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a b s t r a c t

This paper aims to numerically investigate violent sloshing in a partially filled three-dimensional (3D)
prismatic tank with or without a baffle, further to clarify the suppressing performance of the baffle and
the damping mechanism of sloshing. The numerical model is based on a Cartesian grid multiphase flow
method, and it is well validated by nonlinear sloshing in a 3D rectangular tank with a vertical baffle.
Then, sloshing in an unbaffled and baffled prismatic tank is parametrically studied. The effects of
chamfered walls on the resonance frequency and the impact pressure are analyzed. The resonance
frequencies for the baffled prismatic tank under different water depths and baffle heights are identified.
Moreover, we investigated the effects of the baffle on the impact pressure and the free surface elevation.
Further, the free surface elevation, pressure and vortex contours are analyzed to clarify the damping
mechanism between the baffle and the fluid.
© 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

Liquid sloshing of partially filled tanks are of great concerns to
the structural design of carrier vessels such as Liquefied Natural Gas
(LNG) ships and Very Large Crude Carriers (VLCC). Especially with
the increasing demand for ocean oil and gas resources, the navi-
gation safety of the liquid cargo carriers becomes growingly
important. When a liquid cargo carrier shuttles in the rough sea,
violent free surface sloshing inside the liquid tank can occur,
creating large impact loads on the tank walls. The situation be-
comes worse, when the excitation frequency is close to the natural
frequency of the sloshing system. The highly localized impulsive
load induced by resonant sloshing waves can cause structural
damage to the tank walls. Moreover, the global forces andmoments
can affect the navigation stability of the carrier, even leading to
carrier capsize. Therefore, investigating the fundamental physics of
resonant sloshing, predicting the resonance frequency and the
generated high impulsive pressure are of great significance to the
f Naval Architects of Korea.
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operation safety of the vessels and should be considered in the
design of the tank systems.

Liquid sloshing is a highly nonlinear, transient, and random flow
phenomenon, attracting many interests of the academic field. Since
the late 1970s, tremendous studies on the liquid sloshing have been
performed by the experiments, the theoretical analyses and the
numerical methods. Faltinsen and Timokha (2009) provided
comprehensive reviews of liquid sloshing in the field of ocean en-
gineering. Faltinsen et al. (2003); Faltinsen and Timokha (2001,
2002) conducted extensive studies on the linear, nonlinear, two-
dimensional (2D) and three-dimensional (3D) sloshing in a rect-
angular tank by the multimodal and asymptotic modal approaches.
However, the theoretical analyses are limited to the regular shape
tanks. Moreover, viscous effects cannot be considered because of
the ideal fluid assumption. In contrast, the experiment has always
been a reliable and useful tool for the sloshing prediction. For
example, Panigrahy et al. (2009) experimentally predicted the
pressures on the tank walls and the free surface elevations under
different filling levels in a horizontal excited tank. Grotle et al.
(2017) studied sloshing mechanism in a rotational excited rectan-
gular container under different excitation frequencies and filling
levels. Despite extensive experimental studies have been con-
ducted for complex sloshing phenomena such as resonant sloshing
sevier B.V. This is an open access article under the CC BY-NC-ND license (http://
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(Pirker et al., 2012), sloshing in a membrane-type LNG tank (Yu
et al., 2017), sloshing absorber (Cavalagli et al., 2017), highly
viscous liquid sloshing (Jin and Lin, 2009), the experiments are
time-consuming and cost-expensive. Moreover, scaling effects
introduce additional errors in the model experiments.

With the significant development of the computer technology
and numerical algorithms, the Computational Fluid Dynamics
(CFD) techniques become increasingly appealing. CFD techniques
are powerful supplements of the experiments to capture small-
scale fluid visual details and reveal physical mechanism of
various sloshing phenomena such as hydraulic jump, resonance,
and energy dissipation. Also, many CFD models by solving Navier-
Stokes equations have been proposed to simulate viscous and
highly nonlinear sloshing, challenging in analytic and semi-analytic
approaches. Based on the treatment of the fluid-solid interface,
grid-based methods (Yang, 2016) and mesh-free methods (Eini
et al., 2020) can be classified. For the grid-based methods, it can
be further classified into the body-fitted method and the Cartesian
grid method (Sotiropoulos and Yang, 2014). Also, in the grid-based
methods, interface capturing schemes such as the Level Set (LS) and
Volume of Fluid (VOF) methods need to be introduced to capture
the free surface. For example, Liu and Lin (2009) simulated 3D
nonlinear liquid sloshing in a rectangular tank by the VOF method.
Bai et al. (2015) simulated violent sloshing under translational and
rotational excitations using the LS method. Liu et al. (2017) simu-
lated 3D violent sloshing by the coupled LS and VOF (CLSVOF)
method with the Very Large Eddy Simulation (VLES).

Despite many successful studies for the idealized situations,
simulating violent sloshing of the irregular shape tank in realistic
situations is a challenging task. On the one hand, most aforemen-
tioned investigations focused on the sloshing in a rectangular tank,
due to the simple treatment of the solid boundary conditions.
However, in the engineering practice, the liquid cargo tank is
usually non-rectangular such as prismatic and spherical. To treat
the irregular shape tank, the commonly used technique is the body-
fitted grid method (Windt et al., 2019). Jiang et al. (2015) investi-
gated the sloshing coupling effects between the ship motion and
the sloshing impact load in two prismatic tanks using the Open-
FOAM. Also, the effects of the resonant frequency and its occurrence
moment on the global ship response were examined. Zhao and
Chen (2015) predicted impact pressures of a 3D membrane-type
LNG tank under different water depths by the overset grid
method. Also, violent sloshing phenomena are observed such as
wave breaking, jet formulation, and gas entrapping. However, it is
challenging for the body-fitted grid method to treat multiple
degree-of-freedom excitations and tanks with internal structures.
An attractive alternative is the Cartesian grid method (Sotiropoulos
and Yang, 2014) where a background Cartesian grid is applied in the
entire computational domain. For example, Kim et al. (2014)
introduced a concept of the buffer zone to treat the chamfered
boundaries in the sloshing of the 3D prismatic tanks. They found
that the prismatic tanks with chamfers subjected to much larger
impulsive pressures than those without chamfers. Lee et al. (2011)
introduced a quadratic polynomial approximation scheme to
enforce the no-slip boundary conditions on the chamfered walls
and baffles. The sloshing pressures agree well with previous
experimental results.

On the other hand, the extremely large impact pressures
induced by the violent resonance sloshing can endanger the navi-
gation safety of the vessel. To avoid violent sloshing, one effective
strategy is to install sloshing absorbers such as baffles inside the
tank. Many numerical attempts have been conducted to study the
suppressing performance and dissipation mechanism of the baffle
on the sloshing amplitude. For example, Cao et al. (2014) simulated
violent sloshing in a 2D or 3D rectangular tank with or without
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baffles by the Smoothed Particle Hydrodynamics (SPH) method. Hu
et al. (2019) investigated the elastic baffle interaction with the
sloshing flow by the SPH coupled with the Smoothed Point Inter-
polationMethod (SPIM). In contrast, with respect to the body-fitted
grid method, Eswaran et al. (2009) numerically investigated
sloshing in a cubic tank with or without baffles under sinusoidal
horizontal excitation by the Automatic Dynamic Incremental
Nonlinear Analysis (ADINA) software. Also, parametric studies on
the baffle configurations, excitation frequencies and filling levels
are examined. Jung et al. (2012) numerically examined the effects of
a vertical baffle on the sloshing pressure and amplitude in a 3D
laterally moving rectangular tank by the Fluent. It is revealed that
the roof impact cannot occur when the ratio of baffle height to the
initial liquid height is beyond 0.3 and the two successive pressure
peaks cannot occur when the ratio is larger than 0.6.

Alternatively, in terms of the Cartesian grid method, Wu et al.
(2012) adopted a time-independent finite difference scheme with
the fictitious cell technique to simulate fully nonlinear sloshing in a
2D rectangular tank with a surface-piercing baffle or bottom-
mounted baffle. Also, they derived some empirical formulas by
examining the variation rule of the baffle height with the shifting of
the lowest natural frequency under different water depths. Akyildiz
(2012) simulated nonlinear sloshing of a 2D rectangular tank with a
vertical baffle under rolling motion by combining the VOF method
and the fictitious cell technique. Xue et al. (2012) combined the
Virtual Boundary Force (VBF) method with the VOF method to
simulate sloshing in a 3D rectangular tank under different baffle
arrangements. It is found that the horizontal, perforated vertical
and their combinatorial baffles can not only significantly suppress
the sloshing amplitude but also change the natural frequency of the
sloshing system. Lu et al. (2015) simulated liquid sloshing in a
rectangular tank with or without a baffle by a computational
Lagrangian-Eulerian advection remap Volume of Fluid (CLEAR-VOF)
method. The results showed that the resonant sloshing responses
would eventually be damped out due to the dissipative effects of
the baffle. Also, the resonant frequency and amplitude are highly
affected by the baffle width and position. Chu et al. (2018) com-
bined the Large Eddy Simulation (LES) model and VOF method to
simulate violent sloshing in a 2D rectangular tank with multiple
vertical baffles. The effects of the baffle number, the baffle height,
and the excitation frequency on the impulsive load were studied. It
is revealed that the wave amplitude and the sloshing load reduce
with the increase of the baffle height, while the reducing effects is
weakened when the ratio between the baffle height and the water
depth is beyond 0.75.

Though many numerical studies aforementioned have been
dedicated to the sloshing in a baffled rectangular tank, violent
sloshing in a 3D prismatic tank with baffles is rarely investigated.
Moreover, to our knowledge, predicting the resonance frequency
for the 3D baffled or unbaffled prismatic tank has not been reported
in the literatures. It is highly desired to simulate this phenomenon
and to clarify the hydrodynamic interaction mechanism between
the baffle and the fluid. In this paper, violent sloshing in a 3D
prismatic tank under rolling excitation with or without a vertical
bottommounted baffle is parametrically investigated. We intend to
predict the resonance sloshing phenomena and identify the reso-
nance frequency for the prismatic tank under different water
depths and baffle heights. Also, the effects of the baffle on the
resonance frequency and the impact pressure are discussed.
Further, the hydrodynamic mechanism of the baffle on suppressing
the violent sloshing is clarified. Moreover, some chaotic sloshing
phenomena are captured such as the hydraulic jump, the negative
pressure area, and the vortex shedding. In addition, the present
study focuses on the global fluid motion, some local effects such as
turbulence and compressibility are ignored. However, the present
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model is reasonable and reliable, because the turbulence and
compressibility have secondary effects on the pressure distribution
and wave shape (Akyildiz et al., 2012; Lee et al., 2007). Moreover,
the selection of the turbulent model is a controversial and research
issue (Godderidge et al., 2009).

Themathematical model is given in Section 2. Section 3 presents
the numerical solver involving the numerical solution of the
Navier-Stokes (N-S) equations, solid boundary treatment, the
capturing of the free surface, and the numerical validation. Para-
metric studies on the sloshing of the prismatic tankwith or without
a baffle are conducted in Section 4. In Section 5, conclusions are
drawn.

2. Mathematical model

2.1. N-S equations

The sloshing flow is governed by the incompressible two-phase
N-S equations including the continuity and momentum equations.
The 3D N-S equations in the vector form are written as:

V $u ¼ 0; in U (1)

vu
vt

þV $ ðuuÞ¼ � 1
rðfÞVpþ

1
rðfÞV $ ½mðfÞðVuþVuΤ Þ�þ fs

þ fa; in U

(2)

ujG ¼0 and
vp
vN

j
G
¼ 0 (3)

where u is the fluid velocity vector in three directions, p is the
pressure, r is the density, m is the dynamic viscosity coefficient, t is
the time, f is the level set function distinguish two incompressible
fluids, N is the outward normal vector of the solid surface, U is the
whole computational domain and G is the solid surface. The surface
tension effects are considered with fs ¼ skdðfÞn=r, fs is the surface
tension, s is the surface tension coefficient, k is the interface cur-
vature, n is the normal vector of the fluid-gas interface, and d is the
discrete delta function. The multiple-degree-of-freedom motion of
the tank is considered by an external body force fa. This external
body force is expressed as:

fa ¼ g� dV
dt

�dU
dt

�ðr�RÞ�U� ½U�ðr�RÞ��2U� dðr � RÞ
dt

(4)

where g, V and U are the gravitational acceleration, the trans-
lational and rotational velocities in the moving coordinate frame,
respectively. rand R are the coordinate vectors of a grid node in the
computational domain and the rotational origin, respectively.

2.2. GALS equations

In the present study, the GALS method (Nave et al., 2010), where
the level set function and its gradient vector are evolved simulta-
neously, is adopted to capture the free surface with global third-
order resolution. The GALS equations are expressed as:

vf

vt
þu$Vf ¼ 0 (5)

vj

vt
þu$Vj ¼ �Vu$j (6)

where jis the gradient vector with j ¼ Vf, x is the coordinate
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vector on the background Cartesian grid, Vj and Vu are the
gradient and velocity deformation matrices, respectively.

To distinguish the variable fluid properties, the density and
viscosity at each grid cell on the whole computational domain are
defined by a smoothed Heaviside function. Therefore, smoothing
transition of the discontinuous fluid properties (density and vis-
cosity) around the two-phase interface is achieved.

3. Numerical solver

3.1. Numerical solution of N-S equations

In the present study, a time semi-implicit finite difference
method is adopted for the solution of the N-S equations on a
staggered Cartesian grid. The convection and diffusion terms are
discretized by a Roe's flux difference splitting method with a
higher-order total variation diminishing monotonic upstream-
centered scheme for conservation laws (TVD-MUSCL) and a cen-
tral difference scheme, respectively. The fractional step method is
applied to decouple the pressure and the velocity. The time deri-
vation terms are integrated by a TVD second-order Runge-Kutta
(TVD-RK2) scheme combinedwith the Crank-Nicolson scheme. The
velocity Dirichlet and the pressure Neumann boundary conditions
in Eq. (3) are enforced by the present ghost cell method to satisfy
the no-slip boundary conditions. More details can be seen in (Shi
et al., 2019).

3.2. Ghost cell method for solid boundary treatment

In this study, the ghost cell method with a unified eight-point
reconstruction scheme is used to consider the influences of the
irregular boundaries and baffles on the sloshing flow. We use a tri-
linear interpolation scheme to calculate the variable values at the
ghost cells. To avoid extrapolation, the concept of Mirroring Points
(MP) is introduced by mirroring the ghost cells to the fluid domain
along the outward normal vector of the body surfaces. To calculate
the fluid variables at the mirroring points, a unified eight-point
reconstruction scheme is employed. The key is to substitute the
stencil points belong to the ghost cells with the corresponding
Boundary Points (BP) to preserve the eight-point scheme, as shown
in Fig. 1. Therefore, various interpolation stencils can be avoided.
Then, ghost cell values can be computed by satisfying a mirroring
condition according to the mirroring point values. Boundary con-
ditions are implicitly satisfied when the governing equations are
solved on the entire computation domain by a standard seven-
point central-difference scheme. Please refer to Xin et al. (2020)
for further details.

3.3. Numerical solution of the GALS equations

In the GALS method, the accuracy of the interface description is
improved by augmenting a gradient equation. Before the numerical
solution, we rewrite the GALS equations in the characteristic form
to transform the partial differential equations into the ordinary
differential equations:

df
dt

¼0 and
dj
dt

¼ �Vu$j (7)

To solve Eq. (7), the characteristic curve equation
vxðtÞ =vt ¼ uðxðtÞ; tÞ is solved by the Shu-Osher RK3 scheme with
backward integration from time t þ Dt to t to determine a charac-
teristic displacement xc. The LS function and its gradient at the
point xc are interpolated by the Hermite cubic polynomial scheme.
Second, the LS function at the new time step is updated using the LS



Fig. 1. 3D interpolation stencils for the MP.
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function fðxcÞ at the point xc, because the LS function is constant
along the characteristic curve. Meanwhile, the gradient equation is
solved to obtain the gradient vector by an explicit trapezoidal
scheme forward integration along the characteristic curve. Note
that first and second derivatives of the level set function are
analytically computed by differentiating the Hermite interpolation
scheme, to avoid the interpolation errors. In addition, we use a
geometric reinitialization procedure with an identification-
correction technique (Xin et al., 2019) to treat the strongly
deformed interfaces with small droplets. Further details of the
implementation are presented in Xin et al. (2019).
3.4. Numerical validation

To demonstrate the accuracy of the present method for sloshing
in a baffled tank, large-amplitude sloshing in a 3D rectangular tank
with a vertical baffle is simulated. The tank model is the same as
Kang and Lee (2005)'s experiment and Jung et al. (2012)'s numer-
ical model. The principal dimension of the 3D rectangular tank is
L ¼ 0.8 m in length, W ¼ 0.4 m in width, and H ¼ 0.5 m in height.
The ratio of the water depth to the tank height is h/H ¼ 0.7. A
vertical baffle is mounted at the tank center with a baffle height hb.
The tank is excited by a horizontal movement. The movement is
described by a sinusoidal function xc ¼ a sinðuetÞ, where xc is the
horizontal displacement, ais the excitation amplitude, and ue is the
excitation frequency. The excitation frequency is set the same as the
fundamental natural frequency un, where the natural frequency of
Fig. 2. Grid convergence test of grid size for the
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the sloshing fluid is calculated by un ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
pg=L tanhðph=LÞ

p
. The

excitation amplitude is set as a ¼ 0:02m. Four pressure sensors
denoted by R1-R4 are arranged. The pressure sensor R1 is at the
tank top with 0.01 m away from the left wall. The pressure sensors
R2-R4 are located at the center of the left wall with a distance from
the tank bottom 0.365 m, 0.1775 m, 0.0525 m, respectively. The
computational domain is set as [0 m, 0.8 m] � [0 m, 0.4 m] � [0 m,
0.5 m]. The velocity no-slip boundary conditions are applied on all
boundaries. The pressure at the top wall is set to zero for reference.
Also, the pressure Neumann boundary conditions are applied on
the other walls. The ghost cell method (Xin et al., 2020) is used to
consider the effects of the baffle on the sloshing flow by placing
ghost cells inside the baffle.

The resonant sloshing without baffles is first simulated to
investigate the reliability of the present multiphase flow model. To
investigate the grid independence, three different uniform grids of
the coarse, medium, and fine grids are adopted with 80 � 50 � 60,
100 � 60 � 80, and 140 � 60 � 100 in the x-, y-, and z-directions,
respectively. The pressure results at R1 and R4 on three grids are
presented in Fig. 2. The pressure results on both the medium and
fine grids are distinguishable, confirming that grid convergence is
achieved. To study the time independence, three time-relaxation
coefficients are chosen with uCFL ¼ 0:2, uCFL ¼ 0:4, and uCFL ¼
0:8. Again, the good convergence of the time step at R1 and R4 is
obtained in Fig. 3. To achieve a good balance between the solution
quality and computational cost, the medium grid of 100 � 60 � 80
and the time step of uCFL ¼ 0:4 are used in the following
computation.
present method at two measuring points.



Fig. 3. Convergence test of the time step for the present method at two measuring points.

Fig. 4. Comparison of the present method with Jung et al. (2012)'s numerical method and Kang and Lee (2005)'s experiment.
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Fig. 4 shows the time history of the pressure at R1 and R4 by the
presentmethod, together with Jung et al. (2012)'s numerical results
and Kang and Lee (2005)'s experimental data. Periodic pressure
pulses observed at R1, indicating the occurrence of roof impact. The
present pressure pulse at R1 is much closer to the Kang and Lee's
experimental data than Jung's numerical results. It can be explained
that the air effects are considered in the present study, while they
are not included in Jung et al.‘s single phase flow model. Lu et al.
(2015) concluded that the single-phase treatment for the free sur-
face is inappropriate for the prediction of the impact pressure
where the air effects are of great importance. Also, the negative
pressure is observed in the present study, much more obvious than
those in Jung et al.‘s simulation and Kang and Lee's experiment. The
roof impact is equivalent to the plate slamming. The air cushion
may be formed when the relative impact angle between the free
surface and the body surface is small. The negative pressure in-
dicates that the air can be inhaled into the local impact region,
leading to ventilation. Since the pressure pulse is very sensitive to
slight changes of the physical conditions, the present results are
reasonable. In addition, the pressure at R4 in the present study
agrees well with Jung et al.‘s simulation results and Kang and Lee's
experimental data, confirming the accuracy of the present method
again. Moreover, the two successive peak pressures occur, caused
by the highly nonlinear interaction between the free surface and
the tank wall.

Further, the resonant sloshing with a vertical baffle is simulated.
Two baffle heights are considered with hb/h ¼ 0.4 and 0.8. Fig. 5
shows the time history of the pressures at R2, R3 and R4 by the
present and Jung et al.‘s methods. The pressure curves for both
baffle heights at R2, R3 and R4 are in consistent with Jung et al.‘s
numerical results, confirming the accuracy of the present method
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for resonant sloshing in a baffled tank. The pressure at R1 is not
presented, because roof impact does not occur in the present
sloshing with a baffle. Also, as the baffle height increases, the
pressure amplitude reduces and the two successive peak pressures
are transformed into the sinusoidal oscillation.
4. Numerical results and discussion

The sloshing of a 3D prismatic tank is simulated in our previous
work (Xin et al., 2020). Also, the good convergences of the grid size
and the time step are obtained. In this section, the violent sloshing
of the prismatic tank under different water depths, excitation fre-
quencies and baffle heights are further investigated. Moreover,
damping mechanism of the sloshing flow in the baffled prismatic
tank is clarified. The length L, widthW, and height H of the tank are
0.741 m, 0.399m, and 0.405m, respectively. The tank is excited by a
rolling motion, described as qy ¼ q0 sin ut, qy is the rolling angle, q0
is the rolling amplitude with q0 ¼ 0.1 rad, u is the excitation fre-
quency. The rotational axis is Y1Y2, as shown in Fig. 6. To predict
the sloshing pressure at local positions, seven pressure sensors R1-
R7, are arranged at the mid-plane of the right wall. They are
0.075 m, 0.1135 m, 0.205 m, 0.2965 m, 0.341 m, 0.390 m, and
0.405 m away from the tank bottom, respectively, and R7 is 0.02
away from the right sideline. According to the convergence study in
Section 3.4, the uniform grid of 100 � 60 � 80 and the time step of
uCFL ¼ 0:4 are used in the present computation. Also, the boundary
conditions are the same with Section 3.4. To treat the irregular
boundaries of the prismatic tank, the ghost cell method is used by
enforcing the boundary conditions on the four wedges arranged on
the four corners of the tank.



Fig. 5. Comparison of the present method with Jung et al. (2012)'s numerical method for two baffle heights.

Fig. 6. Geometrical model of the prismatic tank and the sensor placements.
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4.1. Sloshing in an unbaffled prismatic tank

In the tank design of the liquid carrier, the prediction of the
resonance frequency is of great significance to the avoidance of the
dangerous conditions and the guarantee of the navigation safety.
The resonance frequency for the prismatic tank is considered to be
equivalent to its natural frequency for ease of understanding,
despite the fact that the resonance frequency is not exactly the
same with the natural frequency in the real situation (Delorme
et al., 2009). For a 3D rectangular tank with the water depth h,
the natural frequency for the sloshing tank can be analytically
calculated as (Liu and Lin, 2008):

u2
mn ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�mgp
L

�2
þ
�ngp
W

�2r
tanh

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
mph
L

�2

þ
�
nph
W

�2
s

; m; n

¼ 0;1;2; ::::::

(8)

However, for an irregular tank such as the prismatic tank, its
natural frequency cannot be analytically calculated. Therefore, to
compute the natural frequency, we investigated the relationship
between the excitation frequency and the pressure amplitude at
tankwalls under different water depths. The natural frequency, that
is the resonance frequency, is identified as the excitation frequency
corresponding to the maximum impact pressure. Fig. 7 shows the
pressure amplitudes at measuring points as a function of the
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excitation frequency for six water depths. The pressure amplitude is
taken as the average of those at five periods after 10 s to avoid the
disturbance of the initial instability and instantaneous fluctuation.
The excitation frequency is ranged from 2 rad/s to 7 rad/s. Also, the
increment of the excitation frequency is 0.1 rad/s around the
resonance frequency and 0.5 rad/s far away from the resonance
frequency. The impact pressure amplitudes at all measuring points
rapidly increase to the maximum, followed by a sharp decrease, as
the excitation frequency continuously rises. The relationship curves
between the pressure amplitude and the excitation frequency
generally exhibit a single-peak pattern with some unsmooth tran-
sitions, because the sloshing in the 3D partially filled tank is more
chaotic and random.

When the excitation frequency is close to the resonance fre-
quency, the tank walls experience huge impact pressures. A small
change in the excitation frequency can lead to a large difference in
the pressure amplitude. It should be mentioned that slight dis-
tinctions are observed in the cases of h/H¼ 0.2 and h/H¼ 0.3. For h/
H ¼ 0.2, a second peak pressure is captured at the excitation fre-
quency of ue¼ 6.3 rad/s in Fig. 7(a), indicating the occurrence of the
resonance sloshing. It can be confirmed that the excitation fre-
quency of ue ¼ 6.3 rad/s is close to the second natural frequency of
u01 in the rectangular tank for h/H ¼ 0.2, which is calculated as
u01 ¼ 6.33 rad/s by setting m ¼ 0, n ¼ 1 according to Eq. (8). In
addition, the pressure amplitude at the second resonance fre-
quency is much smaller than that at the lowest resonance fre-
quency, implying that the lowest resonance frequency produces
dominant effects. Therefore, sloshing at the lowest resonance fre-
quency should be given the most serious attentions and is
emphasized in the present study. In addition, the lowest resonance
frequency u10 is calculated by setting m ¼ 1 and n ¼ 0, and it is
called the resonance or natural frequency for short and denoted by
un in the following text. For h/H ¼ 0.3, a smaller pressure peak is
observed at the excitation frequency of ue ¼ 4.1 rad/s in Fig. 7(b).
Also, the high-pressure region is among a wide range of excitation
frequencies from 4.0 to 5.0 rad/s. It may be attributed to the highly
nonlinear phenomena for this water depth.

For both h/H¼ 0.2 and h/H¼ 0.3, high impact pressures occur at
the chamfered walls in the bottom and the low part of the tank
walls, as shown in Fig. 7(a and b).When thewater depth grows to h/
H ¼ 0.46 or h/H ¼ 0.61 in Fig. 7(c and d), the entire side walls suffer
huge impact pressures, which is the most severe situation and
should be avoided as much as possible. Also, roof impact occurs for
a wide range of excitation frequencies around the natural fre-
quency, despite the fact the impulsive pressure is relatively small.
For a high filling level such as h/H¼ 0.75 or h/H¼ 0.9 in Fig. 7(e and
f), obvious roof impact occurs, as seen from the pressure curve at
R5. However, the pressure amplitudes at R1, R2, R3, and R4 under



Fig. 7. Impact pressure amplitudes at measuring points as a function of the excitation frequency for six water depths.
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resonance conditions are much smaller than those for h/H ¼ 0.46
and h/H¼ 0.61. The reason is that themovement of massivewater is
restrained by the adjacent water and the tank walls, leading to the
weakened nonlinearities. It can be concluded that the impact
pressure under resonance condition increases firstly and then de-
creases as the water depth rises, and it reaches the maximum for h/
H ¼ 0.46. Therefore, the sloshing cases for h/H ¼ 0.46 will be
stressed in the following study.

The resonance frequency of the sloshing fluid is the excitation
frequency where the peak pressure amplitude occurs. The reso-
nance frequencies for the rectangular and prismatic tanks under six
filling water levels are presented in Table 1. The precision is 0.1 rad/
s, because the minimum increment of the excitation frequency is
0.1 rad/s. The natural frequency for the rectangular tank provides
reasonable reference to clarify the natural frequency for the pris-
matic tank, because the sloshing characteristics in the prismatic
tank are similar with those in the rectangular tank (Zhao et al.,
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2017). As shown in Table 1, the natural frequency gradually in-
creases with the rising of the water depth. The lowest natural fre-
quency for the prismatic tank is slightly smaller than that for the
rectangular tank for h/H�0.46. The deviations are from about 2.49%
for h/H ¼ 0.46e4.22% for h/H ¼ 0.9. When shallow liquid sloshing
occurs such as h/H ¼ 0.2 or h/H ¼ 0.3, the lowest natural frequency
for the prismatic tank is obviously larger than that for the rectan-
gular tank. The discrepancies are approximately 13.74% for h/
H ¼ 0.2 and 10.11% for h/H ¼ 0.3. This frequency shift phenomenon
is also observed in Bai et al. (2015)'s numerical simulation, and
Jiang et al. (2014)'s experiment. It is caused by the nonlinear
interaction between the sloshing fluid and the tank walls.
Nonlinear characteristics of the sloshing shift the natural frequency
predicted by Eq. (8) which is deduced according to the linear
sloshing theory. Moreover, the frequency shift phenomenon is
more evident for a lower water depth due to the stronger nonlin-
earity, which is called nonlinear hardening phenomenon by (Love
and Haskett, 2018).



Table 1
Resonance frequencies of sloshing for the rectangular and prismatic tanks under six water depths.

un (rad/s)

h/H ¼ 0.2 h/H ¼ 0.3 h/H ¼ 0.46 h/H ¼ 0.61 h/H ¼ 0.75 h/H ¼ 0.90

Rectangular tank 3.71 4.45 5.23 5.69 5.97 6.16
Prismatic tank 4.2 4.9 5.1 5.5 5.6 5.9
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Figs. 8e10 show the time history of pressures at R2 and R3 in
two tanks for h/H ¼ 0.46 at three excitation frequencies ue ¼ 3.5,
5.0, and 6.0 rad/s. Figs. 11e13 show the time history of pressures at
R2 and R4 in two tanks for h/H ¼ 0.75 at three excitation fre-
quencies ue ¼ 4.0, 5.6, and 7.0 rad/s. The red lines are the pressures
in the prismatic tank and the black lines are the pressures in the
rectangular tank. The pressure curves at R2 and R3 in both the
prismatic and rectangular tanks for h/H ¼ 0.46 are nearly indis-
cernible. It is indicated that the chamfered walls in the bottom have
negligible effects on the sloshing characteristics and pressure am-
plitudes, which is consistent with the observation in (Zhao et al.,
2017). For a higher water depth of h/H ¼ 0.75 in Figs. 11e13, the
sloshing characteristics for both the prismatic and rectangular
tanks are similar. However, the pressure amplitudes in the pris-
matic tank are much smaller. Moreover, the pressure discrepancies
are more obvious at upper part of the tank walls such as R4, as seen
in Figs. 11(b) and 13(b). It can be inferred that the chamfered walls
in the top can significantly affect the sloshing amplitude, because
the existence of the upper chamfered walls restrains the movement
of the sloshing fluid at high water depths. In addition, it can be
observed that the pressure amplitudes for all most cases nearly
keep constant after several periods, implying that the steady state
Fig. 8. Time history of pressures at two points in

Fig. 9. Time history of pressures at two points in

Fig. 10. Time history of pressures at two points in
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is reached, except for h/H¼ 0.46 andue¼ 5.0 rad/s in Fig. 9. In Fig. 9,
the pressure peaks behave chaotic over the periods because of the
violent resonance phenomenon.

When the excitation frequency is much smaller than the reso-
nance frequency such as ue ¼ 3.5 rad/s (ue/un ¼ 0.69), the pressure
at R2 exhibits an approximately sinusoidal oscillation pattern in
Fig. 8(a), indicating that the hydrostatic pressure dominates at R2.
In Fig. 8(b), irregular pressure pulses at R3 are observed, because
the sloshing wave periodically hits that position which is slightly
higher than the still water surface. When the excitation frequency
is close to the resonance frequency such as ue ¼ 5.0 rad/s (ue/
un ¼ 0.98), strong nonlinear phenomena occur. The obvious
double-peak pressures are captured, a much larger pressure peak
immediately followed by another minor one in Fig. 9. The sloshing
fluid hits the side wall violently when the tank rotates to the one
side, leading to the first peak. Then, the falling water impacts the
side wall again under the gravity effects, generating another peak.
The first pressure peak can lead to local failure of the tank wall and
the second one can induce structural fatigue damage. In addition,
the pressure peaks among periods are remarkably distinct, due to
the chaotic 3D behavior of the sloshing flow. As the excitation
frequency increases to ue ¼ 6.0 rad/s (ue/un ¼ 1.2) in Fig. 10, the
two tanks for h/H ¼ 0.46 at ue ¼ 3.5 rad/s.

two tanks for h/H ¼ 0.46 at ue ¼ 5.0 rad/s.

two tanks for h/H ¼ 0.46 at ue ¼ 6.0 rad/s.



Fig. 11. Time history of pressures at two points in two tanks for h/H ¼ 0.75 at ue ¼ 4.0 rad/s.

Fig. 12. Time history of pressures at two points in two tanks for h/H ¼ 0.75 at ue ¼ 5.6 rad/s.

Fig. 13. Time history of pressures at two points in two tanks for h/H ¼ 0.75 at ue ¼ 7.0 rad/s.
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typical modulated pressure, also called the beating phenomenon, is
observed. Themaximum pressure amplitude occurs during the first
beating cycle. Then, the pressure amplitude decays gradually dur-
ing the following cycles due to the viscous damping effects until a
steady state is reached. Also, the maximum pressure amplitude in
the first beating cycle is nearly twice that in the fourth cycle. In
addition, the full and half pressure envelopes are respectively
presented at R2 and R3 in Fig. 10(a and b), because the position of
R2 is below the still water surface and R3 is above the rest water
surface. Similarly, the approximately sinusoidal oscillation pattern
and the beating phenomenon are observed in the corresponding
frequency range for a higher water depth of h/H ¼ 0.75 in
Figs. 11e13. The difference is that the single peak pressure is
observed in the resonance condition for h/H ¼ 0.75 in Fig. 12,
instead of the double peak pressures in Fig. 9, because of the
weakened nonlinearity.

Further, flow field are qualitatively analyzed. Figs. 14e16 shows
the free surface elevation at two moments for h/H ¼ 0.46 under
three excitation frequencies ue ¼ 3.5, 5.0, and 6.0 rad/s, respec-
tively. For ue ¼ 3.5 rad/s (ue/un ¼ 0.69), a standing wave is gener-
ated in Fig. 14 when the water begins to move with the rotational
movement of the tank. As the tank rotates to the far right, the wave
climbs up along the tank wall with no wave breaking. The wave
surface exhibits a periodically vertical oscillation. As the excitation
frequency increases to ue ¼ 5.0 rad/s (ue/un ¼ 0.98), sloshing
movement becomes more violent because the resonance sloshing
occurs. In Fig. 15, the hydraulic jump forms and propagates to one
side wall, leading to a severe impact on the tank wall. The climbing
wave along the tank wall becomes steeper and originates a violent
jet flow. The jet impacts the chamfered wall, leading to wave
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breaking. Consequently, the jet separated from the water mass falls
into the underlying water under the gravity effects. As the excita-
tion frequency further grows to ue ¼ 6.0 rad/s (ue/un ¼ 1.2), non-
linearities of sloshing is weakened. In Fig. 16, a small-amplitude
wave travels along the tank. The traveling wave climbs along the
tank, while kinetic and potential energies are not enough to drive
the wave to hit the chamfered wall.

4.2. Sloshing in a baffled prismatic tank

The resonance sloshing in a partially filled tank generates huge
impact pressures, which may cause structural damage and even
lead to catastrophic accident. To address this problem, one strategy
is to change the natural frequency of the sloshing fluid, thus to
avoid the occurrence of the resonance. The natural frequency can
be changed by modifying the principal dimension in the structural
design stage or the fluid depth in the operation stage. Another
strategy is to install baffles in the tank to suppress fluid movement
of sloshing, and thus reduce the impulsive pressure. In this section,
the resonance sloshing for threewater depths under different baffle
heights hb is investigated. The baffle is installed vertically in the
center of the bottom. Five baffle heights are considered with hb/
h ¼ 0, 0.25, 0.5, 0.75, and 0.9, where hb/h ¼ 0 represents sloshing
without baffles. Further, the suppressing performance and the
damping mechanism of the baffle are discussed.

Figs.17e19 show the variation of the pressure amplitudes at two
measuring points with the excitation frequency ue under five baffle
heights for h/H ¼ 0.3, 0.46, and 0.61, respectively. The pressure
amplitudes for all baffle heights and water depths generally follow
a single-peaked trend in the considered frequency range. The



Fig. 14. Free surface elevation at two moments for h/H ¼ 0.46 and ue ¼ 3.5 rad/s.

Fig. 15. Free surface elevation at two moments for h/H ¼ 0.46 and ue ¼ 5.0 rad/s.

Fig. 16. Free surface elevation at two moments for h/H ¼ 0.46 and ue ¼ 6.0 rad/s.
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excitation frequency corresponding to the peak pressure amplitude
is the resonance frequency for the considered baffle height. As the
baffle height increases, the pressure amplitudes at all measuring
points reduce remarkably. The suppressing performance of the
baffle is much better for the excitation frequency close to the
resonance frequency. The reason is that the existence of the baffle
can block the violent moment of the sloshing fluid and the viscous
effects of the baffle surface dissipate the resonance energy. How-
ever, the distinctions among the pressure amplitudes for various
baffle heights are very small when the excitation frequency is
outside a certain range around the resonance frequency. It may be
explained that the sloshing wave periodically oscillates in a sinu-
soidal pattern and the fluid particles move around the equilibrium
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position. Therefore, the blocking and viscous damping effects of the
baffle are minor.

Fig. 20 shows the variation of the resonance frequency and peak
pressure amplitude at R1 with the baffle heights under three water
depths. Under the same baffle height, the resonance frequency is
smaller for a lower water depth, which can be explained from Eq.
(8). Also, the resonance frequency decreases in an approximately
linear patternwith the rising of the baffle height for the samewater
depths. For example, the resonance frequency for hb/h ¼ 0.9 is
smaller about 18% than that without a baffle in the water depths of
h/H ¼ 0.3 and 0.61. It may be attributed to the fact that the baffle
increases the mass of sloshing system, and thus reducing the nat-
ural frequency. In addition, the peak pressure amplitudes for three



Fig. 17. The pressure amplitude at two measuring points as a function of the excitation frequency for h/H ¼ 0.3.

Fig. 18. The pressure amplitude at two measuring points as a function of the excitation frequency for h/H ¼ 0.46.

Fig. 19. The pressure amplitude at two measuring points as a function of the excitation frequency for h/H ¼ 0.61.

Fig. 20. Resonance frequencies and pressure amplitudes at R1 as a function of the baffle height for three water depths.
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Fig. 21. Time history of the pressures at R2 and R3 at three frequencies for hb/h ¼ 0.25 and h/H ¼ 0.46.
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water depths reduce significantly with the increase of the baffle
height. When the baffle height grows to hb/h ¼ 0.9, the peak
pressure amplitudes for three water depths decline to a similar
value in Fig. 20(b), indicating that the strong nonlinearities disap-
pear and periodically oscillated dynamic pressures dominate. It is
implied that the suppressing mechanism of the baffle on the
sloshing amplitude may lie in both the shifting of the resonance
frequency and viscous damping effects.

Further, the suppressing performance of the baffle on the
pressure amplitude is quantitatively evaluated by introducing the
concept of the pressure reduction rate. The pressure reduction rate
is defined as x ¼ | Pb - Po |/Po, where Po and Pb are the peak pressure
amplitudes without and with a baffle, respectively. The pressure
reduction rate generally follows a linear decrease pattern, accord-
ing to the peak pressure amplitude in Fig. 20(b). For hb/h¼ 0.25, the
pressure reduction rates are about 12.8% for h/H ¼ 0.3, 13.9% for h/
H¼ 0.46, and 10.9% for h/H¼ 0.61. The suppressing performances of
the baffle are not significant. However, as the baffle height increases
to hb/h ¼ 0.75, the pressure reduction rates grow remarkably,
approximately 45.0% for h/H ¼ 0.3, 53.9% for h/H ¼ 0.46, and 50.0%
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for h/H ¼ 0.61. Further, as the baffle height increases to hb/h ¼ 0.9,
the pressure reduction rates rise to approximately 60% for three
water depths. It is seen that the baffle can effectively reduce the
peak pressure under the resonance conditions. It should be noted
that the impulsive pressure gradually decreases until it disappears,
while the non-impulsive pressure mainly composed of the hydro-
static pressure keeps state and begins to dominate as the baffle
heights increases. Therefore, the suppressing performance is
limited by further increasing the baffle height when the impulsive
pressure disappears.

Fig. 21 shows the time history of the pressures at R2 and R3 at
three frequencies ue¼3.5, 5.0, and 6.0 rad/s for hb/h ¼ 0.25 and h/
H¼ 0.46. The black line and the red line are the pressures at R2 and
R3, respectively. The pressure at ue¼3.5 rad/s exhibits a sinusoidal
oscillation pattern in Fig. 21(a), with an amplitude similar to that in
the unbaffled tank in Fig. 7(c). The reason is probable that the
sloshing flow occurs on the upper part of the fluid, while the
movement of the bottom fluid is mild. Therefore, the blocking ef-
fects of the baffle are limited. At ue¼5.0 rad/s, the excitation fre-
quency is close to the resonance frequency, the highly nonlinear



Fig. 22. Time history of the pressures at R2 and R3 at three frequencies for hb/h ¼ 0.75 and h/H ¼ 0.46.
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phenomenon occurs. The impulsive pressures are irregular over
periods in Fig. 21(b), because of the violent 3D movement of the
sloshing fluid at this situation. However, the pressure curves at R2
and R3 exhibit a single-peak pattern, instead of the double-peak
pattern. It can be explained that the vortices are generated on the
sharp edges of the baffle, and thus dissipating the violent sloshing
energy, weakening the nonlinearities of the sloshing. At ue¼6.0 rad/
s, the excitation frequency is far larger than the resonance fre-
quency, the obvious beating phenomenon is observed at the initial
sloshing stage in Fig. 21(c). Then, after the first beating cycle, the
maximum pressure amplitude quickly decreases. Also, the double-
peak phenomenon disappears after the second beating cycle. Af-
terwards, the pressure history gradually turns into a steady-state
pattern due to the blocking effects and viscous damping of the
baffle. When the sloshing tank rotates with a high excitation fre-
quency, the sloshing fluidmoves forward and backward with a high
speed. The speeds of the fluid particles gradually rise from the
bottom to the water surface with a shear distribution. The baffle
effectively blocks the movement of the fluid at the bottom. More-
over, the vortices are generated and continuously separated from
the baffle tip due to the viscous shear effects around the baffle
surface, thereby dissipating the excess kinetic energy.

Fig. 22 shows the pressures at R2 and R3 as a function of the
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time at three frequencies ue¼3.0, 4.5, and 6.0 rad/s for hb/h ¼ 0.75
and h/H ¼ 0.46. At ue¼3.0 rad/s, the pressure amplitudes at R2 and
R3 gradually increase at the initial five periods, and then reach a
steady state in Fig. 22(a). The pressure amplitudes at R2 and R3 at
the steady state are approximately 1000 Pa and 430 Pa, respec-
tively, which are similar to those of hb/h ¼ 0.0 in Fig. 7(c). At
ue¼4.5 rad/s, the impulsive pressures at R2 and R3 are much
smaller compared with those of hb/h ¼ 0.0 in Fig. 7(c) and hb/
h ¼ 0.25 in Fig. 18. The pressure curves experience an initial
instability stage, and then transition to the steady state. The regular
single-peak phenomenon is periodically observed in Fig. 22(b). At
ue¼6.0 rad/s, the pressure at R2 follows an irregular oscillation
pattern in Fig. 22(c) and the amplitude is nearly halved compared
with that in the unbaffled tank in Fig. 7(c). Moreover, no impact
pressure at R3 is observed, because the baffle dissipates the kinetic
energies, and thus the sloshing wave cannot reach the position of
R3.

To investigate in detail the effects of the baffle on the sloshing
fluid, the free surface elevation, pressure and vortex contours are
presented. Figs. 23 and 24 show the free surface elevations at two
moments for h/H¼ 0.46 under two baffle conditions (ue¼ 5.0 rad/s,
hb/h ¼ 0.25; ue ¼ 4.5 rad/s, hb/h ¼ 0.75). In Fig. 23, the frequency
ratio is ue/un ¼ 1.02, the roof impact occurs due to the resonance



Fig. 23. Free surface elevation at two moments at ue ¼ 5.0 rad/s for hb/h ¼ 0.25 and h/H ¼ 0.46.

Fig. 24. Free surface elevation at two moments at ue ¼ 4.5 rad/s for hb/h ¼ 0.75 and h/H ¼ 0.46.

Fig. 25. Pressure and vortex contours in the x-z plane at t ¼ 3T/4 at ue ¼ 5.0 rad/s for hb/h ¼ 0.25 and h/H ¼ 0.46.
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sloshing. The baffle height is too small to block the movement of
the sloshing fluid in the upper part. Also, the viscous damping ef-
fects of the baffle are limited. As seen from Figs. 7(c) and Fig. 18, the
pressure amplitude for ue ¼ 5.0 rad/s and hb/h ¼ 0.25 merely ex-
periences a minor decrease compared with that in the unbaffled
tank. The hydraulic jump is also observed, leading to the upward jet
flow. The jet flow will fall under the gravity effects, generating the
breaking wave, as seen from Fig. 23(b). When the baffle height rises
to hb/h ¼ 0.75, the kinetic energy is consumed up before the rising
wave hits the roof wall despite being in the resonance condition
(ue/un ¼ 0.98). In Fig. 24, the overturning wave climbing the side
walls falls into the underlying water, generating the swelling wave.

Figs. 25 and 26 show the instantaneous pressure and vortex
contours in the x-z plane for h/H ¼ 0.46 under two baffle cases
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(ue ¼ 5.0 rad/s, hb/h ¼ 0.25; ue ¼ 4.5 rad/s, hb/h ¼ 0.75). It can be
observed in Fig. 25(a) that the pressure in the right side of the
bottom is much larger than that in the left side. The baffle would
block the movement of the sloshing fluid in the bottom when the
water moves from the high-pressure area to the low-pressure area.
In addition, there exists a wide wetted area along the right wall to
the chamfered wall in the top due to the roof impact. Also, a large
negative pressure area appears in the top right nearby the wetted
area. It can be explained that jet flow along the right wall recedes
from the roof wall and begins to collapse, generating many sepa-
rated droplets. A deal of air is taken away by the droplets, creating a
large negative pressure area. Moreover, ventilation can be expected
to happen when the droplets attached by the air drop into the
underlying water. Correspondingly, when the viscous fluid moves



Fig. 26. Pressure and vortex contours in the x-z plane at t ¼ T/2 at ue ¼ 4.5 rad/s for hb/h ¼ 0.75 and h/H ¼ 0.46.
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along the baffle surface and is separated from the baffle tip, a large
positive vortex is generated and sheds from the baffle tip in
Fig. 25(b). Also, a slender positive vortex extends from the cham-
fered wall to the tank ceiling, accompanied by several negative and
positive vortex pairs. The periodically generated vortices would
dissipate the kinetic energy to the walls, indicating that the roof
impact causes considerable viscous damping besides the baffle.
When the baffle increases to hb/h ¼ 0.75, the discontinuous pres-
sure distribution surrounding the baffle is obviously observed in
Fig. 26(a), implying that the baffle can effectively block the move-
ment of the main water. In Fig. 26(b), vortices periodically shed
from the baffle tip and spread to the walls along the water surface.
However, no vortices are observed in the tank ceiling, because no
roof impact occurs. It can be concluded that the importance of the
viscous damping effects is compromised and the significance of the
blocking effects is improved as the baffle height increases.
5. Conclusions

This paper numerically investigates the violent sloshing in a
partially filled 3D baffled prismatic tank by a Cartesian gridmethod.
The aim is to identify the resonance frequency for the prismatic
tank under different water depths and baffle heights, further to
analyze the suppressing performance of the baffle on the impact
pressure and clarify the damping mechanism of the baffle. The
numerical model involves a ghost cell method for the treatment of
the irregular boundaries and the GALS method for the capturing of
violent free surface motion on the Cartesian grid. The present nu-
merical model is well proved by simulating nonlinear sloshing in a
3D rectangular tank with or without a vertical baffle. Also, good
grid and time convergences are obtained. Then, the sloshing in the
prismatic tank with or without a baffle under rolling excitation is
parametrically investigated. Several conclusions are drawn.

(1) In the sloshing of the unbaffled prismatic tank, the rela-
tionship between the pressure amplitude and the excitation
frequency exhibits a single-peaked pattern in the considered
frequency range for most water depths. For h/H ¼ 0.2, a
second peak pressure amplitude is observed, because of the
second-order resonance. However, the first peak pressure
amplitude is far larger than the second one, indicating that
the most violent sloshing phenomenon occurs at the lowest
order resonance frequency. For h/H ¼ 0.3, the relatively high
pressure is observed over a wide range of excitation fre-
quencies, due to the highly nonlinear phenomena. As the
water depth rises to h/H ¼ 0.46 or h/H ¼ 0.61, the entire side
walls suffer huge impact pressures, and the pressure ampli-
tudes at R1 and R2 reach the maximum. Also, for h/H� 0.46,
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the roof impact occurs. As the water depth grows to h/
H ¼ 0.75 or h/H ¼ 0.9, the nonlinearity is weakened, while
the roof impact becomes more obvious.

(2) The natural frequency for the prismatic tank gradually rises
with the increase of the water depth. Compared with the
natural frequency for the rectangular tank analytically
calculated according to the linear sloshing theory, the natural
frequency for the prismatic tank is slightly smaller for h/
H�0.46 and relatively larger for h/H¼ 0.2 and h/H¼ 0.3. This
frequency shift phenomenon is caused by the nonlinear
interaction between the sloshing fluid and the tank walls.
Moreover, it becomes more evident for a lower water depth,
which is the nonlinear hardening phenomenon. In addition,
the chamfered walls in the top of the prismatic tank can
remarkably suppress the pressure amplitude for a higher
water depth, while the effects of the chamfered walls in the
bottom on the pressure amplitude are negligible.

(3) In the cases of h/H ¼ 0.46, the pressure below the water
surface oscillates in an approximately sinusoidal pattern at
ue ¼ 3.5 rad/s. When the excitation frequency is close to the
resonance frequency such as ue ¼ 5.0 rad/s, the obvious
double-peak pressures are observed. Also, the pressure peaks
are irregular over periods, due to the chaotic 3D behaviors.
Moreover, the hydraulic jump is captured. Thewave breaking
happens when the jet flow impacts the chamfered wall. As
the excitation frequency further increases to ue ¼ 6.0 rad/s,
the beating phenomenon occurs. Also, the pressure ampli-
tude reduces gradually over the beating cycles due to the
viscous dissipation until a steady state is reached.

(4) In the sloshing of the baffled prismatic tank, the resonance
frequency decreases linearly with the increase of the baffle
height under the same water depth, meanwhile it increases
with the rising of the water depth under the same baffle
height. Also, rapid decreases in the pressure amplitude are
observed as the baffle height grows. Especially, more
remarkable pressure decreases are observed around the
resonance frequency, while the effects of the baffle on the
pressure amplitudes at the excitation frequency far away
from the resonance frequency are very small. Therefore, it
can be concluded that the baffle can effectively relieve the
serious resonance situation by reducing the pressure
amplitude and shifting the natural frequency. In addition, the
suppressing performances of the baffle are not significant for
hb/h ¼ 0.25, because the sloshing flow mainly occurs on the
upper part of the fluid and cannot be effectively blocked by
the baffle. However, as the baffle height increases to hb/
h ¼ 0.75, the pressure amplitudes for three water depth are
nearly halved. As the baffle height rises further, the
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performance on the pressure reduction is not significant,
because the impulsive pressure can be effectively suppressed
while the non-impulsive pressure keeps state.

(5) In the case of hb/h ¼ 0.25 and h/H ¼ 0.46, the sloshing
characteristics are similar to the case of hb/h ¼ 0.0 and h/
H ¼ 0.46. The pressure experiences a sinusoidal oscillation
pattern at ue¼3.5 rad/s, and turns into an irregular single-
peak pattern at ue¼5.0 rad/s, instead of the double-peak
pattern for hb/h ¼ 0.0. At ue¼6.0 rad/s, the pressure exhibits
one obvious beating cycle and then transients to a steady-
state pattern. In addition, at ue¼5.0 rad/s, the baffle height
is too small to block the violent movement of the sloshing
fluid in the upper part, and thus the roof impact occurs. A
large negative pressure area appears in the top nearby the
wetted area when the jet flow recedes from the roof wall.
Moreover, many vortex pairs around the wetted chamfered
wall, implying that the roof impact can consume consider-
able kinetic energies by viscous dissipation besides the
baffle. For a higher baffle height of hb/h ¼ 0.75, the regular
single-peak pattern is observed at ue¼4.5 rad/s, while the
beating phenomenon disappears at ue¼6.0 rad/s, due to the
blocking effects and viscous damping of the baffle.
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