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Section I 

Introduction 

With t h e  release of  WASH-1400 i n  d r a f t  
form i n  August 1974, t h e  Reactor S a f e t y  
Study r eques t ed  comments from a broad 
spectrum of  s o c i e t y .  Comments w e r e  
r eques t ed  from environmental  groups,  
groups c r i t i ca l  of  nuc lea r  power, l a w -  
y e r s  r e p r e s e n t i n g  environmental  groups 
and i n d u s t r y ,  government agenc ie s ,  and 
i n d u s t r i a l  o r g a n i z a t i o n s  r e p r e s e n t i n g  
r e a c t o r  manufacturers ,  a r c h i t e c t  engi- 
nee r ing  f i rms  and e lec t r ic  u t i l i t i e s .  
About 90 o r g a n i z a t i o n s  and i n d i v i d u a l s  
responded wi th  comments t o t a l i n g  about 
1800 pages; t h e s e  included many 
u n s o l i c i t e d  comments.l 

The comments r ece ived  w e r e  i n  t h e  main 
c o n s t r u c t i v e  and of  cons ide rab le  assis- 
t ance  i n  p repa r ing  t h e  r e v i s i o n s  t o  t h e  
d r a f t  r e p o r t .  Th i s  appendix provides  a 
d i s c u s s i o n  of  t h e  p r i n c i p a l  comments 
r ece ived  and guidance as t o  t h e  l o c a t i o n  
and subs t ance  of t h e  s i g n i f i c a n t  changes 
inco rpora t ed  i n t o  t h e  f i n a l  r e p o r t .  The 
large m a j o r i t y  of comments grouped 
conven ien t ly  i n t o  1 6  major t o p i c s ,  each 
o f  which i s  d i scussed  i n  a s e p a r a t e  
s e c t i o n  of  t h i s  appendix, as i n d i c a t e d  
by t h e  fol lowing l i s t :  

Sec t ion  2. Summaries of P r i n c i p a l  Com- 
ments by Various Organiza- 
t i o n s  

2.1 

2.2 

2.3 

2.4 

2.5 

2.6 

U.S .  Environmental 
P r o t e c t i o n  Agency 

American Physical  So- 
c i e t y  Study Group on 
Reactor S a f e t y  

U.S. Atomic Energy 
Commission Regulatory 
S t a f f  

Advisory Committee on 
Reactor Safeguards 

Union of Concerned 
S c i e n t i s t s  

Resources f o r  t h e  
Fu tu re ,  Inc.  

Sect ion 3. 

Sec t ion  4. 

Sec t ion  5. 

Sec t ion  6. 

Sect ion 7. 

Sec t ion  8. 

Sec t ion  9. 

Sec t ion  1 0 .  

Sec t ion  11. 

Sec t ion  1 2 .  

Sec t ion  13. 

Sec t ion  14. 

Sec t ion  15. 

Sec t ion  1 6 .  

Sec t ion  1 7 .  

Sec t ion  18. 

Sect ion 19 .  

To handle 

Methodology 

Consequences Model 

P r o b a b i l i t y  of Accident Se- 
quences 

Radioact ive Releases  from 
Accident Sequences 

Emergency Cooling Function- 
a b i l i t y  

Reactor V e s s e l  Rupture 

Nuclear Excursions 

Behavior of Radionuclides 
i n  S o i l  and Water 

Core Meltdown Analysis  

Steam Explosion 

Hydrogen Combustion 

Data Base 

Ex te rna l  Forces 

Sabotage 

Scope 

Design Adequacy 

Miscellaneous 

t h e  large volume of comments 
r ece ived  i n  a cohe ren t  manner, it i s  
necessary t o  p r e s e n t  t h e  essence of t h e  
comments and t h e  a p p r o p r i a t e  responses .  
The a c t i o n  taken i n  response t o  t h e  
v a r i o u s  comments r ece ived  w a s  based on 
an examination of each comment, both 
i n d i v i d u a l l y  and i n  terms of t h e  c o n t e x t  
provided by t h e  comments from a l l  
sources.  Many of t h e  comments r ece ived  
from t h e  va r ious  sou rces  w e r e  s i m i l a r  
and w e r e  t h e r e f o r e  grouped t o  make t h e i r  
t r ea tmen t  easier t o  fol low; the  sou rces  
of t h e  comments t h a t  w e r e  grouped to-  
g e t h e r  are i d e n t i f i e d  i n  each case.  For 

The o r q a n i z a t i o n s  and i n d i v i d u a l s  t h a t  submitted comments a r e  l i s t e d  i n  Table X I  I 

1-1. Those whose comments were requested by the  Study Group a r e  i n d i c a t e d  by 
a s t e r i s k s .  
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f u r t h e r  c l a r i t y ,  a d i s c u s s i o n  of t h e  
p r i n c i p a l  comments r ece ived  from 
o r g a n i z a t i o n s  t h a t  made a s i g n i f i c a n t  
e f f o r t  t o  review d r a f t  WASH-1400 i s  a l s o  
presented.  

Some of t h e  comments r ece ived  r equ i r ed  
changes t o  be made i n  t h e  r e p o r t .  Most 
of t h e s e  comments p e r t a i n e d  t o  t h e  c a l -  
c u l a t i o n  of consequences; i n  response,  
an e s s e n t i a l l y  e n t i r e l y  new Appendix V I ,  
Ca lcu la t ion  of Reactor Accident 
Conse uences has been inco rpora t ed  i n t o  
EiZ+---, i n a l  r e p o r t .  Responses t o  those  
o t h e r  comments t h a t  r e q u i r e d  changes i n  
t h e  r e p o r t  are a l s o  included i n  t h i s  
appendix, with a n o t a t i o n  i n d i c a t i n g  
where t h e  r e p o r t  has been changed. A 
second, somewhat l a r g e r ,  ca t egory  in-  
cluded comments t h a t  addressed ma t t e r s  
of s i g n i f i c a n c e  and seemed t o  r e q u i r e  a 
response t o  c l a r i f y  t h e  m a t t e r ;  it was 
f e l t  t h a t  t h e s e  comments d i d  n o t  r e q u i r e  
changes i n  t h e  r e p o r t .  

The rest  of t h e  comments, comprising t h e  
l a r g e  ma jo r i ty  of t hose  r ece ived ,  w e r e  
of a n a t u r e  t h a t  d i d  n o t  a f f e c t  t h e  
s tudy  s i g n i f i c a n t l y  and r e q u i r e d  no 
response.  Many of t h e s e  contained 
h e l p f u l  sugges t ions  t h a t  were e s s e n t i a l -  
l y  e d i t o r i a l  i n  n a t u r e ,  and minor 
changes w e r e  made i n  t h e  t e x t  of t h e  
r e p o r t  where appropr i a t e .  The comments 
i n  t h i s  ca t egory  f e l l  i n t o  t h e  fol lowing 
subca tegor i e s :  

a. The comment r ece ived  w a s  keyed t o  a 
p a r t i c u l a r  s e c t i o n  of t h e  r e p o r t  and 
i n d i c a t e d  t h a t  some sort  of informa- 
t i o n  o r  a n a l y s i s  w a s  missing. The 
information sought w a s  a l r e a d y  
contained elsewhere i n  d r a f t  WASH- 
1 4 0 0 ,  b u t  appa ren t ly  could n o t  be 
found by t h e  r e a d e r  because of t h e  
l a r g e  volume of t h e  r e p o r t .  ( I t  
should be noted t h a t  where t h i s  type 
of comment i d e n t i f i e d  areas of s i g -  
n i f i c a n c e  t h a t  w e r e  n o t  covered i n  
t h e  r e p o r t ,  t h e  matter i s  d i scussed  
i n  t h i s  appendix as a p a r t  of t h e  
major t o p i c s  l i s t e d  ear l ier . )  

b. The comment suggested expanding t h e  
scope of t h e  s tudy  beyond t h a t  de- 
f i n e d  by i t s  c h a r t e r  o r  extending 
t h e  d e t a i l  of t h e  work beyond t h a t  
needed t o  s u b s t a n t i a t e  t h e  p o i n t  
involved. Most comments of t h i s  
type are n o t  d i scussed  i n  t h i s  
appendix. However, a r e p r e s e n t a t i v e  
group on t h e  scope of t h e  s tudy w a s  
assembled and i s  d i scussed  i n  
s e c t i o n  17. 

c. The comment appeared t o  r e s u l t  from 
misreading o r  misunderstanding t h e  
r e p o r t ,  or w a s  i n  e r r o r .  

d. The comment d i sag reed  with m a t e r i a l  
i n  t h e  r e p o r t  without  p r e s e n t i n g  
f a c t u a l  information o r  a n a l y s i s  t o  
subs t a n t i a t e  t h e  ob jec t ion .  

e. Minor e d i t o r i a l  comments t h a t  were 
made t o  improve c l a r i t y ,  comprehen- 
s i v e n e s s ,  o r  cons i s t ency  (or  simply 
t o  c o r r e c t  f a i r l y  obvious ' e r r o r s ) ;  
a p p r o p r i a t e  changes were made i n  t h e  
r e p o r t  where i n d i c a t e d .  Some 
e d i t o r i a l  comments made no such 
c o n t r i b u t i o n s  o r  r e f l e c t e d  merely 
matters of t a s t e  and w e r e  no t  a c t e d  
upon. The r e p o r t  w a s  n o t  a f f e c t e d  
i n  any s u b s t a n t i v e  way by comments 
of t h i s  type.  

A l l  of t h e  s u b s t a n t i v e  comments t h a t  
w e r e  r ece ived  are d i scussed  i n  t h e  
va r ious  s e c t i o n s  of t h i s  appendix. The 
p r i n c i p a l  areas addressed by t h e s e  
comments w e r e  t h e  methodology used i n  
t h e  s tudy ,  t h e  c a l c u l a t i o n s  of conse- 
quences, and t h e  p r o b a b i l i t i e s  and 
r a d i o a c t i v e  release magnitudes p r e d i c t e d  
f o r  t h e  va r ious  p o t e n t i a l  acc iden t s .  A 
reexamination of t h e s e  a r e a s  l e d  t o  t h e  
fol lowing a c t i o n s  by t h e  s tudy:  

1. Because t h e  d i s c u s s i o n s  of  methodol- 
ogy w e r e  s c a t t e r e d  throughout  t h e  r a t h e r  
voluminous appendices and because cer- 
t a i n  elements t h a t  could have provided a 
b e t t e r  p e r s p e c t i v e  of  t h e  methodology 
were n o t  included i n  t h e  d r a f t  r e p o r t ,  
an overview of  t h e  methodology was 
prepared. This  o v e r a l l  d i s c u s s i o n  of  
t h e  methodology i s  con ta ined  i n  s e c t i o n  
3 of t h i s  appendix and i n  Addendum I t o  
t h e  Main Report. I t  i s  hoped t h a t  t h i s  
overview w i l l  c l a r i f y  t h e  a p p l i c a t i o n  of  
t h e  methodology i n  WASH-1400. 

2. I n  gene ra l ,  t h e  p o t e n t i a l  conse- 
quences p r e d i c t e d  i n  t h e  f i n a l  r e p o r t  
have i n c r e a s e d  over  t h o s e  p r e d i c t e d  i n  
t h e  d r a f t  r e p o r t .  A l l  p r e d i c t e d  conse- 
quences i n  t h e  f i n a l  report ,  e x c e p t  one, 
were w i t h i n  t h e  f a c t o r s  o f  1 /3  and 3 
e r r o r  bands o f  t h e  v a l u e s  p r e d i c t e d  i n  
t h e  d r a f t  r e p o r t .  The p r e d i c t e d  average 
value of l a t e n t  c a n c e r s  i n c r e a s e d  by a 
f a c t o r  o f  about  7 ,  due p r i n c i p a l l y  t o  
t h e  e r r o r  made i n  t h e  weather ing h a l f  
l i f e  t h a t  w a s  a s s igned  fo r  cesium decay 
i n  t h e  d r a f t  r e p o r t .  This  e f f e c t  a l s o  
i n c r e a s e d  t h e  land area needing decon- 
taminat ion by 5 and t h a t  i n  which 
r e l o c a t i o n  i s  r e q u i r e d  by 10. Ear ly  
i l l n e s s e s  were c a l c u l a t e d  on an organ by 
organ b a s i s  which i n c r e a s e d  t h e  magni- 
t ude  by a f a c t o r  o f  6. The res t  o f  t h e  
changes w e r e  w i t h i n  t h e  confidence 
bounds o f  t h e  p r e d i c t i o n s  i n  t h e  d r a f t  
r e p o r t .  The s t u d y  b e l i e v e s  t h a t  i t s  
c u r r e n t  consequence model i s  conserva- 
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as  

ve and t h a t  t h e  p o t e n t i a l  consequences 
t h e  f i n a l  r e p o r t  r e p r e s e n t  n e a r  upper 

und l i m i t s  f o r  those consequences such 
e a r l y  e f f e c t s ,  p r o p e r t y  damage and 

contaminated l and  areas. This area i s  
d i scussed  f u r t h e r  i n  s e c t i o n  4 of t h i s  
appendix and i n  Chapter 5 o f  t h e  Main 
Report. The above noted changes do n o t  
change t h e  b a s i c  conclusion o f  t h e  d r a f t  
r e p o r t  t h a t  r e a c t o r  r i s k s  a r e  r e l a t i v e l y  
s m a l l  compared t o  o t h e r  s o c i e t a l  r i s k s .  

3. Although t h e  p r o b a b i l i t i e s  p r e d i c t e d  
f o r  t h e  v a r i o u s  a c c i d e n t  sequences have 
changed i n  scme d e t a i l s ,  t h e  o v e r a l l  
p r e d i c t e d  p r o b a b i l i t y  o f  a c c i d e n t s  d i d  
n o t  change s i g n i f i c a n t l y .  A number o f  
changes a f f e c t i n g  a c c i d e n t  sequences , 
t h e i r  p r o b a b i l i t i e s ,  and r a d i o a c t i v e  re- 
lease magnitudes a r e  d i scussed  below. 

a. One a c c i d e n t  sequence was iden- 
t i f i e d  t h a t ,  a l though it had 
been considered q u a l i t a t i v e l y  i n  
t h e  a n a l y s i s ,  had n o t  been 
t r e a t e d  q u a n t i t a t i v e l y  i n  t h e  
d r a f t  r e p o r t .  T h i s  sequence 
p e r t a i n e d  t o  the  p o t e n t i a l  con- 
t r i b u t i o n  t o  r i s k  o f  l a r g e  elec- 
t r i c a l  f i r e s  such as  t h e  one 
t h a t  occurred a t  t h e  Browns 
F e r r y  Nuclear Power P l a n t .  
Sec t ion  3 ,  comment 3 . 2 . 1  con- 
t a i n s  an a n a l y s i s  o f  t h i s  se- 
quence, and t h e  Main Report h a s  
been modified a p p r o p r i a t e l y .  
The a d d i t i o n  o f  t h i s  sequence 
d i d  n o t  have a s i g n i f i c a n t  
impact on t h e  r e s u l t s  o f  t h e  
s tudy.  

b. I n  r ega rd  t o  t h e  p r o b a b i l i t i e s  
p r e d i c t e d  f o r  va r ious  a c c i d e n t  
sequences,  t h e  p r e d i c t e d  proba- 
bility for one sequence w a s  
changed a s  a r e s u l t  o f  t h e  com- 
ments received.  This involved 
t h e  p r e d i c t e d  p r o b a b i l i t y  f o r  
loss o f  a b i l i t y  t o  s t o p  t h e  
f i s s i o n  p rocess  i n  c e r t a i n  BWR 
a c c i den t s eque nce s . A 1  t ho ug h 
t h e  p r o b a b i l i t y  o f  t h e s e  sequen- 
ces i n c r e a s e d  by a f a c t o r  o f  3 ,  
t h e  n e t  impact on t h e  o v e r a l l  
p r o b a b i l i t y  o f  a c c i d e n t s  d i d  n o t  
change s i g n i f i c a n t l y .  See t h e  
response t o  comment 5 .1 .1  i n  
s e c t i o n  5 o f  t h i s  appendix. 

c. As t h e  r e s u l t ’ o f  a comment ques- 
t i o n i n g  t h e  a p p l i c a b i l i t y  o f  t h e  
release magnitudes computed f o r  
large-LOCA a c c i d e n t  sequence’s t o  
s m a l l - L O C A  and t r a n s i e n t  a c c i -  
d e n t  sequences,  t h e  s tudy reex- 
amined t h i s  area and performed 
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a d d i t i o n a l  computations of t h e  
p o t e n t i a l  r a d i o a c t i v e  releases 
from small-LOCA and t r a n s i e n t  
a c c i d e n t  sequences. These com- 
p u t a t i o n s  g e n e r a l l y  confirmed 
t h e  s t u d y ‘ s  e n g i n e e r i n g  judgment 
i n  t h e  d r a f t  r e p o r t  excep t  f o r  
one t r a n s i e n t  sequence i n  t h e  
BWR. This change a f f e c t s  BWR 
release ca t egory  2 .  The re- 
l e a s e s  o f  t h e  halogens and 
a l k a l i n e  e a r t h s ,  which are t h e  
p r i n c i p a  1 c o n t r i b u t o r s  to  t h e  
consequences o f  p o t e n t i a l  a c c i -  
d e n t s ,  i n c r e a s e d  by 50 and 67%, 
r e s p e c t i v e l y .  The releases o f  
s t r o n t i u m  and t e l l u r i u m  a l s o  
i n c r e a s e d  by f a c t o r s  o f  2.5 and 
3 , r e s p e c t i v e l y .  These changes 
have been inco rpora t ed  i n t o  Ap- 
pendix V ,  s e c t i o n  1, and i n t o  
t h e  i n p u t  t o  t h e  consequence 
model d e s c r i b e d  i n  Appendix V I .  
See response t o  comment 6 . 1  i n  
s e c t i o n  6 o f  t h i s  appendix. 

d. I t  shou ld  a l s o  be no ted  t h a t  i n  
t h e  p r e p a r a t i o n  o f  t h e  f i n a l  
r e p o r t  t h e  s tudy  reexamined t h e  
p r o b a b i l i t y  p r e d i c t e d  € o r  each 
s i g n i f i c a n t  a c c i d e n t  sequence as  
w e l l  a s  t h e  assignment o f  r ad io -  
a c t i v e  release magnitudes f o r  
t h e s e  sequences.  Some minor 
e r r o r s  w e r e  found both i n  t h e  
p r e d i c t e d  p r o b a b i l i t i e s  o f  v a r i -  
ous a c c i d e n t  sequences a s  w e l l  
a s  i n  t h e  p r e d i c t e d  r e l e a s e  mag- 
n i t u d e s .  When t h e s e  were ad- 
j u s t e d ,  t h e  o v e r a l l  p r o b a b i l i t y  
o f  co re  m e l t  of 6 x 1 0 - 5  p e r  
r eac to r -yea r  p r e d i c t e d  i n  t h e  
d r a f t  r e p o r t  decreased s l i g h t l y  
t o  5 x 10-5 p e r  r eac to r -yea r .  
In a d d i t i o n ,  some small i n -  
creases and decreases i n  pre- 
d i c t e d  r a d i o a c t i v e  release mag- 
n i t u d e s  a l s o  occurred.  These 
changes as  w e l l  a s  t h o s e  men- 
t i o n e d  i n  paragraph c. above 
(see s e c t i o n s  5 and 6 of  t h i s  
appendix f o r  a more d e t a i l e d  
d i s c u s s i o n )  produced no s i g n i f i -  
c a n t  changes i n  t h e  resul ts  o f  
t h e  study. 

As i n d i c a t e d  above, t h e  p r i n c i p a l  com- 
ments r ece ived  are covered i n  t h e  fo l -  
lowing s e c t i o n s  o f  t h i s  appendix: 

S e c t i o n  3. M e  thodology 

Sec t ion  4 .  Consequence Model 

Sec t ion  5. P r o b a b i l i t y  of  Accident Se- 
quences 



Sect ion 6. Radioact ive Releases from 
Accident Sequence s 

I n  a d d i t i o n ,  s e c t i o n  2 o f  t h i s  appendix 
c o n t a i n s  b r i e f  summaries o f  t h e  p r i n c i -  
p a l  comments r ece ived  from t h e  U . S .  
Environmental P r o t e c t i o n  Agency, The 
American Physical  S o c i e t y  Study Group on 
Reactor Sa fe ty ,  t h e  U . S .  Atomic Energy 
Commission Regulatory S t a f f  , t h e  
Advisory Committee on Reactor Safe-  

guards , t h e  Union o f  Concerned Scien- 
t i s ts ,  and Resources f o r  t h e  Fu tu re ,  
Inc. These o r g a n i z a t i o n s  a p p a r e n t l y  
made s i g n i f i c a n t  e f f o r t s  t o  e v a l u a t e  t h e  
s t u d y  and were r e s p o n s i b l e  f o r  a sub- 
s t a n t i a l  p o r t i o n  of  t h e  s u b s t a n t i v e  
comments received.  The summaries i n  
s e c t i o n  2 are included t o  provide a 
b a s i s  f o r  understanding t h e  f l a v o r  and 
t h r u s t  of bo th  t h e  comments and t h e  
s t u d y ' s  response t o  them. 

TABLE X I  1-1 

ORGANIZATIONS AND I N D I V I D U A L S  
SUBMITTING COMMENTS ON DRAFT 

WASH-1400 ( a )  

1. 
2. 
3. 
4. 
5. 
6. 
7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 
15. 

16. 
17. 

18. 
19. 

20. 
21. 
22. 
23. 

24. 

Governmen t a l  Organizat ions 

Brookhaven Na t iona l  Laboratory* 
E a s t  Tennessee Development D i s t r i c t  
F e d e r a l  Energy Adminis t ra t ion* 
F e d e r a l  Power Commission* 
Lawrence Livermore Laboratory 
Minnesota P o l l u t i o n  Control  Agency 
Na t iona l  Aeronaut ics  and Space 

Nuclear and Thermal Energy Council ,  

U.S. Atomic Energy Commission, 

Adminis t ra t ion 

S ta te  o f  Oregon 

Divis ion o f  Reactor Research and 
Development* 

D i r e c t o r  o f  Regulation* 

Advisory Committee on Reactor  
Safeguards* 

O f f i c e  o f  Planning and Analysis" 

Regulatory S t a f f *  

U . S .  Atomic Energy Commission, 

U. S. Atomic Energy Commission, 

U.S.  Atomic Energy Commission, 

U.S. Atomic Energy Commission, 

U.S. Department o f  Commerce 
U.S. Department o f  Heal th ,  

Education and Welfare" 
U. S. Department o f  I n t e r i o r  
U. S. Environmental P r o t e c t i o n  

Agency* 

Nongovernmental Organizat ions 

A e r o j e t  Nuclear Company 
American P h y s i c a l  Soc ie ty  Study 

A t o m i c  I n d u s t r i a l  Forum 
Babcock & Wilcox" 
Be c h t e  1 Power Corporation" 
Businessmen f o r  t h e  Pub l i c  

C a l i f o r n i a n s  f o r  Safe Nuclear 

Group on Reactor  S a f e t y  

I n t e r e s t *  

Energy 

25. 
26. 
27. 
28. 
29. 

30. 
31. 
32. 
33. 
34. 
35. 
36. 
37. 
38. 
39. 

40. 
41. 

42. 

43. 

44. 
45. 
46. 

47. 
48. 
49. 
50. 
51. 

52. 
53. 
54. 
55. 

56. 

57. 

58. 
59. 

Combustion Engineer ing,  Inc.  * 
Concerned C a l i f o r n i a n s  
Edison Elec t r ic  I n s t i t u t e *  
E lec t r i c  Power Research I n s t i t u t e *  
Engineer ing Decision Analysis  

F l u o r  P ionee r ,  Inc. * 
F r a n k l i n  I n s t i t u t e  
F r i e n d s  o f  t h e  Earth* 
General Atomic Company* 
General E lec t r i c  Company* 
Gibbs and H i l l ,  Inc.* 
G i l b e r t  Assoc ia t e s ,  Inc.  * 
Holmes & Narver,  Inc.* 
I n s t i t u t e  f o r  Energy Analysis  
Iowa S tuden t  Pub l i c  I n t e r e s t  

Medica1 Research Council  
N a t u r a l  Resources Defense Council ,  

N a t  ion a1 Rur a1 E 1 ec t r ic  Cooperative 

Nuclear Energy L i a b i l i t y  P rope r ty  

Nuclear F u e l  S e r v i c e s  
Ph i l ade lph ia  Electric Company 
P o l l u t i o n  and Environmental 

Pub l i c  I n t e r e s t  Research Group 
Rensselaer  Polytechnic  I n s t i t u t e  
Resources f o r  t h e  F u t u r e ,  Inc.* 
Sa rgen t  & Lundy Engineers* 
S c i e n t i s t s  I n s t i t u t e  f o r  Pub1  i c  

The D e t r o i t  Edison Company 
The Na t iona l  In t e rvenor s*  
Town o f  E n f i e l d  S a f e t y  Council  
Union o f  Concerned S c i e n t i s t s  and 

United Engineers & Cons t ruc to r s ,  

Un ive r s i ty  o f  Washington, Nuclear 

V i r g i n i a  E lec t r ic  Power Company 
Westinghouse Electric Corporation* 

Company 

Research Group 

Inc.  * 
Associat ion* 

Insurance Assoc ia t ion  

Problems , Inc. 

Information* 

t h e  S i e r r a  Club* 

Inc. * 
Physics  Laboratory 
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60. 

6'' 
62. 

6 3. 

64. 
65. 
66. 
67. 
68. 
69. 
70. 

71. 

W i l d l i f e  Research Center  
York Committee f o r  a Safe  

Environment 
Ind iv idua l s  

Louis Baker, Argonne Nat iona l  
Laboratory 

S. K. B a l l a l ,  Tennessee Technolog- 
i ca l  Un ive r s i ty  

Robert  E. Ba r re t t  
Burton G .  Bennet t  
R u s s e l l  M. B i m b e r  
Mrs. Elva I.  Bresler 
H. D. Bruner 
W i l l i a m  M. Bryan 
Lincoln Clark ,  Jr. , Massachuset ts  

I n s t i t u t e  o f  Technology Research 
Reactor 

G. E.  Cummhgs, Lawrence Livermore 
Laboratory 

72. W i l l i a m  Dooly, U.S. A t o m i c  Energy 

73. D. E.  Dorfan 
74. J. E.  F a l l e t t a ,  Jr. 
75. John D. Fu rbe r ,  J r . ,  Un ive r s i ty  of 

Commission* 

76. 
77. 
78. 
79. 

80. 
81. 
82. 
83. 
84. 

85. 
86. 
87. 

C a l i f o r n i a  
Donald P. Geesaman 
Richard L. Grossman 
R .  Keller 
Jerome Kohl, North Caro l ina  S t a t e  

Ralph Lapp* 
Skip  Latimer 
Amory Lovins 
Robert  D. Mi l lber ry  
R.  F. Taschek, Un ive r s i ty  of  

C a l i f o r n i a  - L o s  A l a m o s  
B i l l  Teague 
Richard E. Webb 
M r s .  Mary Wright 

Un ive r s i ty  a t  Raleigh 

(a )  An a s t e r i s k  i n d i c a t e s  t h a t  t h e  comment w a s  s o l i c i t e d  by t h e  Reactor S a f e t y  
Study. It  should  be mentioned t h a t  a number o f  o t h e r  o r g a n i z a t i o n s  whose 
comments were s o l i c i t e d  d i d  n o t  respond. 
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Section 2 

Summaries of Principal Comments 
by Various Organizations 

This  s e c t i o n  p r e s e n t s  t h e  p r i n c i p a l  
comments rece ived  from t h e  U.S. Environ- 
mental  P r o t e c t i o n  Agency, t h e  American 
P h y s i c a l  Soc ie ty  Study Group on Reactor 
S a f e t y ,  t h e  U.S. A t o m i c  Energy Commis- 
s i o n  Regulatory S t a f f ,  t h e  Advisory Com- 
m i t t e e  on Reactor Safeguards,  t h e  Union 
of  Concerned S c i e n t i s t s ,  and Resources 
f o r  t h e  Future ,  Inc.  These organiza-  
t i o n s  apparent ly  made s i g n i f i c a n t  e f -  
f o r t s  t o  e v a l u a t e  t h e  s tudy  and were 
r e s p o n s i b l e  f o r  a s u b s t a n t i a l  p o r t i o n  of  
t h e  s u b s t a n t i v e  comments received.  

2.1 US.  ENVIRONMENTAL PROTECTION 
AGENCY 

The U . S .  Environmental P r o t e c t i o n  Agen- 
c y ' s  (EPA) comments on d r a f t  WASH-1400 
w e r e  r e c e i v e d  on December 4 ,  1 9 7 4 ,  and 
August 2 0 ,  1 9 7 5 . 1  Where a p p r o p r i a t e ,  
t h e  r e p o r t  w a s  amended t o  r e f l e c t  t h e  
changes recommended by t h e  EPA. The 
comments r e c e i v e d  w e r e  a s i g n i f i c a n t  a i d  
i n  prepar ing  t h e  f i n a l  r e p o r t .  

The p r i n c i p a l  comments submit ted by t h e  
EPA are presented  below and a r e  accom- 
panied by responses  where a p p r o p r i a t e .  

COMMENT 1 

"Because of  t h e  s i g n i f i c a n c e  of  t h e  
Reactor S a f e t y  Study toward e s t a b l i s h i n g  
t h e  a c c i d e n t  r i s k  a s s o c i a t e d  wi th  
n u c l e a r  power p l a n t s ,  w e  chose t o  review 
t h e  d r a f t  r e p o r t  of  t h e  s tudy  i n  t w o  
phases.  The c o m e n t s  f r o m  o u r  first 
phase review, and o v e r a l l  review of  t h e  
d r a f t  WASH-1400, w e r e  t r a n s m i t t e d  t o  you 
by o u r  letter of November 27 ,  1974. The 
second phase review w a s  an i n t e n s i v e  
examination of  s e l e c t e d  areas of  d r a f t  
WASH-1400 t o  determine i f  t h e r e  w e r e  
d e f i c i e n c i e s  i n  t h e i r  e v a l u a t i o n s  and t o  
estimate t h e  s i g n i f i c a n c e  of  t h e  d e f i -  
c i e n c i e s  wi th  r e s p e c t  t o  t h e  related 
r i s k  c a l c u l a t i o n s  i n  d r a f t  WASH-1400. 
This  e f f o r t  provided a deeper  
a p p r e c i a t i o n  of  t h e  degree of 
thoroughness w i t h  which t h e  Reactor 
S a f e t y  Study s t a f f  h a s  applie,d t h e  s t u d y  

methodology and of  t h e  s e n s i t i v i t y  of  
t h e  s tudy  r e s u l t s  t o  changes i n  
i n d i v i d u a l  parameters  o r  i n  s i n g l e  event  
p r o b a b i l i t i e s .  " 

. . . .  
"The r e s u l t s  of  o u r  second phase review 
have n o t  a l t e r e d  o u r  opin ion  t h a t  t h e  
Reactor S a f e t y  Study provides  a forward 
s t e p  i n  r i s k  assessment  of  n u c l e a r  power 
r e a c t o r s ,  and t h a t  t h e  s t u d y ' s  g e n e r a l  
methodology appears  t o  provide a system- 
a t i z e d  b a s i s  f o r  o b t a i n i n g  u s e f u l  as- 
sessments of  t h e  a c c i d e n t  r i s k s  where 
e m p i r i c a l  o r  h i s t o r i c a l  d a t a  are pre-  
s e n t l y  unavai lab le .  

COMMENT 2 

"There are a number of areas of n u c l e a r  
power technology which should be con- 
s i d e r e d  a s  c a n d i d a t e  a r e a s  f o r  f u t u r e  
a p p l i c a t i o n  of  a r e f i n e d  form of  t h e  
Reactor S a f e t y  Study methodology, in-  
c l u d i n g  d i f f e r e n t  v e r s i o n s  of  contempo- 
r a r y  l i g h t  water r e a c t o r s ,  h igh  tempera- 
t u r e  gas  cooled reactors,  l i q u i d  m e t a l  
f a s t  b reeder  r e a c t o r s ,  and v a r i a t i o n s  
such a s  barge mounted power plants . ' '  

RESPONSE 

The areas mentioned h e r e  a r e  o u t s i d e  t h e  
scope of  t h e  Reactor S a f e t y  Study, a s  
i n d i c a t e d  i n  s e c t i o n  1 7  of t h i s  appen- 
d ix .  The s tudy  a g r e e s  t h a t  it would be 
u s e f u l  t o  pursue t h e  areas o u t l i n e d  i n  
f u t u r e  NRC work. 

COMMENT 3 

"The [EPA] second phase review f i n d i n g s  
i n d i c a t e  t h a t  a l though errors,  omissions 
and o t h e r  d e f i c i e n c i e s  w e r e  found i n  
areas of  d r a f t  WASH-1400, t h e  v a s t  ma- 
j o r i t y  of  t h e s e  w e r e  found n o t  t o  have a 
s i g n i f i c a n t  e f f e c t  on t h e  overall  r i s k  
estimates. More than  a dozen areas were 
i n v e s t i g a t e d  i n  t h i s  phase b u t  t h e  only  
one which w a s  found t o  have a s i g n i f i -  
c a n t  p o t e n t i a l  f o r  i n c r e a s i n g  t h e  es t i -  

'The EPA l e t te r  of August 2 0 ,  1975,  also forwarded a r e p o r t  e n t i t l e d  A Review of 

ITI). IT1 performed as a c o n t r a c t o r  t o  assist EPA i n  t h e  review of  WASH-1400. 

t h e  
D r a f t  Report Reactor  S a f e t y  Study (WASH-1400) by Intermountain Technologies ,  Inc .  
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mate of overall risks was the assessment 
of transient-without-scram accidents for 
boiling water reactors...." 

. . . .  
"Draft WASH-1400 shows that the tran- 
sient-without-scram accident sequences 
for boiling water reactors (BWRs) make a 
major contribution to the overall acci- 
dent risk. The treatment of several as- 
pects of transient-without-scram acci- 
dents should be carried out in more 
detail to avoid unrealistically high 
risk estimates: an example is the deter- 
mination of the combinations of control 
rods whose failure results in failure to 
scram. Other aspects of transient- 
without-scram accidents need better 
justification of the failure probability 
values chosen: the assessments of the 
single control rod insertion failure 
rate, of the multiple and common mode 
control rod insertion failure rate, and 
of the protection provided by the liquid 
poison injection system are such that 
higher failure probability values could 
have been selected from the information 
given, with a potential for increasing 
overall risks by as much as a factor of 
2 . l1 

RESPONSE 

The EPA comment that the probability 
contribution to BWR risk from transients 
without scram was under-estimated in the 
draft WASH-1400 report is generally 
correct. Each of the points made in the 
comment concerning the assessment of 1) 
single control rod failure rate, 2 )  the 
multiple and common mode control rod 
insertion failure rate and 3 )  the pro- 
tection provided by the liquid poison 
injection system have been discussed in 
comment 5.1 of section 5 of this appen- 
dix. These discussions can be summa- 
rized as follows: 

a. 

b. 

C. 

The single control rod unavailabil- 
ity of 10-4 per demand used in WASH- 
1400 is consistent with available 
data. See comment 5.1.3 in section 
5 of this appendix. 

Because of the nature of common mode 
failure contributions, the probabil- 
ity of multiple rods failing to 
scram does not vary appreciably as 
the number ( > 3 )  of potential rod 
failures increases. See comment 
5.1.4 of section 5 of this appendix. 

The estimated probability of 
3 x 1 0 - 2  assigned in the draft 
report for failure of the operation 
to start the liquid poison injection 
system was in error. A better value 

of 10-1 has been assigned and as the 
final report has been changed 
accordingly. See the introduction 
to section 5 and comment 5.1.1 for a 
fuller discussion of the area. 

COMMENT 4 

"Although the draft Reactor Safety Study 
report does not make an absolute judg- 
ment on nuclear power plant accident 
risk acceptability, the comparative risk 
approach presented in the summmary and 
in the main volume of the draft report 
is likely to imply an acceptability 
judgment to the average reader. EPA 
recognizes that the comparative risk 
approach is a first step in addressing 
this question, but by itself is mislead- 
ing. The summary presentations in draft 
WASH-1400 serve to illustrate some of 
the problems with the comparative risk 
approach, as do some of the observations 
on the subject in ITI's report. It is 
not an accurate comparison to compare 
risks estimated from calculations to 
risks estimated from experience, to omit 
latent deaths from comparisons of fatal- 
ities nor to compare acute fatalities to 
latent. A better appreciation of the 
risk estimates could be gained if their 
uncertainties were added to the graphs. 
It should also be acknowledged that the 
risk from nuclear power is not only the 
risk from severe accidents, but it also 
includes the risks from normal operation 
of nuclear power plants, from associated 
transportation and storage of radioac- 
tive material, from other fuel cycle 
facilities, and from such potential 
activities as sabotage and terrorist 
diversion of materials. It should be 
made clear in the final WASH-1400 that 
the study attempts to quantify the risk 
of accidents from contemporary light- 
water reactors and does not, by itself, 
make judgments on the acceptability of 
quantifications made, although such 
quantifications may be put into perspec- 
tive through appropriate comparison with 
other risks. 

"Our major reservation with respect to 
this study is the implied acceptability 
of the estimated risks to society. 
Although the study has made major in- 
roads into quantification of accidental 
risks from nuclear reactors, the accept- 
ability to society of such accidental 
risks has not been analyzed. It appears 
that WASH-1400 cannot, nor should it, 
address the acceptability to society of 
the risk estimates derived. It is im- 
portant, however, that WASH-1400 not be 
susceptible to the interpretation that 
it presumes such acceptability. Thus, 
the quantification of risk determined by 
this study and implications of their 
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a c c e p t a b i l i t y  should be c l e a r l y  d i f f e r -  
e n t i a t e d  t o  e l i m i n a t e  any p o t e n t i a l  
confusion.  The Reactor S a f e t y  S tudy ' s  
summary p r e s e n t a t i o n  should be modified 
t o  q u a l i f y  t h e  r i s k  comparisons wi th  
more emphasis t h a t  t h e y  are only  a f i r s t  
s t e p  toward t h e  e v a l u a t i o n  of  r i s k  
a c c e p t a b i l i t y  and t h a t  conclusions w i t h  
regard  t o  t h e  a c c e p t a b i l i t y  of  t h e  r i s k s  
can only  be drawn when o t h e r  f a c t o r s  are 
considered.  'I 

e 

RES PONS E 

The s tudy  f i n d s  t h e  t w o  paragraphs of  
comment above c o n f l i c t i n g  i n  s o m e  
r e s p e c t s .  EPA s ta tes  t h a t  i t s  major 
r e s e r v a t i o n  w i t h  r e s p e c t  t o  WASH-1400 i s  
t h a t  it i m p l i e s ,  by p r e s e n t i n g  curves  
t h a t  compare n u c l e a r  and nonnuclear 
a c c i d e n t  r i s k s ,  t h a t  n u c l e a r  reactor 
a c c i d e n t  r i s k s  are acceptab le .  Although 
EPA recognizes  t h a t  WASH-1400 has  made 
no judgment on r i s k  a c c e p t a b i l i t y ,  it 
also s ta tes  t h a t  WASH-1400 cannot  and 
should n o t  address  t h e  matter of  n u c l e a r  
a c c i d e n t  r i s k  a c c e p t a b i l i t y  and sugges ts  
(1) t h a t  WASH-1400 n o t  be s u b j e c t  t o  t h e  
i n t e r p r e t a t i o n  t h a t  it presumes accepta-  
b i l i t y  of  n u c l e a r  a c c i d e n t  r i s k s ;  ( 2 )  
t h a t  t h e  p r e s e n t a t i o n s  be modified t o  
q u a l i f y  t h e  r i s k  comparisions by p l a c i n g  
more emphasis on t h e  f a c t  t h a t  they a r e  
only  a f i r s t  s t e p  toward t h e  e v a l u a t i o n  
of  r i s k  a c c e p t a b i l i t y  and t h a t  o t h e r  
f a c t o r s  must be considered;  and ( 3 )  t h a t  
t h e  comparative r i s k  curves might be 
confusing t o  t h e  average reader .  

The reason f o r  p r e s e n t i n g  comparative 
r i s k  curves ,  a s  d i s c u s s e d  i n  s e c t i o n s  
1 . 1 0 ,  2 . 4 ,  and 7.5 of  t h e  Main Report ,  
i s  t o  provide readers wi th  s o m e  perspec- 
t i v e  from which t o  view p o t e n t i a l  
n u c l e a r  reactor a c c i d e n t  r i s k s .  Because 
low-probabi l i ty  r i s k s  are n o t  a p a r t  of  
common exper ience ,  m o s t  people  do n o t  
consc ious ly  cons ider  low-probabi l i ty  
r i s k s  and t h e i r  p o t e n t i a l  consequences. 
I t  w a s  f e l t  t h a t  t h e  average r e a d e r  
would f i n d  it u s e f u l  t o  have t h i s  type  
of  p e r s p e c t i v e  on low-probabili ty/high- 
consequence r i s k s  i n  o u r  s o c i e t y .  N o  
judgment on a c c e p t a b i l i t y  w a s  made o r  
implied by t h e  a u t h o r s  of  WASH-1400. 
This  w a s  s t a t e d  i n  s e c t i o n s  1.10 and 7.5 
of t h e  Main Report;  t h e  a p p l i c a b l e  
paragraph of  s e c t i o n  7.5 r e a d s  as 
fo l lows  : 

"The q u e s t i o n  of what l e v e l  of  r i s k  from 
n u c l e a r  a c c i d e n t s  should be accepted  by 
s o c i e t y  has  n o t  been addressed i n  t h i s  
s tudy.  I t  w i l l  t a k e  c o n s i d e r a t i o n  by a 
broader  segment of  s o c i e t y  t h a n  t h a t  
involved i n  t h i s  s t u d y  t o  determine what 
l eve l  of n u c l e a r  power p l a n t  r i s k s  
should be acceptab le .  " e 

EPA goes on t o  s t a t e  t h a t  it i s  n o t  
a c c u r a t e  t o  compare a c u t e  f a t a l i t i e s  
wi th  l a t e n t  d e a t h s  o r  t o  o m i t  l a t e n t  
dea ths  from comparisons of  f a t a l i t i e s .  
This  i s ,  i n  f a c t ,  a troublesome m a t t e r  
t h a t  w a s  cons idered  w i t h  some c a r e  by 
t h e  s tudy.  The s tudy  agrees  wi th  EPA 
t h a t  it i s  n o t  a c c u r a t e  t o  compare a c u t e  
f a t a l i t i e s  wi th  l a t e n t  ones,  as some 
have done. A s  i n d i c a t e d  i n  s e c t i o n  2 .4  
of  t h e  Main Report ,  s i n c e  t h e r e  a r e  a l s o  
s e r i o u s  q u e s t i o n s  about  t h e  v a l i d i t y  and 
wisdom of  such comparisons,  t h e  s tudy  
made no such comparisons. 

The problem of  p l a c i n g  rad ia t ion- induced  
l a t e n t  cancer  f a t a l i t i e s  i n  p e r s p e c t i v e  
i s  e s p e c i a l l y  d i f f i c u l t  s i n c e  it i s  w e l l  
known t h a t  t h e r e  are l a t e n t  cancer  
f a t a l i t i e s  a t t r i b u t a b l e  t o  many causes  
( a i r  p o l l u t i o n ,  chemical a g e n t s ,  e tc . )  
i n  o u r  s o c i e t y .  Although t h e r e  are 
s u f f i c i e n t  d a t a  a v a i l a b l e  t o  create 
models t h a t  can p r e d i c t ,  a l b e i t  w i t h  
some u n c e r t a i n t y ,  l a t e n t  e f f e c t s  due t o  
i r r a d i a t i o n ,  t h e r e  i s  n o t  s u f f i c i e n t  
information t o  do so f o r  o t h e r  carc ino-  
genic  agents .  Thus t h e  s tudy  chose,  a s  
i n d i c a t e d  i n  s e c t i o n  5.5.4 of  t h e  Main 
Report ,  t o  compare t h e  v a r i o u s  r a d i a -  
t ion-induced l a t e n t  e f f e c t s  wi th  t h e  
normal inc idence  of s i m i l a r  e f f e c t s .  
For i n s t a n c e ,  i n  connect ion wi th  l a t e n t  
cancer  f a t a l i t i e s ,  it i s  shown t h a t  t h e  
numbers p r e d i c t e d  due t o  p o t e n t i a l  
n u c l e a r  reactor a c c i d e n t  r e p r e s e n t  a 
s m a l l  f r a c t i o n  of  t h e  normal inc idence  
of  cancers  due t o  o t h e r  causes .  While 
i n  t h i s  t y p e  of  comparison p o t e n t i a l  
l a t e n t  e f f e c t s  from n u c l e a r  a c c i d e n t s  
a r e  c o n t r a s t e d  w i t h  t h o s e  o c c u r r i n g  
p r i n c i p a l l y  from nonnuclear ,  environmen- 
t a l  causes ,  t h e  comparison provides  s o m e  
degree of  p e r s p e c t i v e  and i s  cons idered  
f a i r  because some e p i d e m i o l o g i s t s  have 
es t imated  t h a t  t h e  m a j o r i t y  of  normally 
o c c u r r i n g  cancer  f a t a l i t i e s  are due t o  
environmental causes. 

The EPA sugges t ion  t h a t  a better appre- 
c i a t i o n  of  t h e  r i s k  estimates could be 
ga ined  i f  t h e i r  u n c e r t a i n t i e s  w e r e  added 
t o  t h e  p r o b a b i l i t y  vs. consequence 
curves  i s  correct. These u n c e r t a i n t i e s  
w e r e  shown on t h e  curves  f o r  a l l  t h e  
p r i n c i p a l  a c c i d e n t  effects presented  i n  
c h a p t e r  5 of  t h e  Main Report. The un- 
c e r t a i n t i e s  w e r e  n o t  shown on t h e  com- 
p a r i s o n  curves  i n  t h e  d r a f t  r e p o r t  
because they  had been shown earlier i n  
c h a p t e r  5. H o w e v e r ,  t h e  comparison 
curves i n  t h e  f i n a l  r e p o r t  have been 
modified i n  t h i s  regard.  

The s tudy  agrees  wi th  EPA t h a t  t h e  r i s k s  
from n u c l e a r  power involve  n o t  o n l y  
those  from p o t e n t i a l  reactor a c c i d e n t s  
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but also those due to normal reactor 
operation as well as considerations 
pertinent to the rest of the fuel cycle. 
These other matters are outside the 
scope of this study, as indicated in 
section 18 of' this appendix; however, 
the published literature contains a 
significant body of analysis of many of 
those areas. 

COMMENT 5 

The area of human reliability appears to 
be improperly or incompletely con- 
sidered. 

RESPONSE 

The EPA refeience apparently results 
from a number of specific comments in 
the Intermountain Technologies, Inc., 
report. Section 14 of this appendix 
discusses the general approach used in 
the handling of human errors in the 
study, and section 5 dicusses some 
specific comments in this area. The 
study's position can be summarized as 
follows: the assignment of probabili- 
ties to human errors generally involves 
more subjective judgment than is used in 
other probability assignments; however, 
there is sufficient generalized informa- 
tion on human behavior to permit a valid 
quantification of human-error probabili- 
ties for use within the accuracies 
needed for risk assessment. 

COMMENT 6 

"The area of common mode failure, in 
particular, needs further elaboration, 
especially because the concept employed 
in the Reactor Safety Study seems to be 
broader and inclusive of a greater 
variety of failures than the usual 
interpretation of the term. The asser- 
tion that common mode failures do not 
contribute much to the overall risk 
needs extensive and substantial addi- 
tional support in the form of comprehen- 
sive, logical, and well-connected cover- 
age of the subject. The recent fire at 
the Browns Ferry plant, an example of a 
common mode failure which disabled a 
number of systems of two power reactors 
simultaneously, emphasizes the need for 
thorough examination of common mode 
failure. I' 

RESPONSE 

The study agrees with EPA that the 
matter of common mode failures needed 
further elaboration over the discussions 
provided in draft WASH-1400. These 
discussions were widely scattered 

through the various portions of the 
report and somewhat difficult to follow. 
Section 3 of this appendix has been 
provided in response to the many com- 
ments received in this regard. The 
discussion in section 3 provides an 
overview of the methodology used in the 
study and the ways in which common mode 
failures were handled. It has also been 
included as Addendum I to the final Main 
Report. 

The recent fire at the Browns Ferry 
plant is indeed an example of a common 
mode equipment failure and has been 
analyzed in section 3.2 of this appendix 
and in section 5.3.4.4 of the Main 
Report. This analysis estimates that 
the probability of a potential core melt 
accident due to that fire was approxi- 
mately 20% of that due to the other 
causes identified in the study. At that 
probability, the occurrence of the fire 
does not impact significantly on the 
validity of the study's results. 

COMMENT 7 

a 

"The discussion of design adequacy needs 
to be expanded to include explicit de- 
scription of the manner in which possi- 
ble design inadequacies in components, 
structures, and systems are accounted 
for in the study methodology." 

RESPONSE 

AS indicated in section 3.1.5 of this 
appendix and in Appendix 111, the gener- 
al as well as the nuclear failure data 
that were examined contained failures 
experienced in actual operation. Many 
system reliability predictions performed 
by others, where insufficient data were 
available from operating experience, 
used only partially applicable data ob- 
tained from bench or laboratory tests. 
Such data generally have inadequate con- 
tent with respect to many characteris- 
tics of production line equipment used 
in field applications. The data ob- 
tained from field sources incorporate 
many causally related failures, such as 
those due to manufacturing and construc- 
tion defects, design errors, quality 
control inefficiencies, environmental 
conditions, and human causes as well as 
a wide variety of other causes. Thus 
the failure rates used in the study were 
essentially total failure rates, and not 
simply "random" failure rates. Special 
common mode studies were thus not needed 
to identify failure causes that were 
already included in the data. 

There were three exceptions to the 

0 foregoing: potential failure causes due 
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to seismic loadings, tornado loadings, 
and the potential accident environments 
of high pressure, temperature, and 
radioactivity.1 

Certain nuclear components are required 
to remain operational under these condi- 
tions and are therefore designed to 
accommodate stresses of this type. 
Since neither nuclear or nonnuclear com- 
ponents generally experience these 
stresses, their effects are not included 
in the data sources used to derive 
failure rates for the study. 

These considerations formed the basis of 
the design adequacy task described in 
Appendix X. Although NRC safety design 
requirements cover consideration of 
these stresses for applicable compo- 
nents, there is no experience data 
available to test the validity of the 
implementation of these requirements 
because of the rarity of seismic and 
accident events. To ensure the adequate 
imp 1 emen ta t i on o f these " spec i a 1 " des i gn 
requirements a detailed examination of 
the design and testing of a selected 
number of components and systems was 
made. The results of this examination 
indicated some deficiencies (about 10%) 
in these areas in that, while the 
designs were not inadequate, they 
appeared to have somewhat less design 
margin than might normally be expected. 
These results were used to make 
appropriate modifications to component 
failures in the fault tree and event 
tree quantifications and to estimate the 
failure probability for safety systems 
under seismic loads, as indicated in 
section 5.4.1 of the Main Report. 

COMMENT 8 

The techniques for calculating the 
results of small pipe breaks in PWRs 
appear to be incompletely considered. 
The detailed basis for this comment is 
presented in the Intermountain Techno- 
logies, Inc., report which indicated 
that there may be inadequacies in the 
PWR vendor modeling of predicted peak 
clad temperatures. 

RESPONSE 

It appears, as indicated in the IT1 
report, that the concern in this area 
stems primarily from the following: the 
peak temperatures predicted by different 

PWR reactor manufacturers vary between 
1100 and 1400 F, and it was difficult 
for IT1 to establish the reasons for 
these differences because the details of 
the analytical techniques used are 
proprietary. However, the principal 
factor to consider in terms of the 
impact of these calculations on the 
results of the WASH-1400 risk assessment 
is that the temperature range cited is 
well below the NRC peak clad temperature 
limit of 2200 F. Thus, from the view- 
point of reactor accident risk assess- 
ment, the study believes that the ex- 
pressed concern in this area is not 
germane. 

COMMENT 9 

"The core meltdown and containment 
response analyses in the draft WASH-1400 
were found to contain many oversimplify- 
ing assumptions .... It appears that 
there are especially large uncertainties 
in knowledge of the behavior of the core 
and its surroundings once the core 
melting begins. The significance of the 
oversimplifying assumptions appears to 
be due to their influence on the proba- 
ble sequence of events, i.e., whether 
the heating of the core is so rapid that 
it melts before effective cooling is 
restored, and, if effective cooling is 
not restored, whether the containment 
fails by excessive internal pressure or 
by some other mode. For example, in 
part of the containment failure analysis 
in draft WASH-1400, it is assumed that a 
molten core will generate considerable 
carbon dioxide gas by decomposition of 
foundation concrete containing limestone 
aggregate. The analysis of some possi- 
ble accident sequences shows this gas 
providing sufficient additional internal 
pressure to fail the containment before 
the pressure is relieved into the ground 
by the molten core penetrating the 
foundation. The assumption that all 
foundations contain gas-generating ag- 
gregate appears to lead unrealistically 
to higher risk estimates. " 

RES PONS E 

EPA is correct in saying that simplify- 
ing assumptions were made in the core 
heatup, core meltdown, and containment 
response analyses described in Appendix 
VIII. In a number of instances more 
sophisticated treatments could have been 
utilized, but they were not considered 

in the analysis and are not discussed any 
further 
in Appendix X. 

here. - The detaiis of the tornado design adeqiacy investigation are covered 
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necessary.  For example, i n  t h e  ca l cu la -  
t i o n  of s u r f a c 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  t h e  f u e l  p i n s  du r ing  a LOCA, 
s i m p l i f i e d  t r ea tmen t s  w e r e  found t o  be 
adequate because of  (1) t h e  e s s e n t i a l l y  
a d i a b a t i c  na tu re  of t h e  heatup f o r  rods 
t h a t  are n o t  covered with w a t e r  and ( 2 )  
t h e  c l o s e  coupl ing of t h e  f u e l  c l add ing  
temperatures  t o  t h e  w a t e r  temperature  i n  
areas where t h e  rods  a r e  water-covered. 
A d e t a i l e d  t r ea tmen t  t a k i n g  i n t o  account 
time-dependent changes i n  p h y s i c a l  prop- 
er t ies  and h e a t  t r a n s f e r  c o e f f i c i e n t s  
would have had some e f f e c t  on t h e  t i m e  
of core  melt ing b u t  l i t t l e  e f f e c t  on t h e  
r e s u l t s  of t h e  analyses .  For example, 
ana lyses  performed by I T 1  i n d i c a t e  t h a t  
t h e  incep t ion  of c o r e  me l t ing  might have 
been c a l c u l a t e d  t o  s t a r t  about 1 0  min- 
u t e s  ear l ie r  i f  more d e t a i l e d  c a l c u l a -  
t i o n s  had been made. Such changes i n  
t iming could p o t e n t i a l l y  a f f e c t  t h e  
amount of r a d i o a c t i v e  decay p r i o r  t o  
release o r  t h e  t i m e  a v a i l a b l e  f o r  evacu- 
a t i o n  a f t e r  a warning i s  given. How- 
e v e r ,  cons ide r ing  t h a t  t h e  i s o t o p e s  t h a t  
are l a r g e  c o n t r i b u t o r s  t o  t h e  p r e d i c t e d  
consequences have h a l f - l i f e s  l onge r  than 
1 day, changes i n  t iming of  1 0  minutes 
would n o t  s i g n i f i c a n t l y  a f f e c t  t h e  
amount of r a d i o a c t i v i t y  r e l eased .  
S i m i l a r l y ,  t h e  evacuat ion model used i n  
a s s e s s i n g  consequences (desc r ibed  i n  
Appendix V I )  i s  i n s e n s i t i v e  t o  small  
v a r i a t i o n s  i n  t iming. Thus, use of more 
s o p h i s t i c a t e d  c a l c u l a t i o n a l  techniques 
w a s  n o t  warranted. 

With regard t o  t h e  comment on r e s t o r a -  
t i o n  of  coo l ing ,  it should be noted t h a t  
t h e  s tudy  assumed t h a t  i f  t h e  emergency 
coo l ing  i n j e c t i o n  system f a i l e d  a f t e r  a 
LOCA, r e s t o r a t i o n  of co re  coo l ing  would 
n o t  p reven t  co re  melt ing.  Because t h e  
f u e l  c ladding r e a c t s  exothermical ly  with 
steam a s  high f u e l  c ladding temperatures  
a r e  reached, t h e  t i m e  i n t e r v a l  a v a i l a b l e  
f o r  remedial  a c t i o n  i s  so s m a l l  t h a t  
c r e d i t  cannot be given f o r  remedial  
o p e r a t o r  a c t i o n .  

conc re t e s  t h a t  would n o t  gene ra t e  gases  
i n  t h e  q u a n t i t i e s  c a l c u l a t e d .  Extrapo- 
l a t i o n  of t h e  s t u d y ' s  r e s u l t s  t o  such 
p l a n t s  i s  t h e r e f o r e  somewhat conserva- 
t i v e .  I t  should be noted, however, t h a t  
t h e  incremental  gas  c o n t r i b u t i o n  from 
conc re t e  decomposition i s  r e l a t i v e l y  
s m a l l  f o r  PWR ana lyses  and t h e  use of 
b a s a l t i c  conc re t e  would no t  s i g n i f i c a n t -  
l y  change t h e  p r o b a b i l i t i e s  of overpres- 
s u r e  f a i l u r e  o r  t h e  t iming a s s o c i a t e d  
with t h e  va r ious  PWR sequences. 

The r o l e  of noncondensable gases  i s  more 
s i g n i f i c a n t  i n  t h e  BWR LOCA sequences. 
I n  t h e  ana lyses  p re sen ted  i n  Appendix 
V I I I ,  carbon d iox ide  evolved on t h e  
decomposition of  l imestone conc re t e  w a s  
found t o  be one of t h e  p r i n c i p a l  con- 
t r i b u t o r s  t o  containment ove rp res su r i za -  
t i o n .  I f  a b a s a l t i c  conc re t e  w e r e  t o  be 
used, no carbon d iox ide  would be 
generated.  These ana lyses ,  however, 
considered only t h e  hydrogen produced 
during t h e  i n i t i a l  c o r e  melt ing ( i . e . ,  
by t h e  50% r e a c t i o n  of  zirconium with 
w a t e r ) .  

Hydrogen would a l s o  be generated from 
r e a c t i o n  of  t h e  b u l k  of t h e  remaining 
zirconium wi th  water  and t h e  r e a c t i o n  of 
molten s t r u c t u r a l  mater ia l  with w a t e r  
a f t e r  r e a c t o r  v e s s e l  meltthrough. 

The a d d i t i o n a l  hydrogen would be s u f f i -  
c i e n t  t o  cause containment ove rp res su re  
f a i l u r e ,  even i n  t h e  absence of  carbon 
dioxide.  Since t h e  hydrogen gene ra t ion  
ra te  is  somewhat u n c e r t a i n  because it 
depends on t h e  a v a i l a b i l i t y  of  water t o  
t h e  m e l t  a s  w e l l  as t h e  a v a i l a b l e  
s u r f a c e  area of  t h e  r e a c t i v e  materials 
i n  t h e  m e l t ,  t h e  t i m e  of containment 
f a i l u r e  may vary somewhat from t h a t  
c a l c u l a t e d  when cons ide r ing  l imestone 
conc re t e .  I t  i s  c l e a r ,  however, t h a t  
ove rp res su re  f a i l u r e  would occur  p r i o r  
t o  containment meltthrough even under 
somewhat o p t i m i s t i c  assumptions regard- 
ing t h e  rate of hydrogen gene ra t ion  from 
t h e  molten m a t e r i a l .  Thus, t h e  contain-  
ment f a i l u r e  modes f o r  t h e  va r ious  
sequences would not  change s i g n i f i c a n t l y  
i f  e x t r a p o l a t e d  t o  a BWR p l a n t  con- 
s t r u c t e d  of b a s a l t i c  concrete .  

A s  noted i n  t h e  comment, t h e  containment 
response a n a l y s i s  assumed t h e  presence 
of  a l imestone conc re t e  s i m i l a r  t o  t h a t  
used a t  some p l a n t s ,  al though it  i s  no t  
n e c e s s a r i l y  t y p i c a l  of t h e  conc re t e  used 
i n  a l l  p l a n t s .  Because of t h e  high ca r -  
bonate c o n t e n t  of t h e  conc re t e  assumed, 
t h e  c a l c u l a t i o n s  performed i n  Appendix 
V I 1 1  should provide an upper bound on 
t h e  q u a n t i t y  of carbon d iox ide  and water  COMMENT 1 0  
generated by conc re t e  decomposition 
du r ing  meltthrough. The s tudy recog- " I t  would s e e m  r easonab le  from t h e  ex- 
n i z e s  t h a t  c e r t a i n  p l a n t s  u s e  b a s a l t i c  p l a n a t i o n  i n  d r a f t  WASH-1400 of t h e  
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b a s i s  f o r  s e l e c t i o n  of t h e  p r e s s u r e  a t  
which t h e  containment of t h e  example 
p r e s s u r i z e d  water  r e a c t o r  i s  assumed t o  
f a i l  under acc iden t - c rea t ed  cond i t ions  
t o  have s e l e c t e d  a lower p re s su re .  This  
exp lana t ion  should be expanded t o  
provide more j u s t i f i c a t i o n  f o r  t h e  high 
p r e s s u r e  s e l e c t e d ,  because i n  a number 
of p o s s i b l e  a c c i d e n t  sequences t h e  f a i l -  
u r e  p r e s s u r e  appears  t o  be a determining 
f a c t o r  r e l a t i v e  t o  release of radioac-  
t i v i t y  t o  t h e  atmosphere through t h e  
f a i l e d  containment w a l l  o r  release i n t o  
t h e  ground by t h e  c o r e  me l t ing  through 
t h e  foundat ion."  

RESPONSE 

The containment f a i l u r e  p r e s s u r e  of 1 0 0  
p s i a  determined by t h e  s tudy r e p r e s e n t s  
a nominal f a i l u r e  p r e s s u r e  f o r  t h e  con- 
tainment.  A containment f a i l u r e  proba- 
b i l i t y  of  0 .5  was assigned f o r  t h e  
c a l c u l a t e d  p r e s s u r e  of 1 0 0  p s i a .  The 
containment f a i l u r e  p r o b a b i l i t y  w a s  re- 
p re sen ted  as a cont inuous v a r i a b l e  with 
a normal d i s t r i b u t i o n  about t h i s  value.  

I t  should be added h e r e  t h a t  t h e  I T 1  
r e p o r t  recommended a va lue  of 6 7 . 5  p s i a  
f o r  t h e  minimum f a i l u r e  p re s su re .  This  
i s  roughly e q u i v a l e n t  t o  t h e  20 lower 
bound of  70 p s i a  used i n  t h e  study. 
Appendix E t o  Appendix V I 1 1  has  been 
r e w r i t t e n  t o  b e t t e r  c l a r i f y  t h e  approach 
t aken  and t h e  r a t i o n a l e  behind t h e  
nominal f a i l u r e  p r e s s u r e  s e l e c t e d .  

COMMENT 11 

"The d r a f t  W A S H - 1 4 0 0  has  also served t o  
c a l l  a t t e n t i o n  t o  problems a s s o c i a t e d  
w i t h  t h e  response t o  an a c c i d e n t  t o  
m i t i g a t e  t h e  consequences t o  t h e  pub l i c .  
I n  d e a l i n g  with an a c c i d e n t a l  release, 
t h e  evacuat ion model of  d r a f t  WASH-1400 
inc ludes  a warning t i m e  f o r  evacuat ion 
which appa ren t ly  begins  a t  t h e  t i m e  o f  
awareness of impending c o r e  m e l t .  I n  
o r d e r  t o  show t h a t  t h e  warning t i m e  f o r  
evacuat ion i s  determined on a p r a c t i c a l  
b a s i s ,  t h e  f i n a l  r e p o r t  should g i v e  
examples of t h e  l i m i t i n g  c o n d i t i o n s  i n  
t h e  p l a n t  which are p o s t u l a t e d  as bases  
f o r  t h e  d e c i s i o n  t o  warn t h e  neighboring 
popu la t ion  t o  evacuate ,  and t h e  p l a n t  
i n s t rumen ta t ion  i n d i c a t i o n s  t h a t  w i l l  
t e l l  t h e  o p e r a t o r  t h a t  t h e  l i m i t i n g  
c o n d i t i o n s  have been reached." 

RESPONSE 

The warning t i m e  f o r  evacuat ion i s  
de f ined  a s  t h e  i n t e r v a l  from t h e  t i m e  of 
awareness of impending c o r e  m e l t  t o  t h e  
t i m e  of r a d i o a c t i v e  release t o  t h e  
atmosphere. I t  should be noted t h a t  t h e  
warning t i m e s  would be only s l i g h t l y  
longer  than t h e  i n t e r v a l  between t h e  
i n c e p t i o n  of co re  me l t ing  and t h e  t i m e  
of containment f a i l u r e .  The o p e r a t o r  
can determine i f  t h e  engineered s a f e t y  
systems a r e  ope ra t ing  p rope r ly  from t h e  
temperature and p r e s s u r e  drop informa- 
t i o n  d i sp layed  i n  t h e  c o n t r o l  room. 
Furthermore, containment p r e s s u r e  i s  
a l s o  monitored. Incep t ion  of c o r e  
melt ing would be accompanied by an 
i n c r e a s e  i n  t h e  q u a n t i t i e s  of radioac-  
t i v i t y  r e l e a s e d  t o  t h e  containment i n  
c e r t a i n  a c c i d e n t  sequences. This would 
be d e t e c t a b l e  from o u t s i d e  containment 
by means of  a p p r o p r i a t e  p o r t a b l e  
monitors o r  by sampling t h e  containment 
atmosphere. 

I t  should be noted t h a t  s e c t i o n  7 . 4 . 2  of 
t h e  Main Report sugges t s  t h a t  s t e p s  be 
taken t o  ensure t h a t  e x i s t i n g  evacuat ion 
p l ans  a t  nuc lea r  power p l a n t s  i n c l u d e  
requirements  f o r  i n s t rumen ta t ion  and 
monitoring p e r t i n e n t  t o  evacuat ion 
warnings. 

COMMENT 12 

"...The consequence modeling assumptions 
appear t o  underest imate  t h e  h e a l t h  
e f f e c t s  r e s u l t i n g  from t h e  a c c i d e n t  
sequences a s s o c i a t e d  wi th  t h e  l a r g e r  
r e l e a s e s  of r a d i o a c t i v i t y .  " 

RESPONSE 

The Reactor S a f e t y  S tudy ' s  r e e v a l u a t i o n  
of d r a f t  WASH-1400 and t h e  comments 
r ece ived  i n d i c a t e d  t h a t  t h e  d r a f t  conse- 
quence model had some d e f i c i e n c i e s  and 
some e r r o r s .  Therefore ,  an improved 
consequence model w a s  developed a s  a- 
p a r t , o f  t h e  f i n a l  r e p o r t .  Th i s  model i s  
desc r ibed  b r i e f l y  i n  s e c t i o n  4 of t h i s  
appendix and i n  g r e a t  d e t a i l  i n  Appendix 
V I .  The r e s u l t s  of c a l c u l a t i o n s  of t h e  
e f f e c t s  of p o t e n t i a l  nuc lea r  r e a c t o r  
a c c i d e n t s  are p resen ted  i n  c h a p t e r s  5 
and 7 of t h e  Main Report. Sec t ion  4 of 
t h i s  appendix inc ludes  a comparison of 
t h e  va lues  computed i n  t h e  d r a f t  and 
f i n a l  r e p o r t s .  
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2.2 AMERICAN PHYSICAL SOCIETY STUDY 

A s p e c i a l  American Phys ica l  S o c i e t y  
Study Group on Reactor S a f e t y  pub l i shed  
c e r t a i n  p r i n c i p a l  obse rva t ions  concern- 
i n g  d r a f t  WASH-1400 i n  t h e  Reviews o f  
Modern Physics ,  volume 47 , Supplement 
N o .  1 (summer 1975).  These obse rva t ions  
are p resen ted  i n  t h i s  s e c t i o n  t o g e t h e r  
with t h e  s t u d y ' s  responses .  

COMMENT 1 

" W e  d i d  n o t  have t h e  r e s o u r c e s  t o  c a r r y  
o u t  an independent eva lua t ion  o f  t h i s  
a s p e c t  o f  t h e  r e c e n t  AEC Reactor S a f e t y  
Study ( D r a f t  WASH-1400) ,  bu t  w e  recog- 
n i z e  t h a t  t h e  even t - t r ee  and f a u l t - t r e e  
approach can have merit  i n  h i g h l i g h t i n g  
r e l a t i v e  s t r e n g t h s  and weaknesses o f  
r e a c t o r  systems, p a r t i c u l a r l y  through 
comparison o f  d i f f e r e n t  sequences o f  
r e a c t o r  behavior.  However, based on our  
expe r i ence  w i t h  problems o f  t h i s  n a t u r e  
i n v o l v i n g  very low p r o b a b i l i t i e s ,  w e  do 
n o t  now have confidence i n  t h e  p r e s e n t l y  
c a l c u l a t e d  a b s o l u t e  va lues  o f  t h e  
p r o b a b i l i t i e s  o f  t h e  v a r i o u s  branches.  'I 

RF, SPONSE 

The American P h y s i c a l  Soc ie ty  Study 
Group on Reactor S a f e t y  (APSSG) s ta te -  
ment t h a t  i t  l a c k s  confidence i n  t h e  
a b i l i t y  t o  p r o p e r l y  calculate  t h e  abso- 
l u t e  v a l u e s  o f  e v e n t s  having low proba- 
b i l i t i e s  i s  somewhat understandable .  A s  
i n d i c a t e d  i n  s e c t i o n  1 . 2  of  t h e  Main 
Report ,  " a t  t h e  s t a r t  of  t h e  Reactor  
S a f e t y  Study.. . t h e r e  w a s  cons ide rab le  
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 i t y  o f  
r e l i a b i l i t y  techniques t o  q u a n t i t a t i v e  
r i s k  assessment and about  t h e  a b i l i t y  of 
t h e s e  t echn iques  t o  achieve c r e d i b l e  
estimates o f  t h e  occurrence o f  e v e n t s  of 
low p r o b a b i l i t y .  Experience up t o  t h a t  
t i m e  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  of  
t h e s e  t echn iques  g e n e r a l l y  l e d  t o  e s t i -  
mates of  f a i l u r e  of  engineered systems 
t h a t  w e r e  so sma l l  as t o  c o n t r a d i c t  
common experience.  It 

However, it i s  important  t o  understand 
t h e  i n s i g h t s  gained from t h e  o v e r a l l  
a c c i d e n t  sequences developed i n  WASH- 

'GROUP ON REACTOR SAFETY 
1 4 0 0 .  As d i scussed  i n  s e c t i o n  3.1.2.3 
o f  t h i s  appendix,  most of  t h e  a c c i d e n t  
sequences t h a t  c o n t r i b u t e d  t o  t h e  over- 
a l l  r i s k  o f  r e a c t o r  a c c i d e n t s  are o f  t h e  
form It 
i s  no ted  t h a t  t h i s  formulat ion w a s  
c a r e f u l l y  examined f o r  p o t e n t i a l  depend- 
enc ies  between t h e  va r ious  f a i l u r e  modes 
and i n d i c a t e s  how t h e y  w e r e  handled. It 
i s  a l s o  noted t h a t  t h e  va lues  f o r  PIE, 
Qc, and PPJJ w e r e  e s t a b l i s h e d  on t h e  
b a s i s  o f  experience and measured d a t a .  
The f a u l t  tree methodology i s  a p p l i c a b l e  
on ly  t o  one element,  PSF, whose c o n t r i -  
bu t ion  t o  t h e  o v e r a l l  a c c i d e n t  sequence 
p r o b a b i l i t y  i s ,  i n  g e n e r a l ,  on ly  about 
10-2. PCFM c l e a r l y  r e p r e s e n t s  t h e  
dependent f a i l u r e  o f  containment due t o  
c o r e  m e l t  r e s u l t i n g  from t h e  combination 
o f  PIE x P s F  and can g e n e r a l l y  be 
thought  o f  as having a v a l u e  o f  10-1. 
Thus t h e  e n t i r e  eng ine  e r in g c o n t r i b u t i o n  
t o  a c c i d e n t  sequence p r o b a b i l i t i e s  o f  

t h a t  have l a r g e  consequences i s  
on ly  about  10-3. 

a 
P I E  x PSF x PCFM x PWC x P P D . ~  

This r e l a t i v e l y  s m a l l  c o n t r i b u t i o n  o f  
s a f e t y  systems and containment t o  t h e  
o v e r a l l  p r o b a b i l i t y  o f  l a r g e  consequence 
accidents  i s  an extremely i m p o r t a n t  n e w  
p e r s p e c t i v e ,  de r ived  p r i n c i p a l l y  from 
t h e  even t  tree methodology desc r ibed  i n  
s e c t i o n  3.1.2.1 of  t h i s  appendix.2 The 
f i v e - f a c t o r  fo rmula t ion  i n d i c a t e s  t h a t  
no s i n g l e  f a c t o r  i n  an a c c i d e n t  sequence 
dominates t h e  de t e rmina t ion  of  r i s k  and 
t h a t  t h e  eng inee r ing  f a c t o r s  analyzed by 
f a u l t  t ree methodology r e p r e s e n t  on ly  
one o f  t h e  f i v e  f a c t o r s .  Thus, t h e  use 
of  f a u l t  t ree methodology, p e r  se,  does 
n o t  p l a y  a dominant r o l e  i n  t h e  o v e r a l l  
q u a n t i f i c a t i o n  of  r is  k . 
Never the l e s s ,  eve ry  e f f o r t  w a s  made i n  
WASH-1400 t o  complete an adequate quan- 
t i f i c a t i o n  o f  t h e  p r e d i c t i o n  of  system 
f a i l u r e  p r o b a b i l i t i e s  by f a u l t  t rees,  as 
d e s c r i b e d  i n  s e c t i o n  3.1.2.2 of t h i s  
appendix. Previous work by o t h e r s  i n  
p r e d i c t i n g  t h e  u n a v a i l a b i l i t y  of  engi-  
neered systems o f t e n  y i e l d e d  va lues  o f  
10-9 t o  o r  less. These u n r e a l i s t i -  
c a l l y  low va lues  have l e d  some people  t o  
ho ld  t h e  view t h a t  t h e  p r e d i c t i o n  of 
e x c e s s i v e l y  small  f a i l u r e  p r o b a b i l i t i e s  
i s  an i n h e r e n t  c h a r a c t e r i s t i c  of  f a u l t  

'PIE = p r o b a b i l i t y  of  an i n i t i a t i n g  event :  PSF = p r o b a b i l i t y  of  f a i l u r e  of  a s a f e t y  
system such t h a t  when combined w i t h  PIE, produces c o r e  m e l t :  PCFM = p r o b a b i l i t y  of 
containment f a i l u r e  i n  one of  a number o f  r i s k s ,  given c o r e  m e l t :  Pwc = p r o b a b i l i t y  
d i s t r i b u t i o n  of  weather cond i t ions :  P ~ D  = p r o b a b i l i t y  d i s t r i b u t i o n  of  people exposed 
t o  r a d i o a c t i v i t y .  

i s  no i n t e n t i o n  he re  of d e n i g r a t i n g  t h e  importance of having h i g h l y  r e l i a b l e  
s a f e t y  systems f o r  use i n  nuc lea r  power p l a n t s .  

2There 
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t ree  methodology. Sec t ion  3.1.1 o f  t h i s  
appendix p r e s e n t s  t h e  views and 
expe r i ence  of  t h e  Na t iona l  Aeronaut ics  
and Space Adminis t ra t ion,  t h e  U. S. 
Environmental P r o t e c t i o n  Agency, t h e  
Systems R e l i a b i l i t y  S e r v i c e  of t h e  
United Kingdom Atomic Energy Au thor i ty ,  
and t h e  Reactor S a f e t y  Study--views 
i n d i c a t i n g  t h a t  t h e  methodology can and 
h a s  produced c r e d i b l e  estimates o f  
system f a i l u r e  p r o b a b i l i t y .  Sec t ion  
3.1.2.2 (pa ra .  3) a l s o  i n d i c a t e s  t h a t  
t h e  values ob ta ined  f o r  f a u l t  t r ee  
p r e d i c t i o n s  i n  WASH-1400 g e n e r a l l y  f e l l  
i n  t h e  t o  l o m 2  range. These v a l u e s  
a r e  s i g n i f i c a n t l y  h ighe r  t han  t h o s e  
e a r l y  r e s u l t s  o f  o t h e r s  mentioned above 
and a r e  i n  agreement w i t h  those  t h a t  
w e r e  o b t a i n a b l e  from experience.  

COMMENT 2 

"The D r a f t  WASH-1400 a n a l y s i s  of  
a c c i d e n t  consequences should be redone 
t a k i n g  i n t o  account t h e  mod i f i ca t ions  
d i scussed  i n  o u r  r e p o r t ,  i n  o r d e r  t o  
o b t a i n  c o r r e c t e d  consequence e s t i m a t e s .  
The r e s u l t s  w i l l  h e l p  t o  determine t h e  
magnitude o f  t h e  b e n e f i t s  which might be 
o b t a i n e d  from t h e  i n t r o d u c t i o n s  o f  
des ign  changes and means of  m i t i g a t i o n  
of  a c c i d e n t  consequences." 

RESPONSE 

An improved consequence model has  been 
developed as  a p a r t  o f  t h e  f i n a l  WASH- 
1 4 0 0  r e p o r t  (see response t o  comment 1 2  
i n  s e c t i o n  2 . 1  of t h i s  appendix) .  

COMMENT 3 

"The t echn iques  used i n  D r a f t  WASH-1400 
f o r  t h e  c a l c u l a t i o n  of  a c c i d e n t  se- 
quences and t h e i r  p r o b a b i l i t i e s  should 
be : 

employed t o  e s t i m a t e  q u a n t i t a t i v e l y  
whether assumed subsystem f a i l u r e  
data are compatible  w i t h  t h e  observed 
i n d i v i d u a l  small a c c i d e n t s ;  

e used t o  provide pa rame t r i c  s t u d i e s  o f  
t h e  e f f e c t s  of phenomena which are 
i l l -unde r s tood  i n  t h e  i d e n t i f i e d  
sequences;  

8 r e f i n e d  so t h a t  t hey  can be used €or 
con t inu ing  r i s k  assessment on a 
r o u t i n e  b a s i s  w i t h  a growing d a t a  
base of f a i l u r e  da t a .  I' 

RE SPON S E 

As p o i n t e d  o u t  i n  s e c t i o n  1 o f  Appendix 
11, i n  t h e  d r a f t  r e p o r t  and s e c t i o n  
3.1.1 of this appendix,  t h e  r e s u l t s  of 

the  s t u d y ' s  f a u l t  t r ee .  p r e d i c t i o n s  o f  
s y s t e m  and subsystem f a i l u r e s  w e r e  
checked a g a i n s t  f a i l u r e  d a t a  de r ived  
from expe r i ence  w i t h  o p e r a t i n g  r e a c t o r s .  
I n  those  cases where d a t a  were a v a i l -  
a b l e ,  t h e  p r e d i c t i o n s  matched t h e  d a t a  
wi th in  about a f a c t o r  of 2 ,  which i s  
wi th in  t h e  confidence bounds a s s o c i a t e d  
with t h e s e  values .  

The s tudy  concurs with the  sugges t ion  
t h a t  f u t u r e  e f f o r t  by t h e  U . S .  NRC be 
devoted t o  f u r t h e r  pa rame t r i c  s t u d i e s  
and ref inements  o f  t h e  WASH-1400 work. 

2.3 US.  ATOMIC ENERGY COMMISSION 
REGULATORY STAFF 

The AEC Regulatory S t a f f s '  review of 
d r a f t  WASH-1400 was r ece ived  on December 
2 ,  1 9 7 4 .  This  review w a s  performed by a 
Regulatory S t a f f  t a s k  f o r c e ,  which w a s  
augmented with o u t s i d e  c o n s u l t a n t s .  The 
d e t a i l e d  review by t h e  Regulatory S t a f f  
and t h e i r  comments w e r e  a s i g n i f i c a n t  
a i d  i n  preparing t h e  f i n a l  r e p o r t .  The 
Regulatory S t a f f ' s  p r i n c i p a l  comments 
a r e  presented below t o g e t h e r  with t h e  
S tudy ' s  responses where a p p r o p r i a t e .  

COMMENT 1 

" W e  b e l i e v e  t h a t  t h e  Study r e p r e s e n t s  a 
s i g n i f i c a n t  breakthrough i n  t h e  quan t i -  
t a t i v e  e v a l u a t i o n  of  t h e  r i s k  t o  t h e  
p u b l i c  from nuc lea r  power p l a n t s .  This  
work i s  by f a r  t h e  most comprehensive, 
sys t ema t i c ,  q u a n t i t a t i v e  e f f o r t  y e t  con- 
ducted i n  t h i s  f i e l d .  I t  p rov ides  
information of a new dimension t o  a s s i s t  
i n  making informed d e c i s i o n s  when t h e  
r i s k  i s  a s i g n i f i c a n t  c o n s i d e r a t i o n .  I t  
is t h e r e f o r e  an important  s t e p  i n  t h e  
e v o l u t i o n  of s a f e t y  technology." 

COMMENT 2 

"The comparison of  nuc lea r  and non- 
nuc lea r  r i s k s  is a u s e f u l  y a r d s t i c k  t o  
c a l i b r a t e  t h e  r e a d e r ' s  understanding of 
t h e  p r o b a b i l i t y  r e s u l t s ,  b u t  t h e  
t r ea tmen t  of  r i s k s  should be more 
c o n s i s t e n t  r ega rd ing  o n s i t e  e f f e c t s  .... 
The Study r e s u l t s  i n  t h e  area of i n d i -  
v i d u a l  r i s k s  would be more p r e c i s e  i f  
t hey  included a s  a ref inement  t h e  l a r g e  
v a r i a b i l i t y  of such r i s k s  t o  t h e  
i n d i v i d u a l  a r i s i n g  from, f o r  example, 
d i f f e r e n c e s  i n  proximity t o  nuc lea r  
p l a n t s  o r  d i f f e r e n c e s  i n  proximity t o  
dams. . . . 'I 
RESPONSE 

S ince  t h e  p r i n c i p a l  o b j e c t i v e  of  t h e  
Reactor S a f e t y  Study w a s  t o  perform a 
q u a n t i t a t i v e  assessment of  t h e  r i s k  t o  
t h e  p u b l i c  from r e a c t o r  a c c i d e n t s ,  
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onsite effects, such as property damage 
to the plant itself, were not included 
in the calculations. However, even if 
they had been included, the overall 
results of the study would not have been 
affected significantly. 

In regard to variability in individual 
risk as a function of distance from the 
plant, Appendix VI, section 3-3 has been 
modified to include such considerations. 

COMMENT 3 

"...Some quite conservative (overly pes- 
simistic) assumptions were made... 
regarding the frequency of several ini- 
tiating events and the criteria for the 
successful operation of several engi- 
neering safety features. Other assump- 
tions, whose realism is difficult to 
evaluate, were necessarily made in core 
meltdown and containment failure [se- 
quences], where the available technology 
base is not as firm as in other parts of 
the calculations. Specifically, we 
believe that the frequency of core 
meltdown given in the study is sub- 
stantially higher than reality, as are 
the frequencies given for many of the 
initiating events and the probabilities 
given from some of the system failures." 

RESPONSE 

Where information was available, the 
study attempted to treat physical 
phenomena in a realistic manner. In 
some areas, such as the phenomena 
associated with core meltdown and con- 
tainment failure modes, where data are 
sparse , the study attempted to ensure 
that its calculations were not unconser- 
vative. Furthermore, it is believed 
that the rather large error spreads 
resulting from the analysis would cover 
more realistic values. As additional 
data become available, future studies 
may well be able to perform more 
realistic analyses, if they are deemed 
necessary. 

COMMENT 4 

"The explicit inclusion of human error 
in the fault trees is an important 
improvement over previous evaluations, 
as is the comprehensive and detailed 
consideration given to common mode fail- 
ures in all phases of the calculations. 
The latter would be improved, however, 
by explicit inclusion of related fail- 
ures attributable to design and 
manufacturing errors, over and above the 
"failure-rate coupling" ... now included." 

RESPONSE 

See section 3.1.4 of this appendix for a _ _  
full discussion of the handling of 
common mode failures in the fault trees 
used in this study and the response to 
comment 7 in section 2.1 of this appen- 
dix for a discussion of the incorpor- 
ation of failures attributable to design 
and manufacturing errors. 

COMMENT 5 

It was indicated that two events had 
been identified that could potentially 
affect the results of the Reactor Safety 
Study: a control rod ejection accident 
in the BWR and a seismic event more 
severe than the safe shutdown earthquake 
(SSE) . 
RESPONSE 

Draft WASH-1400 addressed potential rod 
ejection accidents in BWRs and indicated 
that their contribution to overall acci- 
dent risks would be essentially negligi- 
ble because of their low probability of 
occurrence compared to potential acci- 
dents that have similar consequences. 
Because of the interest in this matter 
by the Regulatory Staff and others, an 
expanded analysis of a potential rod 
ejection accident is presented in 
section 9 of this appendix. 

The discussion of severe seismic events 
in section 5.4.1 of the draft Main 
Report did not include a complete anal- 
ysis of the potential effects on 
potential accident risks of earthquakes 
larger than the safe shutdown earth- 
quake. This section has been rewritten 
in the final report to include these 
considerations in the analysis. How- 
ever, the conclusion that earthquakes 
are not expected to contribute 
significantly to reactor accident risks 
remains unchanged. 

COMMENT 6 

"The probability and consequences of the 
release of significant amounts of non- 
volatile material to the environment 
during postulated disruptive events have 
not been adequately addressed. The 
results of alternative health effects 
assumptions and the effect on the 
results of inclusion of the cost of 
illnesses should be more thoroughly 
presented. 

RESPONSE 

An improved consequence model was 
developed as a part of the final report 

XI 2-10 



(see response t o  comment 1 2  i n  s e c t i o n  
2 . 1  of t h i s  appendix) . 
COMMENT 7 

"...More information on determining t h e  
degree of  s e n s i t i v i t y  of t h e  [conse- 
quence model] r e s u l t s  t o  [ p o t e n t i a l  
v a r i a t i o n s  i n ]  t h e  v a r i o u s  f a c t o r s  would 
be va luab le . . .  A sys t ema t i c  d i s c u s s i o n  
of which q u a n t i t i e s  are important  and 
which, if a l t e r e d ,  would change t h e  
r e s u l t s ,  would be h e l p f u l . "  

RESPONSE 

S e n s i t i v i t y  s t u d i e s  t h a t  a r e  broader i n  
scope than  those  performed i n  d r a f t  
WASH-1400 would indeed be u s e f u l .  
S t u d i e s  of  t h i s  type r e q u i r e  an exten- 
s i v e  and c a r e f u l  e f f o r t  t o  ensure t h a t  
t h e  v a r i a t i o n s  i n  consequences t h a t  a r e  
produced are a s s o c i a t e d  with c o r r e c t l y  
s t a t e d  v a r i a t i o n s  i n  p r o b a b i l i t y .  
S t u d i e s  invo lv ing  simultaneous v a r i a -  
t i o n s  i n  m u l t i p l e  parameters a r e  even 
more d i f f i c u l t .  

The s e n s i t i v i t y  s t u d i e s  r epor t ed  i n  
Appendix V I  a r e  of  a more l i m i t e d  
na tu re .  They invo lve  t h e  v a r i a t i o n s  i n  
s i n g l e  parameters t h a t  t h e  s tudy 
c o n s i d e r s  u s e f u l  i n  lending a d d i t i o n a l  
u a l i t a t i v e  p e r s p e c t i v e  t o  t h e  r e s u l t s  

z f  t h e  o v e r a l l  consequence c a l c u l a t i o n s .  
This i s  t r u e  even though i n  some cases 
v a r i a t i o n s  i n  p r o b a b i l i t i e s  a s s o c i a t e d  
w i t h  t h e s e  p o t e n t i a l  changes i n  conse- 
quences could n o t  be determined. 

More p r e c i s e  and broader  s e n s i t i v i t y  
s t u d i e s  should be performed i n  f u t u r e  
work of t h i s  type.  

2.4 ADVLSORY COMMITTEE ON REACTOR 
SAFEGUARDS (ACRS) 

The ACRS review of  d r a f t  WASH-1400 w a s  
r e c e i v e d  on A p r i l  8 ,  1975. The ACRS 
summary and t h e  s t u d y ' s  response are 
p r e s e n t e d  below. 

"The ACRS b e l i e v e s  t h a t  t h e  RSS 
r e p r e s e n t s  a va luab le  c o n t r i b u t i o n  t o  
t h e  understanding of l i g h t  w a t e r  r e a c t o r  
s a f e t y  i n  i t s  c a t e g o r i z a t i o n  o f  hypo- 
t h e t i c a l  a c c i d e n t s ,  i d e n t i f i c a t i o n  of 
p o t e n t i a l  weak l i n k s  f o r  t h e  two 
r e a c t o r s  s t u d i e d ,  and i t s  e f f o r t s  t o  
develop comparative and q u a n t i t a t i v e  

r i s k  assessments  f o r  a c c i d e n t  sequences 
examined. The Committee b e l i e v e s  t h a t  a 
con t inu ing  e f f o r t  and b e t t e r  d a t a  w i l l  
be r e q u i r e d  t o  e v a l u a t e  t h e  v a l i d i t y  of 
t h e  q u a n t i t a t i v e  r e s u l t s  i n  a b s o l u t e  
terms. S p e c i a l  emphasis should be given 
t o  q u a n t i f i c a t i o n  o f  t h e  i n i t i a t o r s ,  
p r o b a b i l i t i e s  , and consequences o f  c o r e  
m e  It i n  g . 
"The Committee b e l i e v e s  t h a t  t h e  
methodology o f  t h e  RSS should be  a p p l i e d  
t o  o t h e r  t y p e s  and des igns  of r e a c t o r s ,  
o t h e r  s i t e  c o n d i t i o n s  and o t h e r  a c c i d e n t  
i n i t i a t o r s  and sequences,  and t h a t  t h e  
c u r r e n t  e f f o r t s  t o  compile, c a t e g o r i z e ,  
and e v a l u a t e  n u c l e a r  experience should 
be extended i n  b read th  and depth t o  
improve t h e  d a t a  base f o r  f u t u r e  s t u d i e s  
of  t h i s  type. 

"The Committee b e l i e v e s ,  f u r t h e r ,  t h a t  
t he  RSS can s e r v e  as  a model f o r  s i m i l a r  
s t u d i e s  o f  t h e  f a i l u r e  p r o b a b i l i t i e s ,  
consequences, and r e s u l t i n g  r i s k s  of  
o t h e r  hazards  (bo th  n u c l e a r  and non- 
n u c l e a r )  t o  t h e  h e a l t h  and s a f e t y  o f  t h e  
pub1 i c  . 
"The Committee b e l i e v e s  t h a t  many o f  t h e  
t echn iques  used i n  t h e  RSS can and 
should be used by r e a c t o r  d e s i g n e r s  t o  
improve s a f e t y  and by t h e  NRC S t a f f  a s  a 
supplement t o  s a f e t y  assessment.  

"The Committee's review of t h e  RSS h a s  
n o t  caused the  Committee t o  a l t e r  i t s  
judgment t h a t  r e a c t o r s  now under 
c o n s t r u c t i o n  o r  i n  o p e r a t i o n  do n o t  
r e p r e s e n t  undue r i s k s  t o  t h e  h e a l t h  and 
s a f e t y  o f  t h e  pub l i c .  I' 

RESPONSE 

The s t u d y  a g r e e s  w i t h  t h e  ACRS t h a t  
efforts o f  t h e  type r e p o r t e d  i n  WASH- 
1400 should be  cont inued i n  the  f u t u r e  
and t h a t  r i s k  assessments of  t h e  same 
type  should be performed i n  connection 
with advanced r e a c t o r  des igns  such as 
t h e  l i q u i d  metal f a s t  b reede r  r e a c t o r  
and t h e  h i g h  temperature gas  r e a c t o r  a t  
an a p p r o p r i a t e  t i m e . l  While t h e  s t u d y  
b e l i e v e s  t h a t  t h e  e x t r a p o l a t i o n  of t h e  
r e s u l t s  o f  t h e  a n a l y s i s  o f  two reactors 
t o  the f i r s t  100 l a r g e  l ight-water-  
cooled p l a n t s  is g e n e r a l l y  v a l i d  and 
t h a t  t h e  d a t a  base used i n  WASH-1400 f o r  
e s t i m a t i n g  a c c i d e n t  sequence p r o b a b i l i -  
t ies i s  adequate  f o r  t h e  purpose 

'A f u l l - s c a l e  r i s k  assessment e f f o r t  as d e t a i l e d  as t h a t  performed i n  WASH-1400 
probably could n o t  be undertaken now because of t h e  l a c k  o f  s u f f i c i e n t l y  d e t a i l e d  
information.  However, some work i n  t h e  c o n s t r u c t i o n  of  even t  trees, and p o s s i b l y  
some f a u l t  trees would probably be  u s e f u l .  
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intended,  d r a f t  WASH-1400 made t h e  
fo l lowing  sugges t ions ,  a s  i n d i c a t e d  i n  
s e c t i o n  7 . 4 . 2  o f  t h e  Main Report: 

1. I t  would be  u s e f u l  i n  t h e  f u t u r e  t o  
pursue t h e  v a r i a t i o n s  i n  design from 
p l a n t  t o  p l a n t  and from s i t e  t o  s i t e  
t h a t  could p o t e n t i a l l y  a f f e c t  t h e  
a p p l i c a b i l i t y  o f  t h e  WASH-1400 
r e s u l t s  t o  1 0 0  r e a c t o r s .  

2 .  It  would be u s e f u l  t o  collect more 
d a t a  on n u c l e a r  p l a n t  o p e r a t i n g  
experience € o r  use  i n  f u t u r e  
r e l i a b i l i t y  and r i s k  assessments.  

The s tudy  f u r t h e r  b e l i e v e s  t h a t  a WASH- 
1 4 0 0  type assessment of  w a t e r  r e a c t o r s  
should be r epea ted  i n  approximately 5 
y e a r s .  The i n t e r v e n i n g  pe r iod  should 
permit  t h e  c o l l e c t i o n  o f  a d d i t i o n a l  
n u c l e a r  power p l a n t  f a i l u r e  ra te  d a t a  
and t h e  f u r t h e r  development o f  t h e  
methodology t o  pe rmi t  m o r e  p r e c i s e  
assessments  t o  be performed. It i s  
important  t h a t  t h e  c o l l e c t i o n  o f  d a t a  
and t h e  development of  methodology be 
pursued v igo rous ly  i f  t h e s e  g o a l s  are t o  
be achieved. 

Although t h e  ACRS s u g g e s t s  t h a t  many o f  
t h e  t echn iques  used i n  WASH-1400 can be 
used t o  improve r e a c t o r  s a f e t y ,  WASH- 
1 4 0 0  does n o t  addres s  t h e  need f o r  
improvement o r  r e l a x a t i o n  i n  r e a c t o r  
s a f e t y  requirements.  This type of 
d e c i s i o n  should be made i n  ano the r  
forum, as  a l r e a d y  s t a t e d  i n  s e c t i o n  7.5 
o f  t h e  Main Report. 

2.5 UIYION OF CONCERNED SCIENTISTS 

The Union of Concerned S c i e n t i s t s '  
comments on d r a f t  WASH-1400 w e r e  
r ece ived  on November 22, 1974. The UCS 
review w a s  made i n  conjunct ion w i t h  t h e  
S i e r r a  Club, and t h e  review team 
c o n s i s t e d  o f  a t a s k  f o r c e  of 1 0  
s c i e n t i s t s  and e n g i n e e r s  from t h e s e  
o r g a n i z a t i o n s .  I t  w a s  po in t ed  o u t  t h a t ,  
due t o  t h e  inadequate t i m e  provided f o r  
review, t h e  comments were p re l imina ry  
and t h e  conclusions somewhat t e n t a t i v e .  
No f i n a l  comments had been r ece ived  as  
o f  October 15 ,  1975. 

(UCS) 

The s i x  conclusions made i n  t h e  
UCS/Sierra Club review and a d i scuss ion  
o f  t h e s e  conclusions are p resen ted  
below. A l l  e lements  of t h e  UCS/Sierra 
Club review w e r e  c a r e f u l l y  considered i n  
t h e  p r e p a r a t i o n  of t h e  f i n a l  r e p o r t .  
S p e c i f i c  UCS comments o f  a more l i m i t e d  
n a t u r e  a r e  d i scussed  l a t e r  i n  t h i s  
appendix. 

CONCLUSION 1 

" W e  have concluded t h a t  t h e  e v e n t  
t r e e / f a u l t  methodology i f  p r o p e r l y  
u t i l i z e d  can be ve ry  h e l p f u l  i n  making 
comparisons between d i v e r s e  system 
d e s i g n s ,  a s s e s s i n g  re la t ive improvements 
from system component changes, o r  
i d e n t i f y i n g  des ign  weak po in t s .  W e  do 
n o t  b e l i e v e ,  however, t h a t  t h e  methods 
can be employed as RSS h a s  done t o  
determine a b s o l u t e  p r o b a b i l i t y  v a l u e s  
f o r  a c c i d e n t  p r o b a b i l i t i e s  and t o  use  
t h e s e  p r e d i c t i o n s  as proof of  t h e  s a f e t y  
o f  n u c l e a r  p l a n t s .  The many and 
import a n t  un cer t a i n t i  e s 
i n t roduced  by use  o f  t h e  methodology 
make t h i s  RSS a p p l i c a t i o n  t e c h n i c a l l y  

Experience unsound and u n j u s t i f i e d .  
w i th  manned and unmanned space mission 
a p p l i c a t i o n s  o f  t h e s e  methods f u l l y  
s u p p o r t s  our conclusions.  I' 

RESPONSE 

r e s i d u a  1 

The s a f e t y  s tudy  s t a f f  b e l i e v e s  t h a t  t h e  
methodology developed and u t i l i z e d  f o r  
WASH-1400 can and does provide 
meaningful r e s u l t s  t o  a i d  i n  t h e  
e v a l u a t i o n  of n u c l e a r  a c c i d e n t  p robab i l -  
i t i e s  and a s s o c i a t e d  consequences. This  
b e l i e f  h a s  been confirmed by o t h e r s ,  a s  
i n d i c a t e d  i n  s e c t i o n  3.1.1 o f  t h i s  
appendix. Sec t ion  3 of t h i s  appendix 
p rov ides  an overview of t h e  WASH-1400 
m e  thodology t h a t  r e a d e r s  w i l l  f i n d  
h e l p f u l  i n  determining t h e  v a l i d i t y  o f  
t h e  methodology and i t s  a p p l i c a t i o n .  

CONCLUSION 2 

" W e  have concluded t h a t  t h e  aggregate  
consequences t o  human h e a l t h  o f  major 
a c c i d e n t s  eva lua ted  by RSS are s e r i o u s l y  
under -s t ate d . W e  can c o n s e r v a t i v e l y  
account f o r  a f a c t o r  of  1 6  i n  regard t o  
f a t a l i t i e s  and a c u t e  i l l n e s s .  The value 
may w e l l  be h ighe r .  Reevaluation of RSS 
r e s u l t s ,  c o r r e c t i n g  on ly  f o r  t h i s  e r r o r ,  
u s ing  RSS methods, e s t a b l i s h e s  t h a t  t h e  
p r o b a b i l i t y  o f  k i l l i n g  2300 persons and 
i n j u r i n g  5600  more i n  an a c c i d e n t  i s  
i n c r e a s e d  ove r  t h e  RSS va lue  by a f a c t o r  
of  400 .  The a c c i d e n t  p r o b a b i l i t y  
a s s igned  by RSS t o  an a c c i d e n t  o f  t h a t  
s i z e  i s ,  on r e e v a l u a t i o n  o f  t h e  
consequences, found t o  be  t h e  p r o b a b i l i -  
t y  o f  an a c c i d e n t  i n  which 37,000 people  
are k i l l e d  and 9 0 , 0 0 0  made a c u t e l y  ill. 
S i m i l a r  r e s u l t s  occur  f o r  cance r s ,  
g e n e t i c  damage, t h y r o i d  i l l n e s s e s ,  and 
p r o p e r t y  damage. I' 

RESPONSE 

A n  improved consequence model has  been 
developed a s  a p a r t  of t h e  f i n a l  r e p o r t  
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(see resDonse t o  comment 1 2  i n  s e c t i o n  
2 . 1  of  t h i s  appendix) . * CONCLUSION 3 

"There are s e r i o u s  i m p l i c a t i o n s  of  RSS 
r e s u l t s  f o r  t h e  c o u n t r y ' s  n u c l e a r  
program t h a t  are e i t h e r  ignored o r  
i n c o r r e c t l y  s t a t e d  i n  t h e  RSS r e p o r t .  

"1. The concept  of  f l o a t i n g ,  o r  
o f f s h o r e ,  n u c l e a r  power p l a n t s  i s  
s e r i o u s l y  damaged, based on t h e  RSS 
p r o b a b i l i t y  o f  r e a c t o r  core  me l t ing  
o f  1 i n  17,000 r e a c t o r  y e a r s .  This  
concept  i s  p r e s e n t l y  being 
implemented and a number of  p l a n t s  
have been ordered.  N o  p r o t e c t i v e  
f e a t u r e s  are a v a i l a b l e  f o r  f l o a t i n g  
n u c l e a r  p l a n t s  t o  p reven t  immense 
and p e r s i s t e n t  damage t o  t h e  oceans 
i n  t h e  e v e n t  o f  a meltdown 
acc iden t .  The RSS p r o b a b i l i t y  i s  
unacceptably l a r g e .  N o  mention of  
f l o a t i n g  p l a n t s  i s  made i n  RSS.  

" 2 .  The consequences and t h e  r i s k  from 
sabotage are s e r i o u s l y  unde r s t a t ed .  
RSS does n o t  addres s  t h e  problem of  
determining t h e  p r o b a b i l i t y  of  
sabotage o r  o f  means of  p reven t ing  
o r  m i t i g a t i n g  it, an important  
omission. RSS does,  however, s ta te  
t h a t  t h e  consequences w i l l  be  no 
worse than those  a c c i d e n t s  t hey  
s t u d i e d .  W e  conclude t h i s  t o  be  
i n c o r r e c t  owing t o  ou r  conclusion 
t h a t  an ac t  o f  i n t e n t i o n a l  and 
malevolent ill w i l l  can f r u s t r a t e  a 
g r e a t  many of  t h e  normal f a c t o r s  
which can act  t o  ame l io ra t e  t h e  
s i z e  and consequences o f  a 
r a d i o a c t i v e  release. Accordingly, 
sabotage i s  f e l t  by u s  t o  be a b l e  
t o  induce immense damage and i s  an 
i s s u e  of grea t  i m p o r t a n c e .  

" W e  conclude t h a t  there are s e r i o u s  
i m p l i c a t i o n s  concerning t h e  n u c l e a r  
program t o  be drawn from RSS r e s u l t s  
t h a t  t h e  r e p o r t  f a i l s  t o  acknowledge." 

RESPONSE 

Apparently t h e  UCS overlooked s e c t i o n  
1.9 o f  t h e  Main Report  o f  d r a f t  WASH- 
1 4 0 0 ,  which p o i n t e d  o u t  t h a t  t h e  scope 
of t h e  s t u d y  inc luded  "only l i g h t  w a t e r  
cooled n u c l e a r  power p l a n t s  o f  t h e  type 
now coming i n t o  ope ra t ion .  '' The s t u d y ' s  
r e s u l t s  have been e x t r a p o l a t e d  t o  cover 
o n l y  t h e  f i r s t  100 large n u c l e a r  power 
p l a n t s ,  which do  n o t  i n c l u d e  o f f s h o r e  
p l a n t s .  This  matter i s  d i s c u s s e d  i n  
g r e a t e r  d e t a i l  i n  s e c t i o n  18 o f  t h i s  
appendix . 

The d r a f t  r e p o r t  was somewhat unc lea r  i n  
i t s  s t a t e m e n t s  about  t h e  coverage t h a t  
had been given t o  the  m a t t e r  of 
p o t e n t i a l  sabotage.  Fu r the r  information 
t h a t  h a s  become a v a i l a b l e  h a s  a l s o  been 
added t o  t h e  r e p o r t .  Sec t ions  1.9(3), 
5.4.6, and 7.4.2 of t h e  Main Report have 
been c l a r i f i e d  i n  t h i s  regard.  These 
d i s c u s s i o n s  are summarized i n  s e c t i o n  1 6  
of  t h i s  appendix. 

CONCLUSION 4 

" W e  have concluded t h a t  t h e  new RSS 
conc lus ions ,  even though based i n  p a r t  
on weak o r  i nadequa te ly  documented 
evidence,  c a l l  i n t o  most s e r i o u s  
ques t ion  t h e  competence of  t h e  AEC i n  
i t s  conduct o f  s a f e t y  a n a l y s e s  on which 
f o r  a decade o r  more t h e  major s a f e t y  
a s su rances  o f  t h e  n u c l e a r  program have 
been based. The RSS, both e x p l i c i t l y  
and i m p l i c i t l y ,  admits  t h e  e x i s t e n c e  of  
s i g n i f i c a n t  d e f e c t s  i n  t h e s e  ana lyses . "  

RESPONSE 

Contrary t o  t h e  above view, t h e  s t u d y  
group b e l i e v e s  t h a t  WASH-1400 prov ides  
conf i rma t ion  o f  t h e  care and thorough- 
n e s s  e x e r c i s e d  by l a r g e  numbers of 
ded ica t ed  personnel  i n  i n d u s t r y  and 
government i n  having achieved t h e  
r e l a t i v e l y  low levels of p o t e n t i a l  r i s k s  
i n  commercial n u c l e a r  power p l a n t s  t h a t  
t h e  s t u d y  c a l c u l a t e d .  Th i s  b e l i e f  w a s  
s t a t e d  i n  s l i g h t l y  d i f f e r e n t  words i n  
s e c t i o n  7.1 of  t h e  d r a f t  Main Report  as  
fol lows:  

"The r e s u l t s  o f  t h e  Reactor  S a f e t y  Study 
i n d i c a t e  t h a t  n u c l e a r  power p l a n t s  have 
achieved a r e l a t i v e l y  low level  o f  r i s k  
compared t o  many o t h e r  ac t iv i t i e s  i n  
which o u r  s o c i e t y  i s  engaged. Although 
t h e  s t u d y  h a s  developed s o m e  insights 
t h a t  c o n t r i b u t e  t o  a b e t t e r  understand- 
i n g  of r e a c t o r  s a f e t y ,  t h e  e x i s t i n g  
r e l a t i v e l y  low l e v e l  o f  r i s k  has  been 
achieved p r i n c i p a l l y  by t h e  e f f o r t  of 
i n d u s t r i a l  des ign ,  c o n s t r u c t i o n  and 
o p e r a t i o n  and by t h e  e f f o r t s  o f  t h e  
A E C  ' s r e g u l a t o r y  process .  I' 

CONCLUSION 5 

itwe conclude t h a t  RSS d i d  n o t  t a k e  
advantage of o p p o r t u n i t i e s  t o  v e r i f y  t h e  
c a p a c i t y  o f  a newly a p p l i e d  and contro-  
v e r s i a l  methodology to  c o n t r i b u t e  t o  
r i s k  assessment.  This i s  an important  
d e f e c t .  W e  f u r t h e r  conclude t h a t  as a 
consequence t h e  p u b l i c  is now asked, 
aga in ,  t o  b e l i e v e  i n  u n v e r i f i e d  and 
inadequately-supported computer-support- 
ed  p r e d i c t i o n s .  'I 
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RESPONSE 2.6 RESOURCES FOR THE FUTURE, INC. 

A s  d i s c u s s e d  i n  s e c t i o n  1 o f  Appendix 
11, volume 1, o f  t h e  d r a f t  r e p o r t ,  t h e  
s t u d y  ob ta ined  d a t a  from f i e l d  expe r i -  
ence on two  systems t h a t  w e r e  s i m i l a r  t o  
corresponding systems being eva lua ted .  
The p r e d i c t e d  p r o b a b i l i t i e s  o f  f a i l u r e s  
f o r  t h e s e  systems w e r e  i n  good agreement 
w i t h  the ac tua l  values.  Other organiza-  
t i o n s ,  such a s  t h e  Systems R e l i a b i l i t y  
S e r v i c e  i n  t h e  United Kingdom, have had 
experience i n  q u a n t i t a t i v e  r e l i a b i l i t y  
p r e d i c t i o n  t echn iques  and have found t h e  
r e s u l t s  o f  t h e s e  p r e d i c t i o n  t echn iques  
t o  be i n  good agreement wi th  experience.  
See s e c t i o n  3.1.1 of  t h i s  appendix f o r  a 
more complete d i s c u s s i o n  o f  t h i s  matter. 

CONCLUSION 6 

" W e  have concluded t h a t  t h e  A E C ' s  use of  
t h i s  r e p o r t  i s  improper and wrong, and 
t h a t  t h e  r e p o r t ,  because o f  i t s  
l i m i t a t i o n s  and d e f e c t s  cannot  be used 
t o  sweep away t h e  doubts  about r e a c t o r  
s a f e t y .  W e  have f i n a l l y  concluded t h a t  
t h e  n u c l e a r  program is i n  g r e a t  need of 
a s u b s t a n t i a l ,  h i g h l y  competent, and 
d i s i n t e r e s t e d  review of a l l  a s p e c t s  of  
t h e  program's p o t e n t i a l  impact on p u b l i c  
s a f e t y .  The USAEC's  inhouse Reactor 
S a f e t y  Study w i l l  n o t  serve.  I t  w a s  n o t  
d i s i n t e r e s t e d ,  and it i s  t e c h n i c a l l y  
flawed, and i t s  r e s u l t s  are be ing  
misused. 'I 

RESPONSE 

WASH-1400 i s  a t e c h n i c a l  r e p o r t  prepared 
by persons recognized t o  be competent i n  
t h e i r  f i e l d s ,  and t h e  s t u d y  b e l i e v e s  it 
i s  i n a p p r o p r i a t e  f o r  it t o  e n t e r  i n t o  
c o n s i d e r a t i o n  of  motivat ions.  The s a f e -  
t y  r e c o r d  of  nuc lea r  r e a c t o r s  h a s  so  f a r  
been e x c e l l e n t ,  and t h e  p r o j e c t e d  
p o t e n t i a l  r i s k s  are p r e d i c t e d  t o  be  
comparat ively s m a l l .  The r e p o r t  h a s  i n  
e s sence  been reviewed as suggested by 
UCS. A broad spectrum of  our s o c i e t y ,  
r e p r e s e n t i n g  many d i v e r s e  veiwpoints  and 
f i e l d s  o f  e x p e r t i s e ,  h a s  been asked t o  
comment on d r a f t  WASH-1400, and comments 
w e r e  r ece ived  from a d d i t i o n a l  sou rces  as  
w e l l .  E s p e c i a l l y  thorough reviews ap- 
p e a r  t o  have been conducted of  t h e  con- 
sequence area by such o r g a n i z a t i o n s  such 
as t h e  U . S .  Environmental P r o t e c t i o n  
Agency, t h e  U . S .  Atomic Energy Commis- 
s i o n  Regulatory S t a f f ,  t h e  American 
P h y s i c a l  S o c i e t y  Study Group on Reactor  
S a f e t y ,  and Resources f o r  t h e  Fu tu re ,  
Inc.  D e f i c i e n c i e s  and e r r o r s  i n  t h e  
consequence model have been co r rec t ed .  
The r e s u l t s  o f  c a l c u l a t i o n s  ob ta ined  
w i t h  t h e  r e v i s e d  consequence model are 
compared wi th  ea r l i e r  r e s u l t s  i n  s e c t i o n  
3 o f  t h i s  appendix. 

The Resources f o r  t h e  Future ,  Inc.  , 
review was r ece ived  on November 6 ,  1974. 
This review a l s o  inco rpora t ed  a review 
of Appendix V I  made by one of  t h e  s t a f f  
m e m b e r s  of t h e  Nat ional  Resources 
Defense Council ,  Inc.  The d e t a i l e d  
comments r ece ived  concerning Appendix V I  
w e r e  a s i g n i f i c a n t  a i d  i n  updat ing t h e  
consequence model f o r  use i n  t h e  
p r e p a r a t i o n  o f  t h e  f i n a l  r e p o r t .  

The main p o i n t s  o f  t h e  Resources f o r  t h e  
F u t u r e ,  Inc.  , review are as  fol lows:  

SUMMARY 1 

"Turning t o  t h e  broader  q u e s t i o n s  r a i s e d  
by o u r  r ead ing  of  t h e  r e p o r t ,  two s t r i k e  
u s  as o f  s p e c i a l  importance. The first 
i s  t h e  exc lus ion  o f  t h e  d e l i b e r a t e  acts  
o f  o p e r a t i n g  personnel  from t h e  scope of  
t h e  s tudy.  While t h e r e  are obvious 
a n a l y t i c a l  reasons f o r  d i s t i n g u i s h i n g  
t e c h n o l o g i c a l  r i s k s  a s s o c i a t e d  w i t h  sys-  
t e m  f a i l u r e s  from r i s k s  a s s o c i a t e d  w i t h  
system f a i l u r e s  i n i t i a t e d  o r  compounded 
by d e l i b e r a t e  o p e r a t o r  a c t i o n s  , t h e  
l a t t e r  are very p o s s i b l y  more impor t an t  
t han  t h e  former. The i r  e x p l i c i t  i n c l u -  
s i o n  i n  any o v e r a l l  r i s k  assessment  of 
t h i s  l i g h t  water r e a c t o r  i s  e s s e n t i a l . "  

RESPONSE 

The d r a f t  r e p o r t  w a s  somewhat u n c l e a r  i n  
i t s  s t a t emen t s  about  t h e  coverage t h a t  
had been given t o  t h e  m a t t e r  o f  poten- 
t i a l  sabotage.  F u r t h e r  information t h a t  
h a s  become a v a i l a b l e  has  a l s o  been added 
t o  t h e  r e p o r t .  Sec t ions  1 . 9  ( 3 )  , 5 . 4 . 6 ,  
and 7.4.2 of  t h e  Main Report have been 
c l a r i f i e d  i n  t h i s  regard.  These d i scus -  
s i o n s  are summarized i n  s e c t i o n  1 6  of  
t h i s  appendix. 

SUMMARY 2 

"The second broad q u e s t i o n  r a i s e d  by o u r  
r ead ing  o f  t h e  r e p o r t  and by t h e  i n t e r -  
p r e t a t i o n s  o f  t h e  r e p o r t  given t h e  
b roades t  currency concerns t h e  emphasis 
t he reby  given t o  what i s  o n l y  a p a r t  of 
t h e  uranium f u e l  cycle .  The r i s k s  
r e l e v a n t  t o  o v e r a l l  t echno log ica l  r i s k  
assessment are o f  course t h e  r i s k s  
a s s o c i a t e d  with t h e  e n t i r e  cyc le .  I n  
what appea r s  t o  be a d i s p r o p o r t i o n a t e  
a l l o c a t i o n  of  r i s k  assessment e f f o r t  t o  
what may be a r e l a t i v e l y  low r i s k  p a r t  
o f  t h e  cyc le ,  o t h e r  r i s k s  -- n o t a b l y  
those  a s s o c i a t e d  w i t h  t h e  t r a n s p o r t  o f  
hazardous materials and t h e  d i v e r s i o n  o f  
hazardous mater ia ls  -- may be  l e f t  
unest imated,  and t h e r e f o r e  be underem- 
phasized and underest imated.  'I a 
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RESPONSE 

Sec t ion  1 . 9  of t h e  Main Report of 
d r a f t  WASH-1400 po in ted  o u t  t h a t  t h e  
scope of t h e  s tudy  inc luded  "only l i g h t  
water cooled n u c l e a r  power p l a n t s  of  the 
type now coming i n t o  ope ra t ion .  I' Its 
r e s u l t s  have been e x t r a p o l a t e d  t o  cover 
o n l y  t h e  f i r s t  1 0 0  l a r g e  n u c l e a r  power 
p l a n t s  and do n o t  i n c l u d e  those  r i s k s  
a s s o c i a t e d  w i t h  t h e  t r a n s p o r t a t i o n  of 
hazardous mater ia ls  and t h e  d i v e r s i o n  of 
hazardous m a t e r i a l s .  This mat ter  i s  
d i scussed  i n  g r e a t e r  d e t a i l  i n  s e c t i o n  
1 7  o f  t h i s  appendix. 

SUMMARY 3 

"Among t h e  narrower and more t e c h n i c a l  
q u e s t i o n s  r a i s e d  i n  our r ead ing  of t h e  
r e p o r t  w e  can perhaps p o i n t  t o  Appendix 

V I ,  "An Assessment o f  Accident Risks  i n  
U . S .  Commercial Nuclear Power P l a n t s , "  
as  one source  of our concern t h a t  t h e  
t e c h n i c a l  appa ra tus  of t h e  r e p o r t  -- t h e  
d a t a  base assembled and t h e  models 
employed -- be subject t o  a thorough 
review. We have appended t o  t h i s  le t ter  
a l i s t  o f  what w e  b e l i e v e  are 
q u e s t  ion a b l e  assumptions and procedures  
employed i n  t h i s  Appendix. That l ist  i s  
intended t o  be s u g g e s t i v e  r a t h e r  t han  
comprehensive, and is n o t  t o  be  taken as 
o u r  f i n a l  comment on e i t h e r  Appendix V I  
o r  t h e  o v e r a l l  r e p o r t .  'I 

RESPONSE 

An improved consequence model h a s  been 
developed a s  a p a r t  of t h e  final r e p o r t  
(see response t o  comment 12 i n  s e c t i o n  

2 . 1  of t h i s  appendix) . 

XI 2-15 



Section 3 

Reactor Safety Study Methodology 

A l a r g e  number of  comments r ece ived  from 
many sources  concerned t h e  methodology 
used i n  t h e  study. These comments ad- 
d r e s s e d  both t h e  gene ra l  adequacy of t h e  
methodology as w e l l  as i n d i v i d u a l  i t e m s  
of a more s p e c i f i c  na tu re .  The d i scus -  
s i o n  t h a t  fol lows i s  d iv ided  i n t o  two 
p a r t s :  t h e  f i r s t  cove r s  t h e  adequacy of 
t h e  o v e r a l l  methodology and t h e  second 
cove r s  t h e  more s p e c i f i c  po in t s .  
3.1 ADEQUACY OF THE OVERALL 

METHODOLOGY USED IN THE 
REACTOR SAFETY STUDY 

The p r i n c i p a l  comments r ece ived  concern- 
i n g  t h e  adequacy of WASH-1400 methodolo- 
gy p e r t a i n  t o :  

a. whether even t  tree and f a u l t  t ree 
methodology i s  capable  of p r e d i c t i n g  
a c c i d e n t  and system f a i l u r e  proba- 
b i  l i t i e s  

b. whether t h e  c a p a b i l i t y  e x i s t s  t o  
p rope r ly  d e f i n e  common mode ( o r  
dependent) f a i l u r e s  

c. whether a l l  p o t e n t i a l  acc iden t  
sequences have been i d e n t i f i e d  

d. whether adequate f a i l u r e  ra te  d a t a  
w a s  a v a i l a b l e  t o  q u a n t i f y  f a u l t  
trees 

Comment a, r ega rd ing  t h e  c a p a b i l i t y  of 
f a u l t  tree methodology t o  produce u s e f u l  
p r e d i c t i o n s  of system f a i l u r e  p r o b a b i l i -  
t i es ,  i s  somewhat understandable  i n  view 
of the results of some early attempts to 
q u a n t i f y  f a u l t  trees. I n  t h e s e  cases, 
f a i l u r e  t o  achieve u s e f u l  r e s u l t s  gener- 
a l l y  r e s t e d  on one o r  more f a c t o r s ,  such 
as t h e  i n c l u s i o n  of  on ly  hardware 
f a i l u r e s  i n  t h e  trees and t h e  use of an 
inadequate  f a i l u r e  ra te  d a t a  base. 
A l s o ,  i n  some cases, h ighe r  deg rees  of 
p r e c i s i o n  w e r e  sought than w e r e  achiev- 
a b l e ,  and t h e s e  e f f o r t s  w e r e  c l a s s e d  as 
being inadequate .  Since t h e  ear l ie r  
a t t empt s ,  however, cons ide rab le  work has  
been done t o  improve t h e  methodology t o  
overcome t h e s e  d e f i c i e n c i e s .  The s tudy  
b e l i e v e s  t h a t  t h e  f a u l t  tree methodology 
as used i n  WASH-1400 produced meaningful 
r e s u l t s .  Sec t ions  3.1.1 and 3.1.2.2 
w i l l  d i s c u s s  t h e  adequacy of f a u l t  tree 
methodology. 

Comments b through d suggest  t h a t  t h e  
methodology used i n  t h e  s tudy  might not  

have been capable  of producing meaning- 
f u l  and complete d e s c r i p t i o n s  of a l l  
conceivable  r e a c t o r  a c c i d e n t  sequences 
o r  meaningful p r e d i c t i o n s  of t h e i r  l i k e -  
l ihood of occurrence.  There appears  t o  
be some opinion t h a t  t h e  l a c k  of 
c a p a b i l i t y  t o  d e f i n e  common mode f a i l -  
u r e s  adequately w i l l  p r even t  t h e  suc- 
c e s s f u l  i d e n t i f i c a t i o n  of a l l  a c c i d e n t  
sequences a s  w e l l  as t h e  q u a n t i f i c a t i o n  
of f a u l t  trees. 

I t  is  important  t o  understand t h a t  t h e  
Reactor Sa fe ty  Study does n o t  pu rpor t  t o  
have included i n  i t s  r e s u l t s  con t r ibu -  
t i o n s  from all conceivable  a c c i d e n t s  and 
a l l  conceivable  common modes. The 
important  q u e s t i o n  i s  n o t  whether 
c o n t r i b u t i o n s  have been included,  b u t  
whether t h e  s i g n i f i c a n t  c o n t r i b u t i o n s  t o  
r i s k  have been included.  Any f i n a l  r i s k  
o r  p r o b a b i l i t y  va lue  can be envis ioned 
a s  c o n s i s t i n g  of a l a r g e  number of 
c o n t r i b u t i o n s  t h a t  must be combined. 
The goa l  of an a n a l y s i s  i s  t o  i n c l u d e  a 
s u f f i c i e n t  number of s i g n i f i c a n t  c o n t r i -  
bu t ions  so t h a t  t h e  r e s u l t s  are 
i n s e n s i t i v e  t o  f u r t h e r  c o n t r i b u t i o n s .  
The s t u d y ' s  even t  tree and f a u l t  tree 
methodology r e p r e s e n t s  a sys t ema t i c  and 
comprehensive method t o  h e l p  d e f i n e  t h e  
s i g n i f i c a n t  c o n t r i b u t i o n s .  

One of t he  v i t a l  e lements  i n  ensu r ing  
t h a t  a l l  s i g n i f i c a n t  c o n t r i b u t i o n s  t o  
a c c i d e n t s  are i d e n t i f i e d  i s  t h e  proper  
handling of common mode f a i l u r e s .  A 
g e n e r a l  pe rcep t ion  of many s c i e n t i s t s  i s  
t h a t  t h e  a n a l y s i s  of p o t e n t i a l  common 
mode failures i s  limited principally to 
c o n s i d e r a t i o n s  invo lv ing  dependencies 
among component f a i l u r e s  w i t h i n  h igh ly  
redundant systems. I t  i s  thought  t h a t  
t h e  q u a n t i f i c a t i o n  of such p o t e n t i a l  
c o n t r i b u t i o n s ,  even wi th in  a s i n g l e  
system, cannot be done with any reason- 
a b l e  degree of confidence;  t h e  i d e a  of 
coupl ing m u l t i p l e  systems t o g e t h e r  i n  
a c c i d e n t  sequences appears  t o  them t o  
make t h e  handl ing of common mode 
f a i l u r e s  a lmost  impossibly d i f f i c u l t .  

This pe rcep t ion  seemed g e n e r a l l y  v a l i d  
t o  t h e  s tudy  when t h e  work began because 
it seemed t h a t  a g r e a t  many combinations 
of multiple-system f a i l u r e s  would be 
p o t e n t i a l l y  p o s s i b l e  i n  t h e  ' a c c i d e n t  
sequences de r ived  from even t  trees. 
However, f a c t o r s  n o t  normally considered 
i n  previous ana lyses  began t o  emerge 
more c l e a r l y  as t h e  s tudy  progressed.  
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These f a c t o r s ,  a t  l e a s t  f o r  l i g h t  w a t e r  
cooled nuc lea r  power p l a n t s  of t h e  type 
now being b u i l t  i n  t he  United States  l e d  
t o  t h e  fol lowing i n s i g h t s  about t h e  r i s k  
assessments  performed i n  t h e  s tudy:  

a. There are many i d e n t i f i a b l e  t i g h t l y  
coupled i n t e r r e l a t i o n s h i p s  t h a t  
e x i s t  i n  p o t e n t i a l  a c c i d e n t  se- 
queaces i n  t h e s e  nuc lea r  power 
planes.  These inc lude  i n t e r r e l a -  
t i o n s h i p s  among t h e  f u n c t i o n s  t o  be 
performed, between t h e  f u n c t i o n s  and 
t h e  systems provided t o  perform 
those  f u n c t i o n s ,  and t h e  systems 
themse1ves.l These i n t e r r e l a t i o n -  
s h i p s ,  which are e x p l i c i t l y  de f ined  
on t h e  b a s i s  of eng inee r ing  know- 
ledge and p h y s i c a l  p r i n c i p l e s ,  have 
t h e  e f f e c t  of  reducing t h e  number of 
p o t e n t i a l l y  conceivable  i n t e r a c t i o n s  
by very l a r g e  f a c t o r s .  

b. Many of t h e  a c c i d e n t  sequences 
de f ined  by event  trees involved t h e  
f a i l u r e  of on ly  s i n g l e  systems a s  
opposed t o  m u l t i p l e  systems. Fur- 
t h e r ,  t h e  f a i l u r e  p r o b a b i l i t i e s  of 
most of t h e s e  systems involved on ly  
s i n g l e  f a i l u r e  type2 c o n t r i b u t i o n s .  
Thus, t h e  Reactor S a f e t y  Study 
a c c i d e n t  ana lyses  involved n e i t h e r  a 
l a r g e  number of h igh ly  redundant 
systems nor t h e  combinations of such 
systems. 

c. I n  r i s k  assessment ,  estimates of  
high p r e c i s i o n  are n o t  needed. 
Thus, bounding and approximation 
techniques of many k inds  can be used 
s u c c e s s f u l l y  t o  assess t h e  p o t e n t i a l  
impacts of common mode f a i l u r e s .  I f  
t h e  r e s u l t s  of t h e  a p p l i c a t i o n  of 
such techniques do n o t  impact w i t h i n  
t h e  accuracy of t h e  c a l c u l a t i o n s  , 
then f u r t h e r  a n a l y s i s  t o  d e f i n e  
p o t e n t i a l  a d d i t i o n a l  common modes i s  
n o t  needed. Where high degrees  of 
p r e c i s i o n  (e.g., system r e l i a b i l i t y  
des ign )  are needed, such bounding 
techniques may n o t  be use fu l .  

Based on t h e  above c o n s i d e r a t i o n s ,  t h e  
proper  handl ing of common mode f a i l u r e s  
throughout  a l l  s t a g e s  of t h e  a n a l y s i s  i s  
v i t a l  i n  determining t h e  s i g n i f i c a n t  
c o n t r i b u t o r s  t o  r i s k  and i n  p r e d i c t i n g  
meaningful a c c i d e n t  and system probabi l -  
i t i es .  Furthermore, t h e r e  i s  a c l o s e  
r e l a t i o n s h i p  between t h e  a b i l i t y  t o  
d e f i n e  common mode f a i l u r e s  and t h e  
a b i l i t y  t o  d e f i n e  t h e  s i g n i f i c a n t  con- 
t r i b u t o r s  t o  r i s k .  To t h e  e x t e n t  t h a t  
a l l  s i g n i f i c a n t  common mode f a i l u r e s  
cannot be determined, it i s  no t  p o s s i b l e  
t o  say  t h a t  a l l  s i g n i f i c a n t  c o n t r i b u t o r s  
have been def ined.  The d e f i n i t i o n  of 
a c c i d e n t  sequences i n  even t  trees and 
f a u l t  t rees must t h e r e f o r e  inc lude  
ex tens ive  c o n s i d e r a t i o n  of p o t e n t i a l  
common mode f a i l u r e s .  

Sec t ion  3 .1 .2  d i s c u s s e s  common mode 
f a i l u r e s  as a complete t o p i c ,  p o i n t i n g  
o u t  t h e  c o n t r i b u t i o n s  made t o  t h e i r  
i d e n t i f i c a t i o n  by even t  t rees ,  f a u l t  
trees, and t h e  s t a t i s t i c a l  techniques 
used i n  t h e i r  q u a n t i f i c a t i o n .  Sec t ion  
3 . 1 . 3  examines t h e  way i n  which t h e  
s tudy determined t h e  a c c i d e n t  sequences 
of s i g n i f i c a n c e .  Sec t ion  3.1.4 de- 
s c r i b e s  t h e  d a t a  base used i n  t h e  
q u a n t i f i c a t i o n  of t h e  e v e n t  trees and 
f a u l t  trees. F i n a l l y ,  s e c t i o n  3.1.5 
p r e s e n t s  some modeling c o n s i d e r a t i o n s  
a s s o c i a t e d  with even t  trees and f a u l t  
trees. 

3.1.1 ADEQUACY OF FAULT TREE 
METHODOLOGY 

Many comments w e r e  r ece ived  t h a t  
chal lenged t h e  conceptual  adequacy of 
f a u l t  t ree  methodology. The p r i n c i p a l  
p o i n t  of t h e s e  comments w a s  t h a t  f a u l t  
tree a n a l y s i s  i s  incomplete and i s  
unable t o  produce r e l i a b l e  q u a n t i t a t i v e  
p r e d i c t i o n s  of system f a i l u r e  p r o b a b i l i -  
t y .  I t  w a s  a s s e r t e d  t h a t  t h e  Na t iona l  
Aeronaut ics  and Space Adminis t ra t ion 
(NASA) and t h e  aerospace i n d u s t r y  aban- 
doned use of t h e  f a u l t  t ree  technique 
f o r  t h i s  reason. The major reasons 
c i t e d  f o r  t h e  supposed d e f i c i e n c i e s  i n  
f a u l t  t ree methodology were: 

'See s e c t i o n  2 of Appendix I f o r  
i n t e r r e l a t i o n s h i p s .  

a more complete d e s c r i p t i o n  of t h e s e  

2A s i n g l e  f a i l u r e  type of c o n t r i b u t i o n  h a s  a p r o b a b i l i t y  equal  t o  t h a t  of  a s i n g l e  
component (hardware) f a i l u r e ,  s i n g l e  human e r ro r ,  o r  s i n g l e  t es t  and maintenance 
c o n t r i b u t i o n .  

3Holmes & Narver, .Inc.; Iowa Student  Pub l i c  I n t e r e s t  Research Group; Union of 
Concerned S c i e n t i s t s ;  Department of Heal th ,  Education and Welfare;  P o l l u t i o n  & 
Environmental Control  Problems, Inc.;  Resources f o r  t h e  Future ,  Inc. ;  Amory Lovins; 
W i l l i a m  M. Bryan. 
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Fault trees cannot identify all 
potential causes of system failure 
and hence yield underestimates of 
sys tem failure probabi li ty . 

I ma- 
b. Fault trees are subjective because 

the analyst must decide which events 
are to be incorporated into the 
trees and which events are to be 
omitted . 

I 

c. The results of the quantification of 
fault trees cannot be relied on 
because insufficient failure data 
are available. 

To obtain a balanced perspective in 
discussing these comments, it is in- 
structive to review those viewpoints 
that support the adequacy of fault tree 
methodology before proceeding with the 
technical response to the principal 
comments. 1 

A letter of June 16, 1975, from the 
Administrator of the National Aeronau- 
tics and Space Administration to the 
Chairman of the U.S. Nuclear Regulatory 
Commission indicates NASA's current view 
of the study's methodology.2 In sum- 
mary, the NASA letter states that the 
event tree and fault tree methodology 
used in the Reactor Safety Study is an 
effective technique and is capable of 
producing numerical assessments of value 
if the data base from which failure 
probabilities are determined has suffi- 
cient accuracy and content that is 
applicable to the quantification being 
performed. It goes on to say that, 
although NASA uses similar methodology, 
it does not use the numerical portion of 
the analysis because of the small data 
base applicable to specific NASA 
projects. 

Mr. A. E. Green, General Manager Of the 
Systems Reliability Service (SRS) in 
England and coauthor of the text 
Reliability Technology, has also pro- 

vided his views of this  hatter.^^^ The 
SRS group has been using reliability 
techniques for a number of years, and 
Mr. Green states that the group has 
found the general methodology to be 
competent, giving predictions that are 
generally within a factor of 2 of 
achieved failure rates. In support of 
this realistic prediction capability, a 
graph is cited from Reliabilit 
Technolo which shows the c& 
m d '  SRS group has so far 
experienced between predicted probabili- 
ties and observed system failure rates. 
The letter notes that this curve shows 
that, for some 50 system elements, the 
ratio of observed failure rate to 
predicted failure was within a factor of 
4. 

Another comment that should be cited 
here was contained in a letter5 from the 
U.S .  Environmental Protection Agency 
(EPA) dated August 15, 1975. The letter 
is reproduced here, in part, as follows: 

"Because of the significance of the 
Reactor Safety Study toward establishing 
the accident risk associated with nu- 
clear power plants, we chose to review 
the draft report of the study in two 
phases. The comments from our first 
phase review, an overall review of the 
draft WASH-1400, were transmitted to you 
by our letter of November 27, 1974. The 
second phase review was an intensive 
examination of selected areas of draft 
WASH-1400 to determine if there were 
deficiencies in their evaluations and to 
estimate the significance of the d'efi- 
ciencies with respect to the related 
risk calculations in draft WASH-1400. 
This effort provided a deeper apprecia- 
tion of the degree of thoroughness with 
which the Reactor Safety Study staff has 
applied the study methodology and of the 
sensitivity of the study results to 
changes in individual parameters or in 
sing le event probabilities . " 

'The procedures used in the study to help ensure the completeness of fault trees and 
to achieve their reliable quantification are described in section 3.1.2.2. 

LThis letter is appended to this section as Attachment 1. 

3 ~ .  E. Green and A. J. Bourne, Reliability Technology, Wiley-Interscience, London, 
1972. 

'Mr. Green's letter is appended to this section as Attachment 2. 

'This letter also contained some specific criticisms of WASH-1400 that are addressed 
in section 2 of this appendix. 
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"The r e s u l t s  of our  second phase review "1. 
have n o t  a l t e r e d  our  opinion t h a t  t h e  
Reactor Sa fe ty  Study p rov ides  a forward 
s t e p  i n  r i s k  assessment of nuc lea r  power 
r e a c t o r s ,  and t h a t  t h e  s t u d y ' s  gene ra l  
methodology appears  t o  provide a system- 
a t i z e d  b a s i s  f o r  o b t a i n i n g  u s e f u l  as- 
sessments of t h e  a c c i d e n t  r i s k s  where 2. 
e m p i r i c a l  o r  h i s t o r i c a l  d a t a  are pre- 
s e n t l y  unava i l ab le .  I' 

The General Accounting Of f i ce  ( G A O ) ,  a t  
t h e  r e q u e s t  of Congress, made a review 

sys t e m s .  1 The conclusions of t h i s  
l i m i t e d  s tudy are as fol lows:  

of r e l i a b i l i t y  d a t a  on weapons and space 3 .  

Although t h e  b a s i c  r e l i a b i l i t y  
methodology i s  adap tab le  t o  Atomic 
Energy Commission (AEC) p r o j e c t s ,  
DOD and NASA experience has  l i m i t e d  
u s e f u l n e s s  i n  judging t h e  v a l i d i t y  
of A X ' S  r e l i a b i l i t y  p r e d i c t i o n s .  

The confidence t h a t  can be placed 
on r e l i a b i l i t y  p r e d i c t i o n s  i s  
d i r e c t l y  r e l a t e d  t o  t h e  e x t e n t  of 
p rev ious  t e s t i n g  o r  use of t h e  E 
o r  s imilar  systems. 

Most e a r l y  DOD r e l i a b i l i t y  predic-  
t i o n s  are g o a l s  se t  f o r  t h e  
c o n t r a c t o r s  o r  l a b o r a t o r i e s  t o  

'The review, which w a s  publ ished on pages S 20775 and S 20776 of t h e  Congressional 
Record on December 9 ,  1 9 7 4 ,  i s  appended t o  t h i s  s e c t i o n  as Attachment 3 .  
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achieve i n  development and produc- 
t i o n .  Most such g o a l s  are n o t  
i n i t i a l l y  achieved i n  o p e r a t i o n s ;  
b u t  equipment and component modifi- 
c a t i o n s ,  t r a i n i n g ,  and experience 
u s u a l l y  r e s u l t  i n  upward r e l i a b i l i -  
t y  t r e n d s  ove r  a pe r iod  of t i m e .  

4 .  R e l i a b i l i t y  of major new systems 
cannot  be a c c u r a t e l y  p r e d i c t e d  
because of t h e  many va r i ab le s - -  
materials, t r a i n i n g ,  maintenance, 
and so f o r t h - - t h a t  are involved." 

The s tudy  i n t e r p r e t s  t h e  GAO conclusions 
n o t  as a c r i t i c i sm of t h e  methodologies 
as used i n  WASH-1400, b u t  r a t h e r  as a 
conf i rma t ion  t h a t  t hey  can,  i f  used 
c o r r e c t l y ,  p r e d i c t  r ea l i s t i c  system 
f a i l u r e  p r o b a b i l i t i e s  w i th  reasonable  
confidence.  The s tudy  b e l i e v e s  t h i s  
because t h e  r e a c t o r  systems analyzed i n  
WASH-1400 are n o t  new and unique b u t  are 
used i n  many r e a c t o r s  and are composed 
of components t h a t  are t h e  same as,  o r  
s i m i l a r  t o ,  t hose  used i n  many o t h e r  
i n d u s t r i a l  a p p l i c a t i o n s .  

A s  a f i n a l  p o i n t ,  it should be noted 
t h a t ,  a l though t h e  c u r r e n t  o p e r a t i n g  
experience with r e a c t o r s  i s  i n s u f f i c i e n t  
t o  g ive  measured va lues  f o r  system 
f a i l u r e  p r o b a b i l i t i e s  i n  a l l  cases, 
s u f f i c i e n t  system d a t a  w e r e  a v a i l a b l e  t o  
permit  checking t h e  WASH-1400 p r e d i c t e d  
f a i l u r e  rafes f o r  two systems a g a i n s t  
experience.  I n  t h e s e  two cases, the  
p r e d i c t e d  and observed f a i l u r e  r a t e s  
w e r e  w i th in  a b o u t  a f a c t o r  of 2 of one 
another .  This  r e s u l t  g i v e s  some conf i -  
dence t h a t  t h e  f a u l t  trees and d a t a  used 
i n  WASH-1400 gave reasonably good 
r e s u l t s .  

I t  i s  the  view of t h e  s tudy  t h a t  t h e  n e t  
impact of t h e  GAO r e p o r t ,  t h e  NASA l e t -  
ter ,  M r .  Green's l e t t e r ,  and t h e  EPA 
l e t t e r  i s  t o  confirm, as a m a t t e r  of 
i n t e l l e c t u a l  conv ic t ion  and expe r i ence ,  
t h a t  f a u l t  tree methodology can produce 
meaningful r e s u l t s . 2  T h e p r e c e d i n g  
d i s c u s s i o n  seems t o  confirm t h a t  t h e r e  
i s  a f a i r l y  broadly held view t h a t  t h e  
methodology can serve i t s  intended 
func t ion  of  rea l i s t ic  r e l i a b i l i t y  pre- 
d i c t i o n  and t h e  l i m i t e d  ( n e c e s s a r i l y )  
checking of  system f a i l u r e  p r e d i c t i o n s  
a g a i n s t  f i e l d  experience i n d i c a t e s  t h a t  
reasonably r e a l i s t i c  r e s u l t s  w e r e  ob- 
t a i n e d  i n  t h e  WASH-1400 implementation 
of f a u l t  tree methodology. 

The procedures used i n  t h e  s tudy t o  h e l p  
ensure t h e  completeness of f a u l t  trees 
and t o  achieve t h e i r  r e l i a b l e  q u a n t i f i -  
c a t i o n  are desc r ibed  i n  s e c t i o n  3 . 1 . 2 . 2 .  

The d i s c u s s i o n  t h a t  fol lows i n  t h e  nex t  
s e v e r a l  s e c t i o n s  addres ses  i n  g r e a t e r  
d e t a i l  many of t h e  more s p e c i f i c  reser- 
v a t i o n s  t h a t  have been expressed about  
t h e  v a l i d i t y  of t h e  even t  t r e e / f a u l t  
t ree  methodology. Although t h e  d i scus -  
s i o n  i s  d i r e c t e d  p r i n c i p a l l y  toward t h e  
i d e n t i f i c a t i o n  of p o t e n t i a l  dependencies 
and common mode f a i l u r e s ,  it a l s o  pre- 
s e n t s  an overview t h a t  cove r s  t h e  
g e n e r a l  completeness of t h e  methodology 
(which i s  c l o s e l y  r e l a t e d  t o  t h e  
i d e n t i f i c a t i o n  of dependenc ie s )?  t h e  
s p e c i f i c  techniques used t o  h e l p  ensu re  
completeness,  and t h e  handl ing of f a i l -  
u r e  da t a .  I t  i s  hoped t h a t  t h i s  
overview w i l l  provide t h e  r e a d e r  w i th  a 
b e t t e r  comprehension of t h e  s t u d y ' s  
methodology than d i d  t h e  widely scat- 
t e r e d  d i s c u s s i o n  i n  t h e  d r a f t  r e p o r t .  

'See Appendix 11, volume I,  s e c t i o n  1. 

'It should be noted t h a t ,  of t hose  mentioned h e r e ,  on ly  t h e  EPA (throuqh a con t r ac -  
t o r ,  Intermountain Technologies,  Inc . )  performed some checking of t h e  s t u d y ' s  f a u l t  
t ree r e s u l t s .  
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Attachment 1 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
WASHINGTON. D.C. 20546 

OFFICE OF THE ADMINISTRATOR 

Honorable William A. Anders 
Chairman 
U. S. Nuclear Regulatory Commission 
Washington, D. C. 2 0 5 5 5  

Dear Bill: 

In accordance with your request, we brought together a group 
of Reliability and Safety Management people from both 
Headquarters and from the Johnson Space Center to discuss 
the Rasmussen Report on Reactor Safety with members of your 
staff. Comparisons were made of techniques used, data bases 
available, reliability prediction accuracies versus actual 
experience, etc. The discussion produced a set of comments 
with which NASA concurs and which we hope will be of value 
to you in the preparation of your final draft of the Reactor 
Safety Study. These comments are as follows: 

1. The fault tree and event tree methodology used in the 
Reactor Safety Study is an effective technique and is similar 
to safety analysis methodology NASA has used. 

2. This methodology is capable of producing numerical 
assessments of value in making design decisions if the data 
base from which probability of failures is determined has 
sufficient accuracy and content. 

3. NASA has not been using the numerical assessment 
portion of the methodology because our data base is of small 
size. This is due to the lack of repetitive missions and 
changing hardware configurations. It has always been the 
NASA policy to pursue hardware failures until the precise 
failure mechanism is fully understood and to take immediate 
corrective action to prevent failure recurrence. This cor- 
rective action has created significant configuration dif- 
ferences from shot to shot even within the small family of 
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vehicles which might be considered repetitive--hence, the 
small data base from which to draw failure probability 
information. 

4 .  NASA is not in a position to validate the numerical 
assessments in the Rasmussen Study because of the extensive 
efforts such a validation process would require. 

5. NASA recommends that the NRC use the output of the 
study for more than just risk assessment. The identified 
systems engineering alternatives can be useful in making 
trade-off studies on design and operational improvements and 
these could be of value. 

I understand that further discussions are planned with Quality 
Control personnel from both our staffs to exchange experiences 
in the inspection area. Please call on us for any further 
assistance we might provide. 

Sincerely, 

James C. Fletcher 
Administrator 

. .  
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SYSTEMS RELIABILITY SERVICE ~ -~ 
A service to industry operated by the United Kingdom Atomic Energy Authority 

Our ref: SRS/POL/5/2 
AEG/27 

Your ref: 

Please reply to: Culche th  

hlr Sau l  Levine 
P r o j e c t  S t a f f  D i r e c t o r  
Reac tor  S a f e t y  S tudy  
Nuclear Regula tory  Commission 
Wasnington DC 20555 

Dear Sau l  

Headquarters : 
UKAEA, Wigshaw Lane, Culcheth, 
Warrington, Lancashire, WA3 4NE. 
Warrington 31 244, Ext. 
Telegrams : ATEN Warrington Telex : 62301 

Harwell Section : 
6521, AERE, Harwell Didcot, Berkshire. 
Abingdon 41 41, Ext. 

28 Apr i l  1975 

When I v i s i t e d  Washington DC i n  January ,  we  had a s h o r t  d i s c u s s i o n  on t h e  
c o r r e l a t i o n  between p r e d i c t e d  r e l i a b i l i t y  c h a r a c t e r i s t i c s  and f i e l d  exper ience .  

A s  you a r e  aware w e  have been a s s o c i a t e d  p a r t i c u l a r l y  wi th  land based p l a n t  equip- 
ment and systems invo lv ing  e l e c t r o n i c s ,  e l e c t r i c a l  and mechanical items b u t  exc luding  
structures.  
t echn iques  of  p r e d i c t i o n ,  f o r  example, f o r  t h e  f a i l u r e  r a t e  of  equipment t h e n  t h e r e  
has  been r e a s o n a b l e  agreement wi th  f i e l d  expe r i ence  when it has  become known. 
m a j o r i t y  of t h e  case5  of t h i s  t y p e  which we have s t u d i e d  t h e  agreement between t h e  
p r e d i c t e d  and p r a c t i c a l  f a i l u r e  r a t e s  has  been w i t h i n  a f a c t o r  of two t o  one. 
a l s o  been our  expe r i ence  t h a t  i n  a s s e s s i n g  t h e  r e l i a b i l i t y  of systems f o r  s a f e t y  
purposes  it has not always been necessa ry  t o  have p r e c i s e  r e l i a b i l i t y  d a t a  t o  d e c i d e  
whether o r  not t h e  s y s t e m  i s  adequate.  

As you know t h e  Systems R e l i a b i l i t y  S e r v i c e  concerns  i t s e l f  wi th  app ly ing  q u a n t i f i e d  
r e l i a b i l i t y  t echn iques  i n  coope ra t ion  wi th  i t s  As -oc ia t e  Ieinbers. 
I e n c l o s e  i n  Appendix I a c u r r e n t  l i s t  of t h e s e  A s s o c i a t e  illeinbers. A t y p i c a l  l i s t  of 
t h e  a r e a s  i n  wnich r e l i a b i l i t y  assessments  have been c a r r i e d  out is  a l s o  enc losed  i n  
Appendix 11. 

The r e s u l t s  of t h e  a p p l i c a t i o n  of t h e s e  t echn iques  have been most encouraging  and 
t h e r e  i s  a c o n t i n u i n g  and expanding demand f o r  t h i s  t y p e  of  q u a n t i f i e d  assessment.  
I n  a d d i t i o n  such  assessments  a r e  very  u s e f u l  i n  c o n t r i b u t i n g  t o  c e r t a i n  a s p e c t s  of  
d e c i s i o n  making and f o r  i n j e c t i n g  d i s c i p l i n e  i n t o  d e s i g n  a n a l y s i s .  I-or your in fo rma t ion  
I g i v e  i n  Appendix I11 a l i s t  of a few r e f e r e n c e s  which cover  some of t h e  a s p e c t s  which 
I d i scussed  w i t h  you. 

We have found t h a t  where we have appliecr q u a n t a t i t i v e  r e l i a b i l i t y  

In t h e  

It has  

For your in fo rma t ion ,  

I n i t i a l l y  you may l i k e  t o  look a t  Pages 541 t o  553 of  r e f e r e n c e  7 f o r  some o v e r a l l  
d i s c u s s i o n .  For some 50 system elements  which we s t u d i e d ,  t h e  r a t i o  of  observed  f a i l u r e  
r a t e  t o  p r e d i c t e d  f a i l u r e  was between 0.26 and 2.6 ( F i g u r e  13.4). 
of which I e n c l o s e  cop ie s  should g i v e  you a l i t t l e  more s p e c i f i c  i n f o r n a t i o n .  

The o t h e r  r e f e r e n c e s  
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Needless t o  say  i n  t h e  development of any technology s u c h  a s  r e l i a b i l i t y  t echno logy  
we a r e  c o n t i n u o u s l y  deve loping  and i n v e s t i g a t i n g  t h e  metnods and I would be 
i n t e r e s t e d  t o  have your comments. 

Yours s i n c e r e l y  

A E Green 
Genera l  Lanager 
Nat iona l  C e n t r e  of Systems R e l i a b i l i t y  

. .  
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SYSTEMS RELlA5SklTV SERVICE 

ASSOCIATE MUItBERS 

Danish Atomio Energy Cornmisflion 
Reaotor Division, O a k  Ridge National Laboratow, USA 
Central Eleotricity Generating Board 
Seourity and Control Division of CNEN, I t a ly  
Civil Aviation Authority ' 

Imperial Chemical Induotrios Limited 
Fast Reaotor D e s i g n  Diviaion of CIJEN, Italy 
Junta de Energia Nuolear, Spain 
Atomio Energy Board, South Afrioa 
Commission des Communautes Europeennes, Belgium 
AE IC C I  Limited, South Afrioa 
Department de Surete Nuoleaire, Centre d'Etudee Nuoleairem de Seolw, granoe 
DRAM Pro  jeot , Norway 
Britioh Gas Corporation, Newcastle upon Tyne 
Forevarets Teletekniska Laboratorium, Sweden 
MOD (N) 
Teohnical Reoearch Centre, Finland (TRCF) 
South of Sootland Eleotricity Board 
European Spaos Researoh Organisation 
Motor Columbus, Switzerland 
United Stateo Atomio Energy Commieeion 
Centeo - Weot Germany 
Shell lnternational, The Hague 
British Petroleum Compnny Ltd. 
Laporte Industries Limited 
N I R A ,  Oenoa, I ta ly  
Pilkington Rroa. Ltd. 
Nuolear Installations Insyeotorate of Department of energy 
Britieh Nuolear Fuels Ltd. 
The Mining Research and Development Establishment of The National O o d  Board 
PW Industries Inc., USA 
A.M.N. (Ansaldo 14eohanioo Nuoleari) , Cenoa. 
Nypro (UK) Limited. 
C A I  Parsone be Co.Ltd. 
fneti tuto Ilettroteonioo Naaionale Ualileo Perrerim, Turin, X t a l y  
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Amendix 11 

k c l e a r  r e a c t o r s  

High p r e s s u r e  d i e  c a s t i n g  machines 

C r i t i c a l i t y  mon i to r ing  and a l a rm sys tems 

Normal and s t andby  e l e c t r i c a l  supp ly  and d i s t r i b u t i o n  sys tems 

Chemical p l a n t  au tomat i c  p r o t e c t i v e  sys tems 

High p r e s s u r e  r e l i e f  and p r o t e c t i v e  sys tems 

E l e c t r o n i c  and e l ec t ro -mechan ica l  l o g i c  sequence  c i r c u i t s  and sys tems 

Hazardous g a s  a l a rm sys tems 

Medical e n g i n e e r i n g  equipment 

P l a n t  measurement and c o n t r o l  sys tems 

Cool ing  water  systems and t h e i r  a s s o c i a t e d  c o n t r o l s  

I n v e s t i g a t i o n s  of r e p a i r  and main tenance  c h a r a c t e r i s t i c s  

Actua tor  systems 

F i r e  d e t e c t i o n  and c o n t r o l  systems 

Emergency e l e c t r i c a l  g e n e r a t i n g  sys t ems  

Marine eng ine  c o n t r o l  systems 

Chemical p l a n t  hazard  e v a l u a t i o n s  

P l a n t  a v a i l a b i l i t y  studies 

Boiler feed sys t ems  and sequence  c o n t r o l  systems 

E l e c t r o n i c  and c o n t r o l  equipment e v a l u a t i o n s .  
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BPPEiWIX 111 

1. EAMES,  A. R. "Reliability Assessment of Protective Systems", 
Nuclear Engineering, March 1%6. 

2. GRE;N, A. E. "Reliability Prediction", Institute of hiechanical 
Engineers, 1969. 

BOURNE, A. J. "General Results of an' Investigation into the 
Reliability of High Pressure Die Casting Machines", S.R.S Generic 
Report No. SRS/GR/S. 

GREEN, A. E. "A Review of System Reliability Assessment", S.R.S 
Generic Report No. SRS/GR/20. 

3. 

4. 

5. BOUREE, A. J. "Reliability Assessment of Technological Systems", 
Institution of Electrical Engineers, 19th October, 1971. 

6. EAIVIES, A. R. "Principles of Reliabilityfor Nuclear Reactor Control 
and Instrumentation Systems", U.K.A.E.A. Report No. SRD R1, 
September 1971. 

GREEN, A. E 8 BOURNE, A. J. 
by John Wiley 8 Sons, 1972. 

7.  'Reliability Technology', Published 
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COMPTROLLER GENERAL OF THE UNITED STATES 

WamMl".DL llsu 

E-164105 

The Eonorable  M i k e  Gravel 
United S t a t e s  S e n a t e  

Dear Senator  Gravel :  

by you and S e n a t o r s  Proxmire, C l a r k ,  Har t ,  and Brooke, a s k i n g  
us to  compare r e l i a b i l i t y  p r e d i c t i o n s  for d e f e n s e  and space 
programs with a c t u a l  performance and t o  provide  some guidance  
on t h e  v a l u e  of r e l i a b i l i t y  p r e d i c t i o n s .  Your r e q u e s t  was 
based on concern over how much confidence could be placed  on 
r e l i a b i l i t y  p r e d i c t i o n s  f o r  nuc lear  power r e a c t o r s ,  p a r t i c u -  
l a r l y  t h e  p o s s i b i l i t y  of c a t a s t r o p h i c  a c c i d e n t s .  

W e  s t u d i e d  Department of Defense ( D O D )  and Nat iona l  
Aeronaut ics  and Space Adminis t ra t ion  ( N A S A )  documents and 
o t h e r  l i t e r a t u r e  r e l a t i n g  t o  r e l i a b i l i t y  p r e d i c t i o n s ,  e x -  
p e r i e n c e ,  and e s t i m a t i n g  mzthodology. We a l s o  i n t e r v i e w d  
experts,  both w i t h i n  and o u t s i d e  t h e  Government, t o  a s c e r -  
t a i n  t h e i r  views on t h i s  s u b j e c t .  From t h i s  l i m i t e d  s t u d y  
w e  conclude t h a t :  

T h i s  is i n  r e p l y  t o  t h e  l e t t e r  of J u l y  31, 1974, s igned 

1. Although t h e  b a s i c  r e l i a b i l i t y  methodology is adapt -  
able t o  Atomic Energy Commission ' .AEC)  p r o j e c t s ,  DOD 
and NASA exper ience  has l i m i t e d  u s e f u l n e s s  i n  jgdq-  
ing t h e  v a l i d i t y  of A E C ' s  r e l i a b i l i t y  p r e d i c t i o n s .  

2. The conf idence  t h a t  can be placed on r e l i a b i l i t y  
p r e d i c t i o n s  is d i r e c t l y  r e l a t e d  t o  t h e  e x t e n t  of  
previous t e s t i n g  or use of the ~ a m e  o r  s i m i l a r  
systems. 

set  for  t h e  c o n t r a c t o r s  or  l a b o r a t o r i e s  t o  a c h i e v e  
i n  development and proauct ion .  Nost s u c h  g o a l s  a r e  
not  i n i t i a l l y .  achieved in  o p e r a t i o n s ;  bu t  equipment 
and component m o d i f i c a t i o n s ,  t r a i n i n g ,  and e x p e r i -  
ence Iiaually r e s u l t  i n  upward r e l i a b i l i t y  t r e n d s  
over a p e r i o d  of t i m e .  , -  

R e l i a b i l i t y  of major new.systems cannot  be accu- 
r a t e l y  p r e d i c t e d  because of t h e  many va r i ab le s - -  
materials,  t r a i n i n g ,  maintenance,  and so for th--  
t h a t  are involved. 

3. Most e a r l y  DOD r e l i a b i l i t y  p r e d i c t i o n s  are g o a l s  

4. 
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Out l ined  below a r e  t h e  d a t a  w e  developed on r e l i a b i l i t y  
p r e d i c t i o n s ,  a c t u a l  r e l i a b i l i t y ,  and s p e c i f i c  systems per- 
formance. 

R E L I A B I L I T Y  PREDICTION 

R e l i a b i l i t y  e x p e r t s  are r e l u c t a n t  t o  make a b s o l u t e  
p r e d i c t i o n s  a t  t h e  o u t s e t  of new sys tems,  mainly because so 
many v a r i a b l e s  are as y e t  unknown or u n q u a n t i f i a b l e .  On t h e  
o t h e r  hand, i f  t h e  c o n f i g u r a t i o n  is one of a wel l -understood 
series or s i m i l a r  t o  o t h e r  t r i e d  conf igura t ions , .  t e s t  and 
expe r i ence  d a t a  can o f t e n  be e x t r a p o l a t e d  with some c o n f i -  
dence.  NASA and DOD i n t e r v i e w e e s  b e l i e v e . t h a t  thorough tes t -  
ing in  t h e  intended o p e r a t i o n a l  environment and e x t e n s i v e  
e x p e r i e n c e  d a t a  are t h e  best g u i d e s  t o  p r e d i c t i n g  r e l i a b i l i t y .  
P r e d i c t i o n s  a r e  made dur ing  development, b u t  t h e s e  a r e  used 
for comparison only--to choose among des ign  a l t e r n a t i v e s ,  
c a n d i d a t e  components, and so on. 

During development,  r e l i a b i l i t y  e n g i n e e r s  use predic-  
t i v e  models based on component t e s t i n g .  To a n t i c i p a t e  t h e  
f requency  of ra re  occurrences ,  t e n s  of thousands of com2o- 
n e n t s  m u s t  be analyzed t o  e s t a b l i s h  f a i l u r e  r a t e s  and t o  t r y  
t o  uncover some of t h e  "unknown unknowns" t h a t  beset complex 
d e s i g n s .  This  procedure can be c o s t l y  and t i n e  consuming 
w i t h o u t  producing a l l  t h e  answers about  how a system w i l l  
perform. Even though f a i l u r e  r a t e s  may be e s t a b l i s h e d  
through e x h a u s t i v e  t e s t i n g ,  t h e y  are o f t e n  rnodif i e d  by 
eng inee r ing  judgment. For exampl-e, a manufac turer ' s  stress 
c e i l i n g  on a c r i t i c a l  component might be halved t o  temper 
t h e  u n c e r t a i n t y  of a r e l i a b i l i t y  c a l c u l a t i o n .  

Because of t h e  u n c e r t a i n t i e s  and i n h e r e n t  l i m i t a t i o n s  
i n  t h e i r  a b i l i t y  t o  p r e d i c t  r e l i a b i l t y ,  most e n g i n e e r s  Se- 
l i e v e  t h a t  an expressed  l e v e l  of r e l i a b i l i t y  should be a 
g o a l  r a t h e r  than a c o n f i d e n t  p r e d i c t i o n  of how a new system 
w i l l  perform. R e l i a b i l i t y  g o a l s ,  i n  t h e i r  view, are g u i d e s  
for a n a l y z i n g  d e s i g n s ,  s e l e c t i n g  and t e s t i n g  c r i t i c a l  compo- 
n e n t s ,  p r o v i d i n g  f o r  redundancies ,  choosing backup p a r t s ,  
and d e c i d i n g  on fa i lure-avoidance  measures. 

Some o f f i c i a l s  look on c o n t r a c t - s p e c i f i e d  r e l i a b i l i t y  
f i g u r e s  a s  o F t i m i s t i c  p o s s i b i l i t i e s  rather than s u p p o r t a b l e  
f i g u r e s .  One o f f i c i a l  termed contract-s@ecif  i ed  r e l i a b i l -  
i t y  numbers a s  "window dress ing ."  Another e x p e r t  s a i d  t h a t  
accurate  p r e d i c t i o n s  may be unpopular or p o l i t i c a l l y  unaccept- 
a b l e .  A recent A i r  Force r e p o r t  s ta tes  t h a t :  

2 
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.* where a m a n u f a c t u r e r . i s  i n t e r e s t e d  i n  
having h i s  equipment look good he 'can,  and w i l l ,  
se lect  some of t h e  more o p t i m i s t i c  d a t a  he can 
f i n d  or  g e n e r a t e ,  t o  use i n  h i s  r e l i a b i l i t y  
p r e d i c t i o n s .  Thus r e l i a b i l i t y  p r e d i c t i o n s ,  f o r  
s e v e r a l  r easons ,  tend t o  be g e n e r a l l y  o p t i m i s t i c  
by a f a c t o r  of two t o  s i x ,  bu t  sometimes f o r  sub- 
s t a n t i a l l y  g r e a t e r  f a c t o r s . "  

ACTUAL R E L I A B I L I T Y  

Actua l  r e l i a b i l i t y  i n  o p e r a t i o n s  is a f f e c t e d  by many 
v a r i a b l e s .  For example, changes in  humidi ty ,  t empera tu re ,  
v i b r a t i o n ,  and shock cause problems i n  e l e c t r o n i c  systems.  
Euman e r r o r ,  "wear-out," sh ipp ing ,  handl ing ,  and v a r i o u s  
main tenance  p r a c t i c e s  a r e  o t h e r  causes  of system f a i l u r e .  
(NASA found t h a t  an i n t e n s i v e  "people  mot iva t ion"  program 
improved o v e r a l l  r e l i a b i l i t y .  ) 

a b l e  o r  q u a n t i f i a b l e  du r inq  development. For example, one 
NASA o f f i c i a l  t o l d  u s  t h a t  s i x  redundant  components had 
f a i l e d  on one system. If  such a cont ingency could have 
been a n t i c i p a t e d ,  t h e  des ign  would have been changed or  
f u r t h e r  redundancy or backup p a r t s  added. 

adequa te  so t h a t  p r e d i c t i o n s  ve r sus  achieved performance 
fo r  sys tems and subsystems can be mis leading .  A r e c e n t  
Defense Advance Research P r o j e c t s  Agency r e p o r t  s t a t e d  
about d e f e n s e  systems:  

Many problems a re  due t o  des ign  "unknowns" not  p r e d i c t -  

Repor t ing  of a c t u a l  r e l i a b i l i t y  d a t a  is sometimes in- 

'There is no r o u t i n e  f i e l d - r e l i a b i l i t y  r e p o r t i n g  
system i n  DOD t h a t  can provide meaningful feed-  
back t o  producer  commands and t o  manufac turers  
on t h e  f i e l d  r e l i a b i l i t y  of e l e c t r o n i c  subsystems.  
E x i s t i n g  maintenance d a t a  c o l l e c t i o n  systems * * 
do n o t  perform t h i s  func t ion  adequa te ly .  Moreover , 
t h e r e  is c o n s i d e r a b l e  confus ion  i n  t h e  terms used 
t o  d e s c r i b e  r e l i a b i l i t y  * *. Thus f i e l d  i n f o r -  
matior, is ambiguous a t  best ."  

NASA, on t h e  o t h e r  hand, with its 'one sho t "  systems 
gets  q u i c k  n o t i c e  of . f a i l u r e s ,  a l though t h e  causes  may no t  
be r e a d i l y  a s c e r t a i n a b l e .  

3 
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UAJOR SYSTEMS RELIABILITY DATA 

The in fo rma t ion  on r e l i a b i l i t y  of v a r i o u s  de fense  and 
space systems shown below was developed by DOD, NASA, and 
o t h e r  sou rces .  W e  d i d  no t  v e r i f y  t h e i r  accuracy ,  nor d i d  w e  
a t t e m p t  t o  d e f i n e  what was meant by system r e l i a b i l i t y  i n  
each c a s e .  T h e  d a t a ,  t h e r e f o r e ,  is u s e f u l  on ly  f o r  compar- 
ing i n i t i a l  estimates with l a t e r  experience--system by system. 

Selected A c q u i s i t i o n  Reports  (SARS) 

These documents a r e  publ i shed  p e r i o d i c a l l y  by DOD t o  
r e p o r t  t e c h n i c a l  s c h e d u l e s  and c o s t  in format ion  on c e r t a i n  
major weapon systems.  Nomenclature in  t h e  SARs v a r i e s ;  f o r  
example,  t h e  c r i t e r i a  for  missile system performance a r e  
v a r i o u s l y  I' s y s  t e m  r e 1  i a b i l  i t y  , I '  " i n - f  1 i g  h t  r e l  i a b  i l  i t y  , " 
. p r e f l i g h t  r e l i a b i l i t y , "  "developmental  p ro to type  r e l i a b i l -  
i t y , "  o r  Kproduct ion  pro to type  r e l i a b i l i t y . "  They a r e  seldom 
d e f i n e d .  Combat r e l i a b i l i t y ,  which is u s u a l l y  a f r a c t i o n  of 
l a b o r a t o r y  o r  test range l e v e l s ,  is not  shown. 

4 
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Attachment 3 (Continued) 

E-1641 05 

E l e c t r o n i c  subsystems 

r e l i a b i l i t y  problems. A r e c e n t  Defense Sc ience  Board re- 
por t  p re sen ted  t h e  fo l lowing  d a t a  on t h e  s p e c i f i e d  ve r sus  
a c t u a l  mean time between f a i l u r e s  (MTBF) ( h o u r s )  of a i r c r a f t  
r a d a r  subsystems.  

E l e c t r o n i c  subsystems a p p a r e n t l y  p r e s e n t  t h e  most 

S p e c i f i e d  Achieved 

A i r c r a f t  (note a )  (note a )  
MTBF MTBF 

P-4B 
A-6A 
P-4c 
P-111 A/E 
P-4D 
A-7 A/B 
A-7 D/E 
P-4E 
F-111D 
P- 4J  

10  
75 
1 0  

140 
1 0  
90 

250 
18 

19 3 
20 

4 
8 
9 

35 
10 
30 
1 2  
10  

less than 1 
5 

a/ -Approximate f i g u r e s .  - 
NASA sys tems 

NASA e x p e r t s  b e l i e v e  t h a t  " abso lu teP  r e l i a b i l i t y  numbers 
are mis l ead ing  and t h a t  t h e  time requi red  t o  deve lop  them is 
bet ter  s p e n t  on c r i t i ca l -component  r e l i a b i l i t y  ana lyses .  I t  
does make  p r e d i c t i o n s  du r ing  development to compare d e s i g n  
a l t e r n a t i v e s  and t o  e v a l u a t e  components. NASA's r e l i a b i l i t y  
expe r i ence  t o  1974 can b e s t  be i l l u s t r a t e d  by its h i s t o r y  of 
l aunch  successes, which average  about  85 percent.  Only i n  
small samplings,  it w i l l  be noted,  is 100-percent r e l i a b i l i t y  
achieved. 

5. 

~ 
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, t tachment 3 (Continued) 

NASA Launch Vehic le  Performance 

Success  
Ve h i c  1 e T o t a l  Successes  ‘ p e r c e n t a g e  

Mercury Blue Scou t  1 0 0 
Juno I1 10 4 40 
J u p i t e r  C 1 0 0 
Thor-Able 5 3 60 
vanguard a 1 25 
Atlas-Able 3 0 0 
A t l a s  11 9 82 
Thor 2 2 100 
L i t t l e  J o e  7 7 100 
L i t t l e  Joe I1 5 4 80 
scout x 1 0 0 
s c o u t  57 51 89 
Redstone 5 5 1 0 0  
Thor-Del t a  99 90 91 
Thor-Agena 13 12 9 2  
Atlas-Agena 26 20 77 
Atlas-Centauer  32 26 81 
S a t u r n  I 10 10 100 
T i t a n  I1 12 12 100 
A t l a s  X-259 2 2 100 

Agana T a r g e t )  6 4 67 
S a t u r n  I B  8 8 100 

12 92 13 S a t u r n  V 

282 85 333 T o t a l  

Gemini ( A t l a s -  

- - 
- - - - 

As f a r  a s  w e  could l e a r n  du r ing  t h i s  b r i e f  review,  WD 
and NASA o f f i c i a l s  can o f f e r  l i t t l e  guidance as t o  how ve ry  
rare f a i l u r e s  or c a t a s t r o p h i c  a c c i d e n t s  t o  sys tems can be 
a n t i c i p a t e d ,  avoided ,  or p r e d i c t e d .  F a i l u r e  r a t e s  f o r  most 
eng inee red  sys tems cover a ve ry  wide range. According t o  
s e v e r a l  r e l i a b i l i t y  e x p e r t s ,  s imple  mechanisms (ordnance 
f u z e s )  o r  sys tems l i a b l e  t o  incur  human l o s s e s  have f a i l u r e  
rates of 1 i n  1,000 t o  1 i n  100,000 occur rences .  

NASA goes  t o  e x t r a o r d i n a r y  l e n g t h s - - r e l i a b i l i t y  c o s t  
is h a r d l y  an objec t - - to  prevent  d i s a s t e r s  i n  manned space  
v e h i c l e s  and has  t h e  s i n g u l a r  advantage of v e h i c l e  occcpsn t s  
prepared  t o  make onboard r e p a i r s .  S t i l l ,  t h r e e  a s t r o n a u t s  
were l o s t  i n  one v e h i c l e .  The S o v i e t s  s u f f e r e d  s i m i l a r  l o s s e s  

6 
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Attachment 3 (Continued) 

8-1 64 1 0  5 

i n  o t h e r  a t t e m p t s .  No one can t e l l  if  and when s u c h  cata- 
s t r o p h i c  f a i l u r e s  w i l l  be r e p e a t e d .  

s h a l l  be g l a d  to d i s c u s s  them w i t h  you and your s t a f f .  
If you have any f u r t h e r  q u e s t i o n s  on t h e s e  m a t t e r s ,  w e  

S i n c e r e l y  y o u r s ,  z* fl’p&& 
Compt r 0 11 e r  Gener a 1  
of t h e  United  S t a t e s  

7 



3.1.2 THE HANDLING OF POTENTIAL COMMON 
MODE FAILURES IN OVERALL RISK 
ASSESSMENT 

As is stated in WASH-1400, the heart of 
successful risk assessment and a princi- 
pal factor in determining the adequacy 
of the event tree/fault tree methodology 
is the proper identification of poten- 
tial common mode failures. The success- 
ful definition of common mode failures 
is necessary to help ensure that all the 
significant contributing accident se- 
quences have been defined and that the 
probabilities of occurrence of the acci- 
dent sequences have been adequately 
predicted. Many of those who have 
considered the problems associated with 
defining low-probability events and 
their likelihood of occurrence find it 
reasonable to question whether the capa- 
bility exists to perform such a task, 
due principally to the uncertainties 
involved in the handling of common mode 
failures. In fact, as noted in WASH- 
1400,l this was one of the major uncer- 
tainties recognized from the beginning 
of the study. 

In the risk assessment performed in 
WASH-1400, the identification of common 
mode failures was an integral part of 
the construction and quantification of 
event trees, of the construction and 
quantification of fault trees, and in 
the handling of failure data. Only by 
considering these three elements in 
concert (i.e., event trees, fault trees, 
and data) can one gain the necessary 
perspective concerning the validity of 
the handling of common mode failures and 
of the overall use of the methodology in 
WASH-1400. 

3.1.2.1 Event Tree Methodology and Its 
Contributions to Common Mode 
Failure Considerations. 

As described extensively in Appendix I, 
an event tree begins with an initiating 
event, and proceeds to define the possi- 
ble outcomes of such an event. These 
outcomes are determined by all the 
physically possible permutations2 encom- 
passed by the successful operation or 
failure of all the applicable systems 
installed in the nuclear power plant 
that can cope with the effects of the 
initiating event.3 Thus, since all ap- 
plicable systems that can affect the 
course of events are included, the con- 
struction of each event tree encompasses 
a set of potential accident sequences 
that is in essence complete for that 
initiating event. All the event trees 
used for the PWR reactor 1 analyzed in 
WASH-1400 have, for example, encompassed 
approximately 130,000 potential accident 
sequences that could conceivably involve 
millions of potential common modes at 
the system failure level. Clearly the 
question of whether one can quantita- 
tively handle such a large number of 
dependencies is extremely pertinent. 

Fortunately this problem has a solution 
since there exist logical methods for 
eliminating consideration of the vast 
bulk of these potential accident se- 
quences and their associated depend- 
encies. These methods are based on 
detailed knowledge of the design and 
engineering principles involved in 
nuclear power plants--principles that 
permit the elimination of physically 
meaningless sequences from the mathemat- 
ically complete trees. As a further 

Main Report, section 1.7 C. I 

2The methods used to ensure that "all physically possible permutations" of events are 
included in the event tree are discussed extensively in section 2 of Appendix I. 
These methods include the ordering of event tree headings in accordance with their 
relationship to the course of events involved in potential accident sequences and 
the use of conservatively selected, discrete definitions of system operability 
success and failure as a function of time. 

3The reader is also referred to section 2 of Appendix I for a more complete discus- 
sion of the logic of event tree construction. It should be noted here that the 
event trees used in this study differ significantly from the more conventionally 
used decision trees. In general, decision trees are the representation of a process 
in which the adequacy of the tree depends principally on the skill and judgment of 
the analyst in properly conceptualizing the area under consideration. While this 
type of skill applies to some degree in the event trees developed in WASH-1400, the 
analyst is aided considerably because the elements of the trees are physical 
entities that exist in the nuclear power plant and the processes involved in the 
tree follow engineering and physical principles. The understanding of the details 
of plant design and of these physical principles aid the analyst greatly in ensuring 

I a proper conceptualization for the reactor event trees. 
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step, the use of probability discrimina- 
tion among sequences having similar 
outcomes permits the further elimination 
of those sequences that do not contri- 
bute to the likelihood of specific 
outcomes. These techniques are de- 
scribed below. 

Figures I 2-1 through I 2-8 of Appendix 
I show the development of LOCA event 
trees in which the initiating event is a 
pfpe break (PB)  and in which the func- 
tions to be performed after the pipe 
breaks are listed.lr2 Figure X I  3-1 
shows the possible choices of success or 
failure of each of the functions in- 

PB RT ECC PARR PAHR CI 

F i g .  X I  3-1. I l l u s t r a t i v e  Event  Tree 
for LOCA Functions 

S1 
s2 
53 
s4 
s5 
S6 
57 
sa 
S9 
s10 
s11 
s12 
S13 
SI4 
S15 
S16 
S17 
S18 
s19 
520 
52 1 
s22 
S23 
524 
525 
S26 
s27 
S28 
S29 
S30 
S3 I 
532 

volved in potential LOCA accident se- 
quences. Figure X I  3-2 is the same 
representation, except that the number 
of sequences has been reduced from those 
that are mathematically possible to en- 
compass only those that are physicall 
meaningful on an engineering basis. 
For example, in those sequences involv- 
ing core melt, since it is known that 
the containment will surely fail, 
choices on success or failure of con- 
tainment integrity have been logically 
eliminated.4 Further, where electric 
power ( E P )  has failed, no choices have 
been shown for any functions because 
none can operate without electric power. 
Where the reactor trip (RT) has failed, 
no choices are shown for emergency cool- 
ing injection ( E C I )  , emergency cooling 
accumulator (ECR) , and containment 
integrity ( C I )  because the core would 
melt from the failure of reactor trip 
alone. Where E C I  has failed, the ECR 
choice and C I  choices are similarly of 
no physical significance because, again, 
the core would melt. Where post acci- 
dent heat removal (PAHR) has failed, CI 
will fail due to overpressure from core 
decay heat and ECR will fail as a result 
of C I  failure. 

Y 

ECI PARR PAHR ECR PB EP RT C1 

58 

512 

I Sl6 

Fig. XI 3-2. Functional LOCA Event Tree 
Showing E f f e c t s  o f  I n t e r -  
relationships 

'Figures I 2-1 and I 2-8 are reproduced here for the convenience of the reader as 
Figs. XI 3-1 and XI 3-2, respectively. 

2The 

3~ 

reader is referred to section 2 of Appendix I for the definition of terms and 
for a more complete discussion of these event trees. 

few other changes have been made, such as the addition of electric power (EP)  to 
the tree and the substitution of emergency cooling injection (ECI) and emergency 
cooling recirculating (ECR) in place of emergency core cooling (ECC). This logic is 
explained in Appendix I, section 2. 

4A separate event tree to define the interrelationships among, and the probabilities 
of, the various potential modes of containment failure is developed in section 2.2 
of Appendix I. 
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From this brief description of the engi- 
neering basis for the elimination of 
system choices, it can be seen that the 
elimination of accident sequences has 
not been arbitrary or judgmental, but is 
based on the systematic application of 
the engineering knowledge and principles 
involved in the relationships among the 
various systems and functions. The re- 
duction of the event tree in Fig. XI 3-1 
to that in Fig. XI 3-2 is of great 
importance in the handling of common 
mode failures and the ability of the 
methodology to logically reduce the 
analysis to a tractable size. A tree 
with the headings in Fig. XI 3-1, 
showing all possible choices of success 
and failure, would have yielded 128 
potential accident sequences, involving 
896 dependencies if all sequences were 
c0nsidered.l The application of engi- 
neering principles to this tree has 
trimmed it from 128 to 17 accident 
sequences and from 896 dependencies to 
79 system-to-system dependencies. 

In considering the total number of event 
trees involved in the overall study,2 it 
can be seen that over 100,000 potential 
accident sequences involving millions of 
potential dependencies were screened to 
arrive at a relatively small number of 
remaining potential interactions that. 
were physically meaningful and needed 
further investigation. This small num- 
ber of interactions made it feasible to 
perform meaningful analyses and quanti- 
fication of the remaining accident se- 
quences. The great ability of the event 
trees to reduce large numbers of se- 
quences and dependencies applies to 
situations involving tightly coupled 
systems like the nuclear systems ana- 
lyzed in the study; this conclusion may 
not be broadly applicable to other tech- 
nological designs. 

A second important stage of screening 
and reducing potential common modes lies 
in considering the accident sequence 
outcomes (radioactive releases) and dis- 

criminating among the sequence probabil- 
ities. Accident sequences having simi- 
lar releases can be grouped together and , 

the sequence probabilities added to ob- 
tain the total probability for each of 
the releases. For a particular release, 
high-probability sequences that occur in 
the grouping dominate the lower proba- 
bility sequences and also tend to 
suppress the importance of any potential 
common mode effects in these lower 
probability sequences. In summing the 
sequences to determine the probability 
of that release, only those high-proba- 
bility sequences need then be retained. 

Figure XI 3-3 shows a list of all the 
150 accident sequences derived from the 
combined PWR large-LOCA and containment 
event trees.3 These sequences have been 
grouped and arranged in two ways: 

a. In columns by radioactive release 
categories; i.e., by grouping to- 
gether all sequences that would 
result in radioactive releases of 
similar magnitude. 

b. By their likelihood of occurrence; 
i.e., the sequences shown as the 
dominant sequences are the ones that 
dominate the probability of occur- 
rence of each release category. The 
sequences designated as "other" are 
of sufficiently low probability that 
they do not contribute to the sum of 
the dominant sequences. Bounding 
techniques were used in making this 
probability discrimination; double 
and triple failures were assumed to 
be single failures in obtaining 
maximum values for the sequence 
probabilities below the line. These 
maximum values were compared to the 
dominant sequence probabilities and 
were not found to impact on the 
dominant probabilities.4 

Examination of the dominant sequences 
for all PWR event trees shows that the 
probability discrimination technique has 

'In the counting of dependencies, a sequence having n system choices is taken as 

2Appendix I, sections 4 and 5. 

3Figure XI 3-3 is Table 3-4 of Appendix V. 

4The criterion was that the maximum value had to be approximately two orders of 

having n possible dependencies. 

magnitude less than the median value dominant probabilities in order to account for 
uncertainties in the data. 
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TABLE V 3-4 PUR LARGE LOCA ACCIDENT SEQUENCES V S .  RELEASE CATEGORIES 

C o r e  m e l t  I N o  core m e l t  

R e l e a s e  C a t e g o r i e s  

D o m i n a n t  L a r g e  LOCA A c c i d e n t  S e q u e n c e s  With P o i n t  E s t i m a t e s  

A 
1x1~-4 

AB-a 
1x10-11 

AB- Y 
lxlo-lo 

AD-a 
2x10-8 

ACD- B-ll 
1x10 

AB-€ 
iX10-9 

AD- E 

AH- E 

2 x 1 0 4  

1x10-6 

A- B 
2 x 1 0 - 7  

AH-a 
1x10-8 

ADF-E 
2x10-1° 

AF-a 
1x10-10 

AB-6 
4 x  

AF- 6 
1x10-8 

AHF-E 
1x10-l0 

ACD-a 
5x1 0-1 1 

AG-a 
9x10-11 

A G 6  
9x10-9 

O t h e r  L a r g e  LOCA A c c i d e n t  Sequences 
~~ 

AHG-3 
A H G I a  
ADF-a 
ADFI -a  
ACH-Ci 
ACHI-a 
ACHG-a 
ACHGI-a 
AGI-6 
AFI-6 
ACG-6 
ACGI-6 
ACF-6 
MI-a 
ADGI-a 
ADI-a 
4DG-a 
4E-a 
kE1-a 
4EF-a 
AEFI-a 
4EG-a 
AEGI-a 

~~ 

ACDGI-B 
ADG- B 
ACDI-8  
ACDG-8 
ADGI- B 
ACE- B 
ACEI- B 
ACEG- B 
ACEGI-B 
UGB 
AEGI-B 

AHI- B 
AHG- B 
AHGI-f3 
ADI-f? 
ACH-B 
ACHI-f3 

AE- B 
MI% 

ACHGI- E 
AHFI-  E 
ADFI-  E 
ACDF- E 

M G - 6  
AHGI- 6 
AHGI- E 
ACH-e 
ACHI- E 
A C H G  6 
ACHG- E 
ACHGI- E 

ACDI- E 
ACDG- 6 
A C D G  E 
A D G  6 
ADGI-6 
AHG- E 
ADI- E 

ADG- E 
ACD-E 
ADGI-E 
AHI-E 
AE- E 
AEI-E 
ACE-€ 
ACEI-E 
A C E G E  
ACEG-6 
ACEGI-6 
ACHGI-6 
AEG-6 
AEGI-6 
AEGE 
AEGI-E 

AI-B 
AC-B 
ACI-6 

A I  
AC 
AC I 

ADF- B 
AHFI-6 
ACHF- 6 
ACHF-Y 
ACDF-y 
ACEF-y 
AHFI-B 
ADFI-6 
ACHF- B 
ACDF- B 
AHF-6 
AHFI-y 
AEF-f3 
AEFI-8 
ACEF-B 
AEF-6 
AEFI-6 
ACEF-6 
AB- B 
AHF-6 

ACDGI-a 
A H F I - a  
ACHF-a 
ACD1-a 
A C D G a  
AGI-a  
AFI-a 
ACG-a 
ACGI-CY 
ACF-a 
ACDF-a 
ACEI-a  
ACE- 
ACEGI-a  
ACEF-a 
ACE-a 
AHF-a 

ACDGI-& 
ACHF-E 
AEF- E 
AEFI -E  
ACEF-E 
ACEGI-E 

3 x 10’1O 2 x 10-l0 5 x 1 x 10-1 7 x  1 x lo+ 3 x 

is the a r i t h m e t i c  s,um of the p robab i l i t l ea  of the accident sequence in each release category. 
p .  

Fig. XI 3-3. Reproduction of Table V 3-4 of Appendix V 
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reduced the approximately 650 accident 
sequences to 78, or by roughly an order 
of magnitude.1 Thus the use of the 
event trees and probability discrimina- 
tion has reduced the total number of 
accident sequences of interest from 
about 130,000 to 78. To summarize, this 
reduction was accomplished by (1) the 
elimination of physically meaningless 
accident sequences (a reduction from 
130,000 to 650) and (2) the elimination 
of low-probability accident sequences 
that have similar releases to those of 
much higher probability (a reduction 
from 650 to 78). 

Examination of these 78 sequences re- 
veals that they have the general form 
that includes the frequency of occur- 
rence of some initiating event (PIE) 
times the probability of system failures 
(PSF1 x...x PsF~) times the probability 
of one of the several possible contain- 
ment failure modes (PcFM). A detailed 
look at each of the 78 sequences shows 
that 48 of the sequences have the 
general form of PIE x PSFXPCFM and 3 
sequences involve single events. 2 
Hence, 51 sequences involve the failure 
of only a single system or a single 
element; that is, at the system level, 
there can be no potential common mode 
failures in these sequences simply be- 
cause there is only one system per se- 
quence.3 Potential common mode failures 
between systems and their components 
thus need be considered in only the 
remaining 27 sequences. Examination of 
Fig. XI 3-4 reveals that these 27 se- 
quences involve only six different com- 
binations of two-system failures; thus 
potential common mode combinations be- 
tween systems had to be investigated in 
only six cases.4 

The foregoing discussion leads to the 
extremely important conclusion that 
accident sequences that determine the 

probability of radioactive releases in 

single-system failures. Furthermore, by as a reactor accidents are dominated 

will be discussed in section 3.1.2.2, 
the bulk of the predictions of system 
failure probabilities are also deter- 
mined by single failures and single 
causes of failures within the individual 
systems. Thus it can be concluded that 
the probabilities predicted for reactor 
accidents are generally dominated by 
sequences having single-system failures 
and single causes of failures within 
systems. 

As a final step in the assignment of 
values for the probability of occurrence 
of the various release categories in 
Fig. XI 3-4, it was necessary to take 
into account the uncertainties and vari- 
ations in radioactive release magnitudes 
for the accident sequences. These vari- 
tions are physical realities and can 
result from perturbations in the physi- 
cal processes (temperatures, pressures, 
radioactivity removal efficiencies, 
etc.) involved in the accident sequences 
and in the precise timing of the various 
failures involved in the sequences. 
Such variations make it possible for a 
particular sequence to have some proba- 
bility of being in more than one release 
category. 

Since the values calculated for the ra- 
dioactive release magnitudes for the 
sequences represented best estimates, it 
was necessary to assign a distribution 
of release magnitudes for each of the 
sequences in the various release cate- 
gories. All accident sequences in a 
particular release category were as- 
signed a 10% chance of being in the 
adjacent categories and 1% chance of 
being in the next adjacent categories. 
This in essence was a smoothing effect, 
which is discussed in greater detail in 
Appendix V, section 4.1.2. 

'See Fig. XI 3-4 which is Table 3-14 of Appendix V. The number of Sequences (78) 

20f course the potential common mode failures among PIE, PSF, and PCFM must be 
carefully studied. The potential common modes between PIE and PSF were studied as 
indicated in sections 5 and 6 of Appendix IV and as discussed in section 3.1.2.3 of 
this appendix. The combination of PIE and PSF can potentially result in core melt, 
thus causing a dependent containment failure; the resulting containment failure 
modes were extensively examined, as indicated in section 2.2 of Appendix I and in 
Appendix VIII. 

does not include sequences in which fuel melting does not occur. 

'There are three single-event accident sequences in which system failures do not 
appear. These involve the check valve and reactor vessel rupture cases. 

4The 27 sequences did not involve any combinations having more than two system 
failures per sequence. 
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P A B L E  V 3-14 PWR WMINANT ACCIDENT SEQUENCES V S .  RELEASE CATEGORIES 

NO core n e l t  core Melt RELEASE CATEGORIES 

5 9 

1x10-4 

2 7 6 

90-F 
1x10-9 

lxlo-lo 

2x1o-l0 

4HF.E 

RDF-E 

1 

\D-E 
2 x 1 0 2  

lxlo-f i  
U1-t 

U R G E  U X A  
A 

3 X K 6  

5 D-E 
'~xIO-~ 

'3~10-~ 
s H-E 

~~ 

\ Probabilities 

8x10-8 6 x d  

5 D-E 
29x10-6 

26x10-fi 
s H-E 

6 ~ 1 0 - ~  

s 0-E 
28x:1~-9 

22x10-8 

21x10 

S CD-E 

S H F - C _ 9  

2 X d  

1 X d  

S 0-6 
22x10-8 
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The inco rpora t ion  of smoothing a f f e c t e d  
both t h e  consequences and t h e  p r o b a b i l i -  
t i es  a s s o c i a t e d  wi th  a c c i d e n t  sequences. 
For example, s i n c e  smoothing pe rmi t t ed  a 
p a r t i c u l a r  sequence t o  have a 1 0 %  chance 
of occur r ing  i n  t h e  nex t  h i g h e s t  release 
ca t egory ,  t h e r e  are some cases (as can 
be seen from examination of Fig.  X I  
3 - 4 ) ,  i n  which t h e  p r o b a b i l i t y  of t h e  
occurrence of  t h a t  l a r g e r  release w a s  
e s s e n t i a l l y  determined by t h i s  p a r t i c u -  
l a r  sequence and could be inc reased  by 
as much as an o r d e r  of  magnitude. 
Figure X I  3-5 i l l u s t r a t e s  t h e  n e t  e f fec t  
of t h e  smoothing technique and shows 
t h a t  t h e  p r o b a b i l i t i e s  of occurrence of 
s e v e r a l  release c a t e g o r i e s  w e r e  s i g n i f i -  
c a n t l y  inc reased . l  I t  i s  i n t e r e s t i n g  t o  
no te  t h a t ,  with t h e  use of smoothing, 
t h e  cumulative p r o b a b i l i t i e s  f o r  a l l  
c o r e  m e l t  release c a t e g o r i e s  shown i n  
Fig.  X I  3-4 are p r i n c i p a l l y  determined 
by only s i x  sequences.2 A s  s t a t e d  i n  
s e c t i o n  4.1.2 of Appendix V, t h e  use of 
smoothing served t o  g ive  g r e a t e r  conf i -  
dence t h a t  p o t e n t i a l  common modes had 
been adequately t r e a t e d  and t h a t  any 
common modes n o t  thought  of would n o t  
l i k e l y  a f f e c t  t h e  f i n a l  r e l e a s e  proba- 
b i l i t i e s .  I n  f a c t ,  t h e  s i x  sequences 
l i s ted  i n  foo tno te  2 i nvo lve  on ly  one 
double  system f a i l u r e  ( M L ) .  

SUMMARY 

The sys t ema t i c  and l o g i c a l  e l i m i n a t i o n  
of p h y s i c a l l y  meaningless sequences and 
dependencies from t h e  e v e n t  tree t h a t  
has  been desc r ibed  i n  t h i s  s e c t i o n  does 
much t o  l a y  t o  rest t h e  t y p i c a l  "what i f  
such-and-such w e r e  t o  happen?" q u e s t i o n s  
t h a t  are g e n e r a l l y  encountered i n  t h e  
c o n s i d e r a t i o n  of  p o t e n t i a l  common mode 
f a i l u r e s .  I f  t h e  "what i f "  q u e s t i o n  
does no t  f a l l  w i t h i n  t h e  a c c i d e n t  se- 
quences de f ined  i n  t h e  even t  t ree ,  i t  i s  
n o t  a meaningful q u e s t i o n  and need n o t  
be considered f u r t h e r . 3  Thus t h e  
thought  process  t h a t  c o n s i d e r s  t h e  po- 
t e n t i a l  i n t e r r e l a t i o n s h i p s  among t h e  
very l a r g e  number of p o t e n t i a l  f a i l u r e s  
a t  t h e  system and component l e v e l s  and 
concludes t h a t  t h e  number of p o t e n t i a l  
common mode f a i l u r e s  i s  so v a s t  as t o  be 
.unmanageable i s ,  i n  f a c t ,  i n c o r r e c t  
i n s o f a r  as r e a c t o r s  of t h e  type covered 
i n  t h i s  s tudy a r e  concerned. The d i s c i -  

-Original category probabilities 

Smoothed category probabilities a 
I 

F ig.  X I  3-5. App l i ca t ion  of P r o b a b i l i t y  
Smoothing 

p l i n e  imposed by t h e  even t  t ree  l o g i c  
imparts  t h e  understanding t h a t  common 
mode f a i l u r e s  between components i n  
d i f f e r e n t  systems are of no i n t e r e s t  
u n l e s s  t h e s e  components appear i n  sys- 
t e m s  involved i n  t h e  same a c c i d e n t  se- 
quence and t h a t  common mode f a i l u r e s  
between systems are of no i n t e r e s t  un- 
less t h e s e  systems a r e  involved i n  t h e  
same a c c i d e n t  sequence. 

I t  i s  t h e  view of t h e  s tudy  t h a t  t h e  de- 
velopment and use of  e v e n t  trees based 
on d e t a i l e d  knowledge of t h e  nuc lea r  
power p l a n t s  and of t h e  eng inee r ing  
p r i n c i p l e s  involved i n  t h e  p h y s i c a l  
processes  t h a t  could p o t e n t i a l l y  occur 
i n  a c c i d e n t  s i t u a t i o n s  provided some of 
t h e  p r i n c i p a l  i n s i g h t s  gained i n  t h e  
performance of t h e  o v e r a l l  r i s k  assess- 
ment i n  WASH-1400. 

'This f i g u r e  i s  t h e  same as Fig.  V 4-1  of Appendix V. 

2S2DE, S2HE, S2C6, V,  TMLE, and TMLB'6. 

3This on ly  a p p l i e s  t o  f a i l u r e s  o r i g i n a t i n g  w i t h i n  t h e  p l a n t ;  it does n o t  apply t o  
f a i l u r e s  due t o  e x t e r n a l  f o r c e s  o r ' t o  a c t s  of sabotage.  These w i l l  be d i scussed  i n  
s e c t i o n  3.1.3. 
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3.1.2.2 F a u l t  Tree Methodology and 
I ts  Con t r ibu t ions  t o  Common 
Mode F a i l u r e  Cons ide ra t ions  

AS mentioned i n  t h e  preceding s e c t i o n  
and as d i scussed  i n  s e c t i o n  2.3 of 
Appendix I ,  t h e  a c c i d e n t  sequences de- 
f i n e d  by t h e  even t  trees provide t h e  
f a u l t  t ree a n a l y s t  w i t h  t h e  c r i te r ia  f o r  
system f a i l u r e  a s  w e l l  as t h e  c o n t e x t  
t h a t  d e s c r i b e s  t h e  c o n d i t i o n s  under 
which t h e  systems are r e q u i r e d  t o  per- 
form. These c r i te r ia  and c o n t e x t s ,  
which may vary f o r  i n d i v i d u a l  systems a s  
they appear  i n  d i f f e r e n t  a c c i d e n t  se- 
quences i n  t h e  even t  trees, are needed 
f o r  t h e  c o n s t r u c t i o n  of f a u l t  trees i n  
o r d e r  t o  p r e d i c t  t h e  proper  p r o b a b i l i -  
t i es  of  system f a i l u r e s  t h a t  e n t e r  i n t o  
t h e  va r ious  even t  tree sequences i n  
which they  a r e  involved. Whereas t r a d i -  
t i o n a l  f a u l t  tree approaches have o f t e n  
considered o n l y  s i n g l e  systems, t h e  u s e  
of t h e  even t  trees t h a t  d e f i n e  system 
i n t e r r e l a t i o n s h i p s  invo lv ing  va r ious  
combinations of system success  and 
f a i l u r e ,  varying d e f i n i t i o n s  of system 
success  and f a i l u r e ,  c o n t r o l  system in -  
t e r r e l a t i o n s h i p s ,  etc. ,  pe rmi t s  t h e  
f a u l t  t rees t o  be cons t ruc t ed  with 
g r e a t e r  a t t e n t i o n  t o  t h e  a p p l i c a b i l i t y  
of t h e  tree f o r  i t s  planned use and t o  
t h e  adequate t r ea tmen t  of p o t e n t i a l  com- 
mon mode f a i l u r e s .  

Once an even t  tree had been completed 
and t h e  c o n s t r u c t i o n  of f a u l t  trees 
s t a r t e d ,  common mode f a i l u r e s  w e r e  in-  
co rpora t ed  i n t o  t h e  f a u l t  trees and 
t h e i r  q u a n t i f i c a t i o n  i n  s i x  ways: 

1. 

2. 

3 .  

4 .  

The f a u l t  trees w e r e  cons t ruc t ed  t o  
m e e t  t h e  c r i t e r i a  and c o n t e x t  
prescribed f o r  t h e  systems by t h e  
even t  trees: t h e  f a u l t  trees w e r e  
t h u s  c o n d i t i o n a l  f a u l t  trees. 

The f a u l t  trees i d e n t i f i e d  compo- 
n e n t s  t h a t  w e r e  common t o  m u l t i p l e  
systems appearing i n  an a c c i d e n t  
sequence. 

Each f a u l t  tree w a s  developed t o  an 
extremely d e t a i l e d  component l eve l  
i n  o r d e r  t o  l o c a t e  s i n g l e  component 
f a i l u r e s  and p o t e n t i a l  common mode 
f a i l u r e s  deep w i t h i n  t h e  system. 

Human f a i l u r e s  w e r e  e x p l i c i t l y  in -  
c luded i n  t h e  f a u l t  trees, and 
dependencies between human f a i l u r e s  
w e r e  a l s o  inc luded  i n  t h e  f a u l t  tree 
q u a n t i f i c a t i o n .  

5 -  T e s t  and maintenance c o n t r i b u t i o n s  
were inco rpora t ed  i n  t h e  f a u l t  t ree 
q u a n t i f i c a t i o n  along with dependen- 
cies invo lv ing  t e s t  and maintenance. 

6. Evaluat ions,  i nc lud ing  s e n s i t i v i t y  
and bounding s t u d i e s ,  w e r e  performed 
t o  determine t h e  p o s s i b l e  impacts 
from common mode f a i l u r e s  n o t  p rev i -  
o u s l y  considered i n  t h e  ear l ier  
analyses .  

The f i r s t  f i v e  procedures  l i s t e d  above 
f o r  handl ing common mode f a i l u r e s  r ep re -  
s e n t  t h e  major areas of t h e  f a u l t  tree 
ana lyses  performed i n  t h e  study. Al- 
though t h e s e  are t h e  major ways i n  which 
it i s  thought t h a t  common mode f a i l u r e s  
can be i d e n t i f i e d ,  and al though an i n -  
t e n s i v e  e f f o r t  was made t o  d e f i n e  t h e s e  
areas as completely as p o s s i b l e ,  one 
cannot be c e r t a i n  t h a t  a l l  s i g n i f i c a n t  
common mode f a i l u r e s  would be found by 
these  procedures.  The s i x t h  a r e a  encom- 
passes  s e n s i t i v i t y  and bounding s t u d i e s  
t h a t  were performed t o  h e l p  check t h e  
completeness of t h e  common mode coverage 
ob ta ined  by use of t h e  ear l ier  proce- 
dures .  Each of t h e  s i x  procedures  f o r  
handling common mode f a i l u r e s  w i l l  be 
taken up i n  t h e  d i s c u s s i o n  t h a t  fol lows.  

1. C r i t e r i a  and Context f o r  F a u l t  Trees 

The f i r s t  way t h e  f a u l t  trees accounted 
f o r  common modes w a s  by i n c o r p o r a t i n g  
t h e  c r i te r ia  f o r  system f a i l u r e  and t h e  
environmental  and t iming c o n t e x t s  i m -  
posed on t h e  systems by t h e  even t  tree 
a c c i d e n t  d e f i n i t i o n s .  The c r i t e r i a  and 
c o n t e x t  c o n s i d e r a t i o n s  are included i n  
t h e  component f a i l u r e  d e f i n i t i o n s  i n  t h e  
f a u l t  tree and t h e i r  subsequent quan t i -  
f i c a t i o n ,  which are made t o  be dependent 
on t h e  a c c i d e n t  sequence and a c c i d e n t  
cond i t ions .  

An example of t h e  c o n s i d e r a t i o n  of  t h e  
c r i t e r i a  f o r  system f a i l u r e  i n  s p e c i f i c  
a c c i d e n t  sequences involved t h e  d e f i n i -  
t i o n  of  accumulator f a i l u r e  f o r  t h e  PWR 
emergency c o o l a n t  i n j e c t i o n  (ECI) i n  t h e  
LOCA even t  tree. The accumulator por- 
t i o n  of t h i s  system i s  so designed t h a t  
t w o  o u t  o f  t h e  t h r e e  i n s t a l l e d  accumula- 
tors would have t o  f a i l  t o  cause E C I  
f a i l u r e  i n  a p a r t i c u l a r  sequence. I n  
s o m e  s p e c i f i c  LOCA s i t u a t i o n s ,  t h e  rup- 
t u r e  of t h e  primary c o o l a n t  system would 
negate t h e  func t ion ing  o f  one accumula- 
t o r ,  and t h e r e f o r e  on ly  one a d d i t i o n a l  
accumulator f a i l u r e  was r e q u i r e d  f o r  
system f a i l u r e .  For t h e s e  s p e c i f i c  sit- 
u a t i o n s ,  t h e  f a u l t  trees analyzed t h e  
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ponents and o t h e r  s i n q l e  e v e n t s  t h a t  caus f s  € o r  on ly  one accumulator f a i l -  
ure .  

Another example t h a t  i l l u s t r a t e s  how po- 
t e n t i a l  dependencies due t o  a c c i d e n t  
environments can i n f l u e n c e  t h e  a n a l y s i s  
i s  found i n  t h e  PWR containment s p r a y  
r e c i r c u l a t i o n  system. Two o f  t h e  pumps 
f o r  t h i s  system w e r e  l o c a t e d  i n s i d e  t h e  
containment. I n  s p e c i f i c  a c c i d e n t  s i t u -  
a t i o n s  , t h e  environment i n  t h e  contain-  
ment w a s  o f  h i g h  stress ( p r e s s u r e ,  
temperature ,  and r a d i o a c t i v i t y )  ; t h e  
dependency o f  t h e  f a i l u r e  o f  t h e  pumps 
t o  t h e  same adverse environment w a s  
i n c o r p o r a t e d  by us ing  pump f a i l u r e  rates 
a p p l i c a b l e  t o  such  environments and by 
coupl ing t h e  pump f a i l u r e  causes .  I n  
t h e  g e n e r a l  area o f  human f a i l u r e s ,  when 
a c t i o n s  w e r e  r e q u i r e d  t o  be performed 
q u i c k l y  and t h e  o p e r a t o r s  would be under 
stress due t o  a c c i d e n t  c o n d i t i o n s ,  
h i g h e r  p r o b a b i l i t i e s  o f  human f a i l u r e  
were used. 

The inco rpora t ion  o f  such dependencies 
had a s i g n i f i c a n t  impact on t h e  con- 
s t r u c t i o n  o f  t h e  f a u l t  trees and i n  t h e  
assessment o f  component and human f a i l -  
u re  rates.2 

2. Common Components i n  System F a u l t  
Trees 

The second way t h e  f a u l t  trees d e t e r -  
mined common modes, by i d e n t i f y i n g  
common components i n  m u l t i p l e  systems, 
i s  a s t a n d a r d  o u t p u t  o f  t h e  methodology. 
Fo r  each system f a i l u r e  i n  an a c c i d e n t  
sequence, a f a u l t  t ree  w a s  cons t ruc t ed  
showing t h e  components and b a s i c  e v e n t s  
t h a t  could cause system f a i l u r e .  When 
t h e  same component appeared i n  d i f f e r e n t  
systems,  t h a t  component o r  e v e n t  w a s  
g iven t h e  s a m e  i d e n t i f i c a t i o n  symbol t o  
show t h e  commonality. 

To analyze an a c c i d e n t  sequence , t h e  
f a u l t  t rees o f  a l l  t h e  system f a i l u r e s  
i n  t h e  sequence were combined ("anded" 
t o g e t h e r )  through t h e  f a u l t  t ree metho- 
dology. The Boolean a n a l y s i s  of  t h e  
combined f a u l t  t rees  then e x t r a c t e d  t h e  
common components and common e v e n t s  ap- 
p e a r i n g  i n  t h e  d i f f e r e n t  system f a u l t  
trees, thus  determining t h e  s i n g l e  com- 

a cou ld  cause m o r e  than one of the systems 
i n  t h e  sequence t o  f a i l .  

Since,  as i n d i c a t e d  ear l ier  i n  s e c t i o n  
3.1.2.1, t h e  e v e n t  trees w e r e  so e f f e c -  
t i v e  i n  e l i m i n a t i n g  a c c i d e n t  sequences 
i n v o l v i n g  multiple-system f a i l u r e s ,  
t h e r e  w e r e  o n l y  a l i m i t e d  number o f  
remaining sequences where common compo- 
n e n t s  w e r e  i d e n t i f i e d .  Table X I  3-1 
l ists  1 0  o f  t h e  more s i g n i f i c a n t  acci- 
d e n t  sequences t h a t  involved mul t ip l e -  
system f a i l u r e s  i n  which common compo- 
n e n t s  were i d e n t i f i e d .  3 Because o f  t h e  
l a r g e  number of a c c i d e n t  sequences t h a t  
involved o n l y  s ingle-system f a i l u r e s  and 
because o f  t h e  o t h e r  c o n t r i b u t i o n s  found 
i n  t h e  f a u l t  trees, t h e s e  common compo- 
n e n t s  i n  g e n e r a l  had l i t t l e  e f f e c t  on 
t h e  p r e d i c t e d  p r o b a b i l i t y  o f  acc iden t s .  

3. D e t a i l  i n  F a u l t  T r e e s  

The f a u l t  t rees  c o n s t r u c t e d  i n  t h e  s t u d y  
w e r e  developed t o  an extremely d e t a i l e d  
l e v e l  i n  an e f f o r t  t o  ensure t h a t  
s i g n i f i c a n t  common mode f a i l u r e s  were 
inco rpora t ed  i n  t h e  trees. Each f a u l t  
tree w a s  cons t ruc t ed  down t o  t h e  b a s i c  
component l e v e l  t o  determine t h e  b a s i c  
causes of  system f a i l u r e ;  r e l a y s ,  w i r e s ,  
w i r e  c o n t a c t s ,  and g a s k e t s  are examples 
o f  t h e  l e v e l  t o  which t h e  f a u l t  t rees  
w e r e  developed. (Major components such 
as pumps, va lves ,  d i e s e l s ,  e tc . ,  were o f  
course a l s o  inc luded . )  A r e p r e s e n t a t i v e  
f a u l t  tree developed i n  t h e  s t u d y  con- 
s i s t e d  o f  roughly 300 b a s i c  component 
f a i l u r e  causes ,  700 h i g h e r  f a u l t s  
( i n t e r m e d i a t e  between b a s i c  cause and 
system f a i l u r e )  , 1 0 0 0  f a u l t  r e l a t i o n s  
( g a t e s  on t h e  t r e e ) ,  and 30,000 combina- 
t i o n s  o f  b a s i c  component f a i l u r e s  t h a t  
would r e s u l t  i n  system f a i l u r e .  

The extreme d e t a i l  i n  t h e  f a u l t  t rees 
made it p o s s i b l e  t o  i d e n t i f y  s i n g l e  com- 
ponent f a i l u r e s  and s i n g l e  human f a i l -  
u r e s  t h a t  would cause t h e  e n t i r e  system 
t o  f a i l .  In a d d i t i o n ,  double f a i l u r e s  
and h i g h e r  o r d e r  combinations o f  
f a i l u r e s  w e r e  i d e n t i f i e d  t h a t  had su f -  
f i c i e n t l y  h igh  dependencies o r  s u f f i -  
c i e n t l y  high f a i l u r e  p r o b a b i l i t i e s  such 
t h a t ,  when combined, t hey  a c t e d  l i k e  

'Section 5.6.2 o f  Appendix I1 c o n t a i n s  a more d e t a i l e d  and thorough d i scuss ion  o f  t h e  

2The d i s c u s s i o n s  accompanying each f a u l t  tree i n  Appendix I1 c o n t a i n  t h e  a c t u a l  

accumulator modeling. 

d e t a i l e d  c o n s i d e r a t i o n s  used i n  t h e  a n a l y s i s  and e v a l u a t i o n  o f  each f a u l t  tree. 

3A more complete d i s c u s s i o n  o f  t h i s  a r e a  i s  qiven i n  s e c t i o n  5 o f  Appendix IV. 
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TABLE X I  3-1. S I G N I F I C A N T  ACCIDENT 
SEQUENCES INVOLVING COM- 
MON-COMPONENT MULTIPLE- 
SYSTEM FAILURES 

Sequence Common-Component F a i l u r e  

PWR 

( a )  
( a )  

A C D I  S to rage  tank f a i l u r e  
S C D I  S to rage  tank f a i l u r e  
AHF Containment sump f a i l u r e  
SHF Containment sump f a i l u r e  
ACF Control  system f a i l u r e  
SCF Con t ro l  system f a i l u r e  

( b )  
( b )  

( C )  

( C  1 

BWR - 
Coolant i n ' e c t i o n  (LPCIS) 

Coolant i n ' e c t i o n  (LPCIS) 

3 
A 

AE 
f a i l u r e (  ) 

f a i l u r e (  

f a i l u r e  (e) 

f a i l u r e  (e)  

SE 

A I  Coolant r e c i r c u l a t i o n  (LPCRS)  

S I  Coolant r e c i r c u l a t i o n  (LPCRS) 

(a )  These invo lve  t h e  r e f u e l i n g  w a t e r  
s t o r a g e  t ank .  See Appendix 11, 
s e c t i o n s  5.4 and 5.6.3. 

(b )  These invo lve  t h e  sump provided i n  
t h e  containment t o  c o l l e c t  w a t e r  
from the . con ta inmen t  f l o o r  t o  m a k e  
it a v a i l a b l e  f o r  cont inuous recir- 
c u l a t i o n .  See Appendix 11, sec- 
t i o n s  5.7 and 5.9.  

( C  These invo lve  f a i l u r e s  i n  t h e  con- 
t r o l  system t h a t  i n i t i a t e s  opera- 
t i o n  of t h e  containment sp ray  in -  
j e c t i o n  system and t h e  containment 
spray r e c i r c u l a t i o n  system. See 
Appendix 11, s e c t i o n s  5.4,  5 .5 ,  and 
5.7. 

(d)  These i n c l u d e  v a l v e  and p i p e  rup- 
t u r e s  and f a i l u r e s  i n  t h e  c e n t r a l  
system f o r  LPCIS. See Appendix 11, 
volume 111, s e c t i o n  6 . 4 . 2 .  

These i n c l u d e  loss of emergency 
s e r v i c e  water and v a l v e ,  pump, and 
p i p e  f a i l u r e s .  See Appendix 11, 
volume 111, s e c t i o n  6.7.  

s i n g l e  f a i l u r e s  i n  causing t h e  system t o  
have a high f a i l u r e  p r o b a b i l i t y .  

Because o f  t h e  d e t a i l  i n  t h e  f a u l t  
t rees,  i t  w a s  p o s s i b l e  t o  i d e n t i f y  
common causes  and dependencies t h a t  were 
due n o t  o n l y  t o  hardware bu t  a l s o  t o  
human and o t h e r  causes.  Examples i n -  
c lude human c a l i b r a t i o n  e r r o r s  r ende r ing  
m u l t i p l e  s enso r s  t o  be  f a i l e d  i n  t h e  
consequence l i m i t i n g  c o n t r o l  system and 
acc iden t  environments causing t h e  
ope ra t ion  o f  pumps i n s i d e  containment t o  
be  dependent on t h e  o p e r a t i o n  of 
containment sp ray  r e c i r c u l a t i o n  s y s t e m .  
These dependencies c o n t r i b u t e d  t o  t h e  
system f a i l u r e  p r o b a b i l i t i e s  and helped 
t o  cause t h e  h i g h e r  system f a i l u r e  prob- 
a b i l i t i e s  t o  be r e a l i z e d .  

Some people  ho ld  t h e  view t h a t  f a u l t  
t ree  methodology w i l l  i n h e r e n t l y  p r e d i c t  
p r o b a b i l i t i e s  of system f a i l u r e  t h a t  are 
much s m a l l e r  than i s  achieved i n  prac- 
t i ce .  I n  some p a s t  work, system f a i l u r e  
p r o b a b i l i t i e s  w e r e  o f t e n  computed t o  be 
10-8 t o  10-9 and even lower. In 
c o n t r a s t ,  Tables X I  3-2  and X I  3 - 3  
p r e s e n t  t h e  d i s t r i b u t i o n  o f  u n a v a i l a b i l -  
i t i e s  a s s o c i a t e d  wi th  t h e  systems 
analyzed i n  t h i s  s tudy.  As i n d i c a t e d  i n  
t h e  t a b l e s ,  7 7 %  of  t h e  PWR median s s t e m  
u n a v a i l a b i l i t i e s  l a y  between lo-% and 

showing t h e  s i n g l e - f a i l u r e  and 
h i g h - p r o b a b i l i t y  c o n t r i b u t i o n s  t h a t  w e r e  
i d e n t i f i e d  i n  t h e  f a u l t  trees. I f  one 
c o n s i d e r s  t h e  95% upper bound, t o  
account  f o r  d a t a  u n c e r t a i n t i e s ,  then 
1 0 0 %  o f  t h e  PWR system u n a v a i l a b i l i t i e s  
w e r e  g r e a t e r  than The r e l a t i v e l y  
h i g h  u n a v a i l a b i l i t i e s  p r e d i c t e d  f o r  most 
of  t h e  systems analyzed a r e  due t o  
s ingle-componen t f a i l u r e s ,  s i n g l e  
causes ,  and o t h e r  s i n g l e  type f a i l u r e s .  

These r e s u l t s  are important  w i t h  regard 
t o  common mode cons ide ra t ions .  If  t h e  
f a u l t  trees had n o t  been developed i n  
such d e t a i l ,  t hen  t h e  trees would have 
inc luded ,  b u t  would n o t  have i d e n t i f i e d ,  
f a i l u r e s  t h a t  w e r e  dependent and t h a t  
were caused by, more b a s i c  s i n g l e  
f a i l u r e s .  In  i d e n t i f y i n g  t h e  s i n g l e -  
component f a i l u r e s ,  t h e  b a s i c  causes  
w e r e  thus determined and t h e  dependen- 
cies resolved.  A ' f i n a l  p o i n t  can be 
made about  t h e  r e l a t i o n s h i p  between t h e  
dominance of  system f a i l u r e  p r o b a b i l i -  
t i es  by s i n g l e  f a i l u r e s  and p o t e n t i a l  
common modes n o t  i d e n t i f i e d  by t h e  f a u l t  
trees. Any common mode, a t  i t s  utmost 
extreme, can change m u l t i p l e  f a i l u r e s  to 
a s i n g l e  f a i l u r e .  From t h e  d a t a  base  i n  
Appendix 111, it i s  seen t h a t  t h e  
single-component and b a s i c  e v e n t  
p r o b a b i l i t i e s  ( p e r  demand) have v a l u e s  
between 10-6 and 10-3, with a c t i v e  
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TABLE XI 3-2. PWR CALCULATED SYSTEM UNAVAILABILITIES ( 2 2  SYSTEMS) 

Percentage of Systems in 
Median Unavailability Q, Number of Systems Each Unavailability Range 

5 23% 

4 

10 

3 

Percentage of Systems in 
Number of Systems Each Unavailability Range U Upper Bound Unavailability Q 

- < Q, < 7 

- < Q, < 7 

- < Q, < 10-1 8 

(a) Percentage of systems whose unavailability 2 

TABLE XI 3-3. BWR CALCULATED SYSTEM UNAVAILABILITIES (18 SYSTEMS) 

Median Unavailability Q, 
Percentage of Systems in 
Each Unavailability Range Number of Systems 

6% 

22% 

Percentage of Systems in 
Upper Bound Unavailability Qu Number of Systems Each Unavailability Range 

11% 

3 9 %  

28% 

11% 

11% 

89%(a) 

0 (a) Percentage of systems whose unavailability 
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TABLE X I  3-4 .  CONTRIBUTIONS TO PWR SYSTEM UNAVAILABILITIES  a - 
Cont r ibu t ion  ( % )  

Sys t e m  
T e s t  and Human Commopa) 

Hardware Maintenance Er ro r  Modes 

Reactor p r o t e c t i o n  
Aux i l i a ry  feedwater :  

0-8  hours a f t e r  sma l l  LOCA 
8 - 2 4  hours a f t e r  small  LOCA 
0-8  hours wi thou t  o f f s i t e  power 

Containment sp ray  i n j e c t i o n  
Consequence l i m i t i n g  c o n t r o l :  

H i ;  s i n g l e  t r a i n  
H i ;  both t r a i n s  
H i - H i ;  s i n g l e  t r a i n  
H i - H i ;  both t r a i n s  

Emergency c o o l a n t  i n j e c t i o n :  
Accumulators 
Low-pressure i n j e c t i o n  
High-pressure i n j e c t i o n  

Sa fe ty  i n j e c t i o n  c o n t r o l :  
S i n g l e  t r a i n  
Both t r a i n s  

Containment spray r e c i r c u l a t i o n  
Containment h e a t  removal 
Low-pressure r e c i r c u l a t i o n  
High-pressure r e c i r c u l a t i o n  
Containment leakage 
Sodium hydroxide a d d i t i o n  

6 5  

5 
100 
<1 

1 4  

7 4  
2 7  
6 1  

6 

5 9  
1 6  
8 0  

5 7  
1 3  

7 

8 6  

3 1  

2 5  

1 0 0  

3 

3 5  

9 

5 6  

6 

9 
6 

2 6  
2 

4 1  
2 3  

4 2  
1 9  

5 6  

1 

77 

1 3  

6 0  
1 9  

8 6  

4 4  

8 0  

4 
6 7  
1 3  
9 2  

1 
1 

1 
6 8  

3 7  

1 4  

6 8  

7 5  

2 0  

(a) Inc ludes  Human cause c o n t r i b u t i o n s .  

components having t h e  h i g h e s t  va lues .1  
Because t h e  f a u l t  t rees a l r eady  have 
s i n g l e  f a i l u r e s  and because o f  t h e  h i g h  
system p r o b a b i l i t i e s  a l r e a d y  determined, 
t h e r e  i s  n o t  a g r e a t  chance t h a t  
a d d i t i o n a l  common modes w i l l  impact on 
t h e  resul ts .  There i s  thus  r easonab le  
confidence i n  t h e  s t a b i l i t y  and 
i n s e n s i t i v i t y  o f  t h e  r e s u l t s  obtained.  

4 .  Human E r r o r ,  Tes t ing ,  and 
Maintenance Con t r ibu t ions  

By i n c l u d i n g  human e r r o r s  and tes t  and 
maintenance c o n t r i b u t i o n s  i n  t h e  f a u l t  
trees qpd f a u l t  tree q u a n t i f i c a t i o n s ,  
common mode f a i l u r e s  w e r e  covered i n  t h e  

f o u r t h  and f i f t h  ways. Human fa i lures  
were inc luded  i n  t h e  f a u l t  trees and 
f a u l t  tree q u a n t i f i c a t i o n s  whenever t h e  
o p e r a t o r  i n t e r f a c e d  w i t h  a component o r  
subsystem and cou ld  cause fa i lure .  Una- 
va i 1 a b i l  it i e  s compute d f o r  c omponen t s 
t h a t  were t e s t e d  o r  maintained inc luded  
f a i l u r e  c o n t r i b u t i o n s  due t o  t h e  down- 
t i m e  a s s o c i a t e d  wi th  t h e s e  acts.  

The i n c l u s i o n  o f  human f a i l u r e s  and tes t  
and maintenance c o n t r i b u t i o n s  w a s  an 
important  reason for t h e  r a t h e r  h i g h  
v a l u e s  p r e d i c t e d  f o r  s s t e m  f a i l u r e  
p r o b a b i l i t i e s  (about 10-1 t o  
H i s t o r i c a l l y  human f a i l u r e s  and tes t  and 
maintenance c o n t r i b u t i o n s  were o f t e n  n o t  

'Some systems had f a i l u r e  p r o b a b i l i t i e s  h i g h e r  than because they had human error 
o r  t es t  and maintenance c o n t r i b u t i o n s ,  which w i l l  be d i scussed ,  o r  because they  had 
a number o f  single-component f a i l u r e s .  
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TABLE X I  3-5. CONTRIBUTIONS TO BWR SYSTEM UNAVAILABILITIES 

Con t r ibu t ion  ( % )  

Sv s t e m  
T e s t  and Human Common 

Hardware Maintenance Er ro r  Modes 

Reactor p r o t e c t i o n  
Vapor suppression:  

Large LOCA 
Small LOCA 

Emergency c o o l a n t  i n j e c t i o n :  
Low-pressure c o o l a n t  i n j e c t i o n  
Core spray i n j e c t i o n  
Autodepressurizat ion 
High-pressure c o o l a n t  i n j e c t i o n  
RC I C  S 

Containment leakage: 
Large LOCA 

D r y w e l l  (>6 i n .  2 
Drywell ( 1 - 4  in.') 
W e t w e l l  (>6 i n . 2 )  
W e t w e l l  ( 1 - 4  i n . 2 )  

S m a l l  LOCA 

High-pressure s e r v i c e  w a t e r :  
Required w i t h i n  30 minutes 
Required w i t h i n  2 5  hours 

LPCRS and CSIS pump coo l ing  (ESW) 

Secondary containment 

73 3 2 4  (a )  

1 0 0  
1 0 0  

1 7  
8 

<1 
15 
1 4  

2 
<1 

4 
<1 

100 

3 
1 0  

1 0 0  
1 0 0  

83 
9 2  

85 
86 

98 
1 0 0  
96 

1 0 0  

4 4  
43 
<1 

( a )  Inc ludes  human cause c o n t r i b u t i o n s .  

included i n  t h e  f a u l t  t rees  and f a u l t  
t ree  eva lua t ions :  t h i s  w a s  p a r t i c u l a r l y  
t r u e  when f a u l t  t rees w e r e  cons t ruc t ed  
a t  t h e  conceptual  design s t a g e  o f  t h e  
system, where such information w a s  gen- 
e r a l l y  n o t  a v a i l a b l e .  

From Appendix I11 it i s  seen t h a t  human 
f a i l u r e  p r o b a b i l i t i e s  can be q u i t e  h igh  
when compared t o  component f a i l u r e  
p r o b a b i l i t i e s .  F o r  example, i n  c e r t a i n  
c i rcumstances t h e r e  i s  a p r o b a b i l i -  
t y  t h a t  t h e  o p e r a t o r  w i l l  n o t  open a 
manual va1ve.l  Th i s  compares w i t h  a 

p r o b a b i l i t y  t h a t  t h e  valve w i l l  be 
c l o s e d  due t o  i n h e r e n t  component f a i l u r e  
o r  a 10-6  p r o b a b i l i t y  t h a t  t h e  valve 
w i l l  be i n  a f a i l e d  s t a t e  due t o  
rup tu re .  (The p r o b a b i l i t i e s  are i n  
u n i t s  of  "per  demand.") 

T e s t  and maintenance c o n t r i b u t i o n s  can 
l i kewise  be r e l a t i v e l y  h i g h  when 
a p p l i c a b l e .  I f  a t e s t  o r  maintenance 
a c t  r e q u i r e s  1 hour  p e r  week i n  which 
t h e  component i s  rendered unava i l ab le ,  
then t h e  tes t  and/or maintenance 
c o n t r i b u t i o n  i s  6 x 10-3 (which i s  
ob ta ined  simply by d i v i d i n g  1 hour by 
1 6 8  hours  i n  t h e  week). This  t e s t  and 
maintenance c o n t r i b u t i o n  i s  h i g h e r  by a 
f a c t o r  o f  60  than a component- 
r e l a t e d  c o n t r i b u t i o n  and h i g h e r  by a 
f a c t o r  o f  6 0 0 0  than a r u p t u r e  
c o n t r i b u t i o n .  

Tables X I  3-4 and 3-5 g ive  a breakdown 
o f  t h e  va r ious  c o n t r i b u t i o n s  t h a t  w e r e  
c a l c u l a t e d  f o r  t h e  system f a i l u r e  

hardware, test  and maintenance, human, 
p r o b a b i l i t i e s  ca t egor i zed  a s  t o  

'The lo-* p r o b a b i l i t y  a p p l i e s  t o  a s i n g l e  o p e r a t o r  ac t  with no monitor ing o r  backup. 
The numbers quoted i n  t h i s  d i scuss ion  a r e  approximate gene ra l  va lues ,  and the  r eade r  
should r e f e r  t o  Appendix I1 f o r  p a r t i c u l a r ,  a p p l i c a b l e  values .  
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and common mode, where common mode a l s o  
i n c l u d e s  human-caused dependencies.  1 A s  
seen from t h e  wide v a r i a t i o n  i n  t h e  
c o n t r i b u t i o n s  from t h e  given c a t e g o r i e s ,  
it w a s  important  t h a t  a l l  t h e  v a r i o u s  
c a t e g o r i e s  be cons idered  i n  a t tempt ing  
t o  determine meaningful v a l u e s  f o r  t h e  
s y s  t e m  p r o b a b i l i t i e s .  The r e l a t i v e l y  
complete coverage o f  a l l  t h e  ca tegory  
c o n t r i b u t i o n s  g i v e s  a reasonable  conf i -  
dence t h a t  t h e  modeling and c a l c u l a t i o n s  
were p r o p e r l y  performed and t h a t  common 
modes w e r e  adequately covered. 

5. S e n s i t i v i t y  S t u d i e s  

I n  t h e  s i x t h  and f i n a l  way of  i n c l u d i n g  
common mode f a i l u r e s ,  e v a l u a t i o n s  and 
q u a n t i f i c a t i o n s  w e r e  performed t h a t  cov- 
e r e d  ex t raneous  common modes and t e s t e d  
t h e  s e n s i t i v i t y  o f  t h e  c a l c u l a t e d  system 
p r o b a b i l i t i e s  t o  a d d i t i o n a l  common mode 
impacts .  Appendix I V  ( s e c t i o n s  3 and 4 
i n  p a r t i c u l a r )  d e s c r i b e s  i n  d e t a i l  t h e  
bounding ( s e n s i t i v i t y )  techniques  and 
s p e c i a l  engineer ing  i n v e s t i g a t i o n s  
involved i n  t h e s e  common mode ana lyses .  

With r e g a r d  t o  t h e  bounding and s e n s i -  
t i v i t y  ana lyses ,  whenever m u l t i p l e  
component f a i l u r e s  i n  t h e  f a u l t  trees 
were judged t o  be s u s c e p t i b l e  t o  having 
common mode c o n t r i b u t i o n s  t h a t  had n o t  
been p r e v i o u s l y  i d e n t i f i e d ,  then a maxi- 
mum impact was ass igned  f o r  t h e  p o s s i b l e  
common mode c o n t r i b u t i o n .  With t h i s  
p o s s i b l e  impact inc luded ,  t h e  system 
f a i l u r e  p r o b a b i l i t y  was then r e e v a l u a t e d  
t o  determine i f  any s i g n i f i c a n t  change 
occurred.  When several s u s c e p t i b l e  
combin a t i o n s  e x i s t e d  , a l l  t h e s e  
combinations w e r e  ass igned  maximum 
impacts  . 
A s  d e s c r i b e d  i n  Appendix I V ,  t h e  maximum 
impact €or common mode f a i l u r e s  w a s  
ass igned  by a l lowing  t h e  combination of 
f a i l u r e s  to become a s i n g l e  f a i l u r e .  
The p r o b a b i l i t y  of  f a i l u r e  f o r  t h e  com- 
b i n a t i o n  t h u s  becomes t h e  p r o b a b i l i t y  
f o r  a s i n g l e  f a i l u r e .  With t h e s e  
s i n g l e - f a i l u r e  p r o b a b i l i t i e s  used f o r  
t h e  combinations,  t h e  f a u l t  tree w a s  
then  r e e v a l u a t e d  t o  determine t h e  change 
i n  t h e  system f a i l u r e  p r o b a b i l i t y . 2  

As given i n  Table I V  3-1 of Appendix I V ,  
t h e  common m o d e  mechanisms examined i n  
t h i s  s e n s i t i v i t y  impact s t u d y  were com- 
mon mode f a i l u r e s  due t o  (1) des ign  de- 

'The c o n t r i b u t i o n s  are based on t h e  p o i n t  

f e c t s ;  ( 2 )  f a b r i c a t i o n ,  manufacturing, 
and q u a l i t y  c o n t r o l  v a r i a t i o n s ;  (3 )  
t e s t ,  maintenance, and r e p a i r  e r r o r s ;  
( 4 )  human errors ;  ( 5 )  environmental  var- 
i a t i o n s ;  ( 6 )  f a i l u r e s  o r  degrada t ion  due 
t o  an i n i t i a t i n g  f a i l u r e ;  and ( 7 )  
e x t e r n a l  i n i t i a t i o n s  o f  f a i l u r e .  I n  t h e  
bounding s t u d i e s  performed t o  check t h e  
v a l i d i t y  of  f a u l t  t ree  q u a n t i t a t i v e  
r e s u l t s ,  one technique used was t o  per -  
m i t  all components of t h e  same g e n e r i c  
type (e .g .  , a l l  r e l a y s ,  a l l  pumps, e tc . )  
i n  a system t o  be in te rdependent .  This  
a n a l y s e s  t h u s  i n c o r p o r a t e d  t h e  t y p e s  o f  
common mode effects t h a t  could  
p o t e n t i a l l y  be due t o  components having 
common manufacturers  , c o m n  f a i l u r e  
s e n s  i t i v i  t i e  s , e t c  . 
I n  a d d i t i o n  t o  t h e s e  s e n s i t i v i t y  s tud-  
i e s ,  which c o n s i s t e d  e s s e n t i a l l y  of  
mathematical  ana lyses ,  s p e c i a l  engineer-  
i n g  i n v e s t i g a t i o n s  w e r e  performed on t h e  
a c c i d e n t  sequences t o  determine any 
remaining p o s s i b l e  common modes , 
i n c l u d i n g  those due t o  e x t e r n a l  e v e n t s  
and common component s e n s i t i v i t i e s .  

These s p e c i a l  engineer ing  s t u d i e s  are 
a l s o  d i s c u s s e d  i n  Appendix I V .  These 
s t u d i e s  w e r e  concerned w i t h  common mode 
f a i l u r e s  r e s u l t i n g  i n  m u l t i p l e  systems 
f a i l i n g  i n  t h e  same a c c i d e n t  sequence. 
A s  d e s c r i b e d  i n  s e c t i o n s  5 and 6 of  
Appendix I V ,  f lywheel  f a i l u r e s  genera- 
t i n g  missi les ,  g a s  b o t t l e  explos ions ,  
v e h i c l e  c rashes ,  and a l l  motor v a l v e s  
f a i l i n g  due t o  manufactur ing d e f e c t s  
w e r e  among t h e  d e t a i l e d  common mode 
causes  examined. Components t h a t  have 
common p r o p e r t i e s  and are p o t e n t i a l l y  
s u s c e p t i b l e  t o  common f a i l u r e  causes  
w e r e  i n v e s t i g a t e d  w i t h  p a r t i c u l a r  c a r e  
i n  t h e s e  s p e c i a l  e n g i n e e r i n g  s t u d i e s .  

I n  g e n e r a l ,  the  s e n s i t i v i t y  s t u d i e s  and 
engineer ing  i n v e s t i g a t i o n s  found no s i g -  
n i f i c a n t  impacts  from t h e  common modes 
t h a t  were analyzed. This w a s  due t o  t h e  
common mode a n a l y s e s  t h a t  had a l r e a d y  
been performed i n  t h e  e v e n t  t rees  and 
f a u l t  trees d i s c u s s e d  ear l ie r .  "he 
s e n s i t i v i t y  s t u d i e s  and s p e c i a l  
e n g i n e e r i n g  i n v e s t i g a t i o n s  t h u s  tended 
t o  v a l i d a t e  t h e  thoroughness of t h e  
common mode a n a l y s e s  t h a t  had been 
performed and t h e  i n s e n s i t i v i t y  o f  t h e  
system and a c c i d e n t  sequence p r o b a b i l i -  
t i e s  t o  any f u r t h e r  common node 
c o n t r i b u t i o n s .  

value c a l c u l a t i o n s  given i n  Appendix 11. 

2The s ingle- f  a i l u r e  p r o b a b i l i t y  w a s  ob ta ined  from t h e  minimum o f  t h e  i n d i v i d u a l  
component p r o b a b i l i t i e s  i n  t h e  combination, a s  i n d i c a t e d  i n  s e c t i o n  3 of  Appendix 
I V .  
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3.1.2.3 Overview o f  t h e  Handling o f  
Common Mode F a i l u r e s 1  

The preceding s e c t i o n s  have covered t h e  
i n d i v i d u a l  c o n t r i b u t i o n s  o f  event  trees, 
f a u l t  trees, and d a t a  i n  t h e  hand l ing  of  
common mode f a i l u r e s  i n  t h e  s tudy.  
Add i t iona l  p e r s p e c t i v e  can be gained by 
cons ide r ing  t h e  complete a c c i d e n t  se- 
quences needed t o  d e f i n e  o v e r a l l  r i s k  t o  
t h e  publ ic .  The d i s c u s s i o n ,  so f a r ,  h a s  
considered event  trees t h a t  d e f i n e  t h e  
frequency o f  occurrence o f  some i n i t i a t -  
i n g  even t  (PIE) and t h e  p r o b a b i l i t i e s  o f  
v a r i o u s  system f a i l u r e s  (PSF1 x ... x 
P s ~ )  t h a t  can p o t e n t i a l l y  l e a d  t o  co re  
melt ing.  There are a d d i t i o n a l  f a c t o r s  
t h a t  need t o  be considered i n  o r d e r  t o  
d e f i n e  complete a c c i d e n t  sequences: 

r e a c t o r s  t o  t a k e  i n t o  account t h e  
p r o b a b i l i t y  t h a t  varying numbers of 
people may be exposed t o  t h e  
d i s p e r s e d  r a d i o a c t i v i t y .  

As h a s  a l r e a d y  been d i scussed ,  i n  most 
cases t h e  a c c i d e n t  sequences involved 
s i t u a t i o n s  i n  which the f a i l u r e  of  a 
s i n g l e  system (fol lowing t h e  i n i t i a l  
f a i l u r e )  caused co re  m e l t .  I n  a few 
cases, a s i n g l e  system f a i l u r e  combined 
w i t h  a s i n g l e  component f a i l u r e  i s  
involved. There i s  a l s o  a wide v a r i a -  
b i l i t y  i n  t h e  frequency of  i n i t i a t i n g  
e v e n t s  a s  w e l l  as  some v a r i a b i l i t y  i n  
t h e  f a i l u r e  p r o b a b i l i t y  of  t h e  v a r i o u s  
systems involved. Typical  gene ra l i zed  
sequences,  covering t h e  dominant 
c o n t r i b u t i o n s  from t h e  LOCA even t  tree 
and t h e  t r a n s i e n t  even t  tree i n  t h e  PWR. 
invo lve  t h e  fol lowing two i l l u s t r a t i v e  
f ormu 1 a t  ion s : a. Core m e l t ,  p e r  se,  does n o t  create a 

r i s k  t o  t h e  p u b l i c  because it occur s  
i n s i d e  a containment bu i ld ing .  For PIE x P x P t h e  r a d i o a c t i v i t y  t h a t  i s  r e l e a s e d  SF CFM 'WC 'PD 
from t h e  molten f u e l  t o  be d i s p e r s e d  
t o  t h e  environment and expose people  ( f o r  LOCAs) ( X I  3-1) 
t o  r a d i o a c t i v i t y ,  t h e  containment 
must f a i l .  Appendix I ,  s e c t i o n  2 ,  and 
c o n t a i n s  a d e t a i l e d  d e s c r i p t i o n  of 
p o t e n t i a l  containment f a i l u r e  modes 'IE 'SF 'CF 'CFM 'wc 'PD (PCFM) given co re  m e l t .  While it i s  

w i l l  cause a dependent f a i l u r e  of  
t h e  containment,  t h e r e  are  s e v e r a l  
modes i n  which t h e  containment can 
p o t e n t i a l l y  f a i l ,  each having a d i s -  
t i n c t  p r o b a b i l i t y  and a d i s t i n c t  
consequence. 

v i r t u a l l y  c e r t a i n  t h a t  co re  m e l t  ( f o r  t r a n s i e n t s ) .  ( X I  3 - 2 )  

Such fo rmula t ions  are v a l i d  i f  t h e  
d e f i n i t i o n s  of occurrence of  t h e  v a r i o u s  
e v e n t s  i nc lude  cons ide ra t ion  of  t h e  
dependent f a i l u r e s  among t h e  elements.  
The d i s c u s s i o n  below i s  d iv ided  i n t o  two 

b. Given t h e  f a i l u r e  o f  t h e  con ta in -  
ment ,  t h e  r a d i o a c t i v i t y  w i l l  be d i s -  
persed t o  t h e  env i rons  o f  t h e  
r e a c t o r  i n  a manner determined 
p r i n c i p a l l y  by t h e  me teo ro log ica l  
c o n d i t i o n s  e x i s t i n g  a t  t h e  t i m e  of  
t h e  acc iden t .  The me teo ro log ica l  
c o n d i t i o n s  are de f ined  by such 
f a c t o r s  as atmospheric s t a b i l i t y ,  
wind speed, wind d i r e c t i o n ,  etc.  
Since t h e r e  i s  a p r o b a b i l i t y  d i s t r i -  
bu t ion  of  weather c o n d i t i o n s  (Pwc) 
t h a t  may occur  as a func t ion  o f  
t i m e ,  t h i s  d i s t r i b u t i o n  must a l s o  be 
considered as a p a r t  o f  an a c c i d e n t  
sequence. 

p a r t s ,  one a p p l i c a b l e  t o  t h e  LOCA e v e n t  
t ree  sequences and one a p p l i c a b l e  t o  t h e  
t r a n s i e n t  even t  tree sequences.  

LOCA Event T r e e  

In  t h e  c a s e  of  t h e  LOCA even t  tree,  t h e  
i n i t i a t i n g  even t  i s  p i p e  rup tu re .  The 
p r o b a b i l i t y  t h a t  it could cause f a i l u r e  
of  e i t h e r  t h e  s a f e t y  system o r  t h e  con- 
ta inment  w a s  c a r e f u l l y  examined, a s  
i n d i c a t e d  i n  Appendix I V ,  s e c t i o n s  5 and 
6.  N o  s i g n i f i c a n t  coupled f a i l u r e s  o f  
t h i s  type w e r e  found, presumably because 
s p e c i f i c  design f e a t u r e s  are inc luded  i n  
r e a c t o r s  t o  p reven t  such dependencies.  

The combination o f  PIE x PSF produces 
c. Another f a c t o r  t h a t  must also be c o r e  m e l t ,  which, as  d i scussed  ea r l i e r ,  

considered i s  t h e  p r o b a b i l i t y  d i s -  w i l l  cause a dependent f a i l u r e  of  t h e  
t r i b u t i o n  o f  populat ion (PPD) about  containment i n  one o f  a number of  modes 

'In t h i s  s e c t i o n ,  t h e  symbol P r e p r e s e n t s  p r o b a b i l i t y  and t h e  v a r i o u s  subscripts a r e  

0 def ined  as  fol lows:  I E  = i n i t i a t i n g  even t ;  SF = system f a i l u r e ;  CPM = containment 
f a i l u r e  modes; WC = weather cond i t ions ;  P D  = populat ion d e n s i t y ;  C F  = component 
f a i 1 ure  . 
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(PcFM). Thus PcFM is, i n  f a c t ,  a common 
mode f a i l u r e  p r o b a b i l i t y  t h a t  w a s  care- 
f u l l y  de f ined  i n  Appendix V I I I .  The 
weather  c o n d i t i o n s  and popu la t ion  densi-  
t y  a r e  e s s e n t i a l l y  independent of one 
ano the r  and o f  t h e  o t h e r  f a c t o r s  i n  t h e  
e q u a t  ion. 

It  i s  i n t e r e s t i n g  t o  no te  t h a t  formula- 
t i o n  X I  3-1 y i e l d s ,  f o r  t h e  very l a r g e  
consequence v a l u e s  r e p o r t e d  i n  t h i s  
s t u d y ,  a p r o b a b i l i t y  of  occurrence of  
approximately 10-9 per  reactor-year .  
There are many people  who have t r a d i -  
t i o n a l l y  quest ioned t h e  v a l i d i t y  o f  
p r e d i c t i o n s  o f  low-probabi l i ty  e v e n t s ,  
and such q u e s t i o n s  must be regarded 
s e r i o u s l y  because t h e r e  have been many 
e r roneous ly  s m a l l  p r e d i c t i o n s  o f  system 
f a i l u r e  p r o b a b i l i t i e s .  Formulation X I  
3-1, however, g i v e s  a d i f f e r e n t  perspec- 
t i v e  of  t h e  p r o b a b i l i t y  p r e d i c t i o n  of  

For  i n s t a n c e ,  i n  t h e  case of  t h e  
s m a l l - L O C A  sequences i n  a PWR, t h e  
elements  of  t h i s  fo rmula t ion  have 
roughly t h e  fol lowing values:  

P I E  = 

10 -2  

2 10-1 

2 10-1 

2 10-2  

'SF 

'CFM 

pwc 
'PD - 

The preceding d i s c u s s i o n  h a s  a l r e a d y  
covered t h e  p r i n c i p a l  common mode 
c o n t r i b u t i o n ,  PCFM, and i n d i c a t e d  t h a t  
t h e r e  are no o t h e r  s i g n i f i c a n t  common 
mode c o n t r i b u t i o n s .  One might a sk  by 
how much t h e s e  v a l u e s  might be i n  e r r o r .  
The v a l u e  o f  PIE i s  de r ived  from p i p e  
r u p t u r e  d a t a  accumulated from many 
sources ,  as i n d i c a t e d  i n  Appendix 111, 
and i s  n o t  l i k e l y  t o  be very f a r  i n  
e r r o r .  I n  fac t ,  t h e  o n l y  c r i t i c a l  
comments r ece ived  i n  t h i s  area s u g g e s t  
t h a t  t h e  v a l u e  used i n .  t h e  s t u d y  i s  
c o n s e r v a t i v e l y  h i g h  and should be  
reduced t o  10-4. 

The values of Pwc and PPD are ob ta ined  
from measured c o n d i t i o n s  i n  t h e  real  
world and are known wi th  g r e a t e r  p r e c i -  
s i o n  than  t h e  o t h e r  f a c t o r s  i n  t h e  
formulat ion.  

The combined value o f  PIE x Pwc x PPD i s  
10-6. Thus t h e  e n t i r e  eng inee r ing  
( excep t  f o r  p i p i n g )  o f  t h e  p l a n t ,  which 
i n c l u d e s  t h e  s a f e t y  systems and t h e  
containment,  accounts f o r  a c o n t r i b u t i o n  
of 10-3 (PSF x PCFM) t o  t h e  o v e r a l l  
p r o b a b i l i t y .  I n  f a c t ,  t h e  c o n t r i b u t i o n  

o f  system u n a v a i l a b i l i t y  (PsF) i s  about 
1 0 - 2 ,  and n o t  i n  t h e  range o f  1 0 - 9  t o  
10-8 o r  less, a s  ob ta ined  i n  some e a r l y  
q u a n t i f i c a t i o n s  o f  system f a u l t  trees by 
o t h e r s .  Even i f  t h e  values  of s y s t e n  
f a i l u r e  were g r o s s l y  i n  e r r o r ,  t h e  
p r o b a b i l i t y  p r e d i c t e d  f o r  t h e  l a r g e s t  
a c c i d e n t  would i n c r e a s e  by a f a c t o r  o f  
on ly  about  1 0 0 .  

T rans i en t  Event Tree 

In t h e  c a s e  of  t h e  t r a n s i e n t  e v e n t  t ree ,  
t h e  i n i t i a t i n g  even t  i s  t h e  sum of t h e  
s e v e r a l  t y p e s  o f  t r a n s i e n t  e v e n t s  
r e q u i r i n g  r a p i d  shutdown o f  t h e  r e a c t o r .  
I t  i s  i n t e r e s t i n g  t o  note  t h a t  t h e  
frequency of  occur rence  of  such e v e n t s  
i s  approximately 1 0  p e r  r eac to r -yea r ,  
about  l o 4  t i m e s  more l i k e l y  than t h e  
p ipe  r u p t u r e  of  10-3 p e r  yea r .  On t h e  
o t h e r  hand, t h e  f a i l u r e  p r o b a b i l i t y  o f  
t h e  r e a c t o r  p r o t e c t i o n  systems (PsF) i s  
about  10-4 p e r  demand and t h e  f a i l u r e  of  
s a f e t y  v a l v e s  (PcF) t o  reseat i s  about 

p e r  demand. The l a r g e  consequence 
v a l u e s  r e p o r t e d  i n  t h e  s tudy  can be  
approximated g e n e r a l l y  as fo l lows  f o r  
t r a n s i e n t  even t s :  

2 10 'IE 

'SF 

'CF 

1 0 - 4  

10-2 

10-1 

=. 10-1 

2 10-2 

1 o - ~  

'CFM 

pwc 
'PD - 

In examining t h e  dependencies and t h e  
v a r i o u s  f a c t o r s  among t h e s e  elements ,  it 
i s  no ted  t h a t  t h e r e  i s  some r e l a t i o n s h i p  
between t h e  1 0  t r a n s i e n t s  p e r  y e a r  
r e q u i r i n g  shutdown and t h e  p r o b a b i l i t y  
o f  f a i l u r e  o f  t h e  r e a c t o r  p r o t e c t i o n  
system (RPS). Some o f  t h e s e  t r a n s i e n t s  
involve t h e  loss of  o f f s i t e  power, and 
t h e  c o n t r o l  rods  are a c t u a t e d  t o  i n s e r t  
d i r e c t l y  by t h e  occurrence o f  t h i s  
event :  however, t h e  f a i l u r e  p r o b a b i l i t y  
o f  t h e  RPS w a s  n o t  reduced because t h e r e  
i s  low coup l ing  between t h i s  even t  and 
t h e  p r i n c i p a l  causes  o f  RPS f a i l u r e .  
The t r a n s i e n t  e v e n t  p l u s  f a i l u r e  of  RPS 
causes t h e  r e a c t o r  coo lan t  system s y s  t e m  
r e l i e f  valves t o  l i f t :  t h e  d a t a  
determining t h e  ra te  o f  f a i l u r e  o f  one 
o f  t h e s e  v a l v e s  t o  reclose i n c l u d e s  
p o t e n t i a l  dependencies invo lv ing  t h i s  
t ype  o f  opening event .  PcFM, Pwc, and 
PpD are a s  d i scussed  ear l ie r  i n  
connection with t h e  LOCA e v e n t  tree. 
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The . t o t a l  eng inee r ing  c o n t r i b u t i o n  t o  
t h e ' l 0 - 9  p r o b a b i l i t  g i n  t h i s  case i s  
PSF x PCF = 10- . A s  noted ear l ier ,  
PCF comes from measured d a t a ,  and o n l y  
t h e  PSF value o f  f o r  t h e  f a i l u r e  of  
t h e  RPS i s  ob ta ined  from a f a u l t  tree. 
Using nuc lea r  expe r i ence  d a t a  o f  approx- 
ima te ly  2000 demands o f  t h e  r e a c t o r  
p r o t e c t i o n  system, an approximate upper 
bound o f  10-3 i s  ob ta ined  f o r  t h e  
r e a c t o r  t r i p  u n a v a i l a b i l i t y .  From t h i s  
a c t u a l  expe r i ence  , us ing  t h e  f a i l u r e  
r e l a t i o n s h i p s  a s  given i n  t h e  sequence, 
t h e  sequence p r o b a b i l i t y  can be i n  e r r o r  
by o n l y  about  a f a c t o r  of  1 0 ,  y i e l d i n g  
about  as  an upper bound f o r  t h e  
sequence probabi  1 i t y  . 
To summarize t h e  foregoing d i s c u s s i o n ,  a 
number of p r o b a b i l i t y  f a c t o r s  must be  
combined i n  t y p i c a l  a c c i d e n t  sequences 
t o  o b t a i n  t h e  t o t a l  r i s k  p r o b a b i l i t y ,  
and t h e  smallness  o f  t h e  r i s k  p r o b a b i l i -  
t y  comes from t h i s  process .  System 
f a i l u r e  p r o b a b i l i t i e s  are on ly  one 
element i n  t h e  r i s k  fo rmula t ion ,  and 
p o t e n t i a l  common mode f a i l u r e s  invo lv ing  
systems must be examined on ly  i n  those  
f a c t o r s  t h a t  can a f f e c t  t h e  system 
f a i l u r e  p r o b a b i l i t y .  System f a i l u r e  
p r o b a b i l i t i e s  o b t a i n e d  i n  t h e  s t u d y  w e r e  
g e n e r a l l y  i n  t h e  range of  t o  
which i s  c o n s i s t e n t  w i th  a v a i l a b l e  
expe r i ence  and d a t a .  The s e n s i t i v i t y  o f  
t h e  t o t a l  r i s k  p r o b a b i l i t y  de r ived  from 
t h e  fo rmula t ions  shown above can b e  
bounded by u s i n g  a c t u a l  d a t a  o r  assuming 
t h e  system p r o b a b i l i t y  t o  be un i ty .  The 
l i m i t e d  v a r i a t i o n  i n  r e s u l t s  when t h i s  
i s  done shows t h e  reasonableness  o f  t h e  
s t u d y ' s  methodology and f i n a l  p r o b a b i l i -  
t y  va lues .  

3.1.3 COMPLETENESS O F  THE CONSIDERATION 
OF POTENTIAL ACCIDENTS 

WASH-1400 d i scussed  t h e  completeness of  
t h e  coverage of  p o t e n t i a l  a c c i d e n t  
sequences e x t e n s i v e l y  i n  t h e  fol lowing 
s e c t i o n s  of  t h e  r e p o r t :  chap te r  3,  
c h a p t e r  5 ( s e c t i o n  5.4) , and chap te r  7 
( s e c t i o n  7 . 1 )  of t h e  Main Report  and 

s e c t i o n s  2 ,  3 ,  and 5 of Appendix I. The - -  
subs t ance  of  t h e s e  d i s c u s s i o n s  i s  
p resen ted  below. a 
The a n a l y s i s  o f  p o t e n t i a l l y  l a r g e  
r e a c t o r  a c c i d e n t s  rests on t h e  knowledge 
t h a t  t h e  bulk o f  t h e  r a d i o a c t i v i t y  
generated by t h e  f i s s i o n  p rocess  w i l l  be 
r e t a i n e d  i n  t h e  uranium d iox ide  f u e l  
p e l l e t s  u n l e s s  t h e  f u e l  m e l t s . 2  F u e l  
me l t ing  can occur  on ly  as a r e s u l t  of  an  
imbalance between t h e  h e a t  being gener- 
a t e d  by t h e  f u e l  and t h e  h e a t  being 
removed from t h e  f u e l .  A h e a t  imbalance 
can occur  on ly  as a r e s u l t  of  LOCA o r  
t r a n s i e n t  even t s .  LOCA and t r a n s i e n t  
e v e n t s  can p o t e n t i a l l y  r e s u l t  from 
i n t e r n a l  (random o r  coupled) p l a n t  
f a i l u r e s ,  from e x t e r n a l  f o r c e s  such a s  
ear thquakes and to rnadoes ,  o r  from a c t s  
o f  sabotage.  Many o f  t h e s e  f a c t o r s  can 
p o t e n t i a l l y  a f f e c t  each of  t h e  v a r i o u s  
s o u r c e s  o f  r a d i o a c t i v i t y  a t  t h e  p l a n t .  

The p l a c e s  a t  which f u e l  i s  l o c a t e d  i n  a 
n u c l e a r  power p l a n t  are t h e  r e a c t o r  
c o r e ,  t h e  s p e n t  f u e l  poo l ,  t h e  r e f u e l i n g  
o p e r a t i o n , 3  and t h e  spen t  f u e l  sh ipp ing  
cask. By f a r  t h e  l a r g e s t  amount o f  
r a d i o a c t i v i t y  i s  l o c a t e d  i n  the f u e l  i n  
t h e  r e a c t o r  co re  s i n c e  i t  c o n t a i n s  both 
t h e  l a r g e s t  accumulation of f u e l  and 
f u e l  t h a t  has  had t h e  l eas t  t i m e  f o r  
r a d i o a c t i v i t y  t o  decay. The s p e n t  f u e l  
pool ,  immediately a f t e r  a r e f u e l i n g  
o p e r a t i o n ,  h a s  about  1 6 %  of  t h e  radioac-  
t i v i t y  o f  t h e  c o r e ,  and on t h e  average 
h a s  about  5 % .  The r e f u e l i n g  o p e r a t i o n ,  
which handles  o n l y  one f u e l  element a t  a 
t i m e ,  i nvo lves  about  0.3% o f  t h e  c o r e ' s  
r a d i o a c t i v i t y .  The s p e n t  f u e l  sh ipp ing  
cask, having m u l t i p l e  f u e l  elements 
("10) t h a t  have been s u b j e c t e d  t o  a 
longe r  decay t i m e ,  a l s o  c o n t a i n s  about 
0 . 3 %  o f  t h e  c o r e ' s  r a d i o a c t i v i t y .  

The much l a r g e r  amount of  r a d i o a c t i v i t y  
t h a t  r e s i d e s  i n  t h e  c o r e ,  as opposed t o  
o t h e r  l o c a t i o n s ,  i s  o n l y  one o f  t h e  
r easons  why t h e  bulk o f  a t t e n t i o n  i n  t h e  
s a f e t y  of  n u c l e a r  power p l a n t s  h a s  been 

'The upper bound estimate i s  obtained by us ing  2 0 0  r eac to r -yea r s  with approximately 
10 demands of t h e  t r i p  system p e r  r eac to r -yea r  ( i . e . ,  monthly t e s t i n g ) .  Three 
f a i l u r e s  a r e  used f o r  t h e  upper 9 5 %  chi-square confidence bound. 

21n a d d i t i o n  t o  f u e l ,  a n u c l e a r  power p l a n t  s i t e  h a s  o t h e r  p o t e n t i a l  sou rces  of 
r a d i o a c t i v i t y  ( i . e . ,  t h e  waste gas  and l i q u i d  waste s t o r a g e  t a n k s )  t h a t  could be 
r e l e a s e d  as a r e s u l t  of a c c i d e n t s .  However, t h e s e  sou rces  a r e  very s m a l l  (10-5 and 
lo-* r e s p e c t i v e l y  o f  t h e  co re  inven to ry )  and do n o t  have t h e  p o t e n t i a l  t o  cause 
l a r g e  consequences. 

3During t h e  r e f u e l i n g  ope ra t ion ,  a s i n g l e  f u e l  assembly i s  i n  t r a n s i t  between t h e  
r e a c t o r  v e s s e l  and t h e  s p e n t  f u e l  s t o r a g e  pool.  
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d i r e c t e d  toward p o t e n t i a l  a c c i d e n t s  
i n v o l v i n g  o n l y  t h e  core .  Other f a c t o r s  
are t h e  p o t e n t i a l  f o r  l a r g e  releases of 
ene rgy  i n  core power t r a n s i e n t s  and t h e  
p o t e n t i a l  f o r  t h e  release o f  t h e  l a r g e  
amounts o f  s t o r e d  energy i n  t h e  r e a c t o r  
c o o l a n t  system. These phenomena, a s  
w e l l  as  o t h e r  p rocesses  t h a t  may be 
a s s o c i a t e d  w i t h  them, no t  on ly  might 
cause t h e  f u e l  t o  m e l t ,  bu t  a l s o  may 
provide a d r i v i n g  f o r c e  t o  d i s p e r s e  t h e  
r a d i o a c t i v i t y  r e l e a s e d  from t h e  f u e l .  
The p o t e n t i a l  f o r  f u e l  mel t ing and 
d i s p e r s a l  of r a d i o a c t i v i t y  from t h e  
o t h e r  f u e l  l o c a t i o n s  i s  s i g n i f i c a n t l y  
smaller .  

I n  a d d i t i o n  t o  examining a l l  t h e  p l a c e s  
a t  which f u e l  i s  l o c a t e d  a t  a nuc lea r  
power p l a n t  s i t e ,  it i s  a l s o  necessa ry  
t o  examine t h e  v a r i o u s  f o r c e s  t h a t  can 
a c t  on t h e  p l a n t  t o  cause release of t h e  
r a d i o a c t i v i t y  from t h e  f u e l .  Fortunate-  
l y ,  t h e  c h a r a c t e r i s t i c s  o f  uranium 
d iox ide  f u e l  are such t h a t  t h e  bu lk  of 
t h e  r a d i o a c t i v i t y  gene ra t ed  by t h e  
f i s s i o n  p rocess  remains w i t h i n  t h e  f u e l  
p e l l e t s  under normal cond i t ions .  The 
only way t o  release l a r g e  amounts o f  
r a d i o a c t i v i t y  i s  t o  m e l t  t h e  f u e l .  
Thus, a major f a c t o r  i n  t h e  s a f e t y  o f  
n u c l e a r  power p l a n t s  rests on t h e  
p reven t ion  o f  f u e l  mel t ing.  

The two q u e s t i o n s  t h a t  must be examined 
are  (1) whether t h e  p o s s i b i l i t y  even 
e x i s t s  f o r  t h e  f u e l  i n  a p a r t i c u l a r  
l o c a t i o n  t o  m e l t ,  g iven t h e  occurrence 
of p o t e n t i a l  a c c i d e n t  c o n d i t i o n s ;  and 
( 2 )  what f o r c e s  might a c t  i n  such a way 
as  t o  cause t h e  f u e l  i n  a p a r t i c u l a r  
l o c a t i o n  t o  m e l t .  The r e f u e l i n g  
ope ra t ion  and t h e  sh ipp ing  cask  can be 
disposed of r e a d i l y  as cand ida te s  f o r  
c o n t r i b u t o r s  t o  o v e r a l l  r i s k  , s i n c e  it 
i s  ha rd  t o  see how f u e l  can be made t o  
m e l t  i n  these s i t u a t i o n s .  I n  the re- 
f u e l i n g  o p e r a t i o n ,  f u e l  e lements  cannot  
b e  l i f t e d  o u t  of t h e  water involved i n  
t h e  r e f u e l i n g  p rocess  and, a s  long a s  
t h e  element i s  under water, it cannot  
m e l t .  Furthermore,  even i f  t h e  one f u e l  
element involved i n  t h e  r e f u e l i n g  
o p e r a t i o n  could be.  exposed t o  a i r ,  
c a l c u l a t i o n s  i n d i c a t e  t h a t  .it would 
r each  some e q u i l i b r i u m  temperature ( w e l l  
below t h e  m e l t i n g '  p o i n t )  a t  which it 
would be adequa te ly  cooled by t h e  combi- 
n a t i o n  .of h e a t  r a d i a t i o n  and convec t ive  
a i r  flow. In  connect ion wi th  p o t e n t i a l  
sh ipp ing  cask a c c i d e n t s , l  c a l c u l a t i o n s  

. -  

have shown t h a t ,  even i n  t h e  e v e n t  of  
l ow-probab i l i t y  a c c i d e n t s  t h a t  might 
break t h e  cask and cause f a i l u r e  o f  t h e  
f u e l  coo l ing  system, t h e  f u e l  would not 
m e l t .  Although some f u e l  c l add ing  might 
be s l i g h t l y  damaged i n  such an a c c i d e n t ,  
on ly  very s m a l l  amounts of  r a d i o a c t i v i t y  
would be  r e l e a s e d  t o  t h e  environment. 
This r a d i o a c t i v i t y  would be t h e  small 
amount of t h e  t o t a l  f i s s i o n  gases  
produced t h a t  had migrated t o  t h e  gap 
between t h e  f u e l  and t h e  cladding.  

Based on t h e  fo rego ing  c o n s i d e r a t i o n s  , 
it appears  t h a t  a p o t e n t i a l l y  l a r g e  
r e l e a s e  of  r a d i o a c t i v i t y  could on ly  
involve t h e  f u e l  i n  t h e  r e a c t o r  c o r e  o r  
i n  t h e  s p e n t  f u e l  pool .  The complete 
ma t r ix  of  p o t e n t i a l  a c c i d e n t s  must 
t h e r e f o r e  cover t h e  r e a c t o r  core  and t h e  
s p e n t  f u e l  poo l  as they  might be 
a f f e c t e d  by t h e  v a r i o u s  e v e n t s  t h a t  
could p o t e n t i a l l y  cause me l t ing  of  t h e  
f u e l .  These e v e n t s  can be  c l a s s e d  a s  
i n t e r n a l  (random o r  coupled)  p l a n t  f a i l -  
u r e s ,  e x t e r n a l  f o r c e s  such as  e a r t h -  
quakes and to rnadoes ,  and a c t s  o f  
sabotage.  These w i l l  be d i scussed  i n  
t u r n  f o r  each o f  t h e  two l o c a t i o n s  of 
i n t e r e s t .  

3.1.3.1 P o t e n t i a l  Accidents Involvinq 
t h e  Reactor Core 

F i g u r e  X I  3-6  shows t h e  matrix of 
p o t e n t i a l  a c c i d e n t s  considered f o r  t h e  
r e a c t o r  core .  Line 1 shows those  
a c c i d e n t s  t h a t  can be i n i t i a t e d  by 
i n t e r n a l  p l a n t  f a i l u r e s .  Line 2 shows 
those e x t e r n a l  f o r c e s  t h a t  can poten- 
t i a l l y  cause a c c i d e n t s  of t h e  type shown 
i n  l i n e s  la-lc.  Line 3 shows t h e  
p o t e n t i a l  f o r  a c c i d e n t s  due t o  sabotage.  

a. F igu re  X I  3 - 6 ,  Line 1, I n t e r n a l  
P l a n t  F a i l u r e s  

The largest  p a r t  of t h e  Reactor S a f e t y  
Study was devoted t o  t h e  d e l i n e a t i o n  of 
p o t e n t i a l  c o r e  a c c i d e n t s  due t o  i n t e r n a l  
p l a n t  f a i l u r e s .  The scope of t h i s  work 
i s  n e c e s s a r i l y  l i m i t e d  o n l y  t o  t h e  
c o n s i d e r a t i o n  o f  imbalances between t h e  
h e a t  being generated by t h e  f u e l  and t h e  
h e a t  be ing  removed from t h e  f u e l  because 
o n l y  such h e a t  imbalances have t h e  po- 
t e n t i a l  t o  cause t h e  f u e l  t o  m e l t .  Such 
imbalances can occur  i n  on ly  two ways: 
(1) as  a r e s u l t  of  t r a n s i e n t s  i n  which 
t h e  c o r e  power level exceeds t h e  
c a p a c i t y  of  t h e  h e a t  removal systems t o  

'WASH-1400 o n l y  examined p o t e n t i a l  sh ipp ing  c a s k  a c c i d e n t s  t h a t  could occur  a t  
reactor sites. I t  d i d  n o t  cons ide r  t r a n s p o r t a t i o n  a c c i d e n t s .  
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d i s s i p a t e  it o r  ( 2 )  as a r e s u l t  o f  
LOCAs,  i n  which t h e  normal c o r e  c o o l i n g  
water i s  l o s t  due t o  a r u p t u r e  i n  t h e  
r e a c t o r  coo lan t  system and t h e  c o r e  
decay h e a t  i s  n o t  removed by t h e  emer- 
gency c o r e  coo l ing  systems. S e c t i o n s  
3.1.1 and 3.1.2 of  t h i s  appendix and 
Appendices I through V d e s c r i b e  i n  g r e a t  
d e t a i l  t h e  even t  t r e e / f a u l t  t ree  
methodology used t o  i n v e s t i g a t e  t h e s e  
classes o f  acc iden t s .  The t o t a l  proba- 
b i l i t y  of  co re  m e l t  from t h e s e  causes i s  
p r e d i c t e d  t o  be about  5 x 10-5  p e r  
r eac t o r  -ye a r  . 
It  is  a l s o  p o t e n t i a l l y  p o s s i b l e  f o r  
l a r g e  e lec t r ica l  f i r e s 1  o r i g i n a t i n g  
w i t h i n  t h e  p l a n t  t o  f a i l  a s u f f i c i e n t  
number o f  systems wi th in  t h e  p l a n t  t o  
cause a t r a n s i e n t  o r  a LOCA t h a t  could 
cause t h e  co re  t o  m e l t . 2  There i s  
c u r r e n t l y  i n s u f f i c i e n t  c o l l e c t e d  and 
c o l l a t e d  d a t a  on t h e  r e s u l t s  of  r e a c t o r  
and o t h e r  i n d u s t r i a l  e l ec t r i ca l  f i r e s  t o  
provide a g e n e r a l l y  a p p l i c a b l e  s t a t i s t i -  
ca l  b a s i s  f o r  e s t i m a t i n g  t h e  p r o b a b i l i t y  
of  c o r e  m e l t  a s  a r e s u l t  of  f i r e s .  
However, a n a l y s i s  o f  t h e  f a i r l y  r e c e n t  
f i r e  a t  t h e  Browns Fe r ry  p l a n t  i n d i c a t e s  
t h a t  t h e  l i k e l i h o o d  of c o r e  m e l t  due t o  
such a f i r e  would be about  1 x 10-5 pe r  
r eac to r -yea r  and would n o t  r e p r e s e n t  a 
major c o n t r i b u t i o n  t o  t h e  o v e r a l l  
l i k e l i h o o d  of  co re  melt .3  

b. Figure  X I  3-6, Line 2 ,  Ex te rna l  
Fo rces  

I t  is  necessa ry  t o  cons ide r  whether t h e  
l a r g e  f o r c e s  t h a t  can be generated by 
some n a t u r a l  and man-made phenomena can 
cause any o f  t he  types o f  a c c i d e n t s  
developed i n  l i n e  1 of Fig.  X I  3-6 by 
caus ing  t h e  f a i l u r e  o f  t h e  c r i t i c a l  

e l emen t s  de f ined  by t h e  even t  t r e e / f a u l t  
tree methodology. Thus it is  necessary 
t o  examine both t h e  l i k e l i h o o d  o f  such 
e x t e r n a l  e v e n t s  and t h o s e  p o r t i o n s  o f  
t h e  p l a n t  t h a t  can be a f f e c t e d  by t h e  
types  of  e v e n t s  shown on l ine 2 of  Fig.  

The g e n e r a l  approach4 t h a t  h a s  been 
taken i n  t h e  design and l o c a t i o n  of  
n u c l e a r  power p l a n t s  i s  t o  i d e n t i f y  
those  e lements  o f  t h e  p l a n t  whose 
cont inued o p e r a b i l i t y  i s  needed t o  
ensu re  t h a t  t h e  ope ra t ion  o f  t h e  p l a n t  
can be c o n t r o l l e d ,  t h a t  t h e  f u e l  i n  each  
l o c a t i o n  remains covered wi th  w a t e r ,  and 
t h a t  t h e  decay h e a t  i s  removed f r o m t h e  
f u e l  i n  each of  i t s  l o c a t i o n s .  Then t h e  
p l a n t  i s  r e q u i r e d  t o  be loca ted  and 
designed i n  such a way as  t o  ensu re  t h a t  
t h e  l i k e l i h o o d  o f  f a i l u r e s  i n  t h e s e  
elements ,  due t o  each o f  t h e  e x t e r n a l  
f o r c e s ,  i s  q u i t e  s m a l l .  

The s t u d y ' s  hand l ing  o f  two of  t h e  
e x t e r n a l  f o r c e s ,  a i r c ra f t  impacts and 
t u r b i n e  miss i les ,  i s  e a s i l y  i l l u s t r a t e d .  
Since l i g h t  p l a n e s  cannot cause s i g n i f i -  
c a n t  s t r u c t u r a l  damage t o  a nuc lea r  
power p l a n t ,  it is necessa ry  t o  cons ide r  
on ly  t h e  p o t e n t i a l  damage t h a t  can be  
caused by t h e  l a r g e r  a i rc raf t .  The 
p r o b a b i l i t y  of l a r g e  a i r c r a f t  crashes i s  
w e l l  known, and t h u s  it i s  r e l a t i v e l y  
s t r a i g h t f o r w a r d  t o  compute t h e  l i k e l i -  
hood t h a t  a p l ane  w i l l  c r a s h  a t  a s i t e  
i n  such a way as t o  s t r i k e  t h e  p l a n t .  
Taking i n t o  account t h e  l o c a t i o n  of  
nuc lea r  power p l a n t s  w i t h  r e s p e c t  t o  
a i r p o r t s  ( s i n c e  t h i s  d i s t a n c e  a f f e c t s  
t h e  l i k e l i h o o d  o f  t h e  c r a s h )  and t h e  
f a c t  t h a t  n o t  eve ry  such c r a s h  w i l l  
cause an a c c i d e n t  i nvo lv ing  f u e l  
mel t ing,  an o v e r a l l  p r o b a b i l i t y  o f  such 
an a c c i d e n t  h a s  been e s t ima ted  t o  be 

X I  3-6. 

' E l e c t r i c a l  f i r e s  r e f e r s  t o  f i r e s  i n  which t h e r e  i s  ex tens ive  enough burning of 
e l ec t r i ca l  c a b l e s  t o  cause t h e  i n o p e r a b i l i t y  o f  i n s t a l l e d  s a f e t y  f e a t u r e s .  Burning 
may be i n i t i a t e d  by e l e c t r i c a l  f a u l t s ,  c u r r e n t  ove r loads ,  o r  e x t e r n a l  causes .  

2See chapter  5 of  t h e  Main Report f o r  a'  f u l l e r  d i s c u s s i o n  of  l a r g e  e l e c t r i c a l  f i r e s .  
S e c t i o n s  5 and 6 of  Appendix I V  d i s c u s s  t h e  p o t e n t i a l  e f f e c t s  o f  sma l l e r  f i r e s .  

3The a n a l y s i s  performed t o  suppor t  t h i s  conclusion i s  desc r ibed  i n  s e c t i o n  3.2 of 
t h i s  appendix and i s  a p p l i c a b l e  on ly  t o  t h e  Browns Fe r ry  p l a n t .  Add i t iona l  work i n  
t h e  f u t u r e  t o  develop a more g e n e r a l l y  a p p l i c a b l e  model f o r  hand l ing  t h e  con t r ibu -  
t i o n  o f  l a r g e  e l e c t r i c a l  f i r e s  t o  r i s k  assessments would be u s e f u l .  

4See USNRC Regulat ions 10CFR50 , Appendix A ,  General  Design C r i t e r i a  f o r  Nuclear Power 
P l a n t s .  
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t o  10-8 p e r  r e a c t o r - y e a r . 1  This  
va lue  would n o t  impact s i g n i f i c a n t l y  on 
t h e  p r e d i c t e d  v a l u e  of  c o r e  m e l t  of a 5 x 10-5 p e r  r eac to r -yea r .  

S i m i l a r l y ,  t h e  p r o b a b i l i t y  of a t u r b i n e  
f a i l u r e  r e s u l t i n g  i n  t h e  gene ra t ion  of  
l a r g e  missiles can be  determined from an 
a n a l y s i s  o f  r e p o r t e d  t u r b i n e  f a i l u r e s .  
Taking i n t o  c o n s i d e r a t i o n  t h e  o r i e n t a -  
t i o n  of  t h e  t u r b i n e  wi th  r ega rd  t o  v i t a l  
p l a n t  systems o r  components and t h e  
range of  e n e r g i e s  and t r a j e c t o r i e s  
a s s o c i a t e d  wi th  p o t e n t i a l  t u r b i n e  m i s -  
s i l es ,  t h e  p r o b a b i l i t y  o f  s t r i k i n g  a 
p o t e n t i a l l y  v u l n e r a b l e  a r e a  can be 
c a l c u l a t e d .  The p r o b a b i l i t y  of pene- 
t r a t i n g  s t r u c t u r e s  and damaging c r i t i c a l  
equipment can then be c a l c u l a t e d  from 
t h e  range o f  impact e n e r g i e s  involved 
and t h e  n a t u r e  and t h i c k n e s s e s  o f  
p r o  te  c ti ve b a r  r ie  r s . A s  noted i n  
s e c t i o n  5.4.5 of  t h e  Main Report ,  it h a s  
been e s t i m a t e d  t h a t  t h e  h i g h e s t  proba- 
b i l i t y  o f  a t u r b i n e  m i s s i l e  p e n e t r a t i n g  
t h e  containment s t r u c t u r e  i s  1 . 2  x 10-5 
p e r  r eac to r -yea r .  Based on an examina- 
t i o n  o f  t h e  p h y s i c a l  layout '  o f  t h e  
p l a n t ,  t h e  chance o f  such a m i s s i l e  
c a u s i n g  b o t h  a LOCA and t h e  f a i l u r e  o f  
s u f f i c i e n t  s a f e t y  systems t o  cause a 
c o r e  m e l t  appears  t o  be  n e g l i g i b l y  
s m a l l .  

C e r t a i n  p l a n t s  may be  exposed t o  o t h e r  
e x t e r n a l  hazards  t h a t  are e s s e n t i a l l y  
unique t o  a n  i n d i v i d u a l  s i te .  Examples 
of t hese  inc lude  sites a d j a c e n t  t o  
t r a n s p o r t a t i o n  r o u t e s  t h a t  f r e q u e n t l y  
c a r r y  munit ions o r  o t h e r  e x p l o s i v e s  o r  
s i tes  a d j a c e n t  t o  chemical o r  petrochem- 
i c a l  f a c i l i t i e s ,  etc.  .Because such 
p o t e n t i a l  haza rds  are unique t o  s p e c i f i c  
s i t e s ,  they  have n o t  been e x p l i c i t l y  
inc luded  i n  t h i s  s tudy.  Their  i n c l u s i o n  
w a s  n o t  cons ide red  necessa ry  because 
o n l y  a r e l a t i v e l y  s m a l l  number of  p l a n t s  
are i n  l o c a t i o n s  where t h i s  t ype  of 
c o n s i d e r a t i o n  i s  necessa ry  and because 
such p l a n t s  are r e q u i r e d  t o  p rov ide  
a d d i t i o n a l ,  p r o t e c t i o n  t o  reduce t h e  
p r o b a b i l i t y  o f  s i g n i f i c a n t  p l a n t  damage 
t o  a n e g l i g i b l e  value.  

S i m i l a r  ana lyses  can be performed t o  
analyze t h e  e f f e c t  of n a t u r a l  events 
such as f l o o d s ,  tornadoes,  o r  e a r t h -  

'See Appendix 111, s e c t i o n  6.2, and 
d i s c u s s i o n  o f  t h i s  matter. 

quakes. The p r o b a b i l i t y  of  occurrence 
of  s eve re  n a t u r a l  e v e n t s  can be calcu-  
l a t e d  by t h e  combination of g e n e r a l l y  
l i m i t e d  h i s t o r i c a l  d a t a  and a n a l y t i c a l  
models. Based on a knowledge of t h e  
design parameters  o f  t h e  p l a n t ,  t h e  
l i k e l i h o o d  t h a t  a severe n a t u r a l  e v e n t  
could cause a c o r e  m e l t  can then be 
e s t ima ted .  These can be  combined and 
compared with t h e  l i k e l i h o o d  of c o r e  
m e l t  determined by t h i s  s t u d y  t o  
determine i f  such e v e n t s  would have any 
impact on t h e  r i s k  from p o t e n t i a l  
r e a c t o r  a c c i d e n t s .  A s  d i scussed  i n  t h e  
Main Report ,  s e c t i o n  5.4, a n a l y s e s  of 
t h e  e x t e r n a l  f o r c e s  shown i n  l i n e  2 of 
Fig.  X I  3-6 i n d i c a t e  t h a t  e x t e r n a l  
e v e n t s  are n o t  expected t o  have a major 
impact on t h e  r i s k s  a s s o c i a t e d  wi th  
r e a c t o r s .  2 

c .  Figure XI 3-6, L i n e  3 ,  Sabotage 

The s tudy  concluded t h a t ,  wh i l e  t h e r e  is 
no c u r r e n t  methodology f o r  comprehen- 
s i v e l y  e s t i m a t i n g  t h e  p r o b a b i l i t y  of  
s u c c e s s f u l  a c t s  o f  s abo tage ,  any 
consequences produced by sabotage could 
n o t  exceed t h e  l a r g e s t  p r e d i c t e d  by t h e  
s t u d y  and would l i k e l y  be  much smaller.  
Sec t ion  1 6  o f  t h i s  appendix and s e c t i o n  
5.4.6 of  t h e  Main Report  d i s c u s s  t h i s  
m a t t e r  i n  g r e a t e r  d e t a i l .  

I .  Internal Plant 
Failures 

Earthquakes I 
nivers / '"'""""_ - Tornadoes Rivers 

Floods Hurricanes 

Aircraft Crashes 
Turbine MissOes 

\Tidal Waves 

\ \ Explosions 

\ L 3. Sabotage 

Figure X I  3 - 6 .  Coverage of  P o t e n t i a l  
Accidents i n  Reactor 
Cores 

Main Report ,  s e c t i o n  5 . 4 . 4 ,  f o r  a f u l l e r  

2 A s  i n d i c a t e d  i n  c h a p t e r  7 o f  t h e  Main Report ,  it would be u s e f u l  t o  perform 
a d d i t i o n a l  a n a l y s e s  i n  t h e  f u t u r e  to  determine whether t h e  p o t e n t i a l  r i s k s  
a s s o c i a t e d  w i t h  e x t e r n a l  e v e n t s  can be e s t ima ted  with g r e a t e r  p r e c i s i o n .  
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3.1.3.2 P o t e n t i a l  Accidents Involving 
t h e  Spent Fue l  Pool.  

Figure X I  3-7 shows t h e  ma t r ix  of  poten- 
t i a l  a c c i d e n t s  cons ide red  f o r  t h e  s p e n t  
f u e l  pool.  A s  i n  Fig.  X I  3-6, l i n e  1 
shows those  a c c i d e n t s  t h a t  can be 
i n i t i a t e d  by i n t e r n a l  p l a n t  f a i l u r e s ,  
l i n e  2 shows t h e  e x t e r n a l  f o r c e s  t h a t  
can  p o t e n t i a l l y  cause a c c i d e n t s  of t h e  
type shown i n  l i n e  1, and l i n e  3 shows 
t h e  p o t e n t i a l  f o r  a c c i d e n t s  due t o  
sabotage.  

a. Figure X I  3-7, L i n e  1, I n t e r n a l  
P l a n t  F a i l u r e s  

Release of r a d i o a c t i v i t y  from s t o r e d  
s p e n t  f u e l  can p o t e n t i a l l y  r e s u l t  from 
h e a t  imbalances causing me l t ing  of 
s t o r e d  f u e l  o r  from mechanical damage t o  
t h e  f u e l  assemblies caus ing  release of 
gap a c t i v i t y .  Heat imbalances can re- 
s u l t  from l o s s  of  coo l ing  water from t h e  
s p e n t  f u e l  s t o r a g e  pool ;  loss of t h e  
c a p a c i t y  t o  remove h e a t  from t h e  pool 
w a t e r ,  which would l e a d  t o  b o i l i n g  away 
of t h e  pool w a t e r ; l  o r  an i n c r e a s e  i n  
t h e  h e a t  gene ra t ion  ra te  i n  t h e  pool 
because t h e  c o n f i g u r a t i o n  of  t h e  f u e l  
had been a l t e r e d  i n t o  a c r i t i c a l  a r r a y ,  
aga in  l e a d i n g  t o  t h e  b o i l o f f  of  pool 
w a t e r .  S e c t i o n  5 of Appendix I d i s -  
cusses  t h e  bounding ana lyses  t h a t  were 
performed t o  determine t h e  p o t e n t i a l  
r i s k  a s s o c i a t e d  with t h e s e  acc iden t s .  
A s  noted t h e r e ,  t h e  p o t e n t i a l  releases 
are s m a l l  i n  comparison t o  t h e  releases 
a s s o c i a t e d  with c o r e  m e l t ,  and t h e  
p r o b a b i l i t y  of  occurrence i s  approxi- 
mately two o r d e r s  of magnitude below 
t h a t  a s s o c i a t e d  with c o r e  m e l t .  

b. Figure X I  3-7, Line 2 ,  Ex te rna l  
Forces 

A s  p rev ious ly  noted i n  s e c t i o n  3.1.3.1, 
i t  is necessary t o  cons ide r  whether t h e  
f o r c e s  a s s o c i a t e d  with e x t e r n a l  n a t u r a l  
o r  man-made phenomena can cause any of  
t h e  a c c i d e n t s  developed i n  l i n e  1. The 
p r o b a b i l i t y  of  s eve re  e x t e r n a l  forc.es a t  
t h e  p l a n t  is  d i scussed  i n  s e c t i o n  
3.1.3.1. I n  g e n e r a l ,  t h a t  d i s c u s s i o n  i s  
a p p l i c a b l e  t o  t h e  s t o r e d  s p e n t  f u e l  a s  
w e l l .  I n  regard t o  e x t e r n a l  e v e n t s ,  t h e  
design c r i t e r i a  of t h e  s p e n t  f u e l  pool ,  
t h e  f u e l  b u i l d i n g ,  and t h e  pool coo l ing  
systems a r e  s i m i l a r  t o  t hose  used f o r  
systems t h a t  p r o t e c t  t h e  core .  Because 
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Figure.  X I  3-7. Coverage of P o t e n t i a l  
Accidents Involving t h e  
Spent F u e l  Pool 

of t h e  very low p r o b a b i l i t y  of  damage t o  
s t o r e d  s p e n t  f u e l  from random i n t e r n a l  
p l a n t  f a i l u r e s ,  e x t e r n a l  even t s  are more 
l i k e l y  t o  i n i t i a t e  an a c c i d e n t  l e a d i n g  
t o  release. The p r o b a b i l i t y  of f a i l u r e  
i n  t h i s  manner i s  s t i l l  q u i t e  low, 
however, and t h e  p o t e n t i a l  releases, 
even assuming me l t ing  of t h e  t o t a l  
inventory of  s t o r e d  f u e l ,  are s m a l l  
compared t o  those  a s s o c i a t e d  with many 
of  t h e  r e a c t o r  c o r e  a c c i d e n t  sequences. 
This  matter i s  d i scussed  i n  g r e a t e r  
d e t a i l  i n  Appendix I ,  s e c t i o n  5. 

c. Figure X I  3-7, Line 3, Sabotage 

See s e c t i o n  3.1.3.l.c. 

3.1.4 THE HANDLING OF FAILURE RATE DATA 
I N  OVERALL RISK ASSESSMENT 

The s tudy  r ece ived  several comments on 
t h e  adequacy of component f a i l u r e  ra te  
d a t a  used f o r  q u a n t i f y i n g  t h e  even t  
trees and f a u l t  trees. The comments 
quest ioned t h e  b a s i s  f o r  t h e  d a t a  and 
t h e  g e n e r a l  random-variable, o r  range,  
approach used f o r  t h e  d a t a  t r ea tmen t .  
This  s e c t i o n  p r e s e n t s  an overview of t h e  

'While it i s  i n d i c a t e d  ear l ie r  i n  t h i s  s e c t i o n  t h a t  a s i n g l e  f u e l  element i n  a i r  w i l l  
be adequately cooled,  t h e  l a r g e  number of  c l o s e l y  c l u s t e r e d  elements i n  t h e  f u e l  
pool would p reven t  r a d i a t i o n  of h e a t  from t h e  f u e l  from being an e f f e c t i v e  coo l ing  
mechanism. 
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a data approach used in the study as well 
as its rationale, A more detailed 
discussion is contained in Appendix 11, 
volume 1, and Appendix 111, which have 
been rewritten to clarify the data 
treatment. 

When the study initially tried to deter- 
mine precise component failure rate 
values and other basic failure rate data 
(such as human fai1ures)l to use for the 
system and event tree quantifications, 
it found large uncertainties and large 
variabilities in the available data. 
These large variabilities existed not 
only for component data but also for 
human failure rates and initiating-event 
probabilities (e.g., pipe rupture 
rates). The nuclear reactor data that 
had been collected were neither suffi- 
cient nor detailed enough to yield 
accurate estimates of failure rates and 
basic event probabilities; furthermore, 
they showed a large variability from 
plant to plant. The other available 
industrial data showed similar variabil- 
ity in reported failure rate values, 
depending on the application and the 
reporting source. 

Because of the large variability in the 
data, the study did not attempt to de- 
termine precise data values and precise 
probabilities, since these would have 
been meaningless. Instead, bounds were 
estimated for component and other data 
to determine the range in which data 
values could lie and hence give their 
variability. Because of the large 
spread, the failure rate data were 
treated as random variables, incorporat- 
ing both the physical variability and 
the uncertainty associated with the 
data. Moreover, since the study's 
results were to apply to a population of 
approximately 100 nuclear plants, it was 
important to show the possible variabil- 
ity and uncertainty in this population. 

For each failure rate, the study 
assessed an upper bound, which would 
give the pessimistic or worst case, and 
a lower bound, which would give the 
optimistic or best case. ,The range 
between the lower and upper bounds would 
then describe the variability that 

existed in the available data for the 
particular failure rate. The variabili- 
ties thus obtained for each failure rate 
were then propagated through the fault 
tree and event tree quantifications to 
give the corresponding variabilities for 
the system failure probabilities and 
accident sequence probabilities. 

To obtain a realistic representation of 
the ranges describing the possible fail- 
ure rates, a wide variety of data 
sources were examined. To be applicable 
to the nuclear plant conditions that 
were to be quantified, the data sources 
examined had to be generally representa- 
tive of industrial experience and 
industrial environments. However, cer- 
tain Department of Defense data, ob- 
tained under controlled test conditions, 
and data representing more adverse 
environments encountered in certain 
plant applications were also included to 
give possible extreme values. The major 
sources of the data that were examined 
included the following:3 

Edison Electric Institute (failure 
rate data) 

Systems Reliability Service, United 
Kingdom 

Failure Rate Data (FARADA) Handbooks 
published by the Fleet Missile Sys- 
tems Analysis and Evaluation Group 
Annex 

AVCO Corporation 

Liquid Metal Engineering Center 
(nuclear data) 

Holmes & Narver, Inc. (nuclear data) 

The Chemical Engineer (Institute of 
Chemical Engineers, London, England) 

Nuclear Safety Information Center, 
U . S .  Atomic Energy Commission 

Government-Industry Data Exchange 
Program (GIDEP) reports 

'Section 14 of this appendix contains a further discussion of the treatment of human 
failures. 

'In statistical terminology, the system probabilities were thus not strict probabili- 

3Appendix I11 gives a complete tabulation of the 77 sources used. 

ties but estimators. 
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Institut fuer Reaktor Sicherheit 
(Institute of Reactor Safety) , West 
Germany 

European nuclear agencies 

Institute of Electrical and Elec- 
tronic Engineers 

Proceedings of RISO (Denmark) con- 
f erences 

To serve as a final check on the ranges 
obtained from the various data sources, 
the limited data that were available 
from commercial nuclear power plant 
operation were analyzed separately and 
were compared to data obtained from 
other sources.1 The final range 
assignments were found to be consistent 
with the commercial nuclear data. 2 

With regard to assuring that common mode 
failure considerations are adequately 
incorporated into the assessment, it is 
important to understand that the failure 
rate data examined cover many causally 
related failures, such as those due to 
manufacturing and construction defects, 
design errors, quality control ineffi- 
ciencies, environmental conditions, as 
well as human and various other causes. 
Furthermore, it should be noted that 
both the general and the nuclear data 
included failures experienced in actual 
operation. Thus the failure rates used 
as the data base in the study, being 
principally derived from field experi- 
ence, were essentially total failure 
rates, and not simply "random" failure 
rates (i.e., not failure rates due only 
to inherent, inexplicable component 
failure). Special common mode studies 

a were thus needed to identify failure 
causes that were already included in the 
data. 3 

There were three exceptions to the 
foregoing: potential failure causes due 
to seismic loadings, tornado loadings, 
and the potential accident environments 
of high pressure, temperature, and 
radioactivity. Certain nuclear compo- 
nents are required to remain operational 
under these conditions and are therefore 
designed to accommodate stresses of this 
type. Since neither nuclear nor nonnu- 
clear components generally experience 
these stresses, their effects are not 
included in the data sources used to 
derive failure rate data for use in the 
study. 

These considerations formed the basis of 
the design adequacy task described in 
Appendix X. Although NRC safety design 
requirements cover consideration of 
these stresses for applicable compo- 
nents, no experience data are available 
to test the validity of the implementa- 
tion of these requirements because of 
the rarity of seismic and accident 
events. To ensure the adequate imple- 
mentation of these "special" design 
requirements, a detailed examination of 
the design and testing of a selected 
number of components and systems was 
made. The results of this examination 
indicated some deficiencies in these 
areas in that, while the designs were 
not inadequate, they appeared to have 
somewhat less design margin than might 
normally be expected. These results 
were used to make appropriate modifica- 
tions to component failures in the fault 
tree and event tree quantifications and 
to estimate the probability of the 

'The nuclear data consisted of reports of Eailure occurring through 1973. Additional 
checks have recently been made of 1974 and 1975 data and showed no significant 
changes from the analysis reported in draft WASH-1400. 

LIn statistical terminology, the final assessed data ranges were found not to be 
inconsistent with the commercial nuclear experience. See sections 1, 2, and 3 of 
Appendix I11 for more detailed discussions of the actual analyses. 

3The failure causes have an implied occurrence frequency in the data sources. If the 
occurrence frequency was assessed to be higher in the nuclear plant applications, 
then special analyses were performed. An example is the special adverse-environment 
pump failure rates determined in Appendix 111. It was necessary to examine any 
multiple effects from a single cause, but the single-component failure rates .could 
be used in the bounding techniques of Appendix IV to bound the common mode multiple 
effect. 

4The impact of tornado loadings did not affect the results of the study significantly 
and are not discussed further here. See Appendix X for additional information. ' 
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f a i l u r e  of  s a f e t y  systems under seismic 
loads ,  as i n d i c a t e d  i n  s e c t i o n  5.4.1 of 
t h e  Main Report. 

Using t h e  d a t a  a v a i l a b l e  from t h e  v a r i -  
ous sources desc r ibed  ear l ie r ,  a set  of 
f a i l u r e  ra te  va lues  w a s  ob ta ined  f o r  
each component f a i l u r e  of i n t e r e s t  
( i .e. ,  contained i n  t h e  f a u l t  trees o r  
even t  t rees) .  This  s e t  w a s  then used t o  
c o n s t r u c t  a p r o b a b i l i t y  d i s t r i b u t i o n  
t h a t  desc r ibed  t h e  v a r i a b i l i t y  i n  t h e  
d a t a .  1 With r e s p e c t  t o  t h e  commercial 
nuc lea r  d a t a ,  t h e  v a r i a b i l i t y  i n  compo- 
n e n t  f a i l u r e  ra te  from p l a n t  t o  p l a n t  
w a s  i n  agreement ( i . e . ,  not  i n c o n s i s t -  
e n t )  with t h e  ob ta ined  d i s t r i b u t i o n . 2  

I n  applying t h e  p r o b a b i l i t y  d i s t r i b u t i o n  
approach, ranges covering 90% of t h e  
p o s s i b l e  va lues  w e r e  c o n s t r u c t e d  f o r  
each f a i l u r e  ra te .  The upper bound w a s  
t h e  95th p e r c e n t i l e  of  t h e  d i s t r i b u t i o n  
(such t h a t  t h e  r eg ion  between t h e  bounds 

w a s  9 0 % ) .  

The log-normal d i s t r i b u t i o n  w a s  used t o  
o b t a i n  t h e  s p e c i f i c  range va lues  f o r  
each f a i l u r e  rate. Sec t ion  3 . 6  of Ap- 
pendix I1 d e s c r i b e s  t h e  j u s t i f i c a t i o n  
f o r  using t h e  log-normal d i s t r i b u t i o n  
and t h e  g e n e r a l  i n s e n s i t i v i t y  of  t h e  
r e s u l t s  t o  us ing  t h i s  d i s t r i b u t i o n .  ( A  
number of d i f f e r e n t  d i s t r i b u t i o n s  w e r e  
t e s t e d ,  b u t  no change i n  f i n a l  system 
r e s u l t s  w a s  observed.)  The ranges 
determined f o r  each f a i l u r e  ra te  w e r e  
g e n e r a l l y  one o r  t w o  o r d e r s  of  magnitude 
i n  width.  Within t h i s  v a r i a b i l i t y ,  a l l  
t h e  v a r i o u s  d a t a  sou rces  were t h e r e f o r e  
i n  agreement, and t h e  range t h u s  
r ep resen ted  t h e  r e s o l u t i o n  of  t h e  
numbers t h a t  could be obtained.  

To account  f o r  t h e  p o s s i b i l i t y  t h a t  t h e  
f a i l u r e  rates of  some components.could 
be high and o t h e r s  could be low, t h e  
f a i l u r e  ra te  d i s t r i b u t i o n  f o r  each com- 
ponent w a s  t hen  propagated by Monte 
Carlo s imula t ion  t o  o b t a i n  t h e  d i s t r i b u -  
t i o n  of  f i n a l  system and a c c i d e n t  
sequence c h a r a c t e r i s t i c s  (e .g . ,  system 

u n a v a i l a b i l i t i e s )  t h a t  could be obtained 
from t h e  d i f f e r e n t  p o s s i b l e  f a i l u r e  ra te  
va lues  of a component.3 The 95th and 
5th p e r c e n t i l e s  of  t h e  system o r  acc i -  
den t  sequence d i s t r i b u t i o n  then gave t h e  
90% range f o r  t h e  p o s s i b l e  c h a r a c t e r i s -  
t ics .  These 90% f i n a l  ranges thus  
r ep resen ted  t h e  v a r i a b i l i t y  o f  t h e  
s y s t e m  and a c c i d e n t  sequence r e s u l t s  
t h a t  w a s  due t o  t h e  v a r i a b i l i t y  i n  
component d a t a .  

The above t r ea tmen t  of v a r i a b i l i t y  and 
u n c e r t a i n t y  i n  t h e  d a t a  r e p r e s e n t s  on ly  
one of a p o s s i b l e  number of ways of 
handl ing t h i s  problem; however, t h i s  
t r ea tmen t  w a s  found t o  be s t r a i g h t f o r -  
ward and g e n e r a l l y  a p p l i c a b l e .  I n s t e a d  
of e s t i m a t i n g  a p r e c i s e  value f o r  a 
p i ece  of d a t a ,  t h e  use of ranges w a s  
considered t o  be rea l i s t ic  and more 
meaningful. This  method w a s  a p p l i e d  t o  
human e r r o r  and d a t a  and i n i t i a t i n g -  
even t  d a t a  a s  w e l l  as t o  component 
f a i l u r e  d a t a .  The d a t a  d i s t r i b u t i o n s  
w e r e  propagated t o  o b t a i n  t h e  d i s t r i b u -  
t i o n  and range on any f i n a l  r e s u l t ,  t h u s  
q u a n t i f y i n g  t h e  a s s o c i a t e d  v a r i a b i l i t y  
and u n c e r t a i n t y .  

3.1.5 MODELING CONSIDERATIONS FOR EVENT 
TREES AND FAULT TREES 

The d i s c u s s i o n s  t h a t  fol low d e a l  w i th  
some of t h e  modeling concepts  and con- 
s i d e r a t i o n s  involved i n  t h e  s t u d y ' s  use 
of even t  trees and f a u l t  trees. Seve ra l  
comments r eques t ed  a m p l i f i c a t i o n  of  t h e  
b a s i c  i d e a s  behind e v e n t  tree modeling 
and t h e  methods of using f a u l t  t rees i n  
con junc t ion  with even t  trees. This sec- 
t i o n  d i s c u s s e s  t h e  b a s i c  l o g i c  and set- 
theo ry  concepts  of e v e n t  trees and t h e  
use of f a u l t  trees i n  even t  tree models. 

a. E n t r i e s  and States of an Event T r e e  

An e v e n t  tree begins  w i t h  a d e f i n e d  
a c c i d e n t - i n i t i a t i n g  event .  D i f f e r e n t  
i n i t i a t i n g  e v e n t s  w i l l  produce d i f f e r e n t  
even t  trees, and t h e  d i f f e r e n t  i n i t i a t -  
i n g  e v e n t s  must  t h u s  be c a t a l o g e d  and 
enumerated t o  o b t a i n  a de f ined  set  of 
acc iden t s .  

'In essence,  t h i s  i s  analogous t o  t r e a t i n g  t h e  d a t a  as a set of samples from a 
s t a t i s t i ca l  popu la t ion  on which a s t a t i s t i c a l ' a n d  p r o b a b i l i s t i c  a n a l y s i s  can be 
performed. 

2The above d e s c r i p t i o n  of ' t h e  p r o b a b i l i t y  d i s t r i b u t i o n  a p p l i c a t i o n  i s  somewhat 
s i m P l i s t i c .  For  a more thorouqh d i s c u s s i o n  of t h e  random-variable b a s i s  (and 
Bayksian i m p l i c a t i o n s )  , see s e c t i o n  3.6 of  Appendix 11. 

'Section 3.6.2 of  Appendix I1 d e s c r i b e s  t h e  s i m u l a t i o n  procedures.  
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The enumeration of i n i t i a t i n g  e v e n t s  i s  
ob ta ined  from b a s i c  phys i ca l  considera-  
t i o n s  of  t h e  nuc lea r  r e a c t o r  power- 
gene ra t ing  process.  For c o r e  m e l t  
a c c i d e n t s ,  f o r  example, t h e  i n i t i a t i n g  
e v e n t s  are determined from t h e  c l a s s i f i -  
c a t i o n  of t h e  e v e n t s  a s s o c i a t e d  w i t h  
h e a t  gene ra t ion  and removal. A more 
thorough d i s c u s s i o n  of t h e  l o g i c  and 
phys ic s  involved i n  determining t h e  hi- 
t i a t i n g  e v e n t s  de f ined  i n  t h e  s tudy  i s  
given i n  Appendix I. 

Once t h e  i n i t i a t i n g  e v e n t s  are de f ined ,  
t h e  s a f e t y  systems must be inco rpora t ed  
i n t o  t h e  even t  tree s t r u c t u r e .  For a 
p a r t i c u l a r  de f ined  i n i t i a t i n g  even t ,  a l l  
t h e  s a f e t y  systems t h a t  can be u t i l i z e d  
a f t e r  t h e  a c c i d e n t  are then de f ined  and 
i d e n t i f i e d .  Since a r e a c t o r  has  on ly  a 
s p e c i f i e d  and l i m i t e d  number of s a f e t y  
systems, t h e i r  d e f i n i t i o n  and i d e n t i f i -  
c a t i o n  are s t r a i g h t f o r w a r d .  (Appendix 
I,  s e c t i o n  2 ,  d i s c u s s e s  t h e  system iden- 
t i f i c a t i o n . )  The s a f e t y  systems t h a t  
are i d e n t i f i e d  are then s t r u c t u r e d  i n  
t h e  form of headings f o r  t h e  e v e n t  tree. 
Th i s  i s  shown i n  Example 1 f o r  ' two  
s a f e t y  systems t h a t  can be involved 
a f te r  t h e  de f ined  i n i t i a t i n g  even t  has  
occurred.  ( I n  t h i s  example, t h e  s a f e t y  
systems are simply l a b e l e d  "system 1" 
and 'I sys  t e m  2. 'I ) 

Initiating Event System 1 System 2 

- 

Initiating Event System 1 

Example 1. Event T r e e  Heading 

System 2 

I n s t e a d  of d i r e c t l y  d e f i n i n g  and i d e n t i -  
fy ing  systems, which are a s s o c i a t e d  w i t h  
hardware, t h e  even t  tree headings can be 
ob ta ined  by i n i t i a l l y  d e f i n i n g  a set  of 
f u n c t i o n s  t o  be performed by t h e  s a f e t y  
systems. The f u n c t i o n s  re la te  t o  t h e  
p h y s i c a l  p rocesses  a s s o c i a t e d  w i t h  t h e  
system's  o p e r a t i o n ,  such as t h e  func t ion  
of h e a t  removal. The set  of f u n c t i o n s  
acts as the  i n i t i a l  heading of t h e  even t  
tree, and s a f e t y  systems are then c l a s -  
s i f i e d  according t o  t h e i r  r e l a t i o n s h i p  
t o  t h e s e  f u n c t i o n s  and subsequent ly  sub- 
s t i t u t e d  i n t o  t h e  a p p r o p r i a t e  f u n c t i o n  
heading. The r e s u l t  w i l l  aga in  be a 
f i n a l  heading c o n s i s t i n g  of  t h e  i n i t i a t -  
i ng  e v e n t  and t h e  s a f e t y  systems t h a t  
can be involved. The s tudy  performed 
i t e r a t i o n s  invo lv ing  even t  trees wi th  

both t h e  hardware and f u n c t i o n a l  head- 
i n g s  t o  h e l p  check t h e  adequacy of t h e  
modeling. 

Once t h e  systems f o r  a given i n i t i a t i n g  
even t  have been i d e n t i f i e d ,  t h e  set  of  
p o s s i b l e  f a i l u r e  and success  s ta tes  f o r  
each system i s  de f ined  and enumerated. 
Ca re fu l  e f f o r t  i s  r equ i r ed  i n  d e f i n i n g  
success  and f a i l u r e  states f o r  t h e  sys- 
t e m s  involved i n  t h e  even t  tree t o  
ensure t h a t  p o t e n t i a l  f a i l u r e  s ta tes  are 
n o t  included i n  t h e  success  d e f i n i -  
t i ons .1  I f  dichotomous ( two-state)  mod- 
e l i n g  i s  employed, then one f a i l e d  s ta te  
and one success  s t a t e  i s  de f ined  f o r  
each system; o the rwise ,  a f i n i t e  number 
of d i s c r e t e  s ta tes  are de f ined  (such as 
would be used when inc lud ing  p a r t i a l  
f a i l u r e s ) .  

Example 2 i l l u s t r a t e s  a two-state  model- 
ing f o r  t h e  systems of Example 1. 

Example 2 .  System S t a t e  D e f i n i t i o n s  f o r  
System 1 and System 2 

Appendix I ,  s e c t i o n  2 ,  d i s c u s s e s  i n  some 
d e t a i l  t h e  d e f i n i t i o n s  of system success  
and f a i l u r e  states used i n  t h e  s tudy  as 
w e l l  as t h e i r  r a t i o n a l e .  S ince  t h e  sys- 
t e m  s ta te  d e f i n i t i o n s  c o n s t i t u t e  one of 
t h e  most s i g n i f i c a n t  p a r t s  of even t  t ree  
methodology, c e r t a i n  g e n e r a l  p o i n t s  w i l l  
be noted du r ing  t h e  fol lowing d i scus -  
s ion.  With regard t o  t h e s e  d e f i n i t i o n s ,  
it i s  most important  t h a t  t h e  system 
f a i l u r e  and success  s ta tes  be de f ined  
w i t h i n  t h e  c o n t e x t  of t h e  given i n i t i a t -  
i n g  even t  and t h e  o t h e r  systems involved 
with t h e  i n i t i a t i n g  event .  S t a t e d  i n  a 
more p r o b a b i l i s t i c  manner, t h e  system 
f a i l u r e  and success  s ta tes  must be de- 
f i n e d  as c o n d i t i o n a l  events .  The con- 
t e x t  and c o n d i t i o n a l i t y  w i l l  become more 
e v i d e n t  as t h e  even t  tree methodology i s  
c a r r i e d  through. 

b. Event T r e e  Branching Logic 

I n  c a r r y i n g  o u t  t h e  methodology, l e t  us  
assume t h a t  t h e  system f a i l u r e  s ta tes  

'In areas of u n c e r t a i n t y ,  p o t e n t i a l  success  s ta tes  t h a t  cannot be c l e a r l y  demon- 
s t r a t e d  t o  be s u c c e s s f u l  are a s s igned  t o  t h e  f a i l u r e  states.  
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and success s ta tes  have been p rope r ly  
de f ined ,  as shown i n  Example 2. The 
system s ta tes  are then f i n a l l y  combined 
through t h e  d e c i s i o n - t r e e  branching log- 
i c  t o  o b t a i n  t h e  v a r i o u s  a c c i d e n t  se- 
quences t h a t  are a s s o c i a t e d  w i t h  t h e  
given i n i t i a t i n g  event .  Tree branching 
simply invo lves  connect ing t h e  s t a t e s  of 
one system t o  a p a r t i c u l a r  s ta te  of an- 
o t h e r  system. The branching i s  shown i n  
Example 3 f o r  t h e  two-system i l l u s t r a -  
t i o n .  

Success State 

(S1 1 

I Initiating System 1 
Event 

Failure State 
Initiating Event 

I 

~ 

( 1 )  ' 

Example 3 .  I l l u s t r a t i o n  of Event 
Tree Branching 

5 F2 

l F l S 2  

( F 2 )  
Success State 

Failure State (S2) . 

I n  Example 3 ,  t h e  i n i t i a t i n g  even t  i s  
dep ic t ed  by t h e  i n i t i a l  h o r i z o n t a l  l i n e  
and t h e  system s ta tes  are then connected 
i n  a s t epwise ,  branching f a sh ion ;  system 
success and f a i l u r e  s ta tes  have been 
denoted by S and F ,  r e s p e c t i v e l y .  The 
format i l l u s t r a t e d  fo l lows  t h e  s t anda rd  
tree s t r u c t u r e  c h a r a c t e r i s t i c  of dec i -  
s i o n  tree methodology. The a c c i d e n t  se- 
quences t h a t  r e s u l t  from t h e  tree s t r u c -  
t u r e  are shown i n  t h e  l a s t  column of  
Example 3.  Each branch of  t h e  tree 
y i e l d s  one p a r t i c u l a r  a c c i d e n t  sequence; 
f o r  example, IS lF2  denotes  t h e  a c c i d e n t  
sequence 1 i n  which t h e  i n i t i a t i n g  e v e n t  
(I) occur s ,  system 1 i s  c a l l e d  upon and 
succeeds ( S i ) ,  and system 2 i s  c a l l e d  
upon b u t  f a i l s  (F2) (i.e., system 2 i s  
i n  a f a i l e d  s ta te  such t h a t  it does n o t  
perform i t s  d e f i n e d  f u n c t i o n ) .  For 
l a r g e r  e v e n t  trees, t h i s  s tepwise 
branching would simply be continued. 

c. Cond i t iona l  I n t e r p r e t a t i o n  of  an 
Event T r e e  

The event  tree t h u s  enumerates t h e  pos- 
s i b l e  a c c i d e n t  sequences t h a t  are asso- 
c i a t e d  w i t h  t h e  given i n i t i a t i n g  e v e n t  
and t h e  systems t h a t  can be involved 
a f t e r  t h e  i n i t i a t i n g  event .  Returning 
t o  t h e  system s ta te  d e f i n i t i o n s ,  one 
sees t h a t  t h e  system s ta tes  on a given 

branch of t h e  even t  tree must be de f ined  
and i n t e r p r e t e d  under t h e  c o n d i t i o n  t h a t  
t he  p rev ious  s ta tes  i n  t h a t  branch have 
occurred;  t h a t  i s ,  t h e  s ta tes  are condi- 
t i o n a l  on t h e  previous s t a t e s  having a l -  
ready occurred.  

As shown i n  Example 3 ,  t h e  success  and 
f a i l u r e  of system 1 must t h u s  be de f ined  
under t h e  cond i t ion  t h a t  t h e  i n i t i a t i n g  
even t  has  occurred.  I n  t h e  upper branch 
of t h e  tree corresponding t o  system 1 
success ,  t h e  success  and f a i l u r e  of  sys- 
t e m  2 must t h e r e f o r e  be de f ined  under 
the  c o n d i t i o n s  t h a t  t h e  i n i t i a t i n g  e v e n t  
has occurred and system 1 has succeeded. 
I n  t h e  lower branch corresponding t o  
system 1 f a i l u r e ,  t h e  success and t h e  
f a i l u r e  of system 2 must be de f ined  
under t h e  c o n d i t i o n s  t h a t  t h e  i n i t i a t i n g  
even t  has occurred and system 1 has  
f a i l e d .  The c o n d i t i o n a l  d e f i n i t i o n s  i n  
t h e  even t  tree are t h e  s t anda rd  ones 
used i n  d e f i n i n g  and modeling any 
combination ( i n t e r s e c t i o n )  of occur r ing  
events .  

Because of t h e  c o n d i t i o n a l i t y  i n t e r p r e -  
t a t i o n ,  t h e  even t  tree has  g r e a t  power 
i n  reducing t h e  number of  a c c i d e n t  se- 
quences t h a t  must be considered.  For 
example, i n  t h e  p rev ious  i l l u s t r a t i o n ,  
i f  t h e  f a i l u r e  of system 1 caused system 
2 t o  f a i l ,  or e q u i v a l e n t l y  caused system 
2 t o  be i n e f f e c t i v e ,  then we would show 
no cho ices  o r  a l t e r n a t i v e s  f o r  system 2 
on t h e  lower branch of t h e  e v e n t  tree,  
and t h i s  lower branch would simply be a 
s t r a i g h t ,  h o r i z o n t a l  l i n e  c o n t a i n i n g  
on ly  t h e  f a i l u r e  of system 1. I n s t e a d  
of cons ide r ing  t h e  a c c i d e n t  sequences 
IFlS2 and IFlF2, w e  t h u s  would c o n s i d e r  
on ly  t h e  sequence IF1. 

The i d e n t i f i c a t i o n  of t h e  c o n d i t i o n a l  
dependencies by t h e  even t  tree methodol- 
ogy i s  important  because,  n o t  on ly  i s  
t h e  number of a c c i d e n t  sequences l o g i -  
c a l l y  reduced, b u t  also system i n t e r d e -  
pendencies are the reby  inco rpora t ed  and 
t h e r e f o r e  need n o t  be t r e a t e d  i n  l a t e r  
ana lyses .  Whenever success  o r  f a i l u r e  
cho ices  are n o t  pe rmi t t ed  f o r  a system, 
t h e  f a i l u r e  p r o b a b i l i t y  o f  t h a t  system 
i s  e f f e c t i v e l y  being set  equa l  t o  u n i t y  
because of  t h e  p rev ious  events .  ( I n  t h e  
preceding example of removing t h e  S2 
a l t e r n a t i v e s ,  t h e  p r o b a b i l i t i e s  o f  t h e  
three-event  sequences IF1S2 are n o t  com- 
puted, b u t  i n s t e a d  on ly  t h e  two-event 
sequence IF1.) Appendix I has a de- 
t a i l e d  d i s c u s s i o n  of  t h e  i d e n t i f i c a t i o n  
of c o n d i t i o n a l  .dependencies ,  t h a t  w a s  
done €or t h e  s t u d y ' s  e v e n t  trees because 
of system r e l a t i o n s h i p s .  Because of 
t h i s  i d e n t i f i c a t i o n ,  many of t h e  s t u d y ' s  
f i n a l  a c c i d e n t  sequences c o n s i s t e d  of 
one or a t  most two system f a i l u r e s .  
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When timing and s e q u e n t i a l  considera-  
t i o n s  are important ,  t h e  system s t a t e  
d e f i n i t i o n s  must r e f l e c t  them. For ex- 
ample, i n  t h e  i l l u s t r a t e d  e v e n t  tree,  if 
t h e r e  w a s  a d i f f e r e n c e  as t o  whether S1 
f a i l e d  b e f o r e  o r  a f t e r  S2, t hen  two 
even t  trees could be cons t ruc t ed  where 
SI i s  t h e  f i r s t  f a i l u r e  and where S2 i s  
t h e  f i r s t  f a i l u r e  (i.e. , e f f e c t i v e l y  
promoting t h e  system head ings ) .  The 
s tudy used dichotomous modeling i n  which 
one f a i l u r e  s ta te  and one success  s ta te  
w a s  de f ined  f o r  each system. C a r e  must 
be taken i n  t h e s e  d e f i n i t i o n s  i n  d i s c r e -  
t i z i n g  t h e  f a i l u r e s  and i n  i n c o r p o r a t i n g  
p a r t i a l  f a i l u r e s .  Appendix I d i s c u s s e s  
t h e s e  cons ide ra t ions .  

When t h e  system states are d e t a i l e d  f o r  
t h e i r  f i n a l  d e f i n i t k o n s ,  t hen  s u f f i c i e n t  
information e x i s t s  t o  d e f i n e  t h e  set  of 
phys i ca l  p rocesses  t h a t  w i l l  occur  wi th  
each a c c i d e n t  sequence. For example, 
f o r  each sequence t h e  s tudy  computed t h e  
magnitude of r a d i o a c t i v i t y  r e l e a s e ,  
which then  served as a source term f o r  
t h e  dose and r i s k  c a l c u l a t i o n s .  I n  
o r d e r  t o  compute t h e  r a d i o a c t i v i t y  re- 
leases, it w a s  necessary t o  i n c o r p o r a t e  
t h e  p o s s i b l e  modes of containment f a i l -  
u r e  i n  t h e  even t  trees. This  involved 
d e f i n i n g  even t  tree headings t h a t  cov- 
e red  t h e  p o s s i b l e  f a i l u r e  modes t h a t  
could occur (each f a i l u r e  mode e f f e c -  
t i v e l y  had two s ta tes  : "occur r ingn  and 
" n o t  o c c u r r i n g " ) .  The f a i l u r e  mode 
e v e n t  trees w e r e  then combined wi th  t h e  
system even t  trees t o  form a c c i d e n t  
sequences l ead ing  from t h e  i n i t i a t i n g  
even t s  t o  t h e  release of r a d i o a c t i v i t y  
from t h e  containment. 

d. The U s e  of F a u l t  Trees 

When t h e  r e s u l t s  a s s o c i a t e d  wi th  each 
a c c i d e n t  sequence have been de f ined ,  t h e  
f i n a l  t a s k  i s  t o  compute t h e  p r o b a b i l i -  
t i es  of  system f a i l u r e .  Th i s  i s  t h e  
p l a c e  a t  which t h e  f a u l t  trees e n t e r .  
General ly ,  d a t a  on f a i l u r e s  a t  t h e  sys- 
t e m  l e v e l  do n o t  e x i s t ,  and t h e r e f o r e  
t h e  system f a i l u r e  p r o b a b i l i t i e s  must be 
e s t ima ted  i n  terms of component f a i l u r e  
rates,  which are a v a i l a b l e .  Thus, t h e  
system s ta te  d e f i n i t i o n s  from t h e  even t  
tree can be used as de f ined  " t o p  even t s "  
of f a u l t  trees t h a t  are developed down 
t o  t h e  component l e v e l .  I n  t h e  s tudy ,  a 
f a u l t  tree was c o n s t r u c t e d  f o r  each 
de f ined  system f a i l u r e  i n  t h e  even t  
trees. Because of t h e  c o n d i t i o n a l  d e f i -  
n i t i o n  of  t h e  system f a i l u r e s ,  t h e  f a u l t  
trees inco rpora t ed  t h e  c o n d i t i o n a l i t i e s  
(i.e., p rev ious  e v e n t s  t h a t  have oc- 
c u r r e d )  i n t o  t h e i r  f a u l t  d e f i n i t i o n s  and 
l o g i c  c o n s t r u c t i o n s .  The q u a n t i t a t i v e  
system p r o b a b i l i t i e s  a s s o c i a t e d  w i t h  t h e  
f a u l t  tree t o p  e v e n t s  w e r e  system un- 

a a v a i l a b i l i t y  and system f a i l u r e  proba- 
b i l i t y  ( f a i l u r e  t o  s t a r t  and f a i l u r e  t o  
r u n ) .  Appendix I1 d i s c u s s e s  t h e  f a u l t  
tree methodology and p r e s e n t s  t h e  f a u l t  
trees t h a t  w e r e  cons t ruc t ed  and used i n  
the  study. 

A number of  f a c t o r s  e n t e r  i n t o  t h e  ade- 
quacy and power of a f a u l t  tree analy- 
sis, as it w a s  used i n  t h e  Reactor 
Sa fe ty  Study : 

a. The f a u l t  tree s t r u c t u r e  i t s e l f  

b. The use of competent a n a l y s t s  having 
an i n t i m a t e  knowledge of t h e  system 
and modeling p rocess  

c. The p rocess  of v a l i d a t i n g  and re- 
checking t h e  model and r e s u l t s  

d. The examination of t h e  r e s u l t s  and 
p r o b a b i l i t i e s  t o  determine t h e i r  
s e n s i t i v i t y  t o  p o s s i b l e  omissions. 

The f a u l t  tree s e r v e s  as a l o g i c  s t r u c -  
t u r e  i n  which t h e  system i s  methodical ly  
and s y s t e m a t i c a l l y  analyzed t o  d e f i n e  
those elements  t h a t  c o n t r i b u t e  t o  i t s  
f a i l u r e  p r o b a b i l i t y .  A f a u l t  t ree 
a n a l y s i s  i s  a deduc t ive  p rocess  i n  which 
a f a i l u r e  i s  t r a c e d  back t o  i t s  b a s i c  
causes ,  i nc lud ing  hardware and des ign  
causes  , human e r r o r  causes  , and 
o p e r a t i o n a l  causes  such as t e s t i n g  and 
maintenance. As t h e  f a i l u r e  i s  being 
t r a c e d  back, t h e  f a u l t  tree l o g i c  s t r u c -  
t u r e  o r g a n i z e s  t h e  s t e p s  t h a t  need to be 
taken and t h e  i t e m s  t h a t  need t o  be 
examined. One of t h e  problems i n  a com- 
p l e x  system a n a l y s i s  i s  t h e  o r d e r i n g  
problem: how t o  cons ide r  t h e  v a r i o u s  
c o n t r i b u t i o n s  i n  a sys t ema t i c  way so as 
t o  be thorough and comprehensive. The 
f a u l t  tree s t r u c t u r e  s e r v e s  as t h e  t o o l  
w i th  which t h e  a n a l y s i s  can be organ- 
i zed ,  b l u e p r i n t e d ,  and programmed. 

Looking a t  p a s t  expe r i ence ,  t h e  f a u l t  
tree p rocess  w a s ,  i n  f a c t ,  developed and 
r e f i n e d  t o  d e a l  w i th  such complex s i t u a -  
t i o n s .  The Minute Man a n a l y s i s  and t h e  
a n a l y s i s  performed i n  t h e  Space and 
Missile Organizat ion (SAMSO) are exam- 
p l e s  of e f f o r t s  i n  which f a u l t  t rees 
were developed and u t i l i z e d  t o  handle 
the  complex systems con'fronting t h e  ana- 
l y s t .  Even though it is  c e r t a i n l y  n o t  
foolproof , t h e  f a u l t  tree p rocess  s i g -  
n i f i c a n t l y  reduces t h e  chance of s e r i o u s  
omissions i n  i t s  sys t ema t i c  and methodi- 
ca l  a n a l y s i s  procedure. 

Though t h e  f a u l t  tree s t r u c t u r e  s e r v e s  
t o  sys t ema t i ze  t h e  a n a l y s i s ,  it does re- 
q u i r e  a competent a n a l y s t  t o  apply it i n  
a competent manner. However, t h i s  i s  a 
requirement t h a t  a p p l i e s  t o  any f i e l d  o r  a 
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endeavor (How many competent jobs are 
done by incompetent peop le? ) .  The Reac- 
t o r  S a f e t y  Study t r i e d  t o  o b t a i n  t h e  
most competent people i n  employing t h e  
s e r v i c e s  of 1 2  s k i l l e d  f a u l t  tree ana- 
l y s t s .  These f a u l t  tree a n a l y s t s  worked 
c l o s e l y  with t h e  system t o  ga in  an 
i n t i m a t e  knowledge of i t s  workings. 
De ta i l ed  system drawings,  schematics ,  
p h y s i c a l  l a y o u t s ,  f u n c t i o n a l  o p e r a t i n g  
d e s c r i p t i o n s ,  and many o n - s i t e  v i s i t s  
w e r e  involved i n  ga in ing  t h e  needed 
knowledge. The f a u l t  tree a n a l y s t s  a l s o  
worked c l o s e l y  wi th  experienced systems 
people  who had a number of y e a r s  of ex- 
pe r i ence  i n  r e a c t o r  systems, r e a c t o r  
o p e r a t i o n ,  and r e a c t o r  s a f e t y .  I n  addi- 
t i o n ,  t h e  f a u l t  t ree a n a l y s t s  had t h e  
c r i t e r i a  and c o n t e x t s  de r ived  from t h e  
even t  tree a c c i d e n t  sequences t o  guide 
them i n  t h e  c o n s t r u c t i o n  of t h e  f a u l t  
trees. 

T o  h e l p  f u r t h e r  reduce errors, a f t e r  t h e  
f a u l t  t rees w e r e  c o n s t r u c t e d ,  they w e r e  
checked and v a l i d a t e d  f o r  t h e i r  accuracy 
by i d e n t i f y i n g  t h e  dominant, f a i l u r e  
c o n t r i b u t o r s .  The f a u l t  trees w e r e  sub- 
j e c t e d  t o  a s tandard e v a l u a t i o n  p rocess  
t o  determine no t  on ly  t h e  q u a n t i t a t i v e  
p r o b a b i l i t y  p r e d i c t i o n s  b u t  a l s o  t h e  i m -  
p o r t a n t  q u a l i t a t i v e  system information.  
Such information i n c l u d e s ,  f o r  example, 
t h e  minimal c u t  sets, which i n  essence 
are l i s t i n g s  of a l l  t h e  unique 
combinations of component f a i l u r e s  t h a t  
w i l l  cause system f a i l u r e .  This i n f o r -  
mation w a s  used i n  checking t h e  l o g i c ,  
cons i s t ency ,  and accuracy of t h e  f a u l t  
tree. 

I n  t h e  Reactor S a f e t y  Study, t o  h e l p  
ensure a g a i n s t  omi t t i ng  important  
c o n t r i b u t o r s ,  l a r g e  f a u l t  trees w e r e  
cons t ruc t ed .  For the  a c c i d e n t  sequences 
desc r ibed  i n  t h e  even t  trees, a 
r e p r e s e n t a t i v e  f a u l t  tree c o n s i s t e d  of 
s e v e r a l  thousand components and s e v e r a l  
thousand g a t e s  ( l o g i c  s t r u c t u r e s ) .  The 
e v a l u a t i o n  p rocess  and t h e  minimal c u t  
sets were used t o  ex t r ac t  t h e  dominant 
c o n t r i b u t o r s  t o  t h e  system f a i l u r e .  
Serving as an a d d i t i o n a l  check, t h e  
minimal c u t  sets (i.e., component 
combinations) I were then used t o  
r e c o n s t r u c t  "reduced f a u l t  trees ,'I which 
helped t o  v a l i d a t e  t h e  accuracy of t h e  
l a r g e r  trees wi th  r ega rd  t o  dominant 
c o n t r i b u t o r s .  Furthermore , f a i l u r e  
r e p o r t s  and i n c i d e n t  r e p o r t s  f i l e d  w i t h  
t h e  AEC w e r e  examined f o r  f a i l u r e s  t h a t  
had occur red  i n  p e r t i n e n t  systems, and 
t h e  l a r g e r  f a u l t  trees w e r e  checked t o  
ensure t h a t  they inco rpora t ed  t h e  types 
of f a i l u r e s  t h a t  w e r e  occu r r ing  i n  
o p e r a t i o n a l  systems. 
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e. The Inco rpora t ion  of F a u l t  T r e e s  
i n t o  Event Trees 

A f t e r  t h e  f a u l t  trees have been 
cons t ruc t ed  by s t anda rd  f a u l t  t ree 
methodology, t hey  are l o g i c a l l y  combined 
according t o  t h e  a c c i d e n t  sequences 
def ined i n  t h e  e v e n t  trees. The l o g i c a l  
combination e f f e c t i v e l y  invo lves  con- 
s t r u c t i n g  a l a r g e r  "acc iden t  sequence" 
f a u l t  t ree from t h e  i n d i v i d u a l  system 
f a u l t  trees. The f a u l t  trees f o r  t h e  
i n d i v i d u a l  system f a i l u r e s  i n  an a c c i -  
d e n t  sequence are combined through an 
i n t e r s e c t i o n  l o g i c  (an AND f a u l t  t ree  
g a t e )  t o  form t h e  even t  of a l l  t h e  
systems f a i l i n g  i n  t h e  a c c i d e n t  chain.  
Example 4 shows t h e  a s s o c i a t e d  f a u l t  
t ree  c o n s t r u c t i o n  f o r  a given a c c i d e n t  
sequence composed of t h e  i n i t i a t i n g  
even t  ( I ) ,  system 1 f a i l u r e  ( F l ) ,  system 
2 f a i l u r e  ( F z ) ,  and system 3 success  
6 3 ) .  

Initiating Event 
System 1 System 3 
Failure Success 

Failure 
IF1 F2s3 

W.2) 

Accident 
Sequence 

F] Initiating pis1 
Example 4 .  An Accident Sequence and t h e  

Associated F a u l t  T r e e  
Cons t ruc t ion  

deno tes  I n  Example 4 ,  t h e  symbol 
t h e  f a u l t  t ree AND g a t e ;  t h e  event above 
t h e  g a t e  w i l l  occur i f  a l l  t h e  l o w e r  
i n p u t  e v e n t s  occur (an i n t e r s e c t i o n  
r e l a t i o n ) .  The boxes l a b e l e d  "System 1 
F a i l u r e "  and "System 2 F a i l u r e "  are t o  
be r ep laced  by t h e  i n d i v i d u a l  f a u l t  
trees t h a t  have been drawn f o r  t h e s e  
systems. I n  t h e  example, t h e  i n i t i a t i n g  
e v e n t ' i s  a lso shown as an i n p u t  e v e n t  t o  
complete t h e  a c c i d e n t  sequence d e f i n i -  
t i o n .  

"System 3 Success" i s  n o t  shown i n  t h e  
i l l u s t r a t e d  a c c i d e n t  sequence f a u l t  tree 
s i n c e  it acts as an i n h i b i t i n g ,  o r  re- 
s t r i c t i n g ,  c o n d i t i o n  (it could be shown 
by a p p r o p r i a t e  f a u l t  tree symbols). I n  
the  f a u l t  trees f o r  systems 1 and 2 ,  
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t hose  shared components whose f a i l u r e  
would a l s o  cause system 3 t o  f a i l  are 
omit ted s i n c e  system 3 i s  given t o  have 
succeeded by t h e  a c c i d e n t  sequence 
d e f i n i t i o n .  

I f  such system successes  had been 
ignored i n  t h e  s t u d y ' s  f a u l t  trees of 
a c c i d e n t  sequences,  t hen  a more conser- 
v a t i v e  model would have r e s u l t e d  (y i e ld -  
i ng  h ighe r  f a i l u r e  p r o b a b i l i t i e s )  s i n c e  
component f a i l u r e s  could have been in -  
c luded t h a t  would have caused these .  suc- 
c e s s f u l  systems t o  f a i l .  

The a c c i d e n t  sequence f a u l t  t ree i s  t h u s  
simply a s t anda rd  f a u l t  t ree ,  and it can 
be eva lua ted  and q u a n t i f i e d  using s tand-  
a rd  f a u l t  t ree q u a n t i t a t i v e  techniques.  
The component f a i l u r e s  t h a t  are common 
t o  t h e  systems are handled by s t anda rd ,  
Boolean f a u l t  tree reduc t ion  techniques 
(e.g., any s i n g l e  f a i l u r e s  t h a t  cause 

m u l t i p l e  systems t o  f a i l  w i l l  be 
i d e n t i f i e d ) .  The r e s u l t  of t h e  quan i t a -  
t i v e  e v a l u a t i o n s  w i l l  be t h e  d e s i r e d  
a c c i d e n t  sequence p r o b a b i l i t y  t h a t  i s  t o  
be a s s o c i a t e d  with t h e  a c c i d e n t  r e s u l t s  
determined f o r  t h a t  sequence. Appendix 
V d e s c r i b e s  t h e  a c c i d e n t  sequence 
manipulat ions and q u a n t i f i c a t i o n s  t h a t  
were performed i n  t h e  s tudy.1 

r i s k  and t h e  a p p l i c a t i o n  of t h e  a c c i d e n t  
sequence p r o b a b i l i t i e s  and a s s o c i a t e d  
r a d i o a c t i v e  releases are desc r ibed  i n  
Appendix V I .  The s i g n i f i c a n t  r e s u l t s  of 
t h e  o v e r a l l  r i s k  ana lyses  are presented 
i n  t h e  Main Report. 

3.2 SPECIFIC COMMENTS ON 

The g e n e r a l  comments r ece ived  concerning 
t h e  adequacy and u t i l i t y  of t h e  WASH- 
1 4 0 0  methodology were cpmbined w i t h  
o t h e r  comments of a s i m i l a r l y  broad 
n a t u r e  and have been d i scussed  i n  t h e  
preceding s e c t i o n  3.1. However, t h e  
s tudy  r ece ived  a number of s p e c i f i c  
comments t h a t  r e q u i r e  a response i n  
kind. These are p resen ted  below. 

METHODOLOGY 

COMMENT 3.2.1 

The r e c e n t  f i r e  a t  t h e  Browns Fe r ry  
p l a n t ,  an example of a common mode f a i l -  
u r e  t h a t  d i s a b l e d  a number of  systems of 
two power r e a c t o r s  s imultaneously,  em- 
phas i zes  t h e  need f o r  a thorough 
examination of common mode f a i l u r e s .  

(U .S .  Environmental P r o t e c t i o n  
Agency) 

RESPONSE 

f .  Output of t h e  Event T r e e  and F a u l t  
Tree Evaluat ions 

The preceding d i s c u s s i o n s  desc r ibed  t h e  
even 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  techniques used t o  o b t a i n  a c c i d e n t  
sequence p r o b a b i l i t i e s .  The even t  t ree  
a c c i d e n t  sequences a l s o  determined t h e  
p h y s i c a l  p rocesses  and t h e i r  t iming 
involved i n  t h e  v a r i o u s  sequences. 
Sepa ra t e  ana lyses  (desc r ibed  i n  
Appendices V,  V I I ,  and V I I I )  determined 
t h e  magnitude of r a d i o a c t i v e  r e l e a s e s  
f o r  t h e  va r ious  a c c i d e n t  sequences. 
With a p r o b a b i l i t y  and r a d i o a c t i v e  
release magnitude determined f o r  each 
p e r t i n e n t  a c c i d e n t  sequence, r i s k  
c a l c u l a t i o n s  can then be performed us ing  
t h e s e  sets of va lues  as source terms. 
The c o l l e c t i o n  of p r o b a b i l i t i e s  and 
r a d i o a c t i v e  releases f o r  t h e  a c c i d e n t  
sequences i n  t h e  va r ious  even t  trees 
g i v e s  t h e  set  of d a t a  p o i n t s  t h a t  s e rve  
as  t h e  b a s i s  f o r  determining t h e  r i s k  
from p o t e n t i a l  nuc lea r  power p l a n t  
acc iden t s .  The de te rmina t ion  . o f  t h e  

An e x t e n s i v e  d i s c u s s i o n  of t h e  o v e r a l l  
methodology used i n  t h e  a n a l y s i s  of 
common mode f a i l u r e s  by t h e  Reactor 
S a f e t y  Study i s  provided i n  s e c t i o n  3.1 
of t h i s  appendix t o  respond t o  t h e  many 
comments r ece ived  on t h i s  s u b j e c t .  The 
r e a d e r  i s  r e f e r r e d  t o  t h a t  s e c t i o n  f o r  a 
b e t t e r  e x p o s i t i o n  of  t h e  methodology 
than  was provided i n  t h e  d r a f t  r e p o r t .  

However, s i n c e  t h e  d r a f t  r e p o r t  d i d  n o t  
s p e c i f i c a l l y  addres s  t h e  p o t e n t i a l  r i s k s  
t h a t  could be a s s o c i a t e d  with l a r g e  
e lectr ical  f i r e s ,  t h i s  response p rov ides  
some f u r t h e r  d i s c u s s i o n  of t h a t  area as 
w e l l  as a s p e c i f i c  a n a l y s i s  of t h e  i m -  
p a c t  of t h e  Browns Ferry f i r e  on t h e  
p r o b a b i l i t y  of  a c o r e  m e l t  a cc iden t .  

The p o t e n t i a l  f o r  l a r g e  e lec t r ic  f i r e s  
w a s  considered q u a l i t a t i v e l y  by t h e  
s tudy i n  t h e  course of i t s  a c c i d e n t  
analyses .  The s tudy concluded a t  t h a t  
t i m e  t h a t  t h e  s t a r t  of a f i r e  i n  o r  near  
t h e  c a b l e  spreading area w a s  a r e l a t i v e -  
l y  low p r o b a b i l i t y  even t  i n  comparison 

'It should be noted t h a t ,  i n s t e a d  of f a u l t  t ree l o g i c ,  any Boolean r e l a t e d  l o g i c  
could be used t o  combine t h e  system f a i l u r e s  i n  t h e  a c c i d e n t  chain.  Also, t h e  l o g i c  
i s  a p p l i c a b l e  t o  m u l t i s t a t e  d e f i n i t i o n  f o r  t h e  systems. The important  f a c t o r  i s  t h e  

" a i d e n t i f i c a t i o n  of dependencies and t h e  component f a i l u r e s  common t o  t h e  involved 
sys  t e m s  . 
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wi th  some o t h e r  t ypes  of e v e n t s  consid- 
e red  i n  t h e  s tudy ,  t h a t  t h e  use of f i r e  
p reven t ion  and f i r e f i g h t i n g  techniques 
would l i m i t  t h e  e x t e n t  of a f i r e ,  and 
t h a t  even i f  a l a r g e  f i r e  occur red ,  it 
would be u n l i k e l y ,  because of such 
des ign  f e a t u r e s  as c a b l e  s e p a r a t i o n ,  t o  
cause a l a r g e  r e l e a s e  of r a d i o a c t i v i t y .  

To check t h e  v a l i d i t y  o f  i t s  q u a l i t a t i v e  
judgment, t h e  s tudy  has  made a q u a n t i t a -  
t i v e  assessment of t h e  p o t e n t i a l  f o r  t h e  
Browns Fe r ry  f i r e  t o  have caused a 
s i g n i f i c a n t  release of  r a d i o a c t i v i t y .  
The r e s u l t s  of  t h i s  a n a l y s i s  i n d i c a t e  
t h a t  t h e  p o t e n t i a l  f o r  a c o r e  m e l t  
a c c i d e n t  as a r e s u l t  o f  t h e  f i r e  i s  
es t ima ted  t o  be about  20% of t h a t  
ob ta ined  from a l l  o t h e r  causes  analyzed 
i n  WASH-1400. S ince  t h i s  va lue  i s  
w i t h i n  t h e  band of  u n c e r t a i n t y  of t h e  
p r e d i c t i o n s  made i n  WASH-1400, it can be 
s a i d  t h a t ,  i f  t h i s  f i r e  i s  t y p i c a l  of 
t h e  p o s s i b l e  gamut of l a r g e  e l e c t r i c a l  
f i r e s  a t  nuc lea r  power p l a n t s ,  t h e  
Browns Fe r ry  f i r e  does no t  a f f e c t  t h e  
v a l i d i t y  of t h e  o v e r a l l  WASH-1400 r i s k  
assessment.  Furthermore,  a l e s s o n  t h a t  
emerges c l e a r l y  from t h e  examination of 
t h e  f i r e  t h a t  occurred i s  t h a t  r a t h e r  
s t r a igh t - fo rward  measures, such as may 
a l r e a d y  e x i s t  a t  o t h e r  nuc lea r  p l a n t s ,  
can improve f i r e  p reven t ion  and f i r e -  
f i g h t i n g  c a p a b i l i t y  and can s i g n i f i c a n t -  
l y  reduce t h e  l i k e l i h o o d  of a p o t e n t i a l  
c o r e  m e l t  a c c i d e n t  t h a t  might r e s u l t  
from a l a r g e  f i r e .  

I t  should be recognized t h a t  t h e  analy- 
sis of t h e  f i r e  a t  Browns Ferry neces- 
s a r i l y  concerns i t se l f  wi th  t h e  s p e c i f i c  
sequence of e v e n t s  t h a t  a c t u a l l y  oc- 
cu r red .  Thus t h e  conclusion s t a t e d  
above (i.e., t h e  f i r e  t h a t  occurred does 
n o t  c o n s t i t u t e  a major c o n t r i b u t o r  t o  
t h e  r i s k  of a c o r e  m e l t  a c c i d e n t )  may be 

would be u s e f u l  t o  pursue t h e  c o l l e c t i o n  
and a n a l y s i s  of d a t a  a s s o c i a t e d  wi th  
fires as w e l l  as t h e  development of a 
r i s k  model f o r  t h e  t r ea tmen t  of f i r e s .  

The s p e c i f i c  a n a l y s i s  of  t h e  f i r e  w a s  
performed f o r  p l a n t  No. 1 s i n c e  t h e  
equipment damage i n  p l a n t  No. 2 w a s  much 
less extensive:--thus t h e  a n a l y s i s  f o r  
p l a n t  No.  1 bounds t h e  p r o b a b i l i t y  of 
c o r e  m e l t  a t  Browns Ferry as a r e s u l t  of  
t h e  f i re .  

of s o m e w h a t  l i m i t e d  a p p l i c a b i l i t y .  I t  

An examination of  t h e  course of even t s  
du r ing  t h e  f i r e  i n d i c a t e s  t h a t  t h e r e  
w e r e  t h r e e  t i m e  p e r i o d s  ( h e r e a f t e r  
c a l l e d  phases  1, 2 ,  and 3) of i n t e r e s t  
i n  analyzing t h e  l i k e l i h  od of a l a r g e  
r e l e a s e  of r a d i o a c t i v i t y . '  Figure X I  
3-8 i n d i c a t e s  t h e  t i m e s  of i n t e r e s t  and 
t h e  p r e d i c t e d  p r o b a b i l i t i e s  of c o r e  
m e l t .  Once t h e  r e a c t o r  w a s  s h u t  down, 
t h e  s i t u a t i o n  r e q u i r e d  t h e  removal of 
decay h e a t ,  as desc r ibed  i n  t h e  t r a n -  
s i e n t  even t  tree i n  s e c t i o n  4.3.2 of 
Appendix I. Since t h e  normally used 
decay h e a t  removal system had been made 
inope rab le  by t h e  f i r e ,  it w a s  necessa ry  
t o  r e l y  on a l t e r n a t i v e  means f o r  per- 
forming t h i s  func t ion .  I n  phase 3 ,  wi th  
t h e  a b i l i t y  t o  open and c l o s e  t h e  re- 
motely a c t u a t e d  r e a c t o r  v e s s e l  r e l i e f  
va lves  from t h e  c o n t r o l  room, decay h e a t  
could be  removed from t h e  c o r e  by d i s -  
charging steam (and i t s  a s s o c i a t e d  h e a t )  
from t h e  r e a c t o r  v e s s e l  t o  t h e  contain-  
ment vapor suppression pool. A t  the 
same t i m e  water  could be pumped ( a t  
r e l a t i v e l y  low p r e s s u r e s  of 350 p s i g  
s i n c e  opening of t h e  r e l i e f  v a l v e s  cou ld  
ma in ta in  t h e  v e s s e l  p r e s s u r e  a t  low 
l e v e l s )  from va r ious  s t o r a g e  areas i n t o  
t h e  r e a c t o r  v e s s e l  t o  ensure t h a t  t h e  
f u e l  remained covered. A s i g n i f i c a n t  
number of pumps, each of  which could 
accomplish this f u n c t i o n ,  w e r e  a v a i l -  
ab l e .  A l a r g e  amount of equipment w a s  
a v a i l a b l e  i n  both phases 1 and 3. 

I n  phase 2 ,  decay h e a t  could be  removed 
either by pumping water a t  r e l a t i v e l y  
high p r e s s u r e s  (from >350 p s i g  up t o  
about  1000  p s i g )  and having s a f e t y  
va lves  open t o  remove steam and i t s  
a s s o c i a t e d  h e a t  o r  by RV dep res su r i za -  
t i o n .  A s  i n d i c a t e d  la te r ,  some normally 
ope ra t ing  equipment (the c o n t r o l  rod 
d r i v e  pump) w a s  a v a i l a b l e  t o  add water 
a t  high p r e s s u r e ,  b u t  it r e q u i r e d  
augmentation by backup equipment, some 
of which r e q u i r e d  s i g n i f i c a n t  t i m e s  t o  
a c t i v a t e ,  i n  o r d e r  t o  ensu re  t h a t  an 
adequate  level of water w a s  maintained 
i n  t h e  vessel. Although t h e  r e l i e f  
valve c o n t r o l  f a i l e d  a t  approximately 
5.5 hours a f t e r  t h e  f i r e  and w a s  re- 
p a i r e d  i n  approximately 4 hour s ,  t h e  
a n a l y s i s  of phase 2 a l s o  cons ide red  
p o t e n t i a l  v a r i a t i o n s  t h a t  could have 
occurred both i n  t h e  t i m e  of f a i l u r e  and 
i n  t h e  t i m e  t o  r e p a i r  t h e  c o n t r o l .  

'The course of even t s  t h a t  occurred du r ing  t h e  f i r e  i s  desc r ibed  i n  t h e  fol lowing 
r e fe rence :  U.S. NRC Of f i ce  of Inspec t ion  and Enforcement, Region 11, r e p o r t  of  
Tennessee Val ley Authori ty  Browns Fe r ry  Unit  1 and Unit  2 ,  #50-259/75-1 and #SO- 
260/75-1, "Fire-  i n  t h e  Cable Spreading- Area and Reactor Bui lding on March 2 2 ,  1975, " 
of J u l y  25, 1975. 
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Pf = Total estimated probability of fire-caused core melt a t  Browns Ferry. 

@ = 
Phase 1 of the fire, during which significant amounts of equipment were available 
for adding water to reactor vessel. 

@ = 
Phase 2 of the fire, during which the controls for the reactor vessel relief valves 
were or could have been failed, thus requiring the addition of water to  the vessel 
a t  higher pressures (up to approximately 1000 psig). 

@ = 
Phase 3 of the fire, during which the controls for the reactor vessel relief valves 
were or could have been repaired, thus requiring only low-pressure water 
addition. 

Fig. X I  3-8 .  Pred ic t ed  P r o b a b i l i t y  of Core M e l t  v e r sus  T i m e  During t h e  Browns 
F e r r y  F i r e .  

Attachment 1 c o n s i s t s  of  t h e  l o g i c  trees 
f o r  phases 2 and 3 (Figs .  1 and 2 ,  re- 
s p e c t i v e l y ) ,  t h e  l i s t  of  p o t e n t i a l l y  
a v a i l a b l e  equipment f o r  phases 2 ,  and 3,  
and t h e  e v a l u a t i o n  of t h e  trees. I t  is 
noted t h a t  t h e s e  l o g i c  trees are i n  
summary form and do n o t  d e p i c t  a l l  

r e p a i r  subs t eps  d i scussed  herein.  .Eval-  
u a t i o n  of t h e  l o g i c  trees y i e l d s  
conse rva t ive ly  e s t ima ted  value of 
1 .0  x 10-5 and 4.0 x 10-7 f o r  phases 2 
and 3, r e s p e c t i v e l y .  An e v a l u a t i o n  of  
phase 1 would y i e l d  r e s u l t s  similar t o  
those  f o r  phase 3 .  
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Attachment 1 to Section 3.2.1 
Analysis of the Browns Ferry Fire 

PHASE 2 

FAILURE POSSIBILITIES FOR PHASE 2 

During phase 2 ,  had t h e  c o n t r o l  system 
f o r  a l l  11 r e l i e f  va lves  been inoper- 
a b l e ,  t h e  s i n g l e  o p e r a t i n g  c o n t r o l  rod 
d r i v e  (CRD) p y p  would have been 
incapab le  of maintaining an adequate 
l e v e l  of w a t e r  i n  t h e  c o r e  a t  high 
p r e s s u r e s . l  Examination of t h e  ways i n  
which t h e  CRD flow could have been 
augmented r evea led  t h a t  t h e  high- 
p r e s s u r e  makeup sources l i s t e d  below 
w e r e ,  t o  varying degrees ,  v i a b l e  o p t i o n s  
f o r  t h i s  purpose. 

High-pressure Makeup Sources 

RCIC - The c o n t r o l s  needed t o  open t h e  
r e a c t o r  c o r e  i s o l a t i o n  coo l ing  system 
va lves  w e r e  d i s a b l e d  by t h e  f i r e ,  obvi- 
a t i n g  t h e  a b i l i t y  t o  use decay h e a t  
steam from t h e  c o r e  t o  o p e r a t e  t h e  
steam-turbine-driven pump. However, t h e  
R C I C  d e l i v e r y  could have been r e s t o r e d  
by using steam from t h e  o n - s i t e  auxi- 
l i a r y  b o i l e r .  Considerat ion of t h e  
s t e p s  involved t o  provide steam t o  t h e  
RCIC r evea led  t h a t  i t s  o p e r a t i o n  could 
have been r e s t o r e d  w i t h i n  t h e  a v a i l a b l e  
2-hour r e p a i r  t i m e  window. (These re- 
p a i r  a c t i o n s  w e r e  i n  f a c t  under way.) 

HPIS - The high-pressure i n j e c t i o n  
s y s t e m  w a s  a l s o  d i s a b l e d  by t h e  f i r e ,  
and r e p a i r  a c t i o n s  q u i t e  s imilar  t o  
those  f o r  t h e  RCIC system would have 
been needed. Repair of t h i s  system 
involved t h e  i n s t a l l a t i o n  of a . l a r g e  
spool  p i e c e  connect ion under d i f f i c u l t  
access cond i t ions .  Furthermore, t h e  
HPIS r e p a i r s  had, i n  f a c t ,  n o t  been made 
w i t h i n  about  26 hours  a f t e r  t h e  s t a r t  of 
t h e  f i r e .  For t h e s e  r easons ,  t h e  HPIS 
o p t i o n  w a s  taken as n o t  being a very 
v i a b l e  o p t i o n  (i.e., a f a i l u r e  p robab i l -  
i t y  of 1 . 0  w a s  assumed). 

- 

Other P o s s i b l e  High-pressure Makeup 
Sources 

SLC - The standby l i q u i d  c o n t r o l  system was wi thou t  e lec t r ic  power f o r  s e v e r a l  
hours i n t o  t h e  f i r e ;  however, t h i s  sys- 
t e m  could have been ene rg ized  by r e p a i r  
a c t i o n  i f  necessary.  The SLC c o n s i s t e d  
of s e v e r a l  p o s i t i v e  displacement  pumps 
(each with a c a p a c i t y  of about  56 gpm) 
t h a t  could have been placed i n t o  opera- 
t i o n  t o  s a t i s f a c t o r i l y  augment t h e  CRD 
pump flow. 

cRD Spare Pump and Pump from P l a n t  
No- 2 - The use of an a d d i t i o n a l  CRD ~ _ _  ~ 

pump could n o t  have s a t i s f a c t o r i l y  aug- 
mented t h e  e x i s t i n g  CRD flow by 
providing enough incremental  flow t o  
keep t h e  vessel inven to ry  a t  s u i t a b l e  
l e v e l s .  Thus, t h e s e  are n o t  shown on 
t h e  l o g i c  tree as a v i a b l e  op t ion .  

CRD Bypass Flow - Opening of a bypass 
l i n e  i n  t h e  CRD system would have 
s a t i s f a c t o r i l y  augmented t h e  e x i s t i n g  
CRD flow by r e d i r e c t i n g  an incremental  
f low t o  t h e  r e a c t o r  vessel, which would 
have approximately doubled t h e  e x i s t i n g  
CRD flow. 
EVALUATION OF PHASE 2 LOGIC TREE 

B e s t - E s t i m a t e  Evaluat ion 

For t h e  q u a n t i f i c a t i o n ,  t h e  even t  sym- 
b o l s  w i l l  be used as shown on t h e  tree 
(Fig. 1) and P2 w i l l  denote  t h e  proba- 
b i l i t y  of t h e  e v e n t  du r ing  phase 2.* 

The a v a i l a b i l i t y  of  a l a r g e  number o f  
p l a n t  personnel  du r ing  t h e  course of t h e  
f i r e  and t i m e  windows a v a i l a b l e  provide 
t h e  b a s i s  f o r  t h e  'assumption t h a t  
r e p a i r s  could be  performed simultane- 
ous ly  i n  s e v e r a l  areas when m u l t i p l e  

'In a c t u a l i t y ,  a s i n g l e  CRD pump w a s  o p e r a t i n g  i n  t h i s  i n t e r v a l ,  and t h e  remaining 4 
of 11 r e l i e f  v a l v e s  allowed t h e  p l a n t  o p e r a t o r  t o  manually d e p r e s s u r i z e  t h e  r e a c t o r  
c o o l a n t  system t o  a p r e s s u r e  level (<350 ps i )  where t h e  low-pressure condensate pump 
could be used t o  augment t h e  CRD makeup capac i ty .  

'Exponential outage modeling i s  used f o r  r e p a i r  l a s t i n g  longe r  than  t h e  c r i t i c a l  
maximum t i m e ,  as desc r ibed  i n  s e c t i o n  3.5.3 of Appendix 11. 

X I  3-53 Attachment 1 



. .  
Failure to provide 
h#gh-prerrure delivery 
to augment CRD pump 
m -2 hours when RCS 

. .  

. .  . 
Failure to restore ' 

' RClC Operatlo" I" ., 
-2 hours 

. .  

p = 0.4 

prerrure 1% high 

r . Failure to valve in 
other possible sou~ces 
to augment CRD 
delivery in -2 hours 

Faiiure to rertirk ' . . 
HPIS operation in 
-2 hours 

p = 0.12 p 2 1 0  

-1 - RCS 

Failure to control 
RCS pressure$ t o  less 
than 350 psig by 
steam reliet 

P = 0.06 
, .  

. .  . .  
, j  

. .  ( 1  

[ RV 1 MSlV 

. .  Failure, of r,ema!nmg . 
relief valves Ind failure 
to repair at least one . 
valve of 11 in.:2 hours p = 1  

, , . . . 
Failure to repair 
MSlV in -2.hourr ' 

p = 0 b6 

I CRD-SLC 
I 

Failure to valve in 
CRD bypass flow rn 
-2 hours . . p - 0 3  

Failure to repair, S L C  ' . 
far delivery in 
-2 hours 

, I .  - p ='0.4 : 

1 I 

Figure  1. F a i l u r e  P o s s i b i l i t i e s  f o r  T i m e  L e s s  than 5'.5 Hours A f t e r  F i r e  S t a r t .  

f a i l u r e s  occur.  Therefore ,  from t h e  proximately 26 hours  i n t o  t h e  a c t u a l  
s t r a i g h t f o r w a r d  tree l o g i c ,  t h e  proba- i n c i d e n t ,  t h e y  are taken  as n o t  be ing  
b i l i t y  of  i n a b i l i t y  t o  main ta in  v e s s e l  very  v i a b l e  o p t i o n s ;  t h a t  i s ,  f o r  t h e  
inventory  , P2 , can be expressed  a s l r  2 bes t -es t imate  c a l c u l a t i o n s  , P (HPIS) = 1 

and P(MS1V) = 1. The p r o b a b i l i t y  P2 
t h e r e f o r e  becomes 

P2 = P(RC1C)  x P(HP1S) x P(CRD-FLO) 

x P(CRD-SLC) x P(RV) P2 = P(RC1C) x P(CRD-FLO) x P(CRD-SLC) 
x P(RV) . 

x P(MS1V). 

Using t h e  above equat ion ,  a bes t -  
estimate c a l c u l a t i o n  can be performed 
f o r  t h e  a c t u a l  i n c i d e n t ,  and t h e n  
s e n s i t i v i t y  s t u d i e s  can be made t o  
e s t a b l i s h  bounding values .  Since t h e  
HPIS and MSIV were s t i l l  u n a v a i l a b l e  ap- 

The a c t u a l  r e p a i r  o f  t h e  SLC r e q u i r e d  
approximately 3.5 hours.  However I a 
value of  2.5 hours  i s  used as! t h e  , b e s t  
e s t i m a t e  of  t h e  r e p a i r  t i m e  because it 
has been e s t i m a t e d  t h a t  i f  t h e  SLC had 
been r e q u i r e d ,  i t  could have been re- 
p a i r e d  i n  about  1 h0ur . l  A l s o ,  t h e  

lsymbols r e f e r  t o  e v e n t s  as i d e n t i f i e d  on t h e  f a u l t  trees. 

The use of  Boolean a l g e b r a  i n  q u a n t i f i c a t i o n  i s  e x t e n s i v e l y  d iscussed  in-  Appendix 
I1 0 

u. S. NRC Off ice of  I n s p e c t i o n  and Enforcement, Region I1 , r e p o r t  of Tennessee Val ley 
Authori ty '  'Browns Fer ry  Unit  1 and-2 ,  #50-259/75-1 and #50-260/75-1, " F i r e  i n  t h e  
C a b l e  Spreading A r e a  and Reactor  Bui ld ing  on March 2 2 ,  1975," J u l y  25, 1975. 

L I . .  

4Statement by Benard C. Rushe, Director of  O f f i c e  of  Nuclear Reactor Regulat ion,  ULS. 
NRC, Before t h e  J o i n t  C o m m i t t e e  on A t o m i c  Energy, September 1 6 ,  1975. 
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r e l i e f  va lves  w e r e  observed t o  f a i l  a t  
approximately 5.5 hours ,  and t h e  r e p a i r  
r e q u i r e d  3 hours  and 50 minutes (3.8 
hour s ) .  These two va lues  w i l l  be used 
a s  t h e  b e s t  es t imate  of  t h e  mean f a i l u r e  
t i m e  and r e p a i r  t i m e ,  r e s p e c t i v e l y .  
(The c a l c u l a t i o n s  are thus  c o n d i t i o n a l  
on t h e s e  va lues  being observed and 
used. ) 

Using t h e  above v a l u e s ,  t h e  two proba- 
b i l i t i e s  (PCRD-SLC) and P ( R V )  are 
eva lua ted  as 

~ ( C R D - ~ L C )  = exp(-2h2.5) = 0.4 ,  

where a 2-hour t i m e  i s  a v a i l a b l e  b e f o r e  
c o o l a n t  f a l l s  below accep tab le  l i m i t s .  

P(RV) = [1 - exp(-5.5/5.5)1 

exp(-2/3.8) (exp{-2[ ( I n  2)/0.51). 

+ 0.1) = 0.06, 

where 5.5 hours  i s  used f o r  t h e  t i m e  
p o s s i b l e  f o r  f a i l u r e  and a 2-hour outage 
t i m e  is aga in  used. The r e l i e f  v a l v e  
f a i l u r e ,  RV, c o n s i s t s  of f a i l u r e  of f o u r  
relief va lves  remaining wi thou t  t h e i r  
r e p a i r ,  f a i l u r e  t o  r e p a i r  t hose  v a l v e s  
i n i t i a l l y  f a i l e d  o r  f a i l u r e  of t h e  
accumulators f o r  t h e  v a l v e  c o n t r o l s .  

S ince  r e p a i r  t i m e s  w e r e  n o t  observed f o r  
t h e  RCIC f a i l u r e  (i.e., r e s t o r a t i o n  of  
RCIC o p e r a t i o n ) ,  t h e  CRD-FLO f a i l u r e  
(i.e.,  va lv ing  i n  t h e  CRD bypass flow) , 
t h e s e  r e p a i r  t i m e s  w e r e  e s t ima ted .  
Based on t h e  o p e r a t i o n s  involved,  t h e  
median r e p a i r  t i m e s  are estimaFed as 
fo l lows  : 

System Median Repair T i m e -  
' (hours  1 

RCIC ' 
CRD-FLO 

-"I .'5 
"1.0 

The r e s t o r a t i o n  of  t h e  RCIC o p e r a t i o n  
invo lves  d i sconnec t ing  t h e  e lectr ical  
l e a d s ,  connect ing t h e  spoo l  p i e c e ,  and 
developing s u f f i c i e n t  steam from t h e  
a u x i l i a r y  b o i l e r .  The l i m i t i n g  items 
invo lve  t h e  spool  p i e c e  connect ion and 
t h e  steam development. The median t i m e  
f o r  performing t h e s e  o p e r a t i o n s  i s  esti-  
mated t o  be 1.5 hours  under e f f i c i e n t  
o p e r a t o r  u t i l i z a t i o n .  

The CRD-FLO invo lves  a va lv ing  opera- 
t i o n ,  t h e  e s t ima ted  median t i m e s  being 
1 .0  hour. 

The above median r e p a i r  t i m e s  account 
f o r  response and d i agnos i s  t i m e s  a s  w e l l  
a s  a c t u a l  r e p a i r .  S e n s i t i v i t y  s t u d i e s  
are performed below t o  i n v e s t i g a t e  t h e  
e f f e c t s  of d i f f e r e n t  r e p a i r  t i m e s  on 
these and t h e  o t h e r  f a i l u r e s .  

Using t h e  above median estimates and 
t ransforming t o  t h e  mean r e p a i r  t i m e s  
r equ i r ed  f o r  t h e  exponen t i a l  outage 
equa t ions ,  one o b t a i n s  t h e  fol lowing 
f a i l u r e  p r o b a b i l i t i e s :  

P ( R C 1 C )  = exp{-2 [ ( ln  2)/1.51} = 0 . 4 ,  

P(CRD-FLO) = exp{-2 [ ( ln  2)/1.0]) = 0 .3 ,  

Therefore  using t h e  above p r o b a b i l i t i e s  
f o r  CRD-SLC, RV, R C I C ,  and CRD-FLO, t h e  
p r o b a b i l i t y  of f a i l u r e  t o  maintain ves- 
se l  inven to ry  i s  then 

P2 = 0 . 4  x 0.06 x 0 . 4  x 0.3 

= 0.003, 

o r  approximately one i n  300, given t h e  
f i r e  occurrence.  

Since approximately 200 r eac to r -yea r s  of 
experience e x i s t ,  t h e  p r o b a b i l i t y  of a 
f i r e  occurrence is- e s t i m a t e d  t o  be 
1 /200 ,  o r  5 x 10-3 p e r  r eac to r -yea r .  
Mult iplying 0,003 by 5 x 10-3 then  g i v e s  
t h e  (uncond i t iona l )  p r o b a b i l i t y  of c o r e  
m e l t  from f i r e  occurrences p e r  r e a c t o r -  
y e a r  : 

PF2 c o r e  m e l t  = 0.003 x 5 x 

= 1 

, p e r  reactor-year .  

S e n s i t i v i t y  Eva lua t ions  

I f  t h e  p rev ious ly  used median r e p a i r  
t i m e s  f o r  t h e  RCIC,  CRD-FLO and RV 
e v e n t s  are inc reased  by 50% (i.e., t h e  
previous median va lues  are m u l t i p l i e d  by 
1 . 5 ) ,  t hen  t h e  fol lowing r e s u l t s  are 
obtained:  

'Resu l t s  are rounded to  one s i g n i f i c a n t  f i g u r e  i n  t h i s  s e c t i o n .  a 
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P(RC1C)  = 0.5; 

P(CRD-FLO) = 0 . 4 ;  

P ( R V )  = 0.1; 

P2 = 0.01; 

and 

-5 PF2 core  m e l t  = 5 x 1 0  

p e r  reactor-year .  

S c a l i n g  t h e  median t i m e s  down by t h e  
same f a c t o r  (1.5) g i v e s  t h e  fol lowing 
lower bound va lues  : 

P ( R C 1 C )  = 0.3; 

P(CRD-FLO) = 0.1; 

P ( R V )  = 0.04; 

P2 = 0.0004; 

and 

-6 PF2 core m e l t  = 2 x 1 0  

p e r  r eac to r -yea r .  

The above va lues  f o r  t h e  P2 e v e n t  and 
t h e  occurrence of  PF2 co re  m e l t  ( p e r  
r eac to r -yea r )  can be taken as rough 
bounds on t h e  bes t - e s t ima te  va lues  
computed i n  t h e  preceding s e c t i o n .  

PHASE 3 

FAILURE POSSIBILITIES FOR PHASE 3 

The Phase 3 s t r u c t u r e  l o g i c  presented i n  
Fig.  2 involves  e s s e n t i a l l y  t h e  same 
equipment as used i n  Phase 2 ,  except  
t h a t  t h e  flow requ i r ed  t o  maintain 
accep tab le  water  l e v e l  can be m e t  by t h e  
ope ra t ing  CRD pump p l u s  a number of 
a l t e r n a t i v e  a c t i o n s  t o  augment i t s  flow. 
A s  noted above, even i f  t h e  ope ra t ing  
CRD pump f a i l e d ,  t h e  t i m e  window a v a i l -  
a b l e  f o r  r e s t o r a t i o n  of damaged 
equipment w a s  e s t ima ted  t o  be between 3 
and 4 hours because the  l e v e l  of decay 

'Section 5 of Appendix 111. 

Attachment 1 

h e a t  w a s  diminished. These p o t e n t i a l  I 
f a i l u r e s  were considered i n  t h e  quant i -  
f i c a t i o n  shown i n  Fig.  2.  

EVALUATION OF PHASE 3 LOGIC TREE I 
B e s t  Est imate  Evaluat ions I 
The a n a l y s i s  is s imi l a r  t o  t h a t  used for 
t i m e s  s h o r t e r  than 5.5 hours. The even t  
symbols are shown on Fig. 2, which 
d e p i c t s  t h e  l o g i c  f o r  t i m e s  longer  than 
5.5 hours. (The tree l o g i c  shows t h e  
more s i g n i f i c a n t  c o n t r i b u t o r s .  ) Since 
t h e  l o g i c  i s  a b i t  more involved, t h e  
q u a n t i f i c a t i o n  w i l l  proceed from t h e  
bottom of t h e  tree t o  t h e  top. A 3.5- 
hour max imum outage t i m e  w i l l  be used i n  
t h e  c a l c u l a t i o n s .  For t h e  CRD f a i l u r e ,  

P(CRD) = (P(CRD 1) + P(CRD 2 1 ,  

where again t h e  even t  PUMP denotes  both 
f a i l u r e  t o  use t h e  s p a r e  pump and t h e  
p l a n t  N o .  2 pump. Using t h e  pump d a t a  
i n  Appendix I11 and t h e  previous 0.5 
median r e p a i r  t i m e  f o r  t h e  PUMP even t ,  

P(CRD 1) = [l - exp(-1 x x 2 4 ) ]  

exp (-3.5/7) 

exp{-3.5 [ ( I n  2)/0.51 1 
= 1 10-4, 

where a 1 x pe r  hour f a i l u r e  ra te  
i s  used f o r  t h e  pump t o  account f o r  
p o s s i b l e  degradat ion and a 7-hour r e p a i r  
time is used f o r  pump r e p a i r . l  Using 
t h e  d a t a  i n  t h e  previous s e c t i o n  f o r  t h e  
SLC f a i l u r e  and t h e  CRD bypass f a i l u r e ,  
and using t h e  observed r e p a i r  t i m e  of 
approximately 6 . 1  hours f o r  t h e  steam 
d r a i n  l i n e  va lves  P(CRD 2 )  becomes 

P(CRD 2 )  = exp(-3.5/6.5) exp(-3.5/2.5) 

exp (-3.5/6.5 1 exp (-3.5/2.5) 

exp{-3.5[(ln 2 ) / 1 . 0 1 1  

= 1 x 1 0 - 2 .  

Therefor  e 

P(CRD) = 1 x 10-4 + 1 10-2  

= 1 x 10-2 .  

A s  i n  previous c a l c u l a t i o n s ,  t h e  HPIS 
event  is  not  taken as a very v i a b l e  
op t ion  [P(HPIS) = 11. Using a 1.5-hour 
median t i m e  f o r  t h e  R C I C ,  as be fo re ,  
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vessel inventory 

Failure of coolant 
makeup systems for Unacceptable loss of Unacceptable coolant 

loss from RCS time interval of electr im power 
1e.g.. LOCAI 3-4 hours p = 1 x 10-6 

Failure t o  control RCS 
pressure to less than 
-350 pstg by steam 
relief 

Failure to provide 
high-pressure delivery 
of coolant to RCS for 
time intervals of  3 hours 

p = 4 x 10-2 i P = 2 x 1 0 3  , ~ p l s  T~T. RClC , , RV tf MSlV , 
Nonrestoration of at 
least 1 of 11 failed Failure to repair Failure t o  Provide Failure t o  renore 

RClC operation in relief valves by MSlV I" -3-4 hours 
Failure t o  restore 

HPlS operation In Sufficient CRD Flow -3-4 hours -3-4 hours repair in -3-4 hours p z 1 0  
P = 4 x 10-2 

p = 2 x 10-1 p 2 1.0 1 x 10-2 

Failure of CRD pumps C R D  
= 1 10-4 

n 
Failure to augment 
CRD pump flow 
in-3 4hOurs C R D 2  r; p = 1 x 1 0 2  

Failure to restore CRD 
pump flow 4" -3-4 CRD pump in 

-24  hours 
= 5 10-3 P = 2 x 10-2 

U 
failed CRD pump in 
-3-4 hours 

of two additional CRD 
pumps in -3-4 hours 

= 8 10-3 

Failure to open steam 
drain line valve 

p = 6 x  10.' 

Failure to valve in CRD 
bypass f low In 
~ 3 - 4 hours 

II = 9 x 10-2 

Fatlure to repair SLC 
for delivery tn - 3 - 4 hours i p = 2 x 10-1 I 

Figure  2. F a i l u r e  P o s s i b i l i t i e s  f o r  T i m e  Grea te r  Than 5.5 Hours A f t e r  F i r e  S t a r t .  
(Note: 
about  1 day a f t e r  f i r e . )  

Per iod of t i m e  a c t u a l l y  considered f o r  a n a l y s i s  purposes w a s  

P(RC1C) = exp[-3.5 ( l n ( 2 ) / 1 . 5 ) 1  

= 2 x 10-1: 

Therefore  

P(HP,) = P(CRD) i P(RCIC, = 2 x 10-3. 

I n  t h e  RCS even t ,  t h e  MSIV is  again n o t  
taken as a very v i a b l e  o p t i o n ,  and hence P(RCS) = 4 x 
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us ing  s imi la r  l o g i c  as i n  Phase 2. The b i l i t y  of  p e r  demand i s  used f o r  
p r o b a b i l i t y  f o r  t h e  CL event  t h e r e f o r e  t h e  u n a v a i l a b i l i t y  of t h e  d i e s e l s . 1  
be comes 

The t o t a l  p r o b a b i l i t y  f o r  t h e  top even t ,  
P (CL)  = P(HP)  x P(RCS) = 8 x 10-5. 

The LOCA c o n t r i b u t i o n  t o  t h e  P3 top  
even t  (using t h e  l i n e a r  approximation t o  
t h e  exponen t i a l )  i s  

P(L0CA)  = x 24/8760 = 3 x 

where a small-pipe-rupture number of 
1 x 10-3 pe r  year  i s  used. 

F i n a l l y ,  t h e  e lectr ic  power c o n t r i b u t i o n  
i s  (again using t h e  l i n e a r  exponen t i a l  
approximation) 

. _  

P ( E P )  = 2 x 10-5 x 2 4  x .2 x 1 x 1 0 - 2  

= 3 x 10-6, 

where t h e  f a i l u r e  ra te  f o r  loss  of 
o f f s i t e  power i s  taken as 2 x pe r  
hour and a 0.2 p r o b a b i l i t y  i s  taken f o r  
t h e  c r i t i c a l  outage d u r a t i 0 n . l  A proba- 

P3, given t h e  f i f e  occurrence,  is 

P3 = P ( C L )  + P(L0CA)  + P ( E P )  

= 8 x + 3 x + 1 x 

= 8 x 

The uncondi t ional  r eac to r -yea r  probabi l -  
i t y  i s  ob ta ined  by mul t ip ly ing  by 5 x 
10-3 , o r  

pF3 c o r e  m e l t  = 4 x 10-7 
p e r  r eac to r -yea r .  

The e r r o r  spread on t h e  above va lues  
would be approximately a f a c t o r  of  1 0  i n  
e i t h e r  d i r e c t i o n  and arises p r i n c i p a l l y  
from t h e  pump f a i l u r e  ra te  e r r o r  and 
median r e p a i r  t i m e  e r r o r s .  (The pump 
f a i l u r e  ra te  e r r o r  i s  given i n  Appendix 
111, and t h e  median r e p a i r  t i m e  e r r o r s  
w e r e  i n v e s t i g a t e d  i n  t h e  previous 
c a l c u l a t i o n .  ) 

End o.€ Attachment 1 

COMMENT 3.2.2 

With r ega rd  t o  PWR r e a c t o r  v e s s e l  rup- 
t u r e ,  Appendix I ,  s e c t i o n  4 . 1 . 4 ,  it i s  
n o t  clear how t h e  po la r  c r ane  p r e s e n t s  
an e f f e c t i v e  m i s s i l e  b a r r i e r  f o r  t h e  
e n t i r e  upper p o r t i o n  of t h e  containment. 

(U .S .  Environmental P r o t e c t i o n  
Agency-Intermountain 
Technologies,  Inc.)  

RESPONSE 

The presence of a p o l a r  c r ane ,  such a s  
i s  used i n  a l l  PWR r e a c t o r s ,  serves t o  
p r o t e c t  t h e  i n t e g r i t y  of t h e  containment 
a g a i n s t  t h e  impact of upward-bound m i s -  
s i l es  occur r ing  from f a i l u r e s  i n  t h e  
upper r eg ion  of t h e  r e a c t o r  v e s s e l .  

Such missiles could arise from p o t e n t i a l  
f a i l u r e s  of  t h e  v e s s e l  i n  i t s  upper 
r eg ion  ( s p e c i f i c a l l y  f a i l u r e s  of t h e  
head b o l t s  o r  f a i l u r e  i n  a r eg ion  under 
t h e  r e a c t o r  v e s s e l  f l a n g e  t h a t  suppor t s  

. .  

'Section 6.3.3 of Appendix 111. 

t h e  c o r e ) .  I n i t i a l  ana lyses  using con- 
s e r v a t i v e  assumptions as t o  t h e  acqu i r ed  
momentum of  t h e  head and/or c o r e ,  b u t  
excluding t h e  presence of t h e  c rane ,  
r evea led  t h a t  t h e  momentum would be such 
t h a t  a breach of containment i n t e g r i t y  
could no t  be r u l e d  ou t .  However, 
a d d i t i o n a l  ana lyses ,  t a k i n g  i n t o  account  
t h e  presence of t h e  200-ton c rane  d i -  
r e c t l y  over  t h e  c e n t e r l i n e  of t h e  reac- 
t o r  v e s s e l  and t h e  p o s s i b l e  t r a j e c t o r i e s  
of thq. v e s s e l  m i s s i l e s ,  r evea led  t h a t  
t h e  c rane  would p reven t  such p o t e n t i a l  
miss i les  from impacting on t h e  con ta in -  
ment bu i ld ing ,  and t h u s  they  could n o t  
cause  f a i l u r e  of t h e  bu i ld ing .  Since 
t h e  c rane  i s  always p r e s e n t  over  t h e  
v e s s e l  c e n t e r l i n e ,  t h e  s tudy concluded 
t h a t  t h e  p r o b a b i l i t y  of such missiles 
l e a d i n g  t o  a breach of t h e  containment 
i s  n e g l i g i b l y  small .  

COMMENT 3.2.3 - ,  

I n  s e c t i o n  4.1.5 of Appendix I ,  t h e  
reason f o r  not  cons ide r ing  r u p t u r e  of 
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steam gene ra to r  t ubes  and subsequent 
o v e r p r e s s u r i z a t i o n  of t h e  secondary sys- 
t e m  w i t h  p o t e n t i a l  f o r  r u p t u r e  o u t s i d e  
t h e  containment should be s t a t e d .  

(U.S .  Environmental P r o t e c t i o n  
Agency-Intermountain 
Technologies,  Inc.)  

RESPONSE 

The impact of steam gene ra to r  tube rup- 
t u r e s  w a s  a s ses sed ,  and . t h e  p o t e n t i a l  
f o r  t h e  o v e r p r e s s u r i z a t i o n  and r u p t u r e  
of t h e  secondary system o u t s i d e  t h e  
containment w a s  considered.  The speci-  
f i c  sequence p o s t u l a t e d  by t h i s  comment, 
though n o t  e x p l i c i t l y  addressed i n  
s e c t i o n  4.1.5 of Appendix I, i s  covered 
i n  s e c t i o n  4.1.6 “PWR RCS Ruptures i n t o  
I n t e r f a c i n g  Systems.” I n  examining t h e  
p o t e n t i a l  f o r  steam gene ra to r  tube f a i l -  
u r e  t o  o v e r p r e s s u r i z e  t h e  secondary 
system, one must cons ide r  t h a t  o p e r a t i o n  
of t h e  s a f e t y / r e l i e f  va lves  provided on 
t h e  steam gene ra to r  would p rec lude  t h i s  
event .  A s  d i scussed  i n  s e c t i o n s  4.3.1 
and 4.3.2 of Appendix V I  t h e  p r o b a b i l i t y  
of  f a i l u r e  of t h e s e  secondary steam 
r e l i e f  va lves  i s  n e g l i g i b l y  s m a l l .  

COMMENT 3.2.4 

I n  s e c t i o n  4.2.1 of Appendix I,  it i s  
n o t  obvious why t h e  s i t u a t i o n  of auto- 
matic t r i p  f a i l u r e  occur r ing  wi th  loss 
of e lec t r ic  power sequence w a s  e l i m i -  
nated from cons ide ra t ion .  

(U.S. Environmental P r o t e c t i o n  
Agency-Intermountain 
Technologies,  Inc . )  

RESPONSE 

It i s  correct that the BWR LOCA event 
trees do n o t  show a f a i l u r e  p a t h - t h a t  
i n c l u d e s  f a i l u r e  of  e lec t r ic  power and 
f a i l u r e  o f  t h e .  r e a c t o r  p r o t e c t i o n  
system. Th i s  - p a t h  w a s  e l iminated.  
because t h e  loss of electric power de- 
e n e r g i z e s  t h e  .power c o n t a c t o r s  i n  t h e  
reactor . - p r o t e c t i v e  system; t h i s  
a u t o m a t i c a l l y  i n i t i a t e s  t h e  s i g n a l  for 
t h e  control-rods t o - i n s e r t :  The f a i l u r e  
p r o b a b i l i t y  of t h i s  i n s e r t i o n  i s  . l e s s  
t han  10-5 per  event .  Since t h e  loss of 
electric power can. l e a d  t o  core!.  m e l t  
whether -or  n o t  ‘scram occur s ,  a f a i l u r e  
t o  scram would o n l y  . a f f e c t  t h e  -t iming .of 
t h e  core m e l t - . ( i . e . ,  it could occur  
approximately 0 . 5  --to 1 hour ’  sooner) .  
Th i s  earlier m e l t  would r e s u l t  i n  on ly  a 
minor i n c r e a s e  i n  t h e .  f i s s i o n  p roduc t s  
r e l e a s e d  and t h e r e f o r e  makes no s i g n i f i -  
c a n t  change i n  t h e  consequences of t h i s  
a c c i d e n t  sequence. 

COMMENT 3.2.5 

In t h e  LOCA f u n c t i o n a l  even t  tree 
development i n  s e c t i o n  2 o f  Appendix I 
( r e l a t i v e  t o  t h e  foo tno te  about p o s t  
a c c i d e n t  hydrogen gene ra t ion )  it appears  
t h a t  t h e  containment b u i l d i n g  purge 
system h a s  a p r o b a b i l i t y  o f  f a i l u r e  
which i s  n o t  acknowledged. 

(U.  S. Environmental P r o t e c t i o n  
Agency-Intermountain 
Technologies,  Inc. ) 

RESPONSE 

The d j s c u s s i o n s  t h a t  develop t h e  LOCA 
f u n c t i o n a l  even t  tree ind ica t e ’  t h a t  t h e  
o p e r a b i l i t y  o f  t h e  PWR hydrogen c o n t r o l  
systems d i d  n o t  a f f e e t  t h e  o v e r a l l  as- 
sessment o f  r i s k s  i n  a s i g n i f i c a n t  way. 
In  s i t u a t i o n s  where t h e  co re  does n o t  
m e l t ,  t h e  rate o f  hydrogen gene ra t ion  by 
r a d i o l y s i s  would be  l o w ,  and i t  would 
t ake  weeks f o r  t h e  hydrogen concentra-  
t i o n  t o  r each  flammable l i m i t s  i n  t h e  
containment . Thus, i f  hydrogen purge 
systems w e r e  t o  f a i l ,  t h e r e  would be a 
h i g h  chance o f  r e p a i r  i n  t h i s  i n t e r v a l .  
Furthermore,  t h e  r a d i o a c t i v i t y  release 
would be small  du r ing  a hydrogen purge 
and t h e  magnitude o f  release would be 
covered by t h e  PWR sequences A and AB; 
t h e s e  d i d  n o t  c o n t r i b u t e  s i g n i f i c a n t l y  
t o  t h e  a c c i d e n t  r i s k s .  

COMMENT 3.2.6 

Containment f a i l u r e  o c c u r r i n g  due t o  
ove rp res su re  several hour s  a f t e r  c o r e  
m e l t  i s  mentioned, b u t  no c r e d i t  i s  
taken f o r  measures t h a t  could be  taken 
t o  p reven t  o v e r p r e s s u r i z a t i o n .  

(General Electr ic  Co.) 

RESPONSE 

The a n a l y s e s  performed i n  WASH-1400 sug- 
g e s t  t h a t .  c o n t r o l l e d  containment v e n t i n g  
o r  -o the r  means o f  p reven t ing  containment 
f a i l u r e  d u e ’ t o  ove rp res su re  by steam and 
noncondensable g a s e s  might p o t e n t i a l l y  
provide-  some r educ t ion  i n  t h e  r i s k s  
as‘sociated w i t h  reactor acc iden t s .  How- 
ever,’-  no  c r e d i t  ‘was given f o r  o p e r a t o r  
a c t i o n  i n  t h i s  r ega rd  because it would 
e n t a i l  a v i o l a t i o n  of e x i s t i n g  proce- 
dures .  Furthermore,  t h e  s t u d y  sought  t o  
determine i f  ven t ing  could be e f f e c t i v e  
i n  t h e  case o f - a  l a r g e .  LOCA i n  a BWR 
s i n c e  I t h e r e  -are both drywell  and w e t w e l l  
ven t s .  These v e n t s  have an e f f e c t i v e  
ven t ing  s i z e  o f  a 1 i n c h  diameter  h o l e ,  
and o n l y  one vent  can be o p e r a t e d  a t  a 
t i m e .  As stated i n  s e c t i o n  3.3.2 of 
Appendix V I 1 1  , “small containment i s o -  

I - .  
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l a t i o n  f a i l u r e s ,  i .e .  , e q u i v a l e n t  t o  a 
1- in . -d im h o l e s  o r  less, w i l l  no t  pre-  
c lude  containment f a i l u r e  by overpres-  
s u r i z a t i o n .  " Therefore ,  c o n t r o l l e d  
ven t ing  t o  p reven t  containment overpres-  
s u r e  f a i l u r e s  d i d  n o t  appear  t o  be a 
v i a b l e  op t ion  i n  t h e  p l a n t  analyzed. . 

- 

RE: S PON SE 

As desc r ibed  i n  s e c t i o n  3 . 1  of t h i s  
appendix and s e c t i o n  4.1.2 of  Appendix 
V I  t h e  s m o t h i n g  technique  is used t o  
account  f o r  t h e  p o s s i b l e  v a r i a b i l i t y  i n  
t h e  magnitude of  r a d i o a c t i v e  r e l e a s e s  
from a p a r t i c u l a r  a c c i d e n t  sequence. 
Because of t h i s  v a r i a b i l i t y ,  an a c c i d e n t  
sequence t h a t  i s  ass igned  t o  a p a r t i c -  
u l a r  release ca tegory  h a s  some p o s s i b i l -  
i t y  o f  f a l l i n g  i n t o  ad jacen t  c a t e g o r i e s .  
The smoothing thus  accounted f o r  t h e  
chance o f  t h i s  mi sca t egor i za t ion  which RESPONSE 
had n o t  been inc luded  i n  s e l e c t i n g  t h e  
p a r t i c u l a r  va lues  o f  r e l e a s e  magnitudes. The u n a v a i l a b i l i t y  c o n t r i b u t i o n  t h a t  t h e  

s tudy  used t o  mul t ip ly  t h e  downtime con- 
While it i s  t r u e  t h a t  t h e  use o f  smooth- t r i b u t i o n  was t h e  undetec ted  con t r ibu -  
i n g  may in t roduce  some conservat ism,  t h e  t i o n  (1.e. , t h e  u n a v a i l a b i l i t y  cont r ibu-  
va lues ,  chosen were based on t h e  engi -  t i o n  due t o  those  f a i l u r e s  t h a t  would 

n o t  be  d e t e c t e d  be fo re  o r  du r ing  t h e  nee r ing  judgment o f  those  involved  i n  
t h e  c a l c u l a t i o n  o f  r e l e a s e  magnitudes. maintenance a c t ) .  I n  c e r t a i n  o f  t h e  
The e l imina t ion  of smoothing is c l e a r l y  s t u d y ' s  f a u l t  tree q u a n t i f i c a t i o n s ,  t h e  
unwarranted because t h e  real  v a r i a t i o n s  t o t a l  u n a v a i l a b i l i t y  was reduced by t h e  
p o s s i b l e  i n  t h e  phys ica l  p rocesses  af-  d e t e c t e d  c o n t r i b u t i o n  t o  ob ta in  t h e  
€e c t  i n g  r a d i o a c t i v e  re l e a s e  magnitudes a p p l i c a b l e  undetec ted  c o n t r i b u t i o n  t h a t  

t ion. 
The maintenance frequency used i n  t h e  

COMMENT 3.2.8 s t u d y  d i d  n o t  apply  t o  systems b u t  t o  
i n d i v i d u a l  components. I n  gene ra l ,  

One comment re ferenced  an unsuccessfu l  t h e s e  components c o n s i s t e d  o f  pumps, 
a p p l i c a t i o n  o f  r e l i a b i l i t y  techniques  t o  va lves ,  and o t h e r  a c t i v e  components. 
t h e  a n a l y s i s  o f  t h e  i g n i t o r  o f  a Skybol t  From t h e  maintenance d a t a  examined 
m i s s i l e  because o f  t h e  presence o f  f laws  ( s e c t i o n  5 o f  Appendix 111) no s i g n i f i -  
induced by welding. c a n t  d i f f e r e n c e s  were observed i n  t h e  

maintenance frequency,  w i th in  t h e  accu- 

, would have been omi t ted  from cons idera-  was used i n  t h e  m u l t i p l i c a t i o n .  

(Union of Concerned S c i e n t i s t s )  r a c i e s  o f  t h e  a n a l y s i s .  
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COMMENT 3.2.7 

Comrnents were rece ived  t h a t  ques t ioned  
t h e  smoothing technique used i n  combin- 
i n g  t h e  e v e n t  tree sequences t o  de t e r -  
mine t h e  proba-bi l i ty  o f  a given, release 
ca tegory .  These comments ques t ioned  t h e  
t h e o r e t i c a l  h a s i s  f o r  smoothing, and 
m o s t  i n d i c a t e d  an opin ion  t h a t  tne  use  
o f  smoothing in t roduced  undue conserva- 
t i s m .  

(U.S .  Environmental P r o t e c t i o n  
Agency ; 
General  Electr ic  Co. : 
Westinghouse Elec t r ic  Corp. ; 
Amory Lovins) 

RESPONSE 

I t  i s  always important  t o  v e r i f y  t h a t  
the popula t ion  of c o l l e c t e d  f a i l u r e  
rates i s  a p p l i c a b l e  t o  t h e  p a r t i c u l a r  
s i t u a t i o n  under a n a l y s i s .  I f  t h e  popu- 
l a t i o n s  f o r  f a i l u r e  d a t a  had conta ined  
weld ing- re la ted  f a i l u r e s ,  then  t h e  f a i l -  
u re  r a t e  ran  e from t h a t  popula t ion  (and 
n o t  t h e  -&-it' value)  would have 
encompassed t h e  p e r t i n e n t  s i t u a t i o n .  
One cannot g e n e r a l l y  use p o i n t  v a l u e s  
and t rea t  them as  be ing  e x a c t  s i n c e  
t h e r e  w i l l  always be v a r i a b i l i t i e s  and 
u n c e r t a i n t i e s .  This  i s  why t h e  s tudy  
b e l i e v e s  t h a t  t h e  random-variable t r e a t -  
ment r e p r e s e n t s  a rea l i s t ic  and be l iev-  
able approach. 

COMMENT 3.2.9 

There w a s  a comment ques t ion ing  t h e  
maintenance t rea tment  used i n  t h e  
s t u d y ' s  f a u l t  tree q u a n t i f i c a t i o n s .  For 
a doubly redundant system, t h e  s tudy  
ob ta ined  t h e  maintenance c o n t r i b u t i o n  by 
mul t ip ly ing  t h e  maintenance downtime 
c o n t r i b u t i o n  of one l e g  by the unavaila- 
b i l i t y  of t h e  o t h e r  redundant leg .  An 
a d d i t i o n a l  d e t e c t i o n  f a c t o r  w a s  suggest-  
ed as being r equ i r ed  i n  t h i s  mu l t ip l i ca -  
t i o n  which would reduce t h e  o v e r a l l  
maintenance con t r ibu t ion .  The s t u d y ' s  
use of a given maintenance frequency,  
independent of  t h e  system u n a v a i l a b i l i -  
t y ,  w a s  also quest ioned.  

(General E lec t r i c  Co.) 



COMMENT 3.2.10 RESPONSE 

Examples w e r e  given o f  a c t u a l  i n c i d e n t s  -a t h a t  involved several s e q u e n t i a l  human 
o r  equipment f a i l u r e s .  The comment 
ques t ioned  t h e  a b i l i t y  o f  t h e  s t u d y  t o  
p r e d i c t  such e v e n t s  using t h e  method- 
ology employed i n  WASH-1400. 

(Union of  Concerned S c i e n t i s t s ;  
The Na t iona l  In t e rvenor s )  

RESPONSE 

In  performing i t s  assessment ,  t h e  s tudy  
reviewed n o t  on ly  t h e  examples c i t e d  i n  
t h e  comment b u t  a l s o  many o t h e r  s o u r c e s  
o f  p e r t i n e n t  data. The s t u d y ' s  a n a l y s e s  
were n o t  meant t o  be  taken o u t  o f  con- 
t e x t  and e x t r a p o l a t e d  t o  d i f f e r e n t  
s i t ua t ion  s o r  d i f f e r e n t  sequen ces . 
S e q u e n t i a l  fa i lures  must be  t r e a t e d  by 
s e q u e n t i a l  methods; a l t e r n a t i v e l y ,  it i s  
necessa ry  t o  i d e n t i f y ,  by t h e  use  o f  
methodology s i m i l a r  t o  t h a t  d i scussed  i n  
s e c t i o n s  3.1.2.1 and 3 . 1 . 2 . 2 ~  o f  t h i s  
appendix and i n  Appendix I ,  s i n g l e  based 
causes  t h a t  govern t h e  sequences o f  
f a i l u r e s .  In one i n s t a n c e  c i t e d ,  ag ing  
w a s  used a s  an example of a common mode 
f a i l u r e .  I t  should be recognized t h a t  
t h e  s t u d y  d i d  n o t  i n c l u d e  extreme aging 
c o n s i d e r a t i o n s  s i n c e  the a p p l i c a b i l i t y  
of its r e s u l t s  i s  l i m i t e d  t o  on ly  t h e  
n e x t  5 yea r s .  

COMMENT 3.2.11 

The r i s k  c a l c u l a t i o n  involved t h e  as- 
sumption o f  double contingency on a c t i v e  
components and s i n g l e  contingency on 
p a s s i v e  elements.  Although t h e  p a s s i v e  
element assumption appears  adequate,  
p r i m a r i l y  because it i s  probably masked 
by a c t i v e  component f a i l u r e ,  it i s  f e l t  
t h a t  t h e  e x a c t  s o l u t i o n  shou ld  be calcu-  
l a t ed  for these cases. The assumption 
o f  double contingency on a c t i v e  compo- 
n e n t s ?  however, probably results i n  
overconservat ism by a f a c t o r  o f . a t  least  
3 . ,  The expe r i ence  i n  one major u t i l i t y  
h a s  been, t h a t ,  f o r  a typical series 
( p a r a l l e l  30 component systems f o r  a n  
e lec t r ic  s t a t i o n  w i t h  16 s u c c e s s f u l  
p a t h s )  t h e r e  i s  a 4 t o  1 v a r i a t i o n  i n  
c a l c u l a t i o n  of t h e  mean t i m e  between 
f a i l u r e s  t o  c a r r y  o u t  t h e  mission i n  the 
conse rva t ive  d i r e c t i o n  when the double  
contingenrcy s o l u t i o n  i s  compared t o  t h e  
e x a c t  c a l c u l a t i o n .  

(Edison Electric I n s t i t u t e )  

Double contingency w a s  n o t  assumed; 
however, double f a i l u r e s  w e r e  re . ta ined 
when they e x i s t e d  and c o n s i s t e d  of 
active components.1 The e x a c t  probabi l -  
i t y  ob ta ined  by keeping a l l  redundancies 
w i l l  be n o t  l o w e r  b u t  somewhat h i g h e r  i n  
comparison t o  t h e  p r o b a b i l i t i e s  ob ta ined  
by keep 'ng  on ly  c e r t a i n  combinat ions) .  

t h e  dominant f a i l u r e  c o n t r i b u t i o n s  have 
been i d e n t i f i e d .  

The e f  1 ec t  w i l l  be s m a l l ,  however, if 

COMMENT 3.2.12 

The d i s c u s s i o n  i n  s e c t i o n  2 .4  o f  
Appendix 11, volume 1, i s  unc lea r .  The 
r e l a t i o n  t o  r e g u l a t o r y  s i n g l e - f a i l u r e  
cr i ter ia  should be explained.  

(Amory Lovins) 

RESPONSE 

The re fe renced  d i s c u s s i o n  does n o t  have 
any r e l a t i o n s h i p  wi th  t h e  N u c l e a r  
Regulatory Commission's s i n g l e - f a i l u r e  
c r i t e r i o n .  The Nuclear  Regulatory 
Commission's s i n g l e - f a i l u r e  c r i t e r i o n  i s  
a des ign  requirement imposed t o  achieve 
s u i t a b l e  redundancy i n  s a f e t y  systems. 
The r e f e r e n c e d  d i s c u s s i o n  p e r t a i n s  o n l y  
t o  t h e  q u a n t i t a t i v e  methods t h a t  were 
used i n  e v a l u a t i n g  WASH-1400 f a u l t  
trees. 

COMMENT 3.2.13 

A comment w a s  r ece ived  on t h e  s t u d y ' s  
hand l ing  of  c e r t a i n  common mode f a i l -  
ures .  An example w a s  given of miscal i -  
b r a t i n g  f o u r  para l le l  channels.  Table 
I11 3-5 i n  Appendix I11 w a s  c i t e d  as 
g i v i n g  t h r e e  such f a i l u r e s  out of  a 
to ta l  of 303 f a i l u r e s ,  which w a s  i n t e r -  
p r e t e d  as y i e l d i n g  10-2 f o r  t h e  miscali- 
b r a t i o n  e r r o r  (3/303). This  w a s  s tated 
as be ing  a t  odds w i t h  t h e  t i g h t  coupl ing 
assessment used i n  Appendix I11 g i v i n g  
3 x 10-5 or t h e  loose assessment cou- 
p l i n g  assessment desc r ibed  i n  Appendix 
I V  which t h e  comment used t o  g i v e  
3 x 10-8.1 Another example w a s  t hen  
given' i n  which t h e  s t u d y ' s  methodology 
w a s  pu rpor t ed ly  used t o  o b t a i n  10-20 for 
a sequence of seven t r i p l e  common mode 
f a i l u r e s  t h a t  a c t u a l l y  occurred (E. P. 

'In the above c o n t e x t ,  double contingency implies t h a t  any double  active f a i l u r e  is  
assumed t o  f a i l  t h e  system. However, the f a u l t  trees used i n  t h e  s t u d y  determiued 
which doubles  would f a i l  t h e  system ( i .e . ,  the minimal c u t  s e t s )  and o n l y  t h e s e ,  Out 
o f  a l l  t h e  p o s s i b l e  doubles ,  were included. 
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Epple r  , "The ORR Emergency Cooling 
F a i l u r e , "  Nuclear  S a f e t y ,  Vol. 11, p. 
323, 'July-August, 1970).  

(Union of Concerned S c i e n t i s t s )  

FESPONSE 

F i r s t  of  a l l ,  t h e  10-2 p r o b a b i l i t y  
ob ta ined  from Table I11 3-5 is  a 
r e l a t i v e  p r o b a b i l i t y ;  i .e. ,  given t h a t  a 
f a i l u r e  has  occurred,  t h e r e  i s  a 10-2 
p r o b a b i l i t y  t h a t  it w i l l  i nvo lve  t h e  
m i s c a l i b r a t i o n  of f o u r  channels.  I f  t h e  
d a t a  i n  Table I11 3-5 are used t o  o b t a i n  
t h e  a b s o l u t e  p r o b a b i l i t i e s  of t h e  type 
computed i n  t h e  s tudy ,  t hen  t h e  
p r o b a b i l i t y  must be m u l t i p l i e d  by t h e  
p r o b a b i l i t y  of a f a i l u r e  occurr ing.  I f ,  
f o r  example, one uses  10-3 ( p e r  demand) 
as  an approximately g e n e r a l  human e r r o r  
ra te ,  t h e n  one o b t a i n s  10-3 x 10-2 ,  o r  
10-5 ( p e r  demand) , f o r  t h e  approximate 
a b s o l u t e  m i s c a l i b r a t i o n  rate.  Since 
Table I11 3-5 has  on ly  g r o s s  d a t a  wi th  
r ega rd  t o  human errors, t h e s e  d a t a  w e r e  
used p r i n c i p a l l y  t o  check t h e  .study's 
assessment.  The . ac tua1  q u a n t i f i c a t i o n s  
were performed using the methodology and 
d a t a  desc r ibed  i n  s e c t i o n - 6 . 1  of Appen- 
d i x  111. The loose  coupl ing methodology 
d e s c r i b e d > i n  Appendix I V  i s  on ly  t o  be 
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a p p l i e d  when t h e r e  are no s t r o n g  
p o t e n t i a l  dependencies. The d i s c u s s i o n  
i n  Appendix I V  on ly  g i v e s  t h e  va r ious  
kinds of  techniques t h a t  can be used i n  
common mode bounding and q u a n t i f i c a -  
t ions .  The a c t u a l  q u a n t i f i c a t i o n ,  and 
t h e  p a r t i c u l a r  technique used, ,is given 
i n  t h e  r e l e v a n t  f a u l t  tree q u a n t i f i c a -  
t i o n .  

With r ega rd  t o  UCS's use of WASH-1400 
methodology t o  o b t a i n  10-20 €or  a 
sequence of  seven t r i p l e  f a i l u r e s ,  t h e  
s tudy  b e l i e v e s  t h a t  t h e  methodology 
cannot be used i n  t h i s  manner. A s  
desc r ibed  i n  t h e  d i s c u s s i o n  i n  s e c t i o n  
3.1 of t h i s  appendix,  t h e  methodology, 
when c o r r e c t l y  a p p l i e d ,  i s  used t o  
determine t h e  s i g n i f i c a n t  c o n t r i b u t o r s  
and f a i l u r e  causes.  The a p p l i c a t i o n  of 
t h e  methodology. i n  t h e  s t u d y  has  
i d e n t i f i e d  t h a t  t h e , s i g n i f i c a n t  c o n t r i b -  
u t o r s  t o  t h e  p r o b a b i l i t y  of  r e a c t o r  
a c c i d e n t s  i nvo lve  on ly  a s m a l l  number of 
f a i l u r e  causes;  i .e. ,  s i n g l e  system 
f a i l u r e s  t h a t  are .  dominated by s i n g l e  
type f a i l u r e s  w i t h i n  systems. When 
t h e s e  e x i s t ,  as they d i d  i n  t h e  s t u d y ' s  
applications, then the contribution from 
seven t r i p l e  f a i l u r e s  w i l l  n e c e s s a r i l y  
be s m a l l  and w i l l  n o t  a f f e c t  t h e  
r e s u l t s .  

'The 3 x 10:s va lue  i s  t h e  log-normal median of and. 10-3 x 10-2  x 10-1 ,X 1, 
where 10-3 i s  t h e . i n d i v i d u a 1  m i s c a l i b r a t i o n  rate and 1 0  2 and -1O-l-are t h e  p robab i l -  
i t i e s  of a d d i t i o n a l  m i s c a l i b r a t i o n s .  -The 3 x 10-8 va lue  is t h e  log-normal median of 
10-3 and 10-12, where 10-12 i s  t h e  p r o b a b i l i t y  of f o u r  independent.miscali6rations. 
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Section 4 
Consequence Model 

4.1 INTRODUCTION 

I n  i t s  e f f o r t s  t o  improve t h e  computa- 
t i o n  of p o t e n t i a l  consequences,  and as  a 
r e s u l t  of t h e  comments r e c e i v e d ,  t h e  
s tudy  developed a new consequence 
model.1 The p r i n c i p a l  o b j e c t i v e s  of  
t h i s  e f f o r t  were t o  correct t h e  e r r o r s  
i n  t h e  o l d  model, t o  make a more 

i n  dosimetry and h e a l t h  e f f e c t s  
p r e d i c t i o n s  , t h e  t r e a t m e n t  of 
me teo ro log ica l  parameters  r e s u l t e d  i n  a 
me teo ro log ica l  model t h a t  s t i l l  appears  
t o  be s i g n i f i c a n t l y  c o n s e r v a t i v e .  Table 
X I  4-1 summarizes t h e  average and peak 
va lues  of t h e  consequences p r e d i c t e d  by 
t h e  consequence models used i n  t h e  d r a f t  
and f i n a l  r e p o r t s .  

and b e t t e r  j u s t i f i e d  r e a l i s t i c  
Dred ic t ion  of doses  and dose-response 4.2 COMMENTS AND RESPONSES 
; e l a t ionsh ips  , and t o  inc lude  the -  t i m e  
v a r i a t i o n  of weather parameters .  While A g r e a t  many comments t h a t  w e r e  r ece ived  
a h ighe r  degree of rea l i sm w a s  achieved i n d i c a t e d  t h a t  t h e  p o t e n t i a l  conse- 

TABLE X I  4-1 CONSEQUENCE MODEL PREDICTED AVERAGE AND PEAK VALUES 

Consequence Dra f t  Report F i n a l  Report Change Fac to r  

Ea r ly  F a t a l i t i e s  
Ea r ly  I l l n e s s  
Thyroid I l l n e s s  
L a t e n t  Cancer F a t a l i t i e s  
Genet ic  E f f e c t  
P rope r ty  Damage ~ 

Relocat ion A r e a  
Decontamination A r e a  

E a r l y  F a t a l  

. .  

t i e s  

. . . .  . .  Early,  I l l n e s s  

L a t e n t  'Caricer F a t a l i t i e s  
Genet ic .  E f f e c t s  . . . .  

Prope r ty  Damage 
Relocat ion A r e a  
Decontam.ination A r e a  

. .  I .  
. .  

Thyroid .~I.llness-, . : ~ i . 

* -  . . ., . .  - . . . . . . . .  

. . . . .  ;-.: I' i 

Average Values ( p e r  r e a c t o r  y e a r )  

5 

1 

3 

3 

7 x 

$18 , 000 
NA 

NA 

3 

2 
2 x 10-1 

4 
2 x 

$20,000 

2 x M i 2  
2 3 x M i  

Peak. Values (%lo-' per r e a c t o r  y e a r )  
. .  

. .  . .  ,- .:.I. '. 

. .  

3 3'0 0 .. . .  2300 
560.0 45,000 

' .. , -  . ,. . 
_ .  *, , 2ado/yq . .  .. 8000Lyr . . j  

. _  , I lO/yr  . .  1500 /y r -  . 
. _  - . -  

. . / .  . .  1 Q 6 I y r  . _  ljO/yG . . .  . ,. 

$6.2 b i l l i o n  $14 b i l l i o n  
2 290 ml 

3200 m i  

2 
2 

30 mi 
400 m i  2 . "  - .  

x. 06 
x2 
x3 
x7 

x1.3 

xl 
- 
- 

x1.4 

x8 

x3 

xl4 

x1.6 

x2.3 

x10 

x8 

1 -  U.S. Environmental P r o t e c t i o n  Agency; U.S. AEC Regulatory S t a f f ;  American P h y s i c a l  
Soc ie ty  'Study Group on Reactor Safety:  Resources f o r  t h e  Fu tu re ,  Inc. ;  Union of 
Concerned S c i e n t i s t s .  
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quences p r e d i c t e d  i n  t h e  d r a f t  r e p o r t  
w e r e  t o o  low. The p r i n c i p a l  comments 
and t h e  a c t i o n s  taken i n  response to  
them are d i scussed  i n  t h i s  s e c t i o n .  The 
j u s t i f i c a t i o n  f o r  a l l  of t h e  modeling 
changes d i scussed  below are con ta ined  i n  
Appendix V I .  

COMMENT 4 . 1  

The e a r l y  € a t a l i t i e s  p r e d i c t e d  i n  t h e  
s tudy  have been underestimated by as 
much as a f a c t o r  of 4.  The arguments 
t h a t  t h e  dose t o  t h e  g a s t r o i n t e s t i n a l  
( G I )  . t r a c t  is  no t  a c o n t r i b u t o r  t o  
f a t a l i t i e s  are ques t ionab le ,  and t h e  
dose-response curve f o r  a c u t e  f a t a l i t i e s  
may be i n  e r r o r .  The evacuat ion model 
used i s  o v e r l y  o p t i m i s t i c .  

RESPONSE 

The p r i n c i p a l  argument advanced f o r  t h e  
presumed low estimate of e a r l y  f a t a l i -  
t ies appears  t o  be based on t h e  i d e a  
t h a t  B doses t o  t h e  G I  t r ac t  w i l l  cause 
a l a r g e r  number of f a t a l i t i e s  than those  
e s t ima ted  due t o  p o t e n t i a l  whole-body 
doses .  While it is  p o t e n t i a l l y  p o s s i b l e  
f o r  e a r l y  f a t a l i t i e s  t o  be caused by 
i n t e r n a l  B i r r a d i a t i o n  of t h e  G I  t r a c t ,  
t h e r e  is  no h i s t o r y  of such involvement 
excep t  i n  cases where whole-body doses  
w e r e  a l r e a d y  so high as t o  be l e t h a l .  
I t  i s  es t ima ted  t h a t  a median l e t h a l  
dose (LD5 ) of  about 5000 r a d s  t o  t h e  G I  
t r a c t  wouyd cause such f a t a l i t i e s ,  a s  
opposed t o  an LD50 of 510 r a d s  f o r  t h e  
whole-body dose. Since t h e  r a t i o  of 
whole-body dose t o  G I  t ract  dose pre- 
d i c t e d  i n  r e a c t o r  a c c i d e n t s  t y p i c a l l y  
has  a value of 1, it can be seen t h a t  G I  
t r a c t  f a t a l i t i e s  w i l l  no t  c o n t r i b u t e  t o  
t h e  o v e r a l l  p r e d i c t i o n  of e a r l y  f a t a l i -  
t i es  from p o t e n t i a l  r e a c t o r  acc iden t s .  

The dose-response curve f o r  e a r l y  f a t a l -  
i t i e s  i n  t h e  d r a f t  r e p o r t  used an LD50 
of 2 6 6  r a d s ;  t h e  va lue  i n  t h e  final 
r e p o r t  has been inc reased  t o  510 r ads .  

A new evacuat ion model has been 
developed f o r  use i n  t h e  f i n a l  r e p o r t .  
I t  i s  based on a s t a t i s t i c a l  r e a n a l y s i s  
of t h e  s a m e  d a t a  sou rce1  used i n  t h e  
d r a f t  r e p o r t  as opposed t o  an acceptance 

of t h e  d a t a  a n a l y s i s  r e s u l t s  p re sen ted  
i n  t h a t  source.  The new model moves 
people a t  a slower ra te  than t h e  o l d  
model. 

COMMENT 4.2 

L a t e n t  f a t a l i t i e s  may be unde r s t a t ed  by 
as much as a f a c t o r  of  25-50. The B E I R  
Report has  been m i s i n t e r p r e t e d  by a 
f a c t o r  of  about 2. The c a l c u l a t i o n  d i d  
no t  i nc lude  t h e  e f f e c t s  of nonuniform 
doses  t o  i n d i v i d u a l  organs.  Considera- 
t i o n s  p e r t i n e n t  t o  plutonium-241 w e r e  
omit ted.  

RESPONSE 

A new model f o r  t h e  c a l c u l a t i o n  of 
l a t e n t  cancer  f a t a l i t i e s  has been devel- 
oped i n  which s e v e r a l  s i g n i f i c a n t  param- 
e te r  have been changed: 

a. 

b. 

The model c a l c u l a t e s  t he  t o t a l  man- 
r e m  based on i n d i v i d u a l  organ expo- 
su res .  The e f f e c t  of t h i s  change 
w a s  t o  approximately double t h e  
f a c t o r  of 1 0 0  cancer  f a t a l i t i e s  p e r  
1 m i l l i o n  man-rem used i n  t h e  d r a f t  
r e p o r t  t o  about 200.  

The dose-response curve f o r  l a t e n t  
cancer  f a t a l i t i e s  w a s  modified t o  
d e p a r t  from t h e  l i n e a r  hypo thes i s  
used i n  t h e  B E I R  r epor t . 2  The b a s i s  
f o r  t h i s  mod i f i ca t ion  w a s  d a t a  t h a t  
have become a v a i l a b l e  s i n c e  the pub- 
l i c a t i o n  o f  t h e  B E I R  Report  and t h e  
adv ice  o f  t h e  s t u d y ' s  medical con- 
s u l t a n t s .  The new approach uses  a 
dose e f f e c t i v e n e s s  f a c t o r  which 
depends on t h e  dose ra te  and dose 
magnitude; however it does n o t  use a 
t h r e s h o l d  dose value.  The e f f e c t  o f  
t h i s  d e p a r t u r e  w a s  t o  reduce the 
number o f  l a t e n t  cance r  f a t a l i t i e s  
p r e d i c t e d  t o  about  100  p e r  1 m i l l i o n  
man-rem. , 

Addi t iona l  i s o t o p e s ,  i nc lud ing  p lu ton i -  
um-241 and o t h e r  t r a n s u r a n i c s  have been 
added t o  t h e  consequence model. An 
e r r o r  i n  t h e  weathering h a l f - l i f e  of 
cesium has been c o r r e c t e d ,  and t h i s  

'1. M. Hans and J. E. S e l l ,  Evacuation Risks - An Evaluat ion,  O f f i c e  of Radiat ion 
Programs, Nat ional  Environmental-  Research Center ,  Las Vegas, Environmental 
P r o t e c t i o n  Agency, EPA-520/6-74-002, June 1974 .  

'National Academy of Sciences - National  Research Council ,  The E f f e c t s  on t h e  
Popu la t ions  of Exposure t o  Low Levels of I o n i z i n s  Rad ia t ion ,  Report of t 
Committee on t h e  B i o l o g i c a l  E f f e c t s  of Ion iz ing  Radiat ions.  

. 
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s u b s t a n t i a l l y  inc reased  t h e  number of 
p r e d i c t e d  l a t e n t  cancer  f a t a l i t i e s .  

COMMENT 4.3 

Genetic e f f e c t s  a r e  unde r s t a t ed  by a 
f a c t o r  a s  much a s  25-60. The e f f e c t s  
are p r e d i c t e d  f o r  o n l y  one gene ra t ion  as 
opposed t o  t h e  n e t  e f f e c t ;  t h i s  amounts 
t o  an unde rp red ic t ion  of  about a f a c t o r  
of 5. 

The p o t e n t i a l  e f f e c t s  of t h e  resuspen- 
s i o n  of r a d i o a c t i v i t y  are included i n  
the  new model. The land decontamination 
f a c t o r s  are j u s t i f i e d  i n  Appendix K t o  
Appendix V I .  A s  noted e a r l i e r ,  t h e  
weathering h a l f - l i f e  of cesium has been 
c o r r e c t e d .  

COMMENT 4 . 6  

The p o t e n t i a l  man-rem doses  w e r e  t run-  
c a t e d  by computing doses  o u t  t o  on ly  500 
m i l e s .  

RESPONSE 
RESPONSE 

The estimates of g e n e t i c  e f f e c t s  made by 
t h e  s tudy  are based on t h e  l i n e a r  
hypothesis  used i n  t h e  B E I R  r e p o r t  and 
on t h e  advice of t h e  s t u d y ' s  medical 
c o n s u l t a n t s .  The d r a f t  r e p o r t  p r e d i c t e d  
on ly  f i r s t - g e n e r a t i o n  e f f e c t s ;  t h e  f i n a l  
r e p o r t  p r e d i c t s  f i r s t - g e n e r a t i o n  and n e t  
e f f e c t s .  

COMMENT 4 . 4  

Thyroid i l l n e s s  i s  unde r s t a t ed  by a 
f a c t o r  of 4 due t o  t h e  omission of e f -  
f e c t s  on a d u l t s  and t h e  use of  an incor-  
rect dose-response f a c t o r  f o r  c h i l d r e n .  

The new consequence model has been 
modified t o  e l i m i n a t e  t h i s  t r u n c a t i o n .  
While t h e  c a l c u l a t i o n s  are s t i l l  on ly  
c a r r i e d  o u t  to  500 m i l e s ,  it is  assumed 
t h a t  t h e  r e s i d u a l  r a d i o a c t i v i t y  would be 
depos i t ed  on t h e  ground i n  t h e  l a s t  mesh 
p o i n t  of t h e  computer program and would 
thus  c o n t r i b u t e  t o  t h e  t o t a l  man-rem 
doses.  This procedure i s  j u s t i f i e d  
because t h e  p r i n c i p a l  c o n t r i b u t o r  t o  
doses  a t  t h i s  d i s t a n c e  would be cesium. 
Thus, c a l c u l a t i n g  a ground dose from t h e  
ceisum component t h a t  would a c t u a l l y  
s t i l l  be a i r b o r n e  as though it w e r e  
depos i t ed  on t h e  ground counts  i t s  t o t a l  
c o n t r i b u t i o n  t o  t h e  p o t e n t i a l  man-rem 
dose. 

RESPONSE 
COMMENT 4 . 7  

A new t h y r o i d  model has been developed 
based on t h e  a n a l y s i s  of new d a t a  from 
c l i n i c a l  s t u d i e s  and t h a t  i nc ludes  pre- 
d i c t i o n s  of  t h y r o i d  nodules  and t h y r o i d  
cance r s .  The new model i n c o r p o r a t e s  
e f f e c t s  on c h i l d r e n  and a d u l t s .  

COMMENT 4.5 

The p rope r ty  damage model is  unsound. 
The populat ion dose should n o t  exceed 
0.5 r e m  pe r  year  as opposed t o  t h e  value 
of 5 r e m  p e r  year  used i n  t h e  study. 
The resuspension of r a d i o a c t i v i t y  depos- 
i t e d  on t h e  ground should be considered.  
The assumed decontamination e f f i c i e n c i e s  
should be j u s t i f i e d .  

WSPONSE 

An improved p r o p e r t y  damage model h a s  
been developed. It  allows t h e  accumula- 
t i o n  of ' p o t e n t i a l  doses ,  c a l c u l a t e d  wi th  
cleanup o f  r a d i o a c t i v i t y ,  up t o  1 0  r e m  
o v e r  a 30-year p e r i o d  i n  rural  areas and 
25 r e m  o v e r  a 30-year p e r i o d  i n  suburban 
and urban areas wi thou t  r e q u i r i n g  t h e  
r e l o c a t i o n  of people.  However, c leanup 
o f  r a d i o a c t i v i t y  i n  such a r e a s  t o  reduce 
p o t e n t i a l  doses  i s  included i n  t h e  
mode 1. 

The adequacy of t h e  plume rise model i s  
ques t ionab le .  

RESPONSE 

I n  t h e  model used f o r  t h e  d r a f t  r e p o r t ,  
t he  h e a t  generated by t h e  r a d i o a c t i v i t y  
i n  t h e  plume was allowed t o  h e a t  t h e  
plume, t hus  causing t h e  plume e i t h e r  t o  
r ise o r  t o  have enhanced v e r t i c a l  d i s -  
pers ion.  The p o t e n t i a l  effects on plume 
rise of t h e  s e n s i b l e  and l a t e n t  h e a t  
t h a t  would be emi t t ed  from the contain-  
ment along wi th  t h e  r a d i o a c t i v i t y  were 
neg lec t ed  . 
I n  those  p o t e n t i a l  a c c i d e n t  sequences 
which invo lve  steam exp los ions ,  t h e  
r a d i o a c t i v e  hea t ing  kep t  t h e  plume o f f  
t h e  ground f o r  a cons ide rab le  d i s t a n c e  
downwind of t h e  r e a c t o r .  I n  t h e  ground- 
l e v e l  releases, t h e  h e a t  w a s  used t o  
enhance v e r t i c a l  d i s p e r s i o n ,  bu t  no t  t o  
l i f t  t h e  plume o f f  t h e  ground. 

A new plume rise model w a s  developed f o r  
t h e  f i n a l  r e p o r t .  . I t  uses  t h e  emit ted 
s e n s i b l e  h e a t  i n  a formation t h a t  causes  
t h e  plume t o  rise. Depending on t h e  
emit ted h e a t  and t h e  wind speed, t h e  
plume is  permit ted t o  rise o f f  t h e  
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grouhd to  varying he igh t s ;  however t h e  
plume is n o t  permi t ted  t o  p e n e t r a t e  t h e  
inve r s ion  l aye r .  This  formula t ion  is  
probably conse rva t ive  because t h e  a l t i -  
tude  o f  t h e  plume depends on t h e  h e a t  
r e l e a s e d  and t h e  l a t e n t  h e a t  (which can 
be q u i t e  high compared t o  t h e  s e n s i b l e  
h e a t )  and r a d i o a c t i v e  hea t ing  a r e  n o t  
used. 

COMMENT 4 . 8  

The consequence model does not  
t h e  t i m e  v a r i a t i o n  of weather 
eters. 

inc lude  
par  am- 

RESPONSE a 
The m o d e l  has  been modified to inc lude  ~.._ 

t h e  time v a r i a t i o n  of weather s t a b i l i t y ,  
wind speed,  and r a in .  It  does n o t  
i nc lude  such f a c t o r s  as t h e  e f f e c t s  of 
wind s h e a r  and changes i n  wind d i r ec -  
t i o n .  The n e t  e f f e c t  of  t hese  changes 
w a s  t o  make , t he  meteoro logica l  model 
somewhat m o r e  conse rva t ive  wi th  regard  
to  those  consequences t h a t  are th re sho ld  
dependent. These inc lude  e a r l y  h e a l t h  
e f f e c t s ,  p rope r ty  damage, and land  
contamination. 
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Section 5 
Probability of Accident Sequences 

A number of  comments t h a t  w e r e  ' received 
w e r e  d i r e c t e d  toward t h e  assessment of 
t h e  p r o b a b i l i t y  of t h e  va r ious  a c c i d e n t  
sequences i d e n t i f i e d .  Each of t h e s e  
comments i s  d i scussed  i n  t h i s  s e c t i o n .  

Two of  t h e s e  comments, 5.1.1 and 5.2, 
i d e n t i f i e d  e r r o r s  i n  t h e  d r a f t  r e p o r t  
t h a t  r e s u l t e d  i n  changing t h e  p r o b a b i l i -  
t i e s  of two BWR t r a n s i e n t  sequences. I n  
one case, t h e  p r o b a b i l i t y  of f a i l u r e  of 
t h e  BWR l i q u i d  poison i n j e c t i o n  system 
inc reased  by a f a c t o r  of 3. I n  t h e  
s e c o n d , '  t h e  p r o b a b i l i t y  of f a i l u r e  of 
t h e  high p r e s s u r e  s a f e t y  i n j e c t i o n  
system and r e a c t o r  c o r e  i s o l a t i o n  
coo l ing  system t o  provide makeup water 
( even t  U) w a s  decreased by a f a c t o r  4 .  

A s  a r e s u l t  of ano the r  comment. quest ion-  
i n g  t h e  use of large-LOCA ana lyses  t o  
p r e d i c t  t h e  course of s m a l l - L O C A  and 
t r a n s i e n t  even t s ,  d e t a i l e d  ana lyses  w e r e  
made of a p p r o p r i a t e  s m a l l - L O C A  and t r a n -  
s i e n t  e v e n t  tree sequences. These anal-  
y s e s  i n d i c a t e d  t h a t  t h e  p r o b a b i l i t y  o f .  
containment f a i l u r e  due t o  ove rp res su re  
should be inc reased  f o r c e r t a i n  sequen- 
ces i n  t h e  PWR. These ana lyses  a l s o  
suggested t h a t ,  ' sequence -TWy should be 
p l aced  i n  BWR release . category 3 'as 
opposed t o  ca t egory  4 i n  t h e  d r a f t  
r e p o r t .  

I n  p repa r ing  t h e  f i n a l  r e p o r t ,  t h e  s tudy 
a l s o  reviewed t h e  assessments of a l l  t h e  
p r i n c i p a l  sequences p re sen ted  i n  t h e  
d r a f t  r e p o r t .  The review r e s u l t e d  i n  
some s m a l l  mod i f i ca t ions  t o  t h e  a s ses sed  
p robab i l i t i e s  - and .  - indica. ted t h a t  se- 
quence TWy' had been i n a d v e r t e n t l y  
omit ted from t h e  compilat ion of BWR ac- 
c i d e n t  sequences.  . A  number of t h e  minor 
e r r o r s  i n  sequence assignments w e r e  a l s o  
c o r r e c t e d .  . .  : . .  .. . 

A f t e r  adjustment ,  t h e  o v e r a l l  probabizi-  
t y  of  c o r e  m e l t  of 6 x p e r  reactor- 
yea r  p r e d i c t e d  i n  t h e  d r a f t  r e p o r t  
d e c r e a s e d '  s l i g h t l y ;  t o  '.5 x 10-5 - p e r  
reactoE-year. ' . A d e t a i l e d  .comparison o f  
t h e  a d j u s t e d  p r o b a b i l i t i e s  .,of L t h e  v a r i -  
ous release . ' c a t e g o r i e s :  t o .  t hose  o r i g i -  
'nal1y:assessed 'is. p resen ted '  i n  Table X I  
5-1. - :  ' - 

. .  

, .. . . . .  . . . 
. .  ' .  . :. ,. ' 

. , ~  . . . ,  ' . . .  
. .  . I  . . .  , .. .. . :_ . . .: . . , ' \ ,  . _ ,  

., . .  

5.1 BWR TRANSIENT PROBABILITIES . - 

There w e r e  s e v e r a l  s p e c i f i c  comments 
concerning t h e  q u a n t i f i c a t i o n  of  t h e  0 

BWR f a i l u r e  t o  scram p r o b a b i l i t y .  These 
a r e  summarized below. 

COMMENT 5.1.1 

The c r e d i t  taken f o r  o p e r a t o r  a c t i o n  i n  
a c t i v a t i n g  t h e  l i q u i d  poison i n j e c t i o n  
system appears  t o  be i n c o r r e c t l y  as- 
sessed.  I t  does n o t  appear  r easonab le  
t o  t a k e  c r e d i t  f o r  manual a c t i v a t i o n  of 
t h e  l i q u i d  poison i n j e c t i o n  system i n  
t h e  even t  of r e a c t o r  p r o t e c t i o n  system 
(RPS) f a i l u r e  based on t h e  sequence and 
number of a c t i o n s  t h a t  must be taken by 
t h e  ope ra to r .  I n  view of  t h e s e  consid- 
e r a t i o n s ,  it i s  n o t  c lear  why an 
ope ra to r  e r r o r  r a t e  of 3 x 10-2  w a s  used 
i n  WASH-1400. 

(U.S. Environmental P r o t e c t i o n  
Agency-Intermountain 
Technologies,  I n c . )  

RESPONSE 

The matter under d i s c u s s i o n  d e a l s  w i th  
a c c i d e n t  sequences i n i t i a t e d  by t r a n -  
s i e n t  even t s  i n  which t h e  r e a c t o r  pro- 
t e c t i o n  system f a i l s  t o  o p e r a t e  and t h e  
r e a c t o r  must be made subcrit ical  by a l -  
t e r n a t i v e  means. The p r i n c i p a l  a l t e r n a -  
t i v e  means invo lves  manual a c t i v a t i o n  of 
t h e  l i q u i d  i n j e c t i o n  system by t h e  p l a n t  
ope ra to r .  I n  t h e  d r a f t  r e p o r t ,  t h e  
p r o b a b i l i t y  of t h e  o p e r a t o r  f a i l i n g  t o  
i n i t i a t e  poison i n j e c t i o n  had been 
a s s igned  a va lue  of  3 x 10-2  on t h e  
b a s i s  t h a t ,  a l though only about 1 0  
minutes were a v a i l a b l e  f o r  s u c c e s s f u l  
a c t i o n ,  t he  a c t i o n  r e q u i r e d  the  o p e r a t o r  
simply t o  p r e s s  a bu t ton .  However, a 
reexamination of t h e  o p e r a t i n g  procedure 
f o r  i n i t i a t i n g  system o p e r a t i o n  
i n d i c a t e s  t h a t  it r e q u i r e s  t h e  o p e r a t o r  
t o  use key lock swi t ches ,  and t h e  
o p e r a t i n g  procedure sugges t s  consu l t a -  
t i o n  wi th  - t h e  p l a n t  s u p e r v i s o r  be fo re  
t a k i n g  t h e  a c t i o n .  The use  of  a va lue  
10-1  f o r  t h e  p r o b a b i l i t y  of f a i l u r e  t o  
i n i t i a t e  system o p e r a t i o n  would be more 
c o n s i s t e n t  w i th  t h i s  s i t u a t i o n  than  t h e  
p rev ious ly  a s s igned  va lue  of  3 x 10-2 .  

A reassessment  of t h i s  area as a r e s u l t  
of  t h e  EPA comment r e s u l t e d - i n  a change 
i n  t h e  va lue  of  3 x 10-2 t o  10-1 i n  t h e  
f i n a l  r e p o r t .  This  has  r e s u l t e d  i n  an 
increase i n  t h e  p r e d i c t e d  p r o b a b i l i t y  of 
a l l  sequences invo lv ing  t h e  f a i l u r e  of 
t h e  r e a c t o r  p r o t e c t i o n  system by a fac-  
t o r  of 3 as i n d i c a t e d  i n  s e c t i o n  4.3.2 
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TABLE XI 5-1 COMPARISON OF THE PROBABILITIES OF THE VARIOUS RELEASE CATEGORIES 
ESTIMATED IN THE DRAFT AND FINAL REPORTS 

Release Category 
Draft Final 

Probability Per Reactor-Year 
Draft Final 

~ 

1 
2 

3 

4 
5 

6 
7 
8 

9 

1 

2 

4 ’I 
5 

6 

PWR - 

1 

2 

(a) 

4 
5 

1 x 10-6 

2 

1 

6 x 

2 x 

~~ 

(a) BWR RELEASE CATEGORY 4 was combined with category 3 as a result of additional 
CORRAL calculations for small-LOCA and transient sequences and the reassignment 
of sequences to other release categories. hfter these changes were made, no 
significant differences existed between release categories 3 and 4, and so they 
were combined into a single category 3 .  

and Table V 3-15 of Appendix V. While 
this factor of 3 change would have 
increased the overall. probability of BWR 
core melt predicted in the draft report 
by about 20%, the value predicted in the 
final report has actually decreased by 
about 3 0 % ,  as summarized earlier in this 
section. This clearly illustrates the 
stability of the overall accident proba- 
bility predictions made in the study by 
demonstrating that rather significant 
changes (factors of 3) in individual 
contributions have a relatively small 
effect on the overall result. 

COMMENT 5.1.2 

It was assumed that the failure of any 
three adjacent rods to insert results in 
failure to render the core subcritical. 
This .assumption is described as being 
conservative and it is questioned why a 

more realistic determination was not 
attempted . 

(U.S. Environmental Protection 
Agency-Intermountain 
Technologies, Inc.) 

RESPONSE 

Examination of Table V 3-16 in Appendix 
V reveals that failure to scram is a 
significant contributor in the probabil- 
ity of release categories in those 
specific sequences involving transient 
events. For transients that occur at 
full power, as many as four rods in 2 x 
2 array must fail to insert before the 
scram is ineffective because certain 
peripheral rods have lower reactivity 
worths than do the rods near the cente; 
of the core. However, the major 
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contributors to scram failure are common 
mode failures of scram rods and common 
mode failures due to test and 
maintenance. These common mode contri- 
butions would give essentially the same 
probability of failure for not only 
three rods but also for four or more 
rods. Within the data accuracies, then, 
the total scram probability of 
1.3 x applies to either three or 
four (or more) rod failures. 

COMMENT 5.1.3 

Since the BWR risks appear to be quite 
sensitive to the probability of a single 
rod failing to scram on demand during a 
transient accident, it is important that 
the single-rod scram failure probability 
be accurately assessed. In particular, 
additional, more extensive data (which 
are apparently available) should be in- 
cluded in the assessment; the reason 
for including only two of six reported 
failures needs to be analyzed and ex- 
plained; and Acero'sl analysis should be 
considered. 

(u.S. Environmental Protection 
Agency-Intermountain 
Technologies, Inc.) 

RESPONSE 

The values for control rod failure used 
in the draft report were lom4 per demand 
for an individual control rod failing to 
insert. Since publication of the draft 
report, additional BWR control rod fail- 
ure dat.a were analyzed and again yielded 
10-4 per demand. Referring to the data 
in Tables 111 4-5 and I11 5-3  in 
Appendix 111, it should be noted that 
Table I11 4-5 lists control rod failures 
of all types. The analysis of interest 
here is that of a particular failure 
mode: failure to insert on demand. Of 
the six BWR control rod failures listed 
in Table 111 4-5, only two were failure 
to insert on demand. 

An estimate based on Acero's approximate 
rod failure rate of 3 x 10-3 per demand 
and his values of six demands per year, 
145 rods per reactor (average), and 20 
reactors would yield approximately 52 
rod failures each year. This is not 
substantiated by operating history even 
including slow insertion rods. 1973 

data show only approximately 10 rod 
failures of all types. Of these, only 
two can be considered to satisfy the 
failure to insert criterion. 

COMMENT 5.1.4 

Another area that appears to be somewhat 
questionable in the WASH-1400 analysis 
of RPS failure occurs in section 5.1 of 
Appendix 11, volume 3 .  In determining 
the probability of three adjacent con- 
trol rods failing to insert on scram 
demand, consideration is given to common 
mode failures and a value of 1 x 
was subsequently used to compute the RPS 
failure probability. The discussion in 
WASH-1400 seems to imply that the common 
mode contribution is 0.01 times the sin- 
gle component failure rate. Thus, the 
actual value to be used, based on this 
discussion, would appear to be 1 x 
rather than some combination (in this 
case, log-normal median) with the 
uncoupled failure rate. Assuming a 
value of 1 x for three adjacent 
rods failing to insert, the calculated 
total BWR risks are raised by a factor 
of 30 and the average risks correspond- 
ingly. 

( U . S .  Environmental Protection 
Agency-Intermountain 
Technologies, Inc.) 

RESPONSE 

The study treated the value as an 
upper bound for three or more rod fail- 
ures and treated the independent proba- 
bility of 10-12 as a lower bound. The 
10-6 value was obtained from the 
analyses described in Appendix I11 in 
which approximately 10% of all failures 
could be considered as approximating 
common mode behavior. Since all types 
of components were considered in obtain- 
ing this 10% value and since many of the 
common modes did not cause failure but 
on ly  minor degradations, this value 
was treated as very conservative and, 
hence, as being an upper bound. 

The coupling treatment discussed in Ap- 
pendix 11, volumes 2 and 3 ,  must also be 
recognized as being only part of the 
total dependency analysis that was per- 
formed on the RPS. In the actual evalu- 
ation, Monte Carlo simulation was per- 
formed using the tight coupling and 
independent values as bounds to obtain 

'Master's thesis by M. Acero (University of California at Berkely) concluded by fault 
tree'analysis that the probability of a control rod failing to insert on a scram 
demand is approximately 3 x 
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to provide makeup water 

(T/M = test and maintenance) 

HPCI and RClC fail 
individually 

I Or I 

RClC out for T/M and 
HPCl fails RClC fails 

HPCl out for T/M and 

HPCI 
fails 

Figure XI 5-'1 Corrected Fault Tree for Event U.  
(T/M = Test and Maintenance) 

RClC RClC out HPCl HPCl out RClC 
fails for T/M fails for T/M fails 

the estimated probability distribution 
and median value for the rod failure de- 
pendencies and the RPS total unavaila- 
bility (as described in section 3 . 6 . 2  of 
Appendix 11, volume 1). Furthermore, 
the failure rate coupling procedure was 
also used to incorporate dependencies 
into the rod drop failure rates (as 
described in section 4 of Appendix IV). 
The final RPS unavailability was used in 
event tree quantification and incorpo- 
rated the Monte Carlo simulation of the 
tight coupling and independent bounds 
and the failure rate coupling dependen- 
cies as stated in section 4 of Appendix 
IV. 

COMMENT 5 . 2  

For the BWR plant, event U is defined as 
the availability of the HPCI or RCIC 
systems for makeup inventory. In de- 
termining. the failure probability for 
HPCI and RCIC to provide makeup water, 
draft WASH-1400 computed the unavaila- 
bility factors for HPCI and RCIC on the 
basis they could both be out of service 
for maintenance at the same time. This 
situation is not normally allowed by the 
technical specifications. The correc- 

tion of this problem should reduce the 
failure probability of both HPCI and 
RCIC by about a factor of 6 .  

(AEC Regulatory Staff) 

RESPONSE 

The quantification of event U for the 
BWR transient event tree was indeed con- 
servative for the reason stated in the 
comment. The analysis below indicates 
that the likelihood of this event was 
overestimated by a factor of 4, and sec-3 
tion 4 . 3 . 2  of Appendix V was modified 
accordingly. It should be noted, how- 
ever, that the overall results of the 
study were not affected because the 
sequences involving event u were not 
dominant contributors to the overall 
release probabilities. 

The corrected fault tree from Appendix V 
is shown in Fig. XI 5-1 (the indicated 
probabilities are per demand). 

This changes the probability of event U 
by a factor of approximately 4 (i.e., 
the old value was 8 x and the re- 
vised value is 2 x 10-3). 

'HPCI and RCIC are the acronyms for the BWR high-pressure coolant injection system 
and the reactor core isolation cooling system. See Appendices I and I1 for further 
details of the description and functioning of these systems. 
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COMMENT 5.3 

I n  Table 2 of  Attachment 1 t o  Appendix 
V, c e r t a i n  sequences are shown with 
"containment rup tu re -vesse l  steam explo- 
s ion"  f a i l u r e  mode p r o b a b i l i t i e s  of 
zero,  which a r e  n e v e r t h e l e s s  e s t ima ted  
a s  0 . 0 1  i n  Table V 3-4 of  Appendix V. 
Since s imi l a r  t a b l e s  are n o t  included 
f o r  t h e  SI and S 2  i n i t i a t i n g  even t s ,  t h e  
r e l a t i o n s h i p  between t h e  va r ious  con- 
ta inment  f a i l u r e  mode p r o b a b i l i t i e s  
shown i n  Tables  V 3-5 and V 3-6 of Ap- 
pendix V cannot  be determined (e .g . ,  t he  
r e l a t i o n s h i p  between S2C-6 and S 2 C - a ) .  

( U . S .  Environmental P r o t e c t i o n  
Agency) 

RESPONSE 

The containment f a i l u r e  mode p r o b a b i l i -  
t i es  f o r  t h e  large LOCA were used i n  t h e  
d r a f t  v e r s i o n  of WASH-1400 t o  a s s e s s  t h e  
small-LOCA ( S i  and S 2 )  and t r a n s i e n t  
i n i t i a t e d  even t  sequences. Appendix V 
of t h i s  f i n a l  v e r s i o n  of WASH-1400 i n -  
c ludes  estimates of  t h e  containment 
f a i l u r e  mode p r o b a b i l i t i e s  a p p l i c a b l e  t o  
those  dominant c o r e  m e l t  sequences f o r  
t h e  s m a l l - L O C A  and t r a n s i e n t  events .  

The S2C-a sequence w a s  i n a d v e r t e n t l y  
omit ted from Table V-16 i n  d r a f t  WASH- 
1 4 0 0 .  Table V 3-16 has been c o r r e c t e d  
(new Table V 3-14) , and t h e  r e l a t i o n s h i p  
between S2C-a and S2C-6 can now.be seen.  
The i n c l u s i o n  of  S2C-a provided an i m -  
p o r t a n t  c o n t r i b u t i o n  t o  t h e  ca t egory  1 
release p r o b a b i l i t i e s  f o r  t h e  small-LOCA 
even t ;  however, it r e s u l t e d  i n  no s i g -  
n i f i c a n t  change i n  t h e  o v e r a l l  p robab i l -  
i t y  r e s u l t s .  

5.4 CHECK VALVE RUPTURE 

Comments w e r e  r ece ived  on t h e  assess- 
ments  p re sen ted  i n  Appendices I and V 
f o r  t h e  r u p t u r e  of t h e  check va lve  t h a t  
s e p a r a t e s  t h e  low-pressure i n j e c t i o n  
system (LPIS) from t h e  PWR r e a c t o r  
c o o l a n t  system. The s p e c i f i c  comments 
t h a t  fo l low r e f l e c t  some d i v e r s i t y  of  
views on t h e  LPIS check va lve  assess- 
ments  p re sen ted  i n  WASH-1400. The 
r eade r  would f i n d  it h e l p f u l  t o : t r e fe r  t o  
Appendix I,  s e c t i o n  4 . 1 . 6 ,  and Appendix 
V, s e c t i o n  4 . 4 ,  where f u r t h e r  d e t a i l  on 
even t  V, t h e  check va lve  a c c i d e n t ,  i s  
presented.  

COMMENT 5.4.1 

The p r o b a b i l i t y  of t h e  low-pressure in-  
j e c t i o n  system check va lve  f a i l u r e  has 
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been overest imated by one t o  two o r d e r s  
of magnitude. 

(AEC Regulatory S t a f f ;  
Westinghouse E lec t r i c  Corp.) 

RESPONSE 

For t h e  check valve a c c i d e n t ,  one valve 
f a i l i n g  open and t h e  second rup tu r ing ,  
t h e  s tudy  computes t h e  p r o b a b i l i t y  t o  be 
about 2 x 10-6 per  r eac to r -yea r ,  and 
Westinghouse computes t h e  p r o b a b i l i t y  t o  
be about 2 x 10-8 per  reactor-year .  

The discrepancy between t h e s e  c a l c u l a -  
t i o n s  arises from two causes.  One o r d e r  
of magnitude comes from t h e  d i f f e r e n c e  
i n  r u p t u r e  p r o b a b i l i t y  (1 x 10-8 per  
hour f o r  t h e  s tudy  ve r sus  1 x 1 0 - 9  per  
hour f o r  Westinghouse).  The s t u d y ' s  
d a t a  ana lyses  showed t h a t  a median va lue  
of 10-8 w a s  s u i t a b l e  and agreed wi th  
a v a i l a b l e  d a t a  sou rces ,  a s  i n d i c a t e d  i n  
Appendix 111. S ince  Westinghouse has  
presented no d a t a  t o  suppor t  i t s  va lue  
of 10-9 ,  t h e  s tudy  i s  unable t o  d i s c u s s  
t h e  reasons f o r  t h e  d i f f e r e n c e s .  (It 
should be noted t h a t  t h e  e r r o r  spread on 
t h e  p r o b a b i l i t y  e s t ima ted  by t h e  s tudy  
i s  about a f a c t o r  of 1 0  and hence cove r s  
t h e  Westinghouse value.  ) 

The second p a r t  of  t h e  discrepancy comes 
from Westinghouse's use of 10-5 per  
demand f o r  t h e  check valve f a i l i n g  open. 
The Westinghouse model t hus  assumes t h a t  
t h e  check valve f a i l u r e  is independent 
of t i m e .  Since t h e  check valve is  never 
t e s t e d  f o r  i t s  s e a t i n g  i n t e g r i t y ,  t h e  
s t u d y ' s  model treats t h e  check valve a s  
having a time-dependent f a i l u r e  proba- 
b i l i t y  of 3 x 10-7 p e r  hour. A f t e r  1 
year  of p l a n t  o p e r a t i o n ,  t h e  p r o b a b i l i t y  
of t h e  valve f a i l i n g  and n o t  being 
detected is then 3 x 10-7 p e r  hour x 
8800 hours p e r  year  = 3 x 10-3 ( t h e  
e x a c t  formula is 1 - exp(-3 x 10-7 x 
8 8 0 0 ) ) .  A f t e r  2 y e a r s ,  the p r o b a b i l i t y  
of f a i l u r e  is approximately 6 x 
a f t e r  3 y e a r s ,  9 x 10-3; and so on. The 
Westinghouse model, on t h e  o t h e r  hand, 
always g i v e s  1 x 10-5,. r e g a r d l e s s  of t h e  
amount of t i m e  t h a t  has  e lapsed.  This 
d i f f e r e n c e  i n  t r ea tmen t  accounts  f o r  t h e  
second o r d e r  of magnitude d i f f e r e n c e  
between t h e  s t u d y ' s  resul t  and t h e  
Westinghouse r e s u l t .  

One f i n a l  p o i n t  about  t h e  d i f f e r e n c e s  i n  
t r ea tmen t  is  worth mentioning. I f  t h e  
va lves  are t e s t e d  monthly, then t h e  
s t u d y ' s  model would g i v e  6 x 10-8, which 
i s  comparable t o  t h e  Westinghouse r e s u l t  
of 2 x 10-8 wi thou t  t e s t i n g .  The model 
proposed by Westinghouse would n o t  y i e l d  
any improvement from t e s t i n g  s i n c e  t h e  



valve failuke probability of 10-5 is 
independent of time and hence independ- 
ent of testing. The view of the study 
is that the WASH-1400 model is more 
realistic and representative of the 
actual situation. 

COMMENT 5.4.2 

The piping arrangements may not be 
typical of PWRs because ,there is no 
safety valve on the PWR considered by 
the study in order to relieve pressure 
from the high-pressure injection system 
on the low-pressure injection system 
piping; thus a dominant PWR accident may 
be limited to as few as 10 reactors. 

(Edison Electric Institute) 

RESPONSE 

Relief valve provisions did in fact 
exist in the specific PWR LPIS design 
considered by the study. These are 
provided to accept check valve leakage 
and relieve potential high pressure 
should the LPIS check valves leak when 
the interconnecting HPIS is operated. 
Since event V (a check valve rupture 
with accompanying dynamic loadings on 
the LPIS) caused a situation beyond the 
design intent and capability of the LPIS 
relief provisions, the simplified sche- 
matic in section 4.1.6 of Appendix I did 
not reflect such provisions and the 
relief valves were given no credit for 
system protection in this situation. 
The design arrangements of valves that 
lead to the possibility of event V 
occurring at the PWR studied by the 
Reactor Safety Study was found to be an 
important contributor to risk, as indi- 
cated by Table V 3-14 of Appendix V. 
While it is possible that this particu- 
lar design arrangement is present at 
only a few PWRs, similar design arrange- 
ments, such as the use of in-series 
motor-operated valves that function as 
interfacing barriers between high- 
pressure and low-pressure systems, may 
exist in other PWR designs. All PWR 
designs were not covered by the study, 
however, and, in this sense, the extrap- 
olation of a specific design arrange- 
ment to a number of future PWRs where 
such design arrangements may not apply 
might be somewhat conservative, as indi- 
cated in sections 1.9.7 and 7.4.1 of the 
Main Report. 

COMMENT 5.4.3 

There was a possibility that the low- 
pressure injection system piping might 
withstand without failure the considera- 

ble overpressure produced in the check 
valve accident sequence; even if it were 
to fail, there is a chance that the 
high-pressure injection system and accu- 
mulators could provide the cooling nec- 
essary to prevent core melting. 

( A E C  Regulatory Staff) 

RESPONSE 

The LPIS piping could undoubtedly with- 
stand considerable overpressures if they 
were gradually applied by check valve I 
leakage. As stated above, the relief 
valve provisions provided in the LPIS 
piping design do envision the possibil- 
ity of gradual leakage. The LPIS design 
did not anticipate those dynamic load- 
ings that would result from event V, nor 
did the piping code used for the LPIS 
piping design require that any particu- 
lar dynamic analysis be performed. 
Given the sudden rupture of one of the 
check valves and the accompanying dynam- 
ic loads, it was the judgment of the 
study that the LPIS failure probability 
would be near unity. Because the recir- 
culation of coolant to the core depends 
on the LPIS pumps taking coolant from 
inside containment and delivering it 
back to the core, LPIS failure would re- 
sult in eventual core melt. The emer- 
gency core cooling subsystems were ex- 
tensively discussed in Appendix I, and, 
as stated in section 4.1.6 of Appendix 
I, the operation of the HPIS and accumu- 
lators could serve to delay core melt 
but not preclude it. 

I 

COMMENT 5.4.4 

The discussions in Appendix V seemed to 
ignore common mode failure of the low- 
pressure injection system check valves 
that might be caused by, for example, 
foreign bodies that entered in the com- 
mon flow and kept both valves from 
seating. 

(Amory Lovins) 

RESPONSE 

This comment evidently failed to recog- 
nize that event V, in fact, involves a 
very important common mode failure that 
had an important impact on the study's 
results. Section 4.1.6 of Appendix I 
makes it clear that the general type of 
potential common mode failure postulated 
in this comment was considered in the 
study and all except the LPIS check 
valve rupture event leading to an uncon- 
trolled LOCA were dismissed for the rea- 
sons stated in section 4.1.6 of Appendix 
I (i.e. , "failure of the barriers would 
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n o t  i nvo lve  loss of v i t a l  safeguards and 
t h e  loss of normal c o o l a n t  could be ac- 
commodated w i t h i n  t h e  des ign  of t h e  in -  
t e r f a c i n g  system through s a f e t y  and 
r e l i e f  p r o v i s i o n s ,  and t h e  c o o l a n t  l o s s  
could be c o n t r o l l e d  o r  contained without  
a co re  m e l t  o c c u r r i n g " ) .  Should t h e  
LPIS  check va lves  experience a more 
g radua l  t ype  of leakage from t h e  RCS, a s  
perceived i n  t h e  comment, t h e  r e l i e f  
valves  provided i n  t h e  LPIS would pre- 
ven t  excess ive  L P I S  loads.  Continued 
o p e r a t i o n  of t h e  r e a c t o r  with leakages 
i n  excess  of  1 0  gpm i s  n o t  permit ted by 
t e r m s  of t h e  o p e r a t i n g  l i c e n s e .  How- 
e v e r ,  leakages of t h i s  magnitude ( o r  
somewhat h ighe r  by t h e  s t u d y ' s  estimate) 
can be handled by d i scha rge  through t h e  
LPIS r e l i e f  p r o v i s i o n s  without  excess ive  
ove rp res su re  load ings  being encountered. 
Thus a LOCA due t o  such leakage would 
n o t  be expected t o  occur.  

C O W N T  5.5 

The d e r i v a t i o n  o f  t h e  containment 
f a i l u r e  p r e s s u r e  u t i l i z e d  i n  t h e  s tudy  
and t h e  s e n s i t i v i t y  o f  t h e  o v e r a l l  
r e s u l t s  t o  t h e  p a r t i c u l a r  va lue  o f  t h e  
f a i l u r e  p r e s s u r e  have been quest ioned.  

(U. S. Environmental P r o t e c t i o n  
Agen cy- Intermoun t a i n  
Technologies,  Inc.  ; 
Amory Lovins) 

RESPONSE 

The nominal f a i l u r e  p r e s s u r e  of 1 0 0  2 15 
p s i a  (approximately 1 . 7  times t h e  des ign  
p r e s s u r e )  f o r  t h e  PWR containment s t r u c -  
t u r e  w a s  d e r i v e d  on t h e  b a s i s  o f  t h e  
design c r i t e r i a  u t i l i z e d  and t h e  expect-  
e d  behavior  o f  t h e  s t r u c t u r e  a t  loadings 
i n  excess  o f  des ign  l e v e l s .  While con- 
s i d e r a b l y  above t h e  design p r e s s u r e ,  t h e  
nominal f a i l u r e  p r e s s u r e  de r ived  i s  
lower than  t h e  i d e a l i z e d  u l t i m a t e  
s t r e n g t h  o f  t h e  s t r u c t u r e  i n  ques t ion .  
The p a r t i c u l a r  containment considered,  
as  w e l l  a s  r e a c t o r  containments i n  gen- 
e r a l ,  h a s  been s t r e n g t h - t e s t e d  and leak-  
t e s t e d  a t  i n t e r n a l  p r e s s u r e s  somewhat 
above t h e  des ign  l e v e l .  . S a t i s f a c t o r y  
performance d u r i n g  such t e s t i n g  i n d i -  
cates t h a t  t h e  design o b j e c t i v e s  f o r  t h e  
s t r u c t u r e  have indeed been achieved and 
l e n d s  credence t o  t h e  e x p e c t a t i o n  t h a t  
t h e  p r o b a b i l i t y  of f a i l u r e  a t  o r  n e a r  
design l o a d i n g s  i s  very s m a l l .  A s  
a p p l i e d  i n  t h i s  s tudy ,  t h e  f a i l u r e  
p r e s s u r e  i s  n o t  r e p r e s e n t e d  by a s i n g l e  
d i s c r e t e  value,  b u t  as  ' a  continuous 
v a r i a b l e  wi th  a normal d i s t r i b u t i o n  
about t h e  nominal value.  This  approach 
r ecogn izes  t h a t  t h e  p r o b a b i l i t y  of 
s t r u c t u r a l  f a i l u r e  i s  s m a l l  a t  l o a d s  
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s l i g h t l y  above des ign ,  b u t  i n c r e a s e s  
with i n c r e a s i n g  loading.  

The p r o b a b i l i t y  o f  f a i l u r e  a t  t h e  
nominal f a i l u r e  p r e s s u r e  i s  taken as  0 . 5  
and approaches u n i t y  as  t h e  loading 
approaches t h e  u l t ima te  s t r e n g t h  o f  t h e  
s t r u c t u r e .  The recommendation i n  t h e  
comment above f o r  a minimum f a i l u r e  
p r e s s u r e  o f  67.5 p s i a  i s  roughly equiva- 
l e n t  t o  t h e  2 0  lower bound of  70  p s i a  
used i n  t h e  s tudy.  I n  t h e  de t e rmina t ion  
o f  t h e  containment f a i l u r e  mode proba- 
b i l i t i e s ,  t he  p o t e n t i a l  f o r  containment 
ove rp res su re  f a i l u r e ,  i n  t hose  a c c i d e n t  
sequences where it i s  a p p r o p r i a t e ,  h a s  
been e v a l u a t e d  f o r  t h e  h i g h e s t  con ta in -  
ment p r e s s u r e  expected du r ing  t h e  par-  
t i c u l a r  a c c i d e n t  sequence. Thus t h e  re- 
s u l t s  o f  t h e  s tudy  inc lude  c o n s i d e r a t i o n  
o f  containment f a i l u r e  a t  less than t h e  
nominal f a i l u r e  p re s su re .  Appendix E t o  
Appendix V I 1 1  h a s  been r e w r i t t e n  t o  
b e t t e r  c l a r i f y  t h e  approach taken and 
t h e  r a t i o n a l e  behind t h e  nominal f a i l u r e  
p r e s s u r e  s e l e c t e d .  

In a number o f  t h e  a c c i d e n t  sequences 
considered , t h e  containment p r e s  s u r e  
could p o t e n t i a l l y  r ise t o  l e v e l s  w e l l  
above t h e  s t r e n g t h  o f  t h e  containment 
s t r u c t u r e .  In such cases, t h e  p robab i l -  
i t y  o f  f a i l u r e  i s  independent of t h e  
value o f  f a i l u r e  p r e s s u r e  u t i l i z e d ,  
though t h e  t iming  o f  t h e  f a i l u r e  would 
be determined by t h e  l a t t e r .  I n  o t h e r  
sequences,  t h e  maximum containment p re s -  
s u r e  t h a t  can be a t t a i n e d  i s  l i m i t e d  
because o n l y  a l i m i t e d  supply o f  water 
i s  a v a i l a b l e  f o r  c o n t a c t  w i t h  t h e  molten 
f u e l  and v a p o r i z a t i o n  t o  steam. H e r e  
t he  p o t e n t i a l  f o r  ove rp res su re  f a i l u r e  
does depend on t h e  f a i l u r e  p r e s s u r e  
u t i l i z e d .  The assessment o f  containment 
f a i l u r e  p r o b a b i l i t i e s  f o r  l oad ings  below 
the nominal f a i l u r e  l e v e l  takes t h i s  
p o s s i b i l i t y  - i n t o  account. 

COMMENT 5 . 6  

Describe t h e  methods used t o  develop t h e  
p r o b a b i l i t i e s  t a b u l a t e d  i n  Appendix U 
from t h e  information p resen ted  i n  
Appendix V I I I .  

(U. S. Environmental P r o t e c t i o n  
Agen cy- I n  te rmo un t a  i n  
Technologies,  Inc . )  

RFSPON SE 

In  o r d e r  t o  i l l u s t r a t e  t h e  methods used 
t o  o b t a i n  t h e  p r o b a b i l i t i e s  of  each o f  
t h e  modes of containment f a i l u r e ,  t h e  
PWR sequence AB, l o s s  of e lec t r ic  power, 
w i l l  be desc r ibed .  The p r o b a b i l i t y  of  a 
steam exp los ion  r e s u l t i n g  i n  containment 



f a i l ' u r e ,  ABci i s  Pa = P 1  = as  d i s -  
cussed i n  s e c t i o n  2.3.2 of Appendix 
V I I I .  

The p r o b a b i l i t y  o f  containment i s o l a t i o n  
f a i l u r e ,  ABB, was determined from f a u l t  
t ree ana lyses .  t o  be P2  =- 2 x 
' 

P B  = (1 - P1) P2 

The pressure-time h i s t o r y  f o r  
sequence i s  shown i n  Fig.  V I 1 1  2- 

t h i s  
o f  

Appendix V I I I .  I f  hydrogen combustion 
o c c u r s ,  t h e  maximum p r e s s u r e  w i l l  be 1 0 0  
p s i a .  The p r e d i c t e d  f a i l u r e  p r e s s u r e  i s  
1 0 0  p s i a ,  w i th  a s t a n d a r d  d e v i a t i o n  o f  
15 p s i .  Since t h e  maximum p r e s s u r e  i s  
e q u a l  t o  t h e  median f a i l u r e  p r e s s u r e ,  
t h e  p r o b a b i l i t y  o f  f a i l u r e  i s  0.5. A s  
d i scussed  i n  s e c t i o n  2.3.4 of  Appendix 
V I I I ,  t h e  p r o b a b i l i t y  o f  hydrogen com- 
b u s t i o n  i s  0.25. Thus t h e  p r o b a b i l i t y  
o f  hydrogen combustion l e a d i n g  t o  con- 

P 3  = 0.125. t a i n G n t  f a i l u r e ,   AB^, i s  

= P 3 ( 1  - P,) (1 - P 1  P 
Y 

= 0.12. 

I f  hydrogen burning does n o t  occur ,  t h e  
peak p r e s s u r e  i s  75 p s i a .  Th i s  p r e s s u r e  
i s  1 . 6 7  s t a n d a r d  d e v i a t i o n s  below t h e  
median f a i l u r e .  p r e s s u r e  o f  1 0 0  p s i a .  
The p roba b i 1 it y o f containment o ve r p r  e s- 
s u r i z a t i o n ,  AB6,P4, can be determined 
from t a b l e s  o f  normal d i s t r i b u t i o n s  t o  
be  0.048: 

P 6  = P 4 ( l  - P3) (1 - P 2 )  (1 - P 1 )  

= 0 . 0 4 1 .  

I f  t h e  o t h e r  f a i l u r e  modes do n o t  occur ,  
t hen  containment mel t through,  AB€,  w i l l  
be t h e  f a i l u r e  mode: 

P E  = (1 - P 4 )  (1 - P3) (1 - P2)  (1 - P1)  

= 0.82. 

These p r o b a b i l i t i e s  are t a b u l a t e d  i n  
Table V 2-2 o f  Appendix V .  

COMMGNT 5.7 

With r ega rd  , . t o  t h e  BWR t r a n s i e n t s  
( s e c t i o n  4.3.2 o f  Appendix I and Table  V 
3-17 o f  Appendix V ) ,  it i s  not  c lear  
which t r a n s i e n t s  were slow enough S O  

t h a t  c r e d i t  f o r  r e s e r v e  shutdown can be  - 
taken. c (U.S. Environmental P r o t e c t i o n  

Agency-In termountain 
Technologies,  Inc.  ) 

RESPONSE 

A l l  t r a n s i e n t s  l i s t e d  under "Likely 
I n i t i a t i n g  Events" i n  Table I 4-12 of 
Appendix I can be accep tab ly  handled by 
t h e  design of  t h e  r e s e r v e  shutdown sys-  
t e m s .  This i s  due t o  t h e  f a c t  t h a t ,  on 
a rea l i s t ic  b a s i s ,  t h e  t ime rate of 
e f f e c t i v e n e s s  o f  l i q u i d  poison i n j e c t i o n  
can be  cons ide rab ly  s lower i f  termina- 
t i o n  o f  power a t  a rate c o n s i s t e n t  w i th  
p reven t ing  f u e l  me l t ing  i s  considered 
r a t h e r  than p reven t ing  h e a t  t r a n s f e r  
l i m i t s  (such as  those  a s s o c i a t e d  w i t h  
t h e  prevent ion of t h e  l o c a l i z e d  depar- 
t u r e  from n u c l e a t e  b o i l i n g  o r  l i m i t i n g  
t h e  r e a c t o r  c o o l a n t  system t o  modest 
ove rp res su res )  from be ing  exceeded. 
These l a t t e r  very conse rva t ive  l i m i t s  
are customari ly  used i n  t h e  l i c e n s i n g  
process .  However, exceeding t h e s e  l i m -  
i t s  by s m a l l  amounts does n o t  imply t h a t  
an a c c i d e n t  h a s  occur red  o r  t h a t  a 
r a d i o l o g i c a l  consequence to t h e  p u b l i c  
w i l l  r e s u l t .  

COMMENT 5.8 

BWR t r a n s i e n t  a c c i d e n t s  are d e s c r i b e d  
and analyzed i n  s e c t i o n  4.3.2 o f  Appen- 
d i x  I. The a c c i d e n t s  appear  t o  b e  prop- 
e r l y  considered excep t  f o r  t h e  assump- 
t i o n s  made r ega rd ing  t h e  l i k e l i h o o d  of 
t h e  i n i t i a t i n g  e v e n t ,  which seems t o  be 
conse rva t ive  by about  a f a c t o r  o f  3 .  

(U .  S. Environmental P r o t e c t i o n  
Agency- Intermountain 
Technologies,  Inc. ) 

RESPONSE 

The comment i n d i c a t e s  t h a t  about 1 0  
t r a n s i e n t  e v e n t s  occur  p e r  r eac to r -yea r ,  
b u t  p o i n t s  o u t  t h a t  o n l y  two o r  t h r e e  o f  
t h e s e  t r a n s i e n t  e v e n t s  would q u a l i f y  a s  
a n t i c i p a t e d  t r a n s i e n t  w i thou t  scram 
(ATWS) type  e v e n t s  i n  t h a t  t hey  would be 
more r ap id  e v e n t s  r e q u i r i n g  an immediate 
core  shutdown t o  p reven t  co re  damage. 
Based on t h i s  and I T 1  i n t e r p r e t a t i o n s  o f  
s t a t emen t s  made by t h e  General E lec t r i c  
Co., EPA concludes that a r ea l i s t i c  
estimate o f  t h e  frequency o f  a n t i c i p a t e d  
t r a n s i e n t s  would be about t h r e e  p e r  
r eac to r -yea r  r a t h e r  than t h e  value of  1 0  
(with a n - e r r o r  band of 2 )  used i n  WASH- 
1 4 0 0 .  
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The s tudy  does n o t  agree t h a t  a f a c t o r  
of 3 conservat ism i s  e v i d e n t  i n  i t s  use  
o f  1 0  t r a n s i e n t  e v e n t s  p e r  reactor-year .  
The comment s e e m s  t o  be  concerned wi th  
o n l y  those  more r a p i d  t r a n s i e n t  e v e n t s  
( e .g . ,  M S I V  c l o s u r e ,  t u r b i n e  s t o p  valve 
c l o s u r e s )  t h a t  could y i e l d  t h e  h i g h e s t  
p r e d i c t e d  f u e l  e n t h a l p i e s  and RCS pres -  
s u r e  l e v e l s  i n  the  absence o f  RPS opera- 
t i o n  ( i . e . ,  c o n t r o l  rod t r i p ) .  The 
s t u d y  n e c e s s a r i l y  had t o  cons ide r  all 
t r a n s i e n t  e v e n t s  t h a t  imposed a demand 
f o r  RPS o p e r a t i o n  and f o r  t h e  shutdown 
coo l ing  s y s t e m s .  As noted by t h e  d e f i -  
n i t i o n s  p re sen ted  i n  s e c t i o n s  4.3.1.4 

and 4.3.2.4 o f  Appendix I ,  it i s  n o t  
proper  t o  l i m i t  t h e  s t u d y  of  t r a n s i e n t  
e v e n t s  t o  those  few r a p i d  t r a n s i e n t s  
t h a t  y i e lded  i n i t i a l  peaks i n  f u e l  
en tha lpy  o r  r e a c t o r  coo lan t  system p res -  
s u r e .  Rather,  it i s  necessa ry  t o  con- 
s i d e r  both t h e  i n i t i a l  peaks and t h e  
long-term e f f e c t s  t h a t  could appear  i f  
t h e  c o r e  were n o t  t o  become e v e n t u a l l y  
s u b c r i t i c a l  o r  i f  t h e  co re  shutdown 
coo l ing  systems were t o  f a i l .  Reactor  
experience c l e a r l y  i n d i c a t e s  t h a t  a 
frequency o f  about 1 0  t r a n s i e n t  e v e n t s  
p e r  r eac to r -yea r  r e q u i r i n g  shutdown m u s t  
be considered.  
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Sever 

Section 6 
Radioactive Releases from Accident Sequences 

1 comments t h a t  w e r  r e c e i v  3 
quest ioned t h e  magnitudes computed f o r  
t h e  va r ious  r a d i o a c t i v e  r e l e a s e  c a t e -  
g o r i e s  i n  Appendix V .  Each of  t h e s e  
comments i s  d i scussed  i n  t h i s - s e c t i o n .  

A s  a r e s u l t  o f  t hese  comments and a s  a 
p a r t  of i t s  p r e p a r a t i o n  of t h e  f i n a l  
r e p o r t ,  t h e  s t u d y  reexamined t h i s  a r e a  
and performed a d d i t i o n a l  computations t o  
b e t t e r  determine t h e  p o t e n t i a l  radio-  
a c t i v e  r e l e a s e s  f o r  t h e  s m a l l - L O C A  and 
t r a n s i e n t  a c c i d e n t  sequences. This  
e f f o r t  g e n e r a l l y  confirmed t h e  s t u d y ’ s  
e a r l i e r  assessments  excep t  f o r  t h e  
t r a n s i e n t  sequences i n  the  BWR t h a t  
involved p o t e n t i a l  f a i l u r e s  of  decay 
h e a t  removal systems. The reexamination 
of  BWR release ca t egory  2 r e s u l t e d  i n  an 
i n c r e a s e  i n  the  e s t ima ted  release 
f r a c t i o n s  of  t he  i s o t o p e s  t h a t  a r e  the  
most s i g n i f i c a n t  c o n t r i b u t o r s  t o  poten- 
t i a l  a c c i d e n t  e f f e c t s .  Halogens were 
i n c r e a s e d  by a f a c t o r  o f  approximately 
1 . 5  and a l k a l i  me ta l s  by 1 . 7 .  These 
changes and o t h e r s  of lesser 
s i g n i f i c a n c e  i n  BWR release ca t egory  2 
a r e  shown i n  Table X I  6-1.  Reexamina- 
t i o n  of t h e  o t h e r  BWR release c a t e g o r i e s  
a l s o  l e d  t o  some adjustment t o  t h e i r  
va iues .  These changes have been 
inco rpora t ed  i n t o  s e c t i o n  1 of Appendix 
V ,  and i n t o  t h e  i n p u t  t o  the  consequence 

model desc r ibed  i n  Appendix V I .  A 
comparison of  t he  s i g n i f i c a n t  d i f f e r -  
ences i n  t h e  magnitudes o f  t h e  v a r i o u s  
release c a t e g o r i e s  i n  t h e  d r a f t  and 
f i n a l  r e p o r t s  i s  p resen ted  i n  Table X I  
6-1. 

COMMENT 6 . 1  

What i s  the  e f f e c t  of  using t h e  conse- 
quences o f  large-LOCA sequences t o  
r e p r e s e n t  t h e  consequences of t r a n s i e n t  
and s m a l l - L O C A  a c c i d e n t s ?  

( U . S .  Environmental P r o t e c t i o n  
Agency- Intermountain 
Technologies,  Inc.  ) 

RESPONSE 

During the  p r e p a r a t i o n  of  d r a f t  
WASH-1400 , t he  r a d i o a c t i v e  releases 
a s s o c i a t e d  w i t h  a c c i d e n t  sequences from 
t h e  large-LOCA e v e n t  tree were used a s  a 
r e f e r e n c e  b a s i s  f o r  e s t a b l i s h i n g  
r e l e a s e s  from sequences a s s o c i a t e d  wi th  
the  small-LOCA and t r a n s i e n t  even t  
t r e e s .  This  was done on t h e  b a s i s  of an 
eng inee r ing  judgment t h a t  t h e  large-LOCA 
ana lyses  would adequately r e p r e s e n t  

TABLE X I  6-1 COMPARISON OF THE BWR RELEASE FRACTIONS ESTIMATED I N  THE DRAFT AND FINAL REPORTS - 
Fraction of Core Inventoq  Released 

Release 
Category I - B r  cs-Rb Te Ba-Sr Ru L a  

Draft F i n a l  Draft Final  Draft Final Draft Final  Draft F i n a l  Draft Final  Draft Final  
~~ 

2 2 0.6 0.9 0 . 3  0.5 0.1 0 . 3  0.04 0.10 0.07 0.03 2 ~ l O - ~  ~ x I O - ~  

0 - 0 3  1 0.01 0.02 4 I ~ x I O - ~  
9x10- 

O.O6 

(a) I 0.07 0.07 ~ x I O - ~  6 x 1 ~ - 3  
o - 2  I 0.3 

0.10 

(a )  Reexamination of the  release magnitudes for the various sequences i n  categories  3 and 4 indicated t h a t  they 
should merge i n t o  one, cow termed category 3 .  

(b) The changes i n  the  release f rac t ions  i n  this category a r e  not of grea t  s ignif icance and a r e  due t o  a reduc- 
t ion  i n  eff ic iency i n  assigned rad ioac t iv i ty  removal i n  the  standby gas treatment system. 0 
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s m a l l - L O C A  and t r a n s i e n t  sequences 
d e s p i t e  some t iming d i f f e r e n c e s  f o r  t h e  
p h y s i c a l  processes .  Af t e r  t h e  publ ica-  
t i o n  of  t h e  d r a f t  r e p o r t ,  a d d i t i o n a l  
c a l c u l a t i o n s  w e r e  made f o r  t h e  PWR and 
BWR t r a n s i e n t  and s m a l l - L O C A  sequences 
t h a t  dominated t h e  p r o b a b i l i t y  of t h e  
l a r g e r  r e l e a s e  c a t e g o r i e s  (1 through 4 ) .  
The r e s u l t s  o f  t hese  a d d i t i o n a l  ca l cu la -  
t i o n s  a r e  inco rpora t ed  i n t o  Appendix V 
and i t s  Attachment 1. These a d d i t i o n a l  
c a l c u l a t i o n s  r evea led  t h a t  some changes 
were needed t o  more adequately r e p r e s e n t  
t h e  sequences from t h e  o t h e r  even t  
trees . 
Although no changes w e r e  necessary i n  
PWR r e l e a s e s ,  some change d i d  occur i n  
t h e  case of BWR t r a n s i e n t s  i nvo lv ing  
l o s s  of decay h e a t  removal and contain-  
ment f a i l u r e  by ove rp res su re  p r i o r  t o  
co re  m e l t .  These sequences r e s u l t e d  i n  
t h e  suppression pool  temperature  being 
e l e v a t e d  t o  t h e  s a t u r a t i o n  temperature ,  
t h u s  l e a d i n g  t o  a diminished c a p a b i l i t y  
of  t h e  suppres s ion  pool t o  r e t a i n  
halogens and v o l a t i l e s  piped t o  t h e  pool 
through t h e  r e a c t o r  v e s s e l  r e l i e f  
valves .  Taken t o g e t h e r  with t h e  l ack  of 
drywell  d e p o s i t i o n ,  t he  o v e r a l l  effect  
w a s  t o  i n c r e a s e  t h e  magnitude of r ad io -  
a c t i v e  releases t o  t h e  atmosphere. The 
most s i g n i f i c a n t  change, i n  BWR release 
category 2 ,  involved i n c r e a s e s  i n  t h e  
p o t e n t i a l  releases of halogens and 
a l k a l i  metals by 50 and 70%, r e s p e c t i v e -  
ly .  The p o t e n t i a l  releases of a l k a l i n e  
e a r t h s  and t e l l u r i u m  a l s o  inc reased  i n  
f a c t o r s  of  2.5 and 3, r e s p e c t i v e l y .  
These changes w e r e  i nco rpora t ed  i n t o  t h e  
f i n a l  r e p o r t .  

COMMENT 6 . 2  

The s t r o n t i u m  releases used f o r  c o r e  
meltdown a c c i d e n t s  appear t o  be too low 
because (1) d a t a  from some experiments 
w i t h  s m a l l  specimens show t h a t  maximum 
releases o f  more than 50% could occur ;  
( 2 )  t hey  are based on g radua l ,  r a t h e r  
than uniform, c o r e  melt ing;  and (3)  t h e y  
are less than the  50% va lue  used i n  
WASH- 7 4 0- 

(Richard E. Webb) 

RESPONSE 

The f i r s t  p o i n t  a p p a r e n t l y  refers t o  
d a t a  d i scussed  i n  Appendix D t o  Appendix 

V I 1  o f  d r a f t  WASH-1400.  I t  i s  t r u e  t h a t  
some i n d i v i d u a l  experiments have pro- 
duced s t r o n t i u m  releases of  more than 
50%. However, many f a c t o r s  must be 
considered i n  i n t e r p r e t i n g  such r e s u l t s .  
Releases vary w i t h  e x t e r n a l  atmosphere, 
type and s i z e  of  specimen, type of  
hea t ing ,  d u r a t i o n  of  high temperature,  
and gas  flow cond i t ions .  I n  a d d i t i o n ,  
s c a t t e r  i n  experimental  d a t a  i s  commonly 
found i n  experimental  work of  t h i s  type.  
The experimental  d a t a  must be examined 
i n  t o t o  r a t h e r  than by cons ide r ing  on ly  
i s o l a t e d  p o i n t s ,  and t h e  experimental  
c o n d i t i o n s  shou ld  be c o r r e l a t e d  with t h e  
expected a c c i d e n t  cond i t ions .  On t h i s  
b a s i s ,  t h e  h i g h  s t r o n t i u m  release va lues  
ob ta ined  i n  some experiments are of  
q u e s t i o n a b l e  a p p l i c a b i l i t y  and should be 
given a low weight i n  e v a l u a t i n g  t h e  
t r e n d  of  t he  body of t h e  d a t a .  

Regarding t h e  second p o i n t ,  complete 
co re  meltdown i s  assumed i n  WASH-1400 i n  
s p e c i f y i n g  t h e  s t r o n t i u m  as w e l l  as 
o t h e r  i s o t o p i c  releases. An important  
f a c t o r  i n  determining t h e  amount o f  
r a d i o a c t i v i t y  r e l e a s e d  from t h e  f u e l  as  
it m e l t s  (as w e l l  as a t  l a t e r  t i m e s ) ,  i s  
i t s  surface-to-volume r a t i o .  Thus, if 
t h e  f u e l  p e l l e t s  w e r e  t o  drop i n t o  a 
poo l  o f  molten f u e l  b e f o r e  me l t ing ,  t h e  
releases would be much smaller than 
those  r e s u l t i n g  from p e l l e t s  me l t ing  in -  
d i v i d u a l l y  be fo re  dropping. A s  t h e  
WASH- 14 0 0 r ad  ioac  t ive  
releases are based on d a t a  from 
experiments  on s m a l l  samples,  t h i s  i s  
t h e  e q u i v a l e n t  o f  assuming t h a t  me l t ing  
o c c u r s  on an almost p e l l e t - b y - p e l l e t  
b a s i s .  Ac tua l ly ,  s i n c e  it i s  expected 
t h a t  much o f  t he  release of  r ad io -  
a c t i v i t y  would be governed by s i t u a t i o n s  
i n  which a much s m a l l e r  su r f ace - to -  
volume r a t i o  i s  expected,  t h e  p r e d i c t e d  
releases are l i k e l y  conse rva t ive ,  as  
p o i n t e d  o u t  i n  s e c t i o n  7 . 4 . 1  of  t h e  Main 
Report. 

With r e g a r d  t o  the  t h i r d  p o i n t ,  it w a s  
e s t ima ted  i n  Appendix V I 1  t h a t  s t r o n -  
t i u m  releases f o r  c o r e  meltdown 
a c c i d e n t s  could range from 2.2 up t o  
25% .I The bes t - e s t ima te  value used t o  
perform rea l i s t ic  consequence c a l c u l a -  
t i o n s  w a s  11%. Comparison a g a i n s t  t h e  
WASH-74P va lue  i s  n o t  v a l i d  because t h e  
l a t t e r  w a s  n o t  based on a p p l i c a b l e  d a t a  
o r  on t h e  type  o f  ana lyses  performed i n  
Appendix V I 1  . 2  

ca 1 c u l a  t i o n s  o f 

'These va lues  inc lude  t h e  c o n t r i b u t i o n  from t h e  vapor i za t ion  release component. 

WASH-740 (p.  23) i d e n t i f i e s  t h e  s t r o n t i u m  release value used a s  a "conservat ive 
guess"  f o r  meltdown and combustion of meta l l ic  f u e l .  
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COMMISNT 6 .3  

The decontamination f a c t o r  of 1 0 0 0  used 
i n  CORRAL-PWR c a l c u l a t i o n s  (Appendix V 
i n  t h e  s e c t i o n  e n t i t l e d  " R e s u l t s  o f  
CORRAL-PWR C a l c u l a t i o n s " )  f o r  s o i l  
leakage o f  r a d i o a c t i v e  mater ia l s  o t h e r  
than noble  gases  and o rgan ic  iod ine  
should be j u s t i f i e d .  

(American Phys ica l  S o c i e t y  
Study Group on 
Reactor Sa fe ty ;  
Amory Lovins) 

RESPONSE 

A j u s t i f i c a t i o n  f o r  t h e  s e l e c t i o n  of 
t h i s  p a r t i c u l a r  s o i l  decontamination 
f a c t o r  i s  given i n  s e c t i o n  3.3.3 o f  
Appendix V I I .  I n  a d d i t i o n  t o  t h e  
thoughts  p re sen ted  i n  Appendix V I I ,  it 
i s  no ted  t h a t  t he  e x t e n t  of r ad ionuc l ide  
t r a p p i n g  by t h e  s o i l  would probably vary 
among r e a c t o r  s i tes  due t o  d i f f e r e n c e s  
i n  subsu r face  s o i l  cond i t ions .  Calcula-  
t i o n s  show t h a t ,  even i f  t h e  s o i l  
decontamination f a c t o r  v a r i e d  by a s  much 
a s  an o rde r  of magnitude ( e i t h e r  up o r  
down) , t h e  c a l c u l a t e d  t o t a l  r e l e a s e  of  
r a d i o a c t i v i t y  t o  t h e  atmosphere would 
change by less than a f a c t o r  o f  2 .  In 
o t h e r  words, t h e  amount of  r a d i o a c t i v i t y  
t h a t  could p o t e n t i a l l y  escape through 
t h e  ground a f t e r  containment meltthrough 
i s  smaller  than t h e  amount t h a t  would 
escape from above-ground leakage from 
containment t o  the atmosphere p r i o r  t o  
meltthrough even i f  t he  s o i l  decontami- 
n a t i o n  f a c t o r  w e r e  as  low as 1 0 0 .  

COMMEHT 6.4 

I t  would be u s e f u l  t o  examine t h e  
s e n s i t i v i t y  o f  CORRAL r e s u l t s  t o  t h e  
degree o f  mixing of  compartment con- 
tents, i n  o r d e r  to es t ab l i sh  t h e  
conservat ism o f  t he  " w e 1  1-mixed" 
assumption. 

(Atomic I n d u s t r i a l  Forum) 

RESPONSE 

The "well-mixed" assumption used i n  
CORRAL i s  considered t o  be more 
r e a l i s t i c  than conse rva t ive  i n  terms of  
d e f i n i n g  t h e  a c t u a l  c o n d i t i o n s  t h a t  
could occur  du r ing  a c o r e  meltdown 
acc iden t .  In  f a c t ,  because o f  t h e  
p h y s i c a l  phenomena occur r ing ,  it i s  more 

d i f f i c u l t  t o  b e l i e v e  t h a t  s i g n i f i c a n t  
mixing w i l l  n o t  occur r a t h e r  than t h a t  
it w i l l .  I n  cases where t h e  containment 
sp rays  o p e r a t e ,  experimental  work1 h a s  
showed t h a t  mixing wi th in  and between 
compartments i s  enhanced. I n  a c c i d e n t  
sequences where containment sp rays  do 
n o t  o p e r a t e ,  t h e  presence o f  t h e  concen- 
t r a t e d  h e a t  sou rce  i n  t h e  c o r e  and t h e  
gene ra t ion  of apprec i ab le  q u a n t i t i e s  of  
gases  a l s o  promote c i r c u l a t i o n .  One 
a l s o  h a s  t o  c o n s i d e r  t h a t  t h e  " w e l l -  
mixed" assumption h a s  both p o s i t i v e  and 
nega t ive  e f f e c t s  on a c c i d e n t  consequence 
p r e d i c t i o n s  ( i . e . ,  i t  i s  n o t  c l e a r l y  
conse rva t ive  o r  nonconservat ive)  . For 
example, i f  poore r  mixing occur red ,  
concen t r a t ions  would vary between com- 
p a r  tmen t s. S ince  t h e  t o t a l  removal 
f a c t o r  f o r  c e r t a i n  mechanisms i s  concen- 
t r a t i o n  dependent,  v a r i a t i o n s  i n  t h e  
t o t a l  amount of r a d i o a c t i v i t y  a v a i l a b l e  
f o r  release would r e s u l t .  Such poten- 
t i a l  e f f e c t s  are covered by t h e  
smoothing technique desc r ibed  i n  s e c t i o n  
3.1.2.1 o f  t h i s  appendix and s e c t i o n  
4 . 1 . 2  of  Appendix V .  

COMMENT 6.5 

I n  Table 5 . 1  of t h e  Main Report ,  it was 
no ted  t h a t  i t  was n o t  e v i d e n t  how t h e  
d i f f e r e n c e s  i n  noble  gas  releases o f  
1 0 0 %  f o r  t h e  BWR and 20-90% f o r  t h e  PWR 
are der ived.  

(General E lec t r i c  C o . )  

RESPONSE 

A s  no ted ,  BWR release c a t e g o r i e s  1 
through 3 have 1 0 0 %  of  t h e  noble  g a s e s  
r e l e a s e d  from containment,  whereas PWR 
release c a t e g o r i e s  1 through 5 invo lve  
somwha t  s m a l l e r  r e l e a s e s .  As i n d i c a t e d  
i n  Tables 4 and 11 of Attachment. 1 to  
Appendix V ,  core  m e l t  i n  both PWRs and 
BWRs l e a d s  t o  t h e  release o f  e s s e n t i a l l y  
100% o f  t h e  noble  gases  from t h e  f u e l  t o  
t h e  containment. However, s i n c e  t h e  
containment volume i s  s i g n i f i c a n t l y  
l a r g e r  i n  t h e  PWR, t h e  pu f f  release o f  
containment atmosphere , given con ta in -  
ment f a i l u r e ,  would r e s u l t  i n  t h e  
release of o n l y  a p o r t i o n  o f  t h e  con- 
ta inment  atmosphere before  a quasi-  
e q u i l i b r i u m  i s  e s t a b l i s h e d .  The magni- 
t ude  o f  t h i s  p u f f  i s  governed by t h e  
c o n d i t i o n s  wi th in  containment ( p r e s s u r e  
and temperature)  a t  t h e  t i m e  of  con ta in -  
ment f a i l u r e .  Leakage t h e r e a f t e r  i s  

R .  C. Schmit t ,  G. E .  Bingham, and J .  A .  Norberg, 1 
T e s t s  o f  t h e  Caro l inas -Vi rg in i a  Tube  Reactor Containment - F i n a l  Report , IN-1403, 
Idaho Nuclear Corp., December 1 9 7 0 .  
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r e l a t i v e l y  low and i s  a s s o c i a t e d  w i t h  
t h e  gene ra t ion  o f  gases  by decay h e a t .  

COMMENT 6 . 6  

The core inventory r e l e a s e  f r a c t i o n s  
employed i n  R S S  w e r e  unde r s t a t ed  by a s  
much as  a f a c t o r  o f  2 . . . .  Among t h e  
c o n s i d e r a t i o n s  involved w e r e  problems 
r ega rd ing  the  conversion o f  technet ium 
and ruthenium from t h e  molten c o r e  t o  
p o s s i b l e  v o l a t i l e  ox ides  by bubble- 
through o f  carbon d i o x i d e  from conc re t e  
decomposition. RSS acknowledges uncer- 
t a i n t i e s  i n  Appendix V I 1  i n  t h e  ques t ion  
o f  expected v o l a t i l i z a t i o n  o f  dozens o f  
r a d i o a c t i v e  compounds. 

(Union o f  Concerned 
S c i e n t i s t s )  

RESPONSE 

This comment addres ses  t h e  release o f  
r a d i o a c t i v i t y  from t h e  c o r e  t o  t h e  
containment atmosphere i n  p o t e n t i a l  
a c c i d e n t  sequences i n  which t h e  c o r e  h a s  
melted through t h e  bottom o f  t h e  r e a c t o r  
v e s s e l  and i s  i n t e r a c t i n g  wi th  t h e  
conc re t e  f l o o r  of t h e  containment b u i l d -  
i n g .  A s  d i scussed  i n  Appendix V I I ,  
r e l e a s e  from t h e  f u e l  c o n s i s t s  of f o u r  
major components: gap release; meltdown 
release; v a p o r i z a t i o n  release caused by 
i n t e r n a l  convection and spa rg ing  by t h e  
gaseous p roduc t s  o f  conc re t e  decomposi- 
t i o n  ; and, where a p p r o p r i a t e ,  o x i d a t i o n  
r e l e a s e  fol lowing a s t e a m  explosion.  
The a c c i d e n t  sequences under d i s c u s s i o n  

h e r e  do n o t  involve p o t e n t i a l  steam 
exp los ions .  

Table V I 1  2-1 o f  Appendix V I 1  i n d i c a t e s  
t h a t  t h e  sum o f  the  gap, meltdown, and 
vapor i za t ion  release components i s  8% o f  
t h e  c o r e  inven to ry  f o r  t h e  noble  m e t a l  
group ( R u ,  M o ,  Pd, Rh, and Tc).  This  
sum i s  composed p r i n c i p a l l y  o f  a 
meltdown r e l e a s e  o f  3 %  and a vaporiza-  
t i o n  release f r a c t i o n  of  5 % .  A s  i s  a l s o  
i n d i c a t e d  i n  Appendix V I I ,  some 
u n c e r t a i n t y  e x i s t s  about t h e  amount of  
noble  metals t h a t  could be r e l e a s e d  
s i n c e ,  i f  t hey  w e r e  t o  combine w i t h  
oxygen, t hey  could be r e l e a s e d  i n  l a r g e r  
q u a n t i t i e s  than would be t h e  c a s e  i f  
oxygen were n o t  p r e s e n t .  The noble  
me ta l s  are expected t o  e x i s t  i n  m e t a l l i c  
form mixed i n t o  t h e  i r o n  phase of  t h e  
molten systems and a s  such would be 
r e l e a s e d  i n  r e l a t i v e l y  small amounts 
(<1%). Although spa rg ing  by carbon 
dioxide1 would create an o x i d i z i n g  
environment wi th in  t h e  m e l t ,  t h e  noble  
m e t a l s  are n o t  expected t o  o x i d i z e  
s u b s t a n t i a l l y  s i n c e  t h e  oxygen w i l l  
combine p r e f e r e n t i a l l y  w i t h  t h e  i r o n  i n  
t h e  mix. To account f o r  t h e  p o s s i b i l i t y  
o f  some l o c a l i z e d  o x i d a t i o n  of t h e  noble  
metals by carbon d i o x i d e  spa rg ing ,  a 5% 
vapor i za t ion  release was used, r a t h e r  
than t h e  va lue  o f  less than 1% t h a t  
would be a p p r o p r i a t e  i f  no allowance f o r  
ox ida t ion  w e r e  made. Thus a f a c t o r  o f  5 
h a s  a l r eady  been included i n  t h e  
e s t ima ted  va lue  o f  noble  m e t a l  release 
t o  account  f o r  p o t e n t i a l  u n c e r t a i n t i e s  
due t o  t h e  i r ox ida t ion .  

'The carbon d i o x i d e  would be  c r e a t e d  by t h e  decomposition of t h e  l imes tone  i n  t h e  
c o n c r e t e  f l o o r  by t h e  i n t e r a c t i o n  w i t h  t h e  molten f u e l .  
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Section 7 

Emergency Cooling Functionability 

Comments pertaining to emergency cooling 
functionability (ECF) for the large-LOCA 
event tree were received from three 
s0urces.l The principal concern ex- 
pressed was with the basis for the 
choice of its failure probability, with 
the comments ranging from criticism of 
the study for using a failure rate too 
low to criticism for using a value too 
high. Some also suggested that the 
emergency core cooling system (ECCS) had 
no chance of success and that the study 
should have employed a failure probabil- 
ity of 1. 

The question of the success or failure 
of ECCS -- as a matter of functionabili- 
ty, as opposed to operability -- does 
not readily lend itself to analysis by 
the methods used in WASH-1400. Thus, 
the study decided to examine what level 

of failure probability would cause ECF 
to contribute to potential accident 
risks. As noted in Appendix V I  section 
4 . 2 ,  sensitivity studies reveal that 
‘I... even if values as high as 10-1 for 
ECF failure (probability) were to be 
used, any contribution made would be 
within the accuracy of the overall 
calculations I I’ 

Thus, although there appears to be no 
current basis for making a rigorous 
quantitative assessment of the probabil- 
ity of ECF failure, the analysis 
referenced showed that even if ECF 
failure probability were as high as 
10-1, it would not change the results of 
the study significantly. It is the view 
of the study that the probability that 
ECCS will fail to cool the core 
adequately is less than 10-1. 

’U. S. Environmental Protection Agency; Westinghouse Electric Corp. ; Amory Lovins. 
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Section 8 
Reactor Vessel Rupture 

COMMENTS 

Five sources1 made comments on t h i s  
s u b j e c t  ranging from s t a t emen t s  t h a t  t h e  
p r o b a b i l i t y  va lue  used f o r  r e a c t o r  ves- 
sel  r u p t u r e  (10-721 p e r  ves se l -yea r )  w a s  
t o o  high t o  s t a t emen t s  t h a t  it was t o o  
low. Some comments a l s o  s t a t e d  t h a t  
c o n t r a d i c t o r y  evidence w a s  ignored. 

RESPONSE 

The fol lowing s e c t i o n s  of d r a f t  WASH- 
1 4 0 0  d i scussed  t h e  p o s s i b i l i t y  and 
t r ea tmen t  of p o t e n t i a l  r e a c t o r  v e s s e l  
r u p t u r e  i n  cons ide rab le  d e t a i l :  

a .  Main Report ,  s e c t i o n s  5.3.2.4 and 
5.3.4.2 

b. Appendix I ,  s e c t i o n s  4.1.4 and 4 .2 .4  

c. Appendix V,  s e c t i o n  4.5 

A review of t h e s e  s e c t i o n s  and t h e  com- 
ments r ece ived  i n d i c a t e s  no reason f o r  
changing t h e  subs t ance  of t h e  s e c t i o n s  
as w r i t t e n  i n  t h e  d r a f t  r e p o r t .  How- 
eve r ,  t h e s e  d i s c u s s i o n s  would have been 
more complete i f  s e c t i o n  4.5 of Appendix 
V had noted t h e  p u b l i c a t i o n  of t h e  U.S. 
Atomic Energy Commission Regulatory 
S t a f f  Report ,  WASH-1318, Technical  
Report on Analysis  of P res su re  Vessei 
S t a t i s t i c s  from Fossi l -Fueled Power 
P l a n t  Se rv ice  and Assessment ot Reactor 
V e s s e l  R e l i a b i l i t y  i n  Nuclear Power 
P l a n t  Service, i n  M a y  1974. The 
p r i n c i p a l  conc lus ions  of t h a t  r e p o r t ,  
based on t h e  a n a l y s i s  of 725,000 vessel- 
y e a r s  of s e r v i c e  i n  U.S. f o s s i l - f u e l e d  
power p l a n t s ,  are g e n e r a l l y  c o n s i s t e n t  
w i th  t h e  ana lyses  performed by t h e  s tudy  
and t h e  Advisory Committee on Reactor 
Safeguards (ACRS) . The p r i n c i p a l  con- 
c l u s i o n s  of WASH-1318 are t h a t  t h e  upper 
l i m i t  ( 99% confidence)  p r o b a b i l i t y  of a 
d i s r u p t i v e  f a i l u r e  even t  i n  any one 
nuc lea r  r e a c t o r  v e s s e l  du r ing  any ser- 
v i c e  year  f a l l s  w i t h i n  t h e  range of 
10-7 t o  10-6, and t h e  a c t u a l  v a l u e  of 
t h i s  p r o b a b i l i t y  would be expected t o  be 
even smaller. 

More comprehensive s t u d i e s  by t h e  USNRC 
S t a f f ,  which are c u r r e n t l y  under way, 
i n d i c a t e  t h a t  t h e  f a i l u r e  p r o b a b i l i t y  
may p o t e n t i a l l y  be reduced by an addi- 
t i o n a l  f a c t o r  of 1 0  o r  100.  This  con- 
c l u s i o n  i s  based on a d e t a i l e d  i n v e s t i -  
g a t i o n  of t h e  i n f l u e n c e  and schedul ing 
of t h e  p e r i o d i c  i n s p e c t i o n s  t h a t  r e a c t o r  
v e s s e l s  are expected t o  r e c e i v e  du r ing  
t h e i r  s e r v i c e  l i f e t i m e .  

Concern about t h e  adequacy of r e a c t o r  
p r e s s u r e  v e s s e l s  has been expressed by 
such d i s t i n g u i s h e d  people as S i r  Alan 
C o t t r e l l  and F. R. Farmer of t h e  United 
Kingdom and Monroe Wechsler of t h e  
United S t a t e s .  The s tudy  and t h e  ACRS 
considered a l l  a v a i l a b l e  f a i l u r e  ra te  
d a t a ,  i nc lud ing  t h e  e x t e n s i v e  body of 
d a t a  developed by B r i t i s h  and German 
sources.  Although t h e r e  i s  some opinion 
i n  t h e  United Kingdom t h a t  t h e  p robab i l -  
i t y  of  c a t a s t r o p h i c  f a i l u r e  of  t h e  re- 
a c t o r  p r e s s u r e  v e s s e l  should be about  
10-5 p e r  r eac to r -yea r ,  t h e  s tudy does 
no t  b e l i e v e  t h a t  t h i s  va lue  i s  very 
rea l i s t ic .  A s  noted i n  s e c t i o n  5.3.2.4 
of t h e  Main Report, even i f  t h e  proba- 
b i l i t y  of v e s s e l  r u p t u r e  w e r e  as high as 
10-5 p e r  r eac to r -yea r ,  i t  would then 
j u s t  begin t o  c o n t r i b u t e  apprec i ab ly  t o  
the  o v e r a l l  r i s k  and would n o t  change 
t h e  r e s u l t s  of t h e  study. 

For t h e  convenience of t h e  r e a d e r ,  t h e  
p e r t i n e n t  s e c t i o n s  of WASH-1400 r e f e r -  
enced ear l ier  are summarized here .  
Sec t ions  4 . 1 . 4  and 4 .2 .4  of Appendix I,  
which cons ide r  t h e  v a r i o u s  k inds  of  
v e s s e l  r u p t u r e s  t h a t  could occur  i n  PWRs 
and BWRs, r e s p e c t i v e l y ,  c a t e g o r i z e d  rup- 
tures according t o  size and locat ion.  
C e r t a i n  of t h e s e  breaks are e q u i v a l e n t  
t o  p ipe  breaks,  and emergency c o r e  cool-  
i n g  systems would be a b l e  t o  c o o l  t h e  
c o r e  s u c c e s s f u l l y .  Since t h e  p r o b a b i l i -  
t y  of  v e s s e l  breaks i s  f a r  smaller than  
t h a t  of p ipe  r u p t u r e s  and t h e  conse- 
quences of  a c c i d e n t s  t h a t  might proceed 
i n  t h i s  g e n e r a l  way would be no l a r g e r  
t han  t h o s e  a s s o c i a t e d  wi th  p ipe  breaks,  
t h e s e  types of breaks would n o t  r ep re -  
s e n t  a s i g n i f i c a n t  c o n t r i b u t i o n  t o  
o v e r a l l  r i s k .  P o t e n t i a l l y  l a r g e  rup- 
tures i n  t h e  vessel, a subgroup of a l l  

'AEC Regulatory S t a f f ;  Atomic I n d u s t r i a l  Forum; Union of Concerned S c i e n t i s t s ;  Amory 
Lovins; Richard E. Webb. 0 
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posslible v e s s e l  r u p t u r e s ?  could p reven t  
e f f e c t i v e  coo l ing  of t h e  c o r e  by t h e  
emergency c o r e  coo l ing  systems. Depend- 
i n g . o n  t h e  d e t a i l s  of t h e  even t ,  a s  
desc r ibed  i n  t h e  s tudy,  c o r e  m e l t  v e s s e l  
f a i l u r e s  could occur i n  an i n t a c t  o r  
n o n i n t a c t  containment and, f o r  t h e  BWR, 
i n  an o x i d i z i n g  o r  nonoxidizing environ-  
ment. 1 

Thus, t h e s e  types  of v e s s e l  f a i l u r e s  can 
cause a f a i r l y  broad range of conse- 
quences. Nevertheless ,  t h e  c o n t r i b u t i o n  
t o  o v e r a l l  r i s k  w a s  shown t o  be essen- 
t i a l l y  n e g l i g i b l e  when t h e  p r o b a b i l i t i e s  
of such f a i l u r e s  w e r e  taken i n t o  
account.  

A s  i n d i c a t e d  i n  s e c t i o n  4.5 of Appendix 
V ,  t h e  p r i n c i p a l  b a s i s  f o r  a s s ign ing  
numerical  va lues  t o  t h e  p r o b a b i l i t y  of 
l a r g e  r u p t u r e s  i n  p r e s s u r e  v e s s e l s  w a s  
t h e  s t a t i s t i c a l  a n a l y s i s  of t h e  exten- 
s i v e  f a i l u r e  d a t a  base hy t h e  ACRS.2 
The ACRS reached t h e  fol lowing 
conclusion:  

"There i s  reasonable  assurance t h a t :  (1) 
the d i s r u p t i v e  f a i l u r e  p r o b a b i l i t y  of 
non-nuclear v e s s e l s  i n  c e n t r a l  s t a t i o n  
service by modes p e r t i n e n t  t o  r e a c t o r  
v e s s e l s  i s  less than 1 x p e r  
ves se l -yea r ,  ( 2 )  t h e  d i s r u p t i v e  f a i l u r e  
p r o b a b i l i t y  of r e a c t o r  v e s s e l s  designed,  
c o n s t r u c t e d ,  and ope ra t ed  t o  S e c t i o n s  
I11 and X I  of t h e  Code i s  less than 

1 x 10-6 p e r  ves se l -yea r?  and, ( 3 )  t h e  
d i s r u p t i v e  f a i l u r e  p r o b a b i l i t y  of such 
r e a c t o r  v e s s e l s ,  beyond t h e  c a p a b i l i t y  
of engineered s a f e t y  f e a t u r e s  i s  even 
lower. " 

The s t u d y ' s  a n a l y s i s  and review of 
B r i t i s h  and German p res su re  v e s s e l  f a i l -  
u r e  d a t a  g e n e r a l l y  agreed with t h e s e  
r e s u l t s ,  and a va lue  of w a s  used as 
t h e  median estimate of f a i l u r e  probabiL- 
i t y  f o r  r e a c t o r - v e s s e l  r u p t u r e s  l a r g e  
enough t o  be beyond t h e  c a p a b i l i t y  of 
energency c o r e  coo l ing  systems. A prob- 
a b i l i t y  range of  a f a c t o r  of 1 0  was 
a s s o c i a t e d  wi th  t h i s  va lue ,  which gave 
an upper bound of 10-6, co inc id ing  with 
the  ACRS va lue  f o r  any such ruptures .  

I n  summary, t h e  s tudy has  p re sen ted  
evidence from r e c e n t  publ ished r e p o r t s  
based on ex tens ive  reviews of a l l  
publ ished d a t a  t o  suppor t  t h e  use of t h e  
value of 10-7 p e r  vessel-year  f o r  t h e  
f a i l u r e  p r o b a b i l i t y  of r e a c t o r  p r e s s u r e  
v e s s e l s .  The s tudy has a l s o  considered 
the  opinion of a u t h o r i t i e s  who appear t o  
hold d i f f e r e n t  views, b u t  it has seen no 
o t h e r  f i r m  d a t a  t o  suppor t  t h e  s e l e c t i o n  
of a d i f f e r e n t  va lue  f o r  r e a c t o r  v e s s e l  
f a i l u r e  p r o b a b i l i t y .  To reemphasize a 
p o i n t  made ear l ie r ,  it i s  e s t ima ted  t h a t  
t h e  f a i l u r e  p r o b a b i l i t y  would have t o  be 
1 0 0  t i m e s  l a r g e r  than e s t ima ted  i n  o r d e r  
t o  begin t o  be an  a p p r e c i a b l e  con t r ibu -  
t o r  t o  t h e  p r e d i c t e d  r i s k .  

'BWR containment b u i l d i n g s  a r e  g e n e r a l l y  f i l l e d  with an i n e r t  ( n i t r o g e n )  atmosphere. 
Depending on t h e  p a r t i c u l a r  a c c i d e n t  sequence involved,  f u e l  mel t ing can occur i n  
t h e  i n e r t  atmosphere o r ,  i f  t h e  containment f a i l s  i n  a c e r t a i n  way, i n  an a i r  
(ox id i z ing )  atmosphere. The o x i d i z i n g  p r o p e r t i e s  of t h e  containment atmosphere can 
thus  a f f e c t  t h e  s e l e c t i v e  r e l e a s e  magnitudes of var ious r a d i o a c t i v e  i s o t o p e s ,  such 
a s  ruthenium. 

'Advisory Committee on Reactor Safeguards,  I n t e g r i t y  of Reactor Vessels f o r  Light  
Water Cooled Reactors ,  January 1974 .  

X I  8 -2  



Section 9 

Large Nuclear Excursions 

COMMENT 

Comments received from two sources per- 
tained to potentially large nuclear ex- 
cursions. The subjects addressed were 
the lack of detailed discussion of the 
phenomenology of very fast transients 
(excursions) ; the desire for further 
information supporting the evaluation of 
the probabilities assigned to "worst- 
case" transients (i.e., the BWR control 
rod ejection and the PWR cold-water 
accidents); and the completeness of the 
arguments with respect to the magnitude 
of consequences associated with such 
accidents and thus to their overall 
contribution to risk. 

(AEC Regulatory Staff; 
Richard E. Webb) 

RESPONSE 

It is apparent that the import of the 
discussion contained in Appendix I, sec- 
tion 4 . 3 ,  apparently did not communicate 
adequately to those who made the above 
comments. The discussion that follows 
is an attempt to clarify that section of 
Appendix I. 

In particular, Figs. I 4-12 and I 4-13 
for the PWR and BWR, respectively, 
classify transient events by frequency 
of occurrence and then provide a rough 
(but correct) differentiation of the 
probability of core melt due to the var- 
ious potential transient events. These 
results show very clearly that the like- 
lihood of core melt events is dominated 
by anticipated transients and that lower 
likelihood events, such as the potential 
rod ejection accident in BWRs and the 
cold-water accident in PWRs, do not con- 
tribute significantly to this probabili- 
ty. This is indicated in Tables I 4-9 
and I 4-12 in Appendix I. Nevertheless, 
to clarify the matter even further, 
analyses--of- both these potential acci- 
dents, including their probability of 
occurrence and their potential conse- 
quences, are presented below. 

BWR ROD EJECTION ACCIDENT. 

A failure of one of the control rod 
drive housings that are welded to the 
bottom of the pressure vessel is a 
prerequisite to having the potential for 
control rod ejection. This postulated 

Control Rapid Reactor Housing Reactor Control 
Rod Drive Shutdown Support Power Rod 
Housing IRPS) Structure Level Worth Sequence Result 

A B C D E 

A Small L O C A  
AC Small L O C A  
A C D  Small LOCA 
ACDE Possible core 

melt ! A E  Core melt 

. 

Figure XI 9-1. Event Tree 

failure, under almost all conditions, 
results in a small LOCA and is analyzed 
by the small-LOCA (S2)  event tree (see 
Appendix I, section 4 . 2 . 2 ) .  In order 
for the failure of a control rod drive 
housing to lead to fuel damage, a con- 
trol rod with a reactivity worth greater 
than 1.5% Ak/k must be ejected from the 
core. This requires that (1) the reac- 
tor be critical but at less than 2 0 %  
power, (2) the control rod drive housing 
support structure fail (allowing the 
control rod to eject) , and ( 3 )  the 
ejected control rod be one of the rods 
having a reactivity worth large enough 
to cause localized melting. 

A simplified event tree, in which ACDE 
is the sequence of interest for the BWR 
rod ejection accident, is shown in Fig. 
XI 9-1. 

For the events in Fig. XI 9-1 the fol- 
lowing failure probabilities have been 
generally conservatively estimated: 

Failure 
Event Probabi 1 i ty 

A - Control rod per 
drive housing reactor- year 

B - Rapid reactor -4 x 10-6-4 
shutdown (RF'S) to 5 x 10 

per demand 

C - Housing sup- to 
port struc- 
ture 

D - Reactor 
power level 

- 2  1 0 - ~ - ~  
to 2 x 10 

E - Control rod <0.1 
worth 
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The above failure probabilities were 
determined as follows: 

Event A. Control Rod Drive Housing 

The control rod drive housing forms part 
of the pressure vessel and has the same 
manufacturing and inspection require- 
ments as the balance of the pressure 
vessel. As discussed in section 4.5 of 
Appendix V, the pressure vessel disrup- 
tive failure probability is less than 
10-6 per reactor-year. 

Another method to establish the failure 
rate of the control rod drive housings 
would be to analyze these housings as 
dead-ended pipe stubs extending from the 
bottom of the pressure vessel. The 
median probability of all LOCA-interfac- 
ing ruptures in this size range (2 to 6 
inches) is estimated to be approximately 
3 x 10-4 per reactor-year (see section 
6.4 of Appendix 111). The total "dead- 
ended piping" making up the control rod 
drive housing is less than one-third of 
the total LOCA-sensitive piping. There- 
fore, the probability of the housing 
failure would be approximately 1/3 x 3 x 
10-4, or about 10-4 per reactor-year. 

Using the pipe failure data as a con- 
servative estimate, the probability of a 
control rod driving failure can be as- 
signed a value of 10-4 per reactor-year. 

Event B. Rapid Reactor Shutdown (RPS) 

The failure probability is determined by 
fault tree analysis in Appendix XI, 
volume 111, section 6.2. 

Event C. Housing Support Structure 

The failure of the housing support 
structure could be a structural failure 
when loaded or a failure of not being 
reinstalled after being removed for 
maintenance on the control rod drive 
system. Since the support structure is 
designed with large structural safety 
margins, it is considered highly unlike- 
ly that it would fail and allow rod 
ejection to occur. However, the struc- 
ture is periodically removed for reactor 
maintenance purposes: it is thus possi- 
ble for a portion of the structure not 
to be replaced properly after mainte- 

nance. The failure probability of the 
structure would thus be dominated by the 
maintenance contribution. From the hu- 
man performance data presented in sec- 
tion 6.1 of Appendix 111, this failure 
is estimated to be approximately 10-3 to 
10-2 per event. 

a 
Event D. Reactor Power Level 20% 

There are approximately 13 events per 
year that involve operation of the reac- 
tor in the range from critical to 20% 
power. Assuming a median value of 4 
hours in this power range per event, it 
is estimated that the plant will be in 
this power range approximately 52 hours 
per year. Therefore, the probability of 
being in this lower power range (Pc) is 
approximately 52 hr/8760 hr = 6 x 10-3 
per event. 

Event E. Hish Worth Rods 

During startup, when approximately 50% 
of the control rods have been withdrawn 
from the core, analysis indicates that 
approximately 10% of the inserted rods 
have a reactivity worth equal to or 
greater than 1.5% Ak/k.l This repre- 
sents the maximum number of high-worth 
rods that could be present at any time 
during startup. As power level is in- 
creased to 20%, only those control rods 
adjacent to the last in-sequence rod 
withdrawn from the core have the poten- 
tial €or reactivity worths in excess of 
1.5% Ak/k. Thus, only four of the total 
of 185 rods can be involved at any one 
time during the ascent to 20% power. 

For this analysis it is conservatively 
assumed that 10% of the rods are high- 
worth rods for the power range of con- 
cern (i.e., from critical to 20% of 
normal full power). Therefore, the 
probability (PD) of the ejected rod 
being a high-worth rod is assumed to be 
approximately 10-1. 

Using the upper bounds of the values 
indicated above, it is found that acci- 
dent sequence ACDE yields a value of 
approximately 2 x 10-9 per reactor- 
year.2 Even if these postulated core 
melt events are quantified by using 
conservatively high failure rates, their 
probability is negligibly small compared 

'When 50% of the control rods have been withdrawn, the core is still subcritical or 
has just attained criticality at zero power. 

2The Dotential for dependencies between these events has been examined. The design 
of thk housing support-structure is such that it is unlikely that failure of -a 
control rod housing would cause it to fail. 
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t o  t h a t  of o t h e r  t r a n s i e n t  events  iden- 
t i f i e d  i n  t h e  Reactor Sa fe ty  Study. 

I n  r ega rd  t o  t h e  p o t e n t i a l  consequences 
of such an even t ,  t h e  r e a c t i v i t y  t r a n -  
s i e n t  r e s u l t i n g  from t h e  rod e j e c t i o n  
a c c i d e n t  p o s t u l a t e d  above w i l l  l e ad  t o  
t h e  r a p i d  me l t ing  of  about a 2-foot 
s e c t i o n  of t h e  f o u r  f u e l  assembiies 
a d j a c e n t  t o  t h e  e j e c t e d  rod (0 .09% of 
t h e  c o r e ) .  The energy generated i n  t h e  
t r a n s i e n t  i s  r e l a t i v e l y  s m a l l  (much less 
than t h e  co re  decay energy i n t e g r a t e d  
over  1 minu te ) .  Thus, t h e  t r a n s i e n t  
would n o t  s i g n i f i c a n t l y  a f f e c t  t h e  r a d i -  
o a c t i v i t y  inventory of t h e  co re .  While 
it i s  conceivable  t h a t  t h e  molten f u e l  
might be d i s p e r s e d  and r a p i d l y  t r a n s m i t  
i t s  s t o r e d  energy t o  t h e  coo lan t ,  it is  
considered h igh ly  u n l i k e l y  t h a t  such 
d i s p e r s a l  of  r e l a t i v e l y  s m a l l  amounts of 
f u e l  i n t o  t h e  c o o l a n t  would cause damage 
t o  t h e  r e a c t o r  v e s s e l  o r  t h e  r e a c t o r  
c o o l a n t  system. Some d i s t o r t i o n  of f u e l  
assemblies might occur ,  however, which 
p o t e n t i a l l y  could i n t e r f e r e  with t h e  
a b i l i t y  of  t h e  engineered s a f e t y  fea-  
t u r e s  t o  adequately coo l  t h e  c o r e  a f t e r  
t h e  t r a n s i e n t .  Even i f  one w e r e  t o  
cons ide r  such a s i t u a t i o n  a s  an upper 
bound, a rod e j e c t i o n  a c c i d e n t  could 
c l e a r l y  do no more than r u p t u r e  t h e  
c o o l a n t  system and t h e  containment i n  a 
manner s i m i l a r  t o  t h e  s t e a m  explosion 
(a) containment f a i l u r e  mode. This  
could l e a d  t o  r a d i o a c t i v i t y  releases 
s i m i l a r  t o  t hose  i n  BWR release ca t egory  
1. However, because of i t s  low proba- 
b i l i t y  (approximately t h r e e  o r d e r s  of  
magnitude lower than  t h a t  of BWR release 
category l), t h e  rod e j e c t i o n  a c c i d e n t  
would n o t  c o n t r i b u t e  t o  t h e  o v e r a l l  
r i s k .  

PWR COLD-WATER A D D I T I O N  ACCIDENTS 

As i n d i c a t e d  i n  Fig.  .I 4-11 ,  Table I 
4-9, and t h e  a s s o c i a t e d  d i s c u s s i o n s  i n  
s e c t i o n  4.3 of  Appendix I ,  cold-water 
a d d i t i o n  a c c i d e n t s  w e r e  considered i n  
t h e  development of  t h e  PWR t r a n s i e n t  
even t  tree.  As i n d i c a t e d  on Fig.  I 
4-10 ,  t h i s  t ype  of t r a n s i e n t  i s  classi-  

f i e d  under gene ra l  unan t i c ipa t ed  t r a n -  
s i e n t s ;  t h a t  i s ,  t r a n s i e n t s  whose f r e -  
quency of occurrence would be expected 
t o  be about 1 0 - 5  p e r  r eac to r -yea r .  The 
fol lowing d i s c u s s i o n  develops t h i s  de- 
s c r i p t i o n  i n  g r e a t e r  d e t a i l .  

The PWR analyzed i s  equipped with main 
r e a c t o r  coo lan t  system loop i s o l a t i o n  
valves .  With t h e s e  va lves  c l o s e d ,  an 
i s o l a t e d  loop w i l l  cool  down w e l l  below 
t h e  normal o p e r a t i n g  temperature.  I f  
t he  va lves  were then t o  be opened wi th  
the  pump i n  t h i s  loop running, a quan t i -  
t y  of co ld  water could be added t o  t h e  
co re ,  causing a r e a c t i v i t y  t r a n s i e n t  
because of t h e  inc reased  d e n s i t y  of t h e  
co ld  w a t e r  r e l a t i v e  t o  r e a c t o r  c o o l a n t  
a t  o p e r a t i n g  temperature .  T o  p reven t  
i n a d v e r t e n t  o p e r a t i o n  of t h e s e  va lves  
during power o p e r a t i o n ,  a d m i n i s t r a t i v e  
procedures r e q u i r e  t h a t  t h e  u n i t  be 
brought t o  zero load and t h e  temperature  
of t h e  i s o l a t e d  loop be brought t o  
w i t h i n  1 0  F of t h e  temperature  of t h e  
a c t i v e  loops p r i o r  t o  opening t h e  loop 
i s o l a t i o n  valves .  Furthermore,  t h e  re- 
a c t o r  p r o t e c t i o n  grade i n t e r l o c k s  t h a t  
are provided prevent  t h e  i s o l a t i o n  
va lves  from being opened un le s s  (1) t h e  
temperature i n  t h e  i s o l a t e d  loop i s  
w i t h i n  20 F of  t h e  corresponding temper- 
a t u r e  i n  t h e  o t h e r  loops and ( 2 )  a 
minimum flow of a t  l e a s t  4 0 0  gpm has 
been maintained i n  t h e  c losed  loop v i a  a 
bypass l i n e  f o r  a t  l ea s t  1 hour t o  
permit  t h e  temperature  i n  t h e  c losed  
loop t o  be r a i s e d  t o  t h a t  of t h e  ope ra t -  
i n g  loops by pump hea t ing .  Thus, a 
cold-water a d d i t i o n  a c c i d e n t  a t  t h e  
p l a n t  analyzed r e q u i r e s  m u l t i p l e  f a i l -  
u r e s  of independent i n t e r l o c k s  (having a 
f a i l u r e  r a t e  of  about 10-351) p l u s  an 
o p e r a t i n g  e r r o r  by t h e  r e a c t o r  o p e r a t o r .  
Because such an e r r o r  would have t o  
involve a d i r e c t  v i o l a t i o n  of o p e r a t i n g  
procedures ,  it i s  r easonab le  t o  a s s i g n  
t h i s  a va lue  of  10-351. Thus t h e  proba- 
b i l i t y  t h a t  both t h e  i n t e r l o c k  w i l l  f a i l  
and t h e  o p e r a t o r  w i l l  make t h e  e r r o r  i s  
(lO-3+1)2. The e s t ima ted  upper and low- 
er  bounds on t h e  p r o b a b i l i t y  of  both 
f a i l u r e s  occur r ing  a t  t h e  same t i m e  a r e  
3 x 10-5 and 4 x 10-8, r e s p e c t i v e 1  
with a log-normal median va lue1  of  10-g: 

'The log-normal median and e r r o r  bounds a r e  determined a s  fol lows:  

Thus, t h e  median value i s  10'6, t h e  upper bound i s  1 0 - 4 . 6  2 3 x 10-5, and t h e  lower 
bound is 1 0 - 7 - 4  f. 4 x 10-8. 
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Analyses have been performed to  d e t e r -  
mine t h e  consequences of  a cold-water 
a d d i t i o n  acc iden t .  They i n d i c a t e  t h a t ,  I 
a t  t h e  worst  t i m e  i n  t h e  f u e l  c y c l e  
(end-of- l i fe  c o n d i t i o n s )  and wi th  t h e  
c o r e  a t  zero power, t h e  peak r e a c t o r  
power reached would be  approximately 65% 
of r a t e d  power. The a d d i t i o n  of c o l d  
water under t h e s e  cond i t ions  would pro- 
duce t h e  g r e a t e s t  r e a c t i v i t y  i n s e r t i o n  
rate.  The c o r e  i s  n o t  expected t o  ex- 

pe r i ence  a d e p a r t u r e  from n u c l e a t e  b o i l -  
i ng ,  and no f u e l  damage o r  r a d i o a c t i v i t y  
release is  a n t i c i p a t e d .  

Thus, a cold-water a d d i t i o n  acc iden t  has  
a s m a l l  p r o b a b i l i t y  of occurrence and 
would n o t  l e a d  t o  f u e l  damage even if it 
occurred a t  t h e  worst  t i m e  i n  t h e  core 
l i f e .  Therefore ,  t h e  PWR cold-water ad- 
d i t i o n  a c c i d e n t  w a s  determined t o  be a 
n e g l i g i b l e  c o n t r i b u t o r  t o  r i s k .  
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Section 10 

Behavior of Radionuclides in Soil and Water 

COMMENT 10.1 

Comments w e r e  r ece ived  regarding t h e  
a n a l y s i s  o f  t h e  p o t e n t i a l  f o r  contamina- 
t i o n  o f  w a t e r  bod ie s  by t h e  migrat ion of  
r a d i o a c t i v i t y  through the  s o i l  under t h e  
i n f l u e n c e  o f  groundwater. 

( U . S .  Department of  t h e  
I n  te r i o  r 
Nuclear Energy L i a b i l i t y  
P rope r ty  Insurance Assoc ia t ion )  

RESPONSE 

The a n a l y s e s  p r e s e n t e d  i n  d r a f t  Appendix 
V I 1  have been modified t o  i n c l u d e  con- 
s i d e  ra t i o n  of  groundwater contamination 
by t h e  release o f  s p r a y  water  t o  t h e  
s o i l - w a t e r  system, release of  a i r b o r n e  
a c t i v i t y  t o  t h e  groundwater system dur- 
i n g  containment v e s s e l  d e p r e s s u r i z a t i o n  
a f t e r  containment v e s s e l  m e l t  through, 
and groundwater l each ing  o f  t h e  co re  
m a s s  a f t e r  containment meltthrough (see 
s e c t i o n  3.3.4 of Appendix V I I ) .  I t  w a s  
found t h a t  t he  f i r s t  two c a s e s  could be 
combined i n t o  a s i n g l e  d e p r e s s u r i z a t i o n  
release case. Examination of  t h e  re- 
s u l t s  p r e s e n t e d  i n  Appendix V I 1  i n d i -  
cates t h a t  f o r  t he  d e p r e s s u r i z a t i o n  
case, t h e  c o n c e n t r a t i o n s  of  ruthenium- 
106, strontium-90, and cesium-137 i n  t h e  
groundwater w i l l  be above t h e  maximum 
pe rmis s ib l e  c o n c e n t r a t i o n s  (MET) given 
i n  10CFR20 a t  t h e  t i m e  t h e  groundwater 
e n t e r s  t h e  water body. For the  l each ing  
case, on ly  strontium-90 w i l l  be  above 
MPC . 
As a l s o  noted i n  Appendix V I I ,  i t  should 
be emphasized t h a t  t h e  h y d r a u l i c  model 
parameters ,  t h e  r ad ionuc l ide  d i s t r i b u -  
t i o n  c o e f f i c i e n t s ,  and t h e  r ad ionuc l ide  
l each ing  rate used i n  t h e  ana lyses  w e r e  
s e l e c t e d  '-produce ove res t ima tes  o f t h e  
rate o f  appearance o f  t h e  r ad ionuc l ide  
s o u r c e s  a t  t h e  groundwater o u t l e t  t o  t h e  
w a t e r  body. For example, s i n c e  t h e  s o i l  
pe rmeab i l i t y  c o e f f i c i e n t  used i n  t h e  
c a l c u l a t i o n s  i s  i n d i c a t i v e  of w e l l -  
s o r t e d  sands  w i t h  g r a v e l  and o f  f i s s u r e d  
1 i m e s t  one format i o n s  , t h e  d i s t r i b u t i o n  
c o e f f i c i e n t s  are probably l o w  by f a c t o r s  
o f  1 0  o r  100 .  The l each ing  expres s ion  
assumes a r e l a t i v e l y  h i g h l y  s o l u b l e  
g l a s s  c o n t a i n i n g  f i s s u r e s  t h a t  i n c r e a s e  
t h e  e f f e c t i v e  surface area by a f a c t o r  
of 100  o r  more. I n  a d d i t i o n ,  c a l c u l a -  

t i o n s  o f  t h e  human r a d i a t i o n  dose re- 
s u l t i n g  from use of  t h e  r e c e i v i n g  water 
body would have t o  inc lude  t h e  d i l u t i o n  
e f f ec t  t h a t  would occur  i n  t h e  wa te r  
body beyond t h e  e f f l u x  p o i n t  f o r  t h e  
contaminated groundwater. A t  t h e  t i m e  
o f  t h e  peak d i scha rge  ra te ,  t h e  
strontium-90 i n  t h e  e f f l u x  would exceed 
t h e  maximum p e r m i s s i b l e  concen t r a t ion  by 
a f a c t o r  o f  about 2 3 .  I f ,  f o r  example, 
t he  r e c e i v i n g  water body i s  a r e l a t i v e l y  
sma l l  r i v e r  w i th  a flow r a t e  o f  1 3 , 0 0 0  
c f s , t h e  peak s t ron t i um-9 0 con cen t r a t  ion 
i n  t h e  r i v e r  f o r  t h e  d e p r e s s u r i z a t i o n  
r e l e a s e  case w i l l  be 1 0 0 , 0 0 0  t i m e s  lower 
than t h a t  i n  t h e  groundwater and w i l l  b e  
w e l l  below t h e  maximum pe rmis s ib l e  con- 
c e n t r a t i o n .  P o t e n t i a l  peak concentra- 
t i o n s  o f  t h i s  type would n o t  occur  u n t i l  
approximately 6 y e a r s  a f t e r  t h e  m e l t -  
through a c c i d e n t ,  and m i t i g a t i n g  a c t i o n s  
could be taken t o  p reven t  t h e  mig ra t ion  
o f  r a d i o n u c l i d e s  t o  t h e  water  r e source ,  
a s  d i scussed  below. S i m i l a r l y ,  i f  t h e  
r e c e i v i n g  wa te r  body i s  a l a r g e  l a k e  
wi th  a volume o f  15 x 106 a c r e - f e e t  and 
uniform mixing i s  assumed, t h e  concen- 
t r a t i o n  o f  strontium-90 i n  t h e  l a k e  w i l l  
be approximately 50% o f  t h e  maximum per- 
m i s  s i  bl e con cen t r a t  i o n  f o r  s t ron t ium-9 0 
i n  water,  assuming no removal p r o c e s s e s  
i n  t h e  l a k e  and no f l u s h i n g  of t h e  l a k e  
by a d d i t i o n a l  f r e s h  water .  Thus, a t  
many s i t e s  t h e  groundwater contaminat ion 
problem i s  expected t o  be very much less 
seve re  than i n d i c a t e d  i n  Appendix V I I .  

Another important  f a c t o r  t o  cons ide r  i n  
e v a l u a t i n g  t h e  above r e s u l t s  i s  t h e  t i m e  
r e q u i r e d  f o r  t h e  movement of radionu- 
c l i d e s  through a groundwater system. 
S e v e r a l  months and i n  many cases y e a r s  
shou ld  e l a p s e  b e f o r e  contamination would 
appear  i n  wa te r  bod ie s  used f o r  t h e  
suppor t  o f  a s i g n i f i c a n t  popu la t ion  
group. This de l ay  would al low ample 
t i m e  f o r  i n s t i t u t i n g  monitor ing opera-  
t i o n s  and f o r  s e t t i n g  up an e f f e c t i v e  
warning network. More impor t an t ly ,  t h e  
t i m e  w o u l d .  most l i k e l y  be  used t o  
execute  procedures  f o r  c o n t r o l l i n g  o r  
even e l i m i n a t i n g  t h e  sp read  of contami- 
n a t i o n  beyond the  r e a c t o r  s i te .  Th i s  
would involve d r i l l i n g  w e l l s  f o r  moni- 
t o r i n g  and pumping purposes t o  c o n t r o l  
t h e  l o c a l  groundwater flow g r a d i e n t .  
The withdrawn wa te r  could be s t o r e d  
t empora r i ly  i n  s u r f a c e  t a n k s  o r  i n  
s e a l e d  ho ld ing  ponds f o r  subsequent 
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t reatment .  A f t e r  t h e  movement o f  t h e  
r a d i o n u c l i d e s  i s  under c o n t r o l ,  it would 
s e e m  f e a s i b l e ,  i f  it w e r e  cons ide red  ~ 

necessa ry ,  t o  form a v a u l t l i k e  b a r r i e r  
around t h e  r a d i o a c t i v e  zone u s i n g  a 
combination o f  excava t ion ,  d r i l l i n g ,  and 
conc re t e  i n j e c t i o n  ope ra t ions .  

Even wi thou t  t h e  above engineered m i t i -  
g a t i n g  a c t i o n s ,  t h e  b a s i c  conclusion o f  
t h e  a n a l y s i s  would n o t  be changed. Spe- 
c i f i c a l l y ,  t h e  a n a l y s i s  h a s  shown t h a t  
hydro log ic  contamination occur s  on a 
much longe r  t i m e  scale than does atmos- 
p h e r i c  contamination f o r  a c o r e  m e l t -  
through acc iden t .  Therefore , warning 
a c t i o n s  a lone  should be s u f f i c i e n t  t o  
l i m i t  popu la t ion  r a d i a t i o n  doses  from 
hydro log ic  s o u r c e s  t o  low l e v e l s  i n  
comparison w i t h  t h e  doses  r ece ived  from 
atmospheric sou rces .  

COMMENT 10.2 

The p o r o s i t y  o f  t h e  ground was omi t t ed  
i n  t h e  computation of t h e  volumetr ic  
ra te  o f  f l u i d  d e l i v e r y  f o r  t h e  hydrau- 
l i c s  model. Proper i n c l u s i o n  would 
r a i s e  c a l c u l a t e d  groundwater e f f l u e n t  
c o n c e n t r a t i o n s  by a f a c t o r  o f  5.  

(U.S. Department o f  t h e  
I n t e r  i o  r ) 

RESPONSE 

The volumetr ic  ra te  o f  f l u i d  d e l i v e r y  
w a s  c a l c u l a t e d  from t h e  equa t ion  

F = kAG, 

where 

F = volumetr ic  flow rate (f t3/day)  

k = s o i l  pe rmeab i l i t y  c o e f f i c i e n t  
( f t3 /day - f t2  a t  u n i t  g r a d i e n t )  

channel ( f t 2 )  
A = c r o s s - s e c t i o n a l  a r e a  of  s o i l  

G = groundwater slope o r  g r a d i e n t  
( f t / f t ) .  

The s t a n d a r d  d e f i n i t i o n  o f  k t akes  i n t o  
account  s o i l  p o r o s i t y .  The pe rmeab i l i t y  
c o e f f i c i e n t  times the  g r a d i e n t  must t h u s  
be m u l t i p l i e d  by the  a c t u a l  s o i l  c r o s s  
s e c t i o n ,  n o t  the p o r e  c r o s s  s e c t i o n .  
Therefore  , t he  c a l c u l a t e d  volumetr ic  
flow rate and t h e  e f f l u e n t  concentra-  
t i o n s  are c o r r e c t  a s  given i n  Appendix 
VII. 

COMMENT 10.3 

Equation VI1 3-10 i n  Appendix VI1 i s  n o t  
a p p l i c a b l e  because i t  p e r t a i n s  t o  a 
s o l i d  s o i l  r eg ion ,  which i n  r e a l i t y  
would be a c y l i n d r i c a l  h o l e  l e f t  by t h e  
molten core.  

( U . S .  Department of  t h e  
I n t e r i o r  ) 

RESPONSE 

The equat ion i n  ques t ion  i s  e n t i r e l y  
v a l i d  because it s p e c i f i c a l l y  a p p l i e s  t o  
the  p e r i o d  of  i n i t i a l  containment m e l t -  
through and f o r  perhaps a few hour s  
beyond. Analyses do n o t  suppor t  t h e  
con ten t ion  t h a t  during t h i s  p e r i o d  t h e  
m e l t  w i l l  c r e a t e  a c a v i t y  i n  t h e  
underlying s o i l .  
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Section 11 
Core Melt Analysis 

COMMENT 11.1 

It has been suggested that the conse- 
quences of partial core melting could be 
more severe than those of complete melt- 
ing. Specifically, a reviewer suggests 
that "the greater surface area, for 
example, could cause more extensive 
steam explosions. " 

(The National Intervenors) 

RESPONSE 

It is expected that, all other things 
being equal, the consequences of partial 
core melting will be less severe than 
those associated with complete melting. 
Although the total surface area of the 
separate fuel rods in their initial 
array is greater than that of a large 
molten mass, it is smaller than the 
surface areas attainable on the disper- 
sion of the molten mass into small 
particles. In order to contribute to 
steam explosions, fuel or structural ma- 
terials must be in the molten or vapor- 
ized state; heat cannot be transferred 
sufficiently rapidly from bulk materials 
to water to contribute to damaging steam 
explosions. Thus, for a given molten 
particle size distribution, the energy 
transferred in a steam explosion will 
vary directly with the amount of materi- 
al melted. The analysis discussed in 
Appendix VI11 is based on the assumption 
the 80% of the core mass is dispersed as 
small particles. 

COMMENT 11.2 

The applicability to both PWRs and BWRs 
of a single set of results illustrating 
the effect of decay time on the core 
meltdown sequences discussed in Appendix 
VI11 has been questioned. 

(General Electric Co.) 

RESPONSE 

The specific power differences between a 
PWR and a BWR would lead to differences 
in adiabatic core heatup rates. How- 
ever, the results illustrated in the 
particular figure in question include 
the effects of metal-water reactions and 
the boiloff of water in the core. The 
quantities of cladding as well as water 
in the core are different for the two 

types of reactors. Taking into account 
these effects, together with uncertain- 
ties in the analyses, it was found that 
a single set of curves could indeed 
represent the results for both PWRs and 
BWRs. 

COMMENT 11.3 

The question has been raised "as to 
whether vessel failure can occur by 
fracture due to thermal stress occurring 
when the molten core contacts the lower 
vessel head." 

( U . S .  Environmental Protection 
Agency-Intermountain 
Technologies, Inc.) 

RESPONSE 

Conceptually extremely high thermal 
stresses can be produced on contact 
between the vessel head and the molten 
core. Such high thermal stresses would 
be localized near the surface and would 
be accommodated by plastic flow of the 
material affected. At the temperature 
levels of interest here (i.e., at or 
above normal operating levels) the pres- 
sure vessel materials would exhibit 
ductile behavior, and fracture as a 
result of localized thermal stresses 
would not be expected. 

COMMENT 11.4 

It appears that the radioactive source 
term is based on 3200 MW(t) in all 
cases, but a power level of 2441 MW(t) 
is assumed for PWR meltdown calcula- 
tions. This anomaly should be re- 
solved. 

(The Detroit Edison Co.) 

RESPONSE 

Radioactive source term calculations are 
based on an assumed power level of 3200 
MW(t) for both PWRs and BWRs. However, 
as nbted in chapter 1, section 19, of 
the Main Report, two plants were used as 
the basis for the study. The PWR plant 
considered, the largest PWR about to 
start commercial operation with devel- 
oped operating procedures, has a maximum 
thermal power level of 2441 MW. Since 
the meltdown calculations performed in 
Appendix VI11 require details of core 
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geometry, t h e  PWR p l a n t  under s tudy  w a s  
analyzed. I t  should be noted,  however, 
t h a t  t h e  abso lu te  power l e v e l  of t h e  
c o r e  is n o t  t h e  c o n t r o l l i n g  f a c t o r  i n  
c o r e  meltdown. Rather,  power d e n s i t y  i s  
important .  The peak and average l i n e a r  
h e a t  gene ra t ion  rates and power dens i -  
t i e s  are comparable f o r  c o r e s  o p e r a t i n g  

a t  t h e  two power l e v e l s ,  and hence t h e  
choice of a 2441-MW(t)  co re  f o r  thermal 
ana lyses  w i l l  n o t  i n t roduce  any s i g n i f i -  
c a n t  e r r o r .  Thus, basing t h e  t iming of 
meltdown p rocesses  on a thermal a n a l y s i s  
f o r  a power l e v e l  of 2 4 4 1  M W ( t )  i s  no t  
i n c o n s i s t e n t  with t h e  u s e  of a radioac-  
t i v e  inventory based on 3200 M W ( t ) .  

/ 
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Section 12 
Steam Explosions 

COMMENT 12 .1  

A number of questions and comments were 
received regarding the analysis of steam 
explosions. Specific points that have 
been raised include (1) the potential 
for steam explosions at times other than 
those considered in the study (e.g., 
delayed entry of PWR accumulator water 
during small LOCAs and transients); (2) 
the significance of water subcooling; 
(3) the lack of experimental verifica- 
tion of the analytical models; and (4) 
the conservatism of the predicted 
results. 

( U . S .  Environmental Protection 
Agency-Intermountain 
Technologies, Inc.; 
Amory Lovins) 

RESPONSE 

As acknowledged in WASH-1400, the evalu- 
ation of the potential for, and conse- 
quences of, steam explosions that may be 
associated with reactor meltdown acci- 
dents involves considerable uncertainty. 
There are no directly applicable experi- 
mental data that can be used to guide 
the analyses. On the one hand, no vio- 
lent interactions have been observed in 
small-scale experiments with uranium 
dioxide and water. On the other hand, 
there have been a substantial number of 
industrial incidents in which contact 
between molten materials and water has 
led to explosive interactions; a number 
of these incidents are summarized in 
Appendix B to Appendix VIII. In the 
face of limited experimental data, the 
quantitative .evaluation o f  the probabil- 
ity of steam explosions and their poten- 
tial effects has required considerable 
use of engineering judgment. Several of 
the points that have been questioned are 
discussed below. 

It is recognized that the potential for 
interaction between molten core materi- 
als and water exists during much of the 
course of a meltdown accident. At two 
key points in the accident sequence 
(i.e., at the time the molten core falls 
to the bottom of the reactor vessel and 
at the time of reactor vessel melt- 
through) there is the possibility that 
large quantities of molten material will 
rapidly come into contact with water. 
These are the instances in which the 

potential for damaging steam explosions 
is believed to be the greatest and are 
the cases explicitly considered in the 
study's analyses. As noted in sections 
2.2.1.3 and 2.2.1.4 of Appendix I and in 
sections 2.2.7 and 2.2.8 of Appendix 
VIII, steam explosions that might occur 
in the PWR reactor vessel cavity region 
after reactor vessel meltthrough were 
considered but were determined to have 
no important impact on the containment 
rupture probabilities. This conclusion 
would hold regardless of whether or not 
the steam explosion occurred as a result 
of molten materials dropping into resid- 
ual water in the cavity or by a delayed 
discharge of accumulator water on the 
molten mass in the cavity region. When 
water is introduced at the top of the 
melt or when the molten core comes into 
contact with moist soil or groundwater, 
the potential for the coherent interac- 
tion of a large quantity of molten mate- 
rial with water is much smaller since 
the water cannot readily penetrate into 
or displace the high-temperature melt. 
If a significant interaction were to 
occur on containment meltthrough, the 
effect on overall consequences would be 
small since such an interaction would 
have no additional effect on containment 
integrity . 
A number of experimental programs (cited 
in Appendix B to Appendix VIII) on the 
interaction of molten materials (partic- 
ularly metals) with water, have shown 
that the potential for violent interac- 
tion decreases as the subcooling of the 
water decreases. This observation has 
been taken into account in the study's 
analyses by assigning a higher probabil- 
ity for the occurrence of explosive 
interactions in the presence of sub- 
cooled water than in the presence of 
steam-saturated water. Furthermore, the 
occurrence of steam explosions with 
steam-saturated water has not been pre- 
cluded. The damage potential was taken 
to be independent of the temperature of 
the water. 

COMMENT 12.2  

The dismissal of 'the potential for a 
large energy release from a steam explo- 
sion occurring when the molten core 
comes into contact with the water-laden 
gravel beneath the containment floor 
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s e e m s  t o  be c o n t r a d i c t e d  by t h e  Armco 
i n c i d e n t  desc r ibed  i n  Appendix V I I I .  - 

(U.S. Environmental P r o t e c t i o n  
Agency-Intermountain 
Technologies,  Inc . )  

RESPONSE 

The ana lyses  d i scussed  i n  Appendix C t o  
Appendix V I 1 1  i n d i c a t e d  t h a t  a l a r g e  
f r a c t i o n  of t h e  s t o r e d  energy of t h e  
molten c o r e  had t o  be t r a n s f e r r e d  
r a p i d l y  t o  t h e  gene ra t ion  of steam i n  
o r d e r  t o  develop t h e  mechanical energy 
r e q u i r e d  t o  'chreaten containment. Such 

a t r a n s f e r  of energy r e q u i r e s  t h e  coher- 
e n t  i n t e r a c t i o n  of a s i g n i f i c a n t  quan- 
t i t y  of ho t  molten material  with water.  
These c o n d i t i o n s  w e r e  a t  least  p a r t i a l l y  
m e t  i n  t h e  Armco i n c i d e n t ,  where a l a r g e  
q u a n t i t y  of molten s tee l  was dropped 
from a h e i g h t  of 4 0  f e e t  onto damp 
ground. This  appa ren t ly  r e s u l t e d  i n  a 
series of s m a l l  "explosions,"  and no t  a 
cohe ren t  i n t e r a c t i o n .  I n  t h e  even t  of a 
c o r e  m e l t  a c c i d e n t ,  t h e  c o n t a c t  between 
t h e  molten c o r e  and t h e  moisture  i n  t h e  
g r a v e l  would n o t  be r a p i d ,  as i s  i n d i -  
c a t e d  i n  s e c t i o n  2 . 2 . 6  of Appendix V I I I ,  
and thus  a cohe ren t  l a rge - sca l e  i n t e r a c -  
t i o n  would no t  be expected. 

XI 12-2 



Section 13 
Hydrogen Combustion 

COMMENT 13.1 RESPONSE 

The a v a i l a b l e  experimental  d a t a  on 
f lammabil i ty  and de tona t ion  limits i n  
air-hydrogen-steam mix tu res  a r e  l i m i t e d  
and acco rd ing ly  t h e  conc lus ions  regard- 
i n g  t h e  p o t e n t i a l  o f  containment f a i l u r e  
due t o  t h e s e  mechanisms a r e  quest ioned.  

(Amory Lovins) 

RESPONSE 

The s c a r c i t y  o f  d i r e c t l y  a p p l i c a b l e  d a t a  
on f lammabil i ty  and d e t o n a t i o n  l i m i t s  on 
air-hydrogen-steam mixtures  was recog- 
n i z e d  and acknowledged by t h e  s tudy  (see 
Appendix D t o  Appendix V I I I )  . The con- 
ta inment  f a i l u r e  mode p r o b a b i l i t i e s  t h a t  
have been d e r i v e d  a r e  based on bo th  t h e  
p r o b a b i l i t y  o f  t h e  occurrence of t h e s e  
phenomena and t h e i r  e f f e c t s  should t h e s e  
phenomena t a k e  p l ace .  The p r o b a b i l i t i e s  
of  hydrogen burning o r  d e t o n a t i o n  w e r e  
based on the  l i m i t e d  d a t a  ava i lab le  
t o g e t h e r  w i t h  c o n s i d e r a t i o n  o f  t h e  
containment c o n d i t i o n s  t h a t  would e x i s t  
du r ing  each a c c i d e n t  sequence; t h e s e  a.re 
s u b j e c t  t o  cons ide rab le  unce r t a in ty .  A s  
no ted  i n  Appendix D t o  Appendix V I I I ,  
t h e  f l a m a b i l i t y  1 i m i t s  used probably 
r e p r e s e n t  t h e  m i n i m u m  compositions f o r  
flame propagat ion.  Furthermore,  s i n c e  
t h e  r e s u l t s  o f  t h e  s t u d y  are n o t  s e n s i -  
t i v e  t o  d e t o n a t i o n - l i m i t  p r e d i c t i o n s ,  
t h e  u n c e r t a i n t i e s  a s s o c i a t e d  w i t h  t h e  
f lammabil i ty  and de tona t ion  l i m i t s  used 
i n  t h e  s tudy  do  n o t  have a p a r t i c u l a r l y  
significant effect .  The effects on con- 
ta inment  i n t e g r i t y  o f  hydrogen burning 
o r  de tona t ion ,  should e i t h e r  occur, are 
more r e a d i l y  c a l c u l a b l e ;  t h e s e  e f f e c t s  
w i l l  vary w i t h  t h e  d i f f e r e n t  a c c i d e n t  
sequences . 
COMMENT 13.2 

The conclusion i n  s e c t i o n  2 . 2 . 1  of 
Appendix I t h a t  noncondensable gases  
cannot  o v e r p r e s s u r i z e  PWR containment 
seems i n c o n s i s t e n t  w i th  BMI-1910.1 

( m o r y  Lovins) 

There i s  n o  i n c o n s i s t e n c y  between BMI- 
1910  and WASH-1400 i n  r ega rd  t o  t h e  
e f f e c t s  o f  noncondensable gases  on con- 
ta inment  f a i l u r e .  BMI-1910 p r e s e n t e d  
upper l i m i t s  f o r  t h e  p o s s i b l e  e f f e c t  of  
noncondensable gases  wh i l e  c l e a r l y  s t a t -  
i n g  (page 2 5 )  t h a t  "it should no t  be 
presumed from Figure 1 2  t h a t  r e a c t i o n s  
t o  t h i s  e x t e n t  a r e  p o s s i b l e  wi th in  t h e  
containment.  Moreover, t h e  upper l i m i t  
r e s u l t s  i n  BMI-1910  a r e  compared w i t h  
t h e  des ign  p r e s s u r e  o f  t h e  containment.  
S ince  t h e  a n a l y s i s  i n  WASH-1400 i s  pe r -  
formed on a r ea l i s t i c  b a s i s ,  t he  p re s -  
s u r e  a t  which the  containment would be  
expected t o  f a i l  i s  o f  i n t e r e s t  and t h e  
design p r e s s u r e  i s  n o t .  C l e a r l y ,  t h e r e  
i s  a s u b s t a n t i a l  d i f f e r e n c e  between t h e  
design p r e s s u r e  and t h e  f a i l u r e  p r e s s u r e  
of  a r e a c t o r  containment bu i ld ing .  

For t h e  case cons ide red  i n  WASH-1400, 
t h e  p a r t i a l  p r e s s u r e  of  t h e  hydrogen 
(due t o  t h e  complete r e a c t i o n  o f  t h e  
Z i r ca loy  c l add ing ,  t h e  lower c o r e  sup- 
p o r t  s t r u c t u r e ,  and t h e  r e a c t o r  v e s s e l  
bottom head) i s  about  18  p s i .  The 
c o n t r i b u t i o n  from t h e  carbon d iox ide  
generated by conc re t e  decomposition i s  
about 1 2  p s i ;  t h a t  o f  t h e  a i r  i n i t i a l l y  
p r e s e n t  i n  t h e  containment i s  9 p s i .  
Thus, a t  t h e  t i m e  of containment m e l t -  
through,  t h e  maximum p a r t i a l  p r e s s u r e  o f  
noncondensable gases  would be about 39 
p s i .  Since t h e  containment des ign  p res -  
s u r e  i s  45 p s i g  ( 6 0  p s i a )  , it seems t h a t  
t h i s  p r e s s u r e  should n o t  cause it t o  
f a i l .  

COMMENT 13.3 

The assumption o f  uniform mixing o f  t h e  
hydrogen wi th  t h e  containment atmosphere 
i s  quest ioned.  

(Amory Lovins) 

RESPONSE 

In o r d e r  t o  p r e s e n t  a t h r e a t  t o  con ta in -  
ment ' i n t e g r i t y  by r a p i d  burning,  
hydrogen must react w i t h  t h e  oxygen i n  

'D. L. Morrison e t  a l . ,  An Evaluat ion of t h e  A p p l i c a b i l i t y  of  E x i s t i n g  Data t o  t h e  
A n a l y t i c a l  Desc r ip t ion  of a Nuclear Reactor Accident - Core Meltdown Evaluat ion , 
BMI-1910, Bat te l le  Memorial I n s t i t u t e .  
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t h e  Containment. The complete r e a c t i o n  
o f  the hydrogen generated would r e q u i r e  
a s u b s t a n t i a l  f r a c t i o n  o f  t h e  a v a i l a b l e  
oxygen i n  t h e  containment and t h u s  would 
r e q u i r e  good d i s p e r s a l  o f  t h e  hydrogen 
t o  y i e l d  high-energy releases. Unless 
t h e  hydrogen i s  d i s p e r s e d  throughout t h e  
containment,  such a complete r e a c t i o n  
would n o t  be poss ib l e .  P a r t i a l  r e a c t i o n  
o f  t h e  a v a i l a b l e  hydrogen e i t h e r  by 
burning o r  exp los ion ,  as  might be 
expec ted  f o r  nonuniform hydrogen d i s t r i -  
b u t i o n s ,  would r e s u l t  i n  lower con ta in -  
ment p r e s s u r e s  than  those  a s s o c i a t e d  
w i t h  uniform mixing. 

COMMENT 13.4 

Comments have been r ece ived  r ega rd ing  
t h e  p o s s i b i l i t y  o f  hydrogen gene ra t ion  
by the  i n t e r a c t i o n  o f  molten s t r u c t u r a l  
materials w i t h  wa te r  and t h e  p o s s i b l e  
impact on t h e  p o t e n t i a l  f o r  containment 
f a i l u r e  o f  t h e  burning o r  de tona t ion  o f  
t h i s  hydrogen. 

(Louis Baker; Amory Lovins) 

RE S PONS E 

The PWR co re  meltdown ana lyses  p re sen ted  
i n  Appendix V I 1 1  i n d i c a t e d  t h a t  t h e  
e q u i v a l e n t  o f  75 + 25% o f  t h e  Zircaloy 
c l a d d i n g  could b e  expected t o  r e a c t  w i th  
wa te r  du r ing  t h e  i n i t i a l  c o r e  meltdown 
p rocess  i f  s u f f i c i e n t  water were a v a i l -  
a b l e .  The p o t e n t i a l  f o r  containment 
f a i l u r e  due t o  hydrogen burning o r  
d e t o n a t i o n ,  a s  p re sen ted  i n  Attachment 1 
t o  Appendix V I  w a s  e v a l u a t e d  on t h e  
b a s i s  o f  hydrogen gene ra t ion  from t h e  
r e a c t i o n  o f  75% o f  t h e  c l a d d i n g  un le s s  
t h e  r e a c t i o n  w a s  l i m i t e d  by w a t e r  
a va i l a b  i 1 it y . 
The r e a c t i o n  w i t h  w a t e r  o f  t he  co re  
lower suppor t  s t r u c t u r e s  and t h e  r e a c t o r  
v e s s e l  bottom head a f t e r  r e a c t o r  v e s s e l  
mel t through would produce about f i v e  
t i m e s  t h e  hydrogen generated by t h e  com- 
p l e t e  r e a c t i o n  o f  t h e  Z i r ca loy  cladding.  

Although l a r g e  q u a n t i t i e s  o f  hydrogen 
can conceivably be  gene ra t ed  from t h e  
r e a c t i o n  o f  molten s t r u c t u r a l  mater ia ls  
wi th  water,  t h e  e x t e n t  o f  hydrogen burn- 
i n g  w i t h i n  t h e  containment would be 
l i m i t e d  by t h e  q u a n t i t y  o f  con ta ined  
oxygen. I n  t h e  PWR containment consid- 
e r e d  , i n  t h e  s t u d y ,  t h e r e  i s  enough 
oxygen t o  react w i t h  t h e  q u a n t i t y  o f  
hydrogen t h a t  would be generated by a 
150% r e a c t i o n  o f  t h e  cladding.  I f  such 
a q u a n t i t y  o f  hydrogen w e r e  t o  react 
w i t h  oxygen by de tona t ion  o r  
de f l a g r a t i o n  , t h e  containment p r e s s u r e  
would exceed i t s  expected f a i l u r e  level.  
Th i s  r a p i d  consumption o f  a l l  t h e  oxygen 

w i t h i n  containment presupposes t h e  
d i s p e r s a l  o f  hydrogen throughout a l l  
p a r t s  o f  t h e  containment. I f  t h e  e x t e n t  
o f  r e a c t i o n  i s  less  than t h a t  r ep resen t -  
e d  by t h e  complete consumption o f  t h e  
a v a i l a b l e  oxygen, t h e  maximum p o s s i b l e  
p r e s s u r e  i n  t h e  containment w i l l  not  be 
a t t a i n e d  and t h e  p r o b a b i l i t y  o f  
containment f a i l u r e  w i l l  be lower. 

I n  cons ide r ing  t h e  p o s s i b l e  e f f e c t  of  
added hydrogen gene ra t ion  on containment 
f a i l u r e  p r o b a b i l i t i e s ,  it is  convenient 
t o  d i v i d e  t h e  a c c i d e n t  sequences under 
cons ide ra t ion  i n t o  t h r e e  c a t e g o r i e s :  

a. Sequences i n  which containment 
f a i l u r e  precedes c o r e  melting. 

b. Sequences invo lv ing  c o r e  m e l t  i n  
combination w i t h  f a i l u r e  of  t h e  con- 
tainment r e c i r c u l a t i o n  sp rays  o r  
containment h e a t  removal systems, 
followed by containment f a i l u r e .  

c. Sequences i n  which t h e  containment 
r e c i r c u l a t i o n  s p r a y s  and removal 
systems o p e r a t e  throughout t h e  
cour se  of  t h e  acc iden t .  

Each o f  t h e s e  c a t e g o r i e s  w i l l  be 
d i scussed  i n  t u r n .  

a. Containment F a i l u r e  Precedes Core 
Melting 

The gene ra t ion  o f  a d d i t i o n a l  hydrogen 
h a s  l i t t l e  e f f e c t  on t h e s e  sequences. 
Core me l t ing  and hydrogen gene ra t ion  
t a k e  p l ace  i n  a f a i l e d  containment. The 
burning o f  hydrogen i n  a f a i l e d  contain-  
ment could t empora r i ly  i n c r e a s e  t h e  
d r i v i n g  f o r c e  f o r  release, bu t  t h i s  
would e x e r t  very l i t t l e  e f f e c t  on t h e  
consequences. 
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Core meltdown combined wi th  t h e  f a i l u r e  
of t h e  containment r e c i r c u l a t i o n  sp rays  
g e n e r a l l y  l e a d s  t o  a high p r o b a b i l i t y  of 
containment f a i l u r e  due t o  overpressure.  
Where a p p r o p r i a t e ,  t h e  e f f e c t  of t h e  
burning of hydrogen generated du r ing  
i n i t i a l  c o r e  melt ing has been included 
i n  t h e  e v a l u a t i o n  of t h e s e  sequences and 
has  been found t o  produce a n o t i c e a b l e  
c o n t r i b u t i o n  t o  t h e  p r o b a b i l i t y ,  b u t  a 
s m a l l  e f f e c t  on t h e  t iming of contain-  
ment f a i l u r e .  The a d d i t i o n a l  hydrogen 
from t h e  s t ee l -wa te r  r e a c t i o n  could 
conceivably f u r t h e r  i n c r e a s e  t h e  
p o t e n t i a l  f o r  containment f a i l u r e .  
However, excep t  f o r  cases where t h e  



a v a i l a b i l i t y  of water  t o  t h e  p r e s s u r e  
vesse l  i s  l i m i t e d ,  t h e  p r o b a b i l i t y  of 
containment f a i l u r e  due t o  ove rp res su re  
i s  a l r e a d y  q u i t e  high ( 0 . 4  t o  l . O ) ,  and 
the  e f f e c t  of a d d i t i o n a l  hydrogen gener- 
a t i o n  would no t  i n c r e a s e  t h e  p r o b a b i l i t y  
of ove rp res su re  f a i l u r e  by more than a 
f a c t o r  of  about 2.  Furthermore,  t h e  
gene ra t ion  r a t e  of t h i s  a d d i t i o n a l  hy- 
drogen i s  u n c e r t a i n ,  and i n  some cases 
s i g n i f i c a n t  q u a n t i t i e s  of hydrogen may 
n o t  be a v a i l a b l e  u n t i l  a f t e r  containment 
f a i l u r e .  

There are a l s o  a few sequences i n  t h i s  
ca t egory  i n  which t h e  p o t e n t i a l  f o r  
containment ove rp res su re  f a i l u r e  a s  pre-  
s en ted  i n  Attachment 1 t o  Appendix V i s  
l i m i t e d  by t h e  a v a i l a b i l i t y  of water t o  
t h e  m e l t .  I f  i n  t h e s e  sequences t h e  
a v a i l a b l e  water reacts wi th  steel  t o  
g e n e r a t e  hydrogen and t h e  l a t t e r  burns,  
t h e  p o t e n t i a l  f o r  containment f a i l u r e  
could be inc reased .  Because t h e  con- 
ta inment  atmosphere i s  a t  e l e v a t e d  
temperature  and p r e s s u r e  i n  t h e s e  se- 
quences, however, t h e  p o t e n t i a l  f o r  t h e  
i g n i t i o n  of t h e  hydrogen-air-steam 
mixture  would be decreased and t h e  
occurrence of complete combustion would 
be u n l i k e l y .  Thus, it i s  expected t h a t  
t h e s e  e f f e c t s  should coun te r  balance 
and, w i t h i n  t h e  accuracy of such ca l cu -  
l a t i o n s ,  no important  change i n  e i t h e r  
t h e  p r o b a b i l i t y  o r  r e l e a s e  magnitude i s  
a n t i c i p a t e d  f o r  t h e s e  sequences. 

I n  t h e  PWR c o r e  m e l t  sequences i n  which 
t h e  containment h e a t  removal system 
f a i l s  b u t  t h e  r e c i r c u l a t i o n  sp rays  a r e  
o p e r a t i n g ,  containment ove rp res su re  
f a i l u r e  and containment meltthrough are 
p r e d i c t e d  t o  t a k e  p l a c e  a t  about t h e  
same t i m e .  I n  t h e s e  sequences,  t h e  
burning of t h e  a d d i t i o n a l  hydrogen could 
reduce t h e  t i m e  a t  which ove rp res su re  
f a i l u r e  m i g h t  occur. H e r e  again, how- 
eve r ,  t he  containment atmosphere a t  t h e  
t i m e s  of i n t e r e s t  would be a t  e l e v a t e d  
temperature  and p r e s s u r e ,  t h u s  reducing 
t h e  p o t e n t i a l  f o r  t h e  occurrence of 
s e l f -p ropaga t ing  hydrogen combustion. 

I n  the  t h i r d  ca t egory  of a c c i d e n t  se- 
quences , t h e  containment r e c i r c u l a t i o n  
s p r a y s  and ' h e a t  removal systems o p e r a t e  
throughout  t h e  meltdown e v e n t  and con- 
ta inment  p r e s s u r e s  are k e p t  a t  low 
l e v e l s .  Under t h e s e  assumptions,  t h e r e  
i s  no p o s s i b i l i t y  o f '  containment over- 

p r e s s u r i z a t i o n ,  a s  analyzed i n  Attach- 
ment 1 t o  Appendix V ,  and containment 
meltthrough i s  the  most l i k e l y  f a i l u r e  
mode. I f  hydrogen w e r e  t o  burn a s  it i s  
gene ra t ed ,  t h e  r e l e a s e d  energy would be 
absorbed by the s p r a y s  and would have no 
e f f e c t  on t h e  f a i l u r e  modes analyzed. 
However , when t h e  a d d i t i o n a l  hydrogen 
from t h e  s t ee l -wa te r  r e a c t i o n  i s  con- 
s i d e r e d  and a delayed de tona t ion  o r  
d e f l a g r a t i o n  i s  assumed t o  occur  when a 
s t o i c h i o m e t r i c  hydrogen-air  mixture i s  
a t t a i n e d ,  containment f a i l u r e  i s  i n d i -  
ca t ed .  The p r o b a b i l i t y  o f  such a 
r e a c t i o n ,  r e q u i r i n g  the  consumption of 
a l l  the  oxygen w i t h i n  t h e  containment 
and t h e  r a p i d  propagat ion o f  t h e  flame 
f r o n t  t o  a l l  p a r t s  o f  t h e  containment 
volume, i s  d i f f i c u l t  t o  a s s e s s .  S ince  
t h i s  r e a c t i o n  would r e q u i r e  a q u a n t i t y  
o f  hydrogen e q u i v a l e n t  t o  t h a t  generated 
by the  r e a c t i o n  o f  1 5 0 %  o f  t h e  c l add ing  
and t h e  d i s p e r s a l  o f  t h i s  hydrogen 
throughout t h e  containment,  it could 
on ly  t ake  p l a c e  a t  some t i m e  a f t e r  co re  
meltdown ( i . e . ,  s u f f i c i e n t  t i m e  would 
have t o  be a v a i l a b l e  f o r  a s i g n i f i c a n t  
steel-water r e a c t i o n ) .  
For  a s i g n i f i c a n t  r e a c t i o n  wi th  water, 
t he  steel  must be a t  o r  n e a r  i t s  me l t ing  
temperature.  A l a r g e  mass o f  molten 
s t e e l  ( t o g e t h e r  w i th  t h e  f u e l  and c l ad -  
d i n g )  would p r e s e n t  o n l y  a l i m i t e d  
s u r f a c e  a r e a  for r e a c t i o n  wi th  water  
( s t e a m ) .  The r e a c t i o n  ra te  could be 
f u r t h e r  l i m i t e d  by t h e  accumulation of  
ox ides  a t  t h e  molten s u r f a c e  and by t h e  
e v o l u t i o n  o f  hydrogen, both tending t o  
p reven t  t h e  access  o f  water  t o  unreacted 
m e t a l .  Thus, while  a s u b s t a n t i a l  reac-  
t i o n  between molten s t r u c t u r a l  mater ia l  
and water  i s  p o s s i b l e ,  i t  would probably 
r e q u i r e  an apprec i ab le  p e r i o d  of t i m e .  

Most o f  t h e  r a d i o a c t i v i t y  release from 
t h e  f u e l  t a k e s  p l a c e  du r ing  t h e  i n i t i a l  
c o r e  m e l t i n g .  W i t h  t h e  containment 
s p r a y s  o p e r a t i n g ,  t h e r e  would be  rela- 
t i v e l y  l i t t l e  a c t i v i t y  i n  t h e  con ta in -  
ment atmosphere a t  t h e  time of contain-  
ment f a i l u r e  due t o  hydrogen de tona t ion .  
Thus, while  t h e  maximum p o s s i b l e  
de tona t ion  o r  d e f l a g r a t i o n  o f  t h e  hydro- 
gen could l e a d  t o  a containment f a i l u r e  
mode n o t  p rev ious ly  considered f o r  t h e s e  
sequences,  t h e  p o t e n t i a l  consequences o f  
t h i s  f a i l u r e  mode would n o t  d i f f e r  
g r e a t l y  from those p r e v i o u s l y  eva lua ted .  

The c o r e  release f r a c t i o n s '  a s s o c i a t e d  
w i t h  ove rp res su re  f a i l u r e  due t o  t h e  
d e t o n a t i o n  o r  d e f l a g r a t i o n  of t h e  addi-  
t i o n a l  hydrogen, assuming containment 

'Release f r a c t i o n s  r e p r e s e n t  i n t e g r a l  release f r a c t i o n s  a t  t h e  t i m e  of containment 
vessel f a i l u r e .  
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f a i l u r e  4.5 hours  a f t e r  a l a r g e  LOCA 
wi th  ECR f a i l u r e  (1 hour  a f t e r  r e a c t o r  
v e s s e l  me l t th rough) ,  a r e  e s t ima ted  t o  be 
as fo l lows:  

Noble gases:  0.86 
Organic h a l i d e s :  0 . 0 0 3  
Halogens: 0 .0026 
A l k a l i  metals :  0.009 
Tellur ium: 0 . 0 2 9  
Alka l ine  e a r t h s :  8.7 x l o q 4  
Noble m e t a l s :  0.0018 
Lanthanides  and a c t i n i d e s :  3.4 x 

Examination o f  Table V 2-1  of Appendix V 
i n d i c a t e s  t h a t ,  f o r  t h e  i s o t o p e s  t h a t  
dominate t h e  consequence c a l c u l a t i o n s  
(see Appendix V I )  , t hese  r e l e a s e s  com- 

p a r e  w e l l  wi th  those  a s s o c i a t e d  wi th  PWR 
r e l e a s e  ca t egory  5. 

As no ted  above, t h e  r a t e  o f  hydrogen 
gene ra t ion  by t h e  s t ee l -wa te r  r e a c t i o n  
is d i f f i c u l t  t o  a s s e s s  w i t h  confidence.  
Equal ly  d i f f i c u l t  t o  a s s e s s  i s  t h e  prob- 
a b i l i t y  t h a t  hydrogen w i l l  burn not  on 
gene ra t ion  but on ly  on reaching a s t o i -  
ch ime t r i c  mixture wi th  oxygen. 

De ta i l ed  ana lyses  have no t  been per-  
formed t o  a s s e s s  t h e  p r o b a b i l i t y  o f  
occurrence of  t h e  r e l e a s e s  a s s o c i a t e d  
wi th  de layed  hydrogen genera t ion  and 
subsequent  de tona t ion  o r  de f l a q r a t i o n  ; 
however, i t  i s  l i k e l y  t h a t  t h e i r  proba- 
b i l i t y  o f  occur rence  i s  on ly  a smal l  
f r a c t i o n  o f  t h e  p r o b a b i l i t y  o f  occur- 
r ence  o f  t h e  p a r t i c u l a r  PWR release 
ca tegory .  
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Section 14 

Data Base 

COMMENT 1 4 . 1  

Nine sou rces  submitted comments on t h e  
s t u d y ' s  e v a l u a t i o n  of human a c t i 0 n s . l  
These ranged from a s s e r t i o n s  t h a t  t h e  
human f a i l u r e  rates e s t ima ted  i n  Table 
I11 6-4 of Appendix I11 w e r e  t o o  high t o  
a s s e r t i o n s  t h a t  it i s  no t  p o s s i b l e  t o  
p r e d i c t  human e r r o r s .  

RESPONSE 

The assignment of f a i l u r e  r a t e s  t o  human 
a c t i o n s ,  though somewhat more s u b j e c t i v e  
than t h e  assignment o f  f a i l u r e  r a t e s  t o  
hardware, i s  no t  w i thou t  a measured d a t a  
base from which t o  s t a r t .  The g e n e r a l  
human e r r o r  r a t e  e s t i m a t e s  p re sen ted  i n  
Table I11 6-4 of Appendix I11 w e r e  de- 
r i v e d  from a c t u a l  experience i n  nonnu- 
clear a c t i v i t i e s  a s  a s ses sed  by t h e  
s t u d y ' s  human r e l i a b i l i t y  a n a l y s t s .  I t  
should be recognized t h a t  Table I11 6-4 
p r e s e n t s  g e n e r a l ,  i l l u s t r a t i v e  va lues .  
For a p p l i c a t i o n  t o  a s p e c i f i c  s i t u a t i o n ,  
t h e s e  must be modified by c o n s i d e r a t i o n  
of t h e  i n p u t s  a v a i l a b l e  t o  an o p e r a t o r  
( d i s p l a y s  on c o n t r o l  pane l s ,  aud ib le  
a larms,  l a b e l s ,  equipment c o n f i g u r a t i o n ,  
t h e  presence and q u a l i t y  of w r i t t e n  
procedures ,  e t c . ) ,  t h e  stress l e v e l  t o  
which an o p e r a t o r  is  exposed, and t h e  
r e q u i r e d  o p e r a t o r  response and feedback 
a v a i l a b l e  a f t e r  t h e  response.  I n  addi-  
t i o n ,  personnel  redundancy must a l s o  be 
considered.  For example, approximately 
3 0  minutes a f t e r  t h e  occurrence of  a 
l a r g e  LOCA with t h e  emergency co re  cool-  
i ng  system ope rab le ,  two va lves  i n  
p a r a l l e l  are opened t o  e s t a b l i s h  flow 
from t h e  containment sump t o  t h e  s u c t i o n  
of  t h e  low-head s a f e t y  i n j e c t i o n  p y p .  
The b a s i c  e r r o r  ra te  a s s o c i a t e d  wi th  
t h i s  act ,  as given i n  Table I11 6-4 of 
Appendix 111, i s  1 0 - l .  Considering t h e  
presence of a t  l eas t  t h r e e  .operators  i n  
t h e  c o n t r o l  room a t  t h a t  t i m e ,  t h e  
p r o b a b i l i t y  t h a t  a l l  o p e r a t o r s  w i l l  
independent ly  n e g l e c t  t o  open t h e  va lves  
a t  t h e  t i m e  s p e c i f i e d  i s  e s t ima ted  t o  be 
1 0 - 3 .  Furthermore, t h e  a v a i l a b i l i t y  of 
v i s u a l  i n d i c a t i o n  of r e f u e l i n g  water  
s t o r a g e  tank l e v e l  i n  t h e  c o n t r o l  room 
can reduce t h e  probabi i t y  of f a i l i n g  to  
open t h e  va lves  t o  lo-' p e r  a c t i o n .  

S i m i l a r l y ,  Table I11 6-4 sugges t s  t h a t  
t h e  p r o b a b i l i t y  of m i s s e l e c t i n g  t h e  
valve switches and o p e r a t i n g  t h e  wrong 
va lves  i s  10-1. However, cons ide r ing  
t h e  l a y o u t  of t h e  c o n t r o l  board,  t h e  
e x t e n s i v e  t r a i n i n g  given t o  o p e r a t o r s  i n  
t h i s  a r e a ,  and the  f a c t  t h a t  t h e  opera- 
t i o n  of va lves  most l i k e l y  t o  be m i s -  
t aken ly  ope ra t ed  i s  r e q u i r e d  i n  t h e  nex t  
s t e p  of t h e  procedures ,  t h e  p r o b a b i l i t y  
of human e r r o r  i n  t h i s  s p e c i f i c  i n s t a n c e  
has been a s ses sed  t o  be 10-2. 

A s  noted i n  Appendix 111, t h e  assessment 
of human e r r o r s  i s  somewhat s u b j e c t i v e ,  
and d a t a  ob ta ined  from s e v e r a l  nonnu- 
clear a c t i v i t i e s  have been used. Human 
f a c t o r  rates w e r e  a s ses sed  as r e a l i s -  
t i c a l l y  as p o s s i b l e  cons ide r ing  t h e  
a v a i l a b l e  information.  P r o b a b i l i t y  
ranges w e r e  i nco rpora t ed  t o  account €or  
v a r i a t i o n s  i n  t h e  assessment of human 
e r r o r  rates and i n  t h e  e x t r a p o l a t i o n  of 
d a t a  t o  nuc lea r  a p p l i c a t i o n s .  Within 
t h e  accuracy r e q u i r e d  f o r  r i s k  c a l c u l a -  
t i o n s ,  t h e  s tudy b e l i e v e s  t h e  human 
d a t a ,  with i t s  range,  t o  be s u f f i c i e n t .  
The s tudy a l s o  b e l i e v e s ,  however, t h a t  
more e f f o r t  i n  t h e  f u t u r e  devoted t o  a 
b e t t e r  understanding and modeling of 
human r e l i a b i l i t y  f a c t o r s  would be 
use fu l .  

COMMENT 1 4 . 2  

Comments r ece ived  from two sources  w e r e  
d i r e c t e d  t o  t h e  p o s s i b i l i t y  t h a t  oper- 
a t o r  a c t i o n  might m i t i g a t e  t h e  p robab i l -  
i t y  o r  consequences of an acc iden t .  

(Edison E lec t r i c  I n s t i t u t e ;  
Sargent  & Lundy Engineers)  

RESPONSE 

Operator a c t i o n  t o  m i t i g a t e  a c c i d e n t  
p r o b a b i l i t i e s  o r  consequences w a s  con- 
s i d e r e d  as a v i a b l e  op t ion  when w r i t t e n  
procedures sugges t ing  t h a t  such a c t i o n s  
be taken were a v a i l a b l e  o r  when an 
extended pe r iod  of t i m e  w a s  a v a i l a b l e  
f o r  an o p e r a t o r  t o  analyze the  s i t u a t i o n  
o r  o b t a i n  o f f s i t e  a s s i s t a n c e .  C r e d i t  
f o r  o p e r a t o r  a c t i o n  w a s  n o t  given when 
it appeared t h a t  such a c t i o n s  would have 

'U.S. Environmental P r o t e c t i o n  Agency; Electr ic  Power Research I n s t i t u t e ;  Atomic 
I n d u s t r i a l  Forum; Babcock & Wilcox; Bechtel  Power Corp.; Westinghouse Electric 
Corp.; F r i ends  of t h e  Ea r th ;  The Nat ional  I n t e r v e n o r s ;  Union of Concerned 
S c i e n t i s t s  ; Amory Lovins. B 
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t o  be taken i n  a s h o r t  t i m e  pe r iod  and 
t h e r e  w a s  no evidence t h a t  t h e  o p e r a t o r  
had procedures  o r  p r i o r  t r a i n i n g  i n -  
s t r u c t i n g  t h a t  such a c t i o n s  be taken. 

COMMENT 14.3 

Comments r ece ived  from four  sou rces  
suggested t h a t  t h e  human f a i l u r e  analy- 
sis w a s  i n v a l i d  because q u a l i t y  a s su r -  
ance e r r o r s  w e r e  n o t  included.  

(U.S .  Environmental P r o t e c t i o n  
Agency : 
Nuclear Energy L i a b i l i t y  
Property Insurance 
Associat ion;  
Iowa Student  Pub l i c  I n t e r e s t  
Research Group: 
The Nat ional  I n t e r v e n o r s )  

RESPONSE 

A s  i n d i c a t e d  i n  s e c t i o n  3.1.4 of t h i s  
appendix, t h e  d a t a  base used t o  d e t e r -  
mine equipment f a i l u r e  rates included 
f a i l u r e s  a t t r i b u t a b l e  t o  des ign ,  manu- 
f a c t u r e ,  i n s t a l l a t i o n ,  and maintenance 
e r r o r s  t h a t  w e r e  no t  d e t e c t e d  by q u a l i t y  
a s su rance  programs. Thus, q u a l i t y  as- 
surance e r r o r s  a r e  i m p l i c i t l y  included 
i n  ' the s t u d y ' s  equipment f a i l u r e  d a t a  
base and t h e  a s s o c i a t e d  e r r o r  spreads.  

COMMENT 1 4 . 4  

There i s  a ques t ion  as t o  whether t h e  
d a t a  base used i n  t h e  s tudy i s  repre-  
s e n t a t i v e  of what can be expected from 
r e a c t o r  p l a n t  components. 

(Fede ra l  Energy Agency) 

RESPONSE 

The s tudy  at tempted t o  make t h e  b e s t  
assessments  of f a i l u r e  d a t a  on t h e  b a s i s  
of c u r r e n t l y  a v a i l a b l e  information.  A s  
s t a t e d  i n  Appendix 111, e r r o r  spreads 
were used t o  show t h e  u n c e r t a i n t i e s  and 
v a r i a b i l i t i e s  a s s o c i a t e d  wi th  the  es t i -  
mated, f a i l u r e  r a t e s .  The f a i l u r e  rates 
determined from t h e  d a t a  base are 
compared with e x i s t i n g  d a t a  from nuc lea r  
power p l a n t s  i n  Table I11 4-2 of 
Appendix 111. A s  i n d i c a t e d  t h e r e i n ,  t h e  
a v a i l a b l e  nuc lea r  d a t a  f a l l  w i t h i n  t h e  
a s ses sed  range of equipment f a i l u r e  
rates. However, t h e  s tudy b e l i e v e s ,  as 
i n d i c a t e d  i n  s e c t i o n  7.4.2 of t h e  Main 
Report, t h a t  d a t a  should be c o l l e c t e d  
and analyzed f o r  nuc lea r  p l a n t s  t o  
permit  more p r e c i s e  p r e d i c t i o n s  of 
component and system behavior.  

COMMENT 14.5 

The s t a t i s t i c a l  b a s i s  (FPC i n s t a b i l i t y  
d a t a )  f o r  choosing as t h e  probabi l -  
i t y  of o f f s i t e  power loss a t  the  t i m e  of 
a LOCA seems weak, i n  t h a t  t h e  loss  of 
o f f s i t e  power i s  more l i k e l y  t o  be 
caused by malfunct ions o t h e r  t han  
i n s t a b i l i t y .  

(AEC Regulatory S t a f f )  

RESPONSE . 

I t  should be noted t h a t  t h e  f a i l u r e  of 
o f f s i t e  power i n  conjunct ion with a LOCA 
i s  of i n t e r e s t  on ly  i n  t h e  r e l a t i v e l y  
s h o r t  pe r iod  of t i m e  a f t e r  a LOCA oc- 
cu r s .  While it i s  t r u e  t h a t  t h e r e  are 
causes  f o r  t h e  f a i l u r e  of o f f s i t e  power 
o t h e r  t han  i n s t a b i l i t y ,  t hey  a r e  q u i t e  
u n l i k e l y  t o  occur i n  t h e  LOCA t i m e  
window. However, t h e r e  w i l l  s u r e l y  be a 
t r a n s i e n t  on t h e  e lec t r ica l  g r i d  supply 
t o  t h e  s i t e  a t  t h e  t i m e  of a LOCA. 
Thus, i n s t a b i l i t y  d a t a  a r e  t h e  most 
s u i t a b l e  b a s i s  f o r  f a i l u r e  p r o b a b i l i t y  
c a l c u l a t i o n s .  

COMMENT 14.6 

Anomalies i n  Table I11 4 - 1 ,  f o r  example, 
t h a t  Liquid M e t a l  Engineering Center 
f a i l u r e  rate d a t a  f a l l  3x o u t s i d e  t h e  
assumed range f o r  motors, 2 0 0  t o  2000x 
f o r  p i p e s  should be f u l l y  explained.  

(Amory Lovins) 

RESPONSE 

A s  exp la ined  i n  Appendix 111, t h e  ranges 
a s s igned  t o  t h e  d a t a  are n o t  determin- 
i s t i c  bounds and t h e r e f o r e  do n o t  
n e c e s s a r i l y  inc lude  a l l  t h e  source d a t a .  
Thus, a l l  source d a t a  need no t  f a l l  
w i t h i n  t h e  assigned ranges.  ( I t  should 
be noted t h a t  i n  t h e  c a l c u l a t i o n s ,  t h e  
log-normal d i s t r i b u t i o n s  themselves w e r e  
used, and n o t  t h e  ranges.)  Also,  a s  
exp la ined  i n  Appendix 111, t h e  ranges 
and d i s t r i b u t i o n s  w e r e  n o t  de r ived  from 
simple e m p i r i c a l  f i t s  b u t  involved some 
s u b j e c t i v e  judgments and dec i s ions .  
S e n s i t i v i t y  s t u d i e s  w e r e  performed t o  
i n v e s t i g a t e  p o s s i b l e  a d d i t i o n a l  v a r i a -  
t i o n s  i n  t h e  components mentioned, and 
few s i g n i f i c a n t  e f f e c t s  w e r e  obtained.  

COMMENT 14.7 

I n  s e c t i o n  4 .2 .2 .2  of t h e  Main Report it 
i s  s t a t e d  t h a t  even with l a r g e  component 
f a i l u r e  ra te  u n c e r t a i n t i e s ,  t h e  system 
f a i l u r e  p r o b a b i l i t i e s  w e r e  s u f f i c i e n t l y  
a c c u r a t e  t o  y i e l d  meaningful va lues  f o r  
r i s k  eva lua t ion .  I t  would be h e l p f u l  i n  
e s t a b l i s h i n g  t h e  c r e d i b i l i t y  of using 
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l a r g e  u n c e r t a i n t y  l i m i t s  i f  proof of 
t h i s  w e r e  developed f u r t h e r .  For exam- 
p l e ,  i n  Table 5.4 of  t h e  Main Report ,  an 
upper bound f o r  co re  m e l t  p r o b a b i l i t y  i s  
2 x per  r eac to r -yea r .  This appears  
t o  be u n r e a l i s t i c a l l y  high. 

(Bechtel  Power Corp.) 

RESPONSE 

The e r r o r  sp reads  on t h e  component 
f a i l u r e  ra te  w e r e  propagated by s tandard 
s t a t i s t i c a l  techniques t o  o b t a i n  the  
e r r o r  spreads on t h e  system and a c c i d e n t  
sequence p r o b a b i l i t i e s .  A s  seen i n  t h e  
r e p o r t ,  t h e s e  system and a c c i d e n t  se- 
quence e r r o r  spreads w e r e  g e n e r a l l y  one 
o r d e r  of magnitude (o r  less) i n  s i z e .  
Because order-of-magnitude r e s u l t s  w e r e  
a ccep tab le  f o r  r i s k  assessment,  t h e  s i z e  
of t h e  system and acc iden t  sequence 
e r r o r  spreads formed t h e  b a s i s  f o r  t h e  
s ta tement  t h a t  system f a i l u r e  p r o b a b i l i -  
t i e s  w e r e  s u f f i c i e n t l y  accu ra t e  f o r  t h e  
purposes of t h e  study. Based on p r e s e n t  
d a t a ,  t h e  s tudy does n o t  f e e l  t h a t  t h e  
bounds f o r  c o r e  m e l t  are conse rva t ive .  

COMMENT 1 4 . 8  

I n  our op in ion ,  t h e  p r o b a b i l i t y  of 
f a i l u r e  (severance)  of l a r g e  nuc lea r  
p ipe  should be reduced by an o r d e r  of 
magnitude, which y i e l d s  an e s t ima ted  
occurrence ra te  of about pe r  
r eac to r -yea r .  The p r o b a b i l i t y  of sever- 
ance of a s m a l l  p ipe  i n  nuc lea r  s e r v i c e  
should a l s o  be lower, a l though perhaps 
n o t  by a f u l l  o r d e r  of magnitude. 

A s  a f u r t h e r  example of t h e  conservat ism 
t h a t  appears  to have been used i n  t h e  
s e l e c t i o n  of f a i l u r e  r a t e s  f o r  LOCA- 
i n i t i a t i n g  e v e n t s ,  it w a s  assumed t h a t  
5% of a l l  p ip ing  i n  a p l a n t ,  o r  about 
8500 f e e t  of p ip ing ,  i s  large-LOCA 
s e n s i t i v e ;  t h a t  i s ,  it could l ead  t o  a 
l a r g e  LOCA, i f  ruptured.  This assump- 
t i o n  i s  very conse rva t ive .  

(AEC Regulatory S t a f f  ) 

RESPONSE 

The assessment of p ipe  f a i l u r e  d a t a  i s  
d i scussed  i n  d e t a i l  i n  s e c t i o n  6 .4  of 
appendix.  111. Reported f a i l u r e s  are 
g e n e r a l l y  de r ived  on a p e r  p l a n t  b a s i s .  
Therefore ,  t o  o b t a i n  a LOCA-sensitive 
p ip ing  f a i l u r e  rate,  t h e  f a i l u r e s  p e r  
plant-year  from d a t a  must be m u l t i p l i e d  
by t h e  r a t i o  of L O C A - s e n s i t i v e  p ip ing  t o  
t h e  t o t a l  p ip ing  f o r  which p ip ing  
f a i l u r e s  are r e p o r t e d  r a t h e r  than t o  t h e  
t o t a l  i n s t a l l e d  p ip ing  i n  t h e  p l a n t .  

Appendix I11 has been c l a r i f i e d  i n  t h i s  
regard.  

COMMENT 14.9 

Comments were r ece ived  from f o u r  sou rces  
r e l a t i v e  t o  t h e  t r ea tmen t  of t h e  e f f e c t  
of aging on t h e  f a i l u r e  rates.  The 
t h r u s t  of t h e s e  comments i s  t h a t  t h e  
e f f e c t s  of p l a n t  and component aging,  o r  
a t  l e a s t  t h e  v a r i a t i o n  of f a i l u r e  r a t e s  
with t i m e ,  should be e x p l i c i t l y  recog- 
nized and taken i n t o  account.  

(Nuclear Energy L i a b i l i t y  
Property Insurance A s s o -  
c i a t i o n ;  S c i e n t i s t s  
I n s t i t u t e  f o r  Pub l i c  
Information;  The Nat ional  
I n t e r v e n o r s ;  Amory 
Lovins) 

RESPONSE 

A s  s t a t e d  i n  t h e  r e p o r t ,  t h e  s t u d y ' s  
c a l c u l a t i o n s  ( a s  desc r ibed  i n  Appendix 
11, volume 1) apply t o  s t e a d y - s t a t e  
behavior and were n o t  intended t o  i n -  
c lude  s i g n i f i c a n t  aging e f f e c t s  o r  l i f e -  
c y c l e  t r e n d s .  Aging i s  a s e p a r a t e  ques- 
t i o n  t h a t  perhaps could be analyzed when 
and i f  d a t a  a r e  a v a i l a b l e  and, more 
impor t an t ly ,  i f  t h e  need t o  do so 
c l e a r l y  e x i s t e d .  The s tudy  has  a l s o  
s t a t e d  t h a t  i t s  r e s u l t s  should n o t  b e  
e x t r a p o l a t e d  beyond t h e  f i r s t  1 0 0  p l a n t s  
expected t o  be o p e r a t i n g  i n  t h e  n e x t  5 
yea r s  and has  suggested t h a t  a f u t u r e  
s tudy l i k e  WASH-1400 be r epea ted  i n  
about 5 years .  

COMMENT 14.10 

Severa l  comments t h a t  w e r e  r ece ived  
quest ioned t h e  s t u d y ' s  handl ing of  com- 
ponent d a t a  and i t s  t r ea tmen t  of random 
v a r i a b l e s  and confidence i n t e r v a l s .  A 
formal Bayesian t r ea tmen t  w a s  suggested 
as being a b e t t e r  approach. 

(Engineering Decision 
Analysis  Co.; 
General E lec t r i c  Co.; 
Edison E lec t r i c  I n s t i t u t e ;  
Union of Concerned 
S c i e n t i s t s  ; 
Amory Lovins 

RESPONSE 

The d r a f t  v e r s i o n  of WASH- 400  was n o t  
a s  p r e c i s e  a s  it could have been i n  
d i s c u s s i n g  t h e  p r o b a b i l i s t i c  approach 
used i n  t h e  s t u d y ' s  q u a n t i f i c a t i o n s .  
Appendix 11, volume 1, and Appendix 111, 
i n  p a r t i c u l a r ,  have been r e w r i t t e n  t o  
b e t t e r  c l a r i f y  t h e  r a t i o n a l e  and method- 
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ology t h a t  served as t h e  b a s i s  f o r  t h e  
s t u d y ' s  p r o b a b i l i s t i c  approach.1 

The f a i l u r e  r a t e s ,  and component d a t a  i n  
gene ra l ,  w e r e  t r e a t e d  as being random 
v a r i a b l e s  based on t h e  v a r i a b i l i t y  ob- 
served i n  t h e  d a t a  sources  and on t h e  
intended a p p l i c a t i o n  of t h e  c a l c u l a t e d  
p r o b a b i l i t i e s  t o  a populat ion of 1 0 0  
p l a n t s .  The f a i l u r e  rates w e r e  n o t  
c o n s t r a i n e d  t o  be i n  any given f i n i t e  
i n t e r v a l  and a log-normal d i s t r i b u t i o n  
w a s  s e l e c t e d  as adequately d e s c r i b i n g  
t h e  v a r i a b i l i t y  observed i n  t h e  f a i l u r e  
ra tes  c i t e d  by t h e  va r ious  d a t a  sources  
examined. 

This observed v a r i a b i l i t y  was taken a s  
being r e p r e s e n t a t i v e  of t h e  v a r i a b i l i t y  
t h a t  would e x i s t  i n  t h e  populat ion of 
1 0 0  p l a n t s .  ( A s  desc r ibed  i n  Appendix 
11, volume 1, t h i s  r e p r e s e n t a t i o n  w a s  
no t  i n c o n s i s t e n t  w i th  a v a i l a b l e  nuc lea r  
d a t a .  2 ,  The c a l c u l a t i o n s ,  however, must 

be i n t e r p r e t e d  as being c o n d i t i o n a l  on 
t h e  employed d a t a  d i s t r i b u t i o n s .  

The confidence bounds used i n  t h e  s tudy 
are p r o b a b i l i t y  ranges,  with a s s o c i a t e d  
p e r c e n t i l e s ,  which served t o  summarize 
t h e  p r o b a b i l i t y  d i s t r i b u t i o n  of t h e  sys- 
t e m  c h a r a c t e r i s t i c s  (e.g., system un- 
a v a i l a b i l i t i e s ) .  Because of t h e  random- 
v a r i a b l e  d a t a  t r ea tmen t ,  t h e  system 
c h a r a c t e r i s t i c s  were t r e a t e d  a s  being 
n o t  formal p r o b a b i l i t i e s  bu t  e s t i m a t o r s  
(random v a r i a b l e s ) .  The s imulat ion 
approach, using 1 2 0 0  t r i a l s ,  was of 
s u f f i c i e n t  p r e c i s i o n  f o r  t h e  order-of- 
magnitude r e s u l t s  c a l c u l a t e d .  A formal 
Bayesian approach w a s  n o t  used, because 
raw f a i l u r e  d a t a  (e.g., t i m e s  of f a i l -  
u r e )  w e r e  no t  employed, b u t  i n s t e a d  re- 
po r t ed  f a i l u r e  rates w e r e  used a s  i n p u t  
information.  A s  desc r ibed  i n  Appendix 
11, volume 1, however, t h e  s t u d y ' s  
r e s u l t s  can be i n t e r p r e t e d  i n  a gene ra l  
Bayesian framework, where t h e  d a t a  d i s -  
t r i b u t i o n s  are i n t e r p r e t e d  as t h e  given 
p r i o r s .  

'??or f u r t h e r  information on the  use of t h e  random-variable approach, see f o r  example, 
N. R. Mann, R.  E. Schafer ,  and N. D. Singpurwalla,  Methods f o r  S t a t i s t i c a l  Analyses 
of  R e l i a b i l i t y  and L i fe  Data, John Wiley and Sons, Inc . ,  N e w  York, 1 9 7 4 .  

2Because of t h e  broadly s c a t t e r e d  n a t u r e  of t h e  d a t a ,  i nc lud ing  t h e  nuc lea r  d a t a ,  t h e  
formal hypothesis  tes ts  performed w e r e  somewhat ques t ionab le .  

XI 14-4 



Section 15 

External Forces 

COMMENT 15.1 

The e f f e c t s  of n e a r - s i t e  explosions as a 
p o t e n t i a l  cause of r e a c t o r  a c c i d e n t s  a r e  
no t  considered.  

(U.S. Environmental P r o t e c t i o n  
Agency) 

RESPONSE 

Near-s i te  exp los ions  w e r e  considered b u t  
not  e x p l i c i t l y  analyzed i n  t h e  s tudy 
because a s i g n i f i c a n t  p o t e n t i a l  f o r  
l a r g e  explosions does n o t  e x i s t  a t  most 
r e a c t o r  s i tes .  This i s  d i scussed  i n  
s e c t i o n  2.1.3.1 of t h i s  appendix and i n  
Addendum I t o  t h e  Main Report. 

Those r e a c t o r s  t h a t  a r e  l o c a t e d  i n  t h e  
v i c i n i t y  of i n d u s t r i a l  i n s t a l l a t i o n s  
having t h e  potent ia l .  f o r  exp los ive  acc i -  
den t s  o r  shipping r o u t e s  r o u t i n e l y  in -  
volving t h e  t r a n s p o r t  of l a r g e  quan t i -  
t i es  of hazardous m a t e r i a l  a r e  sub jec t ed  
t o  d e t a i l e d  i n v e s t i g a t i o n  i n  t h i s  r ega rd  
during t h e  l i c e n s i n g  process  of t h e  
p a r t i c u l a r  r e a c t o r  t o  determine t h e  po- 
t e n t i a l  e f f e c t  of an explosion on t h e  
nuc lea r  power gene ra t ing  f a c i l i t y .  Such 
r e a c t o r s  are provided with a d d i t i o n a l  
p r o t e c t i o n ,  i f  r e q u i r e d ,  t o  reduce t h e  
p r o b a b i l i t y  of  a s i g n i f i c a n t  a c c i d e n t  
t h a t  might p o t e n t i a l l y  r e s u l t  from an 
o f f s i t e  exp los ion  t o  a n e g l i g i b l e  value.  
A s  a f i n a l  p o i n t  it should be noted t h a t  
even if an explosion w e r e  t o  occur nea r  
t h e  s i t e  of a r e a c t o r  n o t  so p r o t e c t e d ,  
t he  massive s t r u c t u r e s  provided f o r  
tornado and seismic p r o t e c t i o n  and f o r  
r a d i a t i o n  s h i e l d i n g  g i v e  nuc lea r  f a c i l i -  
t ies  a cons ide rab le  degree of explosion 
p r o t e c t i o n .  

COMMENT 15.2 

Floods t h a t  exceed t h e  Probable Maximum 
Flood should be considered.  F u r t h e r ,  
t h e  e f f e c t  of f loods  on s t r u c t u r e s  o t h e r  
t han  t h e  containment should be consid- 
ered.  I n  a d d i t i o n ,  t h e  severe e f f e c t s  
of t h e  f lood  on communications may make 
a l a r g e  evacuat ion u n r e a l i s t i c .  

(U.S. Department of t h e  
I n t e r i o r )  

RESPONSE 

The p r o b a b i l i t y  of a f lood  equa l  t o  o r  
g r e a t e r  than a Probable Maximum Flood 
(2MF) i s  d i scussed  i n  s e c t i o n  5.4.3 of 
t h e  Main Report. A s  i n d i c a t e d  t h e r e i n ,  
ana lyses  suggest  t h a t  t h e  p r o b a b i l i t y  of 
such f l o o d s  i s  low. Analyses performed 
t o  d a t e  a r e  somewhat l i m i t e d ,  however, 
and it i s  recognized t h a t  t h e r e  may be a 
somewhat higher  p o s s i b i l i t y  of l a r g e  
f loods  i n  r i v e r s  o t h e r  than t h a t  
analyzed. I t  i s  suggested t h a t  ana lyses  
be performed i n  the  f u t u r e  t o  develop a 
more v a l i d  s t a t i s t i c a l  model f o r  t h e  
o v e r a l l  e f f e c t s  of f l o o d s  i n  r i s k  as- 
sessment. 

All c r i t i c a l  f e a t u r e s  of t h e  p l a n t  t h a t  
are r equ i r ed  f o r  s a f e t y  a r e  p r o t e c t e d  t o  
t h e  PIT? l e v e l .  Thus, s t r u c t u r e s  o t h e r  
than t h e  containment t h a t  house such 
equipment a r e  p r o t e c t e d .  

Evacuation a f t e r  a s e v e r e  f lood  might 
indeed be d i f f i c u l t .  However, if a 
f lood l a r g e r  than t h e  PMF were t o  occur ,  
most people o r i g i n a l l y  l o c a t e d  i n  t h e  
f lood p l a i n  would probably have been 
evacuated b e f o r e  t h e  f lood .  Those evac- 
uated t o  h ighe r  e l e v a t i o n s  would be 
c e n t r a l l y  l o c a t e d  i n  evacuat ion c e n t e r s  
and e a s i l y  con tac t ed  i f  f u r t h e r  evacua- 
t i o n  w e r e  warranted i n  t h e  even t  of a 
flood-induced r e a c t o r  acc iden t .  I t  
should be recognized t h a t  t h e  warning 
t i m e  a s s o c i a t e d  with a l a r g e  f lood  would 
g e n e r a l l y  permit  t h e  marsha l l i ng  of 
l a r g e  c i v i l  defense and m i l i t a r y  e f f o r t s  
t o  a s s i s t  i n  f lood  evacuat ion which 
would be a v a i l a b l e  i n  t h e  even t  of a 
flood-induced r e a c t o r  acc iden t .  

COMMENT 15.3 

A number of comments w e r e  r ece ived  i n d i -  
c a t i n g  seismic e f f e c t s  were inadequately 
considered. These comments s t a t e d  t h a t  
t h e  estimate of t h e  p r o b a b i l i t y  of l a r g e  
ear thquakes i s  i n  e r r o r ,  t h a t  t h e  l o g i c  
used t o  determine t h e  l i k e l i h o o d  of 
multiple-system f a i l u r e s  a f t e r  an e a r t h -  
quake i s  n o t  obvious,  t h a t  a number of  
s i tes  with d i f f e r i n g  geo log ic  s t r u c t u r e s  
and se i smic  a c t i v i t i e s  should have been 
considered,  and t h a t  t h e  AEC r e g u l a t o r y  
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s t a f f  method of e s t ima t ing  ear thquake 
r i s k s  i s  ques t ionable .  

(AEC Regulatory S t a f f ;  
U.S. Department of t h e  
I n t e r i o r ;  
General  E lec t r i c  Co., 
Bechtel  Power Corp., 
Div is ion  of Reactor 
Research & Development; 
Engineer ing Decis ion 
Analysis  Co., 
Union of Concerned 
S c i e n t i s t s )  

I n  regard  t o  t h e  p r o b a b i l i t y  of l a r g e  
ear thquakes ,  it should be noted t h a t  t h e  
a n a l y s i s  i n  t h e  d r a f t  r e p o r t  p red ic t ed  
t h e  p r o b a b i l i t y  of an ear thquake t h a t  
would exceed t h e  s a f e  shutdown ea r th -  
quake (SSE) (about  0.2 9 )  gene ra l ly  used 
f o r  r e a c t o r s  east  of t h e  Rocky Moun- 
t a i n s .  The va lue  p red ic t ed ,  10-521, w a s  
de r ived  from analyses  t h a t  w e r e  based on 
d a t a  presented  by Algermissenl and 
Corne l l  and M e r t z , 2 ,  who p red ic t ed  t h e  
p r o b a b i l i t y  of  occurrence of various-  
s i z e  ear thquakes i n  1 0 0 , 0 0 0  square k i l o -  
meter a r e a s  and a t t e n u a t i o n  f a c t o r s  f o r  
ear thquake s i z e  as  a func t ion  of 
d i s t a n c e  from t h e  e p i c e n t e r  of t h e  
quake. 

The f i n a l  r e p o r t  t akes  advantage of more 
r e c e n t l y  publ i shed  informat ion ,3  which 
i n t e g r a t e s  t h e  work of a number of 
people  t o  p r e d i c t  t h e  p r o b a b i l i t y  of 
ear thquakes of  va r ious  s i z e s  occu r r ing  
a t  any p o i n t  i n  t h e  e a s t e r n  United 
S t a t e s .  This  work, as desc r ibed  i n  
s e c t i o n  5.4.1 of t h e  Main Report ,  pre- 
d i c t s  t h e  p r o b a b i l i t y  of a 0.2-9 
ear thquake t o  be 2 0  t o  50 t i m e s  h igher  
than t h e  median va lue  used i n  d r a f t  
WASH-1400. While t h e s e  p red ic t ed  va lues  
a r e  probably somewhat conse rva t ive ,  t h e  
f i n a l  r e p o r t  has  been modified t o  use 
them. 

The l o g i c  used f o r  p r e d i c t i n g  t h e  proba- 
b i l i t y  of f a i l u r e  of systems given t h e  
occurrence of an  SSE w a s  based on t h e  
r e s u l t s  of a check of t h e  implementation 
of seismic des ign  requirements ,  as 
descr ibed  i n  s e c t i o n  2 . 1  of t h i s  
appendix and i n  Appendix X. S ince about 
1 0 %  of those  i t e m s  checked w e r e  thought 
t o  have some d e f i c i e n c i e s  i n  seismic 
des ign ,  a system f a i l u r e  p r o b a b i l i t y  of  
10-1 given t h e  SSE, w a s  ass igned  t o  each 
s a f e t y  system. 

A r e c e n t  r e p o r t  by Newmark4 i n d i c a t e s  
t h a t  l a r g e  s a f e t y  f a c t o r s  are incorpo- 
r a t e d  i n t o  t h e  s e i s m i c  des ign  of r e a c t o r  
s a f e t y  systems. These s a f e t y  f a c t o r s  
would make t h e  p r o b a b i l i t y  'of f a i l u r e  of 
a system about  0.15% i n  a r e a c t o r  
sub jec t ed  t o  an SSE. Furthermore,  t h e  
r e p o r t  i n d i c a t e s  t h a t  s u b s t a n t i a l  margin 
t o  f a i l u r e  ex i s t s  f o r  ear thquakes t h a t  
are s i g n i f i c a n t l y  l a r g e r  than  t h e  SSE. 
The combination of t h e s e  f a c t o r s  with 
t h e  ear thquake frequency p r e d i c t i o n s  by 
Hseih d iscussed  ear l ier  l e d  t o  an 
o v e r a l l  p red ic t ed  p r o b a b i l i t y  of core  
m e l t  of  about  and per  r e a c t o r -  
year  f o r  a l l  s i z e s  of ear thquakes.  This  
would no t  c o n t r i b u t e  s i g n i f i c a n t l y  t o  
t h e  p r o b a b i l i t y  of core  m e l t  of 
5 x pred ic t ed  from a l l  o t h e r  causes  
p red ic t ed  by t h e  study. 

I n  regard  t o  t h e  cons ide ra t ion  of s i tes  
of d i f f e r e n t  geologic  s t r u c t u r e s  and 
seismic a c t i v i t i e s ,  i t  should be noted 
t h a t  t h e  work of Hseih,  s i n c e  it i s  a 
p r e d i c t i o n  of ear thquake p r o b a b i l i t y  f o r  
any p o i n t  i n  t h e  e a s t e r n  United S t a t e s ,  
covers  s i tes  of d i f f e r e n t  geologic  
s t r u c t u r e s .  This  same work a l so  covers  
a wide range of seismic magnitudes. A s  
a l r eady  i n d i c a t e d ,  t h e  a n a l y s i s  i n  t h e  
f i n a l  r e p o r t  i nco rpora t e s  t h i s  informa- 
t i o n  and i n d i c a t e s  t h a t  t h e  p r e d i c t i o n s  
of ear thquake damage a r e  also g e n e r a l l y  
v a l i d  €or w e s t  coast sites. 

' S .  T.  Algermissen, "Seismic Risk S tud ie s  of t h e  United S t a t e s , "  Proc. 4th World 
Conference of Earthquake Eng., Sant iago ,  Chi le ,  1 9 6 9 .  

c. A. Corne l l  and H. M e r t z ,  "A Seismic Risk Analysis  of Boston," paper  presented  a t  
t h e  Nat iona l  Conference of t h e  American Socie ty  of C i v i l  Engineers ,  A p r i l  1 9 7 4 .  

L 

3T. Hseih e t  a l . ,  On t h e  Average P r o b a b i l i t y  D i s t r i b u t i o n  of Peak Ground Accelera t ion  
i n  t h e  U.S. Cont inent  Due t o  Strong Earthquakes,  UCLA-ENG-7516, March 1975. 

4N.  M. Newmark, "P robab i l i t y  of P red ic t ed  Seismic Damage i n  Rela t ion  t o  Nuclear 
Reactor F a c i l i t y  Design ( D r a f t ) , "  September 1975. 
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One comment ques t ioned  t h e  v a l i d i t y  of 
t h e  approach used by t h e  r egu la to ry  
s t a f f  i n  t h e  s e l e c t i o n  of des ign  b a s i s  
ear thquakes .  While t h e  s tudy  d i d  no t  
use t h i s  method, it i s  noted t h a t  t h e  
a n a l y s i s  i n  s e c t i o n  5 . 4 . 1  of t h e  Main 
Report  assumes t h a t  r e a c t o r  s i tes  a r e  
randomly l o c a t e d  r e l a t i v e  t o  ear thquake 
ep icen te r s .  I t  should be recognized 
t h a t  t h i s  i s  a conse rva t ive  approach 
s i n c e  t h e  r e g u l a t o r y  process  tr ies t o  

ensure  t h a t  reactors a r e  n o t  l oca t ed  i n  
the  nea r  v i c i n i t y  of p o t e n t i a l l y  a c t i v e  
ear thquake f a u l t s .  Assuming t h a t  reac- 
t o r s  a r e  loca t ed  randomly wi th  r e s p e c t  
t o  ear thquake e p i c e n t e r s  g ives  no c r e d i t  
f o r  t h e  a p p l i c a t i o n  of r egu la to ry  s i t i n g  
requirements .  The s tudy  b e l i e v e s  t h a t  
t h e  r egu la to ry  method i s  v a l i d  and, i n  
f a c t ,  r e s u l t s  i n  ear thquake r i s k s  €or  
reactors be ing  sma l l e r  than  t h a t  assumed 
i n  t h e  s t u d y ' s  approach. 
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Severa l  comments' noted t h e  need t o  
' e v a l u a t e  t h e  s u s c e p t i b i l i t y  of  nuc lea r  
power p l a n t s  t o  acts of  sabotage and t o  
e v a l u a t e  t h e  p o s s i b l e  consequences 
t h e r e o f .  This s u b j e c t  had been consid- 
e red  by t h e  s tudy  i n  t h e  d r a f t  r e p o r t ,  
and it w a s  concluded t h a t  t h e  
p r o b a b i l i t y  of  occurrence of such acts 
could n o t  be e s t ima ted ,  b u t  t h a t  t h e  
consequences of  such acts would n o t  be 
g r e a t e r  t han  t h e  l a r g e s t  consequences 
e s t ima ted  from o t h e r  causes.  I t  w a s  
a l s o  s t a t e d  t o  be d i f f i c u l t  f o r  an a c t  
of sabotage t o  c r e a t e  consequences as 
l a r g e  a s  t h e  l a r g e s t  p r e d i c t e d  from 
o t h e r  causes .  

F u r t h e r  examination of t h i s  area h a s  
s i n c e  been completed. The o v e r a l l  view 
of  t h e  s tudy concerning sabotage is  
p resen ted  below. The d i s c u s s i o n s  of 
sabotage i n  t h e  Main Report ( s e c t i o n s  
1.9(3), 5.4.6, and 7 . 4 . 2 )  have a l s o  been 
modified as appropr i a t e .  

The r e s u l t s  of  t h e  i n v e s t i g a t i o n  of  
sabotage have l e d  t h e  s tudy t o  t h e  
fol lowing conclusions:  

1. Nuclear p l a n t s  have i n h e r e n t  
c h a r a c t e r i s t i c s  t h a t  provide b u i l t -  
i n  d i f f i c u l t i e s  f o r  s u c c e s s f u l  sabo- 
t a g e  e f f o r t s .  

2 .  Recommendations f o r  f u r t h e r  counter- 
measures have been made. Some of 
t h e s e  have a l r e a d y  been a c t e d  on, 
and o t h e r s  are under cons ide ra t ion .  

Section 16 
Sabotage 

3 .  The worst  consequences a s s o c i a t e d  
wi th  acts of sabotage a t  r e a c t o r s  
are n o t  expected t o  l e a d  t o  conse- 
quences more s e v e r e  than t h e  m a x i m u m  
consequences p r e d i c t e d  by t h e  s tudy.  
The expected consequences of suc- 
c e s s f u l  sabotage a r e  b u t  a s m a l l  
f r a c t i o n  of t h e s e  maximum conse- 
quences. 

4 .  N u c l e a r  power p l a n t s  appear f a r  less 
s u s c e p t i b l e  t o  sabotage than most 
o t h e r  c i v i l  o r  i n d u s t r i a l  t a r g e t s .  

Because t h e r e  c u r r e n t l y  i s  no comprehen- 
s i v e  method f o r  e s t i m a t i n g  t h e  p robab i l -  
i t y  of  acts of sabotage d i r e c t e d  a t  any 
t a r g e t ,  t h e  c o n s i d e r a t i o n  of t h e  l e v e l  
of p r o t e c t i o n  a g a i n s t  a c t s  of sabotage 
i s  thus  q u i t e  important .  Current  U . S .  
NRC g u i d e l i n e s  (Sa fe ty  Guide 1 . 1 7  and 
proposed Sec t ion  73.55 I O C F R ) ,  which are 
s i g n i f i c a n t  improvements over  previous 
s e c u r i t y  p r a c t i c e s ,  have been substan- 
t i a l l y  implemented a t  o p e r a t i n g  
r e a c t o r s .  Furthermore, r e c e n t  s t u d i e s  
have produced f u r t h e r  recommendations 
f o r  p l a n t  countermeasures t o  supplement 
t h e  c u r r e n t  s e c u r i t y  measures. A s  a 
r e s u l t  of t h e s e  recommendations addi- 
t i o n a l  requirements are under considera-  
t i o n .  The implementation of these 
improved requirements should f u r t h e r  
reduce t h e  p r o b a b i l i t y  of s u c c e s s f u l  
sabotage.  

With t h e  implementation of c u r r e n t  se- 
c u r i t y  measures, it appears  t h a t  t h e  
p r o b a b i l i t y  of s u c c e s s f u l  sabotage is 
l o w ,  and f u r t h e r  r educ t ions  i n  probabi l -  
i t y  can be a n t i c i p a t e d  i n  the  f u t u r e .  

'American Phys ica l  Soc ie ty  Study Group on Reactor S a f e t y ;  P o l l u t i o n  and Environmental 
Problems, Inc . ;  Resources f o r  t h e  F u t u r e ,  I n c . ;  The Nat ional  In t e rvenor s ;  Union of 
Concerned S c i e n t i s t s ;  R. Keller;  Amory Lovins; Richard E .  Webb. 
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Section 17 

Scope 

Comments w e r e  r ece ived  from e i g h t  
sou rces1  r e l a t i v e  t o  c e r t a i n  a s p e c t s  of 
t h e  scope of t h e  study. These comments 
g e n e r a l l y  suggested t h a t  t h e  s tudy  would 
be improved i f  it w e r e  modified t o  in-  
c lude  high temperature  gas-cooled reac- 
t o r s  ( H T G R s ) ,  l i q u i d  metal  f a s t  b reede r  
r e a c t o r s  (LMFBRs) , f u e l  r ep rocess ing  
p l a n t s ,  t r a n s p o r t a t i o n  a c c i d e n t s ,  and 
t h e  use of mixed oxide f u e l .  

A s  noted i n  s e c t i o n  1.1 of t h e  Main 
Report ,  t h e  " p r i n c i p a l  purpose of t h e  
s tudy i s  t o  a s s e s s  t h e  r i s k s  t o  t h e  
p u b l i c  from p o t e n t i a l  a c c i d e n t s  i n  
nuc lea r  power p l a n t s  of  t h e  type being 
b u i l t  i n  t h e  United S t a t e s  today." 
s e c t i o n  1 . 9  of  t h e  Main Report s ta tes  
t h i s  s tudy  covers  only l i gh t -wa te r  
cooled n u c l e a r  power p l a n t s  of t h e  type 
now coming i n t o  ope ra t ion .  Other t ypes  
of n u c l e a r  f a c i l i t i e s  w e r e  o u t s i d e  t h e  
scope of t h i s  a n a l y s i s .  Furthermore, 
t h e  type  of a n a l y s i s  performed i n  WASH- 
1 4 0 0  r e q u i r e s  t h e  f i n a l  des igns  of 
p l a n t s  and d e t a i l e d  o p e r a t i n g ,  tes t ,  
maintenance, and emergency procedures.  
Such information i s  n o t  a v a i l a b l e  f o r  
f a c i l i t i e s  o t h e r  t han  l i gh t -wa te r  reac- 
t o r s ,  and t h e r e f o r e  a WASH-1400 type of 
a n a l y s i s  could n o t  have been performed 
even i f  it were d e s i r e d  t o  do so. I t  i s  
t r u e  t h a t  less d e t a i l e d ,  more general-  
i zed  r i s k  assessments  can be performed 
f o r  such f a c i l i t i e s ;  however, t h e  
ana lyses  would be less r igo rous .  

Comments w e r e  a l s o  made t o  t h e  e f f e c t  
t h a t  t h e  s tudy  should recognize t h e  
design d i f f e r e n c e s  between t h e  p l a n t s  
analyzed and o t h e r  l i gh t -wa te r  r e a c t o r s  

and p r e s e n t  t h e  necessary arguments t o  
support  t h e  t h e s i s  t h a t  d i f f e r e n c e s  a t  
t h e  system l e v e l  do no t  have a major 
e f f e c t  on o v e r a l l  r i s k  assessment.  

Furthermore, t h e  v a l i d i t y  of e x t r a p o l a t -  
i ng  r e s u l t s  t o  100  r e a c t o r s  should be 
d i scussed ,  p a r t i c u l a r l y  with r e s p e c t  t o  
t h e  p l a n t  mix expected t o  be i n  
e x i s t e n c e  i n  t h e  f u t u r e .  

The o b j e c t i v e  e s t a b l i s h e d  a t  t h e  o u t s e t  
of t h e  s tudy w a s  t o  look ahead on ly  t o  
t h e  nea r  f u t u r e  -- t h a t  i s ,  t h e  r e a c t o r  
p l a n t  mix expected t o  be i n  o p e r a t i o n  i n  
about 5 yea r s .  Thus, t h e  upper l i m i t s  
of e x t r a p o l a t i o n  appeared t o  be a popu- 
l a t i o n  of 100 p l a n t s  c o n s i s t i n g  of  
approximately equa l  numbers of PWRs and 
BWRs. 

The two p l a n t s  analyzed w e r e  s e l e c t e d  on 
t h e  b a s i s  t h a t  t hey  w e r e  t h e  l a r g e s t  
p l a n t  of each type  about  t o  s t a r t  opera- 
t i o n . 2  A s  i n d i c a t e d  i n  s e c t i o n  1 . 9  of 
t h e  Main Report ,  t h e  a p p l i c a b l e  codes 
and s t anda rds  and s a f e t y  des ign  r equ i r e -  
ments have been s i g n i f i c a n t l y  improved 
s i n c e  t h e  des igns  of  t h e  p l a n t s  consid- 
e red  i n  t h e  s tudy  w e r e  undertaken. 
Chapter 7 of  t h e  Main Report d i s c u s s e s  
i n  some d e t a i l  t h e  v a l i d i t y  of t h e  ex- 
t r a p o l a t i o n  t o  1 0 0  r e a c t o r s  and sugges t s  
t h a t  such e x t r a p o l a t i o n  is  l i k e l y  t o  be 
conse rva t ive  f o r  t h e  above reasons as 
w e l l  as improved implementation of 
design requirements.  Chapter 7 a l s o  
sugges t s  t h a t  "it would be u s e f u l  t o  
pursue t h e s e  matters f u r t h e r  t o  g i v e  a 
g r e a t e r  degree of  confidence i n  t h e  
e x t r a p o l a t i o n  of r e s u l t s  t o  o t h e r  
p l a n t s .  'I 

'U.S. Devartment of  Heal th ,  Education and Welfare; U.S .  Environmental P r o t e c t i o n  
Agency;- Atomic I n d u s t r i a l  Forum: Babcock & Wilcox: P o l l u t i o n  and Environmental 
Problems, Inc .  Resources € o r  t h e  Fu tu re ,  Inc.; Sa rgen t  & Lundy Engineers;  Union of  
Concerned S c i e n t i s t s .  

21t w a s  necessa ry  t o  choose p l a n t s  very nea r  t h e  commencement of o p e r a t i o n  t o  e n s u r e  
t h e  a v a i l a b i l i t y  of  f i n a l  des igns  p l u s  o p e r a t i n g ,  t es t ,  maintenance, and emergency 
procedures  needed €or d e t a i l e d  a n a l y s i s .  
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Section 18 

Design Adequacy 

Severa l  comments t h a t  w e r e  r ece ived  
suggested c l a r i f i c a t i o n  o f  va r ious  sec- 
t i o n s  o f  Appendix X o r  w e r e  e d i t o r i a l  i n  
na tu re .  Where a p p r o p r i a t e ,  changes have 
been made i n  the  t e x t  of  Appendix X t o  
c l a r i f y  t h e  i n t e n t  and remove ambigui- 
t i es .  A number o f  s p e c i f i c  comments 
r e q u i r e d  a response i n  kind,  o f t e n  ac- 
companied by a t e x t u a l  change i n  Appen- 
d i x  X. These are p resen ted  below. 

COMMENT 18 .1  

For  t h e  PWR r e a c t o r  b u i l d i n g ,  a c o n s t a n t  
damping of  1 0 %  o f  c r i t i c a l  damping was 
employed f o r  t h e  design b a s i s  e a r t h -  
quake, as n o t e d  i n  s e c t i o n  A6.3.1.1. 
Although i t  i s  n o t  p o s s i b l e ,  because of  
t h e  l i m i t e d  d a t a  a v a i l a b l e ,  t o  confirm 
t h a t  t h i s  assumption i s  s u f f i c i e n t l y  
conse rva t ive  , w e  no te  t h a t  damping asso- 
c i a t e d  wi th  t h e  f i r s t  mode shown i n  
Table X A-13, i f  predominantly rocking,  
appears  l a r g e r  than w e  have normally 
used f o r  rigid-body rocking motion. 

(Gibbs & H i l l ,  I nc . )  

RESPONSE 

The damping c o e f f i c i e n t  used f o r  t h e  
rocking mode i s  1 0 %  o f  t h e  c r i t i c a l  
damping c o e f f i c i e n t  and i s  ob ta ined  from 
t h e  r a t i o  o f  t h e  s t r a i n  r e l e a s e d  t o  t h e  
energy s t o r e d  i n  t h e  s t r u c t u r e  when 
responding t o  t h i s  p a r t i c u l a r  mode. 
This method o f  e s t i m a t i n g  t h e  modal 
damping c o e f f i c i e n t ,  coupled w i t h  t h e  
c l a s s i c a l  a n a l y s i s  of s t r u c t u r a l  re- 
sponse wi th  foundat ion i n t e r a c t i o n ,  h a s  
been proved by Roesset e t  a1.l t o  pro- 
v ide  reasonably a c c u r a t e  r e s u l t s .  

COMMENT 1 8 . 2  

I n  s e c t i o n  A6.3.1.1, t h e  r e p o r t  s t a t e s  
t h a t  t h e  e f f e c t i v e  mass o f  t h e  s o i l ,  
e s t ima ted  t o  be approximately 2 5 %  o f  t h e  

mass o f  t h e  base m a t  o r  less than 1 0 %  of 
t h e  mass o f  t h e  b u i l d i n g ,  was n o t  con- 
s i d e r e d  i n  t h e  a n a l y s i s  bu t  w a s  O f  
"minor consequence. 'I N o  e f f e c t i v e  m a s s  
moment o f  i n e r t i a  of  s o i l  h a s  been men- 
t i o n e d  which may i n f l u e n c e  t h e  response.  

Moreover , o u r  expe r i ence  i n d i c a t e s  t h a t  
i n  v e r t i c a l  t r a n s l a t i o n  t h e  e f f e c t i v e  
mass o f  t h e  s o i l  i s  much l a r g e r  than f o r  
t h e  h o r i z o n t a l  t r a n s l a t i o n  and shou ld  
n o t  g e n e r a l l y  be neg lec t ed  i n  t h e  analy- 
s is  s i n c e  i t s  e f f e c t s  may s i g n i f i c a n t l y  
a l t e r  t h e  response.  

(Gibbs & H i l l ,  I nc . )  

RESPONSE 

The r o l e  played by s o i l  m a s s  and s o i l  
i n e r t i a  i n  t h e  s t r u c t u r a l  response i s  
n o t  uncon t rove r s i a l .  However, t h e  omis- 
s i o n  of  t h e s e  e f f e c t s  i n  t h e  model i s  
n o t  regarded a s  c o n t r a r y  t o  good engi-  
nee r ing ,  s t a t e - o f - t h e - a r t  , p r a c t i c e .  
Some i n v e s t i g a t o r s 2  b e l i e v e  t h a t  t h e s e  
parameters  p l ay  a minor r o l e .  

COMMENT 18.3 

I n  s e c t i o n  A6.3.2.3 o f  WASH-1400, Appen- 
d i x  X ,  it i s  s t a t e d  t h a t  f o r  bo th  noz- 
z l e s ,  B i j l a a r d ' s  method o f  a n a l y s i s  i s  
of  doub t fu l  value f o r  t h e  computation of 
t h e  stresses i n  t h e  pump c a s i n g  w a l l  a t  
t h e  junc t ion  with t h e  nozz le ,  s i n c e  t h e  
c o n d i t i o n s  f o r  v a l i d  a p p l i c a t i o n  of  
B i j l a a r d ' s  method are n o t  p r e s e n t .  

The c o m m e n t s  on the  l i m i t a t i o n s  o f  
B i j l a a r d ' s  method a r e  t h e o r e t i c a l l y  cor-  
rect, however, a s  i n  most real  engineer-  
i n g  problems some approximations must be 
made t o  a r r i v e  a t  a s o l u t i o n .  

U s e  of t h e  B i j l a a r d  method w i t h  appro- 
p r i a t e  approximations which make t h e  
method f e a s i b l e ,  .shows t h a t  t h e  design 

'3. M. Roesset ,  R .  V. Whitman, and R. Dobry, "Modal Analysis  f o r  S t r u c t u r e s  w i t h  
Foundation I n t e r a c t i o n , "  J o u r n a l  of  t h e  S t r u c t u r a l  D iv i s ion ,  Proceedings of  t he  
American S o c i e t y  o f  C i v i l i  

2R. V. Whitman and F. E .  R i c h a r t ,  Jr. ,  "Design Procedures f o r  Dynamically Loaded 
Foundat ions,"  Jou rna l  of  t h e  S o i l  Mechanics and Foundations Div i s ion ,  Proceedings of 
t h e  American Soc ie ty  of  C i v i l  Engineers ,  November 1 9 6 7 .  
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i s  adequate  f o r  i t s  intended use. The 
r e s u l t s  f o r  one load c a s e  comparison 
show t h a t  t h e  maximum stress occur s  a t  
t h e  same l o c a t i o n  and d i f f e r s  by o n l y  
1%. F u r t h e r ,  f i n i t e  element e v a l u a t i o n s  
w i l l  be made which more c l o s e l y  approxi- 
mate t h e  t r u e  geometry, l oad ings  and 
boundary cond i t ions .  These a d d i t i o n a l  
a n a l y s e s  a r e  considered a s  on ly  back-up 
t o  e x i s t i n g  a n a l y s e s  and are n o t  re- 
q u i r e d  t o  e s t a b l i s h  design adequacy. 

(Westinghouse E l e c t r i c  Corp. ) 

RESPONSE 

The information t h a t  was p re sen ted  f o r  
c o n s i d e r a t i o n  w a s  no t  a d e t a i l e d  stress 
a n a l y s i s  o f  t h e  a c t u a l  d i scha rge  nozz le  
and cas ing .  Rather ,  two geomet r i ca l ly  
s imple r  (and t h e r e f o r e  more t ractable)  
problems were examined: 

a. The i n t e r s e c t i o n  o f  a s m a l l  c y l i n d e r  
(analogous t o  t h e  nozzle)  and a 
l a r g e r  uniform c y l i n d e r  (analogous 

' t o  t h e  pump c a s i n g ) .  

b. A similar cylindrical/spherical 
s h e l l  i n t e r s e c t , i o n  problem. 

The ac tua l  stress was then  e s t i m a t e d  
from t h e s e  r e s u l t s  by comparing t h e  
s o l v e d  geometr ies  w i th  t h e  a c t u a l  
geometry. 

This approach can provide a c c e p t a b l e  
evidence o f  s t r u c t u r a l  adequacy i n  
e i t h e r  of  t h e  fol lowing cases: 

a. The comparison stresses from t h e  
s i m p l i f i e d  models a r e  w i t h i n  allow- 
a b l e  stress l e v e l s ,  and i t  can be 
c l e a r l y  demonstrated t h a t  t h e  com- 
p a r i s o n  stresses c o n s e r v a t i v e l y  
bound t h e  a c t u a l  s o l u t i o n .  

b. The comparison stresses are much 
lower than t h e  pe rmi t t ed  l i m i t s ,  so  
t h a t  a c t u a l  stresses w i l l  be accept-  
a b l e  even i f  t h e  comparison stresses 
are unconserva t ive e s t i m a t e s  . 

I n  t h e  case of t h e  d i scha rge  nozz le ,  t h e  
c a l c u l a t e d  -comparison stresses are q u i t e  
l a r g e .  Under u p s e t  cond i t ions ,  r e p o r t e d  
stress i n t e n s i t i e s  f o r  c a s i n g  surfaces 
are e s s e n t i a l l y  a t  t h e  l i m i t  ( s l i g h t l y  
below i f  t y p i c a l  a s - b u i l t  t h i c k n e s s e s  
are used; and s l i g h t l y  above i f  minimum 
c a s i n g  t h i c k n e s s e s  s p e c i f i e d  i n  t h e  
drawings are used ) .  Fo r  t h e  f a u l t e d  
c o n d i t i o n ,  l o c a l  membrane stress in t en -  
s i t y  i s  shown t o  be 67% t o  79% o f  t h e  
l i m i t  (depending on t h e  t h i c k n e s s  as-  
sumption made). 

Comparison Model Stress ( p s i )  

C y l i n d r i c a l  v e s s e l :  

NUMBRA program 63,671 

B i j l a a r d ' s  Table 5 6 4 , 2 1 6  

Ca lcu la t ed  wi th  i n i t i a l  
load stresses 54 , 378 

( a )  Sphe r i ca l  v e s s e l :  

SPHNOZ program 6 1  , 530 

B i j l a a r d ' s  Table 2 61,536 
( s o l i d  nozzle)  

B i j l a a r d ' s  Table 3 57,325 
(hollow nozzle)  

( a )  The s p h e r i c a l  v e s s e l  model i s  taken 
t o  have a r a d i u s  equa l  t o  t h e  diam- 
eter of t h e  c y l i n d r i c a l  model. This 
i s  t h e  "mean" r a d i u s  of c u r v a t u r e  
of t h e  c y l i n d e r .  

Before the stress values from the com- 
p a r i s o n  models can be accepted a s  v a l i d  
f o r  geometr ies  t h a t  d e p a r t  from t h o s e  
modeled, i t  must be determined whether 
t h e  stress va lues  c a l c u l a t e d  a r e  v a l i d  
f o r  t h e  model geometr ies  themselves. 

Since both models f a l l  o u t s i d e  t h e  ap- 
p l i c a b i l i t y  limits for  B i j l a a r d  analy- 
s i s ,  as  p resen ted  i n  Weiding Research 
Council  B u l l e t i n  1 0 7 ,  t h e r e  i s  no guar- 
a n t e e  t h a t  e i t h e r  r e s u l t  i s  c o r r e c t  (and 
t h e r e  i s  some l i k e l i h o o d  t h a t  n e i t h e r  
i s ) .  S ince  one would not  a n t i c i p a t e  
exac t  correspondence between a c t u a l  
s o l u t i o n s  f o r  t h e  d i f f e r e n t  geometr ies ,  
proof o f  t h e  c o r r e c t n e s s  o f  r e s u l t s  by 
t h e i r  numerical  i d e n t i t y  i s  tenuous. 

It  i s  u n l i k e l y  t h a t  e i t h e r  o f  t h e  com- 
p a r i s o n  models approximates t h e  a c t u a l  
s t r u c t u r e  because of t h e  fol lowing 
c o n s i d e r a t i o n s  : 

1. The d i scha rge  nozz le  a b u t s  a s t i f f  
r i n g  b o l t e d  t o  a t h i c k ,  s o l i d - d i s k ,  
main f l ange .  Even i f  t h e  c a s i n g  had 
no nozz le ,  t h i s  would be regarded a s  
a d i s c o n t i n u i t y  i n  t h e  c a s i n g  s h e l l  
s t r u c t u r e .  It  almost  c e r t a i n l y  a l s o  
e x e r t s  a major i n f l u e n c e  on s h e l l  
stresses from p ipe  r e a c t i o n s  i n  'and 
around t h e  d i scha rge  nozz le .  

2 .  The s u c t i o n  and d i scha rge  n o z z l e s  
are c l o s e .  This  i n t r o d u c e s  two 
major d e p a r t u r e s  from model 
geometry: 

XI 18-2 



a 

0 

a. I t  nega te s  t h e  uniformity i n  t h e  
s h e l l  s t r u c t u r e  upon which t h e  
B i j l a a r d  a n a l y s i s  i s  based. 

b .  I t  i n t r o d u c e s  i n t e r a c t i o n  
stresses i n  t h e  r eg ion  between 
nozz le s .  

The a l lowab le  stresses provided by sec- 
t i o n  I11 of  t h e  ASME B o i l e r  and P res su re  
V e s s e l  Code are p r e d i c a t e d  on, and i n  
p a r t  j u s t i f i e d  by, t h e  a b i l i t y  of t h e  
a n a l y s t  u s ing  modern a n a l y t i c a l  methods 
t o  a c c u r a t e l y  a p p r a i s e  stresses. U s e  o f  
models o r  methods t h a t  do n o t  provide 
a s su rance  o f  stress p r e d i c t i o n  accuracy 
i s ,  i n  p r i n c i p l e ,  i n c o n s i s t e n t  w i th  t h e  
use o f  s e c t i o n  I11 stress l i m i t s .  

In conclusion,  it appea r s  t h a t  t h e  pump 
s h e l l  c a s i n g  geometry should be analyzed 
by t h e  f i n i t e  element method t o  o b t a i n  a 
s u i t a b l e  a n a l y s i s  o f  stresses.1 

COMMENT 18.4 

The commentary i n  s e c t i o n  A6.3.2.4 
s t a t e s  t h a t  t h e  t h r u s t  c o e f f i c i e n t  of 
1.25 i n  t h e  formulae f o r  P i s  appropri-  
a te  f o r  t h e  main steam l i n e  bu t  i s  n o t  
s u f f i c i e n t l y  h i g h  f o r  t h e  feedwater 
l i n e .  A c o e f f i c i e n t  of  1 . 9  shou ld  have 
been used. 

Fo r  s a t u r a t e d  water o r  s t e a m  d i scha rge  
through an i d e a l i z e d  no loss nozz le ,  a 
t h r u s t  value of -1.25pA (where p is t h e  
p r e s s u r e  and A i s  t h e  a r e a )  i s  p r e d i c t e d  
based on conse rva t ion  r e l a t i o n s  and 
thermodynamic con s i d e  ra t ion s . 

(Westinghouse E lec t r i c  Corp. ) 

RESPONSE 

For a p ipe  break i n  a l i n e  i n i t i a l l y  
f i l l e d  w i t h  wa te r  t h a t  i s  subsequent ly  
e x p e l l e d  by steam, s i t u a t i o n s  may .occur 
(depending on t h e  p a r t i c u l a r  des ign )  
t h a t  could gene ra t e  forces l a r g e r  than 
1.25pA. The feedwater  l i n e  i n  t h e  PWR 
p l a n t  was b e l i e v e d  t o  be p o t e n t i a l l y  o f  
t h i s  c h a r a c t e r .  

P r i o r  t o  t h e  p u b l i c a t i o n  o f  d r a f t  WASH- 
1 4 0 0 ,  t h e  vendor p re sen ted  no evi'dence 
t h a t  t h i s  p o i n t  had been considered.  
Lacking s p e c i f i c  information,  i t .  w a s  
f e l t  t h a t  a more conse rva t ive  ( i .e . ,  
l a r g e r )  t h r u s t  c o e f f i c i e n t  f o r  t h e  PWR 
feedwater l i n e  should have been used i n  
design. 

Subsequently,  a n a l y s e s  w e r e  performed by 
t h e  vendor t o  e s t a b l i s h  t h e  t h r u s t  coef-  
f i c i e n t  a p p r o p r i a t e  t o  t h e  PWR p l a n t  
feedwater l i n e  f o r  t h e  case when t h e  
steam gene ra to r  water level drops below 
t h e  f eed  r i n g .  Th i s  pe rmi t s  high- 
p r e s s u r e  steam t o  e n t e r  t h e  f e e d l i n e  and 
a c c e l e r a t e  an e v e r  diminishing water 
m a s s  down t h e  p ipe  t o  t h e  break. 

I t  i s  concluded t h a t  an impulse t h r u s t  
w i t h  peak f o r c e  = 1.35pA i s  a p p r o p r i a t e  
and conse rva t ive  f o r  t h e  PWR p l a n t  feed- 
water l i n e .  This i s  based on p a r t i c u l a r  
b reak  remote (170  f t )  from t h e  s t e a m  
gene ra to r .  Breaks less remote develop 
less t h r u s t .  Therefore ,  t h e  conc lus ion  
i n  s e c t i o n  A6.3.2.4 o f  Appendix X h a s  
been modified t o  i n d i c a t e  t h a t  design 
c r i t e r i a  a r e  s a t i s f i e d .  

COMMENT 18.5 

WASH-1400 concludes t h a t  it i s  n o t  
c e r t a i n  t h a t  LHSIS pump can con t inue  t o  
func t ion  du r ing  and a f t e r  i m p e l l e r  de- 
f l e c t i o n  o f  1 .15  i n .  and t h a t  no t es t s  
o r  ana lyses  were performed t o  provide 
t h i s  assurance.  

C a l c u l a t i o n s  show t h a t  a momentary 
i n t e r f e r e n c e  between t h e  r o t a t i n g  and 
s t a t i o n a r y  elements  would n o t  be d e t r i -  
mental  f o r  a s t a t i c  c o n d i t i o n  and an 
i n t e r f e r e n c e  would no t  ex is t  a t  a l l  
du r ing  t h e  a c t u a l  o p e r a t i o n  of  t h e  pump. 

This  conclusion,  coupled w i t h  t h e  
c a l c u l a t e d  stresses which are shown t o  
be below t h e  al lowable stresses, assures 
design adequacy o f  t h e  pumps. 

(Westinghouse E l e c t r i c  Corp. ) 

RESPONSE 

The d r i v e  motor f o r  t h e  LHSIS pump i s  
l o c a t e d  about 5 0  f t  above t h e  pump. The 
d r i v e  s h a f t  i s  encased i n  a p ipe  and 
l a t e r a l l y  supported w i t h i n  it a t  s e v e r a l  
e l e v a t i o n s .  The-pipe c a s i n g ,  i n  t u r n ,  
i s  braced t o  t h e  s t r u c t u r e .  Computa- 
t i o n s  show t h a t  du r ing  t h e  des ign  b a s i s  
ear thquake t h e  c a s i n g  w i l l  d e f l e c t  1.15 
i n ;  a t  t h e  pump end. 

When' t h e  d r a f t  r e p o r t  w a s  w r i t t e n ,  in-  
formation had n o t  been provided by t h e  
s u p p l i e r  t h a t  t h e  pump cou ld  con t inue  t o  
o p e r a t e  a f t e r  expe r i enc ing  such de f l ec -  
t i o n s .  

'It i s  no ted  t h a t  t h e  s u p p l i e r  i n t e n d s  t o  perform, and i n  f a c t  has  begun, such an 
an a 1 y s i s . 
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Subsequently,  a review w a s  performed o f  
t h e  s u p p l i e r ' s  computations of  t h e  de- 
f l e c t i o n  of  t h e  pump i m p e l l e r  s h a f t  
w i th in  t h e  p ipe  and pump cas ings ,  
t o g e t h e r  w i t h  computations of s h a f t  
bea r ing  loads  under c o n d i t i o n s  of  
maximum d e f l e c t i o n .  These l o a d s  and de- 
f l e c t i o n s  were de r ived  from a s t a t i c - g -  
l oad  a n a l y s i s  f o r  a 3.0 g h o r i z o n t a l  
a c c e l e r a t i o n .  

The s u p p l i e r ' s  computations demonstrated 
t h a t  f o r  t h e  c o n d i t i o n s  i n v e s t i g a t e d :  

1. S t a t o r - r o t o r  c l e a r a n c e s  are n o t  
f u n c t i o n a l l y  impaired. 

2 .  The maximum s h a f t  bea r ing  load i s  
370 l b ,  whereas t h e  bea r ings  have a 
r a t e d  load  c a p a c i t y  o f  1500 l b .  

I t  i s  concluded t h a t  t h e  methods used i n  
t h e  a n a l y s i s  s e e m  adequate t o  suppor t  
t h i s  conclusion and t h e  r e s u l t s  ob ta ined  
are reasonable .  The a n a l y t i c a l  approach 
used by t h e  pump s u p p l i e r  addres ses  t h e  
p r i n c i p a l  q u e s t i o n s  concerning t h e  a b i l -  
i t y  o f  t h e  pump t o  con t inue  t o  ope ra t e  
when t h e  pump c a s i n g  h a s  been d e f l e c t e d  
1.15 i n .  and p rov ides  c r e d i b l e  engineer-  
i n g  a s su rance  t h a t  o p e r a b i l i t y  w i l l  n o t  
be impaired by s t a t i c  d e f l e c t i o n s  o f  
t h i s  magnitude. 

On t h i s  b a s i s ,  t h e  conclusion t o  s e c t i o n  
A6.3.3.2 o f  Appendix X h a s  been modified 
t o  i n d i c a t e  t h a t  t h e  pump and d r i v e  de- 
s i g n  a r e  adequate.  However, s i n c e  t h e r e  
i s  n o  evidence t h a t  s e i s m i c  q u a l i f i c a -  
t i o n  tes ts  w e r e  performed, it h a s  been 
a s s e s s e d  as  adequate wi th  reduced 
margin. 

COMMENT 1 8 . 6  

The r a d i a t i o n  r e s i s t a n c e  of pump i n t e r -  
n a l s ,  ques t ioned  i n  s e c t i o n s  A6.3.3.2 
and A6.3.5.1, h a s  been demonstrated and 
documented. 

(Westinghouse Electr ic  Corp. ) 

RESPONSE 

The documents r e f e r e n c e d  i n  t h e  d e t a i l e d  
comment summarized above have been re- 
viewed. "hey i n d i c a t e  t h a t  s u b s t a n t i a l  
i r r a d i a t i o n  tests have been c a r r i e d  o u t ,  
and t h e  r e s u l t s  appear  t o  be acceptable .  
However, t h e  documents provided do n o t  
con ta in  s u f f i c i e n t  i n fo rma t ion  on t h e  
tests performed t o  pe rmi t  an u n q u a l i f i e d  
assessment of  des ign  adequacy. A l s o ,  
the impl i ed  assumption t h a t  materials 
which are r a d i a t i o n  res is tant  under nor- 
m a l  ambient c o n d i t i o n s  w i l l  n e c e s s a r i l y  
func t ion  as r e q u i r e d  under o p e r a t i n g  

c o n d i t i o n s  i s  ques t ionab le .  I t  would be  
p r e f e r a b l e  t o  tes t  t h e  ope ra t ion  of  t h e  
i n t e g r a l  u n i t  a f t e r  a t  l e a s t  t h e  more 
vu lne rab le  components have been 
i r r a d i a t e d .  

On t h e  b a s i s  o f  t h e  i r r a d i a t i o n  tes ts  
performed, t h e  pump i n t e r n a l s  have been 
a s ses sed  t o  be adequate.  However, be- 
cause of  t h e  l a c k  o f  i n t e g r a l  tests, t h e  
s a f e t y  margin may be somewhat reduced. 

COMMENT 18.7 

Appendix X s t a t e d  t h a t  t h e r e  appeared t o  
b e  an incons i s t ency  i n  t h e  r e s u l t s  of  
stress a n a l y s e s  of t h e  accumulator tank 
nozz le s ,  and t h e  r e s u l t s  o f  t h e  a n a l y s i s  
and e v a l u a t i o n  performed by t h e  s u p p l i e r  
were ques t ionab le .  I n s u f f i c i e n t  i n f o r -  
mation e x i s t e d  t o  assess design adequacy 
f o r  t h e  stresses dur ing  a LOCA. 

Westinghouse b e l i e v e s  t h a t  an i n c o r r e c t  
comparison o f  primary l o c a l  membrane 
stresses (UL) w a s  made f o r  t h e  loop  PJo. 
2 and loop  No. 3 accumulators.  

(Westinghouse E lec t r i c  Corp. ) 
RE S PON SE 

The vendor h a s  exp la ined  t h e  appa ren t  
discrepancy r e p o r t e d  i n  d r a f t  WASH-1400. 
Add i t iona l  documentation of t h e  b a s i s  o f  
t h e  a n a l y s i s ,  t o g e t h e r  with u s e f u l  d a t a  
and stress r e s u l t s ,  was a l s o -  provided. 
These computations meet t h e  requirements  
o f  t h e  ASME Code Sec t ion  I11 ( i n c l u d i n g  
Code case 1 6 0 7 )  f o r  C l a s s  3 v e s s e l s  and 
adequately demonstrate t h e  a b i l i t y  o f  
accumulator v e s s e l  t o  c a r r y  design l o a d s  
f o r  t h e  f a u l t e d  cond i t ion .  S e c t i o n  
A6.3.4.1 o f  Appendix X h a s  been modified 
a p p r o p r i a t e l y .  

COMMENT 18.8 

The WASH-1400 d r a f t  r e p o r t  s t a t e d  t h a t  
t h e  q u a l i f i c a t i o n  of t h e  s e n s o r s  and 
l o g i c  c a b i n e t s  cou ld  n o t  be e v a l u a t e d  
f o r  seismic and steam environmental  
exposures  w i t h  t h e  information a v a i l -  
a b l e .  

Westinghouse b e l i e v e s  t h a t  t h e  a d d i t i o n -  
a l  information provided w i t h  t h i s  com- 
ment shows t h a t  Westinghouse d i d  conduct 
seismic q u a l i f i c a t i o n  tests a t  substan- 
t i a l l y  h ighe r  i n p u t  l e v e l s  t han  t h a t  
con ta ined  i n  Reference 26 of WASHL1400 
and t h e  p r o t e c t i o n  equipment w a s  exposed 
to  various environmental  cond i t ions .  

Based on t h e  above, i t  i s  concluded t h a t  
t h e  PWR components are i n  fact  adequate- 
ly q u a l i f i e d .  

(Westinghouse Electric Corp. ) 
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RESPONSE 

With r ega rd  t o  t h e  seismic q u a l i f i c a t i o n  
t e s t i n g  r e p o r t e d ,  it appea r s  t h a t  t h e  
i n s t r u m e n t a t i o n  m e t  accepted c r i te r ia .  
However, s i n c e  s imultaneous b i a x i a l  and 
mult i f requency e x c i t a t i o n s  were n o t  in -  
cluded i n  t h e  q u a l i f i c a t i o n  tes ts ,  t h e  
s e n s o r s  and l o g i c  c a b i n d t s  have been 
a s ses sed  as  being adequate wi th  reduced 
margin. 

COMMENT 18.9 

The s e c t i o n  on seismic l o a d s  ( s e c t i o n  
A 6 . 1 . 1 . 1 )  appears  incomplete i n  t h a t  
c u r r e n t  design response s p e c t r a  w e r e  n o t  
e v a l u a t e d  f o r  t h e  s t r u c t u r e s  and equip- 
ment. I n  s e c t i o n s  A 6 . 1 . 1 . 1  and 
A 6 . 1 . 2 . 1 ,  it i s  s t a t e d  t h a t  t h e  c u r r e n t  
s p e c t r a  would i n c r e a s e  s e i s m i c  l o a d s  (by 
a s  much as  a f a c t o r  o f  2 ) .  I t  i s  no t  
clear what t h e s e  i n c r e a s e s  mean re la t ive 
t o  t h e  g e n e r a l  seismic v u l n e r a b i l i t y  o f  
t h e  1 0 0  p l a n t s  and what r i s k s  are 
a s s o c i a t e d  w i t h  t h e  i n c r e a s e s .  

(U.S. Environmental P r o t e c t i o n  
Agency) 

RESPONSE 

Although one may p r o p e r l y  i n f e r  t h a t  
changes i n  seismic design load ings  can 
r e s u l t  from t h e  response spectra cur- 
r e n t l y  p re sen ted  i n  NRC Regulatory Guide 
1 . 6 0 ,  one must be c a r e f u l  n o t  t o  con- 
c lude  t h a t  t h e  o v e r a l l  r e p o r t e d  stresses 
change by t h e  same r a t i o .  This  i s  so 
because t h e  seismic load ing  i s  b u t  one 
o f  t h e  many l o a d s  cons ide red  i n  d e t e r -  
mining t h e  o v e r a l l  stress l e v e l .  

I n  almst a l l  cases, o n l y  c r i t i c a l  
stresses are i n v e s t i g a t e d  and eva lua ted  
( i .e . ,  worst  case l o a d i n g s  are assumed). 
For  example, t h e  o p e r a t i n g  b a s i s  e a r t h -  
quake ( c u r r e n t l y  one-half  t h e  s a f e  shu t -  
down SSE ear thquake)  i s  t r e a t e d  as  a 
normal o p e r a t i n g  load and must be 
e v a l u a t e d  a g a i n s t  t h e  s a m e  l i m i t s  t h a t  
apply f o r  normal and u p s e t  cond i t ions .  
Worst case load ings  would normally be 
cons ide red  and t h e s e  stresses repor t ed .  
Thus, i n  a d d i t i o n  t o  seismic loads ,  one 
u s u a l l y  i n c l u d e s  l o a d i n g s  from weight ,  
p r e s s u r e ,  e x t e r n a l  a p p l i e d  f o r c e s ,  and 
t h e  most severe o f  t h e  u p s e t  thermal  
t r a n s  i e n  t s . 
Thus, t h e  ear thquake load i s  o n l y  a p a r t  
of  t o t a l  l oad ing  cons ide red  and accoun t s  
on ly  f o r  a corresponding p a r t  o f  t h e  
t o t a l  stress repor t ed .  A given percent-  
age i n c r e a s e  i n  t h e  seismic p o r t i o n  of 
t h e  load ing  would, i n  g e n e r a l ,  produce a 
smaller percentage i n c r e a s e  i n  t h e  re- 
po r t ed  t o t a l  c r i t i c a l  stress. 

A l s o  t h e  f a c t o r s  o f  i n c r e a s e  ( o r  de- 
crease) i n  s e i s m i c  l o a d i n g s  c i t e d  i n  
Appendix X a r e  maximum load changes. 
Load p r e d i c t i o n  by t h e  response-spectra  
method i s  a func t ion  of  t h e  n a t u r a l  
frequency o f  t h e  s t r u c t u r e .  Only t h o s e  
s t r u c t u r e s  whose n a t u r a l  frequency cor- 
responds t o ,  o r  f a l l s  w i t h i n  t h e  range 
o f ,  t h e  f r equenc ie s  producing t h e  maxi- 
mum change i n  s e i s m i c  load would expe r i -  
ence t h e  maximum r a t i o s  c i t e d  i n  t h e  
r e p o r t .  Other s t r u c t u r e s  are less 
s e v e r e l y  a f f e c t e d .  

The q u e s t i o n  r ega rd ing  e x t r a p o l a t i o n  t o  
1 0 0  p l a n t s  i s  d i scussed  i n  s e c t i o n  16 o f  
t h i s  appendix. 
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Section 19 

Miscellaneous 

COMMENT 1 9 . 1  

Does t h e  containment spray r e c i r c u l a t i o n  
system (CSRS) provide water t o  t h e  reac- 
t o r  c a v i t y ?  From s e c t i o n  2.2.8 of  
Appendix V I 1 1  it appears  t h a t  t h e  
containment sp ray  i n j e c t i o n  system 
(CSIS) i s  assumed n o t  t o  d e l i v e r  water 
t o  t h e  c a v i t y .  

(U.S. Environmental P r o t e c t i o n  
Agency-Intermountain 
Technologies,  I n c . )  

RESPONSE 

A f r a c t i o n  of  both t h e  CSRS and CSIS 
water r eaches  t h e  bottom of t h e  r e a c t o r  
c a v i t y .  S ince  t h e  c a p a c i t y  of t h e  CSIS 
is  less than  t h a t  of  t h e  CSRS and s i n c e  
t h e  former o p e r a t e s  f o r  a l i m i t e d  pe r iod  
of  t i m e ,  t h e  q u a n t i t y  of w a t e r  supp l i ed  
t o  t h e  c a v i t y  due t o  t h e  o p e r a t i o n  of 
t h e  CSIS i s  much less than t h a t  due t o  
t h e  o p e r a t i o n  of  t h e  CSRS. 

COMMENT 1 9 . 2  

The growth r a t e  of  r e a c t o r s  may exceed 
t h e  growth ra te  of  competent d e s i g n e r s ,  
o p e r a t o r s ,  maintenance workers,  e tc .  

(Amory Lovins) 

RESPONSE 

A s  noted i n  s e c t i o n  1.9 of t h e  Main 
Report ,  t h e  expected improvement i n  t h e  
s a fe ty  of n u c l e a r  p o w e r  p l a n t s  depends 
s t r o n g l y  on t h e  con t inu ing  e x i s t e n c e  of  
competent and well-supported r e g u l a t o r y  
and reactor s a f e t y  r e s e a r c h  programs and 
reasonably conse rva t ive  e x t r a p o l a t i o n  of 
c u r r e n t  p r a c t i c e .  

The r e g u l a t o r y  program i s  organized t o  
cons ide r  t h e  f a c t o r s  mentioned i n  t h e  
comment. The des ign  of each p l a n t  i s  
s u b j e c t e d  t o  a thorough review by t h e  
r e g u l a t o r y  s t a f f .  C r i t e r i a  f o r  q u a l i t y  
assurance programs and s a f e t y  des igns  
have been e s t a b l i s h e d ,  and f r e q u e n t  
r e g u l a t o r y  i n s p e c t i o n s  are he ld  t o  
ensure t h a t  they are i n ,  fo rce .  Guides 
have been pub l i shed  i n d i c a t i n g  accepta-  
b l e  p r a c t i c e s  i n  such areas as personnel  
selection and t r a i n i n g :  q u a l i t y  assur- 
ance program requirements  du r ing  des ign ,  
c o n s t r u c t i o n ,  and ope ra t ion :  preopera- 
t i o n a l  t e s t i n g  requirements:  q u a l i f i c a -  

t i o n  of  i n s p e c t i o n ,  examination, and 
t e s t i n g  personnel :  and welder q u a l i f i -  
c a t i o n .  Furthermore,  p r i o r  t o  being 
au tho r i zed  t o  o p e r a t e  a nuc lea r  p l a n t ,  
each o p e r a t o r  must pas s  a d e t a i l e d  
examination t o  demonstrate h i s  compe- 
tence.  H e  i s  a l s o  p e r i o d i c a l l y  r e t e s t e d  
t o  ensu re  t h a t  h i s  competence has  no t  
d e t e r i o r a t e d .  The cont inued e x i s t e n c e  
of  such programs should p reven t  t h e  
undes i r ab le  e v e n t s  envis ioned by t h e  
comment. 

COMMENT 19.3 

The a t t empt  t o  o u t l i n e  t h e  workings of a 
l a r g e  nuc lea r  power p l a n t  and what 
happens i n  a n u c l e a r  a c c i d e n t  i s  
inadequate  and incomplete.  Nor i s  t h e r e  
an admission t h a t  t h e  development of an 
a c c i d e n t ,  a f t e r  i t s  i n i t i a t i o n ,  i s  
l i t t l e  s t u d i e d .  

(F r i ends  of t h e  E a r t h )  

RESPONSE 

The s tudy d i d  n o t  a t t empt  t o  provide a 
complete t rea t i se  e x p l a i n i n g  t h e  opera- 
t i o n a l  p r i n c i p l e s  of a l a r g e  nuc lea r  
power p l a n t :  i t s  only purpose w a s  t o  
exp lo re  i t s  s a f e t y  f e a t u r e s  i n  p o t e n t i a l  
a c c i d e n t  s i t u a t i o n s  i n  o r d e r  t o  provide 
an assessment of  r i s k .  Seve ra l  excel-  
l e n t  t e x t s  on t h e  phys ic s  and engi- 
nee r ing  p r i n c i p l e s  of n u c l e a r  p l a n t s  are 
a v a i l a b l e .  Nuclear r e a c t o r s  and t h e  
f i s s i o n  p rocess  are d e s c r i b e d  b r i e f l y  
and simply i n  t h e  book le t s  e n t i t l e d  
Nuclear Power P l a n t s  (IB-505) and 
Nuclear Reactors  (IB-507) of t h e  
Understanding t h e  Atom series f o r  t h e  
layman. (These pamphlets are a v a i l a b l e  
from t h e  Energy Research and Development 
Adminis t ra t ion.)  I n  a d d i t i o n ,  Appendix 
I X  of  WASH-1400 p rov ides  a d e s c r i p t i o n  
of  t h e  b a s i c  l o g i c  f o r  t h e  s a f e t y  des ign  
requirements  imposed on n u c l e a r  power 
p l a n t s  f o r  t h e  b e n e f i t  o f  t hose  n o t  w e l l  
schooled i n  r e a c t o r  s a f e t y .  

Appendices I ,  I V ,  V ,  V I ,  V I I ,  and V I 1 1  
a l l  addres s  i n  cons ide rab le  d e t a i l  t h e  
phenomena t h a t  might occur a f t e r  t h e  
i n i t i a t i o n  of an a c c i d e n t  and d e s c r i b e  
how t h e s e  phenomena would be a f f e c t e d  by 
t h e  o p e r a t i o n  of v a r i o u s  p l a n t  
engineered s a f e t y  f e a t u r e  systems. 
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COMMENT 19.4 

The assumption t h a t  a l l  f u e l  s t o r e d  i n  
t h e  s p e n t  f u e l  s t o r a g e  pool m e l t s  on 
loss of  c o o l a n t  r e g a r d l e s s  of decay t i m e  
i s  h igh ly  conse rva t ive .  This  i n  d i r e c t  
c o n t r a d i c t i o n  to t h e  s t a t e d  o b j e c t i v e  t o  
perform a more r ea l i s t i c  r i s k  
assessment.  

(Edison E lec t r i c  I n s t i t u t e )  

RESPONSE 

I n  o r d e r  t o  determine i f  a c c i d e n t s  out-  
s i d e  t h e  co re  would p r e s e n t  any s i g n i f i -  
c a n t  c o n t r i b u t i o n  t o  r i s k ,  bounding 
c a l c u l a t i o n s  w e r e  performed as i n d i c a t e d  
i n  Appendix I ,  s e c t i o n  5. Examination 
of t h e s e  c a l c u l a t i o n s  r evea led  t h a t  
t h e s e  bounding assumptions p re sen ted  
only a very s m a l l  c o n t r i b u t i o n  t o  t h e  
o v e r a l l  r i s k  (see Appendix V, s e c t i o n  2 
and Appendix V I ,  Sec t ion  X X ) .  There- 
f o r e ,  d e t a i l e d  c a l c u l a t i o n s  t o  determine 
t h e  a c t u a l  e x t e n t  of damage t o  s t o r e d  
f u e l ,  g iven t h e  a c c i d e n t s  p o s t u l a t e d ,  
w e r e  n o t  performed. I t  should be recog- 
n i zed  t h a t  t h i s  s tudy  is  an assessment 
of a c c i d e n t  r i s k s  i n  U . S .  commercial 
nuc lea r  power p l a n t s .  I f  simple 
ana lyses  t h a t  a r e  c l e a r l y  conse rva t ive  
show a given i t e m  does n o t  c o n t r i b u t e  t o  
t h e  o v e r a l l  r i s k ,  f u r t h e r  r e f i n e d  
ana lyses  w e r e  deemed unnecessary.  

COMMENT 19.5 

The d i s c u s s i o n  of  " l e a r n i n g  curves"  i n  
s e c t i o n  2.3.2 of t h e  Main Report t o  
i n d i c a t e  s a f e t y  w i l l  improve wi th  t i m e  
i s  f a c i l e  and unconvincing. The number 
of f a t a l i t i e s  p e r  o p e r a t i o n  of commer- 
c i a l  a i r c r a f t  h a s  n o t  evidenced 
inc reased  s a f e t y  wi th  t i m e .  The number 
of c r a shes  p e r  f l i g h t  has  remained 
r e l a t i v e l y  cons t an t .  

( S c i e n t i s t s '  I n s t i t u t e  f o r  
P u b l i c  Information;  
Amory Lovins) 

RESPONSE 

A s  noted i n  t h e  Main Report, experience 

from several  i n d u s t r i e s  r e f l e c t s  t h e  
a b i l i t y  t o  t a k e  advantage of i nc reased  
knowledge i n  o r d e r  t o  improve s a f e t y  as 
a func t ion  of t i m e .  I t  is recognized 
t h a t  o t h e r  i n d u s t r i e s  could be chosen 
t h a t  do n o t  r e f l e c t  t h i s  t r end ;  t h e r e  
are many examples of  t hose  t h a t  have 
developed wi th  c o n s t a n t  a t t e n t i o n  t o  
s a f e t y  and do show an improvement i n  
s a f e t y  wi th  t i m e .  A s  noted i n  Appendix 
I X  and i n  s e c t i o n s  1.9 and 3.3.2 of  t h e  
Main Report ,  s i g n i f i c a n t  improvements 
have been made i n  t h e  s a f e t y  design 
requirements f o r  n u c l e a r  power p l a n t s ,  
i n  t h e i r  implementation, and i n  t h e  
a p p l i c a b l e  codes and s t anda rds  used i n  
t h e i r  design as t i m e  has progressed.  
Thus, assuming continued e f f e c t i v e n e s s  
of r e g u l a t o r y  and r e sea rch  e f f o r t s ,  it 
is  reasonable  t o  expec t  t h a t  t h e  s a f e t y  
of nuc lea r  power p l a n t s  w i l l  cont inue t o  
improve wi th  t i m e .  

D a t a  i n  Fig.  2 . 2  of  t h e  Main Report a r e  
p re sen ted  i n  t e r m s  of f a t a l i t i e s  p e r  
1 0 0 , 0 0 0 , 0 0 0  passenger  m i l e s .  F igure X I  
19-1 p r e s e n t s  f a t a l  a c c i d e n t s  p e r  opera- 
t i o n  ( l and ing  o r  t a k e o f f )  a s  a func t ion  
of t i m e 1  for the  U . S .  a i r  carrier 
f l e e t . 2  A s  can be seen,  t h e r e  i s  a 
clear r educ t ion  i n  t h e  f a t a l  a c c i d e n t  
ra te  w i t h  t i m e .  This f i g u r e  has  been 
added t o  s e c t i o n  2.3.2 of  t h e  Main 
Report. 

COMMENT 19.6 

The de te rmina t ion  of i n d i v i d u a l  r i s k  a s  
a f u n c t i o n  of  d i s t a n c e  from t h e  p l a n t  
would more c o r r e c t l y  show t h e  a c t u a l  
r i s k s  t o  those  l i v i n g  w i t h i n  a reason- 
a b l e  d i s t a n c e  of a p l a n t .  

(AEC Regulatory S t a f f ;  
Bechtel  Power Corp.) 

A d i s c u s s i o n  of  i n d i v i d u a l  r i s k  as a 
func t ion  of  d i s t a n c e  from t h e  p l a n t  h a s  
been inco rpora t ed  i n t o  Appendix V I ,  
s e c t i o n  13. 

'Data based on information i n  Tables 2 . 1 4  and 1 0 . 1 1 ,  FAA S t a t i s t i c a l  Handbook of 
Aviat ion,  Calendar Year 1972, U . S .  Department of T ranspor t a t ion ,  Fede ra l  Aviat ion 
Adminis t ra t ion,  A p r i l  1 9 7 4 ;  and Tables 2.8 and 10.3, FAA S t a t i s t i c a l  Handbook of  
Av ia t ion ,  Calendar Y e a r  1973, U.S. Department of T ranspor t a t ion ,  Fede ra l  Aviat ion 
Adminis t ra t ion,  May 1975. 

2Excludes mida i r  c o l l i s i o n s  n o n f a t a l  t o  a i r  carr ier  occupants. 
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