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ABSTRACT -

.

Evaluations of the conditions associated with the liquid-liquid fi1=
boiling mixing of molten core material and water demonstrate that 1) mixing.on

~

a time scale comparable.co the explosion requires more energy than the explo- r

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, fragmentation in

'

a film boiling state can drive away the water and destroy a potentially
. explosive configuration. A study of the triggering nachanism from experimen-
tal evidence suggests that L'all configurations would be triggered by contact of

| the molten debris with- a solid, wetted surface. Each and all of the evalua-
i. clans. 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.
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SCME5C* A ltZ
a - coolant density

g

3 - density of core debris

A,- cross-sectional area of the reactor vessel 7
8 * Stephan-Boltzmann constant'"'-- *

f - coolant specific heatc 8 * liquid-vapor surface tension
c - specific heat of core debris g

f
1hTECCUCTION

E, izi=g energ7

g - acceleration of gravity The issue of an explosive interaction between the
h - heat transfer coefficient core debris and water only arises when the core debris

has achieved a molten state. For the accident se-
h.,g - latent hast of vaporization quences considered in 11the water reactors (1), such a

grossly overheated condition is only achieved when the
g - coolant ther=al conductivit7 core has been deprived of water for an extended perioda

-
Y - ther a1 conductivity of core deoris of time, perhaps se long as an hour or more. Conse-

- total mass of core =aterial quantly, the general configuration considered is one
in wttien the two materials are totally separated, the-

6 - Yapor mass flow rate molten core asterial remaining within the original
core boundaries and the water in the lower plantas ofv

5 - eumber of particles the reactor vessel. Given this separated state and
P - pressure the finely fragmented, interdispersed configuratics
q - ecergy transfer rate necessary for initiating a large scale steam explosien

(M. the two =aterials =ust provide a system wnich can
p - particle radius intir.stely =1 prior to the onset of the explosiver

interaction.;!,,, - water suecooling Establish =ent of a potentially explosive systes
Tg - coolant te=serature requires the inter:1xing of the sacerials while the
T - tore d*8r18 te:Serature

cortun (used to represent the sizture of core = ate-
T rials) is in the molten state. For the o rder of
T - interface tec;erature magnitude calculations discussed in this paper, tne
i initial temperature of the molten =aterial vill tee,- =tsing time sesumed as 1500*K and the telting to:perature of the
U - superficial vapor velocity misture is assumed to be 2300'K. As these materials
'.' - volume of debris 11. zed attempt to inter:12, both the energy required for

sizing prior to the explosion and the steam formation
s - void fraction during the timing process =ust be considered in

evaluating the necessary conditions and this includes
considerations of mixing, and its effect of a=v

overlying liquid pool. In addition to the require =a=t
of a predispersed systes, the generated vapor must be
contained and directed in order f or a stea= explest:n
to have a significant da age potential, i.e. tne

.
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FutL CD01Auf 99fAIUP uCVEMENT WlIING
UNuGED OF FUEL OF PARTICLES CCWPLETECiven the separated state required for overheat- 1

ing of the core, the inti=ata =1, zing necessary for (4) One-step mixing iinitiating an explosive event can be considered to *4-progress in two dif ferent sanners, as illustrated in QFig. 1. The first would be a rapid inter:1xing over
.- -
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|s:T:A:.:.y strARAfts sysTIM |
(b) Progressive mixing

|

|cesTACT 6 :x tutx 0x 4 CtesAL SCALE | rig. 2 Configurations assumed for rapid mixing
.

-

|ur:: :n te:x:sC | |stowIxtrutxtNC| (E ),,,_,t , *$:I#$v (1) -

nF

MIXING IN Ft!)t 30t!.!NG. Energy requirements for the progressive mixing energy -

NO VAPot MRS TICM SUT $"ALL DERCY REQUIRE * can be espressed by -

|N$rry!C: TNT DOCT MENTS FOR MIX!NC. $US- .
reR M!x1xC STANTIAL VAPOR FORMA. 2

*!OM #
P +=

(E ) progressive = 1.31 o V In (2)-
a f 2 2/3 r

.
g

I g 9 p
a

F1tACMENTATION TO SMALL
If it is postulated that the total core la instantane-PARTICLE SIZE 5 CAUSES ---
ously released into the lower plenus, the mixing

.uRct PARTICLE 5111.
D!$F DSAL OF THE WATTEPALL DDCY *RANSTD. energy would be that available from a gravity drop.M No m'T M S|NCSIRDCI. SMALL gyg,[.YINGL!0CIDSLUC. However, this energy would only be available at the

ESERCY RELIA 51 rate at which asterial was poured into the lowerSTEAM Expt 4$10M SHOCK
WAW IS MAXIMUM THREAT please and not on an instantaneous basis. This
TO TME Vt55Et, pouring time would be several seconds and perhaps

several tens of seconds. These sizing intervals are
long compared to the melt-drop times used in VASH-1400
for conditions in which the vessel was predicted to

Tig. 1 Two =athods for .Laing from a separated fail. More importantly, these times are such 1 cager
condition than the characteristic times for steam generation due

to film boiling alone and the "boilup" of any overly-
a tima interval comparable to the emplosion itself, ing liquid pool as a result of the steam generation.
In which case the amount of stsaa formed during the The only mechanism which would be insensitive to
sizing process would be tinimal and would not sub- large vapor fluses would be a rapid mixing where only
stantially influence the configuration of the water limited steam could be formed. In this hypothetical
pool. However, as will be discussed, aizing the two configuration, the nizing would be forced into essen-
ccastatuents in this ti=e scale requires an encruous tially a liquid-liquid configuration, which is the
amount of energy, ne other nethod would be a slow configuration addressed by the authors of Raf. (1).
inter:1xing with the corium in a fila boiling state. To achieve such sizing requires enor:ous amounts of
wr.tsa retuires a limited amount of energy. and la a energy as is illustrated by the results in Table 1.
nore realistic representation of an erplosive systas. In these calculations, the core debris was assumed to
ifosever, the steam produced during the sizing process aim on a very short time scale, assumed to be either
can have a major influence on the hydredvsamic 0.001 on 0 010 secs, which is the order of =asuttude
staatlity of the water pool. *hese two processes are of the explosion itself. These calculations were
discussed below; first for rapid inti= ate dispersal carried out for both the ene-step process and progresa
and then for sicw tizing. elve =1xing. The ther=al energy transferred was

evaluated assuming that only the internal conduction
Ostd '.!cuid-Lieuti !stt_ ate winter within the fuel particle 11=ited the process, which

The energy required for =1 sing from a separated asalaises the energy transferred. In this tabulation.
state to as intimate dispersion has been evaluated by the tizing energy is compared to the approx 1= ate
Cho. Fausse and Croines (1). Two dif f arest types of mechanical work released in a typical explosive time
aiming processes are discussed in this reference and frame, taaen to be 12 of the ther:al energy in the
these are illustrated in Fig. 2 one in which the core material, wtitch is well above the values observed
intiaste dispersion is accesplished in a one-step with both ther=1te sixtures (1) and reactor type
process, and another in which it la postulated to materials such as the cotiuo-A/ water system Q). As'
secur with the sini=us timing energy, entitled illustrated, the mechanical work is =uch less than the

progressive nising. The sizing energy (E,) for the sizing energy required to intimately disperse one
one-step process is given by =aterial within the other i.e. the =ixing necessary

.
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Tasle 1 Inergy Ketuire=ents f or apid *.14uti '.1;uic Mixing ~ !'
t-

8
e

M.1xin g "he rul Cortua Mechanical 9-

Time Penetration Percent neru l Par * 1cle eeeuired Mixint Enerrv Vork Tro= Mixing Mec.anical 1'
Scale , Oeyth E=ergy Twelease Radius one-Step Progressive Explosion Enerrv Wo rx q

(sec) (.=) : 02) J J J cue-Step Progressive g-'

,.ar
~^

* ' * l 9 5 3
--

7.2 x 10'N 5.1 x 10,.1.0 x lay'1.2 x 10 6 x 10. 8 x 10
0.001 :: 100 66 9.

7.2 x 10 1.2 x 10 6x10} 675 J10 660 9
1 6600 7.2 x 10** 5.3 x 10" 1.2 x 10 6 x 10 -33 -

.

'

9 9 3
2.3 x 10'' 9.2 x 10 1. x 10 2 x 10 .67

.3x10]'0
O.010 69 100 10

9 9
6.9 x M 1. 2 x M U2 5. M -

10 2100 9 9,

1 1000 2.3 x 10' 4.6 x 10 1. x 10 19.2 3.33 3

for ra:14 dispersal of =4terial frc= an initially trans=1ssion ar=. In these e xp e ri:ents , explosive

se arated state would require a ' trigger" zuch larger vaporization of f the leading surf ace of the particle
taan tne esplcsive interaction itself. B erefore* was observed for specific conditicas. 31s va;cri:a-

-

tais rc; resents an u=achievanle state for a selfV tien occurred as the particle penetrated the vapor
sustaining ;ropagating interaction. film ahead of the leading surface, but since the

It is to te noted that these assessments of the sphere was mechanically driven, the sphere motion was
energy required for rapid =1. zing are not contradie- held constant. In thia * regime. Valford esti=ated that
tory to the c t se tied behavior in the various shock the local heat fluxes could achieve values approaching -

tute ez;eriments reported in the literature Q-f)* 170 Mw/s' and wnen the experiment was conducted in a
I: fact, in Raf. Q) these expressions for =1. zing darkened roos, the loading surface of the sphere was
energy were used to establish the particulate size clearly =uch cooler than the trailtag surface. The "

'

resulta=g f rem tne direct i=pect of water on noiten local pressure generated upon contact can be esti=atea
alu=:=u=. Sia dispersion and penetration allow one by the saturation pressure corresponding to the
to calc. late both the pesa pressure and the pressure interface contact ta=perature given by
tra:aient resulting from the inpact la a highly .

cc:fised geometry. As illustrated in Ref. Q). these a c,
*;tedictions are in good agree =ent with the experiaan- ;T + ;f ,s:77ctal results of Ref. Q). y

IIIM6 wever, the reactor systes calculations dis- I *
t

-

a 2,cf*cussed aseve overloca one very essential physical 1+
feature of an inter:1xing process in which natorials Yy78
at greatly different te=peratures are assumed to be-
ra;&dly interdispersed within each otheri the heat For the high temperature =alts considered for degraded
transfer is assumed to not i=nede the =1 zing process * core conditions, the resulting interface te::erature
ne :==11 cations of such localised energy transfer and pressure would be supercrities1. As a result of
are discussed in the next section, these experimenta and others relating to rapid nucle-

see boiling it is evident that a hot particle atte:;t-,

*sealtred !ffects ing to rapidly penetrate through a cold tedia would.

As a =Ater141 at very high tesperature is forced achieve a self*11=1 ting Condition. i.e. if rapid
into water at high speeds (rapid intimate sizing) . relative velocity is initiated, the pressure at the
the energy transfer occurs first on that face of the interf ace upon contact acts to slow down the particle
particle weten initially contacts the water. This and perhaps even reverse its novate=t. *herefere.
1:11141 energy transf er is entremely hig9 and in the rapid energy exchange itself. vnich is vectored
scrul case. promotes the rapid for34 tion of a stable opposite to the penetratien. would it=it the rate of
va po r fils. Newever, to acnieve the essential 1Y penetration of the two =a dia . 3 1s particular aspect
si:gle-; nase state to prevent the pool fres dispers" of the inter:1x1=g process has been neglected by the
ing. this stante vapor fil: =ust be suppressed by various =odels proposed in the literature in wnic- a
either high local pressure or a limited interaction coarse interdispersion is assu=ed to ;te-exist 2:4
ttne. 1! this is suppressed, then the surf ace will f urther f rag =entation ace inter =1xtng is not o;;osed
errertence rapid, suecooled sueleste boiling, and the by any forces resulting f r== energy transfer tetween
heat flus resultt:g fres such a state would be the not and cold liquids. nas :ritiets .s ;artica-

eno r aous. Se energy transf erred to the coolant is larly valid for the staan explossen forculati:n :
stored in the 11cuid as an increase in the sensible vass.1400, since both intizate distersten and f ir.e
heat. However, the tesperature rise at the interface scale fragrantation were assumed to exist. and were
is also ac costanied by a corre spooding rise in the achieved almost instantaneously.
saturstion pressure, wnish is also the pressure since rapid inter =1xing fres a separated state
acting on the surf ace of the particle se it attempts does not present a systes which is self-sustaini g,
to move through the water. nis local pressurization the slowly developing b 1 set or tote) is : ore
is directed to 1.pede the si. zing process by slowin8 physically reasonaole. De overall anaracteristics
down the hot f ragnants. This type of thernal trans1* attendant to such a procese are discussed in the sent
est behavior was soserved by both Walford (10) and section.
Steve =a and Atte (ip in their convective film
boilt=g esperiments to which hot spheres were rapidly peet u tiue % r fer-attee
driven through suecooled water by a noter driven As overnested core 4eoris = grates to *e lower

- _- - - - _ __.
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plesus and the ::x:..; ;rt;resses. the f.o t and told of 0.1 anc 1.0 Sa respectively, nese tables list j
liquids would be 1= .aquid-liquid fils bo111=g. the particle size, the nu=.ber of particles, asa j
stace the het liquid ta=perature (T ) would be superficial steam velocity. To allow this " slippage", e

7
apprez1=atelv 0500*K or above, and the energy trans- the overlyiss pool mst "boilup" to a given veid ,

for would be via radiation and to a lesser extent fraction, and the relationship between the superficial -

iconvection frc= the hot particles to the water. This velocity and the void fraction can be estimated by ,E
energy transfer (q) can be er;tessed as (p)

ar
*A

g

q=.rf(:(if-T|}+h,(T - T )1 W TI I (8) Y'
7 g = 1.53 Nc L1-sj a

f

ne resultt:s nergy tra:sfer is calculated by the ,~
*

prcdu:t of t.ta heat flux and the 6:.ner of ; articles his relati:cship is sc_awhat suspect for void frac-
1 vc1ved. *he ; article cu=:er (N) can be determined tions greater than % 0.6 but it de=cestrates the =ajcr ~

frem the total u ss (= ) involves in the interaction influence of stea= generation and its effect on the
#overlying liquid. The resulta=c pool void fractions*

3. jg;;T ,Fj (3) are listed in Tables 2 and 3 and these show that a3 ,

3, . very nodest frag =antation level requires extensive 4,

.

boilup of an overlying pool. In fact such void ~

Ter la ;ressure accident sequences weste erolosive fractions would be typical of a vapor c:cti=uous ,

;:teractices are ute ;rctacle. the ther=al energy in two phase sixture as cpposed to a liquid-like slug.
'

tre teiow core structure and the reactor vessel, as In addition, this "boilup" would require about 1 sec
_,,,,

well as the radiant energy from the degraded core, or less. In fact, for the superficial velocities
will ensure that the water in the lower plenue is characteristic of the amount of nacerial and particia
essentially saturated. Consequently, any boiling sizes discussed in VASH-1400, the core debris itself

~

duri=g the =izing pmase will r e su.It in net steam would be levitated and removed from the pool.
*

f o r=,a tion. This is considerably different from many This effect of steam flow on the hydrodynamic
of the larger scale e ne riment s which have been stability of the water can be viewed in a si.milar
;erfor=ad with subcooled water (3,.M). The upward manner by considering the presise that anics asti 7'
uve=ent of the steam will cause an overlytag liquid u w,n y chat puts 4 tj c de Act %2tAL2./. (or 4.rt
; cal to "boilup* untti the average void fraction is c2p/.344cn 43 he Mi44.Jitd, i.e. a film boiling con-

suffittently large to alicw the steam to be trans* figuration lika that represented in Fig. 3. In a filz

::tted thrnugh the pool at a rate equal to - Trn boiling state, the energy transfer from the core -

ge:eratica. For the *.1 see time scale of interest debris to the water would be given by Eq. (4). As the
ere,thesteamproductionrate(() is given by* fragsants become s= aller, the energy transferred to

the coolant increases. However, this cannot be
I * Sq/h (6) increased without bound; at some acergy transfer

gg level, the steam generated in film boiling willy

since the use flow rate is a product of the va po h. generate sufficient upward forces to interfere vit.h
ta=sity. the area of the vessel. and the superficial the liquid stability, i.e. the upward flowing steen

vill levitate the water and prevent further intimate
steas velocity (this reflects the s tab t.lity of the
overivi s ;ool), this latter term can be evaluated, niming. Such a hyd rodynamic li=1tation can be ap-

(q/ A ), ry&$g)pros 1=sted by a critical heat flux
and !!v

.

f r:s the entension sechanism as preposed by Kutateladze (14,)
Ref. ( M)

*

42=:(Tf-I)+h,(T7 - T,)g

C= (1) 4

* f v'T'P is 9/A )GFM = 0 14 hgs q jge, tog-o) W# h v s

1! this superficial vapor velocity la tabulated for This la also in ascellent agreement with the analyti-
various particle staes and systes pressures, the cal for=ulatica developed by Zuber ( M). Equation (9)
tesults are as sacwn in Tables ; ang 3 for pressures represents saturated liquid behavior, and if the bu*i

liquid conditicas are subtooled, as they were in the
e n u1=ents discussed in Refs. ( M) and (M). the

To r * 1:4 scales less than 1 sec. Eq. (6) =ay over- can besubcooled critical heat fluz q/A,) besti= ate the amount of steam production. R.ather lo- deter ined by the correlatica proposh D Ivey andtal ;tessurisation ace separation of the developing
=11:s sete uy occur as will be discuased later. = orris ( M) and given in Raf. (M).

Taale : Pool Soilup (51us Otspersg1)
Pressure = 0.1 Mye. Oore Oeeria - 10 'a s

.

Superficial Pressure
Particle Steam Temperature Rise Rates

Radius Nummer of Velocity Pool Void Rise Rate wye /sec

(a) Particles a/see Traction '0/sec =.in ".a.:,

1 3.e 3.3 0.99 1.6 0.007 ..&

0.1 3. 00 35 0.99 16 0.07 --

0.01 3.400.000 $$0 0.99 W 3.? e40

0.00$ 27.300.000 1100 0.99 329 1.4 88;

.

, , - . _ _ - - ----_m- _ , , _ . _ - _
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Table 3 Pool Boilup ($1ug Dispersg1) - |,

Pressure = 1.0 MPa. Core Debris - 10 kg g

N
Pressure ..t

Superficial

Parttele Steam Temperature Rise Itates @

Radius Nu=her of Velocity Pool Void Rise Rate 9a/see M
2

(s) Particles =/sec reaction 'C/see . Mis r.ax

Y
1 3.4 0.71 0.75 1.6 0.04 6.2 4

0.1 3.400 7.1 0.97 16 0.. 62

c.01 3. 00.000 71 0.99 164 4.0 6*0 .

0.005 27.300.000 710 0.99 329 s.0 1:40 ,

Particle sizes smaller than predicted by Eq. (l') 1
*

would expell the water. thereby te r:1:ating theCONTAINER P."ESSEL) "-

configuration shown in Fig. 3 and destroying the ,

.. potentially ex3losive state.*

Given the prediction of Eq. (12). a key question
is whether any such behavior has been observed experi-
sentally. In the entensive aluminus-water tests ,

carried out by Long and co-workers (17) and summarized
"# in Ital. Q S). two particular testing sequences were

'

S"
*

PART M performed which relate directly to this phenomenon.
In the first test series, which is listed in Table 4 ,

-VAPCR FILM Table 4 Data of Long, et.a1
*

Effect of Vater Temperature

~ .

Naher Vater Vater

of Temperature Oepth
i

Testa 'C 'es Result
|
|

1 0 15 Explosion
.

2 3 15 Explosion

i 13 15 Explosion

S 20 15 Explosion

Fig. 3 Trag entation in a (11= boiling ude 2 20 25 Explo sion

1 40 15 Explosion

2 30 15 Explosion

h.1/4 1 50 25 * Explosion.

g . g,gf3 )OEF.sub .

s)v g
3 60 15 No Explosion
2 73 25 No Explosion

*1"

3 to 15 No Explosion
'f*f * sud I (10)

..

| 9## 3v 01F. set 3 90 15 No Ex31osion-

.' II 1 3 100 15 No Explesien
-

2 100 25 4 E @ sion
31s espressten represents the asisua rate that
energy can be removed it s the hot saterial without
i=cecing the return of water. If this is multiplied molten aluaisua, at 750'0. was poured into water at
with tne container (vessel) crose-sectional area, the gg ,,, ,,,, ,gy, ,,,, ,, g g,
result approsisates the saatam energy removal rate, c,,,i,t,,c1y d,,,,,t,,c,, ,,vl,,lv, ,n,yt,,g,, ,,,,,
and this can se co=sared to the sua of the energy ,g g.; ,, ;,,, b , ,, ,,,;,,ty, L,,,,,,,
removed from the individual particles g g g.

higher. For the second test series, su==arised in
. A e

t/A )CHF.sut fable v. molten ala=1cus was poured into water throughv v
( dif f erent site openings in the bottes of the crucible.

' hen the diasater of the opening was 6.3 c3 or less.3a. .

h @ no esp W iene occurred, but exMotive interactionsr(** T ) * h, M * Tg were oboe wed when the diameter was 7.0 cm or larger.y,

,F,F'

ne .natial melt f rag =ent size can be related to
l Etuaties (11) can be rearranged to provide a predic, the cr%Cible opening diameter. Since the c:ening geo-
i tion of the staisua fragmentatico stae (redius) which
I would not levitate the water. 2All of these tests were condacted with .,.,., as of,

( molten aluminus at 750*0. poured fro: a heignt of
I 3a.!a(T,.Tf)*h,(Ty - T )! 45.7 cm througn a crucible opening of 5.3 in dia-g
'

g
(12) seter into square steel containers with a linear di-r *p

* T^v
l, U ^v cur.eub meneton of 30.5 cm on a side.

,

|
|

.m._ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ . _ _ . _ _ . _ _ _ _ . _ _ . _ _ _ _ _ . _ _ _ . _ . _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . . _ _ _ _ _ . _ _ _ . _ _ _
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!able 3 !ata ci *.cng, et.al. Effect of Size cf Metal Strea: - j*

.i
e

Crucible C.=tnu= Vater e
Opening .% ass Te=p. Oepth N

cs ig 'C cm Result Prediction j,
D
2

1.9 13.6 750 10.2 No Explosion No Explosica =
"-

3. 3 ::.7 750 12.7 No Explosion No E.xplosion
e.3 ..o *30 10.2 No Explosion Explosion I
7.0 4.o 750 10.2 Explosion E.x71osten

-

$.3 *.* 730 10.2 Exp1:sion Ex;1osion 4-

10.* ::.7 750 25.1 Explosion E.xplo sion
.

r

metry in Ref. (E) essentially had a sharp entrance, as that region where the subcooled CHF 11=1tation
the noiten alu=.t=um jet a r e.a would be about 60: of exceeds the film boiling heat transfer race. Aa -

the opentsg area. or a jet diameter of 73: of the shown, the division between explosive and con-explo- e

opening dia=eter. If this is assumed to represent sive conditions is slightly above a water te=perature
the origital f rag act size, the hydredvtar.ic stabili- of 60*C which is in excellent agree:ent with the
ty can te eval ated tased upon chts initial =.aterial experi=e=tal cbservations listed in Table *. -

di.4ssion, i.e. is 1:1tial =elt sia e sufficient to In the second test sequence water and alu=1=um
levitate the water without further fragmentation. temperatures were constant and the crucible opening
for the evaluation, a convective, film boiling heat was varied. ne results are given in Table 5 along -

transfer coef ficient of 0.3 kv/s"C was used which with the prediction of Eq. (12), and as shown in the -

represents th.at easured for water in film boiling on table, there is good agree =ent between the predicted .-

a flat alu 1=ua plate (E). and observed behavior.
For the first test series with variable water Reference Q) reports experi=ents in which a "

succooli s and fixed opening diameter, the analytical theraite generated =ixture of iron and aluminus oxide
'

ceter:1 cation is one of the necessary water subcool. at about 3000*K was poured into a water filled vessel.
1:8 to accept the film boiling energy transfer at the While the ta=perature is =uch greater in this case,

i=itial taterial stae. Bis is illu.strated La T43.- 4 the pour dianaters were generally quite large (gener- .

ally ranging from 5.1 cm to 20.3 cm), but the major
dif ference was the large etess-sectional area of the

gxpyggyg! sos.muslyg interaction vessel (s 0.64 m*). Vith this large area,
a hydrodynamic limitation would require a =uch larger

| energy transfer in the film boiling. Consider a
6000 - typical case in which 13.6 kg of seis at 3000*K is

| poured through a 50.8 mm opening into water at 20*C.*

The vec.a contracta could produce a jet diasater of 40
um, and if the total melt quantity is assumed the

|$000 corresponding energy tra sfer in film boiling would be"
,

| | ALWDW almost 1300 kw. Dividing by the vessel cross-section-

( | TDP. * 750*C al area gives a heat flux of about 2330 kw/s', which
as illustrated in Tig. 4 is*well below the subcooled

|
~

CEF limitation for water at 20*C, i.e. the, systas**
,

3 !!.9 80!LINC KEAT could continue to six and penetrate. This configura-

TRANSTER tion would be predicted to be an explosive system, and

'.**
~

this hydredvtante stability consideration is in
1000 it was ob se rved to explode repeatedly. Therefore._

L,,

| S uc00 LEO G T agreement with the reported experitantal observaticas-

, **

! L:3g;ATICM in Ra f. Q .
j z | In another test reported in Ref. ( E), the,,,0.ww =

j | arperisanters poured the molten alunt=um through a
' wire grid to brea'up the molten stream before its

reached the water. Be grid was constructed f res
1000 steel bars and had a enecaerboard pattern with the"

square openings being 2.5 cm on a side. Sese test
j
- results, which are su=arized in Table 6, de=costrate

o t I t i f that the presence of a grid to breasup the :sterial
| O 10 .0 60 60 100 eit=inated explosive interactions in a system which

was otherwise observed to explode constatently. As
WATII *EFERAIk"RZ+ 'C 111uattated in Table $. a particle stae of 2.5 cm

would be predicted to be a non-erplosive systas, i.e.
fig. 4 Predicted water tassersture range for saia- in agreement with the observed behavior with the steel

taining explosive conditions grid.

Experiments are also discussed in Ref. ( E) in

)All of trese tests were conducted with molten alazi- which the fall height was varied ft:s 43.7 c2 to 13
oua at 713*:, poured f res a Peignt of 65.* cs into es. 74peated tests at the .am1=u= fall heignt snowed
sq wre steel contatners with a linear dimension of no explosive interactions regardless of the crucible

30.5 ca ao a side. *he water temperature was aa- opening or the surf ace c:ndition of the vessel. *his

suand to be 20' for all tests. was related to the bressup of the stres= "It appears

.
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.

I
1

.s.

Ta:1e 2 |ata n u ng. et.al, difference between sacer ans alu= w : i ce=;aratively -t
E!!ect of an Iron Crid* a.all. Thus, one could also enviaton the steam -j

for ation displacing the =oitan aluminum from the g
container as well as the water. *his would require a %

Nu.=s e r 'ta s s o f Water knowledge of the net steam for:ation. Such detailed j
'

of Alu= sua :epth infor=ation is i= bedded in, but not explicitly stated
. I

Tests is em Resulg by the subcooled CRT correlation of Ivey and Morris.
However, since the densities of water and alu=inu= are .I
not greatly different and the stability varies to the G

4.3 7.3 No Explosion one-fourth power of liquid density and surface ten- g
3 .3 10.2 No Explosion sion, the differences between the steam velocities _

*.7 5.1 No Ixplosion required to levitate .ater and alu=i::um should not be e._
*

:.* 10.* No Explosion large.

13.; No Explosion In addition to the steam generation, if fine** * ..

22.7 23.4 No Ixplosion particulation is assumed, the pressurization resulting #
from the film boiling heat transfer would tend to
separate the two =aterials. This is discussed in the .

pro:able that this high drop brose up the metal next section. y
strea= before it ectered the water''.

! se ti Pressuritation Ourire wiring"hese extensive experimental results h.a v e a
c =:m n lita: t*e disperstes of het =aterial can If vapor " slippage' is assu=ed not to occur, t e -

prevent es;1osive interactions. D e effect of such a the pool =ust pressurize as a result of the fils
dia;ersion can be quantified in terv.s of the hydrody. boiling vaporization. An underesti= ate of the pres-
na=1c statility of the water. i.e. the water maat be surization rate can be calculated by assuming all the . . .

aole to remain in the vessel in the presence of the energy transferred is unifor ly dispersed in the water .

fi1= boilist heat transfer during the internizing and the pressure is the correspondi=g saturation ,

;rocess. Se evaluation leading to Eq. (12) averages value. De tesperature rise rate of the liquid
the steam for=ation and flow over the entire cross. resulting from the film boiling energy transfer is #

sectional area and does not account for localised listed in Tables and 3 along with the corresponding -

be.aviors. As such. it is meant to provide da order rise in the saturation pressure of the water as a
of tagnitude assessment of the fragmentation in a function of the particle size. These calculatices
slowly developing system. licweve r, it la alaa in were carried out for en equal volu=e sixture of core

*

good quantitatively agreement with the experiaastal debria and water and the salient conclusion is that
results where defisitive variations in key parameters fine particulate would rapidly generate significant
were ;erfor=ed. pressures to quick.ly separate the systes if the vapor

~he most striking comparison is ontained when la not allowed to escape. As sectioned. a lower bound
It. (1*) is applied to a degraded core state in a on the pressurization rate la given by assuming all
reactor systes. For example, consider 50.000 kg of the energy transferred uniformly increases the sensi-
core debris at 25Co*K at a pressure of 7 MFa witha ble heat of the water. This greatly underestimates
vessel cross-sectional area of 13 a* and saturated the pressurization rate since it assu=es the condensa-
water. Se mini =us f rag =antation size which would tion energy flus can be convected throughout the
alicw water to remain in close pros.imity with the entire water volume. An upper bound on such a rate,
noiten 24tarial sculd have a particle diameter of 1.3 and one that la more closely related to the actu.a1

. A ;tediction of such large f ragments with this Case, can be Calculated by assuains the set vaporita=
orcer of tagnitude f o r=ula tion essentially demon. tion rate equals the energy transferred and the vapor
strates that, fine scale f ra&=entation could not be volume remains constant, which is a rate given by
generated with such a large amount of natorial. In

8. 3 pag (;T . ;') + h (TT-T)'fact. if f rag =entation to a finer scale occurs, the
f C fwater would be driven of f allowing the noiten glob- (13)

ules to coalesce into large particles. This develop- et 8hfprgtg
.ent illustrates that the only condition which would
allow ;enetration of the melt into the water and These rates were calculated for a 1;*. void fract'en
escalatton to ez;1osive conditions would involve a

and are also given is !aeles and 3. The dif ferences
vervji:Ated amount of material over a large surface between the minimum and tax 1=us pressurizatica ratesarea. A steam esplossen resulting fres such a are large and are only seast as general nounds for the
system would not threaten the reactor pressure assumed behavior. However, the t:nclusion for both
vessel, and would separate the het and cold caterials cases is t ha t pressuritation of the mixture due to
theretv tinislaint any further interaction * film boiling alone would disperse the c:nstituents a:d

..e actitional acts on the alu=1 sum-wa t e r stop the 21x138 if the vapor were not alic.ed to
exteriaantsinAsis.(g) and Q1), the density " slip" through the pool..

Therefore, ta a slowly developing dissersion
, ll of these tests were conducted with noiten aluma- (time scale of I set or longer) the vapor throughrutA
nua at 730'0, poured through a crucible opening dia- would be substantial and preclude the f ormation of a
noter of 3.3 cs f rom a heignt of 63.7 cm, into continuous overlying 11guid slug. If the vapor is
square steel costalears with a linear dimension of assumed to be retained in the pool, (ti=e scales less
30.3 ca on a side. The water temperature is assumed than 1 sec), the resulting pressurization would
to be 10'0 for all tests. disperse the pool, thereby t e r=in a tin g the energy

transfer. '41thout the for?.ation of a 2:ntinuous slug.
3 the only pressure i= posed on the vessel. s?ould aThe saali scale erverizants reported is p.af. Q) fit steam erplosion occur with a 11:ited ancunt of sate-
this pitture veere the volwas ratio of water to fuel

rial, would be that due to the etelssien itself. waith
is % 1c00. Bis ratie would be more like 1 or 2 f or expert =ents have shown to be few w?a typtcally, ar.dthe reacter case, could conceivatly be as high as 10 S a. Mcwever, su:.
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pressure levels Jo c.et tareates the integrity of the the :sterial .ould have a aance to be transecrted
.'

vessel. let alone the containment structure.
into the lower plenus region. The inittacion of sunh g|

an explosive event. would caly act to separate the j
=aterials and It:it the energy transfer instead cf 4,

TRicCER preciating further extensive energy exchange. j
. ' -

21) the need for an N
As discussed in F.af. (7 elf-triggeringas opposed to systens. CCNCU;SIONS

external. ,me

conditions for the hot sterial. In particular. if Considerations of the liquid-liquid =ixing from a Iappears to te correlated with the high tecperature

the interface ta=;erature upon contact greatly separated state for both rapid and slowly developing 7
exceeds tne thermodyna=ac critical te=perature of the conditions reveal:

;

cold aterial, an exter al trigger appears to be
required to ::itiate an ex;1osive interactica. Sis 1. =1xing on the time scale of the 'explosi =
type of benavior was cb se rved in the large scale requires core energy than thertal energy of the ,

as ceit. -,alu. inus-water experi=ents cenducted by Ung @).
well as those conducted by nisas and trendyke (22).
In these ex;eri= acts, which used a gravity pour of 2. a slowly =111 s systen would quickly generate a ;,

molten aluminus into a vessel containing subcooled steaming rate sufficient to disperse an overlying -

'

water. large scale steam explosions were initiated liquid slug.

sr.en the salt contacted the bottom of the container.
"his .as clearly de::sstrated by using both ;ainted 3. fragzantation of the hot liquid in a slowly __

anc un;ainted containers, the unpainted containers developing systen can drive off the water and
resulting in explosive interactions and the painted destroy a potentially explosive configuration.
containers producing no such explosive events. The The quantitative explanation developed is in
orperiments carried out with iron cuide. Ref. Q). agreement with the experi= ental results. Vhen ,

snow a sensitivity to the coating on the well of the the analysis la applied to a reactor system the *

vessel; those coated with lye showed no esplosions minimus particle site is so large that the systaa
and those with an uncoated vessel wall demonstrated

would essentially not f ragment.
.

esp 1:sive interactiona. In these e xp e riment s with
noites alu=tawa and iron oxide, the interf ace tempera- 6 if the noiten corium is assumed to enter the
ture upon contact between the =elt and water is far water in a f ra g=ented state. the pressurization
:n excess of a thermodysamic critical ;otat of wa.ter due to film boiling alone would drive the rvo ~

(e.;'K). Based upon the criteria damonstrated in liquids apart.

1a f. (u) . these experi= ants should require an
ester:ai trigger in order to initiate an explosive Evaluation of the reactor =aterials strongly
event. The esternal trigger is apparently generated suggests that an external trigger would be required to

the molten =aterial contacts the wetted wall, initiate a steam explosion. However, the available

the nature of this triggering event being demon- obse rvations show that a solid. wetted surface couldw e. en

such a trigger. Given the estensive wettedp rovidestrated only experimentally to date. Considering t&B surf ace in the lover planuma in all L'.1L designs, if anther=al properties of the misture of degraded core
=aterials and their elevated neiting point. the explosion were to be initiated. it would occur well
1sterface teeperature upon contact berveen the cotius before substantial material would have entered the
ans the water is supercritical at any time that the plenum.

Consequently, several dif ferent considerations ofcert n is in a noiten state. Aa a result, the

e s;e rizant s performed to date would indicate that the mixing and triggering processes involved in such
such a systes would require the presence of an events, demonstrate rhet in-vessel ste'en explosion
ester:41 trigger before an esplostve interaction could involve only a limited amount of core material.
could be initiated. *his is in agresesnt with the In addition, e continuous overlying slus could not be
extert=antal caservations of Nelson and Sunton Q)

formed in the presence of significant fractions of
with 11:sted quantities of corius sixtures and core sacerial dispersed in the water. As a result.

tates, et.al. Q) with larger quantittee of corius steam erplosions would not be a threat to either the
reactor pressure vessel of the contain= ant building.

:.stures.
.ita the separated state of the molten denris

ana .ater the touring of r.elten core deoris into the pITIRINCIS
lover plenus would provide an entensive nu=n e r o f
wetted surfaces .nien could be the trigger for an 1 Rasetor Safety $tudy. WASH-16CO.

erplestve interaction between the solten core detris Ni;RIW 75-0014. 19 73,

and water in the locale. For the dif f erent types of
reactor systena considered in oogging e4f ety analy- 1 050 3. H.. Fauske W. K. and Orct=es. M. A. ,

see. i.e. 11La and FAs the lower plenus region is "Some Aspects of "1zin g in Large==asa. Energetic
filled witn structure wnits could provide the surf ace ruel. coolant Interactions." Pren et!*ts of 19

weetine on Fast 'esctor saferv ancfor initiatias the interaction. In this regard, the In t e r-a t ion al
reactor systems would tend to promote early interac* Reisted hystes, ccNF-161001. Vol. *. chtcago. I'. ,

tions as compared to those esperiaants carried out by cetooer 1916. pp. 1831-1861.
Long and Wess and Irondyaet the earlier interactiona
dispersing the sacerial long before a major assunt of 3 luston. L. 3. and senedica. W. S., "Stea=

core sacerial necease involved. In addition, the tavlosion Efficiency $tudies." M I /01-0967 SAZ

rate at which the natorial could be souted into the 79-1399, 1979.
Lower plenus region is en the order of at least
sevetal seconds, but the contact with wetted surface 6 Surton. L. 0.. lacedica. L 1. and Carradini.
area would be of the order of a f ew tenthe of ses- M. L.. " Steam tzplosion Ef ficioncv Itudies: Part !!
onde. Consequently. If an emplosies were to occur. Corius Ext e rizen t s.'' W720 / CR-17 H . SASD lbl316,

it would be initiated laag bef ore a najor it. action of Cctober 1980.
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