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ASSESSMENT OF A CORE MELTDOWN I N  THE GAS-COOLED FAST BREEDER REACTOR 
WITH AN UPFLOW CORE* 

A. To r r i ,  M. V. Frank, and C. Kang 
General Atomic Company 

San Diego, C a l i f o r n i a  

ABSTRACT 

This  paper d i scusses  t h e .  chronologica l  sequence of events  and suppor t ing  

a n a l y s i s  of a pos tu la ted  t o t a l  l o s s  of a l l  coolan t  c i r c u l a t i o n  i n  the ,  gas- 

cooled f a s t  breeder  r e a c t o r  (GCFR) wi th  an  upflow core .  Redundant and 

d i v e r s e  cool ing  systems a re .p rov ided  f o r  decay hea t  removal, inc luding  pres- 

su r i zed  n a t u r a l  c i rcu1at io.n i n  t h e  co re  a u x i l i a r y  cool ing  system, which 

reduce t h e  p r o b a b i l i t y  of t h i s  pos tu l a t ed  event below t h e  range of p l a n t  

design bases.  Nevertheless ,  t h i s  pist u la t ed  acc iden t  has  been considered 

so  t h a t  t h e  p o t e n t i a l  f o r  consequence m i t i g a t i o n  and containment margin 

could be inves t iga t ed .  Two d i s t i n c t  phases of t h e  sequence a r e  d iscussed:  

(1) t h e  co re  response t o  a t o t a l  l o s s  of forced  and n a t u r a l  coolan t  c i rcu-  

l a t i o n  and (2)  t h e  c a p a b i l i t y  of t h e  p r e s t r e s s e d  concre te  r e a c t o r  v e s s e l  

(PCRV) t o  r e t a i n  molten f u e l  deb r i s .  S p e c i f i c  des ign  f e a t u r e s  of t h e  GCFR 

which prevent r e c r i t i c a l i t y  and f u e l  vapor i za t ion  due t o  f u e l  slumping a r e  

under i nves t iga t ion .  Ana ly t i ca l  work has  been i n i t i a t e d  t o  determine t h e  
. . 

p o t e n t i a l  f o r  consequence m i t i g a t i o n  i n  t h e  PCRV and t h e  containment.  

Severa l  concepts f o r  pos tacc ident  f u e l  containment have been i d e n t i f i e d  

and appear t e c h n i c a l l y  f e a s i b l e .  

INTRODUCTION 

The s a f e t y  philosophy adopted t o r  t h e  gas-cooled f a s t  b reeder  r e a c t o r  

(GCFR) demonstrat ion p l an t  inc ludes  two b a s i c  elements.  F i r s t ,  s a f e t y  

systems a r e  being developed which ensure  t h a t  t h e  occurrence of a p l a n t  

cond i t i on  exceeding the  core s a f e t y  l i m i t s  is' s o  remote t h a t  a l l  acc iden t s  

l ead ing  t o  l o s s  of coolab le  c o r e  geometry a r e  beyond t h e  p l a n t  des ign  b a s i s  
2 
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, envelope. This  o b j e c t i v e  i s  being accomplished through a  comprehensive 

des ign ,  des ign  a n a l y s i s ,  and experiment support  program, where t h e  des ign  

adequacy i s  being e s t a b l i s h e d  according t o  s a f e t y  c r i t e r i a  which inc lude  

s a f e t y  l i m i t s  f o r  c o r e  temperatures  and r e l i a b i l i t y  t a r g e t s  f o r  p revent ion  

of c o r e  damage. Second, pos tu l a t ed  acc ident  sequences which lead  t o  c o r e  

dalrlage a r e  being inves t i ga t ed  i n  s p i t e  of des ign  p rov i s ions  t h a t  remove 

these  sequences from t h e  des ign  b a s i s  envelope. The o b j e c t i v e  i s  t o  

i n v e s t i g a t e  t h e  consequences of t h e s e  low p r o b a b i l i t y  events  t o  a s s e s s  i f  

cont'ainment margins e x i s t  which adequately l i m i t  t h e  r i s k .  This  i s  accom- 

p l i shed  by mechanis t ic  ana lyses  of t h e  acc iden t  p rogress ion  from event  

i n i t i a t i o n  through t h e  c o r e  damage phase,  t h e  pos t acc iden t  f u e l  containment 

phase,  t h e  containment response,  and t h e  r a d i o l o g i c a l a n d  environmental  

consequences. Experimental programs support  t h e  development of a n a l y t i c a l  

methods where t h e r e  a r e  l a r g e  u u n c e r t a i n t i e s  i n  t h e  phys i ca l  phenomena 

involved o r  i n  t h e  r e l a t i v e  t iming of t h e  p r i n c i p a l  acc iden t  phenomena. 

This  paper d i s cus se s  t h e  sequence of events  i n s i d e  t h e  PCRV du r ing  a  

pos tu l a t ed  t o t a l  l o s s  of flow i n  t h e  shut-down GCFR. This  acc iden t  sequence 

is  r e f e r r e d  t o  a s  t h e  l o s s  of shutdown coo l ing  (LOSC) a cc iden t .  Two 

d i s t i n c t  phases a r e  addressed;  ( 1 )  core-wide heatup,  mel t ing ,  and r e lo -  

c a t i o n  of c o r e  m a t e r i a l s  dur ing  t h e  i n i t i a l  damage phase and (2)  conta in-  

ment of molten f u e l  and steel  on t h e  f l o o r  of t h e  c e n t r a l  p r e s t r e s s e d  

concre te  r e a c t o r  v e s s e l  (PCRV) c a v i t y .  

LOSS O F  SHUTDOWN COOLING ACCIDENT PHENOMENA I N  AN UPFLOW CORE 

I n  A p r i l  1 9 7 9  t h e  GCFR program changed t h e  GCFR r e f e r ence  des ign  

from a  t op  supported downflow co re  t o  a  bottom supported upflow c o r e  t o  

p'rovide ;he c a p a b i l i t y  f o r  p ressur ized  decay hea t  removal by n a t u r a l  

coolan t  c i r c u l a t i o n  from t h e  c o r e  t o  t h e  u l t i m a t e  hea t  s i nk .  

- .  The hypo the t i ca l  LOSC acc ident  i n  t h e  GCFR i s  i n i t i a t e d  by l o s s  of  

a l l  forced c i r c u l a t i o n  and f a i l u r e  t o  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  i n  a  

shutdown r e a c t o r .  . T h i s  acc ident  is  analyzed t o  i n v e s t i g a t e  t h e  p o t e n t i a l  
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f o r  consequence m i t i g a t i o n  and containment margin, because i ts  p o t e n t i a l  

f o r  c o r e  d i s r u p t i o n  may be g r e a t e r  than  f o r  unprotected acc iden t s  (Ref. 1 ) .  

This  acc ident  has  been named LOSC t o  d i s t i n g u i s h  i t  from t h e  p ro t ec t ed  

l o s s  nf flow (PLOF) acc ident  i n  a  downflow co re  des ign .  The LOSC i s  

inves t i ga t ed  a t  a  v a r i e t y  of system p re s su re s  a t  and below nominal oper- 

a t i n g  p re s su re ,  because t h e  consequence p o t e n t i a l  may i n c r e a s e  w i t h  

decreas ing  helium p re s su re  i n  t h e  PCRV. 

I 

The pos tu l a t ed  i n i t i a t i o n  of t h e  LOSC acc ident  is of p a r t i c u l a r  

concern i n  a  depressur ized  GCFR. Because of  t h i s  concern, scheduled 

dep re s su r i za t i on  f o r  r e f u e l i n g  and maintenance w i l l  be under c a r e f u l l y  

con t ro l l ed  cond i t i ons  on ly  a f t e r  a  post-shutdown decay time and a f t e r  

e s t a b l i s h i n g  t h e  r ead ines s  of a l l  redundant decay hea t  removal systems. 

These systems a r e  expected t o  be a v a i l a b l e  f o r  a c c i d e n t a l  dep re s su r i za -  

t i o n s  i f  such acc iden t s  reduce t h e  p re s su re s  below e f f e c t i v e  n a t u r a l  con- 

vec t ion  l e v e l s .  Some conceptual  work on t h i s  type  of acc ident  f 0 r . a  

downflow c o r e  has  been repor ted  (Refs.  2 through 4 ) .  Reference 5 d i s -  

cusses  ana lyses  of  t h e  core-wide progress ion  of t h e  acc iden t  sequence 

and i d e n t i f i e s  t h e  key phenomena a s s o c i a t e d  w i t h  t h i s  event .  . T h i s  paper 

p re sen t s  t h e  major phenomena of  t h e  LOSC acc iden t  i n  an upflow c o r e  and 

then addresses -  some gene ra l  cons ide ra t i ons  f o r  m i t i g a t i o n  of t h e  acc iden t  

consequences. 

I n  t h e  cont inued absence of a l l  f low, t h e  c o r e  would approach : 

complete me l t i ng  under decay hea t  a t  a  r a t e  of abotie S ro  10 K/S. Figure  

1 shows t h e  core-wide mel t ing  sequence a t  t h e  co re  a x i a l  midplane. For 

t h i s  r e f e r ence  ca se ,  it was assumed t h a t  r e a c t o r  scram occurs  s imultane-  

ous ly  w i t h  common l o s s  of  d r i v e  power t o  t h e  main c i r c u l a t o r  motors. The 

main c i r c u l a t o r s  coas t  down on t h e i r  mechanical i n e r t i a ,  and t h e  pony 

motors on the ,ma in  c i r c u l a t o r s  a r e  assumed t o  f a i l  t o  ene rg i ze ,  and t h e  

CACS is  assumed t o  f a i l  t o  s t a r t .  The GCFK upflow des ign  has  t h e  a b i l i t y  

t o  provide n a t u r a l  c i r c u l a t i o n  coo l ing  from t h e  c o r e  through t h e  CACS loops 

and t o  t h e  u l t i m a t e  hea t  s i nk .  This  must a l s o  be pos tu l a t ed  t o  be 

i nope ra t i ve  t o  induce a  LOSC acc iden t .  



For purposes of ana lyz ing  t h e  events  fo l lowing  acc iden t  i n i t i a t i o n ,  

a l l  helium flow through t h e  c o r e  i s  assumed t o  s t o p  when. the Reynolds 

number decreases  t o  below 2300 ( i . e . ,  a t  230 s ) .  Na tu ra l  convect ion 

e f f e c t s  w i th in  t h e  c e n t r a l  PCRV c a v i t y  have been neglec ted .  Future .  

ana lyses  w i l l  inc lude  t h i s  e f f e c t .  Hence, t h e  decay hea t  produced i n  

t h e  fuel is  l o s t  t o  t h e  c ladding ,  t h e  duc t  w a l l s ,  and t h e  r a d i a l  b l anke t s .  

Core .hea tup  a f t e r  230 s l eads  t o  ' i n i t i a l  c ladding  me l t i ng  a t  370 s ,  pro- 

g re s s ing  over  e s s e n t i a l l y  t h e  e n t i r e  co re  p r i o r  t o  duc t  mel t ing  being 

i n i t i a t e d  a t  490 s .  Duct mel t ing  proceeds f a i r l y  uniformly throughout  

t h e  co re ,  except f o r  t h e  duc t  p o r t i o n s  on t h e  o u t e r  c o r e  per iphery  ad jacent  

t o  t h e  r a d i a l  b lanke t .  Heatup of t h e  c ladding  and duc t  w a l l s  ad j acen t  t o  

t h e  r a d i a l  blanket  is s i g n i f i c a n t l y  delayed owing t o  hea t  l o s s  t o  t h e  

coo le r  r a d i a l  b lanke t .  Fuel  me l t i ng  is i n i t i a t e d  a t  650 s ,  w i t h  essen- 

t i a l l y  a l l  t h e  c ladding  and most of t h e  duc t  wa l l s  melted. 

Molten s t e e l  d r a i n i n g  from t h e  co re  t o  t h e  lower a x i a l  b lanke t  w i th in  

each assembly i s  c a l c u l a t e d  t o  r e f r e e z e  w i t h i n  about 50 mm of  t h e  co re /  

lower b lanke t  i n t e r f a c e .  The formation of s t e e l  blockages i n  t h e  lower 

a x i a l  b lanke t  (Ref. 4) would provide a  p la t form upon which 6 u e l  would 

accumulate. One pos tu l a t ed  mode of  f u e l  compaction is from f u e l  mel t ing  

and r e l o c a t i n g  o n t o ' t h i s  s t e e l  platform.  One such r e p r e s e n t a t i v e  sequence 

was analyzed. The 'combination of  m a t e r i a l  r e l o c a t i o n  r e a c t i v i t y  i n s e r t i o n s  

may overcome t h e  absorber  rod worth when about 30% of t h e  f u e l  has  mel ted.  

h u t h e r  y o s t u l a ~ e d  mode of f u e l  compaction is  dec lad  f u e l  rod 

crumbling p r i o r  t o  f u e l  mel t ing .  A r a d i a l  temperature  g rad i en t  which 

induces f u e l  rod bowing develops i n  t h e  f u e l  rods ad j acen t  t o  t h e  duc t  

w a l l  we l l  be fo re  f u e l  mel t ing.  The d e f l e c t i o n s  have been analyzed assuming. 

t h a t  t h e  dec lad  f u e l  rods  a r e  f i x e d  a t  t h e  core/ lower a x i a l  b l anke t  i n t e r -  

f a c e  owing t o  molten steel  r e f r e e z i n g .  A t  t h e  i n t e r f a c e  between t h e  c o r e  

and the upper a x i a l  b l anke t ,  it was assumed t h a t  t h e  f u c l  rods  brcalc f r c c  

and a r e  r e s t r a i n e d  by only  t h e  duc t  w a l l  o r  neighboring f u e l  rods .  Bond- 

i n g  between f u e l  p e l l e t s  was assumed t o  occur  du r ing  normal ope ra t i on  and 

du r ing  heatup t o  c l add ing  mel t ing .  Most evidence from TREAT f u e l  me l t i ng  



experiments on i r r a d i a t e d  f u e l  i n d i c a t e s  t h a t  even under much more r ap id  

heatup, f u e l  c o l l a p s e  due t o  crumbling has  no t  occur red ,  a l though f u e l  

rods may break a f t e r  c ladding  melt ing.  However, t h e  l a c k  of evidence of 

f u e l  crumbling from e x i s t i n g  TREAT d a t a  cannot be taken  a s  a  guaran tee  

t h a t  f u e l  crumbling w i l l  no t  occur  du r ing  an LOSC event  sequence. 

Figure 2 shows t h e  f u e l  rod d e f l e c t i o n  p r o f i l e s  a t  t h e  t i m e  of duc t  

mid f l a t  mel t ing.  The s t r e s s e s  c a l c u l a t e d  from t h e s e  d e f l e c t i o n s  would 

cause t h e  f i r s t  two rods ad jacent  t o  t h e  duct  w a l l  t o  f r a c t u r e  n e a r  t h e  

bottom. Following such a  f r a c t u r e ,  temporary stress r e l a x a t i o n  would 

occur .  The subsequent behavior  of t h e  rods is  no t  w e l l  understood a t  t h i s  

t ime; however, ex t ens ive  and core-wide crumbling of f u e l  be fo re  f u e l  m e l t -  

i n g  i s  not  c u r r e n t l y  expected. Fuel swe l l i ng  under t h e s e  acc iden t  condi- 

t i o n s  may tend t o  s t a b i l i z e  t h e  declad f u e l  rods ,  f u r t h e r  reducing t h e  

p o t e n t i a l  f o r  f u e l  crumbling. I n  o rde r  f o r  r e c r i t i c a l i t y  t o  occur ,  more 

than 50% of t h e  c o r e  f u e l  would be requi red  t o  crumble i n t o  a  packing 

f r a c t i o n  of 60%. In -p i l e  experimental  d a t a  under LOSC cond i t i ons  a r e  

l i k e l y  t o  be r equ i r ed  t o  f u l l y  r e so lve  t h e  f u e l  crumbling r e c r i t i c a l i t y  

concern du r ing  an LOSC sequence. 

Containment of  f u e l  vapor r e l ea sed  due t o  f u e l  me l t i ng  and slumping- 

induced r e c r i t i c a l i t y  t h e r e f o r e  remains t h e  p r i n c i p a l  concern du r ing  an 

LOSC sequence i n  an upflow core .  Containment of t h e  energy r e l e a s e  is  of 

l e s s e r  concern owing t o  t h e  i n e f f i c i e n c y  of energy t ransmiss ion  through a  

gaseous coolan t  and t h e  l a r g e  energy abso rp t ion  c a p a b i l i t y  of t h e  PCRV 

(Ref. 6 ) .  

Experimental information is  r equ i r ed  t o  f u r t h e r  i d e n t i f y  t h e  

important LOSC phenomena and improve t h e  a n a l y t i c a l  eva lua t ion  of t h e  

evenr: sequence. 'I'hree types  o t  experiments a r e  being considered and a r e  

i n  va r ious  s t a g e s  of implementation. The steel  mel t ing  and r e l o c a t i o n  test 

(SMART) program a t  t h e  Los Alamos S c i e n t i f i c  Laboratory w i l l  provide valu-  

a b l e  experimental  d a t a  on t h e  phys i ca l  phenomena r e l a t e d  t o  c l add ing  and 

duct  mel t ing ;  d r a i n i n g ,  and r e f r e e z i n g  and on t h e  e f f e c t s  of helium 



n a t u r a l  convect ion a t  8.6 MPa on t h e  mel t ing~,sequence .  The f i r s t  test i n  

t h e  h e a t e r  rod q u a l i f i c a t i o n  experiment s e r i e s  (FLS-1) has  a l r eady  demon- 

s t r a t e d  t h a t  t h e r e  is very  s i g n i f i c a n t  a x i a l  hea t  t r a n s p o r t  from t h e  c o r e  

t n  t h e  upper b l anke t ;  a s  a r e s u l t ,  a mechanis t ic  n a t u r a l  c i r c u l a t i o n  model 

i s  being developed. The d i r e c t  e l e c t r i c  hea t ing  (DEH) f a c i l i t y  a t  Argonne 

Nat iona l  Laborarvry (ANL) w i l l  be uscd t o  provide d a t a  on t h e  s t r e n g t h  of 

f u e l  p e l l e t  bonding and t h e  ex t en t  of f u e l  swe l l i ng  du r ing  an LOSC heatup.  

However, un l e s s  t h e  c u r r e n t l y  planned a n a l y t i c a l  and 'exper imenta l  programs 

i n d i c a t e  t h e  p o s s i b i l i t y  of t e rmina t ing  t h e  LOSC acc iden t  sequence i n  t h e  

co re  p r i o r  t o  r e c r i t i c a l i t y ,  i t  is  expected t h a t  i n - p i l e  t r a n s i e n t  tests 

i n  t h e  GRIST-2 f a c i l i t y  w i l l  be requi red  t o  b e t t e r  q u a n t i f y  t h e  consequences 

and t h e  f u e l  d i s p e r s a l  c h a r a c t e r i s t i c s  r e s u l t i n g  from f u e l  slumping o r  

f u e l  crumbling-induced r e c r i t i c a l i t y .  

Future  a n a l y t i c a l  e f f o r t s  w i l l  i nc lude  i nco rpo ra t i on  of exper imenta l  

r e s u l t s  and a mo.re mechanis t ic  eva lua t ion  of t h e  acc iden t  sequence inc lud ing  

n a t u r a l  convect ion,  f u e l l s t e e l  thermal  i n t e r a c t i o n s ,  'and f u e l  r e l o c a t i o n  

modeling. 

POSTACCIDENT FUEL CONTAINMENT FOLLOWING A LOSS OF SHUTDOWN COOLING ACCIDENT 

The GCFR u t i l i z e s  a PCRV which con ta in s  t h e  c o r e  and a l l  primary 

hea t  t r a n s p o r t  equipment. The PCRV i s  l i n e d  w i t h  a s teel  l i n e r  which is 

cooled by coo l ing  tubes  a t t ached  t o  t h e  conc re t e  s i d e  of t h e  l i n e r ,  and 

thermal  and r a d i a t i o n  s h i e l d i n g  is loca t ed  on t h e  i n s i d e  of t h e  l i u e i .  

The normally cooled l i n e r  and s h i e l d i n g  p re sen t  a h a r r i e r  f o r  t h e  conta in-  

ment of  molten f u e l  i n  t h e  GCFR. To e s t a b l i s h  t h e  degree t o  which t h i s  

b a r r i e r  would con ta in  molten f u e l ,  s e v e r a l  conceptua l  de s ign  op t ions  have 

bken eva lua ted .  The p r i n c i p a l  c o n s t r a i n t s  a r e  t h e  space l i m i t a t i o n  imposed 

by t h e  l i n e r  dimension and t h e  absence of  a l i q u i d  coolan t  which can absorb 

t h e  upward-flowing h e a t  from a molten t u e l  pool.  

The a n a l y t i c a l  methods used f o r  t h e  eva lua t ion  of a l t e r n a t e  concepts  

i nc lude  Baker 's  empi r i ca l  model (Ref. 7 )  f o r  two-dimensional h e a t  t r a n s f e r  

i n  internally heated yvuls ,  conduction hea t  t r a n ~ f e r  through t h e  s i d e  and 



bottom s t r u c t u r e s ,  .and convect ive and r a d i a t i v e  lieat t r a n s f e r  from t h e  

pool sur f  ace t o  t h e  PCRV i n t e r n a l  s t r u c t u r e s .  Pos tacc ident  f u e l  contain-  

ment concepts f o r  t h e  GCFR have been developed i n  Germany (Ref. 8) and 

t h e  U.S. (Refs. 9 through 13) .  Among t h e s e  many concepts ,  t h e  ceramic 

c r u c i b l e ,  t h e  borax ba th ,  t h e  uranium meta l  ba th ,  and t h e  s teea& ba th  

have been evaluated and compared £61- t h e  GCFR. 

The ceramic c r u c i b l e  u t i l i z e s  a  bui ldup of r e f r a c t o r y  m a t e r i a l s ,  

forming a  c r u c i b l e  i n s i d e  t h e  l i n e r  t o  con ta in  t h e  molten co re  d e b r i s  with-. 

out  melt ing o r  chemical a t t a c k  of t h e  c r u c i b l e  s u r f a c e  and a t  t h e  same time 

t o  provide t h e  requi red  s h i e l d i n g  f o r  normal ope ra t ion .  Previous ana lyses  

f o r  a  300-MW(e) GCFR have shown t h a t  t h i s  concept can be appl ied  t o  t h e  

cu r r en t  GCFR design wi th  some modi f ica t ions .  The t h i c k  c r u c i b l e  wa l l  pro- 

v ides  a  s to red  hea t  capaac i ty  t h a t . c a n  de lay  t h e  maximum l i n e r  hea t  f l u x  

f o r  30 h  a f t e r  core  meltdown. The peak hea t  f l u x  which ev.entually reaches 

t h e  c a v i t y  l i n e r  i s  s u f f i c i e n t l y  low so  t h a t  an enhanced l i n e r .  cool ing  

capac i ty  would remove t h e  e n t i r e  downward-flowing h e a t .  However, because 

of t h e  t h i c k  c r u c i b l e  w a l l ,  t h e  d e b r i s  pool  temperature exceeds 3000°C, 

and t h e  margin f o r  f u e l  b o i l i n g  under depressur ized  cond i t i ons  i s  small .  

I n  add i t i on ,  most of t h e  core  d e b r i s  decay hea t  is  d r iven  upward, which 

makes t h i s  concept depend on upward hea t  removal. The delayed s t a r t u p  of 

a  s i n g l e  core  a u x i l i a r y  cool ing  system (CACS) loop is s u f f i c i e n t  t o  remove 

a l l  t he  upward-flowing decay hea t ,  even a t  f u l l y  depressur ized  condi t ions .  

Furthermore, a  r e s i d u a l  pressure  of 0.6 MPa i n  t h e  PCRV is  s u f f i c i e n t  f o r  

upward hea t  removal by n a t u r a l  convect ion i n  t h e  CACS loops. Even i f  no 

convect ion,  forced o r  n a t u r a l ,  could be e s t a b l i s h e d  i n  t h e  CACS loops ,  

t h e  mel t ing  of s u b s t a n t i a l  po r t ions  of t h e  c e n t r a l  c a v i t y  i n t e r n a l  compo- 

nents  would be delayed approximately 24 h. The a d d i t i o n  of t h e s e  i n t e r n a l  

components t o  t h e  d e b r i s  pool r ep re sen t s  a  s u b s t a n t i a l  incremental  hea t  

capac i ty  which would depress  pool  temperatures  f o r  a  s u b s t a n t i a l  time 

per iod ,  fo l lowing  which t h e  reduced upward-flowing hea t  could be removed 

through t h e  l i n e r  i n s u l a t i o n  t o  t h e  l i n e r  coo l ing  i n  t h e  upper po r t ion  

of t h e  c e n t r a l  cav i ty .  Therefore,  main ta in ing  PCRV l i n e r  i n t e g r i t y  follow- 

i n g  a  core  meltdown appears t e c h n i c a l l y  f e a s i b l e  b u t  r e q u i r e s  des ign  



. i . e . ,  a t t e n t i o n  f o r  t h e  unique a spec t s  of a c o r e  meltdown c o n d i t i o n , "  

l i n e r  coo l ing  c a p a b i l i t y ,  c r u c i b l e  m a t e r i a l  f l o t a t i o n ,  e t c .  

The BORAX ba th  concept was proposed f o r  t h e  GCFR by Da l l e  Donne 

e t  a l .  (Ref. 8). S t e e l  boxes f i l l e d  w i th  borax (Na B 0 ) a r e  i n s t a l l e d  
2 4 7  

i n  t h e  lower r e a c t o r  cav i ty .  Following a c o r e  meltdown, t h e  ox ide  f u e l  

i s  expected t o  d i s s o l v e  i n  t h e  l i q u i d  borax t o  form a.compound s o l u t i o n  

pool.  The d i sko lv ing  proceqs is c o n t r o l l e d  by steel  box melt-ing, s o  

t h a t  t h e  l i q u i d  borax is a l ready  a t  t h e  me l t i ng  po in t  of s t e e l ,  where a 

f a s t  d i s s o l v i n g  r a t e  may be achieved.  The low b o i l i n g  po in t  of borax 

(1700°C) may cause a borax vapor b lanke t  t o  form a t  t h e  fuel-borax i n t e r -  

f a c e ,  s o  t h a t  t h e  f u e l  and s t e e l  may s i n k  through t h e  borax bed without  

d i s s o l v i n g  t h e  f u e l .  I n  add i t i on ,  t h e  borax pool may become sepa ra t ed  

from t h e  f u e l  by an in te rmedia te  s teel  l a y e r ,  i n t e r r u p t i n g  t h e  d i s s o l v i n g  

process .  Small-scale s imu la t i on  tests performed by D a l l e  Donne et  a l .  

(Ref. 12) i n d i c a t e  t h a t  UO d i s s o l u t i o n  can be accomplished i n  t h e  pres-  
2 

ence of  s t e e l ;  l a r g e r  experiments a r e  c u u r r e n t l y  i n  progress .  Only 20% 

t o  30% of t h e  decay hea t  flows upward because of t h e  low pool temperature .  

Sideward and downward hea t  f l uxes  a r e  i nc reased ,  bu t  t h e  peak h e a t  f l u x  

does n o t  occur  u n t i l  about 10 h (Ref. 1 1 ) . 

  he' heavy meta l  b a t h  concept (Refs.  9 ,  1 1 , 13) u t i l i z e s  a l a r g e  

mass of high-densi ty ,  low-melting-point uranium meta l  a l l o y  i n s t a l l e d  

i n s i d e  t h e  lower r e a c t o r  cav i ty .  Following a c o r e  meltdown, a low t e m -  

p e r a t u r e  pool  of t h e  uranium a l l o y  w i t h ' s o l i d  f u e l  fragments i n  suspension 

i s  expected t o  form. The molten pool  is  contained by t h e  unmelted s o l i d  

edge of ' the  heavy metal .  The p r i n c i p a l  advantage of  t h i s  concept i s  i t s  

s e l f - s e a l i n g  f e a t u r e .  Gaps between s t r u c t u r a l  a l l o y  b locks  w i l l  become 

f i l l e d  by t h e  uranium a l l o y ,  which is  of  h ighe r  d e n s i t y  than  U02, thereby  

prevent ing  t h e  p e n e t r a t i o n  of molten UO i n t o  s t r u c t u r a l  .gaps and c racks .  
2 

Such p e n e t r a t i o n  can l o c a l l y  i n c r e a s e  t h e  hea t  f l u x  t o  t h e  c a v i t y  l i n e r .  

A hea t  t r a n s f e r  s tudy  (Ref. 13) f o r  a 1500-MW(e) GCFR has  shown t h a t  

removal of hea t  from t h e  heavy me ta l  b a t h  is  f e a s i b l e  w i t h  a wide range 

of s u i t a b l e  pool  temperatures .  The d isadvantages  of  t h i s  concept i nc lude  



t h e  h igh  c o s t  of uranium m a t e r i a l s ,  t h e  p o t e n t i a l  f o r  metal-water 

r e a c t i o n s  i f  t h e  l i n e r  i s  breached, and t h e  p o s s i b i l i t y  of c r u s t i n g  on 

top  of t h e  heavy meta l ,  which could 'suspend a  s i g n i f i c a n t  ' . f r ac t i on  of t h e  
b 

UO above t h e  pool .  Uranium a l l o y s  a l s o  have a  low hea t  c a p a c i t y ,  2 
r e q u i r i n g  a  2-m-thick l a y e r  f o r  a  4-h hea t  capac i ty .  

The s t e e l  ba th  concept (Ref. 10) employs a  l a r g e  mass of s t a i i l e s s .  

s t e e l  p l a t e s  t h a t  w i l l  melt fol lowing a  c o r e  meltdown t o  form a " l i g h t  

meta l  bath."  This  concept i s  s i m i l a r  t o  t h e  uranium b a t h  except  t h a t  

t h e  c o r e  d e b r i s  i s  heavier  than t h e  pool  m a t e r i a l  and i s  c o l l e c t e d  a t  t h e  

bottom of t h e  s t e e l  pool.  A r e f r a c t o r y  l a y e r  placed between t h e  s teel  

and t h e  c a v i t y  l i n e r  is  thus  needed t o  p r o t e c t  t h e  l i n e r  from p o t e n t i a l  

ho t  spo t  e f f e c t s .  Analysis  of s t e e l  b a t h  hea t  t r a n s f e r  has  shown t h a t ,  

t h e  s t e e l  co re  r e t e n t i o n  system has a  g r e a t e r  s t o r e d  hea t  e f f e c t  than t h e  

uranium system, and t h e r e f o r e  t h e  l i n e r  hea t  f l u x  and temperatures  a r e  

lower. S imi l a r  t o  t h e  ceramic c r u c i b l e  concept ,  t h i s  concept can be 

accommodated without  a  l a r g e  c o s t  o r  s i g n i f i c a n t  des ign  changes. 

Table  1 compares t h e  important parameters  f o r  t h e  f o u r  concepts .  

The ceramic c r u c i b l e  is  t h e  s imp le s t  concept bu t  is  most dependent on 

upward hea t  removal, whereas t h e  borax b a t h  and t h e  uranium b a t h  o f f e r  

b e t t e r  performance but  would r e q u i r e  major des ign  changes and experimental  

development. The s t e e l  b a t h  appears  t o  be an i n t e r e s t i n g  compromise con- 

c e p t ,  and a  combination of t h e  e s s e n t i a l  f e a t u r e s  of two concepts ,  i . e . ,  

a  heavy metal base w i th  an ove r l ay ing  s t e e l  ba th ,  may o f f e r  f u r t h e r  improve- 

ments. It i s  concluded t h a t  t h e r e  a r e  s e v e r a l  d i v e r s e  concepts  f o r  molten 

f u e l  containment i n s i d e  t h e  PCRV which appear f e a s i b l e  u t i l i z i n g  t h e  

normally provided.cooled l i n e r  b a r r i e r  f o r  pos tacc ident  f u e l  containment.  

A l l  in -vesse l  molten f u e l  containment concepts  depend on t h e  a v a i l -  

a b i l i t y  of  l i n e r  coo l ing  f o r  i n d e f i n i t e  r e t e n t i o n  of molten f u e l .  The 

t i m e  de l ay  a v a i l a b l e  f o r  r e s t o r a t i o n  of  l i n e r  coo l ing  depends on t h e  h e a t  

c a p a c i t y  provided by t h e  s t r u c t u r a l  m a t e r i a l  i n  t h e  lower c a v i t y  reg ion  

and is  t y p i c a l l y  i n  t h e  range of 4 t o  10 h. S ince  t h e  p r o b a b i l i t y  of 



TABLE 1 
COMPARISON OF MOLTEN CORE RETENTION CONCEPTS 

Ceramic Borax Uranium S t e e l  
Parameter Cruc ib le  Bath Bath Bath 

Pool temperature  ( ' C )  High Low Low Low 
(>3000) (1427) (>1200) (> 1 500) 

Cavity l i n e r  tem- Low High High High 
p e r a t u r e  (OC) (1 50-200) . (250-300) (280-350) (250-300) 

Time of maximum l i n e r  Long Medium s h o r t  Medium 
hea t  f l u x  (h) (28-40) 0)  (3-4) (6- 1 0 )  

Frac t ion  of upward High Low Medium Low 
hea t  removal ' (0.6-0.8) (0.2-0.3) (0.3-0.4) (0.1-0.3) 

Need f o r  des ign  Minor Major Major.  Minor 
changes 

Need f o r  experimental  Low High High Medium 
work 

Pool manageabi l i ty  . Medium Low High High 

Fuel pene t r a t i on  and Yes Yes No Yes 
m a t e r i a l  f l o t a t i o n  

S c a l e a b i l i t y  High Low Medium Medium 

Cost Low Medium High Low 

r e s t o r i n g  o f f - s i t e  power i n  2  h  is t y p i c a l l y  90%, t h e  dependence on l i n e r  

cool ing  i s  n o t  unreasonable .  .Neve r the l e s s ,  t h e  consequences of a  longer  

l o s s  of l i n e r  coo l ing  was i n v e s t i g a t e d  t o  determine l i k e l y  PCRV f a i l u r e  

modes (Ref. 14) .  Two s p e c i f i c  f a i l u r e  modes have been i d e n t i f i e d  and 

analyzed: (1) f a i l u r e  of PCKV tendons due t o  sideward growth of t h e  f u e l  

pool pelletracing i n t o  t h e  concre te  s l a b  and. (2) molten f u e l  p e n e t r a t i o n  

through t h e  conc re t e  base mat of t h e  PCRV. Table  2  g ives  t h e  f a i l u r e  t imes 

f o r  t h e s e  f a i l u r e  modes. F a i l u r e  of t h e  f i r s t  row of  a x i a l  p r e s t r e s s i n g  

tendons 31 h a f t e r  c o r e  meltdown is  p red i c t ed  a s  t h e  e a r l i e s t  f a i l u r e  mode. 

Th i s  f a i l u r e  mode would on ly  be  of importance i f  , the  PCRV w e r e  s t i l l  pres -  

s u r i z e d ,  a  very  u n l i k e l y  cond i t i on ,  because a  pre .ssure  r educ t ion  would be 

expeceed through e i t h e r  t h e  PCRV r e l i e f  va lves  o r  t h e  f a i l e d  l i n e r .  I n  

a d d i t i o n ,  s u f f i c i e n t  t i m e  f o r  manual d e p r e s s u r i z a t i o n  fo l lowing  l i n e r  

f a i l u r e  i s  a v a i l a b l e .  F a i l u r e  by PCRV bottom head p e n e t r a t i o n  r e q u i r e s  . 

much longer  t i m e s ,  i .e. , '  11 days f o r  50% bottom head p e n e t r a t i o n  and 48 
i l  

days f o r  f u l l  'bottom head pene t r a t i on .  



TABLE 2 
COMPARISON OF PCRV FAILURE MODES 

Cause of PCRV Failure Time of Failure (a> 

Failure of first row of PCRV tendons 

Melt penetration through 50% of 
lower PCRV head 

Melt penetration through full PCRV 
head 

48 days 

(a)~fter core meltdown. 
. .  . 

It is concluded that very long PCRV failure times can be attained if 

PCRV depressurization can be accomplished prior to PCRV tendon overheating. 

Molten fuel penetrating into concrete releases water which can react with 

an overlaying molten steel pool to form hydrogen. Furthermore, decom- 

position of limestone aggregate results in the release of CO Conservative 2 ' 
containment' analyses have shown that the containment failure pressure is 

not reached for at least 24 h following liner failure. Hydrogen,evolution 

is slow and controllable with hydrogen recombination equipment, and con- 

tainment venting could be delayed beyond 2 4  h by use of nonlimestone 

aggregates in the P C W  bottom head. Therefore, it appears technically 

possible to contain a molten core inside the.PCRV by removing the decay 

heat through an upgraded liner cooling system and to provide at least 24-h 

containment integrity even if active heat removal is unavailable. 

CONSEQUENCE MITIGATION FOR A LOSS.OF SHUTDOWN COOLING ACCIDENT SEQUENCE 

The principal focus of consequence mitigation is the containment of 

condcngcd fuel vapor and fission products released from the core during 

the postulated meltdown sequence. To quantify the degree of consequence 

mitigation provided by the PCRV and the containment/confinement structure, 

- .  radiologfcal consequence analyses are being performed on the bases of the 

core releases calculated by ANL. The radiological consequences will pro- 

3' vide a basis upon which to judge the adequacy of radiological containment 



provided by the design. In addition, an investigation of the principal 

means to reduce .the radiological consequences further has been initiated 

and includes studies on the following: 

1. Means to reduce the probability of an LOSC event further. 

2. . Means to prevent recriticality. 

3. Means to minimize fuel vapor and energy release. 

4. Means to maintain primary coolant boundary integrity. 

5. Means to deplete activity releases to the containment and mini- 

mize leakage from the containment/confinement structure. 

Completion of these studies, further refinements in accident analysis 

capabilities, and results of ongoing experimental programs will yield the 

compreherlsive understanding of core disruptive accidents in the upflow 

core necessary for licensing a demonstration plant. 

REFERENCES 

1. Sevy, R., E. E. Morris, and T. Y. C. Wei, "Safety Aspects of the 

Upflow GCFR," Argonne National Laboratory, presented at the Helium 

Breeder Assuciates/Departmenr of Energy GCYK Program Technical Review 

Meeting, May 31, 1979. 

2. Torri, A., and D. R. Buttemer, "Loss of Flow Accident Phenomenology 

in the 'GCFR," Trans. Am. Nucl. Soc. 21, 295 ('1 975). - 
.3. Torri, A., and J. L. Tomkins, "Accident Termination by Element Dropout 

in the GCFR," in Proceedings of the Fast Reactor Safety Meeting, 
- - - -  

Chicago, October 5-8, 1976, pp. 1183-1194 (CONF-761001). 

4. Torri, A., M. V. Frank, and C. Kang, "A Core Meltdown Assessment in 

the Gas-Cooled Fast Reactor," in Proceedings of the International 

GCFR Safety Specialist Meeting, Brussels, Belgium, March 1979, to be 



Frank, M. V., and J. T..Reilly, "Event Sequence Quantification for a 

Loss of Shutdown Cooling Accident in the GCFR," in Proceedings of the 

International Meeting on Fast Reactor Safety Technology, Seattle, 

August 1979, to be published. 

Conner, J. G., Jr., and M. E: Giltrud, "Evaluation of GCFR PCRV 

Containment 'capability," White Oak Laboratory Report NSWL/WOL/TR 77-42, 

April 1977. 

Bak.er, L., et al., "Heat Removal from Molten Fuel Pools," in 

Proceedings of the International ~eet'in~ on Fast Reactqr Safety and 

Related Physics, October 5-8, 1976, Chicago, p. 2056 (CONF-761001). 

Dalle Donne, M., S. Dorner, and K. Schretzmann, "Post Accident Heat 

Removal Considerations for Gas-Cooled Fast Breeder Reactors," Paper 

presented at the NEA coordinating Group on GCFR Development Specialist 

Meeting on Design, Safety, and Development of the GCFR, Tokyo, March 

1976. 

"Gas-Cooled Fast Breeder Reactor Quarterly Progress Report for the 

Period May 1, 1977 Through July 31, 1977," DOE Report GA-A14492, 

General Atomic Company, August 1977. 

"Gas-Cooled Fast Breeder Reactor Quarterly progress Report for the 

Period November 1, 1977 Through January 31, 1978," DOE Report GA-A14771, 

General Atomic Company, February 1978. 

"Gas-Cooled Fast Breeder Reactor Quarterly Progress Report for the 

Period February 1, 1978 Through April 30, 1978," DOE Report GA-A14928, 

General Atomic Company, May 1978. 

Dalle Donne, M., S. Dorner,: and C. Schumacher, "Development Work for 

a Borax Internal Core-Catcher for a Gas-Cooled Fast Reactor," Nucl. 

Technol. 39, 138-154 (1978). - 
"Gas-Cooled Fast Breeder Reactor Quarterly Progress Report for the 

Period May 1, 1978 Through .July 31, 1978," DOE Report GA-A15454, 

General Atomic Company, August 1978. 

"Gas-Cooled Fast Breeder Reactor Quarterly Progress Report for the 

Period November 1, 1978 Through January 31, 1979," DOE Report . 

GA-A15237, General Atomic Company, February 1979. 



Fig. 1. Material melting sequence for the whole-core case 
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(DEFLECTIONS AMPLIFIED 25x1 

Fig. 2 .  Thermal. def lect ion of declad fue l  rod along a traverse t o  the 
midflat a t  the t i m e  of 50% heat of fusion a t  the duct midflat 




