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Abstract ; Fluid-structure interaction ( FSI) problems caused by fluid impact loads are com-
monly existent in naval architectures and ocean engineering fields. For instance, the impact
loads due to non-linear fluid motion in a liquid sloshing tank potentially affect the structural
safety of cargo tanks or vessels. The challenges of numerical study on FSI problems involve not
only multidisciplinary features, but also accurate description of non-linear free surface. A fully
Lagrangian particle-based method , the moving particle semi-implicit and finite element coupled
method (MPS-FEM) , is developed to numerically study the FSI problems. Taking into account
the advantage of the Lagrangian method for large deformations of both fluid and solid bounda-
ries, the MPS method is used to simulate the fluid field while the finite element method( FEM )
to calculate the structure field. Besides, the partitioning strategy is employed to couple the MPS
and FEM modules. To validate accuracy of the proposed algorithm, a benchmark case is numer-
ically investigated. Both the patterns of free surface and the deflections of the elastic structures
are in good agreement with the experimental data. Then, the present FSI solver is applied to the
comparative study of the mitigating effects of rigid baffles and elastic baffles on the sloshing

motions and impact loads.
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Introduction

In the fields of naval architecture and ocean engineering, the phenomena correspond-

ing to fluid-structure interactions are of significant importance. For instance, tankers or

other ocean structures could be damaged by sloshing flows, slamming or green water in-

*

Received 2016-11-26; Revised 2016-12-07

Project supported by the National Natural Science Foundation of China ( 51379125; 51490675;
11432009; 51579145; 11272120) and the Chang Jiang Scholars Program of China(T2014099)
Corresponding author, WAN De-cheng, E-mail: dewan@ sjtu.edu.cn

1359



1360 ZHANG You-lin CHEN Xiang WAN De-cheng

duced by huge waves. Therefore, special attention is devoted to the FSI problems.

In recent decades, various numerical methods have been applied to the investigations
of the FSI phenomena with the development of computer science. For example, Idelsohn et
al.!"! applied the so called particle finite element method (PFEM) for the simulation of the
interaction between an elastic structure and free surface flows in a sloshing tank. Fossa et
al.'?! investigated the possible effects of a deformable structure on the sloshing phenome-
non with the ADINA software based on the finite element method for both fluid and struc-
tural analysis. Liao and Hu"*’ developed a finite difference method (FDM) coupled with the
finite element method to simulate the interaction between liquid sloshing flow in a rolling
tank and a thin elastic plate. Paik and Carrica'*' developed a nonlinear finite element solver
coupled with a URANS/DES overset grid solver. The FSI problems of rolling tanks partially
filled with fluid interacting with an elastic bar clamped to the bottom or top were numeri-
cally simulated. However, applications of these grid-based approaches were restricted by
the challenges, e.g. inefficient process of grid generation for complex-shape structures, re-
quirement of dynamic mesh technologies for moving boundary or large structural deforma-
tion and simulation of free surface with large deformation or breaking, etc.

In recent years, the Lagrangian meshless method, as a new-generation computational
method for the analysis of fluid mechanics, was promising for these challenges and drew
special attentions from the researchers. One representative meshless particle method for
free surface flow is the MPS method which was originally proposed by Koshizuka and
Oka'’’ for incompressible flows. Since kinds of improvements were proposed to suppress
the numerical unphysical pressure oscillation'*'?’ | the MPS method could be introduced to
FSI problems. For instance, Mitsume et al.'"*'*' proposed an improved MPS-FE coupled
method with a polygon wall boundary model. Hwang et al.'"*'®’ developed a fully Lagrang-
ian MPS-based coupled method and applied the solver to dam break and violent sloshing
flow with elastic structures. Sun et al.''”' developed a modified MPS method coupled with
the FEM method for the 2D fluid-structure interaction problem, such as violent flow impac-
ting onto a flexible structure.

Additionally, both accuracy and efficiency of the numerical study of FSI problems are
involved with the coupling strategies between fluid solvers and structural solvers. General-
ly, the coupling strategies can be classified into 2 groups, the monolithic and the parti-
tioned coupling approaches. For the monolithic coupling approach, a single system equa-
tion involving all variables related to both the fluid and structure dynamics is solved simul-
taneously''® . However, the equation is of much difficulty to form without any modification

20]

of complicated engineering problems' "’ and is expensive to be solved'* . On the contrary,
the fluid and structure fields are self-governed by different equations and solved separately
for the partitioned coupling approach. The interfacial information is communicated explicit-
ly between the fluid and structural solvers. This approach allows the use of separate fluid
and structure codes or established software for each computational domain'*. In view of

these advantages, the partitioned coupling approach is utilized in this paper.
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The main aim of this study is to develop a MPS-FEM coupled method and validate the
capability of the proposed method for FSI problems. Firstly, a fully Lagrangian FSI solver is
implemented by extending the in-house MPS solver MLParticle-SJTU'**! with the FEM
method for structure analysis. The methods for fluid analysis, structural deformation to-
gether with the coupling strategy are introduced. Then, a benchmark case is numerically
investigated. Both patterns of free surface and deflections of the elastic structures are com-
pared against the experimental data. Finally, the present FSI solver is applied to the com-
parative study on the mitigating effects of rigid and elastic baffles on the sloshing motions
and impact loads.

1  Numerical methods

1.1  Numerical method for fluid analysis

In this study, the fluid domain is calculated with our in-house particle solver MLParti-
cle-SJTU based on the MPS method.
1.1.1 Governing equations

Governing equations for incompressible viscous fluid in the Lagrangian system are

V-V =0, (1)
DV 1
= VP +v V'V +g, (2)
Dt p

where V is the velocity vector, ¢ is time, p is the fluid density, P is pressure, v is the kine-
matic viscosity, g is the gravity acceleration.
1.1.2 Kernel function

In the particle method, governing equations are expressed with the particle interaction
models and based on the kernel function'*"

r

e

— -1, O0<ssr<r,
W(r)=140.85r + 0.15r, (3)

0, r.<r,
where r is the distance between particles and r, is the effect radius.
1.1.3 Discrete expressions of particle interaction models
The particle interaction models, including the differential operators of gradients and
being divergent and Laplacian, are defined as
vy, =Ly BT
n gz -l

(D, - @) (r, -1,

(r_,'_ri)'W(lrj_ril>a (4)

<v-<1>>i=102 . W(lr -rl), (5)
no i lr,—r |
) 2d
(Vo) = 5 2 (b =)Wl 1, =1 1), (6)

where ¢ is an arbitrary scalar function, @ is an arbitrary vector, d is the number of space
dimensions , n’ is the initial particle number density for incompressible flow, A is a parame-
ter and defined as
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SWr—rl)lr-rl’

YW -rl)

JFi
which is introduced to keep the variance increase equal to that of the analytical
[27]

A=

) (7)

solution

A= fVW(r) -rde/va(r)dV. (8)
1.1.4 Model for incompressibility
The incompressible condition for the MPS method is represented by keeping the parti-
cle number density constant. In each time step, there are 2 stages: first, the temporal ve-
locity of particles is calculated based on viscous and gravitational forces, and particles
move according to the temporal velocity; second, pressure is implicitly calculated by sol-
ving Poisson’ s equation, and the velocity and particle position are updated according to
the obtained pressure. The pressure Poisson’s equation (PPE) in the present MPS solver
is defined as
p (n"y. =n’
AP A
where 7 is a blending parameter with a value between 0 and 1. The range of 0.01 <y < 0. 05
28]

(VP = (1=y) LV —y (9)

is better according to numerical experiments conducted by Lee et al.'*'. In this paper, y =
0.01 for all simulations.
1.1.5 Free surface particle detection method

For the MPS method, pressure in the fluid domain will be closely affected by the accu-
racy of free surface detection. In the present solver, we employ a free surface detection
method proposed by Zhang et al.'**

(B =58 W), (10)
where vector function F represents the asymmetry of arrangements of neighboring particles.
Particles satisfying

(IF1), >091 F1|° (11)
are considered as free surface particles, where | F|° is the initial value of | F | for surface
particles.

1.2 Numerical method for structure analysis
According to the FEM theory, the spatially discretized structural dynamic equations
governing the motion of structural elements, can be expressed as

My +Cy + Ky =F(t), (12)

C=aM+ oK, (13)
where M, C, K are the mass matrix, the Rayleigh damping matrix and the stiffness matrix
of the structure, respectively. F is the external force vector acting on the structure and va-
ries with the computational time. y is the displacement vector of the structure. «, and «, are

coefficients related to natural frequencies and damping ratios of the structure.
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To solve the structural dynamic equations, another 2 set of functions should be intro-
duced to set up a closed-form equation system. Here, Taylor’ s expansions of velocity and
displacement developed by Newmark'®' are employed :

.)}t+AtS =y, + (1 —y)yAe + ')’).’.Hm\Ats’ 0<y <1, (14)
1-28
2

szrALS =), +y1Ats + ytAtf +By-t+A1sAtf’ 0 < B < 19 (15)

where 8 and y are important parameters of the Newmark- 8 method, and set to8 = 0.25, y
=(.5 for all simulations in the present paper. The structural time step size is represented by
Ai,. From egs. (12) ~(15), the displacement at: = ¢ + Az, can be solved with the following

formulas "’
I_{yHALb :I_;‘I+AIS’ (16a>
K=K +a,M + a,C, (16b)
I_?r+At‘\=Fz+M(a()yt+a’2yx+a3y.r> +C<a1yr+a4j’r+asyt>’ (16C>
1 0% 1 1 1 0% !
Qy = ——, a4, = ——, Ay, = ——, O = - — a, = — —
0 BA[?’ 1 BAI:S’ 2 ﬁAts’ 3 2B ’ 4 ﬁ ’
(16d)
Ats 0%
as = E_Z ,as =AMt (1 -7v), a; =yAt,,

where K and F are the so-called effective stiffness matrix and the effective force vector, re-
spectively. Finally, the accelerations and velocities corresponding to the next time step are
updated as follow :
).’.HA:s = ao(yzmrs -Y) —ay, —ay,, (17)
Vo, =V T AV, + @Y 4, - (18)
1.3 Coupling strategy for FSI problems

In the present study, the partitioned coupling strategy between the MPS and the FEM
is implemented in the FSI solver since it has the advantages of code modularity and flexibil-
ity to enhance the computational accuracy and efficiency. For the development of a parti-
tion-based FSI solver, the appropriateness and preciseness of its fluid-structure coupling
system is one of the crucial issues'"’.

The concepts of the present coupling system is shown in fig. 1. The main feature of
this strategy corresponds to the different sizes of time steps in fluid and structure analysis.
According to the Courant-Friedrichs-Lewy ( CFL) condition, fluid time step size Az, is com-
monly set to a much small value. Correspondingly, a much larger structural time step size
A¢, would be utilized in the present strategy to improve the calculation efficiency since the
Newmark- 8 method, which is suitable for structure analysis, is an implicit approach.
Here, Az, is a k multiple of Az,, where £ is an integer. In each cycle of FSI simulation, the

fluid analysis is performed based on the MPS solver from time step ¢,,, to¢,,, firstly. Mean

n+k

pressures of particles on the fluid-structure interface are calculated as

_ 1 ¢
pn+l.- :Izpnﬂ" (19)
i=1
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where p, .. is the fluid particle pressure on the wall boundary at instant ;, + :A¢,. For the
structure analysis, the external force is calculated based on average pressure p, ., acting on

the structure surface and the FEM solver is applied at time step ¢, ,,. After structure analy-

n+k*
sis, the position and velocity of structure particles are updated and considered as new
boundary conditions for the calculation of fluid physical variables in the next time step. Re-
based

on the velocities of particles calculated in time step z, to avoid the instability of fluid field

markably, the positions of particles should be updated within time steps ¢, ., and ¢

n+1 n+k-1

caused by the large displacements of structure particles within Az_.

&
fluid A Pusk =3 2 Pus
i=l

solver

S~

structure ) e
|solver  only update the structure position

Fig. 1 The concept of the coupling strategy

1.4 Data exchange on the fluid-structure interface

In the present paper, 2D FSI problems are considered and the structures will be dis-
cretized to beam elements for the structural physics. As a result, special treatments need to
be applied for data exchange on the fluid-structure interface, including the application of
external force onto the beam nodes and the deformation of the structural particle model
corresponding to the displacements of beam elements. Here, a particle group scheme is

considered' '’

. Structural particles located within the same section are grouped. For the
force exchange, the concept for the numerical considerations is shown in fig. 2. Herein,
the vector F, , and F, , represent the force acting on left and right boundary particle of the
structural group i, respectively. As mentioned previously, the pressure of boundary parti-
cles is calculated with the MPS method initially. Then, force acting on the structural
boundary particle within the structural group is calculated by the integration of average
pressure acting on the interface. After this, the resultant of forces on particles within the
same group will acting onto the structural FEM node as the external load for the structural
analysis. For the deformation of the structural particle model, particles within a group
move as one body based on the nodal linear velocities u, and »; which represent the veloci-
ties of beam nodes. Then, the final position of structure particles can be updated according
to the rotation of the group around the center of the section based on angular velocity w,.
The concept for the numerical considerations of the deformation of the structural particle
model is shown in fig. 3.
1.5 Particle interaction model

In the numerical process of fluid-structure interaction, position of fluid particles will

be updated corresponding to the structure deformation which is predicted by the FEM mod-
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ule. However, the structural particles may get much too close to the fluid particles during
structure deformation, and thus, result in improper repulsive forces between particles near
the interface. This phenomenon may lead to non-physical pressure fluctuations and less ac-
curate structural deformation. To avoid the clusters of particles and obtain the proper re-
pulsive forces especially near the interface, a special particle interaction model is built in
the FSI solver.

pressure calculation ‘ »l section force calculation | ’l nodal force calculation

L ] ° L ]
L ] ° e
° .
e group i
L ] L
s & & o B ¢ F.
e 08 5
» L S S S
L ] i
™ * @ Nl F - J'_ o
A TP 1 V) W | * Gill immuﬂulld
T T I O
ud s Flil' = F(i.‘.l + Fli.‘.r
® fluid particle e fixed boundary particle # structural boundary particle
® inner structure particle ©structural node beam element

Fig. 2 The concept for the numerical considerations of fluid-structure coupling force exchange

deformed structure “l structural section deformation h[ beam deformation

. .
g )= Ut gy

Vg =Vt Vg,
® fluid particle e fixed boundary particle ¢ structural boundary particle
® inner structure particle ©structural node beam element

Fig. 3 The concepts for the numerical considerations of structural particle model deformation

The schematic diagram of the particle interaction model is shown in fig. 4. Before the
structure deformation, the structural particles keep a proper distance from the fluid parti-
cles, as far as the positions of particles before collision. During the process of structural
deformation, the structural particle moves from positions, tos,,, based on the FEM analysis
while the fluid particle moves from position f, to /.., based on the fluid analysis. When the
distance between particles gets smaller than «l,, the particle interaction model will work
for the position correction of fluid particles. Here, [, denotes the initial particle spacing and
a is the coefficient equal to 0.6 in this paper. According to the following formulas, the posi-

tion of fluid particles is updated from position £, , to £, ,,.
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— _ £
- vs vl' ’

(20)

ve=v + v,
where v, denotes the velocity vector of structural particle from initial position s, to final po-
v, and v, denote the velocity vectors of fluid particle from position f, to tempora-

sition s, ,
respectively. v, and r; denote the relative velocity

ry position £, and final position f,
vector and relative position vector, v denotes the velocity adjustment of fluid particle from

the temporary position to the collision position.

> fliuid particle before collision 5 structural particle before deformation

~ fliuid particle at the collision moment O structural particle after deformation

O fliuid particle after collsion

Fig. 4 Schematic diagram of the particle interaction model

2 Numerical Simulations

2.1 Validation test of FSI solver—discharged flow interacting with elastic gate
For the verification of our MPS-FEM coupled method, interaction between discharged

flow and an elastic gate is numerically studied and the results are compared with their cor-

responding experimental and numerical data by Antoci et al. 1 in this section.

3 elastic gate A=0.1 m

rigid wall A

water

0.079m [
H=0.14m

L

Fig. 5 Schematic view of a reservoir with an elastic gate (Antoci et al.'*'))
In this numerical test, the 2D reservoir is filled with water at a level of 0.14 m and a

width of 0.1 m, as shown in fig. 5. An elastic gate is installed at the lower part of the left
wall of the tank, the upper end of the gate is fixed while the lower end is free to deform.



An MPS-FEM Coupled Method for the Comparative Study of Liquid
Sloshing Flows Interacting With Rigid and Elastic Baffles 1367

Both the fluid and structure models are discretized into particles, detailed calculation pa-
rameters are shown in table 1.

t=0.16s 1=0.20s 1=0.24s

1=0.28s t=0.32s

0 0.3 0.6 09 1.2 1.5
velocity v/ (m/s) e

Fig. 6 Snapshots of the structural deformation and the free surface (camera shots: experimental

results from Antoci et al.[*'); computer graphics: present results from the MPS-FEM)
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Table 1 Parameters of the numerical test

structure parameter value fluid parameter value
gate thickness 7 /m 0.005 fluid density p; /( kg/m3) 1 000
structure density p, / (kg/m?) 1100 kinematic viscosity ¥ /(m?/s) 1x107¢
Young’ s modulus £ /MPa 10 gravitational acceleration g /(m/s?) 9.81
damping coefficient a, 0 particle spacing [, /m 0.001
damping coefficient a, 0.025 total particle number n, 16 561
time step size Az, /s 1x1073 time step size At; /s 1x1074

Fig. 6 shows the deformation process of the elastic gate and the free surface elevation
at different instants. The numerical data are compared with experimental results at the
same instants with an interval of 0.04 s. It can be observed that water flow out of the reser-
voir immediately after the gate is pushed open by the hydrostatic pressure of stored water.
During the stage: =0.04 ~ 0.16 s, deformation of the gate together with the velocity of flow
increases gradually, while the free surface level decreases due to the flood discharge. After
instant 1 = 0.16 s, decrease of the flood velocity can be observed. Generally, profiles of the
deformed baffle and the free surface are coincident with those of the experiment. In view
of the comparisons of displacements at the free end of the gate shown in fig. 7 and the time
histories of water levels shown in fig. 8, the structural deformation results from varying hy-

drodynamics can be accurately simulated by the proposed MPS-FEM coupled solver.
0.08 T 0.20

* H.exp.(Antoci et all*!) " . Pgate exp.(Antoci et al.’'l)
H.sim.(Antoci et al*'l) ---- Pgate sim.(Antoci et al.*'l)
H.sim.(present) —— Pgate sim.(present)
=} 5 L - . 3
Z 0.06r 4 V.exp.(Antoci et al_'f:])' g 0.16 4 Pcenter exp.(Antoci ctal,"‘:f)
) .77 V.sim.(Antoci et al™y 3 ---- Pcenter sim.{Antoci et al”")
5 e = 2 = — Peenter sim.(present)
£ 0041 i~ e R 2 0.12¢ a
3 P g i
= ' . [
. r ——=V.sim.(present ) g
= 0.02t Z 0.08f
0 / L : L 0.04 L L L
0 0.1 0.2 0.3 0.4 0 0.1 0.2 0.3 0.4
time /s timet/s
Fig. 7 Horizontal(H.) and vertical(V.) Fig. 8 Water levels just behind the
displacements at the free gate (Pgate) and 5 cm
end of the plate far from it ( Pcenter)

2.2 Application of FSI solver—sloshing flows interacting with rigid/elastic baffles

In the design of LNG tanker system, baffles are extensively utilized to restrain the
sloshing motions and impact loads in liquid tanks. Since the liquid carrier will experience
various sea states during operation, the investigation of improving effects of baffles under
varying excitation frequencies is of significant practical interest. In addition, elasticity of
the baffles should not be overlooked particularly for the large-scale testing or the full-scale
engineering applications. With this motivation, 3 general sets of numerical simulations are
conducted for the investigation on the mitigating effects of baffles on the sloshing motions
and impact loads.

In this section, the geometry and filling ratio of fluid are shown in fig. 9, which are the
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same with those from Idelsohn et al.''’. The rectangular tank is set without any baffle for
the first series of simulations while with a rigid baffle or an elastic baffle clamped at the
rolling center for the other two series of simulations, listed as follow .

Series A sloshing in the tank without any baffle;

Series B sloshing in the tank with a rigid baffle;

Series C: sloshing in the tank with an elastic baffle.

The tanks are forced to roll harmonically around bottom center point 0. The governing
equation for the rolling motion is

0(t) =0ysin(wt) , (21)

where 6(¢) is the rotation angle of the tank, 6, is the excitation amplitude, w is the angular
frequency. The detailed fluid and structural properties and numerical conditions are listed

in table 2.

= exp.(Idelsohn et al.l'l)
T —— present

L i
= g
4 mm : ,f
elastic baffle [
L 'O | . -1.0 i L 1 1 1 L i 1
™ 609 mm i "0 1 2 3 4 5 6 7 8
T/ T,
Fig. 9 Schematic diagram of the rolling tank Fig. 10 Time histories of the horizontal displacements at
with an elastic baffle the free end of the elastic baffle (w/w, = 1.05)
Table 2 Parameters for the numerical cases
structure parameter value fluid parameter value
structure density p, / (kg/m*) 1100 fluid density p; / (kg/m®) 917
Young’ s modulus E /Pa 6x10° kinematic viscosity » /(m>/s) 5%107°
length [ /m 0.114 gravitational acceleration g /(m/s?) 9.81
clamped position bottom fluid depth d /m 0.114
number of elements n, 58 rolling frequency @ /(rad/s) 5.215
damping coefficient a; 0 rolling amplitude 6, /(°) 4
damping coefficient a, 0.025 particle spacing [, /m 0.002
time step size At_ /s 2x1073 time step size At /s 2x107*

To rigorously verify the reliability of the present MPS-FEM coupled method for practi-
cal FSI problems, series C with the excitation w/w, = 1.05 is simulated and compared a-
gainst corresponding experimental data from Idelsohn et al.'"'. Fig. 10 shows the compari-
son of dimensionless time histories of the horizontal displacement at the free end of the
baffle. Here, time is made dimensionless with excitation period 7, and displacement with
reference fluid depth 4,. Present numerical results are in good agreement with the experi-
mental data in terms of both amplitude and period of the displacement.
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To preliminarily investigate the mitigating effects of the rigid and elastic baffles, 2 typi-
cal frequencies, the frequency nearby (w/w, = 1.05) or far from (w/w, = 1.61) the resonant

frequency, are considered as the excitation frequencies for the rolling tank.

‘ 1=271s ! ‘ IZ?IS! l .'2?15!

750 1000

pressure p / Pa -' “

! .'30]5’ ! 130]5’

om 1000

pressure p / Pa -‘ ‘“

! r33]s! [ t=331s ’ r .'3313’

250 500 ] |uon
pressure p / Pa _' T E

‘ 136]5! ‘ :36]5!

0 25(] ?50 1000
pressure p / Pa -; -. | |.

(a) Without any baffle (b) With a rigid baffle (c¢) With an elastic baffle
Fig. 11 Tlustration of sloshing flows in the tank (w/w, = 1.05)

Fig. 11 shows the comparison between the snapshots of the 3 different cases at the
same instants, with a rolling excitation at resonant frequency w/w, = 1.05. In the simulation
of sloshing without any baffle, violent liquid motion exists in the tank. Within one period of
rolling motion, the front of the fluid column impacts on to both sides of the tank and even
climbs along the tank walls up to the ceiling. In the simulation of sloshing with a rigid baf-
fle, the smooth free surface is observed and the motion of the liquid column is mitigated
significantly. In comparison, complicated folds and overturnings of the free surface in the

elastically baffled tank are observed at the tip of the elastic baffle although no impacting



An MPS-FEM Coupled Method for the Comparative Study of Liquid
Sloshing Flows Interacting With Rigid and Elastic Baffles 1371

phenomenon occurs inside the tank.

250 500 I?SU 1000

0
pressure p / Pa Sl i

0,,.2%0 00 750 1000
pressure p / Pa [ SLLLLL| o

0 250 500 750 1000

pressure p/Pa Rt

0 250 500 750 1000

pressure p/Pa IR

(a) Without any baffle (b) With a rigid baffle (c¢) With an elastic baffle
Fig. 12 Tlustration of sloshing flows in the tank (w/w, = 1.61)

Fig. 12 illustrates comparison between the snapshots of the 3 different cases at the
same instants, with a rolling excitation frequency w/w, = 1.61 which is far away from reso-
nant frequency w,. In the case of sloshing flow in the tank without any baffle, liquid pertur-
bation is observed in comparison with the violent liquid motion corresponding to the reso-
nant frequency. The form of free surface approximates standing waves, as shown in fig. 12
(a). In the case with a rigid baffle, the tank is divided into 2 parts by the baffle. As the
sloshing flows occur in each part independently, similar forms of free surfaces are noticed
on both sides of the baffle and evident difference of fluid levels exists on both sides of the
baffle, as shown in fig. 12(b). Besides, the liquid columns climb up to a higher level along
the tank walls compared to that in fig. 12(a) during rolling motion of the tank. This phe-
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nomenon may result from the fact that the excitation frequency is close to the resonant fre-
quency of the tank parts. In the case with an elastic baffle shown in fig. 12(c), the differ-
ence of fluid levels nearby the two sides of the baffle is not obvious.

no baffle rigid baffle elastic baffle roll angle P
1.2

1.0F

P/ (P8N)
e o & @
o =23 oo

o

AL AN NN

|
<
(3]

" i " i " L i 1 " 1 i 1 L 1 " ] _I
5 6 7 8 9 10 11 12 13 14 15
T'jrli
(a) w/w, = 1.05
5 no baffle rigid baffle elastic baffle roll angle 6
1.0} = b
s O8] 14
2 06} 13 oo
= 4 =
s 04 12 ®
0.2 41
N1 N NP N NN N NN N N
=-0.2 1 1 1 L 1 L 1 1 1 ] _]
5 6 7 8 9 10 11 12 13 14 15
T/ Tu
(b) w/w, = 1.61

Fig. 13 Time histories of pressures at point P,

Fig. 13 shows the comparison of dimensionless time histories of pressures for the 3 se-
ries of simulations without any baffle, with a rigid baffle and with an elastic baffle. Here,
time is been made dimensionless with excitation period 7, , pressure with hydrostatic pres-
sure at the reference fluid depth /#, and angle with amplitude of rolling angle 6,. Results cor-
responding to the resonant excitation frequency are shown in fig. 13 (a). The pressure
curves show different patterns between the 3 simulations. For the simulation without any
baffle, a typical “church roof” profile of the pressure is observed within each rolling cycle.
Here, the first peak of pressure represents the impact load due to the wave crest slamming
onto the tank wall while the second peak represents the collapse of fluid column. In con-
trast, no impact loads are observed in the sloshing simulations with either a rigid or an e-
lastic baffle. Maximum pressures of the two cases are much smaller than the previous im-
pact loads, particularly for the case with a rigid baffle. Fig. 13(b) depicts the dimension-
less time histories of pressures with an excitation frequency much larger than the resonant
frequency. The 3 pressure curves show similar patterns but different maximum values. No

impact loads are observed and the static pressures are predominant for the varying pres-
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sures for all the 3 cases. Given the slight variation of the fluid level, the pressure peak cor-
responding to the case without any baffle is really small. In contrast, the pressure peaks
corresponding to the cases with baffles are relatively larger, particularly for the case with a
rigid baffle. This phenomenon implies that the maximum pressure is not mitigated by the
rigid or elastic baffle while the excitation frequency is much larger than the resonate fre-
quency.

According to previous numerical results, the mitigating effects of rigid and elastic baf-
fles on sloshing flows are quite different corresponding to the excitation frequencies of roll
motions. Therefore, sloshing behaviors in the 3 series of cases changing with the varying
excitation frequencies (w/w, = 0.61, 0.73, 0.85, 0.91, 0.95, 0.98, 1.01, 1.05, 1.09, 1.11,
1.14, 1.21, 1.27, 1.33, 1.39, 1.47, 1.54, 1.61, 1.67) are further numerically investigated.
The simulations of sloshing in a rectangular tank without any baffle are taken as the stand-

ard for comparisons for mitigating effects.

1.2 0.70 -
- = no baffle L = elastic baffle
1.0 . o rigid baffle 0.65F- y=0.05577 +0.438 83x
i & elastic baffle (01| e 1.38216-0.64992x
~ 08} % 0.55¢
S % = < 050
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/g w/wy
Fig. 14 Averaged maximum impact pressures Fig. 15 Averaged maximum displacements at

at P, vs. excitation frequencies the free end of the elastic baffle

vs. excitation frequencies

Fig. 14 shows the statistical results of the maximum pressures of the 3 series of simu-
lations vs. excitation frequencies. Herein, the maximum pressures are calculated based on
the mean peaks of time histories corresponding to location P,. For the sloshing cases with-
out any baffle, increasing the excitation frequency raises the impact loads till frequency
1. 05w, which is much close to the resonant frequency of the tank. On the contrary, the
maximum pressures are gradually reduced with the excitation frequency beyond 1.050,. For
the rigidly baffled cases, the maximum pressures, on the whole, maintain a relatively low
level. Particularly, the peaks of impact loads corresponding to the resonant frequency re-
gion are restrained effectively. However, the maximum pressures with excitation frequen-
cies beyond 1.33w, are much larger than those in the cases without any baffle. For simula-
tions of series C with an elastic baffle, the maximum pressures rise gently with the excita-
tion frequency till frequency 1.21w, which is much larger than the resonant frequency of the
tank, and then, cases gradually. Though the pressures at excitation frequencies less than 1.
47w, maintain a slightly higher level than those of series B, the impact loads due to the res-

onant phenomenon are also mitigated generally.
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Fig. 15 shows the statistical results of the maximum displacements in the case with an
elastic baffle vs. excitation frequencies. The displacement is made dimensionless with baf-
fle length h,. Similar to the calculation of maximum pressures mentioned above, the maxi-
mum displacements at the free end of the elastic baffle are calculated based on the mean
peaks of time histories. According to this figure, obviously regular distribution of the dis-
placements with the increase of the excitation frequency is observed. The distribution can
be fitted in terms of linearly approximate formulas, shown as the ramp-ramp lines with the

peak at the frequency 1.21w,,.

3 Conclusions

In this paper, an MPS-FEM coupled method is introduced and a fully Lagrangian FSI
solver is implemented by extending the in-house MPS solver MLParticle-SJITU with the
FEM module for structure analysis. A partitioned coupling strategy with different time step
sizes for fluid and structure analysis is presented. A particle group scheme is considered for
the data exchange on the fluid-structure interface, including the application of external flu-
id forces onto the beam nodes and the deformation of the structural particle model corre-
sponding to the displacements of beam elements. Besides, a particle interaction model is
incorporated in the FSI solver, to enhance its performance.

Then, capability of the FSI solver is validated based on the FSI benchmark problem
addressed by Antoci et al.”*"’. Results of validation show that the numerical shapes of the
deformed gate and free surface at different instants are consistent with those of the experi-
ment. The time-varying displacement of the free end of the gate together with the evolution
of the water level are in good agreement with the experimental data. In addition, the pres-
ent FSI solver is applied to the comparative study of the mitigating effects of rigid and elas-

tic baffles on the sloshing motions and impact loads.
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