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Abstract

Sloshing is a phenomenon of fluid- structure interaction. It occurs due to agitation of fluid in fractionally filled container. A case
study of a fuel tank partially filled with Kerosene was simulated in this paper using Volume of Fluid (VOF) multiphase model.
Simulations compared the amplitude of sloshing in tank with and without the use of baffles. CFD analysis was carried out using a
commercial finite volume package ANSYS FLUENT 12.0. The tank was set into motion by giving an acceleration of 9.81 m/s
in the +X direction for 1.5 seconds. The fuel was also under the action of gravity in —Z direction. It was found from the CFD
transient simulations of the Kerosene liquid interface that the sloshing in the fuel tank was significantly reduced with the
introduction of baffles in the fuel tank. The damping effect of the baffles was clearly visible in the obtained results. Further
research can be undertaken in improving the optimum configuration and dimensions of the baffles in order to further reduce the
sloshing in the fuel tank.
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1. Introduction

Sloshing occurs in all vehicles that undergo accelerated motion [1]. The study of this phenomenon of fluid-
structure interaction is of great practical significance for the automotive as well as aerospace industry [2]. Slosh
refers to the movement of liquid inside another object. Violent Sloshing occurs in partially filled tanks of rockets,
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satellites, submarines, trucks, etc. Some fuel containers are so huge and contain fuel in so large amount that the large
liquid movement generates acute hydrodynamic stresses that causes instabilities and breakdown of the structure and
may even affect the stability of the vehicle carrying the liquid resulting in unwanted hazards. Based on the shape of
the container and type of disturbance, the liquid experiences different types of motions such as planar, non-planar,
symmetric, asymmetric, rotational, quasi-periodic, chaotic etc [3] So, it is very important with regard to safety and
environment to study the behavior of fluids in partially filled containers. Improper designs of fuel tanks often
accounts for large scale sloshing. Designs of fuel tank are often improved by addition of anti- slosh baffles that
prevent pick-up pipe intake from the abrupt fuel starvation when fuel is not in proximity of the intake due to
sloshing [4].

The phenomenon of Sloshing waves have been studied for past several decades. Many of these studies have
focussed on the linear and theoretical solutions of Sloshing. However, these theoretical studies have been lacking in
explaining the topics such as breaking in the case of violent liquids and wave overturning wherein the liquid
viscosity and flow turbulence could not be ignored. In such cases, numerical simulations and analysis has helped in
addressing the aforementioned problems. In recent times, the Computational Fluid Dynamics (CFD) analysis is
playing a vital role in analysing the different design models and helps in saving time and cost by eradicating the
need for construction of several prototypes in the design and testing phase. The CFD modelling approaches are also
able to overcome flow limitations experienced in theoretical studies. Also, the complicated boundary problems often
encountered in reality can be handled through CFD analysis [5]. A more general modelling technique is the solution
of the Navier—Stokes equations using CFD [6]. Several numerical techniques exist for analysis of liquid storage
tanks, of which the famous ones are explicit finite element, implicit Lagrangian — Eulerian, hybrid finite element and
volume of fluid (VOF) [7]. The VOF method is a very robust and flexible method than other methods for simulating
complicated free surface. It is able to capture complex surface geometries having overturning waves and splashing.
It is a challenging task to study sloshing due to the presence of complex flow interactions with the container. In this
regards, Pal et al. (2003) numerically investigated sloshing in cylindrical tanks with and without baffles [8]. Also,
Kim (2001) [9] and Kim et al. (2004) [10] solved the Navier-Stokes equation with free boundary with a comparison
of impact pressure in tanks with and without baffles. Their analyses were based on a finite difference method.

2. Computational study

The fuel tank was configured with (fig.1) and without baffles (fig.2) and comparison was made between the two
using CFD analysis tools. The dimensions of the fuel tank are given in the Table.1.The dimensions of the baftles are
shown in Fig.3.Both the configurations (with and without baffles) were set into same accelerated translation motion
of 9.81 m/s2 in the direction of +X axis. As the tank’s motion actuates and bears acceleration for 1.5 seconds in the
direction of +X axis, Kerosene experiences force in opposite direction of same magnitude according to the
Newton’s third law of motion.
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Fig. 1. Tank with baffles. Fig. 2. Tank without baffles.
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Table 1. Dimensions of the fuel tank (in meters).

Name of parameter Value (in meters)
Length of tank (in +X axis) 50

Breadth of tank (in +Y axis) 50

Height of tank (in +Z axis) 30

Inlet pipe diameter 4.8

Pick-up pipe diameter 3

Pick-up pipe length 34

Fig. 3. Dimensions of the baffles used in the Kerosene fuel tank (in meters).

ANSYS ICEM-CFD™ 12.0 software was used to mesh the computational domain of the fuel tank under
consideration. The volume of fuel tank as the control volume was the domain taken in consideration for the
subsequent analysis. The mesh consists of 90772 numbers of cells in flow domain. As seen from the fig.4 the inlet
pipe supplies fuel inside the fuel tank whereas, pick up pipe supplies fuel from fuel tank to the engine of the vehicle.
Also, as seen in the fig.3, triangular unstructured meshing was done for the given control volume. ANSYS
FLUENT™ 12.0 commercial package was used to perform the CFD simulations.
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Fig. 4. Computational Domain of the fuel tank with baffles.
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3. Computational modelling
A. Computational Model

Volume of Fluid (VOF) multiphase model in ANSYS FLUENT™ 12.0 was used to predict the motion of the
Kerosene fuel inside the tank when the tank is under accelerated motion. The VOF model was designed to capture
the position of interface between two or more immiscible fluids (air and Kerosene). The Kerosene was assumed to
occupy about 25% of the total volume of fuel tank. The properties of the Kerosene fuel are given in Table.2.
Volume fraction of each of the fluids in each computational cell is tracked throughout the domain by sharing a
single set of momentum equations between the fluids. The model relies on the fact that the fluids are not
interpenetrating. In each control volume, the volume fractions of all phases add to unity.

Table 2. Properties of Kerosene.

Property (units) value
Density (kg/m’) 780
Specific heat (j/kg-k) 2090
Thermal conductivity (w/m-k) 0.149
Viscosity (kg/m-s) 0.0024

For a p fluid’s volume fraction in the cell denoted as vfp, following three conditions exist:
* vfp=0: The cell is empty (of the pw fluid).

* vfp=1: The cell is full (of the pw fluid).

* 0 <vfp< 1: The cell contains the interface between the pw fluid and one or more fluids.

B. Governing Equations

Therefore, the relevant properties and variables are assigned to every control volume as per the local value of vfp
within the domain.
Volume Fraction Equation:

1.0 . ) )
E[g (aqpq) + V- (“qpqvq) = Sq, + Yp=1(Mmpq — Mgp)]

Where, m,,, is mass transfer from phase q to phase p and 1, is mass transfer from phase q to phase p.
The volume fraction equation was solved using explicit time discretization. In the explicit approach, standard finite
interpolation schemes were applied to the volume fraction values computed at the previous time step.

n+1, n+l

q " Pq

—a-Np N .
At “Py 4 Zf(pqufn“qn'f) = Yp=1(mpq — Mgp) + Saq]V
Where,
n+1 = index for new (current) time step
n = index for previous time step
face value of the q™ volume fraction, computed from the first- or second- order
upwind, QUICK, modified HRIC, compressive, or CICSAM scheme.
V = volume of cell
U; = volume flux through the face, based on normal velocity.

Momentum Equation:

Z(pD)+ V- (pi0) = —Vp+ V - [u(VB+ V)] + pg + F
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Energy Equation:

a S
= E)+ V- (BE+ p)) = V - (ke VT)] + Sy
C. Boundary conditions and Solution Method

The boundaries in the computational domain were named bafl, baf2, baf3 for the baffles and inlet for the inlet
pipe and pick-out for fuel exit from the tank through pick-up pipe. The boundary type for inlet and pick-out are wall
and pressure outlet respectively. The only difference in the boundary types for the two configurations of the tank is
that the boundary type for baffle surfaces bafl, baf2 and baf3 is wall for the tank with baffles and interior for the
tank without baffles. Pressure-based solver is used in transient condition. Fractional step algorithm is used as
Pressure-Velocity Coupling Method as the flow is time dependant. Non-Iterative Time Advancement is enabled to
make computation less CPU intensive. Green-Gauss Node Based spatial discretization scheme was used.

4. Results and discussion

From the CFD simulation it was observed that the pick-up pipe was not completely submerged in the liquid fuel
present in the fuel tank after 0.45 seconds (Fig. 4 and Fig. 5) and 1.25 seconds (Fig. 6 and Fig. 7) of acceleration.
This confirmed that the pick-up pipe in the tank without baffles was not submerged in fuel while the baffles in the
tank created recirculation zones at the lower z plane where the intake of the pick-up pipe is located. Hence, baffles
in the tank prevented Kerosene from escaping the lower z plane, causing the pick-up pipe intake to be submerged in
Kerosene all the times. On the other hand, the liquid interface at time 0.45 seconds and 1.25 seconds for the tank
without baffles showed the existence of large scale sloshing, as a result of which the pick-up pipe is not submerged

in the Kerosene, preventing the continuous intake of Kerosene.
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Fig.5 Liquid Interface at t = 0.45 seconds Fig. 6 Liquid Interface at t = 0.45 seconds
(for tank with Baffles). (for Tank without Baffles).
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Fig.7. Liquid Interface at t = 1.25 seconds Fig.8 Liquid Interface at t = 1.25 seconds

(for tank with Baffles). (for tank without Baffles).
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Fig. 9. Liquid interface at various time steps for Tank without baffles.
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Fig. 10. Liquid interface at various time steps for Tank with baffles
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5. Conclusion

The Kerosene liquid interface for the tank configurations with and without baffles was examined. It was evident
from the CFD transient simulations of liquid interface carried out at various time steps for both configurations of
tank that scale of sloshing reduces significantly by the use of baffles. The damping effect of baftles is clearly visible
in the second case of analysis. The introduction of baffles in the fuel tank would therefore help in maintain the
continuous supply of fuel from the engine to the fuel tank. In the further research, different other configurations of
baffles can be analysed to optimize the design of the tank to further reduce the sloshing phenomenon. The
dimensions of the baffles can also be optimized for further reduction in the sloshing. The CFD simulations so
undertaken can therefore help in the designing of the future fuel tanks for the automotive and aerospace industries.
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