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ABSTRACT

T h i s  r e p o r t  p r e s e n t s  t h e  r e s u l t s  of  i n d e p e n d e n t  c o d e  a s s e s s m e n t  c o n d u c t e d  
a t  BNL. The TRAC-PFl  ( V e r s i o n  7 . 0 )  and RELAP5/M0D1 ( C y c l e  14)  c o d e s  w e r e  a s ­
s e s s e d  u s i n g  t h e  c r i t i c a l  f l o w  t e s t s ,  l e v e l  s w e l l  t e s t ,  c o u n t e r c u r r e n t  f l o w  
l i m i t a t i o n  (CCFL) t e s t s ,  pos t - CHF t e s t ,  s t e a m  g e n e r a t o r  t h e r m a l  p e r f o r m a n c e  
t e s t s ,  and n a t u r a l  c i r c u l a t i o n  t e s t s .  TRAC-BDl ( V e r s i o n  1 2 . 0 )  was a p p l i e d  
o n l y  t o  t h e  CCFL and pos t - CHF t e s t s .

The o v e r a l l  c o n c l u s i o n s  of  t h e  s t u d y  a r e  a s  f o l l o w s :

1.  The TRAC-PWR s e r i e s  of  c o d e s ,  i . e . ,  TRAC-PIA,  TRAC-PD2,  and TRAC- 
P F l ,  have  been  g r a d u a l l y  i m p r o v e d .  Howeve r ,  TRAC-PFl  a p p e a r s  t o  
need  i mp r o v e me n t  i n  a l m o s t  a l l  c a t e g o r i e s  of  t e s t s / p h e n o m e n a  
a t t e m p t e d  a t  BNL.

2 .  Of t h e  two c o d e s ,  TRAC-PFl  and RELAP5/M0D1,  t h e  l a t t e r  n e e d s  more  
i mpr ovemen t  p a r t i c u l a r l y  i n  t h e  a r e a s  o f :

CCFL

Level  s w e l 1

CHF c o r r e l a t i o n  and pos t - CHF h e a t  t r a n s f e r

Nume r i c a l  s t a b i l i t y .

3 .  For  t h e  CCFL and pos t - CHF t e s t s ,  TRAC-BDl p r o v i d e s  t h e  b e s t  o v e r a l l  
r e s u l t s .  However ,  t h e  TRAC-BDl i n t e r f a c i a l  s h e a r  p a c k a g e  f o r  t h e  
c o u n t e r c u r r e n t  a n n u l a r  f l o w  r e g i me  n e e d s  f u r t h e r  i mp r o v e me n t  f o r  
b e t t e r  p r e d i c t i o n  of  CCFL phenomenon .

I t  i s  o u r  u n d e r s t a n d i n g  t h a t  b o t h  t h e  TRAC-PFl  and RELAP5/M0D1 c o d e s  h a v e  
been  i mpr ove d  s i g n i f i c a n t l y  s o  t h a t  t h e  ne we r  v e r s i o n s  of  t h e s e  c o d e s ,  i . e . ,  
TRAC-PFl/MODl and RELAP5/M0D2,  s h o u l d  p r o d u c e  b e t t e r  r e s u l t s .

-/■ 7 V-





EXECUTIVE SUMMARY

I n d e p e n d e n t  a s s e s s m e n t  of  t h e  TRAC-PFl  ( V e r s i o n  7 . 0 ) ,  RELAP5/M0D1 ( C y c l e  
14)  and TRAC-BDl ( V e r s i o n  1 2 . 0 )  c o d e s  has  been  p e r f o r m e d  u s i n g  v a r i o u s  s e p a -  
r a t e - e f f e c t  t e s t s .  The t e s t s  s i m u l a t e d  ca n  be g r o u p e d  i n  t h e  f o l l o w i n g  s i x  
c a t e g o r i e s :

1.  C r i t i c a l  f l o w  t e s t s  (Moby-Dick n i t r o g e n - w a t e r ,  BNL f l a s h i n g  f l o w ,  
Ma r v i k e n  T e s t  No. 2 4 ) .

2 .  Leve l  s w e l l  t e s t s  (GE l a r g e  v e s s e l  t e s t ) .

3 .  C o u n t e r c u r r e n t  f l o w  l i m i t i n g  (CCFL) t e s t s  ( U n i v e r s i t y  of  H o u s t o n ,
Da r t mo u t h  C o l l e g e  s i n g l e -  and p a r a l 1 e l - t u b e  t e s t s ) .

4 .  Pos t -CHF t e s t s  (Oak R i d g e  r o d  b u n d l e  t e s t ) .

5.  S t eam g e n e r a t o r  t e s t s  (B&W 1 9 - t u b e  model  S . G .  t e s t s ,  FLECHT-SEASET 
U - t u b e  S . G.  t e s t s ) .

6 . N a t u r a l  c i r c u l a t i o n  t e s t s  (FRIGG l o o p  t e s t s ) .

TRAC-PFl  and RELAP5/M0D1 we r e  a p p l i e d  t o  a l l  of  t h e  a b o v e  c a t e g o r i e s ;  h o w e v e r ,  
b e c a u s e  of  r e s o u r c e  l i m i t a t i o n s ,  TRAC-BDl was a p p l i e d  o n l y  t o  t h e  CCFL and 
pos t - CHF t e s t s .

U s e f u l  r e s u l t s  w e r e  o b t a i n e d  f o r  a l l  TRAC-PFl  c a l c u l a t i o n s  e x c e p t  f o r  t h e  
Da r t mo u t h  C o l l e g e  p a r a l 1 e l - t u b e  CCFL t e s t s .  RELAP5/M0D1 d i d  n o t  p r o d u c e  any 
u s e f u l  r e s u l t  f o r  t h e  Moby-Dick n i t r o g e n - w a t e r  t e s t s  and t h e  c o d e  was n o t  a p ­
p l i e d  t o  t h e  p a r a l 1 e l - t u b e  CCFL t e s t s  b e c a u s e  of  i t s  p o o r  p r e d i c t i o n  of  t h e  
s i n g l e - t u b e  CCFL t e s t s .  TRAC-BDl p r o d u c e d  u s e f u l  r e s u l t s  f o r  b o t h  CCFL and 
pos t - CHF t e s t s .

R e g a r d i n g  t h e  c o m p u t e r  run t i m e ,  b o t h  TRAC-PFl  and  TRAC-BDl t o o k  a p p r o x i ­
m a t e l y  3 ms of  CPU t i m e  ( i n  t h e  BNL CDC-7600)  p e r  c e l l  p e r  t i m e  s t e p .  In t h a t  
r e s p e c t ,  RELAP5/M0D1 was f a s t e r  b e c a u s e  i t  t o o k  a p p r o x i m a t e l y  1 ms p e r  c e l l  
p e r  t i m e  s t e p .  However ,  RELAP5/M0D1 u s u a l l y  t o o k  s m a l l e r  t i m e  s t e p s  t h a n  
TRAC-PFl ,  and t h u s ,  t h e  C P U - t o - r e a l  t i m e  r a t i o  of  t h e s e  two c o d e s  was q u i t e  
c o m p a r a b l e .  S o m e t i m e s ,  t h e  RELAP5/M0D1 maximum t i m e  s t e p  had  t o  be r e s t r i c t e d  
t o  a v o i d  n u m e r i c a l  i n s t a b i l i t i e s .  In t h o s e  c a s e s ,  RELAP5/M0D1 was a c t u a l l y  
more e x p e n s i v e  t o  run  t h a n  TRAC-PFl .

From t h e  r e s u l t s  p r e s e n t e d  i n  C h a p t e r s  2 t h r o u g h  7 ,  t h e  f o l l o w i n g  c o n c l u ­
s i o n s  and r e c o mme n d a t i o n s  a r e  drawn f o r  e a c h  c o d e :

C o n c l u s i o n s  and R e c o mme n d a t i o n s  f o r  TRAC-PFl

1.  Fo r  t wo - c o mp o n e n t  t w o - p h a s e  c r i t i c a l  f l o w  w i t h o u t  p h a s e  c h a n g e ,  
TRAC-PFl  can  be  e x p e c t e d  t o  p r o d u c e  s t a b l e  r e s u l t s  f o r  a l l  v o i d  
f r a c t i o n s ,  whi ch  i s  an i mp r o v e me n t  o v e r  t h e  TRAC-PIA c o d e .  However ,



t h e  r e s u l t s  a r e  s e n s i t i v e  t o  t h e  f r i c t i o n  f a c t o r  o p t i o n  s e l e c t e d  f o r  
c a l c u l a t i o n .  The homogeneous  f r i c t i o n  f a c t o r  o p t i o n  o v e r p r e d i c t s  
t h e  mass  f l o w  r a t e  by - 1 5  t o  22%, w h e r e a s  t h e  a n n u l a r  f r i c t i o n  
f a c t o r  o p t i o n  u n d e r p r e d i c t s  t h e  same by ~5 t o  12%. I t  i s  r e c om­
mended t h a t  t h e  same s i n g l e  p h a s e  f r i c t i o n  f a c t o r  be u s e d  f o r  b o t h  
t h e  homogeneous  (NFF=1) and t h e  a n n u l a r  (NFF=2) f l o w  f r i c t i o n  f a c t o r  
o p t i o n s .

2 .  F o r  s i n g l e - c o m p o n e n t  ( i . e . ,  w a t e r )  t w o - p h a s e  f l o w  w i t h  p h a s e  c h a n g e ,  
TRAC-PFl  may s i g n i f i c a n t l y  u n d e r p r e d i c t  t h e  s u b c o o l e d  c r i t i c a l  f l o w  
r a t e  by as  much as  25%, as  shown i n  t h e  BNL f l a s h i n g  t e s t  s i m u l a ­
t i o n s .  An a c c u r a t e  f l a s h i n g  d e l a y  model  s eems  t o  be  a n e c e s s a r y  
( a l t h o u g h  n o t  s u f f i c i e n t )  c o n d i t i o n  f o r  a c h i e v i n g  b e t t e r  a g r e e m e n t  
w i t h  t h e  s u b c o o l e d  c r i t i c a l  f l o w  d a t a .  S i m u l a t i o n  of  Ma r v i k e n  T e s t  
No.  24 a l s o  s u p p o r t s  t h i s  c o n c l u s i o n .

3 .  The c h o k i n g  o p t i o n  of  TRAC-PFl  s eems  t o  be  r e a s o n a b l e  f o r  s u b c o o l e d  
c r i t i c a l  f l o w  t h r o u g h  s h o r t  n o z z l e s  i f  " c o r r e c t "  u p s t r e a m  b o u n d a r y  
c o n d i t i o n s  a r e  p r o v i d e d .

4 .  TRAC-PFl  n e e d s  a more a c c u r a t e  f l a s h i n g  d e l a y  model  f o r  t h e  b u l k  o r  
p i p e  f l o w .  The p r e s e n t  d e l a y  model  i n  t h e  c h o k e d  f l o w  f o r m u l a t i o n  
c a n n o t  p r e d i c t  t h e  e a r l y  p r e s s u r e  u n d e r s h o o t  o b s e r v e d  i n  t h e  e x p e r i ­
me n t .  T h i s  u n d e r s h o o t  and t h e  c o r r e s p o n d i n g  l i q u i d  s u p e r h e a t  c o u l d  
be  i m p o r t a n t  i n  d e t e r m i n i n g  t h e  v a p o r  g e n e r a t i o n  r a t e  l a t e r  i n  t h e  
t r a n s i  e n t .

5 .  TRAC-PFl  t e n d s  t o  o v e r p r e d i c t  t h e  v o i d  f r a c t i o n  be l ow t h e  m i x t u r e  
l e v e l  and  t h e  l e v e l  s w e l l  d u r i n g  a r a p i d  d e p r e s s u r i z a t i o n  t r a n s i e n t .  
A h i g h  i n t e r f a c i a l  s h e a r  i n  TRAC-PFl  i s  b e l i e v e d  t o  be p a r t i a l l y  
r e s p o n s i b l e  f o r  t h e  h i g h e r  v o i d  f r a c t i o n  and  t h e  h i g h e r  l e v e l  s w e l l  
r a t e .

6 . F o r  s i t u a t i o n s  wh e r e  l i q u i d  i s  i n j e c t e d  i n  t h e  m i d d l e  of  a t e s t  
c h a n n e l ,  t h e  CCFL phenomenon i s  g r e a t l y  i n f l u e n c e d  by t h e  l i q u i d  e n -  
t r a i n m e n t  i n c e p t i o n  and r a t e .  In s u c h  c a s e s ,  TRAC-PFl  p r e d i c t s  an 
e a r l y  l i q u i d  e n t r a i n m e n t  wh i c h  r e s u l t s  i n  l o w e r  l i q u i d  downf l ow 
r a t e s .  T h e r e f o r e ,  t h e  TRAC-PFl  e n t r a i n m e n t  m o d e l / c o r r e l a t i o n  n e e d s
i mp r o v e me n t .

7 .  F o r  s i t u a t i o n s  wh e r e  l i q u i d  f l o w s  down f r o m  an u p p e r  p l e n u m,  t h e  i n ­
t e r f a c i a l  s h e a r  seems t o  be t h e  d o m i n a n t  p a r a m e t e r  f o r  CCFL phe nome ­
no n .  In s u c h  c a s e s ,  TRAC-PFl  p r o d u c e d  good a g r e e m e n t  w i t h  d a t a  f o r  
s m a l l  p i p e  d i a m e t e r s  ( - 0 . 0 2 5  m I . D . ) .  T h u s ,  t h e  D u k l e r  c o r r e l a ­
t i o n  f o r  i n t e r f a c i a l  s h e a r  seems  r e a s o n a b l e  f o r  s m a l l - d i a m e t e r  p i p e s  
o r  c h a n n e l s .  Howeve r ,  f o r  l a r g e  d i a m e t e r  p i p e s  ( - 0 . 1 5  m I . D . ) ,  
TRAC-PFl  p r o d u c e d  a n o ma l o u s  b e h a v i o r  b e c a u s e  of  t h e  d i s c o n t i n u i t i e s  
i n  t h e  D u k l e r  c o r r e l a t i o n .  In t h i s  c a s e ,  t h e  B h a r a t h a n - W a l 1 i s  c o r ­
r e l a t i o n  may be  u s e d .



8 . A good p r e d i c t i o n  of  s i n g l e - t u b e  CCFL d a t a  d o e s  n o t  g u a r a n t e e  s i m i ­
l a r  s u c c e s s  f o r  t h e  p a r a l l e i - t u b e  CCFL d a t a .  Fo r  e x a m p l e ,  TRAC-PFl  
p r o d u c e d  good a g r e e m e n t  w i t h  t h e  D a r t m o u t h  C o l l e g e  0 . 0 2 5 4  m I . D .  
s i n g l e  t u b e  d a t a .  However ,  i t  c o u l d  n o t  e v e n  p r o d u c e  a s t a b l e  r e ­
s u l t  f o r  t h e  p a r a l l e l - t u b e  e x p e r i m e n t s  c o n d u c t e d  i n  t h r e e  0 . 0 2 5 4  m 
I . D .  t u b e s .  A l s o ,  t h e  i n t e r f a c i a l  s h e a r  p a c k a g e  mus t  i n c l u d e  c o r r e ­
l a t i o n s  v a l i d  f o r  t h e  e n t i r e  c o u n t e r c u r r e n t  a n n u l a r  f l o w  r e g i m e ,
i . e . ,  w a v y - t r a n s i t i o n - r o u g h  f i l m  r e g i m e s ,  t o  e n a b l e  TRAC-PFl  t o  a d e ­
q u a t e l y  p r e d i c t  t h e  p a r a l 1 e l - t u b e  CCFL phenomenon .

9 .  TRAC-PFl  ca n  n o t  a c c u r a t e l y  p r e d i c t  t h e  low f l o w  CHF c o n d i t i o n s  as 
e v i d e n c e d  f r o m  t h e  ORNL pos t - CHF and FRIGG l o o p  t e s t s .  C o r r e l a t i o n s  
o t h e r  t h a n  t h e  B i a s i  CHF c o r r e l a t i o n ,  wh i c h  was b a s e d  on s i n g l e  t u b e  
d a t a ,  s h o u l d  be i n v e s t i g a t e d .  Howeve r ,  TRAC-PFl  d o e s  c a l c u l a t e  v a ­
p o r  s u p e r h e a t i n g  i n  t h e  pos t - CHF r e g i m e .

10 .  TRAC-PFl  p r o d u c e s  a more s t a b l e  r e s u l t  f o r  t h e  i n t e g r a l  e c o n o m i z e r  
o n c e - t h r o u g h  s t e a m  g e n e r a t o r  ( lEOTSG) h e a t  t r a n s f e r  t h a n  i t s  p r e d e ­
c e s s o r ,  TRAC-PD2,  and y i e l d e d  r e a s o n a b l e  r e s u l t s  f o r  a l o a d  c h a n g e  
t r a n s i e n t .

11 .  Fo r  a l o s s - o f - f e e d w a t e r  t r a n s i e n t  i n  a o n c e - t h r o u g h  s t e a m  g e n e r a t o r  
(OTSG),  TRAC-PFl  u n d e r p r e d i c t e d  t h e  e x i t  s t e a m  f l o w  r a t e .  T h i s  was 
c a u s e d  by t h e  l o w e r  i n i t i a l  w a t e r  i n v e n t o r y  due  t o  a l o w e r  r a t e  of  
c o n d e n s a t i o n  of  t h e  a s p i r a t e d  s t e a m .  An i n c r e a s e  i n  t h e  c o n d e n s a ­
t i o n  r a t e  i mp r o v e d  t h e  r e s u l t ,  i n d i c a t i n g  t h a t  t h e  d i r e c t - c o n t a c t  
c o n d e n s a t i o n  r a t e  i n  TRAC-PFl  i s  u n d e r e s t i m a t e d .

12 .  A n o d i n g  s t u d y  showed t h a t  a p p r o x i m a t e l y  10 n o d e s  i n  e a c h  s i d e  of  
t h e  s t e a m  g e n e r a t o r  a r e  a d e q u a t e  f o r  TRAC-PFl  f o r  s i m u l a t i n g  t r a n ­
s i e n t s  s u c h  as  l o s s - o f - f e e d w a t e r .

13 .  F o r  l a r g e - b r e a k  LOCA c o n d i t i o n s ,  TRAC-PFl  t e n d s  t o  o v e r p r e d i c t  t h e  
s e c o n d a r y - t o - p r i m a r y  h e a t  t r a n s f e r .  The a c t u a l  n o n e q u i l i b r i u m  e f ­
f e c t s  a r e  a l s o  somewhat  u n d e r p r e d i c t e d  by TRAC-PFl .  T h u s ,  t h e  c o d e  
woul d  t e n d  t o  e x a g g e r a t e  t h e  s t e a m  b i n d i n g  e f f e c t s  and  wou l d  t e n d  t o  
p r e d i c t  s l o w e r  c o r e  r e f l o o d .

14 .  TRAC-PFl  s h o u l d  h a v e  t h e  c a p a b i l i t y  of  m o d e l i n g  t h e  s t e a m  g e n e r a t o r  
s h e l l  w a l l .  A l t h o u g h  n o t  of  u t m o s t  i m p o r t a n c e  f o r  a f u l l - s c a l e  
p l a n t ,  t h i s  c a p a b i l i t y  m i g h t  be  n e c e s s a r y  f o r  m o d e l i n g  t a l l - b u t -  
s k i n n y  model  s t e a m  g e n e r a t o r s .

15 .  TRAC-PFl  w i t h  e i t h e r  t h e  homogeneous  o r  t h e  a n n u l a r  t w o - p h a s e  f r i c ­
t i o n  f a c t o r  o p t i o n  o v e r p r e d i c t e d  t h e  l o o p  mass  f l o w  r a t e  d u r i n g  n a ­
t u r a l  c i r c u l a t i o n  c o n d i t i o n .  Howeve r ,  t h e  r e s u l t s  o b t a i n e d  w i t h  t h e  
a n n u l a r  f r i c t i o n  f a c t o r  o p t i o n  h a v e  b e e n  c l o s e r  t o  t h e  d a t a ,  b o t h  
q u a l i t a t i v e l y  and q u a n t i t a t i v e l y .

v i i  -



C o n c l u s i o n s  and Re c o mme n d a t i o n s  f o r  RELAP5/M0D1

1.  F o r  s i n g l e - c o m p o n e n t  ( i . e . ,  w a t e r )  t w o - p h a s e  f l o w  w i t h  p h a s e  c h a n g e ,  
RELAP5/M0D1 may s i g n i f i c a n t l y  u n d e r p r e d i c t  t h e  s u b c o o l e d  c r i t i c a l  
f l o w  r a t e  by as  much as  25%, as  shown i n  t h e  BNL f l a s h i n g  t e s t  s i m u ­
l a t i o n s .  An a c c u r a t e  f l a s h i n g  d e l a y  model  seems t o  be  a n e c e s s a r y  
( a l t h o u g h  n o t  s u f f i c i e n t )  c o n d i t i o n  f o r  a c h i e v i n g  b e t t e r  a g r e e m e n t  
w i t h  t h e  s u b c o o l e d  c r i t i c a l  f l o w  d a t a .  S i m u l a t i o n  of  Ma r v i k e n  T e s t  
No.  24 s u p p o r t s  t h i s  c o n c l u s i o n .

2 .  F o r  t h e  RELAP5/M0D1 c h o k i n g  m o d e l ,  i t  s eems t h a t  t h e  s h o r t  n o z z l e s  
h a v e  t o  be  t r e a t e d  as  z e r o - v o l u m e  a r e a  c h a n g e s  t o  o b t a i n  good a g r e e ­
ment  w i t h  d a t a ,  e v e n  t h o u g h  t h i s  c o n t r a d i c t s  t h e  r e a l i t y .  A l s o ,  t h e  
RELAP5/M0D1 c h o k i n g  model  seems  t o  be  s e n s i t i v e  t o  n o d a l i z a t i o n .

3 .  RELAP5/M0D1 n e e d s  a more a c c u r a t e  f l a s h i n g  d e l a y  model  f o r  t h e  b u l k  
o r  p i p e  f l o w .  The p r e s e n t  d e l a y  model  i n  t h e  c h o k e d  f l o w  f o r m u l a ­
t i o n  c a n n o t  p r e d i c t  t h e  e a r l y  p r e s s u r e  u n d e r s h o o t  o b s e r v e d  i n  t h e  
e x p e r i m e n t .  T h i s  u n d e r s h o o t  and t h e  c o r r e s p o n d i n g  l i q u i d  s u p e r h e a t  
c o u l d  be  i m p o r t a n t  i n  d e t e r m i n i n g  t h e  v a p o r  g e n e r a t i o n  r a t e  l a t e r  i n  
t h e  t r a n s i e n t .

4 .  RELAP5/M0D1 p r e d i c t i o n s  f o r  t h e  a v e r a g e  v o i d  f r a c t i o n ,  l e v e l  s w e l l  
r a t e ,  and b r e a k  f l o w  r a t e  d u r i n g  l e v e l  s w e l l  due  t o  r a p i d  d e p r e s s u r -  
i z a t i o n  seem r e a s o n a b l e .  Howeve r ,  t h e  c o d e  u n d e r p r e d i c t s  t h e  v e s s e l  
p r e s s u r e  and p r o d u c e s  an i r r e g u l a r  a x i a l  v o i d  f r a c t i o n  p r o f i l e .  I t  
s eems  t h a t  t h e  i n t e r f a c i a l  s h e a r  p a c k a g e  of  RELAP5/M0D1 n e e d s  r e - e x ­
a m i n a t i o n  and i m p r o v e m e n t .

5.  T h e r e  s eems  t o  be  no n e e d  of  r e p r e s e n t i n g  a c o n v e r g i n g - d i v e r g i n g  
d i s c h a r g e  n o z z l e  w i t h  a z e r o - v o l u m e  j u n c t i o n  f o r  RELAP5/M0D1 c a l c u ­
l a t i o n ,  a s  s u g g e s t e d  by t h e  RELAP5 c o d e  d e v e l o p e r s .

6 . The RELAP5/M0D1 f l o w  r e g i m e  map f o r  h i g h  v o i d  f r a c t i o n s  mus t  be  
c h a n g e d  t o  i n c l u d e  an a n n u l a r - m i s t  r e g i m e  b e f o r e  t h e  c o d e  can  be  e x ­
p e c t e d  t o  p r o d u c e  r e a s o n a b l e  r e s u l t s  f o r  CCFL a p p l i c a t i o n s .  At  p r e ­
s e n t ,  RELAP5/M0D1 c a n n o t  p r e d i c t  a CCFL s i t u a t i o n  e v e n  i n  a s i m p l e  
r o u n d  p i p e .

7 .  RELAP5/M0D1 c a n n o t  a c c u r a t e l y  p r e d i c t  t h e  low f l o w  CHF c o n d i t i o n s  as  
e v i d e n c e d  f r o m  t h e  ORNL pos t - CHF and FRIGG l o o p  t e s t s .  O t h e r  CHF 
c o r r e l a t i o n s  s h o u l d  be i n v e s t i g a t e d .

8 . RELAP5/M0D1 t e n d s  t o  o v e r p r e d i c t  t h e  v a p o r  g e n e r a t i o n  r a t e  a t  t h e  
po s t - CHF r e g i o n .  T h i s  r e s u l t s  i n  a l m o s t  no v a p o r  s u p e r h e a t i n g  u n t i l  
a l l  t h e  l i q u i d  d r o p l e t s  a r e  e v a p o r a t e d  i n  t h e  RELAP5/M0D1 c a l c u l a ­
t i o n .  However ,  t h i s  d o e s  n o t  r e p r e s e n t  t h e  r e a l i t y .  T h u s ,  t h e  
RELAP5/M0D1 model  f o r  v a p o r  g e n e r a t i o n  i n  t h e  pos t - CHF r e g i m e  s h o u l d  
be  i m p r o v e d .

V l l l



9.  F o r  t h e  s t e a m  g e n e r a t o r  ( lEOTSG) t e s t s ,  t h e  RELAP5/M0D1 ( C y c l e  14)  
r e s u l t s  a r e  s l i g h t l y  I mpr oved  o v e r  t h o s e  of  C y c l e  1.  However ,  t h e  
new r e s u l t s  s t i l l  s u f f e r  f r o m  n u m e r i c a l  i n s t a b i l i t y .  T h e r e f o r e ,  r e ­
s t r i c t i o n s  on t h e  maximum t i m e  s t e p s  i s  n e c e s s a r y  f o r  t h e  RELAP5/ 
MODI c a l c u l a t i o n .  T h i s  i s  v a l i d  f o r  b o t h  o n c e - t h r o u g h  and U - t u b e  
s t e a m g e n e r a t o r  s i m u l a t i o n s .

10.  For  RELAP5/M0D1, u s e  of  more node s  d o e s  n o t  n e c e s s a r i l y  l e a d  t o  b e t ­
t e r  a g r e e m e n t  w i t h  t h e  e x p e r i m e n t a l  d a t a  of  s t e a m  g e n e r a t o r  (lEOTSG)
t h e r m a l  p e r f o r m a n c e .

11.  A l t h o u g h  RELAP5/M0D1 p r o d u c e d  r e a s o n a b l e  r e s u l t s  f o r  t h e  OTSG l o s s -  
o f - f e e d w a t e r  t r a n s i e n t ,  i t  f a i l s  t o  p r e d i c t  t h e  i n i t i a l  s u p e r h e a t e d  
s t e a m  c o n d i t i o n  a t  t h e  e x i t  o f  t h e  s e c o n d a r y  s i d e .  C o n s e q u e n t l y ,  
t h e  t o t a l  p r i m a r y - t o - s e c o n d a r y  h e a t  t r a n s f e r  a t  s t e a d y  s t a t e  i s  u n ­
d e r p r e d i c t e d  by as  much a s  1 0 %.

12.  For  l a r g e - b r e a k  LOCA c o n d i t i o n s ,  RELAP5/M0D1 t e n d s  t o  o v e r p r e d i c t
t h e  s e c o n d a r y - t o - p r i m a r y  h e a t  t r a n s f e r .  The a c t u a l  n o n e q u i l i b r i u m
e f f e c t s  a r e  a l s o  u n d e r p r e d i c t e d  by RELAP5/M0D1 as  i n  t h e  pos t - CHF 
t e s t s .  T h u s ,  t h e  c o d e  woul d  t e n d  t o  e x a g g e r a t e  t h e  s t e a m  b i n d i n g  
e f f e c t s  and woul d  t e n d  t o  p r e d i c t  s l o w e r  c o r e  r e f l o o d .

13.  RELAP5/M0D1 t e n d s  t o  o v e r p r e d i c t  t h e  v a p o r - t o - d r o p l e t  h e a t  t r a n s f e r  
i n  t h e  d i s p e r s e d  d r o p l e t  r e g i m e .  I mp r o v e me n t  i n  t h i s  a r e a  i s  
n e e d e d .

14.  RELAP5/M0D1 a l s o  p r o d u c e d  an a n o ma l o u s  v o i d  p r o f i l e  i n  t h e  s e c o n d a r y  
s i d e  of t h e  FLECHT-SEASET U - t u b e  s t e a m  g e n e r a t o r  w h i c h  i n d i c a t e d  
some e r r o r s  i n  t h e  c ode  ( e i t h e r  FORTRAN o r  i n  i n t e r f a c i a l  s h e a r ) .

15.  The b u n d l e  mass  f l u x  d u r i n g  n a t u r a l  c i r c u l a t i o n  h a s  been  o v e r p r e ­
d i c t e d  by RELAP5/M0D1 f o r  a l l  t h r e e  s e t s  of  FRIGG l o o p  r u n s .  The 
o v e r p r e d i c t i o n  i s  b e l i e v e d  t o  be due  t o  u n d e r e s t i m a t i o n  of  t h e  t w o -  
p h a s e  wa l l  f r i c t i o n  l o s s e s .

16 .  F u r t h e r  e f f o r t s  s h o u l d  be d i r e c t e d  t o w a r d  i m p r o v i n g  t h e  n u m e r i c a l  
s t a b i l i t y  of  RELAP5/M0D1.

C o n c l u s i o n s  and Rec o mme n d a t i o n s  f o r  TRAC-BDl

1.  For  s i t u a t i o n s  wh e r e  l i q u i d  i s  i n j e c t e d  i n  t h e  m i d d l e  of  a t e s t  
c h a n n e l ,  t h e  CCFL phenomenon i s  g r e a t l y  i n f l u e n c e d  by t h e  l i q u i d  e n ­
t r a i n m e n t  i n c e p t i o n  and r a t e .  In s u c h  c a s e s ,  TRAC-BDl t e n d s  t o  p r e ­
d i c t  good a g r e e m e n t  w i t h  d a t a .  T h u s ,  t h e  TRAC-BDl e n t r a i n m e n t  i n c e p ­
t i o n  and r a t e  c o r r e l a t i o n s  s eem t o  be r e a s o n a b l e .

2.  For  s i t u a t i o n s  whe r e  l i q u i d  f l o w s  down f r o m  an u p p e r  p l e n u m,  t h e  i n ­
t e r f a c i a l  s h e a r  seems t o  be t h e  d o m i n a n t  p a r a m e t e r  f o r  t h e  CCFL p h e ­
nomenon.  In s u c h  c a s e s ,  TRAC-BDl t e n d s  t o  o v e r p r e d i c t  t h e  l i q u i d  
downf l ow r a t e ,  i n d i c a t i n g  a l o w e r  i n t e r f a c i a l  s h e a r .



3.  The i n t e r f a c i a l  s h e a r  c o e f f i c i e n t  u s e d  i n  t h e  TRAC-BDl c o d e  o v e r p r e ­
d i c t s  t h e  l i q u i d  downf l ow r a t e .  Use of  t h e  K u t a t e l a d z e  CCFL c o r r e ­
l a t i o n s  t e n d s  t o  i mp r o v e  t h e  p r e d i c t i o n .  Howeve r ,  t h e  K u t a t e l a d z e  
c o n s t a n t  i n  t h e  CCFL c o r r e l a t i o n  ha s  t o  be  a d j u s t e d  t o  a c h i e v e
a good p r e d i c t i o n .  I t  s eems  t h a t  a c o m b i n a t i o n  of  t h e  D u k l e r  
c o r r e l a t i o n  ( f o r  s m a l l - d i a m e t e r  p i p e )  and  t h e  B h a r a t h a n - W a l 1 i s  
c o r r e l a t i o n  ( f o r  l a r g e - d i a m e t e r  p i p e )  s h o u l d  p r o d u c e  a b e t t e r  
i n t e r f a c i a l  s h e a r  c o r r e l a t i o n  f o r  t h e  c o u n t e r - c u r r e n t  a n n u l a r  f l o w  
r e g i m e .

4 .  F o r  p a r a l 1 e l - t u b e  CCFL t e s t s ,  t h e  TRAC-BDl r e s u l t s  w e r e ,  a t  b e s t ,  i n 
some q u a l i t a t i v e  a g r e e m e n t  w i t h  t h e  d a t a .  I t  s eems  t h a t  t h e  i n t e r ­
f a c i a l  s h e a r  p a c k a g e  mu s t  i n c l u d e  c o r r e l a t i o n s  v a l i d  f o r  t h e  e n t i r e  
c o u n t e r c u r r e n t  a n n u l a r  f l o w  r e g i m e ,  i . e . ,  w a v y - t r a n s i t i o n - r o u g h  f i l m  
r e g i m e s ,  t o  e n a b l e  TRAC-BDl t o  a d e q u a t e l y  p r e d i c t  t h e  p a r a l 1 e l - t u b e  
CCFL phenomenon.

5.  The CHF c o r r e l a t i o n  u s e d  i n  t h e  TRAC-BDl c o d e ,  i . e . ,  t h e  B i a s i  c r i t ­
i c a l  q u a l i t y  b o i l i n g  l e n g t h  c o r r e l a t i o n ,  seems t o  be  a d e q u a t e .
Vapor  s u p e r h e a t i n g  c a l c u l a t e d  i n  t h e  p o s t - CHF r e g i m e  a l s o  l o o k s  r e a ­
s o n a b l e .  Howeve r ,  f u r t h e r  a s s e s s m e n t  w i t h  more  pos t - CHF e x p e r i m e n t s  
i s  n e e d e d  t o  make a d e f i n i t i v e  s t a t e m e n t  a b o u t  t h e  TRAC-BDl pos t - CHF 
model  a c c u r a c y .

As a f i n a l  n o t e ,  t h e  c o d e  a s s e s s m e n t  c o n d u c t e d  a t  BNL was d i r e c t e d  a t  
e v a l u a t i n g  t h e  a d e q u a c y  of  t h e  t h e r m a l - h y d r a u l i c  mode l s  and  r e commendi ng  a r e a s  
of  f u r t h e r  i m p r o v e m e n t .  T h u s ,  o n l y  t h e  s e p a r a t e - e f f e c t s  e x p e r i m e n t s  we r e  s i m u ­
l a t e d .  C o n c l u s i o n s  r e g a r d i n g  t h e  o v e r a l l  c o d e  a c c u r a c y  f o r  f u l l - s c a l e  r e a c t o r  
a p p l i c a t i o n  can  o n l y  be made by a s s i m i l a t i n g  a l l  c o d e  a s s e s s m e n t  r e s u l t s  o b ­
t a i n e d  a t  BNL, INEL, LANL, and SNL. T h i s  l a s t  t a s k  i s  be yond  t h e  s c o p e  of  t h e  
p r e s e n t  e f f o r t .
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1.  INTRODUCTION

1 . 1  Ba c k g r o u n d

TRAC and RELAP5 a r e  t wo of  t h e  b e s t - e s t i m a t e ,  a d v a n c e d  s y s t e m s  c o d e s  
wh i c h  have  been  d e v e l o p e d  u n d e r  t h e  s p o n s o r s h i p  of  t h e  U. S.  N u c l e a r  R e g u l a ­
t o r y  Commi ss i on (USNRC) f o r  a n a l y s i s  of  v a r i o u s  a c c i d e n t s  and t r a n s i e n t s  i n  
L i g h t  Wa t e r  R e a c t o r  (LWR) s y s t e m s .  S e v e r a l  v e r s i o n s  of  TRAC, i . e . ,  TRAC-PIA 
( L i l e s  e t  a l . ,  1 9 7 9 ) ,  TRAC-PD2 ( L i l e s  e t  a l . ,  1 9 8 1 ) ,  TRAC-PFl  ( L i l e s  e t  a l . ,  
1 9 8 4 ) ,  and TRAC-PFl/MODl ( L i l e s  e t  a l . ,  1 9 8 3 ) ,  f o r  P r e s s u r i z e d  Wa t e r  R e a c t o r  
(PWR) a n a l y s i s  have  been  d e v e l o p e d  a t  t h e  Los Alamos N a t i o n a l  L a b o r a t o r y  
(LANL).  S t a r t i n g  f r o m  a p r e l i m i n a r y  v e r s i o n  of  TRAC-PFl ,  I d a h o  N a t i o n a l  
E n g i n e e r i n g  L a b o r a t o r y  (INEL) has  d e v e l o p e d  TRAC-BDl ( S p o r e  e t  a l . ,  1 9 8 1 ) ,  and 
TRAC-BDl/MODl ( T a y l o r  e t  a l . ,  1984)  f o r  B o i l i n g  Wa t e r  R e a c t o r  (BWR) a n a l y s i s .  
INEL has  a l s o  d e v e l o p e d  t h e  RELAP5 s e r i e s  of  c o d e s ,  i . e . ,  RELAP5/M0D1 (Ransom 
e t  a l . ,  1 9 8 2 ) ,  and RELAP5/M0D2 (Ransom e t  a l . ,  1984)  f o r  a n a l y s i s  of  b o t h  PWR 
and BWR.

USNRC had d e c i d e d  t h a t  a f t e r  a m a j o r  c o d e  v e r s i o n  was r e l e a s e d ,  t h e  code  
woul d  go t h r o u g h  an i n d e p e n d e n t  a s s e s s m e n t  p r o c e s s  by g r o u p s  t h a t  had n o t  
t a k e n  p a r t  i n  i t s  d e v e l o p m e n t  o r  d e v e l o p m e n t a l  a s s e s s m e n t .  Such an a s s e s s m e n t  
e f f o r t  began  a t  t h r e e  n a t i o n a l  l a b o r a t o r i e s ,  n a m e l y ,  Br o o k h a v e n  N a t i o n a l  La b ­
o r a t o r y  (BNL),  INEL,  and LANL w i t h  t h e  TRAC-PIA c o d e  r e l e a s e d  by LANL i n  March 
1979 .  As more c o d e s  we r e  r e l e a s e d ,  t h e  i n d e p e n d e n t  a s s e s s m e n t  a c t i v i t y  g r e w,  
and S a n d i a  N a t i o n a l  L a b o r a t o r y  (SNL) became t h e  f o u r t h  l a b o r a t o r y  t o  j o i n  t h e  
NRC c o d e  a s s e s s m e n t  p r o g r a m.

The u l t i m a t e  o b j e c t i v e  of  t h e  c o d e  a s s e s s m e n t  p r o g r a m  i s  t o  a r r i v e  a t  a 
q u a l i f i e d  j u d g e m e n t  on t h e  c o d e  a c c u r a c y  f o r  p r e d i c t i n g  v a r i o u s  a c c i d e n t s  and 
t r a n s i e n t s  i n  f u l l - s c a l e  LWRs. S i n c e  t h e r e  i s  a s c a r c i t y  of  c h a l l e n g i n g  p l a n t  
t r a n s i e n t / a c c i d e n t  d a t a ,  t h e  c o d e  a s s e s s m e n t  h a s  t o  r e l y  h e a v i l y  on s i m u l a t i o n  
of  t h e  e x p e r i m e n t s  c o n d u c t e d  i n  s u b s c a l e  t e s t  f a c i l i t i e s  s u c h  as  LOFT, S e mi -  
s c a l e ,  TLTA, e t c .  I t  i s  a l s o  i m p o r t a n t  t o  d e t e r m i n e  w h e t h e r  t h e  t h e r m a l - h y ­
d r a u l i c  phenomena t h a t  a r e  e x p e c t e d  t o  c o n t r o l  t h e  a c c i d e n t  o r  t r a n s i e n t  i n  a 
f u l l - s c a l e  r e a c t o r  can be a d e q u a t e l y  m o d e l e d .  T h i s  i s  a c c o m p l i s h e d  by s i m u ­
l a t i n g  v a r i o u s  s e p a r a t e - e f f e c t s  t e s t s ,  some of  wh i c h  h a v e  been  c o n d u c t e d  i n  
f u l l  s c a l e .  F u r t h e r  d i s c u s s i o n  on c o d e  a s s e s s m e n t  s t r a t e g i e s  i s  g i v e n  by 
F a b i c  and A n d e r s e n  ( 1 9 8 1 ) ,  and Saha ( 1 9 8 2 a ) .

At  BNL, e m p h a s i s  was p l a c e d  on a s s e s s i n g  t h e  t h e r m a l - h y d r a u l i c  mo d e l s  
u s e d  i n  t h e  TRAC and RELAP5 c o d e s .  T h e r e f o r e ,  s e v e r a l  b a s i c  and s e p a r a t e - e f -  
f e c t s  e x p e r i m e n t s  we r e  s i m u l a t e d  w i t h  v a r i o u s  v e r s i o n s  of  TRAC and RELAP5. 
R e s u l t s  of  t h e  TRAC-PD2, and RELAP5/M0D1 ( C y c l e  1) a s s e s s m e n t  a t  BNL h a v e  been  
r e p o r t e d  by Saha  e t  a l . ,  ( 1 9 8 2 b ) ,  w h e r e a s  a n a l y s i s  o f  BCL ECC b y p a s s  t e s t s  
u s i n g  TRAC-PD2/M0D1 i s  p r e s e n t e d  by S l o v i k  and Saha  ( 1 9 8 5 ) .  In a d d i t i o n ,  
d e t a i l e d  r e v i e w s  of  c o n s t i t u t i v e  p a c k a g e s  u s e d  i n  TRAC-PIA,  TRAC-PD2,
TRAC-PFl ,  and RELAP5/M0D1 ( C y c l e  14)  c o d e s  a r e  p r e s e n t e d  i n  s e v e r a l  BNL 
r e p o r t s  ( R o h a t g i  and Saha  1980;  R o h a t g i  e t  a l . ,  1982;  R o h a t g i  e t  a l . ,  1 9 8 5 ) .  
The p u r p o s e  of  t h i s  r e p o r t  i s  t o  p r e s e n t  t h e  r e s u l t s  of  t h e  TRAC-PFl  ( V e r s i o n  
7 . 0 ) ,  RELAP5/M0D1 ( C y c l e  1 4 ) ,  and TRAC-BDl ( V e r s i o n  1 2 . 0 )  a s s e s s m e n t s  u s i n g  
v a r i o u s  b a s i c  and s e p a r a t e - e f f e c t s  e x p e r i m e n t s .  Comments w i l l  be  made on t h e  
a d e q u a c y  of  t h e  t h e r m a l - h y d r a u l i c  mo d e l s  u s e d  i n  t h e s e  c o d e s ,  and t h e  a r e a s  of  
f u r t h e r  i mp r o v e m e n t ,  i f  n e e d e d ,  w i l l  be  r ecommended.
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1 . 2  O b j e c t i v e  and  E x p e r i m e n t s  S i m u l a t e d

As d i s c u s s e d  by Saha  ( 1 9 8 2 a ) ,  d i f f e r e n t  t y p e s  of  a c c i d e n t s  o r  t r a n s i e n t s  
i n  f u l l - s c a l e  r e a c t o r s  a r e  e x p e c t e d  t o  be c o n t r o l l e d  by d i f f e r e n t  t y p e s  of  
p h y s i c a l  o r  t h e r m a l - h y d r a u l i c  phe nome na .  Wi t h  t h i s  i n  mi n d ,  t h e  TRAC-PFl ,  
RELAP5/M0D1 ( C y c l e  1 4 ) ,  and  TRAC-BDl c o d e s  h a v e  been  a s s e s s e d  u s i n g  v a r i o u s  
t y p e s  of  s e p a r a t e - e f f e c t s  e x p e r i m e n t s .  T a b l e  1 . 2 . 1  shows t h e  e x p e r i m e n t s  s i m u ­
l a t e d ,  t h e  c o d e s  u s e d ,  and t h e  t h e r m a l - h y d r a u l i c  e f f e c t s  a s s e s s e d .  The a s ­
s e s s m e n t  m a t r i x  wa s ,  of  c o u r s e ,  l i m i t e d  by t h e  t i m e  and  b u d g e t a r y  c o n s t r a i n t s .

E x p e r i m e n t s  s e l e c t e d  f o r  i n d e p e n d e n t  c o d e  a s s e s s m e n t  a t  BNL do c o v e r  a 
wi d e  r a n g e  of  t h e r m a l - h y d r a u l i c  p he nome na .  The c r i t i c a l  f l o w  e x p e r i m e n t s  w i l l  
h e l p  a s s e s s  t h e  c o d e s '  c a p a b i l i t y  i n  p r e d i c t i n g  t h e  b r e a k  f l o w  r a t e  wh i c h  i s  
an i m p o r t a n t  p a r a m e t e r  f o r  1o s s - o f - c o o l a n t  a c c i d e n t  (LOCA) a n a l y s i s .  The 
c o u n t e r c u r r e n t  f l o w  l i m i t a t i o n  (CCFL) o r  " f l o o d i n g "  i s  a n o t h e r  i m p o r t a n t  p h e ­
nomenon whi ch  d e t e r m i n e s  t h e  r a t e  of  e me r g e n c y  c o r e  c o o l i n g  (ECC) w a t e r  p e n e ­
t r a t i o n  i n t o  t h e  r e a c t o r  i n  t h e  e v e n t  of  a LOCA. CHE and pos t - CHF h e a t  t r a n s ­
f e r  u s u a l l y  p l a y  a s i g n i f i c a n t  r o l e  i n  d e t e r m i n i n g  t h e  peak  c l a d  t e m p e r a t u r e  
d u r i n g  a l l  a c c i d e n t s  and  t r a n s i e n t s  i n  LWRs. Howeve r ,  l e v e l  s w e l l  and s t e a m  
g e n e r a t o r  t h e r m a l  p e r f o r m a n c e  a r e  u s u a l l y  i m p o r t a n t  d u r i n g  s m a l l - b r e a k  LOCAs, 
s t e a m  l i n e  b r e a k s ,  and  o p e r a t i o n a l  t r a n s i e n t s  i n  a PWR. Leve l  s w e l l  i s  a l s o  
i m p o r t a n t  d u r i n g  BWR a c c i d e n t s  and t r a n s i e n t s .  Hea t  t r a n s f e r  i n  t h e  n a t u r a l  
c i r c u l a t i o n  mode i s  a l s o  i m p o r t a n t  d u r i n g  s m a l 1 - b r e a k  LOCAs and o t h e r  t r a n ­
s i e n t s  a f t e r  t h e  r e a c t o r  c o o l a n t  pumps a r e  t u r n e d  o f f .  As shown i n  T a b l e  
1 . 2 . 1 ,  t h e  TRAC-PFl  and  RELAP5/M0D1 c o d e s  w e r e  a p p l i e d  t o  a l l  of  t h e  s i x  c a t e ­
g o r i e s  of  e x p e r i m e n t s .  However ,  b e c a u s e  of  r e s o u r c e  l i m i t a t i o n s ,  TRAC-BDl was 
a p p l i e d  o n l y  t o  t h e  CCFL and pos t - CHF e x p e r i m e n t s ,  a l t h o u g h  t h e  c o d e  s h o u l d  be 
a p p l i c a b l e  t o  t h e  c r i t i c a l  f l o w ,  t h e  l e v e l  s w e l l ,  and  t h e  n a t u r a l  c i r c u l a t i o n  
t e s t s  a s  w e l 1 .

The  mai n  o b j e c t i v e  of  t h i s  r e p o r t  i s  t o  p r e s e n t  t h e  r e s u l t s  o f  t h e  c ode  
p r e d i c t i o n s  w i t h  t h e  e x p e r i m e n t a l  d a t a  and t o  d e t e r m i n e  t h e  a d e q u a c y  of  t h e  
c o d e ' s  t h e r m a l - h y d r a u l i c  mo d e l s  and c o n s t i t u t i v e  p a c k a g e s .  In c a s e  of  p o o r  
a g r e e m e n t  b e t we e n  t h e  c o d e  p r e d i c t i o n s  and e x p e r i m e n t a l  d a t a ,  a t t e m p t s  w i l l  be 
made t o  d e t e r m i n e  t h e  r e a s o n s  and s u g g e s t  a p p r o p r i a t e  r e m e d i e s .  A t t e m p t s  w i l l  
a l s o  be made t o  p r o v i d e  u s e r  g u i d e l i n e s  f o r  a p p l i c a t i o n  of  t h e s e  c o d e s  t o  
f u l l - s c a l e  LWR a c c i d e n t s  and  t r a n s i e n t s .  Howeve r ,  j u d g e m e n t  r e g a r d i n g  t h e  
o v e r a l l  c ode  a c c u r a c y  f o r  r e a c t o r  a p p l i c a t i o n  can  o n l y  be  made a f t e r  a s s i m i l a ­
t i o n  of  a l l  t h e  c o d e  a s s e s s m e n t  r e s u l t s  o b t a i n e d  a t  BNL, INEL,  LANL and SNL. 
T h i s  l a s t  t a s k  i s  o u t s i d e  t h e  s c o p e  of  t h e  p r e s e n t  w o r k .

1 . 3  B r i e f  D e s c r i p t i o n  of  Codes

D e t a i l e d  d e s c r i p t i o n s  of  t h e  TRAC-PFl ,  RELAP5/M0D1,  and TRAC-BDl c o d e s  
ca n  be f o u n d  i n  t h e  r e s p e c t i v e  c ode  d o c u m e n t a t i o n s  ( L i l e s  e t  a l . ,  1984 ;  Ransom 
e t  a l . ,  1982;  S p o r e  e t  a l . ,  1 9 8 1 ) .  Howeve r ,  a f e w wor ds  on t h e s e  c o d e s  s h o u l d  
h e l p  a r e a d e r  b e t t e r  u n d e r s t a n d  t h e  a s s e s s m e n t  c a l c u l a t i o n s  t h a t  f o l l o w  t h i s  
i n t r o d u c t i o n .
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TABLE 1 . 2 . 1  BNL INDEPENDENT ASSESSMENT MATRIX FOR TRAC-PFl  (VERSION 7 . 0 ) ,  
RELAP5/M0D1 (CYCLE 1 4 ) ,  AND TRAC-BDl (VERSION 1 2 . 0 )  CODES

CODE USED

EXPERIMENTS TRAC-PFl RELAP5/M0D1 TRAC-BDl PHENOMENA STUDIED

1.  C r i t i c a l  Flow

a )  Moby-Dick N i t r o g e n - W a t e r  
T e s t s  (Run Nos.  3087 
and 3 1 4 1 ) .

X X S t e a d y - s t a t e  c r i t i c a l  f l o w  w i t h  no p h a s e  
c h a n g e .

b)  BNL F l a s h i n g  T e s t s  (Run 
Nos.  2 9 1 - 2 9 5 ,  3 0 9 - 3 1 1 ,  
3 1 8 - 3 2 1 ,  and 3 3 9 - 3 4 2 )

X X S t e a d y - s t a t e  c r i t i c a l  f l o w  w i t h  p h a s e  
c h a n g e .

c )  Ma r v i k e n  C r i t i c a l  Flow 
T e s t  (Run No. 2 4 ) .

X X L a r g e - s c a l e  t r a n s i e n t  c r i t i c a l  f l o w  t e s t  
w i t h  s ma l l  l e n g t h - t o - d i a m e t e r  r a t i o .

2 .  Leve l  Swel l

a )  GE L a r g e - V e s s e l  T e s t  
(Run No. 5 8 0 1 - 1 5 )

X X Two - p h a s e  m i x t u r e  l e v e l  s w e l l  d u r i n g  r a p i d  
d e p r e s s u r i z a t i o n .

I
LO
I



TABLE 1 . 2 . 1  ( c o n t )

CODE USED

EXPERIMENTS TRAC-PFl RELAP5/M0D1 TRAC-BDl PHENOMENA STUDIED

3.  C o u n t e r - c u r r e n t  Flow 
L i m i t a t i o n  (CCFL)

a)  U n i v e r s i t y  of  Hous t on  
T e s t s  ( t wo  d i f f e r e n t  
w a t e r  f e e d  r a t e s ) .

X X X CCFL i n  s i n g l e  r ound  t u b e  w i t h  no p h a s e  
c h a n g e .  A s s e s s  t h e  i n t e r f a c i a l  s h e a r  and 
e n t r a i n m e n t  m o d e l s .

b)  Da r t mo u t h  C o l l e g e  S i n g l e  
Tube T e s t s ( t w o  d i f f e r e n t  
t u b e  i n s i d e  d i a m e t e r s ) .

X X X Same a s  a b o v e .

c )  Da r t mo u t h  C o l l e g e  P a r a l -  
l e l - T u b e  T e s t s  ( one  
s e r i e s  w i t h  t h r e e  
0 . 0254m I . D .  t u b e s ) .

4 .  Pos t - CHF Hea t  T r a n s f e r

X X CCFL i n  m u l t i p l e  c h a n n e l s  w i t h  jto p h a s e  
c h a n g e .

a )  ORNL Rod B u n d l e  T e s t s  
(Run No. 3 . 0 7 . 9 H ) .

X X X CHF and Pos t - CHF h e a t  t r a n s f e r  i n  a t y p i c a l  
r od  b u n d l e  u n d e r  low f l o w  c o n d i t i o n .

I

I



TABLE 1 . 2 . 1  ( c o n t )

CODE USED

EXPERIMENTS TRAC-PFl RELAP5/M0D1 TRAC-BDl PHENOMENA STUDIED

5.  S t eam G e n e r a t o r  Thermal  
P e r f o r m a n c e

a )  B&W On c e - Th r o u g h  S t eam 
G e n e r a t o r  T e s t s  ( S e r i e s  
6 8 - 6 9 - 7 0  & 2 8 - 2 9 ) .

X X Not
A p p l i c a b l e

B&W lEOTSG and OTSG p e r f o r m a n c e  d u r i n g  
o p e r a t i o n a l  t r a n s i e n t s .

b)  FLECHT-SEASET U-Tube 
S t e a m G e n e r a t o r  T e s t s  
(Run Nos .  21806 & 22010)

X X Not
A p p l i c a b l e

U - t u b e  s t e a m  g e n e r a t o r  p e r f o r m a n c e  u n d e r  
l a r g e - b r e a k  LOCA c o n d i t i o n s .

6 .  N a t u r a l  C i r c u l a t i o n

a)  FRIGG-Loop T e s t s  ( t h r e e  
s e r i e s  w i t h  d i f f e r e n t  
e n t r a n c e  l o s s  
c o e f f i c i e n t s ) .

X X N a t u r a l  c i r c u l a t i o n  f l o w  r a t e s  a t  d i f f e r e n t  
b u n d l e  p o w e r s .  ( B a l a n c e  b e t we e n  t h e  g r a v i t y  
h e a d  and  f r i c t i o n  i n c l u d i n g  f o r m  l o s s e s . )

I
Ul
I



1 . 3 . 1  TRAC-PFl

TRAC-PFl  ( L i l e s  e t  a l . ,  1984)  was d e v e l o p e d  a t  LANL t o  i m p r o v e  t h e  c a p a ­
b i l i t y  of  TRAC-PD2 ( L i l e s  e t  a l . ,  1981)  f o r  a n a l y s i s  of  s m a l l - b r e a k  LOCA and 
o t h e r  o p e r a t i o n a l  t r a n s i e n t s  i n  PWRs. TRAC-PFl ,  t h e r e f o r e ,  h a s  a l l  t h e  m a j o r  
i m p r o v e m e n t s  of  TRAC-PD2; h o w e v e r ,  i t  u s e s  a f u l l  t w o - f l u i d  model  i n  t h e  r e a c ­
t o r  v e s s e l  a s  w e l l  a s  i n  t h e  l o o p  c o m p o n e n t s .  In a d d i t i o n ,  i t  u s e s  a t w o - s t e p  
n u m e r i c s  i n  t h e  o n e - d i m e n s i o n a l  c o mp o n e n t s  t o  i mp r o v e  t h e  c o m p u t e r  run  t i m e .

F o l l o w i n g  t h e  e a r l i e r  v e r s i o n s  of  TRAC-PWR s e r i e s  of  c o d e s ,  TRAC-PFl  c o n ­
s i s t s  of  s e v e r a l  m o d u l e s ,  n a m e l y ,  VESSEL, P I PE,  TEE,  PRESSURIZER, ACCUMULATOR, 
PUMP, STEAM GENERATOR, VALVE, e t c . ,  t o  r e p r e s e n t  v a r i o u s  c o mp o n e n t s  of  a PWR 
s y s t e m .  By s u i t a b l e  c o n n e c t i o n  of  t h e s e  m o d u l e s ,  one  may model  a r e a c t o r  s y s ­
t e m o r  a w i d e  s p e c t r u m  of  t e s t  f a c i l i t i e s  r a n g i n g  f r o m  LOFT t o  a s i m p l e  r ound  
t u b e  t e s t  s e c t i o n .  Two s p e c i a l  c o m p o n e n t s ,  n a m e l y ,  BREAK and FI LL,  a r e  u s ed  
t o  p r o v i d e  t h e  b o u n d a r y  c o n d i t i o n s .  A CORE compone n t  may a l s o  be  u s e d  i f  a 
o n e - d i m e n s i o n a l  a x i a l  r e p r e s e n t a t i o n  i s  c o n s i d e r e d  s u f f i c i e n t  t o  model  t h e  
r e a c t o r .  The c o d e  u s e s  a p o i n t - r e a c t o r  k i n e t i c s  model  and i n c l u d e s  mode l s  f o r  
s t r u c t u r a l  h e a t  t r a n s f e r .

The  VESSEL modu l e  r e p r e s e n t s  t h e  r e a c t o r  v e s s e l  o f  a PWR. By s u i t a b l e  
p a r t i t i o n i n g  and n o d a l i z a t i o n ,  one  can  model  t h e  u p p e r  and l o w e r  p l e n a ,  t h e  
downcomer  and t h e  c o r e  w i t h i n  t h i s  mo d u l e .  The  modu l e  u s e s  a t h r e e - d i m e n ­
s i o n a l  t h r e e - f i e l d  s e v e n - e q u a t i o n  t w o - f l u i d  f o r m u l a t i o n  of  t w o - p h a s e  f l o w .
The  t h r e e  f i e l d s  a r e :  ( a )  l i q u i d ,  ( b )  v a p o r  i n c l u d i n g  n o n c o n d e n s a b l e  gas  o r  
c ombi ne d  v a p o r ,  and ( c )  n o n c o n d e n s a b l e  gas  i n  v a p o r .  Al l  o t h e r  m o d u l e s ,  i . e . ,  
t h e  l o o p  c o m p o n e n t s ,  u s e  a o n e - d i m e n s i o n a l  t h r e e - f i e l d  s e v e n - e q u a t i o n  t w o -  
f l u i d  model  f o r  t w o - p h a s e  f l o w .  The same f i e l d  e q u a t i o n s  a r e  u s e d  i n  a l l  com­
p o n e n t s :  ( a )  t h r e e  c o n s e r v a t i o n - o f - m a s s  e q u a t i o n s  ( o n e  f o r  t h e  l i q u i d ,  one
f o r  t h e  combi ned  v a p o r ,  and one  f o r  t h e  n o n c o n d e n s a b l e  g a s  i n  v a p o r ) ,  ( b )  two 
e q u a t i o n s  of  m o t i o n  ( o n e  f o r  t h e  l i q u i d  and t h e  o t h e r  f o r  t h e  c ombi ne d  v a p o r ) ,  
( c )  t wo e n e r g y  e q u a t i o n s  ( o n e  f o r  t h e  m i x t u r e  and t h e  o t h e r  f o r  t h e  combi ned  
v a p o r ) .  However ,  f o r  t h e  VESSEL m o d u l e ,  t h e  e q u a t i o n s  of  m o t i o n  a r e  r e s o l v e d  
i n t o  t h r e e  c o o r d i n a t e s ,  n a m e l y ,  a x i a l ,  r a d i a l ,  and a z i m u t h a l ,  t o  o b t a i n  t h e  
p h a s i c  v e l o c i t i e s  i n  t h r e e  d i r e c t i o n s .  Many c o n s t i t u t i v e  r e l a t i o n s  f o r  t h e  
i n t e r f a c i a l  and w a l l - t o - f l u i d  momentum and h e a t  t r a n s f e r  a r e  u s e d  i n  b o t h  t h e  
VESSEL and t h e  l o o p  c o mp o n e n t s  t o  c l o s e  t h e  f o r m u l a t i o n .  T h e s e  c o n s t i t u t i v e  
r e l a t i o n s  p l a y  a m a j o r  r o l e  i n  t h e  c o d e  p r e d i c t i o n s ,  and t h e  a s s e s s m e n t  a c t i ­
v i t y  a t  BNL i s  d i r e c t e d  a t  v e r i f y i n g  t h e i r  a d e q u a c y  o r  r e l i a b i l i t y  i n  v a r i o u s  
s i t u a t i o n s  p e r t i n e n t  t o  t h e  PWR s a f e t y .

As m e n t i o n e d  e a r l i e r ,  t h e r e  i s  a o n e - d i m e n s i o n a l  CORE c o mpone n t  i n  TRAC- 
PFl  wh i c h  may be u s e d  i n s t e a d  of  t h e  t h r e e - d i m e n s i o n a l  VESSEL modu l e  i f  m u l t i ­
d i m e n s i o n a l  t h e r m a l - h y d r a u l i c s  i s  n o t  i m p o r t a n t  f o r  a p a r t i c u l a r  a c c i d e n t  o r  
t r a n s i e n t .  T h i s  i s  u s u a l l y  t r u e  f o r  t r a n s i e n t s  w i t h  s y m m e t r i c  l o o p  c o n d i ­
t i o n s .

A t w o - s t e p  n u m e r i c s  wh i c h  can  v i o l a t e  t h e  m a t e r i a l  C o u r a n t  c o n d i t i o n  has  
b e e n  u s e d  f o r  t h e  o n e - d i m e n s i o n a l  c o m p o n e n t s .  T h u s ,  l a r g e  t i m e  s t e p s  ca n  be 
t a k e n  f o r  s l o w t r a n s i e n t s  r e s u l t i n g  i n  a s i g n i f i c a n t  s a v i n g  i n  t h e  c o m p u t e r  
r u n n i n g  t i m e .  However ,  t h e  t h r e e - d i m e n s i o n a l  VESSEL c o mpone n t  s t i l l  u s e s  t h e
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s e m i - i m p l i c i t  n u m e r i c s  a s  i n  TRAC-PD2,  and t h e  t i m e  s t e p  t h e r e  i s  r e s t r i c t e d  
by t h e  m a t e r i a l  C o u r a n t  c o n d i t i o n .

1 . 3 . 2  RELAP5/M0D1

T h i s  c o d e  (Ransom e t  a l . ,  1982)  was d e v e l o p e d  a t  INEL w i t h  t h e  o b j e c t i v e  
of  p r o d u c i n g  an e c o n o mi c  and u s e r - c o n v e n i e n t  c o m p u t e r  c o d e  f o r  b e s t - e s t i m a t e  
a n a l y s e s  of  t h e  l i g h t  w a t e r  r e a c t o r  a c c i d e n t s  and t r a n s i e n t s .  The c o d e  i n ­
c l u d e s  c omponen t  mode l s  f o r  p i p e s ,  b r a n c h e s ,  a b r u p t  f l o w  a r e a  c h a n g e s ,  pumps ,  
v a l v e s ,  c o n t r o l  s y s t e m s ,  e t c . ,  t o  r e p r e s e n t  a r e a c t o r  s y s t e m  ( b o t h  PWR and 
BWR) o r  a t e s t  f a c i l i t y .  S p e c i a l  c o mp o n e n t s  s u c h  as  t i m e - d e p e n d e n t  vo l umes  
and t i m e - d e p e n d e n t  j u n c t i o n s  a r e  u s e d  t o  p r o v i d e  b o u n d a r y  c o n d i t i o n s .  He a t  
s t r u c t u r e s  a r e  a v a i l a b l e  t o  model  h e a t  t r a n s f e r  t o  o r  f r o m  t h e  f l u i d .  The 
c o d e  a l s o  i n c l u d e s  a p o i n t - r e a c t o r  k i n e t i c s  model  w i t h  r e a c t i v i t y  f e e d b a c k .

The b a s i c  h y d r o d y n a mi c  model  i s  b a s e d  on a o n e - d i m e n s i o n a l  f i v e - e q u a t i o n  
t w o - f l u i d  f o r m u l a t i o n  of  t w o - p h a s e  f l o w .  I t  c o n s i s t s  of  two p h a s i c  c o n s e r v a ­
t i o n  of  mass  e q u a t i o n s ,  two p h a s i c  c o n s e r v a t i o n  of  momentum e q u a t i o n s ,  and  one 
m i x t u r e  e n e r g y  e q u a t i o n .  The c o d e  a l s o  a c c o u n t s  f o r  t h e  n o n c o n d e n s a b l e  g a s e s  
i n  t h e  v a p o r  p h a s e .  However ,  s i n c e  o n l y  one  e n e r g y  e q u a t i o n  i s  u s e d ,  an a d d i ­
t i o n a l  s p e c i f i c a t i o n  r e g a r d i n g  o n e - p h a s e  ( l i q u i d  o r  v a p o r )  b e i n g  a t  t h e  l o c a l  
s a t u r a t i o n  t e m p e r a t u r e  has  t o  be  made .  F u r t h e r m o r e ,  c o n s t i t u t i v e  r e l a t i o n s  
f o r  t h e  n o n e q u i l i b r i u m  p h a s e  c h a n g e  r a t e ,  i n t e r f a c i a l  momentum t r a n s f e r ,  and 
t h e  c o r r e l a t i o n s  f o r  w a l l  f r i c t i o n  and  w a l l  h e a t  t r a n s f e r  a r e  n e e d e d  t o  c l o s e  
t h e  f o r m u l a t i o n .  As s u c h ,  RELAP5 i s  b a s e d  on a nonhomoge ne ous  and n o n e q u i l i ­
b r i u m  ( a t  l e a s t ,  p a r t i a l )  d e s c r i p t i o n  of  t w o - p h a s e  f l o w .  Howeve r ,  i t  d o e s  n o t  
h a v e  a t h r e e - d i m e n s i o n a l  c a p a b i l i t y  f o r  r e a c t o r  v e s s e l  a s  a v a i l a b l e  i n  TRAC.

The c o d e  u s e s  a s e m i - i m p l i c i t  n u m e r i c a l  t e c h n i q u e ,  a nd  t h e  t i m e  s t e p  i s  
l i m i t e d  by t h e  m a t e r i a l  C o u r a n t  c o n d i t i o n  a nd  o t h e r  p a r a m e t e r s  s u c h  as  mass  o r  
d e n s i t y  e r r o r .

1 . 3 . 3  TRAC-BDl

T h i s  c o d e  ( S p o r e  e t  a l . ,  1981)  was a l s o  d e v e l o p e d  a t  INEL a s  a b e s t - e s t i -  
ma t e  t o o l  f o r  BWR LOCA a n a l y s i s .  The c o d e  d e v e l o p m e n t  s t a r t e d  f r o m  an i n t e r i m  
v e r s i o n  of  t h e  TRAC-PFl  c o d e  d e s c r i b e d  i n  S e c t i o n  1 . 3 . 1 .  T h e r e f o r e ,  TRAC-BDl 
c o n s i s t s  of  a t h r e e - d i m e n s i o n a l  t w o - f l u i d  VESSEL m o d u l e ,  and  s e v e r a l  o n e ­
d i m e n s i o n a l  t w o - f l u i d  non-VESSEL c o m p o n e n t s  s u c h  as  P I PE,  PUMP, VALVE, e t c .
The c ode  a l s o  u s e s  a p o i n t - r e a c t o r  k i n e t i c s .  However ,  many m o d i f i c a t i o n s  t o  
t h e  i n t e r i m  v e r s i o n  of  TRAC-PFl  w e r e  made t o  p r o d u c e  t h e  TRAC-BDl c o d e .

The m a j o r  c h a n g e  i n  t h e  TRAC-BDl c o d e  was t h e  u s e  of  t h e  CHAN comp o n e n t  
t o  r e p r e s e n t  t h e  c h a n n e l  boxe s  c o n t a i n i n g  t h e  f u e l  b u n d l e s  i n  a BWR c o r e .  The 
CHAN c omponen t  i s  a o n e - d i m e n s i o n a l  f l o w  compone n t  d e v e l o p e d  f r o m  t h e  TRAC-PFl  
PIPE c omponen t  by a d d i n g  t h e  f u e l  r o d  h e a t  c o n v e c t i o n  and r a d i a t i o n  m o d e l s .  A 
number  of  p a r a l l e l  CHAN c o mp o n e n t s  c o n n e c t i n g  t h e  l o w e r  a nd  u p p e r  p l e n a  of  t h e  
VESSEL modul e  can  be  u s e d  t o  model  a BWR c o r e .  The r e m a i n d e r  of  t h e  VESSEL 
mo d u l e  i s  b a s i c a l l y  t h e  same as  i n  TRAC-PFl .  Howeve r ,  t y p i c a l  BWR c o mp o n e n t s  
s u c h  as  j e t  pumps and s e p a r a t o r s  w e r e  p l a c e d  i n s i d e  t h e  VESSEL m o d u l e .
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S e v e r a l  c h a n g e s  w e r e  a l s o  made i n  t h e  c o n s t i t u t i v e  r e l a t i o n s  p a c k a g e .  
F i r s t ,  t h e  K u t a t e l a d z e - t y p e  CCFL c o r r e l a t i o n s  a r e  a d d e d  t o  l i m i t  l i q u i d  down-  
f l o w  a t  t h e  u p p e r  t i e  p l a t e  and s i d e  e n t r y  o r i f i c e s .  T h e s e  can  be a c t i v a t e d  
by u s e r  o p t i o n s .  S e c o n d l y ,  an i n t e g r a l  o r  c r i t i c a l  q u a l i t y - b o i l i n g  l e n g t h  
t y p e  CHF c o r r e l a t i o n  i s  u s e d  r a t h e r  t h a n  t h e  l o c a l - t y p e  c o r r e l a t i o n  u s e d  i n  
TRAC-PFl .  A l s o ,  t h e  V e r s i o n  1 2 . 0  a s s e s s e d  a t  BNL c o n t a i n e d  t h e  I s h i i - A n d e r s e n  
s h e a r  p a c k a g e  ( Mohr ,  1981)  and an i mp r o v e d  s u b c o o l e d  b o i l i n g  model  ( P h i l l i p s ,  
1 9 8 1 a ) .

The n u m e r i c a l  s c h e me  i s  b a s i c a l l y  t h e  same as  i n  t h e  TRAC-PD2 c o d e  
( L i l e s  e t  a l . ,  1 9 8 1 ) .  The t i m e  s t e p  i s ,  t h e r e f o r e ,  r e s t r i c t e d  by t h e  m a t e r i a l  
C o u r a n t  l i m i t .

1 . 4  R e p o r t  O u t l i n e

C h a p t e r s  2 t h r o u g h  7 p r e s e n t  t h e  b u l k  of  t h e  TRAC-PFl ,  RELAP5/M0D1 and  
TRAC-BDl a s s e s s m e n t  work p e r f o r m e d  a t  BNL. Each c h a p t e r  d e a l s  w i t h  a s i n g l e  
t y p e  o r  c a t e g o r y  of  e x p e r i m e n t s  s u c h  as  c r i t i c a l  f l o w ,  l e v e l  s w e l l ,  e t c .  The 
o r d e r  of  d i s c u s s i o n  i s  t h e  same as  shown i n  T a b l e  1 . 2 . 1 .  W i t h i n  e a c h  c h a p t e r ,  
t h e  a s s e s s m e n t  r e s u l t s  f o r  e a c h  t e s t  i n c l u d i n g  u s e r  e x p e r i e n c e  a r e  p r e s e n t e d ,  
and summary and c o n c l u s i o n s  f o r  e a c h  t y p e  of  e x p e r i m e n t  a r e  r e p o r t e d .  T h i s  
f o r m a t  a l l o w s  a more  c o n v e n i e n t  i n t e r c o d e  c o m p a r i s o n  f o r  t h e  same e x p e r i m e n t  
o r  phenomenon .

F i n a l l y ,  t h e  o v e r a l l  summary ,  c o n c l u s i o n s ,  and r e c o m m e n d a t i o n s ,  i n c l u d i n g  
u s e r  g u i d e l i n e s  f o r  e a c h  c o d e ,  a r e  p r e s e n t e d  i n  C h a p t e r  8 .
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2.  SIMULATION OF CRITICAL FLOW EXPERIMENTS

E x p e r i m e n t s  c o n d u c t e d  i n  t h r e e  d i f f e r e n t  c r i t i c a l  f l o w  t e s t  f a c i l i t i e s  
we r e  s i m u l a t e d  w i t h  TRAC-PFl  and RELAP5/M0D1.  The Moby-Dick n i t r o g e n - w a t e r  
e x p e r i m e n t s  ( J e a n d e y  and B a r r i e r e ,  1979)  p r o v i d e  s m a l l - s c a l e  s t e a d y - s t a t e  t wo -  
c omponen t  t w o - p h a s e  c r i t i c a l  f l o w  d a t a  w i t h  no p h a s e  c h a n g e .  The BNL f l a s h i n g  
e x p e r i m e n t s  (Abuaf  e t  a l . ,  1981)  c o n d u c t e d  i n  a s m a l l - s c a l e  c o n v e r g i n g - d i v e r g ­
i ng  n o z z l e  p r o d u c e d  d a t a  f o r  s t e a d y - s t a t e  s t e a m - w a t e r  c r i t i c a l  f l o w  w i t h  p h a s e  
c h a n g e .  A r e a - a v e r a g e d  a x i a l  v o i d  f r a c t i o n s  w e r e  a l s o  me a s u r e d  i n  t h e  BNL e x ­
p e r i m e n t s .  F i n a l l y ,  t h e  Ma r v i ke n  c r i t i c a l  f l o w  t e s t s  ( M a r v i k e n ,  1982)  p r o v i d ­
ed l a r g e - s c a l e  t r a n s i e n t  s t e a m - w a t e r  c r i t i c a l  f l o w  d a t a .  Advanced  b e s t - e s t i ­
ma t e  c o d e s  s u c h  a s  TRAC-PFl  and RELAP5/M0D1 s h o u l d  a d e q u a t e l y  p r e d i c t  t h e  d a t a  
o b t a i n e d  i n  a l l  o f  t h e s e  t e s t  f a c i l i t i e s .

2 . 1  Moby-Dick N i t r o g e n - W a t e r  E x p e r i m e n t s

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

S e v e r a l  s t e a d y - s t a t e  n i t r o g e n - w a t e r  t w o - c o m p o n e n t  t w o - p h a s e  f l o w  t e s t s  
we r e  c o n d u c t e d  i n  t h e  Moby-Dick t e s t  f a c i l i t y  a t  G r e n o b l e  ( J e a n d e y  and 
B a r r i e r e ,  1 9 7 9 ) .  The t e s t  s e c t i o n  had t h r e e  p a r t s .  The f i r s t  p a r t  was a v e r ­
t i c a l  s t r a i g h t  p i p e  s e c t i o n  of  14 mm i n s i d e  d i a m e t e r  and a p p r o x i m a t e l y  2 . 6 7  m 
l e n g t h .  T h i s  was f o l l o w e d  by a 7° d i v e r g i n g  n o z z l e  0 . 2 5 4  m l o n g .  The f i n a l  
s e c t i o n  was a n o t h e r  s t r a i g h t  p i p e  of  45 mm i n s i d e  d i a m e t e r  and 0 . 4 2  m l e n g t h .  
Wa t e r  e n t e r e d  t h r o u g h  t h e  b o t t o m  of  t h e  t e s t  s e c t i o n  and i n d e p e n d e n t l y  m e t e r e d  
n i t r o g e n  was i n j e c t e d  i n t o  t h e  t e s t  s e c t i o n  a p p r o x i m a t e l y  1 . 6 8  m f r o m  t h e  b o t ­
tom.

E x p e r i m e n t a l  m e a s u r e m e n t s  i n c l u d e d  t h e  p r e s s u r e  ( f o r  a l l  t e s t s )  and  d i a ­
m e t r a l  v o i d  f r a c t i o n  ( f o r  o n l y  a f e w t e s t s )  a l o n g  t h e  l e n g t h  of  t h e  t e s t  s e c ­
t i o n .  In a d d i t i o n ,  t h e  p r e s s u r e  and t e m p e r a t u r e  a t  t h e  t e s t  s e c t i o n  i n l e t  and 
e x i t ,  t h e  n i t r o g e n  t e m p e r a t u r e s  ( n e a r  room t e m p e r a t u r e ) , t h e  w a t e r  and n i t r o ­
gen f l o w  q u a l i t y ,  and t h e  w a t e r  mass  f l o w  r a t e  w e r e  a l s o  m e a s u r e d .

Two t e s t s  have  been  s i m u l a t e d  w i t h  TRAC-PFl :  Run Nos .  3087 and 3 1 4 1 ,
wh i c h  c o r r e s p o n d  t o  t h e  f l o w  q u a l i t i e s  o f  5 . 9 1  x 1 0 ““* and 5 1 . 3  x 1 0 ““*, r e s p e c ­
t i v e l y .  S i m u l a t i o n  of  t h e  same two t e s t s  was  a l s o  a t t e m p t e d  w i t h  t h e  RELAP5/ 
MODI c o d e .  In s p i t e  of  many a t t e m p t s ,  t h e  RELAP5 c o d e  p r o d u c e d  s e v e r e  o s c i l ­
l a t i o n s  f o r  b o t h  t e s t s ,  and no u s e f u l  r e s u l t s  w e r e  o b t a i n e d .  The i n p u t  d e c k s  
we r e  s e n t  t o  t h e  c o d e  d e v e l o p e r s  a t  INEL and no f u r t h e r  c a l c u l a t i o n s  w e r e  a t ­
t e m p t e d  a t  BNL. T h u s ,  o n l y  t h e  TRAC-PFl  r e s u l t s  f o r  t h e  Moby-Dick n i t r o g e n -  
w a t e r  t e s t s  w i l l  be  d i s c u s s e d  h e r e .

2 . 1 . 2  I n p u t  Mode l s

Fo r  TRAC-PFl  c a l c u l a t i o n s ,  t h e  t e s t  s e c t i o n  was  s i m u l a t e d  by a s e r i e s  
c o m b i n a t i o n  of  a TEE and a PIPE c o mpone n t  a s  shown i n  F i g u r e  2 . 1 . 1 .  F o r t y - t w o  
c e l l s  o r  vo l umes  w e r e  u s e d  t o  r e p r e s e n t  t h e  e n t i r e  t e s t  s e c t i o n .  C e l l s  w i t h  
d i f f e r e n t  l e n g t h s  w e r e  u s e d ,  w i t h  g r e a t e r  r e s o l u t i o n  i n  t h e  t h r o a t  a r e a .  Two 
BREAK c o m p o n e n t s ,  one  a t  t h e  e n t r a n c e  and t h e  o t h e r  a t  t h e  e x i t  of  t h e  t e s t  
s e c t i o n ,  we r e  u s e d  t o  i mpos e  t h e  p r e s s u r e  b o u n d a r y  c o n d i t i o n s .  The n i t r o g e n  
mass f l o w  r a t e  was n e e d e d  t o  e f f e c t  c l o s u r e  and was s p e c i f i e d  w i t h  a FILL com­
p o n e n t  a t t a c h e d  t o  t h e  f r e e  end of  t h e  s e c o n d a r y  s i d e  of  t h e  TEE c o m p o n e n t .
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F i g u r e  2 . 1 . 1  TRAC-PFl  Noding f o r  Moby-Di ck  N i t r o g e n - W a t e r  T e s t s ,
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TRAC-PFl  was run w i t h  f i x e d  b o u n d a r y  c o n d i t i o n s  t o  r e a c h  a s t e a d y  s t a t e  
f o r  e a c h  of  t h e  t e s t s  c o n s i d e r e d .  The a i r - w a t e r  o p t i o n  of  t h e  c o d e  was s e ­
l e c t e d  and t h e  a i r  p a r t i a l  p r e s s u r e  was  s e t  t o  z e r o  a s  r ecommended by t h e  LANL 
s t a f f  ( Wo o d r u f f ,  1 9 8 2 ) .  Bot h  t h e  homogeneous  (NFF=1) and t h e  a n n u l a r  (NFF=2) 
w a l l  f r i c t i o n  f a c t o r  o p t i o n s  we r e  u s e d  t o  s t u d y  t h e  s e n s i t i v i t y  of  t h e  p r e ­
d i c t e d  mass f l o w  r a t e  t o  t h e  f r i c t i o n  f a c t o r  o p t i o n s .  No a d d i t i v e  l o s s  c o e f ­
f i c i e n t s  we r e  u s e d  i n  any c a l c u l a t i o n s .

2 . 1 . 3  Code P r e d i c t i o n s  and  C o mp a r i s o n  w i t h  Da t a

The TRAC-PFl  p r e d i c t i o n s  of  t h e  w a t e r  mass  f l o w  r a t e  a r e  shown i n  T a b l e
2 . 1 . 1 .  The r e s u l t s  o b t a i n e d  u s i n g  t h e  homogeneous  f r i c t i o n  f a c t o r  o p t i o n  
(NFF=1) a r e  compar ed  t o  t h o s e  o b t a i n e d  u s i n g  t h e  a n n u l a r  f r i c t i o n  f a c t o r  o p ­
t i o n  (NFF=2) .  As can be  s e e n ,  t h e  t wo o p t i o n s  a s  a v a i l a b l e  i n  TRAC-PFl  p r o ­
d u c e d  s i g n i f i c a n t l y  d i f f e r e n t  w a t e r  mass  f l o w  r a t e s .  Not e  t h a t  t h e  e x p e r i m e n ­
t a l  v a l u e s  of  t h e  w a t e r  mass f l o w  r a t e  f a l l  b e t w e e n  t h e  t wo TRAC p r e d i c t i o n s .

T a b l e  2 . 1 . 1  Summary of  Moby-Dick N i t r o g e n - W a t e r  T e s t  R e s u l t s

Wa t e r  Mass Flow R a t e  ( k g / s )

TRAC-PFl  C a l c u l a t i o n TRAC-PFl  C a l c u l a t i o n

Run
Number

FI ow 
Q u a l i t y E x p e r i m e n t

A n n u l a r
F r i c t i o n

F a c t o r
O p t i o n

E r r o r
(%)

Homogeneous
F r i c t i o n

F a c t o r
O p t i o n

E r r o r
(%)

3087 5 . 9 1 x 1 0 - “* 1 . 9 1 5 1 . 7 8 6 - 6 . 7 2 . 2 0 5 +15 . 1

3141 5 1 . 3 x 1 0 - “* 1 . 2 2 2 1 . 0 7 4 - 1 2 . 1 1 . 4 9 7 8 + 2 2 . 5

The c o d e  (TRAC-PFl )  p r o d u c e d  s t a b l e  s o l u t i o n s  f o r  a l l  c a s e s .  T h i s  i s  a 
s i g n i f i c a n t  i mp r o v e me n t  o v e r  t h e  TRAC-PIA c o d e  wh i c h  c o u l d  n o t  r e a c h  a s t e a d y  
s t a t e  f o r  t h e  h i g h  v o i d  f r a c t i o n  t e s t ,  i . e . .  T e s t  No.  3141 ( S a h a ,  1 9 8 0 ) .  How­
e v e r ,  i t  can be s e e n  f r o m  T a b l e  2 . 1 . 1  t h a t  f o r  Run No. 3 0 8 7 ,  i . e . ,  a low q u a l ­
i t y  t e s t ,  t h e  p r e d i c t i o n s  a r e  c l o s e r  t o  t h e  e x p e r i m e n t a l  v a l u e s  t h a n  t h o s e  f o r  
t h e  h i g h  q u a l i t y  t e s t ,  i . e . .  Run No. 3 141 .  I t  can  a l s o  be s e e n  t h a t  t h e  w a t e r  
f l o w  r a t e  i s  u n d e r p r e d i c t e d  by t h e  a n n u l a r  f r i c t i o n  f a c t o r  o p t i o n ,  w h e r e a s  i t  
i s  o v e r p r e d i c t e d  by t h e  homogeneous  f r i c t i o n  f a c t o r .  Howeve r ,  t h e  r e s u l t s  
u s i n g  t h e  a n n u l a r  f r i c t i o n  f a c t o r  o p t i o n  a r e  c l o s e r  t o  t h e  e x p e r i m e n t a l  mass 
f l o w  r a t e s .  T h i s  i s  i n  a g r e e m e n t  w i t h  t h e  r e s u l t s  o b t a i n e d  w i t h  t h e  TRAC-PIA 
c ode  ( S a h a ,  1 9 8 0 ) ,  and i s  c a u s e d  p r i m a r i l y  by t h e  l a r g e  d i f f e r e n c e  i n  t h e  s i n ­
g l e - p h a s e  f r i c t i o n  f a c t o r s  u s e d  i n  t h e s e  o p t i o n s .  (The  homogeneous  f r i c t i o n  
f a c t o r  o p t i o n  u s e s  a s moot h  w a l l ,  B l a s i u s - t y p e  s i n g l e - p h a s e  f r i c t i o n  f a c t o r  
c o r r e l a t i o n ,  w h e r e a s  t h e  a n n u l a r  f r i c t i o n  f a c t o r  o p t i o n  u s e s  a r o u g h - w a l l .
C o l e b r o o k - t y p e  s i n g l e - p h a s e  f r i c t i o n  f a c t o r  w i t h  r o u g h n e s s  h e i g h t s  e q u a l  t o  
5 X 10- ^  m. )
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C o mp a r i s o n s  b e t w e e n  t h e  p r e d i c t e d  and t h e  m e a s u r e d  a x i a l  p r e s s u r e  d i s t r i ­
b u t i o n s  f o r  b o t h  r u n s  a r e  shown i n  F i g u r e s  2 . 1 . 2  and 2 . 1 . 3 .  Good a g r e e m e n t  
b e t w e e n  t h e  d a t a  and t h e  p r e s s u r e  p r e d i c t i o n s  was a c h i e v e d .  Howeve r ,  t h e  h o ­
mogeneous  f r i c t i o n  f a c t o r  o p t i o n  s l i g h t l y  u n d e r p r e d i c t e d  t h e  p r e s s u r e  a t  t h e  
t h r o a t  f o r  Run No. 3087 .  The p r e s s u r e  r e t u r n e d  t o  t h e  c o r r e c t  p r e s s u r e  i n  a l l  
t h e  p r e d i c t i o n s  b e c a u s e  p r e s s u r e  b o u n d a r y  c o n d i t i o n s  w e r e  i mposed  a t  t h e  e n ­
t r a n c e  and e x i t  of  t h e  t e s t  s e c t i o n .

2 . 1 . 4  D i s c u s s i o n

The key p a r a m e t e r ,  i . e . ,  w a t e r  mass  f l o w  r a t e ,  c a l c u l a t e d  by TRAC-PFl  i s  
v e r y  s e n s i t i v e  t o  t h e  f r i c t i o n  f a c t o r  o p t i o n  c h o s e n  f o r  t h e  c a l c u l a t i o n .  The 
c o d e  u n d e r p r e d i c t e d  t h e  w a t e r  mass  f l o w  r a t e  when t h e  a n n u l a r  f r i c t i o n  f a c t o r  
was u s e d  and o v e r p r e d i c t e d  t h e  same when t h e  homogeneous  f r i c t i o n  f a c t o r  o p ­
t i o n  was c h o s e n .  A l t h o u g h  t h e  d i f f e r e n c e s  b e t we e n  t h e  t wo a x i a l  p r e s s u r e  p r e ­
d i c t i o n s ,  i . e . ,  w i t h  t h e  a n n u l a r  f r i c t i o n  f a c t o r  and t h e  homogeneous  f r i c t i o n  
f a c t o r ,  a r e  s m a l l ,  t h e  d i f f e r e n c e s  i n  t h e  p r e d i c t e d  w a t e r  mass  f l o w  r a t e  a r e  
q u i t e  l a r g e .  The p r i m a r y  r e a s o n  f o r  t h i s  i s  t h e  l a r g e  d i f f e r e n c e  i n  t h e  s i n ­
g l e - p h a s e  f r i c t i o n  f a c t o r s  u s e d  i n  t h e s e  o p t i o n s .  Howeve r ,  TRAC-PFl  i s  an im­
p r o v e me n t  o v e r  t h e  TRAC-PIA c o d e ,  a s  s t a b l e  s t e a d y - s t a t e  r e s u l t s  w e r e  o b t a i n e d  
f o r  b o t h  t e s t s  s i m u l a t e d  w i t h  TRAC-PFl .

2 . 1 . 5  User  E x p e r i e n c e

No d i f f i c u l t y  was e n c o u n t e r e d  i n  r u n n i n g  t h e  TRAC-PFl  c o d e  f o r  t h e  Moby- 
Dick n i t r o g e n - w a t e r  t e s t s .  R e l a t i v e l y  f i n e  n o d a l i z a t i o n  was u s e d  t o  e n s u r e  
t h a t  t h e  r e s u l t s  a r e  i n d e p e n d e n t  of  node  s i z e .  S i m i l a r  n o d a l i z a t i o n  was p r e ­
v i o u s l y  u s e d  f o r  TRAC-PIA a s s e s s m e n t .  The c o m p u t e r  r un  t i m e  s t a t i s t i c s  a r e  
shown i n  T a b l e  2 . 1 . 2 .

F o r  RELAP5/M0D1,  no u s e f u l  c a l c u l a t i o n  c o u l d  be  p e r f o r m e d  a t  BNL d e s p i t e  
many a t t e m p t s .  The i n p u t  d e c k  was s e n t  t o  t h e  c o d e  d e v e l o p e r s  a t  INEL; how­
e v e r ,  no r e s p o n s e  was r e c e i v e d .

2 . 2  BNL F l a s h i n g  T e s t s

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

The BNL f l a s h i n g  t e s t s  (Abuaf  e t  a l . ,  1981)  w e r e  s i m u l a t e d  w i t h  t h e  
TRAC-PFl  ( V e r s i o n  7 . 0 )  and  RELAP5/M0D1 ( C y c l e  14)  c o d e s  t o  d e t e r m i n e  t h e  
c a p a b i l i t y  of  t h e  c o d e s  i n  p r e d i c t i n g  t h e  s t e a d y - s t a t e  s t e a m - w a t e r  c r i t i c a l  
f l o w  r a t e  t h r o u g h  a p i p e  o r  n o z z l e .  S t e a d y - s t a t e  s t e a m - w a t e r  f l a s h i n g  t e s t s  
a t  low p r e s s u r e s  (p < 7 b a r )  w e r e  c o n d u c t e d  i n  a v e r t i c a l  c o n v e r g i n g - d i v e r g i n g  
n o z z l e .  The t e s t  s e c t i o n  was  made of  s t a i n l e s s  s t e e l  and i t  was s y m m e t r i c  
a b o u t  t h e  t h r o a t .  The t h r o a t  i n s i d e  d i a m e t e r  was 0 . 0 2 5 4  m and t h e  i n s i d e  
d i a m e t e r  a t  t h e  i n l e t  and o u t l e t  of  t h e  t e s t  s e c t i o n  was  0 . 0 5 0 8  m. The l e n g t h  
of  t h e  c o n v e r g i n g - d i v e r g i n g  p o r t i o n  of  t h e  t e s t  s e c t i o n  was a p p r o x i m a t e l y  0 . 5 7  
m. The t o t a l  a n g l e  of  c o n v e r g e n c e  and d i v e r g e n c e  was a p p r o x i m a t e l y  5 ° .  
S u b c o o l e d  w a t e r  e n t e r e d  a t  t h e  b o t t o m  of  t h e  t e s t  s e c t i o n  and f l o w e d  u p w a r d s .  
As t h e  p r e s s u r e  d r o p p e d ,  f l a s h i n g  began  a t  o r  n e a r  t h e  t h r o a t ,  and a t w o - p h a s e  
m i x t u r e  f l o w e d  t h r o u g h  t h e  d i v e r g i n g  p a r t  of  t h e  t e s t  s e c t i o n .  The v a p o r  was 
c o n d e n s e d  i n  t h e  e x i t  t a n k  by s p r a y i n g  c o l d  w a t e r ,  and t h e  w a t e r  f r o m  t h e  e x i t  
t a n k  was pumped back  t o  t h e  t e s t  s e c t i o n  e n t r a n c e .
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T a b l e  2 . 1 . 2  Computer  Run Time f o r  Moby-D ick  N i t r o g e n - W a t e r
T e s t  S i m u l a t i o n s

Co mp u t e r :  BNL CDC-7600
Code:  TRAC-PFl  ( V e r s i o n  7 . 0 )

C a l c u l a t i o n T e s t  No. 3 0 8 7 T e s t  No.  3 1 4 1

I t em

A n n u l a r  
F r i c t i o n  

F a c t o r

Homogenous
F r i c t i o n

F a c t o r

A n n u l a r  
F r i  c t i o n  

F a c t o r

Homogeneous
F r i c t i o n

F a c t o r

No. of  C e l l s 4 2 4 2 4 2 4 2

P r o b l e m  Time ( s ) 3 . 9 2 1 0 . 3 2 . 0 0 4 1 . 1 3 7

No. of  Time S t e p s 3 3 1 3 5 2 3 7 7 3 0 9

CPU Time ( s ) 4 9 5 4 6 4 4 2 . 8

C P U - t o - P r o b l e m  Time 1 2 . 5 5 . 2 3 1 . 9 3 7 . 6

CPU ( s ) / C e l l / T i m e  S t e p 3 . 5  X 1 0 - ^ 3 . 6  X 1 0 - ^ 4 . 0  X 1 0 - 3 3 . 3  X 1 0 - 3

E x p e r i m e n t a l  m e a s u r e m e n t s  i n c l u d e d  t h e  a x i a l  p r e s s u r e  and a r e a - a v e r a g e d  
v o i d  f r a c t i o n  d i s t r i b u t i o n  a l o n g  t h e  t e s t  s e c t i o n .  In a d d i t i o n ,  t h e  p r e s s u r e ,  
t e m p e r a t u r e  and t h e  w a t e r  f l o w  r a t e  a t  t h e  t e s t  s e c t i o n  i n l e t ,  and t h e  p r e s ­
s u r e  and t e m p e r a t u r e  a t  t h e  e x i t  t a n k  w e r e  m e a s u r e d .  The m e a s u r e m e n t  a c c u ­
r a c i e s  w e r e :

T e m p e r a t u r e :  jj-

P r e s s u r e :

Flow r a t e :  _+

Void f r a c t i o n :  +

0 . 1 ° C

1% of  r e a d i n g  

0.5% of  r e a d i n g  

0 . 0 5

F o u r  t e s t s  h a v e  been  s i m u l a t e d  w i t h  TRAC-PFl  and RELAP5/M0D1.  T h e s e  a r e  
Run Nos.  2 9 1 - 2 9 5 ,  3 0 9 - 3 1 1 ,  3 1 8 - 3 2 1 ,  and 3 3 9 - 3 4 2 .  E a r l i e r ,  t h e  same t e s t s  we r e  
s i m u l a t e d  w i t h  TRAC-PIA and TRAC-PD2 ( Sa ha  e t  a l . ,  1 9 8 2 b ) .

2 . 2 . 2 I n p u t  Mode l s

The c o n v e r g i n g - d i v e r g i n g  t e s t  s e c t i o n  was r e p r e s e n t e d  i n  TRAC-PFl  w i t h  
t wo  PIPE c o mp o n e n t s  of  f o r t y - s e v e n  ( 47)  c e l l s  e a c h  i n  s e r i e s .  Al l  c e l l  
l e n g t h s  w e r e  0 . 0 0 6 3 5  m, and t h e  c e l l  c e n t e r s  c o i n c i d e d  w i t h  t h e  p r e s s u r e  t a p  
l o c a t i o n s .  The p r e s s u r e  b o u n d a r y  c o n d i t i o n s  a t  t h e  i n l e t  and e x i t  of  t h e  t e s t  
s e c t i o n  and t h e  w a t e r  t e m p e r a t u r e  a t  t h e  i n l e t  w e r e  s p e c i f i e d ,  and t h e  c o d e

-  14 -



p r e d i c t e d  t h e  w a t e r  mass  f l o w  r a t e  t h r o u g h  t h e  t e s t  s e c t i o n .  No c h o k i n g  model  
was u s e d ,  a l l o w i n g  t h e  c ode  t o  c a l c u l a t e  n a t u r a l  o r  s e l f - c h o k i n g  c o n d i t i o n .  
T h i s  a l l o w e d  d i r e c t  c o m p a r i s o n  b e t we e n  t h e  TRAC-PFl  and TRAC-PD2 r e s u l t s .  The 
homogeneous  f r i c t i o n  f a c t o r  o p t i o n  (NFF=1) was u s e d  f o r  a l l  r u n s .

Fo r  RELAP5/M0D1, t h e  c o n v e r g i n g - d i v e r g i n g  t e s t  s e c t i o n  was mode l ed  w i t h  
one  PIPE componen t  w i t h  f o r t y  e i g h t  ( 4 8 )  v o l u m e s .  Al l  c e l l s  w e r e  0 . 0 1 2 7  m 
l o n g ,  e x c e p t  f o r  t h e  two on e i t h e r  s i d e  of  t h e  t h r o a t  wh i c h  had l e n g t h s  of  
0 . 0 0 6 3 5  m e a c h .  The p r e s s u r e  b o u n d a r y  c o n d i t i o n s  a t  t h e  i n l e t  and e x i t  of  t h e  
t e s t  s e c t i o n  and t h e  w a t e r  t e m p e r a t u r e  a t  t h e  i n l e t  w e r e  s p e c i f i e d ,  and t h e  
c o d e  p r e d i c t e d  t h e  w a t e r  mass  f l o w  r a t e  t h r o u g h  t h e  t e s t  s e c t i o n .

The RELAP5/M0D1 c h o k i n g  o p t i o n  had t o  be  u s e d  f o r  Run No. 2 9 1 - 2 9 5 ;  o t h e r ­
w i s e  t h e  c o d e  woul d  n o t  p r o d u c e  a s t a b l e  s o l u t i o n .  F o r  a l l  o t h e r  r u n s ,  t h e  
c o d e  was a l l o w e d  t o  c a l c u l a t e  a n a t u r a l  o r  s e l f - c h o k i n g  c o n d i t i o n  l i k e  t h e  
TRAC c a l c u l a t i o n s .  T h u s ,  t h e  c ombi ne d  e f f e c t s  of  t h e  i n t e r f a c i a l  s h e a r  and  
t h e  i n t e r f a c i a l  mass t r a n s f e r  w e r e  b e i n g  a s s e s s e d  t h r o u g h  t h e s e  f l a s h i n g  
t e s t s .

2 . 2 . 3  Code P r e d i c t i o n  and C o mp a r i s o n  w i t h  Da t a

Bot h  TRAC-PFl  and RELAP5/M0D1 f l o w  p r e d i c t i o n s  w e r e  much l o w e r  t h a n  t h e  
e x p e r i m e n t a l  v a l u e s .  T h e s e  r e s u l t s  we r e  c o m p a r a b l e  t o  t h e  TRAC-PD2 p r e d i c ­
t i o n s  a s  shown i n  T a b l e  2 . 2 . 1 .  I t  c a n  be  s e e n  t h a t  a l l  c o d e s  s i g n i f i c a n t l y
u n d e r p r e d i c t e d  t h e  w a t e r  mass  f l o w  r a t e  d a t a .

In g e n e r a l ,  t h e  a n n u l a r  f l o w  f r i c t i o n  f a c t o r  o p t i o n  of  TRAC r e s u l t s  i n  a 
l o w e r  p r e d i c t i o n  of  t h e  mass f l o w  r a t e .  However ,  t h e  p r e d i c t i o n s  we r e  n o t  e x ­
p e c t e d  t o  be v e r y  s e n s i t i v e  t o  t h i s  o p t i o n  s i n c e  t h e  f r i c t i o n a l  p r e s s u r e  d r o p  
componen t  i s  a s ma l l  f r a c t i o n  of  t h e  t o t a l  p r e s s u r e  d r o p  i n  a c o n v e r g i n g -  
d i v e r g i n g  t e s t  s e c t i o n .  T h i s  was c o n f i r m e d  by r e c a l c u l a t i n g  Runs 3 3 9 - 3 4 2  w i t h  
TRAC-PFl ,  u s i n g  t h e  a n n u l a r  f l o w  f r i c t i o n  f a c t o r  o p t i o n .  The p r e d i c t e d  mass 
f l o w  r a t e  was 7 . 5 8  k g / s ,  wh i c h  i s  l e s s  t h a n  1% l o w e r  t h a n  t h e  v a l u e  ( 7 . 6 3
k g / s )  p r e d i c t e d  w i t h  t h e  homogeneous  f r i c t i o n  f a c t o r  o p t i o n .

F i g u r e s  2 . 2 . 1  t h r o u g h  2 . 2 . 4  d e p i c t  t h e  p r e s s u r e  and a r e a - a v e r a g e d  v o i d  
f r a c t i o n  d i s t r i b u t i o n s  a l o n g  t h e  l e n g t h  of  t h e  t e s t  s e c t i o n  as  p r e d i c t e d  by 
t h e  TRAC-PFl  and  RELAP5/M0D1 c o d e s ,  and  t h e  c o m p a r i s o n s  w i t h  t h e  e x p e r i m e n t a l  
d a t a .  In g e n e r a l ,  t h e  p r e d i c t i o n s  a r e  s i g n i f i c a n t l y  d i f f e r e n t  f r o m  t h e  d a t a ,  
a s  can be e x p e c t e d  f r o m  t h e  p r e d i c t e d  l o w e r  mass  f l o w  r a t e s  shown i n  T a b l e
2 . 2 . 1 .  E x c e p t  f o r  Run Nos.  2 9 1 - 2 9 5  w h e r e  t h e  RELAP5 c h o k i n g  o p t i o n  was u s e d ,  
t h e  RELAP5/M0D1 and TRAC-PFl  r e s u l t s  a r e  c l o s e  t o  e a c h  o t h e r .  However ,  b o t h  
c o d e s  s i g n i f i c a n t l y  o v e r p r e d i c t e d  t h e  t h r o a t  p r e s s u r e  f o r  a l l  t e s t s ,  w h i c h  i s  
c o n s i s t e n t  w i t h  t h e  p r e d i c t e d  l o w e r  mass  f l o w  r a t e s .  T h i s  ha s  a l s o  r e s u l t e d  
i n  an o v e r p r e d i c t i o n  of  v o i d  f r a c t i o n  i n  t h e  d i v e r g i n g  p a r t  f o r  mos t  r u n s .

As shown i n  F i g u r e  2 . 2 . 1 ,  t h e  c h o k i n g  o p t i o n  i n  RELAP5/M0D1 c a u s e d  p r e s ­
s u r e  o s c i l l a t i o n s  j u s t  d o w n s t r e a m  of  t h e  t h r o a t  f o r  Run Nos.  2 9 1 - 2 9 5 .  As a 
r e s u l t ,  t h e  v o i d  f r a c t i o n  showed o s c i l l a t i o n s  and t h e  v e l o c i t y  d e c r e a s e d  s i g ­
n i f i c a n t l y .  F o r  a l l  o t h e r  r u n s ,  RELAP5/M0D1 p r e d i c t e d  s l i g h t l y  h i g h e r  v o i d
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f r a c t i o n  t h a n  TRAC-PFl ,  w i t h  some d e l a y  i n  v o i d  i n c e p t i o n .  T h e s e  two e f f e c t s ,  
h o w e v e r ,  t e n d  t o  c o m p e n s a t e  e a c h  o t h e r  r e s u l t i n g  i n  a v e r y  s ma l l  d i f f e r e n c e  i n  
t h e  p r e d i c t e d  mass  f l o w  r a t e s  a s  shown i n  T a b l e  2 . 2 . 1 .

2 . 2 . 4  D i s c u s s i o n

S i m u l a t i o n  of  t h e  BNL f l a s h i n g  t e s t s  w i t h  RELAP5/M0D1 and TRAC-PFl  showed 
s i m i l a r  r e s u l t s .  In b o t h  c a s e s ,  t h e  c o d e  u n d e r p r e d i c t e d  t h e  mass  f l o w  r a t e  
s i g n i f i c a n t l y .  As e x p e c t e d ,  t h e  TRAC-PFl  p r e d i c t i o n s  w e r e  n o t  v e r y  s e n s i t i v e  
t o  t h e  f r i c t i o n  f a c t o r  o p t i o n  s i n c e  t h e  f r i c t i o n a l  p r e s s u r e  d r o p  c o mpone n t  was 
a s m a l l  f r a c t i o n  of  t h e  t o t a l  p r e s s u r e  d r o p  i n  t h e  c o n v e r g i n g - d i v e r g i n g  t e s t  
s e c t i o n .  A l s o ,  t h e  mass f l o w  r a t e s  p r e d i c t e d  by TRAC-PFl  and  RELAP5/M0D1 a r e  
q u i t e  c l o s e  t o  t h o s e  p r e d i c t e d  by TRAC-PD2.

I t  s h o u l d  be  n o t e d  t h a t  t h e  TRAC-PFl  and RELAP5/M0D1 p r e s s u r e s  i n  t h e  
c o n v e r g i n g  s e c t i o n  a r e  v e r y  c l o s e  t o  e a c h  o t h e r .  However ,  t h e y  b o t h  o v e r p r e ­
d i c t e d  t h e  e x p e r i m e n t a l  p r e s s u r e s  i n  t h e  c o n v e r g i n g  s e c t i o n  i n c l u d i n g  t h e  
t h r o a t .  In t h e  e x p e r i m e n t ,  no s i g n i f i c a n t  v a p o r  g e n e r a t i o n  o r  f l a s h i n g  o c c u r ­
r e d  u n t i l  t h e  l i q u i d  r e a c h e d  t h e  t h r o a t .  As a r e s u l t ,  t h e r e  was  a l a r g e  p r e s ­
s u r e  u n d e r s h o o t  and  l i q u i d  s u p e r h e a t  (on t h e  o r d e r  of  5 -  10°K f o r  t h e  e x p e r i ­
me n t s  c o n s i d e r e d  h e r e )  a t  t h e  t h r o a t .  N e i t h e r  TRAC-PFl  n o r  RELAP5/M0D1 was 
a b l e  t o  p r e d i c t  t h i s .  Bot h  c o d e s  p r e d i c t e d  t h a t  f l a s h i n g  woul d  o c c u r  u p s t r e a m  
of  t h e  t h r o a t  a s  s o o n  as  t h e  l i q u i d  became s l i g h t l y  s u p e r h e a t e d  ( 0 . 1  t o  0 . 2° K 
f o r  TRAC-PFl  and 0 . 5  -  1°K f o r  RELAP5/M001) .  T h i s  r e s u l t e d  i n  a h i g h e r  p r e s ­
s u r e  p r e d i c t i o n  a t  t h e  t h r o a t  a n d ,  c o n s e q u e n t l y ,  a l o w e r  mass  f l o w  r a t e .
T h e r e f o r e ,  i n c l u s i o n  of  an a c c u r a t e  f l a s h i n g  d e l a y  model  s eems  t o  be  a n e c e s ­
s a r y  c o n d i t i o n  f o r  a c h i e v i n g  b e t t e r  a g r e e m e n t  w i t h  t h e  BNL f l a s h i n g  d a t a .

I mpr ove d  m o d e l i n g  i s  a l s o  n e c e s s a r y  t o  a c h i e v e  b e t t e r  a g r e e m e n t  w i t h  t h e  
p r e s s u r e  and vo i d  f r a c t i o n  d a t a  i n  t h e  d i v e r g i n g  p a r t  of  t h e  t e s t  s e c t i o n .  
Howe ve r ,  t h i s  seems  t o  be  of  l i t t l e  o r  s e c o n d a r y  i m p o r t a n c e  i n  p r e d i c t i n g  t h e  
" c o r r e c t "  mass  f l o w  r a t e .  F i g u r e s  2 . 2 . 1  and 2 . 2 . 4  show t h e  TRAC-PFl  and 
RELAP5/M001 p r e d i c t i o n s  f o r  t h e  p r e s s u r e  and v o i d  f r a c t i o n s  i n  t h e  d i v e r g i n g  
s e c t i o n  t o  be  q u i t e  d i f f e r e n t ;  y e t ,  t h e  mass f l o w  r a t e  p r e d i c t i o n s  f o r  t h e s e  
t e s t  w e r e  q u i t e  c l o s e  ( s e e  T a b l e  2 . 2 . 1 ) .  T h e r e f o r e ,  t h e  p r e s s u r e  c a l c u l a t i o n s  
i n  t h e  c o n v e r g i n g  s e c t i o n ,  wh i c h  w e r e  i n d e e d  q u i t e  c l o s e  f o r  t h e  TRAC and 
RELAP5 c a l c u l a t i o n ,  d o m i n a t e  t h e  mass  f l o w  r a t e  p r e d i c t i o n  f o r  s u b c o o l e d  c r i t ­
i c a l  f l o w .  I t  s h o u l d  a l s o  be  n o t e d  t h a t  TRAC-PFl  u s e s  a t w o - f l u i d  model  i n  
c o n t r a s t  t o  t h e  d r i f t - f l u x  model  p r e v i o u s l y  u s e d  by TRAC-P02.  T h i s  b r o u g h t  
a b o u t  some c h a n g e s  i n  t h e  p r e s s u r e  and v o i d  f r a c t i o n  p r e d i c t i o n s  i n  t h e  d i ­
v e r g i n g  s e c t i o n ,  b u t  no s i g n i f i c a n t  c h a n g e  i n  t h e  mass  f l o w  r a t e .  T h u s ,  a
b e t t e r  a g r e e m e n t  i n  t h e  c o n v e r g i n g  s e c t i o n  i s  much more i m p o r t a n t  f o r
a c h i e v i n g  a b e t t e r  a g r e e m e n t  i n  t h e  mass  f l o w  r a t e .

2 . 2 . 5  User  E x p e r i e n c e

No d i f f i c u l t y  was e n c o u n t e r e d  i n  r u n n i n g  TRAC-PFl  f o r  any of  t h e  BNL 
f l a s h i n g  t e s t s .  However ,  f o r  one  t e s t ,  n a m e l y .  Run Nos.  2 9 1 - 2 9 5 ,  RELAP5/M001 
p r o d u c e d  s e v e r e  o s c i l l a t i o n s  when t h e  c h o k i n g  o p t i o n  was n o t  u s e d .  The t e s t  
was t h e n  s i m u l a t e d  w i t h  RELAP5/M0D1 u s i n g  t h e  c h o k i n g  o p t i o n .
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T a b le  2 . 2 . 1  Summary o f  BNL F l a s h i n g  F low  T e s t  R e s u l t s

Run
Nos.

In i  e t  
P r e s s u r e  

( kPa )

I n l e t
T e m p e r a t u r e

(°C)

E x i t
P r e s s u r e

( kPa )

E x p e r i m e n t  
Mass Flow 

R a t e  
( k g / s )

TRAC-PFl TRAC -PD2 RELAP5/M0D1
Mass Flow 

R a t e  
( k g / s )

%
E r r o r

Mass Flow 
R a t e  

( k g / s )
%

E r r o r

Mass Flow 
R a t e  

( k g / s )
%

E r r o r

2 9 1 - 2 9 5 502 14 8 . 9 471 6 . 4 3 4 . 7 4 - 2 6 . 2 5 . 0 8 - 2 1 . 0 4 . 9 2 * - 2 3 . 5

3 0 9 - 3 1 1 556 1 49 . 1 397 8 . 7 9 7 . 1 0 - 1 9 . 2 7 . 2 8 - 1 7 . 2 7 . 1 2 - 1 9 . 0

3 1 8 - 3 2 1 322 1 21 . 1 167 8 . 9 8 7 . 7 4 - 1 3 . 8 7 . 7 9 - 1 3 . 2 7 . 8 5 - 1 2 . 6

3 3 9 - 3 4 2 320 1 2 1 . 3 252 8 . 9 7 7 . 6 3 - 1 4 . 9 7 . 6 9 - 1 4 . 3 7 . 6 2 - 1 5 . 1

I

* P r e d i c t i o n  u s i n g  t h e  RELAP5 c h o k i n g  o p t i o n ;  t h e  c a l c u l a t i o n  w i t h o u t  t h e  c h o k i n g  o p t i o n  f a i l e d .



C O M P R R I S O N  OF P R E S S U R E  DRTR
BNL T E S T S  2 9 1 - 2 9 5

Ln LEGEND
TRRC-PFl

o
,  in
CO

CO 
0= * 
CD

RELRP5
EXP. DRTR

—  P

CO
CO
LlJ

o

0 . 0  10.0 2 0 . 0  30 . 0  4 0 . 0  5 0 . 0  6 0 . 0  70 . 0

IT)

R X I R L  D I S T R I B U T I O N  ( CM

C O M P R R I S O N  OP V O I D  F R R C T I O N  D R T R  
B N L  T E S T S  2 9 1 - 2 9 5

o LEGEND
IR flC -PE l
RELRP5

o EXP. DRTR

o

CD o
CD

o
o

o

0 . 0  10.0 20 .0  30 .0  40 .0  50 .0  60 .0  70 .0
R X I R L  D I S T R I B U T I O N  [CM)

F i g u r e  2 . 2 . 1  Compar ison o f  TRAC-PFl and RELAP5/H0D1 P r e d i c t i o n s
f o r  P r e s s u r e  and A re a - A v e ra g e d  V o id  F r a c t i o n  W i th
E x p e r i m e n t a l  Data  (Run Nos. 2 9 1 - 2 9 5 ) .

-  18 -



nnnpRRisoN or p r e s s i j r e  onTR 
BNL T E S T S  3 0 9 - 3 1 1

o
UD

in

CO Ln

etc
(T
QD o
'--' in

LlJ
QL LO

• _
CO
CO
LJ o
Q_

P (T . ) s a t '

in 
r o .

LEGEND
TRRC-PFl
RELRP5 

X EXP. DRTR

XyXXXXXxXX^xX *

1---------------T-------------- \-------------- 1---------------1------------- r
0 . 0  10.0 20.0 30 .0  40 .0  50 .0  60 .0  70 .0

f lXIflL DISTRIBUTION ICM)

o

C O M P R R I S O N  OF v n i R  R R R C T I R N  D R T R  
B NL  T E S T S  3 0 9 - 3 I I

LEGENO
TRflC-PEl

oo RELRP5
o EXP. DRTR

o

o
O

o
o

PO
o  _

0 . 0  10.0 20.0 30.0  40.0  50 .0  60 .0  70 .0
RXIRL DISTRIBUTION (CM)

F i g u r e  2 . 2 . 2  Compar ison o f  TRAC-PFl and RELAP5/I10D1 P r e d i c t i o n s
f o r  P re s s u re  and A r e a - A v e ra g e d  Vo id  F r i c t i o n  W i th
E x p e r im e n ta l  Data  (Run Nos. 3 0 9 - 3 1 1 ) .

-  19 -



LO

COMP RR I S ON OF P R E S S U R E  DRTR
BNL T E S T S  3 1 8 - 3 2 1

L EG END
T R R C - P F l
R E L R P 5
E X P .  DRT R"  o

cn
□□

in
L J  r\i 
QL

cn
c n  _
J J  B
fV r\i 
Q_

i_n

0 . 0  10.0 2 0 . 0  3 0 . 0  40 . 0  50 . 0  6 0 . 0  70 . 0

R X I R L  D I S T R I B U T I O N  [ C M]

C O M P R R I S O N  OF V O I D  F R R C T I O N  D R T R  
BNL T E S T S  3 1 8 - 3 2 1

GO RELRP5
o EXP. DRTR

2  ^  
E—' d “ 
CJ 
0= ^  
QL •_ 
L_ o

o
o

CM

O

0 . 0  10.0 20.0  30 .0  40.0  50.0  60 .0  70.0
f l XI f l L D I S T R I B U T I O N  (CM)

F i g u r e  2 . 2 . 3  Compar ison o f  TRAC-PFl and RELAP5/M0D1 P r e d i c t i o n s
f o r  P r e s s u r e  and A re a - A v e ra g e d  Vo id  F r a c t i o n  W i th
E x p e r i m e n t a l  Data  (Run Nos. 3 1 8 - 3 2 1 ) .

-  20 -



C O M P R R I S O N  O F  P R P S S U R C  D R T R
i_n 
ro '

o

CO 
QC 
CC
m
■—• r\i 

LJ
QL o

CO
L J
CL ^  
Q :

00
o

ID

Z  O
o

E—I 
C J )
OZ 
CL 
L_

CM

Q  o '  

O
>  o

O  ■

00 
o .
1

BNL T E S T S  3 3 9 - 3 4 2

LEGEND
TRflC-PFl
RELHP5

X“ X

X

X \
X

X EXP. Dflin

“ ^sat^"' 'ji,in^

x \X \  ^  A  ,

XA /  X  'X \  /  X  '
\  /  X V
\  , , -,r-xx^X X ^

X V'-- l :-* — X X ,  N
\  ^  X -- ____\z X ^

X

X

X

1 1 
G.O 10.G 20.0

R X I R L

1 1 1 1
30.0  40.0 50 .0  60.0  70

D I S T R I B U T I O N  (CM)

C O M P R R I S O N OF V O I D  F R R O T I O N  D R T R
BNL T E S T S  3 3 9 - 3 4 2

LEGEND
TRflC-PFl
RELRP5

- X EXP. Dflin

!  I  X ^  '
/ /  X  ^' /  ̂y  X ^

7  X/  X
/  X  X ^

..........■T..... . 1 1 1 1"" I
0 .0  10.0 20.0  30 .0  40.0  50 .0  60 .0  70.0

RXIRL DISTRIBUTION (CM)

F i g u r e  2 . 2 . 4  Compa r i s on  o f  TRAC-PFl  and RELAP5/M0D1 P r e d i c t i o n s  
f o r  P r e s s u r e  and A r e a - A v e r a g e d  Voi d  F r a c t i o n  Wi th 
E x p e r i m e n t a l  Da t a  (Run Nos.  3 3 9 - 3 4 2 ) .

-  21 -



F i n e  n o d a l i z a t i o n  was u s e d  f o r  b o t h  t h e  TRAC-PFl  and RELAP5/M0D1 
c a l c u l a t i o n s  i n  o r d e r  t o  a v o i d  any n o d e  s i z e  s e n s i t i v i t y  i n  t h e  r e s u l t s .  
S i m i l a r  n o d i n g  was a l s o  u s e d  i n  t h e  p r e v i o u s  TRAC-PD2 and TRAC-PIA s i m u l a t i o n s  
of  t h e  BNL f l a s h i n g  t e s t s .  The c o m p u t e r  run t i m e  s t a t i s t i c s  f o r  t h e  p r e s e n t  
c a l c u l a t i o n s  a r e  shown i n  T a b l e  2 . 2 . 2 .

2 . 3  Ma r v i k e n  C r i t i c a l  Flow T e s t

2 . 3 . 1  T e s t  D e s c r i p t i o n

The  Ma r v i k e n  c r i t i c a l  f l o w  t e s t s  ( M a r v i k e n ,  1982)  w e r e  c o n d u c t e d  t o  s t u d y  
t h e  blowdown of  i n i t i a l l y  s u b c o o l e d  w a t e r  f r o m  a f u l l - s c a l e  r e a c t o r  v e s s e l  
t h r o u g h  l a r g e - d i a m e t e r  p i p e s .  The t e s t  a p p a r a t u s  c o n s i s t e d  of  a v e s s e l  w i t h  
an i n s i d e  d i a m e t e r  o f  5 . 2 2  m and a h e i g h t  of  2 3 . 1 4  m. A v e r t i c a l  d i s c h a r g e  
p i p e  6 . 3  m l o n g  w i t h  an i n s i d e  d i a m e t e r  of  0 . 7 6  m was a t t a c h e d  t o  t h e  v e s s e l  
b o t t o m .  The same v e s s e l  and d i s c h a r g e  p i p e  w e r e  u s e d  f o r  a l l  t e s t s .  However ,  
v a r i o u s - s i z e  v e r t i c a l  n o z z l e s  w e r e  a t t a c h e d  t o  t h e  b o t t o m  of  t h e  d i s c h a r g e  
p i p e  t o  s t u d y  t h e  e f f e c t  of  b r e a k  d i a m e t e r s  and n o z z l e  l e n g t h s .  A r u p t u r e  
d i s c  a s s e m b l y  was i n s t a l l e d  a t  t h e  d o w n s t r e a m  end of  t h e  t e s t  n o z z l e  and i t  
was  b u r s t  t o  i n i t i a t e  t h e  b l owdown.  I n i t i a l l y ,  t h e  a p p a r a t u s  was p a r t i a l l y  
f i l l e d  w i t h  w a t e r  a t  medium p r e s s u r e  ( - 5 0  b a r )  w i t h  a v a p o r  r e g i o n  a t  t h e  
t o p  of  t h e  v e s s e l .  The l i q u i d  l e v e l  i n  t h e  v e s s e l ,  t h e  amount  of  w a t e r  s u b ­
c o o l i n g ,  and t h e  i n i t i a l  w a t e r  t e m p e r a t u r e  p r o f i l e  w e r e  v a r i e d  f r o m  one t e s t  
t o  a n o t h e r .

F o r  t h e  c u r r e n t  a s s e s s m e n t  e f f o r t .  T e s t  No. 24 ( E r i c s o n ,  1979)  was s e ­
l e c t e d .  T h i s  t e s t  u s e d  a s h o r t  n o z z l e  w i t h  0 . 5  m i n s i d e  d i a m e t e r .  The n o z z l e  
had  a r o u n d e d  e n t r a n c e  s e c t i o n  f o l l o w e d  by a c o n s t a n t  d i a m e t e r  ( 0 . 5  m) s e c t i o n  
0 . 1 6 6  m i n  l e n g t h .  T h u s ,  t h e  l e n g t h - t o - d i a m e t e r  r a t i o  of  t h e  n o z z l e  was o n l y  
0 . 3 3 .  The i n i t i a l  a v e r a g e  l i q u i d  s u b c o o l i n g  i n  t h e  v e s s e l  was 33 ° C.  T h i s  
t e s t  p r o v i d e s  a f o r m i d a b l e  c h a l l e n g e  t o  t h e  c o d e  t o  p r e d i c t  t h e  t r a n s i e n t  c r i ­
t i c a l  f l o w  r a t e  a c c u r a t e l y  t h r o u g h  f u l l - s c a l e  s h o r t  p i p e s .  The t e s t  was p r e ­
v i o u s l y  s i m u l a t e d  w i t h  t h e  TRAC-PD2 and  TRAC-PIA c o d e s  ( S e c t i o n  2 . 4  of  Saha  e t  
a l . ,  1 9 8 2 b ) .

The  e x p e r i m e n t a l  m e a s u r e m e n t s  i n c l u d e d  p r e s s u r e s ,  d i f f e r e n t i a l  p r e s s u r e s ,  
and f l u i d  t e m p e r a t u r e s  a t  many l o c a t i o n s  i n  t h e  t e s t  a p p a r a t u s .  A t h r e e - b e a m  
gamma d e n s i t o m e t e r  was emp l o y e d  t o  m e a s u r e  t h e  f l u i d  d e n s i t y  i n  t h e  d i s c h a r g e  
p i p e ,  a p p r o x i m a t e l y  3 . 1 8  m a b o v e  t h e  n o z z l e  e n t r a n c e .  The mass  f l o w  r a t e  o u t  
of  t h e  n o z z l e  was e v a l u a t e d  m a i n l y  by two m e t h o d s :  1) by c a l c u l a t i n g  t h e  v e s ­
s e l  mass  i n v e n t o r y  f r o m  t h e  d i f f e r e n t i a l  p r e s s u r e  m e a s u r e m e n t s ;  2) by u s i n g  
t h e  p i t o t - s t a t i c  and f l u i d  d e n s i t y  m e a s u r e m e n t s  i n  t h e  d i s c h a r g e  p i p e .  The 
two me t h o d s  p r o d u c e d  r e a s o n a b l y  c l o s e  v a l u e s  of  t h e  mass  f l o w  r a t e s .  The 
e r r o r s  i n  t h e  m e a s u r e m e n t s  w e r e  as  f o l l o w s  ( E r i c s o n ,  1 9 7 9 ) :

P r e s s u r e :  jj; 9 t o  j ;  90 kPa

T e m p e r a t u r e :  0 . 6  t o  _+ 2°C

F l u i d  d e n s i t y :  + 50 kg/m^ o r  more
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T a b l e  2 . 2 . 2  Compu t e r  Run Time S t a t i s t i c s  f o r  BNL F l a s h i n g  T e s t  S i m u l a t i o n s

Co mp u t e r :  BNL CDC-7600

C a l c u l a t i o n TRAC--PFl RELAP5/M0D1

I t e m
Run Nos.  
2 9 1 - 2 9 5

Run Nos.  
3 0 9 - 311

Run Nos.  
3 1 8 - 3 2 1

Run Nos.  
3 3 9 - 3 4 2

Run Nos.  
2 9 1 - 2 9 5

Run Nos.  
3 0 9 - 3 1 1

Run Nos.  
3 1 8 - 3 2 1

Run Nos.  
3 3 9 - 3 4 2

No. of  C e l l s 94 94 94 94 48 48 48 48

P r o b l e m  Time ( s ) 10 . 1 10 . 1 10 . 1 10 . 1 9 . 0 4 . 0 4 . 0 9 . 0

No. of  Time S t e p s 277 371 977 282 15388 25920 25261 28258

CPU Time ( s ) 64 115 309 64 676 889 851 998

C P U - t o - P r o b l e m  Time 6 . 3 4 1 1 . 4 3 0 . 6 6 . 3 4 75 . 1 2 2 2 . 2 2 1 2 . 8 1 1 0 . 9

CPU ( s ) / C e l 1 / T i m e - s t e p 2 . 5 x 1 0 - 3 3 . 3 x 1 0 - 3 3 . 4 x 1 0 - 3 2 . 4 x 1 0 - 3 0 . 9 x 1 0 - 3 0 . 7 x 1 0 - 3 0 . 7 x 1 0 - 3 0 . 7 x 1 0 - 3
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Mass f l o w  r a t e ;

a )  V e s s e l  i n v e n t o r y  me t h o d :  jt- 6 t o  jt- 12%

b )  P i t o t - s t a t i c  me t h o d :  3 t o  10% i n  s u b c o o l e d  w a t e r
r e g i o n .

8 t o  15% i n  t w o - p h a s e  r e g i o n .

2 . 3 . 2  I n p u t  Model D e s c r i p t i o n

The t e s t  was s i m u l a t e d  by b o t h  TRAC-PFl  ( V e r s i o n  7 . 0 ) ,  and RELAP5/M0D1 
( C y c l e  1 4 ) .  O n e - d i m e n s i o n a l  c o mp o n e n t s  w i t h  t h e  t w o - f l u i d  f o r m u l a t i o n  s u c h  as  
PI PE,  BREAK and FILL of  TRAC-PFl  w e r e  u s e d .  The v e s s e l  and t h e  d i s c h a r g e  p i p e  
t o g e t h e r  we r e  mo d e l e d  by a PIPE c o mpone n t  w i t h  40 c e l l s .  The t e s t  n o z z l e  was 
i n i t i a l l y  mo d e l e d  by a PIPE c o mpone n t  w i t h  40  c e l l s .  The n o d a l i z a t i o n  f o r  t h e  
v e s s e l  and d i s c h a r g e  p i p e  i s  shown i n  F i g u r e  2 . 3 . 1 .  The c e l l  l e n g t h s  i n  t h e  
v e s s e l  and t h e  d i s c h a r g e  p i p e  v a r i e d  f r o m  0 . 0 2  m t o  1 . 0  m. The c e l l  l e n g t h s  
i n  t h e  n o z z l e  w e r e  s m a l l e r .  S i x t e e n  c e l l s  n e a r  t h e  b r e a k  we r e  e a c h  0 . 0 0 2 8 7 5  m 
l o n g ,  w h i l e  15 c e l l s  i n  t h e  m i d d l e  w e r e  e a c h  0 . 0 0 8  m, and 9 c e l l s  n e a r  t h e  
d i s c h a r g e  p i p e  w e r e  e a c h  0 . 0 2 5  m l o n g .  F i n e r  n o d a l i z a t i o n s  we r e  u s e d  a r o u n d  
t h e  v a p o r - l i q u i d  i n t e r f a c e  i n  t h e  v e s s e l ,  t h e  a r e a  c h a n g e s ,  and t h e  n o z z l e  
e x i t  wh e r e  s t e e p  g r a d i e n t s  i n  f l o w  p a r a m e t e r s  c o u l d  be  e x p e c t e d .

A z e r o - f l o w  b o u n d a r y  c o n d i t i o n  a t  t h e  t o p  of  t h e  v e s s e l  was p r o v i d e d  by a 
FILL c o m p o n e n t ,  and a p r e s s u r e  b o u n d a r y  c o n d i t i o n  of  1 . 0  b a r  a t  t h e  e x i t  of 
t h e  n o z z l e  was p r o v i d e d  by a BREAK c o m p o n e n t .  I n i t i a l l y ,  t h e r e  was no f l o w  i n  
t h e  t e s t  a p p a r a t u s  and t h e  p r e s s u r e  and t h e  t e m p e r a t u r e  c o n d i t i o n s  w e r e  p r o ­
v i d e d  f r o m  t h e  d a t a .  The i n i t i a l  c o n d i t i o n  f o r  f l u i d  t e m p e r a t u r e  i s  g i v e n  i n  
F i g u r e  2 . 3 . 2 .  I t  was f o u n d  t h a t  t h e  wa l l  f r i c t i o n  f a c t o r  o p t i o n s  d i d  n o t  a f ­
f e c t  t h e  l a r g e  d i a m e t e r  s y s t e m .  T h e r e f o r e ,  t h e  a n n u l a r  f r i c t i o n  f a c t o r  o p t i o n  
was u s e d .  No a d d i t i v e  f r i c t i o n  f a c t o r  was u s e d  i n  any c e l l .

The s i m u l a t i o n  was p e r f o r m e d  i n  two w a y s .  In t h e  f i r s t  c a l c u l a t i o n ,  t h e  
n o z z l e  was mo d e l e d  w i t h  t h e  4 0 - v o l u m e  PIPE d e s c r i b e d  a b o v e ,  and t h e  c o d e  was 
a l l o w e d  t o  c o mpu t e  n a t u r a l  c h o k i n g .  The c a l c u l a t i o n  t o o k  417 CPU s e c o n d s  f o r  
55 s e c o n d s  of  t r a n s i e n t  t i m e  i n  t h e  BNL CDC-7600 c o m p u t e r .  In t h e  s e c o n d  c a l ­
c u l a t i o n ,  t h e  n o z z l e  was mo de l e d  w i t h  a 2 e q u a l  vo l ume  PI PE,  and t h e  TRAC-PFl  
c h o k i n g  o p t i o n  a t  t h e  BREAK was u s e d .  T h i s  c a l c u l a t i o n  was f a s t e r  and t o o k  
o n l y  128 CPU s e c o n d s  f o r  55 s e c o n d s  of  t r a n s i e n t  i n  t h e  same c o m p u t e r .

T h i s  t e s t  was a l s o  s i m u l a t e d  w i t h  t h e  RELAP5/ M0D1/ (Cyc l e  14)  c o d e .  The 
n o d a l i z a t i o n  f o r  t h e  v e s s e l  and t h e  d i s c h a r g e  p i p e  was e x a c t l y  t h e  same a s  i n .  
t h e  TRAC-PFl  c a l c u l a t i o n ,  and i t  i n c l u d e d  a PI PE,  a SINGLE VOLUME, and a TIME 
DEPENDENT VOLUME. The n o z z l e  was mo d e l e d  w i t h  a s i n g l e  v o l u me ,  and t h e  RELAP5 
c h o k i n g  model  was a p p l i e d .  The c a l c u l a t i o n  t o o k  189 CPU s e c o n d s  f o r  60 s e c ­
onds  of  t r a n s i e n t  on t h e  BNL CDC-7600 c o m p u t e r .
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M A R V I K E N  C R I T I C A L  F L O W T E S T  
N O D A L I Z A T I O N  

V E S S E L  AND D I S C H A R G E  P I P E  

P I P E  C O M P O N E N T ,  4 0  C E L L S

2 8 . 7 1  m

X — — X

0.0  m

T O  S C A L E

F i g u r e  2 . 3 . 1  N o d a l i z a t i o n  f o r  M a r v i k e n  V e s s e l  and D i s c h a r g e  P i p e .
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F i g u r e  2 . 3 . 2  I n i t i a l  F l u i d  T e m p e r a t u r e  D i s t r i b u t i o n  f o r  Ma r v i k e n  
T e s t  No. 24 .
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2 . 3 . 3  Code P r e d i c t i o n  and C o mp a r i s o n  w i t h  Da t a

F i g u r e  2 . 3 . 3  shows t h e  c o m p a r i s o n  of  t h e  c o mp u t e d  b r e a k  mass  f l o w  r a t e s  
w i t h  t h e  d a t a .  TRAC-PFl  u n d e r p r e d i c t e d  t h e  b r e a k  mass  f l o w  r a t e  f o r  b o t h  
c a s e s .  However ,  t h e  f i r s t  c a s e  w i t h  t h e  4 0 - c e l l  n o z z l e  was  s l i g h t l y  b e t t e r  
t h a n  t h e  s e c o n d  c a s e  w i t h  t h e  t w o - c e l l  n o z z l e .  F i g u r e  2 . 3 . 4  shows a c o m p a r i ­
son  of  comput ed  v e s s e l  t o p  p r e s s u r e  w i t h  t h e  d a t a .  He r e  a g a i n ,  TRAC-PFl  u n ­
d e r p r e d i c t e d  t h e  p r e s s u r e  d u r i n g  t h e  s u b c o o l e d  blowdown s t a g e ,  and o v e r p r e ­
d i c t e d  t h e  same d u r i n g  t h e  s a t u r a t e d  blowdown s t a g e .  Howeve r ,  b o t h  c a l c u l a ­
t i o n s  a r e  s e l f - c o n s i s t e n t ,  i . e . ,  t h e  c a s e  w i t h  t h e  l o w e r  mass  f l o w  r a t e  p r e ­
d i c t i o n  comput ed  t h e  h i g h e r  p r e s s u r e .  On t h e  o t h e r  h a n d ,  t h e r e  i s  an anomal y  
be t we e n  t h e  comput ed  b r e a k  mass  f l o w  r a t e  and t h e  v e s s e l  t o p  p r e s s u r e ;  b o t h  
a r e  j j n d e r p r e d i c t e d  d u r i n g  t h e  s u b c o o l e d  blowdown p e r i o d .  F u r t h e r m o r e ,  b o t h  
c a l c u l a t i o n s  f a i l e d  t o  p r e d i c t  t h e  i n i t i a l  p r e s s u r e  u n d e r s h o o t  o b s e r v e d  i n  t h e  
e x p e r i m e n t .  T h i s  i n d i c a t e s  t h a t  TRAC-PFl  n e e d s  a f l a s h i n g  d e l a y  model  as  
p o i n t e d  o u t  i n  S e c t i o n  2 . 2 . 4 .

TRAC-PFl  u s e s  a t w o - f l u i d  f o r m u l a t i o n  f o r  t h e  PIPE c o m p o n e n t ,  a s  o p p o s e d  
t o  t h e  d r i f t - f l u x  f o r m u l a t i o n  u s e d  i n  TRAC-PD2.  T h e r e  h a v e  a l s o  b e e n  c h a n g e s  
i n  t h e  c o n s t i t u t i v e  r e l a t i o n s h i p s .  However ,  t h e  TRAC-PFl  p r e d i c t i o n  f o r  t h i s  
t e s t  d i d  n o t  i mpr ove  o v e r  t h e  p r e v i o u s  p r e d i c t i o n s  w i t h  TRAC-PD2 ( S e c t i o n  2 . 4  
of  Saha  e t  a l . ,  1 9 8 2 b ) .  TRAC-PFl  u n d e r p r e d i c t e d  t h e  b r e a k  f l o w  r a t e  by as  
much as  29% d u r i n g  t h e  s u b c o o l e d  blowdown p e r i o d  ( t  < 20 s e c o n d s ) ,  w h e r e a s  
TRAC-PD2 u n d e r p r e d i c t e d  t h e  same by no more t h a n  25%. The e r r o r  i n  t h e  
me a s u r e d  ( o r  e v a l u a t e d )  mass f l o w  r a t e  was n o t  more  t h a n  12%.

F i g u r e s  2 . 3 . 3  and 2 . 3 . 4  a l s o  show t h e  c o m p a r i s o n  of  RELAP5/M0D1 p r e d i c ­
t i o n s  w i t h  t h e  d a t a ,  and t h e  TRAC-PFl  c a l c u l a t i o n .  RELAP5/M0D1 a l s o  u n d e r p r e ­
d i c t e d  t h e  mass  f l o w  r a t e ,  b u t  i t s  p r e d i c t i o n  was c l o s e r  t o  t h e  d a t a  t h a n  t h a t  
of  TRAC-PFl .  The l a r g e s t  d i s c r e p a n c y  b e t we e n  t h e  RELAP5/M0D1 b r e a k  f l o w  r a t e  
and t h e  d a t a  was no more  t h a n  17%. RELAP5/M0D1 c a l c u l a t i o n  a l s o  showed t h e  
same anoma l ous  b e h a v i o r  be t we e n  t h e  v e s s e l  p r e s s u r e  and t h e  mass  f l o w  r a t e ,
b o t h  b e i n g  u n d e r p r e d i c t e d  i n  t h e  s u b c o o l e d  blowdown r e g i o n .  Howeve r ,  i t
s h o u l d  be n o t e d  t h a t  RELAP5/M0D1 p r e d i c t e d  a l o w e r  v e s s e l  t o p  p r e s s u r e  t h a n  
TRAC-PFl .  T h i s  i s  c o n s i s t e n t  w i t h  t h e  RELAP5/M0D1 b r e a k  f l o w  r a t e  b e i n g  l a r g ­
e r  t h a n  t h a t  of  TRAC-PFl  i n  t h e  s u b c o o l e d  blowdown p e r i o d .

2 . 3 . 4  F u r t h e r  A n a l y s i s  and D i s c u s s i o n

I t  i s  e v i d e n t  f r o m  F i g u r e s  2 . 3 . 3  and 2 . 3 . 4  t h a t  t h e  TRAC-PFl  c o d e  p r e ­
d i c t e d  d i f f e r e n t  mass f l o w  r a t e s  and v e s s e l  t o p  p r e s s u r e s  d e p e n d i n g  on t h e  
t y p e  of  m o d e l i n g  u s e d  f o r  t h e  n o z z l e .  As t h e s e  r e s u l t s  w e r e  b a s e d  on a com­
p l e t e  m o d e l i n g  of  t h e  t e s t  a p p a r a t u s ,  t h e  b r e a k  f l o w  r a t e s  w e r e  a f f e c t e d  by 
c o n d i t i o n s  i n s i d e  t h e  v e s s e l .  In o r d e r  t o  s t u d y  o n l y  t h e  c r i t i c a l  f l o w  model  
i n  t h e  s u b c o o l e d  blowdown p e r i o d ,  t h e  t e s t  n o z z l e  and a s m a l l  p a r t  of  t h e  d i s ­
c h a r g e  p i p e ,  wh e r e  t e m p e r a t u r e  and p r e s s u r e  w e r e  m e a s u r e d ,  w e r e  s i m u l a t e d .
The new s e t - u p  was mode l ed  w i t h  two BREAK and one  PIPE c o mp o n e n t s  f o r  TRAC- 
P F l .  The p r e s s u r e  and t e m p e r a t u r e  b o u n d a r y  c o n d i t i o n s  a t  t h e  i n l e t  we r e  s p e c ­
i f i e d  f r o m  t h e  d a t a .  The a t m o s p h e r i c  p r e s s u r e  was p r o v i d e d  a 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  e x i t  BREAK. The t e s t  s e c t i o n  was mo d e l e d  i n  two w a y s .  In
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NOZZLE 1 v x u r c s

— D -  d a t a  b r e a k  f l o w
  MFLOWJ 6000000 RELAP5 CY=14
  TRAC-PFl, ^ 0 CELL NOZZLE
----  TRAC-PFl, 2 CELL NOZZLE

TIME ISEC)

F i g u r e  2 . 3 . 3 C o mp a r i s o n  Be t ween  t h e  P r e d i c t e d  (TRAC-PFl  and 
RELAP5/M0D1) and t h e  Me a s u r e d  Br e a k  F l ow R a t e  f o r  
M a r v i k e n  T e s t  No. 24 .

"TT”

MflRVlKCN CRITICRL TlON TCST 2^ 
RCLflP5/M0Dl VCSSg/PIPC -10 VOLUMES 

NOZZLE 1 VOLUHES

□—  VESSEL TOP PRESSURE
  P 3010000 RELAP5/M0D1, CY=14
-- TRAC-PFl, AO CELL NOZZLE 
•—  TRAC-PFl, 2 CELL NOZZLE

F i g u r e  2 . 3 . 4  C o mp a r i s o n  Be t ween  t h e  P r e d i c t e d  (TRAC-PFl  and
RELAP5/M0D1) and t h e  Me a s u r e d  V e s s e l  Top P r e s s u r e  
f o r  M a r v i k e n  T e s t  No.  24 .
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t h e  f i r s t  a p p r o a c h ,  t h e  PIPE c o mpone n t  had 49 c e l l s  and t h e  l o w e r  40 c e l l s  
r e p r e s e n t e d  t h e  n o z z l e .  No c h o k i n g  model  was u s e d  f o r  t h i s  a p p r o a c h ;  i n s t e a d ,  
t h e  c o d e  was a l l o w e d  t o  c o mpu t e  a n a t u r a l  o r  s e l f - c h o k i n g  c o n d i t i o n .  In t h e  
s e c o n d  a p p r o a c h ,  t h e  PIPE c o mpone n t  had f o u r  c e l l s  and t h e  l o w e r  two c e l l s  
r e p r e s e n t e d  t h e  n o z z l e .  The c h o k i n g  model  of  TRAC-PFl  was u s e d .  T h i s  same 
s e t u p  was mode l ed  i n  RELAP5/M0D1 w i t h  two TIME DEPENDENT VOLUMES, two 
JUNCTIONS, and a PIPE c o mp o n e n t .  The  PIPE c o mpone n t  was mo d e l e d  w i t h  v a r i o u s  
c o m b i n a t i o n s  of  vo l umes  t o  s t u d y  t h e  e f f e c t  of  n o d a l i z a t i o n  on t h e  c r i t i c a l  
f l o w  m o d e l ,  and a l s o  t o  have  t h e  same n o d a l i z a t i o n  a s  TRAC-PFl  s i m u l a t i o n  f o r  
i n t e r c e d e  c o m p a r i s o n .

F i g u r e  2 . 3 . 5  shows a c o m p a r i s o n  of  e x p e r i m e n t a l  and p r e d i c t e d  b r e a k  f l o w  
r a t e s  f o r  TRAC-PFl  and RELAP5/M0D1 w i t h  t h e  same n o d a l i z a t i o n .  The f i r s t  
TRAC-PFl  c a l c u l a t i o n  w i t h  t h e  4 0 - c e l l  n o z z l e  and t h e  s e l f - c h o k i n g  o p t i o n ,  
u n d e r p r e d i c t e d  t h e  mass f l o w  r a t e  w h i c h  i s  c o n s i s t e n t  w i t h  t h e  e a r l i e r  f u l l  
t e s t  s i m u l a t i o n  shown i n  F i g u r e  2 . 3 . 3 .  Howeve r ,  t h e  s e c o n d  a p p r o a c h  w i t h  t h e  
2 - c e l l  n o z z l e  and t h e  TRAC-PFl  c h o k i n g  o p t i o n ,  y i e l d e d  b e t t e r  a g r e e m e n t  w i t h  
t h e  d a t a  t h a n  b o t h  t h e  f i r s t  a p p r o a c h  (49  c e l l )  of  t h e  TRAC-PFl  and RELAP5/  
MODI c a l c u l a t i o n .  In f a c t ,  RELAP5/M0D1 r e s u l t s  a r e  q u i t e  c l o s e  t o  t h e  s e l f  
c h o k i n g  c a s e  of  TRAC-PFl .  F i g u r e  2 . 3 . 6  shows  a c o m p a r i s o n  b e t w e e n  t h e  d a t a  
and t h e  p r e d i c t e d  p r e s s u r e  a t  76 mm a b o v e  t h e  n o z z l e  e x i t .  F o r  a l l  t h r e e  c a l ­
c u l a t i o n s ,  t h e  p r e d i c t e d  p r e s s u r e s  w e r e  h i g h e r  t h a n  t h e  d a t a  i n  t h e  s u b c o o l e d  
p a r t  of  t h e  t r a n s i e n t .  TRAC-PFl  and  RELAP5/M0D1 h a v e  s i m i l a r  c h o k e d  f l o w  
m o d e l s .  Bo t h  of  t hem a c c o u n t  f o r  a f l a s h i n g  d e l a y  i n  c o m p u t i n g  p r e s s u r e  n e a r  
t h e  choke d  p o i n t .  RELAP5 u s e s  t h e  A l a m a g i r - L i e n h a r d - J o n e s  ( J o n e s ,  1980)  model  
and TRAC-PFl  u s e s  a m o d i f i e d  B u r n e l l  model  ( B u r n e l l ,  1947 ;  Z a l o u d e k ,  1 9 6 3 ) .  
T h i s  e x p l a i n s  t h e  d i f f e r e n c e  i n  t h e  p r e d i c t e d  p r e s s u r e  n e a r  t h e  c h o k e  p o i n t .  
F i g u r e  2 . 3 . 7  shows a c o m p a r i s o n  of  p r e d i c t e d  v o i d  f r a c t i o n s  n e a r  t h e  e x i t .  As 
t h e  n o d a l i z a t i o n s  f o r  two TRAC c a l c u l a t i o n s  a r e  d i f f e r e n t ,  t h e  e x i t  v o i d  
f r a c t i o n s  a r e  n o t  e x a c t l y  a t  t h e  same l o c a t i o n  b u t  a r e  i n  t h e  l a s t  c e l l .  
RELAP5/M0D1 p r e d i c t e d  a v o i d  f r a c t i o n  l o w e r  by an o r d e r  of  m a g n i t u d e  t h a n  b o t h  
TRAC-PFl  c a l c u l a t i o n s .  The d i s c r e p a n c y  can  be  a t t r i b u t e d  t o  t h e  d i f f e r e n c e s  
b e t w e e n  t h e  f l a s h i n g  d e l a y  and v a p o r  g e n e r a t i o n  mo d e l s  i n  t h e  c o d e s .  T h e r e  i s  
a l s o  a d i f f e r e n c e  b e t we e n  t h e  t wo TRAC-PFl  c a l c u l a t i o n s .  The p r e d i c t e d  v o i d  
f r a c t i o n  i s  l a r g e r  f o r  t h e  4 9 - c e l l  s e l f  c h o k i n g  c a s e ,  and s o  t h e  f l u i d  i s  p r o ­
b a b l y  c l o s e r  t o  t h e  e q u i l i b r i u m  i n  t h i s  c a s e .  The a b o v e  s t u d y  a l s o  i n d i c a t e s  
t h a t  t h e  v a p o r  g e n e r a t i o n  model  i n  TRAC-PFl  i s  d e p e n d e n t  on n o d a l i z a t i o n .  I t  
s h o u l d  be n o t e d  t h a t  t h e  RELAP5/M0D1 c a l c u l a t i o n  had b e t t e r  a g r e e m e n t  w i t h  t h e  
d a t a  t h a n  o t h e r  TRAC-PFl  c a l c u l a t i o n s  f o r  f u l l  t e s t  s i m u l a t i o n s ,  and had w o r s t  
a g r e e m e n t  w i t h  t h e  d a t a  f o r  n o z z l e  s i m u l a t i o n s .  The r e a s o n  f o r  t h i s  d i s c r e ­
pa nc y  was p r o b a b l y  due  t o  t h e  d i f f e r e n c e s  i n  t h e  i n t e r f a c i a l  mass  and momentum 
t r a n s f e r  mode l s  i n  t h e s e  two c o d e s .  T h i s  phenomenon was more  e f f e c t i v e  when 
l a r g e  vo l umes  w i t h  two p h a s e  r e g i o n s  w e r e  s i m u l a t e d  f o r  t h e  f u l l  Ma r v i k e n  
t e s t .

The RELAP5/M0D1 c o d e  was a l s o  a p p l i e d  t o  t h e  same n o z z l e / d i s c h a r g e  p i p e  
w i t h  t h r e e  d i f f e r e n t  n o d a l i z a t i o n s ,  and t h e  r e s u l t s  f o r  b r e a k  f l o w , r a t e  a r e  
shown i n  F i g u r e  2 . 3 . 8 .  The b e s t  a g r e e m e n t  w i t h  t h e  d a t a  was o b t a i n e d  f o r  t h e  
c a s e  wh e r e  t h e  d i s c h a r g e  p i p e  was mo d e l e d  w i t h  a t h r e e - v o l u m e  p i p e ,  and t h e  
n o z z l e  was mode l ed  as  an a r e a  c h a n g e  j u n c t i o n .  However ,  when t h e  number  of
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v o l ume s  i n  t h e  d i s c h a r g e  p i p e  was i n c r e a s e d  t o  n i n e ,  t h e  c o d e  o v e r p r e d i c t e d  
t h e  b r e a k  f l o w  r a t e .  F o r  t h e  c a s e  w i t h  t wo vo l umes  e a c h  i n  t h e  d i s c h a r g e  p i p e  
and t h e  n o z z l e ,  t h e  c o d e  u n d e r p r e d i c t e d  t h e  b r e a k  f l o w  r a t e .  I t  s h o u l d  a l s o  
be  n o t e d  t h a t  i n  t h e i r  o r i g i n a l  c a l c u l a t i o n  f o r  t h i s  t e s t  INEL mo de l e d  t h e  
n o z z l e  a s  a z e r o  vo l ume a r e a  c h a n g e  and t h i s  i s  a l s o  t h e i r  r e c o m m e n d a t i o n .
The RELAP5/M0D1 r e s u l t s  a r e  c l e a r l y  v e r y  s e n s i t i v e  t o  t h e  n o d a l i z a t i o n  wh i c h  
s h o u l d  be  r e s o l v e d  by t h e  c o d e  d e v e l o p e r s .

The  f o l l o w i n g  o b s e r v a t i o n s  a r e  made f r o m  t h e  TRAC-PFl  and RELAP5/M0D1 
p r e d i c t i o n s  of  t h e  Ma r v i k e n  T e s t  24:

a )  N e i t h e r  TRAC-PFl  n o r  RELAP5/M0D1 p r e d i c t e d  t h e  p r e s s u r e  and mass  
f l o w  r a t e  u n d e r s h o o t  due  t o  l a c k  of  p r o p e r  f l a s h i n g  d e l a y  c o r r e l a ­
t i o n s  i n  t h e i r  v a p o r  g e n e r a t i o n  m o d e l s .  Howeve r ,  t h i s  i mp r o v e me n t  
a l o n e  may n o t  be s u f f i c i e n t  t o  a c h i e v e  b e t t e r  a g r e e m e n t  w i t h  t h e  
d a t a  f o r  t h e  e n t i r e  t r a n s i e n t .  The c o d e s  do h a v e  d i f f e r e n t  f l a s h i n g  
d e l a y  mo d e l s  f o r  c o m p u t i n g  t h e  c r i t i c a l  f l o w  r a t e ,  b u t  t h a t  d o e s  n o t  
a f f e c t  t h e  b u l k  v a p o r  g e n e r a t i o n  r a t e .

b)  Two a p p r o a c h e s  t o  m o d e l i n g  t h e  c r i t i c a l  f l o w  r a t e  w i t h  TRAC-PFl  w e r e  
t e s t e d .  Bo t h  p r o d u c e d  r e a s o n a b l e  p r e d i c t i o n s ,  b u t  t h e  n a t u r a l  c h o k ­
i n g  o p t i o n  ( w i t h  a 4 0 - c e l l  n o z z l e )  p r o d u c e d  s l i g h t l y  b e t t e r  r e s u l t s  
f o r  t h e  mass  f l o w  r a t e  f o r  t h e  f u l l  t e s t  p r e d i c t i o n .  The  l a r g e s t  
e r r o r  h e r e  was c o m p a r a b l e  t o  t h e  l a r g e s t  e r r o r  i n  t h e  e a r l i e r  TRAC- 
PD2 c a l c u l a t i o n  o f  t h i s  t e s t  ( -25% i n  t h e  s u b c o o l e d  blowdown 
s t a g e ) .

c )  The c h o k i n g  model  i n  TRAC-PFl  p r o d u c e d  b e t t e r  a g r e e m e n t  w i t h  t h e  
mass  f l o w  r a t e  and  p r e s s u r e  d a t a  t h a n  t h e  n a t u r a l  c h o k i n g  o r  RELAP5
c a l c u l a t i o n  when o n l y  t h e  n o z z l e  p a r t  of  t h e  t e s t  was s i m u l a t e d .
T h i s  i s  a b e t t e r  t e s t  of  t h e  c o d e ' s  a b i l i t y  t o  p r e d i c t  t h e  c r i t i c a l  
f l o w ,  and t h e  TRAC-PFl  c h o k i n g  model  a p p e a r s  t o  be  s u p e r i o r  t o  t h a t  
of  t h e  RELAP5/M0D1 c o d e .

d)  In t h e  RELAP5/M0D1 s i m u l a t i o n  of  t h e  n o z z l e ,  t h e  c a l c u l a t i o n  had a
s t r o n g  d e p e n d e n c e  on n o d a l i z a t i o n .  T h i s  s h o u l d  be  r e s o l v e d  by t h e
co d e  d e v e l o p e r s  t h r o u g h  u s e r  g u i d e l i n e s .  S i n c e  t h e  n o z z l e  s e c t i o n
ha s  a f i n i t e  v o l u me ,  we b e l i e v e  t h a t  i t  s h o u l d  be  e x p l i c i t l y  mod­
e l e d .  T h i s  i s  c o n t r a r y  t o  t h e  c o d e  d e v e l o p e r ' s  r e c o m m e n d a t i o n  of  
t r e a t i n g  t h e  n o z z l e  a s  a z e r o - v o l u m e  a r e a  c h a n g e .

2 . 3 . 5  User  E x p e r i e n c e

No d i f f i c u l t y  was e n c o u n t e r e d  i n  r u n n i n g  e i t h e r  t h e  TRAC-PFl  o r  RELAP5/ 
MODI c o d e  f o r  Ma r v i k e n  T e s t  No. 2 4 .  Use of  c o a r s e  n o d i n g  a t  t h e  n o z z l e  w i t h
t h e  c h o k i n g  o p t i o n  d i d  r e d u c e  t h e  c o m p u t e r  r u n n i n g  t i m e .  The r u n  t i m e  s t a t i s ­
t i c s  f o r  t h e  b a s e  c a l c u l a t i o n s  p r e s e n t e d  i n  S e c t i o n  2 . 3 . 3  a r e  shown i n  T a b l e
2 . 3 . 1 .
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T a b l e  2 . 3 . 1  Comput e r  Time S t a t i s t i c s  f o r  Ma r v i k e n  T e s t  No. 24 S i m u l a t i o n
Co mpu t e r :  BNL CDC-7600

C a l c u l a t i o n

I t e m

TRAC-PFl RELAP5/M0D1

W i t h o u t
Ch ok i ng
O p t i o n

Wi t h
Chok i ng
O p t i o n

Wi t h
Ch ok i ng
O p t i o n

No. of  Cel  1s 80 42 41

P r o b l e m  Time ( s ) 55 55 60

No. of  Time S t e p s 2114 1202 6034

CPU Time ( s ) 419 128 189

C P U - t o - P r o b l e m  Time 7 . 6 2 2 . 3 3 3 . 1 5

CPU ( s ) / C e l 1 / Ti me  S t e p 2 . 5  X 10-3 2 . 5  X 10-3 0 . 7 6  X 10-3
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2 .4  Summary and C o n c lu s io n s

Bo t h  TRAC-PFl  ( V e r s i o n  7 . 0 )  and RELAP5/M0D1 ( C y c l e  14)  w e r e  a p p l i e d  t o  
s e v e r a l  c r i t i c a l  f l o w  t e s t s  c o n d u c t e d  i n  Moby-Dick n i t r o g e n - w a t e r ,  BNL 
f l a s h i n g ,  and Ma r v i k e n  c r i t i c a l  f l o w  t e s t  f a c i l i t i e s .  Wi th t h e  e x c e p t i o n  of  
RELAP5/M0D1 s i m u l a t i o n  of  Moby-Dick n i t r o g e n - w a t e r  t e s t s ,  a l l  c a l c u l a t i o n s  
p r o v i d e d  u s e f u l  r e s u l t s  as  p r e s e n t e d  i n  S e c t i o n s  2 . 1  t h r o u g h  2 . 3 .  From t h e s e  
r e s u l t s  t h e  f o l l o w i n g  c o n c l u s i o n s  can be d r a wn :

1.  F o r  t h e  t w o - c o m p o n e n t ,  t w o - p h a s e  c r i t i c a l  f l o w  w i t h o u t  p h a s e  c h a n g e ,  
TRAC-PFl  c a n  be  e x p e c t e d  t o  p r o d u c e  s t a b l e  r e s u l t s  f o r  a l l  v o i d  
f r a c t i o n s ,  wh i c h  i s  an i mp r o v e me n t  o v e r  t h e  TRAC-PIA c o d e .  Howeve r ,  
t h e  r e s u l t s  a r e  s e n s i t i v e  t o  t h e  f r i c t i o n  f a c t o r  o p t i o n  s e l e c t e d  f o r  
c a l c u l a t i o n .  The homogeneous  f r i c t i o n  f a c t o r  o p t i o n  o v e r p r e d i c t s  
t h e  mass  f l o w  r a t e  by - 1 5  t o  22%, w h e r e a s  t h e  a n n u l a r  f r i c t i o n  
f a c t o r  o p t i o n  u n d e r p r e d i c t s  t h e  same by - 5  t o  12%. I t  i s  r e c o m­
mended t h a t  t h e  same s i n g l e - p h a s e  f r i c t i o n  f a c t o r  be  u s e d  f o r  b o t h  
t h e  homogeneous  (NFF=1) and t h e  a n n u l a r  (NFF=2) f l o w  f r i c t i o n  f a c t o r  
o p t i o n s .

2 .  F o r  t h e  s i n g l e - c o m p o n e n t  ( i . e . ,  w a t e r )  t w o - p h a s e  f l o w  w i t h  p h a s e  
c h a n g e ,  b o t h  TRAC-PFl  and RELAP5/M0D1 may s i g n i f i c a n t l y  u n d e r p r e d i c t  
t h e  s u b c o o l e d  c r i t i c a l  f l o w  r a t e  by as  much as  25%, as  shown i n  t h e  
BNL f l a s h i n g  t e s t  s i m u l a t i o n s .  An a c c u r a t e  f l a s h i n g  d e l a y  model  
s eems  t o  be  a n e c e s s a r y  ( a l t h o u g h  n o t  s u f f i c i e n t )  c o n d i t i o n  f o r  
a c h i e v i n g  b e t t e r  a g r e e m e n t  w i t h  t h e  s u b c o o l e d  c r i t i c a l  f l o w  d a t a .  
S i m u l a t i o n  of  Ma r v i k e n  T e s t  No. 24 a l s o  s u p p o r t s  t h i s  c o n c l u s i o n .

3 .  The c h o k i n g  o p t i o n  of  TRAC-PFl  s eems  t o  be r e a s o n a b l e  f o r  s u b c o o l e d  
c r i t i c a l  f l o w  t h r o u g h  s h o r t  n o z z l e s  i f  " c o r r e c t "  u p s t r e a m  b o u n d a r y  
c o n d i t i o n s  a r e  p r o v i d e d .  F o r  t h e  RELAP5/M0D1 c h o k i n g  m o d e l ,  i t  
s eems  t h a t  t h e  s h o r t  n o z z l e s  h a v e  t o  be  t r e a t e d  as  z e r o - v o l u m e  a r e a  
c h a n g e s  t o  o b t a i n  good a g r e e m e n t  w i t h  d a t a ,  e v e n  t h o u g h  t h i s  c o n t r a ­
d i c t s  t h e  r e a l i t y .  A l s o ,  t h e  RELAP5/M0D1 c h o k i n g  model  s eems  t o  be 
s e n s i t i v e  t o  n o d a l i z a t i o n .  (Such a n o d a l i z a t i o n  s t u d y  was n o t  p e r ­
f o r m e d  f o r  t h e  TRAC-PFl  c h o k i n g  m o d e l . )
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3.  SIMULATION OF LEVEL SWELL EXPERIMENT

The GE l a r g e - v e s s e l  blowdown T e s t  No. 5 8 0 1 - 1 5  ( F i n d l a y ,  1981)  was s i m u ­
l a t e d  w i t h  b o t h  t h e  TRAC-PFl  ( V e r s i o n  7 . 0 )  and t h e  RELAP5/M0D1 ( C y c l e  14) 
c o d e s .  The p u r p o s e  of  t h i s  e x p e r i m e n t  was t o  s t u d y  blowdown f r o m  t h e  t o p  of  a 
l a r g e  v e s s e l  p a r t i a l l y  f i l l e d  w i t h  s a t u r a t e d  w a t e r  and t h e  l e v e l  s w e l l  c a u s e d
by t h e  r a p i d  d e p r e s s u r i z a t i o n  due  t o  b l owdown.  T h e s e  p h e n o me n a ,  i . e . ,  t o p
blowdown and l e v e l  s w e l l ,  a r e  i m p o r t a n t  f o r  LOCA and s t e a m  l i n e  b r e a k  a n a l y ­
s i s .  A l s o ,  t h e  w a t e r  l e v e l  i n  a BWR and i n  t h e  s t e a m  g e n e r a t o r  s e c o n d a r y  s i d e  
of  a PWR a f f e c t s  t h e  f u n c t i o n  of  t h e  p l a n t  c o n t r o l  s y s t e m ,  and t h u s  g o v e r n s  
t h e  c o u r s e  of  many o p e r a t i o n a l  t r a n s i e n t s .

3 . 1  GE L a r g e  V e s s e l  T e s t

3 . 1 . 1  T e s t  D e s c r i p t i o n

As shown i n  F i g u r e  3 . 1 . 1 ,  t h e  t e s t  f a c i l i t y  c o n s i s t e d  of  a c a r b o n  s t e e l  
p r e s s u r e  v e s s e l  o f  4 . 5  m̂  (160 f t ^ )  v o l u me ,  1 . 1 9  m ( 47  i n . )  i n s i d e  d i a m e t e r  
and 4 . 3  m (14 f t )  h e i g h t .  The v e s s e l  was f i t t e d  w i t h  a blowdown l i n e  and a 
d i p  t u b e  of  0 . 2 5 4  m ( 10  i n . )  d i a m e t e r  f o r  t o p  blowdown t e s t s .  The e n t r a n c e  t o  
t h e  d i p  t u b e  was a t  3 . 2  m ( 1 0 . 5  f t )  e l e v a t i o n  f r o m  t h e  b o t t o m  of  t h e  p r e s s u r e  
v e s s e l .  The blowdown f l o w  r a t e  and d e p r e s s u r i z a t i o n  r a t e  w e r e  v a r i e d  by 
mo u n t i n g  d i f f e r e n t  s i z e d  f l o w  l i m i t i n g  v e n t u r i  n o z z l e s  i n  t h e  h o r i z o n t a l  p o r ­
t i o n  of  t h e  blowdown l i n e .  The t e s t s  w e r e  i n i t i a t e d  by r u p t u r i n g  t h e  d i s c  a s ­
se mbl y  a t  t h e  end of  t h e  v e n t u r i  n o z z l e .

The  e x p e r i m e n t  s i m u l a t e d  a t  BNL, i . e . .  T e s t  No. 5 8 0 1 - 1 5 ,  was a t o p  b l o w ­
down t e s t .  The t h r o a t  i n s i d e  d i a m e t e r  of  t h e  v e n t u r i  n o z z l e  f o r  t h i s  t e s t  was
0 . 0 6 3 5  m ( 2 . 5  i n . ) ,  and t h e  v e s s e l  was  i n i t i a l l y  f i l l e d  w i t h  s a t u r a t e d  w a t e r  
up t o  1 . 6 8  m ( 5 . 5  f t )  e l e v a t i o n  a t  a p r e s s u r e  of  7 3 . 1  b a r  ( 1060  p s i a ) .  The 
v e s s e l  p r e s s u r e  and a x i a l  v o i d  f r a c t i o n  d i s t r i b u t i o n  we r e  m e a s u r e d  d u r i n g  t h e  
t r a n s i e n t .

3 . 1 . 2  I n p u t  Mode l s

The b a s e  n o d a l i z a t i o n s  u s e d  f o r  TRAC-PFl  and RELAP5/M0D1 c a l c u l a t i o n s  a r e  
shown i n  F i g u r e  3 . 1 . 2  a l o n g  w i t h  a s c h e m a t i c  o f  t h e  t e s t  a p p a r a t u s .  F o r  TRAC- 
P F l ,  t h e  p r e s s u r e  v e s s e l  and t h e  v e r t i c a l  d i p  t u b e  l e a d i n g  t o  t h e  v e n t u r i  n o z ­
z l e  w e r e  mo d e l e d  by a TEE c o mp o n e n t .  The  7 - v o l u me  p r i m a r y  p i p e  of  t h e  TEE r e ­
p r e s e n t e d  t h e  v e s s e l ,  w h e r e a s  t h e  s e c o n d a r y  p i p e  w i t h  f o u r  vo l umes  mode l ed  t h e  
d i p  t u b e .  The v e s s e l  c r o s s - s e c t i o n a l  a r e a  was a p p r o p r i a t e l y  r e d u c e d  t o  t a k e  
i n t o  a c c o u n t  t h e  p r e s e n c e  of  t h e  d i p  t u b e  i n s i d e  t h e  v e s s e l .  A 3 - v o l u me  PIPE 
c ompone n t  r e p r e s e n t e d  t h e  c o n v e r g i n g  s t r a i g h t  and d i v e r g i n g  s e c t i o n s  of  t h e  
v e n t u r i  n o z z l e .  Two z e r o - v e l o c i t y  FILL c o mp o n e n t s  and one  BREAK compone n t  
wh e r e  t h e  a t m o s p h e r i c  p r e s s u r e  was s p e c i f i e d ,  c o m p l e t e d  t h e  TRAC m o d e l .  Chok­
i n g  o p t i o n  was a p p l i e d  a t  t h e  v e n t u r i  n o z z l e .

The RELAP5/M0D1 model  was p r a c t i c a l l y  t h e  same a s  t h e  TRAC-PFl  m o d e l .
The p r e s s u r e  v e s s e l  was r e p r e s e n t e d  w i t h  a 5 - v o l u me  P I P E ,  a BRANCH and a o n e -  
vo l ume  PIPE i n  s e r i e s .  The d i p  t u b e  was  mode l e d  w i t h  a f o u r - v o l u m e  p i p e  c o n ­
n e c t i n g  t h e  BRANCH and t h e  v e n t u r i  n o z z l e  r e p r e s e n t e d  by a t h r e e - v o l u m e  PI PE.
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A t i m e - d e p e n d e n t  volume (TMDPVOL) w i t h  a t m o s p h e r i c  p r e s s u r e  c o m p l e t e d  t h e  
mo d e l .  The RELAP5/M0D1 c h o k i n g  o p t i o n  was a p p l i e d  a t  t h e  n o z z l e .

To s t u d y  t h e  e f f e c t  of  noda l  i z a t i o n ,  b o t h  t h e  TRAC and RELAP5 
c a l c u l a t i o n s  we r e  r e p e a t e d  w i t h  d i f f e r e n t  n o d a l i z a t i o n s  ( e . g . ,  2 1 - v o l u me  
v e s s e l  w i t h  2 - v o l u me  n o z z l e ,  7 - v o l u me  v e s s e l  w i t h  2 - v o l u me  n o z z l e ,  7 - v o l u me  
v e s s e l  w i t h  6 - v o l u me  n o z z l e ,  e t c . ) .  In a d d i t i o n ,  a RELAP5/M0D1 c a l c u l a t i o n  
was run whe r e  t h e  n o z z l e  was r e p r e s e n t e d  w i t h  a j u n c t i o n  o n l y  as  r ecommended 
by t h e  c ode  d e v e l o p e r s .  The j u n c t i o n  had t h e  n o z z l e  t h r o a t  a r e a .

3 . 1 . 3  Code P r e d i c t i o n s  and Co mp a r i s o n  w i t h  Dat a

Only t h e  b a s e  c a s e  r e s u l t s  w i t h  s e v e n  vo l umes  i n  t h e  v e s s e l  and  t h r e e  
vo l umes  i n  t h e  n o z z l e  a r e  d i s c u s s e d  i n  t h i s  s e c t i o n .  As shown i n  F i g u r e
3 . 1 . 3 ,  t h e  v e s s e l  p r e s s u r e  c a l c u l a t e d  by t h e  TRAC-PFl  c o d e  a g r e e d  c l o s e l y  w i t h  
t h e  d a t a  e x c e p t  f o r  t h e  i n i t i a l  two s e c o n d s ,  w h i l e  t h e  a g r e e m e n t  b e t we e n  t h e  
compu t ed  and t h e  me a s u r e d  v e s s e l  p r e s s u r e  was n o t  a s  good f o r  RELAP5/M0D1.  
N e i t h e r  c a l c u l a t i o n  showed a s l i g h t  d i p  i n  p r e s s u r e  b e f o r e  a s t e a d y  d e c l i n e  
o c c u r r e d  b e c a u s e  n e i t h e r  code  i n c l u d e s  a f l a s h i n g  d e l a y  model  f o r  b u l k  f l o w .

F i g u r e  3 . 1 . 4  shows t h e  p r e d i c t e d  a x i a l  v o i d  f r a c t i o n  d i s t r i b u t i o n s  a l o n g  
w i t h  t h e  d a t a  a t  v a r i o u s  t i m e s  d u r i n g  t h e  t r a n s i e n t .  The v o i d  f r a c t i o n s  c a l c u ­
l a t e d  by TRAC-PFl  we r e  g e n e r a l l y  h i g h e r ,  and t h e  c a l c u l a t e d  l e v e l  s w e l l  r a t e  
was f a s t e r  t h a n  t h e  d a t a .  On t h e  o t h e r  h a n d ,  t h e  v o i d  f r a c t i o n s  c a l c u l a t e d  by 
RELAP5/M0D1,  a l t h o u g h  r e l a t i v e l y  c l o s e  t o  t h e  d a t a ,  showed an i r r e g u l a r  a x i a l  
d i s t r i b u t i o n .

The h i g h e r  v o i d  f r a c t i o n s  and t h e  f a s t e r  l e v e l  s w e l l  r a t e  c a l c u l a t e d  by 
TRAC-PFl  we r e  b e l i e v e d  t o  be c a u s e d  by a h i g h  i n t e r f a c i a l  s h e a r .  High i n t e r ­
f a c i a l  s h e a r  r e d u c e s  t h e  b u b b l e  r i s e  v e l o c i t y  and r e t a i n s  t h e  b u b b l e s  l o n g e r  
i n  t h e  w a t e r ,  t h u s  s w e l l i n g  t h e  w a t e r  l e v e l  a t  a f a s t e r  r a t e .  L i k e w i s e ,  an 
i m p r o p e r  i n t e r f a c i a l  s h e a r  p a c k a g e  i s  p r o b a b l y  r e s p o n s i b l e  f o r  t h e  i r r e g u l a r  
a x i a l  vo i d  f r a c t i o n  p r o f i l e s  p r e d i c t e d  by t h e  RELAP5/M0ni  c o d e .

F i g u r e  3 . 1 . 5  shows  t h e  t o t a l  b r e a k  f l o w  i n t e g r a t e d  o v e r  t i m e  p l o t t e d  w i t h  
r e s p e c t  t o  t i m e .  The d a t a  f o r  t h e  b r e a k  f l o w  r a t e  w e r e  n o t  d i r e c t l y  a v a i l ­
a b l e ,  b u t  w e r e  e s t i m a t e d  f r o m  t h e  d a t a  on v o i d  f r a c t i o n  d i s t r i b u t i o n .  TRAC- 
P F l ,  w h i l e  a d e q u a t e l y  p r e d i c t i n g  t h e  v e s s e l  p r e s s u r e ,  o v e r p r e d i c t e d  t h e  d a t a  
f o r  t h e  i n t e g r a t e d  b r e a k  f l o w  r a t e .  T h i s  a p p e a r s  t o  i n d i c a t e  t h a t  t h e  f l a s h ­
i n g  o r  v a p o r  g e n e r a t i o n  r a t e  d u r i n g  d e p r e s s u r i z a t i o n  i s  t o o  h i g h  i n  TRAC-PFl .  
T h i s  seems c o n s i s t e n t  w i t h  t h e  h i g h e r  TRAC-PFl  v o i d  f r a c t i o n  p r e d i c t i o n  wh i c h  
c r e a t e s  more i n t e r f a c i a l  a r e a  f o r  l a r g e r  v a p o r  g e n e r a t i o n  r a t e .  In c o n t r a s t ,  
RELAP5/M0D1 shows t h e  o p p o s i t e  t r e n d .  I t  u n d e r p r e d i c t s  t h e  p r e s s u r e  w h i l e  
s howi ng  good a g r e e m e n t  w i t h  t h e  d a t a  f o r  t h e  i n t e g r a t e d  b r e a k  f l o w  r a t e ,  i n d i ­
c a t i n g  a l o w e r  f l a s h i n g  r a t e .  Note  t h a t  t h e  RELAP5/M0D1 v o i d  f r a c t i o n s  be l ow 
t h e  m i x t u r e  l e v e l  a r e  i n d e e d  l o w e r  t h a n  t h o s e  f o r  TRAC-PFl .  Th u s ,  t h e r e  s eems  
t o  be a c o n s i s t e n c y  be t we e n  t h e  v o i d  f r a c t i o n  and t h e  v a p o r  g e n e r a t i o n  r a t e  
f o r  b o t h  c o d e s .
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F i g u r e  3 . 1 . 3  Co mp a r i s o n  Be t ween  t h e  P r e d i c t e d  (TRAC-PFl  and 
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G . E .  LARGE VESSEL BLOWDOWN TEST
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F i g u r e  3 . 1 . 4  Comp a r i s o n  Bet ween t h e  P r e d i c t e d  (TRAC-PFl  and RELAP5/M0D1) 
and Me a s u r e d  A x i a l  Void F r a c t i o n s  a t  V a r i o u s  T i m e s .
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3 . 1 . 4  F u r t h e r  A n a l y s i s  and  D i s c u s s i o n

As m e n t i o n e d  i n  S e c t i o n  3 . 1 . 2 ,  c a l c u l a t i o n s  w e r e  p e r f o r m e d  w i t h  d i f f e r e n t  
n o d a l i z a t i o n s .  Fo r  b o t h  TRAC-PFl  and  RELAP5/M0D1,  t h e  new r e s u l t s  we r e  v e r y  
c l o s e  t o  t h e  b a s e  r e s u l t s  shown i n  F i g u r e s  3 . 1 . 3  t h r o u g h  3 . 1 . 5 .  Onl y  t h e  
RELAP5/M0D1 c a l c u l a t i o n s  w i t h  a z e r o  vo l ume n o z z l e  showed some d i f f e r e n c e .
T h i s  i s  shown i n  F i g u r e s  3 . 1 . 6  and  3 . 1 . 7 .  Howeve r ,  n o t e  t h a t  a l l  RELAP5/M0D1 
c a l c u l a t i o n s  i n c l u d i n g  t h e  one  w i t h  t h e  z e r o  vol ume n o z z l e  showed an i r r e g u l a r  
a x i a l  v o i d  f r a c t i o n  p r o f i l e  and  s i g n i f i c a n t l y  u n d e r p r e d i c t e d  t h e  v e s s e l  p r e s ­
s u r e .  T h e r e f o r e ,  i t  c a n  be c o n c l u d e d  t h a t  t h e  RELAP5/M0D1 i n t e r f a c i a l  s h e a r  
( o r  d r a g )  p a c k a g e  n e e d s  i m p r o v e m e n t .  I t  i s  o u r  u n d e r s t a n d i n g  t h a t  t h e  s h e a r  
p a c k a g e  has  been  s i g n i f i c a n t l y  r e v i s e d  f o r  t h e  newer  v e r s i o n  of  RELAP5, i . e . ,  
RELAP5/M0D2.

TRAC-PFl  a l s o  n e e d s  i mp r o v e me n t  i n  t h e  i n t e r f a c i a l  s h e a r  p a c k a g e  s i n c e  i t  
t e n d s  t o  o v e r p r e d i c t  t h e  v o i d  f r a c t i o n  and t h e  l e v e l  s w e l l  r a t e .  A l s o ,  t h e  
TRAC-PFl  r e s u l t s  o b t a i n e d  f o r  t h e  GE l a r g e  v e s s e l  t e s t  w e r e  v e r y  s i m i l a r  t o  
t h o s e  o b t a i n e d  f o r  t h e  B a t t e l  1 e - F r a n k f u r t  t o p  blowdown t e s t  w i t h  TRAC-PD2 
( S e c t i o n  2 . 5  o f  Saha  e t  a l . ,  1 9 8 2 b ) .  T h e r e f o r e ,  i t  can  be  c o n c l u d e d  t h a t
c h a n g e s  made t o  t h e  TRAC-PD2 c o d e  d i d  n o t  s i g n i f i c a n t l y  i mp r o v e  t h e  p r e d i c ­
t i o n s  of  t h e  l e v e l  s w e l l  t e s t s .

3 . 1 . 5  Use r  E x p e r i e n c e

T h e r e  was no d i f f i c u l t y  i n  r u n n i n g  e i t h e r  t h e  TRAC-PFl  o r  t h e  RELAP5/M0D1 
c o d e  f o r  t h e  GE l a r g e - v e s s e l  t o p  blowdown t e s t .  The b a s e  n o d a l i z a t i o n  w i t h  a
7 - v o l u me  v e s s e l  and a 3 - v o l u m e  n o z z l e  was f o u n d  t o  be a d e q u a t e  f o r  b o t h  TRAC-
PFl  and  RELAP5/M0D1 c a l c u l a t i o n s .  From t h e  a c c u r a c y  v i e w p o i n t ,  i t  was n o t  
n e c e s s a r y  t o  t r e a t  t h e  n o z z l e  a s  a z e r o - v o l u m e  j u n c t i o n  as  s u g g e s t e d  by t h e  
RELAP5 code  d e v e l o p e r s ,  a l t h o u g h ,  t h i s  d o e s  i mp r o v e  t h e  c o m p u t e r  r u n n i n g  t i m e .  
The r un  t i m e  s t a t i s t i c s  f o r  b o t h  TRAC-PFl  and RELAP5/M0D1 c a l c u l a t i o n s  f o r  
t h i s  t e s t  a r e  g i v e n  i n  T a b l e  3 . 1 . 1 .

3 . 2  Summary and C o n c l u s i o n s

Bot h  t h e  TRAC-PFl  ( V e r s i o n  7 . 0 )  and t h e  RELAP5/M0D1 ( C y c l e  14)  c o d e  w e r e  
a s s e s s e d  u s i n g  t h e  GE l a r g e  v e s s e l  T e s t  No. 5 8 0 1 - 1 5 .  N e i t h e r  c o d e  e x p e r i e n c e d  
any p a r t i c u l a r  d i f f i c u l t y  i n  c a l c u l a t i n g  t h e  t e s t .  From t h e  r e s u l t s  p r e s e n t e d  
i n  S e c t i o n s  3 . 1 . 3  and 3 . 1 . 4 ,  t h e  f o l l o w i n g  c o n c l u s i o n s  ca n  be  dr awn:

1 .  Bo t h  t h e  TRAC-PFl  and t h e  RELAP5/M0D1 c o d e  n e e d  a more a c c u r a t e  
f l a s h i n g  d e l a y  model  f o r  t h e  b u l k  o r  p i p e  f l o w .  The p r e s e n t  d e l a y  
mo d e l s  i n  t h e  c h o k e d  f l o w  f o r m u l a t i o n  c a n n o t  p r e d i c t  t h e  e a r l y  p r e s ­
s u r e  u n d e r s h o o t  o b s e r v e d  i n  t h e  e x p e r i m e n t .  T h i s  u n d e r s h o o t  and  t h e  
c o r r e s p o n d i n g  l i q u i d  s u p e r h e a t  c o u l d  be  i m p o r t a n t  i n  d e t e r m i n i n g  t h e  
v a p o r  g e n e r a t i o n  r a t e  l a t e r  i n  t h e  t r a n s i e n t .

2 .  TRAC-PFl  t e n d s  t o  o v e r p r e d i c t  t h e  v o i d  f r a c t i o n  b e l o w t h e  m i x t u r e  
l e v e l  and t h e  l e v e l  s w e l l .  I t  a l s o  o v e r p r e d i c t s  t h e  b r e a k  f l o w  r a t e  
(by as  much a s  20%) ,  a l t h o u g h  t h e  p r e s s u r e  p r e d i c t i o n  a g r e e s  q u i t e  
w e l l  w i t h  t h e  d a t a .  A h i g h  i n t e r f a c i a l  s h e a r  i n  t h e  TRAC-PFl  c ode  
i s  b e l i e v e d  t o  be  p a r t i a l l y  r e s p o n s i b l e  f o r  h i g h e r  v o i d  f r a c t i o n  and 
h i g h e r  l e v e l  s w e l l  r a t e .

-  40 -



6 0 0

5 0 0 -

GE LARGE VESSEL BLOWDOWN TEST
TOTAL BREAKFLOW

 ̂  ̂ -̂---------------

X TEST (ESTIMATED)
 TRAC -  PF I
 R E L A P 5_ 4 0 0 h

w 3 0 0  
t r
QQ

<  
I—
o

200

1 0 0

0
0

±
10

TIME,  sec
15 20

F i g u r e  3 . 1 . 5  Co mp a r i s o n  Be t ween  t h e  P r e d i c t e d  (TRAC-PFl  and RELAP5/M0D1) 
and E s t i m a t e d  T o t a l  Br e a k  Fl ow.
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F i g u r e  3 . 1 . 6  Compa r i s on  o f  V a r i o u s  RELAP5/M0D1 P r e d i c t i o n s  o f  
V e s s e l  P r e s s u r e  Wi t h  t h e  Me a s u r e d  D a t a .
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F i g u r e  3 . 1 . 7  Co mp a r i s o n  o f  V a r i o u s  RELAP5/M0D1 P r e d i c t i o n s  o f  A x i a l  
Voi d  D i s t r i b u t i o n  Wi t h  E x p e r i m e n t a l  Da t a  a t  
D i f f e r e n t  T i me s .
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RELAP5/M0D1 p r e d i c t i o n s  f o r  a v e r a g e  v o i d  f r a c t i o n ,  l e v e l  s w e l l  r a t e ,  
and b r e a k  f l o w  r a t e  seem r e a s o n a b l e .  However ,  t h e  c o d e  u n d e r p r e -  
d i c t s  t h e  v e s s e l  p r e s s u r e  and p r o d u c e s  an i r r e g u l a r  a x i a l  v o i d  f r a c ­
t i o n  p r o f i l e .  I t  s eems  t h a t  t h e  i n t e r f a c i a l  s h e a r  p a c k a g e  of 
RELAP5/M0D1 n e e d s  r e e x a m i n a t i o n  and i m p r o v e m e n t .

The b a s e  n o d a l i z a t i o n  as  shown i n  F i g u r e  3 . 1 . 2  s eems  t o  be  a d e q u a t e  
f o r  c a l c u l a t i o n  of  t h e  l e v e l - s w e l 1 - t y p e  phe nome non .  A l s o ,  t h e r e  
seems t o  be  no n e e d  of  r e p r e s e n t i n g  t h e  d i s c h a r g e  n o z z l e  w i t h  a z e r o  
vol ume j u n c t i o n  f o r  t h e  RELAP5/M0D1 c a l c u l a t i o n ,  a s  s u g g e s t e d  by t h e  
RELAP5 c o d e  d e v e l o p e r s .

T a b l e  3 . 1 . 1  Comput e r  Run Time S t a t i s t i c s  f o r  GE L a r g e  Ve s s e l
T e s t  No.  5 8 0 1 - 1 5

Co mp u t e r :  BNL CDC-7600

C a l c u l a t i o n TRAC-PFl RELAP5/M0D1

I t em
3-Vol ume 

No z z l e
3-Vol ume 

N o z z l e
Ze r o - Vo l ume  

No z z l e

No. of  C e l l s 14 14 11

P r o b l e m  Time ( s ) 20 20 20

No. of  Time S t e p s 236 28814 7798

CPU Time ( s ) 21 400 115

C P U - t o - P r o b l e m  Time 1 . 0 5 20 5 . 7 5

CPU ( s ) / C e l l / T i m e  S t e p 6 . 3 x 1 0 - 3 0 . 9 9 x 1 0 - 3 1 . 3 4 x 1 0 - 3
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4 .  SIMULATION OF COUNTERCURRENT FLOW LIMITATION (CCFL) EXPERIMENTS

C o u n t e r c u r r e n t  f l o w  l i m i t a t i o n  (CCFL) o r  " f l o o d i n g "  i s  an i m p o r t a n t  p h e ­
nomenon f o r  b o t h  PWR and BWR LOCAs. B e c a u s e  of  s t e a m  u p f l o w  i n  a PWR down-  
comer  and a BWR c o r e  d u r i n g  t h e  ECC ( Emer gency  Co r e  C o o l i n g )  w a t e r  i n j e c t i o n ,  
t h e r e  w i l l  be  some d e l a y  b e f o r e  t h e  ECC w a t e r  can r e a c h  t h e  c o r e .  Th i s  d e l a y  
i s  e x p e c t e d  t o  be i m p o r t a n t  i n  d e t e r m i n i n g  t h e  peak  c l a d  t e m p e r a t u r e  (PCT) 
d u r i n g  a LOCA. CCFL i s  a l s o  i m p o r t a n t  i n  a On c e - Th r o u g h  S t e a m G e n e r a t o r  
(OTSG) o p e r a t i o n  s i n c e  t h e  a u x i l i a r y  f e e d w a t e r  i s  i n j e c t e d  a t  t h e  t o p  of  t h e  
s t e a m  g e n e r a t o r .

The amount  of  l i q u i d  downf l ow f o r  a g i v e n  u p f l o w  of  gas  o r  v a p o r  d e p e n d s  
p r i m a r i l y  on t h e  i n t e r f a c i a l  s h e a r  and  l i q u i d  e n t r a i n m e n t .  T h e r e f o r e ,  a i r -  
w a t e r  t e s t s  can be  u s e d  as  a f i r s t  s t e p  f o r  a s s e s s i n g  t h e  CCFL p r e d i c t i o n  c a p ­
a b i l i t y  of  t h e  a d v a n c e d  c o d e s .  At  BNL, a l l  t h r e e  c o d e s ,  n a m e l y ,  TRAC-PFl  
( V e r s i o n  7 . 0 ) ,  RELAP5/M0D1 ( C y c l e  1 4 ) ,  and TRAC-BDl ( V e r s i o n  1 2 . 0 ) ,  we r e  a p ­
p l i e d  t o  t h e  a i r - w a t e r  f l o o d i n g  t e s t s  c o n d u c t e d  a t  t h e  U n i v e r s i t y  of  Ho u s t o n  
and  Da r t mo u t h  C o l l e g e .  F i r s t ,  t h e  t e s t s  c o n d u c t e d  i n  s i n g l e  r ound  t u b e s  w i l l  
be d i s c u s s e d .  L a t e r ,  t h e  TRAC-PFl  and  TRAC-BDl r e s u l t s  f o r  p a r a l 1 e l - t u b e  CCFL 
t e s t s  c o n d u c t e d  a t  Da r t mo u t h  C o l l e g e  w i l l  be  p r e s e n t e d .  ( Ba s e d  on t h e  RELAP5/ 
MODI p r e d i c t i o n s  of  t h e  s i n g l e - t u b e  t e s t s ,  t h e  c o d e  was n o t  a p p l i e d  t o  t h e  
p a r a l 1 e l - t u b e  t e s t s . )

4 . 1  U n i v e r s i t y  of  Ho u s t o n  T e s t s

4 . 1 . 1  T e s t  D e s c r i p t i o n

The t e s t  s e c t i o n  was a 4 . 1 1  m l o n g ,  0 . 0 5  m I . D .  v e r t i c a l  t u b e .  Wa t e r  a t  
a m b i e n t  p r e s s u r e  and  t e m p e r a t u r e  was i n j e c t e d  i n t o  t h e  m i d d l e  of  t h e  t e s t  s e c ­
t i o n  t h r o u g h  a 0 . 2 2 5  m l o n g  p o r o u s  s e c t i o n  s u r r o u n d e d  by a j a c k e t .  A i r  a t  am­
b i e n t  p r e s s u r e  and t e m p e r a t u r e  was s u p p l i e d  a t  t h e  b o t t o m  t h r o u g h  a c o l l e c t i n g  
c h a m b e r ,  wh i c h  was a l s o  u s e d  t o  c o l l e c t  and m e a s u r e  t h e  w a t e r  downf l ow r a t e .  
The t o p  of  t h e  t e s t  s e c t i o n  was c o n n e c t e d  t o  a n o t h e r  c h a mb e r  i n  wh i c h  t h e  
l i q u i d  f i l m  was s e p a r a t e d  f r o m  t h e  a i r - d r o p l e t  m i x t u r e  and  t h e  upward  f i l m  
f l o w  r a t e  was m e a s u r e d .  The a i r - d r o p l e t  m i x t u r e  was p a s s e d  t h r o u g h  a s e p a r a ­
t o r  and t h e  e n t r a i n e d  l i q u i d  f l o w  r a t e  was m e a s u r e d .  T h e r e  we r e  f o u r  s t a t i o n s  
on t h e  t e s t  s e c t i o n  f o r  f i l m  t h i c k n e s s  m e a s u r e m e n t s  and f o u r  more  s t a t i o n s  f o r  
p r e s s u r e  m e a s u r e m e n t s .  A s c h e m a t i c  of  t h e  t e s t  f a c i l i t y  i s  shown i n  F i g u r e
4 . 1 . 1 .  F u r t h e r  d e t a i l s  of  t h e  t e s t  s e c t i o n  and  i n s t r u m e n t a t i o n  ca n  be f o u n d  
i n  t h e  d a t a  r e p o r t  ( D u k l e r  and S m i t h ,  1 9 7 9 ) .

Four  d i f f e r e n t  w a t e r  f e e d  r a t e s  w e r e  u s e d :  100 l b / h r  ( 0 . 0 1 2 6  k g / s ) ,  250
l b / h r  ( 0 . 0 3 1 5  k g / s ) ,  500 l b / h r  ( 0 . 0 6 3  k g / s ) ,  and 1000 l b / h r  ( 0 . 1 2 6  k g / s ) .  In 
e a c h  s e r i e s  of  t e s t s ,  t h e  a i r  f l o w  r a t e  was g r a d u a l l y  i n c r e a s e d  f r o m  120 l b / h r  
( 0 . 0 1 5 1 2  k g / s )  t o  300 l b / h r  ( 0 . 0 3 7 8  k g / s ) .  The a i r  f l o w  r a t e  a t  t h e  f l o o d i n g  
p o i n t  o r  t h e  o n s e t  of  l i q u i d  u p f l o w  i n c r e a s e d  as  t h e  w a t e r  f e e d  f l o w  r a t e  was 
d e c r e a s e d .

F o r  t h e  c u r r e n t  a s s e s s m e n t ,  t h e  t e s t  s e r i e s  w i t h  w a t e r  f e e d  r a t e s  of  100 
l b / h r  and  1000 l b / h r  w e r e  c h o s e n .  Th e s e  two w a t e r  f e e d  r a t e s  p r o d u c e d  two 
d i s t i n c t l y  d i f f e r e n t  f l o o d i n g  s i t u a t i o n s .
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4 . 1 . 2  I n p u t  Model s

In p r i n c i p l e ,  t h e  t e s t  c o u l d  be  s i m u l a t e d  e i t h e r  w i t h  t h e  o n e - d i m e n s i o n a l  
TEE c ompone n t s  o r  w i t h  t h e  VESSEL modul e  of  TRAC-PFl  w i t h  one  c e l l  p e r  a x i a l  
l e v e l .  However ,  b o t h  c o mp o n e n t s  u s e  t h e  same t w o - f l u i d  f o r m u l a t i o n  w i t h  o n l y  
mi n o r  d i f f e r e n c e s  i n  t h e  c o n s t i t u t i v e  p a c k a g e .  A l s o ,  o n e - d i m e n s i o n a l  compo­
n e n t s  t a k e  much l e s s  c o m p u t e r  t i m e  p e r  c e l l  t h a n  t h e  VESSEL m o d u l e .  T h e r e f o r e ,  
i t  was d e c i d e d  t o  u s e  t h e  TEE c o mp o n e n t s  f o r  mos t  of  t h e  c a l c u l a t i o n s .

For  b o t h  t h e  TRAC-PFl  and TRAC-BDl c a l c u l a t i o n s ,  t h e  t e s t  s e t - u p  was 
mo d e l e d  w i t h  two TEE c o mp o n e n t s  a s  shown i n  F i g u r e  4 . 1 . 2 .  The b o t t o m  TEE had 
8 c e l l s  i n  t h e  p r i m a r y  p i p e  and t h e  s i d e  p i p e  f o r  a i r  i n j e c t i o n  was c o n n e c t e d  
t o  t h e  6 t h  c e l l .  A z e r o - f l o w  FILL c o mp o n e n t  was a t t a c h e d  t o  t h e  b o t t o m  of 
t h i s  TEE t o  s i m u l a t e  t h e  c l o s e d  e n d .  The t o p  TEE wh i c h  r e p r e s e n t e d  mos t  of  
t h e  t e s t  s e c t i o n  had 23 c e l l s  i n  t h e  p r i m a r y  p i p e  and  t h e  w a t e r  was i n j e c t e d  
t h r o u g h  t h e  s i d e  p i p e  c o n n e c t e d  a t  t h e  1 2 t h  c e l l .  The t o p  of  t h i s  TEE was 
c o n n e c t e d  t o  a BREAK c omponen t  wh e r e  t h e  s y s t e m  o r  a t m o s p h e r i c  p r e s s u r e  was 
i mpos ed  as  a b o u n d a r y  c o n d i t i o n .

The RELAP5/M0D1 model  f o r  t h e  t e s t  a p p a r a t u s  was a l s o  s i m i l a r  t o  t h a t  
shown i n  F i g u r e  4 . 1 . 2 .  Two BRANCH and t h r e e  PIPE c o mp o n e n t s  w e r e  u s e d .  The 
b r a n c h e s  we r e  c o n n e c t e d  t o  two TIME DEPENDENT JUNCTIONS f o r  s i m u l a t i n g  t h e  a i r  
and  w a t e r  i n j e c t i o n s .  The t o p  PIPE was c o n n e c t e d  t o  a TIME DEPENDENT VOLUME 
wh e r e  t h e  s y s t e m  p r e s s u r e  was i m p o s e d .  The m i d d l e  PIPE r e p r e s e n t e d  t h e  s e c ­
t i o n  b e t w e e n  t h e  w a t e r  and a i r  i n j e c t i o n  p o i n t s ,  w h e r e a s  t h e  b o t t o m  PIPE w i t h  
a c l o s e d  end r e p r e s e n t e d  t h e  l o w e r  p a r t  of  t h e  t e s t  s e c t i o n .  T h u s ,  t h e  same 
n o d a l i z a t i o n  and node  s i z e s  we r e  u s e d  f o r  a l l  t h r e e  c o d e s .

The c o d e s  we r e  run  f o r  a g i v e n  w a t e r  and a i r  i n j e c t i o n  r a t e  u n t i l  a 
" s t a b l e "  s i t u a t i o n  was a c h i e v e d .  The c a l c u l a t e d  l i q u i d  downf l ow r a t e  was 
t i m e  a v e r a g e d  and compar ed  w i t h  t h e  d a t a .  Each c a l c u l a t i o n  r e p r e s e n t e d  a 
p o i n t  on t h e  CCFL o r  f l o o d i n g  c u r v e .  T h u s ,  s e v e r a l  c a l c u l a t i o n s  w e r e  n e e d e d  
t o  g e n e r a t e  t h e  CCFL c u r v e  f o r  a g i v e n  w a t e r  i n j e c t o r  r a t e  ( e . g . ,  100 l b / h r  o r  
1000 l b / h r ) .  Each c a l c u l a t i o n  t o o k  a n y wh e r e  f r o m  50 t o  140 CPU s e c o n d s  i n  t h e  
BNL CDC-7600 c o m p u t e r .  The C P U - t o - r e a l  t i m e  r a t i o  f o r  TRAC-PFl  and RELAP5/ 
MODI was 2 t o  4 ,  w h e r e a s  t h a t  f o r  TRAC-BDl was 15 t o  20 .

4 . 1 . 3  Code P r e d i c t i o n s  and Co mp a r i s o n  w i t h  Da t a

A t e s t  c a s e  w i t h  w a t e r  f e e d  r a t e  of  100 l b / h r  and a i r  f l o w  r a t e  o f  200 
l b / h r  was s i m u l a t e d  w i t h  TRAC-PFl ,  f i r s t  u s i n g  t h e  VESSEL modu l e  and t h e n  
u s i n g  t h e  TEE c o mp o n e n t .  F i g u r e  4 . 1 . 3  shows a c o m p a r i s o n  of  l i q u i d  v e l o c i t i e s  
and v o i d  f r a c t i o n  d i s t r i b u t i o n s  a t  t h e  u p p e r  p a r t  of  t h e  t e s t  s e c t i o n  as  p r e ­
d i c t e d  by TRAC-PFl  w i t h  two d i f f e r e n t  a p p r o a c h e s .  I t  s eems  t h a t  u s i n g  t h e  
VESSEL m o d u l e ,  TRAC-PFl  p r e d i c t e d  a h i g h e r  l i q u i d  v e l o c i t y  and a h i g h e r  v o i d  
f r a c t i o n  t h a n  t h a t  u s i n g  t h e  TEE c o m p o n e n t .  H i g h e r  l i q u i d  v e l o c i t y  i m p l i e s  a 
t h i n n e r  f i l m  o r  a s m a l l e r  a r e a  f r a c t i o n  f o r  t h e  l i q u i d  p h a s e ,  and  s o  t h e  v o i d  
f r a c t i o n  w i l l  be h i g h e r .  T h u s ,  b o t h  c a l c u l a t i o n s  a r e  s e l f - c o n s i s t e n t .  How­
e v e r ,  i t  was s u r p r i s i n g  t h a t  a l t h o u g h  b o t h  t h e  VESSEL and t h e  TEE c o mp o n e n t s  
u s e  t h e  same t w o - f l u i d  f o r m u l a t i o n ,  s l i g h t l y  d i f f e r e n t  r e s u l t s  w e r e  o b t a i n e d .  
S l i g h t l y  d i f f e r e n t  i n t e r f a c i a l  momentum t r a n s f e r  o r  s h e a r  p a c k a g e s  w e r e  u s e d
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F i g u r e  4 . 1 . 1  S c h e m a t i c  o f  t h e  U n i v e r s i t y  o f  
Hous t on  F l o o d i n g  T e s t  F a c i l i t y .

F i g u r e  4 . 1 . 2 TRAC-PFl and TRAC-BDl Noding Di agram 
f o r  t h e  U n i v e r s i t y  o f  Hous t on  
F l o o d i n g  T e s t s .



U N IV ERSITY  O F H O U S T O N  CO U N TER C U R R E N T  FLOW  T E S T

Wfl* 200 lb/hr
LIQUID VELOCITY WITH TEE OPTION 
LIQUID VELOCITY WITH VESSEL OPTION

W^* 100 lb/hr
VOID FRACTION WITH TEE OPTION 
VOID FRACTION WITH VESSEL OPTION
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F i g u r e  4 . 1 . 3  Compar i s on  o f  TRAC-BDl R e s u l t s  Us i n g  Two
D i f f e r e n t  Mo d e l i n g  A p p r o a c h e s  (VESSEL v s .  TEE),
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i n  t h e s e  mo d u l e s  y i e l d i n g  d i f f e r e n t  l i q u i d  v e l o c i t i e s .  T h i s  was c o n f i r m e d  
when t h e  FORTRAN c o d i n g  of  t h e s e  c o mp o n e n t s  we r e  r e v i e w e d  a t  BNL; t h e r e  w e r e  
i n d e e d  some d i f f e r e n c e s .  F i n a l l y ,  i t  was d e c i d e d  t o  u s e  t h e  TEE c o mp o n e n t s  
f o r  TRAC c a l c u l a t i o n s ,  as  l e s s  c o m p u t e r  t i m e  was r e q u i r e d .  A l s o ,  a s  shown i n  
F i g u r e  4 . 1 . 3 ,  t h e r e  w e r e  some i r r e g u l a r i t i e s  i n  t h e  TRAC-PFl  VESSEL r e s u l t s  a t  
t h e  e x i t  of  t h e  t e s t  p i p e .

4 . 1 . 3 . 1  Wa t e r  Feed  R a t e  of  100 l b / h r

In t h e  f i r s t  s e r i e s  of  t e s t s ,  t h e  w a t e r  i n j e c t i o n  r a t e  was 100 l b / h r  and 
t h e  a i r  f l o w  r a t e  v a r i e d  f r o m  z e r o  t o  300 l b / h r .  T h i s  t e s t  was s i m u l a t e d  w i t h  
TRAC-PFl ,  RELAP5/M0D1,  and TRAC-BDl,  and t h e  c o m p a r i s o n  of  p r e d i c t e d  l i q u i d  
downf l ow r a t e  f o r  s p e c i f i e d  a i r  f l o w  r a t e  w i t h  t h e  d a t a  i s  shown i n  F i g u r e
4 . 1 . 4 .  F o r  c o m p a r i s o n  p u r p o s e s ,  t h e  TRAC-PD2 r e s u l t  r e p o r t e d  e a r l i e r  ( S e c t i o n  
2 . 6  of  Saha  e t  a l . ,  1982b)  i s  a l s o  shown i n  t h e  f i g u r e .  I t  can  be  s e e n  t h a t  
TRAC-PFl  u n d e r p r e d i c t e d  t h e  l i q u i d  downf l ow r a t e s  and showed some o s c i l l a t i o n s  
i n  t h e  f i l l i n g  r a t e .  T h i s  i n d i c a t e s  t h a t  e i t h e r  t h e  i n t e r f a c i a l  s h e a r  o r  t h e  
e n t r a i n m e n t  r a t e  o r  b o t h  w e r e  o v e r p r e d i c t e d .

The RELAP5/M0D1 r e s u l t s  we r e  i n  p o o r  a g r e e m e n t  w i t h  t h e  d a t a .  At o n l y  50 
l b / h r  a i r  f l o w  r a t e ,  t h e  c o d e  p r e d i c t e d  a t o t a l  u p f l o w  of  a l l  t h e  i n j e c t e d  
w a t e r .  The r e a s o n  f o r  t h i s  p o o r  p r e d i c t i o n  i s  t h a t  RELAP5/M0D1 a s s u me s  a 
d r o p l e t  f l o w  r e g i me  f o r  v o i d  f r a c t i o n  g r e a t e r  t h a n  0 . 9 5  and  d o e s  n o t  a l l o w  f o r  
a l i q u i d  f i l m  on t h e  w a l l .  However ,  i n  t h e  U n i v e r s i t y  of  Ho u s t o n  t e s t s ,  l i ­
q u i d  f l o w e d  down as  a f i l m  on t h e  w a l l  e v e n  when t h e  v o i d  f r a c t i o n  was g r e a t e r  
t h a n  0 . 9 5 .  RELAP5/M0D1 was u n a b l e  t o  r e c o g n i z e  t h i s  f i l m  o r  a n n u l a r  f l o w  r e ­
gime a n d ,  t h e r e f o r e ,  p r e d i c t e d  a t o t a l  u p f l o w  of  l i q u i d  i n  t h e  d r o p l e t  f o r m .

Of t h e  t h r e e  c o d e s ,  TRAC-BDl y i e l d e d  t h e  b e s t  a g r e e m e n t  w i t h  t h e  d a t a .
Two TRAC-BDl p r e d i c t i o n s  a r e  shown i n  F i g u r e  4 . 1 . 4 .  One was o b t a i n e d  u s i n g  
t h e  CCFL o p t i o n  a v a i l a b l e  i n  TRAC-BDl,  and t h e  o t h e r  w i t h o u t  i t .  The TRAC-BDl 
r e s u l t  w i t h o u t  t h e  CCFL o p t i o n  s l i g h t l y  o v e r p r e d i c t e d  t h e  l i q u i d  downf l ow 
r a t e ,  i n d i c a t i n g  t h a t  e i t h e r  t h e  i n t e r f a c i a l  s h e a r  o r  t h e  e n t r a i n m e n t  r a t e  o r  
b o t h  w e r e  s l i g h t l y  u n d e r p r e d i c t e d .  However ,  when t h e  CCFL o p t i o n  was u s e d ,  
t h e  l i q u i d  downf l ow r a t e  was r e s t r i c t e d  t o  wh a t  was a l l o w e d  by t h e  K u t a t e l a d z e  
f l o o d i n g  c o r r e l a t i o n  f o r  a s p e c i f i e d  a i r  f l o w  r a t e .  T h i s  s e t  o f  c a l c u l a t i o n s  
s l i g h t l y  u n d e r p r e d i c t e d  t h e  l i q u i d  downf l ow r a t e .  Not e  t h a t  t h e  e x p e r i m e n t a l  
d a t a  l i e  b e t we e n  t h e s e  two s e t s  of  TRAC-BDl c a l c u l a t i o n s .

4 . 1 . 3 . 2  Wa t e r  Feed  R a t e  of  1000 l b / h r

The s e c o n d  s e r i e s  of  t e s t s  w h i c h  we r e  s i m u l a t e d  w i t h  a l l  t h r e e  c o d e s  u s e d  
a w a t e r  i n j e c t i o n  r a t e  of  1000 l b / h r .  In t h i s  c a s e  a l s o ,  t h e  c o m p a r i s o n  b e ­
t ween  t h e  c o d e  p r e d i c t i o n s  and t h e  d a t a  was t h e  same as  t h e  p r e v i o u s  s e r i e s  
w i t h  a w a t e r  f e e d  r a t e  of  100 l b / h r .  As shown i n  F i g u r e  4 . 1 . 5 ,  t h e  TRAC-BDl 
p r e d i c t i o n s  a r e  i n  b e s t  a g r e e m e n t  w i t h  t h e  d a t a .  A l s o ,  mos t  of  t h e  e x p e r i m e n ­
t a l  d a t a  p o i n t s  do l i e  b e t w e e n  t h e  t wo TRAC-BDl p r e d i c t i o n s ,  one  w i t h  and  t h e  
o t h e r  w i t h o u t  t h e  CCFL c o r r e l a t i o n .

TRAC-PFl  a g a i n  u n d e r p r e d i c t e d  t h e  l i q u i d  downf l ow r a t e ,  as  d i d  
RELAP5/M0D1.  As a m a t t e r  o f  f a c t ,  RELAP5/M0D1 p r e d i c t e d  a t o t a l  u p f l o w  of  i n ­
j e c t e d  w a t e r  a t  o n l y  50 l b / h r  a i r  f l o w  r a t e .
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4 . 1 . 4  D i s c u s s i o n

The c o u n t e r c u r r e n t  f l o w  i n  t h e s e  U n i v e r s i t y  of  Ho u s t o n  t e s t s  was g o v e r n e d  
by t h e  i n t e r f a c i a l  s h e a r  a t  t h e  l i q u i d  f i l m  and t h e  l i q u i d  e n t r a i n m e n t  r a t e .
In c a s e  of  no a i r  f l o w  r a t e ,  a l l  t h e  l i q u i d  f l o w e d  down.  As t h e  a i r  f l o w  r a t e  
was g r a d u a l l y  i n c r e a s e d ,  t h e  l i q u i d  f i l m  i n t e r f a c e  became r ough  and l e d  t o  i n ­
c e p t i o n  of  l i q u i d  e n t r a i n m e n t .  Some of  t h e  e n t r a i n e d  d r o p l e t s  w e r e  d e p o s i t e d  
on t h e  wa l l  a bove  t h e  w a t e r  i n j e c t i o n  p o i n t  and f o r m e d  a f i l m .  F i g u r e s  4 . 1 . 4  
and  4 . 1 . 5  show t h e  a i r  f l o w  r a t e s  a t  wh i c h  t h e  l i q u i d  downf l ow r a t e  s t a r t e d  t o  
d e c r e a s e  f r o m  t h e  t o t a l  l i q u i d  i n j e c t i o n  r a t e .  T h e s e  p o i n t s  ( e . g . ,  a i r  f l o w  
r a t e  of  250 l b / h r  f o r  t h e  w a t e r  f e e d  r a t e  of  100 l b / h r ,  and  t h e  a i r  f l o w  r a t e  
of  135 l b / h r  f o r  t h e  w a t e r  f e e d  r a t e  of  1000 l b / h r )  r e p r e s e n t  t h e  i n c e p t i o n  of  
l i q u i d  e n t r a i n m e n t .  I t  s h o u l d  be n o t e d  t h a t  TRAC-PFl  u n d e r p r e d i c t e d  t h e s e  e n ­
t r a i n m e n t  i n c e p t i o n s  f o r  b o t h  w a t e r  f e e d  r a t e s ,  w h e r e a s  TRAC-BDl wh i c h  u s e s  
t h e  I s h i i - M i s h i m a  model  ( I s h i i ,  1981)  p r o d u c e d  mi xed  r e s u l t s .  RELAP5/M0D1,  on 
t h e  o t h e r  h a n d ,  d i d  n o t  h a v e  an e n t r a i n m e n t  model  and a s s umed  a p u r e  m i s t  o r  
d r o p l e t  f l o w  f o r  v o i d  f r a c t i o n s  g r e a t e r  t h a n  0 . 9 5 .

F i g u r e s  4 . 1 . 4  and 4 . 1 . 5  a l s o  show t h e  a i r  f l o w  r a t e s  a t  wh i c h  t h e  l i q u i d  
downf l ows  a p p r o a c h e d  z e r o  owing t o  s u f f i c i e n t l y  h i g h  a i r  f l o w  r a t e s .  Good 
p r e d i c t i o n  of  t h i s  p a r t  of  t h e  t e s t  w i l l  d e p e n d  upon c o r r e c t  i n t e r f a c i a l  s h e a r  
and e n t r a i n i n e n t  r a t e s .  TRAC-BDl u s e s  an i n t e r f a c i a l  s h e a r  model  b a s e d  on t h e  
I s h i i  ( 1977)  d r i f t  v e l o c i t y  and t h e  v o i d  d i s t r i b u t i o n  p a r a m e t e r ,  Cq . TRAC- 
PFl  u s e s  a model  of  i n t e r f a c i a l  s h e a r  b a s e d  on D u k l e r ' s  c o r r e l a t i o n  ( 1 9 8 0 ) .  
RELAP5/M0D1 c omput e s  t h e  i n t e r f a c i a l  s h e a r  a t  t h e  a n n u l a r  f i l m  f r o m  t h e  W a l l i s  
c o r r e l a t i o n  ( 1 9 7 0 ) .  T h e s e  mode l s  h a v e  been  c o mp a r e d  i n  F i g u r e  4 . 1 . 6 .  In g e n ­
e r a l ,  t h e  W a l l i s  c o r r e l a t i o n  ( 1970)  y i e l d s  a l o w e r  i n t e r f a c i a l  s h e a r  c o e f f i ­
c i e n t  t h a n  t h e  D u k l e r  c o r r e l a t i o n  ( 1 9 8 0 ) .  T h u s ,  a c o d e  u s i n g  t h e  W a l l i s  c o r ­
r e l a t i o n  woul d  p r e d i c t  a h i g h e r  l i q u i d  downf l ow r a t e  t h a n  a code  u s i n g  t h e  
D u k l e r  c o r r e l a t i o n .

In g e n e r a l ,  t h e  U n i v e r s i t y  of  Ho u s t o n  t e s t s  a r e  more u s e f u l  f o r  a s s e s s i n g  
t h e  e n t r a i n m e n t  model  t h a n  t h e  i n t e r f a c i a l  s h e a r  m o d e l .  Howeve r ,  i f  t h e  e n ­
t r a i n m e n t  r a t e  f r o m  t h e  t e s t  c o u l d  be  s u b s t i t u t e d  i n  a c o d e ,  t h e n  t h e  i n t e r f a ­
c i a l  s h e a r  model  can be e x p l i c i t l y  a s s e s s e d .  A s t u d y  ( P o p o v ,  1983)  was u n d e r ­
t a k e n  a t  BNL t o  a s s e s s  t h e  v a r i o u s  mo d e l s  f o r  e n t r a i n m e n t  r a t e  and  i n t e r f a c i a l  
s h e a r  whi ch  have  been us e d  i n  t h e  a d v a n c e d  c o d e  o r  a r e  c u r r e n t l y  a v a i l a b l e  i n  
t h e  l i t e r a t u r e .  The s t u d y  c o n c l u d e d  t h a t  t h e  m o d i f i e d  I s h i i  e n t r a i n m e n t  model  
and t h e  B h a r a t h a n - W a l 1 i s  model  ( 1979)  f o r  i n t e r f a c i a l  s h e a r  a r e  p r o b a b l y  t h e  
b e s t  f o r  c o u n t e r c u r r e n t  f l o w  a p p l i c a t i o n s .

4 . 1 . 5  Us e r  E x p e r i e n c e

No p a r t i c u l a r  d i f f i c u l t y  was e x p e r i e n c e d  i n  r u n n i n g  t h e  TRAC-PFl ,  RELAP5/ 
MODI, and TRAC-BDl c o d e s  f o r  t h e  U n i v e r s i t y  of  Hous t on  t e s t s .  However ,  t h e  
c a l c u l a t i o n s  n e v e r  r e a c h e d  a " s t e a d y  s t a t e " ;  t h e r e f o r e ,  t h e  c a l c u l a t e d  l i q u i d  
downf l ow r a t e s  had t o  be a v e r a g e d  o v e r  c e r t a i n  t i m e  p e r i o d s  f o r  c o m p a r i s o n  
w i t h  t h e  d a t a .
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DATA DUKLER-SMITH 
TRAC-PD2 (VESSEL) 
TRAC-PFl (TEE) 
RELAP 5/MOOI. cy»!4

TRAC-BDl
TRAC-BDl WITH CCFL
UNIVERSITY OF HOUSTON COUNTER CURRENT FLOW TEST
WL,in“'OOlb/hr

“I—I—I—I—I—I—I—I—I—I—I—I—I—I—r

150 2 0 0

AIR FLOW RATE, lb /h r

F i g u r e  4 . 1 . 4  C o mp a r i s o n  Be t ween  t h e  P r e d i c t e d  (TRAC-PFl ,  RELAP5/M0D1,  
TRAC-BDl) and Me a s u r e d  Da t a  L i q u i d  Downf low f o r  Wat er  
F e e d r a t e  o f  100  l b / h r .

DATA DUKLER-SMITH 
TRAC-PFl (TEE) 
RELAP 5/MOOI, cy=l4

CSC FLOW
1000—I ,—

• TRAC-BOt
• TRAC-80! WITH CCFL
UNIVERSITY OF HOUSTON COUNTER CURRENT FLOW TEST 
W, in = 1000 lb/hr

100 150 200
AIR FLOW RATE, lb/hr

F i g u r e  4 . 1 . 5  C o mp a r i s o n  Be t ween  t h e  P r e d i c t e d  (TRAC-PFl ,  RELAP5/M0D1,  
TRAC-BDl) and Me a s u r e d  Da t a  on L i q u i d  Downf low f o r  
Wa t e r  F e e d r a t e  o f  1000  l b / h r .
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fOO.O

'O

10.0

l im it

0.01

0 .0 0 3
0.002 0.01 O.l 1.0

 WALLIS CORRELATION
 BHARATHAN-WALLIS CORRELATION
 DUKLER CORRELATION

F i g u r e  4 . 1 . 6  Compa r i s on  o f  V a r i o u s  I n t e r f a c i a l  S h e a r  C o r r e l a t i o n s  
f o r  A n n u l a r  Fl ow f o r  0 . 0 5 0 8  m P i p e  I . D .
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4 . 2  Da r t mo u t h  C o l l e g e  S i n g l e  Tube  T e s t s

4 . 2 . 1  T e s t  D e s c r i p t i o n

The  t e s t  s e t - u p ,  shown i n  F i g u r e  4 . 2 . 1 ,  c o n s i s t e d  of  a v e r t i c a l  t e s t  s e c ­
t i o n  ( p i p e )  c o n n e c t e d  t o  an u p p e r  and a l o w e r  p l e n u m .  Wa t e r  a t  room t e m p e r a ­
t u r e  was i n j e c t e d  i n  t h e  u p p e r  p l e n u m,  wh e r e  a l i q u i d  l e v e l  was m a i n t a i n e d  by 
c o n t r o l l i n g  t h e  h e i g h t  of  a d r a i n  p i p e  and t h e  w a t e r  f l o w  r a t e .  A i r  was i n ­
j e c t e d  i n  t h e  l o w e r  p l e n u m.  The w a t e r  downf l ow r a t e  was d e t e r m i n e d  f r o m  t h e
w a t e r  c o l l e c t e d  i n  t h e  l o w e r  p l enum o v e r  a f i x e d  t i m e .  The t e s t s  we r e  c o n ­
d u c t e d  f o r  v a r i o u s  p i p e  and p l e n a  s i z e s  and t e s t  s e c t i o n  t o  p l e n a  j u n c t i o n  
g e o m e t r y .  The d e t a i l s  o f  t h e  t e s t  r e s u l t s  can  be  f o u n d  i n  B h a r a t h a n  ( 1 9 7 9 ) .

For  t h e  p u r p o s e  of  c o d e  a s s e s s m e n t ,  t h e  t e s t  s e c t i o n s  of  t h e  i n s i d e  d i a ­
m e t e r  of  0 . 0 2 5 4  m and 0 . 1 5 2  m w i t h  s q u a r e - e d g e  e n t r a n c e  w e r e  s e l e c t e d .  The 
t e s t s  w i t h  a p i p e  i n s i d e  d i a m e t e r  of  l e s s  t h a n  0 . 0 2 5 4  m we r e  n o t  s e l e c t e d  b e ­
c a u s e  a p a t t e r n  of  p e r i o d i c  w a t e r  f i l l i n g  and b l o w i n g  was  o b s e r v e d  f o r  t h e s e  
c a s e s  ( C l a r k  e t  a l . ,  1 9 7 8 ) .  Two s e p a r a t e  t e s t  a p p a r a t u s  we r e  u s e d  f o r  t h e s e  
t e s t s .  The s m a l l e r  t u b e  ( 0 . 0 2 5 4  m I . D . )  was c o n n e c t e d  t o  two p l e n a  e a c h  of
0 . 3 3  m I . D .  The t e s t  s e c t i o n  was  1 . 5 1  m l o n g .  The a i r  f l o w  r a t e  v a r i e d  f r o m
0 . 0 0 6 4  t o  0 . 0 2 1 5  k g / s .  The l a r g e r  t e s t  s e c t i o n  ( 0 . 1 5 2  m I . D . )  was c o n n e c t e d  
t o  two 55 g a l l o n  drums  w i t h  an i n t e r n a l  d i a m e t e r  o f  0 . 5 5 4  m. The l e n g t h  of  
t h e  t e s t  s e c t i o n  i n  t h i s  c a s e  was 3 . 6 6  m. The a i r  f l o w  r a t e  v a r i e d  f r o m  0 . 1 0 3  
t o  0 . 2 7 4  k g / s .  The t e s t  r e p o r t  ( B h a r a t h a n ,  1979)  d i d  n o t  p r o v i d e  any i n f o r m a ­
t i o n  a b o u t  t h e  w a t e r  l e v e l  i n  t h e  u p p e r  p l e n u m,  b u t  i t  was a p p r o x i m a t e l y  4 t o  
5 t i m e s  t h e  I . D .  of  t h e  t e s t  s e c t i o n  ( B h a r a t h a n ,  1 9 8 2 ) .

U n l i k e  t h e  U n i v e r s i t y  of  Hous t on  t e s t s  d i s c u s s e d  i n  S e c t i o n  4 . 1 ,  t h e  
D a r t m o u t h  C o l l e g e  t e s t s  had a l m o s t  no l i q u i d  e n t r a i n m e n t .  T h e r e f o r e ,  t h e  
c o u n t e r c u r r e n t  f l o w  b e h a v i o r  i n  t h e s e  t e s t s  s h o u l d  m o s t l y  d e p e n d  on t h e  i n t e r ­
f a c i a l  s h e a r  s t r e s s ,  i n c l u d i n g  f o r m  l o s s e s ,  and t h e  d a t a  a r e  more  a p p r o p r i a t e  
f o r  a s s e s s i n g  t h e  i n t e r f a c i a l  momentum t r a n s f e r  mo d e l s  u s e d  i n  t h e  a d v a n c e d  
c o d e s .

4 . 2 . 2  I n p u t  Model s

The t e s t s  w e r e  mo d e l e d  w i t h  a l l  t h r e e  c o d e s ,  n a m e l y ,  TRAC-PFl  ( V e r s i o n  
7 . 0 ) ,  RELAP5/M0D1 ( C y c l e  1 4 ) ,  and TRAC-BDl ( V e r s i o n  1 2 . 0 ) .  The i n p u t  c o n f i g u ­
r a t i o n  u s e d  f o r  t h e  TRAC-PFl  and TRAC-BDl c o d e s  was t h e  s a me ,  and i s  shown in 
F i g u r e  4 . 2 . 2 .  The t e s t  s e t - u p s  ( s ma l l  p i p e  of  0 . 0 2 5 4  m I . D .  and l a r g e  p i p e  of  
0 . 1 5 2  m I . D . )  w e r e  mo d e l e d  w i t h  t h r e e  TEE c o m p o n e n t s .  P a r t  of  t h e  u p p e r  p l e ­
num and d r a i n  p i p e  w e r e  mo de l e d  w i t h  t h e  u p p e r  TEE,  p a r t  of  t h e  u p p e r  p l e num 
w i t h  w a t e r  i n j e c t i o n ,  t h e  t e s t  s e c t i o n  and p a r t  of  t h e  l o w e r  p l e num we r e  mo­
d e l e d  w i t h  t h e  m i d d l e  TEE,  and t h e  b o t t o m  TEE r e p r e s e n t e d  p a r t  o f  t h e  l o w e r  
p l e num and t h e  a i r  i n j e c t i o n  p i p e .  The w a t e r  and  a i r  i n j e c t i o n  p i p e s  and  t h e  
c l o s e  end a t  t h e  b o t t o m  w e r e  mode l ed  w i t h  FILL c o m p o n e n t s  w h i l e  t h e  u p p e r  open 
end and t h e  end of  d r a i n  p i p e s  we r e  mo de l e d  w i t h  BREAK c o m p o n e n t s .  The n o d a l -  
i z a t i o n s  f o r  t h e  t wo t e s t  s e c t i o n s  a r e  shown i n  F i g u r e  4 . 2 . 3 .  T h e r e  w e r e  18 
c e l l s  f o r  t h e  0 . 0 2 5 4  m I . D .  p i p e  and 25 c e l l s  f o r  t h e  0 . 1 5 2  m I . D .  p i p e .  The 
c e l l  l e n g t h s  v a r i e d  f r o m  0. 074m t o  0 . 0 1  m i n  t h e  t e s t  s e c t i o n  f o r  t h e  s m a l l e r  
d i a m e t e r  t u b e  and  f r o m  0 . 02m t o  0 . 1 8  m i n  t h e  l a r g e r  p i p e .
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f o r  TRAC-PFl ,  TRAC-BDl and RELAP5/M0D1 C a l c u l a t i o n s .
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For  t h e  RELAP5/M0D1 c a l c u l a t i o n s ,  t h e  t e s t  s e t  up was mo de l e d  w i t h  f o u r  
PIPE and t h r e e  BRANCH co mp o n e n t s  a s  shown i n  F i g u r e  4 . 2 . 4 .  The n o d a l i z a t i o n s  
f o r  t h e  t e s t  s e c t i o n s  we r e  e x a c t l y  t h e  same a s  f o r  TRAC-PFl  and TRAC-BDl 
c a l c u l a t i o n s  and as  shown i n  F i g u r e  4 . 2 . 3 .  In a d d i t i o n ,  f o r  t h e  
s m a l 1e r - d i a m e t e r  p i p e ,  t h e  u p p e r  and l o w e r  p l e n u m d i a m e t e r s  w e r e  g r a d u a l l y  
r e d u c e d  a t  t h e  j u n c t i o n  of  p l e n a  and t e s t  p i p e .  T h i s  was done  t o  r e d u c e  t h e  
s u d d e n  a r e a  c h a n g e  e f f e c t s .

The a s s e s s m e n t  c a l c u l a t i o n s  w e r e  r e p e a t e d  f o r  d i f f e r e n t  a i  r  f l o w  r a t e s .  
Each p r o d u c e d  o n l y  one  p o i n t  on t h e  f l o o d i n g  o r  /  j*g vs /  j * f c u r v e .  The 
n o n d i m e n s i o n a l  ga s  and l i q u i d  f l o w  r a t e s ,  j *g  and j * f ,  a r e  d e f i n e d  as

= ctVg -  Pg ) gD,  ( 4 . 2 . 1 )

j f  = (1 -  -  Pg) gO.  ( 4 . 2 . 2 )

wh e r e  a ,  v,  p ,  g,  and 0 a r e  v o i d  f r a c t i o n ,  p h a s i c  v e l o c i t y ,  p h a s i c  d e n s i t y ,  
a c c e l e r a t i o n  due  t o  g r a v i t y ,  and  p i p e  d i a m e t e r ,  r e s p e c t i v e l y .

The l i q u i d  f l o w  r a t e  was d e t e r m i n e d  by c a l c u l a t i n g  t h e  l i q u i d  i n v e n t o r y  
i n  t h e  l o w e r  p l enum f o r  a g i v e n  t i m e  i n t e r v a l .  The c o m p u t e r  r u n n i n g  t i m e  f o r  
e a c h  c a l c u l a t i o n  v a r i e d  w i t h  t h e  a i r  f l o w  r a t e  and t h e  t i m e  p e r i o d  of  c a l c u l a ­
t i o n .  The TRAC-PFl  s ma l l  p i p e  c a l c u l a t i o n  t o o k  f r o m  123 t o  143 CPU s e c o n d s  
f o r  15 s e c o n d s  of  t r a n s i e n t ,  w h e r e a s ,  f o r  t h e  l a r g e  p i p e  c a s e ,  i t  t o o k  173 t o  
207 CPU s e c o n d s  f o r  20 s e c o n d s  of  t r a n s i e n t .  In c o n t r a s t ,  t h e  TRAC-BDl s m a l l -  
p i p e  c a l c u l a t i o n  t o o k  110 t o  220 CPU s e c o n d s  f o r  15 s e c o n d s  of  t r a n s i e n t  w h i l e  
t h e  l a r g e  p i p e  c a l c u l a t i o n  t o o k  a p p r o x i m a t e l y  420 CPU s e c o n d s  f o r  9 . 5  s e c o n d s  
of  t r a n s i e n t .  F o r  RELAP5/M0D1, t h e  c a l c u l a t i o n s  f o r  t h e  l a r g e  p i p e  t o o k  a p ­
p r o x i m a t e l y  190 CPU s e c o n d s  f o r  17 s e c o n d s  of  t r a n s i e n t .  Al l  c a l c u l a t i o n s  
w e r e  p e r f o r m e d  on t h e  BNL CDC-7600 c o m p u t e r .

4 . 2 . 3  Code P r e d i c t i o n s  and Co mp a r i s o n  w i t h  Da t a

4 . 2 . 3 . 1  Smal l  Tube ( 0 . 0 2 5 4  m I . D . )

TRAC-PFl  was a p p l i e d  f i r s t  t o  t h i s  t e s t .  In t h e  i n i t i a l  m o d e l i n g ,  t h e  
l o w e r  p l enum was mode l ed  l a r g e r  t h a n  i n  t h e  t e s t ,  t o  m i n i m i z e  t h e  e f f e c t  of  
s t o r e d  w a t e r  and t o  s t a b i l i z e  t h e  f l o w .  Howe ve r ,  t h i s  d i d  n o t  work as  t h e  
c o d e  p r e d i c t e d  l i q u i d  b r i d g i n g  i n  t h e  t e s t  s e c t i o n s  and p e r i o d i c  dumpi ng  of  
w a t e r  f o r  a i r  f l o w  r a t e s  as  h i g h  as 0 . 0 0 3 1 4  k g / s .  In t h e  t e s t ,  t h e  dumpi ng  
was o b s e r v e d  o n l y  a t  a i r  f l o w  r a t e s  be l ow 0 . 0 0 1 1 1  k g / s .  The dumpi ng b e h a v i o r  
o c c u r r e d  i n  t h e  t e s t  b e c a u s e  of  b r i d g i n g  ( b l o c k i n g )  of  t h e  t e s t  s e c t i o n  w i t h  
l i q u i d  wh i c h  p r e v e n t e d  t h e  f l o w  of  a i r .  T h i s  l e d  t o  t h e  a c c u m u l a t i o n  of  a i r  
i n  t h e  l o w e r  p l e num and an i n c r e a s e  i n  t h e  p r e s s u r e .  When t h e  p r e s s u r e  
d i f f e r e n c e  be t we e n  t h e  l o w e r  and u p p e r  p l e n a  e x c e e d e d  t h e  h y d r o s t a t i c  p r e s s u r e  
d u e  t o  l i q u i d  i n  t h e  u p p e r  p l e num and t h e  t e s t  s e c t i o n ,  t h e  l i q u i d  b r i d g e  ( o r  
p l u g )  was e x p e l l e d  and t h e  a i r  f l o w  r e s u m e d .  T h i s  b e h a v i o r  was r e p e a t e d  
p e r i o d i c a l l y .  In t h e  l a r g e r  l o w e r  p l e num c a s e ,  t h e  p r e s s u r e  i n  t h i s  l o w e r
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pl enum t o o k  a w h i l e  t o  b u i l d  u p ,  l e a d i n g  t o  an i n i t i a l l y  l a r g e  f l o w  of  l i q u i d  
f r o m t h e  u p p e r  p l enum whi ch  b r i d g e d  t h e  t e s t  s e c t i o n  and c a u s e d  dumpi ng b e ­
h a v i o r .  Hence ,  t h e  t e s t  and t h e  s i m u l a t i o n  wou l d  be  s e n s i t i v e  t o  t h e  l o w e r  
p l enum s i z e .  In a l l  f i n a l  c a l c u l a t i o n s ,  t o  be  r e p o r t e d  h e r e ,  t h e  a c t u a l  s i z e  
of  t h e  l o w e r  p l enum was u s e d .

F i g u r e  4 . 2 . 5  shows a c o m p a r i s o n  of  t h e  l i q u i d  downf l ow r a t e s  f o r  g i v e n  
a i r  f l o w  r a t e s  a s  p r e d i c t e d  by t h e  TRAC-PFl  and TRAC-BDl c o d e s  and t h e  d a t a .  
TRAC-PFl  r e s u l t s  w e r e  i n  good a g r e e m e n t  w i t h  t h e  d a t a .  The c o d e a l s o  p r e d i c t ­
ed a dumpi ng b e h a v i o r  f o r  a i r  f l o w  r a t e s  l e s s  t h a n  0 . 0 0 5  k g / s  ( / j * f  =
0 . 2 4 1 ) ,  wh i c h  i s  c l o s e r  t o  t h e  e x p e r i m e n t a l  c o n d i t i o n s .  The c u r v e  t h r o u g h  t h e  
c a l c u l a t e d  p o i n t s  showed c h a n g e s  i n  s l o p e  as  t h e  a i r  f l o w  r a t e  was i n c r e a s e d .  
T h i s  was n o t  i n  t o t a l  a g r e e m e n t  w i t h  t h e  d a t a ,  and n e e d e d  f u r t h e r  i n v e s t i g a ­
t i o n ,  t o  be d i s c u s s e d  l a t e r .  TRAC-BDl,  on t h e  o t h e r  h a n d ,  p r e d i c t e d  dumpi ng  
a t  much h i g h e r  a i r  f l o w  r a t e s .  Howeve r ,  i t  d i d  c o mp u t e  s t a b l e  c o u n t e r c u r r e n t  
f l o w  a t  h i g h e r  a i r  f l o w  r a t e s ,  b u t  t h e  l i q u i d  downf l ow r a t e s  w e r e  h i g h l y  o v e r ­
p r e d i c t e d .  T h i s  b e h a v i o r  of t h e  TRAC-BDl s o l u t i o n  i n d i c a t e d  t h a t  t h e  i n t e r ­
f a c i a l  momentum t r a n s f e r  was p r o b a b l y  u n d e r p r e d i c t e d  by t h e  c o d e .  O t h e r  p o s ­
s i b l e  r e a s o n s  a r e  i n a d e q u a t e  w a l l  f r i c t i o n  and a l a c k  of  a u t o m a t i c  e n t r a n c e  
l o s s  a t  t h e  a r e a  c h a n g e s  ( e . g . ,  j u n c t i o n  b e t w e e n  t h e  u p p e r  p l e num and t h e  t e s t  
s e c t i o n )  i n  TRAC-BDl.  F o r  RELAP5/M0D1 c a l c u l a t i o n s ,  t h e r e  w e r e  s e v e r e  i n s t a ­
b i l i t i e s  and no u s e f u l  r e s u l t s  we r e  o b t a i n e d .

4 . 2 . 3 . 2  La r g e  Tube ( 0 . 1 5 2  m I . D . )

Al l  c a l c u l a t i o n s  f o r  t h i s  t e s t  we r e  p e r f o r m e d  w i t h  a c o r r e c t  s i z e  t e s t  
s e t - u p .  F i g u r e  4 . 2 . 6  shows t h e  c o m p a r i s o n  of  l i q u i d  downf l ow r a t e s  a s  p r e ­
d i c t e d  by TRAC-PFl ,  TRAC-BDl and RELAP5/M0D1 w i t h  t h e  d a t a  f o r  v a r i o u s  a i r  i n ­
j e c t i o n  r a t e s .  TRAC-BDl,  p r e d i c t e d  q u a l i t a t i v e l y  c o r r e c t  b e h a v i o r ,  b u t  i n  
mos t  c a s e s  o v e r p r e d i c t e d  t h e  l i q u i d  downf l ow r a t e .  On t h e  o t h e r  h a n d ,  TRAC- 
PFl  p r e d i c t e d  a n o ma l o u s  b e h a v i o r  i n t h e  r a n g e  of  a i r  f l o w  r a t e s  of  0 . 1 9 1  k g / s  
(>^j*g = 0 . 4 7 )  t o  0 . 1 0 3  k g / s  ( / j * g  = 0 . 3 6 ) ;  t h e  c o mp u t e d  l i q u i d  f i l l i n g  
r a t e  d e c r e a s e d  w i t h  d e c r e a s i n g  a i r  f l o w  r a t e .  H o we v e r , TRAC-PFl  p r e d i c t e d  
c o r r e c t  b e h a v i o r  f o r  a i r  f l o w  r a t e s  be l ow 0 . 1 0 3  k g / s  ( / j * g  = 0 . 3 6 ) .  Fo r  
RELAP5/M0D1, t h e r e was no l i q u i d  downf l ow u n t i l  t h e  a i r  f l o w  r a t e  was r e d u c e d  
be l ow 0 . 0 7  k g / s  ( / j * g  = 0 . 3 ) .  C a l c u l a t i o n  b e l o w t h i s  a i r  f l o w  r a t e  was v e r y  
u n s t a b l e .  T h u s ,  t h e  RELAP5/M0D1 p r e d i c t i o n  was i n  t h e  w o r s t  a g r e e m e n t  w i t h  
t h e  d a t a .

4 . 2 . 4  D i s c u s s i o n

As m e n t i o n e d  e a r l i e r ,  b e c a u s e  of  v e r y  l i t t l e  e n t r a i n m e n t ,  t h e  Da r t mo u t h  
C o l l e g e  t e s t s  a r e  a p p r o p r i a t e  f o r  a s s e s s i n g  t h e  i n t e r f a c i a l  s h e a r  p a c k a g e s  
u s e d  i n  t h e  a d v a n c e d  c o d e s  f o r  c o u n t e r c u r r e n t  f l o w  a p p l i c a t i o n .  T h e r e f o r e ,  an 
a t t e m p t  w i l l  be made t o  e x p l a i n  t h e  c o d e  r e s u l t s  a s  shown i n  F i g u r e s  4 . 2 . 5  and
4 . 2 . 6  t h r o u g h  t h e  i n t e r f a c i a l  s h e a r  u s e d .

TRAC-PFl  empl oys  t h e  D u k l e r  c o r r e l a t i o n  ( D u k l e r ,  1980)  f o r  t h e  i n t e r f a ­
c i a l  s h e a r  wh i c h  i s  e x p r e s s e d  as

f i  = { 3 . 0 4  l o g i g [ 4 A ( l - E ) / ( l - ( x ) ]  -  1 6 . 1 6 } - 2  , ( 4 . 2 . 3 )
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. ' i ------* TRAC-BDl _
R E LA P 5 / M 0 D I WAS UNSTABLE
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*

F i g u r e  4 . 2 . 5  C o mp a r i s o n  Be t ween  t h e  P r e d i c t e d  (TRAC-PFl  and  TRAC-BDl) 
and Me a s u r e d  F l o o d i n g  Cu r v e  f o r  D a r t m o u t h  C o l l e g e  
0 . 0 2 5 4  m I . D .  P i p e  T e s t .

0.6

D A R T M O U T H  COUNTER CURRENT FLOW T E S T  
T E S T  P IP E  I . D .  0 .152  m (6  inch)

0 . 4 ^

0.2

0.0

•  DATA
T R A C - P F l  
T R A C - B D l  

0 R E L A P 5 / M 0 D I

0.1 0.2 0 .3 0 .4

j *

F i g u r e  4 . 2 . 6  Co mp a r i s o n  Be t ween  t h e  P r e d i c t e d  (TRAC-PFl ,  TRAC-BDl,  and
RELAP5/M0D1) and  Me a s u r e d  F l o o d i n g  Cu r v e  f o r  D a r t m o u t h  C o l l e g e
0 . 1 5 2  m I . D .  P i p e  T e s t .
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where

A = Re^ ( D / 0 . 0 5 0 8 ) - 2  f o r  D > 0 . 0 5 0 8  m ;

= Re f o r  D < 0 . 0 5 0 8  m.
g -

Her e  a ,  E,  D, and Reg a r e  t h e  v o i d  f r a c t i o n ,  e n t r a i n m e n t  r a t e ,  p i p e  d i a m e ­
t e r ,  and t h e  v a p o r  o r  ga s  Re y n o l d s  n u mbe r ,  r e s p e c t i v e l y .  E q u a t i o n  ( 4 . 2 . 3 )  was 
d e v e l o p e d  f r o m  t h e  U n i v e r s i t y  of  Hous t on  f l o o d i n g  t e s t s  c o n d u c t e d  i n  a 2 - i n c h  
( 0 . 0 5 0 8  m) d i a m e t e r  p i p e ,  and i t  h a s  been  p l o t t e d  i n  F i g u r e s  4 . 2 . 7  and 4 . 2 . 8  
a s  *a f u n c t i o n  of  l i q u i d  f r a c t i o n ,  a f ,  i . e . ,  ( 1 - a ) ,  and v a p o r  Re y n o l d s  num­
b e r ,  Reg ,  f o r  two p i p e  d i a m e t e r s  ( 0 . 0 2 5 4  m and  0 . 1 5 2  m) .  N o t i c e  t h a t  a c ­
c o r d i n g  t o  E q u a t i o n  ( 4 . 2 . 3 ) ,  t h e  s h e a r  c o e f f i c i e n t ,  f - j ,  ha s  d i s c o n t i n u i t i e s  
a t  c e r t a i n  a f  and Reg c o m b i n a t i o n s ,  and i t  i n c r e a s e s  w i t h  d e c r e a s i n g  gas  
f l o w  r a t e s  o r  ga s  R e y n o l d s  number .  In TRAC-PFl ,  t h e  c o d e  d e v e l o p e r s  a v o i d e d  
t h e  d i s c o n t i n u i t y  by i m p o s i n g  an u p p e r  l i m i t  on t h e  s h e a r  c o e f f i c i e n t  a s  t h e  
l a r g e r  of  1 . 2  and 2 3 . 5 3  0 .  Even w i t h  t h i s  u p p e r  l i m i t ,  t h e  D u k l e r  c o r r e l a t i o n  
has  a s t r o n g  b e a r i n g  on t h e  TRAC-PFl  p r e d i c t i o n  of  l i q u i d  downf l ow r a t e  and i s  
more  d r a m a t i c  i n  t h e  c a s e  of  t h e  0 . 1 5 2  m I . D .  t u b e .  The l i q u i d  downf l ow r a t e  
i s  c o n t r o l l e d  by t h e  i n t e r f a c i a l  s h e a r  s t r e s s  wh i c h  i s  d e f i n e d  as  f i V p ^ .
In  t h e  c a s e  of  t h e  TRAC-PFl  p r e d i c t i o n ,  when t h e  a i r  f l o w  r a t e  was d e c r e a s e d ,  
t h e  f-j i n c r e a s e d  b e c a u s e  of  t h i c k e r  f i l m and l o w e r  gas  R e y n o l d s  numb e r .  In 
t h e  a i r  f l o w  r a t e  r a n g e  of  0 . 1 9 1  k g / s  ( / j * g  = 0 . 4 7 )  t o  0 . 1 0 3  k g / s  ( / j * g  =
0 . 3 6 ) ,  t h e  f-j i n c r e a s e d  r a p i d l y  as  t h e  f i l m  t h i c k n e s s  a p p r o a c h e d  t h e  f i l m  
t h i c k n e s s  a t  wh i c h  t h e  d i s c o n t i n u i t y  o c c u r r e d .  T h i s  i n c r e a s e  i n  f-j o v e r c o m ­
p e n s a t e d  t h e  r e d u c t i o n  i n  Vp ( o r  Vg) r e s u l t i n g  i n  a l o w e r  l i q u i d  downf l ow 
r a t e  a s  shown i n  F i g u r e  4 . 2 . 6 .  F o r  a i r  f l o w  r a t e s  b e l o w 0 . 0 7  k g / s  ( / T * g  =
0 . 3 ) ,  t h e  s h e a r  c o e f f i c i e n t  was compu t ed  f r o m  t h e  s e c o n d  b r a n c h  of  D u k l e r ' s  
c o r r e l a t i o n  wh e r e  f-j d e c r e a s e d  w i t h  i n c r e a s i n g  f i l m  t h i c k n e s s .  T h u s ,  t h e r e  
was a much f a s t e r  r e d u c t i o n  i n  i n t e r f a c i a l  momentum t r a n s f e r  and t h e  l i q u i d  
f i l l i n g  r a t e  i n c r e a s e d  s h a r p l y ,  as  shown i n  F i g u r e  4 . 2 . 6 .  S i m i l a r  b e h a v i o r  
was o b s e r v e d  f o r  t h e  0 . 0 2 5 4  m I . D .  p i p e  c a s e ,  a l t h o u g h ,  t h e  e f f e c t  of  d i s c o n ­
t i n u i t y  was m i l d e r  and was r e f l e c t e d  o n l y  i n  t e r m s  of  c h a n g e  i n  s l o p e s  of  
^ j * g  vs  / J ^  c u r v e  a s  shown i n  F i g u r e  4 . 2 . 5 .

The i n t e r f a c i a l  s h e a r  c o e f f i c i e n t  i n  an a n n u l a r  f l o w  r e g i me  i n  TRAC-BDl 
was d e r i v e d  f r o m  t h e  d r i f t  v e l o c i t y  c o r r e l a t i o n  of  I s h i i  ( 1 9 7 7 )  and a d i s t r i ­
b u t i o n  p a r a m e t e r  g i v e n  by An d e r s e n  and  Chu ( 1 9 8 2 ) .  The i n t e r f a c i a l  momentum 
t r a n s f e r  model  f o r  t h e  a n n u l a r  f l o w  r e g i m e  i n  TRAC-BDl i s  a s  f o l l o w s :

0.015a(a+a)^p 1-aC

=  G ^  I ' 'g -  I «g '

w h e r e

a = [  ^  , ( 4 . 2 . 5 )
/ a

-  59 -



•WALLJS CORRELATION
—  BHARATHAN-WALLIS CORRELATION
 DUKLER c o r r e l a t i o n

-WALLIS c o r r e l a t i o n
 BHARATHAN-WALLIS CORRELATION
 DUKLER CORRELATION

ONo

100

LIMIT

I-D. “ Q . Q 2 S ‘iM

0.01

0 . 0 0 3
0.010.002 0.1

ICO

LIMIT

1.0
9̂,

0.01

0 . 0 0 3
0.002 0.01 0.1 1.0

F i g u r e  4 . 2 . 7  C o mp a r i s o n  o f  V a r i o u s  I n t e r f a c i a l
S h e a r  C o r r e l a t i o n s  f o r  A n n u l a r  Fl ows  
f o r  0 . 0 2 5 4  m I . D .  P i p e .

F i g u r e  4 . 2 . 8  Co mp a r i s o n  o f  V a r i o u s  I n t e r f a c i a l
S h e a r  C o r r e l a t i o n s  f o r  A n n u l a r  Fl ows  
f o r  0 . 1 5 2  m I . D .  P i p e .



and = ^ - 4 4  • ( 4 . 2 . 6 )0 a  + a ' '

Her e  Vg and a r e  t h e  a v e r a g e  g a s  and l i q u i d  v e l o c i t i e s  i n  t h e i r  r e s p e c ­
t i v e  p h a s i c  a r e a s ,  and F^g i s  t h e  i n t e r f a c i a l  f o r c e  p e r  u n i t  vo l ume  of 
t h e  gas  p h a s e .  The i n t e r f a c i a l  s h e a r  c o e f f i c i e n t  as  d e f i n e d  by D u k l e r  (1980)  
o r  W a l l i s  ( 1970)  can be o b t a i n e d  f r o m  t h e  TRAC-BDl d e s c r i p t i o n  as

f i  = / a  [ l - 7 5 ( l - c . ) ] |  1 -  ) ,  . i ,  | ( 1  -  )  • ( 4 . 2 . 7 )
'' g t  '  V g/  /

Fo r  c o u n t e r c u r r e n t  f l o w s ,  Vg and a r e  of  o p p o s i t e  s i g n s ;  t h e r e f o r e ,  t h e  
l a s t  two t e r m s  w i l l  be  g r e a t e r  t h a n  1 . 0 .  The v a r i a b l e  a i s  g e n e r a l l y  s ma l l  
f o r  t h i n  f i l m s .  Fo r  t h e  l a r g e  t u b e  c a s e  ( 0 . 1 5 2  m I . D . ) ,  ' a '  v a r i e d  f r o m
0 . 0 0 1 4  t o  0 . 0 0 3 .

The w e l l - k n o w n  W a l l i s  c o r r e l a t i o n  ( W a l l i s ,  1970)  f o r  i n t e r f a c i a l  s h e a r  
c o e f f i c i e n t  i n  t h e  a n n u l a r  f l o w  r e g i m e  i s

f  . = 0 . 0 0 5  [  l + 7 5 ( l - a ) ]  . ( 4 . 2 . 8 )

A c o m p a r i s o n  of  e x p r e s s i o n s  f o r  t h e  i n t e r f a c i a l  s h e a r  c o e f f i c i e n t s  i n  E q u a ­
t i o n s  ( 4 . 2 . 7 )  and ( 4 . 2 . 8 )  i n d i c a t e s  t h a t  t h e  TRAC-BDl m o d e l ,  i . e . .  E q u a t i o n  
( 4 . 2 . 7 ) ,  p r o d u c e s  a l a r g e r  i n t e r f a c i a l  s h e a r  s t r e s s  t h a n  t h e  W a l l i s  c o r r e l a ­
t i o n  ( E q u a t i o n  4 . 2 . 8 ) .  T h e r e f o r e ,  t h e  W a l l i s  c o r r e l a t i o n  wou l d  p r o d u c e  e ven  
l a r g e r  w a t e r  downf l ow r a t e s  t h a n  t h a t  p r e d i c t e d  by TRAC-BDl.

In an a t t e m p t  t o  s u g g e s t  a b e t t e r  model  f o r  i n t e r f a c i a l  s h e a r  c o e f f i c i e n t  
i n  a n n u l a r  f l o w  r e g i m e s ,  t h e  B h a r a t h a n - W a l 1 i s  c o r r e l a t i o n  ( B h a r a t h a n ,  1979)  
was a l s o  i n v e s t i g a t e d .  T h i s  c o r r e l a t i o n  was d e v e l o p e d  f r o m  t h e  Da r t mo u t h  
C o l l e g e  d a t a  and had been  shown t o  p r e d i c t  a c o u n t e r c u r r e n t  f l o w  l i m i t a t i o n  
s u p e r i o r  t o  t h e  W a l l i s  o r  D u k l e r  c o r r e l a t i o n  i n  an e a r l i e r  s i m u l a t i o n  of 
f l o o d i n g  t e s t  w i t h  0 . 0 5 0 8  m I . D .  t e s t  s e c t i o n  (Popov and R o h a t g i , 1 9 8 3 ) .  The 
B h a r a t h a n - Wa l  1 i s  c o r r e l a t i o n  i s  as  f o l l o w s ;

0
f  . = 0 . 0 0 5  + C^^ 6* , ( 4 . 2 . 9 )

wh e r e

C^^ = 0 . 2 7 5  ( 1 0 ^ ’ ^ ^ / D* )

C^2 = 1 - 63  + 4 . 7 4 / D *  ,

6* = 5 / / a / [ g ( p ^  -  P g ) ]  ,
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6 = D ( l - / 7 ) / 2

D* = D / / a / [ g ( P j ^  -  P g ) ]  .

Here  6 ,  D, and a a r e  t h e  f i l m  t h i c k n e s s ,  p i p e  d i a m e t e r ,  and s u r f a c e  t e n s i o n ,
r e s p e c t i v e l y .  T h i s  c o r r e l a t i o n  i n d i c a t e s  t h a t  f-j d e p e n d s  upon s u r f a c e  t e n ­
s i o n ,  b u t  i s  u n a f f e c t e d  by gas  o r  v a p o r  R e y n o l d s  n u mb e r .  C o m p a r i s o n s  of  t h e  
B h a r a t h a n - W a l 1 i s  c o r r e l a t i o n  w i t h  t h e  D u k l e r  and W a l l i s  c o r r e l a t i o n s  a r e  shown 
i n  F i g u r e s  4 . 2 . 7  and 4 . 2 . 8  f o r  0 . 0 2 5 4  m and 0 . 1 5 2  m I . D .  p i p e s .

Bo t h  t h e  W a l l i s  and t h e  B h a r a t h a n - W a l 1 i s  c o r r e l a t i o n s  w e r e  i n c o r p o r a t e d
i n  TRAC-PFl  a t  BNL. C a l c u l a t i o n s  w e r e  p e r f o r m e d  f o r  t h e  l a r g e  d i a m e t e r  p i p e  
t e s t s ,  and t h e  new r e s u l t s  a l o n g  w i t h  t h e  o r i g i n a l  TRAC-PFl  and TRAC-BDl p r e ­
d i c t i o n s  a r e  shown i n  F i g u r e  4 . 2 . 9 .  As e x p e c t e d ,  t h e  W a l l i s  c o r r e l a t i o n ,  b e ­
c a u s e  of  l o w e r  i n t e r f a c i a l  s h e a r  c o e f f i c i e n t ,  t e n d s  t o  h i g h l y  o v e r p r e d i c t  t h e  
l i q u i d  downf l ow r a t e  and seems  i n a p p r o p r i a t e  f o r  c o u n t e r c u r r e n t  f l o w  s i t u a ­
t i o n s .  The B h a r a t h a n - W a l 1 i s  c o r r e l a t i o n ,  on t h e  o t h e r  h a n d ,  t e n d s  t o  u n d e r -  
p r e d i c t  t h e  l i q u i d  downf l ow r a t e ,  p a r t i c u l a r l y  a t  h i g h e r  a i r  u p f l o w  r a t e s .  
Howeve r ,  i t  d o e s  n o t  s u f f e r  f r o m  any a n o ma l o u s  b e h a v i o r  a s  d e p i c t e d  by t h e  
D u k l e r  c o r r e l a t i o n  f o r  t h e  l a r g e  d i a m e t e r  p i p e .

S i m i l a r  c a l c u l a t i o n s  w e r e  p e r f o r m e d  f o r  t h e  s ma l l  d i a m e t e r  ( 0 . 0 2 5 4  m
I . D . )  p i p e .  From t h e  s ma l l  and l a r g e  d i a m e t e r  p i p e  c a l c u l a t i o n s ,  i t  i s  c o n ­
c l u d e d  t h a t  a c o m b i n a t i o n  of  t h e  D u k l e r  and t h e  B h a r a t h a n - W a l 1 i s  c o r r e l a t i o n s  
i s  p r o b a b l y  r e q u i r e d  t o  o b t a i n  a good c o r r e l a t i o n  f o r  i n t e r f a c i a l  s h e a r  i n  t h e  
a n n u l a r  f l o w  r e g i m e  f o r  c o u n t e r c u r r e n t  f l o w  a p p l i c a t i o n s .  The D u k l e r  c o r r e l a ­
t i o n  seems  a p p r o p r i a t e  f o r  t h e  s m a l l e r - d i a m e t e r  p i p e s ,  w h e r e a s  t h e  B h a r a t h a n -  
W a l l i s  c o r r e l a t i o n  p r o d u c e s  more  c o n s i s t e n t  r e s u l t s  f o r  t h e  l a r g e r  d i a m e t e r  
p i p e s .

Fo r  TRAC-BDl,  t h e  K u t a t e l a d z e  CCFL c o r r e l a t i o n  was  a l s o  u s e d  f o r  t h e  
l a r g e  d i a m e t e r  p i p e  t e s t s .  As shown i n  F i g u r e  4 . 2 . 1 0 ,  t h e  u s e  of  CCFL c o r r e ­
l a t i o n  i mp r o v e d  t h e  TRAC-BDl p r e d i c t i o n  f o r  t h e  0 . 1 5 2  m I . D .  p i p e  t e s t s .  How­
e v e r ,  t h e  c o d e  was s t i l l  p r e d i c t i n g  l a r g e r  l i q u i d  downf l ow r a t e s  t h a n  t h e  e x ­
p e r i m e n t .  S i m i l a r  c a l c u l a t i o n s  h a v e  been  p e r f o r m e d  by t h e  TRAC-BDl c o d e  d e ­
v e l o p e r s  a t  INEL f o r  t h e  Da r t mo u t h  C o l l e g e  0 . 0 2 5 4  m I . D .  p i p e  t e s t s .  However ,  
t o  a c h i e v e  a good a g r e e m e n t  w i t h  t h e  d a t a ,  t h e  v a l u e  of  t h e  K u t a t e l a d z e  c o n ­
s t a n t ,  K, was c h a n g e d  f r o m  t h e  s t a n d a r d  v a l u e  of  3 . 2  t o  1 . 2 .  T h i s  i n d i c a t e s  
t h a t  TRAC-BDl w i l l  r e q u i r e  d i f f e r e n t  v a l u e s  f o r  t h e  K u t a t e l a d z e  c o n s t a n t  f o r  
d i f f e r e n t  e x p e r i m e n t a l  a p p a r a t u s  and h a r d w a r e .  S i n c e  TRAC-BDl c a n n o t  p r e d i c t  
t h i s  c o n s t a n t  a p r i o r i , t h e  b u i l t - i n  K u t a t e l a d z e  c o r r e l a t i o n  mus t  be  u s e d  w i t h  
c a u t i o n .

The RELAP5/M0D1 i n t e r f a c i a l  s h e a r  p a c k a g e  c o u l d  n o t  be  a s s e s s e d  b e c a u s e  
of  p o o r  a g r e e m e n t  b e t we e n  t h e  c o d e  p r e d i c t i o n s  and t h e  d a t a .  I t  i s  c l e a r  t h a t
RELAP5 mus t  f i r s t  h a v e  a b e t t e r  f l o w  r e g i m e  map i n c l u d i n g  an a n n u l a r - m i s t  r e ­
gime b e f o r e  t h e  c o d e  i s  a p p l i e d  t o  CCFL a p p l i c a t i o n s .  I t  i s  o u r  u n d e r s t a n d i n g
t h a t  s u c h  a c h a n g e  h a s  b e e n  made t o  t h e  n e we r  v e r s i o n ,  i . e . ,  RELAP5/M0D2.
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n -̂------------ 1------------- r
D A R T M O U T H  COUNTER CURRENT FLOW T E S T  

T E S T  P IPE  I . D .  0 .15 2  m (6  inch)

o> 0 . 4

0.0

•  DATA  
□ T R A C - P F l  
 ̂ T R A C - B D l  

o W A L L IS
o B H A R A T H A N -W A L L IS

_ _ _ _ _ _ _ _ _ _ _ _ _ _ 1_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ l _ _

0.1 0.2 0 .3 0 .4

Jf

F i g u r e  4 . 2 . 9  F l o o d i n g  Cu r v e s  C o r r e s p o n d i n g  t o  V a r i o u s  I n t e r f a c i a l  
S h e a r  C o r r e l a t i o n s  f o r  D a r t m o u t h  C o l l e g e  0 . 1 5 2  m I . D .  
P i p e  T e s t .

0.6 =

0.2

0.0^

T T
DARTMOUTH COUNTER CURRENT FLOW TEST 

TEST PIPE I.D . 0 .1 5 2  m 
o  DATA

T R A C -B D l COMPUTATION

WITH CC FL *
HI THOH T CC FL x

0 - -
o

•o

S P R E A D  I N  C O M P U T A T I O N  

WITH CCFL - - -  
WITHOUT CCF L ---- -

0.1 0.2 0 .3

F i g u r e  4 . 2 . 1 0  Co mp a r i s o n  o f  TRAC-BDl R e s u l t s  Wi t h  and W i t h o u t  CCFL
C o r r e l a t i o n  f o r  D a r t m o u t h  C o l l e g e  0 . 1 5 2  m I . D .  P i p e  T e s t .
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4 . 2 . 5  User E x p e r ie n c e

T h e r e  was no p a r t i c u l a r  d i f f i c u l t y  i n  r u n n i n g  t h e  c o d e s  f o r  t h e  Da r t mo u t h  
C o l l e g e  t e s t s .  However ,  RELAP5/M0D1 p r o d u c e d  v e r y  f e w  u s e f u l  r e s u l t s  b e c a u s e  
of  s e v e r e  n u m e r i c a l  i n s t a b i l i t i e s .  The TRAC-PFl  and TRAC-BDl r e s u l t s  w e r e  n o t  
v e r y  s t a b l e  e i t h e r .  However ,  t h e y  c o u l d ,  a t  l e a s t ,  be  t i m e  a v e r a g e d  and com­
p a r e d  t o  t h e  d a t a .  The c o m p u t e r  r un  t i m e  s t a t i s t i c s  f o r  t h e s e  c a l c u l a t i o n s  
a r e  shown i n  T a b l e  4 . 2 . 1 .

T a b l e  4 . 2 . 1  T y p i c a l  Co mp u t e r  Run Time S t a t i s t i c s  f o r  t h e  D a r t m o u t h
C o l l e g e  S i n g l e  Tube CCFL T e s t  

C o mp u t e r :  BNL CDC-7600

C a l c u l a t i o n
TRAC--PFl

RFLAP5/
MODI TRAC-BDl

I t e m
Smal 1 
Tube

L a r g e
Tube

La r g e
Tube

Smal 1 
Tube

L a r g e
Tube

No. of  C e l l s 41 47 49 41 47

P r o b l e m  Time ( s ) 29 39 1 6 . 8 19 1 4 . 7

No. of  Time S t e p s 1496 1774 5388 2428 5312

CPU Time ( s ) 224 316 190 206 422

C P U - t o - P r o b l e m  Time 7 . 7 8 . 1 11 . 3 1 0 . 8 2 8 . 7

CPU ( s ) / C e l 1 / T i me  S t e p 3 . 6 x 1 0 ' 3 3 . 8 x 1 0 ' ^ 0 . 7 x 1 0 " ^ 2 . 1 x 1 0 ' ^ 1 . 7 x 1 0 " 3

4 . 3  Da r t mo u t h  C o l l e g e  P a r a l l e l  Tube  T e s t s

4 . 3 . 1  T e s t  D e s c r i p t i o n

The  e x p e r i m e n t a l  f a c i l i t y  ( C l a r k  e t  a l . ,  1978)  as  shown i n  F i g u r e  4 . 3 . 1  
c o n s i s t e d  of  an u p p e r  p l e num wh i c h  c o u l d  be  c o n n e c t e d  t o  a l o w e r  c o l l e c t i o n  
c h a mb e r  by o n e ,  t w o ,  o r  t h r e e  v e r t i c a l  t u b e s  up t o  1 . 5 2  m i n  l e n g t h .  The u p ­
p e r  p l e num and l o w e r  c o l l e c t i o n  c h a mb e r s  w e r e  c o n s t r u c t e d  of  0 . 3 3  m I . D .  Lu-  
c i t e  c y l i n d e r s .  Wa t e r  was i n t r o d u c e d  i n t o  t h e  u p p e r  p l enum by means  of  an a n ­
n u l a r  i n j e c t i o n  r i n g  t o  m i n i m i z e  a s y m m e t r i c a l  e n t r a n c e  e f f e c t s  i n  t h e  t u b e s .
A d r a i n  was i n s t a l l e d  t o  p r o v i d e  a c o n s t a n t  w a t e r  l e v e l  of  a p p r o x i m a t e l y  0 . 1  m 
i n  t h e  u p p e r  p l enum f o r  a l l  t e s t s .  The u p p e r  p o r t i o n  of  t h e  p l e num was open 
t o  t h e  a t m o s p h e r e  t h r o u g h  a d i s e n t r a i n m e n t  d e v i c e  d e s i g n e d  t o  m i n i m i z e  s p l a s h ­
i n g  d u r i n g  o p e r a t i o n .

The l o w e r  chamber  was s e a l e d  a t  b o t h  e nds  and was 0 . 7 1  m i n  d e p t h .  A 
d r a i n  was p r o v i d e d  t o  e x p e l  w a t e r  a c c u m u l a t e d  d u r i n g  t e s t i n g ,  and a p o r t  i n
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F i g u r e  4 . 3 . 1  S c h e m a t i c  o f  D a r t m o u t h  C o l l e g e  P a r a l l e l  Tube  T e s t  
F a c i l i t y .
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t h e  s i d e  of  t h e  c h a mb e r  a c c e p t e d  an a i r  i n j e c t i o n  s y s t e m .  An a l umi num h o n e y ­
comb b a f f l e  was i n s t a l l e d  a b o v e  t h e  a i r  i n j e c t o r  t o  r e d u c e  a s y m m e t r i c a l  e n ­
t r a n c e  e f f e c t  i n  t h e  t u b e s  b e i n g  t e s t e d .  Al l  t u b e s  t e s t e d  w e r e  ma c h i n e d  w i t h  
s q u a r e  e d g e s  a t  b o t h  e nds  and we r e  mount ed  v e r t i c a l l y  i n  t h e  a p p a r a t u s  w i t h  
t h e  end  s u r f a c e s  a l i g n e d  f l u s h  w i t h  t h e  end p l a t e  s u r f a c e s  of  t h e  u p p e r  and 
l o w e r  c h a m b e r s .

Du r i n g  t h e  e x p e r i m e n t ,  t h e  a i r  f l o w  r a t e  was c h a n g e d  s t e p w i s e .  A f t e r  
e a c h  s t e p ,  a s u f f i c i e n t l y  l o n g  t i m e  was  a l l o w e d  f o r  t h e  f l o w  t o  e s t a b l i s h .
The a i r  f l o w  r a t e  was c h a n g e d  e i t h e r  i n  t h e  a s c e n d i n g  o r  d e s c e n d i n g  o r d e r  w i t h  
t h e  o n l y  r e q u i r e m e n t  t h a t  no n e  of  t h e  t u b e s  was c o m p l e t e l y  f i l l e d  w i t h  w a t e r  
d o wn f l o w.  T h e r e f o r e ,  t h r o u g h o u t  t h e  e x p e r i m e n t s  e a c h  t u b e  r e m a i n e d  i n  e i t h e r  
a c o u n t e r c u r r e n t  f l o w  o r  a p u r e  a i r  u p f l o w  r e g i m e .  A f t e r  a s t e a d y - s t a t e  c o n ­
d i t i o n  was a c h i e v e d ,  t h e  p r e s s u r e  d r o p  a c r o s s  t h e  t u b e s ,  i . e . ,  t h e  p r e s s u r e  
d i f f e r e n c e  b e t we e n  t h e  t o p  of  t h e  l o w e r  c h a mb e r  and t h e  b o t t o m  of  t h e  u p p e r  
p l e n u m,  t h e  a i r  f l o w  r a t e ,  and t h e  i n t e r g r a t e d  w a t e r  downf l ow r a t e  w e r e  mea­
s u r e d .  The w a t e r  downf l ow r a t e  was m e a s u r e d  by means  of  a g r a d u a t e d  s c a l e  i n ­
s t a l l e d  i n  t h e  l o w e r  c h a m b e r .  Al l  e x p e r i m e n t s  we r e  c o n d u c t e d  a t  n e a r - a t m o s ­
p h e r i c  p r e s s u r e  and room t e m p e r a t u r e .  The d e t a i l s  of  t h e  e x p e r i m e n t s  can  be 
f o u n d  i n  ( C l a r k  e t  a l . ,  1 9 7 8 ) .

The t e s t  s e r i e s  w i t h  t h r e e  p a r a l l e l  t u b e s  e a c h  o f  0 . 0 2 5 4  m I . D .  and 1 . 5 2  
m l e n g t h  was c h o s e n  f o r  s i m u l a t i o n  w i t h  TRAC-PFl  ( V e r s i o n  7 . 0 )  and TRAC-BDl 
( V e r s i o n  1 2 . 0 ) .  The RELAP5/M0D1 c o d e  was n o t  a p p l i e d  t o  t h e s e  t e s t s  b e c a u s e  
of  i t s  p o o r  p r e d i c t i o n  of  t h e  s i n g l e  t u b e  t e s t s  d i s c u s s e d  i n  S e c t i o n s  4 . 1  and 
4 . 2 .

4 . 3 . 2  I n p u t  Mode l s

The t e s t  s e c t i o n  was mo de l e d  p r i m a r i l y  u s i n g  t h e  VESSEL modu l e  of  TRAC- 
PFl  and TRAC-BDl.  One r a d i a l  r i n g  and  t h r e e  120°  a z i m u t h a l  s e c t o r s  w e r e  u s e d  
i n  b o t h  m o d e l s .  Fo r  TRAC-PFl ,  t h e  a x i a l  f l o w  a r e a  i n  e a c h  a z i m u t h a l  s e c t o r  
was r e d u c e d  t o  t h a t  f o r  0 . 0 2 5 4  I . D .  t u b e ,  and no c o m m u n i c a t i o n  a c r o s s  t h e  a z i ­
mut ha l  c e l l  b o u n d a r i e s  was a l l o w e d .  T h u s ,  t h r e e  d i s t i n c t  p a r a l l e l  t u b e s  w e r e  
c r e a t e d  w i t h i n  t h e  VESSEL mo d u l e  of  TRAC-PFl .

F o r  TRAC-BDl,  t h r e e  t e s t  p i p e s  w e r e  mo de l e d  w i t h  t h r e e  o n e - d i m e n s i o n a l  
CHAN ( o r  CHANNEL) c o m p o n e n t s .  The n o d a l i z a t i o n s  of  b o t h  TRAC-PFl  and TRAC-BDl 
i n p u t  mo d e l s  w e r e  t h e  s ame ,  and as  an e x a m p l e ,  t h e  TRAC-BDl n o d a l i z a t i o n  i s  
shown i n  F i g u r e  4 . 3 . 2 .  The u p p e r  and l o w e r  p a r t s  of  t h e  VESSEL d i d  r e p r e s e n t  
t h e  u p p e r  and l o w e r  p l e n a  of  t h e  t e s t  a p p a r a t u s .  S e v e r a l  P I PE ,  BREAK, and 
FILL c o mp o n e n t s  w e r e  a t t a c h e d  t o  t h e  VESSEL t o  c o m p l e t e  t h e  m o d e l .

Wa t e r  was i n t r o d u c e d  i n t o  t h e  u p p e r  p l enum b e t w e e n  C e l l  J u n c t i o n s  5 and 6 
h o r i z o n t a l l y  i n  a r a d i a l  d i r e c t i o n  a t  a r a t e  e x c e e d i n g  t h e  c o n s e r v a t i v e l y  e s ­
t i m a t e d  f r e e - f a l l  w a t e r  downf l ow r a t e  i n  a c h a n n e l .  The e x c e s s  w a t e r  was a l ­
l owed t o  l e a v e  t h e  u p p e r  p l e n u m t h r o u g h  a d r a i n  p i p e  ( n o t  shown i n  F i g u r e
4 . 3 . 2 )  c o n n e c t e d  a t  Ce l l  7 .  T h u s ,  a c o n s t a n t  w a t e r  l e v e l  was m a i n t a i n e d .  The 
a i r  e n t e r i n g  t h e  u p p e r  p l e num t h r o u g h  t h e  v e r t i c a l  c h a n n e l s  was a l l o w e d  t o  
l e a v e  t h r o u g h  PIPE 2 a n d / o r  t h e  d r a i n  p i p e  a t  Ce l l  7 .  A t m o s p h e r i c  p r e s s u r e  
was  s p e c i f i e d  a t  BREAK 1 r e p r e s e n t i n g  t h e  t o p  of  t h e  t e s t  a p p a r a t u s .
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P a r a l l e l  Tube  T e s t .
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A i r  was i n j e c t e d  i n t o  t h e  l o w e r  p l e num v e r t i c a l l y  a t  C e l l  J u n c t i o n  2 
u s i n g  a FILL c o mp o n e n t .  PIPE 1 and FILL 1 shown i n  F i g u r e  4 . 3 . 2  we r e  n o t  
p r e s e n t  i n  t h e  e x p e r i m e n t a l  f a c i l i t y ,  b u t  we r e  a d d e d  f o r  t h e  c o n v e n i e n c e  of 
c o m p u t a t i o n .  The c o d e  had t o  be run f o r  a c e r t a i n  p e r i o d  of  t i m e  f o r  e a c h  
o p e r a t i o n a l  p o i n t  ( w i t h  f i x e d  a i r  f l u x )  u n t i l  a s t a b l e  c o n d i t i o n  was r e a c h e d .
D u r i n g  t h i s  t i m e ,  w a t e r  c o l l e c t e d  i n  t h e  l o we r  p l e num c o u l d  f i l l  i t  u p ,  t h u s
c h a n g i n g  t h e  f l o w  c o n d i t i o n s  a t  t h e  e n t r a n c e  of  t h e  t u b e .  D u r i n g  t h e  e x p e r i ­
m e n t ,  t h e  l o we r  p l e num was p e r i o d i c a l l y  d r a i n e d  by means  of  a m a n u a l l y  o p e r a t ­
ed  v a l v e .  T h i s  d r a i n a g e  was s i m u l a t e d  by a t t a c h i n g  PIPE 1 a t  t h e  b o t t o m  of 
t h e  l o w e r  p l e num wh e r e  t h e  w a t e r  was c o l l e c t e d  w i t h o u t  a l t e r i n g  t h e  t u b e  e n ­
t r a n c e  c o n d i t i o n s .

A n o t h e r  d i f f i c u l t y  r e l a t e d  t o  t h e  s i z e  of  t h e  l o w e r  p l e n u m had  t o  be 
o v e r c o m e .  S i n c e  t h e  a i r  vol ume i n  t h e  l o w e r  p l e n u m wo u l d  a f f e c t  t h e  t i m e  r e ­
s p o n s e  of  t h e  s y s t e m ,  an a i r  s h i e l d  ( o r  r e s t r i c t i o n )  was p l a c e d  b e t we e n  t h e  
l o w e r  p l e num a nd  PIPE 1 ( s h a d e d  a r e a  i n  F i g u r e  4 . 3 . 2 ) .  In o r d e r  t o  d r a i n  t h e  
w a t e r  down,  b u t  a t  t h e  same t i m e  k e e p  t h e  a i r  f r o m  d i f f u s i n g  i n t o  t h e  d r a i n  
p i p e  (PIPE 1 ) ,  a v e r y  h i g h  v a l u e  of  t h e  a d d i t i o n a l  f r i c t i o n  l o s s  c o e f f i c i e n t  
f o r  t h e  a i r  was u s e d .  T h u s ,  t h e  e f f e c t i v e  l o w e r  p l e num vol ume i n  t h e  model  
was k e p t  t h e  same as  i n  t h e  e x p e r i m e n t .

4 . 3 . 3  Code P r e d i c t i o n s  and Co m p a r i s o n  Wi t h  Da t a

The TRAC-BDl c o d e  was f i r s t  run t o  s i m u l a t e  a v e r y  s l o w  t r a n s i e n t  w i t h  
t h e  d i m e n s i o n l e s s  a i r  f l u x  c h a n g i n g  w i t h  t i m e  as

d ( J *  / J *  ) //I o 1 ^
 St— S ^  « .  0 . 0 0 6  s ' ^  ( 4 . 3 . 1 )

d t

w h e r e  J * g , o  i n i t i a l  n o n d i m e n s i o n a l  v a l u e  of  t h e  a i r  f l u x .  T h i s  was
d o n e  t o  a c c o u n t  f o r  any p o s s i b l e  h i s t o r y  e f f e c t  i n  e s t a b l i s h i n g  a s t a b l e  o p e r ­
a t i n g  c o n d i t i o n .  L a t e r ,  a d d i t i o n a l  c a l c u l a t i o n s  w i t h  c o n s t a n t  a i r  f l u x e s  wer e  
r un  u s i n g  t h e  c o d e ' s  r e s t a r t  c a p a b i l i t y .  F i g u r e  4 . 3 . 3  shows  t h e  p a t h s  f o r  t h e  
s l o w  t r a n s i e n t  ( s o l i d  l i n e )  a s  w e l l  a s  t h e  r u n s  made w i t h  f i x e d  a i r  f l u x e s  
( d a s h e d  l i n e s ) .  The TRAC-BDl r e s u l t s  showed t h a t  e a c h  p o i n t  on t h e  s l o w  t r a n ­
s i e n t  ca n  i n d e e d  be r e g a r d e d  as  a q u a s i - s t e a d y - s t a t e  c a l c u l a t i o n .

S i n c e  t h e  w a t e r  downf l ow r a t e s  d u r i n g  t h e s e  e x p e r i m e n t s  w e r e  n o t  r e p o r t ­
e d ,  o n l y  t h e  d a t a  on o v e r a l l  p r e s s u r e  d r o p  a c r o s s  t h e  t e s t  s e c t i o n  w e r e  a v a i l ­
a b l e  f o r  c o d e  c o m p a r i s o n .  F i g u r e  4 . 3 . 4  shows t h e  TRAC-BDl r e s u l t s  and t h e  
m e a s u r e d  n o n d i m e n s i o n a l  p r e s s u r e  d r o p ,  a P*  v s  J*g .  T h e s e  a r e  d e f i n e d  as

AP* = -  ( f P  + p a ) / [ g ( p „  -  p J ]  , ( 4 . 3 . 2 )L Pg,

J ★ . ( 4 . 3 . 3 )g ^ ^ g , t o t a r " ' t o t a V ^ g
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F i g u r e  4 . 3 . 3  V a r i a t i o n  o f  A i r  F l ow Race  f o r  TRAC-BDl C a l c u l a t i o n .

DARTMOUTH PA RA L LE L  TUBE C C F L  T E S T
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F i g u r e  4 . 3 . 4  Compa r i s on  Bet ween t h e  Me a s u r e d  and TRAC-BDl P r e s s u r e  
Drop f o r  t h e  D a r t i t o u t h  C o l l e g e  P a r a l l e l  Tube  T e s t s .
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In t h e  a b o v e  e q u a t i o n s ,  a P ,  L,  Qg,t o t a l > ^ t o t a l > ^nd D r e p r e s e n t  t h e  mea­
s u r e d  p r e s s u r e  d i f f e r e n c e  b e t w e e n ’ t h e  l o w e r  and u p p e r  p l e n a ,  t u b e  l e n g t h ,  
t o t a l  v o l u m e t r i c  ga s  f l o w  t h r o u g h  a l l  t h r e e  t u b e s ,  t o t a l  t u b e  f l o w  a r e a ,  and  
t u b e  i n s i d e  d i a m e t e r ,  r e s p e c t i v e l y .  S t a n d a r d  s y mb o l s  a r e  u s e d  f o r  t h e  p h a s i c  
d e n s i t i e s  and t h e  a c c e l e r a t i o n  due  t o  g r a v i t y .

In F i g u r e  4 . 3 . 4 ,  t h e  a l p h a b e t s  A-B-C-D-E r e p r e s e n t  t h e  e x p e r i m e n t a l  p a t h  
as  t h e  a i r  f l o w  r a t e  was d e c r e a s e d  i n  s t e p s ,  w h e r e a s  t h e  number s  1 - 2 - 3 - 4 - 5  d e ­
n o t e  t h e  TRAC-BDl r e s u l t s .  F o r  J*g g r e a t e r  t h a n  a p p r o x i m a t e l y  1 . 0 ,  t h e  c o d e  
p r e d i c t i o n  i s  i n  c l o s e  a g r e e m e n t  w i t h  t h e  d a t a  ( s e e  P a t h s  A-B and 1 - 2 ) .  T h i s  
i s  t o  be  e x p e c t e d  s i n c e  i n  t h i s  r e g i o n  o n l y  a i r  f l o w e d  t h r o u g h  a l l  t h e  p i p e s  
and  no w a t e r  was a b l e  t o  f l o w  down.  T h i s  a l s o  c o n f i r m s  t h a t  TRAC-BDl c o r r e c t ­
l y  p r e d i c t s  t h e  w a l l  f r i c t i o n  due  t o  s i n g l e  p h a s e  gas  f l o w .

As t h e  a i r  f l o w  r a t e  was d e c r e a s e d  f u r t h e r ,  i . e . ,  J * g  < 1 . 0 ,  a c c o r d i n g  
t o  TRAC-BDl,  w a t e r  s t a r t e d  t o  f l o w  down t h r o u g h  one  of  t h e  p i p e s  w h i l e  o n l y  
a i r  c o n t i n u e d  t o  f l o w  up t h r o u g h  t h e  two r e m a i n i n g  p i p e s .  In t h e  e x p e r i m e n t ,  
h o w e v e r ,  t h e r e  was t w o - p h a s e  c o u n t e r c u r r e n t  a n n u l a r  f l o w  i n  one  p i p e  and  s i n ­
g l e - p h a s e  a i r  u p f l o w  i n  two p i p e s .  Th i s  c o r r e s p o n d s  t o  P o i n t  C i n  F i g u r e  
4 . 3 . 4 .  N o t i c e  t h a t  t h e  n o n d i m e n s i o n a l  p r e s s u r e  d r o p  aP* i n c r e a s e d  as  t h e  f l o w  
p a t t e r n  c h a n g e d  f r o m  P o i n t  B t o  C.  A c h a n g e  i n  f l o w  p a t t e r n  was a l s o  o b s e r v e d  
i n  t h e  c a l c u l a t i o n  ( P o i n t  2 t o  3 ) .  Howe ve r ,  i n s t e a d  of  h a v i n g  one  p i p e  i n  t h e  
c o u n t e r c u r r e n t  a n n u l a r  f l o w  r e g i m e ,  TRAC-BDl c a l c u l a t e d  t h e  p i p e  t o  be  i n  a 
l o w - v o i d  (a»5%) t w o - p h a s e  downf l ow r e g i m e ,  and  t h e  o t h e r  two p i p e s  i n  t h e  s i n ­
g l e - p h a s e  a i r  u p f l o w  r e g i m e .  T h i s  r e s u l t e d  i n  h i g h e r  a i r  f l o w  r a t e s  t h r o u g h  
t h e  a i r - f i l l e d  p i p e s  and c a u s e d  h i g h e r  a P*  ( s e e  P a t h  4 t o  5 ) ,  whi ch  was i n  
c o n t r a d i c t i o n  w i t h  t h e  e x p e r i m e n t a l  p a t h  D-E.  C a l c u l a t i o n s  c o u l d  n o t  be c o n ­
t i n u e d  be l ow J*g of  a p p r o x i m a t e l y  0 . 5  b e c a u s e  of  t h e  c o d e  f a i l u r e  i n  
numer i  c s .

In s h o r t ,  some q u a l i t a t i v e  a s p e c t s  o f  t h e  e x p e r i m e n t s  we r e  p r e d i c t e d  by 
TRAC-BDl.  Howeve r ,  t h e r e  w e r e  s i g n i f i c a n t  d i s a g r e e m e n t s  b e t we e n  t h e  c o d e  p r e ­
d i c t i o n  and t h e  e x p e r i m e n t a l  d a t a  r e g a r d i n g  AP* and  f l o w  p a t t e r n  be l ow J*g 
of  a p p r o x i m a t e l y  1 . 0  when w a t e r  s t a r t s  t o  f l o w  down t h r o u g h  one  o r  more t u b e s .

The TRAC-PFl  r e s u l t s  f o r  t h e s e  t e s t s  w e r e  e v e n  more  d i s c o u r a g i n g .  C a l c u ­
l a t i o n s  we r e  p e r f o r m e d  t o  o b t a i n  s t e a d y  s t a t e s  f o r  v a r i o u s  n o n d i m e n s i o n a l  a i r  
f l o w  r a t e s  ( J * g )  r a n g i n g  f r o m  3 . 9  t o  0 . 3 9 .  No s t a b l e  r e s u l t s  we r e  o b t a i n e d  
f o r  any a i r  f l o w  r a t e .  The r e s u l t s  i n d i c a t e d  c o n s i d e r a b l e  d i f f i c u l t y  i n  c o n ­
v e r g e n c e  f o r  b o t h  h i g h  and low a i r  f l o w  r a t e s  and  t o o k  an e x t r e m e l y  l o n g  r u n ­
n i n g  t i m e .  As an e x a m p l e ,  t h e  v o i d  f r a c t i o n ,  p r e s s u r e ,  a i r  v e l o c i t y ,  and l i ­
q u i d  v e l o c i t y  a t  t h e  t o p  of  t h e  t h r e e  p i p e s  f o r  t h e  n o n d i m e n s i o n a l  a i r  f l o w  
r a t e  ( J * g )  of  1 . 9 7 4  a r e  shown i n  F i g u r e  4 . 3 . 5 .  G e n e r a l l y ,  a i r  c o u l d  n o t  
p e n e t r a t e  t h r o u g h  t h e  w a t e r  i n  t h e  u p p e r  p l e n u m i n  t h e  b e g i n n i n g ,  and t h e  
l o w e r  p l e num p r e s s u r e  s t a r t e d  t o  i n c r e a s e .  At  some p o i n t  ( u s u a l l y  a b o u t  0 . 2  
t o  0 . 4  b a r  a b o v e  t h e  a t m o s p h e r i c  p r e s s u r e ) ,  a i r  v i o l e n t l y  p e n e t r a t e d  t h e  w a t e r  
a bove  one  of  t h e  t e s t  p i p e s  and e n t r a i n e d  mos t  of  t h e  w a t e r  i n  t h a t  c e l l .  The 
a i r  v e l o c i t y  i n  t h e  p i p e  i n c r e a s e d  r a p i d l y  ( up  t o  t h e  o r d e r  of  500 m / s e c )  and 
t h e  p r e s s u r e  i n  t h e  p i p e  d e c r e a s e d  s u b s t a n t i a l l y  be l ow t h e  a t m o s p h e r i c  p r e s ­
s u r e .  F i n a l l y ,  t h e  c a l c u l a t i o n a l  t i m e  s t e p  d e c r e a s e d  t o  a v e r y  s ma l l  v a l u e  
( i n  t h e  o r d e r  o f  0 . 1  msec )  b e c a u s e  of  t h e  h i g h  gas  f l o w  r a t e ,  and t h e  C P U- t o -
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r e a l  t i m e  r a t i o  i n c r e a s e d  t o  a p r o h i b i t i v e l y  h i g h  v a l u e  ( i n  t h e  o r d e r  of  
2 0 0 0 ) .  T h i s  i s  e q u i v a l e n t  t o  more  t h a n  a h a l f  h o u r  of  c o m p u t e r  t i m e  f o r  e a c h  
s e c o n d  of  r e a l  t i m e .  At  t h i s  p o i n t ,  t h e  c a l c u l a t i o n  was u s u a l l y  t e r m i n a t e d ,  
e i t h e r  b e c a u s e  of  e x c e e d i n g l y  s m a l l  t i m e  s t e p s  ( 0 . 1  ms ec )  o r  b e c a u s e  t h e  p r e s ­
s u r e  was o u t  of  r a n g e  i n  t h e  w a t e r  p r o p e r t y  t a b l e .

O t h e r  c a l c u l a t i o n s  w e r e  p e r f o r m e d  b e s i d e  t h o s e  m e n t i o n e d  a b o v e  by c h a n g ­
i n g  s e v e r a l  p a r a m e t e r s ,  s u c h  as  t h e  mode and l o c a t i o n  of  i n j e c t i o n  of  w a t e r  
and minimum t i m e  s t e p ,  e t c .  Howeve r ,  t h e s e  c a l c u l a t i o n s  a l s o  f a i l e d .  F o r  
e x a m p l e ,  one  c a l c u l a t i o n  was run  w i t h  t h e  l o w e r  and u p p e r  p l e n a  d i v i d e d  i n t o  
t h r e e  i n d e p e n d e n t  s e c t i o n s  (by s e t t i n g  t h e  a z i m u t h a l  f l o w  a r e a  t o  z e r o ) ,  whi ch  
i s  e q u i v a l e n t  t o  r u n n i n g  t h r e e  i n d e p e n d e n t  p i p e  t e s t s ;  s i m i l a r  dumpi ng  b e -  
h a v i d r  was o b t a i n e d .  In a n o t h e r  c a l c u l a t i o n ,  t h e  minimum t i m e  s t e p  was f u r ­
t h e r  r e d u c e d  t o  0 . 0 1  ms e c .  However ,  t h i s  minimum t i m e  s t e p  was i m m e d i a t e l y  
r e a c h e d  and  t h e  c a l c u l a t i o n  s t o p p e d .

From e x p e r i e n c e  g a i n e d  f r o m  c a l c u l a t i o n s  o f  t h e  D a r t m o u t h  C o l l e g e  s i n g l e ­
t u b e  t e s t s  ( s e e  S e c t i o n  4 . 2 ) ,  i t  a p p e a r s  t h a t  t h e  TRAC-PFl  c o d e  s o me t i me s  c a l ­
c u l a t e s  e x c e e d i n g l y  h i g h  i n t e r f a c i a l  s h e a r  c o e f f i c i e n t s  f o r  1 a r g e - d i a m e t e r  
p i p e s .  The d i f f i c u l t y  i n  t h e s e  c a l c u l a t i o n s  may be  due  t o  a v e r y  h i g h  i n t e r ­
f a c i a l  s h e a r  c a l c u l a t i o n  i n  t h e  u p p e r  p l e n u m w h i c h  i s  e s s e n t i a l l y  a l a r g e - d i a -  
m e t e r  p i p e .  I t  i s  s u g g e s t e d  t h a t  t h e s e  p a r a l 1 e l - t u b e  t e s t s  be  s i m u l a t e d  a g a i n  
w i t h  t h e  n e we r  v e r s i o n  of  t h e  c o d e ,  i . e . ,  TRAC-PFl /MODl ( L i l e s  e t  a l . ,  1 9 8 3 ) .

4 . 3 . 4  D i s c u s s i o n

In o r d e r  t o  b e t t e r  u n d e r s t a n d  t h e  CCFL phenomenon i n  a m u l t i t u b e  s y s t e m ,  
l e t  us  e x a mi n e  t h e  f u n d a m e n t a l  d i f f e r e n c e s  b e t we e n  a s i n g l e -  and a p a r a l l e l -  
t u b e  CCFL o p e r a t i o n .  F i g u r e  4 . 3 . 6  shows t h e  t y p i c a l  AP* vs J * g  c u r v e  f o r  
c o u n t e r c u r r e n t  f l o w  i n  a s i n g l e  0 . 0 2 5 4  m I . D .  v e r t i c a l  t u b e  c o n n e c t i n g  two 
p l e n a .  F o r  J * g  > 1 . 0 ,  no w a t e r  ca n  f l o w  down,  and o n l y  a i r  f l o w s  up wa r d .  
T h e r e f o r e ,  AP* d e c r e a s e s  a s  J * g  i s  d e c r e a s e d  f r o m  a v a l u e  h i g h e r  t h a n  1 . 0  
( P a r t  C of  F i g u r e  4 . 3 . 6 ) .  As J * g  i s  d e c r e a s e d  be l ow 1 . 0 ,  w a t e r  s t a r t s  t o  
f l o w  down and a c o u n t e r c u r r e n t ,  r o u g h - f i l m  a n n u l a r  f l o w  r e g i m e  d e v e l o p s  i n  t h e  
t u b e .  S i n c e  t h e  i n t e r f a c i a l  f r i c t i o n  i n c r e a s e s  a s  t h e  l i q u i d  f i l m  t h i c k e n s ,  
t h e  p r e s s u r e  d r o p  i n c r e a s e s  w i t h  t h e  d e c r e a s e  i n  t h e  a i r  f l o w  r a t e .  T h i s  i s  
P a r t  B of  F i g u r e  4 . 3 . 6 ,  wh e r e  t h e  W a l l i s - t y p e  c o r r e l a t i o n  ( W a l l i s ,  1970)  f o r  
i n t e r f a c i a l  f r i c t i o n  i n  t h e  a n n u l a r  f l o w  r e g i m e  i s  v a l i d .  As t h e  a i r  f l o w  
r a t e  i s  d e c r e a s e d  f u r t h e r  ( J * g  < 0 . 5 ) ,  t h e  l i q u i d  f i l m  becomes  s m o o t h e r  o r  
wa v y ,  and t h e  p r e s s u r e  d r o p  s t a r t s  t o  d e c r e a s e  w i t h  t h e  d e c r e a s e  i n  t h e  a i r  
f l o w  r a t e .  T h i s  i s  P a r t  A of  F i g u r e  4 . 3 . 6 .  A l t h o u g h  t h e  f l o w  i s  s t i l l  i n  t h e  
c o u n t e r c u r r e n t  a n n u l a r  f l o w  r e g i m e ,  no e s t a b l i s h e d  c o r r e l a t i o n  f o r  i n t e r f a c i a l  
s h e a r  i s  a v a i l a b l e  f o r  t h i s  r e g i o n .

F o r  a s i n g l e - t u b e  J * g - c o n t r o l 1ed e x p e r i m e n t ,  i t  i s  p o s s i b l e  t o  t r a v e r s e
a l l  p a r t s  of  t h e  c u r v e  shown i n  F i g u r e  4 . 3 . 6 .  Howeve r ,  i n  a m u l t i t u b e  s y s t e m ,  
w h e r e  o n l y  t h e  t o t a l  J * g  c a n  be c o n t r o l l e d ,  b u t  n o t  J * g  t h r o u g h  e a c h  t u b e ,  
s t a b l e  o p e r a t i o n  i n  P a r t  B i s  n o t  p o s s i b l e .  T h e r e f o r e ,  i n  t h e  3 t u b e  s y s t e m  
d i s c u s s e d  e a r l i e r ,  one  t u b e  s t a r t s  t o  o p e r a t e  i n  P a r t  A,  w h e r e a s  two t u b e s
c o n t i n u e  t o  o p e r a t e  i n  P a r t  C a s  s o o n  as  t h e  t o t a l  J * g  i s  d e c r e a s e d
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b e l ow 1 . 0 .  I t  mu s t  be  r e i t e r a t e d  t h a t  t h e  f l o w  r e g i m e  i n  t h e  t u b e  o p e r a t i n g  
i n  P a r t  A i s  s t i l l  i n  t h e  c o u n t e r c u r r e n t  a n n u l a r  f l o w  r e g i me  and n o t  i n  t h e  
l o w - v o i d  downf l ow r e g i m e .  TRAC-BDl,  h o w e v e r ,  p r e d i c t e d  a l o w - v o i d  m i x t u r e  
f l o w i n g  down i n  o n e  t u b e  as  s oon  a s  t h e  J * g  i s  d e c r e a s e d  be l ow 1 . 0 .  The 
c o d e  e s s e n t i a l l y  u s e s  a W a l l i s - t y p e  c o r r e l a t i o n  f o r  t h e  a n n u l a r  f l o w  r e g i m e  
whi ch  i n c r e a s e s  t h e  i n t e r f a c i a l  s h e a r  a s  w a t e r  s t a r t s  t o  f l o w  down.  T h i s  
t e n d s  t o  i n c r e a s e  t h e  AP* and  r e d u c e  t h e  a i r  f l o w  r a t e  t h r o u g h  t h a t  t u b e .
S i n c e  t h e  c o d e  d o e s  n o t  h a v e  any c o r r e l a t i o n  t o  d e s c r i b e  P a r t  A of  F i g u r e  
4 . 3 . 6 ,  t h e  c a l c u l a t i o n  e v e n t u a l l y  s t a b i l i z e s  when t h e  t u b e  becomes  a l m o s t  
w a t e r  f i l l e d  and a v e r y  l o w - v o i d  t w o - p h a s e  m i x t u r e  f l o w s  down.  As a r e s u l t ,  
t h e  a i r  f l o w  r a t e  t h r o u g h  t h e  o t h e r  t wo  t u b e s  i n c r e a s e s  s i g n i f i c a n t l y  ( -50%)  
and t h e  t o t a l  a P* a c r o s s  t h e  t u b e s  j umps  a p p r e c i a b l y  ( f r o m P o i n t  2 t o  3 i n  
F i g u r e  4 . 3 . 4 ) .  T h e r e f o r e ,  i t  i s  a p p a r e n t  t h a t  u n l e s s  t h e  i n t e r f a c i a l  s h e a r  
p a c k a g e  c a n  be  m o d i f i e d  t o  i n c l u d e  P a r t  A of  F i g u r e  4 . 3 . 6 ,  t h e  c o d e  w i l l  n o t  
be a b l e  t o  p r e d i c t  t h e  m u l t i t u b e  CCFL d a t a .

TRAC-PFl  w i l l  a l s o  r e q u i r e  i n t e r f a c i a l  s h e a r  c o r r e l a t i o n s  a p p r o p r i a t e  f o r  
P a r t  A of  F i g u r e  4 . 3 . 6 .  Howeve r ,  e v e n  t h e  p r e s e n t  s h e a r  p a c k a g e  f o r  P a r t  B of  
F i g u r e  4 . 3 . 6  n e e d s  i mp r o v e me n t  f o r  1a r g e - d i a m e t e r  p i p e s .

4 . 3 . 5  Us e r  E x p e r i e n c e

T h e r e  was no p a r t i c u l a r  d i f f i c u l t y  i n  r u n n i n g  t h e  TRAC-BDl c o d e  f o r  t h i s  
m u l t i t u b e  e x p e r i m e n t  e x c e p t  a t  J * g  < 0 . 5  when t h e  c o d e  s t o p p e d  b e c a u s e  of  
n u m e r i c a l  d i f f i c u l t i e s .  TRAC-PFl  showed more  i n s t a b i l i t i e s  and u s u a l l y  f a i l e d  
a f t e r  a f e w s e c o n d s  of  p r o b l e m  t i m e .  The TRAC-PFl  t i m e  s t e p  s i z e s  became 
e x c e e d i n g l y  s m a l l  w h i c h  r e s u l t e d  i n  a v e r y  h i g h  C P U - t o - r e a l  t i m e  r a t i o s  a s  
shown i n  F i g u r e  4 . 3 . 7 .  The run  t i m e  s t a t i s t i c s  f o r  t h e  TRAC-BDl c a l c u l a t i o n  
a r e  shown i n  T a b l e  4 . 3 . 1 .

T a b l e  4 . 3 . 1  TRAC-BDl Comput e r  Run Time S t a t i s t i c s  F o r  
Da r t mo u t h  C o l l e g e  P a r a l l e i - T u b e  T e s t

C o mp u t e r :  BNL CDC-7600

No. of  C e l l s : 1 4 4
( 3 3  i n  V e s s e l ,  3 0  i n  C h a n n e l s ,  
8 1  i n  P i p e s )

P r o b l e m  Time: 6 2 0 0  s
( m o s t l y  s i n g l e - p h a s e  a i r )

No. o f  Time S t e p s : 1 7 7 1 0

CPU Time: 6 6 2 9  s

C P U - t o - P r o b l e m  Time: 1 . 0 7

CPU ( s ) / C e l l / T i m e  S t e p 2 . 5  X 1 0 ’ 3 s
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4 . 4  Summary and  C o n c l u s i o n s

The  a d v a n c e d  c o d e s ,  n a m e l y ,  TRAC-PFl ,  TRAC-BDl,  and RELAP5/M0D1 w e r e  a p ­
p l i e d  t o  s e v e r a l  a i r - w a t e r  " f l o o d i n g "  o r  CCFL t e s t s  c o n d u c t e d  a t  t h e  U n i v e r ­
s i t y  of  Ho u s t o n  and  D a r t m o u t h  C o l l e g e .  The U n i v e r s i t y  of  Hous t on  e x p e r i m e n t s  
w e r e  p a r t i c u l a r l y  u s e f u l  f o r  a s s e s s i n g  t h e  l i q u i d  e n t r a i n m e n t  i n c e p t i o n  p o i n t ,  
w h e r e a s  t h e  D a r t m o u t h  C o l l e g e  t e s t s  w e r e  more  a p p r o p r i a t e  f o r  a s s e s s i n g  t h e  
i n t e r f a c i a l  s h e a r  p a c k a g e  f o r  t h e  c o u n t e r c u r r e n t  a n n u l a r  f l o w  r e g i m e .  The 
Da r t mo u t h  C o l l e g e  p a r a l l e l  t u b e  t e s t s  w e r e  a l s o  u s e f u l  f o r  u n d e r s t a n d i n g  t h e  
d i f f e r e n c e s  b e t w e e n  t h e  s i n g l e -  and m u l t i - t u b e  CCFL o p e r a t i o n s .

Fo r  t h e  s i n g l e - t u b e  CCFL t e s t s ,  TRAC-PFl  and  TRAC-BDl y i e l d e d  much b e t t e r  
r e s u l t s  t h a n  RELAP5/M0D1 whi c h  a l l o w e d  v e r y  l i t t l e  l i q u i d  downf l ow u n t i l  t h e  
gas  u p f l o w  r a t e  was v e r y  s m a l l .  I n c l u s i o n  of  an a n n u l a r - m i s t  f l o w  r e g i m e  i s  
n e e d e d  i n  RELAP5/M0D1 as  t h e  f i r s t  s t e p  of  i m p r o v i n g  t h e  c ode  p r e d i c t i o n .  ( I t  
i s  o u r  u n d e r s t a n d i n g  t h a t  s u c h  a s t e p  has  been  t a k e n  f o r  t h e  newer  v e r s i o n  of 
RELAP5,  i . e . ,  RELAP5/MOD2.)

F o r  t h e  p a r a l 1 e l - t u b e  CCFL t e s t s ,  o n l y  TRAC-BDl p r e d i c t e d  q u a l i t a t i v e l y  
r e a s o n a b l e  r e s u l t s .  TRAC-PFl  was u n a b l e  t o  p r o d u c e  any s t a b l e  r e s u l t ,  and 
RELAP5/M0D1 was n o t  a p p l i e d  t o  t h i s  t e s t  b e c a u s e  of  i t s  p o o r  p r e d i c t i o n  of  t h e  
s i n g l e - t u b e  t e s t s .

The f o l l o w i n g  c o n c l u s i o n s  can be drawn f r o m  t h e  r e s u l t s  p r e s e n t e d  i n  S e c ­
t i o n s  4 . 1  t h r o u g h  4 . 3 ;

1 .  F o r  s i t u a t i o n s  wh e r e  l i q u i d  i s  i n j e c t e d  i n  t h e  m i d d l e  of  a t e s t  
c h a n n e l ,  t h e  CCFL phenomenon i s  g r e a t l y  i n f l u e n c e d  by t h e  l i q u i d  e n ­
t r a i n m e n t  i n c e p t i o n  and r a t e .  In s u c h  c a s e s ,  TRAC-BDl t e n d s  t o  p r e ­
d i c t  t h e  b e s t  a g r e e m e n t  w i t h  d a t a .  T h u s ,  t h e  TRAC-BDl e n t r a i n m e n t  
i n c e p t i o n  and r a t e  c o r r e l a t i o n s  seem t o  be r e a s o n a b l e .  TRAC-PFl ,  on 
t h e  o t h e r  h a n d ,  p r e d i c t s  an e a r l y  l i q u i d  e n t r a i n m e n t  wh i c h  r e s u l t s  
i n  l o w e r  l i q u i d  downf l ow r a t e s .  T h e r e f o r e ,  TRAC-PFl  e n t r a i n m e n t  
m o d e l / c o r r e l a t i o n  n e e d s  i m p r o v e m e n t .

2.  F o r  s i t u a t i o n s  wh e r e  l i q u i d  f l o w s  down f r o m  an u p p e r  p l e n u m ,  t h e  i n ­
t e r f a c i a l  s h e a r  s eems  t o  be  t h e  d o m i n a n t  p a r a m e t e r  f o r  t h e  CCFL p h e ­
nomenon.  In s u c h  c a s e s ,  TRAC-PFl  p r o d u c e d  t h e  b e s t  a g r e e m e n t  w i t h  
d a t a  f o r  s m a l l  p i p e  d i a m e t e r s  ( - 0 . 0 2 5  m I . D . ) .  T h u s ,  t h e  D u k l e r  
c o r r e l a t i o n  f o r  i n t e r f a c i a l  s h e a r  s eems  r e a s o n a b l e  f o r  s ma l l  d i a ­
m e t e r  p i p e s  o r  c h a n n e l s .  However ,  f o r  l a r g e  d i a m e t e r  p i p e s
( - 0 . 1 5  m I . D . ) ,  TRAC-PFl  p r o d u c e d  a n o m a l o u s  b e h a v i o r  b e c a u s e  of  
t h e  d i s c o n t i n u i t i e s  i n  t h e  D u k l e r  c o r r e l a t i o n .  In t h i s  c a s e ,  t h e  
B h a r a t h a n - W a l 1 i s  c o r r e l a t i o n  may be  u s e d .

3 .  The i n t e r f a c i a l  s h e a r  c o e f f i c i e n t  u s e d  i n  t h e  TRAC-BDl code  o v e r p r e ­
d i c t s  t h e  l i q u i d  downf l ow r a t e .  Use o f  t h e  K u t a t e l a d z e  CCFL c o r r e ­
l a t i o n  t e n d s  t o  i mp r o v e  t h e  p r e d i c t i o n .  However ,  t h e  K u t a t e l a d z e  
c o n s t a n t  i n  t h e  CCFL c o r r e l a t i o n  h a s  t o  be a d j u s t e d  t o  a c h i e v e  a 
good p r e d i c t i o n .  I t  s eems  t h a t  a c o m b i n a t i o n  of  D u k l e r  c o r r e l a t i o n  
( f o r  s m a l l  d i a m e t e r  p i p e )  and  B h a r a t h a n - W a l 1 i s  c o r r e l a t i o n  ( f o r  
l a r g e  d i a m e t e r  p i p e )  s h o u l d  p r o d u c e  a b e t t e r  i n t e r f a c i a l  s h e a r  c o r ­
r e l a t i o n  f o r  t h e  c o u n t e r c u r r e n t  a n n u l a r  f l o w  r e g i m e .
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4 .  A good p r e d i c t i o n  of  s i n g l e - t u b e  CCFL d a t a  d o e s  n o t  g u a r a n t e e  a s i m ­
i l a r  s u c c e s s  f o r  t h e  p a r a l l e l  t u b e  CCFL d a t a .  F o r  e x a m p l e ,  TRAC-PFl  
p r o d u c e d  good a g r e e m e n t  w i t h  t h e  Da r t mo u t h  C o l l e g e  0 . 0 2 5 4  m I . D .  
s i n g l e  t u b e  d a t a .  However ,  i t  c o u l d  n o t  e v e n  p r o d u c e  a s t a b l e  r e ­
s u l t  f o r  t h e  p a r a l l e l  t u b e  e x p e r i m e n t s  c o n d u c t e d  i n  t h r e e  0 . 0 2 5 4  m
I . D .  t u b e s .  A l s o ,  t h e  i n t e r f a c i a l  s h e a r  p a c k a g e  mus t  i n c l u d e  c o r r e ­
l a t i o n s  v a l i d  f o r  t h e  e n t i r e  c o u n t e r c u r r e n t  a n n u l a r  f l o w  r e g i m e ,
i . e . ,  w a v y - t r a n s i t i o n - r o u g h  f i l m  r e g i m e s ,  t o  e n a b l e  a code  t o  a d e ­
q u a t e l y  p r e d i c t  t h e  p a r a l l e l  t u b e  CCFL phenomenon .

5.  The RELAP5/M0D1 f l o w  r e g i me  map f o r  h i g h  v o i d  f r a c t i o n s  mus t  be 
ch a n g e d  t o  i n c l u d e  an a n n u l a r - m i s t  r e g i m e  b e f o r e  t h e  c o d e  can  be  e x ­
p e c t e d  t o  p r o d u c e  r e a s o n a b l e  r e s u l t s  f o r  CCFL a p p l i c a t i o n s .  Such a 
ch a n g e  h a s  been  made i n  RELAP5/M0D2.
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5.  SIMULATION OF POST-CHF EXPERIMENTS

The pos t - CHF h e a t  t r a n s f e r  p l a y s  an i m p o r t a n t  r o l e  i n  d e t e r m i n i n g  t h e  
peak  c l a d  t e m p e r a t u r e  f o r  b o t h  PWR and  BWR a c c i d e n t  s i t u a t i o n s .  T h u s ,  a s s e s s ­
men t  of  t h e  pos t - CHF mo d e l s  t h a t  a r e  b e i n g  u s e d  i n  t h e  r e a c t o r  s a f e t y  c o d e s  i s  
o f  u t m o s t  i m p o r t a n c e .  In t h e  p r e s e n t  e f f o r t ,  o n l y  one  pos t - CHF e x p e r i m e n t  
c o n d u c t e d  i n  an 8 x 8 - r o d  b u n d l e  a t  Oak R i d g e  N a t i o n a l  L a b o r a t o r y  (ORNL) was 
s i m u l a t e d  w i t h  TRAC-PFl  ( V e r s i o n  7 . 0 ) ,  TRAC-BDl ( V e r s i o n  1 2 . 0 ) ,  and RELAP5/ 
MODI ( C y c l e  14)  c o d e s .  N e e d l e s s  t o  s a y ,  s i m u l a t i o n  of  more  pos t - CHF e x p e r i ­
me n t s  wou l d  h a v e  been  h i g h l y  d e s i r a b l e ,  b u t  c o u l d  n o t  be  p e r f o r m e d  b e c a u s e  of 
r e s o u r c e  l i m i t a t i o n s .

5 . 1  ORNL Rod B u n d l e  T e s t

5 . 1 . 1  T e s t  D e s c r i p t i o n

A s e r i e s  of  h i g h  p r e s s u r e  and  h i g h  t e m p e r a t u r e  s t e a d y - s t a t e  e x p e r i m e n t s  
( M u l l i n s  e t  a l . ,  1982)  we r e  c o n d u c t e d  w i t h  w a t e r  f l o w i n g  v e r t i c a l l y  upwar d  
t h r o u g h  an 8 x 8 - r o d  b u n d l e  w i t h  r o d  d i a m e t e r  and r o d  p i t c h  t y p i c a l  of  PWRs w i t h  
17x17 f u e l  a s s e m b l i e s .  A c r o s s  s e c t i o n  of  t h e  t e s t  a s s e m b l y  i s  shown i n  
F i g u r e  5 . 1 . 1 .  T h e r e  w e r e  f o u r  u n h e a t e d  r o d s  i n  t h e  b u n d l e ;  t h e  a x i a l  and  r a d ­
i a l  power  p r o f i l e s  we r e  u n i f o r m .  Two f l o w  m e a s u r e m e n t  s i t e s  w e r e  p o s i t i o n e d  
a t  e a c h  end  of  t h e  t e s t  s e c t i o n  c o n t a i n i n g  t h e  r od  b u n d l e .  H e a t e d  r od  s h e a t h  
t e m p e r a t u r e s  we r e  me a s u r e d  a t  30 a x i a l  l o c a t i o n s  i n  d i f f e r e n t  g r o u p s  of  r ods  
a t  e a c h  a x i a l  l e v e l .  T h e r e  w e r e  a number  of  d i f f e r e n t i a l  p r e s s u r e  me a s u r e me n t  
s t a t i o n s  i n t e n d e d  f o r  t r a c k i n g  t h e  t w o - p h a s e  m i x t u r e  l e v e l .

The e x p e r i m e n t s  w e r e  c o n d u c t e d  i n  t h e  f o l l o w i n g  ma n n e r .  In t h e  b e g i n n i n g  
o f  e a c h  s t e a d y - s t a t e  r u n ,  t h e  i n l e t  f l o w  was e s t a b l i s h e d  and  t h e  l o o p  c o n d i ­
t i o n s  w e r e  a d j u s t e d  t o  p r o v i d e  t h e  p r e s c r i b e d  i n l e t  f l u i d  t e m p e r a t u r e  and 
p r e s s u r e .  The b u n d l e  power  was t h e n  ramped up u n t i l  t h e  d r y o u t  was e s t a b ­
l i s h e d  a t  a p r e d e t e r m i n e d  a x i a l  p o s i t i o n  i n  t h e  b u n d l e .  A f t e r  t h e  r od  s u r f a c e  
t e m p e r a t u r e  and  o p e r a t i n g  p r e s s u r e  w e r e  s t a b i l i z e d ,  t h e  s t e a d y - s t a t e  o p e r a t i n g  
p o i n t  was a s s ume d  t o  be  r e a c h e d .

T e s t  number  3 . 0 7 . 9 H ,  w i t h  t h e  f o l l o w i n g  o p e r a t i n g  c o n d i t i o n s  was s e l e c t e d  
f o r  t h e  a s s e s s m e n t  p u r p o s e :

S y s t e m p r e s s u r e : 8 8 . 9  b a r

Mass f l u x : 256 k g / n f

I n l e t  l i q u i d  v e l o c i t y : 0 . 3 2 6  m/s

I n l e t  1 i q u i d  t e m p . : 5 3 7 . 3°K

B u n d l e  power : 2 . 7 3 3  MW

A v e r a g e  h e a t  f l u x : 417 kW/m^

The t e s t  was  s i m u l a t e d  w i t h  a l l  t h r e e  c o d e s ,  n a m e l y ,  TRAC-BDl ( V e r s i o n  1 2 . 0 ) ,  
TRAC-PFl  ( V e r s i o n  7 . 0 ) ,  and RELAP5/M0D1 ( C y c l e  1 4 ) .
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F i g u r e  5 . 1 . 1  C r o s s - S e c t i o n  o f  ORNL Rod Bu n d l e .
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F i g u r e  5 . 1 . 2  RELAP5/M0D1 Nodi ng Di ag r am f o r  t h e  ORNL 
Rod B u n d l e  T e s t .
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5 . 1 . 2  I n p u t  Model s

In t h e  c a s e  of  TRAC-BDl,  t h e  r o d  b u n d l e  was mo d e l e d  w i t h  t h e  c o d e ' s  CHAN­
NEL compone n t  u s i n g  17 a x i a l  c e l l s  s u c h  t h a t  t h e  c e l l  c e n t e r s  c o i n c i d e  w i t h  
t h e  t h e r m o c o u p l e  l o c a t i o n s .  The c e l l  s i z e s  v a r i e d  f r o m  0 . 0 6  t o  0 . 6 3 6  m. The 
CHANNEL c o mp o n e n t  was p l a c e d  i n  a f o u r - c e l l  VESSEL modul e  t o  r e p r e s e n t  t h e  
l o w e r  and u p p e r  p l e n a  of  t h e  t e s t  s e c t i o n .  C o n s t a n t  f l o w  r a t e  and p r e s s u r e  
b o u n d a r y  c o n d i t i o n s  w e r e  a p p l i e d  a t  t h e  VESSEL'S e n t r a n c e  and e x i t ,  r e s p e c ­
t i v e l y .  The B i a s i  c r i t i c a l  q u a l i t y - b o i l i n g  l e n g t h  c o r r e l a t i o n  ( P h i l l i p s  e t  
a l . ,  I 9 8 I b ) ,  and t h e  maximum of  t h e  homogeneous  n u c l e a t i o n  t e m p e r a t u r e ,  and  
t h e  I l o e j e  c o r r e l a t i o n  ( I l o e j e  e t  a l . ,  1973)  f o r  t h e  minimum s t a b l e  f i l m  b o i l ­
i n g  t e m p e r a t u r e  (Tm s f b ) w e r e  s e l e c t e d  as  t h e  u s e r  o p t i o n s .  The c a l c u l a t i o n  
was r un  i n  a t r a n s i e n t  mode i n  o r d e r  t o  a c t i v a t e  t h e  CHF and pos t - CHF h e a t  
t r a n s f e r  l o g i c  wh i c h  a r e  s u p p r e s s e d  f o r  a s t e a d y - s t a t e  c a l c u l a t i o n .  A q u a s i ­
s t e a d y - s t a t e  was r e a c h e d  a f t e r  a p p r o x i m a t e l y  64 s e c o n d s  of  t h e  p r o b l e m  t i m e .

In  t h e  c a s e  of  TRAC-PFl ,  t h e  r od  b u n d l e  was mo d e l e d  w i t h  a o n e - d i m e n ­
s i o n a l  CORE c o m p o n e n t ,  and t h e  B i a s i  CHF c o r r e l a t i o n  ( B i a s i  e t  a l . ,  1967)  and 
TmSFB f r o m  t h e  homogeneous  n u c l e a t i o n  t e m p e r a t u r e  w e r e  u s e d .  C o n s t a n t  f l o w  
r a t e  and p r e s s u r e  b o u n d a r y  c o n d i t i o n s  w e r e  a p p l i e d  t h r o u g h  t h e  FILL and BREAK 
co mp o n e n t s  a t  t h e  CORE e n t r a n c e  and e x i t ,  r e s p e c t i v e l y .

The RELAP5/M0DI model  of  t h e  t e s t  s e c t i o n  c o n s i s t e d  of  a c o m b i n a t i o n  of
P I PE,  TIME DEPENDENT VOLUME, and TIME DEPENDENT JUNCTION c o m p o n e n t s .  The
h e a t e d  r o d s  w e r e  r e p r e s e n t e d  u s i n g  a c y l i n a r i c a l  h e a t  s t r u c t u r e  m o d e l .  An e x ­
ampl e  of  n o d a l i z a t i o n  i s  shown i n  F i g u r e  5 . 1 . 2  f o r  t h e  RELAP5/M0DI c o d e .  The 
c o d e  u s e s  t h e  W-3 c r i t i c a l  h e a t  f l u x  c o r r e l a t i o n  p a c k a g e  wh i c h  i n c l u d e s  t h e  
H s u - B e c k n e r  c o r r e l a t i o n  ( 1 9 7 7 ) ,  and t h e  m o d i f i e d  Z u b e r  c o r r e l a t i o n  ( S mi t h  and 
G r i f f i t h ,  1 9 7 6 ) .  The n o d a l i z a t i o n  f o r  a l l  t h r e e  i n p u t  mo d e l s  was t h e  s a me ,  
and a l l  t h r e e  c o d e s  w e r e  r un  i n  t h e  t r a n s i e n t  mode u n t i l  a q u a s i - s t e a d y - s t a t e  
c o n d i t i o n  was r e a c h e d .

5 . 1 . 3  Code P r e d i c t i o n s  and Co mp a r i s o n  w i t h  Da t a

Al l  t h r e e  c o d e s  h a v e  some d i f f e r e n c e s  i n  t h e i r  w a l l  h e a t  t r a n s f e r  and v a ­
p o r  g e n e r a t i o n  m o d e l s ,  wh i c h  a r e  r e f l e c t e d  i n  t h e  c o d e  p r e d i c t i o n s  of  m a j o r  
t h e r m a l - h y d r a u l i c  p a r a m e t e r s .  However ,  a s  o n l y  t h e  r od  s u r f a c e  t e m p e r a t u r e s  
w e r e  m e a s u r e d ,  t h e  o t h e r  c ompu t e d  f l u i d  v a r i a b l e s  s u c h  as  v o i d  f r a c t i o n ,  
l i q u i d ,  and v a p o r  t e m p e r a t u r e  c o u l d  n o t  be  v e r i f i e d  w i t h  t h e  d a t a ;  t h e r e f o r e ,  
o n l y  a c o d e - t o - c o d e  c o m p a r i s o n  was p e r f o r m e d  f o r  t h e s e  v a r i a b l e s .  F i g u r e
5 . 1 . 3  shows a c o m p a r i s o n  of  t h e  p r e d i c t e d  r od  s u r f a c e  t e m p e r a t u r e  w i t h  t h e  e x ­
p e r i m e n t a l  d a t a  a v e r a g e d  o v e r  a number  of  h e a t e d  r o d s .  TRAC-BDl showed good 
a g r e e m e n t  w i t h  t h e  d a t a  and c o r r e c t l y  p r e d i c t e d  t h e  o n s e t  of  CHF. However ,  
b o t h  RELAP5/M0DI and TRAC-PFl  p r e d i c t e d  an e a r l y  CHF c o n d i t i o n  w h i c h  l e d  t o  an 
o v e r p r e d i c t i o n  of  t h e  r od  s u r f a c e  t e m p e r a t u r e .

S u b s e q u e n t  t o  t h e  CHF l o c a t i o n ,  t h e  r od  s u r f a c e  t e m p e r a t u r e  r a p i d l y  i n ­
c r e a s e d  b e c a u s e  of  d e t e r i o r a t i o n  of  t h e  h e a t  t r a n s f e r  p r o c e s s .  T h i s  was due  
t o  a c o m b i n a t i o n  of  l o w e r  h e a t  t r a n s f e r  c o e f f i c i e n t ,  and i n c r e a s e d  v a p o r  
s u p e r h e a t i n g .  F i g u r e  5 . 1 . 4  shows t h e  p r e d i c t e d  v a p o r  t e m p e r a t u r e s  a l o n g  t h e  
c h a n n e l .  TRAC-BDl and  TRAC-PFl  b o t h  p r e d i c t e d  s u b s t a n t i a l  v a p o r  s u p e r h e a t i n g  
a b o v e  t h e  CHF l o c a t i o n .  The  RELAP5/M0DI c o d e ,  on t h e  o t h e r  h a n d ,  p r e d i c t e d
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a l m o s t  no v a p o r  s u p e r h e a t i n g  as  l o n g  as  some l i q u i d  was p r e s e n t  i n  t h e  m i x ­
t u r e .  T h i s  i s  i n  c o n t r a d i c t i o n  w i t h  t h e  r e a l i t y ,  p a r t i c u l a r l y  f o r  t h e  low 
mass  f l u x  u s e d  i n  t h e  s e l e c t e d  t e s t .  In s u c h  c a s e s ,  t h e  v a p o r - t o - 1 i q u i d  h e a t  
t r a n s f e r  i s  l ow enough t o  c r e a t e  a s i g n i f i c a n t  v a p o r  s u p e r h e a t i n g  as  c a l c u ­
l a t e d  by TRAC-BDl and TRAC-PFl .  T h i s  v a p o r  s u p e r h e a t i n g  c a u s e s  t h e  a c t u a l  
w a l l  t e m p e r a t u r e  t o  i n c r e a s e  c o n t i n u o u s l y  as  shown i n  F i g u r e  5 . 1 . 3 .  RELAP5/ 
MODI d i d  n o t  c a p t u r e  t h i s  t r e n d  b e c a u s e  of  t h e  h i g h  v a p o r  g e n e r a t i o n  r a t e  
wh i c h  k e p t  t h e  v a p o r  t e m p e r a t u r e  c l o s e  t o  s a t u r a t i o n  u n t i l  a l m o s t  a l l  t h e  
l i q u i d  was e v a p o r a t e d .  T h e r e f o r e ,  t h e  RELAP5/M0D1 model  f o r  v a p o r  g e n e r a t i o n  
i n  t h e  pos t - CHF r e g i m e  n e e d s  i m p r o v e m e n t .

5 . 1 . 4 D i s c u s s i o n

S i n c e  a l l  t h r e e  c o d e s  u s e d  d i f f e r e n t  CHF c o r r e l a t i o n s ,  i t  i s  n o t  s u r p r i s ­
i n g  t h a t  t h e  p r e d i c t e d  CHF l o c a t i o n s  a r e  d i f f e r e n t .  W i t h i n  t h e  l i m i t a t i o n  of 
t h i s  a s s e s s m e n t ,  t h e  TRAC-BDl CHF c o r r e l a t i o n  seems  t o  be  t h e  b e s t .

At  t h e  pos t - CHF r e g i o n ,  b o t h  TRAC-PFl  and TRAC-BDl p r e d i c t e d  i n c r e a s i n g  
v a p o r  s u p e r h e a t i n g .  T h i s  i s  t o  be  e x p e c t e d  s i n c e  a t  l ow mass  f l u x e s ,  t h e  i n ­
t e r f a c i a l  h e a t  t r a n s f e r  b e t w e e n  t h e  v a p o r  and l i q u i d  i s  r a t h e r  p o o r .  T h u s ,  
t h e  a c t u a l  v a p o r  g e n e r a t i o n  r a t e  s h o u l d  be  s i g n i f i c a n t l y  l e s s  t h a n  t h e  e q u i ­
l i b r i u m  p h a s e  c h a n g e  r a t e  r e s u l t i n g  i n  a s i g n i f i c a n t  v a p o r  s u p e r h e a t i n g .  
RELAP5/M0D1 d i d  n o t  p r e d i c t  t h i s  b e c a u s e  of  i t s  h i g h  v a p o r  g e n e r a t i o n  r a t e .  
C l e a r l y ,  t h e  RELAP5/M0D1 mo d e l s  f o r  t h e  pos t - CHF r e g i o n  n e e d  i mp r o v e m e n t .

5 . 1 . 5 Us e r  E x p e r i e n c e

T h e r e  was no d i f f i c u l t y  i n  r u n n i n g  any of  t h e  c o m p u t e r  c o d e s  f o r  t h i s  
p a r t i c u l a r  t e s t .  The r un  t i m e  s t a t i s t i c s  a r e  p r o v i d e d  i n  T a b l e  5 . 1 . 1

T a b l e  5 . 1 . 1  Comput e r  Run Time S t a t i s t i c s  f o r  t h e  ORNL Pos t -CHF
T e s t  S i m u l a t i o n

Co mp u t e r :  BNL CDC-7600

C a l c u l a t i o n

I t e m
TRAC-PFl RELAP5/M0D1 TRAC-BDl

No. of  C e l l s 19 19 19

P r o b l e m  Time ( s ) 100 100 65

No.  of  Time S t e p s 603 12801 5054

CPU Time ( s ) 54 . 7 357 483

C P U - t o - P r o b l e m  Time 0 . 5 5 3 . 6 7 . 4

rpi l  f q W C e l l  / Ti me S t e p 4 . 8  X 10-3 1 . 5  X 10-3 5 . 0  X 10-3

L —
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5 . 2  Summary and C o n c l u s i o n s

B e c a u s e  of  r e s o u r c e  l i m i t a t i o n s ,  o n l y  one  p o s t - CHF e x p e r i m e n t  was s i m u ­
l a t e d  w i t h  t h e  TRAC-PFl ,  TRAC-BDl and RELAP5/M0D1 c o d e s .  From t h e  r e s u l t s  
p r e s e n t e d  i n  S e c t i o n  5 . 1 . 3 ,  t h e  f o l l o w i n g  c o n c l u s i o n s  can  be  d r a wn:

1 .  The CHF c o r r e l a t i o n  u s e d  i n  t h e  TRAC-BDl c o d e ,  i . e . ,  t h e  B i a s i  c r i ­
t i c a l  q u a l i t y - b o i l i n g  l e n g t h  c o r r e l a t i o n ,  s eems  t o  be  a d e q u a t e .
O t h e r  c o r r e l a t i o n s  a s  u s e d  i n  TRAC-PFl  and RELAP5/M0D1 t e n d  t o  p r e ­
d i c t  an e a r l y  CHF wh i c h  r e s u l t s  i n  an o v e r p r e d i c t i o n  of  w a l l  t e m p e r ­
a t u r e  i n  t h e  pos t - CHF r e g i o n .

2 .  RELAP5/M0D1 t e n d s  t o  o v e r p r e d i c t  t h e  v a p o r  g e n e r a t i o n  r a t e  a t  t h e  
pos t -CHF r e g i o n .  T h i s  r e s u l t s  i n  a l m o s t  no v a p o r  s u p e r h e a t i n g  u n t i l  
a l l  t h e  l i q u i d  d r o p l e t s  a r e  e v a p o r a t e d  i n  t h e  RELAP5/M0D1 c a l c u l a ­
t i o n .  TRAC-BDl and TRAC-PFl ,  on t h e  o t h e r  h a n d ,  c a l c u l a t e  a s i g n i ­
f i c a n t  v a p o r  s u p e r h e a t i n g  wh i c h  i s  c l o s e r  t o  r e a l i t y .  T h u s ,  t h e  
RELAP5/M0D1 model  f o r  v a p o r  g e n e r a t i o n  i n  t h e  pos t - CHF r e g i me  s h o u l d  
be  i mp r o v e d .
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6.  SIMULATION OF STEAM GENERATOR EXPERIMENTS

The s t e a m  g e n e r a t o r  i s  one  of  t h e  more  i m p o r t a n t  p i e c e s  of  e q u i p m e n t  i n  
t h e  p r e s s u r i z e d  w a t e r  r e a c t o r  (PWR) s y s t e m .  I t  i s  h e r e  t h a t  h e a t  g e n e r a t e d  i n  
t h e  r e a c t o r  c o r e  i s  t r a n s f e r r e d  i n t o  t h e  s e c o n d a r y  s i d e .  T h u s ,  t h e  t h e r m a l -  
h y d r a u l i c s  b e h a v i o r  of  t h e  p r i m a r y  s i d e  g r e a t l y  d e p e n d s  on t h e  p e r f o r m a n c e  of 
t h e  s t e a m  g e n e r a t o r  d u r i n g  many t r a n s i e n t s ,  i n c l u d i n g  t h e  o p e r a t i o n a l  t r a n ­
s i e n t s  and s m a l l - b r e a k  LOCA. Even d u r i n g  t h e  r e f l o o d  s t a g e  of  a l a r g e - b r e a k  
LOCA, t h e  s t e a m  g e n e r a t o r  h e a t  t r a n s f e r  ( f r o m  s e c o n d a r y  t o  p r i m a r y )  d e t e r m i n e s  
t h e  s t e a m  v e n t i n g  c a p a c i t y  and t h u s  i n f l u e n c e s  t h e  c o r e  c o o l i n g .

In t h e  p r e s e n t  a s s e s s m e n t  e f f o r t ,  t wo t y p e s  of  s t e a m  g e n e r a t o r  e x p e r i ­
m e n t s  we r e  s i m u l a t e d  w i t h  TRAC-PFl  ( V e r s i o n  7 . 0 )  and  RELAP5/M0D1 ( C y c l e  14)  
c o d e s .  F i r s t ,  two s e r i e s  of  o p e r a t i o n a l  t r a n s i e n t s  c o n d u c t e d  i n  a 1 9 - t u b e  B&W 
o n c e - t h r o u g h  s t e a m  g e n e r a t o r  (OTSG) w e r e  s i m u l a t e d .  N e x t ,  t wo  t e s t s  c o n d u c t e d  
i n  t h e  FLECHT-SEASET U - t u b e  s t e a m  g e n e r a t o r  w e r e  s i m u l a t e d .  C o n d i t i o n s  i n  
t h e s e  l a t t e r  t e s t s  w e r e  t h o s e  e x p e c t e d  d u r i n g  t h e  r e f l o o d  p h a s e  of  a l a r g e  
b r e a k  LOCA. The a s s e s s m e n t  r e s u l t s  of  t h e s e  two d i f f e r e n t  e x p e r i m e n t s  w i l l  be  
d i s c u s s e d  s e p a r a t e l y .

6 . 1  B&W On c e - T h r o u g h  S t e a m G e n e r a t o r  T e s t s

6 . 1 . 1  T e s t  D e s c r i p t i o n

The  t e s t  a p p a r a t u s  was a l a b o r a t o r y  s t e a m  g e n e r a t o r  w h i c h  was a s i n g l e ­
p a s s  c o u n t e r c u r r e n t  v e r t i c a l l y  o r i e n t e d  s h e l l  and t u b e  h e a t  e x c h a n g e r ,  c o n s i s ­
t i n g  of  19 t u b e s ,  5 / 8  i n c h  i n  nomi na l  d i a m e t e r  ( 0 . 6 2 8  i n c h  i n  o u t s i d e  d i a m e t e r  
and 0 . 0 3 6 5  i n c h  i n  w a l l  t h i c k n e s s ) ,  s p a c e d  on a t r i a n g u l a r  p i t c h  of  7 / 8 - i n c h  
c e n t e r s .  The t u b e  b u n d l e  was e n c l o s e d  i n  a h e x a g o n a l  s h e l l  3 . 9 3 5  i n c h e s  
a c r o s s  f l a t s ,  and was h e l d  i n  p l a c e  by 16 t u b e  s u p p o r t  p l a t e s  s p a c e d  a t  a p ­
p r o x i m a t e l y  3 f t  i n t e r v a l s .  The d i s t a n c e  b e t w e e n  t h e  l o w e r  and t h e  u p p e r  t u b e  
s h e e t s  was  52 f t  1 - 3 / 8  i n c h .  To s i m u l a t e  t h e  s t a n d a r d  B&W On c e - Th r o u g h  St eam
G e n e r a t o r s  (OTSG),  a s t e a m  b l e e d  l i n e  was i n s t a l l e d  a t  an e l e v a t i o n  of  32 f t
3 / 8  i n c h  f r o m  t h e  l o w e r  t u b e  s h e e t .  T h u s ,  some s t e a m  f r o m  t h e  b u n d l e  r e g i o n  
c o u l d  mix w i t h  t h e  f e e d w a t e r ,  and r a i s e  i t s  t e m p e r a t u r e  c l o s e  t o  s a t u r a t i o n .
On t h e  o t h e r  h a n d ,  by s i m p l y  c l o s i n g  t h e  v a l v e  i n  t h e  b l e e d  l i n e  one  c o u l d  
s i m u l a t e  t h e  I n t e g r a l  E c o n o m i z e r  On c e - T h r o u g h  S t e a m G e n e r a t o r s  ( lEOTSG) .

A v a r i e t y  of  t r a n s i e n t  e x p e r i m e n t s  w e r e  c o n d u c t e d  i n  b o t h  t h e  OTSG and
lEOTSG c o n f i g u r a t i o n s .  Two t e s t  s e r i e s  w e r e  s i m u l a t e d  a t  BNL u s i n g  t h e  TRAC-
PFl  and RELAP5/M0D1 c o d e s ,  one  f o r  e a c h  of  t h e  lEOTSG and OTSG c o n f i g u r a t i o n s .

a )  T e s t  S e r i e s  6 8 - 6 9 - 7 0  wh e r e  t h e  l o a d  was i n c r e a s e d  f r o m  15% t o  25% by
s t e p p i n g  up t h e  s t e a m  v a l v e  o p e n i n g  w i t h  t h e  lEOTSG c o n f i g u r a t i o n .

b)  T e s t  S e r i e s  2 8 - 2 9  wh i c h  s i m u l a t e d  a l o s s  o f  f e e d w a t e r  t r a n s i e n t  w i t h
t h e  OTSG c o n f i g u r a t i o n .

In  b o t h  c a s e s ,  t h e  o p e r a t i n g  p r e s s u r e s  and t e m p e r a t u r e s  w e r e  r e p r e s e n t a t i v e  of  
t h e  f u l l - s c a l e  p l a n t  c o n d i t i o n s ,  and a l l  t h e  p e r t i n e n t  v a r i a b l e s  a t  t h e  p r i ­
mary and s e c o n d a r y  s i d e s  w e r e  m e a s u r e d .  T h e s e  i n c l u d e d  t h e  p r e s s u r e ,  f l o w
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r a t e ,  i n l e t  and e x i t  f l u i d  t e m p e r a t u r e  a t  t h e  p r i m a r y  s i d e ,  and t h e  f e e d w a t e r  
f l o w  r a t e  and t e m p e r a t u r e ,  s t e a m  p r e s s u r e  and  t e m p e r a t u r e ,  and  d i f f e r e n t i a l  
p r e s s u r e  a t  t h e  s e c o n d a r y  s i d e .  The d a t a  a r e  p r o p r i e t a r y  t o  B&W, and  t h e  mea­
s u r e m e n t  u n c e r t a i n t i e s  w e re  n o t  a v a i l a b l e  i n  t h e  d a t a  r e p o r t  ( L o u d i n  and 
O b e r j o h n ,  1 9 7 6 ) .

6 . 1 . 2  I n p u t  Models

F o r  TRAC-PFl ,  t h e  t e s t  a p p a r a t u s  was m o d e le d  by u s i n g  t h e  o n c e - t h r o u g h  
o p t i o n  of  t h e  STEAM GENERATOR co m p o n en t  (STGEN) f o r  TRAC. The s e c o n d a r y  TEE 
c o n n e c t i o n  a v a i l a b l e  i n  t h e  TRAC-PFl STGEN m od ul e  was u s e d  t o  s i m u l a t e  t h e  a s ­
p i r a t o r  of  t h e  OTSG.

However,  s i n c e  o n l y  one s e c o n d a r y  TEE i s  p r o v i d e d  i n  t h e  STGEN m o d u l e ,  i t  
c a n n o t  be u s e d  f o r  b o t h  t h e  a s p i r a t o r  and t h e  a u x i l i a r y  f e e d w a t e r  c o n n e c t i o n  
f o r  p o s s i b l e  u s e  in  a n a l y z i n g  o t h e r  t r a n s i e n t s  s u c h  as  t h e  Rancho Seco  O v e r ­
c o o l i n g  T r a n s i e n t .  T h e r e f o r e ,  a n o t h e r  i n p u t  deck  was p r e p a r e d  by c o n n e c t i n g  
two STGEN m odu le s  i n  s e r i e s  w i t h  a TEE c o m p o n e n t  i n  b e t w e e n  as  shown i n  F i g u r e  
6 . 1 . 1 .  R e s u l t s  o f  t h e s e  two i n p u t s  w e r e  co m p a re d  t o  e n s u r e  t h a t  t h e y  p r o d u c e d  
s i m i l a r  r e s u l t s .  The b o u n d a r y  c o n d i t i o n s  w e r e  im po sed  by a s e t  o f  FILL and 
BREAK c o m p o n e n ts  a t  t h e  i n l e t  and e x i t  o f  t h e  p r i m a r y  and s e c o n d a r y  s i d e s .

F o r  RELAP5/M0D1, t h e  s t e a m  g e n e r a t o r  was m o d e le d  by a s s e m b l i n g  PIP ES,  
BRANCHES, and  HEAT STRUCTURES a s  w e l l  a s  JUNCTIONS. The t i m e  d e p e n d e n t  j u n c ­
t i o n  and  vo lume s  p r o v i d e d  t h e  b o u n d a r y  c o n d i t i o n s  f o r  b o t h  t h e  p r i m a r y  and 
s e c o n d a r y  s i d e s .

S e v e r a l  d i f f e r e n t  n o d a l i z a t i o n s  f o r  t h e  t u b e  r e g i o n  w e r e  s t u d i e d  f o r  e a c h  
t e s t  s e r i e s  f o r  e a c h  c o d e .  In a l l  c a s e s ,  t h e  p r i m a r y  s i d e  had  two more c e l l s  
t h a n  t h e  s e c o n d a r y  s i d e  t o  r e p r e s e n t  t h e  i n l e t  and o u t l e t  p l e n a .  T h i s  i s  r e ­
q u i r e d  by TRAC. The number  of  a c t i v e  n o d e s  i n  t h e  p r i m a r y  and s e c o n d a r y  s i d e s  
w e re  i n c r e a s e d  f r o m  5 t o  10 t o  20 t o  4 0 .  In a l l  c a s e s ,  t h e  c e l l  l e n g t h s  w e re  
u n i f o r m  and t h e  a c t i v e  l e n g t h  of  t h e  s t e a m  g e n e r a t o r  was 1 5 . 9  m. F o u r  r a d i a l  
n o d e s  w e r e  e m pl oye d  in  t h e  t u b e  w a l l  f o r  h e a t  c o n d u c t i o n  c a l c u l a t i o n s .  A 
s t e a d y  s t a t e  was e s t a b l i s h e d  f o r  e a c h  t e s t  s e r i e s .  The t r a n s i e n t  was t h e n  
i n i t i a t e d  by c h a n g i n g  t h e  b o u n d a r y  c o n d i t i o n s .

6 . 1 . 3  Code P r e d i c t i o n s  and C o m p a r i s o n  With  Da ta

The r e s u l t s  of  t h e  TRAC-PFl s i m u l a t i o n  of  lEOTSG ( T e s t  S e r i e s  6 8 - 6 9 - 7 0 )  
w e r e  c o n s i d e r a b l y  b e t t e r  t h a n  t h o s e  of  t h e  TRAC-PD2 a s  shown i n  F i g u r e  6 . 1 . 2 .  
The s i m u l a t i o n  of  OTSG ( T e s t  S e r i e s  2 8 - 2 9 )  w i t h  TRAC-PFl ,  a l s o  showed s t a b l e  
r e s u l t s  f o r  b o t h  t h e  s t e a d y - s t a t e  and  t h e  t r a n s i e n t  c a l c u l a t i o n s  ( F i g u r e
6 . 1 . 3 ) .

The RELAP5/M0D1 ( C y c l e  14)  r e s u l t s  w e r e  a l s o  s i g n i f i c a n t l y  i m p r o v e d  o v e r  
t h e  e a r l i e r  c a l c u l a t i o n  w i t h  C y c l e  1 o f  t h e  same c o d e  f o r  b o t h  t h e  lEOTSG and 
OTSG t e s t s .

F i g u r e  6 . 1 . 4  co m p a re s  t h e  RELAP5/M0D1 a n d  TRAC-PFl r e s u l t s  f o r  t h e  lEOTSG 
t e s t  ( S e r i e s  6 8 - 6 9 - 7 0 )  w i t h  t h e  e x p e r i m e n t a l  d a t a .  (The v e r t i c a l  s c a l e  i s
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F i g u r e  6 . 1 . 1 R e p r e s e n t a t i o n  o f  a O n c e - T h r o u g h  Steam G e n e r a t o r  
Wi th  Two TRAC-PFl STGEN M o d u l e s .
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w i t h h e l d  i n  a l l  f i g u r e s  p r e s e n t e d  i n  t h i s  s e c t i o n  b e c a u s e  t h e  d a t a  a r e  B&W 
p r o p r i e t a r y . )  Both  c a l c u l a t i o n s  w e r e  p e r f o r m e d  u s i n g  10 c e l l s  o r  n o d e s  i n  
e a c h  s i d e  of  t h e  s t e a m  g e n e r a t o r .  Bo th  c o d e s  showed good a g r e e m e n t  w i t h  t h e  
e x p e r i m e n t a l  d a t a ,  a l t h o u g h  t h e  RELAP5/M0D1 r e s u l t s  s t i l l  showed some o s c i l l a ­
t i o n s .

F i g u r e  6 . 1 . 5  shows t h e  c o m p a r i s o n  of  t h e  RELAP5/M0D1 and  TRAC-PFl r e s u l t s  
w i t h  OTSG ( S e r i e s  2 8 - 2 9 )  t e s t  d a t a .  Note  t h a t  t h e  TRAC-PFl c o d e  was s l i g h t l y  
m o d i f i e d  t o  e n s u r e  c o m p l e t e  c o n d e n s a t i o n  of  a s p i r a t e d  s t e a m  i n  t h e  downcomer 
d u r i n g  s t e a d y  s t a t e .  T h i s  w i l l  be d i s c u s s e d  l a t e r .

6 . 1 . 4  D i s c u s s i o n

In t h e  p r e v i o u s  c a l c u l a t i o n  w i t h  t h e  TRAC-PD2 c o d e ,  s i g n i f i c a n t  o s c i l l a ­
t i o n  was o b s e r v e d  d u r i n g  b o t h  s t e a d y - s t a t e  and t r a n s i e n t  c a l c u l a t i o n s  e v e n  in  
c a s e s  w h e r e  40 n o d e s  w e re  u s e d  f o r  e a c h  s i d e  of  t h e  s t e a m  g e n e r a t o r  f o r  b o t h  
t h e  OTSG and  lEOTSG c o n f i g u r a t i o n s .  Howeve r ,  w i t h  TRAC-Ppi ( V e r s i o n  7 . 0 )  t h e  
o s c i l l a t i o n  was v i r t u a l l y  e l i m i n a t e d  i n  b o t h  t h e  s t e a d y - s t a t e  and  t r a n s i e n t  
c a l c u l a t i o n s  e v e n  w i t h  o n l y  10 n o d e s .

A l t h o u g h  TRAC-PFl showed s t a b l e  r e s u l t s  f o r  t h e  s t e a d y  s t a t e  of  t h e  OTSG 
t e s t  ( S e r i e s  2 8 ) ,  a s u b s t a n t i a l  p o r t i o n  of  t h e  r e c i r c u l a t e d  s t e a m  i n t o  t h e  
downcomer  t h r o u g h  t h e  a s p i r a t o r  ( s t e a m - m i x e r  v a l v e  i n  t h e  t e s t )  r e m a i n e d  as 
v a p o r  e v e n  a t  t h e  b o t t o m  of t h e  down comer .  T h e r e f o r e ,  t h e  f l u i d  e n t e r i n g  t h e  
t u b e  r e g i o n  s t i l l  c o n t a i n e d  a s i g n i f i c a n t  amount  of  v o i d s  ev en  t h o u g h  t h e  
l i q u i d  was s u b s t a n t i a l l y  s u b c o o l e d .  T h i s  was c o n t r a r y  t o  b o t h  e x p e c t a t i o n  and  
r e a l i t y .  As a r e s u l t ,  t h e  i n i t i a l  w a t e r  i n v e n t o r y  i n  t h e  downcomer  was s i g n i ­
f i c a n t l y  l e s s  t h a n  t h a t  i n  t h e  t e s t ,  and  c o n s e q u e n t l y ,  t h e  c o m p u te d  e x i t  s t e a m  
f l o w  r a t e  d e c r e a s e d  f a s t e r  t h a n  t h e  t e s t  f l o w  r a t e  d u r i n g  t h e  t r a n s i e n t .  T h i s  
e f f e c t  o f  c o n d e n s a t i o n  ( o r  l a c k  of  s u f f i c i e n t  c o n d e n s a t i o n )  was c o n f i r m e d  when 
t h e  c a l c u l a t i o n  was r e p e a t e d  w i t h  t h e  i n t e r f a c i a l  c o n d e n s a t i o n  r a t e  i n c r e a s e d  
by a f a c t o r  o f  10“* t o  e n s u r e  c o m p l e t e  c o n d e n s a t i o n .  The c a l c u l a t e d  r e s u l t s  
w e r e  now v e r y  c l o s e  t o  t h e  e x p e r i m e n t a l  d a t a ,  as  shown i n  F i g u r e  6 . 1 . 3 .

The  s i m u l a t i o n  f o r  t h e  OTSG t e s t  was r e p e a t e d  u s i n g  two STGEN m o d u l e s  as 
shown i n  F i g u r e  6 . 1 . 1 .  T h i s  c o n f i g u r a t i o n  may be n e c e s s a r y  when b o t h  t h e  a s ­
p i r a t o r  and  a u x i l i a r y  f e e d w a t e r  c o n n e c t i o n s  a r e  n e e d e d  s i n c e  t h e  TRAC-PFl 
( V e r s i o n  7 . 0 )  p r o v i d e s  o n l y  one  e x t e r n a l  c o n n e c t i o n  f r o m  t h e  s e c o n d a r y  s i d e  
w h i c h  can  be u s e d  o n l y  f o r  t h e  a s p i r a t o r  o r  f o r  t h e  a u x i l i a r y  f e e d w a t e r  c o n ­
n e c t i o n .  The r e s u l t s ,  as  shown i n  F i g u r e  6 . 1 . 6 ,  w e r e  a l m o s t  i d e n t i c a l  t o  
t h o s e  w h e r e  o n l y  one  STGEN mo du le  was u s e d ,  and t h e  c o m p u t i n g  t i m e s  w e r e  
c l o s e .  T h i s  i n d i c a t e s  t h a t ,  i f  n e e d e d ,  one  may u s e  t h e  c o n f i g u r a t i o n  w i t h  two 
STGEN m o d u l e s  w i t h o u t  i n c u r r i n g  any  s i g n i f i c a n t  p e n a l t y  in  e i t h e r  c o m p u t e r  
t i m e  o r  a c c u r a c y .  C a l c u l a t i o n s  f o r  b o t h  t h e  t e s t s  w e r e  r e p e a t e d  w i t h  d i f ­
f e r e n t  numb er s  of  n o d e s  t o  s t u d y  t h e  e f f e c t  of  t h e  n o d a l i z a t i o n .  The r e s u l t s  
f o r  OTSG a r e  g i v e n  i n  F i g u r e  6 . 1 . 7 .  They showed some i m p r o v e m e n t  as  t h e  num­
b e r  of  n o d e s  i n c r e a s e ,  b u t  n o t  enou gh  t o  j u s t i f y  t h e  i n c r e a s e d  c o m p u t i n g  t i m e .  
I t  i s ,  t h e r e f o r e ,  recommended t h a t  10 n o d e s  be  u s e d  f o r  c a s e s  s u c h  as  f e e d ­
w a t e r  t r a n s i e n t  w h e r e  t h e  s t e a m  g e n e r a t o r  t h e r m a l  p e r f o r m a n c e  i s  i m p o r t a n t ;  
o t h e r w i s e ,  5 n o d e s  can be u s e d  f o r  o t h e r  c a s e s .
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The r e s u l t s  f o r  t h e  lEOTSG s i m u l a t i o n  ( T e s t  S e r i e s  6 8 - 6 9 - 7 0 )  w i t h  
RELAP5/M0D1, as  g i v e n  i n  F i g u r e  6 . 1 . 4 ,  showed good a g r e e m e n t  w i t h  t h e  d a t a ,  
b u t  s t i l l  showed some o s c i l l a t i o n s .  T h i s  c a l c u l a t i o n  w a s ,  t h e r e f o r e ,  r e p e a t e d  
w i t h  t h e  maximum t i m e  s t e p  l i m i t e d  t o  0 . 0 1  s e c o n d .  T h i s  r e d u c e d  t h e  m a g n i t u d e  
of  o s c i l l a t i o n  c o n s i d e r a b l y  as  shown i n  F i g u r e  6 . 1 . 8 .  H ow eve r ,  t h e  c o m p u t e r  
r u n n i n g  t i m e  i n c r e a s e d  by a f a c t o r  o f  10 .  A l s o ,  t h e  s e c o n d a r y  s i d e  p r e s s u r e  
p r e d i c t i o n  was w o r s e  t h a n  t h e  o r i g i n a l  c a l c u l a t i o n .

To s t u d y  t h e  e f f e c t  of  n o d a l i z a t i o n ,  t h e  lEOTSG c a l c u l a t i o n  was r e p e a t e d  
w i t h  t h e  RELAP5/M0D1 c o d e  u s i n g  40  c e l l s  i n  e a c h  s i d e  of  t h e  s t e a m  g e n e r a t o r .  
The  r e s u l t s  shown i n  F i g u r e  6 . 1 . 9  i n d i c a t e  some im p r o v e m e n t  i n  s t a b i l i t y ,  b u t  
t h e  c a l c u l a t e d  p r e s s u r e  f o r  t h e  4 0 - n o d e  c a s e  was much w o r s e  t h a n  t h e  1 0 - n o d e  
c a s e .

In F i g u r e  6 . 1 . 5 ,  t h e  RELAP5/M0D1 and TRAC-PFl r e s u l t s  a r e  co m p a re d  w i t h  
t h e  OTSG ( S e r i e s  2 8 - 2 9 )  t e s t  d a t a .  Note t h a t  t h e  TRAC-PFl c o d e  was s l i g h t l y  
m o d i f i e d  t o  e n s u r e  c o m p l e t e  c o n d e n s a t i o n  of  a s p i r a t e d  s t e a m  i n  t h e  downcomer 
d u r i n g  s t e a d y  s t a t e .  F o r  b o t h  c a l c u l a t i o n s  10 n o d e s  w e r e  u s e d  i n  e a c h  s i d e  of  
t h e  s t e a m  g e n e r a t o r .  The RELAP5/M0D1 r e s u l t s  i n d i c a t e  a s l i g h t l y  l o w e r  o v e r ­
a l l  p r i m a r y - t o - s e c o n d a r y  s i d e  h e a t  t r a n s f e r  t h a n  t h e  r e s u l t s  o b t a i n e d  w i t h  
TRAC-PFl and t h e  e x p e r i m e n t a l  d a t a .  T h i s  m a n i f e s t s  i t s e l f  i n  t h e  h i g h e r  p r i ­
mary s i d e  e x i t  t e m p e r a t u r e  and l o w e r  s e c o n d a r y  s i d e  e x i t  s t e a m  t e m p e r a t u r e .
I t  s h o u l d  be m e n t i o n e d  t h a t  a t  s t e a d y  s t a t e ,  RELAP5/M0D1 d i d  n o t  p r e d i c t  any 
s u p e r h e a t i n g  of  s t e a m ,  w h e r e a s  b o t h  t h e  e x p e r i m e n t  and TRAC-PFl i n d i c a t e d  s i g ­
n i f i c a n t  s u p e r h e a t i n g .  T h i s  a g r e e s  w i t h  t h e  o b s e r v a t i o n  made i n  S e c t i o n  5 .1  
w i t h  r e s p e c t  t o  t h e  RELAP5/M0D1 p os t - C H F m o d e l .  The s e c o n d a r y  s i d e  e x i t  f l o w  
r a t e  w a s ,  h o w e v e r ,  p r e d i c t e d  r e a s o n a b l y  w e l l  by t h e  RELAP5/M0D1 c o d e .

6 . 1 . 5  Use r  E x p e r i e n c e

The  TRAC-PFl ( V e r s i o n  7 . 0 )  c o d e  r a n  w i t h o u t  m a j o r  d i f f i c u l t y  f o r  b o t h  
OTSG and  lEOTSG t e s t s .  However ,  RELAP5/M0D1 ( C y c l e  14)  n e e d e d  more c a r e f u l  
a t t e n t i o n  t o  t h e  maximum t i m e  s t e p  and s t r i n g e n t  t i m e  s t e p  c o n t r o l  o p t i o n  
( e . g . .  O p t i o n  2 i n  t h e  c a s e  of  OTSG c a l c u l a t i o n )  t o  s u p p r e s s  t h e  o s c i l l a t i o n .  
The c o m p u t e r  run  t i m e  s t a t i s t i c s  a r e  shown i n  T a b l e  6 . 1 . 1 .

6 . 2  FLECHT-SEASET U-Tube S te a m  G e n e r a t o r  T e s t s

6 . 2 . 1  T e s t  D e s c r i p t i o n

A s c h e m a t i c  of  t h e  FLECHT-SEASET s t e a m  g e n e r a t o r  t e s t  f a c i l i t y  i s  p r e ­
s e n t e d  i n  F i g u r e  6 . 2 . 1 .  I t  can  be s e e n  t h a t  a b o i l e r  and  w a t e r  s u p p l y  t a n k  
a r e  c o n n e c t e d  t o  t h e  h o t  l e g  s i d e  of  t h e  i n l e t  p l e n u m .  The b o i l e r  s u p p l i e s  
t h e  s t e a m  w h i l e  t h e  w a t e r  i s  e n t r a i n e d  a t  t h e  m i x e r  box t o  s e n d  a v a r i e t y  of  
t w o - p h a s e  f l o w  s i t u a t i o n s  t o  t h e  s t e a m  g e n e r a t o r  w h i c h  w i l l  r e s e m b l e  c o n d i ­
t i o n s  t h a t  e x i s t  i n  t h e  p r i m a r y  s y s t e m  d u r i n g  r e f l o o d .  F i g u r e  6 . 2 . 1  a l s o  
shows t h e  s t e a m  g e n e r a t o r  model t o  be w e l l  i n s t r u m e n t e d  w i t h  s t e a m  p r o b e s ,  
t u b e  w a l l  t h e r m o c o u p l e s ,  f l u i d  t h e r m o c o u p l e s ,  f l o w m e t e r s ,  and  p r e s s u r e  t r a n s ­
d u c e r s  t o  e s t a b l i s h  t h e  e x a c t  s t a t e  of  t h e  f l u i d  s o  t h a t  t h e  c o d e  p r e d i c t i o n s  
c o u l d  be c om pa re d  a g a i n s t  t h e  d a t a .  A d e t a i l e d  d e s c r i p t i o n  of  t h e  f a c i l i t y  
h a s  be en  p u b l i s h e d  (Howard e t  a l . ,  1980)  w h ic h  e s t a b l i s h e s  t h e  d a t a  c r e d i b i l ­
i t y  a l o n g  w i t h  t h e  e x p e r i m e n t a l  p r o c e d u r e s .
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6 8 - 6 9 - 7 0 .

-  96 -



V O--J

-©

~©©-(
)-@

t e r n

F i g u r e  6 . 2 . 1  S c h e m a t i c  o f  t h e  FLECHT-SEASET Steam G e n e r a t o r  T e s t  F a c i l i t y .



T a b le  6 . 1 . 1  Computer Run Time S t a t i s t i c s  f o r  t h e  B&W Model
Steam G e n e ra to r  T e s t  S im u la t io n

C o m p u t e r :  BNL CDC-7600

C a l c u l a t i o n TRAC--PFI RELAP5/M0D1

I t e m

lEOTSG
S e r i e s

6 8 - 6 9 - 7 0

OTSG
S e r i e s
2 8 - 2 9

lEOTSG
S e r i e s

6 8 - 6 9 - 7 0

OTSG
S e r i e s
2 8 - 2 9

No. of  C e l l s 22 32 22 32

P r o b l e m  Time ( s ) 50 60 50 60

No. of  Time S t e p s 255 296 400 485

CPU Time ( s ) 21 4 2 . 3 12 1 8 . 5

C P U - t o - P r o b l e m  Time 0 . 4 2 0 . 7 1 0 . 2 4 0 . 3 1

C P U ( s ) / C e l 1 / T im e  S t e p 3 .7 x 1 0 ^ 3 4 . 5 x 1 0 - 3 1 . 4 x 1 0 - 3 1 . 2 x 1 0 - 3

The  s t e a m  g e n e r a t o r  i t s e l f  c o n s i s t e d  of  a l o w e r  p l e n u m  s p l i t  i n  h a l f ,  a 
U - t u b e  b u n d l e ,  and a c y l i n d r i c a l  s h e l l .  The b u n d l e  had  33 t u b e s  e a c h  of  
0 . 0 2 2 2  m I . e . ,  o f  w h ic h  32 w e r e  o p e r a t i o n a l .  The h e i g h t  of  t h e  s t e a m  g e n e r a ­
t o r  was 1 0 . 7  m ab o v e  t h e  t u b e s h e e t  w i t h  an i n s i d e  d i a m e t e r  o f  0 . 3 2  m. The 
f a c i l i t y  was i n s t r u m e n t e d  w i t h  a l a r g e  number  of  t h e r m o c o u p l e s  t o  m e a s u r e  t h e  
s h e l l  w a l l ,  t u b e  w a l l ,  s e c o n d a r y  s i d e  f l u i d ,  and t h e  p r i m a r y  s i d e  s t e a m  
t e m p e r a t u r e s .  A l s o ,  s e v e r a l  f l o w m e t e r s  a t  v a r i o u s  l o c a t i o n s  p r o v i d e d  enough 
d i f f e r e n t i a l  p r e s s u r e  and p r e s s u r e  t r a n s d u c e r s  t o  e s t a b l i s h  t h e  s t a t e  of  t h e  
e x p e r i m e n t  a t  any g i v e n  t i m e .

The  t e s t s  w e r e  ru n  by f e e d i n g  s t e a m  and w a t e r  i n t o  a m i x i n g  c h a m b e r  w hi ch  
g e n e r a t e d  a h i g h - v o i d  t w o - p h a s e  m i x t u r e  i n  t h e  h o t  l e g .  The e s t a b l i s h e d  
m i s t - f l o w  c o n d i t i o n s  i n  t h e  p r i m a r y  s i d e  r e m a i n e d  c o n s t a n t  d u r i n g  t h e  t e s t .  
H e nce ,  t h e  p r i m a r y ,  o r  t u b e  s i d e ,  o f  t h e  s t e a m  g e n e r a t o r  was r e c e i v i n g  f l u i d  
a t  s t e a d y - s t a t e  c o n d i t i o n s  w h i l e  t h e  r e a l  t r a n s i e n t  was t h e  co o ld o w n  of  t h e  
w a t e r  on t h e  s h e l l  s i d e  of  t h e  s t e a m  g e n e r a t o r .  The s e c o n d a r y ,  o r  s h e l l  s i d e ,  
was i n i t i a l l y  f i l l e d  up t o  a l e v e l  w h i c h  c o v e r e d  t h e  t u b e s  w i t h  h i g h  p r e s s u r e  
s t a g n a n t  w a t e r  t h a t  c o o l e d  down s f o w l y  d u r i n g  t h e  t e s t  c o r r e s p o n d i n g  t o  t h e  
h e a t  t r a n s f e r e d  f r o m  t h e  s e c o n d a r y  t o  t h e  p r i m a r y  f l u i d .

T e s t s  ID=21806 and 10=22010 w e r e  s i m u l a t e d  w i t h  b o t h  TRAC-PFl ( V e r s i o n  
7 . 0 ) ,  and  RELAP5/M0D1 ( C y c l e  1 4 ) .  The o p e r a t i n g  c o n d i t i o n s  f o r  t h e s e  t e s t s  
a r e  g i v e n  i n  T a b l e  6 . 2 . 1 .
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T a b le  6 . 2 . 1  O p e ra t in g  C o n d i t io n s  f o r  t h e  S im u la te d  FLECHT-SEASET
Steam G e n e ra to r  T e s ts

T e s t  A v e r a g e d  B ou nd a ry  C o n d i t i o n s S e c o n d a r y  S i d e  I n i t i a l  C o n d i t i o n s

TEST
ID

S team
Flow
k g / s

Ste am
Temp.

°K

W a te r
Flow
k g / s

W a te r
Temp.

°K
FI ow 
Q u a l i t y

A v e r a g e  Temp. 
°K

( a b o v e  0 . 3  m)

P r e s s u r e
MPa

( t o p m o s t  l e v e l )

21806 0 . 0 4 5 4 2 1 . 2 0 . 1 8 1 4 0 1 . 2 0 . 2 0 5 4 4 . 2 5 . 6 9

22010 0 . 1 8 2 4 2 7 . 2 0 . 0 4 5 3 9 8 . 2 0 . 8 0 5 4 6 . 7 5 . 7 5

6 . 2 . 2  I n p u t  Models

To p r e d i c t  t e s t s  10=21806 and 10 = 22010 ,  t h e  TRAC-PFl and RELAP5/M0D1 
c o d e s  mo de le d  t h e  t e s t  f a c i l i t y  a s  shown i n  F i g u r e s  6 . 2 . 2  and  6 . 2 . 3 ,  r e s p e c ­
t i v e l y .  G r e a t  c a r e  was t a k e n  t o  make s u r e  t h a t  b o t h  c o d e s  u s e d  e x a c t l y  t h e  
same o p t i o n s  and g e o m e t r i c a l  d a t a  ( i . e . ,  t h e  c e l l s  i n  b o t h  i n p u t  d e c k s  w e r e  
i d e n t i c a l ) .  S i n c e  b o t h  i n p u t  d e c k s  a r e  i d e n t i c a l ,  e x c e p t  f o r  t h e  d i f f e r e n c e s  
i n  t h e  com pon en t  n a m e s ,  o n l y  t h e  TRAC-PFl model w i l l  be d e s c r i b e d ,  w i t h  d i f ­
f e r e n c e s  n o t e d  when a p p l i c a b l e .

TRAC-PFl m o d e le d  t h e  t e s t  f a c i l i t y  as  shown i n  F i g u r e  6 . 2 . 2 .  The h o t  l e g  
was r e p r e s e n t e d  by a TEE com po nent  s o  t h a t  t h e  t w o - p h a s e  s t e a m - w a t e r  m i x t u r e  
c o u l d  be s u p p l i e d  as  mass f l o w  r a t e  b o u n d a r y  c o n d i t i o n s  by t h e  two FILL compo­
n e n t s  s e e n  i n  F i g u r e  6 . 2 . 2 .  The s t e a m  g e n e r a t o r  m o d e l s  of  TRAC, c a l l e d  STGEN, 
had  22 c e l l s  in  t h e  p r i m a r y  w i t h  12 l e v e l s  on t h e  s e c o n d a r y  s i d e .  T h i s  number 
of  c e l l s  was n e c e s s a r y  t o  c e n t e r  some c e l l s  w i t h  t h e  i n s t r u m e n t a t i o n  l o c a t i o n s  
and  t o  keep  a c e l l  l e n g t h  c o n s i s t e n c y  t h r o u g h o u t  t h e  s t e a m  g e n e r a t o r .  The two 
FILL c o m p o n e n t s  i n  t h e  s e c o n d a r y  s i d e  of  STGEN a r e  r e q u i r e d ,  b u t  a r e  s e t  t o  
z e r o  mass f l o w  r a t e  s i n c e  t h e  s e c o n d a r y  s i d e  was s t a g n a n t .  In RELAP5/M0D1, 
t h e  c o d e  do es  n o t  h a v e  a s t e a m  g e n e r a t o r  model p e r  s e , b u t  one  i s  b u i l t  w i t h  
PIPE c o m p o n e n ts  t h a t  a c h i e v e  t h e  same p u r p o s e .

The f i n a l  b o u n d a r y  c o n d i t i o n  t o  be d i s c u s s e d  i n  t h e  n o d a l i z a t i o n  i s  t h e  
BREAK ( o r  SNGLJUN-TMDPVOL c o m b i n a t i o n  of  RELAP5) c o m p o n e n t  s e e n  i n  F i g u r e
6 . 2 . 2  a t  t h e  p r i m a r y  s i d e  e x i t  p l e n u m .  The BREAK was u s e d  t o  p r o v i d e  a p r e s ­
s u r e  b o u n d a r y  c o n d i t i o n .  The p r e s s u r e  was d e t e r m i n e d  by b a c k i n g  o u t  t h e  d a t a  
f r o m  t h e  m i x e r  c ha m ber  p r e s s u r e  and two d i f f e r e n t i a l  p r e s s u r e s  b e t w e e n  t h e  h o t  
l e g  and  t h e  e x i t  p l e n u m .

The l a s t  t o p i c  t o  be  d i s c u s s e d  i n  t h e  m o d e l i n g  of  t h e  FLECHT-SEASET s t e a m  
g e n e r a t o r  i s  t h e  p r o b l e m  w i t h  t h e  e n e r g y  s t o r e d  i n  t h e  3200  kg o f  m e t a l  ab o v e  
t h e  t u b e s h e e t .  The 500 kg of  I n c o n e l  6 0 0  i n  t h e  t u b e  b u n d l e  c an  e a s i l y  be 
h a n d l e d  by TRAC-PFl s i n c e  t h i s  i s  b u i l t  i n t o  t h e  STGEN c o m p o n e n t .  But  t h e  
2700 kg of s t e a m  g e n e r a t o r  s h e l l  w a l l  w h i c h  r e p r e s e n t s  a s o u r c e  of  a b o u t  30% 
of  t h e  t o t a l  e n e r g y  r e l e a s e d  d u r i n g  b o t h  t e s t s  c a n n o t  be s i m u l a t e d  i n  t h e
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FILL

STGENT R A C - P F l  ( 7 . 0 )  
NODALIZATION

FI LL

BREAK
FILL T E E

FILL

F i g u r e  6 . 2 . 2  TRAC-PFl N o d a l i z a t i o n  f o r  t h e  FLECHT-SEASET 
Steam G e n e r a t o r  T e s t s .

P I P E

R E L A P 5 / M 0 D  1 ( C Y I 4 )  

N O D A L I Z A T I O N

S N G L J U N
TMD P VO L

- TMDP JUN
T M D P V O L

PI P E
BRANCH

T M D P J U N

TMDPVOL

S N GL J UN

F i g u r e  6 . 2 . 3  RELAP5 N o d a l i z a t i o n  f o r  t h e  FLECHT-SEASET 
Steam G e n e r a t o r  T e s t s .
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STGEN c om pone n t  of  TRAC-PFl .  I t  s h o u l d  be n o t e d  t h a t  f o r  a t y p i c a l  f u l l - s c a l e  
U - t u b e  s t e a m  g e n e r a t o r  t h e  i n t e r n a l  s u r f a c e  a r e a  t o  vo lume r a t i o  i s  - 1 . 4  m“  ̂
w h i l e  t h a t  f o r  t h e  FLECHT-SEASET s t e a m  g e n e r a t o r  was - 3 7 . 0  m " ^ . T h e r e f o r e ,  
i t  i s  n o t  as c r i t i c a l  t o  model t h e  s t e a m  g e n e r a t o r  s h e l l  i n  t h e  t y p i c a l  f u l l -  
s c a l e  U - t u b e  s t e a m  g e n e r a t o r  b e c a u s e  t h e  r e l e a s e d  e n e r g y  w o u ld  r e p r e s e n t  a 
f r a c t i o n  much l e s s  t h a n  t h e  30% p r e s e n t  i n  t h e  FLECHT-SEASET s t e a m  g e n e r a t o r .  
However,  i f  t h e  co de  i s  t o  be u s e d  t o  model t h e r m a l - h y d r a u l i c  e x p e r i m e n t s  i n  
t h e  r e d u c e d - s c a l e  f a c i l i t i e s  s u c h  as  t h e  FLECHT-SEASET s t e a m  g e n e r a t o r ,  t h e  
e n e r g y  s t o r e d  i n  t h e  s h e l l  w a l l  s h o u l d  be a r e p r e s e n t a b l e  o p t i o n .

T h i s  p r o b l e m  was c i r c u m v e n t e d  by a d d i n g  an e q u i v a l e n t  w a t e r  volume t o  t h e  
s t e a m  g e n e r a t o r  s e c o n d a r y  s i d e  w a t e r .  T h i s  a d d i t i o n a l  w a t e r  had  t h e  same 
amount  of  e n e r g y  as  t h e  s h e l l  w a l l ,  a n d  was d e t e r m i n e d  f r o m

M e  T = M c T s p , s  s w p ,w w
( 6 . 2 . 1 )

w h e r e
M̂  = mass of  s t e a m  g e n e r a t o r  s h e l l  w a l l

M = mass of  e q u i v a l e n t  w a t e rw ^
c = h e a t  c a p a c i t y  of  s h e l l  w a l l  p j s
c„  , = h e a t  c a p a c i t y  of  w a t e r  

P
T^ = i n i t i a l  t e m p e r a t u r e  of  s h e l l  w a l l

T^ = i n i t i a l  t e m p e r a t u r e  of  w a t e r

A f t e r  a hand c a l c u l a t i o n ,  t h e  vo lume of  a d d i t i o n a l  w a t e r  t u r n e d  o u t  t o  be 0 . 3 1
m3.

T h i s  a s s u m p t i o n  of  a d d i n g  t h e  e q u i v a l e n t  w a t e r  mass t o  r e p r e s e n t  t h e  
s h e l l  w a l l  was j u s t i f i e d  f r o m  e x p e r i m e n t a l  d a t a  a s  w e l l  as  f r o m  RELAP5/M0D1 
c a l c u l a t i o n s .  I t  i s  s e e n  f r o m  F i g u r e  6 . 2 . 4  t h a t  t h e  e x p e r i m e n t a l  v a l u e s  of  
t h e  s t e a m  g e n e r a t o r  s e c o n d a r y  s i d e  f l u i d  t e m p e r a t u r e ,  and t h e  s t e a m  g e n e r a t o r  
s h e l l  w a l l  t e m p e r a t u r e  f o l l o w e d  each  o t h e r .  At t h i s  p o i n t ,  i t  i s  i m p o r t a n t  t o  
n o t e  t h a t  t h e  t e s t  r e s u l t s  h a v e  n e v e r  shown any r a d i a l  t e m p e r a t u r e  d i s t r i b u ­
t i o n s  on any h o r i z o n t a l  p l a n e .  T h u s ,  t h e  c o m p a r i s o n  of  t h e  two c o d e s  w i t h  t h e  
d a t a  was j u s t i f i e d  s i n c e  t h e  d a t a  and  c o d e s  w e r e  b o t h  one  d i m e n s i o n a l .  T h i s  
t r e n d  was f o l l o w e d  t h r o u g h o u t  t h e  s t e a m  g e n e r a t o r  t e s t  e x c e p t  b e lo w  t h e  0 . 6 0 9 6
m (2 f t )  l e v e l  ( s e e  F i g u r e  6 . 2 . 5 )  w h e r e  t h e  m o s t  r a p i d  c h a n g e s  w e r e  t a k i n g
pi  a c e .

The r e s u l t  of  n o t  s i m u l a t i n g  t h e  s t e a m  g e n e r a t o r  s h e l l  w a l l  w i t h  TRAC-PFl 
i s  p r e s e n t e d  i n  F i g u r e  6 . 2 . 6 .  C o m p a r i s o n s  of  o t h e r  p r e d i c t e d  v a r i a b l e s  showed 
t h e  same t y p e  of  d i f f e r e n c e .  F i n a l l y ,  t o  p l a c e  t h i s  method  of  t r e a t i n g  t h e  
s t e a m  g e n e r a t o r  s h e l l  on a more s o l i d  g r o u n d ,  RELAP5/M0D1 ( C y c l e  14)  was u s e d  
f o r  t h e  same t e s t  ( i . e . ,  10=21806)  and  was ru n  t h r e e  t i m e s .  F i r s t ,  i t  was run
i g n o r i n g  t h e  s t o r e d  e n e r g y  i n  t h e  s h e l l  w a l l .  S e c o n d ,  i t  was ru n  w i t h  h e a t
s l a b s  r e p r e s e n t i n g  t h e  s h e l l  w a l l .  T h i s  i s  p o s s i b l e  w i t h  RELAP5, b u t  n o t  w i t h  
TRAC. And f i n a l l y ,  RELAP5 was run w i t h  t h e  e q u i v a l e n t  w a t e r  m a s s .  F i g u r e  
6 . 2 . 7  i l l u s t r a t e s  t h e  c o n c l u s i o n  f r o m  t h e s e  r u n s .  The s i m u l a t i o n s  w i t h  t h e
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5 6 0

“ 1 I I I I I I I I
( 2 )  S e c o n d a r y  s ide f l u i d  t e m p e r a t u r e
( 3 )  S t e a m  gen.  s h e I I  wa l l  t e m p e r a t u r e

 E x p e r i m e n t a l  d a t a ,  I D =  2 1 8 0 6

 T R A C - P F l  ( 7 . 0 )
  R e l o p 5 / M O D  1 ( C Y I 4 )

D i s t a n c e =  8 . 2 3  m ( 2 7  f t )

g  5 0 0

S  4 8 0bJ

4 6 0  

4 4 0  

4  2 0  

4 0 0
2 0 0  4 0 0 6 0 0  8 0 0  

T I M E  ( s )

1 0 0 0  1 2 0 0  1 4 0 0

F i g u r e  6 . 2 . 4 S e c o n d a r y  S i d e  F l u i d  and S h e l l - W a l l  
T e m p e r a t u r e  a t  27 f t  E l e v a t i o n  f o r  
FLECHT-SEASET Steam G e n e r a t o r  T e s t  
10=21806.
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q:ID
<
CL

~l 1---- 1---- 1-----[---- 1-----1---- 1---- 1---
( 2 )  Secondary  s ide f l u i d  t e m p e r a t u r e
( 3 )  S t e a m  gen.  she l l  wa l l  t e m p e r a t u r e

 E X per i  men t a l  d o t e ,  I D  = 2 I 8 0 6

 T R A C - P F  1 ( 7 . 0 )

 R e l a p 5 / M 0 D  1 ( C Y I 4 )
O i s t a n c e =  0 . 3 0 5  m ( I f t )

2 0 0  4 0 0

f  2--
6 0 0  8 0 0  

T I M E  ( s )
1 0 0 0  1 2 0 0  1 4 0 0

F i g u r e  6 , 2 . 5  S e c o n d a r y  S i d e  F l u i d  and S h e l l  Wall T e m p e r a t u r e
a t  1 f t  E l e v a t i o n  f o r  FLECHT-SEASET Steam G e n e r a t o r  
T e s t  ID=21806.

a ) Co d e  r a n  w i t h  e q u i v a l e n t  w a t e r  m a s s  a d d e d

b )  Sh e l l  w a l l  m a s s  n o t  a c c o u n t e d  f o r

TEST ID = 21806 

TRAC-PFl (7,0)

0 200 400 6 0 0 8 0 0 1 0 0 0  1 2 0 0  1 4 0 0

TIME (s)

F i g u r e  6 . 2 . 6  TRAC-PFl S e c o n d a r y  S i d e  P r e s s u r e  f o r  10=21806
With  and W i t h o u t  t h e  E q u i v a l e n t  Wa ter  Mass f o r  t h e  
Steam G e n e r a t o r  S h e l l  W a l l .
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h e a t  s l a b s  r e p r e s e n t i n g  t h e  s h e l l  w a l l  and t h e  w a t e r  e q u i v a l e n c e  of  s t e e l  
y i e l d e d  t h e  same r e s u l t  w h i l e  s h o w i n g  t h e  same m a g n i t u d e  of  im p r o v e m e n t  a s  
f o u n d  in  t h e  TRAC-PFl p r e d i c t i o n  ( s e e  F i g u r e  6 . 2 . 6 ) .  A l s o ,  many o t h e r  p a r a ­
m e t e r s  showed t h e  same r e s u l t .  C o n s e q u e n t l y ,  t h e  e q u i v a l e n t  w a t e r  a p p r o a c h  
was u s e d  f o r  s i m u l a t i o n  of  t e s t s  10=21806 a nd  10=22010 w i t h  TRAC-PFl .

6 . 2 . 3  Code P r e d i c t i o n  and  C o m p a r i s o n  w i t h  Data

6 . 2 . 3 . 1  T e s t  10 = 21806

The TRAC-PFl ( V e r s i o n  7 . 0 )  p r e d i c t i o n s  f o r  FLECHT-SEASET t e s t  10=21806 
a r e  p r e s e n t e d  i n  F i g u r e s  6 . 2 . 8  t h r o u g h  6 . 2 . 1 4 .  The o v e r a l l  p e r f o r m a n c e  of  t h e  
c o d e  can be j u d g e d  f r o m  F i g u r e  6 . 2 . 8  w h ic h  shows t h e  p r e s s u r e  a t  t h e  t o p  c e l l  
i n  t h e  s e c o n d a r y  s i d e  of  t h e  s t e a m  g e n e r a t o r .  I t  may be  i n f e r r e d  t h a t  t h e  
c o d e  p r e d i c t e d  t h e  c o r r e c t  h e a t  t r a n s f e r  f r o m  t h e  s e c o n d a r y  t o  p r i m a r y  s i d e  
f o r  t h e  i n i t i a l  300  s and  t h e n  i t  bega n  t o  o v e r p r e d i c t  t h e  h e a t  removed f r o m  
t h e  s t e a m  g e n e r a t o r ,  a s  v e r i f i e d  by t h e  e x i t  s t e a m  t e m p e r a t u r e  i n  F i g u r e  
6 . 2 . 9 ,  and t h e  s e c o n d a r y  s i d e  p r e s s u r e  i n  F i g u r e  6 . 2 . 8 .  W hi le  t h e  c o d e  d i d  
p r e d i c t  t h e  s e c o n d a r y  f l u i d  t e m p e r a t u r e  q u i t e  w e l l  f o r  t h e  f i r s t  c e l l  ( s e e  
F i g u r e  6 . 2 . 5 )  o f  t h e  s t e a m  g e n e r a t o r ,  t h i s  was t h e  e x c e p t i o n  and n o t  t h e  
r u l e .  In F i g u r e  6 . 2 . 4  t h e  c o d e  p r e d i c t e d  a l o w e r  s e c o n d a r y  s i d e  f l u i d  t e m p e r ­
a t u r e ,  m eani ng  t h a t  t h e  h e a t  t r a n s f e r  f r o m  s e c o n d a r y  t o  p r i m a r y  was o v e r e s t i ­
m a t e d .  A l s o  t h e  e n t r a i n e d  d r o p l e t s  ( s e e  F i g u r e  6 . 2 . 1 0 )  d i d  n o t  t r a n s v e r s e  t h e  
U - t u b e  u n t i l  t h e  h e a t  t r a n s f e r  r a t e  d e c r e a s e d  a r o u n d  900 s (w hich  i s  i n d i c a t e d  
by t h e  c h a n g e  i n  s l o p e  f o r  t h e  TRAC p r e d i c t i o n  i n  F i g u r e  6 . 2 . 8 ) .  F i n a l l y ,  in  
F i g u r e s  6 . 2 . 1 1  t h r o u g h  6 . 2 . 1 4  t h e  p r e d i c t e d  s e c o n d a r y  s i d e  f l u i d  and p r i m a r y  
s i d e  s t e a m  t e m p e r a t u r e s  a r e  co 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  v a l u e s  a t  v a r i o u s  
t i m e s .  T h e s e  r e s u l t s  show t h a t  t h e  t o p  p a r t  o f  t h e  s t e a m  g e n e r a t o r  i s  c o n s i ­
d e r a b l y  c o o l e r  t h a n  e x p e c t e d  w h i c h  was c a u s e d  by t h e  l a r g e r  h e a t  f l u x  p r e ­
d i c t e d  by TRAC-PFl .  F o r  t h e  l o w e r  p a r t ,  i . e . ,  up t o  a p p r o x i m a t e l y  5 m, t h e  
s e c o n d a r y  s i d e  t e m p e r a t u r e  was f i r s t  u n d e r p r e d i c t e d  ( F i g u r e  6 . 2 . 1 1 ) ,  t h e n  
o v e r e s t i m a t e d  ( F i g u r e s  6 . 2 . 1 2  and 6 . 2 . 1 3 ) ,  and  by 1178 s i t  was a g a i n  u n d e r ­
p r e d i c t e d  ( F i g u r e  6 . 2 . 1 4 ) .  T h i s  came a b o u t  b e c a u s e  t h e  c o d e  i n i t i a l l y  p r e ­
d i c t e d  t h e  i n l e t  s i d e  of  t h e  t u b e  b u n d l e  t o  be  i n  t h e  t r a n s i t i o n  b o i l i n g  h e a t  
t r a n s f e r  r e g i m e ,  c a u s i n g  a h i g h e r  w a l l  h e a t  f l u x  t h a n  t h e  e x p e c t e d  f i l m  b o i l ­
i n g  s i t u a t i o n  a b o v e  t h e  q u e n c h  f r o n t  t h a t  was f o u n d  e x p e r i m e n t a l l y .  As a l ­
r e a d y  m e n t i o n e d ,  t h e  d a t a  showed a q u e n c h  f r o n t  moving  up t h e  t u b e s ,  c a u s i n g  a 
s h a r p  k n e e  i n  t h e  w a l l  and  t h e  s e c o n d a r y  s i d e  t e m p e r a t u r e  as  an i n i t i a l  f i l m  
b o i l i n g  e v e n t  was t r a n s f o r m e d  i n t o  a n u c l e a t e  b o i l i n g  s i t u a t i o n .  The c o d e ,  
h o w e v e r ,  d i d  n o t  p r e d i c t  t h e  c o r r e c t  t u r n  a r o u n d  t e m p e r a t u r e s  and  t i m e s ,  a s  
s e e n  i n  T a b l e  6 . 2 . 2 ,  w h i c h  c a u s e d  t h e  o v e r p r e d i c t i o n  s e e n  i n  F i g u r e s  6 . 2 . 1 2  
and  6 . 2 . 1 3  f o r  t h e  s e c o n d a r y  s i d e  f l u i d  t e m p e r a t u r e .  F i n a l l y ,  t h e  c o d e  d i d  
a p p r o a c h  t h e  c o r r e c t  end r e s u l t  as  t h e  s e c o n d a r y  s i d e  f l u i d  t e m p e r a t u r e  a p ­
p r o a c h e d  t h e  p r i m a r y  s i d e  i n l e t  f l u i d  c o n d i t i o n s .

The r e s u l t s  o f  RELAP5/M0D1 f o r  t e s t  ID=21806 a r e  a l s o  p r e s e n t e d  on F i g ­
u r e s  6 . 2 . 8  t h r o u g h  6 . 2 . 1 4 .  F i g u r e  6 . 2 . 8  shows t h a t  t h e  s e c o n d a r y  s i d e  p r e s ­
s u r e  i s  g r e a t l y  u n d e r p r e d i c t e d ,  w h i l e  F i g u r e  6 . 2 . 1 0  shows t h a t  RELAP5/M0D1 
o v e r p r e d i c t e d  t h e  d r o p l e t  c a r r y  o v e r .  A l s o  i n  F i g u r e  6 . 2 . 9  RELAP5/M0D1 e x i t  
s t e a m  t e m p e r a t u r e  showed o s c i l l a t i o n s  w i t h  a m a g n i t u d e  of  a l m o s t  200 K. T h i s  
was  c a u s e d  by t h e  w a l l  h e a t  t r a n s f e r  mode s w i t c h i n g  a l t e r n a t e l y  b e t w e e n  t h e
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-Wi thout  either heat slabs  

or equivalent water  
R e l a p 5 / M 0 D 1  (CY I4 )
I D  = 2 I 8 0 6
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Tltv^E (s )
1200 1500

F i g u r e  6 . 2 . 7 RELAP5/M0D1 S e c o n d a r y  S i d e  P r e s s u r e  f o r  ID=21806 
With  V a r i o u s  M o d e l i n g  f o r  t h e  Steam G e n e r a t o r  S h e l l  
W a l l .
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—  E x p e r i m e n t a l  c j c t o ,  I D=  2 1 8  0 6

 T R A C - P F l  ( 7 . 0 )

W - R e l a p 5 / M 0 D 1  ( C Y I 4 )
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TIME (s)

F i g u r e  6 . 2 . 8  Co m pa r i s on  Between  t h e  M e a su re d  and P r e d i c t e d  
S e c o n d a r y  S i d e  P r e s s u r e  f o r  10= 21806.
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7 0 0 I I I I 1 r
 Experimental  data , I D  = 21806
 R e lo p S /M O D l (CYI 4 )

—  T R A C -P F l  (7.01

RelopS oscil lation 
boundaries
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q:  UJ
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2 0 0  4 0 0  6 0 0  8 0 0  1000  1200  1 4 0 0  
T I M E  (s )

F i g u r e  6 . 2 . 9  C o m p a r i so n  Between  t h e  M e a su re d  and P r e d i c t e d
P r i m a r y  S i d e  E x i t  Steam T e m p e r a t u r e  f o r  10=21806.
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■ R e l a p 5 / M 0 D  1 ( C Y I 4 )
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T IM E  (s )
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F i g u r e  6 . 2 . 1 0  C o m p a r i s o n  Between  t h e  M e a su re d  and P r e d i c t e d  
L i q u i d  Mass  a t  t h e  P r i m a r y  S i d e  O u t l e t  Plenum 
f o r  10= 21806.
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f o r c e d  c o n v e c t i o n  of s u p e r h e a t e d  v a p o r  a t  medium f l o w  u s i n g  h i g h  f l o w  c o r r e l a ­
t i o n s  ( i . e . ,  h e a t  t r a n s f e r  mode 18)  and f o r c e d  c o n v e c t i o n  f r o m  s u p e r h e a t e d  
v a p o r  t o  w a l l  ( i . e . ,  h e a t  t r a n s f e r  mode 2 2 ) .  T h e s e  o s c i l l a t i o n s  w e r e  f o u n d  t o  
be t h e  d i r e c t  r e s u l t  of  t h e  c o d e  t a k i n g  t o o  l a r g e  a t i m e  s t e p  w h i c h  a l l o w e d  
t o o  much e n e r g y  t o  be t r a n s f e r r e d  d u r i n g  t h e  t i m e  s t e p .  T h e s e  o s c i l l a t i o n s  
s t o p p e d  when t h e  maximum t i m e  s t e p  was r e d u c e d .  How ever ,  t h e  r e s u l t s  of  t h e  
p r e d i c t i o n  w e re  n o t  c h a n g e d ,  a l t h o u g h  t h e  c o m p u t e r  run  t i m e  was s i g n i f i c a n t l y  
i n c r e a s e d .

O t h e r  p r o b l e m s  w i t h  t h e  RELAP5/M0D1 c a l c u l a t i o n s  a r e  e a s i l y  d e t e c t e d  i n  
F i g u r e s  6 . 2 . 1 1  t h r o u g h  6 . 2 . 1 4 ,  w h e r e  p r i m a r y  and s e c o n d a r y  f l u i d  t e m p e r a t u r e s  
a r e  p r e s e n t e d .  In F i g u r e  6 . 2 . 1 1 ,  f o r  e x a m p l e ,  RELAP5/M0D1 p r e d i c t e d  a 
s t r a i g h t  f l u i d  t e m p e r a t u r e  p r o f i l e  i n  t h e  s e c o n d a r y  s i d e  w i t h  a d r o p  and  s u d ­
den r i s e  a t  t h e  t o p  of  t h e  s t e a m  g e n e r a t o r .  The s t r a i g h t  s e c t i o n  c o r r e s p o n d s  
t o  t h e  s a t u r a t i o n  t e m p e r a t u r e ,  and i s  c a u s e d  by b u b b l e  f o r m a t i o n s  i n  t h e  l o w e r  
l e v e l s  w hic h  c a u s e d  m i x i n g  t o  t a k e  p l a c e .  The t o p  t h r e e  c e l l s ,  w h e r e  a d r o p  
an d  t h e n  a s u d d e n  r i s e  i n  t h e  s e c o n d a r y  s i d e  t e m p e r a t u r e  w e r e  c a l c u l a t e d ,  w e re  
p r e d i c t e d  t o  be f i l l e d  w i t h  w a t e r  o n l y  ( a = 0 ) ;  two l o w e r  c e l l s  w i t h  s u b c o o l e d  
w a t e r  and t h e  t o p  c e l l  w i t h  s a t u r a t e d  w a t e r .  T h i s  was n o t  c o n f i r m e d  e x p e r i ­
m e n t a l l y ,  and  t h e  c a l c u l a t e d  v o i d  f r a c t i o n  p r o f i l e  i s ,  of  c o u r s e ,  n o n - p h y s i ­
c a l .  I t  i s  s u s p e c t e d  t h a t  t h e r e  a r e  some FORTRAN o r  c o d i n g  e r r o r s  w hi ch  n e e d  
t o  be c o r r e c t e d  by t h e  co de  d e v e l o p e r s .

F i n a l l y ,  t h e  r e s u l t s  f o r  10=21806 i n d i c a t e  t h a t  RELAP5/M0D1 h as  a h i g h  
i n t e r f a c i a l  mass t r a n s f e r  r a t e ,  p a r t i c u l a r l y  a t  h i g h  v o i d  f r a c t i o n s .  In F i g ­
u r e  6 . 2 . 1 1 ,  t h e  cod e  p r e d i c t s  t h e  p r i m a r y  s t e a m  t e m p e r a t u r e  t o  r e m a i n  a t  t h e  
s a t u r a t i o n  t e m p e r a t u r e  u n t i l  t h e  v o i d  f r a c t i o n  r e a c h e s  u n i t y .  T h e n ,  and o n l y  
t h e n ,  do es  t h e  co de  s t a r t  t o  c a l c u l a t e  s u p e r h e a t e d  s t e a m  c o n d i t i o n s .  However ,  
F i g u r e  6 . 2 . 1 0  shows t h a t  d u r i n g  t h e  e x p e r i m e n t  w a t e r  was b e i n g  c o l l e c t e d  i n  
t h e  o u t l e t  p lenum a l t h o u g h  t h e  s t e a m  was s u p e r h e a t e d  ( s e e  F i g u r e  6 . 2 . 1 1 ) .

6 . 2 . 3 . 2  T e s t  10=22010

The r e s u l t s  o f  t h i s  t e s t  s i m u l a t i o n  a r e  p r e s e n t e d  i n  F i g u r e s  6 . 2 . 1 5  
t h r o u g h  6 . 2 . 1 9 .  The s e c o n d a r y  s i d e  p r e s s u r e ,  shown i n  F i g u r e  6 . 2 . 1 5 ,  a g a i n  
i n d i c a t e s  t h a t  TRAC-PFl o v e r p r e d i c t s  t h e  amount  of  e n e r g y  t r a n s f e r r e d  f r o m  t h e  
s e c o n d a r y  s i d e  t o  t h e  p r i m a r y .  T h i s  f a c t  i s  a l s o  o b s e r v e d  i n  F i g u r e  6 . 2 . 1 6 ,  
w h ic h  shows t h e  e x i t  s t e a m  t e m p e r a t u r e  t o  be o v e r p r e d i c t e d .

In F i g u r e  6 . 2 . 1 7  t h r o u g h  6 . 2 . 1 9 ,  t h e  e x p e r i m e n t a l  v a l u e s  of  t h e  s e c o n d a r y  
s i d e  f l u i d  t e m p e r a t u r e ,  a l o n g  w i t h  t h e  p r i m a r y  s i d e  s t e a m  t e m p e r a t u r e s ,  a r e  
c om pa red  w i t h  t h e  p r e d i c t e d  v a l u e s  a t  v a r i o u s  t i m e s .  T h e s e  f i g u r e s  demon­
s t r a t e  t h a t  TRAC-PFl o v e r p r e d i c t e d  t h e  h e a t  t r a n s f e r  t h r o u g h o u t  t h e  r u n .
A l s o ,  i t  s h o u l d  be n o t e d  i n  F i g u r e  6 . 2 . 1 7 ,  t h a t  t h e  c o d e  p r e d i c t e d  t h e  p r i m a r y  
s i d e  t e m p e r a t u r e s  t o  be h i g h e r  t h a n  t h e  s e c o n d a r y  s i d e  w h i c h  i s  t h e  h e a t  
s o u r c e .  T h i s ,  o f  c o u r s e ,  i s  b e l i e v e d  t o  be g e n e r a t e d  by t h e  n u m e r i c a l  sch em e 
a n d / o r  t h e  t i m e - s t e p  c o n t r o l .

F i n a l l y ,  t h e  e x p e r i m e n t a l  d a t a  showed t h a t  t h e  l i q u i d  d i d  r e a c h  t h e  o u t ­
l e t  p le num w i t h  t h e  r e s u l t  o f  1 . 5  + 0 . 7 k g  of  w a t e r  b e i n g  c a r r i e d  o v e r  by 675 s
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( 1) Primary side steam temperature
(2 )  Secondary side fluid temperature  

 Experimental data,  I D = 2 I 8 0 6
 T R A C - P F l  (7.0)

.  R e l a p 5 / M 0 D  1 (CYI4)
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F i g u r e  6 . 2 . 1 1 C o m p a r i s o n  Be tween  t h e  M e a s u r e d  and P r e d i c t e d  
P r i m a r y  S i d e  F l u i d  T e m p e r a t u r e s  f o r  T e s t  10=21806 
a t  338  s .
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( I ) Primary side steam temperature  
(2 )  Secondary side fluid temperature

 Experimental  data,  ID =  2 1806
 T R A C - P F l  (7 .0 )
 R e l a p 5 / M 0 D 1 ( C Y I 4 )

T ime = 6 7 4 . 0  s
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— -̂-------1---------1-------- H — I—
8 10 12 14 16 18 2 0  22

DISTANCE (m)

F i g u r e  6 . 2 . 1 2  C o m p a r i so n  Between  t h e  M e a su re d  and P r e d i c t e d  
P r i m a r y  S i d e  Steam and S e c o n d a r y  S i d e  F l u i d  
T e m p e r a t u r e s  f o r  T e s t  10=21806 a t  670  s .
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( I ) Primary side steam temperature  
(2 )  Secondary side fluid temperature

 Experimental  data,  10  = 2 1 8 0 6
 T R A C - P F i  (7.0)

_  R e l a p 5 / M 0 D 1  ( C Y I4 )
Time = 8 4 2 . 0  s

(Tap of steam gen. tubes )
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D IS TA N CE  (m)

2 0  22

F i g u r e  6 . 2 . 1 3 C o m p a r i s o n  Between  t h e  M e a s u r e d  and P r e d i c t e d  
P r i m a r y  S i d e  Steam and S e c o n d a r y  S i d e  F l u i d  
T e m p e r a t u r e s  f o r  T e s t  10=21806 a t  842  s .
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( I ) Primary side steam temperature
( 2 )  Secondary side fluid temperature

 Experimental data , I D  = 2 1 8 0 6
T R A C - P F l  (7 .0 )

_  R e l a p 5 / M 0 D 1  ( C Y I 4 )
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F i g u r e  6 . 2 . 1 4  C o m p a r i s o n  Between t h e  M e a s u re d  and P r e d i c t e d  
P r i m a r y  S i d e  Steam and S e c o n d a r y  S i d e  F l u i d  
T e m p e r a t u r e s  f o r  T e s t  10=21806 a t  1178 s .
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and 3 . 1  _+ 0 . 7  kg by 1300 s .  TRAC-PFl  d i d  n o t  p r e d i c t  any l i q u i d  c a r r y o v e r .  
T h i s  c o u l d  a l s o  be  t h e  r e s u l t  of  g r e a t e r  s e c o n d a r y - t o - p r i m a r y  h e a t  t r a n s f e r  i n  
t h e  c a l c u l a t i o n .  The c o d e  n o t  o n l y  v a p o r i z e d  t h e  d r o p l e t s  wh i c h  e n t e r e d  t h e  
p r i m a r y  t u b e s ,  b u t  i t  a l s o  d i d  n o t  p r e d i c t  t h e  o b s e r v e d  q u e n c h  f r o n t  p r o p a g a ­
t i o n  a s  shown i n  T a b l e  6 . 2 . 2 .  F u r t h e r m o r e ,  t h e  c ode  p r e d i c t e d  o s c i l l a t i o n s  
b e t we e n  t h e  t r a n s i t i o n  b o i l i n g  r e g i m e  and c o n v e c t i o n  t o  s i n g l e - p h a s e  v a p o r  r e ­
gi me f o r  t h e  f i r s t  5 m of  t h e  U - t u b e  b u n d l e  f o r  t h e  e n t i r e  r u n ,  w h i l e  t h e  r e s t  
of  t h e  s t e a m  g e n e r a t o r  s t a y e d  i n  t h e  c o n v e c t i o n  t o  s i n g l e - p h a s e  v a p o r  h e a t  
t r a n s f e r  r e g i m e .

The  l a s t  c a l c u l a t i o n  t o  d i s c u s s  i s  t h e  RELAP5/M0D1 r e s u l t s  of  t e s t  ID = 
2 2 0 1 0 .  Th e s e  r e s u l t s  a r e  a l s o  p l o t t e d  on F i g u r e s  6 . 2 . 1 5  t h r o u g h  6 . 2 . 1 9  w i t h  
t h e  TRAC-PFl  p r e d i c t i o n s  t o  f a c i l i t a t e  c o m p a r i s o n .

In F i g u r e  6 . 2 . 1 5  t h e  s e c o n d a r y  s i d e  p r e s s u r e  i s  o v e r p r e d i c t e d  by RELAP5/ 
MODI, p r o b a b l y  b e c a u s e  of  t h e  h i g h  p r e d i c t i o n  of  t h e  p r i m a r y  s t e a m  t e m p e r a t u r e  
n e a r  t h e  t o p  of  t h e  s t e a m  g e n e r a t o r .  In F i g u r e s  6 . 2 . 1 7  t h r o u g h  6 . 2 . 1 9 ,  t h e  
RELAP5/M0D1 s t e a m  t e m p e r a t u r e  e x c e e d s  t h e  s e c o n d a r y  s i d e  t e m p e r a t u r e  wh i c h  r e ­
s u l t e d  i n  a h i g h e r  s e c o n d a r y  s i d e  t e m p e r a t u r e  i n  RELAP5/M0D1. T h i s  g e n e r a t e d  
e x c e s s  s t e a m  i n  t h e  s e c o n d a r y  s i d e  c a u s i n g  t h e  o v e r p r e s s u r i z a t i o n  s e e n  i n  
F i g u r e  6 . 2 . 1 5 .  A l s o ,  i t  s h o u l d  be  n o t e d  t h a t  f o r  t h e  p r i m a r y  t e m p e r a t u r e  t o  
e x c e e d  t h e  s e c o n d a r y  t e m p e r a t u r e  a v i o l a t i o n  of  t h e  s e c o n d  l aw of  t h e r m o d y n a ­
mi c s  has  t a k e n  p l a c e ,  wh i c h  i s  b e l i e v e d  t o  be  t h e  r e s u l t  of  an i n a d e q u a t e  t i m e  
s t e p  c o n t r o l .  T h i s  can  be  s t a t e d  b e c a u s e  t h e  t e s t  was r e r u n  f o r  a s h o r t  t i m e  
w i t h  a s m a l l e r  maximum t i m e  s t e p  wh i c h  s t o p p e d  t h e  p r i m a r y  s i d e  t e m p e r a t u r e  
f r o m  e x c e e d i n g  t h e  t e m p e r a t u r e  of  t h e  s e c o n d a r y  s i d e ;  b u t ,  i t  d i d  n o t  s i g n i f i ­
c a n t l y  c h a n g e  t h e  p r e d i c t i o n .  Howe ve r ,  t h e  r un  t i m e  was s i g n i f i c a n t l y  i n ­
c r e a s e d .  F i n a l l y ,  i n  F i g u r e  6 . 2 . 1 6 ,  t h e  p r i m a r y  e x i t  s t e a m  t e m p e r a t u r e  s u g ­
g e s t s  t h a t  more e n e r g y  was r emoved f r o m  t h e  s t e a m  g e n e r a t o r  i n  t h e  RELAP5/M0D1 
c a l c u l a t i o n  t h a n  was o b s e r v e d  e x p e r i m e n t a l l y .  S i n c e  t h e  t e m p e r a t u r e s  of  t h e  
t o p  l e v e l s  w e r e  p r e d i c t e d  t o  be h i g h e r  t h a n  t h e  d a t a ,  t h e  e x c e s s  e n e r g y  was 
r emoved f r o m  t h e  l o w e r  l e v e l s  ( s e e  F i g u r e s  6 . 2 . 1 7  t h r o u g h  6 . 2 . 1 9 ) .

RELAP5/M0D1 a l s o  o v e r p r e d i c t e d  t h e  v a p o r  g e n e r a t i o n  r a t e  i n  t h e  p r i m a r y  
s i d e .  No d r o p l e t  t r a v e r s e d  t h e  U - t u b e  i n  t h e  RELAP5 p r e d i c t i o n ,  w h e r e a s  t h e  
e x p e r i m e n t e r s  c o l l e c t e d  1 . 5  0 . 7  kg of  w a t e r  a t  675 s and 3 . 2  0 . 7  kg of
w a t e r  a t  1300 s i n  t h e  o u t l e t  p l e n u m.  A g a i n ,  a s  i n  t e s t  ID = 2 1 8 0 6 ,  t h e  c ode  
shows t h a t  w h i l e  i t  i s  i n  a t w o - p h a s e  f l o w  s i t u a t i o n  t h e  p r i m a r y  s i d e  r e m a i n s  
a t  s a t u r a t i o n  t e m p e r a t u r e  ( s e e  F i g u r e s  6 . 2 . 1 7  t h r o u g h  6 . 2 . 1 9 )  u n t i l  a l l  t h e  
d r o p l e t s  a r e  v a p o r i z e d ;  t h e n ,  and o n l y  t h e n ,  d i d  t h e  e n e r g y  go i n t o  s u p e r h e a t ­
i n g  t h e  v a p o r .  A l s o ,  b e c a u s e  of  t h e  o v e r p r e d i c t i o n  of  t h e  v a p o r  g e n e r a t i o n  
r a t e ,  no q u e n c h  f r o n t  was d e v e l o p e d  i n  t h e  t u b e s  a l t h o u g h  i t  was e x p e c t e d  ( s e e  
T a b l e  6 . 2 . 2 ) .

6 . 2 . 4  D i s c u s s i o n

The  FLECHT-SEASET s t e a m  g e n e r a t o r  t e s t  IDs 21806 and 22010 w e r e  two 
a d e q u a t e  t e s t s  f o r  c o d e  a s s e s s m e n t  s i n c e  t h e  d a t a  showed t h e  r e s u l t s  t o  be  
e s s e n t i a l l y  o n e - d i m e n s i o n a l  a s  b o t h  TRAC-PFl  and RELAP5/M0D1 a r e  f o r  t h e  s t e a m  
g e n e r a t o r  m o d e l .  Hence ,  t h e  f o l l o w i n g  w i l l  a t t e m p t  t o  s u mma r i z e  t h e  m a j o r  
a t t r i b u t e s  d i s c o v e r e d  d u r i n g  t h e s e  t e s t  s i m u l a t i o n s .
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( I ) Primary side steam temperature  
( 2 )  Secondary side fluid temperature
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S i d e  St eam and S e c o n d a r y  S i d e  F l u i d  T e m p e r a t u r e s  f o r  
T e s t  10=22010 a t  290 s .
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( I ) Primary side steam temperature
(2 )  Secondary side fluid temperature

 Experimental data,  1 0 = 2 2 0 1 0
 T R A C - P F l  (7.0)
 R e la p5 /M 0D  1 ( C Y I4 )
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F i g u r e  6 . 2 . 1 8  Co mp a r i s o n  Between t h e  Me a s u r e d  and P r e d i c t e d  P r i m a r y  
S i d e  Steam and S e c o n d a r y  S i d e  F l u i d  T e m p e r a t u r e s  f o r  
T e s t  10=22010 a t  8 6 6  s .
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(1) Primary side steam temperature
(2 )  Secondary side fluid temperature  

 Experimental data , ID =  22010
T R A C - P F l  (7.0)

_  R e la p 5 /M 0 D  1 ( C Y I 4 )
T ime = 1 2 9 8 .0  s
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F i g u r e  6 . 2 . 1 9  Compa r i s on  Be t ween  t h e  Me a s u r e d  and P r e d i c t e d  P r i m a r y  
S i d e  St eam and S e c o n d a r y  S i d e  F l u i d  T e m p e r a t u r e s  f o r  
T e s t  10=22010 a t  1298 s .
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T a b l e  6 . 2 . 2  Quench Time and T e m p e r a t u r e  C o mp a r i s o n  f o r  TRAC-PFl  ( V e r s i o n  7 . 0 )  
P r e d i c t i o n s  and FLECHT-SEASET S t eam G e n e r a t o r  

T e s t s  10=21806 and 1 0 - 22010

T e s t L o c a t i o n
(m)

Dat a

TRAC--PFl

F i r s t  A p p e a r a n c e  of  
N u c l e a t e  B o i l i n g

F u l l y  E s t a b l i s h e d  
N u c l e a t e  B o i 1 i n g

T i m e ( s ) Ti me( °K) Time ( s ) Time (°K) Time ( s ) Time (°K)

0 . 3 0 4 8 102* 533 131 475 398 420
21806 1 . 2 1 9 2 302 520 398 460 610 423

3 . 0 4 8 6 580 514 797 438 908 420

22010 0 . 3 0 4 8 183 527 No Quench P r e d i c t e d
1 . 2 1 9 2 788 502 \ II II

Va l u e s  we r e  a v e r a g e d  f o r  a l e v e l .

In t h e  p r i m a r y  s i d e ,  TRAC-PFl  d i d  p r e d i c t  a n o n e q u i l i b r i u m  s i t u a t i o n ,
i . e . ,  s u p e r h e a t e d  s t e a m  i n  t h e  p r e s e n c e  of  w a t e r  d r o p l e t s ,  a s  was f o u n d  i n  t h e  
e x p e r i m e n t .  RELAP5/M001,  h o w e v e r ,  d i d  n o t  p r e d i c t  s u p e r h e a t e d  t e m p e r a t u r e s  
u n t i l  a l l  t h e  d r o p l e t s  w e r e  e v a p o r a t e d .  T h i s  i m p l i e s  t h a t  RELAP5 o v e r e s t i ­
ma t ed  t h e  i n t e r f a c i a l  h e a t  and mass  t r a n s f e r  r a t e s  a t  h i g h  v o i d  f r a c t i o n s  o r
d i s p e r s e d - d r o p l e t  r e g i m e s .  I t  s h o u l d  be p o i n t e d  o u t  t h a t  n e i t h e r  c o d e  f o r  e i ­
t h e r  t e s t  p r e d i c t e d  t h e  d r o p l e t  c a r r y o v e r  a c c u r a t e l y .  F u r t h e r m o r e ,  a q u e n c h  
o r  l i q u i d  f i l m  f r o n t ,  r e c o r d e d  i n  t h e  p r i m a r y  s i d e ,  was n o t  p r e d i c t e d  a c c u ­
r a t e l y  by e i t h e r  c o d e  f o r  b o t h  t e s t s .  F i n a l l y ,  b o t h  c o d e s ,  p a r t i c u l a r l y  
RELAP5/M0D1,  o c c a s i o n a l l y  p r e d i c t e d  h i g h e r  p r i m a r y  s i d e  t e m p e r a t u r e  wh i c h  was  
c a u s e d  by an i n a d e q u a t e  t i m e  s t e p  c o n t r o l .  T h i s  was c l e a r l y  d e m o n s t r a t e d  by 
r e r u n n i n g  RELAP5/M0D1 w i t h  s m a l l e r  t i m e  s t e p s  a s  t h e  a b o v e  p r o b l e m  i n c l u d i n g
n u m e r i c a l  o s c i l l a t i o n s  we r e  a l l e v i a t e d .  T h i s  d e m o n s t r a t e s  t h a t  t h e  t i m e - s t e p
c o n t r o l  of  RELAP5/M0D1 i s  n o t  a s  r e s t r i c t i v e  as  i t  s h o u l d  b e .

In c o n c l u s i o n ,  b o t h  TRAC-PFl  and RELAP5/M0D1 c o d e s  o v e r p r e d i c t e d  t h e  h e a t  
t r a n s f e r  f r o m  t h e  s e c o n d a r y  s i d e  t o  t h e  p r i m a r y ,  a l t h o u g h  t h e  o v e r a l l  p r e d i c ­
t i o n  of  TRAC-PFl  was b e t t e r  t h a n  t h a t  of  RELAP5/M0D1.  A l s o ,  n e i t h e r  c o d e  p r e ­
d i c t e d  t h e  d r o p l e t  c a r r y o v e r  o r  t h e  q u e n c h  f r o n t  a d v a n c e m e n t  a c c u r a t e l y .  F i ­
n a l l y ,  RELAP5/M0D1 c l e a r l y  n e e d s  i mp r o v e me n t  i n  t h e  d i s p e r s e d  d r o p l e t  r e g i m e ,  
t i m e - s t e p  c o n t r o l ,  and p r e d i c t i o n  of  v o i d  f r a c t i o n  p r o f i l e s .

6 . 2 . 5  Use r  E x p e r i e n c e

T h e r e  was no p a r t i c u l a r  d i f f i c u l t y  i n  s i m u l a t i n g  t h e  FLECHT-SEASET s t e a m  
g e n e r a t o r  t e s t s  w i t h  TRAC-PFl .  The t i m e  s t e p  c o n t r o l  of  TRAC-PFl  i s  a d e q u a t e  
and no s p e c i a l  a t t e n t i o n  i s  n e e d e d  f o r  t h e  maximum t i m e  s t e p  a s  l o n g  as  i t  i s
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r e a s o n a b l e  ( - 1  s ) .  Ho we v e r ,  TRAC-PFl  c a n n o t  model  t h e  h e a t  t r a n s f e r  f r o m ,  
o r  t o ,  t h e  s h e l l  w a l l .  T h i s  i s  of  no g r e a t  c o n c e r n  when m o d e l i n g  a f u l l - s c a l e  
s t e a m  g e n e r a t o r ,  s i n c e  t h e  i n t e r n a l  s u r f a c e - a r e a - t o - v o l u m e  r a t i o  i n  t h a t  c a s e  
i s  r a t h e r  s m a l l .  Howeve r ,  i t  c o u l d  be  of  c o n c e r n  w h i l e  m o d e l i n g  a t a l l - b u t -  
s k i n n y  t e s t  f a c i l i t y  s u c h  as  t h e  FLECHT-SEASET s t e a m  g e n e r a t o r .

The RELAP5/M0D1 c o d e  had s e v e r a l  p r o b l e m s  w h i c h  we r e  n o t e d  d u r i n g  t h e  
s i m u l a t i o n  of  t h e  FLECHT-SEASET s t e a m  g e n e r a t o r  t e s t s .  F i r s t ,  t h e  t i m e - s t e p  
c o n t r o l  i s  v e r y  i m p o r t a n t  f o r  t h e  RELAP5/M0D1 c o d e .  I f  l a r g e  o s c i l l a t i o n s  a p ­
p e a r  i n  a p r e d i c t i o n ,  t h e  f i r s t  t h i n g  t h a t  s h o u l d  be  p e r f o r m e d  i s  t o  r e r u n  a 
p a r t  of  t h e  t r a n s i e n t  u s i n g  a s ma l l  maximum t i m e  s t e p  t o  d e t e r m i n e  i f  a l a r g e  
maximum t i m e  s t e p  c a u s e d  t h e  p r o b l e m .  F i n a l l y ,  t h e  n o n p h y s i c a l  v o i d  p r o f i l e s  
p r e d i c t e d  i n  t h e  c a l c u l a t i o n s  d e m o n s t r a t e d  t h a t  some c o d i n g  e r r o r  mus t  e x i s t  
i n  t h e  c o d e  w h i c h  s h o u l d  be  c o r r e c t e d .  The c o m p u t e r  r un  t i m e  s t a t i s t i c s  f o r  
t h e  b a s e  c a l c u l a t i o n s  a r e  shown i n  T a b l e  6 . 2 . 3 .

T a b l e  6 . 2 . 3  Co mp u t e r  Run Time S t a t i s t i c s  f o r  FLECHT-SEASET 
U-Tube S t eam G e n e r a t o r  T e s t  S i m u l a t i o n  

Co mp u t e r :  BNL CDC-7600

C a l c u l a t i o n TRAC-■PFl RELAP5/M0D1

I t em
T e s t  ID = 
21806

T e s t  ID = 
22010

T e s t  ID = 
21806

T e s t  ID = 
22010

No. of  C e l l s 46 46 46 46

P r o b l e m Time ( s ) 1300 1300 1300 1300

No. of  Time S t e p s 31022 7048 42322 167370

CPU Time ( s ) 4419 1115 2568 9271

C P U - t o - P r o b l e m  Time 3 . 4 0 0 . 8 6 1 . 9 8 7 . 1 3

C P U ( s ) / C e l 1 / T i m e - S t e p 3 . 1 x 1 0 - 3 3 . 4 x 1 0 - 3 1 . 3 x 1 0 - 3 1 . 2 x 1 0 - 3

6 . 3  Summary and  C o n c l u s i o n s

Bo t h  TRAC-PFl  ( V e r s i o n  7 . 0 )  and RELAP5/M0D1 ( C y c l e  14)  w e r e  u s e d  t o  s i m u ­
l a t e  o p e r a t i o n a l  t r a n s i e n t s  i n  OTSG and  lEOTSG c o n f i g u r a t i o n s ,  and l a r g e  b r e a k  
LOCA c o n d i t i o n s  i n  t h e  FLECHT-SEASET U - t u b e  s t e a m  g e n e r a t o r .  From t h e  r e s u l t s  
p r e s e n t e d  i n  S e c t i o n s  6 . 1  and 6 . 2 ,  t h e  f o l l o w i n g  c o n c l u s i o n s  can be d r a wn:
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1.  TRAC-PFl  p r o d u c e d  a more s t a b l e  r e s u l t  f o r  t h e  i n t e g r a l  e c o n o m i z e r  
o n c e - t h r o u g h  s t e a m  g e n e r a t o r  ( lEOTSG) h e a t  t r a n s f e r  t h a n  i t s  
p r e d e c e s s o r ,  TRAC-PD2,  and y i e l d e d  r e a s o n a b l e  r e s u l t s  f o r  a l o a d  
c h a n g e  t r a n s i e n t .

2.  F o r  a 1 o s s - o f - f e e d w a t e r  t r a n s i e n t  i n  a o n c e - t h r o u g h  s t e a m  g e n e r a t o r  
(OTSG),  TRAC-PFl  u n d e r p r e d i c t e d  t h e  e x i t  s t e a m  f l o w  r a t e .  T h i s  was 
c a u s e d  by t h e  l o w e r  i n i t i a l  w a t e r  i n v e n t o r y  due  t o  a l o w e r  r a t e  of  
c o n d e n s a t i o n  of  t h e  a s p i r a t e d  s t e a m .  An i n c r e a s e  i n  t h e  
c o n d e n s a t i o n  r a t e  i mp r o v e d  t h e  r e s u l t ,  i n d i c a t i n g  t h a t  t h e  
d i r e c t - c o n t a c t  c o n d e n s a t i o n  r a t e  i n  TRAC-PFl  i s  u n d e r e s t i m a t e d .

3 .  A n o d i n g  s t u d y  showed t h a t  a p p r o x i m a t e l y  10 n o d e s  i n  e a c h  s i d e  of  
t h e  s t e a m  g e n e r a t o r  a r e  a d e q u a t e  f o r  TRAC-PFl  f o r  t r a n s i e n t s  s u c h  a s  
1o s s - o f - f  e e d w a t e r .

4 .  RELAP5/M0D1 ( C y c l e  14)  r e s u l t s  a r e  a l s o  s l i g h t l y  i mp r o v e d  o v e r  t h o s e  
of  C y c l e  1, f o r  t h e  same lEOTSG t e s t s .  However ,  t h e  RELAP5/M0D1 
r e s u l t s  s t i l l  s u f f e r  f r o m  n u m e r i c a l  i n s t a b i l i t y ,  and t h u s ,  
r e s t r i c t i o n s  on t h e  maximum t i m e  s t e p s  a r e  n e c e s s a r y  f o r  t h e  
RELAP5/M0D1 c a l c u l a t i o n .  T h i s  i s  v a l i d  f o r  b o t h  o n c e - t h r o u g h  and 
U - t u b e  s t e a m  g e n e r a t o r  s i m u l a t i o n .

5.  Fo r  RELAP5/M0D1, u s e  of  more n o d e s  d o e s  n o t  n e c e s s a r i l y  l e a d  t o  
b e t t e r  a g r e e m e n t  w i t h  t h e  e x p e r i m e n t a l  d a t a .

5 .  A l t h o u g h  RELAP5/M0D1 p r o d u c e d  r e a s o n a b l e  r e s u l t s  f o r  t h e  OTSG
1o s s - o f - f e e d w a t e r  t r a n s i e n t ,  i t  f a i l s  t o  p r e d i c t  t h e  i n i t i a l  s u p e r ­
h e a t e d  s t e a m  c o n d i t i o n  a t  t h e  e x i t  of  t h e  s e c o n d a r y  s i d e .  C o n s e ­
q u e n t l y ,  t h e  t o t a l  p r i m a r y - t o - s e c o n d a r y  h e a t  t r a n s e r  a t  s t e a d y  s t a t e  
i s  u n d e r p r e d i c t e d  by as  much a s  10%.

7.  Fo r  l a r g e - b r e a k  LOCA c o n d i t i o n s ,  b o t h  TRAC-PFl  and RELAP5/M0D1 t e n d  
t o  o v e r p r e d i c t  t h e  s e c o n d a r y - t o - p r i m a r y  h e a t  t r a n s f e r .  The a c t u a l  
n o n e q u i l i b r i u m  e f f e c t s  a r e  a l s o  u n d e r p r e d i c t e d  by b o t h  c o d e s  ( a l ­
t h o u g h  more  s o  by RELAP5/M0D1) .  T h u s ,  t h e  c o d e s  wou l d  t e n d  t o  e x a g ­
g e r a t e  t h e  s t e a m - b i n d i n g  e f f e c t s  and wou l d  t e n d  t o  p r e d i c t  s l o w e r  
c o r e  r e f l o o d .

8 .  Bot h  TRAC-PFl  and RELAP5/M0D1,  p a r t i c u l a r l y  RELAP5/M0D1,  t e n d  t o  
o v e r p r e d i c t  t h e  v a p o r - t o - d r o p l e t  h e a t  t r a n s f e r  i n  t h e  d i s p e r s e d  
d r o p l e t  r e g i m e .  I mpr ovement  i n  t h i s  a r e a  i s  n e e d e d .

9.  RELAP5/M0D1 a l s o  p r o d u c e d  an a n o ma l o u s  v o i d  p r o f i l e  i n  t h e  s e c o n d a r y  
s i d e  of  t h e  FLECHT-SEASET U - t u b e  s t e a m  g e n e r a t o r  wh i c h  i n d i c a t e d  
some e r r o r s  i n  t h e  c ode  ( e i t h e r  FORTRAN o r  i n  i n t e r f a c i a l  s h e a r ) .

10 .  TRAC-PFl  s h o u l d  h a v e  t h e  c a p a b i l i t y  t o  model  t h e  s t e a m  g e n e r a t o r  
s h e l l  w a l l .  A l t h o u g h  n o t  of  u t m o s t  i m p o r t a n c e  f o r  f u l l - s c a l e  p l a n t ,  
t h i s  c a p a b i l i t y  m i g h t  be n e c e s s a r y  f o r  m o d e l i n g  t a l 1 - b u t - s k i n n y  
model  s t e a m  g e n e r a t o r s .
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7.  SIMULATION OF NATURAL CIRCULATION EXPERIMENTS

D u r i n g  many abnor ma l  t r a n s i e n t s  i n  LWRs, t h e  r e a c t o r  c o o l a n t  pumps a r e  
t r i p p e d  e i t h e r  t o  a v o i d  pump c a v i t a t i o n  o r  t o  m i t i g a t e  any  a d v e r s e  c o n s e ­
q u e n c e s  of  t h e  t r a n s i e n t .  The r e a c t o r  s y s t e m  may,  t h e r e f o r e ,  o p e r a t e  i n  a 
n a t u r a l  c i r c u l a t i o n  mode f o r  many c a s e s .  T h u s ,  i t  i s  e s s e n t i a l  t h a t  t h e  a d ­
v a n c e d  s a f e t y  c o d e s  a c c u r a t e l y  p r e d i c t  t h e  r e a c t o r  b e h a v i o r  u n d e r  t h e  n a t u r a l  
c i r c u l a t i o n  c o n d i t i o n .

In t h e  p r e s e n t  a s s e s s m e n t  e f f o r t ,  t h r e e  s e r i e s  of  n a t u r a l  c i r c u l a t i o n  
t e s t s  c o n d u c t e d  i n  t h e  FRIGG l o o p  ( Ny l und  e t  a l . ,  1968)  we r e  s i m u l a t e d  w i t h  
TRAC-PFl  ( V e r s i o n  7 . 0 )  and  RELAP5/M0D1 ( C y c l e  1 4 ) .  The main o b j e c t i v e  was t o  
e v a l u a t e  t h e  c o d e s '  c a p a b i l i t y  i n  p r e d i c t i n g  t h e  n a t u r a l  c i r c u l a t i o n  f l o w  r a t e  
f o r  a g i v e n  c o r e  o r  b u n d l e  p o we r .

7 . 1  FRIGG Loop T e s t s

7 . 1 . 1  T e s t  D e s c r i p t i o n

FRIGG l o o p  n a t u r a l  c i r c u l a t i o n  t e s t s  ( Ny l u n d  e t  a l . ,  1968)  w e r e  p e r f o r m e d  
i n  a s t e a m - w a t e r  l o o p  w i t h  a t e s t  s e c t i o n  s i m u l a t i n g  t h e  Ma r v i k e n  b o i l i n g  
heavy  w a t e r  r e a c t o r  f u e l  a s s e m b l y .  The t e s t  s e c t i o n  i n c l u d e d  a v e r t i c a l  e l e c ­
t r i c a l l y  h e a t e d  r od  b u n d l e  w i t h  u n i f o r m  r a d i a l  and  a x i a l  power  d i s t r i b u t i o n s  
mount ed  i n  a 0 . 1 5 9  m d i a m e t e r  s h r o u d  as  shown i n  F i g u r e  7 . 1 . 1 .  The h e a t e d  
l e n g t h  of  t h e  b u n d l e  was 4 . 3 7  m; i t  c o n t a i n e d  36 r o d s  whose  o u t s i d e  d i a m e t e r s  
w e r e  0 . 0 1 3 8  m. In a d d i t i o n ,  t h e  b u n d l e  had  8 s p a c e r s  w i t h  known ( o r  m e a s u r e d )  
f o r m  l o s s  c o e f f i c i e n t s .

A s e r i e s  o f  r u n s  we r e  c o n d u c t e d  w i t h  d i f f e r e n t  v e s s e l  i n l e t  t h r o t t l i n g .  
D u r i n g  e a c h  r u n ,  t h e  p r e s s u r e  a t  t h e  i n l e t  and  e x i t  of  t h e  l o o p  ( a r o u n d  50 
b a r ) ,  and t h e  i n l e t  w a t e r  s u b c o o l i n g  (a  f e w d e g r e e s  f o r  e a c h  s e r i e s  of  r u n s )  
we r e  k e p t  c o n s t a n t .  The e l e c t r i c a l  power  a p p l i e d  t o  t h e  b u n d l e  (Q) was 
c h a n g e d  s t e p w i s e  i n  o r d e r  t o  o b t a i n  a r e l a t i o n s h i p  b e t we e n  t h e  power  and t h e  
n a t u r a l  c i r c u l a t i o n  f l o w  r a t e  t h r o u g h  t h e  b u n d l e .

The f o l l o w i n g  t h r e e  s e r i e s  of  e x p e r i m e n t s  w i t h  d i f f e r e n t  e n t r a n c e  l o s s  
c o e f f i c i e n t s  w e r e  s i m u l a t e d  w i t h  TRAC-PFl  a nd  RELAP5/M0D1:

a )  Run Nos .  301017  -  301022 w i t h  e n t r a n c e  l o s s  c o e f f i c i e n t ,  Kgnt  
» 4 . 5 ,

b)  Run Nos .  301001 -  301016 and  301044  -  301047 w i t h  Kgnt  « 1 4 . 0 ,  and

c )  Run Nos .  301023  -  301030 w i t h  Kgnt  “ 1 9 . 0 .

The f i r s t  and  t h e  l a s t  s e t  of  e x p e r i m e n t s  w e r e  i n t e r r u p t e d  b e c a u s e  o f
t e c h n i c a l  p r o b l e m s  w i t h  t h e  f a c i l i t y  s o  t h a t  t h e  rod  b u n d l e  power  was n o t
r a i s e d  t o  t h e  l e v e l  of  t h e  c r i t i c a l  h e a t  f l u x  c o n d i t i o n .  Howeve r ,  f o r  t h e  
s e c o n d  s e t ,  t h e  power  was r a i s e d  u n t i l  t h e  CHF c o n d i t i o n  was r e a c h e d  a t  t h e  
e x i t  o f  t h e  b u n d l e .
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7 . 1 . 2  I n p u t  Model s

F o r  TRAC-PFl ,  t h e  e x p e r i m e n t s  w e r e  mo de l e d  u s i n g  t h e  o n e - d i m e n s i o n a l  CORE 
componen t  f o r  t h e  v e s s e l  and rod b u n d l e ,  PIPEs f o r  t h e  r i s e r  and downcomer ,  
and two BREAKs t o  i mpos e  c o n s t a n t  p r e s s u r e  b o u n d a r y  c o n d i t i o n s  a t  t h e  down­
comer  e n t r a n c e  and r i s e r  e x i t  ( s e e  F i g u r e  7 . 1 . 2 ) .  The CORE had 16 a x i a l  
l e v e l s  w i t h  c e l l  l e n g t h s  of  a p p r o x i m a t e l y  0 . 2 7 5  m. Twent y  s e v e n  c e l l s  we r e  
u s e d  f o r  t h e  downcomer  p i p e  w i t h  c e l l  l e n g t h s  v a r y i n g  f r o m  0 . 2 5  t o  0 . 8 6  m, and 
t h e  r i s e r  p i p e  was r e p r e s e n t e d  by f i v e  c e l l s  0 . 1 1  t o  0 . 4 5  m i n  l e n g t h .  To 
model  t h e  l o o p  g e o me t r y  more a c c u r a t e l y ,  t h e  c o d e ' s  NAMELIST d a t a  c a p a b i l i t y  
was u s e d  t o  s p e c i f y  t h e  e l e v a t i o n s  of  t h e  c e l l  c e n t e r s  ( I ELV=1) .  The e f f e c t s  
of  rod b u n d l e  s p a c e r s  w e r e  t a k e n  i n t o  a c c o u n t  w i t h  a d d i t i v e  l o s s  c o e f f i c i e n t s  
( IKFAC=0) .

S t e a d y - s t a t e  c a l c u l a t i o n s  w i t h  v a r i o u s  b u n d l e  powe r s  w e r e  r u n  w i t h  t h e  
l o o p  i n i t i a l l y  f i l l e d  w i t h  s i n g l e - p h a s e  w a t e r .  In a l l  c a s e s ,  t h e  c o d e  r e a c h e d  
a s t e a d y  s t a t e .  However ,  d u r i n g  t h e  s t e a d y - s t a t e  c a l c u l a t i o n s ,  TRAC-PFl  d o e s  
n o t  c he c k  f o r  t h e  c r i t i c a l  h e a t  f l u x  c o n d i t i o n .  T h e r e f o r e ,  t h e  a s s e s s m e n t  of  
t h e  CHF c o r r e l a t i o n  u s e d  i n  TRAC-PFl  has  b e e n  b a s e d  on t h e  c o n s t i t u t i v e  r e l a ­
t i o n s  p a c k a g e  and t h e  r e s u l t s  a r e  d i s c u s s e d  l a t e r .

Two m i n o r  e r r o r s ,  f o u n d  i n  t h e  homogeneous  f r i c t i o n  f a c t o r  o p t i o n  and i n  
t h e  a n n u l a r  f r i c t i o n  f a c t o r  o p t i o n ,  w e r e  c o r r e c t e d  a t  BNL, and t h e  a s s e s s m e n t  
c a l c u l a t i o n s  we r e  p e r f o r m e d  w i t h  t h e  c o r r e c t e d  v e r s i o n  of  TRAC-PFl .

F o r  RELAP5/M0D1,  t h r e e  PIPE c o m p o n e n t s ,  one  f o r  t h e  v e s s e l  w i t h  t h e  e l e c ­
t r i c a l l y  h e a t e d  r o d  b u n d l e ,  one  f o r  t h e  r i s e r  p i p e  a t t a c h e d  a t  t h e  t o p  of  t h e  
v e s s e l ,  and one  f o r  t h e  downcomer  p i p e  s u p p l y i n g  s u b c o o l e d  w a t e r  i n t o  t h e  b o t ­
tom e n t r a n c e  of  t h e  v e s s e l ,  w e r e  u s e d  t o  s i m u l a t e  t h e  t e s t  f a c i l i t y .  The n o ­
da l  i z a t i o n  of  t h e  c o mp o n e n t s  was k e p t  i d e n t i c a l  t o  t h a t  of  t h e  TRAC-PFl  m o d e l ­
i n g ,  as  d i s c u s s e d  e a r l i e r .  The o n l y  d i f f e r e n c e  was t h a t  t h e  c o n s t a n t  p r e s s u r e  
b o u n d a r y  c o n d i t i o n s  a t  t h e  e n t r a n c e  of  t h e  downcomer ,  and a t  t h e  e x i t  of  t h e  
r i s e r  we r e  s p e c i f i e d  u s i n g  t h e  RELAP5/M0D1 TIME DEPENDENT VOLUME c o mp o n e n t s  
i n s t e a d  of  t h e  TRAC-PFl  BREAK c o mp o n e n t s  shown i n  F i g u r e  7 . 1 . 2 .  The v e s s e l  
w i t h  rod  b u n d l e  was d i v i d e d  i n t o  16 a x i a l  l e v e l s  w i t h  c e l l  l e n g t h s  a p p r o x i ­
m a t e l y  e q u a l  t o  0 . 2 7 5  m. Twenty s e v e n  vo l umes  w e r e  u s e d  f o r  t h e  downcomer  
p i p e  w i t h  c e l l  l e n g t h s  v a r y i n g  f r o m  0 . 2 5  t o  0 . 8 6  m, and t h e  r i s e r  p i p e  was r e ­
p r e s e n t e d  by f i v e  c e l l s  0 . 1 1  t o  0 . 4 5  m i n  l e n g t h .  The e f f e c t s  o f  t h e  rod 
b u n d l e  s p a c e r s  w e r e  t a k e n  i n t o  a c c o u n t  by a d d i t i v e  l o s s  c o e f f i c i e n t s .

S i n c e  RELAP5/M0D1 d i d  n o t  have  a s t e a d y - s t a t e  c a l c u l a t i o n a l  c a p a b i l i t y ,  
t h e  c o d e  was run u s i n g  t h e  t r a n s i e n t  o p t i o n  s t a r t i n g  w i t h  t h e  l o o p  f i l l e d  w i t h  
s i n g l e - p h a s e  w a t e r .  A f e w key v a r i a b l e s  i n  d i f f e r e n t  p l a c e s  of  t h e  l o o p ,  
n a me l y ,  t h e  v o i d  f r a c t i o n ,  l i q u i d  and v a p o r  p h a s i c  v e l o c i t i e s ,  p r e s s u r e ,  and 
l o o p  mass  f l o w  r a t e s ,  we r e  c l o s e l y  m o n i t o r e d  i n  o r d e r  t o  d e t e r m i n e  w h e t h e r  a 
s t e a d y  s t a t e  was a c h i e v e d .

7 . 1 . 3  Code P r e d i c t i o n s  and Co mp a r i s o n  Wi t h  Da t a

TRAC-PFl  had two o p t i o n s  f o r  w a l l  f r i c t i o n :  ( a )  homogeneous  f r i c t i o n  f a c ­
t o r ,  and (b)  a n n u l a r  f l o w  f r i c t i o n  f a c t o r .  The f i r s t  and t h e  t h i r d  s e t  of  e x ­
p e r i m e n t s  w i t h  b u n d l e  e n t r a n c e  l o s s  c o e f f i c i e n t s  of  4 . 5  and  1 9 . 0 ,  r e s p e c t ­
i v e l y ,  w e r e  s i m u l a t e d  w i t h  t h e  homogeneous  f r i c t i o n  f a c t o r  o p t i o n  o n l y  and t h e
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F ig u r e  7 . 1 . 1  S chem atic  o f  th e  FRIGG Loop. F i g u r e  7 . 1 . 2  N o d a l i z a t i o n  f o r  t h e  FRIGG 
N a t u r a l  C i r c u l a t i o n  T e s t s .



r e s u l t s  a r e  p r e s e n t e d  i n  F i g u r e  7 . 1 . 3  a s  b u n d l e  m a s s - f l u x  vs p o we r .  I t  i s  
s e e n  t h a t  t h e  p r e d i c t e d  m a s s - f l u x e s  w e r e  c o n s i d e r a b l y  l a r g e r  t h a n  t h e  e x p e r i ­
me n t a l  v a l u e s  and t h e  p r e d i c t e d  mass  f l u x  vs power  c u r v e s  d i d  n o t  h a v e  maxima 
as  f o u n d  i n  t h e  e x p e r i m e n t .

The s e c o n d  s e t  of  e x p e r i m e n t s  w i t h  a b u n d l e  e n t r a n c e  l o s s  c o e f f i c i e n t  o f  
1 4 . 0  has  been  s i m u l a t e d  u s i n g  b o t h  t h e  homogeneous  and  t h e  a n n u l a r  f r i c t i o n  
f a c t o r  o p t i o n s  a v a i l a b l e  i n  TRAC-PFl .  The r e s u l t s  a r e  shown i n  F i g u r e  7 . 1 . 4 .  
A l t h o u g h  t h e  c o d e  w i t h  t h e  a n n u l a r  f r i c t i o n  f a c t o r  o p t i o n  p r o d u c e d  r e s u l t s  i n  
b e t t e r  a g r e e m e n t  w i t h  t h e  d a t a  t h a n  w i t h  t h e  homogeneous  f r i c t i o n  f a c t o r  o p ­
t i o n ,  t h e  b u n d l e  m a s s - f l u x  was s t i l l  o v e r p r e d i c t e d  i n  b o t h  c a l c u l a t i o n s .  The 
p o s s i b l e  r e a s o n s  f o r  t h i s  d i s c r e p a n c y  a r e  d i s c u s s e d  l a t e r  i n  S e c t i o n  7 . 1 . 4 .

The c o r r e s p o n d i n g  RELAP5/M0D1 r e s u l t s  a r e  shown i n  F i g u r e s  7 . 1 . 5  and  
7 . 1 . 6 .  I t  can be s e e n  t h a t  f o r  a l l  t h r e e  s e t s  o f  r u n s  t h e  l o o p  mass  f l o w  r a t e  
was o v e r p r e d i c t e d .  Mo r e o v e r ,  t h e  t r e n d  of  t h e  G vs Q c u r v e ,  i . e . ,  t h e  p r e s ­
e n c e  of  a maximum a t  a c e r t a i n  power  was n o t  p r e d i c t e d  by t h e  c o d e .

As t h e  b u n d l e  power  was b e i n g  i n c r e a s e d ,  t h e  RELAP5/M0D1 c a l c u l a t i o n s  
showed d i f f i c u l t i e s  i n  c o n v e r g i n g  t o  a s t e a d y  s t a t e  ( c r o s s e s  i n  F i g u r e  7 . 1 . 6 ) .  
However ,  no b u r n o u t  o r  CHF c o n d i t i o n  was p r e d i c t e d  by t h e  c o d e .  T h e r e f o r e ,  
t h e  i n s t a b i l i t i e s  had t o  be due  t o  some n u m e r i c a l  o r  t i m e - s t e p  c o n t r o l  
p r o b l e m s  r a t h e r  t h a n  t h e  CHF c o n d i t i o n  wh i c h  was t h e  c a s e  i n  t h e  e x p e r i m e n t .

As m e n t i o n e d  e a r l i e r ,  f o r  t h e  s e c o n d  s e t  of  e x p e r i m e n t s  w i t h  K g n t ^ l ^ . O ,  
t h e  power  was r a i s e d  u n t i l  t h e  CHF c o n d i t i o n  was r e a c h e d  a t  t h e  b u n d l e  e x i t .  
Co mp a r i s o n s  be t we e n  t h e  e x p e r i m e n t a l  w a l l  h e a t  f l u x  and t h e  c o d e  c a l c u l a t e d  
c r i t i c a l  h e a t  f l u x e s  a r e  shown i n  F i g u r e s  7 . 1 . 7  and  7 . 1 . 8  a s  a f u n c t i o n  of  
b u n d l e  p o we r .  I t  can be  s e e n  t h a t  n e i t h e r  TRAC-PFl  n o r  RELAP5/M001 was a b l e  
t o  p r e d i c t  t h e  CHF c o n d i t i o n .  F o r  TRAC-PFl ,  w h i c h  u s e d  t h e  B i a s i  c o r r e l a t i o n  
b a s e d  on r ound  t u b e  d a t a ,  t h e  b u n d l e  power  mus t  be  r a i s e d  f u r t h e r  t o  p r e d i c t  
t h e  CHF, w h e r e a s  RELAP5/M0D1 woul d  c o m p l e t e l y  m i s s  t h e  CHF s i n c e  t h e  c o r r e l a ­
t i o n  u s e d  (W-3) was n o t  a p p l i c a b l e  t o  t h e  FRIGG l o o p  n a t u r a l  c i r c u l a t i o n  c o n ­
d i t i o n s .  On t h e  o t h e r  h a n d ,  t h e  C o n d i e - B e n g s t o n  CHF c o r r e l a t i o n  ( C o n d i e ,
1978)  u s e d  i n  t h e  RELAP4/M0D7 c o d e  was  f o u n d  t o  be  s u c c e s s f u l  i n  p r e d i c t i n g  
t h e  CHF c o n d i t i o n  as  shown i n  F i g u r e s  7 . 1 . 7  and  7 . 1 . 8 .  T h u s ,  c o r r e l a t i o n s  a p ­
p l i c a b l e  t o  t h e  low f l o w  r od  b u n d l e  s i t u a t i o n s  s h o u l d  be  i n c o r p o r a t e d  i n  
TRAC-PFl  and RELAP5/M0D1 f o r  p r e d i c t i o n  of  CHF c o n d i t i o n  i n  t h e  n a t u r a l  c i r c u ­
l a t i o n  mode.

7 . 1 . 4  D i s c u s s i o n

T h e r e  m i g h t  be  two r e a s o n s  f o r  t h e  d i s c r e p a n c i e s  b e t we e n  t h e  c o d e  p r e d i c ­
t i o n s  and e x p e r i m e n t a l  d a t a  a s  shown i n  F i g u r e s  7 . 1 . 3  t h r o u g h  7 . 1 . 6 .  F i r s t ,  
t h e  i n t e r f a c i a l  s h e a r  p a c k a g e  whi ch  i n f l u e n c e s  t h e  v o i d  f r a c t i o n  i n  t h e  b u n ­
d l e  c o u l d  c h a n g e  t h e  d r i v i n g  o r  g r a v i t y  h e a d ,  and t h u s  p r o d u c e  h i g h e r  l o o p  
mass  f l o w  r a t e  t h a n  t h e  d a t a .  On t h e  o t h e r  h a n d ,  u n d e r p r e d i c t i o n  of  t h e  t w o -  
p h a s e  f r i c t i o n  l o s s e s  i n c l u d i n g  t h e  f o r m  l o s s e s  wou l d  a l s o  r e s u l t  i n  an o v e r ­
p r e d i c t i o n  of  t h e  l o o p  mass  f l o w  r a t e .
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Let  us f i r s t  con s id er  t h e  bundle  mass f l u x  vs i n t e r f a c i a l  f r i c t i o n  void  
f r a c t i o n  +  d r i v i n g  head dependence. In the  course of the  s e n s i t i v i t y  s t u d i e s ,  
the  TRAC-PFl code was run t w i c e  f o r  Run No. 301046 (Q = 6 MW) w i t h  a r t i f i ­
c i a l  l y  inc rease d  and decreased values of i n t e r f a c i a l  f r i c t i o n .  The r e s u l t a n t  
void  f r a c t i o n  p r o f i l e s  a re  shown in  F ig u r e  7 . 1 . 9 .  In t h e  f i r s t  case,  the  
code's  t w o - f l u i d  model was v i r t u a l l y  col 1apsed t o  the  homogeneous f 1ow model 
and, as i t  was expec ted ,  va lues of void f r a c t i o n  were h i g h e r  than those  in  the  
o r i g i n a l  run (Curves 1 and 2 in  F ig u r e  7 . 1 . 9 ) .  In th e  second cas e,  a decrease  
in  the  i n t e r f a c i a l  shear  le d  t o  an in crease d  s l i p  and lowe r  values of void  
f r a c t i o n  (Curve 3 in  F ig u r e  7 . 1 . 9 ) .  However, the  p r e d i c t e d  mass f 1uxes showed 
an unexpected t r e n d .  For t h e  f i r s t  case,  the  bundle  m a s s - f lu x  dropped d e s p i t e  
an in c rea se  in the  void f r a c t i o n  and the  d r i v i n g  head. For th e  second case,  
th e  p r e d i c t e d  m a s s - f lu x  in crease d  even when th e  void f r a c t i o n  and th e  d r i v i n g  
head dropped. The s i t u a t i o n  was even more p u z z l i n g  a f t e r  the  same s e n s i t i v i t y  
s tu d ie s  were performed f o r  Run 301005 w i t h  a lowe r  bundle power of 2 . 8 6  MW.
The t ren d s  f o r  m a s s - f1ux were com ple te ly  re ve rse d .

A1though s u r p r i s i n g  a t  f i r s t  s i g h t ,  these  r e s u l t s  have been q u a l i t a t i v e l y  
and, t o  a c e r t a i n  degre e ,  q u a n t i t a t i v e l y  e x p la in e d  using th e  i n t e g r a t e d  momen­
tum equ a t i on  w r i t t e n  f o r  the  homogeneous e q u i l i b r i u m  f 1ow f o r  t h e  FRIGG 1oop.  
I t  is  t o  be mentioned t h a t  in  th e  course of th e  p re se nt  i n v e s t i g a t i o n ,  a s im-  
p l e  computer program based on th e  1a t t e r  approx imat ion  was w r i t t e n  and run as 
a fa,St scoping t o o l  f o r  s e n s i t i v i t y  s t u d i e s .

The s e n s i t i v i t y  s tu d ie s  proved t h a t  the  d isagreement  between t h e  TRAC 
p r e d i c t i o n s  and th e  data  seen in  F ig ure s  7 . 1 . 3  and 7 . 1 . 4  cannot  be e x p la in e d  
in  terms of the  i n t e r f a c i a l  f r i c t i o n .  V a r i a t i o n s  in  the  bundle  m a s s - f lu x  were  
not l a r g e  enough even f o r  e x t rem e ly  l a r g e  v a r i a t i o n s  in  t h e  i n t e r f a c i a l  f r i c ­
t i o n  which was in crease d  by 1000 t imes and decreased by 10 t imes in  t h e  s e n s i ­
t i v i t y  s t u d i e s .  In view of the  above c on c lu s i o n s ,  i t  is  b e l i e v e d  t h a t  the  
two-phase f r i c t i o n  c a l c u l a t i o n s  were t h e  cause of the  d isagre em ent .  I t  should  
be po in te d  out  t h a t  t h e r e  is  a l a r g e  d i f f e r e n c e  in  values of the  two-phase  
f r i c t i o n  c o e f f i c i e n t s  based on th e  homogeneous and th e  a n n u la r  f r i c t i o n  f a c t o r  
opt ions  in  TRAC-PFl.  As an example.  F ig u r e  7 . 1 . 1 0  shows the  f r i c t i o n  c o e f f i ­
c i e n t  Cf£ vs t h e  f 1ow q u a l i t y  x f o r  the  FRIGG bundle  geometry a t  G = 1000 
kg /n f  s ,  p = 50 b a r ,  T^ = Tgat*  I t  is  cl e a r  t h a t  f o r  the  a n n u la r  f l o w  
f r i c t i o n  f a c t o r  which produces a 1a r g e r  f r i c t i o n  w i t h  the  in c re ases  in f 1ow 
q u a l i t y  (or  bundle power) is  a more a p p r o p r i a t e  o p t i on  in  the  n a t u r a l  c i r c u l a -  
t i o n  mode, even though the  a c tu a l  f 1ow p a t t e r n  may not  resemble an ann u la r  
f 1ow a t  the  1ower void f r a c t i o n s .

The above d is cu s s io n  is  a ls o  v a l i d  f o r  the  RELAP5/M0D1 code, a l though  
t h e  code has no user  op t i on  f o r  the  two-phase f r i c t i o n  f a c t o r .

7 . 1 . 5  User Exper ience

There  was no p a r t i c u l a r  d i f f i c u l t y  in running e i t h e r  TRAC-PFl o r  RELAP5/ 
MODI f o r  the  FRIGG loop n a tu r a l  c i  r c u l a t i o n  t e s t s .  However, the  user must en­
sure  t h a t  the  he igh ts  of the  v e r t i c a l  components and the  fo rm losses are  c o r ­
r e c t l y  i n c o r p o r a te d  in the  in p u t  deck.  Some o s c i l l a t i o n s  in the  RELAP5/M0D1 
c a l c u l a t i o n s  were a l s o  observed.  Typ ic a l  computer run t ime  s t a t i s t i c s  f o r  
these  t e s t  s i m u l a t i o n s  a re  g iven  in  Tab le  7 . 1 . 1 .

- 127 -



H*
to
00

ORIGINAL T R A C -P F l. HOMOGENEOUS F.F. ,G = iil3  

TR A C -P F l, DECREASED SLIP, G = I069  

TR A C -P F l, INCREASED SLIP. G= 1130 

H E -C O D E
Z)

I—
o<cc
u.

9o
>

0.5

2 3 4

2  1.5 

o ’

zu
o
L.
Uu
ui 1.0
o

z
o

o
I -

1

----------H O M O G E N EO U S  F. F.

---------- A N N U L A R  F. F.

FR IG G  E X IT  Q U A L IT Y /

*---------- R A N G E  ----------» /
/

/ -

/
/

/
/

/
/

/
/

/
/

/
/

/

■ 1

BUNDLE NIGHT (m)
0.5

FLO W  Q U A L IT Y

Figure 7.1.9 TRAC-PFl Axial Void Fractions 
fo r  Various In te rfa c ia l Shear 
or S lip .

Figure 7.1.10 Canparison Between TRAC-PFl Homo­
geneous and Annular Flow F ric tio n  
Factors,



Table  7 . 1 . 1  T yp ic a l  Computer Run Time S t a t i s t i c s  f o r  FRIGG 
Loop N atura l  Ci r c u l a t i o n  Test  S im u la t io n

Computer: BNL CDC-7600

^ C a l c u l a t i o n  

I tem
TRAC-PFl RELAP5/M0D1

No. of C e l l s 48 48

Problem Time (s) 11.3 40

No. of Time Steps 296 451

CPU Time (s ) 4 7 .2 2 0 .6

CPU-to-Prob lem Time 4 .2 0 .5 2

CPU ( s ) / C e l l / T i m e  Step 3 . 3  X 10-^ 0 . 9 5  X  10-3

drawn:

7 .2  Summary and Conclusions

From the  r e s u l t s  presented in Sect ion  7 . 1 ,  the  f o l 1owing conc lus ions a re
i:

a) For TRAC-PFl :

1 .  TRAC-PFl, w i t h  e i t h e r  the  homogeneous or the  ann u la r  two-phase  
f r i c t i o n  f a c t o r  o p t i o n ,  o v e r p r e d i c t e d  the  loop mass f l o w  r a t e .  
However, the  r e s u l t s  obta in ed  w i t h  the  a n n u la r  f r i c t i o n  f a c t o r  
op t i on  have been c l o s e r  t o  the  data  both q u a l i t a t i v e l y  and 
q u a n t i t a t i v e l y .

2 .  S e n s i t i v i t y  s tu d ie s  showed t h a t  th e  i n t e r f a c i a l  shear  is  not  
r e s p o n s i b l e  f o r  the  d isagreement  between the  code p r e d i c t i o n s  
and the  d a t a .

3 .  An i n v e s t i g a t i o n  showed t h a t  TRAC-PFl would o v e r p r e d i c t  the  
power needed t o  exper ie n c e  a CNF c o n d i t i o n  in  the  FRIGG bundle .  
This  is due to  th e  use of the  B i a s i  c r i t i c a l  f l u x  c o r r e l a t i o n  
which was developed only  f rom the  round tube d a t a .
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b) For RELAP5/M0D1:

1.  The bundle m a ss - f lu x  has been o v e r p r e d i c t e d  f o r  al 1 t h r e e  se ts  
of exper imenta l  runs.  The o verp re d i  c t i o n  i s  bel ieved t o  be due 
t o  u n d ere s t im a t io n  of the  two-phase w a l l  f r i c t i o n  and form
1osses.

2. The exper im enta l  l y  observed t r e n d  f o r  the  bundle mass f l u x ,  G, 
vs th e  bundle power Q, was not p r e d i c t e d  by t h e  code.

3 .  The RELAP5/M0D1 c r i t i c a l  heat  f 1ux c o r r e l a t i o n  has been found  
to  be inadequate  f o r  the  t e s t s  under c o n s i d e r a t i o n  s in ce  the  
c o r r e l a t i o n  was d e r iv e d  f o r  a d i f f e r e n t  range of major  param­
e t e r s .

4 .  F u r th e r  e f f o r t s  should be d i r e c t e d  toward improving the  numeri ­
cal s t a b i l i t y  of RELAP5/M0D1.
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8.  OVERALL SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

Independent  assessment of the  TRAC-PFl (V e rs io n  7 . 0 ) ,  RELAP5/M0D1 (Cycl e  
1 4 ) ,  and TRAC-BDl (V e rs io n  1 2 . 0 )  codes has been performed using var ious sepa-  
r a t e - e f f e c t  t e s t s .  The t e s t s  s im u la te d  can be grouped in  the  f o l l o w i n g  s i x  
c a t e g o r i e s :

1. C r i t i c a l  f 1ow t e s t s  (Moby-Dick n i t r o g e n - w a t e r ,  BNL f l a s h i n g  f 1ow, 
Marviken Tes t  No. 2 4 ) .

2 .  Level  s w e l1 t e s t s  (GE l a r g e  vessel t e s t ) .

3 .  C o u n te r c u r re n t  Flow L i m i t i n g  (CCFL) t e s t s  ( U n i v e r s i t y  of Houston,  
Dartmouth Col lege s i n g l e -  and p a r a l l e l - t u b e  t e s t s ) .

4 .  Post-CHF t e s t s  (Oak Ridge rod bundle t e s t ) .

5.  Steam g e n e r a t o r  t e s t s  (B&W 1 9 - tu b e  model S.G.  t e s t s ,  FLECHT-SEASET 
U-tube S.G.  t e s t s ) .

6 .  N atura l  ci  r c u l a t i o n  t e s t s  (FRIGG loop t e s t s ) .

TRAC-PFl and RELAP5/M0D1 were a p p l i e d  t o  a l 1 the  above c a t e g o r i e s ;  however,  
because of resource 1 i m i t a t i o n s ,  TRAC-BDl was a p p l i e d  only  t o  the  CCFL and 
post-CHF t e s t s .

Useful  r e s u l t s  were ob ta in ed  f o r  a l 1 TRAC-PFl c a l c u l a t i o n s  except  f o r  the  
Dartmouth Col le ge  p a r a l l e i - t u b e  CCFL t e s t s .  RELAP5/M0D1 d id  not  produce any 
use fu l  r e s u l t  f o r  th e  Moby-Dick n i t r o g e n - w a t e r  t e s t s  and the  code was not  ap­
pl ied t o  the  p a r a l l e i - t u b e  CCFL t e s t s  because of i t s  poor p r e d i c t i o n  of the  
s i n g l e - t u b e  CCFL t e s t s .  TRAC-BDl produced use fu l  r e s u l t s  f o r  both CCFL and 
post-CHF t e s t s .

Regarding the  computer run t i m e ,  both TRAC-PFl and TRAC-BDl took a p p r o x i -  
m ate ly  3 ms of CPU t ime  ( i n  the  BNL CDC-7600) per  cel  1 per  t ime  s te p .  
RELAP5/M0D1, in  t h a t  r e s p e c t ,  was f a s t e r  because i t  took app ro x im a te ly  1 ms 
per  cel  1 per  t ime  s t e p .  However,  RELAP5/M0D1 u s u a l l y  took s m a l l e r  t ime  steps  
than TRAC-PFl,  and t h u s , the  C P U - to - rea l  t im e  r a t i o  of these  two codes was 
q u i t e  comparable .  Sometimes, the  RELAP5/M0D1 maximum t ime  step  had to  be 
r e s t r i c t e d  t o  avo id  numerical i n s t a b i l i t i e s .  In those cases ,  RELAP5/M0D1 was 
a c t u a l l y  more expens ive t o  run than TRAC-PFl.

From the  r e s u l t s  pre se nted  in Chapters 2 through 7 ,  the  f o l l o w i n g  c on c lu ­
sions and recommendations are  drawn f o r  each code:

8 . 1  Conclusions and Recommendations f o r  TRAC-PFl

1. For two-component two-phase c r i t i c a l  f 1ow w i t h o u t  phase change,  
TRAC-PFl can be expected to  produce s t a b l e  r e s u l t s  f o r  a l l  void  
f r a c t i o n s ,  which is  an improvement over  the  TRAC-PIA code.  However,  
the  r e s u l t s  are  s e n s i t i v e  to  the  f r i c t i o n  f a c t o r  o p t i o n  s e l e c t e d  f o r
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c a l c u l a t i o n .  The homogeneous f r i c t i o n  f a c t o r  op t i on  o v e r p r e d i c t s  
the  mass f l o w  r a t e  by - 1 5  t o  22%, whereas the  ann u la r  f r i c t i o n  
f a c t o r  op t ion  u n d e rp re d ic ts  the  same by - 6  t o  12%. I t  is  recom­
mended t h a t  the  same s i n g l e - p h a s e  f r i c t i o n  f a c t o r  be used f o r  both  
t he  homogeneous (NFF=1) and the  a n n u la r  (NFF=2) f 1ow f r i c t i o n  f a c t o r  
o p t i o n s .

2 .  For s ingle-component  ( i . e . ,  w a t e r )  two-phase f 1ow w i t h  phase change,  
TRAC-PFl may s i g n i f i c a n t l y  u n d e r p r e d ic t  the  subcooled c r i t i c a l  f 1ow 
r a t e  by as much as 25% as shown in  the  BNL f l a s h i n g  t e s t  s im u la -  
t i o n s .  An a cc u r a te  f l a s h i n g  del ay  model seems t o  be a necessary
(a l t hough  not  s u f f i c i e n t )  c o n d i t i o n  f o r  a ch ie v in g  b e t t e r  agreement  
w i t h  th e  subcooled c r i t i c a l  f 1ow d a t a .  S im u la t io n  of Marviken Test  
No. 24 a ls o  supports t h i s  con c lu s ion .

3 .  The choking o p t i on  of TRAC-PFl seems to  be reasona ble  f o r  subcool ed
c r i t i c a l  f  1 ow through s ho r t  nozz les  i f  " c o r r e c t "  upstream boundary
co n d i t io n s  are  p ro v ide d .

4 .  TRAC-PFl needs a more a c c u r a te  f l a s h i n g  del ay model f o r  t h e  bulk  or  
pipe  f 1ow. The p re se nt  del ay model in the  choked f l o w  f o r m u l a t i o n  
cannot  p r e d i c t  the  e a r l y  p re ss ure  undershoot observed in t h e  e x p e r i ­
ment.  This undershoot and the  corresponding  1 i q u id  superheat  could  
be im port an t  in d e te rm in in g  the  vapor g e n e r a t io n  r a t e  l a t e r  in the  
t r a n s i e n t .

5.  TRAC-PFl tends to  o v e r p r e d i c t  the void f r a c t i o n  below the  m ix tu r e
l e v e l  and t h e  l e v e l  swel1 d u r ing  a r a p id  d e p r e s s u r i z a t i o n  t r a n s i e n t .
A high i n t e r f a c i a l  shear  in  TRAC-PFl is  b e l i e v e d  t o  be p a r t i a l l y  
re s p o n s i b l e  f o r  th e  h ig h e r  void f r a c t i o n  and t h e  h i g h e r  l e v e l  s w e l1 
r a t e .

6.  For s i t u a t i o n s  where 1 iq u i d  is  i n j e c t e d  in  the  middle  of a t e s t  
c h a n n e l , t h e  CCFL phenomenon is  g r e a t l y  i n f lu e n c e d  by t h e  l i q u i d  en-  
t r a i n m e n t  i n c e p t io n  and r a t e .  In such c ases , TRAC-PFl p r e d i c t s  an 
e a r l y  1 i q u i d  e n t ra in m en t  which r e s u l t s  in 1ower 1 iq u i d  downflow 
r a t e s .  T h e r e f o r e ,  TRAC-PFl e n t ra in m en t  m o d e l / c o r r e l a t i o n  needs im­
provement .

7 .  For s i t u a t i o n s  where 1 i q u i d  f 1ows down f  rom an upper plenum, th e  i n ­
t e r f a c i a l  shear  seems t o  be the  dominant paramete r  f o r  CCFL phenome­
non. In such c as e s , TRAC-PFl produced good agreement w i t h  d a ta  f o r  
smal1 p ipe  dia meters  ( - 0 . 0 2 5  m I . D . ) .  Thus, the  D uk le r  c o r r e l a ­
t i o n  f o r  i n t e r f a c i a l  shear  seems reas onab le  f o r  smal1- d i a m e t e r  p ipes  
or channel s .  However,  f o r  l a r g e  d ia m e te r  p ipes ( - 0 . 1 5  m I . D . ) ,  
TRAC-PFl produced anomalous b eh av io r  because of the  d i s c o n t i n u i t i e s  
in  the  Dukle r  c o r r e l a t i o n .  In t h i s  case,  the  B hara th an -W al1 is  c o r ­
re l  a t i o n  may be used.

8 .  A good p r e d i c t i o n  of s i n g l e - t u b e  CCFL da ta  does not guarantee  s i m i -  
1 a r  success f o r  the  p a r a l 1 e l - t u b e  CCFL d a t a .  For example,  TRAC-PFl
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produced good agreement w i t h  the  Dartmouth C o l le g e  0 .0 2 5 4  m I . 0 .  
s i n g l e - t u b e  d a t a .  However,  i t  could not  even produce a s t a b l e  r e ­
s u l t  f o r  the  p a r a l l e l - t u b e  exper iments  conducted in t h r e e  0 .0 2 54  m 
I . D .  tu b e s .  A ls o ,  the i n t e r f a c i a l  shear  package must i n c lu d e  c o r r e -  
1a t io n s  v a l i d  f o r  the  e n t i r e  c o u n t e r c u r r e n t  a n n u la r  f l o w  regime,
i . e . ,  w a v y - t r a n s i t i o n - r o u g h  f i l m  re g im es , t o  ena b le  TRAC-PFl t o  
a dequate ly  p r e d i c t  the  p a r a l l e l - t u b e  CCFL phenomenon.

9 .  TRAC-PFl cannot  a c c u r a t e l y  p r e d i c t  the low f 1ow CHF c o n d i t i o n s , as
evidenced f rom the  ORNL post-CHF and FRIGG loop t e s t s .  C o r r e l a t i o n s  
o th e r  than th e  B i a s i  CHF c o r r e l a t i o n , which was based on s i n g l e - t u b e  
d a t a ,  should be i n v e s t i g a t e d .  However,  TRAC-PFl does c a l c u l a t e  
vapor sup e rh ea t i n g  in  the  post-CHF regime.

10.  TRAC-PFl produces a more s t a b l e  r e s u l t  f o r  i n t e g r a l  economizer once-
through steam g e n e ra to r  (lEOTSG) heat  t r a n s f e r  than i t s  p re decessor ,
TRAC-PD2, and y i e l d e d  reasonable  r e s u l t s  f o r  a load change t r a n ­
s i e n t .

11.  For a 1o s s - o f - f e e d w a t e r  t r a n s i e n t  in  a once- through steam g e n e r a t o r  
(OTSG), TRAC-PFl u n d erp re d ic te d  the  e x i t  steam f l o w  r a t e .  This  was 
caused by the  lower  i n i t i a l  w a te r  in v e n to r y  due t o  a lower  r a t e  of  
condensat ion of the  a s p i r a t e d  steam. An i n c rea se  in t h e  condensa­
t i o n  r a t e  improved the  r e s u l t ,  i n d i c a t i n g  t h a t  the  d i r e c t - c o n t a c t  
condensat ion r a t e  in TRAC-PFl is  u ndere s t im ate d .

12.  A noding study showed t h a t  a pp ro x im ate ly  10 nodes in each s id e  of  
the  steam g e n e ra to r  is  adequate f o r  TRAC-PFl f o r  t r a n s i e n t s  such as 
1o s s - o f - f e e d w a t e r .

13.  For 1a rg e -b r e a k  LOCA c o n d i t i o n s ,  TRAC-PFl tends to  o v e r p r e d i c t  the  
s e c o n d a r y - t o - p r i m a r y  heat  t r a n s f e r .  The a c tu a l  nonequ i1 ib r iu m  e f ­
f e c t s  are  a ls o  somewhat u n d erp re d ic te d  by TRAC-PFl.  Thus, the  code 
would tend to  exa ggera te  the s te am -b in d in g  e f f e c t s  and would tend t o  
p r e d i c t  s lo wer  core r e f l o o d .

14.  TRAC-PFl should have the  c a p a b i l i t y  of model ing the  steam g e n e r a to r  
s h e l 1 w a l l .  Although not of utmost importance f o r  a f u l 1- s c a l e
pi a n t ,  t h i s  c a p a b i l i t y  mi ght  be necessary f o r  model ing t a l 1 - b u t -  
skinny model steam g e n e r a t o r s .

15.  TRAC-PFl w i t h  e i t h e r  homogeneous or  the  a n n u la r  two-phase f r i c t i o n  
f a c t o r  o p t i on  o v e r p r e d i c t e d  the  loop mass f l o w  r a t e  d u r ing  n a tu r a l  
ci  r c u l a t i o n  c o n d i t i o n .  However, the  r e s u l t s  o b ta in ed  w i th  th e  annu-  
l a r  f r i c t i o n  f a c t o r  o p t ion  have been c l o s e r  t o  th e  d a t a ,  both q u a l i -  
t a t i v e l y  and q u a n t i t a t i v e l y .

8 . 2  Conclusions and Recommendations f o r  RELAP5/M0D1

1. For s in gle-component  ( i . e . ,  w a t e r )  two-phase f l o w  w i t h  phase change,  
RELAP5/M0D1 may s i g n i f i c a n t l y  u n d e r p r e d ic t  th e  subcooled c r i t i c a l
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f l o w  r a t e  by as much as 25% as shown in the  BNL f l a s h i n g  t e s t  simu-  
1a t i o n s .  An acc ur a te  f l a s h i n g  del ay model seems t o  be a necessary  
(a l t hough  not  s u f f i c i e n t )  c o n d i t i o n  f o r  a c h ie v in g  b e t t e r  agreement  
w i th  the  subcooled c r i t i c a l  f 1ow d a t a .  S im u la t io n  of Marviken Test  
No. 24 supports  t h i s  c on c lu s i o n .

2 .  For the  RELAP5/M0D1 choking model , the  s h o r t  nozzles should be 
t r e a t e d  as zero -vo lum e area changes t o  o b ta in  good agreement w i t h  
d a t a ,  even though t h i s  c o n t r a d i c t s  the  r e a l i t y .  A ls o ,  the  RELAP5/ 
MODI choking model seems t o  be s e n s i t i v e  t o  n o d a l i z a t i o n .

3.  RELAP5/M0D1 needs a more a cc u r a te  f l a s h i n g  del ay model f o r  the  bulk  
or  p ipe  f 1ow. The p re sent  del ay model in  the  choked f 1ow f o r m u l a -  
t i o n  cannot  p r e d i c t  the  e a r l y  pressure  undershoot observed in the  
e xp er im e nt .  This undershoot and th e  corresponding 1 i q u i d  superheat  
could be im port an t  in d e te rm in in g  the  vapor g en e ra t io n  r a t e  l a t e r  in  
t h e  t r a n s i e n t .

4 .  RELAP5/M0D1 p r e d i c t i o n s  f o r  average void  f r a c t i o n ,  l e v e l  s w e l1 r a t e ,  
and break f 1 ow r a t e  dur ing  1evel  swel1 due t o  ra p id  d e p r e s s u r i z a t i o n  
seem r easo nab le .  However, th e  code u n d e r p r e d ic ts  the  vessel p r e s ­
sure and produces an i r r e g u l a r  a x i a l  void f r a c t i o n  p r o f i l e .  I t  
seems t h a t  th e  i n t e r f a c i a l  shear  package of RELAP5/M0D1 needs r e ­
examinat ion  and improvement.

5. There seems t o  be no need t o  re p r e s e n t  a c o n v e r g i n g - d i v e r i n g  d i s ­
charge n o z z le  w i t h  a ze ro  volume j u n c t i o n  f o r  the  RELAP5/M0D1 c a l c u -  
1a t i o n ,  as suggested by the  RELAP5 code d e v e l o p e r s .

6. The RELAP5/M0D1 f 1ow regime map f o r  high void f r a c t i o n s  must be 
changed t o  in c lu d e  an a n n u l a r - m i s t  regime b e f o r e  the  code can be ex ­
pected t o  produce reasonab le  r e s u l t s  f o r  CCFL a p p l i c a t i o n s .  At 
p r e s e n t ,  RELAP5/M0D1 cannot  p r e d i c t  the  CCFL s i t u a t i o n  even in a 
simple  round p ip e .

7. RELAP5/M0D1 cannot  a c c u r a t e l y  p r e d i c t  the  1ow f 1ow CHF c o n d i t io n s  as 
evidenced f rom the  ORNL post-CHF and FRIGG loop t e s t s .  Other  CHF 
c o r r e l a t i o n s  should be i n v e s t i g a t e d .

8.  RELAP5/M0D1 tends to  o v e r p r e d i c t  the  vapor g en e ra t io n  r a t e  a t  t h e  
post-CHF r e g i o n .  This  r e s u l t s  in a lmost  no vapor s up erh ea t i ng  u n t i l  
a l 1 the  1 iq u i d  d r o p l e t s  are  evapora ted in the  RELAP5/M0D1 c a l c u l a -  
t i o n .  However,  t h i s  does not  r ep resen t  the  r e a l i t y .  Thus, the  
RELAP5/M0D1 model f o r  vapor g en e ra t io n  in the  post-CHF regime should  
be improved.

9.  For the  steam g e n e ra to r  (lEOTSG) t e s t s ,  the  RELAP5/M0D1 (Cyc le  14)  
r e s u l t s  a re  s i i g h t l y  improved over those of Cyc le  1. However, the  
new r e s u l t s  s t i l 1 s u f f e r  f rom numerical  i n s t a b i l i t y .  T h e r e f o r e ,  r e ­
s t r i c t i o n s  on the  maximum t ime  steps are  necessary f o r  the  RELAP5/ 
MODI c a l c u l a t i o n .  This  is  v a l i d  f o r  both once- through and U-tube  
steam g e n e ra to r  s i m u l a t i o n s .
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10. For RELAP5/M0D1, use of more nodes does not n e c e s s a r i l y  le ad  t o  b e t ­
t e r  agreement w i t h  the  exper imenta l  data  of th e  steam g e n e ra to r  
(lEOTSG) thermal  per formance .

11.  Although RELAP5/M0D1 produced reasonab le  r e s u l t s  f o r  th e  OTSG l o s s -  
o f - f e e d w a t e r  t r a n s i e n t ,  i t  f a i l s  t o  p r e d i c t  the  i n i t i a l  superheated  
steam c o n d i t i o n  a t  the  e x i t  of the  secondary s i d e .  Conse quent ly ,  
the  t o t a l  p r i m a r y - t o -s e c o n d a r y  heat  t r a n s f e r  a t  s teady s t a t e  is  un­
d e r p r e d i c t e d  by as much as 10%.

12.  For 1a rg e -b r e a k  LOCA c o n d i t i o n s , RELAP5/M0D1 tends t o  ove rp re d i  c t  
th e  s e c o n d a r y - t o - p r i m a r y  heat t r a n s f e r .  The a c tu a l  nonequi l  i b r iu m  
e f f e c t s  a re  a ls o  u n d e rp re d ic te d  by RELAP5/M0D1, as in t h e  post-CHF 
t e s t s .  Thus, the  code would tend t o  exa ggera te  the  s te am -b in d in g  
e f f e c t s  and would tend t o  p r e d i c t  s io wer  core r e f  1ood.

13.  RELAP5/M0D1 tends t o  o v e r p r e d i c t  the  v a p o r - t o - d r o p l e t  heat  t r a n s f e r  
in  the  d ispers ed  d r o p l e t  regime.  Improvement in  t h i s  area is  
needed.

14.  RELAP5/M0D1 al so produced an anomalous void  p r o f i l e  in  th e  secondary  
s id e  of t h e  FLECHT-SEASET U-tube steam g e n e r a t o r  which i n d i c a t e d  
some e r r o r s  in t h e  code ( e i t h e r  FORTRAN or  in i n t e r f a c i a l  s h e a r ) .

15.  The bundl e m a s s - f lu x  d u r in g  n a t u r a l  c i  r c u l a t i o n  has been o v e r p r e ­
d i c t e d  by RELAP5/M0D1 f o r  a l 1 t h r e e  sets  of FRIGG 1oop runs.  The 
o v e r p r e d i c t i o n  is  b e l i e v e d  t o  be due t o  u n d e re s t im a t i o n  of th e  two-  
phase w a l l  f r i c t i o n  and form 1osses.

16.  F u r t h e r  e f f o r t s  should be di  rec ted  toward improving the  numerical  
s t a b i l i t y  of RELAP5/M0D1.

8 . 3  Conclusions and Recommendations f o r  TRAC-BDl

1.  For s i t u a t i o n s  where 1 i q u i d  is  i n j e c t e d  in  t h e  midd le  of a t e s t  
c h a n n e l , the  CCFL phenomenon is  g r e a t l y  i n f l u e n c e d  by the  1 iq u id  en ­
t r a i  nment i n c e p t i o n  and r a t e .  In such c a s es , TRAC-BDl tends to  p r e ­
d i c t  good agreement  w i t h  the  d a t a .  Thus, the  TRAC-BDl e n t ra in m en t  
i n c e p t i o n  and r a t e  c o r r e l a t i o n s  seem t o  be r easo nab le .

2 .  For s i t u a t i o n s  where 1 i q u i d  f 1ows down from an upper plenum, the  i n ­
t e r f a c i a l  shear  seems t o  be the  dominant  paramete r  f o r  t h e  CCFL phe­
nomenon. In such c a s es , TRAC-BDl tends t o  o v e r p r e d i c t  the  1 i q u id  
downf1ow r a t e  i n d i c a t i n g  a 1ower i n t e r f a c i a l  shear .

3 .  The i n t e r f a c i a l  shear  c o e f f i c i e n t  used in  the  TRAC-BDl code o v e r p r e ­
d i c t s  t h e  1 i q u i d  downflow r a t e .  Use of the  K u ta te l a d z e  CCFL c o r r e -
1 a t io n s  tend t o  improve the  p r e d i c t i o n .  However, t h e  K u ta te la d z e  
c ons ta n t  in the  CCFL c o r r e l a t i o n  has to  be a d jus ted  t o  ach ieve  a 
good p r e d i c t i o n .  I t  seems t h a t  a combinat ion of the  D ukle r  c o r r e l a -  
t i o n  ( f o r  smal1 d ia m ete r  p i p e ) , and th e  B hara th an-W al1 is  c o r r e l a t i o n  
( f o r  1arge d ia m ete r  p i p e )  should produce a b e t t e r  i n t e r f a c i a l  shear  
c o r r e l a t i o n  f o r  the  c o u n t e r c u r r e n t  a n n u la r  f l o w  regime.
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4.  For p a r a l l e l - t u b e  CCFL t e s t s ,  the  TRAC-BDl r e s u l t s  were ,  a t  b e s t ,  in
some q u a l i t a t i v e  agreement w i t h  the  d a t a .  I t  seems t h a t  the  i n t e r -
f  a c i a l  shear  package must i n c lu d e  c o r r e l a t i o n s  v a l i d  f o r  the  e n t i  re  
c o u n t e r c u r r e n t  ann u la r  f 1ow regime,  i . e . ,  w a v y - t r a n s i t i o n - r o u g h  f i l m  
r eg im es , t o  enab le  TRAC-BDl t o  a dequate ly  p r e d i c t  the  p a r a l l e l - t u b e  
CCFL phenomeonon.

5. The CHF c o r r e l a t i o n  used in the  TRAC-BDl code, i . e . ,  the  B ia s i  c r i t ­
i c a l  q u a l i t y  b o i l i n g  le n g th  c o r r e l a t i o n , seems t o  be adequate .
Vapor sup e rh ea t i n g  c a l c u l a t e d  in  the  post-CHF regime a ls o  looks r e a ­
sonabl e .  However,  f u r t h e r  assessment w i t h  more post-CHF exper iments  
is needed t o  make a d e f i n i t i v e  s ta te ment  about  the  TRAC-BDl post-CHF 
model accuracy .

As a f i n a l  n o te ,  the  code assessment conducted a t  BNL was di re c ted  a t  
e v a l u a t i n g  the  t h e r m a l - h y d r a u l i c  model adequacy,  and recommending areas of  
f u r t h e r  improvement.  Thus,  on ly  the  s e p a r a t e - e f f e c t s  exper iments  were simu­
l a t e d .  Conclusions re g ard in g  the  o v e r a l 1 code accuracy f o r  f u l 1- s c a l e  r e a c t o r  
a p p l i c a t i o n  can only  be made by a s s i m i l a t i n g  a l 1 code assessment r e s u l t s  ob­
t a i n e d  a t  BNL, INEL, LANL, and SNL. This  1ast  task  is  beyond the  scope of the  
pre se nt  e f f o r t .
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