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Foreword 

This i s  t h e  f i n a l  r e p o r t  o f  t h e  Reactor S a f e t y  Study "An 
Assessment o f  Accident Risks i n  U.S. Commercial Nuclear Power 
P l a n t s , "  prepared under t h e  d i r e c t i o n  o f  P ro fessor  Norman C. 
Rasmussen o f  t h e  Massachusetts  I n s t i t u t e  of Technology. The 
work, o r i g i n a l l y  sponsored by t h e  U.S. Atomic Energy C o m i s s i o n ,  
was completed under the  sponsorship  o f  t h e  U.S. Nuclear Regulato- 
r y  Commission which came i n t o  being on January 1 9 ,  1975. 

A d r a f t  r e p o r t  was publ ished i n  August o f  1974 and was c i r c u l a t e d  
t o  o b t a i n  comments from a wide v a r i e t y  o f  people  and organiza-  
t i o n s .  Comments were reques ted  from o t h e r  agenc ies  o f  t h e  feder -  
a l  government, environmental  groups,  groups c r i t i c a l  o f  n u c l e a r  
Dower. lawvers r e ~ r e s e n t i n s  environmental  QrouDs and i n d u s t r v .  - .  > .  

and industrial organizations represen t iny  reaccor  manufacturers ,  
a rch icecc  cny inccr iny  f l r l r s  and e l e c t r i c  utilities. In addic ion 
t o  t h i s  d i s t r i b u t i o n ,  many r e q u e s t s  f o r  t h e  r e p o r t  were rece ived  
from o t h e r  i n d i v i d u a l s  and o r g a n i z a t i o n s .  A t o t a l  o f  about  90 
l e t t e r s  o f  c o m n t  were rece ived  which were v e r y  h e l p f u l  i n  t h e  
p r e p a r a t i o n  of t h i s  f i n a l  r e p o r t .  A new Appendix X I  h a s  been 
added t o  t h e  r e p o r t  t o  i n d i c a t e  t h e  s t u d y ' s  responses  t o  t h e  
comments r ece ived  and t h e  r e s u l t i n g  changes made i n  t h e  f i n a l  
r e p o r t .  

The Reactor  S a f e t y  Study was performed, a s  desc r ibed  i n  Chapter 
1, by an ad hoc group o f  people  i n i t i a l l y  assemhled by t h e  Atomic 
Energy Commission t o  do an independent assessment  o f  p o t e n t i a l  
a c c i d e n t  r i s k s  i n  U.S. c o m e r c i a l  n u c l e a r  power p l a n t s .  When t h e  
U.S. Nuclear Regulatory Commission was c r e a t e d  i n  January o f  1975 
t h e  work cont inued under i t s  ausp ices  wi th  renewed re-emphasis on 
t h e  independent n a t u r e  o f  t h e  s tudy  group. 

The s tudy  group wishes t o  thank a l l  t h o s e  who c o n t r i b u t e d  t o  t h e  
suppor t  o f  t h e  e f f o r t  and t h e  t e c h n i c a l  work a s  w e l l  a s  t h o s e  who 
commented on t h e  d r a f t  r e p o r t  t o  h e l p  improve t h e  q u a l i t y  o f  t h e  
f i n a l  ve r s ion .  
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Chapter 1 

Objectives and Organization of the Reactor Safety Study 

1.1 INTRODUCTION systems had n o t  been w e l l  developed. 
C l e a r l y ,  even i f  t h e  r e l i a b i l i t y  
techniques  needed f o r  r i s k  assessment 

Although n u c l e a r  powex p l a n t s  have had been a v a i l a b l e ,  t h e  engineer ing 
advantages over  f o s s i l  p l a n t s  i n  most informat ion needed t o  draw meaningful 
a r e a s  o f  environmental  e f f e c t s  and i n  conclus ions  about t h e  p r o b a b i l i t y  o f  
t h e  c o s t  of e l e c t r i c i t y ,  t h e y  have some a c c i d e n t s  i n  f u t u r e  p l a n t s  d i d  n o t  
p o t e n t i a l  f o r  a c c i d e n t s  wi th  l a r g e r  e x i s t .  
p u b l i c  consequences than f o s s i l - f u e l e d  

- p l a n t s .  While t h e  s a f e t y  o f  n u c l e a r  
p l a n t s  has  been much d i scussed  i n  For  t h e s e  reasons ,  t h e  1957 e f f o r t  
n u c l e a r  c i r c l e s  f o r  more than twenty devoted l i t t l e  a t t e n t i o n  t o  t h e  proba- 
y e a r s ,  it has o n l y  r e c e n t l y  a t t r a c t e d  b i l i t y  o f  occurrence of acc iden t s .  In 
wider i n t e r e s t .  Much confusion e x i s t s  t h e  p a s t  10 years  t h e  development o f  
i n  t h i s  a r e a  p r i n c i p a l l y  because t h e  r e l i a b i l i t y  techniques  has progressed 
publ ished r e s u l t s  o f  e a r l y  s t u d i e s 1  have considerably .  F u r t h e r ,  a s  a  r e s u l t  o f  
been widely  misunderstood and because no t h e  i n c r e a s e d  use o f  commercial n u c l e a r  
r e c e n t  assessment of r e a c t o r  r i s k s  has  power p l a n t s  i n  t h e  l a s t  decade, a  wel l -  
been made. The p r i n c i p a l  purpose o f  developed approach t o  t h e  s a f e t y  des ign 
t h i s  s t u d y  i s  t o  a s s e s s  t h e  r i s k s  t o  t h e  o f  water-cooled r e a c t o r s  and s p e c i f i c  
pub l ic  from p o t e n t i a l  a c c i d e n t s  i n  nu- engineer ing designs  needed t o  implement 
c l e a r  power p l a n t s  o f  t h e  type being a  q u a n t i t a t i v e  approach t o  r i s k  
b u i l t  i n  t h e  United S t a t e s  today. It i s  assessment now e x i s t s .  
in tended  t h a t  t h e  p r e s e n t  s t u d y  w i l l  
produce a  more r e a l i s t i c  assessment of 
these  r i s k s  than h a s  been provided i n  1.2 OBJECTIVES OF THE REACTORSAFETY 
e a r l i e r  work; it may a l s o  h e l p  t o  d i s p e l  STUDY 

a some o f  t h e  e x i s t i n g  confusion.  

A t  t h e  s t a r t  o f  t h e  Reactor Safe ty  Study 
I t  is important  t o  understand t h a t  t h e  i n  t h e  summer o f  1972, t h e r e  was consid- 
e a r l i e r  s t u d i e s  o f  n u c l e a r  power p l a n t  e r a b l e  u n c e r t a i n t y  about t h e  a p p l i c a b i l -  
a c c i d e n t s  were performed with  o b j e c t i v e s  i t y  o f  r e l i a b i l i t y  techniques  t o  quan t i -  
o t h e r  than r e a l i s t i c  r i s k  assessment i n  t a t i v e  r i s k  assessment and about t h e  
mind. The A E C ' s  major e a r l y  s tudy ,  a b i l i t y  o f  these  techniques  t o  achieve 
pub l i shed  i n  1957, was performed by c r e d i b l e  e s t i m a t e s  o f  t h e  occurrence of 
Brookhaven Nat ional  Laboratory (BNL) and e v e n t s  o f  low p r o b a b i l i t y .  Experience 
was e n t i t l e d  "Theore t i ca l  P o s s i b i l i t i e s  had i n d i c a t e d  t h a t  a p p l i c a t i o n  o f  t h e s e  
and Consequences of Major Accidents i n  techniques  g e n e r a l l y  l e d  t o  e s t i m a t e s  o f  
Large Nuclear Power P lan t s . "  I t s  f a i l u r e  of engineered systems t h a t  were 
o b j e c t i v e  was t o  provide an e s t i m a t e  o f  s o  smal l  a s  t o  c o n t r a d i c t  common 
t h e  upper l i m i t  t o  the  consequences t h a t  exper ience.  Much o f  t h e  u n c e r t a i n t y  
might be involved i n  such a c c i d e n t s  i n  t h a t  e x i s t e d  i s  e x h i b i t e d  i n  t h e  
o r d e r  t o  h e l p  t h e  Congress e n s m e  t h a t  s t a tement  o f  o b j e c t i v e s  given t o  t h e  
l e g i s l a t i o n  being considered t o  provide Ileactor S a f e t y  Study by t h e  Atomic 
government indemnif icat ion o f  t h e  p u b l i c  Energy Commission on August 4 ,  1972: 
would be adequate. I t  i s  o f  i n t e r e s t  
t h a t ,  a t  t h e  time o f  t h e  BNL s tudy ,  on ly  "The p r i n c i p a l  o b j e c t i v e  o f  t h e  s tudy i s  
a  few very smal l  m i l i t a r y  power p l a n t s  t o  t r y  t o  reach  some meaningful conclu- 
e x i s t e d  and no commercial nuc lea r  power s i o n s  about t h e  r i s k s  o f  n u c l e a r  
p l a n t s  were i n  o p e r a t i o n ,  a l though some a c c i d e n t s  us ing  c u r r e n t  technology. I t  
were being designed and cons t ruc ted .  i s  recognized,  however, t h a t  t h e  p r e s e n t  
Furthermore,  techniques  f o r  p r e d i c t i n g  s t a t e  o f  knowledge probably w i l l  n o t  
the  l i k e l i h o o d  o f  f a i l u r e  o f  engineered permit  a  complete a n a l y s i s  o f  low- 

p r o b a b i l i t y  a c c i d e n t s  i n  nuc lea r  p l a n t s  
wi th  t h e  p r e c i s i o n  t h a t  would be d e s i r a -  
b l e .  Where t h i s  i s  t h e  case ,  t h e  s tudy  
w i l l  cons ider  t h e  u n c e r t a i n t y  i n  p r e s e n t  
knowledge and t h e  consequent range i n  

'WASH 1250, Chapter 6 ,  summarized some t h e  p r e d i c t i o n s ,  a s  w e l l  a s  d e l i n e a t i n g  
o f  t h i s  e a r l y  work. ou t s tand ing  problems. I n  t h i s  way, any 
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u n c e r t a i n t i e s  i n  t h e  r e s u l t s  o f  t h i s  
s tudy  can be p laced  i n  pe rspec t ive .  
Thus, a l though t h e  r e s u l t s  o f  t h i s  s tudy  
of n e c e s s i t y  w i l l  be imprecise  i n  some 
a s p e c t s ,  t h e  s tudy  n e v e r t h e l e s s  w i l l  
provide  an important  f i r s t  s t e p  i n  t h e  
development o f  q u a n t i t a t i v e  r i s k  analy- 
s is  methods." 

A s  confidence wi th in  t h e  s tudy group 
grew i n  t h e  a b i l i t y  t o  achieve a  mean- 
i n g f u l  r i s k  assessment,  t h e  Reactor 
S a f e t y  Study added t h e  fol lowing more 
s p e c i f i c  o b j e c t i v e s  under i t s  o r i g i n a l ,  
broadly s t a t e d  c h a r t e r :  

a.  Perform a  q u a n t i t a t i v e  assessment o f  
t h e  r i s k  t o  the  p u b l i c  from r e a c t o r  
acc iden t s .  This  r e q u i r e s  ana lyses  
d i r e c t e d  toward determining both  t h e  
p r o b a b i l i t i e s  and t h e  consequences 
o f  such acc iden t s .  

b. Perform a  more r e a l i s t i c  assessment 
a s  opposed t o  t h e  "conservat ively-  
o r i e n t e d "  s a f e t y  approach taken i n  
previous  s t u d i e s  o f  t h i s  type and 
the  l i c e n s i n g  process  f o r  n u c l e a r  
power p l a n t s .  

c. Develop t h e  methodological  ap- 
proaches needed t o  perform t h e s e  
assessments and ga in  an understand- 
ing  o f  t h e i r  l i m i t a t i o n s .  

d. I d e n t i f y  a r e a s  i n  which f u t u r e  
s a f e t y  resea rch  might be f r u i t f u l l y  
d i r e c t e d .  

e. Provide an independent check of t h e  
e f f e c t i v e n e s s  o f  t h e  r e a c t o r  s a f e t y  
p r a c t i c e s  o f  i n d u s t r y  and t h e  
government. 

1.3 ORGANIZATION OF THE REACTOR 
SAFETY STUDY 

The s tudy  was organized t o  be  indepen- 
den t  o f  the  AEC's o p e r a t i n g  and 
regu la to ry  o rgan iza t ions .  P r o f e s s o r  
Norman C. Rasmussen o f  MIT, a s  Di rec to r  
o f  t h e  Reactor S a f e t y  Study, r epor ted  t o  
t h e  Commission. While funds and such 
o t h e r  a s s i s t a n c e  a s  were needed were 
provided by t h e  AEC, the  s tudy  o p e r a t e d  
under t h e  g e n e r a l  c h a r t e r  provided by 
t h e  Commission, b u t  r ece ived  no o t h e r  
d i r e c t i o n  from it.l 

To a s s i s t  D r .  Rasmussen i n  t h e  t e c h n i c a l  
management of t h e  s tudy ,  t h e  AEC 

''This same independence was preserved by 
t h e  U . S .  Nuclear Regulatory Commission 
when it assumed sponsorship  o f  t h e  
s tudy on January 1 9 ,  1975. 

ass igned Saul  Levine a s  P r o j e c t  S t a f f  
Di rec to r .  I n  a d d i t i o n ,  one par t - t ime 
and seven f u l l - t i m e  p a r t i c i p a n t s  were 
AEC employees. One p a r t i c i p a n t  was from 
t h e  o p e r a t i o n a l  s i d e  of t h e  AEC t o  

C 
a s s i s t  i n  m a t t e r s  invo lv ing  design and 
t h e  o t h e r s ,  on loan from t h e  AEC's 
regu la to ry  s t a f f ,  were t e c h n i c a l  s a f e t y  
s p e c i a l i s t s  wi th  d e t a i l e d  knowledge of 
r e a c t o r  p l a n t s .  Addi t ional  p a r t i c i p a n t s  
were fu rn i shed  by c o n t r a c t o r s  and 
n a t i o n a l  l a b o r a t o r i e s  t o  f u l f i l l  t h e  
s p e c i a l i z e d  t e c h n i c a l  needs o f  t h e  
s tudy.  Some o f  t h e  o rgan iza t ions  and 
t h e i r  f i e l d  o f  e x p e r t i s e  were: 

a. Boeing Company-Fault t r e e  a n a l y s i s .  

b. Aero je t  Nuclear Cowany-Data c o l l e c -  
t i o n ,  f a u l t  t r e e  and even t  t r e e  
a n a l y s i s .  

c .  Science Appl ica t ions ,  1nc.-Data 
a n a l y s i s ,  q u a n t i f i c a t i o n  of f a u l t  
t r e e s  and even t  t r e e s .  

d. Lawrence Livermore Laboratory-Fault  
t r e e  a n a l y s i s .  

e .  Sandia  Laboratories-Data a n a l y s i s ,  
f a u l t  t r e e  a n a l y s i s  and consequence 
modeling. 

f .  Oak Ridge Nat ional  Laboratory- 
Systems engineer ing a n a l y s i s .  

g. Teknekron-Technical e d i t i n g .  
C 

h .  Hanford Engineering Development 
Laboratory-Consequence modeling. 

The work by t h e  above o rgan iza t ions  was 
performed almost e n t i r e l y  a t  AEC Head- 
q u a r t e r s  under t h e  d i r e c t i o n  of D r .  
Rasmussen and M r .  Levine. 

I n  a d d i t i o n ,  work was con t rac ted  t o  
o t h e r  o r g a n i z a t i o n s  n o t  l o c a t e d  a t  
Headquarters. However, it w a s  d i r e c t e d  
i n  cons iderab le  d e t a i l  by t h e  Reactor 
S a f e t y  Study. Included were: 

a. B a t t e l l e  Columbus Laboratory- 
R a d i o a c t i v i t y  r e l e a s e  and t r a n s p o r t ;  
a n a l y s i s  o f  molten f u e l  
i n t e r a c t i o n s .  

b. B a t t e l l e  P a c i f i c  Northwest Labora- 
to ry -Radioac t iv i ty  r e l e a s e  and 
t r a n s p o r t .  

c. Oak Ridge Nat ional  Laboratory- 
Rad ioac t iv i ty  r e l e a s e  and t r a n s p o r t ;  
s a f e t y  des ign r a t i o n a l e .  

d. A e r o j e t  Nuclear Company-Radioactivi- 
t y  r e l e a s e  and t r a n s p o r t .  * 












































































































































































































































































































































































































