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a b s t r a c t

The horizontal porous baffle and its effect as an anti-slosh device have been investigated intensively in a
swaying and rolling rectangular tank. To accurately assess the level at which porous baffles reduce liquid
sloshing, the Matched Eigenfunction Expansion Method (MEEM) has been utilized as an analytical tool.
The velocity potentials in the horizontal baffle-covered fluid region are expressed by the sum of the
homogeneous and particular solutions to avoid solving the complex dispersion equation. By applying an
equivalent linearized quadratic loss model, the nonlinear algebraic equation is derived and solved by
implementing the NewtoneRaphson iterative scheme. To prove the validity of the present theoretical
model, a series of experiments have been conducted with different centered horizontal porous baffles
with varying porosities and submerged depths in a swaying and rolling rectangular tank. Reasonably
good agreements are obtained regarding the analytical solutions and the experiment's findings. The
influence of porosity, submerged depth, and length of a centered horizontal porous baffle on anti-slosh
performance have been analyzed, especially at resonance modes. The developed predictive tool can
potentially provide guidelines for optimal design of the horizontal porous baffle.
© 2021 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

With the growing population and air pollution by the use of
fossil fuels causing serious worldwide environmental issues, the
concern about new energy resources is rising. Natural Gas (NG) has
the potential for future energy resources as it is an abundant/clean
energy resource and operating cost is comparable with that of
nuclear energy or even coal. Liquefaction of NG is an important
element of its usage. In a liquified state, natural gas can be trans-
ported in a relatively compact-sized by the special-purpose carrier
vessel. The understanding of liquid motion in the LNG tank and its
hydrodynamic load on the tank is important for the safe trans-
portation of LNG. Especially under resonance conditions, violent
liquid sloshing motion in the LNG tank causes large hydrodynamic
loads, which may result in structural damage and instability of LNG
carriers. In addition to LNG tank, liquid sloshing in the moving
liquid tank with a free surface has been considered as an important
design element in various fields, such as land transportations,
onshore storage tanks, and satellites in low gravity. Also, resonant
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free-surface motion in fuel tanks of aircraft, missiles, and rockets
has been the focus of many kinds of research (Abramson [1963],
Bauer et al., [1976], etc.). In this case, sloshing will have a strong
influence on the dynamic stability. Thus far, researchers have
developed a variety of anti-slosh devices to increase the damping of
the tank and eventually reduce sloshing energy.

There have been many studies on the submerged horizontal
porous plates, which have been mainly investigated as a break-
water (Patarapanich 1984; Patarapanich and Cheong 1989; McIver
1985). The solid horizontal plate is utilized to reduce the trans-
mitted waves, mostly bywave breaking over the plate and partly by
vortices generation at both ends of the plate. Optimum submer-
gence depth (d/h) of the plate, where h is water depth, is kept at
around 0.05e0.15 to arise wave breaking. On the other hand, the
wave dissipation by porous plates is increased when vortices are
generated across the small holes of the plate with a porosity (Yu
and Chwang 1994; Chwang and Wu 1994; Cho and Kim 2008). Yu
and Chwang (1994) proved the horizontal plate with a proper
porosity to be helpful in keeping the wave transmission below a
certain level, and suppressing the effect on the porous plate caused
by the wave force and wave reflection. Using theMEEM and Darcy's
law, Yip and Chwang (1998) obtained the analytical solutions that
calculate how a pitching horizontal porous plate interacts with the
sevier B.V. This is an open access article under the CC BY-NC-ND license (http://
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wave. With this, they found out that there is a certain optimal value
in a porous-effect parameter for dissipating incident wave energy.
Cho and Kim (2008) expanded the research by investigating how a
submerged horizontal porous plate affects wave-absorbing per-
formance. The porosity and submerged depth of the porous plate
play an essential role in reducing wave energy. The optimal value of
porosity approximates 0.1, and the optimal submerged depth (d/h)
is within the range of 0.05e0.1. Regarding the semi-infinite sub-
merged horizontal porous plate, Evans and Peter (2011) obtained
the reflection coefficient by applying the WienereHopf technique.
It was additionally determined that the reflection coefficient can be
extended to a finite submerged horizontal porous plate by using the
residue-calculus method. Liu and Li (2011) and Liu et al. (2012), on
the other hand, suggested an alternative analytical method based
on the MEEM for wave scattering with a horizontally submerged
porous plate in place. In comparison with previous studies, solving
the complex dispersion equation by introducing the particular so-
lutions in a horizontal plate-covered region is not a necessity.
Applying the Boundary Element Method (BEM) as well as MEEM,
Cho and Kim (2016) analyzed the dual submerged horizontal
porous plate's reflection and transmission coefficient in oblique
incident waves. A generalized analytical solution determining wave
interaction in a multi-layer submerged horizontal porous plate
setting was formulated by Fang et al. (2017) based on the linear
potential theory. When it comes to the energy dissipation caused
by the porous plate, Darcy's law has been the most prominently
used. According to Darcy's law, the velocity of the fluid's flow
through a porous plate has a linear relationship with the pressure
drop between each side of the plates. In addition, some researchers
have used the linearized quadratic pressure loss model using Lor-
enz's principle of equivalent work.

Among many anti-slosh devices, the porous baffles, such as
slotted and perforated baffles, have been well known as the most
effective and powerful method in suppressing the resonantly
forced sloshing (Ibrahim 2005). The mitigation mechanism on
liquid sloshing by the porous baffles is due to the formation of
turbulent vortices, which dissipates much of sloshing energy in a
tank when the liquid flows back and forth along with the porous
baffles. The potential flow theory was first used to understand the
suppression effect of the porous baffle. Tait (2008) introduced an
equivalent linearized quadratic loss model that can be used to
determine the energy dissipation by slotted screens in the Tuned
Liquid Damper (TLD). Crowley and Porter (2012a,b) investigated the
effect of a slotted screen on sloshing suppression analytically and
further extended the slotted screen arrangement for the TLD. Molin
and Remy (2013) also studied the behavior of liquid sloshing by a
fully-submerged vertical porous screen positioned at the center of
an oscillating rectangular tank by the experimental and numerical
approach. Molin and Remy (2015) systematically compared the
energy dissipation effect by a slotted baffle of different slot shapes
and sizes. Cho and Kim (2016) applied an equivalent linearized
energy loss model to dual vertical perforated baffles with arbitrary
heights in a horizontal excited rectangular tank. Poguluri and Cho
(2019) investigated how a slotted screen functions in terms of
anti-slosh when it is positioned at the center of the rectangle-
shaped tank with linear and nonlinear quadratic loss models
based on the potential theory. Zhao et al. (2020) investigated the
wave energy dissipation by a vertical perforated plate by applying a
quadratic (nonlinear) pressure drop condition on the plate in the
dual BEMmodel. Cho and Kim (2020) evaluated the performance of
a vertical flexible-membrane porous baffle as an anti-slosh device.
It was verified that the flexible membrane baffle is more effective
than the rigid one in a particular frequency range through the
motion-induced secondary waves by a flexible membrane.

There have been many interests on the horizontal baffle to
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enhance the attenuation effect of liquid sloshing and reduce the
fatigue damage on the porous baffle caused by long-term repeated
impact loads. The horizontal plate was first used as the annular
baffles in a cylindrical or cube tank, and it has been proven to have a
good suppression effect. Kim (2001) showed that the horizontal
baffles installed on the tank's sidewalls can be effectively used to
reduce the impulsive pressure on the ceiling of the tank. Isaacson
and Premasiri (2001) investigated the effectiveness of various
baffle configurations and found that the horizontal baffles are more
effective in a deeper tank. In a partially filled rectangular tank,
Goudarzi and Sabbagh-Yazdi (2012) attempted experimental and
analytical studies with various arrangements of mounted vertical
baffles, both lower and upper, and horizontal baffles to understand
their effect on hydrodynamic damping. The result linked horizontal
baffles with slender tanks and vertical baffles with broad tanks to
show higher damping effects. Jin et al. (2014) showed that a hori-
zontal perforated baffle can reduce violent liquid motion efficiently
and dissipate sloshing energy in a partially filled tank. To alleviate
the liquid sloshing in a rectangle-shaped tank, developed the
viscous fluid model in which the dissipative effects of a horizontal
baffle are proven to have a significant influence on the sloshing
responses in the tank. Cho et al. (2017) determined the energy
dissipation effect of a sided and centered horizontal porous baffle in
a horizontal-excited oscillation of a rectangular tank using the
MEEM with empirically-tuned Darcy's model. Ünal et al. (2019)
investigated the sloshing attenuation by setting a T-shaped baffle
inside a rolling tank. In this particular environment, the effects of
parameters such as the baffle's filling depth, baffle's height, and
angle in which it rotated were carefully analyzed. Jin et al. (2020)
examined the sloshing reduction by a horizontal fully-covered
slotted baffle in a swaying/rolling excited tank. They showed that
the energy dissipation of a horizontal porous baffle is mainly
caused by the generation of vortices due to the jet flow through the
slots.

The present study aims to develop an analytical tool by using the
MEEM within the framework of the linear potential theory that
predicts the liquid sloshing inside a swaying/rolling rectangular
tank when a submerged horizontal porous baffle is installed. First,
depending on the presence or absence of a horizontal baffle, the
fluid domain is separated into two different regions. The region
with the baffle is then subdivided into an upper and lower region.
The analytic solutions in the baffle covered-region are expressed by
the sum of the homogeneous and particular solutions, following
the similar methodology of Liu and Li (2011) and Cho and Kim
(2016). As a result, the present problem is readily resolved
without solving complex dispersion equation. By applying an
equivalent linearized quadratic model that ignores all higher har-
monics, the nonlinear algebraic equation is derived and solved by
implementing the NewtoneRaphson iterative scheme. A swaying/
rolling rectangular tank is set up with a horizontal porous baffle
installed at the center. In this situation, a series of experiments are
conducted. The scope of this paper is threefold: (1) to introduce the
derivation of the analytical solution based on the MEEM; (2) to
describe the experimental setup; and (3) to investigate the effects
of various porosities, submerged depths, and lengths of a horizontal
porous baffle on the free-surface elevations, dynamic pressures,
and hydrodynamic forces. Finally, conclusions are given.

2. Mathematical formulation

The respective dimensions of the rectangular tank in which we
will observe the two-dimensional liquid sloshing are as follows: the
length of the tank is 2a, the filling depth is h, and the tank has a
horizontal porous baffle. The horizontal baffle with a porosity of P
and a length of 2c is submerged with a submergence depth of d at
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the center of the tank. The tank oscillates horizontally and rota-
tionally with amplitude xj; ðj¼ 1;2Þ and frequency u. Cartesian
coordinate system is chosen with the x-axis along the mean free
surface of a tank and z-axis pointing vertically upwards. The defi-
nition sketch of a swaying/rolling tank model with a centered
horizontal porous baffle is shown in Fig. 1.

To analyze a 2D liquid sloshing in a swaying/rolling tank, we
assume the linear potential flow theory. The velocity potential for
liquid sloshing flow can be written as Fjðx; z; tÞ ¼
Re
�� iuxjfjðx; zÞe�iut �; j ¼ 1; 2, where xj; ðj¼ 1;2Þ denote the

sway and roll motion amplitude, respectively.
It is expected that the sloshing liquid motion in a rectangular

tank with a symmetric shape must be asymmetric for an asym-
metric tank motion like sway and roll motion, such that fjðx;zÞ ¼
� fjð � x; zÞ; therefore we don't have to solve the fluid motion for
the whole domain. The solution in x � 0 can be simply extended by
the asymmetric relation fjðx;zÞ ¼ � fjð � x;zÞ.

The complex velocity potentials fj; ðj¼ 1;2Þ satisfy the
following Boundary-Value Problem (BVP).

V2fj ¼0 in the liquid: (1)

vfj

vz
�Kfj ¼ 0 on z ¼ 0;

�
K ¼u2

g

�
: (2)

8>><>>:
vf1
vz

¼ 0;

vf2
vz

¼ �x; on z ¼ �d;�h;�a � x � 0:
(3a,b)

8>><>>:
vf1
vx

¼ 1;

vf2
vx

¼ ðz� zRÞ; on x ¼ �a;�h � z � 0:
(4a,b)

In addition to the continuity Eq. (5) across a porous baffle, the
additional boundary condition (6) is derived by using an equivalent
linearized quadratic loss model (Crowley and Porter, 2012a,b, Cho
and Kim, 2017). The inertia effect is neglected under the assump-
tion that the plate is thin and the size of holes is not large.
Fig. 1. Schematic sketch of an oscillating rectangular tank with a horizontal porous
baffle.
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vfj

vz
ðx; �dþÞ¼ vfj

vz
ðx; �d�Þ; on � c � x � 0: (5)

fjðx; �d�Þ�fjðx; �dþÞ ¼ �ibjðxÞ
u

wrjðxÞ; on � c � x � 0 (6)

where bjðxÞ ¼ 4CDxju
3p

��wrjðxÞ
��, j j denotes the modulus of the complex

number. wrjðxÞ ¼
�
vfj

vz ðx;�dÞþxd2j

�
is the relative vertical flow

velocity on the horizontal porous baffle.
The empirical formula of a drag coefficient CD is defined through

curve fitting with StarCCMþ‘s numerical results for a simplified
channel model with a circular hole (George and Cho, 2020).

CD ¼0:6
�

1
PCc

� 1
�2

; (7)

where an empirical formula of discharge coefficient is Cc ¼
0:6þ 0:4P3. Poguluri and Cho (2019) obtained the same formula
for the slotted baffle. It means that the porous baffle made of cir-
cular holes gives the same effect as the slotted baffle in energy
dissipation if the porosity is maintained equally.

For utilizing the MEEM, the fluid domain is divided into three
separate regions, as shown in Fig. 1. A region (I) is defined by � a �
x � � c, a horizontal baffle-covered region �c � x � 0 is sub-
divided into an upper region (II) and lower region (III).

By the separation of variables, the velocity potentials in the
region (I) satisfying Eq. (1)-(3) can be written as:

f
ðIÞ
j ðx; zÞ¼ � x

�
zþ 1

K

�
dj2

þ
X∞
n¼0

�
Ajn cosh k1nðxþ aÞ�gjn cosh k1nx

�
f1nðzÞ; (8)

where eigenfunctions are given by f1nðzÞ ¼ N�1
1n cos k1nðzþhÞ; with

ðN1nÞ2 ¼ 1
2

�
1þsin 2k1nh

2k1nh

�
, and eigenvalues satisfy the dispersion

equation, k1n tan k1nh ¼ �u2=g; n � 0 with k10ð ¼ � ik1Þ. k1 rep-
resents thewavenumber corresponding to the propagatingmode in
region (I).

By straightforward integration, eigenfunctions f1nðzÞ can be
shown to be orthogonal to one another, that is,

1
h

ð0
�h

f1nðzÞf1mðzÞdz¼ dmn: (9)

where dmn in Eqs. (8) and (9) is the Kronecker delta function
defined by dmn ¼ 1, if m ¼ n and dmn ¼ 0, if msn.

gjn in Eq. (8) is the unknown expansion coefficients, which can
be readily obtained from Eq. (4) by invoking the orthogonality of
the eigenfunctions.

gjn ¼
bgjn þ ~gjn

k1n sinh k1na
; (10)

where.

8><>: bg1n ¼ 1
h

Z 0

�h
f1nðzÞdz;

~g1n ¼ 0;

8>>>><>>>>:
bg2n ¼ 1

h

Z 0

�h
ðz� zRÞf1nðzÞdz;

~g2n ¼ 1
h

Z 0

�h

�
zþ 1

K

�
f1nðzÞdz:
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In the regions (II) and (III), the velocity potentials can be written
as the sum of the homogeneous and particular solutions as follows:

f
ðIIÞ
j ðx; zÞ¼f

ðIIÞ
Pj ðx; zÞ� x

�
zþ 1

K

�
d2j þ

X∞
n¼0

Bjn
sinh k2nx
sinh k2nc

$ f2nðzÞ;

(11)

f
ðIIIÞ
j ðx; zÞ ¼ f

ðIIIÞ
Pj ðx; zÞ � x

2ðh� dÞ
h
ðzþ hÞ2 � ðzþ dÞ2

i
d2j

þxCj0
c

þ 2
X∞
n¼1

Cjn
sinh lnx
sinh lnc

$cos lnðzþ hÞ;
(12)

where f
ðIIÞ
Pj ;f

ðIIIÞ
Pj are the particular solutions representing the

permeating flow across the horizontal porous baffle.
The eigenfunctions f2nðzÞ in region (II) are defined as

f2nðzÞ¼N�1
2n cos k2nðzþ dÞ; with ðN2nÞ2 ¼

1
2

�
1þ sin 2k2nd

2k2nd

�
(13)

The eigenvalues k2n; ln in the region (II) and (III) are the solu-
tions of the following equations

k2n tan k2nd¼ � u2

g
; ln ¼ np

ðh� dÞ; n ¼ 0;1;2; ::: (14)

where k20ð¼�ik2Þ corresponds to the propagating mode.
With the above definition (14), the eigenfunctions f2nðzÞ are

orthogonal in the following sense:

1
d

ð0
�d

f2nðzÞf2mðzÞdz¼ dmn; (15)

Along the porous baffle, the permeating fluid velocity can be
expressed by the expansion of eigenfunction (clðxÞ) series

vf
ðIIÞ
Pj

vz
ðx; �dÞ¼

vf
ðIIIÞ
Pj

vz
ðx; � dÞ ¼

X∞
l¼1

DjlclðxÞ; �c � x � 0: (16)

where Djl is the unknown coefficients corresponding to the l-th
mode.

The velocity potential is continuous (fðIIÞ
Pj ¼ f

ðIIIÞ
Pj ) at the outer

edge (x ¼ � c) of the porous plate, and hence the vertical fluid
velocity at the outer edge must be zero. From the boundary con-
dition (clð � cÞ ¼ 0), and anti-symmetric flow condition (clð0Þ ¼
0), the eigenfunctions and eigenvalues are given by

clðxÞ ¼ sinðnlxÞ; nl ¼
lp
c

ðl ¼ 1;2;3; :::Þ: (17)

The eigenfunctions in Eq. (17) are orthogonal to each other in
the interval ½ � c;0�:
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2
c

ð0
�c

clðxÞckðxÞ dx ¼ dkl; k; l¼1;2;3; :::: (18)

The particular solutions in the region (II) and (III) satisfying the
inhomogeneous boundary condition (16), free surface condition,
and bottom boundary condition can be written as

f
ðIIÞ
Pj ðx; zÞ ¼

X∞
l¼1

Djl

nl
½Yl cosh nlðzþ dÞ þ sinh nlðzþ dÞ�sinðnlxÞ;

f
ðIIIÞ
Pj ðx; zÞ ¼

X∞
l¼1

Djl

nl

cosh nlðzþ hÞ
sinh nlðh� dÞ sinðnlxÞ;

(19)

where. Yl ¼ u2 tanh nld�g nl
g nl tanh nld�u2:

The unknown coefficients Ajn;Bjn;Cjnðn¼ 0;1;2; :::Þ;
Djlðl¼ 1;2; :::Þ can then be solved by requiring the continuity of
velocity potential and horizontal velocity at x ¼ � c.

The continuity of velocity potential at x ¼ �c requires that

c
�
zþ 1

K

�
d2j þ

X∞
n¼0

�
Ajn cosh k1nða� cÞ � gjn cosh k1nc

�
f1nðzÞ

¼

8>>>>>>>>>>><>>>>>>>>>>>:

c
�
zþ 1

K

�
d2j �

X∞
n¼0

Bjnf2nðzÞ; �d � z � 0;

c
2ðh� dÞ

h
ðzþ hÞ2 � ðzþ dÞ2

i
d2j �

X∞
n¼0

εnCjn cos lnðzþ hÞ;

�h � z � �d:

(20a,b)

Multiplying Eq. (20a) by ff2mðzÞ : m¼ 0;1;2; :::g and integrating
over � d< z<0, we obtain

Bjm ¼
X∞
n¼0

�
gjn cosh k1nc�Ajn cosh k1nða� cÞ�Hmn; (21)

where. Hmn ¼ 1
d

R 0
�d f1nðzÞf2mðzÞdz:

If we multiply Eq. (20b) by fcos lmðzþhÞ : m¼ 0;1;2; :::g and
integrate with respect to z from �h to � d, the following equation
can be derived

Cjm ¼ smd2j þ
X∞
n¼0

�
gjn cosh k1nc�Ajn cosh k1nða� cÞ�Gmn;

(22)

where Gmn ¼ 1
h�d

R�d
�h f1nðzÞcos lmðzþhÞdz, sm ¼ c

�
hþd
2 � 1

K

�
sin lmðh�dÞ
lmðh�dÞ .

The continuity of vfj

vx at x ¼ �c requires



�
�
zþ 1

K

�
d2j þ

X∞
n¼0

k1n
h
Ajn sinh k1nða� cÞþgjn sinh k1nc

i
f1nðzÞ

¼

8>>>>>>>>>>>>>>>>>>><>>>>>>>>>>>>>>>>>>>:

�
�
zþ 1

K

�
d2j þ

X∞
l¼1

Djl ð � 1Þl½Yl cosh nlðzþ dÞ þ sinh nlðzþ dÞ�

þ
X∞
n¼0

k2nBjn coth k2nc , f2nðzÞ ; �d � z � 0;

� 1
2ðh� dÞ

h
ðzþ hÞ2 � ðzþ dÞ2

i
d2j þ

X∞
l¼1

Djl ð � 1Þlcosh nlðzþ hÞ
sinhnlðh� dÞ :

þ
X∞
n¼0

pnCjn, cos lnðzþ hÞ; �h � z � �d

(23)
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where pn ¼
	
1=c; n ¼ 0
2ln coth lnc; n � 1 .

Multiplying both sides of Eq. (23) by ff1mðzÞ : m¼ 0;1;2;3::g
and integrating over � h< z<0, we obtain
k1mh
h
Ajm sinh k1mða� cÞþgjm sinh k1mc

i
¼
X∞
l¼1

Djl Gml þ tmd2j þ
X∞
n¼0

k2nd Bjn coth k2nc , Hnm þ
X∞
n¼0

ðh�dÞpnCjn Gnm (24)
where

Gml ¼ ð � 1Þl
( ð0

�d

½Yl cosh nlðzþ dÞ þ sinh nlðzþ dÞ�f1mðzÞdz

þ
ð�d

�h

cosh nlðzþ hÞ
sinhnlðh� dÞ f1mðzÞdz

)
; tm ¼

�
1
K
� hþ d

2

�
sin k1mðh� dÞ

k1mN1m
:

The remaining equation is the porous boundary condition given
by Eq. (6).

f
ðIIIÞ
j ðx;�dÞ�f

ðIIÞ
j ðx;�dÞ¼�ibjðxÞ

u

X∞
l¼1

Djl sin nlx; on �c� x�0:

(25)

where bjðxÞ ¼ 4CDxju
3p

����� P∞l¼1
Djlsin nlx

�����.
Substituting Eqs. (11), (12) and (19) into Eq. (25), and then

multiplying both sides of resulting equation by sinðnkxÞ and inte-
grating with respect to x from �c to 0, we obtain
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Djk ¼
2

kjkc

(X∞
n¼0

Ukn

N2n
Bjn �

X∞
n¼0

ð � 1ÞnPknCjn þakd2j

)
; k¼ 1;2;3::::

(26)

with Ukn ¼ R 0�c
sinh k2nx
sinh k2nc

$sin nkx dx;

Pkn ¼

8>>>><>>>>:
1
c

Z 0

�c
x$sin nkx dx; n ¼ 0

2
Z 0

�c

sinh lnx
sinh lnc

$sin nkx dx; n � 1

,

kjlk ¼
2
c

ð0
�c

ibj


x
�

u
cos nlx$cos nkxdxþ

�
1

nk tanh nkðh� dÞ �
Yk
nk

�
;

ak ¼
�ðhþ dÞ

2
� 1
K

� ð0
�c

x$sin nkx dx:

The integrals in kjlk can be evaluated numerically by using 6-point
Gaussian quadrature integration. Numerical tests show that bjðxÞ does
not vary much along the horizontal porous barrier and can be replaced
by its averaged value over ½ � c; 0�. The kjlk becomes kjk ¼�

ibjk

u þ 1
nk tanh nkðh�dÞ � Yk

nk

�
, in which

bjk ¼ 4CDxju
3p

����� P∞k¼1
Djk

1
c

R 0
�c sin nkx dx

����� means its averages over the hori-

zontal porous baffle.
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To evaluate the unknown coefficients Ajn;Bjn;Cjn ; ðn¼ 0;1;2; :::Þ
and Djl;ðl ¼ 1;2;:::Þ, we need to truncate ðm;nÞ and ðk; lÞ at N andM.
The final algebraic equations for Ajn can then be derived by
substituting Eqs. (21), (22) and (26) into Eq. (24).

Ajm þ
XN
k¼0

cosh k1kða� cÞ
k1mh sinh k1mða� cÞFjmkAjk ¼

Xjm

k1mh sinh k1mða� cÞ;

(27)

where

Fjmk ¼
XN
n¼0

k2nd coth k2nc$HnkHnm þ
XN
n¼0

ðh� dÞpn$GnkGnm

þ2
XM
l¼1

Gml
kjlc

"XN
n¼0

UlnHnk
N2n

�
XN
n¼0

ð � 1ÞnPlnGnk

#
;

Xjm¼�gjmk1mhsinhk1mcþ
XN
k¼0

coshk1kc$Fjmkgjk

þ
 
tmþ2

XM
l¼1

Gml

kjlc

"
al�

XN
n¼0

ð�1ÞnPlnsn

#
þ
XN
n¼0

ðh�dÞpn$snGnm

!
d2j:

The nonlinear algebraic Eq. (27) are solved by implementing the
NewtoneRaphson iterative scheme (Molin, 2011). To obtain the

unknown coefficients AðkÞ
jn ;ðn¼0;1;2;::;NÞ at the present iteration

step ðkÞ, we solve the above nonlinear algebraic equation iteratively

with an initial guess of Dð0Þ
jl ¼ 0, corresponding to a solid plate. The

calculation is repeated until the desired convergence criterion of

maxð
���Dðkþ1Þ

jl �DðkÞ
jl

���Þ�10�6 is satisfied. The required number of it-

erations is about 10e20. Subsequently, Bjn;Cjn ;ðn¼0;1;2;:::;NÞ can
be determined from Eqs. (21) and (22).

The sway (i ¼ 1) and roll (i ¼ 2) hydrodynamic loads on the tank
ðFsloshi ðtÞ¼ Reff sloshi e�iutg; i¼ 1;2Þ can be calculated by integrating
the sloshing pressure due to eachmotionmode (j¼ 1,2) of the tank.
h1j ¼ �2ru2
ð0
�h

f
ðIÞ
j ð � a; zÞdz;

h2j ¼ �2ru2

( ð0
�h

ðz� zRÞfðIÞ
j ð � a; zÞdz�

ð�c

�a

xfðIÞ
j ðx;�hÞdx�

ð0
�c

xfðIIIÞ
j ðx;�hÞdx

)
:

f sloshi ¼
ð
S

pj$nidS ¼ ru2
X2
j¼1

xj

ð
S

fj$nidS ¼
X2
j¼1

hijxj; i ¼ 1;2

(28)

where
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Let hij be decomposed to the real and imaginary parts: added
mass (mij), radiation damping (nij):

hij ¼u2mij þ iunij; i; j ¼ 1;2; (29)

The vertical loads (FjðtÞ ¼ Reffj e�iutg) on the horizontal porous
baffle can be calculated from

fj ¼ 2ru2xj

ð0
�c

h
f
ðIIIÞ
j ðx;�d�Þ � f

ðIIÞ
j ðx;�dþÞ

i
dx;

¼ 2ru2xj

(
� ibj

u

XM
l¼1

Djl

ð0
�c

sin nlx dx

)
:

(30)

The free-surface elevation ðzjðx; tÞ¼ RefhjðxÞ e�iutgÞ and dy-

namic pressure ðPjðx; z; tÞ¼ Refpjðx; zÞ e�iutgÞ on the tank wall can
be explicitly expressed
hjðxÞ¼

8>>>>>><>>>>>>:

u2xj
g

f
ðIÞ
j ðx;0Þ; �a � x � �c

u2xj
g

f
ðIIÞ
j ðx;0Þ; �c � x � 0

; pjð� a; zÞ

¼ ru2xjf
ðIÞ
j ð� a; zÞ (31)
3. Experiments

A set of experiments were conducted with a submerged hori-
zontal porous baffle in a swaying/rolling rectangular tank setting to
determine the validity of the analytical solutions derived above. An
acrylic tank with a dimension of 50 � 50 � 10 cm is set on a mobile
platform, allows to move either horizontally or rotationally. The
width of the experimental model is intentionally designed to be
small compared to its length to avoid generating three-dimensional
cross-waves. We also design the tank to be equipped with a hori-
zontal porous baffle with a changeable submergence depth. The
photograph of the experimental setup and perforated baffles are
shown in Fig. 2. Experiments are simplified by restricting the mo-
tion of the tank to a single-mode (sway or roll) oscillation Xj ¼
xj sin ut. The motion amplitude xj was controlled by a mechanism
that consists of a rotating disk of diameter 15 cm and a connecting
arm, as shown in Fig. 2. The rotating disk is actuated to a servo-
motor (SGMJV-04ADL21). With different connecting positions of
the connecting arm on the rotating disk, different amplitudes of



Table 1
Experimental conditions in model tests.

Parameter Value

Tank length (2a) 50 cm
Submergence depth of baffle (d) Sway (1, 2 cm)

Roll (1, 2, 3 cm)
Filling depth (h) 10 cm
Baffle length (2c) 20 cm
Thickness of baffle (t) 2 mm
Radius of holes (r) 1.5 mm
Center-to-center spacing (w) 5, 8, 12 mm
Porosity of baffle (P) 0.0567, 0.1275, 0.3265
Period of tank motion (T) 0.4e1.4 s
Sway motion amplitude (x1) 0.5 cm
Roll motion amplitude (x2) 0.5�
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motions can be achieved. We can set the desirable oscillation fre-
quencies of the tank by changing the revolutions per minute of the
servomotor. In the experiment, the sway and roll motion amplitude
is set to be 0.5 cm and 0.5� to prevent thewave breaking in the tank.
The motion period ranges from 0.4s to 1.4s. It covers the three
lowest resonance periods in a baffle-free tank with a filling depth,
h ¼ 10 cm.

The structure of the perforated baffle can be illustrated as a
stainless steel plate with circular holes arrayed in a staggered
arrangement. The radius r of a circular hole is fixed at 1.5 mm, and
the center-to-center spacings w were 12, 8, and 5 mm. Corre-

sponding geometrical porosities P
�
¼ 2pr2ffiffiffi

3
p

w2

�
are 0.0567, 0.1275,

and 0.3265. In the experiments, a horizontal porous baffle with a
thickness (t) of 2mm is installed parallel to the still liquid level with
different submerged depths. The baffle's length (2c) positioned at
the center of the tank is 20 cm. All of the principal experimental
conditions are listed in Table 1.

To accurately track the free-surface elevation, an image-
processing technique is additionally implemented. One merit of
this particular image-processing technique is the capability to
measure in a confined fluid region like a small-sized tank. Another
advantage is that measurement is not hindered by tank vibration,
as it is a non-contact type. The quality of the recorded video is
crucial in this scenario in that the accuracy of the measured data,
and consequently the outcome of the experiment, depends on it.
However, because computational time increases as video quality is
enhanced, appropriate equipment should be selected to pinpoint
an efficient balance. In this study, we have set the resolution of the
video at about 0.208 mm/pixel, and its sampling rate is 60 Hz.
MATLAB has been adopted as the image-processing tool of choice.
The liquid used in the tank is dyed red to enhance optical detection.
A watertight disk-type pressure transducer (P310e02S) is installed
on the left wall, 2 cm above the tank bottom, to measure the dy-
namic pressure on the tankwall, its sample frequency being 100 Hz.
The oscillation time of a tank for each motion period is 120s, and
the last 30s is designated to the image-processing step. Due to the
viscous damping effect by a horizontal porous baffle, the surface
elevation and dynamic pressure rapidly reach a steady-state; thus,
the present measurement time is appropriate to obtain precise
experimental results.
4. Results and discussion

The anti-slosh performance results of a horizontal porous baffle
in a swaying/rolling rectangular tank have been measured and
compared through both the theoretical model and experimental
results in the preceding sections. In the following figures, the x-axis
Fig. 2. Photograph of the experimental setup and perforated b
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represents the non-dimensional oscillating frequency u2h=g and
the y-axis signifies respectively the wall amplification factor, dy-
namic pressure, hydrodynamic force on the tank, and sloshing-
induced load on the baffle. For the wall amplification factor, free-
surface amplitudes at the tank wall divided by the tank's motion

amplitudes (Rð1Þa ¼ jh1ð � aÞ =x1jRð2Þa ¼
����h2ð�aÞ�ax2

x2

����) is utilized. Dy-

namic pressure is represented by the pressure difference between

peak and trough. DpðjÞm ¼ ðpðjÞmax �pðjÞmaxÞ; j ¼ 1;2 at the tank wall.
Calculations are performedwith fixed non-dimensional tank length
(2a=h ¼ 5:0), and center of rotation (zR ¼ � h) values while pa-
rameters including submergence depths d=h, baffle lengths c=h,
porosities P, and tank-oscillation frequencies u2h=g are changed.

In Figs. 3e6, the overall comparison between the analytical
solutions and experimental results is depicted. The wall amplifi-
cation factors in a swaying or rolling tank without baffle are
demonstrated in Fig. 3. Overall, the experimental results with no-
baffle qualitatively exhibit similar tendencies with the MEEM so-
lutions based on the potential theory. The only discrepancy is
shown near the resonant frequencies. The quantitative differences
at the resonant frequencies can be explained by the frictional
damping along the tank surface, which dominates at the resonant
frequency. Another explanation is the nonlinearity caused by large
liquid motions at resonances. In Fig. 3, two resonant peaks can be
observed within the full frequency range of 0<u2h=g<3. As a
preliminary study, it is needed to discuss the typical features of
sloshing-mode resonance in a rectangle-shaped tank without any
installment of a baffle. Ibrahim (2005) provides the natural fre-
quencies un of sloshing-modes when the length and filling depth of
the rectangular tank is respectively 2a and h.
affles: (a) swaying tank (b) porous baffles (c) rolling tank.



Fig. 3. Comparison of the wall amplification factor (Ra) between the analytic solutions
and experimental results in (a) swaying tank and (b) rolling tank with no-baffle for a=
h ¼ 2:5; x1 ¼ 0:5cm; x2 ¼ :0:5o .
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u2
nh
g

¼nph
2a

tanh
�
nph
2a

�
; n ¼ 1;2;3;… (32)

The five lowest natural frequencies in a baffle-free setting u2
nh=

g, (n¼ 1, 2, 3, 4, 5) for 2a/h¼ 5.0 are 0.35,1.07, 1.80, 2.48, and 3.13 in
ascending order. Regardless of the motion-mode of the tank, major
resonances occur at odd modes (n ¼ 1, 3, and 5) at the free-surface
elevation on the walls of the tank. The free-surface shape of odd
840
modes is that the amplitude is maximum at tankwalls (anti-nodes),
and is zero (nodes) at the center of the tank. Even modes are less
prominent in Fig. 3 because nodes are generally formed at both
walls.

First, the anti-slosh effects of a horizontal porous baffle in a sway
excited tank are investigated for three different porosities. In Fig. 4,
solid lines represent the MEEM solutions while the symbols (�)
stand for experimental results. The horizontal porous baffle is
submerged at d=h ¼ 0:1. As you can see, there exist double peaks
within the entire frequency range. In the horizontal porous baffle
model, there exist two kinds of damping mechanisms. One is wave
dissipation due to the small-scale vortices formed by the porous
baffle's multiple small holes, the other due to the large-scale tip-
vortices at both ends of the baffle. The current analytical model
does not consider the effect of tip-vortices, which is a dominant
occurrence in the low-porosity baffle. Indeed, the discrepancy be-
tween the analytical and experimental results is more significant in
the case of a low-porosity baffle (P¼ 0.0567) and seems to be small
at a larger porosity (P¼ 0.1275 and 0.3265). There is no appreciable
change at the lowest mode (n ¼ 1, primary mode) according to
baffle's porosity, but the peak value and resonant frequency of the
3rd sloshing-mode are affected greatly by baffle's porosity. It can be

explained with the mode shape jnðxÞ ¼ sin

np
2a x
�
; n ¼ 1;2;3; :::of

each sloshing-mode. The primary mode shape (n ¼ 1) with anti-
nodes at the walls and node at the center divide the tank into
two regions. Thus, at the primary mode, the vertical motion
amplitude around a horizontal baffle is expected to be small. On the
other hand, at the 3rd sloshing-mode, the tank is divided into four
regions with anti-nodes at x ¼ ±a;±a

3 and nodes at x ¼ 0;±2a
3 . At a

given instant, adjacent fluid regions are opposite in phase. As anti-
nodes at x ¼ ±a

3 situate in the vicinity of the baffle's end, the larger
vertical liquid motion at the 3rd sloshing-mode is expected around
a horizontal baffle. As a result, sloshing energy is dissipated
significantly at the 3rd sloshing-mode. For the same reason, to
reduce the wall amplification factor at the primary mode, the po-
sition of the baffle has to bemoved to the side of the tank belonging
to anti-nodes (Cho et al., 2017). For a relatively low porosity
including P ¼ 0:0567; 0:1275, the 3rd resonant frequency moves
fromu2h=g ¼ 1.8 to u2h=g ¼ 2.3. The shift of the resonant frequency
and discrepancy of the peak value at the 3rdmode can be explained
by the fact that strong tip-vortices form at the baffle's edge with a
low-porosity. However, the baffle with a large-porosity (P ¼
0:3265) weakens the formation of tip-vortices and reduces the
damping effect. As a result, the resonant peak is observed at the 3rd
mode natural frequency (u2h=g¼1.8) of a no-baffle tank. Fig. 4(d)

shows the non-dimensional dynamic pressure Dpð1Þm =rgx1 at the
swaying tank wall (z ¼ �0.8 h) for a fixed porosity P ¼ 0:1275 and
two submerged depths d=h ¼ 0:1;0:2. The dynamic pressure at the
wall follows the trend of the wall amplification factor except for a
significant reduction of the peak at the 3rd resonant mode. The
effect of the submerged depth is not as great as expected. Overall,
the curves that have been theoretically predicted through the an-
alytic model show a significant correlation to the experimental
results with twominor points of disparity: the peaks at the primary
and 3rd sloshing-mode especially in the baffle with a low-porosity.
The discrepancy between the analytical solutions and experiment
observation data is caused by the energy transfer into higher har-
monics, energy dissipation by tip-vortices at both edges of the
baffle, and frictional loss along the tank surface.

Next, let us investigate the anti-slosh effect of a horizontal
porous baffle in a rolling tank. Fig. 5 compared the MEEM solutions
and experimental results in terms of the wall amplification factor
for varying porosities (P ¼ 0.0567, 0.1267, 0.3265) and submerged



Fig. 4. Comparison of the wall amplification factor (d/h ¼ 0.1) (a) P ¼ 0.0567 (b) P ¼ 0.1275 (c) P ¼ 0.3265, and non-dimensional dynamic pressure (d) P ¼ 0.1275 at x ¼ � a; z ¼ �
0:8h between the MEEM solutions and experimental results for a swaying tank with a centered horizontal porous baffle (c=h ¼ 1:0; a=h ¼ 2:5).
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depths (d/h ¼ 0.1,0.2,0.3). The overall trend observed in the
experiment coincides heavily with the present analytical solutions.
In particular, the peak value at the 3rd sloshing-mode is reduced
largely by the installation of a horizontal baffle, if compared with
the no-baffle tank shown in Fig. 3(b). The increase of the sub-
merged depth increases the higher-mode resonance peaks and to
push corresponding resonance frequencies to a higher frequency
region. The primary mode is not sensitive to the installation of a
horizontal porous baffle for the same reason as a swaying tank.
P ¼ 0.1267 is seemed to be the most effective at d/h ¼ 0.1 in
reducing the resonance peak at the 3rd sloshing-mode, and its
energy-dissipating effect is reduced slightly as a submerged depth
increases. The MEEM solutions give a satisfactory prediction when
comparing with the experimental results except at the primary
mode.

Fig. 6 showed the non-dimensional dynamic pressure Dpð2Þm =

rgx2 at the tank wall under the same conditions as Fig. 5. The
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general trend of the dynamic pressure is similar to that of the wall
amplification factor. The resonant peaks at the higher modes
disappear due to the damping effect by a horizontal porous baffle.
Through the comparison of experimental data in Figs. 4e6, we can
see that the developed analytical model reasonably represents the
relevant energy dissipation by a horizontal porous baffle.

Moving on to the effect of the submergence depth of a hori-
zontal porous baffle on tank sloshing, it is shown in Fig. 7 how the
wall amplification factor and dynamic pressure change under the
sway-excitation of the tank as the submergence depth is varied at
fixed porosity P¼ 0.1. For cross-checking of the analytical solutions,
the present MEEM solutions are compared with the CFD solutions
with d/h ¼ 0.1. The CFD model, based on the Volume Of Fluid (VOF)
method and k� ε turbulent model, solves the incompressible
Reynolds Averaged Navier Stokes equations in the fluid domain.
Details of the CFD simulations are omitted in the manuscript and
refer to George and Cho (2020). The peaks and frequencies of the



Fig. 5. Comparison of the wall amplification factor between the MEEM solutions and
experimental results for a rolling tank with a centered horizontal porous baffle (a) d/
h ¼ 0.1 (b) d/h ¼ 0.2 (c) d/h ¼ 0.3, and c=h ¼ 1:0; a=h ¼ 2:5.

Fig. 6. Comparison of the non-dimensional dynamic pressure at x ¼ �a; z ¼ �0:8h
between the MEEM solutions and experimental results for a rolling tank with a
centered horizontal porous baffle (a) d/h ¼ 0.1 (b) d/h ¼ 0.2 (c) d/h ¼ 0.3, and c=h ¼ 1:0;
a=h ¼ 2:5.
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Fig. 7. Wall amplification factor (a) and non-dimensional dynamic pressure (b) at the
wall in a swaying tank with a centered horizontal porous baffle as a function of sub-
merged depths for P ¼ 0:1; c=h ¼ 1:0; a=h ¼ 2:5; x1=h ¼ 0:05.

Fig. 8. Wall amplification factor (a) and non-dimensional dynamic pressure (b) at the
wall in a rolling tank with a centered horizontal porous baffle as a function of sub-
merged depths for P ¼ 0:1; c=h ¼ 1:0; a=h ¼ 2:5; ax2=h ¼ 0:022.
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higher sloshing-modes (n ¼ 2,3, …) seem to be changed largely
according to the submergence depths of a horizontal baffle. The
shallow submergence depth is generally desirable in reducing the
resonances of the higher sloshing-modes than the deep one. It in-
dicates that the baffle with a shallower submergence depth dissi-
pates sloshing energy concentrated near the free surface more
efficiently. Overall, the dynamic pressure shows a similar pattern to
the wall amplification factor.

In a rolling tank environment, the wall amplification factor and
non-dimensional dynamic pressure for three different
843
submergence depths are shown in Fig. 8. In a rolling tank, there is
no significant change of the wall amplification factor and dynamic
pressure against the submergence depth. The general trend of the
CFD results is reproducedwell by the analytical solutions regardless
of the motion-mode of the tank. Also, the CFDmodel can be used as
a complementary tool for resolving the limitation of the potential-
theory-based analytical solution particularly at the primary mode
by considering the energy dissipation exactly.

For a deeper understanding on how the enclosed-fluid dy-
namics work, we considered the relevant sway hydrodynamic force
(added mass m11 ¼ m11=2rah, damping n11 ¼ n11=2rahu) on the
swaying tank. In an enclosed liquid tank with a porous baffle, the



Fig. 9. Non-dimensional added mass (m11) and damping coefficient (n11) in sway-mode for (a) P ¼ 0.05 (b) P ¼ 0.1 (c) P ¼ 0.2 (d) P ¼ 0.3, and a=h ¼ 2:5; c= h ¼ 1:0;d= h ¼ 0:1.
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dampingmechanism is due to vortices production across the small-
sized holes on the porous baffle. The degree of energy dissipation
depends on the porosity of the baffle. The effect of porosity-
dependent energy dissipation on the hydrodynamic forces is
investigated at fixed d=h ¼ 0:1. Fig. 9 shows the hydrodynamic
sway force due to the swaying oscillation of the tank. Interestingly,
all the curves have a peculiar shape with a similarity. The added
mass shows a sharp drop and turns into a negative value at the
primary mode u2h=g ¼ 0:35. The damping coefficients have a peak
value where the added mass becomes zero. Added mass becomes
negative when the enclosed fluid region generates resonant body
motions. At the lowest mode resonant frequency, the damping in-
creases with the increase of the baffle's porosity. It might be
because the damping is proportional to the fluid velocity through
the porous baffle. The larger porosity, the greater the amount of
fluid passing through the porous baffle, and it leads to form eddies
of high vortices through the small holes and causes significant
energy loss.
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Fig.10 shows the roll hydrodynamicmoment (addedmass m22 ¼
m22=2rah2, damping n22 ¼ n22=2rah2u) caused by the rolling mo-
tion of the tank. The roll hydrodynamic moments are greater than
the corresponding loads under the swaying motion. It means that
excessive overturning moments caused by the rollingmotion of the
tank could potentially cause the liquid tank carrier to be unstable.
The overall trend of the rolling tank case is similar to that of the
swaying tank.

Moving on to the effect of the baffle length on the mitigation of
liquid sloshing, the experiment used the fixed porosity P ¼ 0.1 and
submerged depth d=h ¼ 0:2. Fig. 11 shows the wall amplification
factors for different baffle lengths (c=h ¼ 0:5; 1:0; 1:5; 2:5). From
Fig.11, as the baffle length increases, it is obvious that the resonance
peaks decrease dramatically and the higher-mode resonant fre-
quencies migrate to a lower frequency region. In particular, thewall
amplification factor at the primary mode, which remains un-
changed by the horizontal baffle located at the tank's center area,
starts to decrease as the horizontal baffle extends to the side of the



Fig. 10. Non-dimensional added mass (m22) and damping coefficient in roll-mode (n22) for (a) P ¼ 0.05 (b) P ¼ 0.1 (c) P ¼ 0.2 (d) P ¼ 0.3, and a=h ¼ 2:5; c= h ¼ 1:0;d= h ¼ 0:1.
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tank. But the horizontal baffle extending to the side walls is not a
good choice in the reduction of the higher mode resonance.

Finally, to figure out the characteristics of the sloshing-induced
vertical loads on a horizontal porous baffle, the non-dimensional

sloshing-induced vertical loads CðjÞ
f on a horizontal baffle are

shown in Fig. 12. Regarding to porous baffle, both the pressure
differences and the area in which water comes into contact de-
creases as the baffle-porosity increases. Consequently, the sloshing-
induced loads decrease as overall porosity increases. In contrast to
hydrodynamic loads of Figs. 9 and 10, the sloshing-induced loads
on a horizontal baffle are comparable between the sway and roll
mode.
5. Conclusions

How horizontal porous baffles affect anti-slosh in a swaying/
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rolling rectangular tank has been investigated through a parametric
study by using the developed analytical tool, which is validated by
experiments and CFD simulations. Overall tendencies that can be
observed in the experimental and numerical data are adequately
correlated with the present analytical solutions. The significant
reduction of the wall amplification factor is observed at the 3rd
sloshing-mode with installation of the horizontal porous baffle,
compared to the baffle-free tank. The present analytical model can
only consider energy dissipation generated by the vortices pro-
duction across the small holes of the baffle, which particularly is
dominant in the baffle with a large-porosity. The quantitative
discrepancy between the priorly established analytical solutions
and data derived from experiments is presumed to be the result of
energy dissipation caused by tip-vortices at both edges of the baffle,
which occurs greatly in the baffle with a low-porosity. The energy
transfer into higher harmonics by nonlinear interaction, as well as
the frictional loss along the tank surface partly contribute to induce



Fig. 11. Wall amplification factor of a centered horizontal porous baffle (a) swaying
tank (b) rolling tank as a function of baffle lengths for P ¼ 0:1;d= h ¼ 0:2;a= h ¼ 2:5;
x1=h ¼ 0:05; ax2=h ¼ 0:022.

Fig. 12. Non-dimensional sloshing-induced vertical loads (CðjÞ
f ¼

���fj���=2rgxjc) on a
centered horizontal porous baffle (a) swaying tank ( x1=h ¼ 0:05) (b) rolling tank
(ax2=h ¼ 0:022) as a function of porosities for d=h ¼ 0:2; a=h ¼ 2:5; c=h ¼ 1:0.
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the disparity of the resonance peaks between them. It is observed
that a horizontal baffle with a shallower submergence depth shows
higher anti-slosh performance in a swaying tank, but insignificant
effect in a rolling tank setting. The porosity of the centered hori-
zontal baffle is crucial to determine the peak value and resonance
frequency of the 3rd sloshing-mode. The resonance peaks are
largely reduced as the baffle length increases. The wall amplifica-
tion factor at the primary mode decreases when the horizontal
baffle is positioned near the side of the tank. By comparing the
hydrodynamic force/moment of both the tank's swaymotion-mode
and roll motion-mode, the added mass and damping force are
shown to be larger in a rolling tank than in the swaying tank. It
means that the rolling tank could potentially cause the liquid tank
carrier to be unstable, thus putting the situation at higher risk. The
846
sloshing-induced vertical loads on the horizontal baffle tend to
decrease with an increase of the porosity.

It is believed that the developed analytical model can function
as a useful predictive tool for the following objectives: to discover
the sloshing tendencies within an oscillating rectangular tank, to
deduce an optimal design for the passive sloshing damper, and to
further understand the energy dissipation mechanism when the
porous baffle's small holes generate vortices formation. Future
works will involve the interaction of multiple horizontal baffles in a
tank, and the elaborate estimation of a drag coefficient of the
porous baffle through the function of the Keulegan-Carpenter
number in an oscillating unsteady flow.
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