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Abstract

Liquid sloshing is a common phenomenon in transporting liquid tanks. Liquid
waves lead to fluctuating forces on the tank wall. If the fluctuations are not
predicted or controlled, they can lead to large forces and momentum. Baffles
can control liquid sloshing fluctuations. One numerical method, widely used to
model the liquid sloshing phenomena, is Smoothed Particle Hydrodynamics
(SPH). Because of its Lagrangian nature, SPH is suitable for simulating free
surface flow. In the present study, a relatively accurate Incompressible SPH
(ISPH) method is improved by kernel gradient correction tensors, particle
shifting algorithms, turbulence viscosity calculations, and free surface particle
detectors is applied for the free surface flow modeling. In comparison to the
other SPH simulations and experimental data, the results show that the present
algorithm is effective for simulating free surface problems. The present
algorithm is applied to simulate liquid sloshing phenomena, while the aim of
this study is the investigation of vertical and horizontal baffle effects on the
control and damping of liquid sloshing. Results show that, baffle size has a
major role in sloshing fluctuation damping for vertical baffles. For horizontal
baffles, also including size, the baffle base position has a significant role in
liquid sloshing fluctuation damping. When horizontal baffle is near the free
surface, sloshing fluctuation-damping increases.

1. Introduction

problems, experimental and numerical methods
are used. Eulerian and Lagrangian methods are

The liquid motion in vessels and containers is
called sloshing. In fact, the motion of structure is
transmitted to the liquid, so it is categorized as
fluid-structure interaction (FSI). Currently, the
interaction between fluid and structure is one of
the most important problems in some industries.
Pumps, turbines, airplanes, and ships are
examples of FSI problems. To investigate such
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numerical methods which are applied to simulate
FSI problems. Eulerian methods are usually
grid-based, so the motion of a solid body grid
should be defined and imposed during any
iterations. Lagrangian and meshfree methods,
such as Smoothed Particle Hydrodynamics
(SPH), also could model the FSI. SPH was
introduced by Lucy [1], and Gingold and
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Monaghan [2] in 1977. In 1982, Gingold and
Monaghan [3] used this method to simulate a
compressible and inviscid flow. In 1997, Morris
et al. [4] used SPH to model incompressible
flow, which was developed to model related
problems.

Newtonian flow [5, 6], non-Newtonian flow [7,
8], free surface flow [9], two-phase flow [9, 10],
mixing flow [11-14], and FSI problems [7, 15]
are examples in which SPH have widely been
used. Weakly compressible SPH (WCSPH) and
ISPH are two well-known SPH methods.
WCSPH uses a state equation to calculate the
pressure, while the ISPH method solves the
Poisson equation to determine the pressure.

In this study, an ISPH algorithm is introduced to
model a one-way coupled FSI problem with free
surface flow. The SPH encounters special
problems: particle clustering, defects, and tensile
instability. So, this method evolves from the
advanced  discretization  style,  shifting
algorithms, turbulence modeling, and free
surface particle detecting. The method had also
been assessed with previous results, including an
experimental test. Because of the Lagrangian
and meshless method, SPH could easily model
free surface flow. Doring et al. [16] presented the
SPH method for different kinds of free surface
flow. Violeau and Issa [17] examined different
turbulence models for the SPH simulations of
flows; in SPHysics development, Gomez-
Gesteira et al. [18] presented a free-surface fluid
solver. The above scientists [16-18] used
WCSPH. However, it is undermined by non-
physical fluctuations in the density field. ISPH
treats the WCSPH method [19], but recent
efforts have been resolved to reduce non-
physical fluctuations [5, 7] while ISPH was
selected for the present simulations.

One of the most important problems in free
surface flow is liquid sloshing in the tanks,
which is a known phenomenon in liquid
transport tanks. Sloshing phenomena may create
great force and momentum, so controlling the
tank and its carrier may be difficult and unsafe in
this sense. Hence, predicting and controlling
them are essential to the liquid transport
industries. There is extensive research in this
field. Bass et al. [20] investigated a scale
modeling of liquefied natural gas sloshing in
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ship tanks. Dodge and Kana [21] experimentally
and theoretically investigated the sloshing of
tank liquid with a flexible, inextensible bladder.
Hou et al. [22] simulated liquid sloshing
behavior in a 2-D rectangular tank using the
ANSYS-FLUENT software. Godderidge et al.
[23] modeled sloshing flow in a rectangular tank
with the commercial CFD code. SPH is also a
convenient method to model liquid sloshing.
There is research on this with the SPH method
[24-27], while ISPH is also effective. The
present ISPH algorithm is improved by the
kernel gradient correction and shifting particles
algorithm, while the turbulence viscosity
calculator was also developed. The accuracy of
the present algorithm is examined, even though
there arestill valuable studies on sloshing
phenomena to be carried out; some aspects have
not been investigated yet. One strategy to reduce
sloshing fluctuation is the baffle mechanism. In
our study, both vertical and horizontal baffles are
examined. The baffle position and size are
accurate parameters in sloshing control. The
results show that baffle size and position are
essential parameters for pressure fluctuation in
liquid tanks.

In the following, the numerical procedure is
explained in details in section 2. In section 3,
first, the accuracy of the present algorithm is
evaluated, then, it is applied and examined for
simulating the sloshing phenomenon and then
the effect of vertical and horizontal baffles are
investigated.

2. Equations and units

SPH is based on an integral approximation:

f(ry=[f(rW(r-r,h)dr, @)

Q

where h is the smoothing length, W is the kernel
function, r is the position vector, and r'is the
sub-integral variable. The integral form is
approximated by a summation on the discrete
points:

f(r)=2v,fW(r-rh) )
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Different kernel functions have been introduced
and examined. However, it has been shown that
the fifth-order Wendland kernel function is
accurate to model fluid flow [28]. It is used as
follows:
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The governing equations are momentum and
pressure Poisson equations, as follows:

dv \%¢]

—=(v+v,)VV +g-——, 4
1_ .. A"

V.(;Vp 1)_ = (5)

where p, V,p,and v are the fluid’s density,
velocity, pressure, and viscosity, and where v, is
the turbulent viscosity. Furthermore, g is the
gravitational acceleration and V""" is the

intermediate velocity.

This algorithm was developed to model special
problems in which the effect of free surface and
forced motion of solid boundaries are
considered. To overcome SPH defects, some
modifications are needed. The present algorithm
contains the main body and different sub-
algorithms, adjusted according to an ISPH
algorithm by Shamsoddini et al. [12]. Other sub-
algorithms added are:

1- Forced motion of structures

2- Free surface detectors

3- Turbulence viscosity calculators
4- Shifting algorithms

In the algorithm, a predictor-corrector scheme
has been implemented as well. In the first step,
according to the gravitational and viscous terms
of momentum equations (e.g., the velocity is
predicted as follows [4]:
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VM=V g +ZZVJ (v+w)

J ij

bey (B.VW) At (6)

where e; is the unit vector (from j-th particle to

i-th particle), W is the kernel function, v, is

the volume of j-th particle, and B is the kernel
gradient corrective tensor, proposed by Bonet
and Lok [29]:

-1
B, ={Zvjrﬁvwﬁ} . (7
j
Thus, v, is turbulent viscosity, calculated by:
v =(c,0)°[8], (8)

where ¢, =0.2, & is the particle spacing and

IS]=(2s;8; )O'SS is the strain rate of the mean

flow [30, 31]. After calculation of intermediate
velocity, pressure is calculated to Eqg. (5):

n+l n *n+l
Zzﬁ—p' " &;(B.VW;) =—<W' > (9)
i Py T At

If i th particle is on the free surface, then pi is set
to equal zero. To detect free surface particles, a
sub-algorithm is developed. For each particle,
v.r is calculated. For the two-dimensional case,
v.r=2.0, SPH discretization of v.r would be:

(V) =29, (r 1) vw,. (10)

However, v.r would be less than two for free
surface particles; in addition, all particles with
v.rr<l6can be seen as free surface particles.
After calculating pressure, velocity is corrected
below:

At.
P

n+1
V_n+1 =V-*,n+1 _ <@> (11)

Another sub-algorithm is the definition of force
motion of solid bodies. In this section, the
formulation of motion for solid particles shows
special motion and is defined. For all particles,
the new position is calculated:

179



JCARME

r.4n+1 — r.in +\/in+lAt. (12)

Defects, tensile instability, and clustering
distributions are SPH modeling complications.
A shifting algorithm was used by Shamsoddini
et al. [11-13] to prevent them. First, Ar, is
calculated as the shifting particle vector:

Al =&, (13)

where ¢ isa constant varying between 0 and 0.1
and 1 is:

T = Zvjrijwij. (14)
J

Homogeneous distribution of the particles
around the particle i leads to T; =0.0. If T; #£0.0,
then the particle is shifted by Ar, . Finally, it is

necessary to correct the flow field variables in
the new position. According to the first order
Taylor series expansion, these corrections are:

AV, = Ar,.(VV )., (15)

16

Ap; zpiAri'<@> : oo
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Near each wall boundary, two rows of dummy
particles are arranged. The velocity of each
dummy particle is calculated by its
corresponding position. If the wall has linear
motion or is fixed, the velocity of the dummy
particle is the same as its corresponding wall
particle. For rotational cases, the angular
velocity of the dummy particles and wall
particles are the same. The pressure equation for
dummy particles is obtained by dot multiplying
the normal vector of the surface (n.) by the
momentum equation:

[@] no o Vo
p )" pon, da " (17)
+V.(v,VV).n, +gn,.

Because of the fixed position of dummy
particles, relative to the wall particles, the above
equation can be discretized according to the
finite difference method:
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My
pin+1 = pin +,05n dt o ) (18)
+V.(v,VV).n, +g.n

w Ji

where o, is the distance between dummy

particles and corresponding wall particles. In
many cases, the second term of the right-hand
side of the equation is small and can be
neglected. If wall velocity is constant, the
equation is converted to Neumann conditions for
pressure.

The algorithm applied in the present study
enables us to model fluid flow with the free
surface engaged in moving rigid bodies. In the
next section, two problems for validation, as well
as the proposed algorithm, are examined to
determine accuracy.

3. Results and discussion

Before modeling, the present numerical method
has been examined against experimental and
numerical results already reported. The problem
for validation of the present code is the collapse
of a tank water column, due to gravity. This is a
traditional problem to test codes developed for
free surface flow. Present code is compared with
experimental data and other particle method
simulations. The liquid sloshing problem is
defined and modeled, and strategies are
considered to control the sloshing fluctuations
which are examined and discussed.

3.1. Collapse of a tank water column

This problem is known as dam breaking, and its
geometrical properties are shown in Fig. 1. Dam
breaking is an interesting problem for the SPH
modeling. One of the first SPH modelings of the
dam breaking was done by Bonet and Lok [28].
Although they introduced and used a corrected
SPH method according to kernel gradient
correction, they used a WCSPH method, and it
is showed that the ISPH method is more accurate
[19]. Also, they didn’t consider the turbulence
effects.
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(0]

Fig. 1. The initial conditions of dam breaking
problem.

Height of water column is twice its width. The
gravity force causes the liquid to flow down and
right. A continuous fluid flow is observed along
the horizontal surface (Fig. 2(a)) until the liquid
reaches the vertical wall. Then, the liquid goes
up along the right-hand side vertical wall (Figs.
2(b) & 2(c)). After that, the liquid returns and is
accumulated, as shown in Fig. 2(d). It is a
common assumption that the 3D effects are
neglected in the dam breaking problems
modeling [17, 19, 29]. In Fig. 2, an agreement is
seen between the present numerical simulations
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seen between the present numerical simulations
and those obtained experimentally by Doring et
al. [16].

To examine this quantitatively, the results of the
present code are compared with those obtained
experimentally by Koshizuka and Oka [32] and
numerically by Violeau and Issa [17], as seen in
Fig. 3. In this figure, the non-dimensional
position of the flow’s leading edge, versus non-
dimensional time, is plotted. As shown, the
results of this study are closer to the
experimental results than those obtained by the
SPH k-& method reported by Violeau and Issa
[17]. However, there is a considerable difference
between the laminar case and the experimental
data. It shows obviously the effect of considering
turbulence and Sub_Particle scale. Given the
results of the present simulation in comparison
with the experimental data, it seems that the
present algorithm can be used to model free
surface problems. It can also be applied to the
model liquid sloshing problem.

(@) (b)

Fig. 2. Qualitative comparison between experimental data (above row) and present SPH method (bottom row).

© (d)

4.0

25

x/a

2.0

— SPHk-¢
3.5 |—®—  Present SPH method
* Experimental result:
3.0 {—*— SPH -Laminar

(2e/2)"0.5

Fig. 3. Comparison among the present results, SPH k-¢ [17], experimental results [23], and laminar SPH modeling
(SPH without Sub_Particle scale) for the non-dimensional position of leading edge of flow.
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3.2. Sloshing modeling

As mentioned, liquid sloshing is a challenging
problem. In this phenomenon, the unwanted
forces and fluctuations may create greater forces
and momentum, which must be estimated. If
these effects are not controlled or predicted, they
may cause more problems in the liquid
transportation system. Controlling and damping
the fluctuation domain is the aim of the present
work, as stated. Before this, it is necessary to
predict the fluctuation domain and order of
forces created in the tank. The free surface flow
and fluctuations due to external sinusoidal
excitation are investigated, and strategies to
reduce them are examined. The initial conditions
and geometrical properties of the sloshing
problem are shown in Fig 4.

R. Shamsoddini

y 0 12
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Fig.4. The geometrical and initial conditions of the
sloshing problem.

After investigation of the particles resolution, the
results of the present SPH modeling are
compared with the previous cases. The same
physical and geometrical tank model are selected
as that previously examined by Godderidge et al.
[23]. The tank motion is defined as:

. (2nt
X=Asin [Tj (19)

where A = 0.015m and T = 1.404s. They used a
mesh-based two-phase method to model the
sloshing phenomena. It is interesting to compare
the results of the present particle method with
their own. Fig. 5 illustrates the variation plot of
free surface at t = 6.08T for both present
simulations as seen in the results reported by
Godderidge et al. [23]. It showsa strong
agreement between the two numerical methods.
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Because of the neighboring particles search, the
SPH method is categorized into the slow
numerical methods. For the present simulation,
the central processing unit (CPU) time per
simulated second is about 4.12 h/s. However, the
CPU time for mesh-based finite volume method
(FVM) is about 1.42h/s for the homogeneous
model and about 3.54 h/s for the inhomogeneous
model [23]. The difference between the CPU
time per simulated second for the
inhomogeneous model and the SPH simulation
is about 16%. It is expected that the SPH
simulation is a more time-consuming process in
comparison with the FVM method. In the SPH
modeling, the second phase (air) is neglected by
exerting the zero pressure condition on the free
surface particles. So, the domain of solution for
the SPH modeling becomes smaller than that for
the mesh based two-phase modelings.

0.6 4 -

— — —  Present SPH simulation
0.5 4 FVM simulation v

y (m)

04 (b)

0.3 4

02

(l'(l I)TZ (174 (llh (178 I!(l 1.2
X (m)

Fig. 5. Variations of free surface at t = 6.08T (a) for

the present simulation and it in comparison with FVM

results (b) reported by Godderidge et al. [23].

The pressure time history of a fixed point on the
height of H/L=0.5, from the bottom of the tank
vs. the experimental results of Hinatsu [33] is
also shown in Fig. 6. It should be mentioned that
the experimental data in Fig. 6, along with its
plot, is obtained by conducting Fourier
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decomposition on the results of Hinatsu [33], as
reported by Godderidge et al. [23]. As shown in
this figure, a strong agreement is present
between present results and those found
experimentally. The results of Fig. 6 show that
the pressure variation is a periodic function of
time.

— — —  Present data
Exprimeni t

1800

1600 +
1400
1200 A
1000 +

800 4 I

Pressure (Pa)

600 |

400 -

200 4

04

-200 T T
18 20 22 24 26 28

T
Fig. 6. Pressure time history of a fixed point of height
h/L = 0.5 from the bottom of the tank, compared to
the experimental results of Hinatsu [33].

The force sinusoidal motion of the tank is
gradually transmitted to the fluid. A periodic
flow is also created in the tank. The periodic flow
can be detected by following the contours in Fig.
7.

1="7.460T

1=10.149T

£ =10.666T

Fig. 7. Liquid motion and variations of free surface at
different time periods involve motion.
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In this figure, the contour of pressure variation
and particle position are shown. The fluid
particles continuously move up and down along
the vertical walls of the tank. This leads to
periodic pressure variation. If the motion of fluid
particles along the vertical walls is limited,
pressure variation is also reduced. Use of vertical
baffles is a useful strategy to control
fluctuations. The wvertical baffle effect on
fluctuation reduction is examined in the next
subsection.

3.3. Vertical baffles

As mentioned, one important way to control the
fluctuations is through baffles; they reduce the
kinetic energy of fluid particles, thus, reduce the
fluctuation domain. In Fig.8, contours of
pressure and particle distribution of a tank with
a vertical baffle are shown. In this case, the size
of the baffle is half the size of the vertical walls
of the tank. As shown in Fig. 8, the fluid motion
along the wvertical walls is restricted in
comparison to that of Fig. 7.

1=6.392T

1=93597T

t = 5.858T

r=9.063T

Fig. 8. Liquid motion and free surface variation at
different times in the presence of vertical baffle.

The baffle size has a special effect on fluctuation
damping. Reducing the fluctuation domain size
is shown in Fig. 9. By increasing the baffle size,
the fluctuation domain is reduced. The results
show that by selecting a proper vertical baffle,
fluctuations in a tank can be well-controlled.
However, it may be that horizontal baffles also
dampen the fluctuations as well as the vertical
baffles. The effect of horizontal baffles on the
fluid flow in a tank, due to sinusoidal motion, is
discussed in the next subsection.
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2000

—-—-—  Baffle /L=0.5
Baffle D/L=0.25
No baffle

1500

1000

Pressure (Pa)

500

=500

3 6 7 8 9 10 11

Fig. 9. The baffle size effect on pressure variation of
a fixed point on the right wall at height H/L = 0.5.

3.4. Horizontal baffles

The horizontal baffles seem to be another useful
method to control the fluctuations. Two
horizontal baffles are considered for each
vertical wall. For the first investigation, the size
of baffles is considered as D/L = 0.5, while the
height of the base of the baffle from the bottom
wall is h, /L= 0.6. All other physical and
geometrical conditions are the same as the two
previous cases. This is due to force sinusoidal
motion as shown in Fig. 10.

| t=5.858T t=6.392T
S ———
1=6.926T t=7.460T
————  i———
) 1=8.012T Vl = 8§.529T
R —
. t=9.063T 1=9.597T
e M——
t=10.149T t=10.666T

Fig. 10. Liquid motion and variation of the free

surface at different time periods in the presence of
horizontal baffles.
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The fluctuation domain is controlled by the
horizontal baffles. The size effect of the baffle
on fluctuation damping is shown in Fig. 11.

2000

++ No baffle
D/L=0.5, hy=0.6

— —— D/L=025,hy=0.6
15001 = 3 3 ;.

t i H
RE T RN

1000

Pressure (Pa)

500 -

T
Fig. 11. The size effect of the baffle, which is
tangential to the free surface at the initial time (hy/L =
0.6) on pressure variation at a fixed point on the right
wall at height H/L = 0.5.

Here, the pressure time variation of a point at the
height H/L = 0.5 is plotted for three cases. The
first case has no baffle, while the second and
third cases have baffles with D/L = 0.25 and D/L
= 0.5, respectively. As indicated for both baffle
cases, the fluctuation domain is reduced
considerably. However, it seems that the size for
horizontal baffles is not as effective as that for
vertical baffles. In this case, the baffles are set in
such a way that they are tangential to the free
surface of the liquid. The vertical motion of the
fluid particles is restricted initially. It is critical
to understand the effect of baffle position on
flow and fluctuation. The position of the baffle
base is decreased to hy/L = 0.3. For this case, the
pressure variation for the point on the height H/L
= 0.5 for two baffles with different sizes (D/L =
0.25 and D/L = 0.5) and the case without a baffle
is plotted in Fig. 12 for better comparison. For
the case of D/L = 0.25, the fluctuations are close
to those without a baffle. However, increasing
the baffle size decreases the fluctuations. There
are considerable differences between the plots of
Fig. 11 and Fig. 12. First, decreasing the position
of the baffle base causes an increase in the
fluctuation domain. Second, in opposition to the
case with hp/L = 0.6, for the case with hy/L = 0.3,
baffle size has an effect on fluctuation damping.
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2000

.......... No baffle
— —— D/L=0.25, hy=0.3
D/L=0.5, hpy=0.3 2

1500 1 s 3

1000 A

Pressure (Pa)

500 o

uT
Fig. 12. The size effect of the baffle on the pressure
variation at a fixed point on the right wall at height
H/L = 0.5 for the case with hy/L=0.3.

4. Conclusions

In the present study, a relatively accurate SPH
method is applied to model the liquid sloshing
phenomena. The SPH algorithm for solving the
pressure Poisson and momentum equations
contains various sub-algorithms, such as the
kernel gradient correction, shifting particle
algorithms, turbulence viscosity calculators, and
free surface detectors. The accuracy of the
present algorithm is evaluated against the
experimental and numerical methods. The
comparing results show that the applied
algorithm is a proper method to model the free
surface flow. It is also applied to model the liquid
sloshing phenomena. To control them, vertical
and horizontal baffles are examined and show
that baffle size has a major role in sloshing
fluctuation damping. For baffle size with D/L =
0.5, the fluctuation domains are damped
considerably, and are reduced more than 85% in
comparison with the case without any baffling.
When the baffle size is reduced to D/L = 0.25,
the fluctuation reduction is approximately 40%.
The other case investigated is horizontal baffle.
Baffle base position is more important than its
size. When the baffle is tangential to the initial
free surface (h, /L= 0.6), the most efficient case
is observed. For this, baffle size had less effect
on the fluctuation reduction than other cases. By
decreasing baffle base position (hw/L = 0.3), the
fluctuation reduction decreases as well, due to
baffles. In this case, the baffle size should also
be important.
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