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1 .  I NTRODU CT IO N  

T h e  l oss-of�coo l an t  accident on  March 28 , 1 9 79  at the Three Mi l e  

I s l an d ,  Unit 2 ( TMI - 2 )  reactor caused sev ere fue l  damage and core 

disruption. · · In 1 984 and 1 985 , i n-core camera an d acoustic  examin ation s of 

the reactor were performed. These examination s foun d : ( a )  a cavity in the 

u pper p art  of the tore� boun aed 6n  the periphery by parti a l l y  dama�ed fuel 
. \l -

as semblies;- (b ) a rubb l e  bed of sh attered fuel an d oxidized c l addin g. below 

the cavity; and (� ) shattered partic l es together with l umps of materta l , 

apparent l y  sohdified from a mo l ten state , in  the l ower p l en um. Probing  

with a pointed too l  indicated th at the  u pper rubb l e  bed termi n ates at  a 

so lid crust about a meter below its top s urface. ·The term , debri s bed; as 
. . . . 

u s ed h ere, refers to both the rubb l e  and  the s o l io bed underneath it. The 

condi tion of th� region between the bottom of the rubb l e  bed ana: the lower 

plen um is  unk nown , since.- this area , con sisti n g  of  the l ower core ana- the 

core sup�ort structures , h as not  been exp l ored. Figure  l shows the known 

core configur ation. 

Scenarios  of the· TM I -2 acciaen t ,  con structed to exp l a{n the present 

core configuration ,. genera l l y  agree on what happened aurin g. the early phase 

of  the acciden t. Cool an t  w as lost through a f ai l ed press uriz�r power 

operated relief va l ve , and the core w as uncovered� The u pper .centr a l  region  

of  the  core h eated to  about 1 100 K from its  own  decay heat. Some fuel  rods 

cou l d  h av e  ba l l ooned and ruptured at this time. Examining some of the 

s ti l l - recognizab l e  fuel  rods in  the peripher a l  assemb lies may provide •, 
evidence for this ba l l oonin g and ru pturing. At tempe�atures above  1 100 K ,  

s team oxidized the fuel-rod zirca l oy c l addi n g  to  produce an addi tiona l  heat 

source. Once temperat ures exceeded 1600 K ,  the oxidation became so  rapi d  

that t h e  � pper p arts o f  fuel  rods reached t emperatures above the �e l ting 
point of zircal oy ( about 2 100 K )  within a few min utes. Mel ted zircal oy ,  

c apab l e  o f  l iq uefying  s ome- fuel , cou la  h ave f l owed down the fue l  rods and 

congea l ed where the hard crust w as found  bel ow the presen t  rubb l e  bed. 

,. 
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Control rod lead screws (intact) 
Temperature range 700-1255K 

Core void -30% of 
· total core volume 

State unknown 

Reformed thermocouple 
junctions near vessel 
inner surface 

Localized regions of. oxidized 
and molten stainless.steel 

debris 
-Prior molten fuel (-31 OOK) 
...,.Fully oxidized zii'caloy 

Hard layer (1.60.1.75 m) 
above bottom of core 

appear undamaged 

Estimated 1 Q-20% 
of. core material in 
lower plenum 

. 6 0479 

Fi gur e 1� Known TM I-2 reactor-ves s e l  and core  conditions. 
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Accident scen arios beyond this ph ase of zircal oy me l ting ana fue l  

1 i quet action are more s pecu l ative., Some 2 h ,  54 min into the. accident ,  one  

of the reactor cool ant pumps was turned on  momentari l y. Estimates  show as 

much as 30 m3 of coo ling w ater cou l a  h ave been pumpea through the reactor 

core at this time. By then , much of the fue l  c l addi n g  in th e upper core 

w ou l a  h ave oxidized and become v ery brittl e. The coo ling  water cou l d  h ave 

sh attered the  brittl e  c l adding  and the fuel pel l ets thu s forming the 

ob served .rubb l�b ed. Half an h our l ater ,· emergency core coo ling  w at�r w as 

introauced to the reactor coolin g  system by th e s afety injection system. 

About  20 min after thi� emergency core coo ling  water f l ooded the core 

(3  h ,  46 min into the accident ) , s ev eral  events. indicated that there w as 

anoth er major core-configur ation chan ge. The count r ate o.f a source-ran ge 

n eu tron aetector located on the outsi�e of the reactor increased sharp ly; 

many of  the i n-core s e l f-powerea n eutron aetectors {SPND s )  located n ear the· 

bottom of the core a l armed; and a pressure puls e  of about 2 MPa was. 

obs ervea. One hypothesis. ts  th at these events si�nified the re l ocation  of 

core material  into the l ower p l enum& Neutron streami n g  from the �e l ocatea 

fue l  throu gh the lower ves�e l  head woul� exp l ai n  the s ource-ran ge count  

rate inCrease; passage of  hot , liquid core mat eria l from above may h av e  

caused t h e  SPNDs i n  t h e  l ower core to a l arm; and steam , .  rapia ly  formea from 

the interaction between hot core materia l  and the coo l an t , undoubted l y  

resu l ted i n  the pressure pu l se. 

After these events at 3 h ,  46 min ,  sustained emergency coo ling  water 

w as delivered to the primary �ooling system. Al thou gh no ftirther sudden , .  

drastic  ch anges in  the sys tem's physical  parameters were ob served , the 

system did not compl etely stabi lite  unti l
. 

16 h into the accident when a 

feactor coo l ant pum� was again  success fu lly s t arted. References l 

through 3 present� more detai l�d disCus sion of the accident progression. 

C ore  materia l  re l ocation to the l owe�p l enum r ai ses question s about. 

the TM I-2 accident progression. · Among these are : 

3". 



• What was the. core configurati�n before. the re l ocation? 

. Defue ling  the TM I -2 te actor, de termining  what remains  of the core 
geometry ,  and studying  the mas s di stribu tion be l ow the rub b l e  bed 
and the h ard crust  may he l p  an swer thi s question. Unti l  then , we 
can on l y  conjecture that a� so li d region exisied  be l ow the rubb le 

bed. Re l ocated  zirca l oy ,  l.iquefied fue l , ana possi b l y  the 
si l ver:..indium-cadmium ccn tro l.materi a l  formed· this so lid  re gion. 

'' How· cou ld this s o lid re gia� of re l ocated zirca l oy and liquefied 

fue l h ave fai l ed and a ll  owed core materia l  to re l ocate in  the 

l ower p lenum? 

O ne suggestion i s  that the·; mass of s olid core materi.al be l ow the , 

rub b l e  bed was not coo l ab l :e·; it  melted  and f l owed d own to the 

l ower p lenum , presumab l y  �bou t  3 h ,  46 min into th� acciden t. If 

this  is  so , there is  s till· a prob lem explainin g  the time of  the 

re location. 

This report s tu dies the· therma l : behavior of debris  beds  impermeab le to 

coo ling  water. It considers these debri s  bed s as ide alizations  of the 

s lumped TMI -2 core as conjectured  between 2 h ,  54 min and 3 h ,  46 min into 

the accident. Section 2 cal cu l ates  the decay he at leve l s  as functions  of 

time after shu tdown , assumi n g  v ariou s fractions  of the more vo l ati le 

fi ssion proaucts were re le ased duri n g  the e ar lier hi gh temperature 

transien t  u p  to 2 h ,  54 min •. Section 3 determines the thermal propertie s 

of the debri s-bed  materi al  as functions  of fue l content  in. a mixture of 

u ranium· dioxide and zircal oy. With these p arameters� Section 4 cal cu l ates 

the equi 1 ibrium temperature profi l e s  .. i n  slab geometry for various sizes an d 
compositions  of the deoris bed. · C altu l ations  were c arried out to determine 

the minimum thick nesse s  of debri s  bed s that h ave a mol ten interior u nder 

e qui librium conditions  and the equi l :ibrium thickne sses of the s o lid crusts 

of debri s  bed s h avin g  mo l ten interi6rs as functions  of  their overal l 

dimension. Hopefu l l y ,  these cal cu l a:ted parameters  wi l l  he l p  determi ne a 

l ower size limit  of the TMI-2 debri s. bed be low which mo l ten  core materia l 
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could not h ave  trowed down to the l ower p l enum. I n  Sect i on 5, a 

one-a i men s i on ar ,  s. l ab geometry , trah s i en t  heatu p  ca l cu lat i on was performea 

for a best-est i mate  conftguration of the TMl -2 debr i s  be6 after i ts 

formati on ( about 2 . h ,  54 mi n i nto the acc ident). The amount of mol ten· 

mater i al ca l cu l ated to  be insid� the debrts  bed at about � h, 46 mi n i nto 

the accident c an be  cnmpared to the amount  6t c6t� mater i al found  i n  the 

lower p l enum. F i n a l l y· ,  Sect i on 6 summar i zes the resu lts  and discu sses 

the i r  uncerta i nt i es and� 1 i mitat i on s.� 

.·.- � ... 
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2. DECAY HEAr L EVELS 

The  TMI-2 core.con t ained Bl,OOO kg of urani um, enrtched to an average 
of  2 . 54% in U-235. The reactor h ad acquired an average b urnu p  of 

3250 MWD/MTU from operation for over 3 mo b�fore the accident in 1 979.4 

T hi s  study ass umes the reactor operatea. continuously near f ul l  power at 

2670 MW for. 100 day s. These simplifying ass umption s --av erage core 

enrichment and operaUng.history;..-were the  basis for the OR1GEN2 code5 

c a l cu l ation of decay heat from the entire core during the first  24 h after 
reactor scram. The resu l ts qotained  h ere  s�ow a discrepancy of about 5% 

·when comp ared to the isotop.ic inventory ca l cu l ated for the time: immediately 

after the scram u sing  a more deta  i' l ed model (see Reference 4). 

R eference 6· shows  th at fue l  rods heatea to· above 2000 K ,  s uch as in 

the TMI-2 acciden t ,  are expected to  re l ease a signific ant fraction of th e 

more vo l ati l e  fis sion. products. These  more vol ati l e  fis sion product s, s uch 

as krypton , xenon,. iodjne, cesium, and te l l urium, contribute a signifi can t  

fraction o f  t h e  decay heat. Decay power in the fue l  i s  reduced accordin g l y  

a s  these fis sion products  are released from the fue l.  The relea s e  

fraction s of these fi s sion products from t h e  TMI-2 core , especia l ly in the 

debri s  region, h av e  not been determined. Thi s  study as s umes tha t  these· 

fis sion pr6ducts were released in equal fractions  and u ses their  rel ease  

fraction as a free parameter when determinin g decay heat as  a function of 

time after reactor scram. D uring the first day after reactor scram ,  these 

fis sion products contributed between 17 and 30% of  the total  core  decay 

p ower; the higher percentage corresponds to the  time soon after scr am. 

T ab l e  l shows the power from the decay heat in the TMI-2 core as a 

f unction· of time after reactor scram and a l s� as  a function of the re l ease 

fraction of the above�mentioned vo l ati l e  fis si on products� Th e va l u es 

l isted in the tab l e  were u sed in .the fo l l owing therma l  ana l ysis to compute 

the power den sities  of  the d ebri s  beds. 

6 



TABLE l. · TMI-2 REACTOR CORE. DECAY HEAT POWER (,�1W) 

V o lati l e  Fi s sion P roduct Re l ease Fraction. 
T i me 
J..bj_ o.o 0 . 1  0 .3 0 . 5 0 . 9 1.0 

36 . 1  35 .0 32 . 9  30 .8. 26 . 5  2 5 .4 

2 28 .2 27 . 4  2 5 .8 2 4 .2 . 2 1.0 20 .2 . 

3 24 . 5  23 . 9  22 .6 21 . 4 18 . 9. 18 .3 

4 22 .3 2 1' .8 20 .7 1 9 .6 17 . 4  16 . 9  

5 20 .7 20 .2 1 9 .2 18�2 16 .3 1 5 .8 

1 0  16 .7 16 .3 1 5 .6 1 4 .8 13 . 4  13 .0 

24 12 . 5  1 2 .3 1 1  • 9" 1 1 . 4 10 .6 10 . 4  

... ,. 7 
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3. ONE -DIMENSIONAL DEBRIS BED THERMAL PROPERTIES 

The  fol low ing ana l ys i s  con s i ders only the uran i um d i oxide �nd z i rcal oy in 
the TMI-2  core . The core conta ined about 93,100 kg of uran i ufu d i ox i de an d 

· 23,000 k g  of z i rcal oy; most of th e z i rcal oy was u s ed. as fue l  rod c l add ing . The 

other mater i a l s  in the core, such as a l l oys bf steel, s i l ver- indi um-cadmium, 

and b oron c arb i de-al uminum-ox i de, were not con� i dered in the ana l ys i s  because  

they compr ised on ly a sma l l fract.ion of the core mas.s inven tory . Ox i d. i zeci z i r

ca l oy ( z i rcon i um d i oxi de )  was as s umed to h ave  the s ame thermal conduct i v i ty and 

spec i f i c heat as uran i um d i ox i de ( see Tab l e  2). For th i s  study, the constant  

v a l ues g i ven in the t ab l e  were u sed; Reference 7 contains  mater i a l properti .es  

a s  fun ct i ons  of temperature . 

The mos t  l i k e l y  scen ar i o  for forming a cohes i ve. d�br i s  b ed dur ing  a s evere 

fue l  damage acci dent i s  as fo l l ows: the z i rca l oy c l adding  mel ts, liquef i es 

s ome of the fue l, f l ows downwards, and s o lid i f i es b etween the intact fue l  roas 

in the l ower core where the temperature i s  s t i l l  comparat i ve l y  l ow .  The  

s o l i di f i ed c l add ing  b l ock s the  core and i s  a recept ac l e  for subseq uent l y  re l o

cated c l add ing and fue l . Before melt ing comp l etely, thi s debr i s bed can be· 

q u i te h eterogeneous .  The  re l ocated mater i a l c an v ary from a l most p ure meta l l i c 

z i rca l oy to a U-Zr-0 ceram i c. Al s o  some fue l  roas  embedded in the s o l i d  matr i x  
may h ave  oxi d i zed c l add ing; others may not . The debr i s  bed cou l d  cover much 

of the core and be relat i ve l y  th in. In such  a scen ar i o, a one-d i men s i on al 

t herma l conduct i on ca l cu l at i on, u s ing  the vertica l  coord inate as a spat i a l 

v ar i ab l e, shou l d  ch aracter i ze fa i r l y  wel l the dominant, v ert i ca l  temperature  

v ar i at i on in the debr i s  bed . In th i s  type of c a l cu lat i on, the  t herma l  

propert i es of the debr i s  bed h ave  to be averaged in the hor i zonta l  p l ane . 

Thus, the thermal conduct i v ity of the  debr i s bed i s  taken to b e  the 

vo l ume-we i ghted average of the thermal conduct i v it i es of uran i um diox i de 

ana z i rca l oy, and i s  g i ven by 

f ( ) 1 -f  ( ) 

k = 
P (uo2) k uo2 + P ( zry) k z ry 

f 1-f ) 

P ( uo2 ) + P ( z r y) 

8 
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TAB LE 2. THERMAL PARAMETERS USED IN  DEBRIS BED THERMAL ANALY SIS 

Thermal  Conductivity 
Den sity 

3 
. {W/m-K} (kg/m } ·Specific 

Heat 
Solid Liquid Solid Liquid {J/ kg-K} 

U r anium Dioxide 2. 5 li.O 10,000 8,000 500 

Zirca l oy 58 .0 36.0 6,300 6,200 500 

Zi rconium 2 . 5 1 1 .0 5,800 5,800 500 
Dioxiae 

9: 

Heat of· 
· Fusion 

(J/kg} 

274,000 

225,000 

706,000 

.. . ·· , 

•, . -•, 



where 

k = therma l conductivity of aebris  bed 

= d�n sity of uranium aioxide 

f = m�s s  fraction of uranium dioxide 

= thermal conducti vity of uranium dioxide 

p ( zry )  = den�ity of zircal oj 

k ( zry ) = therma 1 conductivity of z i rca 1 oy •. 

St,eaay-s tate. ca l cul ations made with the above v o l ume-averaged therma l 

c onducti vity wou l d  give the exact temperature di stribution and heat f l ux 

unaer the f o l l owing condition s: First , the debri s  bed wou l d  consi st of 

simil ar distribution s  of unreactea urani um dioxiae ana zircal oy in eVery 

horizontal  p l ane; and second , the temperature in s uch a bea wou l d  not v ary 

in a h orizontal p l ane. However , the volume-wei ghted average cannot b e  

app lied with confidence t o  debri s  beds homogenized by melting. Becaus e  

therma l conductivities in such a homogenized debri s  bed may not be  re l ated 

in any obvious way to the conductivities of their  individua l  constituents , 
the  equation•s v a lidity must  be  verified by experiments. 

The mass -wei ghted average is  usua l l y  the proper average for the 

s pecific  heat and the heat of fusion. The aver ages are correct provided 

there is no chemical  interaction between the zircal oy and the urani um 

dioxide , and a unique me l ting point can be defined. 

Power density i s  another parameter in the therma l ca l cu l ations. Since  

the  decay heat i s  associ ated with the  fue l , the power per  unit vo l ume 

10 
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depends on the fuel  content in the vo l ume . ,  A s s uming the total dec ay heat 

in the core is even l y  di stributed in the. fue l,  the. power density in the· 

aebri s bed i s  giv en by 

P = f . p • P /M  . 0 0 

where 

p = power density of debris  bed 

f = mas s fraction of uranium dioxide 

p = den sity of debri s  bed 

Po 
- total  core decay power 

M 0 
= total mas s of ur anium dioxide in 

The density in the debris bed , p ,  i s  given 

core. 

by 

(2 ) 

p = -...---�-.,.--f 1-f (2 a ) 
P ( uo2 ) + P ( zry ) 

where 

f 

p ( zry ) 

= 

= 

= 

mas s fraction of uranium dioxide 

density of uranium dioxi�e 

den sity of zircaloy. 

ll 

. .. .  -·' 



4. EQUILIBRIUM TEMPERATURE PROFILES I N  SLAB GEOtvlETRY 

The  time-independent , one-dimen si ona l  therma l conduction equ ation for 
s l ab geometry i s  

where 

k = therma l conductivity ( con sidered con stant ) 

T = . temperature 

z = s pati al v ariab l e  

p = vol umetric heat generation r ate, or power density 

( consiaerea con stan t ) .  

For a sl ab of thi�kness, d ,  and with symmetric temperature boundary 

conaitions at z = 0 and z = d, as shown in Figure 2 ,  the s o l utirin of 

Equation 3 i s  

p T ( z )  = T0 + 2k z ( d- z )  

where T0 i s  the temperature a t  the s urfaces. 

Substituting the expressi on s  for the debri s  bed conductivity, k, and 

the power density, P ,  a s  given by Equation s  l and 2 respecti v e l y  in 

Secti on 3, the temperature di stribution can be written a s  

T ( z )  = T + 0 
f 

P
o 

l -f ) • 2M. z ( d-z ) 
+ P (zry) k ( zry o 

12  

( .3 ) 

( 4 )  

(5) 
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z=d. -------------- T= To 

Z=d/2- - T=Tmax 

z,;,o ··--------------T=To 

8 6884 

Figure 2. One-dimen siona l therma l  conduction in s lab geometry •. 
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where 

f 

p( zry ) 

k(zry ) 

M 0 

= 

= 

= 

= 

= 

= 

= 

uranium dioxide �ass  fraction in debris mixture 

den sity of uranium dioxide 

therma l conauctivity of uranium dioxiae 

den sity of zircal oy 

thermal conductivity of zircaloy 

total core decay power 

total  core uranium dioxide mass. 

4 . 1  Minimum T hi-ckness  of  Debris Beds  with Mo l ten Interior 

In a me lt-relocation s cenario, the interior of the debris bea me l ts 

from its own decay heat. The mo l ten front  propag ate s outward unti l the 

solia crust  become s so thin it c an no l onger ho l d  the mo l ten material.  

T his  section compute s the minimum thickne s s  of such  a· debris bed. These 

computations  u se v ariou s re le ase fractions  of the more v ol atile fis sion 

products and fue l  content of the debri s bed and assume the debris bed has  

reached  therma l equi librium for a given power density. 

For a deb ris bed of thicknes s, d, with symmetri c  temperature boundary 
c onditions, as shown in Figure 2, the maximum tempe rature occurs  at z equa l  

to d/2. Eq�ation 5 give s the maximum temperature a s  

f (6 ) f 1 -f 
P (U02 ) k(U02 ) + P (zry) k(zry ) 

1 4  
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Substituting the numerica l  va l ues  of the k1 s and.P • s  for so lid 

mixt ures  given in Section 3 ,  .the maximum temper ature is  given by 

Tmax = 
T + 0 

100 f 
7.3 7 - 7. 1 7  f 

' p 0 2 
. M .  d 

0 

where P 0 i s  in W ,  M0tnkg, d in m ,  Tmax and T0 in K. 

( 7) 

A debri s  bed composed most ly  of U -Zr-0 ceramic has  a me l ting poin t of  

about 2 700 K. T he surface temper ature wi l l  be about 600 K if  the debris 

be d s urf ace s  are in nuc Teate boi 1 i ng·· under wate r  at an approximate pres.sure 

of 7 MPa ( 1000 psi a ,  s aturation tempe rature. about 560 K). If  Tmax i s  

2 700 K and T0 600 K , the debri s bed thick ness , d ,  in m ,  i s  given qy 

d = 
2 1  ( 7. 3 7  - 7. 1 7  f )  M0 

fP0 

where , again , f i s  the mas s fraction of  urantum dioxide in the mixture� 

P0 the dec ay powe r  in W ,  and M the mas s of ur anium dioxide in k g  ' 0 
h aving t he decay power P0 ·• T he interior of  such a debris bed wi l l  be 

j u s t  on the verge of me l ting. Therefore, d is  the minimum thickness  of a 

mos t ly U -Zr-0 cerami c  debris be d with a mo l ten interior. 

(8) 

E q uation 8 i s  u se d  to compute the minimum thicknes s  of debris beds for 

v arious  re lease fraction s  of the more v o l ati l e  fission products. The ca l 

c u l ation a l so con siders f ue l  con tent and the time after shutdown , b ased on 

the dec ay power given. in T ab le 1 • . The mas s of uranium dioxide , M0, 
corresponaing to the. aecay power  i s  93 , .100· kg. T ab le s. 3 through  S give the 

res u lts. 

. . . . 
A s  seen from the t ab le s , the minimum thickne s s  of a _debri s bed with a 

mo l ten interior i s  more sensitive to the debris fue l  content than to- the 

release fractio� of.the more v ol atile fission products , even though  the 

l atter i s  q uite. signific ant. · The thermal conducti-vity incre ases  whi le  the 

p ower density decreases .. with the fue l contenL .. Both factors i.ncre ase 'the 

15· 
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TABLE. 4. MIN I MUM T H I CKNESS Of:DEBR I S  BED , . I.N METERS� W I TH MOLTEN INTERIOR · 
---. FOR V OLATILE' FISSION PR O DU CT RELEASE FRACT I ON EQUAL T O  0.5 

, .. . .  . : �· ' .. · 

Time 
J.bj_ 

2 

3 

4 

5 

10 

24 

0.3 

1.05  

1. 19  

1.26 

1 .32  ' 

1.37 

1.5 2  

1 .73 

Fue l Mas s Fraction , f 

0.5 0.9 - l. O 

0.69 0.2 5  0.1 1  

0.78 0.29 0 • .  13 

0.83 0.3 1 o. 14 

0.87 0.3 2  0.14 

0.90 0.3 3  0� 15  

1.00 0.37 0. 16 

' 1. 14 0.42 0. 19 

- 17 
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min i mum t h i ckness. Dur ing  the f i rst  aay after shutaown , a. debr is  bea w i t h  

a mol ten in ter i or could h ave a min i mum equ il i br i um th i ckness as low as 

0. 1 m with 100% fuel and over 1.0 m w i th 30% fuel content. 

4.2 Equ il ibr ium Crust Th i cknes s of Debr i s  Beds w i th Molten. Interior 

The  center of deb r i s. beds  t h i cker than the min i mum th i ckness , . . ' . 
calcul ated. fn Sect i on 4 •. 1,  will be molten under equil i .br i um cond i t ions  .. 

F i gure 3 shows a typical confi gurat i on of such aebr i s  beds. 

The calculat i on s  performed here assume that heat transfer to the u pper 

and lower surfaces of the aebr i s  bed i s  symmetr i c  w i th res pect to the 

mia�elev at i on of the debr i s  bed. When the deb r i s bed inte�ior i s  molten· to  

a certain extent , convect i on ce 1 1  s form in the  mo  1 ten reg i on. Becau s e  the· 

convect i ons  cells tran sfer more heat  to the upper crust, the u pper crust i s  

generally th inner than the lower crust. Re searchers at F auske  and 

As soc i ates,.  Inc. are study ing  thi s effect. 

U sin g. the  s ame nomenclature as before, the heat flux from the molten 

inter i or to e i ther the upper or lower crus t ,  assum ing. reflect i on symmetry 

about z equ al to d/2 , i s  g iven by P{d-a ) /2 under equ ii ibr i um.con d it i on s, 

where 6 is  the t h i ckness  of  the sol i d  crust of the debr i s  bed. W i th th i s  

bound ary cond i t i on ,  the solu t i on of the t i me- independen t  thermal condu ct i on 

equ at i on (Equ at i on 3 )  i s  g iven by 

. 
6 ( d-6 ) = 2k  eST  

p 

where k i s  the thermal conductiv i ty, P the power den s i ty, and eST the 

temperature  d i fference across  the cru s t. 

( 9 )  

I f  the mel t ing point i s  again 2700 K and the surface temperature. 600 K 

(eS T= 2100 K), as done  in  Sect i on 4� 1 ,  sub st i tut ing  the numer i cal v alues 

··19 
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Figure 3. Deb ris bea with molten interior. 
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of the k' s and p • s  for sol i d  mi xtures g iven in Se ct i on 3 and the powe r  

aen st ty, P ,  by Equat i on 2, Equat i on 9 become s, numeri cally, 

ll( d-ll ) = 
38.67 - 3 7.62 f 

f 

· whe re d and t1 are in m, M in k g, and P0 in W; f i s  the mass fr act i on 
. 0 
of uran i um a i ox i de in the m i xture. 

( 10) 

T able s 6 and 7 gtve the equ ilibr i um crust th i ckne sse s  calcul ated from 

Equat i on 10, assuming 93, 100 kg for M0 and the decay powe r  P0 g iven in 

T able l. The fuel mas s fract i on, f, is ass umed  to be 0.5 and 

0. 9 re s pectively in  Tables 6 and 7. T he rele ase fract i on of the more 

vol at ile f i s s i on proaucts i s  ass umed to be 0.5 in  both cases. A fuel mas s 

fract i on equal to 0.5 generally represents debr i s  mater i al w i th unox i d i zea 

fuel roas embedded in relocated  z i rcaloy and the fuel prev i ously l i q uefied 

by z i rcaloy at temperatures  below 2 500 K. A fuel mas s fract i on equal to  

0.9 more closely represents materi al of  compacted  fuel pelle ts and h i ghly 

oxi d i zea  z i rcaloy cl adding. 

T ables 6 and 7 indicate cons iaer able v ar i at i on in the crust th i ckne s s  

a s  the compos i t i on o f  the debr i s  bed ch anges. I f  all o f  the z i rcaloy i n  

the T M I -2 core and 50% o f  i ts fuel collapsed t o  form a sol i d  debr i s  bed, 

the mas s fract i on of uran i um d i ox ide in the debr i s  bed woul d  be about 0.5 

and the debr i s  bed th i ckness  would be approx i mately 0.8 m. T able 6 shows 

th i s  de br i s  bed w i thout a molten inter i or under equ il i br i um cond i t i on s  i f  

the power dens i ty compare s  to that from decay he at 3 h after shutdown and 

i f  50% of the mor� v ol atile· f i s s i on products i s  rele ased. On the other 

e xtr�me� a debr i s  bed 2 m th i ck, composed of  90% fuel by mas s, would  h ave a 

sol i d. crust le ss  than 0.02 m thick �f the powe r  were comparable to  that 

from dec ay he at 10 h after  shutdown w i th 50% of the more v ol at ile f i ss i on 

products rele ased. The TMI -2 debr i s bed, forme d  during  the acc i dent before 

th� melt relocat i on to the lower plenum (about 3 h, 46 min after the 

be g inn ing  of the acc iaent), woul d  be somewhere . between these two extremes. 

;',• . ' .  
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5 . . TRANS I ENT H EATUP OF TH E TM I - 2  D EBR I S  BED 

Th i s  sect i on presents a trans i ent  calcu l at i on of the TM I - 2  debr i s  bed. 

heatup. The cal cu l at i on as sumes : .( a) th e debr i s bed was formed after a 

reactor coo l ant pump was turned on momentar i l y at about 2 h ,  54 mi n 

( 174 m i n) i nto the acc i dent; {b) the bed con s i sted of l oose debr i s i n  th e 

u pper reg i on and a cohes i ve mas s i n  the l ower; (c) the mas s i n  the l ower 
reg i on conststed of rel ocated z i rca l oy� z i rcon i um d i ox i de ,  an d l i q uef i ed 

fue l  w i th embeadea fuel  rod stubs; (d) the cohes i ve mass was a i v i ded i n to 

two zones of a i fferent compos i t i on--the l ower metal l i c i n  character and th e 

u pper cerami c; (e) the rubb l e on top of  the cohes i ve mas s was cont i n uous; 

ana (f) heat was transferred from the- i ntertor to the surface  by conauct i on 

a l one. The c� l cu l at i on i s  c arr i ed to 50 mi n after the reactor coo l ant pump 

tran s i en t  so the res u l ts of the thermal ca l cu l at i on may represent the state 

of  the debr i s  bed j ust  before the hypothes i zed me l t  re l oc at i on to the l ower 

p l enum occurred ( about 3 h ,  46 mi n [ 226 mi n] i nto the  acc i dent). 

5. 1 Debr i s  Bed Confi gurati on 

( 
Th e one-d i men s i onal mode l of the TMI -2 debr i s  bed , constructed i n  th i s  

sect i on , ass umes that the debr i s  bed was formed shortly after the reactor 

coo l ant pump tran s i ent { about 1 74 mi n i nto the acc i dent) and ma i nta i ned i ts 

conf i gurat i on un t i l me l t  rel ocat i on to the l ower p l enum (about 226 m i n i nto 

the acc i dent). 

D ur i n g  the early phase of the acc i aen t , the upper part of the reactor 

core wou l d  h ave  oxi d i zed rap i d l y; the z i rca l oy c l add i n g  wou l d  h ave  me l ted , 

re l oc ated w i th s ome l i quefi ed fue l  to the l ower part of the core , and 

congea l ea between the fuel rods  to form a so l i d  mas s. Some h i gh l y  

ox i a i zed c l add i n g  and fu� l pe l l ets  wou l d  h ave  rema i ned i n  the u pper part of 

the core. Uur i ng  the reactor coo l ant pump transient about 174 m i n utes i nto  

the acc i dent ,  water was  pumped through the core c au s i ng the ox i d i zea 

c l add i ng and fue l  pe l l ets  to shatter ana co l l apse  i nto a p i l e  of rubb l e  o n  

top of  the s o l i d  crust. Th i s  formed the u pper part of the debr i s  bed. 

24 



Th e methoa of construct i ng the aebr i s  bed mode l ,  basea , in p art , on 

m ass ba l ance� con s i ders o n l y  the fuel  rod s  i n  .the act i ve fuel reg i�n. I t  

i gnores the other rod s ,  includ i ng . the contto l , burnab l e  po i son , and 

i n strument roas as wel l as structural  mater i al s , such as gr i d  spaters. The 

�ct i ve fue l  roas were or i gina l l y  3.66 m h i gh and h ad a tota l · uran i um 

a i oxtae mass of 93 , 100 kg  and  a z i rcaloy mass of 20 ,100 k g. The mater i a l 

or i gin a l l y  �cc upy i ng the 1.3 1  m-h i gh upper voi a  reg i on presumab l y  rel ocatea 

e i ther to the solid reg i on or to the rubb l e  bed .. Oebri� bed probing  
8 . . 

d ata show an aver age rubb l e  depth of 0.80 m� Samp l es from the rubble 

bed i nd i cate a bu l k  den s i ty of about 4400 kg/m3 and � uran i um-to- z i rcal oy 

mass r at i o  of  about T • .  These f i gures represent an  approximate 40% z i rca l oy 

dep l etion, from an undamaged fue l  roa.9 A s i mp l e  mas s  ba l ance ca lcu l at i on 

shows that 53% of the or i gina l  uran i um d i ox i de and 73% of the or i g i n a l  

z i rcaloy i n  the top 2. 1 1  � of the core wou l d  h a v e  re l ocated to the l ower 

r eg i on s  of the core, g i ven the fol l ow i n g as s umpt ibns: ( a )  the rubb l e  was a 

ur an i um d i ox i de and z i rcon ium d i ox i de m i�ture, ( b). d amage was un iform 

acros s  the core, and ( c )  the deb r i.s bed. i nc l uded the parti a l ly d amaged 

per i pher a l  as s emb l i es. 

The relocated materi� l from.the upper-part of t�e core presumably 

f i l l ea the.free space between the fue l  .rods under the rubb l e  bea. 

Accord i n g to prelimi n ary posttest exami n at i on s  th i s  i s  what h appened to the 

f u e l  buna l es u sed i n  the Severe Fue l  D amage exper i ments performed i n  the 
. 10 1 1  12  lJ P ower Burst Faci l ity. ' ' ' When  peak temperatures dur i n g these 

exper i ments  exceeded 2400 K ,  th e relocated materi a l  i n  each bund l e  formed a 

s o l ia mas s n ear the bottom of the bund l e  where the temperature was 

comparatively l ow. The re l ocated mater i a l composi t i on appears to vary from . . 
most l y  z i real  oy to a u-zr.,.o ceramic. · So i t  may be  a· s s umed of the TMl-2 

debr i s bed- that one  h alf of the rel ocated z i rcaloy- and uran ium d i ox i de 

resided i n  the l ower p art of the s ol id bed·, and the other h alf i n  the u pper 

· p art. Moreover,· the re l ocated z i rca l oy i n.the upper part of the s ol i d  bed 

was  ox i d i zed to z ircon i um d i ox i de, c au s i ng the resu lt i ng s o l i d  to b eh ave 

l i k e  a U-Zr-0 cerami c. The or i� i n a l  fue l  rod  stubs embedded i n  the 

re l oc ated mater i a l were presumabl y u n aff�cted by oxi dat i on. Thus; 
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c alcul at i on s based on the den s i t i es of ur an i um d i oxi ae, z i rcaloy, an d 
z i rcon ium d i ox i de show the mater i al relocated below the rubble would extena 
to 0.61 m cibove the bottom of the act i ve core. 

lf th ere were �n i form damage acros s  the TM I-2 core (cross- sect i on area,-

8. 3 m2), i ts conf i gurat i on a.fter formi ng  the rubble bed can be d i v i ded 

i nto f i ve reg i on s. These are, sequent i ally from th e bottom of the core: 

1. F uel rod stubs at the lower end of the core, 0.6 1 m h i gh, 
con s i st i ng  of 3,350 kg of z i rc aloy and 15�500 k g  of uran i um 

d i ox i de 

2. A fu sed m as s, metall i c  i n  ch aracter, 0.44 m h i gh, consi s t i n g  of 

6,600 k g  of z i rcaloy and 25,500 k g  of uran i um d i ox i de · 

3. A fu sed mas s, cerami c in ch aracter, 0.50 m h i gh, con s isting  of 

2,800 kg  of z i rcaloy, 5, 700 k g  of z i rconium diox i de, and 

2 7, 100 kg of uran i um d i ox i de 

4. A rubble bed, 0.80 m high, con sist i n g of 4,300 k g  of z i rcon i um 

d i ox i de and 2 5,000 kg  of uran i um d i ox i de 

5. A v o i d  reg i on, 1.3 1  m h i gh, at the u pper end of the core. 

Th e debr i s bed i n  the tran s i ent  heatup calculations compr i ses  

Reg i on s  2, 3 and  4. 

5.2 Debr i s  Bed Thermal P ropert i es 

I n a i v i dual thermal conduct i v i t i es of Reg i on s  2, 3� and 4, def i ned i n  

Sect i on 5. 1� are taken to be the volume-we i ghted aver age of th e thermal con 

a uct i v i t i es of the const i tuent s. Equat i on 1 i n  Sect i on 3 gives the formula 

usea. · Section 3 also g i ves i n  the numer i cal v alues. The volumetr i c  heat 

c apac i ty i n  each regfon equal s  the average aens ity i n  th at reg i on t i mes  a 

constan t  spec i f i c heat of 500 J/kg�K, ( see Sect i on 3 ). The calculat i on s  ada 

the hea� of fus i on to  the heat c ap ac i ty i n. a te� perature i nterval w i th i n  
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wh i ch th e mater i a l wou l d  �resumab ly  me l t. The ca l cu l at i on assumes the heat 

of fusi on i s  d i str i buted even l y  i n  th at temper ature i nterv al. I t  ass umes 

tne meta l l i c zone ( Reg i on 2) me l ts from 2 150 to 2250 K; the cerami c zone 

(Reg i on 3) , 2750 to 2850 K; ana the rubb l e  zone (Reg i on 4) , 2750 to 2900 K. 

For the metal lic  me l t ,  th i s  amounts  to 23 MJ/m3�K; for the cerami c melt , 

30 MJ;m3-K; and for th e rubb l e  bed , 10 MJ;m3-K. The conduct i v i t i es an d 

. the v o l umet r i c  heat capaci t i es i n  each reg i on are g i ven i n Tab l e  8� The 
vo l umetr i c  heat capac it i es l i sted ao not  i nc lu·de· th e heat of fus i on. 

The power den s i ty in each regi on of the debr i s bed i s  ca l cu l ated from 

i ts uran i um a i ox i de content. These ca l cu l at i on s  ass ume ( a )  the rel�cated 

fue l  i n  Reg i on s  2 and 3 ,  and the fue l  i n  the rubb l e  bed re l eased 50% of 

the i r  more vol at i l e  f i s s i on products; and (b ) th e ori g ina l  fue l i n  Reg i on s  2 

and  3 d i d  n ot re l ease v o l at i l e  f i s s i on products. Ca l cu l at i on s of the average 

decay power per un i t  mas s  of uran i um d i ox i de are taken  from the total core 

decay power g i ven i n  Tab l e  1 and the core uran i um d i ox i de mas s of 93 , 100 k g. 

Ca l c u l at i on s  based on the above as s umpt i on s  show th e re l at i ve power den

s i t i es i n  the three reg i on s  stayed f a i r l y  constant  from 3 to 5 h after 

reactor shutaown. The re l ati ve  power den s i t i es are : 0.4 1  for th e metal l i c  

z on e  (Reg i on 2) , 0.38 for· the cerami c zone (Regi on. 3) , and 0. 2 1  for the 

rubb l e  zone (Reg i on 4). The total  power i n  th e debr i s bed i s  18.6 MW at 

three h ours  and 17 .o IVIW at 4 h after reactor shutdown. The total power 

between 3 and 4 h i s  l i near l y  i nterpol ated from these  two va l ues. 

5.3 Tran s i en t  Therma l Conduct i on 

Th e equat i on of tran s i ent thermal conauct i on i n  one-d i mens i on a l  s l ab 

geometry may be  wr i tten as. 

GaT= P +-a (i?I) at  az  az  
( 1 1 ) 

where C i s  the heat capac i ty per u n i t  vo l ume, T the temperature , -P the 

power den s i ty ( power per un i t  v o l ume ) , k the thermal  conduct i v ity , z th e 

s pat i a l v ar i ab l e , and t the t i me v ar i ab l e. Sect ion 5.2 g i ves the thermal 

· . propert i es of the TMI-2 debris bed model. .  
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TABLE 8. HYPOTH ES IZ ED TMI -2  DEBR I S  B ED THERMAL PROP ERTIES 

Thermal Conduct i v i ty Vo l umetr ic Heat C apac i ty 

(W/m-Kl {MJ/m3-K) 

1v1eta 1 1  i c zone 18.7 4.4 

Ceramic zone 8.2 4.3 

Rubb l e  bed 2.3 2. 2 
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Based on a recent cal cu l at i on us i n g th e SCDA P code , 14 th e temperature 

i n  the re l ocated ccihes i ve mas� , just before the reactor coo l an t  pump 

tran s i en t  approxi mate l y  1 74 mi n i n to th e acc i den t ,  ranged from 1000 K at 

i ts l ower s urface to about 2200 K at i ts top s urface . After the pump 

tran s i en t ,  the rubb l e  bea cou l d  h ave coo l ea to about 1 500 K; th e l ower 

s urf ace of  the cohes i ve mass coo l ed to about 800 K ,  wh i l e  tne i n ter i or ot 

the mass rema i ned  at  h i gh tempeiatures. Th e tra n s i ent c a l c u l at i on uses. 

these assumed temperatures to def i ne  the i n i t i a l temperature d i str i but i on. 

The. bounaary co
-
n d it i on s  for the tran s i en t  c a l c u l ation are: (a) the 

l ower s urface of the debr i s  bed r ad i ates to a v o l ume whose heat c apac i ty i s  

eq u i v a l ent to about 8000 kg  of stee l; and (b) the upper surface raa i ates to 

a v o l ume whd se heat c apaci ty i s  eq u i v a l ent to 1 2 ,000 �g of steel� The upper 

heat s i nk may be con s i dered as the affected structural mater i a l  i n  the u pper 

p l enum ,  and the l ower heat s i nk may be  con s i dered as the fue l  rods stubs 

be l ow 0.6 1 m (Reg i on 1) and the structura l  mater i a l i n  the l ower p l enum. 

Both u pper and l ower s urfaces are ass umed t o  have an emi s s i v i ty of 0.8� 

F i gure_4 shows the model of the TM I-2 debr i s bed along�wi th th e 

i n i t ia l and boundary cond i t i on s . for the tran s i ent c a l cu l ati on. 

15 . 
Th e heat transfer features of the RELAP 5/MOD 2 code , w i th an update 

t o  s i mu l ate rad i at i ng s urfaces , are u sed to carry out the n umer i ca l  

i ntegrat i on o f  Equat i on l l  for the TM I -2 debr i s b e d  model. 

5.4 D ebr i s  Bed  H eatup Res u l ts 

F i gure 5 shows the resu l ts of the tran s i ent ca l cu l ati on. The metal l i c 

zone spans  from 0.6 1 m to 1.05 m as meas ured· from t_he bottom of the act i ve 

fue l;  the cerami c zone , from 1.05 to 1.55  m;. and the rubb l e zone ,  from 1.55  

to 2.3 5  m. The temperatures at both ends  of the debr i s bed represen t the 

s i nk temperatures t n  the l ower and upper p l enums res pect i ve l y. 
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Figure 4. TMI-2 core debri s bed model. 
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F i gure 5. Ca lcu l ated TMI-2 debr i s  heatup after 175  mi n. 
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The calculat i on starts from the curve i n  F i gure 5 labeled 175  mi n an a 

e nds  at the curve l abeled 225 mi n .  At 225  mi n ,  the temperature of the 

lower heat s i nk was sl i ghtly above 1400 K. The  metall i c  zone h ad a lowe� 

crust  about 0. 1 7  m th ick . Above the crust there wa s a mel t i n g  zone about 

0 . 18 m th i ck with 40% molten mater i al .  The rema i n i n g 0.09 m of the 

metall i c  zone was completely molten. The cerami c zone h ad a lowe� crust 

about  0.08 m th i ck wi th  40% of the cerami c on top of the cru st  molten. The 

rubble b ed on top of  the cerami c zone rema i ned sol i d ,  and the upper heat 

s i nk temper ature w as about 1400 K. The total molten mater i al i n  the debr i s  

b ed at 225  mi n was about 23,800 k g ,  18,500 k g  of wh i ch was uran i um 

d i ox i de. F i gure 6 ill ustrates the condi t i on of the debr i s bed at 225  mi n ,  

as  modeled here. Please note that the model appl ie s  to a un i formly d amaged 

core ana th at the damage i ncludes the per i ph eral as sembl i es ,. wh i ch , we know 

were n ot part of the TMI -2 debr i s  bed •. 
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F i gure 6. Ca l�u l ated TMI-2 debr i s  bed cond i t i on s  at 225 mi n i nto the 
acci dent; bottom of the fue l  stack i s  at zero e l ev at i on. 
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b. SUMMARY A ND D I SCUSS ION  

Th e cal cu l at i ons  of the TM I-2 core decay heat l eve l s were based on a 

s i mp l if i ed operat i n g h i story of 100 aays near fu l l  power at 2670 MW. Th es e 

c a l cu l at i on s  are for the t i me per i od between 1 and 24 h after the reactor 

scram. Dur i ng  th e acc i dent , some of th e fue l  mu s t  h ave gone throu gh a 

h i gh-temperature ph ase before a debr i s bed formed i n  the TMI -2-core. Th i s  
h i gh temperature phase wou l a  h ave caused a- fract i on of th e more vo l at i l e  

f i s s i on products (nob l e  gases , ces ium , i od i ne ,  and te l lur i�m) to be 

rel eased. Consequent l y ,  for the study of debr i s bed therma l beh av i or ,  th e 

decay heat was c a l cu l ated as a fun ct i on of the re l ease fract i on of these  

f i s s i on products. The calcu l ated core decay heat var i ed from 36 MW  at  1 h 

after scram w i th no  re l ease of f i� s i on products to 10 MW at 24 h after 

scram w i th a total  rel ease of the more vo l at i l e  f i s s i on products. 

The compo s i t i on of the debr i s  bed was a cruc i a l parameter in the 

thermal  ca l cu l at i on s. Both the power den s i ty and the therma l conduct i v i ty 

c an v ary cons i derab ly  accord i ng to whether or not the debr i s  bed content was 

mai n l y  uran ium d i ox i de fue l  or z i rca loy. S i mp l e  expres s i on s  were deduced 

for the power aen s i ty ana the therma l condu ct i v i ' ty of a mi xture of  uran ium 

a i ox i de and z i rca l oy. These dedu ct i on s were deemed su i tab l e  for u s e  i n  

one-d i men s i on a l , s l ab- geometry ca l culat i ons. Exper i ments must  confi rm 

whether or not these deauct i on s  of the thermal  conduct i v i ty are app l i cab l e. 

The equ i l i br ium th i ckness  of a debr i s b ed � i th a mol ten i nter i or was 

determi ned as a funct i on of both the fue l's  mas s fract i on and of the more  

v o l at i l e  f i s s i on products' re l ease fract i on. G i ven the decay heat l eve l s 

as determi ned for the f i rst day after reactor scram , the mi n i mum th i ck nes s 

c an v ary over a w i de range from 0. 1 to 1.8 m. The l ower l i mi t app l i es to a 
debr i s  bed composed of  90% fue l  at 1 hour  after scram w i th on l y  10% re l ease 

of  the more vo l at i l e  f i s s i on products; the upper l i mi t to a debr i s  bed 

composed of 30% fue l  at 24 h after scram w i th 90% re l ease of the more 

v o l at i l e  f i s s i on products. 
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Th e equ il i br ium �ru st  th i ckness  of a debr i s  bed w i th a molten i nter i o� 

was calcul ated as a fun ct i on of th e total th i ckness  of the debr i s  bed for 

fuel mass  fract i on s  at 0.5 and 0.9 res pect i vely. A deb� i s  bed w i th a fuel 
mas s fract i on of 0.5 would. be  more representat i ve of one formed from 

relocated � i rcaloy and undamaged fuel rod stubs; wh ile one w ith a fuel mass 

fract i on at 0.9 would be more represen tat i ve  of  a debri� bed composed of 

fuel pellet s and h i ghly ox i d i zed cl add i ng rema i n i ng after most  of  the 

z ircaloy h ad melted and flowed away. Th e . equ il i br ium crust th i ckness  was 

c alcul atea as only 0.0 1 m for a debr i s  bed 2 m th itk w i th the h i gher fuel 

content • .  The equ il i brium crust thick ne� s  for one  w i th the lower fuel 

content would be  abou t  0. 1 m a few hours  after reactor s cr am. I n  both 

cases , these c alculat i on s  �s sume th at 50% of th e more vol at il e  f i ss i on 

p roducts  was releasea • 

. B as ed on  the TM I -l debr i s  bed post-acc i dent exami n at i ons and on  some 

assumpt i on s  about the relocation of z i rcaloy ana l i quef i ed fuel dur i n g th e 

r ap i d oxi aat i on ph ase of  the acc i den t ,  a mode.l of the Tt"I I -2 debr i s bed was 

constructed for a tran s i en t  thermal c al culat i on dur i ng the t i me per i od 

b etween 1 75 and  225  m i n after the acc i dent began. The overall th i ckness  of 

the debr i s  bed i n  one-d i men sion al slab geometry was abou t  1.8 m. G iven  th e 

d ecay heat l evel i n  the debr i s  bed , i ts thick ness  was well w i th i n  the l i mits  

of those  for  debr i s beds w ith molten i nter i or s  and  under  thermal equil i

b r i um. The tran s i en t  c alculat i on i ndeed showed that by 225  mi n a s i gn i f i

cant fract i on of i nter i or o� the debr i s  bed was molten. Assumi n g the damage 

w as un i form across  the core , the molten mater i al amoun ted to abou t  

24 ,000 kg ,  18 ,000 kg o f  which was ur an ium d i ox i de. Because  o f  the follow i n g  

two factors , the actual amount  o f  molten mater i al would be abou t  h alf the 

quoted amount , or 1 2 ,000 k g  total ,. 9000 k g  ur anium d i ox i de. F i rst , th e 

d eb r is b ed d i d  n ot actu ally extend to the per i pheral assembl i es i n  the core. 

Secona , there would h av e  been a sol i d  cru s t  near the rad i al edge of the 

d ebr is bed. The cru s t  th i ckness  at the l ower end of.the debr i s  bed was 

calculatea as abou t  0.17 m at 225  mi n • . The rubble abov e  the �olid bed was 

n ot predi ctea t o  melt after be i ng p arti ally cooled by water pumped through 
the cor� at abou t  1 74 � i n. 
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The eq u i l i br i um cal cu l ati on s were fai r ly stra igh tforward . The formu l as 
aeaucea for the mi n i mum th i ck ness  of a aebr i s bed w i th a mo l ten i nter i or an d 
for the cru st  tn i cknes s of a debr i s  bed w i th a mo l ten i nter i or were qu ite 
s i mp l e  i rr one- d i men s i on al s l ab geometry. The mai n uncertai nty i n  the 
res u l t s wou l a  come from uncerta int i es i n  the therma l conduct i v i t i es. of the 

mater i a l compr i s i ng the aebr i s  bea. 

The trans ient cal cu l at i on of the heatup  of the TMI -2 debr i s  bed showed 

mo l ten mater i a l i n  the aebr i s bed at 225 mi n i nto th e acci dent. Bu t ,  i t  
a l so showea a crust a t  the l ower s urface. Therefore , th i s  c a l c u l ati on a l on e  

does not i nd i cate that mo l ten mater i a l re l ocated i nto the l ower p l enum at 

that t i me. However , two scen ar i os may be  con structed to show how the l ower 

crus t  cou l d  h ave  fai l ed. F i rst the temperature at the l ower s urface of th e 

debr i s b ed was ca l cu l ated to be  about 1500 K at 225  mi n. I f  the l ower s ur� 

face was i ndeed r i ch i n  z.i rcal oy and i f  there was suff i c ient steam f l ow 

a l ong  the l ower surface , r ap i d  ox idat i on of the surface wou l d  t ak e  p l ace , 

th u s  prov i d i ng an add i t i on a l  heat source. Th i s  add i t i on a l  heat cou l d  pos 

s i b l y  h ave  i ncreased the temperature of the. l ower s urface above i ts me l t i n g 

poi n t  and h ave  created a ho l e  for the mo l ten mater i a l i n  the i nter i or of the 

debr i s  bed to f l ow out. Secon a ,  there cou l d  h ave  been a mech an i cal  fa i l ure 

aue to excess stress on the l ower s urface. The expan s i on of the mo l ten 

mater i a l i n s i ae the debr i s  bed cou l d  h ave  produced th i s  stress. 

The tran s i en t  cal cu l at i on i s  l i mi ted i n  severa l as pects. I n  add i t i on 

t o  the uncerta i nt i es about the therma l propert i es of the debr i s bea and the 

as s umpt i on of one-d i men s i on a l i ty ,  there are uncerta i n t i es  i n  the i n i t i a l 

temperature a i str i b ut i oD and i n  the assumpt i on that s team or l i qu i d  water 

cool 1 ng was absen t , espec i a l l y  from the rubb l e  bed reg i on. However , thes e 

u n certa i n t i es do n ot i nva l i date the conc l us i on that the debr i s  bed 

i nter i or wou l d  me l t. Th e sheer s i ze of the debr i s bed ( 1.8 m th i ck ) ,  seen 

from the resu l ts of the equ i l i br i um ca l cu l at i ons , reenforces the 

con c l u s i on. Of course , the t i me the crust fa i l ed and a l l owed mo l ten  

mater i a l to re l ocate wou l d  depend both on  the  debr i s bed therma l propert i es 

as wel l as i ts geometry. 
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Defue l i ng th e · TM I - 2  core i s  underway . · The geometr i ca l  conf i gurat i o n  

o f  the core w i l l  b e  n oted at every l ev e l  as the defue l i ng proceeds. Al so , 

there are p l an s  to obtai n core samp l es at d i fferen t e l evat i on s  i n  the debr i s 

bed. These s amp l es w i l l  be exami ned to obta i n i nformat i on on  the i r  phys i cal  

and chem i cal  properti es  and the i r  raa i o i sotop i c  �ontent. These  ada i ti ona l  

p i eces of i nformat i on on  the  d amaged T�I I -2  core w i l l  undoubted l y  great l y  

enhance o u r  understand i ng o f  the therma l behav i or o f  the degr aded core • 
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