c t i o n s m o r e l ike ly , thus a id ing the d i s c r i m i n a t i o n 
b e t w e e n c h e m i c a l and v a p o r e x p l o s i o n s . The g e o m e t r y does h a v e one ou t ­
s tand ing d i s a d v a n t a g e : No l a r g e - s c a l e a l u m i n u m / w a t e r r e a c t i o n s have b e e n 
p r o d u c e d in s m a l l s y s t e m s of t h i s type a l though e x p l o s i o n s have b e e n p r o d u c e d 
in s m a l l a l u m i n u m / w a t e r shock tubes .^ 

The p r e s e n c e of a s t ab l e v a p o r f i lm s e p a r a t i n g the two l iqu ids w a s 
a s s u m e d to c a u s e the diff icul ty in g e n e r a t i n g e x p l o s i o n s in s m a l l - s c a l e s y s ­
t e m s . E x p e r i m e n t a l e f for t s to da t e have c o n c e n t r a t e d on a t t e m p t s to in i t i a t e 



a r e a c t i o n by p e n e t r a t i n g or co l l aps ing th i s v a p o r f i lm. M e t h o d s and r e s u l t s 
of t h e s e n o n i n s t r u m e n t e d scoping t e s t s a r e d e s c r i b e d be low. 

A fu rnace wi th an i n t e g r a l c r u c i b l e w a s c o n s t r u c t e d a s shown in 
F i g . I . l . The s t a i n l e s s s t e e l c r u c i b l e was 20 c m long with a 5 - c m ID and a 
6 - c m OD; the fu rnace u s e d 1000-W r e s i s t a n c e h e a t e r s and « - c m - t h i c k , soft 
a s b e s t o s in su la t ion . It w a s capab le of h e a t i n g 1000 g of a l u m i n u m to 1000 C 
in 3 h r . 

The f i r s t t h r e e t e s t s in jec ted w a t e r j e t s of i n c r e a s i n g v e l o c i t y a c r o s s 
a 1 0 - c m a i r gap and into the m o l t e n - a l u m i n u m m a s s . The w a t e r i n j e c t o r w a s 
s i m i l a r to tha t shown in F ig . I . l , but it l a c k e d a t r a n s p o r t c y l i n d e r and w a s 
thus locked in p l ace du r ing each t e s t . The f i r s t t e s t u s e d a p r e s s u r e of 9 a t m 
to in jec t t h r o u g h a 1 5 - c m - l o n g , 0 . 3 - c m - I D tube ; the s e c o n d t e s t a g a i n u s e d 
9 a t m , but r e m o v e d the tube and in jec ted d i r e c t l y out of the so l eno id v a l v e ; 
and the t h i r d t e s t r e t a i n e d th i s g e o m e t r y whi le b o o s t i n g the i n j ec t i on p r e s s u r e 
to 31 a t m . The r e s u l t s of a l l t h r e e t e s t s w e r e s i m i l a r - - a ben ign s p l a s h i n g of 
a l u m i n u m with no ind ica t ion of an exp los ive r e a c t i o n . 

The effect of a noncondens ib le gas l a y e r f o r m e d a r o u n d t h e w a t e r j e t 
a s it t r a v e r s e d the 1 0 - c m a i r gap m i g h t d e t e r j e t p e n e t r a t i o n t h r o u g h the g a s / 
vapo r f i lm. An in jec tor t r a n s p o r t s y s t e m w a s i n s t a l l e d (as shown in F i g . I . l ) . 
I m m e d i a t e l y p r e c e d i n g the w a t e r in jec t ion , the i n j e c t o r w a s l o w e r e d un t i l the 
need le t ip was 8 c m below the a l u m i n u m s u r f a c e . A t e s t wi th an i n j e c t o r p r e s ­
s u r e of 25 a t m aga in p r o d u c e d ben ign s p l a s h i n g with no a p p a r e n t l a r g e p r e s s u r e s . 

It w a s dec ided to abandon effor ts to p r o d u c e an e x p l o s i o n by p e n e t r a t ­
ing the gas f i lm with a medium, ve loc i t y je t and t r y to p r o d u c e an e x p l o s i o n by 
c o l l a p s i n g the v a p o r f i lm s u r r o u n d i n g an e n t r a p p e d w a t e r d r o p l e t . A s e r i e s 
of v e r t i c a l s l id ing c o n c e n t r i c t u b e s w a s i n s t a l l e d above the f u r n a c e . An annu­
l a r g r a p h i t e p i s ton ( 5 - c m OD x 2 . 5 - c m ID) w a s f loa ted on t op the m o l t e n a l u ­
m i n u m . A t h i n - w a l l e d g l a s s s p h e r e con ta in ing ~0.5 g of w a t e r and a s m a l l 
vo lume of a i r w a s c e m e n t e d to the l ower end of the l o n g e s t , s m a l l e s t - d i a m e t e r 
tube in the c o n c e n t r i c tube a s s e m b l y . Dur ing a t e s t , the tube a s s e m b l y w a s 
a l lowed to d r o p u n d e r the f o r c e of g r a v i t y . The s m a l l i n n e r t ube and g l a s s 
s p h e r e would p a s s t h r o u g h the 2 . 5 - c m hole in the g r a p h i t e a n n u l a r p i s t o n and 
p e n e t r a t e to the b o t t o m of the c r u c i b l e , w h e r e the g l a s s s p h e r e would r u p t u r e . 
A l a r g e r c o n c e n t r i c tube would con t inue to s l i de downward o u t s i d e the a r r e s t e d 
inne r tube un t i l it s t r u c k the g r a p h i t e p i s t o n , g e n e r a t i n g a l a r g e p r e s s u r e wave 
in the m o l t e n - a l u m i n u m m a s s . The f i r s t t e s t of t h i s type r e s u l t e d in a n a p p a r ­
ent exp los ion ; m o l t e n a l u m i n u m w a s s p l a t t e r e d off a b e a m 6 m above the f u r n a c e . 

Having a p p a r e n t l y s u c c e e d e d in the in i t i a l ob jec t ive of p r o d u c i n g a 
p r e s s u r i z a t i o n in a s m a l l - s c a l e s y s t e m , we have d e s i g n e d a new e x p e r i m e n t a l 
s y s t e m for the s econd s t a g e of the p r o g r a m . It i n c l udes an i m p r o v e d c o n c e n ­
t r i c tube a s s e m b l y and two f u r n a c e s wi th p r o v i s i o n for i n s t r u m e n t a t i o n i n s t a l ­
l a t ion . It is c u r r e n t l y u n d e r c o n s t r u c t i o n . 
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C o n c u r r e n t l y , a n o t h e r s e r i e s of t e s t s w a s being conduc t ed m an 
a t t e m p t to p r o d u c e a v io len t s u r f a c e r e a c t i o n b e t w e e n a m o l t e n - a l u m i n u m 
m a s s and u l t r a h i g h - s p e e d , s m a l l - d i a m e t e r w a t e r j e t s . The h i g h - v e oc i y 
w a t e r w a s e j ec t ed t h rough an o r i f i ce p la te in con tac t wi th a s m a l l w a t e r v o l ­
u m e , which was p r e s s u r i z e d by an exploding w i r e . The f i r s t t e s t i m p a c t e d 
seven 0 . 2 5 - m m - d i a j e t s on a m o l t e n - a l u m i n u m s u r f a c e wi thout effect , iJie 
j e t s w e r e pho tog raphed with a 0 . 5 - n s - d u r a t i o n f lash and found to c o n s i s t o± a 
s p r a y of fine d r o p l e t s incapab le of p e n e t r a t i n g the oxide s c u m f loa t ing on t op 
of the m o l t e n a l u m i n u m . A new pla te wi th a s ing le 0 . 5 - c m - d i a p o l i s h e d o r i ­
f ice was i n s t a l l ed . The r e s u l t a n t w a t e r je t w a s c a p a b l e of p e n e t r a t i n g an 
0 . 0 8 - m m - t h i c k b r a s s s h i m and w a s shown by m i c r o f l a s h p i c t u r e s to c o n s i s t 
of a s ingle je t with a ve loc i ty of at l e a s t 400 m / s . A t e s t wi th t h i s j e t i m ­
pac t ing on m o l t e n a l u m i n u m wi l l be conduc ted soon. 

B. Inves t iga t ion of N o n e q u i l i b r i u m , T w o - p h a s e Vapor G e n e r a t i o n (O. C. J o n e s , 

RAS) 

The p r e s e n t effort is a i m e d at deve lop ing r e l a t i v e l y s i m p l e , bu t p h y s ­
i c a l l y r e a l i s t i c , m e t h o d s of p r e d i c t i n g the a c t u a l v a p o r - g e n e r a t i o n r a t e s in 
n o n e q u i l i b r i u m , t w o - p h a s e , g a s - l i q u i d f lows. T h e s e m e t h o d s a r e r e q u i r e d to 
be inc luded in s i n g l e - and m u l t i d i m e n s i o n a l c o m p u t e r c o d e s be ing deve loped 
as p a r t of the c u r r e n t effort of the NRC a i m e d a t deve lop ing an i ndependen t 
s a f e t y - a s s e s s m e n t capab i l i ty . 

1. Beyond C r i t i c a l Hea t F lux (BCHF) 

A b a s i c equa t ion d e s c r i b i n g d i s p e r s e d flow, B C H F v a p o r g e n e r a ­
t ion as a f i r s t - o r d e r , n o n l i n e a r , i n h o m o g e n e o u s r e l a x a t i o n p r o c e s s w a s d e ­
ve loped (see A N L - 7 5 - 5 8 , p . 17). The n o n e q u i l i b r i u m c o m p o n e n t o f t h e t o t a l 
e n e r g y w a s d e s c r i b e d in t e r m s of the d i f f e r ence b e t w e e n e q u i l i b r i u m and non-
e q u i l i b r i u m qua l i ty (xg - x) , g iven by 

Xg J + N s r ( x e " x) = Xg. (1) 
dxg 

The n o n e q u i l i b r i u m r e l a x a t i o n n u m b e r , N s r . w a s g iven a s 

6hdA\( l - a) 
N s r = ^ ;, :, (2) 

6 G C ^ 1 - xc) 

w h e r e h^ is the d r o p l e t h e a t - t r a n s f e r coef f ic ient , a i s the void f r a c t i o n , A\ 
is the length b e t w e e n the l o c a t i o n of C H F and w h e r e x = 1.0, 6 is t h e d r o p l e t 
s i z e , G is the m a s s v e l o c i t y , C ^ is the a v e r a g e v a p o r spec i f i c h e a t b e t w e e n 
s a t u r a t e d and s u p e r h e a t e d c o n d i t i o n s , and x^ is the c r i t i c a l qua l i t y . 

The a d v a n t a g e of Eq . 1 o v e r o the r c u r r e n t p h e n o m e n o l o g i c a l 
m e t h o d s is i t s s i m p l i c i t y , p r o v i d i n g tha t a l o c a l , nond i f f e ren t i a l f o r m u l a t i o n 
can be ob ta ined for Ngr- It i s d e s i r a b l e to k e e p a s m u c h p h y s i c s a s p o s s i b l e 



in the c o r r e l a t i o n or c a l c u l a t i o n of N g r , but e l i m i n a t e the d i f f e r en t i a l p r o b ­
l e m s c a u s e d by hav ing to accoun t for d r o p l e t a c c e l e r a t i o n , d r o p l e t sp l i t t ing , 
and add i t i ona l effect ive h.^ due to d r o p l e t ho ldup . T h u s , t h r e e of the four 
s i m u l t a n e o u s d i f f e r en t i a l equa t i ons n o r m a l l y u s e d by Benne t t et a l . ,^ for ex­
a m p l e , a r e e l i m i n a t e d . 

The s u p e r h e a t r e l a x a t i o n n u m b e r , Ngj., c a n be w r i t t e n a s 

3/nTT\^/^kvDAifp 
Nsr = I f - = ^ N U 5 ( 1 - aA\ (3) 

w h e r e n is the d r o p l e t d e n s i t y , Nug is the d r o p l e t N u s s e l t N u m b e r , cp is the 
h e a t flux, k.^ is the v a p o r conduc t iv i ty , D is the tube d i a m e t e r , and Aifg is the 
l a ten t h e a t . If the in i t i a l d r o p l e t d i a m e t e r is half t ha t g iven by a c r i t i c a l 
W e b e r n u m b e r of 7 .5 , the i n i t i a l n u m b e r d e n s i t y at C H F , n^., can be d e t e r m i n e d 
by 

6(1 - ^c) , , 
" c = 71 • (4) 

TT6C 

With n^ a c o n s t a n t , the d r o p l e t d i a m e t e r at any d o w n s t r e a m loca t ion is g iven 
by 

» = » c ( r - ^ ) . (3) 

With a p p r o p r i a t e f o r m u l a t i o n s for d r o p l e t d r a g and h e a t t r a n s f e r , 
c a l c u l a t e d v a l u e s for Ngj- can be ob ta ined a s a p p r o x i m a t i n g the a c t u a l v a l u e s . 
Due to n e g l e c t of d r o p l e t a c c e l e r a t i o n and r e s u l t a n t sp l i t t ing , and a l s o due to 
effect ive i n c r e a s e in t i m e r e s i d e n c e and hea t t r a n s f e r f r o m holdup, the c a l ­
cu la ted v a l u e s w^ill g e n e r a l l y be l e s s than the a c t u a l v a l u e s . An a p p r o x i m a t e 
c o r r e c t i o n for the l a t t e r is ob ta ined by d iv id ing the a c t u a l r e l a x a t i o n n u m b e r s 
by the B o u s s i n e s q n u m b e r for d r o p l e t s , 

Bo = — % = . (6) 

As a t e s t of t h i s m e t h o d , the e x t e n s i v e da ta of F o r s l u n d and 
Rohsenow^ have been c o r r e l a t e d for m a s s v e l o c i t i e s of 95, 175, and 260 k g / 
m ^ - s , pipe d i a m e t e r s of 5.8, 8.2, and 11.7 m m , h e a t f luxes be tween 16 and 
94 kW/m^ , and e q u i l i b r i u m q u a l i t i e s o v e r 3.0 a t 0.17 M P a , inc lud ing s o m e 
a x i a l l y n o n u n i f o r m h e a t f luxes of >20% of a v e r a g e . F i g u r e 1.2 shows t h e s e 
da ta c o r r e l a t e d with what a p p e a r s to be qui te a b i t of s c a t t e r . H o w e v e r , t h e s e 
a r e ob ta ined by d i f f e ren t i a t ion of the a c t u a l qua l i t y v e r s u s e q u i l i b r i u m - q u a l i t y 
i n f o r m a t i o n of Ref. 5 and wi l l be e x p e c t e d to show c o n s i d e r a b l e s c a t t e r . The 
b a s i c r e s u l t i s tha t a l l the da ta s e e m to be c o r r e l a t e d in a s ing le g roup , in ­
d i c a t i n g tha t the a p p r o p r i a t e effects of m a s s v e l o c i t y , h e a t flux, and tube s i z e 
a r e p r o p e r l y a c c o u n t e d for o v e r the d i s p e r s e d flow r a n g e . 
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Since the rod - f low r e g i m e tha t s o m e t i m e s e x i s t s b e t w e e n low-
qua l i ty CHF and the incep t ion of m i s t flow m u s t be a c c o u n t e d for in s t a r t i n g 
off a c a l cu l a t i on , th i s r e g i o n h a s been e m p i r i c a l l y c o r r e l a t e d a s s e e n in 
F ig . 1.2, w h e r e 

N s r 
Br 

a S ^ (7) 

w h e r e 

a = 2.15 X 10 - 2 

^PvVPvgV 

_7/2 

exp [ -40 (0 .24 - x c ) ] , (8) 

p^ and iJ,.̂  a r e the d e n s i t y and v i s c o s i t y of the v a p o r , and g is g r a v i t a t i o n a l 
a c c e l e r a t i o n . The o t h e r r e g i o n s a r e d e s c r i b e d by 

N 
s r - < 

170S^ S < 0.06; 

0 .855S^/^ S a 0 .06. 

(9) 

F i g u r e s 1.3-1.5 c o m p a r e the c a l c u l a t e d n o n e q u i l i b r i u m qua l i t y wi th 
a l l the a c t u a l v a l u e s for the t h r e e s e p a r a t e m a s s v e l o c i t i e s . Th i s c o m p a r i s o n 
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does not v a l i d a t e a c o r r e l a t i o n . Such w a s not the in ten t . It d o e s , h o w e v e r , 
d e m o n s t r a t e the in i t i a l a c c e p t a b i l i t y of the m e t h o d , wh ich m u s t now be e x ­
t ended to o the r f luids and cond i t i ons . 

2. F l a s h i n g - p r e s s u r e Induced V a p o r i z a t i o n 

Although l i t t l e w o r k h a s been c o m p l e t e d on th i s top ic in t h i s 
q u a r t e r , the d e s c r i p t i o n of s p h e r i c a l bubble g rowth due to d e c o m p r e s s i o n h a s 
b e e n ex tended beyond tha t p r e v i o u s l y r e p o r t e d to a c c o u n t for v a r i a b l e v a p o r 
dens i t y . The g e n e r a l r e l a t i o n deve loped is 

R(t) = Ro + 
KH^^s -1 /2 dTl 

dC dTl 

Pvo^^fgV^'^t 

(10) 

w h e r e R(t) is the bubble r a d i u s at t i m e t with r e s p e c t to i t s i n i t i a l r a d i u s a t 
t i m e z e r o , RQ (where p^ = p^^^), kg is a s p h e r i c i t y c o r r e c t i o n , a^ and k^ a r e 
the l iquid diffusivi ty and conduc t iv i ty , ATg is the in i t i a l s u p e r h e a t , and F'{Q) 
is the t i m e d e r i v a t i v e of the s a t u r a t i o n v a p o r t e m p e r a t u r e due to p r e s s u r e 
v a r i a t i o n s . F o r w a t e r , the effect of v a r i a b l e p r e s s u r e in the i n t e g r a l s of 
Eq. 10 is s m a l l a s long a s the t e m p e r a t u r e c h a n g e s a r e s m a l l and a g r e e m e n t 
with ex i s t ing da ta for both l i n e a r and exponen t i a l p r e s s u r e d e c a y i s good. If 
the p r e s s u r e d e c a y s so tha t the s a t u r a t i o n t e m p e r a t u r e d e c r e a s e m a y be d e ­
s c r i b e d by a g e n e r a l i z e d power law o f t h e f o r m T = To - b t^ , t hen the s i z e 
foUow^s the r e l a t i o n 

R(t) 
& 

2k, 
Ro + 

2nk_S(n) k^bt 
n + i 

V ^ ^ ^ T > ^ t + X ( 2 n + 1) P ^ / i f „ V ^ 
(11) 

The Jakob n u m b e r is J a ^ = P^C^ATs/p Ai£ and the coef f ic ien t S(n) i s d e ­
pendent on the d e c a y p o w e r . T h u s , for t i m e long enough to e l i m i n a t e the ef-
feet of in i t i a l s u p e r h e a t the r a d i u s g r o w s a s t ^ ' a and the void v o l u m e grow^s 
a s t^' 2/, m u c h m o r e r a p i d l y t h a n p r e v i o u s t h e o r i e s h a v e i n d i c a t e d . T h u s , 
f lash ing void f r a c t i o n and p r e s s u r e d r o p a p p e a r a u t o c a t a l y t i c . Tha t i s , t h e 
h i g h e r the void f r ac t ion , the g r e a t e r the p r e s s u r e g r a d i e n t , and the g r e a t e r 
the r e s u l t a n t void g rowth . 



C, O n e - d i m e n s i o n a l Dr i f t - f lux Mode l ing ; Dri f t V e l o c i t y in D i s p e r s e d - f l o w 
R e g i m e (M. I sh i i ) 

1. I n t r o d u c t i o n 

A g e n e r a l t r a n s i e n t t w o - p h a s e flow p r o b l e m can be f o r m u l a t e d 
by u s ing a two- f lu id m o d e l o r a d r i f t - f lux m o d e l . In the two- f lu id m o d e l , 
e ach p h a s e i s c o n s i d e r e d s e p a r a t e l y wi th two s e t s of c o n s e r v a t i o n equa t ions 
of m a s s , m o m e n t u m , and e n e r g y . H o w e v e r , an i n t r o d u c t i o n of two m o m e n ­
t u m equa t ions in a f o r m u l a t i o n , a s wi th the two- f lu id m o d e l , p r e s e n t s con ­
s i d e r a b l e d i f f icu l t ies b e c a u s e of m a t h e m a t i c a l c o m p l i c a t i o n s and u n c e r t a i n t i e s 
in spec i fy ing i n t e r f a c i a l i n t e r a c t i o n t e r m s b e t w e e n two p h a s e s . 

N u m e r i c a l i n s t a b i l i t i e s c a u s e d by i m p r o p e r cho ice of i n t e r f a c i a l 
i n t e r a c t i o n t e r m s in the p h a s e - m o m e n t u m equa t ions a r e qui te c o m m o n . T h e r e ­
f o r e , c a r e f u l s t u d i e s of the i n t e r f a c i a l cons t i t u t i ve equa t ions a r e r e q u i r e d in 
the t w o - f l u i d - m o d e l f o r m u l a t i o n . F o r e x a m p l e , Re'ocreux^ h a s s u g g e s t e d tha t , 
u n d e r c e r t a i n c o n d i t i o n s , the i n t e r a c t i o n t e r m s should inc lude f i r s t - o r d e r t i m e 
and s p a t i a l d e r i v a t i v e s . T h e s e d i f f icul t ies a s s o c i a t e d with a two-f lu id m o d e l 
can be s ign i f i can t ly r e d u c e d by f o r m u l a t i n g t w o - p h a s e p r o b l e m s in t e r m s of 
the d r i f t - f lux model^ in wh ich the m o t i o n of the m i x t u r e is e x p r e s s e d by the 
m i x t u r e - m o m e n t u m equa t ion and the r e l a t i v e m o t i o n betw^een p h a s e s is t a k e n 
into accoun t by a k i n e m a t i c cons t i t u t i ve equa t ion . The d r i f t - f lux m o d e l is a p ­
p r o p r i a t e when the d y n a m i c s of two p h a s e s a r e s t r o n g l y coupled . Consequen t ly , 
in the d r i f t - f lux m o d e l , the d y n a m i c i n t e r a c t i o n s b e t w e e n p h a s e s of the tw^o-
fluid m o d e l i s r e p l a c e d by a k i n e m a t i c r e l a t i o n b e t w e e n the two v e l o c i t y f i e l d s . 

B e c a u s e of i t s s i m p l i c i t y and a p p l i c a b i l i t y to a wide r a n g e of t w o -
p h a s e flow^ s y s t e m s of p r a c t i c a l i n t e r e s t , the d r i f t - f lux m o d e l is of c o n s i d e r ­
able i m p o r t a n c e . In p a r t i c u l a r , t he m o d e l is use fu l for t h e r m o h y d r a u l i c 
a n a l y s e s of l i g h t - v / a t e r r e a c t o r s and l i q u i d - m e t a l - c o o l e d fas t b r e e d e r r e a c t o r s 
u n d e r t r a n s i e n t and a c c i d e n t c o n d i t i o n s . 

In the d r i f t - f lux m o d e l , the r e l a t i v e m o t i o n b e t w e e n p h a s e s m u s t 
be spec i f i ed by a cons t i t u t i ve equa t ion in o r d e r to t ake into accoun t the dif­
fus ions of one p h a s e wi th r e s p e c t to a n o t h e r . The m i x t u r e - m o m e n t u m e q u a ­
t ion , t o g e t h e r wi th t h i s k i n e m a t i c c o n s t i t u t i v e equa t ion , spec i f i e s the m o t i o n s 
of each p h a s e . B e c a u s e of the s i m p l i c i t y of the f o r m u l a t i o n and n u m e r i c a l 
a n a l y s i s , t he d r i f t - f lux m o d e l is use fu l to m a n y t w o - p h a s e flow p r o b l e m s e n ­
c o u n t e r e d in e n g i n e e r i n g s y s t e m s . 

In v iew of the p r a c t i c a l i m p o r t a n c e of the d r i f t - f lux m o d e l for 
t w o - p h a s e flow a n a l y s e s in g e n e r a l and in a n a l y s e s of n u c l e a r - r e a c t o r a c c i ­
d e n t s , in p a r t i c u l a r , we a r e s tudy ing the k i n e m a t i c c o n s t i t u t i v e equa t ion for 
the dr i f t v e l o c i t y for d i s p e r s e d t w o - p h a s e flow r e g i m e s . 
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2. Dr i f t - f lux Mode l 

In t w o - p h a s e f lows, t h e r e is a lways s o m e r e l a t i v e " ^ ° t i ° ^ °^ ° " ^ 
p h a s e wi th r e s p e c t to the o t h e r . T h e r e f o r e , a t w o - p h a s e flow p r o b l e m shou ld 
be f o r m u l a t e d in t e r m s of two ve loc i t y f i e lds . A c c o r d i n g to the d e g r e e of the 
d y n a m i c coupl ing be tween the p h a s e s , t w o - p h a s e ^o^ P\°^^\^Y'%l^''^''l ^ ^ 3 ^ " 
l a t ed in t e r m s of a two-f lu id m o d e l or a d r i f t - f lux model .^ '^ '^ The two- f lu id 
m o d e l i s f o r m u l a t e d in t e r m s of two s e t s of c o n s e r v a t i o n e q u a t i o n s g o v e r n i n g 
the b a l a n c e of m a s s , m o m e n t u m , and e n e r g y of each p h a s e . H o w e v e r , t ne 
m a c r o s c o p i c f ields of one p h a s e a r e not i ndependen t of the o t h e r p h a s e . T h e r e ­
fo re , i n t e r a c t i o n t e r m s tha t couple the t r a n s p o r t s of m a s s , m o m e n t m n , and 
e n e r g y of each p h a s e a c r o s s the i n t e r f a c e s should a p p e a r in the f ie ld e q u a t i o n s . 
On the o the r hand , the d r i f t - f lux m o d e l (or m i x t u r e m o d e l ) is f o r m u l a t e d by 
c o n s i d e r i n g the m i x t u r e a s a whole , r a t h e r than two p h a s e s s e p a r a t e l y . T h e r e ­
f o r e , the d r i f t - f lux m o d e l r e q u i r e s only four field e q u a t i o n s , n a m e l y , equa t ions 
of cont inui ty , m o m e n t u m , and e n e r g y for the m i x t u r e , and the con t inu i ty equa -

Q 

t ion for one of the p h a s e s . 

In the t w o - f l u i d - m o d e l f o r m u l a t i o n , the t r a n s p o r t p r o c e s s e s of 
each p h a s e a r e e x p r e s s e d by t h e i r own b a l a n c e e q u a t i o n s . T h e r e f o r e , the 
m o d e l can p r o b a b l y p r e d i c t m o r e de t a i l ed c h a n g e s and p h a s e i n t e r a c t i o n s than 
the d r i f t - f lux m o d e l . H o w e v e r , th i s a l s o i m p l i e s t ha t the two- f lu id m o d e l is 
c o n s i d e r a b l y m o r e c o m p l i c a t e d , not only b e c a u s e of the i n c r e a s e d n u m b e r of 
field equa t ions and the unknown, but a l s o b e c a u s e of the s e v e r a l n e c e s s a r y 
cons t i t u t ive e q u a t i o n s . F u r t h e r m o r e , t h e s e c o n s t i t u t i v e e q u a t i o n s should be 
f o r m u l a t e d f a i r l y a c c u r a t e l y so to offer any m e a n i n g f u l a d v a n t a g e of the t w o -
fluid m o d e l ove r the d r i f t - f lux m o d e l . Th i s is p a r t i c u l a r l y t r u e a s r e g a r d to 
p h a s e - i n t e r a c t i o n t e r m s tha t speci fy the exchange of m a s s , m o m e n t u m , and 
e n e r g y at the i n t e r f a c e s . H o w e v e r , a c c u r a t e c o n s t i t u t i v e e q u a t i o n s for i n t e r ­
ac t ion t e r m s u n d e r t r a n s i e n t cond i t ions a r e l a r g e l y unknown. M o r e o v e r , the 
u s e of ex i s t ing i n a c c u r a t e c o n s t i t u t i v e e q u a t i o n s can r e s u l t in n u m e r i c a l i n s t a ­
b i l i t i e s , s ince the two- f lu id m o d e l i s i n h e r e n t l y u n s t a b l e due to the Ke l v in -
H e l m h o l t z i n s t ab i l i t y , u n l e s s a p r o p e r s t a b i l i z a t i o n m e c h a n i s m is bu i l t in to 
the m o d e l t h r o u g h c o n s t i t u t i v e e q u a t i o n s . 

The d r i f t - f lux m o d e l i s s i m p l e r t h a n the two- f lu id m o d e l . How­
e v e r , the f o r m e r r e q u i r e s s o m e d r a s t i c c o n s t i t u t i v e a s s u m p t i o n s , s i n c e it 
h a s only four f ield equa t ions in c o n t r a s t to s ix f ie ld equa t i ons in the two-f lu id 
m o d e l . T h e r e f o r e , s o m e of the c h a r a c t e r i s t i c s of t w o - p h a s e flow wi l l be los t . 
The s i m p l i f i c a t i o n i n t r o d u c e d by u s i n g only four f ie ld e q u a t i o n s r a t h e r t han 
s ix m a k e s the u s e of the dr i f t - f l i ix m o d e l an a t t r a c t i v e and power fu l t e c h n i q u e 
for a n a l y z i n g a n u m b e r of e n g i n e e r i n g p r o b l e m s . In p a r t i c u l a r , the drift-flvix 
m o d e l is use fu l when the i n f o r m a t i o n r e q u i r e d i s the r e s p o n s e of the t o t a l mix ­
t u r e and not t h a t of e a c h c o n s t i t u e n t p h a s e s e p a r a t e l y . 

The four f ield equa t ions in the d r i f t - f lux m o d e l a r e the r e s u l t of 
the e l i m i n a t i o n of one e n e r g y and one m o m e n t u m equa t ion f r o m the o r i g i n a l 
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s ix f ield equa t i ons of the two- f lu id m o d e l . T h e r e f o r e , the r e l a t i v e m o t i o n and 
e n e r g y d i f f e r ence should be e x p r e s s e d by add i t i ona l c o n s t i t u t i v e e q u a t i o n s . 
T h e s e two effects i n h e r e n t to the t w o - p h a s e flows a r e t a k e n into accoun t by 
u s ing a con t inu i ty equa t ion for one of the p h a s e s and s u p p l e m e n t i n g it wi th 
k i n e m a t i c and p h a s e - c h a n g e c o n s t i t u t i v e e q u a t i o n s . 

The con t inu i ty equa t ion of a p h a s e deno ted a s kth componen t is 
given by 

w h e r e r;̂ ^ d e n o t e s the m a s s s o u r c e f r o m the i n t e r f a c e s . The t o t a l m a s s b a l ­
ance a c r o s s the i n t e r f a c e s r e q u i r e s tha t 

r c + Td = 0, (13) 

w h e r e c and d deno te the con t inuous and d i s p e r s e d p h a s e , r e s p e c t i v e l y . 
T h e r e f o r e by adding the two p h a s e - c o n t i n u i t y e q u a t i o n s , we ob ta in the m i x t u r e 
cont inu i ty equa t ion g iven by 

Spm ^P v„ 
^ + ^ ^ ^ = 0 , (14) 

ot dz 

w h e r e the m i x t u r e d e n s i t y is def ined by 

Pm ^ ^ ' d P d ^ ^ ' - ^d^Pc ^'^^ 

and the m i x t u r e c e n t e r of m a s s v e l o c i t y by 

V H [ a j P j V j + (1 - a-,)p V ] / p . (16) 

m •• d^d d ^ d '^c c-" '^m ^ 

On the o t h e r hand , the v e l o c i t y of the c e n t e r of v o l u m e of the m i x t u r e , i . e . , 
the to t a l v o l u m e t r i c flux, is def ined by 

j = ^d^d "̂  ^̂  " '^d^^c- ^^^^ 

The dr i f t v e l o c i t y of a d i s p e r s e d p h a s e V^i is the ve loc i t y of the 
d i s p e r s e d p h a s e wi th r e s p e c t to the v o l u m e c e n t e r of the m i x t u r e . T h e r e f o r e , 

^ d j = ^d - j = (1 - <^d)(^d - ^c ) = (1 - ^ d ) ^ r ' (18) 

w h e r e v^. is the r e l a t i v e v e l o c i t y b e t w e e n p h a s e s . The advan t age of u s i n g the 
dr i f t v e l o c i t y is a p p a r e n t for d i s p e r s e d t w o - p h a s e s y s t e m s , s i n c e it c an be 



12 

e a s i l y r e l a t e d to a r i s e ve loc i t y of bubb le s or a t e r m i n a l v e l o c i t y of p a r t i c l e s 
or d r o p s . F r o m the def in i t ions of v a r i o u s v e l o c i t y f i e l d s , 

^ Pc (19) 
V j = V H V j - . 

d "^ Pm "Ij 

By subs t i t u t ing Eq. 19 into the d i s p e r s e d - p h a s e - c o n t i n u i t y e q u a t i o n . E q . 12, 

we obta in 

- ^ r + ^z(°^dPd"m) - ^d - - z \ — ^ ""dj/ • 

Since the convec t ive t e r m in the l e f t - hand s ide of Eq , 20 i s e x ­
p r e s s e d by the m i x t u r e ve loc i t y v^^. an a d d i t i o n a l diffusion t e r m a p p e a r s on 
the r i g h t - h a n d s ide . T h u s , to t ake into a c c o u n t the effects of the r e l a t i v e m o ­
t ion be tween p h a s e s in the d r i f t - f lux m o d e l , the dr i f t v e l o c i t y should be s p e c i ­
fied. This k i n e m a t i c cons t i t u t ive equat ion m a y be f o r m u l a t e d in a func t iona l 
f o r m as 

^ d j = V d j ( ^ d ' P ' g ' " m ' - ) (^1) 

This cons t i t u t i ve equa t ion r e p l a c e s one of the p h a s e - m o m e n t u m e q u a t i o n s of 
the two-f lu id m o d e l f o r m u l a t i o n . To t a k e into a c c o u n t the m a s s t r a n s f e r 
a c r o s s the i n t e r f a c e s , a cons t i t u t i ve equa t ion for r^j should a l s o be g iven . 

The dr i f t v e l o c i t y in the d r i f t - f lux m o d e l p l a y s a r o l e s i m i l a r to 
tha t o f t h e diffusion coeff ic ient in a s i n g l e - p h a s e , t w o - c o m p o n e n t s y s t e m . 
H o w e v e r , the a p p l i c a t i o n of a diffusion coef f ic ien t i s use fu l only when the r e l ­
a t ive m o t i o n b e t w e e n c o m p o n e n t s o r p h a s e s is due to a c o n c e n t r a t i o n g r a d i e n t 
and can be e x p r e s s e d by a l i n e a r c o n s t i t u t i v e l aw. F o r g e n e r a l t w o - p h a s e flow 
s y s t e m s , P i c k ' s law^ of diffusion m a y not hold , s i n c e in t h i s c a s e the i n t e r f a c i a l 
g e o m e t r y , the body f o r c e f ie ld, and the i n t e r f a c i a l m o m e n t u m t r a n s f e r a r e the 
f a c t o r s g o v e r n i n g the r e l a t i v e m o t i o n of p h a s e s . In o the r w o r d s , t he diffusion 
of p h a s e s in t w o - p h a s e s y s t e m s is m a c r o s c o p i c , w h e r e a s in s i n g l e - p h a s e two-
c o m p o n e n t s y s t e m s , it i s due to the m i c r o s c o p i c m o l e c u l a r diffusion. 

The c o n s t i t u t i v e equa t ion for the dr i f t v e l o c i t y can t h e r e f o r e be 
e x p e c t e d to depend s t r o n g l y on the t w o - p h a s e flow r e g i m e s , s i n c e the 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 is g o v e r n e d by the g e o m e t r y of the i n t e r f a c e s 
a s w e l l a s by the i n t e r f a c i a l a r e a c o n c e n t r a t i o n . The c o n s t i t u t i v e e q u a t i o n for 
the v a p o r - d r i f t v e l o c i t y for bubbly and s lug flow r e g i m e s h a s b e e n s t u d i e d by 
Z u b e r et al.^°"^^ by b a l a n c i n g the g r a v i t y f o r c e with the d r a g f o r c e . The a n a l ­
y s i s of the dr i f t v e l o c i t y in t w o - p h a s e a n n u l a r flows h a s b e e n c o m p l e t e d and 
r e p o r t e d in the p r e v i o u s q u a r t e r l y p r o g r e s s r e p o r t ( A N L - 7 5 - 7 2 ) . The p r e s ­
ent s tudy i s an e x t e n s i o n of the above a n a l y s e s b a s e d on the c o n c e p t of the 
m i x t u r e v i s c o s i t y . 
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3. R e l a t i v e Mot ion in S i n g l e - p a r t i c l e S y s t e m 

A m o t i o n of the s ing le sol id p a r t i c l e s , d r o p s , o r bubb l e s in an 
infini te m e d i u m h a s been s tud ied e x t e n s i v e l y in the p a s t . In wha t fol lows we 
sha l l s u m m a r i z e t h e s e r e s u l t s in s i m p l e f o r m s usefu l for the d e v e l o p m e n t of 
the dr i f t c o n s t i t u t i v e equa t ion in m u l t i p a r t i c l e s y s t e m s . 

If the r e l a t i v e v e l o c i t y of a s ing le p a r t i c l e in an infini te m e d i u m 
is deno ted by v̂ ^̂ ^ ~ "̂ d ~ ^coo' ^^e d r a g coeff ic ient is def ined by C£)„ s - 2 F £ ) / 
(Pc^roo Krcol'^^^)' w h e r e Fj ) is the d r a g f o r c e and r is the r a d i u s of a p a r t i c l e . 
On the o the r hand , the p r e s s u r e and body fo rce ac t ing on the p a r t i c l e is g iven 
by 

F p + F g = l n r ^ ( p ^ - p^)g, (22) 

which should be b a l a n c e d by the d r a g f o r c e . H e n c e , F „ + F „ + F-Q = 0. By 
in t roduc ing the n o n d i m e n s i o n a l p a r a m e t e r s ' ^ for the v e l o c i t y f ie lds and r a d i u s 
given by v * = | v | [p^/(|i,^,gAp)]'/^ and r * = r(p^gAp/(J,^) ' /^ we can so lve the 
fo rce b a l a n c e for the r a d i u s a s 

r* = i-Cn ^*i- (23) 
8 U o o rOT \ ' 

The s t a n d a r d p a r t i c l e Reyno lds n u m b e r and the v i s c o s i t y n u m b e r 
a r e defined by 

,, _ ^^PcKrJ 
' ' ^ - - - . c 

N̂ x = ^ ^ c / ( p c ^ ' V 

= 2 r *v * roo 

g A p / 

(24) 

E x t e n s i v e s t u d i e s on the s i n g l e - p a r t i c l e d r a g show tha t in gen­
e r a l the d r a g coeff ic ient is a function of the Reyno lds n u m b e r . H o w e v e r , the 
exac t funct ional f o r m d e p e n d s on w h e t h e r the p a r t i c l e is a sol id p a r t i c l e , 
d r o p , or bubb le . 

F o r v i s c o u s r e g i m e , the funct ion Cj>)^ i s un ique ly given by 

^Reoo 

F o r so l id p a r t i c l e s , the d r a g coeff ic ient b e c o m e s e s s e n t i a l l y c o n s t a n t at 
about CDOO = 0-45 for N^eco ^ 1000. Th is N e w t o n ' s r e g i m e ho lds up to 
N^ = 2 X 10^ Reoo 
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F o r fluid p a r t i c l e s such a s d r o p s or b u b b l e s , we h a v e a flow 
r e g i m e c h a r a c t e r i z e d by the d i s t o r t i o n of p a r t i c l e s h a p e s and i r r e g u l a r m o ­
t i o n s . In th i s d i s t o r t e d - f l u i d - p a r t i c l e r e g i m e , the d r a g coef f ic ien t i n c r e a s e s 
wi th the Reynolds n u m b e r (or with the p a r t i c l e s i z e ) . T h u s . 

C D O iNf/^r* 
3 M' (° r ^ V R e c o ) 

(26) 

for N > 36V2 (1 + 0. lN°R;'„)/N|ieco. As the s i ze of bubb le s f u r t h e r i n c r e a s e s , 
the bubbles b e c o m e s p h e r i c a l - c a p - s h a p e d and the d r a g coef f ic ien t r e a c h e s a 
cons t an t va lue of CQCO = 8 / 3 . The t r a n s i t i o n f r o m the d i s t o r t e d bubble r e g i m e 
to the s p h e r i c a l - c a p bubble r e g i m e o c c u r s at about r * = 2 / N ^ / . F o r a l iquid 
d r o p , the d r a g coeff ic ient can i n c r e a s e f u r t h e r a c c o r d i n g to Eq . 26. H o w e v e r , 
even tua l ly a d r o p l e t b e c o m e s u n s t a b l e and d i s i n t e g r a t e s into s m a l l e r d r o p s . 
This l im i t can be given by the we l l - known W e b e r - n u m b e r c r i t e r i o n , and it 
c o r r e s p o n d s to r * ^ 3/NJ^/^ and CDOO ^ 4. F i g u r e L 6 s u m m a r i z e s t he above 
r e s u l t s on the d r a g coeff ic ient for s ing le p a r t i c l e s of so l id , l iqu id , and g a s . 

100 I I I i i i i i i—I I I i i i i i | I I I i i i i i | r 

„=(24/NRe»)[!^0lC] 

TTTTffl 

DROPLET L I M I T S -
CAP BUBBLE 

SOLID PARTICLE 

I I I I I ml I I I I mi l I l l l l i i l 

10' .0 10' 10̂  10̂  
SINGLE PARTICLE REYNOLDS NUMBER, N Rem 

Fig. 1.6 

Single-particle Drag Coefficient 

By knowing the d r a g l aw. Cy-ĵ ^ = C-]-)j^(No ), we c a n c a l c u l a t e 
the t e r m i n a l v e l o c i t y f r o m Eq . 23 . In the v i s c o u s r e g i m e , t he t e r m i n a l ve loc­
i ty can be a p p r o x i m a t e d by 

V V 
4.86 

roo 
[(1 + 0.08r*^)^/^ - 1]. (27) 

On the o the r hand , in the N e w t o n ' s r e g i m e for so l id p a r t i c l e s , t h e d r a g coeffi­
c ien t is c o n s t a n t . T h e r e f o r e . 

v*„ = 2 . 4 3 r * l / ^ (28) 

which ho lds for r * S: 34 .65 . 

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

r e d u c e s to a c o n s t a n t va lue of 
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V* = ^ / n \ ' \ (29) 

H e n c e , in t h i s r e g i m e the r e l a t i v e v e l o c i t y i s i ndependen t of the f l u i d - p a r t i c l e 
s i z e . F u r t h e r m o r e , for the s p h e r i c a l - c a p bubble r e g i m e , the t e r m i n a l ve loc i t y 
b e c o m e s 

roo 
. * l / 2 

(30) 

T h e s e r e s u l t s a r e s u m m a r i z e d in F i g . 1.7. 

100 ™\ I I I i n i i | I I 1111111—I I I i i i m . 

- SOLID PARTICLE-

^ N^ = 0.001 

N^=O.OI 

DROPLET LIMIT 

iJ 1 I I I mi l I I I Mini I I I Mini I I I i i i i i 

10' 10̂  10̂  

REDUCED RADIUS, i*= lip^q&p/fi'^] 

4. M u l t i p a r t i c l e S y s t e m in I n f i n i t e M e d i a 

Fig. 1.7 

Terminal Velocity 

In m u l t i p a r t i c l e s y s t e m s , w e m u s t c o n s i d e r t h e e f f e c t s of t h e 
v o i d f r a c t i o n on t h e p r e s s u r e g r a d i e n t a n d o n t h e d r a g l a w . T h e m o m e n t u m 
e q u a t i o n f o r t h e k t h p h a s e c a n b e w r i t t e n a s 

/dVj^ dVĵ X , 

°^kPkV~+"k- i7;= o'ki Pkg - k̂w + k̂i - I f ) ' (̂ 1) 

w h e r e f^^ and fj^^ a r e the wa l l s h e a r f o r c e and the i n t e r f a c i a l f o r c e , r e s p e c ­
t ive ly . By c o n s i d e r i n g the s t e a d y - s t a t e condi t ion wi thout p h a s e c h a n g e s , we 
obtain 

I ? = - p _ g - (1 - ( . J f 
Sz m d^^cw- (32) 

Since the effect of the wa l l can be n e g l e c t e d for a s y s t e m in an infini te m e d i u m , 
we have d p / d z = -p g. 

By i n t r o d u c i n g the d r a g coeff ic ient C Q for the m u l t i p a r t i c l e s y s ­
t e m b a s e d on the r e l a t i v e ve loc i t y , we can e x p r e s s the r a d i u s of p a r t i c l e s by 
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.* - ^ 

* 2 

3 ^ J _ (33) 
CD 

o'd 

which c o r r e s p o n d s to Eq, 23 of a s i n g l e - p a r t i c l e s y s t e m . Now, for c o n v e n ­
i ence , we define B ^ v * / v * „ for p a r t i c l e s wi th s a m e r* . Then , f r o m E q s . 23 
le 
and 33. we get 

CD»(NReJ = C D ( N R J B V ( 1 - =̂ d). ('^^ 

w h e r e the Reynolds n u m b e r is g iven by N R C = 2 r p c | v r j / ^ i m and jim i s the 
m i x t u r e v i s c o s i t y . If we know the m i x t u r e v i s c o s i t y and the d e p e n d e n c e of 
C D on NRe, Eq. 34 can be so lved for B to ob ta in the s l i p v e l o c i t y in t e r m s of 
the s i n g l e - p a r t i c l e t e r m i n a l ve loc i ty . 

In the p r e s e n t a n a l y s i s we have ex tended T a y l o r ' s c o r r e l a t i o n for 
the m i x t u r e v i s c o s i t y a long the R o s c o e - t y p e p o w e r r e l a t i o n b a s e d on t h e m a x ­
i m u m packing a^jj.̂ .̂ T h u s . 

a,^ x2-^°'dm(^^d + °-^^^c)/(^^d+ ^c^ 
- AlA . (35) 

dm> 

The m a x i m u m pack ing a^^^ for sol id o r l iquid p a r t i c l e s y s t e m s r a n g e s f r o m 
0.5 to 0.74. H o w e v e r . a^Yn ~ 0.62 suff ices for m o s t of the p r a c t i c a l c a s e s . 
F o r a bubbly flow, a^j^^ can be m u c h h i g h e r . T h e r e f o r e , by c o n s i d e r i n g the 
s t a n d a r d r a n g e of i n t e r e s t of the void f r ac t i on , we m a y t a k e or^jj^ — 1. 

F i g u r e 1.8 c o m p a r e s the p r e s e n t m i x t u r e v i s c o s i t y to the v a r i o u s 
ex i s t ing m o d e l for s o l i d - p a r t i c l e s y s t e m s . By inc lud ing the effect of t h e v i s ­
c o s i t y of the d i s p e r s e d p h a s e in the c o r r e l a t i o n , the newly d e v e l o p e d m o d e l 
h a s the advan tage ove r the conven t iona l c o r r e l a t i o n s , b e c a u s e i t i s not l i m ­
i ted to p a r t i c u l a t e flows but can a l s o be app l i ed to d r o p l e t and bubb ly f lows . 

NOW le t u s a s s u m e tha t in the v i s c o u s r e g i m e a c o m p l e t e s i m ­
i l a r i t y e x i s t s be tween Cĵ ^o b a s e d on NRg<jo and C Q b a s e d on N R g ' ^o t h a t 
CD(NRe) = CDoo(NRe)- Then f r o m Eq . 34. we ob ta in 

1 + 0 . 1 N ° - " 
B = (1 - cy,) ' /2f(a,) 0 75 r M 6 / 7 ' (36) 

d̂  ' d^l + 0.1N5^;yf(ad)]^ 

w h e r e f(Q'^) = (1 - ad)^^^M'c/M'm- Consequen t ly , the dr i f t v e l o c i t y c a n be g iven 
by 

w h e r e ^(r*) = 0 .55[( l + 0,08r*^)' ' / ' ' - i f ' ^ for the visco) ia_x£*im£ ^ 
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Mixture-viscosity Model 

1.2 

F o r s o l i d - p a r t i c l e s y s t e m s , w e a s s u m e t h a t t h e t r a n s i t i o n f r o m 
t h e v i s c o u s r e g i m e t o t h e N e w t o n ' s r e g i m e o c c u r s a t t h e s a m e r a d i u s a s in 
t h e s i n g l e - p a r t i c l e s y s t e m , a n d t h a t t h e d r a g c o e f f i c i e n t Cj^ i s a c o n t i n u o u s 
f u n c t i o n . T h e n , f o r r * s 3 4 . 6 5 , w e o b t a i n 

V 
dj 

= V 1 rco^ 
18 .67 

-d)"'^(°'d)i + i,.67[f(a^)]^/ 
(38) 

F i g u r e 1.9 c o m p a r e s the above t h e o r e t i c a l r e s u l t s g iven by E q s . 37 
and 38 with the e m p i r i c a l c o r r e l a t i o n for s o l i d - p a r t i c l a t e sy s t ems .^ ° An a g r e e ­
m e n t at r e l a t i v e l y low v o l u m e t r i c c o n c e n t r a t i o n s is e x c e l l e n t a t a l l R e y n o l d s -
n u m b e r r e g i o n s . At v e r y h igh v a l u e s of a^, the p r e s e n t t h e o r y p r e d i c t s m u c h 
l ower dr i f t v e l o c i t i e s t han the R i c h a r d s o n - Z a k i correlation.^*^ H o w e v e r , the 
o r i g i n a l e x p e r i m e n t a l da ta of R i c h a r d s o n and Z a k i a l s o ind ica t e t h i s t r e n d , 
which is p r e d i c t e d by the p r e s e n t t h e o r y a s shown in F i g . 1.10. 

In the d i s t o r t e d - f l u i d - p a r t i c l e r e g i m e , we a s s u m e tha t the d r a g 
coeff ic ient C-Q for a m u l t i p a r t i c l e s y s t e m is s a m e a s tha t of a s ing le p a r t i c l e 
s y s t e m ; i , e , . Cj^ = (4 /3)Nj /^r* . Then we obta in 

V dj = V roo (1 - c^d) 1.5 (39) 

This f o r m is i d e n t i c a l to the e x p r e s s i o n g iven by Z u b e r and Findley .^ The 
above c r i t e r i o n i s a p p l i c a b l e for N^ s 3 6 v ^ ( l + 0. 1 N ^ ^ ^ „ ) / N | ^ ^ 

Leco-
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VOID FRACTION OF CONTINUOUS PHASE, ( l - a j ) 

Fig. 1.10. Comparison with Experimental 
Data for Solid Particles 

Fig. 1.9. Comparison of Predicted Results 
with Richardson and Zaki's Em­
pirical Correlations for Solid-
particulate Flow System 

A s t h e r a d i u s of t h e f l u id p a r t i c l e i s f u r t h e r i n c r e a s e d , t h e w a k e 
a n d b u b b l e b o u n d a r y l a y e r c a n o v e r l a p d u e t o t h e f o r i n a t i o n of t h e l a r g e w a k e 
r e g i o n s . In o t h e r w o r d s , a p a r t i c l e c a n i n f l u e n c e b o t h t h e s u r r o u n d i n g f lu id 
a n d o t h e r p a r t i c l e s d i r e c t l y . H e n c e t h e e n t r a i n m e n t of a p a r t i c l e i n a w a k e of 
o t h e r p a r t i c l e s b e c o m e s p o s s i b l e . T h i s f l o w r e g i m e i s k n o w n a s t h e c h u r n 
t u r b u l e n t f low r e g i m e a n d i s c o m m o n l y o b s e r v e d in b u b b l y flows. I n t h i s flow 
r e g i m e , a t y p i c a l p a r t i c l e m o v e s w i t h r e s p e c t t o t h e a v e r a g e v o l u m e t r i c f lux j 
r a t h e r t h a n t h e a v e r a g e v e l o c i t y of a c o n t i n u o u s p h a s e . H e n c e , t h e r e f e r e n c e 
v e l o c i t y in t h e d e f i n i t i o n s of t h e d r a g c o e f f i c i e n t a n d t h e R e y n o l d s n u m b e r 
s h o u l d b e t h e d r i f t v e l o c i t y r a t h e r t h a n t h e r e l a t i v e v e l o c i t y . B y a s s u m i n g 
t h a t t h e d r a g c o e f f i c i e n t i n t h e c h u r n - t u r b u l e n t - f l o w r e g i m e c a n b e g i v e n b y 
CQ = ( V 2 / 3 ) N N R g . w e o b t a i n 

V dj^ 
_ V^ 

N 1/3 

M-m 
(1 - a.) 

Lf*C 

1/3 
(40) 

given by [iJ 

F o r a c h u r n t u r b u l e n t bubb ly flow, the r a t i o of the v i s c o s i t i e s i s 

^•m = 1 ad- T h e r e f o r e the v a p o r - d r i f t v e l o c i t y r e d u c e s to 

v,j . ^^[^J\ (4.) 

This r e s u l t is c o n s i s t e n t wi th the s tudy by Z u b e r and F i n d l e y " for bubb ly f lows . 
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D. Spon taneous ly G e n e r a t e d H e a t - f l u x C r i s i s (R. E . H e n r y and J . C. Leung , 
RAS) 

A n a l y s e s of c u r r e n t P W R d e s i g n s show tha t s t e a d y - s t a t e o p e r a t i n g 
cond i t ions p r o d u c e loca l subcoo led bo i l ing wi th in a few coo lan t s u b c h a n n e l s a t 
a s y s t e m p r e s s u r e of 15.5 M P a . Th i s c o r r e s p o n d s to a wa l l t e m p e r a t u r e , in ­
c luding the J e n s - L o t t e s superhea t ,^^ of 621°K. Addi t iona l a n a l y s e s for a hypo­
t h e t i c a l , gu i l lo t ine r u p t u r e of an in le t coo lan t l ine show tha t such s y s t e m s 
would r a p i d l y d e p r e s s u r i z e to about 10.8 M P a , which is the s a t u r a t i o n p r e s s u r e 
c o r r e s p o n d i n g to the u p p e r - p l e n u m t e m p e r a t u r e . Indeed , th i s b e h a v i o r h a s 
been e x p e r i m e n t a l l y m e a s u r e d in the s e m i s c a l e M O D - 1 exper iments ,^^"^^ which 
have a l s o m e a s u r e d the v e r y r a p i d c r i t i c a l h e a t flux du r ing the blowdown. 

T h i s o b s e r v a t i o n i s c o n s i d e r a b l y d i f fe ren t f r o m t h o s e r e p o r t e d by o the r 
i n v e s t i g a t o r s . ~ ^ Consequen t ly , the b a s i c m e c h a n i s m ( s ) m u s t be u n d e r s t o o d 
be fo re a r e a l i s t i c e x t r a p o l a t i o n can be m a d e to c u r r e n t P W R d e s i g n s . T a b l e I. 1 
i l l u s t r a t e s the spon taneous (homogeneous ) n u c l e a t i o n r a t e s tha t would be ex­
p e r i e n c e d by s u r f a c e s t h a t w e r e in subcoo led boi l ing at 15.5 M P a and d e p r e s -
s u r i z e d to 10.8 M P a . 

T A B L E I . l . H o m o g e n e o u s Nuc lea t i on R a t e s 

J . A ( T ) e - W / k T 

P = 10.8 M P a (1570 ps ia ) 

° F 

660 
6 5 5 
650 
6 4 5 
644 
640 
6 3 5 
630 
6 2 5 

T 

°K 

621.9 
619.1 
616.3 
613.6 
613.0 
610.8 
608.0 
605.2 
602.4 

P 

p s i a 

2365 
2286 
2208 
2133 
2118 
2060 
1989 
1919 
1852 

V 

M P a 

16.31 
15.76 
15.23 
14.71 
14.61 
14.20 
13.71 
13.24 
12.77 

a, n / m 

0.00401 
0.00454 
0.00507 
0.00562 
0.00573 
0.00617 
0.00673 
0.00731 
0.00788 

0 

r , A 

14.6 
18.4 
23.1 
28.9 
30.3 
36.6 
46 .7 
60.6 
81.3 

J , S i t e s / c m ^ - s 

1.5 X 10^^ 
5.4 X 10^'' 
1.6 X 1 0 " 
8.6 X 1 0 " 
4.9 X 10^' 
1.5 X 10^^ 

13 
3.2 X 10'^^ 
8.7 X 10"^^ 

Such n u c l e a t i o n r a t e s a r e c e r t a i n l y s ign i f ican t . Le t us a s s u m e tha t a 
c r i t i c a l - s i z e cav i ty i s about 60 A in d i a m e t e r and tha t t h e s e c a v i t i e s a r e p r o -

o 

duced in a l iquid l a y e r ex tend ing 60 A f r o m the h e a t e r s u r f a c e . One then finds 
that , wi th a n u c l e a t i o n r a t e of 5 x 10^^ s i t e s / c m ^ - s , nuc l e i of the c r i t i c a l s i z e 
p h y s i c a l l y touch in a s q u a r e l a t t i c e at the c r i t i c a l - s i z e d i a m e t e r w^ithin 1 m s . 
Th i s r e s u l t s in a vapo r b l anke t a long the h e a t e r s u r f a c e . As i l l u s t r a t e d in 
Tab le I . l , t e m p e r a t u r e s above 613°C have such n u c l e a t i o n p o t e n t i a l s . 

If, in add i t ion , the wa l l i s ho t enough so tha t the t e m p e r a t u r e upon con­
t a c t b e t w e e n the coo lan t and the wal l r e s u l t s in an i n t e r f a c e t e m p e r a t u r e of 
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613°K th i s vapor b lanke t ing wi l l be s u s t a i n e d b e c a u s e n u c l e a t i o n and c o a l e s ­
cence wil l o c c u r on a p p r o x i m a t e l y a m i l l i s e c o n d t i m e s c a l e and t e r n i i n a t e aU 
s igni f icant e n e r g y t r a n s f e r . On the o the r hand , if such t e m p e r a t u r e I f v e l s a r e 
not ach ieved , eff lcient cool ing wi l l be m a i n t a i n e d d u r m g the s u b c o o l e d b low-
down po r t i on and the vapo r b l anke t ing wi l l r e s u l t f r o m a q u a s i - s t e a d y condi t ion 
af ter s e v e r a l s e c o n d s . 

An eva lua t ion of the e x p e r i m e n t s r e p o r t e d in R e f s . 27 and 28 shows 
tha t t h e i r o p e r a t i n g condi t ions w e r e i n i t i a l l y 10.3 M P a , and an e v a l u a t i o n of the 
spon taneous nuc lea t ion shows tha t i t is not s ign i f l can t u n d e r such i n i t i a l con­
d i t ions . A s i m i l a r a n a l y s i s of the da ta in Ref. 26 shows tha t the s y s t e m did 
not e x p e r i e n c e subcooled boi l ing u n d e r s t e a d y - s t a t e cond i t i ons b e c a u s e of the 
r e d u c e d h e a t flux. Consequen t ly , t e m p e r a t u r e l e v e l s i l l u s t r a t e d m T a b l e I . l 
w e r e not ach ieved . 

F i g u r e I. 11 c o m p a r e s th i s m e c h a n i s m to s o m e of the r e c e n t s e m i s c a l e 
da ta No r ap id c r i t i c a l h e a t flux should be o b s e r v e d in the d o w n s t r e a m por t ion 

of the h e a t e r r o d s , a r a p i d and su s t a ined 
h e a t - f l u x c r i s i s should be o b s e r v e d in 
the c e n t r a l p o r t i o n , and the l o w e r p o r ­
t ion, should s e e s o m e in i t i a l v a p o r 
b l anke t ing and a r e w e t . As shown in 
F i g . 1.11, th i s is in e x c e l l e n t a g r e e m e n t 
wi th the e x p e r i m e n t a l o b s e r v a t i o n s . 

T h i s m o d e l p r e s e n t s a f i r m 
p h y s i c a l b a s i s for i n t e r p r e t i n g ava i l ab le 
e x p e r i m e n t a l r e s u l t s and e x t r a p o l a t i o n 
to the b e h a v i o r of p r e s s u r i z e d - w a t e r -
r e a c t o r s y s t e m s . 

- I 1 1 1 • 

1 ADIABATIC WALL TEMP 
""RISE DURING OI20 sec j^^^ 

(STEADY STATEtjSSO 

RAPID CHF 
AND REWET 

RAPID AND 
SUSTAINED CHF 

DELAYED 
CHF 

PREDICTION 

SEMISCALE 
DATA 

E. T r a n s i e n t C r i t i c a l H e a t F l u x 
( J . C. Leung , R. E . H e n r y , and 
O. C. J o n e s , RAS) 

1, Modi f i ca t ion of T e s t Loop 

LEGEND o DELAYED CHF 
e POSSIBLE RAPID CHF 

AND REWET 
• RAPID CHF 

In the e a r l i e r v e r s i o n of the 
t e s t - l o o p design,^"' the b lowdown v e s s e l 
w a s i n s t a l l e d wi th only one f lex ib le tube 
jo in ing the flowing loop and a s a r e s u l t , 
the f luid, F r e o n - 11, had to be s t o r e d in 
a s t a g n a n t condi t ion . A t t e m p t i n g to 
m a i n t a i n the s a m e fluid t e m p e r a t u r e 
i n s i d e the blowdown v e s s e l and the r e s t 

of the flowing loop w a s diff lcul t . As a r e s u l t of the l a r g e t h e r m a l c a p a c i t y of 
the v e s s e l , the s t a g n a n t fluid w a s at a l ower t e m p e r a t u r e in a d i a b a t i c Run 4 /9B 

Fig. 1.11. Results of Semiscale Test S-02-7. Pre­
dicted and measured location of a rap­
id and sustained heat-flux crisis. ANL 
Neg. No. 900-76-91. 
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repor ted . This ea r l i e r vers ion was subsequently modified to the p resen t 
design, which is shown in Fig, 1.12. Continuous fluid flow inside the blow-
down vesse l was allowed during the initial s teady-s ta te operation. 

, . N # ^ 
ifP\A'^"^ 

oA cA^ 
s?AsA 

TO D. C. FOWEK 50UFCE 
TURBINE FLOWMETER 

3-5Skw /MMEF5I0N HEflTEF 
4-5UFFLy VESSEL (F/?£OA/-/0 
5-FLEXIBLE 5.5. TUBE 

Fig. 1.12. Test loop for Transient-blowdown Critical Heat Flux. ANL Neg. No. 900-4557 Rev. 1. 

During the ea r l i e r diabatic blowdown tes t s [Runs 4/22,^^ 5/19,^° and 
5/29 (Ref. 31)], the three a i r -ope ra t ed solenoid valves (SWl, SW2, and SW3) did 
not close or open at the same t ime. To minimize this effect, small globe valves 
were used to m e t e r the airflow to individual solenoid valves. This allowed a 
finer tuning of the sys tem response and produced repeatable and sat isfactory 
operation. 

2, Effect of Bubble Growth in the Decompress ion P r o c e s s 

The bubble growth ra te has been found to affect the initial decom­
pres s ion charac ter i s t ic .^ This is unders tandable , since the sys tem p r e s s u r e 
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would d e c r e a s e i m m e d i a t e l y to the a m b i e n t p r e s s u r e if i t . w e r e not for v a p o r ­
i za t i on of the hot l iquid. F o r a d i a b a t i c b lowdown, n u c l e a t i o n s i t e s in the f o r m 
of su r f ace c a v i t i e s a r e a c t i v a t e d a s a r e s u l t of d e c o m p r e s s i o n . With F r e o n - 1 1 
a t o p e r a t i n g t e m p e r a t u r e s and p r e s s u r e s , t he bubble g r o w t h r a t e i s e s s e n t i a l l y 
l i m i t e d by the h e a t conduc t ion to the l i q u i d / v a p o r i n t e r f a c e . C o n s e q u e n t l y , the 
ac tua l p r e s s u r e m u s t d r o p be low the s a t u r a t i o n p r e s s u r e v a l u e , c a u s i n g s o m e 
s u p e r h e a t Th i s p h e n o m e n o n of bubble n u c l e a t i o n as a r e s u l t of the t h e r m o ­
dynamic n o n e q u i l i b r i u m s t a t e of the fluid h a s b e e n r e p o r t e d in o t h e r a d i a b a t i c 
blowdown e x p e r i m e n t s . ' " ' ^ ' But for the d i aba t i c b lowdowns , w h e r e s u b c o o l e d 
bubbles w e r e in i t a l ly p r e s e n t , t h e r m o d y n a m i c e q u i l i b r i u m w a s m o r e c l o s e l y 
a p p r o a c h e d du r ing the e a r l y p h a s e of the blowdown. 

The d i f fe ren t c h a r a c t e r i s t i c s a s s o c i a t e d wi th a d i a b a t i c and d iaba t i c 
blowdown a r e b e s t i l l u s t r a t e d by showing the s y s t e m p r e s s u r e and void f r a c ­
t ion a s in F i g s . 1.13 and I. 14. F o r the d i aba t i c c a s e , the s y s t e m p r e s s u r e 
d ropped to the s a t u r a t i o n p r e s s u r e c o r r e s p o n d i n g to the ex i t fluid t e m p e r a t u r e 
in the u p p e r p l e n u m ; for the ad i aba t i c c a s e , an u n d e r s h o o t in p r e s s u r e w a s 
o b s e r v e d . The in i t i a l r i s e in c a l c u l a t e d e q u i l i b r i u m void f r a c t i o n a t t he l ower 
channe l w a s not e x p e r i m e n t a l l y o b s e r v e d in the a d i a b a t i c r u n ; an i m m e d i a t e 
j u m p to ~90% void was c h a r a c t e r i s t i c of the d i aba t i c c a s e . T h e l a t t e r w a s 
a t t r i b u t e d to the l a r g e vapor g e n e r a t i o n du r ing flow r e v e r s a l a c c o m p a n y i n g 
the d e c o m p r e s s i o n . F o r the d iaba t i c blowdown, t h e r m o d y n a m i c e q u i l i b r i u m 
void was e s t i m a t e d a t the uppe r channel .^" The p r e d i c t i o n w a s e n c o u r a g i n g in 
v iew of the fact tha t a s lug- f low m o d e l h a d b e e n u s e d in the i n t e r p r e t a t i o n of 
the void m e a s u r e m e n t . Th i s r e a s o n a b l y good a g r e e m e n t w a s e x p e c t e d if the 
s y s t e m a p p r o a c h e d t h e r m o d y n a m i c e q u i l i b r i u m . E x i s t i n g subcoo led bubb le s 
ac ted as nuc lea t ion s i t e s w h e r e i n t e r p h a s e m a s s t r a n s f e r took p l a c e . 
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Fig. 1.13. Pressure History for Adiabatic and 
Diabatic Blowdowns. ANL 
Neg. No. 900-75-423 Rev. 1. 

Fig. 1.14. Void-fraction Measurements for 
Adiabatic and Diabatic Blowdowns. 
ANL Nee. No. 900-75-421. 
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3. Diabatic Blowdown Tes t s with High-speed Photography 

Three tes ts (Runs 6/4, 6/9, and 6/12) were conducted with high­
speed movies (800- 1000 f rames per s) of the bottom 6 in. of the heated channel. 
Since this s e r i e s of tes ts was aimed at studying the effect of blowdown volume 
on t ime to CHF, the initial s teady-s ta te conditions were maintained reasonably 
constant, as shown in Table 1.2. The resu l t s of these th ree blowdown tes t s a re 
presented in Figs . I. 15-1.3 1. High-speed photographic resu l t s a re also shown 

T A B L E 1.2. In i t i a l S t e a d y - s t a t e Condi t ions in T e s t Sec t ion be fo re Blowdown 

R u n 

N o . 

4/22 

5/19-A 

5/29 

6/4 

6/9 

6/12 

P r e s s u r e , 
PQ, p s i a 

67.5 

65.7 

66.0 

64.8 

64.5 

65.1 

T e m p e r a t u r e , 
To, °F 

127.1 

132.8 

132.8 

132.8 

133.9 

133.3 

S u t 

AT 

cool ing , 

sub . 

40 .8 

33.2 

33.5 

32.2 

30.7 

32.0 

F 

Veloc i ty 
in TS, 

UQ, f t /s 

3.28 

8.05 

7.54 

7.54 

7.54 

7.54 

M a s s Ve loc i ty , 
G, lh„Jhr-it^ 

1.04 X l o ' 

2 . 5 3 X l O ' 

2 . 3 7 X l O ' 

2 . 3 7 X l o ' 

2 . 3 7 X l o ' 

2 . 3 7 X l O ' 

H 

tp, 

e a t F lu .x , 

B t u / h r - f t ^ 

3 8 , 5 0 0 

4 6 , 3 4 0 

4 5 , 5 2 0 

4 5 , 4 6 0 

4 6 , 3 0 0 

4 6 , 5 7 0 

B l o w d o w n 

V o l u m e , ^ 

V B D , " ' 

0.080 

0.072 

0.318 

0.318 

0.201 

0.072 

^Blowdown v o l u m e is defined to be the s y s t e m v o l u m e be tween the l o w e r p l e n u m and the SW3 va lve . 
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Fig. 1.16. Temperature History for Run 6/4. ANL 

Neg. No. 900-75-804. 
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Fig. 1.18. Turbine-flow Measurement 
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Fig. 1.20. Pressure-differential Measurement for 

Run 6/4. ANL Neg. No. 900-75-921. 
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Fig. 1.25. Mass in Blowdown Vessel for Run 6/9. 
ANL Neg. No. 900-75-496. 
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Fig. 1.26. Pressure-differential Measure­
ment for Run 6/9. ANL Neg. 
No. 900-75-920. 
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t i m e w a s s h o r t (~400 rns ) , a s shown in 
T a b l e 1.3. 
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All t h r e e t e s t s showed s i m i l a r 
b e h a v i o r d u r i n g the e a r l y blowdown p h a s e . 
The flow r e v e r s a l w a s o b s e r v e d to l a s t 
50-60 m s ( s e e F i g s . 1.35-1.37), the upflow 
d e c a y e d as soon a s d e p r e s s u r i z a t i o n 
s t a r t e d , and a s the flow decayed , the b u b ­
b le d e n s i t y on the hea t i ng s u r f a c e i n c r e a s e d 
r a p i d l y . V i g o r o u s v a p o r i z a t i o n o c c u r r e d 
d u r i n g downflow, as s e e n f r o m p r i n t s a t 
80 m s , and th i s h igh void m i x t u r e w a s 

swept out of the h e a t e d c h a n n e l a t an a c c e l e r a t i n g speed . The l o w e r void p r o b e 
showed an i m m e d i a t e j u m p to h igh void f r a c t i o n , q u a l i t a t i v e l y in a g r e e m e n t 

Fig. 1.31. Pressure-differential Measure­
ment for Run 6/12. ANL 
Neg. No. 900-75-922. 
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T A B L E 1.3. T i m e to C H F ^ ( t c H F ) 
for D iaba t i c Blowdown 

T i m e to C H F , s 

Run 
No. 

6/4 

6/9 

6/12 

1 

0.4 

0.3 

0.3 

Thermocouple Location, 

2 4 6 8 

0.5 

0.5 

0,4 

0.4 

0.4 

0.4 

0.5 

0.5 

0.2 

0.4 

0.4 

0.2 

in. 

10 

0.5 

b 

0.3 

12 

b 

b 

b 

^^CHF ^^ defined by Eq. 46 in Ref. 30. 
bNo C H F . 

with the h i g h - s p e e d pho tograph ic r e s u l t s . H o w e v e r , t h i s h i g h - v e l o c i t y flow 
was o b s e r v e d to d rop off at about 2 50 m s . Th i s led to the d e v e l o p m e n t of an 
annu la r flow p a t t e r n , which, judging f r o m the p i c t u r e s , l a s t e d un t i l 500 m s . 

Dur ing th i s p e r i o d , c o n s i d e r a b l e s l ip b e t w e e n l iquid and v a p o r 
p h a s e s was o b s e r v e d ; r o l l waves f r equen t ly p a s s e d a long , whi le s m a l l e r d r o p ­
l e t s t r a v e l e d down the c o r e at a m u c h h i g h e r ve loc i ty . Wavy l iqu id f i l m s w e r e 
o b s e r v e d adhe r ing to the ou te r unhea ted wa l l , a l though i t i s u n c e r t a i n , judging 
f rom the mo t ion p i c t u r e s , whe the r a l iquid f i lm w a s a l s o p r e s e n t on the h e a t e d 
wal l . 

Acco rd ing to the t h e r m o c o u p l e s at the h e a t e r - w a l l l o c a t i o n , CHF 
w a s e x p e r i e n c e d with the a p p e a r a n c e of the a n n u l a r flow. C o n s i d e r i n g the un­
c e r t a i n t y in d e t e r m i n i n g the t i m e to C H F , i t can be conc luded t h a t no d i f fe rence 
w a s o b s e r v e d among t h e s e r u n s wi th d i f fe ren t blowdow^n v o l u m e s . 

Note tha t r e w e t t i n g took p l ace at the 8- and 6- in . l o c a t i o n s in 
Run 6/9 and a t the 10-in. loca t ion in Run 6/12 be fo re p o w e r t r i p . It i s r e c o m ­
m e n d e d in future t e s t s tha t the p o w e r - t r i p c i r c u i t be s e t a t a h i g h e r t e m p e r a ­
t u r e to s tudy if the e a r l y CHF can be c o m p l e t e l y r e w e t , giving r i s e to a n o t h e r 
CHF m u c h l a t e r in t i m e , as o b s e r v e d in Run 5/29.^^ 

To s u m m a r i z e , the following s t a t e m e n t s a r e m a d e : 

a. C r i t i c a l h e a t flux did not o c c u r in the 6 0 - m s f l o w - r e v e r s a l 
p e r i o d . 

b . The f i r s t o r e a r l y CHF o c c u r r e d at about 400 m s , co inc id ing 
with the a p p e a r a n c e of an annu la r flow p a t t e r n . T h i s t i m e w a s i n d e p e n d e n t of 
the blowdown v o l u m e , and i t s o c c u r r e n c e w a s r e s t r i c t e d to the l o w e r o n e - t h i r d 
of the hea t ed channe l . 

c. F o r some c a s e s the f i r s t C H F w a s r e w e t , and a s e c o n d C H F 
was o b s e r v e d to o c c u r at n e a r dep le t ion of l iquid in the t e s t s e c t i o n . I t s t i m e , 
h o w e v e r , w a s dependent on the blowdown v o l u m e . 
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P l a n n i n g for fu ture t e s t s i s u n d e r w a y . They wi l l inc lude a 
doub le -ended b r e a k , wi th the f e a s i b i l i t y of b i d i r e c t i o n a l flow in the h e a t e d 
c h a n n e l and new t e s t s e c t i o n c a p a b l e of o p e r a t i n g at h i g h e r p r e s s u r e s and 
t e m p e r a t u r e s . 

4 . S u m m a r y 

H i g h - s p e e d p h o t o g r a p h i c r e s u l t s a r e p r e s e n t e d f r o m t h r e e 
d iaba t i c b lowdown t e s t s . T h e s e and o t h e r t e s t s r e p o r t e d p r e v i o u s l y i nd i ca t ed 
the following b e h a v i o r . ( l ) C r i t i c a l h e a t flux did not o c c u r in the 6 0 - m s flow-
r e v e r s a l p e r i o d . (2) The f i r s t C H F o c c u r r e d a t ~400 m s in the l ower one -
t h i r d of the h e a t e d c h a n n e l and i t s t i m e w a s independen t of the blowdown vo l ­
u m e . (3) If the f i r s t C H F w a s r e w e t , a l a t e r C H F would o c c u r at n e a r dep le t ion 
of l iquid in the t e s t s e c t i o n , and the t i m e s c a l e for th i s event w a s dependen t 
on the s y s t e m blowdown v o l u m e . 
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II . TRANSIENT F U E L R E S P O N S E AND 
F I S S I O N - P R O D U C T R E L E A S E P R O G R A M 

R e s p o n s i b l e G r o u p L e a d e r s : 
L. A. N e i m a r k and R. B . P o e p p e l , MSD 

C o o r d i n a t e d by: 
L. R. K e l m a n , MSD 

A p h y s i c a l l y r e a l i s t i c d e s c r i p t i o n of fuel swe l l i ng and f i s s i o n - p r o d u c t 
r e l e a s e i s needed to aid in p r e d i c t i n g the b e h a v i o r of fuel r o d s and f i s s i o n 
re iea&e is ncc r î „>,<- w a f p r - r e a c t o r (LWR) a c c i d e n t con-
p r o d u c t s u n d e r c e r t a i n h y p o t h e t i c a l l i g h t - w a t e r r e a c t o r î̂ vv ; 
d i t ions To sa t i s fy th i s need , a c o m p r e h e n s i v e c o m p u t e r - b a s e d m o d e l the 
S t e a d y - s t a t e and T r a n s i e n t (SST) f u e l - e l e m e n t b e h a v i o r code , i s be ing deve oped 
at Argonne Nat ional L a b o r a t o r y (ANL). T h i s m o d e l wi l l be i n c o r p o r a t e d in to 
the F u e l - r o d Ana lys i s P r o g r a m ( F R A P ) code be ing deve loped by the A e r o j e t 
N u c l e a r Company (ANC). The a n a l y t i c a l effor t i s s u p p o r t e d by da t a deve loped 
f rom c h a r a c t e r i z a t i o n of i r r a d i a t e d LWR fuel and f r o m o u t - o f - r e a c t o r t r a n s i e n t 
hea t ing t e s t s on i r r a d i a t e d c o m m e r c i a l LWR fuel u n d e r a r a n g e of t h e r m a l 
cond i t i ons . In the n e a r t e r m , e m p h a s i s in the e x p e r i m e n t a l p r o g r a m i s be ing 
p l a c e d on fuel t h e r m a l condi t ions tha t a r e a p p l i c a b l e to a n t i c i p a t e d h y p o t h e t i c a l 
p o w e r - c o o l a n t - m i s m a t c h (PCM) a c c i d e n t s . L a t e r e x p e r i m e n t a l e f fo r t s wi l l 
t u r n to condi t ions t yp i ca l of o the r t ypes of h y p o t h e t i c a l a c c i d e n t s . 

The t e c h n i c a l s t a tu s of the p r o g r a m w a s r e v i e w e d in G e r m a n t o w n , Md., 
on D e c e m b e r 8, 1975, by the W a t e r R e a c t o r Safety R e s e a r c h (WRSR) F i s s i o n 
P r o d u c t Review Group . No c h a n g e s in scope o r d i r e c t i o n w e r e r e c o m m e n d e d 
by the Group . The following s u m m a r i z e s r e c e n t s ign i f i can t a n a l y t i c a l and 
e x p e r i m e n t a l advances and the s t a tu s of the p r o g r a m a t the end of t h i s q u a r t e r : 

(a) Mode l s for the inf luence of i n t e r c o n n e c t e d p o r o s i t y and the effect 
of g r a i n growth on f i s s i o n - g a s b e h a v i o r have b e e n i n c o r p o r a t e d in to GRASS. 

(b) Mode l s for the enhanced diffusivi ty of f i s s i o n - g a s b u b b l e s on g r a i n 
b o u n d a r i e s have been i n c o r p o r a t e d into GRASS. 

(c) In i t ia l ve r i f i c a t i on of GRASS S t e a d y - s t a t e Mod i f i ca t ion 2 [GRASS 
(SS)-Mod 2] h a s been a c c o m p l i s h e d by c o m p a r i s o n of r e s u l t s w i th C a r o l i n a s -
V i r g i n i a Tube R e a c t o r (CVTR) da t a . 

(d) Checkout and scoping t e s t s of the i n - c e l l d i r e c t - e l e c t r i c a l - h e a t i n g 
(DEH) equ ipment w e r e c o m p l e t e d , and add i t i ona l i m p r o v e m e n t s w e r e m a d e in 
the e l e c t r o n i c s and t e m p e r a t u r e - m e a s u r i n g c a p a b i l i t y . 

(e) I n t e r i m equ ipmen t to r e c o v e r DEH fuel s p e c i m e n s f r o m i r r a d i a t e d 
fuel r o d s h a s been a s s e m b l e d in the h o t c e l l , and u s a b l e q u a r t z - e n c l o s e d DEH 
s p e c i m e n s have been e x t r a c t e d f r o m fuel i r r a d i a t e d in the C a r o l i n a P o w e r and 
Light (CPL) Company H. B. Rob inson P r e s s u r i z e d - W a t e r R e a c t o r ( P W R ) . 

(f) The capab i l i ty to sub jec t i r r a d i a t e d fuel p e l l e t s to p r o g r a m m e d 
t h e r m a l condi t ions app l i cab l e to a n t i c i p a t e d h y p o t h e t i c a l P C M - t y p e a c c i d e n t s 
h a s been d e m o n s t r a t e d by s u c c e s s f u l DEH t e s t i n g of s e v e r a l s p e c i m e n s f r o m 
the Rob inson fuel r o d s . 
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(g) Axia l b u r n u p a n a l y s i s of a R o b i n s o n fuel rod h a s been p e r f o m e d . 

(h) A m a t r i x for the i n i t i a l DEH t r a n s i e n t t e s t p lan h a s been deve loped , 
wi th cond i t i ons a p p l i c a b l e to h y p o t h e t i c a l P C M - t y p e a c c i d e n t s , to p r o v i d e 
e x p e r i m e n t a l c o r r e l a t i o n s and da t a on f i s s i o n - g a s b e h a v i o r in and r e l e a s e f r o m 
t r a n s i e n t - h e a t e d fuel, which wi l l be of u s e to m o d e l d e v e l o p e r s . The WRSR 
F i s s i o n P r o d u c t Rev i ew Group h a s cond i t i ona l ly a p p r o v e d the m a t r i x . 

A. Mode l ing of F u e l - F i s s i o n - p r o d u c t B e h a v i o r ( J . R e s t , MSD) 

1. Mode l ing of F i s s i o n - g a s B e h a v i o r du r ing S t e a d y - s t a t e Condi t ions 

Dur ing th i s q u a r t e r , the s t e a d y - s t a t e GRASS code ve r i f i c a t i on 
effort h a s r e q u i r e d the i n c l u s i o n in GRASS of s e v e r a l add i t iona l m o d e l s for 
f i s s i o n - g a s r e l e a s e . Th i s new v e r s i o n of GRASS, GRASS-Mod 2, d i f fe rs f r o m 
i t s p r e d e c e s s o r , GRASS-Mod 1, in tha t GRASS-Mod 2 i n c l u d e s : 

(a) E n h a n c e d d i f fus iv i t ies (for d i f fus iv i t ies l e s s than t hose c a l c u ­
la ted f r o m the t h e o r y of s u r f a c e diffusion) of f i s s i on gas on g r a i n b o u n d a r i e s 
that have the f o r m 

Dn = 1.12 X 1 0 " % x p [ - 3 2 , 0 0 0 / ( 1 . 9 8 6 T ) ] ( R A / R n ) ^ ' " c m ^ s , (1) 

w h e r e Dj^ i s the di f fus ivi ty of a bubble wi th a r a d i u s Rj^, T is the t e m p e r a t u r e 
(°K), and R ^ i s the a t o m i c r a d i u s of the f i s s i on g a s . 

(b) The dependence of f i s s i o n - g a s b e h a v i o r on f r a c t i o n a l p o r o s i t y , 
g r a in s i z e , and p o r e s i z e v ia a m o d e l of i n t e r c o n n e c t e d p o r o s i t y . 

(c) A g r a i n - g r o w t h m o d e l for UO2 in SST with the g r a i n s i ze as a 
function of t i m e input to GRASS-Mod 2. 

In GRASS-Mod 1 the g r a i n - b o u n d a r y - b u b b l e d i f fus iv i t ies w e r e 
t aken as p r o p o r t i o n a l to the d i f fus iv i t ies of f i s s i o n - g a s bubb les in the l a t t i c e . 
Hov/ever , f i s s i o n - g a s - b u b b l e diffusion in the m a t r i x i s s l o w e r than tha t p r e ­
d ic ted by the t h e o r e t i c a l m o d e l b a s e d on s u r f a c e diffusion, p r o b a b l y b e c a u s e 
the m o t i o n of a bubble r e q u i r e s the n u c l e a t i o n of " s t e p s . " The v a l u e s of the 
bubble d i f fus iv i t i es wi l l depend on the s t ep d e n s i t y . Since g r a i n b o u n d a r i e s 
con ta in n a t u r a l s t e p s , the bubble d i f fus iv i t i es on the g r a i n b o u n d a r i e s wi l l p r o b ­
ably be " e n h a n c e d " and exhib i t d i f f e ren t t e m p e r a t u r e d e p e n d e n c i e s when 
c o m p a r e d wi th l a t t i c e - b u b b l e d i f fus iv i t i e s . The v a l u e s of the g r a i n - b o u n d a r y 
f i s s i o n - g a s - b u b b l e d i f fus iv i t i es should l i e b e t w e e n the v a l u e s for the bubble 
d i f fus iv i t ies in the l a t t i c e (as a l o w e r l imi t ) and the v a l u e s of the bubble dif­
fus iv i t i e s a s c a l c u l a t e d f r o m the t h e o r y of s u r f a c e diffusion. 

F e w da t a a r e a v a i l a b l e on the v a l u e s of f i s s i o n - g a s - b u b b l e diffusi­
v i t i e s on g r a i n b o u n d a r i e s . T h u s , the d i f fus iv i t ies of f i s s i o n - g a s bubb le s on the 
g r a i n b o u n d a r i e s a r e the m a i n p h y s i c a l p r o p e r t i e s d e t e r m i n e d t h r o u g h GRASS 
v e r i f i c a t i o n ( e . g . , E q . 1). GRASS-Mod 1 could not be v e r i f i e d for " r e a l i s t i c " 
v a l u e s of the g r a i n - b o u n d a r y - b u b b l e d i f fus iv i t i e s . Indeed , th i s fac t , a long wi th 
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the s u c c e s s f u l p r e l i m i n a r y v e r i f i c a t i o n of GRASS-Mod 2 (to ^e d e s c r i b e d 
below) u n d e r l i n e s the i m p o r t a n c e of the m o d e l s l i s t e d in I t e m s (a ) - (c ) a b o v e . 
T h e s e m o d e l s a r e not i ndependen t , and i t i s the i n t e r p l a y b e t w e e n t h e m tha t 
is c r i t i c a l to d e s c r i b i n g f i s s i o n - g a s r e l e a s e . 

The r o l e of i n t e r l i n k e d p o r o s i t y in f i s s i o n - g a s b e h a v i o r h a s only 
r e c e n t l y been recognized .^"^ In GRASS-Mod 1 the r a t e a t wh ich the f i s s i o n gas 
r e a c h e d the g r a i n edges w a s a s s u m e d to be the c o n t r o l l i n g f ac to r for f i s s i o n -
gas r e l e a s e . H o w e v e r , the e s c a p e pa th of f i s s i o n gas f r o m the g r a m e d g e s to 
the f ree su r f ace depends on p h y s i c a l p r o p e r t i e s such a s f a b r i c a t e d p o r o s i t y , 
p o r e s i z e , and g r a i n s i z e . To accoun t for a c t u a l gas r e l e a s e , t h i s d e p e n d e n c e 
of g r a i n - e d g e e s c a p e pa ths for f i s s ion gas on the fuel m i c r o s t r u c t u r e m u s t be 
inc luded in the m o d e l . 

A t r e a t m e n t of i n t e r l i n k e d p o r o s i t y , b a s e d on the m a t h e m a t i c a l 
t h e o r y of p e r c o l a t i o n and d i s c u s s e d in the J u l y - S e p t e m b e r 1975 q u a r t e r l y 
r e p o r t ( A N L - 7 5 - 7 2 , p . 30), h a s b e e n i n c o r p o r a t e d into the GRASS c o d e . In th i s 
m o d e l , f i s s ion gas tha t r e a c h e s the g r a i n edges e n c o u n t e r s a n e t w o r k of i n t e r ­
connec ted p o r o s i t y tha t m a y or m a y not f o r m a p a r t of the f r ee s u r f a c e . The 
p r o b a b i l i t y that a cha in of p o r e s does connec t to the f r ee s u r f a c e , def ined a s 
the p o r e i n t e r l i n k a g e f r ac t ion , depends on p h y s i c a l p r o p e r t i e s such a s g r a i n 
s i z e , p o r e s i z e , and f r ac t i ona l p o r o s i t y . The r a t e of f i s s i o n - g a s r e l e a s e i s 
then given by the amoun t of gas tha t a r r i v e s a t the g r a i n e d g e s p e r un i t t i m e 
mu l t i p l i ed by the p o r e i n t e r l i n k a g e f r ac t ion . The r e m a i n i n g gas l i nks up along 
the g r a i n edges and c o n t r i b u t e s not only to p o r e g rowth but to g r a i n - e d g e swe l l ­
ing . In fact , a t r e l a t i v e l y high b u r n u p (~3 a t . %), the g r a i n - e d g e swe l l ing due 
to i n t e r c o n n e c t e d tunne l s of f i s s ion gas i s the d o m i n a n t f u e l - s w e l l i n g m e c h a ­
n ism.^ Dur ing hypo the t i ca l o f f - n o r m a l c o n d i t i o n s , the f i s s i o n gas r e t a i n e d 
along the g r a i n edges is p r o b a b l y the m a i n c o n t r i b u t i o n to f i s s i o n - g a s r e l e a s e . 
Dur ing power r a m p s , t h e s e tunne ls of f i s s ion gas m a y ven t a s a r e s u l t of in­
c r e a s e d i n t e r n a l p r e s s u r e , or fuel c r a c k i n g m a y c o n n e c t the tunne l e d g e s 
d i r e c t l y wi th the f ree s u r f a c e . 

The g r a i n s i ze i s a c r i t i c a l p a r a m e t e r in the p h e n o m e n a of f i s s ion -
gas b e h a v i o r . The s i ze of the g r a i n affects not only f i s s i o n - g a s r e l e a s e bu t 
a l so the s i ze of the bubbles tha t r e s i d e on the g r a i n b o u n d a r i e s . The b u b b l e -
s ize d i s t r i b u t i o n s in the fuel a r e an i m p o r t a n t f ac to r in f i s s i o n - g a s b e h a v i o r , 
not only dur ing n o r m a l o p e r a t i o n but du r ing h y p o t h e t i c a l o f f - n o r m a l s i t ua t i ons 
as we l l . A new m o d e l for g r a i n g rowth h a s b e e n i n c o r p o r a t e d in to SST tha t 
p r o v i d e s GRASS with the r e g i o n a l g r a i n s i z e a s a funct ion of t i m e . T h i s g r a i n -
growth m o d e l is b a s e d on the w o r k of Singh^ and g ives the m e a n g r a i n d i a m e t e r 
D (p-m) a f te r annea l ing for a t i m e t (h) a t a t e m p e r a t u r e T (°K) by 

, , , 1 4 / - 1 2 0 3 0 0 \ /T\ 
D^ - D̂o = 5.2 X 10'" exp (̂  1 . 9 8 6 T J ^ ' ^ ' 

w h e r e DQ is the in i t i a l g r a i n s i z e . I m p l i c i t in the u s e of t h i s equa t ion i s the 
a s s u m p t i o n tha t i t i s a p p l i c a b l e to s t e a d y - s t a t e UO2 i r r a d i a t i o n . As a d d i t i o n a l 
da ta b e c o m e a v a i l a b l e , the "va l id i ty" of Eq . 2 wi l l be m o r e ev iden t . 



39 

The t a s k of ve r i fy ing the GRASS code for a se t of da ta i s add i t ion ­
a l ly c o m p l i c a t e d by the s t r o n g coup l ing b e t w e e n GRASS and the SST gap-
c o n d u c t a n c e and f u e l - s w e l l i n g m o d e l s . The in i t i a l SST-GRASS v e r i f i c a t i o n 
h a s b e e n c o m p l e t e d . The SST-GRASS code r e s u l t s for t h r e e CVTR f u e l - r o d 
i r r a d i a t i o n s a r e shown in F i g s . II . 1 and I I .2 . The f r a c t i o n a l gas r e l e a s e v e r s u s 
r e a c t o r i r r a d i a t i o n t i m e i s shown in F i g . II . 1 wi th the e x p e r i m e n t a l da ta (one 
point for e a c h rod at end of l i fe ) . F i g u r e II .2 shows the GRASS-ca l cu l a t ed 
to ta l gas r e l e a s e as a funct ion of i r r a d i a t i o n t i m e , wi th end -o f - l i f e da ta po in t s 
b a s e d on c a l c u l a t e d f i s s i o n - g a s g e n e r a t i o n r a t e s . As i s ev iden t f r o m t h e s e 
f i g u r e s , the a g r e e m e n t b e t w e e n GRASS and the CVTR da ta i s r e a s o n a b l e . A 
s i m p l e i n t e r p r e t a t i o n of F i g s . II . 1 and II .2 i s c o m p l i c a t e d by the qui te d i f fe ren t 
v a r i a b l e i r r a d i a t i o n h i s t o r i e s of t h e s e t h r e e CVTR r o d s . F o r r o d s 33.833 and 
44 .732, the f r ac t i on of f i s s i on gas r e l e a s e d h a s a t endency to r i s e r a p i d l y and 
then f la t ten out t o w a r d the end of the i r r a d i a t i o n t i m e . Th i s r e l e a s e - r a t e 
b e h a v i o r is o b s c u r e d for rod 13.831 b e c a u s e of i t s r e l a t i v e l y c o m p l i c a t e d i r ­
r a d i a t i o n h i s t o r y . The rod w a s i r r a d i a t e d at a f a i r ly c o n s t a n t ( r e l a t i v e l y low) 
power l e v e l for the f i r s t 2600 h of i r r a d i a t i o n be fo re the p o w e r l e v e l w a s in­
c r e a s e d and the l a s t 1700 h at an i n c r e m e n t a l l y i n c r e a s i n g p o w e r l e v e l . 

The d e c r e a s e in the r a t e of gas r e l e a s e a s a function of i r r a d i a t i o n 
t ime o b s e r v e d in F i g s . II. 1 and II.2 can be u n d e r s t o o d in t e r r a s of g r a i n g rowth . 
As the g r a i n s in the h o t t e r fuel r e g i o n s g row, the p o r e i n t e r l i n k a g e f r ac t i on 
(Eq. 1) i n c r e a s e s and a h i g h e r r a t e of gas r e l e a s e would be expec t ed . H o w e v e r , 
the r a t e a t which f i s s i on gas m i g r a t e s f r o m the g r a i n b o u n d a r i e s to the g r a i n 
edges i s p r o p o r t i o n a l ( a p p r o x i m a t e l y ) to the r e c i p r o c a l of the g r a i n d i a m e t e r , 
and the ne t r e s u l t is a d e c r e a s e in the g a s - r e l e a s e r a t e . 
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Fig. II.1. GRASS-calculated Fractional Fission-gas Release for 
Three CVTR Fuel Rods and End-of-life Comparison 
with Measured Data. Neg. No. MSD-62302. 

Fig. II.2. GRASS-calculated Total Fission-
gas Release for Three CVTR Fuel 
Rods and End-of-life Comparison 
with Data. Neg. No. MSD-62303. 



40 

B. E x p e r i m e n t a l T e c h n i q u e (M. G. Se i t z and L. R. K e l m a n , MSD) 

1. D i r e c t - e l e c t r i c a l - h e a t i n g A p p a r a t u s (M. G. Se i t z and D. R. P e p a l i s , 

MSD, and E . W. J o h a n s o n , EL) 

The DEH a p p a r a t u s ( A N L - 7 5 - 2 8 , p . 25) h a s b e e n a s s e m b l e d in the 
ho t c e l l and i s be ing u s e d for t r a n s i e n t t e s t i n g of i r r a d i a t e d LWR fuel . Changes 
to i m p r o v e the a c c u r a c y of the e x p e r i m e n t a l p a r a m e t e r s r e c o r d e d d u r i n g 
t e s t i n g and b e t t e r r e g u l a t e the e l e c t r i c a l p o w e r app l i ed to the fuel a r e be ing 
m a d e to o p t i m i z e condi t ions for u s e in the i n i t i a l t r a n s i e n t t e s t d e s c r i b e d m 
Sec . I I . C . l . 

An r m s ana lyz ing dev ice w a s added to the DEH a p p a r a t u s to m e a ­
s u r e the effective v a l u e s of the c u r r e n t and v o l t a g e . The f u l l - s c a l e v a l u e s 
(2 .5 -V m a x i m u m output s ignal) of the c u r r e n t and vo l t age to be r e c o r d e d can 
be s e l e c t e d with m u l t i p o s i t i o n s w i t c h e s f r o m v a l u e s of 50, 100, 250, 500, 1000, 
and 1500 V and 10, 12.5, 25, 50, and 100 A. The effect ive c u r r e n t and vo l tage 
a r e m u l t i p l i e d t o g e t h e r e l e c t r o n i c a l l y to give the t o t a l p o w e r . B e c a u s e the 
load i s r e s i s t i v e , the to ta l power i s a m e a s u r e of the h e a t i n g p o w e r ( i . e . , 
ac t ive power) d e l i v e r e d to the fuel s t a ck . The p o w e r s i gna l , wh ich i s the p r o d ­
uc t of the c u r r e n t and vo l t age , r a n g e s f r o m 500 to 150,000 W. 

The a n a l y z e r w a s found to give t r u e r m s r e a d i n g s in the f r equency 
r a n g e f rom dc to 20 ,000-Hz s i n u s o i d a l s i g n a l . The r e s p o n s e of the a n a l y z e r 
w a s c a l i b r a t e d on a l l s c a l e s wi th s t a n d a r d i z e d dc and 1000-Hz ac vo l t age 
s i g n a l s . The t i m e c o n s t a n t s ( t ime r e q u i r e d to a t t a in 63.2% of a s t e p change) 
for the r m s s y s t e m w e r e m e a s u r e d to be 0.18 s for the v o l t a g e , 0.20 s for 
the c u r r e n t , and 0.10 s for the p o w e r . T h u s , the m e t e r i n g s y s t e m h a s a 
suff ic ient ly fas t r e s p o n s e t i m e to r e c o r d the t r a n s i e n t cond i t i ons r e q u i r e d for 
the t e s t m a t r i x d e s c r i b e d in Sec . I I .C . 1. 

A m u l t i c h a n n e l c a t h o d e - r a y - t u b e r e c o r d e r (Honeywel l M o d e l 1858 
V i s i c o r d e r ) h a s b e e n r e c e i v e d and r e p l a c e s the one t h a t w a s b o r r o w e d . Six 
channe l s wi l l be u s e d to r e c o r d the effect ive c u r r e n t , e f fec t ive v o l t a g e , ac t ive 
p o w e r , emf of the t h e r m o c o u p l e a t the fuel s u r f a c e , and ou tpu t s of two o p t i c a l 
p y r o m e t e r s , one in s ide and one ou t s i de the c e l l . At p r e s e n t , a l l bu t one of the 
channe l s a r e u s e d ; the i n - c e l l op t i ca l p y r o m e t e r i s s t i l l to be p u r c h a s e d . 

A d r iv ing m e c h a n i s m [ f o u r - d e c a d e e l e c t r o n i c t i m e b a s e ( 4 E T B ) , 
R e s e a r c h Inc . ] tha t c o n s i s t s of a v a r i a b l e - p u l s e g e n e r a t o r and s t e p p i n g m o t o r 
g e a r e d to the p r o g r a m m e d ax i s h a s b e e n o r d e r e d for the D a t a T r a k P r o g r a m ­
m e r ( A N L - 7 5 - 2 8 , p . 25). The m e c h a n i s m i s u s e d to d r i v e the c o n t r o l c h a r t 
in i n c r e m e n t s of 1 m i n a t s p e e d s f r o m 9999 to 1 m i n p e r c y c l e . T h i s d e v i c e 
wi l l p r o v i d e the m o r e r a p i d and s e l e c t a b l e t i m e s p a n s r e q u i r e d for p l a n n e d 
DEH t e s t s ; the p r e s e n t s ing le 6 0 - m i n cyc l e i s i n a d e q u a t e . 
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2. F u e l T e m p e r a t u r e d u r i n g D i r e c t E l e c t r i c a l Hea t ing 
(M. G. Se i tz , MSD) 

The t e m p e r a t u r e of the fuel d u r i n g t r a n s i e n t h e a t i n g , as we l l a s the 
b e h a v i o r of the f i s s i o n g a s e s , m u s t be d e t e r m i n e d for the e x p e r i m e n t a l p r o g r a m 
to be use fu l to m o d e l d e v e l o p e r s . The DEH T r a n s i e n t T e m p e r a t u r e D i s t r i b u t i o n 
(DEHTTD) code ( A N L - 7 5 - 2 8 , p . 27) i s u s e d to p r e d i c t the t e m p e r a t u r e p rof i l e 
wi th in the fuel f r o m the s u r f a c e t e m p e r a t u r e , any one of the e l e c t r i c a l p a r a m ­
e t e r s (vo l t age , c u r r e n t , o r p o w e r ) , and the e l e c t r i c a l and t h e r m a l conduc t iv ­
i t i e s of the fuel. The e x p e r i m e n t a l p a r a m e t e r s m u s t be m e a s u r e d a c c u r a t e l y 
as a funct ion of t i m e , and the p r o p e r t i e s of the fuel m u s t be suff ic ient ly we l l 
known to p e r m i t a c c u r a t e p r e d i c t i o n of the t e m p e r a t u r e p r o f i l e s . 

The t echn ique of con t inuous ly m e a s u r i n g the s u r f a c e t e m p e r a t u r e 
of the fuel s t a c k wi th a 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 ( A N L - 7 5 - 7 2 , p . 37) h a s 
w o r k e d w e l l in the t r a n s i e n t t e s t s r u n to d a t e . An add i t iona l t h e r m o c o u p l e wi l l 
be i n t r o d u c e d to p e r m i t s i m u l t a n e o u s m e a s u r e m e n t of t e m p e r a t u r e at a second 
loca t ion on the s u r f a c e of the fuel o r end p e l l e t s . E x p e r i e n c e to da te h a s r e ­
vea l ed the need for an op t i ca l p y r o m e t e r to c o m p l e m e n t the t h e r m o c o u p l e for 
m e a s u r i n g the r e l a t i v e l y low D E H - s p e c i m e n s u r f a c e t e m p e r a t u r e s a n t i c i p a t e d 
in m o s t of the p lanned in i t i a l t r a n s i e n t t e s t s (Sec . I I . C . l ) . An op t i ca l p y r o m e t e r 
des igned for u s e in the 400- 1100°C t e m p e r a t u r e r a n g e wi l l be p r o c u r e d e a r l y 
next q u a r t e r . The h e a d of th i s p y r o m e t e r wi l l be i n s t a l l e d i n s ide the ho t c e l l 
to avoid e x c e s s i v e a t t e n u a t i o n of the i n f r a r e d r a d i a t i o n t h r o u g h the window. 

The e l e c t r i c a l - c o n d u c t i v i t y m e a s u r e m e n t s d e s c r i b e d in Sec . I I .C .2 
w e r e u s e d as input da t a for the D E H T T D code . A t e m p e r a t u r e p ro f i l e w a s 
c a l c u l a t e d f r o m the s u r f a c e t e m p e r a t u r e and m e a s u r e d p o w e r input . The c u r ­
r e n t and vo l t age tha t would o c c u r wi th the c a l c u l a t e d t e m p e r a t u r e p ro f i l e and 
speci f ic p o w e r w e r e a l s o p r e d i c t e d wi th the code and w e r e c o n s i s t e n t wi th 
e x p e r i m e n t a l m e a s u r e m e n t s a t s u r f a c e t e m p e r a t u r e s be low 1000°C. 

H o w e v e r , a t h i g h e r t e m p e r a t u r e s t h e r e i s d i s a g r e e m e n t be tween the 
p r e d i c t e d and m e a s u r e d c u r r e n t a n d / o r v o l t a g e ; th i s s u g g e s t s tha t the 
c o n d u c t i v i t y - t e m p e r a t u r e d e p e n d e n c e p r e s e n t l y u s e d in the code m a y not a c c u ­
r a t e l y dep i c t t ha t of the fuel s t a c k a t h igh t e m p e r a t u r e s . To e l i m i n a t e t h i s 
d i s a g r e e m e n t , the conduc t iv i ty m e a s u r e m e n t s wi l l be ex tended to h i g h e r 
t e m p e r a t u r e s . The d e p e n d e n c e of the conduc t iv i t y on t e m p e r a t u r e u s e d in the 
D E H T T D code wi l l be ad jus t ed to give a c c u r a t e p r e d i c t i o n s of m e a s u r e d p a r a m ­
e t e r s a t h igh t e m p e r a t u r e s . The f inal so lu t ion wi l l be v e r i f i e d by u s ing the 
code to p r e d i c t c e n t e r m e l t i n g tha t i s o b s e r v e d e x p e r i m e n t a l l y . 

Al though the i n i t i a l w o r k a p p e a r s to i n d i c a t e tha t the fuel s t a c k m a y 
be t r e a t e d as a h o m o g e n e o u s m a t e r i a l , i t in fact c o n s i s t s of two m a t e r i a l s : 
the u n i r r a d i a t e d end p e l l e t s and the i r r a d i a t e d fuel. A m o r e a c c u r a t e t r e a t ­
m e n t , wh ich wi l l deve lop two s o l u t i o n s , one for the end p e l l e t s and one for the 
fuel, i s be ing c o n s i d e r e d to accoun t for t h i s d i f f e r e n c e . If t h i s p r o c e d u r e is 
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u s e d t h e c o d e w i l l a g a i n b e c h e c k e d b y c o m p a r i n g i t s p r e d i c t i o n s w i t h e x p e r i ­
m e n t a l r e s u l t s . T o b e of m o s t v a l u e , t h i s t r e a t m e n t w i l l i n c l u d e t h e s u r f a c e 
t e m p e r a t u r e of t h e e n d p e l l e t s . T h e a d d i t i o n of a n o t h e r t h e r m o c o u p l e a n d t h e 
i n - c e l l o p t i c a l p y r o m e t e r w i l l p e r m i t m e a s u r e m e n t of t h i s t e m p e r a t u r e . 

3 , F i s s i o n - g a s C o l l e c t i o n , M e a s u r e m e n t , a n d S a m p l i n g S y s t e m 

( M . G. S e i t z a n d D . R . P e p a l i s , MSD) 

I n i t i a l D E H t e s t s u s i n g t h e f i s s i o n - g a s c o l l e c t i o n a p p a r a t u s ( A N L -

7 5 - 2 8 F i g I I . 1) y i e l d e d u n e x p e c t e d l y l a r g e q u a n t i t i e s of a i r c o l l e c t e d i n t h e 

c h a r c o a l t r a p w i t h t h e f i s s i o n g a s . W e s u s p e c t t h a t i n c o m p l e t e p u r g i n g of t h e 

s y s t e m w a s t h e s o u r c e of t h e a t m o s p h e r i c g a s e s . In f u t u r e r u n s a m o r e e x ­

t e n s i v e p u r g i n g of t h e s y s t e m w i l l b e i m p l e m e n t e d . E v a c u a t i o n of t h e s p e c i ­

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

f e a s i b l e . T h e l a t t e r m e t h o d m a y b e u s e d t o r e m o v e a t m o s p h e r i c g a s e s if i t 

i s r e q u i r e d . 

T h e f i s s i o n - g a s m e a s u r i n g a n d s a m p l i n g a p p a r a t u s i s b e i n g a s s e m ­
b l e d a n d t e s t e d . F i g u r e I I . 3 s h o w s t h e a p p a r a t u s d u r i n g a s s e m b l y . T h e 7 3 - l i t e r 
D e w a r a n d k r y p t o n - x e n o n c o l d t r a p a r e s e e n a t t h e l e f t of t h e p h o t o g r a p h a n d a r e 
s i t u a t e d i n f r o n t of t h e h e l i u m - g a s o u t l e t a n d r e t u r n d i s c h a r g e i n t h e c e l l w a l l . 
G a s e s f r o m t h e t r a p w i l l b e p i p e d to t h e m e a s u r i n g a n d s a m p l i n g a p p a r a t u s , 
w h e r e t h e y w i l l b e m o v e d i n t o a c a l i b r a t e d v o l u m e w i t h t h e T o e p l e r p u m p (A) . 

Fig. II.3. Fission-gas Measuring and Sampling Apparatus Used for Mea­
suring Pressure and Volume of Gas and Taking Samples for 
Other Analysis. The major features of the system are identi­
fied in the text. Neg. No. MSD-186384. 
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T o w a r d t h e b a c k of t h e c a b i n e t a r e t w o r e s e r v o i r s (B) t h a t w i l l b e c a l i b r a t e d 
a n d m a y b e i n t r o d u c e d a s p a r t of t h e c a l i b r a t e d v o l u m e . S a m p l e s of t h e g a s 
a r e s e a l e d off i n g l a s s b u l b s t h a t a r e f i t t e d t o t h e s a m p l i n g p o r t s ( C ) . T h e 
p r e s s u r e i n t h e a p p a r a t u s i s m o n i t o r e d w i t h a c a p s u l e - t y p e g a u g e ( W a l l a c e 
a n d T i e r n a n 300 s e r i e s ) , a t h e r m o c o u p l e g a u g e , a n d a M c L e o d g a u g e ( D ) . T h e 
d i f f u s i o n p u m p (E ) a n d t h e f o r e p u m p a t t h e l e f t of t h e c a b i n e t a r e u s e d to 
e v a c u a t e t h e s y s t e m b e f o r e a d m i t t i n g g a s . A f t e r t h e a p p a r a t u s i s a s s e m b l e d , 
t h e c a b i n e t w i l l b e f i t t e d w i t h s l i d i n g d o o r s a n d a n o v e r h e a d d u c t f o r v e n t i l a t i o n . 

4 , H o t C e l l ( M . G. S e i t z a n d D . R . P e p a l i s , MSD) 

T h e s p e c i m e n - p r e p a r a t i o n b o x , w h i c h i s a c o m p l e t e l y e n c l o s e d b o x 
w i t h i n t h e K- 1 c e l l i n M - W i n g of B u i l d i n g 2 0 0 ( A N L - 7 5 - 7 2 , p . 34) , h a s b e e n 
e q u i p p e d t o p r e p a r e fue l s p e c i m e n s . F i g u r e I I . 4 i s a v i e w t h r o u g h t h e c e l l 
w i n d o w t h a t s h o w s t h e cu to f f s a w , t h e s l i p - i m p r e g n a t i o n g u n a n d f i t t i n g s , a n d 
t h e d e v i c e u s e d t o t r a n s f e r t h e fue l s p e c i m e n f r o m t h e Z i r c a l o y c l a d d i n g i n t o 
a c l o s e - f i t t i n g q u a r t z c o n t a i n e r . A l t h o u g h t h e s e i t e m s a r e e s s e n t i a l l y d u p l i ­
c a t e s of t h o s e u s e d p r e v i o u s l y , m o d i f i c a t i o n s w e r e n e c e s s a r y to p e r m i t t h e 
p r e p a r a t i o n of s e v e r a l u s e f u l f ue l s p e c i m e n s d u r i n g t h i s q u a r t e r . 

Fig. II.4 

Specimen-preparation Box as Positioned at the 
A Window of the K-1 Hot Cell. The pieces of 
equipment used for extracting fuel from cladding are 
the (A) slip-impregnation gun, (B) cutoff saw, and 
(C) extraction frame. Clam-shell blocks used to 
hold the fuel, cladding, and quartz container during 
extrusion are seen below the extraction frame. 
Neg. No. MSD-186351. 

T h e S a x t o n P W R fue l r o d , M A P I N o . M 1 2 , a n d t h e G e n e r a l E l e c t r i c 
C o m p a n y ( G E ) B W R r o d , G E - S A - 1 N o . B 5 8 ( A N L - 7 5 - 5 8 , p . 4 1 ) , a s w e l l a s t h e 
u p p e r h a l f of t h e F - 7 r o d f r o m t h e C P L R o b i n s o n p l a n t ( A N L - 7 5 - 5 8 , p . 55 ) , 
h a v e b e e n t r a n s f e r r e d t o s t o r a g e i n t h e f ue l s a f e of t h e K- 1 h o t c e l l . 

C . E x p e r i m e n t a l P r o g r a m ( M . G. S e i t z a n d L . R . K e l m a n , MSD) 

1. E x p e r i m e n t a l P l a n ( L . R . K e l m a n a n d M . G. S e i t z , MSD) 

T h e m a t r i x f o r t h e i n i t i a l s e t of D E H t r a n s i e n t t e s t s h a s b e e n 
d e v e l o p e d t o p r o v i d e e x p e r i m e n t a l c o r r e l a t i o n s a n d d a t a o n f i s s i o n - g a s b e h a v i o r 
i n a n d r e l e a s e f r o m t r a n s i e n t - h e a t e d f u e l , w h i c h vin.ll b e of u s e t o m o d e l d e v e l ­
o p e r s . A c o n d i t i o n c o n s i d e r e d i n f o r m u l a t i o n of t h e m a t r i x w a s t h e u s e of 
e x i s t i n g c a p a b i l i t i e s of t h e e x p e r i m e n t a l a p p a r a t u s a n d t e c h n i q u e s . T h e c a p a ­
b i l i t i e s , s o m e of w h i c h a r e d e s c r i b e d i n t h e p r e s e n t r e p o r t a n d i n p r e v i o u s 
r e p o r t s ( A N L - 7 5 - 2 8 , - 5 8 , a n d - 7 2 ) , i n c l u d e r e c o v e r y of u s e f u l D E H f ue l 

http://vin.ll
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s p e c i m e n s in q u a r t z c o n t a i n e r s and t r a n s i e n t h e a t i n g of the fuel so t h a t t h e 
c e n t e r h e a t s a t r a t e s up to 500°C/s . The t e s t s m a y be r u n to m e l t i n g of the 
fuel with a t t endan t f a i l u r e of e l e c t r i c a l con t inu i ty , o r they m a y be t e r m i n a t e d 
a f te r a d e s i g n a t e d t i m e . 

The r a n g e of t h e r m a l t r a n s i e n t s and t e m p e r a t u r e p r o f i l e s to be 
p r o d u c e d in the fuel du r ing the t r a n s i e n t t e s t s e n c o m p a s s e s t h a t a n t i c i p a t e d 
Tn P C M a c c i d e n t s . Hea t ing r a t e s of 20, 200, and 500°C/s h a v e b e e n s e l e c t e d 
for the c e n t e r t e m p e r a t u r e . The c e n t e r t e m p e r a t u r e s t h a t r e s u l t f r o m t h e s e 
hea t ing r a t e s a r e shown s c h e m a t i c a l l y in F i g . I I .5 a s the so l id s t r a i g h t l i n e s , 
and the c o r r e s p o n d i n g s u r f a c e t e m p e r a t u r e s a r e shown in d a s h e d l i n e s . 

2 5 0 0 -

<~> 2 0 0 0 — 

1 5 0 0 -

1000 — 

500 — 

CENTER 
SURFACE 

O TERMINATION OF TEST 

10 20 30 4 0 50 
THERMAL TRANSIENT TIME (S) 

Fig. II.5 

Schematic of Thermal Histories of Fuel 
in Initial DEH Transient Tests. The fuel 
is first heated with an auxiliary heat 
lamp, followed by the application of low 
DEH power to obtain starting conditions. 
High DEH power is then applied to the 
fuel stacks to cause transient heating. 
ANL Neg. No. 306-76-44. 

A m a t r i x of the m i n i m u m n u m b e r of t e s t s p l anned for the f i r s t 
p h a s e of the p r o g r a m is shown in T a b l e II . 1. The t a b l e d e t a i l s 25 t e s t s t h a t 
r e p r e s e n t a b r o a d s p e c t r u m of t e m p e r a t u r e r a m p s , p o w e r , and b u r n u p a p p l i ­
cab le to p o s s i b l e P C M a c c i d e n t s . T h i s n u m b e r of t e s t s , wh ich i n c l u d e fuel 
f r o m t h r e e r e a c t o r s , i s c o n s i d e r e d a m i n i m u m to c o v e r the d e s i r e d c o n d i t i o n s . 

Befo re the m a t r i x t e s t s a r e begun , a s e r i e s of DEH t e s t s wi l l be 
run to o p t i m i z e condi t ions for the m a t r i x and e s t a b l i s h the r e p r o d u c i b i l i t y of 
t e m p e r a t u r e p r o f i l e s and b e h a v i o r of s e v e r a l fuel s p e c i m e n s f r o m the C P L 
Robinson fuel r o d s . Modi f ica t ions to the t e s t p l an and a d d i t i o n a l t e s t s c a n be 
expec ted if the need i s i nd i ca t ed by the r e s u l t s of the p r e l i m i n a r y t e s t s . The 
t e s t s tha t wi l l be run to p r o d u c e c e n t e r m e l t i n g for e a c h t e m p e r a t u r e r a m p 
wi l l be u s e d to ver i fy c o m p u t e d t e m p e r a t u r e p r o f i l e s for t r a n s i e n t h e a t i n g 
and e s t a b l i s h the m a x i m u m t i m e for the t r a n s i e n t . 

A s e r i e s of i n t e r r u p t e d t e s t s , wh ich wi l l be r u n to d e t e r m i n e fuel 
and f i s s i o n - p r o d u c t b e h a v i o r du r ing a h e a t i n g r a m p , i s shown in T a b l e I I . 1 for 
a c e n t e r t e m p e r a t u r e r a m p of 200°C/s . The po in t s a t wh ich the t e s t s a r e in te r ­
r u p t e d w e r e c h o s e n a r b i t r a r i l y ; i t m a y be d e s i r a b l e to c h a n g e t h e m a f t e r p r e ­
l i m i n a r y r e s u l t s a r e ob ta ined . 
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TABLE II.1. Minimum Number of Tests in Initial DEH Transient Test Plan 

F u e l Source 

Maximum Burnup , MWd/Mg 

L i n e a r Heat R a t e , kW/m 

Tî  Ramp R a t e s , °C/s 

Low I n i t i a l T.̂  

C o n d i t i o n a t S t a r t of Ramp 

60% Time t o C e n t e r M e l t i n g 

80% Time t o C e n t e r M e l t i n g 

I n c i p i e n t C e n t e r M e l t i n g 

• Fuel F a i l u r e 

Higher I n i t i a l T^ 

80% Time t o C e n t e r M e l t i n g 

I n c i p i e n t C e n t e r M e l t i n g 

T o t a l (25 T e s t s Minimum) 

20 

-

-

1 

1 

-

-

-

2 

W Robinson PWR 
(Rod C e n t e r ) 

36 

23 

.000 

(avg) 

200 

1 

1 

2 

2 

1 

2 

1 

10 

500 

-

1 

1 

-

-

_ 

2 

W Robinson PWR 
(Rod Ends) 

D e c r e a s i n g burnup 

D e c r e a s i n g power 

200 

-

-

4 

1 

-

-

_ 

5 

GE SA-1 BWR 

36,200 

46 (max) 

200 

-

-

2 

1 

-

— 

_ 

3 

MAPI PWR 

8000 

13-16 

200 

-

-

2 

1 

_ 

-

_ 

3 

M o s t of the t e s t s wi l l be s t a r t e d with fuel t e m p e r a t u r e s t ha t a r e 
lower than i n - r e a c t o r . The low s t a r t i n g t e m p e r a t u r e was s e l e c t e d to m i n i m i z e 
t h e r m a l effects on f i s s i o n - g a s m o v e m e n t be fo re the t r a n s i e n t . In addi t ion , a 
l im i t ed n u m b e r of t e s t s wi th i n c r e a s e d i n i t i a l t e m p e r a t u r e s wi l l be run . 

T e s t s a r e a l s o p l anned to d e t e r m i n e f i s s i o n - p r o d u c t b e h a v i o r as 
a funct ion of p o s i t i o n in the fuel rod o v e r a r a n g e of b u r n u p . F o r the fuel in 
t h e s e t e s t s , the b u r n u p and p o w e r l e v e l s v a r y s i m u l t a n e o u s l y so tha t the effect 
of each on f i s s i o n - p r o d u c t b e h a v i o r canno t be d e t e r m i n e d . A l i m i t e d n u m b e r 
of t e s t s u s i n g h i g h - b u r n u p , h i g h - p o w e r GE (BWR) and low^-burnup, l o w - p o w e r 
MAPI (PWR) fuel a r e p l anned as a s t ep in the d i r e c t i o n of d e t e r m i n i n g the 
effects of b u r n u p and p o w e r . 

Succes s fu l c o m p l e t i o n of th i s s e r i e s of DEH t e s t s wi l l add signif­
i can t ly to the ex i s t i ng da t a b a s e ^ for the f r a c t i o n of f i s s i on gas r e l e a s e d a t 
v a r i o u s s t a g e s of a t r a n s i e n t to m e l t i n g . The f u e l - t e m p e r a t u r e p r o f i l e s and 
hea t ing r a t e s in DEH t e s t s a r e m o r e p r o t o t y p i c of r e a c t o r t h e r m a l cond i t ions 
than t h o s e ob ta ined in the e x t e r n a l l y h e a t e d t e s t s of Ref. 6. 

2. E x p e r i m e n t a l R e s u l t s (M. G. Se i tz and D. R. P e p a l i s , MSD) 

T h r e e i r r a d i a t e d R o b i n s o n fuel s p e c i m e n s w e r e p r e p a r e d u s ing 
s lo t t ed q u a r t z tubing a s c o n t a i n e r s for the fuel , a s d e s c r i b e d in the p r e v i o u s 
q u a r t e r l y r e p o r t ( A N L - 7 5 - 7 2 , F i g . I I . 10), and a four th s p e c i m e n w a s p r e p a r e d 
in a q u a r t z c o n t a i n e r wi thou t s l o t s . The s p e c i m e n s w e r e m o u n t e d in the s p e c ­
i m e n c h a m b e r for t r a n s i e n t t e s t i n g and h e a t e d wi th the a u x i l i a r y l ine h e a t e r 
( A N L - 7 5 - 7 2 , p . 35) a f t e r p u r g i n g the s p e c i m e n c h a m b e r wi th h e l i u m . The 
cond i t i ons and r e s u l t s of the four t e s t s a r e shown in T a b l e I I .2 . 
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TABLE II.2. DEH Tests Preceding the Transient Test Matrix 

Test 
Quartz Ti,a Tf.^ Time. 

-C °C s 
Comments 

Container 

600 1000 1 Slotted 

2 Slotted 

3 Slotted 

4 Drilled 906 1217 20 Gas analysis, center melting 

9 Condensed fission products analyzed 

Fuel column failed 

Fuel column failed 

ax. = initial surface temperature. 

bXf = final surface temperature. 

T h e t h e r m a l t r a n s i e n t w a s i n i t i a t e d a f t e r a c o n d i t i o n i n g p e r i o d i n 
w h i c h a s t e a d y - s t a t e t e m p e r a t u r e p r o f i l e w a s e s t a b l i s h e d b y a p p l y i n g l o w D E H 
p o w e r . I t w a s a n t i c i p a t e d t h a t t h e t h e r m a l t r a n s i e n t s w o u l d p r o d u c e c e n t e r 
m e l t i n g T h e f i r s t t r a n s i e n t t e s t w a s s t a r t e d w i t h a s t e a d y - s t a t e s u r f a c e t e m ­
p e r a t u r e of 6 0 0 ° C . A m a x i m u m s u r f a c e t e m p e r a t u r e of 1000°C w a s a c h i e v e d 
in 9 s , a t w h i c h t i m e t h e t e s t w a s t e r m i n a t e d . T h e s p e c i m e n c h a m b e r a n d fue l 
c o l u m n d u r i n g t r a n s i e n t h e a t i n g a r e s h o w n i n F i g . I I . 6 . 

T h e f o u r t h t r a n s i e n t t e s t w a s s t a r t e d w i t h a s t e a d y - s t a t e s u r f a c e 

t e m p e r a t u r e of 9 0 6 ° C , a n d a m a x i m u m s u r f a c e t e m p e r a t u r e of 1217°C w a s 
^ a c h i e v e d i n 20 s ( t h e t e r m i n a t i o n 

of t h e t e s t ) . E l e c t r i c a l c o n t i n u i t y 

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

f i r s t a n d f o u r t h t e s t s . 

H o w e v e r , t h e s e c o n d a n d 
t h i r d s p e c i m e n s f r a c t u r e d w h e n t h e 
e l e c t r i c a l p o w e r w a s t u r n e d on . 
T h e s e f a i l u r e s a r e b e l i e v e d t o b e 
d u e t o t h e c r a c k i n g of t h e q u a r t z 
c o n t a i n e r s a l o n g t h e s l o t s a s a 
r e s u l t of s t r e s s e s t h a t m a y h a v e 
b e e n i n i t i a t e d , f o r e x a m p l e , b y 
t h e r m a l e x p a n s i o n of t h e f u e l , fue l 
d i s a g g r e g a t i o n c a u s e d b y t h e r e ­
l e a s e of v o l a t i l e s a s e l e c t r i c a l 
h e a t i n g s t a r t e d , o r n o n a x i a l l o a d i n g 
b y t h e e l e c t r o d e s . S e v e r a l c h a n g e s 
w e r e m a d e t o e l i m i n a t e t h i s f a i l u r e 
m o d e , i n c l u d i n g t h e u s e of a l a r g e r -

i n s i d e - d i a m e t e r q u a r t z c o n t a i n e r w i t h n o s l o t s , a l i g h t e r w e i g h t o n t h e u p p e r 
e l e c t r o d e , a n d a n e x t e n d e d p r e h e a t p e r i o d t o i m p r o v e t h e b a k e - o u t of t h e v o l ­
a t i l e s . W i t h t h e w e i g h t p r e s e n t l y u s e d ( 4 0 0 g ) , t h e l o a d o n t h e f u e l c o r r e s p o n d s 
t o t h a t e x p e r i e n c e d u n d e r a 0 . 5 0 - m - l o n g f u e l c o l u m n . 

Fig. II.6. First High-burnup Robinson Fuel Specimen in 
Slotted Quartz Container during DEH Transient 
Test. Neg. No. MSD-185851. 
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To p r o m o t e the r e l e a s e of vo l a t i l e bonding m a t e r i a l , the p r e h e a t i n g 
of the fuel h a s b e e n ex tended to inc lude h e a t i n g the s p e c i m e n to 65°C for 24 h 
be fo re the t e m p e r a t u r e is r a i s e d to 300°C and he ld for 60 m i n . The fuel in the 
four th t e s t w a s p r e h e a t e d in t h i s m a n n e r , and the t e s t w a s r u n s u c c e s s f u l l y to 
the c o m p l e t i o n of the e l e c t r i c a l t r a n s i e n t . 

It i s n e c e s s a r y , for s e v e r a l r e a s o n s , to m o n i t o r the f u e l - s t a c k 
e l e c t r i c a l conduc t iv i t y a s a funct ion of t e m p e r a t u r e be fo re and du r ing the 
hea tup of the s t a c k . The r o o m - t e m p e r a t u r e conduc t iv i ty m e a s u r e m e n t is u sed 
to e n s u r e tha t the fuel c o l u m n i s p r o p e r l y l oaded in the s p e c i m e n c h a m b e r and 
c o r r e c t l y p o s i t i o n e d wi th r e s p e c t to the e l e c t r o d e s . The conduc t iv i ty at h i g h e r 
t e m p e r a t u r e s g ives an i nd i ca t i on of the vo l t age tha t i s r e q u i r e d to in i t i a t e 
e l e c t r i c a l h e a t i n g . F u r t h e r m o r e , the conduc t iv i ty of fuel c o l u m n s i s c o m p a r e d 
to s ee how u n i f o r m they a r e and, c o n s e q u e n t l y , how r e p r o d u c i b l e the DEH t e s t s 
m a y b e . F i n a l l y , the m e a s u r e d c o n d u c t i v i t y - t e m p e r a t u r e r e l a t i o n s h i p s a r e 
u sed a s d i r e c t input to the D E H T T D c o d e . 

F o r m e a s u r e m e n t s t a k e n with a h e a t i n g r a t e be low l °C/min , the 
conduc t iv i ty only changed wi th t e m p e r a t u r e and did not depend upon how long 
the s a m p l e had b e e n h e a t e d . In add i t ion , the d e p e n d e n c e of the conduc t iv i ty on 
t e m p e r a t u r e g e n e r a l l y r e m a i n e d the s a m e for a given fuel s p e c i m e n w h e t h e r 
the fuel t e m p e r a t u r e w a s i n c r e a s i n g o r d e c r e a s i n g . T h e s e o b s e r v a t i o n s i nd i ­
c a t e , a m o n g o t h e r t h i n g s , t ha t the fuel c o l u m n s w e r e u n i f o r m l y hea t ed to the 
t e m p e r a t u r e i n d i c a t e d by the t h e r m o c o u p l e a t the s u r f a c e of the fuel. Th i s 
behav io r i s c o n s i s t e n t wi th p r e v i o u s o b s e r v a t i o n s in which l i t t l e d i f fe rence 
was found b e t w e e n the s u r f a c e and c e n t e r t e m p e r a t u r e of UO2 p e l l e t s tha t 
w e r e h e a t e d wi th the l ine h e a t e r . 

The o b s e r v e d d e p e n d e n c e of the p r o d u c t of the s t a ck conduc tance 
and t e m p e r a t u r e on the r e c i p r o c a l of the t e m p e r a t u r e for the four fuel s t a c k s 
is shown in F i g . I I .7 . O v e r the t e m p e r a t u r e r a n g e i n v e s t i g a t e d (25-325°C), the 
conduc t iv i ty of a spec i f i c fuel s t a c k c l o s e l y fol lows the r e l a t i o n s h i p 

a = ( K / T ) e x p ( - 0 . 3 / k T ) , (3) 

w h e r e K i s a c o n s t a n t , T i s the a b s o l u t e s t a c k t e m p e r a t u r e , and k i s 
B o l t z m a n n ' s c o n s t a n t . F r o m the f i g u r e , K can be s e e n to v a r y for d i f fe ren t 
fuel s t a c k s . The b e h a v i o r o b s e r v e d h e r e i s s i m i l a r to t ha t r e p o r t e d for s i n ­
t e r e d n o n s t o i c h i o m e t r i c U02,^ and s ing l e c r y s t a l s of U02,^ in which K i s d e p e n ­
dent upon the s t o i c h i o m e t r y of the m a t e r i a l . 

F i g u r e II .8 shows the fuel c o l u m n f r o m the four th t r a n s i e n t t e s t . 
The fuel c o l u m n and q u a r t z c o n t a i n e r a r e s e e n to have r e m a i n e d in t ac t d u r i n g 
the t e s t . The fuel w a s a l m o s t c o m p l e t e l y o b s c u r e d by a s i l v e r y d e p o s i t t ha t 
a c c u m u l a t e d on the i n n e r s u r f a c e of the q u a r t z du r ing t r a n s i e n t h e a t i n g . The 
d e p o s i t t e r m i n a t e s s h a r p l y a t the fuel and e n d - p e l l e t i n t e r f a c e s and p r o b a b l y 
c o n s i s t s of c o n d e n s e d f i s s i on p r o d u c t s f r o m the fuel . A n a l y s i s of the d e p o s i t 
to ident i fy the r a d i o a c t i v e i s o t o p e s i s u n d e r w a y . 
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TEMPERATURE ("O 
200 

Fig. II.7 

Electrical Conductivity as a Func­
tion of Reciprocal Temperature 
for Irradiated PWR Fuel Stacks Pre­
pared for DEH Transient Heating. 
The different symbols refer to data 
from four fuel stacks. ANL 
Nes. No. 306-76-43. 

20 25 

RECIPROCAL TEMPERATURE (10*/V) 

Fig. II.8 

Fourth PWR Fuel Column after Transient Test. 
Arrows delineate the extent of the irradiated 
fuel with unirradiated UOg pellets above and 
below it. The thermocouple can be seen ex­
tending around the front of the column and 
through the quartz to the surface of the fuel. 
Neg. No. MSD-186091. 

After DEH test ing, the fuel co lumns w e r e r e m o v e d from the s p e c ­
imen chamber and returned to the containment box for examinat ion. The slotted 
quartz container used in the f irst t e s t fractured from handling, and the fuel 
aggregate fell from the quartz. The tungsten disk, end p e l l e t s , and fuel w e r e 
free of the quartz and did not appear to have chemica l ly reacted with it. 
F igure II.9 shows the fuel aggregate from the f i r s t run. The long p i e c e in the 
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Fig. II.9. Aggregate of PWR Fuel from CPL 
Robinson Plant after Transient Test. 
Neg. No. MSD-185884. 

c e n t e r of t h e p h o t o g r a p h i s t h e l e n g t h of 
t h e f ue l c o l u m n u s e d a n d a p p e a r s to b e 
s e v e r a l p i e c e s c o n n e c t e d b y a m e l t c o l ­
u m n . No o t h e r f e a t u r e s p e c u l i a r t o t h e 
t r a n s i e n t - t e s t e d fue l w e r e o b s e r v e d 
( e . g . , n e w c h e m i c a l p h a s e s , a d d i t i o n a l 
f r a c t u r i n g , e v i d e n c e of c h e m i c a l r e a c ­
t i o n s , a n d o t h e r e f f e c t s o b s e r v a b l e i n 
h a n d l i n g o r u n d e r l o w m a g n i f i c a t i o n ) . 

T h e q u a r t z c o n t a i n e r u s e d i n t h e 
f o u r t h t r a n s i e n t t e s t r e m a i n e d i n t a c t , a n d 
t h e c o m p o n e n t s of t h e c o l u m n w e r e 
p u s h e d o u t of t h e c y l i n d e r w i t h o u t r e s i s ­
t a n c e . T h e e n d p e l l e t s a n d fue l w e r e 
h a n d l e d w i t h f o r c e p s . E v i d e n c e of m e l t ­
i n g w a s n o t e d o n t h e e n d s of t h e p e l l e t s . 
T h e m e l t z o n e a p p e a r e d to e x t e n d t h r o u g h 

n e a r l y t h e e n t i r e l e n g t h of t h e c o l u m n a s e v i d e n c e d b y t h e h o l e o r a l t e r e d s p o t 
on t h e e n d s of a l l p e l l e t s e x c e p t t h e e n d a t t h e l o w e r e l e c t r o d e . W h e n t h e fue l 
w a s r e m o v e d f r o m t h e c o n t a i n e r , i t f e l l i n t o p i e c e s s i m i l a r to t h o s e i n F i g . I I . 9 . 

F r o m t h e a p p e a r a n c e of t h e f ue l c o l u m n s a f t e r t r a n s i e n t t e s t i n g , t h e 
f i s s i o n g a s e s r e l e a s e d f r o m t h e fue l d i d n o t a p p e a r to b e p r e v e n t e d f r o m m o v i n g 
to t h e h e l i u m g a s s t r e a m a n d u l t i m a t e l y b e i n g c a p t u r e d i n t h e k r y p t o n - x e n o n 
c o l d t r a p . T h a t i s , t h e q u a r t z c o n t a i n e r , t o g e t h e r w i t h t h e f ue l c o l u m n , d i d n o t 
f o r m e n c l o s u r e s t h a t w e r e i n a c c e s s i b l e to t h e h e l i u m s w e e p g a s . T h u s , i t i s 
b e l i e v e d t h a t , f o l l o w i n g t h e p u r g e of t h e s p e c i m e n c h a m b e r a n d c o l l e c t i o n s y s ­
t e m a f t e r t r a n s i e n t t e s t i n g , a l l t h e f i s s i o n g a s e s w e r e m o v e d to t h e k r y p t o n -
x e n o n c o l d t r a p . 

A f t e r p a s s i n g t h r o u g h t h e k r y p t o n - x e n o n t r a p , t h e h e l i u m s w e e p 
g a s i n t h e f o u r t h t e s t w a s m o n i t o r e d f o r r a d i o a c t i v i t y . No r e l e a s e of a c t i v i t y 
p a s t t h e t r a p w a s d i s c e r n i b l e a b o v e b a c k g r o u n d , i n d i c a t i n g t h a t t h e t r a p w a s 
w o r k i n g w i t h h i g h e f f i c i e n c y . 

G a s e s c o l l e c t e d f r o m t h e f o u r t h t e s t w e r e a n a l y z e d to i d e n t i f y t h e 
m a j o r c o n s t i t u e n t s . A s d i s c u s s e d i n S e c . I I . B . 3 of t h e p r e s e n t r e p o r t , l a r g e 
q u a n t i t i e s of a t m o s p h e r i c g a s e s w e r e f o u n d . E v e n s o , x e n o n c o u l d b e i d e n t i f i e d 
in t h e s a m p l e . F u r t h e r m o r e , t h e i s o t o p e s of x e n o n - - 13 1, 132, 134, a n d 1 3 6 - -
w e r e i d e n t i f i e d i n t h e s a m p l e i n t h e p r o p o r t i o n s 0 . 4 : 0 . 4 : 1 . 0 : 0 . 7 . X e n o n - 1 2 9 
w a s n o t d e t e c t e d , c l e a r l y i n d i c a t i n g t h a t t h e x e n o n i s f i s s i o n g a s w i t h l i t t l e o r 
no a t m o s p h e r i c x e n o n c o n t a i n m e n t . F r o m a g a m m a - e n e r g y s p e c t r u m , t h e o n l y 
r a d i o n u c l i d e p r e s e n t i n t h e t r a p p e d g a s w a s f o u n d t o b e ^^Kr, a s e v i d e n c e d b y a 
g a m m a p e a k a t 515 k e V . 

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

t a n t a l u m p l a t e s i n t h e s p e c i m e n c h a m b e r a n d o n t h e R a s c h i g - r i n g t r a p s w e r e 
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s a m p l e d for a n a l y s i s . G a m m a - e n e r g y s p e c t r a of the five swipe s a m p l e s 
w e r e t aken to p r o v i d e iden t i f i ca t ion o f the r a d i o a c t i v e n u c l i d e s p r e s e n t , i h e 
p r o p o r t i o n of ^̂ ^̂ Cs to ^"Cs found in a l l s a m p l e s w a s the s a m e and a c c o u n t e d 
for m o s t of the a c t i v i t y of the s a m p l e s . 

A long count (3800 min) w a s t a k e n of the s a m p l e ob t a ined 0.19 m 
f r o m the s t a r t of the R a s c h i g - r i n g t r a p and P r o v i d e d i d e n t i f i c a t i o n of t h ^ 
f i s s i o n - p r o d u c t l ^ ^ ^ A g . The r e l a t i v e a m o u n t s of ^ " C s , " ^ C s , and ^^" Ag 
c a l c u l a t e d to be p r e s e n t in the c o n d e n s a t e w e r e 285 , 161, and 1, r e s p e c t i v e l y . 

3. B u r n u p A n a l y s i s (S. M. Gehl and M. G. Se i tz , MSD) 

R e s u l t s of ^^^Nd m a s s - s p e c t r o m e t r i c b u r n u p a n a l y s i s of s a m p l e s 
t a k e n f r o m t h r e e ax i a l p o s i t i o n s in Rod F - 7 a r e p r e s e n t e d in T a b l e I I . 3 . The 
e x p e r i m e n t a l d e t e r m i n a t i o n s w e r e p e r f o r m e d a t the A n a l y t i c a l L a b o r a t o r i e s 
of A N L - W e s t . The i so top i c a n a l y s e s w e r e i n t e n d e d to s e r v e a s r e f e r e n c e 
po in t s for the c a l i b r a t i o n of the g r o s s and i s o t o p i c g a m m a - a c t i v i t y t r a c e s 
d e s c r i b e d in the J u l y - S e p t e m b e r 1975 q u a r t e r l y r e p o r t ( A N L - 7 5 - 7 2 , p . 42) . 
H o w e v e r , for the po in t s a n a l y z e d , the r a t i o of ^^^Nd b u r n u p to g a m m a - s c a n 
i n t ens i t y i s not a cons t an t ; a l a r g e dev ia t ion in t h i s r a t i o i s o b s e r v e d for the 
bo t t om fuel p e l l e t in the rod . Th i s d i s c r e p a n c y m a y be e x p l a i n e d by d i s t o r t i o n s 
in the n e u t r o n e n e r g y s p e c t r u m or d i f fe ren t b u r n u p h i s t o r i e s of the c e n t e r and 
p e r i p h e r y of the c o r e , such tha t ^^^Nd i s e n r i c h e d at the p e r i p h e r y r e l a t i v e to 
the a m o u n t of r a d i o n u c l i d e s p r e s e n t , a s e s t i m a t e d by the t o t a l g a m m a ac t iv i ty . 
At the b o t t o m of the c o r e , f r o m g a m m a s c a n s for i nd iv idua l i s o t o p e s , Nd 
was found to be e n r i c h e d r e l a t i v e to ^"Cs but dep l e t ed r e l a t i v e to '° Rh. Con­
s i d e r a t i o n wi l l be given to t h e s e v a r i a t i o n s to s e l e c t a m e a s u r e of g a m m a 
ac t iv i ty tha t i s c l o s e l y r e l a t e d to b u r n u p . 

Sample 
Identity 

155AA8 

155AA7 

155AA3 

TABLE n . 3 . B 

Distance from 
Rod Bottom, 

m 

0.006 

0.57 

0.93 

urnup Ane 

u,g 

2.9072 

2.0758 

1.9152 

i lys is of 

M.g 

389.8 

706.2 

648.5 

CPL-Rob] 

Burnup, 
at . % 

1.26 

3.14 

3.12 

tnson b uel Ko( 1 a - 1 

Relat ive Gamma 
Scan Intensi ty 

(GSI) 

21 

75 

78 

Ratio 
BU:GSI^ 

0.060 

0.042 

0.040 

^BU = burnup of sample (%). 

4. M i c r o s t r u c t u r a l C h a r a c t e r i z a t i o n (S. M. Geh l , MSD) 

The cont inu ing i n v e s t i g a t i o n of the m i c r o s t r u c t u r a l c h a r a c t e r i s t i c s 
of the R o b i n s o n fuel h a s r e v e a l e d a p e l l e t s t r u c t u r e t h a t i s r a d i c a l l y d i f fe ren t 
f r o m the m i c r o s t r u c t u r e d i s c r i b e d in the J u l y - S e p t e m b e r 1975 quarter ly r e p o r t 
( A N L - 7 5 - 7 2 , F i g . I I .8) . T h i s p e l l e t , shown in F i g . n . l O , h a s a s y s t e m of c o a r s e 
p o r o s i t y s i m i l a r to the p r e v i o u s l y r e p o r t e d s t r u c t u r e . H o w e v e r , the s t r u c t u r e 
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a l s o c o n t a i n s a s y s t e m of p a t c h e s i n w h i c h t h e p o r e - v o l u m e f r a c t i o n i s l o c a l l y 
h i g h e r t h a n in t h e s u r r o u n d i n g m a t e r i a l . T h e m e a n p o r e i n t e r c e p t i n t h e 
p a t c h e s i s ~10 [irn. T h e p a t c h e s a r e r o u g h l y t h e s a m e s i z e a s t h e c o a r s e p o r e s . 
T h i s p o r e s t r u c t u r e i s p r o b a b l y t h e r e s u l t of f a u l t y p o w d e r p r e p a r a t i o n o r c o m ­
p a c t i o n d u r i n g t h e f a b r i c a t i o n of t h e p e l l e t a n d w a s n o t f o r m e d d u r i n g t h e fue l 
b u r n u p c y c l e . O n l y o n e p e l l e t of t h i s t y p e h a s b e e n o b s e r v e d i n t h e s e v e n t h a t 
h a v e b e e n p r e p a r e d m e t a l l o g r a p h i c a l l y . T h e f r e q u e n c y of o c c u r r e n c e of t h i s 
p e l l e t t y p e a n d t h e e f f e c t of i t s m i c r o s t r u c t u r e on f i s s i o n - g a s r e l e a s e a r e n o t 
k n o w n a t p r e s e n t . If t h i s p e l l e t t y p e c o n s t i t u t e s a n a p p r e c i a b l e f r a c t i o n of t h e 
R o b i n s o n fue l a n d t h e r e s u l t s of t h e D E H t e s t s i n d i c a t e d i f f e r e n t g a s - r e l e a s e 
b e h a v i o r , a s t u d y of t h e f i s s i o n - g a s r e l e a s e f r o m s u c h p e l l e t s m a y b e w a r r a n t e d . 

Fig. 11.10 

Microstructure of High-burnup Pellet 0.89 m 
from Bottom of Robinson Fuel Rod F-7. 
Mag. 7.5X. Neg. No. MSD-185985. 
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III. M E C H A N I C A L P R O P E R T I E S O F ZIRCALOY CONTAINING OXYGEN 

H. M. Chung , A. M. G a r d e , E. I. H. Lin , and T. F . K a s s n e r , MSD 

SUMMARY 

Uniax i a l and b i ax i a l m e c h a n i c a l - p r o p e r t y da ta a r e being obta ined on 
o x y g e n - c o n t a m i n a t e d Z i r c a l o y to e s t a b l i s h a m o r e quan t i t a t i ve c l add ing-
e m b r i t t l e m e n t c r i t e r i o n a p p l i c a b l e to p o s t u l a t e d l o s s - o f - c o o l a n t - a c c i d e n t 
( L O C A ) s i t u a t i o n s in l i g h t - w a t e r r e a c t o r s ( L W R ' S ) . The m e c h a n i c a l - p r o p e r t y 
i n f o r m a t i o n , when i n c o r p o r a t e d into f u e l - e l e m e n t mode l i ng c o d e s , wi l l p rov ide 
a quan t i t a t i ve b a s i s for eva lua t i ng c ladding d e f o r m a t i o n over a wide r a n g e of 
LOCA and p o w e r - c o o l a n t - m i s m a t c h ( P C M ) cond i t ions . 

In the p r e s e n t r e p o r t i n g p e r i o d , add i t iona l da ta have been ob ta ined on 
the ef fec ts of t e x t u r e , hea t t r e a t m e n t , and oxygen c o n c e n t r a t i o n and d i s t r i b u ­
t ion on the u n i a x i a l t e n s i l e p r o p e r t i e s of Z i r c a l o y - 4 . In g e n e r a l , the r e s u l t s 
ind ica te t h a t ( l ) t e x t u r e h a s a s ign i f ican t effect on the d e f o r m a t i o n behav io r 
of Z i r c a l o y at t e m p e r a t u r e s be low ~850°C, (2) hea t t r e a t m e n t tha t r e s u l t s in 
f o r m a t i o n of the m a r t e n s i t i c a' s t r u c t u r e i n c r e a s e s the u l t i m a t e t e n s i l e 
s t r e n g t h (UTS) and d e c r e a s e s the duc t i l i t y of Z i r c a l o y , and (3) oxygen con ­
c e n t r a t i o n s in the r a n g e of 0 .1 -1 .1 wt % (un i form d i s t r i bu t ion ) r e s u l t in a 
mono ton ic i n c r e a s e in the UTS at t e m p e r a t u r e s be tween 850 and 1100°C. The 
p r e s e n c e of b r i t t l e Z r 0 2 and O'-surface l a y e r s on c o m p o s i t e s p e c i m e n s d e ­
c r e a s e s the t o t a l s t r a i n , but does not change the UTS of the m a t e r i a l 
s igni f icant ly . 

A s y s t e m a t i c s tudy of the d i a m e t r a l expans ion and r u p t u r e c h a r a c t e r ­
i s t i c s of a s - r e c e i v e d Z i r c a l o y - 4 tubing h a s been conduc ted by m e a n s of high 
h e a t i n g - r a t e b u r s t t e s t s . F r o m i n f o r m a t i o n on the t e m p e r a t u r e , p r e s s u r e , 
and d i a m e t r a l s t r a i n and s t r a i n r a t e , the onse t of p l a s t i c i n s t ab i l i t y w a s e s ­
t a b l i s h e d and a r e l a t i o n s h i p betw^een the effect ive s t r e s s and s t r a i n du r ing 
d e f o r m a t i o n w a s d e t e r m i n e d for e a c h t e s t . The c i r c u m f e r e n t i a l s t r a i n and 
effect ive s t r e s s at the onse t of i n s t a b i l i t y \ve re p lo t t ed a s a function of b u r s t 
t e m p e r a t u r e , and the r e s u l t s w^ere c o m p a r e d VAith s i m i l a r da ta f rom o the r 
i n v e s t i g a t i o n s . The effects of hea t i ng r a t e and ax ia l r e s t r a i n t of the c ladding 
on the t e m p e r a t u r e and m a g n i t u d e of the s u p e r p l a s t i c s t r a i n m a x i m a , which 
o c c u r at - 8 5 0 and ~1050°C, w e r e e v a l u a t e d f r o m the a v a i l a b l e da ta . The m i c r o -
s t r u c t u r e s of the Z i r c a l o y c ladding in the r e g i o n of u n i f o r m d e f o r m a t i o n and 
the r u p t u r e a r e a s have been e x a m i n e d for ev idence of d y n a m i c r e c r y s t a l l i z a -
t ion, •which l e a d s to l a r g e s u p e r p l a s t i c d e f o r m a t i o n s . 

In con junc t ion wi th the e x p e r i m e n t a l p r o g r a m , a mode l i ng effort h a s 
been i n i t i a t e d to (a) p r o v i d e an a n a l y t i c a l too l for i n t e r p r e t a t i o n of the 
m e c h a n i c a l - p r o p e r t y da t a , (b) i n v e s t i g a t e Z i r c a l o y c ladding d e f o r m a t i o n u n d e r 
v a r i o u s p o s t u l a t e d LOCA and P C M cond i t i ons , and (c) r e c o m m e n d m o d i f i c a ­
t i o n s , if n e c e s s a r y , to the p r e s e n t a c c e p t a n c e c r i t e r i a for e m e r g e n c y c o r e 
cool ing s y s t e m s (EGGS's ) in L W R ' s , b a s e d on the m e c h a n i c a l b e h a v i o r of 
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o x y g e n - c o n t a m i n a t e d Z i r c a l o y . To m i n i m i z e the i n i t i a l d e v e l o p m e n t a l e f for t 
a l i t e r a t u r e and s o f t w a r e - m a r k e t s u r v e y of a v a i l a b l e n o n l i n e a r f i n i t e - e l e m e n t 
d e f o r m a t i o n codes w a s m a d e and r e s u l t e d in the s e l e c t i o n of NONSAP. An 
IBM v e r s i o n of the code h a s been ob ta ined , and m o d i f i c a t i o n s a r e in p r o g r e s s 
to i n c o r p o r a t e the effect of a m u l t i p h a s e s t r u c t u r e , con ta in ing oxygen c o n c e n ­

t r a t i o n g r a d i e n t s , on the m e c h a n i c a l 
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Fig. III.l 

Strain-rate Sensitivity of As-received Zircaloy-4 
at 850°C as a Function of Strain. The four curves 
are for different strain-rate ranges; (A) 3.3 x 10~6 
to 3.3 X 10"5 s-1, (B) 3.3 x 10' "5 to 3.3 X 10""* s-1 
(C) 3.3 X 10-4 to 
3.3 X 10-2 s 

3.3 X 10-3 s-1^ (D) 3 3 x 10-3 JQ 

1. ANL Neg. No. 306-76-10. 

" n p r o p e r t i e s a n d d e f o r m a t i o n c h a r a c t e r ­
i s t i c s of c o m p o s i t e Z i r c a l o y m a t e r i a l . 

A. M e c h a n i c a l P r o p e r t i e s of A s - r e c e i v e d 

Z i r c a l o y - 4 

1. S t r a i n - r a t e S e n s i t i v i t y of 
Z i r c a l o y - 4 a t 8 5 0 " ^ 

F i g u r e I I I . l s h o w s t h e e f f e c t 
of s t r a i n on t h e s t r a i n - r a t e s e n s i t i v i t y 
of a s - r e c e i v e d Z i r c a l o y - 4 a t 8 5 0 C . 
T h e f o u r c u r v e s a r e f o r d i f f e r e n t r a n g e s 
of s t r a i n - r a t e c h a n g e . A s t h e s t a r t i n g 
s t r a i n r a t e d e c r e a s e s f r o m 3 .3 x 10 
t o 3 .3 x 10"^ s " ^ t h e a v e r a g e v a l u e of 
t h e s t r a i n - r a t e s e n s i t i v i t y i n c r e a s e s 
f r o m - 0 . 2 t o - 0 . 7 5 . T h i s o b s e r v a t i o n 
i s c o n s i s t e n t w i t h t h e e a r l i e r f ind ing^ 
t h a t t h e s u p e r p l a s t i c e l o n g a t i o n p e a k a t 
850°C i s s t r o n g l y d e p e n d e n t o n s t r a i n 
r a t e . I t w a s r e p o r t e d ^ t h a t t h e t o t a l 
e l o n g a t i o n a t 850°C i n c r e a s e s w i t h a d e ­
c r e a s e i n s t r a i n r a t e . T h e s e r e s u l t s 
s h o w t h a t t h e a m o u n t of t h e t e n s i l e 
e l o n g a t i o n u n d e r s u p e r p l a s t i c d e f o r m a ­
t i o n c o n d i t i o n s i s r e l a t e d t o t h e m a g n i ­
t u d e of t h e s t r a i n - r a t e s e n s i t i v i t y . 

2. E f f e c t of T e x t u r e o n M e c h a n i -
c a l P r o p e r t i e s of Z i r c a l o y - 4 

L2 

F i g u r e III . 2 s h o w s t h e i n f l u ­
e n c e of t e x t u r e o n t h e t e m p e r a t u r e d e p e n d e n c e of u n i f o r m s t r a i n of Z i r c a l o y - 4 . 
T h e o r i e n t a t i o n a n g l e s b e t w e e n t h e t e n s i l e a x i s a n d t h e r o l l i n g d i r e c t i o n w e r e 
0° f o r l o n g i t u d i n a l , 45° f o r d i a g o n a l , a n d 90° f o r t h e t r a n s v e r s e s p e c i m e n s . 
S i n c e t h e Z i r c a l o y s h e e t h a d a t e x t u r e i n w h i c h m o s t of t h e g r a i n s h a d b a s a l 
p o l e s t i l t e d a t - 3 0 ° a w a y f r o m t h e n o r m a l ( t h i c k n e s s ) d i r e c t i o n t o w a r d t h e 
t r a n s v e r s e d i r e c t i o n , t h e l o n g i t u d i n a l s p e c i m e n s h a d m o r e g r a i n s f a v o r a b l y 
o r i e n t e d f o r p r i s m s l i p t h a n t h e t r a n s v e r s e s p e c i m e n s . T h e d i a g o n a l o r i e n t a ­
t i o n i s m i d w a y b e t w e e n t h e l o n g i t u d i n a l a n d t r a n s v e r s e o r i e n t a t i o n s . T h e r e ­
s u l t s i n F i g . I I I . 2 i n d i c a t e t h a t t h e u n i f o r m s t r a i n i s s o m e w h a t t e x t u r e - d e p e n d e n t 
b e l o w 800°C, w h e r e a s a b o v e t h i s t e m p e r a t u r e t h e t e x t u r e i n f l u e n c e a p p e a r s t o 
be n e g l i g i b l e . 
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Fig. III.2 

The Effect of Texture on the Uniform Strain of 
Zircaloy-4 at Temperatures between Ambient 
and 1400°C. ANL Neg. No. 306-76-12. 

T h e t e x t u r e d e p e n d e n c e of t h e t o t a l s t r a i n of Z i r c a l o y - 4 i s s h o w n 
in F i g . III . 3 . T h e t o t a l s t r a i n i s d e f i n e d a s (I - IQ)/IQ, w h e r e l^ i s t h e i n i t i a l 
g a u g e l e n g t h of t h e s p e c i m e n a n d I i s t h e s p e c i m e n g a u g e l e n g t h a t f r a c t u r e . 
T h e t e x t u r e e f f e c t o n t h e t o t a l s t r a i n i s s i g n i f i c a n t a t t h e l o w - t e m p e r a t u r e 
s u p e r p l a s t i c e l o n g a t i o n p e a k a t 850°C, w h i c h i m p l i e s t h a t p r i s m s l i p h a s a n 
i m p o r t a n t r o l e i n s u p e r p l a s t i c d e f o r m a t i o n . A b o v e 1000°C, g r a i n g r o w t h d u r i n g 
t e n s i l e t e s t i n g i s c o n s i d e r a b l e ; t h i s m a k e s i t d i f f i c u l t to d e d u c e t h e e f f e c t of 
t e x t u r e o n t o t a l e l o n g a t i o n f r o m t h e d a t a i n F i g . III. 3 . 

Fig. III.3 

Influence of Texture on the Total Strain of 
ZircaIoy-4 at Temperatures betv/een Am­
bient and 1400°C. ANL Neg. No. 306-76-20. 
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F i g u r e III.4 show^s the v a r i a t i o n of the UTS with t e m p e r a t u r e . 
Although s o m e t e x t u r e effect i s ev iden t be low 800°C, the UTS is independen t 
of t e x t u r e at h i g h e r t e m p e r a t u r e s . The s t r a i n - r a t e s e n s i t i v i t y i s p lo t t ed 
aga in s t t e m p e r a t u r e at s = 0.02 for long i tud ina l and t r a n s v e r s e s p e c i m e n s in 
Fig. III. 5. F o r both s p e c i m e n o r i e n t a t i o n s , the s t r a i n - r a t e s e n s i t i v i t y h a s a 
m a x i m u m va lue at 900°C r a t h e r t han 850°C, the t e m p e r a t u r e at which m a x i m u m 
e longa t ion i s o b s e r v e d . T h i s o b s e r v a t i o n i m p l i e s tha t two condi t ions a r e e s ­
s e n t i a l for m a x i m u m s u p e r p l a s t i c d e f o r m a t i o n : a h igh va lue for s t r a i n - r a t e 
s e n s i t i v i t y m and the p r e s e n c e of a f a v o r a b l e m i c r o s t r u c t u r e . At 850°C, both 
t h e s e cond i t i ons a r e s a t i s f i ed in t h a t m i s - 0 . 3 and the m i c r o s t r u c t u r e con­
s i s t s of two soft p h a s e s . The d e f o r m a t i o n wi th in e a c h a g r a i n can be a c c o m ­
m o d a t e d by the soft P p h a s e at the g r a i n b o u n d a r y wi thout void nuc lea t ion . 
At 900°C, a l though the s t r a i n - r a t e s e n s i t i v i t y i s h igh, the m i c r o s t r u c t u r e 
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con t a in s h a r d a - p h a s e p a r t i c l e s . In the p r e s e n c e of h a r d p a r t i c l e s , a c c o m ­
m o d a t i o n of ind iv idua l g r a i n d e f o r m a t i o n b e c o m e s diff icult and s u p e r p l a s t i c i t y 
i s r e d u c e d . F i g u r e III. 5 a l so shows tha t t e x t u r e does not have a s i gn i f i can t 
in f luence on the s t r a i n - r a t e s e n s i t i v i t y . 
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Fig. III.4. Temperature Dependence of the UTS 
for Longitudinal, Transverse, and Di­
agonal Zircaloy-4 Specimens. ANL 
Neg. No. 306-76-13. 

Fig. III.5. Sttain-rate Sensitivity as a Function of 
Temperature for Longitudinal and Trans­
verse Zircaloy-4 Specimens. ANL Neg. 
No. 306-76-14. 

F i g u r e III.6 shows the v a r i a t i o n of s t r a i n - r a t e s e n s i t i v i t y wi th 
s t r a i n for long i tud ina l and t r a n s v e r s e Z i r c a l o y - 4 s p e c i m e n s . Al though the 
s t r a i n - r a t e s ens i t i v i t y of a t r a n s v e r s e s p e c i m e n i s a lways g r e a t e r t h a n tha t 
of a long i tud ina l s p e c i m e n , the s t r a i n dependence of s t r a i n - r a t e s e n s i t i v i t y i s 
a l m o s t i d e n t i c a l in both c a s e s . 

The r e s u l t s p r e s e n t e d in F i g s . I I I .2- I I I .6 i n d i c a t e t h a t t e x t u r e ef­
fec t s in the d e f o r m a t i o n of Z i r c a l o y a r e s ign i f i can t be low 8 50°C and neg l ig ib le 
above 1000°C. F a c t o r s t h a t c o n t r i b u t e to t h i s type of b e h a v i o r a r e (a) the 
g r e a t e r s y m m e t r y of the b o d y - c e n t e r e d - c u b i c (bcc) s t r u c t u r e of P - p h a s e 
Z i r c a l o y (>1000°C) when c o m p a r e d wi th the l o w - t e m p e r a t u r e (<810°C) Q?-phase 
h e x a g o n a l - c l o s e - p a c k e d (hep) m a t e r i a l , (b) t h e change in the d o m i n a n t d e f o r m a ­
t ion mode of Z i r c a l o y a s the t e m p e r a t u r e i s i n c r e a s e d ^ ( i . e . , be low 500°C, s l ip 
o c c u r s on f i r s t - o r d e r p r i s m p l a n e s ; at h i g h e r t e m p e r a t u r e s , both b a s a l and 
p y r a m i d a l s l ip t a k e p l a c e ) , and (c) s u p e r p l a s t i c d e f o r m a t i o n at 850 and 1000°C, 
w h e r e p o s s i b l e g r a i n r o t a t i o n d i m i n i s h e s t e x t u r e e f fec t s . 
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Fig. III.6 

Strain Dependence of the Strain-rate Sensitivity 
of Transverse and Longitudinal Zircaloy-4 Speci­
mens at SSCC. ANL Neg. No. 306-76-19. 
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A c o m p a r i s o n of the t o t a l - s t r a i n - v e r s u s - t e m p e r a t u r e da ta for 
Z i r c a l o y - 4 s p e c i m e n s tha t con ta ined equ iaxed a p h a s e and a c i c u l a r O'' p h a s e 
was p r e s e n t e d in the p r e v i o u s p r o g r e s s 
r e p o r t . It -was o b s e r v e d tha t the s p e c i ­
m e n ba tch con ta in ing equ iaxed a p h a s e 
exhib i ted a l a r g e s u p e r p l a s t i c e longa t ion 
peak n e a r 850°C. Such a peak w a s con­
s i d e r a b l y s u p p r e s s e d in a n o t h e r ba tch 
of m a t e r i a l wi th an a c i c u l a r m a r t e n s i t e 
s t r u c t u r e . F i g u r e III. 7 c o m p a r e s the c o r ­
r e spond ing U T S - v e r s u s - t e m p e r a t u r e da ta . 
The UTS da ta for the equ i axed s p e c i m e n s 
w e r e ob ta ined by hea t i ng the a s - r e c e i v e d 
equiaxed Z i r c a l o y - 4 to the d e f o r m a t i o n 
t e m p e r a t u r e and then s t r a i n i n g to f r a c t u r e . 
The da ta for a c i c u l a r Z i r c a l o y - 4 w e r e o b ­
ta ined by hea t i ng the a s - r e c e i v e d m a t e r i a l 
into the P - p h a s e field (1000°C) and then 
cooling the s p e c i m e n to the d e f o r m a t i o n 
t e m p e r a t u r e (<1000°C) to conduc t the t e n ­
si le t e s t to f r a c t u r e . When P p h a s e i s 
cooled be low the P / (» + P) p h a s e b o u n d a r y , 
it t r a n s f o r m s m a r t e n s i t i c a l l y to a c i c u l a r 
Ol'. Be low 850°C, the a c i c u l a r cv' m a t e r i a l 
is s t r o n g e r than the equ iaxed 0*-Zircaloy; 
t h i s i s c o n s i s t e n t wi th the e longa t ion da ta 
r e p o r t e d e a r l i e r . M o r e o v e r , w h e r e a s 
the UTS of equ i axed Q̂  d e c r e a s e s con t inu ­
ous ly a s the t e m p e r a t u r e i n c r e a s e s , t ha t 
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Fig. III.7 

Comparison of the Temperature Dependence 
of the UTS of Zircaloy-4 Containing Equiaxed 
a Phase and Acicular (Martensitic) a' Phase. 
ANL Neg. No. 306-76-21. 
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of a c i c u l a r ĉ ' shows a h u m p b e t w e e n 400 and 800°C. T h i s h u m p in the U T S - ^ 
v e r s u s - t e m p e r a t u r e d i a g r a m m a y be a m a n i f e s t a t i o n of d y n a m i c s t r a i n ag ing . 

F i g u r e III.8 shows the in f luence of s t r a i n r a t e on the UTS of 
Z i r c a l o y con ta in ing m a r t e n s i t i c a' a t t e m p e r a t u r e s up to -950°C. At r o o m 

t e m p e r a t u r e (23°C) and above 450°C, n o r m a l 
b e h a v i o r i s o b s e r v e d ; i . e . , t he UTS i s 
s m a l l e r at the s l o w e r s t r a i n r a t e . How­
e v e r , b e t w e e n 23 and 450°C, t h e UTS i s 
h i g h e r a t the s l o w e r s t r a i n r a t e . T h i s r e ­
v e r s a l i s a l s o b e l i e v e d to be due to d y n a m i c 
s t r a i n aging. 
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Fig. III.8 

Comparison of the Temperature Dependence 
of the UTS for Zircaloy-4 Specimens Con­
taining Acicular (Martensitic) a' Phase at 
Two Strain Rates. ANL Neg. No. 306-76-11. 

V a r i a t i o n s of t h e t o t a l s t r a i n w i t h 
t e m p e r a t u r e f o r Z i r c a l o y - 4 m a r t e n s i t e a r e 
s h o w n i n F i g . I I I .9 a t t w o s t r a i n r a t e s . T h e 
l a r g e e l o n g a t i o n p e a k o b s e r v e d i n e q u i a x e d 
m a t e r i a l a t 850°C i s n o t p r e s e n t i n t h e d a t a 
f r o m t h e m a r t e n s i t i c s p e c i m e n s a t e = 
3 .3 X 10"^ s ' ^ A m i c r o s t r u c t u r a l e x a m i n a ­
t i o n of t h e m a r t e n s i t i c s p e c i m e n d e f o r m e d 
a t 850°C, e = 3 .3 x 10"^ s " ^ s h o w s n o e v i ­
d e n c e of r e c r y s t a l l i z a t i o n d u r i n g d e f o r m a ­
t i o n . W h e n t h e s t r a i n r a t e i s d e c r e a s e d t o 
3.3 X 10"^ s"^ , h o w e v e r , t h e e l o n g a t i o n i n ­
c r e a s e d t o - 1 . 0 5 . T h e m i c r o s t r u c t u r e i n 
t h e d e f o r m e d r e g i o n , i n t h i s c a s e , r e v e a l e d 
e x t e n s i v e r e c r y s t a l l i z a t i o n . T h e s e r e s u l t s 
i m p l y t h a t , a t s u f f i c i e n t l y l o w s t r a i n r a t e s 
( < 1 0 ~ ^ s~^), s u p e r p l a s t i c d e f o r m a t i o n r e ­
a p p e a r s i n Z i r c a l o y m a r t e n s i t e . 

Fig. III.9 

Effect of Strain Rate on the Total Strain 
of Zircaloy Martensite at Temperatures 
between Ambient and 1000°C. ANL Neg. 
No. 306-76-24. 
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F i g u r e III. 10 shows the t e m p e r a t u r e dependence of the s t r a i n - r a t e 
s e n s i t i v i t y of Z i r c a l o y wi th e q u i a x e d a and a c i c u l a r a' s t r u c t u r e s . C o n s i s t e n t 

wi th the t o t a l e longa t ion da ta in the 
t e m p e r a t u r e r a n g e of SSO-IOOCC, the 
s t r a i n - r a t e s e n s i t i v i t y of Z i r c a l o y 
m a r t e n s i t e i s s m a l l e r t han tha t of 
Z i r c a l o y conta in ing equ iaxed Ol p h a s e . 
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Fig. III.10 

Temperature Variation of the Strain-
rate Sensitivity of Zircaloy-4 with 
Equiaxed a and Acicular a' Grains. 
ANL Neg. No. 306-76-25. 

B. Effect of Oxygen on the M e c h a n i c a l 
P r o p e r t i e s of Z i r c a l o y - 4 

1. Homogeneous Oxygen 
D i s t r i b u t i o n 

Un i fo rm oxygen d i s t r i b u ­
t ion w a s ach i eved before d e f o r m a t i o n 
by h o m o g e n i z i n g the o x y g e n - c h a r g e d 
s a m p l e s at an a p p r o p r i a t e t e m p e r a ­
t u r e for suff icient t i m e . The effect 
of oxygen in Z i r c a l o y - 4 on the UTS 
at t e n n p e r a t u r e s in the Q' + P and P-
p h a s e r e g i o n s i s shown in F ig . III. 11. 
Oxygen i n c r e a s e s the UTS of Z i r c a l o y 
m o n o t o n i c a l l y at t h e s e t e m p e r a t u r e s . 
S i m i l a r da t a , p r e s e n t e d e a r l i e r for 
P - Z i r c a l o y at h i g h e r t e m p e r a t u r e s 
(>1200°C), showed a l e s s s y s t e m a t i c 
t r e n d b e c a u s e of c o m p l i c a t i o n s , f r om 
g r a i n g rov^h in the m a t e r i a l , t ha t o c ­
c u r r e d du r ing h o m o g e n i z a t i o n and d e ­
f o r m a t i o n of the Z i r c a l o y - o x y g e n a l l oys . 

6 0 

Fig. III.11 

Effect of Oxygen on the UTS of Zircaloy-4 
at Several Temperatures between 850 and 
1100°C. ANL Neg. No. 306-76-15. 
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F i g u r e s i n . 12 and III. 13 d e m o n s t r a t e the in f luence of oxygen on 
the u n i f o r m and to t a l s t r a i n of Z i r c a l o y - 4 , r e s p e c t i v e l y . E x c e p t for the i n i t i a l 
p o r t i o n of the 850°C c u r v e in F i g . 111.12 (<0 .5 wt % oxygen) , the d a t a i n d i c a t e 
t h a t the un i fo rm s t r a i n i n c r e a s e s a s the oxygen c o n c e n t r a t i o n i n c r e a s e s . T h i s 
i s p r o b a b l y the r e s u l t of the w o r k - h a r d e n i n g r a t e , wh ich i n c r e a s e s wi th oxygen 
c o n c e n t r a t i o n . In F ig . III. 13 the t o t a l s t r a i n d e c r e a s e s a s the oxygen c o n c e n ­
t r a t i o n i n c r e a s e s , excep t for the 900, 9 50, and 1000°C c u r v e s . The t e m p e r a t u r e 
r a n g e of the t w o - p h a s e {a + P) field for Z i r c a l o y i s a l t e r e d by oxygen a d d i t i o n s ; 
t h u s , the p h a s e d i s t r i b u t i o n s a s we l l a s the c o m p o s i t i o n s of the p h a s e s m u s t 
be c o n s i d e r e d in an a t t e m p t to r a t i o n a l i z e the r e s u l t s p r e s e n t e d in F i g s . III. 12 
and III. 13. 
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Fig. III.12. Oxygen Concentration Dependence 
of the Uniform Strain of Zircaloy-4 
at 850, 900, 950,1000, and 1050°C. 
ANL Neg. No. 306-76-17. 

Fig. III.13. Total Strain of Zircaloy-4 as a Func­
tion of Oxygen Concentration at 700, 
850, 900, 1000, and 1050°C. ANL 
Neg. No. 306-76-16. 

F i g u r e III . 14 s h o w s t h e i n f l u e n c e of o x y g e n o n t h e t o t a l s t r a i n of 
Z i r c a l o y - 4 a s a f u n c t i o n of t e m p e r a t u r e . T h e 0 . 1 1 a n d 0 . 4 5 w t % o x y g e n r e ­
s u l t s w e r e p r e v i o u s l y r e p o r t e d . ! W i t h i n c r e a s i n g o x y g e n c o n c e n t r a t i o n , t h e 
l o w - t e m p e r a t u r e s u p e r p l a s t i c e l o n g a t i o n p e a k ( i . e . , a t 850°C f o r 0 . 1 1 w t % 
o x y g e n ) s h i f t s t o h i g h e r t e m p e r a t u r e s . T h i s o b s e r v a t i o n i s c o n s i s t e n t w i t h 
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Effect of Oxygen on the Temperature Depen­
dence of the Total Strain of Zircaloy-4. ANL 
Neg. No. 306-76-18. 
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the Z i r c a l o y - o x y g e n p h a s e d i a g r a m , s ince the a/[a + P) bounda ry shif ts to 
h i g h e r t e m p e r a t u r e s wi th i n c r e a s i n g oxygen c o n c e n t r a t i o n . The f igure a l so 
shows tha t the amoun t of e longa t ion at the p e a k d e c r e a s e s as the oxygen con­
c e n t r a t i o n i n c r e a s e s ( i . e . , 2.1 t o t a l s t r a i n at 0.11 wt % oxygen, c o m p a r e d with 
1.4 t o t a l s t r a i n at 1.1 wt % oxygen) . Th i s d e c r e a s e in e longa t ion o c c u r s b e c a u s e 
oxygen r e d u c e s the duc t i l i t y of both the 0' and P p h a s e s . We could not d e t e r ­
m i n e the inf luence of oxygen on the h i g h - t e m p e r a t u r e s u p e r p l a s t i c e longa t ion 
peak ( i . e . , the peak at -1000°C for 0.11 wt % oxygen) b e c a u s e of the long h o ­
m o g e n i z a t i o n t i m e s r e q u i r e d to ob ta in a s m a l l equ iaxed g r a i n s t r u c t u r e with 
l a r g e oxygen c o n c e n t r a t i o n s at t e m p e r a t u r e s below -850°C. 

2. C o m p o s i t e M a t e r i a l wi th Oxygen G r a d i e n t s in a and P P h a s e s 

Since the d u r a t i o n of a hypo the t i c a l LOCA in an LWR is qui te 
sho r t , s t e a m ox ida t ion of the Z i r c a l o y c ladding du r ing an LOCA wi l l p r o d u c e 
Z r 0 2 / a / p , Zr02_/o//{oi + P), or T^rOjoi c o m p o s i t e s with oxygen c o n c e n t r a t i o n 
g r a d i e n t s in e a c h p h a s e . Al though an u n d e r s t a n d i n g of the inf luence of oxygen 
on the m e c h a n i c a l p r o p e r t i e s of the ind iv idua l Ck' and P p h a s e s wi l l be usefu l 
in an i n t e r p r e t a t i o n of the m e c h a n i c a l p r o p e r t i e s of c o m p o s i t e m a t e r i a l s , it i s 
e s s e n t i a l to conduct t e n s i l e t e s t s on c o m p o s i t e s . 

T e n s i l e s p e c i m e n s of the a s - r e c e i v e d Z i r c a l o y - 4 (conta in ing 
0. 11 wt % oxygen) w e r e h e a t e d in oxygen for 12 m i n at 800°C to i n c r e a s e the 
oxygen l e v e l to 0.8 wt %. T h i s c h a r g i n g p r o c e s s p r o d u c e d a s u r f a c e oxide 
l aye r and ot p h a s e wi th a s t e e p oxygen c o n c e n t r a t i o n g rad ien t . The oxide 
su r f ace l a y e r w a s qui te th in , so tha t ~95% o f t h e to t a l t h i c k n e s s was a p h a s e . 
However , t he n u m b e r of p h a s e l a y e r s a n d / o r the oxygen c o n c e n t r a t i o n g r a d i e n t 
in each p h a s e can change be fo re h i g h - t e m p e r a t u r e d e f o r m a t i o n in the INSTRON 
furnace . 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 f r a c t u r e d s p e c i m e n s wi l l be u s e d 
to d e t e r m i n e the f inal l a y e r t h i c k n e s s e s . Another ba tch of the con:iposite s p e c i ­
m e n s (with 0.8 wt % to t a l oxygen concen t r a t i on ) w a s h o m o g e n i z e d at 815°C for 
25 days to ob ta in an equ iaxed 17- | im Q'-phase g r a i n s i ze wi th u n i f o r m oxygen 
d i s t r i b u t i o n a c r o s s the s p e c i m e n t h i c k n e s s . 

F i g u r e III. 1 5 c o m p a r e s the t e m p e r a t u r e dependence of the t o t a l 
s t r a i n for the h o m o g e n i z e d and c o m p o s i t e s p e c i m e n s . F i g u r e III. l6 shows 
the c o r r e s p o n d i n g c o m p a r i s o n of U T S - v e r s u s - t e m p e r a t u r e data . All the 
h o m o g e n i z e d s p e c i m e n s r e f e r r e d to in F i g s . III. 15 and III. 16 •were in the t w o -
phase (a + P) r e g i o n du r ing the d e f o r m a t i o n . T h u s , the c o m p o s i t i o n and vo lume 
f rac t ion of e a c h p h a s e v a r i e d a c c o r d i n g to the p h a s e d i a g r a m at the t e s t t e m ­
p e r a t u r e , a l though t h e r e w^as no m a c r o s c o p i c oxygen g r a d i e n t a c r o s s the 
s p e c i m e n . The s t r u c t u r e s of the c o m p o s i t e s p e c i m e n s at the d e f o r m a t i o n 
t e m p e r a t u r e w e r e a s fo l lows : oxide \ci\ oxide (800°C), oxide | » / ( Q ' + P)/o ' | oxide 
(850, 900, and 950°C, wi th d e c r e a s i n g t h i c k n e s s e s of the oxide and ^ - l a y e r s as 
the t e m p e r a t u r e i n c r e a s e d ) , and Q'/p/o' (1000°C). An oxygen c o n c e n t r a t i o n g r a ­
dient w a s p r e s e n t in e a c h p h a s e . 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 defornned 
s a m p l e s r e v e a l e d tha t the oxide s u r f a c e w a s c r a c k e d s e v e r e l y in a l l c a s e s and 
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the oxide/cv interface was separa ted at severa l p laces . Thus, only the o' and 
P l ayers of the composite were load-bear ing. The re su l t s in Fig. IH-i^ 
demonstra te that the presence of a bri t t le a layer on the surface d e c r e a s e s 
the total s t ra in (ductility) of Zircaloy considerably, although the UTS does 
not change significantly (Fig. III. 16). 
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Fig. III.15 

Temperature Dependence of the Total Strain 
of Homogenized and Composite Zircaloy-4 
Specimens Containing 0.8 wt °Jo Oxygen. 
ANL Neg. No. 306-76-23. 

Fig. III.16 

The UTS as a Function of Temperature for 
Homogenized and Composite ZircaIoy-4 
Specimens Containing 0.8 wt "Vo Oxygen. 
ANL Neg. No. 306-76-22. 

C. Biaxial Tube-rupture Exper iments and Data-analys is P roc e du re s 

Details of the exper imental p rocedures , t es t m a t r i c e s , and pre l iminary 
tes t resu l t s on deformation and rupture cha rac t e r i s t i c s of Zi rca loy-4 cladding 
under biaxial-loading conditions have been repor ted previously.^ In the present 
report ing period, a systematic study of the d iamet ra l expansion and rupture 
cha rac te r i s t i c s of a s - rece ived ma te r i a l in the s t r e s s - r e l i e v e d condition has 
been performed by means of h igh-heat ing-ra te t r a n s i e n t - t e m p e r a t u r e t e s t s . 
Several t es t s have also been conducted on oxidized-homogenized ma te r i a l . In 
view of the importance of superplast ic deformation at -850 and ~1050°C, p a r ­
t icular effort was devoted to the accurate determinat ion of the magnitude of 
c i rcumferent ia l s t ra in at rupture in the vicinity of these t e m p e r a t u r e s . 

A rapid-feedback power-cont ro l sys tem for establishing p r o g r a m m e d 
heating ra tes between 2 and 150°C/s was built and tested. Both Chromel-Alumel 



6 3 

and p l a t i n u m , p l a t i n u m - 1 0 % r h o d i u m t h e r m o c o u p l e s ( 0 . 0 2 5 - c m d i a m e t e r ) w e r e 
s u c c e s s f u l l y s p a r k - w e l d e d to the a s - r e c e i v e d and ox id ized s p e c i m e n s . O p t i m u m 
s p a r k - w e l d i n g c u r r e n t s and v o l t a g e s for both t y p e s of t h e r m o c o u p l e s have been 
d e t e r m i n e d for the d i f fe ren t m a t e r i a l s . 

A 0 .05-W h e l i u m - n e o n l a s e r w a s u s e d to i l l u m i n a t e the c e n t r a l 7. 5 - c m 
length of the Z i r c a l o y tube . Both the d i r e c t and shadow i m a g e s of the s p e c i ­
m e n leng th w e r e m o n i t o r e d s i m u l t a n e o u s l y on h i g h - s p e e d - c a m e r a f i lm and 
w e r e then u s e d to d e t e r m i n e the d i a m e t r a l s t r a i n by the t echn ique r e p o r t e d 
p rev ious ly .^ 

I n f o r m a t i o n f r o m the h i g h - s p e e d c a m e r a and the V i s i c o r d e r r e a d o u t of 
the t e m p e r a t u r e and p r e s s u r e c h a n g e s w e r e u s e d to e s t a b l i s h the onse t of 
p l a s t i c i n s t a b i l i t y and the ef fec t ive s t r e s s - s t r a i n r e l a t i o n s h i p s dur ing de fo r ­
mat ion . A c o m p u t e r p r o g r a m w a s w r i t t e n to ana lyze the da ta f rom each r u p ­
t u r e t e s t . The c o m p u t e r p r i n t o u t g ives the t e m p e r a t u r e , d i a m e t r a l s t r a i n , 
d i a m e t r a l s t r a i n r a t e , effect ive s t r a i n , effect ive s t r e s s , and s t ab i l i t y 
function v a l u e s , def ined in Eq. 7 be low, for each t i m e i n c r e m e n t (film 
f rame) before r u p t u r e . An a n a l y s i s of b i ax ia l d e f o r m a t i o n of thin-w^all 
tubing i nvo lves the d e t e r m i n a t i o n of the funct ional f o r m s of the effect ive s t r e s s 
and s t r a i n in t e r m s of the p r i n c i p a l s t r e s s e s and s t r a i n s tha t b e s t d e s c r i b e the 
de fo rma t ion b e h a v i o r . In t h i s i n v e s t i g a t i o n , the effect ive s t r e s s o and s t r a i n "e 
have been def ined in t e r m s of the p r i n c i p a l s t r e s s e s and s t r a i n s by the r e ­
spec t ive r e l a t i o n s 

a = -y=.[{o^ - OQY + (GQ - a^Y + [o^ - <^A] ( l ) 
V 2 

and 

i = ^ [ ( ^ Z - eg)^ + (EQ - cr)^ + (er - ^^)A"> (2) 

w h e r e the s u b s c r i p t s z, 9, and r r e f e r to the ax ia l , t a n g e n t i a l , and r a d i a l c o m ­
ponen t s , r e s p e c t i v e l y . In c a l c u l a t i n g effect ive s t r a i n up to the onse t of p l a s t i c 
i n s t ab i l i t y , we a s s u m e d tha t t he t a n g e n t i a l s t r a i n w a s equa l to d i a m e t r a l s t r a i n 
and the a x i a l s t r a i n w a s neg l ig ib l e . Beyond the point of onse t of l oca l ba l loon­
ing, the a s s u m p t i o n i s no l o n g e r va l id ; t h e r e f o r e , the effect ive s t r a i n va lue i s , 
at b e s t , a c r u d e a p p r o x i m a t i o n . The r a d i a l - s t r a i n va lue w a s ob ta ined f rom the 
i n c o m p r e s s i b i l i t y equa t ion 

SQ + e r + Sz = 0 (3) 

and t h e condi t ion tha t e^ ^ 0. 

F o r the p u r p o s e of c a l c u l a t i n g the ef fect ive s t r e s s up to the o n s e t of 
p l a s t i c i n s t a b i l i t y , the t a n g e n t i a l s t r e s s i s g iven by 
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P(t)D(t) 

w h e r e the condi t ion of b i ax ia l i t y i s 

and the r a d i a l s t r e s s c o m p o n e n t G^ ^ 0. 

(4) 

(5) 

The t i m e - d e p e n d e n t v a l u e s of the i n t e r n a l p r e s s u r e and d i a m e t e r a r e 

denoted by P(t) and D(t), r e s p e c t i v e l y . The w a l l t h i c k n e s s h(t) w a s c a l c u l a t e d 

f r o m 

TT # - (f - ' ^ V - f ^ - h, (6) 

w h e r e DQ a n d ho a r e t h e i n i t i a l d i a m e t e r a n d w a l l t h i c k n e s s of t h e t u b e , 

r e s p e c t i v e l y . 

T h e p l a s t i c s t a b i l i t y c o n d i t i o n , d i s c u s s e d i n t h e p r e v i o u s r e p o r t , c a n 

b e r e w r i t t e n a s 

d'^D 

dR^ 

d D 

dR 
2 ^ < 1 ( p l a s t i c a l l y s t a b l e ) . (7) 

w h e r e D i s t h e d i a m e t e r a n d R i s t h e h i g h - s p e e d - c a m e r a f r a m e n u m b e r b e ­

f o r e r u p t u r e , e i t h e r a n i n t e g e r o r a n i n t e r p o l a t e d n o n i n t e g e r v a l u e . T h e l e f t -

h a n d s i d e of E q . 7, d e f i n e d a s t h e s t a b i l i t y f u n c t i o n , i s c o m p u t e d f r o m t h e 

i n f o r m a t i o n f r o m e a c h r u p t u r e t e s t . An e x a m p l e w a s g i v e n i n t h e p r e v i o u s 

r e p o r t . ^ 

D. H i g h H e a t i n g - r a t e R u p t u r e - t e s t R e s u l t s o n A s - r e c e i v e d Z i r c a l o y - 4 

C l a d d i n g 

1. S t r e s s - s t r a i n C h a r a c t e r i s t i c s 

T w e n t y - t h r e e a s - r e c e i v e d a n d f o u r o x i d i z e d - h o m o g e n i z e d 
Z i r c a l o y - 4 t u b e s w e r e t e s t e d w i t h i n i t i a l p r e s s u r e s t h a t r a n g e d f r o m 1.4 t o 
9 M P a ( 2 0 0 - 1 2 0 0 p s i ) a n d u n d e r u n c o n t r o l l e d t r a n s i e n t - h e a t i n g c o n d i t i o n s a t 
an i n i t i a l h e a t i n g r a t e of 1 1 5 ° C / s . C h a r a c t e r i s t i c t r u e e f f e c t i v e s t r e s s a n d 
s t r a i n d a t a a r e p l o t t e d a s a f u n c t i o n of t e m p e r a t u r e i n F i g . I I I . 17. T h e i n t e r n a l 
p r e s s u r e i n i t i a l l y i n c r e a s e s s l o w l y b e c a u s e of t h e t h e r m a l e x p a n s i o n of t h e 
a r g o n g a s ; h o w e v e r , a t a l a t e r s t a g e , w h e n t h e t u b e e x p a n s i o n r a t e i s f a s t e r 
t h a n t h a t of t h e g a s , t h e p r e s s u r e s t a r t s t o d e c r e a s e d u r i n g b a l l o o n i n g . H o w ­
e v e r , t h e l a r g e r a d i a l a n d t a n g e n t i a l s t r a i n s m o r e t h a n c o m p e n s a t e f o r t h e d e ­
c r e a s e i n i n t e r n a l p r e s s u r e , a n d t h e t r u e e f f e c t i v e s t r e s s t h e r e b y i n c r e a s e s 
s i g n i f i c a n t l y f r o m t h e i n i t i a l v a l u e . 
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Fig. III.17. Effective Strain and Stress vs Temperature Obtained from ZircaIoy-4 
Tube-burst Experiments at an Initial Heating Rate of 115°C/s. Ef­
fective strain and stress at the onset of plastic instability are also 
shown. ANL Neg. No. 306-76-34. 
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T h e i n s t a b i l i t y s t r e s s a n d s t r a i n d e t e r m i n e d b y t h e m e t h o d d e ­
s c r i b e d i n S e c . I I I .C a r e a l s o s h o w n i n F i g . III. 17. T h e e f f e c t i v e s t r a i n v a l u e s 
b e y o n d t h e o n s e t of p l a s t i c i n s t a b i l i t y a r e o n l y a p p r o x i m a t e . T h e r u p t u r e 
s t r a i n s h o w s t w o m a x i m a ( a t - 8 7 0 a n d ~1050°C) s i m i l a r t o t h e r e s u l t s f r o m 
i s o t h e r m a l u n i a x i a l t e n s i l e t e s t s . T h e e f f e c t i v e s t r a i n a t t h e o n s e t of p l a s t i c 
i n s t a b i l i t y e x h i b i t s m a x i m a t h a t a r e m u c h s m a l l e r , a n d t h e m a x i m u m a t 
~870°C i s n o t v e r y d i s t i n c t . N o t e t h a t t r a n s i e n t - t e m p e r a t u r e d e f o r m a t i o n a n d 
r u p t u r e s h o u l d be r e p r e s e n t e d i n a f o u r - d i m e n s i o n a l s p a c e w i t h t h e f o l l o w i n g 
c o o r d i n a t e s : a , e, e", a n d T , i . e . , ' 

F(CT, e, t , T) = 0. (8) 

In F ig . III. 17 the s t r a i n - r a t e i n f o r m a t i o n i s not shown. B e c a u s e of the i m ­
p o r t a n c e of the s t r a i n - r a t e s e n s i t i v i t y in the d e f o r m a t i o n b e h a v i o r of Z i r c a l o y , 
it i s not mean ing fu l to e x a m i n e the r e l a t i o n s h i p of a v e r s u s e, at cons t an t 
t e m p e r a t u r e , f r o m a c r o s s - p l o t of the r e s u l t s in F i g . III. 17. 

F i g u r e III. 18 shows the s t r e s s - s t r a i n c h a r a c t e r i s t i c s of o x i d i z e d -
h o m o g e n i z e d Z i r c a l o y tha t con ta in s 0.24 wt % oxygen and h a s an a c i c u l a r »' 
s t r u c t u r e . The m a t e r i a l exh ib i t s an ef fect ive s t r a i n d u r i n g un i fo rm e x p a n s i o n 
tha t i s ~10 t i m e s s m a l l e r t han tha t of a s - r e c e i v e d equ iaxed Q'-phase m a t e r i a l 
(F ig . III. 17), and, a s a r e s u l t , the s t r e s s r e m a i n s e s s e n t i a l l y c o n s t a n t up to the 
o n s e t of p l a s t i c i n s t a b i l i t y . Ba l looning i s r e s p o n s i b l e for m o s t of the t o t a l r u p ­
t u r e s t r a i n , and, a s d i s c u s s e d p r ev ious ly , ' ' the s t r a i n i s c o n c e n t r a t e d at the 
l i m i t e d n u m b e r of s i t e s w h e r e the c^-colony g r a i n d i r e c t i o n i s o r i e n t e d p a r a l l e l 
to thxa hoop-g^-T*""" direaction. 
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Effective Stress and Strain vs Temperature 
Obtained from Tube-burst Tests on Oxidized-
Homogenized Zircaloy-4 Containing 0.24 wt % 
Oxygen. ANL Neg. No. 306-76-27. 
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F r o m t h e r e s u l t s i n F i g . III . 17 , t h e e f f e c t i v e s t r e s s i s p l o t t e d a s 
a f u n c t i o n of t e m p e r a t u r e ( F i g . III . 19) a t s e v e r a l i s o s t r a i n v a l u e s u p t o t h e 
s t r a i n a t t h e o n s e t of i n s t a b i l i t y . E x t e n s i o n of t h i s p l o t t o t h e s t r a i n a t r u p t u r e 
i s n o t p o s s i b l e b e c a u s e of t h e d i f f i c u l t y i n c a l c u l a t i n g s t r e s s e s b e y o n d t h e o n ­
s e t of l o c a l b a l l o o n i n g . F i g u r e III . 19 c a n be u s e d t o p r e d i c t v a l u e s of u n i f o r m 
s t r a i n f o r a n y g i v e n i n i t i a l p r e s s u r e . H o w e v e r , f r o m F i g . 111.17, a c o n s i d e r ­
a b l e i n c r e a s e i n t h e e f f e c t i v e s t r e s s o c c u r s n e a r t h e o n s e t of p l a s t i c i n s t a b i l i t y . 
In t h i s c a s e , t h e s t r e s s i n c r e a s e s h o u l d b e c o m p e n s a t e d t o p r e d i c t s t r a i n v a l ­
u e s n e a r i n s t a b i l i t y . 

Fig. III.19 

Effective Stress vs Temperature at Constant 
Effective Strain Values Obtained from Zir­
caloy Tube-burst Tests at an Initial Heating 
Rate of 115°C/s. Effective stress and tem­
perature at onset of plastic instability are 
also shown. ANL Neg. No. 306-76-28. 
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The d e p e n d e n c e of the b u r s t t e m p e 
is shown in F ig . III. 20 for the a s - r e c e i v e d and 
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Fig. III.20 

Initial Pressure vs Burst Temperature for 
As-received and Oxidized-Homogenized 
(0.24 wt % oxygen) Zircaloy Tubing for 
an Initial Heating Rate of 115°C/s. ANL 
Neg. No. 306-76-32. 

r a t u r e o n t h e i n i t i a l p r e s s u r e 
t h e o x i d i z e d - h o m o g e n i z e d Z i r ­

c a l o y c o n t a i n i n g 0 .24 w t % 
o x y g e n . T h e r e s u l t s o n t h e 
a s - r e c e i v e d m a t e r i a l a r e in 
g o o d a g r e e m e n t w i t h t h e d a t a 
on m a x i m u m p r e s s u r e v e r s u s 
b u r s t t e m p e r a t u r e r e p o r t e d 
by H o b s o n e t a l . * T h e o x i d i z e d -
h o m o g e n i z e d a' m a t e r i a l i s 
c o n s i d e r a b l y s t r o n g e r t h a n a s -
r e c e i v e d Z i r c a l o y . 

F i g u r e III. 21 s h o w s 
t h e m a x i m u m c i r c u m f e r e n t i a l 
r u p t u r e s t r a i n v e r s u s b u r s t 
t e m p e r a t u r e . U n i a x i a l s t r a i n 
d a t a f r o m t h e h i g h e s t s t r a i n -
r a t e t e s t s (e = 3.3 x 1 0 ' 

• ' ) 

a r e s h o w n f o r c o m p a r i s o n . 
T h e c i r c u m f e r e n t i a l s t r a i n 
h a s m a x i m u m v a l u e s of 0 .7 
a n d 1.23 a t - 8 7 0 a n d -1050°C, 
r e s p e c t i v e l y . T h e t e m p e r a ­
t u r e of t h e f i r s t m a x i m u m i s 
- 3 0 - 4 0 ° C h i g h e r t h a n t h e 
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Fig. III.21 

Maximum Circumferential Strain for As-received 
Zircaloy-4 Cladding (transient-heating tests at an 
initial rate of 115°C/s) and Uniaxial Strain for 
Sheet Material (isothermal uniaxial tensile tests 
at e = 3.3 x 10"^ s--*-) as a Function of Tempera- o 
ture. Circumferential strain data for homogeneous 
Zircaloy-4 tubing containing 0.24 wt <yo oxygen are 
also shown. ANL Neg. No. 306-76-30. 
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c o r r e s p o n d i n g un i ax i a l p e a k t e m p e r a t u r e . Addi t iona l i ^ ° * ^ ^ ^ " ; f " " ' " " ' " | / , " ' " 
a r e be ing ob ta ined to b e t t e r define the p e a k for c o m p a r i s o n w i th the b i a x i a l 

da ta . 

B iax ia l t r a n s i e n t - t e m p e r a t u r e d e f o r m a t i o n d e c r e a s e s the m a x i m u m 
r u p t u r e s t r a i n c o n s i d e r a b l y . The f i r s t p e a k (830-870°C) i s s u p p r e s s e d to a 

^ g r e a t e r ex ten t t han the s e c o n d p e a k 
(~1050°C). A l so , in i s o t h e r m a l u n i a x i a l 

2200 _ d e f o r m a t i o n , the m a x i m u m e longa t i on at 
-850°C i s l a r g e r t h a n at -1050°C, w h e r e a s 
the r e v e r s e i s t r u e in t h e s e h i g h - h e a t i n g -
r a t e b i a x i a l - r u p t u r e t e s t s . T h i s f e a t u r e 
wi l l be d i s c u s s e d in m o r e d e t a i l l a t e r . 
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Fig. III.22 

Comparison of Circumferential-strain and 
Burst-temperature Data on Unoxidized 
Zircaloy-4 Tubes That Have the Mate­
rials Parameters shown in Table III.l. 
ANL Neg. No. 306-76-29. 

A c i c u l a r a ' m a t e r i a l c o n t a i n i n g 
0 . 2 4 w t % o x y g e n d o e s n o t s h o w a r u p t u r e 
s t r a i n m a x i m u m . T h i s o b s e r v a t i o n i s c o n ­
s i s t e n t w i t h t h e r e s u l t s of i s o t h e r m a l u n i ­
a x i a l t e s t s . A d d i t i o n a l d a t a w i l l b e o b t a i n e d 
o n t h i s m a t e r i a l f o r a w i d e r r a n g e of r u p ­
t u r e t e m p e r a t u r e s . 

F i g u r e I I I . 2 2 c o m p a r e s t h e p r e s e n t 
r u p t u r e - s t r a i n - v e r s u s - t e m p e r a t u r e d a t a 
w i t h r e s u l t s of H o b s o n e t a l . ,* B u s b y a n d 
M a r s h , ^ a n d H a r d y . ^ T a b l e I I I . l l i s t s t h e 
t u b e d i m e n s i o n s , m a t e r i a l c o n d i t i o n s , a n d 
h e a t i n g m o d e s u s e d i n t h e v a r i o u s s t u d i e s . 

T h e s t r a i n m i n i m u m i n t h e t w o -
p h a s e {a + P) r e g i o n a t - 9 2 0 ° C , w i t h s t r a i n 
v a l u e s r a n g i n g f r o m 0 . 2 5 t o 0 . 5 , i s a 
c o m n n o n f e a t u r e of t h e s e i n v e s t i g a t i o n s . 
C o m p a r e d w i t h t h e d a t a of H a r d y , ^ t h e 
h i g h - t e m p e r a t u r e r u p t u r e - s t r a i n m a x i m u m 
i s s o m e w h a t s m a l l e r i n t h e p r e s e n t s t u d y ; 
h o w e v e r , t h e t e m p e r a t u r e a g r e e s w e l l . 

TABLE III.l. Comparison of Material Condition, Tube Dimensions, and 
Heating Modes for Zircaloy-4 Biaxial-rupture Tests 

Investigator Material State 

Nominal Nominal 
Outside Wall 

Diameter, Thickness, Wall-thickness 
mm (in.) mm (in.) Variation, mm Heating Mode 

Hobson et al.* Stress-re l ieved 14.3(0.563) 0.813(0.032) 0.018-0.089 Transient from 315°C 

Busby and Marsh^ Recrystallized 15.9(0.626) 0.940(0.037) - Isothermal 

Hardy' St ress- re l ieved 15.3(0.601) 0.381(0.015) 0.038 Transient from R. T.^ 

Present Study St ress- re l ieved 10.9(0.430) 0.635(0.025) 0.038 Transient from R.T.^ 

^R.T. = room temperature . 
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i . e . , ~1050°C. The l o w - t e m p e r a t u r e r u p t u r e - s t r a i n m a x i m u m r e p o r t e d by 
Hobson et al.^ o c c u r s a p p r o x i m a t e l y a t the s a m e t e m p e r a t u r e as the p r e s e n t 
da ta , i . e . , -870°C, but the r u p t u r e s t r a i n i s c o n s i d e r a b l y l e s s in our work . 
H a r d y showed tha t the r u p t u r e - s t r a i n m a x i m u m o c c u r r e d a t ~820°C for hea t ing 
r a t e s of 100 and 25°C/s , w h e r e a s , in the i s o t h e r m a l p r e s s u r e - r a m p r u p t u r e 
study of Busby and M a r s h , ^ the f i r s t r u p t u r e - s t r a i n m a x i m u m w a s at ~800°C. 
F r o m t h e s e o b s e r v a t i o n s , it m a y be diff icult to find a defini te c o r r e l a t i o n b e ­
tween the hea t i ng r a t e and the t e m p e r a t u r e and m a g n i t u d e of the r u p t u r e - s t r a i n 
m a x i m u m at 800-870°C. H o w e v e r , o t h e r f a c t o r s b e s i d e s hea t ing r a t e can in ­
f luence the t e m p e r a t u r e and m a g n i t u d e of the s u p e r p l a s t i c s t r a i n m a x i m a . 

1400 
TEMPERATURE (°F) 

1600 1800 2000 2200 

F o r a g iven h e a t i n g r a t e and g e o m e t r i c a l a r r a n g e m e n t , it i s diffi­
cult to induce b u r s t at the t e m p e r a t u r e of m a x i m u m expans ion by ad jus t ing the 
in i t ia l p r e s s u r e . T h e r e f o r e , a l a r g e n u m b e r of b u r s t t e s t s a r e r e q u i r e d in a 
n a r r o w t e m p e r a t u r e r a n g e to a c c u r a t e l y d e t e r m i n e the t e m p e r a t u r e at the 
s t r a i n maxinna . W a l l - t h i c k n e s s v a r i a t i o n s and the ex ten t of ax ia l r e s t r a i n t can 
inf luence the m a g n i t u d e of the r u p t u r e s t r a i n , but not the t e m p e r a t u r e at which 
the m a x i m u m s t r a i n o c c u r s , p r o v i d e d a suff ic ient n u m b e r of b u r s t t e s t s a r e 
p e r f o r m e d . Al though one end of the Z i r c a l o y tube i s not r e s t r i c t e d in our t u b e -
b u r s t a p p a r a t u s , the AI2O3 rod and end plugs ( i n s e r t e d in the tube to s i m u l a t e 
fuel p e l l e t s ) r e s t r i c t tube c o n t r a c t i o n in the ax i a l d i r e c t i o n . S i m i l a r cond i ­
t ions e x i s t e d in the E m e r y et al .^ i nves t i ga t ion . The ax ia l r e s t r a i n t , due to 

the p r e s e n c e of p e l l e t s o r a rod ins ide 
the tubing, i s a n o t h e r f ac to r tha t can 
l ead to s m a l l e r r u p t u r e s t r a i n in our 
w o r k when c o m p a r e d with the o the r r e ­
su l t s shown in F ig . III. 22. Axial r e s t r a i n t 
a s we l l a s the effect of hea t ing r a t e wi l l 
be i n v e s t i g a t e d in g r e a t e r de ta i l . 

F i g u r e III. 23 c o m p a r e s the ef­
fect ive s t r e s s at the onse t of p l a s t i c 
i n s t a b i l i t y f rom our r e s u l t s with the 
" r u p t u r e s t r e s s " r e p o r t e d by p r e v i o u s 
i n v e s t i g a t o r s . Note tha t a m b i g u i t i e s 
e x i s t in the ca l cu l a t ion of the r u p t u r e 
s t r e s s , i .e . , the v a l u e s of p r e s s u r e , 
tube d i a m e t e r , and wa l l t h i c k n e s s in 
the v ic in i ty of the r u p t u r e . F o r the 
da ta of H a r d y , the in i t i a l hoop s t r e s s 
i s p lo t t ed aga ins t r u p t u r e t e m p e r a t u r e . 
The a g r e e m e n t i s good at low r u p t u r e 
t e m p e r a t u r e s , at which the ba l loon­
ing and u.niform s t r a i n s a r e s m a l l . 
H o w e v e r , at h i g h e r r u p t u r e t e m p e r a ­
t u r e s the r u p t u r e s t r e n g t h i s a p p a r e n t l y 
u n d e r e s t i m a t e d . 

800 900 1000 1100 
TEMPERATURE (°C) 

Fig. III.23 

1200 

Comparison of Burst Stress from Other Investi­
gations with the Effective Stress at the Onset of 
Plastic Instability from the Present Work. ANL 
Neg. No. 306-76-33. 
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3. L o c a l Bal looning B e h a v i o r 

The p r e s e n t t e c h n i q u e of m o n i t o r i n g ind iv idua l f r a m e s d u r i n g l o c a l 
ba l looning by a h i g h - s p e e d c a m e r a e n a b l e s a d e t a i l e d c h a r a c t e r i z a t i o n of the 
d e f o r m a t i o n a f t e r the o n s e t of p l a s t i c i n s t a b i l i t y . A new o p t i c a l a r r a n g e m e n t 
i s be ing c o n s t r u c t e d to s i m u l t a n e o u s l y m o n i t o r the c i r c u m f e r e n t i a l s h a p e in 
e a c h f r a m e in add i t ion to the a x i a l i m a g e s . 

F i g u r e III. 24 shows the r a t i o of d i a m e t r a l s t r a i n to t h e d i a m e t r a l 
s t r a i n a t i n s t a b i l i t y , a s a funct ion of t e m p e r a t u r e , f r o m the o n s e t of i n s t a b i l i t y 
to r u p t u r e for s e v e r a l of the t e s t s . The r a t i o i n d i c a t e s the c o m p a r a t i v e ex ten t 
of e x p a n s i o n t h a t t a k e s p l a c e d u r i n g l o c a l ba l looning . It shows t h a t for ba l l oon ­
ing t e m p e r a t u r e s be tween 870 and 920°C and at lOOO'C and h i g h e r , m o s t of the 
s t r a i n a t r u p t u r e can be a t t r i b u t e d to l o c a l ba l loon ing . T h e r e f o r e , i t i s i m ­
p o r t a n t to have the capab i l i t y to c a l c u l a t e ba l looning d e f o r m a t i o n s u b s e q u e n t 
to the o n s e t of p l a s t i c i n s t a b i l i t y in t h e s e t e m p e r a t u r e r a n g e s . The t e m p e r a ­
t u r e s at which the m a x i m a in the r a t i o o c c u r a r e c l o s e to the t e m p e r a t u r e s of 
the r u p t u r e - s t r a i n m a x i m a in F ig . III. 22. F i g u r e III. 24 i n d i c a t e s t h a t the t e m ­
p e r a t u r e r e g i o n i s the p r e d o m i n a n t f ac to r in d e t e r m i n i n g the e x t e n t and k i n e t i c s 
of l o c a l ba l looning be fo re r u p t u r e . The t h r e e e x p e r i m e n t s in the P p h a s e above 
980°C had longe r t i m e i n t e r v a l s be fo re r u p t u r e and a g r e a t e r e x t e n t of ba l loon­
ing a s the t e m p e r a t u r e i n c r e a s e d . A p p a r e n t l y the r a t e of s t r e s s r e l a x a t i o n by 
r e c o v e r y a n d / o r d y n a m i c r e c r y s t a l l i z a t i o n i n c r e a s e d a s the ba l loon ing t e m ­
p e r a t u r e i n c r e a s e d to the o p t i m u m v a l u e s of ~1060°C. Ba l loon ing d e f o r m a t i o n , 
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Fig. III.24. Ratio of the Diameual Strain at Rupture to the Diametral Strain 
at the Onset of Plastic Instability vs Burst Temperature. Inter­
sections of the curved and vertical lines with the temperature 
abscissa correspond to the temperatures for the onset of insta­
bility and rupture, respectively. ANL Neg. No. 306-76-26. 
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w h i c h i s the m a j o r p o r t i o n of the t o t a l r u p t u r e e x p a n s i o n , i s p r i m a r i l y s e n s i ­
t ive to t e m p e r a t u r e o v e r a s m a l l i n t e r v a l . T h i s fac t should enab le us to 
c o r r e l a t e , in a s i m p l e m a n n e r , the ba l loon ing d e f o r m a t i o n wi th a t e m p e r a t u r e -
s e n s i t i v e m a t e r i a l p r o p e r t y , e .g . , the s t r a i n - r a t e s e n s i t i v i t y . Th i s a p p r o a c h 
wi l l be p u r s u e d f u r t h e r for a r a n g e of h e a t i n g r a t e s b e t w e e n 5 and 120°C/s. 

F i g u r e III. 25 shows r u p t u r e e x p e r i m e n t s tha t w e r e conduc ted in 
an i d e n t i c a l m a n n e r , e x c e p t for a d i f f e rence in hea t i ng r a t e . Both r e a c h e d the 
onse t of l oca l ba l looning wi th a p p r o x i m a t e l y the s a m e d i a m e t r a l s t r a i n but at 
t e m p e r a t u r e s of 1005 and 1069°C. The d i a m e t r a l - s t r a i n - v e r s u s - t i m e data show 
tha t both t u b e s have a p p r o x i m a t e l y the s a m e s t r a i n - r a t e h i s t o r y . However , 
the d i a m e t r a l - s t r a i n - v e r s u s - t e m p e r a t u r e r e s u l t s show tha t one tube r u p t u r e d 
at - 80% s t r a i n and the o t h e r at -120%. C o n s i d e r i n g the s i m i l a r s t r a i n and 
s t r a i n - r a t e h i s t o r i e s of both t u b e s , we conc lude tha t the f a s t e r r e l a x a t i o n r a t e 
at -1080°C i s r e s p o n s i b l e for the i n c r e a s e d r u p t u r e de fo rma t ion . 

INITIAL PRESSURE 250 PSIG 

INITIAL HEATING RATE 
273 °C/S 

BETA-PHASE HEATING RATE 
230 °C/S 

INITIAL HEATING 
RATE I30°C/S 

BETA-PHASE HEATING 
RATE 75 °C/S 
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Fig. III.25. Diametral Strain between the Onset of Plastic Instability and 
Rupture for Zircaloy-4 Cladding Heated at Different Initial 
Rates. Although the deformation strain and strain-rate his­
tories are comparable, a large difference in the final expan­
sion results because of a larger relaxation rate at ~1080°C 
than at ~1010°C. ANL Neg. No. 306-76-31. 

4. M i c r o s t r u c t u r a l E x a m i n a t i o n s of the Z i r c a l o y - 4 Tubing 

The u n i f o r m s t r a i n p o r t i o n s of the s p e c i m e n s tha t r u p t u r e d in the 
a r e g i o n o r n e a r the ^/(c^ + P) t r a n s u s had equ iaxed a g r a i n s of - 2 - to 3-i im 
s i ze t h a t f o r m e d f r o m the e longa ted g r a i n s in the s t r e s s - r e l i e v e d in i t i a l m a ­
t e r i a l by t h e r m a l r e c r y s t a l l i z a t i o n du r ing hea t ing . However , no ev idence of 
d y n a m i c r e c r y s t a l l i z a t i o n , a s a r e s u l t of d e f o r m a t i o n , w a s found, even in 
s p e c i m e n s t h a t b u r s t at 850-870°C (the t e m p e r a t u r e r a n g e at which the f i r s t 
r u p t u r e - s t r a i n m a x i m u m o c c u r r e d ) . Th i s m a y accoun t for the fact tha t only 
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- 7 0 % s t r a i n w a s o b s e r v e d in t h i s t e m p e r a t u r e r a n g e , w h e r e a s i s o t h e r m a l 
u n i a x i a l d e f o r m a t i o n r e s u l t e d in 130% s t r a i n (F ig . i n . 2 l ) . E l o n g a t e d a g r a i n s 
w e r e found at the r u p t u r e a r e a of t h e t u b e , and t h e i r w id th w a s c o m p a r a b l e to 
t h a t of the equ iaxed a g r a i n s in the r e g i o n s of u n i f o r m d e f o r m a t i o n . C o r r e l a ­
t ion of the r u p t u r e s t r a i n a t -850°C wi th the ex ten t of d y n a m i c r e c o v e r y and 
r e c r y s t a l l i z a t i o n of a - p h a s e m a t e r i a l w i l l be p u r s u e d f u r t h e r for l o w - h e a t i n g -
r a t e and i s o t h e r m a l s t r e s s - r u p t u r e t e s t s . 

The s p e c i m e n tha t showed a m a x i m u m c i r c u m f e r e n t i a l e x p a n s i o n 
of 123% at a r u p t u r e t e m p e r a t u r e of -1050°C w a s found to exh ib i t a r i m a 
s t r u c t u r e af ter t r a n s f o r m a t i o n f r o m the P field. T h i s type of s t r u c t u r e h a s 
b e e n d i s c u s s e d by 6 s t b e r g . « We have o b s e r v e d the r i m 0/ s t r u c t u r e i n f r e ­
quen t ly , u s u a l l y in Z i r c a l o y s p e c i m e n s tha t w e r e t r a n s f o r m e d by cool ing f r o m 
t e m p e r a t u r e s ~20-70°C above the p / ( a + P) t r a n s u s at m o d e r a t e i n i t i a l r a t e s . 
R i m a f o r m s at t he p - g r a i n b o u n d a r i e s a t an e a r l y s t age of the p - Qf' t r a n s ­
f o r m a t i o n when the d r i v i n g fo rce for the t r a n s f o r m a t i o n to the W i d m a n s t a t t e n 
s t r u c t u r e i s not l a r g e enough. If cooled too f a s t , the W i d m a n s t a t t e n s t r u c t u r e 
d o m i n a t e s the t r a n s f o r m a t i o n . 

The o p t i m u m m i c r o s c o p e c o n t r a s t for r i m a c an be ob ta ined by 
d e e p e tch ing , anodiz ing at 90 V, and o b s e r v a t i o n wi th a r o t a t a b l e a n a l y z e r and 
d i f f e ren t i a l i n t e r f e r e n c e c o n t r a s t . Depending on the r e l a t i v e d i r e c t i o n of the 
s u r r o u n d i n g W i d m a n s t a t t e n a s t r u c t u r e , r i m d exh ib i t s b e s t c o n t r a s t a t p a r ­
t i c u l a r c o m b i n a t i o n s of the s p e c i m e n and a n a l y z e r a n g l e s and i n t e r f e r e n c e 
objec t ive ro ta t ion . With t h e s e t e c h n i q u e s i t i s p o s s i b l e to ident i fy the p r e v i o u s 
P - g r a i n s t r u c t u r e by o b s e r v i n g the r i m a s t r u c t u r e . 

M i c r o g r a p h s tha t r e v e a l t h e s e f e a t u r e s a r e shown in F i g s . III.26 
and III.27 for r e g i o n s of r e l a t i v e l y s m a l l s t r a i n and for the r u p t u r e r e g i o n s , 
r e s p e c t i v e l y . The p r e v i o u s P - g r a i n s t r u c t u r e in the r u p t u r e r e g i o n in 
F ig . III.27 i s equ iaxed , and the g r a i n s i ze i s - 2 - 2 . 5 t i m e s s m a l l e r t han tha t 
in F ig . III. 26. Both f a c t o r s i nd i ca t e tha t s o m e d y n a m i c r e c r y s t a l l i z a t i o n o c ­
c u r r e d dur ing d e f o r m a t i o n at t e m p e r a t u r e s in the p - p h a s e r e g i o n . 

After r u p t u r e at ~1050°C, the s p e c i m e n r e m a i n e d a t t e m p e r a t u r e s 
in the P p h a s e for - 2 . 1 s. A p p a r e n t l y , s i m u l t a n e o u s r e c o v e r y and d y n a m i c 
r e c r y s t a l l i z a t i o n r e s u l t e d in r a p i d sof tening at t h i s t e m p e r a t u r e and c a u s e d 
the l a r g e s u p e r p l a s t i c d e f o r m a t i o n . T h i s f e a t u r e w i l l be s tud i ed f u r t h e r in 
l o w e r - h e a t i n g - r a t e t e s t s . O p t i m u m c o o l i n g - r a t e a d j u s t m e n t a f t e r r u p t u r e 
a n d / o r a d e c o r a t i o n t e chn ique wi l l be e x p l o r e d to b e t t e r r e v e a l the p r e v i o u s 
P - g r a i n s t r u c t u r e at the h i g h e r - t e m p e r a t u r e s t r a i n m a x i m u m . 

E. Deve lopmen t of a F a i l u r e C r i t e r i o n for O x y g e n - e m b r i t t l e d Z i r c a l o y 
Cladding 

In conjunct ion wi th the e x p e r i m e n t a l p r o g r a m , a m o d e l i n g ef for t t h a t 
u s e s f i n i t e - e l e m e n t me thodo logy h a s been i n i t i a t e d wi th the fol lowing o b j e c ­
t i v e s : ( l ) to p r o v i d e an a n a l y t i c a l too l for i n t e r p r e t a t i n g the m e c h a n i c a l -
p r o p e r t y da ta and e n s u r e tha t the t e s t r e s u l t s a r e p r e s e n t e d in a f o r m use fu l 



Fig. III.26 

Rim a and Previous S-phase Grain Structure of Uni­
form Deformation Areas of a Zircaloy-4 Tube Rup­
tured at ~1050°C with 125% Circumferential Strain. 
Etched, anodized, differential interference contrast. 
Grain structure outlined by pen on right-hand photos. 
ANL Neg. No. 306-76-37. 

Fig. III.27 

Rim a and Previous 8-phase Grain Structure of Rup­
ture Areas of a Zircaloy-4 Tube That Burst at ~1050°C 
with 125% Circumferential Strain. Note the smaller 
equiaxed 0-grain size when compared with Fig. III.26. 
Etched, anodized, differential interference contrast. 
Grain structure outlined by pen on right-hand photos. 
ANL Neg. No. 306-76-36. 
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to f u e l - e l e m e n t a n a l y s i s and d e s i g n , (2) to s tudy the d e f o r m a t i o n b e h a v i o r of 
Z i r c a l o y c ladding u n d e r v a r i o u s p o s t u l a t e d LOCA and P C M c o n d i t i o n s , and 
(3) to e s t a b l i s h p h y s i c a l i n t e r p r e t a t i o n s and, if n e c e s s a r y , r e c o m m e n d modif i ­
ca t i ons to the p r e s e n t a c c e p t a n c e c r i t e r i a ^ for the EGGS in L W R ' s b a s e d on 
the m e c h a n i c a l b e h a v i o r of o x y g e n - c o n t a m i n a t e d Z i r c a l o y . 

10 
Unlike i n t e g r a t e d f u e l - e l e m e n t - b e h a v i o r c o d e s , such a s F R A P - T 2 , 

the p r e s e n t f i n i t e - e l e m e n t code wi l l not c o n s i d e r the b e h a v i o r of the fuel o r 
the effects of i r r a d i a t i o n on the c l add ing , but wi l l c o n c e n t r a t e on the m e c h a n i c a l -
d e f o r m a t i o n b e h a v i o r of Z i r c a l o y du r ing LOCA and P C M t r a n s i e n t s . The d e ­
t a i l e d d e f o r m a t i o n s t u d i e s , along wi th the m e c h a n i c a l - p r o p e r t y da t a , w i l l 
p r o v i d e p e r t i n e n t cons t i t u t i ve i n f o r m a t i o n on the c ladd ing . A d e f o r m a t i o n 
a n a l y s i s tha t c o n s i d e r s the s t a t e of the m a t e r i a l in d e t a i l (e.g. , c o m p o s i t e 
ZrOja/f, s t r u c t u r e wi th oxygen g r a d i e n t s ) can be u s e d to e s t a b l i s h the va l id i ty 
of s impl i f i ed m o d e l s conta in ing a v e r a g e m a t e r i a l s p r o p e r t i e s ( e .g . , t he 
F R A P - T 2 code) . On the o the r hand , F R A P - T 2 g e n e r a t e s v a l u a b l e i n f o r m a t i o n 
about the fuel behav io r and fue l - c l add ing m e c h a n i c a l i n t e r a c t i o n t h a t the f in i t e -
e l e m e n t code wi l l u s e a s input i n f o r m a t i o n in the LOCA and P C M s t u d i e s . 

L R e q u i r e m e n t s of the F i n i t e - e l e m e n t Code 

In v iew of the e x p e r i m e n t a l i n f o r m a t i o n on the h i g h - t e m p e r a t u r e 
m e c h a n i c a l p r o p e r t i e s of both a s - r e c e i v e d and ox id ized Z i r c a l o y , p a r t i c u l a r l y 
wi th r e g a r d to s u p e r p l a s t i c i t y and s t r a i n - r a t e s e n s i t i v i t y , the f i n i t e - e l e m e n t 
code m u s t have the capab i l i t y to ana lyze (a) l a r g e d e f o r m a t i o n , (b) e l a s t i c -
p l a s t i c (poss ib ly e l a s t i c v i s c o - p l a s t i c ) b e h a v i o r , (c) e f fec ts of m u l t i p h a s e 
s t r u c t u r e and p h a s e t r a n s f o r m a t i o n s , (d) effects of oxygen c o n c e n t r a t i o n and 
c o n c e n t r a t i o n g r a d i e n t s , (e) a n i s o t r o p i c b e h a v i o r at t e m p e r a t u r e s be low 
-800°C, (f) 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 , and (g) f r a c t u r e p h e n o m e n a 
in the m a t e r i a l . 

To u s e the ava i l ab l e n o n l i n e a r codes and t h e r e b y m i n i m i z e the 
in i t i a l d e v e l o p m e n t a l effor t , a l i t e r a t u r e and s o f t w a r e - m a r k e t s u r v e y w a s con­
duc ted tha t led to the s e l e c t i o n of NONSAP.^^ The NONSAP code h a s the 
e l a s t i c - p l a s t i c a n a l y s i s opt ion and, for l a r g e d e f o r m a t i o n , p r o v i d e s both the 
L a g r a n g i a n and upda ted L a g r a n g i a n (or E u l e r i a n ) f o r m u l a t i o n s ; t h u s it m e e t s 
r e q u i r e m e n t s (a) and (b). The S IMTRAN-I (Ref. 12) c o m p u t e r code deve loped 
at Oak Ridge Nat iona l L a b o r a t o r y ( O R N L ) s i m u l t a n e o u s l y s o l v e s the o n e -
d i m e n s i o n a l h e a t - c o n d u c t i o n and oxygen-d i f fus ion e q u a t i o n s by a f i n i t e -
d i f fe rence t e c h n i q u e . T h u s , it p r o v i d e s the i n f o r m a t i o n on the oxygen d i s t r i b u ­
t i on , t e m p e r a t u r e p r o f i l e , P - p h a s e t h i c k n e s s , and m o t i o n of the T^rOjoi and 
w/P p h a s e b o u n d a r i e s r e q u i r e d in i t e m s (c) , (d), and (f). 

An IBM v e r s i o n of NONSAP h a s been a c q u i r e d f r o m the U n i v e r s i t y 
of Sou the rn Ca l i f o rn i a , and r e o r g a n i z a t i o n and mod i f i ca t i on of the code a r e in 
p r o g r e s s . As soon a s S IMTRAN-I i s r e c e i v e d f r o m ORNL, w o r k on i n c o r p o r a t ­
ing c e r t a i n f e a t u r e s of the code into the d e f o r m a t i o n a n a l y s i s w i l l be i n i t i a t ed . 
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The e x p e r i m e n t a l d e f o r m a t i o n b e h a v i o r of Z i r c a l o y c ladd ing u n d e r d i f fe ren t 
t e m p e r a t u r e s and p r e s s u r e t r a n s i e n t s wi l l be c o m p a r e d with r e s u l t s ob ta ined 
f r o m the f i n i t e - e l e m e n t code. The a d e q u a c y of a o n e - d i m e n s i o n a l s e m i -
e m p i r i c a l cons t i t u t i ve r e l a t i o n , b a s e d on u n i a x i a l t e n s i l e da t a , for p r e d i c t i o n 
of b i a x i a l d e f o r m a t i o n b e h a v i o r wi l l be e x a m i n e d . The o n s e t of p l a s t i c i n s t a ­
bi l i ty a l s o wi l l be s tud ied both e x p e r i m e n t a l l y and a n a l y t i c a l l y . 

2. E s t a b l i s h m e n t of the E m b r i t t l e m e n t C r i t e r i o n 

Of the five c u r r e n t a c c e p t a n c e c r i t e r i a ' ' for the ECCS in L W R ' s , 
the f i r s t t h r e e have d i r e c t i m p l i c a t i o n s w^ith r e g a r d to the m e c h a n i c a l behav io r 
of the Z i r c a l o y c ladd ing . The t h i r d , t h a t a coo lab le c o r e g e o m e t r y be m a i n ­
t a ined , w a s c o n s i d e r e d in e s t a b l i s h i n g the f i r s t two : (a) The peak c ladding 
t e m p e r a t u r e s h a l l not e x c e e d 1204°C (2200°F), and (b) the t o t a l oxidat ion sha l l 
nowhere e x c e e d 17% of the c ladd ing t h i c k n e s s be fo re oxidat ion. 

The in t en t of t h e s e c r i t e r i a i s to avoid coolant flow b lockage af ter 
blowdown and e n s u r e suff ic ient c ladding duc t i l i ty du r ing the ref lood s tage of 
an LOCA. Although l o c a l ba l looning and b u r s t of the Z i r c a l o y c ladding m a y 
occu r dur ing an LOCA, the c ladding m u s t be capable of conta in ing the UO2 
fuel p e l l e t s and m a i n t a i n i n g the c o r e g e o m e t r y . T h e s e c r i t e r i a a r e in tended 
to be c o n s e r v a t i v e . H o w e v e r , the quan t i t a t i ve l i m i t s of the f i r s t two c r i t e r i a 
a r e not wi thout c o n t r o v e r s y , ^ in tha t the a r g u m e n t s w e r e ba sed on a l im i t ed 
knowledge of the m e c h a n i c a l b e h a v i o r of the oxid ized Z i r c a l o y as we l l a s un­
c e r t a i n t i e s in the s t r e s s c a l c u l a t i o n s (due to an inadequa te m e c h a n i c a l -
p r o p e r t y da ta b a s e ) . The r e s u l t s of the p r e s e n t p r o g r a m wi l l be u s e d to 
a s s e s s the d e g r e e of c o n s e r v a t i s m and p r o v i d e the p h y s i c a l i n t e r p r e t a t i o n s 
of the c r i t e r i a b a s e d on a b e t t e r u n d e r s t a n d i n g of the m e c h a n i c a l behav io r of 
Z i r c a l o y and m o r e de t a i l ed a n a l y s e s of c ladding d e f o r m a t i o n unde r LOCA and 
PCM cond i t i ons . The s u p e r p l a s t i c d e f o r m a t i o n c h a r a c t e r i s t i c s of Z i r c a l o y 
at - 8 5 0 and ~1050°C wi l l be ca re fu l ly c o n s i d e r e d with r e g a r d to bal looning 
d e f o r m a t i o n of the c ladd ing and p o s s i b l e flow b lockage . A f r a c t u r e - m e c h a n i c s 
a p p r o a c h wi l l be u s e d to d e t e r m i n e the capab i l i t y of the m a t e r i a l to w i ths t and 
t h e r m a l shock as we l l a s m e c h a n i c a l loading dur ing ref lood for v a r i o u s d e ­
g r e e s of c ladd ing oxida t ion . If n e c e s s a r y , the c r i t e r i a wi l l be r e s t a t e d along 
with j u s t i f i c a t i o n s . 
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