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Chapter 4  Epoch Making Simulation

JAERI is developing the liquid mercury target as a neutron scattering experiment facility. The liquid mercury target is

planned to receive MW class proton pulse beam and high intensity spallation reactions occur in the target generating neutrons.

Under such condition, high density heat is released and consequently strong pressure wave is generated. It is considered that

the pressure wave propagates through mercury and reflects on the container of target made of hard stainless steel, and the ero-

sion of the wall might be caused by the cavitation. In fact, some experiments show that pit type scratch is created on the wall

when strong pressure wave reflects on it. If the phenomenon happens in mercury target, it makes the life span of container

shorter. Since the pressure wave propagation and the wall deformation have influence with each other in this phenomenon, a

coupled simulation study is needed in order to reveal the process of the scratch generation. In this report, a simulation of the

interaction between the pressure wave propagation of the liquid mercury and the wall deformation is carried out in order to

investigate the possibility of the cavitation in the mercury target. In particular, we propose a method in which the bubble

dynamics model is linked with the so-called weakly coupled method between the fluid model and the solid model. In particu-

lar, we propose a method in which the bubble dynamics model is linked with the so-called weakly coupled method between

the fluid model and the solid model. In our project of the year 2004, the fluid-structure interaction program was developed for

the fine meshes of the mercury target, for example, 10 million grid points. The large scale model was applied to simulate the

interaction between the pressure wave propagation and the wall deformation. 

Keywords: mercury target, neutron scattering, wall deformation, coupled simulation, fluid-structure interaction

1. INTRODUCTION 
As a plan of the high power proton accelerator project, a

mercury target used for a neutron source in a high intensity

neutron scattering laboratory will be constructed. The struc-

ture of the mercury target is a pipe-like channel made of

SUS316 as depicted in Fig. 1 and liquid mercury circulates

inside the channel. Protons come from the perpendicular

direction to the flow channel and collide with mercury

atoms. Then the mercury emits neutrons due to a nuclear fis-

sion caused by collisions with protons, and high density

energy release by the nuclear fission causes strong shock

waves within the mercury target. Furthermore a recent

experiment in the shock wave reflection at the liquid-solid

interface reveals that the inside of the outer wall suffers fine

damage due to the cavitation created after the deep impact

by the shock wave into the wall. This research is to simulate

the interaction among three physical phenomena such as

pressure wave propagation, wall deformation and bubble

dynamics in a mercury target in order to investigate the pos-

sibility of the cavitation in the mercury target.

2. SIMULATION MODELS
2.1. Fluid model

In our fluid program, the finite volume method is adopted

in order to simulate dynamics of compressible thermal flu-

ids. The mercury target geometry is discretized by a regular

grid with three dimensional generalized coordinate. The

Guide plates
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Proton beam
Fig. 1  Overview of the mercury target
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advective term is differenciated with three kind of algorithm

such as the first order upwind scheme, the central difference

scheme and the TVD scheme. The time integration is carried

out by the HSMAC scheme and the BiCGSTAB iterative

solver is implemented for solving the Poisson’s equation for

pressure. The complete set of equations are composed of the

mass, the kinetic momentum and the energy conservation

equations with the equation of state for liquid mercury.

These basic equations can realize the phenomena in the mer-

cury target.

2.2. Solid model

For dynamics of elastic solids, the finite element method

is adopted in order to simulate dynamics of elastic solids.

The geometry of the wall of the mercury target container is

discretized by isotropic shell element with four nodes. The

lumped mass matrix is adopted and the explicit time march-

ing can be carried out by the central difference method. This

solid model is described by the elastic body equation and

kinetic boundary condition and geometric boundary condi-

tion.

2.3. Weakly coupling

In order to evaluate the effect of the interaction between

the pressure wave propagation and the wall deformation, so

called weakly coupling method is adopted here. The fluid

program receives the displacements of nodes at the target

wall from the solid program. After that, metrics of the gener-

alized coordinate such as Jacobian and boundary flow veloc-

ity are renewed. On the other hand, the solid program

receives the pressure of meshes near the target wall from the

fluid program. The solid program transfers the pressure at

the wall into the nodal loads. Such data communications

between the fluid program and the solid program are execut-

ed every time step. These procedures are all implemented by

the standard MPI libraries.

2.4. Bubble Dynamics Model

For the case of the radial motion of a bubble, an equation

accounting approximately for the liquid compressibility was

given by Keller in the following form as shown in [1] and

[2].

(1)

where R is the radius of a bubble and ρL is the density of a

host liquid and pS is the nonconstant ambient pressure com-

ponent and pB is the liquid pressure on the external side of

the bubble wall, which is related to the internal pressure by

The internal pressure p and temperature T of a bubble are

described by the following equations.

(2)

(3)

where γ, K, D and y is the ratio of the gas specific heats, the

thermal conductivity, the gas thermal diffusivity and the nor-

malized distance of the bubble wall respectively and

. Three equations above are calculated by the

Runge-Kutta integration scheme.

For the coupling simulation between the pressure wave

and the bubble dynamics, the local fraction of volume occu-

pied by the bubbles is introduced at every cell.

(4)

(5)

where β is the local volume fraction of bubbles, α is the

local volume fraction of liquid, n is a number of the bubbles

per unit volume and R is the radius of the representative bub-

ble. As shown in Fig. 3, a bubble cloud in a cell is represent-

ed by one bubble which is the mean of all bubbles in the

cell. At every cell, the radial motion of the representative

bubble is calculated by the Keller equation. Then, by substi-

tuting ρ = αρL into the mass conservation equation, the

effect of the bubbles is linked with the mass conservation

1

coupling surface of solid mesh

identifying each other

send pressure

send displacement
fluid mesh

coupling surface of fluid mesh

Fig. 2  Coupling surfaces of fluid and solid meshes

cells and bubble clouds
Host liquid with pressure Ps(t)
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At every cell, one bubble represents
the mean od all bublles.

Fig. 3  Interaction between pressure wave propagation and bubble

dynamics
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equation as follows.

(6)

The second term in the right hand side above is correspon-

ding to the effect of the bubble dynamics.

Now, a relation between the time step loop for the fluid

model and the time step loop for the bubble dynamics model

should be mentioned here. As shown in the flow chart of our

coupling procedure above (Fig. 4), the time step loop for the

bubble dynamics model is nested within the time step loop

for the fluid model. In other words one time step for the fluid

model is divided into some substeps for the bubble dynamics

model. And the bubble dynamics model receives the pres-

sure pS of a host liquid from the fluid model every time step

and calculates the radial motion of a bubble by the Keller

equation during its substeps and sends the volume fraction of

bubbles to the fluid model. Then the fluid model moves its

time step forward.

3. COUPLED SIMULATION
The fine meshes of the mercury target were generated.

Fig. 5 shows the mesh of fluid with 100,000 cells and the

mesh of solid with 10,000 nodes. First of all, we started with

a coupling simulation during 2.0 msec. to grasp a rough ten-

dency of the interaction between pressure wave propagation

and wall deformation in a mercury target. Here, the coarse

meshes of fluid with 60,000 cells and of solid with 5,000

nodes were used in order to reduce the calculation time.

Fig. 6 shows the iniail pressure distribution and initial heat

L
L

p

distribution respectively.

Since the speed of the elastic wave in the wall is about

5,000 m/sec. and the speed of sound of liquid mercury is

about 1,400 m/sec. and minimum mesh size is about 1.0mm,

time step interval was set to be 1.0e-7sec. by the Courant

number criteria. 

By receiving high pressure, the target wall was deformed.

Fig. 7 shows the wall deformations of x, y and z-directions

respectively after 0.1 msec. In particular, the beam window,
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Fig. 4  Flow chart of our coupling procedure

Fig. 5  Fluid mesh (left) and solid mesh (right)
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which is the front part of the wall, had the largest deforma-

tion. 

By changing such parameter as thickness of the target

wall, comparisons of the simulation results were performed.

Fig. 8 shows the time histories of the pressure near the beam

window and the displacement of the wall for 2.0 msec. Each

line of colors in Fig. 8 means the difference of the wall

thickness. By taking account of the deformation of the target

wall, pressure near the beam window seems to be reduced

rapidly immediately after the start of the simulation. In order

to investigate the rapid reduction of pressure in more detail,

only the first 2,000 steps are calculated in more cases of wall

thickness. Here, the fine meshes of fluid with 120,000 cells

and of solid with 7,500 nodes were used. 

Furthermore, the finest meshes of fluid with over

1,000,000 cells were applied on the Earth Simulator in order

to evaluate performances for the parallelization and the vec-

torization. The parallelization is implemented by the domain

decomposition method and the vectorization is implemented

by taking the vector length as long as possible. In particular,

the Jagged diagonal storage, which is a storage format of

matrix elements, was adopted in the solid program by using

PARCEL (Parallel Computing Elements) which is a mathe-
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Fig. 7  Wall deformation after 1.0e-4 sec. (x-direction, y-direction and z-direction)
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Fig. 8  Time histories of the pressure near the wall (left) and the displacement at the wall (right).

matical library for parallel computing developed by CCSE /

JAERI. As a result, mean vectorized operation ratio of the

fluid-structure program exceeds over 98% and vectorized

ratio is beyond 0.97, where the fluid domain is decomposed

into 32 blocks, 56 blocks and 64 blocks for 32 CPU’s, 56

CPU’s and 64 CPU’s respectively.

Next, a simulation of the interaction among pressure

wave propagation, wall deformation and bubble dynamics

was carried out since the result above implies the possibility

of the cavitation. From the preliminary simulation above, it

is known that the time step interval for the coupling simula-

tion between the pressure wave and the bubble dynamics

needs to be chosen to be very small. So, the time step inter-

val of the fluid model and the substep interval of the bubble

model were set to be 1.0e-8 sec. and 1.0e-9 sec. respective-

ly. Hence the bubble dynamics model was only introduced

into some fluid meshes near the target wall, and coarse

meshes of fluid with 30,000 cells and of solid with 4,000

nodes were used in order to shorten the calculation time. 

Now, by changing such parameters as an initial bubble

radius and an initial number of bubbles, the dependence of

the initial amount of bubbles were investigated. As shown in

Table 1, four cases with the different initial radius of bubble
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and the different initial number of bubbles were done. Fig. 9

shows time histories of the pressure near the wall and the

displacement at the wall. Comparing the case of no bubbles

(case 0) with the case that bubbles exist (case 1, 2, 3), it

turns out that pressure reduction has become weaker and

pressure value remains positive in the case that bubble

dynamics model is coupled. In fact, pressure reduction in the

case with initial volume fraction of bubbles of 0.25% is

smaller than in the case with initial volume fraction of bub-

bles of 0.03% or 0.0%. Moreover it was observed that the

amplitude of the oscillation of pressure value in the case 2 is

bigger than in the case 3. This shows that the effect of the

bubble radius is stronger than the effect of the bubble num-

ber. These results imply the necessity to take the coupling of

bubble dynamics model into consideration in order to inves-

tigate the process of pressure reduction near the wall exact-

ly. [3, 4] 
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Fig. 9  Time histories of the pressure near the wall (left) and the displacement at the wall (right)

4. SUMMARY
The coupling simulation among three physical phenomena

such as pressure wave propagation, wall deformation and

bubble dynamics in a mercury target was carried out. As

results, it was found that the wall deformation causes a rapid

reduction of pressure near the wall and that a negative pres-

sure is reached there in the case that the wall thickness is

smaller than 5.0 mm. Moreover it was observed that the

pressure reduction becomes weaker and pressure value

remains positive in the case that bubble dynamics model is

coupled. From these results, it can be said that the coupling

of bubble dynamics model is required in order to investigate

the process of pressure reduction near the wall exactly.
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case

case0

case1

case2

case3

initial radius

------

5.0e-2 mm

1.0e-1 mm

5.0e-2 mm

number of bubbles

no bubbles

6e8

6e8

4.8e9

volume fraction

0.00 %

0.03 %

0.25 %

0.25 %

Table 1  A comparison of the initial conditions for bubbles
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