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ABSTRACT

Predicting the response of liquefied natural gas (LNG) contained in vessels subjected to external waves is
extremely important to ensure the safety of the transportation process. In this study, the coupled behavior due
to ship motion and liquid tank sloshing has been simulated by the Smoothed-Particle Hydrodynamics (SPH)
method. Firstly, the sloshing flow in a rectangular tank was simulated and the related loads were analyzed to verify
and validate the accuracy of the present SPH solver. Then, a three-dimensional simplified LNG carrier model,
including two prismatic liquid tanks and a wave tank, was introduced. Different conditions were examined
corresponding to different wave lengths, wave heights, wave heading angles, and tank loading rates. Finally,
the effects of liquid tank loading rate on LNG ship motions and sloshing loading were analyzed, thereby showing
that the SPH method can effectively provide useful indications for the design of liquid cargo ships.
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1 Introduction

In recent decades, the demand for clean energy has increased worldwide. As a clean energy source,
liquefied natural gas (LNG) provides obvious advantages over other kinds of traditional energy sources.
The motion of a liquid cargo ship in waves can induce sloshing of the fluid in the tank, and the force or
moment generated by the tank sloshing will in turn act on the ship hull, thus having a mutually coupled
effect on the motion of the ship. Therefore, it is very important to accurately predict the motion response
of LNG vessels in waves so as to ensure the safety of the transportation process.

Due to the complexity of the coupled effects of floating ship motions and tank sloshing, the tank model
test is an indispensable tool in solving this problem. Francescutto et al. [1] conducted a model test on the
motion response of liquid cargo ships in regular beam waves and analyzed the influence of loading rate
on the roll motion response of the vessel. Rognebakke et al. [2] used the model test to study the linear
motion phenomenon of steady-state ships during severe tank sloshing, and it was verified that the
hypothesis of linear ship motions is reasonable. Xu et al. [3] conducted model test to estimate the
sloshing loads in the tank of liquid cargo chamber and studied the impact pressure characteristics.
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In recent years, some researchers have used potential flow theory and computational fluid dynamics
(CFD) methods to study the hydrodynamic performance of liquid cargo ships. Xin et al. [4] investigated
large amplitude motion and severe sloshing of a prismatic tank with or without a baffle by a Cartesian
grid-based three-dimensional (3D) multiphase flow model. The variation of the excitation frequency with
the pressure amplitude and the effects of the baffle height on the impulsive pressure and the wave
elevation were studied. Pablo et al. [5] used dynamic grid technology and free liquid surface capture
technique to carry out numerical calculations of the heave and pitch motions of two ships in regular head
waves. The study showed that due to the complexity of multi-floating motions, there were still many
difficulties in solving the hydrodynamic interference of the two ships in waves. Jiang et al. [6,7] used the
viscous two-phase flow simulation method in OpenFOAM of the volume of fluid (VOF) interface capture
technique to analyze the influence of the coupling effect on ship motion response under different filling
conditions, which showed that the coupling effect was significant under low filling conditions. Sun et al.
[8] calculated ship motions coupled with tank sloshing in frequency domain.

Smooth Particle Hydrodynamics (SPH) is a Lagrangian particle method, which has obvious
advantages in dealing with large deformation flow problems and is especially useful for the simulation
of liquid tank sloshing. It is increasingly used to simulate free surface flow and associated fluid-
structure interaction problems. Xu et al. [9] applied the SPH method to the numerical simulation of the
liquid sloshing in a partially filled tank and compared the results with those by ALE formulation to
validate the efficiency and usefulness of SPH method. Green et al. [10] presented a SPH formulation
that captures the sloshing frequencies of tanks and accurately simulates long-duration violent sloshing
in partially filled tanks of arbitrary shape. Trimulyono et al. [11] compared the single-phase SPH, two-
phase SPH, and experimental results of tank sloshing and discussed the role of air-phase in terms of
sloshing.

The SPH method has significant advantages in the investigation of tank sloshing problems. Currently,
the SPH method is mainly used to simulate independent problems such as tank sloshing or ship motions in
waves [12–14], while the coupled problem of ship motion with tank sloshing which involves both internal
and external flow fields is still rare [15]. In this paper, the open-source code package DualSPHysics was used
to study the coupled effect of LNG ship motion and tank sloshing under different regular wave conditions.
The effect of loading rate on ship motions and sloshing loads was systematically analyzed. This study
provides a method and valuable engineering application value for the design and assessment of the
hydrodynamic performance of liquid cargo ships such as LNG ships.

2 Numerical Method

In this paper, an SPH numerical simulation based on C++ and CUDA (Compute Unified Device
Architecture) was used to simulate the single-phase liquid flow sloshing by using the SPH method of the
graphics processing unit (GPU) acceleration technique [16]. DualSPHysics is an open-source CFD solver
based on a weak compressible hypothesis, which does not need to impose boundary conditions on the
free surface and can perform parallel calculation of many particles using GPU. This overcomes the
disadvantage of high computational cost of the traditional SPH method and improves the computational
efficiency.

The SPH method discretizes the continuum into a series of particles, and the physical information of
specific points is interpolated by the integral equation of the interpolation function:

FðrÞ ¼
Z

Fðr0ÞW ðr � r0; hSPHÞdr0 (1)
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whereW is the smooth kernel function, r is the position vector of the particle, and h is the smoothing length.
In this paper, the kernel function of Wendland was adopted [17]:

W ðr; hÞ ¼ aD 1� q

2

� �4
ð2qþ 1Þ; 0 � q � 2 (2)

The equation of state of the fluid pressure and density is:

P ¼ @P=@qð Þq0
c

q
q0

� �c

� 1

� �
(3)

where γ = 7, the fluid density ρ0 = 1000 kg/m3.

In this paper, the Laminar + SPS [18] viscosity model was used to simulate the motion of a floating body
in a numerical wave tank to handle the viscous dissipation of momentum with the water kinematic viscosity
of 10-6 m2/s. The simulation of internal flow in the tank still used the Artificial model. The Symplectic
scheme was adopted for the time step algorithm, which is of second-order accuracy in time and more
suitable for wave generation. Modified dynamic boundary condition setting (mDBC) was applied on the
numerical tank wall and body surface, which avoids disadvantages such as excessive dissipation of the
dynamic boundary condition setting (DBC) [19].

3 Verification and Validation of Tank Sloshing Problem

3.1 Convergence Verification
To check and verify the accuracy of the SPH method, the numerical simulation result was used to

compare with the corresponding tank sloshing experiment result reported by Jiang et al. [6] and Liu et al.
[20]. The rectangular tank model with a tank length l = 0.5 m, width w = 0.57 m and height h = 0.5 m
was established, as shown in Fig. 1. The free surface of fluid was 0.15 m high from the tank bottom. The
fluid density of water was set at ρ = 1,000 kg/m3. The free surface elevation monitor G1 was fixed at
0.02 m from the left wall of the tank. The pressure monitoring point P0 was mounted on the left wall at a
height of 0.15 m from the bottom. The tank was forced to move with simple harmonic motion along its
length direction horizontally.

x ¼ �A sinðxtÞ (4)

where A = 0.005 m, ω = 6.0578 rad/s.

(a) The 3D model of the tank (b) Sketch of the middle profile and
monitoring points 

Figure 1: Tank model and measurement positions
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3.1.1 Convergence Analysis of Inter-Particle Distance
Table 1 presents the computation parameter information for different convergence study cases. Three

schemes of inter-particle distance D/dp = 15, D/dp = 30, and D/dp = 50 were selected for simulations,
where D is the water depth in the tank and dp is the particle distance. The time step 0.02 s was used for
all the cases. Comparison of particle models of the tank for the three particle distance schemes is shown
in Fig. 2. The impact pressure at P0 and the surface evolution at G1 by different schemes is compared in
Fig. 3. The smaller particle distance (D/dp = 50) better captured the pressure peak and resulted in more
stable free surface elevation. Generally, the difference in results obtained by the different particle
distances was small. Therefore, considering the calculation accuracy and efficiency comprehensively, the
scheme of D/dp = 15 (the particle distance of 0.01 m) was used in the subsequent simulations.

Table 1: Inter-particle distance and computation information

Interparticle distance Total number of particles Physical time (s) Computational time (s)

D/dp = 15 122,034 10 1,285

D/dp = 30 806,944 10 8,041

D/dp = 50 1,024,695 10 15,087

(a) D/dp = 15   (b) D/dp = 30        (c) D/dp = 50

Figure 2: Tank models for three different particle distances

(a) Free surface elevation at G1 (b) Impact pressure at P0
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Figure 3: Comparison of the simulation results for different interparticle distances
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3.1.2 Convergence Analysis of Time Steps
Three time steps, i.e., dt = 0.002 s, dt = 0.005 s, and dt = 0.02 s, were selected for simulations. The

particle distance D/dp = 15 was used for all the three simulations. Comparison of the typical results for
the three different time steps is shown in Fig. 4. The calculated results for different time steps generally
showed good agreement among each other. Therefore, considering the computational efficiency and
accuracy, dt = 0.02 s was selected as the optimized time step for the subsequent numerical simulations.

3.2 Liquid Sloshing Simulation Validation
The scheme of particle distance D/dp = 15 and the time step dt = 0.02 s was used in this section. The

simulation duration for each case was 20 s. The simulated results of free surface elevation at G1 were
compared with the result reported by Jiang et al. [6], which is shown in Fig. 5. The simulation results by
the present SPH algorithm agreed well with the reported results, which confirmed the accuracy of the
present method. The simulated flow distribution of tank sloshing at typical time instants obtained by the
present SPH method is shown in Fig. 6. It demonstrated that the present method can well simulate some
strong nonlinear phenomena such as free surface break and particle splashing.

(a) Free surface elevation at G1 (b) Impact pressure at P0
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Figure 4: Comparison of the simulation results for different time steps

0 2 4 6 8 10 12 14 16 18 20
-0.1

0.0

0.1

0.2

0.3

�
)

m(

t (s)

 Present SPH      Jiang et al. [6]

Figure 5: Comparisons of free surface elevation at G1 between the present SPH method and Jiang et al. [6]
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4 Numerical Setup of LNG Ship in Waves

4.1 Model of Simplified LNG Ship
A simplified LNG vessel with two prismatic liquid tanks was used for the numerical simulation of

seakeeping problem. The 3D geometric models of the LNG ship and prismatic tank are shown in Fig. 7.
The numerical simulation was carried out using a 1/100 scaled-down model. Main dimensions of the
LNG vessel and liquid tank models are listed in Tables 2 and 3, respectively. More detailed geometric
parameters regarding the model can be found as reported by Jiang et al. [6]. In this paper, the mass and
the moment of inertia of the lightweight vessel were kept unchanged for different liquid loading
conditions. The draft and displacement changed with different tank filling rate, which was more
reasonable and in accordance with real situations. During the computational simulation, only the heave,
roll, and pitch motions were released, while the surge, sway, and yaw motions were restrained.

Figure 6: Snapshots of free surface at typical time instants

Figure 7: 3D view of the target LNG ship model

Table 2: Main dimensions of the LNG ship model

Parameters Value

Length between perpendiculars (L), m 2.85

Breath molded on water line (B), m 0.63

Draught (T), m 0.13

Displacement (V), m3 0.220

Radius of gyration (Kxx, Kyy), m (0.1945, 0.7125)

Longitudinal coordinates of the centroid (from middle line plane) xg/m 0

Vertical coordinates of the centroid (from baseline) zg/m 0.13
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4.2 Numerical Wave Tank Simulation
As shown in Fig. 8, a numerical tank with length L = 8 m, width B = 6 m and height H = 2 m was

established in the SPH solver. The coordinate origin of the fluid domain was set at the intersection of the
middle longitudinal section of the LNG ship, the transverse section amidships, and the calm water
surface. The dimensions of the fluid domain were −1.58L < x < 1.23L, −1.05L < y < 1.05L, and −0.66L <
z < 0.45L. The side and bottom boundaries of the numerical tank were defined as the wall boundary
condition. At the left end of the numerical tank, a plate with a width of 6 m, height of 3 m and thickness
of 0.3 m was established for piston wave generation. To reduce the wave reflection from the other end of
the tank wall, a 0.5 m wide damping zone was adopted on the end wall of the tank. The SPH solver was
used to discretize the fluid domain, fluid particles were generated and filled in the numerical tank. The
LNG ship and the liquid tanks were discretized into particle models, which are shown in Fig. 9. The fluid
in liquid tanks was discretized into fluid particles with a particle distance of 0.01 m. The total number of
particles in this numerical simulation was 14,395,794.

Table 3: Main particulars of tank models

Parameters Fore tank (m) Aft tank (m)

l 0.4696 0.5660

b 0.4692 0.4692

h 0.3223 0.3223

Figure 8: The particle model of the numerical tank
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The LNG ship was operated with zero-forward speed in different regular wave conditions in head and
beam seas. The selected calculation conditions in this paper are listed in Table 4. A total of 18 calculation
conditions were computed in this paper. In Table 4, wave direction 180° and 90° stands for head wave
and beam wave, respectively. Regular wave parameter with six wave frequencies ω(L/g)1/2 = 1.0, 2.0,
2.5, 3.0, 3.25 and 4.0 was used to obtain the RAO. The wave frequency ω(L/g)1/2 = 2 was used in many
cases as this frequency was nearer the ship motion’s natural frequency. Two typical wave amplitudes of
ζa = 25 and 50 mm were selected. Four typical loading rates of 0%, 20%, 57.5%, and 70% were utilized.

5 Analysis of Ship Motions and Liquid Sloshing Coupled Responses

5.1 Numerical Wave Simulation Results
Prior to the simulation of ship seakeeping responses, regular waves were generated in the tank without

the presence of the ship to examine the incident waves. A typical wave of Case 2, i.e., ω(L/g)1/2 = 2 and
ζa = 25 mm, was selected for the SPH wave simulation. The simulated free surface distribution and
velocity distribution of the flow field in the fluid domain at a certain time instant are shown in Fig. 10.
Comparison of the time history of the wave surface elevation monitored at 4.5 m from the wave maker
between the monitored and the theoretical values is shown in Fig. 11. It confirmed that the adopted SPH
method can simulate the regular waves well and provide stable and reliable incident waves for the
subsequent study of the ship seakeeping problem.

5.2 Typical Ship Motion Response
The coupled responses of the LNG ship motions and liquid tank sloshing were simulated. Typical results

of Case 2 were selected for analysis. The incident wave had parameter of wave frequency ω(L/g)1/2 = 2 and
wave amplitude ζa = 25 mm. Loading rate for both fore and aft liquid tanks was 20%, which is shown in
Fig. 12. The ship was located in front of the wave maker to subject head waves without forward speed,

Figure 9: Particle models of the LNG ship and liquid tank

Table 4: Numerical simulation conditions

Case ID Wave direction Regular wave parameter Loading rate

ω(L/g)1/2 ζa (mm)

1–6 180° 1.0, 2.0, 2.5, 3.0, 3.25, 4.0 25 20%

7 90° 2.0 25 20%

8–10 180° 3.25 50 20%, 57.5%, 70%

11–14 180° 2.0 50 0, 20%, 57.5%, 70%

15–18 90° 2.0 50 0, 20%, 57.5%, 70%
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which is shown in Fig. 13. The distribution of flow field around the ship and inside the tank in the middle
longitudinal section at a typical time instant is shown in Figs. 14 and 15, respectively. In this simulation, the
particle distance for the simulation of the motion of the LNG ship in waves was set at 0.01 m. The total
number of particles for the numerical wave tank and the LNG ship was 43,414,621. The physical time in
model scale was 20 s, which cost 80.3 h for the calculation using a workstation with AMD3990 64-core
CPU and RTX3090 24 GB GPU.

Figure 10: Velocity distribution of the fluid domain

Figure 11: Comparisons of wave elevation between the SPH simulation and theoretical value

Figure 12: Discrete particle model of the LNG ship and tank with 20% filling rate

Figure 13: Discrete particle model of the numerical tank
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Fig. 16 shows typical time history of the ship heave and pitch motions in head sea of Case 2. Fig. 17
shows the heave and pitch RAOs from the results of Case 1–6 (incident wave frequency ω(L/g)1/2 = 1.0,
2.0, 2.5, 3.0, 3.25, and 4.0) by the present SPH numerical simulation in comparison with the results of
Jiang et al. [6]. The simulation results by the two methods were in good agreement.

5.3 Tank Sloshing Load Analysis
It is important to obtain the tank sloshing loads for structural strength assessment. Ship responses in

beam waves (Case 7) was used to show the typical results of sloshing loads. The position of pressure
monitor points are shown in Fig. 18. Fig. 19 shows a comparison of the time history of tank sloshing
pressure at point Q1 of the fore tank’s middle-profile between the present SPH simulation and the result
of Jiang et al. [6]. The pressure curve tendency and peak magnitude by the two methods showed good
agreement.

To analyze the pressure distribution on the front wall surface of the fore tank for ship in head waves, the
results at four measurement points P1, P2, P3 and P4 were selected for illustration. The time history of the
sloshing load pressure at these measurement points are compared in Fig. 20. Cases 8−10 for ship with liquid
tank loading rate 20%, 57.5%, and 70% operates in head wave with wave frequency ω(L/g)1/2 = 3.25 and
amplitude ζa = 50 mm were selected for illustration. The peak pressure at point P2 was higher than that at
point P1, and the peak pressure at point P3 was higher than that at point P4. This indicated that the local
impact load at the corner of prismatic tanks was higher. Therefore, attention needs to be paid to the local
structural strength at the location of the corner.

Figure 14: Ship motion in waves at typical time instants
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6 Influence of Tank Loading Rate on Ship Responses

6.1 Comparison of Ship Motion at Different Loading Rates
The ship motions and tank sloshing coupled problem in head waves was simulated with four different

loading rates of 0%, 20%, 57.5%, and 70% (Cases 11−14). A same incident wave with wave frequency
ω(L/g) ½ = 2 and wave amplitude ζa = 50 mm was used to obtain ship response in head waves. Fig. 21
shows a comparison of the time history of ship heave and pitch motions with different loading rates. In
Table 5, the double amplitude (peak-to-peak value) of the ship heave and pitch motion responses with
different loading rates are listed and compared. The results showed that the draft/sinkage of the ship
increased gradually with the increase of loading rate/weight. The amplitude value of the heave motion
changed very little for the three loading rates of 0%, 20%, and 57.5%. The sloshing-induced coupling
effect is relatively small for heave and pitch motion of the ship in head sea at low-filling conditions.
However, when the loading rate was 70%, the heave amplitude decreased significantly by 38% due to the
increase of loading weight. On the other hand, with the increase of loading rate, the ship was subject to
trim by stern motion gradually. The amplitude value of pitch motion changed very little for the three
loading rates of 0%, 20%, and 57.5%. However, the pitch amplitude increased significantly by 34% when
the loading rate was 70%.

Figure 15: Liquid sloshing pattern in the tanks at typical time instants
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Figure 16: Time history of ship longitudinal motions in head sea (Case 2)

Figure 17: Comparison of the ship motion RAOs in head waves

Figure 18: Position of pressure monitor points on the fore tank’s surface



Figure 19: Comparison of the impact pressure at Q1 in beam waves (Case 7)

Figure 20: Time history of tank sloshing pressure at different positions with different filling rates of ship in
head waves
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The ship responses in beam waves with four different loading rates 0%, 20%, 57.5%, and 70% (Cases
15−18) were investigated and compared. A same incident wave with wave frequency ω(L/g)1/2 = 2 and wave
amplitude ζa = 50 mm was used to obtain ship response in beam waves. Fig. 22 shows a comparison of the
time history of the ship roll motion with different loading rates. Comparison of the double amplitude value of
the ship roll motion for each case is listed in Table 5. The results showed that the roll amplitudes increased
gradually with the increase of the loading rate, and the rate of increase was increased with the increase of
loading rate.

6.2 Comparison of Tank Sloshing Loads at Different Loading Rates
The impact pressure on the side wall Q1-Q3 with three different loading rates of 20%, 57.5%, and 70%

(Cases 16−18) for ship in beam wave condition was compared and analyzed. The incident wave frequency
ω(L/g)1/2 = 2 and ζa = 50 mmwas used. The positions of the three selected reference points Q1–Q3 are shown
in Fig. 18a, where point Q1 was located at 14.3 mm above point Q2. Fig. 23 shows the time history of local
impact pressure at points Q1, Q2, and Q3 for the three loading rates. Table 6 summarizes the maximum

Figure 21: Comparison of ship longitudinal motion with different loading rates in head waves (Cases 11–14)

Table 5: The motion amplitude of ship with different filling rate conditions

Loading rates 0% 20% 57.5% 70%

Cases 11−14 (head sea) Heave (mm) 27.62 27.67 28.33 17.09

Pitch (°) 2.94 2.96 2.99 3.96

Cases 15−18 (beam sea) Roll (°) 4.48 5.06 5.23 6.20
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values of impact pressure for these cases. The results showed that the local pressure peak increased with the
increase of loading rate, and the phenomenon was especially evident at point Q3.

Figure 22: Comparison of ship roll motion time history for different loading rates in beamwaves (Cases 15–18)

Figure 23: Impact pressure for different loading rates of ship in beam waves (Cases 16−18)

Table 6: Peak values of impact pressure at different loading rates (in Pa)

Loading rate 20% 57.5% 70%

Q1 501.9 603.3 708.2

Q2 553.9 677.3 765.1

Q3 572.5 801.3 869.7
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7 Conclusions

In this paper, the simulation study of the independent tank sloshing problem and the coupled responses
of LNG ship motion with tank sloshing in regular waves was carried out using the SPH-based DualSPHysics
open source code package. The following conclusions are drawn from this study:

1. The established SPH simulation method for the coupled response of ship motion and tank sloshing has
many advantages compared with the current numerical methods such as potential flow theory and CFD
RANS methods. It simulates strong nonlinear phenomena such as fluid splashing in the tank and free
surface break, which has a broad application and development prospect in the hydrodynamic prediction
of liquid cargo ships.

2. The local impact pressure at the corner position on the front wall of the prismatic tank is greater in
head waves, so attention needs to be paid the local structural strength at the relevant positions. For beam
wave cases, the local pressure peak increases with the increase of loading rate.

3. The draft of the ship gradually increases with the increase of the loading weight. The amplitude of the
heave and pitch motion of the ship in head waves changed very little for the three loading rates of 0%, 20%,
and 57.5%, but the heave decreased significantly by 38% and the pitch increased significantly by 34% when
the loading rate was 70%.
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