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ABSTRACT

This paper presents a Fluid-Structure Interaction (FSI) numerical study of a deformable
two-dimensional floating rectangular tank partially filled with water and subjected to a
regular wave effect. It is based on the coupling of a two-phase flow solver from the
OpenFOAM code, based on the Finite Volume Method (FVM), and an elastic solid solver
from the FEniCS code, based on the Finite Element Method (FEM). The two solvers are
coupled using the preCICE library for the Fluid-Structure Interaction (FSI) problem. The
Arbitrary Lagrangian-Eulerian (ALE) formulation is adopted for the two-phase Navier-
Stokes equations in a moving fluid domain. An implicit coupling scheme is used to solve
the FSI problem. The effect of swell excitation is considered by introducing a source term
into the equations governing the fluid and the solid. The obtained results show that for
the studied case, the tank walls' flexibility increases the sloshing amplitude and the
fluctuations at the air-liquid interface, and causes a phase shift in the free surface response
compared to the rigid case. The Fast Fourier Transform (FFT) applied to the time
responses of the free surface and the tank wall highlights that the obtained results give a
good agreement with the analytical solution.

Keywords: FSI coupling, Numerical modeling, Regular waves, Sloshing, Deformable
tank, Floating tank.
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INTRODUCTION

Numerous tanks serve the purpose of either storing or transporting liquids (Bahloul
Guerbabi and Farhi, 2015). These vary from the transportation of liquid energy, such as
vehicle fuel to tanks designed for non-energy liquid products like drinking water. In
instances where the tank is not completely filled and exposed to complex external
excitations, the sloshing phenomenon occurs. In summary, sloshing in tanks can
contribute to tank deterioration when combined with other factors like deformations and
displacements of tank walls. Proper design, material selection, and maintenance practices
are crucial to ensuring the longevity and safety of storage tanks. On the flip side, floating
systems for marine renewable energies, including floating tidal and wind turbines,
represent innovative and promising solutions for harnessing clean energy from the ocean
(Debbache and Derfouf, 2018). Using a partially filled liquid is one method to enhance
the stability of floating structures, particularly for floating wind turbines. The key
principle involves using a water-filled structure with a significant portion submerged
below the waterline.

The investigation of sloshing has recently become increasingly popular. A numerical
model was developed by Liu et al. (2020) to investigate the behavior of the liquid oxygen
inside a tank subjected to sinusoidal excitation considering various parameters such as
sloshing force, moment, pressure, and dynamic response of the free interface. The results
obtained are validated by existing experimental data. They highlight the influence of
density, damping effects, and external excitation on various parameters within the system.
An experimental approach was used to study sloshing under combined heave and sway
motions using an experimental approach, while a numerical approach was used to analyze
sloshing under combined heave and surge motions (Jin et al., 2022). The numerical study
presents the influence of surge frequency on sloshing pressure due to unstable heave
excitation. Cases of off-resonant surge frequencies show less violent peak dynamic
pressures, while near-resonant or resonant frequencies exhibit significant increases in
peak dynamic pressure. Using the bidirectional coupling method, Luo et al. (2022)
investigated the height of sloshing waves in storage tanks after seismic excitation. The
research emphasized the critical importance of choosing suitable numerical methods to
ensure precise estimation of sloshing peak values. The study further underscored the
imperative for customized seismic design considerations, particularly in the specific
context of large-scale LNG storage tanks situated in regions prone to seismic activity.
The sloshing dynamics were studied by Kargbo et al. (2021) by examining the interaction
between oil and water and a T-shaped baffle in a rectangular tank that was subjected to
pitching excitation. The investigation employed a combination of numerical simulations
and experimental setups to investigate sloshing phenomena in tanks, considering factors
like mesh convergence, layered sloshing, interaction with porous structures, and the
effects of T-shaped porous baffles on fluid behavior. The results demonstrated good
agreement between experiments and numerical simulations. An experimental study on
the parametric sloshing behavior in a tank subjected to high-frequency and low-frequency
excitation conducted by Yu et al. (2019) was carried out on a six-degree-of-freedom
motion platform, and the focus was on understanding how vertical baffles influence
parametric sloshing (Yu et al., 2020a). The findings suggest that the optimal number and
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position of baffles depend on the specific sloshing mode and provide valuable information
for designing effective damping strategies in practical applications. A numerical and an
experimental investigations were conducted by Akyildiz and Unal (2005), Akyildiz and
Erdem Unal (2006) that focused on pressure distributions at various locations and the
three-dimensional effects on liquid sloshing within a partially filled 3D rectangular tank
subjected to pitch oscillations. The study explored multiple configurations, including both
baffled and unbaffled tanks. The comparisons reveal good agreement for both impact and
non-impact slosh loads in the investigated cases. Faltinsen (1974) developed a third-order
steady-state solution for liquid sloshing in a two-dimensional rectangular tank. This
solution is applicable when the tank is excited by swaying and rolling motions. This
solution is based on Moiseev's theory (Moiseev, 1958). A numerical methodology based
on a cell-centered pressure-based algorithm and the level set method was developed in
(Chung-Yueh Wang et al., 2010) to determine the sloshing motion of fluid in a two-
dimensional rectangular tank, incorporating either a single baffle or two baffles.
Validation of the numerical results is performed against published data, particularly from
Armenio (1997), demonstrating good agreement. Yu et al. (2020b) analyzed a violent
liquid sloshing in a rigid cylindrical tank equipped with multiple rigid annular baffles and
provoked by an external excitation with either large amplitudes or resonant frequencies.
the study demonstrates the significant impact of impermeable and permeable baffles on
sloshing behavior, providing insights into the optimal design parameters for suppressing
sloshing in liquid cargo transport systems.

The earlier-mentioned studies did not explore the impact of flexibility on the sloshing
behavior of the liquid under varying excitations, nor did they consider the Fluid-Structure
Interaction (FSI) effects. The numerical interaction between liquid sloshing and an elastic
and rigid baffle was studied by Ren et al. (2023) using SPHinXsys. The obtained results
are validated with the experiments. The liquid sloshing behavior in a flexible tank
subjected to external excitation was analyzed by Khouf et al.(2023) using a two-phase
flow solver and an elastic solid solver within the OpenFOAM code by taking into account
Fluid-Structure Interaction (FSI) effects. The model is utilized to evaluate the impact of
liquid sloshing on the tank's dynamic response and the influence of tank flexibility on
liquid sloshing. The analysis reveals that the proposed model obtains excellent results,
validated against analytical solutions for linear sloshing and experimental data for
nonlinear sloshing. The Finite Volume Method of OpenFOAM has not provided an
accurate solution to the structure equation. A new numerical coupling model was
proposed by Kha et al. (2024) for investigating the sloshing dynamics in a 2D flexible
rectangular tank under complex excitation, coupling OpenFOAM code and FEniCS code
through the preCICE coupling library to investigate the influence of varying liquid filling
levels in a flexible tank under seismic excitation. The proposed coupling model proves
reliable and efficient for studying sloshing in a flexible tank subjected to external
excitation.

Despite the abundance of literature on sloshing, there are no studies dealing with sloshing
in a floating flexible tank exposed to the swell effect. This research aims to develop a
numerical model by coupling a two-phase flow solver within the OpenFOAM code using
the Finite Volume Method (FVM) and an elastic solid solver within the FEniCS code
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using the Finite Element Method (FEM). This coupling is facilitated through the preCICE
coupling library. To study the effect of wall flexibility on liquid sloshing a partially filled
tank subjected to swell excitation is considered. In this study, the tank is completely
carried by the free surface. The structure of this paper is outlined as follows. Section 2
describes the problem, including the parameters of the swell excitation. Following that,
Section 3 covers the mathematical modeling and numerical model, while Section 4
explores the effects of swell excitation on liquid sloshing within a flexible tank. Lastly,
Section 5 summarizes and concludes the study.

PROBLEM DESCRIPTION AND PARAMETERS

In this study, our emphasis is on the storage tanks within a marine vessel (Figure 1).
Specifically, a partially filled 2D rectangular floating deformable tank with a length L, =
0.57m and a height H; = 0.3m. The tank is filled to 50% (Hy = 0.15m) capacity with
water and is subjected to motion driven by waves. The tank walls thickness is determined
to be t,, = 0.02m. (All the tank’s dimensions are reduced with a 1/40 scale.)

The swell is treated as a regular wave characterized by a peak-to-valley height, h,, =
0.15m. It is modeled as a periodic oscillatory motion of the water surface, with a period,
T, = 12s, obtained from equation (2). This period represents the time interval between
two consecutive wave peaks or two successive wave valleys at a specific point situated
on the water surface at rest. The wavelength, 1 = 5.7m, represents the horizontal distance
between two corresponding points on two successive wave peaks or wave valleys,
obtained with the ratio 4 = 10 L, corresponding to the real value 4 = 228m (see all
parameters in Figure 1). The period (T,,) plays a crucial role in determining the
morphology of oceanic waves and has a significant impact on their length and frequency,
as noted by Molin (2002). Commencing with the period equation (equation (1)),
we can derive the relationship for the wavelength (equation (2)).

A
T, = % (1)
A=156T; ()

The dynamic behavior of both the tank and the liquid inside is represented through a
coupling of the OpenFOAM code for fluid dynamics, employing the finite volume
method, and the FEniCS code for structural dynamics, utilizing the finite element method
(Amara et al., 2013a; 2013b; 2016; Amara and Berreksi, 2018). This coupling is achieved
using the preCICE library. In this analysis, the influence of waves is entirely dictated by
the modified gravity (as indicated in equation (4)). This gravitational effect is
incorporated as a source term in both the fluid and structure equations (9) and Erreur !
Source du renvoi introuvable. respectively. All calculations are conducted within the
reference frame of the tank.
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l L

Figure 1: Tank motion in a seaway.

NUMERICAL MODEL

In this study, the waves and the swell of interest are exclusively influenced by gravity.
We consider that the floating reservoir follows the motion of the wave. The basis
associated with the reservoir is the origin of the reference system (0x; y;) located at the
center of the tank and at the free surface at rest (n = 0). Causing a tilting of the reservoir
within the reference system (0X; ;) to the reference system (0X, y,) located at the
center of the tank and the free surface elevation with an inclination angle «, as defined by
equation (3).

To facilitate the simulation in this reference system (oX, y,), (see Figure 2), the
conventional gravitational force, denoted as g, was replaced with an acceleration

attributed to the waves, represented by A_; It is expressed according to equation (4) in the
basis (0X; y,) linked to the reservoir.

a= Opaxcos(wt) 3)
A= gi+¥e 4)

Here, g, represents the gravity influenced by the waves expressed by g, = g sin(a) x; +
g cos(a)y; , while ¥, denotes the rotational maintenance due to the water's rotation,
Qmax 18 the maximal angle of inclination given by equation (5), w is the angular
frequency (equation (6)) , t is the time, and %; , y; are the unit vectors in terms of
positive directions of axes (x;) and (y;) respectively,.

OCmax = tan_l(thc//l) (5)
w=2mn/T, (6)
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Tatm

Initial free surface

Point Vessel

Figure 2: Diagram presenting the case study.

Figure 3 shows the curves of the various components of equation (4). For a first
approximation, the tank is considered to be a materially small point in relation to the
swell, resulting in a wavelength larger than the reservoir's length, which prevents rotation
due to water. Under this approximation, the rotation effect is neglected thus that equation

(4) becomes equation (7) as follows:

- .

gs = g sin (a) x; + g cos(a) y;

6 T T T T
gsin(a)x]
4l geos(@)yr _
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Figure 3: Presentation of different components of the applied excitation.
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Fluid dynamics

The analysis of fluid dynamics within the tank involves resolving the Navier-Stokes
equations for an incompressible two-phase fluid (Lebdiri et al., 2020). Given that the fluid
moves alongside a container in motion, adjustments to the motion equation are necessary
to incorporate the displacement of the domain. The expression of the Navier-Stokes
equations in moving domain is facilitated through the utilization of the Arbitrary
Lagrangian-Eulerian formulation (Ozdemir et al., 2009). The derivation of these
equations involves a combination of the continuity equation (8) and the momentum
equation (9):

V-u=0 (3
a" — — — - — e
Pfa—1:+Pf((u—W)'|7)u=—|7P+ quu+ pfgs+fa 9)

Where: pf is the density of the fluid mass, i is the flow velocity, w is the domain
displacements velocity, P is the fluid pressure, fif is the kinematic viscosity of the two-

phase (liquid and air), and ]_f; is the surface tension (at the air-water interface tension).

Equation (10) gives the fluid issue's boundary and initial conditions. Where: ¢ is the
structural velocity, n is the normal unitary vector to the open top boundary [y, [, is the
bottom boundary, Iy is the fluid-structure interface, and ()¢ is the fluid domain.

ou

I onlym
u=0 onl (10)
U= 6 on I
1(0) =0 on 0y

In OpenFOAM, the Volume of Fluid method (VOF) is employed to handle two-phase
flows involving two immiscible fluids with no inter-phase exchange. This approach was
used in this study for modeling and monitoring fluid interface. The volume fraction ¥
(0 <y < 1) is employed to signify the proportion or rate of volume occupied by the
liquid within a specific cell. The function ¥ is advectated with the velocity field u,
according to equation Erreur ! Source du renvoi introuvable..

oY = — _
ZDrveuy+ V-w (- p) =0) (1)

U, = U — Uy is the relative velocity of the liquid relative to air. u; and u, are respectively
the velocities of the liquid and the gas. This artificial term is introduced to restrict the
diffusion of the air-liquid interface.

The fluid density and the dynamic viscosity are given by:

pr= pyY+p,(1—-1) (11)
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He = +pg(1 =) (12)
Where the indices [ et g represent the liquid phase and the gas phase respectively.

In OpenFOAM, the Finite Volume Method (FVM) is employed to discretize the equations
governing the two-phase flow.

Structure dynamics

The structure deformations are determined by the linear elasticity equation (13), wherein
5 represents the local displacement field, o is the stress tensor (14) within the structure,
ps is the structure mass density, and the gravity vector g, defined by equation (4), is
furthermore a contributing factor.

0% S
Ps3e2 = V-os+ ps gs (13)
with:
os = Agtr(e)l + 2use (14)
e=1/2(VE+ VT (15)
E

de= ————

14vs)(1-2v5)
G (16)

Hs = 2(1+vg)

Where A and g are Coefficients of Lamé of the structure, € represents the strain tensor,
E is the young coefficient and v is Poisson's ratio.

The boundary conditions and initial conditions for the structure problem are provided by
the relations (17) where I}, is the wall limit, £ is the solid domain, o is the stress tensor
in the fluid and n is the outward normal vector at the interface I.

N

&E=0 on I,
o5 = op 1 onlg (17)
£(0)=0 on 0

FEniCS uses the finite element method (FEM) for solving transport equations in structure
analysis.

Fluid-structure coupling
When examining sloshing inside a flexible tank, it is crucial to incorporate Fluid-Structure
Interaction (FSI) phenomena (Messaoudéne and Ferrouk, 2024). This can be effectively

tackled through the application of diverse coupling techniques (Rajaomazava et al.,
2011). The coupling between fluid and structure involves equations that describe the
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interaction and influence of one on the other. Thus, the velocity and stress continuity must
be satisfied at the fluid-structure interface (equation (18)).
i=¢ on[;

o; = op ' onl

In this study, the partitioned method is used, coupling OpenFOAM and FEniCS via
preCICE with an implicit scheme algorithm. This involves the resolution of fluid
equations through OpenFOAM and structure equations through FEniCS. After meeting a
predefined convergence criterion, it becomes essential to iterate through this process
multiple times within each time step. The preCICE interface ensures the exchange of data
between the two software codes. The numerical model was validated by the simulation
of a rigid and flexible tank exposed to harmonic excitation comparing with experimental
data and analytical predictions.

SLOSHING UNDER WAVE EFFECTS

To investigate the influence of the flexibility of the tank walls on liquid sloshing
dynamics, two distinct cases involving tanks made of different materials are examined. A
rigid reservoir with a Young’s modulus of E = 15.10%° MPa and a flexible one with a
Young’s modulus of E = 15MPa are considered. In both cases, the same tank is
considered without any external excitation (under hydrostatic pressure effect). In the
flexible tank case, only the gravity force causes the deformation of the walls until
approaches a stable value of maximum deflection, as depicted in Figure 4. The computed
value is 5.1mm, approximately matching the analytical value d, = 5.59mm calculated
using the formula (20) of the beam theory where Hy is the fluid filling level, H is the
walls height, E is the Young’s modulus, and [ is the quadratic moment of inertia of the
beam’s cross section. The relative difference between the two values is approximately
8.77%.

_ PrgHf
dq = 120 EI (5H; — Hy) (20)
The fluid's free surface exhibits the behavior depicted in Figure 5. After a few seconds,
the free surface decreases by approximately 0.8mm from its initial level due to
deflections of both walls in opposite directions. To initiate the applied excitation case, the
initial condition will be set based on this stable state, aiming to prevent fluctuations at the
beginning of the simulation. Then the swell effect is applied.
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Figure 4: Displacement of the top walls in time's function.
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Figure 5: Free surface elevation of liquid.
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Figure 6 illustrates the variations in the free surface elevation of a liquid of both flexible
and rigid wall cases over time extracted at a probe located 20mm from the right wall.
The data was collected at every 1s, and the resulting plot offers insights into the dynamic
behavior of the liquid surface. The general trend of the graph shows that fluctuations in
the free surface elevation of the flexible and rigid walls have almost the same peaks.
Several prominent peaks can be observed in the results. These peaks represent the case
where the free surface elevation reaches its maximum height. In addition to peaks, there
are identifiable troughs where the free surface elevation reaches its lowest points. These
troughs may indicate periods of decreased elevation or settling of the liquid. The
maximum sloshing amplitudes are 20.85mm at t = 6.31s for the flexible case and
20.49mm at t = 6.13s for the rigid case, indicating an almost 1.73% difference between
the two cases. A phase shift is moreover clearly observed between both cases since the
flexible case is more compliant than the rigid case. This means that the flexible case can
deform more readily in response to the waves generated by the excitation. The period of
the modulated wave envelope Tr = 10.73s is longer in the flexible tank case than in the

rigid case T,, = 10.41s which corresponds to 2.98% of difference.

20 4 0 '|'| —— Flexible case
] I a —— Rigid case
I ||".'|| I
l ,|II| I|I
10 1 '| ||]|| I|I ||.|| i
, ||| I| III /
| | l II v II.
]1 || -“ |||- III T'-I
|| Wi} \
i 4

n (mm)

—20 4

Time (s)

Figure 6: Free surface elevations for both flexible and rigid walls.

Figure 7 represents the tank wall deflections extracted from the points at the top of the
left and right tank walls over time, measured at regular time steps. This analysis aims to
understand the dynamic behavior of the wall in response to the wave effect and liquid
sloshing. Figure 7 exhibits a gradual increase and then a decrease in wall displacements
over the swell period. This suggests an ongoing and cumulative effect on the structural
integrity of the walls. during the gradual trend, there are peaks in wall displacements.
These peaks indicate the case of maximum displacement.
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Figure 7: Top tank wall displacements.

In order to estimate the natural frequencies of a fluid and a structure, the Fast Fourier
Transform (FFT) analysis is performed on the time history responses of both free surface
elevations and wall displacements. Figure 8 displays the FFT curves that were acquired.
Thus, the computed value of the excitation frequency (f, . = 0.50 Hz) presents the first
peak for both rigid and flexible walls cases which is close to the given value (f, =
0.52 Hz) with a relative difference of 3.84 %. The second peak f; . = 0.93 Hz presents
the computed value of the natural sloshing frequency which is close to the analytical value
f1 = 0.96Hz calculated from (Faltinsen and Timokha, 2009) with a difference of 3.12%.
The last peak (f;. = 1.50 Hz) is the computed value of the structure eigenfrequency,
which are comparable to the analytical value f; = 1.55 Hz computed from (Blevins,
2001) with a difference of 3.22%. The FFT generated many other frequencies, among
these frequencies there is the frequency 3.10Hz which corresponds to 2f; . Overall, the
FFT analysis appears to have been successful in estimating the natural frequencies of the
fluid and the structure. The computed values are close to the analytical values, with
differences of less than 4%.

64



FSI modeling of liquid sloshing in a flexible floating tank under regular wave effect

—— FFT-Fluid-Flexible

|'| —— FFT-Fluid-Rigid
—— FFT-structure
0.93 Hz

Frequency (Hz)

Figure 8: FFT of free surface and the wall displacement.

CONCLUSION

A numerical study on the behavior of the liquid into a two-dimensional flexible
rectangular reservoir subjected to the effects of a regular swell was considered. The
coupling of a two-phase flow solver in OpenFOAM with an elastic solid solver in the
FEniCS code was achieved using the preCICE coupling library to model the fluid-
structure interaction (FSI) problems. The Finite Volume Method (FVM) is used in
OpenFOAM to discretize the two-phase flow equations. FEniCS uses the finite element
method to solve the linear-elastic equation of a structure. The FSI coupling problem is
solved by using an implicit coupling scheme strategy to ensure simulations stability. The
numerical model was validated through comparison with analytical predictions and
experimental data on a rigid and flexible tank under harmonic excitation.

The analysis of the effects of regular wave on flexible tank mentioned that the flexibility
of the wall has an important effect how sloshing occurs and vice versa. It is shown that in
the current study case, the influence of flexibility is not very significant, which is
attributed to the fact that the swell applied is longer than the tank's size. In addition, the
flexibility caused a phase shift in the free surface response between both cases that shows
an important modification of the sloshing in the reservoir with a flexible wall. The FFT
study showed that the obtained results are in good agreement with the analytical solution
for both flexible and rigid case. This work will be extended to a 2D application of a
floating reservoir into a wave channel.
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