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ABSTRACT 

It 1s postul ated that the collapse of the upper debri s bed was the main 

·c.use of core failure and core material relocation duri ng the TMI-2 acci

dent. It is shOwn that thi s mechani sm of core relocation can account for 

the t1mescale(s) and energy transfer rate inferred from plant instrumenta

tion. Additional analysis suggests tha t the water in the lower half of the 

reactor ves sel  was subc:ooled at the onset of relocation, as subcoo11ng 

serves to explain the final coolable configuration at the bottom of the TMI 

vessel. 

• 
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1.0 INTRODUCTION 

In order to understand the core re l ocation event duri ng the TMI-2 
accident it 1 s  necessary to coupl e  in-core i nstrwnent readings and ves sel 

inspecti on data with an effort devoted to (i)  a theoreti ca l  description and 

rationali zati on of the observations, and (ii) suggestion of any re

orientati on of the ves sel i nspection work in those di rections theoretical 

anal yses i ndicate to be most l ike ly to improve the state of TMI accident 

scenari o knowl edge. The present report describes the resul ts of such a 
progr .. , with emphasis on refinement and quanti ficati on of earl ier i deas on 

the ..chlni s. of core failure and the thermal �chanical i nteracti on of the 

relocating 801ten core •terial with the water i n  the reactor vessel . 

Data fn. plant i ns tn����ntat1 on recorded during the acci dent ,  the 

results fra. ve ssel inspections and core bori ng operations, and best

esti•te ana l yses of the accident (1-3] have led to the hypothesized core 

confi guration at 175-lao min into the accident shown schemati ca l ly i n  Fi gure 

, -1. The ha1 spheri ca 1-11 ke region i s  be 11 eved to be the resu 1 t of the 

draining and refreezi ng of c l adding and fue l . The bottam of the hem1 s

p,.r1cal, cerui c aggl 0111rau is about 0. 7 m above the bottCIII of the acti ve 

core, wnich 1s consistent with esti 111 tes of the l i quid l evel in the core 

earl i er i n  the acc1dent. Tbe ini tial draining of core 111teria l and the 

consequent diversion of steu fl ow to the core peri phery probably resul ted 

in the hemispherical shape of the l ower surface of the cera.ic aggl omerate 

(i . e., sel f-crucibl e formation). Presumably the dense agglomera te was 
suffici ent l y  hot and of such l ow penneabil ity to be impervi ous to cool ing 

-.ter . A rubbl e  bid of frag111nted fuel rod materi al , composed of oxidizec 

cladding and solid uo2 res ted on the upper surface of the dense cerarr� c 

agglo.rate. Th1s debris bed 1 s  beli eved to be the d1 rect resu l t  of the 

pri•ry coolant p� transi ent at 174 min. The thennal and mechan1ca1 

interaction of the i njected wa ter with the hot and by this time brittl e  fue� 

probabl y  frag���n ted the fue 1 rods and produced the debris bed. Cambi r.ec 

video and core bore i nspecti ons revea l ed undamaged fuel rods around most of 
the periphery of the core and beneath the ce ramic agglomerate. It 1s l ikely 
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Figure 1-1 Hypothesized core damage configuration at 175-180 min. 
(just after 8-pump transient), from Ref. (2 ]. 
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that these fuel rods acted as supports and hel d  thl cerami c agg l omerate 1 n  
place. 

At approximatel y ZZC mi n i nto the acci dent thl plant i nstrumentati on 
canft,YM strong evi dence thlt mol ten core materi al relocated to thl l C*Ir 
plen•. The i n-core sel f·powred neutron detectors ala,..d ,  the count rate 
011 one of the neutron source-range mon1 tors suddenly i ncreased , and the 
pr1Nry system pressure jumped by about ZMPa i n  about 1 m1 n .  In  thi s  report 
an attlllpt i s  Mde to show that thl sal i ent qual i tati ve and quanti tat1 ve 
f11tures of the avai l able  vesse l exaarlnati on and pl ant i nstrumentati on data 
relati ve to thl relocati on event are conceptual ly compati b le  1 n  110st re
spects -nth a •thermal sequence" consi sti ng of the fol l o-nng three stages: 

Stl9! I:  A transi ent heat-up and remel ti ng interval w1 th1 n the cerami c 
agglc.arate , the onset of whi ch 1 s  di fficu lt  to define but probably began 
shortly after the aggl omerate fonned from the draining and refreezi ng of 
core •ter1 a l  1n the vicini ty of thl water·ste• i nterface and l asted for , 
say, l ess than 1 hour. 

Stap I I: A subsequent but relati vely  short quasi -steady period of fro�� 
seftral seconds to perhaps a few mi nutes 1 n  durati on i n  whi ch most of the 
dense aggl 0111rate was 110l ten and transferri ng decay heat by natural con-

* 
vect1on to the surroundi ng water through a protecti ve crust . The crust can 
bl thOught of as a h•i spheri cal cerami c •cup or cruci ble• ,  covered by a 
thin crust cover, that contai ned thl remel ted aggl omerate (cerami c )  lllter1 -
a1. 

Stap I I I: Thl actual fuel rel ocati on event fo l l owed the col l apse of the 
thi n crust cover under the wei ght of the overlyi ng rubbl e bed. The rel o
cation �� acca.pan1ed by steam generati on (and a concomi tant i ncrease 1 n  
pr1•ry systas pressure) a s  a resu lt  of i nter��1 ttent contact between satur-

Thi s i s  not meant to i mply that thl peri od of time duri ng whi ch a l arge 
fracti on of thl aggl omera te was mol ten was snort , but ,  instead , that the 
�ter surroundi ng the aggl omerate fel t  the presence of i ts mol ten 1 nter1 or 
for a peri od of ti me that was negl i g i ble  on the scale of the htat·up per1 od 
(Stage I) . • 
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ated water trapped i n  the i ntersti ces of the rubbl e bed and the cerami c me�t 
and at a rate contro l l ed by ei ther the peak nucl eate boi Hng heat fl ux or 
the dryout heat fl ux. The rubbl e bed di spl aced the cerami c m�l t, the mel t  
materia l  fl owed downward over a period of  about one mi nute through the 
intact core structure as a hot l i qui d jet i n  a conti nuum of subcool ed water 
wi th l i ttl e net steam generati on , and , because of hydrodynami c fragmenta
tion , reached ·the l ower pl enum as a stream of sol i di fi ed drops of h igh 
coo l abi l i ty.  

In the present report we consi der thi s bas ic  mechani sti c pi cture in  
some detai 1. Our treatment of Stage I i s  simp ly  aimed at showi ng that 
duri ng thi s  i ni ti al peri od very l i ttl e heat was transferred from the imper
vi ous sol id  cerami c 1 n the central core regi on to the surrounding water .  
That i s ,  very l i ttle steam entered the rubb l e  bed above the ceramic agg lo
merate as  a resul t  of  boi l i ng off i ts surfaces . The absence of  such steam 
production woul d  a l l ow the water i njected i nto the core at 200 mi n to 
gradual ly enter the overlyi ng rubbl e  bed and quench i t. The occurrence of 
quenchi ng is consi stent wi th the mechan -i sm postul ated for the primary system 
pressure i ncrease duri ng Stage III. We concl ude from our anal ys i s  of Stage 
II that the relocati on event must have occurred just before the mol ten 
cerami c regi on wi thi n  the i nterior of the hemi spheri cal aggl omerate reached 
i ts steady-state configuration . Accordi ngly, the water surroundi ng the 
cerami c aggl omerate and, more importantly ,  i n  the i ntersti ces of the rubbl e  
bed di d not 11fee l 11 the decay heat generated wi thi n thi s regi on unti l the 
rubbl e bed penetrated the upper crust and entered the mo l ten i nteri or of the 
consol i dated region .  The study of Stage III i nc l udes an estimati on of the 
si ze of the parti cl e fragments i n  the l ower pl enum, the thermal  i nteracti on 
between mol ten core materi a l  and cool ant water ,  and the inference that the 
water i n  the core bel ow the rubbl e  bed was subcool ed when the fuel rel ocated 
to the l ower pl enum. 'The mai n  impl i cati ons of thi s  study for future work , 
i ncludi ng core bore samp l i ng operati ons , are outl i ned i n  Secti on 5, whi ch 
concl udes the present report . 
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2.0 HEAT-UP PERIOD 

It ts of interest to deter��tne whether duri ng Stage I the tanperature 
9r8dient just blnHth the surface of the cerami c aggl omerate was too smal l 
to produce any significant rates of steu production at the surface. 

ClHrly, the a-perature a t  the ouur surface of the cer1111i c  aggl omerate 
and, therefore, the heat fl ux a t  the surface are detenni ned to some extent 
by the 81ChaniSII of heat remova l tn the surrounding water. The assumption 

of constant �rature at the surface, however, 1s sufficient for estimat

ing the MXi .. rate of heat loss or, equivalently, steu production. Th1 s 
lHds to the 1110del depi cted i n  F igure 2-1 of the t���Perature profi l e  within 

tM upper crust of the ceramic agg l omerate , that separates its molten 
interior fra� the rubble resti ng on top of the crust. The upper crust shown 

tn the figure is what rem�ins of the ori ginal upper portion of the cerami c  
agglc..rate; it i s  gradua l l y  being eroded (•lted) fro�� the insi de by the 
convecting and growing 11101 ten i nterior. 

The heat f1 ux qu convected upward frc1111 the 1101 ten 1 nuri or 1s approx 1 -
Mtely 10

6 W m·2 (see Secti on 3). The vari ation in temperature above the 

.. l t  front occurs over a bOundary l ayer thickness a of (4] 

6 • Cl tr (2-1) 

where a ts the thlnnal diffusivity of the crust materia l and U 1s the 
velocity of .. 1t1ng: 

u • [hfs + c (fmp - t}] o 
(2-2) 

In the &IM)ve equation hfs , e>, c and TIIIP are the latent heat of melting , 

density, heat capacity, and me l ting temperature of the cerami c aggl omerate 
respectively. If  one has i ndependent knowl edge of the temperature T 1 n  the 
crust far fro11 the Nl t1 ng boundary, t; can be cal culated. A prel iminary 
est1Mte based on a 45 min heat-up per:1od fran the water saturati on 

. 
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taperature 1sT • 1600 K. Th i s  va l ue ofT, together wi th the estimates hfs 
• 2.8 x 1oS J kg

·1, c • 104 kg m·3, c • 430 J kg-l K-1, T� • 2800 k ,  and a 

• 7 x 10·7 •2 s
·1, i ndi cates from Equati ons (2-1) and (2-2) that U and a are 

_, of the order 0. 1 ""' s and 6 •, respecti vely. I t  fo 11 ows fro�� these 
...-r1cal resulU that the thenMl boundary l ayer surrounding the mol ten 
zone .. s very thi n on the sca le  of the d imension (s )  of the crust thi ckness 
duri ng the heat-up peri od, as illustrated in Fi gure 2-1. In other words, 
thl t.at generated tn the mo l ten i nteri or was not fel t  by the surroundi ng 

water unti l the .,vi ng mel t bOundary encountered the thermal l ayer that 
IDved i nward frc. the surface. The •rgi ng of the two thermal waves corre
sponds to the attai .-nt of a steady-state cer�a�ic mel t-pool confi guration. 

An uMinatfon of the steady-state cerate pool w111 be presented fn the 
nut section, froc:. whi ch -. concl ude that co ... rel ocati on probably occurred 
before a steady-state cera.i c pool was achi eved . 

It is clear from the discussi on i n  the foregoing that duri ng Stage I 
the heat transferred to the water surroundi ng the central consol i dated 
region ..as generated only  i n  a thi n  l ayer of i nstantaneous thi ckness a1 just 
beneath the surface ( see Ftgure 2-1). Thus the maxi mum poss i bl e  heat fl ux q 
off the surface of the aggl omerate 1 s  equi val ent to that at the i sothermal 
surface of a selrl- i nffni te sol i d  wi th i nternal volumetri c heat generati on Q; 
na.ly [4) 

q . 2Q <� t/•)1/2 ( 2-3) 

Noting that the decay heat rate Q • 1.5 x 106 W m·3 [5) and setting the ti me 
t • 2.7 x 103 s (45 min) provi des a surface heat fl ux of 7.4  x 10

4 
W m

·2. 

Thi s •Y be COIIPared to the predi cted heat f l ux off the top of the rubbl e  
btd, as  gi ven by 

q • QH (1 - c ) , 

.mere H 1s the hefght of the rubble  bed ( See Ffgure 2-1) and ' fs 1 ts 
·porosi ty. Equati on (2-4) wi th H • 0.93 m and c • 0.54 [6] gfves q • 6.' x 

1cf w .-2• Hence the steam generated at  the upper surface of the consol 
i dated regi on after 45 mtn o f  i ntimal heat�ng i s  a factor of 10 less than 

• 
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that generated wi thi n the rubble bed overlyi ng the consol i dated region . We 
concl ude that during Stage I the steam generated at  the top of the conso l 
i dated region did not interfere wi th the quenchi ng of the overlying debris 
bed by the coolant injected into the primary system at 174 min and after 200 
min i nto the acci dent. 

The dryout heat fl ux qdry for the rubb le  bed i tsel f  can be estimated 
wi th the model of Li pi nski [7] i n  the turbul ent fl ow l imit: 

where " i s  the bed permeabi l i ty 

3 
= d e: " 'T':'7S' 1 - e: 

(2-5) 

(2-6) 

d is the average partic l e  di ameter ,  Pg and pw are the density of the steam 
and water, respecti vely ,  and hfg i s  the l atent heat of evaporation of water. 
As a resul t  of the samp l i ng of the upper debri s bed and partic l e  si ze 
di stri bution analysis ,  the best estimate of the average particl e size i s  d = 

0.9 nrn [6,8]. Note that for TMI condi tions the l aminar contributi on to 
dryout can be i gnored for d� 0.38 mm. Taking p = 55 . 4  kg m·3, p = 688 kg 

-3 6 -1 g w 
m and hfg = 1 . 32 x 1 0  J kg , correspondi ng to a system pressure of 1 0  
MPa , we predi ct 

q = 4 4 x 1 06 W m·2 
dry • 

The condi ti on for dryout ,  namely 

qdry < QH ( 1 -e:) = 6 . 4  x 1 05 W m-2 , 

( 2-7) 

( 2-S) 

i s  n21 sati sfi ed. Thus the water i njected i nto the core ul timately resul ted 
1n quenchi ng of the rubbl e  bed. Thi s may have been a rel ati vely l ong-term 
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process, wi th .ater graduall y penetrati ng tht i nteri or of tht rubble bid 
f,_ the core peri phery. Accord i ngly , i t  1 s  of i nterest to exu1 nt the 
depth to •i ch the .ater penetrated the rubble bed before core relocation 
occurred , ass�ing that water fi rst entered the top of the rubble bed 
1-.diatel y after the hi gh pressure i njecti on systa was turned on at 200 
lri n. 

BAsed on the concepts that ( i)  the propagation of the quench (water) 
front 1 s  contro 1 1  ed by 1 ocal floodi ng or dryout and ( 1 1  ) the hot debri s 
parti cles are completely quenched and cooled to the water saturation temper
ature at the .ater front, Cho et al . (9] and Gi nsberg et al. (10] devel oped 
a d1ffe""ti al expressi on for the l ocati on of the front z, measured from the 
tap of the rubble bed (stt Fi gure 2- �). Thh expression, as 110di f1 ed by 
Kuan (6) to account for the effect of decay heati ng, i s  

cc (1-c) 6T � • qdry • Q(l -c) (H-z) (2-9) 

._,.. AT 1s the i ni ti al tallperature of the bea relati ve to the water satu
ration te��Perature. Inte9rati ng Equati on (2-9) froaa z • 0 at t • 0 and 
solvi ng thl result for z, we get 

(2-10) 

USi ng 6T • 1500 k, we esti .. te fro. Equati on (2-10) that the water quenches 
tne enti re 0. 92 -11 dtep rubble bid 1 n  the t1 mt interval betwen coolant 
i njection at 200 mi n and core rel ocati on at 224 min. Thi s predicti on 
suggesu that the collapse of the upper crust ·could readi l y  bring the 
tntanti ttal water i n  the rubble bed 1 nto di rect contact wi th the molten 
1 nter1or. Wt w111 return to thi s  i ssue l a ter on. 

Kuan (6] has recently cons i dered the problem of dryout in the rubbl e 

bid, usfng a more conservati ve dryout model whi ch 1 s  essenti ally equ i va lent 
[ 

1/6]3 
to Equation (2·5 ) wi th the den011fnator replaced by 1 + (c(cw) • Thi s  

expressi on results tn a factor of t� rtd!'ctfon 1 n  qdry relati ve to that 
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appeari ng i n  Equati on (2-7) .  The impl i cation of Kuan's resul t i s  that the 
argument for l i tt le  thennal comnuni cati on between the consol i dated regi on 
and the rubbl e bed duri ng the heat-up period 1s cri tical to the predicti on 
of a quenched rubbl e  bed . 
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3 . 0  STEADY STATE MOLTEN CERAMIC REGIME 

The core-boring o.,.rati ons have provi ded suffi cient data to esti mate 
tbe end-state �try of the core regi on . As a l ready mentioned , a near 
�1 spher1ca l ly sha.ped region of previously mo l ten fuel has been identifi ed . 
Assu.ing that this was the shape of the mol ten regi on duri ng the heat-up 
peri od, we consi der the steady-state 1101 ten-cer•i c-pool IIIOdel i ll ustrated 
in Fi gure 3-1 . While we do not be 11  eve that the mo 1 ten i nteri or of the 
consol i dated regi on reached a true steady-state before core fai l ure ,  usefu1 
by-products of this 110oel are the i dentificati on of a p l aus i ble mechani sm 
for the core rel ocati on event and a rough esti ute of the temperature 
(supemut) of the 110 l ten regi on .  

The heat produced by radi oacti vity wi thi n  the i nteri or of the molten 
region 1s equal to the heat l oss rate to the bounding crust surfaces .  Owi ng 
to the pres.nce of the crust , the steady-state molten regi on supplies a 
constant heat flux to the i nterior surface of the crust at a l l times. Whi le 
the heat flux i s  consi dered constant for each circumferenti al element of the 
lC*er hemispheri ca l crust , 1 t  may vary wi th angular posi ti on Q fran the 
center l i ne ( See Figure 3-1) . To esti ute the local heat fluxes requi res 
neat transfer correl ati ons for natural  convecti on withi n the melt at 
teBPeratures above 2800 K. While this i nformati on i s  presently not 
ava i l able ,  1 t  i s  felt that correl ati ons obtai ned wi th low temperature water 
pool s  are adequate for scopi ng or prel i mi nary safety assessments . 

Unfortunately, most experimental studi es of thenma l convecti on in  water 
l ayers with vol ..etr1 c energy generat1on have dealt essential l y  with two
di 81ftsi ona1 syst.s . To date ,  no experi •ntal l y  deri ved heat transfer 
con"'ll ati ons for both the upper and l ower surfaces of a hemi spheri cal cavity 
are available . We wi ll assume here that the correlati ons reported by JaM 
and Rei neke [ 1 1)  and Mayi nger et .  a l . [ 12] for free convecti on w1 thi r a 
s.icircular cavi ty of radius R are appl i cabl e to a hani spheri cal cav1ty 
�vi ng thl � radi us . Gabor et . al [13) reported an empi ri cal correl ation 
for thl average downward heat fl ux fro. an i nternal ly heated hemi spheri cal 
pool .  The downWard heat flux rate measured in the three studies are in 



- 12 -

Figure 3-1 Natural-convection model of the molten region within 
the TMI-2 core. 
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re.sonable agreement, suggesting, perhaps, that the application of the 
correlati ons for a s�icircular cavity to the hemispherical cavity is 

acc-s»table. It should be noted that part of Reference [12] ts devoted to 

the presentati on of nUMerical computations of turbulent natural convection 

within hHt generating fluids. The n.-rical study of the hemispherical 

cavity results 1n an average heat transfer coefficient to the lo.er surface 

thlt i s sltghtly larger than that to the upper surface. Ho-ever, according 

to Kulackt [14], the authors ' moc.el of turbulence 1s adapted fran notions 

about turbulent shear flow in forced convection, and thus its application to 

free convection, wnere there ts no mean shear, should be regarded with 

cautiOft. 

Based on the .ortt reported in [12] with the semicircular, two di•n

ston�l test cell, the following heat transfer correlations are employed in 

our study of the helltspherical .,lten zone: 

� 
R 

0.36 Ra
0.23 

r:rr- . 

for the upwerd heat flux, q'", to the pool's crust cover, 

and 

• R :�';' • 0.54 Ra 
O.lo 

(3-1) 

for the average downwlrd heat flux, qd, to the lower crust surface. In the 

abOve correlations �T 1s the pool temperature T relative to its melting 

�ratu" T , k 1s the theral conductivity of the •lt, R 1s the radius 
• • 

of the .,1 ten zone and Ra h the Rayleigh number for a heat generat1 ng 

fl uid : 
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where s, a, v, are the coeffi ci ent  of vol umetric expansi on , thermal di ffu
si vi ty and ki nemati c vi scosi ty of the mol ten cerami c materi a l , respecti vely,  
g is  the gravi tati onal accel erati on , and Q is  the vol umetri c heat generation 
rate. 

The overal l energy ba l ance that equates the heat producti on rate  to the 
heat l oss rate i s  

1 4 3 - 2 1 2-! • ! wR Q - wR qu + ! • 4wR qd {3-4) 

Substi tuti ng Equati ons ( 3 -1 )  and ( 3 -2 )  i nto Equati on ( 3 -4 ) to el imi nate qu 
and qd , we get ,  after solv i ng for 6T 

6T = t • Q�2 (0 . 3 6  Ra0•23 + 1.08 Ra0•1 8)-l . O 
( 3-5) 

The thermal  properti es of the cerami c mel t are taken to be: k 2 3 W m-1 K-l , 
a = 7 x 1 0-7 m2 s-1 , v = 6 x 10-7 m2 s-1 , and 6 = 1 0-4 K-1 • The radi us 

* 
assumed for the h emi spheri cal cerami c mel t region i s  R = 1 . 25 m , and the 
decay heat rate wi thi n  the mel t  Q = 1.5 x 106 W m-3 ( s ee Reference [5] ) .  
These estimates resul t  i n  a mel t region Rayl ei gh number 

Ra = 3 . 56 X 1015 

and a pool superheat 

6T = T - T 2 256 K mp 

(3-6) 

{3-7) 

where Tmp i s  the mel ti ng point  of the cerami c materi a l  ( �  ZBOOK) . Substi 
tuti ng these va l ues i nto Equati on ( 3 -1 ) ,  we obtai n the heat fl ux impinging 
on the i nner surface of the crust cover; namely 

( 3-8) 

R is the radi us of a hemi sphere hav i ng approximately the same vol ume as 
the consolidated reg ion as determi ned from the core bori ng operati ons [16]. 
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The average downw&rd heat flux to the lower, hemispheri cal crust surface h, 
fro. Equati on (3·2 ) 

(3-9 ) 

The exper1 •nta 1 study of Jahn and Reineke [ 1 1 ]  has shown that the 
local heat flux varies considerably along the lower boundary of the convec
tion cavi �. The local heat f l ux qd (e) as a function of angular posi ti on 
fn. the center li ne is oresented in Figure 7 of Reference [11] for the � 11 Rayleigh nllllblr range 10' - 1 0  . Ass•ing that the functional relati on 
�(e) il l ustrated in  this fi gure 1 s  val id  in the large Rayleigh number 
regi• of interest here , nar.tel y  Ra "' 1016, the local thickness of the crust 
6(8) can be esti .. ted by solving the one-cimensional conducti on equation for 
heat flow within the crust . Conduction theory yields the following quadrat
ic equation for the crust thickness a(e): 

2 q (e) a Q6(e} .. + d 
• T - T (e) --n-- k mp s (3-1 0 )  

.me re  Ts(e ) ts the local temperature of the outer surface of the crust (see 
Figure 3-1 ) .  

The heat loss from the outer surface 1 s  mainly due to thermal radia
tion , as  f11• boiling 1 s  the expected •heat-transfer regime• on the lower 
bOundary of the consolidated region .  Back radi ation from the water sur
rounding the .olten core is negli gible; so that,  by equati ng the sum of the 
heat flux from the 110lten interior and that generated wi thi n the l ower 
crust with the radi ation heat loss gives 

(3-1 1 )  

wnere e i s  thl .. i ssi v1 ty of the surface of the cerami c crust (e • O.S [ 1 5]) 

and o8 ts the Stefan-Boltzman constant (S.b x 10-a W m·2 K-4). Equations 

(3-10 )  and (3- 1 1 )  represent an algabrai c system for the two unknown quan-

tities T1(e) and 6(8). 
• 
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Combi ni ng the i nformation i n  Fi gure 7 of Reference [ 1 1 ]  wi th Equati ons 

( 3-1 0) and ( 3-1 1 ) ,  provi des predi cted val ues of the functi ons Ts ( e ) and 6 ( a ) 
whi ch are p l otted i n  Fi gure 3-2. I t  was poi nted out i n  the previ ous secti on 
that water penetrated the rubb l e  bed and was 1 n  di rect contact wi th the 
upper crust sometime duri ng Stage I .  On thi s  upward faci ng boundary 
condi ti ons were more favorabl e for nucl eate boi l i ng than for fi lm boi l i ng .  
Clearly ,  the assumpti on of  nucl eate boi l i ng resul ts 1 n  a n  upper bound 
estimate of the thi ckness of the upper crust . The appropriate boundary 
condi tion in thi s case is one of constant surface temperature equal to the 
system saturati on temperature Tsat· Tak i ng the system pressure to be 1 0  MPa 
at the i ncepti on of core rel ocati on yi el ds a saturati on temperature Tsat = 

5 84 K. Equati on ( 3- 1 0 )  wi th Ts ( a )  = Tsat and qd ( a )  = qu then provides an 

estimate of the crust cover thickness , namely 

ou = 7.9  mm (3-1 2 )  

Had we assumed that the upper crust supported fi lm boi l i ng our estimate of 
the crust cover thi ckness becomes ou = 2 . 6 mm. 

Based on the crust thi ckness estimates presented i n  Fi gure 3-2 and the 
fact that the l ower hemi spheri cal crust i s  supported from bel ow by an i ntact 
fuel pin  matrix ,  one can conclude that the bottom of the crust cup was not a 

l i kely  path for fuel  escape from the TMI  core. On the other hand , the upper 
crust i s  rel atively thi n  and probably cou l d  not have supported the mass of 
sol i d ,  l oose debris bel i eved to have been resti ng on top of the consol i dated 
regi on. Accordi ng to the stress ana l ysi s reported by Kuan [5] ,  the upper 
crust woul d  have col l apsed under the wei ght of the debri s i f  i ts thi ckness 
was l ess than about 2. 5 em , whi ch i s  much thi cker than our estimate based on 
steady state. Thus i t  i s  concei vabl e  that the l oose debri s fel l through the 
surface of the mol ten ·region before the regi on achi eved i ts steady-state 
confi gurati on. Thi s  i s  consi stent wi th our previous assumpti on of negl i g i
bl e thermal i nteracti on between the consol i dated region and the surroundi ng 
water ,  i n  parti cu l ar the water wi thi n the overlyi ng rubbl e  bed . 

Perhaps the sudden rel ocati on of core materi al  at 224 mi n can be 
exp 1 a i ned by mo 1 ten cerami c fl owi ng over the edge of the poo 1 as ; t is 
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di spl aced by settl i ng debri s .  I t  shou l d  be  noted from Fi gure 3-2 that the 
crust i s  fai rly  thi n  at the edge of the hemi sphere , i . e . , at  e > 60°. 
Simul taneous fai l ure of the crust cover and a l oca l i zed edge fai l ure could 
exp l a i n  why the me l t  mi grati on path was l imi ted to a sma l l cross section of 
the core peri phery ,  as reveal ed by the core bori ng data (16]. Moreover,  the 
exi sti ng 11Si nkhol e"  i n  the rubb l e bed (2, 1 6] i s  n ice ly  expl ai ned by the 
crust fai l ure mechani sm of core rel ocati on. A proposed hi story of the 
rel ocati on event i s  i l l ustrated i n  Fi gure 3-3. 

Whi l e  our cal cu l ati ons in support of the crust fai l ure mechani sm have 
been made only for a speci fi c set of physi ca l  property val ues , cerami c pool 
dimension and heat-transfer correl ati ons , i t  may be shown that the physical 
pi cture presented i n  Fi gure 3-3 i s  rather i nsens i ti ve to uncertainti es 1 n  
these quanti ti es . Thi s  i s  because the thi cknesses of the upper and lower 
crusts rel ative to each other are of greatest physi ca l  i nterest rather tha n 
the i r absol ute magni tudes .  That  i s ,  wi thi n the ranges of uncerta inty of the 
i nput val ues , the concl us i on that the upper crust i s  thi n and unstabl e under 
the wei ght  of the debri s whi 1 e the 1 ower crus t  i s  thi ck and we 1 1  supported 
remai ns unchanged. 
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4 .0 CORE RELOCATION 

4.1 Durati on of Re l oca ti on Event and Steam Generation 

The ti•ing of the relocati on event , based on the sequence proposed in 

the foNgOing (Figure 3-3), may depend on the rate of settl ing of the 

debris. Thfs is a di fficult process  to treat mathematicall y. The .oti on of 

loose debris i s  whi.si ea l  and bewi l dering and def i es any rati onal treatment 

fro. first princi ples. One , however, can always obtain an indicati on of the 

.ui .. settling rate by equati ng !he drag exerted on the parti cles of a 

risi d debri s bed by the mo l ten cerami c with the mass of the bed . If a ri gid 

.. s s  of parti cles of size d settl es downward i n  a vertical vessel contai ning 

1 fluid of density o, the drag force acti ng on the particl e  mass per unit 

area of bed 1s [17] 

(4-1) 

wnere c 1s the porosity of the rubbl e  bed , cf 1s the fri cti on factor for 

flow i n  porous medi a ,  and z and dz/dt are the i nstantaneous depth of sub

.. rgence and settling ve l ocity of the debris pil e ,  respectivel y. 7r.e 

ter.i na l  behavior of the settl ing debris can now be determi ned by bal anc i ng 

the gravitati onal and drag forces: 

+c) �� (J:Y 
• (H-z) ( 1-•l og (4- .. ) 

""-" H fs the total length of the rubb l e  bed in the di rection of moti or. 

Note that tn writing Equati on (4-2) we have assumed that the dens i ty of the 
.. l t  is i denti cal to that of the rubbl e bed materi al,  or , equival entl y, trat 

the rubble bed particl es are neutral dens i ty  parti c l es when submerged i n  ��� 

cen.i c poo 1 • 
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Assumi ng turbul ent settl i ng behavior,  such that cf i s  approxi mately 
constant and equal to 0.88, and i ntegrati ng Equati on ( 4-2). we obta i n  the 
i nverted soluti on 

(2cf 
�1 12 [11' 

-1 (H _ z)l /2 (z H _ z)l /2] 
t = H ::3 2 - tan z - if • H dg£ 

(4-3 )  

The core samp l i ng data and ana lysi s work i ndi cates an  i ni ti al hei ght of the 
upper rubbl e bed of H = 0.93 m ,  a bed porosi ty of £ = 0.54 ,  and an average 
debri s parti c l e  si ze d = 0.9 mm [6 ,8] . Based on these esti mates and Equa
ti on (4-3), the time for the debri s to settl e a verti cal di stance of, say, z 
= 0.5 m i nto the cerami c pool i s  1 2  sec . A val ue of core rel ocati on time of 
approximately 60 sec i s  i ndi cated from the p l ant i nstrumentati on data . One 
can i nterpret thi s di screpancy as an i ndi cati on that l ami nar fl ow and 
sol idi fi cati on wi thi n the i ntersti ces of the debri s were operati ve as the 
debri s settl ed into the cerami c reg ion . In fact ,  as shown bel ow ,  sol idi 
ficati on can qui ckly seal a l l the fl u id  paths wi thi n the submerged portion 
of the debri s confi gurati on. 

The hydraul i c radius Rh of the settl i ng debri s is taken to be equiva
l ent to that of a packed bed [1 8]: 

R - e:d 
- 6(1-£) (4-4} 

It  i s  reasonabl e  to suppose that once the thi ckness 6 of the freeze l ayer on 
a representati ve debri s parti c l e  grows to Rh' the l eadi ng edge of the 
settl i ng debri s i s  cl osed to the addi ti onal penetrati on of mel t  material . 
Sf nee Rh i s  not an appreci ab 1 e fracti on of the parti cl e radi us . the crust 
growth process i s  wel l  'represented by a one-dimensi onal treatment .  Assumi ng 
quasi -steady heat transport rates i n  both the parti cl e and i ts crust enve
l ope , the i nstantaneous crust thi ckness o and parti cl e temperature , T ( t} , 
can be expressed by the di fferenti a l  equati ons 

P 
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(4-5) 

and 

(4-6) 

Eltlrtnat1ng TP between these equations and integrati ng the resul t from 6 • 
0 at t • 0 to 6 • R._ at t • tfr' the ti • to freeze the settl i ng debris 
shut, gi ves 

(4-7)  

.._re Tp ,o 1 s  the �rature of the overl ying rubble at  the instant the 
supporting crust fai l s .  The quasi -steady sol idi fi eation ti • may consid
erabl y exceed the actua l  sol i dification time .  Nevertheless , our experience 
w1 th prob las of thi s type 1 nd 1 cates that Equati on ( 4-7) a 11 ows us to 
est1ute the order of Ngnitude of tfr· The debri s enters the ceramic pool 
at the .. ur saturation temperature. Tp ,o • Tsat • 584K (See Secti on 2) . 
Thi s l eads to the esti •te 

tfr • 0.0 1  s 

The distance the debris settles duri ng thi s time 1 s ,  approximately. 

z • 1/2 g t�r • 0.049 m 

and the settl i ng vel oci ty ts 

� - 1  
it • g tfr • 0. 098 • s 

• 

( 4-d) 

(4-9) 

(4-10) 
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whi ch i s  too l ow  to cause a l imi tati on to crust growth due to forced convec
ti on ( cerami c mel t  superheat T·Tmp) wi thi n the i n tersti ces of the debris 

bed. A sufficient condi ti on for the negl ect of forced convection i s  . 

(4-1 1 )  

For the settl i ng {or superfi ci a l ) vel oci ty gi ven by Equati on ( 4-1 0), we 
obtain  the heat-transfer coeffi ci ent h = 5. 4 x 1 04 J s- 1  m·2 , from the 
heat-transfer correlati on for fl ow wi th i n  packed beds of Hougen and Marshal l  
[ 1 9]: 

2/3 
h a 0 58 k (zd) · a v- (4-1 2) 

Si nce T-Tmp = 256 k ,  from Equati on {3-7), the l eft-hand si de of  Equation 
{4-1 1 )  i s  at mos t  0. 36. l"hi s  resu l t  shows that forced-convection correc
tions to freezi ng are not too important. 

l"he resul ts obtai ned above show that the cerami c mel t wi l l  not pass 
through the rubble bed as i t  settl es i n to the hemi spheri cal cavi ty. Instead 
the mel t wi l l  be forced toward the cavi ty wal l and up some annu l ar  regi on 
between the wal l  and the settl i ng rubbl e  bed. Of course , an estimate of the 
dimensi ons of such a fl ow path i s  not possi bl e .  However, i t  i s  reasonable 
to presume that the i nabi l i ty of the mel t to pass upward through the rubble 
bed as wel l as the tendency of the parti cl es to bi nd duri ng settl i ng wi l l  
extend the rel ocati on time beyond the 1 2 s predicted wi th Equati on (4-3) . 
Al ternati vely ,  the water that entered the debri s bed duri ng the heat-up 
stage coul d have l imi t�d the rate at whi ch rel ocati on occurred , and thi s  i s  
the subject of the remai nder of thi s  secti on . 

It i s  important to recogni ze that  the debri s ,  duri ng the process of 
settl i ng into the cerami c mel t, wi l l  force the water i n  the i ntersti ces i nto 
contact wi th the surfaces of the mo l ten cerami c regi on. Such i n timate, 
forced contact condi ti ons may be capabl e  of causi ng the water boi l i ng rate 
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at the surface to i ncrease dramati cal l y  and approach the peak or •cri ti ca l "  
nucl Hte boi l i ng rate . In fact , i t  1s i nteresti ng to specul ate that the 
.ui .. rtte at wtlich water can be rwnoved frail the surface of the cer��nic 
mel t Yia boi l i ng  control s the rate at which the rubble di spl aces the cerami c 
mel t. It s...s l i kel y that the mol ten ceramic w111 form a thi n crust cover 
upon contact wi th water .  This cover ts pres�d to temporari ly hal t  the 
�rd mov .. nt of the rubb l e  bed . The water recedes from the crust into 
the now stationary rubble bed at a rate detenni ned by boi l i ng .  The crust 
cower heats up , weakens , and fai l s  under the wei ght of the rubble ,  and once 

agai n  the settl i ng  debri s dri ves the i ntersti tial water i nto contact wi th 
the cer•t c •lt and the process repuu i Uel f .  We can test thl uti l i ty of 
tttis conceptual picture by ask i ng the fol l owi ng questions: Is  the observed 
pr1 .. ry sys� pressurization rate consi stent wi th nucl eate boi l i ng off the 

top of the 110l ten cer•i c regi on? , and 1s the boi l i ng rate consi stent with 

the t1• sca le of the rel oca ti on event as i nferred from the plant 1nst�n

Ution? 

We i l l ustrate a procedure for answeri ng these questi ons here usi ng the 

Zuber [20] fl at p l ate critical heat flux exgress1on to est11111te the boi l i ng 
rate off the surface of the exposed 1111l t, namely, 

(4-13) 

For the pressure condi t 1 on of P • 10 MPa duri ng core re 1 oca ti on. the 
6 -1 

latent neat of evaporati on hfg • 1.32 x 10 J kg , the steam density c9 • 

55.36 leg .-3, the water density cw • 688 .0  kg m·3, and the water surface 

tension 0 • 0.0119 N m·1• The cri ti cal heat flux i s  ca l culated to be 

6 -2 
qcr1t • 4 . 03 x 10 " • (4-1.;) 

The con"esponding •crt tica l• mass rate of steam producti on at the top of the 

� spherical .. l t  reg1on of radius R 1s 

• 
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2 
m . • wR 

qcri t  • 1 5 kg s·l 
cr1t hfg 

(4-15) 

Steam i s  al so added to the pri mary system by boi l i ng wi thi n the overl ying 

rubble  bed at  a rate gi ven approxima tely  by 

(4-16) 

Duri ng the core rel ocation peri od steam i s  l ost from the pri mary system 
through the pressuri zer rel i ef val ve.  The pressuri zer fl u id  l e ve l  hi story 
suggests that the exhaust fl ow was pure steam from core refl ood (174 mi n
utes) to 246 mi nutes [21 ]. The exhaust flow rate of steam through the 
val ve,  mval ' can be eva l uated via  the wel l -known express i on for the choked 
flow of an ideal gas: 

{4-17} 

where Rg i s  the gas constant for steam and P ,  T are the pri mary system 
pressure and temperature.  Wi th a di scharge coeffi ci ent c0 = 0. 78, va 1 ve 

-4 -3 [ ] flow area Aval = 8. 71 x 1 0  m 21 , and a ratio of speci fic heats for 
steam y • 1 . 27 , we estimate usi ng Equati on ( 4- 1 7)  

• - 1  mval = 8 . 7  kg S (4-16) 

I t  i s  assumed that no steam i s  produced from the l argely  i ntact fuel  rods, 
owi ng to the sub-cooling of the water around these rods ( see next secti on) .  
The net steam producti on rate, m t' duri ng core rel ocati on i s ,  then , ne 

• - • • • -1 mnet - meri t + mb - mval = B.7 kg S ( 4-H} 
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The net s te• production rate can be i nferred from the measured system 
pressurizati on data and the rel ati on 

i .. • Y dP 
··t var (4-20 ) 

where V i s  the volume for steam expansi on tn the pri mary system. Interpre
tati on  of the TMI-2 data base suggests 1 pri mary system pressure response of 
approxi .. tely dP/dt � 2. 2  x 1 04 Pa s·l [22] and a system voi d  volume v � 11 6 

•3 [6]. Usi ng these esti•te i n  Equati on (4-20) i t  fol lows that the "mea
sured• net ste•tng rate at core relocation ts approx i111tely 9.5 kg m-3, 
which i s  1"811rkably close to that predi cted on the basts that steu genera
tion duri ng core relocati on was caused mai nly by the i nteracti on of water tn 
the 1 ntenti ces of the debri s bed w1 th the cerem1 c me 1 t as the debri s 
displaced the .. lt .. uri al .  

Final l y ,  it 1s of i nterest to determi ne whether the observed core 
rel ocati on ti .. i s  consi stent with a nucleate boi li ng l i mi tati on on the rate 
at whi ch the rubble bed di splaced the cerami c melt. Accordi ng to thi s i dea , 
the vol.e of i ntenti t1a1 water boi ied away at the melt surface duri ng the 
core relocation peri od t i s  equal to the volume of cer111i c  melt di splaced , 
or 

( 4-21 ) 

Solvi ng  for t and i nserti ng the present numeri cal esti mates for qcr1t and R, 
... get 

t • ' 
AoJ'fq c 

• 101 s 
� qcri t 

( 4-22) 

which compares very well wi th the core materi al rel ocati on time of approxi 
.. uly so s, as  tnferred from the source range moni tor response [22]. 
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It may be useful to know that a s uccessful boi l i ng  l imi tati on argument 
for the rate of steam generati on and rubbl e bed col l apse can be based on a 
dryout mechani sm wi thi n  the debri s bed i nstead of peak nucl eate boi l i ng, as 
the two correspondi ng heat fl uxes are a lmost  i denti cal [compare Equati on 
( 2-7)  wi th Eq uati on (4- 14 )] .  

4. 2 The Breakup and Quench of the Core Materi a l  Stream 

The ini ti al contact mode between mo l ten core materi a l  and water has 
been postul ated i n  the foregoi ng to come about by the col l apse of the rubble  
bed i nto the mol ten zone . It was demonstrated that thi s mel t/water i nter
acti on could have been enti rely responsi bl e for the observed pri mary system 
pressure response . Hence there i s  the impl i cati on that l i ttl e or no net 
steam producti on occurred by the downward dra in ing of the 1 i qui fi ed core 
materi a l  through the l ower regi on of the fuel  e l ements and the l ower plenum 
regi on. Presumably the stream (or jet )  of mol ten core materi a l  passed 
through h ighly subcool ed water on i ts way to the bottom of the reactor 
vesse l . Here we attempt to demonstrate thi s by assumi ng that the water 
bel ow the mol ten reg ion of the core was nearly saturated . The unreasonabl e
ness of thi s assumpti on then fol l ows from the fact that the predi cted jet 
breakup rate and simul taneous steam generati on rate i n  saturated water is  
much too hi gh to account for the observed system pressure response . More
over, there i s  both theoreti cal and i ndi rect experimenta l  evidence that hot, 
mol ten pour streams wi l l  penetrate many more jet di ameters i n  saturated 
water wi thout s ubstanti a l  breakup than i n  subcool ed water. The character of 
the debri s 1 ayer whi ch co 1 1  ected on the bottom of the TMI vesse 1 i s  shown 

bel ow to be more consi stent wi th a mel t  stream/subcool ed water i nteracti on . 

It shoul d  be menti oned at the outset that i t  i s  di fficul t  to provide 
accurate predi cti ons of the jet breakup rate by the mechani cal acti on of the 
ambi ent fl ui d .  Even i n  the simp lest case of a l i qui d  jet movi ng through a 
gaseous atmosphere , an early appeal to experiment i s  necessary to determi ne 
the unknown constant(s ) of proporti onal i ty that enters jet stabi l i ty theory. 

Moreover,  whi l e  consi derabl e experimental and theoreti cal work has been 
reported on the rate of l i quid  jet breakup i n  ai r, there i s  a l ack of 
quanti tati ve i nformati on on breakup rates of hot l i q uid  jets i n  boi l i ng 
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1 1  quid .a 1 1. Here we wil l pursue a s i�aPl e sem1-ep1 r1 cal approach to the 
probl .. of the breakup of �lten jets in boiling water. As is usual 1n jet 
stab1 1 1 ty theory, the process of droplet fonaation at the surface of the 

.ol ten-core •ter1al jet 1 s  interpreted to be due to the breaking of 1 n
ftnitesi�l amplitude capillary .-ves (ripples). As we shall see below, the 
capillary ..avelength 1s very small compared with both the diameter of the 
jet and the spacing between fuel rods so that the effects of jet curvature 
and rod surfaces on jet stabil ity can be 1 gnored. 

F,. Llllb [23] we have the growth of a two-dimensiona l wave of ampli
tude� having initial .-ve length A (see Figure 4-1): 

drl • .., 
Tt (4-23) 

(4-24) 

In the abOve equation for the wave growth constant m, k is the wave number 
(It • 2•/1), uj is the jet velocity, aj fs the !urface tensi on of the jet 
•ter1al. and o and o are the densities of the molten jet and the sur

rounding fluid twater :r ste•). respectively .  The foll owing t dea li zed jet 

brukup •ch&niSIII wfl l be assumed .  The most rapidly growing capillary wave, 

wttfdl fs found when 11 as a function of It tn Equation (4-24) exhibits a 

.ax1 .um (�). fs detached as a ridge of 1 1qu1d of diameter comparable with 

"4./2 and width w • 
w dj, where dj is the d1 ameter of the jet. Thus the most 

rapidl y growing capillary wave w i l l detach fro�� the jet surface after a 

chlractarist1 c growth time (see Equation (4-23)]. 

t 1 
• v;; "' - -r "ax 

fn the fo� of a ridge of mass 

(4-25) 
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(4-�6 ) 

The uss rate of breakup of the jet ,  ibr ' per unit area of jet surface 
( �w) i s  

(4-2o ) 

or,  from Equati ons ( 4-25 ) and (4-27 ) ,  

Mhere we i nvoked the approx1 .ati on "J >> P . . I t  i s  remarkabl e to note tha t 
al thOugh surface tension places a l imit on the rate of growth of the wave 
a.p11 tude ,  i t  does not appear in the final expression for the rate of 
disintegration of the jet .  An increase 1n aj ' for i nstance , resu l ts in the 
ri dges or drops being l arge but at the same time l ess of them are producec , 
wf th  the resu l t  that the total breakup rate 1 s  unchanged. 

TheN 1s no laboratory data on l i quid jet disintegration rates wi t ,.  
.-hi eh Equati on (4-29) can be val idated. I t  1 s  known from experiments w i  t n  
gas jets tn  air that the entra1r1nent rate 1s gi ven by a n  expressi on hlv 1 r.9 

thl same functional form as Equat i on (4-29 ) . Some measurements of entrai n 

.. nt wf th  gas jets hiving a density d i fferent than the ambient gas have beer 

.. dt by R1 cou and Spa ldi ng (24] . Assuming that tht entrai nment process w � � � 
the •1sc1 ble gas jet/a ir  system i s  simi l ar to the breakup of a l iqu id  jet 

im.1sct b le  wi th tht ambient fl u id  g i ves the fol lowing empi rical equation : . 
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(4-30 )  

If such a n  i nterpretati on proves to be  correct ,  then a proporti onal i ty 
factor of the order of 0 . 1  i s  requi red i n  Equation (4-29 ) to bri ng the 
stabi l i ty theory i n  l i ne wi th the measurements . 

Spencer et a l . [ 25] perfonned experiments on mo l ten cori um j et-water 
i nteracti ons . In these tests a stream of mo l ten cori um was poured i nto a 
32-cm deep pool of near-saturated water. The characteri sti c si zes of the 
quenched debri s was detenni ned by post test exami nati on . The rate of steam 
generati on was determi ned by measuri ng the rate of pressure ri se i n  the test 
vessel . The l atter measureme nt ca n be used to test Equati on (4-30 ) by 
assumi ng that the mo l ten cori um torn from the jet was rapi dly cool ed to the 
saturati on temperature . Then 

(4-31 )  

where dj and Lj are the di ameter a nd l e ngth of the jet,  cj and Tj are the 
heat capaci ty and temperature of the jet, and ms i s  the steam generati on 
rate . In wri ti ng the above energy bal ance i t  was assumed that the core of 
the jet i s  i ntact and not much reduced i n  di ameter duri ng transi t  through 
the pool . The test resul ts showed thi s to be the case [25].  Inserti ng 
Equati on (4-30 ) i nto Equati on (4-31 ) and repl aci ng the jet vel oci ty uj wi th 
the jet mass fl ow rate, 

(4-32 ) 

gi ves 

{4-33) 
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In app l yi ng Equati on ( 4·S3 ) one mus t  dec i de whether to take c as the • 

densi �  of the ..ater poo l or to take c. as the densi ty of the steu produced 

� boi l ing. Epstei n and Fauske [26] used l i near Ke l vi n-Helmhol tz i nstab1 1 ·  

1 �  ana lys ; s to exlll'l1ne the s tabi l i ty  of a steu l ayer generated when a 
s� of .al ten reactor core Mteri al  fa l l s  through water. FrCIII thei r work 
we can expect the dens i ty of the steam l ayer to govern the breakup of the 
jet if  the thi ckness 6 of the steam layer sat isfies the inequal i ty 

(4- j.; )  

wftlf"' ug 1 s  the oppos i ng ste111 vel ocity. 

Retumi ng to the experi ment of Reference [25] , 1 f the i nterfacial 
tension bltwen cor1 llll and steam i s  taken CQIIPirabl e to the surface ten s i on 

of .,l ten UOz • .-e estimate a j • 0 . 45 N .-l . The cor1 lll1 jet entered the 

.. tar pool wi th  the vel oci ty uj • 3 . 7  m s· 1
• Rlpid steu generation was 

obsened and based on the •asured steam generati on rate and the di ��n�ter of 

the test vessel a counterfl ow steam vel ocity ug • 35 m s·l was predicted by 

Spencer et a 1 . Vith the steam density c 9 • O. ti kg m·3 , correspondi ng to 1 

1t11 pressure , we fi nd that l iquid 1 s  torn from the jet by the action of the 

surrounding ste• if the steu fi lm  thickness 6 > 1 .5 11111 . Cl early thi s 

condi ti on  .,st have been satisfi ed in the cori1111 quench experi ment reported 

1 n [25] and the appropriate i denti fi cati on i n  Equati on (�133 ) 1 s  c. • et9 • 
Inserti ng the cori um mi xture specific  heat cj • 625 J kg , the jet di men

s i ons Lj • 0 . 32 •• dj • O. OZ2 m ,  the jet temperature Tj • 3080 K, and the 

�Un exper1•nta1 densi ty ratio c9/oj • 1 . 1 x 1 0·4 [25] into Equati on 

( 4-33 ) ,  we predi ct 

(4-35 ) 

Thi s predi cti on is  a factor of two l ess  than the val ue 0 . 089 inferred fre��� 

the .. asured pressure- time h i s tory .  
• 
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Consi deri ng the comp lexi ty of the jet quenchi ng process ,  i t  i s  perhaps 

accidental that the steam producti on rate deri ved from experiment i s  so 
close to the rate predicted wi th Equation ( 4-33 ) .  Whether or not the 
reasoni ng whi ch l ead to the fonnul a  i s  correct must  awai t future experi 
mental work on ·the di spersion of hot mol ten j ets i n  water. Neverthel es s ,  
thi s resul t  appears to be suffi ciently encouragi ng to warrant the use of 
Equati on (4-33 ) i n  our study of the TMI core rel ocati on event .  Recal l  that 
the core re locati on time based on p l ant i nstrumentati on and present esti 
mates was approximately 80 s .  I t  i s  estimated that about 1 . 6 x 1 04 kg of 
mol ten core materi a l  drai ned downward from the core i nto the vessel l ower 
head. Thus the mel t  mass rate of rel ocati on was ,  on average , 

( 4-36 ) 

The jet drai ning vel oci ty uj i s  di ctated by a bal ance between the wei ght of 
the jet materi a l  and the retardi ng fri cti onal stress at  the surfaces of the 
fuel  elements . The momentum ba l ance for the jet fl ow through the fuel 
el ement-bundle  channel s  i s  

(4-37) 

where Dh i s  the hydraul i c  di ameter of the bundl e .  Ava i l ab l e  channel flow 
data [27] suggest that the fri cti on factor , f ,  may be obta i ned from the 
B l as i us fonnula  

(4-38 ) 

El imi nating f between Equati ons ( 4-37 )  and ( 4-38 ) and sol v i ng the resul t  for 
the jet vel oci ty yi e l ds 

( 4-39 ) 
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u1 th D. -7 2 • l  • ift • 1 . 32 Cl for thl TMI·Z core and vj • 6 x 10 m s , we esti mate a 
core .. teri al rel ocati on vel oci ty 

uj • 3 . 7  • s·1 (4-40 )  

WI ass� that the ori gi nal  mo l ten stream that pours fro�� the ceruf c core 
cup i s  not redi stri buted i nto sma l l er i ndi vi dual s treams . Then the effec

ti ve di ll'tter of the mol ten s tream that fl ows downward through the i ntact 

channel s  i s  

Thi s resu l t  i ndi cates that the mode of c•re Nttr1 a l rel ocati on through 

..attr IDly t:ave been one of a re l ati ve ly 51111 1 1  d1 ����eter pour stream occupyi ng 

no .,re than ZO percent of the fl ow a rea w1 thi n a s 1 ng 1 e fue 1 rod assemb 1 y .  

Return i ng  to Equati on (4-33 ) , we are now 1 n  a posi ti on to estimate the 

s te• generati on rate , assUIIi ng for the moment that the wa ter be l ow the 

.,l ten core r"e9i on was at the saturati on temperature Tsat • 584 K. The 

range of a jet of dj • 0 . 003 m fal l i ng through saturated
� 

wa ter at 10 MPa 
wi l l  be shown l ater on to be about 6 m .  Thus the core of the jet 1 s  es sen

ti al l y  i ntact duri ng transi t  through the approximate l y  l . a-m l ong , l ower 

channel geometry . Accordi ng l y  we take Lj • l . a m ,  and ca l cu l ate from 

Equati on (4-33 ) , together wi th Equati ons (4·3b )  and (4-41 ) ,  that 

• 
• • s 

duri ng the core re locati on .  Compari son of the predi cted s team generati o, 

rate wi th thl va l ue i nferred from plant i nstrumenta tion of 9 . 5  kg s ·1 ( see 

di scussion fol l owi ng Equati on (4-�0 ) )  strongly suggests that the assumpti o, 

of saturated water btl ow the mo l ten centra l reg i on 1 s not compati bl e wi � ,.. 

the recorded da ta .  Hi gh ly subcool ed water and 1 1  ttl e or no net stur.. 

generati on duri ng the peri od that the jet f�owtd to the bottom head seems 
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more probabl e .  I n  
·
th i s  regard i t  i s  worth menti oni ng that Spencer et al . 

[25] al so performed a test i nvo l vi ng a cori um pour i nto subcool ed water .  In 

contrast wi th the saturated condi ti on , no net steam generation occurred . 

4 . 3  Core Materi a l  Jet Breakup Length and Debri s Characteri zati on 

It i s  evi dent from Equati on ( 4-30 ) that the jet breakup vel oci ty i s  

. 

l /2 
vbr 

= o . oa (:;) uj 

Duri ng the time i nterval 

1 /2 
t = 

� 
= 

6. 25 d j (�) 
ZVt; uj P .. 

(4-43) 

(4-44) 

the core of the jet wi 1 1  comp 1 ete 1 y di s i ntegrate . If  the jet ve 1 oci ty 
remai ns constant duri ng thi s  peri od , the fol l owi ng approximati on can be 
wri tten for the i ntact l ength of the jet :  

(4-45 ) 

The jet breakup 1 ength i s  found to be i ndependent of the jet vel oci ty , 
provi ded that the vel oci ty i s  h igh enough and the vi scos i ty l ow enough to 
ensure that the surface waves are sma 1 1  compared wi th the di ameter of the 
jet.  

The avai l abl e data on the range of water jets i n  ai r or water correl a te 
wel l  wi th Equati on (4-45) . The experiments of Oehl er ( 1 930 ; see Reference 
[28] for a sunmary of thi s  work ) , for i nstance , showed that the core of a 

water jet i n  a i r  extends about 1 50 jet di ameters before i t  disi ntegrates . 
For thi s pai r of materi a l s  p . fp = 1 03 and Equati on { 4-45) gi ves L/d . = 1 S7 .  J Qll J 
The dis i ntegrati on of water j ets i n  water ( p ./p = 1 )  has been studi ed J • 
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exper1•nta l ly by Kuethe ( 1 935 • sH Reference [28) for a sW��n&ry of th1 s 
.ortt) .  He found tMt cons i derable  di s i ntegrati on has set in at 5 jet 

d1 ... ters . For.ula ( 4-45 ) gi ves 7 jet di ameters for the breakup l ength of 

.ater JeU 1 n Niter. 

let us now predict the breakup 1 ength of the mo 1 ten core materi a l 

strea• i n  the TMI-2 vesse l . Once aga i n  we fi rst ass� that the anol ten 

cer..t c streu encounters saturated water duri ng the fal l stage . The 

cri ti cal s team l ayer thi ckness  duri ng the re l ocati on i s  obtained by t nsert-
-1 -1 . i ng  the estimates oj • 0 .45 N • , u

j • 3 . 7  m s [ see Equati on (4-40 ) ) ,  u 
55 -3 . g 

• 0 ,  and Dg • .36 kg • i nto Equati on (4-34 ) , fro. whi ch we obta i n  

a • 1 . 8 nn (4-46 )  

I !  1 s  clear that i t  ukes sense to set D • a • 55 . 36 kg m· 3 
i n  Equati on 

(4-45 ) . s i nce the thi ckness  of the ste111 fi lm ?n saturated boi l i ng 1 s  much 

l arger than 1 .8 ... The breakup l ength of the 11101 ten-core-Nteri a 1 stream 

i n  s.turated Niter i s ,  then , 

• 6 . 9  m ( 4-47 ) 

Such a l ong me l t  strelll woul d  hive resu l ted i n  a h igh i mpi ngement-type hea t 

flux at the ves se l  l a.er head and a noncoo l abl e mel t l ayer ,  leadi ng to 

l i kely fai l ure of the held. The fact that thi s di d not occur at the bottom 

of the TMI ves se l  l ends addi ti onal support to the i dea that hi ghly subcoo l ed 

.ater fi l l ed the l a.er regi on of the reactor vessel duri ng the core rel oca-

ti on peri ad .  

If the water i n  the l ower ha l f  of  the vessel was  suffi c i entl y sub

cool ed .  theft f1 1m boi l i ng off the rel ocati ng fuel woul d not have been 
possi bl e .  Equati ng the thermal radi ati on hea t fl ux across a postu lated 

vapor f1 1 • that covers ttte jet w1 th the convecti ve heat fl ux 1 n  the sur-

1"'0\lftd 1 ng -a tl r , we f i nd 

• 
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(4-48) 

where Qw and cw are the densi ty and heat capaci ty of the water and (AT)SUB 
i s  the mi nimum subcool i ng requi red to mai ntai n  a vapor fi l m  on the downward 
moving jet. Note that the convecti on tenn on the ri ght-hand si de of Equa
ti on (4-48 ) neg l ects the effect of mol ecul ar processes . Reynol ds ' analogy 
between heat and momentum transfer i s  assumed to hol d  throughout the 1 iquid 
boundary l ayer owi ng to the presence of the " l ubri cati ng" steam fi lm.  
Sol vi ng Equati on ( 4-48 ) for (AT) SUB and usi ng the parameter estimates Tj 

= 

2800 K. e = 0 .8 ,  fri cti on factor f = 0 . 005 , Qw = 688 kg m-3 , cw 
= 5728 J 

kg-1 K-1 , and uj 
= 3 . 7  m s- 1 provi des a l ower l imi t to (AT}SUB ' namely 

4 _ 2 e a6  Tj _ 
(AT) SUB - f Q c u .  - 76 K, 

w w J 
(4-49 ) 

If the subcool i ng i n  the l ower region of the TMI vessel was of the order of 
76 K or l arger,  the core materi a l  stream woul d  not have been separated from 
the surrounding water by a steam fi lm .  Thus the waves on  the jet woul d have 
amp l i fi ed by the di rect acti on of the water and shoul d have di si ntegrated 
after fal l i ng a di stance gi ven by Equati on (4-45 ) wi th Q = Q = 688 kg m-3 , .. w 
or 

L = 2 . 0  m (4-50 ) 

The sign ifi cance of thi s resul t  i s  that under subcool ed condi ti ons nearly 
compl ete jet breakup seems l i kely . The fact that the debri s at the bottom 

of the TMI vesse 1 i s  fragmented and coo 1 ab 1 e provi des addi ti ana 1 evi dence 
that the core materi al rel ocated through subcool ed water . 

The si ze of the debri s parti cl es can be estimated by assumi ng that the 
average dhmeter of the parti cl es torn from the jet ,  d ,  i s  of the order of 
the wavel ength correspondi ng to the fastest growi ng wave on the jet surface . 
From Equati on (4-27 ) ,  we have 
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(4-5 1 ) 

Thi s express i on t s  practi ully the same as the Weber na.ber cri terion for 
the -.x i �  s tabl e drop s i ze i n  a gas stream . Spencer et a 1 . (25]  reported 
that the 1 1•i tecl breakup o� cori um i n  saturated water produced parti cle 
s 1 zes cons i s tent wi th Equati on { 4-5 1 ) when o. 1s set equal to gg . Of 
course , based on the prev i ous d i scus s i on ,  the appropri a te choi ce of g for • • 
TMI-2 condi tions i s  ow • 688 K ;  m - � . Substi tuti ng the quantiti es aj • 0 . 45 - 1  3 - 1  N m a nd  uj • . 7  r. s i nto Equation (4-5 1 ) ,  we get 

d • 0 . 45 .. {4-52 ) 

Vi sual core bore i nspec ti ons of the surface of the debri s bed i n the 
l a.er plenum revealed debri s parti cl es l ess than 1 em 1 n  si ze but not nearly 
as � 1 1  as the above predi cti on woul d  l ead us to bel i eve . Considering the 
roug" natu re  of the theOry , the hope that i t  mi ght coi nc ide with the TMI -2 
observati on s  to any degree of accuracy woul d  appear vain .  On the other 
hand, fi nal judgaent regard i ng the accuracy of Equati on (4-5 1 ) should be 

postponed until SIIIPles ff'OIII the l owr debri s bed are obtai ned and a parti 
c l e  si ze d1 str1 but1on analys i s i s  perfonmed. 

The .axiiiUft esti�n�ted hei ght of the debri s bed i n  the l ower plenum i s  
0. 762 • (see Reference [Z] ) .  An estimate of the heat flux at the top of the 
bed ,  QH(l - t } ,  foll owi ng COre re l ocation is  5 .  7 X 1 05 W 111-z 1 assumi ng t a 

0 . 5 .  The dryout heat flux predi cted wi th ,  say, L ip insk1 • s  model that 
i nc l udes bOth turbul ent and lami nar flow wi thi n  the bed [7] , and an average 
parti c l e  di-tar gi ven by Equation (4·52) i �  about . 1 06 � m·2 (29] . Thus 

the parti c l e s i ze pred i ct i on 0 . 45 mm i s  not i ncompati bl e wi th the coolable 

dabr1 s bed at the bottcm o f  the TMI-Z ves sel . 

Final ly ,  i t  i s  worth r. : t 1 ng that due to pos s i b l e  rapi d surface so l id1 -

� 1 at1on 1 thi n  ski n  of cer��n1c  crust may cover the mol ten cerami c pou r 

s tre• .  Thus i nstead of capi ll ary forces, we have a systlll where the jet 

surface tends to assume ar. eQui l i bri um shape under the acti on of el ast i c  
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forces wi thi n  the crust. Assumi ng that the effects of surface tens ion may 
be negl ected , a rather straightforward analysi s ( i n  the spi ri t of Reference 
[30] for examp le )  revea l s  that the expressi on for the wavegrowth constant i s  

2 p.l. p• 2 2 m = - k u 
(p . 

+ p )2 j - Pj + P• 
J • 

where D i s  the fl exural ri gi di ty of the crust ski n :  

( 4-53 ) 

( 4-54) 

Here E, ep and oc are the el asti c modu l us , Poi sson ' s  ratio and the instan
taneous thi ckness of the crust .  

Equati on ( 4-53 } repl aces Equation ( 4-24} . Interesti ngly  enough , using 
Equati on (4-53 }  to cal cu l ate Amax and mmax we find that Equati on ( 4-29}  for 
the functi onal form of the breakup rate of the jet i s  sti l l  val i d .  Thus jet 
di s integrati on appears to occur at the same rate regardl ess of whether 
surface tensi on or e l asti c forces act to stabi l i ze the moti on . However, the 
t ime for an e lasti c wave to detach from the jet surface and the si ze of the 
parti cl e torn from the jet are both greater than those associated wi th a 

capi l l ary wave . Starti ng wi th Equati on ( 4-53 } , the parti cl e si ze produced 
by a jet wi th a crustal surface can be shown to be of the order of 

(4-55 ) 

Accordi ngly ,  wi th E =  O . d  x 1 0 1 1  Pa and e p = 0 . 3  fo� sol i d  UOt (31],  togeth
er wi th our previ ous estimates p� = pw 

= 688 kg m·J , p j 
= 1 0  kg m-3 and uj 

= 3 . 7  m s-1 , we predict 

d = 8 mm ( 4-56 ) 
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for the she of the ptrt1 cl e torn from the pour stream by the buck1 1  ng of a 
syrface crust of thi ckness . say . 6c • 1 0  wm .  Compari ng thi s  val ue w1 th the 
capi l llf'1 theory resu l t,  Equati on (4-52) . 1 t  h apptrent that the vi sua l 
i nspections of the l o.er p lenUIII debri s perfo,_d so far are more in  l i ne 
w1 th an e l astic theory of jet breakup than a capi l l ary one . 

It  h obv i ous  that a more compl ete theory of jet breakup wi th crust 
fo,..tion shoul d i ncl ude a predi cti on of the crust cover thi ckness . as 
opposed to treati ng a c as an adjustable  parameter, as wel l as a deri vati on 
of the cri tical  thi cknt �s  of the steu l ayer whi ch separates steam domi nated 
.. vegrowth fn. .ater dollli nated wavegrowth . Whi l e  such a stabi l i ty  analys i s  
1 s  possi ble , further theoreti cal work of thi s nature 1 s  beyond the scope of 
the present report and . perhaps , woul d  appear to be premature unti l more 
extensi ve  and preci se data samples are obtai ned from future explorati ons of 
tne 1 owr p 1 enUII region .  

• 
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5 . 0  CONCLUDING REMARKS 

S.Hent qual i tati ve and quanti tati ve features of the core rel ocati on 

e�ent duri ng the TMI-Z acci dent have been shown to be compati bl e i n  most 

respecu wi th 1 thenne l / hydrodynUii c sequence cons i sti ng of the fo l l owi ng 

three stages : i nterna l heati ng and me l ti ng of the consol i dated regi on wi th 

1 i tt1 e thermal commun i cati on be tween thi s regi on and the surroundi ng reactor 

cool ant ; col l apse of the upper debri s bed i nto the mo l ten cavi ty fanned 

wi thi n the consol i dated regi on , together w1 th boi l i ng of the bed • s i nter

s t1 ti a l  _.ter upon contact w1 th the me l t •  a nd the d1 spl acement of the me l t  

by the debri s i n  the fol"''ll of a na rrow s tream that erodes by Ke l vi n-Helmhol tz 

i ns tabi l i ti es on i U  w.y to the bottom of the vessel . Simp l e  mode l s have 

been uti l i zed at each stage i n  an attempt to j usti fy thi s conceptual pi cture 

of the core re l ocati on even t ,  but more i nformati on 1 s  needed , especi a l ly 

• i th regard to the breakup and m i x i ng behavi or of the rel ocati ng me l t  

s trea .  

The re  has been extens i ve study of l arge coherent mo l ten-core masses 

�a l 1 1 ng frc. the core regi on i nto the res i dual wa ter pool in the l ower 

�: l eru� ,  pa rti cul arl y w1 th regard to the possi bi l i ty of steam expl osi ons . 

Hawver, a di fferet and , perhaps , mo re  l i kely mode of core ���ateri a l  entry 

i nto ---tar •Y have been revea l ed by the exami nati ons of the TMI-2 reactor 

vesse l , na��e ly 1 rel ati vely sma l l  di ame ter pour s tream that was susta i ned 

for a •i nute or s o .  A key aspect of the rel ocati on i s ,  then , the l atera l 

extent of the flow pa th through the fue l rod s tructure . Detai l ed metta l 

l ograph i c  ex .. i na t1 on s  of the fue l  e l ements cou l d  prove i nval uabl e ,  not on l y  

i n te �  o f  l ocati ng the actual re l ocati on route but i n  reso l v i ng the i ssue 

of the t1.-1 ng and coherence of the re l ocation event.  

I t  appears frc. the present work that the subcoo l i ng of the water in  

the l owr ha l f  of the ves se l  wa s  cruc i a l to t he  formati on of a coo l able 

oebr1 s btd a t  the ves se l  bottom .  Engi neeri ng ana l ysi s of  the wa ter tempera

ture be l ow  the conso l i dated regi on shou l d  be carri ed ou t to establ i sh the 

l evel of subeoo1 1 ng at the onset of the re l ocati on event.  An ana l ys i s of 

the recorded co l d  l eg t.emPera tu re trans i ents !"IY be he l pfu l 1 n  thi s regard . 
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The breakup behav ior of a mo l ten core stream depends l argely  on the 
densi ty of the ambient fl u i d .  The i nfl uence of the steam l ayer i s  sti l l  
somewhat uncl ear ,  and i t  may have a l arge effect on the mel t  stream breakup 
distance and the debri s characteri sti cs .  Fundamental l aboratory-scale  
experiments and accompanyi ng theoreti ca 1 work on the breakup and m1x1 ng 
behavi or of hot jets fl owi ng downward through water shoul d be conti nued, 
wi th emphasi s pl aced on determi ni ng the rol e  of the steam phase produced by 
boi l i ng off the surface of the jet .  

Fi na l l y ,  there i s  important i nformati on yet to  be  gai ned by a thorough 
expl orati on of the l ower pl enum regi on . The parti c le  s i ze di stri buti on may 
tel l  us whether or not subcool ed water was i nstrumental i n  the formation of 
a coo l ab l e  configurati on . Recal l  that ,  accordi ng to theory , jet breakup is  
more effi ci ent in  a subcoo l ed water envi ronment than i n  the l ocal ly  highly 
voi ded envi ronment created in saturated water . An exami nati on of the region 
cl ose to the vessel wal l  and the vessel wal l  i tsel f  woul d  a l so serve to 
i ndi cate the extent of breakup of the pour stream. The character of the 
debri s ,  that i s  a bed of sol i d  parti cl es i n  contact wi th the vessel wal l  
versus a previ ous ly mol ten sol i d  l ayer,  wi l l  tel l u s  whether the breakup of 
the jet was compl ete or a central core of mel t  channel ed i ts way to the 
vessel bottom wi th l i ttl e i nvol vement i n  the breakup and quench process . 
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