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ABSTRACT 

The SAS4A code system i s  a new t o o l  f o r  a n a l y z i n g  t h e  i n i t i a l  phase o f  
H y p o t h e t i c a l  Core D i s r u p t i v e  Acc idents  (HCDAs) up t o  gross me1 t i n g  o r  f a i l u r e s  
o f  t h e  subassembly w a l l s .  
p r o v i d e  improved a n a l y t i c a l  models which r e p r e s e n t  e x p e r i m e n t a l l y  demonstrated 
modes o f  m a t e r i a l  response i n  such a c c i d e n t  scenar ios.  

The o b j e c t i v e  i n  t h e  development o f  S A M A  i s  t o  

T h i s  paper discusses r e c e n t  improvements i n  t h e  phenomenological models, 
g i v e s  examples o f  v e r i f i c a t i o n  and v a l i d a t i o n  e f f o r t s  t h a t  have been 

r e f i n e d  model i ng capabi  1 i ty . conducted, and i l l u s t r a t e s  t h e  whole c o r e - a n a l y s i s  i m p l i c a t i o n s  of u s i n g  t h i s  ~~ -__ 
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I NT RO D UC T I ON 

The SAS4A code system i s  a new t o o l  f o r  a n a l y z i n g  t h e  i n i t i a l  phase o f  

The o b j e c t i v e  i n  t h e  development o f  S A M A  was t o  

H y p o t h e t i c a l  Core D i s r u p t i v e  Acc idents  (HCDAs) up t o  gross me1 t i n g  o r  f a i l u r e s  

o f  t h e  subassembly w a l l s .  

p r o v i d e  improved a n a l y t i c a l  model s which represent  exper imenta l  l y  demonstrated 

modes o f  m a t e r i a l  response i n  such a c c i d e n t  scenar ios.  SAS4A has cons iderab ly  

more d e t a i l e d  and r e a l i s t i c  model ing o f  t h e  pr imary  and secondary loops ,  f u e l  

p i n  behavior ,  sodium v o i d i n g  due t o  f u e l - c o o l a n t  i n t e r a c t i o n s  (FCIs) ,  and 

mol ten f u e l  and c l a d d i n g  dynamics than i t s  w i d e l y  used predecessor,  SAS3D. 

The b a s i c  f e a t u r e s  o f  t h e  new models have been descr ibed i n  an e a r l i e r  paper 

c11 

T h i s  paper d iscusses r e c e n t  improvements i n  t h e  phenomenological models, 

g ives  examples o f  v e r i f i c a t i o n  and v a l i d a t i o n  e f f o r t s  t h a t  have been 

conducted, and i l l u s t r a t e s  t h e  whole c o r e  a n a l y s i s  i m p l i c a t i o n s  o f  u s i n g  t h i s  

r e f i n e d  model ing c a p a b i l i t y .  
p a r t i c u l a r l y  i m p o r t a n t  r o l e s  i n  t h e  d e t e r m i n a t i o n  o f  f u e l  f a i l u r e  and f u e l -  

c l a d  r e l o c a t i o n  i n  t h e  unpro tec ted  l o s s - o f - f l o w  (LOF) and t r a n s i e n t  overpower 

(TOP) scenar ios.  I n c l u d e d  a r e  t h e  f u e l s  c h a r a c t e r i z a t i o n  and f u e l - c l a d  

mechanical a n a l y s i s  module, DEFORM 111, t h e  model o f  f u e l  mot ion i n  unvoided 

subassemblies, PLUT02, and t h e  model o f  f u e l  mot ion i n  vo ided assemblies, 

LEVITATE. A lso  i n c l u d e d  i s  a rev iew o f  o t h e r  major  modules which a r e  s i m i l a r  

i n  c a p a b i l i t y  t o  t h e i r  SAS3D counterpar ts ,  f o r  which cont inued v e r i f i c a t i o n /  

v a l i d a t i o n  has been performed. F i n a l l y ,  an i l l u s t r a t i o n  o f  whole-core 

a n a l y s i s  c a p a b i l i t y  and t h e  s a f e t y  a n a l y s i s  i m p l i c a t i o n s  o f  these c a l c u l a t i o n s  

4 s  p r o v i d e d  i n  t h e  c o n t e x t  o f  t h e  European Economic Community whole-core 

comparat ive c a l c u l a t i o n s  (EEC-WAC) f o r  a 1000 MWe i r r a d i a t e d  c o r e  TOP 

scenar io .  Recent c a l c u l a t i o n s  o f  t h e  LOF scenar io  a r e  r e p o r t e d  i n  another  

paper submi t ted  t o  t h i s  meet ing [21. 

H i g h l i g h t e d  a r e  t h e  models which p l a y  
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FUEL P I N  BEHAVIOR 

The new f u e l  p i n  model DEFORM I 1 1  t r e a t s  f u e l  and c l a d  behav io r  d u r i n g  

steady s t a t e  i r r a d i a t i o n  and d u r i n g  t h e  i n i t i a l  phase o f  an HCDA. A major  
r e c e n t  improvement i s  i n c l u s i o n  o f  an a x i a l  f u e l  expansion model which takes 

i n t o  account f u e l  and c l a d d i n g  thermal expansion, i r r a d i a t e d  f u e l  s w e l l i n g ,  

and t h e  e f f e c t  o f  f u e l - c l a d d i n g  i n t e r a c t i o n .  The c a l c u l a t e d  r e d u c t i o n  o f  
a x i a l  f u e l  expansion due t o  t h e  c l a d d i n g  c o n s t r a i n t  i s  a s i z a b l e  f r a c t i o n  o f  

t h e  f r e e  a x i a l  expansion i n  a slow TOP acc ident .  Exper imenta l l y  a r e d u c t i o n  

o f  a x i a l  f u e l  expansion due t o  f u e l - c l a d  i n t e r a c t i o n  has been observed i n  t h e  

s i n g l e - p i n  C A B R I  exper iments [3 ] .  Comparison c a l c u l a t i o n s  between t h e  steady 

s t a t e  p a r t  o f  DEFORM I 1 1  and the  steady s t a t e  f u e l  behavior  code COMETHE-111- 

J-FBR have shown f a i r l y  good agreement [41. Comparison c a l c u l a t i o n s  w i t h  t h e  

t r a n s i e n t  FPIN code [5] have shown t h a t  DEFORM I11 p r e d i c t s  cons iderab ly  

l a r g e r  nonrecoverable c l a d d i n g  s t r a i n s  than FPIN. 

t r e a t m e n t  o f  i r r a d i a t e d  f u e l  s w e l l i n g  i n  DEFORM 111. The t r u e  magnitude o f  

t h i s  t r a n s i e n t  f u e l  s w e l l i n g  w i l l  be i n v e s t i g a t e d  through comparisons w i t h  

TREAT exper iments.  

T h i s  i s  ma in ly  due t o  t h e  

VOIDED-CHANNEL FUEL MOTION 
The LEVITATE model t r e a t s  f u e l  mot ion i n s i d e  i n t a c t  f u e l  p i n  segments and 

f u e l  and s t e e l  mot ion i n  vo ided and d i s r u p t e d  c o o l a n t  channels.  LEVITATE can 

be i n i t i a t e d  a f t e r  c o o l a n t  v o i d i n g  o r  a f t e r  c l a d  mot ion  has begun, o r  a f t e r  

t h e  PLUTO2 c a l c u l a t e d  f u e l  mot ion and sodium v o i d i n g  i n  i n t a c t  channels have 

l e d  t o  c o n d i t i o n s  such t h a t  c l a d  mot ion o r  f u e l  p i n  break-up should occur.  

T h i s  means t h a t  t h e  l a t e r  stages o f  a more severe TOP a c c i d e n t  o r  LOF-driven- 
TOP a c c i d e n t  can now be t r e a t e d  w i t h  LEVITATE. 

An e a r l i e r  successfu l  e f f o r t  t o  v a l i d a t e  LEVITATE was made by a n a l y z i n g  

t h e  3 - p i n  LOF t e s t  L7 i n  which a maximum power o f  20 t imes nominal was 

achieved [6] .  

s i m u l a t e  t h e  m i l d e r  3 - p i n  LOF t e s t  L6 i n  which a maximum power o f  10 t imes 

nominal was achieved [71. I n  t h i s  l a t t e r  p o s t - t e s t  a n a l y s i s  t h e  same model ing 

parameters were used as i n  t h e  L7 a n a l y s i s ,  and i t  was found t h a t  t h e  s lower  

f u e l  d i s p e r s a l  measured i n  t h e  L6 exper iment  can a l s o  be f a i r l y  w e l l  s imu la ted  

by LEVITATE. F i g u r e  1 shows a comparison o f  t h e  h i s t o r i e s  o f  i n t e g r a l  f u e l  

wor th  (normal ized  t o  t h e  i n i t i a l  t o t a l  wor th  o f  t h e  bundle)  which were 

o b t a i n e d  f rom t h e  c a l c u l a t i o n  and t h e  hodoscope measurements o f  t h e  L6 

I n  a more r e c e n t  v a l i d a t i o n  e f f o r t ,  LEVITATE was used t o  



exper iment .  A lso  shown i n  F i g .  1 i s  t h e  t o t a l  wor th  h i s t o r y  ob ta ined f rom a 

SAS3D/SLUMPY a n a l y s i s .  LEVITATE p r o v i d e s  an improved p r e d i c t i o n  o f  a x i a l  f u e l  

d i s p e r s a l  , because i t  i n c l u d e s  some i m p o r t a n t  p h y s i c a l  models now accepted as 

i m p o r t a n t  i n  t h e  LOF fue l  mot ion a n a l y s i s ,  such as cont inuous f u e l  f l o w  

regimes, f u e l  f r e e z i n g  and p lugging,  and i n - p i n  f u e l  mot ion [2], which a r e  n o t  

ava i  1 ab1 e i n  SAS3D/SLUMPY. 

FCI-DRIVEN V O I D I N G  AND FUEL MOTION 

The PLUTO2 model f o r  t rea tment  o f  i n - p i n  and o u t - o f - p i n  f u e l  motion, 

FCI 's ,  and sodium v o i d i n g  has been used f o r  t h e  a n a l y s i s  o f  severa l  TOP i n -  

p i l e  t e s t s  [l]. Through analyses o f  TREAT experiments, such as t h e  H6 506/sec 

s i m u l a t i o n ,  t h e  E8 $3/sec s i m u l a t i o n  [8], and t h e  L8 LOF'd'TOP s i m u l a t i o n  [91, 
as w e l l  as severa l  i n t e r c o d e  comparisons [4], [8],  t h e  v e r i f i c a t i o n  and 

v a l i d a t i o n  of  PLUTO2 i s  regarded as be ing  a t  an advanced s t a t e .  

t h e  who1 e-core a n a l y s i  s imp1 i c a t i o n s  o f  PLUTO2 i s p r o v i  ded b e l  ow. 

BOILING MODEL 

An example o f  

The c u r r e n t  b o i l i n g  model i n  SAS4A i s  a one-dimensional, m u l t i - b u b b l e  

b o i l i n g  model s i m i l a r  t o  t h a t  i n  SAS3D. I t s  main novel f e a t u r e  i s  a v a r i a b l e  

f l o w  c r o s s  s e c t i o n  t rea tment  which a l l o w s  c o n s i s t e n t  c o u p l i n g  w i t h  t h e  

c l a d d i n g  mot ion model and proper  t rea tment  o f  exper iments w i t h  v a r i a b l e  f l o w  

c r o s s  s e c t i o n s .  F o r  cases w i t h  c o n s t a n t  f l o w  c ross  sec t ion ,  t h e  SAS3D and 

SAS4A b o i l  i n g  models agree very we1 1 . 
The SAS3D b o i l i n g  model has been used f o r  successfu l  p re-  and p o s t - t e s t  

analyses o f  severa l  7 -p in  R-ser ies TREAT t e s t s .  For  a more general  v a l i d a -  
t i o n ,  analyses o f  l a r g e r  f u e l  bundles have been performed. A p r e - t e s t  

c a l c u l a t i o n  o f  the  37-pin, nominal-power, i n - p i l e  t e s t  P3A i s  shown i n  F i g .  
2. The d i f f e r e n c e  between t h e  p r e d i c t e d  and measured t ime o f  f l o w  r e v e r s a l  i s  

w i t h i n  t h e  exper imenta l  u n c e r t a i n t i e s .  The c a l c u l a t e d  and measured i n l e t  

f l o w s  b o t h  e x h i b i t  an o s c i l l a t o r y  behavior,  w i t h  s i m i l a r  mean va lues and 

p e r i o d s  . 
exper imenta l  values, probably  because o f  r a d i a l  incoherence w i t h i n  t h e  p i n  

bundle.  T h i s  i s s u e  w i l l  be c l a r i f i e d  through a d e t a i l e d  p o s t - t e s t  a n a l y s i s .  

CLADDING MOTION 

The c a l  c u l  a t e d  o s c i  11 a t i  on amp1 i tudes a r e  i n i  t i a1 l y  1 a r g e r  than t h e  

Comparison c a l c u l a t i o n s  between t h e  new E u l e r i a n  c l a d d i n g  mot ion model 

CLAP and SAS3D/CLAZAS have been performed, as have comparisons t o  exper imenta l  

da ta  [lo]. An i n t e r e s t i n g  new r e s u l t  o f  CLAP c a l c u l a t i o n s  i s  t h a t  t h e  model 
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p r e d i c t s  an incomple te  upper c l a d d i n g  blockage. T h i s  r e s u l t  i s  due t o  t h e  

c o n s i s t e n t  c o u p l i n g  w i t h  t h e  b o i l i n g  model'. A s i z a b l e  f l o w  r e d u c t i o n  due t o  a 

near-complete c l a d  blockage leads t o  enough vapor f l o w  t h r o t t l i n g  t o  cause t h e  

c l a d  below t h e  blockage t o  d r a i n .  Th is  behavior  i s  supported by f l o w  measure- 

ments i n  t h e  37-p in  P3A t e s t .  
PRIMARY AND SECONDARY LOOP MODEL 

The PRIMAR-4 thermal -hydraul  i c  model o f  t h e  pr imary and secondary h e a t  

t r a n s p o r t  loops  t r e a t s  the  l i q u i d  sodium and cover  gas i n  a g e n e r a l i z e d  

network o f  components (p ipes,  plena, pumps e tc . ) .  It has a m u l t i p l e  loop 

c a p a b i l i t y  (up t o  f o u r  l o o p s ) ,  and i t  can t r e a t  l o o p  o r  pool  systems. I n i t i a l  

v e r i f i c a t i o n  e f f o r t s  o f  PRIMAR-4 i n c l u d e d  comparisons w i t h  t h e  s i m p l e r  PRIMAR- 

2 module o f  SAS3D. 

I n i t i a l  Val i d a t i o n  o f  PRIMAR-4 c o n s i s t s  o f  compari sons w i t h  FFTF who1 e-pl  a n t  

n a t u r a l  c i r c u l a t i o n  t e s t  data.  

These comparisons d i d  n o t  i n d i c a t e  any b a s i c  problems. 

WHOLE-CORE ANALYSIS 

I n i t i a l  a p p l i c a t i o n s  o f  t h e  whole-core code t o  b o t h  TOP and LOF scenar ios  

have been made. 

focused h e a v i l y  on t h e  f u e l  mot ion c a l c u l a t i o n s  such as done by PLUT02, i t  was 

shown t h a t  e a r l y  v o i d i n g  and f u e l  r e a c t i v i t y  e f f e c t s  were comparably p r e d i c t e d  

between SAS3D and S A M A ,  a l though SAS4A's p r e d i c t e d  n e t  r e a c t i v i t y  was s t i l l  

l o w e r  due t o  s lower  v o i d i n g  progress ion  and l e s s  f u e l  sweepout. O f  perhaps 

g r e a t e r  s i g n i f i c a n c e ,  however, was t h e  thermal i n t e r a c t i o n  between f u e l  and 

i n t a c t  c l a d  and f r e e z i n g  o f  mol ten f u e l  i n  t h e  channel .  As shown i n  F i g .  3, 

t h e  n e t  r e s u l t  o f  f a i l u r e  o f  complete sweepout as p r e d i c t e d  by SAS4A was a 

s m a l l e r  r e d u c t i o n  o f  power than p r e d i c t e d  by o t h e r  codes and t h e  p o s s i b i l i t y  

f o r  f u r t h e r  f a i l u r e s  as t h e  ramp i n s e r t i o n  cont inues .  The l o n g e r  t ime s c a l e  

ques t ions  o f  u l t i m a t e  n e u t r o n i c  shutdown and c o o l a b i l  i t y  are  i tems o f  c u r r e n t  

research.  

CONCL US1 ONS 

For  example, i n  t h e  r e c e n t  EEC-WAC TOP study [51, which 

A reasonable l e v e l  o f  v e r i f i c a t i o n  and v a l i d a t i o n  o f  t h e  SAS4A computer 

code has been achieved. However, s i n c e  t h e  code should be a p p l i c a b l e  t o  a 

l a r g e  number o f  p o s s i b l e  i n i t i a l - p h a s e  a c c i d e n t  sequences i n  d i f f e r e n t  r e a c t o r  

.designs ( i n  p a r t i c u l a r  low and h i g h  v o i d  wor th  cores) ,  t h e  c u r r e n t  degree o f  

v a l i d a t i o n  i s  n o t  f u l l y  s a t i s f a c t o r y .  I n  p a r t i c u l a r ,  t h e  f u e l  mot ion  models 

r e q u i r e  more Val i d a t i o n .  Analyses o f  a d d i t i o n a l  s l  ow-ramp r a t e  TOP t e s t s ,  
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relatively low power LOF t es t s ,  a n d  high-power LOF-driven-TOP tests  are deemed 
necessary. O f  particular importance will be fuel motion tes ts  in bundles of 
more than seven pins. This means t h a t  much of the further validation effor t  
o f  the fuel motion models i s  tied t o  the TREAT in-pile t e s t  program which i s  
outlined in the new TREAT Experiment Plan [ll]. 
incoherent or low power, low flow boiling experiments in large bundles, 
required for the further validation of the  boiling model, can be performed 
ou t -o  f -p i 1 e .  

~ 

I n  contrast ,  radially 
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