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ABSTRACT

Moving particle semi-implicit (MPS) method is a fully Lagrangian particle method which can easily solve problems
with violent free surface. Although it has demonstrated its advantage in ocean engineering applications, it still has some
defects to be improved. In this paper, MPS method is extended to the large eddy simulation (LES) by coupling with a
sub-particle-scale (SPS) turbulence model. The SPS turbulence model turns into the Reynolds stress terms in the filtered
momentum equation, and the Smagorinsky model is introduced to describe the Reynolds stress terms. Although MPS
method has the advantage in the simulation of the free surface flow, a lot of non-free surface particles are treated as free
surface particles in the original MPS model. In this paper, we use a new free surface tracing method and the key point is
“neighbor particle”. In this new method, the zone around each particle is divided into eight parts, and the particle will be
treated as a free surface particle as long as there are no “neighbor particles” in any two parts of the zone. As the number
density parameter judging method has a high efficiency for the free surface particles tracing, we combine it with the
neighbor detected method. First, we select out the particles which may be mistreated with high probabilities by using the
number density parameter judging method. And then we deal with these particles with the neighbor detected method. By
doing this, the new mixed free surface tracing method can reduce the mistreatment problem efficiently. The serious
pressure fluctuation is an obvious defect in MPS method, and therefore an area-time average technique is used in this
paper to remove the pressure fluctuation with a quite good result. With these improvements, the modified MPS-LES
method is applied to simulate liquid sloshing problems with large deforming free surface. Results show that the modified
MPS-LES method can simulate the large deforming free surface easily. It can not only capture the large impact pressure
accurately on rolling tank wall but also can generate all physical phenomena successfully. The good agreement between
numerical and experimental results proves that the modified MPS-LES method is a good CFD methodology in free
surface flow simulations.

Key words: liguid sloshing; large deforming free surface; meshless; moving particle semi-implicit method (MPS); large
eddy simulation (LES)

1. Introduction

Liquid cargo ships are used to transport flammable or explosive cargo like petrochemicals or
liquid natural gas over waterway from producers to users, so the safety of the liquid cargo hold needs
to be evaluated carefully, and the primary concern is the loads induced by sloshing. Sloshing is the
movement of liquid cargo in partially filled tank. When the ship is pitching, rolling or yawing, the
liquid in hold will experience sloshing. When the excitation period is close to the intrinsic period of the
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liquid cargo in hold, the liquid will experience sloshing with violent free surface, and the violent free
surface will cause severe impact pressure to the hold. Therefore it is necessary to predict the impact
loads carefully on the design stage.

Liquid sloshing has been studied since the 1950’s, and many analytical researches were
performed. Lots of early studies of sloshing problems were performed with waves of low height, and
the sloshing height was assumed to be sufficiently small so the nonlinear effects can be neglected.
Graham and Rodriguez (1952) studied the impulsive and convective pressure in a rectangular container.
Housner (1957) studied the pressure behavior of the response sloshing rectangular and cylindrical tank,
and he divided the sloshing pressure into two components. The first component is the convective
pressure caused by the sloshing of liquid in the tank, and the second component is the impulsive
pressure due to the liquid acceleration in the tank. This idealization is a commonly applied formula for
estimating the pressure in response sloshing rectangular and cylindrical tank. Abramson (1966) used
the linear potential theory to study the sloshing phenomenon in cylindrical and spherical containers,
and analyze the influence of tank which caused by changeable pressure with the predicted sloshing
pressure.

After the 1970s, some experiments were implemented to investigate the pressure of liquid
sloshing. Olsen and Johnsen (1975) did a series of experiments to study the maximum lateral force and
wave elevation of a resonance sloshing tank. Strandberg (1978) conducted experiments to study the
liquid sloshing pressure in a laterally oscillating tank. Rakeheja et al. (1991) experimentally measured
the dynamic fluid sloshing pressure and its influence on the dynamic rolling stability of a partially
filled tank. These experimental studies are very important parts of sloshing studies.

In the 1980s, the sloshing problem became an important issue in the design of the LNG tank.
With the development of numerical technology, some numerical approaches were used to simulate the
sloshing phenomenon. Nakayama and Washizu (1981) used the finite element and boundary methods
to model the nonlinear sloshing, which is a two dimensional tank under horizontal and pitching
periodic motions. Mikelis and Journee (1984) used the finite-difference solution with MAC approach
to resolve free surface to study the sloshing behavior and its effect on ship motion.

In the 1990s, some new numerical technologies were used to study the sloshing problem. Hwang
et al. (1992) used a boundary element method based on the plate method to study the phenomenon of
three-dimensional sloshing. Armenio and Rocca (1996) used two methods to study the sloshing of
water in rectangular open tank. The first method was the Reynolds Averaged Navier Stokes Equations
(RANS), and the second was the Shallow Water Equation (SWE). In RANS, the free surface was
simulated by a modified MAC method — SIMAC, compared with the experiment, and they found the
RANS was more accurate than SWE, but in cases with large amplitudes, the SWE still could get good
results. Carious and Casella (1999) analyzed lots of numerical methods in study of sloshing problem,
including the finite element method, boundary element method, potential theory and the finite
difference method, and in free surface traced method, VOF, MAC and so on are available.

In recent years, many new computational fluid dynamics methods have been developed to
simulate the free surface flows including sloshing problem. Lohner er al. (2007) used the finite
difference method to study the free surface flows including resonant sloshing simulations, and he used
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unstructured mesh and VOF to trace the free surface. Yu (2007) used the finite difference method with
level-set to trace the free surface to study the mixed sloshing of LNG tank. Delorme et al. (2009) used
the SPH method to simulate the rolling of LNG tank, and results of SPH were compared with
experiments.

Sloshing is a free surface flow problem, which is known to be difficult to use numerical
simulation to calculate fluid fragmentation on free surface, and it is also difficult to handle complex
geometries in a numerical simulation, so methods were proposed to handle the free surface, such as
MAC, VOF and Level-set in mesh method, SPH and MPS in meshless method. Moving-Particle
Semi-Implicit method (MPS) is a new fully Lagrangian meshless method which was proposed by
Koshizuka et al. (1995) and Koshizuka and Oka (1996). Some ocean engineering problems have been
studied by using MPS, including the motion of a floating body (Sueyoshi and Naito, 2001; Pan et al.,
2008a), sloshing (Sueyoshi and Naito, 2001; Pan et al., 2008b; Pan and Zhang, 2008a), wave breaking
(Gotoh and Sakai, 2006), pressure fluctuation in MPS (Hibi and Yabushita, 2004; Sueyoshi and Naito,
2002; Pan and Zhang, 2008b) and LES simulation in MPS (Gotoh ef al., 2001). The MPS method has
been demonstrated its advantage in simulation of free surface flow.

In practice, there are a large number of engineering problems belong to turbulent flow, and it is
necessary to extend the original MPS method to the turbulent flow simulation. In the governing
equations of Large Eddy Simulation, only Reynolds stress is a new term. So compared with the RANS,
the governing equations of LES is easier to handle in MPS method.

The present research focuses on the simulation of sloshing with large deforming free surface. In
this paper, the theory of MPS-LES is introduced firstly. Second, we introduce a new mixed free
surface tracing method which can reduce the mistreatment of the non-free surface particles as free
surface particles. Third, an area-time average method is introduced to reduce the pressure fluctuation in
MPS. Then the MPS-LES method is applied to a 2D sloshing simulation.

2. MPS-LES Method

The MPS method was proposed by Koshizuka et al. (1995) and Koshizuka and Oka (1996), and
the large-eddy simulation (LES) in MPS method was proposed by Gotoh ef al. (2001). In Eulerian grid
method, the Sub-Grid-Scale (SGS) model is used to address the turbulence issues, and in MPS method,
however, grid is replaced by particles, so the model is called “Sub-Particle-Scale (SPS) model”. As the
same in the Eulerian LES, the SGS turbulence model is necessary in high Reynolds number flow
simulation.

Details of original MPS method were also introduced by Pan ez al. (2008a) and Pan (2009). For
MPS-LES method, the velocity can be written as follows:

u, =u, +u,, €))
in which / is the spatial orientation, i, is the particle scale component of u, and u, is the SPS
turbulence component of u;. So the continuity equation and the Navier-Stokes equations can be written
as follows:
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in which m is the other spatial orientation, p is the density of fluid, v is the kinematic viscosity, the
parameter with — means the dominant component of the original parameter, p is the pressure, and F is
the body force vector. In Eq. (3) the Reynolds stress term is described by the Smagorinsky eddy
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viscosity model as follows:

in which v, is the kinematic eddy viscosity, & is the turbulent kinetic energy, and ¢, is Kronecker’s

delta. The kinematic eddy viscosity and the energy dissipation can be written as follows:

v,=Ck"A; (%)

C k3/2
g=—= s 6
v (6)

in which C, and C, are constant, and A is the initial distance of particles. By assuming the local
turbulence appearance item is equal to the local turbulence dissipation item:

LYY (/AN L/ 7
ox, ox, Ox, )oOx,
with Egs. (4), (5), (6) and (7), the kinematic eddy viscosity can be written as follows:
_ _ _ 1/2
v =(Cay| S G G| )
ox, \ Ox, Ox,

in which C; is Smagorinsky constant, and the constant C, in Eq. (5), constant C,in Eq. (6) and
constant Cy in Eq. (8) should satisfy the following relation:
CSZ — C‘?3/2C‘;]/2 , (9)
and these constants are selected as: C,= 0.08, C,= 1.0 and C,= 0.15.
In this paper, 2D simulations are considered, so the partial differential of Reynolds stress term in
Eq. (3) can be written as follows:

F\,W:E(ZV,E}—M—EkJ+£ v [ ZLV (10)
" ox ox 3 oy oy Ox
Fw=i v, 8_u+6_v —i—i 21/,@—21( , (11)
" o oy ox oy oy 3

in which F,, and Fj,, are x and y direction component of the partial differential of Reynolds stress
term. In 2D simulation, the kinematic eddy viscosity can be written as follows:

v,=(CA?P"™, (12)
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P.in Eq. (12) is:
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kin Egs. (10) and (11) is:
C
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c AF (14)
The partial differential model in Egs. (10), (11) and (13) is formulated in the following form:
of d | f,- 1,
<=—>=—>“L——w(lr.-r|)|. 15
ax, 0 /Z*’:|:x,/—x,/ W(|/ '|):| (15)

in which f is any physical quantity, d is the number of space dimensions, »n” is the initial particle
number density, r is the coordinate vector of particles, and w(r;) is the kernel function. In partial
differential model, the kernel size is selected as 3.1/, (Gotoh et al., 2001), and /, is the initial distance
of particles.

3. Mixed Free Surface Traced Method

In MPS method, free surfaces are always clear as the result of the fully Lagrangian motion of
particles, and particles in free surface have less neighbors as shown in Fig. 1, so if the particle’s
number density satisfies the following condition:

n < fn’, (16)
where n” is the initial particle number density and n, is the temporal number density of particle i, the
particle is regarded as free surface particle and the pressure of this particle is 0 (p = 0). This is an initial
condition for the pressure Poisson equation. 4 in Eq. (16) is suggested to be 0.8~0.99. n, in Eq. (16)

is needed for the calculation of the pressure Poisson equation (Pan et al., 2008a; Pan, 2009), while the
simulation does not need any additional calculation for free surface tracing procedure, so it is efficient
to use the original free surface tracing method of MPS to trace the free surface.

However, the original free surface tracing method of MPS will lead to some non-free surface
particles being mistreated as free surface particle inevitably. In MPS simulation, the number density of
particles which belong to the free surface is smaller than that of other particles (as shown in Fig. 1), so
MPS theory uses the particle number density to find free surface particles. There are two sub-
processes in an increment of time of MPS simulation. The first process is an explicit calculation step,
and the second process is an implicit calculation step, and the free surface traced procedure is between
these two calculation steps. At this stage, number density of particles is changed due to the first

explicit calculation step, so most particles’ f; (8;= nl* /n") are changed too, and some of them are

smaller than 1.0, including fluid particles which do not belong to free surface. Those particles whose f;
is smaller than 1.0 will be treated as free surface particles and will be given 0 for initial pressure
condition. In that case, particles which do not belong to free surface are mistreated (as shown in Fig. 2).
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Fig. 1. Free surface particle and its neighbors. Fig. 2. Non-free surface particle mistreated as free surface
due to f..

In this paper, a new free surface traced method is proposed, which is based on neighbors
searching technology, and the search region is the same with Gradient model, so the simulation does
not need any additional procedure, and the new free surface traced method can use the result of
neighbors of Gradient model. In simulation, particles on the top layer of fluid can be treated as free
surface, and particles near the free surface can be treated as the free surface too, so in the search
method, 1.0/~2.1/, of the Gradient model’s region is considered, and this region is divided into eight
parts. If two adjacent parts has no neighbors, the particle belongs to free surface, on the other hand, the
particle does not belong to free surface (as shown in Fig. 3).

P . - - ~ * Neighbors
h N " ® Free surface particle

@
®
L

Fig. 3. Using neighbors for free surface.

But in the process of simulation, it is inefficient to use neighbors searching technology for each
particle, especially when the case has a large number of particles. In fact, we do not need to check
every particle in the simulation, and instead we can just use the neighbors searching technology to
check the particles which are detected as free surface particle by Eq. (16) only. In some simulations,
the splash phenomenon can take place in the free surface, then some particles belong to the free surface,
but they have neighbors in eight separated parts. These particles will be mistreated as non-free surface
particles if use the neighbors searching technology. In case of splash phenomenon, the distribution of
particles is looser, and the number density of particle is relatively small. Then these particles can be
treated as free surface particles directly. Therefore the neighbors searching approach is only applicable

in the range of number density as follows:
n
D< F <p. 17)

In Eq. (17), particles can be treated as non-free surface particles when f; is bigger than f, and particles
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can be deemed in the splash region when f; is smaller than D, and these particles can be treated as free
surface particles directly. £ in Eq. (17) is suggested to be 0.97~0.99 which is the big value of § in the
original free surface traced method of MPS. D in Eq. (17) is suggested to be 0.80~0.85 which is the
small value of § in the original free surface traced method of MPS. But in some cases, simulations may
have divergence because of the small value of D, so a bigger value of D can be selected in these cases.

4. Area-Time Average Method for Pressure Fluctuation

The value of pressure is very important for a numerical simulation, because serious pressure
fluctuations always occur in MPS simulation, which has become an obstacle for the development of
MPS method. Thus some studies are concentrated on the MPS pressure fluctuation phenomena. Hibi
and Yabushita (2004) used different methods to reduce the pressure fluctuation. The first method is a
new pressure equation for bottom particles which includes the hydrostatic pressure. The second
method is a new anisotropic kernel function, and Hibi and Yabushita found that the kernel function
links with the pressure fluctuation, and the anisotropic kernel function is better than a general kernel
function. The third method is the double iteration of pressure Poisson equation. This method uses the
double calculation of the first explicit calculation step to reduce the influence of pressure fluctuations.
The fourth method is a new pressure Poisson equation.

These methods have a certain effect on the pressure fluctuation of MPS simulation. But these
methods also bring defects in MPS simulation, because they are difficult to use, and they can make the
MPS theory more complex.

Sueyoshi and Naito (2002) used a fixed time-area average method for pressure fluctuation, which
comes from the real experiment. In the real experiment, the collection of pressure is based on the area
and time average due to the area of pressure collector and the collection in a time period respectively.
Result shows that the effect of the fixed area-time average is obvious, and the result of pressure is
acceptable. Another advantage of this area-time average method is its easy application.

The main reason for pressure fluctuation is the particles’ random movement. It can be found that
the pressure of a particle depends on the particle’s number density in the simulation (Pan et al., 2008a;
Pan, 2009), and the number density counts on the distance between the particle and its neighbors. The
distance of particles shows the randomness due to the random movement of particles, and thus the
pressure of MPS is fluctuating. With numerous simulations (Pan et al., 2008a and b; Pan and Zhang,
2008a and b; Pan, 2009), we can find that although MPS can not guarantee the pressure of each time
step close to the real pressure value, it can guarantee the average pressure in a time period close to the
real value. So the MPS method can make a good simulation of the movement.

With consideration of the practicability and physics reason of MPS pressure fluctuation, the
area-time average method is used in this paper for pressure fluctuation. In the area-time average
method, the pressure is the area averaged and time episode averaged simultaneity before output. In this
method, a restricted area around the pressure output particle is given, and the pressure of all particles in
the restricted area is put out and averaged. In this paper, the pressure is averaged with the two closest
neighbors of the pressure output particle because the simulation is 2D. Since the singular pressure may
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be shown in the neighbor of the pressure output particle, this paper puts forward a weighted average
method as follows:

(Pi—1+kxP;+Pivy) / (kt2). (18)
And in the time average method, the pressure is averaged in the chosen time episode, and the time
episode is changed with the simulation period and time increment.

5. Numerical Simulation of Resonant Sloshing

Two numerical simulations of resonant sloshing have been carried out by using MPS-LES method,
which combines the original MPS method with the mixed free surface traced method and the LES.
Details of the numerical simulations are shown below:

(1) A rectangular tank sloshing in the horizontal direction;

(2) A modeled 2D LNG tank longitude section rolling in 2D plane.

5.1 Sloshing of A 2D Tank Due to Sway Excitation

The first example considers the sloshing of a partially filled 2D tank. The height and length of the
tank are L = H = 1 m, and the filling level is # = 0.35 m. The details of the problem definition are
shown in Fig. 4. Experimental data of this tank has been provided by Olsen and Johnsen (1975). In
numerical simulation, Landrini ef al. (2003) gave the result by using SPH method, and Lohner et al.
(2007) gave the result by using VOF. In simulation, a wave gage is placed 0.05 m from the right wall,
and the tank undergoes a sway motion. The tank oscillates horizontally and the law is:

x = Asin(2nt/T), (19)

in which x is the horizontal distance of the sloshing tank, 4 is the amplitude of the sloshing tank, and 7'
is the sloshing period. The simulation lasts for 40 s, and all the output data are recorded in the last 10 s.
Two amplitudes are chosen for the simulation, 4;= 0.025 m and 4,= 0.05 m. There are some natural
periods for the liquid in tank, and the liquid in the tank will experience resonant sloshing when the
excitation period is close to the natural period. The natural periods for the liquid in the tank can be
calculated by the linear theory as follows:

- 1 \/mg -tanh(mmnh /L) , (20)
2 nL
where f,, is the resonant frequency of m-order, m is the order number, and g is the acceleration of gravity.
With Eq. (20), it can be seen that the first resonant period of the liquid in the tank is 7;=1.27 s. Two
series of simulation period based on 7 are selected as shown in Tables 1 and 2.
Table 1 Different simulation periods for 4 = 0.025 m

T(s)y 100 120 130 135 138 140 142 145 150 160 1.80
T, 079 094 1.02 106 109 110 112 1.14 1.18 126 142

Table 2 Different simulation periods for 4 = 0.05 m
I(s) 1.00 120 130 135 140 143 145 147 150 160 165 170 1.75 1.80
/Ty 079 094 102 106 110 1.13 1.14 1.16 1.18 126 130 134 138 142
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As shown in Fig. 5 that the tank is assembled by 3357 particles. The distance of particles is /,=
0.0125 m, and the kernel function in the simulation is selected as follows:
1-6(r/r) +8(r/r) =3(r/r)', 0<r<r,
w(r) = ¢

0, r,<r

ey

in which =7 -7, and r, is the region of kernel function. In Eq. (17), D is 0.85 and f is 0.99. The

output lateral force is averaged: the area is averaged by Eq. (18) and £ = 5, and the time is averaged by
0.01 s which is equal to 1% of the shortest simulation period. The increment of time in the simulation
is 0.0001 s.

o 1.2 Length: 1.00m Depth: 0.35 m
[ ol 0 mm Height: 1.00 m  Particle distance: 0.012’"5 m
LOF il
H i
Al |
=~ 08 i &
- 06}
)
~
H=1m 04
Avd X 0.2
h = 0.35 m 0'0 B IRERHERREMENENHERRRN
1 1 1 1 1 1 J
= =02 0.0 0.2 0.4 06 0.8 1.0 1.2
L=1m
x (m)
Fig. 4. Definition of sloshing 2D tank model. Fig. 5. Initial particles distribution of the sloshing 2D tank

model.

The present MPS results are shown in Figs. 6 and 7. In Fig. 6a, the maximum wave elevation { at
the wave probe Al is compared with the experimental data, SPH results and VOF results for A/L =
0.025. In Fig. 6b, the maximum lateral force F\ at the right side of the tank is compared with VOF
results for A/L = 0.025. In Fig. 7a, the maximum wave elevation { at the wave probe Al is compared
with the experimental data, SPH results and VOF results for A/L = 0.05. In Fig. 7b, the maximum
lateral force F; at the right side of the tank is compared with the experimental data, SPH results and
VOF results for A/L = 0.05.

0.7} ) ) T VOF, A/L=0.025- - - - e
Exp, A/L=0.025 = 180 - YOk AL = 0023

- 06t SPH, A/L = 0.025 ~=ewm = 160 - ' .
a 0.5 *T  MPS, A/L = 0.025—— N 140
2 5 120
5 047 2100+
(7] S
& 0.3 5 80
g 02} o 607
= 40 - .

0.1 - 20| v

D.% e 0 . . .

.7 08 09 1.0 1.1 12 13 14 15 07 08 09 10 1.1 12 13 14 15
T/T, T/T,
(a) Wave elevation (b) Lateral force

Fig. 6. Wave elevation and lateral force of simulations of A/L = 0.025.
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= W 2120
B 04 2 100
2 03} o 807
= .
2 02 =60 A e
g 2 g =, < 4p! e R
0.1 EW-- 20/ %
07 08 09 10 11 12 13 14 15 07 08 09 10 1.1 12 13 14 15
T/T, T/T,
(a) Wave elevation (b) Lateral force

Fig. 7. Wave elevation and lateral force of simulations of 4/L = 0.050.

Fig. 6 demonstrates the results when A/L = 0.025. It can be found from Fig. 6a that the maximum
wave elevation predicted by MPS agrees with the experimental data, SPH results and VOF results,
especially the SPH results. SPH is another Lagrangian particle method. In Fig. 6a, a small phase shift
can be seen among the SPH, MPS results and VOF results, and the SPH and MPS results are closer to
the experimental data when 7/7, = 0.8~1.05, but VOF results are closer to the experimental data in
resonant sloshing period. All numerical results are close to the experimental data when 7/7} = 1.1~1.4.
In Fig. 6b, only MPS and VOF results are demonstrated. Like the wave elevation result, a small phase
shift can be found between the MPS and VOF results, but MPS results consist of VOF results in
general.

Fig. 7 demonstrates the results when 4/L = 0.05. In Fig. 7a, like results of 4/L = 0.025, a small
phase shift can be found among the SPH, MPS results and VOF results, but the shift is smaller than the
results of A/L = 0.025, and all numerical results agree fairly well with the experimental data in wave
elevation. In Fig. 7b, the lateral absolute values of the maximum force predicted by MPS are compared
with SPH and VOF results. Although there is a small phase shift, all results agree with each other, but
for the maximum value, SPH results are bigger than MPS and VOF results.

5.2 Sloshing of 2D LNG Tank Longitude Section Due to Roll Excitation
The second example considers the rolling of a partially filled 2D LNG tank longitude section,
which is modeled with the scale 1:50, the length of the tank Z = 90 cm, the height of the tank H = 54 cm,
and the depth of filling d = 9.3 cm. Details of the problem definition are shown in Fig. 8.
Experimental data and SPH results of this tank have been provided by Delorme et al. (2009). The
tank undergoes a rolling motion, and the rolling law is:
0=06_sin(2nt/T), (22)

in which @ is the angle of the rolling tank, 6

) . 1s the amplitude of the rolling tank, and T is the
sloshing period. The simulation lasts for 15 periods, and the output position of pressure is on the wall,

which is at the same level of free surface, and the maximum angle of the rolling tank is 6 =4°.

max

According to Eq. (20), the first resonant period of the liquid in the tank is 7= 1.92 s, so that three
simulation periods based on T are selected as follows:
Case A: Ty=2.112s, TA/T1=1.1;
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Case B: T5=1.920s, Ts/T,=1.0;

Case C: Tc=1.728 s, Tc/T,=0.9.

Fig. 9 shows that the tank is assembled by 3904 particles, and the distance of particles is [, =
0.006 m. The kernel function in simulation is selected below:

2/3-4(r/r) +4(r/r), 0<r<r/2
Ww(r)=14/3=4(r/r)+4(r /) —(4/3)(r/r), r/2<r<r (23)
0 r<r

In Eq. (17), D is 0.94 and f is 0.98. The output lateral force is averaged: area averaged by Eq. (18)
and k = 5, and time averaged by 0.015 s which is smaller than 1% of the shortest simulation period.
The increment of time in the simulation is 0.0001 s.

0.8
Length: 0.90 m Depth: 0.093 m
¥ o Height: 0.54 m  Particle distance: 0.006 m
‘ .
04
H=0.54m K
~ o2k
Pl < X
. L=090m |
-0.2 1 1 1 1 L 1 ]
=02 0.0 0.2 0.4 0.6 0.8 1.0 1.2
x (m)
Fig. 8. Problem definition of the LNG tank longitudinal Fig. 9. Initial particles distribution of the LNG tank
section. longitudinal section.

From Case A to Case C, the flow is composed of a main wave which travels from one side to the
other side of the rolling tank. Some free surface snapshots are shown in Fig. 10. From Fig. 10, it can be
found that the wave impacts the wall of the tank first, and then the water goes up along the wall.
Different free surfaces are shown in snapshots. In Case C, the motion of the rolling tank is faster and
the wave has more energy, so the breaking wave of Case C goes up higher than that of Case A and
Case B. It means that the real resonant period of the liquid in the tank is 7c = 1.728 s, which is different
from the theoretical resonant period 7;= 1.92 s. The reason is that the simulations include nonlinearities,
but the theoretical resonant period formula is derived from linear theory.

Fig. 11 shows the breaking event of a plunge-type breaker entrapping the air of Case B. In the
experimental data, two water jets are formed successively as shown in Fig. 11a. In E1 of Fig. 11a, the
first jet appears, and then it enters into the main wave in E2 of Fig. 11a, the second jet instantaneously
appears in E4 of Fig. 11a, and then the jet impacts the water as shown in ES and E6 of Fig. 11a. In
numerical simulations, SPH and MPS methods reproduced these phenomena well, even of high
nonlinearities, overturning waves are included. The second jet is clear in SPH simulation as E6 of
Fig. 11b shows: the first jet is clearer in MPS simulation as E2 of Fig. 11c shows, and the second jet in
MPS still can be found in E4 of Fig. 11c.
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Fig. 10. Snapshots of free surface of simulations.
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(b) SPH simulation
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Fig. 11. Plunge-type breaking process of Case B.

Fig. 12 shows the details of the impact phenomena of Case B. With the rolling excitation, the
main wave travels from one side to the other side. In F1 of Fig. 12a, the main wave is breaking just
before the impact event. In F2 and F3 of Fig. 12a, the wave impacts the left wall and water runs up
along the wall, and then the water falls down with the gravity and the tank wall’s opposite movement,
which is shown in F4 of Fig. 12a. Then the wave travels to the right wall as shown by F5 and F6 of
Fig. 12a. In numerical simulations, results of SPH and MPS agree with the experiment well, and the
free surface motion is well reproduced. But in the experiment, another wave travels behind the main
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wave, which is shown in F3 of Fig. 12a. Since this secondary wave has lower energy, there is no
impact event. In numerical simulation, the secondary wave is not very clear, but it still can be
observed.

Dimensionless pressure of Case A, Case B and Case C is shown in Figs. 13a, 13b and 13c with
the results of experiment, SPH simulation and MPS simulation respectively. Time has become
dimensionless by the excitation period, as well as pressure has become dimensionless by the
hydrostatic pressure at the reference depth. In pressure results of experiment, the random behavior can
be found in impact pressure which is shown in Fig. 13a.

(a) Experiment

’
|

F2 Il'

(b) SPH simulation

(c) MPS simulation

Fig. 12. Wave impact process of Case B.

This random behavior of pressure of experiment is caused by the free surface impact. As the
impact time is very short and the impact pressure is sensitive to the shape of wave, and the impact
pressure is rather instable. Pressure results of SPH and MPS shown in Figs. 13b and 13c¢ agree with the
experiment data generally, but in SPH results, the impact pressure is larger than the experiment one,
while in MPS simulation, pressure results including the impact pressure are closer to the experiment
data. Only in Case C, the impact pressure of MPS simulation is smaller than experimental data, and the
difference between the impact pressure of experiment and MPS simulation may be caused by the
average method for pressure or the random behavior of impact pressure.
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Fig. 13. Dimensionless pressure of Case A, Case B and Case C.

6. Conclusions

The MPS method is extended to the large eddy simulation (LES) by being coupled with a
sub-particle-scale (SPS) turbulence model in this paper. A new mixed free surface traced method is
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proposed for the mistreatment of non-free surface particles based on neighbors searching technique.
This new method is of a high efficiency because we combine the new neighbors searching technique
with the original search technique. For unacceptable pressure fluctuation of MPS method, an area-time
average technique is used in this paper, and a weighted area average method is used for singular
pressure.

Results show that these new technologies or methods are adapted to the MPS method and
improved the original one. With these technologies, the modified MPS-LES method is good at the
simulation of sloshing with large deforming free surface. The new mixed free surface traced method
works well and reduces the mistreatment of free surface particles; different area-time average methods
solve pressure fluctuation well, and the result of pressure is good and agrees fairly well with the results

of experiments and other numerical methods.
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