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a b s t r a c t

The numerical simulation of liquid sloshing in the three-dimensional tanks under horizontal excitation
and roll excitation was carried out, and the inhibition effect of different baffles on the sloshing phe-
nomenon was investigated. The numerical calculations were carried out by the nonlinear Boundary
Element Method (BEM) with Green's theorem based on the potential flow, which was conducted with
the governing equation corresponding to the boundaries of each region. The validity of the method was
verified by comparing with experimental values and published literatures. The horizontal baffle, the
vertical baffle and the T-shaped baffle in the sloshing tanks were investigated respectively, and the
baffles' position, dimension and the liquid depth were provided and discussed in detail. It is drawn that
the baffle shape plays a non-negligible role in the tank sloshing. The vertical baffle is a more effective
way to reduce the sloshing amplitude when the tank is under a horizontal harmonic excitation while the
horizontal baffle is a more effective way when the tank is under a roll excitation. The amplitude of free
surface elevation at right tank wall decreases with the increasing of the horizontal baffle length and the
vertical baffle height. Although the T-shaped baffle has the best suppression effect on tank sloshing
under horizontal excitation, it has limited suppression effect under roll excitation and will complicate the
sloshing phenomenon when changing baffle height.

© 2020 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

Liquid sloshing occurs in the partly filled tank under an external
excitation which is a complicated fluid motion and exhibits strong
nonlinearity and randomness. Under almost all loading conditions
(except 100% full load and no load), sloshing is possible to occur. As
either the excitation amplitude increases or the excitation fre-
quency is close to the natural frequency of the tank, the behavior of
the liquid becomes violent and leads to high hydrodynamic force
acting on the tank, even causes fatal damage. In order to reduce the
sloshing effect in tanks, the baffle is widely used as a passive con-
trol, which is to dissipate the energy of the sloshing motion by
segmenting the flow field of the tank into a number of sub-flow
fields. With the development of the Computational Fluid Dy-
namics (CFD), numerical simulation of liquid sloshing in baffled

tanks has been the subject of a great deal in the past researches.
Buzhinskii (1998) proposed a sharp-edged baffle with thin in-

serts that partially span a longitudinal or transverse cross-section
to solve the problem of damping the sloshing. The non-linear
damping and linear damping were calculated, which was derived
from the vortex distribution at the sharp edges and the fluid ve-
locity distribution on the walls, respectively. Sames et al. (2002)
adopted the finite volume method (FVM) to calculate the sloshing
problem in a rectangular tankwith a baffle at 60% filling level and in
a cylindrical tank at 50% filling level. The predicted time history of
pressures and forces were compared with the experiment and
gained good agreement. Cho (2003) carried out a parametric
investigation on the structural dynamic response of moving fuel-
storage tanks with baffles by the Arbitrary Lagrangian-Eulerian
(ALE) finite element method. He proposed that the suppression of
the flow motion was strongly dependent on the baffle number,
location and the inner-hole diameter.

Akyildiz and Ünal (2006) studied the non-linear behavior and
damping characteristics of liquid sloshing in a moving partially
filled rectangular tank based on the Volume of Fluid (VOF)
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technique. He calculated the pressure distribution at a specific
position in several configurations of both baffled and unbaffled
tanks, the result verified that baffles significantly reduced the fluid
motion and the pressure response. Firouz-Abadi et al. (2008)
calculated the natural frequencies and mode shapes of liquid
sloshing in 3D baffled tanks with arbitrary geometries by Boundary
Element Method (BEM), and investigated the effect of baffle on
sloshing frequencies in tanks with typical configurations. The per-
formed investigations confirmed that the use of baffles in liquid
tanks may change some sloshing frequencies while it did not affect
some other frequencies. Belakroum R et al. (2010) presented the
numerical prediction of the damping effect of baffles on sloshing in
tanks partially filled with liquid based on stabilized Lagrangian-
Eulerian finite element method. They investigated three passive
damping techniques and found that the baffle normal to the free
surface had effective damping effect on the amplitudes of the
vibratory response of tanks and on the other hand the reduction of
the hydrodynamic loads. Goudarzi and Sabbagh-Yazdi, 2012
numerically and experimentally investigated the hydrodynamic
damping due to lower and uppermounted vertical baffles as well as
horizontal baffles in partially filled rectangular tanks. He found that
the horizontal baffles had significant damping effects in slender
tanks while the vertical baffles were more effective in broad tanks,
and the upper mounted vertical baffles were more effective and
more practical than the lower mounted vertical baffles in case of
high damping ratio.

Shao et al. (2015) carried out the numerical investigation of
different baffles on mitigating liquid sloshing in a rectangular tank
due to a horizontal excitation using Smoothed Particle Hydrody-
namics (SPH). They studied the liquid sloshing in a rectangular tank
with different baffles like vertical baffles, horizontal baffles, T-
shaped baffles and porous baffles, as well as without any baffles. It
is found that the I shaped and T shaped baffles can be good choices
to mitigate sloshing effects. Wang (2016) analyzed the transient
lateral sloshing in a partially-filled cylindrical tankwithmulti baffle
types respectively, including floating circular baffle, wall-mounted
ring baffle, floating ring baffle and their combination form using a
coupled multimodal method and Scaled Boundary Finite Element
Method (SBFEM). The effects of liquid fill level, baffle arrangement
and length of those baffles upon the sloshing masses and sloshing
forces were studied. They found some baffles cannot affect the
sloshing force especially the wall-mounted ring baffle and the
inclination angle had great influence on the sloshing force. Wang
and Guo (2016) applied the SBFEM to study the effects of T-sha-
ped baffle on liquid sloshing in horizontal elliptical tanks. They
found that when the baffle moved close to the water surface, the
length of the horizontal baffle had more influence on sloshing
characteristics. Recently, Wang et al. (2019) simulated the liquid
sloshing problem in the horizontal rectangular, circular or elliptical
annular tanks with multiple porous baffles using isogeometric
boundary element (IGABEM), which coupled Boundary Element
Method (BEM) with the isogeometric boundary based on Non-
Uniform Rational B Splines (NURBS). They discussed the effects of
tank's geometry, liquid filling level and the baffle's parameters with
various lengths, submergence depths, number of baffles, and po-
rosities on the sloshing characteristics.

In summary, though there has been a considerable amount of
numerically simulation for the effects of baffles on liquid sloshing,
the dependence of liquid sloshing in 3D tanks under roll excitation
on the wide range of baffle properties has not been extensively
investigated. This paper numerically investigated the effect of three
types of baffle on the sloshing characteristics in 3D rectangular
tanks subjected to the horizontal excitation and roll excitation by
nonlinear Boundary Element Method (BEM). In section 2, the
theoretical description and the formulation of the BEM for the

sloshing in rectangular tanks are summarized. Section 3 performs
the numerical simulation of sloshing problem, inwhich the validity
and accuracy of the method are checked and the effect of the
horizontal, vertical and T-shaped baffles on sloshing response are
presented respectively. Meanwhile, the effects of various baffle
parameters like length, height, position, submergence depth on
free surface elevation and hydraulic forces are also studied in detail.
Finally, the conclusions are discussed in section 4.

2. Mathematical model

2.1. Govern equations and boundary conditions

Assumed V is the fluid domain surrounded by a piecewise
smooth boundary S. The boundary S consists of the free surface
boundary SF and solid wall boundary SB of the tank. Assuming the
fluid is incompressible and the flow irrotational, there is a velocity
potential 4 in the fluid domain that satisfies the Laplace equation

v24

vx2
þ v24

vy2
þ v24

vz2
¼ 0 (1)

where x, y, z are the directions of the Oxyz coordinate systemwhich
is fixed relative to the tank.

The dynamic condition of free surface can be expressed as

ghþ v4
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þ1
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where g is the gravitational constant, z is the shape of free surface
with the expression of z ¼ hðx;y; tÞ, and t is the time.

Consideringd4dt ¼ v4
vt þ V4$V4, Eq. (2) can be rewritten as
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The kinematical free surface condition is expressed as

vh

vt
� v4

vz
þ v4

vx
vh

vx
þ v4

vy
vh

vy
¼ 0 (4)

The condition of the boundary S is given by

v4

vn
¼u$n (5)

where v=vn denotes the normal derivative of the fluid boundary, n
is the unit normal vector to the boundary, and u is the velocity
vector of the boundary.

The initial values to solve above equations are given as.

z ¼ hðx;y; tÞ ¼ 0, on boundary SF at the time t ¼ 0
4 ¼ 0, on boundary SF at the time t ¼ 0
v4
vn ¼ ut¼0$n, on boundary SB at the time t ¼ 0

2.2. BEM formulation

When the field point Pðx; y; zÞ is on the boundary S, the Green's
theorem can be described as

CP4P ¼
ð

S

ðq4*� q*4ÞdS (6)

where CP is a coefficient with the expression of CP ¼ qP
2p, qP is the
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internal spatial angle, 4* is the fundamental solution of Eq. (1) with
the expression of 4* ¼ 1

4pr, r is the distance between the field point
Pðx; y; zÞ and source point Qðx0; y0; z0Þ which can be expressed as
r ¼ ½ðx� x0Þ2 þ ðy� y0Þ2 þ ðz� z0Þ2�

1
2, q and q* are normal de-

rivatives of the boundary with the expressions of q ¼ v4= vn and
q* ¼ v4*=vn.

In order to solve Eq. (6), the space discretization is introduced.
The boundary S is divided into elements with the number of N, of
which the free surface boundary SF is divided into number of NF
elements (with the markj ¼ 1;2;$$$;NF ) and solid wall boundary SB
is divided into number of NB elements (with the markj ¼ NFþ 1;
NF þ 2;$$$;N). Placing the field point Pðx; y; zÞ at the centroid of the
element (where qP ¼ p), Eq. (6) Can be rewritten as

1
2
4i ¼

XN

j¼1

ð

Sj

�
qj4

*
i � q*i 4j

�
dSj (7)

Defining variables Hij and Gij which satisfy the follow equations

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

Hij ¼
ð

Sj

q*i dSj ðisjÞ

Hij ¼
ð

Sj

q*i dSj þ
1
2

ði ¼ jÞ
(8)

Gij¼
ð

Sj

4*
i dSj (9)

Substituting Eqs. (8) and (9) into Eq. (7) leads to

XN

j¼1

Hij4j ¼
XN

j¼1

Gijqj; ði¼1;2; $ $ $ ;NÞ (10)

For the boundary S consists the free surface boundary SF and
solid wall boundary SB, Eq. (10) can be rewritten as

�
XNF

j¼1

Gijqj þ
XN

j¼NFþ1

Hij4j ¼
XN

j¼NFþ1

Gijqj

�
XNF

j¼1

Hij4j; ði¼1;2; $ $ $ ;NÞ

(11)

The wave height h at time t can be obtained from Eq. (4), then
the velocity potential 4 on the free surface boundary SF and the
normal derivative q of the solid wall boundary SB at the corre-
sponding time t can be calculated through Eq. (2) and Eq. (5),
respectively. By substituting the value of 4 and q into Eq. (11), the
velocity potential 4 on the solid wall boundary SB and the normal
derivative qof the free surface boundary SF can be obtained.

2.3. Hydrodynamic force

Employing the Bernoulli equation, the pressure of the fluid
domain can be obtained as

p¼ � r

�
v4

vt
þ1
2
V4 $V4þ gz

�
(12)

where r is the density of the fluid.
The hydrodynamic force FðtÞ and moment MðtÞ acting on the

solid wall can be expressed as

FðtÞ¼
ð

SW

pnds (13)

MðtÞ¼
ð

SW

rM � ðpnÞds (14)

where rM is the position vector with respect to the coordinate
origin.

3. Verification and investigation schemes

3.1. Verification of the BEM model

In order to demonstrate the accuracy and efficiency of the
model, two types of tank without baffle under horizontal excitation
and roll excitation are provided in this section. The geometry of
tanks and the Cartesian co-ordinate system oxyz are illustrated as
Fig. 1.

Under the horizontal excitation, the tank has a length of L ¼
1:0m, a width of D ¼ 1:0m, a height of H ¼ 0:8m and still water
depth is h ¼ 0:5m as shown in Fig. 1(a). While under the roll exci-
tation, due to the facilitate comparison with the literatures of
Valentine (2005) and Shao et al. (2012), the tank is defined with a
length of L ¼ 0:92m, a width of D ¼ 0:46m, a height of H ¼ 0:62m,
and the liquid depth is h ¼ 0:465m that makes the ratio of the
liquid depth and tank height is h=H ¼ 0:75 corresponding with the
literature. The liquid in the tank is assumed to be water with
density of r ¼ 1000kg=m3.

Assume that the natural frequency of the three-dimensional
tank is umn

u2
mn ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�mgp
L

�2
þ
�ngp

B

�2r
tanh

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
mph
L

�2

þ
�
nph
B

�2
s

m;n¼ 0;1;2; $ $ $

(15)

where g ¼ 9:81m=s2, the termsm ¼ 1;3;5; $$$ n ¼ 0 and n ¼ 1;3;5;
$$$, m ¼ 0 are corresponding to the symmetric motion in the x and
y directions, respectively, which is the same with the definition of
Wu et al. (1998) and Liu and Lin (2008). Thus the first order natural
frequency in the x direction u10 is obtained as 5:3166rad=s by
taking m ¼ 1; n ¼ 0.

The horizontal force acting on the tank has the same direction as
the x coordinate axis of the spatial coordinate. Under the horizontal
harmonic excitation, the motion velocity of the tank in xdirection is
ux ¼ bu cos ut, where b is the displacement amplitude, u is the
angular frequency of the excitation. Under forced roll excitation, the
tanks is rotated around the axis x ¼ L=2and z ¼ � H=4under the
forced roll excitationwhich follows the sinusoidal function given as
qR ¼ q0 sinðutÞ, where q0 is the roll amplitude.

The model in this paper is verified by numerical simulation of
the sloshing in unbaffled 3D tank under horizontal excitation. The
displacement amplitude b is taken as 0:002m and excitation fre-
quency is u ¼ 0:995u10, i.e.5:29rad=s. Fig. 2 shows the comparison
of the free surface elevation at position (x ¼ Ly ¼ D=2) between
results of the present and the analytical solution by Liu and Lin
(2008). It can be clearly observed that the surface elevations
simulated in this paper and by analytical solution have the same
trend with almost no error, which proves the accuracy of the BEM
in this paper.

Fig. 3 presents the time history of hydrodynamic forces
(excluding the static force). It can be seen that the period of
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horizontal force is twice the period of vertical force. The develop-
ment of free surface profile is shown in Fig. 4.

The numerical model is also verified by simulating the sloshing
in unbaffled 3D tank under roll excitation. The roll amplitude is
chosen as 4� and roll frequency is 2:0rad=s. Fig. 5 is the comparison
of the pressure at a defined point A with a coordinate value of (x ¼
Ly ¼ Dz ¼ � 0:295m) with literatures of Akyildiz and Ünal (2006)
and Shao et al. (2012). It is found that the three curves agree well in
general and the curve of this paper is almost the same with the

curve obtained by Shao et al. (2012). The development of free
surface profile with the time increasing is shown in Fig. 6, and Fig. 7
is the time history of the hydrodynamic force and hydrodynamic
moment which presents a regular sinusoidal phenomenon. The
development of free surface profile under roll excitation is shown in
Fig. 8.

3.2. Discretization and mesh convergence

In this section, different meshes are used to illustrate the
convergence of the method. The simulation of sloshing in unbaffled
tank under horizontal excitation is investigated with different
mesh numbers in the direction of tank length, width and height,
respectively. The tank model is the same as the model under the
horizontal excitation in section 2.1. The tank schematic is as Fig. 1
(a) and the investigation schemes are shown in Table 1.

Fig. 9 shows the variation of the time history of free surface
elevation at position (x ¼ L; y ¼ D=2) under horizontal excitation
with different meshes. It can be found that the surface elevations
vary slightly with the changing of themesh number in the direction
of tank length, width and height. The number of meshes has little
effect on the calculation results due to the geometric model of the
square tank is regular. The investigation schemes in the other part
of the paper are using the mesh in scheme M2 of Table 1, and the
meshing schematic is shown in Fig. 10.

Fig. 1. Schematic of three-dimensional unbaffled tank and the co-ordinate system.

Fig. 2. Time history of free surface elevation at position (x ¼ Ly ¼ D= 2) under hor-
izontal excitation.

Fig. 3. Time history of hydrodynamic force.
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Fig. 4. Profiles of free surface of sloshing in the 3D tank under horizontal excitation.

Fig. 5. The comparison of the pressure at defined point A with literature of Akyildiz
and Ünal (2006) and Shao et al. (2012).

Fig. 6. Time history of free surface elevation at position (x ¼ L; y ¼ D=2) under roll
excitation.
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Fig. 8. Profiles of free surfaces of the sloshing in the 3D tank under roll excitation.

Fig. 7. Time history of hydrodynamic forces under roll excitation.
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3.3. Tank configuration and investigation schemes

The liquid sloshing in tanks with and without baffle are simu-
lated by the nonlinear boundary element method. The computa-
tional investigation is supported by four examples, which are tank
without baffle, tank with horizontal baffle, tank with vertical baffle
and tank with T-shaped baffle. As shown in Fig. 11 (a)(d), the hor-
izontal baffle is mounted on the left wall with the distance DB from
the still free surface and the baffle length is defined as LB. As shown
in Fig. 11 (b) (e), the vertical baffle is mounted at the middle of the
bottom wall and the baffle height is defined as HB. As shown in
Fig. 11 (c) (f), the T-shaped baffle with length defined as LT and
height defined as HT is also analyzed, the baffle is placed at the
middle of the bottomwall. The thickness of the baffles is 0:02m and
the baffles are assumed to be rigid.

The tanks under horizontal and roll excitations are provided to

investigate influence factors of the liquid sloshing. First the effect of
the liquid depth and tank dimension on the sloshing are discussed.
Then the paper studied the effect of three types of baffle with
different size and different position on the sloshing. The horizontal
excitation and the roll excitation are applied the same as the above
except for the roll excitation for baffled tanks, which is rotated
around the axis x ¼ L=2 and z ¼ 0 with the roll amplitude q0 ¼ 1

�

and the angular frequency u ¼ 5:29rad=s. In this paper, all the
tanks used in the verification schemes have a width D ¼ 1:0m, the
height H ¼ 0:8m and still water depth h ¼ 0:5m. The detailed
verification schemes are shown in Tables 2e5.

4. Results and discussions

4.1. Effect of liquid depth and tank dimension on the sloshing in
rectangular tank

Sloshing with different liquid depth and tank length under
horizontal excitation are simulated, as scheme U1~3 and U4~6,
respectively, excitation frequency is u ¼ 0:995u10. It can be found
from Fig. 12(a) that the elevation amplitude of the free surface in-
creases with the increasing of the liquid depth due to the increasing
effect of the tank's vertical wall on liquid. As the tank length
increasing, the interaction between the vertical wall of the tank and
water weakens in the excitation direction, which results the
decreasing of the elevation amplitude of the free surface, as shown
in Fig. 12(b). Fig. 13 is the time history of the dimensionless forces
and moments with different liquid depth and tank length. The
horizontal force and moment acting on the tank is less affected by

Fig. 9. Variation of free surface elevation at position (x ¼ Ly ¼ D=2) with different meshes.

Fig. 10. Schematic of mesh for three-dimensional unbaffled tank.

Table 1
Mesh convergence investigation schemes.

Scheme Liquid depth
(h/m)

Mesh No.
in tank
length (NL)

Mesh No.
in tank
width (ND)

Mesh No.
in tank
height (NH)

Excitation
Type

M1 0.5 10 12 6 Horizontal
M2 0.5 12 12 6 Horizontal
M3 0.5 14 12 6 Horizontal
M4 0.5 12 10 6 Horizontal
M5 0.5 12 14 6 Horizontal
M6 0.5 12 12 5 Horizontal
M7 0.5 12 12 7 Horizontal
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the liquid depth, and increase slightly with the increasing of the
liquid depth, whereas the tank length made a larger influence on
the horizontal force and moment, which increases with the
increasing of the tank length. This phenomenon is consistent with
Fig. 12.

4.2. Effect of horizontal baffle on the sloshing in rectangular tank

Liquid sloshing with different baffle length and position in
rectangular tank with a horizontal baffle is simulated numerically
under horizontal excitation and roll excitation, as schemes H1~3
and H4~6, respectively. As shown in Fig. 14, under horizontal
excitation, the instantaneous elevation amplitude of the free sur-
face decreases slightly with the increasing of the baffle length, and
with the decreasing of the distance between baffle and free surface.
Under roll excitation, the instantaneous elevation amplitude of the
free surface decreases obviously with the increasing of the baffle
length, and with the decreasing of the distance between baffle and

Table 2
Unbaffled tanks investigation schemes.

scheme Liquid depth
(h/m)

Tank width
(B/m)

Tank length
(L/m)

Tank Height
(H/m)

Excitation
Type

U1 0.5 1 1 0.8 Horizontal
U2 0.4 1 1 0.8 Horizontal
U3 0.3 1 1 0.8 Horizontal
U4 0.5 1 1 0.8 Horizontal
U5 0.5 1 2 0.8 Horizontal
U6 0.5 1 3 0.8 Horizontal

Table 3
Horizontal baffle investigation schemes.

scheme Liquid depth
(h/m)

Baffle
length LB

Baffle height
HB

Baffle to
surface DB

Excitation
Type

H1 0.5 0.4 e 0.3 Horizontal
H2 0.5 0.3 e 0.3 Horizontal
H3 0.5 0.4 e 0.2 Horizontal
H4 0.5 0.4 e 0.3 Roll
H5 0.5 0.3 e 0.3 Roll
H6 0.5 0.4 e 0.2 Roll

Fig. 11. Schematic of the computing baffled tanks.

Table 4
Vertical baffle investigation schemes.

scheme Liquid depth
(h/m)

Baffle
length LB

Baffle
height HB

Baffle to
wall DB

Excitation
Type

V1 0.5 e unbaffled L/2 Horizontal
V2 0.5 e 0.25 L/2 Horizontal
V3 0.5 e 0.375 L/2 Horizontal
V4 0.5 e unbaffled L/2 Roll
V5 0.5 e 0.25 L/2 Roll
V6 0.5 e 0.375 L/2 Roll

Table 5
T-shaped baffle investigation schemes.

scheme Liquid depth
(h/m)

Baffle
length LT

Baffle
height HT

Baffle to
wall DB

Excitation
Type

T1 0.5 0 0.25 L/2 Horizontal
T2 0.5 0.1 0.25 L/2 Horizontal
T3 0.5 0.2 0.25 L/2 Horizontal
T4 0.5 0.2 0.125 L/2 Horizontal
T5 0.5 0.2 0.25 L/2 Horizontal
T6 0.5 0.2 0.375 L/2 Horizontal
T7 0.5 0 0.25 L/2 Roll
T8 0.5 0.1 0.25 L/2 Roll
T9 0.5 0.2 0.25 L/2 Roll
T10 0.5 0.2 0.125 L/2 Roll
T11 0.5 0.2 0.25 L/2 Roll
T12 0.5 0.2 0.375 L/2 Roll
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free surface. Additionally, it can be found that the peak position of
the free surface elevation is different with the changing of the baffle
length and position, which indicates that the horizontal baffle has
some effect on the wave displacement frequency. Therefore, the
surface elevation spectrum is obtained by means of the Fast Fourier
Transform (FFT). As shown in Fig. 15, under horizontal excitation,
the baffle length has limited effect on the frequency of surface
elevation, which increases slightly with the increasing of the dis-
tance between baffle and surface. While under roll excitation, the
frequency of surface elevation does not have apparent variety with
the changing of the baffle length and the distance between baffle
and surface. Thus the proper adjustment of the baffle arrangement
has a certain effect on the frequency of tank sloshing under hori-
zontal excitation.

Fig. 16 illustrates the variation of the hydrodynamic forces with

different baffle length and different position in the tank under
horizontal excitation and roll excitation. It can be clearly observed
that under horizontal excitation, the horizontal force and the
moment have similar variation, which are not influenced by the
baffle length a lot but increase with the increasing of the distance
between baffle and surface. Adversely, under roll excitation, the
horizontal force decreases with the increasing of the baffle length
and increases with the increasing of the distance between baffle
and surface. For themoment acted on the tank, it increases with the
decreasing of the baffle length, while it decreases largely with the
decreasing of the distance between baffle and surface and variates
around 0 when the distance decreases to be 0.2m.

In summary, for liquid sloshing under roll excitation, the hori-
zontal baffle is a more effective way to reduce the sloshing ampli-
tude relative to the sloshing under horizontal excitation. The

Fig. 12. Time history of free surface elevation at position (x ¼ L; y ¼ D=2) under horizontal excitation.

Fig. 13. Time history of hydrodynamic forces under horizontal excitation.
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Fig. 15. The surface elevation spectrum at position (x ¼ L; y ¼ D=2) with different baffle length and position.

Fig. 16. Time history of hydrodynamic forces with different baffle length and position.

Fig. 14. Time history of free surface elevation at position (x ¼ L; y ¼ D=2) with different baffle length and position.
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Fig. 17. Time history of free surface elevation at position (x ¼ L; y ¼ D=2) with different baffle height.

Fig. 18. The surface elevation frequency spectrum at position (x ¼ L; y ¼ D=2) with different baffle heights.

Fig. 19. Time history of hydrodynamic forces with different baffle height.
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horizontal baffle suppresses the motion of the flow field by limiting
the normal velocity of the flow field near the baffle wall surface,
which reduces the instantaneous free surface elevation amplitude.
This inhibition is augmented by increasing the length of the baffle,
especially by reducing the distance between the baffle and the free
liquid surface.

4.3. Effect of vertical baffle on the sloshing in rectangular tank

The effect of the vertical baffle on the liquid sloshing in rect-
angular tank under horizontal excitation and roll excitation is
investigated, as schemes V1~3 and V4~6. The time history of the
surface elevation, frequency spectrum and the hydraulic forces are
calculated for sloshing in tanks with different baffle height and no
baffle. As shown in Fig. 17, the surface elevation decreases signifi-
cantly with baffle than when there is no baffle. With the baffle
height increasing, the surface elevation decreases apparently under
horizontal excitation while no variation except the period time-
variation under roll excitation.

Fig.18 illustrates the variation of the surface elevation frequency
spectrum which decreases with the increasing of the baffle height.
Fig. 19 shows the time history of hydrodynamic forces with
different baffle heights. As the baffle height increasing, the sloshing
forces gradually decreases, but it presents an irregular change
when the time is after 8s under the roll excitation.

In summary, the vertical baffle has a certain suppression of the
liquid sloshing both under horizontal and roll excitation. While
under horizontal excitation, the vertical baffle is a more effective
way to reduce the sloshing amplitude relative to the horizontal

baffle. With larger baffle height, the sloshing suppression is more
effective. As the baffle height increasing, the blockage effect of the
baffle on the liquid convection increases. Therefore, the sloshing
suppression is mainly affected by the height of the vertical baffle.

4.4. Effect of T-shaped baffle on the sloshing in rectangular tank

This section studies the liquid sloshing in rectangular tank with
T-shaped baffle with different baffle length and baffle height under
horizontal excitation and roll excitation, as schemes T1~6 and
T7~12.

Fig. 20 shows the time history of surface elevation at position
(x ¼ L; y ¼ D=2) under horizontal excitation, with different baffle
length and baffle height. It can be seen that the instantaneous free
surface elevation decreases as the length baffle length increasing,
and increasing the baffle height can significantly reduce the
sloshing amplitude. Fig. 21 is the surface elevation frequency
spectrum obtained by the Fast Fourier Transform (FFT). It can be
found that the baffle length almost has no effect on the surface
elevation frequency, which slightly decreases with the increasing of
the baffle height. Fig. 22 shows the variation of the hydrodynamic
forces with different baffle length and height in the tank under
horizontal excitation and it has a similar trend with the free surface
elevation in Fig. 20.

The effect of the T-shaped baffle on the sloshing under roll
excitation is also studied in this section, as scheme T6~12. Fig. 23
illustrates the variation of the free surface elevation at position
(x ¼ L; y ¼ D=2) under roll excitation with different baffle length
and baffle height. It is found that increasing the baffle length has no

Fig. 21. The surface elevation frequency spectrum at position (x ¼ L; y ¼ D=2) under horizontal excitation.

Fig. 20. Time history of free surface elevation at position (x ¼ L; y ¼ D=2) under horizontal excitation.
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good effect on reducing the instantaneous free surface elevation
amplitude, and the variation of the baffle height makes the sloshing
phenomenon more complicated, as shown in the surface elevation
frequency spectrum of Fig. 24, in which the sloshing phenomenon
becomes a combination of multiple frequencies at certain baffle
heights. Additionally, it can be found from Fig. 24(a), the baffle
length has obvious effect on the surface elevation frequency spec-
trum which decreases with the increasing of the baffle length. The
time history of the hydraulic forces are also calculated and shown in
Fig. 25, from which it can be found the horizontal force and
moment on the tank decreases slightly with the baffle length
increasing.

In summary, compared with the horizontal baffle and vertical
baffle, the T-baffle has the best suppression effect on tank sloshing

under horizontal excitation. Whereas, under roll excitation, the T-
shaped baffle would complicate the sloshing phenomenon and
limited suppression effect is found when the baffle length or height
changes.

5. Conclusion

This paper focuses on the nonlinear sloshing problem in three-
dimensional baffled tanks based on the boundary element method.
The model is verified by comparing the result with the experiment
and related literature. The comparison shows the advantage of the
BEMmodel which can achieve excellent accuracy with fewmeshes
and much less consumed time. By means of BEM, the investigation
on the effect of various baffles (horizontal, vertical, T-shaped) on

Fig. 23. Time history of free surface elevation at position (x ¼ L; y ¼ D=2) under roll excitation.

Fig. 22. Time history of hydrodynamic forces under horizontal excitation.
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the sloshing characteristics are carried out, which are mainly con-
cerned on the free surface elevation and hydrodynamic force, and
the following conclusions can be drawn.

(1) For the sloshing in the unbaffled tank under horizontal
excitation, the instantaneous amplitude of the free surface
and the hydraulic forces decrease with the increasing of the
tank length, while increase with the increasing of the liquid
depth.

(2) The horizontal baffle is a more effective way to reduce the
sloshing amplitude under roll excitation relative to the hor-
izontal excitation. The suppression of the liquid sloshing can
be augmented by increasing the baffle length or decreasing
of distance between the baffle and the free surface.

(3) The vertical baffle has a certain suppression effect on the
liquid sloshing both under roll and horizontal excitation.
While under horizontal excitation, the vertical baffle is a
more effective than horizontal baffle. The sloshing amplitude
decreases with the increasing of baffle height.

(4) The T-shaped baffle has the best suppression effect on the
sloshing amplitude under horizontal excitation, which de-
creases with the increasing of the baffle length and height,
while it would complicate the sloshing phenomenon and has
limited suppression effect under roll excitation.

In summary, the baffle has a non-ignorable influence on the
liquid sloshing in the tank, the systematically study on the effect of
the baffle in 3D tanks in this paper has a large reference value to the

Fig. 25. Time history of hydrodynamic forces under roll excitation.

Fig. 24. The surface elevation frequency spectrum at position (x ¼ L; y ¼ D=2) under roll excitation.
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suppression of the liquid sloshing.
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