
1

a
�
p
a
e
r
a
s
q
s
c
b
m
g

e
m
e
n
e
t
I
c
n
s
m
p
t
t

g
c
t
b
d
a
m
m

E
m
D

J

Downlo
Mitja Uršič
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Material Properties’ Influence in
Fuel-Coolant Interaction Codes
The melt droplets’ crust formation modeling, which is used in current fuel coolant inter-
action (FCI) codes, is rather basic. In the paper the development of the melt droplet heat
transfer model, which enables the treatment of the material properties’ influence on the
steam explosion, is presented. The model is complex enough to adequately predict the
crust development during the melt droplets’ cooling in the premixing phase. At the same
time the model is simple enough that it can be practically implemented into FCI codes
and is thus being an optimal model for FCI applications. Fragmentation criteria are
derived in order to take into account the influence of the formed crust on the steam
explosion process. The derived criteria are based on experimental results and the thin
plate approximation. To enable the use of the model and the fragmentation criteria in FCI
codes with Eulerian formulation, adequate transport equations for model parameters are
given. �DOI: 10.1115/1.4000339�
Introduction
A steam explosion may occur during a hypothetical severe re-

ctor accident in a nuclear power plant, when the molten core
corium� interacts with the water �1�. In this energetic FCI process
art of the corium energy is intensively transferred to the water in
very short time scale. The water vaporizes at high pressure and

xpands, inducing potentially severe dynamic loadings on sur-
ounding systems, structures, and components. Although safety
nalyses of nuclear power plants revealed a low probability of
team explosion occurrence as a severe reactor accident conse-
uence, steam explosions are an important nuclear safety issue
ince they can potentially jeopardize the primary system and the
ontainment integrity of the nuclear power plant �2,3�. Direct or
y-passed loss of the containment integrity can lead to radioactive
aterial release into the environment, threatening the safety of the

eneral public.
Steam explosion experiments have revealed important differ-

nces in behavior between simulant �e.g., Al2O3� and prototypical
elts �e.g., corium-mixture of UO2 and ZrO2� �4,5�. The steam

xplosion energy efficiency for prototypic melts ��0.1%� is sig-
ificantly lower than for simulant melts ��1%�. Additionally, the
xperimental results have shown that the energy efficiency of pro-
otypic melts strongly depends on the composition of the corium.
n the case of the eutectic corium composition the steam explosion
an trigger spontaneously with efficiency up to 0.4%, whereas for
oneutectic compositions the steam explosion never triggered
pontaneously and the energetics of triggered explosions was
uch lower �efficiency �0.02%�. Differences in the material

roperties shown in Table 1 are one of the probable reasons for
he observed differences in the steam explosion efficiency of pro-
otypic melts in comparison to simulant melts �5�.

The influence of the material properties on the premixing, trig-
ering, escalation, and propagation of the steam explosion is very
omplex �Fig. 1� �5,7�. Namely, several FCI processes depend on
he material properties. The influence of material properties may
e either positive or negative, leading finely to an increase or a
ecrease in the ability to trigger an explosion �triggerability�, the
bility of the explosion to escalate and propagate through the pre-
ixture �explosivity�, and the efficiency of the conversion of the
elt thermal energy to mechanical work �energetics�. With a
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higher density the melt penetrates faster through water and the
melt jet breaks up into smaller droplets. Since smaller droplets
have a larger surface and consequently a larger area for fine frag-
mentation, this results in an increase in the explosivity and the
energetics. On the other hand, a larger melt droplets’ surface
means also a larger heat transfer area resulting in a high void
buildup, which reduces the triggerability, the explosivity, and the
energetics due to the water’s depletion and compressibility effects.
A small droplet size means also faster crust formation and solidi-
fication, which inhibits the fine fragmentation and consequently
reduces the triggerability, the explosivity, and the energetics. The
crust formation is promoted also by low thermal conductivity and
a low specific and latent heat. With a high melt temperature the
radiative heat flux is high, which results in a high local void
fraction. In addition with a high melt temperature also the vapor
film around the melt drops is stabilized, which reduces the prob-
ability of the melt-water contact and consequently the triggerabil-
ity. But with a high melt temperature also the energy of the melt is
high, which can result in a more energetic explosion. The melt
energy is higher also with higher specific and latent heat and with
higher density. For some materials additional energy is released to
the melt by the melt’s oxidation in the water’s vapor. During the
oxidation hydrogen is produced, which has a promoting and an
inhibiting influence on the steam explosion at the same time.
Since hydrogen is a noncondensable gas it cannot condense and
therefore the expansion process is more complete, which increases
the energetics. But on the other hand hydrogen increases the sta-
bility of the vapor film and increases the void fraction, which
reduces the triggerability, the explosivity, and the energetics. If the
melt composition is noneutectic a mush region may form. A stiff,
highly viscous mushy layer suppresses the fine fragmentation and
so decreases the triggerability, the explosivity, and the energetics
of the steam explosion.

The experimentally observed differences in behavior between
melt materials are mainly attributed to differences in crust forma-
tion during the premixing phase. The crust formation is believed
to be one of the most decisive consequences of the material prop-
erties, which limit the strength of the steam explosion �5�.
Namely, the crust inhibits the fine fragmentation process during
the explosion phase and if the crust is thick enough it completely
prevents it. Therefore, the crust formation during the premixing
phase could explain the observed differences in the steam explo-
sion efficiency between simulant alumina and prototypic corium
melts �8�.

In FCI codes the crust formation is simulated with melt droplet

heat transfer models. The melt droplet heat transfer models used
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n complex FCI codes are currently rather basic �9�. Namely, a
igh complexity of the model would improve the accuracy of the
CI codes, but would be on the other hand generally unpractical
ue to a significant increase in the computational requirements. It
s believed that an improvement in the accuracy of the melt drop-
et heat transfer model would give a noticeable improvement in
he prediction of the steam explosion energetics and also in the
rediction of the differences in the energetics between simulant
nd prototypic melts. Therefore the model for melt droplet heat
ransfer should be simple enough to be practical for the implemen-
ation into FCI codes and complex enough to adequately imple-

ent material properties, and finally it should enable the simula-
ion of the limitations to fine fragmentation as a result of the crust
ormation during premixing. It is believed that an improvement in
he accuracy of the melt droplet solidification modeling would
nable to reduce the discovered safety significant uncertainties in
he prediction of pressure loads during a steam explosion in reac-
or conditions.

In the paper the development of a reasonable complex melt
roplets’ heat transfer model, which is able to predict the solid
rust growth on the melt droplets’ surface and the droplets’ surface
emperature during the premixing phase, considering the melt ma-
erial properties, is presented. Additionally, to consider the influ-
nce of the formed solid crust on the fragmentation process, an
ppropriate fragmentation criterion is proposed, to enable to de-
ermine whether melt droplets’ coarse breaks up and fine fragmen-
ation may occur during the premixing and explosion phases, re-
pectively. To enable the use of the developed melt droplet heat
ransfer model and the fragmentation criteria in FCI computer
odes with an Eulerian description, adequate conservative trans-
ort equations for the most important model parameters are also
resented.

Melt Droplets’ Heat Transfer Model

2.1 Mathematical-Physical Background. Thermal radiation
s an important mode of heat transfer from the melt droplets to the
mbient water during the cooling and solidification of the melt

able 1 Selected typical physical parameters of alumina and
orium „Refs. †5,6‡…

aterial property Alumina Corium

elting temperature, Tm �K� 2334 2800
ensity, � �kg /m3� 2600 8000
iquid specific heat, cl �J/kg/K� 1420 520
olid specific heat, cs �J/kg/K� 1370 380
hermal conductivity, � �W/m/K� 8 2.88
atent heat, L �kJ/kg� 1198 361
missivity in water, � 0.76 0.76
Fig. 1 Promoting „left… and inhibiting „right… influence
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droplets. When the droplets are transparent for thermal radiation,
the thermal radiation comes from the whole droplet volume. On
the other hand if the droplet is opaque for thermal radiation, the
particle is cooled by radiation only from the surface of the droplet.
If the absorption coefficient and the typical radius of the melt
droplets are taken into consideration, then typical droplets from
simulant alumina and prototypic corium melts may be considered
as opaque, since for both materials the typical melt droplets’ ra-
dius �around 1 mm for corium and around 10 mm for alumina� is
much larger in comparison with the absorption length �around 0.2
mm for corium and around 1 mm for alumina� �4,8�. Due to that,
the modeling must be based on a mathematical-physical model for
opaque droplets �10�.

In the mathematical-physical modeling of opaque droplets a
model problem for a single melt droplet is considered, since the
heat transfer between melt droplets’ particles is assumed to be
insignificant compared with the local heat transfer to the sur-
rounding water. The transient heat conduction equation for an
opaque spherical droplet together with the boundary and initial
conditions is

��c�T� + L��T − Tm��
�T�r,t�

�t
= ��2T�r,t�

T�r,0� = Tcen�t = 0�, � �T

�r
�

r=0

= 0, − �� �T

�r
�

r=R

= q�t� �1�

where T�r , t� is the temperature profile inside the particle with
radius R, and c is the specific heat capacity. The other variables
are described in Table 1 and are assumed to be constant. Since the
eutectic melt composition is considered, the liquidus �completely
liquid� and solidus �completely solid� temperatures are identical
and equal to the melting temperature �i.e., � is the delta function�.
Tcen�t=0� is a homogenous temperature profile defining the initial
droplets’ temperature at the beginning of the droplets’ cooling.
The first boundary condition assumes that there are no heat
sources in the center of the droplet. The second boundary condi-
tion equals the heat flux due to the temperature profile gradient at
the melt droplet surface to the heat flux q from the surface of the
melt droplet to the surrounding water.

2.2 Model Description. Equation �1� has analytical solutions
only for specific initial and boundary conditions, which in general
do not represent situations in steam explosion processes. Since a
numerical solution �NS� of Eq. �1� would increase the computa-
tional requirements of the FCI codes too much and is therefore
unacceptable, the concept of the reasonable complex melt drop-
lets’ heat transfer model for opaque droplets �HTMOD�, as illus-
trated in Fig. 2, was introduced in Ref. �10�. With HTMOD we
would like to reach a reasonable compromise between the accu-
racy and the computational efficiency of melt droplets’ heat trans-
fer calculations. As shown in Fig. 2 the melt droplet with radius R
of material properties on the steam explosion †5,7‡
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s divided into the liquid part, where the temperature profile Tl is
bove the melting temperature Tm, and into the solid part, where
he temperature profile Ts is below the melting temperature. In
oth parts the thermal conductivity and the density are considered
o be equal and constant.

The temperature profile inside the central layer is considered to
e constant and equal to the initial temperature T �t=0� of the

Fig. 2 HTMOD
cen
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melt droplet when it was born �e.g., at jet breakup�. By this as-
sumption the time needed for the surface condition to progress
inside the melt droplet was considered. The temperature profile
inside the boundary layer with thickness �l is based on the para-
bolic representation. In the boundary layer the temperature is be-
low the initial temperature but still above the melting temperature.
The parabolic profile approximation can be obtained from the
mathematical-physical model for a totally liquid or a totally solid
opaque droplet by assuming quasistatic conditions, where the tem-
perature change does not depend on the radial coordinate r. The
temperature profile in the crust layer on the melt droplet surface
with thickness �s is considered to be linear if a liquid core is still
present. The linear profile approximation can be obtained from the
mathematical-physical model for opaque droplets by assuming
that the thickness of the crust layer is constant �latent heat is
assumed to be infinitive� and significantly lower than the radius of
the melt droplet, and that the liquid core is at the melting tempera-
ture �acting like a heat source�. Once the melt droplet is com-
pletely solid the parabolic profile presentation is assumed. These
profile assumptions are reasonable and result in a good agreement
of the established temperature profile with the exact solution of
the mathematical-physical model, as presented in Ref. �10�. The
temperature profiles used in HTMOD can be written as
Tl�r,t� = � Tcen�t� , r � R − �s�t� − �l�t�

Tcen�t� −
Tcen�t� − Tint�t�

�l�t�2 · �r − R + �s�t� + �l�t��2, R − �s�t� − �l�t� � r ∧ r � R − �s�t� �
Ts�r,t� = �Tm +

Tsur�t� − Tm

�s�t�
�r − R + �s�t�� , R − �s�t� � r ∧ r � R

Tcen�t� −
Tcen�t� − Tsur�t�

R2 r2, r � R ∧ �s�t� = R �
Tcen�t� = 	Tcen�t = 0� , �l�t� � R − �s�t�

Tcen�t� , �l�t� = R − �s�t�
,
 Tint�t� = 	Tsur�t� , �s�t� = 0

Tm, �s�t� � 0

 �2�
here Tint is the temperature between the boundary and the crust
ayer �if the crust layer is present� or the droplets’ surface tem-
erature Tsur �if the crust layer is absent�. As seen in Eq. �2�, the
emperature profiles are in general a function of four model pa-
ameters, which have to be calculated to characterize the condi-
ions inside the melt droplet. These parameters are Tcen �in case
hat the central layer is absent� or �l �if the central layer is
resent�, �s, Tsur, and R. The HTMOD model parameters must be
etermined in a way that satisfies the heat balance equation

dQ

dt
= − 4�R2q�t� �3�

here Q is the internal energy of the melt droplet, and the bound-
ry condition for the temperature profile gradient

q�t� = 	ql�R,t� , �s�t� = 0

qs�R,t� , �s�t� � 0



qs�r,t� = − �
�Ts

�r
, ql�r,t� = − �

�Tl

�r
�4�

which has to result in a heat flux equal to the heat flux from the
melt drop surface to the surrounding water.

3 Fragmentation Process

3.1 Discussion. Figures 3 and 4 show the HTMOD simulation
results in comparison to the exact NS for opaque melt droplets
�see Eq. �1�� and typical premixing conditions �10�. The heat flux
from the melt droplet surface was determined as the sum of the
film boiling heat flux and the radiation heat flux. The simulation
results are shown for typical prototypic corium �R=1 mm� and
simulant alumina �R=10 mm� melt droplets, created during the
premixing phase in typical steam explosion experiments �4�. Ho-
mogeneous initial temperatures are chosen based on typical ex-
perimental conditions and are set to 2700 K for alumina, 3000 K
for corium, and 300 K for water �4�. The material properties used
in the simulations are listed in Table 1.

Figure 3 demonstrates the temperature profile development in
time. It can be seen from the NSs that the temperature profiles in
the solid layer on the droplet surface are almost linear during the

initial crust growth. As seen in Figs. 3 and 4, the linear profile

JULY 2010, Vol. 132 / 072901-3
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pproximation in HTMOD gives rather good results in this initial
tage. The discrepancies in the crust growth increase in the final
eriod of the solidification. But this is not an important model
imitation of HTMOD, since we are interested mainly in the initial
rowth of the solid crust, which influences the ability of the melt
roplet fragmentation already before the droplet is significantly
olidified.

Within some hundredths or tenths of a second, the velocities of
he typical experimentally created corium or alumina melt drop-
ets, respectively, are near the critical velocities necessary for the
ragmentation of the liquid melt droplets during the premixing
hase. Since at the same time scale also the crust, which increases
he surface stiffness, is being created for corium melt droplets, it

ay be assumed that once the crust starts to grow, the corium melt
roplet cannot fragment anymore during typical premixing experi-
ents. Consequently for the conditions of typical experiments
ith corium melts we do not need to develop fragmentation cri-

eria for partially solidified melt droplets �i.e., whether a partially
olidified melt droplet will fragment or not due to the act of hy-
rodynamic forces� during premixing. For alumina droplets the
rust formation is significantly delayed in comparison to corium
roplets. Since the delay is longer than the time of the melt drop-
et deceleration, it may be again considered that once the crust is
eing created, the alumina melt droplet cannot fragment anymore.
ut in reactor applications the premixing conditions may be dif-

erent; therefore fragmentation criteria for partially solidified melt
roplets are needed also for the premixing phase.

If the typical premixing time of the order of 1 s is taken into
ccount �4�, we realize based on Fig. 4 that at that time the early
orn corium melt droplets are already totally frozen and as such
annot be actively involved in the steam explosion process. On
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the other hand alumina melt droplets and lately born corium drop-
lets, which are still liquid or only partly solidified, can be actively
involved in the steam explosion process. Therefore the develop-
ment of fragmentation criteria is important for the explosion phase
in typical experiments and in reactor applications.

3.2 Experimental Results. The effect of the melt droplets’
surface solidification on the fragmentation was experimentally in-
vestigated in Refs. �11–13�, where eutectic Wood metal alloy and
eutectic Pb–Bi alloy were employed. In Ref. �11� the crust thick-
ness was around 100 �m during the experiments, whereas in
Refs. �12,13� the crust thickness was a few �m. However, only a
detailed report of Ref. �11� enables us to make quantitative and
qualitative analyses of experimental data.

In the performed experiments in Ref. �11� the melt droplets of
Wood metal were dropt into the test channel filled with water, and
the hydrodynamic fragmentation was induced by a strong water
flow. By choosing the melt droplets’ temperature in the range
75–159°C, the water’s temperature in the range 10–75°C, and
the melt droplets’ radius in the range 1.6– 2.9 mm, the crust thick-
ness at the onset of the water flow was varied. Water flows of up
to approximately 40 m/s were produced inside the test channel. In
total 65 experiments were performed.

In Fig. 5 the experimental results on the fragmentation behavior
are given for various water velocities and crust thicknesses. Al-
though the relative velocities are commonly used for correlating
the fragmentation behavior, the water velocities are used herein
since only those values were explicitly given for all experiments.
The difference between the water and relative velocities at the
time of the fragmentation onset was up to approximately 6 m/s for
the highest water velocities �11�. The crust thickness of the melt
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roplet was calculated using a heat transfer model, assuming a
ymmetric sphere and determining the heat transfer to the sur-
ounding water by a correlation for forced convection heat trans-
er. The results in Fig. 5 show an existence of two regions, a
egion where the crust thickness is small enough to be flexible and
region where the crust thickness is thick enough to show more

olid behavior. The transition between the regions occurs in a very
arrow range of the crust thickness, at around 105–125 �m, and
s due to the drastic transition in the fragmentation behavior,
hich could be described by a sudden occurrence of drop stability

gainst deformation above the limiting crust thickness. The effect
f an increased crust thickness does not appear to be sufficient for
he explanation of the increased stability; therefore effects of ma-
erial properties during the crust growth have to be considered
11�. For a crust thickness below the critical value and at smaller
ater velocities the melt droplet fragmented by deformation. At
igher velocities local fragmentation of the melt droplet was due
o shear flow effects. With increasing velocities a complete fine
ragmentation appeared and was also due to the shear flow effect.

hen the crust thickness was above the critical value the frag-
entation occurred only by shear flow effects, which underline

hat flexible crusts existed in the region with fragmentation by
eformation. With increasing water velocities the complete fine
ragmentation due to the shear flow seems to dominate more and
ore.

3.3 Fragmentation Criteria. For the liquid melt droplets the
eber number is commonly used to characterize different regions

f the hydrodynamic fragmentation

We =
�cvrel

2 D

	
�5�

here �c is the coolant density, vrel is the relative velocity be-
ween the melt droplet and the coolant, D is the diameter of the
elt droplet, and 	 is the surface tension. The Weber number

elates the hydrodynamic force acting to destroy the melt droplet,
nd the surface tension force acting to retain the melt droplet
orm. If the Weber number exceeds the critical value, the melt
roplet fragments into smaller and more stable melt droplets. The
ost commonly used critical value is 12. Once a crust is created

n the melt droplet surface, the role of surface tension is replaced
ith the stabilizing forces of the solid crust. Therefore the use of

he Weber number can no longer be a good fragmentation criterion
or partly or totally solidified melt droplets.

The experimental results in Fig. 5 serve to give some insight
nto possible limiting fragmentation mechanisms for melt droplets
ith a crust as well as the theoretical approaches to describe them.
s given schematically in Fig. 6 two fragmentation mechanisms

re discussed herein. Since we are interested in droplet conditions,
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ig. 5 Map of melt droplet fragmentation phenomena for vari-
us water velocities depending on crust thickness †11‡
hen the crust thickness is significantly lower compared with the
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melt droplets’ diameter, the thin plate approximation is used in the
theoretical discussion. The energy Etp of the deformed thin plate is

Etp =
E�s

3

24�1 − �2�� �
S

� �2


�x22

dS = C · I �6�

where I is the integral of the second derivate of the deformation �
along the x axis of the thin plate, S is the surface area of the thin
plate, and C is the crust stiffness, which depends on the crust
thickness �s, Young’s modulus E, and Poisson’s ratio �. When the
deformation is due to bending, the value of the integral I in Eq. �6�
can be related to the maximal strength of the thin plate �11�

Idef =
16�max

2 �1 − �2�2

E2�s
2 S �7�

where S is the surface area of the considered melt droplet and
�max is the maximal tensile strength.

Considering the maximal thin plate bending due to outside wa-
ter flow, a modified Weber number for fragmentation of the melt
droplet by deformation due to bending may be defined based on
Eqs. �6� and �7�,

Wedef
� =

�cvrel
2 DE

�max
2 �s�1 − �2�

�8�

On the other hand the shear flow effects are treated according to
the Kelvin–Helmholtz instability growth on the thin plate surface.
The corresponding modified Weber number may be defined as

WeKH
� =

�cvrel
2 D3

E�s
3 �1 − �2� �9�

where the prevailing effect of the relative velocity over the crust
stiffness is considered. The background of Eq. �9� could be also
seen from Eq. �6�.

The agreement of the suggested mechanisms with experimental
results from Fig. 5 can be seen in Fig. 7. Equation �8� or Eq. �9�
was used for the fragmentation criteria definition in case the crust
thickness was lower or higher than the critical value, respectively.
The critical modified Weber number is obtained by considering
Wood’s metal properties being constant during the crust growth
�e.g., independent of temperature� and equalizing the relative ve-
locities to the water velocity �see discussion in Sec. 3.2�

Wecrit
� �	 9, �s � �s,crit

0.1, �s  �s,crit

 �10�

where �s,crit is the critical crust thickness, which is assumed to
depend on material properties �see discussion in Sec. 3.2�.

The agreement between the theory and the experiments is not
conclusive. Because of the restricted number of experiments, the
critical velocities and the modified Weber number for onsetting
fragmentation or the velocities indicating the transition in the
fragmentation behavior could be determined only roughly. Addi-
tionally, the observed drastic change in the fragmentation behav-

Fig. 6 Schematic view of droplets’ solid layer fragmentation
mechanisms
ior between the two regions needs further investigations.
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3.4 Fragmentation Time Scale. The few available experi-
ents in Ref. �11� weakly indicate that the fragmentation time is

round 1 ms regardless of the crust thickness. Therefore experi-
ental results indicate that a much smaller instability growth is

ecessary for the crust to break up due to shear flow effects if
ompared with the breakup of the more flexible liquid melt
roplet.

The experimentally obtained fragmentation times were com-
ared with the Pilch correlation for the total breakup period �i.e.,
ragmentation time� of droplets in a liquid-gas system �14�. Al-
hough the Pilch correlation gives up to three times longer frag-

entation times compared with experimentally obtained ones, it
nables a quantitative description of experimental results.

It is obvious that additional experiments would be needed to be
ble to correlate the influence of the crust thickness on the melt
roplet breakup time.

Transport Equations
To enable the use of the developed HTMOD and the fragmen-

ation criteria in FCI computer codes with an Eulerian description,
dequate transport equations for the decisive model parameters
ere derived in conservative form.
HTMOD is characterized with four parameters �see Eq. �2��.

herefore, four melt droplet quantities of primary importance with
orresponding equations must be introduced in order to make a
athematical closed system of equations. The considered melt

roplet quantities of primary importance are as follows: melt
roplets’ internal energy, surface area, surface stiffness, and sur-
ace heat flux. The variation of the internal energy is covered by
he energy conservation equation, which is already included in
CI codes �6�. The second important quantity is the melt droplet
urface area, which defines the heat transfer and the source for the
elt droplet fragmentation. Generally, the interfacial area trans-

ort equation is used in FCI codes �6�. The third important melt
roplet quantity is the surface stiffness, which influences the abil-
ty of the melt droplet to fragmentize and therefore significantly
ffects the FCI process. The effect of the surface stiffness is de-
cribed with Eq. �6�, where the surface stiffness C is a function of
aterial properties and the crust thickness. Therefore, the varia-

ion of the crust thickness is treated by the general conservative
ransport equation for �� as follows:

��� + ����u�� = ��
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Fig. 7 Deformation „a… and shear „b… fragmentation criteria
critical crust thickness
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where u� is the velocity field and �� is the transported quantity,
representing here the crust stiffness in the mesh cell with the
volume Vcell. �� can be also considered as the capability of the
melt droplet to sustain melt droplet fragmentation. Material prop-
erties as Young’s modulus and Poisson’s ratio are assumed to be
constant. �d, A, and V are the droplets’ volume fraction, the sur-
face area, and the volume, respectively. �� is the source term,
where the influence of the melt droplet quenching determined
from HTMOD �see Sec. 2�, melt droplet coarse fragmentation, jet
breakup, and melt droplet coalescence should be considered. The
last important melt droplet quantity is the melt droplet surface
heat flux to the surrounding coolant. The surface heat flux is di-
rectly influencing important FCI processes, as the solid crust for-
mation, the void fraction, and the stability of the vapor film sur-
rounding the melt droplet surface. The heat flux is a function of
the surface temperature gradient. To conserve the heat flux on the
melt droplet surface an adequate conservative transport equation
for �T was derived as follows:

��T

�t
+ ���Tu�� = �T

�T = �
qlA

Vcell
=

qlA

V/�d
= 6�d

ql

D
, �s = 0

qsA

Vcell
=

qsA

V/�d
= 6�d

qs

D
, �s � 0� �12�

The influence of melt droplet quenching, melt droplet coarse frag-
mentation, jet breakup, and melt droplet coalescence is considered
in the source term �T.

5 Conclusions
In FCI modeling the melt solidification process, which can pre-

vent further melt fragmentation, should be taken into account. The
melt droplet heat transfer models used in FCI codes are generally
basic and are as such not capable to appropriately predict the
observed differences between simulant and prototypic materials.
Therefore the heat transfer model for opaque melt droplets �de-
noted as HTMOD� was developed with the purpose to signifi-
cantly improve the accuracy of the calculated steam explosion
energetics. HTMOD is complex enough that the material proper-
ties can be adequately considered. With HTMOD the growth of
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ed for crust thicknesses smaller „a… and larger „b… than the
us
the crust, which limits the melt droplets’ fragmentation during the
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Downlo
remixing and explosion phases and thus significantly influences
he steam explosion energetics, can be accurately predicted. At the
ame time HTMOD is simple enough that it can be practically
mplemented into FCI codes, thus being an optimal model for FCI
pplications. Additionally, fragmentation criteria taking into ac-
ount the influence of the formed crust on the fragmentation pro-
ess have been derived. The developed fragmentation criteria are
ased on experimental results and they are derived in a way to be
ndependent of material properties. Due to the limited number of
erformed experiments the fragmentation criteria could be deter-
ined only roughly. Adequate transport equations for most impor-

ant model quantities were derived in order to enable the use of
he developed models and criteria in FCI computer codes with an
ulerian description.
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