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ABSTRACT 

P r o b a b i l i s t i c  r i s k  a n a l y s i s  t echniques ,  i . e . ,  event  t r e e  and f a u l t  
t r e e  ana ly ' s i s ,  were u t i l i z e d  t o  provide a r i s k  assessment of t he  Browns 
Fe r ry  Nuclear P l a n t  Unit  1. Browns Fe r ry  1 is  a  General E l e c t r i c  b o i l i n g  
water r e a c t o r  of  t h e  BWR 4 product  l i n e  with a Mark 1  (drywell  and t o r u s )  
containment.  Within t h e  gu ide l ines  of  the IREP  Procedure and Schedule, 
~ u i d e ,  l domi'nant a=c iden t  sequences t h a t  c o n t r i b u t e  to  pub l i c  h e a l t h  and 
s a f e t y  r i s k s  were i d e n t i f i e d  and grouped according to  r e l e a s e  ca t ego r i e s .  

INTRODUCTION 

EG&G Idaho, Inc .  was con t r ac t ed  by Sandia Nat iona l  Laborator ies  t o  
perform a  r i s k  assessment of  the  Browns Fe r ry  Nuclear P l an t  Unit  1 i n  
suppor t  of t h e  Nuclear Regulatory Commission's (NRC) In t e r im  R e l i a b i l i t y  

, Evalua t ion  Program (IREP). The a n a l y s i s  i nc ludes  acc iden t  i d e n t i f i c a t i o n  
event  t r e e / f a u l t  tree c o n s t r u c t i o n  and q u a n t i f i c a t i o n ,  and acc iden t  

qaequence eva lua t ion .  The a n a l y s i s  was l im i t ed  i n  scope t o  i d e n t i f y i n g  on 
those  r i s k - s i g n i f i c a n t  acc ident  sequences which lend t o  core  damage and 
provide t he  mechanism f o r  r e l e a s e  of r ad ionuc l ides  t o  the  environment. 

ANALYSIS TEAM STAFFING 

Figure  1 shows t h e  make-up of t he  a n a l y s i s  team. Jack  E. Tra 
served a s  team l eade r  f o r  t h e  p r o j e c t .  The p r i n c i p a l  a n a l y s t s  r e spons i  

. f o r  conduct ing the  r i s k  assessment were Steve Mays, Walt Su l l i van ,  

- 
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John P o l o s k i ,  and J a c k  T r a i n e r  of  EG&G I d a h o ,  Tnc. Hob B e r t u c i o  and 
Tim Leahy o f  t h e  S e a t t l e  Off i c e  of  ~ n e r ' ~ ~  I n c o r p o r a t e d  provided a n a l y t i . c a 1  
s u p p o r t  t o  a s s i s t  EG&G i n  t h e  s t u d y .  

U t i l i t y .  s u p p o r t  from TVA was c o o r d i n a t e d  by Mark Linn w i t h  a s s i s t a n c e  
from T e r r y  T y l e r ,  Henry J o n e s ,  and Tom Da'rlcalow. Unl ike  o t h e r  IREP .teams 
which had a  f u l l - t i m e  p a r t i c i p a n t  from t h e  u t i l i t y , ,  t h e  Browns F e r r y  lREP 
team had t o  r e l y  on t e l e p h o n e  c a l l s ,  m a i l ,  and o c c a s i o n a l  mee t ings  w i t h  TVA 

' p e r s o n n e l  f o r  i n f o r m a t i o n  exchange.  The TVA s u p p o r t  i n c l u d e d  documentat ion 
o f  p l a n t  d e s i g n ,  a n a l y s e s  beyond t h o s e  found i n  t h e  FSAR, and v e r i f i c a t i o n  
of  sys tem o p e r a t i n g  c h a r a c t e r i s t i c s .  

Browns F e r r y  Nuclear  P l a n t ,  Uni t  1 i s  n Genera l  E l e c t r i c - d e s i g n e d  b o i l -  
i n g  wa te r  r e a c t o r  of  t h e  BWR-4 c l a s s  w i t h  a Mark 1 con ta inment .  The p l a n t  
i s  r a t e d  t o  produce 1100 MWe o f  power. The pr imary d i f f e r e n c e s  i n  t h e  reac -  
t o r  sys tems of  t h i s  p l a n t  a s  opposed t o  e a r l i e r  UWR p l a n t  d e s i g n s  i n c l u d e  

o  V a r i a b l e  speed r e c i r c u l a t i o n  pumps which d i s c h a r g e o i n t o . j e ~  pumps 
t h a t  a r e  a r ranged  around t h e  p e r i p h e r y  of t h e  r e a c t o r  G e s s e l .  

o  An i n t e g r a t e d  Core Standby Cool ing  SystemQ i n c l u d i n g  Fligh P r e s s u r e  _ Coolan t  I n j e c t i o n  (HPCI), Low P r e s s u r e  Core Spray (CS) ,  Automatic 
D e p r e s s u r i z a t i o n  (ADS),  and Residual .  I.lea: Removal (RHR) .  sys tems .  

o  An i n t e g r a t e d  RHR system p r o v i d i n g  Low P r e s s u r e  Coolant  I n j e c t i o n  
(LPCI) , Shutdown C o o l i n g ,  and Con t a i . ~ . ~ ~ n c n t  Cool.i.ng modes o f  opera-  
t i o n .  

o  A Reac to r  Core I s ~ l a t ~ i o n  Cool ing  (RCIC) sys tem i n s t e a d  of  an  
I s o l a t i o n  Condenser f o r  m i t i g a t i n g  t r a n s i e n t s  where t h e  r e a c t o r  

; i s  i s o l a t e d  from t h e  main condense r .  

o LPCS I.,nnp S n l ~ . r . r i n n  1,oei.c has  been d i s a b l e d  and t h e  L P C I  
d i s c h a r g e  header  cross-connec t i o n  v a l v e  c l o s e d .  

*-' 

+ The conta inment  d e s i g n  f e a t u r e s  i n c l u d e  

0 A d r y w e l l  e n c l o s i n g  the  r e a c t o r  c o o l a n t  system. 
. . ?  

o  A wetwel l  ( o r  t o r u s )  connected t o  t h e  d rywel l  and d e s i g ~ e d  t o  pro- 
v i d e  energy s u p p r e s s i o n  i n  t h e  e v e n t  o f  a Loss of Coolant  Accide.nt 
and t o  p r o v i d e  a source  of wa6e.r f o r  i n j e c t i o n  i n t o  t h e  r e a c t o r .  

o  A r e a c t o r  b u i l d i n g  s u r r o u n d i n g  the  d rywel l  and t o r u s ,  t h a t  houses  
t h e  Core Standby Cool ing  Systems and p rov ides  a, second b a r r i e r  
between t h e  r e a c t o r  and t h e  p l a n t  environment .  
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F i g u r e  2  p r o v i d e s  a  s i m p l i f i e d  diagram o f  t l ~ e  s a f e t y - r e l a t e d  d e s i g n  
f e a t u r e s .  

The Standby AC power sys tem a t  the  Browns F e r r y  S t a t i o n  i s  d i f f e r e n t  
0 from most o t h e r  commercial n u c l e a r  power p l a n t s .  There  a r e  8 d i e s e l  gener-  

a t o r s  l o c a t e d  a t  t h e  Browns F e r r y  S t a t i o n .  Four of  t h e s e  d i e s e l  g e n e r a t o r s  
p r o v i d e  emergency AC power t o  f o u r  independent  shutdown buses  when normal 
AC power t o  t h e  buses  i s  l o s t .  These shutdown buses  s u p p o r t  emergency 

oL l o a d s  f o r  b o t h  U n i t s  1 and 2 a s  d e p i c t e d  by F i g u r e  3 .  The o t h e r  f o u r  d ie -  
s e l s  s e r v e  Uni t  3 b u t  can be manual ly  c ross -connec ted  t o  t h e  Uni t  1 and 2  
shutdown b u s e s .  

The 250V DC sys tem n e c e s s a r y  f o r  t r a n s i e n t  and a c c i d e n t  m i t i g a t i o n  i s  
comple te ly  s h a r e d  among t h e  t h r e e  u n i t s .  Thrce  250V DC b a t t e r y  boards  
p rov ide  power t h e  C l a s s  1 E  l o a d s  i n  a l l  t h r e e  u n i t s .  A f o u r t h  b a t t e r y  

' board p r o v i d e s  power f o r  o t h e r  non-Class 1E l o a d s .  

The RHR S e r v i c e  Water System (RHRSW) and Emergency Equipment Cool ing  
' Water System (EECW) a r e  s u p p o r t  sys tems which s e r v e  a l l .  t h r e e  u n i t s .  - 

One unusua l  dependency o f  t h i s  ar rsngcment  of  c l c c t r i c  power and cool-  
. . i n g  wa te r  sys tems i s  t h a t  t h e  pumps of t h e  I{IIKSW and EECW sys tems which a r e  

n e c e s s a r y  f o r  s u c c e s s f u l  o p e r a t i o n  of a c c i d e n t  m i t i g a t i n g  systems i n  Uni t  1 
r e q u i r e  AC power from t h e  s t andby  AC powc.1- systern of Uni t  3 .  F i g u r e  4 shows 

"he RHRSW pumps and t h e i r  c o r r e s p o n d i n g  d i e s e l  g e n e r a t o r s .  

ANALY S 1 S 

EPRI document NP-801' and t h e  Browns F e r r y  Nuclear  P l a n t  . F S A R ~  
' s e r v e d  t o  i d e n t i f y  t r a n s i e n t  even t s  and l o s s - o f - c o o i a n t  a c c i d e n t s  (LOCAS) 

t h a t .  cou ld  r e s u l t  i n .  c o r e  damage i f  t h e  r e a c t o r  were n o t  shutdown and decay, 
h e a t  removed.. F u n c t i o n a l  e v e n t  t r e e s  were used i n i t i a l l y  t o  deve lop  t h e  
m i t i g a t . i n g  r e q u i r e m e n t s  f o r  t h e  a c c i d e n t  and t r a n s i e n t  e v e n t s  . i d e n t i -  
f i e d .  From t h e  f u n c t i o n a l  dev'elopment evolved t h e  s y s t e m i c  e v e n t  t r e e s  
d e p i c t i n g  t h e  dependenc ies  and r e q u i r e m e n t s  of t h e  m i t i g a t i n g  sys tems .  
Three  ranges  of  LOCAs were i d e n t i f i e d  ( l a r g e ,  i n t e r m e d i a t e ,  and s m a l l )  i n  
terms o f  t h e  phase of c o o l a n t  l o s t ,  i . e . ,  stcnni o r  l i q u i d .  The l a r g e  LOCAs 

. 4 e r e  f u r t h e r  c l a s s i f i e d  i n t o  r e c i r c u l a t i . o n  sys tem d i s c h a r g e - s i d e ,  and 
r e c i r c u l a t i o n  sys tem s u c t i o n - s i d e  l i q u i d  b r e a k s ,  and steam bfeaks.. The 

, v a r i o u s ,  c l a s s e s  of  LOCAs r e q u i r e d  s e p a r a t e  e v e n t  t r e e s  t o  account  f a r  t h e  
' 

d i f f e r e n c e s  i n  s u c c e s s  c r i t e r i a  of  the  LOCA m i . t i g a t i n g  sys tems .  A func- 
.. t i o n a l  e v e n t  t r e e  and r e s u l t i n g  s y s t e m i c  e v e n t  t r e e  f o r  a  l a r g e  b r e a k  on 

t h e  d i s c h a r g e - s i d e  of a  r e c i r c u l a t i o r ~  pump a r e  shown8as  Figur 'es 5. and G 
r e s p e c t i v e l y .  The t r a n s i e n t s  were d i v i d e d  i n t o  t h r e e  groups  ; t r a n s i , e n t s  
where t h e  Power Convers ion System (PCS) remained a v q i l a b l e ,  t r a n s i e n t s  
where t h e  PCS was n o t  a v a i l a b l e  due t o  t h e  t r a n s i e n t  i n i t i a t o r ,  and t h e  
l o s s  of  o f f s i t e  power (LOSP) t r a n s i e n t .  A d d i t i o n a l l y ,  t r e e s  were developed 
f o r  t r a n s i e n t - i n d u c e d  LOCAs caused by s t u c k  open r e l i e £  v a l v e s  (sORV). The 
t o t a l  number of  e v e n t  t r e e s  e v a l u a t e d  was e l e v e n .  
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A f r o n t - l i n e  sys tem i s  a  sys tem whose f u n c t i o n  i s  n e c e s s a r y  t o  suc- 
, c e s s f u l l y  m i t i g a t e  t h e  e f f e c t s  of  a  loss -o f -coo lan t  a c c i d e n t  o r  o p e r a t i o n a l  

t r a n s i e n t  a t  Browns F e r r y  U n i t  1. A s u p p o r t  sys tem i s  a  system t h a t  a f f e c b s  
t h e  c o u r s e  of  an a c c i d e n t  o r  t r a n s i e n t  o n l y  by way of i t s  e f f e c t  o n ' t h e  
o p e r a t i o n  of  a  f r o n t - l i n e  sys tem.  F a u l t  t r e e s  were c o n s t r u c t e d  u s i n g  a n  
a b b r e v i a t e d  f a u l t  t r ee .  approach4  f o r  each f r o n t - l i n e  sys tem a p p e a r i n g  i n  
t h e  s y s t e m i c  e v e n t  t r e e s ,  w i t h  t h e  e x c e p t i o n  of t h e  r e a c t o r  p r o t e c t i o n  sys-  
t e m  (RPS) .  The s u p p o r t  sys tems r e q u i r e d  f o r  f r o n t - l i n e  sys tem s u c c e s s  were 
a l s o  ana lyzed  u s i n g  t h e  f a u l t  t r e e  methodology.  

SEQUENCE QUANTIFKCATT.ON 

The R e l i a b i l i t y  A n a l y s i s  System (RAS) computer code5 c a l c u l a t e d  t h e  
u n a v a i l a b i l i t i e s  f o r . t h e  f r o n t - l i n e  and s u p p o r t  sys tem mode1.s. Due t o  
l i m i t a t i o n s  i n  computer c o r e  space  and p r o c c s s i n g . t i m e ,  sequence f requen-  
c i e s  were manual ly  c a l c u l a t e d  u s i n g  t h e  sys tem u n a v a i l a b i l i t i e s  c a l c u l a t e d  
by t h e  RAS code.  The Boolean combinat ion o f . s y s t e ~ n  s u c c e s s e s  and f a i l u r e s  
was d e r i v e d  and t h e  sys tem u n a v a i l a b i l i t i e s  from t h e  RAS code were sub- 

. s t i t u t e d  i n t o  t h e  d e r i v e d  e x p r e s s i o n .  The Common Cause A n a l y s i s  (COMCAN) 
computer code6 was used t o  i d e n t i f y  the  c?mmonal i t ies  between sys tems .  

" Any commonal i t ies  i d e n t i f i e d  were e v a l u a t e d  manual ly  o r  by u s i n g  t h e  RAS 
'code and were i n c l u d e d  where a p p r o p r i a t e .  In '  some c a s e s ,  bounding a n a l y s e s  
were performed t o  d e t e r m i n e  i f  a d d i t i o n a l  p a r t i a l  dependencies  i n  t h e  
sequences  c o u l d  be s i g n i f i c a n t  where d i r e c t  q r . l a n t i f i c a t i o n  was n o t  f e a s i b l e . '  
COMCAN a l s o  e v a l u a t e d  commonal i t ies  between sys tems i n  o r d e r  t o  accoun t  f o r  
complement o r  s u c c e s s  p a t h s  i n ,  each sequence.  

The e f f e c t  of  LOCA i n i t i a t o r s  on t h e  m i t i g a t i n g  sys tems was a l s o  con- 
s i d e r e d .  For l a r g e  LOCAs t h i s  was accomplished by g e n e r a t i n g  d i s t i n c t  
e v e n t  t r e e s .  For  o t h e r  LOCAs t h e  e f f e c t  was accounted f o r  d u r i n g  sequence 

' q u a n t i f i c a t i o n  by c o n s i d e r i n g  t h e  p r o b a b i l i t y  of  t h e  b reak  o c c u r r i n g  i n  a 
l o c a t i o n  which r e n d e r s  LOCA m i t i g a t i o n  sys tems p a r t i a l l y  o r  comple te ly  
i n o p e r a b l e .  

Employing t h e  t e c h n i q u e s  b r i e f l y  d i s c u s s e d  above l e d  t o  t h e  i d e n t i f i -  
c a t i o n  of c a n d i d a t e  dominant a c c i d e n t  sequences .  These p b t e n ' t i a l '  dominant 

. , sequences  were then  re-examined i n  view of  t h e  poss i l r l e  r ecovery  a c t i o n s  
.Ghich could  i n f l u e n c e  t h e  c o u r s e  o r  l i k e l i h o o d  of  t l ~ e s e  sequences .  Con- 

. s i d e , r a t i o n  . o f  t h e s e  e f f e c t s  r e s u l t e d  i n  t h e  clonii.nant a c c i d e n t  sequences  
t h a t  c o n t r i b u t e  t o  p u b l i c  h e a l t h  and s a f e t y  r i s k s .  The approx imate  t iming  
and magni tude of a t m o s p h e r i c ' r e l e a s e s  a s s o c i a t e d  w i t h  t h e s e  sequences  were 

. q u a l i t a t i v e l y  c l a s s i f i e d  i n t o  r e l e a s e  c a t e g 0 . r i . e ~  s i m i l ' a r  t o  t h o s e  made i n  
. p r i o r  r i s k  a s s e s s m e n t s  o f  comparable plariCs where formal r e l e a s e  c a t e g o r y  
a n a l y s i s  was performed.  



INS IGH'L'S 

I n  g e n e r a l ,  t h e  f a i l u r e s  l e a d i n g  t o  c o r e  m e l t  can be c l a s s i f i e d  i n t o  
: t h r e e  f u n c t i o n a l  c a t e g o r i e s ;  f a i l u r e  t o  remove long-term decay h e a t ,  f a i l -  

u r e  t o  keep t h e  c o r e  c o v e r e d ,  and f a i l u r e  t o  a c h i e v e  s u b c r i t i c a l i t y  (ATWS 
e v e n t s ) .  P r e l i m i n a r y  q u a n t i f i c a t i o n  i n d i c a t e s  t h a t  t r a n s i e n t s  c o n t r i b u t e  
t o  c o r e  m e l t  sequences  w i t h  h i g h e r  f r e q u e n c i e s  than  LOCA sequencgs .  Fur- 
the rmore ,  t h o s e  sequences  w i t h  f a i l u r e  of  t h e  long-term decay h e a t  removal 

'' f u n c t i o n  have the  h i g h e s t  f r e q u e n c i e s  followed hy sequences  w i t h  t h e  
f a i l u r e  t o  a c h i e v e  s u b c r i t i c a l i t y  f u n c t i o n  and sequences  w i t h  f a i l u r e  t o  
keep t h e  c o r e  covered f u n c t i o n .  

(3 

With r e g a r d  t o  LOCA sequences  l e a d i n g  t o  c o r e  m e l t ,  t h e  l o s s  of  o f f s i t e  
. power induced SORV and t r a n s i e n t - i n d u c e d  SORV sequences  have t h e  ) h i g h e s t  

f r equency .  The f r e q u e n c i e s  of  t h e  remaining LOCA sequences  t h a t  l e a d  t o  
c o r e  m e l t  a r e  approx imate ly  e q u a l  and a r e  s e v e r a l  o r d e r s  o f  magni tude l e s s  
than  t h e  f r e q u e n c i e s  of  t h e  t r a n s i e n t - i n d u c e d  LOCA sequences .  

0 

The l o s s  o f  o f f s i t e  power (LOSP) t r a n s i e n t  i s  i n t e r e s t i n g  due t o  t h e  
dependency o f  a l l  t h r e e  u n i t s  on one cornmo~~l sllppor t sys tem d u r i n g  t h i s  
t r a n s i e n t .  The Emergency Equipment Cool ing  Water (EECW) System i s  a  s h a r e d  

' 

sys tem among t h e  u n i t s .  Under LOSP c o n d i t i o n s ,  once s t a r t e d , . a l l  t h e  d i e s e l  
g e n e r a t o r s  must r e c e i v e  c o o l i n g  w a t e r  from t h i s  system i n  o r d e r  t o  c o n t i n u e  

.. t o  run .  F a i l u r e  of  t h i s  sys tem would then  r e s u l t  i n  a  l o s s  of  c o o l i n g  w a t e r  
t o  t h e  d i e s e l s  and u l t i m a t e l y  r e s u l t  i n  t h e  l o s s  of a l l  AC power a t  a l l  

. t h r e e  u n i t s .  F o r t u n a t e l y ,  t h e r e  a r c  DC powcred sys tems t h a t  can o p e r a t e  
' u n d e r  t h e s e  c o n d i t i o n s  and keep t h e  reac to r : ;  coo l  f o r  t h r e e  t o  f o u r  hours  
b e f o r e  AC power must be r e s t o r e d .  I.lowever, . i t  seems t h a t  such a dependency 
i s  n e i t h e r  n e c e s s a r y  nor  d e s i r a b l e  and adds c o n s i d e r a b l y  t o  t h e  f requency  
o f  t h e  c o r e  m e l t  sequences  f o r  t h e  LOSP i n i t i a t o r .  
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