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reae£@r eore tseledowa ascideat sequence s tudies suggest
debr is beds iaay c a s t l e ©a the concrete floor beneath

gfeo eeceSor 'veseol . A model £or the heat t ransfer processes during
saparfeeaeed debris beds cooled by an overlying pool of

fegea presented in a p^ior paper. Tnis paper discusses the
of deeay-feeaead debr is beds froa Che standpoint of t he i r

isaeb eluaraceeiristies o I t i s shown tha t even though a de-
feed esafigasaisioa csy be eoolabie frco the point of view of

oiSoĉ y=ot£Q£® fieeay fesaE receva l , the quench behavior from an i n i t i a l -
ly olavascsl ecspas'aieiare vmj lead to bed ae l t i ng pr ior to quench of

IOTROBBCTIQN

col£el©ua ceeideae sequence s tudies i n ' l i g h t ° w a t e r reactors suggest
that eooeeo? vessel Sailuso wcssld ©esmr es aol£en core mater ia l (c'oriun) the r -
oa l l y aseaslso ete le«Qff veascl ^ 2 3 . In many iraportant sequences water would
to avai lable i a efee sagiea feaaoaefe the vessel„ As indicated schematically in
FlQo i 0 EQ1£ usttid bs Qjaesed £^os Ehe rsec tor vassal «poa f a i lu re and some de-
3ECO ©k e© îsa=%7®t©s oisjlsg tc©ald ©eettff, aecoapaoiea by rapid steata generat ion,
aa i [5@solfely ae®as e n p l s t i c s a . Sfee c^Ie wsuld he p a r t i a l l y quenched by the
useeN? (M& eaeld eveaetaslly GGESle eo the CGiicret® floor beneath the r e a c t o r '
VQOOOI ("qmneh" i s p l i e s ffedmesiea of i s b r i a teaperaeure to water sa tura t ion
igiKiipoffaeu^e) o E&elht ssaee^eaiaey s s l s s s as fio the s t a t e and configuration of the
c s l e Gg Sbia p©iiaeo Sie eoritnn tamy be ia the form of a p a r t i a l l y quenched so l -
id dobffia feed ©tr ia ete £@rm ©£ a s s l t e n pso l , Hhich i s both at tacking the con-

sud ESiiiaQgessleg feeat E© efes overlying coolant l aye r . The lack of con-
Maaee £E©SS las-gc sealc easts regarding the nature of the debr is f o l -
l^a l s@ efee coiacrete HQQZ s e ses s i t acs s coasidarat ion of the iapact

®2 &J© aeGEaEiao ©B Ete aecideafi pffsgEsosioias ( i ) the qaench of sol id debr is
fesflo fey ©votflyissig pe©ls ©f esses? aa i efeair coo l ab i l i t y , and ( i i ) the cooling
teafcas7&©t? ©2 sslEea pa©Io whieh seesek £ko e@aej?GEG nsil ase cooled by overlying'
j?G®3.o ©S calSQE'o Buis paper esuasMoEo efea q&QEeis e@allag of superheated debris
fecilo i a esaeaiLEinsae d^siag CQÊ G cole

fecatE tSGaof w? feas i c Efea past been computed, using a
snsrgy cqu»el@B £©r efeo debrlo bed, together with

defeeis bei hest rsEsval gosaalaticEio 11J. As a consequence of
dabrls eeapeteaEiBEG fe^ould foe pi?ei£e£ei to decrease nonoto-

isitse if she bed wsee eesl&fel® feooes! tapoa s t e ady -a t s t e ' debr is
<s@©s£deEaeion3 [2Jo - fepseiiseBeal ffsswlts suggest that stacdy



state hca£ recsval concepts eaa9 indeeds be used co predict the debris b*4 h*ac
renewal rate umket transient quanch conditions [3,4], The data, however, iadi-
caee eba£ the feed qeenefe is a complex, ssltl-dltaeaaional procees that cannot b#

using a sisgle-TOltsae eaergy equation aethod of analysis. Models have
developed [5,6] to characterise' the transient debris bed quench process.
reosalta [53 suggested that reaeltleg of efee debris is possible uader sa««

ci^cnootaaees9 demandant on lied parameters and initial conditions. The objec-
tive of this p&por to to discuss the e«olabllity of superheated debris beds
uadGE- eaeiitiaao of eraaoient quench ecollEg. Coolabillty limits are discussed
for &@eay~fesae<sd defeis bads.

BID QUEECH K931L fflD ITS BASIS

Figure 2 presents a conceptualized vipw of a ansparfeeated debris bed under
transient quench conditioned, Expeslisetttai data [3-5] suggest that packed beds
of superheated particles (oith no iateraal teaticg), which were cooled by water
supplied from overlying pools of water, ware quenched in a two-stage cooling
preeeos., Water initially paoetrated the beds durimg the initial downward fron-
tal progressiono TkLs process was irregular and left channels or pockets of
dry particlaco It sas eseiosted [3] that approximately 3Q-40X of the initial
stored esesgy was transferred to tha water during this tiae period. During the
initial frontal progression,, the. bad Is conceptualized coasisting of three re-
gioaso The afperasst partially qesnehed regisa (as represented In Fig. 2) con-
sists of raeced channels of particles wfelcia are quenched to the saturation tea-
parature and channels of aaqusnehed particles close to their initial teapera-
tuse. A tt7^=phase regioa follows belo^o The particles is the wetted channels
in this region are not yet quenched ee the saturation temperature, and the sur-
TQundlng fluid Is composed of steaa and water. BIG boctom-aost region is COBS-
pletely dry^ Ko liquid has. yet psaetrated to the particles In this region.
The speed of the downward=progressing cooling front Is v^. A final upvard-
progressing front, tcoving at sp^ed vu, began Its traverse subsequent to com-
pL^.tion of the downward process. Darisg this final upx?ard frontal progression,
the regaining stored energy was removed froa the particles and the bed was COTB-
pletely quenched and filled with water. The esperitaental JMasur«ements further
show that the steam flow rate wao nearly constant fer tha entire duration of
the quench process, Inclusive of both frontal progression periods (7], This is
taken to laply that the rate of heat transfer froa the bed to the water was
Halted by processes cotsson to both frontal periods. The steaa flow rate data
indicate that the bed-to-water heat transfer rate is wall-approximated using
th<? Lipinski [2] model for steady-state heat removal from debris beds. The
evidence suggests, therefore, that the rats of quenching of a superheated de-
bris bed is limited by the hydrodynamics of eountereurrent two-phase flow with-
in the bedo

The above observations ware applied to development of a codel characteriz-
ing the qsseaeh of a superheated debris bed ef unifora-aise particles and uni-
form porosity with decay heafc generation Q"«. The analytical models presented
in an earlier paper [5], considers that a decay-heated, superheated debris bed
is cooled In the two=seage quench froac propagatloa process represented schema-
tically In Figo 2o Coolant Is aossaEed to initially penetrate the bed, leaving
dry regions of particles which continue fto heat under decay heating. Upon ar-
rival of the downward front to the base of the bed9 a final upward-directed
frost propagates up the feed, removing the remaining ofiered energy. The bed
eoollag raee is modeled using the Lipiaiski £©raulati©a [21, taodified to account
for tranolent liquid storage within tho bed shich takes place during the qusnsh
process. Th'g quenels fronts are aas«s©d to propagatG at a rate limited by the
rate of liquid supply to the front. Particles la the unquenched region of the



asG aastasel £e> iacreaae in temperature due to tha internal heat source*
SSe-sa eeslicg ©f efea debris and steaa superheating are neglected.

Tfea eesplete fetraulatiesi of the tEedei includes: (i) a coolant mass con-
eqoa£iea9 (ii) a pair of oocanema equations, one for liquid and the

f©E vapor„ (lii) a quench front propagation equation and (iv) an energy
cquatioa £©£ Efae craqceaelieal particles. The reader is referred to the Appendix

dettailo ©£ tfes

CALCIMTIOHfiL RESULTS

CaleaLaelsias case parf@sa.ed for the range of conditions shown in Table 1.
3 an£ 4 0 cMeh are representative results, present tha downward- and
teeafial positions ao a fuaetioa of tiee for uniform beds of 6-mm parti-

cles,, ©£ eloptlht 0o5 asfl 1 »0 si, reopectively* It was assumed in f.hese calcula-
tiiat 402 ©f the bad cross-sectional area is quenched during the downward

fes'iodL Tfes renaiiliiig eiaergy is reacved during the upward frontal
6iaeo T E G effect of initial bed temperature is shown on each fig-

rise ©f the unqoenched debris is shown in Fig. 5 for each
iaiulal eeasjsoEatuEG eoaditioia» It is noted that since the effect of steam
GSi?o3?fecatliS!3 is E O £ eonalietsd, the teaperature rise rate is simply proportion-
al t© £Sto dceay=Sieatiag ratGo

Table 1. Bsbris Bed Characteristics

Bsteio Beaaity • 8000 kg/o3

Bab^lo Speeifie Eaat 600 J/kg K
Eei Forosity • 0.&
SysSen Preasiare 0.5 MPa

Particle Diacater 1-, 3-, 6-, 12-mm
Bsd Tcnpersture 1000 K-3Q00 K

Bed Eotgbt " to 1.0 n
Eeat Geaeration 1.5 MW/tn3

2S volmr:o bsd)
Hater

to FigOo 3 aad 4 0 the quench process begins with the progression
©£ the dotsawaffd £r@ne fsca tfes top of tha feedB and is represented as the lines

eti@ Eegaeivo sl©pao This freae reaches the bsttoa of the bed, at which
efec isp?aedHdli£'e<g£edl Srsat baglias its progressioa, refilling the bed during

Efeo preeeoOo 3 I Q queaeh preeeso is csnplate when the front reaches the top of
efea bsdo SuslEg eke empire queaeh process, the dry -onquenched channels are as-
ocrsd t© esaeiaaa K@ teat, as represented by the feeating curves of Fig. 5. If
Efeo qssEeli peosess is complete bofos'e the he& ceiting temperature is reached,
Efeen efeo bsd ia eonsiiered eoolableo la eompariEg Figs., 3 an̂ i 5, for example,
G E S obsG^^es efese heds @f 6-*EBS pa^eieles with 0o5 a height ar-e coolable at ini-
tial emjaffatiases tap to nearly 3000 K. On tine o£feer hand, a comparison of

'4 aai S suggos^s that bedo of 1-a heig!i£ are qcssnch coolable only if
ioieial tanpsEseare is relatively low, l.e.,r la the range of 1000" K«

6 presents the 6£eady~sta£e debris feed teat flux* based on Che Li-
[2] 'model as a ftanction ©£ particle aize:, „along with the rtaxlenm coola-

blo hs& height soEpated on the basis ©f the lisas flax. These results indicate,
hmszd upon stesdp-state heat removal frota iani£ora debris beds, that beds of



6-am particle* up to 1.5 m in height arc coolabl* from the staacpoiat af
heat reaoval. It ia thua dear, baaed upon the aodel assmamtioas characterisem
above, that debris beda which are coolable baaed upon steady atate, decay
reaoval calculations are not necesaarily coolable from the standpoint of ti
sient quench heat removal. Bed melting may occur prior to transition Co tfc*
decay heat reaoval aode of bed cooling.

Calculations aimilar to those described above were ueed to construct de-
bris bed quench coolability aapa for the conditions and particle diameters rep-
resented in Table 1. As diacuaaed above, a bed was judged to be coolable if
the quench process waa completed prior to fuel remeltiag in the uaqwenchad vap-
or channels. The results of these calculationa are shown in Figs. 7-10. The
range of bed initial conditions leading to a coolable final atate are presented
for each of the particle diameters considered.

The results presented in Figa. 7-10 clearly demonstrate that debria
quenching imposes an additional constraint on establishment of conditions for
bed coolability.

SUMMARY AND CONCLUSIONS

A model for the heat transfer procesaes during quench of superheated
debris beda cooled by an overlying pool of water ia uaed to discuss the coola-
bility of decay-heated beds from the standpoint of their transient 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 diameter.

Debris bed quench coolability maps were constructed for beds of spherical
particles of 1- to 12-nm diameter, up to 1 a in height. Initial bed tempera-
tures in the range 1000 K-3000 K were considered. A bed was considered coola-
ble if the quench process was completed prior to fuel remelting 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 treatment
for the bed heat flux was used in the transient quench formulation (modified to
account for the transient liquid bed refill mechanism) and also in the steady-
state coolability calculations.

The results demonstrate that debris bed quenching imposes an additional
constraint on establishment of conditions for bed coolability. Even though a
debris bed configuration 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 coolability is moot unless one can firat dem-
onstrate that conditions are favorable for debris quench to the coolant satura-
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 regions of the superheated parti-
cle bed continue to increase in temperature deapite the presence of flowing
steam in these regions. 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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Fig- 5 Particle Teaperature Results
ao Ftmetioa of Initial
TeEparafiure

P = 5 bars
Q " ' = 1.5 MW/rn3
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Fig. 6 Stesdy-Stste Coolability Map for
Beds cf Spherical Particles
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'APPENDIX: FOBSGJLATIQN OF 2.-.SIC EQUATIONS

fho caslysis pceseasad below focuses oa the calculation of the frontal
a speeds aad en the particle temperatures.

IS lo assessed Sfeat she qnseBcli front I s propagated at a speed Hal ted by
elio sa£e <s£ l iquid £l©v to the quecch f roat , and that the thickness of the two-
pfoasa fr©ae i s negligibleo The froat i s assumed located at z»z*(t) , as shown
i s Figo 2O IteFicg efee d@«i^3rd frosat propagasiom period

Mqpid available l i q w i d f low
to

front

liquid flow to
f i l l voids in
quenched region

ibalsaeG ceirosa the queaeh froat then yields

- e ( i )

4 Eiaoo oa th© liquid phase yields

I T (2)

which whea integrated frota s" to H yields

Q"' (H-aJ)
P£hfg£ (3)

(1) and (3) s gives

u, W (4)

&

to ©

la

CG£ of aqisaeioffis eaa bQ ^ittem for the time period of the
SroaSo Bmriag this time period 5 liquid supplied from the

£@ EGCS^Q decay heats froa the debris which is already quenched,
for tjihlch g < 2̂ » The resulting frontal propagation equation

- Q° a*

(5)



The eBsrgy equation for the uaqaeneked particles Is

while £©E ehs qnseaefoed particles Tp =» TgAT* ^ Q effect of steaa cooling
lias been nsgleceed.

overall coolant coaservatloa equations are

tt£o^dP£ + ugoCl-"fd)Pg " fi^d^Pfi ~ Pg)- down-front
s (laf,f)vu{ «£ ~ Pg) up-front (7)

where ugQ and UgO are the liquid and vapor velocities at the top of the
bed* '

The abov© set of equations can be solved once UgO and U£O are relat-
ed o This is accomplished by assuming„ as discussed above, that the heat trans-
fer from the debris bed to water is limited by countercurrent two-phase' flow
conditions naar the top of the bed? The Lipinski aodel supplies the additional
required relationship between ug_0 and Ug0.

(4)=(7), together with the forsmlations for tfee bed heat remov-
al, t?ere solved sisultaQeoiasly using Gear's oethed of integration.
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