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Abstract: This paper investigates the sloshing phenomena in a spherical liquid tank using the moving particle semi-implicit (MPS) 
method, a crucial study in fluid dynamics. Distinct from previous research focused on rectangular or LNG tanks, this work explores 
the unique motion patterns inherent to spherical geometries. The accuracy of our in-house MPS solver MLParticle-SJTU is validated 
against experimental data and finite volume method (FVM). And the MPS method reveals a closer alignment with experimental 
outcomes, which suggests that MPS method is particularly effective for modeling complex, non-linear fluid behaviors. Then the 
fluid's response to excitation at its natural frequency is simulated, showcasing vigorous sloshing and rotational motion. Detailed 
analyses of the fluid motion are conducted by drawing streamline diagrams, velocity vector diagrams , and vorticity maps. The fluid's 
motion response is explored using both time-domain and frequency-domain curves of the fluid centroid, as well as the sloshing force. 
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0. Introduction  

Sloshing in liquid tanks refers to the fluctuation 
phenomena of liquid within partially filled tanks under 
external excitation. The presence of a free surface 
introduces significant randomness and non-linearity to 
these fluctuations, often accompanied by complex 
phenomena such as wave overturning and surface 
breaking. This phenomenon is prevalent in practical 
engineering applications, notably in the liquid tanks of 
spacecraft fuel storage, where the motion of the space- 
craft induces sloshing. Similar occurrences are obser- 
ved in the liquid tanks of liquid cargo ships. Such 
sloshing not only exerts considerable impact pressure 
on the tank walls, potentially affecting structural 
safety, but it can also induce dynamic instability, 
impacting the operation of control systems. Therefore, 
accurate simulation of liquid sloshing and the predic- 
tion of sloshing forces are of paramount importance. 

Considerable research has been conducted on the 
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sloshing problems in liquid tanks. Lu et al.[1] primarily 
explored the dynamic model of large-amplitude liquid 
sloshing in a gravity environment, which extended the 
moving pulsating ball model for large liquid sloshing 
to account for gravity effects. Ding et al.[2] employed 
the finite element method to establish a versatile 
numerical program for computing the natural frequen- 
cies, modes, and dynamic characteristics of liquid 
sloshing within arbitrary 3-D containers. This research 
analyzed the results of liquid sloshing under forced 
excitation and proposes a methodology for creating an 
equivalent mechanical model for liquid sloshing under 
external forces. Liu et al.[3] simulated the sloshing of 
liquid hydrogen in a cryogenic storage tank using the 
volume of fluid method. A numerical model was 
established, incorporating environmental heat leakage 
and phase change at the free interface. The results 
obtained from this model demonstrated an error of 
less than 5% when compared with experimental data. 
Furuichi et al.[4] provided a numerical analysis of 
liquid surfaces in storage tanks under low-gravity 
conditions. It emphasized the dynamic behavior of the 
liquid surface and displacement of the contact line on 
the solid wall, with experimental data from cylindrical 
containers in a drop tower. Hari et al.[5] focused on the 
coupled slosh-vehicle dynamics of a rigid body in 
atmospheric flight carrying a sloshing liquid, consi- 
dering the sloshing motion as a simple pendulum and 
provides stability analysis of this multibody system 
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model. Yang et al.[6] discussed a high-fidelity algo- 
rithm for the kinematics and dynamics of interfaces in 
liquid propellant tanks. It highlighted the importance 
of accurate modeling of interfacial flows, especially 
when surface tension forces are significant. Chiba et 
al.[7] studied the dynamic stability of a liquid in a 
hemispherical tank covered with a plane diaphragm 
under vertical excitation both theoretically and experi- 
mentally. 

The studies mentioned above have relied on grid- 
based methods predominantly. However, for sloshing 
phenomena characterized by strong non-linearity and 
significant free surface deformation, grid-based me- 
thods may struggle to accurately capture surface de- 
formation and breakage, often leading to mesh distor- 
tion. In this context, mesh-free particle methods based 
on the Lagrangian approach exhibit unique advantages. 
Numerous researchers have utilized mesh-free me- 
thods to simulate liquid tank sloshing. Li et al.[8] 

investigated the sloshing effects from baffle and non- 
baffled water tank under different external excitation 
frequencies and amplitudes using the Weakly Com- 
pressible Moving Particle Explicit method. Martinez- 
Carrascal et al.[9] employed the smoothed particle 
hydrodynamics (SPH) to develop a simplified model 
for predicting liquid-induced dissipation under var- 
ying liquid viscosities, surface tensions, and tank fill 
levels. Green et al.[10] used the SPH method with the 
open-source code DualSPHysics to simulate sloshing 
phenomena in rectangular, cylindrical, spherical, and 
annular tanks, achieving results that closely align with 
analytical solutions. Kotsarinis et al.[11] simulated the 
liquid sloshing relevant for aerospace engineering 
purposes using DualSPHysics solver. 
    The aforementioned studies have primarily used 
the SPH method. The MPS method, initially proposed 
by Koshizuka et al.[12], differs from SPH in that it 
implicitly solves the pressure Poisson equation to 
obtain pressure, whereas SPH derives particle pressure 
through state equations. Consequently, the MPS 
method exhibits greater stability in solving flow field 
pressures and allows for larger time steps compared 
with SPH. Our research group has independently 
developed the MPS-based solver MLParticle-SJTU, 
which has been applied to simulate various intense 
free-surface flows, such as dam break problems[13-15], 
water entry problems[16-17], and fluid structure inter- 
action problems[18-23]. We have also conducted exten- 
sive research on liquid sloshing. Wen et al.[24-25] simu- 
lated multi-layer-liquid sloshing by the multi-phase 
MPS method. Xie et al.[26] simulated liquid sloshing 
inside a liquid tank with elastic baffles. Zhang et al.[27] 
and Huang et al.[28] simulated the sloshing in the 
vertically excited liquid tank and captured the Faraday 
wave. 
    In this paper, we simulate the sloshing pheno- 

mena inside a spherical tank under horizontal exci- 
tation using the MPS method. Initially, experimental 
methods and the FVM approach are utilized to simu- 
late the same conditions for comparison and validation 
of the MPS method’s accuracy. The simulation results 
reveal that when the excitation frequency matches the 
tank's natural frequency, the liquid inside the spherical 
tank exhibits rotational motion. Streamline diagrams, 
velocity vector maps, and vorticity maps are drawn to 
analyze the flow field in detail. The time history of the 
fluid centroid’s position and the sloshing force are 
recorded and analyzed. 
 
 
1. Numerical methods 
    Our group has extensively refined the MPS 
method to enhance its computational efficiency and 
accuracy. These advancements have enabled the 
exploration of numerous intricate flow phenomena. 
The methodology adopted in this work has been com- 
prehensively documented in prior publications[13-15]. 
Consequently, only a succinct overview of the MPS 
method will be presented here. 
 
1.1 Governing equations 
    The foundational equations of the MPS method 
are outlined as Eqs. (1), (2), encompassing the essen- 
tial fluid dynamics parameters. 
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where   is the fluid density, V  is the velocity vec- 

tor, p  is the pressure,   is the kinematic viscosity, 

g  is the gravitational acceleration vector and t  is 
the time. 
 
1.2 Particle interaction models 
    Within the MPS framework, particles interact via 
a kernel function. The specific kernel function utilized 
in this study is represented by Eq. (3): 
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where ( )W r  is the kernel function, r  is the inter- 

particle distance, er  is the radius of influence. 



 

 
 

    The discretization of terms in the governing equ- 
ations is achieved through the particle interaction 
model. 
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where D  corresponds to the spatial dimensions, r  
is the position vector, subscripts i  and j  are the 

central particle and the neighbor particle, 
i

n  is the 

particle number density and 0n  is the initial particle 
number density, with the definition as Eq. (8). 
 
1.3 Pressure Poisson equation 
    The pressure within the system is ascertained by 
resolving the mixed-source term pressure Poisson 
equation (PPE), drawing upon the approach posited by 
Tanaka and Masunaga[29], Lee et al.[30].  
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where +1kp  signifies the pressure at the ( +1)thk

step, t  is the time step, *
iV  is the temporal velo- 

city component,   stands for the weight assigned to 

the particle number density term, varying from 0 to 1. 
 
1.4 Free surface detection 
    The identification of free surface particles is 
based on the particle number density. Particles are 
classified according to the criteria provided in Eqs. 
(10a)-(10c). 
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The value of 
i

F
 

reflects the asymmetry in the di- 

stribution of neighbouring particles. 
0

F  is designa- 

ted as the initial value of for surface particles. 
 
1.5 Calculation model preprocessing 
    In this study, we optimize the preprocessing of 
particle distribution for simulating the sloshing in a 
spherical liquid tank. Traditionally, the preprocessing 
module of DualSPHysics distributes particles uni- 
formly within the computational domain by placing 
them on grid points, later classifying them as fluid or 
boundary particles based on their proximity to the 
boundaries. However, this method results in an un- 
smooth, jagged boundary representation for spherical 
tanks, as the particles may not align precisely with the 
tank’s circumference, as shown in Fig. 1(a). To 
address this, we introduced a novel approach using the 
Fibonacci sequence for generating a uniformly distri- 
buted particle model on the surface of the spherical 
tank. The Fibonacci sequence, characterized by each 
number being the sum of the two preceding ones, 
inherently aligns with the golden ratio, commonly 
found in natural patterns. This natural alignment 
offers an ideal solution for uniform particle distri- 
bution. By integrating the Fibonacci sequence with the 
spherical coordinate system, we established a formula 
to calculate the latitude and longitude of each particle. 
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where n  and n  are the latitude and longitude of 

the - thn  particle, N  is the total number of par- 
ticles. This method allows for a more accurate repre- 
sentation of the spherical boundary, eliminating the 
roughness and irregularities inherent in the grid-based 
approach. As a result, this method provides a visually 
smoother and structurally coherent boundary for the 
spherical liquid tank, as illustrated in Fig. 1(b). 



 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1 Schematic diagram of the pre-processed model 
 
 
2. Numerical simulation 
    In this paper, we investigate the sloshing pheno- 
mena in a spherical liquid tank when the fill ratio is 

/ = 0.8h R , specifically under conditions where the 
excitation frequency equals the natural frequency of 
the liquid. The natural frequency of the liquid is 
determined through the observation of its free decay 
sloshing behavior. Initially, the liquid surface inside 
the spherical tank is set at a 5 inclination, and then it 
undergoes a free decay motion in the absence of any 
external force excitation. The time history of the 
centroid coordinates of the liquid undergoing free 
decay motion is recorded, as shown in Fig. 2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2 (Color online) Centroid curve of free decay sloshing in a 
spherical liquid tank 

 
    The calculation for the damping based on the 
logarithmic decay rate of free decay is given by the 
following formula 
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where iA  is the amplitude corresponding to the 

- thi  wave peak, +i nA  is the amplitude correspon- 

ding to the + - thi n  wave peak, n  is the number of 
intervals between two peaks. The natural frequency of 
the free decay can be obtained through a weighted 
average of the time intervals between different peaks 
or troughs. Using the time history curve of the free 
decay centroid motion, the natural frequency of the 
liquid at a water depth of / = 0.8h R  is calculated to 
be 1.18 Hz. Following this, we simulate the sloshing 
phenomena of the liquid inside the spherical tank at 
this excitation frequency. 
    To validate the accuracy of the MPS numerical 
method in simulating the sloshing phenomena of 
liquid tanks, we conduct model experiments under the 
same conditions and recorded the forces exerted on 
the tank. The experimental setup is illustrated in Fig. 3. 
3-D force sensors are employed to measure the overall 
load, with the sensor placement shown in Fig. 4. The 
sensors operated at a sampling frequency of 400 Hz 
with a resolution of 0.01 N. Prior to the experiments, a 
no-load sloshing test of the spherical tank is con- 
ducted to determine the inertial forces of the tank and 
its external supports. Subsequently, the same excita- 
tion test was conducted with the tank filled, and the 
measured forces minus the inertial forces were consi- 
dered as the actual sloshing forces exerted on the tank. 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3 Schematic of the experimental setup 
 
 
 
 
 
 
 
 
 
 

Fig. 4 (Color online) Layout of force sensors on the experi- 
mental setup 

 
    Despite calibration of the force measurement 
points, the results obtained from experimental me- 
thods are inevitably subject to errors. Therefore, for  
 

 

 

 

 



 

 
 

further validation, a mesh-based numerical method is 
employed as a comparison. The OpenFOAM open- 
source program is used, implementing the FVM me- 
thod to simulate sloshing in the spherical tank under 
the same conditions. The results obtained by the three 
methods are compared as follows. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5 (Color online) Comparison of force-time history curves 

of the tank 
 
    The time history curves of the sloshing forces 
obtained by the three methods are shown in Fig. 5. 
These curves demonstrate good temporal consistency 
across the methods, validating the accuracy of the 
MPS approach. Notably, the MPS method results 
align more closely with experimental data and exhibit  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6 (Color online) Comparison of frequency domain curves 

of the forces on the tank 
 
smaller errors compared with the FVM method. The 
frequency domain curves are obtained by FFT 
transformation, as shown in Fig. 6. In the frequency 
domain, the MPS method also shows superior consi- 
stency with the experimental results, particularly in 
terms of spectral peak frequency and peak values. 
Conversely, the results derived from the FVM method 
display some discrepancies. This indicates that the 
MPS method has distinct advantages in simulating 
free-surface large deformation problems, capturing the 
free liquid surface more accurately and yielding results 
that are more congruent with experimental results. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 
 
Fig. 7 (Color online) Comparison of free surface shape of spherical tank 

 



 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
    It can be seen from frequency domain curves in 
Fig. 6 that the primary response of the sloshing forces 
in the liquid tank is concentrated around the first-order 
natural frequency, with spectral peaks also occurring 
near this frequency. However, as shown in Fig. 6, 
smaller peaks are observed near the second and third 
multiples of the natural frequency in the frequency 
domain curves, which warrants further discussion. 
These peaks can be attributed to several phenomena. 
(1) harmonic responses, which are integer multiples of 
the fundamental frequency, may arise due to the 
system being excited at its first-order natural fre- 
quency. Such harmonics are a common occurrence in 
dynamic systems subjected to periodic forces. (2) 
nonlinear effects within the system can generate 
additional frequency components, manifesting as  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
these lesser peaks in the frequency spectrum. These 
nonlinearities, especially prevalent in systems with 
large free surface deformations, can significantly alter 
the response behavior. It is plausible that these obser- 
ved peaks represent harmonics or nonlinear responses 
rather than higher-order natural frequencies. 
    Figure 7 presents a comparative analysis of the 
liquid’s free surface shapes as derived from three 
different methods. The experimental results indicate 
that under resonant frequency excitation, the liquid 
exhibits pronounced non-linear behaviours. A particu- 
larly noteworthy observation is the rotational motion 
of the liquid within the spherical tank when subjected 
to horizontal excitation. Both mesh-based and mesh- 
free methods effectively captured the liquid’s rota- 
tional dynamics. However, in replicating the more  

 

 
 
Fig. 8 (Color online) Trajectory lines of the liquid centroid 



 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
complex aspects, such as intense rolling and surface 
breaking, the mesh-based FVM fell short in accuracy, 
whereas the MPS method adeptly simulated the spla- 
shing and droplet formation. This comparative study 
underscores the superior capability of the mesh-free 
particle method in handling intricate fluid dynamics 
scenarios. 
    Next, we analyze the rotational motion, focusing 
on the trajectory of the liquid's centroid. The trajectory 
lines reveal six distinct motion patterns under hori- 
zontal excitation at the resonance frequency. 
    Initial oscillation (Fig. 8(a)): The liquid oscillates 
along the excitation direction, with increasing ampli- 
tude over time. The trajectory is nearly linear in the 

-X Z  and -Y Z  planes but forms a U-shape in the 
-X Y  plane. 

    Transition to pendulum motion (Fig. 8(b)): The 
amplitude decreases and shifts clockwise. The -X Z  
plane trajectory evolves from linear to elliptical, even- 
tually forming a circular base, while the -X Y  and 

-Y Z  planes show diminishing trajectories, ultima- 
tely creating a “8” pattern. 
    Stabilized sloshing (Fig. 8(c)): This phase is 
marked by stability, with overlapping trajectory lines 
over three periods. In the -X Z  plane, the trajectory 
is circular, while in the -X Y  and -Y Z  planes, it 
forms a “8”, resembling a three-dimensional saddle 
shape. 
    Saddle shape modification (Fig. 8(d)): The 
saddle-shaped trajectory starts folding downwards, 
and the circular -X Z  plane trajectory reverts to an 
elliptical shape. The ellipse’s major axis rotates 
counterclockwise, aligning at a 45 angle to the -x
axis. 
    pendulum motion at an angle (Fig. 8(e)): The 
trajectory stabilizes in a pendulum motion at a 45 
angle to the -X axis, with increasing amplitude. The  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
projections in the -X Z  plane nearly coincide, while 
amplitude in the -X Y  and -Y Z  planes progress- 
sively increases. 
    Amplitude Reduction (Fig. 8(f)): As the ampli- 
tude reaches its peak along the ellipse’s major axis, 
the amplitude in the gravity direction begins to decr- 
ease. The -X Z  plane trajectory shifts clockwise, 
with the minor axis elongating to form a circle, while 
the horizontal amplitude remains nearly constant. 
    To delve deeper into the flow field during tank 
sloshing, streamline distribution diagrams and the 
velocity vector of the flow field are plotted as shown 
in Fig. 9. These diagrams reveal that even at moments 
when the entire flow field exhibits rotational motion, 
the streamlines are distributed following the trajectory 
of a simple pendulum motion, rather than all particles 
in the field executing circular motions around a 
vertical axis. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.10 (Color online) Schematic of the vortex of the flow field 
 
    The flow field of such intense, vortex-like mo- 
tions suggests the formation of distinct vortex struc- 
tures. By employing the -Q criterion in Paraview, we 

 

 
 
Fig. 9 (Color online) Velocity distribution of flow field 

 



 

 
 

generated vortex structure distribution diagrams for 
the flow field, as illustrated in Fig.10. These diagrams 
reveal that during the initial phase of relatively gentle 
flow motion, only a few small vortex structures are 
present. However, with the escalation of sloshing 
intensity, vortex structures proliferate throughout the 
flow field. Remarkably, these structures are not 
limited to the vicinity of the free surface but are 
evenly distributed across the entire field. This uniform 
distribution highlights that during intense sloshing and 
strong non-linear movements, fluid overturning occurs 
not just near the surface but throughout the flow field. 
 
 
 
 
 
 
 
 
 
 
 

Fig. 11 (Color online) Time history curve of fluid centroid po- 
sition 

 
    Figure 11 shows the time history curves of the 
centroid’s coordinates in the -X , -Y , -Z direc- 
tions. Initially, the fluid sloshes predominantly along 
the -X axis, exhibiting minimal amplitudes in the Y  
and Z  axes. Around the 8-second mark, notable 
sloshing along the -Z axis begins to develop. Bet- 
ween 15.0 s-18.0 s, the reciprocal amplitudes in the 

-X  and -Z directions reach their zenith, agreeing 
with the circular projection of the liquid’s trajectory in 
the -X Z  plane, as shown in Fig. 8(c). Notably, 
when the -X Z  direction amplitudes simultaneously 
peak, the amplitude in the -Y axis is minimized, 
which can be interpreted through the lens of energy 
conservation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 12 (Color online) Frequency domain curve of fluid cen- 

troid position 
 
    The fluid centroid’s frequency domain curves are 

shown as Fig. 12. It can be seen that the spectral peak 
values in the -X  and -Z directions are significantly 
higher than those in the -Y direction, indicating that 
the primary sloshing motion of the liquid predomi- 
nantly occurs in the -X  and -Z directions. Besides, 
the frequency peaks of the centroid’s motion in the 

-X  and -Z directions align with the fluid’s natural 
frequency. Conversely, in the -Y direction, the slo- 
shing frequency’s spectral peak is observed near the 
double of the natural frequency. This behaviour is 
similar to Faraday waves in vertical sloshing scenarios, 
as previously documented in literature[27-28], where the 
intrinsic sloshing frequency is twice the natural fre- 
quency. Our simulations, under horizontal excitation 
at the natural frequency, show a similar pattern with 
the liquid’s response frequency along the gravity 
direction occurring at double the natural frequency. 
 
 
3. Conclusion 
    In this paper, the sloshing phenomena within a 
spherical liquid tank were simulated using the mesh- 
free particle method (MPS), and its accuracy was 
validated against experimental data and the FVM. The 
comparisons indicate that the MPS method aligns 
more closely with experimental outcomes, suggesting 
that mesh-free particle-based approaches have a di- 
stinct advantage in modelling such strongly non-linear 
problems. When subjected to excitation at its natural 
frequency, the liquid demonstrated vigorous sloshing 
motion and entered a rotational state. The trajectory of 
the fluid centroid revealed six distinct characteristic 
motion modes. Streamline drawings indicated that the 
movement of the fluid in the flow field primarily 
resembled a simple pendulum, as opposed to rota- 
tional motion around a longitudinal axis. Vortex stru- 
cture distribution maps showed that vortices were 
uniformly distributed throughout the flow field, not 
just near the free surface. Time history curves of the 
fluid centroid’s position, coupled with frequency 
domain analysis, revealed that the response frequency 
of the centroid in the -X  and -Z directions equals 
to the natural frequency, while the response in the 

-Y direction was twice the natural frequency. 
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