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Abstract

In this study, a numerical investigation, through a fluid-structure-interaction (FSI) approach, of the behavior
of the lateral liquid sloshing inside a tank with a flexible anti-sloshing device (ASD), under normal gravity,
is presented. The considered geometry is a rectangular tank, partially filled with water, and equipped with
two ASDs on the lateral walls. A partitioned two-way FSI procedure is developed, and used to carry out a
parametric analysis to investigate the influence of the ASDs’ flexibility on the liquid motion damping. The
results show that, increasing the ASD’s flexibility, it is possible to raise the damping ratio with respect to the
one obtained with a rigid device, allowing to design lighter baffles for a required level of damping.
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1. Introduction

Sloshing is the movement of the unrestrained free surface of the liquid contained in a partially filled
tank, caused by the motion or excitation of its container. In particular, the liquid motion which takes
place mostly in response to translational or pitching motions of the reservoir is indicated as lateral
sloshing [1]. Sloshing is a phenomenon that occurs in various fields, among which oil & gas and
aerospace. In particular, the latter sector has highly emphasized research into sloshing problems,
driven by the need to develop high-speed aircraft and large rockets 4., 5]. Indeed, the sloshing
motion generates forces and moments which can significantly impact the dynamics and stability of
aerospace vehicles, and which can also jeopardize tank structures.

In order to mitigate sloshing inside tanks, ASDs, such as baffles, are commonly used. Baffles are
partitions employed to divide the tank into compartments, stabilizing and containing the liquid within
its designated areas. Baffles act as dampers of the fluid motion, and, in their presence, the liquid
damping is the sum of two contributions, a smooth-wall viscous damping, which is due to the interac-
tion between the fluid and the tank wall, and a damping due to the presence of the baffles. The first
contribution is negligible with respect to the second, as it has been noticed both in experimental and
numerical studies [6, [9].

Flexible baffles can be used to increase the liquid damping effectiveness, this possibility has been
demonstrated experimentally [7, [8]. Such improvement depends both on the baffle depth and on the
sloshing amplitude. In particular, in Garza [8], it has been seen that the rigid baffle is more effective
in proximity of the free surface, instead the flexible baffles become more effective for higher baffle
depths. Moreover, in Garza [8], the relative damping (ratio between the flexible baffle damping and the
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rigid baffle damping) has been shown to vary from an approximate value of 2 for the smallest tested
tank amplitude, to a value slightly greater than 1 for the highest tested tank amplitude. However, from
this experimental campaign, it has remained questionable whether the flexible baffles would offer
more damping than the rigid ones for larger excitations amplitudes.

Due to the cost and the complexity associated with performing experiments of sloshing with flexible
ASDs (and the complexity of the operations is even increased if the liquid considered is cryogenic,
as it often happens in aerospace applications), computational FSI offers a valuable alternative for
studying this phenomenon. Computational FSI has been applied to several engineering scenarios,
spanning from energy [16,17]] and aerospace applications [13,14,[15], up to the medical field [18,[19].
However, its application to the sloshing in tanks with deformable baffles remains limited. Some of the
studies available, in the literature, rely on the use of particle-based methods for FSI [20] [21].

Three main classes of FSI coupling techniques have been developed over the years: the field elimi-
nation treatment, the monolithic treatment, and the partitioned treatment. The application of the first
methodology is advisable for linear problems. In the monolithic treatment, the governing equations
for the fluid, structure, and mesh motion are solved simultaneously. The advantage of using this ap-
proach is that it is more robust; while, its disadvantage is that it requires writing a unique FSI solver,
prohibiting the usage of commercial fluid and structure solvers. Instead, in the partitioned treatment,
the equations of fluid mechanics, structural mechanics, and mesh motion are solved sequentially.
The partitioned approach offers the appealing advantages of software reuse, and modularity, which
have contributed to the selection of this approach for the present study. Nevertheless, this approach
requires careful implementation to prevent significant deterioration of stability and accuracy [10].

In the present study, we have set up a partitioned two-way FSI methodology to numerically assess
the possibility of increasing the liquid damping ratio in tanks with lateral sloshing, by the use of
flexible ASDs. The considered test case consists of a rectangular tank, partially filled with water, and
equipped with two baffles, each wedged on a side of the lateral wall. The tank wall is considered
rigid, except for the baffles, for which a parametric study has been carried out, spanning different
values of the Young’s modulus and, hence, of the material flexibility. The interest in increasing the
baffles damping stems from the desire to use lighter devices. The engineering problem considered
is characterized by a strong coupling between the fluid and structural dynamics and, therefore, in the
following, guidelines are given to the reader on useful techniques to stabilize the coupled solution.
The study is organized as follows: firstly, the considered geometry and operating conditions are
described; after that, the details of the chosen setups for the fluid dynamics field, structural field and
system coupling are specified; then the characteristics of the used meshes for the fluid dynamics and
structural fields are presented; finally, the results of the analysis are outlined.

2. Computational setup

2.1 Tank geometry and Operating Conditions

The considered tank, whose geometry details are represented in Fig. (1}, and summarized in Tab.
has a rectangular parallelepiped shape, characterized by the following dimensions: a height, H, of
1.2 m, a width, 2L, of 0.8 m, and a thickness, w, of 0.2 m. Moreover, it is equipped with two baffles,
also schematized in Fig. (1} each anchored on one of the two side walls, at a height #;, = 0.78 m from
the tank bottom. The geometrical features of the baffles, summarized in Tab. |2, are a length, L,, of
0.11 m, a width, wy, of 0.16 m, and a thickness, 1, of 3.05 mm. It is worth noticing that w > w;, for this
reason two gaps exist between the baffle and the front and back walls of the container. The baffles
are, then, anchored only to the tank lateral walls, and behave as single edged beams.

Value [m] Value [m]
IZ (l)i wp 0.16
w 0'2 Ly 0.11
. 10-3
hy 078 t 3.05-10

Table 1 — Tank geometrical features. Table 2 — Baffle geometrical features.
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Figure 1 — Geometrical features of the tank and the baffle.

The tank is partially filled with water, having a height, 4, of 0.88 m, thus, the corresponding filling
level is h/L = 2.23. The water is characterized by a density of 998.2 kg/m* and a dynamic viscosity of
1.003-1073 Pa-s. The ullage is filled with air, having a density of 1.225 kg/m> and a dynamic viscosity
of 1.79-1073 Pa-s. The pressure inside the tank is 1 arm. The sloshing is triggered by an impulsive
lateral acceleration. The magnitude of the impulse is 2 m/s?, its duration is 0.1 s, and it acts between
0.05 s and 0.15 s. As regards the ASD material, six different cases have been considered, which
are characterized by different values of material flexibility. The values of Young’s modulus, E,, and
density, p,, of the baffle material, for the different cases, are summarized in Tab.

Run number FSI  E,[Pa]  pylkg/m’]

Run 1 Off oo [-]

Run 2 On 2.1-10" 2770
Run 3 On 7.1-10'° 2770
Run 4 On 24-10° 2770
Run 5 On 1.1-10° 950
Run 6 On 5.5-108 950

Table 3 — Baffles material properties for the different cases considered in the parametric study.

The selected approach has been to start from a rigid baffle configuration, in which the Young’s mod-
ulus is assumed to be infinite (E, = ), and, then, to gradually reduce its value, in order to see the
effect of material flexibility on the liquid damping ratio. In particular, the values of E, and p, associated
to the simulations addressed as Run 3 and Run 5, in Tab. |3} correspond, respectively, to the choice of
aluminum alloy and polyethylene, as baffle material. Instead, in the simulations addressed as Run 2,
Run 4, and Run 6, the used material is fictitious as the Young’s modulus has been varied either with
respect to that of aluminum or with respect to that of polyethylene to investigate the effect of the
material flexibility. More specifically, in Run 2, the Young’s modulus is three times that of aluminum,
in Run 4, it is one-third that of aluminum, and, in Run 6, it is half that of polyethylene. Moreover, the
scenario characterized by an infinitely rigid baffle has not been run with a FSI approach, as only the
fluid dynamics solution is significant in this case.
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2.2 Fluid dynamics settings

The three-dimensional unsteady Navier-Stokes (NS) equations have been solved using the commer-
cial CFD software Ansys Fluent® [11]. The Volume-of-fluid (VOF) method [24] has been used to
track the two-phase fluid interface. The two phases have been modeled as incompressible, laminar,
with constant thermophysical properties, and immiscible. The surface tension within the two phases
has been taken into account with the Continuum Surface Force (CSF) model [25], and has been set
to the constant value of 0.074N/m. For all the simulations, the pressure-based solver has been em-
ployed, with the selection of the SIMPLE algorithm as pressure-velocity coupling scheme. Second
order upwind schemes have been used for spatial discretization of the convective terms in continuity
and momentum equations, and Ansys Fluent®’s "Compressive" scheme [11] has been chosen for
the volume fraction equation, with the selection of sharp interface regime modeling. A second-order
implicit time discretization has been used, and the time step has been set to 0.005 s. Both the tank
walls and the baffles walls have been considered adiabatic and no slip.

The chosen fluid dynamics setup has been validated in our previous work [9], where the experimental
campaign of Perez et al. [6] has been reproduced, simulating the sloshing in a cylindrical tank
with a single rigid ASD ring, for three different filling levels, and damping values comparable to the
experimental ones have been obtained. With respect to the validated setup, the present one differs
only for the activation of the dynamic mesh settings. Hence, in the presence of a deformable baffle,
the mesh has to deform, during the computation, due to the motion of the fluid-solid interface in
response to the displacements computed from the structural solver. The mesh motion has been
applied only to the two parallelepiped regions confining the baffles (which are specified in Fig. [i),
instead the rest of the mesh has been modeled as stationary, in order to reduce the computational
time. The selected dynamic mesh method is the diffusion smoothing [11], in which the mesh motion
is governed by a diffusion equation, and the mesh nodes move in response to the motion of the
fluid-solid interface but do not change in number in time.

2.3 Structural dynamics settings

The selected structural solver is Ansys Mechanical® [12]. The structural solver, at every time step,
receives the forces from the CFD solver, and computes the displacements associated to those forces.
Moreover, geometric non-linearities are taken into account in the solution process.

For the present analysis, no substeps have been employed, indeed the analysis has a time step size
equal to the fluid dynamics one (0.005 s).

Even if the damping of the structure is very limited compared to the fluid damping, in some of the
simulations carried out (Run 4 , Run 5 , Run 6), the structural damping has been introduced in order
to stabilize the solution process. Anyway, some of our preliminary analyses have shown that the
introduction of damping in the solid, being very limited, has no effect on the damping level of the liquid.
In the present study, the Rayleigh damping model [26] has been applied. In the latter formulation,
the damping matrix is assumed to be proportional to the mass, and stiffness matrices. Moreover,
the approach to extract the Rayleigh damping coefficients from modal analysis, proposed in [27],
has been used. More specifically, the two modes corresponding to the maximum effective mass
participation have been selected, and a damping ratio of 2% and 8% has been assigned to them.
Moreover, even if the solid damping has been used also in Run 5 and Run 6, it was not necessary in
those cases, because the coupled solution was already stabilized by the application of the interface
quasi-Newton with inverse Jacobian from a least-squares (IQN-ILS) model. Finally, the boundary
condition applied to the side of the structure attached to the wall is that of a fixed support, i.e. all the
degrees of freedom (both translations and rotations) are set as null on that boundary.

2.4 Systems coupling settings

A partitioned two-way FSI procedure has been implemented using Ansys System Coupling® [28].
Since two-way FSI simulations have been carried out, two data transfers exist. The first one is repre-
sented by the transmission of force data from the CFD solver to the CSD one. On the other hand, the
second data transfer arises when the CSD solver transfers back to the CFD one the displacements
associated with the external loads. Such displacements serve as an input for the process of mesh
movement.



Numerical Investigation on the Liquid Sloshing Damping inside a Tank with a flexible Anti-sloshing device

The FSI iterations inside a coupling step are carried out until data transfer convergence is reached,
i.e. when the root mean square, over all locations, of the normalized change in the data transfer value
between two successive iterations is equal to a convergence target (here set to 0.01), or when the
maximum number of coupling iterations, N, is reached.

Moreover, to improve the convergence of the analysis, in the cases characterized by a high value of
the baffle material flexibility, the force computed from the fluid dynamics solver is transferred to the
solid domain using the ramping procedure. More specifically, the entire fluid dynamics force is not
transferred instantaneously to the solid domain, at the beginning of each coupling step. Instead, in
each coupling step, the force value transferred to the solid side of the interface is increased linearly
to the overall value, in a certain number of iterations, N,.;,. A schematic of the ramping procedure
used for the force data transfer is shown in Fig.

3

(tbRaw

Transferred variable (¢)

|—| Nmm

Coupling iteration

Coupling step #1 Coupling step #2

Figure 2 — Schematics of the ramping procedure for data transfer: transferred variable as a function
of the coupling iteration.

In some cases, i.e. when the baffle is highly deformable, reaching a converged FSI solution can be
challenging. Indeed, the baffle is a slender body moved by an incompressible fluid in a non-stationary
motion, and, in addition, the density of the solid is comparable with the fluid one when polyethylene is
used, causing a significant added mass effect. In those cases, the IQN-ILS [22, 23] has been used
to stabilize and accelerate the coupled solution. When using this model, an approximate Newton
iteration is applied to the data transferred at the coupling interface [22, 23]. The settings used for the
systems coupling for the various cases considered are summarized in Tab.

Run number Ramping IQN-ILS N, Nuin

Run 1 Off Off 5 [-]
Run 2 Off Off 5 []
Run 3 Off Off 5 [-]
Run 4 Off Off 5 []
Run 5 On On 12 5
Run 6 On On 12 5

Table 4 — Systems coupling settings.

2.5 Meshing strategy

For the fluid domain, a fully polyhedral mesh (of average size Asy.q, = 0.06 m), with a volumetric
refinement (of average size As,,r = 0.01 m) in the region containing the baffles and the liquid free
surface, has been chosen. A three-dimensional view of the fluid grid is shown in Fig.

Concerning the solid domain, a fully structured hexahedral mesh (of medium size Asyjiq = 1.6-10~3m)
has been adopted.
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The features of both meshes are summarized in Tabs. [5|and[6] The two grids are non-matching at
the fluid/solid interface, as it is evident in Fig. [, which shows the surface grids at the interface, on
the fluid side (left) and on the solid side (right).

Value

Value
. 5
Number of cells 110 Number of Galls (T Bafie) 14 10"
Assurf [m] 0.01 Ag [m] e 1073
Asbody [m] 0.06 solid .

Table 5 — Fluid mesh features. Table 6 — Solid mesh features.

Figure 4 — Non-matching grids at the fluid/solid interface: fluid side (left) and solid side (right).
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3. Results

In this section, the results obtained with the infinitely rigid ASD configuration are compared with those
obtained with the materials characterized by a decreasing level of the Young’s modulus, to assess the
possibility of increasing the mitigation of the sloshing motion, and, consequently, of the lateral forces
acting on the container’s walls, when the baffle’s deformability increases.

Fig. [5] shows the time history of the lateral force for the six values of Young’s modulus considered in
the parametric study. The lateral force represents the total force acting on the tank and baffle walls,
projected in the direction of the sloshing solicitation.

250

rﬁ ————— Runl

200 H ——— Run2 -
Run3
Run4

——— Runj

150 1 ——— Run6 "}

S50 H

Runl

— Run2
————— Runi
0 Rmn{
————— Runj
—— Run6
.50 i i | 1 i 1
0 0.5 1 1.5 2 25 3 1 1.5 2
Time (s) Time (s)

Figure 5 — Time history of the lateral force for the six cases considered in the parametric study (left),
with a zoom of the region comprising the first two minima of the lateral force (right).

After the end of the lateral impulse, acting between 0.05 s and 0.15 s, a damped sloshing motion be-
gins, and an oscillating behavior in the lateral force can be observed, with a characteristic frequency
of about 1 Hz, for all the scenarios considered. Thus, it can be concluded that, for the analyzed
configurations, the baffle flexibility does not influence the first sloshing mode frequency.
The effectiveness of suppression devices depends upon the damping forces they can provide on the
liquid motion, which can be evaluated by means of the damping ratio, y. For a free-decaying sloshing,
in a fixed tank, the amplitude of the slosh oscillations decreases according to a logarithmic decrement
law, so the damping ratio is defined as:
1 X0
7—27m1n (xn) v

where x, represents the amplitude of the slosh wave at a selected initial moment, and x, represents
the amplitude of the slosh wave at a selected terminal moment, after n cycles. In this work, the
damping ratio has been evaluated using the first two minima of the oscillating signal of the lateral
force, F;, and so the value of n is equal to one.

The values of the damping ratio obtained for the different values of Young’s modulus considered are
summarized in Tab. [71

Starting from the rigid baffle configuration, for which the damping ratio results to be y = 0.0402, no
increase in the damping ratio is observed if the Young’s modulus is decreased down to the aluminum’s
value (Run 3). Indeed, in these cases, the maximum vertical displacement, associated to the tip of
the baffle, is about 20 um, and so the ASD deformability is negligible.

The first small effects given by the material deformability are visible when the Young’s modulus is
decreased to the value of 2.4-10'° Pa (Run 4). In this case, the maximum baffle displacement becomes
60 um, and the damping ratio is characterized by an increase of 0.25% with respect to the infinitely
rigid case.
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Run number Dampingratio E,q [%] Max displ. [mm]

Run 1 0.0402 [] 0.000
Run 2 0.0402 0.00 0.007
Run 3 0.0402 0.00 0.020
Run 4 0.0403 0.25 0.060
Run's 0.0415 3.23 1.540
Run 6 0.0431 7.21 2.595

Table 7 — Results of the simulations in terms of damping ratio, percentage relative variation, E, ¢, of
damping ratio with respect to the rigid case, and maximum vertical displacement of the baffle tip.

When the material chosen for the baffles is polyethylene (E, = 1.1-10° Pa ), the baffle’s flexibility is
such that the damping ratio experiences an increase of 3.23% with respect to the rigid case, and the
baffles experience a maximum vertical displacement of 1.54 mm.

Lastly, the increase in damping ratio reaches the maximum value of 7.21% if the Young’s modulus is
halved with respect to that of polyethylene (Run 6). Indeed, in the latter case, the baffle tip reaches
about 2.6 mm in terms of maximum vertical displacement. For this case, characterized by the highest
flexibility, the vertical displacement of the baffles in correspondence of two configurations of the free
surface is shown, in Fig. [6] Finally, in Fig. the contours of the z-vorticity on the x-y symmetry
plane, for the rigid case, i.e. Run 1 (top), and for the most flexible case, i.e. Run 6 (bottom), at two
instants, 0.2 s (Fig. [/|a)) and 0.4 s (Fig. |[/| b)), are shown. It is evident that, in the case of flexible
baffles, the vorticity in the region near the baffles is stronger, thus the vortices detaching from the
ring tip are more intense, and they have a stronger interaction with the free surface, increasing the
damping level.

Y displacement [m]

= o001

0.000
-0.000
— |y

Figure 6 — Water volume fraction (top) and baffle vertical displacement (bottom) at 0.1 s (left) and
0.9 s (right). Figures refer to Run 6.
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Figure 7 — Contours of the z-vorticity in the x-y symmetry plane, for Run 1 and Run 6, ata)r = 0.2 s
andb)t = 0.4 s.

4. Conclusions

In this study, a partitioned two-way FSI methodology, relying on the use of existing commercial soft-
wares, has been developed and applied to the technological problem of lateral sloshing in tanks with
deformable baffles. Moreover, a parametric study on the value of the baffles material flexibility has
been carried out, while the rest of the tank wall has been modeled as rigid. The considered geometry
consists of a rectangular tank, partially filled with water, and with two ASDs anchored on the lateral
walls.

The results show that, for the considered geometry, fluid, baffle location below the free surface, and
forcing acceleration, if the Young’s modulus is decreased down to the aluminum value, no variations
in terms of the damping ratio with respect to the infinitely rigid case can be noticed. On the other
hand, if the Young’s modulus is decreased of two orders of magnitude with respect to the aluminum
value, a potential (because some of the materials considered are not real) increment of the damping
ratio up to about 7% can be reached. The possibility to increase the damping ratio modifying the
baffle material flexibility is appealing as it paves the way towards the production of lighter devices.
The increase of damping ratio with the material flexibility increment can be attributed to the higher
mobility of the baffle in response to the liquid motion, which increases the intensity of the vortices
detaching from the ring tip, and, thus, increases their interaction with the free surface.

However, the material flexibility, despite affecting the baffle damping effectiveness, does not influence
the first sloshing mode frequency, for the considered operating conditions.

As concerns a methodological point of view, as the engineering problem considered is characterized
by a strong FSI coupling, the use of procedures to stabilize the coupled solution is highly recom-
mended for the cases characterized by high values of baffle flexibility. These procedures are, firstly,
the ramping of the force data and, if necessary, also of the displacement data transferred between
the CFD and the CSD solvers. Secondly, the use of the interface quasi-Newton with inverse Jacobian

9
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from a least-squares model is recommended to stabilize and accelerate the coupled solution process.
Finally, the objective of the ongoing and future activities is to further deepen the knowledge on the
influence of flexible baffles on the sloshing behavior, in particular on the damping ratio and first slosh-
ing mode frequency. To achieve this goal, several configurations will be considered, characterized
by different geometries, fluid as well as baffle materials, baffle location below the free surface, and
excitation amplitudes.
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