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ABSTRACT

Lghe wokor resctor core meletdawr ascident sequence studies suggest
ghae cuparheated debris teds wmay cettle cn the concrete flaoor beneath
gho reoogtor vesscl. A model for the heat tranafer processes during
quonsh ‘6of cuperhcated debris beds cooled by am overlying pool of
wokor hes beem prosented im a2 prior paper. This paper discusses the
eselobllicy of decay-heated debris beds from the standpoint of their
geonoient gquench characteristice. It 1s shown that even though a de-
bedo bed econfiguration wmay be coolable from the point of view of
ggocdy=0tote decay heat remsval, the guench behavior from an initial-
1y clevakcd tempernture moy leed to bed melting prior to gquench of
gho debric.

LWTRODUCTION

Corc roltdeum cecident scguence studies in " light-water reactors suggest
that zooceeor vessel failurc would cecur a3 moltenm core material (corium) ther-
onlly ogtoels the lewor vessel dome. 1o many important sequences water would
bo availlable im the rogiew beomeoth the vessel. 48 indicated schematically im
¥ig. 1, mole wowld be ejected from the reactor vessel upoa failure and some de-
geco of ecorium=vater tilrxieg would cecur, accompanied by rapid steam generation,
Oﬁﬂ pocodbly stesm cplosicns. The melt would be partially quenched by the

260 ond would eventually octtle to the conerete floor benesth the reactor’
voooel ("quench” implies reduction of de=bris temperature to water saturation
gerporotuEe). ueh uncectalaty exists as to the state and configuration of the
celt ot this poimt. The corium may be in the form of 2 partially quenched sol-
id dcbris bed or im tha form of a molten posl, which is both attacking the con-
erete and transfereinz heat to the everlying ecolant layer. The lack of con-
viecelng evidence frem large sealc bests regarding the nature of the debris fol-
leving arzival zo the conerete £lcor necessitates consideration of the iapact
of o seonarics ¢a the aceident pregreosiocm: (1) the quench of solid debris
bedo by evorlylng pools of weter awnd their coolability, and (ii) the cooling
tohavior of moleen pasls whieh attsek tho conercte and are cosled by overlying
gcolo ef water. This paper comsiders tho quench eccoling of superheated debris

_B2do i ecntelucent during core wolt aceldewnts.

Dobrds bed queneh hest treacfer has im the past keen computed using a
ofngle leopedepagszotor energy cqustiecn for the debris bed, together with
ogecdy=seotc debrlis bed heat rewoval formulaticns {i]. As a consequence of
ghido casroptien, the debris temperaturc would bhe predicted to decrsese monoto-
ndeo l&y vich time 4¢ the bed ware ccolable bosed upon stesdy-state dedris
czolehilicy eousiderations {2]. - Experimental results suggesz that stesdy
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state heoat recoval concepts can, indeed, be used to predict the debris bad heat
peooval rate vader cransient quench conditions [3,4]. The data, however, iandi-
cage cthot the bed queach is a complex, multi~dizenaicmal procers that cannot be
ereotcd usiag o gimgle~volume ezergy equation method of analysis. Models hava
beon devcloped [5,6] to characterize the tramsiont debris bed quench procese.
Early reoults [5] cuggestaed that remelting of the debris is possible under some
elreunstonces, dopendent on bed parameters and initial conditions. The oblec~
tive of this peper is to discuss the caolability of superheated debris bads
under comditions of trancient quench cocolingz. Coolability limits sre discussed
for deceay-heated debris beds.

BED QUELCH MODEL AND ITS BASIS

Plgure 2 presemts a conceptualized vigw of a superheated debris bed under
trangsient quench conditicns. Experimental data [3=3] suggzest that packsad beds
of superheated particles (with no internal heating), which were coocled by uater
supplied from overlyinmg pools of water, were queached in a two-stage cosling
precesg. Water imitlally peonetrated the beds durinmg the iritiel downward fron-
tal progregsion. This process was irregular and left channels or pockets of
dey particles. It was egtipated [3] that approximately 30-40% of the initial
stored emergy was trapsferzed to the water during this time period. During the
initial frontal pregrescicm, the bad is conceptualized consisting of three re-
giong. The uppermost partially quenched regiocn (as represented in Fig. 2) con-
slats of wotted chamnnels of particles which are quenched to the saturation tem—
parature aod channels of umguenched partiecles eclese to their iaitial tempera-
ture. A two—phase reglon follows beolow. The particles in the wetted channels
in this region are anot yet quenched te the seaturatien temperature. and the sur-
sounding £luid is composed 0f gtean amd water. The boztom-zost region is com—
pletely dzry. Mo ligquid has yet ponetrated to the particles in this region.
The opeecd of the downword=progrescimg ccoling fromt 1s vg. A final upward-
progressing front, moving at gpeed v, began its traverse sutiequent toc com~
plation of the downwaord process. During this fimel upward froantal progressicn,
the rcmaining stored energy was rcmoved froo the particles and the bed was com—
pletely quenched and filled with water. The cxperimental measurements further
show that the stean flow rate was nearly coanstant fer the entire duration of
the quench process, inclusive of both fromtal progression perieds [7]. This is
taken to imply that the rate of heat traasfer from the bed to the water was
limited by processes common to bhoth fromtal perieds. The steam f£low rate data
indicate that the bed-to-water heat tramsfer rate is well-approximated using
the Lipinski [2] wmodel for steady-state heat removal from debris beds. The
evidence suggests, thercfore, that the rate of queaching of a superheated de-
bris bed is limited by the hydrodynamics of countercurrent two-phase flow with~
in the bed.

The above observationg were applied to developzent of z codel characteriz-
ing cthe quench of a supaerheated debris bed of uniform=cize particles and uni-
form porogity with decay heat gemeratien 0. The analytical model, presented
in an carlier paper [5], comsoiders that a decay-heated, superheated debris bed
1s ccoled in the two-stage quench f£ront propagaticn process represented schema-
tically in Flg. 2. Coolant is assured to imitially pemetrate the bed, leaving
dry regions of purticles which comtinue o heat under decay heating. Upen ar~
rival of the downward fromt to the base of the bed, a final upward-directed
froat propagates up the bed, rewovimg the remaialag stored cnergy. The bed
ccoling rate is modeled using the Lipinski formulaticm [2], modified to account
for trancient liquid storage within the bed which takes plsce during the quanzh
precess. The quench fromts are assuced €6 propagatc at a rate limited by the
rate of liquid supply to the front. Partiecles im the unquenched region of the



Bed sec assumed to increase im temperature due to the internsl heat source.
Stezm ecoling of tke debris and steam superheating ave neglected.

Tho ccaplete formulation of the model imcludes: (i) a cocoiant mass con-
cecvaticn cguastien, (ii) a palr of momentum equaticns, ome for liquid and the
other for vapoz, (411) a quench fronmt propagation equation and (iv) an energy
cguation for the uaguenchzd particles. The rteader is referred to the Appendix
for detalls of the csdel.

CALCULATIONHAI. RESULTS

Coleulaticns wore performed for the range of conditioms shown in Table 1.
Plgupes 3 agmd &, which are repregentative results, present the downward- and
upwagd=£rental positiomns ags a funetica of tirme for unifovm beds of 6-um parti-
eles, of dopth 0.5 and 1.0 m, Teopeetively. It was assumed in these calcula-
clens thot 4073 of ehe bed cross—sectional area is guenched during the downward
pzopagoticn peried. The remalaing encrgy 1s remeved during the upward fromtal
propazatlien time. The effect of initial bed temperature is shown om each fig-
uER. Lhn gtcuperatuce rlge of the unquenched debris is shown in Fig. 5 for each
indzlol tezporature couditien. It 4is noted that since the effect of steam
cuporhcoking 1s cot eonsidered, the temperature rise rate is simply proportion-
al teo tho dceay=heatlng rate.

Taoble 1. Debris Bed Characterigtics

Bebric Gemoity . 80C0 kg/m?

obrils Spacific Eeat 600 J/kg K

Eed Porosity ’ C.4

Sysgen Pressure 0.5 MPa

Bebels Particle Diarceter I=; 3=, 6=, 12-mm

Integdzl Bed Tcoperatute - 1009 E~3000 K

Bed Eoight to 10 m

Decay Beat Generation 1.5 MW/m?
{poz voluro bad)

Coolant Uater

£q 0:4

Referring to Figs. 3 amd 4, the gquench process begins with the progression
of the dovnward front frem tho top of the bed, and ic represented as the lines
wilth the vegative slopc. This fromt reaches the bottom of the bed, at which
glne the svpward=directed frout begins its progression, refilling the bed during
gho preccss. The guench process is cecplete when the front reaches rhe top of
gho Bed. UDuring the entire quench process, the dry unquenched chanmals are as-
ovred to continue to hoat, as cepresented by the heating curves of Fig. 5. If
ghe gueneh process 1s complete bofore the bed celting cemparature is reached,
chen gho bed 15 comsidered coolable. In comparing Figs. 3 avd 5, for example,
cne obgqrves that beds of 6-mm partieles with 0.5 o height are coolable at ini-
tdal teojoratures up to nesrly 3000 K., On the other hzand, a comparison of
Pigoe 6 ond 5 suggests that beds ef l-m height are quznch coolable only if
Ghoir iniedal temperature is relatively low, 1.e., im the range of 1000 K.

Figuze 6 precents the sgeady-stote debris bed hsat flux, based on the Li-
pieskl (2] ‘model as a function of particle size, along with the maximum coola-
Dlo Bed helght computed on the basis of the heat £lux. These results iadicate,
bDaccd upon stesdy=-state heat removal from unifoca debris beds, that beds of



6-mz particles up to 1.5 m in height are coolable from the stamdpoiat of decay
heat removal. It is thus clear, based upcn the model assumptiocas cheracterised
sbove, that debris beds which are coclablie bssed upon stsady state, decay hest
removal calculations are not necessarily coolable from the standpoint of tram-
sient quench heat removal. Bed melting may occur prior to tramsition to the
decay heat removal mode of bed cooling.

Calculations similar to those described above were used to comstruct de-
bris bed quench coolability maps for the conCitions and particle diaseters rep-
resented in Table 1. As discussed above, a bed was judged to be coolable if
the quench process was completed prior to fuel reselting in the uaquenched vap~

or channels. The results of these calculations are shown in Figs. 7-10. The

range of bed initial conditions leading to a coclable final state are presented
for each of the particle diameters considered.

The resuits presented in Figs. 7-10 clearly demonstrate that debris
quenching imposes an additional constraint on establishment of counditions for

bed coolability.

SUMMARY AND CONCLUSIONS

A wmodel for the heat transfer processes during quench of superheated
debris beds cooled by an overlying pool of water 1s used to discuss the coola-
bility of decay-heated beds from the standpoint of their trausient quench char-
acteristics. The analytical model is based on observations made during experi-
mental simulations of the quench process using beds of spherical particles of
uniform diamecter. .

Debris bed quench coolability maps were constructed for beds of spherical
particles of l- to 12-mm diameter, up to 1 m in height., Initial bed tempera-
tures in the range 1000 R-3000 K were considered. A bed was considered coola-
ble if the quench process was completed prior to fuel remselting in the un-
quenched vapor channels. The coolability maps so constructed were compared
with coolability considerations based on steady state, decay-~heated particle
bed analysis. The Lipinski two—-phase countercurrent hydrodynamics trsatment
for the bed heat flux wes used in the transient quench formulation (modified to
account for the tramsient liquid bed refill mechanisam) and also in the steady-
state coolability calculations.

The results demonstrate that debris bed quenching imposes an additional
constraint on establisiment of conditions for bed coolability. Evea though a
debris bed configurztion may be coolable from the point of view of steady-state
decay heat removal, the quench behavior from an initially elevated temperature
may lead to bed melting prior to quench of the debris. The question of steady-
state, decay heat removal debris cooleability is moot unless one can first dem—
onstrate that conditicns are favorable for debris quench to the coolant saturs-
tion temperature. These results point to the need for more detailed examina-
tion of debris bed initial conditions and of the physical mechanisms which lead
to bed formation.

The analysis presented here may be overly conservative in that it was pos-
tulated that particles in the dry, unquenched reglons of the superheated parti-
cle bed continue to increase in femperature despite the presence of flowing
steaz in these ragions. The questions of heat transfer from the particles to
the steam and superheating of the steam will be addressed in future work.
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HOMENCLATURE

Specific heat of debris

Fracticn of bed quenched during downward front periocd
Latent heat of vaporization of water

BDed height

Volumetrie heat generaticn rate (per unit bed volume)
Tme

Inizial bed temperature

Pazticle temperature

tlatzr saturation tesperature

Veloceity of steam exiting bed

Teloeity of liquid entering bed

Veloeity of liquid at quench front

Spesd of dowaward front

Jpeed of upward front

Axfzl positicn in debris bed

Pesicion of downward front

Position of upward fromt

Bed porosity
Stean density
Liquid density
Particle density
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-APPENDIX: FORMULATION OF 2. SIC EQUATIONS

The onzlysis presencged below focuses om the calculation of the frontal
propagation speeds sud om the particle temperatures.

¢

Iz {5 assuzmed that ghe quench fromt is propagated at a speed limited by

tho zate of liquid flow te the guench fromt, and that the thickness of the two-

2&3 frent 1o megligible. The fromt 1s assumed located at z=z*(t), as shown
o Pi3. 2. Buripg the downward front propagation perioed

ligquid gvailable liquid flow 1igquid flow to
for @ to = £111 voids in
wvoporizatien £ront guenched region

fa cmorgy balazee ceross the queach front them yields

dz?
d
(lme)fm c (Lp Toap? T ° [e £ gp - € fdvdpz] hfg . (L

A maco balanee on the liguld phase yields

du Qﬂl\lf
2 d

£pe =/ = = s (2)
a8 dz hfg

which vhen integrated from z° to B yilelds

an (ngz)
L %0 plhfge (3)

Coubining Eqs. (1) and (3), with vg = dzg/dt gives

2 — "o X
dz, ) (1 e)ozhfg‘ . Q" (B zd)] “
de (lae)ppcpaz + sp‘?’hfg 20 hfgpﬁ,g

hoee AT o Tp = TgATo

A elndlar cet of cguatlons can be writtem for the time period of the
upirard=progrescing front. During this time peried, liquid supplied from the
peol Lo wcod te wenove decay heat from the debris which is already quenched,
ineluding ehosc for ubieh z < zuo The regulting £rostal propagation equation
49 ' T

Py e o
?Q,EL ® dpﬁuﬁhf =Q g .
de (T»f‘)(l=§ Ip e BT F HI=Edo be, (3)




The cnergy equaticn for the unguenched pﬁrticles is

éT
- P 5 09
ppcpil €) 3z Q

. N
oh
i

while for the quenched particles Tp = Tgap. The effect of steam cooling
has been neglected.

The overall coolant coaservation equations are

ugofgoy + uggll-fgiog = £3v4(pp = pg). dewn-front _
= {1-£g)vy{0g = pg) up-front (7)

where uge and ugy ate the liquid and vapor velocities at the top of the
bed.

The above set of cquations can be solved once ug, and uy, are relat-
ed. This ig accouplished by essuming, as discussed shove, that the heat trans-
fer from the debris bed to water is limited By countercurrent two-phase flow
condltions near the top of the bed. The Lipinski modal supplies the additiomal
requlred relationship between ugy and ugg.

Equationg (4)-(7), together with the formmlatiecms for the bed heat remov—
2l, were solved simultanecusly using Cear's methed of integratien.
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