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It is essential to understand the fundamental processes between melt jet and coolant during a postulated severe accident of a

nuclear power plant. In the present study, we develop a lattice Boltzmann (LB) model for immiscible two-phase flow

simulations with central moments (CMs). Hydrodynamic melt-jet breakup simulations show that the proposed model is

significantly more stable, even for flow with extremely high Reynolds mumbers, up to O(10%). This enables us to investigate

the phenomena expected under actual reactor conditions.
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1. Introduction

In nuclear power plants, the core material might melt during
severe accidents. In such scenario, the melt material is considered
to flow in the coolant as the jet. The interaction between the melt
jet and coolant will very complex. It is therefore particularly
important to estimate and evaluate the behavior known as jet
breakup or fragmentation in the coolant. It would, however, be
very difficult to investigate the breakup of a melt jet directly in an
actual reactor or performing experiments using actual materials.
Instead, a scoping study of the fundamental process is an
effective approach to understanding the actual situation. The
authors have performed experiments using the molten metal-
water systems [ 1] and isothermal liquid-liquid systems [2]. These
experiments gave us fruitful understandings on the fragmentation
mechanism of melt jet. However, the combinations of test fluid
pairs for visualization were limited, and it is difficult to deal with
physical properties (e.g., density or interfacial tension)
parametrically in experiments.

Motivation of the present study is modeling melt-jet breakup
with numerical approaches to clarify the mechanism of
fragmentation process. We developed a lattice Boltzmann
method (LBM) for immiscible two-phase flow simulations with
central moments (CMs) to conduct the simulations.

2. Lattice Boltzmann method

In general, multiphase lattice Boltzmann model can be
classified into four models, including color-gradient,
pseudopotential, free-energy, and phase-field models. In the
present study, the color-gradient model is adopted because this
model has excellent property for tiny droplets or bubbles [3]. The
distribution function f l.k is introduced to represent the fluid £,
where r or b denotes the color (“red” or “blue”), and 7 is the lattice
velocity direction. The evolution of the distribution function is

expressed by the following lattice Boltzmann equation:
frx+eo,1+8) - flxn=Qf. (1)

The collision operator consists of three sub-operators:

of = (@) (@) + (2)®); @

To overcome the numerical instability for extremely high
Reynolds number flows, we employ the nonorthogonal CMs-
based scheme for the single-phase collision operator (Qf.‘)(l).
According to this approach, the multiphase flow simulations with
Reynolds number O(10°) were stably carried out in this study. We
confirmed that the present CMs-based scheme has superior
numerical stability to our previous one [4]. Details of the present
algorithm are shown in Ref. [5]. The source code is written in
Fortran language, where parallelization is performed with MPL.

3. Results

With the computational setup shown in Fig. 1, we conducted
hydrodynamic melt-jet breakup simulations. First, we conducted
the simulations of experiments in [6]. A typical simulation result
of the generated fragments and the flow field are shown in Fig. 2.
The corresponding Reynolds number of this case is Re = 1.5 X
103. We can find that the liquid jet column has large velocity,
while the generated fragments has small velocity. In the snapshot
at upstream region [Fig. 2(b)], the fragments generate from the
unstable liquid-jet interface. Most of the fragments in this region
are stretched, which appear not to be spherical shapes. The
velocity magnitude of stretched fragments is large, while that of
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Fig. 2 Snapshot of detailed interface structure

spherical ones is small. In the snapshot at downstream region [Fig.

2(c)], most of the fragments are spherical shapes with low
velocity magnitude.

The we performed the simulation of the so-called FARO-
TERMOS experiments [7]. In the tests, around 100-kg- scale of
UO2 melt was poured into a liquid-sodium pool. Two
experiments, called T1 and T2, were carried out, with release
diameters of 50 and 80mm, respectively. Here, we focus on the
T1 experiment. A notable feature of the FT experiments is that
sodium in not transparent, so these simulations will hopefully
help us to better understand the phenomena involved. Fig. 3
shows the results of this simulation. The corresponding Reynolds
number of this case is Re = 1.1 X 10°. Droplets generated from
the jet are so small, and fragmentation now occurs around the
jet’s leading edge and side. The liquid- liquid—jet breakup flow-
regime map [2] indicates this case is in the atomization regime;
in fact, the atomization regime appeared in the present simulation.

4. Summary

In this study, we have extended the previous color-gradient LB
model [4] by introducing nonorthogonal CMs in three
dimensions. We applied our model to hydrodynamic melt-jet

100 mm*

0.025 s 0.05s 0.075 s 0.1s 0.125s

Fig. 3 Simulation results of FARO-TERMOS T1 test

breakup simulations, targeting two different experiments [6,7].

Numerical simulations under corresponding conditions,
including those equivalent to an actual reactor, demonstrated that
our model was more stable. In particular, our model allowed the

Reynolds number to be increased significantly, up to O(10°).
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