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Abstract
The numerical method used in this study is Moving Particle Semi-implicit (MPS) method which is based on

moving particles and their interactions. Grids are not necessary, so that large fluid deformation can be calculated
without numerical diffusion. To understand the fundamental physics of the jet penetration, water jet injection into a
pool of a denser fluid under non-boiling and isothermal conditions is calculated using the MPS method. The density
ratio of the denser fluid (Pluorinert) to water is 1.88. The calculation results are compared with experiments which
were conducted in the ALPHA/MUSE facility at JAERI. In three-dimensional calculation, the penetration behavior
agrees with the experiment. It is found that the jet penetration process is divided to two stages and, at the first stage,
the coolant jet can penetrate deeper than existing correlations of breakup length.
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1 Introduction
Energetic FCI(Fuel-Coolant Interaction) occurs when a cold liquid comes into contact with a very hot liquid. The

hot liquid rapidly releases its internal energy to the cold liquid and excessive amount of vapor is produced with a short
time scale. This energetic FCI has been one of the primary safety concerns in nuclear power plants since the integrity
of the containment may be damaged by this mechanical energy release. The geometrical contact mode between two
liquids such as pouring, stratified, and injection, is an important factor. The injection mode can be classified into
coolant injection (CI) and melt injection (MI) modes.

The authors have been developing a new numerical method, Moving Particle Semi-implicit (MPS) method [1],
based on moving particles and their interactions. Grids are not necessary, so that fluid fragmentation is calculated
without numerical diffusion. In the past studies water jet impingement on a melt pool was calculated as a fundamental
process of vapor explosions using the MPS method. The melt was squeezed out of the pool as a filament between
two water jets, which was assumed by Ciccarelli and Frost [2] as a fragmentation model. The calculation result also
showed that a light fluid jet hardly penetrates into a heavy fluid pool. The behavior mainly depends on the density
ratio between the jet and pool fluids [3]-[6].

In this study the MPS method is applied to water jet injection to a pool of a denser fluid in non-boiling and
isothermal conditions. The calculation conditions are the same as the experiment named MUSE (MUlti-configuration
in Steam Explosions ) in the ALPHA program at JAERI. In MUSE/ALPHA, a set of tests was conducted in non-boiling
and isothermal conditions to understand the fundamental physics of the CI mode[7].

2 Moving Particle Semi-implicit Method
Governing equations are the mass and momentum conservation equations:

^ 0, (1)

^ = vP + I/V
2u + F. (2)

Ut p

Here D/Dt means Lagrangian differential operator. Only gravity is considered as the external force F.
In the MPS method a fluid is represented by moving particles. Convection is calculated by the motion of these

particles. Thus, numerical diffusion, which is a large problem in the finite difference method, does not take place. The
interfaces are always clear even if fragmentation or merging of the fluid occurs.
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A weight function is used for all interaction models to restrict the particle interactions within a finite radius of re:

(3)

(4)

0 (r > r«)

The particle number density n of particle i is defined as,

This is in proportion to the fluid density.
Gradient and Laplacian operators involved in the governing equations are transformed to equivalent particle inter-

actions [1]. The following equations are the particle interaction rules applied to particle i.

, (5)

A pressure Poisson equation is obtained from the mass conservation equation and the pressure gradient term in
the momentum conservation equation:

where c is the sound velocity. The source term, the right side of Eq.(7), is represented by deviation of the particle
number density n* from n"{l + P"'+1 /(puc2)}, while it is the velocity divergence in the finite difference method.

Motion of fluid particles are calculated with two steps. In the first step all terms in the momentum conservation
equation except for the pressure gradient term are explicitly calculated and temporal velocities and positions of the
particles are obtained. In the second step, the pressure Poisson equation is solved so as to modify the temporal particle
number density n* to n°. The quantity n° is constant if the fluid is incompressible or a function of pressure if the
fluid is compressible.

3 Numerical analysis for MUSE experiment using MPS method
3.1 MUSE experiment

To understand the fundamental physical phenomena of water jet injection, a set of tests was conducted in MUSE
facility. A water jet was injected into a melt simulant. A schematic of the visualization test is shown in Fig.l. A
series of non-boiling isothermal tests was performed in a lOOmm-wide and 20mm-deep test section which contains a
melt simulant: Fluorinert with a density ratio of 1.88. Here, the density ratio is defined as the ratio of melt simulant
to water densities pp/pj at given isothermal conditions. The tests were carried out in two- and three-dimensional
geometries. Water jet of 10mm depth was injected into a center of the test section in the two-dimensional geometry.

3.2 Two-dimensional calculation
The above experiment is simulated using the MPS method in two dimensions. The calculation arrangement is

shown in Fig.2 to simulate the two-dimensional tests. There are 3 types of particles as melt simulant, water, and air.
Fluorinert is used for the melt simulant. Calculations without air particles are also conducted to investigate the effects
of air. A water jet is initially placed just above the surface of the pool, and is constantly injected from the inflow
boundary. Particles near the outflow boundary are constantly deleted so that the total number of particles can be
kept constant. The particles are initially arranged like a square grid whose spacing is 2.5 x 10~3ro. The total number
of the particles is initially 6400 for water, air and melt; 3520 of them are water and melt particles. The velocity of
the water jet Vj is 3.8, 6 or 9m/s. Viscosity of the water and the melt is 1.09xl0""3[fep/m • s], and that of air is
1.76xlO~5[A:(7/m • s]. Surface tension is not considered.

Three calculations including air are carried out in the jet velocity VJ = 3.8, 6, 9m/s. In the case of VJ = 3.8m/s,
a calculation without air is also carried out. To compare the penetration behavior between the calculation and the
experiment, positions at the bottom of the jet are plotted in Fig.3. In the calculation results at 3.8 and 6m/s, the
water jet is apparently decelerated at a certain depth. The calculation time may not be enough in 9m/s. One reason
for the jet deceleration seem to be a geometrical difference; the depth of the pool is 2cm while that of the water jet is
lcm in the experiment. There are no significant differences between two cases with and without air in this time scale.
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Figure 1: (Left) Schematic diagram of visualization test
Figure 2: (Middle) Calculation arrangement for the test section (2D)

Figure 3: (Right) Jet leading edge position in the results of two-dimensional calculations

3.3 Three-dimensional calculation
A three-dimensional calculation of water jet injection is carried out in the actual dimensions of the experiment

( jet depth lcm ). Figure 4 is the calculation arrangement. Calculation conditions are the same as the experiment.
Air is ignored. Depth of the pool is 2cm while that of the water jet is lcm. Velocity of the water jet is 3.8m/s. The
calculation result is shown in Fig.5. The water jet penetrates and forms a hole (0.033sec~). The experimental result
in the same condition is shown in Fig 6, in which each frame is located in an interval of 1/30 sec. The penetration
behavior in the three-dimensional calculation is very similar to the experiment.

Figure 7 shows jet leading edge positions in comparison with the two-dimensional results. The three-dimensional
calculation agrees with the experiment even where the water jet is decelerated at 0.16m in the two-dimensional cases.
Surface levels of the pool at both sides of the wall are shown in Fig.8. We can see good agreement between the
experiment and the three-dimensional calculation. The surface level in the two-dimensional calculation is higher since
the jet can not penetrate without pushing up the denser pool fluid. This result shows that the difference in the jet
arrangement causes the different behavior of the jet penetration.

4 Consideration of jet penetration length
4.1 Basic processes in CI mode

At an early stage of the jet breakup process, the maximum jet penetration depth does not agree with existing
correlations for the jet breakup length. It is assumed that CI mode consists of a few processes. At least two basic
stages (I) and (II) are observed in the experiments(Fig.9). In the (I) stage, a column of air covers the coolant jet
during the penetration. In the (II) stage, jet breakup occurs at a certain depth due to fluid-mechanical instabilities
which are caused by a complete liquid-liquid contact. FigurelO shows a schematic of time transition for the jet breakup
position. At (I), the jet has a constant velocity which is in proportion to the initial velocity VQ. The maximum jet
penetration depth LmLx can be written as Lma.x — ctvot, where a is a constant. After the air column collapses with a
time lag of T, the breakup position keeps a certain level, which is correlated in a form as

n. Fr" (8)

Here, Cbr is a coefficient; Cbr = 2.1 for Saito et al.(1988), Cbr « 2 for Schneider et al.(1992), Cbr = 1.45 for Park et
al.(1998).
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Figure 4: (Left) Calculation arrangement for the test section (3D)

Figure 5: (Right) Calculation result of three-dimensional jet arrangement

4.2 Breakup length at the (I) stage
The constant a in the (I) stage is estimated here. Since the jet is mainly decelerated by dynamic pressure of the

pool fluid near the leading edge, the jet velocity can be written as follows.

dvj_ _ 1 Cppvj
dt ~ 2 (9)

here, C is a constant. A characteristic time t* = DQ/VQ • {Pj/pp)2 which is the time for interaction between two fluids
which have different densities is substituted to Eq.(9). Eventually, a is

1
a — —- =

Pi

T+7 (10)

here /? and 7 are constants. A relation between a and a density ratio pp/pj is shown in Fig.11. Here, quasi-2D means
the two-dimensional arrangement of MUSE experiments. The constants (3 and 7 are correlated as /3 = 0.8, 7 = —0.1

Figure 6: Experimental result of water jet injection, Vj = 3.8m/s (time interval = l/30sec)
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Figure 7: (Left side) Jet leading edge position in the result of three-dimensional jet arrangement
Figure 8: (Right side) Surface level of the melt simulant pool
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Figure 9: (Left side) Basic processes in CI mode
Figure 10: (Right side) Jet breakup position against time

in quasi-2D, /3 = 1.2, 7 = 0.1 in 3D.
The time lag r is also estimated. Within the range of the parameters in MUSE experiments, there are no relation

between r and the initial velocity v(); r « 0.12sec (3D, Vj = 3 ~ 5m/s, pj/pp = 1/1.88 ~ 1), r fa 0.17sec (quasi-2D,
Vj = 3.8 ~ 6m/s, Pj/pp = 1/1.88). Figurel2 shows dependency of T on the density ratio (quasi-2D, Vj = 3.8m/s)
obtained by the MPS calculations. A correlation can be given as

eal, = 0.04 • /££ + 0.075 (11)

The time lag r decreases with increasing density ratio Pj/pp. This is because the hole created by the jet impact is
narrower as the density ratio is higher[6].

The maximum jet penetration depth in (I) process can be estimated by using above correlations as

mL = ocv0TrMc (quasi - 2D). (12)

Relations between the density ratio and the non-dimensional breakup length are shown in Fig.13. Saito's and Park's
correlations in the (II) stage are provided for the comparison. CI mode is in the region of Pj/pp < 1.0, while MI mode
is pj/pp > 1.0. In CI mode, the jet can penetrate deeper than the steady-state breakup length(Eq.(8)) at the (I) stage,
while the column of air collapses at a shallow length in MI mode.

5 Conclusions
Water jet injection into a denser liquid is calculated to understand its fundamental physics. In two-dimensional

calculations, the water jet is decelerated and the jet leading edge position is shallower than the experiment of AL-
PHA/MUSE. The penetration behavior in the three-dimensional calculation agrees well with the experiment. This is
because the denser liquid should be pushed up more in the two-dimensional geometry. It is found that CI mode can
be divided to two stages, and that the coolant jet can penetrate deeper than existing correlations at the first stage.
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Figure 11: (Left side) Correlation for a against the density ratio
Figure 12: (Right side) Correlation for r against the density ratio
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