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ABSTRACT 

Camera i ns pec t i on of the Three Mi l e  I s land Uni t 2 ( TM I -2 )  i n l e t  p l e num 

regi on ha s shown tha t approxi mately  10 to 20 percent  of the core ma ter i a l  

l oadi ng may have relocated t o  the lower p lenum . A l though ves s e l  i ntegr i ty 

wa s ma 1 n ta 1 ned , a quest i on of pr 1mary c oncern i s  • how c l ose  to �es s e l  

fa 1 l ure•  d 1 d  thi s ac c i den t come . Thi s repor t s ummar 1 zes the r es u l t s  o f  

therma l ana l yses aimed a t  a sse ss1 ng �amage poten t i a l to the TM I-2  l ower 

head and a t tac hed 1 ns tr umen t penetra t i on tubes due to thermal a t tack by hot  

core debr 1 s. Result s  i ndi cate that  the  i n s trument penetra t i on noz z l es 

cou l d  have exper i enced me l t  fai l ure  a t  loca l i zed hot spot reg i ons , wi t h  

a t tendant  debr i s  dra1 nage and pl ugg i ng o f  the i ns tr ument  lead tube s .  
� 

However , only mi nor d1 rec t therma l a t tack of the vess e l  l i ner i s  pred i c ted.  

i i  
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ASSlSS"ENT OF 0�6( POTENTIAL TO !Hf f!l-2 LQW[R HEAD 

QU£ !0 TH[�AL ATTACK IY COR£ OEIRIS 

I NTRODUCTI ON 

Recen t c .-era 1 n s pec t 1 on of the Three M\ le I sland Un1 t  2 ( TMI - 2) l ower 

p l en u.  his shown tha t  approx1 .. tely  1 0  to 201 of the c ore load 1 ng .. Y have 

relocated to the l ower plen u.. Th \ s  core r e l oc a t 1 on was not or 1 g1 na l l y  

t hought t o  have occ urr ed dur \ ng the acc 1den t . Henc e ,  these f 1 nd1ngs 

he1 ghten the 1ssues of debr 1 s  c oo lab1 1 1t y ,  Me l t progress\ on , and po ten t 1 a l  

for bot t oa  head fa11ure o f  the r eac tor vessel  due t o  ther .. l a t tack by hot 

c ore debr 1 s. Spec 1 f 1c a l l y ,  unr eso l ved quest 1 ons r ..a1 n  as to how 1n1 t1 a 1  

c ore  degradat 1 on ( 1 . e. ,  r od ba l loon 1 ng ,  z1 rca loy and control r od .. l t 1ng , 

f ue l  1 1quefac t 1on. ref lood- 1 nduced r od fra�nta t 1on , etc . )  l ed to 

exten s 1 ve debr \ s  •1gra t 1 on,  the sequence of even t s  l ead1ng to suc h 

•1 grat 1 on , and the c onsequenc es and , .,1 1 c a t 1 ons of c ore debr 1s 1 n terac t 1 on 

v1th the l ower head. I t  1s 1 _,or tant to note a t  the outset that , a l though 

TRI -2 vesse l  1ntegr 1t y  vas .a 1n ta1ned , the quest 1on ar 1 ses as to whe ther or 

not ves se l  fa11ure c ou l d  have occ urred under sa.ewha t d1fferent 

c ond1t 1 ons. Th1 s  repor t s�r 1 zes resu l t s  of ana lys1 s  a1Med at  a ssess1ng 

the r  .. l da .. ge potent1a l  to the TRI -2 l ower head forg1ng and the at tached 

\ nst rUNent penetrat1on tubes . 

To 1 n terpret the c on sequences of ther.a l  1 n terac t 1on of c ore de br \ s  

v1th  the l ower head str uc ture ,  a br 1ef desc r 1pt 1 on 1s f 1r st presented of a 

plaus1b le sequence of event s  vh1 ch .. Y have led to Mass1ve •1gra t 1on of 

core .ater 1a l  1 nto the l ower p l enu.. Th 1 s  1 s  fol l owed by a s�r y  of wha t 

1s curren t l y  known of debr \ s  c harac ter 1s t 1 c s  and obser va t \ons of debr 1 s  

1nterac t 1on v1th the l over plenu.. Ana l yses are then presen ted concer n \ ng 

debr 1s-p l enu. 1nterac t 1on , and c onc l us1ons are drawn r e l a t 1 ve to the 

quest 1 on of the poten t 1 a l  for loss of pr essure vesse l  1ntegr 1ty . 

• 
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ACC IDENT SEQUENCE L EAD ING TO DEBRIS  MIGRATION TO LOWER PL ENUM 

Var i ous i nves t i ga tor s have a t temp ted t o  recon s t r uc t  the TMI-2 acc i den t 
1 -5 

sequenc e and resul tan t core damage scenar 1 o. What 1 s  of par t 1 c u l ar 

i n teres t here i s  the sequence of even t s  whi c h  r e s u l ted i n  core debr 1 s  

r e l ocat ion to the lower pl enum and a t tendan t p oten t i a l  f or debr 1 s  ther ma l  

a t tack on the l ower head s tr uc tur e. 

Ana lys 1 s  1 nd1ca tes that core uncovery s tar t ed abou t  1 00 mi n a f ter 

reac tor scram. due to l os s  of feedwa ter supp l y  to the s team genera t or and 

pr 1mary system l os s  of coo l ant  thr ough the pres s u r 1 zer r e 1 1 ef va l ve .  By 

about 1 70 mi n ,  the core 1 s  predi c ted to  have heated to t empera tures 

suf f i c i en t l y  h i gh tha t the fue l  r ods  ba l looned and r up t ured ; and mos t of 

the uncovered por t 1 on of the c on t r o l  rods me l ted . The upper 40 t o  60% of 

the unoxi ded fue l  rod c ladd1 ng a l so me l ted , w1 th  a t tendant a t tack on and 

par t 1 a l  d1 sso l u t 1 on of fuel at a eutec t 1 c  m-Zr ( O )/U0
2 

me l t temperature 

of 21 70  K. Th1 s  1 1 quef 1 ed mater 1 a l  1s  pred 1 c ted by the SCDAP c ode
6 

to 

have s l umped or  dra1 ned to the col der bot tom reg1 on of the c ore , where 

coheren t b l ockage formed v1a  freez1 ng ,  as  dep 1 c ted 1n  F 1 gure l a .  

Upon a temporary res tar t of pr 1mary coolant  pump 28 a t  1 74 m1 n ,  f l ow 

d1 vers 1 on around the b l ockage reg1 on 1 s  pos t u l a ted . The ox1 d1 zed upper 

reg1 ons of the core are pred 1 c ted to have exper 1 enced quench - 1 nduced fuel  

sha t ter 1 ng/fragmen ta t 1 on .  form1 ng a loose  bed of r ubbl e  -o.e m th1 c k , as  

shown 1n  F 1 gure l b .  The upper l arge vo1 d was apparen t l y  formed by downwar d  

movement o f  mater 1 a l .  On l y  the out s 1 de of the coherent b l oc kage reg1 on was 

probab l y  c oo l ed ,  the 1 ns 1 de rema 1 n 1 ng r e l a t 1 ve l y  h ot due t o  c on t 1 nued decay 

hea t 1 ng by reta1 ned f 1 s s i on produc t s . As the wa ter l eve l dropped f ol l owi ng 

the termi na t i on of coo l an t  s upp l y ,  the b l oc kage wou l d  exper i ence hea t up ,  

due to the comb1 ned effec t s  of l i mi ted poros 1 ty f or c oo l an t  1 ngres s ,  l ow 

conduc t i v1 ty.  large ma s s , and i n terna l hea t generat i on ,  resu l t 1 ng 1 n  

central  b l ockage temperatures exceed 1 ng the me l t1 ng poi n t .
5 
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Ac tua t 1 on of the h1 gh-pres s ure 1 n jec t 1 on/makeup sys tem ( HP I S ) a t  

200 m1 n probab l y  d 1 d  not res ul t 1 n  d1 s r up t 1 on o r  d� s l odg1 ng o f  the b l oc kage 

to any great exten t ,  so that hea tup con t 1 nued . At about 220-230 m1 n ,  SCDAP 

pred 1 c t 1 ons
2 

1 nd1cate tha t  the 0 . 8- to 1 . 5-m- th 1 c k  b l ockage r eg 1 on wou l d  

have heated t o  the po1 n t  tha t 2/3 o f  1 t s vol ume wou l d  have exceeded the 

o-Zr ( O )/U0
2 

eutec t 1 c  me l t 1 ng po1 n t  ( 2 1 70 K), w1 th the a t tendant  

1 n1 t 1 a t 1 on of downward  me l t  m1 gra t 1 on through the l ower core s uppor t and  

f l ow s truc tures 1 n to the  wa ter-f 1 1 1 ed plenum,  a s  dep 1 c t ed 1n  f 1 gure l c .  

Upon 1mpac t w1 th water . the me l t  apparen t l y  f ragmen ted 1 n t o  a debr 1 s  s 1 ze 

suff 1 c 1 en t l y  smal l so that  1 t  was coo l a b l e  1 n  a s o l 1 d1 f 1 ed s ta t e .  Thu s , 

me l t  progres s 1 on was probabl y  term1 nated by the presence of wa ter 1 n  the 

l ower plenum, wh1 ch protec ted the l ower head from d1 rec t me l t  a t tack . The 

core debr 1 s  thus f 1 na l l y  a t ta1 ned a coo l ab l e  s tate . 

The above scenar 1 o  1 s  s omewhat s pec u l a t 1 ve a t  th 1 s t 1 me  and w1 1 1  

requ1 re conf 1 rma t 1 on or ref 1 nemen t v 1 a  an on-go1 ng c ompa r 1 son of ana l y s 1 s  

w1 th TMI-2  ves s e l  1 ns pec t 1 on and core remova l effor t s . Never the l es s ,  1 t  

does po1 n t  to the pr 1 nc 1 pa l  concer ns of 1 n teres t her e ,  name l y ,  debr 1 s  

coo l ab1 1 1 ty 1 n  the l ower p l enum and poten t 1 a l  for therma l a t tack by the hot  

debr 1 s  on  the  l ower ves s e l  head and at tached 1 n s trumen t penetra t 1 on t ubes . 

In  the fol l ow1 ng sec t 1 on ,  a br 1 ef over v 1 ew 1 s  presen ted of known cond1 t 1 ons 

of the lower p l enum and debr 1 s .  obta1 ned from var 1 ous TMI -2 ves s e l  

1nspec t 1 on effor t s . These  data are used to  a s s e s s  debr 1 s  therma l 

1 n terac t 1 on poten t 1 a l  w1 th l ower pl enum s tr uc tures . C onc l u s 1 on s  are then 

drawn rela t 1 ve to the poten t 1 a l  damage s tate  of the l ower p l enu•. 

4 



DEBRIS CHARACTtRISTlCS AID I ITERACT I DI W I TH L OWER PL ENUM STRUCTURES 

To assess  t be pos s 1 ble range of �ge consequences due to po ten tta l  

debr t s  ther .. l a t tac k on l ower plenUM s tr uc tures , 1 t  1 s  f 1 r s t  necessary to 

c harac ter 1 ze t he debr ts wt th respec t to ther .. l pr oper t tes and the known 

da .. ge s tate of the lower plen�. Lower plen� da .. ge charac ter 1 za t 1 on  

effor t s  to date are br 1ef l y  s �r 1 zed her e ,  based on 1 nfor .. t 1 on obtatned 

f r o.  var tous pos t-ac c t dent l ower plenu. \ nspec tton effor ts  descr t bed 1 n  

deta 1 1 1 n  Append1x A. 

In Sept .-ber 1 983, tvo axta l  s tr tngs of s o 1 1d-s tate neutron track 

r ec or der s ( SSTRs ) wer e 1 ns ta l led tn the annu lar gap be tween the reac tor 
1 

ves s e l  and the b1 o l og1 c a l  sh1e l d .  The resu l t 1ng axta l  f l ux  proftle 

d 1 ffer ed s 1 gn 1f 1c an t l y  fro. wha t wou ld be expec ted for a nor.a l cor e ,  wtth 

s 1 gn 1f 1cant neutron s trea •1ng fro. fuel 1n the lower p l enu.. Pred1c t 1ons 

1 nd 1 ca ted that approxt .. te l y  1 0  to 20 .. tr tc tons of fue l  debr 1s .. Y have 

re loca ted to th1 s r eg1on . Suc h f 1 nd 1 ngs pr a.pted 1 n1t1 a t 1 on of subsequent 

v 1deo 1nspec t 1ons of the l ower plenu.. 

On febr uary 20-22 , 1 985, and aga 1 n  dur 1 ng Ju l y  1 985, v1 deo 1 nspec t 1ons 
8 

of the l ower plen� wer e per for .. d .  f 1 gure 2 present s  a sch�t 1 c  

11 1us trat 1on of t he l ower plen� c onf 1 gura t 1on and c amera v1ew or 1en ta t 1 on 

for the debr 1 s  shown 1 n  f 1 gure 3. Es t1.ates of the debr t s  depth range fro. 

25 to 70 c• a bove the bot to. 1nver t of  the head . The debr \ s  appea r s  to be 

segrega ted rad1a l l y ,  w1 th the l oose sand- to-gravel type .. ter 1 a l  near the 

center and larger agg l o.erat1ons up to a f ew  t nches 1n d1a .. ter towards the 

edges. f 1 gure 3 present s a vtew of the debr 1s bed 1n the reg1on of the 

l nc one l penet r a t 1on nozzle and s ta1n l ess s tee l gu\ de tube Junc t 1 on . 

A l t hough the lncone l penetrat 1on nozzle 1s shown to be 1ntac t above the 

surface of wha t appear s to be a rather dense l y  packed debr 1s bed , th1s May 

not be the case below the debr 1 s  sur face where c oo l an t  1n-pene trat1on .. Y 
have been 1 1•1ted . Thus , the ques t 1on ar 1ses as to the phys 1ca l s ta te of 

t he.lnc one l pene tra t 1on nozzles w1th a me l t 1ng po1 nt  of •1 61 5 K .  

5 



ANALYS IS Of THERMAL ATTACK Of DEBR IS  ON 

P ENETRATION NOZZL ES AND LOWER H EAD 

The l ower pl enum con ta1 ns severa l  s tr uc tura l c omponen t s  wh1 c h  wou l d  

exper 1 ence therma l at tack by hot debr 1 s ,  1 nc l ud 1 ng the head and the 

bot tom-en try pene tra t 1 on tubes . Therma l degrada t 1 on of the penetra t 1 on 

tubes and l ower head 1 s  con s 1 dered 1 n  th1 s sec t 1 on ,  s 1 nce these s t r uc tures  

are of  pr 1mary concern for  eva l ua t 1 ng the mode and t 1m1 ng of ves s e l  

f 1 1  
1 3 , 1 4 

a ure .  

As d1 scussed 1 n  Reference 1 5 ,  for coherent large-sc a l e  debr 1 s  

m1gra t 1 on to the l ower p l enum, the wa ter woul d  be e 1 ther d 1 s p l ac ed by the 

debr 1 s  or vapor 1 zed . For such large ma s s  d1 s c harge , mo l ten or s o 1 1 d  debr 1 s  

wou l d  mos t  l 1 ke l y  penetrate to the bot tom of the p l enum,  where  1 t  c ou l d  

accumulate and cause thermal a t tack on the l ower head and bot tom-ent r y  

1 ns tr umen t  penetra t 1 on tubes . f o r  more 1 1m1 ted debr 1 s  m1 gra t 1 on ,  quench 1 ng 

of debr 1 s  may be pos s 1 b l e .  The l a t ter s 1 tua t 1 on apparen t l y  was ach1 eved a t  

TMI-2.  s 1 nce the l ower head forg1 ng rema 1 ned 1 ntac t .  Al t h ough ves s e l  

1 n tegr 1 ty was ma1 nta1 ned a t  TMI - 2 ,  never the l es s  t h e  que s t 1 on ar 1 se s  a s  t o  

the damage s ta te o f  the l ower p l enum . A n  asses sment  o f  th 1 s ques t 1 on 

pr 1mar 1 l y  center s on the ab1 1 1 ty to recons truc t  the penetra t 1 on t ube and 

l ower head temperatures reached dur 1 ng the acc 1 den t , wh1 c h  are  addres s ed 

her e .  

Therma l Ana lys 1 s  o f  Penetra t 1 on Tubes 

Both Babcock & W1 l cox ( TM I - 2 )  and Wes t 1 nghouse PWRs c on ta 1 n  1 ns t r ument 

penetra t 1 on tubes through the l ower head . wh1 c h  s er ve a s  entry  por t s  f or 

neu tron fl ux mon 1 tor s and other 1 n-core 1 n s trumen ta t 1 on .  Because of the 

large number of penetratfons ( 52 for TMI - 2 )  and the three-d 1 men s 1 ona l 

na ture of therma l a t tack tha t these tubes wou l d  exper 1 ence ( as opposed to  

essen t 1 a l l y  one-d1mens 1 ona l hea t transfer 1n  the more ma s s 1 ve ves s e l  head ) ,  

s uch pene tra t 1 ons cou l d  be s ubj ec t to ear l y  fa1 l ur e  and the a t tenda n t  

poten t 1 a l  to duc t core ma ter 1 a l  from the pre s s ure ves s e l  to t h e  con ta 1 nmen t .  
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As tndtca ted t n  Appendtx A,  tach  bot t�entry  t n s t r ument penetra t t on 

t s  essen t ta l l y con t t nuous tubt ng , wh 1 c h  s tar t s  fro. an tns t r u.en t  panel 

l ocated tn the con ta t n.ent but ldtng a bove the top of the reac tor ves se l . 

Tht ac cess  path ts downward through t he 1 n s t r U�ent tunne l and reac tor 

cav 1 t y ,  turns upw�r d  be l ow  t he r eac tor vesse l ,  and pene tra tes the reac tor 

ves sel  through ho les t n  the l ower head for g 1 ng ,  betng  sea led to the head by 

�ld t ng braz.-.n t s . I n-cor e tns tr u.en t s  are tnser ted 1 nto the vessel  

t hrough these tubes and are  t ndexed by  a svt tcht ng dev1ce so tha t  the 

neutron f lux  and t.-pera t ure d t s t r tbut t on vtth1n the core can be .. pped . 

A cross-sec t tona l v 1 ev of an 1nser ted tn-core TMI -2 detec tor as seMbly 

ts  gtven tn Append t x  A ( f 1gure A-1) . Eac h asse�ly cons 1 s t s of seven 

se l f-power ed neutron detec tor s ( SPNDs ) ,  one backgr ound sensor , and one 

ther �oup l e .  The SPNDs , bac kground sensor . ther .acoup l e ,  and spacer tube 

for• a .avable detec tor housed 1n an l nc one l over shea th surrounded by wa ter 

v1th1n the tns tr U�en t  tube .  The 1 ns t ru.ent a s s .-bl y  f 1r s t  penetra tes the 

r eac tor ves se l  through an lncone l penetrat 1on nozzl e -1 2 tn . long a bove 

the 1ns 1de sur face of the l over head . The penetrat1on nozzl e then f 1 t s  

t n to a s ta tn less  s tee l gu1de tube , vh1c h gut des the t ns tru.ent a s s eMbl y  

t hrough the l over p l en �  s tr uc tures ( 1 . e . , f l ow dt s t r 1butor p l a t e ,  core 

suppor t p l a t e ,  l over gr t d  for g t ng ,  etc . ) tn to the core proper . The 

t ns t r u.en t  s t r 1 ng t tse l f  c ons t s t s  of a doub le-wa l led c onf1gur a t 1on v1 th an 

1 n terna l wa ter Jac ke t .  A .ar e deta t led desc r tpt1on of the tns tr uNent 

as s.-bly ts gtven 1n Appendtx A. 

F 1gure 4 tl lus t r a tes the gea.etry of an 1 n s t r UMent pene tratton nozzle 

subJec t to ther .. l a t tac k by core debr 1s . A f ea ture con t r 1but t ng to the 

fa 1 l ure poten t t a l  1s the •f tn ef f ec t • of tube s tubs sur rounded by hot 

debr ts . L t k ev1 se. the t .-pera ture of the veld .. ter ta l  at  the 

penetra t t on-head Junc t 1on wou l d  t nc r ease fas ter than the ves s e l  va l l  

1t se l f ,  s 1 nc e  the penetrat 1 on nozzle ac ts  as a conduc t 1 on path  for hea t 

transpor t f r �  t he debr t s  to the velds . Consequen t l y ,  the penetra t 1on 

Junc t tons can be expec ted to fa 1 1  before the l over head . An eva l ua t t on of 

core debr 1 s  ther .. l a t tack on the TMI - 2 penetrat1on nozzles 1 s  presented 

her e, us t ng the debr ts charac ter ts t 1 c s  dtf t ned t n  the prevtous sec t 1 on .  

1 1  



lnconel Penetration Nozzle 

--, r,- 5/8 .. dia. 

1-1116 .. dia. --1 1 1 r--

• 

1-3/4. dia . 

6 /16. 

.-- lnconel penetration nozzle 

3/16 • SS-Iiner 

Reactor vessel 
bottom head 

P284-LN88030-4 

F 1 gure 4 .  1 1 1 us tr a t 1 on of bot t om-en try TMI-2  tns tr umen t penetra t 1 on 
conf1 gur a t 1 on . 
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"'l t fttlur e Po ten t \ a l  o f  Ptne trat ton Nozzle 

The ther .. l res ponse of the l nc one l pene tratton nozzle Jus t above the 

vesse l head ts t nves t tgat td w\ th  r e s pec t to a t tack by hot cor 1 um debr 1 s ,  

based upon the c onf 1 gur a t 1 on tl l u s t ra ted 1 n  Ftgure 4 .  I t  1 s  1 �or tant to 

note t ha t  the veo.etry 1 1 lus trated tn F1 gur e 4 and the ana lys 1 s  pr esen ted 

�r t ar t tdea l tztd w1 th res pec t  to dtbr ts ther .. l a t tack  on the pene t ra t ton 

nozz l e ,  wher e  the t t•tng and c ondt t t ons l eadtnv to poten t ta l  noz z l e mel t 

fatl ure  are of tn ter es t .  As s uc h ,  the conf t gur a t ton 1 nves t tgat ed 1 s  one of 

a t tgh t ly packed debr \ s  btd , wtth es sen t 1 a 1 1 y no c oo l ant  tngress  1 n to the 

bed \ n  the v1c 1 n 1 t y  of the penetra t 1 on nozz l e .  For the add 1 t 1ona l  

a s s u.pt ton tha t  t he \ ns t de surface of the nozz l e  �Y be subJec t to 

ad1 abat tc hea t tnv due to l os s  of c oolant  en t r y  by debr 1 s  b l ockage, the 

ther .. l r e l axa t ton t 1  .. , t
t

,
a 

of the nozzl e wa l l  th1 c kness ( X  • 1 /2 

[2. 0 - 0 . 625] 1 n.)  can bt es t 1  .. t ed a s :  

where o .  ther .. l d 1 f f u s tv 1 t y . Us 1 ng lnc one l proper t 1 es ( see Tab l e  1 ) ,  

the t 1 .,  per 1 od  for ther  .. l pene t r a t ton ts es t t  .. ted 1 n  Tabl e  2 to be 

-22 s .  I f  the hea t of fuston for n t ckel  ( the .. , n  c a.ponen t of l nc one l ) 

1 s  taken tn to accoun t ,  the ther .. l r e l a xa t t on t 1 .,  for .. l t t nv ( t
t 

) can 

be a pprox1  .. ted a s : 1 6  ·• 

12 
t • --

t •• 4a a2 

where a 1 s  the dt .,nston less  so 1 1 d 1 f 1 c a t 1 on cons tan t , wht c h  can be 

a pproxt .. t ed a s :  

a .  The thtr .. l r tlaxa t ton t 1  .. c a n  be dtf 1 ned as the t \ .,  per \ od for a 
t .-per a ture per turba t 1on a t  t he sur face of a hea t -conduc t \ ng body to  be 
c onduc t ed to s �  1 n t er 1 or pos \ t \ on .  

1 3  
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TABLE 2 .  CALCULATION Of THE RMAL R ELAXATION TIME FOR I NCONEL PENETRATI ON 
NOZZL E  

Nozz l e  01men s 1 on s :  

0 0  = 2 . 0  1 n .  

I D  = 0 . 625 1 n .  

Th1 ckness  = 1 /2 [ 2 . 0  - 0 . 625 ] = 0 . 6875  1 n .  

Therma l Rel a xa t 1 on T1me: 

x
2 

tt = 4o 

X = 0 . 6875  1 n .  

f t
2 

h 4 
2 

a = 0 . 1 368 � x 3600 5 x 1 4f:n • 5 . 47 ( 1 0
-3

) 1 n�/s 

2 t = '·6875) = 21 . 6  s t 
4 ( 5 . 47 X 1 0-l) 
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for lnc one l .. l t t ng ,  the so l tdtf t c at t on cons tant t s  es t t-.ted t n  Tab le 3 to 

be approxt .. te l y  0 .7. Us t ng tht s val ue , noz z le fat l ure  due to  .. l t tng 1 s  

tndt c a t ed t o  oc c ur t n  less  than 1 •t n .  Thus , for l oc a l tzed hot - s pot 

r egtons , nozz l e  .e l t - through cou l d  occ ur ra ther qut c k l y ,  tf the debr 1 s  

t .-pera ture exceeds the lnc one l .. l t t ng pot n t  of -1 6 1 5  K. 

To assess  tn an a ppr oxt .. te .. nner the debr ts t e.perature and par t 1 c l e 

s t ze c ond tt tons tha t  wou l d  l ead to a debr t s - lncone l con tac t t e.pera ture 

exceedtng the l ncone l .. l t tng pot n t  of 1 6 1 5  K ,  the s teady hea t -c onduc t t on 

equa t ton for s pher tc a l geo.etr y  vt th an t nter nal hea t sourc e  was 

t nves t tgated , t . e . :  

wher e  k • t her .. l c onduc t tv t t y ,  r • rad t a l  pos tt t on ,  and q•• • vol u.etr 1 c  

hea t genera t ton rate . Assu.tng c ons tan t proper t t es , the solu t t on t s : 

wher e  R • debr ts radtus and T
s 

• debr t s  sur f ace  t e�Perature . Us 1 ng the 

�1-2 bur nup c ond t t t on and a 5 h decay-per t od ,  q•• t s  es t t�ted to  be 1 06 

3 
WI• . vhtle an ef f ec t t ve conduc t tv t t y  of 5 WI•-K t s  as su..d for 

c er a-te- type debr ts . 

( 4 )  

( 5 )  

Ef f tc tent  hea t trans fer can be expec t ed for good debr t s -nozzl e con tac t 

due to the r e la t t ve l y  h t gh conduc t t vtty of the lnc one l hea t s t nk �ter ta l . 

The par t tc l e s t ze/t �era ture condtt tons for penetra t ton noz z l e  fat l ur e  vta 

sur face -.l t tng/ab lat t on can therefore be as ses sed by us t ng a debr 1 s  

sur face t �er a t ur e ,  T
5

• equa l t o  the lnc one l Mtl t tng pot n t  ( 1 61 5  K ) .  

f or debr t s  breakup to par t tc l e d t a  .. ter s .  0 • equa l to or l ess  than the 
p 

6-tn.  ( 0.1 52-• )  dta .. ter ho les of the l over f l ow dt s t r tbu tor . the debr t s  

cen ter t .-per a t ur e ,  T0
• neces s ar y  to  Mat n t a t n  a debr ts sur face 

t .-per atur e of 1 61 5  K t s  es t t  .. t ed tn Tab l e  4 at  var tous par t tc l e 

d1.-eter s ,  t . e . : 

• 

17 



0 = 1 p 
0 = 4 

p 
O

p 
= 6 

1 n .  

i n .  

i n .  

( 0 . 0254 m )  

( 0 . 1 0 1 6  m )  

( 0 . 1 52 m )  

T0 = 1 620 K 
T = 1 700 K 0 
T = 1 8 1 0  K 0 

S1 nce the eutec t i c  me l t 1 ng po1 nt  of uo2/o-Zr(O) i s  abou t 

21 70 K. 1 7  the debr 1 s  need not be mo l ten to cause surface me l t  ab l a t 1 on of 

the penetra t 1 on noz z l es . In o ther words , debr i s  par t 1 c l es sma l l er t han the 

hole s 1 ze of the f l ow d i s t r 1 butor can be i n  a s o 1 1 d  cond 1 t 1 on and s t 11 1  

cause sur face me l t i ng of the Incone l penetra t i on nozz l es . Such ana l ys 1 s  

i nd 1 cates that noz z l e  fa1 l ure may have occ urred a t  l oc a l  reg1 ons of so1 1 d  

debr 1 s/nozz l e  contac t .  1 f  the debr i s  bed were 1 n  a l oca l 1 zed noncoo l a b l e  

conf 1 gurat 1 on .  

As d1 scus sed 1 n  Append1 x  A ,  uncer ta1 n ty ex1 s t s  a s  t o  the exac t 

compos 1 t 1 on of the debr 1 s  1 n  the l ower p l enum . I n  the above ca l c u l a t i on ,  

the debr 1 s  was assumed to be c ompos ed pr 1 mar 1 l y of hea t genera t 1 ng f ue l , 

w1 th a therma l conduc t 1 v1 ty repr esentat1 ve of ceram1 c uo2. However , the 

1 n 1 t i a l  gamma prob1 ng s tud1 es 1 nd1 cate tha t the debr 1 s  may be c ompos ed 

pr 1mar 1 ly of s tr uc tura l or control  r od ma ter 1 a l  rather than fue 1 .
1 0  

Equa t 1 on 5 was therefore r eeva l ua ted assum1 ng a par t 1 c l e  c onduc t 1 v1 ty  equa l 

to tha t  of s ta1 n l e s s  s tee l ( k  = 1 6  W/m-K) and a reduc t 1 on 1 n  heat 

generat 1 on rate by an order -of-magn1 tude to 1 0
5 W/m3. The c en ter 

temperatur e ,  T0• of mos t l y  s tr uc tural  debr 1 s  for a s ur face tempera t u r e  

equa l to the I ncone l me l t 1 ng poi n t  ( T  = 1 61 5  K) 1 s  e s t 1ma ted 1 n  Tabl e  5 ,  
s 

where resu l t s can be summar 1 zed as f o l l ows : 

Op 
= 1 1 n .  ( 0 . 0254 m )  

0 = 4 i n .  ( 0 . 1 01 6  m )  
p 

0 = 6 1 n .  ( 0 . 1 52 m )  
p 

T0 = 1 6 1 5  K 

T = 1 61 8  K 0 
T = 1 621 K 0 

As 1 nd1 ca ted for h1 gh conduc t 1 v1 ty me ta l 1 1 c - 1 1 ke debr 1 s ,  the debr 1 s  

t emperature need not be much above the Incone l me l t 1 ng temperature  ( 1 6 1 5 K )  

to cause surface me l t  ab l a t 1 on of the penetra t 1 on noz z l e .  
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TABLE 5. CAL CULATI ON Of PART I CL E  TEMPERATURE GRAD I ENT ASSUMING METALLIC  
CORE DEBRIS II  TMI-2 

Governt na Eguat ton: 

t.:..:. 2 
To • '

s • 6 k 
R 

Par .-eter Va l ues : 

T
5 • T� ( l nc one1 ) • 1 61 5  K 

q•• • 1 0
5 

W!rA
3 

k • 1 6  W/a-IC 

ta 1 c u1 at 1 on :  

1 '"· ( 0 . 0254 ., 

4 t n. ( 0. 1 0 1 6  • )  

6 '"· ( 0 . 1 524 ., 

R 

0 . 01 27 • 

0.0508 .. 

0 . 0762 • 

t.:..:. 3 2 
6k 

• 1 .04( 1 0  ) lirA 
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t.:..:. 2 
6k R 

0.1 1 l 

2 . 69 l 

6 . 05 l 

•1 615 l 

:rl 618 l 

•1 621 K 



In the above ana l ys 1 s ,  1 t  wa s a s s umed tha t  g ood nozz l e-debr 1 s  c ontac t  

ex1 s t s  and that hea t transfer c ond 1 t 1 ons  are  s uch tha t the me l t 1 ng 

temperature of I nc onel  ( 1615 K )  1 s  reached a t  the p lane of c on tac t .  Th1 s  

s 1 tuat1 on can on l y  ex1 s t  f or degraded coo l 1 ng a t  the 1 n s 1 de of t he 

penetrat 1 on nozzl e ( 1 . e . ,  bo1 l off  of en trapped c ool an t ) and f or debr 1 s  

wh1 c h  has suff 1 c 1 en t  sens 1 b l e  heat t o  ra 1 se the n ozz l e  wa l l  mater 1 a l  to t he 

Incone l me l t  temperatur e .  To a s s e s s  1 f  such therma l cond1 t 1 on s  are 

pos s 1 b l e ,  a hea t ba l ance 1 s  wr 1 t ten for  a segment  of the  penetra t 1 on n oz z l e  

( hea t s 1 nk ) and the a s s oc 1 ated debr 1 s  hea t s ource 1 n  1 mmed 1 a te c on ta c t  w1 th  

the nozzl e .  I n  such ana l ys 1 s ,  an a s s e s sment 1 s  made of the debr 1 s  s 1 ze and 

tempera ture c ond1 t 1 on s  neces sary to ra1 se the penetra t 1 on n ozz l e  wa l l  

th1 ckness  t o  the Incone l me l t 1 ng po1 n t  ( 1615 K ) , where a hea t ba l ance 1 s  

per formed us 1 ng the fol l ow1 ng expres s 1 on s :  

wher e  

3 
Sen s 1 b l e  hea t of YOP 

( pC
P
) ( Tp , o - 1615 ) 

debr 1 s  par t 1 c l e  
= ( 6 ) 

Sen s 1 b l e  hea t of YOP 
[ 002 - 1 021 ( pC

P
) [ 1615 nozzl e wa l l  = ( 4 ) 

th1 ckness  

la ten t hea t of 
nozzl e wa l l  
th1 ckne s s  

l = the l a tent hea t of fus 1 on 

T = the 1 n 1 t 1 a l  debr 1 s  temperature p , o  

- Tn , o1 

T = the 1 n1 t 1 a l  nozz l e  temperatur e , wh1 c h  1 s  taken as  the n , o  
sa turat1 on t emperature of wa ter at  1500 p s 1  ( 1 . e . , 

596°f = 586 K) 

OP = the debr 1 s  d 1 ame ter and the he1 ght  of the n oz zl e  a s s oc 1 a ted 

w1 th eac h debr 1 s  par t1 c l e 

T5 = the me l t 1 n g po 1 n t  of Incone l = 1615 K.  
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Equ.t ,ng t �e sens , b le  �ea t gtven up by t �e debr 1 s  to t �e sens ,b l e  �ea t  gatn 

and �ea t of fus 1 on needed for .e l t tng of t�e penetratton nozzle t�,c knes s .  

t �e d ebr ts t ..,.r a ture for nozzle Mtl t tng can be expres sed a s :  

2 2 p 
T p,o • 1615 K + 3 [OQ - ID 1 Wil l 

2 o2 cpe ) 
[Cp ,  wa l l  ( 1 029 K )  + l ]  

P P debr h 

Tab l e  6 presen t s  c a l c u l a t tona l resu l t s where t �e s tatn les s s tee l 

debr ts s tze and t e.per a ture c ondtt tons l eadtng to nozz l e  Mtl t tng are 

es tt�ted, whtc �  can be s u..�r tzed a s :  

D • 4 tn . (1 0.16 c•) 
p 

D • 6 tn. (15.24 c•) 
p 

T • 21 22 K 
p,o 

Tp,o • 1840 K 

( 9) 

S1 nce the .e l t  t ..,er a t ur e  of s tatn less  s teel ts 1 640 K ,  a .ol ten s tee l 

tnven tor y  on the order of 4 to 6 tn . tn dta.eter .us t be 200 to 400 K above 

tts -. l ttng potnt to cause adtaba t 1 c  noz z le wa l l  �ea t tng to a mel t 

condtt ton. Thus . hea t-genera t tng fuel  debr ts wou l d  resu l t  tn nozz l e  

-.l t tng a t  t ..,era tures l ower than t �ose a s s �tng s tr uc tura l debr ts ( wtt� 

no decay hea t sour ce ) .  

Such ana l ys ts t ndtc ates tha t -.l t fatlure of the penetratton noz z l e by 

debr ts c on tac t c ou ld have occurred dur tng the TMI -2 acc tden t a t  l oc a l  

nonc oolable regtons o f  the debr ts bed . I f ,  however , the debr 1 s  bed were 

ha.ogeneous l y  c oo lable, then sue� �ot-spot regtons wou l d  not �ave exts ted 

and penet r a t tons wou l d  have r �tned tntac t .  However, resu l t s  of t he wtre 

pr obtng s tudtes dtsc us sed tn Appendtx A tndtc a te da.age or p l uggtng of t�e 

penetratton nozzles a t  approxt.a t e l y  5 to 20 f t  be l ow the base of t�e 

reac tor . Suc h  p l uggtng .ay be due to debr ts e�try  tn to the nozz l e  or 

f r eeztng of I nc one l Mel t a s  tt f lows downward through the pene tratton 

tube. An a s s e s sMen t of the depth of .el l f l ow vtth t n  the penetratton l ead 

tube ts presen t ed next . 
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Non-fuel 
material 

� 
: R-87.2 ln. 

Penetration nozzle 

P284-LN88030-& 

F 1 gure 5 .  I l l us tr a t 1 on of the downward penetra t 1 on of TMI - 2  fue l debr 1 s  
thr ough an I ncone l 1 n s t r ument  noz z l e  and refree z 1 ng 1 n  a c oo l er 
reg1on . 
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up by an tl ... nt  of .al ten fuel of d 1 a  .. t tr 0 ,  l eng t h  6X, 1 n1 t 1 a 1 

t -.perature  T • vel oc 1 ty U, spec 1 f 1 c hta t  C • and laten t hea t of f us1 on 0 p 
L1, upon c oo1 1 ng to t he so11 d state  can  be expressed as : 

( 1 0 )  

where T
� 

1 s  t he .. l t 1 n g  po1 n t .  The sens 1 ble and la ten t hea t g1 ven up to 

the Wil l ,  Q • c an be expressed 1 n  ter � of the hea t transferred by w 
tur bu lent  c onvec t 1 on over the f ue l  .. lt pene trat 1 on d 1 stance X • 1 . e . :  

p 

where h 1 s  the turbu l en t  hea t -transfer coeff 1 c 1ent  and T 1 s  t he wal l 
w 

t ..,er a t ur e  of t he c hanne l .  Equa t 1 ng Qf to Qw• the pene t ra t 1 on 

d 1 stance , XP. f or plug f r ee z 1 ng can be expressed a s :  

In  der 1 v 1 ng t he above equa t 1 on ,  c hanges 1 n  t he .. a n  t .-pera ture o f  the 

�lten f ue l  have been neglec ted a s  t he .elt proceeds a l ong t he c hannel, 

wh1 c h  1 s  a va 1 1 d appr ox 1 -at 1 on pr ov 1 d 1 n g  

( T  - T )/ ( T - T ) << 1 .  
0 � 0 w 

1 9  
The above equa t 1 on f or XP can be f ur t her s 1 �11 f 1 ed by 

( 11) 

e 1 1•1 Bat 1 on of t he hea t  t r ansfer c oef f 1 c 1ent , h. Assu.1 ng t hat  turbulent 

heat transport w1 t h1 n  t he c hanne l 1 s  we l l  repr esen ted by t he Reynold s •  

a Ba l ogy ,  wh1 c h  prov1 des a 1 1 near rela t 1 on sh1 p between t he hea t -t ransfer 

c oef f 1c 1 en t  h and t he f r 1 c t1 ona l shear str e s s  s. 1 t  c an be seen tha t  

( 12 )  
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where f 1 s  the d1men s 1 on l e s s  coef f 1 c 1 en t  of f r 1 c t1 on ,  wh1 c h  1 s  es t 1 ma ted 1 n  

Append1 x 8 for presen t  cond1 t 1 ons to be on the order of f = 0 . 023. 

Comb 1 n 1 ng the above equat1 ons l eads to the fol l ow1ng s 1mp l e  e xpress 1 on for 

the penetrati on d1 s tance , X , freez1 ng of a me l t  s l ug 1n  a c o l d  
p 

channel :
19 

( 1 3 )  

Ca l cul at1 onal  res u l ts for Cases A ,  8 ,  and C are presented 1 n  Tab l e s  7 ,  

8 ,  and 9 respec t1 ve l y . As 1 nd 1 cated , mo l ten ma t er 1 a l  1 n  a l l cases  (1. e • •  

for a range of wa l l  temperatures from l OO•f to l OOO• f ) 1 s  pred1 c ted to 

freeze at  a penetrat1 on l ength of l e s s  than 2 f t ,  wh1 l e  the w1 r e  prob1ng 

s tud1 es 1 nd1 cate pl ugg1 ng an average of about 10 f t  from the bot tom of the 

reactor ves sel . I t  shou l d  be noted , however , tha t  the pred 1 c ted p l ugg1ng 

d i s tance 1 s  l ar ge l y  affec ted by the acc uracy of the f r 1 c t 1 on fac t or (1 . e., 

an  1 nd1 rect 11 near dependen ce ) wh1 c h  1 s  h 1 gh l y  uncer ta 1 n .  A decrea se 1 n  f 

by a fa ctor of 5 to 10 , wh1 ch 1 s  w1 th 1 n  the range of uncer ta 1 n ty ,  wou l d  

resu l t  1 n  a pred 1 c ted p l uggi ng d i s tance o f  s imi lar magn1 tude as  the probe 

da ta .  On compar i ng Tables  7 ,  8,  and 9,  i t  can be seen tha t the large s t 

depth of me l t  penetrat1 on i s  for the l ow-me l ti ng-po i n t  control  r od ma ter 1 a l  

( T
mp 

= 1470• f ) .  Wa l l  me l t  fai l ure of the penetrati on noz z l e s  w1 t h 1 n  the 

reac tor ves se l , w1 th refree z i ng of me l t  debr i s  bel ow the r ea ctor head , 1 s  

therefore a pred i c ted pos s 1 b1 l i ty .  

In  the above ana l y s i s ,  1 t  was a s s umed tha t  the me l t  debr 1 s  w1 th1 n the 

breached penetrat1 on noz z l e  occ up1 es the ent1 re cross-sec t1 ona l area . 

However , 1 n  general , the i n s tr ument s tr 1 ng 1 s  1 nser ted w1 t h 1 n  the 

penetrat1 on noz z l e ,  so that the more 11 k e l y  conf 1 gura t 1 on for me l t  dra1nage 

1 s  w1 th 1 n  the annul us between the noz z l e  wa l l  (1 0 . 0 . 625 1 n . ) and tha t  of 

the 1 ns tr ument assemb l y  ( 00 = 0 . 292 1 n . ) .  The hydrau11 c d 1 ame ter , oh' 

for th1 s  annu l us can be appr ox1mated a s :  
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TAIL( 1. PENETRAT I ON  D ISTANC E  F OR REF REEZI NG OF MOLTEN I NCOIEl 

Ptr ... ter Vtl yes : 

lf • 1 28 1/ l b  

Cp • 0 . 1 06 Ill b-• F 

f • 0 . 023 ( see Append'• I) 
0 • 5/8 ,n . • 0 . 625 '"· • 0 . 052 f t  

TIIP • 24SO•f 

0/2f -1 . 1 3 f t  

lt/Cp • 1 207•f 

6Tf • T0 - r.., 

C.1 c u1 tt ' on :  

ar,. •r T0, •F T.,, •r 

50 2500 1 00 
50 2500 300 
50 2500 500 
so 2500 1 000 

1 00  2550 1 00 
1 00  2550 300 
1 00  2550 500 
1 00  2550 1 000 

300 2750 1 00 
300 2750 300 
300 2750 500 
300 2750 1 000 

-·-----� 

29 

Xp , f t  

0 . 59 
0.64 
0 . 71 
0 . 9 1 

0 . 60 
0 . 66 
0 . 72 
0 . 95 

0 . 64 
0 . 69 
0 . 76 
0 . 97 



TABLE 8 .  PENETRATI ON DISTANCE fOR R E F R E E Z I NG Of MOLTEN U02 

Govern 1 ng Egua t1 on : 

0 L
f

/C
p 

+ (T0 - T
mp

) 
Xp = 2f [ T - T 

] 
0 w 

Parameter Va l ues : 

Lf = 27 8 J/kg = 119 B/l b  

Cp = 33 ca l/mo1e-K = 0 . 12 B/l b-•f 

f = 0 . 023 (see Append1 x  B )  

0 = 0 . 052 f t  

Tmp = 3150 K = 521o•r  

D/2f = 1. 13 f t  

Lt/Cp = 992°F 

ATf = To - Tmp 

Ca1c u 1a t1on : 

6Tf , •f T0, •f Tw, •r  

50 5260 100 
50 5260 300 
50 5260 500 
so 5260 1000 

100 5310 100 
100 5310 300 
100 5310 500 
100 5310 1 000 

300 5510 100 
300 5510 300 
300 5510 500 
300 5510 1000 

30 

Xp, f t  

0 . 23 
0 . 24 
0 . 25 
0 . 28 

0 . 24 
0 . 25 
0 . 26 
0 . 29 

0 . 27 
0 . 28 
0 . 29 
0 . 32 



TAll( 9. PEIE TRA TIOM O I STAIC[ fOR REf RE£Z IIG Of MOl TEN 
SllV E R- IIO IUR-CADNIUM 

§overn , na [qytt, on: 

o l,lc
P 

• C T
0 

- ,
.,

, 
lp • 2f [ To - Tw 

] 

Ptr .-eter Vt1 yes :  

lf • 26.S ct1 /g • 46.8 8/ 1 b  

Cp • 2SO J/kg-1 • 0.06 l/ 1 b-•f 

f • 0 . 023 ( stt Append, x  8 )  

0 • S/8 , n. • 0.62S , n  • •  O. OS2 f t  

r.., • 1 UO•f 

0/2f · 1 . 1 3 f t  

lrltp • 780•f 

& Tf • To - T.., 

Ct1 cu l tt , on: 

,,,, •r 'o· •r 'w· •r 

so 1S20 100 
so 1 S20 300 
so 1520 soo 
so 1S20 1000 

1 00  1570 100 
1 00  1S70 300 
1 00  1S70 soo 
1 00  1570 1000 

300 1 170 100 
300 1770 300 
300 1170 500 
300 1770 1000 

• 

3 1  

0.66 
0. 77 
0 . 92 
1.80 
0.68 
0. 78 
0 . 93 
1. 74 

o. 73 
0.83 
0 . 96 
1 .  58 



Oh = 4 ( Cros s -Sec t1 ona l f low Area
) = 4 (

A

p
f

) Wetted Per 1meter w 

P = • [ 0 . 625 + 0 . 29 2 ]  = [ 0 . 917 ] 1n . 
w 

• 
2 2 

• 
2 Af = 4 [ ( 0 . 625 ) - ( 0 . 292 ) 1 = 4 [ 0 . 3054 ] 1 n .  

oh = 0 . 333 1 n .  

( 1 4 )  

Note that the hydrau11 c  or equ1 va l ent d1ameter can be used to  replace the 

open d1 ameter i n  correl ati ons  for the predi c t1on of heat transfer 

coef f i c i en t s  and that Oh 
( 0 . 333 i n . ) i s  about hal f  the d i ameter of an 

open nozzl e (1 0 = 0 . 625 i n . ) .  The penetrati on d i s tanc e ,  Xp' a s s um1ng 

annu l ar f l ow,  wou l d  be about ha l f  that pred i c ted 1n Tabl es 7 .  8 ,  and 9 ,  due 

to the 11 near dependence of XP on the d i ame ter . 

I f  core debr i s  pene trates be l ow the reac tor head , then the ques t1on 

ari ses  as to whether the Incone l l ead tube connec ted to the penetrat1on 

nozzl e can be breached by the presence of hot debr i s .  f i gure 6 11 1 us tra te s  

the genera l  fea tures o f  the prob l em,  where rad i a t1on heat trans fer f r om  the 

outs i de surface of the tube to the concrete wa l l  of the conta i nment well 

through an ai r atmosphere i s  cons i dered the pr imary mode of sur face 

cool i ng ,  whi ch can be represented by the fol l owi ng equat1 on : 

where 

QR = A a t  ( T4 
- T4 

s s a 

A
s 

= surface area for heat transfer 

QR 
rate of hea t trans fer by radiat1on ,  8/h 

a = Stefan-Bo l t zma nn cons tant, 0 . 17 14 ( 10-8
) B/h-f t

2
-R

4 

t = effect 1 ve em1 s s 1 v1 ty =0 . 2  ( a s s umed ) 
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-, r�- 6/e· dla. 1-111e· die. -1 1 1 1 

13/16-

1-3/4. dia. 

lnconel penetration nozzle 

3/16. SS-Iiner 

Reactor vessel 
bottom head 

'284·LN88030-7 

f 1 gure 6. J11us tr a t 1 on of rad 1 a t 1 on hea t t r ansfer fr o. nNl-2 core debr 1 s  
p l ugged v1 th1n  a penetrat 1 on l ead t ube. 
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Ts = tube surface tempera ture.  R 

T
a 

= conta1 nment we l l  tempera ture =140•f = 600 R ( a s s umed ) 

Assum1 ng s teady-s ta te heat transfer . equat1 ng the vo l umetr 1 c  hea t  source Q 

( B/h-f t
3

) of the debr 1 s  to QR . and us 1 ng the appropr 1 a te s y s tem 

d1mens 1 ons , 

so that the tube outs 1 de s ur fa ce temperature can be expr es sed a s : 

2 
Ts _ [ T4 + 0 (IO) 1

o . 25 
- a 4 (00 ) at 

(16 ) 

(17 ) 

(18 ) 

Ca l cu l a t1 ona l res u l ts are presented 1 n  Tab l e  10 1 nd 1 ca t1 ng an outs 1de 

surface temperature of the penetrat1 on tube of approx1ma te l y  7 6o• r .  wh1 le  

the me l t1 ng po1 nt  of  Incone l 1 s  2450•f . Therefor e .  s tabl e  p l ugg 1ng of the 

penetrat1 on tubes by core debr 1 s  1s pred 1 c ted , wh1 c h  1 s  1 n  agreement w1th 

the TMI-2  w1 re probe f 1 nd 1 ngs of 1 n tact penetrat1 on l ead tubes wh1 c h  are  

b l ocked bel ow the rea ctor pr es sure ves s e l . 

In  the above ana l ys 1 s .  1 t  was a s s umed that the me l t  debr 1 s  w1th 1 n  the 

breached penetrat1 on tube occup1 es the ent1 re  c r o s s -sec t1 ona l area. 

However . 1f the 1 n s trument s tr 1 ng 1 s  accounted for . then the ac tua l 
2 

cr os s -sect1 ona l area occup1 ed by f ue l -debr 1 s .  Af . 1 s  on l y  0.24 1 n .  I n  

th 1 s  case.  the sys tem parameter s ar e:  

A
s

= l•( OO ) = l•( l . 05 1 n )  = l ( 3.3 1 n )  � l (0 . 27 5  f t) 

2 
QR = QL ( 0 . 24 1 n .  ) = Ql (0 . 00167 f t) 

34 



TAIL£ 1 0. E S T IMA TE Of TM I-2 PENE TRATIOI lEAD TUBE TE"P£RA TURE 

2 
T • [ T

4 
+ 0 (JQ) ]0.25 

s a 4 (00) ., 
Par a�ter Va l ues:  

T • 1 40•f • 600 R 
a 

Q • lO'w I 3. 41 4  1/h I 1 .3 
• 9.67 ( 1 04

) l/h-ft3 
•3 w 35 . 3  ft3 

• •  o. 1 7 1 4 c1 o-8, l/h-ft2-R4 

c • 0.2 ( as su.ed ) 

10 • 0 . 625 tn (ftg. 3-8 )  • 0 . 052 ft 

OD. 1 . 05 tn (ftg. 3-8 )  • 0.0875 f t  

0 (10)
2 

• 2.096 ( 1 01 2 ) R
4 

4 ( 00 )  ., 

talculatton: 

Ts • [ ( 600 ) 4 + 2.096 ( 1 0 1 2 ) ]0 . 25 • 1 220 R 

• 
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so tha t a l ower s urface temperature 1 s  pr ed 1 c ted due to a l ower vol umetr 1 c 

heat sour ce ,  that 1 s ,  

= [ T  4 + 0 (0.00167 } 
0•25 

Ts a at ( 0 . 27 5 )  ] 

4 12 
0 . 25 

Ts - [ ( 600 ) + 1. 7 ( 10 ) ]  = 1165 R s 1os•r 

( 1 9 ) 

The above ana l ys 1 s  assumes grav1 ty f l ow of the me l t  debr 1 s .  based on 

t he fact that the 1 n s tr ument penetrat1 on tube 1 s  pre s s ure-sea l ed up to the 

conta1 nment acces s t ube ( see f 1 gure A-9). Th1 s  a s s umpt1 on 1 s  va 1 1 d  as  long 

as the penetrat1 on lead tube r ema 1 ns 1 n tact, wh1 ch apparen tl y  1 s  the case  

for  the TMI -2 reactor . However .  shou l d  the l ead tube be brea ched outs1 de 

the reactor , pres sure equ1 11 br 1 um can  no l onger be a s s u med ;  s o  tha t  me l t 

dra1 nage wou l d  be affected by the d 1 fferent1 a l  pressure  between the r eac tor 

and the conta1 nment bu1 1d 1 ng . I f  th1 s  were tr ue , then for c ed me l t  f low 

through the penetrat1 on tubes wou l d  tend to abl a te the tube and 

subsequen tl y the s tee l ves se l  head , r es u l t1 ng 1 n  an 1 nc r ea s ed open 1 ng to 

duct me l t  debr 1 s  from the ves se1.
15 

The fac t tha t  there 1 s  no 1 nd 1 ca t1 on 

of the presence of core debr 1 s  1 n  the conta 1 nment bu1 1d 1 ng r eac tor cav1ty 

1 s  1 nd1 rect ev1 den ce of the ma 1 n tenance of penetrat1 on l ead tube 1 ntegr 1ty 

outs 1 de the pres s ure  ves se l . 

Observa t 1 ons Regar d1ng Damage State  of Penetra t 1 on Noz z l es 

from syn thes 1 s  of the l ower pl enum debr 1 s  data obta 1 ned to date and 

the therma l ana l ys 1 s  pr esented above , the fol l ow1 ng observa t1 ons are made 

r e la t 1 ve to the damage s tate of the 1 n s tr ument noz z l es protr ud 1 ng through 

the l ower head . Of pr 1 me 1 mpor tance 1 s  the fac t tha t  debr 1 s  c omposed of 

fue l  w1 th a decay heat sour ce need not be 1 n  a mo l ten s ta te 1 n  order to 

cause me l t  fa1 1ur e of the noz z l e .  Th 1 s  1 s  due to the fac t tha t  the noz z l e  

1 s  made o f  rela t 1 ve l y  l ow-me l t 1 ng-po1 n t  Incone l ( Tmp = 245o • r .  1616 K ) .  

I t  shou l d  be noted tha t the pr 1mary des 1 gn cr 1 ter 1 on for the 1 n s tr ument 

nozzl es 1s  the1 r capab1 11 ty to w1 ths tand h 1 gh s y s tem pres sures.  rather than 

me l t  a t tack by core  debr 1 s . Not 1 ng that the y 1 e l d  s tr ength for I n cone l at 
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6oo•r '' on the order of 40,000 ps1 and that the nozzle tube d1 .. ns,ons are 
00 • 2 . 0  ,n. and ID. 0.625 1n., 't can be seen fro. shell theory that the 
nozzle 's captble of v1thstand1ng h1gh syst .. pressures, but only at low 
te.peratures. However, the th1n v.ll th,ckness of the nozzle 1s subJect to 
.elt fa1lure (or creep rupture fa11ure near the .. lt1ng po,nt) should 
contact occur v1th hot core debr1s 'n a noncoolable conf,gurat1on. 

Analys1s 1nd1cates that the debr1s conta1n,ng a heat source (f1ss,on 
products) need not be .olten to cause .elt or creep fa11ure of the lnconel 
tube wall. The d1st,nct poss1b111ty therefore ex,sts for .. lt fa11ure of 
the penetrat1on nozzles v1th1n the reactor vessel at locat,ons of good 
debr1s/nozzle contact. Th1s would be part1cularly true at locat1ons v'th1n 
the lower plen� of a close-picked debr1s, where coolant 1n-penetrat,on .ay 
have been 11•1ted. 

In the calculat,on of .. lt penetrat1on. refreez1ng d1stances on the 
order of 1-10 ft vert pr�1cted, where uncerta1nt1es are largely dependent 
upon assu.pt1ons regard1ng the wall fr1ct1on factor, f. W'th'n the 
uncerta1nty 11•1ts of f, the pred1cted plugg1ng d1stance 's of the sa.e 
order of .agn1tude as the blockage data. Therefore, wall .. lt fa11ure of 
the penetrat1on nozzles v1th1n the reactor vessel, w1th refreez1ng of �lt 
debr1s below the outs1de surface of the reactor head, 1s 1ndeed a d'st1nct 
poss1b111ty. Stable plugg1ng w1th1n the penetrat1on lead tubes 1s also 
pr�1cted, based upon a steady-state assess.ent of the tube vall 
t�erature subJect to rad1at1on heat transfer to the conta1n.ent 
at.usphere. Stable plug freez1ng 1s also 1n agre.-ent w1th the TMI-2 w1re 
probe f1nd1ngs. 

Ther.al Analxs1s of the Lpwer Head 

Although melt1ng of the th1n-vall penetrat1on nozzles ,s the 11kely 
fa11ure .ode for reactors wh1ch 1ncorporate botto.-entry 1nstru..ntat1on, 
.ass1ve sudden .olten core debr1s collapse 1nto the lower plenum could also 
cause catastroph1c vessel wal l fa11ure by .. lt ablat1on. An assessMent of 
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the poten t 1 a l  for such ves s e l  head me l t 1 ng 1 s  pr esen ted her e ,  bas ed upon an 

es t 1 ma te of the 1 n s tan taneous temperature at the head surface upon 1 n1 t1 a l  

con tac t w1 th mo l ten core debr 1 s .  

Ins tantaneous Contac t Temperature 

As d1 scus sed  1n Reference 15 , for c oherent ma s s 1 ve debr 1 s  m1 grat1 on to 

the lower pl enum, the water wou l d  mos t  11 k e l y  be e 1 ther d 1 s p l ac ed by the 

debr 1 s  or vapor 1 zed . for such coher en t  large-ma s s  d 1 scharge , the mo l ten 

debr 1 s  wou l d  mos t  11 ke l y  penetrate to the bottom of the p l enum. where 1 t  

cou l d  accumu late and beg 1 n  t o  therma l l y a ttac k the s teel  s ur faces 1 n  th1 s  

l oca l e .  The p l enum water ma y  c ont1 nue to  vapor 1 ze o f f  the upper surface of 

the debr 1 s , but th1 s  may no t s ubs tan t 1 a l 1y affec t the rate of a ttac k on the 

ves s e l  head . 

The conf 1 gura t 1 on of 1 n 1 t 1 a l  mo l ten debr 1 s  contac t w1 th the l ower head 

1 s  shown 1 n  f 1 gure 7 .  To a s se s s  1 f  surface me l t1 ng of the s ta 1 n l e s s  s tee l 

11 ner on the 1 n s 1 de s ur face of the reac tor ves s e l  w1 1 1  occ ur , the f ol l ow1 ng 

expres s 1 on for the 1 ns tan taneous contac t 1 n terface temperature  for two 

sem1 -1 n f 1 n 1 te s labs 1 s  used ,
20 

1 . e . , 

where 

T = tempera ture  

k = therma l conduc t 1 v1 ty 

o = therma l d1 ffus1v1 ty 

H = hot mater 1 a l  ( debr 1 s )  

c = co l d  ma ter 1 a l  ( reac tor ves se l ) 

( 20 )  

Ca l c u l a t 1 ona l resu l t s are  presen ted  1 n  Tab l e  11, where 1 t  can be seen 

tha t due to the h1 gher conduc t 1 v1 ty of the ves s e l  wa l l  as  c ompar ed to the 

core debr 1 s  the 1n ter face temperature 1 s  c l oser to the bu l k  t emperature of 
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Reactor 
pressure vessel 

f1gurt 7 .  111ustrit1on of bott�htid ther .. l iltick bJ hot � 1 - 2  core 
debrh. 

• 
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TABLE 1 1 .  E STIMATE OF CONTACT I NTERFACE TEMPE RATURE BE TWE E N  uo2 
DEBR I S  AND TMI-2 VE SSE L HEAD 

Govern1 ng E gua t 1 on: 

T ( k/o
o . s

, H + Tc ( k/o
o . s

>c T I 
= -'-'-H ---.:::--::-�------=--::---"--

( k/o0 . 5 ) H + (k/oo .
s

>c 

Parameter Va l ues:  

�: �o2 �r �p!r! 1 !s_ 

kH = 2 . 1 B/h -f t-•f  

GH = 0 . 032 f t2/h 

k/o0 . 5  = 1 1 . 8 

Tmp = 521 0•F 

Assumpt 1 on:  

C • Ca rbon Steel Propert1 es 
- - - - - - - - - - - - - -
kc • 20 B/h-f t -•f 

Gc • 0 . 27 tt2/h 

k/o0 . 5  = 38 . 5  

Tmp = 21so • r  

Assume ves sel  head at  satura t 1 on tempera ture o f  water c or r e spond 1 ng t o  
a pres sure of 1 500 l b/1n2 ; 1 . e .  Tc • 596• f  

Ca l c u l a t 1 on :  

TH , •f T1 • ·r 

3000 1 1 60 
4000 1 395 
5000 1 630 
521 0  1 678 
6000 1 865 
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thf VfSSfl rathfr than that of thf dfbr\s. S\ncf thf Nelt\ng po\nts of thf 
sta\nless stff1 11nfr and carbon stff1 are 2SOO•f and 27so•f respect\vely, 
.. lt\ng of t\ther .. ter\al \s not pred\cted. 

Table 12 presfnts a s1•11ar calculat\on; however, the debr\s 1s 
cons\dered to be a •1xture of U-Zr-0 cOMponfnts, w\th an effect1ve 
.. tal-1\ke conduct1v\ty of 50 W/._K (28.9 1/h-ft-•f), wh\ch \s 
approx\ .. tfly onf order of .. gn\tude greater than that of cer�\c-U02 
debr1s. Th1s \ncreasf 1n debr\s ther .. 1 conduct\v\ty (s1•11ar for that of 
Ag-ln-Cd alloy) rfsu1ts \n an \nterface te.perature wh\ch part\t\ons 
bftwefn that of the bulk debr\s and Vfssel wall te.peraturfs. Thus, \ns\de 
surfacf .. lt1ng .. , occur for .. tall\c-1\ke dfbr\s te.peraturfs \n fXCfSS 
of -4500•r . 

It should bf notfd that thf \nstantanfous contact te.peraturf 1s based 
upon contact between two s .. 1-1nf1n1tf .. ter\als of d\fffrent propfrt\fs 
and bulk te.pfratures. As such, the solut\on \s val\d unt\1 a thfrMal 
front penetrates the th1ckness of f1thfr, whfrfupon that Mater\al beg1ns to 
beat up (or cool down), w\th a corrfspond\ng changf 1n 1nterfacf 
t�erature. Thus, the above fst\ .. tf \s s\�ly an 1nd1cat1on of thf 
1n1t\al t..,eraturf of the 1ns1de surfacf of the vessfl head at thf t, .. of 
debr\s rflocat\on 1nto thf lower plfnu•. 

Observat\ons Regard1na Da..ae State of lower Hfad 

Although no data ex\st regard\ng the state of thf \ns,de surfacf of 
the lower head exposed to '"1-2 core debr\s, ther .. l analys\s 1nd1cates the 
follow\ng trends. for d\rfct contact of core dfbr\s w\th the reactor 
vessel, the \nterfacf contact te.pfrature 1s pred\cted to re.a\n well below 
the -.1t\ng po\nt of the vessel, \f the contact1ng dfbr,s has a thfrMa1 
conduct1v1ty near that of Cfra.\c-1\ke uo2 • for h\gher conduct1v\ty 
debr\s, the \ntfrface te.perature \ncrfases, wherf sta1nless stef1 1\ner 
-.lt\ng ( T  • 2SOO•f ) can occur at debr\s te.peratures 1n fxcess of � 
-•soo•r (wh\ch \s about lOoo•f abovf thf .elt\ng po1nt of G-Zr(0)/U02 
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TABLE 1 2 .  E STIMATE Of CONTACT INTE RF ACE TEMPERATURE BETWE E N  U-ZR-0 
DEBRIS AND TMI-2  VESSEL HEAD 

Govern 1 ng Egua t 1 on :  

TI = 
TH ( k/oo

.
5 ) H + Tc ( k/o0 . 5

> c 
( k/oo . 5 )H + ( k/oo . s >c 

Parameter Va l ues : 

� : �-�r :O_P�oee�t !e� 

kH = 29 . 0  B/h-f t-•r  

OH = 0 . 45 f t2/h 

k/o0 . 5  = 43 . 2  

Tmp = 21 10 K = 345o•r  

As sumpt 1 on :  

� : �a�b�n_S!e!l _P�oee�t!e! 

kc a 20 8/h-f t - •f 

Oc = 0 . 27 f t 2/h 

k/a0 . 5  = 38 . 5  

TIIIP a 27SO•f 

As s ume ves s e l  head at  satur a t 1 on temperature of wa ter correspond 1 ng to 
a pres sure  of 1 500 l b/1 n2 ; 1 . e .  Tc = 59&•f  

Ca l c u l a t 1 on :  

TH • •f  TI , •f 

3000 1 8&7 
3450 21 05 
4000 24 1 0  
5000 29 25 
6000 3455  
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eutect1c ) .  However . the lirger the frict1ons of non-fuel .. ter1i1 1n the 
debr1s , the lower 1ts heit generit1ng Cipic1ty ind thus 1ts t.-periture. 
Thus , for d\rect core debr\s contict 1 t  ippeirs thit cond\t\ons would not 
be fivorib l e  for rip1d .. 1t1ng of the sti\nless steel 1\ner. 
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CONC LUSIONS 

Based upon da ta sur vey effor t s  of the l ower p l enum and ana l ys 1 s of 
therma l  i n terac t i on be tween c or e  debr 1 s  and l ower p l enum s tr uc tures . the 
fo l l owi ng obser va t i ons are summar i zed r e l a t i ve to  the poten t 1 a l  damage 
s tate  of the TMI-2 l ower p l enum : 

o The debr i s  wi thi n the l ower p l enum may c on ta 1 n  up to 1 0  to 20% of 
the i n i t i a l  l oadi ng core mater ia l . V1 deo 1 ns pec t i on of  such 
debr 1 s  1 nd1 ca tes a debr 1 s  s 1 ze rang1 ng f r om f 1 ne sand- 1 1 ke 
kerne l s  to grave l - 1 1 ke par t 1 c l es up to  2-3 1 n .  i n  d 1 ame ter . A 

retr 1 eva l and gros s rad1 a t 1 on sur vey of s ever a l  debr 1 s  par t 1 c l es 
i nd i ca tes a s i ze range of 0 . 25 to  2 . 5  1 n . and tha t  the debr 1 s  1 s  
e1 ther pr imar 1 l y  s tr uc tura l ma t er 1 a l  or fuel  s omewhat dep l eted of 
f 1 s s i on produc t s . Hydrau l 1 c  d 1 s turbance of the debr 1 s  s hows 
evi dence tha t the top s ur face of the debr 1 s  bed 1 s  1 n  a l oose 
rubble  conf 1 gur a t 1 on .  Gamma prob1 ng through t he L-1 1 penetra t 1 on 
tube 1 nd 1 c a te s  tha t the debr 1 s  bed may be h 1 g h l y  s tr a t 1 f 1 ed .  w1 th 
a l ayer of non-fuel  ma t er 1 a l  r e s t 1 ng on the ves s e l  head w1 th an 
over l ay of ceram1 c - 1 1 ke fuel debr 1 s .  

o Wi r e  prob1ng s t udi es  of the i ns tr umen t  pene tr a t 1 on tubes i nd 1 cate  
tha t  16  of  1 7  tubes are  b l oc ked . The 1 mp l 1 c a t i on of s uc h  w1 r e  
prob i ng 1 s  tha t  a l a r ge por t i on o f  the penet ra t i on t ubes are  
e1 ther f i l l ed wi th r e l a t 1 ve l y  f 1 ne debr 1 s  or damaged by  debr 1 s  
therma l  a t tack of the tube wa l l s .  

o Therma l ana l ys i s  1 nd i ca tes me l t  fa1 l ure  of the Inconel 
penetr a t 1 on noz z l e s  for e i ther s o l 1 d  cerami c - 1 1 ke fue l debr 1 s  a t  
t empera tures i n  the r ange o f  1 600 t o  1 800 K .  or for me ta l l i c- 1 1 ke 
debr i s  a t  temperatures greater than 1 620 K .  Therma l a t tack by 
mo l ten s ta i n l e s s  s teel appr oxima t e l y  200 K above i t s me l t 1 ng 
poi n t  1 s  a l so as ses sed to l ead to noz z l e  me l t  f a i l ur e .  
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o Ther� l ani lJS 1s of tht vtsst l htid 1 nd1catts that tht sta1nless 
sttt l 11ner 1s not 1 1 ke1J to havt exper1enced Melt1ng upon sudden 
cont1ct w1th t1thtr .. ta1 11c (.olten steel or Ag- ln-Cd .elt) or 
cer••1c fuel debr1s. 

o The 11ke l J  .ode of bottOM head fa1 1ure for severe acc1dents 1s 
1ssessed to be fro. debr 1s ther.al ittack on the bott�entrJ 
lnconel penetrit1on tubes. Nel l fa11ure of the penetrat1on 
nozzlts _., hive occurred at TM I - 2 .  However , Melt debr 1s 
refrttz1ng 1nd plugg1ng 1 n  these tubes 1s prtd1cted, wh1ch 
prevents core .. ter1al fro. escap1ng the reactor vtssel . 

• 
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APPEND I X  A 

DEBRIS CHARACTER ISTICS AND INTERACT ION WITH L owt R  PLENUM STRUCTURES  

In order to assess the poss1ble da.age due to ther.al attack of core 
debr\s on the lower head and botto. entry penetrat \on tubes . 1t was 
neces sary to character1ze the core debr\s w1th respect to co.pos1t1on .  
ge�try . and ther.al character1st1cs based on the followtng pr1nary 
sources: 

0 

0 

0 

0 

0 

0 

Neutron flux prof\le . A-l,A-2 

A-3 Vtdeo 1nspect1on of the lower plenua, 

A-4 Wtre prob1ng of the \nstru.ent penetrat1on tubes . 

S....-scann1ng wtth1n the lower plenu• .A-S .A-6 

Prob1ng of the lower plenu. debr1s bed wtth a h\gh-veloc\ty water 
A-7 Jet . 

A-8 Debr\s grab-sa.ple retrteval. 

Each of these efforts \ s  brtefly s�r1zed below. 

Neutron f lux Prof \le 

In Sept.-ber of 1983 . A-l,A-2 two ax\al str\ngs of soltd-state track 
recorders (SSTRs) were tnstalled tn the annular gap between the TMI - 2  
reactor vessel and the btologtcal sh1eld . The readtngs obta1ned fro. the 
SSTRs were used to estt.ate the thermal neutron flux tn the gap . The ax\ al 
flux proftle obta1ned fro. the SSTR readtngs was analyzed ustng a dtscrete 
ordtnate transport code and assoc\ated n�utron\c .adels of the da.aged 
core. Read1ngs d1ffered s1gn1f1cantly fro. what would be expected for a 
nor.,l core . The analys1s showed that the therMal flux prof11e was 
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dom1 na ted by neutrons s tream1 ng f r om f ue l  l oc a ted 1 n  the l ower vess e l  
head . I t  was deduc ted tha t the magn 1 tude of the therma l f l ux  J u s t  out s 1 de 
the ves s e l  a t  the SSTR s tr 1 ng pos 1 t 1 ons was d 1 rec t l y  pr opor t 1 ona l to the 
fue l  l oad1 ng 1n  the l ower p l enum area . Thes e  f l ux leve l s  wer e  
approx1ma tely  four order s o f  magn 1 tude above those seen 1 n  an undamaged 
core under the same tempera ture and boron c ond1 t 1 ons . Th1 s r e l a t 1 on s h 1 p 
perm1 t ted the pred 1 c t 1 on that approx 1 ma t e l y  1 0  to 20 me t r 1 c  tonnes of uo2 
mus t  1 1 e  1 n  the l ower ves s e l  p l enum of the r eac tor . Such f 1 nd 1 ngs prompted 
1 n 1 t 1 a t 1 on of the v1 deo 1 nspec t 1 on effor t s umrna r 1 zed be l ow . 

V1 deo Inspec t 1 on 

On february 20-22 , 1 985 , and aga 1 n  dur 1 ng Ju l y  1 985 , v 1 deo 1 n spec t 1 ons 
of the reac tor ves s e l  lower head a r ea were performed . A c amera was 
1 nser ted 1 n to 3-7/8- 1 n . -d1 ame ter ho l e s  of the Core Suppor t A s s emb l y  ( CSA ) 
a t  sever a l  l oca t 1 ons shown 1 n  f 1 gure A-1 . An aux1 1 1 ary 1 1 gh t  was 1 nser ted 
down an adJ acen t hol e .  The out s 1 de s urface of t he CSA ( 1 . e . , the r eg 1 on 
between the CSA and the 1 ns 1 de s ur face of the reac tor ves s e l  ( RV ) ] was 
1 nspec ted on the way down to the bo t tom head reg1 on . The annu l us between 
the CSA and the RV was c l ean and f r ee of l ar ge debr 1 s . 

The v1 deo 1 nspec t 1 on of the f l ow d 1 s t r 1 bu tor p l a te a t  the bot tom of 
the CSA showed no ev1 dence of s tr uc t ur a l  damage 1n  any of the a r eas 
1 nspec ted . There was a l so no v 1 s 1 b l e  damage t o  the bot tom head ; however , 
debr 1 s  was shown to be cover 1 ng l arge por t 1 on s  of the l ower head . The tops 
of the 1 n-core 1 n s tr umen t  penetra t 1 on nozz les  pro t r ud 1 ng thr ough the debr 1 s  
s tack were shown to be a l 1 gned 1 n  the 1 r  norma l c onf 1 gura t 1 on ,  1 nd 1 c a t 1 ng no 
v1 sua l damage to the penetra t 1 on tube above the he 1 gh t  of the debr 1 s  1n the 
area 1 nspec ted . Approx1ma t e l y  30% of the l ower p l enum r eg 1 on was 1 ns pec ted 
dur 1 ng the f 1 r s t  camera 1 nspec t 1 on 1 n  february 1 985 . 

A large quan t 1 ty of debr 1 s  of nonun1 f orm s 1 ze and appearance was s een 
1 n  the reg1 ons sur veyed . l 1 t t l e  debr 1 s  was seen near the Y-ax 1 s  ( see 
f 1 gure A-1 ) ,  wh1 l e  large quan t 1 t 1 es of debr 1 s  were  obser ved at the o ther 
l oca t 1 ons . The debr 1 s  appear s  to have ac c umu l a ted to a depth of 30 to 
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40 1 n .  above the bot tom 1 nver t of the head , and the s hape of the debr 1 s  
p1 l e  seems to be h1 gher a t  the edges than a t  the m1 dd l e .  B y  extrapo l a t 1 on 

A - 1 from wha t was seen , 1 t  1 s  e s t 1 ma ted tha t  there may be from 1 0  t o  
20 tons o f  debr 1 s  res t 1 ng on the bot tom head . The debr 1 s  appear s t o  be 
segregated r ad1 a l l y ,  w1 th  the l ooser f 1 ner ma t er 1 a l  near the center and the 
b1 gger c hunks and agg l omera t 1 ons towards  the edges . Debr 1 s  c hunks of 
consol 1 da ted mater 1 a l  up to a few 1 nches across  or larger wer e  obser ved , as  
we l l  as  what appea r s  to be a m1 xture of l oose ma t er 1 a l  w1 th  par t 1 c l e  s 1 zes  
1 1 ke sand to sma l l  grave l m1 xed toge ther . 

Spec 1 f 1 c  deta1 l s  of debr 1 s  and l ower p l enum s tr uc t ur a l  
charac ter 1 s t1 c s ,  taken from s t 1 l l  frames o f  the v1 deo tape , c a n  b e  s een 1 n  
F 1 gures A-2 and A-3 . F 1 gure A-2 shows wha t  appea r s  to b e  f r o zen g l obular 
debr 1 s  suspended from a hol e  1n  the f l ow d1 s tr 1 bu tor p l a t e .  The debr 1 s  
extends to about ha l f  the d 1 ameter of the f l ow hol e  ( wh 1 c h  1 s  6 1 n .  1 n  
d1 ame ter ) and 1 s  proba b l y  agg l omera ted once-mo l ten ma t er 1 a l . The f l ow 
d1 s tr 1 bu tor p l a te 1 ts e l f  showed no s tr uc tura l damage 1 n  any of the a r ea s  
access 1 b l e  for v 1 deo 1 nspec t1 on .  Near one o f  t h e  6- 1 n .  f low holes , t h e  
charac ter s • 1 A• had been s tamped 1 n  the metal  a n d  were  c l ear l y  v 1 s 1 b l e .  
F 1 gure A-3 shows a v1ew of the debr 1 s  bed 1 n  t he reg 1 on of the Inc onel  
penetra t 1 on noz z l e  and  s ta 1 n l es s  s teel  gu1de t ube j unc t 1 on .  A l though the 
Incone l penetra t 1 on noz z l e  1s  shown to be 1 n tac t above the s ur face of wha t  
appear s t o  be a r a ther den s e l y  pac ked debr 1 s  bed , th1 s ma y  not b e  t h e  case 
be l ow the debr 1 s  sur face . F o l l ow1 ng the v1 deo 1 nspec t 1 on ,  an a t tempt was 
made to penetrate the bot tom-entry 1 ns t r umen t tubes . wh1 c h  1 s  s ummar 1 zed 
nex t . 

W1 re Prob1 ng of the In s t r ument Pene t ra t 1 on Tubes 

On March  21 and 22� 1 985 , a ser 1es of w1 re  prob1ngs of the 
bot tom-entry 1 ns tr ument  penetrat 1 on tubes ( see F 1 gures A-4 , A-5 , and A-6 )  
us 1 ng 60-m1 1 ,  or 0 . 06- 1 n . -d 1 a  w1 re  was a t temp ted t o  determ1 ne wh1 c h  tube 
l ocat 1 ons m1 gh t be used for l a ter 1 nser t 1 on of an 1 on chamber for gamma 
scann1 ng of the l ower p l enum .  The or 1 g 1 na l  1 n tent was to probe 1 2  
l oc a t 1 ons and to s e l ec t  s 1 x  of these l oc a t 1 ons for gamma pr of 1 1 1 ng .  
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r ' gure A - 2 .  l l l us trat , on o f  onc e -.o l ten TM I -2 core  debr ' s  par t 1 c l t  f r o zen 
w1 t h ' n  t he f l ow ho le of a f l ow d1 s t r , butor p l a t P . 

A - 7  



Reactor vessel wal l 

F 1 gu r e  A-3 . I l l us tr a t 1 on of undamaged gu1 de f l ange a t tac hed to  f l ow 
d 1 s t r 1 bu t or p l a t e . 1 nd 1 ca t 1 ng TMI-2 c o r e  debr 1 s  p1 l eup to 
w1 th 1 n  4 1 n .  of  f l ow ho l e . 
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F 1 gure A-5 .  I l l us tr a t 1 on of TMI-2  l ower p l enum reg 1 on show1 ng bot tom-en t r y  
1 ns t r ument pene t r a t 1 on noz z l e  and gu1de tube . 
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lnconel Penetration Nozzle 
--, r sta· dia.  

, _ ,,,e. dia. ---1 1 1 �--

1 -3/4 • dia. 

6-3/16. 

:-t4--- lnconel penetration nozzle 

3/16 • 55-liner 

Reactor vessel 
bottom head 
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f , gurt A-6 . l l lus tra t , on of � 1 - 2 bot toa-tn t r f  ,ns t r �n t  ptnt t r i t , on 
nou l t .  
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However . as  shown 1 n  Tab l e  A-1 . 1 7  l oca t 1 ons wer e  probed and 1 6  were found 

to be b l ocked a t  po1 n t s  out s 1 de the reac tor ves s e l . The one l ocat 1 on 

( l- 1 1 )  wh1ch had access  to the r eac tor ves s e l  was s ubsequen t l y  gamma 

prof 1 l ed .  Al though the w1 re probe pene trated more than 3 m ( 9  f t )  above 

the reference p l ane at  the bot tom of the ves s e l , the 1 on c hamber 1 nser t ed 

l ater on ly  penetra ted 1 9  em ( =7 . 4  1 nches ) ,  due to a s l 1 gh t l y  larger 

d1 ameter . S1 nce the penetra t 1 on tube 1 n s 1 de d 1 ameter ( 1 0 )  1 s  -1 . 59 em 

( 0 . 625 1 n . ) . the 1mp 1 1 ca t 1 on of such w1 re prob 1 ng 1 s  that a large por t 1 on 

of the penetrat 1 on tubes are e1 ther f 1 1 1 ed w1 th rel a t 1 ve l y  f 1 ne debr 1 s  or 

damaged by debr 1 s  therma l a t tack of the tube wa l l s .  

Gamma Scann 1 ng of lower P l enum 

Fol l ow1 ng the w1 re prob 1 ng effor t .  the s 1 ng l e  open penetrat 1 on t ube 
A-5 A-6 

( l- 1 1 )  was subj ec ted to gamma s cann1 ng • v1a  1 nser t1 on of a 

th1 n-tube 1 on chamber . The purpose of such gamma prob 1 ng was to quan t 1 fy 

the amount and l oca t 1 on of fuel debr 1 s  w1 t h 1 n  the lower p l enum .  f 1 gure A-7  

1s  a cross-sec t 1 on of  the 1 n-core 1 ns tr umen t  assemb l y  1 n s 1 de 1 ts gu1 de 

p 1 pe ,  show1 ng the cen tra l ca l 1 brat 1 on tube 1 n to wh1 ch the 1 on chamber was 

1 nser ted . F 1 gure A-8 shows the acces s path f r om the seal  tab l e  1 n  the 

con ta 1 nmen t  bu1 1 d 1 ng through the s ta1 n l es s  s tee l gu1 de t ube , down to the 

conta1 nment  basemen t .  and upwards 1 n to the bot tom of the r eac tor ves s e l . 

The ana l ys 1 s  was performed by compar 1 ng the meas ur ed gamma scan w1 th  

ca l c ulated prof 1 1 es , 1n  an a t tempt to c harac ter 1 ze the  debr 1 s  bed 1n  terMs 

of dens 1 ty and compos 1 t 1 on and reten t 1 on of f 1 s s 1 on produc t s . The detec tor 

had an out s 1 de d1 ameter ( 00 )  of 0 . 072 1 n .  and a sens 1 t 1 ve l ength of 

1 . 67 1 n .  The 1 on-chamber/de tec tor cab l e  was 1 nser ted 1 nt o  the c a 1 1 br a t 1 on 

tube at  the sea l tab le  1 n  the reac tor conta1 nment bu1 1 d 1 ng ( s ee F 1 gure A-8 ) 

and manua l l y  advanced 1 08 f t  1 n to the ca 1 1 bra t 1 on tube to a po1 n t  1 5 . 3  1 n .  

be l ow the RV outer sur face . Subsequent 1 ns er t 1 on of the c hamber was v 1 a  a 

pos1 t 1 on 1 ng dev 1 ce tha t  a l l owed advanc 1 ng the c hamber 1 n  1 - 1 n .  s teps . At  

eac h s tep . the chamber s 1 gna l was read v 1 a  a d 1 g 1 ta l e l ec tr ome ter and 

recorded . The gamma-scann1 ng data are presen ted 1 n  Tab l e  A-2 and s hown 

graph1 c a l l y  1 n  f 1 gure A-9 . Meas ured dose rates  ranged f r om 23 R/h out s 1 de 
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TABU A-1 . TMI-2 IOTTOM-£1TRY INSTRUMENT TUIE PROB IN6 RE SUL TS 

Therll0coup1e 
Probe ssop P,nch Po,nt 

�fi De�ect1on PosH,on (ft)b C01111ents (ft) 

3/2 1 1 ·-· - 9 .9' 4 . 0  Hard stop 
3/22 4 f -· - • .  1' 1 . 2 Hard stop 
3/22 • f -7 - 1 0 . 8' 1 . 2 Hard stop 
3/21 1 £ - 1 - 1 8 . 9' 0 . 9  6rHty . hard stop 
3122 1 1  IC-5 - 1 5 . 4d 1 3 . 7 Sandy stop 
3/22 1 3  "- 8  - 0 .5 (1n . )e 9 . 9  Hard stop 
3/22 " "-9 - 4 . �  0 . 7  Sandy, hard stop 
3121 18  l- 1 1 • 9 . ie 1 2 . 6  Hard stop 
3/22 20 IC- 1 2  -15 .od Hard stop 
3/21 24 f - 1 2  - 1 8 . oe  1 3  • •  6r1tty . hard stop 
3122 26 ( - 1 1 - 36 . �  0 Water dhplaced 
3/21 33 D-5 -25 . 5d 1 1 . 6 SoHd stop 
3/22 34 ( -4 - 7 .9d Hard stop 
3122 36 6-2 - 0 .9d 1 0 . 6  Hard stop • .a1sture 

on probe 
3/22 41 1-4 12 .0  Not probed, water 

seeped out after 

- 15 . od 
uncapp1ng tube 

3122 49 "- 1 4  5 .5  Hard stop • .o1sture 

- 39 . ad  
on probe 

3122 51 0- 1 4  1 4 . 4  Hard stop . water 1n 
tube 

3/22 52 C- 1 3 - 7 .9d 10 . 6 Hard stop 

a .  The reported values ,n feet refer to the he1ght above the reactor 
vessel base elevat1on (290 ' 5-1/4 •) . 

b .  f r �  6EN0- 1Nf -031 , Vo l .  I I . 

c .  Neasured w1 th tape •a sure . 

d .  D1stance est1 .. ted fr� n�er of loops 1n cab le . 

--------------------------- - ----- ---
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lnconel 

TLD probe or 
miniature ion 

chamber probe -----­

inserted through 
this tube 

0.062 in. inconel 
filler above lower detector 

Thermocouple 

�- 0.062 in. inconel sheath 

�crA---- 0.018 in. rhodium emitter 

�-- 0.042 in.  Alz01 insulation ,.,,��-..�.....-

in. 

14-------:0.250"-----� 
in. 

14----::0.292�--.-t 
in. 

0.011 in. zircaloy 2 leadwire 

(Assembly includes seven neutron-sensitive detectors, 
one background detector, and one thermocouple.) 

P204-LN88030-1 

F 1 gure A-7 1 1 l us trat 1 on of TMI-2 bot tom-en try detec tor cross  sec t 1 on ;  
center ho l e  ser ves a s  an ac ces s por t for 1 nser t 1 on of m\ n 1 a t ur e  
1 on chamber for gamma survey of l ower p l enum . 
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f t gurt A-1. &u , de tube liyout for TMI -2 botto.-entry 1nstru .. nt ,nsert1on 
iftd f .. Vi l .  

• 
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TABl E  A-2 .  GAMMA SCANNI NG Of IN-CORE DETECTORS GAMMA PROf ilE  AT GR I D  
POS ITION l- 1 1 (#1 8 )  

Detec tor E l eva t 1 on 
Rela t 1 ve to RV Measured Dose 
I nner Surface Ra te 1n Center 

at  l-1 1 Ca l 1 bra t 1 on Tube
a loca t 1on of 

(em) (R/hr )  Detec tor Center 1 1 ne 

- 1 5 . 5  4 . 6  Ves s e l  s he l l 
- 1 2 . 9  4 . 6  Ves sel  s he l l 
- 1 0 . 4  3 . 4  Ves s e l  s he l l  
- 7 . 9  1 . 8 Ves sel  s he l l 

- 5 . 3  1 . 2  Ves s e l  s he l l  
- 2 . 8  2 . 2  Ves se l  s he l l  
- 0 . 3  4 . 6  Ves s e l  s he l l 

0 . 0  b RV 1 nner s ur face 

2 . 3  1 1 . 0 Debr 1 s  bed 
4 . 8  24 . 2  Debr 1 s  bed 
7 . 4  4 1 . 4  Debr 1 s  bed 
9 . 9  66 . 6  Oebr 1 s  bed 

1 2 . 4  86 . 2  Debr 1 s  bed 
1 5 . 0  96 . 0 Debr 1 s  bed 
1 7 . 5  99 . 4  Debr 1 s  bed 
1 8 . 8  1 00 . 0  Debr 1 s  bed 

a .  Obta1 ned by use  of a gamma sens 1 t 1 v 1 ty of 1 7 . 4 1 x l o- 1 3  amp/R/h for 
the 1 on-chamber . 

b .  No t meas ured . 
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a: 
:c 
c 

• 

80 

60 

20 

O L-----���-L----�----� 

-20 - 1 0  0 1 0  20 
HEIGHT ABOVE RPV INNER SURFACE - CM 

I ,;,::, S�LL ." I : : . �IS BE� : . I 

f tgur e A-9 . 61.-.-sclnn1 ng res u l t s 1t  TNI-2 1 n-core de tec tor l oc a t , on l - 11. 
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the RV to a max1mum read1 ng of 1 00 R/h a t  the l oca t 1 on where the detec tor 

was b l ocked 1 n s 1 de the ves sel  [-1 8 . 8  em ( 7 . 4  1 n . ) above the 1 nner s ur face  

of  the reac tor ves se l ] .  

The fac t tha t  the ac t 1 v1 ty 1 ncreases w1 th  1 nc r eased he1 ght s ugges t s  

the ex 1 s tence of a non-fue l  layer a t  the very bot tom o f  the l ower p l enum. 

Th 1 s  observa t 1 on ,  1 n  comb 1 na t i on w1 th the presence of 2750 kg of Ag- I n-Cd 

( 80 wt . X  s 1 l ver , 1 5  wt . X  1 nd 1 um, 5 wt . X  cadm1 um) i n  the a s -bu 1 l t  TMI-2  core 

and the rela t 1 ve l y  l ow-me l t 1 ng po1 n t  [ 1 07 2  K ( 1 470•f ) ]  of  the con t r o l  r od 

a l l oy ,  prompted fur ther 1 nves t 1 ga t i on .  The dose r a te prof 1 l e  c a l c u la t i ons , 

1 n  conj unc t 1 on wi th the 2750-kg i nven tory of con tr o l  r od ma ter i a l  i n  the 

as -bui l t  cor e ,  i nd 1 ca ted a non-fuel debr 1 s  l ayer hav i ng a hei ght  of 

approxima tely  9 1 n .  at  the center pos i t 1 on ( H-8 ) ,  whi c h  corres ponds to a 

l ayer he1 ght  of -3 1 nches a t  the l-1 1 pos i t i on .  I t  i s  thus pos s i b l e  that 

a non-fuel layer ex1 s ts at  the ver y  bot tom of the TMI-2 l ower p l enu., whi c h  

represen t s  reso l i d 1 f 1 ed Ag- In-Cd a l loy w1 th a n  over l ayer o f  fuel  debr i s ,  as 

dep1c ted 1n f 1 gure A-1 0 .  

Based on gamma- scann 1 ng meas uremen t s , the fol l owi ng l ower p l enum 

debr 1 s  charac ter 1 za t 1 on was made : 

o The spec 1 f 1 c  ac t i v i t i es of the debr i s  i n  the l ower p lenum appear 

to be s 1 gn 1 f 1 cant l y  l ower than the meas ur ed va l ues of the debr i s  

grab samples  prev1 ous l y  taken from the upper TMI-2 core r eg i on . 

Th1 s  s ugge s t s  that  the debr i s  1 n  the l ower p l enum may have been 

subj ec ted to temperatures in excess  of 2000 K ,  so as  to boi l off 

med1 um-vo l at i 1 1 ty f i s s i on pr oduc t s . 

o The debr 1 s  1 n  the l ower pl enum may a l so  con ta i n  a h i gh percen tage 

of non-fuel me ta l l i c  ma ter i a l ,  whi c h  i nc l udes meta 1 1 1 c  e l e.en t s  

such as  1 ron , n i c ke l , and/or s i l ver . 

o The gamma- scann 1 ng s tudy s ugges t s  tha t  a non-fuel  layer exi s t s  a t  

the very bot tom o f  the RV l ower head . Ca l c u l a t 1 ons 1 nd 1 cate  t he 

reference l ayer has a hei ght of approxima te l y  9 i n .  a t  the center 
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Debris/Lower Plenum Model 
from Gamma Scan 

' ' 

9 in. 

. 

. 
• 

� . 
. . 

5.6 in. 
f 

Non-fuel 
ma terial 
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F t gure  A- 1 0 .  1 1 1 u s trat t on of l ower p l enu. debr , s  con f t gurat 1 on based on 
ga ... -scan pr obe thr ough TM I - 2 bot tom-tn t r y  ptnttra t , on 
noz z le at l - 1 1 1ocat , on .  
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( H-8 ) and an outer rad 1 us of -39 1 n .  The c a l c u l at ed vo l ume of 

the l ayer 1 s  e s t 1 ma ted to 0 . 34 m
3

. I t  1 s  pos s 1 b l e  that th 1 s 

non-fue l layer represen t s  resol 1 d1 f 1 ed absor ber  ma ter 1 a l  

( Ag- In-Cd ) from the control  rod s . 

Bes 1 des the gamma-scann 1 ng effor t , a hydrau l 1 c  d 1 s t ur bance of the 

debr 1 s  bed was a t tempted to a s sess  1f  the mater 1 a l  cou l d  be c harac ter 1 zed 

as l oose r ubb l e .  Th 1 s  effor t 1 s  br 1 ef l y  s ummar 1 zed nex t . 

Hydraul 1 c  01 s turbance of Debr 1 s  Bed 

On July  23 , 1 985 a hydrau l 1 c  spray noz z l e  was 1 nser ted 1 n to the bot tom 

head reg1on of the TMI-2 reac tor ves se l . The nozz l e  t 1 p  was p l ac ed a t  a 

loca t 1 on more or l es s  be l ow hol e  number 1 1  1 n  the CSA f lange . Th1 s  

l oca t 1 on was c hosen because the debr 1 s  there appeared to be large c hunk s . 

The purpose was to see 1 f  the debr 1 s  was f used together or movab l e  and , 1 f  

movab l e ,  to see wha t was beneath the surface when the l oose  ma ter 1 a l  was 

moved . 

Borated water was del 1 vered to the noz z l e  tool for 2 m1 n ,  a t  a 

pres sure of 2500 ps 1 for the f 1 r s t  m1 nute and 5000 p s 1  f or the s econd 

m1 nute . V1 s 1 b1 1 1 ty deter 1 ora ted to a lmos t  zero as  soon a s  the l e t  was 

ac t 1 va ted . The f 1 ner debr 1 s  mater 1 a l  became suspended but s e t t l ed qu1 c k l y ;  

wa ter c lar 1 ty was rees tab l 1 shed 30 m1 n af ter the d 1 s turbanc e .  A crater 1 n  

the debr 1 s  was v1 s 1 b l e  af ter the f l us h . 

Based on th 1 s  s t udy , a good frac t 1 on of the debr 1 s  1 n  the l ower p l enum 

appears  to be 1 n  a l oose rubb l e  conf 1 gura t 1 on and eas 1 l y  movab l e .  S 1 nce  

the  debr 1 s  was found to  be  l oos e ,  a s ubsequen t s tudy 1 nvol ved debr 1 s  sample 

retr 1 eva l , as d1 scus sed �ex t . 

Debr 1 s  Sampl e Retr 1 eva l 

Dur 1 ng l a te Ju l y  1 985 , a succes s f u l  a t temp t was made to retr 1 eve l oose  

debr 1 s  samp l es from the l ower pl enum r eg1 on . Us 1 ng a l ong man 1 pu l a t 1 ng 
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too l  w1 th a f \ nver vr 1 pper at  the end , sa� les were  ob ta1 ned f r OM  two 

az 1 � t ha 1  l oc a t 1 ons  ( see f 1 vur e  A-1 ) ,  one near the X-ax 1 s  and one near the 

W-ax \ s .  The sa.ples were obta\ ned 1 nd 1 v 1 dua 1 1 y  and were placed \ n  two 

3 - \ n . - 1 0  buc ket s .  S 1 x sa� l es . ranv \ ng frOM an es t \m. ted 0 . 25 to 1 . 25 1 n .  

\ n  s \ ze ,  were retr 1 eved f r OM  the W-ax\ s  ( Set  No . 1 ) . Approx \.ately  5 or 6 

sa.ples were obt a \ ned fro. near t he X-ax\ s  ( Se t  No . 2 ) . one debr \ s  c hunk 

be 1 ng abou t 2 . 15 1 n .  \ n  d \ a.e t er . L 1•1 ted v \ sua l  exa•1 na t 1 on 1 nd1ca tes 

t ba t  t he sa� l es var y  \ n  appear ance and s \ ze .  F u t u r e  de ta 1 1 ed ana l yses of 

these s a.ples  w\ 1 1  prov\de 1 nfor.a t 1 on on t he .a ter 1 a 1  c ontent • .echan \ c a l 

proper t 1 es , and f ue l  and f \ s s 1 on pr oduc t c on t en t . 
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APPE ND I X  8 

EST I�T£ Of DRA I NAGE VELOC I TY AND f R ICTION f AC TOR 

• 





APPE ND I X  8 

E ST I MATE Of DRA I NAGE VElOC I TY AND F R I CT I ON F ACTOR 

f 1 gure 8- 1  1 l l us tr a tes the equ 1 va l en t  f low-channe l �ckup for v1 scous 

-. l t  dra 1 nage tn an open c hanne l . As t nd 1 c a ted , t he dra t nage 

c harac t er t s t 1 c s  can be as ses sed f r o.  a for c e  ba lanc e ,  where the effec t s of 

gra v t tr f low are c ounterac ted by wa l l  f r t c t 1 ona 1 forces ; t . e . : 

dY 
• dt • r

g - r
f ( 8- 1 ) 

Where • 1 s  the s l ug .. s s  and dY/d t ' s  acce l er a t 1 on .  The s l ug .a s s , 

grav 1 ta t 1 ona l force , and fr , c t t ona l force can be expr essed as f o l l ows :  

• • ( pAM )  
f • ( pAH ) g  

f: • 4f ( H/Oe ) pA ( Y2/2 ) 

where f 1 s  f r 1 c t 1 ona 1 fac tor , A 1 s  the c ross -sec t 1 ona l f low area , H 1 s  

het gh t , De t s  equ 1 va len t d 1 ame ter , p ' s  dens t ty ,  g 1 s  gravt ty cons tan t , 

and v 1 s  ve l oc 1 t y .  E l '•' na t t ng cOMMOn ter.s , the acce lera t t on can be 

e xpressed as : 

dY g _ 

0
2f y2 

d t • 
e 

f or s�o th wa l l s ,  t he 8 l as 1 us cor r e l a t 1 on can be used to assess  the 

f r 1c t 1 on fac tor f :  

( 8- 3 )  

( 8-2 ) 

Mo t 1 ng t ha t  t he f r , c t , on fac t or ' s  a r e l a t 1 ve l y  weak func t 1 on of ve l oc 1 ty ,  

a c ons tant  va l ue of f ' s  ass�d ;  t hus , t he MOnen t �  equa t , on can be 

d 1 r ec t l y ' n t egr a t ed as fol l ows :  

• 
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-- force of gravity 

Ft = friction force 

m dV 

dt 

LP264-LN86030-8 

F 1 gure B-1 . I l l us t ra t 1 on of v 1 scous f l ow 1 n  an open c hanne l . 
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!I! 2 
d t  • CJ - IV 

v 
dV t I A

2 
- y2 • J 

0 0 

...L A + V 
2A l n  (�) • It  

(�) 2Ait 
A - V • 1 

whtr t II • 2f /0 e 

where A
2 

• g/1 ; A • ( g/1 )
0 • 5 

lldt 

So l v 1 ng f or the dra1 nage ve l oc 1 ty a s  a func t 1 on of t1 .. , we obta1 n  

V( t )  • A [
txp(2Ait) - 1

] exp ( 2Ait ) • 1 

The so l u t 1 on to the above equa t 1 on ,  s�r 1 zed 1 n  Tab le  11- 1 , 1 nvo l ves 

1 tera t 1 on between f and V ,  where an average vel oc 1 ty,  V, 1 s  f 1 r s t  assu.ed 

to es t 1  .. te the f r 1 c t 1 on fac tor , f ,  wh1 ch 1 s  then 1 nser ted 1nto the above 

equa t 1 on  to es t 1  .. te the dra1 nage ve l oc 1 ty .  I f  the assu.ed va l ue of V for 

es t 1  .. t 1 on  of f c losel y  approx1 .. tes the pred 1 c ted va l ue of V ,  then the 

solu t 1 on 1 s  obta 1 ned . As 1 nd1cated , the ter•1 na 1 ve loc 1 ty of 1 83 c.ts 1 s  

r eached 1 n  -1 s .  S 1 nce  the assu.ed average ve l oc 1 ty for calculat 1 on of 

the average f r 1c t 1 on fac tor wa s 1 00 c.ts , the solut 1 on 1 s  app 1 1 cabl e  ( 1 . e . , 

the average ve l oc 1 ty wou l d  be about ha l f  the ter•1 na l ve l oc 1 ty )  • 

• 
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� 
TABLE B-1 . ESTIMATE Of DRA INAGE CHARACTE R I STICS Of MOLTEN MATE R IAL 

DRAINAGE THROUGH THE TMI-2  BOTTOM-ENTRY INSTRUMENT NOZZLE 

Gover n 1 ng Eguat 1 on :  

V ( t )  _ A [
exp(2A8t) - 1

] - exp ( 2A8 t ) + 1 

A = g/8 
8 = 2f/De 

Parameter Va l ues (Based on TMI-2 I n s t r ument Noz z l e  D 1mens 1 ons ) :  

g = grav1 ta t 1 on cons tant � 32 . 2  f tts 2 • 980 cmts 2 

De = f l ow d1 ameter = 0 . 625 1 n .  = 1 . 59 em 

E s t 1mate of f 

f = 0 . 31 6/Re · 25 

D
e

Vp 
Re = --

P 

( B las 1 us Re l a t 1 on )  

p = 4 ( 1 0-2 ) g/cm-s ( mo l ten uo2 

V - 1 00 cm/s ( a s s umed ) = 3 . 28 f t/s 

p = 9 g/cm3 ( mol ten uo2 

Re = 1 . 59 ( 1 00 ) ( 9 )/0 . 04 = 35 , 7 75 

Re0 . 25 = 1 2 . 75 

f = 0 . 023 

Va l ues of A and 8 

B = 2f/De = 0 . 029 1 /cm 
A = ( g/8 ) 0 . 5  = ( 980/0 . 029 ) 0 . 5 z 1 83 cm/s 

In1 t 1 a l  and Term1 na l Ve loc 1 ty 

t = 0 . 0  
t = 

V = 0 . 0  cm/s ( 1 n 1 t 1 a l ) 
V = 1 83 cm/s ( term1 na l ) 

T1me to Reac h Term1 na l Ve loc1 ty 

!iil V (cm/s)  

0 . 0 1 1 0 . 4  
0 . 1  88 . 9  
1 . 0 1 83 . 0  

B-6 




