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, ABSTRACT 

Recent i nspect i on of the TMI-2 cor e-former ba f f l e  wa l l s  ( ver t i ca l ) ,  
former p l a tes ( hor i zonta l ) ,  and l ower p l enum has  been conducted to a s se s s  
poten t i a l  damage t o  these s t r uctures . V i deo obs erva t i on s  show evi dence o f  
l oca l i zed me l t  fa i l ur e  o f  t h e  ba f f l e  wa l l s ,  wherea s f i berop t i cs d a t a  
i nd i ca te the presence of r e s o l i d i f i ed debr i s  o n  t h e  former p l a tes . L ower 
p l enum i n spect i on a l s o con f i rms the presence of 20 tons or more of core 
debr i s  in  the l ower p l enum .  These  da ta i nd i ca t e  ma s s i ve cor e  me l t  
r e l oca t i on and the poten t i a l  for me l t  a t tack on ves s e l  s tr uc t u r a l  
componen t s . Th i s  repo r t  presen t s  ana l yses  a i med a t  deve l op i ng a n  
under s tand i ng of  me l t  r e l oca t i on beha v i or and damage progr es s i on to  TMI -2  
ves sel  componen t s . Thermal ana l ys i s  1 nd i ca tes  mel t - thr ough of  the  ba f f l e  
p l a tes but ma i ntenance o f  s tr uctur a l  1ntegr i ty of  the forme r  p l a te s  and 
l ower head . D i f ferences in the damage of  these s t r uc tures  i s  a t tr i bu ted 
l a r ge l y  to d i ffer ences i n  contact t ime wi th me l t  debr i s  a nd pres s u r e  of 
wa ter . 
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THER"AL INTERACTION OF CORE MELT DEBRIS 

WITH THE TMI-2 BAFFLE. CORE-FORMER, 

AND LOWER HEAD STRUCTURES 

1 .  INTRODUCTION 

As early as FebrUiry 1985
1 

and aga1n dur1ng July 1985,
2 

v1deo 

1nspect1ons of the TMI-2 lower plen� 1nd1cated that upward of 20 tons or 

.are of the core .. ter1al relocated to the lower plenw.. Debr1s retr1eval 

fra. the lower plen� 1nd1cates that �ch of the debr1s was 1n1t1ally 

.alten. In February 1987, the vol� spac e  between the core-for-.r baffle 

plates and the core barrel was tnspected for the presence of fuel debr1s, 
3 

us1ng a f1berscope. Results 1nd1cate the presence of perhaps several 

tons of core .. ter1al 1n thts volume space, .uch of whtch .. Y be fused to 

the hortzontal for-.r plates. 

These ftndtngs hetghten the tssues of .. lt progress1on and the 

potenttal for degradat1on of the core-for-.r ass.-bly (CFA)
a 

and lower 

bead, ov1ng to ther .. l attack by hot relocat1ng •cor1u.• Melt. 

Spec1f1cally, questtons r�1n as to the sequenc e  of events leadtng to 

cor1� .. lt •1gratton, and the c onsequences and 1�11cat1ons of melt 

1nteractton wtth core support structures. Th1s report presents analyses 

at-.d at assesstng ther .. l da .. ge potent1al to the core-former ass.-b�y. 

and dtrect ther.al attack  on the lower head by melt 1mp1ng.-ent dur1ng 

debrts relocat1on. The report ts structured as follows. A br1ef 

descr1ptton 1s presented of a plaus1ble sequence of events wh1ch .. Y have 

led to •1grat1on of core .. lt debr1s to the lower plenum. Th1s 1s followed 

by a s�ry of what 1s currently known of the da.age character1st1cs and 

observattons of cortum .. lt tnteractton w1th the core-former and baffle 

plate structures, as well as the lower plenua. Analyses are then presented 

a. The core-for .. r ass.-bly (CFA) conststs of verttcal baffle plates 
adJacent to per1phera1 fuel assemb 11es and a sertes of attac hed hor1zontal 
for .. r plates. Both are forged from sta1nless steel, and together form an 
tnner wall of structural .. ter1al that shrouds the act1ve core reg1on. 

1 



concer n 1 ng mo l ten cor 1 um 1 n terac t 1 ons  w1 th  t hese  s t r uc t u r e s . Conclu s 1 on s  
a r e  drawn rel a t 1 ve to  degrada t 1 on o f  s t r uctur a l  1 n tegr 1 ty o f  the 
core-former a s semb l y  and l ower head . 

2 



2. SEQUENCE OF EVENTS LEADING TO COR£ DEBRIS RELOCATION 

Yartous tnvest1gattons have att.-pted to reconstruct the TMI-2 

1 4-7 
acctdent sequence and resu tant core damage scenarto. What ts of 

parttcular tnterest ts the events that resulted tn .o1ten core debrts 

·breakout froa the uncoo1able upper port ton of the debr,s bed, and the 

attendant potentta 1 for .a1ten cor1um ther .. 1 attack on the vert1ca1 baffle 

plates shroud,ng the core pertphery. the attached hortzontal core-former 

plates. and the lower head durtng .e1t •tgratton. 

6-8 
The �st recent analyses 1ndtcate that core uncovery, wh1c h 

started about 110 •tn after reactor sera•. was caused by loss of coolant 

through the pressur1zer reltef valve. By about 140-150 •tn. the core 1s 

thought to have heated to te.peratures suff1c1ently h1gh that the fuel rods 

ballooned and ruptured. and most of the uncovered portton of the control 

rods .. lted. By 170 a1n, the upper 40 to 601 of the unox1d1zed fuel rod 

claddtng ts thought to have -.lted. w1th attendant parttal dtssolutton of 

fuel (at the eutect1c G-Zr (O)/U0
2 

.elt te.perature of about 2170 K). A 

te.porary restart of the prtmary coolant 28-puap occurred at 174 •tn. As a 

consequence of coolant 1nJect1on at th1s tt.e, the ox1d1zed upper regtons 

of the core are thought to have exper1enced quench-1nduced fuel rod 

shatter1ng and fra�ntatton. foratng a loose rubble bed. 

The TMI-2 core d,..ge sequence up to the ttme of debrts bed format1on 

1s c onststent v1th separate effects fuel daaage exper1ments regard1ng fuel 

rod daaage. fuel 11quefact1on, and �lten Z1rcaloy relocat1on under reflood 

cond1t1ons. However. so.e uncertatnty extsts on core daaage progresston 

after the 28-p� event. The cooltng effect of the 28-pump restart was 

transttory, and 1t 1s ltkely that the per1phera1 fuel asseMbltes 

expertenced te.porary cooltng, vh11e the \nner reg,on of the debr,s bed 

r ... 1ned tn an uncoolable conf1gurat1on. Ftgure 1 ,llustrates a 

best-esttaate damage state of the core prtor to and lust after the 28-pump 

transtent at 174 •1n.
8 
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IIH=ti-+-1--R�,, • ._ICI,l!na partially 
soliiilll• prior molten 

material 

(b) Core condition just after pump 
transient-175 to 180 minutes 

oxidized and 
previously molten 
fuel rod materials 

Relocated and 
partially solidified 
core material 

7·9122 

F1gure 1. Damage state of the TMI-2 core (a) just pr1or to and (b) a f ter 
28-pump trans1ent. 
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At 200 •1n, h1gh-pressure �rgency core cooling (ECC) water was 

1nJected 1nto the reactor core, over i per1od of about 17 M1n.
8 

Analys1s 

of ther .. l hydraul1c data (hot and cold lev temperatures, syst� pressure, 

and pressur1zer response) 1nd,cate that the reactor vessel was largely 
9 

f1lled by about 207 •1n, v1th a s1gn1f1cant contr1but1on of the coolant 

1nventory est1mdted to have co.� from coolant dra1nage of the pressur1zer 

as the RCS pressure decreased. However, the conso11dated/agglomerated 

reg1on r ... 1ned uncoolable after vessel reflood, and was thus subject to 

cont1nued heatup and eventual .ell-breakout. The reactor vessel downcomer 

and hot legs are pred1cted to have been only part1ally f111ed w1th llqu1d 

coolant after ECC 1nJect1on, the r�1nder be1ng exposed to a 

stea.ihydrogen gas m1xture. 

As d1scussed 1n Reference 7, the ther�couples 1n the per1pheral 

ass.-b 11es responded to ECC vessel reflood, but the thermocouples In the 

central ass.-bl1es r�1ned 1n a h1gh-t.-perature-alarm state. It 1s 

bel1eved that the central thermocouples for .. d relocated lunct1ons w1th1n 

the consol1dated req1on and were ther-.lly sh1elded fro. the coo11ng 

water. Analys1s6 of the degraded core heatup 1nd1cates that by 225 m1n, 

approx1 .. tely 12,000 kg of core .. terlal 1ns1de the central degraded core 

r eg1on (or greater, depend1ng on the ax1al t.-perature grad1ent assumed) 

could have remelted fro. decay heat. 

At about 225 m1n, several s1.ultaneous events 1nd1cate a major change 

In core conf1gurat1on. �ny of the 1n-core self-powered neutron detectors 

(SPIDs) alar .. d. Exa•1nat1on of the alarm data show that the alar�s f1rst 

went off 1n the east quadrant of the core and then propagated toward the 

center.
7 �of the core ex1t thermocouples also alar.ed at this time, 

follow1ng a s1•11ar sequence as the SPNDs, that Is, start1ng fro• the east 

quadrant and propagat1ng toward the core center. The count rate of a 

neutron source-range .an1tor located on the outs1de of the reactor vessel 

also 1ncreased sharply a t  225 •1n, and then decayed slowly. l1kew1se, a 

pr1 .. ry syste• pressure pulse of about 2 MPa was recorded at 225 min, and 

the t.-perature In the cold leg (A-loop) piping Increased by as muc h  as 

80 K 1n 12  s. The source-range mon1tor response, the primary system 

5 



pres sure , and the co l d  l eg tempera ture  da ta a r e  s hown 1 n  F i gu r e  2 .  The 
d i scover y  of cor e  ma ter 1 a l  1 n  the l ower p l enum ,  core exami na t i on data  
1 nd i ca t i ng the appa r ent f l ow pa th of  mo l ten ma ter i a l  in  the ea s t  quadrant 

8 of the cor e ,  together wi th the data shown i n  F 1 gure  2 ,  present  s tr ong 
evi dence that mo l ten ma ter i a l  r e l oca ted to the l ower p l enum at about 
225 m1 n .  

Al though the exact deta i l s  of  cor i um me l t  r e l oca t i on to  the l ower 
pl enum are open to conj ectur e ,  the above sequence of even t s  appea r s  
reasona b l e  i n  l i ght  o f  ava i l a b l e data . After  the maj or r e l oca t i on even t ,  
a r ound 225 mi n ,  there wa s l i t t l e  1 nd 1 ca t i on of  another maj or cor e 

8 conf i gura t 1 on change . The cur r ent bes t-es t i ma te end-s ta te cond i t i on o f  
t h e  damaged TMI -2  cor e  1 s  1 l l us tr a ted i n  F i gure  3. 

I n  1 1 ght of the cur rent s ta t e  of knowl edge r ega r d 1 ng cor 1 um me l t 
reloca t 1 on a t  =225 m1 n ( pr i mar 1 l y on the eas t  quad r a n t ) and evi dence o f  
fuel  debr 1 s  entrapmen t  i n  the vol ume s pace between the cor e baf f l e  p la tes  
and  bar rel , an  i nves t 1 ga t i on wa s i n i t i a ted to a s ses s the poten t i a l  for  
cor 1 um mel t  a t tack on  core s uppor t s tr uctures . Spec1 f i ca l l y ,  cor e  mel t  
i n teract 1 on w1 th the cor e-former and baf f l e  pl a te s t r uctures  a r e  add r e s s ed , 
a s  we l l  a s  the effects of cor 1 um mel t  1 mp 1 ngement  on the l ower head . 
E v i dence of core-former , ba f f l e  p l a te , and l ower head damage a r e  presen ted 
1 n  Sect i on 3, wh1 1 e  therma l ana l ys i s  of s uch s t r uctures  i s  g 1 ven 1 n  
Sect i ons  4 ,  5 ,  and 6 .  D 1 scu s s 1 on of r e s u l t s  and conc l u s i on s  a r e  then 
presen ted in Sect 1 on 7 .  

6 



500 

400 
-
..!! 
• .. 300 c :J 0 

s 
tt200 -
., a: 

100 

0 

16 

14 

-:. 13 

� 

Source renge 
monitor output '-"' - __ ,......_ 

' -.__ I • A • loop cold '-G 

660 

600 g 
! :J 

! 12 
:J 
• 
• 

telnpeqture 

1<-----------.J 
·l I 

.. 

! G � 
E 

l " 

10 
_ _ 

)/ Prtmery ayttem preaaure 
---------::.... .,..,.,_.,. - ---- - : ..__ : 

... ,.._'··· .. / "-. -a· loop cold leg 
F- ------- _ __:_..- temperature 

9 
220 222 224 226 228 

Time (min) 

460t! 

400 
230 

,�17011-1 

Ftgure 2 .  Source-range .anttor response, prt.ary syst� pressure, and 
cold-leg t.-peratures at approxtmately 225 •tn. 

7 • 



F1gure 3 .  TMI -2 known end-state core conf1gurat1on. 
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3. EVIDENCE Of BAFFLE PLATE. CORE-FORMER. AND LOWER PLENUM DAMAGE 

Biffle plite. core-for.er, ind lower plenu. damage c haracter\zat\on 

are s�r\ ted here, bised on tnfor .. tton obta\ned fro. recent reactor 

vessel \nspect\on. namely 

o V\deo ca-.ra \nspect\on of, and debr\s retr\eval fro.. the lower 

1 
10-13 p en� 

o V\deo ca-.ra 1nspect1on of the \ns\de surface of the vert\cal 
1 4  

b•ffle plates shroud \ ng the core per1phery 

o F\berscope 1nspect \on of the hor\zontal core-former plates, wh1ch 

act as a s�cer between the baffle plates and core barrel. 
3 

Ftrst however, a brtef descr\ptton \s presented of the geoaetr\c 

conf1gurat,on of the core-for .. r ass.-bly (CFA), wh1ch enca.passes the 

core-for .. r and baffle plate structures. A descr1pt1on of lower plen� 

structures 1s g1ven 1n Reference 1 5, so v111 not be repeated here. 

3. 1 Reactor Vessel Internal Structures 

F\gure 4 presents a cross-sect1onal v\ev at the TMI-2 core M\dplane. 

The reactor vessel ,nter nals \ nclude the act1ve core, plen�. and 

core-support asseabl,es. The outermost ca.ponents of the vessel ,nternals 

cons\st of the vessel �11, sta\nless-steel 1\ner, coolant dovncommer 

space, statnless-steel thermal sh\eld, sh \eld/core-barrel annular gap 

s�ce, and core barrel (or core support assembly-CSA) and baffle plates. 

W,th \ n  the annular gap space between the core barrel and baffle pla tes 

(wh\ch shroud the cor e  per1phery) are a ser1es of hor\zontal former 

plates. Tabla 1 g\ves the\r appropr\ate d1mens1ons. Of \nterest here are 

the structural c haracter1st\cs of the vert\cal baffle and hor\zon tal 

core-former plates, vh\c h appear to have suffered damage caused by thermal 

attack from molten cor\um debr\s. 
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TABLE 1 .  DIRfNSIOIAL CHARACTERISTICS OF THE CORE FORMER, BAFFLE PLATE, AND 
CORE SUPPORT ASSEMBLY 

lfffle Plates 

6ea.trJ 
L ength 
W,dth 
TMckness 
lo. plates 
Mater1al 
Sta,nless Steel 

For•r Plates 

6ea.tr'l 
Total area 
Flow area 
Th , ckness 
lo. plates 
ftiter,a l 
Sta,nless steel 

Core Support (Barrel} 

&eo.tr1 
Length 
O. D. 
I. D. 
ltaterhl 
Sta,nless steel 

Flaw Areu 

Between baffle 
plates and core 
barrel 

Through holes '" 
forr�er plates 

,n. 
,n. 
, n. 

lb 

lb 

Value 

166 - 3 
8.6/17. 2/43. 0 
0. 9 - 0. 3 
24/8/4 
Sta,nless steel 
22,250 J: 1� 

17. 8 
1. 4 J: 0.4 
0.9 J: 0.3 
8 
Sta,nless steel 
4,940 t 1 �  

,n. 166 t 3 
,n. 245. 0 
,n . 141.2 

Sta , nless steel 
lb 40,930 J: 1� 

tt2 11. 8  J: 1� 

tt2 1.4 J: 5� 

1 1  

Conment 

Yert1cal rectangular plates 

Approx,naate 
Total 

all plates together 

Hor,zontal/perforated 
1 elevat,on, 1 s,de 
1 elevat1on, perforat1ons 
Approx,IUte 
No elevat,ons 

All elevat1ons 

C'Jl , ndr1cal 

Annular gap space 

At 1 elevaUon 



The core-former a s s emb l y  ( CF A )  cons i s t s  of the ver t i ca l  ba f f l e  p l a tes 
adj acent to per1phera l  fuel a s semb l i es and the a t tached hor i z on t a l  former 
p l a tes . Both a r e  forged from s ta i n l e s s  s teel  and together form an \ nner 
wa l l  of s t ruct u r a l  mater i a l  that l a tera l l y encl oses the act i ve cor e  
r eg i on . E 1 gh t  hor 1 zonta l former p l ates  a r e  a x i a l l y  s paced between the 
bot tom and top of the act i ve core r eg i on .  F l ow hol es  1n the hor i zonta l 
former  p l a tes  a l l ow for a sma l l  por t i on o f  the pr i ma r y  coo l a n t  to  f l ow 
upwa r d , 1 n  the 5 - i n .  space between the ba f f l e  p l a tes  and the \ns i de wa l l  of  
the core  bar r el . The ver t i ca l  ba f f l e  p l ates  l i e  f l a t  aga i ns t the o u t s \ de 
faces of the per \ pheral  fue l a s s embl i es . Append 1 x  A deta i l s  des1gn 
fea tures of the baf f l e  and former p l a tes . 

3 .2 Vi deo I nspect 1 on of the Ver t i ca l  Ba f f l e  P l a tes 

V1deo i nspect i on of  s tand i ng per i phera l fuel  a s semb l 1 es was conduc ted 
on F eb r ua r y  8, 1 987 . 1 4  Var \ ous degrees of  a s s embl y  damage were  noted , 
from re l a t i ve l y  undamaged fuel rods to hea v i l y  o x i d i zed and br oken r od 
s tubs . The gr i d  spacer s and end f i t t i ngs a l s o s howed s ome damage . Deta 1 l s  
of the damage s tate  o f  var i ous  a s s emb l 1 e s  a r e  d 1 scu s s ed i n  Reference 1 4 .  
Wha t  i s  o f  1n teres t here i s  the damage noted i n  the ea s t  quadrant of the 
reac tor ves se l , wher e  a regi on of the core  ba f f l e  p l a t e  was i ns pected . 

Vi deo data ( see Reference 3 )  1 nd i ca te apparent mel t - th r ough o f  an 
ea s t -quadrant  ba f f l e  p l a te , as v i ewed f r om 1 ns 1 de the cor e  1n the v i c i n i t y  
of core gr i d  l oca t i on R6/P5 . Deta 1 l s  of  damage to th 1 s  baffl e p l a te a r e  
shown i n  F i gure 5 ,  taken from s t 1 1 1  f r ames of  t h e  v i deo tape . A 
me l t - through hol e  about 8-1n . l ong and a max i mum w i d th o f  about 3-i n .  1 s  
i nd i ca ted . F uel  rod remnan t s  appear to l i e 1ns 1 de the undercut r eg i on of 
the hol e .  

Upon r emova l of the per 1 phe r a l  fuel  a s s emb l 1es f r om the TMI -2 cor e ,  
the ba f f l e  p l a tes  wer e  reexam1ned 1n June 1 987 . V1deo exam1na t1ons  

1 2  



F\gure 5. Evtdence of Melt ablatton of an east-quadrant baffle plate. 
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con f i rmed the p r e s s ure of  s ever a l  me l t - through ho l e s  1 n  the eas t  quadran t . 
1 6  1 7  These ba f f l e  p l a te mel t - through da ta ' a r e  s umrnar 1 zed bel ow :  

Gr 1 d  loca t i on 

P5  
R6 
R6 

Ho l e  D i mens i ons 

8 i n .  x 3 1 n .  
8 . 5  \ n .  x 1 . 5 1 n .  
9 i n .  x 1 1 n .  

El eva t1on 

303 f t  8 1 n .  
303 f t  8 1 n .  
303 f t  8 1n . 

Not i ng tha t the bot tom of  the act \ ve cor e  i s  l oca ted a t  abo u t  the 299-f t  
el evat i on ,  the baf f l e  p l a te holes  are  l oca ted a t  appr ox i ma te l y  4 . 7 5  f t  f r om 
the bot tom of the core .  The co i nc1 dence o f  eas t -quad r ant mel t  r e l oca t i on 
data ( see Sect i on 2 )  and ba f f l e-p l a te mel t-through , s ugge s t s  that baf fle 
plate damage may have occur r ed as a con sequence of maj o r  mel t  r e l oca t i on to 
the l ower p l enum . 

3 . 3  F i ber scope I nspect i on of  Hor i zonta l F o rmer P l a te s  

I n  l a t e  F ebrua r y  1 987 , the vol ume s pace between t h e  core baff l e  p la tes 
and the core  s uppor t a s s embl y  ( ba r re l ) was i nspected for the  presence o f  

3 fuel  debr i s ,  u s i ng a f i ber scope . The f 1 ber scope was 1 ns er ted through a 
gu1 de p i pe i nto the holes  1 n  the cor e-former p l a tes  a t  var 1 ou s  1 ocat1ons . 
Ther e  are  80 s uch holes  1 n  each of  8 hor i zonta l former p l a te s . a 

I n s pect i on s  were per formed i n  9 h o l e s . 

An e l eva t i on v i ew showi ng each of the 8 cor e-former p l a tes  1 s  s h own 1 n  
F i gure 6 .  As the f i ber scope wa s i nser ted t o  l ower e l eva t i on s , i t  
eventua l l y  encoun tered bl ockages i n  ever y pos i t i on .  The b l ockages 
prevented the f i ber scope f r om be1 ng 1 n s er ted to l ower e l eva t 1 ons . 

Tab l e  2 s umma r i zes the l oca t 1 on of  the bl ockages a t  each pos i t i on 
i n s pected , wher ea s F i gure 7 s hows a v i ew of  core-former b l ockage w1 t h  the 
cyl i nder f l a t tened 1 nto a p l ane . Res u l t s  show tha t the h i ghes t  e l eva t 1 on 

a .  At a ho l e  d i ameter of 1 . 7 5 1 n . , the f l ow area per ho le 1 s  2 . 4  in2 . At 80 hol es per e l eva t i on , the total  f l ow a r ea 's 192 \ n2 ( 1 . 34 f t2 ), wh 1 ch compa res  w\ th the 1 . 4 f t 2 g 1 ven 1 n  Tab l e  1 . 
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Plate 2 129.4 309. g· 

Plate 3 111.4 3oa· 3· 
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Ftgure 6. Jllustratton of elevatton postt1ons of the 8 T"J-2 core-for .. r 
plates. 
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Resolidified material through holes 
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F 1gure  7. S i de-v i ew i l l us tr a t i on of b l ockage e l eva t i on da ta  w1 t h 1 n  the 
core-former vo l ume space , bas ed on f i be r scope i ns er t i on .  
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TABLE 2. SUMMARY Of BLOCKAGE CHARACTERI STICS I N  THE FORMER-PlATE REGION Of 
THE TMI-2 CORE SUPPORT ASSEMBLY 

Hole Blockage 
�ueer Elevat\ on Conwnents 

s 298 ft 1 \n. Loose debr\s \n the flow hole \n the lower gr \d 
sect \on 

1 6  298 f t  6 \n. 6 \ n. below for .. r plate 8 

36 303 ft 0 \ n. Debr\s at botto. of former plate 6 

45 304 ft 4 \ n. Sol\d\ f \ ed debr\s part\ally block\ng hole ' " 
plate 5 and sol \d at 1 \n. below plate 5 

56 304 ft 1 0  '"· Sa�le taken here 

61 307 ft 6 \ n. F\berscope 'u\de tube forced through loose debrh 
to El. 305 t 10 \n. 

65 308 ft 0 \ n. F\berscope 7u \ de tube forced through loose debr\s 
to El. 306 t 0 \ n. 

72 304 ft 0 \n. Packed loose debr\s  

76 299 ft 1 \n. Hard stop at th\s elevat\on 

11 



of  the debr i s  res t i ng on the cor e-former p l a tes  i s  i n  t he ea s t  quadran t .  
A l so shown i n  the approx i ma te l oca t i on of the ba f f l e  p l a te mel t -t h rough 
ho l e . Th i s  i s  cons i s tent  wi th  the ea s t-quadrant r e l oca t 1 on scena r i o  
d i scus sed 1 n  Sect i on 2 .  

Based on the bl ockage f i nd i ngs  p r e s ented 1 n  F i gure  7 ,  a n  e s t i ma t e  wa s 
made of  the amount o f  core  debr i s  w1 t h 1 n  t he former p l a t e  r eg 1 on . As s um1 ng 
that every t h i ng bel ow tha t  sur face i s  f i l l ed w1 th  l oo s e  debr i s  of  an 
average dens i ty of  4 . 5  g/cc , i t  1 s  es t i ma ted tha t a s  much a s  1 3 , 600  l b  of 
core  debr i s  may be fused to or res t i ng on the hor i zon ta l cor e-former 
p l a tes . 1 7  

3 . 4  Inspect i on of  Lower P l enum 

Var 1 ou s  l ower-p l enum 1 n spect 1 on e f for t s  have conf 1 rmed the presence of 
1 0-1 3 20 tons  or more  of  core debr 1 s  i n  the l ower p l enum and ther ma l  

1 1  damage to two s t a i nl e s s-s teel i n s t r ument gu 1 de tube s . Ins t r ument g u i de 
t ube 45 , a t  cor e  gr1d l oca t i on R-7 , s u ffered the  mos t  s i gni f i cant damage 
noted to da te . The apparent  thermal damage has comp l et e l y  me l ted away t he 
�a s tern  s i de of t h 1 s gu i de tube . Core debr i s  ma ter i a l  tha t had accumu l a ted 
a r ound the bot tom por t i on of t h i s gu1 de tube was l a ter  r emoved , wh i ch 
exposed the l ower reg i ons of the gu i de tube . Inspect i on showed that mel t  
damage extended to about 9 i n .  above the bot tom end of  t h e  s ta i nl es s-s teel  
gu i de tube . The I nconel nozz l e , wh i ch 1s s l eeve f i t ted into  t h e  gu i de 
tube , wa s v i s i b l e  and a l so appear s  to  have exper i enced me l t  damage . The 
i ns t r umen t s tr i ng i ns i de the noz z l e  a l so appea r s  to  have s u f fered s evere 
me l t i ng .  

Prev i ous  ana l ys i s  of l ower p l enum s tr uc t u r a l  damage , 1 6  i nd i ca te that  
me l t  fa i l u re of I nconel  i ns tr ument noz z l es cou l d  have occu r r ed at  l oca l i zed 
ho t-spot  reg i ons , cau sed by the l i mi ted therma l  capaci t y  of  the Incone l  
noz zle ( wa l l  t h i cknes s :0 . 69 i n . ) and i t s r el a t i ve l y  l ow me l t i ng po i n t  
( :1 600 K ) . Thus , recen t  l ower p l enum i ns pect i on appea r s  t o  s uppor t 

1 5  res u l t s  from pr i or ana l ys i s .  
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15 
Ther-.1 analys\s of cortum-mett attack on the lower head, also 

\ndtcatts that tht statnless-steel 1\ntr ts not 1 \ kely to have exper\enced 

.. lttng upon 1ntttal contact wtth t \ ther metall\c (molten steel or Ag-In-Cd 

.. tt) or ctra•1c fuel debrts. The geo.etry constdered was that of cortum 

.. tt spread un\for•lJ over the bottom head. However, the recent update of 

\he .. tt relocatton scenar\o \nd\cates that the -.jor fract\on of melt 

relocat1on occurred tn the east-quadrant of the vessel, where dratnage may 

have occurred over several •1nutes. The questton, thus, ar t ses as to 

whether localtzed melt attack of an \�tngtng jet on the lower head could 

have resulted t n  tocattzed .. tt ablat\on of the t t ner. Th t s  quest1on \s 

tnvestt�ted \n Sectton 6. 

Observattons fro. the var\ous TMI-2 vessel tnspectt on efforts hetghten 

the \ssues of .. lt progrtss \ on and the potent1at for degradatton of 
core-for .. r ass.-bty (CfA) and lower-head structural tntegrtty. 

Spec1f1calty, questtons r�1n as to the consequences and 1� 1\cattons of 

cor\� .. lt \nteract \ on w1th the core-for .. r assembly (CfA) and tower 

head. Analyses are therefore presented tn subsequent chapters, a\ .. d at 
assesstng ther .. l 1nteractton behav\or of cor\u. Melt w\th the baffle and 

cort-for .. r plates, as well as the potenttal for melt ablat1on of the lower 

head caused by ther .. l attack by an \�\ngtng jet of molten cor1�. 
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4 .  D E BR I S  THE RMAL ATTACK ON THE VE RTI CAL BAF F L E  PLATE S 

Wi th i n  thi s  chapter , ana l yses  are  presen ted to a s se s s  the poten t 1 a l  
for , and condi t i ons  a s soc 1 a ted w1 th , ba f f l e  p l a te me l t -thr ough . O f  pr 1 ma r y  
i nter e s t  i s  a def 1 n i t i on of  cor 1 um me l t  character 1 s t i c s  ( meta l l i c or 
cerami c )  wh i c h  l eads to mel t  abl a t i on of the ba f f l e  p l a te , and determ1 nes 
the t i me requ i red for ba f f l e  me l t -thr ough . 

4.1 I n s tantaneous Con tac t Temperature  

S i nce the  ba f f l e  p l a tes are  made of r el a t i ve l y  l ow-me l t 1 ng-po 1 n t  
s ta i n l es s  s teel ( Tmp =250o•f = 1640 K ) ,  and s i nce the p l a t e  t h i ck ne s s  
i s  0 . 7 5 \ n . , mel t  ab l a t i on o f  the baf f l e  p l a tes  b y  the r e l oca t 1 ng mo l ten 
cor i um 1 s  a d 1 s t 1 nc t  pos s 1 b 1 11 ty .  An eva l ua t i on of  the t herma l cond 1 t 1 on s  
l ea d 1 ng to s ta 1 n l es s -s teel baf f l e  mel t 1 ng c a n  b e  a s s e s sed f r om 
con s i dera t i on of  the contac t s i tua t i on i l l u s t r a ted 1 n  F 1 gu r e  8 .  The 
con f i gura t i on shown i s  one of  mol ten cor 1 um 1 n  good s u r face contac t w1 t h  
the ba f f l e  p l a t e ,  where  bot h  ma t er 1 a l s  a r e  a s sumed to b e  of  1 n f 1 n 1 te 
t h 1 cknes s .  F o r  semi -i nf i n i te

1
3eome t r y , the contac t tempera ture  a t  the 

i nter face can be expr e s s ed a s  

TH ( k/uo . s,H + Tc ( k/uo . s,c 
( k/uo . s,H + ( k/uo . s,c 

where T i s  tempera ture , k 1 s  therma l  conduc t 1 v 1 ty ,  u i s  therma l 
di f f us i v i ty ,  and the s ubs c r i pts H and C refer to the hot cor i um and c o l d  
ba f f l e  respec t i ve l y . 

Ca l c u l a t i ona l resul t s  are  presen ted 1 n  Tab l e  3 for cerami c - 1 1 ke  cor 1 um 
a s s umi ng U02 therma l  proper t i es . Owi ng to the h i gher therma l  
conduc t i v i t y  of s ta i n l es s  s tee l compa r ed to uo2• the 1 n terface  
temperature  1 s  c l oser to  the  bul k tempera ture of the  ba f f l e  p l a t e . S 1 nce 
the  mel t i ng po i n t of s ta i n l e s s  s teel  i s  abou t 2500° F  ( 1644 K ) ,  i n i t i a l  
mel t i ng of the baf f l e  p l a te i s  not i n fer r ed for cerami c - l i ke core debr 1 s .  
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lllustrat\on of two s�1-1nf\n1te slabs at 
t..,erature. and the 1nstantaneous contact 
surface of separat1on. 
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TABLE  3 .  E STIMATE OF CONTACT I NTE RFACE  TEMPE RATUR E  B E TWE E N  U02 DE B R I S  AND 
TMI -2 COR E -F ORME R BAF F L E  PLATE 

Gover n 1 ng E gua t 1 on 

TH ( k/Bo . 5>H + Tc ( k/Bo. 5>c 
TI = 

( k/Bo . 5>H + ( k/Bo. 5>c 

Par ameter Va l ues 

H = U02 Proper t 1 es 

kH = 2 . 1  B tu/h-ft-•F  

BH = 0. 032 f t2/h 

k/Bo. 5 = 1 1 . 8 

Tmp = 4670°F  ( 2850 K )  

A s s umpt 1 on 

C = Sta 1 n 1 e s s -Stee1 P r oper t 1 es 

kc = 9 . 4  Btu/h-f t - • F  

ac = 0 . 1 57 f t 2/hr 

k/Bo. 5 = 23 . 7  

Tmp = 25oo•F ( 1 644 K) 

A s s ume tha t the core-former ba f f l e  p l a te 1 s  a t  the satura t 1 on temperature 
of  wa ter , correspond 1 ng to a pres sure  of  1 500 l b/ 1 n2 , 1 . e .  Tc = 596°F  
( 586 K )  

Ca l cu 1 a t 1 on 

TH , •F ( K )  

4000 ( 2477 ) 
4500 ( 27 5 5 ) 
5000 ( 3033 ) 
7000 ( 4 1 44 )  
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Table 4 presents a stm\lar calculatton, where tn thts case the cor1um 

ts constdered to be a •txture of U-Zr-0 ca.ponents, w1th an effecttve 

.. tal-1\ke conducttv\tf of SO W/._K (28. 9 8tu/h-ft-•f). Thts 1ncrease tn 

debrts ther .. l conducttvttr results tn a h\gher tnterface te.perature, 

whtc h  parttttons between that of the cortum and baffle plate t�eratures. 

For .. tall\c-1\ke debr\s, surface melt1ng of the baffle plates at cor1um 

t.-peratures tn excess of •36QQ•f (2255 K) ts est1.ated. 

Note that the contact t.-perature ts based on the assumed gea.etr1 of 

two s .. t-tnftntte regtons of dtfferent properttes and bulk t.-peratures. 

As such, the solutton 1s va1td onlf unt\1 the thermal front penetrates the 

th1ckness of etther, whereupon the bulk .ater1al begtns to heat up (or cool 

�). vtth a correspondtng c hange 1n 1nterface t.-perature. Thus, the 

above estt.ate ts st�lf an tndtcatton of the tntttal-contact t.-perature. 

4 . 2  T\me for Baffle Plate Melt1ng 

In real\tf, the baffle plate has lt•tted thtckness, so that a closer 

representatton of the true gea.etrJ ts st•tlar to that tllustrated tn 

ftgure 9. In Ftgure 9 the baffle plate ts represented bf a wall of ftntte 

thtctness, tn contact v\th a cor\um melt of tnf\ntte thtctness. Assu.tng 

one-dt .. nstonal heat transfer tn the x-dtrectton, the problem can be 

approxt.ated as a s .. t-tnftntte .atertal (reg \ on-1) tn contact wtth a 

.. tertal of dtfferent conduct1on properttes and of ftntte th\ckness 

(reg\on-2). Neglect\ng the decaf-heat source term tn reg\ on-1, the heat 

conduct\on equatton tn each reg\on can be vr1tten as 

dT(x,t) d
2

Tcx.t) 
dt 

• G 2 dx 

wher e T ts the t.-per ature, o ts the thermal d \ffustv\tf, t ts the t\me 

vartable, and x ts the spattal vartable. The general form of the solutton 

for se.1-tnftn\te geometrJ can be expressed 1n terms of a ser\es expans1on 

of the error funct1on, 18 
that ts, 
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TABL E  4. E STIMATE OF CONTACT I NTE RFACE  TEMPE RATURE  B E TWE E N  U-Zr-0 DE B R I S  
AND TMI -2 CORE -F ORME R BAF F L E  PLATE 

Govern \ ng Egua t 1 on 

TH ( k/�0. 5 ) H + Tc ( k/�0 . 5 ) C TI = 

( k/�0. 5 ) H + ( k/�0 . 5 ) C 

Parameter Va l ues  

H = U-Zr -0 Proper t \ es 

kH = 29 . 0  Btu/h-ft-°F  

�H = 0 . 45 f t2/h 

k/�0 . 5 = 43 . 2  

Tmp = 21 70 K = 3447°F  

As s umpt 1 on 

C = Sta \ n l e s s -Steel  Proper t 1 es 

kc = 9 . 4  B t u/h- f t - ° F  

0c = 0. 1 57 f t2/hr 

k/�0. 5 = 23. 7 

Tmp = 1 644 K = 2500° F  

As s ume tha t the core-former baff l e  p l a te \ s  a t  the sat u ra t \ on temperature  
of  wa ter , cor respond \ ng to a pres sure  of 1 500 l b/tn2 , 1 . e .  Tc = 596° F  
( 586 K )  

Ca l c u l a t i on 

3000 ( 1 922 ) 
3600 ( 2255 ) 
4000 ( 2477 ) 
5000 ( 3033 ) 
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T1 ,oF (K) 

21 48 ( 1 449 ) 
2535 ( 1 663 ) 
2794 ( 1 807 ) 
3440 ( 21 66 )  



X • .. 

F1gure 9. 

x-o 

PUI-UII7040-I 

lllustrat1on of a se.1-1nf1n1te melt reg1on 1n contact w1th a 
so11d wall of f1n1te th1ckness ( & ) , 1nsulated at the ous1de 
surface (l • 4). 
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n=a� 
T ( x , t )  = A � Bn er f[nx/ ( ot ) 0·5 ] 

n-o 

where the con s tant s  A and B a r e  funct 1 on s  of  the proper t \ es and boundar y  
cond i t i on s  of the par t 1 cu l a r  prob l em a t  hand . 

For t r an sient hea t conduc t 1 on in s i mp l e  s hapes s ubj ec t to  boundar y  
condi t 1 on s  of prac t 1 ca l  1mpor tance, the temperature-d 1 s t r 1 bu t 1 on s o l u t 1 on s  
have been ca l cu l a ted a n d  t h e  res u l t s  a r e  a va 1 l a b l e  1 n  t h e  form o f  cha r t s  or 
tab les . For present purposes , the cor e  debr 1 s  r eg 1 on can  be con s 1 de r ed a 
sem1 - 1 n f 1 n 1 te s l ab a t  a bul k  cons ta n t  tempera ture ( Ta ) ,  w1 t h  a c on s ta n t  
heat trans fer coef f 1 c1 en t  ( h )  a t  the con tact s ur face between t h e  debr \ s  and 
baf f l e  p l a te . The baff l e  p l a te 1 s  of  t h 1 ckne s s  4, and 1 s  a s s umed to  be 
1 ns u l a ted ( ad 1 aba t 1 c )  at the s ur face , x = 4. 

The cha r t  presen ted 1 n  F1 gure 10 ( Reference 1 9) y \ e l ds the s o l u t1on to 
trans 1 en t  hea tup of  the ba f f l e  p l a te , a s  a func t \ on of  the d 1mens1on l e s s  
Four 1 er (fa) and B 1 ot ( 8 1 ) number s .  The 8 1 o t  number 1 s  t h e  r a t \ o  o f  the 
convect 1 ve-to-conduct 1 ve therma l res 1 s ta nce , and F 1 s  the r a t \ o  o f  0 
therma l penetra t 1 on d \ s tance to the wa l l  t h \ c knes s ,  t ha t  \ s ,  

8 1  = h6/k 

As 1 nd 1 ca ted , the B 1 o t  number 1 s  gover ned by the conduc t 1 v 1 t y  of the 
wa l l  ma ter 1 a 1  and the hea t t r ans fer coeff 1 c1 en t  ( h )  at the con tact 
sur face. The conduct 1 v 1 ty of  the s ta 1 nl e s s  s teel \ s  known; however , the 
hea t transfer coef f 1 c1 en t  ( h )  depends on the character 1 s t 1 cs of  the me l t 
debr 1 s .  For present purposes , \ t  can be a s sumed tha t the conduct 1 on 
pr oper t 1 es of the mo l ten cor 1 um are  dom1 nan t , s o  tha t  the B 1 o t  number 
reduces to the conduct 1 v 1 ty ra t 1 o ,  tha t 1 s ,  
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0 

ftgure 10. 

Q.05 0.1 o.s 

T 
,_,_ 1 

5 10 

Thick plate 

--

� 100 
7-1517 

Te.perature response of an tnsulated. th,ck plate (0 < x < , , at 
ll' • 1 •fter sudden exposure to a untform convecttve- -

envtro,..nt. 
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Parame ter va l ues are  es tlma ted 1 n  Tab l e  5 ,  1 nd 1 ca t 1 ng the approx 1 ma te 
numer \ca l  va l ues of the d 1 men s 1 on l e s s  groups for ba f f l e  p l a t e  hea tup t o  the 
me l t 1 ng po 1 nt of s ta 1 n l e s s  s teel ( 25 00 ° F ) for two debr 1 s  tempera t u r e s , 
name l y  a t  the o-Zr ( O ) /U02 eutec t 1 c  ( 2150 K )  and uo2 ( 2850 K) mel t  
tempera tures: 

81  = h&/k = 0 . 22 

T' = 0 . 68 ( a t  o-Zr ( O ) /U02 eutect 1 c  tempera ture ) 

T' = 0 . 47 ( a t  uo2 mel t 1 ng po 1 n t )  

Mak \ ng use o f  F 1 gure 1 0 ,  the a s s oc \ ated F our 1 er number s a r e  e s t1ma ted t o  be 

2 F o  ( a t  T' = 0 . 68 )  = ot/& = 6 . 0  

2 F o  ( a t  T' = 0 . 47 )  = ot/& = 3 . 5  

Thus , the t 1 me for the baf f l e  p l a te t h 1 ckne s s  ( x/& = 1 )  to  r each t he 
s ta 1 nl es s -s teel mel t 1 ng po 1 n t  1 s  es t 1ma ted to be 

t = 6&2/o = 6 ( 0 . 0625 f t ) 2/ ( 0 . 1 567 f t2/hr ) = 0 . 1 5  hr  ( 9  m1 n )  

t = 3 . 5&2/o = 3 . 5 ( 0 . 0625 f t ) 2/ ( 0 . 1 567 f t 2/hr ) = 0 . 087 h r  ( 5  m1 n )  

or approx 1ma te l y  5 to  1 0  m1 n .  

I n  the above s o l u t 1 on , the ana l y t 1 c  comp l ex 1 t 1 es a s s oc \ a t ed w1 th a 
mov 1 ng pha se-trans forma t 1 on front  wer e  negl ected . For  the cor 1 um me l t  
reg1 on , convect 1 ve cur r�nt s  a l l ow for a g 1 ta t 1 on of the me l t, s o  tha t any 
poten t 1 a l  s o l 1 d  cr u s t  bu1 l dup 1 s  uns ta b l e  and d 1 s s o l ved 1n  the me l t .  
However , a mov 1 ng pha se  bounda r y  ( me l t  f r on t ) ex1 s t s  w1 th 1 n  the ba f f l e  
p l a t e ,  wh 1 ch ha s not been accoun ted for 1 n  the above ana l ys 1 s .  

As  d 1 scussed 1 n  Refer ences 20 through 23 , the exact ana l y t 1 ca l  
s o l u t 1 on s  t o  mos t  prob l ems of t r a n s 1 en t -hea t conduct 1 on w 1 th  a mov 1 ng 
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TABLE 5. THERMOPHYSJCAl AND HEAT-TRANSFER PROPERTIES STAINLESS-STEEL BAFFLE 
PlATES 

Ther�phxs \ c a 1  Pr opert1es of Baffle Plate {Sta t nless-Steel) 

T_, • 2SOO•f • 1640 K 

Cp. 0 .12 l/1b•f • 0. 12 cal/g K 

k • 9.4 Btu/h-ft-•f • 16.26 W/._K 

p .  0.2' 
lb

3. 500 lb/ft
3

• 80 kg/.
3 

tn . 

G • k/pCp • 9.4/500 (0.12) • 0. 157 ft2/h 

l (Fe )  • 65 ca 1 /g • 1 1 7  8/lb 

Convecttve Hea t Transfer Coefftc t ent, h 

� • k1/al 

k1 • U02 ther �1 conduc t \ v t ty • 3.66 W/._K • 2.1 8/1b ft-•f 

., • 0.75 '"· • 0.0625 ft 

h .  2.1/0.0625. 33.6 8/1b ft2•f 

1\ot l�er, 81 

. ,  • h l/k2 • k1/k2 

. ,  • 33.6 (0.0625)/9.4 • 0.22 

• 

Te.perature Ratto, T-T01T,-T0 • T 

T • � l t t ng potnt of s ta t n l es s  steel • 2Soo•f 

Ta • cor e debr1s te.perature 

T0 • t n t t t a 1  t.-perature of baffle plate • water satura t t on temper ature 
at 1500 pst s6oo•f 

T-TofTa -To • 2500-600/Ta-600 
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TABL E  5 . ( c on t 1 nued ) 

Case 1 

Ta = �-Zr ( O ) /U02 eutect 1 c  me l t  tempera t u r e  = 21 50 K = 3410•f 
T' = 0 . 68 

Case 2 

Ta = U02 me l t 1 ng po 1 n t  = 2850 K = 4670•f 

T' = 0 . 47 
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phase- trans for .. t \ on boundar y  are not read 1 1 y  obta \ nab l f . Th \ s  \ s  due to 

the a l way s -presen t non l \ near \ ty of the �v t ng .. l t  front . The on l y  exac t 

ana l y t 1 c  s o l wt \ ons  to the tran s \ en t  freez\ ng prob l fN are those for a 

s .. \ - \ nf 1 n 1 te s l ab , vt th  a con s tant t..,era ture a t  the c ool\ ng sur fac e .  

Ther e  a r e  n o  exac t s o l u t \ ons  for other boundar y  cond \ t t ons , such a s  

con s tant hea t f l u x  o r  rad \ a t \ on .  Var t ous appro x \ .a te techn \ qufs , however , 

are ava t labl e ,  \ nc l ud t ng the \ n t egr a l  hea t ba lance
22 

and bounds averag t ng 
22 23 

.. thods . ' However , the s \� l es t t ec hn1 que has been s uggested by 
24 

london and Sabe n ,  where an e f f ec t 1 ve hea t capac 1 t y (C ) t s  
p , e  

spec\ f 1 ed s o  t ha t  non l t near \ ty o f  the prob l ,.  t s  avo \ ded and the 

s \ ng l e -phase  t rans 1 en t  s o l ut \ on t s  .-p l oyed , where 

C • C • [l/&T ] 
... e p 

I n  th\ s  expres s \ on , &T t s  thf t.-perature  d \ f ference betveen the .,l t \ ng 

po 1 n t  a nd t he t n \ t t a l  t.-peratur e ,  and l t s  the bea t of fus 1 on .  

As 1 nd t ca t ed ,  the heat capac 1 ty o f  t he  .ater t a l  \ s  t nc reased to  

account for  t he added hea t o f  fus t on \ nvol ved \n  .,l t \ ngo Th\ s  techn\ que 

\ s  used here  to a c c ount for sol \ d-to- 1 \ qu\ d  phase t ransfor .. t \on \ n  the 

ba ffle p l a t e ,  vher e  the effec t \ ve heat capac t ty for .. l t \ ng o f  

s ta t n l e s s - s tee l ( see proper t t es \ n  Tab l e  5) \ s  

0 0 1 2  8 [1 1 1 8/1 b • J c
p,e • 1b•f • [ 2soo• F  • o . 047 8/l b  j . 0 . 1 67 8/l b•f 

Accoun t \ ng for  the hea t o f  fusion effec t \ ve l y  adds 0 . 047 8/l b  •f to the 

s \ ng l e-phase  hea t capac \ tyo Us \ ng th \ s  ef fec t \ ve spec \ f \ c  hea t , an 

effec t \ ve d \ ff u s \ v \ ty (G ) \ s  a l so e s t \ .a t ed ,  based on pr oper ty va l ues 
e 

g \ ven \ n  Tab l e  S for k and p ,  tha t \ s  

2 
• •  k/pC • 9o4/SOO ( Oo167) - Ool l 3  f t  /h 0 

e p , e  

As can be seen , a n  \ nc r fase  \ n  spec \ f \ c  hea t resu l t s \ n  a n  d f l ayed time for 

c�lete  .,lt - t hrough of  the 3/4-lno t h \ c k  ba f f le p l a te ,  tha t \ s ,  
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t ( a t T = 0 . 68 )  = 662/oe � 6 ( 0 . 0625 ft ) 2/0 . l l 3  f t 2/h ) = 0 . 21 h ( 1 2  m1 n )  

I 

t ( a t T = 0 . 47 ) = 3 . 562/o = 3 . 5 ( 0 . 0625 ft ) 2/0 . l l 3  f t 2/h ) = 0 . 21  h ( 7  mi n )  e 

as  compa red to 5 - 1 0  m1 n ,  1 gnor i ng hea t of  fus 1 on effec t s . 

I n  add1 t i on to hea t  of fus 1 on effec t s , c oo l i ng of  the ba f f l e  a t  the 
outer sur face wi l l  a l s o  delay somewha t the t 1me for p l a t e  mel t - th rough . 
However , for good core mel t/ba f f l e  p l a te c ontac t ,  conduct 1 on a t  the i n s i de 
s ur face wi l l  gener a l l y  over r i de convec t i ve or  rad i a t i ve hea t transfer  a t  
t h e  outer surface of t h e  baf f l e  p l a te . L i k ew1 s e , tota l me l t f r on t  
penetra t 1 on o f  the ent 1 re 3/4- 1 n .  th 1 ckne s s  wou l d  not be r equ 1 r ed for l os s  
of 1 n tegr i ty of  the baf f l e  p l a te s tr ucture .  Thu s , mel t  fa i l ur e  of  the 
baf f l e  p l a te caused by contac t wi th mo l ten cor i um 1 s  predi cted to  occur on 
the order of about 1 5  mi n .  

Mel t  fa 1 l ure  o f  the ba f f l e  p l a te w1 l l  l ead t o  debr i s  r e l oca t i on 
through the vo l ume space between the ba f f l e  and core  bar re l  wa l l s ,  wh i ch 
a l so conta 1 n s a ser i es of e i ght  hor i zonta l s ta i n l e s s - s teel  cor e-former  
p l a tes . Mel t  debr i s  r e l oca t i on through the  baf f l e -p l a te mel t  holes  and 
mo l ten cor i um a t tack  on the core-former p l ates  a r e  a s s e s sed i n  the 
fol l ow1 ng chapter . 
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5. DEBRIS THERMAL ATTACK ON HORIZONTAL CORE-FORMER PLATES 

As d\scus sed \ n  Sec t t on 3, approx\ .. tel y  13,600 l b  (•6170 kg ) of 

cor e  debr \s 1 s  es t 1  .. ted to have accumu l a ted on the hor \ zon tal  core- former 

p l a tes . V 1 deo \nspec t t on through .el t ho l es tn the ea s t -quadrant  baf f l e  

pla tes a l so 1 nd 1 ca tes tha t �ch o f  th\s debr1s appears to have resol\d \fted 
25 

f r �  a once � l ten s ta t e . Wt th \ n  th \ s  sec t\on , ana l yses are presen ted 

to a s sess  � l t -debr \ s  m\gra t\on c ha rac ter\s t\cs through the ser 1 es of e \ ght 

s tacked core- former p l a tes and me l t -debr \ s/core-former plate therma l  

\ nteract\on. 

5. 1 Mel t-Oebr ts Rel oca t t on Beha v t or 

E ach of  the core-for-.r p l a tes  have 80 f l ow  hol es tha t  are  1-5/16 t n .  

\ n  d 1 a.eter and a r e  a 1 1 gned top t o  bott� ( see Append \ x  A) . The 

f t f th - l evel  (•1 d -core  he\ght ) plate, however, has 16 hol e s  a t  1 5/16 1 n .  

d \ a.eter a nd 64 holes  at 1 \n. d t a  .. ter . The at d - l evel ( 5th ) p late , thus , 

f t xes t he •t n t aua  f l ow  a r ea for debr t s  •t gra t t on through the for�r 

p l a tes . The ver t t ca l  baffle p lates a l so con ta t n  holes , wh\ch are 

appr ox\ .. tel y 1-3/8 1 n .  tn  d 1 a.eter . A t yp t ca l  row of ba f f l e  hol es \s 

l oca ted bel ow  a cor respond\ng row of bol ts tha t  a t tach the ba f f l e  p lates to 

the for -.r p l a tes . The nuaber of  ho l e s  range from 80 to 32 holes per row 

around the ba f f l e  c\ rc�f er enc e .  

A s  s hown t n  F 1 gur e  7 ,  the eas t -quadrant me l t - through ho les ( obser ved 

to da te ) are  l oca ted a t  an e l eva t t on of about 4.75 f t  fr� the bot to. of 

the act \ ve cor e ,  wher ea s the f1berscope data tndtcate debr\s bloc kages a t  a 

soaewna t  h t gher e l eva t t on .  It would be expec ted tha t mol ten mater t a l  wou l d  

f l ow  l a ter a l l y ac ross  the core-former p l a tes and downward through the f l ow 

ho l es t n  the for.er p l a tes . H 1gh-e l eva t 1 on debr1s blockages are. 

therefor e ,  an unexp l a t ned anomaly at th \ s  t1me. More def\n 1 t 1 ve da ta of 

debr 1 s  acc�l a t 1 on on the core- former plates and character \zat1on of the 

ba f f le p l a tes are requ t red to expla \ n the presence of debr 1 s  at e l eva t \ ons 

above presen t l y  known baffle p l a te me l t-thr ough ho l es . One explanat1on 

•tgh t be tha t part \al core debr \s en t r y  \n to the former plate reg1on 

occ ur r ed through the nor .. l 1 -5/8-\n . holes  t n  the as-fabr \cated baffle 

• 
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pla tes , wh 1 l e the l ower e l eva t 1 on ba f f l e  p l a t e  me l t -thr ough hol es  p r o v 1 ded 
add 1 t 1 onal  open area for me l t  penetra t 1 on 1 nt o  the cor e-former r eg 1 on .  

For  the presen t , debr 1 s  m1 gra t 1 on beha v 1 o r  1 s  character 1 zed bas ed upon 
the c omb 1 ned f l ow area of the ba f f l e  p l ate  a s -fabr 1 ca ted , a s  wel l  a s  
ea s t -quadrant  me l t -thr ough h o l es . The po ten t 1 a l  f o r  l a te r a l  me l t  m1 gr a t 1 on 
a l ong the sur face of  the former p l a tes , ver s u s  dra 1 nage t hr ough the former 
p l ate f l ow hol e s , 1 s  f 1 r s t  a s ses sed . I n  add 1 t 1 on ,  a c harac ter 1 s t 1 c  me l t  
dra 1 nage t 1 me 1 s  e s t 1 mated , based upon the ava 1 l a b l e  ho l e  a r ea of the f 1 fth 
former pl ate . 

5 . 1 . 1  La ter a l  M1gra t 1 on Ver s u s  Dra 1 nage Poten t 1 a l  

To as ses s the potent 1 a l  for l a tera l  m1 gra t 1 on o f  mel t  debr 1 s  a l ong the 
sur face of the cor e-former pl a tes , a c ompar 1 son 1 s  made of the hol e a r ea 
for mel t  dra 1 nage ver s u s  the f l ow area for outf l ow of  cor e-me l t debr 1 s  
through the baf f l e  p l a tes . As  d 1 scus sed 1 n  Append 1 x  A ,  there a r e  32 hol es 
( 1 -3/8 1 n .  1 n  d 1 ameter ) 1 n  the baf f l e  p l a te r eg 1 on a s s oc 1 a ted w1 t h  the 
f 1 f t h  l evel  former p late . A s s um1 ng that out f l ow of  cor e -me l t  through the 
ba f f l e  p l a tes occurred on l y  1 n  the eas t -quadrant ( 1 /4 of cor e  
c 1 rc umferenc e ) , the ava 1 l a b l e  f l ow hol e  area of t h e  eas t -quadran t ba f f l e  
p l a te 1 s  es t 1 ma ted to  be 

Aba f f l e , h o l e  = !2 x [1 ( 1 . 37 5 )2J = 2 2 1 1  . 88 1 n • = 1 2  1 n • 

No t 1 ng that a me l t - through h o l e  8 1 n .  l ong and 3 1 n .  w1 de ( 24 1 n . 2 ) a l so 
ha s been obser ved 1 n  the ea s t -quadrant  ba f f l e  p l a t e ,  the poten t 1 a l  f l ow 
area for mel t  m1 gra t 1 on thr ough the ea s t -quadrant  baf f l e  p l a te 1 s  es t 1 ma ted 
to be 

2 2 2 Aba f f l e , ho l e = 1 2  1 n .  + 24 1 n .  = 36 1 n .  

The es t 1 mat ed area for ou t f l ow o f  me l t  debr 1 s  thr ough the  ba f f l e  p l a te 
can  be c ompared w1 th the ava 1 l a b l e  a r ea for d r a 1 nage , v 1 a  the f l ow ho l es 1 n  
the core-former pl ates . The total  f l ow area o f  the f 1 f t h  l evel  p l a t e  1 s  
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2 2 2 • 2 1 . 65 \ n .  • 50 . 27 \ n .  • 7 1 . 92 \ n .  

The a s soc 1 a ted f l ow a r ea o f  the eas t -quadrant ( 1 /4 cor e )  former p l a te 1 s ,  

thus , 

On ca.pa r \ n9 the f l ow a r ea s , 1 t  can be seen tha t Aba f f l e , ho l e  1 s  

grea ter than A1 
h 1 . S 1 nce  the core- former f l ow-hole  a r ea \ s  or .. r .  o e 

\ nsuf f \c \ ent to acca..oda te .. ss  f l ow through the ava \ l a b l e  baf f l e p l a te 

f l ow  area . the \� 1 \ ca t \ on \ s  tha t  some l a teral  •1 gra t \ on o f  me l t  debr \ s  

a lont the surface of the core-for .. r p l a te occ ur red . la ter a l  •\ gr a t 1 on 's 

suppo r ted bJ observa t \ on o f  debr \ s  found on both the nor th and eas t  

quadrants of  the core- for.er p l a tes , a s  shown 1 n  F 1 gure 7 .  

I n  add \ t \ on to es t 1 ma t 1 ng the potent \ a l  for lateral •19ra t 1 on ,  ' t  's  

a l so \ nteres t \ ng to assess  a c ha rac ter \ s t \ c  dra 1 nage t 1me for  downward  me l t  

•1gr a t 1 on through the core-for .. r ho les . 

5 .1.2 Me l t  Or a 1 nage t 1me 

To as sess  a c haracter 1 s t 1 c  dra 1 nage t 1 me ,  the f \ f th former p l a te \ s  

ass�d to be un \ for.a l l J covered w1 th a l ayer o f  core-me l t  debr 1 s ,  a t  a 

he 1 gh t  of  22 1 n  . •  ( wh 1 c h  1 s  equa l to the spac \ n9 between the four th and 

f \ f th for .. r p l a tes ) .  The ma s s  f l ow r a t e  through the former p l a te holes 

( of flow area A
f ) ' s  cons \ dered control l ed pr 1mar \ l y by grav1 ty , so tha t 

the lernou 1 1 1  d 1 scharge equa t 1 on a pp l \ es :  

wher e z ( t ) 1 s  the -. l t  he \ ght , wh , c h  var \ es w1 th t \me ( t ) ,  and the o t her 

par a .. t er s  a r e  

• 
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g = grav i ta t 1 on cons tant  

= d 1 s c harge coeff 1 c 1 en t  

= f l ow area . 

App l y i ng the cont i nu i t y  equa t i on ,  the d i scharge r a te 1 s  equa ted to the r a te 
of c hange of mel t  res t i ng on the core-former p l a te , 1 . e . ,  

where A i s  the c r o s s - s ec t i ona l area of t he former p l a t e .  I ntegra t 1 on of p 
the above equa t i on y 1 e l ds the fol l ow1 ng expres s 1 on for  the d 1 s charge t 1me 
( td ) :  

An es t 1 mate of td i s  presented i n  Tabl e  6 ,  i nd i ca t i ng a dra 1 nage 
t 1 me of appr o x 1 matel y 13 s ( as sum1ng  me l t  debr i s  occup 1 es the ent i re vo l ume 
s pace between two s tacked former p l a te s  and a l l  ho l e s  i n  the former p l a te 
ava 1 l a b l e  for dra 1 nage ) . The 1mp l 1 ca t 1 on of th 1 s  res u l t 1 s  tha t rap 1 d  
dra 1 nage o f  me l t  debr 1 s  through the ser 1 es o f  e 1 gh t  former p l a tes  wou l d  
have occ u r r ed , i f  s uc h  debr i s  r ema 1 ned 1 n  the mol ten s ta te . However , the 
fac t tha t a s 1 gn i f i cant  amount of debr 1 s  ha s been obser ved 1n the 
cor e-former vol ume s pace and tha t  the rea c tor ves se l  1 s  e s t 1 ma t ed to have 
been ref l ooded ( except for the dr you t reg 1 on of  conso l 1 da ted core  debr i s )  
by E CC i nj ec t i on a f ter 200 mi n ,  1 mp l i es reso l 1 d 1 f 1 c a t 1 on of  once-mo l ten 
debr i s  1 n  the cor e-former r eg i on upon contac t wi th  c oo l a n t . In-place  
refree z i ng of debr i s  when expos ed to  c oo l an t  i n  t he core-former vol ume 
space i s  con s i s tent w1 th  the obser va t i on of the presence of r e s o l 1 d 1 f 1 ed 
me l t  debr 1 s  fused to or re s t 1 ng on the former pl a t e s . 
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TAll ( 6 .  Mf l T  DRAINAGE T I ME THROUGH CORE -F ORME R PlATE f l OW HOl E S  

§over n \ ng (gya t \ on 

td • ( 2Ap/CdAf )  [ z0 . 5t ( 2g )0 . 5 ] 

Par ... t•r Va lu•s 

g • grav \ ti t 1 on c on s tant • 32 . 2 f t/s 2 • 980 c.ts2 

A • c ross -se< t \ ona l ar eaa • 1 7  8 f t 2 - 1 6 . 54 E+3 ca2 
p of cor•-foraer p lit• • 

a, • 

total  f l ow area of ho les  
\ n  cor t-for .. r plat•  • 7 1 . 92 \ n . 2 • 464 ca2 
( f \ f th  1 !¥!1 p l i t t ) 

Cd • d \ SChir ge CO!f f \ C \ !n t  • 0. 9 

h! \ ght between f \ f th and l • d•gr \ s  h! \ gh t • s \ xth cor•-for .. r p l a tes • 22 , n ,  • 55 · 9 c• 

� 2 :_a_ • 
2 (16.54 1•3 ca l • 79 . 2 Cd

Af 0. 9 ( 464 ca2 ) 

zO . St ( 2g ) O . S . 0 . 1 689 s 

td • 79 . 2 I 0 . 1 689 S • 1 3 . 4 S 

a .  0 .  w .  Go l den , • rMI-2 Standard  Prob l �  Package , •  EGG-TMI-7382, 
S.p t.-ber 1 986 , pp . 4 -24 ,  Tab l e  1 1 .  

• 
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I n  add 1 t 1 on to an eva l ua t 1 on of  debr 1 s  m1 gra t 1 on beha v 1 or 1 n  the 
core-former reg 1 on , an  a s ses sment  1 s  made of  mel t -debr 1 s/former -pl a te 
therma l  1 n terac t 1 on .  

5 . 2  Oebr 1 s/F ormer P l a te Therma l I n terac t 1 on 

To a s s e s s  the poten t i a l  for c or 1 um mel t  a t tack  on the former p l a tes , 
the geome t r y  1 l l us trated 1 n  F 1 gure 1 1  1 s  emp l oyed , cons 1 s t 1 ng of  an  
over l a yer of mo l ten cor 1 um tha t  conduc t s  hea t to the c oo l er core-former 
p l a te . F or prac t i c a l  purpos e s , the core debr 1 s  r eg 1 on can  be c on s 1 dered a 
s emi - 1 nf i n 1 te s lab  ( regi on-1 ) a t  an  1 n 1 t 1 a l  bul k  temper a ture ( Ta ) ,  w1 t h  a 
cons tant hea t transfer coeff i c 1 en t  ( h )  a t  the contac t s ur face . The former 
p l a te ( region-2 ) 1 s  of f 1 n i te th 1 c knes s ,  6 ,  and wi th  an  ad 1 a ba t 1 c  s u r face 
at x = 6 .  Each  reg1 on has d 1 fferent ma ter i a l  and heat conduc t 1 on 
proper t i es . Neg l ec t i ng the decay-hea t sourc e  term 1 n  reg1 on-l , the 
s 1 tua t 1 on i s  s 1 mi l a r  to that a s se s s ed prev1 ous l y  1 n  Sec t 1 on 4 . 2 . 

The s o l u t 1 on to t r an s 1 en t  hea tup of  t he former p l a t e  c a n  be expres sed 
as func t i ons  of the d i mens 1 o n l e s s  F our 1 er ( F o )  and 8 i o t  ( 8 i )  numbe r s . For 
conduc t 1 on-con t r o l l ed hea t trans fer , the 8 1 o t  number reduces to the 
c onduc t 1 v 1 ty ra t i o ,  whereas F 1 s  the r a t 1 o  of  therma l pene t ra t 1 on 0 
d i s tance to the wa l l  th i cknes s ,  that  1 s ,  

8 i  = k l /k2 

F o  = at/62 

Us 1 ng the c ha r t s presen ted i n  F 1 gures  1 2  and 1 3 , 27 the temper a ture  of t he 
former p l ate  can be obta i ned a s  a func t 1 on of  t i me ( t )  and  d 1 s tance ( x ) . 

Par ameter va l ues  a r e  es t 1ma ted 1 n  Tab l e  7 for former -p l a te hea tup to 
the me l t i ng po 1 n t of s ta i n l e s s  s tee l ( 2500 ° f ) ,  a t  an 1 n 1 t 1 a l  debr 1 s  
tempe r a t u r e  c o r r e s pond 1 ng to  that  for uo2 me l t 1 ng ( 4670°f ) and 500 ° f  
s uper hea t { 5 1 70 ° F ) :  
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Adiabatic surface 

F \ gure 1 1 .  I l 1 us t r a t 1 on of se.1 - 1 nf \ n 1 te me l t  debr \ s  \ n  con tac t w1 th 
core-former plate  of  f 1 n \ te t h \ ckness ( 6 ) ,  and n 1 1  hea t trans fer 
at l ower s u r f ac e  (x • '> · 
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TABLE  7 .  HE AT-TRANSF E R  PROPE RTI E S  OF STAINLE SS-STE E L  F ORME R PLATE I N  
CONTACT W I TH uo2 ME LT  D E B R I S  

Thermophys 1 ca l  Proper t 1 es of Former P l a te (Sta 1 n l e s s -Stee l ) 

Tmp = 2500•f = 1 640 K 

Cp = 0 . 1 2  B/l b°F  = 0 . 1 2  c a l /g K 

k = 9 . 4  8/h-f t - • F  = 1 6 . 26 W/m-K 

l b  3 3 p = 0 . 26 --3 = 500 l b/f t = 80 kg/m 
1 n .  

� = k/pCp = 9 . 4/500 ( 0 . 1 2 )  = 0 . 1 57 ft 2/hr = 0 . 0063 1 n . 2/s  

L ( Fe )  = 65  c a l /g = 1 1 7  B/l b  

Thermophys 1 ca l  Proper t 1 es o f  the U02 Me l t  Debr t s  

Tmp = 4670•f  = 2850 K 

Cp = 0 . 1 2  8/lb-•f  = 0 . 1 2  c a l /g-K 

K = 2 . 1  8/l b  f t  • f  

�L = 8 . 7  g/cm3 = 543 l b/ f t3 

� = k/pCp = 0 . 032 ft 2/hr 

L = 1 1 9 8/l b  = 66 c a l /g 

B 1 o t  Number, 8 1  

B i  = kl /k2 = 2 . 1 /9 . 4  = 0 . 22 

Temperature Ra t i o ,  T-T /T -T = T o a o 
I 

T = me l t t ng po 1 n t of s ta 1 n l e s s  s teel = 2500 • f  

Ta = core  debr i s  me l t  tempera ture 
. 

T0 = i n i t i a l  tempera ture of ba f f l e  p l a t e  = wa ter  s a t ura t i on temperature  a t  
1 500 p s i  =600 • f  

T-T0/Ta -T0 = 2500-600/Ta -600 
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TABl E 7 .  ( cont ,nu•d ) 

Cue 

Ta • U02 -.lt,nq po,nt • 2850 K • 4670•f 

T '  • 0 . 47 

Cas• 2 

Ta • U02 -.lt 1 nq po , nt • SOO • f  sup•rh•at • 5 1 70•f 

T'  • 0 . 42 
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T '  = 0 . 47 ( a t  U02 me l t 1 ng po 1 n t ) 

T '  = 0 . 42 ( 500°F uo2 superhea t ) .  

Mak i ng use of F 1 gure 1 3 ,  the a s soc 1 a ted F our i er number a t  x = � 1 s  
es t i ma ted to  be 

Fo ( a t T '  = 0 . 42 ) = nt/� 2 
= 3 . 0  

2 F o  ( a t  T '  = 0 . 47 )  = nt/� = 3 . 5  

Thus , the t i me for comp l ete me l t - through of the l - l /4- 1 n . - ( 0 . 1 042-f t ) - th 1 ck 
former p l a te i s  es t 1 ma ted to be on the order of 

t = 3 . 0  � 2/n = 3 . 0  ( 0 . 1 042 f t ) 2/ ( 0 . 1 567 f t2/hr ) = 0 . 2 1 hr 

2 t = 3 . 5  � In = 0 . 24 hr 

or approx i ma t e l y  1 2  to 1 5  m1 n .  As  1 nd 1 ca ted 1 n  t he prev i ous  s ec t 1 on ,  ( see 
Sec t i on 5 . 1 . 2 ) , the t 1me a s s oc 1 a ted w1 th mel t  dra 1 nage thr ough the f l ow 
ho l es of two s tac ked/adj acent  former p l a tes 1 s  e s t i ma ted to be 
appr o x 1 ma te l y  1 3  s ,  wh 1 ch 1 s  muc h  l e s s  than the t 1 me for me l t - t hr ough of 
the former p l a te . Thus , 1 1 t t l e  mel t  abl a t \ on of the former  p l a te 1 s  
1 nd 1 ca ted . 

5 . 3  D 1 scus s 1 on 

A l though ques t 1 ons  rema 1 n  as  to the presence of core  debr 1 s  1 n  the 
former r eg 1 on and a t tendan t  t herma l  1 n terac t 1 on potent \ a l , f r om the 
preced 1 ng ana l ys 1 s  the fol l ow1 ng scena r 1 o  1 s  pos t u l a ted r e l a t \ ve to mol ten 
cor 1 um m1 gra t 1 on and me l t  a b l a t 1 on proc e s ses  1 n  the c o r e -former reg1 on . 

Based upon a compa r 1 son of a va 1 l ab l e  f l ow a r ea s , 1 t  appea r s  tha t  the 
f l ow ho l es of the former p l a tes offered 1 n suff 1 c 1en t  f l ow a r ea to 
accommoda te  me l t  r e l oca t 1 on through the ava 1 l a b l e  f l ow a r ea of the 
mel t -ab l a ted ea s t -quadrant  ba f f l e  p l a tes . The 1 mp l 1 c a t 1 on of  t h 1 s 
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c o.pa r \ son 1 s  tha t  par t 1 a l l a tera l •1 gra t \ on of me l t  debr \ s  a l ong the 

s ur face o f  the core. for .. r p l a tes oc curred . Such l a ter a l  •1 gra t \ on of 

�l t en c or 1 u.  \ s  cons \ s tent v1 th the general  pat tern of  the debr \ s  

conf t gur a t \ on data \ l l u s t r a ted \ n  F \ gure 7 ,  tha t \ s , ma x \� debr 1 s  

presence a t  the eas t -quadrant l oc a t 1 on where baf f le p l a te me l t -through ha s 

be.n observed , v\ th a d 1 •1 n \ sh \ ng debr \ s  depth  a t  \ nc r ea s \ ng 

c \ rc Uiferen t \ a l  or \ en ta t 1 ons  av.y f r o.  the eas t -quadrant ba f f l e-pl a te 

-. l t - through ho les . 

The poten t 1 a l  for .e l t  abla t 1 on of  t he for .. r p l a tes wa s a s ses sed f r o.  

cons 1 dera t 1 on o f  for  .. r -p l a te ther .. l response t o  d 1 r ec t  c on tac t w1 th 

�l t en cor 1 ua. Assua1 ng per fec t contac t and conduc t 1 on-control l ed heat 

t ransfer , t he t \  .. for .. l t- through o f  the 1 - 1 /4- \ n . - t h \ c k  s ta t nles s -s teel 

for .. r p l a te va s  es t t  .. ted to  be appro x 1  .. tely 1 5  • 1 n  \ n  a dry 

env\ r on..n t .  The presence of  va ter \n the for.er p l a te vol u.e  space  wou l d  

apprec \ ab l y  extend the t 1  .. for .. l t  abl a t \ on of the for .. r p l a tes . S \ nce 

the dr a \ nage t1  .. f or d 1 r ec t  .e l t  •1 gra t \ on thr ough the for .. r -p l a te f l ov  

boles ( 80  ho l es per p l a te ) va s  es t 1  .. ted t o  be 1 3  s ,  1 1 t t l e  .. l t  abla t \ on 

of  t he for-.r p l a tes 1 s  1 nfer r ed . l 1 kev1 se , s 1 nc e  the t \  .. per \ od over 

vh1 c h  t he  .. l or debr 1 s  •1 gr a t 1 on event occur red ( at 225 •1 n )  1 s  es t \ ma ted 

to be a bou t  1 -2 •1 n, 1 \ t t le .e l t  a b l a t 1 on of the for .. r p l a tes \ s  a l so 

1 nf er r ed over th \ s  t \  .. per \ od .  Thus , \ t  can be sur•1 sed tha t  notab l e  me l t  

a b la t \ on o f  the core-for .. r p l a tes \ s  not expec t ed .  

S , nc e  r eac tor ves s e l  r e f l ood \ ng ( a t  •200 •1 n . )  \ s  es t \  .. ted t o  have 

occur r ed before t he cor \ �  .. , t  r e l oc a t 1 on event at about 225 •1 n ,  the 

presence of debr \ s  ( 21 3 , 600 l b )  \ n  the core -for .. r vol U�e  space  \ s  

thought t o  be due t o  quench \ ng/refreez \ ng o f  � l ten cor 1 UM  upon entr y  1 n to 

the core-for .. r vo l uMe space . Quenc h 1 ng of .. l t  debr \ s  \ n to 

r e f r o zen/agg l �r a ted par t \ c l es 1 s  cons 1 dered the 1 \ kely  cause for debr \ s  

retent \ on on the cor e-for .. r p l a tes . The for .. r p l a tes a r e  a s sessed to 

have r � t ned t n tac t ;  howe ver , core debr \ s  .. , be f used to t he former 

p l a tes as a con s equence of debr \ s  quenc h \ ng/r e f r eez \ ng \n th \ s  reg \ on . 

• 
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6 .  D E B R I S  THE RMAL ATTACK ON THE L OWE R HEAD  

I n  add i t i on to  an  a s ses sment  of  cor i um me l t  a t ta c k  on the core  former 
a s s emb l y ,  r e l oca t i on of  cor i um me l t  to the l ower p l enum poses ques t 1 on s  
concer n i ng therma l  i nterac t i on of  mel t  debr i s  wi t h  t h e  l ower hea d . 

1 5 Previ ous ana l ys i s  of the l ower head 1 nd 1 cates  tha t the s ta i n l es s - s teel 
l i ner 1 s  not l i ke l y  to  have expe r 1 enced mel t i ng upon conta c t  w1 t h  e i t her 
me ta l l i c - or ceram1 c - l i ke mel t  debr i s . The geome t r y  con s i dered in  t ha t  
ana l ys i s  was one of a mel t  poo l s pr ea d  un i forml y over the head sur face . 
However ,  the recen t upda te of the  mel t- r e l oca t i on scena r i o  1 nd i ca tes that 
the ma j or f r ac t 1 on of core r e l oca t i on mos t  l i ke l y  occur r ed i n  t he ea s t  
quadrant  o f  the ves se l , where  dra i nage may have occ u r r ed i n  the form o f  a 
coherent j et .  The ques t i on then a r i ses  a s  to whether a n  i mp 1 ng 1 ng j e t  of 
mo l ten cor 1 um cou l d  have resul ted 1 n  l oca l 1 zed mel t  a b l a t 1 on of  the head . 
Th i s  ques t i on i s  i nve s t 1 ga ted her e .  The f 1 r s t  parame ter  to  be e s t 1 ma t ed 1 s  
the t 1 me per i od ( tj ) over wh 1 c h  mel t  debr i s  dra 1 nage 1 n  the form o f  a j et 
can be expec ted . Lower head hea tup i s  then a s ses sed for var 1 ous 
a s s ump t 1 ons  rega r d i ng j e t  charac ter 1 s t i c s  and debr i s /head therma l 
1 n terac t 1 on .  

6. 1 Jet Ora 1 nage T1me 

To  a s s ess  a character 1 s t i c  dra 1 nage t 1 me , the geome t r y  1 l l us t ra ted 1 n  
F 1 gure 1 4  i s  emp l oyed , wher e  1 t  1 s  a s s umed t h a t  a vol ume of  me l t  debr 1 s  
( Vm) r e l oca tes a s  a coherent j et w1 th a c r o s s -sec t i ona l a r ea ( Aj ) .  
As sumi ng gravi ty-con t r o l l ed d r a i nage and a j e t d 1 scharge vel oc 1 t y ( Vl ) 
that 1 s  s i gn 1 f i ca n t l y  l a r ger than tha t  of the  f r ee i n ter face  ( V2 ) a t  
z2 , the wel l -known Ber noul l 1  equa t 1 on for the d 1 scha r ge o r  j et vel oc 1 ty 
( Vl ) can be used , tha t i s ,  

V C [ 2  ( z  Z l ) ]0 . 5  
j = d g 2 -

where Cd i s  a d i scharge coef f i c i en t  ( for smooth open i ngs , a va l ue of 
�o . 9  can norma l l y  be a s s umed ) .  
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z 
r - Heed of melt debris 

in debris bed 

z· - Head in rod atub 
region of core 

Z - Total heed 

f 1 gure 1 4 .  I 1 1 u s t r a t 1 on o f  cor e  .. l t  conf 1gur a t 1 on for a s sessment o f  .. l t  
d r a , nage t 1 • .  



App l y 1 ng the con t i nu i ty equa t 1 on ,  wher e  the ma s s  out f l ow of  t he j e t 1 s  
equa ted to the ma s s  l o s s  from the pool , the j et ve l oc i ty ( Vj ) c a n  be 
expr e s s ed \ n  terms of the geome t r i c  proper t i es of the mel t  poo l : 

where 

A p 

Z ( t )  

= 

= 

= 

= A g_w. p d t  

j e t  c r o s s -sec t i on a l  f l ow a r ea 

pool c r o s s -sec t i ona l f l ow a r ea 

hei gh t  of mel t  pool . 

I n tegr a t i on of the above equa t i on y i e l d s  the fol l owi ng expres s i on for  the 
mel t  drai nage or j et i mp i ngement t i me ( tj ) :  

I I 

where Z equa l s  the 1 n 1 t 1 a l  pool hei gh t . 

As  i nd i ca ted , tj depends upon the d i men s i ona l c harac ter i s t i c s  of  the 
mel t  pool and the j e t  s i ze .  S 1 nce the a c t i ve fue l ed r eg i on of  the core has 
an equ 1 va l en t  d 1 ame ter of approx 1 ma t e l y  1 0 . 7  f t  ( Reference 26 ) ,  and s 1 nce 
the mo l ten poo l \ s  cons i dered to have extended to a l l  but per 1 pheral  fuel 
a s s emb l i es ,  t he equ i va l en t pool d 1 ameter ( DP )  1 s  a s s umed to  be on  the 
order of approx 1 ma te l y 9 f t ,  wi th  an a s s oc 1 a ted c r o s s -sec t 1 on a l  a r ea of 
about 64 f t 2 ( 5 . 95 m2 ) .  Not 1 ng tha t the amount of pr 1 or mol ten debr 1 s  
i n  the l ower pl enum i s  es t i ma ted to  be on t he or der of 20 met r 1 c  tons 
( 20 , 000 kg ; Reference 27 ) and a s s umi ng a c or i um me l t  den s i ty of  8 g/cm3 , 
the a s s oc i a ted i n 1 t 1 a 1  poo l h e 1 g h t  ( Z " ) 1 s  es t 1 ma ted to be 
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Vo l
p 

• ZO (•639 • 2 . 5 E •6 c•
3 

• 2 .5 m
3 

8glc• 

l ' ' •  2 . 5  •
3

/5.95 •
2

• 0. 42 . ( 1 . 38 f t )  

4 5 
lise4 on ev t dence • tha t the .a j or por t \ on of me l t  r e l oc a t \ on 

occur r ed  t n  t he eas t  quadrant and w\ th t n  severa l  fuel  a s s ene l t es ( one- to 

f \ ve a s s uaed her e .  where the noat na l area for coo l ant  f l ow through an 

un�graded f ue l  bund l e  t s  on the order of 39 . 6  \ n .
2 

or 0. 275 ft
2

), the 

Jet c r os s - s ec t t ona l f l ow a r ea ( A
j

) \ s  es t \  .. ted to be 

2 2 Al 
• 0.275-1. 375 f t  (0.0255-0 . 128 a )  

Us \ftt the above es t t  .. ted par ... ter s ,  wt th Cd . 0.9 and g. 32.2 f t/s
2

, 

t he J e t  dt sc�rge t \ae ( as suat ng 1 to 5 open fuel a s s� l \es  for .. l t  

dra t nage ) t s  es t t  .. ted to be 

2 ( 64 ) ( 1.38)0 •
5 

t
l 

( A
l 

• 1 a s seab l J ) • 0.9 0. 275 64.4  
• 75 s 

Thu s . the j et d t s c harge t \  .. ranges f r om  abou t 75 s a s s UM\ ng dra \ na ge 

through one fue l asseabl J , to about 15 s for dra t nage through f 1 ve fue l  

a s s eab 1 1 es . Th t s  coapar es favorab l J  w\ th the 1 - to-2-a\ n me l t  r e l oc a t \ on 

t t  .. es t \  .. ted \ n  Reference 7, f r om  SPNO and other TMI - 2  data ( see 

Sec t t on 2 ) .  

A s  t l l us tr a ted t n  F t gure 15, the l ower p l enu• c on ta t n s  severa l 

s t r uc tures  thr ough wh t c h  the me l t -debr \ s  j e t  mus t  pene t r a te before  \ t  

\.pac t s  t he l ower head . F or our presen t purposes . coher ent j et pene t ra t \ on 

t s  a s suaed up to the f l ow d t s t r \ bu tor for g \ ng .  No t \ ng tha t  the d \ s t r \ butor  

f or g \ ng n a s  f l ow ho l es 6 1 n .  1n  d \ ameter . the j et f l ow a r ea \n  the l ower 

plenum \ s  tak rn to be 

• 
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2- ..r.c..t...._.J!4._....ra._-u.�.-l 
lncore instrument 
support plate 

Flow hole 
6-in 

5-3/8 

Coherent jet 
(assumed) 

Droplet 

Melt overflow 
to adjacent 
flow holes 

lnconel penetration 
nozzle 

P445-LN87040·1 

F 1 gure 1 5 . I l l us tr a t 1 on of THI -2 l ower p l enum s t r uc tures  and a s s umed 
me l t -pene t r a t 1 on/j e t - 1 mp 1 n gement  geomet r y . 
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a 2 2 2 2 "J • 0 . 25 W ( 6  \ n . ) • 28 . 3  \ n .  ( 0 . 1 96 f t  ). • 0 . 01 8  II 

$ \ nee the f l ow a r ea of  a d t s tr t butor ho l e  t s  less  t han tha t of a s t ng l e  

f ue l  a s se.b l y .  sa.. over f l ow a t  the d t s t r t butor p l a te c a n  be expec ted . F or 

our present purposes . Jet  1 � \ ng.,..n t  charac ter t s t t c s  are def \ ned by the 

core d t scha r ge t t ��e  ( t l ) a s soc t a ted vt th  a s t ngle  f ue l  a s slllbl y  and the 

f l � a r ea ( A
d ) of  a s t ng l e  d t s t r t butor ho l e .  tha t  t s ,  

2 Al • 0 .0 1 8  • 

Loca l t zed l over head heatup for such  J e t  1�\ nge.ent cbarac ter t s t tc s  t s  

assessed nex t . 

6 . 2  Lower Head Hea tup bY Jet Impt nge��en t  

To a s s e s s  heatup of the l over head b y  d t rec t  J et 1�\ ng..en t . an  

est t-. te ts  .ade of  the  contac t teMpera ture a t  the J et/head t nter face . The 

t..,era ture prof t le tn the head for a 75 s con tac t per t od t s · a l so assessed 

for var t ous  a s su.ed ther��a l cond t t t ons  o f  t he J e t . 

• . 2 . 1  l n t t t a l  Contac t T!!perature 

The c on f t gura t , on of Jet debr t s  c on tac t vt th the l over head t s  shown 

t n  F t gure 1 6 .  To deter11 , ne \ f  t n t t t a l  ., l t t ng of  the s ta t n less  s tee l 1 \ ner 

on the t ns t de sur face of  the r eac tor ves s e l  v\ 1 1  occur , t he fol l ovt ng 

c onduc t t on- l t•t ted r e l a t t on s h t p for the t n s tan taneous c on tac t t nterface 

t .-pe r a ture for two se.t - t nf t n \ te s labs can  be t��P l oyed . t ha t  t s ,  

( t/oo . s ,H • Tc 
( k /ao . s , c 

( k/ao .s,H • ( k/oo .s,c 
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F i gure 16 . 

Reactor 
pressure vessel X = -00 X = O X +oo 

P446-LN87040-3 

I l l us tr a t i on of bot t om-head therma l  a t ta c k  by c or 1 um mel t .  
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T 

H 

c 

• 

• 

• t her .. l d t f f us t v t ty 

• ho t .a ter i a l  debr i s  

• cold  .. ter i a l  ( reac tor ves se l ) . 

The con f , gur a t i on i l l us tra ted , n  F t gure 1 6  1 s  es sent i a l l y  the same as 

that prev, ous l J  a s ses sed ,n Sec t i on 4-1 , where the bul k  temperature of  the 

head ( T
C

) 1 s  tak @n as  the satura t \ on te.pera ture of wa ter correspond 1 ng 

to a pres sure of  1 500 ps i ( T
C 

• 596•f  • 586 K ) .  Ca l cu l a t 1 ona 1 resul t s  

present� , n  Sec t t on 4 ( Se@ Tab l e  3 ) , a s s�i ng uo
2 debr \ s  ther .. l 

proper t i es .  t nd i c a te tha t because of  the h i gher c onduc t , v, t y  of  the ves sel  

� 1 1  c a.pa r �  to t he cera., c - 1 1 ke debr i s ,  the  i nter face te.perature 1 s  

c loser to t he bul t  te.perature  of the ves se l  rather than o f  t he debr 1 s .  

S t nc e  the � l t i ng po 1 n ts  of the s ta 1 n l @s s - s tee 1 1 1 ner and carbon s tee l are 

2SOO•f and 27SO• f , respec t 1 vel J ,  � l t 1 ng of e i ther ma ter \ a l  i s  not 

pred i c t ed for c on tac t w1 th cera•1 c uo
2 

debr t s at debr i s  t.-perature a s  

h'fb a �  7000• f  ( 4 1 44 K ) .  

Tab l e  4 presen t s  a s t•i lar  c a l c u l a t ion :  however , 

c on s 1 dered to  be a •i x ture of U-Zr -0 c ompon@n t s , w1 th 

� ta l - l i k e conduc t i v 1 ty of 50 WI•-K ( 28 . 9  8/h - f t - •f ) . 

the me l t  debr \ s  i s  

an ef fec t t ve 

Th \ s  \ nc rea se  t n  

debr i s  ther .. l c onduc t 1 v \ t y resu l t s  1 n  a n  \ n ter face temperature that 

par t 1 t 1 on s  the bu l k  debr i s  and ves s e l  wa l l  t.-pera ture� . Thus , 1 n s \ de 

sur face .e l t 1 ng upon 1 n 1 t 1 a l  c on tac t .ay occur for  me ta 1 1 1 c - 1 1 ke debr i s  i f  

t t s � l t  t.-per a ture  exc eeds 24500•F ( 2755  K ) . However , such a h t gh 

� l t , ng po \ nt \ s  .ore t yp t ca l of a cera•1 c - 1 1 ke debr t s .  

I t  shou l d  be noted that  the \ n s tantaneous conta c t  temper a t ure t s  ba sed 

upon c on tac t be twe@n two se.1 - 1 n f 1 n t te .a ter 1 a l s  of d 1 f feren t therma l 
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conduc t 1 v 1 t 1 es and bu l k  tempera tures . As  s uc h , t he s o l u t 1 on 1 s  va l 1 d on l y  
for conduc t i on-con tr o l l ed hea t t r a n s fer pr 1 or t o  therma l  f r on t  pene t ra t 1 on 
thr ough the t h i c k n e s s  of e i ther ma ter 1 a l . Thus , the above e s t 1 ma te 1 s  
s 1 mpl y  a n  i nd i ca t i on of the 1 n i t 1 a l  contac t t empera t ur e  o f  t he 1 ns 1 de 
sur face of the ves sel  head upon 1 n 1 t 1 a l  j e t  1 mp 1 ngemen t .  The i mp l 1 ca t 1 on 
i s  tha t  s ur face me l t 1 ng of  the s ta i n l e s s -s teel  1 1 ner  1 s  not  1 1 ke l y  on 
1 n i t 1 a l  con tac t wi th cerami c debr i s  pr oper t i es , and on l y  for meta l l i c 
debr i s  wel l  above ( >27 50 K )  the �-Zr ( 0 ) /U02 eutec t i c  temperature  
( :21 70  K ) . S i nce i n i t i a l  l i ner mel t i ng 1 s  not pred i c t ed ,  the que s t 1 on 
then cen ter s on poten t i a l  hea t up of the l ower head dur i ng t he t i me  per i od 
( tj ) of mel t  dra 1 nage and j e t  imp 1 ngement .  

Var i ous hea t-transfer and j e t - 1 mp i ngement cond i t i on s  c a n  be pos tula ted 
tha t  l arge l y  impa c t  pred i c ted beha v i or . F o r  weak j et s , the pr i ma r y  mode of 
hea t transfer i s  cons i dered to be c onduc t i on .  However , turbu l en t  m1 x 1 ng 
and ma s s  t r ans fer effec t s  i n  s trong j e t s  c o u l d  l ead to  an  enhanced 
convec t i on-con t r o l l ed hea t trans fer pr oc e s s ,  where hot mel t  debr 1 s  i s  
a l ways i n  con tac t wi th the ves s e l  head . These two l im1 t 1 ng cond 1 t 1 on s  are 
a s ses sed . For  present  pur poses , 1 t  1 s  a l so a s s umed t ha t  the j e t  1 s  of  
suf f i c i en t  s trength , that any c r u s t  i s  uns tabl e ,  and d i rec t j e t contac t 
wi th the head occur s . For  these a s s umed cond 1 t 1 on s , both  c onvec t 1 on - and 
conduc t i on-con t r o l l ed hea t trans fer a r e  i nves t 1 ga ted a t  the  j et/head 
i n ter fac e .  

6 . 2 . 2  Conduc t i on-Con t r o l l ed Tran s i en t  Hea tup of  the lower Head 

F i gure 1 7  1 l l us t r a tes the e s s en t i a l  fea tures of t he p r ob l em ,  where the 
l ower head i s  represen ted by a wa l l  of  f 1 n i te t h i c knes s 1 n  l oc a l  con tac t 
w1 th a j e t  of \ nf i n i te l ength . As s um1 ng one-d 1 men s i ona l hea t trans fer 1 n  
the x -d 1 r ec t i on ,  the prob�em c a n  be approx i ma ted a s  a s em1 - i nf 1 n i te 
ma ter i a l  ( reg1 on-l ) i n  contac t wi th a ma ter i a l  of d 1 fferent c onduc t 1 on 
proper t i es ( r eg 1 on-2 ) , wh 1 c h  1 s  of f 1 n i te t h 1 c k n e s s  ( 6 )  and i n s u l a ted a t  
the sur face x = 6 .  Neg l ec t 1 ng the decay-hea t s ource  term i n  r eg 1 on-l , 
the s i tua t i on \ s  s 1 m1 l a r  to tha t  a s s e s s ed prev i ous l y  1 n  Sec t i on 5 .  
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The s o l ut i on can be expr e s s ed a s  func t i on s  of  the d i men s 1 on l e s s  
Four i er ( f a )  and B i ot ( B i )  number s .  F o r  c onduc t i on-cont r o l l ed hea t 
t r a n s fer , the B i o t  number r educes to the c onduc t i vi ty ra t i o ,  wh i l e F0 i s  
the r a t i o  of therma l pene tr a t i on d i s tance to the wa l l  th i c knes s ,  that i s ,  

8 1  = k l /k2 

F o  = �t/62 

Us 1 ng t he char t s  presen ted i n  Sec t i on 5 ( see F i gures  1 2  and 1 3 ) , the 
temperature in the l ower head as a func t i on of t ime ( t )  and d i s tance ( x )  
can be obta i ned . The t 1 me per i od o f  i n teres t i s  the mel t  d r a i nage t ime 
a s soc i a ted wi th j et i mp i ngement ( tj = 7 5  s ) .  Parameter val ues o f  t he 
d imens i on l e s s  groups a r e  e s t i ma ted i n  Tab l e  8 for uo2/ s ta i n l es s - s teel 
con tac t :  

8 i  = 0 . 22 

F o  ( a t  tj = 7 5  s )  = 0 . 01 56 

As  i nd i c a ted rel a t i ve l y  l ow tempera t ures  are  ma 1 n ta i ned i n  the l ower head 
over the 75-s  t i me per 1 od e s t ima ted for j et i mp i ngement . Such l ow head 
tempera tures are  caused by the r a t her s ma l l B i o t  number , where the l ow 
conduc tance of the j e t  ma ter 1 a l  ( a s s umed to have uo2 c er am1 c - l i ke 
proper t 1 es ) con t r o l s the hea t t r a n s fer proces s .  

To a s ses s the t 1 me per 1 od for sur face ( x/ 6  = 0 . 0 )  me l t 1 ng of  the 
5 . 5- i n . -th i c k  l ower head , the Fo number i s  es t i ma ted f r om F i gure 1 2  for the 
fol l owi ng d i men s i on l e s s  8 1  and T '  number s ( a t  a s ta i n l e s s -s teel me l t i ng 
poi n t  of  25oo•f ) :  

I 2500-600 
T = 4670-600 = 0 · 467 
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TAB L E  8 .  E ST I MATE D  TE MPE RATURE RE SPONS E DF THE LOWER HE AD CAUSE D BY JET 
I MP I NGE ME N T  ( t l • 7S s )  

Ther�phxs 1 c i l  Proper t 1es  of Ves s e l  Head (Reg1 on-2) 

T� • 2SOO•f • 1 640 K 

Cp ·• 0 . 1 2  8/ l b•f • 0 . 1 2  Ci l /g K 

k • • .  4 1/h - f t-•f • 1 6 . 26 WI•-K 

1 b  3 3 p • 0 . 26 � • soo 1 b/ f t  • 80 kg/• 
1 n  . 

• • k/pCp . 9 . 4/500 ( 0 . 1 2 ) . 0 . 1 57 f t2/h 

L ( F e )  • 65 ca 1 /g • 1 1 7  8/ l b  

& • heid t h 1 ckne s s  •S . S  1 n  . • 0 . 458 f t  • 3 . 97 • 

l 1 o t  -....r .  1 1  

t 1 c uo2 ) • 3 . 66 Will-I 

t2 ( s tee l ) • 1 6 . 26 W/._K 

.,  • t1/k2 • 3 . 66/1 6 . 26 • 0 . 22 

F our 1ttr �r , F o  

Fo • cat/&2 

• • 0 . 1 5 7  f t  2/h 

t • 75 ' • 0 . 0208 h 

& • 0 . 4S8 f t  

F o . 0 . 1 57 ( 0 . 0208 ) / ( 0 . 458 ) 2 • 0 . 01 56 

I 

f.-pe r a ture Ra t t o ,  T - T
0

/T
a

- T
0 

• T 

T • 1 � r  hea t t�er ature a t  x 

Ta • c or e  debr 1 s  t�er a tur e • U02 me 1 t 1 ng po , n t • 2850 K • 4670•f  

y0 • , n 1 t 1 a 1  t �era tur e of  ba f f l e p l a te • water sa t ura t 1 on t�er a ture  

at  1 500 ps , a600 •f 

· - T -600 T -600 T • � 670-600 
• � 
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TABL E 8 .  ( c on t 1  nued ) 

So l u t \ on F rom Cha r t s  
I 

T 
x/6 X (cha r t s )  T (at  x), Of 

0 . 0  0 . 0  0 . 04 763 

0 . 1  0 . 0458 ft  ( 0 . 55 \ n . ) 0 . 03 722  

0 . 4  0 . 1 832 f t  ( 2 . 2  \ n . ) 0 . 0  600 

1 . 0 0 . 485 f t  ( 5 . 5  1 n . ) 0 . 0  600 
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81  • 0 . 22 

t • 3 . 0  ( 0 . 458 f t )
2

/0 . 1 5l f t
2

/hr . 4 . 0  hr 

As t nd tclt�d . for c�r.-1 c - l t k �  d�br t s ,  approx t ma t � l y  4 hr of con tac t are 

requ t red before s ur fac� .e l t 1 ng 1 s  pred t c t�d . Th 1 s  r e l a t 1 ve l y  l ong t 1  .. 1 s  

du� t o  t h� c a.b t n�d � f f ec t s  o f  t he r e la t 1 v� l y h \ gh h�a t capac 1 ty o f  th� 

5 . 5- 1 n . - t h 1 ck head , t ts r � la t 1 ve l y  l ow t n \ t t a l  te.peratur�  ( s600•f ) .  and 

1 ts h t gh ther .. l c onduc t \ v \ ty ca.pa r �d to tha t  of the cor \ �  hea t sourc� . 

Al though dec1y-h�a t and phlse-trans for .. t 1 on ef fec t s  have b��n n�gl ec t�d \ n  

the present  1na l ys 1 s . suc h  ana l ys 1 s  1 1 lus trates th� r e l a t t ve l y  h \ gh ther.a l 

capac 1 t y of the head vh�n subJ�c t to  ther .. l a t tack by l ow-conduc t t v t ty 

cera.\ c - 1 \ ke debr 1 s . A s 1 � l e  c hec k of such  resu l ts  can be acca.p l 1 shed by 

es t 1  .. t t ng th� ther .. l rel1xa t 1 on t 1me of the 5 . 5- t n . - t h 1 c k  ves sel  head . 

t hl t  ' ' ·  

t .  2&2/a . 2 ( 0 . 458 f t ) 2/0 . 1 57  f t/hr . 2 . 67  hr 

Thus ,  a l.as t 3 hr ar� r equ 1 r�d for t herma l fron t  penetr a t t on through the 

v�ss� l . v 1 th an add 1 t 1 ona l hour r equ 1 r ed to hea t the sur face to 1 ts me l t 1 ng 

po t nt . 

Tbe s t t ua t t on t s  a l so \ nves t t ga t�d for a meta l 1 1c - 1 t k� J e t . Assum t ng 

equ t va l en t  th�r.a l conduc t t v t t 1es  1 n  both t h� J e t  and h�ad , the 8 1 o t  number 
be<�s un t t y . wh t l e  th� f o  at t

3 
• 75 s rema 1 n s  th� same . t ha t  1 s ,  

F o  • 0 . 0 1 56 .  F or th� same 1 n 1 t 1 a 1  debr t s  t�er ature  ( tha t t s , t h� uo2 

.. l t t ng po t n t  of 4670•f ) ,  and a cor res pond 1 ng d 1 .ens 1 on l ess  temper a t u r e  

( T •  • T - 600/40 70 ) ,  t h� va l l  t.-perature  a t  var 1 ous d t s tances (x) w1 th t n  the 

v�s s � l  h�a d . a t  an exposur e t t.e of 75 s ,  can  be es t tma ted f r om  f 1 gures 1 2  

and 1 3 .  t ha t  t s .  
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I 

T 
x/& X (cha r t s }  T (a t x} 
0 . 0  0 . 0  0 . 1 2  1 088 

0 . 1  0 . 0458 f t  ( 0 . 55 \ n . ) 0 . 06 844 

0 . 4  0 . 1 832 f t  ( 2 . 2 \ n . )  0 . 0  600 

1 . 0 0 . 485 f t  ( 5 . 5  \ n . )  0 . 0  600 

A compar \ son w1 th  r e s u l t s  presented prev \ ous l y  \ n  Tab l e  8 for a 
ceram\ c - 1 \ ke j et ma ter 1 a l  1 nd \ cates  tha t the h \ gh-conduc t 1 v \ ty 
me ta l l \ c -1 1 ke debr 1 s  resul t s  \ n  s omewha t  h \ gher head temperatures . 
Never the l es s , for the 7 5 - s  t 1 me per 1 od of  j et \mp \ ngement ,  the ves sel  head 
1 s  a s ses sed to rema \ n  wel l  bel ow the me l t 1 ng po \ n t  of the s ta 1 nl e s s - s teel 
1 \ ner ( T  = 2500° F ) .  Thus , whether the j e t  has  ceram\ c or  meta l l 1 c mp 
therma l proper t \ es , for conduc t 1 on-con t r o l l ed hea t trans fer s u r face 
ab l a t 1 on of the l ower head by j et \mp 1 ngement 1 s  not \ nd 1 ca t ed . 
Cons \ dera t \ on of decay-hea t and phase-trans forma t \ on effec t s  woul d  not 
a l ter th 1 s  conc l us 1 on .  

6 . 2 . 3  Convec t 1 on -Con t r o l l ed Tran s \ en t  Hea tup of the Lower Head 

The ana l ys 1 s  presented \n the prev 1 ous  sec t 1 on was ba s ed upon the 
a s s ump t 1 on of  c onduc t \ on-con t r o l l ed hea t trans fer , where the 8 1 ot number 
reduces to the c onduc t 1 v 1 ty ra t 1 o . However , enhanced hea t t r a n s fer above 
tha t caused by conduc t 1 on can occur 1 f  s 1 gn 1 f 1 ca n t  turbul ence a t  the j e t  
head occ ur s . Th 1 s  s 1 tua t 1 on 1 s  1 n ves t \ ga ted her e ,  wher e an effec t 1 ve heat 
t r a n s fer coef f \ c 1 en t  ( h )  1 s  s ought . F o r  d \ r ec t  j e t \ mp 1 ngement  on a f la t  
p l a t e ,  the fol l ow1 ng cor r e l a t 1 on has been s ugges ted28 • 29 f o r  the Nus s e l t 
number ( Nu )  and hea t transfer coef f \ c \ en t  ( h )  a t  the p l ane of  con tac t 
be tween the j e t  and wa l l :  

0 . 35 
�D = 0 . 5 5 (C�p ) ( D�p)

0 . 5  
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vh@r @ Pr • Prandt 1 n�er , Re • R@yno 1 ds nuMber , D. J e t  d 1 ame ter , v .  j @ t  
ve l oc 1 t y , p • dens 1 ty ,  J • V ' SCOS 1 ty ,  Cp 

• Sp@C \ f 1 c  hea t , and k • 

ther .. 1 c onduc t ' v' t y .  A l l but 0 and V are known phys , ca l proper t , @s 

depend , ng on the J e t  .a ter ,a l . As d 1 scus sed prev 1 ous l y ,  the j et d t ameter 

( 0 )  1 s  a s s �  equa l to the 6- 1 n .  ( 0 . 5- f t ) d 1 ame ter f low hol e  of the 

d 1 f t r 1 bu t or , wherea s the J et ve l oc , t y ( Vl )  ' s  def \ ned by the d 1 f feren t , a l  

he \ gh t  ( &H )  be tween the f l ow d \ s tr 1 butor for g \ ng and the l ower head 

( •3 f t ) ,  tha t 1 s ,  

vJ • ( 2g6H )0 · 5 
• [ 2 ( 32 . 2  f tls2 ) ( 3  f t ) ]0 ·

5 
• 1 3 . 9  f t/s ( •50 , 000 ft/hr ) 

The as soc , a ted hea t trans fer c oef f 1 c , en t  ( h ) , B 1 ot  number , and 

t..,er a ture d 1 s t r 1 bu t 1 on 1 n  the ves sel  head are g ' ven 1 n  Tab l e  9 .  As 

t nd 1 ca t ed ,  the sur face t!!perature of the head for conv@c t , on-control l ed 

hea t trans fer t s  es t t  .. ted to be approx , .a te l y  45oo•f  ( 2755 K ) .  Th \ s  

s ur face t.-per a ture 1 s  s t gn \ f , can t l y grea ter t han that pred , c ted for s o l e l y  

cond uc t , on -c on t ro l l ed hea t trans fer 1 n  the debr \ s  j @ t  ( see Tab l e  8 ) ,  and ' '  

grea ter than the l t ner .. , t , ng po' nt ( •2 500•f ) .  Thus . for J et 

turbulence , sur face .. l t  ab l a t t on of the s ta \ n l e s s -s tee l l ' ner 1 s  

\ ftd \ c a ted . However , the depth of  pene t ra t \ on o f  the me l t  fron t  ' n  the 

ves se l  head ' s  es t t  .. ted to be on l y  on t he order of x/6 • 0 . 1  a t  t • 7 5  s 

( tha t t s ,  0 . 55 \ n .  ver sus a head t h \ ckness of 5 . 5  1 n . ) .  Thus , 1 1•1 ted loss  

of  ves s e l  s t r uc tur@d \ nt egr t ty 1 s  expec ted for a J et 1�\ ngemen t t \me on 

t he order of 75 s .  

An es t t  .. te of the t \me for the ves s e l  head 1 /2-th \ cknes s to reach 

.. l t \ ng can a l so be as ses sed f r om the c�a r ts  presen ted \ n  f \ gure 1 2 .  For 

x/6 . 0 . 4 ,  8 1  • 1 00 ,  T • 2500F , and T equa l s  
� 

• 2500-600 
T • 4670-600 

• 0
·
47 

A f ou r \ e r n�er of 0 . 1 7 1 s  e s t \ma ted fr OM � \ gure 1 2 .  Thus , the a s s oc t a ted 

t t  .. for me l t  pene t ra t i on to a head th \ cknes s of x/6 • 0 . 4  ( 2 . 2  \ n . )  ' s  

• 
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TAB L E  9 .  J E T  H E AT TRANSF E R  COE F F I C I E NT AND TEMPE RATURE  R E SPONSE OF THE 
LOWE R HE AD CAUSE D BY J E T  IMP I NGEME NT ( tj = 7 5  s )  

Jet Thermophys 1 ca 1  Pr oper t 1 es ( U02 ) 

Tmp = 2500° F  = 1 640 K 

Cp = 0 . 1 2  8/l b° F  = 0 . 1 2  ca l /g K 

k = 3 . 66 W/m-K = 2 . 1  B/hr - f t - • F  

PL = 8 . 7  g/cm3 = 5 4 3  l b/ f t3 = 8 . 69 g/cm3 

p ( mo l ten U02 ) = 4 ( 1 0-2 ) g/cm-s = 9 . 68 l b/ f t -hr 

0 1 mens 1 on l e s s  Parameter s 

Pr = Cpp/k = 0 . 1 2  ( 9 . 68 )/2 . 1  = 0 . 553  

Re = DVp/p = 0 . 5 ( 50 , 000 ) ( 543 ) /9 . 68 = 1 4 . 0E +5 

Jet Hea t Trans fer Coeff 1 c 1 en t  

N u  = hD/k = . 55 ( Pr ) 0 . 35 ( Re ) 0 . 5  = 0 . 5 5 ( 0 . 81 3 ) ( 1 1 83 )  = 529 

h = 529 ( 2 . 1  8/hr ft  • f ) / ( 0 . 5  f t ) = 2220 8/hr f t2 F 

B 1 ot Number ,  8 1  

8 1  = h6/k 

& ( ve s s e l  head ) = 0 . 458 f t  

k ( ve s s e 1  head ) = 9 . 4  8/hr -ft-•f  

8 1  = 2220 ( 0 . 458 ) /9 . 4  = 1 08 

F our 1 er Number, Fo 

Fo ( s ee Ta b l e  8)  = 0 . 01 56 

Temperature Ra t 1 o ,  T-T IT -T = T o a o 

T = l ower hea t temper a ture a t  x 

I 

Ta = core debr 1 s  temperature  = U02 me l t 1 ng po 1 n t  = 2850 K = 4670•f 

T0 = l n 1 t 1 a 1  tempe r a t u r e  of ba ff l e  p l a te = wa ter satura t 1 on temperature  
a t  1 500 ps 1 :600 • F  

T-600 T-600 
T = 4670-600 = 4070 
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$ol u t \ on F r o. Chtr ts 

x/4 • 

0 . 0  0 . 0 

0 . 1  0 . 0458 f t  ( 0 . 55 \ n . ) 

0 . 4  0 . 1 832 f t  ( 2 . 2  ' " · ) 

1 . 0 0 . 485  f t  ( 5 . 5  ' " · ) 
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I 

T 
(cha r t s )  T (a t •L • f  

0 . 96 4500 

0 . 54 2800 

0 . 02 680 

0 . 0  600 



2 F o  = 0 . 1 7  = Bt/6 

t = 0 . 1 7  ( 0 . 458 f t ) 2/0 . l 57 f t 2/hr = 0 . 23 hr  ( 1 4 m1 n )  

For  d i rec t  j e t  1mp 1 ngement o f  1 5-20 mi n ,  mel t  ab l a t 1 on o f  about ha l f  t he 
ves s e l  head t h i c kne s s  i s  conc l uded . W1 th t h 1 s event , l o s s  of  s tr uc tu r a l  
i ntegr i ty of t h e  ves sel  head wou l d  b e  expec ted . 

6 . 3  D i scus s 1 on 

For  the cond 1 t 1 on of sudden me l t  debr 1 s  r e l oca t i on ,  t he s 1 tua t 1 on can 
be envi s 1 oned where me l t  debr i s  may r e l ocate to the l ower p l enum 1 n  the 
form of a �oher ent j et and beg i n  to t herma l l y  a t tack the s teel ves s e l  1 n  
thi s l oca l e .  Hea tup o f  the l ower head 1 s  l ar ge l y  d i c ta ted b y  the t 1 me over 
whi ch j e t  i mp i ngement can be expec ted and the hea t t r a n s fer character 1 s t 1 c s  
a t  the i mp i ngement surfac e .  

The j et d r a i nage t 1 me ( tj ) wa s a s ses sed f r om c on s i der a t 1 on of  t he 
ma s s  of  core ma ter i a l  ( 20 , 000 kg ) es t ima ted to  have r e l ocated to the l ower 
p l enum ,  and f i nd i ngs from var 1 ou s  core exam1 na t i on ef for t s  1 nd 1 ca t 1 ng 
ea s t -quadrant  r e l oca t 1 on thr ough severa l  per i phera l  fuel  a s s embl 1 e s  
( 1 -5 a s s umed i n  th i s  ana l ys i s ) .  F o r  gravi t y-gover ned f l ow ,  t h e  es t 1 ma ted 
drai nage t i me wa s found to range f r om 7 5  s ( 1 -fue l -a s semb l y  f l ow a r ea ) to 
1 5  s ( 5-fuel -as s emb l y  f l ow a r ea ) . Ba s ed on source range mon 1 tor r es pon s e ,  
1 nd i ca t i ng maj or r e l oca t 1 on i n  the per i od of 1 to  2 m1 n ,  a j et dra i nage 
t i me of 7 5  s was used 1 n  s ubsequent hea tup ana l yses  of the l ower head . 

Var 1 ou s  j e t - i mp i ngement hea t -trans fer cha r ac ter 1 s t 1 c s  can be 
pos t u l a ted , wh i ch l ar ge l y  govern i nfer r ed l ower head hea t up beha v 1 or . Two 
1 1 m1 t 1 ng cond 1 t 1 on s  wer e  a s s es sed . The f 1 r s t  1 s  for wea k  j et forces w1 th 
conduc t i on l i mi ted hea t t r a n s fer . The second 1 s  for s t r ong j e t  forces , 
where turbu l en t  m1 x 1 ng and ma s s  t r a n s fer ef fec t s  l ead to  an  enhanced 
c onvec t i ve-con t r o l l ed hea t t r a n s fer pr oces s . 

F or c onduc t i on-con t r o l l ed hea t trans fer , sur face ab l a t i on of the l ower 
head by j e t i mp i ngemen t 1 s  not  pred 1 c ted . F or convec t 1 on-con t r o l l ed hea t 
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trans t �r t he f o l l ov \ ng cor r e l a t \ on wa s used to a s s f s s  the e f fec t \ ve hea t 

t r a n s f er c oef f \ c \ en t  ( h )  a t  the p lane of contac t be tween the l et and l ower 

head : 

Ca l c u l a t \ ona l r es u l t s  \ nd \ ca t e  t ha t  the sur face teapera ture \ s  much grea ter 

t han pred \ c ted for c onduc t \ on-con t r o l l ed hea t transfer . F or l e t  

tur bul .nc e ,  surface .e l t  a b la t \ on of the 1 \ ner \ s  pred \ c ted .  However , the 

pred \ c t ed depth of penetrat \ on of the me l t  fron t  \n the ves s e l  head \ s  on 

the order of about 0 . 5  \ n .  ( ver sus a head t h \ c knes s  of 5 . 5  \ n . ) ,  at a l e t  

,_,\ ng ... n t  t \  .. o f  7 5  s .  Thus , 1 \ •t ted l o s s  o f  ves sel  s truc tur a l  

\ n tegr \ tJ \ s  expec ted for J e t  ,_,\ ngement t \me o n  the order o f  75  s .  A 
d \ r ec t  J e t  ,_,,ng ... n t  t \  .. of about 1 5-20 •t n \ s  es t \  .. ted for me l t  

ab l a t \ on o f  the ves se l  head 1/2-th\cknes s ,  a t  wh \ c h  po \ n t  head \ ntegr \ tJ 

cannot be a s s ur ed . 
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7 .  SUMMARY AND CONCLUSIONS 

Rec ent TMI -2 ves s e l  1 n spec t 1 on and core  damage character 1 za t 1 on 
effor ts  have prov 1 ded a bas 1 s  for an 1 mpr oved under s tand 1 ng of  the TMI -2 
acc 1 dent scena r 1 o  and damage progr es s 1 on . However , s pec 1 f 1 c  ques t 1 on s  
ar 1 se a s  to the n a t u r e  a n d  extent of core-me l t 1 n terac t 1 on w\ th ves se l  
s tr u c t u r a l  componen ts . For  examp l e ,  ques t 1 on s  rema 1 n  a s  to why cer ta 1 n  
s tr uc tures  exper 1 enced s 1 gn 1 f 1 cant  me l t  a b l a t \ on ( e . g . , l ower p l enum 
s ta 1 n l es s -s teel gu 1 de tubes , I nconel  penetra t 1 on nozz l e s , 3/4- \ n . -t h \ c k  
ba f f l e  p l a tes ) ,  wh 1 l e  other s t r uc tures  ( l ower c o r e  s uppor t forg1 ng , f l ow 
d 1 s tr 1 butor p l ate ) appear to have s u ffered 1 \ tt l e  damage . Th 1 s  r epor t 
presen t s  ana l yses  a 1med a t  fur ther 1 ng the under s tand 1 ng of  
me l t-debr 1 s/core- s t r uc ture  1 n terac t 1 on ,  s pec 1 f 1 ca l l y  the therma l r e s ponse 
behav1 or of the ver t 1 c a l  baf f l e  p l ates , the hor \ zont a l  core-former p l ates , 
and l ower ves s e l  head to therma l  a t ta c k  by mo l ten c o r \ um .  

7 . 1 Ba f f l e  P l a tes  

Oefue l 1 ng effor t s  have r e s u l ted 1n  r emova l of  mos t  per 1 phera l  fuel  
a s s emb l 1 es ,  a s  we l l  a s  the rubbl 1 zed debr \ s  that occ up 1 ed the upper t h 1 r d  
of t h e  or 1 g 1 na l  core . Subsequent v 1 deo 1 n s pec t 1 on of  t h e  ver t 1 ca l  ba f f l e  
p l a tes  s hr oud 1 ng the core per 1 pher y h a s  revea l ed sever a l  l a r ge open1 ngs 
( 8- to 9 - 1 n .  l ong and about 3- 1 n .  w1 de ) 1 n  these 3/4- 1 n . -t h 1 ck 
s ta 1 n l e s s -s tee l p l ates . The hol es appear to have been caused  by mel t  
a b l a t 1 on .  To advance the under s tand 1 ng of such  baf f l e  p l a t e  me l t -thr ough , 
a n  a s s e s smen t  wa s made of the conta c t  t 1 me nec e s s a r y  for mel t  f a 1 1 ur e  of 
the baf f l e  wa l l s .  

The t 1 me for ba f f l e-pl a te me l t -through wa s a s s e s sed on the ba s t s  of  
conduc t 1 on-contr o l l ed hea t trans fer , for  the  a s s umed geome t r y  of 
s em1 - 1 nf 1 n 1 te mo l ten debr 1 s  1 n  contac t w1 th a s teel  s l ab of f 1 n 1 te 
t h 1 c knes s .  Comp l ete me l t -through of the ba f f l e  wa l l  th 1 c k ne s s  wa s 
c a l c u l a ted to occur 1 n  about 1 0  to 1 5  m1 n .  S 1 nce the a x 1 a l  l oc a t 1 on of 
ea s t -quadrant  ba f f l e  me l t  ho l e s  ( =4 . 7 5 - f t  e l eva t 1 on )  1 s  somewhat l ower 
than the 1 n 1 t 1 a l  e l eva t 1 on of the uncoo l a b l e  debr 1 s  bed ( =8-9-ft  
e l eva t 1 on ) ,  and  s 1 nc e  the maj or me l t  r e l oca t 1 on even t at  225  m1 n 1 s  t hough t 
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to  hav@ l a s t@d on l y  for abou t 1 to 2 •t n ,  ba f f l @ p l a t @ m@ l t - thr ough � Y  not 

hive been d t r ec t l y  t 1 ed to even t s  at 225 •t n .  J t  can be pos t u l a ted tha t 

hol dup of a por t t on of the r e l oca t t ng debr t s  dur t ng downward  reloca t t on ,  

for a per t od of 1 0  to 1 5 •1 n t n  the reg \ on of t he ba f f l e  me l t  ho les , cou l d  

have b .. n r e s pon s 1 b l e  f o r  Me l t a b l a t 1 on of  the ba f f l e  p l a tes . However , 

per t \a l  .. l t  debr t s  dra t nag@ to  l ower e l eva t 1 ons  ea r 1 1 er 1 n  th@ acc 1 den t ,  

w\ t h  a l oca 1 1 z� uncoo l ab l e  b l ockage con f 1 gur a t 1 on ,  cou l d  a l so have been 

respon s t b l e  f or ba f f l e .. l t  f a 1 1 ure a t  t he 4 . 75 - f t  e l eva t 1 on .  An 

exa• t fti t \ on of  f ue l  a s se.b l 1 es , me l t  debr 1 s ,  and the ba f f le p l a te 1 t sel f 1 n  

the r eg 1 on o f  the me l t  hol e s  ( 4 . 75 f t )  1 s  r ecom.ended t o  assess  t he na ture 

of baf f le p l a te fa 1 1 ure  and 1 t s rela t 1 on to the overa l l  T"l -2  me l t 

prog r es s t on scena r t o .  

S 1 nce  .. l t  f a 1 l ur e  o f  the ba f f l e  p l a te v t l l  lead t o  poten t t a l  me l t  

r e l oca t t on through the vo l �  space be tween the ba f f l e  and core bar r e l , 

.. l t  debr t s  a t tack on the hor t zon ta l c ore-former p l a tes va s a l so 

\ nves t 1 ga t ed .  

7 . 2  Former Plates 

F t be r scope \ nser t 1 on da ta 1 nd 1 cate t ha t  a s t gn 1 f 1 ca n t  amount of core 

debr 1 s  1 s  present on the hor t zonta l core-for.er p l a tes . Y 1 deo 1 ns pec t 1 on 

of t he debr \ s ,  a s  seen through the eas t -quadrant  ba f f l e  p l a te me l t - through 
25 

holes , 1 n d 1 ca tes once�l ten debr 1 s  c harac ter 1 s t 1 c s . E s t 1 ma tes 

1 nd 1 ca t e  t ha t  upwar d  �f 6000 kg of onc e-mo l ten c or 1 um reso l 1 d 1 f 1 ed t n  t he 

core f or .. r vo l ume  s pace , v t t h  the h 1 ghes t b l ockage a t  the ea s t  s t de of t he 

r eac tor . An as ses sment vas therefore .ade of the •1 gra t 1 on behav\or  of  

.. l t  debr t s  dur t ng r e l oca t 1 on thr ough t he core-former vo l ume space and the 

po ten t 1 a l for me l t  ab l a t 1 on of these 1 - 1 /4- 1 n . - t h 1 c k  s t a 1 n l es s - s tee l  former 

p l a tes . 

The vo l ume space be tv@en the ba f f l e  p l a tes  and the core bar r e l  l s  

occ u p t ed b y  a ser t es of e 1 gh t  l - l /4 - 1 n . - th 1 ck  s ta 1 n l es s -s tee l  core-former 

p la t@s ha v 1 ng eo f l ow holes per p l a te that ar@ 1 -5/1 6  1 n .  1n d 1 ameter and 

a r e  a l t gn@d top to ba t t� .  T o  c harac ter t z@ me l t  d@br 1 s  •1 gra t 1 on beha v 1 or 

v t t h t n  t he core- former reg t on ,  an as sessmen t va s made of t he po ten t t a l  for 

• 
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l a ter a l  me l t  m1 gr a t 1 on a l ong the s u r face  of the former p l a t es ver s us 
d r a i nage thr ough the f l ow h o l e s . A c ompa r 1 son of  the f l ow a r ea a s s oc 1 a ted 
w1 th  the breached ea s t-quadran t  ba f f l e  p l a t e  and the f l ow h o l e  a rea 
a s s oc 1 a ted w1 th  the f 1 f th - l evel core-former p l a t e ,  1 nd 1 ca t e  tha t the 
breac hed ba f f l e  p l a tes  offer a l a r ger hol e a rea than the former p l a tes . 
The 1 mp l 1 ca t \ on of such  a c ompa r 1 son 1 s  tha t l a te r a l  m1 gr a t 1 on of  mol ten 
cor \ um a l ong the s ur face of the c o r e  former p l a te c a n  be expec ted . L a t e r a l  
me l t  m1 gr a t 1 on 1 s  s uppor ted b y  obser va t 1 on of deb r 1 s  found on bo th the 
nor th and  ea s t  quadra n t s  of  the core  former p l a tes . 

An es t 1 mate  wa s a l so made of a c ha r ac ter 1 s t 1 c  d r a 1 nage t 1 me for 
downwa r d  me l t  m1 gr a t 1 on through the core -former ho l e s . As s um1 ng mel t  
debr \ s  occ up 1 es the en t 1 re vol ume between two s tacked forme r  p l a tes , and 
tha t  a l l  ho l es \n  a former p l a te are a va 1 l a b l e  for dra 1 nage , a dra 1 nage 
t 1 me of approx 1 ma te l y  15  s wa s e s t 1 ma ted . The 1 mp l 1 ca t 1 on of  t h 1 s  r es u l t 
1 s  tha t  r ap 1 d  dra \ nage of  mel t  debr 1 s  through the former  p l a tes  wou l d  have 
occur red , lf s uc h  debr 1 s  rema 1 ned mol ten . However , the fac t tha t  a 
s 1 g n 1 f 1 cant  amount  of debr 1 s  has been obser ved to rema 1 n  1 n  the core-former 
vo l ume space , and that the r eac tor ves s e l  1 s  es t 1 ma t ed to have been 
r e f l ooded by E CC 1 nj ec t 1 on a f ter 200 .m1 n ,  1 mp l 1 es r e s o l 1 d 1 f 1 c a t 1 on of 
onc e-mol ten debr 1 s  1 n  the core-former r eg 1 on upon c o n ta c t  w1 t h  coo l an t .  
I n-p l ac e  r e f r eez 1 ng of debr 1 s ,  when exposed to c oo l a n t  1 n  the cor e-former 
vo l ume space , 1 s  c on s 1 s tent  w\ th the observa t 1 on of  the pres ence of  debr 1 s  
on the former pl ates . 

An exam1 na t 1 on of debr 1 s  cha r ac ter 1 s t 1 c s ( compo s 1 t 1 on ,  s 1 ze ,  s u r face 
mor pho l ogy ) and the ex ten t of therma l  1 n terac t 1 on w1 th the former p l a tes 
( f used debr 1 s  to  former p l a te ver s u s  l oo s e  r ubb l e )  1 s  recommended to  revea l 
the na ture of  me l t -debr 1 s/former -p l a te 1 nterac t 1 on ,  a s  we l l  a s  the debr 1 s  
quenc h 1 ng proces s .  A c ompa r \ son of  mel t  debr 1 s  charac ter 1 s t 1 c s  1 n  t he core 
former r eg \ on w\ th  tha t 1n  the l ower p l enum 1 s  a l so recommended , to  
determ\ ne  1 f  s 1 gn 1 f 1 ca n t  d 1 fferences 1 n  debr 1 s  compos 1 t 1 on .  mea n  par t 1 c l e 
s 1 ze ,  and  reta \ ned f 1 s s 1 on pr oduc t s  e x \ s t .  These  data  w1 1 1  enhance 
under s tand \ ng of t he debr \ s  c oo l 1 ng and  poten t 1 a l  therma l  damage to t he 
ves s e l  s t r uc t u r a l  componen t s . 
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7 . 3 Lover Head 

Ther .. l da .. ge po ten t t a l  to the l ower head wa s a l so as ses sed for the 

c onf \ gura t t on of coherent j e t  t � t ng.-ent of r e l oca t t ng me l t debr t s .  for 

th t s  a s s u.ed conf tgura t t on , the t her-. 1 response of the l ower head t s  

large l y  d t c t a t ed b y  the contac t t \me and hea t trans fer cha rac ter t s t \ c s  a t  

the j e t  t_,tng ... n t  sur face . As su.t ng a j e t  d t ameter equa l t o  the f l ow 

area wt t h \ n  a s t ng l e  undegraded fuel a s senb l y ,  the t \me for me l t  reloca t t on 

a s  a l e t  t s  es t t  .. t ed to be about 75  s .  Th t s  es t \ ma te \ s  cons t s tent w\ th 

source-range .an t tor data , t nd t ca t t ng tha t ma j or core r e l oca t t on occurred 

over a l �tn per \ od .  

Tva l t•t t t ng c ond t t t ons were a s sessed wt th respec t to J e t - t � t ngement 

heat-tran s f er c harac ter t s t t c s . The f t r s t  was for a weak J e t , wt th 

c onduc t t on- l t•t ted hea t t r ans fer . The second wa s for s trong j et forces , 

wher e  turbu l en t  � \ x \ ng and ma s s  trans fer effec t s  a t  the t npac t sur face l ead 

to an enhanced convec t t ve-con t r o l l ed hea t trans fer proces s .  for 

conduc t t on-con tr o l l ed heat trans fer , sur face abla t t on of the lower head by 

d \ r ec t ,_,t ngeaen t t s  not t nfer red .  Th t s  t s  due to the ra ther poor 

c onduc t t v t ty of the .a l ten cera•t c ma ter t a l  and the h \ gh therma l capac t ty 

of t he ves s e l  head , wh t c h  ser ves a s  an ef f t c t e n t  and qu t ck -response heat 

s t nk . However , ca l cu l a t tona l resu l t s for convec t t on-control l ed heat 

trans fer \ nd t c a te 1 \•t ted me l t abla t t on a t  the l t ner sur face . The 

c a l c u l a t ed dept h  of penet ra t t on of the me l t  fron t  t s  on the order of about 

0 . 5  t n .  ( ver sus a head t h t c knes s  of 5 . 5  t n . )  for a J e t  1 � \ ngeMent t tme on 

the order of  75  s .  A d t rec t  J e t  \�t ngement t \me of abou t 1 5-20 •1 n \ s ,  

however , ca l c u l a ted to be necessary for me l t  ab l a t t on of t he ves sel  head 

1 /2 - th t c knes s .  I t  \ s ,  therefor e ,  c onc l uded tha t for a J e t  t mp \ ngemen t t \me 

of 1 to 2 •t n ( t tme a s soc \ a ted wt th me l t  dr a t nage to t he l ower p l enum ) , 

l t t t 1 e  ther_. 1 da .. ge to  the l ower ves s e l  head wou l d · resul t .  

An exa•t na t t on of the ves s e l  1 \ ner , par t \ c u l ar l y  t n  the eas t -quadran t ,  

\ s  r ec�nded to es tab l t sh whe ther or not a J e t  ac tua l l y channe l ed \ t s way 

to the ves s e l  bot t om and t herma l l y a t tac ked the l ower head . However , 

t.cau s e  1 \ t t l e damage to the l ower head t s  pred t c ted ( e \ ther for a s trong 

J e t  or for coher ent  s pread \ ng of me l t  debr \ s  a l ong the head sur f ace ) ,  t t  
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ma y be more  useful  to exam1 ne for me l t  abl a t 1 on of  the bot tom-en t r y  
1 ns tr umen t  gu 1 de tubes a n d  penet r a t i on noz z l es , s i nc e  the l imi ted therma l  
capac i ty o f  these s tr uc tures  make them more  suscep t i b l e  t o  e v i dence o f  me l t  
abl a t i on . ·  

I n  s umma t 1 on ,  ana l ys e s  presented 1 n  th 1 s  repor t i nd i ca te t ha t  
d i ffer enc es i n  me l t-debr 1 s  i nduced damage charac ter i s t i c s  t o  the ba f f l e  
wa l l s ,  core-former p l a tes , and l ower head , a r e  a t t r i bu ted l arge l y  to 
d i f ferences 1n con tac t t 1 me wi th mo l ten cor 1 um ,  the hea t capac i ty o f  the 
var i ous  s tr uc tures , and exposure  to coo l a n t . Ves s e l  and debr i s  exam1 na t i on 
can conf i rm ( or refute ) present  under s tand i ng of  me l t-debr i s/ s t r uc tural  
i n terac t i on s  dur i ng the  mel t  progres s i on phase of  the TMI -2 acc i den t .  
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APPE ND I X  A 

DE SCR I PT I ON OF THE CORE F ORME R ASSE MBL Y  

F 1 gure A- 1  pr esen t s  a qua r ter -stc t \ on v 1 ew o f  the TMI -2 cor e-former 

a s s.-b l J ,  wh 1 c h  co.pr 1 ses the ver t 1 c a l  ba f f l e  p l a tes at  the core per \ pher y 

lnd the a t tached hor 1 zonta l core-former p l a tes . A l so shown are the 

adJacent cor e  bar r e l  and ther.a l s h 1 e l d .  A s u� r y  desc r 1 pt 1 on of the 

d 1  .. n s 1 ona l c harac ter 1 s t 1 c s  are presen ted her e ,  based on \ n forma t 1 on g \ ven 

\ n  Ref er ence A-1 . 

F or .. r P l a tes 

The upper.os t hor , zonta l c or e- former plate  1 s  pos \ t 1 oned about 

1 0- 1 /8 , n .  bel ow  the top of the core bar r e l  and 5-7/8 1 n .  bel ow the top of 

the b� f f l e  p l a te . The bot t� former p l a te 1 s  core-pos 1 t 1 oned 5-7/8 \ n .  

above the bo t t� o f  the ba f f l e  p l a t e .  There a r e  6 1 n termed 1 ate core- former 

p l a tes , where p l a t e  s�c 1 ng var \ es f r om  18 to 25 1 n  . .  The former pla tes 

have 20 f l ow hol es per core quadrant ( 80 holes  per p l a te ) . A l l f l ow ho l es 

are a 1 1 gned top to bot t� and a r e  1 -5/1 6- \ n .  d \ aMtter , except a t  the 

•1 d - 1 evel ( f 1 f th ) for .. r p l a te . A t  th \ s  level , four of  the f l ow ho l es per 

quadrant  are  1 -5/1 6 1 n .  1 n  d 1 a  .. ter ; the r e s t  are  1 1 n .  d 1 a  .. ter . T he 

f 1 f th former p l a te l evel , therefore ,  f 1 xes the m1 n 1mum open f l ow area of 

t he cor e - for  .. r p l a te s . 

Ba f f l e  P l a tes 

The ver t 1 c a l  ba f f l e p l a tes snroud 1 ng the core per 1 phery are 1 60- \ n .  

h 1 gn .  The ba f f l e  pla tes a l so have as -fabr 1 cated ho l es wh 1 c h  are  1 -3/8 \ n .  

� d 1 a  .. ter . A t yp 1 ca l  row of holes  1 s  located 1 -5/8 1 n .  be l ow a 

c o r respond , ng r ow  of bo l t s  tha t  a t tach  the ba f f l e p l a tes to the former 

p l a tes . The ho l e  s pa c 1 ng 1 n  a g 1 ven r ow va r 1 es f r om 5 to 9 1 n .  Ther e  a r e  

n o  ho les adjacent to t h e  upper r ow n o r  t h e  two l ower r ows o f  a t tachment 

bo l t s .  Rows 2 .  3 .  and 6 ( f r �  the top ) nave 80 ho l es per  row .  Rows 4 
and 5 have 32 holes  per r ow .  T her e 1 s  a l so a 42 -3/4 - \ n . - l ong b y  
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f , gure  A - 1 . I l lus t r a t ,on of  the TMI -2 core-former a s sembl y .  
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l /4- 1 n . -w1 de s l ot  on a l l ba f f l e- p l a te corner s adjacent  to t he c or e .  These 
s l o t s  are  l oca ted at about m1 d-core hei gh t . F 1 gure 3-4 i l l us tr a tes  t he 
l oc a t i on o f  the a s -fabr i c a ted hol e s  1 n  the ba f f l e  p l a tes . 

F a s ten 1 ng Charac ter 1 s t i c s  

The core former p l ates  and ba f f l e  p l a tes a r e  bol t ed t o  each other  to  
form a r 1 dged s tr uc ture . The  3/4-i n . - t h 1 c k  baf f l e  p l a tes  a r e  bo l ted to  
eac h  other at  the i r edges by 7/1 6-i n . -di ameter bol t s  ( 61 2  t o t a l ) .  The 
ba f f l e  p l a tes are he l d  to the former p l a tes by 5/8- i n . -d 1 ame t er hex-head 
bol t s  and shoul der s c r ews ( 864 tota l ) .  The l -l /4- i n . - t h 1 c k  former p la tes 
are he l d  to the core bar r e l  by 5/8- 1 n . -d 1 ame ter cap  s c r ews ( 704 t o ta l ) .  
A l l of the above bol t s and screws a r e  secured by we l ded l oc k 1 ng p i ns or  
r 1 ngs . 
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