
" 
, . 

. \''' 

�";t'b · 
�··•:·_,· ��-- > 

' \' > '\t' 

E GG-TMI-7402 
November 1 986 

INFORMAL REPORT 

CORE R E L OCATI ON I N  THE TMI -2 ACCIDE NT 

P. Kuan 

. HAN 



•, 

.. 

.. 

CORE RE LOCATION IN THE THI-2 ACCID E NT 

P .  Kuan 

P u b l 1 s hed November 1 986 

E G&G Idaho , Inc . 
Ida ho F a l l s ,  Idaho 8341 5 

P r epa red for the 
U . S .  Depa r tment  of  E nergy  

Idaho Oper a t 1 on s  O f f 1 ce 
Under DOE Con t rac t No . D E -AC07-76ID01 570 

E GG-TMI-7402 



ABSTRACT 

Th 1 s  r e po r t  r e� 1 �ws the forma t 1 on of the debr 1 s  bed 1 n  the THI-2 
n uc l ea r · r eac t o r  c o r e  d u r 1 ng t h e  c o r e  damage a c c 1 de n t  on  Mar c h  28 , 1 979 , and 
e xam1 n e s  p l au s 1 b l e  therma l  and  mec han 1 c a l  fa 1 l ur e  mec h a n 1 sms of the c r u s t  of 
the cons o l 1 da ted reg1 on 1 n  the  debr 1 s  bed tha t a l l owed mo l ten c o r e  ma ter 1 a l  
t o  r e l oca te to the l ower p l enum of the  reactor  ves s e l . Thermal 1 nterac t 1 on 
be tween mo l ten core  ma ter1 a l  and  l ower c o r e  s uppo r t  s tr uc tur�s 1 s  ana l y z ed . 

\ 

The r e s u l t s  a r e  cons 1 s tent  w1 th  a �udden fa 1 l ur e  of the  c r u s t  and a b r 1 ef 
fl ow of mol ten c o r e  ma ter 1 a l  that  c a u s ed 1 1 t t l e ,  1 f  any , damage to the  l ower 
c o r e  s u ppor t s t r uc tures.  
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CORE RE LOCAT I ON I N .THE THI -2 ACC I DE NT 

1 .  I NTRODUCTION 

The l o s s -of-coo l a n t  a c c 1 den t a t  the  Th ree  H 1 l e  I s l and , Un 1 t 2 ( TH I -2 )  
nuc l ea r  r ea c tor on Ma r c h  28� 1 979 , r e s u l ted 1 n  s ever e  damage t o  the r eac tor  
cor e .  In  t h e  s ummer of 1 982 ,  a c l osed-c 1 r c u 1 t t e l ev 1 s 1 on s u r vey of t h e  core  
wa s conduc ted t h r ough t he open 1 ngs  o f  t h r ee c o n t r o l  r o d  l ead s c r ew suppor t 
t ubes . The s u r vey r evea l ed a cavi t y  1 n  the upper pa r t  of  the  c o r e  be l ow 
wh 1 c h  the  f u e l  wa s seen 1 n  the  form of  a r ubbl e  bed . Subsequent p r o b 1 ng o f  
the  r ubb l e  b e d  by a po 1 n ted tool  s h owed tha t tbe r u bb l e  wa s fa 1 �l y  l oo s e  a n d  
extended downwa r d  for  a bou t 1 m .  Be l ow the  r ubb l e  bed , the  po 1 n ted tool  
encoun tered a ha r d  c r u s t .  After  the  r emova l of  t h e  upper head o f  the  
r eac tor ve s s e l , a v 1 deo came r a  wa s l ower ed 1 n to the  l ower.p l enum a l ong the 
downc om�r 1n Febr ua r y  1 985 . An accumu l a t 1 on of  c o r e  debr 1 s  i n  the  l ower 
p l enum amoun t i ng to 1 0  to  20 met r 1 c  tons  wa s d i stovered . Some of t h i s 
debr i s  wa s 1 n  a form r e s emb l i ng l a va roc k s , up  to  0 . 2  m i n  s i ze ,  muc h  l a r ger  
than any of the f l ow h o l es  between the l ower p l enum and the c o r e . The  vi deo 
a l s o s h owed ma ter 1 a l  s o l 1 d 1 f 1 ed f r om a mo l ten s ta t e  and s _t 1 1 1 a t tac hed to 
the f l ow d 1 s t r 1 butor  p l a te . �owever , s t r uc tu r e s  1 n  the l �wer p l enum,  such  
a s  the  f l ow d 1 s tr 1 butor , 1 ns t r umen t  g u i de t ubes , and  t h e  i nner l i ner of  the  
ve s s e l , whenever v i s 1 b l e ,  appa r en t l y  s u f fe r ed 1 1 t t l e ,  1 f  any. damage . 
Recent v 1 deos , taken 1 n  J u l y 1 986 a l ong the c o r e  bore  ho l e s  for  the 
a c qu i s i t i on of  core s amp l e s , n o t  on l y  r evea l ed t h e  p r esence  o f  f ue l  r od 
s t ubs  be l ow t he s o l 1 d  debr 1 s  bed 1 n  the  c or e , but a l so c on f 1 rmed that  mo l ten 
core ma ter 1 a l  had f l owed down near  the  per i ph e r y  o f  one s 1 de o f  the  c or e .  
The known damage s ta te w1 th 1 n  the  r eac tor  ves s e l  f r om the  1 979 act 1 dent  1 s  
dep i c ted· i n  F 1 gure 1 .  

The purpose  of  t h i s s t udy i s  to  i nves t i ga t e  ( a )  the  pos s i b l e  fa i l ure  
mec han i sms of  the non-coo l a b l e  debr i s  form�d 1 n . the  c o r e  r eg 1 on that  l ed to  
the  r e l oca t i on of mol t en ma ter i a l  t o  the  l ower p l enum ,  and ( b )  the  effect  of  
mo l ten c o r e  ma ter i a l  f l ow on the  l ower p l enum s t r uc t u r e s . The  1 n terac t i on 
o f  mo l ten c o r e  ma ter 1 a l  wi t h  the  l ower p l enum s t r uc t u r e s  and the l ower 
ve s se l  head af ter  the mo l ten  c o r e  ma ter i a l  s e t t l ed 1 n  t h e  l ower p l enum w1 1 1  
be i n ves t 1 ga ted i n  a sepa r a t e  s t udy . Sec t i on 2 g i ve s  a n  ove r v i ew of  the 
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TMI -2 c o r e  damage s equence l ead 1 ng to the  forma t 1 on o f  a s o l 1 d  debr 1 s  bed 1 n  
the  c o r e  and the  f 1 na l  r e l oca t 1 on of mo l ten c o r e  ma ter 1 a l  t o  t h e  l ower 
p l enum .  The ear l y  pha s e s  of the  damage s equence  up to  the  forma t 1 on of a 
debr 1 s  bed 1 n  the  c o r e  have been modeled exten s 1 ve l y by t h e  s ever e fuel  
damage compu ter code SCDAP1 and s 1 mu l a ted 1n  the  severe  fuel  damage te s t s  
per formed 1 n  t h e  Power Bur s t  F ac 1 1 1 ty . 2•3•4•5 Ther e 1 s  1 1 tt l e  doubt  a s  t o  
the gener a l  va l 1 d 1 ty o f  t h e  damage s equence u p  t o  c o r e  debr 1 s  bed forma t 1 o n .  
The mec han 1 sm o f  mo l ten c o r e  ma ter 1 a l  r e l oca t 1 on t o  t h e  l ower p l enum , 
however, 1 s  poor l y  under s tood and open to va r 1 .ous  c onj e c t u r e s  and 
hypo the s e s . Sec t 1 on 3 exam1 ne� 1 n  deta 1 1 s ome of  t h e  pr opos ed mechan 1 sms . 
that  a l l owed mo l t en ma t e r 1 a l  t o  f l ow t o  the  l ower p l enum ,  due t o  e 1 ther  a 
me l t-thr ough or a mec han 1 ca l  f a 1 l ur e  of  the  c r u s t  enc l os 1 ng the  mol ten  
ma ter 1 a l  . . Sec t 1 on 4 e�p l or e s  the  e f f e c t  o f  mo l ten c o r e  ma ter 1 a l  on the 
l ower c o r e  s uppor t s tr uc t ure s dur 1 ng H s  d ownwar d  f l ow . F 1 na l l y ,  1 n  
Sec t 1 on 5 ,  the  d 1 fferent  fa 1 1 ur e  mec han 1 sms a r e  r ev 1 ewed , s umma r 1 zed , and 
r e l a ted t o  the  c onf 1 gu r a t 1 on o f  t he debr 1 s  bed and  the damage s ta t e  o f  the 
l ower core s uppo r t  s truc t u r e s . 
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2 .  CORE DAMAGE SEQUENCE 

The TMI -2  a c c 1 dent wa s 1 n 1 t 1 a ted by the  l o s s  of  ma 1 n� �s we l l  a s  
emer genc y ,  feedwa ter  t o  the  s ec onda r y  s 1 de s  o f  t he s team gener a t or s . Due to  
th 1 s  l o s s  of  hea t s 1 nk ,  the  pr 1 ma r y  c oo l a n t  s y s tem hea t ed up and the b u 1 l dup 
1 n  p r e s s u r e  pus hed open a r e l 1 ef vaive on the p r e s s u r 1 zer . the r eac tor  wa s 
s h u t  dowri a u toma t 1 ca l l y  on h 1 gh p r e s s ur e , but  the  r e l 1 ef va l ve f�t l ed 1 n  a 
s tuck-open pos 1 t 1 on .  Pr 1 ma r y  coo l aht wa s l o s t  t h r ough the  s tuck-open va l ve 
for �or e  than 2 h unt 1 1  the p r e s s ur�·r e l 1 ef 1 1 ne wa s 1 s o l a ted by c l os 1 ng a 
b l ock va l ve .  Dur 1 ng t h 1 s t 1 me; t h� cool �n t  c ou l d  have be�n rep l eh1 s hed by 
eme r gency c o r e  coo1 1 ng wa te� . · Uhfo�tuna t e l y .  the h 1 gh wa ter•leve l 
1 nd 1 c a t 1 on 1 n  the pres s ur 1 zer  gave the  oper a t o r s  a n  e r r oneous not 1 on tha t 
the s y s tem wa s s t 1 1 1  f u l l of  wa ter . Acc or d 1 ng l y, the  o pe r a t o r s  dfa s t 1 ca l l y  
c urta 1 l ed the  1 nj ec t 1 on o f  eme r gency c o r e  c o o 1 1 ng wa ter , wh 1 ch l ed t o  t he 
c o r e  be1 ng uncove r ed ( wa ter  l evel  d r o pp 1 ng b e l ow the  top of  the  c or e ) a t  
about  1 1 0  m1 nutes  1 n t o  the  a c c 1 den t . 

After  the c o r e  wa s uncove r ed and  dur 1 ng t he per 1 od the  �or e  c oo l an t  wa s 
be 1 ng bo1 l ed off , ba s ed on the  SCDAP a na l ys 1 s , 1 the  uncovered par t o f  the  
fuel  rods  wou l d  have hea ted up at  a r a t� between 0 . 3  t o  0 . 5  K/s f r om decay 
hea t . Beca u s e  r ad 1 a t 1 on wa s detec ted 1 n  the  conta 1 nme n t  a few m1 nutes  a f t e r  
the b l ock va l ve c l o s u r e  a t  1 40 m1 n ,  the  c l add 1 ng o f  s ome of  the  rods  mus t  
have r up t u r ed by t h 1 s t 1 me and  r e l ea s ed s ome f 1 s s 1 on gas . F r om ca l c u l a t 1 on s  
and expe r 1 men t s , t h e  tempe r a t u r e  a t'wh 1 �h the  c l ad d 1 ng wou l d  r u� t u r e  1 s  
known to be between 1 1 00 and-1 200 K .  
hea ted up a t  an  a c c e l era ted r a t e  due 
of the z1 rca l oy c l ad d 1 ng by s team a t  !I 

After  rod  r up t u re , �,I:Je'\ r o d s  wou l d  have 
.ltw� · ! •� 

to the  1 nc r ea s 1 ngAexotherm1c ox1 da t 1 on Vi . o/o-'2 r.vv P tf" 
h 1 gh t emper a t u r e s . //: , £"' .,.1_ y'(-/s rb ·vO ._ro "' J \'"- j, 

Ba s ed on e s t 1 mated hea tup  r a te s , the ma x 1 mum c l ad d 1 ng tempe r a t u r e  wou l d  
have r eac hed 1 600 K by about  1 60 m1 n .  A t  t h 1 s t empe r a t u r e  the  l oca l power 
output  due to c l add1 ng o x 1 da t 1 on by steam wou l d  have been seve r a l t 1 me s  the · 

l oca l decay power . Bec a u s e  the  ox1 da t 1 on r a t e  1 nc r ea s e s  exponen t 1 a l l y w1 t h  
t h e  1 nc r ea s e  1 n  t empera t ur e , t h e  tempe r a t u r e  o f  t h e  fuel  r o d s  wou l d  have 
esca l a ted r ap 1 d l y ,  1 1 m1 ted on l y  by �he s team or  z 1 r ca l oy a va 1 l a b 1 1 1 t y .  I n  
the mea n time , the  s ta 1 n l ess s te e l  c]add 1 ng o f  the  c o n t r o l  r od s  wou l d  have 

J: 

me l ted a t  about 1 700 K and the mo l ten c on t r o l  ma t e r 1 a l  ( an a l l oy o f  s 1 1 ver , 
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1 nd 1 um ,  and cadm1 um that  me l t s a r ound 1 200 K )  wou l d  ha ve been r e l ea s ed and 
f l owed. towa r d  the l ower end  o f  t he c o r e. Bec a u s e  mo l ten· s 1 l ver  can d 1 s so l ve 
a cons 1 derab l e  amount of  z 1 r ca l oy ,  1 t  p r o ba b l y  wou l d  ha ve d e s t r oyed the 
z 1 r c a l oy gu 1 de tubes of  the  c o n t r o l  rods and s ome nearby f uel- r od c l add 1 ng 
dur 1 n� 1 t s downwa r d  f l ow .  · A f t e r  the  z 1 r c a l oy c l ad d 1 ng me l ted a t  about  
21 00 K ,  wh 1 c h wou l d  have taken  p l ac e  on l y  a f ew m1 n u t e s  a f t er the  c l add 1 ng 
tempera t u r e  had reach�d 1 600 K ,  the  mo l ten z 1 r c a l oy.wou l d  a l s o f l ow t owa r d  
t h e  l ower e n d  of  the  c o r e . T h e  e xa c t  tempe r a t u r e  a t  wh 1 c h  the  mo l ten 
z 1 r ca l oy wou l d  r e l oca �e .  however , 1 s  qu 1 te uncer ta 1 n  bec a u s e  .of  the  p r e s ence 
of .a p r o tec t 1 ve l ayer of z 1 r c on 1 um d 1 ox 1 de ,  wh 1 c h r ema 1 n s  s o l �d up to  
2900 K .  E xper 1 me n t s  a t  t he Power ·Bur s t  F ac 1 1 1 t y 1 nd 1 c ated t ha ,t the 
r e l ocat 1 ori tempe r a t u r e  cou l d  be as h 1 gh a s  2500 K ,  a few hundre� K above the 
me l t 1 ng p o 1 n t  of z 1 r ca l oy .  Wh 1 l e  t he tempe r a t u r e  wa � be l ow 2700 K ,  the 
l 1 qu 1 d  c l add 1 ng ,  ba s ed on the U-Zr -0 equ 1 1 1 br 1 um pha s e  d 1 agram ,  c9u l d  
d 1 s s o l ve up to  20% o f  t h e  f u e l  1 t  enc l o s ed . The 1 1 qu 1 d  ma ter 1 a l .wpu l d  fa l l  
downwa r d s , e 1 ther f r ee l y  or  a l ong the fuel  r o d s , un t 1 1 s o l 1 d 1 f 1 ca t 1 on took 
p l ace  1n a s u f f 1 c 1 en t l y  c oo l  r eg 1 on . F r om·t h e  pos t-ac c 1 dent  c o r e  
exam1 na t 1 oni t h e  l owe s t  po 1 n t whe r e  t h e  mo l ten ma ter 1 a l  s o l 1 d 1 f 1 ed wa s about 
0 . 4  m above the bot tom of  the  a c t 1 ve cor e ,  r ough l y  the e s t 1 ma ted l oca t 1 on of  
the wa ter  l evel  dur 1 ng t h 1 s pha s e  o f  the a c c 1 den t . The r e l oca ted ma ter 1 a l  
s oon wou l d  h�ve formed a c r u s t that  pr6v1 ded s uppo r t  t o  s ub s equen t l y  
r e l oca ted ma ter 1 a l . A s  mor e  ma ter 1 a l  me l ted , f l owed down , and s o l 1 d 1 f 1 ed ,  
the s o l 1 d  reg1 on proba b l y  g r ew t o  about  1 m t h 1 c k  b y  about  1 70 m1 n 1 n  the 
cen t r a l  par t of the c or e . On top of  the s o l 1 d  ma s s , there wou l d  have been 
the fuel -rod r emnan t s  w1 t h  t he 1 r o x 1 d 1 zed c l add 1 ng .  

At 1 74 m1 n. one of t h e · r eac t o r  c oo l a n t  pump s , wh1 ch were-t urned off  
earl 1 er dur 1 ng the ac c 1 den t due to  exces s 1 ve v 1 b ra t 1 on , wa s t u r ned on and 
momentar 1 l y  pumped a l arge  quan t 1 ty of wa t er 1 nt o  the  c or e .  Th 1 s  cou l d  have 
s ha t tered the fuel -r od remna n t s  and the ox 1 d 1 zed c l add 1 ng 1 n  the upper par t 
o f  the c o r e  to  form a r ub b l e  bed . The c oo l 1 ng e f f e c t  o f  the  p ump was 
t r a n s 1 tor y ,  and on l y  the per 1 pher a l  fue l a s s emb l 1 e s  wer e  tempora r 1 l y  c oo l ed .  
T��� s 1 nd 1 ca ted by the r e s po n s e s  of  the  c o r e-ex 1 t  thermoc

v�,u�l es wh 1 c h  
·Game-B·a-ek f r om a n  a l arm s ta te a t  temper a t u r e s  a bove 644 K ,  7and  t hen aga 1 n  
wen t  1 n to a n  a l arm s ta te when the-tempe r a t u r e  exceeded 6�4 K .  After  
200 m1 n ,  eme r gency coo l 1 ng wa ter  wa s 1 njec t ed 1 n to t he reactor  cor� . 
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Thermocouples in the  peripher a l  a s s emb l ie s  again r e s ponded to the  c oo l ing 
wa ter , but  the  thermocouples in t h e  cent r a l  a s s emb l ie s  r emained in a 
high -tempe r a t u r e  a l arm s ta te . I t  is  bel iev�d that  the c en t r a l  t hermocoupl es 
formed new j unc tion s within the  s o l �d debr1s bed that  s hie l ded t hem f r om the  
cooling wa ter . A t r a n sie n t  c a l c u l a tion of. the  hea tup  of  the  debris  s howed 
t ha t , by 225 min , 1 2 , 000 kg of c o r e  ma teria l in side a c r u s t  c o u l d  ha ve 
r emeited f r om decay hea t . 6 

At  abou t 225 min ,  s e ve r a l  simu l taneo u s  even t s  indic a ted a maj o r  c hange 
in c o r e  configu ra tion . Many o f  the  in-core  s e l f -power ed neu t r on · detec tor s 
( SPND s ) a l armed due to abnorma l l y  h1gh or  l ow c u r r ent s . Car e f u l  exam1 na tion 
of the a l a r m  data s h owed that  the  ala rms fir s t  wen t o f f  iri t h�.�a s t  quadr a n t  
of  the  c o r e  and then pr opaga ted t owa r d  t h e  center  ( a s s hown 1 n  F igu r e  2 ) .  
Some of  the  a l a rms came f r om t he same in s t r umen t  sta l k s , eac h  o f  which had 
s even de tec tor s even l y  s paced a l �ng the  ver tic a l  a xis , and a l eadwir e 
without a detec tor s e r v1 ng a s  a backgr ound indic a t o r . A few of  t h e s e  
ins t r umen t s ta l k s  h a d  a l a rms · f r om a l l  s e ven l evel s o f  detec tor s a s  we l l  a s  
f r om t h e  bac kgr ound l eadwir e .  A f�w o f  the  c o r e  e x1 t  thermocoup l es a l s o 
a l armed a t  high temper a t u r e , f o l l ow,ng a simil a r  s equence a s  the  SPNDs , 
1 . e . , s ta r ting f r om the eas t qua d r a n t  of  the c o r e  and propaga ting towa r d  the 
center ( a s  s h own in Figur e  3 ) . The . count  r a t e  of  a neutron  source-r ange 
mon 1 tor  l oca ted on the out side of the r eac tor ve s s e l  inc r ea s ed s ha r p l y ,  and 
then decayed s l owl y .  A prima r y  s y s tem pre s s ur e  pu l se of about 2 MPa wa s 
r ecor ded . The bes t  1 nd 1 ca t 1 on of  t he s udden c ha nge perhaps  came f r om the 
r ecor ded temper a t ure in the  1 n l e t  piping ( co l d  l eg s ) o f  t he p r 1 ma r y  coo l a n t  

lbS'f , ( cir c u l a tion l oops . The data  prov1 de a 3-s  time r e s o l ution and show that  the 
�,pl\ tempe r a t u r e s  j umped up by  a s  muc h  a s  80 K ( A- l oop c o l d  l eg )  in 1 2  s .  ( The ! ' 

t 1me r e so l u tion of  the  source-range, mon 1 tor  o u t p u t  and  the  prima r y  p r e s s u r e  
� is es tima ted to b e  about 1 mtn f r om t h e  mic r ofilms of  c op 1 es o f  the · 

r e s pective s t rip-c hart recor dings . )  The source-r ange monitor r e s pon s e , the 
prima r y  s y s tem p r e s s u r e , and the c o l d  l eg tempe r a t u r e s  are s hown in 
F 1 gu r e  4. 

The dis cove r y  of  c o r e  ma teria l �  in the l ower plenum and a n  a pparent  f l ow 
pa th ·of mo l ten ma ter 1 a l  in the  ea s tt�ua d r a n t  of  the  cor e  ( s ee·F 1 gu r e  1 ) , 
together w1 t h  the  even t s  a r ound 225im1 n during t he a cciden t , s t rong l y  
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F1gure 3 .  Alarm sequence of core-ex1t thermocouples around 225 m1n. 
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l eg tempe r a t u r es a r ound 225 m1 n .  



1 nd 1 ca t e  that  mo l ten mater 1 a l  r e l oca ted t o  the  l ower p l enum a t  that  t 1 me .  
The s udden 1 nc r ea s e  1 n  neut r on count  r a t e  a t  the s o u r c e - r ange mon 1 tor  can  be 
exp l a 1 ned by neu t r on s t r eam1 ng f r om the bot tom of the r eac tor ves s e l  when a 
s 1 gn 1 f 1 ca n t  amount of  fuel  f e l l t o  the  l ower p l en um . 7 • 8 The s ub s eque n t  s l ow 
decay 1 n  the count  r a te c a n  be a t t r 1 bu ted to the  decay o f  neu t r on genera t 1 on 
f r om a f 1 xed fue l d 1 s t r 1 bu t 1 on 1 n  t he reactor  ve s se l . The s 1 mu l taneous 
a l a rms of  SPNDs a t  a l l  l eve l s ,  1 nc l ud 1 ng the background l eadw1 r e ,  on  the 
same 1 n s t r umen t  s ta l k s , s ugge s t  a c ommon po 1 n t o f  damage to these  
1 n s t r umen t s . If  molten ma t e r 1 a l  f l owed to the  l ower p l enum and s e t t l ed 
a r ound the  1 n s t r umen t  tube s , the  l eadw1 r es 1 ns 1 de the  tubes  cou l d  ha ve 
hea ted to h 1 gh temper a t u r e s  a nd devel oped enough t hermoe l ec t r 1 c  c ur r en t s  t o  
s e t  off  t h e  a l a rms . 9 Pos t -ac c 1 den t mea s u r emen t s  o f  t h e  l oop r es 1 s tances  o f  
the  cor e-ex 1 t thermocoupl es s howed that  new jun c t 1 ons  wer e  formed 1 n  t h e  
l ower p l enum , .  p r e s umab l y  f r om f u s 1 ng the  thermocoup l e  l ea d s  a t  h 1 gh 
t emper a t u r e s . 1 0  The s udden· 1 nc r ea s e  1 n  p r 1 ma r y  s y s t em p r e s s u r e  can  6e 
exp l a 1 ned by the gener a t 1 on o f  l a r g� qui�t 1 t 1 es o f  s team when hot  c o r e  
ma ter 1 a l  came 1 n to conta c t  w1 th  t he· c oo l 1 ng wa ter . T h e  1 nc rea s e  1 n  c o l d  l eg 
tempe r a t u r e s  can a l s o be e x p l � 1 ned by a s udden f l ow·of wa ter  hea ted by s team 
f r om the l ower p l enum to the c o l d  l egs 1 mmed 1 a t e l y a f ter  the .ho t  c o r e  
ma ter 1 a l  r e l ocated to the  l ower p l enum .  

Af ter the hypothe s 1 zed r e l oca t 1 on even t a r o�nd 225 m1 n 1 n t o  t he 
acc 1 den t , there  wa s 1 1 t t l �  1 nd 1 ca t 1 on of  another  maj or c o r e  c on f 1 gu r a t 1 on 
c hange . When one of  the reactor  c oo l an t  pumps wa s r e s ta r ted s ome 1 6  h a f ter  
the beg 1 n n 1 ng o f  the  acc 1 den t ,  the  sma l l - s 1 zed l oo s e  debr 1 s  c ou l d  have been 
moved by the rap 1 d l y  f l ow1 ng wa t e r . Th 1 s  may have changed the s u r face  
d 1 s t r 1 bu t 1 on of  the debr 1 s ,  b u t  the  ma 1 n  damage pa t te r n  d 1 s covered 1 n  the  
pos t -ac c 1 dent exam1 na t 1 on of  the  ves s e l  1 n ter 1 or 1 s  be l 1 eved to have been 
formed 1mmed 1 a t e l y  a f ter the 225 -m1 n even t . The eva l ua t 1 on of  c o r e  

�� I 

r eloc a t 1 on mec han1sms g 1 ven 1n t h e  next  s ec t 1 on · 1 s  a 1 med a t  f 1 nd 1 ng a c a u s e  
f o r  the hypo the s 1 zed r e l oca t 1 on e v e n t  a t  225 m1 n .  
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3. CORE R E L OCATION ME CHA.N ISMS 

After  t he reac tor c o o l ant pump t�a n si�n t a t  1 74 min , the  reactor  c o r e  
configura tion can  b e  though t of  a s  c on sis t 1 ng o f  f o u r  dis tin c t  r egions  a s  
shown in Figu re  5 .  The s e  r egions  a r e :  ( 1)  t h e  periphery  of  t h e  c o r e  whe r e  
the  fuel  a s s emb l ies s u f fe r ed l it t l e  damage and  r emained mos t l y  in tac t i n  the 
uprigh t position; ( 2) the l ower end of  t he c o r e , nea r ·a nd be l ow the wa ter 
l evel , whe r e  the fue l r od s t ubs  r emained s tanding and  pr ovided s uppo r t  to  
the r e s o l idified ma teria l  r e l oca ted f r om above; ( 3 )  a c en t r a l  c o n s o l ida t ed 
r egion , averaging about 0. 9 m in heigh t ,  whic h wa s imper vious to  coo l ing 
water  and who s e  interior c o n tinued to heat  up f r om decay bea t and  event ua l l y  
became mo l ten; and (4) a r ubb l e  bed above the  s o l id r egion , con sis ting 
mos t l y  of  s ha t tered f u e l  pe l l e t s  and oxidized c l adding . The r ubb l e  bed 
c ou l d  have been r e l a tive l y  l oo s e  and porous  and , if any wa ter  wa s d e l ivered 
t o  it , it  even t ua l l y  wou l d  be quenched . This is  b e lieved t o  be the c a s e  
when eme r gency cooling wa ter  wa� inj ec ted in to t h e  c o r e  shor t l y  a f ter  
200 min . Wi th cooling wa ter covering the r ea c t o r  c o r e , the on l y  region tha t 
cou l d  l ead to fur ther configu r a tion change wa s the  c o n s o l idated , 
non-c oo l ab l e  region j u s t  be l ow the  r ub b l e .  For the  mo l ten ma teria l to  
r e l oc a t e  to the l ower p l enum,  the  c r u s t  a r ound it mu s t  fir s t  fail . The 
f o l l owing s ubsec tions  dis c u s s  t he poten tia l fail u r e  mec hanisms of  the c r us t ,  
under the ca tegory of  a me l t - t h r ough or  a mec ha nic a l  b r eakup . 

3.1 Me l t -Thr ough of the  C r u s t  

3.1.1  Me l t -Th rough b y  Decay Hea t 

If the s u r face  tempe r a t u r e  o f  t he con s o l idated debris bed ( r egion 3 in 
Figure  5 )  wa s hea ted above the  leidenf r o s t  point (�900 K) a t  the time of 
eme r gency c o r e  coo l ant  inj ec tion , i t s  s u r face wo� l d  not  have been r ewe t ted 
by the cooling wa ter . At high t empera t u r ei ,  t h e  heat l o s s  f r om the s u r face  
wou l d  have  been  domina ted by r adia tion t o  t he c oo l ing wa ter through a thin 
fi l m  of s t eam . If hea t c a r ried away by the  s team is neg l ec ted and on l y  
radia tion l o s s  t o  the wa ter  i s  con sider ed , a n  upper bound t o  the  equilibrium 
s u r face tempe r a t ur e ,  Ts , c a n  be ea sil y es tima ted . We a s s ume that  the debris 
is in the form of  a right -cir c u l a r  c y l inder , having r adius , r ,  and heigh t ,  

1 1  
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c oo l a nt pump t ra n s 1 en t  at 1 7 5 m1 n .  
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h. Heat 1 s  genera ted 1 n  the  1 n ter 1 or from a u n 1 form vol umet r 1 c  sour c e , 
I I I 

q , ana l o s t  u n 1 forml y t h r ough the s u r faces  o f  the  c y l 1 nder . The 
conf 1 gu r a t 1 on of the p r ob l em 1 s  s h own 1 n  F 1 gu r e  6 .  Neg l ec t 1 ng hea t  t r an s f er 
to  the s team f 1 lm and bac k r ad 1 a t 1 on f r om t h e  c oo l 1 ng wa ter , we have 

I ll 2 4 2 q • �r h = EaTs ( 2�r + 2�r h) ( 1 ) 

where  £ 1 s  the em1 s s 1 v 1 ty ,  a the  Stefan-Bo l t zmann cons tan t , and the o t her  
parameter s a s  d e f 1 ned 1n  the  text . So l v 1 ng f o r  the  s u r face  temper a t ur e , we 
have 

[ 1 1 1 ]1 /4 
T r hq . 

s = 2£a ( r + h) ( 2) 

Subs t 1 tu t 1 ng the  f o l l ow1 ng va l ue s  for  the  patame t e r s e s t 1 �a ted . for  the TMI-2 
conso l lda ted deb r 1 s  bed: 

r 1 .2 m 

h = 0 . 9  m 

I I I 
q = 1 . 5 MW/m3 fsee Append 1 x  A) 

= 

a = 

we get 

= 1 710  K 

I f  the s u r face  of  the debr 1 s  wa s cdver ed w1 t h  a l ayer of  cont r o l  
ma ter 1 a l , 1 t  wou l d  b e  me l ted before  therma l  equ1 1 1 b r 1 um was r ea ched. I f  the 
s ur face wa s made of  z 1 r ca l oy ,  there wa s a poten t 1 a l  for r a p 1 d  ox 1 da t 1 on ,  
s upp l y 1 ng add1 t 1 on a l  hea t  t o  t h e  s u r face . The e f f e c t  of  the ox1 da t 1 on·on 
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the s u r face  tempe r a t u r e  1 s  a na l yzed 1 n  Sec t 1 on 3 . 1 . 2 .  In the  a b s ence of  
ox1da t 1 on ,  the  z i r caloy on the s u r fa c e  wou l d  be be l ow 1 t s me l t i ng poi n t . I f  
th� s u r fac� conta i ned s t a 1 n l e s s  s tee l �  a me l t - t h r ough �a s pos s i b l e ,  beca u s e  
the e s t i ma ted equ 1 1 1 br 1 um s u r face tempe r a t u r e  1 s  t n  t he n e i ghbor hood o f  i t s 
me l t i ng poi nt . A cerami c s u r fa c e , whe t her of  Zro2 , U-Z r-0 , or  uo2 , wou l d  
r ema i n  s o l i d  and a me l t-thr ough wa s not pos s i b l e ,  g i ven  the e s t i ma ted TMI-2 
debr i s  bed decay hea t gener a t i on r a t e  and the a s s ump t i on of  u n i form s u r face  
hea t f l u x .  

3 . 1 . 2  Rapi d  Ox i da t i on o f  C r u s t 

The l a s t  s ec t i on s h owed that  the  s u r fa c e  t empe r a t u r e  of  the 
cons o l i da ted debr 1 s  bed c ou l d  be c l o s e  to  1 700 K .  If a l ayer o f  ztr ca l oy 
covered the s u r face , o x i da t i on of  the s u r fa c e  b y  s team c o u l d  be f a i r l y  
r ap i d .  Th i s  s ec t i on determi nes  the c ond i t i on s  that  c a n  l ead to  an 
e s ca l a t i on of  the c r u s t  s u r fa c e  tempera t u r e  due t o  the  exothermi c c hemi c a l  
r eac t i on , or  c onver s e l y ,  t h e  cond i t i on s  f o r  s ta b l e  s u r face  ox i da t i on .  

�x i da t i on of z1r ca l oy by s t eam can  be r ep r e s ented  by t h e  f o l l ow i ng 
k i ne t i c s  g i v i ng the z i r c on i um o x i d i zed per un i t  s u r fa c e  a r ea : 

2W dW " 294 . 3  exp {- 20+:00 } d t  

where 

\ < 1 850 K 

. 
T s ?. 1 850 K 

w = the z i r c on i um that  wou l d  be ox i d i zed on the s ur face , 
un i t s of  k g/m2 , i f  a l l  the  oxygen uptake  wa s u s ed to  
ox i d i ze the  z i rconi um to zro2 

Ts = s u r fa c e  tempe r a t u r e  i n  K 

t = t i me i n s .  
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Be l ow 1850 K ,  the k 1 ne t 1 c s  1 s  f r om Pawe l e t  a 1 . , 1 1  and  a t , and above , 
1 850 K ,  the  k 1 ne t 1 c s  1 s  f r om U r ba n 1 c  and He 1 d r 1 c k.1 � I n  the above equa t 1 on ,  
dW 1 s  t he 1 nc r emen t  1 n  W dur 1 ng t he t 1 me 1 nc r emen t  d t . U s 1 ng·a hea t 
generat 1 on o f  6 . 45 MJ. when 1 k g  o f  z 1 r c on 1 um 1 s  ox1 d 1 zed and a z 1 r c on 1 um 
dens 1 ty of  6500 kg/m3 , the  s u r fa c e  power gener a t 1 on ,  P s , c a n  be der 1 ved 
f r om the a bove k 1 net 1 c s  a s  

where  

= 

( 4 )  

T5 < 1 850 K ( 4a )  

( 4b )  

the t h 1 c kn e s s 1 n  m1 c r ometer s  o f  the  o r 1 g 1 na l  z 1 r c on 1 um 
l ayer tha t h a s  been ox1 d 1 z ed 1 f  a l l  t h e  oxygen uptake fs 
a b s o r bed 1 n  t h 1 s l ayer . 

If we def 1 ne f ( Ts ) a s  

4 
= caTs - P s ( 5 )  

where  the f 1 r s t  term on the r 1 gh t-hand s 1 de 1 s  t he hea t f l ux due to 
r ad 1 a t 1 on l o s s  and P s , the  s u r face power gene r a t 1 on due  to ox1 da t 1 on ,  then 
f ( Ts ) 1s the  exc e s s  heat f l ux f r om the  s u r f a c e. ( Convec t 1 ve hea t f l ux has  
been 1 gnored . ) If Ts 1 s  t o  be c o n s tan t 1 n  t 1 me ,  f ( Ts ) ha s to  be b a l anced by 
the hea t f l ux f r om the 1 n ter 1 or .  T

,
he func t 1 on f 1 s  s hown 1 n  F 1 gure  7 for  

three va l ue s  o f  the  oxtd 1 zed z 1 r c ar�y l ayer t h 1 c knes s ,  6. 

The func t 1 on ,  f ,  apa r t  f r om t he d 1 s c o n t 1 nu 1 ty at 1 850 K ,  ha s 1n gene r a l  
a ma x 1 mum va l ue a n d  a l s o a mfn 1 mum �a l ue a t  a h 1 gher t empe r a t u r e  ( no t  s h own 

1 6  
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t n  F tgur e 7 ) .  I f  the hea t f l ux f r om the  1 n ter 1 or 1 s  h t gher  than the  
maxtmum , equ 1 1 1 br 1 um 1 s  not  pos s 1 b l e  at  low tempe r a t u r e s  and the  t empe r a t u r e  
of  t h e  s ur face e s ca l a t e s . I f  the  h e a t  f l ux f r om the  1 n ter 1 or 1 n t e r c ep t s  the 
f -c u r ve to the l ef t  of  the  max 1 mum , the  ox1 da t t on t s  s ta b l e ,  bec a u s e  a 
s l t gh t  t nc r ea s e  1 n  tempe r a t u r e  mean s  an 1 nc rea s e  1 n  net  cool t ng� c a u s 1 ng t he 
tempe r a t u r e  to  drop bac k . I f  th�  tntercept  t s  t o  t h e  r 1 gh t  o f  t h e  max1 mum , 
ox1 da t 1 on 1 s  uns tab l e ,  and the  t empera tu r e  e s c ala t e s  un t 1 1 1 t  mrives over to  
the r 1 gh t  of  the m1 n 1 mum on the  f-c u r ve . The c ond 1 t 1 on of  sta b l e  ox1 d a t 1 on 
t s ,  therefor e ,  

I 
f ( T s ) > 0 , or 

3 - � IT 
4caTs - � e s > 0 

cn2 
s 

wher e  a and � a r e  the c ons tan t s  s hown t n  E qua t t on ( 4 ) . 

I 
Set t 1 ng f ( Ts ) = 0, we obta 1 n  the  upper bound on the  s u r fa c e  

( 6 )  

tempe r a t ur e , Tc ( l a ter r ef e r r ed t o  a s  the c r 1 t 1 ca l  temper a t ur e ) ,  for  s tabl e  
ox1 da t 1 on :  

I I 
and th 1 s  ha s to  be s u pp l emen ted by �he cond 1 t 1 on that  f ( Tc ) < 0. 

The tempe r a t u r e  1 n  the  Ca thcar t-Pawe l ox1 da t 1 on r eg 1 me extends  t o  
1850 K .  I f  t h 1 s 1 s  s e t  to  Tc , we obta 1 n  f r om E qua t 1 on ( 7 ) ,  a f ter  
s u bs t 1 t u t 1 ng t he va l ues 

= 

= 20,100 K 

= 0 . 8  
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= 

( 8 )  

F o r  6 < 6c , the  Inequa l 1 t y ( 6 )  cannot  be s a t 1 s f 1 ed and t he tempe r a t u r e  
w 1 11 e s c ala te to t h e  U r ban 1 c  r eg 1 me ( Ts > 1850 K ) . F or 6 > 6c , t he 
o x 1 da t 1 on 1 s  s ta b l e  for a n y  t empe r a t u r e  be l ow 1850 K .  

In the  U r ban 1 c  r eg 1 me ,  the  c r 1 t 1 cal tempe r a tu r e ,  Tc , a s  a func t 1 on of 
t he t h 1 c knes s of  the ox 1 d 1 zed z 1 r c aloy , 1 s  obta 1 ned by numer 1 ca l l y  s o l v 1 ng 
Equa t 1 on ( 7 ) ,  and 1 s  g 1 ven be l ow 1 n  tabu l a r  form: 

6 ( 1.1m )  2 5  30 35 40 50 60 

Tc ( K )  1885 1984 2082 2184 2413  27 31 

Equa t 1 on ( 7 ) ,  a s  g 1 ven above for  the  tempe r a t u r e  a t  wh 1 c:h t he f - c u r ve 
has  a s ta t 1 onary  va l ue ,  gener a l l y has  two s o l u t 1 on s  1 n  the U r ba n 1 c r eg 1 me 
for a g 1 ven value of  6 .  Th 1 s  1 s  graph 1 cal l y  1 l l u s t r a ted 1 n  F 1 gure  8 .  
lower tempera t ure  g 1 ves the l oc a t 1 on of  the  ma x 1 mum on the  f-c u r ve and 
upper tempe r a t u r e  the m1 n 1 mum . As 6 1 s  1 nc r ea s ed , the  two s o l u t 1 on s  

I I 
eventua l ly c o 1 nc 1 de a t  6 = 6 , and for 6 > 6 , the  func t 1 on f 1 s  a C C 1 

The 
t he 

monoton 1 c a l l y  1 nc reas 1 ng func t 1 on o f  T . Thus. 6 g 1 ve s  the t h 1 ckn e s s of  . s c 
the  o x 1 d 1 zed z 1 r caloy above wh 1 c h  o x 1 da t 1 on o f  the  z 1 r ca l oy 1 s  s table a t  any 
temper a tu r e . ( As s hown be l ow ,  t h 1 s a l so a p p l 1 e s  t o  the  Cathcar t-Pawe l 
r e g 1 me . )  

I 
The po 1 n t 6 6c 1 s  determ1 ned by the s o l u t 1 on of  the  f o l l ow1 ng 

equa U on: 

D 1 f feren t 1 a t 1 ng Equa t 1 on ( 7 ) ,  we have 

19 

( 9 )  



t 
Upper solption /: 

(minimum f) I 
I 
I 
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F1 gure  8 .  Solu t 1 on s  of  the  c r1t1cal ox1 da t1on temperatu r e , Tc, for ox1de 
l ayer t h1cknes s. �. · 
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= 
- T 5 [d6 

- .JL dT 1 c 6 T 2 c 
c 

( 1 0 )  

f r om wh 1 c h we get 

Tc = �/5 ( 11 ) 

by s e t t 1 ng d6/dTc = 0 .  Sub s t 1 t u t 1 ng t h 1 s va l ue of  Tc 1 n to E quat 1 on ( 7 )  
aga 1 n ,  we ge t 

1 55a -5 ( 12 )  6c = --4 e 4£0'� 

Subs t 1 t u t 1 ng the numer 1 ca l  va l ue s  

(J' 

we obta 1 n  

= 

= 16 , 610 K 

= 0 • .  8 

= 

( 1 3 )  

Bec a u s e  t h 1 s 1 s  l a rger than the . c r 1 t 1 ca l  t h 1 c k ne s s ,  6c , �bta 1 ned f o r  the 
Cathca r t -Pawe l r eg 1 me , as  g 1 ven by E qua t 1 on ( 8 ) , the  ox 1 da t 1 on 1 s  s ta b l e  a t  

I 
a l l  temper a t u r e s  1 f  the ox 1 d 1 zed z 1 r ca l oy t h 1 c knes s 1 s  mor e  than  6c , 
or 66 . 5  JJm . 
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for a c y l 1 nd r 1 ca l  debr 1 s  bed , 0 . 9  m h 1 gh and  1 . 2 m 1 n  r a d 1 u s , and 
hav 1 ng a vol ume t r 1 c  power .  densHy of 1 . 5 MW/m3 , the  aver age equ 1 1 1 b r 1 um 
s urface heat f l ux due to  the  1 n t e r n a l  hea t gener a t 1 on ,  a s  e s t 1 ma ted 1 n  
Sec t 1 on 3 . 1 1 , 1 s  about  0 . 4  MW/m2 • I f  the  1 n 1 t 1 a l  o x 1 d 1 zed z 1 r ca l oy 
t h 1 c knes s 1 s  mor e  than a bo u t  1 5  pm , the  o x 1 da t 1 on 1 s  s ta b l e  and the  s ur fa c e  
t emper a t u r e  w1 1 1  r ema 1 n  be l ow 1 850 K. I n  par t 1 c u l a r , the  equ1 1 1 b r 1 um 
s urface temper a t u r e  w1 1 1  be a bo u t  1 7 50 K when the  o x 1 d 1 zed l ayer r eaches  
40 pm . 

If the  1 n 1 t 1 a l  ox 1 de l ayer  1 s  les s  than  1 5  pm , the  tempe r a t u r e  may 
e s ca l a te above 1 850 K. The t emper a t ure e s ca l a t 1 on ,  however , w1 1 1  be of 
s hor t dur a t 1 on ,  for the ox 1 de l ayer-w1 1 1  b u 1 l d  up r a pid l y  and the  
temper a t ure  w1 1 1  s ub s equen t l y  d r o p . The t 1 me ,  t, to ox 1 d 1 ze a l ayer  of 
t h 1 c knes s ,  6 ,  fr om 6 = 0 1 s  g 1 ven by t he 1 n tegr a l  of E qua t 1 on ( 3 )  aft e r  
conver t 1 ng W to  6 ,  1 . e . ,  

where  a and a a r e  a s  def1 ned 1 n  Equa t 1 on ( 4 )  and  

p = the dens 1 ty of· t 1 r ca l oy ( 6500 kg/m3 ) .  

For Ts > 1 850 K ,  the t 1 me t 1 s  numer 1 ca l l y  g 1 ven by 

1 0_7 � 2 e
l 6 , 6 1 0/Ts T = 4 . 81 X o 

wher e  6 1 s  1 n  pm , Ts 1 n  K ,  and  t 1 n·s . At  1 950 K ,  t o  r ea c h  a n  o x 1 d 1 zed 
l ayer of 67 pm , the  t 1 me r equ 1 r ed 1 s  on l y  1 1  s .  

( 1 4 )  

( 1 5 )  

From the above r e s u l t s , we c onc l ude that  the  1 dea l 1 zed TMI-2 debr 1 s  
bed , w1 th  a s urface l ayer of z 1 r c a l oy ,  may be r a p 1 d l y  ox 1 d 1 zed a t  the 
s u rface and , except for the  unu s ua l  c a s e  of s udden l y  expo s ed fr e s h  z 1 r ca l oy 
a t  h 1 gh tempe r a t u r e . the  ox 1 da t 1 on �1 1 1  be s ta b l e  and w1 1 1  not  l ead  to  a 
tempe r a t u r e  e s c a l a t 1 on 1 f  the  s urfaie 1 s  a l l owed to r a d 1 a te to a poo l of 
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. .  

cool1ng wa ter . E ven 1n t h e  c a s e  o f  s udden expos u r e  of  f r e s h  z1r ca l oy a t  the 
s ur face , the tempe r a t u r e  e s ca l a t1on w1 1 1  be o f  e x t r eme l y  s hor t dura t1on and 
1s not 1 1ke l y  to  l ead to  a me l t-thr ough of  t he c r u s t .  

3 . 1 . 3  The E f fe c t  of  Surface  Indenta t1ons  ( Ba s ed on wor k  by Fa u s k e  a nd 
A s s oc1a te s ) 

In Sec t1on 3 . 1 . 1 , the  ma x1mum s ur face t empe r a t u r e  o f  t ht� debr1s bed wa s 
c a l c u l a ted to be about 1 7 1 0  K ·1f the  s u r face wa s f l a t  a nd hea t l o s s  wa s by 
r a d1a t1on t o  a wa ter s u r face . If the s u r face ha s a n  1nden tat1on  1n 1t , par t 
of  the rad1a t1on f r om the 1ndentat1on w11 1 n o t  f a l l d1r ec t l y  on t he wa ter  
s u r fac e ,  and rad1en t  hea t exchange among the  s u r face e l emen t s  has  to  be  
c on s1der ed . 

The s u r face  1ndenta t1ons  c o u l d  be s1mp l y  s u r face 1r regu l a r1t1es or 
c a v1t1e s l e ft  beh1nd by a l ow-me l t1ng-po1n t ma ter1a l , s uch  a s  p1ec e s  of  
s t eel  or  I nc onel ( me l t1ng po1n t -1 700 K ) ,  or  r emna n t s  of  c o n t r o l  r od s  made 
of Ag- I n-Cd ( me l t1ng po1n t -1 200 K ) .  If a n  1nden ta t1on can be approx1ma ted 
by a c y l 1ndr1c a l  cav1ty w1t h  a c o n s ta n t  hea t f l ux over the  cyl 1ndr1c a l  

. . 

s u r face  and an 1n s u l a ted cap; the  tempe r a t u r e  d1s t r1bu t1on along the c a v1ty 
can  be ob ta1ned f r om the s o l ut1on g1ven by Per l mu t ter and S1egel 13 for  a 
t ube open a t  both ends to  a n  env1r onment  a t  zero  t emper a t ure. The 
temper a t u r e  at the deep end of the c a v1ty  1s equ1va l en t  to the t empe r a t u r e  
a t  t h e  m1d -sec t1on of  the  tube 1 n  the  Per l mu t ter  and S1ege l �ol ut1on . 
Bec a u s e  the  s u r face  of  the  debr1s bed 1s b e l 1eved to be r ough , we s ha l l u s e  
the s o l u t1on for d1ffu s e l y  r ef l ec t1ng gray s u r fa c e s  r a t her  than  f o r  
s pec u l a r l y  ( m1r r o r � l 1ke ) r e f l ec t1ng gray s u r face s , e v e n  t hough the  l a t ter 
1s the ma1n top1c of the refer enced a r t1c l e .  

I f  the c y l 1ndr1ca l c a v1ty  1 s  of  l ength , L ,  and d1ameter , D ,  and the 
I I 

heat f l ux thr ough the c y l 1ndr1c a l  wa l l  1s a cons tant , q , a s  s h own 1n 
F1gure 9 ,  the tempe r a t u r e  d1s t r1bu t1on , Ts , a l ong the wa l l  1s g1ven by 

2 3  

( 1 6 )  



F 1 gu r e  9 .  Ca v 1 ty rad 1 a t 1 on heat  tra n s f e r  model. 
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where  � ls the  Stefan-Bo l t zmann  c on s tan t , c the  emls slv1ty , and p . 1 s a 
f unc tl�n of  L/0 and x/L , x belng the  d 1 s tance  mea s u r e d  f r om the open end of  
the c a vlty . For each  va l ue o f  L/0,  p ls a n  1 nc r easlng funct 1 on of  x/L , s o  
t h e  ma x 1 mum tempe r a t u r e  l s  a t talned a t  the  deep e n d  of  the  c a v1ty  where  x 1 s  
l a rges t .  From the Per l mu t te r  and S1ege l 13 s o l u t1on , the  fo l l ow1ng ma x1mum 
va l ues o f  p f o r  three va l ues  of  L/0 are obta 1 ned : 

Pma x ( 2r5 )  = 2 . 07 

Pma x ( 5 . 0 )  = 2 . 7 3  

Pma x ( 10 . 0 )  3 . 69 .  

When the above va l ue s  of  Pma x are e x t r a po l a ted to sma l l er va l ues of  
L/0, bear1ng 1n m1nd that  p 1s  un1ty  when L 1s  z er o ,  1 . e . , when t her e 1 s  no  
c a v1ty, p a ( 2 . 0 )  � 1 . 90 .  W1th t h 1 s  va l ue o f  p a • the  ma x 1 mum c a v1ty m x I I 2 m x 
tempe r a ture  for q = 0 . 4 MW/m and c = 0 . 8 1 s  c a l c u l a ted f r om E q ua t 1 on { 16 ) 
to  be 3110 K ,  h 1 gh enough to me l t  uo2 . For a n  L /0 r a t 1 o  o f  5 ,  t he s u r face  
hea t f l ux r equ 1 r ed to  me l t  U02 1 s  on l y  abo u t  0 . 1  MW/m2 Therefor e ,  the 
11k e l 1 hood of  a c r u s t me l t - th r ough 1 s  grea t l y  1 nc r ea s ed 1 n  the p r e s ence of 
ca v 1 t 1 e s  on the s u r face  of  the c r u s t .  

3 . 2  Mechan 1 ca l  Fa 1 l ur e  o f  the  C r u s t 

In the pr evious  s ec t 1 on on the  therma l  behav1or o f  t he TMI-2 
con s o l ldated debr1s bed formed 1 n  the r eac tor cor� . 1t wa s found that, 
except for s urface 1 nden ta t1on s ,  the  equ111br 1 um s urface  tempe r a t u r e  o f  the 
c r u s t  wou l d  be .le s s  than 1700 K when the c o n s o l 1da ted debr 1 s  bed wa s 
1mme r s ed ln wa ter . Be l ow th1s temper a t u r e, uo2 , or  the  ceram1c ma ter 1 a l  
U-Zr -0, 1 s  we l l  be l ow 1 t s  me l t 1 ng po1n t . I f  the c r u s t  wa s compo s ed o f  t h 1 s 
ma ter 1 a l , the mec hanlsm for 1ts  mec han1ca l b r eakup  pr obab l y  wou l d  be t h r ough 
br1t t l e  f r ac t u r e  at s u f f1c1en t l y  h1gh s t r e s s  l eve l s .  In t h e  next  
s ub s ec t1on , the  fa 1 l ure  s t r e s s  of  the c r u s t  1s e s t1ma ted f r om the theory  of  
br1t t l e  f r ac ture  . Two ways by whlch s tr e s s  c ou l d  deve l op 1n the c r u s t  a r e  
exam1ned : ( a )  therma l  s t r e s s  d u e  to  a tempe r a t u r e  grad1en t  ac r o s s  the 
c r u s t; and { b )  s t r e s s  due t o  a p r e s s u r e  d1f feren t1a l a c r o s s  the c r u s t .  
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These a r e  p r e s en ted 1 n  Sec t 1 on s  3 . 2•2 and 3 . 2.3 , r es pec t 1 ve l y . I n  
s ec t 1 on 3 . 2 . 4 ,  the s t r e s s  o n  t h e  upper c r u s t  due t o  the  we 1 gh t  o f  the  r ubb l e  
1 s  exam1 ned t o  determ1 ne the  cond 1 t 1 on s  o f  1 t s c o l l ap s e  a f ter  s ome mol ten 
ma ter 1 a l  d r a 1 ned out o f  t he debr 1 s  bed . 

3 . 2 . 1  C r u s t F a 1 l ur e  S t r e s s  

The f r ac t u r e  s t r engt h  o f  ma t e r 1 a l s  1 s  o f ten s e ve r a l  o r de r s  o f  magn Hude 
l e s s  than wha t  m 1 g h t  be expec ted f r om mol ec u l a r  f o r c e s . In the  Gr 1 f f 1 th . 1 4  theor y of b r 1 t t l e  frac t ur e ,  t h 1 s  1 s  a t t r 1 b u ted to the  p r es ence o f  
m1 c ro s c op 1 c  c ra c k s  1 n  the  ma t e r 1 a l  tha t  p r oduce  h 1 gh l oc a l  s t r e s s  
conc e n t r a t 1 on s . A s  the c r a c k s  open up under a n  a pp l 1 ed str e s s , a c e r ta 1 n  
amount o f  the  s t ra 1 n  energy 1 n  the  ma ter 1 a l  1 s  r e l eased and appear a s  energy 
on the  newl y c r ea ted s u r face . A t  t�e po 1 n t when the  s t ra 1 n  energy r e l ea s e  
1 s  enough to ba l ance t h e  s ur fa c e  energy c r ea t 1 on ,  t h e  c ra c k s  open u p  
s pontaneou s l y ,  l ea d 1 ng to  a r a p1d fra c t u r e  o f  t h e  ma t er 1 a l . 

F 1 r s t� cons 1 der an 1 nf 1 n 1 te p l a te of  u n 1 form  t h 1 c kne s s  w1 t h  a c r a c k  of  
l ength  2a embedded 1n  1 t  and  para l l e l  to  the  p l ane of  the  p l a te . The c ra c k  
1 s  a l s o con s 1 dered 1 nf 1 n 1 te 1 n  e x t e n t  per pend 1 c u l ar to  1 t s l ength . A 
un 1 form s t r es s , � .  1 s  appl 1 ed to  t h e  p l a te 1 n  t h e  d 1 r ec t 1 on per pend 1 c u l a r  to  
the p l ane of  the p l a te , a s  s hown 1 n  F 1 gur e 1 0 .  Ba s ed on e l a s t 1 c  s t r e s s  
ana l y s 1 s ,  t h e  s t ra 1 n  energy p e r  un 1 t  w 1 d t h  1 n  t h e  p l a te , a s  compa r ed to a 
p l a te w1 thout a c ra c k , 1 s  r educed by a n  amount  

B 2 �2 . 2 .•a • E. • ( 1 - v ) 

where  E 1 s  the  Young's mod u l u s  of  the  ma t e r 1 a l  and v the  Pots s on's 
r a t 1 o . 1 5•1 6  

· If the c r a c k  1 s  e x tended f r om 2a to 2 ( a  +&a ) ,  the f u r ther 
r educ t 1 on 1 n  s t r a 1 n  energy per un 1 t  w1 d t h  1 s  

�2 2 &B = 2•a • E · ( 1  - v ) &a 
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Applied stress, a 

f t t t t 
Crack 

Applied stress, a 84989 

F1 gure  10. Geome t r y  of c ra c k  1 n  ma ter 1 a l  under a pp l 1 ed s t r es s . 
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When t h 1 s 1 s  ba l anced by t he 1 nc r ea�e 1 n  s u r fac� ener gy per un 1 t  w 1 d t h  a l ong 
the c ra c k , 2y • 2&a , whe r e  y 1 s  the· energy per un 1 t  s u r face  a r ea , the c ra c k  
w 1 11 open up s pontaneou s l y .  T h e  f a c t o r  2 1 n  f r o n t  o f  y accoun t s  for  the  
upper  and l ower s u r faces  o f  t h e  c r ack and 2&a 1 s  the  1 nc r ea s e. 1 n  l ength of  
the c ra c k . I f  we d�note  af the  s t r�s s a t  wh 1 c h t h e  c rack opens  up 
s pontaneou s l y ,  we have 

or  

"r ·-J·. 2xE 
. 2 ( 1 - u ) 

( 19a ) 

( 1 9b ) 

If the p l a te 1 s  t h 1 n  1 n  the  d 1 �ec t 1 on per pend 1 cu l a r  td the  l ength  o f  
t h e  c r a c k  and a l s o to the  a p p l 1 ed s t r es s , the  p l a te w1 1 1  be 1 n  p l ane  s t r e s s  
and E qua t 1 on ( 1 9b ) 1 s  accor d 1 ng l y  mod 1 f 1 ed a s  

( 20 )  

The der 1 va t 1 ve of  B w1 t h  r e s pe c t  to  c r a ck l ength  exten s 1 on ,  6 ( 2a ) ,  a t  
t h e  fa 1 l u r e  po 1 n t 1 s  gener a l l y r e f e r r ed to a s  t h e  c r 1 t 1 ca l  energy r e l ea s e  
r a t e , Gc Note tha t Gc ha s t h e  un1t o f  energy per  un 1 t  s u r face a r ea and 1 s. 
g 1 ven by 

G = 2y c 

Becau s e  y ,  or  Gc , u, and  E a r e  ma t er 1 a l  p roper t 1 e s , we have 

af Fa= Kc = cons tant  

whe r e  Kc 1 s  refer r ed to a s  the  c r 1 t 1 ca l  s t r e s s  1 nten s 1 ty fac tor . 
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To e s t 1 ma te the c r 1 t 1 ca l  energy r e l ea s e  r a t e , G , we u s e  the fol l ow 1 ng 
approx 1 ma te va l ues based on c u r ve s  g 1 ven 1 n  MATPR0 , 15 a t  tempe r a t u r e s  a r ound 
1700 K ,  

af = 130 MPa 

E : 1 . 6  X 105 MPa 

·-··' 

t1 = 0 . 32 .  

From E qua t 1 on s  ( 19 )  and ( 21 ) , Gc 1 s  g 1 ven numer 1 ca l l y  a s  

( 23 )  

wheFe a 1 s  1 n  m1 c rometer s .  

If  a 1 s  on the or dej of a. few g�a 1 n  s 1 ze ,  say  50 pm ( c rack l ength 
-0 . 1  mm ) , then G 1 s  abou t 15  J/m2 . Th 1 s  a l so y 1 e l d s  a c r 1 t 1 ca l  s t r e s s  
1 n tens 1 ty fac tor o f  abou t 1 . 6  MPa /ffi, wh1c h t s  . w1 t h 1 n  t h e  r a nge .  o f  t he 
c r 1 t 1 ca l  s t r e s s  1 n tens 1 ty fac tor s for uo2 g 1 ven 1 n  handbooks 
( 1 . 4 - 2 . 0 MPa yfrn). In the s u b s equent a na l ys 1 s ,  t he va l ue of 15 J/m2 w 1 11 
be u s ed for Gc . 

If the c r u s t  of the  TMI-2 debr 1 s  bed 1 n  the  r eac tor core wa s formed 
from r e l oca ted ma ter 1 a l  sol 1 d 1 f 1 ed be tween f uel rod s , the con t a c t  be tween 
the r e l oca ted ma ter 1 a l  and t he fuel -rod c l add 1 ng m1 gh t not bE� comp l e te l y  
con sol 1 da ted . The fuel  rod s 1 n  t h 1 s c a s e  may b e  cons 1 de r ed a s  c r a cks 1 n  the 
c r u s t  1n  the a na l ys 1 s  of frac t u r e  fa 1 l ur e . For c racks of lengt h  2a , s paced 
2h a pa r t  1n  the d 1 r ec t 1 on per pend 1 c u l ar to t h e  a pp l 1 ed s t r e s s  ( F 1 gure  11 ) ,  
Ha s s e l ma n18 g 1 ves the  fol l ow1 ng formu l a  for t h e  f a 1 l ur e  s t r e s s :  

. �1/2 
cot (;�)J ( 24 )  
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F1gure 11 . Geometry of mult1ple cracks 1n mater1al· under appl1�ed stress. 
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As the s pac 1 ng goes to  1 n f 1 n 1 t y  ( h  � m ) , the  fa 1 lu r e  s t r e s s  g 1 ven above 
r educes  t o  the  fa1 l ur e  s t r e s s  for a s 1 ng l e  c r ack of  l ength  2a , g 1 ven by 
E qua t 1 on ( 1 9 )  . 

The d 1 ameter , 2a , of  a f uel rod  1 s  10 . 9  mm and the  fuel  r od p 1 tch , 2h , 
1 s  1 4 . 4  mm. Subs t 1 tut 1 ng t h e s e  va l ues 1 n  E qua t 1 on ( 24 ) , we obta 1 n  

<1f = 8.6 MPa 

For a s 1 ngle c r ack of length  1 0 . 9 mm, the fa 1 lu r e  s t r e s s  based on 
E qua t 1 on ( 1 9b ) 1 s  

<1f = 1 2.5 MPa 

( 25 )  

( 26 )  

Both  of  the  above f a 1 l ur e  s t r e s s e s  a r e  a n  order  of  magn 1 tude l ower t ha n  t he 
f a 1 lu r e  s t r e s s  of  a homogeneous  samp l e  of  uo2 . 

3 . 2 . 2  Thermal S t r e s s on the  C r u s t  ( Ba s ed on wor k  by F a u ske and As s oc 1 a te s ) 

To e s t 1 ma te the therma l  s t r e s s  on the  c r u s t o f  the  TMI-2 c o n s o l 1 dated 
debr 1 s  bed , we a s s ume that the  c r u s t  1 s  1 n  the  form of  a l a r ge p l a te of 
u n 1 form t h 1 cknes s ,  2c , and w1 thou t edge cons t r a 1 n t s . Hea t f l ux f r om the  
1 n ter 1 or of the debr 1 s  bed  go 1 ng 1 n to the c r u s t  1 s ,  F ,  and vol umet r 1 c  heat  

I I I 
gener a t 1 on r a t e  1 n  the  c r u s t  1 s ,  q If the  or 1 g 1 n o f  the a x 1 s 
per pend 1 c ular to  the plane of  the  pla te ( y-ax 1 s )  1 s  c ho s en a t  the center  of  
the pla te ( s ee f 1 gu r e  1 2 ) , the  s t r e s s ,  <1 ,  para l l e l  to  the  plane o f  the 
pla te ,  a s  g 1 ven by e l a s t 1 c  a naly s 1 s ,  1 s  

( Reference 1 9 )  

( 27 )  
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1 
Heat flux F 8 4fJ87 

F1 gure  12. Solut 1 on of  thermal: s t r e s s  1 n  a. p l a te w1 t h  a hea t f l ux and 
1ntern�l hea t gener a t 1 on .  
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where  

a = coeff 1 c 1 en t  of therma l  expa n s 1 on 

E = Young1s modu l us 

v Po1 s s on1s r a t 1 o  

T = tempe r a t u r e  d 1 s t r 1 bu t 1 on .  

The parameter s a, E ,  and  v a r e  con s 1 dered cons tant  t h r oughout the p l a te . 

The tempe r a t u r e  d 1 s t r 1 bu t 1 on 1 n  the p l a te , under s teady-s ta t e  
cond 1 t 1 on s , 1 s  g 1 ven b y  

T 
I I I 

g___ 2 
2k y 

I I I 
F + q c y k 

where  T 1 s  the temper a t u r e  a t  the center  of  the  p l a te , k the therma l  0 I I I 

( 28 )  

c onduc t 1 v 1 t y ,  q the vol ume t r 1 c  heat  gene r a t 1 on r a t e  1 n  the c r us t ,  and F 
the heat f l ux f r om the 1 n ter 1 or of  the c on s o l 1 da ted debr 1 s  bed . Both  ·k and 

I I I 
q a r e  cons 1 dered cons tant s .  

If T 1 s  a �on s tan t , the  f 1 r s t  term on the  r 1�h t -hand s 1 de o f  
E qua t 1 on ( 27 )  canc e l s t h e  s ec ond term,  arid t h e  th 1 r d t e r m  1 n tegr a t e s  to  . - . 
zer o .  If T 1 s  l 1 nea r 1 n  y ,  the f 1 r s t  term cance l s  the  th 1 r d term , and the 
s econd term 1 n tegra tes  to  z er o . In e 1 ther  c a s e , the s t r e s s  on the  p l a te 1 s  
zero� Ther efor e ,  we need o n l y t o  s u b s t 1 t u t e  the  quadrat 1 c  term 1 n  
E qua t 1 on ( 28 )  1 n to E q ua t 1 on ( 27 )  to  obta1 n t he s t r es s . The r es u l t  1 s  

= 
aE q 2 f_ 

I I  I ( 2) 
� 2k ( 1  - v) Y - 3 ( 29 ) 

The ma x 1 mum s t r e s s  oc c u r s  a t  the s u r faces  of  the  c r u s t  and 1 s  g 1 ven by 
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Clma x = 

I I I 2 nEg c 
31< ( 1 - v) 

Subs t 1 t u t 1 ng the va l ues r ep r e s e n ta t 1 ve o f  uo2 ( f r om HATPR01 7 ) 

1 . 4  X 10-5/K 

E = 1. 6 X 105 HPa 

I< = 2 . 5  W/m-K 

v = 0 . 32 ,  

I I I 2 e1ma x = 44 q c ( HPa ) 

I I I 3 wher e  q · 1 s  1 n  MW/m and c 1 n  c en t 1 meter s. 

I I I 

( 30 )  

( 31 ) 

For q 
. 3 i 

equa l to  1 .. 5 MW/m , E qua t 1 on ( 31 )  g 1 ve s  a s ur face s t r e s s  tha t 
exceeds the fa 1 l ur e  s t r e s s  of  a ho�ogeneous p 1 ec e  of  uo2 when the c r u s t  1 s  
more  than about  3 em · th 1 c k. I f  the c r u s t  ha s embedded fue l r od s , wh 1 c h can  � . 

be cons 1 der ed a s  1 mper fec t 1 on s  1 n  the  c r us t ,  a s  done 1 n  the l a s t  s ec t1on , a 
t h 1 c knes s of  more  than 1 em w1 1 1  c r ea te a s u r fa c e  therma l  s t r e s s  exceed 1 ng 
the c a l c u l a ted fa 1 l ur e  s t r e s s  of  about  10 HPa . I f  the  hea t f l ux t h r ough the 
c � u s t  1 s  0. 4 HW/m2 , the  t empe r a t u r e  d r op ac r o s s  t h e  c r u s t  1600 K ,  and the  
t herma l  conduc t 1 v 1 ty taken as  2. 5 W/m-K , the  equ 1 11 br 1 um c r u s t  t h 1 c k n e s s  1 s  
1 em . Therefor e ,  a c r u s t  formed from s o l 1 d 1 f 1 ed ma ter 1 a l  be tween fuel  rods  
tends  to  crack  at  1 t s s u r fac e , wh 1 l e  a c rus t formed f r om s o l 1 d 1 f 1 ca t 1 on f r om 
a mo l ten pool of  uo2 , wh 1 c h 1 s  mor e  homogeneou s , may ho l d  up aga 1 ns t  such  
therma l  s t r e s s.· 

A l though the  outer  s u r face o f  the  c r u s t  may c ra c k  due to  t herma l  
s t r es s , 1 t s 1 n ter 1 or s u r fa c e  may s 1 mp l y  wr 1 nk l e  due t o  p l a s t 1 c  f l ow ,  becau s e  
1 t s tempe r a t u r e  1 s  nea r t h e  me l t 1 ng po 1 n t. T h e  therma l  s t r e s s ,  however , 
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t urn s c ompre s s 1 ve 1 n  the  1 ntertor o f  t he cru s t  [d nega t 1 ve f or IYI<c/�1 n  
Equa t 1 on ( 29 )] ,  s o  th 1 s  w1 1 1  not  l ead  to  a c omp l e t e  f a 1 l ure o f  t he cru s t .  

3.2.3 Pre s s ure 01 f feren t 1 a l s Acro s s  the Cru s t  

Pre s s ure d 1 f feren t 1 a l s acros s  the  cru s t  c a n  devel op 1 f  the cru s t  
comp l e te l y  s ea l s  o f f  1 t s 1 n ter1 or from the reac t or coo l a n t  s y s t em .  We 
a s s ume that  t h 1 s 1 s  so 1 n  the f o l l ow1 ng a na l y s 1 s .  

There are two way s  that  t he pres s ure d 1 f feren t 1 a l  can  c hange w1 t h  t 1 me .  
The f 1 rs t 1 s  by chang1 ng the pres s ure of  the  reac tor c oo l a n t  s ys tem. Be tween 
200 and 224·m1 n a f ter the  beg 1 nn 1 ng of the  a c c 1 den t, t �e pr1 rnary s y s t em 
pre s s ure dropped by about  3 . 4  MPa ( F 1 gure 1 3 ) . I f  the  crus t  1 s  cons 1 dered 
as a t h 1 n  s he l l of  t h 1 ckne s s , d ,  and rad 1 us , R ,  the tangen t 1 a l  s tre s s , d, on 
the cru s t  1 s  g 1 ven by 

R 
d = 2d Ap ( 32 )  

where Ap 1 s  the pre s s ure d 1 fferen t 1 a l  acro s s  the  cru s t .  I f  the  1 n ter1 or 
pres s ure rema 1 ned cons tan t wh 1 l e  the  rea c t or c o o l a n t  s y s tem pres s ure dropped 
by 3.4 MPa , from Equa t 1 on ( 32 ) , the add1 t 1 on a l  s tre s s  on the. cru s t  1 s  

6d = l.7 R/d ( MPa ) ( 33 )  

Bec a u s e  R 1 s  on the order o f  1 m ,  a nd d a t  mos t  a few c en t 1 me t ers when the 
debr1 s bed reaches  s teady - s t a t e  tempera tures ,  the  1 ncrea s e  1 n  tangen t 1 a l  
s tre s s  1 s  o n  ·the order o f  ten s  o f  MPa. I f  the  1 n 1 t 1 a l  pre s s ure d 1 fferen t 1 a l  
{ 1 n ter1 or pres s ure l e s s  e xt erna l pres s ure ) wa s non -nega t 1 ve before the  

·ex terna l pre s s ure drop , the  add 1 t 1 ona l· s tre s s  from the ex terna l pre s s ure 
drop wou l d  f a 1 1 a crus t formed from s o l 1 d 1 f 1 ed ma t er1 a l  be tween f u e l  rods , 
but  not nec e s sar1 l y  a more homogeneous cru s t  formed ftom the s o l 1 d 1 f 1 ca t 1 on 

. of uo2 1 n  a mo l t en poo l .  

Another way the d 1 fferen t 1 a l  pre s s ure c ou l d  c hange 1 s  t hrough me l t 1 ng 
of  the crus t or s o l 1 d 1 f 1 ca t 1 on o f  t he 1 n ter1 or mo l ten poo l . A pha s e  change 

35 



-C'O c.. 
� -

cg. 
'-::J "' 
(Q 

�cg . .  
'-
Q. 

(.,) E 0\ 
Q) 

-"' 
>-· 

(I) 

16 

14 

12 

10 

8 
·190. 200 

� ' - ·  � . - --

210 220 . 230 '240 
Time (min) sr-o1s4:..oz 

F1 gure  13. Pr 1 ma r y  s y s t em pre s s u r e  h 1 s tory  dur1 ng the THI-2 a cc 1 den t . 

,. 



f r om s o l 1 d  to  1 1 qu 1 d  uo2 1 nv o l ves a n  1 nc r ea s e  1 n  � o l ume .by � bout  1 5% under 
cons tant  pr e s s ure . If the vol ume 1 s  c on s t r a 1 ned to cha nge by l e s s  than 1 5%.  
the hyd r o s t a t 1 c  pr e s s ur e  1n  the 1 1 qu 1 d  mu s t  c ha nge. L e t  E 1 denote the bulk  
modu l u s of  1 1 qu 1 d  uo2 ( or U-Z r -0 ) . V t he v o l�me o f  mo l ten uo2 1 n s 1 de the 
c r u s t .  and 6V the vol ume c hange 1 f  an  add1 t 1 ona l hydr o s ta t 1 c  pres s u r e  6p 1 s  
app l 1 ed t o  1 t. Then . 

The 1 nc r ea s e  1 n  1 n ternal  pr e s s ur e  c a u s e s  the rad 1 us o f  the  c r u s t  to  expand 
by an amount 

6 R  = R • �a, ( 1 - v )  
s 

R
2 

= 2dE  • ( 1  - v ) 6p . ' ( 35 )  

where  E s 1 s  the Young ' s  mod u l u s  of  the  c r u s t  and v t he Po1 s s on • s  r a t 1 o. If 
the debr 1 s  bed 1 s  not  1 n  therma l  ba l anc e ,  say , a f r ac t 1 on � of ·the decay 
heat 1 n  the mo l ten 1 n ter 1 or goes to  mel t 1 ng t he c r u s t ,  the  ma s s  of  the c r u s t  
tha t w1 1 1  b e  me l t ed 1 n  t 1 me 6 t  1 s  

wher e  D 1 s  the power den s 1 ty and h s l  tne hea t o f  f u s 1 on . The c ha nge 1 n  
vol ume under cons tant  pres s u r e  f r om s o l 1 d  t o  1 1 qu 1 d  1 s  

Q. • ( 36 )  

where  a. � 0.1 5 ,  and Ps 1 s  the  c r u s t  den s 1 t� . The c hange 1 n  vol ume 1 n s 1 de 
t he c r u s t  due to c r u s t  e xpa n s 1 on 1 s  

( 37 ) 
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s o  the vol ume o f  l i qu i d  i n s i de the cru s t  to  be c ompr e s s ed 1 s  

211'R4 
dE ( 1  - u )  �p 

s 

Subs t 1 tut i ng Equa t i on ( 38 )  and V = - ( 411'/3 ) R3 1 n to Equa t 1 on ( 34 ) , we have 

6p = [� 6t - 2�� ( 1  - u )  �p] E 1 Ps s 1  s 

or 

At th 1 s  po 1 n t ,  we may wan t  to  recap the  mea n 1 ngs  of  the  s ymbo l s  1 n  
E qua t 1 on ( 40 ) : 

p 

D = 

1 n tern a l  pre s s ure of  debr 1 s ·bed 

frac t 1 on a l  vol ume 1 nc r ea s e  when s o l 1 d  debr 1 s me l t s a t  
con s ta n t  pr e s s ure ( 0 . 1 5 ) 

power dens 1 ty o f  debr1 s bed ( 1 . 5  MW/m3 ) 

( 38 )  

( 39 ) 

( 40 )  

= fra c t 1 ona l power of  debr 1 s  bed go 1 ng 1 nt o  mel t 1 ng o f  the 
c r u s t  

b u l k  mod u l u s  o f  mo l ten debr 1 s 

den s 1 ty o f  s o l 1 d  debr 1 s  ( 9800 kg/m3 ) 

= hea t of  f u s 1 on of  debr 1 s  ( 2 . 7  x 1 05 J/kg ) 

R rad 1 u s of  mo l ten 1 sphere 
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u = Poi s son • s  ra t i o  of  s o l i d  debr i s ( 0 . 32 )  

d crus t t h i cknes s 

= Young • s  mod u l u s  of s o l i d  debr i s ( 1 .6 x 1 05 MPa ) . 

The b u l k  modu l us of  1 1 qu 1 d  uo2 1 s  unknown . To e s t 1 ma t e  t he pre s s ure 
r \ s e  ra te . we take ( 1 )  E 1 � E s/ 1 0 .  and ( 2 )  E 1 >> E s . I n  the  f \ rs t ca s e .  we 
have 

1 . 4 � ( MPa/s ) 

and 1 n  the  s ec ond ca s e .  

d n __ 2a�Dd E s __
_ d � - - 1 3 . 3  � -R ( MPa/s ) d t  - 3 Ps h s l  R ( 1  - u )  

I f  the  hea t 1 mba 1 ance \ n  the  debr \ s bed 1 s  about  1 0% of the  decay hea t 
( �  � 0.1 ) .  the pre s s ure r1 s e  1 n  both  c a s e s  1 s  about  0 . 1  MPa/s . and the 
1 ncrea s e  ra te of  tangen t i a l  s tre s s  on the cru s t  \ s  on the  order of  

( 41 )  

( 42 )  

1 MPa/ s . W1 th  such  a rap \ d  1 ncrea s e  \ n  s tre s s . the  cru s t  w1 1 1  have to crack 
a l mos t cons tant l y  to re l \ eve · the 1 n terna l pre s s ure un t 1 1 a therma l · 
s t eady - s t a te 1 s  reat hed \ n  the debr \ s bed . 

I n s tead of  me l t i ng the  crus t .  the mo l ten 1 n ter1 or c ou l d  be s o l 1 d 1 f y 1 ng 
onto  the crus t 1 f  net cool \ ng of  the  debr1 s bed wa s a c h 1 eved by emergenc y 
core coo l \ ng wa ter .  The a bove f ormu l a s  are s t \ 1 1  app l \cab l e  1 n  t h \ s  ca s e .  
but  the  s \ gn o f  � 1 s  now nega t 1 ve. 

Bec a u s e  the cru s t  of  the  TMI -2 c o n s o l \ da ted debr \ s bed 1 s  be l \ eved to 
have fa \ l ed a f ter emergency coo l 1 ng wa t er wa s 1'n troduced 1 n to the  core . 
l ea d \ ng t o  a reduc t 1 on 1 n  pres s ure 1 n ter1 or t o  t h e  cj u s t due to  
s o l 1 d i f 1 ca t 1 on .  and a l s o a f ter a pre s s ure reduc t \ cin \ n  the prl mary · coo l \ ng 
sys tem .  l ead \ ng to  a reduc t 1 on 1 n  pres s ure ex t er1 or to t h e  crus t .  a 
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t r a n s 1 en t  therma l  _ca l c u l a t 1 on 1 s  needed to conf 1 rm 1 f  the  1 n t e r n a l  pr e s s u r e  
wa s 1 ndeed h 1 gher t h a n  t h e  e x t e r n a l  pres s ure a t  t h e  t 1 me of  fa 1 l ur e . Such 
a ca l c u l a t 1 on r equ 1 r es  the  deta 1 l ed knowl edge o f  t�e c on f 1 g�ra t 1 on of  the 
debr 1 s  bed and the c oo l a n t  cond 1 t 1 on s , both o f  wh 1 ch are qu 1 te uncer t a 1 n .  
However , the  therma l  d 1 ffu s 1 on t 1 me ,  T ,  a c r o s s  the  c r us t 1 s  g 1 ven by 

c ; Ps p . 
T = 4k ( 43 )  

where  CP 1 s  the  spec 1 f 1 c . hea t , and k the therma l  c onduc t 1 v 1 ty .  Subs t 1 t u t 1 ng 
the va l ues 

Ps = 9800 kg/m3 

k = 2.5 W/m-K, 

we have 

. 2 T � 50 d ( s )  , ( 44 )  

wher e  d 1 s  mea s ured 1 n  c en t 1 meter s .  I f  d wa s a few c en t 1 meter s ,  the  effec t 
of  c oo l 1 ng wa ter wou l d  not  have pr opaga ted t o  the  mo lten poo l a t  the  t 1 me of  
c r u s t  f a 1 l ure  s ome 20 m1 n l a ter . Ther e fo r e , s o l 1 d 1 f 1 ca t 1 on woul d  not  have 
oc c u r r ed and the 1 n ternal  pres s u r e  wou l d  have r ema 1 ned h 1 gh �  

3 . 2 . 4  C o l l apse of  the Upper C r u s t  

W1 th  t he r e l oca t 1 on of  mo l t en ma ter 1 a l , t he upper c r u s t  of  the  
cons o l 1 da ted debr 1 s  bed  wa s no l onger s uppor ted f r om be l ow except a l ong 1 t s 
per 1 phery. The ma s s  of  r ubb l e  on top o f  the con s o l 1 da ted debr 1 s  bed 1 s  
e s t 1 ma ted t o  be about 35 , 000 kg f r om pos t -a c c 1 den t exam1 na t 1 on s . The 
ma x 1 mum s t r e s s ,  am , on the c r u s t  due to  the �e 1 gh t  o f  the  r u bb l e  1 s  g 1 ven by 
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a = 0 . 7 5 • !mL m '11'd2 
( Reference  20 )  · 

( 45 )  

. .  
where  m 1 s  the  ma s s  o f  the r ubb l e ,  g the graV H y ,  and  d t he t h 1 cknes s o f  t he 
upper c iu s t . It ha s been a s s umed that  t he l oad  wa s d 1 s t r 1 bu ted u n 1 forml y 
over t h e  c r us t ,  wh 1 c h wa s 1 n  t h e  form of a c 1 r c u l ar p l a t e  f 1 xed a t  1 t s edge . 
Numer 1 ca l l y ,  am 1 s  g 1 ven by 

a = 
820 ( MPa ) m d 2 . ( 46 )  

where  d 1 s  t o  be expr e s s ed 1 h  c en t 1 meter s .  

If the  upper c r u st wa s c ompo s ed o f  homogeneou s  ma ter 1 a l  s o l 1 d 1 f 1 ed f r om 
a mo l ten poo l , H s · f a 1 1 ur e  s t r ength  wou l d  be a bo u t  1 30 MPa . Acc o r d fng to 
Equa t 1 on ( 46 ) , t he c r u s t  �ou l d  c o l l ap s e  1 f  1 t s t h 1 c k ne s s  was l e s s  than  about  
2 . 5  em. If the fa 1 l ur e  s t r e s s  wa s r educed to 20 MP� due to the p r e s ence  of 
c r ack s , the c r u s t  woul d  c o l l aps� under the we 1 gh t  of  t h e  r ubbl e 1 f  1 t s 
t h 1 c knes s wa s l e s s  than about  6 . 4  e m .  F r om the  t opography o f  the  upper 
c �u s t ,  wh 1 ch s hows a c oncave s u r fa c e  at pl a c e s  ( vfewed f r om above ) ,  t h� 
c r u s t  1 ndeed cou l d  have c o l l ap s ed . 
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4 .  THE RMAL I NTE RACTI ON B E TWE E N  MOLTE N CORE MAT E R IAL 
AND L OWE R CO�E  SUPPORT STRUCTURE S .  

As  the mo l ten core ma t�r i a l  f l owed t owa �d the l ower " pl enum ,  1 t  mu s t  
have f i rs t vapori zed the  s urround 1 ng wa ter .and then i t s e l f m i g h t  ha ve broken 
up lnto d.rop l e t s  and s o l.i d 1 f 1 ed 1 n .to gra n u l �s .  The vo.l um1 nous produc t 1 on of  
s team .  however , c ou l d  have b l a nket�d t he mo l ten . c ore ma t er1a l  that  fl pwed 
down l a t er . I n  th i s  c a s e , the nio l ten mat er i a l  wou l d  have f l owed down a s  a 
cohe s i ve ma s s  a l ong the  s urfac e s  o f  the  l ower c ore s upport s truc t ures . I f  

I . 

the  c o n t a c t  t fme be tween the  mo l ten  c ore ma t eri a l  and  the s ta 1 n l e s s  s teel  
s truc t u_r e s 1 n  the  l ower p l enum wa s s h or t , therma l 1 n terac t 1 on s  between the 
ma ter1 a l s  were 1 1 mi ted to  a t h 1 n  l pyer neat -the 1 nt erface . �nd both  
ma ter1 a l s  cou l d  be cons 1 dered 1 nf 1 n 1 te 1 n  extent  1 n  t he therma l 

'I 

c a l c u l a t i on s . We s ha l l  f 1 r s t  a s s u�e tha t the mo l ten c ore ma ter 1 a l  wa s a t  
1 t s me l t 1 ng po1 n t . �o  there wa s no'  heat trans f er f r om the  molten mat er 1 a l  to  
the  s urface where core ma t er1 a l  s o� 1 d 1 f 1 ca t \on took p l ace  . .  In  t h 1 t  c a s e ,  
o n l y heat c onduc t 1 on need b e  cons 1 d ered . I f  the  mo lten  ma ter1 al wa s hea ted 

· 
• 

· • · • 1r • 

above 1 t s me l t 1 ng po 1 n t .  c onvet t 1 ve hea t tra n s fe r  from t he mo l ten ma t er 1 a l  
' . . . ' '  ' 

to the  s o l 1 d 1 fy 1 ng �ur fa c e  a l � o  ha� to  be c on s 1 dered . I n  tbe l a t ter c a s e ,  
we s ha l l  e s t 1 ma te th� c ond 1 t 1 on s  uhder wh 1 c h c onvec t 1 v� hea t tra n s fer may 
become 1 mportant  c ompared t o  hea t � onduc t 1 on . . . 

�: 
4 . 1  Con tac t Bet�een Mol ten Core �a t er1 a l  
a t  1 t s Me l t 1 ng P� 1 nt and  S ta 1 n l e s s  Steel  

The  hea t conduc t i on equa t i on �o  be s o l ved 1 s  

( 47 )  

where T 1 s the tempera tur e . a the  � herma 1 d 1 f fu s  1 v H y .  t the t 1 me var t a b l e .  
and x t he s pa t 1 a l  var1 ab l e .  The g�ome try o f  the  prob l em i �  s h o�n 1 n  
F 1 gure 1 4 .  The s tee l 1 s  a s s umed to be a t  T0 before c o n tac t ,  and  t he 
tempera ture a t  the  c on tac t s urface ,  T1 • 1 s  a s s umed t o  be be l ow t he me l t 1 ng 
po 1 n t of  s tee l . ( The l a t ter a s s umpt 1 on w1 1 1  be j us t 1 f 1 ed by the  re s u l t s  o f  
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S teel T = Tm 
n1 , k1  I 

I 
I Molten 
I core material 

I 
I 

0 • I  
. I 

Sol id i f ied 
I 
I core 
I T = T0 material 

(Y2, k2 . I 
I 
I 
I 

T = Tj I 

0 < X X = 0 X > 0  6 4988 

F \ gure 1 4 . Therma l beha v \ or of  mo l ten  c ore ma t er 1 a J a t  H s  me l t 1 ng po 1 nt 
1 n  conta c t  w 1 t h  s te e l  be l ow 1 t s me l t 1 ng po 1 n t . 
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the  c a l c u l a t 1 on . ) The mo l ten c o r �  ma ter 1 a l  1 �  a s s umed �to be a t  1 t s me l t 1 ng 
po 1 n t .  We s ha l l denote the t h 1 �kri� s s  of  the  s o l 1 d 1 f 1 ed l ayer b y  6 ,  wh 1 c h 1 s  
to  be determ1 ned f r om the s o l u t 1 on .  

The  s o l u t 1 on of  Equa t 1 on ( 47 )�, s a t 1 s f y 1 ng the  boundar y  c ond 1 t 1 on s : 

T ( -m )  = T0 , and T ( 6 )  = Tm , ( 48 )  

1 s  

( .. ' 

X - (l t 2), , ) 
T ( o  � X � 6 )  ( 49 )  

whe r e  T 1 , the  1 n ter face t empe r a t u r e , and  . 6 , the  s o l 1 d 1 f 1 ed l ay�r t h 1 c knes s ,  
a r e  de term1 ned by the f o l l ow1 n� · c ond 1 t tons : 

kl (�!) -

k2 (�!) 
where  

·k 2 

p 

llH 

0 

6-

= k2 (�!) + 
, and  

0 

d6  = pllH dt  t 

= 

= 

= 

= 

,, ,, 
therma l  c onduc t 1 vHy of s t a 1 n l e s s  s te e l  

t hermal c onduc t 1 v 1 ty of  s o l 1 d  c o r e  mater 1 a l  

den s 1 ty o f  � o r e  ma ter 1 a l  

h�at o f  f u s 1 on of . c o r e  ma t er 1 a l . 
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The f 1 rs t cond 1 t 1 on g 1 ve s  hea t f l ux cont 1 nu 1 t y  a t  the s teel -core ma ter i a l  
i n terface ,  and the s ec ond cond t t 1 on ba l ances  t h e  re l ea s e  o f  t h e  hea t  o f  
f u s t on t o  t h e  heat  c onduc ted away from t h e  1 nterface o f  t h e  s o l t d 1 f 1 ed and 
mo l ten c ore ma tert a l . 

I f  we make the  s ub s t t t u t t on 

where � 1 s  a cons tan t ,  E qua t t on s  {50a ) and  {50b ) y t e l d  the  f o l l ow i ng 
equa t 1 ons  for T1 and � =  

• a n d  

( 5 1 ) 

( 52 )  

( 53 )  

where we have subs t t tu ted the spec t f i c  hea t o f  the  core ma tert a l , Cp • from 
the re l a t t on 

( 54 ) 

( We have neg l ec ted the dens t ty d t fference  between the  s o l i d  and mol ten core 
ma ter1 a l . )  

Equa t i on ( 5 3 )  can  be s o l ved for � u s i ng Newton • s  met hod wh t c h , when 
s u b s t t t u ted t nt o  Equa t t on {52 ) ,  g t ves  t h e  t nt erfa c e  t empera t ure , T 1 . The 
f o l l ow1 ng numert ca l va l ue s  are u s ed t n  t he s o l u t 1 on : 

= 25 W/m-K 
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= 

2 . 5  W/m-K 

= 

= 500 J/kg-K 

AH = 2 . 7  X 1 05 J /kg 

= 2800 K 

= 600 K .  

The s o l u t 1 on s  are 

A = 0 . 898 , er f ( A ) = 0 . 796 

6 1 . 27 /t ( mm ) , t 1 n  s 

r 1 = 1 210 K ( 55 )  

The above s o l u t 1 on s h ows that  the 1 n t e r fa c e  tempe r a t u r e  1 s  1 ndeed be l ow 
the me l t 1 ng po 1 n t of  s ta 1 n l e s s  s tee l . F or a n  1 n terface  tempe r a t u r e  a bove 
1 650 K ( me l t 1 ng po 1 n t  of  s te e l ) ,  parame t r 1 c  s t ud 1 es s h ow tha t the 1 n 1 t 1 a l  
tempera t ure o f  the s teel  ha s t o  b e  a bove 1 000 K ,  even 1 f  the  me l t 1 ng po 1 n t 
of the mo l ten core  ma ter 1 a l  1 s  ra 1 s ed to  3 1 00 K .  

4 . 2  The E f fec t o f  Convec t 1 on 1 n  the  Mo l ten Core Ma t er 1 a l  

I f  the mo l t en c o r e  �a ter1 a l  wa s hea ted above 1 t s me l t 1 ng po 1 n t ,  t he 
c onvec t 1 ve h�a t f l ux  from the ma 1 n . s t r eam of the  f l ow to the s o l 1 d 1 f 1 ed 
l ayer gener a l l y  cannot be neg l ec ted . If t h 1 s convec t 1 ve heat f l ux 1 s  l arge , 
the s o l 1 d 1 f 1 ca t 1 on wou l d  s l ow down and even tua l l y  c ea s e , 1 1 m1 t 1 ng the extent  
of the  s o l 1 d 1 f 1 ed l ayer . Consequen t l y ,  the s tee l -core ma ter1 a l  1 n terface 
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tempera t ure may 1 ncreas e  beyond the  me l t 1 ng po1 nt o f  � tee l . T h 1 s s ec t 1 on 
der1 ves a l ower 1 1 m1 t on the  t 1 me of  c o n ta c t  that  1 s  req u 1 red s u c h  tha t 
convec t 1 ve hea t tra n s fer becomes 1 mportan t . 

From the  l a s t  s ec t 1 on ,  the  hea t f l ux go 1 ng 1 n t o  the  s o l 1 d 1 f 1 ed l a yer 
1 s g 1 ven by 

d6 pl1H ).. ;a? I I 
pl1H dt = . ft = ql ( 56 ) 

Let  us  a s s ume that the  mo l ten core ma t er1 a l  wa s hea ted l1T a bove 1 t s 
me l t 1 ng po 1 n t . F or Reyno l d s  number on the  order o f  a f ew hundred thousand 
and Prand t l  number near 1 ,  the  average hea t f l ux over a p l a t e  o f  l ength , L ,  
1 n  the d 1 rec t 1 on of  f l ow 1 s  g 1 ven by 

1 1 1 1 
0 . 664 :2 

• l1T • Pr
3 

Re
2

::: 0 . 664 • pa� Cp • l1T • Pr
'3 

Re
2 

= q; 1 

where 

Pr 
v2 ( Prand t l  number ) ;:: 
(l2 

ul ( Reyno l d s  number ) ;:: 
v2 

Re 

u ;:: f l ow ve l oc 1 ty . 

= mo l ten c ore ma t er1 a l  v 1 s c os 1 ty .  

( 57 )  

( We have neg l ec ted the  d 1 f f eren c e  1 n  ma t er 1 a l  proper t 1 e s  between s o l 1 d  and 
mo l ten c ore ma t er1 a l . )  

Convec t 1 ve hea t tra n s fer becomes 1 mportant  when 
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or 

Lp l1H 'k J<i2 'k l1H 1 /6 . (L) l 12 
Jt> ----------;�-=--=-=- = 

• P r  • -

0 . 664 C l1T Pr  1 /3 Re  1 /2 0 . 664 Cp l1T . 
_ 

u . . .. . . p<l2 p 

Subs t 1 t u t 1 ng the fol l ow1 ng numer 1 ca l  va l ue s  1 n  E qua t 1 on ( 59 )  • 

'k = . 0 . 898 

l1H == 2 . 7  X 1 05 J/kg 

cP 
= 500 J/kg-K 

Pr == 0 . 7 .  

( 58 )  

( 59 )  

we have the cond 1 t 1 on on the  t 1 me o f  c ontac t that  c onvec t 1 ve hea t t r a n s fer 
bec omes 1 mpo r ta n t : 

4 . 74 X 1 05 l t > • 

( l1T ) 2 u ( 60 )  

wher e  l1T 1 s  1 n  K .  We wr 1 te I nequa l 1 ty ( 60 )  1 n  a s 1 1 gh t l y  d 1 f f e r e n t  f o rm : 

5 
u t  > 4 . 74 X 1 0  l 

( 6 l ) 
{ l1T ) 2 

The l e f t -hand s 1 de of  E qua t 1 on ( 6 1 ) may be c on s 1 de r ed a s  the l ength  of  the  
mo l ten c o r e  ma ter 1 a l  f l ow t r a 1 n .  If  AT  1 s  on the  order  of  1 00 K .  t he f l ow 
t ra 1 n  ha s t o  be about 50 t 1 me s  t h e  t h 1 c k ne s s o f  the  l ower c o r e  s uppor t 
p l a te s  ( 2 . 5  to  36 em)  for  c on vec t 1 ve hea t t r a n s fer  t o  be 1 mpor tan t . F o r  
shor t f l ow t r a 1 n s . the  conduc t 1 on s o l u t 1 on g 1 ven 1 n  Sec t 1 on 4 . 1  shou l d  be 
adequa t e . 
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5 .  IMPL I CATI ONS OF THE VARI OUS F A I L URE  M E C HAN I SMS 

Th i s  s ec t i on s umma r i ze s  the  r e s u l t s  of the  p r e v i ous  s e1c t 1 on s  and 
d 1 s c u s ses  the  i mp l i ca t1 on s  of  t h e  var i ou s  core debr i s  bed fa i l u r e  mec han i sms 
on the c h a r a c t e r i s t i c s  of  the debr 1 s  bed .. Some of the c harac ter i s t i c s  can 
be ver i f i ed by exami na t i on s  of  t he debr i s  bed and  the r ea c tor  ves s e l  
i n terna l s , wh i l e o t her s c a n  b e  b e t t e r  def i ned t h r ough ex tended a na l ys i s  o f  
t h e  acc i den t . 

Sect i on 3 . 1 . 1  s hows that  the me l t"-thr ough o f  a cerami c c r us t wa s not 
pos s i b l e .  The a s s ump t i on s  beh i nd t h i s conc l us i on are that ( a )  t �e 
c o n s o l i da ted debr i s  bed had the · d 1 men s i on s  i nd i ca ted by the c o r e  
exami nat 1 on s  ( 0 . 9  m h i gh and 1 . 2 m 1 n  r a d 1 u s ) ,  and  ( b )  heat  l os s  thr ough t h e  
s ur face wa s u n i form and wa s by rad 1 a t 1 on t o  a c o o l  s u r fa c e , s uc h  a s  wa ter a t  
s a t u r a t 1 on .  W e  know tha t . the top s ur face of  the  conso l 1 da ted debr 1 s  wa s 
c overed wi th  a r ubb l e  bed o f  s ha t tered fuel  and ox i d i zed c l add i ng .  I f  th i s  
heat genera t 1 ng r ubb l e  wa s n o t  quenched bef o r e  c r u s t  fa 1 l u r e , i t  wou l d  have 
i n s u l a ted the top s u r face  f r om r ad i a t i ng d i r ec t l y  t o  t he wa ter . G i ven 
enough t 1 me ,  the top s u r fa c e  wou l d  i ndeed be me l ted by decay heat genera t i on 
i n  the con s o l i da ted debr i s  bed . Another way the  s u r face of  the  con s o l i dated  
debr i s  bed  cou l d  have  me l ted i s  thr ough nonun i form hea t t r a n s fer  f r om 1 t s 
1 n ter i or . I f  the mo l ten 1 n ter i or a t ta i ned temper a t u r e s  we l l  above 1 t s 
me l t i ng p o i n t , convec t 1 on i n  the  mo l ten poo l wou l d  bec ome s ,l gn 1 f i ca n t  and 
mo s t  of  the  hea t gener a ted· in  the  poo l wou l d  be t r a n s por ted t o  t h e  s i de and 
top s u r fa c e s  of  the  debr i s  bed . Becau s e  the  ver t 1 ca l  and l a te r a l d 1 men s 1 on s  
of t h e  debr 1 s  bed wer e  c ompa r ab l e ,  hea t t r a n s f e r  pa t te r n s  a r e  d 1 f f 1 c u l t  to  
obta i n . I f  the l oca l . s ur fa c e  hea t  f l ux a t  � orne po 1 n t wa s enhanied by a n  
o r d e r  o f  magn Hude over t he average s u r fa c e  hea t f l ux ,  m·e lt - thr ough a t  that  
po i nt c ou l d  be  a c h 1 eved even  for  ceram1 c . ma ter 1 a l s .  

Rap 1 d  ox i da t i on of  a c r u s t  made of  z 1 r ca l oy wa s s h own to be s tab l e  i n  
Sec t i on 3 . 1 . 2  1 f  the c r u s t  wa s a l r eady covered w1 t h  a l ayer o f  z i r con 1 um 
d i ox i de mor e  than 67 �m t h 1 c k  a t  the t i me when the c r us t r eac hed r a p 1 d  
o� 1 da t i on tempe r a t u r e s  ( >1 600 K ) .  E ven w1 t h  r ap i d  o x i da t 1 on , r ad i a t i on l o s s  
f r om the s ur face to water  wou l d  p r ec l ude s u r fa c e  me l t 1 ng . The c r u s t  c ou l d  
c r ack  f r om therm� l  and mec ha n i c a l  s t r e s s e s , a l l owi ng s ome mo l ten z i r ca l oy t o  
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a ppear on the s u r face . The t empera t u r e  o f  t h e  s u r fa c e  c ou l d  e s c a l a te 1 n  
t h 1 s case f r om the energy r e l ea sed 1 n  the  o x 1 da t 1 on o f  the f r e s h  z1 rca l oy . 
but  due to  the rap 1 d  b u 1 l dup of  a n  ox i de l ayer . t h e  e s ca l a t 1 on wou l d  be 
1 1 m1 ted to  on l y  a few s econd s . Ca� e f u l  e xam1 na t 1 on of  the b r ea k t h r ough 
l oc a t 1 on on the c r u s t  may r e vea l 1 f  the cr u s t  wa s me l ted through f r om t he 
ou t s 1 de .  though the moveme n t  o f  mol ten ma ter 1 a l  t h r ough the hole may 
comp l 1 ca t e  the 1 n t e r p r e ta t 1 on o f  the  exam1 na t 1 on .  

A mor e  p l a u s 1 b l e  mec ha n 1 sm o f  a me l t- t h r ough o f  the  c r u s t  wa s p r e s en ted 
1 n  Sect 1 on 3 . 1 . 3  where  the e f f e c t  rif s u r fa c e  1 ndenta t 1 on s  on c u tt 1 ng down 
t he hea t l o s s  wa s 1 nves t 1 ga ted . · The p r e s ence  o f  a r e l a t 1 ve l y  s ha l l ow ca v 1 ty 
( twi ce  as  deep a s  w1 de ) cou l d  l ead  to  a n  equ 1 1 1 br1 um s u r face tempe r a t u r e  a t  
the  me l t i ng po i n t o f  uo2 . The 1 n 1 t 1 a l  me l t -t h r ough o f  t h e  c r us t ;  h owever . 
wou l d  be fa 1 r l y  l oca l 1 zed . bec a u s e  the c a v 1 ty i s  expec ted to be qu 1 te sma l l . 
on the order  of  the  d 1 ame ter  o f  a fuel  or  c o n t r o l  r od . Re l oca t 1 on of  mor e  
t h a n  t e n  met r 1 c · ton s o f  mo l ten  c o r e  ma ter 1 a l  t h r ough t he h o l e  may take 
severa l ten s o f  s ec onds . a f ter  a l l ow1 ng for  en l a r geme n t  o f  the  ho l e  f r om 
therma l  ab l a t i on by the mo l t en ma ter 1 a l  a t  a tempe r a t u r e  hundreds  o f  K above 
i t s me l t 1 ng �o 1 n t . 21  The d u r a t 1 on of  t he r e l oc a t 1 on of  mo l ten  ma ter 1 a l  to 
the l ower p l enum at 225 m1 n wa s l e s s  than a mi nute . as 1 nd i ca ted by t he 
source- range mon 1 tor  r e s ponse  ( F 1 gu r e  4 ) . I f  t h e  mel t - t h r ough wa s dUe to  
t h i s mecha n i sm . the core ma ter i a l  wa s e i t he r  hea t ed to a tempe r a t u r e  many K 
above i t s me l t 1 ng po i n t s o  r ap i d  ab l a t i on and en l a r geme n t  of  a ho l e  c ou l d  
take p l ac e . or  there  wa s s 1 mu l taneous  me l t �t h r 6ugh a t  s evera l  c a v 1 t i es . 

A c r u s t  formed f r om the  r e l oc a t i on o f  1 1 quef 1 ed ma ter 1 a l , wh 1 c h  
s o l i d 1 f 1 ed between f u e l  r od s i c o u l d  b e  r e l a t 1 ve l y  weak c ompar ed t o  a mor e  
un1 form c r u s t  formed f r om the  s o l 1 d 1 f 1 ca t 1 on f r om a mo l ten poo l . 
Sec tion  3 . 2  showed that  the expan s 1 on a s s oc 1 a ted w 1 t h  me lt 1 ng o f  t he c r u� t  
f r om the 1 � ter 1 or before r eac h 1 ng t herma l  equ 1 1 1 br 1 um wou l d  c a u s e  t he c r u s t  
t o  c ra c k . The c ra c k s  wou l d  deve l o� wher e  the c r u s t  wa s weakes t ,  pos s 1 b l y  
p l a c e s  where  the c r u s t  wa s r el a t i ve l y  t h 1 c k  b u t  c ompo sed o f  1 nhomogeneous 
ma ter 1 a l  ( s uch as r e l oca ted uo2 bet\ween f u e l  rods ) or whe r e  the  c r u s t  wa s 
r e l a t 1 ve l y  th 1 n  but  formed f r om the s o l 1 d i f 1 ca t i on o f  a mo l ten pool  of  uo2 
( s uch a s  a t  the upper s u r fa c e  of  the  conso l 1 da ted debr 1 s  bed ) . Therma l  
s t r e s s  o n  the c r u s t  wa s a l s o 1 1 ke l y  t o  c ra c k  1 t s outer  s u r face 1 f  1 t  wa s 
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mor e  than about 3 em t h i c k , though a comp l e t e  c r a c k  a c r o s s  the  c r u s t  wa s 
u n l i ke l y  f r om therma l  s t r e s s e s  a l one . A pos i t i ve p r e s s ur e  d i f f e r en t i a l  
ac r o s s  the c r u s t  c r ea ted b y  d r o pp i ng the  e x t e r i or s y s tem pr e s s ure , s u c h  a s  
the one j u s t  before the hypothe s i zed r e l oca t i on a t  225  mi n ,  may a l so l ead  t o  
c r u s t  fa i l ur e . Bec a u s e  there  wa s e s s en t i a l l y  one s uc h  s y s tem p r e s s u r e  
r educ t i on a f ter  c o r e  damage , b u t  befo r e  t h e  r e l oca t i on t o  t h e  l ower p l enum 
a t  about 225 mi n ,  c r u s t  f a i l ur e  c a u s ed by s uc h  a p r e s s ur e  d i fferen t i a l  wou l d  

· ha ve been a one - t i me even t . On the  other  hand , c r a c k i ng o f  the  c r ti s t by 
therma l  s t r e s s  or  by expan s i on o f  t he i n ter i or t h r ough mel t i ng ,  c ou l d  have 
oc c u r r ed many U rnes before  r e l oca t i on .  In t h i s ca s e  a ques t i on wou l d  a r i s e 
a s  to  why the  c ra c k s  had been s ea l ed before t he 225-mi n even t , but  not  a t  
225 mi n . . C a r e f u l  exami na t 1 on o f  the  c r us t i n  t erms o f  c ompo s 1 t 1 on ( me ta l l 1 c 
v s . cer am1 c ) ,  s t r uc t u r e  ( homogene 1 ty vs . heter ogene i ty ) ,  and geome t r y  
( t h 1 c knes s ) may g i ve i nd 1c a t 1 on s  of  s t r uc tu r a l  fa i l ur e  d u e  to exces s 1 ve 
s t r e s s . But  the exac t or i g i n  of  the  s tr e s s  c a n  on l y  be found t h rough 
deta 1 l ed ana l ys 1 s  o f  the therma l  and mec ha n i c a l  beha v 1 or . of  the ac tua l TMI -2 
debr 1 s  bed dur 1 ng the a c c 1 den t . 

Sec t 1 on 4 p r e s en ted a c onduc t 1 on s o l u t 1 on of  the t herma l  i n terac t i on of  
the mo l ten core debr 1 s  as  i t  c ame 1n  contac t wi t h  the l ower core s uppor t 
s t r uc t ures  a s s umi ng tha t convec t i ve hea t t r a n s fer  i n  t h e  mo 'l ten ma t e r i a l  wa s 
negl i g i b l e .  F o r  shor t durat 1 on s  of  contac t ,  on a t i me s ca l e  shor t c ompa r ed 
to the  therma l  d i f f u s i on t i me i n  the s ta i n l e s s  s te e l  p l a te s  i n  t he l ower 
p l enum ( the conduc t 1 on s o l u t 1 on a s s umed i nf i n i te p l a te s ) ,  t he p l a te s  wou l d  
be hea ted a t  the 1 r  s ur face t o  about 1 000 K .  Some mec ha n 1 c a ·1 deforma t i on a t  
s uch  a tempe r a t u r e  1 s  1 1 ke l y ,  b u t  t he mec ha n 1 c a l  l oad 1 ng o n  the  p l a te s  has  
not been a n a l yzed . · Sec t 1 on 4 a l s o der 1 ved a cond 1 t i on on the  l ength  o f  the  
f l ow t ra i n  o f  the mo l ten core  ma ter i a l  f l owi ng pa s t  the  s te e l  p l a te s  s uc h .  
that  convec t 1 ve heat t r an s fer  became i mpor tan t . F o r  s uperhea t  o f  about 
1 00 K above 1 t s me l t i ng po i n t ,  the f l ow t ra i n  had t o  be about 50 t i mes the 
t h i cknes s of  t he p l a te s  before convec t 1 ve heat t r a n s fer  cou l d  become 
s 1 gn 1 f 1 can t .  F or shor ter  f l ow t ra 1 n s , t he c onduc t 1 on s o l u t 1 on s ta nds , s o  
t h e r e  wou l d  not  h a v e  been therma l  damage t o  the  s t r uc tu r e s . E xami na t i on s  of  
the  l ower core s uppor t s t r uc tu r e s  s o  far  s how that  the  damage wa s absent or  
m1 n 1 ma l , s o  the  f l ow t ra i n  c ou l d  have been r e l a t i ve l y  s hor t .  
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I n  t h 1 s r epor t ,  we have exam1 ned s ome of  t h e  t h erma l  and mec ha n 1 c a l  
cond 1 t 1 on s  under wh 1 c h t he c r u s t  of  a non -coo l a b l e ma s s  formed 1 n  t he 
r ea c t o r  c o r e  c ou l d  f a 1 1 to  a l l ow 1 t s  mo l ten 1 n t e r 1 or to  f l ow t o  t he l ower 
pa r t  of  the r ea c t o r  ves s e l . The fa 1 l ur e  mechan 1 sm of the TMI - 2  non-coo l a b l e  
ma s s  1 n  the c or e , however , cannot  b e  determ1 ned p r ec 1 s e l y  w1 thout  a deta 1 l ed · �  

t r a n s 1 en t  therma l  and mec ha n 1 c a l  a na l ys 1 s  of  the  damaged cor e . Such an 
ana l y s 1 s  r equ 1 r es  the  knowl edge of  the  hydrau l 1 c  cond 1 t 1 on s  1 n  the  core and 
the ma ter 1 a l  p�oper t 1 e s at h 1 gh tempe r a t u r e s , ·  both of  wh 1 c h  can  at bes t be 

· e s t 1 ma ted on l y ,  so the r e s u l t s  of t he a na l ys 1 s  may not be unamb 1 guous . A 
mor e f r u 1 t f u l  way to determ1 ne  the  fa 1 l ur e  mec ha n 1 sm 1 s  thr ough c a r e f u l  
exam1 na t 1 on of  the  geome t r y  of  t h e · debr 1 s  and  t e s t 1 ng the  r emna n t s  of  t he 
c r u s t  for the 1 r  therma l  and mec ha n 1 c a l  p r oper t 1 es , p r e f e r ab l y  a t  h 1 gh 
t empe r a t u r e s . The s e  effor t s  may u l t 1 ma t e l y  he l p  def 1 ne the prec 1 s e fa 1 l ur e  
mecha n 1 sms . 

. Rega r d l e s s  of  the  1 n 1 t 1 a l  fa 1 l ur e  mec ha n 1 sm o f  the  c r u s t ,  a na l y s 1 s  and 
exam1 na t 1 on of  the reac tor  core and  ve s s e l  1 n t e r na l s  thus  far  1 nd 1 c a te that  
mo l ten core ma ter 1 a l  broke  o u t  o f  the  c r u s t  and  r e loca ted to the l ower 
p l enum , l ead 1 ng to  a c o l l a p s e  of a c r u s t  h o l d 1 ng the l oo s e  r ubbl e  1 n  the 
upper par t of  the cor e . Dur 1 ng 1 t s f l ow t o  the  l ower p l enum ,  the  mo l ten 
core ma ter 1 a l  c a u s ed 1 1 t t l e ,  1 f  any , damage t o  t he l ower core s uppo r t  
s t r uc tu r e s . 
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APP E N D I X  A 

POWE R D E NS I TY I N  THE CONSOL I DATE D D E B R I S  BE D 

Bel ow 2700 K, ba s ed on  the  U-Zr-0  equ1 1 1 br 1 um pha s e  d 1 agram,  the  molar . 
r a t 1 o  of  Z r  to  uo2 1 s  4 : 1 , and  the  ma s s  r a t 1 o  1 s  0 . 57 : 0 . 43 .  I n  a fuel  r od , 
t he mas s  f r ac t 1 on o f  fuel  1 s  0 . 80 .  S 1 nc e  the  f u e l  r od s  occ upy a f r ac t 1 on of 
0 . 45 o f  the c o r e  vol ume , the 1 1 quef 1 ed core  ma ter 1 a l  w1 1 1  occ upy 0 . 55 of the 
vol ume o f  a con sol 1 da ted. debr 1 s  bed formed from 1 t s s o l 1 d 1 f 1 ca t 1 on between 

. fuel  rods . The ma s s  frac t 1 on of  uo2 1 n  the c o n s o l 1 da ted debr1 s bed .1 s  
therefore  ( 0 . 80 X 0 . 45 + 0 . 43 X 0 . 55 ) ,  o r  0 . 60 .  As s um1 ng a uo2 dens 1 ty of  
1 0 , 000 kg/m3 , and a z 1 r ca l oy den s 1 t y  of  6500 k g/m3 , the  a verage dens 1 ty of 
t he cons o l 1 da ted debr 1 s  bed 1 s  8230 kg/m3 . The ma s s  o f  uo2 per u n 1 t vol ume 
of t he conso l 1 da ted debr 1 s  bed 1 s  4940 k g/m3 . 

Two hundred ( 200 ) m1 n a f ter  r eac tor  s h u tdown the  decay power of  the  
TMI - 2  core  wa s about 23 MW , and  the  a verage decay power per un 1 t  ma s s  of uo2 
wa s 0 . 25 kW/kg . I f  50% o f  t h e  vol a t 1 l e  f 1 s s1 on p r oduc t s  wa s r e l ea s ed f r om 
the fuel  1 n  the c o n s o l 1 da ted debr 1 s  bed , the  decay power wou l d  be r educed 
by 1 2% .  A s s um1 ng a power peak 1 ng factor  o f  1 . 35 1 n  the c en t r a l  par t  o f  the 
core where  the conso 1 1 da ted debr 1 s  bed wa s formed , t h e  power dens 1 ty 1 n  the  
debr 1 s  bed  wa s ( 0 . 88 x 1 . 35 x 0 . 25 x 4940 ) kW/m3 , or  1 . 47 MW/m3 . 
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