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Abstract

As a Lagrangian type meshless method, the MPS is suitable for violent free surface problems. In
this paper, for problems where violent free surface deformation only occur in a constrained area,
the efficiency of MPS is further improved by weak coupling with BEM. More specifically, the whole
computational domain is modelled by BEM whereas the MPS model only covers the violent flow
area. Since the computational time of BEM is negligible compared with the time required by MPS,
the overall computational efficiency could be improved by this coupling scheme (depends on how
much of the MPS domain is replaced by BEM). The MPS model is advanced by the information
from BEM result at each time step up to the time when the free surface is about to break. The MPS
solver will continue the simulation with the ”old” BEM information just before breaking, based on
the assumption that the flow change at the MPS-BEM interface area is small enough. The proposed
scheme is validated by two problems and a relatively good accuracy is obtained by comparing with
published results in the literature.
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1 Introduction

Particle method, compared to traditional CFD methods, is an emerging CFD tool for violent free
surface flow problems. Due to its two main features i.e. meshless space discretization and Lagrangian
type flow description, particle methods are very suitable for problems with large deformation of flow
boundaries. More specifically, the meshless way of space discretization avoids the mesh distortion issue
in traditional mesh-based approach, especially for problems with large boundary deformation like free
surface flow. And also the Lagrangian type flow description makes it easier for tracking the rapidly
moving boundaries. More detailed discussion about meshless methods could be found in (Li and Liu,
2002, 2007; Zhang et al., 2003). As one of the representative particle method, the Moving Particle
Semi-implicit (MPS) Method has been successfully applied to many violent free surface problems
(Koshizuka and Oka, 1996; Sun et al., 2016, 2015; Xing, 2016). However, one of the problems of the
particle methods is the high computational cost. Many researchers have proposed various approaches
to improve the efficiency such as multi-resolution (Shibata et al., 2012), parallel computation (Duan
and Chen, 2015) and hybrid solver (Sueyoshi et al., 2007) etc. In this paper, the hybrid solver
approach will be discussed.
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Both of the Navier-Stokes and the potential flow models have their strengths and weaknesses (Sriram
et al., 2014). The potential flow model can not handle the case where wave-breaking is involved. But
it is usually more efficient and stable for large scale and long time simulation. The Navier-Stokes
model (or often referred as CFD approaches) on the other hand is a general and robust solver that
can simulate the violent and complicated free surface deformation cases. The disadvantages of the
CFD approaches include the heavy computational cost and energy loss for long time simulation.

It is a logical choice to combine these two solvers for the problems in which the violent wave-breaking
only occurs in small constrained area, and the flow motion in most of remaining area is relatively
smooth. In a hybrid model, the whole computational domain is divided into sub-domains where
different solvers are applied appropriately. Based on the way of exchanging information between these
two solvers, the hybrid model could be classified as strong and weak couplings. A detailed review of the
hybrid solver can be found in (Sriram et al., 2014; Grilli, 2008). A brief outline of the representative
works about both the strong and weak couplings is given below.

In the strong coupling, the two solvers are mutually dependent on each other, i.e. the boundary values
of each solver have to be calculated based on information from the other one. Both the mesh-based
and meshless CFD methods have been tried to be incorporated with potential solvers for free surface
flow problems. Colicchio et al. (Colicchio et al., 2006) combined a fixed-grid FD (Finite Difference)
method (using VOF to capture the free surface) with BEM (Boundary Element Method) method
to calculate various free surface flow problems. There is an overlap area between two sub-domains
where the information is exchanged and consequently provide the necessary boundary condition to
drive each solver. Grilli (Grilli, 2008) implemented the coupling in a different way in which the
Navier-Stokes domain is fully submerged inside the potential flow domain and the later solver covers
the whole computational domain. The dynamic pressure is included as a source term in the Navier-
Stokes equation. For the coupling with meshless method, Sueyoshi et al. (Sueyoshi et al., 2007)
used the MPS method to model the upper domain which includes free surface and BEM to simulate
the area which is close to the bottom of tank. The information is exchanged on the interface where
MPS particle moves in Lagrangian way and BEM boundary is fixed in space. Sriram et al. (Sriram
et al., 2014) combined the FE based potential flow model with another particle method MLPG_R. The
communication between the two solvers are conducted via a moving overlapping area. The velocity of
the MLPG_R particle in this area is determined by linearly interpolating velocity from both solvers.
The strong coupling strategy normally tends to be more accurate since some kind of convergence
criteria is required during the exchanging of information. But for the same reason, several iterations
will also have to be conducted, and consequently make the simulation more computational expensive.

The weak coupling strategy means one of the solvers covers the whole computational domain and
provide the boundary condition for the other one during the whole simulation process without the
need of any feedback from it. Normally it is the potential flow model, which acts as the ”base”
solver to initialize and drive the Navier-Stokes solver in the sub-domain where the violent free surface
deformation occurs. The notable examples that involve the mesh-based CFD methods include the
weak coupling between FVM (Finite Volume Method) and BEM for breaking of solitary wave on slop
(C.Lachaume et al., 2003). The weak coupling between LBM ( Lattice Boltzmann method) and BEM
were conducted for solving the same problem as well (C.F.Janssen et al., 2010). The particle method
SPH has also been used to calculate the post-breaking waves incorporated with Boussinesq method
(Kassiotis et al., 2011). The weak coupling strategy was investigated in this study using modified
MPS (proposed by (Sun et al., 2015, 2016)) and BEM.

The remaining part of this paper is organised as follows: first, the numerical models that were used in
the coupling, i.e. MPS and BEM methods are reviewed in section 2; then the weak coupling scheme
between the two solvers is illustrated in section 3. In section 4, the proposed computation model is



The Weak Coupling between MPS and BEM for Wave Structure Interaction Simulation 3

tested using two numerical examples, i.e. propagation of regular wave and breaking solitary wave
impacting flexible walls before conclusions are drawn in section 5.

2 Numerical Models

In this section, the numerical models used for the coupling, i.e. modified MPS and BEM methods,
are briefly reviewed.

2.1 Modified MPS method

The modified MPS method developed by the authors (Sun et al., 2016, 2015) is used in this study. A
brief illustration is given below.

2.1.1 Governing equations

The problems investigated here are the ones where the viscosity effect is quite small. As such, the
Lagrangian form of incompressible and inviscid Navier-Stokes equations are employed here as the
governing equations of the flow.

Du  ult1) — yk) Vp
Dt At T (1)
V-u=0

where u, p and pg are the fluid velocity, pressure and density, respectively. g is the vector pointing to
the gravity direction, i.e. g = [0, —g], where g is the value of gravity acceleration.

2.1.2 Numerical implementation

The above governing equation is solved by standard projection method (Chorin, 1967) as follows:
Firstly, the flow configuration is advanced to an intermediate state without considering pressure by:

u® = u® 4 Atg

2 = 2B L A )

where r represents the location vector of particles. The superscript * indicates the value of intermediate
status of a particular time step.

Secondly, based on the velocity and particle distribution of the intermediate state, a pressure Poisson
equation is then formulated as:

At TP A (3)

where n indicate the distribution situation of particles, which is called ”particle density”. The sub-
script 0 corresponds to uniform particle distribution. The coefficient « in Poisson equation (Eq. (3))
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is chosen in the way that there would be no further compression (or expansion) if the flow was being
compressed (or expanded) in the last step.

For the solid boundary, the Neumann boundary condition is applied. On the free surface, the free
surface particles will be identified and the zero pressure condition will then be imposed.

The gradient and Laplacian operators in the above Poisson equation (i.e. Eq. (3)) are discretized by
a weighted average approach (Koshizuka and Oka, 1996). The resultant linear system is then solved
by Generalized Minimum Residual (GMRES) method (Saad and Schultz, 1986).

Finally, after obtaining the pressure, the velocity and location are then updated as:

vp(k—H)

Po (4)
r(k;-‘rl) — r(k;) + Atu(k+1)

uF ) = u) — A¢

In order to improve the stability and accuracy, several numerical techniques have been developed for
the modified MPS method. That includes the virtual particle technique that compensates the lack of
particles outside solid boundary; corrected intermediate velocity that improves the velocity divergence
calculation accuracy near solid boundary; a simple and accurate free surface particle identification
method that reduces the pressure noise; particle shifting & collision handling techniques that improve
the regularity of particle distribution (hence improve the accuracy); and finally a more efficient par-
ticle searching strategy that requires only 2.5/9 of the original searching area. The details of the
implementation of these schemes could be found in (Sun et al., 2016, 2015).

2.2 Boundary Element Method
2.2.1 Governing equations and boundary conditions

As a well established method, there are several ways of implementing BEM. In this study, the approach
described in (Grilli and Subramanya, 1996; Sun et al., 2012) are adopted.

Under the inviscid and irrotational assumption, the fluid velocity u could be expressed by the gradient
of a so-called potential function p(r,t) as u = V. As a consequence, the continuity equation becomes
a Laplace equation of velocity potential ¢, which is also the governing equation for the potential flow,
and is given by Eq. (5):

Ap=0 (5)

Eq. (5) could be transformed into the following boundary integral equation by Green’s third identity:

oln(|ripn: — reo 00(Tint, t
culran, e t) = 10 =Tt o gy Oy it (@

where r;,; and r., are the position vectors of integration and collocation points on the boundary,
respectively. And the value of ay(r.y,t) depends on the position of collocation point. If it is inside
the computational domain, o, (re,t) = 27; if it is on the boundary, the value is the opening angle
(subtending towards the fluid domain) of the boundary at r.,. For continuous boundary such as
1t order (or higher) smooth curve or straight-line, this angle is v (reo,t) = 7. The direction of
the normal vector n is pointing towards the outside of the fluid domain, as shown in Figure 1. The
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integration will be singular when the integration point passes through the collocation point on the
boundary. This is handled in the Cauchy Principal Value (CPV) sense.

The boundary conditions for the integral equation (Eq. (6)) are given as follows. First, on the move-
able solid boundaries such as wave-maker or other fixed wall boundaries, the following impenetrable
condition is applied:

(7)

Jp _ JV(r,t) n=V,, on Lyn
on

0, on Iy

where V(r, t) is the velocity of the point at r on the boundary. I'y, and I f,, represent the wave-maker
and fixed solid boundaries respectively.

By rearranging the Bernoulli equation, the dynamic condition for potential ¢ on the free surface I'f,
takes the following form:

Dy 1 2
Dt 2 Vel = gy, (8)
where % is the material derivative, defined as: % = % + (Ve - V). And the dynamic condition of

zero pressure on the free surface is applied in the derivation of Eq. (8). The kinetic condition on the

free surface is given by:
Dr

Dt Vo (9)
This boundary integral equation Eq. (6) together with the boundary conditions Eq. (7) to (9) will
be descritized and solved numerically on the whole boundary of the computational domain at each
time step. More specifically, the free surface is descritized by the spline method, whereas other solid
boundaries are simply represented by straight-lines. The integration of sources and dipoles on free
surface and solid boundaries are different. On the solid boundaries i.e. straight-lines, the integration
could be solved analytically, whereas on the free surface, the integrations are calculated by numerical
quadratures. The details of the implementation could be found in (Sun et al., 2012).

After solving the unknown boundary values at each time step, the position and velocity potential of
free surface are advanced into next time step. A brief illustration of the time stepping scheme for free
surface are given below.

2.2.2 The time integration for free surface

The position and velocity potential ¢ have to be advanced to next time step to initialise the solving of
the boundary integral equation. Instead of the traditional Runge-Kutta or Adams-Bashforth-Moulton
methods, a truncated Taylor expansion formulation (Grilli and Subramanya, 1996; Sun et al., 2012)
is employed in this study:

r(t+ Af) = x(t) + Z ABEDX) L ojanmy (10)

" AtF DFo(x(t),t)

(p(r(t + At), t+ At) = @(r(t)a t) + k! Dtk

+ O[(At)™ ] (11)

k=1

The first and second order material derivatives in Eq. (10) and (11) are expressed in the local coor-
dinate system n — 7 as shown in Figure 1. After some mathematical operations, the forms of these
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derivatives can be expressed as:

Dr _ [aﬁdﬁ _Opdy Opdx | Oy dy] (12)
Dt ‘'Ordr Ondr Ondr = Ordr

D’vr o 09  dp ¢
o2 Gor Taras T an anaT)dT

Do %0  0pd®p 0% 0y ox 0%z Oy 9 dy

Gnare = or a7~ ovdm <w§ “azar) Vg

( 0% O 82<p L9 dp 0%p )

Notor - Ot 012 On OndT dT
%0  0pd%0  Op ¢ 0%y oxr  0%x 0y 9
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(13)

dzx

Do 9o &p | Oy ¢ 090(090 Fo | Oy o - 8@%@ 0 Py
Dt2 9t 9tdr  OnOtOn Ot Or 02 On OndT On On dt2 0T OnoT (14)
Oy d>ydr  d*xdy dpdx  Opdy

—_— 2 —_—
+ on Vel (d7'2 dr  dr? d’T) (Bn dr = or dT)

In Eq. (12) to (14), the tangent spatial derivatives of ¢ and & 52, such as 92 2 and gnf, can be calculated

directly from the ¢ and gﬁ distributions provided by the boundary condltlons Eq. (7) to (9). The
2

time derivatives such as %—f and % are calculated in the following manner: first, taking the time

derivatives on both sides of Eq. (6), then a new boundary integral equation about af and 6 27 can be
obtained and then solved in the same way for Eq. (6). The boundary conditions for this new boundary
integral equation are as follows:

For the free surface, the value of %—f could be obtained by Bernoulli’s equation.

Oy

1 2
B _ 1
o 2!V90! gy (15)

On the wave-maker or other fixed wall boundaries, the time derivative of Eq. (7) is applied:

0% _{a(v((;f)'n), on Twm

(16)

onot 0, on Tgy

For a piston type wave-maker, which will be used later in the simulation, it can be expressed as:

% . %
onot V- VW (17)

3 Weak coupling between BEM and MPS

For many free surface flow problems in marine engineering, the violent flow phenomena such as wave
breaking, is only restricted to a small area which is close to the ship or other marine structures. For
this kind of cases, the majority of the flow could be simply described by potential flow theory, which
is more efficient than the direct simulation using Navier-Stokes equations.
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Wave-maker

Figure 1: Computational domain layout and coordinates system for weak coupling between
BEM and MPS

In this section, the 2D weak coupling scheme between the potential flow based Boundary Element
Method (BEM) and the proposed modified MPS method, as shown in Figure 1, is investigated.

Compared with the strong coupling case, the main feature of weak coupling strategy is that the
information will only be feed from one solver to another, and there is no mutual exchange. In
this particular case, this means the BEM solver, which covers the whole computational domain as
indicated by the dashed line on the whole boundaries in Figure 1, will provide all the necessary
boundary information (e.g. velocity, pressure) to the MPS area. And the MPS solver do not provide
feedback to BEM solver. This way of coupling is easier to implement than the strong coupling case,
and it will also avoid the stability issue that is introduced by the exchanging of information in strong
coupling. However, it will not be as capable as the strong coupling for the situation where significant
interaction occurs between potential flow and Navier-Stokes domains. Nevertheless, as mentioned in
the beginning of this chapter, for many cases where the violent free surface deformation only occurs
in a restricted area, this simple way of coupling is a more efficient choice. The details of the weak
coupling approach is described as follows:

As shown in Figure 1, the area covered by shadow is modelled by MPS method. The whole computa-
tional domain is discretised by BEM nodes. More specifically, as aforementioned, the whole domain
will be initially modelled by BEM method up to the time when the wave is about to break (but not
breaking yet). The MPS area will also be running from the beginning by taking the pressure and
velocity results of BEM as boundary condition at the interface area (i.e. overlapping area shown in
Figure 1). When the wave modeled by BEM is about to break, the BEM simulation will stop and
all the boundary values remain the same. The MPS simulation will continue for the wave structure
impact calculation. Considering that the interface area is chosen to be far away from the impacting
area, the pressure and velocity of this area will not vary a lot for the whole ”post-breaking” period
(which is close to the state of calm water). As a result, using the ”pre-breaking” BEM value to impose
the MPS boundary condition on interface area for post-breaking duration will not affect the results
significantly.

At the interface between MPS and BEM domains, the pressure and velocity for MPS particles are
calculated from the BEM solution. These interface particles also move based on the calculated velocity
from BEM.
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Figure 2: Sketch of the BEM-MPS interface

The particle arrangements at the interface area are shown in Figure 2. The first four columns of MPS
particles are treated as the interface particles. Their velocity are calculated based on the values of
 and g—i on the BEM boundaries. More specifically, the velocity is calculated by taking gradient

operation on both side of Eq. (6) as follows:

oln(|rin: — reo
au(rcob t)vcolgo(rcola t) = %[vcol( (| (‘;n l|) )‘P(rinta t)

15) Cint, t
_ So(ant)vcol(lnﬂrmt — rcol|))]dl’

(18)

where V., indicates that the gradient operation is with respect to the coordinates of the collocation
point rqy. On the straight-line boundaries such as wave-maker or fixed solid walls, the integration
on the right hand side could be calculated analytically by the formulation provided in Ref (He and
Dai, 1991). For the curved free surface, the ”Quasi-spline” element (between two adjacent nodes)
is further divided into several ”sub-elements”, which are simply represented by straight-lines. And
then the integrations are calculated on these ”sub-elements” by the same analytical approach used

for straight-line boundaries.

The pressure of the interface MPS particles are calculated based on Bernoulli’s equation as:

o 380 1 2
p= (a+§lvwl +g9y)p

(19)

The value of %—f is calculated directly from the solution of the additional integral equation for %—f and

2
%, as shown in Section 2.2.2.
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Figure 3: Sketch of the regular wave simulation by coupling BEM-MPS

Figure 4: Pressure contour and free surface profile at some typical time instant

4 Results and Discussion

4.1 Validation by regular wave propagation

In order to validate the concept of the proposed weak coupling scheme, the case of regular wave
propagation is simulated. The geometric configuration of the problem is shown in Figure 3. A piston
type wave maker is used to generate the regular wave. The circular frequency and wave amplitude
(half wave height) are 5.54 and 0.05m, respectively.

For the MPS part, the space is descritized by particle interval of 0.04m, which results in 3750 fluid
particles (4124 particles in total). On the BEM free surface (which covers the whole free surface area
as explained before), in total of 116 nodes are used for descritization, which means that there are
about 16 nodes along each wave length for this wave condition.

The pressure contour of the MPS part and the free surface shapes of the BEM part are compared in
Figure 4, where T is the period of the wave. The length of the tank is roughly 7 times of the wave
length in this case, consequently a standing wave is gradually generated due to the wave reflection by
the wall, and as a result, the wave amplitude is getting larger. The BEM result, which is the blue
solid line, is generally matching well with the MPS free surface shapes at various typical time instants
as shown in Figure 4. However, although the general shape of the wave profile is consistent with BEM
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Figure 5: Sketch of the solitary wave climbing small slope ramp by coupling BEM and MPS.

result, the MPS free surface shape becomes less smooth as the wave amplitude getting larger (e.g. the
19T time instant in Figure 4).

Overall this example proves that the data exchanging scheme of the weak coupling scheme is capable
of providing accurate boundary condition (from BEM results) to enable the running of MPS solver.

4.2 Breaking wave impacting flexible wall

In order to further test the weak coupling scheme, the process of a violent breaking wave interaction
with vertical flexible wall was simulated (Sriram and Ma.Q.W., 2012; Kimmoun et al., 2009). The
problem set-up, results and discussions are presented in this section.

As shown in Figure 5, a wave tank with piston-type wave-maker is used to generate solitary wave,
which then runs up on a gentle slop. A flexible vertical plate with length of 1m is mounted at the
end of the tank and simply supported at 0.88s from the plate bottom, with the top free of restriction.
The width of the plate is 0.65m. The density and Young’s modulus of the elastic plate are 1190kg/m?
and 3250M Pa. The geometric dimensions of the wave tank is depicted in Figure 5. The method
mentioned in (Grilli and Subramanya, 1996) is used to generated the solitary wave with amplitude
of 0.08m. Both experimental (Kimmoun et al., 2009) and numerical (Sriram and Ma.Q.W., 2012)
studies of this problem have been conducted. Comparison between these previous and the current
results will be presented later.

For the case reported below, the length of the MPS domain, including the overlapping area, is chosen
to be 7.5m. The first four columns of particles will be treated as interface particles whose pressure
and velocity are determined by the BEM solver. The initial particle distance is chosen to be 0.0075m,
which leads to a total of 33772 fluid particles. If the whole domain is discritized by MPS method, the
fluid particle used for this geometry would be more than double of the current number. The BEM
free surface is descritized by 85 nodes. The time step is controlled by CFL condition with initial value
of 0.0015s.

The flexible deformation of the plate is modeled as a beam and computed by modal superposition
approach (Paz and Leigh, 2004). And the first 3 principle modes are used in the simulation. The
iterative procedure that mentioned in (Sun et al., 2016) is used for the interaction between fluid
solvers and structure solver. The time history of the plate deformation at 0.3623m from the plate
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Figure 6: Experimental results of the plate deformation and wave profiles at some typical
time instants

bottom and the wave profiles of some typical time instants, from the experiment (Kimmoun et al.,
2009) and the proposed BEM-MPS model are shown in Figure 6 and Figure 7, respectively. The
major trend of these two deflection time history curves match each other very well. The two peaks of
the deformation occur at about 0.12s and 0.43s in the experiment, whereas in the numerical result the
times for these two peaks are 0.10s and 0.414s. The wave profiles for the corresponding time instants
are very similar as well.

The comparison of deflection time history at the same position between experiment, the numerical
approach (MLPG_R) (Sriram and Ma.Q.W., 2012) and the proposed BEM-MPS coupling model
is shown in Figure 8. As discussed in (Sriram and Ma.Q.W., 2012), the reason of the negative
deflection before the impact of the breaking wave in the experimental result is unclear. This may
due to the way of mounting the plate at the bottom. Besides that, although the main trends of
these three curves are quite similar, there are inevitably some discrepancies between them. The
first peak values of both numerical results are about 20%lower than the experimental one. For the
second peak, the value from proposed model is slightly lower (about 10%) than the experiment and
MLPG_R. The peaks and troughs from the proposed method are also slightly shifted compared with
the results from others. The most reasonable explanation that the authors can give is as follows: up
until the wave-breaking, the BEM computation stops and the MPS solver continues the post-breaking
simulation. Therefore in the interface area, the MPS will not get new update of the flow state, though
during this time the flow change are expected to be very small in this area (which is the base of
this coupling scheme). Nevertheless, this way of weak coupling is considered to be responsible for the
slight mismatch aforementioned. Apart from that, the differences between numerical and experimental
results could be due to various reasons such as the leakage of water from the wave-maker and plate
in the experiment (Sriram and Ma.Q.W., 2012).
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experiment (Kimmoun et al., 2009), MLPG_R (Sriram and Ma.Q.W., 2012) and proposed
BEM-MPS coupling
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Figure 9: Wave profiles and the pressure contour of the BEM and MPS simulation at various
typical time instants

In terms of efficiency, in comparison to another particle method, i.e. MLPG_R (Sriram and Ma.Q.W.,
2012), where the whole domain is discretised by a similar resolution with 86670 fluid particles (com-
pared with 33772 fluid particles in this simulation), this problem is solved more efficiently by the
proposed BEM-MPS coupling approach with similar accuracy achieved.

The BEM wave profiles and MPS pressure contours are shown in Figure 9. The BEM simulation
stops at t = 8.821s, i.e. (c) or (d) in Figure 9 as explained before, so the BEM wave profile remains
the same from Figure 9 (d) to (g). As is shown, the pressure distribution from the MPS simulation
is smooth. In Figure 9, (d;) highlights the pressure distribution when the wave impacts the plate. It
is worth mentioning that a small ”jet-like” flow has been developed as highlighted by Figure 9 (g1).
The pressure in that area becomes slightly negative as can be seen from the legend. This physically
unreasonable phenomena could be due to the fact that MPS field gradually starts to flow backward
while the interface particles remain the status when BEM simulation stops (i.e. ¢t = 8.821s in (c) or
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(d) of Figure 9), so the fluid particles will be ”squeezed out” (due to negative pressure in that area) a
bit more near the interface area. However as shown in the above results, the main flow characteristics
near the plate and the flexible plate deformation have both reached an acceptable accuracy compared
to the corresponding experimental or the numerical scheme MLPG_R, which is the major concern of
this simulation. This means if we consider the balance between the efficiency improvement and the
accuracy level it can get, this weak coupling between BEM and MPS is capable to simulate this kind
of locally violent flow problems. But obviously a strong coupling, i.e. the BEM solver only covers part
of the computational domain and depends on the information from MPS solver at interface, would be
an advanced and better choice in the future.

5 Conclusion

In order to improve the computational efficiency of MPS method, the weak coupling scheme between
BEM and modified MPS is proposed and implemented for the problems where the violent free surface
deformation only occurs in a constrained area.

In this weak coupling scheme, the BEM covers the whole computational domain and runs until the time
when free surface is about to break. The MPS solver, which also starts from the beginning but only
occupies the rapid fluid structure interaction area, will continue the simulation for the post-breaking
phase. The MPS solver is enabled by the information from BEM solver (i.e. velocity and pressure),
and there is no feedback from MPS to BEM. The MPS will continue to use the BEM information at
the time before BEM solver stops, since the changing rate of the flow in the BEM-MPS interface area
is small enough. The computational time could be reduced, since the BEM is far more efficient than
MPS for the same computational area.

The weak coupling scheme between BEM and modified MPS is validated by two problems, i.e. the
propagation of regular wave and the breaking solitary wave impacting flexible wall. The BEM-
MPS coupled fluid solver interacts with structural solver (which is just typical modal superposition
model (Paz and Leigh, 2004)) in an iterative manner. The numerical results are compared with
experimental results published in the literature, and reasonably good agreement is achieved. In these
two cases, more than half of the computational domain is replaced by BEM, so the computational
efficiency is significantly improved. However, there are some obvious limitations about this weak
coupling scheme due to the fact that there is no feedback of flow information from MPS solver, such
as the non-physical flow phenomena around the interface area mentioned in Section 4.2. This kind
of problems should ideally be solvable by employing the strong coupling approach, which would be
considered in future work.
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