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INTRODUCTION 

One s t a t e d  o b j e c t i v e  o f  t h e  HTGR S a f e t y  Program i s  t o  add d i s c i p l i n e  

t o  t h e  assessment  of  p o t e n t i a l  a c c i d e n t  causes  and t h e  e f f e c t i v e n e s s  of  

engineered  sa fegua rds .  T h i s  r e q u i r e s  e s t a b l i s h m e n t  o f  a l o g i c a l  frame- 

work i n  which t o  view p l a n t  con t ingenc ie s  w i t h  r e g a r d  t o  t h e i r  expected 

f r equenc ie s ,  o t h e r  r e l a t e d  o r  c o i n c i d e n t  e v e n t s ,  consequent  p l a n t  condi- 

t i o n s ,  and r e s p o n s i b i l i t i e s  p laced  on v a r i o u s  systems.  The methods pro- 

posed i n c l u d e  those  o f  formal  r e l i a b i l i t y  and r i s k  a n a l y s i s ,  emphasizing 

t h e  l o g i c a l  a s p e c t s .  By so  p l a c i n g  e v e n t s  i n  p e r s p e c t i v e ,  i t  i s  hoped 

t o  g a i n  guidance n o t  o n l y  i n  ranking  t h e  s a f e t y  r e s e a r c h  p r i o r i t i e s  b u t  

a l s o  i n  systems des ign  and q u a l i t y  a s su rance .  

The s u b j e c t  a n a l y s i s  of  t h e  r e l i a b i l i t y  of  t h e  F o r t  S t .  Vrain reac- 

t o r  p l a n t  emergency engine-genera tors  w a s  under taken  mainly as a p i l o t  

s tudy  t o  c u l t i v a t e  a major d a t a  and expe r i ence  source  which could  be  he lp-  

f u l  i n  promoting t h e  l a r g e r  program o b j e c t i v e .  That  sou rce  i s  t h e  UKAEA 

Systems R e l i a b i l i t y  Service (SRS), t o  which ORNL subsc r ibed  i n  1971 i n  

a n t i c i p a t i o n  of l i m i t e d  use .  Accordingly,  t h e  SRS w a s  r eques t ed  t o  c a r r y  

o u t  t h e  formal  a n a l y s i s  based  on in fo rma t ion  f u r n i s h e d  by Gulf Genera l  

Atomic Company (GGA) through ORNL. 

Of immediate concern  w a s  t h e  r e l i a b i l i t y  of  an unusual  arrangement 

a t  F o r t  S t .  Vra in ,  whereby two f u l l - c a p a c i t y  g e n e r a t o r s  (1400 kW) each 

are  d r i v e n  by tandem h a l f - c a p a c i t y  engines  (900 hp) .  S ince  a f a i l e d  en- 

g i n e  i s  a u t o m a t i c a l l y  disengaged by a c t u a t i o n  of  a c l u t c h ,  t h e  system can 

d e l i v e r  adequate  emergency power w i t h  any two eng ines  o u t  of service. 

However, t h e  arrangement e n t a i l s  added complexi ty  due t o  t h e  c o n t r o l s  

which s e n s e  engine  f a i l u r e  and i n i t i a t e  c l u t c h  o p e r a t i o n ,  and t h e  engine  

speed governors  which a l s o  appor t ion  load  between eng ine  p a i r s .  

t a t i v e  phases  of t h e  s t u d y  concen t r a t ed  on t h e s e  des ign  f e a t u r e s  w h i l e  

reviewing t h e  system o v e r a l l .  Other  phases  inc luded  c o n s t r u c t i o n  of  t h e  

system response  l o g i c  model and numer ica l  e v a l u a t i o n  of  t h e  system rel i -  

a b i l i t y  on t h e  b a s i s  of accumulated expe r i ence  f o r  s imilar  components. 

The s tudy  r e s u l t s  i n d i c a t e  t h a t  t h e  system des ign  should  ach ieve  reli-  

a b i l i t y  comparable t o  t h a t  o f  conven t iona l  systems employing g e n e r a t o r s  

d r i v e n  by s i n g l e  eng ines .  The problem s p e c i f i c s  were se t  f o r t h  i n  a 

Qual i -  
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l e t t e r  t o  SRS, a copy of which i s  inc luded  h e r e  as Attachment 1. 

p l e t i o n  of t h e  t a s k ,  SRS p resen ted  t h e i r  conc lus ions  and commentary wi th  

suppor t ing  d a t a  and c a l c u l a t i o n s  i n  a r e p o r t ,  p r i n c i p a l  s e c t i o n s  of which 

On com- 

comprise Attachment 2.  

I n  l i g h t  of t h e  e x p l o r a t o r y  n a t u r e  of t h e  arrangement ,  t h e  p r e s e n t  

r e p o r t  reviews t h e  s p e c i f i c  t a s k s  performed by SRS w i t h  p a r t i c u l a r  re- 

gard t o  t h o s e  a s p e c t s  r e f l e c t i n g  on p o s s i b l e  f u t u r e  problems. 

ments go beyond t h e  immediate s tudy  t o  cons ide r  t h e  g e n e r a l  p rocedure  i n  

The com- 

performing t h e  work, t h e  demonstrated ways by which p r a c t i c a l  i n s i g h t s  

can be  drawn from a n a l y s i s ,  and t h e  SRS approach i n  s e t t i n g  r e l i a b i l i t y  

g o a l s .  

exper ience  w i t h  engine-genera tors  and from h i s  conve r sa t ions  w i t h  A .  A. 

Schmudde of t h e  C a t e r p i l l a r  T r a c t o r  Company, t h e  engine  manufac turer .  

A few p o i n t s  of t h e  s tudy  are expanded upon from t h e  a u t h o r ' s  

Among t h e  broad conclus ions  drawn from t h e  p i l o t  s tudy  i s  t h a t  t h e  

v a l i d i t y  of  t h e  SRS methods and d a t a  is  n o t  diminished due t o  d i f f e r e n c e s  

i n  des ign  p r a c t i c e  between U.S. and B r i t i s h  systems,  t h e  l a t t e r  p rov id ing  

. t h e  main b a s i s  f o r  t h e  SRS exper ience .  P a r t i c u l a r l y  impress ive  about  t h e  

s tudy  w e r e  t h e  many s i g n i f i c a n t  eng inee r ing  i n t e r p r e t a t i o n s  de r ived  from 

t h e  a n a l y s i s  l o g i c  as w e l l  as from t h e  numer ica l  r e s u l t s .  The e x e r c i s e  

of submi t t i ng  t h e  problem t o  SRS, d i s c u s s i n g  t h e  work i n  p r o g r e s s ,  and 

reviewing t h e  r e s u l t s  se rved  t o  develop t h e  d e s i r e d  working r e l a t i o n s h i p  

between ORNL and SRS. 

PROBLEM SELECTION AND EXECUTION 

A system r e l i a b i l i t y  a n a l y s i s  t r a d i t i o n a l l y  i s  c a r r i e d  o u t  i n  two 

phases :  (1)  a l o g i c  model of t h e  system f u n c t i o n  i s  dev i sed  i n  t e r m s  of 

t h e  component c o n t r i b u t i o n s ,  and ( 2 )  t h e  p r o b a b i l i t y  t h a t  t h e  system w i l l  

perform i t s  f u n c t i o n  adequate ly  i s  e v a l u a t e d ,  based on t h e  n o n f a i l u r e  

9 p r o b a b i l i t i e s  of t h e  components. While t h e s e  b a s i c  procedures  are more. 

o r  less r o u t i n e ,  they  a l low i n d i v i d u a l  ana lyses  t o  va ry  wide ly  i n  dep th ,  

i n t e r p r e t a t i o n ,  and execu t ion .  Methodical  q u a l i t a t i v e  a n a l y s e s  such as 

f a i l u r e  mode and e f f e c t  and common-mode f a i l u r e  u s u a l l y  b r i d g e  t h e  gap 

between t h e  models and t h e  a c t u a l  systems.  

E 

. 
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I n  p l a c i n g  a p i l o t  problem w i t h  SRS, i t  w a s  i n t ended  t o  o b t a i n  a 

conven t iona l  r e l i a b i l i t y  e v a l u a t i o n  of a sa fegua rd  system, a long  t h e  l i n e s  

d e s c r i b e d  b u t  w i t h  t h e  advantage  of  a s u b s t a n t i a l  d a t a  b a s e  of r e a c t o r  

p l a n t  expe r i ence .  There w a s  a l s o  i n c i d e n t a l  i n t e r e s t  i n  t h e  d e t a i l s  o f  

t h e  problem execu t ion ,  p a r t i c u l a r l y  i n t e r p r e t a t i o n s  of t h e  components 

d a t a .  Moreover, w e  wished t o  l e a r n  how and t o  what e x t e n t  t h e  SRS ex- 

p l o i t e d  a n a l y s i s  so as , t o  add p e r s p e c t i v e  i n  t h e  review of  system des igns .  

With t h e s e  f a c t o r s  i n  mind, d i s c u s s i o n s  between GGA and ORNL l e d  t o  t h e  

s e l e c t i o n  of  t h e  engine-genera tor  problem f o r  t h e  fo l lowing  reasons :  

1. The system des ign  w a s  a v a i l a b l e  and t h e  system i n s t a l l a t i o n  es- 

s e n t i a l l y  completed.  

2 .  A performance r e l i a b i l i t y  o b j e c t i v e  had been e s t a b l i s h e d ,  and 

t h e  AEC Div i s ion  of  Reac tor  L icens ing  had r eques t ed  tests t o  s u b s t a n t i a t e  

s t a t i s t i c a l l y  t h a t  t h e  g o a l  could  b e  m e t .  

3 .  The r e l i a b i l i t y  of  emergency engine-genera tor  sistems f o r  reac- 

t o r  p l a n t s  i s  a c o n t i n u a l  s u b j e c t  o f  d i s c u s s i o n  and con t rove r sy .  

4 .  The equipment i s  f a m i l i a r  enough t o  a f f o r d  a b a s i s  i n  p r a c t i c a l  

unders tanding  from which t o  assess t h e  a n a l y s i s  r e s u l t s .  

Arrangements f o r  performing t h e  s tudy  acco rd ing  t o  t h e  ORNL subsc r ip -  

t i o n  c o n t r a c t  were made by l e t t e r  from D. W .  Cardwell  t o  A. E.  Green on 

December 6 ,  1971 .  The scope  l e t t e r  ( A t t .  1) fo l lowed,  a t  which t i m e  sys-  

t e m  and equipment in fo rma t ion  were forwarded. Work w a s  begun by SRS 

promptly upon r e c e i v i n g  t h e  problem in fo rma t ion  and w a s  completed ahead 

of  t h e  r eques t ed  d a t e ,  February 15, 1972.  One r e q u e s t  f o r  a d d i t i o n a l  in -  

format ion  w a s  handled by TWX wi thou t  de l ay .  

Follow-up d i s c u s s i o n s  of t h e  s tudy  were h e l d  a t  ORNL wi th  John Bowen 

of  SRS. Bowen i n d i c a t e d  t h a t  a l a r g e  p o r t i o n  of t h e  a n a l y s i s  e f f o r t  had 

been devoted t o  g a i n i n g  a n  adequate  unders tanding  of  t h e  system f u n c t i o n s  

from t h e  drawings and d e s c r i p t i v e  l i t e r a t u r e .  

TECHNICAL EVALUATION 

Study Scope and Methods 

I n t e r e s t  i n  t h e  unusual  tandem eng ine  arrangement i n  t h e  F o r t  S t .  

Vra in  system w a s  t h e  main reason  f o r  p l a c i n g  t h e  a r b i t r a r y  boundar ies  on 
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t h e  a n a l y s i s  problem, shown i n  F ig .  1 of  A t t .  2 .  Economy wi th '  r ega rd  t o  

t h e  demonst ra t ion  problem w a s  a n o t h e r  impor tan t  f a c t o r .  The l a t te r  con- 

s i d e r a t i o n  a l s o  l i m i t e d  t h e  e x e r c i s e  i n  level  of  d e t a i l ;  however, t h e  

depth had t o  be  s u f f i c i e n t  t o  e v a l u a t e  e s s e n t i a l  system f e a t u r e s  and t o  

demonstrate  t h e  SRS problem approach adequa te ly .  S u i t a b l e  depth  w a s  

achieved by grouping many minor components i n t o  subsystems,  f o r  example, 

t h e  engine  s t a r t i n g  c o n t r o l s  and t h e  engine  governors .  The grouping ,  

shown i n  F ig .  2 ,  i s  f u r t h e r  j u s t i f i e d  i n  t h a t  d e t a i l e d  examinat ion re- 

q u i r e s  d e t a i l e d  f a m i l i a r i t y  wi th  t h e  p a r t i c u l a r  equipment and hence i s  

b e s t  done by t h e  component manufac turers .  

The SRS a n a l y s i s  r e p o r t  b r i n g s  o u t  a t  s e v e r a l  p o i n t s  why i t  i s  d i f -  

f i c u l t  o r  u n r e a l i s t i c  t o  draw r e l i a b i l i t y  conc lus ions  about  such a r t i f i -  

c i a l l y  bounded systems.  I n  t h i s  p a r t i c u l a r  problem, f o r  i n s t a n c e ,  t h e  

u l t i m a t e  concern is  whether t h e  p l a n t  p r o t e c t i o n  f e a t u r e s  respond i n  emer- 

genc ie s ;  t o  e v a l u a t e  those  p r o b a b i l i t i e s  i s  n o t  on ly  a more complex prob- 

l e m ,  b u t  one which emphasizes engine-genera tor  responses  somewhat d i f -  

f e r e n t  than  t h o s e  i n  t h e  p r e s e n t  a n a l y s i s .  Perhaps t h e  most impor tan t  

s i n g l e  f a c t o r  d i s r ega rded  i n  d e f i n i n g  t h e  problem (but  n o t  overlooked i n  

t h e  SRS r e p o r t )  i s  t h a t  t h e  a v a i l a b i l i t y  of emergency power f o r  a gas- 

cooled r e a c t o r  may be delayed,  p e r m i t t i n g  t i m e  f o r  minor r e p a i r s  o r  op- 

e r a t o r  i n t e r v e n t i o n  when au tomat ic  sequences f a i l .  The r e p o r t  f u r t h e r  

p o i n t s  o u t  p o t e n t i a l  common-mode f a c t o r s  beyond t h e  .problem boundar i e s ,  

such as t h e  c o o l i n g  water s u p p l i e s  t o  t h e  engine  h e a t  exchangers .  The 

l a t t e r  c o n s i d e r a t i o n  f u r t h e r  i nvo lves  t h e  problem d e f i n i t i o n  i n  r ega rd  

t o  r e q u i r e d  running t i m e ;  i n  t h e  case of t h e  w a t e r  supp ly ,  i n t e r r u p t i o n s  

may be unimportant  f o r  t h e  s p e c i f i e d  4-min c y c l e ,  b u t  l i k e l y  c r i t i c a l  

wi th  r ega rd  t o  r e a l i s t i c  l onge r  c y c l e s .  

The SRS c a r r i e d  o u t  t h e  s tudy  as a s t r a i g h t f o r w a r d  system r e l i a b i l i t y  

a n a l y s i s ,  observ ing  t h e  c o n s t r a i n t s  and emphasizing o t h e r  a s p e c t s  as re- 

ques t ed .  Component r e l i a b i l i t y  d a t a  were ob ta ined  from t h e  S y r e l  i n f o r -  

mation system, which i s  a s s o c i a t e d  wi th  SRS and d e r i v e s  most of i t s  i n p u t  

from o p e r a t i n g  r eco rds  of UKAEA r e a c t o r  p l a n t s .  Where t h e  a v a i l a b l e  d a t a  

were inadequate  o r  n o t  d i r e c t l y  a p p l i c a b l e  t o  t h e  problem, they  were sup- 

plemented by eng inee r ing  e v a l u a t i o n s .  
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A sys tem l o g i c  model w a s  developed from t h e  system d e s c r i p t i o n  pro- 

v ided  t o  SRS. S ince  t h e  model w a s  f a i r l y  s imple ,  t h e  i n i t i a l  r e l i a b i l i t y  

c a l c u l a t i o n s  w e r e  done by hand, w i t h  t h e  u s u a l  d i s c a r d i n g  o f  t r i v i a l  terms 

t o  s i m p l i f y  t h e  p rocess .  The system w a s  t hen  modeled and e v a l u a t e d  more 

r i g o r o u s l y  us ing  t h e  computer program NOTED; i n  t h i s  s t e p ,  SRS ob ta ined  

problem s o l u t i o n s  ove r  ranges  of parameter  v a l u e s  i n  o r d e r  t o  de te rmine  

t h e  e f f e c t s  o f ,  o r  s e n s i t i v i t y  t o ,  t h e  i n p u t  v a r i a t i o n s .  S e v e r a l  n a t u r a l  

q u e s t i o n s  r ega rd ing  e f f e c t s  of component d a t a  u n c e r t a i n t i e s  were answered 

by t h e  s e n s i t i v i t y  a n a l y s i s .  

A major  p a r t  of t h e  problem assignment  w a s  t o  demonst ra te  p r a c t i c a l  

eng inee r ing  i n t e r p r e t a t i o n s  of t h e  i n p u t  d a t a ,  t h e  l o g i c  model, and t h e  

numer ica l  r e s u l t s .  The SRS r e p o r t  i n d i c a t e s  how t h i s  w a s  done a t  each 

s t a g e .  Cons iderable  a t t e n t i o n  i s  g iven  t o  t h o s e  f a c t o r s  de te rmining  t h e  

e f f e c t u a l  conduct of  system tests. 

I n c i d e n t a l  t o  t h e  main s t u d y ,  SRS had been r eques t ed  t o  comment on 

t h e  s e t t i n g  of  r e l i a b i l i t y  g o a l s .  T h e i r  r e sponse  w a s  based on a p p l i c a -  

t i o n  of t h e  Farmer r i s k  c r i t e r i o n '  and included '  examples combining demand 

frequency w i t h  f a i l u r e  consequence t o  de te rmine  t h e  r e q u i r e d  response  

p r o b a b i l i t y .  

System R e l i a b i l i t y  Criteria 

The problem s t a t emen t  t o  SRS i n d i c a t e d  a system t a r g e t  r e l i a b i l i t y  

of 0.9999 wi th  95% conf idence ,  f o r  every  t r i a l  and meet ing any of t h e  

several "success1 '  combinat ions.  S e c t i o n  2 .2  of t h e  SRS r e p o r t  s ta tes  

t h a t  t h e  t a r g e t  should  b e  al lowed t o  vary  depending on d i f f e r e n t  i n i t i -  

a t i n g  c o n d i t i o n s .  One p r a c t i c a l  a s p e c t  of, such v a r i a t i o n  i s  brought  o u t  

i n  t h e  d i s c u s s i o n s  of  system t e s t i n g ,  S e c t i o n  5 .7 ,  where i t  i s  shown how 

dependence on t h e  sys tem changes ove r  t h e  p l a n t  commissioning phases  and 

w i t h  l a t e r  o p e r a t i o n .  

'F .  R .  Farmer, S i t i n g  Criteria - a New Approach, i n  
S i t ing  of Nuclear Power Reactors, Symposium Proceedings ,  
pp. 303-329, I n t e r n a t i o n a l  Atomic Energy Agency, Vienna, 
154) .  

Containment and 
Vienna, 1967 , 
1967 (STI/PUB/ 
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Appendix 2 d e s c r i b e s  v i a  a series of s imple  examples how t h e  " f r e -  

quency r i s k  approach" can be  a p p l i e d  i n  s e t t i n g  p r o t e c t i o n  system reli-  

a b i l i t y  t a r g e t s .  I n  b r i e f ,  t h e  method p o s t u l a t e s  s i t u a t i o n s  i n  which t h e  

p r o t e c t i o n  system i s  c a l l e d  upon and estimates t h e i r  f requency  ( i . e . ,  de- 

mand f requency) .  

i n  terms of u l t i m a t e  f i s s i o n  product  r e l e a s e , . w h i c h  i s  then  r e f e r r e d  t o  a 

g e n e r a l  " r i s k  l i m i t  l i n e "  t o  f i n d  t h e  "acceptab le"  f requency of t h a t  re- 

lease magnitude. 

mined as t h a t  v a l u e  which, when m u l t i p l i e d  by t h e  demand f requency ,  y i e l d s  

t h e  a c c e p t a b l e  release frequency.  D i f f e r e n t  p r o b a b i l i t y  v a l u e s  w i l l  b e  

found f o r  t h e  v a r i o u s  demand s i t u a t i o n s ,  t h e  h i g h e s t  response  p r o b a b i l i t y  

requi rements  g e n e r a l l y  p rov id ing  t h e  b a s i s  f o r  system des ign .  The examples 

f u r t h e r  demonst ra te  how t h e  method may be  used t o  de te rmine  t h e  r e l i a b i l i t y  

requi rements  on p a r t s  of a p r o t e c t i o n  system wi th  redundancy, f o r  example, 

The consequence of p r o t e c t i o n  system f a i l u r e  i s  expressed  

The al lowed f a i l u r e  p r o b a b i l i t y  of t h e  system is  d e t e r -  
* 

by i n c l u d i n g  p a r t i a l  f a i l u r e s  of t h a t  system as c o n t r i b u t i o n s  t o  t h e  demand 

on o t h e r  p o r t i o n s  of t h e  system. To use  t h e  method e f f e c t i v e l y  r e q u i r e s  

c a r e f u l  a n a l y s i s  of t h e  o v e r a l l  p l a n t ,  which seems d e s i r a b l e  f o r  o t h e r  

reasons  as w e l l .  

S e c t i o n  2.2 (b) p o i n t s  o u t  t h a t  a system des ign  r e l i a b i l i t y  t a r g e t  

of 0.9999 i s  t o o  h igh  where manual o p e r a t i o n  i s  r e q u i r e d  w i t h i n  1 o r  2 

min of t h e  system demand; hence t h e  problem s t a t emen t  i s  i n c o n s i s t e n t .  

This  c r i t i c i s m  i s  p rope r ;  however, i t  i s  based on i n c o r r e c t  i n fo rma t ion  

fu rn i shed  t o  SRS. P r o v i s i o n s  are made i n  t h e  F o r t  St. Vrain P l a n t  t o  

swi t ch  t h e  v i t a l  l o a d s  a u t o m a t i c a l l y ;  on ly  a f t e r  s e v e r a l  c o i n c i d e n t  f a i l -  

u r e s  i s  o p e r a t o r  a c t i o n  c a l l e d  f o r  t o  s e l e c t  and apply  l o a d s .  Even then ,  

t h e  t i m e  a l lowed i s  more l i k e  15 t o  30 min r a t h e r  t han  t h e  c r i t i c i z e d  1 

t o  2 min. 

Components R e l i a b i l i t y  

I n  i l l u s t r a t i n g  t h e  i t e r a t i v e  n a t u r e  of r e l i a b i l i t y  s t u d i e s ,  p a r t i c u -  

lar  a t t e n t i o n  w a s  given t o  t h e  engine  speed governors  a f t e r  a p re l imina ry  

system e v a l u a t i o n  had i d e n t i f i e d  them as c r i t i c a l  i t e m s .  S e c t i o n s  3 . 1  

through 3 . 8  of t h e  r e p o r t  p rovide  both  f a i l u r e  mode and e f f e c t  and common- 

mode f a i l u r e  a n a l y s e s  of t h e  governor  systems.  I n  p a r t i c u l a r ,  t h e  
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p o s s i b i l i t y  w a s  examined t h a t  a f a i l u r e  could  d i s a b l e  b o t h  eng ines  of  a 

tandem u n i t  o r  even a l l  f o u r  engines  of  two tandem u n i t s  when o p e r a t i n g  

i n  p a r a l l e l .  The d i s c u s s i o n  of  f a i l u r e  mechanisms s u g g e s t s  several p o i n t s  

f o r  des ign  review and f o r  s p e c i a l  test o r  maintenance a t t e n t i o n .  

ercise f u r t h e r  i l l u s t r a t e s  how a n  eng inee r ing  e v a l u a t i o n  may e x p l o i t  ge- 

n e r i c  r e l i a b i l i t y  d a t a  on similar equipment as a means t o  develop reason- 

a b l e  estimates of t h e  r e l i a b i l i t y  of  s p e c i f i c  components f o r  which no 

The ex- 

d i r e c t  expe r i ence  d a t a  are a t  hand. 

S e c t i o n s  3 . 9  and 3.10 t r ea t  t h e  r e l i a b i l i t y  of t h e  b a s i c  engines  and 

some a u x i l i a r i e s .  Cons iderable  expe r i ence  d a t a  were a v a i l a b l e  from S y r e l ;  

however, t h e  s ta t i s t ics  w e r e  mainly f o r  o v e r a l l  f a i l u r e s  of eng ines  t o  

s tar t  and run ,  w i t h  no s e p a r a t e  account ing  f o r  component c o n t r i b u t i o n s .  

S ince  t h e  r e l i a b i l i t y  e f f e c t s  of t h e  speed governors ,  redundant  s t a r t i n g  

sys tems,  and o t h e r  component groups w e r e  e x p l i c i t  i n  t h i s  s t u d y ,  i t  w a s  

necessa ry  t o  estimate what p o r t i o n  of t h e  exper ienced  f a i l u r e s  were due 

t o  t h e  engines  themselves  o r  t o  a u x i l i a r y  equipment lumped w i t h  them i n  

t h e  l o g i c  model. 

A v a i l a b l e  r e l i a b i l i t y  f i g u r e s  f o r  t h e  g e n e r a t o r  and e x c i t a t i o n  sys-  

t e m s  were f o r  u n i t s  i n  cont inuous  o p e r a t i o n .  Somewhat h i g h e r  v a l u e s  were 

e s t ima ted  f o r  s tandby u n i t s ,  as desc r ibed  i n  S e c t i o n  3.11, s i n c e  t h e  rate 

of d e t e r i o r a t i o n  of  t h e  windings depends on o p e r a t i n g  c o n d i t i o n s  such as 

tempera ture  and v i b r a t i o n .  

The p r e l i m i n a r y  sys tem a n a l y s i s  i n d i c a t e d  minor dependence on t h e  

c l u t c h  d isengaging  f u n c t i o n .  

3.12 and 3.13 t o  f a i l u r e  modes whereby t h e  c l u t c h  could  not  t r a n s m i t  power. 

Add i t iona l  a t t e n t i o n  w a s  g iven  i n  S e c t i o n s  

Only l i m i t e d  in fo rma t ion  on t h e  r e l i a b i l i t y  of a i r  s t a r t i n g  motors i s  

claimed i n  S e c t i o n  3.14. However, t h e  redundancy of t h e s e  motors r e s u l t s  

i n  only  minor dependence on i n d i v i d u a l  u n i t s .  S e c t i o n  6 . 1  (a) s u g g e s t s  

t h e  p o s s i b i l i t y  of a common-mode f a i l u r e  i n  which t h e  starter p i n i o n  j a m s  

t h e  eng ine  f lywhee l  r i n g  g e a r ;  t h i s  i s  i n d i c a t e d  by t h e  eng ine  manufac- 

t u r e r  t o  b e  ve ry  u n l i k e l y .  
' 

A very  small f a i l u r e  p r o b a b i l i t y  was a t t r i b u t e d  t o  t h e  engine  f u e l  

supply  f a c i l i t i e s  f o r  t h e  s h o r t  o p e r a t i n g  c y c l e .  However, S e c t i o n s  3.15 

and 6 .2  [ ( b )  iii and i v ]  h i g h l i g h t  several p o s s i b l e  common-mode f a i l u r e s  

of t h e  f u e l  system. These invo lve  such d i v e r s e  f a c t o r s  as improper f u e l  
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fu rn i shed  t o  t h e  main t ank ,  f u e l  i n  t h e  main t ank  c h i l l e d  so  t h a t  i t  can- 

n o t  be  pumped t o  day t a n k s ,  and f a i l u r e  i n  eng ine  supply  p i p i n g  from t h e  

common ( i . e . ,  t o  one p a i r  of engines)  day tank .  Moreover, o p e r a t i n g  t h e  

engines  over  l o n g e r  c y c l e s  ( i . e . ,  t h e  real  emergencies)  would invo lve  

more of t h e  f u e l  system equipment,  i n  p a r t i c u l a r ,  a l l  of t h e  f u e l  t r a n s -  

f e r  f a c i l i t i e s  and t h e  main s t o r a g e  tank.  Th i s  area r e q u i r e s  c a r e f u l  a t -  

t e n t i o n  i n  des ign  and o p e r a t i o n .  

I t  w a s  beyond t h e  problem scope t o  perform e l a b o r a t e  a n a l y s e s  of t h e  

engine  s t a r t i n g ,  c l u t c h  a c t u a t i n g ,  and o t h e r  c o n t r o l  c i r c u i t r y .  However, 

p re l imina ry  estimates of t h e  c i r c u i t  r e l i a b i l i t i e s  were made us ing  numbers 

and types  of e lements  provided and g e n e r i c  f a i l u r e  ra te  d a t a  from Syrel:  

. The d a t a  used appear  i n  Tables  1 t o  3 of  t h e  SRS r e p o r t .  Var ious  comments 

on f e a t u r e s  of t h e  c o n t r o l  c i r c u i t s  are g iven  i n  S e c t i o n  4.4 (number of 

c o n t a c t s  i n  series i n  s t a r t i n g  c o n t r o l ) ,  S e c t i o n  4.5 (unnecessary  depen- 

dence of t h e  c l u t c h  a c t u a t o r  c i r c u i t  on a master r e l a y ) ,  S e c t i o n  6 . 1  ( c )  

(dependence on common dc  c o n t r o l  power supp ly ) ,  S e c t i o n  6 . 1  (d)  ( c o n t r o l  

pane l  p r o t e c t i o n  a g a i n s t  common a c c i d e n t  involvement) ,  and S e c t i o n  6 .1  ( e )  

(ope ra to r  e r r o r  which d e f e a t s  c o n t r o l s ) .  

Chapter  4 of t h e  r e p o r t ,  w i th  Appendices 3 and 4 ,  p r e s e n t s  t h e  de- 

t a i l s  of t h e  problem execu t ion ,  as summarized ear l ie r  under  "Study Scope 

and Methods." C l e a r l y  shown are a l l  s t e p s  of t h e  model c o n s t r u c t i o n  and 

i t s  numerical  e v a l u a t i o n ,  a long  wi th  t h e  component r e l i a b i l i t y  v a l u e s  used. 

The problem i s  so lved  f i r s t  by hand c a l c u l a t i o n s  us ing  "bes t  estimates'' of 

t h e  component v a l u e s  and i s  then  r epea ted  by computer t o  de te rmine  t h e  e f -  

f e c t s  of va ry ing  t h e  component r e l i a b i l i t y  v a l u e s  and t h e  test  i n t e r v a l s .  

The main conclus ion  of t h e  a n a l y s i s  i s  t h a t  t h e  system r e l i a b i l i t y  

i s  between 0.999 and 0.9999, d i s r e g a r d i n g  t h e  p r o b a b i l i t y  of common-mode 

f a i l u r e s .  Two o t h e r  s a l i e n t  f a c t o r s  a re  demonstrated:  (1) t h e  speed 

governors ,  common t o  each p a i r  of eng ines ,  are r e l a t i v e l y  impor tan t  t o  

t h e  o v e r a l l  system r e l i a b i l i t y ;  and ( 2 )  t h e  c a p a b i l i t y  t o  d isengage  a 

f a i l e d  engine  i s  r e l a t i v e l y  unimportant .  Sec t ions  4 .11  t o  4.14 draw ad- 

d i t i o n a l  eng inee r ing  i n t e r p r e t a t i o n s  from t h e  a n a l y s i s  r e s u l t s .  
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. 

Regarding t h e  appa ren t  unimportance o f  t h e  c l u t c h  d isengaging  func- 

t i o n ,  i t  appea r s  t o  t h e  au tho r  t h a t  t h i s  may b e  p a r t l y  a n  a r t i f i c i a l  con- 

c l u s i o n ,  due t o  t h e  problem r u l e s .  I n  t h e  a c t u a l  long-term o p e r a t i n g  

. s i t u a t i o n  t h e r e  is  reason  t o  b e l i e v e  t h a t  t h e  c l u t c h e s  could  enhance t h e  

sys tem r e l i a b i l i t y  somewhat. The b e n e f i t  sugges t ed ,  however, is  d i f f i -  

c u l t  t o  q u a n t i f y  s i n c e  i t  invo lves  o p e r a t o r  i n t e r v e n t i o n .  

S e c t i o n  4 .11  ( f )  p o i n t s  o u t  t h a t  t h e  system r e l i a b i l i t y  depends 

h e a v i l y  on t h e  r e l i a b i l i t y  of  t h e  moni tor ing  and alarm f a c i l i t i e s .  

d e s i r a b i l i t y  of  l o c a t i n g  r eadou t s  and annunc ia to r s  a t  manned s t a t i o n s  i s  

a l s o  h i g h l i g h t e d .  

The 

T e s t i n g  t o  S u b s t a n t i a t e  R e l i a b i l i t y  P r e d i c t i o n s  

. A  test  regime t o  demonst ra te  t h e  r e l i a b i l i t y  of t h e  engine-genera tors ,  

planned and i n i t i a t e d  b e f o r e  unde r t ak ing  t h e  SRS s t u d y ,  i s  now completed.  

B r i e f l y ,  i t  c o n s i s t e d  of  r epea ted  s tar t  and s h o r t  run  c y c l e s ,  s u f f i c i e n t  

t o  e s t a b l i s h  t h e  i n d i v i d u a l  g e n e r a t o r  u n i t  r e l i a b i l i t i e s  of 0.99 a t  95% 

upper conf idence  level .  I n  r e q u e s t i n g  SRS t o  recommend a tes t  procedure ,  

i t  w a s  f e l t  t h a t  t h e  tests i n  p r o g r e s s  w e r e  n o t  e n t i r e l y  c o n s i s t e n t  w i t h  

t h e  r e q u i r e d  duty  of t h e  system and t h a t  some v i t a l  c a p a b i l i t i e s  w e r e  n o t  

be ing  adequa te ly  demonstrated.  

Chapter  5 of't 'he SRS r e p o r t  e x p l o r e s  t h e  tes t  problem thoroughly  from 

bo th  t h e o r e t i c a l  and p r a c t i c a l  s t a n d p o i n t s .  The t h e o r e t i c a l  d i s c u s s i o n  

p o i n t s  o u t  t h a t  v a r i o u s  s t a t i s t i c a l  c r i t e r i a  may b e  a p p l i e d ,  l e a d i n g  t o  

much d i f f e r e n t  t es t  requi rements .  Several p r a c t i c a l  s u b s t i t u t e s  f o r  accel- 

e r a t e d  "statist ical" t e s t i n g  are o f f e r e d ,  emphasizing c a r e f u l  eng inee r ing  

review of  t h e  tes t  expe r i ence  and a l lowing  system conc lus ions  t o  b e  drawn 

from s a t i s f a c t o r y  performance of t h e  components. 

The p r a c t i c a l  tes t  regime proposed i s  a t t r a c t i v e  i n  an  eng inee r ing  

s e n s e ,  less r i g o r o u s  s t a t i s t i c a l l y  than  t h e  one i n  p r o g r e s s ,  and p r o p e r l y  

concerned w i t h  t h e  u l t i m a t e  system du ty .  By t h e  t i m e  t h e  r e a c t o r  i s  

ready f o r  s t a r t u p ,  a s u b s t a n t i a l  body of expe r i ence  h a s  accrued .  

f u l  review of t h a t  expe r i ence  could  then  e s t a b l i s h  whether  (1) a l l  evi- 

dence of s y s t e m a t i c  t r o u b l e  had been r e s o l v e d ,  ( 2 )  wear-in d i f f i c u l t i e s  

w e r e  no l o n g e r  appea r ing  a t  an a p p r e c i a b l e  rate, and (3)  t h e  equipment 

A care- 
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i d e n t i f i e d  wi th  p o t e n t i a l  common-mode system f a i l u r e s  showed no s i g n  of 

u n r e l i a b i l i t y .  With t h e  system s a t i s f a c t o r y  on a l l  t h e  above coun t s ,  i t  

could t e n t a t i v e l y  b e  judged r e l i a b l e  enough t o  permi t  t h e  r e a c t o r  s t a r t u p .  

S t a t i s t i c a l  conf i rmat ion  t h a t  t h e  r e l i a b i l i t y  g o a l  w a s  b e i n g  m e t  would b e  

r e a l i z e d  a f t e r  about  one y e a r  of r e a c t o r  o p e r a t i o n ,  assuming no s i g n i f i -  

can t  f a i l u r e s  were exper ienced  i n  t h a t  t i m e .  

Common-140 de F a i l u r e s  

The .SRS numerical  a n a l y s i s  model d i d  n o t  i n c l u d e  common-mode f a i l -  

u r e s  s i n c e  t h e s e  are i n d i v i d u a l l y  improbable.  Chapter  6 comments, how- 

e v e r ,  t h a t  t h e  o v e r a l l  f requency of common-mode f a u l t s  i n  " r e l i a b l e "  sys-  

t e m s  i s  expected t o  be  of t h e  same o r d e r  as t h e  system f a i l u r e s  due t o  

random component f a u l t s .  The remaining d i s c u s s i o n  i n  Chapter  6 concerns 

p a r t i c u l a r  common-mode f a i l u r e  mechanisms f o r  t h i s  system; f a u l t s  d i s -  

a b l i n g  one g e n e r a t o r  are cons idered  f i r s t ,  t hen  f a u l t s  a f f e c t i n g  bo th  

u n i t s .  Events  and c o n d i t i o n s  beyond t h e  problem boundary are  covered.  

A number of  sugges t ions  are  developed which should prove v a l u a b l e ,  n o t  

on ly  wi th  r ega rd  t o  system des ign  bu t  a l s o  t o  long-term system o p e r a t i o n .  

Comparison wi th  More Convent ional  Arrangements 

Appendix 5 of t h e  SRS r e p o r t  e s s a y s  a rough comparison between t h e  

r e l i a b i l i t i e s  of t h e  F o r t  S t .  Vrain engine-genera tor  system and of t h e  

more convent iona l  system proposed f o r  t h e  TVA Sequoyah p l a n t .  

t o  t h e  P re l imina ry  Sa fe ty  Analys is  Report  f o r  Sequoyah, t h e  l a t t e r  sys -  

t e m  has  t h r e e  independent  s ing le -eng ine  s ing le -gene ra to r  u n i t s ,  each 

capab le  of supp ly ing  one-half of t h e  t o t a l  emergency load .  

ca l  r e s u l t s  show t h e  systems t o  be  about  e q u i v a l e n t ,  a l though t h e  F o r t  

S t .  Vra in  s y s t e m  r e l i a b i l i t y  i s  much more ' s e n s i t i v e  t o  t h e  r e l i a b i l i t y  of 

t h e  speed governors .  U n r e l i a b l e  governors  ( i . e . ,  i n  bo th  c a s e s )  would 

According 

The t h e o r e t i -  

weight  t h e  comparison i n  f avor  of t h e  Sequoyah arrangement;  b u t  s i n c e  

t h i s  i s  a t h r e s h o l d  e f f e c t ,  t h e . c o n v e r s e  i s  n o t  t r u e .  
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CONCLUSIONS 

. The SRS s tudy  f u l f i l l e d  a l l  t h e  b a s i c  a n a l y s i s  requi rements  and ad- 

d r e s s e d  each of t h e  s p e c i f i c  r e q u e s t s  set f o r t h  i n  t h e  scope  l e t te r .  A 

c a r e f u l  r e a d i n g  of t h e  SRS r e p o r t  is  urged,  s i n c e  i t  b r i n g s  o u t  c l e a r l y  

by example how t h e o r e t i c a l  and p r a c t i c a l  c o n s i d e r a t i o n s  can be  combined 

t o  g a i n  r ea l i s t i c  r e l i a b i l i t y  i n s i g h t s .  I n  t h i s  r e s p e c t ,  t h e  r e p o r t  i s  

perhaps  more i n s t r u c t i v e  t h a n  most of t h e  c u r r e n t  l i t e r a t u r e  on t h e  sub- 

j e c t  (and a g r e a t  d e a l  more c o n c i s e ) .  The many eng inee r ing  i n t e r p r e t a -  

t i o n s  p laced  on t h e  components d a t a ,  t h e  model, and t h e  numer ica l  r e s u l t s  

a re  i n  welcome c o n t r a s t  t o  t h e  un re l i eved  s ta t i s t ics  o f t e n  a s s o c i a t e d  

w i t h  r e l i a b i l i t y  a n a l y s i s ;  a d e s i r a b l e  impress ion  i s  conveyed of  a me- 

t h o d i c a l  eng inee r ing  e v a l u a t i o n  w i t h  t h e  added p e r s p e c t i v e  of l o g i c  and 

p r o b a b i l i t y .  

The p r e s e n t  depth  of t h e  a n a l y s i s  seems adequate  t o  assess t h e  po- 

t e n t i a l  r e l i a b i l i t y  of  t h e  engine-genera tor  arrangement and t o  i d e n t i f y  

p o s s i b l e  system weaknesses.  It  a l s o  s u f f i c e s  t o  e x p l o i t  t h e  p r i n c i p a l  

r e l e v a n t  expe r i ence  d a t a  from t h e  UKAEA r e a c t o r s .  However, some f u r t h e r  

d e t a i l e d  review of c e r t a i n  system p a r t s  appea r s  d e s i r a b l e ;  t h i s  could  b e  

accomplished by t h e  d e s i g n e r s  and equipment manufac turers  more economi- 

c a l l y  than  by SRS, g iven  t h e  p r e s e n t  guidance of t h e  SRS r e p o r t .  

Several of t h e  t e c h n i c a l  p o i n t s  r a i s e d  i n  t h e  a n a l y s i s  p e r t a i n  t o  

tandem eng ine  o p e r a t i o n  i n  a g e n e r a l  way. 

t r a c t i n g  i n t e r e s t  f o r  o t h e r  r e a c t o r  p l a n t  a p p l i c a t i o n s ,  t h e s e  q u e s t i o n s  

have been r e f e r r e d  t o  t h e  engine  manufac turer  f o r  comment. 

S i n c e  t h a t  arrangement i s  a t -  

Other  i s s u e s  i n  t h e  r e p o r t  concerned t h e  r o l e  of t h e  emergency power 

supply  i n . t h e  o v e r a l l  p l a n t  p r o t e c t i o n  scheme. Although such matters a re  

beyond t h e  scope  of t h e  immediate s t u d y ,  i t  i s  hoped t h a t  t h e  HTGR S a f e t y  

Program and similar e f f o r t s  w i l l  d e f i n e  t h e  system requi rements  satis- 

f a c t o r i l y  i n  t h e  n e a r  f u t u r e .  
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O A K  RIDGE NATIONAL eA6ORATORY 
O P E R A T E D  B Y  

U N I O N  C A R B I D E  N U C L E A R  COMPANY 

POST O F F I C E  BOX Y 

OAK R I D G E ,  T E N N E S S E E  

December 13, 1971 

M r .  A.  E. Green, General Manager 
Systems Re l i ab i l i t y  Service 
United Kingdom Atomic Energy Authority 
Risley, Warrington, Lancashire 
England 

Subject: Request by Oak Ridge National Laboratory (Subscriber) f o r  
Re l i ab i l i t y  Analysis Service 

Dear M r .  Green: 

In h i s  recent l e t t e r  t o  you, Mr. D. W. Cardwell indicated tha t  we 
wish t o  submit a p i l o t  r e l i a b i l i t y  problem t o  the Systems Re l i ab i l i t y  
Service f o r  analysis. 
emergency e l e c t r i c  power supply f o r  the Fort S t .  Wain  gas-cooled reactor  
plant .  
describe t h e  problem i n  d e t a i l .  

The desired study concerns t h e  r e l i a b i l i t y  of t h e  

This l e t t e r  and t h e  accompanying material (under separate cover) 

The main purpose of t h e  exercise i s  t o  allow us t o  become familiar 

However, t h e  t r i a l  problem itself i s  an important one i n  
w i t h  SRS pract ice ,  e.g., i n  matters of problem approach and comunication 
with c l i e n t s .  
several  respects .  
reactor  emergency power supply safety requirement ( i n  the U.S.) t h a t  a 
s ingle  enginelsingle generator uni t  be capable of handling the la rges t  
t rans ien t  demands imposed by the  v i t a l  loads. 
required the reac tor  l i cense  applicant t o  j u s t i f y  the arrangement, t h a t  is, 
t o  show t h a t  it represents no s igni f icant  compromise r e l a t i v e  t o  t h e  
conventional scheme. This explains t h e  seemingly a rb i t r a ry  choice of 
problem system boundaries. 
v i a  numerical analysis i s  a s igni f icant  milestone; w e  hope it portends 
further adoption of such methods. 
substant ia te  the system r e l i a b i l i t y .  
test  program which we bel ieve does not adequately demonstrate a l l  of the 
features v i t a l  t o  system r e l i a b i l i t y  i n  degraded m o d e s  (e.g., one o r  two 
engines do not start). 

First, t h e  system represents a departure from t h e  usual 

The AEC i n  t h i s  case has 

The f a c t  t h a t  t h e  AEC des i res  t h e  j u s t i f i c a t i o n  

Finally, the AM: has requested tests t o  
The applicant has already proposed a 

O u r  i n t e re s t  i n  the t r i a l  problem extends considerably beyond the 
numerical r e su l t s .  In part icular ,  we wish t o  see whether, or t o  what extent, 
SRS reduces t h e  problem conclusions t o  engineering considerations.  
could take various forms such as qual i f ica t ions  on t h e  component data, 
recommendations regarding system improvement, p rac t i ca l  advice on component 
selection, e t c .  

These 
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Main components of t h e  system t o  be analyzed are outlined i n  Figures 
1 and 2, which a l s o  show the  boundaries of t he  numerical analysis problem. 
Additional d e t a i l s  are given i n  t h e  design drawings and l i t e r a t u r e  
descr ipt ive of t h e  ccmponents. 

W e  recognize t h a t  reasonable limits need t o  be chosen with regard t o  
extent of d e t a i l  that s h a l l  be considered i n  t h e  analysis .  Overall, we 
hope t o  remain within t h e  amount allowed by t h e  service subscription plus  
about $3000; as M r .  Cardwell's l e t t e r  pointed out, w e  would need t o  have 
an estimate of any ant ic ipated expenditure beyond $3000 i n  order t o  request 
a spec ia l  authorizat ion f o r  addi t ional  funds. 

I n  keeping with t h e  above, I have indicated i n  Figures 1 and 2 what 
I believe t o  be a m i n i m u m  l e v e l  of d e t a i l  f o r  a sa t i s fac tory  ana lys i s .  
That is, many "minor" components have been grouped as subsystems. The 
addi t ional  de ta i led  information provided may suggest areas  where some 
expansion i s  worthwhile; otherwise, t h i s  information w i l l  help you t o  gain 
a background knowledge of the  system. 

The problem system has a l l  components of U.S. manufacture. Nevertheless, 
we prefer  t h a t  you apply generic r e l i a b i l i t y  data fYom Syre l  f o r  cmparable 
components or subsystems; i f  Syrelmakes any d i s t inc t ion  by component or ig in  
or manufacturer, such refinement may be included and highlighted t o  us. 
We would l i k e  t o  have listed separately t h e  individual  component or sub- 
system r e l i a b i l i t y  values which are used i n  t h e  system ana lys is .  
of these  values w i l l  be predicated on reasonable t e s t  in te rva ls ,  which 
assumptions should then be indicated.  Equipment outside the  problem boundary 
s h a l l  be regarded as having perfect  r e l i a b i l i t y ,  i.e., R = 1.0. 

Some 

For t h e  formal analysis, r e l i a b i l i t y  i s  equated t o  mission success 
probabi l i ty .  The mission i s  defined: System starts automatically on 
demand and de l ivers  at  least I200 kw ( i .e ., 5 6  of t o t a l  combined nominal 
capacity) f o r  4 minutes thereaf te r .  

a) a l l  engines and generators 
or 

b)  
or  

c )  
or 

d) 

Allowed combinations include: 

engines 1 and 2 with generator A 

engines 3 and 4 with generator B 

generators A and B with one engine each at  f u l l  parer t o  dr ive  them 
and disabled engines disengaged from generators by automatic c lutch 
(FTO) actuation. 

W e  believe t h a t  a failure-mode-and-effects analysis  i n  great d e t a i l  
However, we hope that you w i l l  i s  beyond t h e  scope of t h e  present task.  

comment informally on t h e  system arrangement and engineering features, i n  
regard t o  r e l i a b i l i t y  as w e l l  as other  p rac t i ca l  engineering aspects .  
Additional comments on portions of t h e  s y s t e m  outside the  formal boundary 
would a l s o  be welcome, e.g., f u e l  storage and t ransfer ,  generator paral le l ing,  
engine secondary heat re ject ion,  e t c .  

-2 - 
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The t a rge t  r e l i a b i l i t y  f o r  t h e  system, i.e.,  f o r  portions within t h e  
problem boundary and according t o  t h e  mission success c r i t e r ion  defined 
above, i s  0.9999 f o r  each t r i a l  with 0.95 confidence. It i s  desired t o  
demonstrate t h i s  r e l i a b i l i t y  v i a  a sui table  test  regime. The procedure 
now being proposed consis ts  of repeated t r ia l s  of one unit, i.e., two 
engines with one generator, u n t i l  the  numbers of simple successes and 
f a i l u r e s  y i e ld  t h e  desired binominal success/failure r a t i o  and confidence. 
Even presuming the system i n i t i a l  defects t o  have been corrected before 
t h e  main test  i s  begun, t h e  procedure could require a large number of 
t r ia ls .  Moreover, t h e  t e s t s  tend t o  de-emphasize t h e  v i t a l  contribution 
of t h e  clutch disengaging function t o  the  system r e l i a b i l i t y .  

We f e e l  t h a t  it should be possible t o  devise a test procedure more 
effect ive than t h e  one proposed, perhaps v i a  separate demonstration of a 
few v i t a l  sybsystem r e l i a b i l i t i e s ,  e .g., engine, clutch, speed governor, 
generator, e t c .  But unfortunately w e  at ORM; have had no experience at  
combining r e l i a b i l i t y  data  f o r  several  components so as t o  carry the 
confidence concept i n t o  a system r e l i a b i l i t y  prediction. I n  requesting 
SRS t o  recommend a t e s t  procedure, we axe interested i n  finding whether 
any of your previous work bears on t h i s  matter of an acceptable test-by-parts.  

The t e s t  considerations thus far a r e  of an i n i t i a l  demonstration. 
We a r e  a lso interested i n  your views and/or recommendations regarding a 
long range test  program t o  assure continued system r e l i a b i l i t y .  

I n  view of the system commissioning schedule, it would be desirable 
t o  complete the  analysis  by about February 15, 1972. 

Feel f r e e  t o  contact me concerning any questions of system d e t a i l  or 
conduct of the analysis.  
exceed the  indicated l imit ,  please advise both Mr. Cardwell and me before 
proceeding; it would a l s o  be desirable at t h e  same time f o r  you t o  suggest 
ways of adjusting t h e  t a s k  t o  within the  l i m i t .  

If you ant ic ipate  t h a t  t h e  work outlined w i l l  

We are looking forward t o  your response on t h i s  p i l o t  problem. We 
a l s o  are i n  hopes t h a t  t he  present e f f o r t  w i l l  promote fur ther  use of and 
par t ic ipat ion i n  the  SRS program. 

PR: vcf 

Sincerely yours, 

fiW* 
Paul Rubel 
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This  repor t  conta ins  t h e  r e s u l t s  of an "in pr-incj.plc" assessment of the 

For t  S t  Vrain Emergency E l e c t r i c a l  Supply System \r?iich ha:; bcen c a r r i e d  out 

by t.hc: Systeins R e l i a b i l i t y  Service of the  United Kinidom Atomic Encrcy on 

b e h d f  of t h e  Oak Ri&e National Laboratory. 

The main conclusion i s  t h a t  the  system ha6 a success  probabi l i ty  of 

0.739 - 0.9997 t o  d e l i v e r  a t  least 59% of the  t o t a l  system capaci ty ,  on 

dcnmd, €or fou r  minutcc. 

The assessment c o n s i s t s  of n q u a l i t a t i v e  nud quant i t ik ivc  ciiginceriiig 

anulysis .  

The predominant itcm i n  the  o v e r a l l  reliab:i.lity, o f  t h e  s y s t e ~ ; ~  is shoan 

t o  b:: . the engine governor u c i t  which is a ComGli clcmcn'i bi.tIlccn t,wo c n c k ~ c s .  

Recon;:?endations e r c  made for  t e s t i l g .  xrangements with a vicw i-c ruls ta ' i t i ia t ing 

that the sys tcn  apprsac1ic.s the  ta rge t  r e l i a b i l i t y  f:i.purcs. 

Coiistructive commcnts a r c  a l s o  made regarding parts 0.f' til.? s y s t c : ~ ,  c8at:;:ide - 
the boundary of woric assessed,  which could affect the ovcrall syr ton  r e l i a b i l i i y  
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Method of I'k: 

1.3 

tbe l e t t e r  Paul. Kubel/A. E. Green dated 13 Dzccmber ?WI(') and from accor?pany-- 

ing dxnwi?il!e;s arid l i t e r a t u r e  ckcscribing various syotcrn components and t h c  system 

boundary(? Furthcr  informati.on w a s  reqvcsted by S.R.S. 'on system initic.,tfion 

and of i.ts s t s t : ' ! i l g  (or  dormant s t a t e )  and this was provided i n  a te lex  Paul I?.ubei/ 

E. A. F1Gt.e date6 2'? Ikceolber '1971(5) and whish enabled S.H.S. t o  b u i l d  Up ii 

f u r t h c r  understnri?in,e of t h e  systcm design and operation. 

I .4 

--- 
%'~IC b x i . c  d c t a i l s  of the  system design and opeyztion were obtained f r o ~  

The followi.ng proccdurc l i i l s  bcen adopted: 

a) Generic f a i l u r e  r a t c  da ta  fron! the SYmL Data Bank has bccn used fo: 

co!iiponcnts o . g .  conl:acts, rc loys ,  i n  start up and t rouble  c i r c u i t s .  
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f )  

Appendrix 4 arid i n  which the  impoi-i.::ncc of r c l i a b i l i t y  val iics fo r  

di.€fcrent p a r t s  of the sy,.;t;em h a s  been e;:amfiicd. 

takiiig in’nccount  t h c  above is di;c:issed 

The systern has. a l so  been se t  up f o r  t h e  NO!!’ED pro;rarri:;c as i n  

. The sgctcn! amxscixent, 

in S e c t l o n  4 idiich also di:+ 

3. 
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, 

starts on demand, and is reyuircd t o  run for  f o u r  i!iinutcs with :I rcl%abi.li.ty 

of 0.9799 and 95% coiifidence. The U.K.A.Z.A. wou:I.d only ascr ibe  L;II.CCCSS i n  

t h e  range 0.3 - 0.9 f o r  a -2 operat ion on a tim3:;cale which m 2 . L  be of 

t he  order  one t o  two rninutco. This item ic outEide the boundary 01 t h e  

present a n a l y s i s  but is drav~l t o  the a t t e n t i o n  of O.)?.N.L. f o r  furt!lei*- 

cons i d c r a t  ion. 

5.  
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6.  
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7. 
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Governor ttbloclc" f a i l u r e  rate 

Fractional. d e a d t i i x  (weckIy checks) 7 x 2 x IO-' 2 x IC-'? 

It I t  (iiionthly '1 ) 3 x ?Om2 8 x 8 x IOe2 

2j.e 3:: I ?,?l,rQwc 

3.9 Each diesel  cngirie !ias two associated a i r  motors any one of ~!k.cJi vi11 
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Gcncrator 

3.11 

and t h c s ~  give a value of 0 . 7  faul ts /yem. 

:;jrstcm, which is normally dormant, one would expcct n lowcr value for any un- 

revcnlcd fa:il.u.t:cs and f o r  these t o  Lc: assoc ia ted  with excitnt:io.r and o.tlicr con t ro l  

systcias. 

Avvailablc f a i l u r e  r a t e s  f o r  gener;rZors are assoc ia ted  with running, m i t o  

For t h c  generator on t h i s  ~ n r t i c u l a  

In’ t ho  absence cf a dc~bail.cd. inves t iga t ion  it 5.6 concidcrcd rc;:co:lnblc 
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F a i l u r e  Hntcs 

3.13 

t h a t  a.warning i f i  provided i f  the  c l u t c h  is not le f t .  i n  the  l lengqpdl l  s t a t c ,  

f\s.suming t h a t  the  cl.utch functioned satisfnc.L.ori.3.y at the l+t t e s t  n:?d 

then t h e  yrsobability of it not t r m o m i t t i x g  torque ;:t s ta r t -up  is considcrcd 

t o  be l e s s  than IO-" per dcmmd. 

in t h e  rU1,cdycis i n  view of t h e  b v  r a t e  cOr.ll.xWed with o thcr  C0mpO:lentS i7 t l ~ c  

sy st cm. 

T'1ii.n f a i l u r e  hat; not' bccn taken i n t o  account 

The du.ty requirement of thc  c l u t c h  relative t o  its c f f c c t  oil system r e l k -  

b i l i t y  i s  its c a p a b i l i t y  t o  opcn on demand. 

t o  open on demand is rcquired t o  be 1::iown. T h i s  probab3.lity of f a i l u r e ,  a?:; 

oil. i:; atlhiitted t o  t h e  ac tua t ing  meclia~~icr!~ is consj.ciercd t o  be 

cocsidernt, ioa has not been gjven t o  fur ther .  c i tb&mtiatc  t h i s  value s ince  t h o  

3Jl:I'l.gLlis i n  Scct ion 4 shows it t o  be not  ci-itic:~].. 

Ilcncc its probabi l i ty  of f a i l u r c  

Detai:l.cd 

/?..i.r l k ~ t o r s  

3.1': Thcsc u n i t c  a r e  not in contincous operat imi  but  only jli b t e r r n i t t e n t  use 

fol.'LovhT@ il demand. A f a u l t  rate pcr year  p"rameter may not therefore be the  

most a.p,propric*te. 

aid thi:; could bes t  be dcmonst ra tcd  by il te:.;t progi"ammo as discussed i n  Scc- 

For this cxerc isc  a f a i ~ . u r e  p r o b a ~ x i ~ . i t y  f o r  a n  air motor of n o t  g r e a t e r  than 3 0 ~ ~  

is conniricrcd r e a l i s t i c ,  based on l i r n i t c d  i~f'~?:::~:~kion and is 'chereiorc Ltsed. 

l_l_-.- 

The yarai!icter rcqu5red i c  t h c  probabi l i ty  of i d l u r e  per  ?.er:iB!id 

IO. 
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Simi lar ly  i n  tlis event of low l e v e l  i n  t h e  day tank requi r ing  operation of the  

fuc l  t ransfar .  punip and/or the  low l e v e l  alarm, then f a i l u r e  of e i t h e r  of these  

could r e s u l t  i n  l o s s  of both enginw.  This  is s o t  seen as a f a i l u r e  thich is 

l i k e l y  t o  i n h i b i t  s t s r t i ng  and running f o r  a s h o r t  per iod a d  the  probabi l i ty  

01 such f a i l u r e  due t o  this f a u l t  is considered EO'G g r e a t e r  than 10 

voulil thus have no s i g n i f i c a n t  e f f e c t  on t h e  overall system r e l i a b i l i t y .  

-4 . It 

However, if the  r e l . i r h i l i t y  OP t h e  engines t o  run f o r  a per iod of some hours 

v;:s of s a f e t y  s-ignificancc then tic would recomnend t h a t  the  r e l i a b i l i l y  of t h i s  

p u t  of the  i n s t a l l a t i o n ,  the  pump s t a r t i n g  arrangement::, low l e v e l  alarms and 

f u e l  checks by t h e  opera-tfor, be d l  examined in some d e t a i l .  

Gc:!eu.:~l Components 

3.16 

v i o w l y  ,s ta ted some havc been obtzjlicd from the SYREL datn bank but o ther  values  

Fa-i.lurc r a t e s  f o r  o ther  cystcm components are l i s t e d  i n  Table 1. ks pre- 

eq(;. t h a t  f o r  the  time dcl.ay r e l a y ,  are those derived from a. d c t a i l e d  assessment 

of i: s l e c i f i c  device in use on sg::tcir!s &ich re have examined. 

is .slio?;n in Fig. 3.  This shows esch jlidividuiL corcponent i r i  the start up c h a i m  

and ii:I.so in the  c lu tch  0pcnb-g c i r c u i t .  From t h i s  dinprmi aid u:;:'uig t h e  f x d t  

rate v a h c s  Listed i n  'l'ab1.e~ 1 and 2 the  prob?.bility of f a i l u r e  of t l i C  op2ratinp; 

c i r c u i t s  and of engine u n i t  t o  ,rtii~'t on demand is determined. 

\%;it11 m a l l  probabi l i ty  valuec; 

Th2 pi-obniii1.ity of f a i l u r e  t o  s;tnrt an eneirre on clemcmd 

11. 
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= Probabi l i ty  of fa i lurc-  of t h e  StartjIJg c i r c u i t  + probabi l i ty  of f.xilUre 

of t h e  air motor.., + probabi l i ty  of f a i l u r e  of actuzLor + probabi l i ty  of 

f a i l u r e  of cnginc. 

The probabi l i ty  of a system f a i l i n g  on dcixLid (i.e. due t o  unrevcnled 

f a d i s )  is the  f r a c t i o n  of the  t i n e  t h a t  it colild be i n  a € a i l e d  s t a t e  che t o  

such dsrnant f x l t s .  

Ihnce, probabi l i ty  of f a i l u r e  = 

- - 

where 0 = 

.,- = 

Xean f r a c t i o n a l  deadtime 

lir 
2 

f a u l t  r a t e  per year  

t e s t  interval i n  years  

The assumption is mndc t h a t  each engire  will be autor :a t ical ly  t e s t  s t a r t e d  

on a ~ x ? k l y  bzsis* 

. .  

. .  

!+am Tablc 2 a n d  F5.c 3(a) 

t!ie probabi l i ty  of i ‘x i lu re  cf the en$ne 

startine c i r c u i t  c ~ i c  t o  con>oirer.t f a u l t s  .- Lr = --- 0.016 
2 1G’I 

Prol iabi l i ty  of f a i l u r e  of the  s t c r t b g  air 

sol.cnoiii valve 

OT 
- 2  
- -  

PsoLaSility 01 f z i l u r e  of a s ingle  air 
= ,o-2 

m t o r  

12. 
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to r c s t o r e  the  systcm t o  its cor rec t  startinine s t a t e  C.Z. operat ion of t h e  rcoct  

switch and CS/C AUTO/ItAN Switch. 

i n d i c a t c  t h c  he:ilthy pos i t ion  but  a s i n g l e  contact  f a i l u r e  could still  i n h i b i t  

t h e  s t a - b i n g  c i r c u i t .  

t h i s  p a r t  of the  system is low it is an overall. rcconnended p r i n c i p l e  t h a t  thc 

number of ser ies  cornponents, events  and pre- requis i tes  i n  any i n i t i a t i n g  c i j c u i t  

be kept t o  a minimum. As an examplc we do not see t h e  v i r t u e  in having scrri-cs 

contac ts  i n  .the engine s t n r t i n g  cLrcui t  from t h c  Trouble Relrrys - c v m  thou;$i 

they are monitored. 

Clutch 0neyt1; C i r c u i t  

'+.5 

f a u l t ,  is dcpcndcnt on energis ing of t h e  IR r c l a y ,  which i t s e l f  j.,T dcpendent OI? 

t h e  SUCCCBG of tbc  whole of t h e  start-up circufit.  Thus i f  an engine start C?.j:- 

c u i t  f a i l c d  .the c lu tch  opening c i r c u i t  and overcrank timer c i r c u i t  would a l s o  

f a i l .  Thc i:rt;ui;lkflt f o r  t h i s  ari.alEcnlent could be t h a t  iii such ;ill e v x t  the 

cranking of t!ie o ther  engine would in fact crank born engines v i t i  still. ::oI::c 

chmce of s:iccessful s t a r t i n g  of bo th  machines and .hence n u l l i f y .  

quircment t o  disconnect the  clutch.  

Again i t  is notcd t h a t  tiiesc arc alarmed 'io 

Thus although t h e  calcu.lated f a i l u r e  probzbi l i ty  f o r  

It is 119Ccd t h n t  t.he c l u t c h  opcninine; c i r c u i t ,  Tor an engine i u i l u r e  t o  cti?.rI; 

Howcver i€ t h c  engine with the f & t y  

I ' t .  
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h.7 

o v c r n i l  f a i l u r c  probabi l i ty  equ:Lt-ioil contzii is  ;:. tcrrn f o r  a11 components :;'nom 

iri tlie diagrTs. From the  t r u t h  t a b l e  compil.cd f o r  the  tw3 corrplete mil-s, the 

overa l l  system f a i l i i r c  is rcpresented by s u m  0.T .Lhe p r o b a b i l i t i e s  of fa i l -ure  

f o r  S t a t c s  6 ,  8 and 9 and tlie equation is derived on P%c j of Appendix 3.  

Considcring a s i n g l e  s e t  only, i t  is secn,  a s  would be expected, that the  

,Shin- .  <,e .the f a i l u r e  probabi l i ty  values  derived for  rechidant  units (e.g. engines) 

2 a re  low ( i . c .  $ then it is considered reasonab1.c t o  ncglet  terms above p * 

I.laIcing illis assumption, therefore ,  t h e  o v e r a l l  p robzbi l i ty  of fa i l .ure  t o  

achicve 509: output on dcmand; 
- 
P = (p + ; 1 (4.; + p + p6) 5 6  7 5  - 

vhcrc p5 = probabili.ty of f a i l u r e  of a generator  
- 
p6 = 

p,? = 

probabi l i ty  of f a i l u r e  of a governor 

p1 = p2 = probabi l i ty  of f a i l u r e  of an engine to stari  (inchdin!; 
- - -  

t h e  s t a r t i n g  ci i 'cui t )  

4.8 Thc o v e r a l l  system r e l i a b i l i t y  is thus  a funct ion of tlic governor r e l i a b i l i t y  

a id  cngine r c l i a b i l i t y  and t h i s  c m  be undcrst.ood when it is r e a l i s e d  t h a t  f a i l u r e  

of a governor, \&lii.ch is conxon t o ,  and hence ai 'fccts, tvo  akssocintc(! cnqines, 

coupled with f a i l u r e  of a s i n g l e  cngine on t h e  o thcr  u n i t ,  r e s u l t s  5n s;?stem 

f xilure.  

Ll.9 

presents  t h c  probabi l i ty  of f a i l u r e  of a c lu tch  t o  open (inc!.ud.i.rig I l i c  /Lilitia:kir;~ 

cii-ciiit) is n o t  rcprczcnted in  the  i i n a l .  fornuln - licncc implying thzt i t  does 

n o t  ixfIiicncc thc  overall  r e l i a b i l i t y  value. T ' h i s  .is i n  f a c t  t h c  c ~ s e  f o r  low 

p r o l x b i l i t y  vnl.uc-s ( e . g . 9  IO-?) and wain t r i l l  bc understood vJ!icn it is realiscd 

t h a t  f o r  f a i l w c  of a s i n g l e  c lu tch  t , ~  r e s u l t  i n  overa l l  rys.tern fai3.urcl requui.rcz 

- - -  
It w i l l .  be obscrved t h a t  the  c lu tch  term 1)8 (whcre I )~  = p. = p, 5 t  a i d  re- 

it t o  bc ~ci!:.p:l.~ri v i t h  sln:illtmcous fxii luri .  of tl.io d i c s c l  cii 

obser\red f'i-nx t h e  Appendix, d i c r e  the syrnbol for  -;;he cl.utch fnj.l.urc probs1;ilit.y 

with a cube term e.{:. 4 p7 ps (-0.. + p ) clnd hence ncglccteu c:; 
- - -  - - 

' 9  6 
i~i:-;i..nif:iciai;; cc?ipwcd u i t h  squzre5 ' ica~s. 

15. 
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b)  1:r;ing a f a u l t  r a t c  of O.'7 f o r  t he  generator in s t cad  of 

0.07 v i t h  all otlierco:i&i.tions the  same, the rreau 

probabi l i ty  of fai1.urc i s  ca lcu la ted  t o  be 

Usjng the  upper fau1.t r a t c  of 2 f.zults/year f o r  t he  

gc~vcrnoi~ ins tead  of 0.7 fau l t s /year  with a l l  condi- 

5.59 :: 10-'+ 

c )  
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eiierciscd i f  a c lu tch  is open, 2nd that i t  has a conttict I n  t h c  !Pi?/W!: tyoublr ;  

r e l a y  cS.rcuit.. Hencc it is u s m 2 d  that t i lerc  w i l l  bc ixd icn t ion  if a c:Lu-Lc'r? 

is evor  l e f t  in t h e  open posi;;ion. 

19. 
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t h a t  they would. each close on t o  an indepcndcnt esscni;ia:l. hl~c-baf '9 i m d  remain. in- 

depcndellt i n  ope ra t ion .  

11, howcvcr, only one u n i t  ( i . e .  2 engines with 1 generuto-1.1 3.c ruccess fu l  

end c loses  on t o  i ts  busbar - how is  the  o t h m  bu~bai:  of t h c  U ~ G L I C C  

ruppl.ied - o r  again are the  10::ds I 'ully du~l . icn tcd .  

Alternat ively i f  a single cn;;hc of each gcndrator function:; - do they operate  

independently. on separate  bus-bars a i d  what detcrr:i<ii!eu t l i e  

be s t a r t e d .  It is s t a t e d  t h a t  opcrator  ac t ion  i r ,  nccc 

load.s, hut t h i s  could be i r r econc i l cab le  w i t h  t h c  early r c q u i w m n t  f o r  :;zx3?1;~.:11 

loads, i.e. d It inins a i d  i n  an cmercency wc would not nor~il;~.:l.ly cxpoc.i t o  re:!y on 

operator  ac t ion  i n  less t h a n  15 minutes. 

4.14 Su ing, it  is  dcsirablt? f o r  high rel.iabj.l.ity .i.h:& the  d i v u e l  ~ ( 2 1 7 ~  

*anits operatd indcpc$ndcntly, and V I 0  would no:; rccoiCrfl$n (1 crn to . - s :~ i ich i 'on i~ i i i~  , o r  

p a r a l l c l  o ; x ~ a t i o n ;  no r  would we coi?citler rmiiial startin[: of lendr: p c s ; ~ ~ ~ l - ~ l c  i r j  2 

s h o r t  t im sca le .  Iki:cc, v i t h  .the 171 e n t  dcsign, vz xsume t h z t  cacli u~i5.t i.:; 

10%; f o r  t h e  r eac to r ,  m d  that if each u n 5 t  only operatco a:l; 50;; c 

loads  a r e  IO*: duplicated on each cnscntial. hus ,  and opcratc  i n  r: 

au to - s t a t .  stand-by mode. 

20. 
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sccond a r e  those assoc ia ted  with t h e  p r a c t i c a l i t i e s  of t h e  corresponding t e s t  

proc c dure 6. 

I-- Thcorct ical  Arguments 

5.2 

trials of t h e  complete system under a l l  the  t r u c  condi t ions,  then t h i n  vou1.d 

t h c o r c t i c a l l y  be the  most d i r e c t  and real.isi5.c s o l u t i o n  t o  the problem. 

of thc  l a r g e  number of trials involved in such a t h e o r c t i c a l  approach it is l e g i -  

I f  it were poss ib le  t o  car ry  out ‘a l a r g e  number of r c a l i s t i c  and hdepenticnt 

Because 

t i in :~ te  t o  work with t h e  Poisson approximation t o  b-inomial sampling d is t r ibu t ion .  

,C)n t h i o  b a s i s ,  it would be necessary t o  car ry  out at leact 30,000 trials with no 

o v c r a l l  system f a i l u r e  i n  order  t o  begjli t o  s u b s t a n t i a t e  a probabi l i ty  of fa . i lure  

per  dcmr?nd OP IO-” at a 95% upper confidence leve l .  

t h e  t r ia l s  t h e  number of trials wou1.d r i se  t o  at l c a s t  47,000 with onc f a i l u r e ,  

t o  at l e a s t  63,000 with two f a i l u r e s  22id s o  on according t o  the  Poisson sampling 

di .s t r ibutfon law. It is almost certa-in, of course, t h a t  such an approach could 

never be adopted because of the  p r c c t i c a l  d i f f i c u l t i e s  of t h e  la@ numbcr or” 

triols involved and the  need t o  make each t r ia l  rcprcsenta t ive  of t h e  t r u e  cor?- 

If f a i l u r e s  occurred dui*ing 

dit5.ons. 

5.3 Since the cystcm is designed t o  achieve’ a high r e l i a b i l i t y  011 t h e  b&.:; of 

rcdunda-icy , the  w l i n b i l i t y  requirement f o r  each of the  redundxit ccaponents i n  

t h e  sys-tein is not  ac high as t h e  o v e r d l  system. The substnr?Liatioii of the  r e l i o -  

hilit:; f o r  czch of the ind iv idua l  cokponents may, thereforc ,  be easier i f  t h c  ovcr- 

all. system r e l i a b i l . i t y  can then be dedmed from t h i s  componcnt part r e l i a b i l i t y  

knoiilo+;e. If t h e  system l a  considered as a simple two-set refiiindant arrar,gcment 

then t l ic !  required mean probabi l i ty  of f a i l u r e  per  demand per i:ct is I O m 2  providcil 

t h a t  tl!c two ‘sets a r c  tru1.y redund.ant a n d  cornpletcly independeo-t. 

arci!mc:its t o  tho:;; i n  the  prcvious paragraphs, the  s ~ ~ b s t i ~ l l t i a t i o n  of tkc  fi.g..:Jre or 

Usinc ~jxi1.a.r 

L’ 

at n 957.; upper co!ifidcnce l c v e l  f o r  a s i n g l e  s c t  w o u l d  i-i.i:uire at hast  300 

sin:;l.e-set t r i c 3 . l ;  with no fail.ure, 4-7G trials v i t h  onc f n i l u r c  and so on. B u t  

21. 
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i f  .tli:i.s is done, the  questiou a-rj.sc;> as t o  .what confidcncc can now l ie  cmcriixd 

t o  t h -  cs t i imted  f igure  of 'IO-'+ f o r  thc  complete systcm. JLn example i:i:jy he1.p 

t o  X l u s t r a t c  the d i f f i c u l t i e s .  Supposo t h a t  the completc? q s t e n ,  1fici2.c up of 

two id.:?ii.Lical., indepeadent and rcduiida:t sets A and 13, hac been subjcctzc! t o  

4'70 trials. 

O C C U X J X ~  on s e t  13 but thecc two f a i l u r e s  vere not 'concurrent so that  -Llio complete 

sys ' ie i~ Liuffercd zero f a i l u r e s  in tha  470 trials. I f  the  evidcncc is t d x n  only 

from thi? t i ids  on s e t  A o r  o n l g  fro:n the trials on s e t  E ,  then e i t h e r  of t k s e  

rcm~l+:.:; yield:: ar. est imate  of 0.01 faillires pei- dcnand at the  y$ upper confidence 

1 eve:L, Illic correspondin(; qir;kem esti.ni,?:tc then  looks as though it should be 

(CJ.01)' = O.OuO1. If the  evid.cncc f o r  an ind.ividua.1 s e t  i n  taken f r o n  t.he corn- 

LLicL '  i h t a .  x x o c i a t e d  with 1~0th ~ e t c  A and B, then the t C s t  yie:Lds two f a i l u r e s  

i n  9':d s e t - t r i ~ l s  which g5.v~:~ a f igure  of about 0,OO'l f a i l u r e s  per dcmmd ai: 95$ 

conf!idclicc and  a corresponding estj.tmted syotern f i c u r e  of (O.OCr/)'- = O.OOOO!i9. 

Lhring these  triols, onc f a i l w e  occurred on se t  A and one i 'ai.lwc 

3 .  

r z q x w t ,  the  ind:ividuual e c t  performaiices a re  ignored and es t imates  

LLYC n:xh f ron  t h z  cvidence f o r  t h e  complete systcn:, then t h e  t e s t  shovs zero 

fu.i:l.i;ros -in 4'/d t r i a l s  o r  a system probabi l i ty  of f a i l u r e  of about 0.006 a t  a 

u;)~xr confidence leve l .  Tile tiirce system est:itii&x a r e  t o t a l l y  d i f f e r e x t  

ar.d ;:I; 5.z abviou;;, even in  t h i s  si1nl1l.c example that combin.ing CStirxiteS associ-  

a ted  vit.11 ccmfid-nce l e v e l s  is 117 no ix;-ins strai&t€orwarci. It can bc resolved 

p le  j u s t  quoted, brit i f  thc  nuiribcr of tria1.s a l te rs ,  t h e  number 

r the  system configurat ion a l t c i s  then so  dacs t h e  r e l a t i o n s h i p  

bctil::en .LIic? corilideiice es tknatcs .  P . s  f a r  as the S!6 is awxe, t h e r e  is no simp1.c 

s o l u t i o n  o r ,  i n  come cases ,  no so lu t ion  at present avai lab le  at all, t o  the gerreric 

r J r 0 h I . C  Ii! 

5.4 

rciiunc'lznt :;ystc?riii: hzve been t o :  

The a_oproachics so f a r  adopted by S'G i n  conncction with t h i s  prcblcrn in 

a.) 

the t e s t s  o:i the individual  el.eni~:ii.:, ; 

cinpiric:;:~ly incrca:;e t h e  rc:iiii:red co:: 

22.. 
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b )  continue t h e  tests on the  ind iv idua l  eleincnts u n t i l  t h e  sample s i z e  

I 

of t h e  f a i l u r e s  reaches at least 20, o r  

c )  

and then make est imates  based upon a l l  t h e  avail-able information. 

t o  test t h e  complete system, monitoring ail. t h e  ind iv idua l  elernents, 

It is f e l t  t h a t  some combination of these  approaches, p a r t i c u l a r l y  with the  in- 

c lus ion  of approach ( c ) ,  is t o  be preferred.  This  is commentcd upon f u r t h c r  i n  

t h e  next sect ion.  

, P r a c t i c a l  Approaches 

5.5 

even at t h e  component l e v e l  of a redundant system, may be of t h e  order of several  

thousand. in order t o  s u b s t a n t i a t e  a system r e l i a b i l i t y  c r i t e r i o n  of 0.9999. 

I,!evcrtheless, t h i s  is only a de ter ren t  i f  a ‘ddefinitc cubstmt, ia t ion is reqvircd 

i n  a shor t  per iod of time from some s p e c i a l  t e s t  progrmmes. 51% f ee l ,  in this 

type of s i t u a t i o n ,  t h a t  r e l i a b i l i t y  subs tan t ia t ion  is a growth process which 

should start from tests on units leavine; t h e  production l i n e ,  proceed through 

It has been seen in the  previous s e c t i o n  t h a t  the number of trials needed, 

organised t e s t s  of the  system during commissioning and ear ly  r e a c t o r  operatiticn 

and continue throughout t h e  r c a c t o r  l i f e  Prom t h e  accurate  ‘and systcmatic  recording 

of f a u l t  data. 

at  lover  confience and become f i rmer  at highcr  confidencc l e v e l s  as the,systcm 

proceeds through its l i f e .  This, in any case,  is probnbly what is required,  It 

is presunied, f o r  infitance, t h a t  the  system re15abi l i ty  c r i t e r i o n  of O.gCj99 j.2; not 

required during system or reac tor  e r e c t i o n  and coemicsioning. Also, during t h e  

f i r s t  phase of reoc tor  operat ion,  t h e  requirement nay not need t o  bc as hi$i as 

0.9999 s ince  the  consequences of f a i l u r e ,  based oil such th ings  as f i s s i o n  product 

inventory, may not be 2s severe. In  addi t ion ,  a l o w r  subs tan t ia ted  rel isbi3. i ty  

in t h e  early years  of rcac tor  operation m a y  be capzble of b e h g  balanced .3@nst 

a higher  zubstrmtiatxd value chrjxg t h e  latter years of operation. 

In  t h i s  way, t h e  r e l i a b i l i t y  es t imates  start v-ith t e n t a t i v e  valucs 

I f  the abovc ph-ilosophy is complemented with procedures f o r  r igorously 

recordins  .and mna!ysir:g a l l  a r a i l n b l e  information clui-ing each operct ion phxie 

then the case m y  be denonstrated in a s z t i s f a c t o r y ,  but progressive,  i s h i o n .  
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t" *he 

I f  at E!ny s t a t e  o r  at  m y  time, t h e  analyses G ~ O V  t h a t  t h e  cur ren t  r c l i x b i l i t y  

c r i t e r i o n  is not  bein: met thcn e x t r a  t e s t s  o r  d i f f e r o n t  opera t iona l  procedurqs 

can Le i.rsplernentcjd ~ ~ n t i l  the  :;it,uation i s  r e c t i f i e d .  

5.6 

t i o n  should be cont inual ly  co d with t h e  o r i & a l  t h e o r e t i c a l  r e l i a b i l i t y  ma- 

l.ysio of t h c  systcm. ,The pix 1 and t h c o r o t i c j l  approaches should be uscc! t o  

maximum advantage dur ing  a l l  pl?rir;es by c r o s s - f e r t i l i s a t i o n  of t h e  r e s u l t s  of: the: 

idca  i s  t o  use planned fm1.t record-ing arid a n a l y s i . ~  as a r s l i z b 5 1 i t y  non i to r .  

I 

T'hc other importunt f a c t o r  is t h a t  t h e  p r a c t i c a l  t e s t s  and rccordirig of informs- 

t.vo approaches . 
5.7 It i.s not possibl.e, in t l i : ' ~ ~  shor t  sulvey, t o  voik olir nny detai.ied irr?p:!c- 

rwntati.on c?f , t h e  approaches cenei-ally sug@cstecl above, but the  fo l  lowing guide 

l i m o  co!nc immediately t o  mirjd: 

a) F'rom the  t h ~ o r e t i c a l .  aric 

mC&c t h e  most s i , ~ n i f i c a n t  coc t r ibu t ion  towards :jgntcm unre l izb j - l i tyo  

cou?-d be, f o r  instance,  t h e  r&kbi l j . ty  cf the governor mirid 'die 1.CiiLilJ 

of an engine s t e r t h g  or1 de;.i:ind. 

b) 

at t h e  nanufactui:er's works. 

numbci: of t1.i.d engine s t a r t z  U I I C I . ~ ~ ~  s p e c i f i e d  m d  ccl:t?:olled conditior?s. 

condi t ions \.iould me<? t o  be c a r e f u l l y  si>c.ci.fi.ed sl?d m y  c l e n m t  of accc2.eretcd 

testinc; :.onid 112::d t o  be c: 

rx&:c:j, so it  is possible  t h a t  one hundred 01- so rr:gine stux-tu could bc 

examined aC t h i s  s tage.  Providcd t h a t  fa:i.lures V;BI'C rev: o r  non-ex5stcnt, 

t h j s  uould givc an i n i t i a l  r e l i a b i l i t y  esti~ccitc of :;Lout 1' in 25 €ai. lures 

per  dwicnd a t  356 confic!cncc. 

w i l l  be contjr1uc1.l.ly energlsed,  t h e  probabi l i ty  o f  f:Lll!rc p..i- dcmruld caji be 

cvaI.u::.tcd from tiic rnem t im t o  fai1.u-c ( : , : . to tefe)  and t1:e p e r i o d i c i t y  of 

te:;tizg ciecided upon f o r  t h e  instci l la t ion.  

.is, c!zoose t h e  itcrris of the  sy:i';ern which 

Yiiesc 

For t h e  i t c i x  se lcc tcd  in (a), plm tl p r e - i n s t a l l a t i o n  t,est program? 

For the cr?gj.nes, t h i s  could. invo1.ve a spccifj.ed 

The 

For itenis l i k e  the {;o:'ernor, i h i c h  i n  prackice 

Vlitli a vee!<ly tr;-.'i r o u t i ~ ~ e ,  tiit 

cd R2.t.t.f. 3.s e;ojnC to be of thc  cnrder of 23,093 j;,~~rs. Ten ~~I,~:I.JI.:):. 

2'1.. 
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u n i t s  on t e s t  f o r  about th ree  nionths withou,t f a i l u r e  would e s t a b l i s h  an 

est imate  of about 7,000 hours m.t.t.f. with 957; confidence. 

c )  

operat ion,  t e s t  the  complete system comprehensively a t  t h e  time i n t e r v a l s  

t h a t  vil.1 be dopted during operat ion,  f o r  instance,  once per  week. The 

t c s t n  ~ ;houl .d  exact ly  simulate i> rcnl. demand s i t u a t i o n  aid every itcm of 

the syotccl [ihould be monitored rmcl t h e i r  faul-ti; recorded, even i f  t1;e:;a 

fa11.1.t~ do not lead  t o  corcplete system f a i l a r c .  

being t o  continue t h e  t e s t  prweciures on tlic pc~~:t:i of t h e  system and a!so t o  

bcgin tcr,l;s on the complete system. 

s t c p  in subs tan t ia t ing  t h e  systcm’s freedom from any coirnion f a u l t  modes 

From t h e  s i te  i n s t a l l a t i o n  of t h e  sys’tc:i: up t o  commencemcnt o f  r e a c t o r  

, 

The iiiI;en-iion, a t  this s t q c ,  

Thic l a t te r  is important as a f i r s t  

whicli could well be the  prcdombiant jnflunnce 0’1 ovcrull. .system reliab?.l.it:y. 

If t h i s  conmissi.oning procedure involving the  conip3.cte r;ys;-tca las ts  f o r ,  s a y ,  

a year ,  t h m  t h e r e  vi.11 !lave been &out a f u i t h e r  200 tq~t  s t r a t s  of ‘Isdi- 

vidual  c n g h c s  a i d  a fur ther  20,dOO hours of governor l * G 1 1 i i i i i g  timco. \/it11 

complete succcsses on a l l  occrisions the  engine r e l i a b i l i t y  es t imatc  could 

now s t a d ’ a t  about 1 in 100 f a i l u r e s -  per dmrind at 33: confideccc and the 

govcmor 1n.L. t . f .  at a b o u t  13,000 hours at t h e  same collfidcilce level.. A t  

the coc!plctc system le-rel, howevcr, t h e  d i r e c t  t e s t  infor imtion tK.1 on1.y 

y i c l d  tin es t imate  of about 1 in 20 f a i l u r e s  pcr cicmand at 95:$ confidecce. 

Ilcnce , t h c  zubstant ia t ior i  of systcm freedom / f r o n  common iaultr; w i l l  have t o  

dcpcnd heavi ly ,  at t h i o  s tage ,  on the  r e s u l t s  of the  cng.i.nccring q ~ p ~ - a : k d  

and t h e o r e t i c a l  n n a l g s i s  of t h e  system. 

d) 

t i o n .  KiLh5.n one ycm’, howcvci”, i f  tiic prcv<.o~sl.y .c;q : has 

k e n  foll.o~x:d, ’ there  should t ~ e  enough det.a av:iilabl.c t o  ,?.i.l:bstmtii‘te the re -  

yuircd rcl . iahi l i t i .es  for t h e  system compoiients such as tiye cngincr; ;md gover,. 

1101’s. 

noxx bc coming t o  l i g h t .  

Continue the  te;:ix dn:.:csibcd wider ( c  during thc  ycays of r e a c t c ~ i .  opera- 

I.lso, any ind ica t ions  of the  systcni’r; proneness ’io common I n i l l L s  niiiy 

Direct subctai i t int ion i n  this ::rea. v i11  iicvcr be 

25. 



possiblc  and the  case irri1.1 have t o  res t  o:i a conhirintioii of t e s t  re.wH;s, 

t h e o r e t i c a l  and cngirxcr ing ana lys i s  and s;'Li.ict ndicrcnce t o  appiopr.:'!.~te 

operat ional  and mainteii;mce procedures. 

Conclusioris 

5.8 

F J J I ~  p r x t i c a l  d i f € i c u l t i c s  bu t  it apperu.r; p e r l c c t l y  f c a s i b l c  t o  subs tmk 

r c l i a b i ~ . i t ~ c , ~  of: the or& of: those rcyuired f a :  corm of the main a i d  iml,ortatit 

co:npon?nts of the  system. 

nay, with c x c  m d  appropriate  cafe@inrds, he u:md t o  dcinon:;.::ratc a rcasonabl e C ~ S P  

f o r  overa1.l. q ~ ; t c i $  re l i r ibi l . i ty  . 
t h c  cliancc of t l i c ~ c  occurring c m  be niinimised bjr r igorous &sign a p p r a i s a l s  and 

by iiitiinta.inin3 tilroughout t h e  system life approprictc  opera t iona l  procedures. 

All t c o t s  on which information is based shoul.6. .zi.na!nte t r u e  cocdi t ions  and c a r y  

appropriate  sa€cguai.ds €or not leaving tlic syslm! in a f a i l e d  s t a t e .  

number of r e a l i d t i c  t e s t x  arc! considered more wcrt11~11ile than n LarGcr numbcr of 

u n r e a l i s t i c  o r  w x e l c r a t e d  t e s t s .  The compl.cte cill;e f o r  subc tan t ia t ion ,  at any 

s t a t c  , ::liould p:wfforobly Lc h'med on a coi1:bination of L e s t  r e s u l t s ,  enginecrj.ng 

a p p r x k n l  I opcrxl j.ona1 procedurec and t h e o r e t i c a l  m;dysis. 

The subo.t..antiati.on of o v e r a l l  systcm reli.a.bil.ity invo3.ves c e r t a i n  .t!icoretic:al 

The r c l i a b i l i t y  i n f o r m t i o n  dmj.vcd f o r  su.ch coaponcnts 

System coininon f m l t s  w i l l  be the m a i n  probl.em but  

A s13aI.l.er 

26. 
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. 
a )  

m y  two of one machine can dr ive both engines and the gcncra.tor a d  thus 

three  would require  t o  f a i l  before the unit would f a i l  to be criml:-c.cl. HOVJ- 

ever  rcdundmcy argnnicnts a r c  .only v a l i d  provided cach motor is hiiependeiit  

Ln 2-11 reepccts. Since it is assumed t h a t  ezch motor of one engine will be 

A1thour;h there  a r c  two s t a r t i n g  air. motors per engine it is l’o-sible t h a t  

operating Oil t h e  simc f1ywhec:L s t a r t e r  r i n g  then jmming of one s t a r t e r  

pinion could cause failure of both motors and indeed of a ccnpl.c!tc un i t .  

One could rcasocably assume the probabi l i ty  of such a fault ( L e .  s t a r t e r  

pin5.on jamming) t o  be not grex tcr  t h a n  IO-’+ per demand m d  hence f o r  4. motors 

thc  probnbi.1ity of fx i lu re  of a u n i t  due t o  t h i s  type of f a u l t  wou1.d be 

4 x 1 0  

tq r i e : m t i  of t h e  salic stortin:; c i r c u i t .  

c u i t  is moi:itored fo r  dormant € m i l t s  bu t  the  need for t h i s  c i i -c l i l t  t o  be 

kept t o  R tnini.mum i n  terms of n:.ir;iher of contac ts  and relciys 5.c a 

s:i.r;cd. 

b)  The e f f e c t  of t;ic co!nmon incjdc I‘ault on a governor is already rcvecil.ed i n  

the a n a l y s i s  and in  Sect ion 3.  

c )  It is noted t h a t  the 125V d.c. supplies  f o r  t h e  c o n t r o l  c i r c u i t s  f o r  bot11 

-4 . ,It is a l s o  noted the  t v m  air motors f o r  ezch enp;inc aye :‘iii.tinted 

As previowly  s t a t e d  503: of t.hc c i r -  

engines IC arid I D  arc- taken from t i e  same d i s t r i b u t i o n  panel 13. ii f a u l t  ix 

t h i s  supply thus  represents a fa i i l t  mode Cositi>ol1 t o  both machincs. This cotcm:Ii 

f a u l t  frequency will obviously dcpe~id on the redmdaicy a d  d.ivcrsity emplogcd 

ir. t h e  suppl ies  t o  t h e  d..c. d i s t r i b u t i o n  p n e l  imd from the  pruiel to the  machi;::- 

cont ro l  pm.sl:i. 

c a l l y  scgrcgnted. 

d)  

\.le b ~ o i i l d  c ~ p e c t  thcse  suppl ies  t o  be plJysical ly  <md e l c c t r i -  

Any 1.0cd. cont ro l  panels f o r  each gcner;:tor, housing such ouxil.izric,? ~1.s 

contra1 r e l a y s ,  exc i ta t ion  and  A.V.R. cont ro ls ,  should be i n s t a l l e d  OY ]:YO- 

t c c t e d  so t lmt  they ‘are not exposcd t o  dx:age due t o  a f a u l t  i n  a sixele 

engine, e.(;. fracturcd C.!4. o r  f u e l  pipe o r  mi:chancinl disrup7tio:i. 

2!?. 



54 

c )  Opera.trtor ac t ions  - t h e  opcrator always r cp resen t s  a comiiron clement in 

.my p lax t  and whils t  operator error probab i l i t y  may bc low, nevertheless ,  

orders of 10-2 t o  

s i t ua t ion -  can be quoted. 

e f r e c t  shou ld  as f a -  :IC; possiblc  be d e s i p e d  out .  

for nornial operat ions and as his11 ZY 16' in crnergency 

Therefore operator  ac t ions  which can have a multj.jj:Lc- 

\!e h a w  already exainined 

such cvents  as opcrator  € a i l u r e  t o  operate  th'e r e s e t  w i t c h ,  f a i l u r e  t o  s e t  

t h e  C S I C  switch t o  AUTO or fai.I.~i?c t o  ensure tlic c lu t ch  is closed and i t  is 

noted t h a t  tllese a r e  tuonitored in the "ReaQ t o  S t a t "  . indication c i r c u i t s .  

Other possib:le areas for  opcrator e r ro r  would r equ i r e  s~ore time and a de ta i l ed  

kno~le@;e o€ systcm opomtion and geographical leiyout. 

t h e  nced f o r  ('pod prescritation of i cd ica t ion  m d  alarns t o  t h e  operator and 

t h c  need Tor h i s  remcdy'ine alarm f a u l t s  ir:irrcdiately rather than i g n o r b x  them, 

perhaps because. o f  cont inual  spu r ious  s i g a l , ~ ,  o r  1eavLrq t.heiii for subsequent 

1Iowever t h i s  shows 

a t  t e n t  j.on . 
lilicrcc:~ poi-a 6.1 discusses  6.2 coaxon mode €anlt:; affectinc one uni t ,  there are 

a nu:nber o f  other items o r  cvents which could l c n d  t o  a systcmatic f a i l u r c  of the  

whole system. Thcse are discussed below: 

a) L+yout 

( i )  

a w a l l  v : i t h  communj-cating doors. 

s i d e  of the syst.em it is necessary t o  bc Fat isf ice .  t h a t  tile mils ~ n d  

doors hsve the  neccssary b l a s t  and f i r c  p . ~ o €  s.tandxd:; e.K. it voul d be 

expcctcci t h a t  t he  communicating doors are norriiaily bo?.ted o r  Ir,.tched, 

Both generator  u n i t s  arc located i n  the  same building scpmateci by 

If a i i r c  G r  e ~ p l ~ ~ ~ i . ~ i i  starts i n  e i t h e r  

t h a t  02. sills have becii provided e tc .  S.R.L. carnot  ;judge fyon Drg. lio. 

?,ilG9 - 15 whcthcr the  necessary star.dzrls liave bccn nchicvcd, but it is 

28. 
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( i i )  The d i e s e l  installati.onDco?lld be doinaged by miss i les ,  f o r  e x a q l c  

, from thi? d i s i n t e g r a t i o n  of a main turbo-al tornator .  The walls around t h c  

i n s t a l l a t i o n  appear .to be reasonably t h i c k  (about 1 foot ) .  It would be 

necessxry f o r  a judgement t o  be made of t h e  problem talting i n t o  account 

t h e  layout  of t h e  d i e s e l n . r e l a t i v e  t o  the  turb ine ,  Example g ( c ) ,  i n  

Appendix 2 i l l u s t r a t e s ,  f o r  t h c  assumptjons made, t h a t  0.9 - .99 r e l i a b i -  

l iLy rrotild be required f o r  t h i s  aspect. 

-. 

( i i i )  l€ t h e r e  is a los s  of pressure accident on t h e  r e a c t o r  then the  

diesel. system can be i n h i b i t e d  by r e a c t o r  gas (o r  i n j e c t e d  ni t rogen)  

blanketing the  a i r  breathing syctem f o r  the  eneincs. This  w i l l  be 

dependent on the  layout of t h e  d i e s e l  house r e l a t i v e -  t o  t h e  reac tor .  

This  would need t o . b e  examined. 

fo r  tlic assumptions made, tha.t t h e  r e l i a b i l i t y  required f o r  l o s s  of air 

brcath-inp, needs t o  be 0.99. 

Example 3(b)  i n  Appendix 2 indicates, 

b) Other Common Mode Yau l t s  

(i) 

t h e  information provided whether t h e  cooling \ ra ter  supply is d i v e r s i f i e d  

o r  coninon t o  a l l  fou r  engines. This would necd t o  be cxm5~ied. In  any 

event t h e  p o s s i b i l i t y  a r i s e s  i n  c i t h e r  ca,m the  coolin:; water supplies 

could be a f f e c t e d  by freezing condi t lonc,  Checks vo!iLd be rcquircd t o  

ensure i h a t  pipes  a r e  adequately protectcd qjaino’c freezing condi t ions 

Each engine has  a . s e p a r a t e  hea t  cxcI io l ipr . lu t  9 . t  is not c l c a r  from 

and an operatiorinl monitoring might be indicn’icd 5.n .very cold wcathcr. 

(:ill I n  a s i m i l n r  manner t o  b ( i )  a l l  engincs could be affected i f  thc 

in takcs  ‘and exhausts became blockcd with frozen snow, 

t h a t  th.c design o€ int;L:Ce and cmlinustc havc been dcccigned w i t h  t h i s  

possib:il..ity i.n mind ,and t h a t  opcra t iona l  checks would bc c a r r j  ed out  

i n  bad writher conditions. 

It is .assumed 

( i i i )  Ynt. system could be inh ib i tnd  i f  t h e  \iron@ f u e l  Se suppl icd.  It 

is noted t lmt  on GrG. KO. ~1-92 tiiat t G r o  is only om main f u e l  ta* 
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a 
f o r  t h e  systcm. 

d i f f e r e n t  day t a n k s ,  and which verc a l m y s  fi:Llcd by d i f f e r e n t  suj:Fly 

t a k e r s .  

t h e  a u x i l i a r y  b o i l e r  (choe~n on 1'1-32 as a back up).  

It uould a l s o  be expected t h a t  each dcl ivery of o i l  is checked by t h c  

s t a t i o n  chemist. 

It would be prci'cra.ble 5.f "i!ierc wcrc two .tXJis i 'ceLkg 

This p r i n c i p l e  m k h t  bc achleved b~ using t h e  o i l  supply irolil 

( i v )  Docs the o i l  supply rcqui rc  heat ing i n  loti temperaturc conditi.ons'? 

I f  s o  t h e  i n t e g r i t y  of t h e  heat ing system would need t o  bc em.rnincc;. 

(v)  

c a t i n g  o i l  is used. 

03.1 changes are made. 

t o  ot;yq:cr. engine o i l  changes as a second. prccautioii. 

A l l  engincs could be s i n ~ u l . t a n c o u ~ ~ ~ y  of fcc ted  i f  incoxi.cct l u b r i -  

It is acsun:cd t h a t  supervisory checks a r c  mark >&en 

In  a.ddition it. would be considcred good p r a c t i c e  

7. G;;WRAL DISCTJSSIOX 

7.1 

rcliabi:l.i.-tg f o r  success  of O.999cj at thc  .95 confidencc leve l .  Sucbcss is defined 

M the 2ol:ivcry on dzmmd of at  IcLst  5%; of t!:e t o t d  system povtcr and f o r  r; t ime  

of f o u r  Isiinuics. 

The lattcr pr3:int shoiild reccivc f u r t h e r  comidcra t ion  siiicd it dooc not ap:?ic:r 

t o  be cor1s:ir;tcnt 1;Ath t h e  0.9999 standard i.c. it is sixgcctcd tlinl: ~ i a i u a l  cmi- 

n e c t i n n  o:i' cn:rrger,cy loads on a shor t  tiriicscalc 5.s of 0.3 - 0.9 C t i m d a r d .  

7.2 

i n  t h c  rmp;e 0.993 - O.?9?9 and t h a t  t h e  pra6o:::lnant i.-tems are thc  cngiiico a d  

'1'11~ Fort  ~t Vrain Emergency ' h . e c t r i c a l  s U ? T J l y  system ~ ias  a s p e c i f i e d  t n r Z e t  

The connect ion-of  major emrCcncy I.oads is s a i d  t o  ?IC n?n?lual. 

The x t n l y s i s  (Scctioil 4 )  has s h o m  t h a t  t h e  systcm success  prG 'khi l i ty  I.-ics 



57 

7.4 

it rcprc:;e:its a common mode f a i l u r e  t o  two en&.:ie:; ( s c c  Sectian 3 ) .  

ef fec t ,  i.nstead of four  iiidcpcndent engi.nea whose Yiii.l.urc p robabi l i ty  is 'i p-', 

t he re  az'c oidy two engines whosc f a i l u r e  probnbili.Ly i:; of p? order ,  s ince ,  

wiith - t l ~  nssuinptions used f o r  the  !loodvJard GOVC~~IOI ' ,  il; has  a ci.rnil.ar f a i lu re  

r a t e  t o  t fmt  OP a s5.ngle engine. 

7.5 The imyiort;ince of wee1:l.y t e s t i n g  of t he  system, i n  order  t o  a.pproach the 

t a r g e t  r c l i a h i l i t y ,  is demonstrated in Scctio$ 4.10. It ?~:lill be not iced  that 

the  systcin f n i l u r e  probabi l i ty  is 2.53 x 

wee1tl.y t e s t h e  comprxed t o  a f a i l u r e  probabili . ty of 2 x 

Thc reason f o r  the  predominance of t h e  Wood\. d Governor System is t h a t  

T h m  3 x 1  
, 

f o r  tlie 9t..;tt.Jlrlard" c m e  with 

for the sane case 

but v i i t ) ~  nionthly tentiiig. 

7.6 

tcsLLiig is not r ea l ly  feas ib le .  

chould px.efcmb1.y be based on D combination of tests r e s u l t s ,  cngincering a p p r a i s a l ,  

Section 5 argues t h a t  coinplete substarrt iation oi t h e  systciii by pri.oper;>l:j oni i l  

It is Guggcstcd thnt substmti.;xiion, '  at m y  :;-tage, 

operat ional  procedures and theoretj .cal  analysis. 

7.7 

es t ab l i sh  t h o  "fai.lure" rate o€ the equipicent is l i k e l y  t o  g ive  tlie grcate;cL;'i 

dividend; t h i s  should preferab ly  be done' wi:l;h a few un i t s .  In addition morc 

s p e c i f i c  :'Lijfor;natioii might be obtr.ined fi-oi? l'lcssrs Voodward. b.dditionolly a 

I n  vicw of l;hc iiiiportance of the  Eovernor systcm, preopera'iicrial tcsti.nE to 

ti:orc dctai:Lcd anal.yriis of the governor :;ys.Lcm inay be undertaken. The figui-co 

used in the  maly:;is, 0.2 t o  2 f a i l u r e s  i i ." . ,  c c  generic figui-cs €or  sini.l.;.;i. 

c1.cctron:i.c cquipx-nt ,  and hn-vc no t  been =-rived a t  by a specif5.c crialyais 01 

thc Voodvnrd (ioverr~ore 
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7.7 

fLL is importnnt t h a t  the  c lu tch  be in t h e  ltenp;a(;.edll pos i t ion  i n  thc  dol:.r:~mt o r  

ctnv.i; ing s ta te .  

‘i’he posi t ion of alarms f o r  these a3d s i m i l a r  items and cfepcnclence on .the operAor  

form par t  o€ the  start up r e l i a b i l i t y  which have not bccn quant i f ied.  wou1.d 

however be recornmended t h a t  the alarm annuncj.a:l;orc’ be located at‘ a contitWously 

manned posi t ion.  

7.10 

Although the  r e l i a b i l i t y  of dccl-utchjnc. h x  been shown t o  be niriirfial (’7.3) 

The smie appli.cs Lo t h e  yrosi’iion of the  remote - l n ; ~ n u a l .  s w i k h .  

Although weekly t e s t i n g  is s:uy;:Tected (7.5) t h i s  can br ing its OWI rlanEE+r<j. 

For example, frequent t e s t i n g  of tlic c lu tch  givivcs a g r e a t e r  chance of operator  

error in leaving the  c lu tch  di.sengi.;ed. 

portaiice o f  declutching (7.3) molitl11.y o r  even longer  t e s t  intervals are inci.i.cated 

f o r  the clutch.  

7.11 

Therefore in view of t h e  mkimal i ~ i +  

. 
Common mode f a u l t s  have been discussed in Sectj-on 6. Attentior. is drzvn 

:in p a r t i c u l a r  t o  the  sin[slc f u e l  tank which suppl ies  f u e l  o i l  to t h e  complete 

syr tex.  

supply f o r  one ha l f  of the  ~jystcm a i d  t h a t  t h i s  and t h e  d iese l  system tar& are 

f i l l e d  by d i f f e r e n t  t m k c r  de l iver ies .  

It is euggested. t h n t  t h h  can be irriproved by use of thc  xdxi3.3.,~1y bc,il.er 

Further  inves t iga t ion  should nlko be 

given t o  t h e  i n t e g r i t y  aid r e l i a b i l i t y  of t h e  f u e l  supply arrangeroen’is t o  each 

pai.18 of engines (para. 3.15). 

7;Iz 

and system components a r e  ava i lab le  at  t h e  tine of a demaud <.e .  during r e a c t o r  

powcr operation. Eowcvcr, it can bc shorn t h a t  fo r  p lanncd  outage o€ s.y, O n e  

engine w x k  per year ,  t1:e mean prob:!bility of fa-ilure over the  y e a r  is r e l a t i v e l y  

unaffected albei t .  du r ing  t h a t  pe r iod  of one week the  o v e r a l l  system r e l i & i l i t y  

maJi be s i g n i f i c m t l y  affected.  

a re-exaninntion of the o v e r a i l  r e l i a b i l i t y .  

I n  carrying out the  ana lys i s  the  assumption has  been m d e  that a l l  cngi.nes 

Hence m y  prolcnccd planned on-tnges would requi re  
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7.13 The U.K.A.E.A. frequency/rislc apprc;nch 01 dcfli l ing sy:;tem r e l i z b i l i t i e s  

is outlined i n  Appendix 2 zuid t h i s  rretiiod night  be u:;ed t o ,  in ter  a l ia ,  &?fine 

t a r g e t s  f o r  t h e  r e l i a b i l i t y  of the  comon node i t i u l t s  c . ~ .  f i r c  segrc,+dion e t c .  

7.lh 

P.V.R. System. 

s tan&ard,  provided t h e  V o o d ~ t r d  Goverimr :;ystciii h& only 0.7 faul ts /yexr  or less. 

If, howver ,  the, \doodwnrd Govcrnor 3.s a b  t h e  upper l e v e l  concidcrcd, i.c. 2 feuI.tz/ 

yeas  then the  Fort  S t  Vrain :;ystem would he a factor 10 worse than Scquohnh. 

wain emphasises the  importaice of thc governor in tlic o v e r a l l  r e l i a b i l i t y  of the 

The Fort  S t  Vrain System has hccm cornparcd (Ajqendix- 5) with the Seqhohah 

This shows t h a t  tlw two systems are of the s m c  order  i.c. If4 

This  

Fort  St Vrnin system. 
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1. The system success probabi l i ty  i s  i n  t h e  r a g e  0.999 - 0.9399 (4.15). 

2. 

emergency 1oed.s i s  manual. 

O.R.N.L. should reconsider  t h e  s-tztemerlt (2.1 h)'thiLt s tcwting o f  m j c r  

This  does not appear t o  be c o n s j c t m t  with 0.9999 

r e l i a b i l i t y  on n short  t i r rsscale .  

3. D e c l u t c h j n ~  r o l i a b j  J i t y  is of minimum irr.portancr! i n  o v o m l l  system 

r e l i a ~ i i l i t y  (4. IO). 

4 .  The predomiri:at item i n  systeem r e l i a b i l i t y  i s  the VGO:~W;LL-~  govcmor. It 

i s  important t o  e s t a b l i s h  high r e l i a b i l i t y  i.e. b e t t e r  than 0.7 fnults/yc;u- i f  

t h e  tar:;et r e l i a b i l i t y  i s  t o  be achieved (4.10, 5, 7.7). 

5. !:eddy tes.tii?g of the system is indicated with the  exccrpti.on of t h e  

dec2utching operation which should be rtonthly (4.10, 7.5, 7.10). 

6. Subs tan t ia t ion  of t h e  system, at any s t a g e ,  should proYcr,:l)ly be bascd on 

a coiiibj.nation of t e s t  msolts, en&leerirs appra isa l ,  opernt:ionnl procedme 

an8 t ~ i c o r e t i c a l  annlys is  (5.8). 

7. 

fUl*thCr considcrtition will bo required f o r  normal. rL1nning fairlts (7.8). 

8. If: a 1on.y;r time inicrvn.l Lhan four  n inufes  is  ava i lab le  t o  connect loads,  

then t h e  systei:! r e l i z b i l i t y  could improve (7.8).  

9. The f u e l  sup2ly arrangninent f o r  each p a i r  of engines should bc f u r t h e r  

If system cqer.al;ion i s  reqaired for lancer thixi four miriute:.; e.(:. 1 day, 

-:rate t h e  low probnbi l i ty  of a comnon 'mdc f:a?lt duc t o  

f u e l  failure. Consider:tiiwr should also be given t o  tiso of t h e  nuxi l inry  

b o i l e r  systeri to feed one h a l f  of t h e  -7r-ter;; ;md t h e  d i e s e l  tank f o r  t h e  o ther  

h a l f .  

10. 

frorr. t h e  'Pi-otible Hel;tys, evcn though monitored, is  clucstioned (4.4). 

11. 

r o l a y  ccntzct  (4.5). 

13. Tho st;trl;j.ni: c i rcui t .  sho::ld be reviexec! ?:itti EL V ~ C F !  t o  rcducing t h e  iiii:nber 

of cont:lcts ;?ild i n t ~ ! r ~ o c k s ( 4 . 1 1 d )  . 

The tzni::; should be f i l l e d  by separa te  tanker  d e l i v e r i e s  ( 6 . 2 ( b ) i i i ) .  

The principle of hnvjng s e r i e s  contac ts  i n  t h e  ensine s . ta. t ing c i r c u i t  

It i s  not ,understood why th:: riupp!y t o  t h e  OCTfiDS ti.mer i s  v i a  t h e  II! 

34 
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13. 

(4.11f). 

14. 

operation p a r t i c u l a r l y  when two .un i t s  are p u a l l e l o d  (4.14).  

15.  Attention i s  drawn t o  t h e  3 o s s i b i l i t y  of c~llinion mode f a i l u r e s ,  some 

A l a r m  ;urnunciators should be l o c a t f d  at a conLinuously n i m e d  p o s i t i o n  

Althou:;h outs ide t h e  systein boundmy, clcui€icahj.on is necdcd of system 

outs ide the  system boundary. These include: 

125V d.c. suppl ies  f o r  cont ro l  c i r c u i t s  ( 6 . 1 ( ~ ) )  

l o c d  cont ro l  panels  ( 6 . l ( d ) )  

Operator ac t ions  (6 . l (e ) )  

Ii’ire segregation ( 6 . 2 ( a ) i )  

Iilisnilc dmm;y;c (6 .2(a) i i )  

Loss  of A i r  Brzatthing (6.2( a ) i i i )  

Low ternlxxntum e f f c c t s  (6.2(b) i & ii & iv) 

Checking of l u b r i c z t i n g  o i l  (6(b)v)  
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APPENDIX 2 
I- 

Comments on thc A.1S.A. Methr,kof Defining 

R e l i a b i l i t y  T x g c t s  f o r  Safelg Equipmcnt 

1. The s t a t e d  r e l i a b i l i t y  requirement f o r  thc  Fors t  S t  Vrain guarmtccd  

e l e c t r i c a l  supply system is t h a t :  it should stmt on demand and d c l i v e r  at  

l e a s t  50% of t h e  t o t a l  con~birled c a p x i t y  f o r  4 rii:i.nutes with 0.9999 success  

and with 95% confidence. 

conditions. 

requirement f o r  sach i n i t i a t i n g  f a u l t  condition. 

below and m a y  assist i n  giving a perspect ive of the genera l  engineer-hg com- 

ments giving c l ~ c w h e r e  in t h e  rcpor t  and a gcncra l  i n s i g h t  of the  A.E.A. 

frequenc)-/risk iipproach. 

This f igure  would appcirr t o  apply t o  a l l  f a u l t  

In tile A.E.A. approach t h e r e  would bc a d i f f e r e n t  rc l iab5. l i ty  

This approach i o  o u t l b e d  

2. 

F. R. Farmer i n  Ref. 6. Thc cur ren t  A.E.A. s a f e t y  evaluat ion 01 r e u i o r s  U S C ~  

a curve with a s lope of -1 as shown i n  Fig. 4. 

incident  which r e s u l t s  i n  a r e l e a e  of 1330 c u r i e s  of I would be alloired 

with a frequency of pa, IO6 c u r i e s  I a t  a frcquency of pa ctc .  

The frequency/risk approach t o  r e a c t o r  s a f e t y  was f i r s t  su&y;csKL by 

Thus m y  conSiwt ion  of reac tor  

I j l  

131 

3.  The fo l lou ing  examplcs which arc r e l a t e d  t o  a guaranteed e l e c t r i c a l  qrste:n 

i l l u s t r a t e  the  p r a c t i c a l  implementation. 

(a) ( i )  I n i t i a t i n g  Faul t s  

1 Complete l o s s  of grid connection t o  s i t e  - frcquoncy I O -  

Failure of reac tor  t o  run through and nnintnin "house" load  

t o  vi.ta1 heat  removal equipment, e.g. ei1iery;ei:cy c i r c u l a t o r  

power and emergency feed pump power. 

per  demanci. 

If ~ I ! E I . ~ C I I C ~  c i r c u l a t o r s  o r  feed. is not r e s t o r e d  corc mI.ts, 

pres:;ure c i r c u i t  is breach?d; externa l  f i s s i o n  product re leanc 

I ~ ~ ~ .  0vcra11 frequency allol.rcd i r o n  ~ ' i g .  It = 10-7 I O  7 curi.cc 

pa. 

( i i )  

1 FaLlure rate 33- 

( i i i )  

1. 
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( i v )  F a i l u r e  r a t e  required f o r  guaranteed supply system is qO-5 

per  demand. 

i e  IO-” x IO-” x 10-5 = 10-7 pa as at ( i i i )  

This  would demand two diverse  systems each of about IO-’ 

f a i l u r e  probabi l i ty  standard. 

for example: 

( a )  

This  would be provided by, 

A d i e s e l  system and ( b )  a steam turb ine  sys tem driven 

from auxi l ia ry  boi le rs .  

(b) ( i )  I n i t i a t i n g  Faul t  

S i g n i f i c a n t  Loss of Pressure Faul t  and frequency 

Immediate Reactor T r i p  required. 

Because Reactor is t r i p p e d  PO run through is pozsible. 

comjng e l e c t r i c a l  suppl ies  l o s t  due t o  g r i d  i n s t a b i l i t y  at 

frequency of per  r e a c t o r  t r i p .  

I f  emergency c i r c u l a t o r s  o r  feed is not  res tored ,  core melts  

and e x t e r n a l  f i s s i o n  product r e l e a s e  is 10 7 cur ies .  O v e r d l  

pa. 

( i i )  In- 

( i i i )  

-7 frequcncy allor-led from Fig. 4 = 10 pa. 

F a i l u r e  Rate required f o r  gunrantecd supply systern = IO-‘ 

per  demand, i e  IO-‘ x 

The f a i l u r e  r a t e  of 

of t h e  two systerils required f o r  f a u l t  (a). 

a t ’ ( a )  would be loca ted  on e i t h e r  s i d e  of t h e  r e a c t o r  thus  

el iminat ing t h e  risk of both s y s t e m  being simultaneouilJr 

a f f e c t e d  by t h e  depressurisat ion inc ident ,  eg r e a c t o r  g~ 01- 

i n j e c t c d  gas blanket ing t h e  air supply t o  t h e  d i c s c l s  and 

auxi1ia;T b o i l e r  mit. 

( i v )  

x I O m 2  = pa as at ( i i i ) .  

per  demaid would bc met by e i t h c r  

The two syctcms 

( c )  ( i )  I n i t i a t i n g  Faul t  

7 .  
Disintegrat ion of lia5.n Turbo-Alternator Frequency io--’ - 
 IO-^ pa. 

2. 



( i )  

( i i )  

(iii) 

(iv) 

Because Turbine has dis in tegra ted ,  run throu(,fl t o  hous? 

load not possible. 

Incoming e l e c t r i c a l  suppl ies  l o s t  due t o  g r i d  b s t c b i l . i l ; y  

at frequency of per  r c a c t o r  t r i p .  

I f  emergency c i rc i i la tors  o r  fced is not rcs torcd core mcYk 

and external. f i  ...;sion product release i n  10 curic::. CWcr:tll 7 

frequency allowed Srom Fig. 4 = 

Fai lure  r a t e  required f o r  guarai teed supp1.y syr;-l;em = I O  

pa. 
-1 

per demand, i c  ' 

10-3 - 10-2 10-2 - lo-'' = 10-7 pa. 

The f a i l u r c  r a t e  of I d '  - pa would be met by e i t h e r  of 

t h e  two systems r e q u i r c d . f o r  f a u l t  (a) .  %he d i f f e r e n t  loca- 

t i o n  of the  two systems would reduce t o  n minimum tho chance 

of both systems being simultaneously affccteci by missile:; 

from the  disintcgrabjmz turbinc. 

m i n c d  from the o v e r a l l  layout and the  pro tec t ion  o f fo rdcd  t o  

each system by the  bui ldings,  probable flj.ght path and s i z e  

of rniss i les  e tc .  

I n i t i a t i n g .  Incident , 

System complctcly inva l ida t ing  thi:j partj.cu1.a: system fre- 

quency 10 pa. 

Unconnected f a i l u r c  of incoming g r i d  supplier, f o r  about 8 

hours frequency IO- pa. Total cicadtinir: IO- . 
If emergency c i r c u l a t o r s  o r  feed is not 1-cstored core niolto 

This  vould need t o  be ex- 

. 
F i r e  in Emczgency Dic3scl Genera-kbg 

-2 

1 4 

externa l  fj-csion products r e l e a s c  ID7 curics .  

CWerell frequency required from FiG. I+ = 

Fai lure  r a t e  required from &uc=rani;eed s iqqly  system = IO-' 

per dernand, i e  

pa. 

x IO-" x IO-'. = 10-7 pa as at  ( i i i ) .  

T h i s  wou1.d be r x t  by t h e  zuxi l ia ry  b o i l e r  steam tur!x.nc systey,. 
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(v)  Note t h a t  the  abovc case is f o r  a "hypotlictical" r c x t o r .  

The following argument might be appl ied t o  For t  S t  Vra-in. 

( a )  I n i t i a t i n g  Incident. F i r e  o r  explosion in one ha l f  

of t h e  d i e s e l  complex, frequency pa. 

Unconnected f a i l u r e  of incorning g r i d  supplies f o r  

about 8 hours. Frequency IO-' pa. Tota l  decldtim 

(b)  

10-~. 

( c )  I f  feed is not r e s t o r e d  e t c  core  %cltsI t ,  vessel  f a i l s ;  

ex te rna l  f i s s i o n  product r e l c a s e  IO7 c u r i e s  I 

Overal l  f requemy required from Fie. It = Id7 pa. 

Fai lure  r a t e  requircd from other  half  oP d i c s e l  system, 

including f i r e  and explosion scpara t ion  = IO-' pcr 

demand i e  x x IO-' = 

131 

(d)  

4. 

main point  t o  be noted is t h a t  t h e  required f a i l u r c  probabi l i ty  Tor thc  emcrgcncy 

The above examples havc beeii fiimplified t o  illtifitrate t h e  q p r o x h .  The 

supply r aqe  fror,i IO-' per demand t o  

d i f f e r c n t  types of i n i t i a t i n g  f a u l t s .  

p robabi l i ty  necds t o  cover missile and f i r e  damqe, eC; it it; highly l i k e l y  t h a t  

t h e  missile and f 5 r e  separs t ion  of t h e  For t  S t  Vrain d i e s e l  systcrn is of IO" 

f a i l u r e  probabi l i ty  standard. 

per demand t o  cover t h e  range of t h e  

Also that. in some cases  t h e  f n i l u r c  

1 

4. 
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/ , 

Wat,hematical Model of the  For t  St Vrain 

Emergency E l e c t r i c a l  Supply System 

Governor, Controls . 
and o the r  items - 

common t o  2 engixes 
-, 

Main Elements of a Typical 2-engine S e t  

P r o b a b i l i t i e s  

Pq = 

P2 = 

p3 = 

P4 = 

p5 = 

p6 = 

prob. of Engine I (+ asscc ia ted  c t c r t i n g  gear  and auxil . iarics) 

being successfu l  

prob. of Engine 2' (+ assoc ia ted  stclrt ing gear  and auxilS.cr:ic-s) 

being successfu l  

prob. of Clutch f o r  Engine 1 succecsfu l ly  diseneaging when Encine 

1 f a i l s  

proh. of Clutch f o r  Engine 2 successfu l ly  disengaging whon Enzine, 

2 f a j l s  

prob. of Geiierator and a u x i l i a r i e s  being successfu l  

prob. of Governor and m~xi l ia r ie .7  %zi.ng successfu l  

Sta-Lcs of s,c 
The S e t  may be assumed t o  have 3 possible :itates as a r e s u l t  of a demand, 

namely oubput, 50;: ou tpu t  and 02 ou-tput. 

The probabi1itLcs assoc ia ted  tiit11 those s t a t e s  are: 

I. 
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W h  __ - -_.t- 

i t e s  can l e a d  t o  an o v c r a l l  syntcm iailure.  ksu~ning  

t h a t  t h e  success  probabi l i ty  terms can be t d w n  as approxirxkely u n i t y ,  those 

Only t h e  50% and 0% s 

tvo  s t a t e  p r o b a b i l i t i e s  become: 

- 2  - - - -  7 

7 8  

50% c. 2 ;  
- -  

(% e 2 p p + p7 + p5 ’I- 3?6 + P5 p6 

where p - p = p numci-ically 

ps = p3 = p4 numerically 

7 -  I 2 

S t a t e s  f o r  thc  Swond  I r b n t i c o l  s e t  

If q is used t o  dcnote t h e  equivalent  probzbi 

t h c  pessible  f a i l u r e  s t a t e s  a r e  give by: 

i t i e s  €or t h e  secon 

S t a t e s  f o r  2 S e t ?  taken toy;eLLcL 

(W = System O.K., 

- 
F = Systcm Fai led)  

2 loo,’; 50% W 

set, Lhen 

6 5 G  

8 F 

2. 
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3. 
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b1'PKNDIX 4 

NOTED Model of Fort  St Vrain 

Emergcncg E l e c t r i c a l  Sul)pIy System - 
Main Glcmcnt 01 a Typical. S e t  

Governor, Controls 

common t o  2 engines 

, . and o ther  items 

Engine 1 

Engine 1 and Engine 2 each include t h e  Actuator, Engine S t a r t i n g  Circuit. a t 1  the  

Engine i t s e l f .  

open and the  c l u t c h  i t s e l f .  

The c lu tch  includes the control. c i r c u i t  telling t h e  c l u t c h  t o  

For convenience define the  following cverits: 

GOV : Governor, Controls and o ther  items corninon t o  both engines work 

succcssfu l ly  

GEN : 

ENGINE 1: Encine 1 s t a r t i n g  c i r c u i t ,  its Actuator and Diesel Engine 'I vork 

Generator and o ther  items comon t o  generator  work successfu l ly  

successfu l ly  

ENGINE 2: Engine 2 s t a r t i n g  c i r c u i t ,  its Actuator and Diesel Engine 2 work 

successfu l ly  

CLUTCH 1: Clutch assoc ia ted  with engine 'I and its assoc ia ted  opening c i r c u i t  

disengages successfu l ly  

CLUTCH 2: S imi la r ly  with c l u t c h  assoc ia ted  with engjne 2. 

There are two such se ts .  

System success  is defined t o  be 100;; output on one ( o r  both) s e t s ,  o r  5C$ 

output on both s e t s .  

1. 
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- + ENGINE I -f- ENGJNE 2 -+- 

(a) For IO@; output on a s e t ,  we have the  following success flow diagram: 

> 
1 

GCN. -5- GOV. 

fails  and is successful ly  declutched. Assuming Engine 1 f a i l s ,  we have 

t h e  following success flow 6iagram: 

. 
ENGlNE 1 &.CLUTCH I GOir . 

Assuming engine 2 f a i l s  we have a s i m i l a r  success flow d i a g r m  except 

t h a t  1 and 2 a r e  interchanged. 

!Je can combine these two cases  i n t o  one flow dixrarn where MC use t h e  ( c )  

lEXCLUSIVX LR * Box t o  ind ica te  t h a t  the two cases  a r c  mutually exclii- 

s ive .  

This  g ives  u s  t h c  probabi l i ty  of f a i l u r e  t o  g e t  exact ly  5C$ output from 

one s e t .  

The two flow diagrams i n  (a) ancl(c) may be combined t o  give t h e  f O l l @ \ l i n g  

flow diagram: 

(d)  

a 

*Exclusive 'OR' 

2. 
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Exactly F)d-G-t7 output  5 w  

[Ff- output loo% 

This  flow diagram can be used t o  c a l c u l a t e  t h e  p r o b a b i l i t i e s  of f a i l u r e  of :  

i) 

i i )  

IOVb output - We l c t  t h i s  be event A 

Exnctly 50% output f o r  t h e  one set - \!e l e t  t h i s  be event B 

( e )  There are two such s e t s :  

Let event C be IO@ output from second s e t ,  and event D be exactly 

5@ output f ron second s e t .  

Now system success  is s a t i s f i e d  i f  one of the fo1lov-i.q o c : ~ ' :  

Event A o r  Event C 

o r  Event 3 and Event D 

These two p o s s i b i l i t i e s  are mutually exclusive,  and we can c a l c u l a t e  system 

success  from t h e  following success  flow diagram: I 

n 

System 
Success 

2 
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where again we have t h e  'EXCLUSIVE OR' box t o  ind ica te  t h a t  the  two 

' . p o s s i b i l i t i e s  a r e  mutually exclusive. 

Thus we can now construct  the  success  flow diagram appropriate  t o  a 

NOTED mr by combining the  diqrms i n  (d)  and (e ) .  

& GEN. 2 

- 
8~ GEN. GOV. 

4. 
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APPENDIX 5 

Simple Comparison between t h e  

For t  S t  V r a i n  H.T.R. and Sequohah P.W.R. 

' Emergency E l e c t r i c a l  Supply Systems 

1. 

usual r e a c t o r  emergency power supply s a f e t y  requirement (U.S. 

engine generator  u n i t  be capable of handling t h e  l a r g e s t  t r a n s i e n t  

I n  reference 2 it is s t a t e d  t h a t  "the system represents  a departure  from t h e  

t h a t  a s ingle /  

demand imposed 

by t h e  v i t a l  loads.ll 

with a "standard" system. 

It is therefore  per t inent  t o  compare t h e  F o r t  S t  Vrain System 

2. The S.R.S. a r e  not completely f a m i l i a r  with t h e  d e t a i l e d  implementation of 

t h e  "General Design C r i t e r i a  f o r  Nuclear Power Plants"  but  have t o  hand t h e  P.S.A.R. 

f o r  t h e  Sequohah P.W.R. plant .  

p lan t  has three emergency d i e s e l  generators ,  any two of which are capable of 

supplying s u f f i c i e n t  power f o r  t h e  operat ion of necessary engineered s a f e t y  f e a t u r e s  

and pro tec t ion  systems required t o  avoid undue r i s k  t o  publ ic  

L e .  t h e r e  a r e  t h r e e  5% generators  each dr iven by a 5077 d i e s e l  engine. 

In t h i s  r e p o r t  it is s t a t e d  under 8.1-2 t h a t  "the 

h e a l t h  and safety" ,  

Thus t h e  Sequohah system is a two from t h r e e  system and t h e  f a i l u r e  probabil- 

-2 i t y  f o r  less than two engines is approximately 3 p is t h e  f a i l u r e  proba- 

b i l i t y  of t h e  s t a r t i n g  c i r c u i t  + s t a r t i n g  motors + governor + engine + generator. 

Thus by evaluat ing t h e  above using the  same values  f o r  t h e  var ious items (where 

appropriate)  as those used f o r  F o r t  S t  Vrain a d i r e c t  comparison can be made be- 

where 

tween t h e  two systems f o r  random f a i l u r e s .  

3 .  

t o  run and start is given a 6 x 

f o r  t h e  generator  is 7 x I O -  

From Sect ion 4.2 of t h e  main r e p o r t  the  f a i l u r e  probabi l i ty  of a s i n g l e  engine 

f o r  weekly t e s t i n g .  The corresponding f i g u r e  

4 
- 

.*. p f o r  Sequohah = 6.7 x w3 

1. 
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. .  

hence t h e  f a i l u r e  probabi l i ty  f o r  Sequohah = 3 y2 = 3 x (6.7 x 
4 = 1.34 x 10- 

For t h e  F o r t  S t  Vrain System (Sect ion 4.9) of t h e  main repor t  t h e  t o t a l  

system f a i l u r e  probabi l i ty  f o r  weekly t e s t i n g  is 2.5 x  IO-^. 
same values  f o r  engine s t a r t i n g  and t h e  generator  as above and a f igurc  of 

7 x 10-3 f o r  t h e  governor system. 

This is f o r  Lhe 

I f  t h e  upper f r a c t i o n a l  deadtime of 2 x I d 2  is used f o r  t h e  govei-nor 

(Sect ion 3.8 main r e p o r t )  then the  t o t a l  system f a i l u r e  probabi l i ty  f o r  Fort  S t  

Vrain is 2.8 x 

The main point  t o  be noted from t h e  above is t h e  important difference the  

I f  a f i g u r e  of 0.7 governor makes between t h e  r e l i a b i l i t y  of the  t u o  systems. 

f a u l t s  per  year  can be Substant ia ted f o r  the  Woodward Governor then t h e  Fort  

S t  Vrain System is of the  same order of r e l i a b i l i t y  as t h e  "standard" system 

i.e. approximately ?O-4 f a i l u r e  probabi l i ty .  On t h e  o ther  hand i f  t h e  f s u l t  

r a t e  f o r  t h e  Woodward Governor Sybtem is 2 faul ts /year ,  then t h e  For t  S t  Vrain 

System would be approximately a f a c t o r  10 worse than t h e  "standard" system i.c. 

approximately IO-' f a i l u r e  probabi l i ty .  

r a i n  repor t  of the  importance of es tab l i sh ing  a low f a i l u r e  probabi l i ty  f o r  the 

Woodward Governor, both i n  an absolute  sense and a l so  in comparison w i t h  thc  

"standard" system, e.g. Sequohah. 

This emphasises t h e  point  made i n  the  

2. 
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TAUU I 

Component E’ailiire Rates 

Components 

Gene rat o r  

Relay (simple type i.e. c o i l  + contac ts )  

Time Delay Relay 

Coi l  (Relay - open and shor t  c i r c u i t )  

Contact (per p a i r  - open and shor t  c i r c u i t )  

Solenoid Valve 

A i r  Motor (Prob. of f a i l u r e  per  demand) 

Clutch (Prob. of failure p e r  demand) 

Diesel Engine (Prob. of f a i l u r e  t o  s t a r t )  

F a u l t  rate 
(iGiG&FJ 

0.07 

0 005 

0.1 

0,003 

0.002 

0.05 

 IO-^ to 10-3 

10-3 

5 10-3 

Notes on Fa i lure  Rates 

The values  have been derived from information in  t h e  d a t a  bank and in some 

ins tances  from t h a t  obtained from assessments on s p e c i f i c  equipments. 

mean values  and t h e r e  a r e  obviously upper and lover values. Furthermore, al- 

though they are not s p e c i f i c  t o  t h e  components in use,  in t h i s  exerc ise  they. 

represent  adequate information t o  enable t h e  order  of r e l i a b i l i t y  assoc ia ted  

with t h e  var ious p a r t s  of the  system t o  be determined. 

These are 

.’ 
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Engine S t a r t i n g  C i r c u i t  

F a u l t  - Component 

Aux. Lockout Relay Normally energised and is de-energised 
t o  operate. 
Hence any O.C. & S.C. f a u l t  would be 
f a i l  safe .  

86 RT Contact F a i l s  t o  c lose  
SRI t o  SR5 Contacts F a i l u r e  of these  t o  be c losed  would be 

alarmed v i a  t h e  l l I L  ready t o  start 
c i r c u i t  I' 

Fai lure  t o  be at r e s e t  pos i t ion  would 
be alarmed v i a  t h e  'IIL ready t o  start 
c i r c u i t "  

Reset Switch 

CS/cO Contact Fa i lure  t o  c lose.  It would seem t h i s  
has  t o  be energised closed. 
allow r e l a y  f a u l t  rate plus  contacts. 

Hence 

286 XIB L.O. F a i l u r e  of contac ts  t o  be in closed 
Relay pos i t ion  

CS/C Switch Fa i lure  t o  be at 'auto' posi t ion.  
This  would be alarmed v i a  t h e  "IL 
ready t o  start c i r c u i t t 1  

STOP Button Fa i lure  t o  make contact  

Contact f a i l u r e  only Locked i s o l a t o r  
but ton 

I R  r e l a y  Fa i lure  t o  energise  and operate  
I R  contact  F a i l u r e  t o  c lose  
AH contac ts  F a i l w e  t o  be i n  c losed pos i t ion  

Tota l  unrevealed f i n a l  danger 
f a u l t s  in start c i r c u i t  

Valve for Fa i lure  t o  energise  and operate  
A i r  Motor Supply 

Faul t  Rate 
( F m ; )  

0.001 

0.004 

0.001 

0.001 

0.001 

0.005 
0.001 
0.002 

0.016 - 
0.05 
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\ 

Clutch Opening C i rcu i t  

Faul t  Component - 
OCT/TDE: Timer Fa i lu re  of Timer t o  energise  and 

operate  

Fa i lu re  of contact  t o  c lose  a f t e r  
45 secs. 

oCT/TDE Timer Contact 

SR3 Overcrank Fa i lu re  
t o  fitart re l ay  

SR3 Contact Fa i lu re  t o  c lose  

Clutch Solenoid C.S. 

Fa i lu re  t o  energ ise ,  e.g. due t o  
sho r t  c i rcuLt  o r  open c i r c u i t  

Fa i lu re  t o  energise  and operate 

To ta l  f a u l t  rate f o r  i nh ib i t i ng  
c lu t ch  operat ion 

0.001 

0.003 

0.001 

0.05 
- 
0.155 

. 
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PROBLEM SYSTEM D.C.CONTROL POWER 

CONTROL LOGIC(SEE NOTE-2) - - - - - - - - - - J 

(A) CRANK PERMIT 
(6 )  TROUBLE SHUTDOWN -I-- ------- 

(600 NOMINAL KW PER 1200 ENGINE) KW 

ENGINE FAILURE 

ENGINE-2 

I 
I _ _ _ _ - - _ -  -0 TO ENGINE-2 

ACTUATOR 
UNIT. 

NOTES: 
I.SEE FIG.1 FOR OVERALL SYSTEM AND PROBLEM BOUDARIES. 
2. SEE DWG. 1208 (SARGENT IL. LUNDY) FOR CONTROL SCHEMATICS. 
3.ADDITIONAL LAYOUTS AND DETAILS GIVEN AS FOLLOWS: 

(A)- CLUTCH CONTROL PNEUMATIC SYSTEM: DWG. M 169-5 (HAWTHORNE). 

(0)- ENGINE GENERATOR ELEVATION: DWG. 683982 (HAWTHORNE). 

(6)- ENGINE PLAN AND SECTIONAL VIEWS: DWGS. M 169-14 b15 (HAWTHORNE). 
(C)- PROCESS FLOW SHEET: DWG. PI-92 (SARGENT d LUNDY). 

(E)-CLUTCH INSTRUCTIONS: TWIN DISC CO. LITERATURE. 

FIG. 2-ENG I NE GENERATOR SUBSYSTEMS (F)- GOVERNOR INSTRUCTIONS: WOODWARD GOVERNOR CO. LITERATURE. 
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STOP 

CLOSED 
t * BUTTON 

CSIC~WITCH 286D6-1B-LO 

AT AUTO. 

'I 

RELAY CONTACT 
CLOSED 

86 RT RESET CSICO CONTACT 

CLOSES CLOSED CLOSED 

SRl TO SR5 LOCKOUT 

DE-ENERGIZED CLOSED 
uv RELAY + CONTACT RELAY CONTACTS SWITCH -C- 

v 

uv 4 - 
I 

1 - ~ 

I AIR VALVE 
SOLENOID 
ENERGIZED 

- I R  L I R CONTACT AR CONTACTS 
LOCKED 
ISOLATOR - ENERGIZED L - 7 

/I (I 
- (2) CLOSED CLOSES BUTTON CLOSED - - 

Fig. 3(a) 
ENGINE STARTING CIRCUIT I 

7 1  + 
AIR VALVE 

ENERGIZED 

L - 1 
11' ' 

I RS SOLENOID - ENERGIZED 

A - 
1 

I 
1 - 

I 

OCTITDC SR3 O'CRANK SR3 

AFTER 45 sec ENERGIZED CLOSES 
OCTflDE TIMER - CONTACT CLOSES F.T.S. RELAY CONTACT ENERGIZED 

I E:," I SR35 AUX. 
RELAY 

CIRCUIT 
COMPLETE 

1 1 d . 
CLUTCH SOLENOID 
ENERGIZEDAND AIRSUPPLY @A:H 
VALVE OPENS AVAILABLE 

I 

Fig. 3(bl CLUTCH OPENING CIRCUIT t 
7 

I 

c 
L 

100% SUCCESS I AM 1 
E l  ' 

c ENGINE 1 
CRANK 

STARTS 

FA1 LS 

I--- 

I 

I 

Fig. 3 SYSTEM FLOW DIAGRAM 

I. 
I 

L ELECTRONIC - 
c - Fig. 3(cl 

GOVERNOR 

UNIT ARRANGEMENT 

G EN E RAT0 R 

- 
L 

STARTS 

FAILS ' 

ENGINE2 , 
CRANK 

I 
I 
I 
I \ 

STARTING 
CI RCUlT TANK 2 
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10-1 

10-2 

10-3 
4 n 

cl 
5 = lo-' El 
a 
Y 

1 0-6 

10-7 

10-8 

ALLOWABLE 1131 RELEASE - curies 

c LOSS OF GRID 

- FAILURE TO RUN THROUGH 

I 
I 

I ,  DIESEL SYSTEM 
5 FAILS 
I 

I 

I \ I /AUXILIARY BOILER FAILS 

I 
,I' 

EXAMPLE 3a 
APPENDIX 2 

b-- ALLOWABLE RELEASE I 

I EQU'nn'en'y 
RANGE OF 

- -  
I c 

/ 
/ #  

FOR INCIDENTS IN 
c -  

l l - l V l E l Y  I 

10 102 103 1 04 105 io6 107 1 08 
CURIES 1131 

Fig. 4 
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