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Sloshing is the violent motion of a resonant fluid in a moving tank; when the fluid
moves and interacts with the tank, the dynamic pressure from such an interaction can
cause large fluid deformations with tank walls. In this study, a 3D numerical simulation
of sloshing was carried out with five variations of the tank model, i.e., prismatic,
rectangular, tube, spherical, and the new model tank with a filling ratio of 25% and
50%. Forced oscillation motion in a roll used frequencies 1.04 Hz and 1.34 Hz. The
amplitude of movement was 8.66°. One pressure sensor was used to measure dynamic
pressure in the mid of the tank. Because sloshing deals with large deformation and
discontinuities, the particle method was suitable for the application. This study used
smoothed particle hydrodynamics based on weakly compressible SPH (WCSPH). SPH is
a Lagrangian meshless method known as mesh-free computational fluid dynamics.
Open-source SPH solver DualSPHysics version 5.0 was used to reproduce sloshing in
different tank shapes; in addition, advanced visualization was performed using the
VisualSPHysics add-on in Blender version 2.92. The sloshing visualization is more
realistic and attractive than conventional SPH post-processing. The results of this study
indicate that different tank shapes influence reducing the value of dynamic pressure
and hydrodynamic force. It is found that a practical tank shape is a tube tank and a new
model tank with a reduced dynamic pressure value of 9% and 11% and a reduced
hydrodynamic force value of 36% and 48%.

1. Introduction

Sloshing is a natural phenomenon of liquid carriers such as airplanes, ships, and trucks. Sloshing
is the violent flow due to resonant fluid in a moving tank that could be caused by external force or
forced resonant motion. When an energetic sloshing inside the tank, significant impact pressure
could arise. As a result, structural damage in the wall of the tank could happen. Another reason is
explosion would happen by sloshing when its fluid is volatile such as fuel carrier, LNG, and LPG.
Recently a study of sloshing has been demanding as the results of liquid carriers have become larger
compared with two decades ago. The LNG carrier is the most demanding sloshing analysis because
the carrier has become more significant than a few years ago. Because sloshing deals with large
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deformations and discontinuities of fluid movement, the particle method is one of the methods that
are suitable to apply. One primary particle method is smoothed particle hydrodynamics (SPH),
developed for astrophysical problems. Later on, Monaghan developed SPH for free surface flow with
dam break and waves on the beach [1]. Moreover, the study improved the SPH for multi-phase
problems [2]. The advantage of SPH attracts many researchers to widen SPH application not only for
coastal and civil engineering problems.

The SPH application for sloshing was conducted for rectangular tanks in two and three dimensions
with long-duration sloshing [3,4]. The study revealed that SPH well reproduced the sloshing
phenomena regarding surface elevations and forces on the tank. Sloshing inside a ship's LNG fuel
tank was conducted in 3 hours duration in real-time and could provide reasonable local pressure
estimations [5]. Multi-phase flow sloshing was performed with 6-SPH and particle shifting technique
[6], and a similar study was conducted with a prismatic tank for two and three dimensions of two-
phase SPH [7,8]. The results showed SPH has good agreement with both quantitative and qualitative,
though in three-dimension computation takes time to compare with mesh-based CFD solver. Sloshing
in a rectangular tank with an elastic baffle was conducted using open-source SPH solver SPHinXsys
[9], and a similar study was carried out with DualSPHysics for a rectangular tank [10,11]. Moreover,
mesh based CFD solver for cryogenic fuel storage tank under external sloshing excitation performed
with VOF method coupled with the mesh motion treatment [12-14]. CFD mesh based was widely
used not only for sloshing, for example medicine, industrial and Marine engineering [15-18]. It
showed that SPH is one of the major techniques for solving violent sloshing in tanks.

The aims of present study is verify the SPH's ability to analyze the sloshing phenomenon and
identify the effect of tank shape on the sloshing phenomenon. The sloshing experiment was based
on experimental works [19] with a 25% and 50% filling ratio. Four different tanks shape were used in
this study, i.e., prismatic, rectangular, tube, spherical and new tank. Firstly, the pressure dynamic of
the prismatic tank was validated based on experimental works. Later on, the exact position of the
pressure gauge was used to measure dynamic pressure for other tank shapes. The filling ratio and
width of the tank were kept the same.

Furthermore, a comparison of each simulated tank shape's hydrodynamic forces and free surface
deformation was made. DualSPHysics version 5.0 [20,21] reproduces sloshing in different tank
shapes. Moreover, advanced post-processing was carried out using VisualSPHysics, added in Blender
[22]. There are many studies on sloshing, but only some studies have combined it with advanced
post-processing. The results indicated SPH could reproduce dynamic pressure, and the effectiveness
of the tank shape showed a minor impact on the sloshing phenomenon.

2. Methodology
2.1 Experimental Condition

Experimental condition of sloshing was based on Trimulyono et al., [19] which a prismatic tank
was used to reproduce sloshing in membrane type LNG carrier. There are three pressure sensor to
capture dynamic pressure located in mid of tank, in this paper only one pressure sensor P1 was used
to compare with SPH (see Figure 1). An external roll frequency excitation 1.04 Hz was used with
amplitude of motion 8.66°, where height, width, length and water height of tank are 0.21, 0.30, 0.38,
and 0.0525, respectively (see Table 1). The center of rotation is located in higher of tank as seen as
showed in the Figure 1.
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Table 1

Dimension of prismatic tank (units in meter)
Dimension
Height (h) 0.21
Width (1) 0.30
Length (L) 0.36
Water height (d) 0.0525

(a) (b)

Fig. 1. The sketch of (a) prismatic tank and (b) prismatic tank in experiment
2.2 Smoothed Particle Hydrodynamics (SPH)

SPH is one particle method developed for free surface by Monaghan and was later widely used
for engineering problems. The SPH method discretized the computational domain into points or
particles weighted by distance or smoothed length. To reduce the contribution, range from close
particles, the quantities are calculated as a weighted sum from those particles within the smoothing
length (h). The particle properties such as mass, velocity, and position are calculated with the
weighting or kernel functions. The essential elements of the SPH technique, which is based on
integral interpolants, are detailed in Ref. [23].

Figure 2 illustrates that particle a has distance ra, with particle b with smoothing length (h) to
calculate particle contribution in the kernel function Wqp. Eq. (1) showed the integral approximation
field function A(r) in the domain (Q). The particle approximation is shown in Eq. (2) as the sum of the
neighboring particles with respect to the compact support of particle a at spatial point r. In this study,
All simulations employed the Wendland kernel function, where ap is equal to 21/164nh3 in 3D, and
g is the nondimensional distance between particles a and b represented as r/h in Eq. (3). Eq. (4) is
the continuity equation with the delta-SPH term to eliminate spurious pressure in SPH. The
momentum equation in the SPH framework showed in Eq. (5), where g represents gravity
acceleration, P, and Py, are pressures in particles a and b. g is the artificial viscosity term, where

Uap = hvgy - (r;;fnz)' n? = 0.01h? ¢, = 0.5(c, + ¢p) is the mean speed of sound, and to achieve

proper dissipation, the artificial viscosity coefficient must be adjusted. DualSPHysics is based on
weakly compressible SPH (WCSPH), and an equation of state based is used in WCSPH shown in Eq.
(6) where co, po, and y are the speed of sound at the reference density, and polytrophic constant,
respectively. Because of the stiffness of this equation, pressure could oscillate even with a slight
change in density.
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Fig. 2. Radius of the smoothing length and kernel function in SPH [18]
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Table 2 shows the computational setup for DualSPHysics code based on a previous study [10].
Coefound, Coefh, and CFL are the coefficient of sound, coefficient of smoothing length, and
coefficient of Courant—Friedrichs—Lewy, respectively. The initial particle distance is 16 mm for two
filling ratio conditions with a physical time is 28 seconds. a delta-SPH was used to reduce the spurious
pressure field [24]. Figure 3 showed the displacement of the tank both for a filling ratio of 25% and
50%. The movement is forced oscillation based on a forced oscillation machine's four degrees of
freedom (4DoF) based on experimental works [19]. Figure 4 illustrates the tank shape used for
sloshing simulation with the same width of tank and filling ratios. There are four new tanks were used
to reproduce sloshing with the same condition as sloshing in a prismatic tank. The width and filling
ratio of the tank was the same in all tanks. Because the motion is regular and the pressure sensor
location is in mid of the tank, the only motion is affected by the dynamic pressure. This is one of the
reasons the width and filling ratio of the tank does not change, the other reason is a validation of
dynamic pressure made based on the experimental of a prismatic tank. Figure 5 illustrates different
shapes of fluid in particle (a), iso surface (b), and advanced rendering using Blender (c). It showed
the advanced rendering post-processing made fluid in SPH seem realistic and similar to reality (see
Figure 4. (d)).
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Table 2
Parameter setup of the SPH computation
Parameters
Kernel function Wendland
Time step algorithm Symplectic
Artificial viscosity coefficient (a) 0.01
Coefound 60
Particle spacing (mm) 16
Coefh 1.2
CFL 0.2
Delta-SPH (&) 0.1
Simulation time (s) 28
Displacement Displacement
10 10
8 8
6 6
4 4
52 52
Bo bo
T, 5 10 0 ] 0 0
-4 -4
-6 -6
-8 -8
-10 -10
Time (s) Time (s)

Fig. 3. The time history of tank displacement in rolling motion for filling ratio (a) 25% and (b) 50%

(@) (b)

(c) (d)
Fig. 4. Variations in tank shapes for sloshing simulation in (a) rectangular,
(b) tube, (c) spherical, and (d) new tank design
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Fig. 5. Visualizations of the (a) particle, (b) iso-surface, (c) surface

texture, and (d) experiment

3. Results
3.1 Dynamic Pressure

This section discusses the dynamic pressure of sloshing in each tank shape from the SPH result.
Figure 6 and 7 illustrates dynamic pressure in the prismatic, rectangular, tube, spherical, and new
model tank in the 25% and 50% filling ratio. The red and black are experimental and SPH, respectively.
Figure 6 (a) showed a comparison of dynamic pressure between SPH with experiment results, it was
found that was a spurious pressure though in this simulation delta-SPH was employed. In this
simulation, we use Dynamic Boundary Condition (DBC) that when using DBC in SPH simulation, a gap
between fluid particles and boundary particles occurs, caused by an artificial force exerted on the
boundary particles [25]. It makes the point measurements by the pressure probe rather difficult to
set on exact positions on the wall. Therefore, the gap between the boundary and fluid particles must
be considered to contain the typical pressure probe. Moreover, the equation of state based on Tait’s
equations is very stiff. That small change in density creates a significant change in pressure which
makes pressure fluctuate in WCSPH. In addition, the truncated kernel function decreases accuracy
slightly because the pressure sensor is located near the free surface and on the edge of the tank. The
latest version of DualSPHysics has a new function of Modified Dynamic Boundary Condition (MDBC)
to vanish the gap between fluid and boundary particle and also reduce the pressure noise [26].

Figure 6 (b) and Figure 7 (b) shows a comparison of the dynamic pressure of prismatic, rectangular,
and tube tank. The dynamic pressure tendency showed a similarity between prismatic tanks,
although the volume of the tank is different. It can be explained because dynamic pressure is
influenced by the speed of the fluid. There is a minor difference shown in spherical and new model
tanks (see Figure 6 (c) and (d)). Figure 6 (c) and Figure 7 (c) shows a comparison of the dynamic
pressure of prismatic, spherical, and new model tank. It was shown that the tube tank and new model
tank are the most effective in reducing dynamic pressure compared to the other three tank shapes.
The reduction is over 9% for the 25% filling ratio and 4% for the 50% filling ratio it can be seen in
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Figures 8 (c) and (e) that water becomes slightly calmer and the impact pressure to the wall of the
tank is lower.

Figure 7 showed dynamic pressure for a 50% filling ratio, the accuracy becomes slightly worse
compared 25% filling ratio. The impact pressure could not produce by SPH only dynamic pressure
caused by the motion of fluid could be reproduced. A similar trend appears in the filling ratio of 50%
dynamic pressure shows similar magnitude for prismatic, rectangular, tube, spherical and new model
tanks (see Figure 7 (b) and (c)). Figures 8 and 9 showed dynamic pressure for filling ratios of 25% and
50% in all tank shapes. It was found fluid particles showed noise in some parts, this is also one classical
problem in the WCSPH scheme.
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-100 15 16 17 18 19 20 21 22 23 24 25
Time (s)

(c)
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Fig. 6. Comparison of dynamic pressure for (a) SPH and experiment prismatic, (b) rectangular,
tube, and (c) spherical, the new model in 25% filling ratio
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Fig. 7. Comparison of dynamic pressure for SPH and experiment prismatic (a) and with rectangular,
tube (b), and spherical, new model (c) in 50% filling ratio
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(d)
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Fig. 8. Pressure contour of dynamic pressure (a) prismatic tank, (b) rectangular tank, (c) tube tank,
(d) spherical tank, and (e) new model tank in 25% filling ratio

Pressure (Pa)
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Fig. 9. Pressure contour of dynamic pressure (a) prismatic tank, (b) rectangular tank, (c) tube tank, (d)
spherical tank, and (e) new model tank in 50% filling ratio

3.2 Free Surface Deformation

Figure 10 shows the snapshot of free surface deformation in the leading position in the sloshing
simulation in the velocity vector. It shows that each tank shapes give differently damped fluid
movement. Although sloshing is moderate in this situation, the tube and new model tank could
reduce the wave created by sloshing flow. The fluid looked like in the rest condition; as a result, the
dynamic pressure was decreased, as shown in Figure 8 and Figure 9. The free surface deformation of
sloshing in the prismatic, rectangular, tube, spherical and new model tanks was carried out Using
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Blender 2.92 for improved visualization. Advanced post-processing visualization has become more
accessible thanks to VisualSPHysics; fluid becomes more attractive texturing than iso-surface or
particle form. Figure 11. illustrates the vector velocity for sloshing on the five simulated tank shapes
with a 25% and 50% filling ratio. It can be seen that waves are created after fluid is forced to move in
the opposite wall. Compared to the prismatic tank with the other four tank shapes, velocities are
reduced because the fluid conjoined in the middle of the tank with curved walls velocities decreased,
as seen in Figure 10. There is vorticity because the fluid crashes the walls and spreads after passing
the wall, which results in the fluid velocities decreasing and fluid becoming slower. It indicates that
tubes and new-model tanks effectively reduce the movement of fluid. The tube and new model tank
are reduced velocities due to the crashing fluid spreading on the wall near the free surface and the
damped wave. Figure 11 illustrates free surface deformation in the prismatic, rectangular, tube,
spherical and new model tanks using VisualSPHysics. The fluid is more pleasant when generated using
VisualSPHysics. Compared to mesh based CFD, the results are one of the most advanced particle
approaches. Further work will need to be carried out for two-phase SPH in a 3D model to see the
effect of the mixture of air and water.
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Fig. 10. Comparison of vector velocity inside prismatic, rectangular, tube, spherical and new model
tanks in the filling ratio (a) 25% and (b) 50%
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(b)
Fig. 11. Comparison of free surface deformation inside prismatic, rectangular, tube, spherical
and new model tanks in the filling ratio 25% (a) and 50% (b)

3.3 Hydrodynamic Force

This section's findings discuss the hydrodynamic force of sloshing in the prismatic, rectangular, tube,
spherical and new model tanks. The fluid inside the tank was made to move by an oscillation
mechanism, and as a result, hydrodynamic force exists. Figure 12 compares the hydrodynamic force
with 25% and 50% filling ratios; the black, orange, red, yellow, and blue lines represent prismatic,
rectangular, tube, spherical, and new model tanks, respectively. The hydrodynamic force is greater
on the rectangular tank than on the other. Figure 12 shows that the value of the hydrodynamics force
on the tube and new model tanks is reduced by 40% at a 25% filling ratio and a 30% reduction at a
50% filling ratio compared to a prismatic tank. Thus, different tank shapes, namely tubes and new
models, can be an alternative to reduce sloshing in vessels carrying liquid.
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Fig. 12. The hydrodynamic force for 25% filling ratio (a) and 50% filling ratio (b)
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4. Conclusions

It showed SPH successfully reproduced the sloshing phenomenon in different tank shapes, with
same filling ratios and water depth. The result illustrates a difference of 9% for the tube tank and
11% for the new model tank for a filling ratio of 25%. In the filling ratio of 50%, there is a minor
difference between the tube and the new model tank; it showed that the shape of the tank has minor
dynamic pressure and hydrodynamic force. The findings indicate that tube and new model tanks are
more effective at reducing sloshing than rectangular and spherical tanks. Additionally, they
successfully reduced the dynamic pressure produced by energetic sloshing. Like the dynamic
pressure phenomenon, these tank shapes successfully lowered the hydrodynamic force.

A sophisticated post-processing method employing VisualSPHysics was also used to obtain
realistic fluid visualization. It was demonstrated that SPH might be applied to both scientific research
and other objectives, including entertainment and industrial applications. Nonetheless, future
research of two-phase SPH for three dimensions of prismatic, rectangular, tube, spherical and new
model tanks need to carry out.
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