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ABSTRACT 

Mode l s  of dr yout hea t f l uxes of par l \ c l e beds be l \ ev�d to be 
app 1 1 cabl e  to t he lM I-2 upper -core par t \ c l e bed a r e  r ev \ ewed a nd 
deve l oped . A s 1 � 1 1 f 1 ed l 1 p \ ns k 1 mode l and a mode l  ba sed on f lood \ ng a r e  

s hown t o  agree be tween the.s e l ves and w\ t h  exper \ men t s. lhese mode l s  a r e  

app l \ ed t o  t he c a l c u l a t \ on of t he d r yout hea t f l ux of t he lMI -2  upper -cor e 

par t \ c l e bed. The TMI - 2  upper -core par t \ c l e bed \ s  shown to be: 
( a) c oo l ab l e ,  \ f  1 1 t t l e hea t \ s  t r an s f er r ed to \ t  f r om the c on so l \ da t ed 

r eg \ on be l ow ,  ( b )  on ly  .a r g \ na l l y  c oo l ab l e ,  1 f  not unc oo l ab l e ,  before  
.. ter 1 a l  r e l o c a t \ on f ro. the  c onso l \ da ted r eg 1 on , \ f  most  of  t he hea t \n  

t he c onso l \ da ted r eg \ on \ s  t r ans fer r ed to \ t ,  and  ( c ) c oo l ab l e ,  a f ter  the 
r e l oc a t \ on ,  r ega r d l es s  of hea t t r a n s fer f r om t he r emd \ n \ ng c ons o l 1 da ted 
r eg 1 on . Bas ed on an ana l ogy  to quench \ ng exper \men t s, wh \ c h  s how t ha t  t he 
hea t f l u x  dur \ ng t he quenc h of a par t \ c le bed \ s  a pprox \ ma te l y  equa l to  the 

dr you t hea t f lu x , t he t \.e r equ \ r ed to  quenc h t he l M I - 2  upper-core pa r t \ c l e  

bed f r �  2000 K t o  the s a t ur a t \ on tempe r a t ur e  o f  wa ter dur \ ng the a c c \ de n t  

\ s  es t \.a t ed. The bed was e \ t her  quenched by 225 • t n  a f ter  the \ n \ t \ a t \ on 

of  the acc \ den t ( a s su.\ ng no hea t wa s t rans fer r ed t o  \ t  f r om t he 

c onso l 1da t ed r eg \ on )  or , a t  t he l a t es t ,  by 245 • 1 n  ( 20 • \ n  a f ter mo l ten 
.. ter \ a l  r e l oc a t \ on to  the l ower p l enum f r om  t he c onso l \ da t ed r eg \ on; 
a s su.\ ng .as t of the hea t genera ted \ n  the c onso l \ da t ed r eg \ on ,  both  before  
and a f ter t he r e l oca t \ on , was trans fer r ed to t he par t \ c l e bed ). 
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T"l - 2  UPPE R-CORE PARTI CLE BE D THERMAL BEHA�OR 

1 .  I NTRODUCTION 

Fro. t he e xa•,na t,on wor k  per f or med over the pa s t  sever a l  yea r s, the 

da�ged TMI-2 r eac t or c or e  can  be c l ass,f 1 ed 1 n t o  four d t st t nc t  
1 r eg t ons. These a r e: ( 1 ) a c a v 1 ty a t  the top of the cor e  formed by fue l  

co l lapse , (2) an upper-core pa r t t c l e bed of sha t t ered fue l be l ow the 
c a v 1 ty .  (3 ) a c onso l t da ted r eg 1 on of sol ' d ' f t ed mo l ten f ue l  be l ow the 

,.r t t c l e  bed. and ( 4) f ue l  r od stubs below the c onso l ,da ted r eg t on and 
s t a nd 1 ng f ue l  a s se.b l t es a round the per ,pher y  of the c ore . I n  add ' t'on to 

core debr,s . par t t c l e s  f r o.  l ess than a •'l l ,meter to t ens of c en t t meters 

( appa r en t l y  so l t d'f 'ed f r om  mo l ten f ue l)  wer e  found tn the l ower p l enum . 

The end -state  c onf t gur a t t on w ' t h t n  the r eactor vesse l r esu l t,ng f r om  t he 
Ma r c h  28. 1 979 acc t den t ts  shown ' n  f t g .  1 .  

A deta, l ed account  of  the for.at,on of  t he da.aged r eg,ons t s  g'ven 1 n  

Ref . 1 .  The da.age sequence ' s  postu l a t ed as f o l lows . Most o f  t he coo l a n t  
' n  t he pr 1 .a r y  syst� wa s l ost  thr ough t h e  stuck -open p 1 1 o t -opera t ed r e l t ef 
va l ve on top o f  t he pressur,zer dur t ng the f ' rst 1 00 • ' n  of the acc,den t .  
C oo lant  bo 1 1 down 1 n  the core and t n t t,a l c o r e  hea tup began a t  about 

1 1 0 m t n .  In the next hour . the core  wen t  thr ough a phase of hea tup to 
a bou t 1 &00 K by decay  hea t , then t he rap 1 d  ox t da t t on of the z ' r ca l oy 

c l add,ng , and par t,a l  l ' quefac t,on of the f ue l  by mo l ten z ' r c a l oy t n  the 
upper par t  of  the c or e .  The l ' quef 1 ed c l add 1 ng a nd f ue l  f l owed down 
be tween the f ue l  r ods. so l t d 1 f t ed 1 n  the coo ler  reg 1 ons of the cor e ,  and 
f or�d the l ower c r ust of  the c onso l ,da t ed r eg 1 on . When c oo l an t  was pumped 

through the c o r e  by the 2 - 8 pr 1 -ar y  c oo l ant pump a t  1 74 m 1 n ,  r a p 1 d  s team 
gener a t t on .ay have sha t t e r ed the fue l - r od r emnants t n  the upper pa r t  of 

the c ore  to form  the upper -core par t t c le bed: Shor t l y  after 1 7 4 m,n , most 

of the c oo lant  1 n  the r eac tor core  a ga ' n bo, l ed o f f . A t  200 mt n ,  emer genc y 
c o r e  c oo l t ng wa ter was t n t r oduc ed ' n to the pr tmdr y system and 't t s  
be l t eved tha t the core  was f 1 1 l ed wt th  c oo l ant a t  a r ound 207 m t n .  At  

22S •t n, ao l ten core md ter t a l  sudden l y  f l owed to the lower p l enum and 

for-.d the debr t s  1n tha t r eg t on. 



F 1 gure  1. THI-2 known end-sta te conf 1 gurat 1 on 1 ns 1 de the r eactor vessel . 
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A on! -d \ �ns \ ona l hea tup c a l c ula t \ on ,  based on hea t c onduc t \ on \ n  the 
c onso l 1 da t!d r eg \ on and a d r y  par t \ c l e bed on top of \ t ,  shoved that much 

of t he \ n ter \ or of  th! conso l \ da ted r eg \ on c ould have r eached the m!l t \ ng 

te.pera t ur! by 225 •\ n . 2 The \ n \ t \ a t \ on of molten ma ter \ al f l ow to the 
l ower p l enu. \ s  not  under s tood, a l though a me l t - thr ough , or mechan \ c a l  
fa \ l ure, o f  t he c r u s t  enc los \ ng the mo l ten .a ter \ a l  .ay have been the 

3 c ause. 

I n  t he t rans \ en t  hea t up c a l cu la t \ on ,  \ t was assumed tha t  the 
uppe r -core  par t \ c le bed was d r y ,  even after the core  was bel\ eved to  have 
been c over ed w \ t h  wa ter a t  207 • \ n. T he purpose of th \ s  s tudy \ s  to  

ana l yze t he deta \ led ther� l beha v \or  of  the  upper -cor e par t \ c l e  bed 
r egar d \ ng \ ts dr yout \ n  the presenc e of wa ter and to es tab l \ s h  the t \me 
requ \ red to  quench \ t  f r om  h \ gh t .-pera tures when the cor e was covered w1 th 
wa ter . 

Sec t\on 2 eva l ua tes .adel s  of  t he dr yout hea t flux 1 n  hea t -gener a t 1 ng 

par t \ c le beds and c a l c u l a tes the d r yout hea t f l u x  of the lMI -2 upper -core 

par t \ c le bed. Sec t \on 3 r ev \ ews exper \men t s  on par t \ c le bed quench \ ng f r OM  

h \ gh te.pera tures .  Soae of the exper \ men t s  show tha t  t h e  quenc h heat f l ux 
\ s  c ompa r a b l e  to  t he dr yout hea t f lux. Based on t h \ s  obser vat \ on, t he t \me 

r equ1red to quench t he TMI -2 par t \ c l e bed \ s  est \mated . Sec t \ on 4 presents 
a s c ena r \ o  of  t he therma l beha v \ or of t he lMI -2 upper -core par t \ c l e bed . 
Unc er ta \ n t \ es \ n  the s c enar \ o  and c onc l us \ ons a r e  g \ ven \ n  Sec t \ on 5 .  

3 



2 .  PART I C L E  BE D DRYOUT 

A one-d 1 mens 1 ona l par t 1 c l e bed. 1 n  the con tex t of 1 ts therma l 

beha v 1 or .  1 s  genera l l y c harac ter 1 zed by the d 1 ame ter of  the pa r t 1 c l es 

compos 1 ng the bed. 1 t s por os 1 ty ( frac t 1 ona l f ree vol ume not  occup 1 ed by the 

par t 1 c l es ) .  1 t s depth. and the vol ume t r 1 c  hea t genera t 1 on r a te 1 n  the bed . 

I f  the bed 1 s  1 mmer sed 1 n  a poo l of  11 qu 1 d  and ha s s u f f 1 c 1 ent  

hea t -genera t 1 ng power .  the 1 1 qu 1 d  1n  the bed bo1 l s  to form  vapor wh 1 ch 

f l ows 1 n to the over l y 1 ng poo l o f  1 1 q u 1 d  and conden s e s . The bo 1 l ed-of f 

1 1 qu 1 d  1 s  replen 1 s hed f r om the over l y 1 ng poo l . for a w1 de r ange o f  bed 

power. s table  countercur rent  f l ow of 1 1 qu 1 d  and vapor 1 s  pos s 1 b l e  and the 

bed temperature 1 s  kept near the bo 1 1 1 ng po 1 n t  o f  the 1 1 qu 1 d .  As the bed 

power 1 s  1 nc reased. a 1 1 m1 t 1 s  f 1 na l l y reached when there 1 s  so muc h  vapor 

gener a t 1 on tha t  the 1 1 qu 1 d  1 n  the bed 1 s  comp l e t e l y  d r 1 ven out and no 

1 1 qu 1 d  can enter the bed f r om above . Th 1 s  cond 1 t 1 on 1 s  character 1 zed by a 

cr1 t 1 c a l  hea t f l ux  a t  the top o f  the bed. refer r ed to a s  the dryout  hea t 

f l ux . Once depr 1 ved of  1 1 qu 1 d. because  of  the muc h  l e s s  e f f 1 c1 ent  

processes  of  hea t r emova l by  conduct 1 on and  vapor convec tlon. the 1 nter 1 or 

of  the pa r t 1 c l e bed w1 1 1  hea t up rap 1 d l y  to  h 1 gh temperatur e s . 

Two types of mode l s der 1 ved f r om appa r en t l y  unr e l a ted pr 1 nc1 p l es are  

qu 1 te s ucces s f u l  1n  pred 1 c t 1 ng the t rend of the d r yout  hea t f l ux  1n  

par t 1 c l e beds . One 1 s  ba sed on  pr e s s u r e  equ 1 1 1 br 1 um between the vapor and 
4 5 

1 1 qu 1 d  pha ses 1 n  the bed. a s  1 n  the wor k of  L 1 p 1 nsk 1 . • I n  the 

s 1mpl 1 f 1 ed ver s 1 on of the mode l .  termed 0-D. the d r yout  hea t f l ux 1 s  

obta 1 ned by ma x 1 m1 z 1 ng the heat f l ux  thr ough t he bed w1 th res pect to 1 1 qu 1 d  

s a t ura tlon ( vo l ume t r 1 c  1 1 qu 1 d  f r ac t 1 on 1 n  the vo 1 d  between the par t 1 c l es ) 

under the cons t r a 1 n t s  of pres s ur e  equ 1 1 1 br 1 um and ma s s  conserva t 1 on .  The 

other type of mode l s  1 s  ba sed on an emp 1 r 1 c a l  cor r e l a t 1 on for the f l ood 1 ng 

phenomena obser ved 1 n  packed col umn s u sed 1 n  the c hem 1 c a l  1 ndu s t r y . I n  

s uch f l ood 1 ng exper 1 men ts.  1 1 qu 1 d  f l ows down and ga s f l ows u p  thr ough the 

bed . for a constant  gas f l ow. there 1 s  a cer ta 1 n  1 1 m1 t to the 1 1 qu 1 d  f l ow 

above wh 1 c h  the 1 1 qu 1 d  1 s  v 1 o l en t l y  expel l ed f r om the bed by the ga s . 

S 1 m1 1 a r l y. w1 th  con s tant 1 1 qu 1 d  f l ow. there 1 s  a 1 1 m1 t to the ga s f l ow 

above wh 1 c h  1 1 qu 1 d  1 s  pr even ted f r om enter 1 ng the bed . These 1 1 m1 t s  a r e  

termed t h e  f l ood 1 ng po 1 n ts .
6 

A ser 1 e s  of s uch po 1 n t s  con s t 1 t u t e s  the 
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1 Sowa, e t  a l . a r e  be l \ eved to be the f \ r s t  to  equa te the 
dr yout heat f l u x  a s  tha t  heat f l u x  tha t pr oduc�s an equa l amoun t of  vapor 
upf l ow as the ltqu \d  down f l ow a l ong the f l ood \ ng 1 \ ne. 

The lMI -2 upper-c ore  par t \ c l e  bed cons\sts of par t \c les  a ver a g \ ng 1 mm 

\ n  d \ a.eter and \ s  abou t 1 � th \ c k . ( T he deta \ l ed c ha r ac ter \ s t \ cs of  t he 
b@d \ s  g \ ven \n Sec t \ on 2.4 . )  F or such  beds , \ t  can be s hown t ha t  

cap \ l l a r y  for c es a r e  r e l a t \ ve l y  un\mpor tant  and the d r you t hea t f l u x  \s 

essen t\a l l y  \ ndependent of the bed dep t h . Consequen t l y ,  s ome of t he d r you t 

.ade l s  of  part \ c l e  beds presented be l ow a r e  s \Mp l \ f \ ed ver s \ ons  of  the \ r  
�r e c�l \ c ated , a nd mo r e  gener a l  c ounterpa r t s , a nd a r e  spec \ f \ c a l l y 
ta \ l or ed to the appl \ca t \ on to the TMI -2 upper-cor e  pa r t \ c l e  bed . 

I n  Sec t \ on 2 . 1 , t he l \p \ nsk \ 0-0 mode l
� 

\ s  presented . In 
Sec t \ on 2.2. t he f l ood\ng da ta a r e  r ee xa•\ ned and used to  deve l op a d r you t 

hea t f l ux  cor r e l a t\on tha t  \ s  be l \ eved to have a w \ der r ange of 

app l \ cab \ 1 \ t y .  Sec t\on 2.3 compares  the 0-0 a nd the f l ood \ ng mode l 

pr ed \ ct\ons w\ th expe r \.en t a l data . A bes t-es t \�te dr yo u t  heat f l u x  for 

the lMI-2 upper -core par t \ c l e bed \ s  g \ ven \ n  Sect\on 2 . 4. 

2.1  The l \p\ nsk \ 0-0 Mode l 

T o  \ l l us t r a te the ba s \ c c oncep t s , t he l \ p \ nsk \ 0-0 mode 1 5 ( la r ge 
par t\cl es and deep beds) f or the dr yout hea t f l u x  w \ 1 1  be presented \ n  
t h r ee steps. I n  t he pr oc es s , \ t  \s hoped that  t he r eader w\ 1 1  ga \ n  an 
under s t and \ ng of  \ t s  app l \ cab \ 1 \ ty to the TMJ-2 upper -core  pa r t \ c l e  bed and 
some of the uncer t a \ nt \ es a s s oc \ a t ed w\ t h  the mode l.  The l am \ na r  f l ow 

r eg \ .e  \ s  f\r s t  cons\der ed, f o l l owed by the t u r bu l ent 1 \m\ t r eg\me , and 

then the t r ans \ t \ on r eg \ �  f r o.  l a• \ na r  to t u r bu l en t  f l ow . 

Constder a par t \ c l e bed c�osed of un \ for � .  spher \ c a l pa rl \ c l es of  

d \ a.eter d ,  hav \ ng a por os \ t y '· Ana l ogous to  f l ow \n  a p\pe , the 

hydr au l \ c d \ a.eter , OH' of t he pa r t \ c l e  bed �Y be def\ned a s  



• (2-1 ) 

where 

= bed f l u 1 d  vol ume , and 

p = sur face a r ea o f  par t 1 c l es  1 n  bed . 

I n  terms of  the par t 1 c l e  d 1 ameter , d ,  and the poros 1 ty ,  c, 

DH = (2/3 ) cd/(1 - c) (2-2 ) 

A Reynol d s  number , Re , to  be cons 1 s tent  w1 th la ter references to  1 t  tn 

t h 1 s s tudy , may be def 1 ned a s  

where  

v 

p 

= t r ue f l utd ve l oc 1 ty ,  

= f l u 1 d  den s 1 ty. and 

= f l u 1 d  dynam 1 c  v 1 scos 1 ty .  

(2-3 )  

I f  the vo 1 d  space 1 n  the par t 1 c l e  bed can be cons 1 dered a s  a ser 1 es o f  
I 

par a l l e l  c hannel s ,  the t r ue ve l oc 1 ty v 1 s  r e l a ted to the s uper f 1 c 1 a l  

ve l oc 1 ty v
0 (the f l u 1 d  vel oc 1 ty 1 n  the absence o f  t h e  par t 1 c l es ) by 

(2-4 ) 

I n  l am1 nar f l ow through a p 1 pe ,  t he p r e s s ure  drop per un 1 t  l ength o f  

p 1 pe 1 s  g 1 ven by 

6 



6• 1 ,2 
4p/l • R; • 2 pv (2 - 5 ) 

ap pr�s s u r �  d r op .  and 

l • l ength of p\pe . 

I f  th 1 s  ana l ogy 1 s  car r \ �d to a par t\c l e  bed , Eq . (2-5) g 1 ves  

( 2-& ) 

wh�r �  l 1 s  nov the h� 1 ght o f  the par t t c l e bed . 

Because of  th� tortuous f l u \ d  path thr ough a par t \ c l e  bed , the 

�a s u r ed pr�s sure  d r op thr ough the bed \ s  \n fact h \ gher than that g\ven by 
8 E q. (2-6). A good f \ t  to the exper \ menta l data 1 s  to  r ep lace the 

nu.er \ ca l  coef f t c \ �n t  48 by 1 50 ,  \ . e . , 

6p/l 
1 50 "" ( 1 - c) 2 

0 

whtc h ts the B l ake-Kozeny equat \ on for pr e s s u r e  d r op thr ough a par t \ cle 

bed.8 Equat \ on (2-7) \ s  gener a l l y va l \d f or por os \ t\es l e s s  than 

( 2 -7) 

•bou t 0 . 5  and for Reyno l d s  number s ,  as def\ned by fq . ( 2 -3) , l e s s  than 
•bout 5 .  J n  the r eg\on of \ t s va l\d \ t y ,  exper \ men t a l va l ues  of the 

pres s ur �  drop d \ f fer f r �  those g 1 ven by Eq. ( 2- 7) by on l y  a f ew percen t .  

For two-phas e  f l ow thr ough a par t \ c l e  bed , because o f  f l ow a r ea 
r educt \ on f or each pha se  and because o f  the f r \ c t \ on betw�en the phases , 

7 



the pres sure  drop for eac h pha se 1 s  enhanced f r om the va l ue g 1 ven by 

E q .  ( 2-7 ) .  l1 p \ n s k\
5 

used the f unc t \ ons  devel oped by Cory f r om 

exper \ mental  data to obta \ n  

, and 

Apt}- = 

( 2 -8 ) 

( 2-9 ) 

where the subsc r 1 pt s  g and l denote vapor and 1 1 qu 1 d ,  respec t 1 ve l y ,  and 

the vel oc 1 t 1 es  are  the s uper f 1 c \ a l  vel oc 1 t 1 es of  the phases . ( No te that 

vl \ s  cons 1 dered pos \ t 1 ve 1n  the downwar d  d 1 rec t 1 on ) .  The symbo l ,  s ,  

denotes an e f f ec t \ ve 1 \ qu \ d  satura t 1 on g \ ven by 

where s
t 

\ s  the t r ue satura t \ on , and s
r 

a res 1 dua l satur a t \ on somewher e 

near 0 . 1 7.
5 

( The t r ue satur a t 1 on 1 s  def \ ned as  the vo l ume t r 1 c  1 1 qu 1 d  

frac t \ on occupy 1 ng the vo\ d  space between the par t 1 c l e s . )  

I f  both pha ses are  con t 1 nuous 1 n  the par t 1 cl e  bed ( separa ted f l ow ) , 

add \ ng the hydros ta t 1 c  terms to E qs . ( 2-8 ) and ( 2-9 )  g \ ves 

2 
1 50 PgVg ( 1  - c) 

Ap Jl - p
9

g + 
3 2 3 , and 91 - c d ( 1  - s )  

8 

( 2- 1 1 ) 

( 2-1 2 )  



• vapor d�ns H y, 

• 

• 

The press u r e  drop refer s to the pres s u r �  d 1 f f�r�nce  betw�en the bot tom a nd 

the top of  the b�d . 

If s urfac�  t ens \ on c an be 1 gnored ( l arge part 1 c l es and deep beds) , the 
vapor pre s s ure  1 s  equa l to  th� 1 1 qu 1 d  p r e s s ure. E qua t \ on s  ( 2- 1 1 )  

and (2-12) then g 1 ve 

f or s teadJ c oun terc ur r en t  f l ow 'n a bed res t,ng on an 1 mper .. ab l e  

p l a t�. 

s o  

(2-13) 

( 2- 1 4) 

(2-lS) 

Th� �·,�• vapor f l ow 's ac h 1 e ved when th� der ,va t ' v� of the 
expr es s 1on '" s quar� br ack�ts  1 n  E q .  (2-15) w,th r espec t t o  s 1 s  zer o ,  , . e . , 

(2-lb) 

9 



l he d r yout  hea t f l ux i s  g i ven by 

I I 

q
d = hlg (Pg 

v g) ma x 

I I 

where qd i s  the dryout hea t f l ux and hlg 1 s  the l a tent  hea t o f  

( 2- 1 7 )  

vapor i za t i on .  A f ter some a l gebra. the f 1 na l  form o f  the d r yout  hea t f l u x  

expres s i on 1 s  

( 2- 1 8 )  

2 . 1 .2 Turbu l en t  l1m1 t 

I t  1 s  wel l  known t ha t .  for e x t r emel y  r ough p i pes.  the pres s u r e  drop 

for turbu l en t  f l ow through the p \ pe 1 s  propor t \ ona l to  the square o f  the 

d i scharge. i ndependent o f  the Reynol d s  number . Par t i cl e  beds a r e  ana l ogous 

to  i nterconnec ted bund l es o f  e x t reme l y  r ough p i pes.  s o  one expec t s  that 

c 1 I 2 
6p/l = o- • 2 pv 

H 

where C i s  a cons tant. DH i s  t he hydr au l i c  d i ameter of  the bed, and v 

( 2- 1 9 )  

1 s  the t rue f l u 1 d  veloci ty . E xper 1 men t s  s how that for Reynol d s  n umber s  

[Eq. ( 2-3 ) ]  l arger than about 1 000 , C 1 s  i ndeed a con s ta n t  and 1 s  equa l to  

7/3 .
8 

In  terms of  t he d i ame ter. d ,  o f  spher 1 ca l  par t i cl es. the poros \ ty. 

£, a nd the s uper f 1 ci a l  vel oci t y ,  v
0

, E q .  ( 2- 1 9 )  g i ves  

6p/l 

wh 1 ch 1 s  the Bur ke-P l ummer equa t \ on for the pres s u r e  drop \ n  h \ gh l y  
8 

turbu l ent  f l ows through a par t \ c l e  bed . E xper imen ta l va l ues of  the 

pres s ure dr op. up to a Reynol ds number of  2500 , f l uctuate by about 1 5% 

a r ound the va l ues  g \ ven by E q .  ( 2-20 ) .  

1 0  

( 2-20 ) 



The change 'n bed per.eab'l'ty  for two-pha se t urbu l e n t  f l ow thr ough 

the bed fro. s ' ngl e  phase va l ues 's uncer ta,n . l,p , nsk ' 5 a s s umed tha t  't 
'' s \a\lar to tha t for l aa \ na r  f l ow, ,,e . , the vapor pressure drop 's 

enhanced by 1/(1 - s)3 and t he l 'qu'd pr essure drop by lts
3

, wher e s 's 

the ef fec t,ve sa t ur a t,on 'n t he bed as def , ned by Eq . (2-10). Ba sed on t he 

theore t\c a l  work of Reed ,
9 

and a l so a bet ter f't  to  r ecen t tes t da ta on 
the dr yout heat f l ux, the exponent 3 wa s changed to  5 .  There 's a l so the 

11 12 s ugges t,on t ha t  the exponent cou l d  be 6. ' To be genera l ,  the 
exponent \s denoted by n .  so  t he pres s ure  drop for t urbu l en t  f l ow 's 

• Pt9 -

Pressure  equa l,ty between the pha ses has been a s s umed 'n E q . (2- 21 ) . 

A t  dr you t , we aga ' n  \apose the cond't ' on tha t 

and r equ,re t ha t  the Mdss f l ux p v be ma x ' m ' zed w't h  respect to s. g g 
T he .a x , �• .a s s  f l u x  occur s  a t  

II 

The dryout hea t f l ux. qd , 's t hen r educ ed to  

11  

(2-21) 

( 2-22 ) 

( 2 -23 ) 



I I 

qd 
htg (Pg

v
g ) ma x 

[ 

1 l n+ 1 

hlg • 1 + 
(�)n+l -� 

2. 1 . 3  lami nar - to-Turbulen t  Trans1 t 1 on 

( 2-24 )  

The pressur e  drop data for  s \ ng l e  phase f l ow t h rough a pa r t \ c l e bed 

has a sca t ter of  about 20% a r ound t he mean va l ue 1 n  t he 

l am\ nar - to-t u r bu l en t  f l ow t rans1 t 1 on r eg \ me [Reyn o l ds n umbe r s ,  as def 1 ned 

by E q .  ( 2-3 ) , be tween 5 and 1000].8 The mean va l ue can be r epresen ted 

surpr 1 s 1 n g l y  wel l  by the sum of  the l am 1 na r  pressur e  d r op , as g \ ven by 

E q .  ( 2-7 ) ,  and the t u r bu l en t  pr essure  d r op , as g 1 ven by E q .  ( 2- 20 ) . Th 1 s  
1 3  

1 s  the E r gun equa t 1 on for pressur e  d r op through a par t 1 c u la te bed . 

Comb 1 n 1 ng the l am1 nar and t u r bu l en t  terms g 1 ven 1 n  Sec t 1 ons 2 . 1 . 1 

and 2.1 . 2 ,  respec t 1 ve l y  ( E r gun equa t 1 on ) ,  the pressur e  d r op thr ough the bed 

1 s  

2 
1 . 7 5 ( 1 -

2 
1 50 PgVg( l  - c )  c )  PgVg Ap/l p g + + 

v c3d2 ( 1  - s )
3 dc3 ( 1  - s ) n 

1 50 plvl ( l  
2 

1 . 7 5 ( 1  - c )  plvl 
2 

- c )  
plg -

c
3

d
2

( 1  s )
3 

dc
3

( 1 
n 

- s )  
( 2-25 ) 

where 3 < n < 6 .  

To s1mpl \ fy the a l gebra , def \ ne
· 

I I 

( 2-26 )  

1 2  



and app l ytng the c ondtt,on of s teady - s ta te .a s s  ba lanc e ,  

I I 

t he equa tton for the d r yout hea t flux, qd , der ,ved from the above 
equaUons h 

I I 

qd ·-�-�- - 1·0 . 

or 

qd , l  

( II 4 
qd,T 

I I 2 
4 qd , l  

I I 2 
• qd , T  

I I  

) 1/2 

f or a g'ven n, qd can be obta,ned n u.er,ca l l y  by max '•' z'ng the 

expres s,on on the r'ght -hand s ' de of Eq. (2-30) w'th  res pec t t o  t he 

eff ec t , ve satura t,on , s .  

I I If 

f or qd , l  « 
qd , T ' Eq. (2-30) r educes t o  

I I I I 

I I I I 

and for q
d , T  << q

d , l , Eq. (2-30) r educ es to  

• 

13 
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( 2-27 ) 

( 2-28 ) 

( 2-29 ) 

( 2-30 ) 

(2-3 1 )  



I I I I • 

These are  prec 1 se l y  the l am1 nar and tur bu l ent 1 1 m 1 t  d r yout heat f l uxes  

g \ ven by E q s . ( 2- 1 8 )  and  ( 2- 24 ) , r e s pect1 ve l y ,  when the appropr 1 ate 

ef fect\ ve saturat1 on s  are  s ubst1 tuted 1 nto E q s . ( 2-26 )  and ( 2-27 ) to 

ma x \ m1 ze the heat f l uxes . 

( 2-32 ) 

I n  the l am1 nar r eg 1 me ,  the expr es s \ on for the tur b u l ent 1 1 m1 t d r yout 

heat f l ux  over est\mates the dr yout heat f l ux [see the cond 1 t1 on l ead 1 ng to 

E q .  ( 2-31 ) ] , and \ n  the turbul ent 1 1 m1 t ,  the expres s 1 on for  the l am1 nar 

dr yout heat f l ux a l so overest 1 mates the dr yout heat f l ux [see the cond 1 t 1 on 

l ead 1 ng to E q .  ( 2-32 ) ] . So 1 n  the tran s 1 t1 on f r om l am1 nar to tur b u l ent 

f l ow ,  the dr yout heat f l ux  1 s  l e s s  than that pred 1 c ted by e 1 ther the 

l am1 nar  or the turbul ent f l ow mode l s .  

2.2 Oryout Heat F l u x  Ba sed on F l ood 1 ng 

The f l ood i ng exper iments r eported i n  the l i terature  wer e  per formed 

most l y  wi th Rasc h i g  r 1 ng s  ( th 1 ck-wa l l ed hol l ow c y l 1 nder s whose he 1 ghts are  

appr ox\mate l y  equa l to  the 1 r  d 1 ameter s )  and Ber l  sadd l es ( sadd l e- s haped 
1 4  

parti c l es ) dumped i n  tower s over a meter 1 n  he 1 ght . Sherwood , et a l . 

f 1 r s t  1 ntroduced two d 1 mens \ on l e s s  paramete r s  to cor r e l ate the f l ood 1 ng 

data . These are 

and 

2 
�-� � y - 3 • 

gt pl. 

( 2-33 ) 

( 2-34 ) 

where the veloc 1 t\ e s  are  s uper f 1 c 1 a l  ve l oc 1 t1 es and S 1 s  the sur face a r ea 

of  the packed part1 c l es  per u n 1 t  bed vol ume . Two power s 1 n  the exponent of  

t3 \n  E q .  ( 2-34 ) come f r om express \ ng the tr ue f l u 1 d  ve l oc 1 ty ,  V1, 1 n  

1 4  



ter•s of the superf,c\al veloc\ty, v . and one power from the rat\o of the 9 I 

'!''d vol� to the bed volu�. [The factor y \s \n fact proport1ona1 to 
v /gDH' where DH's the hydraul'c d\a.eter def1ned by Eq. ( 2-2 ) . )  

To correlate data obta\ned w\th var1ous 11qu1ds, \t was found 
necessary to .ad1fy y to y, def,ned by 

' 0 . 2  'I • 'I .. 

where "t 1s the dyna•1c v1scos1ty of the 11qu1d. (Note that after 

( 2-35 ) 

the above change, y 1s no longer a d1�ns1on1ess parameter.) A plot of 
Sherwood's correlat1on (y vs. x), w\th "t expressed 1n un1ts of 
10-3 Pa-s (cent1po1se), \s shown 1n F\g. 2 .  

2.2 . 1 Oryout Heat Flux from 01rect Flood\ng Correlat1on 

The para.eter y, g1ven by Eq. (2-35 ) ,  conta\ns a factor �roport\onal 
to the square of the vapor flux through the part1c1e bed (v 2} . If 
the dryout heat flux 1s d1rectly proport1ona1 to the vapor J1ux determ1ned 
by the flood1ng 11ne, the Sherwood correlat1on can be used to obta1n the 
dryout heat flux. 

For a part1cle bed rest1ng on an 1�ermeable plate, the mdSS 

conservat1on for a steady-state flow pattern requ1res 

lhe para-.ter x, as def1ned by Eq. (2-33 ) then becomes 

15 

( 2-36 ) 

( 2-37 ) 



10° 

10"' 

10-2 

1 
10-3 >-

10-4 

10-5 

10-6 
10"2 10"' 10° 101 1d 103 

x - P416 ST -0241-03 

F 1 gure 2 .  Fl ood 1 ng c orre l at 1 on ( from Sherwood , et a 1 . 1 4 ) ;  see E q s . ( 2- 37 ) 
and ( 2-35 ) for def 1 n 1 t 1 on s  of  X andY ,  res pect 1 ve l y .  
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S'nc� Pg << Pt• on� n��ds b� concern�d w\th only th� left 
�nd of th� corr�1at\on curv� shown \n f\gur� 2. In th's r�g\on 

-1/2 y - • (2-38) 

Th� constant of proport\ona1\ty can b� obta\n�d by �xtrapolattng th� curv� 
to x . 0.01 and y 5 0.3. So 

-112 y • 0.03x 

In t�r•s of phJS\ca1 para�t�rs, Eq. (2-39) beco.es 

s 1 
·-·--· 

gel PtPg 

1/4 

"
t

o.2 . o.o�::) 
II 

Th� dryout heat flux, qd • \s 

I I 

-0.1 "t 

(2-39) 

(2-40) 

(2-41) 

Th� surfac� area p�r un\t bed volume, S, ts related to the poros\ty 
and th� spectftc ar�a of the part,c1�s (part\c1e surface ar�a d\v\ded by 
parttc1e vo1�). sp. as 

S • (1 - c)S (2-42) p 

For sph�rtcal parttcl�s of d\ameter d, 

(2-43) 

11 



F or non s pherlca l part1 c l es ,  we can d e f 1 ne an  equ 1 va l ent d 1 ameter as  

( 2-44 ) 

wher e  f 1 s  a s hape factor  l e s s  than 1 .  

Subst1tut 1 ng for S 1 n  terms o f  the pa r t 1 cl e d 1 ameter 1 nto Eq . ( 2-4 1 ) ,  

g 1 ves  

3 1 /8 PgPt gdc ��1.) -0 . 1 
( 1  - c ) f  \Pg Pt 

Putt1 ng f = 1 and express 1 ng pl. 1 n  un 1 ts of  the dynam1c  

v 1 scos 1 ty of  saturated water at one  atmo s phere ,  
-4 h 1 

pw ( 2.82 x 1 0  Pa -s ) ,  we obta 1 n  t e Sowa equat1 on: 

Putt1 ng f = 1 and expres s 1 ng pl. 1 n  un 1 ts of the dynam 1 c  

v 1 scos 1 ty of  water at r oom temperatu r e  and pres s ure ,  
-3  1 5  

p0 ( 1 . 00 x 1 0  Pa -s ) ,  we obta 1 n  the Theofanous equat1 on: 

0 I 

qd = 0.071 hl.g • 

( 2-45 ) 

( 2-46 ) 

( 2-47 ) 

The above two equat1 ons a r e  1 n  fact equ 1 va l ent. Bec a u s e  both neg l ect 

the shape factor for nons pher 1 ca l  part1 c 1 es  upon wh 1 c h  the cor r e l at 1 on was 

based , they tend to under pred 1 c t  the d r yout heat f l ux when app l 1 ed to 

spher 1 ca l  part1 c 1 es. 

1 8  



2.2 . 2  Orxou t H�a t f l ux f r oa  Trans f or.ed F l ood \ ng Cor r � l a l \ on 

lh� Sh�rvood Cor r � l a t \on ( f \ g. 2 )  can be b� t t�r r �pres�n t �d 
a l gebra\ca l l y ov�r \ t s �nt \ r e  rang� \ f  t he f o l l ow\ng t r an s f or� t \ on \ s  

cur \ �d out. That h, l e t  

When -1'2 \ s  plot t�d aga \ n s t  {1 12 , a 1 \ n�ar r e lat\onsh \ p  \s 
obta \ ned . A good f \ t  to t h� data1 6  \ s  

The dyna•t c  v \ s c os\ty  has b��n �xpr essed \ n  un\ t s  o f  10-3 Pa -s  

( cent \ po\s e) . Th� above for• \ s  re.ar kabl y  s \•\ l ar to  t he th�or e t \ ca l  
1 7  1 \• \ t of s tab l e ,  s t r a t \ f \ ed c hanne l f l ow .  Expres s\ng {and q \ n  

ter•s o f  phys\ca l par a.eter s and t he dyna• \ c  v \ sc os \ t y \n  S I  un\ t s , 

Eq . ( 2 -49 ) g \ ves 

[ 2 2 s 1 � 1/4 �0-,0.05 
• p v • - • - = 0.775 --l l g 3 2 �l c Pt 

I I 

Aga \ n  app l y \ ng the c ond \ t \ on pgvg a plvl and qd • pgvghtg' we obta \ n  

• I 2 . L.;:3 . [ 1 • (�
P
t)l./4] -2 ho" t-�\o .l qd • (0.775) • hlg � \ ) 

( 2-48) 

( 2 -49 ) 

( 2-50) 

( 2 - 51 ) 

U s \ ng E qs . ( 2-42 )  t h r ough ( 2-44 ) ,  as s u• \ ng un\ t y  for t he s hape fac tor , 

f ,  and 10-3 Pa - s  for  the 1 \ qu \ d  dyna• \ c  v\sc o s \ ty ,  t he Os tensen-L \ p \ ns k \  
18 equat \ on \ s  obta \ ned: 

19 



( 2-52 ) 

li ke the Sowa or the Theofanous model,  bec a u s e  of  1 ts negl ect o f  the 

s ha pe factor for nons pher 1 ca l  par t 1 c l e s  upon wh 1 ch the c o r r e l a t 1 on was 

ba sed, the Ostensen-l i p 1 n sk1  mode l  underpred 1 cts the dryout heat f l u x  when 

a pp l i ed to s pher i c a l  part1 c l es . Mor eover, bec a u s e  the dynam1 c v 1 s c o s 1 ty o f  

saturated water dec reases  b y  an order of  magn1 tude at h 1 gh temperatures,  

neg l ect o f  the vi scos 1 ty term may s ubsta nt1 a l l y  underpred 1 ct the d r yout 

heat f l ux for a part1 c l e  bed 1 mmer sed 1 n  water . 

I t  1 s  1 nterest1 ng to note that the l1 p 1 nsk1  turbul ent-1 1 m 1 t  mode l  w1 th 

n = 3 [Eq . ( 2-24 ) ]  g 1 ves 

( 2-53 ) 

es sent1 a l ly  d 1 f fer 1 ng 1 n  onl y  a coef f 1 c 1 ent ( though qu 1 te s u bs tant1 a l ) f r om 

Eq . ( 2-52 ) . 

2 . 2 . 3  An E xtended Model Bas ed on F l ood 1 ng 

The presence of  the v1 scos 1 ty term 1 n  the Sherwood cor r e l at1 on 

[Eq. ( 2-40 ) or ( 2-49 ) ]  s ugges ts that the f l ood i ng data wer e  obta 1 ned 1 n  a 

f l ow r eg i me where  the 1 1 qu 1 d  f l ow 1 n  the bed wa s not comp l ete l y  tur bu l ent . 

To make the cor r e l at 1 on comp l etel y  d 1 mens 1 on l e s s ,  one c a n  r ep l ace the 

i nvol v i ng the 1 1 qu 1 d  v 1 scos 1 ty ,  pt' by the 1 1 qu 1 d  Reyno l d s  number , 

Ret, wh 1 ch 1 s  g 1 ven by 

ana l ogous to Eq. ( 2-3 ) . 

20 
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( 2-54 ) 



• 

I 
The t r ue l 1 qu 1 d  ve l oc 1 ty ,  v, , \ s  expec ted to be on the or der of 

the ve l oc 1 ty atta1ned 1n a f r ee f a l l over a d \ s tanc e of a hydr au l 1 c 
d1a�ter, OH. T herefor e, 

( 2 -SS ) 

vhere the hydraul1c d 1 a.eter  1 s  r ep lac ed by c/S ; c 1 s  the poros 1 ty ,  and 
S ' s  the par t,c l e  s urfac e area per un't bed vo l ume ,  a s  def ,ned ear 1 1 er .  

T he cor r el at,on we seek 1nvo l ves t he para.e ter s 

where � ' s  def 1 ned as 

2 
.. , 

t� 

In the Wa l l 1 s  for•. t hese  parame t e r s ar e t r ans formed to 

2 
a X yl 

2 
• Pt vl 

2 

. ,,  

2v 2 
Pg g 

. 53·�·("' 
CJC Pt � f . 2  

s 
• 

CJC3 
1 . --

PgPt 
. (�r 2 

and 

2 1  

• 

( 2-56)  

( 2- 57)  

( 2 - 58 )  



Based on the data of Sherwood, e t  a l . ,
1 4  

Uch 1 da and F uj1 ta ,
1 9  

and 
6 

--
3 

those pub l 1 s hed by Wh1 t e, together w1 t h  the va l ues  of S/c g 1 ven by 
20 

Lobo, e t  a l . for these exper 1 ments,  a 1 1 near r egres s 1 on between 
1 /2 1 /2 

�1 
and �l 

g 1 ves  

�
�12 + 0 . 939 �

� '2 = 
0 . 549 ( 2-59 ) 

The r oot-mean-square  ( RMS ) dev 1 a t 1 on of the data po 1 n t s  from the 

regres s 1 on 1 1 ne 1 s  0 . 03 .  Mos t  of the s c a t ter comes fr om the da ta g 1 ven by 

Wh 1 te . 6 The da ta and the regres s 1 on 1 1 ne a r e  p l o t ted 1 n  F 1 g .  3 .  

To obta 1 n  the dryout hea t f l u x  o f  a par t 1 c l e  bed r es t 1 ng on an 

1 mpermeable  p l a te , we aga 1 n  app l y  the cond 1 t 1 ons  

and 

Equa t 1 on ( 2-59 ) then g 1 ves 

( 2-60 ) 

( 2-61 ) 

( 2-62 ) 

I n t r oduc 1 ng a s hape fac tor, f, for Rasch 1 g  r 1 ngs  ( a l l  data used are  

those  obta 1 ned w1 th Ra sch 1 g  r 1 ngs ) ,  and conver t 1 ng S to  an equ 1 va l en t  

d 1 ameter of spher 1 c a l  par t 1 c les,  we have 

s = (1 - t:) s 
p 

6f 
= (1 - .:) • d ( 2-63 ) 
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I I 

The cor r e l a t 1 on for q
d 

becomes 

[ 1 /4] -2 

• 1 + 0 . 939 �) 
gdc3 

( 1  - c ) f  J . l  

Bas ed on the RMS dev 1 a t 1 on of t he data po 1 nt s  f r om the regres s 1 on 
I I 

1 1 ne , the error expec ted for qd , g 1 ven by E q .  ( 2 -64 ) , 1 s  about 1 ?% .  

( 2-64 ) 

I n  deve l op 1 ng the corre l a t \ on ,  we have negl ec ted the buoyancy force  on 

the 1 \ qu \ d  due to the presence of the gas . To take th 1 s  \ nto account ,  the 

grav \ ty  g shoul d  be repl aced by (1 - Pg/Pt )g .  Because  the gas 

dens \ ty \ s  much l ower than the 1 1 qu \ d  dens \ ty 1 n  the exper 1 men ta l data 

base , s uch a ref \ nement w\ 1 1  not affec t the correl a t \ on c oeff \ c \ en t s . At  

h \ gh pressures , a s  the s t eam dens \ ty \ s  \ nc rea sed s u b s tan t 1 a l l y  r e l a t \ ve t o  

the 1 \ quld dens \ ty ,  t h e  neg l ec t  o f  t h e  buoyancy f o r c e  may \ n t r oduce an 

er ror on the order of a few per c en t . 

Based on the def \ n \ t \ on of the Reynol d s  n umber g \ ven .by E q .  ( 2-3 ) , the 

exper \ menta l data ba se spans a r ange of 1 1 qu 1 d  Reyno l d s  n umber s  from 2 . 5  

( Sherwood data ) to 1 600 ( Wh \ te data ) . 

2 . 3  Compar \ son w\ th E xper 1 men t s  

A f u l l a s se s sment  of the model s presen ted above \ nvo l ves exper \ men t s  

wh \ ch sys tema t \ ca l l y  va ry  the por os 1 ty of the pa r t \ c l e  bed, t h e  d \ ameter of 

the pa r t \ c l es  compos \ ng the bed , and the r a t 1 o  of the vapor - to - 1 \ qu \ d  

dens 1 ty ( sys tem pres sure ) .  Before the TMI -2 acc 1 dent , mos t  of the 

exper 1men ta l empha s \ s  was on sha l l ow bed s composed of f \ ne par t 1 c l es wh \ c h  

were bel \ eved t o  be appl \ ca b l e  t o  r ubb l e  beds formed dur 1 ng a n  hypo the t 1 c a l  

core d \ s r upt 1 ve acc \ dent \ n  a 1 \ qu \ d-me t a l  fa s t -br eeder r eactor . for these 

beds , the f l ow cond \ t \ ons a t  d r yout  are  1n  the l am\ nar  reg \ me ,  and the 
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dryout ts s tr ong l y  t n f l uPnc@d by cap t l lary f or c@S and t he forma t t on of  

vapor c hanne l s  near t h@ top of th@ beds . 5 Obv \ ous l y ,  these @xper\ men t s  
a r e  not s u t tab l e  f o r  .ak \ ng c a.par \ sons w\ t h  th@ .ad@ l pred \ c t \ ons  f or deep 

beds ca.posed of l a r ge par t \ c l@S. Da ta on deep beds are  sc arce  and cover 

on l y  a s .. l l  rang@ of por os \ t y  around 0 . 4 .  Ther@for e ,  the f o l l ow \ ng 

co.pa r \ son ts qu\te  l t•t t ed t n  extent , a l though tt appear s surpr \ s t ng l y  
good. 

The Sand \ a  labora tor y's Degraded Core Coo l ab t l \ ty exper \ment DCC -2 ts  
an tn-pt le @Xper \ .. n t  per f or .. d tn  t he Annu l a r  Core  Resea r c h  Reac tor . 2 1  

The bed had  a he\ gh t  of 0.49 •· wh \ ch can b@ c ons \ der@d as  a deep bed , and 

c on s \ s t ed of  �r ttc les  a veragtng 1 . 42-. \ n  d \ ame ter based on t he 

Fa \ r-Ha tc h  f or� l a  ( har.an \ c  .. an we \ gh t@d by .a s s  f r ac t \ on ) . The por os \ ty 

was r epor ted to be 0 . 4 1 . Vo l�t r \ c  hea t \ ng wa s a c h \ eved by f \ s s \ on dr \ ven 
by neu t r ons s upp l \ ed fro. the r eac tor . The da ta  c over a range of  pressures 

fr� 0.26 MPa t o  16 MPa . 

F \ gure 4 shows a co.pa r t son between t he DCC -2 da ta and t he .ode l 
pr@d \ c t \ on s . Dur \ ng t he DCC -2 exper \ men t , two d \ s t \ nc t  dryou t s  were noted 
at any par t \ c u la r  pressure: one wa s a l oc a l  dr you t and the other , sa.ewha t 
h \ gher \ n  t he d r yout  h@a t f l ux , wa s a g l oba l dr you t . T he l oc a l  d r you t was 
be l \eved to be c aused by a l oc a l  c oncen t ra t \ on of sMa l l er par t \ c l e s , wh \ c h  

dec rea s ed t he l oc a l  per .. a b \ 1 \ ty r e la t \ ve to  the r es t  of  t he bed . The da t a  

po \ n t s  g \ ven \ n  F \ g .  3 are the l oca l dr yout hea t f l uxes. T he g l oba l d r you t 

h@a t f l uxes f o l low a s t•\ lar  t r end . 

The l \ p t nsk\ .od@ l pred \ c t \ ons \ n  F \ g .  4 wer e  computed from 
E q. (2-30), the d r yout  hea t f lux \ n  the l a•t nar - t o - t ur bu l ent  f l ow reg \ me ,  

I I I I 

w \ th t h@ a ppropr \ a te subs t \ tut\ons f or qd , l and qd , l  g \ ven by 
E qs. (2- 26 ) and ( 2-27 ) ,  r espec t\ve l y .  Two t urbu lent  permeab \ 1 \ t y mode l s  

were us@d , one w\ t h  n • 5 and t he o t her w\ th n • 6 ,  a s  shown \ n  

Eq . (2 -27 ) .  A t  l ow  pressures  ( s.a l l  1 \ qu \ d  Reyno l d s  number ) ,  t he 
d \ f f er enc e be tween the two .ode l s  \ s  sMal l ,  bu t th@ n .  5 mode l g \ ves a 

... ,� dr yout hea t f l ux tha t  \ s  301 h \ gher than tha t g \ ven by the n • 6 
.ade l a t  pres s ures around 5 MPa . 
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Figure 4 .  Dryout heat flux model compar\son to DCC-2 experiment. 
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lhe f lood \ ng .ade l . based on f lood \ ng exper \men t s  (E q .  ( 2 -64 ) ] .  has an 
undeter•\ ned shape fac tor  for Rasc h \ g  r \ ngs. I f  f \ s  taken to be 0 . 42, t he 

cor re l a t \on g \ ves exc e l lent  agr eeme n t  w \ th the OCC-2 l oca l dr you t da ta over 

t he en ttrt range of pressures . The formu l a  p l o t ted to g \ ve t he c u r ve 

l a be l ed • f l ood \ ng MOde l •  \ n  F 1 g. 4 \ s  obta \ ned f r om Eq . ( 2 -64 ) w\ th  the 

subs t 1 t u t \ on of  0 . 42 for f and (1 - p�t)g for g, \ . e . •  

• Jl - Pgti»t} gdc3 ] 0 . 1 

1 - c 

[ 1 4] - 2  

• 1 • 0 . 939 (�a) I ( 2-65 ) 

The 1 \ qu \ d  Reyno lds  n�er a t  dr yout coaput ed f r o.  the f l ood \ ng .adel 
var \ es f r o.  2 . 6  to 26 . Th \ s  \ s  w \ th \ n  t he range of  t he da ta base f or the 

f l ood \ ng c or re l a t \ on. 

Ftgure 5 co.pa r es the .ode l pr ed \ c t \ ons g \ ven by the f lood \ ng .adel 
( E q. ( 2-6S)] w \ t h  other dryout da ta f or deep beds for 1 \ qu \ d  Reyno l ds 

n�e r s  be tween 2 . 8  and 70. Both the W \ nf r \ t h22 and t he Wes t \ nghouse23 

da ta do not have reported poros \ t \ es wh \ c h, neverthe l es s, are be l \ eved to 

be ar ound 0.4 , t yp\c a l  of suc h exper \ .en t s . In t he .ade l pred 1 c t 1 ons , t he 

poros \ t \ es a r e  as s�d to fo l l ow the r e la t \ onsh \ p  g \ ven by Bar l eon and 
24 Wer l e, \ . e . ,  

' • 0 .  373  + 0 .  0063 d ( 2-66 ) 

wher e d \s  \ n  .. .  Poros \ t \ es for the KfK25 data are  t hose as g \ ven \ n  
the  reference . C y l \ ndr \ c a l  part \ c les  a r e  c onverted t o  equ \ va l en t  spher \ c a l 

par t \ c l es w \ t h  a shape fac tor equa l to  0 . 78 .  T he RMS d \ f ference between 

exper \ .. nta l da ta and t he .ade l pred \ c t \ ons \ s  on l y  1 ?1 .  Cons \ der \ ng the 

d \ verse source of  the data  ba se, th \ s  \s  qu \ te a r � r kab l e  agr eemen t. 
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Mos t of  the da ta po t n ts t n  F t g. 5 wer e  obta \ ned by d \ g \ t \ z \ ng the 
p l o t s  g \ ven t n  t he refer ences . For eas \ er r eference , the da ta pot n t s  a nd 
other r e levant \ nf or.a tton are  g t ven t n  Tab le  1 .  

A l though t he agre�nt bet ween t he .ade l pred t c t t ons  a nd the 
exper t.enta l da ta presented her e  \ s  ver y good , a wor d  of  c a u t \ on \ s  \ n  

order . T he mode l  on l y  app l \ es t o  deep beds and c ons \ dera b l y  under pred \ c ts 

the d r yout  hea t f l uxes for sha l l ow beds . For examp l e ,  the Bar l eon , 
26 

Th�uske , and Wer l e  da ta for beds ca.posed o f  large par t \ c l es ( 2  t o  

1 6  .. , g t ve about 40X h \ gher dr you t hea t f l uxes t ha n  pred \ c ted by 
E q .  ( 2-65) , appa r en t l y  due to  t he sha l lowness o f  the beds ( l ess than 0 . 1 m 
deep). A l s o ,  t he c or r e l a t \ on based on the f lood t ng da ta app l t es on l y  to  a 
range of  1 \ qu \ d  Reyno l ds n�er s ( a t  d r you t ) between 2.5 and 1 600. 

2.4 Dryout of  the TMI - 2  Upper -Core Par t \ c l e Bed 

As Men t \ oned t n  t he I n troduc t \ on sec t ton , t he damaged TMI -2 core gave 

r \ se to two d \st \ nc t  par ttc l e  beds , one tn t he core r eg t on above a 

c onso l \ da ted c rust and one \ n  t he lower p l enum, r est \ ng on the l ower head . 

S t nc e  def ue l t ng of  t he r eac tor , �ch has been l ea r ned about t he upper -cor e 
par t\c l e  bed but ,  except for soae v \ s ua l  obser va t \ ons , 1 \ t t l e  \ s  known 
abo u t  the l ower p lenUM par t \ c le bed . The t op l a yer o f  the l ower p l enum 
par t \ c le bed appears l oose but \ s  qu \ te heterogeneous . T here are r eg \ ons 

c on s t st t ng of  very f \ ne par t t c l es ,  wh \ c h  are eas t l y .aved by a Jet of 

wa ter , a s  we l l as r eg t ons  cover ed v t th s o l \ d \ f \ ed ,  prev \ ous l y  mo l ten 

debr \ s  of core  materta l up to 0 . 2  m \ n  exten t . I t  \ s  unc l ear whet her t he 
par t t c le bed extends to  the ves se l  head or there ex\ s t s  a l ayer of  s o l t d  

.. ter \ a l  between t he top l a yer o f  the par t \ c le bed and the vessel  head . 
Because of  t h \ s  l a c k  of proper c harac ter \ za t \ on of  the l ower p l enum 

par t\c l e  bed , t h \ s  repor t on l y  add r es ses the upper -core par t \ c l e bed . 

The upper -core  par t t c le bed c overed mo s t  of  t he c ore . A good 
a pprox\ma tton to a hor\zon ta l c r o s s -sec t \ on thr ough the m \ dd l e  of t he bed 
ts tha t o f  a c \ rc u la r  p l a t e  w\ th a d t ame ter equa l to 1 3  f ue l  asseMbl\es 

( 2 . 84 •).  The bot tom of  t he par t \ c le bed ha s been determt ned by  dr \ v \ ng a 
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TABLE 1 .  DRYOUT HEAT F lUX F OR DE E P  PART I CLE B E DS AT 1 ATMOSPH E R E  

D . O. D . O .  
Hea t F l ux Hea t F l u x  

l 1 qu 1 d  ( measured ) ( pr ed 1 c ted ) a 
0 1 ame ter Reyno l ds 

{mm} Poros1 t� {HW/m2} Source {HW/m2} Number 

2 . 0  0 . 386b 0 . 67 W 1 nfrHh22 0 . 54 2 . 8  
3 . 4  0 . 394b 0 . 7 5 II 0 . 79 7 . 0 
4 . 0  0 . 398b 0 . 93 II 0 . 90 9 . 4 
5 . 0  o . 4o5b 1 . 02  II 1 . 08 1 4 . 2  
2 . 84 0 . 39 l b 0 . 85 Wes t 1  nghouse23 0 . 69 5 . 1  
3 . 97 0 . 398b 1 . 06 H 0 . 90 9 . 3  
6 . 35 0.41 3b 1 . 42  II 1 .  31 22 . 3  

1 1 . 1  0 . 443b 2 . 2 1 II 2 . 1 9 68 . 6  
2 . 34 0 . 385 0 . 59 K f K25 0 . 59 3 . 5  
3 . 00 0 . 405 0 . 80 II 0 .  7 7  6 . 1  

a .  Compu ted f r om E q. ( 2-65 ) .  

b .  Compu ted from E q .  ( 2-67 ) .  



po \ n t@d t oo l  \ nto  th@ bed un t \ 1  \ t  h \ ts the top c r us t  of the conso l \ da t ed 
27 r@g \ on .  Th@ top sur fac@ ha s be@n de t�r•tned by two me t hods , one 

� l oy \ ng an acous t \ c r@f l ec t \ on t@chn \ que before the r emova l of t he 
28 

r@ac t or upper head , and t he o ther by lower \ ng a po \ n ted too l  through 
t he r @ac tor c av \ t y un t \ 1  \ t  t ouches the bed . 27 W \ th the ac ous t \ c me thod, 
the averag@ he \ gh t  of t he par t \ c l@ bed \ s  d@term\ ned to be 1 . 05 m and the 

vol� \ s  @qua l to  6 . 68 •3 . 29 W \ t h  the prob \ ng me thod, the a verage 

he \ gh t  \ s  0 . 80 •.2 and th@ vo l ume \ s  5 . 06 •3 . 

Based on the T M I -2 r eac tor defue l \ ng l og, the amoun t of ma ter \ a l  

r .-o v@d f r� t he par t \ c l e b@d \ s  23 , 700 kg . 30 Thus ,  the a verage dens \ ty 
o f  the par t \ c l e bed \ s  3550 and 4680 kgt•3, r espec t \ ve l y, based on the 
two vol� deter•\ na t \ on s  a s  men t \ oned a bove . [These fa l l  w \ th \ n  the r ange 

of d@ns \ ty deter•t na t \ ons  of sa� l e s  of the par t \ c l es \ n  t he l abora tory 

(3500 to 5500 kg/•3 ) . 31 ] E xa•t na t \ on of the par t \ c l es showed that they 
3 1  are .os t l y  f rac tured fue l  pe l l e t s  and ox \ d \ zed c la dd \ ng. Ba sed on the 

c�o s \ t \ on ( U/lr & 7 by .a ss), t he dens \ t y of an a verage par t \ c le \ s  

expec t@d t o  be a bout 9000 kg/•3 . I f  t he a verage of  the two bed dens \ t \ es 
\ s  used , t he poros \ ty of  the bed \s  deduc ed to  b@ 0. 54 . 

E l even sa�les of  par t \ c l es wer e taken from var\ ous depths of  the 
upper -core  par t \ c le bed \ n  1 983 and 1 984 . Par t \ c l e s \ ze d \ s t r \ bu t \ on was 
obta \ ned for n \ ne of these sa�les . Table  5 of Ref . 31 g \ ves the deta \ l ed 

d \ s t r \ bu t \ on of t he we \ gh t  f r ac t \ on as a f unc t \ on of t he par t \ c l e s \ ze .  
Th\s \ s  adapt@d \ n  Tab l e  2 w\ th the •\ nor mod \ f \ ca t \ on o f  s ubs t \ t u t \ ng t he 

•t d-potn t of  a rang@ of par t \ c l e s  s \ zes for the ac tua l  r epor ted r a nge . I n  
the c on tex t o f  part \ c l e  bed dr you t , the pr oper average f or part \ c l e s \ ze \ s  

the harmon \ c  -.an we \ gh ted b y  t he vo l ume frac t \ on , o r  the we \ gh t  f r ac t \ on 
when t h@ par ttc l es have a un \ for• dens \ t y . W \ th  such an average , a 

par t\c l@ bed c ons \st \ ng of sa.e-s \ zed par t \ c les a s  the a verage pa r t \ c l e 
gtves t he sa.e s urface area per un \ t  vo l ume a s  the bed of a m \ x tu r e  of  

par t \c l es of d \ f ferent s \ zes f r om  wh \ c h  the a verage \s ob ta \ ned . Because 
t he TMI -2 pa r t \ c l es are  not spher \ c a l, to c onver t th�m to e f f ec t \ ve 

s pher t c a l part \ c l es of  d \ ame ter d ,  we app l y  a shape fac tor of  0 . 78 to the 

a verage (fa\r-Ha t c h  f or .u l a , see Ref . 5 ). therefore, we have 
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TABLE 2. WEIGHT DISTRIBUTION OF SAMPLES OF THE TMI-2 CORE PARTICLE BED 
(we1ght 1n g) 

S1eve S1ze 
(nm) 

4.500 
2.840 
1.640 
0.854 
0.502 
0.223 
0.112 
0.052 

Total We1ght 

Effect1ve D1ameter (nm) 

Sample 1 

12.62 
27.82 
15.64 

7.80 
3.20 
0.87 
0 . 44 

...L!l 
68.56 

1.05 

Sample 3 

63.75 
51 . 45 
19.19 

5.49 
6.34 
1. 27 
0.71 

.JL..l1 
148.45 

1. 41 

Sample 5 

69.57 
13.96 

6.25 
0.44 

90.22 

2.75 

Sample 6 

57.99 
49.39 
13.88 

8.93 
5.99 
0.97 
0.67 
0.22 

138.04 

1.39 

Sample 1 
7.38 

59.44 
43.29 
13.48 

9.77 
0.89 
0.54 
0.37 

1 35. 16 

0.99 

Sample 8 

28.39 
74.55 
28.91 

9.13 
7.49 
1. 35 
0.95 
1.80 

152.57 

0.92 

Sa!IJ)le 9 

5.69 
53.81 
30.6 3 
1 6 . 18 
25.31 

9.03 
5.34 
6.62 

152.61 

0.36 

Sample 10 

15.93 
88.03 
33.56 
1 1. 59 
1 4.76 

3.96 
1. 78 
1.36 

110.97 
0.82 

Sample 11 

30.58 
57.44 
21. 20• 
10.89 
16.90 

6.57 
2.91 
2.03 

148.52 

0 . 63 



( 2 -b 7 )  

wher e  W \s  t he we \ �h t  of each sa�l e ,  and w, \ s  the we \ ght  of pa r t t c l es 

\ n  t he sa�le hav \ ng s \ eve d \ ame ter d, . The e f f ec t \ ve d \ ame ter s of the 
sa�les  are 1 \ s ted \ n  Tab l e  2.  When a l l  the sa� l e s  are  norma l \ zed to  t he 

sa� we \ gh t , t he e f f ec t \ ve d \ a.e ter of t he par t \ c les \ n  a l l t he samp l es \ s  
f ound t o  be O . Bl �. 

Bas ed upon t he above d \ sc us s \ on ,  the c harac ter \ s t t c s  of the par t \ c le 

bed \ n  the TMI-2 core, r educed to t he f orm of  a r \ gh t -c \ r c u l a r  c y l \ nder , 
a r e  s� r \ zed \ n  Table  3. 

The pa r t \ c le bed \ n  the TMI -2 core  \ s  l a r ge and deep enough that  

.ode l s  of  t he drJOUt hea t f l ux g \ ven \n  prev \ ous sec t \ ons  are expec ted to 
be app l \ cable , at l ea s t  \n t he c en t r a l reg \ ons of the bed far  awa y fro. t t s 

per \ pher y. Because the f l ood \ ng .ode l  ( E q. (2-6S) ] c ompa r es we l l  w t th  
exper \ .en t s  on deep beds and a l so w\ th the l \ p \ nsk \ n .  � mode l \n  the 
l a•lnar - to-turbu l en t  t r ans \ t \ on reg\.e (Eq. (2-30) ], we ha ve computed t he 
d r yout  heat f l ux of the bed a s  a f unc t \ on of pr essu r e  f r om these two 

.ode l s . The pr \.ar y s y s te. pres sure h \ s tor y dur \ ng the acc \ den t \ s  shown 

\ n  F \ g .  6 for the per \ od between llS m\ n ,  when the par t \ c l e bed presumab l y  

wa s for�d b y  t he ac t \ on of the 2-8 pr \ ma r y  coo l an t  pu.p , and 300 m \ n ,  
s hor t l y  before  s y s te. pr essur \ za t \ on .  The t \mes are  mea s u r ed f r om  the t \me 

of t u r b \ ne t r \ p .  W \ th t h \ s  pres sure h \ s tor y ,  the computed d r yout  hea t 
f l uxes are  shown t n  F \ g. 1 as f unc t \ ons of  t t.e .  The l t qu t d  Reyno l ds 

n�er ( E q. ( 2- 3 ) ]  var \ es between 30 and 40 for the dr you t hea t f l uxes 
shown , we l l  t ns \ de the r ange of the f l ood t ng cor r e l a t t on upon wh \ c h  t he 

f l ood t ng .ode l  \ s  ba sed . As shown \ n  f t g .  7, the resu l ts of the l \ p \ nsk t 

n m S .ode l and the f lood \ ng .ode l d \ f f er by a t  most 3X over the ent t r e  

per \ od .  

To determ \ ne the c oo lab \ 1 \ t y of the par t \ c l e bed, t he d r you t hea t f l ux 

was c�a r ed to the hea t f l ux f r om dec a y  hea t gener a ted w\ t h \ n  the pa r t \ c l e 
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TABLE 3 .  CHARACTER ISTICS Of THE THI -2 UPPER-CORE PAR T I CLE BED 
( r educed to the form of a r 1 ght-c1 rcu l a r cy l 1 nder ) 

He 1 ght 

D 1 ameter 

Cr oss-sect1 on a r ea 

Vo l ume 

Par t 1 cl e d 1 ameter 

Par as 1 ty 

Part1 c l e  sur face a r ea per un 1 t  vol ume 

Tota l pa rt1 c l e  sur face a r ea 

Tota l mass 

uo
2 mass 

34 

0 . 93 m 

2 . 84 m 

6 . 33 m
2 

5 . 89 m3 

0 . 87 ITI1l 

0 . 54 

31 70  m-l 

1 8 , 700 m
2 

23 , 700 kg 

20 , 300 kg 
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bed p l u s  t ha t  t r an s f err ed t o  \ t  from t he c onso l \ da ted reg \ on be l ow .  T he 
f ue l  c on tent \ n  the par t \ c l e bed ha s a l ready been est \ ma ted and \ s  g \ ven \ n  

Tab l e  3 .  The f ue l  c on ten t \ n  t he c onso l \ da ted re9 \ on bef ore the re l oc a t \ on 

t o  t he lower p lenu• a t  225 M \ n  can  be es t \� ted a s  fo l l ows . from 
pos t -ac c \ dent exa•\ na t \ on of  the c or e ,  the amount  of  ma ter \ a l  s t \ 1 1  \ n  t he 

f ora of r ods  \ s  es t \� ted to be 54 , 600 kg . 29 The tota l c o r e  ma t er \ a l 
bef ore  t he acc \ dent  was 1 23 , 000 kg . 32 Ther efore , the damaged c or e  

.. t er \ a l  \ n  t he f or• of  debr \ s  \s  68 , 400 kg. Based on a f ue l  l oad \ ng o f  
93 , 1 00 k g , t he f ue l  c on t en t  \ n  t h e  debr\s \ s  5 1 , 800 k g .  Subtrac t \ ng the 

f ue l  c on ten t of  20 , 300 kg \ n  the par t \ c l e  bed ( Ta b l e  3 ) , the f ue l  content 
\n  t he c onso l \ da t ed debr\ s  bef ore  re l oca t t on wa s 31 , 500 kg . The ma ter \ a l  

c on tent \ n  t he c on so l \ da ted r eg \ on a f ter r e l oc a t \ on ( end-state  
c on f \ gura t \ on) has not  been deter•\ ned . However, based on  vo l ume and 

dens \ ty es t \  .. tes , \ t s � s s  \ s  abou t 24, 000 kg . 29 Assum \ ng t he fuel  
f rac t \ on \ s  t he sa� a s  t he \ ntac t core , t he mass of f ue l  \ n  the 
c onsol \ da ted debr \ s  a f ter r e l oc a t \ on \ s  a bout 1 8 , 200 kg . l he f ue l  ma s s  
d \s t r \ bu t \ on \ n  t h e  c ore debr \ s  \ s  su�r \ zed \ n  Tab l e  4 ,  wh \ c h  a l so shows 

t he f rac t \ ona l core power \ n  t he debr \ s .  I t  has been a s s u.ed t ha t  the 

power per un \ t  f ue l  aass \ n  t he par t \ c le  bed \ s  the sa.e a s  the core 

a verage and , \ n  t he c onso l \ da ted reg \ on ,  \ t  \ s  20% h \ gher . 

To deter•\ ne t he c oo l ab \ 1 \ ty of  the core par t \ c le bed , t he d r yout hea t 
f l ux was coapared to  t he hea t gener a t \ on \ n  the par t \ c l e  bed a s  we l l  a s  

hea t t r a n s f erred to \ t  from the c onso l \ da ted reg \ on . Assum \ ng a 50% 

re lease of the .are vola t \ l e  f \ s s \ on produc ts from t he core debr \ s , t he 
deca y  hea t gener a t \ on r a t es \ n  t he conso l \ da ted reg \ on and \ n  t he par t \ c l e  

2 bed are g \ ven \ n  Tab l e  5 for the t \.e per \ od between l BO and 300 m\ n .  
The decr ease \ n  power \ n  the c onso l \ da ted reg \ on a t  225  m \ n \ s  ba sed on a 

r educ t \ on of  1 3 , 300 kg of fuel . I f  a l l t he hea t gener a t Pd \ n  t he part \ c l e 

bed \ s  trans ferred upwards , \ t  wou ld g \ ve a bea t f l ux of approx \ ma t e l y  

0 . 1  MWt•2 a t  t he top s urface of  t he bed dur \ ng t he l BO t o  300 m \ n  

per \ od .  l h \ s \ s  shown \ n  F \ g .  1 a l ong w \ t h  the pred \ c ted dryout hea t 
f l uxes . A l so shown \ n  f \ 9 .  1 \ s  the hea t f l ux a t  the top of t he part \ c l e 
bed \ f  80% of the hea t 9ene r a ted \ n  the c onso l \ da ted reg \ on \ s  a l so 

t r an s f e r r ed upwards t hr ou9h the pa r t \ c l e bed . Bef or e 225 m\ n ,  t h \ s  l a t ter 

hea t f lux was coapara b l e  t o  the pred \ c ted dr yout hea t f l uxes , so t he 

• 

37 



TABLE 4 .  CORE DEBR I S  MASS AND POWER D I STR I BUTI ON 

Before 225 m1 n Af t er 225 m1 n 

UOl Mass F racU ona 1 uol Mass F racU ona 1 
Core Power Core  Power kg) kg) 

Par t 1 c l e  Bed 20 , 300 0 . 21 8  20 , 300 0 . 21 8  

Conso l 1 da ted Reg1 on 31 , 500 0 . 40£> 1 8 , 200 0 . 235 
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T ABL E 5. POWE R H I STORY IN CORE DE BR I S  

H ��e  
l!!!!ll 

1 80 
n s -
22s • 
240 
300 

Power \ n  
Conso l \ da ted Reg \ on 

, .... , 

8 . 69 
8. 1 6 
4 . 72 
4 . 61 
4 . 28 

39 

Power \ n  
Pa r U c  1 e  Bed 

(..W) 

4 . 67 
4 . 38 
4 . 38 
4 . 27 
3 . 97 



par t l c l e  bed may be on the verge of  d r yout 1 f  covered w1 t h  wa ter . A f t er 

225 m1 n ,  w 1 th  a r educ t 1 on 1 n  power f r om the cons o l 1 da ted r eg 1 on , t h 1 s  hea t 
2 

f l ux woul d  have dropped to approx 1 ma t e l y  0 . 5  MW/m bel ow the p r ed 1 c ted 

dryout  hea t f l uxes , 1 nd 1 ca t 1 ng that the bed wou l d  not  have d r 1 ed out  1 f  

covered w1 th wa ter . 

The upper -core par t 1 c l e bed , however , 1 s  be l 1 eved to have been formed 

at h l gh temperature  and to have rema 1 ned d r y  u n t 1 1  1 t  wa s f 1 na l l y  quenched 

w1 th emergency core coo l 1 ng wa ter . I n  add 1 t 1 on to the a na l ys 1 s  o f  1 t s 

dr yout hea t f l u x ,  wh 1 c h  shows tha t  the par t 1 c l e bed woul d  not have dr 1 ed 

out a f ter be 1 ng covered w1 th wa ter , a quenc h 1 ng ana l ys 1 s  1 s  needed to 

compl ete the desc r 1 pt 1 on of  1 t s therma l  beha v 1 or . Th 1 s 1 s  desc r 1 bed 1n  the 

nex t sec t 1 on .  
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3 .  PART I C l E BE D QUE NC H I NG 

The quenc h \ ng of  part 1 c le beds f r om  a h \ gh tempera ture s ta t e  ha s not 
been s tudted \ n  as �ch deta \ 1  a s  the dr yout of part \ c le beds . The earl y  

exper 1 -. n t s  of  6\ nsber g .  e t  a 1  • •  
33 • 34 • 35 and of  Cho . Arms trong, and 

Chan
36 

s howed that w \ th  large part \ c les  ( -3 mN ) , t he average hea t f l ux 

a t  t he top of  the part \ c l e bed dur\ ng quenc h \ s  c ompara b l e  to  the d r yout 

hea t f l ux o f  t he bed and 1 s  \ ndependen t of the tempera t ure from wh 1 c h  the 
bed \ s  quenched. The pa t tern of  the quenc h f r on t . however . \ s  qu \ te 

co.pl\ca ted . I n  a t op -down quenc h . a 1 \qu \ d  c o l umn f \r s t  penetra tes the 
center of  the bed , l ea vtng the out s \ de annu l us of t he bed dry unt \ 1  the 

1 1 qu 1 d  r eaches the bot ta. of  the bed . Then a second quenc h fron t 
propaga tes upwar d  \ n  the annul us a s  the bed \ s  be 1 ng f \ l l ed w\ t h  wa ter f r OM  

the c en t r a l  r egton . I n  gener a l . t he dovnward -propaga t \ ng quenc h f r ont  

.aves  f as t er than t he upward -propaga ttng f r on t , but the  cros s -sec t t on area 

of t he f oraer \ s  s .. l ler than that of the l a t ter . lhts r e s u l t s  1 n  

approx 1 .. te l y  the sa.e hea t f l ux  dur \ ng bo th the downward and the upwa r d  
quench .  

The quench beha v \ or observed 1 n  exper \ .en t s  w\ th  l arge pa r t \ c l es . 
however , \ s  not c on f \ r.ed 1 n  the quenc h \ ng of part \ c l e  beds w\ t h  sma l ler 

37  par ttc les . W \ th s.a l l er par t \ c l es . the  t op -down quenc h fron t \ s  
one-d \ .en stona l and progres ses un 1 for•l y downward over the ent \ r e 

c ro s s -sec t t on of the bed . "or eover , the hea t f l u x  f r om the part \ c l e bed 
durtng quenc h \ ng \ s  c on s \ derably  less  than the .ea sured dryout hea t f l ux 

2 1 . 38 
f or the bed . I n  the Sand \ a  Degraded Core Coo l ab 1 1 1 t y exper \ .en t s . 
atxtures  of  par t \ c les  of var\ ous s 1 zes  were used . Aga \ n ,  w \ t h  sma l l er 
pa r ttc l e s  ( DC C - 1 ) ,  t he quench  fron t wa s observed to be un \ form acros s t he 
bed a nd t he heat f l ux a t  the quenc h fron t wa s es t \ ma ted to be a few t \ �s 

l ower t ha n  the aeas ured dr you t hea t f l ux .  W \ t h  larger part \ c l e s  ( DCC -2 a nd 
DCC - 3 ) , the quenc h \ ng wa s nonun \ f or•. but  the quench hea t f l ux  wa s s t \ 1 1  a 

f �  t taes l ower than  the dryou t hea t f l ux . \ n  c on t r a s t w 1 t h  the res u l t s f or 
part t c le beds ha v \ ng un 1 for•- s t zed part \ c les . 
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. 
No adequa te theory has  been p r oposed to exp l a 1 n  the d 1 f ference 1 n  the 

quenc h 1 ng beha v 1 or o f  par t 1 c l e  beds c omposed of  par t 1 c l es o f  va r 1 ou s  

s 1 zes . F or l a rge- s 1 zed par t 1 c l es  or  beds w1 th  h 1 gh por o s 1 ty ,  1 t  1 s  

spec u l a ted that countercurrent  f l ow 1 1 m1 ta t 1 on for the two-pha s e  f l u 1 d  

m1 x t ure may be the dom1 nant  mec ha n 1 sm t ha t  contr o l s  the quenc h 1 ng proces s ,  

s 1 m1 1 a r  to the f l ow 1 1 m1 ta t 1 on tha t  l eads  to  par t 1 c l e bed d r you t . F or 

sma l l -s 1 zed par t 1 c l es , or a m1 x t u r e  o f  pa r t 1 c l e s 1 zes , s u r face tens 1 on may 

contr 1 bute s 1 gn 1 f 1 cant l y  to  the retarda t 1 on o f  wa ter f l ow 1 n to the d r y  bed . 

The TMI -2 par t 1 c l e bed 1 n  the core  cons 1 s t s  of  par t 1 c l e s  s 1 m1 1 a r  1 n  

s 1 ze to those used 1 n  the Sand 1 a  DCC- 2  exper 1ment . The aver age quench hea t 

f l ux of  the DCC- 2  par t 1 c l e  bed wa s determ1 ned t o  be l e s s  than 20% o f  the 
21 

dryout hea t f l u x .  The quench exper 1 men t wa s per formed f r om h 1 gh 

temperatures  a f ter dr yout w1 th  the 1 n terna l  hea t genera t 1 on r emoved . F or 

the TMI -2 par t 1 c l e  bed , the dryout  oc c u r red a s  a r e s u l t  o f  wa ter bo1 1 -o f f  

1 n  the core . ( I f  wa ter was present  1 n  t he core and covered the par t 1 c l e 

bed , accor d 1 ng to the ca l c u l a t 1 on o f  d r yout  hea t f l ux g 1 ven 1 n  the l a s t  

sec t 1 on ,  the par t 1 c l e bed wou l d  not have dr 1 ed out . )  When wa ter  wa s 

r e 1 ntroduced 1 n to the cor e ,  the TMI -2 upper -core par t 1 c l e  bed , u n 1 1 ke the 

one 1n the DCC -2  exper 1 men t , wa s s t 1 1 1  gener a t 1 ng hea t and c ou l d  g 1 ve r 1 se 

to  a sur face hea t f l u x  more than one- th 1 r d  of  the d r yout  hea t f l ux 1 f  a l l  

the genera ted heat wa s trans fer red upwar ds . I f  the DCC -2  a na l ogy 1 s  

carr 1 ed to the TMI -2  par t 1 c l e bed , 1 t  wou l d  not have been quenc hed for  ma ny 

hour s a f ter the 1 n 1 t 1 a t 1 on of  the acc 1 den t . ( Af ter three hour s ,  1 t  takes 

20 more hour s for the decay hea t to drop by a factor  of two . ) E xam1 na t 1 on 

of the debr 1 s  par t 1 c les , however ,  s howed that a l a r ge frac t 1 on o f  the 

ma ter 1 a l  may not ha ve exceeded 2000 K for s 1 gn 1 f 1 ca n t  l engths  of  t 1 me , 31  

so  the par t 1 c l e  bed mus t  have been quenched shor t l y  a f ter the core  was 

covered w1 th emergency core c oo l 1 ng wa ter a t  around 2 1 0  m1 n .  

The apparent  contrad 1 c t 1 on be tween the Sand 1 a  exper 1 men t s  and the l a c k  

o f  extreme hea t 1 ng of  the TMI -2 par t 1 c l e  bed may b e  d u e  to 1 t s r e l a t 1 ve l y  

h 1 gh poros 1 ty ( 0 . 54 vs . 0 . 4 1 ) wh 1 c h  r educed the ef fec t o f  s u r face ten s 1 on 

and l ed to a n  ear l y  quench . However , w1 thout an adequa te theory  that  

1 den t 1 f 1 e s  the contro l l 1 ng mec han 1 sms o f  quenc h 1 ng ,  we s ha l l  a s s ume tha t 

the TMI -2 par t 1 c l e bed behaved 1 1 ke the ones 1 n  the exper 1 men t s  of  
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33-35 36 G \ nsber g ,  e t  a l . ,  and of Cho , Arms trong , and Chan , and ana l yze 
t ts quench \ ng beha v t or accord \ ngl y ,  \.e . , when wa ter wa s \ n troduc ed \ n to 
the c or e ,  the hea t f l ux a t  the top of the part \ c l e  bed became equa l to  the 

d r yout  hea t f l ux un t \ 1  t he bed was c omp l e t e l y  quenc hed . 

3. 2 TNJ -2 Upper-Core Par t t c l e Bed Quenc h T \ me  E st \ � te 

As shown by the exper t.en ts of  G \ n sberg , e t  a l . , 33 - 35 and of Cho , 
36 

--
Ar� t r ong , and Cha n ,  t he quench of  l a r ge -s \ zed par t \ c l e  beds \ s  a 

two-s tep proces s .  A c o l umn of  1 \ qu \ d  f \ r st  .aves down the par t \ c l e bed \ n  
t h e  c en t r a l  r eg \ on ,  quench t ng t he par t \ c l es a l ong 1 t s pa t h  and l ea v \ ng t he 
pa r t \ c l es a r ound \ t  dry. When the l t qu t d  c o l umn r eaches the bot to. of  the 

debr 1 s  bed . \ t  spreads out to  per \ pher a l  a r eas where the r� 1 n \ ng d r y  

pa r t \ c l es a r e  quenc hed f r om  the bot to. up . The exper 1.en t s  wer e  
s.a l l -sca l ed ,  about 0.1 • \ n  bed d \ a.eter .  T he TMI -2 upper -core part \ c l e 

bed , on t he o t her hand . \ s  about  2.8 m \ n  d \ ame ter. I t  \ s  conc e \ va b l e  tha t 
dur \ ng 1 ts quenc h ,  t he r e  were .any c o l u.ns of  wa ter ca.\ ng down dur t ng the 

downwa r d  quenc h , l ea v t ng poc k e t s  o f  d r y  part \ c les  wh \ c h  wer e  l a ter  quenc hed 

f ro. t he bot to. up . T he exper 1men t s  showed t ha t , dur \ ng t he en t \ re quench ,  
t he hea t f l u x  wa s  appr o x \ ma t e l y  constan t and equa l t o  the dryout hea t 
f l ux . Therefore . to es t tma te the quenc h t \me ,  \ t  1s  no t nec ess a r y  to know 

the quenc h pa t ter n . We assume tha t  the quenc h \ s  one-d \men s \ ona l and 
progresses un1 for•ly  d ownwar d. 

F \ g . 8 \ l l us tr a tes t he gea.e t r y  and parameters \ nv o l ved \ n  t he quench 
c a lcula t \ on . The par t \ c le  bed \s  of  he \ gh t  l and the quench fron t a l ong a 

ver t tca l a x \ s  t s  deno ted by z whose or t g \ n  \ s  placed a t  the bot tom o f  the 

par t 1 c le bed ( or equ \ va l en t l y ,  the top of  the c onso l \ da ted reg 1 on ).  The 
hea t f l ux  go 1 ng 1 n to t he par t t c l e bed from the conso l \ da ted reg 1 on \s  

I I 

denot ed by q . A t  the quench front 1 n  t he par t 1 c l e bed , t he hea t 
0 I I  

f l ux \ s  equa l to t he d r yout hea t f l u x , qd • f or the bed . T he 
I I I t  

d t f ference between qd and q0 1 s  ma de up by t he quenc h \ ng of t he 
hot par t t c les a s  t he quenc h fron t pr opaga tes downwards  and the hea t 
genera ted \ n  the par t 1 c le  bed be l ow t he quen c h  f r on t . The equa t \ on f or t he 

propaga t t on of t he quenc h fron t \s  g \ ven by 
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• 

d z  I I I I 1 1 1 -pCP ( 1  - c )  6T d t  • 
qd - qo - q z 

p • 11c1 ter \a 1 dens H y of the part \ c les 

cP • spec H \c hea t of  t he par t \ c 1 es 

' • bed por o s H y  

61 " 1 ( par t 1  c 1 e ) - T ( satura t \ on ) ( \n \ t \a1  tempera ture of  

par t \c  les over s a t ur a t  \ on tempera ture  of wa ter ) 

I I  I 

q • bed power den s H y , 

and t he o t her  par a�ter s a r e  desc r \ bed \ n  the text  above the equa t \ on .  

The s o 1 u t \on of  Eq . ( 3- 1 ) \s g\ven by 

( 3 - 1 ) 

( 3 - 2 )  

where the t \ � t \ s  �a sured f r o.  the t \me when t he bed s t a r t s  to  quenc h 
( z . l) and t he t \me c ons tant  t \ s  g \ ven by 

t & pCP ( 1 - ' )  61jq '  ' I ( 3 -3 )  

Subs t\tu t\ng z • 0 \ n  Eq . ( 3- 2 ) ,  we obtai n  the quenc h t \ me ,  t0 • f or 

the pa r t \ c le bed a s  

( 3 -4 ) 
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The f o l l ow1 ng par ame ter s a r e  used to es t 1ma te the quenc h t 1 me a s  g 1 ven 

by E q .  ( 3-4 ) : 

p = 9000 kg/m
3

, 

= 330 J/kg-K 

= 0 . 54 ,  

AT = 1 400 K ( 1 n 1 t 1 a l  t emperature  a t  2000 K quenched t o  600 K ) ,  

I I I 

q 

T 

l 

I I 

= 

= 

= 

= 

3 
0 . 7 0  MW/m , 

2730 s ,  

0 . 93 m,  

2 
2 . 0 MW/m . 

I f  80% of t he decay hea t genera t ed 1 n  the conso l 1 da ted reg 1 on was 
I I 2 

trans fer red to the par t 1 c l e  bed ( q0 = 1 . 1 MW/m bef o r e  r e l oca t 1 on 
I I 2 and q0 � 0 . 57 MW/m a f ter r e l oca t 1 on ) ,  the t 1 me r equ 1 red to quenc h 

the par t 1 c l e bed wa s 3500 s ( 58 m1 n )  w1 th  no r e l oc a t 1 on ,  and  1 700  s 

( 28 m1 n )  w1 th  r e l oca t 1 on .  I f  no hea t wa s trans fer r ed to t he par t 1 c l e  bed 

f r om the conso l 1 da ted reg 1 on ,  the quench t 1 me wa s 1 1 00 s ( 1 8 m 1 n ) .  Thus , 

t he ear l 1 es t t 1 me tha t  the par t 1 c l e  bed cou l d  have been quenched c omp l e t e l y  

wa s 1 8  m1 n a f ter t h e  c o r e  was covered w1 t h  emergency c o r e  cool 1 ng wa ter . 
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4 .  THE R"Al H I STORY OF T HE T" l - 2 UPPE R - CORE PAR l J C l l  BE D 

I n  the prev\ous s ec t \ ons we have exa•1 ned the dr you t of  

hea t -gener a t \ ng par t t c l e beds and e s t \ � t ed t he t \me r equ 1 r ed to  quenc h a 
par t t c le bed f r �  h \ gh te.pe r a t ures . Ba sed on these r e s u l t s ,  \ n  t h \ s  
s ec t \ on we a t t eMp t  t o  c on s t r uc t ,  a t  l ea s t  qua l \ ta t \ ve l y ,  a ther� l h \ s tor y 

o f  t he TMI - 2  par t \ c l e bed \ n  t he c o r e  r eg \ on f r om  the t \me of t t s forma t \ on 
t o  the t 1.e of 1 t s  f 1 na l  quench .  Such a h \ s tor y \ s  essen t 1 a l  \ n  the 

devela,.en t  of  a deta 1 l ed a nd c ons 1 s ten t  scena r 1 o  of  c or e  da�ge 

progress \ on .  Unc er ta 1 n t t es \ n  the scena r \ o  w \ 1 1  be d \ s c u s s ed \ n  t he nex t  
s ec t t on .  

l he par t \c l e bed t n  the TMI - 2  core  \ s  c a.posed MOs t l y o f  sha t tered 

f ue l  pe l le t s  and o x \ d t zed c ladd \ ng and no ev t dence o f  bu l k  me l t 1 ng occur r ed 
31 \ n  t he par t \ c l e bed . T he par t 1 c le bed wa s MOs t 1 \ ke l y  f ormed when t he 

2 - B  r eac tor c oo lant  pUMp wa s t u r ned on a t  1 74 • t n  t n to  the acc \ den t . By 
t h \ s  t \ me ,  the upper par t  of  the c ore  wou ld  have gone t h r ough a phase of 

rap 1 d  ox 1 da t 1 on of the z \ r c a loy  c ladd 1 ng t ha t r es u l ted \ n  me l t \ ng the 

r � \ n \ ng z 1 r c a l oy ( Me l t t ng po \ n t  2 1 00 K ) .  The mo l ten z \ r c a l oy d 1 s sol ved a 

s� l l  f rac t 1 on of the f ue l  and f l owed t o  the l ower par t o f  t he c or e .  T he 
� ter t a l  t ha t  f lowed down f t r s t  wou l d  have s o 1 1 d 1 f 1 ed wher e  t t  wa s cool 
enough , for•1 ng t he bot tom and the per 1 pher y o f  the conso 1 1 da ted r eg 1 on .  
l he � ter t a l  t ha t  f l owed down l a ter  wou l d  have r e s t ed on top of  the c r us t ,  

and r � 1 ned .a l ten be tween the f ue l  r ods . Once the \ ntense hea t 
genera t t on f r �  r ap 1 d  ox \ da t \ on o f  t he c l add t ng cea s ed , the core  wou l d  
c on t t nue to hea t u p  b y  decay hea t , b u t  a t  a muc h  s l ower r a t e . Therefor e ,  
for  s� t \me the f ue l  r od s  1 n  t he cen t r a l  r eg 1 on o f  the core  wou l d  ha ve 

been s tand \ ng 1 n  a .a l ten poo l of .os t l y  z t r c a l oy ,  suppor t t ng the f ue l - r od 

r .-nan ts  on t op . Any f ue l  me l t \ ng 1 n  t he poo l ( t empera t ur e  over 2800 K t f  

eu t ec t \ c f or� t \ on of U - l r -0 1 s  as s umed ) wou � d  have been acconpan 1 ed by 

s l � 1 ng of t he f ue l - r od r ennan t s . T he ver y presenc e of  a par t t c l e  bed \ n  

t he t op r eg \ on o f  t he c o r e  ( wh \ c h  showed n o  ev \ denc e o f  bu l k  me l t \ ng )  
\ n d \ c a t e s  tha t  the s l UMp 1 ng proc e s s  wa s \ nc� l e t e  when the c oo l an t  pump 
wa s t ur ned on a t  1 74 •t n .  When wa ter wa s de l \ ver ed t o  t he c ore  by the 
p� . t he per 1 pher a l a s se.b 1 1 es , wh \ c h  had s u f f er ed 1 \ t t l e damage , wer e  

quenc hed . The s tea• pr oduc ed f r om  t he quenc h 1 ng of the per 1 pher a l  
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a s sembl \ es cou l d  have c oo l ed the top l a yer of  the z 1 r c a l oy - r 1 c h  mo l ten poo l 

w\ t h  embedded fuel  r ods  and formed the top c r us t o f  the conso l \ da ted 

r eg \ on . The f ue l -rod remnan t s  above the c r u s t  wou l d  have shat tered f r om 

the s udden cool \ ng ,  or s \ mp l y  f r om the pres s ur e  wave c a u s ed by the r a p \ d  

s team genera t \ on ,  to form the par t \ c l e bed . 

Dur \ ng the pump t r a n s \ en t , s ome wa ter may have f l owed \ n to the 

f uel -rod r emnan t s  \ n  the upper reg \ on of  the core before they s ha t tered to 

form the pa r t \ c l e bed . The par t \ c l e  bed , however , cou l d  not  have r ema \ ned 

wet for ver y  l ong . Steam gener a t \ on f r om quenc h \ ng a l a r ge por t \ on of the 

bed and f r om decay hea t wou l d  have d r \ ven out the wa ter tha t f l owed 1 n to 

the bed . T h \ s can be seen f r om c ompa r \ ng the dr you t  hea t f l ux  o f  the 

par t \ c l e  bed w1 t h  the hea t f l ux f r om quenc h 1 ng the par t \ c l e s  and  f r om deca y  

hea t . F \ gure 7 s hows t h a t  a t  around 1 7 5 m\ n ,  t h e  d r yo u t  hea t f l ux wa s 
2 

1 . 8 MW/m . F 1 gure 7 a l so shows tha t  the hea t f l ux a t  the top o f  t he 

par t \ c l e bed wa s 0 . 7  MW/m
2 

\ f a l l the decay power 1 n  the pa r t \ c l e  bed wa s 

trans fer red upwa r d s . Quenc h \ ng of  a l ayer of  the pa r t \ c l e  bed l e s s  than 
2 

0 . 04 m th \ c k  \ n one m\nute  wou l d  have prov \ ded the a dd 1 t 1 ona l 1 . 1 MW/m 

hea t f l ux to dry  out  the pa r t \ c l e bed . Af ter d r you t , the par t 1 c l e  bed may 

have been quenched s l owly  f r om the top . B u t  before the quenc h f ro n t  c o u l d  

propaga te ver y far , t he core wa s aga \ n  uncovered d u e  to t h e  l \m1 ted amount 

of  wa ter del 1 vered by the pump , a s  ev \ denced by the r ehea t of  the 

thermocouples  1n  the per \ pher a l  a s semb l 1 es a few m1 n u tes  l a ter . Therefor e ,  

between the pump trans 1 ent  a t  1 74 m\ n a nd emer genc y core c oo l a n t  \ nl ec t \ on 

a t  200 m\ n ,  the par t 1 c l e  bed may have exper \ enced l u s t  a temporar y  and 

par t \ a l  cool down and then a rehea t f r om decay hea t . 

Seven m1 n a f ter the \ n 1 t \ a t 1 on of  emergency core c oo l a n t  \ nl ec t \ on a t  

200 m\ n ,  there woul d  have been enough wa ter t o  f \ 1 1  the reac tor ves se l , a t  

l ea s t  u p  t o  the l evel o f  the \ n l e t  and ou t l e t  noz z l e s o f  the ves se l . The 

per \ pher a l  a s sembl 1 e s  were aga \ n  quenc hed , as 1 nd 1 c a ted by the 

thermoc oupl es 1 n  these a s sembl 1 es . Because  emergency core  coolant  

1 nl ec t \ on wa s es sen t \ a l l y  con t \ nuous a f ter th 1 s  t 1me ( un l \ ke the  per 1 od 

a f ter the pump trans \ en t ) ,  wa ter may have covered the core for the r e s t  o f  

the acc \ den t . Based o n  the c u r ves shown 1 n  F \ g .  7 ,  be fore  f u e l  r e l oca t \ on 

to the l ower pl enum ar ound 225 m\ n ,  depend \ ng on the amount  of hea t 
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trdnsf�r r �d to t h� par t \ c l e b�d f r om  t he c onso l \ da ted reg \ on , th� par t \ c l e 
b�d �Y b� c oo l ab l � .  or on l y  � r g \ na l l y c oo lab le . I f  80% of  the decay hea t 
gen�r• t�d \ n  t he c on \o l \ da t�d r�g \ on wa s t rans f er r ed to the par t \ c le bed , 

t he bed �uld have r � \ ned unquenc hed , or quenc hed ver y s l ow l y  ( SB m1 n 

requ \ r ed f or ca.plete quenc h ) ;  \ f  no hea t wa s t r ans fer r ed f r om the 

c on so l \ da t ed r eg \ on to  t he par t \c l e bed , \ t  wou l d  take abou t 1 8  m \ n  to  

c a.p l e t e l y  qu�nc h t he par t 1 c l e bed ( see Sec t \ on 3 . 2 ) .  I n  t he f \ r s t  case , 

t he bot tom of  t he par t \ c l e bed wou l d  have r � \ ned d r y  a t  t he t \me of  f ue l  
r e l oc a t \ on t o  t he l ower p l enum f r om  the c onso l \ da ted r eg \ on . I n  t he second 

case , the par t \ c le bed wou ld have been j us t  abou t c omp l e t e l y  quenc hed by 
t h \ s  t \.e ,  or at lea s t  the bot tom of  the par t \ c l e bed wou l d  have been 

c over�d w\ t h  wa ter , r �c a l l \ ng that the f \ na l quenc h of a par t \ c l e bed \ s  
33 - 36 f r a.  bot to. up . 

W \ th f ue l  r � l oc a t 1 on f r om  the c onso l \ da ted reg \ on ,  the decay  hea t f r om 

t ha t  r eg \ on was accor d \ ng l y  r �duc ed . Now , even \ f  mo s t  o f  the dec a y  hea t 

genera ted \ n  t he c on so l \ da ted r eg t on was t r ans f er red to the par t \ c le bed , 

t he t \ae r equ t r ed t o  quench the par t \ c l e bed wou l d  have been r educed f r om  

S B  at n t o  28 a\ n .  I f  quench wa s t n \ t \ a t�d a t  207 m\ n ,  one t h \ rd o f  the 

par t \ c le bed wou l d  have b�en quenched before r e l oca t \ on ;  a f ter r e l oc a t \ on , 
t he add \ t t ona l t \ae r equ \ r �d t o  quench the r e� \ n \ ng two - t h \ rds  wou l d  hav� 

been about 20 •1 n .  T her e f or e ,  at  the l a t es t ,  t he par t \ c l e bed wou l d  ha ve 
been quenc hed by 24S • 1 n  a f ter  t he s tar t of the acc \ den t . As \ nd \ c a ted 

ear l \ er ,  t f  1 \ t t l e  hea t wa s transferred f r om  the c onso l \ da ted r eg t on to  the 

par t tc le bed , the par t \ c l e bed c o u l d  have been quenched a s  ear l y  a s  22S m\ n .  

W \ t h  con t \ nuous c oo l a n t  f l ow t hr ough the  c or e ,  the t�era ture  \ n  the 

par t \ c l e bed wou l d  have s ta yed at or be l ow the sa tur a t \ on teMpera ture o f  
t he wa ter a f ter t he bed wa s c omp l e te l y  quenched . 

• 
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5 .  D I SCUSS I ON AND CONCL US I ONS 

In cons t r uc t \ ng the therma l  h \ s to r y  of  the TMI - 2 upper -core  pa r t 1 c l e  

bed , two a spec t s o f  par t \ c l e  bed hea t trans fer a r e  1 nvol ved . One 1 s  t he 

dryout  o f  par t \ c l e  beds 1 mmer sed \ n  wa ter when the power \ n  the par t 1 c l e  

bed \ s  \ nc rea sed beyond a cer ta \ n  l evel s uch  that  the s team genera ted 1 n  

the bed comp l e t e l y  d r \ ves  o u t  the wa ter \ n  the bed . The o ther a spec t 1 s  

the quench \ ng of  dry  par t \ c l e bed s f r om h \ gh tempe r a t u r e s . The 

under s tand 1 ng of these a spec t s , and the va l 1 d 1 ty of t he \ r  a pp 1 1 ca t 1 on to 

the con s t r uc t 1 on of  the therma l  h \ s to r y  of  the TMI -2  upper -core par t 1 c l e  

bed w\ 1 1  be d \ s c u s sed 1 n  t h 1 s sec t 1 on . Conc l u s 1 on s  r ega r d 1 ng the therma l  

h 1 s tory of  the TMI -2 par t \ c l e bed dur \ ng the cour se  o f  the acc \ den t are  

drawn f r om these  d 1 sc us s 1 on s . 

E xtens \ ve wor k ,  both theor e t \ c a l  and expe r \ men ta l , ha s been done on 

the dryout o f  hea t -genera t 1 ng pa r t \ c l e  beds . I n  Sec t 1 on 2 ,  we have 

presen ted two model s  der \ ved f r om appar en t l y  u n r e l a t ed pr 1 nc 1 p l e s  tha t 

pred \ c t  the dryout hea t f l u x  o f  deep par t \ c l e bed s . One model  1 s  ba s ed on 

sepa ra ted f l ow of s team and wa ter  \ n  the par t \ c l e  bed . Pres s u r e  

equ1 1 1 br 1 um be tween t h e  pha ses  a n d  ma s s  conser va t \ on a r e  a s s umed . The 

ma x \ mum hea t f l u x  obta \ nab l e  at the top of  the pa r t 1 c l e  bed under these  

cons tra 1 nt s  1 s  1 dent 1 f 1 ed a s  the d r yout  hea t f l u x . The  o t her mode l  \ s  

ba sed on an  emp \ r \ c a l  f l ood \ ng cor r e l a t 1 on for counterc u r rent  f l ows o f  ga s 

and 1 \ qu \ d  through a par t \ c l e bed . I n  downwa r d  1 \ qu \ d  and upwa r d  ga s 

f l ows , 1 f  e \ ther the 1 1 qu 1 d  or the ga s f l ow 1 s  \ nc r ea sed beyond a c e r ta 1 n  

1 \ m\ t ( termed the f l ood 1 ng po \ n t ) the 1 \ qu \ d  \ s  expe l l ed v \ o l en t l y  o u t  of  

the top o f  the par t \ c l e bed . A ser \ es o f  such  po \ n t s  def \ nes  a f l ood \ ng 

cur ve .  At the po \ n t  of  dryout  of a pa r t \ c l e  bed , the  downwa r d  1 \ qu \ d  f l ow 

\ s  a s s umed to ba l ance t he upwa r d  vapor f l ow and bot h  f l ows a r e  a s s umed to 

f a l l on the f l ood \ ng 1 1 ne . 

I n  the separa ted f l ow model , the pres s ur e  d r op \ n  a par t \ c l e  bed 1 s  

ba sed on a n  emp \ r \ ca l  cor r e l a t \ on for s \ ng l e  pha s e  f l ow ( the E r gun 

equa t \ on ) ,  but mod 1 f \ ed for each pha se  w \ th  a mu l t \ p l \ er wh \ c h  \ s  a 

func t 1 on of  the 1 \ qu \ d  frac t \ on \ n  the bed . There \ s  s ome uncer ta \ n ty a s  

t o  the exac t form of  these mu l t \ p l 1 er f u nc t \ on s . I n  the f l ood \ ng mode l ,  
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t he c or re l a t \ on u \ ed \ s  obta \ ned f r om exper \men t s  w \ t h  ho l l ow c y l \ nder s 

( Ra sc h \ g  r \ ngs ) .  A f r ee par ame ter ( the shape fac tor ) ex \ \ l s  for c onver t \ ng 

these par t \ c l e s  t o  equ \ va l en t  spher \ c a l par t \ c l es . W \ lh s u \ t a b l e  c ho \ c�s  

f or the � l t \ p l \ er f unc t \ on \ n  the sepa r a ted f l ow mode l and t he f r ee 

para-.ter  \ n  the f l ood \ ng MOde l , the dr you t hea t f l uxes pr ed \ c t ed by bo th 
MOde l s  can be .ade t o  agree w \ t h \ n  a few per cent  \ n  the 

l a•\ nar - to- t ur bu l e n t  t rans \ t \ on f l ow r eg \ me ,  wh \ c h  \ s  the r eg \me of  

\ nteres t f or t he T"l -2 upper -core par t \ c le bed . 

The ab \ 1 \ ty of  the MOde l s  to  a c c ur a t e l y  pred \ c t  the dr you t hea t f l ux 
of  the 1"1 -2 upper -core par t \c l e  bed \ s  demon s t r a t ed by the c l o\e agr eemen t 

between the pred \ c t \ ons and the re\u l t \ of  exper \men t s  w \ t h  par t \ c l e beds 
not t oo d \ f ferent  \ n  c ha r ac ter \ \ t \ c s  f r om  the TMI - 2  par t \ c l e bed . I f  the 
T"l -2  upper -core  par t \ c l e bed wa s f or�d \n c o l d  c ond \ t \ ons  under wa ter , 
uncer t a \ nt \ e s  \ n  p r ed \ c t \ ng \ t s dr you t w\ 1 1  a r \ se ,  not f r om the pred \ c t \ on 

of the dr yout hea t f l ux , bu t f r o.  t he amount o f  hea t tha t wou l d  have been 
trans f er r ed to \ t  f r �  the c ons o l \ da t ed r eg \ on . I f  no hea t wa s 

t r a n s f er red , t he hea t f l ux thr ough the par t \ c l e  bed wou l d  ha ve been less  

t han  one ha l f  o f  t he p r ed \ c ted dryout hea t f l u x ; so  the pa r l \ c l e bed never 

wou l d  have dr \ ed out . I t  \ s  on l y  when MOs t of  the hea t genera ted \ n  the 
c onsol \ da ted r eg \ on wa s t r a n s f er r ed to  the par t \ c le bed t ha t  dr yout o f  t he 
su�r ged par t \c l e bed wa s pos s \ bl e ,  because then t he hea t f l ux  thr ough the 
par t \ c l e  bed wou l d  have been ca.para b l e  to  t he pred \ c t ed dr yout hea t f l u x . 

However , t he T"J -2  pa r t \ c le bed mo s t  1 \ kel y  wa s for .. d f r om  dr y ,  sha t tered 
fue l r ods  at h \ gh t .-per a ture . E ven w \ th  no hea t t r ans fer  from the 

c onso l \ da ted r eg \ on ,  s l \ gh t  quench \ ng of  t he par t \ c l e bed wou l d  have 

pr ov \ ded enough s tea• f l ow t o  dr \ ve ou t any wa ter tha t  • t gh t have enter ed 

the bed . l he r e f or e ,  \ l  seems f a \ r l y cer ta \ n  that  the par t \ c l e  bed wou l d  

have r � \ ned dr y be tween t he pump t r ans \ en t  a t  1 74 m \ n  and r ef \ 1 1  o f  the 

core  w\ t h  e..r genc y  core c oo l \ ng wa ter a t  20 7 m\ n .  

The t heor y o f  the quenc h \ ng of  par t \ c l e  beds \ s  not h \ gh l y  deve l oped . 
I t  \ t  unc lear wha t a r e  the bas t e mec ha n \ sms tha t c on t r o l  t he quench \ ng 
ptoces s .  E xper \ .en t a l wor k on quenc h \ ng \ s  a l so spa r se . Mor eover , no 
exper \-.nta l work has been done w \ t h  t he quenc h \ ng of hea l -gener a t \ ng 

par t \ c le beds . The par t \ c l e beds \ n  a l l the exper \ments  wer e  prehea ted t o  



h l gh temperatures and the power l n  the pa r t l c l e  beds wa s r emoved before 

wa ter wa s poured over  them . Based on  the few exper 1 men t s  found ln  the  

1 1 tera ture , the  ev1 dence po 1 n t s  to a d 1 c hotomy 1n  the  quenc h 1 ng beha v 1 or of  

pa r t 1 c l e bed s . For  un 1 form par t 1 c l e s  on the or der of  a f ew m1 1 1 1 meter s ,  

the quenc h 1 ng of the bed 1 s  nonun 1 form . Wa ter may d r a 1 n  1 n to the bed a t  

s e l ec ted s 1 tes , l ea v 1 ng the rema 1 nder o f  the bed d r y  unt 1 1  the bed 1 s  
33-36 

f 1 l l ed f r om the bot tom up . The hea t f l ux  dur 1 ng the quench 1 ng 

proces s ,  however , appear s  cons tant  and 1 s  appr o x 1 ma te l y  equa l to  the d ryout 

hea t f l ux for these beds . On the other hand , for  pa r t 1 c l e  beds c ompos ed o f  

sma l l er  par t 1 c l es , or  a spec t r um of  par t 1 c l e  s 1 zes , the quench 1 ng hea t f l ux 
2 1  37 38 

appea r s  to  be several  t 1mes sma l l er than the d r yout hea t f l ux . ' ' 

I f  the quench hea t f l ux 1 s  c ompar a b l e  to the dr you t hea t f l ux , t he 

ana l ys 1 s  1 n  Sec t 1 on 4 shows that  the TMI -2 upper -core par t 1 c l e bed wou l d  

have been quenched , a t  the l a tes t ,  b y  245 m1 n a f ter  the s ta r t  o f  the 

acc 1 den t . I f  the quench hea t f l ux 1 s  s evera l  t 1 mes sma l l er than the d r yout 

hea t f l ux ,  the bed woul d  have r ema 1 ned d r y  for many mor e  hour s , c on t 1 nued 

to hea t up under decay hea t ,  and even tua l l y me l ted , r ega r d l e s s  o f  any wa ter  

present  1n  the  core . The fac t tha t  the pa r t 1 c l e  bed never me l ted 1 nd 1 c a tes 

tha t  the par t 1 c l e  bed wa s quenched , or coo l ed very ef f 1 c 1 en t l y ,  a f ter  

emergency core c oolant  1 nj ec t 1 on .  

Ba sed on the above d 1 sc us s 1 ons , we conc l ude by g 1 v 1 ng a br 1 ef s u� r y  

of  a mos t  1 1 ke l y  therma l h 1 s tory  of  the TMI -2 upper -core  par t 1 c l e  bed : 

1 .  T he par t 1 c l e  bed wa s formed a t  1 74 m1 n f r om h 1 gh tempera t ur e s  

when the 2-B  pr 1 ma r y  coo l a n t  pump wa s t u r ned on . I t  may have 

been coo l ed somewhat , but not quenched to the s a t ur a t 1 on 

temperature  of  the wa ter . 

2 .  Be tween 1 74 m1 n and 207 m1 n ,  the pa r t 1 c l e  bed r ema 1 ned d r y  and 

recovered f r om the coo l 1 ng dur 1 ng the pump t r a n s 1 en t . I t  r e s t ed 

on the top c r u s t  of  the conso l 1 da ted reg 1 on ,  a l s o formed dur 1 ng 

the pump trans 1 ent , and 1 ns u l a ted the conso l 1 da ted r eg 1 on f r om 

com1 ng 1 n to conta c t  w1 th cool 1 ng wa ter a nd f r om r ad 1 a t 1 ng 

d 1 r ec t l y  to cool s t r uc tures . 
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3 .  l h� par t \ c l � bed s tar t�d to quenc h onc e ' t  wa s c ov�r �d w\ th 
wa t�r . a t  about  107 �\ n .  A t  th� t \me of r � l oc a t \ on of mo l ten 

.. t�r \ a l  f r OM  t he c onso l \ da t �d r eg , on to t he l ower p l enum 

( 115 � ' n ) ,  t he par t \ c l e bed md y  be on l y  pa r t , a l l y  quenc hed , but 

at  l �a s t  the  bo t ta. of  t he b�d wou l d  hav� been c ov�r ed w\ th wd ter . 

4 .  Af t�r 11S �\ n ,  quenc h 1 ng of t he par t \ c l e bed acc e l �r a t�d \ f  not 
a l r �ady c a.p l e t ed and , by 145 • ' n  at th� l a t es t ,  t he par t \ c le bed 
was c a.p l e t e l y  quenched to the satura t \ on teRPer a t ur e  of the 

wa ter . Therea f ter , t he par t \ c l e bed r � \ ned \.mer sed \ n  wa ter 

f or t h� r e s t of t he acc \ dent  . 

• 
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