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ABSTRACT

Evaluations of the conditions associated with the liquid-liquid film
boiling mixing of molten core material and water demonstrate that 1) mixing on
a4 tizme scale comparable to the explosion requires more energy than the explo-
sion itself, and 2) a mixing condition which evolves over a second or longer
generates sufficient steam in a film boiling condition to disperse any overly-
ing liquid and also separate the constituents. In addition, fragmentatiom iz
a film boiling state can drive away the water and destroy a potentially
explosive configuration. A study of the triggering mechanisz from experimen-
tal evidence suggests that LWR configurations would be triggered by contact of
the molten debris with a solid, wetted surface. Each and all of the evalua-
tions leads to the conclusion that only a limited amount of core material

could be involved in an explosive interaction and such an event would not
threaten the reactor pressure vessel.

8300170387 RRSBERe

b I A b omene

'



NOMEXCLATUVRE

“o»

cross-sectional area of the resctor vessel

coolant specific heat
specific heat of core dedris
2ixing energy

scceleration of gravity

heat trassfer coefficient
latest heat of vaporizaticm
coclant therzal cosductivity
shersal conductivity of core Jenris
total sass of core zatertal
vaper =ass flow rate

susber of particles
pressure

ecergy trassier rate
particle radius

water sudtooling

coolant tesperature

core deoris temverature
isterface temverature
sizing time

superficial vapor velocity
voluse of Jebris =ized

void fraction

—

- coolant deasity
density of core dedbris
Stephan-8cltzzann coustant
liquid-vapor surface tensics
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INTRODUCTION

The i{ssue of an explosive interactiocs between the
core debris and vater only arises vhes the core debris
has achieved a =olten sctate. For the accident se~
quances cousidersd in light vater reactors (1), such a
grossly overheated conditicn is suly achieved whes the
core has bees deprived of vater for as extended period
of time, perhaps 4s lomg a8 a3 hour or Jore. Conse~
questly, the geseral configuratics considered is cte
1o vhich the tvo zaterials are totally separated, the
solten core material remaisiag within the origical
core boundaries and the vater is the lover plenum of
the reactor vessel. Givemn this separated state and
the fisely fragmected, interdispersed cenfiguraticn
secessary for isitiating a large scale steam expiosico
(1), the two zaterials =ust provide a svstem wnizh caz
(atimstely =iz prior tc the onset of the explosive
interaction.

Establishseat of a potestially explosive svstexz
requires the ister=ixiang of the =aterials while the

sorium (used to represent Ine 3IixTure of core zate~
rials) 48 ia the aoltes state., For the order of
sagnitude calculaticos discussed i3 this jpaper, t-e
taitial tesperature of the 2oltesn saterial will e
sssumad ss 2500°K and the zelting tesperature of zhe
mizture .s assusmed to be 2200°K. As cthese saterials
attempt o intermix, both the energy required for

aizing prior to the explosiocn and the steam formacion
during the =ixiag process Tust be comsidered i3
evaluating the secessary cosditions and this tacludes
considerations of =mixizg, and Lits effect of amv
overlyisg Liguid pool. Io additics o the require=ast
of & sredispersed svstem, the jemerated vapar Iust oe
contained and firected in order fof a steas exv.iosicn
to have s significent dazage sotential, L.0. ztRe
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aveilagilis sf & semerent L.i3wid sSiug Sr overlving
liguid pocl 2ust aisc Se assesses.

MIXING

Civen the separated state reguired for overheat-
isg of the core, the iatizate =ixiag decessary for
iaitiacing an explosive event can de coasidered :o0
progress (3 tvo differenmt =anners, as i{llustrated ia
Fig. 1. The {irst vould de a rapid ister=ixiag over

STEPS "™OR INVESSEL STEAM EXPLOSION
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STEAM EXPLOSION SHOCK
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SVALL EXERCY TRANSPER,
NCIMERENCE, SMALL
ENERCY RELEASE

r_uct PARTICLE SIZE,

Filg. L Two zathods for =izing f‘rom a separated
cesdition

s ts iaterval comparable to the explosics itself,
i3 whnich case the amousnt of steam formed during the
Zixi3g process wouwld te z=igsizmal and wvould sot sub~
stastially (aflyence the coufiguration of cthe vacer
rool. However, as vill de discussed, aiziog the two
cemstiluents ia Ihis tiZe scale recuires as escrmous
azoust of esergy. The other sethed would Se a slow
sEter=izizg with the coriua (a a {il3 Seiling stace,
wRich reculres a lizited amouat of ecergy, asd is o
2;wre real.stic rerresentation of an explosive sveces.
Zovever, the steam rfoduced durisg the 2Uxicg process
tas tave a =ajer iaflyence om the HNvdrodvmasic
stapilicy of the vater 200l. These Tvo processes are
discussed telov) iirst feor rapid istisate dispersal
acd trem ‘or slov zixiag.

The energy recuired for =ixzing from & separated
StAte 0 an imtizate dispersion has bdeen evaluated by
Cho, Fausse and Crolmes (I). Tvo differest types of
sixiog srocesses are discussed (o this reference and
these are illustracted (o Fig. I, cme 18 which the
intizate dispersion L4 accomplished i(n 4 one-step
process, and another i3 which Lt is sostulated o
9gsur with the =ioizus =ixing esergy, entitled
Frogressive sizing., The =iziag esergy t' fsr the
one~ster process L8 givem by
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Esergy requiresents for the progressive zixing esergy
can be expressed by

2
3/ r vl/l)
v 4
(E) ®» 1,81 ¢,V 1~ la (2)
= progressive £ ti v.zlj ( s

1f it is postulated that the total core is instantane-
cusly released iato the lover plenum, the aixing
ecergy would be that available from a gravity drop.
Hovever, this esergy wvould ouly be available atc the
rate at wvhich =aterial wvas poured iate the lover
plesum and %ot om an (osctantanecus basis. This
pouring time would bde several seconds and perhaps
several tens of seconds. These aixiag intervals are
long compared to the aelt-drop tizes used in WASH-1400
for conditions {a which the vessel vas predicted to
fatl. More (mportantly, these tizes are much lomger
thas the charascteristic tizmes {or steaz geseratiom due
to fils doilisg alcoe acd the "botlup" of asy overly=-
ing liquid pool as & result of the steam geseration,
The caly sechasisms vhich wvould be insensitive to
large vapor f{luxes wvould be & rapid =ixing vhere only
limited steam could de formed. [a this hypothetical
configuration, the aixisg weuld bde forced into essen~
tially o lilguid-liguid comfiguratios, which 4s the
sonfiguration addressed by the authors of Raf. (1)
Te achieve such =izisg requires esorsous amounts of
esergy a8 s illustrated by the results is Table ..
Ia these calculations, the core debris vas assuzed :o
Bix o0n & very short time scale, assumed 0 be either
0.301 or 0.010 secs, which is the osrder of szagnitude
of the explosion itself. These calculaticns wvere
carried out {or oth the coe-step ;rocess and Progres~
sive =ixing. The :hers=al energy tracsferred was
evaluated assuaing :hat oaly the internal conduction
vithis the fuel particle limited the jprocess, wvhich
zaxinizes the energy transferved. o this tadbulation,
the =ixiag esergy (s compared to the approxisace
aschanical vork relesased io a typical explosive :ime
frase, taxea to Se 1 of the thermal esergy iz the
core aaterial, which (s vell above *he values cbserved
Vith both thermite =uxtures (J) asd reactor type
Taterials such as the coriud=A/vater svetez (&), As
Lilustraced, the =mchanical vork is =uch .ess that the
21!‘.3. energy required Lo iatisately iisferse °ne
Saterial vithis the other, L.e, the 2ixisg tecessary
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Tasle . Inergy feguiresents fof Fapid Liguiislidulc Mixing
“ixiag Trerz=al Cortua “echanical
Tiae Pesetration Perceat Ther=al Particle feguired Mixing Isner work froe Mixing Mechanical
Scale Segpth fzergy helease Padius Tne-5tep Progressive  Explosics Inerzv =orx
(sec) (.2) H (.a2) J 3 J Ome~-Step Progressive
“ 2 S 3

9.001 e 00 66 1.2 = 10‘J 1.0 '.0%; . ® ‘.0; 6 x 10] g x 10

10 660 7.2 = 1075 8.1 = 105, 1.2 x 10, & x 10, §7$

i 6600 7.2 x 10°* 5.3 = 10°° 1.2 = 10 6 x 10° «83
2.310 88 100 0 3w 108 %.2al Lisiy 23100 e

10 2100 2.3 x 1075 6.9 x 10, 1.2 % 10, 192 $.73

i 21000 2.3 = 10°° 4.6 2 10 1.2z 10 19.2 3.43
for razid iisrersal of =zaterial fres am initially srams=issios ars. In these experizents, explosive
serarated state vould require a Uirigger” Iuch larger vaporizaticn off tre leading surface of ite parsici.e
tzas tre explcsive isteractics itself. Therefore, .4 observed for specific conditiems. This vazeriza-
t7i8 resfesests a3 ssachievadle scate for a4 self- tion occurred as the particle pecetrated the vager

SuStaising rropasgatisg .ateraction.

1t Ls 20 e soted that these assessnents of the
energy recuired for rapid =ixiag are oot coutradice
tary to the chserved sehavier Lo the various shock
tute exverizents reported i3 the literature (3-3).

films ahead of the leading surface, but since :ihe
sphere vas sechanically drives, the sphere zotion wvas
held comstant. Ia this regise, walford estizated that
the lou). neat fluxes could achieve values approachisg
170 /3", and whem the experizent was cosducted io a

Iz faet, i2 Ref. (3) cthese expressicos for aixing darkened room, the .cadicg surface of the sphere vas
esergy were used 'O establish the particulate size clearly =uch cooler thas the trailing surface. The
resuiting fres the direct izpect of vater oo oltes  |ocal pressure geserared upon comtact cas Se estizacted
aluzizus. This dispersios asd pesetracion allow cue By the saturatios pressure correspondiag o the
1c talculate s0th the jeax Pressure and the pressure iaterface comtact tesperature givem by
trassiest resultisg from the ispact 8 & higaly
seniized jeomecry. As illustrated in Ref. (3), these yryrey

secisticns are Lt §ood agreezsnt vwith the exrveriaesc- g - ‘ '.a_f_l
.u results of Ref. (3).

ibwever, the resctor systes calculations dis- | T( * PP 3

sussed above overlook one very essestial physical ..L.L.l
‘eature of am later=ixing process (o vhich zaterials "r"r‘y

at greatly 4ifferemt tesperatures are assumed o b
raziély iaterdispersed withis each other; the hest
iransier is assuded to 20t izpede the =izizg process.
e .=lizatices of sueh localized esergy :iracsfer
are iiscussed L3 the next sectlom.

For the high tesperature zelts coasidered for degraded
core conditions, the resultinsg interface tezverature
snd pressure vould de supercritical. As a result of
these experizents and cthers relating o rapis sucle~
ste doilisg, it is evigeat that a not particie actespt~
iog to rapidly pesetrate through a cold sedia would
schieve & self-lisiting conditiocn, i.e. LI rapid
relative velocity is laitiated, the jressure at tne
(nterface upom coBLAct ACtS to siow dowm the jarticle
and perhaps even reverse iis Sovezent. Trerefore,
rapid energy exchacge itself, wnich is veciorad
opposite to the pemetratios, would limit the rate of

) s 441

AS 4 material at very high tesperature is forced
L8t vater at high speeds (rapid lstisate =ixiag),
tne esergy trassier occurs first om that face of the
sarticle weich isttially costacts the vater. This
taitial emergy tracsier is extremely hign, and iz the
sor=al case, srosotes the rapid formation of a stable

vaper fils. igwever, 10 achieve the essentially senetration of the two zedia. This particular aspect
l.-(.l‘ se state to preveat the pool {row dispers~ of the intersixisg ;rocess "as Sees neglected v Ine
this stable vapor filc sust be suppressed By various sodels srogosed Lo the literature o wnlin &
eitter sigh local sressure or 4 limited latersctios coarse Latersispersion is assuzed o Tre-exist amc
1f this Ls suporessed, thes the surface will further fragmestation and intermixing is 70t oIposed
exteriesce rapid, suscooled suclesate to0ilisg, amd the by amy forces resulting fros eneryy transier cetween
heat flux resuitizg fres sueh 4 state wvould e the hot #nd zold Liguids, THis sTitilis® LS Carticus
esorsous. The esergy trassferred o the coclast is larly velid for the stess expiosion forsulation i
stored L8 the liguid as an iscresse i3 the semsible WASH=1400, sisce bHoth intimate dispersicn amd fine
neat, However, the tesperature rise at the interface scale fragmestation were assused o exist, and were

is &lso accompanied 5y a corresponding rise in the
saturation pressure, wnich s alse the pressure
acting on the surface of the zarticle as it attespts

schieved alsost ilastantasecusly.
Since rapid inter=ixing Irom a4 secarated state
does not present a4 system which i3 self-sustaining,

to move through the vater. This local pressurization the slowly developing “ 1 setc 2t =ole L8 =are
is directed to iSpede the a3izing process dy siowing phvyeically resscnapie. The overall craracteristics
down the not fragments. This type of thermal trassi- sttendant o such a4 process are Ziscussed Ln the "ext
ent tenavior was scserved by beth walferd (10) and section,

Stevens and White (11) i@ their comvective fiis

5011183 esperisents .8 vhich hot spheres vere rapidly Paol ' et fa tien

drives througn suocooled water 3y 4 Jotor drives A8 Gvernested cOTE Gesris Sigrates 5 Ne lower



slesus 3ad the =ixing rTogresses, e ot Jse cold
licuids would e iz liguid-liguid filz doilizg.
§ioce cthe nfet liguid ctesperature (T.) would be

approxizatelv 1500°K or above, and the energy trass~
fer sould Se via racdiaciom amé to & lesser exteat
copvection {res the hot particles to the vater. This
esergy transfer (g) cam be exgressed as

§ ® oty i:\?;-T') *n(Tg = TPl ()

“re resultizg esergy :rassier is calculated By the
sredust of 1mis teat {lux anc Ine tusder of particles
iavelved., The article suzser (N) cas be deter=iced
fros the total =ass (=) iovelves ia the ioteraction

1
N e "‘";"r";: (S)

Fer low sressufe acciient seguesces where exvlosive
.=ieraciicons ate more srctasle, the ther=al emergy ia
t*e selow core struciure asd the reactor vessel, as
vell as the raciast esergy f{rom the degraded core,
will emsure that :the vater is the lover plesum is
essentially saturated. Consequently, aay boiling
surisg the =ixisg phase will result ia et steasm
‘ormaties. ThHis is comsideradly differemt fros sany
of tre Larger scale expericests which have Dbeen
serforzed with sudcooled vater (3,32). The upward
sovemeat of the steam will cause an overlyiag liguid
szl s “seilup’ ustil the average void fractics is
suffiziently Large to allev the steam 0 e trans-
sitted thTough the pool at & race equal to TITR
seseratica. For the - 1 sec tize scale of laterest
<efe, the steas procduction rate (!v) is gives vy’

8, " ‘-c:ﬁ“ (6)

isce the =ass f{lov rate is & product of the vapose
tessity, ine area of the vessel, asd the superficial

steas velocity (this reflects the stability of tde

sverloiag zoel), this lacter terms cas be evaluated

fres ' e expressicn

- s 1 9® o - - ® 5
i e el * ‘;(‘? ?,; n
'("»:’r'r"‘u

1 tmis superficial vapor velccity is tabulated for
VArious Jarticlie sizes and svstems jressuras, the
fesuLts a4re 48 shove it Tadles D ang ] for pressures

“Tor :.ze scales less thas | sec, Ig. (5) zay over-
estizate the amouat of steas productios. father lo-
1al sressurization apd separatiocs of the develeopisg
SiRL38 tO%e Ay SCour as will be discussed later.

Tasle 2
Pressure = 0,1 “Pa,

Pool Setlup

af 2.1 ame 1.0 “Fa respectively, nese tables lis:
the particle size, the nsusber of particles, azs
superficial steam velocity. To allow zhis "slippage”,
the overlyisg sool =ust "botlup” to a gives 0.8
fraction, asé the relaticnship between the superficial
velocity asd the void fracticn can De estizated ¥

()

g ® 'L—:.._:_ 8
vers o F ,._;] 8

*his relatiseship is sc=ewhat suspect for void frac-
ioas grester thas ~ 0.6 but {t desccstirates the =ajcv
tafluence of steaz generatiocn and its effect on the
overlyinsg liguid. The resultast pool void fractices
are listed i3 Tables I and ] acd these shov that a

very =odest fragsestatios level reguires extensive
soilup of an overlyizsg pool. Ia fact such void
fracticns would bSe ctypical of a vaper comtizuous

two-phase =ixture as opposed to a liguid-like slug.
ta edditiom, this "dotlup” would recuire adbout 1 sec
or less. 1a facz, for the superficial velocities
characteristic of the amoust of =acerial and particle
sizes discussed in WASE-1400, the core debris itself
wvould be levitated and removed from the pool.

T™his effect of steam flow om the hydrodymamic
stability of the wvater can be vieved i3 & siailar
sanser b5y considerisg the premise cthat «mlr muasl
remacn «n close pAonmLy & the el malinal for an
crploson L0 be suliated, i.e. s fila bSoiling com=
figuration lika that represented ia Fig. J. Ia & fils
boiling state, the esergy trassfier from the core
debris to the wvater wvould be gives by Eq. (4). As the
fragoents bSeccme szaller, the energy trassferred o
the coolast Iiacreases. However, this camanct be
tacreased without bound; 4t some esergy tracsfer
level, the steam generated io fils beiling wvill
geserate sufficient upvard forces o interfere vith
the ligquid stability, i.e. the upvard flowing stes=
vill levitate the vater and prevest further iatizate
aixing. Such & hydrodymamic lisitaticn cam be ap-
proxazated by & critical heat flux (q/A ) e .‘)
sechaniss as proposed by Kutateladze (1&) u‘ avdl a2

Ref. (39

o bﬁn,
s 0.14 h“V." yae (e, = 2 (9

Q/Av) s

CHF , sat
T™is is alse iz excellent sgreezest vith the asalyti-
cal forsulatics develoved by Iuber (18). Equatios (§)
represents saturated liguid beravior, and if the bulk
Liguld comdizions are subzooled, as they vere i(n the
experizents discussed ia Refs. (17) aod (18), the
subcooled cricical hest flux g/A ) can e
deternised by the correlatios propossd 'B¥° lvey asd
worris (13) amd gives ia Raf. (13).

lug Dispersal)

Sore Cedris - 107 g

Superficial Pressure
Particle fteam Tesperature Rise Races
fadive Nusber of Veloecity Pool Void fise Rate MPa/sec
(. Particlies s/ sec Fraction ' aee win “ax
i ). 5.3 2.99 1.6 3.507 “. b
0.1 o0 b3 2:99 ié 3+87 ..
2.83 3,680,000 530 0.%9 e “el
2.00% 27,300,000 e 3.99 3139 9 |
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Tacie ] Pool Boilup (Slug Jispersal)
Pressure = 1.0 Pa, Core Debris - 107 kg

Superficial Pressure

Particle Steam Tezperature Rise Rates
Radius Nuzber of Velocity Pool Veoid 2ise Race VPa/sec

(=) Fartizles =/sec Fractiom *Clsec Mia vax

i Joe .73 0.73 .6 0.06 6%

Q.3 3,00 7.3 0.97 16 s I 62

8.81 3,420,330 bd 4 0.39 184 «.0 640

9.808 7,380,000 710 0.99 329 8.0 13260

N T F T

1_/ CONTAINER (VESSEL) -
: wATER
PARTICLES

€
O

Fi3. ) Frag=estation i3 a fils doilisg mde

' )

L/

(10)

THis exsressics represests the SAXiZus rate that
energy zam e resoved [res the hot zaterial without
issecisg the recurs of water. If this is multiplled
Vith tme contalner (vessel) crose-sectional ares, the
result approzizates the AZLIUS esergy Temoval rate,
asd this :a8 je cospared to the sum of the esergy
resoved from the isdivicual carticles

'I‘v}:!l.luo L Wyt

J . -

waiee | 2(?° o 1. a

irty Ty f') *hn, Ty T‘) (i)

Equation (11) cam be rearranged to provide a predic-
tion of the sinisus [ragmentation size (radius) which
would 20t levitate the vater.

. tage® 99 =
L'y lfif"?r t!; - n‘}?’ ?,)1
3

! 23

e (43}
AR~ ' T

Particle sizes smaller thas precicted by Eg. 12)
wvould expell the water, therepy cterzinating the
configuration showa iz Fig. I anc destroving the
sotestially explosive state.

Civen the predictiem of Eg. (i1I), a sey juesticn
is vhether aay such behavior has been shserved experi-
seatally. Iz the extensive alusizsum-vater Cests
carried out by Long and co-wvorkers (17) asd susmarized
to Ref. (18), two sarticular testing sequences vere
serforaad vhich relate directly to this shesozencs.
la the first test series, which is listed iz Table «,

Table & Data of Lomg, et.al.
Effect of water Temperature’

Number water water
of Tezperature Cepth

Tests b <3 fesuls
1 0 s Explosion
2 3 13 Explesion
1 13 is Explosion
8 0 13 Explosion
b 20 -3 Explosion
4 <0 i3 Explosion
2 50 15 Explosieon
1 50 28 “Explosice
b ) (1 is No Explesien
2 73 3. No Explestios
3 %0 13 %e Explesion
) 30 18 %e Explesien
) 10 3 Ne Ixplesien
i 100 o3 %e Expicsion

soltes alumisum, et 750°C, was coured 1ot water at
different tesperatures., The extensive Iest Tesulls
consistently desomstrated axplosive senavisr [of sater
tesperatures 3f S0°C or less Syt no axmlosive aterace
t1088 vere sbserved {or water tesseratures of 83°C eor
nigher. For the second test series, su=arizes it
Table V, moltes alumicus vas poured into water IAFOuURn
different size cpenimgs ia zhe bottos of the srucidle,
“hes the diasater of the ocpesing vas 8. 2 or less,
a0 explosiocns occurred, bBut explosive lateractions
vare obse ved vhen the diaseter vas .0 o= or .arger,

™e .8itial zelt fragment size can be related fo
the cruciblie opening diaseter. Since Inhe otening jeo-

“rAea

aolten alusinug at "30°C, soured from & Nelj
5.7 em theough a crucible opening of 3.0 2 in dia-
Seter Lato scuare steel comtainers with A Llnesr di-
sension of J0.: 3 on & side.

:
“All of these tests vere conducted with l..0 «§ @

"

!
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Crucibdle Aosiaus water

Cpeaing vass Tesp. Cepth
cs «g i = Result Predictios
1.9 1.6 750 10.2 No Explosion No Explesicm
3.3 p 0% 750 12.7 No Explosicn No Explosion
8.) .0 750 10.2 Ne Explosion txplosion
7.0 .0 750 10.2 Explosicn Explosicn
8.3 =My 750 10.2 Explesion Explosiecn
10.¢ A~ § 750 5.4 Explosion Explosion

setry iz Ref, (17) essestially had a sharp estrasce, 48 that region wnere the subcooled CHF lizitaticn

the aoltes aluzizus ‘et area would be adbout 803 of exceeds the fila bdeoilisg heat ctransfer rate. As

the opesisg area, or a jet diamecer of 781 of the showa, the divisicn between explosive and zoo-explo-

opening diaseter. [ this is assumed to represest
the origisal ‘ragmest size, :he hvdrodvuamic stabili~
tv CAS e evaluated tased ugom this iaitial =aterial
d.sension, L.e¢. is isitial selt size sufficient to
levitate :the vater vithout further (fragaestation.
For the evaluatics, a c¢oovective, fila boiliag heat
transfer coefficient of 0.) ww/@"'C wvas used which
represents that seasured for vater ia {ila bdeilisg om
a flat aluzisus plate (2D).

For the first test series wvith variable wvater
suscoolizg and fixed cpening diamecer, the asalytical
ceter=ination s ose of the secessary vater sudbcool-
12§ to accept the fils Soiliag esergy transfer at the
.2itsal =aterial size. This s illustrated in Fige ¢

EPLOSIVE l NON-EXPLOSIVE
$000 - l
| -
000 b I
ALUMINUN
l TP, « 750°C
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3“1 of trese tests vere conducted vith solten slumi-
Sul at '10°C, poured from & teight of 45.7 ¢3 late
SGuAte steel zontainers with 4 Linear disecsion of

JO.5 28 98 4 side. THhe veter tesperature vas A~
sumed to be IC°C for all tests.

sive conditicas is slightly above a vater tesperature
of 60°C which (s i{a excellent agreezest with the
experisestal cbservations listed ia Table &.

la the second test sequesce water asnd alumisus
temperatures vere coostaot and the crucible cpening
vas varied. The results are given in Table 5 along
vith the predictiens of Eq. (11), and as showan in the
table, there is good agreezent detveen the predicted
and cbserved >ehavior.

Reference (]) reports experizeats iz which a
thermite gecerated =ixture of {rom and alusinus oxide
at about J000'K vas poured inco a vater filled vessel.
While the tesperature is =uch greater ia this case,
the pour diaseters vere geserally quite large (gener-
ally rangiog frems 5.1 o= to 20.J] e¢m), but the major
difference vas the large czpss-sectional area of the
ioteraction vessel (~ Q.54 37)., With this large area,
& hydrodynamic limitationm would require & zuch larger
esergy traasfer ian cthe fila bdoiling. Cousider a
typical case ia wvhich 13.6 kg of amelt at JOOO°K is
poured through & 50.3 =m opening isto vater at 20°C,
The vena contracta could produce a jet diameter of &0
sm, and if cthe total =elt gquantity Ls assuzed the
corresponding emergy trassfer is films bdeilisg would de
alacet 1500 ew. Dividizsg by the vessel cross-gectiion~
al ares gives & heat flux of about 2150 xw/a", which
as illustrated io Fig., & is vell belowv the subcooled
CHF limitation for vater at 20°C, {.e. the systea
could continue t0 aix and pesetrate. This coafigura-
tion would bde predicted o de an explosive syscem, and
it wvas observed o explode repeatedly. Therefeore,
this  Thydrodvoamic stability consideration (s 1is
Agreement vith the reported experizental observaticnas
‘o Ref. ().

{a asother test reported ia Ref.
experisanters poured
vire grid to »Sressup
reacned the water.

(32),
the =olten alumisus
the =olten streasm
T™e grid ves constructed fros
steel dars and had a checserdoard jatierz wvith the
square opeciangs deing 1.5 c¢cm: o8 a side., These test
results, which sre su=marized ia Table 5, demcnstcrate
that the presesce of a grid to Sreakup the =aterial
elizminated expicsive interactions (o & systes which
vas othervise cosarved :o explode consistently. As
fliustrated (o Table 5, & particle size of 2.5 c¢=
vould be predicted to e & non-explosive systes, i.e.
io agreemant with the observed Hehavior vwith the steel
grid.

the
through @
before 4t

Experinents are alsc discuseed in Ref, (L7 ia
vhich the fall height vas varied from 3.7 23 to ICS
¢8. Tapested tests at the zaxisus fall “eilgnht sroved
90 exvioeive isteractions regardless of the crucidie
spesing or the surface :ondition of 2he

vessed, This
was related to the sresxup of the streas ‘it appears
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£ffect of an lzom urid

Suzser Mass of sater
af Ala=iaus cepth
Tescs 8 ca Result

7.5 No Explosion
10.8 No Zxplosion
5.1 Ne IZxplosioa
O.¢ No Ixplosios
3.3 No Zxplosios
5. So Ixplosion

L O T e

prosable cthat cthis Nigr drop Dbdroke up the amstal
streaz Sefore it ectered the water”'.

These exteasive experidectal results tave a
IoEmDe Li%s; ihe dispersies of hot s=aterial cas
srevest explosive iateractions. The effect of such a
disrersion cam e guantified {2 ter=s of the hydrody-
sazic statility of the vater, {.e. the vater =ust de
acle to re=aim i3 the vessel (2 the presemce of the
fiiz roilisg nhest transfer durisg the lacer=ixiag
srocess. The evaluation leadizg to Eq. (12) averages
the steas for=atics and f{lov over the entire cross-
secticnal ares and does a0t account for localized
tenaViors. As such, it (s =eant 0 provide am order
of zagmituce assessaent of the {ragmeataticn i3 a
siowly levelopizg svetesm. Hovever, it (s alsa_in
§90¢ cuastitatively agreessnt vith the experisastal
results wrere defilaitive variations ({2 sey paraseters
were rericrsad.

The Dost strikisg cosparisos is obtaised vhen
£3. (13) 1s applied to & degraded core sctate Lo
reactor svstes. For ezasople, cousider 50,000 kg of
core debris at 2500°K ac a pressure of 7 MPa vithes
vessel crossesectional ares of 15 2° and saturated
sater. The zisizus fragzentation size wvhich wouwld
diiév vater to remain o close proxially with the
2wltes aterial vould “ave a particle diaseter of 1.5
2. A rredizticm of such large {ragments wvith this
srcer of zaguitude formulacics essescially demoo-
strates that {ige scale fragzectation could sot be
jenerated with such & iarge amount of =acterial. Ia
faet, Lf fragzentaticn to a f{iner scale cccurs, the
sater would e drivesm off allowing the soltes glob-
Jies 10 coalesce into large rarticles. This develop~
sent i.lustr $ that the caly cesdition which would
diiov emetratics of the 3eit ioto the wvater and
escalaticon o exziosive cosditions would ilsvelve a
‘ert Lisited amownt of zaterial over a large surface
itea. A steas wexzlosicn resultisg fros such
SYSLEE  wOuld 200 threaten the reactor pressure
vessel, and would separate the "ot and z0ld saterials
theredy Laisizisg asy further Lsteractica.

Joe  acditicmal acte o8  the alumisuseveter
exverisents 1o fefs. T17) ame (1§), the iensity

“All of these tests vere conducted vith soltes alumi-
sul a4t T50°C, poured through a4 crucible opening dia-
aster of 3.) ¢ from & height of 5,7 cm, iste
fquare sceel contaiocers with a ligsear dlzension of
0.5 ¢ on & side. The vater tempersture ls assumad
te e J0°C for all tests.

}‘.'.\0 small scale erperizants reported iz faf. () fie
this 2icture vhere the volume racio of vater to fuesl
b8 % 1000, Thie retio wvould be nore iige | or I for
the resctor case,

differssce Setween water and alusinus L. sparatisely
saall. Thus, one could alsc envxsxon the steam
formacion displacing the =olten aluminus from :he
container as well as the wvater. This would reguire a
knowledge of the net steac formation. Such detalled
inforzaction is izbedded im, but not explicitly stated
by the subcooled CHF correlaticn of lvey and Merris.
Howvever, since the densities of wvater and alusinus are
aot greatly differeat and the stabilicy varies :o the
one-fourth power of ligquid density and surface :en-
sion, the differences btetween the steaz velccis:es
tequired to levitate water and aluzinus snould not te
large.

{s additicn to the steam generation, Lf I:
parcticulation is assumed, the pressurization resulti
froms the fila bSoiliag hest c:ranmsfer would tend
separate the two =aterials. This (s discussed in !
sext sectionm.
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Pregsurization Curin

if vapor 'siifpage is assused sot o sccur, et
the pool =ust pressurize as a result of cthe filsz
toilisg veporizatiocm. An underestizate of the pres-
surizacicn rate cas be calculated by assumiang all cthe
esergy :ransferred is uaiform=ly dispersed in the vater
and the pressure is the correspondizg saturatices
value. The tesperature rise rate of the liguid
resulting from the fila boiling esergy ctracsfer is
listed in Tables 2 and ) along with the correspondiag
rise in the sacturaticn pressure of the wvater as a
function of the particle size. These calculaticas
vere carried cut for as egqual volume =ixture of core
debris and vater and the salient conclusion (s that
fine perticulate would rapidly geserate significasnt
pressures to quickly separate the svstes if the vaszor
is 5ot alloved to escape. As zeatiocned, a lower bowu=d
on the pressurization rate is given by assusing all
the esergy transferved uniformly increases the semsi~
ble heat of the water. This greatly underestizates
the pressurizacion rate since it assuzes :he condessa-
tion esergy flux cam bde comvected throughout the
eatire vater volume. Aa upper dound om such a rate,
and cne that Ls 2ore closelv related to the actual
case, can bSe calculated by assusing the set vaporiza-
tion rate equals the emergy :ransferred and the vagor
volume remaiss constant, which (s & rate gives by

" :
s = 13 *h(Ty =1

i sty - 1T,
1 4 r’;ra‘nu

e’
2

L&
-~

These rates vere calculated for a 102 void fracticn
and are aleo given ia Tables I and 1. The differences
between the =Uaisul and SAXISUS sressurizatics rates
are large and are ocoly seamt as general :m.r..u for zre
assumed Henavior, Howevear, the :omnciusion or Soth
tases L8 that oressurization of the =ixture iue

fils Soiling slone would disperse :he coostituents a
stop the aixiag Lf the vaper were not aLloved
“slip” through the pool.

Therefore, Lo & slowly develeping dissersion
(time scale of | sec or longer) the vapor threughsut
would Se substancial and preclude zhe formaticn of a
contincuous overlvimg Ligquid siug. 1§ the vaper is
assumad to e retalaed in the pool, (tize scales less
than | eec), the resultiag pressurization
disperse the peol, thereby cter=inating :the energy
cransfer. Without the formaticn of a z2ontinuous $..§,
the only pressures i=posed on the vessel, stould a
SLeAl explosion ocgur with & Lisited asecunt 2f zates
rial, wvould %e hat 4due 20 the exslosisn
experinents have showm to be fevw “Wa v
could cosceivably de as sigh as L0 Pa.
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;relsurl .evels 2o =St sareasen the ;3:(5?::# S
vessel, .et alcne the somtains=ent structure.

TRICGIER

As discussed i3 Fef. (Z1) the seed for as
external, as opposed 0 self-triggericg systecs,
appears to e correlacted with the high tesperature
conditions for the not zaterial. la parcicular, f
:»e isterface tesperature upos comtact greacly
exceeds the thermodimasic critical tesperature of the
csld4 =ater:al, as exterzal trigger agpears to Dde
reguires (0O sitiate ac exciosive iateraction. T™his
tvpe of tenavisr was shserved iz the large scale
alusizuse~vater eryerizests conducted by Long (17), as
vell as those cosducted v Hess asd Srozdvke (22) .
ls these exserizests, which used a gravity pour of
soltes aluzisus i3to 4 vessel costaiziag subcooled
+ater, large scale steas explosions vere iniciaced
v e the Zei: contacted ihe dottes of the contalzer.
=.:5 w<as cl.earl ceszzastrated by usiag soth paiated
s3¢ wacaiaced comtaizers, the uspaiaced containers
resulting i3 explosive isteractions and the paiated
contaigers producisg o sueh explosive events. The
exserisents carried out vith iroo oxide, Ref. (1),
show 4 semsitivity to the coatisg os the vall of the
vessel; those coated with lye showed 150 explosicns
aod those vith am uscoated vessel vall desouscrated
exzlosive isteractions. la these experisents with
oltes alusmisus sad iros oxide, the iocterface tempera~
t.re Jpom contact detvees the selt asd vater is far
% excess of a thersedymasic eritical poiat of waser
s«l®%). Based upon the criteria descnstrated ilao
‘ef. (23), these experizants should require am
estersal irigger is order to igsitiate an explosive
evest. The external trigger is apparently geserated
vaes the moltes =aterial costacts the wvetted wvall,
e»e zature of this triggerisg evest Ddelag demon-
strated only erperizescally to dace. Considering 38
swersal properties of the =ixture of degraded core
saterials asd their elevated salting reoinc, the
isterface tesperature .pes cootact decveen the corium
3ms the water 48 supercritical st aay time that the
seria® L8 i3 & mOLl state. As a result, the
excer.seats performed to dJate vould iodicacte that
such & svetes would require the preseace of a
exterzal trigger DSefore an explosive Llateraction
eould se isitiated. This is i3 agreesent vith the
exserizantal osservations of Nelsos and Juxton (2))
vits Limited suantities of corius siztures and
fuzton, et.al. (a) with larger quastities of corium
siNtules.

eitn the separated state of the woites daprie
ass sater, the rourisg of soltes core dedris Late the
lover slesus would previde a8 estessive zusder of
vetted surfaces which couid de the trigger for an
exslosive .steractios hetween the zoltes core iesris
asd water i3 the Locale. For the siffarent tvpes of
reactatr svetems comsidered L3 segeicog salety analy=~
ses, L.ea, SeRs and PeRg, the lowvar jiecus region i#
filled with structure which could proviae the surface
for Lsitiating the lateraction, ia this regard, the
resctor systesms vould tend to prommte early laterae~
tions 48 cospared to those experiaencs Larried out by
Long, and Hess and Srondvee; the earliar iatersctions
dispersing the saterial losg sefore & sajor asount of
core material secomas lavolved. la additicn, the
rate a4t which the saterisl could bde poured late the
lower slesus regios 14 on the order of ¢ Leant
several seconds, dut the costact vith vetted surface
eres vould be of the arder of o fev tesths of sec~
onde. Cosseauently, Lf a8 explosicn wvere 9 sccur,
1t vould de Laiciated Loog defore 4 3ajor feaction of

r~e =aterial woulid ave & tance o0 2e szansocrsesd
iato the lover plenus region. The intsiatiom of such
an explosive event, would saly act to separate the
=aterials asd lizit the energy sransfer instead cof
promoting further extessive energy exchange.

CONCLUSIONS

Cossiderations of the liguid-liguid sixiog from &
separated sctate for both rapid aed slowly developing
copditions reveal:

de sixing ©on the tize scale of the explosics
requires =ore energy thas ther=al emergy of the
el

3 a slovly =ixizg systes would quickly geserate &
steaming rate sufficieat to disperse an overlyitg
l1iquid slug.

3 fragsestaticn of the not liguid iz a slowly
developizg systes cas drive off the wacter acd
destroy a peotentially explosive configuration.
The quantitative explanacion developed is 1o
agreement with the experizental results. whes
the asalysis is applied to a reactor systes, the
ainimus particle size is so large that the systes
vould essestially sot fragmesnt.

“. (f the =olten corium is assused O enter the
vater in & fragsested state, the pressurizacion
due to fils boiling alome would drive the twvo
liguids apart.

fvaluation of the reactor =aterials stromgly
suggests that an external trigger vould de required to
imitiate a steam explosion., However, the available
observations shov that a solid, vetted surface could
provide such a trigger. Gives the extensive wvected
surface in the lover plesums (n all LWR designs, if as
explosion vers o De ipitiated, it wvould occur well
before substancial smaterial would have entered cthe
plecum.

Consequently, several different considerations of
the aixisg and triggeriag proce s iovelved is such
events, demounstrace that ‘a~vessel steam explosion
could isvolve only a liaited amount of czore material.
la sddition, & contisuous overlying slug could sot be
formed in the presesce of significast fracticns of
core smaterial dispersed in the vater. As a result,
steam explosicas would sct be & threat o either the
reactor pressure vessel or the containzest suilding.
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