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A b s t r a c t 
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1. I n t r o d u c t i o n 

L i g h t w a t e r r e a c t o r s a r e d e s i g n e d a n d c o n s t r u c t e d w i t h g r e a t a t t e n t i o n 
t o s a f e t y c o n s i d e r a t i o n s . A s a r e s u l t o f t h e s e e f f o r t s , i t i s e x 
t r e m e l y i m p r o b a b l e t h a t a n a c c i d e n t l e a d i n g t o m e l t d o w n o f t h e 
n u c l e a r c o r e w o u l d o c c u r . H o w e v e r , i n t h e h i g h l y u n l i k e l y e v e n t 
o f t h e s i m u l t a n e o u s f a i 1 u r e o f a n u m b e r o f s a f e t y s y s t e m s , i t i s 
p o s s i b 1 e t h a t a l 1 c o o l i n g o f t h e c o r e c o u l d b e l o s t . I f t h i s o c c u r e d , 
d e c a y h e a t w o u l d m e l t t h e r e a c t o r c o r e . I n t h e c o u r s e o f s u c h a 
h y p o t h e t i c a l c o r e m e l t d o w n a c c i d e n t , t h e c o m b i n a t i o n o f m o l t e n f u e l , 
c l a d d i n g , a n d s t r u c t u r a l m a t e r i a l w o u l d c o l l e c t i n t h e l o w e r p i e n u m 
o f t h e r e a c t o r p r e s s u r e v e s s e i . T h i s m o l t e n m a t e r i a l w o u l d m e l t 
t h r o u g h t h e p r e s s u r e v e s s e l w i t h i n 20 - 1 6 0 m i n . a f t e r i n i t i a t i o n o f 
t h e a c c i d e n t , d e p e n d i n g o n t h e t y p e a n d t h e c o u r s e o f t h e a c c i d e n t . 
F o l 1 o w i n g r e a c t o r p r e s s u r e v e s s e l m e l t t h r o u g h , t h e m o l t e n c o r e w o u l d 
d r o p o n t o t h e c o n c r e t e b a s e s t r u c t u r e o f t h e r e a c t o r b u i l d i n g . T h e 
i n t e r a c t i o n o f t h e c o r e m e l t w i t h c o n c r e t e w o u l d c o n t i n u e f o r a l o n g 
p e r i o d o f t i me. 

D u r i n g t h i s i n t e r a c t i o n , a n u m b e r o f p h e n o m e n a h a v e a n i m p o r t a n t 
b e a r i n g o n t h e s u b s e q u e n t c o u r s e o f t h e a c c i d e n t / 4 0 / . T h e s e i n c l u d e : 
- c o n c r e t e d e c o m p o s i t i o n 
- r e l e a s e o f s t e a m a n d g a s e s f r o m t h e d e c o m p o s i n g c o n e r e t e , 
- c h e m i c a l r e a c t i o n s o f t h e s e g a s e s w i t h m e t a l 1 i c c o n s t i t u e n t s 

o f t h e m e l t a n d w i t h i n t h e c o n t a i n m e n t a t m o s p h e r e , 
- d i 1 u t i o n o f t h e m o l t e n f u e l m a t e r i a l s b y m o l t e n c o n e r e t e 

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

T h e s e p h e n o m e n a h a v e a d e c i s i v e i n f 1 u e n c e o n t h e b a s i c s a f e t y 
q u e s t i o n s : 

C a n t h e c o n t a i n m e n t f a i 1 b y o v e r p r e s s u r i z a t i o n ? 
C a n t h e c o n c r e t e b a s e m e l t t h r o u g h ? 

E v e n t h o u g h a c o r e m e l t a c c i d e n t i s v e r y u n i i k e l y , t h e p o s s i b i 
l i t y o f h e a l t h c o n s e q u e n c e s t o t h e p u b l i c m a k e s i t n e c e s s a r y 
t o g i v e b e s t - e s t i m a t e a n s w e r s t o t h e s e q u e s t i o n s . I n t h e e x i s t i n g 
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r i s k s t u d i e s / 1 , 2 / , c o n s e r v a t i v e a s s u m p t i o n s l e a d t o p e s s i m i s t i c 
r e s u l t s . B e t t e r u n d e r s t a n d i n g o f t h e p h y s i c a l b a c k g r o u n d o f t h e 
m o l t e n c o r e / c o n c r e t e i n t e r a c t i o n w o u l d p r o v i d e a m o r e r e a l i s t i c 
b a s i s f o r a n a d v a n c e d r i s k s t u d y . F u r t h e r m o r e , g o o d u n d e r s t a n d i n g 
o f t h i s p a r t o f t h e a c c i d e n t s e q u e n c e c o u l d l e a d t o d e s i g n m e a s u r e s 
w h i c h w i l l h e l p i n r e d u c i n g t h e r i s k o f a c o r e m e l t d o w n a c c i d e n t . 

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

T h e W E C H S L c o d e i s a m e c h a n i s t i c c o d e b a s e d o n t h e c u r r e n t u n d e r 
s t a n d i n g o f t h e p h e n o m e n a o c c u r i n g d u r i n g t h e i n t e r a c t i o n o f a 
m o l t e n p o o l w i t h c o n c r e t e . A s f a r a s p o s s i b l e , t h e c o d e i s c a p a b l e 
t o t r e a t b o t h t h e l i m i t e d t y p e o f s i m u l a t i o n e x p e r i m e n t s w i t h 
n o n - r a d i o a c t i v e m a t e r i a l s a n d m e l t m a s s e s b e t w e e n 1 0 0 a n d 6 0 0 k g 
a s w e l l a s h y p o t h e t i c a l c o r e m e l t d o w n a c c i d e n t s w i t h a c t u a l , f u l l 
s c a l e r e a c t o r d i m e n s i o n s . T h e c o d e w a s o r i g i n a l l y b a s e d o n t h e 
I N T E R c o d e / 3 / d e v e l o p e d i n 1 9 7 7 . H o w e v e r , i n t h e m e a n t i m e s o m a n y 
i m p r o v e m e n t s a n d c h a n g e s h a v e b e e n m a d e t h a t t h e W E C H S L c o d e now 
b e a r s l i t t l e r e s e m b l a n c e t o t h e I N T E R c o d e . 

L i k e t h e I N T E R c o d e , W E C H S L c o n s i d e r s t h e s e p a r a t i o n o f t h e m o l t e n 
p o o l i n t o m e t a l a n d o x i d e l a y e r s . N u m e r o u s e x p e r i m e n t s w i t h s i 
m u l a n t m a t e r i a l s h a v e s h o w n t h a t t h e m e t a l a n d o x i d e l a y e r s 
w i l l r a p i d l y s e g r e g a t e / 4 , 5 / . F u r t h e r o b s e r v a t i o n s i n t h e s e 
t e s t s s h o w e d t h a t v a s t a m o u n t s o f c o m b u s t i b l e g a s e s w e r e 
p r o d u c e d t h a t s t i r r e d t h e l a y e r s o f t h e m o l t e n p o o l v i g o r o u s 
l y . T h e s e p h e n o m e n a s u g g e s t a c o n c e p t u a l m o d e l a s s h o w n 
s c h e m a t i c a l l y i n F i g u r e 1. 

E n e r g y c a n b e i n t e r n a l l y p r o d u c e d b y d e c a y h e a t o r b y 
e x o t h e r m i c r e a c t i o n s . E n e r g y i s l o s t t o t h e c o n c r e t e a n d t o t h e 
o v e r l y i n g e n v i r o n m e n t b y a v a r i e t y o f m e c h a n i s m s . M o r e o v e r , 
e n e r g y c a n b e e x c h a n g e d b e t w e e n t h e m o l t e n l a y e r s . 
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T h e t h e r m a l a t t a c k o n c o n c r e t e g i v e s r i s e t o a v i g o r o u s e v o l u t i o n 
o f g a s e s . M u c h o f t h e s e g a s e s p a s s t h r o u g h t h e m e l t . D u r i n g t h e i r 
p a s s a g e , t h e m e l t i s t h o r o u g h l y s t i r r e d , s o t h a t e a c h l a y e r i s 
n e a r l y i s o t h e r m a l . W a t e r v a p o r a n d c a r b o n d i o x i d e w i l l b e r e d u c e d 
a s t h e y p a s s t h r o u g h t h e m e t a l l i c l a y e r . L i q u i d c o n c r e t e d e c o m p o 
s i t i o n p r o d u c t s d i l u t e t h e o x i d e l a y e r . T h e c o m p o s i t i o n a n d , 
c o n s e q u e n t l y , t h e m a t e r i a l p r o p e r t i e s o f t h e l a y e r s a r e t h u s 
c o n t i n u o u s l y c h a n g i n g . 

B e c a u s e o f t h e a s s u m p t i o n s o f g a s s t i r r i n g a n d p r o m p t t r a n s f e r o f 
m o l t e n c o n c r e t e t o t h e o x i d e l a y e r , t h e m o d e l i s i n a p p l i c a b l e t o 
t h e p e r i o d a f t e r f r e e z i n g o f e i t h e r t h e m e t a l l i c o r t h e o x i d i c 
p h a s e . I t h a s b e e n b o t h t h e o r e t i c a l l y a n d e x p e r i m e n t a l l y d e m o n 
s t r a t e d t h a t t h e p r o p a g a t i o n o f t h e m e l t f r o n t i n t o t h e c o n c r e t e 
s t r u c t u r e s l o w s d o w n a f t e r f r e e z i n g . H o w e v e r , t h e s o l i d i f i e d m e l t 
l a y e r c o u l d b e i n c o n t a c t w i t h t h e c o n c r e t e f o r l o n g p e r i o d s o f 
t i m e . T h u s t h i s p h a s e i s a l s o i m p o r t a n t a n d a r e l e v a n t m o d e l i n g 
s h o u l d b e p r o v i d e d . T h e c o d e i n i t s p r e s e n t f o r m i s l i m i t e d t o t h e 
p h a s e o f t h e c o r e / c o n c r e t e i n t e r a c t i o n w h e r e b o t h l a y e r s a r e 
l i q u i d . 

2. P r e s e n t C o n s t i t u t i o n o f t h e W E C H S L - C o d e 

2.1 G e n e r a l R e m a r k s 

E a c h o f t h e p h e n o m e n a m o d e l l e d i n t h e c o d e h a s b e e n i n c l u d e d i n 
s u c h a w a y a s t o p e r m i t e x p e r i m e n t a l o r t h e o r e t i c a l v e r i f i c a t i o n . 
S o me o f t h e m o d e l s h a v e a l r e a d y b e e n c o n f i r m e d e x p e r i m e n t a l l y . F o r 
t h o s e f o r w h i c h c o m p l e t e e x p e r i m e n t a l v e r i f i c a t i o n i s n o t y e t 
a v a i l a b l e , t h e m o d e l s h a v e b e e n c o n s t r u c t e d i n s u c h a w a y t h a t 
e m p i r i c a l c o n s t a n t s c a n b e e a s i l y c h a n g e d t o m a t c h w i t h t h e e x p e r i 
m e n t a l d a t a . T h e v a l u e s o f t h e s e c o n s t a n t s i n t h e p r e s e n t v e r s i o n 
h a v e b e e n c h o s e n t o g i v e p h y s i c a l l y r e a l i s t i c r e s u l t s p e n d i n g 
f u r t h e r c o n f i r m a t i o n . 

E a c h o f t h e i m p o r t a n t m o d e l s c o n t a i n e d i n t h e c o d e i s d e s c r i b e d 
i n d e t a i l i n t h e f o l l o w i n g s e c t i o n s . T h e s o u r c e s f r o m w h i c h 
t h e s u b m o d e l s h a v e b e e n b u i l t a r e a l s o g i v e n . 
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2 . 2 M e l t / C o n c r e t e I n t e r p h a s e 

2 . 2 . 1 C o n c r e t e D e c o m p o s i t i o n 

T h e d e c o m p o s i t i o n o f c o n c r e t e i s a n e x c e e d i n g l y c o m p l e x p r o c e s s . 
D i f f e r e n t i a l t h e r m a l a n a l y s e s o f c o n c r e t e w i t h d i f f e r e n t a g g r e g a t e s 
/ 6 / r e v e a l t h e c o n s e c u t i v e s t e p s o f d e h y d r a t i o n , C a C 0 3 d e c o m p o s i t i o n 
a n d t h e r a n g e o f m e l t i n g w i t h i n c r e a s i n g t e m p e r a t u r e . E a c h o f 
t h e s e d e c o m p o s i t i o n s t e p s t a k e s p l a c e i n a c e r t a i n t e m p e r a t u r e 
r a n g e . F u r t h e r m o r e , a s i n d i c a t e d b y P o w e r s 111, c h e m i c a 1 k i n e t i c s 
c a n a l t e r e a c h e f f e c t i v e d e c o m p o s i t i o n t e m p e r a t u r e r a n g e . T h e 
r e l e a s e d g a s e s f 1 o w t h r o u g h t h e r e s i d u a 1 p o r o u s c o n c r e t e m a t r i x 
a n d t r a n s p o r t e n e r g y . M o r e o v e r , e n e r g y i s t r a n s f e r e d i n t h i s 
m a t r i x o f c h a n g i n g p o r o s i t y b y t r a n s i e n t h e a t c o n d u c t i o n . 

I n t h e W E C H S L c o d e a s t r o n g l y s i m p l i f i e d m o d e l i s a p p l i e d . 11 
i s a s s u m e d t h a t u n d e r t h e i m p a c t o f a h i g h h e a t f 1 u x , t h e 
d e c o m p o s i t i o n p r o c e s s o f c o n c r e t e c a n b e t r e a t e d a s 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 i n a s e m i - i n f i n i t e b o d y . A t 
t h e m e l t i n g s u r f a c e , t h e m o l t e n m a t e r i a l i s c o n t i n u o u s l y 
b e i n g r e m o v e d . T h e g a s r e l e a s e a n d o t h e r c h e m i c a l r e a c t i o n s 
a r e a s s u m e d t o o c c u r a t d e f i n i t e t e m p e r a t u r e s d u r i n g t h e 
h e a t - u p p r o c e s s o f t h e c o n c r e t e . T h e h i g h e r h e a t f 1 u x d e n s i t y 
i s , t h e s m a l 1 e r i s t h e z o n e i n t h e c o n c r e t e w h e r e t h e t e m 
p e r a t u r e d r o p s f r o m t h e m e l t i n g p o i n t o f t h e s i 1 i c a t e s t o 
t h e a m b i e n t t e m p e r a t u r e . T h i s m e a n s , t h a t a q u a s i - s t a t i o n a r y 
t e m p e r a t u r e p r o f i 1 e w i l l b e e s t a b l i s h e d i n t h e c o n c r e t e a 
s h o r t t i m e a f t e r t h e s u r f a c e i s e x p o s e d t o h i g h t e m p e r a t u r e 
m e l t . 

T h e m o d e l f o r t h e d e c o m p o s i t i o n p r o c e s s i s f o r m u l a t e d f o r 
n d i f f e r e n t 1 a y e r s / 8 / . I n t h e 1 a y e r i , t h e p o r o s i t y o f 
t h e c o n c r e t e i s * a n d t h e w e i g h t p e r c e n t a g e o f t h e 

g i s -
r e l e a s e d g a s e s e s c a p i n g t h r o u g h t h i s l a y e r i s * . . B y 
a s s u m i n g p e r f e c t t e m p e r a t u r e e x c h a n g e b e t w e e n t h e s o l i d a n d 
t h e g a s e s , t h e c o u p l i n g o f t h e t w o r e l e v a n t e n e r g y e q u a t i o n s 
b y s o u r c e a n d s i n k t e r m s r e s u l t s i n a q u a s i s t a t i o n a r y 
e n e r g y e q u a t i o n f o r t h e w h o l e s y s t e m . B e t w e e n t h e 1 a y e r s o f 
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t h e c o n c r e t e , h e a t i s a b s o r b e d b y c h e m i c a l o r p h y s i c a l r e a c t i o n s . 
O n e s e t o f b o u n d a r y c o n d i t i o n s i s g i v e n b y t h e m e l t i n g t e m p e r a t u r e 
a t t h e s u r f a c e a n d t h e d e c o m p o s i t i o n t e m p e r a t u r e s b e t w e e n t h e 
l a y e r s . A n o t h e r s e t o f b o u n d a r y c o n d i t i o n s c a n b e e s t a b l i s h e d b y 
e n e r g y b a l a n c e s a t t h e b o u n d a r i e s b e t w e e n t h e l a y e r s . 

T h e q u a s i s t a t i o n a r y e n e r g y e q u a t i o n c a n b e d e s c r i b e d b y a n e x 
p o n e n t i a l t y p e t e m p e r a t u r e d i s t r i b u t i o n . B y a p p l y i n g t h e b o u n d a r y 
c o n d i t i o n s t o t h i s s o l u t i o n , t h e d e c o m p o s i t i o n v e l o c i t y , i , c a n 
b e o b t a i n e d a c c o r d i n g t o / 9 / a s 

r - -ia/Al ( 2 2 1 - 1 ) 

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

AH c 

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

(pc) eff i p g i cp gi V 1 <Li p„i 

a n d 

g i g i 

k „ . = d> • k . + (1-<|> .) k . . (2.2.1 - 4) 
eff l v g i g i Y g i y s i 

E q u a t i o n s ( 2 . 2 . 1 - 3 a n d 4 ) c a n b e e v a l u a t e d b y a p p l y i n g a v e r a g e d 
s o l i d ( s u b s c r i p t s ) a n d g a s e o u s ( s u b s c r i p t g ) p r o p e r t i e s o f t h e 

r e l e v a n t c o n c r e t e c o m p o n e n t s . T h e u n k n o w n t e m p e r a t u r e d i f f e r e n c e 
( T c | Q _ T 0 Q ) i n E q . ( 2 . 2 . 1 - 2 ) i s d e t e r m i n e d b y r e g r e s s i o n f r o m 

m / i P c h d i + < T d i - T O i > <P c>effi 
d i-1 dO i-1 Ld i-1 Ld i (pc) C I 1 . , ' 

eff l - l 

(2.2.1 - 5) 
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T h e d e c o m p o s i t i o n r e a c t i o n s a s c o n s i d e r e d i n t h e m o d e l 
a r e g i v e n i n T a b l e 1. T h e e x o t h e r m a l f o r m a t i o n o f 
w o l 1 a s t o n i t e ( C a S i 0 3 ) c a n b e o p t i o n a l l y i n c l u d e d . A c o m p a r i s o n 
b e t w e e n c a l c u l a t e d a n d m e a s u r e d v a l u e s f o r t h e d e c o m p o s i t i o n 
e n t h a l p i e s o f d i f f e r e n t t y p e s o f c o n c r e t e i s g i v e n i n 
/ 6 / . 

Decomposition 
Temperature 

(K) Decomposition Reaction 
Heat of Decomposition 

(kJ/mole) 

1573 Si0 2 s -+ Si02/ -8.53' 
CaO + Si02 -> CaSi03 +88.5 
CaSi03s -» CaSi03/ -46.5 

1167 CaC03 -> CaO + C02g -165.5 
796 Ca(OH)2-*CaO + H 20 ? -99.5 
400. II20/^HjOÄ -39.4 

Table 1: Cha r a c t e r i s t i c s for the decomposition of concrete 

B y a p p l y i n g t h i s m o d e l i n t h e W E C H S L - c o d e , t h e d e c o m p o s i t i o n 
p r o c e s s i s c h a r a c t e r i z e d b y a s u r f a c e t e m p e r a t u r e T^Q a n d 
b y a u n i q u e c o n c r e t e p r o p e r t y , t h e v o l u m e t r i c d e c o m p o s i t i o n 
e n t h a l p y p c A H c . 

T h e a s s u m p t i o n o f a q u a s i - s t a t i o n a r y d e c o m p o s i t i o n v e l o c i t y 
a s g i v e n i n E q . ( 2 . 2 . 1 - 1 ) i n t r o d u c e s t w o p r i n c i p a l e r r o r s ; t h e f i r s t 
b e c a u s e t h e h e a t f 1 u x i m p o s e d o n t h e s u r f a c e i s a c t u a l l y t i m e 
d e p e n d e n t a n d , c o n s e q u e n t l y , t h e h e a t c o n d u c t i o n p r o c e s s i s t r a n s -
s i e n t , a n d t h e s e c o n d b e c a u s e o f c h e m i c a 1 k i n e t i c s . A l t h o u g h t h e s e 
t w o c o m p o n e n t s a r e a c t u a l l y c o u p l e d , a n i d e a o f t h e i r m a g n i t u d e c a n 
b e o b t a i n e d b y c o n s i d e r i n g t h e m s e p a r a t e l y . 

T h e t r a n s i e n t p r o b l e m o f h e a t c o n d u c t i o n w i t h s i m u l t a n e o u s m e l t i n g 
i n a h o m o g e n e o u s s o l i d h a s b e e n s o l v e d b y L a n d a u / 9 / . A l t h o u g h 
c o n c r e t e i s c e r t a i n l y f a r f r o m h o m o g e n e o u s , i t i s i n s t r u c t i v e t o 
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a p p l y t h e m e t h o d o f L a n d a u t o g e t a f e e l i n g f o r t h e m a g n i t u d e o f t h e 
e r r o r i n v o l v e d . 

A t t i m e T = 0, t h e s e m i - i n f i n i t e h o m o g e n e o u s c o n c r e t e b o d y i s a t 
a m b i e n t t e m p e r a t u r e Too a n d a c o n s t a n t h e a t f l u x d e n s i t y Q/A 
i s i m p o s e d a t t h e s u r f a c e . T h e 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 
c a n b e f o u n d a n a l y t i c a l l y . F r o m t h e t i m e d e p e n d e n t t e m p e r a t u r e 
p r o f i l e , t h e t i m e a t w h i c h t h e s u r f a c e r e a c h e s m e l t i n g t e m 
p e r a t u r e i s e v a l u a t e d t o b e 

TT (T -T ) 2 
^ m * J . (2.2.1 - 6) 

Tm = 4 (Q/A)* k P C 

o r , a f t e r i n t r o d u c i n g t h e p a r a m e t e r 
J-'1 c (T -T ) 

0 = " m . ° ° . (2.2.1 - 7) 
2 hdO 

A f t e r t h e s u r f a c e h a s r e a c h e d m e l t i n g t e m p e r a t u r e , t h e m e l t f r o n t 
s t a r t s t o m o v e . T h e s u b s e q u e n t h e a t up p r o c e s s w i t h s i m u l t a n e o u s 
m e l t i n g w a s t r e a t e d n u m e r i c a l l y i n / 9 / . I n F i g u r e 2, t h e r a t i o o f 
t h e a c t u a l m e l t f r o n t v e l o c i t y t o t h e q u a s i - s t a t i o n a r y m e l t f r o n t 
v e l o c i t y r e s u l t i n g f r o m E q . ( 2 . 2 . 1 - 1 ) i s p l o t t e d o v e r t h e d i 
m e n s i o n l e s s t i m e x/ x m w i t h t h e m a t e r i a l p r o p e r t y e a s p a r a m e t e r . 
F o r a t y p i c a l s i 1 i c a c e o u s c o n c r e t e , t h i s p r o p e r t y y i e l d s 9 = 1 5 • 9 • 
By i n t e g r a t i o n o f t h e r e l e v a n t c u r v e i n F i g u r e 2, i t f o l l o w s 
t h a t f o r t h i s t y p e o f c o n c r e t e t h e a c c e l e r a t i o n p h a s e o f t h e m e l t 
f r o n t c a n b e s u b s t i t u t e d b y a d i s p l a c e m e n t o f t h e t i m e o r d i n a t e a s 

T = 1.26 T • (2.2.1 - 9) q.st m • 

B y e v a l u a t i n g E q u s . ( 2 . 2 . 1 - 8 , 9 ) t h e r e s u l t s g i v e n i n T a b l e 2 
a r e o b t a i n e d : 
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s IO 4 W/m2 

1 377.2 
10 119.3 

100 37.7 

Table 2: Time ordinate displacement substituting the i n i t i a l heat-up 
process 

Figure 2: Melt front acceleration phase 

T h e e r r o r d u e t o c h e m i c a l r e a c t i o n s i s n o t a s e a s i l y a s s e s s e d . 
A n a p p r o x i m a t e m a g n i t u d e o f t h e e r r o r c a n b e o b t a i n e d b y a s s umi n g 
t h a t t h e c o n c r e t e i s h e a t e d a t a c o n s t a n t t e m p e r a t u r e r a t e f r o m 
r o o m t e m p e r a t u r e t o t h e d e c o m p o s i t i o n t e m p e r a t u r e f o r e a c h d e 
c o m p o s i t i o n s t e p i n t h e t i me x . . When t h e r e s u l t i n g t e m p e r a t u r e 
r a t e i s s u b s t i t u t e d i n t o t h e k i n e t i c d e c o m p o s i t i o n m o d e l o f P o w e r s 
111, i t i s f o u n d t h a t t h e t i m e r e q u i r e d t o d e c o m p o s e 9 0 % o f t h e 
c o n c r e t e c o n s t i t u e n t s i s o f t h e o r d e r o f t h e r e q u i r e d d i s p l a c e m e n t 
o f t h e t i m e a x i s , b u t g e n e r a l l y s m a l 1 e r . 
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T h e t r a n s i e n t e f f e c t s c o u l d b e i m p o r t a n t , i f t h e m e l t t e m p e r a t u r e 
a n d t h e r e f o r e t h e t r a n s f e r r e d h e a t f l u x i s l o w , o r , i f t h e h e a t 
f l u x i s s t r o n g l y t i m e d e p e n d e n t . I n t h e h y p o t h e t i c a l c o r e m e l t d o w n 
a c c i d e n t t h e i n i t i a l t e m p e r a t u r e o f t h e m e l t w i l l b e a p p r o x i m a t e l y 
2 5 0 0 ° C , a n d t h e d u r a t i o n o f t h e i n t e r a c t i o n w i l l b e h o u r s o r d a y s 
w i t h a s l o w l y d e c r e a s i n g p o o l t e m p e r a t u r e . T h i s m e a n s t h a t t h e 
a s s u m p t i o n o f a q u a s i - s t a t i o n a r y t e m p e r a t u r e p r o f i l e m i g h t b e 
j u s t i f i e d a s l o n g a s c o n s i d e r a b l e c o n c r e t e e r r o s i o n a p p e a r s . How
e v e r , i n t h e l o w t e m p e r a t u r e r a n g e a n d a f t e r s o l i d i f i c a t i o n o f 
t h e m e l t , t h e t r a n s f e r r e d h e a t f l u x e s a r e l o w a n d t h e t r a n s i e n t 
e f f e c t s o f t h e c o n c r e t e d e c o m p o s i t i o n w i l l b e m o r e i m p o r t a n t . 

I n s i m u l a t i o n t e s t s , t h e l o w e s t i n i t i a l t e m p e r a t u r e s h a v e b e e n o n 
t h e o r d e r o f 1 7 0 0 ° C . W i t h o u t a d d i t i o n a l h e a t i n g , t h e c o o l i n g r a t e 
o f t h e m e l t i s h i g h e r , t h e s m a l l e r t h e m e l t m a s s i s . T h i s m e a n s 
t h a t t h e a s s u m p t i o n o f q u a s i - s t a t i o n a r i t y m i g h t n o t b e j u s t i f i e d 
i n s u c h t e s t s w h e r e t h e d u r a t i o n o f t h e e x p e r i m e n t - i . e . t h e 
t i m e t o s o l i d i f y t h e m e l t - i s l e s s t h a n s e v e r a l m i n u t e s . 

2 . 2 . 2 G a s F i l m M o d e l 

D u e t o t h e h e a t f l u x d e n s i t y ( Q / A ) , t h e c o n c r e t e i s d e c o m p o s e d w i t h 
a w e i g h t f r a c t i o n ^ g i n t o g a s e o u s a n d w i t h ( 1 - i n t o l i q u i d d e 
c o m p o s i t i o n p r o d u c t s . F r o m t h e q u a s i - s t a t i o n a r y h e a t t r a n s p o r t 
m o d e l a s d i s c u s s e d a b o v e , t h e m a s s f l u x d e n s i t y o f t h e r e l e a s e d 
g a s e s i s g i v e n b y 

T h e r a t i o o f t h e r e l e a s e d g a s v o l u m e t o t h e v o l u m e o f l i q u i d 
d e c o m p o s i t i o n p r o d u c t s i s i n t h e o r d e r o f 1 0 0 0 : 1. B e c a u s e o f 
t h e d o m i n a n c e o f t h e g a s e o u s p h a s e , a g a s f i l m o f t h i c k n e s s 
6 i s l i k e l y t o b e p r e s e n t b e t w e e n t h e c o r e m e l t a n d t h e c o n 
c r e t e a t l e a s t a t h i g h h e a t f l u x d e n s i t i e s . T h r o u g h t h i s g a s 
f i l m , h e a t w i l l b e t r a n s f e r e d b y c o n d u c t i o n a n d r a d i a t i o n . S o , 
t h e t o t a l h e a t f l u x d e n s i t y i s 

A' tot (2.2.2 - 1) 

( Q / A ) t o t = ( Q / A ) c o n d 
+ (Q/A) rad (2.2.2 - 2) 
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wi t h 

(Q/A) cond 
(2.2.2 - 3) 

a n d 

(Q / A>rad = £ i d C0 ^ " " V * 
(2.2.2 - 4) 

w h e r e 

id 1/e. + 1/e, - 1 l d 
(2.2.2 - 5) 

A s t h e h e a t i s t r a n s f e r e d f r o m a m o l t e n p o o l t o a g a s 1 i b e r a t i n g 
w a l l , t h e p r o c e s s c a n b e c o n s i d e r e d a s i n v e r s e f i 1 m b o i l i n g . C o n s e 
q u e n t l y , t h e d e r i v a t i o n o f t h e h e a t t r a n s f e r c o r r e l a t i o n s f o l 1 o w s 
c l o s e l y t h e i d e a s o f B e r e n s o n / 1 0 / , B r o m l e y / l l / , a n d H s u , W e s t -
w a t e r / 1 2 / w i t h a d d i t i o n a l l y t a k i n g i n t o a c c o u n t t h e h e a t t r a n s f e r 
b y r a d i a t i o n . 

J o s t u d y t h e p r i n c i p l e s o f a n i n v e r s e f i l m b o i l i n g p r o c e s s , m o d e l 
e x p e r i m e n t s wi t h d r y i c e s l a b s i n a w a t e r p o o l a r e h e l p f u 1 . A s 
s h o w n i n / 8 / , t h e c a r b o n d i o x i d e g a s f i l m w h i c h c o v e r s a h o r i z o n -
t a 1 s u b l i m a t i n g d r y i c e s1 a b g i v e s r i s e t o t h e f o r m a t i o n o f a 
s q u a r e g r i d o f b u b b l e r e l e a s e s i t e s . S i m i l a r e x p e r i m e n t s w e r e 
c a r r i e d o u t b y D h i r e t a l . / 1 3 / who a l s o p r o p o s e d t h e B e r e n s o n 
m o d e l f o r t h i s p r o c e s s . B y p a s s i n g o v e r t o s t r o n g l y i n c l i n e d o r 
v e r t i c a 1 w a l 1 s , b u b b l e s d o n o t b r e a k a w a y a n y l o n g e r a n d a 
c o n t i n u o u s 1 a m i n a r g a s 1 a y e r s t r e a m i n g u p w a r d s s e p a r a t e s t h e 
p o o l f r o m t h e s u b l i m a t i n g s u r f a c e . A f t e r r e a c h i n g a c r i t i c a l 
f i l m t h i c k n e s s , t h e f 1 ow b e c o m e s . i n c r e a s i n g l y t u r b u l e n t . T h e 
d i f f e r e n t f 1 o w r e g i m e s a s s h o w n i n F i g u r e 3 a n d a m o d e l e x -
p e r i men t s h o w i n g t h e s u b l i m a t i o n o f a d r y i c e c o r n e r u n d e r 
w a t e r h a v e b e e n g i v e n i n / 1 4 / . 

F o r t h e s a k e o f c o m p l e t e n e s s , t h e h e a t t r a n s f e r m o d e l s f r o m 
a h o t m e l t t o c o n c r e t e a s d e r i v e d i n / 8 / f o r h o r i z o n t a l s u r 
f a c e s a n d i n / 1 5 / f o r i n c 1 i n e d a n d v e r t i c a l s u r f a c e s w i l l b e 
s u m m a r i z e d h e r e . 
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© 

/ o o o o 
o o o o 
O O O 0 
o o o o 

oxide 

steel 

( 7 ) cellular structure of film 
( T ) elevating laminar gas film 

(T)(T)turbulent gas film with 
laminar sublayer 

Figure 3: Schematic representation of gas f i l m , bubble r i s e , and 
heat transfer c o e f f i c i e n t 

A t h o r i z o n t a l o r s l i g h t l y i n c l i n e d s u r f a c e s , t h e g a s e s m a k e 
up a n u n s t a b l e g a s 1 a y e r a t t h e i n t e r f a c e o f t h e d e c o m p o s i n g 
s o l i d w i t h t h e l i q u i d p o o l . T h i s u n s t a b l e g a s l a y e r b r e a k s up 
i n a r e g u l a r p a t t e r n o f b u b b l e f o r m a t i o n s i t e s , w h e r e g a s b u b b l e s 
a r e g r o w i n g a n d t h e n l e a v e t h e f i l m . D u e t o i n s t a b i 1 i t y t h e o r y 
o f s t r a t i f i e d l a y e r s ( T a y 1 o r i n s t a b i 1 i t y ) , t h e m o s t p r o b a b l e 
w a v e 1 e n g t h b e t w e e n t w o b u b b l e f o r m a t i o n s i t e s 

X = 2 TT A a (2.2.2 - 6) 

d e p e n d s o n t h e L a p l a c e c o n s t a n t 

f a )1/Z 

I n F i g u r e 4 a t i m e a v e r a g e d r o t a t i o n a l s y m m e t r i c f 1 o w e e l 1 o f 
t h e a e r e a 

A t o t = X ' (2.2.2 - 8) 
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J X L 
A 

i — r a = _/— 
/TT 

c o r e m e l t 

g a s f i l m 

Figure 4: Flow c e l l on a horizontal wall 

a r o u n d a c e n t r e o f b u b b l e f o r m a t i o n i s s h o w n . T h e q u a n t i t i e s r i 
JUL _ . . . . a n d 5 * a r e c o n n e c t e d w i t h t h e w a v e l e n g t h A b y 

r i = 4" ' 6 - 3 
(2.2.2 - 9) 

T h e m e a n f i l m t h i c k n e s s 6 i s d e t e r m i n e d f r o m t h e b a l a n c e s o f 
m a s s a n d m o m e n t u m u n d e r t h e a s s u m p t i o n t h a t t h e g a s e o u s d e c o m 
p o s i t i o n p r o d u c t s e n t e r t h e f i l m w i t h a c o n s t a n t s p e c i f i c m a s s 
f l u x m / A t o t i n z - d i r e c t i o n . T h e m a s s b a l a n c e 

i | ( r p w 6) = (£) r dr ̂  s tu A 

(2.2.2 - 10). 

i s i n t e g r a t e d i n r a d i a 1 d i r e c t i o n t o g i v e 
2 

1 -iL 1 
w = - Ö" C—) 
m 

2 V p 6 
g 

( - ? - - * ) (2.2.2 - 11) 

f o r t h e m e a n v e l o c i t y o f t h e g a s f l o w i n g i n r a d i a l d i r e c t i o n . 

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

82w 3P -
8r "• M g ^ 

(2.2.2 - 12) 
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T h e i n t e g r a t i o n o f t h i s e q u a t i o n r e s u l t s i n 

(3<J>-2) 6 2 9p 
Wm = " 1 2 — ' (2.2.2 - 13) 

g 

U p o n c o m b i n i n g E q u s . ( 2 . 2 . 2 - 1 1 , 1 3 ) a n d p e r f o r m i n g a r a d i a l i n 
t e g r a t i o n o n e g e t s 

P. - = T 3 F 2 ) r V (V • C2.2.2 - » > a 

I n t h e a b o v e e q u a t i o n , t h e p a r a m e t e r <j> c h a r a c t e r i z e s t h e 
b o u n d a r y c o n d i t i o n a t t h e g a s / l i q u i d i n t e r p h a s e . I n e q u a t i o n 
( 2 . 2 . 2 - 1 3 ) i> = 1 a p p l i e s f o r t h e l i q u i d a c t i n g a s a s o l i d w a l l 
a n d <!> = 2 a p p l i e s f o r a s l i p c o n d i t i o n . I n p r a c t i c e , t h e b o u n d a r y 
c o n d i t i o n w i l l l i e s o m e w h e r e b e t w e e n t h e s e t w o c o n d i t i o n s . 

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

p a " P0 = g 6 Pi > (2-2.2 - 15) 

, 2 a 
P £ " P 0 = g o P s

 + T 7 ' (2.2.2 - 16) 
l 

T h e c o m b i n a t i o n o f E q u s . ( 2 . 2 . 2 - 9 , 1 4 , 1 5 , 1 6 ) y i e l d s 
/-da o \ g P Ap 5 3 

(f) = 0.3724 ! ^ — S _ (2.2.2 - 17) 
tot M g 

f o r t h e s p e c i f i c m a s s f 1 u x o f t h e g a s e s r e l e a s e d f r o m t h e 
c o n c r e t e a n d e n t e r i n g t h e f 1 o w c e l l . 

I n t h e i d e a l i z e d f 1 o w c e l l , t h e h e a t t r a n s f e r b y c o n d u c t i o n 
t h r o u g h t h e g a s f i l m o f t h i c k n e s s 6 i s e f f e c t i v e o n t h e 
a r e a g i v e n b y t h e r a t i o 

A e f f / A t o t = ( 1 " ^ = ° - 8 0 4 (2-2.2 - 18) 

B y c o m b i n i n g E q u s . ( 2 . 2 . 2 - 1 , 2 , 3 , 4 a n d 1 7 , 1 8 ) , a n d b y i n t r o 
d u c i n g t h e d i m e n s i o n l e s s q u a n t i t i e s 
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S = 67L 

(Q/A) L Nu 
k g <V TdO> 

3 
P g

 AP L (2.2.2 - 19) 
Gr.= —t* 

i dO' 

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

1 _ n „ ? s f(3j>-2) Gr Pr Ste L 1 . IM o 2 2 - 20) 
? - ° - 8 2 5 1—T2 a 1 + 1.244 5 Nu 1 . U , Z ' ^ 
u, r g rad 

T h e N u s s e l t n u m b e r b a s e d o n t o t a l h e a t t r a n s f e r r a t e i s o b t a i n e d 
a s 

N u t o t = N u r a d + T ^ 4 * ( 2 ' 2 - 2 " 2 0 

tot u 

I t i s now a s s u m e d t h a t t h e w a v e l e n g t h A i s s m a l 1 c o m p a r e d t o 
t h e r a d i u s o f c u r v a t u r e w h i l e g o i n g f r o m a h o r i z o n t a 1 t o a 
s t r o n g l y i n c l i n e d c o n c r e t e s u r f a c e . 11 c o u l d b e s e e n i n m o d e l 
e x p e r i m e n t s w i t h d r y i c e s l a b s t h a t u p t o a n i n c l i n a t i o n 
a = 3 0 ° , t h e u n s t a b i e g a s f i 1 m w i t h b u b b l e s b r e a k i n g a w a y 
w a s t h e g o v e r n i n g m e c h a n i sm o f g a s r e l e a s e . S o , i n t h i s i n t e r 
m e d i a t e r e g i o n t h e h e a t t r a n s f e r i s a s s u m e d t o b e c o n s t a n t a s 
g i v e n b y E q u s . ( 2 . 2 . 2 - 2 0 , 2 1 ) . I f t h e i n c l i n a t i o n g o e s b e y o n d 
3 0 ° , a c o n t i n u o u s g a s 1 a y e r s t r e a m i n g a l o n g t h e w a l 1 i s f o r m e d . 
Now, t h e c o n d u c t i v e h e a t t r a n s p o r t a c r o s s t h e g a s f i l m i s 
e f f e c t i v e o n t h e w h o l e s u r f a c e , i . e . 

A e f f / A t o t = 1 * (2.2.2 - 22) 

W i t h t h e d e n o t a t i o n s o f F i g u r e 5, t h e m a s s b a l a n c e r e a d s 

ds" ( max ) ' (A 
d (m ) = (?) (2.2.2 - 23) 

w i t h 
m w 5 (2.2.2 - 24) 
ax g m 
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Figure 5: Laminar gas f i l m on an i n c l i n e d or v e r t i c a l wall 

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

_,2 

Tig = - g Ap sina (2.2.2 - 25) 

o r , a f t e r i n t e g r a t i o n 
w = <3£2). fi2 JL^P s i n a . (2.2.2 - 26) 
m 12 u 

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

£ > b / L (2.2.2-27) 

a n d b y u s i n g t h e d i m e n s i o n l e s s g r o u p s a s d e f i n e d i n 
E q u s . ( 2 . 2 . 2 - 1 9 ) , t h e c o m b i n a t i o n o f E q u s . ( 2 . 2 . 2 - 1 , 2 , 3 , 4 , 2 2 , 
2 3 , 2 4 ) r e s u l t s i n a d i f f e r e n t i a l e q u a t i o n f o r d e t e r m i n i n g t h e 
f i l m t h i c k n e s s <5 : 

d6 = 4 ^g 1 + N u r a d 5
 ( 2 2 f 2 - 28) 

d? (3cJ>-2) Gr Pr Ste sina g 3 ' 

a n d t h e t o t a l h e a t t r a n s f e r i s e v a l u a t e d a g a i n w i t h E q u a t i o n 
( 2 . 2 . 2 - 2 1 ) . 

T h e t h i c k n e s s o f t h e l a m i n a r g a s f i l m i n c r e a s e s u p t o a c r i t i c a l 
v a l u e w h i c h c a n b e d e t e r m i n e d f r o m t h e r e l a t i o n s f o r a s i n g l e - p h a s e 
f l u i d ( s e e i . e . S e h l i c h t i n g / 1 6 / ) . B y i n t r o d u c i n g t h e w a l l s h e a r 
v e l o c i t y 

, , s l / 2 (2.2.2 - 29) 
v = ( V p g ) > 

t h e d i m e n s i o n l e s s v e 1 o c i t y 
w

+ = w/v , (2-2.2 - 30) 
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a n d t h e d i m e n s i o n l e s s d i s t a n c e 
P v 

y+ = n _ i L _ (2.2.2 - 31) 

c a n b e d e f i n e d . Wi t h i n t h e f r a m e w o r k o f a t w o l a y e r c o n c e p t f o r a 
s i n g l e - p h a s e f l u i d f l o w , a 1 i m i t i ng v a l u e f o r t h e l a y e r t h i c k n e s s 
i s 

y 
+ = 10 . (2.2.2 - 32) 

By a s s u m i n g a 1 i n e a r v e l o c i t y p r o f i 1 e 
+ + w = y (2.2.2 - 33) 

t h e c r i t i c a l R e y n o l d s n u m b e r i s d e f i n e d a s 

Re 
U p w 5 * _ g m + + 

= W y = 1 0 0 ' (2.2.2 - 34) 

T h i s r e s u l t s i n a c r i t i c a l f i l m t h i c k n e s s g i v e n b y 

6 .„ = r ^ 1 (2.2.2 - 35) 
crxt l(3(f>-2) Gr smctJ 

A b o v e t h i s p o i n t , a t u r b u l e n t c o r e ( s u b s c r i p t c ) w i t h a 1 a m i n a r 
s u b l a y e r ( s u b s c r i p t g ) i s p r e s e n t a s i n d i c a t e d i n F i g u r e s 4 , 6 . 
T h e m a s s f 1 u x t h r o u g h t h e f i l m i s 

m = p w ( 6 - 6 ( 1 - i A ) ) (2-2.2 - 36) ax c c c 2 p ' 
g 

w i t h t h e v e l o c i t y w i n t h e t u r b u l e n t c o r e a s 
+ 2

 y g 
w c = y p — . (2.2.2 - 37) 

8 
I n s e r t i n g E q u s . ( 2 . 2 . 2 - 3 6 , 3 7 ) i n E q u . ( 2 . 2 . 2 - 2 3 ) a n d c o m b i n i n g 
t h e r e s u l t w i t h E q u s . ( 2 . 2 . 2 - 1 , 2 , 3 ) y i e l d s 

d s c _ p r K , 
• d J Y p ~ ^ ^ 0 + N u r a d S ) ( 2 - 2 ' 2 " 3 8 ) 

^ 5 P c y 2 Pr Ste 6 r a d 
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6 c 

o • n 

Figure 6: Turbulent gas f i l m on an i n c l i n e d or v e r t i c a l wall 

I n a s e c o n d s t e p , a m o m e n t u m b a l a n c e i s a p p l i e d o n a c o n t r o l 
e l e m e n t a s s h o w n i n F i g u r e 7: 

ä 6 E 

Figure 7: Forces acting on an element of the turbulent gas f i l m 

,p f w dQ - dFi -dF 2 + dF 3 = 0. (2.2.2 - 39) 
(K) 

( Q : v o l u m e f 1 u x i n t h e f i l m ; F : f o r c e s ) 
E v a l u a t i n g t h e m o m e n t u m i n t e g r a l y i e l d s 
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T h e f o r c e s a c t i n g i n d i r e c t i o n o f t h e f l o w a r e t h e w a l l f r i c t i o n 
f o r c e 

y 2 

dFi = T w ds = y + 2 - ^ i d s , (2.2.2 - 41) 
g 

t h e i n t e r p h a s e f r i c t i o n f o r c e 
dF 2 = T. ds = ^ H \ _ f j P 1 (2.2.2 - 42) i p j p 2 2 as , t z ; 

g g 0 

a n d t h e b u o y a n c y f o r c e 
dF 3 = g Ap <$c sina ds (2.2.2 - 43) 

C o m b i n a t i o n o f E q u s . ( 2 . 2 . 2 - 3 9 ,40 ,41 ,42 ,43 ) a n d u s e o f E q u a t i o n 
( 2 . 2 . 2 - 3 8 ) r e s u l t s i n 

f p , p Gr sina 

pTy + 2Pr Ste ' r a d 2 P c 7 p
c 7 _ _ _ _ _ _ 

d ? " 1 1 P e 
X 3 p 
6 c (2.2.2 - 44) 

E q u s . ( 2 . 2 . 2 - 3 8 , 4 4 ) a r e a s y s tern o f d i f f e r e n t i a l e q u a t i o n s f o r t h e 
t o t a l 1 a y e r t h i c k n e s s <$c a n d t h e l a m i n a r s u b l a y e r t h i c k n e s s 6 . 
T h i s s y s tern o f d i f f e r e n t i a 1 e q u a t i o n s a s w e l l a s t h e d i f f e r e n t i a l 
e q u a t i o n ( 2 . 2 . 2 - 2 3 ) f o r l a m i n a r f 1 o w a r e i n t e g r a t e d i n W E C H S L 
n u m e r i c a l l y b y m e a n s o f a R u n g e - K u t t a - m e t h o d . 

I n t h e t u r b u l e n t f i l m m o d e l , t h e h e a t i s a s s u m e d t o b e t r a n s f e r r e d 
b y c o n d u c t i o n t h r o u g h t h e l a m i n a r s u b l a y e r o f t h i c k n e s s , 
a n d b y r a d i a t i o n f r o m t h e l i q u i d / g a s i n t e r f a c e t o t h e c o n c r e t e 
s u r f a c e . C o n s e q u e n t l y , t h e t o t a l h e a t t r a n s f e r c a n a g a i n b e 
e v a 1 u a t e d b y E q u . ( 2 . 2 . 2 - 2 1 ) . 

2 . 2 . 3 P o o l B o u n d a r y L a y e r 

I n a l l f 1 o w r e g i m e s o f t h e g a s f i l m m o d e l , t h e t e m p e r a t u r e 
d i f f e r e n c e T • -T ,n i s d e c i s i v e f o r t h e h e a t t r a n s f e r , w h e r e 
T.j i s t h e t e m p e r a t u r e o f t h e me 11 a t t h e i n t e r p h a s e w i t h t h e 
g a s f i l m a n d T^Q i s t h e s u r f a c e t e m p e r a t u r e o f t h e d e c o m p o s i n g 
c o n c r e t e . I n t h e b o t t o m r e g i o n o f t h e p o o l , a t h i n b o u n d a r y 
l a y e r d r i v e n b y mi c r o - c o n v e c t i o n b e t w e e n b u b b l e r e l e a s e s i t e s 
i s a s s u m e d t o e x i s t . . A l o n g t h e i n c l i n e d w a l l s , a b o u n d a r y 
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l a y e r i s c r e a t e d b y d r a g f o r c e s e x e r t e d b y t h e g a s f l o w i n g 
i n t h e f i l m . B o t h t h e b o u n d a r y l a y e r s r e s u l t i n a t e m p e r a t u r e 
d r o p o f t h e p o o l t e m p e r a t u r e T m t o t h e i n t e r f a c e t e m p e r a t u r e T\ . 
B e c a u s e o f t h e e x c e l l e n t t h e r m a l c o n d u c t i v i t y a n d t h e l o w v i s 
c o s i t y o f t h e m e t a l s w h i c h a r e n o r m a l l y a t t h e b o t t o m o f t h e 
p o o l , t h i s t e m p e r a t u r e d r o p a c r o s s t h e b o u n d a r y l a y e r i s o n l y 
o n t h e o r d e r o f f e w d e g r e e s . H o w e v e r , i n t h e o x i d e r e g i o n 
( r e g i o n 4 i n F i g u r e 3 ) , t h e t e m p e r a t u r e d r o p a c r o s s t h e b o u n d a r y 
l a y e r i s q u i t e s i g n i f i c a n t b e c a u s e o f t h e l o w t h e r m a l c o n d u c t i v i t y 
a n d t h e h i g h v i s c o s i t y o f t h e o x i d e s . T h i s r e d u c e s c o n s i d e r a b l y 
t h e t o t a l h e a t t r a n s f e r f r o m t h e m o l t e n p o o l t o t h e c o n c r e t e . T o 
d e s c r i b e t h e a t t a c k o f a t w o - p h a s e m e l t o n t h e c o n c r e t e p r o p e r l y , 
a b o u n d a r y l a y e r a n a l y s i s e s p e c i a l l y f o r i n c l i n e d a n d v e r t i c a l 
w a l l s i n t h e o x i d e r e g i o n i s i m p o r t a n t . T h e r e s u l t s o f t h i s a n p r o a c h 
c a n a l s o b e a p p l i e d a s a n f i r s t - o r d e r a p p r o x i m a t i o n o n t h e b o t t o m 
r e g i o n w h e r e t h e m e t a l l i c m e l t i n t e r a c t s . 

I n r e f e r e n c e / 1 7 / , t h e c o m p l e t e a n a l y s i s o f t h e b o u n d a r y l a y e r 
f o r m a t i o n a t a l a m i n a r g a s f i l m / l i q u i d i n t e r f a c e i s g i v e n . 
B o u n d a r y l a y e r c a l c u l a t i o n s w e r e c a r r i e d o u t f o r v e r t i c a l p l a t e s 
o f s u b l i m a t i n g d r y i c e i n w a t e r a n d w a t e r - g l y c e r i n e m i x t u r e s a s 
w e l l a s f o r c o n c r e t e s l a b s b e i n g a t t a c k e d b y m e t a l l i c o r o x i d i c 
m e l t s . 

I n a l l o f t h e s e c o m p u t a t i o n s , t h e c o e f f i c i e n t 4> i n E q u . ( 2 . 2 . 2 - 2 8 ) 
d e t e r m i n i n g t h e c o u p l i n g o f t h e g a s f i l m w i t h t h e l i q u i d w a s 
f o u n d t o b e n e a r u n i t y . C o n s e q u e n t l y , t h e u s e o f 

i n E q u s . ( 2 . 2 . 2 - 2 0 , 2 8 ) i s v e r y n e a r c o r r e c t f o r o b t a i n i n g h e a t 
t r a n s f e r r e s u l t s . 

F o l l o w i n g a p r o p o s a l o f L o c k / 1 8 / , t h e r a t i o o f t h e h y d r o d y n a m i c a 1 
b o u n d a r y l a y e r t h i c k n e s s b e t w e e n t w o f l u i d s i s 

4» = l (2.2.3 - 0 ' 

2/3 1/3 

"5" 
hi 
h2 

= 0.844 A ) (2.2.3 - 2) 
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w h e n f l u i d 2 i s a t r e s t . I n t h e g a s f i l m , t h e t h e r m a l b o u n d a r y 
l a y e r t h i c k n e s s e q u a l s t h e f i l m t h i c k n e s s , a n d t h e h y d r o d y n a m i c 
b o u n d a r y l a y e r t h i c k n e s s c a n b e s e t a s t h e t h i c k n e s s o f t h e l a y e r 
w h e r e t h e v e l o c i t y d r o p s f r o m t h e m a x i m u m t o t h e i n t e r f a c e v a l u e . 
T h i s i s 

K 1 
_££ = I (2.2.3 - 3) 6, 2 tg 

f o r * = 1 . On t h e o t h e r h a n d , t h e r a t i o o f t h e h y d r o d y n a m i c a l a n d 
t h e t h e r m a 1 b o u n d a r y 1 a y e r t h i c k n e s s i n t h e l i q u i d i s a p p r o x i m a t e d 
b y 

^ ^ P r / / 2 (2.2.3 - 4) 

( s e e i . e . S c h l i c h t i n g / 1 6 / ) . 

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

* 2/3 1/3 

y = 1.236 Pr ~ 1 / 2 Ä (% . (2.2.3-5) 
6tg 1 V p£ 

T h e c o m p a r i s o n o f t h i s e q u a t i o n w i t h t h e r e s u l t s o f t h e b o u n d a r y 
1 a y e r t h e o r y i s s h o w n i n F i g u r e 8. 
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T h e b o u n d a r y 1 a y e r a n a l y s i s w a s c a r r i e d o u t f o r 1 a m i n a r f i l m 
f 1 o w . H o w e v e r , i n t h e m o d e l e x p e r i m e n t s w i t h d r y i c e s l a b s o f 
a l e n g t h o f 25 cm a n d s u b l i m a t i n g i n w a t e r a n d w a t e r / g l y c e r i n e 
mi x t u r e s , t r a n s i t i o n t o t u r b u l e n t g a s f i l m f 1 o w o c c u r e d . A s 
s h o w n i n /17/., a g o o d r e p r e s e n t a t i o n o f t h e h e a t t r a n s f e r r e 
s u l t s o f t h e s e m o d e l e x p e r i m e n t s c o u l d b e f o u n d w h e n c a l c u l a t i n g 
t h e i n t e r f a c e t e m p e r a t u r e 

6 u K 
T + ( ) _E< T 
" (6\ ; k„ TdO k 

tg % 

(2.2.3 - 6) 

f r o m t h e 1 a m i n a r a n a l y s i s ( E q u . 2 . 2 . 3 - 5 ) , a p p l y i n g t h i s r e s u l t 
a l s o o n t h e t u r b u l e n t g a s f i l m r e g i o n a n d s e t t i n g t h e f r i c t i o n 
c o e f f i c i e n t f j p i n t h e t u r b u l e n t f i l m z o n e a s f u n c t i o n o f t h e 
v i s c o s i t y r a t i o ( y £ / y ) d e t e r m i n e d a t t h e i n t e r f a c e t e m p e r a t u r e T 

"TP 3.414 IO"4 (y £/y ) ; (2.2.3 - 7) 

F i g u r e 9 g i v e s t h i s c o m p a r i s o n 

Figure 9: Comparison of experimental and calculated heat transfer r e s u l t s 
of v e r t i c a l dry i c e slabs sublimating i n l i q u i d pools 
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2 . 2 . 4 D i s c r e t e B u b b l e M o d e l 

D u r i n g t h e c o u r s e o f t h e i n t e r a c t i o n o f a c o r e m e l t w i t h c o n c r e t e 
t h e p o o l t e m p e r a t u r e o f t h e m e l t d r o p s d o w n c o n t i n u o u s l y . M o r e 
o v e r , a c o n c r e t e w i t h a l o w w e i g h t f r a c t i o n o f g a s e o u s d e c o m p o s i t i o n , 
p r o d u c t s c a n b e a t t a c k e d b y t h e m e l t . S o , t h e m a s s f l u x d e n s i t y 
o f t h e r e l e a s e d g a s e s a s d e f i n e d i n E q u . ( 2 . 2 . 2 - 1 ) c o u l d d r o p 
d o w n t o a v a l u e w h e r e a s t a b l e g a s f i 1 m c a n n o l o n g e r e x i s t . 
By d e f i n i n g a R e y n o l d s n u m b e r b a s e d o n t h e m a s s f l u x 

R e = i E Z A _ _ _ £ (2.2.4-1) 
g 

a n d f o l 1 o w i n g a g a i n t h e a p p r o a c h o f B e r e n s o n / 1 0 / f o r f i l m 
b o i l i n g o n h o r i z o n t a l s u r f a c e s , t h e m i n i m u m R e y n o l d s - n u m b e r 
i s 

Re 
m . n = 0.045 (Gr ^) (2.2.4-2) 

w h e n a s s u m i n g t h e f o r m a t i o n o f o n e b u b b l e p e r o s c i 1 1 a t i o n 
i n t h e a r e a A 2 . 

A f t e r t h e R e y n o l d s n u m b e r h a s d r o p p e d b e i o w t h e mi n i mum 
v a l u e , t h e m e l t w i l l g e t i n t o d i r e c t c o n t a c t w i t h t h e 
c o n c r e t e s u r f a c e a n d t h e h e a t w i l l b e t r a n s f e r e d t h r o u g h 
a b o u n d a r y 1 a y e r o n t h e m e l t / c o n c r e t e i n t e r f a c e d r i v e n 
b y mi c r o c o n v e c t i o n b e t w e e n t h e g a s b u b b l e f o r m a t i o n s i t e s , 
S u c h a d i s c r e t e b u b b l e m o d e l w a s d e r i v e d b y R e i n e k e e t 
a 1. / 1 9 / f o r h o r i z o n t a l s u r f a c e s a n d w a s e x t e n d e d i n t h e 
m e a n t i m e f o r i n c l i n e d a n d v e r t i c a l w a l 1 s / 2 0 / . 

I n t e r m s o f t h e d i m e n s i o n 1 e s s q u a n t i t i e s b a s e d o n t h e 
p r o p e r t i e s o f t h e m e l t 

n„ = (Q/A) a 

p y £ cp£ 
P r * = T T 

(Pr Ste) g = j TT^t T 
1 Kl KLl dO; 

(2.2.4 - 3) 
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t h e h e a t t r a n s f e r i s d e t e r m i n e d b y 

Nu 
wa t e r 
g 

(2.2.4 - 4) 

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

C(a) = 1.65 + 7.47a - 8.77a2 + 3.65a3 . (2.2.4 - 5) 

A s a n o p t i o n , t h e h e a t t r a n s f e r f r o m t h e m e l t t o t h e c o n c r e t e c a n 
b e c a l c u l a t e d i n t h e W E C H S L c o d e o n l y w i t h t h e d i s c r e t e b u b b l e 
m o d e l f o r t h e w h o l e p e r i o d o f i n t e r a c t i o n . 

2 . 3 . 1 B u b b l e S i z e a n d R i s e V e l o c i t y 

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

I t h a s b e e n a s s u m e d i n t h e g a s f i l m m o d e l t h a t b u b b l e s o f u n i f o r m 
s i z e a n d s p a c i n g a r e f o r m e d . T h i s i s w e l l c o n f i r m e d b y e x p e r i m e n t s 
w i t h s i m p l e m a t e r i a l s s u c h a s w a t e r o v e r d r y i c e . H o w e v e r , a l s o 
i n e x p e r i m e n t s w i t h w a t e r o v e r i n h o m o g e n e o u s m a t e r i a l s , i . e . 
f r o z e n x y 1 e n e a n d c a r b o n d i o x i d e s n o w s i m u l a t i n g t h e l i q u i d 
a n d g a s e o u s d e c o m p o s i t i o n p r o d u c t s o f t h e c o n c r e t e / 8 / , i t 
c o u l d b e s e e n t h a t t h e g a s b u b b l e s h a v e a s i m i l a r a v e r a g e d i 
a m e t e r a s i n t h e e x p e r i m e n t s w i t h p u r e m a t e r i a l s . 

T h e m e a n e q u i v a l e n t s p h e r e r a d i u s o f t h e b u b b l e s d e t a t c h i ng 
f r o m t h e g a s f i l m h a s b e e n e s t i m a t e d i n E q u n . ( 2 . 2 . 2 - 9 ) t o b e 

2.3 P o o l B e h a v i o r 

r eq = f = 2.74 a . 
4 

(2.3.1 - 1) 
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T h e b u b b l e r a d i u s a s e s t i m a t e d i n t h e d i s c r e t e b u b b l e m o d e l i s 
o f t h e s a m e o r d e r o f m a g n i t u d e . 

F o r t h e b u b b l e r i s e b e h a v i o r , t h e b u b b l e R e y n o l d s n u m b e r 

• Po r Uu 
R e „ = 1 eq b (2.3.1 - 2) 

i s i m p o r t a n t . F o r s m a 1 1 R e y n o l d s - N u m b e r s , i . e . f o r s m a l 1 b u b b l e 
d i m e n s i o n s o r f o r a h i g h k i n e m a t i c v i s c o s i t y o f t h e f l u i d , t h e 
b u o y a n c y f o r c e s a r e b a l a n c e d b y t h e f r i c t i o n - f o r c e s : 

4 TT o P U, 2 

— r
e a * AP = S TT r 2 (2.3.1 - 3) 

J e4 eq 2 

w h e r e x, i s t h e f r i c t i o n c o e f f i c i e n t , o r f r o m a b o v e e q u a t i o n , 
t h e b u b b l e v e 1 o c i t y c a n b e w r i t t e n a s 

8 g Ap r i / 2 

F o r v e r y s m a 1 1 b u b b l e s , - w h i c h a r e n o t o f i n t e r e s t h e r e - t h e 
f r i c t i o n c o e f f i c i e n t f o r a r i g i d s p h e r e i s a p p l i c a b l e ( S t o k e s f 1 o w 
a n d t r a n s i t i o n r e g i o n ) . F o r h i g h e r R e y n o l d s n u m b e r s , t h e f r i c t i o n 
c o e f f i c i e n t i s , a s p r o p o s e d b y L e v i c h / 2 1 / , d o u b l e a s h i g h a s f o r 
S t o k e s f 1 o w a r o u n d a r i g i d s p h e r e : 

24 
C = (2.3.1 - 5) 

a n d t h e b u b b l e r i s e v e l o c i t y i s o b t a i n e d a s 
- 1 „ M r

 2 V' 1 

U b l " 9 S p £ eq • (2.3.1-6) 

I n 1 ow v i s c o u s f l u i d s , t h e r i s e v e l o c i t y i n c r e a s e s up t o a m a x i 
mum v a l u e . B e y o n d t h i s v a l u e , t h e r i s e b e h a v i o r i s c h a n g e d 
c o m p l e t e l y . 

T h e s p h e r i c a l c a p b u b b l e s s t a r t t o o s c i l l a t e a n d r i s e a l o n g z i g - z a ? 
o r h e l i c a l l i n e s . Wi t h i n c r e a s i n g b u b b l e r a d i u s , t h e r i s e v e l o c i t y 
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d e c r e a s e s t o r e a c h a m i n i m u m v a l u e . T h e n , t h e r i s e v e l o c i t y i n 
c r e a s e s a g a i n . M e n d e l s o n / 2 2 / f o r m u l a t e d t h i s c o m p l i c a t e d b e h a v i o r 
i n a s i n g l e e q u a t i o n b y b a l a n c i n g b a s i c a l l y t h e i n e r t i a f o r c e s 
w i t h t h e g r a v i t y a n d c a p i 1 1 a r y f o r c e s . B y i n t r o d u c i ng t h e d i m e n 
s i o n l e s s g r o u p s 

g P 
Eö I r e q 

We = eq 

(2.3.1 - 7) 

t h e r e s u l t i s 

We = Eö + 1 , 
(2.3.1 ~ 8) 

o r , f o r t h e b u b b l e r i s e v e l o c i t y 
1/2 

= frr T + — ) 
b2 

g r eq p» r 1 eq 
(2.3.1 - 9) 

F o r l a r g e b u b b l e s , t h e c a p i 1 1 a r y f o r c e s c a n b e n e g l e c t e d a n d 
t h e r i s e v e l o c i t y a p p r o a c h e s 

'b2 (g r e q ) 
1/2 (2.3. 10) 

I n h i g h v i s c o u s f l u i d s , t h e b u b b l e s r i s e s t r a i g h t w i t h o u t 
o s c i l l a t i o n s . H e r e , t h e r i s e v e l o c i t y g r o w s c o n t i n u o u s l y w i t h 
i n c r e a s i n g b u b b l e r a d i u s a n d f i n a l l y a p p r o a c h e s E q u a t i o n 
( 2 . 3 . 1 - 1 0 ) . 

T h e e f f e c t i v e b u b b l e r i s e v e l o c i t y i s d e t e r m i n e d b y 

u b = m i n ( u b l , u b 2 ) . (2.3.1 - 11) 

S o m e d a t a f r o m t h e e x p e r i m e n t a 1 w o r k o f H a b e r m a n n a n d M o r t o n / 2 3 / 
i s s h o w n i n F i g u r e 1 0 , a l o n g w i t h t h e v a l u e s c o m p u t e d b y E q u a t i o n 
( 2 . 3 . 1 - 1 1 ) . 
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10' 4 6 810" t, 6 810' 

Figure 10: Rise v e l o c i t y for a i r bubbles r i s i n g i n a tank of stagnant 
l i q u i d /23/ 

T h e m a x i m u m p o s s i b l e e q u i v a l e n t b u b b l e r a d i u s i s g i v e n b y 
L e v i c h 7 2 1 / t o b e 

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

2 . 3 . 2 V o i d F r a c t i o n 

I n t h e f o r e g o i n g s e c t i o n , t h e r i s e b e h a v i o r o f a s i n g l e b u b b l e 
i n a s t a g n a n t l i q u i d w a s d i s c u s s e d . H o w e v e r , w h e n l a r g e n u m b e r s 
o f b u b b l e s r i s e , t h e r i s e v e l o c i t y i s r e d u c e d t o u b s . L e C l a i r 
a n d H a m i e l e c / 2 4 / g a v e a p l o t o f t h e q u o t i e n t o v e r t h e 
v o i d f r a c t i o n e o f t h e l i q u i d w i t h t h e s i n g l e b u b b l e R e y n o l d s 
n u m b e r Re, a s p a r a m e t e r . T h e i r f i g u r e c a n b e c l o s e l y a p p r o x i m a t e d 

1/3 
r (2.3.1 - 12) eq max 

b y 
u. 'bs (2.3.2 - 1) = (1-e) n u. b 
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wi t h 
Re,. < 50: n = -1.14 log(Re,) + 4.11 

b = b (2.3.2 - 2) 
Re b > 50: n = -0.52 log(Re b) +3.05 

T h e a b o v e r a t i o i s l i m i t e d t o ( % _ / % ^mi n = ° ' 2 , 

B y i n t r o d u c i n g t h e a r t i f i c i a l g a s v e l o c i t y a s 

v = i H ^ - (2.3.2 - 3) 

t h e v o i d f r a c t i o n , a r t i f i c i a l g a s v e l o c i t y a n d t h e r i s e v e l o c i t y 
o f a b u b b l e s w a r m a r e c o r r e l a t e d a c c o r d i n g t o N i c k l i n / 2 5 / 
b y 

T = ubs + V g • (2.3.2 - 4) 

B y i n s e r t i n g E q u . ( 2 . 3 . 2 . - 1 ) , t h e v o i d f r a c t i o n c a n b e e v a l u a t e d 
f r o m 

e = 
(v + ( l - e ) n O < 2- 3- 2 " 5 ) 

g b 

I n W E C H S L , t h e v o i d f r a c t i o n i s a r b i t r a r i l y l i m i t e d t o 
e = 0 . 5 5 . 
E m a x 
2 . 3 , 3 P h a s e S e g r e g a t i o n 

I t h a s b e e n e x p e r i m e n t a l l y o b s e r v e d / 4 , 5 / , t h a t a m e l t c o n 
t a i n i n g m e t a l a n d o x i d e p h a s e s u n d e r g o e s a r a p i d , d e n s i t y 
d r i v e n p h a s e s e g r e g a t i o n , a n d t h a t t h i s s e g r e g a t i o n i s m a i n 
t a i n e d e v e n t h r o u g h o u t t h e p e r i o d o f t h e m o s t v i g o r o u s g a s f l o w . 
T h i s b e h a v i o r i s m o d e l l e d i n t h e W E C H S L c o d e . I t i s a s s u m e d t h a t 
t w o d i s t i n c t l a y e r s a r e p r e s e n t : a n u p p e r o x i d e l a y e r a n d a l o w e r 
m e t a l l a y e r . I n a c o r e m e l t , t h e o x i d e i s i n i t i a l l y c o m p o s e d 
o f a m i x t u r e o f Z r O ^ a n d UO2, w h i c h h a s , a c c o r d i n g t o O n d r a c e k 
/ 2 6 / , a l o w e r d e n s i t y t h a n t h e m e t a l l i c p h a s e . T h i s i s t h e 
m a x i m u m p o s s i b l e d e n s i t y f o r t h e o x i d e . T h e a c c r e t i o n o f m o l t e n 
c o n c r e t e c o n s t i t u e n t s i n t h e o x i d e l a y e r c a u s e s t h e d e n s i t y t o 
b e c o m e s i g n i f i c a n t l y l o w e r . 
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2. 3 . 4 H e a t T r a n s f e r b e t w e e n t h e M o l t e n L a y e r s 

W e h r l e 111 I h a s s t u d i e d t h e h e a t t r a n s f e r b e t w e e n l i q u i d l a y e r s 
i n t h e p r e s e n c e o f g a s p e r c o l a t i o n u s i n g s i m u l a n t m a t e r i a l s . 
F o r l i q u i d l a y e r s w i t h o u t g a s p e r c o l a t i o n , h e a t i s t r a n s f e r e d 
b y n a t u r a l c o n v e c t i o n . H a b e r s t r o h a n d R e i n d e r s / 2 8 / p e r f o r m e d 
a n a n a l y s i s o f t h i s c a s e b a s e d o n t h e h e a t t r a n s p o r t t h r o u g h 
a s i n g l e l a y e r h e a t e d f r o m b e l o w a n d o b t a i n e d 

Nu = 0.0535 {Gr P r } 1 / 3 Pr 1 1 (2.3.4 - 1) 

B y a s s u m i n g a n o d d s y m m e t r i c t e m p e r a t u r e p r o f i l e i n e a c h l a y e r , 
t h e h e a t f l u x t r a n s f e r e d f r o m t h e m e t a l ( i n d e x m) t o t h e o x i d e 
( i n d e x o ) l a y e r o r v i c e v e r s a i s 

2 
i,0 \ 3/4 

h k m m 

1 
h * k 

3/4 

4/3 

|(T m - T }|*/3 (2.3.4 - 2) 

w h e r e T m a n d T Q a r e t h e d i f f e r e n t b u l k t e m p e r a t u r e s a n d 

h * = 0.0535 2 h n 

m, o 
8 K 1/3 
V 2 m, o 

Pr °' 1 , 1 7 k m,o m,o 
(2.3.4 - 3) 

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

h = h * |{T - T.} m,o m,o ' m,o l 
1/3 (2.3.4 - 4) 

T h e i n t e r f a c e t e m p e r a t u r e i s d e t e r m i n e d b y 
r i v / h 

T. = T + 
l m 

m m 
1 1 3/4 ' 1 ] 1 1 

+ ' 1 ] 

h + k 
+ 

h + k \ o o> h + k \ o o> 

(T - T ) 
3/4 o m (2.3.4 - 5) 

W e h r l e e v a l u a t e d h i s m o d e l e x p e r i m e n t s u s i n g s i l i c o n e o i l / w a t e r 
a n d s i l i c o n e o i l / w o o d m e t a l s y s t e m s b y d e t e r m i n i n g t h e f a c t o r 

Y = (Q/A) i/(Q/A) i j 0
 ( 2 - 3 ' 4 " 6 ) 

d e s c r i b i n g t h e e n h a n c e m e n t o f t h e h a a t t r a n s f e r b y t h e g a s p e r 
c o l a t i o n i n c o m p a r i s o n w i t h p u r e t h e r m a l c o n v e c t i o n . A r e a s o n a b l e 
f i t o f h i s d a t a i s 
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Y = 1 + 608 (-&) Ar" 0 ' 1 1 3 

b (2.3.4 - 7) 

w i t h t h e A r c h i m e d e s n u m b e r 

Ar = 
p - p m o (2.3.4 - 8) 

500-1 

240 

100-

50' 

v silicone oil - water 
o silicone oil-wood metal 

v 

v 

0.5 0.6 
*- V„ , cm /s 

Figure 11: Enhancement of the heat transfer between l i q u i d layers 
percolated by gas bubbles 

I n F i g u r e 1 1 , a c o m p a r i s o n o f t h e e x p e r i m e n t a l d a t a w i t h 
E q u . ( 2 . 3 . 4 - 7 ) i s g i v e n . T h e a b o v e e q u a t i o n h o l d s a s l o n g a s 
a d i s t i n c t i n t e r f a c e b e t w e e n t h e l i q u i d l a y e r e x i s t s a n d 
e m u l s i f y i n g e f f e c t s a r e n o t d e c i s i v e . T h e f o r m a t i o n o f e m u l s i o n s , 
h o w e v e r , w a s o n l y o b s e r v e d w h e n t h e d e n s i t y o f t h e l i q u i d l a y e r s 
w a s n e a r l y e q u a l . I n F i g u r e 1 1 , t h e o n s e t o f e m u l s i o n f o r m a t i o n 
i s marked b y a f u r t h e r i n c r e a s e o f t h e h e a t t r a n s f e r i n t h e o i l / w a t e r s y s t e m . In 
t h e o i l / w o o d m e t a l s y s t e m , s u c h a b e h a v i o r c o u l d n o t be o b s e r v e d 
u p t o t h e m a x i mum s u p e r f i c i a l g a s v e l o c i t y . H o w e v e r , i n a c o r e 
m e l t d o w n a c c i d e n t h i g h e r s u p e r f i c i a l g a s v e l o c i t i e s may o c c u r . 
On t h e o t h e r h a n d , t h e h e a t e x c h a n g e b e t w e e n t h e m o l t e n l a y e r s 
i s r a t h e r i n t e n s e e v e n w i t h o u t c o n s i d e r a t i o n o f t h e e m u l s i f y i n g 
e f f e c t s s o t h a t t h e t e m p e r a t u r e d i f f e r e n c e s b e t w e e n t h e l a y e r s a r e 
g e n e r a l l y s m a l l . A f u r t h e r i m p r o v e m e n t o f t h e m o d e l l i n g w o u l d r e s u l t 
o n l y i n a m i n o r e f f e c t . 
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2 . 3 . 5 H e a t R a d i a t i o n f r o m t h e T o p o f t h e M e l t 

T h e g a s b u b b l e s r i s e t h r o u g h t h e o x i d e l a y e r a n d b r e a k t h r o u g h 
t h e s u r f a c e . B y t h i s m e c h a n i s m , h e a t e d l i q u i d i s " p u m p e d " t o 
t h e f r e e s u r f a c e a n d a t h e r m a l b o u n d a r y l a y e r i s f o r m e d . 
T h e h e a t t r a n s f e r i s r e p r e s e n t e d b y a n e x p r e s s i o n s i m i l a r t o t h e 
m i c r o c o n v e c t i v e h e a t t r a n s p o r t i n d u c e d b y a d i s c r e t e b u b b l e 
d e t a c h i n g f r o m a g a s e m i t t i n g w a l l / 1 9 / 

N u o , s = ° - 6 6 R e b 1 / 2 V - ' 2 (2.3.5 - 1) 

w i t h 
N u = h°>f ""eq (2.3.5 - 2) o, s k 

o 
a n d t h e b u b b l e R e y n o l d s - n u m b e r a s d e f i n e d i n E q u . ~ Z) 
T h e r e s u l t i n g h e a t f l u x 

(Q/A) = h (T - T ) (2.3.5 - 3) o, s o , s v o o,s v^ - . j . - j 

i s e q u a t e d t o t h e h e a t r a d i a t i o n f r o m t h e 
s u r f a c e t o t h e s u r r o u n d i n g 

(Q/A) , = e n (T * - T **) (2.3.5 - 4) H rad,s s°° 0 v o,s °° ' y^.o.-> 

w i t h , 
e = _ _ _ . (2.3.5 - 5) 
s°° 1 + J j v 

e e o, s °° 

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

2 . 3 . 6 O x i d a t i o n R e a c t i o n s 

I t h a s b e e n o b s e r v e d t h a t a l a r g e ' f r a c t i o n o f t h e s t e a m a n d c a r b o n 
d i o x i d e b u b b l i n g t h r o u g h a m e t a l l i c m e l t i s r e d u c e d a c c o r d i n g t o 
t h e r e a c t i o n s 

Zr + 2 H 20 -> Zr0 2 + 2 H 2 , (2.3.6 - 1) 

Zr + 2 C0 2 + Zr0 2 + 2 CO , (2.3.6-2) 

(2.3.6 - 3) 
2 Cr + 3 H 20 -> C r 2 0 3 + 3 H 2 (

 K 

2 Cr + 3 C0 2 -y C r 2 0 3 + 3 CO , ( 2 ' 3 , 6 " 4 ) 
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Fe + H 20 

Fe + C0 2 FeO' + CO . 

FeO + H 2 , (2.3.6-5) 

(2.3.6 - 6) 

O t h e r r e a c t i o n s a r e a l s o t h e o r e t i c a l l y p o s s i b l e , b u t i t c a n b e 
f o u n d i n t h e l i t e r a t u r e t h a t t h e e q u i 1 i b r i u r n • c o n s t a n t s f o r r e 
a c t i o n s y i e l d i n g F e 2 0 3 , F e 3 0 4 a n d N i O a r e s u c h t h a t o n l y a v e r y 
s m a l l f r a c t i o n o f t h e g a s e s c a n b e r e d u c e d i n t h e s e r e a c t i o n s . 

C a l c u l a t i o n s b a s e d o n a d i f f u s i o n m o d e l / 4 0 / s h o w t h a t t h e a b o v e 
r e a c t i o n s p r o c e e d r a p i d l y t o e q u i l i b r i u m . T h e e q u i l i b r i u m c o n s t a n t s 
f o r t h e r e a c t i o n s ( 2 . 3 . 6 - 1 ) t h r o u g h ( 2 . 3 . 6 - 4 ) l i e v e r y n e a r t o 
c o m p l e t e r e d u c t i o n o f H 2 0 a n d C 0 2 > R e a c t i o n s ( 2 . 3 . 6 - 5 , 6 ) , h o w e v e r , 
w i l l n o t c o m p l e t e l y r e d u c e t h e g a s e s . T h e e q u i l i b r i u m c o n s t a n t s f o r 
t h e s e r e a c t i o n s a r e a p p r o x i m a t e d b y 

logio K 5 = 0.04 + (2.3.6 - 7) 

a n d 

i „ - , 7S - 8 5 4 ' 3 (2.3.6 - 8) 

w i t h t h e a b s o l u t e t e m p e r a t u r e T i n K e l v i n . 
R e a c t i o n ( 2 . 3 . 6 - 1 ) t h r o u g h ( 2 . 3 . 6 - 4 ) a r e s t r o n g l y e x o t h e r m i c . 
R e a c t i o n ( 2 . 3 . 6 - 5 ) c a n b e e i t h e r e n d o t h e r m i c o r e x o t h e r m i c , d e p e n 
d i n g o n t e m p e r a t u r e , a n d i n a n y c a s e i s q u i t e s m a l l . R e a c t i o n 
( 2 . 3 . 6 - 6 ) i s w e a k l y e n d o t h e r m i c . 

T h e r e a c t i o n s a r e a s s u m e d t o p r o c e e d i n t h e o r d e r Z r : C r : F e ; s o 
t h a t F e i s o x i d i z e d o n l y w h e n a l l a v a i l a b l e Z r a n d C r h a s b e e n 
b u r n t o u t . 

I t i s a s s u m e d t h a t e a c h b u b b l e c o n t a i n s a s i n g l e g a s c o n s t i t u e n t ; 
t h e r e f o r e , t h e w a t e r - g a s r e a c t i o n s d o e s n o t c o m p e t e w i t h t h e g a s -
m e t a l r e a c t i o n s w i t h i n t h e m e l t . T h e r a t i o n a l e f o r t h i s a s s u m p t i o n 
i s t h a t e a c h b u b b l e i s p r o b a b l y g e n e r a t e d f r o m a r e l a t i v e l y s m a l l 
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a r e a o f . c o n c r e t e . S o m e b u b b l e s a r e e x p e c t e d t o c o n t a i n m o s t l y CO 
f r o m d e c o m p o s i t i o n o f a l u m p o f l i m e s t o n e ; o t h e r b u b b l e s w i l l 
c o n t a i n m o s t l y H 2 0 , f r o m d e c o m p o s i t i o n o f t h e c e m e n t m a t r i x . 
H o w e v e r , a b o v e t h e m e l t t h e g a s e s w i l l b e w e l l m i x e d , a n d 
t h e h o m o g e n e o u s w a t e r g a s r e a c t i o n c a n b e e x p e c t e d : 

H 20 + CO ^ H 2 + C0 2 . (2.3.6-9) 

A n a d d i t i o n a l r e a c t i o n c o n s i d e r e d i n t h e W E C H S L c o d e i s t h e 
t h e r m i t e r e a c t i o n 

Zr + 2 FeO ZrO + 2 Fe . (2.3.6-10) 

T h i s r e a c t i o n i s s t r o n g l y e x o t h e r m i c a n d e x t r e m e l y r a p i d . I n 
c o m b i n a t i o n w i t h t h e r e a c t i o n s ( 2 . 3 . 6 - 1 . 2 ) t h e r e s u l t i s t h a t 
a n y m e t a l l i c z i r c o n i u m w i l l b e d e p l e t e d w i t h i n a s h o r t p e r i o d 
o f t i m e . 

2 . 3 . 7 M a t e r i a l P r o p e r t i e s 

P o w e r s a n d F r a z i e r h a v e d e s c r i b e d i n / 2 9 / t h e V I S R H O s u b r o u t i n e , 
a m e t h o d f o r a c c u r a t e c o m p u t a t i o n o f d e n s i t i e s a n d v i s c o s i t i e s 
o f m a g m a t i c m e l t s c o n t a i n i n g s i l i c a t e s . T h i s m e t h o d i s a p p l i e d i n 
W E C H SL o n t h e c o n s t i t u e n t s o f a c o r e m e l t i n a c o r e m e l t a c c i d e n t 
r e s p e c t i v e l y a t h e r m i t e m e l t i n a s i m u l a t i o n t e s t . T h e f o r m a t i o n 
o f C a A l 2 0 4 i s t a k e n i n t o a c c o u n t i f C a O a n d A 1 2 0 3 a r e c o m p o n e n t s 
o f t h e m e l t . 

T h e d e n s i t y o f e a c h p h a s e i s c o m p u t e d f r o m t h e m o l e f r a c t i o n , 
t h e m o l e c u l a r w e i g h t M., t h e p a r t i a l m o l a r v o l u m e V M . , t h e 
t h e r m a l c o e f f i c i e n t o f v o l u m e t r i c e x p a n s i o n 3., a n d t h e b u l k 
t e m p e r a t u r e T b y 

n 
I X- M. 

l l 
1 

p = _ r . . — (2.3.7 - 1) 
I Xi V M i (1 + P . (T-1613)) 

i= 1 
I n V I S R H O t h e d y n a m i c v i s c o s i t y o f a m a g m a t i c m e l t i n P o i s e i s 
o b t a i n e d f r o m 

n 
y = exp-f I Y.D.I 

A l i J (2.3.7 - 2) 
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w h e r e t h e c o e f f i c i e n t s D. a r e g i v e n i n / ; 2 9 / i n t a b l e s f o r d i f f e r e n t 
r a n g e s o f s i l i c a c o n t e n t s b e t w e e n 3 5 M o l % a n d 8 5 M o l % a n d f o r 
t e m p e r a t u r e s r a n g i n g b e t w e e n 1 2 0 0 ° C a n d 1 8 0 0 ° C . F r o m t h e s e t a b l e s , 
A r r h e n i u s c o e f f i c i e n t s A i , B i a r e e v a l u a t e d a n d u s e d i n W E C H S L 
d e s c r i b i n g t h e t e m p e r a t u r e d e p e n d e n c e o f t h e c o e f f i c i e n t s b y 

F o r t h e c o n s t i t u e n t s U 0 2 a n d Z r 0 2 no d a t a i s a v a i l a b l e i n / 2 9 / . 
F o r t h e s e s u b s t a n c e s , t h e c o e f f i c i e n t s f o r T i 0 2 a r e u s e d . T h e 
A r r h e n i u s c o e f f i c i e n t s a r e e x t r a p o l a t e d f o r l o w s i l i c a f r a c t i o n s 
t o g i v e r e a s o n a b l e r e s u l t s f o r p u r e C o r i u m r e s p e c t i v e l y p u r e 
A l 2 0 3 a n d f o r . h i g h s i l i c a f r a c t i o n s t o r e p r o d u c e t h e v i s c o s i t y 
d a t a o f p u r e s i 1 i c a t e . 

T h e m e t h o d o r i g i n a l l y d e s c r i b e d i n / 2 9 / u s e d c o e f f i c i e n t s w h i c h 
w e r e c o n s i d e r e d t o b e c o n s t a n t w i t h i n a r a n g e o f s i l i c a c o n t e n t s . 
H o w e v e r , i t h a s b e e n f o u n d t h a t t h e j u m p s i n v i s c o s i t y i n p a s s i n g 
f r o m o n e s i l i c a r a n g e t o t h e n e x t c a n c a u s e s e v e r e n u m e r i c a l 
d i s t u r b a n c e s u n d e r s o m e c i r c u m s t a n c e s . T h e r e f o r e , l i n e a r i n t e r 
p o l a t i o n i s u s e d t o g i v e s m o o t h t r a n s i t i o n s . 

S k o u t a j a n e t a l . / 3 0 / i n v e s t i g a t e d e x p e r i m e n t a l l y t h e v i s c o s i t y 
o f C o r i u m / s i 1 i c a t e m e l t s a t t e m p e r a t u r e s b e t w e e n 1 3 0 0 ° C a n d 
1 6 0 0 ° C . T h e y f o u n d t h a t t h e V I S R H O c a l c u l a t i o n s g i v e v a l u e s 
f a r b e l o w t h e e x p e r i m e n t a l d a t a . A m u c h b e t t e r r e p r e s e n t a t i o n 
o f t h e i r e x p e r i m e n t a l d a t a c a n b e f o u n d b y p r e s u m i n g t h e p r e 
c i p i t a t i o n o f s o l i d p a r t i c l e s o f t h e h i g h m e l t i n g o x i d e s 
( i . e . U 0 2 , Z r 0 2 , C a O ) b e t w e e n t h e l i q u i d u s a n d t h e s o l i d u s 
t e m p e r a t u r e o f t h e m e l t . T h e e m p i r i c a l K u n i t z - f o r m u l a / 3 1 / 
f o r l i q u i d / s o l i d m i x t u r e s 

(2.3.7 - 3) 

y-LS l + o.5 r (2.3.7 - 4) 
y (i - r ) 1 4 

w i t h 

r = (2.3.7 - 5) 
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i s u s e d , w h e r e P L S i s t h e v i s c o s i t y o f t h e l i q u i d / s o l i d m i x t u r e 
a t a t e m p e r a t u r e T L S b e t w e e n t h e l i q u i d u s t e m p e r a t u r e T"L a n d t h e 
s o l i d u s t e m p e r a t u r e !"<,, a n d I^-j i s t h e sum o f w e i g h t f r a c t i o n s o f 
t h e h i g h m e l t i n g c o n s t i t u e n t s ( i . e . U 0 2 , Z r 0 2 , C a O ) . 

I n F i g u r e 1 2 , t h e r e s u l t s o f t h e m o d i f i e d V I S R H O c a l c u l a t i o n s a r e 
c o m p a r e d w i t h t h e e x p e r i m e n t a l d a t a . A s c a n b e s e e n , t h e m e a s u r e m e n t s 
a r e l o c a t e d f o r t h e m o s t p a r t b e t w e e n c a s e A ( r e a c t o r c o n c r e t s a s 
g i v e n i n / 3 0 / w i t h a 7 3 . 1 vit.-% S i 0 2 ) a n d c a s e B ( 8 7 . 2 w t . - % S i 0 ' 2 ) . 
F o r 0 % / 1 0 0 % a n d 10 % / 9 0 % C o r i u m / c o n c r e t e m i x t u r e s , t h e m e a s u r e m e n t s 
h a v e b e e n c a r r i e d o u t b e y o n d t h e l i q u i d u s t e m p e r a t u r e , f o r t h e 
30 % / 7 0 % a n d .50 %/S0 % C o r i u m / c o n c r e t e m i x t u r e s t h e m e a s u r e m e n t s 
h a v e b e e n c a r r i e d o u t b e t w e e n t h e s o l i d u s a n d t h e l i q u i d u s t e m 
p e r a t u r e w h e r e E q u a t i o n ( 2 . 3 . 7 - 4 ) a c t s . 

I n t h e s i m u l a t i o n e x p e r i m e n t s i n t h e B E T A t e s t f a c i l i t y , t h e 
o x i d i c C o r i u m m e l t i s r e p l a c e d b y t h e o x i d i c p a r t o f a t h e r m i t e 
m e l t w h i c h i s u s u a l l y A l 2 ° 3 • C o n s e q u e n t l y , t h e k n o w l e d g e o f t h e 
v i s c o s i t y o f m i x t u r e s c o n t a i n i n g A 1 2 0 ^ a n d S i 0 2 i s a l s o i m p o r t a n t 
w i t h r e s p e c t t o t h e e v a l u a t i o n o f t h e s i m u l a t i o n t e s t s . I n / 2 9 / , 
m e a s u r e m e n t s o f t h e d y n a m i c v i s c o s i t y o f A l 2 0 3 / S i 0 2 m i x t u r e s 
a r e c o m p i l e d f r o m t h e l i t e r a t u r e a t t e m p e r a t u r e s b e t w e e n 
1 9 0 0 ° C a n d 2 3 5 0 ° C w h i c h i s a l w a y s b e y o n d t h e r e l e v a n t l i q u i d u s 
t e m p e r a t u r e . F i g u r e 13 g i v e s t h e c o m p a r i s o n o f t h e m o d i f i e d 
V I S R H O c a l c u l a t i o n w i t h t h e e x p e r i m e n t a l d a t a . 

F o r t h e m e t a l l i c p h a s e , t h e v i s c o s i t y i s a s s u m e d t o b e t h a t 
o f p u r e i r o n , t h e m a j o r m e t a l l i c c o n s t i t u e n t , f o l l o w i n g 
t h e d a t a o f / 3 2 / . 

S p e c i f i c h e a t , l a t e n t h e a t o f f r e e z i n g . t h e r m a l c o n d u c t i v i t y 
a n d s u r f a c e t e n s i o n a r e c o m p u t e d b y s i m p l e m i x t u r e t h e o r y . 
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Figure 12: Comparison of v i s c o s i t y measurements with calculated results of 
Corium mixed with silicaceous concrete 
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Figure 14: Enthalpy determination for each layer of the melt 
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E n t h a l p i e s a r e d e t e r m i n e d a s s h o w n i n F i g u r e 1 4 . T h e e n t h a l p y 
i s a p p r o x i m a t e d b y 

h = c T (2.3.7 - 6) 
i n t h e s o l i d r e g i o n , 

h = c T + A h _ ^ ^ (2.3.7 ~ 7) 

i n t h e r e g i o n b e t w e e n l i q u i d u s a n d s o l i d u s t e m p e r a t u r e a n d 
h = c T + A h L S (2.3.7 - 8) 

i n t h e l i q u i d r e g i o n o f e a c h m o l t e n l a y e r . N o t e t h a t i t i s 
a s s u m e d t h a t s p e c i f i c h e a t c a p a c i t y i s c o n s t a n t o v e r t h e t e m p e r a t u r e 
r a n g e o f i n t e r e s t . T h i s a p p r o x i m a t i o n i s r e a s o n a b l y g o o d f o r l i 
q u i d m e t a l , b u t i t i s n o t q u i t e a c c u r a t e f o r s o m e o f t h e o x i d e 
c o n s t i t u e n t s . 

2 . 3 . 8 F r e e z i n g B e h a v i o r 

T h e s o l i d u s a n d l i q u i d u s t e m p e r a t u r e s o f t h e o x i d e p h a s e a r e 
c o m p u t e d b y a m e t h o d s u g g e s t e d b y O n d r a c e k / 3 3 / . I n t h i s p r o c e d u r e , 
t h e m u l t i p h a s e m e l t i s r e d u c e d t o a b i n a r y s y s t e m h a v i n g a h i g h 
m e l t i n g p o i n t c o m p o n e n t ( t h e m o l t e n C o r i u m o x i d e s U 0 2 , Z r 0 2 a n d 
C a O , C r 2 0 3 w i t h m e l t i n g t e m p e r a t u r e s b e t w e e n 2 7 0 0 K a n d 3 0 0 0 K, 
i n d e x 1) a n d a l o w m e l t i n g p o i n t c o m p o n e n t S i 0 2 , F e O , C a S i 0 3 

w i t h m e l t i n g t e m p e r a t u r e s a r o u n d 1 8 0 0 K, i n d e x 2 ) . 

B y a s s u m i n g i d e a l m i x i n g o f t h e l i q u i d c o m p o n e n t s a n d f o r m a t i o n o f 
i d e a l m i x t u r e c r y s t a l s , t h e v a n L a a r E q u a t i o n s ( s e e i . e . / 3 4 / a r e 
v a l i d : 

exp(N L) -
X L exp(N^) - exp(M L) 

(2.3.8 - 1) 

a n d 

w i t h 

exp(N ) - 1 
v = • , b. (2.3.8 - 2) 
X s exp(N s+M g) - 1 v 

A H L S 2 rl 1 \ 
\,S-—W- h-T^rf (2.3.8-3) 



- 39 -

a n d 

\ s = S T - I t " t J •> (2.3.8-4) 
L,b m i ( L , s ) , 1 

w h e r e 

X - molar concentration , 
AH ... - molar latent heat of freezing , 

L S 
T - liquidus resp. solidus temperature , 
Xj j S 
T - melt bulk temperature , 
R - ide a l gas constant . 

T h e d a t a f o r t h e m o l a r l a t e n t h e a t o f f r e e z i n g A H ^ g i v e n i n t h e 
l i t e r a t u r e r a n g e s f o r t h e c o n s t i t u e n t s o f t h e o x i d e m e l t b e t w e e n 
7 6 8 0 J / m o l f o r S i 0 2 a n d 1 3 8 0 0 0 J / m o l f o r F e O . 

B y s e l e c t i n g v a l u e s f o r A H L S a n d T L s o f t h e l o w a n d h i g h m e l t i n g 
p o i n t c o m p o n e n t s a n d b y s o l v i n g t h e a b o v e e q u a t i o n s , t h e c o m p o s i 
t i o n d e p e n d e n t l i q u i d u s a n d s o l i d u s t e m p e r a t u r e s o f t h e f i c t i t i o u s 
t w o - p h a s e m e l t w i t h i d e a l m i x i n g b e h a v i o r a r e f o u n d . 

S k o k a n e t a l . / 3 5 / m e a s u r e d t h e c o m p o s i t i o n d e p e n d e n t s o l i d i f i c a t i o n 
t e m p e r a t u r e f o r m i x t u r e s o f C o r i u m a t d i f f e r e n t o x i d a t i o n l e v e l s 
w i t h d i f f e r e n t t y p e s o f c o n c r e t e . A s s h o w n i n F i g u r e 1 5 , t h e i r e x 
p e r i m e n t a l d a t a f o r s i l i c a c e o u s c o n c r e t e c a n b e r e p r o d u c e d w i t h 
s u f f i c i e n t a c c u r a c y w h e n s e l e c t i n g f o r c o m p l e t e l y o x i d i z e d C o r i u m 
( A + R , E +R) 3 

T g x = 2323 K, AH = 80 000 J/mol , 
(2.3.8 - 5) 

T s > 2 = 1423 K, A H L S j 2 = 24 840 J/mol , 

a n d f o r p a r t l y o r n o t o x i d i z e d C o r i u m ( A + R , E + R ) 1 , 2 
T = 2723 K, AH =110 000 J/mol , 

b > 1 L b > 1 (2.3.8 - 6) 
T = 1423 K, AH T O = 14 000 J/mol . 



- 4 0 -

25004 2500 H 

c/i 

1000 1000 
0.5 1.0 0.5 1.0 concrete fraction concrete fraction 

Figure 15: S o l i d i f i c a t i o n temperature of Corium/concrete mixtures: 
Comparison of measured and calculated values 

I t s h o u l d b e n o t e d t h a t t h e l i q u i d u s a n d . s o l i d u s p o i n t s i n t h e 
o x i d e p h a s e a r e c o n s t a n t l y b e i n g d e p r e s s e d a s t h e s i l i c a c e o u s 
c o n c r e t e c o n s t i t u e n t s d i l u t e t h e o x i d e m a t e r i a l . A t t h e s a m e 
t i m e , t h e m e l t t e m p e r a t u r e d r o p s b e c a u s e o f c o o l i n g . T h e a p p a r e n t 
s p e c i f i c h e a t o f t h e m e l t i s h i g h e r b e t w e e n t h e s o l i d u s a n d 
l i q u i d u s t e m p e r a t u r e s b e c a u s e o f p a r t i a l s o l i d i f i c a t i o n o f t h e 
m e l t ; t h i s n a t u r a l l y d e c r e a s e s t h e c o o l i n g r a t e . 

F o r c a l c a r e o u s c o n c r e t e w i t h o u t a n y s i l i c a t e s , t h e c o n c e p t o f 
i d e a l m i x i n g i s n o t a p p l i c a b l e . T h e m e a s u r e m e n t s / 3 5 / s h o w a 
m i n i m u m f o r t h e s o l i d i f i c a t i o n t e m p e r a t u r e a t 50 w t . - % C o r i u m / 
50 % w t . - % c a l c a r e o u s c o n c r e t e i n d i c a t i n g s t r o n g d e v i a t i o n s 
f r o m t h e i d e a l m i x i n g b e h a v i o r . 

I f t h e c o r e m e l t a c c i d e n t s e q u e n c e f r e e z i n g i s l i k e l y , t h e 
p r i n c i p a l c o n s t i t u e n t s o f t h e m e t a l m e l t a r e C r , F e , a n d N i . 
C o n s e q u e n t l y , t h e p h a s e d i a g r a m o f t h i s t e r n a r y s y s t e m m u s t b e 
c o n s i d e r e d f o r t h e s o l i d i f i c a t i o n p r o c e s s . A s i n g l e f i t t o 
t h e t e r n a r y C r - F e - N i p h a s e d i a g r a m w a s c o n s t r u c t e d b y B a r t e l 
e t a l . / 3 6 / . T h e l i q u i d u s a n d s o l i d u s t e m p e r a t u r e s i n K e l v i n 
a r e a p p r o x i m a t e d b y 
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T T = 

T„ = 

max (2130 - 5 1 0 *Fe - 1140 
1809 - 90 ^ - 440 ^ . , 
1728 - 200 ^ - 40 V 
1793 - 230 i ! , C r - 130 ^ N.) 

max (2130 - 730 ^ - 3310 
1809 - 90 ,J, C r -
1728 - 250 ^ - 'oo V 
1783 - 310 ^ - 140 * N i , 
1613) 

(2.3.8 - 7) 

w h e r e ,̂ ^ F e, a n d a r e t h e w e i g h t f r a c t i o n o f t h e m e t a l C r ' h e ' N i 
m e l t . T h e c u r r e n t c o d i n g i g n o r e s t h e p r e s e n c e o f o t h e r 
e l e m e n t s i n t h e m e t a l l i c p h a s e , a n d r e n o r m a l i z e s s o t h a t 

Cr + ^Fe + V = 1 (2.3.8 - 8) 

I n g e n e r a l , t h e s u r f a c e t e m p e r a t u r e s o f t h e m o l t e n p o o l a r e 
b e l o w t h e b u l k t e m p e r a t u r e s . C o n s e q u e n t l y , t h e s e t e m p e r a t u r e s 
w i l l d r o p a t f i r s t b e l o w t h e f r e e z i n g t e m p e r a t u r e o f t h e m e l t 
a n d c r u s t f o r m a t i o n w i l l o c c u r . T h e c r u s t g r o w t h o f c o u r s e 
i s a t r a n s i e n t p r o c e s s . B u t , t h e p o o l t e m p e r a t u r e s c h a n g e 
r a t h e r s l o w l y s o t h a t t h e a s s u m p t i o n t h a t a l w a y s t h e s t a b l e 
c r u s t t h i c k n e s s w i t h s t e a d y s t a t e h e a t c o n d u c t i o n t h r o u g h t h e 
c r u s t w i l l a p p l y s e e m s t o b e j u s t i f i e d . 

c o n v e c t i o n 
a n d /or 
r a d i a t i o n 
c o n d u c t i o n 
g a s a g i t a t e d 
or free 
c o n v e c t i o n 

crust 

bulk 

Figure 16: Crust formation model 
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A c o n c e p t u a l m o d e l f o r t h i s p r o c e s s i s s k e t c h e d i n F i g u r e 1 6 . 
T h e h e a t i s t r a n s f e r e d f r o m t h e b u l k t o t h e c r u s t s u r f a c e w h i c h 
i s a t s o l i d i f i c a t i o n t e m p e r a t u r e T $ b y a c o n v e c t i v e p r o c e s s t o 
g i v e 

« » A > = hconv ( T b u l k " V ' (2.3.8-10) 

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

(Q/A) = * (T - T ) (2.3.8 - 11) 
V H 6 ^ S sur crust 

a n d f r o m t h e c r u s t s u r f a c e , t h e h e a t i s r e l e a s e d b y c o n v e c t i v e 
a n d / o r r a d i a t i v e p r o c e s s e s : 

(Q/A) = h (T - T ) . (2.3.8-12) 
x' sur sur 0 0 

S o , t h e u n k n o w n s u r f a c e t e m p e r a t u r e c a n b e d e t e r m i n e d b y 
h 

m _ conv , m m N 
T s u r = Too + Tn ( T b u l k - V > (2-3.8 " 13) 

sur 
a n d t h e c r u s t t h i c k n e s s f o l l o w s f r o m 

6 ^ = k J ^ ^ s u r (2.3.8 - 14) 
crust n l-t. i i " J-c conv bulk b 

A t t h e b e g i n n i ng o f t h e c r u s t f o r m a t i o n p r o c e s s , t h e c o n v e c t i v e 
h e a t t r a n s f e r f r o m t h e b u l k t o t h e s u r f a c e i s t h r o u g h g a s a g i t a t i o n 
A s a f i r s t a p p r o a c h i t i s a s s u m e d t h a t i n t h e f i r s t p e r i o d o f 
c r u s t f o r m a t i o n a l 1 g a s r e l e a s e n o d e s r e m a i n a c t i v e . C o n s e q u e n t l y , 
t h e g a s d r i v e n h e a t t r a n s f e r m o d e l s c a n b e a p p l i e d w i t h o u t 
c h a n g e s u n t i l t h e c r u s t h a s r e a c h e d a t h i c k n e s s o f 0 . 5 cm. I n 
t h e f u r t h e r p r o c e s s o f c r u s t g r o w t h s , a n i n c r e a s i ng n u m b e r o f 
g a s r e l e a s e n o d e s c l o s e . T h i s b e h a v i o r i s a p p r o x i m a t e d b y 
a s s u m i n g t h a t t h e c o n v e c t i v e h e a t t r a n s f e r f r o m t h e b u i k t o t h e 
c r u s t c h a n g e s 1 i n e a r l y f r o m g a s a g i t a t e d c o n v e c t i o n t o f r e e 
c o n v e c t i o n w h e n t h e c r u s t t h i c k n e s s i s b e t w e e n 0 . 5 a n d 1.5 cm. 

N u m e r o u s e x p e r i m e n t s w i t h m o d e l s u b s t a n c e s a r e p l a n e d t o g i v e 
a b e t t e r p h y s i c a l u n d e r s t a n d i n g o f t h e p r o c e s s o f c r u s t f o r m a t i o n 
i n o r d e r t o a l 1 o w a n i m p r o v e d m o d e l l i n g . 
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B e c a u s e t h e h e a t t r a n s f e r m o d e l s a r e o n l y a p p l i c a b l e t o l i q u i d 
p o o l s , t h e r e s u l t s o f t h e c o d e a r e n o t v a l i d a f t e r t h e p o o l 
t e m p e r a t u r e d r o p s b e l o w t h e s o l i d u s p o i n t o f e i t h e r p h a s e . 
H o w e v e r , t h i s p r o b l e m i s r e c o g n i z e d a n d t h e c o d e w i l l b e e x 
t e n d e d t o b e a p p l i c a b l e a l s o i n t h e r e g i m e , w h e r e o n e o r b o t h 
p h a s e s a r e f r o z e n . 

2.4 S u p p l e m e n t a r y F e a t u r e s o f t h e W E C H S L C o d e 

2 . 4 . 1 C a v i t y S h a p e 

T h e c a v i t y i s c o n s t r a i n e d t o b e a x i a l l y s y m m e t r i c ; s u b j e c t 
t o t h i s c o n s t r a i n t , t h e s h a p e i s e n t i r e l y f r e e . B e c a u s e o f 
t h e v a r i a t i o n i n e r o s i o n r a t e a r o u n d t h e p e r i p h e r y a n d t h e 
c o n s t a n t l y c h a n g i n g l e v e l o f t h e m e l t , t h e c a v i t y s h a p e u n d e r 
g o e s p e r m a n e n t a l t e r a t i o n . 

T h e p o o l i s d i v i d e d i n t o s e g m e n t s , c h o s e n s o t h a t t h e p e r i p h e r i a l 
l e n g t h s A S a r e e q u a l , e x c e p t t h a t t h e p h a s e b o u n d a r y a n d t h e u p p e r 
s u r f a c e a r e a l w a y s a t s e g m e n t b o u n d a r i e s . E a c h s e g m e n t i s i n t h e 
f o r m o f a c o n i c a l f r u s t r u m b e t w e e n t w o n o d e s ( F i g u r e 1 7 ) . 

( Q / A ) i + 1 

( Q / A ) : 

Figure 17: Cavity Geometry 
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T h e h e a t f l u x e s a n d t h e r e s u l t i n g e r o s i o n v e l o c i t y a r e c o m p u t e d 
a t t h e n o d e s ; i t i s a s s u m e d t h a t t h e v e l o c i t y v e c t o r a t e a c h 
n o d e i s i n t h e d i r e c t i o n o f t h e o u t w a r d n o r m a l t o t h e r o t a t i o n a l 
s y m m e t r i c s e g m e n t l i m i t e d b y a c i r c l e t h r o u g h t h a t n o d e a n d 
t h e t w o a d j o i n i n g n o d e s . New n o d e p o s i t i o n s a r e c o m p u t e d , a n d 
t h e p e r i p h e r y i s r e z o n e d s o t h a t a l l n o d e s a r e a g a i n e q u i d i s t a n t 
f r o m e a c h o t h e r ( e x c e p t t h e n o d e s a t t h e p h a s e b o u n d a r y a n d a t 
t h e f r e e s u r f a c e ) . T h i s r e z o n i n g i n t r o d u c e s a r o u g h f o r m o f 
f i l t e r i n g , s o t h a t b i z a r r e c a v i t y s h a p e s c a u s e d b y n u m e r i c a l 
p r o b l e m s a r e i n h i b i t e d . 

B e c a u s e o f t i m e l i m i t a t i o n s , t h e t r u e v e l o c i t y a t e a c h n o d e i s 
o n l y c o m p u t e d a t e v e r y f i f t h t i m e s t e p ( t i m e x J ) , u s i n g t h e d e 
t a i l e d p r o c e d u r e g i v e n i n t h e s e c t i o n s 2 . 2 . 2 a n d 2 . 2 . 3 . A t t h e 
i n t e r v e n i n g t i m e s t e p s x J + n, n = 1 . . 4 , t h e e r o s i o n v e l o c i t y o n 
t h e b o t t o m s u r f a c e t x J + 1 i s c o m p u t e d f o r t h e c u r r e n t p o o l 

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

r j + n 

r J + n = r j + n _ 1 bott 
1 ' i J J+n^T ' (2.4.1 - 1) 

Sott 

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

I t s h o u l d b e p o i n t e d o u t t h a t t h e v e l o c i t y v e c t o r i s b a s e d o n a r o 
t a t i o n a l s y m m e t r i c s e g m e n t l i m i t e d b y a c i r c l e t h r o u g h t h r e e 
a d j a c e n t n o d e s , w h e r e a s t h e s u r f a c e i n t e g r a l o f h e a t f l u x a n d t h e 
new v o l u m e s a r e c o m p u t e d a s i f t h e c a v i t y i s c o m p o s e d o f c o n i c a l 
f r u s t a . T h e new p o s i t i o n s o f t h e n o d e s a r e b a s e d o n t h e f i r s t 
a s s u m p t i o n s . T h i s c o u l d l e a d t o d i s c r e p a n c i e s b e t w e e n m a s s a n d 
v o l u m e . T h e m a s s d i s c r e p a n c y h a s b e e n c h e c k e d f o r a n u m b e r o f 
t y p i c a l r u n s a n d f o u n d t o a m o u n t l e s s t h a n 1 % a f t e r s e v e r a l t h o u s a n d 
t i m e s t e p s i f t h e c a v i t y z o n i n g i s s u f f i c i e n t l y f i n e . 
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2 . 4 . 2 E n e r g y B a i a n c e 

T h e i n t e r n a l h e a t s o u r c e s c a n b e p r e s c r i b e d i n W E C H S L t i m e 
d e p e n d e n t f o r e a c h l a y e r o f t h e m e l t . T h e e n e r g y f l u x b a l a n c e 
c o n s i d e r s t h e . e n e r g y g a i n b y t h e s e i n t e r n a l s o u r c e s a n d b y t h e 
e n t h a l p y f l u x e s i n t o e a c h p h a s e ; t h e e n e r g y g a i n o r l o s s b y 
i n t e r c h a n g e o f e n e r g y b e t w e e n t h e p h a s e s a n d b y e x o t h e r m a l o r 
e n d o t h e r m a l c h e m i c a l r e a c t i o n s , a n d t h e e n e r g y l o s s e s f r o m e a c h 
p h a s e b y h e a t t r a n s f e r t o t h e c o n c r e t e , e n t h a l p y f l u x e s o u t o f 
t h e p h a s e , a n d h e a t r a d i a t i o n f r o m t h e u p p e r s u r f a c e t o t h e e n -
v i r o n m e n t . 

A t e a c h t i m e s t e p , p r o p e r t i e s a r e c o m p u t e d w i t h t h e b u l k 
t e m p e r a t u r e s a n d t h e m e l t c o m p o s i t i o n f r o m t h e p r e v i o u s 
t i m e s t e p ; h e a t t r a n s f e r r a t e s a r e c o m p u t e d o n t h e b a s i s 

i +1 
o f t h e s e p r o p e r t i e s . New t e m p e r a t u r e s f o r t h e t i m e t a r e 
t h e n c o m p u t e d b y t h e a p p r o x i m a t e r e l a t i o n s h i p 

H j + I - Hj = v Q.j 6t , (2-4.2 - I) 
i i * 

w h e r e H i s t h e t o t a l e n t h a l p y o f t h e p h a s e , Io,- i s t h e n e t 
i 

r a t e o f e n e r g y c h a n g e ( i . e . t h e a l g e b r a i c sum o f e n e r g y g a i n s 
a n d l o s s e s ) e v a l u a t e d a t t h e t i m e x J , a n d 

S t = t J + 1 - t J ( 2 I 4 > 2 „ 2 ) 

i s t h e t i m e s t e p . 

T h i s e x p r e s s i o n i s n o t p r e c i s e l y c e n t e r e d ; t h e r a t e o f e n e r g y 
c h a n g e w o u l d b e m o r e c o r r e c t l y e v a l u a t e d a t t^ + ^ ^ . H o w e v e r , 
m a t e r i a l p r o p e r t i e s a n d h e a t r a t e s v a r y o n l y s l i g h t l y d u r i n g 
a t i m e s t e p , p r o v i d e d S t i s s u f f i c i e n t l y s m a l l . I n t h e c o d e , 
S t i s c h o s e n i n a w a y t h a t t h e r e l a t i v e t e m p e r a t u r e c h a n g e 
A T / T i s a l w a y s l e s s t h a n 2 - 1 0 ^ i n e a c h t i m e s t e p . 

A n a l t e r n a t e p r o c e d u r e w o u l d b e t o c o m p u t e p r o p e r t i e s a n d 
e n e r g y r a t e s a t t h e b e g i n n i n g a n d t h e e n d o f t h e t i m e s t e p 
a n d t o c e n t e r t h e e n e r g y b a l a n c e ; t h i s w o u l d e f f e c t i v e l y 
d o u b l e t h e c o m p u t a t i o n t i m e , h o w e v e r , t h e i n c r e a s e i n a c c u r a c y 
w o u l d b e s m a l l . 
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A n i n t e g r a t e d e n e r g y b a l a n c e i s m a i n t a i n e d a n d c a n b e p r i n t e d 
o u t p e r i o d i c a l l y . B e c a u s e o f n u m e r i c a l r o u n d o f f a n d a p p r o x i m a t i o n s , 
t h e e n t h a l p y a t a n y t i m e w i l l n o t b e i d e n t i c a l l y e q u a l t o t h a t 
c o m p u t e d f r o m t h e i n i t i a l e n t h a l p y a n d t h e i n t e g r a t e d g a i n s a n d 
l o s s e s . H o w e v e r , t h e e r r o r , i s a l w a y s l e s s t h a n 1 % a n d i s 
n o r m a l l y i n s i g n i f i c a n t l y s m a l l . 

3. I n s t r u c t i o n s f o r t h e U s e o f t h e C o d e 

3.1 W E C H S L C o d e C h a r a c t e r i s t i c s 

T h e W E C H S L C o d e i s a t p r e s e n t o p e r a t i o n a l o n t h e I B M / 3 7 0 c o m p u t e r 
s y s t e m a t K e r n f o r s c h u n g s z e n t r u m K a r l s r u h e . T h e c o d e i s w r i t t e n i n 
F O R T R A N IV a n d t a k e s i n p u t a n d o u t p u t d a t a i n S I u n i t s . T h e a m o u n t 
o f p r i n t o u t p u t a n d o f p l o t o u t p u t d a t a i s u s e r c o n t r o l l e d . 

T h e W E C H S L C o d e i s c a p a b l e o f r e s t a r t . T h e f o l l o w i n g i n p u t a n d 
o u t p u t f i l e s m u s t b e p r o v i d e d : 

- d a t a i n p u t f i l e ( I R D = 5 ) 
- p r i n t o u t p u t f i l e ( I W T = 6 ) 
- c o m m o n b l o c k i n p u t f i l e ( I C0R = 9 ) 
- c o m m o n b l o c k o u t p u t f i l e ( I C 0 W = 1 0 ) . 

I f p l o t o u t p u t i s r e q u i r e d , a f u r t h e r . f i l e m u s t b e a l l o c a t e d : 

- p l o t f i l e ( I P L = 8 ) . 

T h e p r i n c i p a l s t r u c t u r e o f t h e M A I N p r o g r a m o p e r a t i n g t h e W E C H S L 
s u b r o u t i n e i s s h o w n i n F i g u r e 1 8 . T h e p r o g r a m s t a r t s b y r e a d i n g 
t h e v a r i a b l e I S T A R T f r o m t h e d a t a i n p u t f i l e . 

F o r a n i n i t i a l W E C H S L r u n , I S T A R T = 0 . I n t h a t c a s e , t h e s u b r o u t i n e 
W E C H S L ( F i g u r e 1 9 ) i s e n t e r e d d i r e c t l y a n d t h e f u r t h e r d a t a i n p u t 
i s r e q u i r e d b y t h e s u b r o u t i n e R E A D I N . T h e n , t h e t i m e l o o p i s 
e x e c u t e d u n t i l a t i m e l i m i t p r e s p e c i f i e d i n t h e s u b r o u t i n e R E A D I N 
i s e x c e e d e d . I f t h e d o w n w a r d e r o s i o n i s r e d u c e d t o z e r o o r i f 
b o t h t h e m e t a l a n d t h e o x i d e l a y e r s a r e f r o z e n , t h e t i m e l o o p 
w i l l b e a b o r t e d b e f o r e t h e t i m e l i m i t i s r e a c h e d . A f t e r t e r m i n a t i n g 
t h e W E C H S L e x e c u t i o n , t h e c o m m o n b l o c k d a t a w i l l b e c a t a l o g u e d 
o n t h e c o m m o n b l o c k o u t p u t f i l e . 
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( MAIN ) 

C O M M O N - blocks 

/ f i l e 5: read ISTART/ 

f i l e 9 : read d a t a 
for COMMON-blocks 

CALL WECHSL (ISTART) 

file 10: write data 
for COMMON-blocks 

("STOP ) 

F i g u r e 1 8 : P r i n c i p a l s t r u c t u r e o f t h e M A I N p r o g r a m 

F o r a r e s t a r t W E C H S L r u n , i . e . c o n t i n u a t i n g t h e e x e c u t i o n o f t h e 
s a m e p r o b l e m , I S T A R T / 0 . T h e n , t h e c a t a l o g u e d c o m m o n b l o c k d a t a a r e 
r e a d f r o m t h e c o m m o n b l o c k i n p u t f i l e i n t h e M A I N p r o g r a m . A f t e r 
e n t e r i n g t h e s u b r o u t i n e W E C H S L , s o m e s e l e c t e d i n p u t p a r a m e t e r s c a n 
b e m o d i f i e d b y m e a n s o f t h e s u b r o u t i n e R E R E A D b e f o r e t h e t i m e l o o p 
b e g i n s . 
T h e p r o b l e m c a n b e r e s t a r t e d a s m a n y t i m e s a s d e s i r e d . 
B e s i d e s t h e c a t a l o g u e o u t p u t o n t h e c o m m o n b l o c k o u t p u t f i l e , t h e 
i n f o r m a t i o n o u t p u t c a n a l s o b e s e e n i n F i g u r e 1 9 . I n t h e t i m e l o o p , 
t h e p r i n t o u t p u t i s e x e c u t e d w h e n t h e p r i n t t i m e p r e s c r i b e d b y t h e 
u s e r i s e x e e d e d . T h e n , t h e new p r i n t t i m e i s c a l c u l a t e d b y s u m m i n g 
up t h e p r e s e n t p r i n t t i m e i n t e r v a l . I n e q u i v a l e n c e , p l o t d a t a i s 
w r i t t e n o n t h e p l o t f i l e w h e n t h e p l o t t i m e i s e x e e d e d . A f t e r t e r m i 
n a t i o n o f t h e t i m e l o o p , a f i n a l p r i n t a n d p l o t o u t p u t o f t h e 
c o m p l e t e f i n a l c a v i t y c o o r d i n a t e s i s e x e c u t e d . 
I n t h e n e x t s e c t i o n s , t h e i n p u t d a t a f o r t h e s u b r o u t i n e s R E A D I N 
a n d R E R E A D w i l l b e d e s c r i b e d i n d e t a i l . F u r t h e r m o r e , t h e W E C H S L 
o u t p u t o n t h e p r i n t a n d p l o t f i l e s w i l l b e p r e s e n t e d . 
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( S U B R O U T I N E W E C H S L ( ISTART )") 

COMMON - blocks 

C A L L READIN 
(Input: fi le 5) 

time loop 

p h y s i c a l computa t ions 

print time 

yes 

( R E T U R N ) 

F i g u r e 19: S i m p l i f i e d 1 a y o u t o f t h e W E C H S L s u b r o u t i n e 
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3.2 I n p u t D e s c r i p t i o n f o r t h e S u b r o u t i n e READIN 

The number o f i n p u t d a t a c a r d s i s v a r i a b l e , a n d d e p e n d s on t h e t y p e o f t h e 
p r o b l e m . T h e s e c a r d s w h i c h must a l w a y s be p r e s e n t a r e ma r k e d w i t h t h e 
symbol *. 

D a t a C a r d s 

* C a r d 1: F o r m a t ( 2 0 a 4 ) - 80 c o l u m n s o f a l p h a n u m e r i c p r o b l e m i d e n t i f i c a t i o n . 

* C a r d 2: F o r m a t ( i 5 ) - O p t i o n f o r t h e h e a t t r a n s f e r model f r o m t h e m o l t e n 
p o o l t o t h e c o n c r e t e . 

Columns 1 - 5: IBLAS = 0: Gas f i l m model f o r h i g h g a s mass f l u x e s o r 
a f t e r t h e f o r m a t i o n o f m a s s i v e c r u s t s . When 
t h e p o o l r e m a i n s l i q u i d a n d t h e g a s mass f l u x 
d r o p s b e l o w a minimum v a l u e , t h e h e a t t r a n s 
f e r i s c a l c u l a t e d w i t h t h e d i s c r e t e b u b b l e 
m o d e l . 

IBLAS = 1: D i s c r e t e b u b b l e model i n t h e w h o l e r e g i o n . 

C a r d s 3,4,5, and 6 a r e t o be u s e d f o r s i m u l a t i o n t e s t s i n w h i c h a known quan
t i t y o f m e l t i s p o u r e d i n t o o r s p l a s h e d o u t o f t h e c r u c i b l e . When t h e c o d e i s 
t o be u s e d o n l y f o r m e l t d o w n a c c i d e n t s , t h e s e c a r d s must be p r e s e n t , b u t a l l 
v a r i a b l e s c a n be e n t e r e d as z e r o . 

* C a r d 3: F o r m a t ( 2 e l 0 . 3 ) - T h e r m i t e a d d i t i o n . 
Columns 1 - 10: WTHERM - R a t e o f t h e r m i t e a d d i t i o n , k g / s . 
Columns 11 - 20: THERM - F i n a l t i m e f o r t h e r m i t e a d d i t i o n , s. 

T h e r m i t e i s assumed t o be a d d e d a t a u n i f o r m r a t e o f WTHERM kg/s f o r THERM 
s e c o n d s . 

* C a r d 4: F o r m a t ( 3 e l 0 . 3 ) - S t e e l p o u r i n g 
Columns 1 - 10: WSTL - R a t e o f s t e e l a d d i t i o n , k g / s . 
Columns 11 - 20: Z S T L - F i n a l t i m e f o r s t e e l a d d i t i o n , s. 
Columns 21 - 30: T S T L - T e m p e r a t u r e o f a d d e d s t e e l , K. 

S t e e l p o u r i s assumed t o t a k e p l a c e a t a c o n s t a n t r a t e o f WSTL k g / s , a t a tem
p e r a t u r e o f TS T L K e l v i n , f o r T S T L s e c o n d s . 
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* C a r d 5: F o r m a t ( 3 e l 0 . 3 ) - S t e e l s p l a s h o u t . 
Columns 1 - 10: WOUT - r a t e o f s t e e l s p l a s h o u t , k g / s . 
Columns 11 - 20: START - Time a t w h i c h s p l a s h o u t b e g i n s , s. 
Columns 21 - 30: END - Ti m e a t w h i c h s p l a s h o u t e n d s , s. 

S t e e l i s removed a t a c o n s t a n t r a t e o f WOUT kg/s f r o m START s e c o n d s t o END 
s e c o n d s . 

* C a r d 6: F o r m a t ( 3 e l 0 . 3 ) - O x i d e s p l a s h o u t . 
Columns 1 - 10: W0UX - R a t e o f o x i d e s p l a s h o u t , k g / s . 
Columns 11 - 20: ST0X - Ti m e a t w h i c h o x i d e s p l a s h o u t b e g i n s , s. 
Columns 21 - 30: EN0X - Ti m e a t w h i c h o x i d e s p l a s h o u t e n d s , s. 

O x i d e i s removed a t a c o n s t a n t r a t e o f W0UX kg/s f r o m ST0X s e c o n d s t o EN0X 
s e c o n d s . 

* C a r d 7: F o r m a t ( 8 e l 0 . 3 ) - C o n c r e t e d e s c r i p t i o n 
Columns 1 - 10: FC1 - W e i g h t f r a c t i o n C a C 0 3 

Columns 11 - 20: FC2 - W e i g h t f r a c t i o n C a ( 0 H ) 2 

Columns 21 - 30: FC3 - W e i g h t f r a c t i o n S i 0 2 

Columns 31 - 40: FC4 - W e i g h t f r a c t i o n H 2 0 
Columns 41 - 50: RBR - R e i n f o r c i n g s t e e l , kg s t e e l / k g c o n c r e t e 
Columns 51 - 60: TSB - M e l t t e m p e r a t u r e , K. 
Columns 61 - 70: HB - C o n c r e t e d e c o m p o s i t i o n e n t h a l p y , J / k g . 
Columns 71 - 80: DENSC - C o n c r e t e d e n s i t y , kg/m . 

See Note 1. 

C a r d s 8,9,10, and 11 s e t up t h e l i q u i d u s a n d s o l i d u s c u r v e s f o r t h e o x i d e 
p h a s e . A h i g h m e l t i n g p o i n t g r o u p a n d a low m e l t i n g p o i n t g r o u p a r e c o n 
s i d e r e d . See N o t e 2. 

* C a r d 8: F o r m a t ( 1 0 i 5 ) - Low t e m p e r a t u r e g r o u p . 
Columns 1 - 5 : NC0M1 - Number o f c o m p o n e n t s i n low t e m p e r a t u r e g r o u p 

1 < NC0M1 < 5 
Columns 5 - 10: IC0M(1) - I n d e x o f f i r s t c o m p o n e n t i n t h e low tem

p e r a t u r e g r o u p . 
R e p e a t up t o I C O M l ( N C O M l ) , as r e q u i r e d . 
I n d i c e s f o r t h e c o m p o n e n t s a r e as f o l l o w s : 

1 = u o 2 

2 = Z r 0 2 

3 - FeO 
4 = CaO 
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5 = S i 0 2 

6 = A 1 2 0 3 

* C a r d 9: F o r m a t ( 3 e l 0 . 3 ) - P r o p e r t i e s o f t h e low t e m p e r a t u r e group. 
Columns 1 - 10: DHS1 - E f f e c t i v e l a t e n t h e a t o f m e l t i n g , J/mol. 
Columns l l - 20: TS1 - S o l i d u s t e m p e r a t u r e f o r 'pure' low t e p p e r a t u r r . 

g r o u p . 
Columns 21 - 30: T L 1 - L i q u i d u s t e m p e r a t u r e f o r 'pure' low t e m p e r a t u r e 

g r o u p . 
* C a r d 10: F o r m a t ( 1 0 i 5 ) - H i g h t e m p e r a t u r e g r o u p . 

Columns 1 - 5: NC0M2 - Number o f c o m p o n e n t s i n h i g h t e m p e r a t u r e group 
1 < NC0M1 < 5 

Columns 5 - 10: IC0M2(1) - I n d e x o f f i r s t c o m p o n e n t i n the h i g h tem
p e r a t u r e g r o u p . 

R e p e a t up t o IC0M2(NC0M2), as r e q u i r e d . 
I n d i c e s f o r t h e c o m p o n e n t s a r e t h e same as f o r the low t e m p e r a t u r e 
g r o u p . 

* C a r d 11: F o r m a t ( 3 e l 0 . 3 ) - P r o p e r t i e s o f t h e h i g h t e m p e r a t u r e group. 
Columns 1 - 10: DHS2 - E f f e c t i v e l a t e n t h e a t o f m e l t i n g , J/mol. 
Columns 11 - 20: TS2 - S o l i d u s t e m p e r a t u r e f o r ' p u r e ' h i g h t e m p e r a t u r e 

g r o u p . 
Columns 21 - 30: T L 2 - L i q u i d u s t e m p e r a t u r e f o r ' p u r e ' h i g h t e m p e r a t u r e 

g r o u p . 

* C a r d 12: F o r m a t ( 8 e l 0 . 3 ) - I n i t i a l o x i d e d e s c r i p t i o n . 
Columns 1 - 10: WT(1) - I n i t i a l mass o f U 0 2 , kg. 
Columns 11 - 20: WT(2) - I n i t i a l mass o f Z r 0 2 , kg. 
Columns 21 - 30: WT(3) - I n i t i a l mass o f FeO, kg. 
Columns 31 - 40: WT(4) - I n i t i a l mass o f CaO, kg. 
Columns 41 - 50: WT(5) - I n i t i a l mass o f S i 0 2 , kg. 
Columns 51 - 60: WT(6) - I n i t i a l mass o f A l , kg. 
Columns 61 - 70: WCR203 - I n i t i a l mass o f C r 2 0 3 , kg. 
Columns 71 - 80: TO - T e m p e r a t u r e , K. 
See Note 3. 

C a r d s 13 and 14 g i v e t h e i n t e r n a l e n e r g y s o u r c e s i n t h e o x i d e as a f u n c t i o n o f 
t i m e . 

* C a r d 13: F o r m a t ( i 5 ) 
Columns 1 - 5: NI0 - Number o f t i m e power p o i n t s f o r o x i d e . 

0 < NI0 < 10. See N o t e 4 
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C a r d 14: Not u s e d i f NIO = 0. 
F o r m a t ( 8 e l 0 . 3 ) - T i m e , p o w e r p o i n t s ( 4 p o i n t s p e r c a r d ) 

Columns 1 - 10: T I 0 ( 1 ) - Time f o r f i r s t p o i n t , s. 
Columns 11 - 20: Q I 0 ( 1 ) - Power f o r f i r s t p o i n t , W. 
R e p e a t up t o T I O ( N I O ) , Q I 0 ( N I 0 ) , u s i n g a d d i t i o n a l c a r d s , i f r e q u i r e d . 
See N o t e 5. 

* C a r d 15: F o r m a t ( 5 e l 0 . 3 ) - I n i t i a l m e t a l d e s c r i p t i o n . 
C olumns 1 - 10: WT(7) - I n i t i a l mass o f F e , kg. 
Columns 11 - 20: WT(8) - I n i t i a l mass o f Z r , kg. 
Columns 21 - 30: WT(9) - I n i t i a l mass o f C r , kg. 
Columns 31 - 40: WT(10) - I n i t i a l mass o f N i , kg. 
Columns 41 - 50: TM - T e m p e r a t u r e , K. 
See N o t e 6. 

C a r d s 16 a n d 17 g i v e t h e i n t e r n a l e n e r g y s o u r c e s i n t h e m e t a l as a f u n c t i o n 
t i m e . 

* C a r d 16: F o r m a t ( i 5 ) 
Columns 1 - 5 : NIM - Number o f t i m e power p o i n t s f o r m e t a l . 

0 < NIM < 10. 
C a r d 17: N o t u s e d i f NIM = 0. 

F o r m a t ( 8 e l 0 . 3 ) - Time,power p o i n t s ( 4 p o i n t s p e r c a r d ) 
Columns 1 - 10: T I M ( l ) - T i m e f o r f i r s t p o i n t , s. 
Columns 11 - 20: Q I M ( l ) - Power f o r f i r s t p o i n t , W. 
R e p e a t up t o TIM(NIM),QIM(NIM), u s i n g a d d i t i o n a l c a r d s , i f r e q u i r e d . 
See N o t e 7. 

* C a r d 18: F o r m a t ( 2 e l 0 . 3 ) - T i m e s 
Columns 1 - 11: DT - I n i t i a l t i m e s t e p , s. See N o t e 8. 
Columns 11 - 20: TF - F i n a l t i m e , s. See N o t e 9. 

C a r d s 19 a n d 20 g i v e t h e p r i n t o u t t i m e i n t e r v a l s . 
* C a r d 19: F o r m a t ( i 5 ) 

Columns 1 - 5 : NTPR - Number o f d i f f e r e n t p r i n t o u t i n t e r v a l s . 
2 < NTPR < 10. 

* C a r d 20: F o r m a t ( 8 e l 0 . 3 ) - P r i n t o u t i n t e r v a l s 
C olumns 1 - 10: T P R ( l ) - S t a r t t i m e f o r f i r s t p r i n t o u t i n t e r v a l , s 
Columns 11 - 20: D P R ( l ) - F i r s t p r i n t o u t i n t e r v a l , s. 
R e p e a t as n e c e s s a r y up t o TPR(NTPR),DPR(NTPR) u s i n g up t o f o u r p o i n t s 
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p e r c a r d . Use a d d i t i o n a l c a r d s as r e q u i r e d . See N o t e 10. 

C a r d s 21 and 22 g i v e t h e a m b i e n t a t m o s p h e r i c p r e s s u r e as a f u n c t i o n o f t i m e . 
* C a r d 21: F o r m a t ( i 5 ) 

Columns 1 - 5: NPP - Number o f t i m e - p r e s s u r e p o i n t s . 
0 < NPP < 10. 

* C a r d 22: F o r m a t ( 8 e l 0 . 3 ) - T i m e - p r e s s u r e p o i n t s . 
Columns 1 - 10: T P ( 1 ) - F i r s t t i m e , s 
Columns 11 - 20: P P ( 1 ) - F i r s t p r e s s u r e , b a r 
R e p e a t a s n e c e s s a r y up t o T P ( N P P ) , P P ( N P P ) u s i n g up t o f o u r p o i n t s 
p e r c a r d . Use a d d i t i o n a l c a r d s as r e q u i r e d . See N o t e 11. 

C a r d s 23 and 24 g i v e t h e a m b i e n t t e m p e r a t u r e f o r r a d i a t i o n f r o m t h e t o p o f 
t h e m e l t as a f u n c t i o n o f t i m e . 

* C a r d 23: F o r m a t ( i 5 ) 
Columns 1 - 5: NTT - Number o f t i m e - t e m p e r a t u r e p o i n t s . 

0 < NTT < 10. 
* C a r d 2 4: F o r m a t ( 8 e l 0 . 3 ) - T i m e - t e m p e r a t u r e p o i n t s . 

Columns 1 - 10: T I T ( l ) - F i r s t t i m e , s 
Columns 11 - 20: T A M ( l ) - F i r s t t e m p e r a t u r e , K. 
R e p e a t as n e c e s s a r y up t o T I T ( N T T ) , T A M ( N T T ) u s i n g up t o f o u r p o i n t s 
p e r c a r d . Use a d d i t i o n a l c a r d s as r e q u i r e d . See N o t e 12. 

C a r d s 25 and 26 g i v e t h e i n i t i a l c a v i t y s h a p e . The c a r d t y p e s a nd numbers 
de p e n d on t h e v a l u e g i v e n i n c a r d 25. 

* C a r d 25: F o r m a t ( i 5 ) 
Columns 1 - 5: NB - I n i t i a l c a v i t y s h a p e o p t i o n . 

I f NB > 2000: O p t i o n I 
I f 1000 < NB < 1500: O p t i o n I I 
I f 1500 < NB < 2000: O p t i o n H a 
I f NB < 1000 : O p t i o n I I I 

O p t i o n I : The i n i t i a l c a v i t y s h a p e i s a h e m i s p h e r e / c y l i n d e r . 
* C a r d 26: F o r m a t ( 4 e l 0 . 3 ) 

Columns 1 - 10: DPHI - I n i t i a l c e n t r a l a n g l e b e t w e e n p o i n t s i n hemi
s p h e r e , d e g r e e s . 

Columns 11 - 20: DELZ - I n i t i a l i n t e r v a l b e t w e e n p o i n t s i n c y l i n d e r , m. 
Columns 21 - 30: R0 - I n i t i a l r a d i u s o f h e m i s p h e r e , m. 
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Columns 31 - 40: ZMX - I n i t i a l t o t a l h e i g h t o f c a v i t y , m. 
See N o te 13. 

O p t i o n I I : The i n i t i a l s h a p e i s a c y l i n d e r w i t h r o u n d e d c o r n e r s . 
* C a r d 26: F o r m a t ( 2 i 5 , 4 e l 0 . 3 ) 

Columns 1 - 5: NR - I n i t i a l number o f p o i n t s on t h e f l a t p a r t o f t h e 
c a v i t y f l o o r . 

C olumns 5 - 10: NC - I n i t i a l number o f p o i n t s i n t h e r o u n d e d c o r n e r . 
Columns 11 - 20: RO - I n i t i a l r a d i u s o f c y l i n d e r , m. 
Columns 21 - 30: RKL - I n i t i a l r a d i u s o f c o r n e r , m. 
Columns 31 - 40: DELZ - I n i t i a l i n t e r v a l b e t w e e n p o i n t s i n c y l i n d r i c a l 

s e c t i o n , m. 
Columns 41 - 50: ZMX - I n i t i a l h e i g h t o f c a v i t y , m. 
See N o t e 14. 

O p t i o n H a : A d d i t i o n a l i n p u t f o r c o n i c a l s e c t i o n on t h e t o p o f t h e c y l i n d e r . 
C a r d 27: F o r m a t ( 2 e l 0 . 3 ) 
Columns 1 - 10: ZMXE - T o t a l h e i g h t o f t h e c a v i t y , m. 
Columns 11 - 20: WIN - A n g l e o f i n c l i n a t i o n , deg. 
See N o te 15. 

O p t i o n I I I : A r b i t r a r y i n i t i a l s h a p e . T h e r e a r e NB i n i t i a l p o i n t s . 
* C a r d 26: F o r m a t ( 8 e l 0 . 3 ) 

Columns 1 - 10: R C A V ( l ) - R a d i u s o f f i r s t p o i n t , m. 
Columns 11 - 20: Y C A V ( l ) - H e i g h t o f f i r s t p o i n t , m. 
C o n t i n u e up t o R C A V(NB),YCAV(NB), w i t h f o u r p o i n t s p e r c a r d . Use as many 
c o n t i n u a t i o n c a r d s as n e c e s s a r y . See N o t e 16. N o t e 14 a l s o a p p l i e s . 

* C a r d 28: F o r m a t ( e l 0 . 3 ) 
Columns 1 - 10: SMX - I n t e r v a l b e t w e e n p o i n t s t o be u s e d d u r i n g t h e 

r u n n i n g o f t h e p r o g r a m i n m. A l l p o i n t s w i l l be s e t 
t o t h e same p e r i p h e r a l d i s t a n c e a p a r t . See N o t e 17. 

C a r d s 29 and 30 g i v e t h e p r i n t i n g a n d p l o t t i n g o p t i o n s . C a r d 31 i s n o t u s e d 
u n l e s s a p l o t f i l e i s t o be w r i t t e n . 

* C a r d 29: F o r m a t ( 7 i 5 ) - P r i n t o p t i o n s . 
Columns 1 - 5 KTEM - T e m p e r a t u r e p r i n t o p t i o n . 
Columns 6 - 10 KPROP - P r o p e r t i e s p r i n t o p t i o n . 
Columns 11 - 15 KINT - I n t e r f a c e p r i n t o p t i o n . 
Columns 16 - 20 KMAS - Mass p r i n t o p t i o n . 
C olumns 21 - 25 KBAL - H e a t b a l a n c e p r i n t o p t i o n . 
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Columns 26 - 30: KGAS - Gas r e l e a s e p r i n t o p t i o n . 
C olumns 31 - 35: KCAV - C a v i t y s h a p e p r i n t o p t i o n . 
Columns 36 - 40: KDIAG - D i a g n o s t i c p r i n t o p t i o n . 
I f any o f t h e q u a n t i t i e s i s g r e a t e r t h a n z e r o , t h e c o r r e s p o n d i n g p r i n t 
o p t i o n w i l l be e x e r c i z e d . A z e r o v a l u e b y p a s s e s t h i s p r i n t o p t i o n . 

* C a r d 30: F o r m a t ( 7 i 5 ) - P l o t o p t i o n s . 
Columns 1 - 5 JTEM - T e m p e r a t u r e p l o t f i l e o p t i o n . 
Columns 6 - 10 JPR0P - P r o p e r t i e s p l o t f i l e o p t i o n . 
Columns 11 - 15 J I N T - I n t e r f a c e p l o t f i l e o p t i o n . 
C olumns 16 - 20 JMAS - Mass p l o t f i l e o p t i o n . 
C olumns 21 - 25 J B A L - H e a t b a l a n c e p l o t f i l e o p t i o n . 
C olumns 26 - 30 JGAS - Gas r e l e a s e p l o t f i l e o p t i o n . 
Columns 31 - 35 JCAV - C a v i t y s h a p e p l o t f i l e o p t i o n . 
I f a n y o f t h e q u a n t i t i e s i s g r e a t e r t h a n z e r o , t h e c o r r e s p o n d i n g p l o t 
f i l e w i l l be w r i t t e n . A z e r o v a l u e b y p a s s e s t h e c o r r e s p o n d i n g p l o t 
o p t i o n . 
C a r d 31: F o r m a t ( 2 e l 0 . 3 ) 
Columns 1 - 10: TPL - F i r s t t i m e t o w r i t e p l o t f i l e s , s. 
C olumns 11 - 20: DPL - Time i n t e r v a l f o r w r i t i n g p l o t f i l e s , s. 

N o t e 1: The w e i g h t f r a c t i o n o f A 1 2 0 3 i s a ssumed t o be 
( 1 . - F C 1 - F C 2 - F C 3 - F C 4 ) . 

N o t e 2: F o r s i m u l a t i o n o f a c o r e m e l t down a c c i d e n t , t h e h i g h t e m p e r a t u r e 
g r o u p w o u l d n o r m a l l y be U 0 2 and Z r 0 2 > N o t e , h o w e v e r , t h a t v e r y s m a l l 
amounts o f i r o n o x i d e d r a s t i c a l l y r e d u c e s t h e m e l t i n g p o i n t , a n d t h e r e d u c e d 
m e l t i n g p o i n t s h o u l d be u s e d h e r e . The low t e m p e r a t u r e g r o u p w o u l d n o r m a l l y 
be t h e c o n c r e t e c o n s t i t u e n t s , i . e . CaO and S i O g . The l a t e n t h e a t i s due 
t o p h a s e c h a n g e o n l y , and i s n o t e q u i v a l e n t t o t h e d e c o m p o s i t i o n e n t h a l p y . 

N o t e 3: The p r o b l e m must s t a r t w i t h a f i n i t e mass o f o x i d e s . 

N o t e 4: I f NI0=0, t h e c o d e r e s e t s N I 0 = 2 , T I 0 ( 1 ) = 0 . , Q I O ( 1 ) = 0 . , T I 0 ( 2 ) = 1 0 1 0 , 
Q10(2)=0. 

N o t e 5: T I 0 ( I + 1 ) must be g r e a t e r t h a n T I O ( I ) , f o r a l l I. 
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N o t e 6: The i n i t i a l mass o f m e t a l c a n be z e r o . 

N o t e 7: The p r o v i s i o n s o f N o t e 4 a n d 5 a p p l y a l s o f o r m e t a l 

Note 8: The i n i t i a l t i m e s t e p s h o u l d be c h o s e n so t h a t t h e t e m p e r a t u r e 
c h a n g e i s s m a l l , s a y < 5 K. I t i s s u g g e s t e d t h a t an i n i t i a l t r i a l be made 
w i t h a r o u g h l y e s t i m a t e d t i m e s t e p , and t h a t t h e t i m e s t e p be v a r i e d upward 
a n d downward by a f a c t o r o f two. Too l a r g e a t i m e s t e p w i l l c a u s e i n s t a b i l i t y . 
Too s m a l l a t i m e s t e p w i l l c a u s e b u i l t up o f r o u n d o f f e r r o r s . 
N o t e 9: I f t h e downward e r o s i o n i s r e d u c e d t o z e r o o r i f m e t a l and o x i d e a r e 
a r e f r o z e n , t h e p r o g r a m w i l l s t o p b e f o r e T F i s r e a c h e d . 

N o t e 10: T P R ( I + 1 ) must be g r e a t e r t h a n T P R ( I ) . 

N o t e 11: T P ( I + 1 ) must be g r e a t e r t h a n T P ( I ) . 

N o t e 12: T I T ( I + 1 ) must be g r e a t e r t h a n T I T ( I ) . 

N o t e 13: The c a v i t y must be d e e p enough t o c o n t a i n t h e e n t i r e m e l t i n c l u d i n g 
t h e e f f e c t s o f l e v e l s w e l l . The p r o g r a m w i l l n o t a l l o w t h e c a v i t y t o r u n o v e r . 

N o t e 14: The maximum a l l o w a b l e number o f p o i n t s i s 300. However, t h e i n i t i a l 
s h a p e s h o u l d n o t u s e more t h a n 150 p o i n t s i n o r d e r t o a l l o w f o r c a v i t y g r o w t h . 

N o t e 15: WIN i s t h e a n g l e b e t w e e n t h e c o n i c a l p a r t a n d t h e v e r t i c a l c e n t r e 
1 i n e o f t h e c r u c i b l e . 

N o t e 16: I f SMX i s t o o s m a l l , an e x c e s s i v e number o f c a v i t y p o i n t s w i l l be 
u s e d . I f SMX i s t o o l a r g e , much o f t h e c a v i t y d e t a i l w i l l be l o s t . 

3.3 I n p u t D e s c r i p t i o n f o r t h e S u b r o u t i n e REREAD 

D a t a C a r d s 

* C a r d 1: F o r m a t ( 2 0 a 4 ) - 80 c o l u m n s o f a l p h a n u m e r i c p r o b l e m i d e n t i f i c a t i o n . 

* C a r d 2: F o r m a t ( e l 0 . 3 ) - T i m e 
Columns 1 - 10: T F - F i n a l t i m e , s. See N o t e 9. 
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C a r d s 3 and 4 g i v e t h e p r i n t o u t t i m e i n t e r v a l s . 
* C a r d 3: F o r m a t ( i 5 ) 

Columns 1 - 5 : NTPR - Number o f d i f f e r e n t p r i n t o u t i n t e r v a l s . 
2 < NTPR < 10. 

* C a r d 4: F o r m a t ( 8 e l 0 . 3 ) - P r i n t o u t i n t e r v a l s 
C olumns 1 - 10: T P R ( l ) - S t a r t t i m e f o r f i r s t p r i n t o u t i n t e r v a l , s 
C o l u m n s 11 - 20: D P R ( l ) - F i r s t p r i n t o u t i n t e r v a l , s. 
R e p e a t as n e c e s s a r y up t o TPR(NTPR),DPR(NTPR) u s i n g up t o f o u r p o i n t s 
p e r c a r d . Use a d d i t i o n a l c a r d s as r e q u i r e d . See N o t e 10. 

C a r d s 5 and 6 g i v e t h e p r i n t i n g a nd p l o t t i n g o p t i o n s . C a r d 7 i s n o t u s e d 
u n l e s s a p l o t f i l e i s t o be w r i t t e n . 

* C a r d 5: F o r m a t ( 7 i 5 ) - P r i n t o p t i o n s . 
C olumns 1 - 5 KTEM - T e m p e r a t u r e p r i n t o p t i o n . 
Columns 6 - 10 KPR0P - P r o p e r t i e s p r i n t o p t i o n . 
Columns 11 - 15 KINT - I n t e r f a c e p r i n t o p t i o n . 
C olumns 16 - 20 KMAS - Mass p r i n t o p t i o n . 
Columns 21 - 25 KBAL - H e a t b a l a n c e p r i n t o p t i o n . 
Columns 26 - 30 KGAS - Gas r e l e a s e p r i n t o p t i o n . 
Columns 31 - 35 KCAV - C a v i t y s h a p e p r i n t o p t i o n . 
Columns 36 - 40 KD I AG - D i a g n o s t i c p r i n t o p t i o n . 
I f a n y o f t h e q u a n t i t i e s i s g r e a t e r t h a n z e r o , t h e c o r r e s p o n d i n g p r i n t 
o p t i o n w i l l be e x e r c i z e d . A z e r o v a l u e b y p a s s e s t h i s p r i n t o p t i o n . 

* C a r d 6: F o r m a t ( 7 i 5 ) - P l o t o p t i o n s . 
Columns 1 - 5: JTEM - T e m p e r a t u r e p l o t f i l e o p t i o n . 
Columns 6 - 10: JPR0P - P r o p e r t i e s p l o t f i l e o p t i o n . 
Columns 11 - 15: J I N T - I n t e r f a c e p l o t f i l e o p t i o n . 
Columns 16 - 20: JMAS - Mass p l o t f i l e o p t i o n . 
Columns 21 - 25: J B A L - H e a t b a l a n c e p l o t f i l e o p t i o n . 
C olumns 26 - 30: JGAS - Gas r e l e a s e p l o t f i l e o p t i o n . 
C olumns 31 - 35: JCAV - C a v i t y s h a p e p l o t f i l e o p t i o n . 
I f any o f t h e q u a n t i t i e s i s g r e a t e r t h a n z e r o , t h e c o r r e s p o n d i n g p l o t 
f i l e w i l l be w r i t t e n . A z e r o v a l u e b y p a s s e s t h e c o r r e s p o n d i n g p l o t 
o p t i o n . 
C a r d 7: F o r m a t ( 2 e l 0 . 3 ) 
Columns 1 - 10: T P L - F i r s t t i m e t o w r i t e p l o t f i l e s , s. 
Columns 11 - 20: DPL - Time i n t e r v a l f o r w r i t i n g p l o t f i l e s , s. 



- 58 -

3.4 P r i n t O u t p u t D e s c r i p t i o n 

The i n i t i a l d a t a w i l l be p r i n t e d o u t . I n a d d i t i o n , a r e g u l a r p r i n t o u t f o r e a c h 
p r i n t i n t e r v a l D P R ( I ) b e g i n n i n g a t T P R ( I ) . F o r e a c h p r i n t i n t e r v a l , t h e f o l 
l o w i n g d a t a a r e a l w a y s g i v e n : t i m e , maximum d e p t h , maximum r a d i u s , a n d n e x t 
t i m e s t e p . A d d i t i o n a l d a t a o u t p u t d e p e n d s on t h e c o n t e n t s o f c a r d 29 (READIN) 
r e s p e c t i v e l y c a r d 5 (REREAD). 

KTEM>0: 
( a ) P o o l ( b u l k ) a n d s u r f a c e t e m p e r a t u r e s , 
( b ) T e m p e r a t u r e s a t t h e s u r f a c e o f t h e o x i d e and a t t h e m e t a l / o x i d e i n t e r 

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

a n d a t t h e i n t e r f a c e o f t h e o x i d i c p o o l w i t h t h e g a s f i l m , 
( e ) L i q u i d u s a n d s o l i d u s t e m p e r a t u r e s o f m e t a l a n d o x i d e l a y e r s . 

KPR0P>0: 
B u l k p r o p e r t i e s : d e n s i t y , t h e r m a l c o n d u c t i v i t y , s p e c i f i c h e a t , s u r f a c e t e n 
s i o n , a n d v i s c o s i t y o f m e t a l and o x i d e . 

KMAS>0: 
( a ) Mass, volume ( i n c l u d i n g v o i d s ) , v o l u m e o f l i q u i d f r a c t i o n , v o i d f r a c t i o n , 

a n d d e p t h o f e a c h l a y e r . 
( b ) W e i g h t f r a c t i o n s o f e a c h c o n s t i t u e n t s i n e a c h l a y e r . 
( c ) I f c r u s t f o r m a t i o n a t t h e b o u n d a r i e s o f t h e m e l t l a y e r s o c c u r s , t h e c r u s t 

t h i c k n e s s e s ( i n cm) a r e p r i n t e d o u t . 

KBAL>0: 
( a ) I n t e r n a l e n e r g y s o u r c e , e n t e r i n g a n d l e a v i n g e n t h a l p y f l u x e s , h e a t s o f 

c h e m i c a l r e a c t i o n s , h e a t d e l i v e r e d t o c o n c r e t e , h e a t i n t e r c h a n g e d b e t w e e n 
t h e p h a s e s , h e a t r a d i a t e d f r o m s u r f a c e , a n d n e t h e a t g a i n o r l o s s 
( l a b e l e d 1 s e n s i b l e h e a t ' ) . 

( b ) An e n e r g y b a l a n c e i n t e g r a t e d f r o m t = 0; t h e i n i t i a l e n t h a l p y , i n t e r n a l 
e n e r g y , e n t e r i n g a n d l e a v i n g e n t h a l p y f l u x e s , r e a c t i o n e n e r g y . e n e r g y 
t o c o n c r e t e , e n e r g y r a d i a t e d f r o m t h e t o p o f t h e m e l t , t o t a l s o f p o s i 
t i v e a n d n e g a t i v e e n e r g y , a n d t h e e n e r g y e r r o r . 
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KINT>0: 
F o r t h e p o o l / c o n c r e t e i n t e r f a c e t h e e r o s i o n v e l o c i t i e s a n d e f f e c t i v e heat, 
t r a n s f e r c o e f f i c i e n t s a t t h e p o o l b o t t o m and s i d e w a l l s . 

KGAS>0: 
Mass a n d m o l a r r a t e s , w e i g h t a n d mole f r a c t i o n s o f t h e g a s e s c u r r e n t l y b e e i n g 
r e l e a s e d , p l u s t o t a l w e i g h t s a nd m o l s d e l i v e r e d s i n c e t = 0. 

KCAV>0: 

C a v i t y c o o r d i n a t e s ( i n cm), number o f c a v i t y p o i n t s . 

KDIAG>0: 
D i a g n o s t i c s i n d i c a t i n g n u m e r i c a l p r o b l e m s : 
1 RUNGE-KUTTA STEP HALVING CURTAILED 1 

'ITERATION FOR TK CURTAILED' 
'ITERATION FOR TSUR CURTAILED' 
'ITERATION FOR VOID CURTAILED' 
The o c c a s i o n a l a p p e a r a n c e o f t h e s e d i a g n o s t i c s d o e s n o t n e c e s s a r i l y i n d i c a t e 
a s e v e r e p r o b l e m . 

3.5 P l o t O u t p u t D e s c r i p t i o n 

I f t h e sum (JTEM+JPROP+JINT+JMAS+JBAL+JGAS+JCAV) i s n o t e q u a l t o z e r o , a p l o t 
f i l e must be a l l o c a t e d . T h e n , p l o t d a t a i s w r i t t e n on t h i s f i l e i n a e q u i d i s 
t a n t t i m e i n t e r v a l s DPL b e g i n n i n g w i t h t h e f i r s t p l o t t i m e TPL. The amount o f 
p l o t d a t a i s u s e r c o n t r o l l e d a n d d e p e n d s on t h e c o n t e n t o f c a r d 30 (READIN) 
r e s p e c t i v e l y o f c a r d 6 (REREAD): 

JTEM>0: 
B u l k t e m p e r a t u r e s o f t h e m e t a l a nd t h e o x i d e l a y e r s , s u r f a c e t e m p e r a t u r e a t 
t h e t o p o f t h e m e l t , i n t e r f a c e t e m p e r a t u r e b e t w e e n t h e m o l t e n l a y e r s , boun
d a r y l a y e r t e m p e r a t u r e s o f t h e m e t a l a nd t h e o x i d e m e l t f a c i n g t h e g a s 
f i l m . 

JPR0P>0: 
D e n s i t i e s o f t h e m e t a l a nd t h e o x i d e l a y e r s 
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JINT>0: 
H e a t t r a n s f e r c o e f f i c i e n t s f o r t h e b o t t o m and s i d e w a l l h e a t t r a n s f e r o f t h e 
m e t a l a n d o x i d e l a y e r s t o t h e c o n c r e t e . 

JMAS>0: 

M a s s e s , v o l u m e s , v o i d f r a c t i o n s , a nd h e i g h t s o f e a c h l a y e r . 

JBAL>0: 
H e a t f l u x e s t r a n s f e r r e d f r o m t h e m e l t t o t h e c o n c r e t e , and i n t o t h e c o n t a i n 
ment by r a d i a t i o n and by e n t h a l p y t r a n s p o r t o f t h e g a s e s l e a v i n g t h e m e l t . 

JGAS>0: 

Mass f l u x e s o f t h e g a s c o m p o n e n t s CO^, CO, H2O, H^. 

JCAV>0: 
( a ) number o f c a v i t y p o i n t s . 
( b ) r , z - c o o r d i n a t e s o f t h e c a v i t y 

3.6 T e s t S a m p l e 

I n a c c o r d a n c e w i t h t h e G e r m a n R i s k S t u d y / 2/, c o r e m e l t d o w n o f 
a G e r m a n S t a n d a r d PWR w i t h a t h e r m a 1 p o w e r o f Q Q = 3 7 3 1 MW i s 
p o s t u l a t e d . I n t h e m o s t p e s s i m i s t i c c a s e , m e l t t h r o u g h o f t h e 
r e a c t o r p r e s s u r e v e s s e l w o u l d o c c u r 1 h 50 mi n a f t e r t h e i n i t i a t i o n 
o f t h e a c c i d e n t s e q u e n c e . A t t h a t t i m e , a b o u t 60 % o f t h e Z i r 
c o n i u m w o u l d b e o x i d i z e d . 

T h e c o r e m e l t w i 1 1 s l u m p o n t o t h e c o n c r e t e b a s e m e n t w i t h a 
t e m p e r a t u r e o f a b o u t t = 2 4 0 0 ° C . T h e i n i t i a l m a s s a t t h e 
b e g i n n i ng o f t h e m e l t / c o n c r e t e i n t e r a c t i o n p h a s e ( 4 t h p h a s e ) 
a r e g i v e n i n T a b l e 3 f o r t h e m e t a l 1 i c a n d t h e o x i d i c c o n 
s t i t u e n t s o f t h e m o l t e n c o r e . 

T h e d i s t r i b u t i o n o f t h e d e c a y h e a t s o u r c e s i n t h e m e t a l 
a n d t h e o x i d e l a y e r s h a v e b e e n 
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oxide layer UC>2 103 000 kg 
Z r 0 2 24 730 kg 

metal layer Zr 12 000 kg 
Cr 1 1 000 kg 
Fe 53 000 kg 
Ni 6 400 kg 

Table 3: I n i t i a l constituents and masses of the molten core at the 
beginning of the 4 t n phase 

e v a l u a t e d f r o m O R I G E N c o m p u t a t i o n s / 3 7 / c a r r i e d o u t a t GRS K ö l n 
f o r a G e r m a n S t a n d a r d PWR / 3 8 / b y t a k i n g i n t o a c c o u n t f i s s i o n 
p r o d u c t r e l e a s e i n t o t h e c o n t a i n m e n t o n t h e b a s e o f / 3 9 / a n d 
t h e o x i d a t i o n b e h a v i o r o f t h e f i s s i o n p r o d u c t s i n t h e m o l t e n 
p o o l . T h e r e s u l t o f t h i s i n v e s t i g a t i o n i s c o m p i l e d i n T a b l e 4. 
( t = 0: b e g i n n i n g o f t h e c o r e / c o n c r e t e i n t e r a c t i o n ) . 

T ^oxide ^metal 
S l MW MW 
0 17.78 6.57 
500 18.49 5.24 

1 000 19.99 3.33 
2 000 19.55 3. 12 
3 000 19.17 2.97 
5 000 18.64 2.68 
10 000 17.29 2.47 
25 000 14.84 2.13 
65 400 12.01 1.71 

353 400 8.42 1.14 

Table 4: Decay heat source d i s t r i b u t i o n 

T h e i d e a l i z e d c o m p o s i t i o n o f a n a v e r a g e d g e r m a n r e a c t o r c o n c r e t e 
i s g i v e n i n T a b l e 5. F o r t h i s s i l i c e o u s c o n c r e t e , t h e d e n s i t y 
i s 

o c = 2 2 0 0 k g / m 3 
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a n d t h e d e c o m p o s i t i o n e n t h a l p y i s 

A H C = 2 . 0 7 5 • 1 0 6 J / k g -

constituent CaC0 3 Ca(OH) 2 S i 0 2 H 20 

weight 0.08 0.17 0.71 0.04 
f r a c t i o n 

Table 5: Idealized concrete composition 

F u r t h e r m o r e , t h i s c o n c r e t e i s a s s u m e d t o c o n t a i n 0.1 kg i r o n 
f r o m t h e c o n c r e t e r e i n f o r c e m e n t p e r k g c o n c r e t e . 

T h e c o m p l e t e W E C H S L i n p u t f o r t h i s t e s t s a m p l e i s g i v e n i n 
A p p e n d i x A, w h e r e a s t h e W E C H S L p r i n t o u t p u t b e t w e e n 0 a n d 10 0 0 0 s 
i s c o m p i l e d i n A p p e n d i x B. I n F i g u r e 2 0 , t h e s u r f a c e t e m p e r a t u r e 
a t t h e t o p o f t h e m e l t , a n d t h e m e t a l a n d t h e o x i d e b u l k t e m p e r 
a t u r e s a r e p l o t t e d v s . t i m e . F i g u r e 21 g i v e s o n t h e s a m e t i m e 
s c a l e a p l o t o f t h e m o l a r g a s r e l e a s e r a t e s f o r t h e c o n s t i t u e n t s 
C 0 2 , CO, H 2 0 , H 2 . F i n a l l y , t h e c a v i t y f o r m a t i o n r e s u l t i n g f r o m 
t h e p e n e t r a t i o n o f t h e c o r e m e l t i n t o t h e r e a c t o r b a s e m e n t i s 
s h o w n i n F i g u r e 22 i n t i m e s t e p s o f 1 0 0 0 s . 

A f t e r a b o u t 9 0 0 0 s o f i n t e r a c t i o n , t h e m e t a l b u l k t e m p e r a t u r e 
h a s d r o p p e d t o a v a l u e c l o s e t o t h e f r e e z i n g t e m p e r a t u r e a n d a 
m a s s i v e m e t a l c r u s t i s b e i n g f o r m e d w h i c h r e d u c e s t h e h e a t 
t r a n s f e r f r o m t h e m e t a l l a y e r t o t h e c o n c r e t e c o n s i d e r a b l y . 
A s a f u r t h e r c o n s e q u e n c e , t h e g a s p e r c o l a t i o n t h r o u g h t h e m e l t 
i s s t o p p e d s o t h a t t h e s t r o n g s t i r r i n g e f f e c t s i n t h e b u l k a r e 
b r o u g h t t o a n e n d . T h i s r e d u c e s t h e h e a t t r a n s f e r f r o m t h e 
o x i d e b u l k t o t h e s u r f a c e s o t h a t a s t r o n g c r u s t i s a l s o f o r m e d 
a t t h e t o p o f t h e o x i d e m e l t . T h i s b e h a v i o r i s i n d i c a t e d b y t h e 
s t r o n g d e c r e a s e o f t h e s u r f a c e t e m p e r a t u r e i n F i g u r e 20 a n d b y 
t h e r e d u c t i o n o f t h e g a s b l o w i n g r a t e s i n F i g u r e 21. 



Figure 20: Sample plot of the metal, the oxide, and the surface 
temperatures 
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F u g u r e 2 1: Sample pl o t of the molar gas release rates 
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"Figure 22: Sample plot of the c a v i t y formation 
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4. C o n c l u s i o n s 

T h e p r e s e n t s t a t e o f m o d e l l i n g o f t h e W E C H S L c o d e i s d u e t o 
e x p e r i m e n t a l e v i d e n c e r e s t r i c t e d o n p h a s e s e g r e g a t i o n ( m e t a l 
1 a y e r u n d e r o x i d e ) a n d i n c l u d e s t h e f o l l o w i n g s e p a r a t e e f f e c t s : 

- q u a s i s t a t i o n a r y c o n c r e t e d e c o m p o s i t i o n ; 
- h e a t t r a n s f e r f r o m t h e m e l t t o t h e c o n c r e t e b y 

- g a s f i l m m o d e l w i t h a d j a c e n t p o o l b o u n d a r y 1 a y e r , 
- d i s c r e t e b u b b l e m o d e l ; 

- g a s b u b b l e r i s e a n d v o i d f r a c t i o n ; 
- g a s d r i v e n h e a t t r a n s f e r b e t w e e n t h e m o l t e n 1 a y e r s ; 
- g a s d r i v e n h e a t t r a n s f e r f r o m t h e p o o l t o t h e 

s u r f a c e a n d r a d i a t i o n f r o m t h e t o p o f t h e m e l t ; 
- o x i d a t i o n o f t h e m e t a l p o o l , 
- t e m p e r a t u r e a n d c o m p o s i t i o n d e p e n d e n t p r o p e r t i e s 
- i n i t i a l p h a s e o f c r u s t f o r m a t i o n . 

T h e W E C H S L c o d e a p p e a r s f r o m i t s p r e s e n t s t a t e o f m o d e l l i n g t o 
b e u s e a b l e f o r c a l c u l a t i n g t h e p e n e t r a t i o n o f c o n c r e t e a n d t h e 
r e l e a s e o f g a s e s a t 1 e a s t d u r i ng t h e i m p o r t a n t i n i t i a l p e r i o d 
o f a c o r e / c o n c r e t e i n t e r a c t i o n . H o w e v e r , a m o r e d e f i n i t i v e 
s t a t e m e n t o n t h e a d e q u a c y o f t h e c o d e m u s t a w a i t t h e r e s u l t s o f 
t h e f o r t h c o m i n g s u s t a i n e d t e m p e r a t u r e e x p e r i m e n t s i n t h e B E T A 
t e s t f a c i l i t y . 

A s c a n b e s e e n f r o m t h e r e s u l t s o f t h e t e s t s a m p l e , m a s s i v e c r u s t 
f o r m a t i o n b r i n g s t h e p e r i o d o f s t r o n g c o n c r e t e e r o s i o n t o a n e n d 
a f t e r a b o u t 2 1/2 h o u r s o f i n t e r a c t i o n . T h i s b e h a v i o r i s d e p e n 
d e n t o n t h e t y p e o f c o n c r e t e u s e d f o r t h e c o n s t r u c t i o n o f t h e 
r e a c t o r b a s e m e n t . T h e t e s t s a m p l e c o m p u t a t i o n h a s b e e n c a r r i e d 
o u t w i t h a s i l i c e o u s t y p e o f c o n c r e t e a s i t i s t y p i c a l f o r 
g e r m a n r e a c t o r p o w e r p l a n t s . B y u s i n g a m o r e r e f r a c t i v e c o n c r e t e 
w i t h a h i g h e r d e c o m p o s i t i o n e n t h a l p y a n d a h i g h e r s u r f a c e m e l t i n g 
t e m p e r a t u r e , t h e t e m p e r a t u r e o f t h e m o l t e n p o o l w o u l d b e 
s t a b i 1 i z e d a t a h i g h e r 1 e v e l a n d t h e p o o l w o u l d r e m a i n l i q u i d 
f o r a m u c h 1 o n g e r p e r i o d o f t i m e . 

N e v e r t h e l e s s , t h e p e n e t r a t i o n o f s e m i - s o l i d b o d i e s i n t o c o n c r e t e 
s t r u c t u r e s i s a n i m p o r t a n t p h e n o m e n o n f o r t h e 1 o n g - t i m e b e h a v i o r 
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o f t h e i n t e r a c t i o n . M o d e l e x p e r i m e n t s a n d t h e o r e t i c a l e f f o r t s 
a r e p l a n n e d a n d f i n a l l y , t h i s p h a s e s h o u l d a l s o b e i n v e s t i g a t e d 
i n t h e B E T A t e s t f a c i l i t y . 

I t s h o u l d b e k e p t i n m i n d t h a t t h e d o m i n a n t q u e s t i o n f o r t h e 
c o n s e q u e n c e s o f a c o r e m e l t a c c i d e n t o f a G e r m a n S t a n d a r d PWR 
i s t h e o v e r p r e s s u r i z a t i o n o f t h e c o n t a i n m e n t b y t h e g a s r e l e a s e 
f r o m t h e c o n c r e t e a n d b y s u m p w a t e r e v a p o r a t i o n . On t h e b a s e o f 
W E C H S L c a l c u l a t i o n s u n d e r t h e a s s u m p t i o n t h a t f r e e z i n g o f t h e 
m e t a l p o o l i s s u p r e s s e d , t h e c o n t a i n m e n t b u r s t i s p r e d i c t e d t o 
h a p p e n 4 1/2 d a y s a f t e r t h e i n i t i a t i o n o f t h e a c c i d e n t , l o n g 
b e f o r e r e a c t o r b a s e m e n t m e l t t h r o u g h c o u l d o c c u r . P r o p e r m o d e l l i n g 
o f t h e f r e e z i n g p h e n o m e n a w i l l h o w e v e r r e d u c e t h e g a s r e l e a s e • 
r a t e s , a n d t h e s u m p w a t e r e v a p o r a t i o n , a n d t h e r e f o r e p r o b a b l y 
c a u s e a f u r t h e r d e l a y o n c o n t a i n m e n t f a i l u r e . M o r e o v e r , t h e 
f r e e z i n g b e h a v i o r a l s o r e d u c e s t h e p e n e t r a t i o n r a t e o f t h e 
c o r e i n t o t h e b a s e m e n t s t r u c t u r e , s o t h a t i t m i g h t b e d o u b t f u l 
w h e t h e r b a s e m e n t m e l t t h r o u g h o c c u r s . 

G i v e n t h e l o w e n t r a n c e p r o b a b i l i t y o f a c o r e m e l t d o w n , t h e 
u n c e r t a i n t y i n k n o w l e d g e a b o u t t h e i n i t i a l c o n d i t i o n s o f s u c h 
a n a c c i d e n t s e q u e n c e , a n d t h e n a t u r a l s c a t t e r i n g o f t h e r e s u l t s 
o f i n t e g r a l e x p e r i m e n t s w i t h h o t m e l t s i n c o n c r e t e c r u c i b l e s , 
i t i s u s e f u l a n d n e c e s s a r y t o r e s t r i c t t h e c o d e d e v e l o p m e n t 
t o t h e m o s t i m p o r t a n t p h y s i c a l a n d c h e m i c a l e f f e c t s . I n t e n s i v e 
r e s e a r c h o n s e c o n d o r d e r e f f e c t s i s n o t w o r t h a n e x t e n s i v e 
e f f o r t . 
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CORE MELT DOWN ACCIDENT fSILICEOUS CONCRETE (TYPE 1)1 

0. 
0» 0. 0. 
0. 0. 0. 
0. 0. 0. 
.08 .17 .71 .04 .1 1573. 

2 3 5 
24840. 1423. 1473. 
3 i 2 4 
80000. 2323. 2373. 

1.0300E5 2.473E4 0. 0. 0. 0. 
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6.54E4 1.20IE7 3.534E5 0.842E7 
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B - 1 

CORE MELT DOWN ACCIOENT (SILICEOUS CONCRETE (TYPE 11) 
GAS FILM HEAT TRANSFER MODEL 

0.0 KG/S THERMITE ADDED FOR 0.0 
CONCRETE COMPOSITION 
CAC03 CA(0H)2 SI02 H20 AL203 

0.080 0.170 0.710 0.040 0.000 
TSB-1573. K HB«0.208E»07 J/KG RHO=2200. KG/M3 

0.100 KG FE PER KG CONCRETE 
HB FCR C0NC»FE=» *.2200E»07 J/KG 

INITIAL MASS OF OXIDES, KG 
UC2 ZR02 FEO CAC SI02 

SEC. 

0.1030E*06 P.2473E*05 0.0 0.0 
T-26T3. K 
INTERNAL HEAT GENERATION IN OXIDES (W) 

0.0 
AL203 

0.0 
CR203 

0.0 

0.0 0.l778E«O8 
0.500OE»03 0.1849E*OB 
0.1000E»04 0.1999E»08 
".2000E»04 0.1955E»08 
0.3POOE*04 0.1917E*08 
1.5000E»04 0»1864E*08 
0.1000E»05 0.1729E*08 
i.2500E»05 0.1484E»08 
0.6540E*05 0.1201E*08 
9.3534E*06 1.8420E*07 
INITIAL MASS OF METAL, KG 
FE ZR CR NI 

0.5300E*05 0.1200E+05 0.1100E*05 0.6400E»04 
T=2673. K 
INTERNAL HEAT GENERATION IN METALS (HI 

0.0 
O.5000E»03 
«.1000E*04 
0.2000E*04 
0.3000E*04 
0.5000E»04 
0. 1000E4-05 
O.2500E»05 
0.654OE*O5 
H.3534E»06 

0.6570E*P7 
f>.5240E»H7 
0.3330E*07 
0.312OE*O7 
0.2970E*O7 
0.2680E*07 
0.2470EO7 
P.2130E*07 
0.1710E*07 
0.114OE*n7 

COMPUTATIONS MADE EVERY 1 
PRINTOUT EVERY 500.SEC, 
PRINTOUT EVERY 1000.SEC, 
PRINTOUT EVERY 5001.SEC, 

50 SECONDS UNTIL tOOOO.O SEC 
BEGINNING AT 0. SEC. 
BEGINNING AT 2000. SEC 
BEGINNING AT50000. SEC 

FEC SI02 

U02 2R02 
LIQUIDUS 
C 

0.0 
0.1513E-01 
0.3927E-01 
0.7490E-01 
0.1249f*00 
0. 1927E»00 
0.2826E*00 
^.^OOOE^OO 
0.5518E*00 
O„74?5E*O0 
O.1000E*0l 

SOLIDUS 

CAO 

T 
O.U73E«04 
0.1563EO4 
0. 16S3E»04 
0.1743EKI4 
0.1833E»04 
n.1923E*04 
0.2013E*04 
0.2103E*04 
0.2193E»04 
0.2283E4O4 
0.2373E*^4 



B - 2 

c 
0.0 
0.1299E*00 
0.2395E*00 
C.3360E*00 
0.4248E*00 
0.5lOOE»00 
0.5950E+00 
0.6829E*00 
0.7771E»00 
">.8813E*00 
o.inooE*ni 

T 
0.1423E*04 
0.15l3E*O4 
0.1603E*94 
0.1693E*04 
0.1783EO4 
0. 1873E*04 
0.1963E*04 
0.2053E*14 
0.2143E*04 
0.2233E*O4 
0.2323EO4 

PRESSURE HISTORY, BAR 
T P 

0.0 0.1000E401 
0.1000E*08 0.1000EO1 

AMBIENT TEMPERATURE HISTORY, K 
T TANB 

0.0 0.7730E*03 
0.1000E*08 O.7730E»03 

T« 2. SEC Z- -0.0006 M R» 3.2012 M 
NEXT TIME STEP» 1.2120 SEC 

TEMPERATURES, K: 
POOL - TM=2673. T0=>2673. TSUR«2655. T12«2673. 
GAS - TG-2633. 
TOMW-2614. T00W-243B. 
LIQ./SOL. TLM-1755. TMM-1744. TL0=2373. TMO-2323. 

PROPERTIES 

DENS.,KG/M3 
COND.,W/(M*K) 
C.P.,J/IKG*K) 
SIGMA,KG/S2 
VISC.,KG/<S*M) 

METAL 
6669. 
56.215 

690. 
1.536 

0. 1979E-02 

OXIDE 
6629. 
3.000 
520. 

0.445 
0.5716E-02 

POCL-CONCRETE INTERFACE 
BOTTOM MET. HALL OX. WALL 

VELOCM/S 0.4039E-01 0.8113E-01 0.6917E-01 
H,H/(M2*K) 0.1877E»04 0.3772E*04 0.3872E*04 

MASSES AND VOLUMES 
METAL OXIDE 

MASS,KG 0.8239E*05 0.1279E*06 
VOL.,M3 0.2745E»02 0.4294E»02 
V0.M3 0. 1235E»02 0. 1932E»02 
VF 0.5500E*00 0.5500E»0n 
DEPTH,M 0.7800E*00 0.1208E+01 
WT. FRACTIONS 
UC2 MC?. FEO CAO SI02 

0.81 0. 19 0.0 O.no 0.00 
FE „-ZR CR NI 

0.64 0.15 0.13 0.08 

AL203 CR203 
0.00 0.00 

HEAT FLUX BALANCE,W: 
METAL 

INTERNAL 0.6566E*07 
OXIDE 

P. 1778E»08 
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ENTERING 
LEAVING 
REACTIONS 
CONCRETE 
INTERCHANGE 
RADIATED 
SENSIBLE HT. 

0.1388E*09 
-0.2218E*09 
0.9527E*08 
-0.1099E*09 
0.0 
0.0 
-0.9U1E*08 

0.3194E*09 
-0.6058E*08 
0.0 
-O.7751E*08 
0.0 
-0.4952E*O8 
0. 1495E*09 

INTEGRATED ENERGY BALANCE,W 
ENTHO 0.3953E*12 ENTH 0.3954E*12 
INT 0.3652E*08 CONCR 0.2B11E*09 
ENT 0.3544E*09 LEAVE 0.9087E*08 
REACT 0.1429E*09 RAO 0.7428E*08 

TOTALS 
ERROR 

0.3959E*12 
-0.1212E»08 

0.3959E*12 
-0.3063E-02 PER CENT 

GASES ADDED TO 

MASS FLUX,KG/S 
MOL FLUX.MOL/S 
HT. FRACT. 
HCL FR ACT. 
TOT.MASS,KG 
TCT.MOLS.MCL 

ATMOSPHERE 
C02 
0.3973E*0O 
0.9028E*01 
0.5374E-01 
0.1706E-01 
0.5960E*00 
0. 1354E*02 

CO 
0.1985E*01 
0.7086E*02 
0.2685E*00 
0.13396*00 
0.2977E*0l 
0.1063E*03 

H20 
0.4621E*01 
0.2565E*03 
0.6251E*00 
0.4845E*00 
0.69321*01 
0.3847E*03 

H2 
0.3898E*00 
0.1930E*03 
0.5272E-01 
O.3645E*00 
0.5847E*00 
0.28941*03 

CAVITY DIMENSIONS,CM 
R Z R Z 
0.0 -0.1 7.5 -0.1 
18.7 -0.1 22.5 -0.1 
33.7 -0.1 37.5 -0.1 
48.7 -0.1 52.5 -0.1 
63.7 -0. 1 67.5 -O.l 
78.7 -0. 1 82.5 -0.1 
93. 7 -0.1 97.5 -0.1 
108. 7 -0. 1 112.5 -0. 1 
123.7 -0.1 127.5 -O.l 
138.7 -0.1 142.5 -0.1 
153. 7 -O.l 157.5 -O.l 
168.7 -0.1 172.5 -0.1 
183.7 -0. 1 187.5 -O.l 
198. 7 -0. 1 202.5 -0.1 
21 3.7 -0.1 217.5 -0.1 
228.7 -0. 1 232.5 -O.l 
243. 7 -0.1 247.5 -0.1 
258.7 -0.1 262.5 -0.1 
273.7 -0. 1 277.5 -0.1 
288.7 -0.1 292.5 -O.l 
303.7 0.3 307.3 1.4 
316.2 8.1 318. 1 11.4 
320.1 22.4 320.1 26.1 
320. 1 37.4 320. 1 41.1 
32*.1 52.4 320.1 56.1 
320.1 67.4 320.1 71.1 
320. 1 82.4 320.1 86. 1 
320.1 97.4 320.1 101.1 
320. 1 112.4 320. I 116.1 
320. 1 127.4 320.1 131.1 
32o.l 142.4 320.1 146.1 
320. f 157.4 320.1 161. 1 
320.1 172.4 320.1 176.1 
320vl 187.4 320.1 191.1 
320.0 202.4 320.0 206.1 
321.0 21 7.4 3 20.0 221.1 

R I R Z 
11.2 -0.1 15.0 -O.l 
26.2 -O.l 30.0 -O.l 
41.2 -0. 1 45.0 -0.1 
56.2 - o . l 60.0 -0.1 
71.2 -C. 1 75.0 -0.1 
86.2 -0.1 90.0 -O.l 
101.2 -0.1 105.0 -0.1 
116.2 -O.l 120.0 -0,1 
131.2 -0.1 135.0 -O.l 
146.2 -0. 1 150.0 -O.l 
161.2 -0.1 165.0 -0.1 
176.2 -0.1 180.0 -0.1 
191.2 -0. 1 195.0 -0.1 
206.2 -0.1 210.0 -0.1 
221.2 -0.1 225.0 -0.1 
236.2 -0.1 240.0 -O.l 
251.2 -0.1 255.0 -O.l 
266.2 -0. 1 270.0 -0.1 
281.2 -O.l 285.0 -0.1 
296.2 -O.l 300.n -0.1 
310.7 3. 1 313.7 5.4 
319.4 14.9 320.0 18.6 
320.1 29.9 320. 1 33.6 
320.1 44.9 320.1 48.6 
320.1 59.9 320.1 63.6 
320. 1 74.9 320.1 78.0 
320. 1 89.9 320.1 93.6 
320.1 104.9 320.1 108.6 
320. 1 119.9 320. 1 123.6 
320.1 134.9 320.1 138.6 
320.1 149.9 320.1 153.6 
320.1 164.9 320.1 168.6 
320.1 179.9 320.1 183.6 
320. 1 194.9 320. 1 198.8 
320.0 209.9 320.0 213.6 
3 20.0 224.9 320.0 228.6 
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320.0 232.4 320.0 236.1 320.0 239.9 320.0 
320.0 247.4 320.0 251.1 320.0 254.9 320.0 
320.0 262.4 320.0 266.1 320.0 269.9 320.0 
320.0 277.4 320.0 281.1 320.0 284.9 320.0 
320.0 292.4 3 20.0 296.1 320.0 299.9 320.0 
320.0 307.4 320.0 311.1 320.0 314.9 320.0 
320.0 322.4 3 20.0 326.1 320.0 329.9 320.0 
320.0 337.4 320.0 341.1 320.0 344.9 320.0 
320.0 352.4 320.0 356.1 320.0 359.9 320.0 
320.0 367.4 320.0 371 .1 3 20.0 374.9 320.0 
320.0 382.4 320.0 386.1 320.0 389.9 320.0 
320.0 397.4 3 20.0 401.1 320.0 406.2 

191 

T= 501. SEC Z=* -0.1316 M R* 3.4258 M 
NE XT TIME STEf»= 1.4366 SEC 

243.6 
258.6 
273.6 
288.6 
303.6 
318.6 
333.6 
348.6 
363.6 
378.6 
393.6 

TEMPERATURES, Ks 
POOL - TM-2238. TO-2246. TSUR*2224. T12=2238. 
GAS - TG-2236. 
TQMW=2213.. T00W = 1969. 
LIQ./SOL. TLM-1757. TMM-1746. TL0«2264. TM0-2076. 

PROPERTIES 

DENS v9KG/M3 
COND.,W/(M*KI 
CP. ,J/<KG*K) 
SIGMA,KG/S2 
VISC,KG/(S*MI 

METAL 
6814. 
54.005 

709. 
1.665 

0.2952E-02 

OXIDE 
5524. 
3.025 
2563. 
1.787 

0.2172E*Ol 

POOL-CONCRETE INTERFACE 
BOTTOM MET. WALL OX. WALL 

VELOCM/S 0.2023E-01 0.33OOE-01 0.9T53E-02 
H,W/IM2*K) 0.1531E«04 0.2501E*04 0.1198E+04 

MASSES AND VOLUMES 
METAL OXIDE 

MASS,KG 0.8093E»05 0.1547E»06 
VOL.,M3 0.2639E*02 0.6227E»02 
V0.M3 0.ll88E*O2 O.28O2E+02 
VF 0.5500E.00 0.5500E»00 
DEPTH,M 0.7499E+00 0. 1801E*01 
WT. FRACTIONS 
U02 ZR02 FEO CAO SI02 AL203 CR203 

0.67 0.19 0.0 0.03 0.11 0.00 0.00 
FE ZR CR NI 

0.69 0.10 0.14 0.08 
CRUST THICKN.,CM 
INT.MET. INT.OX. SURFACE WALL MET. 
0.0 0.0 0.0 0.0 

WALL OX. 
0.4806E-01 

HEAT FLUX BALANCE,W: 

INTERNAL 
ENTERING 
LEAVING 
REACTIONS 
CONCRETE 
INTERCHANGE 
RADIATED 

METAL 
0.5235E*07 
0.652OE*08 
-0.9262E*08 
0.4304E*08 
-0.5248E*08 
0.1644E*08 
0.0 

OXIDE 
0. 1849E+0 8 
0.1249E*09 
-0.2497E.0B 
0.0 
-0.2092E*08 
-0.1644E»0B 
-0.2441E408 



B - 5 

SENSIBLE HT. -0.1519E*08 0.5666E+08 

INTEGRATEO ENERGY BALANCE,W 
ENTHO 
INT 
ENT 
REACT 

0.3953E»12 
0. 1205EU1 
0.7P20EU1 
0.2985E*!I 

ENTH 
CONCR 
LEAVE 
RAO 

0.4243EU2 
0 . 5406EM1 
0.1796EU1 
0. 1584E«!I 

TOTALS 
ERROR 

0.5074E+12 
-0.4775E*lO 

0.5122EH2 
-0.9410E*00 PER CENT 

GASES ADDED TO 

MASS FLUX,KG/S 
MOL FLUX,MOL/S 
WT. FRACT. 
MCL FR ACT. 
TOT.MASS,KG 
TCT.MOLS,MOL 

ATMOSPHERE 
C02 
0.2440E*00 
0.5545E*0l 
0.6911E-01 
0.2194E-01 
0.1495E*03 
0.3397E*04 

CO 
0.9134E*00 
0.326tEf02 
0.2587E*00 
0.1290E*00 
0.6296E*03 
0.2248E*O5 

H20 
0.2185E*01 
0.1212E.03 
0.6188E»00 
0.4797E*00 
0. 1488E+04 
0.8259E*05 

H2 
0.1B86E«-00 
0.9337E*02 
0.5342E-01 
0.3694E«-00 
0. 1272E*03 
0.6297E*05 

CAVITY DIMENSIONS,CM 
R Z R Z 
0.0 -13.2 7.5 -13.2 
18.7 -13.2 22.5 -13.2 
33.7 -13.2 37.5 -13.2 
48.7 -13.2 52.5 -13.2 
63.7 -13.2 67.5 -13.2 
78.7 -13.2 82.5 -13.2 
93. 7 -13.2 97.5 -13.2 
108.7 -13.2 112.5 -13.2 
123.7 -13.2 127.5 -13.2 
138.7 -13.2 142.5 -13.2 
153.7 -13.2 157.5 -13.2 
168.7 -13.2 172.5 -13.2 
183.7 -13.2 187.5 -13.2 
198.7 -13.2 202.5 -13.2 
213. 7 -13.2 217.5 -13.2 
228. 7 -13.2 232.5 -13.2 
243.7 -13.2 247.5 -13.2 
258. 7 -13.2 262.5 -13.2 
273.7 -13.2 277.5 -13.2 
288.7 -13.2 292.5 -13.2 
303.7 -12.8 3^7.4 -12.0 
316.9 -5.9 320. 1 -4.0 
329.4 2.2 331.7 5.1 
336.6 15.2 337.6 18.8 
339.7 29.9 340.2 33.6 
341.4 44. 8 341 .8 48.5 
342.6 59.7 341 .6 61 .9 
336.4 73.4 335.1 76.9 
332.4 87.8 332.0 91 .6 
331.6 102.8 331.6 106.5 
331.6 117.8 331.6 121.5 
331.-7 132.8 331.7 136.5 
331.8 147.8 331 .8 151.5 
331. 8 162. 8 331.9 166.5 
331 .9 177.8 331.9 181.5 
331.9 192.8 331.9 196.5 
331.7 207.8 331.4 211.5 
329. 1 222.5 327.8 226.1 
323.6 236.5 322. 3 240.0 
32P.0 2^2.4 

157 

R Z R Z 
11.2 -13.2 15.0 -13.2 
26.2 -13.2 30.o -13.2 
41.2 -13.2 45.0 -13.2 
56.2 -13.2 60.0 -13.2 
71.2 -13.2 75.0 -13.2 
86.2 -13.2 90.0 -13.2 
101.2 -13.2 105.0 -13.2 
116.2 -13.2 120.0 -13.2 
131.2 -13.2 135.0 -13.2 
146.2 -13.2 150.0 -13.2 
161.2 -13.2 165.0 -13.2 
176.2 -13.2 180.0 -13.2 
191.2 -13.2 195.0 -13.2 
206.2 -13.2 210.0 -13.2 
221.2 -13.2 225.0 -13.2 
236.? -13.2 240.0 -13.2 
251.2 -13.2 255.0 -13.2 
266.2 -13.2 270.0 -13.2 
281.2 -13.2 285.0 -13.2 
296.2 -13.2 300.0 -13.1 
310.8 -10.3 313.8 -8.1 
323.5 -2.5 326.6 -0.4 
333.6 8.3 335.3 11.7 
338.5 22.5 339.1 26.2 
340.6 37.3 341.0 41.0 
342.1 52.2 342.4 56.0 
339.4 66.6 337.9 70.0 
334.0 80.5 333. 1 84. 1 
331 .8 95.3 331.6 99.0 
331.6 l 10. 3 331.6 114.0 
331. 7 125. 3 331.7 129.0 
331.7 140.3 331.8 144.0 
331.8 155.3 331. 8 159.0 
331.9 170.3 331.9 174.0 
331.9 185. 3 331.9 189.0 
331.9 200.3 331.8 204.0 
330.9 215.2 330.1 218.9 
326.5 229.6 325.0 233.0 
321. 7 241.9 320.3 247.2 
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1000. SEC Z* -0.2228 H 
NEXT TIME STEP« 2.3667 SEC 

R» 3.5309 M 

TEMPERATURES, K: 
POOL - TM-2138. TO-2154. TSUR-2119. T12-2139. 
GAS - TG=2147. 
TQMW=2119. TQ0W=1889. 
LIO./SOL. TLM«1758. THM=1747. TL0=2228. TMO-1997. 

PROPERTIES 

DENS.,KG/M3 
COND.,W/IM*K) 
CP. ,J/(KG*K> 
SIGMA,KG/S2 
VISC.,KG/(S*M) 

METAL 
6877. 
52.591 

721. 
1.694 

0.3309E-02 

OXIDE 
5079. 
3.036 
2271. 
2.333 

0.9095E»0l 

PCCL-CONCRETE INTERFACE 
BOTTOM MET. WALL OX. WALL 

VELOC,M/S 0. 1667E-01 0.2265E-01 0.6712E-02 
H,W/CM2*K) 0.14B1E»04 0.2012E+C4 0.1037E*04 

MASSES ANO VOLUMES 
METAL 

0.7988E*O5 MASS,KG 
VOL.,M3 
V0.M3 
VF 
DEPTH,M 
WT. FRACTIONS 
U02 ZR02 FEO 

0.60 0.20 0.0 
FE ZR CR 

0.71 0.07 0.14 
CRUST THICKN.,CM 
INT.MET. INT.OX. 
0.0 0.0 

0.2145E*02 
O.I161E+02 
0.4585E«O0 
0.5933EOO 

OXIDE 
0.1704E*06 
0.7459E*02 
0.3356E»02 
0.5500E»0O 
0.2085E+01 

CAO 
0.04 
NI 

0.08 

SI02 
0. 16 

AL203 CR2C3 
0.00 0.00 

SURFACE 
0.0 

WALL MET. 
0.0 

WALL OX. 
0.6362E-01 

HEAT FLUX BALANCE,W: 

INTERNAL 
ENTERING 
LEAVING 
REACTIONS 
CONCRETE 
INTERCHANGE 
RADIATED 
SENSIBLE HT. 

METAL 
0.3330E*07 
0.4739E*08 
-0.6557E+08 
0.3089E*08 
-0.3816E*08 
0.1260E*08 
0.0 

-0.9514E»07 

OXIDE 
0.1999E*08 
0.8879E*08 
-0.1777E*08 
0.0 

-0. 1493E.08 
-0.12606*08 
-0.2022E*08 
0.4325E+08 

- INTEGRATED ENERGY BALANCE,W 
ENTHO 
INT 
ENT 
REACT 

0.3953EM2 
0.2379E+11 
0.1112E*12 
0.4792E*!! 

ENTH 
CONCR 
LEAVE 
RAD 

0.4439E»12 
0.S491E + U 
0.2839EMI 
0.2689E + U 

TOTALS 
ERROR 

0.5783E+12 
-0.58lOE*10 

0.5841E»12 
-0.1005E*01 PER CENT 

GASES ADDED TO ATMOSPHERE 
- • C02 CO H20 H2 
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MASS FLU«,KG/S 0. 
MOL FLUX,MOL/S 0. 
MT. FRACT. 0. 
MOL FRACT. 0. 
TOT.MASS,KG 0. 
TOT.MOLS,MOL 0. 

1897E»00 0.6564E*00 
4309E*0l 0.2344E*02 
7386E-01 0.2557E»00 
2344E-01 0.1275E*00 
2563E*03 0.1013E»04 
5823E*04 0.3618E+05 

0.1584E*01 0. 1377E»00 
0.8789E»02 0.6817E*02 
C.616BE»00 0.5363E-01 
0.4782E400 0.3709E+00 
0.2410E*04 0.2071E*03 
0. 1338E+06 0.1025E»06 

CAVITY DIMENSIONS,CM 
R Z R Z 
0.0 -22.3 7.5 -22.3 
18.8 -22.3 22.5 -22.3 
33.8 -22.3 37.5 -22.3 
48.8 -22.3 52.5 -22.3 
63. 8 -22.3 67.5 -22.3 
78.8 -22.3 82.5 -22.3 
93.8 -22.3 97.5 -22.3 
108.8 -22. 3 112.5 -22.3 
123. 8 -22.3 127.5 -22.3 
138.8 -22.3 142.5 -22.3 
153.8 -22.3 157.5 -22.3 
168.8 -22.3 172.5 -22.3 
183.8 -22.3 187.5 -22.3 
198.8 -22.3 202.5 -22.3 
213.8 -22.3 217.5 -22.3 
228.8 -22. 3 232.5 -22.3 
243.8 -22.3 247.5 -22.3 
258. 7 -22. 3 262.5 -22.3 
273. 7 -22.3 277.5 -22.3 
288.7 -22.3 292.5 -22.3 
303.7 -21.9 307.4 -21.2 
316.8 -15.0 319.8 -12.8 
330.0 -8.1 333.0 -5.9 
341. 1 1.9 343.4 4.9 
348.4 15.0 349.6 18.5 
352.4 29.4 353.1 33.1 
350.9 44.1 350.0 47.8 
346. 8 58.6 345.6 62.1 
341.4 72. 6 340. 1 76.1 
337.2 86.9 336.6 90.6 
335.9 101.9 335.8 105.6 
335. 8 1 16.9 335.8 120.6 
335.8 131.9 335.9 135.6 
335.9 146.9 335.9 150.6 
336.0 161.9 336.0 165.6 
336.0 176.9 336.1 180.6 
336. 1 191.9 336.0 195.6 
335.7 206.8 335.3 210.6 
333.2 221.6 332.2 225.2 
328.3 235. 8 326.8 239.2 
321 .8 249.3 320.3 247.2 

162 

R Z R Z 
11.3 -22.3 15.0 -22.3 
26.3 -22.3 30.0 -22.3 
41.3 -22.3 45.0 -22.3 
56.3 -22.3 60.0 -22.3 
71.3 -22.3 75.0 -22.3 
86.3 -22.3 90.0 -22.3 
101.3 -22.3 105.0 -22.3 
116.3 -22.3 120.0 -22.3 
131.3 -22.3 135.0 -22.3 
146.3 -22.3 150.0 -22.3 
161.3 -22.3 165.0 -22.3 
176.3 -22.3 180.0 -22.3 
191.3 -22.3 195.0 -22.3 
206.3 -22.3 210.0 -22.3 
221.3 -22.3 225.0 -22.3 
236.3 -22.3 240.0 -22.3 
251 .3 -22.3 255.0 -22.3 
266.2 -22.3 270.0 -22.3 
281.2 -22.3 285.0 -22.3 
296.2 -22.3 300.0 -22.2 
310.8 -19.5 313.9 -17.3 
323.1 -10.9 326.6 -9.8 
335.8 -3.4 338.4 -0.7 
345.3 8.1 346.9 11.5 
350.6 22.1 351 .6 25.8 
352.5 37. 1 351.8 40.5 
349.0 51.4 347.9 55.0 
344.2 65.6 342.8 69.1 
338.9 79.6 338.0 83.3 
336.3 94.4 336.0 98.1 
335.8 109.4 335.8 113.1 
335.8 124.4 335. 8 128.1 
335.9 139.4 335.9 143.1 
336.0 154.4 336.0 158.1 
336.0 169.4 336.0 173.1 
336.1 184.4 336.1 188.1 
336.0 199.4 335.9 203.1 
334.8 214.3 334.1 218.0 
331.0 228.8 329.7 232.3 
325.2 242.6 323. 7 245.6 

T= 1503. SEC Z= -0.3007 N R» 3.5897 M 
NE XJ TIME STEP« 3.5043 SEC 

TEMPERATURES, K: 
POOL - TN=2076. T0=2093. TSUR-20C3. 112=2076. 
GAS - TG=2088o 
T0MM=2059. TOOW«1S71. 
LIO./SCL> TLM-1758. TMM-1748. TLO«2208. TMO-1952. 

PROPERTIES 
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DENS•»KG/M3 
C0N0.,W/(M*KI 
C P . ,J/«KG*K) 
SIGMA,KG/S2 
VISC.,KG/(S*M» 

METAL 
6925. 
51.461 

731. 
1.712 

0.3575E-02 

OKI DE 
4818. 
3.043 
2159. 
2.690 

0.7589E»01 

PCOL-CONCRETE INTERFACE 
BOTTOM MET. MALL OK. MALL 

VELGC.M/S 0.1457E-01 0.1785E-OI 0.6167E-02 
H,W/(M2*K) 0.1452E»r>4 0.1780E»04 0.1005E404 

MASSES AND VOLUMES 
METAL OKIOE 

MASS,KG 0.7908E*05 0. 1828E»06 
VOL.,M3 0.1837E*02 0.8435E*02 
V0.M3 0.1142E*02 0.3796E»02 
VF 0.3783E*O0 0.5500E*0O 
DEPTH,M 0.5O54E*00 0.2305E»0l 
MT. FRACTIONS 
U02 ZR02 FEO CAO SI02 AL203 CR203 

0.20 0.0 0.05 0.19 0.00 0.00 
ZR CR NI 

0.05 0.14 0.08 
CRUST THICKN.,CM 
INT.MET. INT.OK. SURFACE WALL MET. MALL OX. 
n.O 0.0 0.0 0.0 0.5107E-01 

0.56 
FE 

0.73 

HEAT FLUX BALANCE,Ms 

INTERNAL 
ENTERING 
LEAVING 
REACTIONS 
CONCRETE 
INTERCHANGE 
RADIATED 
SENSIBLE HT. 

METAL 
0.3224E*07 
0.3943E+08 
-0.5315E*08 
0.2536E*08 
-0.3159E*0B 
0. 1234E»08 
0.0 
-0.4396E»07 

OXIOE 
0.1977E*08 
0.7489E*0B 
-0.1450E*08 
0.0 
-0.1519E*08 
-0.1234E*08 
-0.1811E*08 
0.3451E»08 

INTEGRATED ENERGY BALANCE,M 
ENTHO 
INT 
ENT 
REACT 

TOTALS 
ERROR 

0.3953EH2 
0.3543E + U 
0.1436EU2 
0.6186EM1 

0.6362E+12 
-0.6358EH0 

ENTH 
CONCR 
LEAVE 
RAO 

0.4604EU2 
0. 1093EM2 
0.3638E»ll 
0.3644E.11 

0.6426E+12 
-0.9994E*00 PER CENT 

GASES ADDED TO 

MASS FLUX,KG/S 
MOL FLUX,MOL/S 
MT. FRACT. 
MCL FRACT. 
TOT.MASS,KG 
TCT.MOLS,MOL 

ATMOSPHERE 
C02 
0. 1645E*00 
0.3739E*oi 
O.7740E-01 
0 .2457E-01 
0.3443E*03 
0.7823E.04 

CO 
0.5387E»00 
0.1923E*02 
0.2534E+00 
0.1264E+00 
0.1310E.04 
0.4676E»05 

H20 
0.1308E*01 
0.7260E*02 
0.6154E*00 
0.4770E»00 
0.3128E+04 
0.1736E*06 

H2 
0.1144E*00 
0.5661E*02 
0.5380E-01 
0.3720E*00 
0.2696E*03 
0.1335E406 

CAVITY DIMENSIONS,CM 
R V Z R Z R Z R 
o.O -30. I 7.5 -30.1 U . 3 -30. 1 15 
18„a -30.1 22.5 -30.1 26.3 -30.1 30 
33.8 -30.1 37.5 -30.1 41 .3 -30.1 45 
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48.8 -30. 1 52.5 -30.1 
63.8 -30.1 67.5 -30.1 
78.8 -30. 1 82.5 -30.1 
93.8 -30.1 97.5 -30.1 
108.8 -30.1 112.5 -30.1 
123.8 -30. 1 127.5 -30. 1 
138.8 -30.1 142.5 -30.1 
153.8 -30. 1 157.5 -30.1 
168.8 -30. 1 172.5 -30.1 
183. 8 -30.1 187.5 -30.1 
198.8 -30. 1 202.5 -30.1 
213. 8 -30.1 217.5 -30.1 
228.8 -30.1 232.5 -30. 1 
243.8 -30. 1 247.5 -30.1 
258.8 -30. 1 262.5 -30.1 
273.8 -30. 1 277.5 -30.1 
288.8 -30.1 292.5 -30.1 
303.7 -29.7 307.4 -29.0 
316. 8 -22.8 319.7 -20.4 
330.0 -16.1 333.0 -13.9 
341.3 -6.3 344.4 -4.2 
352. 3 3.7 354.3 6.9 
359.0 17.2 358.8 20.5 
356.6 32.0 355.8 35.6 
353.2 46.6 352.2 50.2 
348.9 60.9 347.6 64.5 
343.7 75.0 342.6 78.6 
340.1 89.5 339.6 93.3 
338.9 104.5 338.8 108.2 
338.8 119.5 338.8 123.2 
338.8 134.5 338.9 138.2 
338.9 149. 5 338.9 153.2 
339.0 164.5 339.0 168.2 
339.0 179.5 339.0 183.2 
339.0 194.5 338.9 198.2 
338.2 209.5 337.7 213.2 
335. 3 224.2 334.3 227.8 
330.2 238.3 328.6 241.6 
323. 7 251.0 321 .7 255.0 

167 
RUNGE-KUTTA STEP HALVING CURTAILED 

56.3 -30.1 60.0 -30.1 
71.3 -30.1 75.0 -30.1 
86.3 -30.1 90.0 -30.1 
101.3 -30.1 105.0 -30.1 
116.3 -30. 1 120.0 -30.1 
131.3 -30. 1 135.0 -30.1 
146.3 -30.1 150.0 -30.1 
161.3 -30. 1 165.0 -30.1 
176.3 -30.1 180.0 -30.1 
191.3 -30. 1 195.0 -30.1 
206.3 -30.1 210.0 -30.1 
221.3 -30.1 225.0 -30.1 
236.3 -30. 1 240.0 -30.1 
251.3 -30.1 255.0 -30.1 
266.3 -30.1 270.0 -30.1 
281.3 -30. 1 285.0 -30.1 
296.3 -30.1 300.0 -30.0 
310.8 -27.4 313.9 -25.2 
323.2 -19.3 326. 7 -18.0 
335.8 -11.4 338.6 -8.9 
347.5 -2.0 350.1 0.7 
356. 1 10.2 357.6 13.7 
358.1 24.6 357.3 28.3 
355.0 39.3 354. 1 42.9 
351.2 53.8 350.1 57.4 
346.3 68.0 345.0 71.5 
341.6 82.2 340. 7 85.9 
339.2 97.0 339.0 100.7 
338.7 112.0 338.7 115.7 
338.8 127.0 338.8 130.7 
338.9 142.0 338.9 145.7 
338.9 157.0 339.0 160.7 
339.0 172.0 339.0 175.7 
339.0 187.0 339.0 190.7 
338.8 202.0 338.6 205.7 
337.1 216.9 336.3 220 .5 
333.0 231. 3 331.7 234.8 
326.9 245.0 325.1 248.2 
321.8 249.3 

AT T= 0.1245E*04 

T» 2003. SEC I- -0.3697 H R- 3.6274 M 
NEXT TIME STEP= 3.8116 SEC 

TEMPERATURES, K: 
PCCL - TM=«2028. T0=2040. TSUR-2018. T12=2029. 
GAS - TG-2037. 
TOMH=2014. TQ0H=1873. 
LIO./SOL. TLM-l759. TMM-1749. TL0=2193. TM0=1918. 

PROPERTIES 

DENS.,KG/M3 
CGND.,H/(M*K) 
CP. ,J/(KG*K) 
SIGMA,KG/S2 
VISC,KG/(S*M) 

METAL 
6967. 
50.472 

740. 
1 .726 

3.3805E-02 

OXIDE 
46 20. 
3.049 
2090. 
2.979 

0.303IE401 

POCL-CONCRETE INTERFACE 
BOTTOM MET. MALL OX. HALL 

VELOC,M/S 0. 1307E-0 1 0. 1484E-01 0.6613E-02 
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H,M/(M2*K) 0.1440E*04 0.1637E*04 0. 1076E*04 

NASSES AND VOLUMES 
METAL OXIDE 

MASS,KG 0.7850E*05 0.1943E*06 
V0L..M3 0. I671E*02 0.9348E*02 
VO,M3 0. 1127E*02 0.4207E*02 
VF 0.3257E*00 O.550OE*00 
DEPTH,M O.46O7E*00 0.2504E*0l 
MT. FRACTIONS 
U02 ZR02 FEO CAO SI02 AL203 CR203 
0.53 0.20 0.0 0.05 0.22 0.00 0.00 
FE ZR CR NI 

0.75 0.03 0.14 0.08 
CRUST THICKN.,CM 
INT.MET. INT.OX. SURFACE MALL MET. 
0.0 0.0 0.0 0.0 

MALL OX. 
0.2833E-01 

HEAT FLUX BALANCE,M: 

INTERNAL 
ENTERING 
LEAVING 
REACTIONS 
CONCRETE 
INTERCHANGE 
RAOIATED 
SENSIBLE HT. 

METAL 
0.3120E*07 
0.34 70E*08 
-0.4559E*08 
0.2199E*08 

-0.2757E»O8 
0.8710E*07 
0.0 
-C.4647E*07 

OXIDE 
0. 1955E*08 
P.6850E*08 
-0.1249E*08 
0.0 
-0.1769E*08 
-0.8710E*07 
-0. 1649E*08 
0.3267E408 

INTEGRATED ENERGY BALANCE,M 
ENTHO 
INT 
ENT 
REACT 

0.3953E*12 
0.4684E*1l 
0. 1734E*12 
0.7368E*11 

ENTH 
CONCR 
LEAVE 
RAD 

0.4754EU2 
0.1325E*12 
0.4312E*11 
0.4507E*ll 

TOTALS 
ERROR 

0.6892E+12 
-0.6789E*10 

0.6960E*12 
-0.9850E*00 PER CENT 

GASES ADDED TO 

MASS FLUX,KG/S 
MOL FLUX,MOL/S 
MT. FRACT. 
MOL FRACT. 
TOT.MASS,KG 
TCT.MOLS» MOL 

ATMOSPHERE 
C02 
O.1498E*00 
0.3405E+01 
0.8078E-01 
0.2564E-01 
0.4229E*03 
0.9608E*04 

CO 
0.4660E*00 
0.1664E*02 
0.2513E*0C 
0. 1253E*00 
0.1560E*04 
0.5571E*05 

H20 
0. 11391*01 
0.6320E*02 
0.6140E*00 
0.47601*00 
0.3739E*04 
0.2075E*06 

H2 
0. 1001E*00 
0.49541*02 
0.5395E-01 
0.37311*00 
0.3231E*03 
0. 1600E*06 

CAVITY DIMENSIONS,CM 
R Z R Z 
0.0 -37.0 7.5 -37.0 
18. 8 -37.0 22.5 -37.0 
33.8 -37.0 37.5 -37.0 
48*. 8 -37.0 52.5 -37.0 
63.8 -37.0 67.5 -37.0 
78.8 -37.0 82.5 -37.0 
93.8 -37.0 97.5 -37.0 
108.8 -37.0 112.5 -37.0 
123.8 -37.0 127.5 -37.0 
138.8 -37.0 142.5 -37.0 
153.8- -37.0 157.5 -37.0 
168.8 -37.0 172.5 -37.0 
183«8 -37.0 187.5 -37.0 
198.8 -37.0 20 2.5 -37.0 

R Z R Z 
11.3 -37.0 15.0 -37.0 
26.3 -37.0 30.0 -37.0 
41.3 -37.0 45.0 -37.0 
56.3 -37.0 60.0 -37.0 
71.3 -37.0 75.0 -37.0 
86.3 -37.0 90.0 -37.0 
101.3 -37.0 105.0 -37.9 
116.3 -37.0 120.0 -37.0 
131.3 -37.0 135.0 -37.0 
146.3 -37.0 150.0 -37.0 
161.3 -37.0 165.0 -37.0 
176.3 -37.0 180.0 -37.0 
191.3 -37.0 195.0 -37.0 
206.3 -37.o 210.0 -37.0 
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213.8 -37.0 
228.8 -37.0 
243.8 -37.0 
258.8 -37.0 
273.8 -37.0 
288.8 -37.0 
303.7 -36.6 
316.8 -29.7 
330. n -23.3 
341.3 -13.4 
353.6 -5.0 
362.7 6. 8 
361.4 21.8 
358.6 ?6.5 
355.0 51.1 
350.5 65.4 
345. 7 79.6 
342.8 94.3 
342.0 109.3 
342.0 124. 3 
342.1 139.3 
342.2 154.3 
34 2.2 169.3 
342.3 184.3 
34 2. 1 199.3 
340.7 214.2 
337.1 228.8 
331.5 242. 7 
324.6 256.0 

172 

217.5 -37.0 
232.5 -37.0 
247.5 -37.0 
262.5 -37.0 
277.5 -37.0 
292.5 -37.0 
307.4 -36.0 
319.6 -27.2 
333.0 -21.0 
344.1 -10.9 
356.3 -2.4 
362.7 9.2 
360.8 25.5 
357.8 40.2 
354.0 54.7 
349.2 68.9 
344.8 83.2 
342.5 98.0 
342.0 1 13.0 
342.0 128.0 
342.1 143.0 
342.2 158.0 
342.3 173.0 
342.3 188.0 
341.9 203.0 
340.0 217.9 
335.9 232.3 
329.9 246.0 
323.0 259.6 

221.3 -37.0 
236.3 -37.0 
251.3 -37.0 
266.3 -37.0 
281.3 -37.0 
296.3 -37.0 
310.8 -34.3 
323.2 -26.4 
335.8 -18.6 
347.1 -8.8 
358.7 0.5 
362.3 14.3 
360.2 29.2 
356.9 43.8 
352.9 58.3 
348.0 72.4 
344.0 86.9 
342.2 101.8 
341.9 116.8 
342.0 131.8 
342.1 146.8 
342.2 161.8 
342.3 176.8 
342.2 191.8 
341.6 206.7 
339.2 221.5 
334.6 235.8 
328.1 249.3 
321.4 262.7 

225.0 -37.0 
240.0 -37.0 
255.0 -37.0 
270.0 -37.0 
285.0 -37.0 
300.0 -36.9 
313.9 -32.1 
326.8 -25.2 
338.6 -16.0 
350.5 -7.1 
360.9 3.6 
361.9 18.1 
359.4 32.9 
356.0 47.5 
351.7 61.8 
346.8 76.0 
343.3 90.6 
342.1 105.5 
341.9 120.5 
342.0 135.5 
342.1 150.5 
342.2 165.5 
342.3 180.5 
342.2 195.5 
341.2 210.5 
338.2 225.2 
333.1 239.3 
326.4 252.7 
321.7 255.0 

T= 3003. SEC Z* -0.4871 M R= 3.6736 M 
NEXT TIME STEP» 3.7963 SEC 

TEMPERATURES, K: 
POOL - TM-1934. T0-I956. TSUR-1936. T12-1935. 
GAS - TG-1955. 
TQMM-1923. T0OH-1811. 
LIQ./SOL. TLM-1761. TMM-1751. TLO-2166. TMO-1870. 

PRCPERTIES 

DENS,,KG/M3 
COND.,W/(M*K) 
C P . , J/CKG*K) 
SIGMA,KG/S2 
VISC.,KG/(S*M> 

METAL 
7037. 

49.091 
751. 
1.753 

0.4340E-02 

OXIDE 
4350. 
3.079 
2043. 
3.404 

0.2450E*01 

PCCL-CONCRETE INTERFACE 
BOTTOM MET. MALL OX. MALL 

VELOC.M/S 0.1031E-01 0.9438E-02 0.4819E-02 
H,W/(M2*K) 0.1430E*04 0.1310E»04 0.9868E+03 

MASSES AND VOLUMES 

MASS,KG 
VOL.,M 3 
V0,M3 
VF 
DEPTH,M 
MT. FRACTIONS 

METAL 
0.7783E+05 
0. 1471E*02 
0.1106E.02 
0.24806*00 
0.4114E*00 

OXIDE 
0.2142E*06 
0.1095E+O3 
0.4926E*02 
0.5500E»00 
0.2847E»01 
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U0 2 ZR02 
0.48 0.19 
FE ZR 

0.78 0.0 

FEO 
0.0 
CR 

0. 14 

CAO 
0.06 
NI 

O.OB 
CRUST THICKN.,CM 
INT.MET. INT.OX. 
0.0 0.0 

SI02 
0.26 

AL203 CR203 
0.00 0.00 

SURFACE 
0.0 

MALL MET. 
0.0 

WALL OX. 
0.4791E-01 

HEAT FLUX BALANCE,M: 

INTERNAL 
ENTERING 
LEAVING 
REACTIONS 
CONCRETE 
INTERCHANGE 
RADIATED 
SENSIBLE HT. 

METAL 
O.2970E*O7 
0.2654E*08 
-0.3407E*08 
0.4690E*07 
-0.2105E*08 
0.1468E*08 
0.0 
-0.6250E*07 

OXIDE 
0.1917E»08 
0.5213E*08 
-C.9282E*07 
0.0 
-0.1414E+08 
-0.1468E4-08 
-0. 1384E*08 
0.1936E*08 

INTEGRATED ENERGY BALANCE,M 
ENTHO 
INT 
ENT 
REACT 

TOTALS 
ERROR 

0. 3953E*12 
0.6925EU1 
0.2252EH2 
0.8993E*ll 

0.77971*12 
-0.7516EH0 

ENTH 
CONCR 
LEAVE 
RAD 

0.4996E*12 
0.1734E*12 
0.5396E*U 
0.6017E*11 

0.7872E*12 
-0.96401*00 PER CENT 

GASES ADDED TO 

MASS FLUX,KG/S 
MOL FLUX.MOL/S 
MT. FRACT. 
MOL FRACT. 
TOT.MASS,KG 
TCT.MOLS,MOL 

ATMOSPHERE 
C02 
0.12291*00 
0.27921*01 
0.86741-01 
0.2753E-O1 
0.5594E*03 
0.12711*05 

CO 
0.3505E*00 
0. 12511*02 
0.24751*0C 
0.12341*00 
0.19671*04 
0.70241*05 

H20 
0.86631*00 
0.4807E*02 
0.6U6E*00 
0.4741E*00 
0.4738E*04 
0.2629E*06 

H2 
0.7680E-01 
0.3802E*02 
0.5422E-01 
0.3750E*00 
0.4114E*03 
0.20361*06 

CAVITY DIMENSIONS,CM 
R 7. 
0.0 -48. 7 
18. 8 -48.7 
33.8 -48.7 
48.8 -48.7 
63.8 -48.7 
78.8 -48. 7 
93.8 -48.7 
108.8 -48.7 
123. 8 -48. 7 
138.8 -48.7 
153.8 -48.7 
168.8 -48.7 
183.8 -48.7 
198.8 -48. 7 
213.& -48. 7 
228. 8 -48.7 
243.8 -48. 7 
258.8 -48.7 
273.8 -48.7 
288.8 -48.7 
303. 7 -48.4 
316. 7 -41.4 
330.0 -35.5 
341 .2 -25.4 
352.5 -15.6 

R Z R 
7.5 -48.7 11.3 

22.5 -48.7 26.3 
37.5 -48.7 41.3 
52.5 -48.7 56.3 
67.5 -48.7 71.3 
82.5 -48.7 86.3 
97.5 -48.7 101.3 
112.5 -48.7 116.3 
127.5 -48.7 131.3 
142.5 -48.7 146.3 
157.5 -48.7 161.3 
172.5 -48.7 176.3 
187.5 -48.7 191.3 
202.5 -48.7 206.3 
217.5 -48.7 221.3 
232.5 -48.7 236.3 
247.5 -48.7 251.3 
262.5 -48.7 266.3 
277.5 -48.7 281.3 
292.5 -48.7 296.3 
30 7.4 -47.7 310.8 
319.4 -38.8 323.1 
333.0 -33.1 335.8 
343.8 -22.8 346.5 
356.o -14.4 359.5 

z R z -48.7 15.0 -48, 
-48.7 30.0 -48. 
-48.7 45.0 -48t 
-48.7 60.0 -48« 
-48.7 75.0 -48. 
-48.7 90.0 -48. 
-48.7 105.0 -48. 
-48.7 120.0 -48. 
-48.7 135.0 -48. 
-48.7 150.0 -48. 
-48.7 165.0 -48. 
-48.7 180.0 -48. 
-48.7 195.0 -48 
-48.7 210.0 -48 
-48.7 225.0 -48 
-48.7 240.0 -48 
-48.7 255.0 -48 
-48.7 270.0 -48 
-48.7 285.0 -48 
-48.7 300.0 -48 
-46.1 313.8 -43 
-38.3 326. 8 -37 
-30.6 338.5 -28 
-20.2 349.4 -17 
-13.0 362.6 -10 
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364.2 -7.5 
367.2 7.2 
366.5 22.1 
363.9 36.9 
360.4 51.5 
356.0 65.8 
351.5 80. 1 
348. 7 94.9 
347.7 119.8 
347. 7 124. 8 
347.8 139.8 
347.9 154.8 
348. 1 169.8 
348.1 184.8 
347. 8 199.8 
346. 3 214.7 
342.8 229.3 
337.5 243. 3 
33C.8 256.8 
324.4 270.3 
321.4 262. 7 

181 

365.2 -3.9 
367.4 10.9 
366.0 25.8 
363.1 40.6 
359.3 55.1 
354.8 69.4 
350.6 83.8 
348.3 98 .6 
347.7 113.6 
347.7 128.6 
347.8 143.6 
348.0 158.6 
348.1 173.6 
348.1 188.6 
347.6 203.6 
345.6 218.4 
341.7 232.9 
335.9 246.7 
329.2 260.1 
323.0 273.8 

366.1 -0.2 
367.2 14.7 
365.4 29.5 
362.3 44.2 
358.3 58.7 
353.7 73.0 
349.8 87.4 
348.0 102.3 
347.7 117.3 
347.7 132.3 
347.9 147.3 
348.0 162.3 
348.1 177.3 
348.0 192.3 
347.2 207.3 
344.8 222.1 
340.4 236.4 
334.2 250.1 
327.5 263.5 
321.9 277. 1 

366.8 3.4 
367.0 18.4 
364.7 33.2 
361.3 47.9 
357. 1 62.3 
352.5 76.5 
349.2 91.1 
347.8 106.1 
347.7 121.1 
347. 8 136.1 
347.9 151.1 
348.0 166.1 
348. 1 181.1 
347.9 196.1 
346. 8 211.0 
343.9 225.7 
339.0 239.9 
332.5 253.4 
326.0 266.9 
320.5 280.9 

T= 4004. SEC Z= -0.5797 M R= 3.7048 M 
NEXT TIME STEP- 4.5217 SEC 

TEMPERATURES, K: 
PCCL - TM-1867. T0=1900. TSUR-1871. T12=1868. 
GAS - TG-1894. 
TOMW-1858. TQ0W-1730. 
LIQ./SOL. TLM-1762. TMM-1752. TL0«2150. TM0M841. 

PROPERTIES 

DENS,,KG/M3 
COND..W/*M*K» 
CP., J/IKG-K) 
SIGMA,KG/S2 
VISC ,KG/(S*M) 

METAL 
7079. 

48.801 
750. 
1.769 

0.4808E-02 

OXIDE 
4207. 
3. 154 
2022. 
3.642 

0.6907E*01 

POOL-CONCRETE INTERFACE 
BOTTOM MET. WALL OX. WALL 

VELOC,M/S 0.8413E-02 0.7315E-02 0.2547E-02 
H,W/(M2*K) 0.143PE»04 0.1245E*04 0.7915E»03 

MASSES AND VOLUMES 
METAL OXIDE 

MASS,KG 0.7754E»05 0.2279E»06 
VOL.,M3 0.1362E*02 0.8440E+02 
V0.M3 0.1095E*02 0.5418E.02 
VF 0.1959E*0P 0.3581E+OP 
DEPTH,M 0.3857E»00 0.2094E.01 
WT. FRACTIONS 
UC2 ZR02 FEO CAO SI02 AL203 CR203 

0.45 0.18 0.0 0.07 0.29 0.00 0.01 
FE ZR CR NI 

0.80 0.0 0.12 0.08 
CRUST THICKN.,CM 
I NT.MET. INT.OX. SURFACE WALL MET. 
0.0 0.0 CO 0.0 

WALL OX. 
0. 1420E*00 
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HEAT FLUX BALANCE,W: 

INTERNAL 
ENTERING 
LEAVING 
REACTIONS 
CONCRETE 
INTERCHANGE 
RADIATED 
SENSIBLE HT. 

METAL 
0.2824E*07 
0.2P83E*C8 
-0.2642E+08 
0.3517E*07 
-0.1679E*08 
0.1229E*08 
0.0 
-C.3763E*07 

OXIDE 
0. 1890E*08 
0.3623E*08 
-0.7199E*07 
0.0 
-O.6105E*07 
-0. 1229E*08 
-0.13261*08 
0. 1628E*08 

INTEGRATED ENERGY BAL ANCE,M 
ENTHO 
I NT 
ENT 
REACT 

0.3953E*12 
0.9U9E*ll 
0.2620E*12 
P.9397E*11 

ENTH 
CONCR 
LEAVE 
RAD 

0.5128E+12 
0.2018EM2 
0.62UE*11 
0.7375E*11 

TOTALS 0.8425E*12 
ERROR -O. 79321*10 

0.85O4EH2 
- 0 . 9 4 1 5 E * 0 0 PER CENT 

GASES ADDED TO 

MASS FLUX,KG/S 
MOL FLOX,M0L/S 
WT. FRACT. 
MCL FRACT. 
TOT.MASS,KG 
TCT.MOLS,MOL 

ATMOSPHERE 
C02 
0.1036E*00 
0.2353E*9l 
0.9165E-01 
0.2909E-01 
0.6722E*03 
0.1527E*05 

C O 
0.2761E*00 
0.9856E*01 
0.2443E*00 
0.1219E*0O 
0 . 2 2 7 8 1 * 0 4 
0.8132E*05 

H20 
0.6888E*00 
0 . 3 8 2 2 1 * 0 2 
0 . 6 0 9 6 1 * 0 0 
0 . 4 7 2 5 1 * 0 0 
0.5509E*04 
0.3057E*06 

H2 
0.6151E-01 
0.3045E*02 
0.5444E-01 
O.3745E»00 
0.4799E*03 
0.23761*06 

CAVITY DIMENSIONS,CM 
R 2 R Z 
o.o -58.0 7.5 -58.0 
18.8 -58.0 22.5 -58.0 
33.8 -58.0 37.5 -58.0 
48.8 -58.0 52.5 -58.0 
63.8 -58.0 67.5 -58.0 
78.8 -58.0 82.5 -58.0 
93.8 -58.0 97.5 -58.0 
108.8 -58.0 112.5 -58.0 
123.8 -58.0 127.5 - 5 8.0 
138.8 -58.0 142.5 -58.0 
153.8 -58.0 157.5 -58.0 
168. 8 -58.0 172.5 -58.0 
183.8 -58.0 187.5 -58.0 
198.8 -58.0 2C2.5 -58.0 
213.8 -58.0 217.5 -58.0 
228.8 -58.0 232.5 -58.0 
243. 8 -58.0 247.5 - 5 8 . o 
258.8 -58.0 262.5 -58.0 
273. 8 -58.0 277.5 -58.0 
288.8 -58.0 292.5 -58.0 
303.7 -57.6 30 7.5 -57.0 
316.6 -50.6 319.3 -48.0 
330.0 -44.9 332.9 -42.6 
341. 1 -34.8 343.7 -32.2 
351.6 -24.2 355.3 -23.8 
363. 6 -16. 7 365.3 -13.4 
368.9 -2.7 369.6 1 .9 
370.5 12.2 370.3 15.9 
369.0 27. 1 368.4 30.8 
366.1 41.8 365. 2 45.4 
362.3 56. 3 361.2 59.9 
357.7 70.6 356.6 74.2 
353.8 85.0 353.0 88.7 

R Z R Z 
11.3 -58.0 15.0 -58.0 
26.3 -58.0 3 0 . 0 -58.0 
41.3 -58.0 45.0 -58.0 
56.3 -58.0 60.0 -58.0 
71.3 -58.0 75.0 -58.0 
86.3 -58.0 9 0 . 0 -58.0 
101.3 -58.0 105.0 -58.0 
116.3 -58.0 120.0 -58.0 
131.3 -58.0 135.0 -58.0 
146.3 -58.0 150.0 -58.0 
161.3 -58.0 165.0 -58.0 
176.3 -58.0 180.0 -58.0 
191.3 -58.0 195.0 -58.0 
206.3 -58.0 210.0 -58.0 
221.3 -58.0 225.0 -58.0 
236.3 -58.0 240.0 -58.0 
251.3 -58.0 255.0 -58.0 
266.3 -58.0 270.0 -58.0 
281.3 -58.0 285.0 -58.0 
296. 3 -58.0 300.0 -57.9 
310.8 -55.3 313. 8 -53.0 
323.0 -47.6 326.7 -46.7 
335.7 -40. 1 338.4 -37.5 
346.3 -29.5 348.9 -26.8 
358.9 -22.6 361.5 -19.4 
366.7 -9.9 367.9 -6.3 
370.2 4 . 7 370.4 8.4 
3 70.0 19.6 369.6 23.4 
367.7 34.5 366.9 38.1 
364.3 49.1 363.3 52.7 
360.0 63.4 358.9 67.0 
355.6 77.8 354.6 81.4 
352.4 92.4 351.9 96.1 
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351.6 
351.0 
351.0 
351.2 
351. 3 
351.A 
351.1 

159 

99.9 
1 1 4 . 9 
129.9 
144.9 
159.9 
174.9 
190.0 

351.3 
351.0 
351.1 
351.2 
351.4 
351.5 
350.7 

103.6 
1 1 8 . 6 
133.6 
148.6 
163.6 
178.6 
193.6 

351. 1 
351.0 
351. I 
351.3 
351.4 
351.5 
320.5 

107.4 
122.4 
137.4 
152.4 
167.4 
182.4 
280.9 

351.0 
351.0 
351.2 
351.3 
351.4 
351.5 

111.1 
126.1 
141.1 
156.1 
171.1 
186.1 

ITERATION FOR VOID CURTAILED AT T«= 0.3615E»04 

T= 5003. SEC Z = -0.6577 M 
NEXT T I M E S T E P = 4.5217 SEC 

3.7256 M 

TEMPERATURES, K: 
POOL - TM*1826. T0-1871. TSUR=1832. T12-1828. 
GAS - TG-1860. 
T0MW=1819. T00W»1696. 
LI 0./SOL. TLM»1764. TMM-1754. TL0-2140. TMOM823. 

PROPERTIES 

DENS.,KG/M3 
COND.,M/(M*K) 
C.P.,J/IKG*K) 
SIGMA,KG/S2 
VISC.,KG/(S*M) 

METAL 
7111. 

48.569 
749. 
1.779 

0.5131E-02 

OXIDE 
4117. 
3.209 
2013. 
3.796 

0.1237E»02 

P O O L - C O N C R E T E INTERFACE 
BOTTOM MET. MALL OX. MALL 

VELOC..M/S 0.7309E-02 O.474IE-02 0.1856E-02 
H,M/(N2*K1 0.1435E*04 0.9318E*0? 0.7361E*03 

MASSES AND VOLUMES 
METAL OXIDE 

0.7716E*05 0.2379E*06 
0.1302E+O2 0.6946E»O2 
0.10B5E*02 0.5778E*02 
0.1669E»0P 0.1682E»0O 
0.3718E*00 0.1683E*01 

MASS,KG 
VOL.,M3 
V0.M3 
VF 
DEPTH,M 
MT. 
UC2 

0.43 

FRACTIONS 
ZR02 FEO CAO S102 AL2C3 CR2C3 
0.17 0.0 0.07 C.30 0.00 0.02 

FE ZR CR NI 
0.82 O.o 0.10 0.08 
CRUST THICKN..CM 
INT.MET. I NT.OX. SURFACE MALL MET. WALL OX. 
0.0 0.0 0.0 0.0 0.2115E*0P 

HEAT FLUX BALANCE,H: 

INTERNAL 
ENTERING 
LEAVING 
REACTIONS 
CONCRETE 
INTERCHANGE 
RADIATED 
SENSIBLE HT. 

METAL 
0.268OE+07 
0.1744E+08 
-0.2189E*08 
0.2849E.07 
-0.1415E»08 
0.1046E»08 
0.0 
-0.2601E*07 

1 N T E f g R A T E O ENERGY BALANCE,M 
ENTHO 0.3953E.12 ENTH 

OXIDE 
0.1864E*08 
0.2878E*08 
-0.5976F*07 
0.0 
-0.3599E*07 
-0.1046E»08 
-0. 1217E*08 
0.1521E*08 

0.5257EU2 



B - 16 

I NT 0.1127E*12 
ENT 0.2893E*12 
REACT 0.9713EU1 

TOTALS 0.8944E*12 
ERROR -0.8216E*10 

CONCR 0.22191*12 
LEAVE 0.68671*11 
RAD 0.8636E*il 

0.9026E*12 
-0.91861*00 PER C1NT 

GASES ADDED TO 

MASS FLU«,KG/S 
MOL FLUX,MOL/S 
WT. FRACT. 
HCL FRACT. 
TOT.MASS,KG 
TOT.MOLS,MOL 

ATMOSPHERE 
C02 
0.9014E-01 
G.2048E*01 
0.9469E-01 
0.3006E-01 
0.76891*03 
0.1747E*05 

CO 
0.23081*00 
0.82391*01 
0.24241*00 
0. 12091*00 
0.25301*04 
0.90331*05 

H20 
0.57911*00 
0.32141*02 
0.6083E*00 
0.47161*00 
0.61401*04 
0.34071*06 

H2 
0.5196E-01 
0.2572E*02 
0.545BE-01 
O.3775E*00 
0.5365E*03 
0.2656E*06 

CAVITY DIMENSIONS,CM 
R Z R Z 
0.0 -65.8 7.5 -65.8 
18.8 -65.8 22.5 -65.8 
33.8 -65.8 37.5 -65.8 
48.8 -65.8 52.5 -65.8 
63.8 -65.8 67.5 -65.8 
78.8 - 6 5 . 8 82.5 -65.8 
93.8 -65.8 97.5 -65.8 
108.8 -65.8 1 12.5 -65.8 
123.8 -65.8 127.5 -65.8 
138.8 -65.8 142.5 -65.8 
153.8 -65.8 157.5 -65.8 
168. 8 -65.8 172.5 -65.8 
183.8 -65.8 187.5 -65.8 
198.8 -65.8 20 2.5 -65.8 
21 3.8 -65.8 217.5 -65.8 
228.8 -65.8 232.5 -65.8 
243.8 -65.8 247.5 -65.8 
258.8 -65.8 262.5 -65.8 
273.8 -65.8 277.5 -65. 8 
288.8 -65.8 292.5 -65.8 
303. 7 -65.4 307.5 -64.8 
316.6 -58.3 319.2 -55.6 
329.9 -52.8 332.9 -50.5 
341.0 -42.7 343.6 -40.0 
351.2 -31.7 354.8 -31.0 
362.4 -22. 8 364.4 -19.6 
369. 1 -9.4 370.3 -5.8 
372.3 5.2 372.5 9.0 
372. 1 20.2 371.7 23.9 
369.8 35.0 369.0 38.7 
366.4 49.6 365.4 53.2 
362.0 64.0 360.8 67.5 
357.6 78.3 356.7 81.9 
354.5 93.0 354.0 96.7 
353. 2 107.9 353. 1 111.7 
353. 1 ' 122.9 353.1 126.7 
352. 8 139. 8 352.7 141 .6 

147 

R Z R Z 
11.3 -65.8 15.0 -65.8 
26.3 -65.8 30.0 -65.8 
41.3 -65.8 45 .0 -65.8 
56.3 -65.8 60.0 -65,8 
71.3 -65.8 75.0 -65 .8 
86.3 -65.8 90 .0 -65.8 
101.3 -65.8 105.0 -65.8 
116.3 -65.8 120.0 -65,8 
131.3 -65.8 135.0 -65 ,8 
146.3 -65.8 150.0 -65.8 
161.3 -65.8 165.0 -65 .8 
176.3 -65.8 180.0 -65.8 
191.3 -65.8 195.0 -65 .8 
206.3 -65.8 210.0 -65.8 
221.3 -65.8 225.0 -65.8 
236.3 -65.8 240.0 -65.8 
251.3 -65.8 255.0 -65.8 
266.3 -65.8 270.0 -65.8 
281.3 -65.8 285.0 -65.8 
296.3 -65.8 300.0 -65.7 
310.8 -63. 1 313. 8 -60.8 
322.9 -55.3 326.6 -54.6 
335.6 -48.0 338.3 -45.4 
346. 1 -37.3 348.7 -34.5 
357.7 -28.6 360.3 -25.9 
366.2 -16.3 367.8 -12.9 
371.2 -2.2 371.8 1.5 
372.6 12.7 372.4 16.5 
371.1 27.6 370.5 31.3 
368. 2 42.3 367.3 46.0 
364.3 56.8 363.2 60.4 
359.7 71.1 358.6 74.7 
355.8 85.6 355.1 89.3 
353.7 100.4 353.4 104.2 
353. 1 115.4 353.0 119.2 
353.1 130.4 353.1 134.2 
350.7 193.6 

T- 6002. SIC Z- -0.7233 M R- 3.7410 M 
NEXT TIME STEP- 4.5035 SEC 

TEMPERATURES, K: 
POOL - TM-1764. TO-1859. TSUR-1811. T12«1766. 
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GAS - TG=1846. 
TQMW=1759. TQOW-1696. 
LIQ./SOL. TLMM765. TMM-1755. TLO = 2133. TMO-1810. 

PROPERTIES 
DENS.,KG/M3 
COND.,W/(M*K) 
C.P.,J/(KG*K) 
SIGMA,KG/S2 
VISC.,KG/(S*M) 

METAL 
7144. 

48.379 
29670. 
1.796 

0.57O3E-02 

OX IDE 
4050. 
3. 251 
200 8. 
3.913 

0. 1436E*02 

POOL-CONCRETE INTERFACE 
BOTTOM MET. WALL OX. WALL 

VELOC.,M/S 0.5636E-02 0.3651E-02 0.1814E-O2 
H,H/(M2*K» 0. 1463E*04 0.9518E*03 0.7205E*03 

MASSES AND VOLUMES 
METAL OXIDE 

MASS,KG 0.7683E*05 0.24586*06 
VOL.,M3 0.1232E*P2 0.6718E*02 
V0,M3 0.1076E*02 0.60 70E*02 
VF 0.1267E*00 0.9643E-01 
DEPTH,M 0.3545E*00 0.1608E*0l 
WT. FRACTIONS 
U02 ZR02 FEO CAO SI02 AL203 CR203 
0.42 0.17 0.0 0.08 0.31 0.00 0.03 
FE ZR CR NI 

(3.83 0.0 0.09 0.08 
CRUST THICKN.,CM 
INT.M6T. INT.OX. SURFACE WALL MET. 
n.O 0.l781E*oo o.O 0.0 

WALL CX. 
0. 1938E*00 

HEAT FLUX BALANCE,W: 

INTERNAL 
6NT6RING 
LEAVING 
REACTIONS 
C0NCR6TE 
INTERCHANGE 
RADIATED 
SENSIBLE HT. 

METAL 
0.2638E*O7 
0. 1318E*08 
-0.16056*08 
0.20146*07 
-0.1065E*O8 
0.31596*07 
0.0 
-0.5710E*07 

OXIDE 
0. 1837E*08 
0.2191E*08 
-0.4484E*07 
0.0 
-0.3464E*07 
-0.3159E*07 
-0. 1163E*08 
0.1754E*08 

INTEGRATED ENERGY BALANCE,W 
ENT HO 
I NT 
ENT 
REACT 

0. 3953E*12 
0.13386*12 
0.3110E*12 
0.99586*11 

6NTH 
CCNCR 
LEAVE 
RAD 

0.5383E*12 
0.2378E*12 
0.7394E + U 
0.9818E*!! 

TOTALS 
ERROR 

0.93986*12 
-0.84766*10 

0.94836*12 
-0.90 20E*00 PER CENT 

GASES ADDED TO 

MASS FLUX,KG/S 
MOL FLUX.MOL/S 
WT. FRACT. 
KCL FRACT. 
TCT.MASS,KG 
TOT.MOLS,MOL 

ATMOSPHERE 
CO? 
0.6883E-01 
?.1564E*01 
0.96026-01 
0.3048E-01 
0.8495E*03 
0. 1930E+05 

CO 
0. 1731E*00 
0.6182E*01 
0.2416E*C0 
0. 1205E*00 
0.2734E*04 
0.9762E*05 

H20 
0.4357E*00 
0.2418E*02 
0.6078E*00 
0.4712E*00 
0.6653E*04 
0.3692E+06 

H2 
0.3917E-01 
0.19396*02 
0.5464E-01 
0.3779E*00 
0.5825E*03 
0.2884E*06 
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CAVITY D I M E N S I O N S , C M 
R Z R Z 
0.0 , -72.3 7.5 -72.3 
18.8 -72.3 22.5 -72.3 
33.8 -72.3 37.5 -72.3 
48.8 -72.3 52.5 -72.3 
6 3 . 8 -72.3 67.5 -72.3 
78.8 -72.3 82.5 -72.3 
93.8 -72. 3 97.5 -72.3 
108.8 -72.3 112.5 -72.3 
123.8 -72.3 127.5 -72.3 
138.8 -72.3 142.5 -72.3 
153.8 -72.3 157.5 -72.3 
168.8 -72.3 172.5 -72.3 
183.8 -72.3 187.5 -72.3 
198.8 -72.3 202.5 -72.3 
213.8 -72. 3 217.5 -72.3 
228.8 -72.3 232.5 -72.3 
2 4 3 . 8 -72.3 247.5 -72.3 
258.8 -72.3 262.5 -72.3 
273.8 -72.3 277.5 -72.3 
288.8 '-72.3 292.5 -72.3 
303.7 -72.0 307.5 -71.4 
316.5 -64.8 319.1 -62.1 
329. a -59.4 332.8 -57.1 
340.9 -49.3 343.4 -46.5 
352.3 -36.9 353.5 -35.5 
361.2 -27.2 363.4 -24.2 
368.8 -14.3 370.2 -10.8 
373. 1 0.0 373.7 3.7 
374.0 15.0 373.8 18.7 
372.4 29.9 371.7 33.5 
369.3 44.5 368.4 48.2 
365. 3 59.0 364.2 62.6 
360.8 73.3 359.8 76.9 
357.2 87.8 356.5 91.5 
355.3 102.7 355.0 106.5 
354.8 117.7 354.8 121.5 
352.7 141.6 

145 

R Z R Z 
11.3 -72.3 15.0 -72.3 
26.3 -72.3 30.0 -72.3 
41.3 -72.3 45.0 -72.3 
56.3 -72.3 60.0 -72.3 
71.3 -72.3 75.0 -72.3 
86.3 -72.3 90.n -72.3 
101.3 -72.3 105.0 -72.3 
116.3 -72.3 120.0 -72.3 
131.3 -72.3 135.0 -72.3 
146.3 -72.3 150.0 -72.3 
161 .3 -72.3 165.0 -72.3 
176.3 -72.3 1S0.0 -72.3 
191.3 -72.3 195.0 -72.3 
206.3 -72.3 210.0 -72.3 
221.3 -72.3 225.0 -72.3 
236.3 -72.3 240.0 -72.3 
251.3 -72.3 255.0 -72.3 
266.3 -72.3 270.0 -72.3 
281.3 -72.3 285.0 -72.3 
296.3 -72.3 300.0 -72.3 
310.8 -69.6 313.7 -67.3 
322.8 -61.9 326.5 -61.2 
335.5 -54.5 338.2 -51.9 
346.0 -43.8 348.5 -41.0 
356.1 -32.7 353.7 -30.0 
365.4 -21.0 367.2 -17.7 
371.4 -7.3 372.4 -3.7 
374.0 7.5 374.1 11.2 
373.4 22.4 373.0 26.2 
371 .0 37.2 370.2 4 0 * 9 
367.5 51.8 366.4 55.4 
363.1 66.1 361.9 69.7 
358.8 80.5 357.9 84.2 
356.0 95.2 355.6 99.0 
354.9 110.2 354.8 114.0 
354.5 123.9 353.9 128.9 

T= 7001. SEC Z* -0.7795 M R= 3.7576 M 
NEXT TIME STEP" 4.5035 SEC 

TEMPERATURES, K: 
POOL - TM-1763. T0=1853. TSUR-1806. T12-1765. 
GAS - TG-1841. 
TQMW-l758. TQ0W»1704. 
LIO./SOL. TLM-1765. TMMM755. TLO-2127. TMO-1800. 

PRCPERTIES 

OENS.,KG/M3 
COND.,W/(M*K) 
CP. , J/(KG*K> 
SIGMA,KG/S2 
VISC ,KG/(S*M) 

METAL 
7161. 

48.215 
29601. 
1.795 

0.5716E-02 

OXIDE 
3993. 
3.284 
200 5. 
4.015 

0. 1 4 B 7 E + 0 2 

PCCL-CONCRETE INTERFACE 
BOTTOM MET. WALL 

VELOC «M/S 0.5611E-02 0.3646E-02 
OX. WALL 

0. 1953E-02 
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H,W/*M2*K) 0.1467E*04 0.9540E*03 0 . 7 2 6 3 1 * 0 3 

HASSES AND VOLUMES 
METAL OXIOE 

MASS? KG 0.7659E*05 0.2529E*06 
V0L..M3 0.1223E*02 0.7002E*02 
V0,M3 0.1070E*02 0.6333E*02 
VF 0. 1258E*00 0.9563E-01 
OEPTH» M 0.3528E*00 0. 1663E*01 
MT. FRACTIONS 
U02 ZR02 FEO CAO SI02 AL203 CR203 

0.41 0.16 0.0 0.08 0.32 0.00 0.03 
FE ZR CR NI 

0 . 8 4 0.0 0.08 0.08 
CRUST THICKN.,CM 
INT.MET. INT.OX. SURFACE WALL MET. 
0.0 0.1308E*00 0.0 0.0 

WALL OX. 
0. 1535E*00 

HEAT FLUX BALANCE,MJ 

INTERNAL 
ENTERING 
LEAVING 
REACTIONS 
CONCRETE 
INTERCHANGE 
RADIATED 
SENSIBLE HT. 

METAL 
0.2596E*07 
0.1311E*08 
-0.1592E*08 
0. 19961*07 
-0.10571*08 

0 . 3 4 1 4 6 * 0 7 
0.0 

- 0 . 5 3 7 2 6 * 0 7 

OXIOE 
0. 1810E*08 
0.22146*08 
-0.4447E*07 
0.0 

- 0 . 3 8 9 9 6 * 0 7 
-0.3414E*07 
-0. 1150E*08 
0. 1699E*08 

INTEGRATED ENERGY BALANCE,W 
ENTHO 
INT 
ENT 
REACT 

0.3953E*12 
0.1547E*12 
0.3302E*12 
0.10166*12 

6NTH 
CONCR 
LEAVE 
RAD 

0.55021*12 
0.2521E*12 
0.7840E*11 
0.1097E*12 

TOTALS 
ERROR 

0.9818E*12 
-0.8666E*10 

0.9905E*12 
- 0 . 8 8 2 7 1 * 0 0 PER CENT 

GASES ADDED TO 

MASS FLUX,KG/S 
MOL FLUX,MOL/S 
WT. FRACT. 
MOL FRACT. 
TOT.MASS,KG 
TOT.MOLS,MCL 

ATMOSPHERE 
C02 
0.6859E-01 
0 . 1 5 5 8 1 * 0 1 
0.9644E-01 
0.3061E-01 
0.9182E*O3 
0.2O86E*05 

CO 
0.1716E*O0 
0.6126E*01 
0.2413E*00 
0.12031*00 
0 . 2 9 0 7 1 * 0 4 
0 . 1 0 3 8 E * 0 6 

H 2 0 
0.4321E*00 
0.23981*02 
0.6076E*00 
0 . 4 7 1 0 1 * 0 0 
0.7086E*04 
0 . 3 9 3 2 1 * 0 6 

H2 
0.3887E-01 
0 „ 1 9 2 4 6 * 0 2 
0.5466E-01 
0 . 3 7 8 0 1 * 0 0 
0.6215E*03 
0.30771*06 

CAVITY DIMENSIONS,CM 
R Z R Z 
0.0 -77.9 7.5 -77.9 
18.8 -77.9 22.5 -77.9 
33. 8 -77.9 37.5 -77.9 
48.8 -77.9 52.5 -77.9 
63.8 -77.9 67.5 -77.9 
78.8 -77.9 82.5 -77.9 
93.8 -77.9 97.5 -77.9 
108.8 -77.9 112.5 -77.9 
123.8 -77.9 127.5 -77.9 
138.8 r77.9 142.5 -77.9 
153.8 -77.9 157.5 -77.9 
168.8 -77.9 172.5 -77.9 
183.8 -77.9 187.5 -77.9 
198.8 -77.9 20 2.5 -77.9 

R Z R Z 
11.3 -77.9 15.0 -77.9 
26.3 -77.9 30.0 -77.9 
41.3 -77.9 45.0 -77.9 
56.3 -77.9 60.0 -77.9 
71.3 -77.9 75.0 -77.9 
86.3 -77.9 90.0 -77.9 

101.3 -77.9 105.0 -77.9 
116.3 -77.9 120.0 -77.9 
131.3 -77.9 135.0 -77.9 
146.3 -77.9 150.0 -77.9 
161.3 -77.9 165.0 -77.9 
176.3 -77.9 180.0 -77.9 
191.3 -77.9 195.0 -77.9 
206.3 -77.9 210.0 -77.9 
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213.8 -77.9 217.5 -77.9 
22B.8 -77.9 232.5 -77.9 
243.8 -77.9 247.5 -77.9 
258.8 . -77.9 262.5 -77.9 
273. 8 -77.9 277.5 -77.9 
288.8 -77.9 292.5 -77.9 
30 3. 8 -77.6 307.5 -77.0 
316.5 -70.4 319.0 -67.6 
329. 7 -65.0 332.7 -62.7 
340. 7 -54.8 343.3 -52.1 
350.9 -42. 7 352.5 -40.3 
359. 8 -31.8 362.2 -28.9 
368. 4 -19.5 369.9 -16.1 
373.6 -5.5 374.5 -1.8 
375. 7 9.4 375.8 13.1 
374.9 24.3 374.4 28.1 
372.4 39. 1 371.6 42.8 
368. 8 53.7 367.7 57.3 
364.4 68.0 363. 3 71.6 
360. 3 82.4 359.5 86.1 
?57.7 97.2 357.3 100.9 
356.7 112.2 356.7 115.9 
354.5 126.9 353.9 128.9 
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RUNGE-KUTTA STEP HALVING CURTAILED 

221.3 -77.9 225.0 -77.9 
236.3 -77.9 240.0 -77.9 
251.3 -77.9 255.0 -77.9 
266.3 -77.9 270.0 -77.9 
281.3 -77.9 285.0 -77.9 
296.3 -77.9 300.0 -77.9 
310.8 -75.2 313.7 -72.9 
322.7 -67.4 326.4 -66.8 
335.4 -60.2 338. 1 -57.5 
345.8 -49.3 348.4 -46.6 
354.8 -37. 3 357. 3 -34.5 
364.5 -25.9 366.5 -22.8 
371.3 -12.6 372.6 -9.1 
375. 1 1.9 375.5 5.6 
375.6 16.9 375.4 20.6 
373. 8 31.8 373. 1 35.4 
370.7 46.4 369. 8 50.1 
366.6 60.9 365.5 64.4 
362.2 75.2 361.2 78.8 
358.8 89. 8 358.2 93.5 
35 7.0 104.7 356.8 108.4 
356.3 119.6 355.3 123.7 

T= 0.6614E+04 

T» 8004. SEC Z = -0.8358 M R= 3.7754 M 
NEXT TIME STEP= 4.5035 SEC 

TEMPERATURES, K: 
POOL - TM«1762. TO-1846. TSUR=1799. T12-1764. 
GAS - TG=1836. 
TOMW-1758. TOOW-1709. 
LIQ./SOL.TLM»!767. TMM-1756. TLO-2122. TMO-1790. 

PROPERTIES 

OENS.,KG/M3 
COND.,W/tM*K) 
CP. ,J/(KG*K) 
SIGMA,KG/S2 
VI SC.,KG/(S*M) 

METAL 
7178. 

48.050 
26767. 
1.793 

0.5722E-02 

OXIDE 
3940. 
3.315 
2002. 
4.112 

0.1600E*02 

POOL-CONCRETE INTERFACE 
BOTTOM MET. WALL OX. WALL 

VELCC.M/S 0.5604E-02 0.3643E-02 0.2029E-O2 
H,W/(M2*K) 0.1470E*04 0.9559E*Q3 0.7254E4-03 

MASSES AND VOLUMES 
METAL 

MASS,KG ' 0.7637E+05 
V0L..M3 0.1216F*02 
V0.M3 0.1064E+0? 
VF 0. 1251E»00 
DEPTH,M 0.35UE*00 
WT. FRACTIONS 
U02 ZR02 FEO CAO 

0.40 0.16 0.0 0.08 
FE ZR CR NI 

0.85 0.0 * t).06 0.08 
CRUST THICKN.,CM 

OXIDE 
0.2600E*06 
0.7295E*O2 
0.6601E+02 
0.9522E-01 
0. 1719E*0l 

S102 AL203 CR203 
P.33 O.CO 0 .03 
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INT.MET. 
0.0 

INT.OX. 
0.9424E-01 

SURFACE 
0.0 

MALL MET. 
0.0 

MALL OX. 
0.1276E*00 

HEAT FLUX BALANCE,W: 

INTERNAL 
ENTERING 
LEAVING 
REACTIONS 
CONCRETE 
INTERCHANGE 
RADIATED 
SENSIBLE HT. 

METAL 
0 . 2 5 5 4 E * 0 7 
0.1309E*08 

-0.1586E*08 
0. 1988E*07 
-0.1054E*O8 
0.3511E*07 
0.0 

-0.5257E*07 

OXIDE 
0.1783E*08 
0.2234E*08 
-O.4427E*07 
0.0 

-0.4197E*07 
-0.35111*07 
-0.1 134E*08 
0. 1670E*08 

INTEGRATED ENERGY BALANCE,M 
ENTHO 
I NT 
ENT 
REACT 

TOTALS 
ERROR 

0.3953E*12 
0.17531*12 
0. 3498EM2 
0.1036E*12 

0.1024EM3 
-0.8861E*10 

ENTH 
CONCR 
LEAVE 
RAD 

0.5620E*12 
0 . 2 6 6 8 E * 1 2 
0.8285E*ll 
0. 1212E*12 
0. 1033E*13 
-0.8654E*00 PER CENT 

GASES ADDED TO 

MASS FLUX,KG/S 
MOL FLUX,MOL/S 
MT. FRACT. 
MOL FRACT. 
TOT.MASS,KG 
TCT.MOLS,MOL 

ATMOSPHERE 
C02 
0.6874E-01 
0. 1562E*01 
0.9696E-01 
0.3O78E-01 
0.9871E*03 
0 . 2 2 4 3 1 * 0 5 

CO 
0. 170 BE »-00 
0.6099E*0l 
0.241OE*00 
O.1202E*0O 
0.3078E*04 
0.1099E*06 

H20 
0.4306E*00 
0.2390E*02 
0.60 74E*00 
0 . 4 7 0 9 1 * 0 0 
0.7518E*04 
0.4172E*06 

H2 
0.38771-01 
0. 1919E*02 
0.5468E-01 
0.3782E*00 
0 . 6 6 0 5 1 * 0 3 
0 . 3 2 7 0 1 * 0 6 

CAVITY DIMENSIONS,CM 
R Z R Z 
0.0 -83.6 7.5 -83.6 
18. 8 -83.6 22.5 -83.6 
33.8 -83.6 37.5 -83.6 
48. 9 -83.6 52.5 -83.6 
63. 8 -83.6 67.5 -83.6 
78.8 -83.6 8 2 . 5 - 8 3 . 6 
93.8 -83.6 97.5 -83.6 

1 0 8 . 8 -83.6 112.5 -83.6 
123.8 -83.6 127.5 -83.6 
138.8 - 8 3 . 6 142.5 -83.6 
153.8 -83.6 157.5 -83.6 
168.8 -83.6 172.5 -83.6 
183.8 -83.6 187.5 -83.6 
198.8 -83.6 202.5 -83.6 
213.8 -83.6 217.5 -83.6 
228.8 -83.6 232.5 -83.6 
243.8 -83.6 247.5 -83.6 
258.8 -83.6 2 6 2 . 5 -83.6 
273. 8 .-83.6 277.5 -83.6 
288.8 -83.6 292.5 -83.6 
303.8 -83.2 307.5 -82.6 
316.5 -75.9 318.9 -73. 1 
329.7 -70.6 332.6 -68.3 
340. 7 -60.4 343.2 -57.7 
350. 3 -48.4 351.9 -45.6 
358.6 -36.5 361.0 -33.7 
367.7 -24.6 369.5 -21.3 
373.8 -11.0 374.9 -7.4 
377. 1 " 3.7 377.4 7.4 
377.3 18.6 377.0 22.4 

R Z R Z 
11.3 -83.6 15.0 -83.6 
26.3 -83.6 30.0 -83.6 
41.3 -83.6 45.0 -83.6 
56.3 -83.6 60.0 -83.6 
71.3 -83.6 75.0 -83.6 
86. 3 -83.6 90.0 -83.6 

101 .3 -83.6 105.0 -83.6 
116.3 -83.6 120.0 -83.6 
131.3 -83.6 135.0 -83.6 
146.3 -83.6 150.0 -83.6 
161.3 -83.6 165.0 -83.6 
176.3 -83.6 180.0 -83.6 
191.3 -83.6 195.0 -83.6 
206.3 -83.6 210.0 -83.6 
2 2 1 . 3 - 8 3 . 6 225.0 -83.6 
236.3 -83.6 240.0 -83.6 
251.3 -83. 6 255.0 -83.6 
266.3 -83.6 270.0 -83.6 
281.3 -83.6 285.0 -83.6 
296.3 -83.6 300.0 -83.5 
310.8 -80.8 313.7 -78.5 
322.7 -73.0 326.4 -72.4 
3 3 5 . 4 -65.7 338.0 -63.1 
345.7 -54.9 348.2 -52.1 
353.9 -42.4 356.2 -39.4 
363.4 -30.8 365.6 -27.8 
371.0 -17.9 372.5 -14.5 
375.8 -3.7 376.6 - 0 . 1 
377.5 11.1 377.5 14.9 
376.6 26.1 376.0 29.8 
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375 .4 
372.2 
368. 1 
363. 8 
360.5 
359.0 
357.0 

148 

33.5 
48.2 
62.6 
77.0 
91.6 
106.5 
121. 3 

374.7 
371.3 
367.0 
362.8 
360.0 
358.8 
356.2 

37.2 
51.8 
66.2 
80.6 
95.3 
110.2 
123.4 

373.9 
370.3 
365.9 
362.0 
359.5 
358.6 
354.6 

40.9 
55.4 
69.8 
84.2 
99.0 
114.0 
128.4 

3 7 3 . I 
3 6 9 . 2 
3 6 4 . 8 
3 6 1 . 2 
3 5 9 . 2 
3 5 8 . 1 
3 5 4 . 5 

4 4 . 5 
5 9 . 0 
7 3 . 4 
8 7 . 9 

1 0 2 . 8 
1 1 7 . 7 
1 2 6 . 9 

T= 9003. SEC Z= -0.8917 M 
NEXT TIME STEP* 4.5035 SEC 

R* 3.7938 M 

TEMPERATURES* Ks 
POOL - TM.1762. TO-1839. TSUR-1792. T12-1764. 
OAS - TG-1830. 
TOMW-1757. T00W-1711. 
UC./SOL. TLM-1770. TMM-1757. TLO-2117. TMO-1781. 

PROPERTIES 

0ENS.,KG/M3 
COND.,W/IM*K) 
CP. ,J/(KG-K) 
SIGMA,KG/S2 
VISC,KG/(S*M) 

METAL 
7195. 

47.885 
23331. 
1.791 

0.5731E-02 

OXIDE 
3890. 
3.344 
2001. 
4.204 

0. 1753E»02 

POCL-CCNCRETE INTERFACE 
BOTTOM MET. WALL OX. WALL 

VEL OC,M/S 0.5591E-02 0.3628E-02 0.20 50E-02 
H,W/IM2*K> 0.1473E*04 O.9575E»03 0.7232E*03 

MASSES AND VOLUMES 
METAL OXIDE 

MASS,KG 0.7616E*05 0.2673E»06 
VGL. ,M3 0.1208E+02 0.7589E*02 
V0.M3 0.1058E*02 0.6871E*02 
VF 0.1241E+00 0.9464E-01 
DEPTH,M 0.3494E.0O 0.1774E»01 
WT. FRACTIONS 
U02 ZROZ FEO CAO SI02 AL2C3 CR203 

0.39 0.15 0.0 O.Ol C.34 0.00 0.04 
F i ZR CR NI 

0.86 0.0 0.0» 0.08 
CRUST THICKN.,CM 
INT.MET. INT.OX. SURFACE WALL MET. 
0.0 0.6466E-01 0.0 0.0 

HEAT FLUX SALANCE.W: 

INTERNAL 
ENTERING 
LEAVING 
REACTIONS 
CONCRETE 
INTERCHANGE 
RADIATED 
SENSIBLE HT. 

METAL 
0.2512E*07 
0.1306E»08 

-0.1580E»08 
0.1979E»07 
-0.1050E408 
0.3502E407 
0.0 

-0.524*E»07 

INTEGRATED ENERGY BALANCE,W 
ENTH*0 0.3953EM2 ENTH 
INT. 0.1955EH2 CONCR 

WALL OX. 
0.1O95E*OO 

OXIDE 
0.1756E»08 
0.2246E*08 
-0.4402E407 
0.0 
-0.4419E407 
-0.3502E407 
-0.1118E*08 
0.1652E»08 

0.5735E+12 
0.2816EU2 
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ENT 
REACT 

TOTALS 
ERROR 

0.3694EM2 
0.1055E»12 

0. 1066E+13 
-0.90 60EM0 

LEAVE 
RAD 

0.8725E+11 
0.1324E+12 

0. 1075EM3 
-0.8501E*00 PER CENT 

GASES ADDED TO 

MASS FLUX,KG/S 
MOL FLUX,MOL/S 
WT. FRACT. 
MOL FRACT. 
TOT.MASS,KG 
TOT.MOLS,MCL 

ATMOSPHERE 
C02 
0.6889E-01 
0.1565E*01 
0.9753E-01 
0.3096E-01 
0.1056E*04 
0.?399E*05 

CO 
0. 1699E*00 
0.6067E»0l 
0.2406E.00 
0. 1200E+00 
0.3249E*04 
O.H60E*06 

H20 
0.4288E»00 
0.2380E«02 
0.6072E»00 
0.4707E»00 
0.7948E»04 
0.4410E+06 

H2 
0.3864E-01 
0.1913E»02 
0.5471E-01 
0.3764E+00 
0.6991E*03 
0.3461E+06 

CAVITY 
R 
0.0 
18.8 
33.8 
48.8 
63.8 
78. 8 
93.8 
108.6 
123.8 
138.8 
153.8 
168.8 
183.8 
198.8 
213.8 
228.8 
243.8 
258.8 
273.8 
288. 8 
303.8 
316.4 
329.6 
340.6 
350.0 
357.6 
366.1 
373.7 
378.0 
379.4 
378.2 
375.5 
371.7 
367.4 
363.7 
361.4 
360; 1 
354.6 
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DIMENSIONS,CM 
Z 

-89.2 
-89.2 
-89.2 
-89.2 
-89.2 
-89.2 
-89.2 
-89.2 
-89.2 
-89.2 
-89.2 
-89.2 
-89.2 
-89.2 
-89.2 
-89.2 
-89.2 
-89.2 
-89.2 
-89.2 
-88.8 
-81.5 
-76.2 
-66.0 
-54.2 
-41 .4 
-29.7 
-16.4 
-2.0 
12.9 
27.9 
42.6 
57.1 
71.5 
86.0 

100.8 
115.8 
128.4 

R Z R Z R 
7.5 -89.2 11.3 -89.2 15.0 

22.5 -89.2 ' 26.3 -89.2 30.0 
37.5 -89.2 41.3 -89.2 45.0 
52.5 -89.2 56.3 -89.2 60.0 
67.5 -89.2 71.3 -89.2 75.0 
82.5 -89.2 86.3 -89.2 90.0 
97.5 -89.2 101.3 -89.2 105.0 
112.5 -89.2 116.3 -89.2 120.0 
127.5 -89.2 131 .3 -89.2 135.0 
142.5 -89.2 146.3 -89.2 150.0 
157.5 -89.2 161.3 -89.2 165.0 
172.5 -89.2 176.3 -89.2 180.0 
187.5 -89.2 191.3 -89.2 195.0 
202.5 -89.2 206.3 -89.2 210.0 
217.5 -89.2 221.3 -89.2 225.0 
232.5 -89.2 236.3 -89.2 240.0 
247.5 -89.2 251.3 -89.2 255.0 
262.5 -89.2 266.3 -89.2 270.0 
277.5 -89.2 281.3 -89.2 285.0 
292.5 -89.2 296.3 -•9.2 300.0 
307.5 -88.2 310.8 -86.4 313.7 
318.9 -78.7 322.6 -78.6 324.3 
332.6 -73.8 335.3 -71.3 338.0 
343. 1 -63.2 345.6 -60.4 348. 1 
351.6 -51.0 353.4 -47.7 355.4 
359.9 -38.5 362. 3 -35.4 344.6 
368.9 -26.5 3 70.6 -23.2 372.2 
375.1 -12.8 376.2 -9.3 377.2 
378.6 1.7 379. 1 5.4 379.3 
379.3 16.7 379.1 20.4 37§.7 
377.7 31.6 377.0 35.3 374.3 
374.7 46.3 373.7 49.9 372. 8 
370.7 60.7 369.6 44.3 348.5 
366.4 75.1 365.4 78.7 344.5 
363.0 89 .7 362.4 93.4 341.9 
361.1 104.6 360.9 108.3 340.6 
359.1 119.4 357.4 123. 1 355.9 

z 
-89.2 
-89.2 
-89.2 
-89.2 
-89.2 
-89.2 
-89.2 
-89.2 
-89.2 
-89.2 
-89.2 
-89.2 
-89.2 
- •9.2 
-89.2 
- •9.2 
-89.2 
-•9.2 
-M.2 
-M.l 
-•4.1 
-77.9 
-48.7 
-57.6 
-44.5 
-St.7 
- l t . 8 
-5.7 
9.2 
24.1 
I i . 9 
SS.5 
47.9 
• 2.4 
97.1 
112.1 
124.1 

T« 10002. SEC Z- -0.9216 M 
NEXT,TIME STEP- 4.5035 SEC 

R- 3.8149 M 

TEMPERATURES, K: 
POOL - TM-I761. TO-1851. TSUR- 827. T12-1764. 
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GAS - TG-1838. 
TQMW*1594. T0OW-1751. 
LIQ./SOL. TLM-1771. TMM-1758. TLO*2U3. TMO-1776. 

PROPERTIES 

DENS.t KG/M3 
COND.,W/lM*K> 
CP. , J/(KG*K) 
SIGMA,KG/S2 
VISC,KG/(S*H» 

METAL 
7205. 

47.793 
21922. 
1.790 

0.5736E-02 

OXIDE 
3851. 
3.358 
2000. 
4.277 

0.1288E+02 

POOL-CONCRETE INTERFACE 
BOTTOM MET. WALL OX. WALL 

VELOCM/S 0.9011E-0 3 0.5122E-03 0.2802E-02 
H,W/(M2*K) 0.2061E+04 O.1202E*04 0.7615E*03 

MASSES AND VOLUMES 
METAL OXIDE 

0.7616E*05 0.2721E»06 
0.1057E*02 0.7065E*02 
0.1057E*02 0.7065E*02 
0.0 0.0 
0.3100Et00 0. 1627E*01 

MASS,KG 
VOL.,M3 
V0.M3 

• VF 
DEPTH,M 
WT. 
U02 

0.38 

FRACTIONS 
ZR02 FEO CAO SI02 AL203 CR203 
0.15 0.0 0.08 0.35 0.00 0.04 

FE ZR CR NI 
0.87 0.0 0.05 0.08 
CRUST THICKN.,CM 
INT.MET. INT.OX. SURFACE WALL MET. 
0.0 0.ll7PE«-00 0.1909E*01 0.4915E»01 

WALL OX. 
0.2917E-01 

HEAT FLUX BALANCE,W: 

INTERNAL 
ENTERING 
LEAVING 
REACTIONS 
CONCRETE 
INTERCHANGE 
RADIATED 
SENSIBLE HT. 

METAL 
0.2470E»07 
0.238OE+O7 

-0.2461E»07 
0.3092E»0fc 
-0.1641E*07 
0.1314E*06 
0.0 
0.1189E*07 

OXIDE 
0.1729E*08 
0.9081E*O7 
-0. 1821E»07 
0.0 
-0.5761E»07 
-0.1314E+06 
-0.1388E*06 
0.1852E»08 

INTEGRATED ENERGY BALANCE,W 
ENTHO 
INT 
ENT 
REACT 

0.3953EM2 
0.2154EM2 
0.3B23FM2 
0.1066E*12 

ENTH 
CONCR 
LEAVE 
RAD 

0.5917E»12 
0.2919E*12 
0.B973E411 
0.1355E+12 

TOTALS 
ERROR 

0. 1100E*13 
-0.9195E*10 

0.1109E»13 
-O.8362E*00 PER CENT 

GASES ADDED TO 

MASS FLUX,KG/S 
MOL FLUX,MOL/S 
WT. FRACT. 
MOL FRACT. 
TOT.MASS,KG 
TCT.HOLS.MCL 

ATMOSPHERE 
C02 
0.590 5E-01 
O.I342E+01 
0.1796E*00 
C7511E-01 
0.1104E»04 
0.2509E*05 

CO 
0.3779E-01 
0.1349E+01 
0.1150E*00 
0.7553E-01 
0.3338E+04 
0.1192E+06 

H20 
0.2267E»00 
0.1258E*C2 
0.6895E+00 
0.7042E*00 
0.8200E*04 
0.4550E+06 

H2 
0.5239E-02 
0.2594E401 
0.1594E-01 
0.1452E*00 
0.719fcE*03 
0.3562E»06 



B - 25 

CAVITY DIMENSIONS,CM 
R Z R Z R Z R Z 
0.0 -92.2 7.5 -92.2 11.3 -92.2 15.0 -92.2 

. 18.8 ' -92.2 22.5 -92.2 26.3 -92.2 30.0 -92.2 
33.8 -92.2 37.5 -92.2 41.3 -92.2 45.0 -92.2 
48.8 -92.2 52.5 -92.2 56.3 -92.2 60.0 -92.2 
63.8 -92.2 67.5 -92.2 71.3 -92.2 75.0 -92.2 
78. 8 -92.2 82.5 -92.? 86. 3 -92. 2 90.0 -92.? 
93.8 -92.2 97.5 -92.2 101.3 -92.2 105.0 -92.2 
108.8 -92.2 112.5 -92.2 116.3 -92.2 120.0 -92.2 
123.8 -92.2 127.5 -92.2 131.3 -92.2 135.0 -92.2 
138.8 -92.2 142.5 -92.2 146. 3 -92.2 150.0 -92.2 
153.8 -92.2 157.5 -92.? 161.3 -92. 2 165.0 -92.2 
168.8 -92.2 172.5 -92.2 176.3 -92.2 180.0 -92.2 
183.8 -92.2 187.5 -92.2 191.3 -92.2 195.0 -92.2 
198. 8 -92.2 202.5 -92.2 206. 3 -92.2 210.0 -92.2 
213.8 -92.2 217.5 -92.2 221.3 -92.2 225.0 -92.2 
228.8 -92.2 232.5 -92.? 236.3 -92.? 240.0 -92.2 
243.8 -92.2 247.5 -92.2 251.3 -92.2 255.0 -92.2 
258.8 -92.2 262.5 -92.2 266.3 -92.2 270.0 -92.2 
273.8 -92.? 277.5 -92.2 281.3 -92.2 285.0 -92.2 
288.8 -92.2 292.5 -92.2 296. 3 -92.2 300.0 -92.1 
303. 8 -91.8 307.4 -91.2 310.8 -89.4 313.6 -87.0 
316.4 -84.5 318.8 -81.6 322.6 -81.5 326.3 -80.9 
329.6 -79.2 332.5 -76.8 335.3 -74.3 337.9 -71.6 
340.5 -68.9 343.0 -66.1 345.5 -63.3 347.8 -61.2 
350.9 -58. 1 352.8 -54.8 354.5 -51.5 356.3 -48.2 
358. 3 -45. 1 360.5 -42.0 362.8 -39.1 365.2 -36.1 
367.4 -33.2 369.6 -30.1 371.4 -26.8 373. 1 -23.5 
374. 7 -20. 1 376. 1 -16.6 377.4 -13. 1 378.5 -9.5 
379.5 -5.9 380.2 -2.2 380. 8 1.5 381.2 5.2 
381 .4 9.0 331.5 12.7 381.4 16.5 381.2 20.2 
380.9 24.0 380.4 27.7 379.9 31.4 379.2 35.1 
378.5 38.8 377.8 42.4 376.9 46.1 376.0 49.7 
375. 1 53.4 374. 1 57.0 373.0 60.6 372.0 64.2 
370.9 67.8 369.8 71 .4 368.8 75.0 367.8 78.6 
366. 9 82.2 366.1 85.9 365.3 89.6 364.7 93.3 
364. 2 97.0 362. 8 101.5 362.0 104.2 355.9 126.1 
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CAVITY DIMENSIONS,CM 
R Z R Z R Z R Z 
0.0 -92. 2 7.5 -92.2 11.3 -92.2 15.0 -92.2 
18.8 -92.2 22.5 -92.2 26.3 -92.2 30.0 -92.2 
33.8 -92.2 ?7.5 -92.2 41.3 -92.2 45.0 -92.2 
48.8 -92.2 52.5 -92.2 56.3 -92.2 60.0 -92.2 
63.6 -92.2 67.5 -92.2 71.3 -92.2 75.0 -92.2 
76.8 -92.2 82.5 -92.2 86. 3 -92. 2 90.0 -92.2 
93.8 -92.2 97.5 -92.2 101.3 -92.2 105.0 -92.2 
108.8 -92.2 112.5 -92.2 116.3 -92.? 120.0 -92.2 
123. 8 -92. 2 127.5 -92.2 131.3 -92. 2 135.0 -92.2 
138.8 -92.2 142.5 -92.2 146.3 -92. ? 150.0 -92.2 
153. 8 -92.2 157.5 -92.2 161.3 -92.2 165.0 -92.2 
168. 8 -92.2 172.5 -92.2 176.3 -92.2 180.0 -92.2 
183.8 -92.2 187.5 -92.2 191.3 -92.2 195.0 -92.2 
198.8 -92. 2 2"?.5 -92.? 206. 3 -92.2 210.0 -92.2 
213.8 -92.2 217.5 -92.2 221.3 -92.2 225.0 -92.2 
228. 8 -92.2 232.5 -92.2 236.3 -92.2 240.0 -92.2 
243.8 -92.2 247.5 -92.2 251.3 -92. 2 255.P -92.2 
258.8 -92.2 262.5 -92.2 266. 3 -92.2 270.0 -92.2 
273. 8 -92.2 277.5 -92.2 281.3 -92.2 285.0 -92.2 
288.8 -92. 2 292.5 -92.2 296. 3 -92.2 300.0 -92.1 
303. 8 „. -91.8 307.4 -91.2 310.8 -89.4 313.6 . -87.0 
316.4 -84.5 318.8 -81.6 32?.6 -81.5 326.3 -80.9 
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329.6 -79.2 
340.5 -68.9 
350.9 -58.1 
358.3 -45.1 
367.4 -33.2 
374. 7 -20. 1 
379.5 -5.9 
381 .4 9.0 
380.9 24.0 
378.5 38. 8 
375. 1 53.4 
370.9 67.8 
366.9 82.2 
364.2 97.0 
361. 1 111.6 
355.2 128.2 
352.4 151.1 
352.5 170.8 
351.4 185.7 
349.7 204.7 
347.0 222.7 
341.8 236.7 
334. 1 253.4 
327.5 267.0 
321.9 280.9 
320.0 295.6 
320.0 314.9 
320.0 329.9 
320.0 344.9 
320.0 359.9 
32O.0 374.9 
320.0 389.9 
320.0 406.2 

332.5 -76.8 
343.0 -66.1 
352.8 -54.8 
360.5 -42.0 
369.6 -30.1 
376.1 -16.6 
380.2 -2.2 
381.5 12.7 
380.4 27.7 
377.8 42.4 
374.1 57.0 
369.8 71.4 
366.1 85.9 
362.8 101.5 
360.3 115.3 
354.3 131.8 
352.4 155.2 
352.2 174.5 
351.1 189.4 
349.1 209.9 
346.0 226.4 
340.2 240.2 
332.4 256.8 
326.0 270.4 
3 20.7 284.4 
320.0 303.6 
32O.0 318.6 
3 20.0 333.6 
3 20.0 348.6 
320.0 363.6 
320.0 378.6 
3 20.0 393.6 

335.3 -74.3 
345.5 -63.3 
354.5 -51.5 
362.8 -39.1 
371.4 -26.8 
377.4 -13.1 
3 80.8 1.5 
381.4 16.5 
379.9 31.4 
376.9 46. I 
373.0 60.6 
368.8 75.0 
365.3 89.6 
362.0 104.2 
358.3 121.4 
353.6 135.7 
352.5 161.2 
351.8 178.2 
350.3 197.2 
348.7 213.7 
345.0 230.0 
338.7 243.6 
330.7 260.2 
324.5 273.9 
320.2 288.1 
320.0 307.4 
320.0 322.4 
320.0 337.4 
320.0 352.4 
320.0 367.4 
3 20.0 382.4 
320.0 397.4 

337.9 -71.6 
347.8 -61.2 
356.3 -48.2 
365.2 -36.1 
373. 1 -23.5 
378.5 -9.5 
381. 2 5.2 
381.2 20.2 
379.2 35.1 
376.0 49.7 
372.0 64.2 
367.8 78.6 
364.7 93.3 
361.5 107.9 
356.6 124.7 
352. 8 143.4 
352.5 167.0 
351 .6 182.0 
350.0 201.0 
347.8 219.1 
343.4 233.4 
337.2 247.0 
329.0 263.6 
323. 1 277.3 
320.0 291.9 
320.0 311.1 
320.0 326.1 
320.0 341.1 
320.0 356.1 
320.0 371.1 
320.0 386.1 
320.0 401.1 




