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Abstract

Purpose — This paper aims to report an experimental and numerical study of sloshing in rectangular tanks
subjected to vertical imposed motion.

Design/methodology/approach — The free-surface behavior of a fluid inside a rectangular tank subjected
to imposed vertical motion is studied. The experiment consists of imposing motions to a rectangular tank
mounted on a shake table controlled for vertical movements. The free surface is measured from images
collected with high-speed cameras that record the sloshing experiments performed at different shaking
frequencies. The numerical approach uses an algorithm based on the Particle Finite Element Method (PFEM)
implemented in an in-house code. The time-periodic regime of the free-surface behavior is specifically studied.
The numerical results are validated by comparison with the experimental data.

Findings — To allow a better comparison between experimental and numerical results, the time step used in
the simulation should be shorter than that resulting from the sampling frequency of the recordings. To activate
the mode shapes, the imposed frequency of the tank motion must be twice the natural frequency.

Originality/value — The novel aspects of this study include the experimental observation of free-surface
mode-shapes through controlled vertically imposed motion, as well as the validation of the PFEM for this type
of applications. The integration of experimental data, the use of a tailored numerical strategy and the validation
of the numerical results constitute the original contributions of this work.

Keywords Fluid dynamics, Sloshing up-down, Experiments, PFEM numerical simulations

Paper type Research paper

1. Introduction

The phenomenon of sloshing, motion of a free surface of a fluid contained in a tank subjected
to external accelerations, is highly relevant in numerous engineering applications. The
dynamics of liquids in moving tanks have been extensively investigated in the context of
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HFF ground transportation (Grotle and Zsgy, 2018), marine vessels (Jiang et al., 2015) and
36,3 aerospace systems (Siraye et al., 2023; Ayiehfor, 2024).

In the case of aerospace applications, understanding the motion of the free surface is
crucial for the safe design and operation of onboard liquid storage tanks, such as those used
for fuel or cryogenic propellants. When an aircraft undergoes acceleration — during takeoff,
maneuvering, turbulence or landing — the interaction between the fluid and the tank walls can

1354 trigger resonance modes (Pizzoli et al., 2023; Saltari et al., 2022). If the imposed excitation
frequency approaches one of the natural frequencies of the fluid—structure system, high
dynamic pressures may arise, potentially affecting the stability, control or structural integrity
of the vehicle.

The study of the sloshing phenomenon has been addressed through various numerical
techniques, including the Finite Element Method (FEM) (Cruchaga et al., 2013; Cruchaga
et al., 2016a; Battaglia et al., 2018), Finite Volume Method (Jahanbakhsh et al., 2007;
Godderidge et al., 2009; Caron et al., 2018; Yang et al., 2021), Particle Finite Element
Method (PFEM) (Idelsohn et al., 2004; Cremonesi et al., 2020; Fernandez et al., 2023a),
Smoothed Particle Hydrodynamics (SPH) (Rafiee et al., 2011; Gotoh et al., 2014; Cao et al.,
2019; Cai et al., 2021), among others. Within the framework of each method, different
strategies can be applied to describe the free surface. Some of these approaches use two-
phase flow techniques, in which the interface between two working fluids — commonly water
and air — needs to be explicitly described time by time. In (Cruchaga et al., 2013) and
(Battaglia et al., 2018), finite element formulations were applied to simulate free-surface
flows, whose numerical predictions were compared with experimental image-tracking data,
demonstrating accurate results under various excitation conditions. In (Caron et al., 2018)
and (Battaglia et al., 2018), these approaches were extended to three-dimensional and in
(Battaglia et al., 2022) Arbitrary-Lagrangian-Eulerian (ALE)-based configurations were
used to improve interface tracking with mesh adaptation. In addition, (Cruchaga et al., 2001)
presented a moving-interface strategy for transient domains. Conversely, single-phase
formulations proposed in (Cerquaglia et al., 2019) and (Battaglia et al., 2022) adopted a
purely Lagrangian description, allowing direct tracking of the free surface without the need
for a two-phase representation.

Several published studies address sloshing problems, but most focus on horizontal
imposed motions, such as the experimental analysis in (Liu et al., 2025), which examined
primary and higher-mode resonance in a square-base tank under unidirectional excitation,
and the combined numerical-experimental study in (Nufiez Aedo et al., 2024). Other
works analyze rotational imposed motions, as in (Li et al., 2024), where an adaptive SPH-
based approach is employed for prismatic and rectangular tanks, validated through
experimental and numerical results.

Studies on vertical sloshing are scarce in the literature, and it is even more difficult to find
those that include both experimental and numerical aspects, even among the most recent
ones. Experimental investigations such as those reported in (Pizzoli et al., 2023; Saltari et al.,
2022) approach the problem through physical testing, with a focus on dissipation
mechanisms and stability enhancement in aeronautical applications. Numerical studies,
including (Zhang et al., 2022), use the Moving Particle Semi-implicit method to reproduce
free-surface evolution under vertical excitation, confirming the capability of particle-based
schemes for this class of problems. Earlier works such as (Frandsen and Borthwick, 2003;
Frandsen, 2004) also addressed vertically imposed motion through two-dimensional
simulations in rectangular tanks using second-order finite difference formulations.

In addition to the numerical implementation used to solve the governing equations of
motion, it is essential to validate the results using experimental data. Validation procedures
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similar to those described in (Cruchaga et al., 2016a) and (Li et al., 2014) were adopted to International
ensure consistency between numerical and physical observations. In (Cruchaga et al., 2009) Journal of

and (Cruchaga et al., 2016b), comparable methodologies were applied to free-surface Numerical
problems in rectangular tanks, confirming the effectiveness of image-based measurements. Methods for Heat
Likewise (Battaglia et al., 2022), analyzed similar geometries and flow conditions, although € 8?FT '(:i Flea

uid Flow

under horizontally imposed excitations. These studies are particularly relevant, as they use
tanks with the same geometric parameters as those used in the present study.

In particular, the present work investigates the response of the free surface at different 1355
frequencies corresponding to the first mode shapes in a tank with an aspect ratio of 2:1.
Experimental data are obtained following procedures such as those described in (Cruchaga
et al., 2013; Castillo et al., 2019; Nuiez Aedo et al., 2020). The numerical study focuses on
two-dimensional (2D) cases, using the PFEM to solve the free-surface problem,
incorporating an Alpha-shape-based remeshing technique (Idelsohn et al., 2004; Fernandez
et al., 2023a; Fernandez et al., 2023b). The core focus of this work is the experimental
validation of the PFEM-based numerical model. Despite extensive studies on horizontally
and rotationally induced sloshing, experimental evidence on vertically excited sloshing and
its validation through numerical particle-based methods remains scarce. In particular, the
application of the PFEM to vertical sloshing problems has not been previously reported. The
novelty of this work lies in the experimental observation of vertical sloshing mode shapes,
which have been scarcely reported, and the validation of PFEM for vertically induced free-
surface oscillations. The combination of synchronized high-speed imaging and a remeshing-
based Lagrangian solver provides a unique framework to analyze sloshing modes under
vertical excitation.

Summarizing the original contents of this work are:

Report a new experimental work to reproduce vertical induced motions.
Modeling using a PFEM framework not previously applied to this problem.

* Emphasis on exhaustive validation of the proposed numerical method by
comparison with the experimental data.

This paper is structured as follows. The experimental work conducted is reported in
Section 2. The numerical method used and the corresponding model description are
presented in Section 3. The comparison between experimental and numerical results can be
found in Section 4. Finally, the conclusions are drawn.

2. Experimental work
2.1 Experimental setup
The experimental setup consists of a transparent acrylic rectangular tank, with an aspect ratio
of 2:1 (L/W), mounted on a shake table modified to perform controlled vertical motion. The
dimensions of the tank are indicated in Figure 1, with L =400mm, W =200mm and
H =490 mm. The shake table is driven by a motor that generates horizontal displacement via
a power screw, with the direction change between the screw and the platform achieved
through a scissor lift mechanism. Accelerations of up to 2.5 g can be applied. The imposed
acceleration depends on the load applied to the table. The maximum admissible force is
500N at reduced acceleration. In the present experiment the maximum admissible
acceleration is 1.8 g considering the self-weight of the mechanism.

To capture the free-surface behavior, two high-speed cameras are positioned
perpendicularly to the tank faces, CAM1 at front face and CAM?2 at the lateral face, as shown
in Figure 1, enabling simultaneous tracking from both sides. A vertical imposed motion of
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Figure 1. Experimental set-up: laboratory layout (left), tank geometry and position of the cameras (right)

the form z = Asin( 2zf?) is applied during the tests, with amplitude A = 1.5 mm and imposed
frequency f;; depending on the mode shape to be excited. Figure 1 shows the experimental
setup located at the Laboratory of Vibrations and Fluid-Structure Interaction, Department of
Mechanical Engineering, University of Santiago of Chile.

In the case of vertically imposed motion, it is important to note that the gravitational
acceleration acts in the same direction as the imposed excitation. As a result, when the
problem is considered in a relative reference frame, the tank experiences alternating periods
in which the effective acceleration exceeds or falls below the gravitational acceleration.
Figure 2 illustrates this behavior associated with the imposed vertical movement in the tank
in a single cycle with period T.

During one complete cycle of free-surface motion in the time-periodic regime, two full
cycles of motion of the shake table must occur. Figure 2 shows the evolution of the free
surface throughout two consecutive cycles of platform oscillation.

It can be seen that when the platform reaches the uppermost point of its trajectory, the free
surface is fully compressed against the bottom of the tank. This corresponds to the instant of
maximum acceleration in the same direction as gravity (maximum effective gravity). In
contrast, when the platform is at the lowest point of its stroke, the wave height reaches its

too too=3T  toa=3T  toe=3T  tog=3T  tio=3T  t1p=3T  tyu=3T tis=T

—— Imposed motion ——=- Free-surface response

Figure 2. Tank behavior for vertical motion
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maximum, indicating a moment of acceleration in the opposite direction to gravity (reduced
effective gravity).

This sequence repeats due to the physical characteristics of the wave motion, producing
alternating phases of high and low effective gravity acting on the tank, thereby completing
one full cycle of the free-surface behavior of the fluid.

The analytical natural frequencies f;; for sloshing in a rectangular tank are obtained as

reported by (Battaglia et al., 2018; Ibrahim, 2005), f; = g k;j tanh(k;ho)/ (47%), where g is

the gravity; k;; = 4/ fzz + V’V—zz with i and j being the indices associated with the activation of
the mode shape in the x — and y — direction of the tank, respectively; and /j is the fill depth,
100 mm of water in the present analysis. For the purposes of this study, the analysis is focused
on the frequencies corresponding to the first seven mode shapes. Note that the analytical
expression used to estimate the natural frequencies of the fluid does not depend on the
direction of the imposed motion. Instead, this is solely determined by the geometric
characteristics of the tank, the depth of the fluid and the gravitational acceleration of the
system. Table 1 presents the natural frequencies associated with each mode under
consideration, as well as the experimentally imposed excitation frequency used for vertical
motion.

2.2 Procedure for recollecting the experimental data

The procedure for experimental data collection is based on image tracking from high-speed
cameras arranged as shown in Figure 1. For CAM1 (front view), a Phantom LAB MIRO M110
camera is used, with a maximum sampling rate of 1600 fps at full resolution (1280 x 800 px).
For CAM2 (side view), a Phantom VEO-E 310L camera is employed, with a maximum
sampling rate of 3200fps at full resolution (1280 % 800 px). Both cameras are used in
monochrome configuration and can be synchronized to trigger simultaneously, allowing for
simultaneous capture of both views of the experiment. The image acquisition frequency used in
this study is 100 fps, which ensures smooth tracking of the free-surface behavior.

The captured images are processed using a superimposed grid to define the physical
dimensions of the tank. For CAM1, a grid of 400 x 200 mm with 10 x 10 mm cells is used,
covering the full width of the front face (L = 400 mm), resulting in a measurement scale of
2.95 px/mm and an associated error of +0.68 mm. For CAM2, a grid of 200 x 200 mm with
10 x 10 mm cells is applied across the width of the lateral face (W =200 mm), with a scale of
3.5 px/mm and an associated error of +0.57 mm. These grids enable the tracking of the free-
surface behavior in contact with the tank walls. Figure 3 shows the grid configuration
overlaid on the images captured by CAM1 and CAM?2.

For every case defined according to the imposed frequencies previously detailed in
Table 1, specific control points (CPs) are adopted to capture the free-surface behavior, where
the wave height is tracked over time from the recorded images. Figure 4 shows the spatial

Table 1. Natural and experimentally imposed frequencies [Hz] for 3D behavior at the first Seven
mode shapes

i 1 2 0 1 2 3 3
Modes j 0 0 1 1 1 0 1
Analytical natural frequency 1.16 1.93 1.97 2.09 2.38 244 2.70
Experimental imposed frequency 2.32 3.86 3.94 4.18 4.76 4.88 5.40
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Figure 3. Procedure for capturing wave height

CP,1 CP,2 cP,3 CP,1 CP,2 CP,3 CP,4 CP,5

CP1 CP2 CP3 CPd4 CP5 CP6 CPJ cP cP,2 cP,3

H—" \7/

N 1

Figure 4. Location of control points along the front and lateral (bottom row, right figure) faces of the tank,
from now on the CPs on the front face will be called as CP,. and CP, for the three CPs on the lateral face

configuration of the CPs within the tank for each mode shape. Table 2 lists the exact position
of each CP on the front face of the tank for each of the analyzed cases.

For the lateral face, the configuration of the CPs is similar to that defined for the first
mode on the front face of the tank, with the only difference being their spatial location along
the lateral side. Table 3 presents the positions of the CPs on the lateral face.
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Table 2. Location [mm] of control points CPs along the front face (x — direction) of the tank, International

configuration for each studied sloshing mode Journal of
CP 1st 2nd 3rd Numerical
CPx1 10 1 0 Methods for Heat
X .

CPx2 200 100 66.7 & Fluid Flow
CPx3 390 200 133.3

Cr' 300 200 1359
CPx5 390 266.7

CPx6 333.3

CPx7 390

Table 3. Location [mm] of control points CPs along the lateral face (y — direction) of the tank

CP 1st
CPy1 10
CPy2 100
CPy3 190

For the cases that can be considered two-dimensional —i.e. those in which either index i or
j is equal to zero — the CP configuration is assumed to be the same as that used for the first
mode in the previously defined setups, on the face where the behavior is planar.

2.3 Experimental results analysis

Experimentally, six case studies are analyzed, corresponding to the first natural frequencies.
Each experimental case was repeated three times and it was verified that the difference
between those measurements is limited to the experimental error, which verifies the
repeatability of the observations. The cases corresponding to imposed frequencies of
2.32 Hz, 3.86 Hz and 4.88 Hz exhibit bidimensional behavior on the front face of the tank.
The case with imposed frequency of 3.94 Hz is also bidimensional but on the lateral face of
the thank; therefore, it is not analyzed in the present study. As an example, Figure 5 illustrate
a typical 2D behavior of the free surface associated to frequency fip. The mode clearly
appears on the frontal wall and, approximately extends to the back of the tank as shown the
flat evolution of the free surface on the lateral face. Snapshots and the evolution of the free
surface for these kind of cases are reported in Section 4 together with the numerical results
for comparison proposal.

The remained three studied cases exhibit fully three-dimensional (3D) behavior,
associated with the imposed frequencies of 4.18 Hz, 4.76 Hz and 5.40 Hz. In these cases, a
combination of the first three modes shape on the front face and the first mode shape on the
lateral face is observed, see Figures 6-8, respectively. The experimental free-surface
evolutions obtained for those 3D cases at certain CPs are presented for a given time interval
within the time-periodic regime in Figures 9(a), 10(a) and 11(a) for the register at the front
face and Figures 9(b), 10(b) and 11(b) for the register at the lateral face of the tank.
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Figure 5. Experimental free-surface behavior at 2.32 Hz: front (left) and lateral (right) in each column

3. Numerical work

This section presents the model used for the numerical study of up-down sloshing problem,
and the numerical simulation of the problem made in the context of the PFEM (Idelsohn
et al., 2004; Cremonesi et al., 2020; Fernandez et al., 2023a; Cerquaglia et al., 2019;
Fernandez et al., 2023b; Ofiate et al., 2004; Idelsohn et al., 2014; Gimenez et al., 2017). For
completeness, a short description of the method is included.

3.1 Governing equations and particle finite element method
In simple terms, the PFEM consists of two main steps during each time step of the simulation
of dynamic problems. The first step involves solving the governing equations in a
Lagrangian framework using the FEM, through which the nodal states and positions are
computed. The second step corresponds to remeshing the fluid domain based on predefined
mesh quality criteria.

This study considers incompressible Newtonian fluids. The continuous model solved by
the PFEM algorithm involves the Navier—Stokes equations, written as:

dv
pE—yAV+Vp=f (1)

V-v=0 2)
where p is the fluid density, d/dt denotes the Lagrangian time derivative, ¢ is time, and v is

the velocity vector. The constitutive behavior of Newtonian fluids is described by the
dynamic viscosity u and the pressure p. The vector of external forces is represented by f.
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Figure 6. Experimental free-surface behavior at 4.18 Hz: front (left) and lateral (right) in each column

The equations are spatially discretized using a FEM—Galerkin formulation with a
pressure-stabilizing Petrov—Galerkin (PSPG) stabilization technique is employed to enhance
numerical stability (Fernandez et al., 2023a; Cerquaglia et al., 2019). The time discretization
is performed using a backward Euler scheme. In this study, a user-defined criterion is defined
to fix the time step. The iterative procedure begins with a specified initial time step,
At=0.001 s in the present study. After that, the time step is adjusted as follows: if
convergence is not achieved, it is divided by 2; otherwise, if there are no convergence
problems, it is multiplied by 1.5. In addition, the time step can increase up to a maximum
value, set equal to the initial time step.

Remeshing is performed using Delaunay triangulation combined with the alpha-shape
criterion, with an upper bound for alpha of 1.2, as commonly reported in the PFEM literature
(Idelsohn et al., 2004; Cremonesi et al., 2020; Fernandez et al., 2023a). In addition to the
alpha-shape algorithm, two commonly used criteria are also considered for the remeshing
step of PFEM. Because nodes move according to the equations of motion, if the distance
between two nodes becomes smaller than y#,, one of the nodes is removed from the model.
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Figure 7. Experimental free-surface behavior at 4.76 Hz. front (left) and lateral (right) in each column

Conversely, if the area of an element exceeds whﬁ, a new node is inserted at the centroid of
the element. Where /4, is the user-defined characteristic element size, and y and w are tuning
parameters numerically setting to avoid excessive loss or gain of mass (Fernandez et al.,
2023a). Advanced remeshing techniques were proposed in the literature for improving the
mass conservation within the PFEM framework (Ferndndez et al., 2023a; Falla et al., 2023).
In addition, the present version of PFEM enables the description of surface-tension (o)
effects following the reports given in (Cerquaglia et al., 2019; Yvonnet et al., 2008;
Fernandez et al., 2024).

3.2 Numerical model

The numerical model is used to simulate the experimental setting presenting two-
dimensional modes only. These cases correspond to the frequencies fi o, f2,0, f3.0 and f4 o,
which exhibit 2D behavior on the front face of the tank, and f; 1, which shows 2D behavior
on the lateral face.
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Figure 8. Experimental free-surface behavior at 5.40 Hz: front (left) and lateral (right) in each column

The mesh used for the numerical simulations consists of triangular elements, which is a
requirement for the remeshing process of PFEM. Figure 12 illustrates the initial mesh. A
nonuniform element size is defined in the model, with &, = 2 mm in the free-surface region,
and h, =7 mm in the bottom of the tank. A linear interpolation defines /4, in between. The
numerical method uses a single-phase fluid approach; therefore, only the water domain is
meshed. The physical properties used in the simulation are p = 1000 kg/m?, u = 0.001 Pa - s
and ¢ = 0.072 N/m. The Alpha-shape parameter is set to a = 1.2 for large elements, and the
tuning parameters are @ = 0.7 and y = 0.3. A special consideration is applied when the nodes
belong to the free surface, in which case the parameter y ¢ = 0.2 (Fernandez et al., 2023a).

4. Numerical validation: comparison with the experimental data

This section shows the numerical-experimental comparison of the results obtained for
sloshing problem with vertical imposed motion. Digital CPs are used, following the same
spatial arrangement as in the experimental free-surface tracking. Figures 13(a) and (b), 14(a)
and (b) and 15(a) and (b) show the free-surface behavior and the frequency response spectra
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igure

F

at the CPs shown in Figure 4 and listed in Table 2. These figures show a good correlation of

the numerical results [Figures 13(b), 14(b) and 15(b)] with respect to the experimental ones

[Figures 13(a), 14(a) and 15(a)]. However, particularly for the higher frequencies, the
evolution of the free surface at points located CPx2, CPx4, CPx6 which record lower

amplitudes, differs more from its experimental counterpart. To explain these differences, we

evaluated the mass lost or gained in the simulation, which is a well-known source of errors in

PFEM (Idelsohn et al.

2004; Cremonesi et al., 2020). Figures 16(a), 17(a) and 18(a) show

5

the mass evolution during the analyses. The initial total mass is 40 kg per meter of thickness.

The figures show that mass can be created or reduced due to the addition or removal of

elements during the standard alpha-shape remeshing process, even when appropriate
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Finally, Figures 22-24 show a zoom of the experimental and numerical free-surface

Snapshots for experiments and simulations at different instants are plotted i
evolutions, a good fit is also observed in such a figures.

corrected free-surface evolution are plotted in Figures 16(b), 17(b) and 18(b). It can be seen
Figures 19-21, globally confirming the good behavior of numerical simulations.

vertically according to the difference between the current mass and the original mass. The
that these figures improve the predictions of the evolution of the free surface.

overcome this fact, in the present work, a mass correction is applied as a post process to the
computed free-surface evolution. This correction consists of shifting the free surface

adjustments of the alpha-shape parameters, y and @ are made to reduce that variation. To
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Frequency [Hz]

the frequencies of the free

]

[f —f|/f x 100, with respect to f taken as the analytical natural (reported in

column 2 of such a table) or imposed (reported in column 3) frequencies, depending on

the case,

(b) Experimental behavior at 5.40 Hz in lateral face

Figure 11. Experimental behavior at 5.40 Hz of CPs (left) and FFT spectrum (right)

for each of the analyzed mode shapes. As observed

Table 4 reports the frequencies present in the experimental and numerical free-surface
responses at the given CPs. The relative error of the dominant frequency of those responses is
surface correspond both to the natural frequency and to the imposed excitation frequency

Table 5 show the maximum and minimum wave heights # for the experimental and
numerical studies. The reported values are average of maximum (or minimum) during a
representative time interval. The error is the standard deviation for the collection of

applied to the tank.

computed as &,
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Figure 12. Initial mesh used in the numerical simulation
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Figure 14. Experimental (a) and numerical (b) behavior at 3.86 Hz of CPs (left) and FFT spectrum
maximums (or minimums) values. These results confirm a good fit between numerical

predictions and experiments.
This work investigates vertical up-and-down sloshing through both experimental and

numerical approaches. The experiment considers a rectangular tank filled with water and

subjected to vertical excitation at three different frequencies

5. Concluding remarks
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sloshing modes. PFEM is used to simulate, in 2D, the experimental setup that leads to two-

dimensional sloshing modes.

The numerical and experimental results show agreement in both amplitude and

frequency, allowing the validation of PFEM for vertical sloshing simulations. The maximum

absolute error between numerical and experimental values reaches 0.11 Hz for frequencies

we show that

affects the sloshing modes. Howeve

and 5mm for wave heights after applying the mass correction. In addition,

mass variation, a well-known source of error in PFEM,

r)
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HFF Table 4. Comparison of frequencies in [Hz] for sloshing responses

36)3 Analytical natural Imposed Frequency Relative error*
fii frequency frequency CP Exp. Num. Exp. Num.
fio 1.16 2.32 CP1 1.174 1.124 1.21% 3.10%
CP2 2.331 2.372 0.47% 2.24%
CP3 1.183 1.124 1.98% 3.10%
1374 S0 1.93 3.86 CP1 1.987 1.873 2.95% 2.35%
CP2 3.889 3.870 0.75% 0.26%
CP3 1.932 1.873 0.11% 2.35%
fi 2.09 4.18 CP1 2.065 N/A 1.20% N/A
CP2 4.013 N/A 3.99% N/A
CP3 1.993 N/A 4.64% N/A
fn 2.38 4.76 CP1 2.384 N/A 0.17% N/A
CP2 4.705 N/A 1.16% N/A
CP3 2.320 N/A 2.52% N/A
NEY 2.44 4.88 CP1 2.497 2.497 2.34% 2.34%
CP2 4.897 4.869 0.35% 0.23%
CP3 2.372 2.497 2.79% 2.34%
I3 2.70 5.40 CP1 2.640 N/A 2.22% N/A
CP2 5.396 N/A 0.07% N/A
CP3 2.741 N/A 1.52% N/A

Note(s): *relative error with respect to the analytical (column 2) or imposed (column 3) frequencies; N/A
not applicable, only 2D simulations were run

Table 5. Comparison of maximum and minimum height waves [mm]

Mmax Mimin

fi Exp. Num.* Exp. Num.*

fio 50.39+0.35 55.24+3.73 —25.72+1.06 —27.59+0.96
J20 22.19+3.20 26.18+0.78 —17.52 +4.04 —18.45+0.56
fi 42.4440.26 N/A —30.85+0.22 N/A

fa 19.35+0.16 N/A —16.98 +0.20 N/A

fx 22.82+0.10 20.69+0.88 —16.96+0.08 —14.57 +£0.55
3 24.78+0.28 N/A —20.74+0.20 N/A

Note(s): N/A not applicable, only 2D simulations were run. *numerical values with external mass correction

according to our results, this source of error needs to be addressed by adjusting the elevation
of the free surface to compensate for the creation or loss of mass.

PFEM was employed in its standard form, using the classic alpha-shape remeshing
strategy, and in 2D. The perspectives of this work include extending the simulation to the 3D
case, testing recent remeshing algorithms developed for PFEM, and studying the effect of
more advanced time integration schemes in PFEM, with the goal of improving both the
understanding of sloshing in tanks and the reliability of PFEM simulations.
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