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Abstract
The coupling effect between ship motion and liquid sloshing in a beam sea is investigated, with a focus on the influence of liquid types, namely, 
water and liquefied natural gas (LNG), on the coupling dynamics. A hybrid numerical model, combining a potential flow model and 
computational fluid dynamics methods, is employed to simulate these interactions. Numerical validation is performed using experimental data 
from water sloshing tests. Comparisons between water and LNG reveal that liquid type has minimal effects on the ship’s roll motion response in 
a beam sea, provided the total liquid masses are the same. Regarding sloshing impact pressure, although differences between LNG and water 
results are minor, substituting LNG with water in physical experiments is shown to yield reliable results.
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1  Introduction

With the increasing scarcity of land-based natural gas 
resources in recent years, demand has outpaced supply, 
driving international interest in offshore natural gas devel‐
opment. The safety and reliability of liquefied natural 
gas (LNG) carriers and floating liquefied natural gas 
(FLNGs), essential for LNG production and transporta‐
tion, have attracted considerable attention. Partial filling of 
tanks is inevitable during production, loading, transporta‐
tion, and offloading. Under such conditions, external wave 
action induces ship motion, leading to internal sloshing 
within the tanks. This sloshing, in turn, influences the 
ship’s motion, highlighting the coupling effect between 
ship motion and liquid sloshing. This coupling effect is 
especially pronounced in ship roll motion. When the exter‐

nal wave period aligns with the natural periods of ship 
motion and sloshing, violent resonance can occur. This con‐
dition not only degrades ship motion performance but also 
generates great impact pressure on tank walls. Consequently, 
the study of LNG tank sloshing and its coupling effects on 
ship motion has critical engineering importance.

Numerical simulations and physical model experiments 
have been adopted to investigate the coupling between 
ship motion and liquid sloshing. Most early numerical sim‐
ulations, such as Molin (2002), Chen (2004), Gaillarde 
et al. (2004), and Newman (2005), were conducted based 
on linear potential flow theory in the frequency domain. 
These studies modeled the internal sloshing effects as 
added mass, added damping, and restoring force, allowing 
the sloshing effects on the ship motion to be considered, 
such as Molin (2002), Chen (2004), Gaillarde et al. (2004) 
and Newman (2005). However, due to the strongly nonlin‐
ear nature of liquid sloshing, linear potential flow models 
cannot accurately capture its behavior. With advances in 
computer performance and the development of computa‐
tional fluid dynamics (CFD) methods, full-time domain 
numerical models have been used to simulate ship motion 
coupled with sloshing. Bouscasse et al. (2013) developed a 
weakly compressible SPH model, whereas Wang et al. 
(2017) used a time-domain boundary element method to 
simulate the motion of a 2D tank coupled with sloshing 
under wave action. Cao et al. (2019), Zhuang and Wan 
(2019), and Huang et al. (2021) highlighted the consider‐
able nonlinear influences of sloshing on ship motion, espe‐
cially in scenarios involving ship damage and varying fill 
levels. Liu et al. (2022) employed CFD methods to exam‐
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ine the coupling between parametric roll motion and slosh‐
ing in ships with forward speed. Jiao et al. (2024a, 2024b) 
used the SPH method to simulate the interaction of tank 
sloshing with the motion of a single LNG carrier and two 
side-by-side ships. Zhao et al. (2024) applied CFD meth‐
ods to investigate the motion response of a cylindrical 
floating production storage and offloading system coupled 
with sloshing under regular wave conditions. Full-time 
domain numerical methods require substantial computa‐
tional effort with suboptimal efficiency. Ship motion under 
wave action is a classical hydrodynamic problem that can 
be effectively addressed using simpler numerical models. 
By contrast, sloshing involves highly nonlinear fluid 
motion, requiring more accurate numerical approaches. 
Therefore, hybrid numerical methods have been devel‐
oped, distinct models for external wave and internal slosh‐
ing. Coupling strategies mainly include the impulsive 
response function method, used by Lee and Kim (2010), 
Li et al. (2019), Jiang and Bai (2020), and Lyu et al. 
(2022), and the time-domain Green function method, 
applied by Huang et al. (2018), Saripilli and Sen (2018), 
and Zhuang et al. (2022).

Physical experimental measurement is another effective 
approach for studying the coupling between ship motion 
and liquid sloshing. Rognebakke and Faltinsen (2003) con‐
ducted 2D experiments to investigate the coupling between 
ship sway motion and liquid sloshing, demonstrating a sig‐
nificant interaction between the two. Nam et al. (2009) per‐
formed physical experiments on the coupling of three 
degrees of freedom motion and liquid sloshing in an LNG/
FPSO under wave action, highlighting the critical role of 
sloshing nonlinearity in the coupling effects. Tabri et al. 
(2009) examined the effects of sloshing during ship colli‐
sions using experimental methods. Their findings attributed 
the sloshing effect to delayed momentum transfer, suggest‐
ing that liquid loading reduces collision damage by effec‐
tively making the ship lighter. Zhao et al. (2014a, 2014b) 
investigated the interaction between FLNG section motion 
responses and liquid sloshing through 2D experiments. 
The most significant effect of sloshing occurs on ship roll 
motion, primarily due to the first mode of sloshing. Hu 
et al. (2017) conducted experiments on the influence of 
sloshing on the motion response of an FLNG system. Su 
and Liu (2017) carried out physical experiments on a rect‐
angular barge coupled with liquid sloshing, revealing that 
the coupling effect is most pronounced when the natural 
frequency of the barge’s roll motion aligns with the first-
order sloshing mode. Zhao et al. (2018) modeled the non‐
linearity of ship roll motion with and without sloshing 
under irregular wave action. A four-phase approach based 
on weak nonlinearity theory was implemented to extract 
the components of irregular high-frequency signals cou‐
pled with low-frequency signals. Their study revealed that, 
although internal sloshing is nonlinear, the coupling effects 

of sloshing on roll motion behave as linear interactions. 
Zhu et al. (2021) investigated the influence of the coupling 
effect between sloshing and ship motion on total ship resis‐
tance through experiments. They found that internal slosh‐
ing greatly affects surge motion, with the effect varying 
depending on the filling ratio. Zheng et al. (2021) experi‐
mentally investigated the interaction between ship motion 
and liquid sloshing on added wave resistance. They found 
that internal sloshing reduced the added resistance and, 
consequently, the energy dissipation of the ship at 70% fill‐
ing condition. He et al. (2022) compared the motion of a 
ship with and without an internal liquid tank under beam 
wave action through experiments. They showed that inter‐
nal sloshing increased roll motion when the wavelength 
ratio was small but suppressed roll motion when the wave‐
length ratio was large. Zhang et al. (2023) experimentally 
studied the heave and pitch motion responses of a floating 
body with internal liquid sloshing under regular wave action.

However, these experimental studies used water to simu‐
late liquid sloshing, though LNG is used in practical engi‐
neering. The use of water as an alternative has become the 
most popular method in experimental measurement because 
finding a liquid with the same properties as LNG under 
normal temperatures and pressures. Nevertheless, does this 
approach provide sufficient accuracy? Unfortunately, com‐
parative analyses on the coupling sloshing problem between 
water and LNG are limited. In this study, a hybrid numeri‐
cal model is employed to conduct a series of simulations 
for ships with different filling depths and liquid types in 
a beam sea. The validity of replacing LNG with water is 
discussed in terms of ship motion response and internal 
sloshing pressure.

2  Experimental and numerical simulation 
description

2.1  Experimental settings

The physical experiments were conducted in the Ship 
Model Towing Tank at Dalian University of Technology, 
as shown in Figure 1. The towing tank is 170 m long, 7 m 
wide, with a water depth of 3.65 m. Regular waves are 
generated on one side of the tank by a wave maker consist‐
ing of 20 electrical swing-type paddles, and wave absorb‐
ers are installed on the opposite side to minimize wave 
reflections. The LNG carrier with two prismatic tanks is 
shown in Figure 1(b). Note that the middle tank is empty 
in the experiments presented in this paper. The model 
scale is 1:50, and the basic parameters of the ship model 
are shown in Table 1. The prismatic tanks are made of 
plexiglass, with the arrangement and specific details of the 
two tanks shown in Figures 2 and 3. In the experiments, 
the liquid in the tanks is water.
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The experiments included three filling depths: 20%, 40%, 
and 60%, corresponding to drafts of 0.12, 0.16, and 0.21 m 
in Table 1, respectively. The regular wave amplitude is 

Ai = 0.025 m, and the incident wave periods range from 
0.85 s to 2.00 s. During the experiments, the ship model 
was connected to a stationary towing carriage through a 
horizontal mooring system. This mooring system was 
designed to prevent the model from drifting while mini‐
mizing any significant constraints on the ship’s natural roll 
periods. The beam sea condition was tested in this study. 
The ship’s roll motion was monitored using an Innalabs® 
attitude and heading reference system, with a measurement 
accuracy of 0.04° and a sampling frequency of 50 Hz.

2.2  Numerical modeling principles

Two coordinate systems are defined, as shown in Figure 4: 
the ship-fixed coordinate system (XYZ) and the tank-fixed 
coordinate system (xyz). The ship-fixed coordinate system 
is used to describe the ship’s motion, whereas the tank-fixed 
coordinate system is used to describe the internal sloshing 
flow.

Table 1　Basic parameters of the ship model without liquid tanks

Main parameters

Length over all L (m)

Molded breath B (m)

Molded depth D (m)

Displacement △ (t)

Height of center of gravity KG (m)

Transverse metacenter GM (m)

Rolling radius of gyration kxx (m)

Pitching radius of gyration kyy (m)

Yawing radius of gyration kzz (m)

Draft D (m)

0.12

-

-

-

0.290

0.138

0.182

0.197

1.470

1.650

0.16

4.360

0.660

0.360

0.390

0.133

0.135

0.196

1.330

1.330

0.21

-

-

-

0.530

0.125

0.122

0.196

1.730

1.170

Figure 1　Experimental environment and ship model arrangement

Figure 3　Experimental tank dimensions (unit: mm)

Figure 2　Schematic layout of the experimental tanks (unit: mm)
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The default earth-fixed or space-fixed coordinate sys‐
tem is used to describe the external fluid flow and cou‐
pling strategy.

A linear potential flow model with the Laplace equation 
as the governing equation in the frequency domain is used 
to calculate the external wave action. A viscous fluid flow 
model is applied to describe the internal sloshing flow. 
The coupling of internal sloshing and external waves is 
achieved through the motion equations of a floating body, 
based on Newton’s second law. The ship motion equations 
can be formulated as follows:

[ ]Mij + aext
ij (∞ ) ζ̈ j ( t ) + Bvis

ij ζ̇ j ( t ) +

∫
0

t

Rext
ij ( t − τ ) ζ̇ j ( τ )dτ = F ext

j (t ) + F int
j (t ) (1)

where j = 1, 2, … , 6, represents the ship motion in six 
degrees of freedom. ζ j ( t ) indicates the ship motion response, 
and in particular, ζ4 ( t ) denotes the ship roll motion. The 
superscript “int” refers to parameters related to internal 
sloshing, whereas “ext” refers to parameters related to exter‐
nal wave action on the ship. Mij indicates the ship’s mass, 
excluding the mass of the fluid in the tank, and Bvis

ij  denotes 
the viscous damping coefficient, which can be estimated 
from linear damping (Nam et al., 2009; Gou et al., 2011). 
aext

ij (∞ ), Rext
ij (t ), and F ext

j (t ) represent the added mass at 

infinite frequency, the retardation function, and the exter‐
nal wave exciting force, respectively. As shown in Figure 4, 
the incident wave potential of a ship moving in a wave is 
as follows:

ϕI =
gA
ω

Re[exp{ik ( x cos β + y sin β ) − i (ωt + φ) + kz}]
(2)

where g = 9.81 m/s2 indicates the gravitational acceleration, 
and A and ω represent the wave amplitude and wave fre‐
quency, respectively. k, β, and φ denote the wave number, 
heading angle, and phase shift, respectively. The added 
mass aij (ω ), radiation damping bij (ω ), and exciting force 
Hi (ω ) in the frequency domain can be calculated using 
the higher-order boundary element method (Teng and Eatock 
Taylor, 1995) based on classical first-order diffraction/radi‐
ation potential theory.

Based on the frequency domain results, the hydrody‐
namic parameters aext

ij (∞ ), Rext
ij (t ), and F ext

j (t ) of the exter‐

nal wave in the time domain of the ship-motion equations 
can be derived using the IRF method. The retardation func‐
tion can be obtained by performing Fourier integration of 
the frequency domain radiation damping as follows:

Rext
ij ( t ) =

2
π ∫0

∞

bij (ω )cos (ωt )dω (3)

For the added mass, the time and frequency domain con‐
version relations according to the IRF are as follows:

aext
ij (∞ ) = aij (ω ) +

1
ω ∫0

∞

Rij ( t ) sin (ωt )dt (4)

Similar to the added mass and retardation functions, the 
wave exciting force on the ship can be calculated as follows:

F ext
i ( t ) = ∫

0

t

hi ( t − τ )η ( τ )dτ (5)

where η(t) indicates the elevation of the incident wave, 
and hi(t) represents the response per unit impulse input, 
which is the impulse response function; it can be calculat‐
ed using the frequency domain excitation force according 
to Fourier transformation, as follows:

hi ( t ) = ℜ
é
ë
êêêê

1
π ∫0

∞

Hi (ω )e− iωtdt
ù
û
úúúú (6)

A more detailed formula is presented in Cummins (1962).
F int

j (t ) in Equation (1) indicates the internal fluid force, 

including sloshing and hydrostatic forces, computed using 
a viscous numerical model based on the Navier-Stokes equa‐
tions in the Arbitrary Lagrangian–Eulerian (ALE) reference 
system, as follows:

∂ρui∂xi

= 0 (7)

∂ρui∂t +
∂ρ ( )uj − um

j ui

∂xj

= ρg − ∂p∂xi

+ μ
∂
∂xj ( ∂ui∂xj

+
∂uj∂xi ) (8)

where ρ, p, and μ represent the internal liquid density, pres‐
sure, and dynamic viscosity, respectively. ui refers to the 
component of velocity in the ith direction, and um

j  indicates 
the component of velocity due to mesh deformation. In 
this study, internal sloshing is simulated using the Open‐
FOAM® software package. The free surface of the inter‐
nal fluid is modeled using the volume of fluid method to 
capture nonlinear phenomena such as breaking and over‐
turning. In this method, the fraction indicator α is defined 
as follows:

Figure 4　Coordinate system for ship model with liquid tanks
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α =

ì

í

î

ïïïï

ïïïï

α = 0, in air

0 < α < 1, in free surface

α = 1, in water

(9)

Its distribution obeys the following advection equation:

∂α
∂t +

∂( )α ( )ui − um
i

∂xi

+
∂( )α ( )1 − α ur

i∂xi

= 0 (10)

where ur
i represents the relative velocity between air and 

water. The last term on the left of Equation (10) is used for 
compression, which can restrict the diffusion of the free 
surface. According to the fractional index α in the cell, the 
fluid dynamic viscosity and density can be calculated as 
follows:

μ = φμw + (1 − φ ) μa, ρ = φρw + (1 − φ ) ρa (11)

where subscript w refers to water, and a indicates air. In 
numerical computations, the free surface elevation is repre‐
sented by the α = 0.5 contour. The interFOAM solver, based 
on the finite volume method in OpenFOAM®, is used to 
simulate the motion of the two-phase flow interface. The 
pressure–velocity coupling is solved using the PISO-SIM‐
PLE (PIMPLE) algorithm. The boundary conditions in the 
calculations include no-slip and moving-wall conditions.

The coupling strategy for external waves and internal 
sloshing is illustrated in Figure 5 and consists of three com‐
ponents: external wave action, internal sloshing action, and 
coupling analysis. The wave action involves the computa‐
tion of the added mass aext

ij (∞ ), the retardation function 
Rext

ij (t ), and the wave exciting force F ext
j (t ). Sloshing in the 

tank is computed using the CFD method to determine the 

internal fluid force F int
j (t ). Then, the ship motion response 

is obtained by solving Equation (1), completing the cou‐
pled analysis of the internal and external flow fields. The 
ship motion response is applied as the moving-wall bound‐
ary condition for the next time step of the sloshing simula‐
tion. To ensure the accuracy of the internal sloshing simu‐
lation, the adaptive time step is determined according to 
the following CFL conditions:

Δt ≤ Cr × min{ Se / ||ue } (12)

where |ue| denotes the absolute velocity of the computation‐
al cell and Se is its area. The Courant number Cr is usually 
less than or equal to 1.0. In this simulation, Cr = 0.2 is used 
to ensure the stability of the computation. The B-spline 
interpolation method is employed to deal with the retarda‐
tion function Rext

ij (t ) and the exciting force F ext
j (t ) of wave 

action, ensuring consistency between the time steps of the 
external and internal fields. Finally, the numerical simula‐
tion terminates when t > tend, where tend indicates the preset 
end time.

2.3  Numerical validation

A comparison between the ship motion response from 
experimental data and hybrid numerical results is carried 
out to validate the reliability of the numerical model. The 
dimensions and parameter settings of the numerical model 
were maintained in the experiments. Initially, the roll 
motion response of an empty ship for three draught condi‐
tions was simulated, and the results are shown in Figure 6. 
The comparison indicates that the numerical results align 
well with the experimental data, suggesting that the poten‐
tial flow-based numerical model effectively simulates the 

Figure 5　Illustration of the coupling between ship motion and liquid tank sloshing
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external wave action on the ship. For external linear wave 
action, the linear potential flow model provides satisfactory 
results. However, when significant nonlinearities in the 
external waves occur (e.g., wave breaking and narrow gap 
resonance), the linear potential flow model may no longer 
be adequate. In the future, external nonlinear potential 
flow models can be developed to address problems involv‐
ing wave nonlinearities.

Furthermore, as shown in Figure 7, the roll motion 
amplitudes of the LNG ship with two prismatic tanks under 
regular wave action were simulated for three filling condi‐
tions. In general, the numerical results are in good agree‐
ment with the experimental data. A more detailed compari‐
son reveals that medium filling (40%) and deep filling 
(60%) exhibit better conformity with the experimental 
results than shallow filling (20%). Shallow filling is more 
susceptible to complex nonlinear phenomena, such as 
breaking and splashing, which may explain the slightly 
larger discrepancy observed in this case. The internal vis‐
cous fluid model was validated in our previous work (Jiang 
et al., 2015) by comparing it with the experimental and 
numerical data of Liu and Lin (2009). The validation 
showed that the numerical model is accurate in solving 
sloshing problems, including wave resonance and surface 
breaking. This comparison further confirms that the hybrid 
numerical model is effective in simulating the coupling of 
ship roll motion and liquid sloshing under wave action.

Mesh convergence analysis was carried out on the numer‐
ical model for the three filling conditions. The internal fluid 
domain mesh was non-uniform, with refinement near the 

free surface and wall. Four mesh schemes were applied for 
each filling condition, as shown in Table 2. The incident 
wave amplitude was A = 0.050 m, and the wave period was 
the peak period shown in Figure 7. Figures 8(a)–(c) pres‐
ent the comparison of the ship roll motion response under 
the four mesh schemes. The figures evidently show that 
the results of Mesh 3 and Mesh 4 are very close to each 
other, indicating that Mesh 3 satisfies the convergence 
requirements. Therefore, to enhance computational effi‐
ciency while maintaining computational accuracy, Mesh 3 
was selected for further numerical analysis.

3  Numerical results and discussion

The difference in ship motion responses between cou‐
pling LNG sloshing and coupling water sloshing inside 
under wave action was numerically investigated. The same 
LNG ship model was used in this study, with the model 
configurations for filling LNG and water shown in Table 3. 
The LNG filling consisted of four tanks, arranged consistent 
with that of the two water tanks. In this work, the density 
of LNG was selected as ρLNG = 499.1 kg/m3 ( ρLNG = 1/2ρwater), 
and the kinematic viscosity was 1.2 × 10−7 m2/s. This condi‐
tion ensured that the basic parameters, such as the center 
of gravity, draft, and inertia of the ship with LNG and water 
fillings, were consistent. The ship was subjected to beam 
waves with two incident wave amplitudes (A = 0.025 and 
0.050 m), and the incident wave period ranges from 0.50 s 
to 2.00 s, including the natural period of the ship roll motion 

Figure 6　Validation of ship roll motion without sloshing

Figure 7　Validation of ship roll motion coupled with sloshing
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for each filling condition. Three filling conditions (20%, 

40%, and 60%) were considered.

3.1  Comparison of ship roll motion

Figures 9 and 10 show the comparison of ship rolling 

amplitudes (stead-state stage) between the “Empty” results, 
water and LNG filling results for incident wave ampli‐
tudes A = 0.025 and 0.050 m, respectively. A single-peak 
variation in ship roll motion amplitudes with incident 
wave periods is observed in the “Empty” results, whereas 
two-peak variations appear in the water and LNG filling 
results. This finding implies the significant influence of 
internal sloshing on the ship’s roll motion responses in beam 
seas. Further comparisons reveal nearly identical ship roll 
motion amplitudes between the water and LNG filling 
results, suggesting that liquid type has an insignificant 
effect on the coupled ship roll motion response in beam 
seas, provided the total liquid mass is the same. Differences 

Table 2　Mesh resolution for different mesh schemes

Filling condition (%)

20

40

60

Mesh 1

20 520

25 920

33 696

Mesh 2

44 892

54 000

63 000

Mesh 3

85 608

100 800

120 960

Mesh 4

182 664

208 800

252 000

Table 3　Comparison of tank configurations between LNG and water filling

LNG

Water

Number of 
tanks

4

2

Length of 
tanks (m)

0.50

Width of 
tanks (m)

0.56

Height of 
tanks (m)

0.37

Density 
(kg/m3)

499.1

998.2

Kinematic 
viscosity (m2/s)

1.2×10−7

1.0×10−6

Total liquid mass (kg)

20%

39.28

40%

80.72

60%

122.16

Figure 8　Time histories of ship roll motion at incident wave amplitude A = 0.05 m
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in the violent internal sloshing flow patterns are observed 
between the water and LNG filling cases, such as at the 
period T = 1.30 s under the 20% filling condition, which will 
be explained in Section 3.2. However, no essential discrep‐
ancy is found in the ship roll motion responses between 
the water and LNG filling results. In summary, water can 
reliably substitute LNG in experiments studying the motion 
response of LNG ships under beam wave action.

3.2  Comparison of point pressure

To assess the effects of water and LNG sloshing fillings 
on local impact loading on the tank, point pressures on the 
tank walls were considered. The point pressures at the free 
surface (P1), bilge chamfer (P2), and top chamfer (P3) were 
monitored, as shown in Figure 11. Three typical time sig‐
nals of internal point pressure are illustrated in Figure 12, 
with corresponding snapshots of the internal flow and pres‐
sure fields shown in the two rightmost columns. As shown 
in Figure 12(a), the time signals of pressure exhibit a 
smooth pattern, and the sloshing flow follows a non-break‐
ing pattern, referred to as Type 1. It occurs when the inci‐
dent wave period is away from the corresponding periods 
of the two peak values of ship roll motion amplitudes. 
Around the peak period of the roll motion, the time signals 
of pressure display double-peak characteristics. As shown in 
Figure 12(b), the amplitudes of the pressure signals are 
nearly the same at the steady-state stage, with no impulsive 
characteristic in the time signals. By contrast, Figure 12(c) 
shows pressure signals with different amplitudes and dis‐
tinct impulsive characteristics. The discrepancy in the pres‐
sure time signals is mainly due to the varying levels of 

breaking and splashing phenomena in the sloshing flow 
patterns in Figures 12(b) and (c), which are correspondingly 
defined as Type 2 and Type 3, respectively. More detailed 
characteristics of the three types of pressure signals are pre‐
sented in Table 4. In addition, in the subsequent analysis, 
the average peak refers to the average of the larger peaks 
(between the pink dashed lines) of the pressure signal 
from 30 s to 50 s, whereas the pressure maximum repre‐
sents the maximum value of the pressure signal.

Figure 13 shows the average values of the pressure at 
point P1 for different filling conditions, with normalized 
pressure values of Aavg.

P /ρgA adopted. The discrepancy 
between water and LNG filling results is not evident. A 
slight difference can be observed in Figures 13(d) and (e), 
where the pressure signal types are Type 2 and Type 3. 
These results suggest that the breaking sloshing flow is the 
primary reason for the discrepancy in sloshing pressure 
behavior between the water and LNG filling cases. With 
the increase in incident wave amplitudes or the decrease in 
filling ratios, the discrepancy between water and LNG fillin‐

Figure 11　Location of pressure measurement points inside the tank

Figure 9　Comparison of ship roll motion coupled with filling-LNG sloshing and filling-water sloshing at incident wave amplitude A = 0.025 m

Figure 10　Comparison of ship roll motion coupled with LNG and water sloshing fillings at an incident wave amplitude A = 0.050 m

1201



Journal of Marine Science and Application 

gs increases. This finding is attributed to the increased non‐
linearity of internal sloshing flow. Figure 14 presents the 
maximum values of pressure at point P1, with normalized 
pressure values Amax

P /ρgA adopted. The analysis of aver‐

age pressure in Figure 13 also applies to the maximal val‐
ues shown in Figure 14. However, the discrepancy be‐
tween the water and LNG filling results in Figure 14 is 
more pronounced than in Figure 13. This finding suggests 

Table 4　Definitions of different types of variations in internal pressure signals

Name

Type 1

Type 2

Type 3

Wave amplitude

0.025 m, 0.050 m

0.025 m, 0.050 m

0.050 m

Periods

Away peak

Near peak

Peak

Position

P1, P2, P3

P1, P2

P1, P2, P3

Characteristic

Smooth pressure curve with no sudden changes.

Double peaked pressure curve without evident impulsive characteristics.

Double peaked pressure curve with evident impulsive characteristics.

Figure 12　Time signals of the pressure for 20% filling condition

Figure 13　Comparison of average peak pressure at P1
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that the influence of internal liquid sloshing on local impact 
loading exhibits random behavior. The normalized pres‐
sure values Aavg.

P /ρgA and Amax
P /ρgA are used in these figures. 

This finding implies the approximately twofold relation‐
ship when using water instead of LNG in experiments to 
study the internal pressure of LNG ships because the density 
of LNG is half that of water.

Furthermore, the pressure at point P2, located at the 
bilge chamfer, was statistically analyzed. The average 
and maximal peak pressures at point P2 are presented in 
Figures 15 and 16. The pressure time signal at point P2 fol‐
lows the same pattern as that at point P1, demonstrating 
that the average peak pressure and maximum pressure at 

point P2 exhibit a similar pattern to point P1. When inter‐
nal sloshing becomes violent and nonlinear phenomena 
such as overturning and breaking occur, the pressure sig‐
nal shifts to Type 2 and Type 3. As a result, the pressures 
at point P2 for LNG and water fillings differ. In addition, a 
comparison of the pressure signals and internal snapshots 
for LNG and water fillings is shown in Figure 17. Although 
the pressure values differ due to variations in internal slosh‐
ing motion, the types of pressure signals for LNG and water 
fillings remain consistent. In general, the results suggest 
that using water instead of LNG to predict the pressure 
near the free surface and bottom of the tank introduces 
only slight bias, particularly when internal sloshing is violent.

Figure 14　Comparison of pressure maximum at P1

Figure 15　Comparison of average peak pressure at P2
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Finally, the pressure at point P3, located at the tank top 
chamfer, was analyzed. As shown in Figure 18, the pres‐

sure signal at point P3 is mostly Type 3, exhibiting impul‐
sive characteristics. This type of pressure is more likely to 

Figure 16　Comparison of pressure maximum at P2

Figure 17　Comparison of internal pressure signals and snapshots for filling LNG and water at incident wave amplitude A = 0.050 m and 
period T = 1.3 s
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cause local damage to the internal structure of the tank, 
emphasizing the need for improved strength design of the 
prismatic tank top chamfer. Only the average peak pres‐
sure and maximum pressure between 30 s and 50 s for 
LNG and water fillings at point P3 with A = 0.050 m are 
provided in Figures 19 and 20 for the 40% and 60% filling 
conditions, given the little internal sloshing topping for 
small wave amplitude and shallow filling. For the 60% fill‐
ing condition, the overall trends for LNG and water are 
similar, with noticeable differences occurring only at the 
peaks. However, the wider range of Type 3 pressure signa‐
tures at the 40% filling condition leads to remarkable dif‐
ferences between LNG and water. Moreover, this discrep‐
ancy is more pronounced in Figure 20 than in Figure 19. 
This finding indicates that the sloshing-induced pressure 
loads at the tank top chamfer exhibit a distinct random 
character. In general, although the difference in sloshing 
impact pressure between LNG and water filling results is 
minimal, using water in place of LNG in physical experi‐
ments provides reliable results.

4  Conclusion

In this study, a hybrid numerical model is used to inves‐
tigate the coupling effect between floating body motion 
and liquid sloshing, where external wave action and inter‐
nal sloshing flow are simulated using the potential flow 
model and viscous flow model, respectively. Comparisons 
of the ship roll motion response and internal sloshing pres‐
sure between LNG-filled tanks (four tanks) and water-
filled tanks (two tanks) are conducted, with the total liquid 
mass maintained for both liquid types. The results show 
good agreement in ship roll motion response between 
LNG and water-filled tanks in beam sea conditions, indi‐
cating that water can reliably substitute LNG in experi‐
ments studying the motion response of LNG ships. Regard‐
ing the impact of liquid types on sloshing pressure, numer‐
ical simulations reveal minimal discrepancies in the aver‐
age results between water and LNG-filled tanks, but differ‐
ences are observed in the maximum values. Therefore, the 
maximum sloshing pressure obtained using water instead Figure 19　Comparison of average peak pressure at P3

Figure 20　Comparison of pressure maximum at P3

Figure 18　Time signals of the P3 pressure for 60% filling condition (A = 0.050 m, T = 1.25 s)
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of LNG should be further corrected through numerical 
simulation and other methods. However, a ρLNG/ρwater rela‐
tionship exists between the sloshing impact pressures of 
water and LNG, based on the density ratio of LNG to wa‐
ter. Thus, replacing LNG with water in physical experi‐
ments can provide reliable results for studying sloshing 
impact pressures.
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