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Abstract

Tanker trucks are the most preferred means of transporting
liquid cargo and a large percentage of them carry flammable
liquids. Along with the usual dangers that are associated
with tanker truck accidents, there are some added dangers
such as fires, explosions, leaks and spills. Liquid loads be-
have very differently to dry loads. When the liquid starts to
slosh in the tank, it causes huge weight shifts. It builds mo-
mentum and does not settle down quickly. This paper pre-
sents the steps involved in designing a 3D model for the
simulation of water sloshing phenomenon in a 2.85 x 9.81 x
9.6 m elliptical tank subjected to a sudden (impulsive) im-
pact. The design encompasses the construction of a 3D ge-
ometry of the tank in CATIA v5 followed by the discretiza-
tion of the tank using ANSYS ICEM 14.5 using hexahedral
meshing technique. This mesh is imported to ANSYS FLU-
ENT 14.5 and appropriate boundary conditions are applied
to it. The results are then validated with the experimental
results. Further, in this research paper the effect of using
baffles at the base of the tank is simulated by using ANSYS
FLUENT 14.5 and found out that the sloshing effect de-
creases with the use of baffles at the base of the tank. The
kerosene level of 40% full is used for the analysis. Examina-
tion of CFD capability to predict the behavior of the free
surface of the fluid during the container initial motion and
after impact with and without baffle is the focus of this pa-
per.

Keywords: water sloshing, computational fluid dynamics,
baffles, 3D model

Introduction

The liquid sloshing in a tank has been studied intensely for
a long time because of its fundamental significance in flow
physics and its practical importance in a wide range of ap-
plications such as in ships, satellites, rockets, trucks and
even stationary petroleum containers. It is known well that
the hydrodynamic load exerted by liquid sloshing can cause
severe structural damage. One of the passive devices to con-
trol liquid flow and suppress liquid sloshing is the baffle

installed inside a tank. Sloshing of liquid in a container is a
phenomenon encountered within various industries like
chemical, petroleum, offshore, shipping etc. A free surface,
i.e., a boundary between two homogenous fluids such as
liquid and air, is required for sloshing to occur. The problem
of water sloshing in closed containers is a big problem and
has been a topic of studies since a very long time. This phe-
nomenon is occurred due to the sudden change in loads. In
order to design the equipment detailed understanding of the
liquid under sloshing is required. Sloshing is the result of the
acceleration/deceleration of the container body. The main
concentration is on the pressure concentration of the con-
tainment walls and its temporal peaks that can reach as the
tanker reaches to twice its rated load capacity. In road tank-
ers, the liquid surfaces experiences large disturbances even
on small disturbances which leads to large stability prob-
lems. Effect of sloshing can cause capsizing in ships i.e., it
can turn the ship on its side or upside down. This can also
affect trucks .

Traditionally the non linear potential theory and experi-
mentation on scaled models were used to assess the sloshing
loads. But the recent approach for analysis of sloshing loads
is Computational Fluid Dynamics (CFD) investigated by
Goddridge [1] et al. The results showed that the sloshing
natural frequency and the inertia of the system is affected by
the fluid level. Potential flow theory has some limitations
that is why CFD is now considered as the most viable tool
for analysing such fluid dynamics problems [2-5]. Several
studies were conducted on sloshing of fluids and the exten-
sive review by lbrahim et al. [6] provide a thorough review
of the subject liquid sloshing dynamics. Initial work started
in the early 1960’s with the study of the influence of liquid
propellant sloshing on the flight performance of jet propelled
vehicles. Chwang & Wang [7] applied nonlinear theory to
calculate the pressure force in accelerating rectangular and
circular container. Moreover, Popov et al. [8] studied the
effect of acceleration and curvature on the fluid motion
in rectangular containers and observed that the dynamic
coefficient is influenced by the aspect ratio of fluid height to
length. The study revealed that maximum sloshing occurs in
square containers with 30 — 60% fluid level and that maxi-
mum forces occur at a fluid level ranging between 75 — 93%.
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A similar study conducted by Ye and Birk [9] investigated
the pressure variation at the walls of a horizontal cy-
lindrical vessel during and after impact where fluid slosh-
ing takes place at fluid levels less than 95% full. Faltinsen et
al.[10] studied the transient loads on sloshing tanks and ob-
served five distinct transient phases with different ampli-
tudes. Chen and Chiang [11] conducted a simulation
study on a simple two-dimensional rectangular tank
with rigid walls subjected to horizontal and vertical
accelerations using an in-viscid and incompressible fluid to
examine the nonlinear behaviour of fluid motion.

This research paper focuses on the liquid flow dynamics
using 3D CFD model of an accelerating fluid inside a rec-
tangular tanker subjected to sudden impact load. This paper
specifies that a road tanker is accelerating on the road and
experiences a sudden impact due to collision with another
body on road resulting is the sloshing of the liquid inside the
container. The study involves the CFD modeling of the
tanker and 3D simulation of the of the liquid inside the tank-
er for the pressure variation on the wall of the tanker by us-
ing Ansys ICEM and FLUENT software. The process in-
volves geometry creation, grid generation, time step itera-
tions followed by results, post processing and discussions on
the results.

Project Objective

A cargo truck carrying kerosene container/tank acceler-
ates constantly at 10 m/s® for 2 seconds and then stops sud-
denly. CFD analysis is carried out to study the free surface
movement of the liquid kerosene inside the tank and pres-
sure distribution on the walls of tank. The volume of kero-
sene inside the tank is 40% of the total container volume.
The analysis is carried for two cases at various instant of
time:

e  Without baffles
e  With baffles (thickness of the baffle is assumed to
be zero)

Validation

Before getting in to the actual problem, to examine the
CFD capability to predict the behavior of the free surface of
the fluid in moving container during the container’s initial
motion and after impact, a validation case has been chosen
in which the experimental results [12] are available and CFD
approach is used to match the results properly. Thus initially
a validation case is solved and the learning from the valida-
tion case is then applied actual problem.

Geometry and mesh

The 2D geometry and meshing of sloshing tank is shown
as below.
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(a)
Outlet Wall

Inet _ Side
Wall Wall

Bottom Wall
(b)
Fig 1(a) geometry (b) meshing of 2D sloshing tank

The geometry and mesh generation process is carried out
by using Ansys ICEM 14.5. After grid independency test a
mesh with 13261 quad mesh count is finalized. The free
surface fluid motion inside the tank have modeled in two
parts

1. Rectilinear motion with zero initial speed (Before
Impact for 1.98 sec)

2. Post-impact fluid sloshing (After Impact from
1.98sec to 2.98 sec)

The simulation process is carried out in ANSYS FLUENT.
The transient simulation is done using VOF (volume of flu-
id) multiphase model. Material involved is water liquid. The
volume of water filled is 50% of total volume. The two
phases used here are air and water liquid. The primary phase
is air and secondary phase is water liquid. The X and Y
gravity values are given as X = 0.63 m/s?, Y = -9.81 m/s%.
The time step used is 0.01 sec and total number of time steps
are 198.The horizontal body-force was set to zero for the
periods at and after impact.
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Before Impact The above comparison of flow visualization between ex-
perimental results and the CFD results shows a good agree-
ment. This has validated CFD capability to predict the be-
havior of the free surface of the fluid in moving container.
Thus the same solution methodology can be used to study
(@ (b) the free surface movement of the liquid kerosene inside the
Fig 2 Comparison between (a) experimental results (b) numerical results at N X a
t=1.14 sec before impact tank with and without baffles.

CFD Analysis of Fluid Sloshing with-
in Tank

Att=1145ec

Att=134zec

Geometry

b
@) ®) The geometry of the tank is generated by using CATIA V5.

Fig 2 Comparison between (a) experimental results (b) numerical resultsat ~ The geometry has the following specifications.
t=1.14 sec before impact

e Length of the cylinder =9.6 m
e Length of major axis of ellipse = 2.85 m; length of

i ewp—

it Logsec minor axis of ellipse = 1.81 m.
e Total volume of the tank = 43.35 m®
e Volume of kerosene or 40% tank volume = 17.34
me.
(@) (b)
Fig 4 Comparison between (a) experimental results (b) numerical results at Mesh generation process is carried out using ANSYS
t=1.68 sec before impact ICEM CFD. Structured hex meshing information is given
below:
e Element type — Hexahedral
Att=1945ec e Total elements — 0.8 million cells
e  Mesh quality > 0.48 (0-worst quality, 1-best qual-
ity)
(a) (b)

Fig 5 Comparison between (a) experimental results (b) numerical results at
t=1.68 sec before impact

After Impact

. Att= 2.04 sec

Att=2.4sec

@ (b)

Fig 6 comparison between (a) experimental results (b) numerical results at Fig 7 Structured mesh of tank
t=2.04 sec and t=2.4sec after impact
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Simulation Set-up

The simulation process is carried out in ANSYS FLUENT.
The simulation is done using VOF (volume of fluid) multi-
phase model. The simulation was done for 4 seconds of
sloshing with a velocity profile such that the velocity is in-
creasing from 0 to 2 seconds with an acceleration of 10 m/s?
and for the next two seconds i.e., 2 to 4 seconds the velocity
is zero. The energy equation is turned off because there is no
exchange of heat energy or the process is assumed isother-
mal.

The two phases used here are air and kerosene. The primary
phase is air and secondary phase is kerosene. The properties
of the two phases are given below.

Air properties:

Density =1.225 kg/m®
Viscosity = 1.7894e-05 kg/m-s.
Kerosene properties:

Density = 780 kg/m®

Viscosity = 0.0024 kg/m-s.

CFD Results:-

The contours of the sloshingatt=0.5s,1.0s, 155,205,
2.55,3.05,3.55, 4.0 s are shown below for both the cases
i.e., without baffle and with baffle.

Comparison of contours before break and after break is done
as shown below:

Before applying break:

time=0.5sec

) (b)

Fig 8 Comparison between CFD results of (a) without baffle (b) with baffle
at t=0.5 sec before applying break

time=1.0sec

(@) (b)

Fig 9 Comparison between CFD results of (a) without baffle (b) with
baffle at t=1.0 sec before applying break

, time=1,5sec y

@) (b)

Fig 10 Comparison between CFD results of (a) without baffle (b) with
baffle at t=1.5 sec before applying break

’ time=2,0sec ’

@ (b)

Fig 11 Comparison between CFD results of (a) without baffle (b) with
baffle at t=2.0 sec before applying break

After applying break:

’ time=2.5sec a
(@ (b)

Fig 12 Comparison between CFD results of (a) without baffle (b) with
baffle at t=2.5 sec after applying break

o

@ (b)

Fig 13 Comparison between CFD results of (a) without baffle (b) with
baffle at t=3.0 sec after applying break

time=3.0sec

time=3.5sec

(@ (b)
Fig 14 Comparison between CFD results of (a) without baffle (b) with
baffle at t=3.5 sec after applying break
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,

(@) (b)
Fig 15 Comparison between CFD results of (a) without baffle (b) with
baffle at t=4 sec after applying break

Pressure variation on tank surfaces:

To evaluate the “strength” of sloshing, pressure variation
on the tank surfaces with respect to time is plotted. To eval-
uate effect of baffles, the maximum pressure on the tank
walls at given time is plotted. When there is more sloshing,
the tank fluid moves with more velocity and hence has more
dynamics pressure. This fluid then exerts this pressure on the
tank wall. Due to presence of baffles, the sloshing reduces
and hence the dynamic pressure exerted on the tank walls.
Fig 16 shows pressure variation on tank walls with respect to
time when there were no baffles in the tank. At the start,
fluid is at rest and hence the maximum pressure in near to
zero. The maximum pressure on the tank surface is seen
between 2 to 2.5 seconds. It is seen that the maximum pres-
sure is about 2.25 bars is exerted on the walls. It is also seen

that there are local picks in the maximum pressure exerted
on tank walls.

Pressure vs time for no baffle
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26405 fl
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With about zero pressure during the start, the maximum
pressure exerted is 1.4 bars. The maximum pressure on the
tank surface is seen between 2 to 2.5 seconds.

Pressure vs time for with baffle
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Fig 17: Pressure variation on tank walls with baffles

Fig 18 shows the comparison between tank with and with-
out baffles. It is seen that the maximum pressure exerted on
the tank walls is reduced when baffles are used. Without any
baffles, the maximum pressure on the wall is 2.25 bars,
which is reduced to 1.4 bars with baffles. This shows that the
intensity of sloshing has reduced with use of baffles. It’s not
only the maximum sloshing, but overall sloshing is damp-
ened with usage of baffles.
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Fig 16: Pressure variation on tank walls with no baffles L F A E R S E R E T
S8°3 374 474 AR RTS8 &"d 4
Fig 17 shows pressure variation on tank walls with respect Time (sec)
to time when baffles were inserted in the tank. The overall
pressure variation pattern is same as that of without baffles. Fig 18: Pressure variation comparison
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CONCLUSION

The comparison of pressure contours clearly shows that
the pressure distribution on the tank surface is much better
when baffles are present. Thus, tank with baffle is much
better design for reduced sloshing. Volume of fluids (VOF)
is suitable to predict the maximum tank sloshing, the wall
stress and liquid overflow. It is also concluded that baffles
are effective means of preventing or minimising sloshing
intensity. However, baffles can change the model character-
istics of a structure and increase its total weight. And there
exist many design variables such as size, interval, installa-
tion position, the number of baffles having an effect on
sloshing, which is left for the future work.
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