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A two-dimensional code is developed for molten core-concrete interaction (MCCI) based on Moving Particle Semi-
implicit (MPS) method. Heat transfer is calculated without any specific correlations. A particle can be changed to a
moving (fluid) or fixed (solid) particle corresponding to its enthalpy, which provide the phase change model for
particles. The phase change model is verified by one-dimensional test calculations. Nucleate boiling and radiation
heat transfers are considered between the core debris and the water pool. The developed code is applied to SWISS-2
experiment in which stainless steel is used as the melt material. Calculated heat flux to the water pool agrees well
with the experiment, though the ablation speed in the concrete is a little slower. A stable crust is formed in a short
time after water is poured in and the heat flux to the water pool rapidly decreases. MACE-MO using corium is also
analyzed. The ablation speed of concrete is slower than that of SWISS-2 because of low heat conduction in corium.
An unlimited geometry is analyzed by setting the cyclic boundary condition on the sides. When the crust is broken
by the decomposition gas, heat transfer to the water pool is kept high for a longer time because the crust re-formation
is delayed.

Introduction

If a molten core breaches the reactor pressure vessel, the melt spreads on the containment concrete basemat. The
concrete ablation, called molten core-concrete interaction (MCCI), continues while the core debris temperature is
above about 1500K. Decomposition gas is released by the ablation and this leads to overpressurization in the
containment vessel.

Some experiments of MCCI were carried out: SWISS-2 using stainless steel as the melt material (Blose et al., 1987),
MACE using corium (Spencer et al., 1991), and COTELS using corium (Nagasaka et al., 1999; Zhdanov et al.,
1999). In most of the past experiments, except for COTELS, the concrete ablation was not terminated by pouring
water on the core debris. This is because stable crust, which was supported by the side wall, was formed between the
melt pool and the water pool. Heat flux to the water pool was reduced by the heat conduction in the crust. However,

3 3 / 0 8



oooo
the scales of such experiments were much smaller than that of the real plant. The crust may be unstable without the
support if the scale is larger. The experiment of the real scale is almost impossible.

Computer codes have been developed for the ; such as DECOMP, CONTAIN and DCRA in IMPACT. In these codes,
the phenomena are treated as zero- or one-dimensional. Thus, multi-dimensional behavior cannot be analyzed. In
order to analyze MCCI in the real scale, we have to consider the multi-dimensional effect. Specific correlations
which are needed for the above codes are also limiting the applicability. Therefore, we need a multi-dimensional
code based on fundamental governing equations without the specific correlations for the analysis in the wide range of
parameters including the scale of the real plant.

In the present study, a two-dimensional code is developed for MCCI using Moving Particle Semi-implicit (MPS)
method. Governing equations are transformed to particle interactions in the MPS method. Large deformation of
interfaces and phase change processes are easily analyzed because grids are not necessary. Fragmentation of a melt
drop in vapor explosions was analyzed and the fragmentation process was clarified in the past studies (Koshizuka et
al., 1997a; 1997b; 1997c; 1997d; 1999; Ikeda et al., 1998b). As a verification, water jet impingement on a fluorinert
pool was analyzed and good agreement with MUSE experiment carried out in the Japan Atomic Energy Research
Institute (JAERI) was obtained (Ikeda et al., 1999). Numerical models for boiling and solidification have already
been developed to be incorporated into the MPS method (Ikeda et al., 1998a).

Analyses using the developed code are carried out for the experiments of SWISS-2 and MACE-MO. An unlimited
geometry is also analyzed by setting the cyclic boundary condition on the sides.

Numerical Method

MPS method

Mass, momentum and energy conservation equations of incompressible flows are

^ = o , 0)
Dt

p— = -VP + ̂ V2u + pg , (2)

Lp|L,V2W . (3)
These governing equations involve the differential operators, such as gradient and Laplacian. Convection terms are
not needed to calculate because the MPS method is fully Lagrangian. Thus, numerical diffusion does not occur. This
is preferable to keep the interfaces clear. The gravity term is reduced to a buoyancy force term using Boussinesq's
approximation.

In the MPS method, particle interaction models are prepared for the differential operators. All the interactions are
limited among the neighboring particles within a weight function (Fig.l).

w(r) =
— - 1 0 £ r < re

0
(4)

where re is a parameter which determines the neighborhood. The weight function provides zero when the distance

between two particles r is longer than the parameter re.

Particle number density is defined as the summation of the weight function.
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The particle number density is in proportion to the fluid density. It should be constant for incompressible flows: «,- =

rfi. The particle number density is also used for the normalization in averaging of the particle interaction models

shown below.

The Laplacian operator is modeled as distribution of part of quantity to neighboring particles as shown in Fig.2. A
weight function w(r) is used for the distribution,

(6)

where d is the number of spatial dimensions. This concept is derived from the image of diffusion which is governed
Id

by the Laplacian operator. Equation (6) implies that the quantity of
hi

W\ \Tj - is transferred from

particle j to i. The quantity lost at a particle/ is just received by a particle ;. This assures that the Laplacian model is
conservative. The central limit theorem guarantees that the iteration of distribution using any weight function
converges to the analytical solution if the variance increase is the same as that of the analytical solution. A parameter
A is introduced to keep the same variance increase.

2

2b-1
- r,-

(7)
j - r,

The Laplacian model is applied to the viscous term in Eq.(2) and the diffusion
term in Eq.(3).

Incompressibility is calculated by a semi-implicit algorithm where the pressure
field is implicitly solved using Poisson equation, while the other terms are
explicitly calculated,

* 0
(8)

At2 ,0

where superscript * stands for a temporal value after the explicit calculation
step. The source term of Poisson equation is represented by the deviation of the
particle number density from the constant value of rfi, while it is the velocity
divergence in the usual finite volume methods. The left side of Eq.(8) is
discretized by the present Laplacian model of Eq.(6).

Detailed modeling for differential operators is specified in references
(Koshizuka and Oka, 1996).

(2) phase change model

Melting and solidification are modeled in the manner of the particle
method. Each particle has variables of enthalpy h, temperature T and
liquid fraction a. When a particle is at the melting point Tmp, this particle
is considered as mixture and the liquid fraction is linearly changed
corresponding to the enthalpy (Fig.3). The particle moves as liquid when
the liquid fraction is above a certain value and it is fixed as solid when the
liquid fraction is below the certain value.

Fig. 1 Interaction area

The diffusion term of Eq.(3) is discretized to

kS72T (9)

Fig.2 Laplacian model
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In the right side of Eq.(9), thermal conductivity is
located inside the summation because of the
conservation. The thermal conductivity is evaluated
between two particles ;' andy as,

* < , - • !

particle / is mixture

particley is mixture (10)

ki
• * ;

otherwise

Fig.3 Phase change model

The concrete particle melts when the liquid fraction
reaches 1.0 and it changes to a debris particle. This
implies that the melted concrete is quickly mixed in
the melt pool. The properties of the melt pool
including ablated concrete are not changed.
Decomposition gas release and volume contraction
of the concrete are not considered. The latent heat for the melting is concentrated at the ablation temperature.
Actually, dehydration and decarboxylation occur at different temperatures.

The debris particle is solidified when the liquid fraction is below a critical value of 0.45 and melted when the liquid
fraction is above the same critical value. This critical value of 0.45 is tentatively chosen from a melt spreading
experiment using stainless steel (Suzuki et al., 1993). For corium, viscosity is expected to increase exponentially
with the solid fraction (Cognet et al., 1999). Temperature is not kept constant during solidification. This behavior is
different from pure materials in which phase change takes place at a fixed temperature. The present model is simple
but can simulate the behavior that the material is immobilized when it is partly solidified. The solidified debris
particle is fixed in space if another fixed particle exists in the neighborhood. This implies that the solidified particle
sinks without the support. MgO and concrete particles are regarded as fixed.

Nucleate boiling heat transfer is considered on the interface between the core debris and the water pool. A general
correlation that the heat transfer is proportional to the third power of the temperature difference is employed. The
coefficient is determined to provide a critical heat flux of 1.5xl06W/m2 at T=TW-Tsat=\7.17K. When the water

subcooling is 45K, this is the case of SWISS-2 experiment, the critical heat flux is increased to 4.7xlO6W/m2. The
heat flux is limited by this critical value. Transition and film boiling are not considered. Radiation heat transfer to the
water pool is included. No special models are used and only heat conduction is considered among the core debris,
concrete and MgO.

(3) test calculation of melting

One-dimensional melting problems are solved to verify the present phase change model. One is melting from ice to
water. Properties used are described in
Table 1. Initially, the whole region is ice
at -5°C. The temperature is kept 5°C at
x=0 as the boundary condition. Volume
change with temperature is ignored.
Natural convection in water is also
ignored. The calculation result is
compared with Neumann's analytical
solution in Fig.4. We can see that the
temperature profiles are almost linear
and the slopes are different in ice and
water depending on the heat
conductivity. The melting front slowly
moves because the latent heat is

Table 1 Properties used in test problems

initial temp. [°C]
melting temp. [°C]
thermal conductivity [W/m/K]
specific heat [J/kg/K]
density [kg/m3]
latent heat [kJ/kgl

ice

-5
0

2.2
2000
917

333.9

water

5

0.567
4199

999.93

concrete

30
1397
1.5

1230
2500

1531.9

UO2

2500

10
500

8700



oooe
relatively larger than the specific heat. The calculation result agrees well with the analytical solution.

Combination of molten UO2 and concrete is solved. It is assumed that the melted concrete is quickly replaced by the
molten UO2 and that UO2 is not solidified. This implies that constant physical properties are assumed in the liquid
region. The physical properties used are shown in Table 1. In this case, liquid has a larger thermal conductivity. The
comparison between the calculation result and Neumann's analytical solution is depicted in Fig.5. The temperature
profile is almost linear in the liquid region while it is curved in the solid region. This is because the melting front
moves relatively fast and heat is not fully penetrated in the concrete.

These two one-dimensional test calculations show that the melting model developed here is accurate and useful for
the analysis of MCCI.

Analysis of SWISS-2

calculation conditions

The MPS code developed here is applied to the analysis of SWISS-2 experiment. The geometry is depicted in Fig.6.
The calculation is x-y two-dimensional though the experiment was r-z two-dimensional. The width of the melt pool
in the calculation is the same as the diameter in the experiment. At the moment, cylindrical coordinates cannot be
used in the MPS method. The core debris, concrete and MgO are initially represented by 513, 783 and 2025 particles,
respectively.

Thermophysical properties in the report (Blose et al., 1987) are used. The initial melt temperature is 1850K which is
150K superheat. Heat source is initially fixed at 1.6W/g and it decreases as the debris particles increase due to the
melting of concrete. The total heat input is kept constant except for twice stops for short periods. The power supply
starts at 25sec and water is poured at 99sec, which are the same timings as the experiment.

Two calculations are carried out. One is neglecting the natural convection in the melt pool in order to use a long time
step. This calculation reached the end of the experiment. The other is considering the natural convection though the
time step is by far limited due to the Courant condition. In this case, the calculation did not reach the end of the
experiment.

analysis neglecting natural convection in melt pool

Figure 7 shows the configurations of solid and melt
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particles. Some debris particles are solidified on the side MgO at
60sec. These particles are melted again at 500sec and a layer of the
solidified particles appears at the top of the melt pool. This is the
stable crust supported by the side walls. The shape of the crust is
almost flat. The thickness of the crust is constant till the end. There
is no space between the melt pool and the crust because the volume
contraction is neglected when the concrete is melted. In the report
(Blose et al., 1987), it is presumed that the decomposition gas
causes pool swell and that contact between the melt pool and the
crust was established during the experiment. Water particles are not
used in this case but heat flux from the debris particles to the water
pool is calculated.

The ablation front in the concrete is shown in Fig.8. The ablation
does not appear till 300sec because the core debris is cooled by cold
concrete at first. This is also found in the experiment. After 300sec,
we can see that the calculated ablation speed is slower than that of
the experiment. This may be due to the heat flux to the concrete is
smaller in the calculation. The calculated temperature of the melt
pool is much above the melting point because the natural
convection is not considered. Some heat is stored in the melt pool
instead of transferred to the concrete. Another reason may be that
the latent heat of concrete ablation is overestimated.

MgO

««9 6»-

v
concrete

M 2UC » ,
[cm]

Fig.6 Calculation geometry for SWISS-2

Heat flux to the water pool is compared in Fig.9. A very high heat flux of 6xlO6W/m2 is initially observed in the
calculation though it was not so high in the experiment. One reason is the boiling model used here. The calculated
peak is almost the sum of the critical heat flux to subcooled water and the radiation heat transfer. Transition or film
boiling might be realized in the experiment. Another reason is that the experimental data of the heat flux were
evaluated from the water temperature difference between the inlet and the outlet of the water pool. This implies that
the short peak was not detectable in the experiment. Actually the initial peak was detected in the MACE-MO
experiment. The heat flux rapidly decreases after the initial peak due to the stable crust. The decreased heat flux is
about 0.8MW/m2 which is in good agreement with the experiment. The heat flux drops twice at about 1500 and
2200sec when the power input is lost.

(3) analysis with natural convection in melt pool

The time step must be much smaller than the previous case because of the Courant condition. Thus, the calculation
does not reach the end of the experiment. The concrete ablation speed and the heat flux to the water pool are almost
the same as those of the previous case.

Figure 10 shows the particle configurations in the melt pool. A thin crust grows from the side walls in about lOsec

t = Osec t - 60sec t = 500sec t = lOOOsec t = 1500sec t = 2000sec t = 2460sec

Fig.7 Configuration of particles in SWISS-2 analysis without natural convection in melt pool
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after water pouring (99sec). The stable crust is completed as shown in the figure at 670sec. We can see that the center
of the crust is thinner and the sides are thicker. This shape is formed by the natural convection in the melt pool. Hot
melt rises in the center, which makes the crust thinner. This is not found in the previous calculation neglecting the
natural convection. The bridge-like shape of crust was also observed in the experiment.
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Fig. 10 Particle configurations in melt pool with natural convection

Analysis of MACE-MO

calculation conditions

A series of experiments for MCCI, called MACE, has been carried out in Argonne National Laboratory. MACE-MO
was the first one where corium was used as the melt material. The cross section of the pool was a square of
30x30cm. Tungsten electrodes were used for heating. Both side and bottom walls are concrete. Initially corium
powder of 95.4kg was places in the test section. A layer which consists of concrete and Zr metal rods separates the
initial corium powder and the basemat concrete. The time origin t=0 was set when the ablation reached the basemat
concrete. The initial power was lOOkW and gradually decreases to 50kW till 85min. Water was poured from the top
at 4min.
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Figure 11 shows the calculation geometry in
two dimensions. The electrodes and the bottom
layer for separation are ignored. The corium
constituents are simplified to a mixture of UO2
and ZrC>2 (Table 2). Properties of the mixture,
such as melting point, density, viscosity and
thermal conductivity, are evaluated from the
paper of MATPRO (Allison et al., 1993). The
heat input is initially lOOkW and linearly
decreases to 50kW at 4800sec. Water is poured
at t=0. The initial temperatures of corium,
concrete and water are 3000, 300 and 324K,
respectively. The number of particles is 2424.

cyclic boundary^

25cm 30cm W

Fig. 11 MACE-M0 geometry (left)

Fig. 12 Unlimited geometry (right)

Table 2 Constituent of corium

An unlimited geometry is also analyzed
(Fig. 12) because the scale of the real plant is
much larger than the experiment. A cyclic
boundary condition is applied to both sides;
particles near the other side are considered as neighbors and a particle
which goes out of one side enters from the other side. The other
calculation conditions are the same as those of the MACE-MO geometry.

(2) analysis without gas release

Decomposition gas is ignored. The results of MACE-MO and the unlimited
geometry are shown in Figs. 13 and 14, respectively. In the MACE-MO
geometry, the melt pool is surrounded by crust. The top crust between the
melt pool and the water pool appears earlier (before lOOsec). The top crust
is supported by the side concrete. At lOOOsec, the concrete ablation
progresses in only one layer of particles. Comparing with the result of SWISS-2, we can find crust between the melt
pool and the concrete as well because the solidification temperature of corium is higher.

In the unlimited geometry, crust is observed at the top and bottom (Fig. 14). Side crust is not formed. The top crust is
floating though its density is larger than that of the melt pool and there is no support in the unlimited geometry. The
bottom crust is thinner than the top crust
and one layer of concrete particles is
ablated at lOOOsec. 1

Constituent

UO2

ZrO2

Zr
SiO2

CaO2

Concrete

Experiment
(weight %)

67.0

13.2
4.2

3.9
3.5
8.2

Calculation
(weight %)

84.0

16.0

Heat flux to the water pool is depicted in
Fig. 15. A high heat flux of 5MW/m2 is
initially observed and soon decreases to
about 0.5MW/m2 in the calculation results
of both MACE-MO and unlimited
geometries. This behavior agrees with the
experiment. In the experiment, we can see
some other peaks after the initial peak.
These are due to eruptions of the melt
accompanied by release of the decomposition
gas. This behavior is not calculated because
the gas release is ignored.

fe I
8 ? mum

t=0sec t=100sec t=500sec t= lOOOsec

Fig. 13 Calculation result for MACE-MO without gas release

t=0sec t=100sec t=500sec t= lOOOsec

Fig. 14 Calculation result for unlimited geometry without gas
release
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The ablation front in the basemat concrete is shown in Fig. 16. The step-like increase in the calculation results is due
to the size of particles. When one layer of the concrete particles is ablated, the front progresses to one step. The speed
is a little higher in the unlimited geometry than the MACE-MO geometry because there is no heat loss to the sides.
The calculated speed is a little slower than that of the experiment. The reason may be the same as for SWISS-2. As
described in Sec.4.1, t=0 is set when the bottom layer involving Zr is ablated in the experiment (heat has penetrated
in the basemat concrete at t=0), while heat conduction starts at t=0 in the calculations. Thus, the initial ablation front
is different between the experiment and the calculations. The ablation speed is slower in MACE-MO than SWISS-2.
This may be due to the existence of the bottom crust which reduces the heat flux to the basemat concrete.
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Fig. 16 Ablation front in basemat concrete

analysis of melt eruption with gas release

Gas is generated by the decomposition of concrete. It goes up in the melt pool and enhances the inside pressure. The
top crust will be broken and stored gas is released with eruption of hot melt. It is complicated to predict the break of
crust, so that the three cases of break are calculated here. Case 1, 2 or 3 means the number of break positions. Gas
particles are placed between the melt pool and the top crust to enhance the inside pressure. The calculation results at
1350sec in the previous calculation without the gas release are used as the initial conditions.

Figure 17 shows the result in the MACE-MO geometry. We can see an eruption at 1350.1 sec. In all cases, the top
crust is completely re-formed till 1500sec. Part of the top crust adhering to the side concrete helps the re-formation.
Figure 18 shows the results in the unlimited geometry. After the eruption, all of the initial top crust sinks to the
bottom because there is no support. Convection is enhanced by this motion and this interferes with the re-formation
of the top crust.



Fig. 17 Eruption of melt by gas release in MACE-MO
geometry (easel: upper, case2: middle, case3: lower):

1350, 1350.1, 1350.5, 1351 and 1500sec

The heat flux is compared in Fig.19. In the
MACE-MO geometry, the initial heat flux is
about 3.5MW/m2 in three cases and
decreases to less than 1 .OMW/m2 till 15OOsec
in cases 1 and 2. In case 3, the heat flux is
kept about 2.5MW/m2 till 1480sec because
the re-formation of the top crust is delayed
by three break positions. This explains the
peaks of the eruptions in the MACE-MO
experiment. On the other hand, the heat flux
is kept high at about 5MW/m2 in three cases
of the unlimited geometry. This suggests that
the heat flux to the water pool is kept high in
the large scale of the real plant. After
1500sec, the melt pool is further cooled and
all corium particles are solidified. However,
they melt again because the total heat input
cannot be removed by the heat conduction in
the solidified corium. In reality, the melt
spurted to the water pool is fragmented and a
debris bed is generated in the water pool. The
critical heat flux is enhanced in the debris
bed, so that we need to analyze the formation
of debris bed for the final coolability of the
molten core.

Conclusions

A two-dimensional MPS code for MCCI
analysis is developed without the specific
correlations. Melting and solidification are
modeled as the manner of the particle
method. The model is verified by one-
dimensional test calculations.

The developed code is applied to SWISS-2
experiment using stainless steel as the melt
pool material. The calculated ablation speed
of concrete is slower than that of the
experiment. The heat flux to the water pool
shows a peak when the water is poured and it
rapidly decreases due to the stable crust. The
decreased heat flux is in good agreement
with that of the experiment. The stable crust
grows from the side walls in lOsec and
finally a bridge-like shape is created because
of the natural convection in the melt pool.

MACE-MO experiment using corium is
analyzed. An unlimited geometry is also
analyzed to consider the large scale of the
real plant. The heat flux to the water pool
decreases due to the crust in both geometries.
This agrees with the experimental result
although several peaks caused by eruptions
are not calculated. The ablation speed is a little slower than that of the experiment. Calculations considering gas

Fig.18 Eruption of melt by gas release in unlimited
geometry (easel: upper, case2: middle, case3: lower):

1350, 1350.1, 1350.5, 1351 and 1500sec
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release and break of crust show that the top crust is
re-formed in a short time in the MACE-MO
geometry, while it takes much longer time and the
heat flux to the water pool is kept high in the
unlimited geometry. This suggests that the heat flux
to the water pool can be higher in the large scale of
the real plant. The final coolability of the molten
core cannot be analyzed in this study and it remains
as a future study.
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Fig. 19 Heat flux to water pool after eruption
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