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IMPROVEMENTS I N  RESIDUAL HEAT REMOVAL RELIABILITY 
IN THE GCFR DEMONSTRATION PLANT* 

A. T o r r i ,  T. Tan iguch i ,  and P .  H .  Raabe 
General  Atomic Company 
San Diego, C a l i f o r n i a  

ABSTRACT 

R e l i a b i l i t y  of decay h e a t  removal i s  an  i m p o r t a n t  s a f e t y  c o n s i d e r a t i o n  

i n  t h e  gas-cooled f a s t  b r e e d e r  r e a c t o r  (GCFR). The d e s i g n  e v o l u t i o n  of t h e  

r e s i d u a l  h e a t  removal (RHR) systems o v e r  t h e  p a s t  few y e a r s  h a s  been 

markedly a i d e d  by system r e l i a b i l i t y  a n a l y s e s  t o  t h e  p o i n t  where t h e r e  is  

c o n f i d e n c e  t h a t  l o s s  of c o o l a b l e  c o r e  geometry can  be  c l a s s i f i e d  a s  a  

beyond-design-basis a c c i d e n t .  T h i s  e v o l u t i o n  proceeded i n  t h r e e  s t e p s .  

F i r s t ,  t h e  r e l i a b i l i t y - l i m i t i n g  f e a t u r e s  i n  t h e  t o t a l  combinat ion of RHR 

systems were i n v e s t i g a t e d  and t h e  need f o r  improvements i n  t h e  r e l i a b i l i t y  

of t h e  main loop  c o o l i n g  system f o r  RHR a s  w e l l  a s  i n  t h e  p h y s i c a l  separa -  

t i o n  of RHR s u p p o r t  sys tems between t h e  main l o o p s  and t h e  c o r e  a u x i l i a r y  

c o o l i n g  system (CACS) w a s  e s t a b l i s h e d .  Secondly,  a wide r a n g e  of RHR 

o p t i o n s  f o r  t h e  main l o o p  c o o l i n g  system were i n v e s t i g a t e d  r e s u l t i n g  i n  

t h e  a d o p t i o n  of a  new r e f e r e n c e  concept  f o r  t h e  main loop  RHR system. The 

t h i r d  and l as t  s t e p  t h e n  c o n s i s t e d  of a n  e v a l u a t i o n  o f  t h e  r e l i a b i l i t y  

a s p e c t s  of n a t u r a l  c i r c u l a t i o n  decay h e a t  removal i n  a n  upflow GCFR d e s i g n .  

The major c o n c l u s i o n  from t h i s  s t u d y  i s  t h a t  decay h e a t  removal can b e  

r e l i a b l e  i n  t h e  GCFR. Fur thermore,  t h e  c u r r e n t  l i m i t a t i o n s  o f  n a t u r a l  

c i r c u l a t i o n  RHR r e l i a b i l i t y  have been i d e n t i f i e d ,  and means t o  o p t i m a l l y  

e x p l o i t  n a t u r a l  c i r c u l a t i o n  have been d e f i n e d .  

INTRODUCTION 

R e l i a b l e  decay h e a t  removal h a s  been recognized  a s  p robab ly  t h e  most 

impor tan t  s a f e t y  c o n s i d e r a t i o n  i n  t h e  GCFR, because  t h e  h e a t  c a p a c i t y  of 

t h e  85-atm hel ium c o o l a n t  does  n o t  pe rmi t  a n  extended l o s s  of he l ium c i r c u -  

l a t i o n .  R e l i a b i l i t y  a n a l y s i s  of t h e  GCFR r e s i d u a l  h e a t  removal (RHR) 

*work suppor ted  by Debartment of  Energy, C n n t r a c t  DE-AT03-76-SF7 1023. 



systems has  become an  important  t o o l  t o  i d e n t i f y  t h e  weak l i n k s  i n  t h e  RHR 

systems, t o  i d e n t i f y  p o s s i b l e  improvements, and t o  e s t a b l i s h  t h e  l e v e l  of 

r e l i a b i l i t y  ach ievable  f o r  GCFR RHR systems. 

Res idua l  hea t  removal is  accomplished by cont inued use  of t h e  main 

cool ing  loops  and power conversion equipment whenever p o s s i b l e ,  and use  of 

t h e  co re  a u x i l i a r y  cool ing  system (CACS) a s  an independent redundant and 

d i v e r s e  backup system t o  t h e  main loop r e s i d u a l  hea t  removal (MLRHR) system. 

Analys i s  of an  e a r l y  des ign  (Ref. 1 )  has  shown t h a t  MLRHR system r e l i -  

a b i l i t y  was l i m i t e d  p r i n c i p a l l y  due t o  s i n g l e  f a i l u r e  p o i n t s  i n  t h e  balance- 

of -p lan t  p o r t i o n  of t h e  hea t  removal t r a i n  and suppor t  systems, t h e  main 

condenser be ing  a t y p i c a l  example. This  system is  shown i n  Fig.  1. Based 

on t h e  r e s u l t s  of Ref. 1 ,  i t  became necessary  t o  cons ide r  improvements i n  

t h e  KHR systems, i n  t h e  main loop  h e a t  removal t r a i n s  and power s u p p l i e s  

a s  w e l l  a s  i n  t h e  independence and redundancy of suppor t  systems. A com- 

prehens ive  s tudy  of RHR r e l i a b i l i t y  improvements was undertaken i n  two 

phases: ( 1 )  an assessment of improvements p o s s i b l e  through upgrading t h e  

main loop forced  convect ion RHR systems and (2)  an assessment of t h e  RHR 

r e l i a b i l i t y  improvement from n a t u r a l  c i r c u l a t i o n  i n  t h e  c o r e  a u x i l i a r y  

coo l ing  loops.  

To d e f i n e  what c o n s t i t u t e s  an  adequate  RHR system f o r  t h e  GCFR, a t a r -  

ge t  p r o b a b i l i t y  of 10-6/reactor-year  was adopted f o r  l o s s  of coo lab l e  core  

geometry (Ref. 1 ) .  This  t a r g e t  should no t  be  i n t e r p r e t e d  a s  a des ign  

requirement nor  a s  an implied a b s o l u t e  l e v e l  of s a f e t y .  Ra ther ,  t h e  most 

important  aopect  of e s t a b l i s h i n g  a demanding q u a n t i t a t i v e  r e l i a b i l i t y  goa l  

is  t o  provide  a focus  f o r  t h e  des ign  e f f o r t  and, i n  t h e  p roces s  of doing 

so ,  t o  i d e n t i f y  weak l i n k s  i n  t h e  des ign  and t o  ba lance  t h e  s a f e t y  des ign  

of t h e  p l a n t .  For t h i s  a n a l y s i s ,  i t  was f u r t h e r  assumed t h a t  t h e  major 

p o r t i o n  of t h i s  t a r g e t  could be  a l l o c a t e d  t o  t h e  l o s s  of RHR systems, 

implying t h a t  l o s s  of coo lab l e  c o r e  geometry due t o  f a i l u r e  of t h e  r e a c t o r  

shutdown Eyetcms o r  t o  g r o s s  s t r u c l u r a l  f a i l u r e s  can be  reduced t o  a sma l l  

f r a c t i o n  of t h e  o v e r a l l  t a r g e t .  Th i s  assumption is supported by e a r l i e r  

ana lyses  (Ref. 2 ) .  Furthermore, Ref. 1 had e s t a b l i s h e d  a f u r t h e r  sub- 
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a l l o c a t i o n  of t h e  o v e r a l l  t a r g e t  i n t o  a f a i l u r e  r a t e  t a r g e t  of 10 / yea r  
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f o r  t h e  MLRHR system and a  t a r g e t  of 10 /demand f o r  t h e  CACS f a i l u r e  

r a t e .  Reference 1  f u r t h e r  i n d i c a t e d  t h a t  t h e  CACS s y s t e m , c a n  be  expected 

t o  meet i t s  t a r g e t  b u t  t h a t  t h e  MLRHR system r e q u i r e s  improvements. These 

t a r g e t s  imply t h a t  o n l y  once i n  100 y e a r s  o f  r e a c t o r  o p e r a t i o n  w i l l  t h e r e  

be a  demand f o r  t h e  CACS t o  pe r fo rm t h e  RHR f u n c t i o n  and t h a t  i n t e r s y s t e m  

dependencies  a r e  s y s t e m a t i c a l l y  e l iminated. .  S i n c e  t h e  MLRHR f u n c t i o n  i s  

suppor ted  by t h e  main loop  h e a t  removal t r a i n ,  t h e  power s u p p l y  sys tem,  

and a  number of a u x i l i a r y  and s u p p o r t  sys tems ,  a  f u r t h e r  s u b a l l o c a t i o n  of 
-2 

t h e  10 / y e a r  t a r g e t  f o r  each r e q u i r e d  sys tem was n e c e s s a r y  and r e s u l t e d  

i n  a n  a l l o c a t i o n  of 1 0 - ~ / ~ e a r  f o r  t h e  f a i l u r e  r a t e  of t h e  MLRHR t r a i n .  

T h i s  a n a l y s i s  u t i l i z e d  d a t a  from Ref. 3 ,  which i s  a n  e v a l u a t e d  d a t a  

bank based on d a t a  from WASH-1400 (Ref. 4 ) ,  where a p p l i c a b l e ,  and supp le -  

mented by worldwide r e l i a b i l i t y  d a t a  e x t r a c t e d  from t h e  o p e r a t i n g  h i s -  

t o r i e s  of gas-cooled r e a c t o r s .  

RELIABILITY ASSESSMENT OF MLRHR TRAIN OPTIONS I N  THE GCFR 

F i g u r e  1  shows s c h e m a t i c a l l y  t h e  GCFR MLRHR system t h a t  was found t o  

need improvement. T h i s  r e f e r e n c e  sys tem c o n t i n u e s  t o  b e  t h e  f i r s t  RHR 

o p e r a t i n g  mode f o r  a l l  sys tem improvements s t u d i e d .  Fol lowing a r e a c t o r  

scram, t h e  s u p e r h e a t e d  steam from t h e  s team g e n e r a t o r s  bypasses  t h e  main 

t u r b i n e  v i a  t h e  d e s u p e r h e a t e r ,  w i t h  temporary r e l i e f  of e x c e s s  s team t o  

t h e  atmosphere.  T h i s  s t eam r e l i e f  i s  n o t  r e q u i r e d  f o r  a  normal p l a n t  

shutdown. Steam from t h e  t h r e e  d e s u p e r h e a t e r s  c o n t i n u e s  t o  d r i v e  t h e  two 

main feedwate r  pumpo t o  f l u u d  u u t  rhe s team g e n e r a t o r s .  When t h e  desuper-  

h e a t e r s  a r e  no l o n g e r  needed, s team t o  d r i v e  t h e  feedpumps c o n t i n u e s  t o  b e  

produced i n  t h e  t h r e e  f l a s h  t a n k s .  The t h r e e  a u x i l i a r y  b o i l e r s  a r e  s t a r t e d  

up a s  a  backup s team supply  f o r  t h e  feedpumps. Steam and w a t e r  d i s c h a r g e  

i s  coo led  i n  t h e  main condenser  and r e t u r n e d  t o  t h e  s t eam g e n e r a t o r s  via 

t h e  two condensa te  pumps and t h e  two feedwate r  pumps. The condenser  con- 

t i n u e s  t o  be  coo led  by t h e  c i r c u l a t i n g  w a t e r  sys tem and r e j e c t s  h e a t  v i a  

t h e  main c o o l i n g  tower .  
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The r e l i a b i l i t y  of t h i s  r e f e r ence  system was assessed  a t  6 x 10 /yea r  

(Ref. 1 ) .  A t o t a l  of 14 improved MLRHR t r a i n  op t ions  were i d e n t i f i e d  and 

q u a n t i t a t i v e l y  eva lua ted  f o r  r e l i a b i l i t y  assuming 10 shutdowns and 3 scrams 

per  year  a s  t h e  RHR demand frequency. P l a n t  a v a i l a b i l i t y  was assumed t o  

be 80%, r e s u l t i n g  i n  an annual downtime of 1760 hours ,  o r  an average  of 

135 hours f o r  each of t h e  13 p l a n t  outages.  The r e l i a b i l i t y  assessment  

f o r  t h e s e  MLRHR t r a i n  op t ions  included:  (1)  t h e  p r o b a b i l i t y  of system 

f a i l u r e  dur ing  an RHR mission t o  t h e  e x t e n t  t h a t  a CACS demand would r e s u l t ,  

based on MLRHR mission success  requirements  f o r  scrams and normal shut -  

downs, and (2)  t h e  u n a v a i l a b i l i t y  of main loop equipment used dur ing  nor- 

mal power ope ra t i on  due t o  running f a i l u r e s  i n  t h e  normal ope ra t i ng  mode 

wi th  an 80% a v a i l a b i l i t y  f a c t o r .  

The p r i n c i p a l  system improvements examined included:  

1. An e l e c t r i c  b o i l e r  feedpump i n  a d d i t i o n  t o  t h e  steam d r i v e n  

b o i l e r  feedpumps (op t ion  2) .  

2. Adding a shutdown feedwater  pump i n  p a r a l l e l  w i th  each b o i l e r  

f eedpump (op t ion  3) .  

3. Adding a pony motor t o  t h e  main e l e c t r i c  helium d r i v e  on t h e  

same s h a f t  (op t ion  4 ) .  

4. Adding shutdown cool ing  water  pumps t o  t h e  condenser coo l ing  

system (opt ion  5 ) .  

5. Adding a shutdown feedwater  pump and s team r e l i e f - h e a t  r e j e c t  

c a p a b i l i t y  s e p a r a t e l y  f o r  each steam gene ra to r  (op t ion  6 ) .  

6. Adding a i r  water c o o l e r s  (two o r  t h r e e )  i n  s e r i e s  w i t h  t h e  shut-  

down feedwater  pumps t o  be f u n c t i o n a l l y  redundant w i t h  t h e  

condenser and c i r c u l a t i n g  water  cool ing  system (op t ions  8 and 9 ) .  

7. Adding a maintenance condenser i n  p a r a l l e l  w i t h  t h e  main 

condenser (op t ion  10) .  

4 



8. El imina t ing  t h e  steam r e l i e f  by upgrading t h e  desuperhea te r  

(op t ions  11 t o  14).  

These e i g h t  i n d i v i d u a l  improvements were combined i n t o  14 h e a t  removal 

t r a i n  op t ions .  One of t h e  p r i n c i p a l  op t ions  cons idered  i s  t h e  a d d i t i o n  of 

one shutdown feedwater  pump and a i r -water  c o o l e r  f o r  each of t h e  t h r e e  

primary coolan t  loops  and a  pony motor f o r  each of t h e  t h r e e  main c i r cu -  

l a t o r s .  This  backup system t o  t h e  MLRHR system is  shown i n  d o t t e d  l i n e s  

on Fig.  2 and i s  c a l l e d  t h e  shutdown coo l ing  system (SCS), which s h a r e s  

t h e  main c i r c u l a t o r  s h a f t  and impe l l e r  and t h e  steam gene ra to r  w i t h  t h e  

MLRHR system. 

Table  1  summarizes t h e  p r i n c i p a l  f e a t u r e s  and t h e  a s se s sed  r e l i a b i l i t y  

of t h e  14 o p t i o n s  considered f o r  t h e  MLRHR t r a i n ,  i n d i c a t i n g  a  g radua l  

improvement i n  r e l i a b i l i t y  t o  t h e  p o i n t  where s e v e r a l  of t h e  op t ions  a r e  

expected t o  be  capable  of meeting t h e  f a i l u r e  r a t e  t a r g e t  of 1 0 - ~ / ~ e a r .  

On t h e  b a s i s  of t h i s  assessment ,  o p t i o n  9 has  been adopted a s  an i n t e r i m  

r e f e r ence  concept  f o r  t h e  MLRHR system. The decay h e a t  removal c a p a b i l i t y  

of t h i s  system then  c o n s i s t s  o f :  

1. Two independent main l oops  t r a n s p o r t i n g  h e a t  through t h e  d u a l  

compartment condenser and t h e  two c i r c u l a t i n g  water  loops  t o  t h e  

coo l ing  tower.  

The shutdown coo l ing  system (SCS) s h a r e s  t h e  steam gene ra to r s  

and t h e  main c i r c u l a t o r  w i th  t h e  MLCS, except  t h a t  t h e  c i r cu -  

l a t o r  i s  d r iven  by a  pony motor w i t h  a  sa fe ty-grade  power sup- 

p ly .  Heat r e j e c t i o n  i n  t h e '  SCS is  accomplished through t h r e e  

a i r  water  coo le r s , .  which r e j e c t  h e a t  t o  t h e  atmosphere. The 

water  i s  r e c i r c u l a t e d  t o  t h e  steam gene ra to r  through t h r e e  

separate shutdown feedwatcr  pumpo. The entire SCS is s a f e t y  

c l a s s .  

3 .  The CACS i s  a  t o t a l l y  independent s a f e t y - c l a s s  system c o n s i s t i n g  

of t h r e e  redundant helium, water, and a i r  loops .  Aux i l i a ry  



TABLE 1 
SUMMARY OF RELIABILITY ASSESSMENT FOR MAIN LOOP RESIDUAL HEAT 

REMOVAL TRAIN OPTIONS 

MLRHR Train Svstem O~tion 

Failure Probability 
(per year) for 
MLRHR Train 

1. Reference system 6.0 x 

2. Option 1 with electric boiler feedpumps 1.1 x lo-2 
3. Option 1 with two shutdown feedwater pumps 6.6 x lo-' 
4. Option 3 with pony motor 6.6 x 

5. Option 4 with shutdown cooling water pumps 4.6 
for condenser cooling loop 

6. Option 1 with three shutdown feedwater 
pumps and separate steam relieflheat 
reject for each loop 

7. Option 6 with shutdown cooling pumps for 
condenser cooling 

8. Option 4 with two air-water coolers 

9. Option 6 with three air-water coolers 
(SCS system shown in heavy lines in 
Fig. 1) 

10. Option 7 with maintenance condenser 

11. Option 1 without steam relief valves 
(no atmosphere relief) 

12. Option 1 0  without steam relief valves 
(no atmosphere relief) 

13. Option 9 without steam relief valves 3.3 
(no atmosphere relief) 

14. Option 8 without steam relief valves 1.2 
(no atmosphere relief) 



c i r c u l a t o r s  provide  h e a t  t r a n s p o r t  from t h e  c o r e  t o  t h e  c o r e  

a u x i l i a r y  hea t  exchanger (CAHE). A water  loop t r a n s p o r t s  t h e  

hea t  f r o m . t h e  CAHE t o  t h e  a u x i l i a r y  loop c o o l e r s ,  where hea t  i s  

r e j e c t e d  t o  t h e  atmosphere. 

RELIABILITY COMPARISON OF FORCED AND NATURAL CONVECTION RHR I N  THE GCFR 

The new i n t e r i m . r e f e r e n c e  RHR des ign  was s e l e c t e d  t o  s e r v e  a s  a  b a s i s  

f o r  t h e  assessment of r e l i a b i l i t y  ga ins  ach i evab le  from n a t u r a l  c i r c u l a t i o n  

i n  t h e  CACS. With an  upflow c o r e  des ign ,  t h e  major o b j e c t i v e s  of t h i s  

s tudy  were: 

1. An assessment of t h e  p r o b a b i l i s t i c  a spec t  of a  de s ign  t r adeo f f  

comparison of fo rced  and n a t u r a l  convect ion cool ing .  

2 .  A s tudy  of t h e  p r o b a b i l i s t i c  impact of u s ing  s i x  s tandby e l e c t r i c  

power s u p p l i e s  ( t h r e e  f o r  t h e  SCS and t h r e e  f o r  t h e  CACS) r a t h e r  

than  t h r e e  s tandby e l e c t r i c  power s u p p l i e s  (each s e r v i c i n g  one 

SCS loop and one CACS loop) .  

3.  An assessment of GCFR RHR adequacy based on r e l i a b i l i t y  goa l s  

e s t a b l i s h e d  f o r  t h e  purpose of RHR system s e l e c t i o n  and 

op t imiza t ion .  

Na tu ra l  c i r c u l a t i o n  i s  no t  an e f f e c t i v e  means of decay h e a t  removal i n  

a  dep re s su r i zed  mode. Therefore ,  t h e  RHR demand frequency of 10 shutdowns 

and 3 scrams had t d  be r e f ined  t o  d i s t i n g u i s h  between p re s su r i zed  RHR and 

dep ' ressur ized RHR. Forty-two des ign  duty  c y c l e  even t s  were i d e n t i f i e d  and 

independent ly  analyzed,  dovering t h e  f u l l  spectrum of cond i t i ons  t h a t  have 

been c l a s s i f i e d  i n  t h e  l i c e n s i n g  process  a s  normal, u p s e t ,  emergency, and 

f a u l t e d .  An abbrev ia ted  l ist  of grouped i n i t i a t i n g . e v e n t s  is  shown i n  

Table 2 wi th  t h e  es t imated  frequency f o r  a  mature p l a n t  and t h e  e s t ima ted  

downtime f o r  r e p a i r  and recovery.  For each event  i n  t h e  l i s t ,  estimates 

a r e  developed f o r  i t s  expected occur rence  frequency and i t s  expected 

r e s t o r a t i o n  t i m e .  There a r e  a  number of c a s e s  i n  which mul t ip le -event  



TABLE 2 
INITIATING EVENTS - 42 INDIVIDUAL INITIATORS THAT REQUIRE PLANT SHUTDOWN 

FROM NORMAL POWER OPERATION 

Typical Event Expected Frequency (a) Downtime (hr) 

Shutdown to refueling 1. Olyear 7 00 

Control rod malfunction (total) . 0.05 4-46 

Inadvertent valve operation 
(waterlsteam) 

Inadvertent trip 

Turbine trip 

Heat exchanger leak 

Total loss of feedwater 

Loss of offsite power with 
turbine trip 

Accidental depressurization 

Feedlsteam line rupture 

Earthquake 

(a) ~nitiahor frequency for mature plant. 

occurrences have a high enough occurrence frequency to warrant their 

inclusion in the analysis. An example of such a case is the loss of off- 

site power while the plant is down for refueling. Such combinations are 

also included in the analysis. The design duty cycle events span the range 

from requiring only a load reduction without shutdown and thus imposing no 

demand f o r  RHR, to evento that require reacCor trip, BCRV depressurization, 

and complete loss of the MLCS and/or partial loss of.the SCS. Events that 

only require a load reduction but no shutdown have been excluded. An 

important aspect of this analysis is the recognition that some of the 

initiating events can cause some RHR equipment to be unavailable at the 

time of the demand for RHR. 

Residual heat removal success criteria were established for three 

different plant conditions: pressurized RHR, intentionally depressurized 

RHR, and inadvertently. depressurized RHR. ' The success criteria are shown 



i n  Table  3 .  Each i n i t i a t i n g  event  ha s  been analyzed wi th  r e s p e c t  t o  t h e  

r equ i r ed  p l a n t . r e s p o n s e ,  RHR miss ion  time, and RHR system u n a v a i l a b i l i t y .  

The d e t a i l e d  numerical eva lua t ion  y i e l d s  t h r e e  d i f f e r e n t  types  of 

r e s u l t s :  (1 )  t h e  expected annual  occur rence  frequency f o r  each i n d i v i d u a l  

event  and each of t h e  s i g n i f i c a n t  mult i -event  combinations,  (2 )  t h e  r e s t o -  

r a t i o n  t ime a s s o c i a t e d  w i t h  each i n d i v i d u a l  event  and each mult i -event  

combination, and ( 3 )  t h e  p r o b a b i l i t y  of f a i l u r e  (per  demand) t o  provide  

RHR f o r  each event  and event  combination. The product  of t h e  expected 

occurrence frequency f o r  an  event  o r  event  combination and t h e  co r r e s -  

ponding RHR f a i l u r e  p r o b a b i l i t y  y i e l d s  t h e  expected frequency of l o s s  of 

RHR a s soc i a t ed  wi th  t h a t  event  o r  event  combination. Summing a l l  such pro- 

duc t s  over  a l l  events  and event  combinations y i e l d s  t h e  t o t a l  expected f r e -  

quency of l o s s  of RHR. Two such r e s u l t s  a r e  determined,  one f o r  fo rced  

convect ion RHR systems on ly  and one f o r  t h e  combined fo rced  and n a t u r a l  

convect ion RHR systems. Comparison of t h e s e  two r e s u l t s  p rovides  a b a s i s  

f o r  t h e  q u a n t i t a t i v e  b e n e f i t s  t o  be  ob ta ined  from a p re s su r i zed  n a t u r a l  

convect ion coo l ing  c a p a b i l i t y .  The r e s u l t s  a l s o  provide  an i n d i c a t i o n  of 

t h e  RHR r e l i a b i l i t y  ach ievable  wi th  t h e  r e f e r e n c e  concept ,  and w i l l  s e r v e  

a s  a b a s i s  i n  dec id ing  whether t h r e e  s tandby e l e c t r i c  power s u p p l i e s  

( se rv ing  SCS and CACS i n  common) a r e  adequate ,  and what improvements a r e  

ach ievable  i f  one s e t  of t h r e e  such s u p p l i e s  is  used f o r  t h e  SCS and a 

s e p a r a t e  s e t  of t h r e e  s u p p l i e s  f o r  t h e  CACS. 

The r e s u l t s  a r e  summarized i n  Table  4 .  The RHR f a i l u r e  r a t e s  a r e  

shown bcrtll f o r  independear f a i l u r e s  and f o r  upper l i m i t  common cause f a i l -  

u r e  e s t i m a t e s  f o r  two b a s i c  system conf igu ra t i ons .  The r e f e r e n c e  des ign ,  

shown i n  F ig .  2 ,  was d i scussed  i n  t h e  f i r s t  p a r t  of t h i s  paper .  It inc ludes  

t h r e e  independent SCS loops  b u t  r e q u i r e s  t h e  main b o i l e r  feedpumps t o  

f lood  o u t  t h e  steam gene ra to r .  Emergency power is  supp l i ed  from t h r e e  

d i e s e l s ,  each se rv ing  bo th  a CACS and a n  SCS loop .  The r e v i s e d  des ign  

ine ludes  a steaul genera tor  flood-out pump and tank f o r  each SCS loop shown 

i n  F ig .  3 ,  and dedica ted  d i e s e l  o r  gas, t u r b i n e  g e n e r a t o r s  a r e  included f o r  

, each CACS o r  SCS loop .  The f i r s t  column i n  Table  4 i n d i c a t e s  t h e  RHR 

f a i l u r e  r .a te  f o r  a system wi th  on ly  fo rced  ,convect ion c a p a b i l i t y .  The 



TABLE 3 
RHR SYSTEM SUCCESS CRITERIA'~) 

PCRV Pressur ized  Uncontrolled PCRV Depressur iza t ion  

MC S <10 i n .  
2 

PC S - >1  of 2 <_24 h r  MC S 
ML - >1 of 3 PCS - > 1 ' o f  2 

SC S - >1 of 3 ML - >2' of 3 

PC CACS - >1 of 3 

NC CACS 

Cont ro l led  PCRV 
D e ~ r e s s u r i z a t i o n  

MC S 

PCS 21 of 2 
ML 21 of 3 

SC S 

168 h r  22 of 3 
168 h r  11 of 3 

PC & NC(b) CACS 21 of 3 

224 h r ,  
51 68 h r  

' >I68 h r  

210 i n .  
2 

510 min 

<10 min, - 
<24 h r  - 

>24 h r  

MC S 

PC S 21 of 2 
ML 21 of 3 

SC S - >2 of 3 

PC & N C ( ~ )  CACS 21 of 3 

MC S 

PCS 11 of 2 
ML 21 of 3 

SC S 21 of 3 

PC b N C ( ~ )  CACS 21 of 3 

PC & N C ( ~ )  CACS 22 of 3 

(same a s  24 h r  above) 

(same a s  above) 

( n ) ~ e g e n d  : 
MCS = main cool ing  system 
PCS = power conversion system (normal c i r c u l a t i n g  water ,  condenser,  

feedwater systems) 
ML = main loop (steam gene ra to r ,  main c i r c u l a t o r ,  h e a t  r e j e c t  

components) 
SCS = shutdown coo l ing  system 

CACS = c o r e  a u x i l i a r y  coo l ing  system 
PC = forced  convection 
NC = n a t u r a l  convect ion 

(b)Porced convect ion i n  primary coolant  loop  wi th  n a t u r a l  convect ion 
i n  secondary coolant  loop.  



TABLE 4 
RHR FAILURE PROBABILITY SUMMARY FOR HEAT REMOVAL TRAIN 

AND POWER SUPPLY SYSTEMS: COMPARISON OF FORCED CIRCULATION 
AND FORCED/NATURAL CIRCULATION 

RHR F a i l u r e  P r o b a b i l i t y  
P e r  Year 

C o n f i g u r a t i o n s  

Refe rence  Design 

CACS FC Only(a) CACS FC + NC(a) 

S t a t i s t i c a l  independence e s t i m a t e  - 6 
P r e s s u r i z e d  e v e n t s  o n l y  1  .O x 
Depressur ized  e v e n t s  o n l y  1 . 8  x 10 
Depressur ized  e v e n t s  w i t h  r e p r e s s .  

T o t a l :  No r e p r e s s u r i z a t i o n  2 .8  x 
With r e p r e s s u r  i z a t  i o n  

Common c a u s e  e s t i m a t e  - 5  
P r e s s u r i z e d  e v e n t s  o n l y  9 . 8  x 
Depressur ized  e v e n t s  o n l y  8 .5  x 10 
Depressur ized  e v e n t s  w i t h  r e p r e s s .  

T o t a l :  No r e p r e s s u r i z a t i o n  1 . 8  
With r e p r e s s u r i z a t i o n  

Revised Design 

S t a t i s t i c a l  independence e s t i m a t e  
-1 0  

P r e s s u r i z e d  e v e n t s  o n l y  2 .3  x 
Depressur ized  e v e n t s  o n l y  5 .2  x 10 
Depressur ized  e v e n t s  w i t h  r e p r e s s .  

T o t a l :  No r e p r e s s u r i z a t i o n  5 .2  x 
With r e p r e s s u r i z a t i o n  

Common c a u s e  e s t i m a t e  -6 
P r e s s u r i z e d  e v e n t s  o n l y  9 .0 .  x loB6 
D c p ~ e s s u r i z e d  e v e ~ i t s  o n l y  3 . 2  x 10 
Depressur ized  e v e n t s  w i t h  r e p r e s s .  

T o t a l :  No r e p r e s s u r i z a t i o n  1 .2  
With r e p r e s s u r i z a t i o n  

( a ) ~ ~  = f o r c e d  c i r c u l a t i o n ,  NC = n a t u r a l  c i r c u l a t i o n .  



second column shows t h e  RHR f a i l u r e  r a t e  f o r  a  system wi th  bo th  fo rced  and 

n a t u r a l  c i r c u l a t i o n  c a p a b i l i t y  on t h e  CACS. Natura l  c i r c u l a t i o n  is  

assumed from t h e  core  through t h e  helium loop  and t h e  water loop  and i n  t h e  

a i r  t o  t h e  u l t i m a t e  h e a t  s i nk ,  a s  shown i n  F ig .  4 .  The only  a c t i o n  

r equ i r ed  t o  i n i t i a t e  n a t u r a l  c i r c u l a t i o n  i n  t h e  CACS loops  i s  t h e  c l o s i n g  

of t h e  main loop  i s o l a t i o n  va lves  and t h e  opening .of t h e  a u x i l i a r y  loop  

i s o l a t i o n  va lves .  For each system, t h e  RHR f a i l u r e  p r o b a b i l i t y  is  shown 

f o r  s t a t i s t i c a l l y  independent f a i l u r e  e s t i m a t e s  and f o r  an  upper l i m i t  

common cause  f a i l u r e  e s t ima te .  I n  a l l  c a s e s  analyzed,  dep re s su r i zed  events  

have been found t o  dominate t h e  RHR f a i l u r e  p r o b a b i l i t y .  Therefore ,  t h e  

RHR f a i l u r e  p r o b a b i l i t y  is  shown s e p a r a t e l y  f o r  p r e s su r i zed  even t s  on ly  and 

f o r  depressur ized  events  on ly .  P re s su r i zed  downtime events  a r e  dominated 

by r e l a t i v e l y  f r equen t  even t s  ( s e v e r a l  t i m e s  per  y e a r )  of r e l a t i v e l y  s h o r t  

du ra t i on  ( a  few hours  t o  a  few days) ,  wh i l e  dep re s su r i zed  even t s  a r e  domi- 

nated by r e l a t i v e l y  i n f r equen t  even t s  (once per  year  o r  l e s s )  of r e l a t i v e l y  

long d u r a t i o n  ( s e v e r a l  hundred hours )  such a s  r e f u e l i n g  o r  steam gene ra to r  

tube  l e a k  r e p a i r s .  The domination of RHR f a i l u r e s  by i n t e n t i o n a l l y  depres- 

su r i zed  even t s  ( a s  opposed t o  a c c i d e n t a l  d e p r e s s u r i z a t i o n s )  is  p a r t i c u l a r l y  

ev ident  f o r  t h e  n a t u r a l  c i r c u l a t i o n  system ( r i g h t  column of Table  4 ) ,  

because helium n a t u r a l  c i ' r c u l a t i o n  i s  i n e f f e c t i v e  w i t h  d e p r e s s u r i z a t i o n .  

Therefore ,  t h e  n a t u r a l  c i r c u l a t i o n  system was a l s o  analyzed under t h e  

assumption t h a t  t h e  PCRV could be  r e p r e s s u r i z e d  when necessary  t o  r e e s t a b -  

l i s h  n a t u r a l  c i r c u l a t i o n  f o r  a l l  i n t e n t i o n a l l y  depressur ized  c o n d i t i o n s .  

Common cause  f a i l u r e  e s t ima te s  were de r ived  us ing  t h e  be t a - f ac to r  

method (Ref. 5 )  wi th  gene r i c  common cause  f a i l u r e  f r a c t i o n s  (be t a - f ac to r )  

of 0.1 f o r  s t a r t  f a i l u r e s  and 0.01 f o r  run  f a i l u r e s .  Because of t h e  . l a r g e r  

i nd i ca t ed  be ta - fac tor  f o r  s t a r t  f a i l u r e s ,  common mode f a i l u r e  e s t i m a t e s  a r e  

more s e n s i t i v e  t o  t h e  f requent  bu t  s h o r t  p r e s su r i zed  downtime even t s ,  r e s u l t -  

i n g  i n  about equa l  c o n t r i b u t i o n s  t o  t h e  t o t a l  common cause  f a i l u r e  e s t i m a t e  

from p re s su r i zed  and depressur ized  even t s .  Common cause  f a i l u r e  e s t i m a t e s  

a r e  considered i n d i c a t i o n s  of upper l i m i t  f a i l u r e  r a t e s  because t h e . b e t a -  

f a c t o r  method t ends  t o  be i n h e r e n t l y  conse rva t ive  i n  t h e  assumption t h a t  

every component has  a  simu.ltaneous common cause f a i l u r e  p o t e n t i a l .  The com- 

mon cause. f a i l u r e  d a t a ' a r e  very s c a r c e  and- .a re  de r ived  from systems designed 



a g a i n s t  s i n g l e  f a i l u r e s  r a t h e r  than  common cause f a i l u r e s .  Furthermore, 

t h e  methodology does no t  y e t  permit t h e  e x p l i c i t  e f f o r t s  t o  e l i m i n a t e  com- 

mon mode f a i l u r e s  through design' cons ide ra t i ons  t o  be  f a c t o r e d  i n t o  t h e  

a n a l y s i s .  

Therefore ,  i n  t h e  con tex t  of r e l i a b i l i t y  ana lyses  performed t o  i n d i -  

c a t e  t h e  r e l i a b i l i t y  p o t e n t i a l  of s p e c i f i c  s a f e t y  system des ign  configu-  

r a t i o n s ,  common cause  f a i l u r e  r a t e s  a r e  i n t e r p r e t e d  a s  an  i n d i c a t i o n - o f  

upper l i m i t  f a i l u r e  r a t e s .  The adequacy of a  p a r t i c u l a r  c o n f i g u r a t i o n  i s  

judged on t h e  b a s i s  of t h e  s t a t i s t i c a l l y  independent f a i l u r e  r a t e  which 

r e p r e s e n t s  t h e  r e l i a b i l i t y  which t h a t  c o n f i g u r a t i o n  is  capable  of ach i ev ing .  

i f  c o r r e c t l y  designed,  b u i l t ,  i n s t a l l e d ,  and ope ra t ed .  It is ,  however, a  

d e s i r a b l e  secondary o b j e c t i v e  t o  show t h a t  t h e  common c a u s e . f a i l u r e  proba- 

b i l i t y  is  reasonably c l o s e  t o  t h e  s t a t i s t i c a l l y  independent f a i l u r e  proba- 

b i l i t y  t a r g e t ,  say  w i t h i n  about a  f a c t o r  of 10. 

The r e f e r e n c e  system (without SCS f lood-out  c a p a b i l i t y  and w i t h  s h a r e d .  

emergency power s u p p l i e s  between t h e  SCS and t h e  CACS) is l i m i t e d  by power 

supply r e l i a b i l i t y .  This  is  evidenced by t h e  s u b s t a n t i a l  r educ t ion  i n  t h e  

s t a t i s t i c a l l y  independent RHR f a i l u r e  p r o b a b i l i t y  by a  f a c t o r  of 30 f o r  

p r e s su r i zed  RHR and by a  f a c t o r  of 500 f o r  depressur ized  RHR wi'th r ep re s -  

s u r i z a t i o n .  Furthermore, no ga in  is  i n d i c a t e d  f o r  depressuri'zed..RHR with-  

ou t  r e p r e s s u r i z a t i o n .  The o v e r a l l  RHR f a i l u r e  r a t e  is  reduced by a  f a c t o r  

of 2 without  r e p r e s s u r i z a t i o n  and b y . a  f a c t o r  of 75  w i t h  r e p r e s s u r i z a t i o n .  

For common cause  f a i l u r e s ,  a  less s u b s t a n t i a l  g a i n  is  evidenced due t o  t h e  

s t ronge r  impact of s t a r t  f a i l u r e s  f o r  p r e s su r i zed  RHR. However, w i t h  

r e p r e s s u r i z a t i o n ,  t h e  r e s u l t i n g  ga in  i s  s t i l l  a  f a c t o r  of 8 .  

For t h e  r ev i sed  des ign  (wi th  SCS flood-out c a p a b i l i t y  and w i t h  sepa- 

  ate emergency powcr ~ u p p l i e s  f o r  t h e  SCS and the  CACS), t h e  dominance of 

RHR f a i l u r e  by e l e c t r i c  power s u p p l i e s  i s  removed t o  t h e  ex t en t  t h a t  t h e  

running r e l i a b i l i t y  du r ing  long downtime even t s  i s  now c o n t r o l l i n g .  These 

long downtime even t s  a r e  i d e n t i c a l  wi th  t h e  even t s  which r e q u i r e  dep re s su r i -  

z a t i o n  ( r e f u e l i n g ,  steam gene ra to r  tube  l e a k  r e p a i r ) ;  t h e r e f o r e ,  t h e  r e v i s e d  



des ign  i s  c o n t r o l l e d  by t h e  RHR r e l i a b i l i t y  f o r  dep re s su r i zed  even t s .  It 

- is  thus  no t  s u r p r i s i n g  t h a t  t h e  RHR r e l i a b i l i t y  w i t h  n a t u r a l  c i r c u l a t i o n  

bu t  without  r e p r e s s u r i z a t i o n  only  improved a  f a c t o r  of 2 ,  wh i l e  w i th  

r e p r e s s u r i z a t i o n  t h e  r ev i sed  system RHR r e l i a b i l i t y  was enhanced by a  f ac -  

t o r  of 15. Common cause f a i l u r e  p r o b a b i l i t i e s  were enhanced by f a c t o r s  of 

4 and 7 f o r  n a t u r a l  c i r c u l a t i o n  wi thout  and wi th  r e p r e s s u r i z a t i o n ,  

r e s p e c t i v e l y  . 

- 7 
Judged a g a i n s t  t h e  f a i l u r e  p r o b a b i l i t y  t a r g e t  of 10 / yea r  f o r  s t a t i s -  

t i c a l l y  independent f a i l u r e s  i n  t h e  hea t  removal t r a i n s  and power s u p p l i e s ,  

i t  is  concluded t h a t  t h e  r e f e r e n c e  des ign  wi th  n a t u r a l  c i r c u l a t i o n  and 

r e p r e s s u r i z a t i o n  is capable  of meeting t h e  t a r g e t ,  w h i l e  f o r  t h e  r e v i s e d  

des ign  a l l  con f igu ra t i ons  wi th  and without  n a t u r a l  c i r c u l a t i o n  and/or  

r e p r e s s u r i z a t i o n  appear capable  of meeting t h e  t a r g e t .  However, on ly  t h e  

r ev i sed  des ign  wi th  n a t u r a l  c i r c u l a t i o n  comes c l o s e  t o  meeting t h e  secondary 

o b j e c t i v e  f o r  common cause  f a i l u r e  r a t e s  w i t h i n  about a  f a c t o r  of 1:O of 

t h e  s t a t i s t i c a l l y  independent f a i l u r e  r a t e .  

S u b s t a n t i a l  ga in s  i n  RHR r e l i a b i l i t y  a r e  i n d i c a t e d  due t o  , n a t u r a l  c i r -  

c u l a t i o n  f o r  p r e s su r i zed  RHR and f o r  depressur ized  RHR w i t h  r e p r e s s u r i z a t i o n .  

However, without  r e p r e s s u r i z a t i o n ,  t h e  f a i l u r e  r a t e s  a r e  dominated by depres- 

su r i zed  RHR and t h e  g a i n  due t o  n a t u r a l  c i r c u l a t i o n  i s  sma l l .  The n a t u r a l  

c i r c u l a t i o n  r e l i a b i l i t y  assessment  on ly  included h e a t  removal t r a i n s  and 

power s u p p l i e s .  Cons idera t ion  of c o n t r o l s ,  i n s t rumen ta t i on  systems,  and 

suppor t  systems is  expected t o  l i m i t  f o r ced  c i r c u l a t i o n  r e l i a b i l i t y  more 

than n a t u r a l  c i r c u l a t i o n  r e l i a b i l i t y ,  promising f u r t h e r  and more s u b s t a n t i a l  

ga in s  f o r  n a t u r a l  c i r c u l a t i o n .  

The p r i n c i p a l  l i m i t a t i o n  t o  na tur .a l  c i r c u l a t i o n  .RHR r e l i a b i l i t y  is  

dep re s su r i zed  RHR withoiit r e p r e s s u r i n a t i o n .  W i t 1 1  r e l ~ i r s s u r i z a r i o n ,  n a t u r a l  

c i r c u l a t i o n  r e l i a b i l i t y  i s  l i m i t e d  by t h e  a c t i v e  equipment r e q u i r e d  t o  

i n i t i a t e  n a t u r a l  c i r c u l a t i o n  and by pas s ive  equipment (such a s  p r e s s u r e  

r e l i e f  va lves )  which have t o  be  depended upon . to .ma in t a in  n a t u r a l  c i r c u -  

l a t i o n .  Accidental. d e p r e s s u r i z a t i o n  a c c i d e n t s  a r e  .of .less s i g n i f i c a n c e .  

: Therefore ,  t h e r e  is  f u r t h e r  i n c e n t i v e  t o  reduce t h e  dependence on a c t i v e  



and pas s ive  equipment f o r  n a t u r a l  c i r c u l a t i o n .  The n a t u r a l  c i r c u l a t i o n  

system has  evolved by superimposing n a t u r a l  c i r c u l a t i o n  c a p a b i l i t y  upon a 

system designed f o r  forced  c i r c u l a t i o n .  To f u r t h e r  e x p l o i t  n a t u r a l  c i r c u -  

l a t i o n ,  i t  w i l l  b e  necessary  t o  f i r s t  de s ign  t h e  most r e l i a b l e  n a t u r a l  

c i r c u l a t i o n  system ach ievab le  and then  superimpose on i t  t h e  fo rced  c i r c u -  

l a t i o n  c a p a b i l i t y ,  i f  necessary .  
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Fig.  1. GCFR main loop  c o o l i n g  sys tem (1974 d e s i g n )  
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Pig. 2. GCFR nain loop cooling system with shutdown cooling system 
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Fig. 3. GCFR main loop cooling system with revised shutdown cooling system 



Fig. 4 .  Core auxiliary' cooling system 
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