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ABSTRACT 

The RELAP5 independen t  a s s e s smen t  p r o j e c t ,  a t  Sand i a  N a t i o n a l  
L a b o r a t o r i e s  is  p a r t  of an o v e r a l l  e f f o r t  funded by t h e  NRC t o  
de t e rmine  t h e  a b i l i t y  of  v a r i o u s  sys tems  codes  t o  p r e d i c t  t h e  
d e t a i l e d  t h e r m a l / h y d r a u l i c  r e sponse  o f  LWRs d u r i n g  a c c i d e n t  and 
off -normal  c o n d i t i o n s .  The R E L A P S / M O D ~  code is be ing  a s s e s s e d  a t  
SNLA a g a i n s t  t e s t  d a t a  from v a r i o u s  i n t e g r a l  and s e p a r a t e  e f f e c t s  
t e s t  f a c i l i t i e s .  A s  p a r t  of t h i s  a ssessment  m a t r i x ,  a  t u r b i n e  
t r i p  r a p i d  cooldown t r a n s i e n t  performed a t  t h e  LOFT t e s t  f a c i l i t y  
has  been ana lyzed .  

The r e s u l t s  show t h a t  RELAPS/MODl can p r e d i c t  t h e  e x p e r i m e n t a l  
behav ior  of LOFT t e s t  L6-7/L9-2 i n  d e t a i l .  However, c a r e f u l  s e l e c -  
t i o n  o f  modeling o p t i o n s  and ad ju s tmen t  of  boundary c o n d i t i o n s  
w i t h i n  t h e  e x p e r i m e n t a l  u n c e r t a i n t i e s  i s  r e q u i r e d .  I t  was a l s o  
nece s sa ry  t o  modify t h e  LOFT pump d e s c r i p t i o n s  i n  o r d e r  t o  match 
t h e  n a t u r a l  c i r c u l a t i o n  flow d a t a  d u r i n g  L9-2. I f  o t h e r  o p t i o n s  
a r e  s e l e c t e d  and/or  b o u n d a r y . c o n d i t i o n s  a r e  n o t  a d j u s t e d  t hen  t h e  
c a l c u l a t e d  r e s u l t s  can d e v i a t e  q u i t e  f a r  from t h e  t e s t  d a t a  i n  
t h e  l a t e r  s t a g e s  of  t h e  t r a n s i e n t .  . 

A number of code problems were d e t e c t e d  i n  t h i s  s t u d y .  The 
more s e r i o u s  i nc luded  l a r g e  mass and energy  e r r o r s ,  and d i f f i -  
c u l t i e s  wi th  some j unc t i on  models.  Modeling gu idance  f o r  
RELAPS/MODl i s  p r e s e n t e d  a s  a r e  s u g g e s t i o n s  f o r  code improve- 
ments. 
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1.0 INTRODUCTION 

The RELAP5 independent assessment project at Sandia National 
Laboratories in Albuquerque (SNLA) is part of an overall effort 
funded by the U. S. Nuclear Regulatory Commission (NRC) to 
determine the ability of various systems codes to predict the 
detailed thermal/hydraulic response of LWRs during accident and 
off-normal conditions. The RELAPS/MODl code [l] is based on a 
nonhomogeneous and nonequilibrium one-dimensional model for 
two-phase systems, and has been under development at the Idaho 
National Engineering Laboratory (INEL) for an extended period, 
with the first version released in May 1979. The versions being 
used for this assessment project are RELAP5/MODl/CYCLEl4 and 
CYCLE18, According to current INEL program plar~s, orlly er L U L  
correction is projected for MOD1; major developmental efforts are 
being directed toward MOD2, which should be released in 1983. (An 
interim version called MOD1.5 was made available in late 1982 but 
was not used in this assessment.) No error corrections to cycle 
14 were received until June 1982, when we received the formally- 
released updates creating cycle 18 together with some unreleased, 
but recommended, updates used currently at INEL [2]. These cycle 
18+ changes have been used only to determine if problems found 
with cycle 14 at Sandia were merely problems which had already 
been found and corrected by I N E L .  

The RELAP5 code is being assessed at SNLA against test data 
from various integral and separate effects test facilities. The 
assessment test matrix includes various transients performed at 
the Loss-of-Fluid Test (LOFT) facility [3] at INEL. One of these 
assigned transients was LOFT nuclear experiment L6-7/L9-2, which 
consisted of two parts completed sequentially. L6-7 simulated a 
turbine trip from full power followed by a secondary-side- 
controlled rapid cooldown with primary coolant pumps operating 
(based on an ANO-2 turbine trip transient). L9-2 was initiated at 
the conclusion of L6-7 by tripping the primary coolant pumps and 
continuing the rapid cooldown. [4,5,6] 

This report summarizes the RELAP5 analyses of this set of LOFT 
transients. The RELAP5 model used for the analyses is described 
in Section 2, and the calculational results are presented in 
Section 3. The overall conclusions and their possible relevance 
to future RELAP5 code development are discussed in Section 4. The 
appendices provide a brief description of the test facility, an 
input listing for the transient, and a listing of the INEL 
recommended code updates used to create cycle 18+ from the 
released cycle 18. 



2.0 NODALIZATION 

The  L o s s - o f - F l u i d  T e s t  (LOFT) f a c i l i t y  ( shown i n  F i g u r e  2 . 1 )  
is l o c a t e d  a t  t h e '  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  a n d  
s u p p o r t e d  by t h e  NRC. The  f a c i l i t y  [ 3 ]  is  a  5 0  M W t  p r e s s u r i z e d  
w a t e r  r e a c t o r  (PWR) w i t h  i n s t r u m e n t a t i o n  t o  m e a s u r e  a n d  p r o v i d e  
d a t a  o n  t h e  t h e r m a l / h y d r a u l i c  c o n d i t i o n s  d u r i n g  a  p o s t u l a t e d  
a c c i d e n t .  The  g e n e r a l  p h i l o s o p h y  i n  s c a l i n g  c o o l a n t  v o l u m e s  a n d  
f l o w  a r e a s  was  t o  u s e  t h e  r a t i o  o f  t h e  LOFT c o r e  power  ( 5 0  M W t )  
t o  a  t y p i c a l  PWR c o r e  ( 3 0 0 0  M W t ) .  The  e x p e r i m e n t a l  a s s e m b l y  
i n c l u d e s  f i v e  m a j o r  s u b s y s t e m s :  t h e  r e a c t o r  v e s s e l ,  t h e  i n t a c t  
l o o p  ( s c a l e d  t o  r e p r e s e n t  t h r e e  o p e r a t i o n a l  l o o p s ) ,  t h e  b r o k e n  
l o o p ,  t h e  blowdown s u p p r e s s i o n  s y s t e m  a n d  t h e  e m e r g e n c y  c o r e  
c o o l i n g  s y s t e m .  ( T h e  l a t t e r  two a r e  n o t  a c t i v e  i n  t e s t  
L6-7/L9-2.) A more  d e t a i l e d  d e s c r i p t i o n  o f  t h e  t e s t  f a c i l i t y  i s  
p r o v i d e d  i n  A p p e n d i x  I .  

T h e  RELAP5 n o d a l i z a t i o n  d e v e l o p e d  f o r  LOFT t e s t  L6-7/L9-2 i s  
shown i n  F i g u r e  2 .2 .  The i n t a c t  l o o p  i s  shown o n  t h e  l e f t  w h i l e  
t h e  b r o k e n  l o o p  is  o n  t h e  r i g h t ;  t h e  v e s s e l  i s  i n  t h e  m i d d l e ,  A 
c o m p l e t e  i n p u t  l i s t i n g  f o r  t h i s  n o d a l i z a t i o n  i s  g i v e n  i n  A p p e n d i x  
11. 

T h e r e  a r e  a t o t a l  o f  1 8 1  v o l u m e s ,  1 9 3  j u n c t i o n s  a n d  1 4 0  h e a t  
s l a b s  i n  t h i s  n o d a l i z a t i o n .  I n  t h e  i n t a c t  l o o p ,  2  v o l u m e s  a r e  
u s e d  f o r  t h e  two p a r a l l e l  p r i m a r y  c o o l a n t  pumps a n d  30  v o l u m e s  
a r e  u s e d  t o  m o d e l  t h e  p i p i n g .  The s t e a m  g e n e r a t o r  c o n t a i n s  a  
t o t a l  o f  60  v o l u m e s  - -  1 0  f o r  t h e  p r i m a r y  s i d e  p l e n a  a n d  U - t u b e s ,  
1 7  i n  t h e  s e c o n d a r y  s i d e ,  3  f o r  t h e  s t e a m  o u t f l o w  a n d  30 i n  t h e  
f e e d w a t e r  t r a i n .  The  p r e s s u r i z e r  a n d  s u r g e  l i n e  a r e  m o d e l e d  w i t h  
20 v o l u m e s ,  9 o f  w h i c h  a r e  i n  t h e  p r e s s u r i z e r  i t s e l f  a n d  1 w h i c h  
r e p r e s e n t s  t h e  s p r a y  c o o l i n g  l i n e .  The  b r o k e n  l o o p  c o n t a i n s  20 
v o l u m e s  ( w i t h  1 8  u s e d  f o r  p i p i n g  a n d  2  t i m e - d e p e n d e n t  v o l u m e s  
u s e d  t o  s e a l  o f f  t h e  b r o k e n  l o o p  i n  v a r i o u s  p l a c e s  i f  n e c e s s a r y ) .  
The v e s s e l  i s  m o d e l e d  w i t h  45  v o l u m e s  -- 9  i n  t h e  m a i n  a n n u l a r  
downcomer ,  3 i n  t h e  l o w e r  p l e n u m ,  4 i n  t h e  c o r e ,  4  i n  t h e  u p p e r  
p l e n u m ,  a n d  2 5  r e p r e s e n t i n g  v a r i o u s  s e c o n d a r y  a n d  b y p a s s  f l o w  
p a t h s .  ( P a r t  o f  t h e  i n a c t i v e  ECCS i s  r e p r e s e n t e d  b y  4  v o l u m e s ,  
w h i c h  n e v e r  e n t e r  i n t o  t h i s  p r o b l e m . )  H e a t  s l a b s  f o r  m o s t  o f  t h e  
p i p i n g  a n d  m a j o r  s t r u c t u r a l  m a s s  a r e  i n c l u d e d ,  a s  w e l l  a s  f o r  t h e  
c o r e  f u e l  r o d s  a n d  s t e a m  g e n e r a t o r  U - t u b e s .  M o s t  o f  t h e  h e a t  
s l a b s  c o n t a i n  f i v e  n o d e s ,  a l t h o u g h  t h e  f u e l  r o d s  a r e  m o d e l e d  w i t h  
t e n  a n d  some o f  t h e  t h i c k e r  p l a t e s  i n  t h e  v e s s e l  h a v e  b e t w e e n  
n i n e  a n d  t w e n t y  n o d e s .  

The v e s s e l  n o d a l i z a t i o n  i s  shown i n  more  d e t a i l  i n  F i g u r e  
2 .3 .  The r e l a t i v e  e l e v a t i o n s  o f  t h e  c e l l  b o u n d a r i e s  a r e  g i v e n ,  a s  
a r e  e i t h e r  c e l l  f l o w  a r e a s  o r  v o l u m e s .  Mos t  o f  t h e  v e s s e l  f l o w  
a r e a s  were t a k e n  f r o m  a  c a r e f u l  s t u d y  o f  t h e  f l o w  a r e a  d a t a  g i v e n  
i n  T a b l e  A-5 o f  r e f e r e n c e  ( 3 1 .  W e  a t t e m p t e d  ' t o  m o d e l  m o s t  a r e a  



c h a n g e s  e x p l i c i t l y  ( e . g . ,  s m a l l  f l o w  a r e a  c h a n g e s  i n  t h e  down- 
c o m e r ) .  However, a  r a p i d  s e r i e s  o f  a r e a  c h a n g e s  ( s u c h  a s  i n  t h e  
l ower  c o r e  s u p p o r t  s t r u c t u r e )  we modeled a s  a  t y p i c a l  a r e a  w i t h  a  
g e o m e t r i c a l l y - d e r i v e d  l o s s  c o e f f i c i e n t .  The b y p a s s  c o n t r o l l i n g  
j u n c t i o n s  a r e  i n d i c a t e d  ( w i t h  t h e  number c o r r e s p o n d i n g  t o  t h e  
b y p a s s  i d e n t i f i e r s  u sed  i n  t h e  d e s c r i p t i o n  g i v e n  i n  Appendix I ) .  
B e s i d e s  t h e  f u e l  r o d s ,  h e a t  s l a b s  have  been  i n c l u d e d  f o r  t h e  t 

o u t e r  v e s s e l ,  t h e  f i l l e r  b l o c k s ,  t h e  c o r e  b a r r e l ,  t h e  upper  and  
lower  c o r e  s u p p o r t  s t r u c t u r e s ,  and t h e  upper  c l o s u r e  p l a t e .  These  
h e a t  s l a b s  a c c o u n t  f o r  -89,000 kg o f  v e s s e l  s t r u c t u r a l  mass 
( a s  compared t o  -93 ,000  kg o f  v e s s e l  s t r u c t u r a l  mass shown i n  
T a b l e  A 1  . 8 )  . 

The s t eam g e n e r a t o r  n o d a l i z a t i o n  i s  shown i n  F i g u r e  2 . 4 ,  w i t h  
t h e  r e l a t i v e  e l e v a t i o n s  of  t h e  c e l l  b o u n d a r i e s .  A l l  t h e  U- tubes  
a r e  lumpcd i n t o  a s i n g l c  f l o w  p a t h .  B c s i d c s  t h c  U- tubes ,  h e a t  
s l a b s  r e p r e s e n t i n g  t h e  t u b e  s h e e t ,  t h e  s h r o u d  and t h e  e x t e r n a l  
w a l l  a r e  i n c l u d e d  i n  t h e  model.  Because  o f  t h e  l i m i t e d  amount o f  
i n f o r m a t i o n  on 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  i n  t h e  f a c i l i t y  
d e s c r i p t i o n  [ 3 ] ,  w e  had  t o  e s t i m a t e  t h e  s e c o n d a r y  volume d i s t r i -  
b u t i o n ,  g i v e n  t h e  g l o b a l  s e c o n d a r y  vo lumes  and d i m e n s i o n s  i n  
T a b l e s  A I . 4  and  AI.5 .  The n o d a l i z a t i o n  o f  t h e  f e e d w a t e r  t r a i n  i s  
t a k e n  a l m o s t  i n  t o t o  f rom a n  INEL RELAP5 LOFT n o d a l i z a t i o n  171, 
s i n c e  a g a i n  v e r y  l i t t l e  was a v a i l a b l e  i n  t h e  f a c i l i t y  d e s c r i p t i o n .  
( A  few c h a n g e s  were  made t o  i n s u r e  c o n s i s t e n c y  w i t h  t h e  a v a i l a b l e  
f a c i l i t y  d e s c r i p t i o n  i n f o r m a t i o n . )  

A l l  a r e a  c h a n g e s  and  e lbows  a r e  c a r e f u l l y  modeled i n  t h e  l o o p  
p i p i n g .  F i g u r e  2 .5  shows t h e  l o s s  c o e f f i c i e n t s  used i n  t h e  c a l c u -  
l a t i o n s .  These  l o s s  c o e f f i c i e n t s  c a n  be  e i t h e r  u s e r - i n p u t ,  a s  f o r  
e lbow l o s s e s ,  o r  c o d e - c a l c u l a t e d  u s i n g  a b r u p t  a r e a  change  models .  
The u s e r - i n p u t  numbers a r e  g i v e n  f i r s t ;  two v a l u e s  a r e  g i v e n  f o r  
t h e  fo rward  and r e v e r s e  l o s s  c o e f f i c i e n t s  r e s p e c t i v e l y ,  i f  t h e y  
a r e  d i f f e r e n t .  The c o d e - c a l c u l a t e d  numbers a r e  shown i n  p a r e n -  
t h e s e s ,  s i n c e  t h e s e  a r e  s i n g l e - p h a s e . v a l u e s  ( i n  t h e  d i r e c t i o n  of  
normal  s t e a d y - s t a t e  f l o w )  which may change  i n  two-phase  f l o w .  The 
r e s u l t i n g  p r e s s u r e  d r o p s  a r e  i n  good a g r e e m e n t  w i t h  t h e  d i f f e r -  
e n t i a l  p r e s s u r e  measurements  f o r  s t e a d y - s t a t e  c o n d i t i o n s .  

The pump homologous c u r v e s  used f o r  mos t  o f  t h e  c a l c u l a t i o n s  
were  t h o s e  handed o u t  a t  t h e  LOFT/Semiscale mode l ing  workshop 
[ 8 ] .  A l s o  t a k e n  from t h e  d a t a  made a v a i l a b l e  a t  t h a t  workshop 
were  t h e  nomina l  v a l u e s  o f  t h e  v a r i o u s  b y p a s s  f l o w s  and t h e  
e s t i m a t e d  e n v i r o n m e n t a l  h e a t  l o s s  magn i tude  and d i s t r i b u t i o n .  I n  
o u r  n o d a l i z a t i o n ,  w e  used  a v e r a g e  h e a t  t r a n s f e r  c o e f f i c i e n t s  f o r  
n a t u r a l  c o n v e c t i o n  f o r  t h e  a p p r o p r i a t e  component s i z e s  and tem- 
p e r a t u r e s  [ 9 ] ,  and assumed c o n t a i n m e n t  t e m p e r a t u r e  t o  be 300 K .  
Hea t  t r a n s f e r  c o e f f i c i e n t s  were app rox ima ted  by l i n e a r  f u n c t i o n s  
o f  s u r f a c e  t e m p e r a t u r e .  T h r e e  f u n c t i o n s  were  used  - -  one  f o r  a l l  



o f  t h e  p i p i n g ,  a n o t h e r  f o r  t h e  v e s s e l  c y l i n d e r  and a  t h i r d ,  
a r t i f i c i a l l y  lowered,  f u n c t i o n  f o r  t h e  p r e s s u r i z e r  and s team 
g e n e r a t o r  w a l l s  ( t o  match t h e  g i v e n  ambient  h e a t  l o s s  d i s t r i -  
b u t i o n  [ 8 ] ) .  These y i e l d  a  s t e a d y - s t a t e  h e a t  l o s s  o f  -183 kW 
-- 2 9  kW from t h e  s team g e n e r a t o r  secondary ,  1 0 3  kW from t h e  
v e s s e l ,  29 kW and 10 kW from t h e  i n t a c t  and broken l o o p  p i p i n g  
r e s p e c t i v e l y ,  and 1 2  kW from t h e  p r e s s u r i z e r .  



Figure 2.1 LOFT Configuration fox L6-7/L9-2 



Figure 2.2 LOFT L6-7/L9-2 Nodalization 



Fi.gure 2.3 LOFT Vessel Nodalization 



Figure 2.4 LOFT Steam Generator Nodalization 



Figure 2.5 Loss Coefficients Used in LOFT L6-7/L9-2 Nodalization 



3.0 ANALYSES 

LOFT e x p e r i m e n t  L6-7/L9-2,  s u c c e s s f u l l y  c o m p l e t e d  o n  J u l y  3 1 ,  
1 9 8 1 ,  c o n s i s t e d  o f  two p a r t s ,  e a c h  d e s i g n e d  t o  a n s w e r  s p e c i f i c  
r e a c t o r  s a f e t y  i s s u e s .  The  f i r s t  p a r t  (L6-7)  s i m u l a t e d  a  t u r b i n e  
t r i p  f o l l o w e d  by a r a p i d  c o o l d o w n  w i t h  p r i m a r y  c o o l a n t  pumps 
o p e r a t i n g .  L6-7 was  i n t e n d e d  t o  b e  s i m i l a r  t o  t h e  t r a n s i e n t  t h a t  
o c c u r r e d  i n  A r k a n s a s  N u c l e a r  One - U n i t  2  (ANO-2) a n d  was c o n -  
d u c t e d  t o  p r o v i d e  d a t a  f o r  a t y p i c a l i t y  s t u d y  o f  LOFT c o m p a r e d  t o  
a  PWR. The s e c o n d  p a r t  (L9-2)  was i n , i t i a t e d  a t  t h e  e n d  o f  L6-7 
a n d  s i m u l a t e d  a  c o n t i n u e d  r a p i d  c o o l d o w n .  L9-2 a d d r e s s e d  t h e  
u n r e s o l v e d  s a f e t y  i s s u e  o f  t h e  e f f e c t  o f  p r i m a r y  c o o l a n t  v o i d i n g  
i n  a  PWR d u r i n g  n a t u r a l  c i r c u l a t i o n .  [ 4 , 5 , 6 ]  

The time when t h e  steam f l o w  v a l v e  b e g a n  t o  move was  d e s i g -  
n a t e d  as  L6-7 i n i t i a t i o n  (" t ime z e r o " ) .  The  o p e r a t o r - c o n t r o l l e d  
s t e a m  f l o w  c l o s e l y  m a t c h e d  t h a t  w h i c h  was  c a l c u l a t e d  t o  r e s u l t  i n  
a  c o o l d o w n  r e p r e s e n t a t i v e  o f  ANO-2. The r e a c t o r  was m a n u a l l y  
scrammed a t  7  s e c o n d s .  Due t o  mass vo lume  s h r i n k a g e  f r o m  t e m p e r a -  
t u r e  d e c r e a s e ,  t h e  p r e s s u r i z e r  l i q u i d  l e v e l  r e a c h e d  t h e  b o t t o m  o f  
t h e  m e a s u r e m e n t  i n d i c a t i n g  r a n g e  a t  2 7 8  s e c o n d s .  The  p r i m a r y  
c o o l a n t ,  o t h e r  t h a n  i n  t h e  p r e s s u r i z e r ,  r e m a i n e d  s u b c o o l e d  a n d  
n e a r l y  i s o t h e r m a l  t h r o u g h o u t  t h e  t r a n s i e n t ,  i n c l u d i n g  t h e  t i m e  
a f t e r  t h e  p r e s s u r i z e r  e m p t i e d .  T h e  p r i m a r y  c o o l a n t  pumps were 
o p e r a t i n g  d u r i n g  t h i s  t r a n s i e n t  a n d  d e m o n s t r a t e d  t h e  i n f l u e n c e  o f  
f o r c e d  f l o w  i n  m i n i m i z i n g  t h e r m a l  s t r a t i f i c a t i o n  a n d  n o n i s o t h e r m a l  
c o n d i t i o n s  d u r i n g  a  c o o l d o w n  t r a n s i e n t .  A t  324 s e c o n d s ,  a p p r o x i -  
m a t e l y  46 s e c o n d s  a f t e r  t h e  p r e s s u r i z e r  e m p t i e d ,  t h e  pumps were 
m a n u a l l y  t r i p p e d  w h i c h  t e r m i n a t e d  L6-7 a n d  b e g a n  L9-2. 

A s  t h e  p r i m a r y  c o o l a n t  pumps c o a s t e d  down, f l o w  d e c r e a s e d  a n d  
c o r e  d e c a y  h e a t  r e v e r s e d  t h e  c o o l d o w n  i n  t h e  c o r e ,  h o t  l e g  a n d  
s t e a m  g e n e r a t o r  i n l e t .  T h i s  h e a t u p ,  a n d  t h e  a t t e n d a n t  d e n s i t y  
d e c r e a s e  i n  t h e  core f l u i d ,  r e s u l t e d  i n  t h e  s t a r t u p  o f  n a t u r a l  
c i r c u l a t i o n .  N a t u r a l  c i r c u l a t i o n  f l o w  was  f i r s t  i n d i c a t e d  a t  3 4 1  
s e c o n d s ;  i t  c o n t i n u e d  t h r o u g h o u t  L9-2 a n d  was n o t  s i g n i f i c a n t l y  
a f f e c t e d  by c o o l a n t  v o i d i n g  e i t h e r  i n  t h e  l o o p  o r  i n  t h e  r e a c t o r  
v e s s e l  u p p e r  p lenum.  The f i r s t  i n d i c a t i o n  o f  s a t u r a t e d  v a p o r  
f o r m a t i o n  o u t s i d e  t h e  p r e s s u r i z e r  w a s  a t  595 s e c o n d s ,  a n d  t h e  
p r i m a r y  s y s t e m  d e p r e s s u r i z a t i o n  r a t e  was r e d u c e d  a t  t h a t  t i m e  d u e  
t o  a  s t a g n a n t  vo lume  o f  f l u i d  r e a c h i n g  s a t u r a t i o n  c o n d i t i o n s  a n d  
v o i d i n g .  The p r i m a r y  s y s t e m  c o n t i n u e d  t o  d e p r e s s u r i z e  u n d e r  t h e  
i n f l u e n c e  o f  o p e r a t o r - c o n t r o l l e d  s e c o n d a r y  s i d e  b l e e d i n g  u n t i l  
a c c u m u l a t o r  i n j e c t i o n  o c c u r r e d  a t  1 8 3 2  s e c o n d s ,  a t  a p r e s s u r e  o f  
4 .3  MPa, w h i c h  t e r m i n a t e d  t h e  e x p e r i m e n t .  

3 .1  S t e a d y  S t a t e  C a l c u l a t i o n  

One o f  t h e  p r i n c i p a l  a r e a s  o f  i n v e s t i g a t i o n  d u r i n g  t h e  
L6-7/L9-2 a n a l y s e s  was t h e  c h a r a c t e r  o f  t h e  c o n t r o l  s y s t e m  a n d  



t h e  p a r a m e t e r s  n e c e s s a r y  t o  a c h i e v e  a  g i v e n  s e t  o f  s t e a d y - s t a t e  
o p e r a t i n g  c o n d i t i o n s .  I d e a l l y  i t  s h o u l d  b e  p o s s i b l e  t o  m a t c h  a l l  
t h e  e x p e r i m e n t a l  i n i t i a l  c o n d i t i o n s  f o r  t h e  p r i m a r y  a n d  s e c o n d a r y  
s i d e s  s i m u l t a n e o u s l y ,  w i t h i n  t h e  g i v e n  e x p e r i m e n t a l  u n c e r t a i n t i e s .  
W E  were e v e n t u a l l y  a b l e  t o  a c h i e v e  s u c h  a  s t a r t i n g  c o n d i t i o n  f o r  
L6-7/L9-2 ( shown i n  T a b l e  3 . 1 . 1 ) ,  b u t  a  v e r y  s u b s t a n t i a l  e f f o r t  
was  r e q u i r e d .  

I n  t h e  p r i m a r y  s y s t e m ,  t h e  p r e s s u r e  was c o n t r o l l e d  by t h e  
p r e s s u r i z e r  h e a t e r s  a n d  s p r a y s ,  w i t h  n o  d i f f i c u l t i e s  e n c o u n t e r e d  
a s  l o n g  a s  t h e  s t e a m  b u b b l e  was n o t  l o s t  a c c i d e n t a l l y  d u r i n g  a  
s t a r t - u p  t r a n s i e n t .  V e r y  l i t t l e  i n f o r m a t i o n  was a v a i l a b l e  i n  t h e  
f a c i l i t y  d e s c r i p t i o n  [ 3 ]  on t h e  h e a t e r s  a n d  s p r a y  l i n e .  Much o f  
t h e  i n f o r m a t i o n  n e e d e d ,  e . g . ,  s p r a y  l i n e  r e s i s t a n c e  a n d  l e a k a g e ,  
was  t a k e n  f r o m  a n  u n d o c u m e n t e d  I N E L  LUE''' d e c k  [7] a n d  r o u d i 1 i e d  as  
n e e d e d ;  t h u s  t h e  p r e s s u r e  b a n d s  o v e r  w h i c h  t h e  h e a t e r s  a n d  s p r a y  
c o o l i n g  were a c t i v e  were u n c h a n g e d ,  b u t  t h e  absolute v a l u e s  uE 
t h e  v a r i o u s  s e t p o i n t s  were a d j u s t e d  t o  g i v e  t h e  d e s i r e d  p r i m a r y  
s y s t e m  p r e s s u r e .  

T h e  p r i m a r y  c o o l a n t  pump s p e e d s  were a d j u s t e d  t o  g i v e  t h e  
d e s i r e d  m a s s  f l o w ,  u s i n g  a  s i m p l e  i n t e g r a l  c o n t r o l  f u n c t i o n .  T h i s  
w o r k e d  v e r y  w e l l  o n c e  a  c o d i n g  e r r o r  was  d i s c o v e r e d  a n d  b y p a s s c d .  
S i n c e  t h e r e  a r e  two i d e n t i c a l  p a r a l l e l  pumps i n  t h e  LOFT f a c i l - i t y ,  
w e  h a d  s p e c i f i e d  t h e  pump c u r v e s  f o r  t h e  f i r s t  pump a n d  u s e d  t h e  
" r e f e r - b a c k "  f e a t u r e  w i t h  t h e  s e c o n 6  pump. The c o d e  e r r o r  c a u s e d  
t h e  s e c o n d  pump t o  r u n  a t  a  c o n s t a n t  s p e e d ,  i g n o r i n g  t h e  c o n t r o l  
f u n c t i o n  s p e c i f i e d .  We b y p a s s e d  t h i s  e r r o r  b y  s p e c i f y i n g  t h e  pump 
c u r v e s  twice ,  o n c e  f o r  e a c h  pump. ( T h i s  p r o b l e m  was r e p o r t e d  t o  
t h e  c o d e  d e v e l o p e r s ,  who c o n f i r m e d  t h a t  i t  was a code e r r u r . )  Tllv 
d e s i r e d  m a s s  f l o w  was  a d j u s t e d  s l i g h t l y  w i t h i n  i t s  e x p e r i m e n t a l  
u n c e r t a i n t y  t o  h ? l p  p r o v i d e  g o o d  t e m p e r a t u r e  a g r e e m e n t ;  h o w e v e r ,  
c h a n g e s  i n  m a s s  f l o w  m a i n l y  a f f e c t  t h e  h u t  l e y - c o l d  l e g  t e m p e r a -  
t u r e  d i f f e r e n c e ,  n o t  t h e  a b s o l u t e  v a l u e s  o f  t h e s e  t e m p e r a t u c e s .  
The  r e s u l t i n g  pump s p e e d s  were w i t h i n  1 . 8 %  o f  t h e  a c . t u a l  v a l u e s ,  
v e r i f y i n g  t h a t  t h e  s i n g l e - p h a s e  p r i m a r y  s i d e  p r e s s u r e  l o s s e s  were 
b e i n g  m o d e l e d  w e l l .  

T h c  p r i m a r y  c i d e  c o l d  l e g  t e m p e r a t l . l r ~  i s  ( l e t e r m i n e d  by 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 ,  a n d  h e n c e  t h e  s e c o n d a r y  s i d e  p r e s -  
s u r e .  We w e r e  n o t  a b l e  t o  match but11 t h e s e  p a r a m e t e r s  w i t h i n  t h c  
g i v e n  u n c e r t a i n t i e s  w i t h o u t  m a n i p u l a t i n g  t h e  s e c o n d a r y  s i d e  
h e a t e d  e q u i v a l e n t  d i a m e t e r  ( w h i c h  h e l p s  c o n t r o l  t h e  t e m p e r a t u r e  
g r a d i e n t  a c r o c c  t h e  U - t u b e s ) .  U s i n g  t h e  s t r i c t .  g e o m e t r i c  d e f i n i -  
t i o n ,  t h e  p r i m a r y  s i d e  t e r n p c r a t u r e  would  b e  -5 K t o o  h i g h  f o r  
a g i v e n  s e c o n d a r y  s i d e  p r e s s u r e  a n d  s a t u r a t i o n  t e m p e r a t u r e .  
L o w e r i n g  t h e  e q u i v a l e n t  d i a m e t e r  by a b o u t  a n  o r d e r  o f  m a g n i t u d e  
( a  number l o o s e l y  b a s e d  o n  t h e  U- tube  p i t c h )  r e s u l t e d  i n  c o l d  l e g  
t e m p e r a t u r e s  w i t h i n  t h e  h i g h  s i 2 e  o f  t h e  e x p e r i m e n t a l  l i n c e r t a i n t y  
when t h e  s e c o n d a r y  p r e s s u r e  was s p e c i f i e d  a t  t h e  l o w  e n a  o f  i t s  
u n c e r t a i n t y .  T h i s  d i f f i c u l t y  was  n o t  u n i q u e  t o  t h i s  c a l c u l a t i o n ,  
b u t  h a s  b e e n  r e p e a t e d l y  e n c o u n t e r e d  i n  o u r  a s s e s s m e n t  c a l c u l a -  
t i o n s .  [lo, 11,1.2]  



The secondary c o n t r o l l e r s  a r e  much more d i f f i c u l t  t o  o b t a i n .  
There a r e  a  t o t a l  of four  exper imenta l  secondary s i d e  q u a n t i t i e s  
we want t o  match be fo re  s t a r t i n g  a  t r a n s i e n t :  1) feedwater  f low, 
2 )  steam f low,  3 )  steam dome p r e s s u r e  and 4 )  s team g e n e r a t o r  
l i q u i d  l e v e l .  (One would a l s o  want t o  match t h e  r e c i r c u l a t i o n  
r a t i o ,  i f  i t  were known expe r imen ta l l y . )  These four  q u a n t i t i e s  
m u s t  be matched by c o n t r o l l e r s  on t h e  feedwater  va lve  and steam 
va lve ;  t he  problem i s  t h a t  two c o n t r o l l e r s  m u s t  t r y  t o  match fou r  
computed q u a n t i t i e s .  The d i f f i c u l t i e s  a r e  compounded by coupl ing  
between q u a n t i t i e s  wi th  v a r i o u s  time c o n s t a n t s ,  and by t h e  l ack  
of d e t a i l e d  in format ion  on t h e  secondary s i d e  geometry ( e . g . ,  
b a f f l e  p l a t e  l o c a t i o n  and flow a r e a  r e s t r i c t i o n ) .  

The c o n t r o l l e r s  f i n a l l y  chosen a c t  i n  t h e  fo l lowing  manner: 

1. Steam flow va lve  - This  va lve  i s  c o n t r o l l e d  t o  match t h e  
steam dome p r e s s u r e  us ing  an exponen t i a l  r e l a x a t i o n  scheme. 

2 .  Feedwater va lve  - This  va lve  i s  c o n t r o l l e d  by both  t h e  l i q u i d  
l e v e l  and feedwater  flow. The c o n t r o l l e r  f i r s t  b r i n g s  t h e  
l i q u i d  l e v e l  t o  t h e  d e s i r e d  va lue  and then a t t e m p t s  t o  a d j u s t  
t h e  feedwater  mass flow t o  i t s  s p e c i f i e d  va lue .  I f  t h e  l i q u i d  
l e v e l  d r i f t s  o u t s i d e  of  t h e  al lowed l i m i t s ,  then c o n t r o l  i s  
r e t u r n e d  t o  t h e  l e v e l  c o n t r o l l e r  u n t i l  t h e  d e s i r e d  l e v e l  i s  
r e e s t a b l i s h e d .  

This  s e t  of c o n t r o l l e r s  w i l l  n o t  l e a d  t o  an a b s o l u t e l y  s t e a d y  
s t a t e  s i n c e  t h e  steam flow and feedwater  flow a r e  n o t  fo r ced  t o  
e x a c t  e q u a l i t y .  The r e s u l t  i s  a  slow d r i f t  i n  t h e  l i q u i d  l e v e l .  
With t h e  s e t t i n g s  used i n  our L6-7/L9-2 i n i t i a l i z a t i o n ,  t h i s  
l e a d s  t o  a  c y c l i n g  with a  p e r i o d  of 200 t o  500 seconds ,  as.shown 
i n  F igure  3.1.1. I n  t h i s  c a s e ,  t he  l i q u i d  l e v e l  was al lowed t o  
d r i f t  0.02 mete rs .  

Both t he  steam flow and feedwater  flow v a l v e s  a r e  motor 
va lves  w i t h  c o n s t a n t  stem p o s i t i o n  change r a t e s . ' [ - / ]  I n  t h e  
RELAP5 model, t h i s  g e n e r a t e s  a  minor d i f f i c u l t y  r e l a t e d  t o  t h e  
e x a c t  ba lance  of t h e  two f lows.  The v a l v e s  can be d i r e c t e d  t o  
e i t h e r  open o r  c l o s e  dur ing  any g iven  time c y c l e .  T h i s  means t h a t  
on ly  a  d i s c r e t e  s e t  of p o s i t i o n s  can be o b t a i n e d ,  depending on 
the  s i z e  of t h e  time s t e p .  The l a r g e r  t h e  time s t e p ,  t h e  more 
s e v e r e  t h e  v a l v e  " c h a t t e r "  t h a t  can r e s u l t  when a t t emp t ing  t o  
ba lance  t h e  f lows.  

A g r e a t  d e a l  0,f t ime was needed t o  unders tand t h e  p r o p e r t i e s  
of t h e  c o n t r o l l e r s  and t h e i r  i n t e r a c t i o n s .  The sample c o n t r o l l e r s  
supp l i ed  by I N E L  wi th  t h e  code user  package were of very  l i m i t e d  
v a l u e ;  they cou ld  no t  b r ing  our n o d a l i z a t i o n s  t o  a  s t e a d y  s t a t e .  
Th is  is  one a r e a  where we f e e l  t h a t  t h e  code manual and f a c i l i t y  
d e s c r i p t i o n  need e x t e n s i v e  r e v i s i o n s  and a d d i t i o n s .  



The LOFT s t e a d y - s t a t e  e f f o r t  was a l s o  hampered by s t r a n g e  
behavior  from t h e  s e p a r a t o r  module. I n s t a l l e d  a s  d i r e c t e d  by t h e  
manual a t  t h e  t o p  of  t h e  shroud ( F i g u r e  3 .1 .2a ) ,  t h e  i d e a l  
s e p a r a t o r  would sometimes f i l l  wi th  l i q u i d  and become a  n o i s e  
g e n e r a t o r  (which caused undes i red  r e a c t i o n s  from t h e  steam 
g e n e r a t o r  c o n t r o l  f u n c t i o n s ) .  Renoda l i za t i on  t h a t  pu t  t he  
s e p a r a t o r  a t  t h e  t o p  o f  t h e  downcomer (F igu re  3 .1 .2b ) ,  and 
the reby  a l t e r e d  t h e  i n l e t - o u t l e t  r e l a t i o n s ,  so lved  most of t he  
problems.  

3.2 "Bl ind"  C a l c u l a t i o n  

Two t r a n s i e n t  c a l c u l a t i o n s  were o r i g i n a l l y  planned f o r  
L6-7/L9-2. The f i r s t  was t o  be " b l i n d "  i n  t h a t  t h e  complete t e s t  
r e s u l t s  were n o t  t o  be used t o  s e t  up t h e  c a l c u l a t i o n .  The second 
c a l c u l a t i o n  was t o  be a  normal p o s t - t e s t  s i m u l a t i o n  where a l l  
expe r imen ta l  d a t a  cou ld  be e v a l u a t e d  i n  t h e  i n i t i a l i z a t i o n  
p r o c e s s .  Th i s  p l a n  has  been fol lowed and t h e  r e s u l t s  of t h e  
" b l i n d "  c a l c u l a t i o n  a r e  p re sen t ed  i n  t h i s  s e c t i o n .  (The c a l c u l a -  
t i o n  r e p o r t e d  he re  r e q u i r e d  2 . 1  hou r s  of  CPU time on a  CDC 7600 
f o r  726 seconds  of  t r a n s i e n t ,  o r  a  speed r a t i o  of  about  10 .4 . )  

Th i s  " b l i n d "  c a l c u l a t i o n  cannot  be c l a s s e d  a s  a  p r e - t e s t  
c a l c u l a t i o n .  Our assessment  p r o j e c t  s t a r t e d  a f t e r  t h e  experiment 
was completed on J u l y  31, 1981. I t  a l s o  became obvious  t h a t  t h e r e  
was s u f f i c i e n t  v a r i a t i o n  and u n c e r t a i n t y  i n  t h e  t e s t  c o n d i t i o n s  
t o  render  a  comple te ly  " b l i n d "  or  p r e - t e s t  c a l c u l a t i o n  of l i t t l e  
v a l u e  f o r  code assessment .  We b e l i e v e  t h i s  t o  be t r u e  of  many 
t e s t s  where o p e r a t o r  a c t i o n s  c o n t r o l  t h e  cou r se  of even t s .  

Our f i r s t  c a l c u l a t i o n  used d a t a  from t h e  Experiment o p e r a t i n g  
S p e c i f i c a t i o n  (EOS) [ 4 ]  and a  l i m i t e d  amount of in format ion  from 
t h e  Quick-Look Report  [ 5 ] .  We used t h e  steam mass f low f o r  L6-7 
and t h e  steam dome p r e s s u r e  f o r  L9-2 t o  c o n t r o l  t h e  steam va lve  
and t h e  cou r se  of e v e n t s  dur ing  t h e  t r a n s i e n t ;  both  were taken 
from t h e  Quick-Look Report .  The feedwater  was c o n t r o l l e d  t o  
a t t e m p t  t o  ma in t a in  a  c o n s t a n t  l e v e l  i n  t h e  steam g e n e r a t o r  
downcomer. ( T h i s  i n i t i a l  c a l c u l a t i o n  d i d  no t  i nc lude  env i ron-  
mcnkal h e a t  ~ O G G . )  Some o t h c r  noceEEary i n f s ~ m a t i o n  was obtained 
i n  d i s c u s s i o n s  wi th  I N E L  s t a f f .  I n  some c a s e s ,  s p e c u l a t i o n  was 
neces sa ry .  

A f t e r  t h e  " b l i n d "  c a l c u l a t i o n  was run t o  about  725 seconds ,  we 
r e c e i v e d  t h e  Exper imental  Data Report  [ 6 ] .  The c a l c u l a t e d  r e s u l t s  
which fo l l ow  a r c  compared t o  t h e s e  f i n a l  experimental v a l u e c ,  
which were n o t  a v a i l a b l e  whi le  t h e  c a l c u l a t i o n  was i n  p rog re s s .  
Comparisons of  t h e  c a l c u l a t e d  and t e s t  r e s u l t s  a r e  shown i n  
F i g u r e s  3.2.1 through 3.2.5. (The t e s t  d a t a  i s  l a b e l e d  by t h e  
LOFT d a t a  r eco rd  number and t h e  RELAP5 r e s u l t s  a r e  marked wi th  



t h e  component number). The chronology of e v e n t s  i s  g iven  i n  Table  
3.2.1. I n  g e n e r a l ,  t h e  agreement i s  q u i t e  good through t h e  L6-7 
p a r t  of t he  t e s t  (324 s e c o n d s ) .  A f t e r  t h e  pump t r i p  i n  L9-2, the  
RELAP5 r e s u l t s  show a  c o n s i d e r a b l e  d r i f t  away from t h e  t e s t  d a t a .  
A major reason f o r  t h i s  i s  be l i eved  t o  be t h e  t r ea tmen t  o f  t h e  
broken loop  leakage  f lows ,  a s  d i s c u s s e d  below. 

The ho t  and co ld  l e g  tempera tures  i n  t h e  i n t a c t  l oop  a r e  
shown i n  F igu re s  3.2.1 and 3.2.2, r e s p e c t i v e l y .  A s  a l r e a d y  men- 
t i o n e d ,  t he  agreement i s  q u i t e  good through t h e  L6-7 p a r t  of t h e  
t e s t  ( t h e  f i r s t  324 seconds)  . Both tempera tures  a r e  s l i g h t l y  high 
dur ing  t h i s  p e r i o d ;  we b e l i e v e  t h a t  t h i s  r e s u l t s  from s p e c i f y i n g  
too low a  preprogrammed secondary s i d e  steam flow. (No d e t a i l e d  
pa rame t r i c  s t udy  was done, bu t  l i m i t e d  t e s t i n q  i n d i c a t e d  t9e 
r e s u l t s  were s e n s i t i v e  t o  t h e  i n p u t  flow h i s t o r y . )  Some hea tup  i s  
c a l c u l a t e d  immediately a f t e r  t he  pump t r i p ,  bu t  no t  a s  much a s  
was observed expe r imen ta l l y .  The h o t  l e g  t empera ture  i n  p a r t i c u -  
l a r  shows a  s u s t a i n e d  d e v i a t i o n  from t h e  d a t a  du r ing  L9-2, and 
the  two p l o t s  taken toge the r  show a  much lower t empera ture  
d i f f e r e n c e  a c r o s s  t h e  co re  i n  t h e  c a l c u l a t i o n  than i n  t h e  e x p e r i -  
ment dur ing  t h e  l a t t e r  p a r t s  of t h e  t r a n s i e n t .  The most l i k e l y  
source  of such a  d i sc repancy  i s  too  high a  primary s i d e  mass 
f low,  which t u r n s  o u t  t o  be indeed t h e  c a s e .  

The i n t a c t  loop  mass flow is shown i n  F igu re  3.2.3. The 
exper imenta l  t u r b i n e  meter d a t a  i s  on ly  q u a l i f i e d  u n t i l  t h e  pumps 
were t r i p p e d  a t  324 seconds;  some l i m i t e d  pu lsed  neu t ron  a c t i v a -  
t i o n  ( P N A )  flow meter d a t a  i s  a v a i l a b l e  a t  l a t e r  t imes ,  dur ing  
t he  n a t u r a l  c i r c u l a t i o n  i n  L9-2. I n  t h e  c a l c u l a t i o n  t h e - p r i m a r y  
c o o l a n t  pumps were t r i p p e d  46 seconds  a f t e r  t h e  pressurizer was 
empty, a s  s p e c i f i e d ;  t h i s  occur red  s l i g h t l y  e a r l i e r  i n  t h e  ca l cu -  
l a t i o n  than i n  t h e  exper iment ,  and i s  r e f l e c t e d  i n  t h e  loop  flow. 
Af t e r  the  pump t r i p ,  t he  system went i n t o  a  n a t u r a l  c i r c u l a t i o n  
mode. A s  sugges ted  by t h e  primary s i d e  t empera ture  p l o t s ,  t h e  
n a t u r a l  c i r c u l a t i o n  flow c a l c u l a t e d  du r ing  L9-2 i s  s i g n i f i c a n t l y  
high.  

The i n t a c t  l oop  h o t  l e g  p r e s s u r e  i s  shown i n  F igu re  3.2.4. 
T h e  L6-7 p a r t  of t he  t r a n s i e n t  r e f l e c t s  t h e  same g e n e r a l  
c h a r a c t e r  a s  t h e  temperature  behavior  d i s cus sed  above. The 
c a l c u l a t e d  jump a t  about  250 seconds r e s u l t s  when t h e  l a s t  pure 
l i q u i d  c e l l  i n  t h e  p r e s s u r i z e r  s t a r t s  t o  empty. A f t e r  t h e  pump 
t r i p ,  t h e r e  a r e  s e v e r a l  t h i n g s  t o  be noted.  

The s t e p  i n  t h e  p r e s s u r e  d a t a  a t  about  9  MPa j u s t  a f t e r  300 
seconds occu r s  a s  t h e  flow d e c r e a s e s  t o  t h e  n a t u r a l  c i r c u l a t i o n  
va lue .  This  a l s o  r e p r e s e n t s  a  holdup a t  t h e  s a t u r a t i o n  p r e s s u r e  
corresponding t o  t he  i n i t i a l  s t e a d y  s t a t e  ho t  l e g  and upper 
v e s s e l  t empera ture .  The l a r g e  meta l  s u r f a c e  a r e a  i n  t h e  upper 
v e s s e l  s t r u c t u r e  can e f f e c t i v e l y  g i v e  up i t s  s t o r e d  energy t o  t he  



l i q u i d  o n c e  t h e  f l o w  d e c r e a s e s .  The  c o m b i n a t i o n  o f  t h e  two 
e f f e c t s  r e s u l t s  i n  t h e  p r o n o u n c e d  s-tep. Our f i r s t  m o d e l  was  n o t  
s u f f i c i e n t l y  d e t a i l e d  i n  t h e  u p p e r  v e s s e l  a b o v e  t h e  l o o p  n o z z l e s  
t o  a c c u r a t e l y  t r e a t  t h i s  f e a t u r e .  

A t  a b o u t  600  s e c o n d s ,  t h e  d e p r e s s u r i z a t i o n  r a t e  d e c r e a s e d  
c o n s i d e r a b l y  i n  t h e  t e s t  r e s u l t s .  T h i s  c o r r e s p o n d s  t o  e x t e n s i v e  
f l a s h i n g  i n  t h e  b r o k e n  l o o p  a r o u n d  i t s  i n i t i a l  t e m p e r a t u r e  
( 5 5 9 . 3  K i n  t h e  h o t  l e g  a n d  555 .4  K i n  t h e  c o l d  l e g ) .  T h e  RELAP5 
c a l c u l a t i o n  h a d  a l a r g e  f r a c t i o n  o f  t h e  b r o k e n  l o o p  c o o l i n g  t o  
t e m p e r a t u r e s  c o n s i d e r a b l y  b e l o w  t h e  i n i t i a l  v a l u e s  ( a b o u t  20 K by  
t h e  e n d  o f  L6-7)  d u e  t o  t h e  l e a k a g e  f l o w s  i n  t h e  RABV. The 
r e m a i n i n g  m a s s  i n  t h e  s t a g n a n t  s e c t i o n s  o f  t h e  b r o k e n  l o o p  was 
n o t  s u f f i c i e n t  t o  m a i n t a i n  t h e  p r e s s u r e  l e v e l  s e e n  i n  t h e  d a t a .  
The  " a v e r a g e "  l e a k a g e  f l o w  (1% o f  t h e  i n t a c t  l o o p  f l o w )  i n  o u r  
n o d a l i z a t i o n  was  b a s e d  o n  i ' n f o r m a t i o n  p r e s e n t e d  a t  t h e  INEL LOFT 
m o d e l i n g  w o r k s h o p .  [ 8 j  w e  c o n c l u d e  t h a t  t h e  MBV l e a k a g e  i n  
L6-7/L9-2 was c o n s i d e r a b l y  s m a l l e r  t h a n  t h e  " a v e r a g e "  v a l u e  
q u o t e d .  

T h e  s t e a m  g e n e r a t o r  dome p r e s s u r e  is shown i n  F i g u r e  3 . 2 . 5 .  
F o r  t h e  L9-2 p a r t  o f  t h e  t r a n s i e n t ,  t h i s  v a r i a b l e  was u s e d  by t h e  
c o n t r o l l e r s  t o  c o n t r o l  t h e  s t e a m  f l o w .  T h e  s l i g h t  d r i f t  n e a r  t h e  
e n d  o f  t h e  c a l c u l a t i o n  is a  r e s u l t  o f  m i s r e a d i n g  t h e  s m a l l  g r a p h  
i n  t h e  Q u i c k - L o o k  R e p o r t  a n d  i n s u f f i c i e n t  i n f o r m a t i o n  a b o u t  t h e  
f e e d w a t e r  t e m p e r a t u r e  a n d  steam c o n d e n s e r  b a c k p r e s s u r e  i n  o u r  
d a t a  s o u r c e s .  B o t h  v a r y  r a p i d l y  a f t e r  600 s e c o n d s  i n  t h e  t e s t .  
Some o f  t h e  c o r r e c t  i n f o r m a t i o n  is a v a i l a b l e  i n  t h e  f i n a l  
E x p e r i m e n t a l  D a t a  R e p o r t ,  a n d  c a n  b e  u s e d  i n  p o s t - t e s t  
c a l c 1 1 7 a t . i n n s .  

3 . 3  I n i t i a l  P o s t - t e s t  C a l c u l a t i o n s  
( o e ,  "How t o  G e t  f r o m  Here t o  T h e r e " )  

'I'here were a number of p o s e - e e s e  c a l c u l a t i o n s  p e r f o r m e d  f o r  
LOFT L6-7/L9-2. T h e  f i n a l  s i m u l a t i o n  ( w h i c h  g a v e  v e r y  good  
r e s u l t s )  i s  r e p o r t e d  i n  S e c t i o n  3 .4 .  T h e  c a l c u l a t i o n s  d i s c u s s e d  
i n  t h i s  s e c t i o n  were t h e  f i r s t  o f  t h e  p o s t - t e s t  t r a n s i e n t  
c a l c u l a t i o n s .  T h e s e  c o m p u t a t i o n s  l e d  t o  t h e  d i s c o v e r y  o f  a  number 
o f  m a j o r  p r o b l e m s  w i t h  RELAPS/MODl. S i n c e  o n e  o f  t h e  o b j e c t i v e s  
o f  a n  a s s e s s m e n t  p r o j e c t  i s  t o  d o c u m e n t  d i f f i c u l t i e s  o f  t h i s  
n a t u r e  a n d  t o  s u g g e s t  c o d e  i m p r o v e m e n t s  a n d / o r  a l t e r n a t e  m o d e l i n g  
m e t h o d s ,  w e  a r e  d o c u m e n t i n g  t h e s e  i n t e r m e d i a t e  c a l c u l a t i o n s  i n  
d e t a i l .  O t h e r w i s e ,  t h e y  would  h a v e  b e e n  d i s c a r d e d .  The  g e n e r a l  
c h a r a c t e r  of  t h e  s i m u l a t i o n  is , s i m i l a r  t o  t h e  p r e v i o u s l y  
d i s c u s s e d  " b l i n d "  c a l c u l a t i o n :  g o o d  d u r i n g  L6-7 a n d  p o o r  d u r i n g  
L9-2. 

T h e r e  were s e v e r a l  m i n o r  c h a n g e s  t o  t h e  b o u n d a r y  c o n d i t i o n s  
f o r  t h i s  c a l c u l a t i o n .  The  i n f o r m a t i o n  was t a k e n  f r o m  t h e  



exper imenta l  d a t a  t a p e s .  For t h e  p rev ious  c a l c u l a t i o n ,  t h e  
r equ i r ed  d a t a  was s c a l e d  from sma l l  p l o t s  i n  t h e  Quick-Look 
Report [5] ;. t h i s  included t h e  steam flow r a t e  and t h e  steam dome 
p r e s s u r e .  The former was used t o  c o n t r o l  t h e  steam g e n e r a t o r  
steam va lve  du r ing  L6-7 and t h e  l a t t e r  du r ing  L9-2. The time- 
dependent feedwater  temperature  h i s t o r y  and steam condenser back 
p r e s s u r e  from t h e  d a t a  t ape  were a l s o  included i n  t h e  p o s t - t e s t  
c a l c u l a t i o n s  s i n c e  t h e r e  were l a r g e  and r a p i d  changes du r ing  t h e  
t r a n s i e n t .  The feedwater  va lve  c o n t r o l  was s e t  t o  main ta in  a  
c o n s t a n t  water  l e v e l  i n  t h e  steam gene ra to r  a s  i n  t h e  p rev ious  
c a l c u l a t i o n  excep t  t h e  feedwater  bypass was added i n  L9-2 when 
manual c o n t r o l  was used i n  t h e  exper iment .  

There a r e  a number of l e akage  f low p a t h s  i n  t he  LOFT system. 
A l l  a r e  inc luded  i n  our model with t h e  f lows modeled a s  sugges ted  
dur ing  t h e  LOFT modeling workshop [ 8 ] .  Only one of t h e s e ,  t h e  
r e f l o o d  a s s i s t  bypass va lve  (RABV) f low of about  1% of t h e  i n t a c t  
loop  f low,  was known t o  have caused d i f f i c u l t y  i n  our f i r s t  
c a l c u l a t i o n  ( a s  mentioned i n  S e c t i o n  3 . 2 ) .  F l a sh ing  i n  t h e  broken 
loop  dominates t h e  l a t t e r  s t a g e s  of  L9-2; i f  t h e  f low through 
RABV i s  too g r e a t ,  then t h e  broken loop  c o o l s  a t  t oo  l a r g e  a  r a t e  
and f l a s h e s  a t  too  low a  p r e s s u r e .  For t h i s  t o  occur a s  seen  i n  
the  t e s t  d a t a ,  t h i s  flow m u s t  be much sma l l e r  than 1% of t h e  
i n t a c t  loop  flow i f  t h e  t e s t  d a t a  f o r  t h e  i n i t i a l  t empera tures ' . in  
t he  broken loop  a r e  c o r r e c t .  For t h i s  reason  t h i s  l eakage  pa th  
was e l i m i n a t e d .  

This  seeming minor n o d a l i z a t i o n  change l e d  t o  t h e  d i s cove ry  
of s e v e r a l  code problems r e l a t e d  t o  energy and mass conse rva t ion .  
The d i f f e r e n c e  i s  t h a t  t h e  broken loop  i s  now s t a g n a n t  dur ing  t h e  

.. . 
e a r l y  p a r t  of t h e  t r a n s i e n t .  E r r o r s  from t h e  numerical  methods 
t hus  remain a t  a  s i n g l e  l o c a t i o n  and add toge the r  and grow. The 
smal l  flow i n  t h e  p rev ious  c a l c u l a t i o n  masked t h e  d i f f i c u l t y .  
S ince  t he  broken loop  flow was e l i m i n a t e d  i n  t h i s  c a l c u l a t i o n ,  
very  l i t t l e  should  happen i n  t h e  broken loop  u n t i l  i t  f l a s h e s .  
There should  be a  r e l a t i v e l y  slow d e p r e s s u r i z a t i o n  and a  slow 
cool ing  from t h e  environmental  h e a t  l o s s e s .  Th is  was no t  t h e  
ca se .  The f i r s t  of t h e  d i f f i c u l t i e s  encountered was a  r a p i d  
hea t ing  of one u f  t h e  s t a g n a t e  c e l l s  a s  shown i n  ~ i g u r e  3.3.1. 
Within 40  seconds t h e  c e l l  had hea t ed  t o  s a t u r a t i o n .  G r e a t l y  
dec reas ing  t h e  time s t e p  l e d  t o  some improvement b u t  would no t  
e l i m i n a t e  t h e  problem. (The same problem has  been seen  i n  o t h e r  
LOFT assessment  c a l c u l a t i o n s .  [ l o ] )  

The cause  of t h i s  c e l l  hea tup  was t r a c e d  t o  sma l l  b u t  c y c l i c  
v e l o c i t y  o s c i l l a t i o n s  throughout  t h e  broken loop.  The sou rce  of 
t h e s e  o s c i l l a t i o n s  was u l t i m a t e l y  t r a c e d  t o  t he  use of t h e  a b r u p t  
area c h a r ~ g t !  111ude1 f o r  t h e  l eakage  p a t h s  i n  t h e  v e s s e l  model. T h i s  
was no t  determined u n t i l  a f t e r  t h e  c a l c u l a t i o n  r e p o r t e d  i n  t h i s  
s e c t i o n  was completed and documented i n  q u a r t e r l y  r e p o r t s  and 
review meet ings .  The a b r u p t  a r e a  change model problem w i l l  be 
d i s cus sed  i n  more d e t a i l  a t  a  l a t e r  p o i n t  i n  t h i s  r e p o r t .  



S i n c e  w e  knew w h a t  t h e  r e s p o n s e . o f  t h e  b r o k e n  l o o p  s h o u l d  b e  
u n t i l  w e l l  i n t o  t h e  t r a n s i e n t ,  w e  u s e d  a  t e m p o r a r y  f i x  t o  b y p a s s  
t h e  h e a t u p  p r o b l e m  i n  o r d e r  t o  s t u d y  o t h e r  f e a t u r e s  o f  t h e  c o d e  
a n d  t h e  t r a n s i e n t .  The  j u n c t i o n s  b e t w e e n  c e l l s  4 0 1  a n d  402 a n d  
b e t w e e n  409 a n d  410 were removed  t o  i s o l a t e  t h e  b r o k e n  l o o p  f rom 
t h e  r e s t  o f  t h e  s y s t e m .  C e l l s  4 0 2  a n d  409 were c o n n e c t e d  t o  
t i m e - d e p e n d e n t  v o l u m e s  whose  p r e s s u r e s  were d e t e r m i n e d  b y  
t i m e - s m o o t h e d  a v e r a g e s  o f  c e l l s  4 0 1  a n d  410.  J u s t  b e f o r e  t h e  
p r e s s u r e  d e c r e a s e s  t o  t h e  p o i n t  w h e r e  t h e  b r o k e n  l o o p  would  
f l a s h ,  t h e  b r o k e n  l o o p  was  r e c o n n e c t e d  i n  t h e  n o r m a l  m a n n e r .  T h i s  
p r o c e d u r e  was  s u c c e s s f u l  i n  c o m p l e t e l y  e l i m i n a t i n g  t h e  c e l l  
h e a t u p  p r o b l e m ,  a n d  a l l o w e d  o t h e r  f e a t u r e s  o f  t h e  t r a n s i e n t  t o  b e  
s t u d i e d .  The r e s u l t s  o f  t h e  s i n g l e  c a l c u l a t i o n  p e r f o r m e d  i n  t h i s  
manner  a r e  r e p o r t e d  b e l o w .  I t  d e m o n s t r a t e s  s e v e r a l  a d d i t i o n a l  
p r o b l e m s  w i t h  RELAP5/MODl a n d  o u r  LOFT m o d e l .  T h e s e  o b s e r v a t i o n s  
l e d  t o  t h e  p r o c e d u r e s  u s e d  i n  t h e  much i m p r o v e d  c a l c u l a t i o n  
d e s c r i b e d  i n  t h e  n e x t  s e c t i o n .  

T h e  r e s u l t s  o b t a i n e d  i n  t h i s  manner  a r e  shown i n  F i g u r e s  
3 . 3 . 2  t o  3 . 3 . 5 .  (The  broker1 l o o p  was  r e c o n n e c t e d  a t  499 s . )  The 
h o t  l e g  p r e s s u r e  is  shown i n  F i g u r e  3 . 3 . 2 .    he c a l c u l a t e d  v a l u e s  
a r e  q u i t e  g o o d  u n t i l  t h e  e n d  o f  L6-7 a t  324 s. A f t e r  t h a t  t ime 
t h e  c a l c u l a t e d  p r e s s u r e  i s  c o n s i d e r a b l y  b e l o w  t h e  t e s t  d a t a .  The  
c a l c u l a t e d  b e h a v i o r  i s  s i m i l a r  t o  t h o s e  o b t a i n e d  i n  t h e  " b l i n d "  
s i m u l a t i o n  r e p o r t e d  i n  S e c t i o n  3 . 2 .  

T h e  i n t a c t  l o o p  m a s s  f l o w  is shown i n  F i g u r e  3 . 3 . 3 .  A g a i n ,  
t h e r e  is  g o o d  a g r e e m e n t  w h i l e  t h e  pumps a r e  r u n n i n g  d u r i n g  L6-7.  
A f t e r  t h e  pumps c o a s t  down, t h e  s y s t e m  g o e s  i n t o  a  s i n g l e - p h a s e  
n a t u r a l  c i r c u l a t i o n  mode f o r  t h e  r e s t  o f  t h e  t e s t .  T h i s  f l o w  i s  
t o o  l a r g e  when c o m p a r e d  t o  t h e  PNA f l o w  d a t a  from t h e  t e s t .  The 
t u r b i n e  meter l o o p  f l o w  m e a s u r e m e n t  i s  o n l y  a v a i l a b l e  u n t i l  t h e  
pumps a r c  t r i p p e d .  

F i g u r e  3 . 3 ' 4  s h o w s  t h e  h o t  a n d  cold .leg temQeratures. The  
a g r e e m e n t  is g o o d  d u r i n g  L6-7 a n d  p o o r  d u r i n g  L9-2. The 
c a l c u l a t e d  t e m p e r a t 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 o p s  i s  
a p p r o x i m a t e l y  h a l f  t h a t  shown i n  t h e  t e s t  d a t a .  T h i s  i s  d i r e c t l y  
r e l a t e d  t o  t h e  m a s s  f l o w  d i f f e r e n c e .  Some o f  t h e  d i f f e r e n c e  n e a r  
400 s is b e c a u s e  o u r  LOFT mode l  f o r  t h i s  c a l c u l a t i o n  d o e s  n o t  
h a v e  s u f f i c i e n t  d e t a i l  i n  t h e  u p p e r  v e s s e l  h e a t  s l a b s  t o  mode l  
t h e  l a r g e  a m o u n t  o f  t h i n  m e t a l  s t r u c t u r e s  s u c h  a s  c v n t r v l  r o d  
g u i d e  t u b e s ,  whose  s t o r e d  e n e r g y  i s  y i v e r r  u p  Lo Lhe f l u i d  d u r i n g  
t h e  t i m e  sca le  of i n t e r e s t  h e r e .  

I n  t h i s  t e s t ,  t h e  p r i m a r y  i s  a  c l o s e d  s y s t e m ;  h e n c e ,  t h e  t o t a l  
p r i m a r y  m a s s  s h o u l d  b e  c o n s t a n t .  F i g u r e  3 . 3 . 5  shows  t h e  c o m p u t e d  
t o t a l  p r i m a r y  s y s t e m  m a s s .  T h i s  was c a l c u l a t e d  by a  c o n t r o l  
f u n c t i o n  w h i c h  summed t h e  c o m p o n e n t  m a s s e s  i n  t h e  p r i m a r y  s y s t e m .  
T h i s  i l l u s t r a t e s  t h e  r i o n c o n s e r v a t i v e  f o r m u l a t i o n  o f  t h e  a 



RELAp5/MODl f i n i t e - d i f f e r e n c e  e q u a t i o n s .  The mass e r r o r s  d i d  no t  
seem t o  cause  any major problems u n t i l  a f t e r  750 s .  A t  t h a t  t ime 
r e l a t i v e l y  l a r g e  e r r o r s  were p r e s e n t  i n  t h e  broken l o o p  and 
c o n t r i b u t e d  t o  t h e  r a p i d  d e p r e s s u r i z a t i o n  seen a t  l a t e  t imes  i n  
F igure  3.3.2. 

I n  summary, t h e r e  were s e v e r a l  important  shor tcomings  of 
RELAP5 and our model i l l u s t r a t e d  by t h i s  i n i t i a l  p o s t - t e s t  c a l c u -  
l a t i o n :  

Under some co.ndi t ions  RELAP5 does a  poor job of conserv-  
ing mass and/or energy.  These e r r o r s  can dominate t h e  
t r a n s i e n t  h i s t o r y .  The problem seems t o  l i e  i n  t h e  b a s i c  
fo rmula t ion  of t h e  f i n i l e - d i f f e r e n c e  e q u a t i o n s  and donor 
c e l l  de t e rmina t ion .  The magnitude of t h e  e r r o r s  can vary  
depending on c u r r e n t  c o n d i t i o n s .  I t  i s  u n l i k e l y  t h a t  t h e  
e r r o r s  would have been d e t e c t e d  i n  a  sma l l  break s i t u a -  
t i o n .  In  t h i s  p a r t i c u l a r  c a s e ,  a  method was found t o  
bypass t h e  nonconserva t ive  behavior .  However, i t  should  
be s t r e s s e d  t h a t  t h e  d i f f i c u l t y  is  s t i l l  p r e s e n t  i n  t he  
code. ( A  LOFT sma l l  break t r a n s i e n t ,  L3-6/L8-1, ha s  i n  
f a c t  been analyzed a s  p a r t  of t h e  assessment  p r o j e c t .  
1 1 1 1  The only  problems seen  t h e r e  wi th  t h e  a b r u p t  a r e a  
change model f o r  smal l  l e akage  p a t h s  were s u b s t a n t i a l  
code t ime s t e p  r e d u c t i o n s .  We b e l i e v e  t h e s e  t ime s t e p  
r e d u c t i o n s  would no t  have occur red  i f  t h e  smooth a r e a  
model wi th  l a r g e  l o s s  c o e f f i c i e n t s  had been used 
i n s t e a d .  ) 

2 .  We needed t o  improve our h e a t  s l a b  model i n  t h e  upper 
v e s s e l  v e s s e l  t o  model t h e  r e l a t i v e l y  l a r g e  number of 
t h i n  h e a t  s t r u c t u r e s  such a s  c o n t r o l  rod gu ide  t u b e s .  
These and t h e  reduced flow a f t e r  t h e  pump t r i p  a r e  
r e s p o n s i b l e  f o r  t h e  s t e p  i n  t h e  p r e s s u r e  near  400 s .  

3 .  I t  i s  c l e a r  t h a t  something i s  wrong wi th  t h e  loop  
r e s i s t a n c e  t o  s ing l e -phase  n a t u r a l  c i r c u l a t i o n  f low.  
Other RELAP5 assessment  c a l c u l a t i o n s  have i n d i c a t e d  t . h a t  
t h e  code t r e a t s  t h i s  c o n d i t i o n  c o r r e c t l y .  113,141 The 
on ly  a r e a  of u n c e r t a i n t y  i n  t h e  l oop  modeling is  t h e  
pr imary c o o l a n t  pumps. These models were s u p p l i e d  by t h e  
LOFT exper imenta l  group a t  I N E L  s i n c e  t h e r e  is  no way 
f o r  independent u s e r s  t o  o b t a i n  t h e  d a t a  [ 8 ] .  I t  appears  
t h a t  e i t h e r  t h e  homologous head and to rque  c u r v e s  a r e  i n  
e r r o r  i n  t h e  n a t u r a l  c i r c u l a t i o n  r e g i o n ,  t h e  pump 
i n t e r n a l  form l o s s  c o e f f i c i e n t s  a r e  i n  e r r o r ,  o r  both 
a r e  i n  e r r o r .  

The fo l lowing  changes t o  our model were then made t o  c o r r e c t  
f o r  t h e  above shor tcomings .  These m o d i f i c a t i o n s  r e s u l t e d  i n  t h e  
c a l c u l a t i o n  shown i n  Sec t ion  3.4. 



1. The n o d a l i z a t i o n  i n  t h e  v e s s e l  was c h a n g e d  t o  e l i m i n a t e  
t h e  u s e  o f  t h e  " a b r u p t  a r e a  c h a n g e "  j u n c t i o n  m o d e l  i n  
t h e  d e s c r i p t i o n  o f  v e s s e l  l e a k a g e  p a t h s .  The f l o w  p a t h s  
were m o d e l e d  w i t h  t h e  " s m o o t h  a r e a  c h a n g e "  j u n c t i o n  
m o d e l  a n d  v e r y  l a r g e  f o r m  l o s s  c o e f f i c i e n t s ,  a d j u s t e d  t o  
y i e l d  t h e  c o r r e c t  s t e a d y - s t a t e  l e a k a g e  f l o w s .  T h i s  
c h a n g e  was  s u c c e s s f u l  i n  e l i m i n a t i n g  b o t h  t h e  c e l l  
h e a t u p  p r o b l e m  ( e n e r g y  n o n c o n s e r v a t i o n )  a n d  t h e  b r o k e n  
l o o p  mass l o s s  p r o b l e m .  

2 .  An a d d i t i o n a l  h e a t  s l a b  was  a d d e d  i n  t h e  u p p e r  v e s s e l  t o  
m o d e l  t h e  t h i n  m e t a l  s t r u c t u r e s .  S i n c e  t h e r e  is  n o  
i n f o r m a t i o n  i n  t h e  f a c i l i t y  d e s c r i p t i o n  [3] o n  t h i s  
s u b j e c t ,  t h e  s t r u c t u r e s  were m o d e l e d  a s  i n  a r e f e r e n c e  
INEL i n p u t  d e c k  [15]. 

3 .  The s t a n d a r d  LOFT pump h o m o l o g o u s  h e a d  a n d  t o r q u e  c u r v e s  
a r e  shown i n  F i g u r e s  3.3.6 a n d  3 .3 .7 .  The n a t u r a l  
c i r c u l a t i o n  f l o w  c a n  be d e c r e a s e d  t o  t h e  o b s e r v e d  v a l u e  
by m a k i n g  t h e  change shown  i n  F i q u r e  3 . 3 . 8 .  WiLliuut 
a d e q u a t e  pump c h a r a c t e r i z a t i o n ,  t h e  o n l y  j u s t i f i c a t i o n  
f o r  t h i s  c h a n g e  is t h a t  i t  is n e c e s s a r y  t o  g e t  t h e  
o b s e r v e d  e x p e r i m e n t a l  r e s u l t .  W e  a l s o  i n c r e a s e d  t h e  
c o n s t a n t  term i n  t h e  pump f r i c t i o n  s l i g h t l y  s i n c e  t h e r e  
were i n d i c a t i o n s  t h a t  t h e  pump r o t a t i o n a l  s p e e d  was t o o  
h i g h .  The f o r m  u s e d  f o r  t h e  f r i c t i o n  t o r q u e  c o e f f i c i e n t  
was 

The s t a n d a r d  d e s c r i p t i o n  h a s  0.004 i n s t e a d  o f  0.9 f o r  
t h e  c o n s t a n t  term. I t  a p p e a r s  t h a t  s i m i l a r  m o d i f i c a t i o n s  
were r e q u i r c d  i n  t h c  INEL p o s t - t e s t  c a l c u l a t i o n  f o r  t h i s  
t r a n s i e n t  t o  m a t c h  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  [ 1 6 ] .  

4. The m a s s  o f  w a t e r  i n  t h e  p r e s s u r i z e r  was i n c r e a s e d  
s l i g h t l y  t o  i n c r e a s e  t h e  e m p t y  t i m e .  The  c h a n g e  was  
w i t h i n  t h e  u n c e r t a i n t y  g i v e n  f o r  t h e  i n i t i a l  c o n d i t i o n s .  

. . 

5. 0 1 1 ~  a d d i l i o r ~ a l  change  was mnac to g ~ t  t h e  gnnd  dI2t.a 
c o m p a r i s o n  shown i n  S e c t i o n  3.4. The p r o b l e m  was  
d i s c o v e r e d  d u r i n g  t h e  t e s t  r u n s  t o  c h e c k  t h e  a b o v e  
m o d i f i c a t i o n s .  We f o u n d  i t  n e c e s s a r y  t o  u s e  t h e  
n o n s t a n d a r d  e q u i l i b r i u m  o p t i o n  In t h e  s t a g n a n t  s e c t i v n s  
o f  t h e  b r u k e r ~  l v u p  ( 3 0 7  and 4 1 4  in F i g u r e  2 . 2 ) .  

T h e r e  s h o u l d  b e  a  s l o w  f l o w  o u t  o f  t h e s e  c e l l s  a s  t h e  
s y s t e m  d e p r e s s u r i z e s  i f  o n e  a s s u m e s  o n e - d i m e n s i o n a l  f l o w  
a s  d o e s  R E L l A P 5 .  I n  t h e  a c t u a l  s i t u a t i o n ,  w e  would  e x p e c t  
t o  f i n d  p h a s e  s e p a r a t i o n  In t h e  v e r t i c a l  d i r e c t i v r l  uL 



t h e  h o r i z o n t a l  c o m p o n e n t .  I n  t h i s  c a s e ,  w h e r e  t h e  f l o w s  
a r e  s m a l l ,  t h e  t h e r m o d y n a m i c  e q u i l i b r i u m  m o d e l  s h o u l d  b e  
a n  a d e q u a t e  d e s c r i p t i o n .  I n  t h e  RELAP5 c a l c u l a t i o n ,  w i t h  
t h e  n o n e q u i l i b r i u m  o p t i o n ,  t h e  b e h a v i o r  was f a r  f r o m  
e q u i l i b r i u m  a n d  l e d  t o  t h e  w r o n g  d e p r e s s u r i z a t i o n  r a t e .  
F o r  e x a m p l e ,  F i g u r e  3 . 3 . 9  s h o w s  t h e  f l u i d  h i s t o r y  f o r  
o n e  c e l l  i n  t h e  b r o k e n  l o o p  u s i n g  t h e  s t a n d a r d  n o n -  
e q u i l i b r i u m  o p t i o n .  A l s o  shown  a r e  t h e  s a t u r a t i o n  l i n e  
a n d  t w o  n e a r b y  i s e n t r o p e s  f o r  w a t e r .  T h e  p a t h  t h a t  t h e  
c e l l  s h o u l d  f o l l o w  i s  r o u g h l y  p a r a l l e l  t o  t h e  i s e n t r o p e s  
w i t h  a s l o w  downward  d r i f t  r e s u l t i n g  f r o m  t h e  e n v i r o n -  
m e n t a l  h e a t  l o s s e s .  T h e  movemen t  s h o u l d  b e  f r o m  r i g h t  t o  
l e f t  o n  t h e  p l o t  a s  time i n c r e a s e s .  T h i s  b e h a v i o r  i s  
s e e n  w h i l e  t h e  f l u i d  i s  i n  a  s i n g l e - p h a s e  s t a t e  t o  t h e  
r i g h t  o f  t h e  s a t u r a t i o n  l i n e .  T h e  c a l c u l a t e d  b e h a v i o r  i n  
t h e  t w o - p h a s e  r e g i o ' n  i s  c l e a r l y  w r o n g ,  h o w e v e r .  T h e  
e r r o r s  a r e  v e r y  l i k e l y  r e l a t e d  t o  t h e  m a s s  a n d  e n e r g y  
e r r o r s  d i s c u s s e d  a b o v e .  

F i g u r e  3 . 3 . 1 0  s h o w s  t h e  same c e l l  h i s t o r y  when t h e  c e l l  
u s e s  t h e  n o n s t a n d a r d  e q u i l i b r i u m  o p t i o n .  T h i s  m o d e l  
y i e l d s  p h y s i c a l l y  c o r r e c t  b e h a v i o r  a n d  t h e  c o r r e c t  
s y s t e m  d e p r e s s u r i z a t i o n  r a t e .  T h e  m a i n  c o n c l u s i o n  f r o m  
t h i s  i s  t h a t  when t h e  n o n e q u i l i b r i u m  e f f e c t s  c a l c u l a t e d  
b y  RELAP5 a r e  l a r g e  u n d e r  t h e s e  c o n d i t i o n s ,  t h e y  a r e  . 

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

3 .4  F i n a l  P o s  t - t e s t  C a l c u l a t i o n  

T h e  f i r s t  p o s t - t e s t  c a l c u l a t i o n s  w h i c h  w e  c o m p l e t e d  f o r  
L6-7/L9-2 a r e  d e s c r i b e d  i n  S e c t i o n  3 . 3 .  A number  o f  m o d e l i n g  
c h a n g e s  w e r e  s u g g e s t e d  b y  t h o s e  c a l c u l a t i o n s .  T h e  c a l c u l a t i o n  
g i v e n  i n  t h i s  s e c t i o n  is  t h e  r e s u l t  o f  i n c l u d i n g  a l l  o f  t h e  
m o d i f i c a t i o n s  d i s c u s s e d  i n  S e c t i o n  3 . 3 .  I n  r e a l i t y ,  t h i s  
c o m p u t a t i o n  i s  t o  d e t e r m i n e  how w e l l  RELAP5/EIODl c a n  b e  made  t o  
m a t c h  t h e  e x p e r i m e n t a l  d a t a  w h i l e  s t a y i n g  w i t h i n  t h e  t e s t  
u n c e r t a i n t i e s .  

T h e  c a l c u l a t e d  r e s u l t s  f o r  t h i s  f i n a l  p o s t - t e s t  c a l c u l a t i o n  
a r e  s h o w n  i n  F i g u r e s  3 . 4 . 1  t o  3 . 4 . 9 .  A s  b e f o r e ,  t h e  s o l i d  l i n e s  
r e f e r e n c e  t h e  RELAP5 c o m p o n e n t  n u m b e r s  a n d  t h e  d a s h e d  l i n e s  r e f e r  
t o  t h e  LOFT d a t a  r e c o r d  n u m b e r .  T h e  c h r o n o l o g y  o f  e v e n t s  i s  shown 
i n  T a b l e  3 . 4 . 1 .  

T h e  h o t  l e g  p r e s s u r e  i s  shown  i n  F i g u r e  3 . 4 . 1  a n d  t h e  h d t  a n d  
c o l d  l e g  t e m p e r a t u r e s  a r e  shown  i n  F i g u r e  3 . 4 . 2 .  T h e  i n t a c t  l o o p  
mass f l o w  i s  shown  i n  F i g u r e  3 . 4 . 3 .  T h e  v e r y  s l i g h t  b r e a k  i n  t h e  
s l o p e  n e a r  1 2 0  k g / s  s e e n  i n  b o t h  t h e  c a l c u l a t i o n  a n d  t e s t  d a t a  i s  



a  r e s u l t  of decoupling p a r t  of the  primary coolant  pump flywheel 
a t  slow speeds ( see  Sect ion 3 .6 ) .  The e x c e l l e n t  agreement i n  the  
flow da ta  and hence loop temperatures a f t e r  the  pump t r i p  i s  a  
d i r e c t  r e s u l t  of t h e  modif ica t ion  t o  the pump d e s c r i p t i o n  
d iscussed  i n  Sec t ion  3.3. 

Control  of the  primary system by the  secondary is a  major 
f e a t u r e  of t h e  L6-7/L9-2 t r a n s i e n t .  Much of the  work i n  designing 
the  c o n t r o l  f u n c t i o n s  fo r  RELAP5 was d i r e c t e d  t o  modeling the  
steam genera tor  c o n t r o l s .  I n  our RELAPS model, t he  steam flow 
valve was c o n t r o l l e d  t o  match a  predetermined steam flow u n t i l  
334 s and the  experimental  steam dome pressure  a f t e r  t h a t  time. 
I n  t he  t e s t ,  t he  predetermined steam flow was used fo r  L6-7 and 
manual opera tor  c o n t r o l  was used f o r  L9-2. The ca lcu la ted  and 
t e s t  d a t a  a r e  shown i n  Figure 3.4.4 and 3.4.5. In genera l  these  
c o n t r o l  f u n c t i o n s ,  which used exponent ia l  r e l a x a t i o n  methods, 
were s u c c e s s f u l  i n  t h e i r  design goa l s .  There was some d r i f t  i n  
t he  steam dome p ressure  a f t e r  750 s. The steam valve was f u l l y  
open and the c o n t r o l l e r  l o s t  the  t h r o t t l e  a b i l i t y .  This was 
probably the r e s u l t  of an overes t imate  of the  condenser 
backpressure used a s  a  boundary condi t ion  i n  c e l l  2 4 1 .  T h i s  was 
not  judged t o  be a  s e r i o u s  e r r o r  i n  t he  c a l c u l a t i o n  and no 
a t tempt  was made t o  guess a  lower pressure  h i s t o r y  for  the  
condenser. 

The feedwater valve was c o n t r o l l e d  t o  maintain a  cons tant  
l i q u i d  l e v e l  i n  t h e  steam generator  downcomer. The two con t ro l  
v a r i a b l e s  used t o  record the  l i q u i d  l e v e l s  i n  the downcomer and 
shroud a r e  shown i n  Figure 3.4.6. The feedwater flow i s  shown i n  
Figure 3.1.7. Both the  o a l a u l a t i o n  and the  t e s t  u s e d  the  main 
feedwater valve through L6-7 and the  feedwater bypass valve 
during L9-2. Manual c o n t r o l  of the bypass valve was used i n  the 
t e s t .  

There is one o ther  poin t  concerning the  secondary c o n t r o l  
which needs t o  be discussed.  T h i s  r e l a t e s  t o  the  a b i l i t y  t o  do 
accura te  p r e - t e s t  p r e d i c t i o n s  of slow t r a n s i e n t s  l i k e  L6-7 /L9-2 .  
The EOS [ 4 ]  c a l l e d  fo r  manual c o n t r o l  of the  steam genera tors  
during L9-2. The opera to r s  were t o  maintain a  s p e c i f i e d  rapid  
cooldown r a t e  i n  t he  hot  l eg .  The a c t u a l  cooldown r a t e  ca lcu la ted  
by RELAP5 is  shown i n  Figure 3 .4 .8 .  C lea r ly ,  any c a l c u l a t i o n  
which attempted t o  follow the p r e - t e s t  EOS s p e c i f i c a t i o n s  would 
have l i t t l e  t o  do w i t h  the  r e a l  t e s t .  

, After  t he  pump t r i p  which s t a r t s  L9-2, the  primary system i s  
i n  a  s ingle-phase n a t u r a l  c i r c u l a t i o n  mode. There a r e ,  however, a  
number of p o i n t s  around the system where vapor c o l l e c t s  i n  t he  
c a l c u l a t i o n  a f t e r  about 530 s. Some of these a r e  a r t i f i c i a l  
cond i t ions  generated by the one-dimensional modeling. They can 
lead  t o  computational problems which requ i re  small  t imesteps and 



i n c r e a s e  t h e  c o m p u t a t i o n a l  c o s t .  I n  a d d i t i o n  t o  t h e  p r e s s u r i z e r  
i t s e l f  ( 3 0 1 ) ,  v o i d  a l s o  f o r m s  i n  c e l l s  3 5 0 ,  5 0 1 ,  5 1 2 ,  a n d  a l l  4 0 0  
c e l l s  ( s e e  F i g u r e  2 . 2 ) .  I n  e f f e c t ,  t h e r e  a r e  f i v e  d i f f e r e n t  
p r e s s u r i z e r s  i n  t h e  s y s t e m  a f t e r  5 3 0  s. N u m e r i c a l  n o i s e  a n d  t h e  
lack o f  a  g o o d  l i q u i d / v a p o r  i n t e r f a c e  s e p a r a t i o n  m o d e l  i n  HELAP5 
c a n  c a u s e  " c o n d e n s a t i o n  e v e n t s "  w h e r e  t h e r e  is  a v e r y  r a p i d  
r e v e r s e  f l o w  i n t o  o n e  o f  t h e s e  c e l l s .  T h i s  r e s u l t s  i n  a r a p i d  
c o o l i n g  o f  t h e  v a p o r  a n d  a  s t e p  d e c r e a s e  i n  t h e  p r e s s u r e  a s  shown  
i n  F i g u r e  3 . 4 . 9 .  T h e  p l o t t e d  r e s u l t s  p a s t  9 0 0  s a r e  f r o m  a  
r e s t a r t  o f  t h e  c a l c u l a t i o n  a t  9 0 0  s i n  w h i c h  a n  a t t e m p t  was  made  
t o  i n c r e a s e  t h e  t i m e  s t e p .  E v e r y t h i n g  w e n t  w e l l  u n t i l  t h e  l a r g e  
e v e n t  o c c u r r e d  a t  a b o u t  9 5 0  s .  R e d u c t i o n  o f  t h e  t ime s t e p  
p r o d u c e d  t h e  r e s u l t s  shown e a r l i e r  i n  F i g u r e  3 . 4 . 1 .  ( B o t h  
c a l c u l a t i o n s  u s e d  time s t e p s  c o n s i d e r a b l y  smal ler  t h a n  t h e  
c o d e - c a l c u l a t e d  v a l u e . )  

T h e s e  " c o n d e n s a t i o n  e v e n t s "  a r e  a s e r i o u s  p r o b l e m  w i t h  t h e  
c o d e .  They  a r e  t h e  r e s u l t  o f  t h e  n u m e r i c a l  m e t h o d s  e m p l o y e d  a n d  
h a v e  n o t h i n g  t o  d o  w i t h  r e a l  p h y s i c a l  e v e n t s .  To i l l u s t r a t e ,  
c o n s i d e r  t h e  t e m p e r a t u r e  h i s t o r y  o f  c e l l  5 0 1  shown i n  F i g u r e  
3 . 4 . 1 0 .  ( T h i s  c e l l  i s  t h e  t o p  o f  t h e  downcomer  a b o v e  t h e  c o l d  l e g  
n o z z l e . )  W i t h  t h e  j u n c t i o n s  u s e d  i n  t h i s  n o d a l i z a t i o n ,  c e l l  5 0 1  
i s  n o t  d i r e c t l y  i n c l u d e d  i n  t h e  m a i n  c o l d  l e g / d o w n c o m e r  f l o w  
p a t h .  I t  t e n d s  t o  r e m a i n  n e a r  t h e  i n i t i a l  t e m p e r a t u r e  a n d  f l a s h  
a s  t h e  p r e s s u r e  d e c r e a s e s .  I n  t h i s  c a l c u l a t i o n ,  t h e  f l a s h i n g .  
o c c u r r e d  a b o u t  5 3 0  s. T h e  c e l l  w a s  a b o u t  50  o r  60 K h o t t e r  t h a n  
t h e  r e s t  o f  t h e  downcomer .  A s e r i e s  o f  s m a l l  c o n d e n s a t i o n  e v e n t s  
r e s u l t e d  i n  t h e  t e m p e r a t u r e  h i s t o r y  shown i n  F i g u r e  3 . 4 . 1 0 .  T h e  
time s t e p  h a d  t o  b e  r e d u c e d  t o  c o n t r o l  t h e  s i z e  o f  t h e s e  s t e p s .  
H e n c e ,  t h e y  c a n  a d d  a p p r e c i a b l e  c o s t  t o  a  c a l c u l a t i o n .  

T h e  r e a l  r o o t  o f  t h i s  p r o b l e m  i s  a s h o r t c o m i n g  o f  t h e  
c o m p o n e n t  m o d e l s  a v a i l a b l e  i n  RELAP5. T h e  q u e s t i o n  is  how t o  
m o d e l  a p i p e  " t e e "  when o n e  o f  t h e  tee  e n d s  i s  c l o s e d  o f f .  T h e  
two p o s s i b l e  o p t i o n s  w i t h  RELAP5 a r e  shown  i n  F i g u r e  3 . 1 . 1 1  a n d  
c a n  l e a d  t o  q u i t e  d i f f e r e n t  r e s u l t s .  I t  s h o u l d  b e  n o t e d  t h a t  w e  
h a v e  u s e d  b o t h  f o r m s  i n  o u r  n o d a l i z a t i o n  o f  LOFT. C e l l  5 0 1  u s e s  
o p t i o n  A w h i l e  t h e  u p p e r  v e s s e l  u s e s  o p t i o n  B. Under  d i f f e r e n t  
c o n d i t i o n s ,  e i t h e r  f o r m  c a n  l e a d  t o  i n c o r r e c t  b e h a v i o r .  A t  t h i s  
t i m e ,  w e  recommend o p t i o n  B  s i n c e  i t  y i e l d s  less n u m e r i c a l  
p r o b l e m s .  O p t i o n  A t e n d s  t o  i s o l a t e  a c e l l  f r o m  t h e  r e s t  o f  t h e  
p r o b l e m .  T h i s  a r ea  s h o u l d  b e  c o n s i d e r e d  by  t h e  c o d e  d e v e l o p e r s  
f o r  p o s s i b l e  d e v e l o p m e n t  o f  a new c o m p o n e n t  t y p e .  

3 . 5  C o m p u t a t i o n a l  S p e e d  

T h e  f i n a l  L6-7/L9-2 c a l c u l a t i o n ,  r u n  w i t h '  RELAP5/MODl/CYCLE18 
( w i t h  t h e  a d d i t i o n a l  INEL u p d a t e s  d e s c r i b e d  i n  A p p e n d i x  I I I ) ,  
r e q u i r e d  2 . 1 4  h o u r s  o f  CPU time o n  a CRAY-1 t o  r u n  a  t o t a l  o f  
1 0 0 0  s e c o n d s  o f  p r o b l e m  t i m e  a s  shown i n  F i g u r e  3 . 5 . 1 .  T h i s  



yields an average speed ratio of -7.7:.1. There were 61292 
successful time steps and only 277 repeated time steps. The small 
number of repeated time steps is the result of user reduction of 
the time step through the L9-2 part of the calculation as shown 
in Figure 3.5.2. Since there are 181 cells in the nodalization, 
the average grind time is 0.0007 CPU seconds/(cell-time step). 
These execution statistics are summarized in Table 3.5.1. 

Earlier runs with cycle 14 on a CDC CYBEP76 showed a similar 
execution speed when adjusted for hardware differences. The 
CRAY-1 version of RELAPS, which has not been vectorized, executes 
about twice as fast as the CEC version. 

In the final calculation, the code determined the time step 
for the first 500 seconds; user control was necessary after that 
time. The calculation slowed down near 100 seconds due to a 
slight reduction of the Courant limit in the pumps. (RELAP5 only 
allows factor-of-two changes in the time step, as discussed in 
detail for other assessment calculations. [11,17]) There was 
also a short pericd of speed increase after the pumps were 
tripped at 324 seconds. When void started to form in the primary, 
it was necessary to limit the time step deo ex machina to avoid 
the condensation events discussed in Section 3.4. In the earlier 
computations, which used the abrupt area change model for the 
vessel leakage paths, it was necessary to control the time step 
by user input throughout the entire transient. 

3.6 Codc Modifioationc 

In order to correctly model a flywheel clutch on the LOFT 
primary pumps, INEL recommended that the following update be made 
to RELAP5: 

  his was done by including a new input card in RELAP5 to avoid 
separate code versions for the various assessment. projects. 

Other code modifications included the standard set of  edit 
and QA modifications used in 311 Sandia thermal/hydraulic code 
projects. There were no changes in these calculations that modify 
any of the physics of the models. 



Table 3.1.1 

Steady-State Parameters for L6-7/L9-2 

Loop Mass Flow (kg/s) 

Hot Leg Pressure (MPa) 

Intact Loop Hot Leg Temperature (K) 

Intact Loop Cold Leg Temperature (K) 

Broken Loop Hot Leg Temperature (K) 

Broken Loop Cold Leg Temperature (K) 

Core Power (MW) 

S.G. Secondary Temperature (K) 

S.G. Secondary Pressure (MPa) 

S.G. Secondary Mass Flow (kg/s) 

Pressurizer Fluid Mass (kg) 

Primary Pump Speed (rad/s) 

Measured 

483.7+2.6 - 

14.75+0 - .ll 

576.+0.3 - 

556.+1.0 - 

559.3+2.6 - 

555.4+2.6 - 

49.0+1.2 - 

543.3+0.9 - 

5.51+0.08 - 

25 .O+O - .6 

341.0+14 - .O 

336.7+3.3 - 



T a b l e  3 . 2 . 1  

C h r o n o l o g y  o f  E v e n t s  f o r  LOFT L6-7/L9-2 " B l i n d "  C a l c u l a t i o n  

E v e n t  

L6-7 I n i t i a t e d  

M e a s u r e d  RELAP5 
( s )  ( s )  

R e a c t o r  Scrammed 7 . 3 5 0 . 1  7 . 3  

P r e s s u r i z e r  Heaters O f f  75 .5+1 .0  - 7 5 . 5  

P r e s s u r i z e r  Empty  - - 2 7 8 , 0 2 3 . 0  2 6 9 . 4  

P r i m a r y  Pumps T r i p p e d  
t o  S t a r t  L9-2 324 .0+2 .0  - 3 1 5 . 4  

C o o l a n t  F l a s h i n g  O u t s i d e  
P r e s s u r i z e r  ( B r o k e n  L o o p )  595 .0+2 .0  - 450 .0  



Table 3.4.1 

Chronology of Events for LOFT L6-7/L9-2 Final Calculation 

Event 

L6-7 Initiated 

Reactor Scrammed 

Pressurizer Heaters Off 

Pressurizer Empty 

Primary Pumps Tripped 
to Start L9-2 

Coolant Flashing Outside 
Pressurizer (Broken Loop) 

Measured 
( s )  



T a b l e  3 . 5 . 1  

E x e c u t i o n  S t a t i s t i c s  f o r  L6-7/L9-2 F i n a l  C a l c u l a t i o n  

P r o b l e m  Time 

CPU Time (CRAY-1) 

Number o f  C y c l e s  

Number of Volumes  

Number of J u n c t i o n s  

Number o f  Heat S l a b s  

G r i n d  Time 



Figure 3.1.1 Cycling of Steam Generator Liquid Level 
during Steady State 
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I S T E A M  D O M E  I S T E A M  D O M E  om 

F i g u r e  3 - 1 . 2  Steam G e n e r a t o r  S e p a r a t c r  C ~ n f i g u r a t i o n s  
(Opt i ,on  B i s  recommended) 



F i g u r e  3 .2 .1  B l i nd  C a l c u l a t i o n  Hot L e g  Temperature  
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Figure 3.2.2 Blind Calculation Cold Leg Temperature 
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F i g u r e  3 . 2 . 3  B l i n d  C a l c u l a t i o n  I n t a c t  Loop Mass Flow 



LOFT L 6 - 7 I L 9 - 2  I BL I N 0  

F i g u r e  3 . 2 . 4  B l i n d  Calcula t ior .1  H o . L  Ley P r e s s u r e  



LOFT L 6 - 7 / L 9 - 2  ( B L I N D )  

T I M E  I S )  

F i g u r e  3 . 2 . 5  B l i n d  C a l c u l a t i o n  Steam G e n e r a t o r  Dome 
P r e s s u r e  ( t h e  E x p e r i m e n t a l  Data  was Used 
a s  a  Code Boundary C o n d i t i o n  a f t e r  334 
Seconds )  
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E'igure 3.3.1 Calculated Broken Loop Temperatures 
Demonstrating Rapid Cel-l Heatup Problem 



LOFT L 6 - 7 / L 9 - 2  

3 .  C O O  

F i g u r e  3 . 3 . 2  Hot Leg P r e s s u r e  ( I n i t i a l  P o s t - t e s t  
C a l c u l a  Liori) 



L O F T  L 6 - 7 / L 9 - 2  

F i g u r e  3 . 3 . 3  Intact Loop Mass F l o w  ( I n i t i a l  Post-.test 
C a l c u l a t i u n )  
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Figure 3.3.4 Intact Loop Hot and Cold Leg Temperatures 
(Initial Post-test Calculation) 



Figurc 3.3.5 Total Primary Mass (Initial Post-test 
Calculation) 
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a = u / u  ( S P . E E D  R A T . 1 0  1 
0 = T  ;T ( T O R Q U E  R A T I O )  

hi l  r 
h = H / H  ( H E A D  R A T I O  ) 
v = Q / Q ~  r ( F L O W  R A T  1 0  1 

Figure 3.3.6 LOFT Primary Pump Homologous Head Curves 
from INEL; Natural Circulation Occurs Near 
the Point of Zero Rotational Speed on the 
Lowest Curve at 0,-.67 
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Figure 3.3.7 LOFT Primary Pump Homologous Torque 
Curves from INEL 



a = w / w  ( S P E E D  R A T I O )  
B = T  ;T ( T O R Q U E  R A T I O )  

h y  r 
h = H / H  ( H E A D . R A T 1 0 )  
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L O F T  PUMP HOMOLOGOUS,HEhD CURVES 

Figure 3.3.8 LOFT Primary Pump Homologous Head Curves 
as Modified for this Project; Natural 
Circulation Occurs Near the Point of Zero 
Rotational Speed on the Lowest Curve at 
0,-3 (This Set of Curves is the Same as 
  hose Shown in Figure 3.3.6 Except for 
One Point) 
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Figure 3.3.9 Cell 4140l.0000 Temperature-density History 
Using the Standard Nonequilibrium option; 
This Illustrates Nonphysical Behavior (The 
Correct Physical Behavior is shown in 
Figure 3.3.10) 



Figure 3.3.10 Cell 414010000 Temperature-density History 
Using the Nonstandard Equilibrium Option; 
this Illustrates the Correct Physical Behavior 
with the Track of the Cell Going from Right to 
Left as Time Increases 
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L O F T  L 6 - 7 / L 9 - 2  

~ i g u r e  3 . 4 . 1  H o t  Leg P r e s s u r e  ( F i n a l  P o s t - t e s t  
c a l c u l a t i o n )  



Figure 3.4.2 Intact Loop Hot and Cold Leg Temperatures 
(Final Post-tes t Calculation) 



F i g u r e  3 . 4 . 3  I n t a c t  Loop  ass F l o w  ( F i n a l  P o s t - t e s t  
C a l c u l a t i o n )  



L O F T  L . 6 - 7 / ~ 9 - 2  
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F i g u r e  3 . 4 . 4  Steam G e n e r a t o r  D o m e  P r e s s u r e  ( F i n a l  P o s t -  
t e s t  C a l c u l a t i o n ) ;  t h e  E x p e r i m e n t a l  Da ta  
w a s  Used as a Code Boundary C o n d i t i o n  a f t e r  
3 3 4  Seconds  



F i g u r e  3 .4 .5  Steam Gene ra to r  Steam Flow ( F i n a l  Pos t -  
t e s t  C a l c u l a t i o n )  ; CNTRLVAR 842 i s  t h e .  
V a 1 , u e  C a  1  CII  1  a t .ed hy RET,APS a n d  C:NTRL,VAK 843 
i s  t h e  Exper imenta l  Data Used a s  a  Code 
Boundary Cond i t i on  b e f o r e  334s (and n o t  
d e f i n e d  a f t e r  t h a t  t i m e )  
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Figure 3.4.6 Steam Generator Liquid Levels (Final 
post-test Calculation): CNTRLVAR 863 
is the Downcomer Level and.CNTRLVAR 864 
is the Shroud Level 



Figure 3.4.7 Steam Generator Feedwater Flow 
(Final Post-test Calculation) 



Figure 3 . 4 . 8  Hot Leg Co~ldown Ratc (Final Post-test 
Calculation); the Experimental Specifi- 
cations during L9-2 were 350 K/hr 
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F i g u r e  3 . 4 . 9  P r e s s u r e  S t e p  R e s u l t i n g  from a  "Condensat ion  
Event"  a t  950  Seconds 



L O F T  L 6 - 7 / L 9 - 2  
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F i g u r e  3 . 4 . 1 1  o p t i o n s  f o r  Modeling of a P i p e  " T e e "  w i t h  
RELAP5 (These  Forms Apply t o  Downcomer and 
Upper V e s s e l  P i p e  C o n n e c t i o n s ) ;  Opt ion  B 
i s  recommended from t h i s  S tudy b e c a u s e  o f  
Numerical  Problems w i t h  Opt ion  A ,  b u t  
 onp physical Behavior  c a n  r e s u l t  from 
E i t h e r  O p t i o n  



LOFT L 6 - 7 / L 9 - 2  
8.000 

F i g u r e . 3 . 5 . 1  CRAY-1 CPU Time u s e d  f o r  L6-7/L9-2 
( F i n a l  P o s t - t e s t  C a l c u l a t i o n )  



Figure  3.5.2 Time Step  Used f o r  L6-7/L9-2 . ( F i n a l  Post-  
t e s t  C a l c u l a t i o n ) ;  t h i s  R e f l e c t s  User 
Cont ro l  Except f o r  t h e  Per iod  from 324 t o  
500 Seconds 



One of the main conclusions from this study is that 
RELAPS/MODl can be made to describe nearly all of the features of 
LOFT transient L6-7/L9-2. However, careful selection of boundary 
conditions and code options is required to obtain good agreement. 
The selection of parameters with apparent equal validity can 
yield poor results. This is especially true for long-term fea- 
tures of the transient. This is not necessarily a reflection on 
RELAP5 per se. It simply states that slow transients with rela- 
tively large test uncertainties are not good code assessment 
candidates (unless numerous recalculations are planned and 
budgeted for) . 

This series of simulations of L6-7/L9-2 was one of the first 
calculations started in the RELAP5 assessment project though a 
number of other calculations have already been completed and 
documented. The entire series of L6-7/L9-2 calculations covered 
several code versions and two computer systems (CDC and CRAY). A 
g.enera1 complaint about RELAP5 is in order. 

RELAP5 is a very computer-dependent code as written. In 
particular, it is written for the CDC CYBER 176 and will not run 
on any other computer without extensive recoding effort. This 
includes both the CDC CYBER 76 and the CDC 7600. Both of these 
appear identical to the CYBER 176 in a software sense, but the 
CYBER 176 has a much larger small core memory (SCM) than the 
CYBER 76 or 7600. RELAP5 makes full use of this extra memory and, 
as a result, will not execute a reasonable size problem on either 
the CYBER 76 or 7600. Extensive use of "exotic" programming 
techniques makes the conversion difficult. Approximately two or 
three man months of a very good programmer's time is required for 
the conversion and check out. Conversion to more modern hardware, 
such as a CRAY-1 or CDC CYBER 205, is an even more expensive 
task. Six man months might be a good estimate; each new set of 
updates requires more time for conversion. This feature is of 
some importance to the NRC since no group that does NRC calcula- 
tions has a CYBER 176 except INEL. The other laboratories have 
7 6 0 0 ' ~ ~  CYBER 76's and CRAY-1's. Only modern systems such as the 
CRAY-1 and CYBER 205 will be available in a few years as obsolete 
hardware is phased out. 

We would suggest that the code be converted to a hardware 
independent form as quickly as possible. Fortran 77 provides a 
convenient method for this conversion. [18] Extensive studies as 
a part of the MELCOR code development project have shown that 
this can be done with very little overhead. [19] The same code 
can be made to operate efficiently on all computers of interest 
from a VAX 11/780 to a CRAY-1 with a little planning. 

There are a number of conclusions that can be reached about 
the models used in RELAP5/MODl from this particular assessment 
calculation: 



1. There is l i t t l e  i f  any d i f f e r e n c e  i n  RELAPS/MODl c y c l e  
1 4  and c y c l e  18 r e s u l t s  f o r  t h i s  c a l c u l a t i o n .  However, 
some of t h e  m o d i f i c a t i o n s  t o  go from 1 4  t o  1 8 ,  such a s  
an improved accumulator  model, were no t  used i n  t h i s  
t r a n s i e n t .  

2 .  The t ime- s t ep  c o n t r o l s  a r e  inadequa te  when e x t e n s i v e  
two-phase flow i s  p r e s e n t .  T h i s  r e s u l t  has  been seen i n  
n e a r l y  a l l  of t h e  RELAPS assessment  p r o j e c t  c a l c u l a -  
t i o n s .  [10,13,14]  The d i f f i c u l t y  can,  of c o u r s e ,  be 
bypassed by user  i n p u t  and h i n d s i g h t .  

3. We encounte red  d i f f i c u l t i e s  whi le  t r y i n g  t o  match both 
t h e  pr imary and secondary exper imenta l  c o n d i t i o n s  i n  the  
s t e a d y  s t a t e  c o n f i g u r a t i o n .  I t  was neces sa ry  t o  reduce 
t h e  hea t ed  e q u i v a l e n t  d iamete r  on t h e  o u t s i d e  of t h c  u 
Lubes al.1~1 ier7uce the secondary p r e s s u r e  t o  t h e  lowcr 
bound of t h e  expe r imen ta l  d a t a .   his problem has  been 
encounte red  i n  t h e  m a j o r i t y  of our a s s e ~ s m e n t  c a l c u l a -  
t i o n s .  [10,11,12]  The d i f f i c u l t y  does no t  appear t o  be 
unique t o  RELAP5 s i n c e  a  s i m i l a r  r e s u l t  has  been docu- 
mented wi th  TRAC [20] . Thi s  sugges t s  t h a t  t h e  h e a t  
t r a n s f e r  c o r r e l a t i o n  being used i n  t h e  steam g e n e r a t o r  
Tor t he  o u t s i d e  of a  tube  bundle i s  i n  e r r o r  f o r  t h i s  
a p p l i c a t i o n .  The hea ted  e q u i v a l e n t  d iameter  m u s t  be used 
a s  a  parameter  t o  g e t  t h e  " r i g h t "  answer. I t  seems t h a t  
t h e  a p p r o p r i a t e  va lue  f o r  t h e  o u t s i d e  s u r f a c e  is approxi-  
mately  t h e  same a s  t h e  geome t r i ca l  va lue  f o r  t h e  i n s i d e  
of t h e  tube r e g a r d l e s s  of t h e  o u t s i d e  geometry. 

4 .  The s e p a r a t o r  module i n  HELAPS/MODl needs t u  be 
improved. We have never been a b l e  t o  g e t  t h i s  component 
t o  g i v e  s a t i s f a c t . o r y  behavior  when i n s t a l l e d  a s  d i r e c t e d  
i n  t h e  manual. T h e r e  is  a tendency Tur tile s e p a r a t o r  t o  
f i l l  w i t h  l i q u i d .  When i n v e r t e d  a s  d i s cus sed  i n  Sec t ion  
3 . 1 ,  i t  can be made t o  g i v e  a c c e p t a b l e  r e s u l t s .  However, 
i t  is  s t i l l  t h e  weak l i n k  i n  modeling of t h e  secondary.  

5 .  T h e  c o n t r o l  f u n c t i o n  modules of t h e  code needs s e v e r a l  
a d d i t i o n a l  o p t i o n s ,  I n  p a r t i c u l a r ,  a d e c i s i o n  f ~ . ~ n c t . i . o n  
( " I F "  s t a t e m e n t )  should  be added. A t  f i r s t  g l a n c e ,  i t  
would appear t h a t  t h i s  f u n c t i o n  could  be t r e a t e d  by t h e  
t r i p  l o g i c  a l r e a d y  i n  t h e  code. However, t h e  c o n t r o l  
f u n c t i o n  a n d  t r i p  e v a l u a t i o n s  can no t  be l o g i c a l l y  mixed 
h e c a u ~ c  of evaluation o r d e r .  T h i s  makes  some of t h e  
c o n t r o l  l o g i c  more complcx and awkward than i s  necessary  
wi th  t h e  extended des ign .  



6. Problems caused by t h e  modeling of smal l  f low p a t h s  wi th  
t h e  " ab rup t  a r e a  change" model a r e  documented i n  d e t a i l  i n  
S e c t i o n  3.3. This  d i f f i c u l t y  was encountered e a r l y  i n  t h i s  
s t u d y  and r epo r t ed  i n  d e t a i l  t o  t h e  code deve lope r s .  I t  
appea r s  t h a t  a  new j u n c t i o n  op t ion  has  been developed f o r  
RELAP5/MOD2 a s  a  r e s u l t  o f  t h i s  and s i m i l a r  s t u d i e s .  
However, t h e  problem has  n o t  been c o r r e c t e d  i n  any v e r s i o n  
of MOD1. A b a s i c  r u l e  f o r  MOD1 is  n o t  t o  use t h e  ab rup t  
a r e a  change model f o r  j u n c t i o n s  with a  flow a r e a  l e s s  than  
about  1/100-th of t h e  a d j a c e n t  volume a r e a ;  use t h e  smooth 
a r e a  change model and a  l a r g e  form l o s s  c o e f f i c i e n t ,  
i n s t e a d .  

7 .  RELAPS/MODl can have l a r g e  mass and/or energy conse rva t ion  
e r r o r s .  This  has  been r e p o r t e d  i n  o t h e r  RELAP5 assessment  
r e p o r t s .  [10,13]  There appea r s  t o  be a  problem i n  t h e  
b a s i c  f i n i t e - d i f f e r e n c e  fo rmula t ion  r e l a t e d  t o  v e l o c i t y  
r e v e r s a l .  In  t h i s  p a r t i c u l a r  c a l c u l a t i o n ,  t h e  problem was 
e l i m i n a t e d  when t h e  l eakage  path  modeling was changed ( s e e  
i tem 6  above) .  However, t h e  e x a c t  sou rce  of  t h e  conser -  
v a t i o n  e r r o r s  was n o t  l o c a t e d ;  i t  was bypassed.  The l o g i c  
e r r o r s  which a l low t h e  mass and energy e r r o r s  a r e  s t i l l  
p r e s e n t  i n  t h e  code. S t agnan t  s e c t i o n s  o f  p i p i n g  i n  a  
two-phase s t a t e  a r e  a  t r o u b l e  s p o t  f o r  mass e r r o r s .  These 
same s e c t i o n s  of p i p i n g  can show energy e r r o r s  du r ing  
s ing l e -phase  c o n d i t i o n s .  We have seen l a r g e  f r a c t i o n s  o f  
t h e  f l u i d  mass i n  a  p ipe  van ish  whi le  t h e r e  was almost  no 
f low o u t  of t h e  end of t h e  p ipe .  

8. The l a s t  h a l f  of t h e  t r a n s i e n t ,  L9-2, had numerous 
wcondensa t ion  e v e n t s " .  The f e a t u r e  i s  of numerical  n a t u r e  
and has  nothing t o  do wi th  any r e a l  p h y s i c a l  p roces s .  The 
behavior is  t h e  r e s u l t  of two f a c t o r s ;  an inadequa te  p i p e  
t e e  model and t h e  l ack  of a  good method of t r e a t i n g  t h e  
i n t e r f a c e  between h o t  vapor and coo l  l i q u i d  wi th  g r a v i t y  
s e p a r a t i o n .  D e t a i l s  a r e  g iven  i n  Sec t ion  3.4. The user  can 
reduce t h e  magnitude of t h e  problem by a  c o n s i d e r a b l e  
r e d u c t i o n  of t h e  time s t e p .  However, t h i s  is  expensive  i n  
terms of computat ion t ime.  In  t h i s  L6-7/L9-2 c a l c u l a t i o n ,  
t h e  t o t a l  computat ion t ime a f t e r  500 s was i n c r e a s e d  by a t  
l e a s t  a  f a c t o r  of two i n  o rde r  t o  avoid  t h e s e  numerical  
e v e n t s .  Add i t i ona l  code models a r e  r e q u i r e d  t o  c o r r e c t  t h e  
d i f f i c u l t y .  

9. The code e r r o r  r e l a t e d  t o  t h e  pump " r e f e r - b a c k "  i n p u t  
o p t i o n  should  be c o r r e c t e d  i n  t h e  r e l e a s e  v e r s i o n  of t h e  
code a s  d i s cus sed  i n  S e c t i o n  3.1. 
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APPENDIX I FACILITY DESCRIPTION 

T h e  L o s s - o f - F l u i d  T e s t  (LOFT) f a c i l i t y  [ 3 ]  i s  l o c a t e d  a t  t h e  
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  a n d  s u p p o r t e d  b y  t h e  NRC. 
T h e  f a c i l i t y  i s  a  50  M W t  p r e s s u r i z e d  w a t e r  r e a c t o r  (PWH) w i t h  
i n s t r u m e n t a t i o n  to'  m e a s u r e  a n d  p r o v i d e  d a t a  o n  t h e  t h e r m a l /  
h y d r a u l i c  c o n d i t i o n s  d u r i n g  a  p o s t u l a t e d  a c c i d e n t .  T h e  g e n e r a l  
p h i l o s o p h y  i n  s c a l i n g  c o o l a n t  v o l u m e s  a n d  f l o w  a r e a s  was  t o  u s e  
t h e  r a t i o  o f  t h e  LOFT c o r e  p o w e r  ( 5 0  M W t )  t o  a  t y p i c a l  PWR core 
( 3 0 0 0  M W t ) .  T h e  e x p e r i m e n t a l  a s s e m b l y  i n c l u d e s  f i v e  m a j o r  s u b -  
s y s t e m s :  t h e  r e a c t o r  v e s s e l ,  t h e  i n t a c t  l o o p  ( s c a l e d  t o  r e p r e s e n t  
t h r e e  o p e r a t i o n a l  l o o p s ) ,  t h e  b r o k e n  l o o p ,  t h e  b lowdown s u p p r e s -  
s i o n  s y s t e m  a n d  t h e  e m e r g e n c y  core  c o o l i n g  s y s t e m  ( E C C S ) .  A 
summary o f  t h e  LOFT p r i m a r y  v o l u m e  d i s t r i b u t i o n  is g i v e n  i n  T a b l e  
A I . l .  

T h e  LOFT c o n f i g u r a t i o n  f o r  L6-7/L9-2 is  shown  i n  F i g u r e  A I . l .  
T h e  b lowdown s u p p r e s s i o n  s y s t e m  ( w h i c h  c o n s i s t s  o f  t h e  b lowdown 
s u p p r e s s i o n  t a n k  ( B S T ) ,  t h e  BST h e a d e r ,  t h e  n i t r o g e n  p r e s s u r i -  
z a t i o n  s y s t e m  a n d  t h e  BST s p r a y  s y s t e m )  was n o t  u s e d  i n  t h i s  
e x p e r i m e n t .  ECC i n j e c t i o n  ( f r o m  t w o  a c c u m u l a t o r s ,  a n d  H P I S  a n d  
L P I S )  was i n h i b i t e d  i n  L6-7 /L9-2 ,  t o  a l low v o i d  f o r m a t i o n  i n  t h e  
p r i m a r y  c o o l i n g  s y s t e m .  

T h e  i n t a c t  l o o p ,  shown i n  F i g u r e  A I . 2 ,  s i m u l a t e s  t h r e e  l o o p s  
o f  a commercial f o u r - l o o p  PWR a n d  c o n t a i n s  a s t e a m  g e n e r a t o r ,  two 
p r i m a r y  c o o l a n t  pumps  i n  p a r a l l e l ,  a , p r e s s u r i z e r ,  a v e n t u r i  f l o w -  
m e t e r  a n d  c o n n e c t i n g  p i p i n g .  

T h e  c o o l a n t  l e a v e s  t h e  r eac to r  v e s s e l  o u t l e t  n o z z l e  t h r o u g h  
1 4 - i n .  S c h e d u l e  1 6 0  p i p i n g  a n d  proceeds t o  t h e  s t e a m  g e n e r a t o r  
i n l e t  t h r o u g h  a v e n t u r i  f l o w m e t e r .  T h e  steam g e n e r a t o r  i n l e t  is  
s l i g h t l y  h i g h e r  t h a n  t h e  r e a c t o r  v e s s e l  o u t l e t  n o z z l e .    he p i p i n g  
e n t e r i n g  a n d  l e a v i n g  t h e  steam g e n e r a t o r  i s  1 6 - i n .  S c h e d u l e  1 6 0 .  
A f t e r  d r o p p i n g  t o  t h e  l e v e l  o f  t h e  r e a c t o r  v e s s e l  n o z z l e s ,  i t  
p r o c e e d s  i n t o  a  1 4 - i n .  r e d u c e r  a n d  t h e n  down i n t o  a t e e .  A t  t h i s  
p o i n t ,  t h e  p i p i n g  b r a n c h e s  i n t o  two 1 0 - i n .  S c h e d u l e  1 6 0  l i n e s  a n d  
proceeds t o  t h e  pump i n l e t s .  A 1 0 - i n .  S c h e d u l e  1 6 0  p i p e  c o n n e c t s  
t h e  pump o u t l e t s  t o  a t e e ,  a t  w h i c h  p o i n t  t h e  l o o p  b e c o m e s  1 4 - i n .  
S c h e d u l e  1 6 0  p i p i n g  j o i n i n g  t h e  r e a c t o r  v e s s e l  i n l e t .  A b r i e f  
summary  o f  t h e  i n t a c t  l o o p  p i p i n g  is  g i v e n  i n  F i g u r e  A I . 3  a n d  
T a b l e  A I . 2 .  

T h e  p r e s s u r i z e r  i n c l u d e s  a  v e r t i c a l  c y l i n d r i c a l  p r e s s u r e  
v e s s e l ,  i m m e r s i o n - t y p e  e l e c t r i c a l  h e a t e r s ,  a  s u r g e  n o z z l e ,  
p r e s s u r e  r e l i e f  a n d  s p r a y  n o z z l e s .  T h e  s u r g e  l i n e  c o n n e c t s  t o  t h e  
p r i m a r y  c o o l a n t  l o o p  b e t w e e n  t h e  f l o w  v e n t u r i  a n d  t h e  r e a c t o r  
v c s s c l .  T h c  s p r a y  l i n e  c o n n c c t ~  t o  t h e  p r i m a r y  c o o l a n t  s y s t e m  
d o w n s t r e a m  o f  t h e  pump d i s c h a r g e .  P r e s s u r e  i s  i n c r e a s e d  b y  
e n e r g i z i n g  t h e  e l e c t r i c  i m m e r s i o n  h e a t e r s  a n d  d e c r e a s e d  b y  s p r a y  



flow of r e l a t i v e l y  c o o l  pr imary c o o l a n t  i n t o  t h e  steam space.  The 
p r e s s u r i z e r  is  d e s c r i b e d  i n  F igu re  A I . 4 ,  whi le  t h e  s u r g e  l i n e  
p i p i n g  is summarized i n  F igu re  AI.5 and Table AI.3. 

The steam g e n e r a t o r  is a  v e r t i c a l  s h e l l  and U-tube 
r e c i r c u l a t i o n - t y p e  h e a t  exchanger wi th  primary c o o l a n t  f low i n  
t h e  tube  s i d e  and secondary c o o l a n t  i n  t h e  s h e l l  s i d e .  The steam 
g e n e r a t o r ,  l o c a t e d  between t h e  r e a c t o r  o u t l e t  and pr imary c o o l a n t  
pump s u c t i o n ,  is  e l e v a t e d  such t h a t  i t s  e n t i r e  pr imary volume 
w i l l  t end  t o  d r a i n  i n t o  t he  r e a c t o r  v e s s e l .  O r i f i c e s  a r e  
i n s t a l l e d  i n  t h e  i n l e t  and o u t l e t  p l ena  t o  s c a l e  pr imary flow 
through the  i n t a c t  loop  f o r  s i m u l a t i o n  of PWR response  t o  a  LOCA. 
P e n e t r a t i o n s  i n  t h e  s h e l l  a r e  provided f o r  t h e  steam o u t l e t ,  
feedwater  i n l e t ,  t op  and bottom blowdown, l e v e l  c o n t r o l ,  d r a i n -  
i n g ,  and pr imary c o o l a n t  i n l e t  and o u t l e t .  The steam g e n e r a t o r  i s  
shown i n  F igu re  AI.6 and some steam gene ra to r  de s ign  paramete rs  
a r e  g iven  i n  ~ a b l e s  A I . 4  and AI.5. 

The broken loop ,  shown i n  F igu re  AI.7,  c o n s i s t s  of a  ho t  l e g  
and a  c o l d  l e g  t h a t  a r e  connected t o  t h e  r e a c t o r  v e s s e l  and t h e  
EST header .  Eaoh l c g  o o n ~ i ~ t c  of  a  brcak p lane  o r i f i o c ,  s quiok- 
opening blowdown v a l v e ,  an i s o l a t i o n  v a l v e ,  and connec t ing  p ip-  
ing .  R e c i r c u l a t i o n  l i n e s  e s t a b l i s h  a  smal l  flow from t h e  broken 
l o o p  t o  t h e  i n t a c t  l oop  and a r e  used t o  warm up t h e  broken loop  
p r i o r  t o  exper iment  i n i t i a t i o n .  The broken loop  ho t  l e g  a l s o  
c o n t a i n s  a  s imu la t ed  steam g e n e r a t o r  and a  s imula ted  pump. A 
b r i e f  summary of t h e  broken loop  p i p i n g  is g iven  i n  F igu re  AI.8 
and Table  AI.6. (For exper iment  L6-7/L9-2, t h e  steam g e n e r a t o r  
and pump s i m u l a t o r s  were n o t  a t t a c h e d  t o  t h e  broken loop ,  bu t  
were r e p l a c e d  by a  b l i n d  f l a n g e . )  The r e f lood  a s s i s t  bypass 
system (RABS), designed t o  a f f o r d  e x t r a  p r o t e c t i o n  t o  t h e  LOFT 
system du r ing  an a c t u a l  LOCA o r  u n d e s i r a b l e  t r a n s i e n t s  dur ing  a  
LOCE, c ro s s - connec t s  t h e  14 - in .  p o r t i o n s  of t h e  broken loop  ho t  
and c o l d  legs v i a  two 10- in .  g a t e  v a l v e s  i n  a  p a r a l l e l  system. 
These v a l v e s  a r e  s p e c i f i e d  t o  be c l o s e d  dur ing  planned e x p e r i -  
ments; however, some l eakage  does  occur.  

The LOFT r e a c t o r  v e s s e l ,  shown i n  F igure  AI.9, has  an annula r  
downcomer, a  lower plenum, upper and lower c o r e  s u p p o r t  p l a t e s ,  a  
nuc l ea r  c o r e  and an upper plenum. The v e s s e l  volume d i s t r i b u t i o n  
is g iven  i n  Table  AI.7, and t h e  meta l  mass p r e s e n t  is  summarized 
i n  Table  AI.8. The s t a t i o n  numbers i n  F igure  AI.9 a r e  exp la ined  
i n  Table  AI.9. 

The r e a c t o r  v e s s e l  i t s e l f  i s  a  v e r t i c a l  s t a i n l e s s  s t e e l .  c l a d ,  
low a l l o y  s t e e l  c y l i n d e r  w i t h  a  s e m i - e l l i p t i c a l  bottom head and a 
f l a n g e d ,  b o l t e d  two-piece t o p  head.  The v e s s e l  has  two primary 
c o o l a n t  i n l e t  and o u t l e t  nozz l e s  i n  t he  same p l ane  above the  
c o r e ;  they a r e  d i a m e t r i c a l l y  o p p o s i t e  and prov ide  t h e  i n t e r f a c e  



between the  primary c o o l a n t  and t h e  r e a c t o r  sys tems.  The c o r e  
suppor t  b a r r e l ,  a  s i n g l e  s t a i n l e s s  s t e e l  s t r u c t u r e ,  i s  a  
c y l i n d r i c a l  b a r r e l  with a  heavy t o p  f l a n g e  whose shou lde r  r e s t s  
on t h e  r e a c t o r  v e s s e l ;  t h e  f l a n g e  i s  a l s o  counte rbored  t o  a c c e p t  
t h e  upper c o r e  suppor t  p l a t e  assembly. The c y l i n d r i c a l  s e c t i o n  of 
t h e  c o r e  b a r r e l  has  approximately  an 0.76 m ( 30 - in )  I D ,  4.6 m 
( 1 5 . 1 - f t )  l eng th  and 0.04 m ( 1 . 5 - i n )  wa l l  t h i c k n e s s .  O u t l e t  
nozz l e s  i n  t he  co re  b a r r e l  a r e  a l i g n e d  with t he  r e a c t o r  v e s s e l  
o u t l e t  nozz l e s .  An i n t e r i o r  shou lde r  a t  t h e  lower end of t h e  
b a r r e l  s u p p o r t s  t h e  lower c o r e  s u p p o r t  s t r u c t u r e .  The c o r e  
suppor t  b a r r e l  forms the  i n s i d e  of t h e  annula r  -downcomer, 
s e p a r a t e s  t h e  i n l e t  from t h e  o u t l e t  c o o l a n t ,  and a l s o  s e r v e s  a s  
t h e  o u t s i d e  of t h e  c y l i n d r i c a l  o u t l e t  plenum above t h e  c o r e .  

The c o r e  suppor t  s t r u c t u r e  c o n s i s t s  of t h r e e  a s sembl i e s :  t h e  
upper co re  suppor t  p l a t e ,  t he  upper c o r e  suppor t  t ubes  and the  
lower c o r e  suppor t  s t r u c t u r e .  The upper c o r e  suppor t  p l a t e  is a  
0.99 m ( 3 9 - i n )  d i ame te r ,  0.18 m ( 7 - i n )  t h i c k  p l a t e  made of Type 
304 s t a i n l e s s  s t e e l ,  b o l t e d  t o  a  l edge  i n  t h e  c o r e  s u p p o r t  
b a r r e l .  I t  has a  0.23 m ( 9 - i n )  square  ho le  i n  t h e  c e n t e r  (which 
prov ides  a c c e s s  f o r  t he  replacement  of t h e  c e n t e r  f u e l  module) 
and four  c i r c u l a r  ho l e s  ( f o r  passage  of c o n t r o l  rod s h a f t s ) .  The 
lower c o r e  suppor t  s t r u c t u r e ,  s e a t e d  on t h e  i n t e r i o r  l edge  of t h e  
c o r e  suppor t  b a r r e l ,  is made of Type 304 s t a i n l e s s  s t e e l .  I t  is  
b a s i c a l l y  a  t h r e e - p l a t e  assembly surrounded by a  c y l i n d r i c a l  
s h e l l  with an o u t s i d e  diameter  approximately  t h e  same a s  t h e  
i n s i d e  diameter  of t h e  c o r e  s u p p o r t  b a r r e l  ( t h e  lower c o r e  
suppor t  s k i r t ) .  Support  f o r  t h e  t h r e e  p l a t e s  is  provided by t h e  
c y l i n d e r  and inner  s t r u c t u r a l  columns. The upper ( c o r e  mounting) 
p l a t e  is  38 mm (1-1/2- in)  t h i c k  and has 2 4  round flow d i s t r i b u -  
t i o n  h o l e s .  The i n t e r m e d i a t e  ( d i f f u s e r )  p l a t e  a c t s  a s  a  d i f f u s e r  
t o  improve c o o l a n t  d i s t r i b u t i o n  t o  t he  c o r e ;  i t  is  0.025 m ( 1 - i n )  
t h i c k  and is  suppor ted  on ly  by t h e  i n t e r i o r  s t r u c t u r e  (columns) .  
The flow pa ths  f o r  t he  c o o l a n t  a r e  through 1543 h o l e s  i n  t h e  
p l a t e  and 154 h o l e s  through t h e  lower co re  s u p p o r t  s k i r t .  The 
bottom c o r e  suppor t  p l a t e  has  a  0.76 m (29.96- in)  o u t s i d e  diame- 
t e r  and a  0.11 m (4 .22- in )  t h i c k n e s s .  Coolant  flow through t h e  
bottom p l a t e  is through f i v e  0.15 m ( 6 - i n )  squa re  h o l e s  and foiir 
0.1 m ( 3 .9 - in )  c i r c u l a r  ho l e s .  

The flow s k i r t  and co re  f i l l e r  assembly a r e  cons ide red  a s  one 
assembly due t o  t h e  s i m i l a r i t y  of purpose and des ign .  The c o r e  
f i l l e r  i s  f a b r i c a t e d  by b o l t i n g  r e l a t i v e l y  sma l l  s e c t i o n s  t o  the  
flow s k i r t .  The flow s k i r t  and c o r e  f i l l e r  a s sembl i e s  c o n s i s t  of 
t h r e e  subassemblies  which s t a c k  v e r t i c a l l y  t o  form a  s t r u c t u r e  
t h a t  l i n e s  t h e  l e n g t h  of t he  c o r e  suppor t  b a r r e l  above t h e  lower 
c o r e  suppor t  s t r u c t u r e .  Core f i l l e r  subassembl ies  have t h e  same 
i eng th  a s  t h e  flow s k i r t  s e c t i o n s  and a r e  permanently a t t a c h e d  t o  

, them. The f i l l e r s  occupy t h e  volume between t h e  f low s k i r t  and 
the  f u e l  assembly envelope.  Coolant  bypass channe ls  a r e  provided 
through and around t h e  flow s k i r t  c o r e  f i l l e r  t o  l i m i t  t h e  
temperature  r i s e  i n  t h i s  assembly due t o  nuc lear  h e a t i n g .  



T h e  p u r p o s e  o f  t h e  r e a c t o r  v e s s e l  f i l l e r s  is t o  d i s p l a c e  
e x c e s s  c o o l a n t  i n  t h e  i n l e t  a n d  downcomer  r e g i o n s  t o  m a i n t a i n  a  
r a t i o  of water i n  t h e  i n l e t  a n d  downcomer  t o  t h a t  i n  t h e  c o r e  a n d  
p r i m a r y  s y s t e m  s i m i l a r  t o  t h a t  i n  a PWR; t h e  f i l l e r s  a l s o  s e r v e  
t o  d i s t r i b u t e  i n l e t  c o o l a ' i i t  a n d  ECC downcomer  f l o w .  T h e  f i l l e r  
a s s e m b l i e s  f o r m  t h e  o u t e r  e d g e  o f  t h e  a n n u l a r  downcomer  r e g i o n s .  
A 0 . 0 5  m ( 2 - i n )  t h i c k  a n n u l u s  is  f o r m e d  w i t h  t h e  c o r e  s u p p o r t  
b a r r e l  e x c e p t  i n  t h e  n o z z l e  r e g i o n  w h e r e  a 0 . 0 8 9  m ( 3 . 5 - i n )  t h i c k  
by  0 . 6 9  m ( 2 7 - i n )  h i g h  a n n u l u s  i s  f o r m e d .  T h i s  l a r g e r  a n n u l u s  
l i n k s  t h e  t w o  i n l e t  n o z z l e s  a n d  a c t s  a s  a m a i n  f l o w  d i s t r i b u t i o n  
c h a n n e l .  A t h i n  [ 6 . 4  mm ( 0 . 2 5 - i n ) ]  s e c o n d a r y  a n n u l a r  downcomer  is  
f o r m e d  by  t h e  c l e a r a n c e  b e t w e e n  t h e  f i l l e r  a s s e m b l y  a n d  t h e  
r e a c t o r  v e s s e l .  

T h e  f l o w  h a s  s e v e r a l  p a t h s  a v a i l a b l e  when i t  e n t e r s  t h e  
r e a c t o r  v e s s e l .  T h e  m a i n  f l o w  p a t h  i s  a r o u n d  t h e  d i s t r i b u t o r  
a n n u l u s ,  down t h e  d o w n c o m e r ,  t h r o u g h  t h e  c o r e ,  a n d  o u t  t h e  o u t l e t  
n o z z l e s .  T h e r e  a r e  s e v e r a l  a l t e r n a t e  p a t h s  a v a i l a b l e  w h i c h  d o  n o t  
d i r e c t  t h e  c o o l a n t  t h r o u g h  t h e  c o r e ;  t h - e s e  a r e  termed c o r e  b y p a s s  
p a t h s .  F l y u r t !  A f . 1 0  s h u w s  t h e  ~ e a c t o r  f l o w  p a t h s  s c h e m a t i c a l l y .  
T h e r e  a r e  f i v e  p o s s i b l e  c o r e  b y p a s s  f l o w  p a t h s  ( p a t h s  1 t h r o u g h  
5 )  a n d  o n e  p a t h  ( p a t h  6 )  w h i c h  a l l o w s  c o m m u n i c a t i o n  b e t w e e n  t h e  
c o r e  a n d  a  b y p a s s  p a t h .  T h e s e  a r e  shown  a n d  n u m b e r e d  i n  F i g u r e  
AI .9  a n d  d e t a i l e d  i n  F i g u r e  A I . l l .  P a t h  1 a l l o w s  c o o l a n t  t o  f l o w  
b e t w e e n  t h e  l i p  a t  t h e  b o t t o m  o f  t h e  c o r e  s u p p o r t  b a r r e l  a n d  t h e  
l o w e r  c o r e  s u p p o r t  p l a t e .  From t h e r e  i t  t r a v e l s  b e t w e e n  t h e  l o w e r  
c o r e  s u p p o r t  s t r u c t u r e  a n d  t h e  c o r e  b a r r e l  u p w a r d s  t o  t h e  b o t t o m  
o f  t h e  f l o w  s k i r t ,  t h e n  t r a v e l s  i n  t h e  a n n u l u s  b e t w e e n  t h e  c o r e  
b a r r e l  a n d  s u p p o r t  s k i r t  t o  t h e  t o p  o f  t h e  s u p p o r t  s k i r t  a n d  i n t o  
t h e  h o t  l e g  n o z z l e  r e g i o n .  P a t h  2  a l l o w s  c o o l a n t  w h i c h  h a s  g o n e  
t h r o u g h  t h e  l o w e r  c o r e  s u p p o r t  s t r u c t u r e  t o  f l o w  u n d e r n e a t h  t h e  
c o r e  f i l l e r  b l o c k s  a n d  i n  t h e  g a p  b e t w e e n  t h e  f i l l e r  b l o c k s  a n d  
t h e  f l o w  s k i r t  o r  i n  t h e  g a p s  b e t w e e n  t h e  t i l l e r  b l o c k s .  T h i s  
p a t h  h a s  t h e  o p p o r t u n i t y  t o  c o m m u n ~ s a t ~  w i t h  t h e  core  a t  s t a t i o n  
1 7 3 . 2 3 6 .  T h e  c o o l a n t  e n t e r i n g  p a t h  2 w i l l  e i t h e r  f l o w  i n  t h e  f l o w  
s k i r t - f i l l e r  b l o c k  g a p s  t o  t h e  t o p  o f  t h e  u p p e r  f l o w  s k i r t  o r  
c o m m u n i c a t e  w i t h  t h e  c o r e  f l o w  a t  t h e  l o w e r  t o  i n t e r m e d i a t e  f l o w  
s k i r t  m a t i n g  o r  t h e  i n t e r m e d i a t e  t o  u p p e r  f l o w  s k i r t  m a t i n g .  P a t h  
3  a l l o w s  c o o l a n t  t o  f l o w  f r o m  t h e  downcomer  d i r e c t l y  I n t o  t h e  
c o r e  s u p p o r t  b a r r e l - f l o w  s k i r t  a n n u l u s .  A f t e r  t h e  c o o l a n t  e n t e r s  
t h e  c o r e  s u p p o r t  b a r r e l - f l o w  s k i r t  a n n u l u s ,  i t  f l o w s  u p w a r d  t o  
t h e  t o p  o f  t h e  f l o w  s k i r t  a n d  i n t o  t h e  h o t  l e g  n o z z l e  r e g i o n .  
P a t h  4  a l l o w s  c o o l a n t  t o  f l o w  f r o m  t h e  c o l d  l e g  n o z z l e  r e g i o n  
d i r e c t l y  t o  t h e  h o t  l e g  n u z z l e  r e y i u n .  T h e  c u u l d r ~ t  I l u w s  i n  t h e  
g a p  b e t w e e n  t h e  r e a c t o r  v e s s e l  f i l l c r  b l o c k s  a n d  t h e  r e a c t o r  
v e s s e l  a n d  t h e n  t h r o u g h  t h e  g a p  b e t w e e n  t h e  c o r e  s u p p o r t  b a r r e l  
h o t  l e g  n o z z l e  a n d  t h e  r e a c t o r  v e s s e l  i n t o  t h e  h o t  l e g  n o z z l e  
a rea .  P a t h  5  a l l o w s  c o o l a n t  t o  f l o w  f r o m  t h e  c o l d  l e g  n o z z l e  
r e g i o n  i n t o  t h e  u p p e r  p l e n u m .  T h e  c o n t r o l l i n g  f l o w  a r e a s  a n d  
t h e i r  e q u i v a l e n t  d i a m e t e r s ,  a s  w e l l  a s  t h e  n o m i n a l  f l o w  r a t e s  i n  
e a c h  b y p a s s ,  a r e  g i v e n  i n  T a b l e  A I . l O .  



The 1.68 m (5.5-ft) core used in LOFT is designed to have the 
same physical, chemical and metallurgical properties as those in 
PWRs. It is also designed to provide thermal/hydraulic 
relationships, mechanical response, and fission product release 
behavior during the LOCEs and ECC recovery which are representative 
of PWRs during a LOCA. The core contains 1300 unpressurized nuclear 
fuel rods arranged in five square (15 x 15) assemblies and four 
triangular (corner) assemblies, shown in Figure AI.12. The center 
assembly is highly instrumented. Two of the corner and one of the 
square assemblies are not instrumented. The fuel rods have an 
active length of 1.67 m and an outside diameter of 10.72 mm. The 
fuel consists of UO-2 sintered pellets with an average enrichment 
of 4.0 wt% fissile uranium (U-235) and with a density that is 93% 
of thearetica density. The fuel pellet diameter and length are 
9.29 and 15.24 mm, respectively. Both ends of the pellets are 
dished with the total dish volume equal to 2% of the pellet 
volume. The cladding material is Zircaloy-4. The cladding inside 
and outside diameters are 9.48 and 10.72 mm, respectively. 



Figure AI.1 LOFT Configuration for L6-7/L9-2 
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Figure A I . 2  LOFT S y s t e m  -- Intac t  Loop 



Figure PI.3 Intact Loop Pipinu 



THERMAL-HYDRAULIC DATA -- PRESSURIZER 
- - 

Parameter _ _ - - _-Value 

Normal operating pressure 15.51 HPa (2250 psig) 

Noi-inal operating temperature 617 K (650°F) 

Normal va r i a t i on  i n  pressure 

operatingIa J 

~ c c u r a c ~ [ ~  

Pressurizer valume 

Steam volume 

L iqu id  volune 

Vol ume/W(t) 

+O. 10 HPa (215 ps ia)  - 
+O. 31 HPa (245 psia)  - 
0.96 m3 (34 ft3) 

Maximum heater input  by heaters 48 kW 

Continuous spray f low 0.03 l / s  (0.5 gpm) 

Spray ra te  (maximum) 1.26 1/s (20 gpm) 

Spray nozzle d i f f e r e n t i a l  pressure a t  0.13 MPa (20 psid)  
maximum spray ra te  and 555 K (540°F) 

[a] The er ror  band of the pressure transducers i s  20.310 HPa (+45 psia); 
however, the transducers are cepeatable w i th in  0.103 HPa (115 psia) .  

I INEL-A-0698 

F i q u r e  A I . 4  P r e s s  u r i  z e r  Geometrv 



Pressurizer surge line routing. 

Figure AI.5 Pressurizer S u r q e  Line 3 o u t i n g  
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Figure AI.6 Steam Generator Schematic 
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Figure AI.7 LOFT System -- Broken Loop 



Figure A I . 8  Broken Loop Piping 
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Figure AI.9 Reactor Vessel Showing Core Bypass Paths 



57.7 in. 
reactor vessel inside diameter 

Figure AI.10 Reactor Vessel Schematic With F l o w  Paths 



Figure AI.ll Core Bypass Details  

80 



Fuel module types 

ule designation index 

@ Guide tube 
0 Fuel rod 
0 Neutron source 

Thermocouple (196) 
o Thermocouple lower tie plate (17) 

Dummy thermocouple 
Nel~tron flux detector, fixed (4) 
Neutron flux scan (4) 

0 Conductivity liquid level detector ( 

Figure AI.12 LOFT Core Configuration and Instrumentation 



Table AI.l 

LOFT VOLUME D l  STRI BUTION [a] 

Parameter 

Reactor Vessel 

Downcomer reg i on 

Vessel to f i l l e r  gap 

Distribution annulus 

Above bottom of nozzles 
Below bottom of nozzles 

Downcomer annu 1 us 

Lower pl  enum 

Below core support structure 
Within lower core support 
Above lower core support to 
active core 

Core 

Core bypass 

Upper plenum 

Reactor vessel total 

Intact loop 

Hot leg from reactor vessel t o  
steam generator in1 e l  

Steam generator plenums and  tubes 

Pump suction p i p i n g  

Pumps 

Cold leg from pump outlet to 
reactor vessel 

Pressurizer 

Pressurizer surge 1 i ne 

Intact loop total 



Table AI. 1 (Cont inued)  

Parameter 

Broken loop 

From reactor vessel to center1 ine 
of joint A including hot leg side 
of reflood ass i s t  bypass system 

From reactor vessel to center 1 i ne 
of joint C including cold leg side 
of reflood ass i s t  bypass system 

Spool piece 

S imul ator section 

From joint F to isolation valve 
From joint B to  isolation valve 

Broken loop total  

Total system liquid 

Total system volume 

Suppression system 

Tank (w/downcomers) 

Header 

2.61 92 (23 each) 
(0.65 each) 

Downcomers inside tank (4)  

0.99 34.8 (8.7 each) 
(0.24 each) 

Downcomers between tank 
and headers (4 )  

Accumulator A l ine volumes 

Accumulator A to cold leg 
Accumulator A to lower plenum 
Accumulator A to downcomer 

Borated water storage tank 102.22 (3610) 

[a] These volumes represent the best knowledge of the system a t  this  
time- (September  1 9 8 0 ) .  

[b] The system i s  defined as the intact loop p i p i n g  and components,' the 
reactor vessel, and the broken loop piping and components u p  to the 
break pl anes. 

[q Includes pressuiizer' gas volume of 0 .33  m3 (11.7 f t3 ) .  



Table A I . 2  In tac t  Loop Piping Geometry 

Elevat ion 2 
(Stat ion)  O i m t e r  (m) Area (m ) Flow Length ( m l  

~ e f  ." 
~ c s c r t v t t o n  p iece t o  ~ x i t  -- 

VO 1 ume 
Ent ry  E x i t  E n t r l  E x i t  En t ry  i t  (rn3) 

Core ba r re l  nozzle 0.351 0.736 

Vessel nozzle 0.526 1.262 

14-in. Sch 160 1.322 2.584 

14-in. Sch 160 
45O LR e l b w  0.419 3.003 

14-In. Sch 160 0.719 3.722 

Ventur l  0.965 4.688 

14-in, Sch 160 
900 SR r lbuw 8.559 5.246 

14-in. Sch 160 0.195 5.441 

16 rr 14-in. 
Sch 160 reducer 0.356 5.797 

16-in. 
Sch 160 38O elbow 0.270 6.066 

16-in: Sch 160 0.260 6.327 

SGC i n l e t  plenum 0.630 6.956 

SC s t r a i g h t  tube 2.135 9.091 

SG curved tube 0.899 9.990 

$G s t r a i gh t  tube 2.135 12.125 

SG o u t l e t  plenum 0.630 12.754 

16-in. Sch 160 
52O elbow 0.369 13.123 

16 x 14-in. 
Sch 160 reducer 6.356 13.479 

14-in. Sch 160 0.511 13.990 

14-in. Sch 160 
90° SR elbow 0.559 14.548 ' 

14-in. Sch 160 0.622 15.171 

l b i n .  Sch 160 t e e  
Main run  (pump 1)  0.439 15.609 

Branch run  (pump 2) 0.439 0.439 

14-in. Sch 160 
go0 SR elbow 0.559 16.168 



T a b l e  A I .  2 ( c o n t i n u e d )  

Eleva t ion  2 
f l o w  Length (my ( S t a t i o n )  Diameter (rn) Area (rn ) 

Vo 1 ume ~ e f . ~  Vo 1 ume 

 NO.^ Desc r ip t i on  Piece t o E x i t  E n t r y  E x i t  En t ry  Exit E n t r y  E x i t  (m3) -- 
14 x 10-in. 
Sch 160 reducer 0.330 

10-in. Sch 160 0.292 

Pump 1 0.457 

10. in.  Sch 160 0.203 

10-in. Sch 160 
45O LR e l  bow 0.299 

10-in. Sch 160 0.799 

10 x 14-in. 
Sch 160 reducer 0.330 

14-in. Sch 160 
90° SR elbow 0.559 

14 x 10-in. 
Sch 160 reducer 0.330 

i0 - i n .  Sch 160 0.292 

Pump 2 0.457 

10-in.  Sch 160 
90° SR elbow 0.399 

14 x 10-in. 
Sch 160 tee  
Main run  (pump 1)  0.559 

Branch r u n  (pump 2) 0.424 

14-in. Sch 160 0.217 

3 7 14-in. Sch 160 
90° SR e l  bow 0.559. 20.213 264.00 264.00 0.284 0.284 0.0634 0.0634 0.0354 

38 14-in. Sch 160 0.194 20.408 264.00 264.00 0.284 0.284 0.0634 0.0634 0.0123 

3 9 14-ln. Sch 160 
45O LR elbow 0.419 20.827 264.00 264.00 0.284 0.284 0.0634 0.0634 0.0266 

40 14-in. Sch 160 1.412 22.239 264.00 264.00 0.284 0.284 0.0634 0.0634 0.0917 

4 1 Vessel nozz le  0.526 22.765 264.00 264.00 0.284 0.284 0.0634 0.0634 0.0336 

42 Vessel f i l l e r  0.224 22.988 264.00 264.00 0.286 0.286 0.0641 0.0641 0.0143 

a. The volume numbers correspond t o  the  c i r c l e d  numbers i n  F i g u r e  A I . 3 .  

b. Ref. - Reference a t  c e n t e r l i n e  o f  r e a c t o r  vessel. see F i g u r e  A 1  . 3. 

c. SG - steam generator. 



Table AI.3 Pressurizer Surge Line Component Identification 

Section I0 
Centerl ine Metal Flow F l u i d  Surface ~ o u l  ~ a l e n t [ ~ '  

Length Weight 2Area2 2Area Length 
~ o c a t i o n [ ~ ]  Oescript ion [n ( f t ) ]  Jkg ( 1 b X  [m ( f t  11 LI [I (ft2)l I n  ( f t ) ]  L/O - 

1 4- in. pressurizer- stub 0.581 0.835 0.006 0.003 0.157 0.581 6.6 
(1.9062) (1.84) (0.0167) (0.1176) ' (1.686) (1.906) 

2 - i ~ ~  Sch 160 LR 
EL 

2-in. Sch 160 p ipe 

2-in. Sch 160 LR EL 

2-in. Sch 160 p ipe  

2-in. Sch 160 LR EL 

2-in. Sch 160 p ipe 

2-in. Sch 160 SR EL 

2- in .  Sch 160 p ipe 

2-in. Sch 160 SR EL 

2-in. Sch 160 p ipe 

2-in. Sch 160 SR EL 

P i n .  Sch 16U ~ i p e  

2-in. Sch 160 SR EL 

2- in .  Sch 160 p ipe 

2 - in .  Sch 160 LR EL 

2- in .  Sch 160 pipe 

2- in .  Sch 1GO LR EL 

2 - i n .  5ct1 160 pipe 

20 Screen 

.- - 

[a1 Location numbers. correspond t o  c i r c l e d  numbers on F i  g u r e  A I .  5. 

[b] Equivalent length i s  the length o f  pipe tha t  w i l l  g ive the same pressure drop as the p ip ing  sect ion described. 

[c ]  EL - elbow. 



Table AI.4 Steam Generator Design Parameters 

Parameter Value 

Tubes 

Mfnlmwn l e n g t h  i n c l u d l n g  tube sheet 

Maximm l e n g t h  i n c l u d i n g  tube sheet 

Average l e n g t h  inc 1 ud i ng tube thee t 

E x t e r n a l  surface area 9f tubes l e s s  

tube sh'eet 

Surface area o f  tubes i n s i d e  tube 

sheet 

I n t e r n a l  c ross -sec t iona l  area o f  tubes 

Outs ide diameter of tubes 

Average w a l l  th ickness 

Number o f  tubes 

Thickness of tube sheet 

Tube arrangement 

M a t e r i a l  

Maximum h e i g h t  from bottom o f  tube 

sheet 

Minimum h e i g h t  from bottom o f  tube 

sheet 

Tube bundle diameter 

I n t e r n a l  volume o f  tubes i n c l u d i n g  

tube sheet 

I n t e r n a l  volume of tubes f n s i d e  tube 

sheet 

Pr imary plenums 

I n l e t  plenum volume 

O u t l e t  plenum volume 

Secondary s i d e  

Secondary s h e l l  volume 

Secondary she1 1 m a t e r i a l  

Nomal  o p e r a t i n g  pressure 

4.27 m (14.0 f t )  

6.19 m (20.3 f t )  

5.17 a (16.95 f t )  

335 n2 (3610 f t 2 )  

82 mn2 (0.127 in .2)  

12.7 9 (0.50 in . )  

1.24 yn (0.049 in.)  

1845 

0.292 m (11.5 i n . )  

E q u i l a t e r a l  t r i a n g u l a r  

p i t c h  on 19-mm (0 .75- in . )  

cen te rs  

Inconel  -600 

2.73 m (107.5 i n . )  

2.15 n (84 .5  i n . )  

1.22 m (48 i n . )  

0.781 m3 (27.6 f t3 )  

' 6.654 n3 (235 f t3)  

Carbon s t e e l  NIL-QQ-S691a, 

Grade C 

15.51 MPa (2250 p s i g )  



Table AI.5 Steam Generator Data 

; STEM GENERATOR I NFORNAT ION 

NUHBER OF TUBES 

TUBE INSIDE DIAHETER 

TUBE OUTSlM DIAMETER 

AVERAGE TUBE L M G l H  
1ncLuDlnG TUBE SYET 

TUBE SHEET TiiICKYESS 

DOMCOHER OUTS IDE II IMETER 

DOWWWER IHSIDE: DElWElER 

SHROUD I N S l M  D I M E R  
BAFFLES 

NUrnER 

SPAC BHG 

AREA OF 3 LOWER BAFFLES 

AREA OF TOP BAFFLES 
COOLANT M S S  

50 m OPERAf l OW 

37 MU OPERAT Ia 

1045 

01.402- In. 
O:.U)O IN. 

16.957 n 
11.5 In. 
46.00 IN. 

51.75 In. 

50.75 In. 

4130 LW 

4 ' w 5  LBH 

SIEAH GUERATOR EkEUATlOllS ABOVE TUBE S Z E l  

ELEVAT ION' 
INCHES 

TUBE BEI'(D L IaE  

LOW TUBE SPILLOVER 

Bonm OF FRUSTRUH 

HIGH TUBE SPILLOVER 

TOP OF FRUSTRUN 

W W L  WATER LEVEL 

BOlTW 3F SEPARATOR 

TOP OF RISER 

TUBE SIjEET TOP BS 41.39 IIICHES AWVE THE COLD LEG CEATERLINE 

" 3PERATINS LEVEL I S  116 4 1 IHCH FOR EVERY 10X POMR 



Table ~1.6. B r o k e n  L o o p  Piping G e o m e t r y  

Eleva t  i o n  2 
Flow Length ( m l  (S ta t l on )  O f m e t e r  (m) Area (m ) 

~ e f  .b Volume 
Ocscr ip t  i o n  P i u e  t o E x I t  E n t r y  E x i t  Entrr E x i t  E n t r y  E x f t  (rn3) -- 

Vessel f $ 1  l e r  0.224 0.736 264.00 264.00 0.286 0.286 0.0641 0.0641 0.0143 

Vessel nozz le  0.526 1.262 264.00 264.00 0.284 0.284 0.0634 0.0634 0.0336 

14-fn. Sch 160 
4S0 LR e l  bo* 0.419 1..681 264.00 264.00 0.284 0.284 0.0634 0.0634 0.0266 

14 x 14 x 10-in. 
Sch 160 t e e  0.559 2.240 264.00 264.00 0.284 0.284 0.0634 0.0634 0,0403 

10-in. branch - - - - - 0.216 - 0.0366 - 
l k i n .  Sch 160 0.695 2.935 264.00 264.00 0.284 0.284 0.0634 0.0634 0.0449 

F 1 ange 0.450 3.385 264.00 264.00 0.284 0.103 0.0634 0.0084 0.0050 

O r i f i c e  p l a t e  0.076 3.461 264.00 264.00 0.103 0.103 0.0084 0.0084 0.0006 

Flange 0.168 3.629 264.00 264.00 0.103 0.103 0.0084 0.0084 0.0014 

S i n .  Sch X X  
900 LR elbow 0.299 3.928 264.00 256.50 0.103 0.103 0.0084 0.0084 0.0025 

b i n .  Sch 160 0.832 4.760 256.50 223.75 0.132 0.132 0.0136 0.0136 0.0114 

S i n .  Sch X X  
90O LR elbow 0.299 5.059 223.75 216.25 0.103 0.103 0.0084 0.0084 0.0025 

F 1 ange 0.168 5.228 216.25 216.25 0.103 0.103 0.0084 0.0084 0.0014 

Punp s fmulator  0.473 5.701 216.25 216.25 0.103 0.287 0.0084 0.0645 0.0102 

O r i f i c e  p l a t e  

Support p l a t e  

14- in.  Sch 160 
900 SR e l  bow 

14 x 5-in. 
Sch 160 reducer 

5-in. Sch 160 

Flange 

SG s imu la to r  

Support p l a t e  

Orifice p l a t e  

1 E l n .  Sch 160 
90° SR elbow 

18-ln. Sch 160 

1ELin. Sch 160 
90° SR elbow 

SG s imulator  

Support p l a t e  

O r i f i c e  p l a t e  

2 3 Flange 0.206 13.741 288.24 260.12 0.103 0.103 0.0084 0.0084 0.0008 

80 



Table A I . 6  (continued) 

Elevation 2 
Flow Length ( m l  (S ta t ion )  D i a e t e r  (m) Area (m ) 

V o l u m  ~ e f  .b Vo 1 u r n  

NO. a - Oescript ion Piece t o  E x i t  E n t r y  E x i t  E n t r v  E x i t  E n t r y  E x i t  (m3) -- 
24 5-in. Sch X X  0.282 14.023 280.12 269.00 0.103 0.103 0.0064 0.0084 0.0024 

25 S i n .  overs ize 
90O elbow 0.199 14.223 269.00 264.00 0.103 0.103 0.0084 0.0084 0.0017 

26 Flange 0.168 14.391 264.00 264.00 0.103 0.103 0.0084 0.0084 0.0014 

27 O r i f i c e  0.076 14.467 264.00 264.00 0.077 0.114 0.0046 0.0108 0.0005 

28 ~l ange 0.244 14.712 264.00 264.00 0.257 0.257 0.0520 0.0520 0.0127 

29 I s o l a t i o n  va lve  0.762 15.474 264.00 264.00 0.257 0.257 0.0519 0.0519 0.0838 

30 OOBVc 1.651 17.125 264.00 264.00 0.257 

3 1 Expansion j o i n t  0.991 18.115 264.00 264.00 0.273 

3 2 Core b a r r e l  nozzle 0.351 0.736 264.00 264.00 0.292 

3 3 Vessel nozzle 0,526 1.262 264.00 264.00 0.284 

34 14-in. Sch 160 
4S0 LR elbow 0.419 1.681 264.00 264.00 0.284 

35 14 x 14 x 10-in. 
Sch 160 tee 0.559 2.240 264.00 264.00 0.284 

3 6 14-In, Sch 160 U.695 2.935 264.00 264.00 0.284 

37 F 1 ange 0.450 3.385 264.00 264.00 0.284 

38 O r i f i c e  p l a t e  0.076 3.461 264.00 264.00 0.114 

3 9 Flange 0.206 3.667 264.00 264.00 0.173 

40 G i n .  Sch 160 0.494 4.161 264.00 264.00 0.173 

4 1 Flange 0.206 4.368 264.00 264.00 0,173 

42 O r  I f  i ce  p l a t e  0.076 4.444 264.00 264.00 0.173 

43 Flange 0.244 4.688 264.00 264.00 0.257 

4 4 I s o l a t i o n  va lve 0.762 5.450 264.00 264.00 0.257 

45 W v  1.651 7.101 264.00 264.00 0.257 

46 Expans ion  j o i n t  0.991 8,092 264.00 264.00 0.273 

a. The volume numbers correspond t o  the c i r c l e d  numbers I n  F igure A I . 8  

b. Ref. - Reference a t  center1 ine of reac to r  vessel, see F igure A I .  8 
. - 

c. QOBV - quick-openlng blowdown valve. 



Table AI. 7 

LOFT REACTOR VESSEL VOLUME DISTRIBUTION a 

Parameter 

Downcomer reg  ion 

Vessel t o  f i l l e r  gap 

D i s t r i b u t i o n  annulus 
Above bottom of nozzles . 
Below bottom of nozzles 

Downcomer annul us 
1 ower plenum 

Below core support s t r u c t u r e  
Wi th in  lower core support 
Above lower core support t o  
a c t i v e  core 

Core 

Core bypass 

Upper plenum 

To ta l  

va lue [m3 ( f t 3 ) ]  

[dJ These volumes represent  the best  knowledge of the system a t  t h i s  
t ime ( S e p t e m b e r  1 9 8 0 ) .  



Table AI. 8 

REACTOR VESSEL MATERIAL 

Estimate 
Weight 

l k g  ( l b ) ]  Component Material 

Reactor vessel c losure  heads 

ASME SA 336, modified t o  
Code ease 1332-1, clad 
with Type 308L SS 

1nstrument.at.inn head 

Closure pl a t e  

ASME SA 336, modified t o  
Code Case 1332- 1 , clad 
with Type 308L S S  

Pressure vessel 

Type 304L S S  Core support barre l  

Upper core support p l a t e  Type 304 S S  

Upper reactor  vessel f i l l e r  Type 304L SS 

Lower reactor  vpssel f i 1 l e r  Type 304L SS 

Type 304L SS Flow s k i r t  

Lower core support s t ruc tu re  550 Type 3041 SS 
( 1  200) 

Upper core support s t ruc tu re  2100 Type 304L SS 
(4706) 

Fuel assembly end boxes 200 Type 304L S S  
(430) 

Fuel pins (cladding only) 155 
( 340 

rue1 p e l l e t s  



Table AI.9 

DIMENSIONAL DATA--REACTOR VESSEL 

E leva t i on  Po in ts  

Bottom ( i n s i d e )  o f  reac to r  vessel 

Bottom of downcomer annulus 

Top o f  lower cnre support s t r u c t u r e  

Top o f  lower g r i d  p l a t e  

Bottom of uninstrumented f u e l  

Bottom of i nstrumented f u e l  p i  ns 

~ o t t o m  of spacer g r i d  1 

Bottom of instrumented f u e l  

Bottom of spacer g r i d  2 

Bottom of spacer g r i d  3 

Bottom of spacer g r i d  4 

Top o f  uninstrumented f u e l  

Top o f  instrumented f u e l  

Bottom o f  spacer g r i d  5 

Top o f  uninstrumented f u e l  p ins  

Bottom o f  upper g r i d  p l a t e  

Top o f  f u e l  module 

Top o f  downcomer annu 1 us 

Vessel nozzle c e n t e r l i n e  

Top o f  d i s t r i b u t o r  annulus 

I n t e r n a l s  support ledge i n  vessel 

I ns i  de s u r f  ace o f  vessel f 1 ange 

S t a t i o n  [a] 

Height Above 
Reactor Vessel Bottom 

[m ( i n . ) ]  

[a] The stat ion.nembers shown i n  t h i s  t a b l e  are e leva t i ons  i n  inches, 
w i t h  re fe rence s t a t i o n  300.0 a t  t h e  i n t e r n a l s  support  ledge o f  t he  
pressure vessel. 

[b] Reference po i  n t  . 



Table A I . 1 0  

CORE BYPASS CHANNELS 

[a1 
Control 1  ing Equivalent 

Core Bypass Flfw Are2 Diameter 
Path l m r n  ( i n .  ) ]  l m r n ( i n . ) l  .- 

1 874 ( 1 . 3 5 6 )  3 . 1 3  ( 0 . 1 2 3 )  

2 3703 ( 5 . 7 4 0 )  3 . 4 8  ( 0 . 1 3 7 )  

3  65 ( 0 . 1 0 0 )  0 . 6 4  ( 0 . 0 2 5 )  

[a ]  Numbers esrpespond t o  "Detai 1 " numbers on Fi gure A I ; 9 .  

CORE BYPASS 

PATH' - X LOO? FLO!J 

1 1.31 - 1.34 
2 1.02 - 1804 
3 0.96 - 1891 

*@ 4 4,38 - 6,5X 
5 0.04 
6 0.27 - 0.28 

"RABV 1e42 - lo43 

NUMBERS EFER TO E T A 1  LS ON FIGURE ' A I .9 

" STEAM VEMING PATHS 



APPENDIX I1 

INPUT LISTING 

An . i n p u t  l i s t i n g  for t h e  L6-7,/619=2 t r a n s i e n t  
c a l c u l a t i o n  r u n  i s  g i v e n  on a t t a c h e d  m i c r o f i c h e .  ' * 



APPENDIX I11 

ADDITIONAL UPDATES USED FOR CYCLE 18+ 

In June 1982, updates to bring RELAPS/MODl to the cycle 18 
le.vel were received from INEL. Also added to our version of 
cycle 18 were some other recomnended updates from' INEL. The 
recommended updates which were a d d e d  . a r e  listed beluw by their 
identifier names for reference. 

KERRO15: T h i ~  update adds a subroutine to check elevation 
changes around piping loops. The check is done during 
input processing. 

DEBUGJ: Adds diagnostic printout during computation of 
junction properties. 

/' 

DMKTIM: Adds mass error debug printout during computation of 
equation of state variables. 

BRFIX : Attempts to fix a branching problem by multiplying 
viscous terms in momentum equation by the s,quare of 
the r a t i o  of the junceion area t u  the vu1u111e fluw d ~ e d .  

A l s o  included in IlJEL's recommended updates was a new interphase 
drag model (identifier HXCRXXX). This update was not implemented 
ln our version of RELAPS/MOD~/CYCLE~~. 
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