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Abstract  A finite difference model for solving Navier Stokes equations with turbulence taken into account is used to investigate 
viscous liquid sloshing-wave interaction with baffles in a tank. The volume-of-fluid and virtual boundary force methods are em-
ployed to simulate free surface flow interaction with structures. A liquid sloshing experimental apparatus was established to evaluate 
the accuracy of the proposed model, as well as to study nonlinear sloshing in a prismatic tank with the baffles. Damping effects of 
sloshing in a rectangular tank with bottom-mounted vertical baffles and vertical baffles touching the free surface are studied numeri-
cally and experimentally. Good agreement is obtained between the present numerical results and experimental data. The numerical 
results match well with the current experimental data for strong nonlinear sloshing with large free surface slopes. The reduction in 
sloshing-wave elevation and impact pressure induced by the bottom-mounted vertical baffle and the vertical baffle touching the free 
surface is estimated by varying the external excitation frequency and the location and height of the vertical baffle under horizontal 
excitation.  
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1 Introduction 
Liquid sloshing is a strongly nonlinear fluid motion 

with a free surface and is highly relevant in the design of 
partially filled containers with fluids. Liquid sloshing has 
becomes increasingly important in the fields of naval ar-
chitecture and ocean engineering given the increasing 
sizes of fluid-containing tanks. Interest has been growing 
with regard to the development of new large marine vehi-
cles for transportation of liquid natural gas (LNG) and 
liquid petroleum gas (LPG). However, highly localized 
impact pressure caused by violent sloshing fluid could 
damage the walls of the tank and produce sufficiently 
large moments to destabilize the vehicle that carries par-
tially fluid-filled containers, especially when the forcing 
frequency is close to the natural frequency of the liq-
uid-tank itself. To minimize the potential sloshing damage, 
the control of the sloshing behavior with baffles has been 
a subject of interest in recent years. The vertical baffle is 
a sharp edged baffle that is considered a more effective 
anti-sloshing means under horizontal excitation. It is also 
commonly know that a typical baffle configuration for  
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current LPG tanks consists of a stack of vertical or hori-
zontal baffles fitted around the inner periphery of the tank. 
How does the vertical baffle dampen the sloshing and its 
effectiveness is still a hot research topic. Buzhinskii 
(1998) considered that the formation of vortices occurs at 
these sharp edges, and the vortex motion of the fluid is 
localized in small neighborhoods of the sharp edges of the 
vertical baffles. The baffle-induced fluid sloshing at-
tenuation is associated with the transfer of energy from an 
irrotational form of motion to a vortex form of motion 
due to energy dissipation in small-scale vortices. Tuner   
et al. (2013) considered that the sloshing attenuation can be 
accomplished first and foremost by simply blocking the 
fluid motion. A second more subtle effect of the baffles is 
to change the natural frequency of the fluid. Similar con-
clusions have ever been summarized in reference (Xue and 
Lin, 2011). Because of the complexity of sloshing, studies 
and analyses on the sloshing dynamics are significant for 
designing LNG/LPG or other liquid storage tanks.  

Many numerical investigations of liquid sloshing in a 
tank with the baffles have been conducted in the past 
years. Rebouillat and Liksonov (2010) discussed the 
sloshing problems and corresponding numerical ap-
proaches used to predict sloshing-wave amplitude, fre-
quency, pressure and the effects of sloshing on stability in 
the container environment. About the study of the baffles 
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in reducing sloshing, Gedikli and Erguven (1999) con-
cluded that the decreases in the ratio of overturning mo-
ments is strictly larger than the increases in the ratio of 
shear force by installing a rigid baffle into a cylindrical 
tank under the seismic excitation. Cho et al. (2002) ex-
amined the parametric ring baffle effects on the natural 
frequency of freely vibrated baffled tanks. In fact, the 
forced sloshing problem is more important in practical 
engineering. Kim and Lee (2008) mainly focused on op-
timizing the length and width of the horizontal baffles to 
reduce sloshing effects by applying the evolutionary op-
timization method. The baffle damping mechanism is thus 
not referred in their studies. Liu and Lin (2009) studied 
three-dimensional sloshing in a tank with a horizontal 
baffle and a vertical baffle, and concluded that the vertical 
baffle is more effective in reducing the sloshing ampli-
tude. For the problem, Shin et al. (2005) confirmed that 
vertical baffles are effective for shallow filling-depth ap-
plication and horizontal baffles are useful for non-shallow 
filling-depth. Further, Akyildiz (2012) investigated the 
effects of bottom-mounted vertical baffle height on liquid 
sloshing in a rolling rectangular tank, and concluded that 
the rolling motion of the liquid and the vortex originated 
by the flow separation from the baffle tip becomes 
weaker with increasing the baffle height. He considered 
that the blockage effect of the baffle on the liquid convec-
tion is predominant. Meanwhile, the inertial forces were 
not enough to propel the liquid to reach to the top wall of 
the tank. Qin et al. (2013) conducted a study of sloshing 
in a tank with horizontal baffles and found that the vis-
cous fluid model can more predict reasonably the physi-
cal dissipation than the potential flow models, especially 
the strong flow shear and significant vortex shedding in 
the flow field due to the existence of the baffles. Lu et al. 
(2015) concluded that the dissipative effects have signifi-
cant influence on the sloshing responses in both non-baf- 
fled and baffled tanks. Especially the sloshing in baffled 
tank involves more dissipation due to the stronger vor-
tices flow, which is one of the main damping mechanisms 
of the baffles.  

Experimental approaches are the most reliable methods 
of estimating actual dynamic characteristics of sloshing 
with the improvement of experimental devices. Many 
researchers have conducted experimental studies on liq-
uid sloshing to estimate the pressure distribution on the 
tank walls and the free surface elevation variation with 
the time series. Younes et al. (2007) investigated experi-
mentally the effects of the upper, lower, and holed vertical 
baffles on system damping in a freely vibrated tank. Re-
sults showed that the size and location of the vertical baf-
fles influence hydrodynamic damping significantly. How- 
ever, because only the free vibration test can be con-
ducted in their study, the relation between sloshing re-
sponse amplitude and forcing frequency is not investi-
gated. Gandhi et al. (2008) developed a new 2 DOF ac-
tuation slosh rig to study liquid sloshing phenomenon in a 
tank that is usually subjected to forced lateral and pitch-
ing motions. The effect of the baffles in reducing sloshing 
is not discussed temporarily in the study. As pioneers in 

this fields, Ibrahim (2005) and Faltinsen and Timokha 
(2009) presented an extensive review of previous theo-
retical and experimental research on sloshing in tanks 
with and without baffle. However, it can be found that the 
effect of the vertical baffle touching the free surface in 
reducing sloshing is seldom studied parametrically. 

In this study, an in-house numerical model (Liu and 
Lin, 2008; Xue and Lin, 2011) and a liquid sloshing ex-
perimental apparatus (Xue et al., 2013, 2017) are em-
ployed to further estimate effects of two types of vertical 
baffle on attenuating sloshing in a prismatic tank by 
varying the location and height of the vertical baffle and 
the forcing frequency. The numerical results are validated 
against the present experimental data for strongly nonlin-
ear sloshing in a tank without and with the vertical baffle, 
respectively. Fast Fourier transform analyses are used to 
conduct a spectral analysis of the time histories of the free 
surface elevation and identify the dominant response fre-
quencies of sloshing in a rectangular tank with the verti-
cal baffle. 

2 Mathematical Model 
The air phase is computed simultaneously with water 

phase as two incompressible, viscous fluids. The motions 
of the air and water phases are governed by the Navier 
Stokes and continuity equations 

0j

j

u

x





,                (1) 

21i i i
j i eff

j i j j

u u up
u f

t x x x x



      
    

,   (2) 

where i represents the degree of freedom; I = 1,2,3 indi-
cates three components in the x, y, and z directions; j de-
notes the summation symbol; ui stands for the velocity 
component in the xi direction; and ρ, p, veff, and fi are the 
fluid density, pressure, effective kinematic eddy viscosity 
and i-th component of the external force accelerations 
(including the gravitational acceleration), respectively.  

The improved free-slip boundary condition is imposed 
on the solid walls, i.e., un = 0, ∂ut/∂n=0 and ∂p/∂n=0, 
where n is the unit vector normal to the boundary and 
pointing out of the fluid, un and ut is respectively the 
normal velocity and tangential velocity component near 
the solid wall. In the two-phase flow model, air and water 
are computed simultaneously in the physical computa-
tional domain. The free surface boundary condition is 
thus no need to be considered here. In non-inertial coor-
dinate system, the velocity of the fluid particle relative to 
the moving tank is u, and the velocity of the moving tank 
relative to the earth ground is U0. At t = 0, if the fluid in-
side the tank starts to move from the static state, the ve-
locity of the fluid particle relative to the earth ground 
should be U=u+U0=0, i.e., u=−U0. In numerical simula-
tion, the static fluid pressure is used as the initial pressure 
field. 

In this model, the large-eddy simulation technique is 
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used to model turbulence by using the Smagorinsky sub- 

grid scale model. The second-order accurate volume-of- 

fluid method is used to track the possible broken free 
surface. The virtual boundary force method is employed 
to model the internal baffles inside the tanks. Detailed 
illustrations of the numerical model can be found in our 
previous paper (Xue and Lin, 2011). 

3 Experimental Setup 
In this study, a shaker table driven by a wavemaker for 

the liquid sloshing experiment is developed to study the 
nonlinear behaviors of liquid sloshing and the baffle 
damping characteristics in a rectangular tank. The ex-
perimental apparatus consists of a wavemaker, a liquid 
tank, a displacement sensor, wave gauges, pressure sen-
sors and a computer. A schematic of the experimental 
apparatus is shown in Fig.1. The wavemaker is a wave 
generator driven by an electro-hydraulic servo system, 
related computer control, data acquisition and analysis 
system. It can generate regular motion such as cosine 
function. A rectangular tank is secured on a shaker table 
that can be moved back and forth and precisely controlled 
by a wavemaker. During the experiments, a displacement 
sensor is used to record the time history of the motion of 
the tank, and three wave gauges are fixed separately on 
the tank to record the temporal evolution of the free sur-
face elevation. Each wave gauge sensor is a capacitance 
probe that detects the change in water level precisely with 
no time lag. The wave gauge sensors are used in conjunc-
tion with a signal-processing unit in which the capaci-
tance values were transformed to a voltage signal, and 
they can simultaneously record the sloshing-wave eleva-
tion near the periphery of the tank wall from predeter-
mined locations to provide the free surface profiles of 
liquid at the desired time interval. The pressure sensor 
with the sampling frequency of 1000 Hz is used in this 
study for exactly seizing the impulse pressure. 

 

 

Fig.1 Experimental setup of the liquid sloshing. 

4 Results and Discussion 
4.1 Liquid Sloshing with a Bottom-Mounted 

Vertical Baffle 

In this section, the experimental data are presented to 
assess the accuracy of the three-dimensional numerical 
results of sloshing in a rectangular prism tank with a bot-

tom-mounted vertical baffle. A schematic illustration of 
sloshing in a rectangular prism tank with a bottom- 
mounted vertical baffle is shown in Fig.2. In the experi-
ments, three wave gauges and three pressure sensors are 
mounted on the rectangular prism tank to record the time 
series of the free surface elevation and pressure acting on 
the tank wall. The following are the dimensions of the 
rectangular tank: L = 0.57 m, W = 0.31 m, and H = 0.7 m. A 
vertical baffle that is 0.31 m wide, 0.15 m high, and 0.006 

m thick is installed inside the rectangular prism tank, 
which is at a distance of d = 0.275 m from the left bound-
ary of the tank. The height of the vertical baffle is denoted 
by hb. The rectangular prism tank partially filled with 
water at a depth of h = 0.2 m is fixed on a shaker table and 
subjected to a cosine function cosx a t  , where a = 

0.03 m is the amplitude of the tank movement. The cor-
responding lowest natural frequency ω0 = 6.5823 rad s−1 is 
calculated according to the following dispersion equation 

( (2 1)π / ) tanh( (2 1)π / ), 0,1,2, ,n g n L h n L n        
(3) 

where ωn and n is the angular frequency and the mode 
number. The external excitation frequency is ω = ω0. The 
parameters are summarized as in Table 1. 
 

 
Fig.2 Liquid sloshing in a rectangular tank with a bottom- 
mounted vertical baffle. 

Numerical simulation is conducted according to the 
above experiment. According to the mesh convergence 
test of Fig.2 conducted by Liu and Lin (2008), the mesh 
system with 57 × 31 uniform meshes with the mesh size 
Δx =Δy = 0.01 m in the horizontal plane and 80 uniform 
meshes with the mesh size Δz = 0.005 m in the vertical 
direction are employed here to discretize the three-di- 
mensional computational domain of 0.57 m × 0.31 m × 0.4 

m. The time step would be self-adjusted according to the 
stability criteria. The turbulent model is turned on in this 
simulation. The origin of the coordinate system is the 
center of the tank and on the static free surface. Water 
with a density of ρl = 1000 kg m−3 and kinematic viscosity 
of vl = 1.14 × 10−6

 m2
 s−1 and air with a density of ρg = 1 kg 

m−3 and kinematic viscosity of vg = 1.5 × 10−5
 m2

 s−1 are 
adopted in this simulation. Fig.3 shows comparisons of 
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the time histories of the free surface elevation at wave 
gauges 1, 2, and 3 and the pressure at sensors P1, P2, and 
P3 between the numerical results and the experimental 
data for sloshing in the tank with the bottom-mounted 
vertical baffle when the excitation frequency is ω=ω0 = 

6.5823 rad s−1. Fig.3 shows that the numerical results are 
in good agreement with the experimental data of both free 
surface and pressure for three-dimensional liquid sloshing 
in a rectangular prism tank with the bottom-mounted ver-
tical baffle.  

Table 1 Parameters used in the sloshing with a bottom-mounted vertical baffle 

Parameters Value 

Tank size: L × W × H 0.57 m × 0.31 m × 0.4 m 
Vertical baffle size: height × width × thickness 0.15 m × 0.31 m × 0.006 m 
Water depth: h 0.2 m 
Movement equation of the tank cosx a t   
Amplitude: a 0.03 m 
Frequency: ω 6.5823 rad s−1 
Distance of the vertical baffle from the tank left wall: d 0.275 m 

 

 
Fig.3 Comparisons of the time histories of the free surface elevation at wave gauges 1, 2, and 3 and the pressure at sensors 
P1, P2, and P3 between the numerical results and the experimental data for sloshing in the tank with a bottom-mounted 
vertical baffle, when cosx a t  , a = 0.03 m, h = 0.2 m, ω = ω0, d = 0.275 m and hb = 0.15 m. 

 
Fig.4 Comparisons of the time histories of the free surface 
elevation at wave gauges 2 and 3 for the different values 
of the parameter d: (a) d = 0.175 m, (b) d = 0.2 m, (c) d = 

0.234 m, (d) d = 0.25 m, (e) d = 0.275 m. 

Effects of the bottom-mounted vertical baffle location 
on the free surface elevation are studied by varying the 
distance d of the vertical baffle to the left tank wall. The 
other parameters are the same except parameter d. Fig.4 
shows comparisons of the time histories of the free sur-
face elevation at wave gauges 2 and 3 for the different 
values of the parameter d. Fig.4 shows that the free sur-
face elevation at wave gauges 2 and 3 will decrease to a 
minimum value with the increasing distance of d to the 
left tank wall until the vertical baffle is in the center of the 
tank, thereby indicating that the vertical baffle located at 
the center of the tank can maximally reduce the sloshing 
amplitude. Moreover, Fig.4(a–d) shows that the free sur-
face elevation at wave gauge 2 is slightly larger than that 
at wave gauge 3 because of the asymmetrical location of 
vertical baffle installed inside the tank. 

Fig.5 plots the amplitude spectrum of the free surface 
elevation at wave gauges 2 and 3 for the different values 
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of the parameter d. The main peak frequencies of 1.0498 
and 2.0996 are given in Fig.5. The excitation frequency f 

=ω/2π =1.0476 Hz is just about equal to the first peak 
frequency. The energy of the sloshing wave excited by the 

external forces is mainly distributed in the excitation fre-
quency and its double frequency, and it decreases gradu-
ally when the bottom-mounted vertical baffle is moved to 
the center of the tank.  

 

 

Fig.5 Amplitude spectrum of the free surface elevation at wave gauges 2 and 3 for the different values of parameter d: (a) 
d = 0.175 m, (b) d = 0.2 m, (c) d = 0.234 m, (d) d = 0.25 m, (e) d = 0.275 m. 

Effects of the bottom-mounted vertical baffle height on 
the free surface elevation are studied numerically. The 
other parameters are the same except the bottom-mounted 
vertical baffle height. The water depth is h = 0.2 m. There-
fore, the bottom-mounted vertical baffle is divided into 
three types, namely, immersed baffle, baffle flushing with 
free surface, and surface-piercing baffle according to the 
ratio of the vertical baffle height to water depth. Fig.6 

shows comparisons of the time histories of the free sur-
face elevation at wave gauges 2 and 3 for the bot-
tom-mounted vertical baffle with different hb: (a) hb = 0.00 

m, (b) hb = 0.15 m, (c) hb = 0.20 m, (d) hb = 0.25 m when 
the bottom-mounted vertical baffle is located at a distance 
of d = 0.275 m to the left tank wall. The bottom-mounted 
vertical baffles effectively reduce the free surface eleva-
tion. The wave amplitude attenuation caused by the ver-
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tical baffle can be simply defined as  

1 2 1

max max max( ) 100%Dr      ,          (4) 

where 1
max is the maximum free surface elevation of 

sloshing in a tank without baffle, 2
max is the maximum 

free surface elevation of sloshing in a tank with the verti-
cal baffle, and Dr is the wave amplitude attenuation of the 
maximum free surface elevation. The wave amplitude 
attenuations of 85.0%, 81.5%, and 84.9% are estimated 
for the immersed baffle, the baffle flushing with free sur-
face, and the surface-piercing baffle, respectively. The 
immersed baffle is therefore considered a better anti- 
sloshing baffle than the others. However, Fig.6(d) shows 
that the sloshing amplitude is less than that in Fig.6(b) 
when the time history of the free surface elevation 
reaches a steady state. 

Fig.7 shows the amplitude spectrum of the free surface 
elevation at wave gauge 2 for the different hb: (a) hb = 

0.00 m, (b) hb = 0.15 m, (c) hb = 0.20 m, (d) hb = 0.25 m, 
respectively. All the dominant peak frequencies are near 
the external excitation frequency, and the low frequencies 
before the dominant peak frequency are filtered out when 

a vertical baffle is installed inside the tank. Moreover, 
sloshing-wave kinetic energy decreases with an increase 
in the height of the vertical baffle. 
 

 
Fig.6 Comparisons of the time histories of the free surface 
elevation at wave gauges 2 and 3 for the bottom-mounted 
vertical baffle with d = 0.275 m and different hb: (a) hb = 

0.00 m, (b) hb = 0.15 m, (c) hb = 0.20 m, (d) hb = 0.25 m. 

 

 
Fig.7 Amplitude spectrum of the free surface elevation at wave gauge 2 for the different hb: (a) hb = 0.00 m, (b) hb = 0.15 m, 
(c) hb = 0.20 m, (d) hb = 0.25 m. 

Effects of the excitation frequency on the free surface 
elevation are studied numerically and experimentally. The 
maximum free surface elevation at a fixed probe is gener-
ally considered the maximum value before wave breaking. 
In this study, the maximum free surface elevation is ex-
tended to a maximum value during sloshing periods since 
the initial moment. The maximum free surface elevation 
at wave gauges 2 and 3 as a function of the excitation 
frequency with hb = 0.15 m, cosx a t  , a = 0.03 m, hb 

= 0.2 m, ω0 = 6.5823 rad s−1, and d = 0.275 m is plotted in 
Fig.8. The first-mode natural frequency of the baffled 
tank is approximately 0.77ω0, which is shifted to a lower 

frequency compared with the first natural frequency of 
the un-baffled tank. Moreover, the sloshing response am-
plitude excited by the second-mode frequency is much 
larger than that excited by the first-mode frequency. In 
addition, the numerical results are in fairly good agree-
ment with the experimental data. The wave gauge in ex-
periments records the free surface elevation variation af-
ter considering air entrainment. The value of the numeri-
cal wave gauge is obtained by integrating the fluid volu-
metric fraction in the vertical direction. The experimental 
data are therefore slightly larger than the numerical re-
sults around the first natural frequency due to breaking 
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waves and numerous air bubbles in the liquid.  
 

 
Fig.8 Maximum free surface elevation at wave gauges 2 
and 3 as a function of the excitation frequency with hb = 

0.15 m, cosx a t  , a = 0.03 m, h = 0.2 m, ω0 = 6.5823 

rad s−1, d = 0.275 m. 

The resonant sloshing in a baffled rectangular tank is 
considered to check the effects of the bottom-mounted 
vertical baffle on the free surface elevation and pressure 
on the tank walls. Fig.9 shows comparisons of the time 
histories of the free surface elevation at wave gauges 1, 2, 
and 3 and the pressure at sensors P1, P2, and P3 between 
the numerical results and the experimental data of slosh-
ing in a tank with a bottom-mounted vertical baffle of hb = 

0.15 m when cosx a t  , amplitude a = 0.03 m, water 
depth h = 0.2 m, frequency ω= 0.77ω0, and the distance to 
the left tank wall d = 0.275 m. The numerical results of the 
free surface elevation at wave gauges 1, 2, and 3, espe-
cially for the pressure at sensors P1, P2, and P3, match 
well with the experimental data, thereby indicating that 
the present model can reasonably predict pressure distri-
bution after considering air entrainment and wave break-
ing. Furthermore, the bottom-mounted vertical baffle can 
enhance the fluid motion through resonance aside from its 
blocking effects. This finding is consistent with the re-
sults of Turner et al. (2013). 

 

 
Fig.9 Comparisons of the time histories of the free surface elevation at wave gauges 1, 2, and 3 and the pressure at sensors 
P1, P2, and P3 between the numerical results and the experimental data when hb = 0.15 m, cosx a t  , a = 0.03 m, h = 

0.2 m, ω = 0.77ω0, d = 0.275 m. 

Fig.10 plots the time history of the free surface eleva-
tion at wave gauge 2 and the corresponding power spec-
trum for sloshing in a tank (a) without baffle and fre-
quency ω = ω0, (b) with 0.15 m high vertical baffle and 
ω= ω0, and d = 0.275 m, (c) with a 0.15 m high vertical 
baffle and ω = 0.77ω0, and d = 0.275 m, respectively. 
Figs.10(a, b, A, and B) shows that the vertical baffle not 
only reduces the sloshing amplitude and energy but also 
changes the energy distribution in frequency. The domi-
nant frequency obtained from Figs.10(A and B) is 1.05 Hz, 

which is approximately equal to the excitation frequency 
of 1.047 Hz. The dominant frequency of 0.7998 Hz is also 
approximately equal to the excitation frequency of 0.8066 
Hz in Fig.10(C). Figs.10(b, c, B, and C) shows that the 
sloshing amplitude increases, and the energy changes 
from a higher frequency to a lower frequency when the 
excitation frequency ω= ω0 is changed into ω = 0.77ω0, 
thereby indicating that the natural frequency is shifted to 
a lower frequency compared with the sloshing in a tank 
without baffle.  
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Fig.10 Time history of the free surface elevation at wave gauge 2 and the corresponding power spectrum: (a) without baf-
fle and ω = ω0, (b) 0.15 m high vertical baffle and ω = ω0, and d = 0.275 m, (c) 0.15 m high vertical baffle and ω = 0.77ω0, 
and d = 0.275 m.  

4.2 Liquid Sloshing with a Vertical Baffle Touching 
the Free Surface 

In this section, experimental data are presented to as-
sess the accuracy of the numerical results of sloshing in a 
rectangular prism tank with a vertical baffle touching the 
free surface. A schematic illustration of the position of the 
vertical baffle inside the rectangular prism tank is shown 
in Fig.11. The height of the vertical baffle touching the 
free surface is still denoted by hb. Its top has a height 
equal to the water depth, and its bottom has a distance of 
b = 0.05 m from the tank bottom. The other parameters 
employed here, such as tank size, vertical baffle size, wa-
ter depth, movement equation, excitation amplitude and 
frequency, distance of the vertical baffle from the left 
boundary of the tank, and locations of the three wave 
gauges and pressure sensors, are the same as in Table 1. 

 

 
Fig.11 Liquid sloshing in a rectangular tank with a verti-
cal baffle touching the free surface. 

In the simulation, the mesh system with 57 × 31 uniform 
meshes with a mesh size Δx =Δy = 0.01 m in the horizontal 
plane and 64 uniform meshes with a mesh size Δz  = 

0.005 m in the vertical direction are employed to discre-
tize the three-dimensional computational domain of 0.57 

m × 0.31 m × 0.32 m. The time step would be self-adjusted 
according to the stability criteria. The turbulent model is 
turned on, and the origin of the coordinate system is the 
center of the tank and on the static free surface. 

Fig.12 shows comparisons of the time histories of the 
free surface elevation at wave gauges 1, 2, and 3 and 
pressure at sensors P1, P2, and P3 between the numerical 
results and the experimental data for sloshing in the tank 
with a vertical baffle touching the free surface when 

cosx a t  , a = 0.03 m, h = 0.2 m, ω = ω0, d = 0.275 m 
and hb = 0.15 m. Fairly good agreement in free surface and 
pressure is found between the numerical results and the 
experimental data for sloshing in a rectangular tank with 
the vertical baffle touching the free surface. Thus, the 
proposed numerical model can predict complex charac-
teristics of the sloshing problem interaction with the ver-
tical baffle touching the free surface. 

Effects of the location of the vertical baffle touching 
the free surface on the free surface elevation are studied 
by varying the distance d of the vertical baffle to the left 
tank wall. The other parameters are the same except pa-
rameter d. Fig.13 shows comparisons of the time histories 
of the free surface elevation at wave gauges 2 and 3 for 
the different values of the parameter d for sloshing in a 
rectangular tank with the vertical baffle touching the free 
surface. Fig.13 shows that the damping effect of the ver-
tical baffle touching the free surface is most remarkable 
when it is only located at the center of the tank. 
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Fig.12 Comparisons of the time histories of the free surface elevation at three wave gauges 1, 2, and 3 and the pressure at 
sensors P1, P2, and P3 between the numerical results and the experimental data for sloshing in the tank with a vertical 
baffle touching the free surface when cosx a t  , a = 0.03 m, h = 0.2 m, ω = ω0, d = 0.275 m, hb = 0.15 m. 

 
Fig.13 Comparisons of the time histories of the free sur-
face elevation at wave gauges 2 and 3 for the different 
values of the parameter d: (a) d = 0.175 m, (b) d = 0.2 m, (c) 
d = 0.234 m, (d) d = 0.25 m, (e) d = 0.275 m. 

Fig.14 shows the maximum free surface elevation at 
wave gauges 2 and 3 in the first 25 s response to the dis-
tance of the vertical baffle from the left boundary of the 
tank for sloshing in a rectangular prism tank with a bot-
tom-mounted vertical baffle and the vertical baffle touch-
ing the free surface, respectively. Fig.14 shows that the 
maximum free surface elevation at wave gauges 2 and 3 
decreases with increasing d until the vertical baffle is lo-
cated at the center of the tank. This because that the 
maximum horizontal velocity component appears gener-
ally at the center of tank. The effectiveness of the vertical 
baffle in blocking horizontal velocity can thus play the 
biggest effect. In addition, for sloshing with the vertical 
baffle touching the free surface, the maximum free sur-

face elevation at wave gauges 2 and 3 is larger than that 
of sloshing with the bottom-mounted vertical baffle, 
thereby indicating that when the vertical baffle is not at 
the center of the tank, its ability to reduce the maximum 
sloshing amplitude is reduced when it is moved to the 
free surface from the bottom of the tank. Figs.13 and 14 
show that the vertical baffle touching the free surface 
should be installed in the center of the tank for maximum 
effectiveness in reducing sloshing amplitude in practical 
engineering. 

 

 
Fig.14 Maximum free surface elevation at wave gauges 2 
and 3 in the first 25 s response to the distance of the verti-
cal baffle from the left boundary of the tank for sloshing 
with the bottom-mounted vertical baffle and the vertical 
baffle touching the free surface when cosx a t  , a = 

0.03 m, h = 0.2 m, ω = ω0, d = 0.275 m, hb = 0.15 m. 

Effects of the height of the vertical baffle touching the 
free surface on the free surface elevation are studied nu-
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merically. The other parameters are the same except the 
height of the vertical baffle touching the free surface. The 
top of the vertical baffle touching the free surface with a 
different height is always the same height as the static 
free surface. Fig.15 presents comparisons of the time his-
tories of the free surface elevation at wave Gauges 2 and 
3 for the vertical baffle touching the free surface with d = 

0.275 m and different height: (a) hb = 0.15 m, (b) hb = 0.12 

m, (c) hb = 0.08 m, (d) hb = 0.05 m. The sloshing amplitude 
decreases with the increasing height of the vertical baffle 
touching the free surface. The wave amplitude attenua-
tions of 86.7%, 82.5%, 78.5%, and 34.4% for Figs.15(a), 
15(b), 15(c), and 15(d), respectively, are estimated ac-
cording to Eq. (4). The ratio of the vertical baffle height 
to the water depth is defined as ξ = hb/h, and the corre-
sponding value of ξ is 0.75, 0.6, 0.4, and 0.25 for 
Figs.15(a), 15(b), 15(c), and 15(d), respectively. The 
wave amplitude attenuation caused by the vertical baffle 
touching the free surface with a different height increases 
slowly with increasing vertical baffle height when the 
parameter ξ is greater than 0.4. 

 

 
Fig.15 Comparisons of the time histories of the free sur-
face elevation at wave gauges 2 and 3 for the vertical baf-
fle touching the free surface with d = 0.275 m and different 
hb: (a) hb = 0.15 m, (b) hb = 0.12 m, (c) hb = 0.08 m, (d) hb = 

0.05 m. 

 
Fig.16 Maximum pressure distribution on the right tank 
wall for sloshing with different ratios of the vertical baffle 
height to water depth ξ, when excitation ω = ω0. 

Fig.16 shows the maximum pressure distribution on the 
right tank wall for sloshing with the vertical baffle touch-
ing the free surface with a different height. The Dp and 
Pmax in Fig.16 are the distance of pressure measurement 
point to the bottom of the tank and the maximum impact 

pressure, respectively. Fig.16 shows that the maximum 
pressure that acts on the right tank wall decreases with the 
increasing ratio of the vertical baffle height to water depth 
ξ. 

Effects of the excitation frequency on the free surface 
elevation and pressure are studied numerically and ex-
perimentally. The maximum free surface elevation at 
wave gauges 2 and 3 as a function of the excitation fre-
quency with hb = 0.15 m, cosx a t  , a = 0.03 m, hb = 

0.2 m, ω0 = 6.5823 rad s−1, and d = 0.275 m is presented in 
Fig.17. The numerical results are in fairly good agreement 
with the experimental data in frequency domains ranging 
from 0.6ω0 to 1.1ω0, and the maximum free surface ele-
vation at wave gauges 2 and 3 increase monotonically 
with increasing excitation frequency when ω/ω0 ≤ 1. This 
finding indicates that the first-mode natural frequency of 
the tank with the vertical baffle touching the free surface 
is greater than that of the tank without baffle, which is 
different from the law of sloshing with the bottom- 
mounted vertical baffle response to the excitation fre-
quencies, as shown in Fig.8. The main reason is that the 
influence of the vertical baffle near the free surface on the 
natural frequency of the tank is more than the bot-
tom-mounted vertical baffle, which make the first-mode 
natural frequency disappear. Moreover, it is commonly 
known that the horizontal velocity amplitude increases 
along with the central line from the tank bottom to the 
free surface. The blocking effect of the vertical baffle 
touching the free surface is thus more than the bot-
tom-mounted vertical baffle. 

 

 
Fig.17 Maximum free surface elevation at wave gauges 2 
and 3 response to the excitation frequency with hb = 0.15 

m, cosx a t  , a = 0.03 m, h = 0.2 m, ω0 = 6.5823 rad s−1, 
d = 0.275 m. 

Fig.18 displays the maximum pressure at sensors P1, 
P2, and P3 response to the excitation frequencies when 
the vertical baffle with hb = 0.15 m was installed near the 
free surface. The locations of three pressure sensors are 
presented in Fig.11. The numerical results of pressure at 
the three pressure sensors are also in good agreement with 
the present experimental data. Fig.18 shows that the 
maximum pressure at sensors P1, P2, and P3 also in-
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creases with increasing external excitation frequency 
when ω/ω0 ≤ 1. 

 

 
Fig.18 Maximum pressure at pressure sensors P1, P2, and 
P3 response to the excitation frequency when hb = 0.15 m, 
x = −acosωt, a = 0.03 m, h = 0.2 m, ω0 = 6.5823 rad s−1, d = 

0.275 m. ( Experimental data, Numerical re-
sults). 

4.3 Comparisons of Pressure for Sloshing with Two 
Types of Vertical Baffle 

Predicting sloshing pressure distribution is important to 
optimizing the design of liquid tanks. Despite previous 
theoretical and numerical efforts to predict sloshing pres-
sure, the physical model experiment is still considered the 
most reliable method for practical purposes. In this sec-
tion, effects of the location of the bottom-mounted verti-
cal baffle and the vertical baffle touching the free surface 
on pressure distribution at three pressure sensors equipped 
on the right tank wall are presented. Fig.19 shows com-
parisons of the maximum impact pressure on the right 
tank wall response to the distance of the vertical baffle 
from the left boundary of the tank for sloshing with the 

 

 
Fig.19 Comparisons of the maximum pressure on the right 
tank wall response to the distance of the vertical baffle 
from the left boundary of the tank for sloshing with the 
bottom-mounted vertical baffle and the vertical baffle 
touching the free surface when x = −acosωt, a = 0.03 m, ω 

=ω0, h = 0.2 m, and hb = 0.15 m.  

bottom-mounted vertical baffle and the vertical baffle 
touching the free surface when cosx a t  , a = 0.03 m, 
ω = ω0, h = 0.2 m, and hb = 0.15 m. Fig.19 shows that the 
maximum impact pressure at P1, P2, and P3 decreases 
with the increasing distance of the vertical baffle touching 
the free surface from the left boundary of the tank and is 
slightly greater than that of sloshing with the bot-
tom-mounted vertical baffle aside from the case where the 
vertical baffle located at the center of the tank. This find-
ing indicates that the bottom-mounted vertical baffle 
more effectively reduces sloshing impact pressure than 
the vertical baffle touching the free surface when the ver-
tical baffle deviates from the tank center. For sloshing 
with the bottom-mounted vertical baffle, Fig. 16 shows 
that the effects of the vertical baffle location on impact 
pressure distribution near the tank bottom, such as P1 and 
P2, are not remarkable. 

The vertical baffle located at the tank center is gener-
ally considered the most effective in reducing sloshing. 
Fig.20 plots comparisons of the maximum impact pres-
sure on the right tank wall as a function of the excitation 
frequencies for sloshing with both the bottom-mounted 
vertical baffle and the vertical baffle touching the free 
surface with cosx a t  , a = 0.03 m, h = 0.2 m, d = 

0.275 m, and hb = 0.15 m is plotted in Fig.20. The maxi-
mum impact pressure at P1, P2, and P3 of sloshing with 
the bottom-mounted vertical baffle is greater than that of 
sloshing with the vertical baffle touching the free surface 
in the frequencies ranging from 0.55ω0 to 0.9ω0 and 
roughly equivalent in other frequencies. This finding in-
dicates that the vertical baffle touching the free surface is 
more effective than the bottom-mounted vertical baffle in 
reducing the sloshing pressure. Moreover, the maximum 
impact pressure at P1, P2, and P3 of sloshing with the 
bottom-mounted vertical baffle increases first to a peak at 
around 0.77ω0 and then decreases with the increase in the 
external excitation frequency before the frequency 0.88ω0 
and then increases roughly when the frequency increases 
from 0.88ω0 to 1.2ω0. However, the maximum impact pre- 
ssure at three pressure sensors of sloshing with the vertical 
baffle touching the free surface increases roughly with in-
creasing external excitation frequency, thereby indicating 
that no resonant sloshing phenomenon occurs in the fre-
quencies ranging from 0.55ω0 to 1.2ω0. This behavior is 
in agreement with the results of the maximum free surface 
elevation response to the external excitation frequency. 

The time histories of the dynamic pressure at P3 for the 
sloshing in tanks without baffle, with the bottom-mounted 
vertical baffle, and with the vertical baffle touching the 
free surface is plotted in Fig.21. The dynamic pressure 
amplitude at P3 is reduced to the minimum level by in-
troducing the vertical baffle, especially the vertical baffle 
touching the free surface when the excitation frequency is 
equal to the first-mode natural frequency without the baf-
fle. This finding indicates that the vertical baffle touching 
the free surface is more effective than the bottom- mounted 
vertical baffle in reducing the sloshing-induced dynamic 
pressure distribution. Moreover, the dynamic pressure 
amplitude under the resonant frequency is far greater than 
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that with the excitation frequency of ω = 0.77ω0. In addi-
tion, double peaks of the time history of the dynamic 
pressure are remarkably observed in sloshing without 
baffle and with the bottom-mounted vertical baffle. How-
ever, these peaks disappear in sloshing with the vertical 
baffle touching the free surface when the excitation fre-
quency isω = 0.77ω0. 

 

 
Fig.20 Comparisons of the maximum pressure on the right 
tank wall response to the excitation frequencies for slosh-
ing with the bottom-mounted vertical baffle and the verti-
cal baffle touching the free surface when x = −acosωt, a = 

0.03 m, h = 0.2 m, d = 0.275 m, and hb = 0.15 m. 

 
Fig.21 Comparisons of the time histories of the dynamic 
pressure at P3 among the sloshing in tanks without baffle, 
with the bottom-mounted vertical baffle, and with the ver-
tical baffle touching the free surface for x = −acosωt, a = 

0.03 m, h = 0.2 m, d = 0.275 m, and hb = 0.15 m. 

To depict and compare the violent sloshing process in 
the rectangular tank without a baffle, with the bottom- 

mounted vertical baffle, and with the vertical baffle 
touching the free surface, sloshing snapshots at t = 2.25 s, 
2.80 s, 3.35 s, 3.90 s are shown in Fig.22. The sloshing 
waves without the baffle climb the highest, and wave 
breaking occurs subsequently. Fig.22 also shows that the 
liquid mass involved in sloshing without the baffle is also 
far greater than that with the vertical baffle. As shown in 
Fig.21, the slamming pressure on the tank wall is the 

greatest. For sloshing with the bottom-mounted vertical 
baffle, numerous air bubbles are trapped in the fluids on 
both sides of the vertical baffle. Fig.22 shows that the 
sloshing waves generally break near the tank walls in 
sloshing without the baffle on both sides of the vertical 
baffle for sloshing with the vertical baffle. The slosh-
ing-induced slamming pressure on the tank walls is there-
fore reduced by the vertical baffle. 

 

Fig.22 Snapshots of sloshing in a rectangular tank without 
baffle, with the bottom-mounted vertical baffle, and with 
the vertical baffle touching the free surface for x = −acosωt, 
a = 0.03 m, ω = ω0, h = 0.2 m, d = 0.275 m, and hb = 0.15 m. 

5 Conclusions 
In this study, a finite difference turbulence model is 

used to simulate sloshing problems in rectangular tank 
with different types of vertical baffle. Laboratory experi-
ments are conducted to confirm the validity of the pro-
posed numerical model. Good agreement is observed be-
tween the present numerical results and the current ex-
perimental data. 

For the sloshing with the bottom-mounted vertical baf-
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fle and the vertical baffle touching the free surface, the 
sloshing amplitude decreases gradually when the vertical 
baffle is moved to the center of the tank, and it decreases 
with increasing height of the vertical baffle when it is 
located at the center of the tank. In addition, the maxi-
mum sloshing amplitude and pressure on the right tank 
wall of the sloshing with the vertical baffle touching the 
free surface is always greater than that of the sloshing 
with the bottom-mounted vertical baffle when the vertical 
baffle is not located at the center of the tank. However, 
the first-mode natural frequency of the baffled tank shifts 
to a lower frequency for the sloshing with the bottom- 

mounted vertical baffle, and it shifts to a higher frequency 
for the sloshing with the vertical baffle touching the free 
surface compared with the unbaffled tank when the verti-
cal baffle is located at the center of the tank. The maxi-
mum impact pressure on the right tank wall of the slosh-
ing with the bottom-mounted vertical baffle is greater 
than that of the sloshing with the vertical baffle touching 
the free surface in the frequencies ranging from 0.55ω0 to 
0.88ω0, and it is roughly equivalent in the frequencies 
0.88ω0 to 1.2ω0 when the vertical baffle is located at the 
center of the tank.  

The vertical baffle touching the free surface and lo-
cated at the center of the tank is more effective than the 
bottom-mounted vertical baffle in reducing sloshing am-
plitude and pressure. The main reason is that the maxi-
mum horizontal velocity component is at the center of the 
tank, and its amplitude increases along with the central 
line from the tank bottom to the free surface. Therefore, 
the blocking effect and influence of the vertical baffle 
touching the free surface on the natural frequency of the 
tank is more than the bottom-mounted vertical baffle. 
Besides, the sharp edges length of the vertical baffle 
touching the free surface is larger than the bottom- 
mounted vertical baffle, thus more vortices were gener-
ated near the sharp edges and more energy dissipation 
occurred in small-scale vortices. To demonstrate these 
findings, images of the sloshing in the baffled tank and 
unbaffled tank are shown. 
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