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Abstract: - In this work, the Computational Fluid Dynamic (CFD) method was used to simulate the liquid
sloshing phenomenon in a rectangular tank. The tank was subjected to an external sinusoidal excitation.
Particularly, we are interested on the study of the external excitation frequency effect. The hydrodynamic
parameters describing the flow like the velocity field, the average velocity, the static and the dynamic pressure
were presented. All numerical results were conducted using the commercial CFD code "FLUENT". The
volume of fluid (VOF) method based on the finite volume method was used to simulate incompressible viscous
two phase flow in a tank partially filled with liquid. The results show that the liquid sloshing significantly
depends on the frequency value. For a weak value of frequency, the liquid moves slowly. With the increase of
the frequency, the liquid sloshing becomes more violent. A good agreement has been shown by comparing our

numerical results with the experimental one.
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1 Introduction

When a container partially filled with liquid is
subjected to an external excitation, the phenomena
of sloshing are present. These phenomena are
interest of many engineering sections such as
petroleum cylindrical tanks, road tankers, aerospace
vehicles and liquefied natural gas carriers. Thus, the
control of sloshing phenomena in different types of
container is very important. In fact, the sloshing can
causes structure problems. This phenomenon of
liquid sloshing in the partially filled container is a
result of different external excitations. Therefore, it
has been studied for many excitation types. For
example, Akyildiz et al. [1] developed an
experimental setup to study the phenomena of
sloshing in a rectangular tank subjected to an
external sinusoidal excitation. They studied sloshing
for different values of fill depth and the baffle
effect. Molin et al. [2] investigated experimentally
and numerically the phenomenon of sloshing in a
tank excited with horizontal and rolling movement.
Yan et al. [3] discussed experimentally the effect of
lateral and longitudinal excitations on the sloshing
of the liquid in a partially filled tank. Jin et al. [4]
studied experimentally the effect of horizontal
perforated plates with different values of frequency
and amplitude of an external sinusoidal excitation.
Their study revealed that the amplitude and the
frequency of the external excitation affect the
behavior of the sloshing. Also, they showed that the
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use of the perforated horizontal plate can
significantly reduce the sloshing in the tank.
Godarzi et al. [5] investigated numerically the
motion of the liquid in a partially filled container
subjected to harmonic and seismic excitations. Hou
et al. [9] analyzed numerically the liquid sloshing
phenomenon in a rectangular tank subjected to
external excitations. The volume of fluid (VOF) and
the dynamic mesh technique are used to predict the
deformation of the free surface and to impose the
external excitations respectively. They compared the
effect a single excitation and the effect of multiple
coupled excitations. They concluded that the
sloshing is more important for the case of multiple
coupled excitations and the case of the resonant
frequency. Meziani et al. [11] studied the problem
of sloshing in rectangular tank subjected to an
external sinusoidal excitation in the vertical
direction. The sloshing phenomenon is also studied
in a tank subjected to a lateral sinusoidal movement
by many researchers [6-8]. Akyildiz et al. [10]
analyzed the sloshing phenomena in a tank
subjected to rotational flow for different values of
rolling frequencies.

Nowadays, The CFD (computational fluid
dynamics) is used in several studies fields [12-15].
Especially, Yu el al. [16] used the CFD technique to
study the effect of the geometry variations on the
nozzle flow. They concluded that the flow is
considerably affected by the geometry configuration
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in the nozzle. Andersson at al. [17] investigated the
free surface evolution in a reservoir during spilling
using the CFD technique. Mnasri et al. [18] studied
the free surface deformation caused by moving
cylinders. They used the moving mesh technique to
impose the cylinders motion and the VOF method to
predict the evolution of the free surface. In the other
hand, the CFD technique is used on the study of the
sloshing phenomena by many researchers. For
example, Sriram et al. [19] investigated the liquid
sloshing phenomenon in a tank subjected to
horizontal and vertical excitation using the CFD
method. Godderidge et al. [20] analyzed the motion
of the liquid in a rigid tank subjected to lateral
movement using the CFD technique. Bouabidi et al.
[21] investigated the motion of the liquid in a
rectangular tank with the commercial software
“Fluent” .They studied effect of the vertical baffle
height. Their results showed that the sloshing
phenomenon decrease with the increase of the baffle
height. According to the literature review, it is clear
that the study of external excitation parameters is
very interesting.

In this paper, we are interested on the study of the
liquid sloshing phenomenon in a rectangular tank
subjected to an external sinusoidal excitation using
the CFD technique. The VoF method is used to
predict the free surface evolution. The external
excitation frequency effect on the sloshing violence
is studied and analyzed. The numerical results like
the velocity field, the static pressure and dynamic
pressure are presented and discussed.

2 Geometrical arrangement

The considered geometry is a rectangular tank as
shown in figure 1. This geometrical arrangement is
similar to Panigrahy [22] application. In fact, the
geometry is defined by the length L=0.6 m and the
height equal to H=0.6 m. The tank is partially filled
with liquid with the height h=0.1 m.

e e

o | »

Fig. 1 Geometrical arrangement
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3 Numerical model

3.1 Governing equations

The phenomenon of liquid sloshing in a rigid tank
for an incompressible, immiscible fluid is governed
by the continuity and the Navier-Stockes equations
written as follows:

op O
—+—(pu;)=0 1
a  on (pu;) 1)
d d ap
—at(/?ui)Jf—an (P uj):__ii
— u(—+—)+F 2
to o H G )R )
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Where u; represent the velocity components, p
represents the density, p represents the pressure, u
represents the viscosity and F; is the external body

force.
2

B
F =pg, sl (3)

The turbulence kinetic energy k and its dissipation
rate € are given by the following equations:
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Gk and Gy are the generation of turbulence kinetic
energy (kg.m™.s®) respectively due to the mean
velocity gradients and buoyancy. Yy is the
contribution of the fluctuating dilatation in
compressible turbulence to the overall dissipation
rate. The turbulent viscosity . (Pa.s) is given by:
2
=G5 ©)

The default values of the constants C,., Cy, C,, o
and o, are presented in table 1.

Table 1. Model constants
Cle CZS C,u Ok O¢

1.44 1.92 0.09 1.0 1.3
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The external excitation is defined as follow:
X = Asin(wt) @)

Where A and o represents the amplitude and the
frequency, respectively. The amplitude is fixed as
A=0.1m for all simulation cases in this study.

According to Akyildiz et al. [23], the natural
frequency is given by the following equation:

nIlg nITh
= |—2 tanh(—— 8
N ®)

Where L represents the length of the tank, h
represents the liquid depth and n represents the
mode number.

For the liquid sloshing phenomenon, the resonance
frequency is different to the natural frequency of the
fluid given by equation (8) for n=1 [23]. The natural
frequency in this application is equal to f,=0.79 Hz.

Four different values of frequency were studied
(table 2).

Table 2. Frequency value

Frequency | Value (Hz) | Ratio fi/f,
fy 0.25 0.31
f, 0.5 0.63
fs 0.79 1
f, 0.9 1.14

The free surface is defined as the zero level set of a
level-set function @® given by the following
equation:

(D(xi, t) >0

CD(xi, t) =0 (9)

D (xi, t) <0

The free surface evolution is given by the transport

equation defined as follow:
9P w9 g (10)
o ox

Where u; represents the local velocity.
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3.2 Numerical method

The commercial CFD code "Fluent™ has been used
to present the local flow characteristics in the tank.
The VoF method (Volume of Fluid) is used to
identify the two fluids; water and air. For the
external excitation, a User Defined Function (UDF)
is developed on language “C++” and interpreted in
“Fluent”.

The Navier-Stokes equations and the standard k-¢
turbulence model equations were solved using a
finite volume discretization method [24-25].

4 Numerical results and discussions

In this section, we presented the numerical results
described the turbulent flow: the free surface
evolution, the velocity fields, the average velocity,
and the distribution of the static and the dynamic
pressure. The numerical results are presented for
four different values equals to f,=0.25 Hz, f,=0.5
Hz, f,=0.79 Hz and f,=0.9 Hz. For each frequency,
the hydrodynamics parameters are given over time:
at t=T/4, t=T/2, t=3T/4 and t=T.

4.1 Free surface evolution

The free surface elevation for the different values of
frequency is presented at t=T/4, t=T/2, t=3T/4 and
t=T as shown in figures 2, 3, 4 and 5 respectively.
Globally, we note that the liquid moves in the same
sense of the external excitation. In fact, at t=T/4 and
t=T/2 the liquid moves from the right to the left for
the different values of the frequency. At t=3T/4 and
t=T, the liquid changes the movement sense and
moves from the left to the right. In the other hand,
such results indicate that the sloshing behaviour
strongly depends on the frequency value. Indeed,
the minimum motion of liquid is observed for the
minimum value of frequency equal to f;=0.25 Hz,
whereas for the maximum sloshing has been
observed for the frequency value equal to f,=0.9 Hz.
For f;=0.25 Hz, the minimum free surface
deformation has been observed for the different
instances. The sloshing increases for f,=0.5 Hz. For
the natural frequency f;=0.79 Hz, the movement of
the liquid is more important than for f;=0.25 Hz and
f,=0.5 Hz and lower than for f,=0.9 Hz.

(a) ,=0.25

(b) £,=0.5
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o

(C) f;=0.79 (d) f,=0.9
Fig. 2 Free surface evolution at t=T/4.

(a) ,=0.25

[
[

(c) £:=0.79 (d) £,=0.9
Fig. 3 Free surface evolution at t=T/2

il
u

(a) f1:025 (b) f2:0.5

(c) £,=0.79 (d) £,=0.9
Fig. 4 Free surface evolution at t=3T/4.

(a) £,=0.25 (b) £,=0.5

.

_

(c) £:=0.79 (d) £,=0.9
Fig. 5 Free surface evolution at t=T.
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4.2 Velocity fields

The velocity field for the different values of
frequency is shown in figures 6, 7, 8 and 9 for the
different instances considered in this study.
Globally, we note that the liquid motion creates a
recirculation zones in the tank. In fact, for the f1
frequency a small recirculation zone appeared at
t=T/4. In this case, the maximum value can be
observed on the free surface close to the left wall.
However, the velocity is near zero in the rest of the
tank which means that liquid motion is very weak.
At t=T/2, the recirculation zone appeared on the free
surface close to the right wall. The maximum value
of the velocity appeared in the recirculation zone.
Also, we note that the velocity is different to zero
closes the left wall on the free surface. At t=3T/4,
the recirculation zones are more important. At t=T,
many recirculation zones appear on the free surface
close to the left and the right wall. In the other hand,
we note that the highest value is observed at t=T,
whereas the lowest value is observed at t=T/2. For
the second value of frequency f,=0.5 Hz, at t=T/4
the velocity value is more important in the bottom
of the tank. Also, we note that a large recirculation
is observed on the free surface. At t=T/2, the
highest value has been observed on the free surface
close to the wall. Two recirculation zones on the
free surface close to the left wall appear at t=3T/4.
At t=T, a recirculation zone appears close to the left
and the right wall on the free surface of the liquid.
For the natural frequency f;=0.79 Hz, a large
recirculation zone appears on the free surface in the
center of the tank, whereas a small recirculation
zone appears close to the left wall at T/4. At t=T/2,
the liquid motion is more important. Three
recirculation zones appear. Indeed, the first one is
located in the center of the tank, the second appear
close the left wall and the third appear in the right
corner in the bottom of the tank. The highest value
is observed in the bottom of the tank. At t=3T/4, one
zone of recirculation is observed on the free surface.
At t=T, two recirculation zones appear. The first is
located in the right half of the tank where the
maximum value is noted. For f,=0.9 Hz, the
behavior of the velocity is similar to the case of
f3=0.79 Hz at t=T/4. At t=T/2, the highest value is
observed on the free surface close to the left wall.
Three recirculation zones have been observed. At
t=3T/4, a large recirculation zone is located on the
free surface. At t=T, two small recirculation zones
have been observed. From such results, we conclude
that the velocity field depends strongly on the
external excitation frequency. Also, such results
indicate that the velocity field varies over time. In
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fact, for each value of frequency the velocity
evaluate over time.

(a) £,=0.25 (b) £,=0.5

l"" E

I , } I ,' !
() £:=0.79  (d)f,=09
Fig. 6 Velocity field at t=T/4.
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(c) :=0.79 (d) £,=0.9

Fig. 7 Velocity field at t=T/2.
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Fig. 8 Velocity field at t=3T/4.
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(c) £;=0.79 (d) f,=0.9
Fig. 9 Velocity field at t=T.

4. 3 Magnitude velocity

The distribution of the Magnitude velocity caused
by the motion of the liquid in the tank for different
values of frequency is shown in figures 10, 11, 12
and 13. Such results indicate that the distribution of
the Magnitude velocity depends on the external
excitation frequency. In fact, at t=T/4 the value of
the average velocity increases with increase of the
frequency. At this instant, the maximum value has
been noted for f,=0.9 Hz, whereas the minimum
value can be observed for f;=0.25 Hz. At t=T/2 and
t=T, the liquid return to change the sense due to the
change of the external excitation sense. Therefore,
the maximum value can be observed for f,=0.5 Hz
at t=T/2 and for f;=0.25 Hz at t=T. At t=3T/4, the
maximum value is obtained for f,=0.9 Hz. These
results revealed that the location of the highest value
of the mean velocity depends on the movement
sense.

PRI IRy

(@ f,=0.25

(d) £,=0.9

(c) f=79
Fig. 10 Magnitude velocity at t=T/4.

FUERVERY R
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(c) £:=0.79 (d) £,=0.9
Fig. 11 Magnitude velocity at t=T/2.

(a) ,=0.25

(c) £,:=0.79 (d) f,=0.9
Fig. 12 Magnitude velocity at t=3T/4.

(a) f,=0.25

(c) £,=0.79 (d) £,=0.9
Fig. 13 Magnitude velocity at t=T.

4.4 Static pressure

Figures 14, 15, 16 and 17 show the distribution of
the static pressure caused by liquid sloshing at
different probes. From these results, we note that the
location of the compression zones depends on the
external excitation frequency value. Since the
direction of movement of the fluid is the same
during a half period, the location of the compression
zones is the same one of the previous instant in a
half period. In fact, at t=T/4 and t=T/2 the
compression zones are located in the bottom of tank
in the left corner, whereas it is located in the right
corner at t=3T/4 and t=T. In the other hand, we note
that the value of the static pressure increases with
the increase of the movement frequency at t=3T/4
and t=T. Also, we note that the highest value of the
static pressure is maximal for f;=0.79 Hz At t=T/2
and t=3T/4.
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(b) £,=0.5

(C) f3=0.79 (d) f,=0.9
Fig. 14 Distribution of static pressure at t=T/4.

—

) £,=0.5

(c) ,=0.79 (d) £,=0.9
Fig. 15 Distribution of static pressure at t=T/2.

—
(c) £,=0.79 (d) £,=0.9
Fig. 16 Distribution of static pressure at t=3T/4.

I e —

(a) ,=0.25 ' ~ (b)f,=05
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(d) £,=0.9

(c) £:=0.79
Fig. 17 Distribution of static pressure at t=T.

4.5 Dynamic pressure

The distribution of the dynamic pressure in the tank
for the considered values of frequency is presented
in figures 18, 19, 20 and 21. From these results, it is
clear that the dynamic pressure distribution depends
significantly on the external excitation frequency. In
fact, the maximum value of the dynamic pressure is
observed for the maximum value of the frequency
for t=T/4, t=T/2 and t=3T/4. However, the minimum
value is obtained for the minimum value of
frequency. At t=T, the maximum value has been
noted for f;=0.79 Hz. Also, the location of the
maximum value in the tank varied with motion of
the liquid in the tank. In addition, we note that the
maximum value of the dynamic pressure appears in
the recirculation zones.

(a) f,=0.25 (b) £,=0.5
(c) f:=0.79 (d)f,=0.9

Fig. 18 Distribution of Dynamics
pressure at. t=T/4.

(@) f,=0.25 (b) ,=0.5
l . ' .
(c) f5=0.79 (d) £,=0.9
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Fig. 19 Distribution of Dynamics pressure at
t=T/2.

(a.) f,=0.25 (b) f,=0.5

) £,=0.79 (d) £,=0.9
Fig. 20 Distribution of dynamic
pressure at t=3T/4.

(a) £,=0.25

(c) £,=0.79 (d) £,=0.9
Fig. 21 Distribution of dynamic pressure at t=T.

5 Comparison with

results

Figure 22 shows the variation of the static pressure
for the different values considered in this study.
Particularly, we compare our numerical results with
the experimental results of Panigrahy et al. [22] for
the case of the frequency equal to f;=0.25 Hz. The
comparison gives a good agreement which confirm
the validity of our numerical model. Such results
indicate that the wvariation of the pressure is
characterized by a sinusoidal behavior for the
different values of frequency. In the other hand, we
note that the period of the pressure varied with the
variation of the frequency. In fact, it increases with
the decrease of the frequency value. The maximum
value of the pressure is observed for f,=0.9 Hz and
the minimum value is obtained for f;=0.25 Hz. For
the natural frequency equal to f;=0.79 Hz and the
frequency f,=0.9 Hz, it has been noted that the value
of the static pressure are very close.

experimental
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Fig. 24 Static pressure profile

6 Conclusion

In this paper, we studied the liquid sloshing
phenomena in a rectangular tank subjected to an
external excitation. The VOF method is used to
predict the free surface evolution over time.
Particularly, the effect of the external excitation
frequency is investigated. In fact, four different
values of frequency are examined. The results show
that the sloshing phenomena depend strongly on the
frequency value. Indeed, all numerical parameters
are affected by the frequency value. The free surface
evolution becomes more important with the increase
of the external excitation frequency. The liquid
moves slowly for a weak value of frequency,
whereas the liquid sloshing becomes more violent
with the increase of the frequency. For the velocity,
we conclude that the recirculation zones become
more important with the increase of the frequency.
Also, the velocity value increase with the increase
of the external excitation frequency. The same
conclusion can be drawn for the static and the
dynamic pressure. The results are affected strongly
by the value of movement frequency. In fact, the
location of the compression zones on the tank
depends on the frequency values. From these
results, we conclude that the sloshing phenomena in
the rigid tank depend on the external excitation
parameters, especially on the frequency for an
external sinusoidal excitation.

An interesting perspective is to develop an
experimental setup to study the liquid sloshing in
other representative cases. Further work in this
context is in progress.
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