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Abstract In this work, we are interested on the study of the mixing element effect on the hydrodynamic structure of the
battery cell subjected to an external sinusoidal excitation. Particularly, we have investigated the liquid motion in four deigns
of cell, the unbaffled cell, the cell with vertical baffle and the cell with two designs of mixing element. The governing
equations were solved numerically using the software “Fluent” to determine and describe the local characteristics of the flow
fields. The distribution of the velocity, the pressure as well as the turbulence characteristics for the different designs of the
battery cells were presented and discussed. The results show that the mixing element affects considerably the hydrodynamic
structure of the battery cell and confirm the efficacity of the use of the mixing element in the new design of the battery cell.
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1. Introduction

The phenomenon of liquid sloshing is defined as a time
dependent fluid motion with free surface in a container
oscillating along the horizontal direction perpendicular to
the gravity. This phenomenon is studied numerically and
experimentally in a great amount of works. For example,
Popov et al. [1] studied the phenomenon of liquid sloshing
in a cylindrical container. Zhang et al. [2] investigated the
sloshing in an elastic container for different values of
frequency. Bouabidi et al. [3] analyzed the effect of the
vertical baffle height to suppress the sloshing violence in
the partially filled container using the CFD. The study
confirmed that the sloshing decreases with the increase of
the baffle height. Chen et al. [4] developed a
finite-difference method to investigate the sloshing in tanks.
The effects of the frequency and the Reynolds number were
investigated. Papaspyrou et al. [5] studied the sloshing
phenomenon in a cylindrical container submitted to
longitudinal excitation. Bouabidi et al. [6] studied of the

time step size effect on the numerical simulation of sloshing.

They compared their numerical results with the
experimental results. They showed that the choice of the
optimum time step value leads to a good agreement for the
comparison of the numerical and the experimental results.
Battaglia et al. [7] studied numerically the problem of
free surface using the moving mesh technique. Belakroum
et al. [8] studied the effect of baffles on the liquid sloshing
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phenomenon in tanks. Bouabidi et al. [9] studied the liquid
sloshing in a battery cell with mixing element partially
filled with liquid using the commercial CFD code “Fluent”.
They studied the pumping phenomena under pressure
variation in the tank. A test bench was developed to
investigate the sloshing experimentally in the battery cell.
The comparison between the numerical and the
experimental results showed a good agreement. Bouabidi
et al. [10] carried out a series of experiments to study a
hydrostatic pump in a partially filled container. To
understand the source of the hydrostatic pump, they
performed a CFD simulation to predict the static pressure
distribution generated in the container under sloshing loads.
In another work, Bouabidi et al. [11] conducted a series of
numerical simulations to investigate the effect of the
external excitation frequency. They used the VOF (volume
of fluid) model to resolve the two phase problem. Their
study confirmed that the sloshing behavior depends on the
frequency value. In fact, the sloshing loads increase with
the frequency increase.

In the present work, we are interested on the study of the
mixing element effect in the lead acid battery cell. The
commercial software "Fluent" was used to develop a 3D
incompressible viscous two phase flow in a battery cell
partially filled with liquid.

2. Geometrical Arrangement

In this paper, a battery cell with mixing element developed
by Ebner et al. [12] is considered. It consists of three baffles,
two vertical baffles and one horizontal baffle. The
geometrical parameters are given in figure 1. To study the
effect of the mixing element, we start by the study of the



32 Abdallah Bouabidi et al.:

sloshing phenomenon in a rectangular tank. Then, we
investigate the effect of a conventional vertical baffle.
Finally, we examine the effect of two designs of mixing
element.

The topless battery cell is partially filled with a fluid. To
study the hydrodynamic structure, it is assumed that that the
fluid is the water with a density equal to p=1000 kg.m™.
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?32?;?:;2021 Definition Size
b Length of superior vertical baffle varied
a Length of horizantal baffle 150 mm
c Length of inferior vertical baffle 327.12 mm
H height of cell 500 mm
X Length of cell 800 mm
d Length inferior of cell 746.68 mm
e Breadth of cell 63.84 mm
f Breadth superior of cell 547.44 mm
1 Distance of baffle 612.5 mm
Figure 1. Geometrical arrangement
3. Numerical Model

The numerical simulation of the sloshing is developed
using the commercial software "Fluent". To study the two
phases problem (water and air), the VOF (Volume Of Fluid)
is used. The motion function is developed as a UDF (User
Defined Function). The UDF is developed in language “C++”
and interpreted in “Fluent” as a source term for the fluid. The
turbulence model is the standard k-e. The Navier-Stokes
equations in conjunction with the standard k-¢ turbulence
model are solved using a finite volume discretization
method.

The Navier—Stokes equations can be written in Cartesian
form as:
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Where u; are the velocity components, p is the static
pressure, p is the density, p is the viscosity, g is the
gravitational acceleration and f is the external force due to
the sinusoidal excitation calculated as follow:

9’x
ot

X represents the external excitation defined by the
sinusoidal function as follow:

X = Asin(wt)

f=p 3)

“

Where A and ® are respectively the amplitude and the
frequency. The amplitude is fixed as 4=0.025 L for all
considered simulation cases.

For the given rectangular prismatic tank, the natural
frequencies of the fluid are given by:

W, =, / nilg tanh(nnh)
L L

Where L is the tank length, h is the water depth and n is the
mode number.

For the problem of sloshing, the resonance frequency is
different to the natural frequency of the fluid obtained from
the equation for n=I. In this study, the frequency of the
sinusoidal motion has value of the lowest natural frequency
of the fluid of the mode n=1.

The turbulent kinetic energy k and its dissipation rate € are
given by the following equations [13]:
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G, and G, are the generation of the turbulence kinetic
energy (kg.m’.s?) respectively due to the mean velocity
gradients and buoyancy. Y, is the contribution of the
fluctuating dilatation in compressible turbulence to the
overall dissipation rate.

The turbulent viscosity x; (Pa.s) is given by:

kZ
#=pC,—
&€

®)

where C, is a constant.
The default values of the constants Cy,, C», C,, o and o,
are presented in table 1 [13].

Table 1. Model constants
C le CZE C“ Ok O¢
1.44 1.92 0.09 1.0 1.3
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4. Results and Discussions

4.1. Free Surface Evolution

The present application is a two phase problem. Over
time, each phase is presented by its volume fraction.
Figures 2, 3, 4 and 5 present respectively the free surface
deformation for the different battery cell designs at t=0.001
s, t=0.1 s, t=0.8 s and t=0.9 s. According to these results, it
is clear that the behavior of the sloshing is affected by the
use of the vertical baffle and also by the use of the two
mixing elements designs. At t=0.001 s, it has been observed
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that the sloshing of the liquid is very important for the
unbaffled cell than for the three other designs. At t=0.9 s,
the maximum free surface deformation has been observed
for all different designs. For the fourth design of the cell,
the sloshing of liquid is very important at t=0.8 s and at
t=0.9 s than the others cases. According to these results, we
can confirm that the effect of the baffle on the

hydrodynamic structure of the cell is able to eliminate the
acid stratification in the lead acid battery, which is not the
case when using the conventional cell.

(b) Vertical baffle

(d 1=612.5mm

Figure 2. Distribution of the volume fraction of liquid at t = 0.001 s
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Figure 3. Distribution of the volume fraction of liquid att=0.1's
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(b) Vertical baffle

(d) 1=612.5mm

Figure 4. Distribution of the volume fraction of liquid att=0.8 s
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Figure 5. Distribution of the volume fraction of liquid att=0.9 s

4.2. Velocity Field

Figure 6 presents the velocity fields for different designs
of the battery cell at t=0.1 s. According to these results, it is
clear that the velocity field is strongly affected by the baffle.
With the three baffled cells and compared with the case of
the conventional cell, an accelerate movement of the flow
has been noted. For the standard cell, a largest recirculation
zones appear on the free surface. In the case of the vertical
baffle, two recirculation zones appear on the free surface.
Also, a small recirculation zones has been observed in the
bottom of the tank. Therefore, the use of the vertical baffle
can be able to create a turbulence zone on the whole volume
of the liquid. For the cell with mixing element with 1 = 500
mm, a largest recirculation zones appear on the free surface
of the liquid. In this case, many recirculation zones appear on

the whole volume of the liquid. The second case of the
mixing element 1=612.5 mm is also characterized by small
recirculation zones on the whole volume of the liquid. The
apparition of these recirculation zones on the bottom of the
cell confirms that the use of the mixing element affects
considerably the hydrodynamic structure of the cell. For the
different cases, it has been observed that the velocity is very
weak at the free surface and near to the walls. In another
hand, it has been noted that the maximum value of the
velocity is attained for the cell with the conventional vertical
baffle. For the unbaffled cell and the cell with the mixing
element with [=612.5 mm, the maximum value is attained at
the free surface. For the baffled cell with vertical baffle, the
maximum value appears close to the left wall and on the right
of the baffle. For the baffled cell with mixing element with
1=500 mm, the maximum value appears in the corner of the
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horizontal and vertical baffles.

4.3. Magnitude Velocity

Figure 7 presents the distribution of the magnitude
velocity caused by liquid sloshing at t=0.1 s for the different
cell designs considered in this study. According to these
results, it is clear that the distribution of the magnitude
velocity in the cell is affected by the conventional vertical
baffle and the mixing element. For the unbaffled cell, the
maximum value of the magnitude velocity has been observed
on the top of the tank and on the free surface near the left
wall. For the cell with mixing element with 1=612.5 mm, the
highest value of the magnitude velocity is located between

the free surface and the side up wall near the both of right and
left side wall. However, for the baffled cell with
conventional baffle, the highest value of magnitude velocity
is located at the free surface close to the left wall and the
baffle on the right. The maximum magnitude velocity value
has been observed in the baffled cell with mixing element
equal to 1=612.5 mm. It is located near the baffle and the up
side wall. However, the minimum value has been observed
for the unbaffled cell. Therefore, it appears that the
distribution of the magnitude velocity for the cell with the
vertical baffle is different to the case of the unbaftled cell.
Also, the mixing element considerably affects the
distribution of the magnitude velocity in the cell.
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Figure 7. Distribution of the velocity magnitude at t=0.1s
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4.4. Vorticity

The distribution of the vorticity caused by the motion of
the liquid in the cell at different probes and corresponding to
the different design of the cell is shown in figure 8.
According to these results, it appears that the use of the
conventional vertical baffle changes the behavior of the
vorticity in the cell. Also, the distribution of the vorticity for
the cell with mixing element is different to the unbaffled cell
and the baffled cell with the conventional baffle. The
maximum value of vorticity is reached for the cell with
mixing element equal to 1=612.5 mm. This maximum value
is located at the corner of the horizontal and the vertical
baffle. However, the minimum value has been observed for
the case of the unbaffled cell. For the battery cell without
baffle, the highest value of vorticity is located at the free
surface and close to the left wall. For the battery cell with
1=400 mm, the highest value of vorticity value is located at
the free surface and close to the left wall and the baffle on the

-
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right. However, for the two cases with mixing element with
1=500 mm and 1=612.5 mm, the maximum value is located at
the corner of the horizontal and vertical baffle.

4.5. Turbulent Kinetic Energy

The distribution of the turbulent kinetic energy caused by
liquid sloshing at different probes for the design of the
battery cell is shown in figure 9. According to these results, it
has been observed that the turbulent kinetic energy is
maximum for the battery cell without baffle and it is
minimum for the baffled cell with mixing element equal to 1=
500 mm. The wake characteristic of the maximum values of
the turbulent kinetic energy appears on the whole volume of
water. However, the wake characteristic of the minimum
values appears on the areas close to the wall and the baffle.
For the three designs with baffle, the maximum value of the
turbulent kinetic energy has been observed for the cell with
mixing element for the case of 1=612.5 mm.
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Figure 9. Distribution of Turbulent kinetic energy att=0.1's
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Figure 10. Distribution of the turbulent dissipation rate of the turbulent kinetic energy att=0.1s
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Figure 11. Pressure profile

4.6. Dissipation Rate of the Turbulent Kinetic Energy

The distribution of the dissipation rate of the turbulent
kinetic energy in the cell is shown in figure 10 for different
cases considered in this study. According to these results, the
dissipation rate of the turbulent kinetic energy is maximal for
the cell with mixing element characterized by 1=612.5 mm
and it is minimal for the unbaffled cell. The wake
characteristic of the maximum values of the dissipation rate
of the turbulent kinetic energy appears near the walls for the
unbaffled cell and under the baffle near the walls for the
others cases. Therefore, it is clear that the mixing element
affects considerably the dissipation rate of the turbulent
kinetic energy.

5. Comparison with Experimental
Results

Figure 11 shows the variation of the static pressure for the
different designs of the battery cell. Particularly, we have
focused on the behaviors at the point defined by x=0.001 m,
y=0.5 m and z=0.2 m. For the unbaffled battery cell, it has
been noted that the static pressure varies periodically with
time. These numerical results are expected since the cell is
subject to a periodic sinusoidal motion. For the different
design of the baffled cell, the variation of the static pressure
over time is no longer sinusoidal under the baffle effect. The
maximum value has been observed for the cell with mixing
element for the case of 1=500 mm at t=15 s. Indeed, we have
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compared our numerical results for the case of the unbaffled
cell with the experimental results of Kang and Lee [14] and
the numerical results of Chen et al. [15]. A good agreement
was shown which confirms the validity of our numerical
model.

6. Conclusions

In this work, we have studied the mixing element effect on
the hydrodynamic structure of the battery cell. The cell is
subjected to an external sinusoidal excitation. The VoF
method is used to predict the free surface evolution. The
governing equations are solved numerically using the
software ‘Fluent’ to determine and describe the local
characteristics of the flow fields. The numerical results are
presented for the unbaffled cell, cell with vertical baffle in
the center and the cell with two designs of mixing element. It
appears that the hydrodynamic structure of battery is
considerably affected by the vertical baffle and the mixing
element. The use of the mixing element creates a
recirculation zones on the whole volume of the liquid and the
value of velocity is more important. For the vorticity, the
turbulent kinetic energy and the dissipation rate of the
turbulent kinetic energy, the maximum value has been
observed in the case of the cell with mixing element.

In the future, we propose to develop an experimental setup
to study the sloshing phenomena for other representative
cases.
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