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ABSTRACT .

Past research into fuel-coolant mixing (sometimes
If a complete failure of normal an. emergency cool- called ' premixing') has been directed at predictingant flow occurs in a light water anctor, fission the physical limits for which mixing could or could -

of the reactor fuel, and eventuaproduct decay heat would eventua' .y cause mel tiniFauske (6,7] originally proposed thatnot occur. ,.

the fuel-coolantcontact with interface temperature upon liquid-
This mixing produces steam and hydrogen as IIquid contact must exceed the spontaneous nuclea-

water. -

the fuel breaks apart.
tlon temperature to allow premixing for an energe- 7Previous analysis of mixing

only looked at the limits to fuel-coolant mixing tic FCI. The physical picture was that stable f!!mbased on quasi steady assumptions. This paper de- boiling is established above this limit for ascribes a d
breakup as' ynamic mixing n=3 del predicting fuel Ilquid-liquid system and this allows the fuel time

"

it falls through a water pool producing to penetrate and mix with the coolant. For the LWRsteam and possibly hydrogen.
first criterion. system, the fuel and coolant easily satisfy thisCalculations indicatethat in the absence of an energetic fuel-coolant

~

Cho et al. (8} considered the '

Interaction very small amounts cf hydrogen are energy used in fuel-coolant mixing that creates *

generated during mixing (less than a few percent more surface area and overcomes frictional effects.ef metaille fuel reacted). He concluded that frictional effects dominate the
,.

energy mixing requirements. For this pair of fuel %

_ introduction and coolant, the mixing energy requirements are
very small compared to the available energy in the

During the past few years the Nuclear Regulatory Fauske and Henry (9,101 subsequently pro-
fuel._ .

Commission (NRC) has intensifled its evaluation ofposed the physical concept that the fuel can break
low probability-high consequence accidents in light up and premix with the water to a uniform size no

The principal purpose of smaller than that which would prevent IIquid fromwater reactors (LVR).
this work is to assess the reactor containment entering the mixture zone as the steam flows out.
building response following a severe accident where The minimum diameter was given by~

e significant prooortion of the core radioactive
inventory is released f rom the fuel rods. 6m qfgpfThis Otype of accident may be initiated by a number of MIN " p A
low probability events which eventually cause a f C ""HFC

prolonged loss of heat sink to the core and subse-quant melting of
the core materials. Containment where afgp is the critical heat flux, used as the

response includes assessment of the accident pro- limit for steam outflow and water inflow,gression,
Identification of mechanisms which may

threaten containment More recently Corradini (11} suggested that theIntegrity and available means
to mitigate the consequences as,sociated with these limit to fuel-coolant mixing was determined by fuel

These current efforts are an outgrowth of or coolant liquid fluidizatient e.g.ev nts.

tns Reactor Safety Study (RSS), the accident at
Three Mile Island Unit 2 Nuclear Power Station, and

2the 2 2
-

6c5R0p)[C"C)[#v)M'
a

O 3 p
th3 reexamination of the capablIlties of present MIN * 0

T a / \p i\gsneration LVR's to accomodate the effects of de- fg / \ g / \p /V V fJgraded-core and core-melt accidents.
where s and ag are the fuel and vapor volume frac-

Containment integrity may be threatened by physical tion at any time as the mixture evolves. ,
This

processes that involve contact between the over- limit may never be reached because it takes time ,.

Metted and possibly molten core materials (Corium for the fuel to dynamically break up to this size, p!'fuol) and other materials present in the contain- and an energetic fuel-coolant Interaction or agglom-
%nt such as water, steel, or concrete. eration of the fuel on the base may first occur. !! '

In this
car.r consideration is given to fuel-coolant Inter-
actions both In vessel and ex-vessel, under the This final criterion on the Ilmit to fuel-coolant j'

mixing only makes sense if one knows the dynamic be- jprobable scenario of fuel-coolant contact (I-51.
Soscifically, we present a dynamic model for fuel- havior of the fuel-coolant mixture, so that we can d.
coolant mixing when Corium fuel cours into a water calculate the volume fraction of each constituent.

!

acol and breaks aoart procucing steam and nydrogen Actually the Henry and Fauske criterion for a limit ,

(if the fuel is metallic), prior to or in the an. to mixing should also be a dynamic quantity, be-
t

i

cause the actual area for steam outflow and water jj,ssnce of an energetic fuel-coolant interaction,
inflow would be the time-dependent surface j
of area

the fuel-coolant mixture. Because of these
concerns we are developing a dynamic fuel-coolant

, ;

| 1

ors Supported by Sandia National Laboratories mixing model for a fuel pouring or injection mode fi j -
of contact. '

B506190322 840911 To our knowledge, no other dynamic
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fuel-coolant mixing model has been developed. Fuel Infectic.i and Mixing

This model can be used to calculate the rate of The fuel injection is conceptually modelled bysteam and hydrogen generation due to oxidation of
molten metal (12] and the initial conditions for a

breaking up the flowing stream of fuel into a .

fuel-coolant interaction. The mixing model has finite number (N) or Marcels' (Figure 2). A new ,

ifuel melt parcel can enter the problem on each
ciready been used in a defacto manner to analyze major time step with an imposed injection velocity. a
the FITS MD and MOC experimental series (13}. Ve
plan to utilize it in the analysis of the FITS In- vp (e.g. free fall velocity from a FITS melt cru- q

cible). The parcel then falls through the atmos- g
chamber experiments (FITSA, FIT 58, FIT 5C and phare and water pool at this constant velocity. a
FIT 5G). This computer model is also being incor- The fuel is considered to be a homogeneous mixture j
porated into the MEDICI computer code to model of melt constituents (e.g. Fe, UO , Zr0 ) with a =

2 2the fuel discharge phase into the reactor cavity
ef ter a reactor vessel failure. In this paper, we specified initial diameter, Dro, and temperature, I

*

d: scribe the current model and present some sample Tp. As time advances, the fuel melt parcels con- -

tinue to fall through the water pool. Once a new .

'

csicu lations. fuel parcel has entered the calculation each of
the other N-1 parcels are then ' updated'. This is ,

Mixing Model Assumptions accomplished by moving the fuel melt in parce! N ,

at the botton of the coolant pool out of the par-The fuel is considered to fall or be injected into cel vectors and accumulating its mass and energya coolant pool (Figure 1), mix with the coolant, into the molten pool or debris bed, while* moving 7
and, in the absence of an energetic fuel-coolant the remaining parcels downward as they fallInteraction, settle on the base as either a molten
pool, debris bed or both. The primary assumptions through the water pool. This time step for the ~

fuel injection process is chosen such that a par-cf the present model are: cel will always have fallen through its fall
(1) The liquids are modelled as incompressible, height to the coolant pool base in less than or

and the gases and steam vapor are modelled as equal to N time steps. A fuel parcel may reach ~

perfect gases with constant thermophysical the molten fuel pool or the debris bed before *

this time after release when the pool and debrisand transport propertles; these approximate bed height have risen significantly above the .-

equations of state were considered acceptable %

for this initial modelling of the phenomena, cavity floor.

(2) Chemical reactions between molten metals and As each fuel parcel falls into the water pool Itwater are treated sequentiallyt i.e. first
zirconlum, if present, Is reacted with the begins to distort inshape and mix while In film -

~

water, then chromium, then Iron. This assump- bolling. Tne fuel continues to break apart into
These

tion reduces the complexity of the chemical smaller pieces with the surrounding water.
smaller molten droplets may subdivide further asreaction equations but still preserves the ex- the steam produced in film bolling flows out the

pected integral behavior. top of the fuel-coolant mixture and escapes the
(3) The fuel melt is considered to be subdivided pool as water flows in f rom the sides. This mix-

=

into Lagrangian material volumes which fall ture grows radially as the fuel now mixed withthrough the gas atmospnere into the water water and steam continues to fall. This multi-pool, eventually accumulating in a debris bed, dimensional process is quite difficult to model;n21 ten pool, or undergoing an energetic fuel- therefore we have developed a set of empirical
coolant Interaction. correlations based on the FITS MD and MDC experi-

(4) The water pool and gases in the atmosphere ments (13] to describe the mixing phenomena inand generated by the fuel-coolant Interaction place of detailed momentum balances. We have
are considered to be contained in fixed con- correlated the growth of the fuel-coolant mixingtrol volumes; e.g. In the FITS chamber there volume, steam volume in the mixture, and fuel andwould be a coolant and gas control volume

steam volume fractions to a dimensionless timewith no outlet, whlie in a reactor cavity an
expansion path through an access tunnel would (Figure 3). Past analysis of these experiments

[11] Indicated that one reason for the fuel break-be available. up were inertial forces generated by the initial
(5) Within each control volume and materlat vol- fuel relative veloc!ty and dif ferences in density.

ume the materials are described by lumped As the fuel enters the water its characteristicparameter mass and energy balance equations. Weber nurber (ratio of destabilizing inertial
(6) We utilized empirical fuel-coolant mixing force, pe g2, to stabilizing surface tension

correlations derived from the FITS MD and MOC force, cp/D ,) will be greater than a criticaltest series (13) to describe the dynamic dis- f

value (Ve * **C "" 8" I

persion of the fuel as it falls through the *
cribreakup is afobably due to Rayleigh-Taylor insta-coolant. These correlations replace the de- Sased on this assumption we correlatedbilities.

tailed multi-dimensional momentum balances teh data based on two derived dimensionless timesone would require to theoretically predict
[13]this behavior.

(7) If an expansion path is available for the lh
v t ofuel-coolant mixture, we model it as a one- p f c (3)T* s fo("fdimensional expansion of either liquid coolant U

,

or gas flow.
andThis analysis allows us to calculate the amount of

hydrogen and steam produced, the fuel melt char- I/2 IA
p og.gg c -gacteristic size and temcerature, and the heat up vft (4)t* = - We O ~#c)
-

of the coolant pool as a function of time. E
Fo f f

&~L:0
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Cur results currently Indicate that both dimension-
less times adequately correlate the data: All the dia.neters to the lef t of the fluidizationwe now
use T* as the dimensionless time where t is the mixing limit for a given fuel temperature can mix

,

time after the fuel parcel has entered the water without fluidization while those diameters to the -!
pool, if Taylor instabilities are truly the main right of the limit for a given H and Dr will te
mixing mechanism then t* may be a more general begin to ,'uldize. Notice that as H in8reases ' fg

formulation. The fuel-coolant mixture volume for the minimum diameter for mixing (given by the _ea parcel I is given by intersection of,the diameter curve and the mixing 1
limit temperature curve) increases significantly. ?!

*4
Y,; = 3V ; (T+) 2 (5) volume will not always continue to grow In size.

The other limit is that the fuel-coolant mixture
.

f ;.m .

At some point in time it will reach an upper limit O,

value.where the fuel volume is given by To understand why, consider the physical i_reason for the fuel parcel dispersion. As the
erg fuel breaks apart due to Weber forces the axial .,

pressure gradient across the mixture in imbalancedV fg = U (6) with the axial pressure gradient within the water
.

f

' pool. This creates a radial pressure gradient a

causing the fuel droplets to be pushed radially
The volume fractions of fuel and steam in the vol- outward by the steam being produced in the mixture. ;i
ume are given by This radial outward growth will continue until the e

axial pressure drop within and without the mixture
is equal. If we equate these axial pressure drops *

of, = V /V,= (7) "'I"9 * h** 9'"**"* "*d'I "* 9** f*' #"*I P*#**I If y

2
and of, 4C (#v'U 9D c#cI" * *l-af; (p +p )D 2g .;

i ; 2 [ "f 2l 3 dx '%,"i* ; *(8) \I-afg/ '2 E (II)
'

8:cause these correlations are based on the FITS *h*''

experiments performed at one ambient pressure, we -

must also include a correction term for pressure O +0 )v eg

"V bI o and is the axlal quality gradient,

where P and Tsa t (Preference pressure.o) are based on the FITS ,d_x, O' ROPo x
The coolant volume fraction da GOf ifis then

9

and r i' Ih* ****i''**l'" 8'***"'' d''' '*'*****'2
eg = 1 - ofg - a,'

.4'l- "*}..

c

\ p / [\ l-x /A:EIr ! +I
2Finally, the fuel melt fragment size is taken to p* p* y

b3 - *

4(1-x)2 g,2'
Opg=Ofo, exp (-T7 (10) IIN*

p

whsre we have assumed a mathematical form similar Given a specific fuel-ecolant combination, fuel
to that used by Buchanan (14]. diameter, fall velocity, and temperature and am-

blant pressure we can solve for the fuel volume
Now there are two anysical Ilmits to this mixing fraction, 3p., when the fuel-coolant mixture stops
ph:nomena that we must consider. As previously expanding, the result for the FITS tests is
mentioned (11), one is due to fluidization of the given In Figure 5 Notice that as the velocity
fu11 particles by the steam produced by heat trans- Increases or the fuel diameter decreases the mini-fsr to the coolant IIquid (egn. 2). This limit is mum fuel v ume acti n decreases O.e. maximuma function of the fuel temperature, the water mixture volume increases). Both an increase ind:pth, since He % vyt, the fuel Initial size Dr vf or a decrease in Dr cause the axial pressure
endthemixingphenomenaasempiricallygivenby, gradent M be larger hey causing a largercons. 3-10. If we combine these equations and f8d38 8"D8"5 "3 l * * * I 8 P9" and smaller af,solve for the fuel diameter af ter mixing as a This physical Ilmit can also be included in the

m

function of H and Dr , the result is Figure 4. mixing m del. a

e
In this figure the fusi diameter af ter mixing is
giv:n for a specific depth, H and diameter, Op .e ,

W2 also plot the fluidization limit for differento ' '

faal temperatures assuming plack body radiation. :
1

1,1
y

e
8

4
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Now th3 cnsegy gtinsd by chemical rstctions, klN ,.

M ss and Energy Balances would be present if the fuel is partlally metall c
Each fuel parcel can transfer energy with the and steam oxidizes It producing Zr0 . Cr,0)by

or
2 iFe 0 . We have modelled this quite simpTy

gases and water as it falls to the water pool base: 23 *

this may be due to heat transport, chemical reac- *f

. f'
tion, and decay heating. Ve model each fuel parcel, (25),

X,IAQ f reac=

I, in a lums,ed parameter fashion lng f

s
j.dTf is thehas been previously defined, Xf,f re-(15) where Apg

mfg r ,t =-kUT|*klNg * CYI is the heat o .
a-e fraction of metal, and t reac Daction per kg of hydrogen produced for one of the

three oxides me Now the mass flux g
where the Lagrangian parcels masses are constant of hydrogen, A,ntioned above.is equal to t he molar flux,N", z

H,In time. The energy lost by the fuel due to heat times the molecular weight where .

transfer, 40UT, is given by
'

d(N/A) O t.Po (20
l (T ; - Tsate) (16)

=

f
,, RTk *h Af

,

TOTI TOTI ov
.z -

where we have modelled the mass transfer coef ficientwhere the fuel surface area, Afg, is }D , by
.o

S*f| (17) 20N (27) -

AfI C0fl o
=

D =
f -1

and the total heat transfer coefficient, hTOT',IS This model for hydrogen production is based on the
-

-

hfilm observation (15) that the majority of hydrogencomposed of radiative, hrad Conv'CtIvee
and conductive, h , parts produced occurs while the fuel 16 molten. Finally, .

g

OCY, is the decay heat energy In the fuel, givenQ 7
h ,TI " h ,g + (hrad; + hyg

),; (18) by correlations.,

TO f
The fuel parcels release their energy to the water.

The coefficient of heat transfer in the fuel is ~
pool as they fall through it. The water pool mass

-

balance is then
given by

de"*
(28)"2k k - in,(IS) =

hp, = max ,

, fl naft;. .

whereis the time after the fuel parcel haswhere tg
een submerged. The radiative component is given , ,

Q * 08
by a standard gray body formulation NT,

e sated)* if +C e.g
Fo (T -7 ) *

h
rad! " (T -Tsat ) and k ars' the sunnation of the heatand Q'gN rates f rom all submerged fuel parcels;

,

f C g
transr

DOUTI and d = I dcy for
l.a. 60UT * ~I e*''

-T ) (29)k,=h;Ag;(T g
l-c Ac; O -c ) g g

y

( c,,) + 1 + Af ; c p
where

For heat transfer through the film, we assume k" (30),conduction dominates the process
ha t

g

k
6(o * "f )Yy

i mix (31)filmg " { st;

Agg =
(Df +25)g

=here
4

O; (2D The water coolant energy balance is
Y fvt 6

$g = max ,S,o
10 og.

O ; (T -T,,g )-
1/Is du (3-ku ef p ( '} Yt' ' C(T T *

V C ref
$ *

-U Jg if01 .'' v " c v g .

6.3-4
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where U is total coolant Internal energy and the .

g where Mcoolint toeperature Is found by an equation of g is the flow loss coefficient and AT0T Is
state the flow area. If the water pool covers the exit !tunnel then one would expect a different behavior. ,;!

The gas pressure wr=M probably push out some ifraction of the water pool first as a coherent slug - (j
'

T, = f(U ,m ) (33)g e of material. At this time we are developing a sim- ,'{|pie expansion model for this situation. q;*

The steam and hydrogen produced by the fuel- M, coolant mixing flow into the gas atmosphere Numerical Solution
} adding to its mass and energy, %''

The balance equations and consticultive relations d.
de u.just discussed are written in conservative differ--1=A +A -A

' y
dt V H 90U7 (34) ence form and Integrated numerically using,

.

I currently, a simple Euler integration technique,du e.
This method of solution requires very smell time-

7t1 = A (Ir + (Tsate-TrefD N 3m hat tunW caMatW, >V *'g,

but has the great advantage of being quite trans- 3-

parent for future modifications of heet transfer
+AgCpg(T -Tref) * A Oldg (35) Ws and mMng conelacks. In future ve * s O!p

9J

of the computer model more sophisticated numerical #

techniques will be used. We also have incorporatedwhere we back calculate for T Into the computer model mess and anergy conserva-
__ ,

4

9
tion-check calculations to verify that at each time
step the total mass and energy of each component isT = f(U , m )

(36) con served. This then reduces our concerns to the9 9 9
I rate of mass and energy partitioning rather than

.-

..

their overall conservation In our calculations.!-
and recalculate the new properties for the gast ,

| mixture specific heat, mixture gas constant, Model $ amole Calculations
pressure and water coolant saturation temperature y

A sample calculation was performed using this
transient model. We chose the Sandia FITS-lG ex-i P =mRTN (37h--, periment (13] as our test problem; it involved a9 999 9 -

simulant fuel m ss poured (Iron-alumina, 20.4 kg)
into nearly saturated water (44.4 kg 9 367K, Tsat *T =Tsat(Pg) (38) 368 5 K). This experiment is a good first testsetc
problem because the geometry is relatively simple,-

! (square plexiglas water chamber, 0.fe6 m square and
The volume of the gas atmossmere is determined by 0.21 m water depth) and an energetic fuel coolant*=-

the Initial geometry and updated by the momentum Interaction (steam explosion) did not occur;caustion if the water pool is displaced, or -If rather the fuel poured into the water pool, mixed
e

". some of the gas flows out of the volume A with the water, fell to the chamber base, andQUT.
quenched. Becacse an energetic fuel-coolant Inter-| The fuel parcel which eventually falls to the action was purposely avolded in this experiment

csolant pool is either accumulated in a debris the fuel mass entered the water pool at a relative-t b d or molten pool. if the fuel parcel temperature ly high velocity ( 8 m/s) and as a long thinis above its melting point it is added to the stringy mass (L/th15). We modelled the enteringmolten pool; if not it is added to the debris bed, fuel mass as consisting of a number of Lagranglani

fuel parcels (12) with a diameter of 0.08 m and a
Momentum talance total length of 1.05 m. The initial fuel tempera-

turs was approximately 2700 K, and the fuel was
As steam and hydrogen are generated and flow into assumed to be a homogeneous mixture of molten iron'

the gas atmosphere during fuel discharge into the and alumina. Iecause the water mess was small and4 wtter pool, the pressure will rise. This rise in the depth quite shallow fuel-coolant mixing occurr-'
pressure will cause a pressure Imealance with ed in about 0.2 sei. After this time the fuelvolumes connected to this ' cavity', and gas or settled on the chamber base and slowly quenched.

i liquid flow would be induced. This is especially
important to consider when rocelling ex-vessel For our sample calculation, the calculated fuel,

I phenomena. There are two possible configurations temperature decreases slightly during its falls ,

in this cavity (Figure 6). The first is that the through the water pool. This result is reasonable'

w:ter pool depth does not cover the flow path exit, If one compares the energy loss rate from the fuel'- tunnel', to an adjoining voice. In this case (dominated by radiation) to the energy gained by
one would expect primarily a gas flow out of the the exothermic oxidation of Iron. One finds thatcavity region. For this case -e have modelled the the fuel temperature should decrease, but onlyflow rate out! of the cavity my a simple incom. slightly compared to its initial temperature. Our

. pressible flow Bernoulli ecuation model for fuel mixing and breakup indicates that!

I/2 the fuel breakup from 0.08 m to 0.015 m during its
/ g gp ,pm) fall through the water pool . This result is con-o 9

,SOUT , gQui \ K (3g sistent with the post-test examination of the fuel,

g debris where fragments of this final size rangej
were measured.

b
,
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Nomenclature *

Some of the results of the calculation are pre-
sented in Figures 7 and 8t gas pressure and water - thermal diffusivity ,

I; vel as a fenction of time, anu the amount of ja
A - area

st:am and hydrogen generated. Notice that the j
c - specific heat

pr:ssure and water level else monotonically as the
it. C - drag coef ficient for sphere (%1) q

Af ter all the fuel has settled on the interaction h - diffusion coefficient between H2 and HgG
-*

fust pours into the. water pool and mixes with g s
5

0 - diameter
chamber base the water swell heignt decreases, as = mixing energy
does the pressure slightly. The change in the (F f actor for radiative energy transfer I

- view G
slope of the pressure hlstory after the fuel has - gravitational acceleration I9s';ttled on the chamber base is physical, because - heat transfer coefficient -M
the water level has decreased slightly; what = depth of the water poolH i

Cis not physical is that the pressure remains con- 3 - enthalpy
stant at this point. In the current model we have - latent heat of vaporizationif *

neglected energy transfer from the accumulated 9 - thermal conductivityk #

molten fuel pool and the overlying water or the m - mass
chamber base. Actually the pressure rise rate - number of moles ,

N
would change, because of the change in the heat 1.,P - steam partial pressure dif ference between -

-

transfer area, but would not remain constant. the ambient and at the fuel surface
P - pressure -

Figure 8 Indicates that the amount of staan pro- P - ambient pressure
duced during the fuel fall through the water pool m

q" -heatf{ux g h y(T -Tsat)Is much larger than the hydrogen mass generated. - FC,(Tp -T f
in fact, for this speelfic case the hydrogen pro- c'fgop - universal,, gas constant

-

*

duced corresponds to much less than one percent of R,
T - temperature

the metallic fuel mass reacted. The reason for
-

T - (T,,g+TgM2
this Is that the calculated vapor film thickness y - Internal energy 7around the fuel droplets is rather large ( l-10 mm) - velocity

u
v

cod therefore, the rate of diffusion of steam V - volume
through the hydrogen to the fuel surface is small = mass fractionx
(remember the diffusion rate is inversely pro- * void fraction___

*

Now this Calcu- 3
portional to the film thickness). - vapor film thickness8

lated thickness may be an overestimate of the - emissivitycfilm thickness, because we have assumed in - densitycorrect :
the model that all of the steam remaining in the - Stephan Boltzman constant*

fuel-coolant mixture as the fuel falls through the e

Thiswater pool surrounds the fuel droplets. * Subscripts
simpilfication can be relaxed and we could con-
sider only a laminar flowing film layer; newever, b - breakup
because the ar-ount of hydrogen produced during * coolantc
this time so small it is our beIIef this is not d - displaced

warranted at this time. FR - fuel fragment

f - fuel

Current Cenclusions 9 - gas
H - hydrogen

A dynamic model for fuel-coolant interactions is 2 - initialo
being developed to describe the transient process M * mixture
when fuel mixes with water In a process when fuel MIN - minimum
mixes with water in a pouring mode of contact. - coolant vapor
The model currently can calculate the rate of stem

v
sat - saturated

and hydrogen generation as the fuel mixes with
The computer model is based on a furroadwater.

parameter control volume modelling approach which
utilizes explicit numerical solution technicues
and successfully conserves mass and energy at

I t currently uses empi ricalevery time step.
correlations to model the fuel-coolant mixing be-
havior.

Sample calculations of the FITS-lG test at Sandia
in the absence of an explosion veryindicate tnat

small amounts of hydrogen are generated (less tnan
Thea few percent of -etallic fuel reacted).

being developed to consider fuelamodel is now
interactlens after mining has occarred.coolant

It can be ased to model ex-vessel cavity phenomena
that occur during fuel discharge into the reactor
cavity anc related steam spike phenomena and pro-
vide initial conditions for possible molten core-
Concrete interactions.
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