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ABSTRACT

ARTICLE INFO

Liquid tanks are indispensable members of civil engineering structures like liquid
petroleum gas storage tanks and aerospace structures. Fluids can act unpredictably
under earthquake excitation or dynamic loads. Loads applied to tank changes during
motion and there can be deformations at the tank or even at the structure where the
tank is placed. This is called sloshing and many researchers study the behavior of it.
In this research, behavior of baffles having different elastic modulus is investigated
by a fluid-structure interaction (FSI) method. The numerical method is a fully cou-
pled FSI method proposed by the authors, recently. The method, which is verified by
many problems, uses smoothed particle hydrodynamics (SPH) for fluid domain, finite
element method (FEM) for structural domain and contact mechanics for coupling of
these two domains. In analysis, a tank and a baffle having constant initial geometry
are excited by harmonic motions. Elasticity of baftle is changed to investigate the ef-
fect on sloshing. Results show that tip displacement of baffle has linear relation with
its elasticity for higher rigidities. In contrast, tip displacement of baffle has constant
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tip displacement for lower rigidities.

1. Introduction

Sloshing is a phenomenon causing high pressure on
the walls of the liquid tanks. Dynamic movements of lig-
uid causes sloshing. While only hydrostatic pressures
are observed in a stationary liquid tank, higher pressures
occur in a moving tank. Although the liquid tank differs
in shape or usage area (Marsh et al., 2011), sloshing is a
condition for all. Tanks may be in the shape of prismatic
(Liu and Lin, 2009), cylindrical (Hasheminejad and Mo-
hammadi, 2011) or silo (Maleki and Ziyaeifar, 2008) and
contain water, oil or liquefied fuels. Liquid tanks existing
in many areas from water tanks on the building roofs to
spacecrafts containing liquid fuel are exposed to differ-
ent excitations under the effect of sloshing.

In order to reduce the increasing loads during slosh-
ing, researchers used different tank shapes or placed
baffles inside the tank. Using baffles in the liquid tanks,
which basically limit the movement area of the liquid,

has been the subject of many studies. Baffles were placed
in different parts of the tanks in different sizes and their
effects on sloshing were investigated. While ring-shaped
(Gavrilyuk et al., 2006; Modaressi-Tehrani et al., 2007)
or floating (Koh et al.,, 2013; Lishi et al., 2013) baffles are
placed in cylindrical and silo tanks, plate-shaped baffles
(Akyildiz, 2012) are used in rectangular tanks in differ-
ent positions. The baffles change the flow direction of the
liquid or in other words, limit the flow area of the liquid,
so the force on the walls of the tank is reduced.

Baffles were mostly designed as rigid plates in the lit-
erature (Biswal et al., 2006). Since the baffles and liquid
tanks are assumed to be rigid bodies, the computational
area is only the liquid area. Various fluid models to ana-
lyze the sloshing effects proposed in the literature. The
examples of the proposed models may be finite element
model (FEM) (Biswal et al., 2006), volume of fluid (VOF)
(Jungetal.,, 2012), variational boundary element method
(VBM) (Gedikli and Ergiiven, 2003), smoothed particle
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hydrodynamics (SPH) (Cao etal,, 2014; Chen etal., 2013;
Demir et al., 2019; Dinger et al.,2019; Servan-Camas et
al, 2016), moving particle semi-implicit method (MPS)
(Demir and Dincer, 2017) and consistent particle
method (CPM) (Koh et al,, 2013). In recent years, the use
of particle-based methods in fluid modelling has in-
creased, the most popular of these methods may be SPH.

There are few studies in the literature where baffles
are considered as elastic structures. In one of these stud-
ies (Bermudez et al., 2003), the baffle was placed in the
middle of a rectangular tank as a thin steel plate. The in-
teraction between the structure and the liquid was in-
vestigated by the added mass method. In a similar study
(Herndndez and Santamarina, 2012), steel plates were
placed on the walls of the rectangular tank. In the litera-
ture, there are studies (Hwang et al., 2015; Hwang et al,,
2016; Madhumitha et al., 2017) in which the structures
having considerably small modulus of elasticity were
used as baffles. In these studies, the sloshing effect was
investigated under rotational motions.

In this study, elastic baffles are focused on. The behav-
ior of the elastic baffle placed in the middle of a rectan-
gular tank partially filled with water and its effect on
sloshing are observed. In the simulations, the baffles
with different modulus of elasticities are used. Thus, the
effect of the modulus of elasticity of the baffle on sloshing
is investigated.

The analyses are carried out with the SPH-FEM based
fluid-structure coupling method which was recently in-
troduced to the literature by the authors and whose ver-
ification has been completed with many models (Demir
et al,, 2019; Dinger, 2019; Dinger et al., 2019; Dinger et
al,, 2017). In this method, SPH and FEM are used for the
simulation of the fluid and solid domains of the problem,
respectively. The interaction of fluid and solid parts is
satisfied with contact mechanics. In the next part of the
study, the equations of the SPH method used in the anal-
ysis of the fluid part are given, then the equations of the
finite element method used in the analysis of the struc-
tural part are defined. Then, contact mechanics are ex-
plained. After that, simulation setup is defined, results
are presented and conclusions are drawn.

2. Numerical Methods
2.1. Smoothed particle hydrodynamics (SPH)

SPH is a particle-based method. The differential equa-
tions of the particle motion are converted to ordinary
differential equations using the kernel function. The
change in density, p;, velocity, V;, and position, r; of ith
particle with respect to time can be expressed as:

dp;

a 7=1mj Vij- Wij 1)
av; P; Pj
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where, i and j are the neighboring particles, m is the
mass, V;; is the velocity difference between two neigh-
boring particles, f;, is the body forces including the grav-
itational acceleration, Ak is the contact force applied
from the solid body, W;; is the kernel function and VWW;;
is the gradient of kernel. In the study a cubic spline ker-
nel is used.

W;; = W(|rij|'h) (4)

where, h is the smoothing length and taken as 1.33 times
the initial particle spacing. According to Eq. (3), a stabi-
lizer is added to the velocity of the particles to lower the
velocity difference of two neighboring particles. In addi-
tion, an artificial viscosity, 7r;;, is used in Eq. (2) to lower
the numerical oscillations. The equation of the artificial
viscosity,

_ pui-duijei )
Y Pij
_ hVij-Tij (6]
Hij 7ij2+0.001h2

where, ¢ and ¢ are the empirical constants and taken as
0.2 and 1, respectively, c is the speed of sound and 7;; is
the position difference between two neighboring parti-
cles.

In order to find the pressure, P, the fluid can be as-
sumed slightly compressible and the equation of state
can be used. According to the equation of state, the pres-
sures depend on the initial pressure, P;, and initial den-
sity, po are shown in Eq. (7).

P =P, [(pﬂo)7 - 1] 7)

Leap-frog algorithm is used for discretization of time.
The maximum time step size is calculated from Courant-
Friedrichs-Lewy (CFL) condition (Anderson, 1995;
Hirsch, 2007). In the modeling of fixed walls, mirror par-
ticles are used to provide the sliding boundary condition.
The boundary between the elastic baffle and fluid field is
satisfied by the contact mechanics described in the fol-
lowing sections.

2.2. Finite element method (FEM)

The well-known equation of motion can be defined as:
Mii+Cu+Ku=F (8)
where, M is the mass, C is the damping, K is the stiffness
matrix, u is the displacement, u is the velocity and ii is

the accelearation.
M= [,pN"NdV

C=[,uN"Ndv
K =[,B,"EB,dV + [, By," SBy,dV
F=[,NTfdv

where, p is the density, u is a constant, E constitutive
matrix, S is the second Piola Kirchoff stress tensor and f
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is the body force vector. Time discretization is satisfied
with Wilson-6 method (Wilson et al., 1972) and given as:

Kut*' =F 9)

where the stiffness matrix K and, the force vector, F, can
be calculated as:

°  M+>C+K

K= (6At)2 6At

F=(3M+25C)it + (=M +3C)ut +6F

where, At is the time step and 6 is a constant and sug-
gested to take as 1.42. Therefore, the velocity and the ac-
celeration vectors are obtained as:

S+l 1_3)-1_( 6 )'t ( 6 ) t+1
u ( o) U ozac) ¥ + o3acz) U

2.3. Coupling method

A node to line contact potential can be defined as
(Bathe and Chaudhary, 1985; Dinger et al., 2019):

Him; = (Kltr:;m + Akinv)T[(Auinv + Oinv) - (1 - U)AuF - TIAuS] (10)
where, inv is the invader node, k2" is the contact force
att + At, Ak;,, is the incremental contact force, Au,,, is
the incremental displacement of the invading particle,
Ojny is the invasion amount, Auy and Aug are the incre-
mental displacements of the first and second nodes of
the line element, respectively. 77 is a parameter defining
the position from the first node of the line element.

nT

1 =" PE — 0fit) — pi) (1)

where, n is the unit normal vector of the line element, [
is the length of the line element, PL}At ve PEY4, are the
positions of the SPH particle and node at t + At, respec-
tively.

A new potential I1,,,,, is obtained by subtracting the
contact potentials obtained from the summation of each
invading particle from the existing potential, [1. By com-
bining the new potential with Eq. (10), incremental finite
element equations including the contact potentials are
obtained.

KLt Kt+at] 1 AU t+at At Rt+At
S A Pl A G ol T CE2
where, KIJAt, KAt are the stiffness matrices of the
structure and contact, respectively, AU is the incremen-
tal displacement vector, Rt*4¢ is the total applied exter-
nal force vector, Ft+At is the equivalent nodal force vec-
tor, REFAt is the contact force vector element.

At this stage, the mass participation of the invading
particles should be added to the set of equations shown
in Eq. (12) so that they can be solved together with the

structure. In order to ensure this participation, in the
Newmark method (Newmark, 1959), the @ and g coeffi-
cients are used by taking 0.5 and 0.25 respectively. In
other words, the mass matrix of invading particles
MEHAE should be multiplied by 2 / (At*2) before put-
ting it into Eq. (12). A more detailed derivation of the
contact potential of the node to line (Dinger et al., 2019)
or line to line (Bathe and Chaudhary, 1985) can be fol-
lowed from previous studies.

3. Numerical Setup and Results

Reducing the sloshing effect in tanks may be possible
by increasing the performance of the baffles. For this
purpose, the researchers previously placed the baffles in
different parts of the tanks in different shapes and sizes.
In this study, the effect of modulus of elasticity of baffles
are observed. As seen in Fig. 1, numerical simulations are
carried out with a plate-shaped baffle placed in the mid-
dle-bottom of a rectangular tank. The length of fluid tank
is 30 cm and it is partly filled with water having a depth
of 10 cm. The thickness and the height of the elastic baf-
fle are 3 mm and 8 cm, respectively.

30 cm

10 cm

Fig. 1. Numerical setup.

The walls of the tank are assumed rigid. The modulus
of elasticities of the baffle are taken between 1.0x10¢ Pa
and 1.0x1011 Pa and for this study 7 different modulus of
elasticities are used within this range. In the simulations,
the Poisson’s ratio is taken as 0.3. The ground motion
used in the analyses is harmonic, has an amplitude of 10
mm and a frequency of 2.4 Hz, and is given in Fig. 2. A
single harmonic motion is selected to limit the context of
this research in which the harmonic motion is selected
depending on achieving clear and visible motion of baffle
and free surfaces.

In the numerical model, the rigid walls of the tank are
simulated with the mirror particle method as stated in
the SPH section of the article. Finite element method is
used for the model of elastic structure. In this model, 200
four-point quadrilateral finite elements are used. The
mesh size is found to be sufficient for the mesh inde-
pendency. For the fluid part, the distance between the
particles is chosen as 1.5 mm and therefore, 10546 SPH
particles are used. The time step is calculated from CFL
condition and found as 0.016 ms.

The tip displacements of baffles for the different
modulus of elasticity values are given in Fig. 3. The
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ranges of vertical axis of figures are changed in propor-
tion to the increase in modulus of elasticity. Modulus
values are naturally existing values. The baffle is first
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Fig. 3. The tip displacements of baffle for different modulus of elasticities.

As seen in Fig. 3, the proposed method is successful to
obtain solutions for baffle with a wide range of elastic
modules. For values of modulus of elasticity above 1.0
GPa, tip displacements are observed below 1mm. The os-
cillations are unclear or consists sound for the baffles
having higher elastic modulus, because their tip dis-
placements are very small. Consequently, in the baffles
having modulus of elasticity below 1.0 GPa, the sound
disappeared and oscillation/harmonic motion becomes
dominant. The baffle with an elastic modulus of 0.01 GPa
displaces at an amplitude greater than the harmonic
ground motion, whose amplitude is 10 mm.

100
10
1

1.00E+06
0.1

1.00E+07

log;o(E)

0.01

0.001

1.00E+08

[t can be seen in Fig. 3 that the modulus of elasticity is
in a linear relationship with the tip displacement of the
baffle. This relationship can also be observed in Fig. 4,
which shows the maximum tip displacements of baffles
in different modulus of elasticities drawn in logarithmic
scale. However, this linear relationship lasts up to the
baffle having the modulus of elasticity of 0.01 GPa, where
the maximum tip displacement is 27 mm, then linearity
is replaced by a fixed maximum tip displacement. The
maximum tip displacement observed in the simulations
is 36 mm.

1.00E+10 1.00E+11

log,(d)

Fig. 4. Modulus of elasticity vs tip displacement.

The maximum tip displacement of the baffle having
linear relationship with elasticity, which is the linear
part of Fig. 4, is obtained where the harmonic motion
passes approximately from the starting point which can
be seen in Fig. 5. On the other hand, when the linearity is
impaired, that is, the elasticity falls below 0.01 GPa, the
maximum tip displacement of baffle shifts towards the
instants when the harmonic motion reaches the opposite
directional maximum displacement which can also be
clearly seen in Fig. 5.

In modulus of elasticity values in which linearity is im-
paired, tip displacement of the baffles tends to remain
constant. The reason can be described by the period shift
shown in Fig. 5. The period shift can also be explained
with the change in water free-surfaces for the baffles
having different modulus of elasticities given in Fig. 6. In
addition, the water free-surfaces are stagnant for the
baffles with lower modulus of elasticities since they dis-
place in harmony with the water.
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Fig. 6. Water free-surface profiles for the baffle having the modulus of elasticity of (a) 0.01 GPa; (b) 0.05 GPa; (c) 0.002 GPa.

4. Conclusions

In the study, the effect of baffles having different mod-
ulus of elasticities on sloshing is observed. The fluid-struc-
ture interaction method developed in the previous stud-
ies of the authors and validated for different problems is

used for the analyzes in this study. In the simulations, the
relationship between modulus of elasticity and tip dis-
placement of baffle is determined. This relation is linear
for higher elasticities and constant for lower elasticities.
It is found that in the case where the modulus of elastic-
ity of the baffle is sufficiently reduced, almost constant
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tip displacement is observed because the baffle cannot
resist the motion of water. In contrast, in the case where
the modulus of elasticity of the baffle is higher, the rela-
tionship between modulus of elasticity and tip displace-
ment is found to be linear. The relationship between the
tip displacement and the modulus of elasticity of baffle
depends on the shape of the tank, the depth of the fluid
and the ground motion, etc. The scope of the study is nar-
rowed by keeping the geometry and ground motion con-
stant. Therefore, the relationship between the modulus
of elasticity and tip displacement of the baffle cannot be
generalized in the scope of this study. A more compre-
hensive study is planned based on the simulation results
obtained in this study.
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