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12.5 Numerical Analysis of Molten Core-Concrete Interaction Using MPS Method
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Moving particle semi-implicit (MPS) method uses particles for discretization of fluids.
Governing equations are transformed to particle interactions. Grids are not necessary. This enables us to
analyze multi-fluid and multi-phase flows with large deformation of interfaces. In the present study, a
two-dimensional code is developed for molten core-concrete interaction (MCCI) based on the MPS
method. Heat transfer is calculated without any specific correlations. Solid is simply represented by fixed
particles. A particle can be changed to a moving (fluid) or fixed (solid) particle corresponding to its
enthalpy. The developed code is applied to SWISS-2 experiment. The calculation geometry is x-y two
dimensions though the experiment was r-z two dimensions. Nucleate boiling and radiation heat transfers
are considered between the melt and the water pool. Only heat conduction is assumed among the melt
pool, concrete and MgO (side walls). Natural convection in the melt pool is considered using Boussinesq's
approximation. Gas release and volume contraction accompanied by the concrete ablation are ignored.
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. The shape of the crust is like a bridge due to the natural convection in
the melt pool.
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1. INTRODUCTION

If a molten core breaches the reactor pressure vessel, the melt spreads on the containment
concrete basemat. The concrete ablation 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.

In most of the past experiments, 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 debris and the water pool. Heat flux to the water pool was reduced by the heat conduction in the crust.
However, the scales of such experiments were much smaller than that of the real plants. 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 molten core-concrete interaction (MCCI); such as
DECOMP, CONTAIN and DCRA in IMPACT. In these codes, the phenomena are treated as zero- or one-
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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
integral codes are also limiting the applicability. Therefore, we need a multi-dimensional code based on
fundamental governing equations without the specific correlations for the purpose of unrestricted
application to the wide range of parameters including the real plant scale in the MCCI analysis.

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 [1-6]. 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 [7]. Numerical models for boiling and solidification have
already been developed to be incorporated into the MPS method [8].

The developed code is applied to SWISS-2 which is a typical MCCI experiment carried out in
the Sandia National Laboratory (SNL) [9].

2. NUMERICAL METHOD

In the MPS method, particle interaction models are prepared with respect to the differential
operators: gradient, divergence and Laplacian. All the interactions are limited among the neighboring
particles within a finite distance (Fig.l). Mass, momentum and energy conservation equations, which
involve such differential operators, are transformed to particle interaction equations. Grids are not
necessary. The particles move in Lagrangian description, so that the convection terms are not calculated.
Thus, numerical diffusion does not occur. This is preferable to keep the interfaces clear. 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.

Melting and solidification are modeled in the manner of particle motion. Each particle has
variables of enthalpy, temperature and liquid fraction. When a particle is at the melting point, the liquid
fraction is linearly changed according to the enthalpy. 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.

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 uniformly mixed
in the melt pool and change of the debris properties is ignored.
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 critical value. This critical value of 0.45 is
tentatively chosen from a melt spreading experiment using
stainless steel [10]. The solidified debris particle is fixed if another

fixed particle exists in the neighborhood. This implies that the Fig. 1 Concept of particle interac-
solidified particle sinks without the support. MgO and concrete t l o n m o d e l s i n M P S
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particles are regarded as fixed. Natural convection in the melt pool is calculated using Boussinesq's
approximation.

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 AT=TW-Tsaf=17A7K. 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 also
considered. No special models are used and only heat conduction is considered among the core debris, the
bottom concrete and the side MgO.

3. ANALYSIS OF SWISS-2

3.1 Calculation Conditions
The MPS code developed here is applied to the analysis of SWISS-2 experiment. The geometry

is depicted in Fig.2. 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 MPS method. The core debris, concrete and
MgO are initially represented by 513,783 and 2025 particles, respectively.

Thermophysical properties in the report [9] are used. The initial melt temperature is 1850K
which is a 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 the 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 Coulant condition. In this case, the
calculation did not reach the end of the experiment.

3.2 Analysis Neglecting Natural Convection in Melt
Pool

Calculated temperature distributions are
depicted in Fig.3. We can see the melt pool is heated
up and the pool moves downward with ablating the
concrete. The side walls are also heated to some extent.
Figure 4 shows the solidified debris 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
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Fig.2 Calculation geometry for SWISS-2
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thickness of the crust is constant till the end. There is no space between the melt pool and the crust. This is
because the volume contraction is neglected when the concrete is melted. In [9], they presumed that the
decomposition gas causes pool swell and that contact between the melt pool and the crust was established
during the experiment.

The ablation front in the concrete is shown in Fig.5. 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 is 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.

The heat flux to the water pool is compared in Fig.6. A very high heat flux of 6xlO6W/m2 is
observed in the calculation though it was not so high in the experiment. One reason is that the heat
transfer is not properly calculated. The calculated peak is 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.
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Fig.5 Ablation front in concrete
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Fig.6 Heat flux to water pool

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. 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 as the experiment was so.

3.3 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 7 shows pictures of the melt pool. A thin crust grows from the side walls in about lOsec.
At 670sec, 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
found in the experiment.
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4. CONCLUSIONS

A two-dimensional MPS code for MCCI analysis is developed without the specific correlations.
Melting and solidification are modeled as the manner of particle motion. The developed code is applied to
SWISS-2 experiment. 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 the bridge-like shape is created because of the natural
convection in the melt pool.

The present code successfully analyzed multi-dimensional behavior of MCCI without the
specific correlations. We will test the code for the case of corium melt and effect of the scale is next
investigated.
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