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Article info: 
One of the main problems in liquid transfer tanks is the sloshing 

phenomenon. This phenomenon, which is associated with regular or 

irregular liquid waves inside the tank, can cause many risks. One of the 

most widely applied methods to control the fluctuations caused by the 

sloshing phenomenon is the use of baffles. Baffles are usually installed 

vertically or horizontally on the inner wall of the tank. In uniform samples 

(simple baffle), the hydrodynamic force on the baffle is significant. 

Therefore, in this research, mesh baffle from the category of permeable 

baffles is introduced and tested, which can significantly reduce the 

hydrodynamic forces on the baffle. Therefore, in the present work, the 

sloshing phenomenon in a rectangular tank is first modeled by smoothed 

particle hydrodynamics and validated. Then, the tank with a simple baffle 

and mesh baffle are modeled and examined. During the numerical solution 

(in each time interval), the hydrodynamic forces acting on the baffles are 

monitored and extracted. The comparison of the obtained results shows that 

in addition to reducing the fluctuations of the sloshing phenomenon, the 

mesh baffle also creates a lower hydrodynamic resistance force.  
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1. Introduction

The sloshing phenomenon is the dominant 

phenomenon in fluid-carrying tanks. This 

phenomenon can be seen in LNG ships, tankers, 

and oil truck carriers. The motion of the solid 

body is transferred to the fluid, creating a 

turbulent movement of the fluid inside the tank, 

which is often associated with the formation of 

regular or irregular waves. These waves can 

sometimes introduce huge forces into the body 

of the tank, which causes many risks for the 

vehicle. Therefore, the control of these waves 

has always been considered one of the biggest 

refinements in this field. Due to the importance 

of the subject, many researchers have studied, 

examined, and provided solutions to reduce the 

fluctuations caused by the sloshing 

phenomenon, a few of which are mentioned 

below.  

One of the leading studies in this field is the work 

of Modi and Munshi [1], who presented a 

damper to control the fluctuations caused by 

liquid slathering. The results showed that the 
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optimal damper can have a 60% effect. Kim et 

al. [2] considered the coupling effects of 

sloshing and ship motion. They observed that the 

motion of the ship is strongly sensitive to the 

slope of the wave. Brizzolara et al. [3] compared 

the numerical and experimental sloshing loads in 

partly filled tanks. Their results showed the 

appropriate relative accuracy of the smoothed 

particle hydrodynamics (SPH) method 

compared to other numerical methods. Xue and 

Lin [4] studied the effects of ring baffle on the 

decreasing violent liquid sloshing.  

Molin and Remy [5] studied the sloshing 

phenomenon in a tank with a perforated screen 

numerically and experimentally. They found 

damping factors to be large over a wide range of 

frequencies, including the frequencies of the first 

two sloshing. Hosseinzadeh et al. [6] studied the 

shake table of annular baffles in storage tanks as 

the dependent variable of sloshing dampers. 

They reported that the added baffles do not 

considerably alter the impulsive and convective 

mode frequencies of the investigated tank model. 

Lu et al. [7] presented a two-dimensional 

simulation of viscous liquid sloshing in a 

rectangular tank with/without baffles and 

compared its results with potential flow solution 

results. They stated that both methods produce 

nearly identical solutions at the initial stage.  Cho 

and Kim [8] studied the effects of dual porous 

vertical baffles on the reduction of sloshing in a 

swaying rectangular tank. They observed that the 

sloshing force and pressure on the wall are 

connected to the variation of the wall 

amplification factor. Xue et al. [9] studied the 

effects of vertical baffles of different shapes in 

restraining sloshing pressure experimentally. 

Based on their results, the vertical baffle flushing 

with a free surface and the vertical perforated 

baffle are two more effective devices in 

decreasing the dynamic impact pressure. Kim et 

al. [10] investigated the induced pressure of 

sloshing in various scale tanks. They observed 

that the maximum sloshing pressures did not 

happen at the same position although the tank 

motion was harmonic. Wang et al. [11] 

investigated the liquid fill levels and effects of 

the length and arrangement of various baffles on 

the frequencies and modes of sloshing. One of 

their main results is that “the effect of baffles on 

the slosh frequencies is much smaller for 

excitation in the longitudinal direction than for 

excitation in the horizontal direction.”  

Wang and Sun [12] studied the liquid sloshing 

features in a tank with a baffle fixed vertically at 

the bottom of the tank. They investigated liquid 

sloshing features with an analytical solution 

based on the theory of linear velocity potential. 

Through their adjustment, wave removal can be 

obtained whether the sway motion frequency is 

near to or far away from the resonant frequency. 
Guan et al. [13] simulated the sloshing 

phenomenon in three-dimensional tanks due to 

horizontal and roll excitations and investigated 

the prevention effect of different baffles on the 

sloshing. They reported that the horizontal baffle 

is more effective in decreasing the sloshing 

amplitude due to roll excitation compared to the 

horizontal excitation.  

Liu et al. [14] established a CFD model to 

examine the thermal physical procedure and 

hydrodynamics of sloshing phenomenon in a 

cryogenic fuel storage tank. Liu et al. [15] 

offered a model to calculate the dynamic 

variation of the liquid-vapor interface 

numerically. They observed that the effect of the 

interface phase alteration develops increasingly 

with the increase of the sloshing amplitude for 

the free interface variation. Also, Liu et al. [16] 

studied the hydrodynamics of fluid sloshing in a 

cryogenic fuel storage tank for different natural 

frequencies. Their results specify that the natural 

frequency affects fluid sloshing.  

In another study, Liu et al. [17] investigated the 

fluid sloshing thermo-mechanical behavior in a 

cryogenic fuel storage tank due to various 

acceleration of gravity levels. Also, Liu et al. 

[18] showed that the excitations of sloshing have 

great effects on the thermal procedure in 

cryogenic storage tanks.  

Among baffles, the baffles with the ability to 

pass fluid can be interesting from different 

aspects. Nasar and Sannasiraj [19] investigated 

the performance of porous baffle arrangement on 

the sloshing phenomena in a barge-carrying 

liquid tank. Their results showed that the sway 

RAO is amplified at special frequencies due to 

augmented sloshing flow or phase 

synchronization between sloshing flow and sway 

response. Nasar et al. [20] studied the porous 
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baffle performance assessment on liquid 

sloshing dynamics in a barge-carrying liquid 

tank by the Smoothed Particle Hydrodynamics 

(SPH) method. It is learned that the effect of 

baffles on sway and roll replies is substantial. 

The SPH method, due to being Lagrangian, 

models free surface and two-phase flows more 

easily.  

Shao et al. [21] proposed an improved SPH 

method for modeling liquid sloshing dynamics. 

It is seen that the SPH method can well cover 

physics associated with breaking and changing 

surfaces. Using the SPH method, Shamsoddini 

[22] investigated the horizontal and vertical 

baffle effects on the liquid sloshing phenomenon 

in a rectangular tank.  

The results showed that by choosing the right 

size and mode of the baffles, fluctuations can be 

reduced by more than 40%. Using a 2D ISPH 

turbulent method, Shamsoddini and Abolpur 

[23] investigated the effects of baffles on 

shallow water sloshing in a rectangular tank. 

Their results show that the baffles have a critical 

role in the decrease of the sloshing fluctuations. 

A few studies have focused on numerical 

simulation of slashing phenomena with non-

Newtonian fluid.  

Among them, the work of Shamsoddini and 

Abolpour [24] can be mentioned, in which the 

phenomenon of sloshing with Bingham fluid is 

modeled by the SPH method. They showed that, 

in some cases, it is possible to reduce the 

fluctuations by 80%. 

As seen in previous studies, the usual method to 

reduce the fluctuations of the sloshing 

phenomenon is the use of baffles. The usual 

baffles used are simple plate baffles. Previously, 

porous baffles were introduced as a type of 

permeable baffle to control the sloshing 

phenomenon. In the vast majority of these 

studies that have been conducted 

experimentally, the effects of hydrodynamic 

forces on baffles have not been investigated. In 

this work, in addition to the numerical 

investigation of the mesh baffle, the forces on the 

baffle are investigated. The authors' observations 

show that, in the case of a simple baffle, the 

hydrodynamic forces on the baffle are very 

significant. This force is transferred to the body, 

which can lead to problems and dangers. 

Therefore, its estimation, control, and reduction 

should be in order. So, in the present work, a 

mesh baffle is introduced and tested, which 

reduces the amount of hydrodynamic force to an 

acceptable level.  To the best knowledge of the 

authors, no study has been done on the 

investigation of hydrodynamic forces on mesh 

baffles. The numerical analysis method is the 

Incompressible  Smoothed Particle 

Hydrodynamics (ISPH)  method, the solution 

details of which are described below.  
 

2. Numerical procedure 
 

Due to the complexities of the problem, the 

governing equations must simultaneously 

include the effects of turbulence and surface 

tension. The governing equations contain the 

equations of mass and momentum continuity as 

follows: 
 

∇ ∙ 𝑽 = 0 

 

(1) 

𝐷𝑽

𝐷𝑡
= −

1

𝜌
∇𝑝 + 𝒈 +

1

𝜌
∇. 𝝉 +

1

𝜌
𝑭𝒔 

(2) 
 

where ρ, t, V, p, 𝒈, 𝝉, are the density of each 

particle of the fluid, time, the velocity vector of 

the particle, pressure, gravity acceleration, and 

total shear stress tensor, respectively. The shear 

stress tensor is calculated by: 

 

𝝉 = 𝜇𝑒(∇𝒖 + (∇𝒖)𝑇) (3) 

 

𝑭𝒔 is the surface tension. It is estimated that the 

amount of this force is small compared to other 

forces and can be ignored, although it has been 

shown that it can be effective in some situations 

[25]. The SPH is used to solve the above 

equations. The discretization for ∇𝒖  based on 

this method is: 

 

〈∇𝒖〉𝑖 = ∑∀𝑗(𝒖𝑗 − 𝒖𝑖)

𝑗

𝑩𝑖 ∙ ∇𝑊𝑖𝑗 (4) 

 

where i and j are the counters of particles, B is 

the corrective tensor and W is the kernel 

function. For this function, the fifth-order 

Wendland kernel function is used (Wendland 

[26]) and the corrective tensor B is calculated by: 
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𝑩𝑖 = −[∑∀𝑗𝑟𝑖𝑗∇𝑊𝑖𝑗

𝑗

]

−1

 (5) 

 

The model applied in the present study is the 

single-phase Newtonian fluid model. The flow is 

considered to be turbulence. Therefore, an 

effective viscosity is defined. The effective 

viscosity is predicted by 
 

𝜇𝑒𝑖 = 𝜇𝑓𝑖 + (𝜌(𝑐𝑠𝛿)
2|𝑺̅|)𝑖  (6) 

 

where 𝜇𝑓𝑖 is the fluid viscosity, 𝑐𝑠 equals 0.2, 𝛿 

is the particle space, and |𝑺̅| is 

 

|𝑺̅| = √2𝑺𝑖𝑗: 𝑺𝑖𝑗, (7) 

 

Then, 〈∇. 𝝉〉𝑖 is calculated by: 
 

〈∇. 𝝉〉𝑖

= ∑2∀𝑗 (𝜇𝑒𝑖𝑗)
𝑽𝑖 − 𝑽𝑗

𝑟𝑖𝑗
𝑗

𝑒𝑖𝑗 . (𝑩𝑖. ∇𝑊𝑖𝑗) 
(8) 

 

where 𝜇𝑒𝑖𝑗 = (𝜇𝑒𝑖 + 𝜇𝑒𝑗)/2 . 

The last term of the momentum equation is the 

acceleration caused by the surface tension force. 

This force is equal to [27]: 

 

𝑭𝑠𝑖
= 𝜎𝒊𝛿𝑠𝑖 (9) 

 

in which,  is equal to: 

 

𝒊 = ∑∀𝑗𝑩𝑖 ∙ ∇𝑊𝑖𝑗 ∙ (𝒏𝑗 − 𝒏𝑖)

𝑗

 (10) 

 

where 𝒏𝑖 is the normal vector on the interface 

surface: 

 

𝒏𝑖 =
∇𝐶̃𝑖

|∇𝐶̃𝑖|
 (11) 

 

where 𝐶̃ is the color function; the main phases  

are given the color number one, and the other is 

given the color number zero. In the single phase, 

there is no other phase. Therefore, it can be 

estimated by Ordoubadi et al. [28] method. 

The last parameter in Eq. (9) is 𝛿𝑠𝑖calculated 

by: 

 

𝛿𝑠𝑖 = |∇𝐶̃𝑖| (12) 

 

It is emphasized once again that although it was 

applied in the calculation code, the amount of 

this force in this study is insignificant compared 

to other forces. After calculating the shear stress 

and surface tension, the intermediate velocity is 

obtained according to the following equation: 
 

𝑽𝑖
∗,𝑛+1 = 𝑽𝑖

𝑛 + (𝒈 +
1

𝜌
∇. 𝝉 +

1

𝜌
𝑭𝒔)∆𝑡 (13)  

 

By the intermediate velocity, the Poisson 

pressure equation is discretized in the SPH form: 
 

∑2
∀𝑗

𝜌𝑖𝑗
𝑗

𝑃𝑖
𝑛+1 − 𝑃𝑗

𝑛

𝑟𝑖𝑗
𝑒𝑖𝑗. (𝑩𝑖. ∇𝑊𝑖𝑗)

=
〈∇ ∙ 𝑽𝑖

∗,𝑛+1〉

∆𝑡
 

(14) 
 

After computing the pressure, the ultimate 

velocity is considered as follows: 
 

𝑽𝑖
𝑛+1 = 𝑽𝑖

∗,𝑛+1 − 〈
∇𝑝

𝜌
〉𝑖
𝑛+1 ∆𝑡 (15) 

 

Lastly, the position of the particle is rearranged 

by: 
 

𝒓𝑖
𝑛+1 = 𝒓𝑖

𝑛 + 𝑽𝑖
𝑛+1∆𝑡 (16) 

 

By dot multiplying the normal vector of surface 

in the momentum equation, the pressure on the 

wall is indicated: 

 

(
∇𝑝

𝜌
) ∙ 𝒏𝑤 = −

𝑑𝑽𝑏

𝑑𝑡
∙ 𝒏𝑤

+ (∇ ∙ (𝜈𝑒∇𝑽)) ∙ 𝒏𝑤

+ 𝒈.𝒏𝒘 (17) 

 

where (
∇𝑝

𝜌
) ∙ 𝒏𝑤 =

1

𝜌

𝜕𝑝

𝜕𝑛𝑤
. The distance of 

dummy particles and wall is constant. Therefore, 

this equation can easily be discretized by the 

finite difference method. Among the weaknesses 



JCARME                                    Comparison of the performance . . .                                   Vol. 13, No. 2 

223 

 

of the SPH method, fracture, cluster alignment, 

and bonding of particles  can be mentioned. A 

remedy to these unfavorable phenomena is 

particle shifting. One of the first studies of the 

particle shifting algorithm is the one done by 

Shadloo et al. [29]. In the present study, a 

shifting algorithm similar to that applied by 

Shamsoddini and Mofidi [30] is implemented.  

For the single-phase flow, zero pressure is 

considered for the free surface particles. To 

indicate the free surface particles, a separate 

subroutine is implemented calculating the 

location vector divergence,∇ ∙ 𝒓. This value is 

equal to 2.0 (∇ ∙ 𝒓 = 2) for a two-dimensional 

problem. However, in the SPH calculations, the 

kernel space is not completely filled for the free 

surface particles. Therefore, this value becomes 

less than 2.0. Also, extra equivalent case is 

defined concurrently to certify the right selection 

of the free surface particle. For each particle, 
∑ ∀j𝑊ij = 1.0,j . However, for the particle on the 

free surface, this value is less than one. So, in the 

present algorithm, a particle with ∑ ∀j𝑊ij,j ,less 

than 0.85 is considered to be a free surface 

particle. 

Another factor that needs to be considered in this 

research is the horizontal hydrodynamic force 

acting on the baffles, so in this part, the details 

of the relevant subroutine are discussed. 

 

𝐹𝑥 = ∫ ((𝝉 − 𝑝𝑰) ∙ 𝒏𝑥)𝐴
𝑑𝐴, (18) 

 

where nx is unit vector of the x-direction, A is 

the baffle area. 

This calculation algorithm is implemented in the 

form of a C++ calculation code. 

 

3. Problem definition 
 

In this section, first, the problem is described, 

then the effect of particle size on the accuracy of 

the calculations is discussed, and then the 

validation of the results for the base case is 

checked. An overview of the problem geometry 

is shown in Fig. 1. The problem consists of a tank 

with a rectangular cross-section, which has a 

width of 1.2 meters and a height of 0.6 meters, 

and about 60% of its height is filled with water. 

 

4. Particle space and validation 

 

In this section, the effect of particle space on the 

accuracy of calculations is investigated. For this 

purpose, four particle grids with different sizes 

are considered. In the initial arrangement, the 

particles are defined in a regular square 

arrangement where the distance between the 

adjacent particles in the x and y directions is 

equal to . The tested values for  are equal to 

=W/100, W/150, W/200, W/300, respectively. 

The results obtained from  all four modes for the 

free surface at time t=15s for the case with no 

baffle are shown in Fig. 2. As can be seen, with 

the increase in the number of particles, more 

convergence is evident between the results. After 

checking the effects of the particle space, now it 

is time to check the accuracy of the calculations. 

For accuracy validation, the results of 

Godderidge  et al. [31] are used. 

The geometry of the problem is the same as the 

tank of the present work (Fig. 1) without 

considering the baffles. 

 

 
Fig. 1. The schematics, initial condition and 

geometrical sizes of the tank with grid baffles. 

 

 
Fig. 2. Effects of particle space on the convergence of 

the results. 
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In simulating this problem, Godderidge et al. 

[31] presented a mesh-based numerical solution 

that agreed well with the experimental results. 

For this reason, these results have been used to 

validate the present particle work. The tank is 

stimulated by the formula: 

𝑥 = 𝐴𝑠𝑖𝑛 (
2𝜋𝑡

𝑇
).

 
(19) 

 

where A is the range of motion (A = 0.015m) and 

T is the period of motion (T = 1.404s). These 

quantities are applied based on the work of 

Godderidge et al. [31] so that a comparison with 

experimental results is possible. Fig. 3 shows the 

free surface profile obtained in the present study 

in comparison with those obtained by 

Godderidge et al. [31]. The obtained results 

show that the accuracy of the calculations is at 

an acceptable and reassuring level. Therefore, 

this computational algorithm is used to simulate 

the problem defined in Fig. 1.  
 

5. Results and discussion 

 

As mentioned, one of the ways to control the 

sloshing phenomenon is to use baffles. The 

authors' investigations show that simple baffles 

have a very high drag force. Therefore, in the 

present work, a sample of two-dimensional mesh 

baffles is tested, which both reduces the 

fluctuations caused by the sloshing phenomenon 

and reduces the drag force on the baffle.  

In the first step, we examine the effect of both 

types of baffles on controlling the sloshing 

phenomenon. 

 

 
Fig. 3. Comparison of the free surface profile with the 

results of Godderidge et al. [31]. 

In Fig. 4, the pressure contours simultaneously 

show the changes of the cases in about one cycle 

(t/T=3.2 to t/T=4.27). Free surfaces of the flow 

are given for all three.  

The dimensionless time shows the time (t) 

relative to the period of the forced movement of 

the tank (T). This non-dimensionalization helps 

to make periodic motion easier to understand and 

analyze. The motion and behavior of the fluid in 

each period will be more clearly traceable. As it 

is evident, in this case, the fluctuations are very 

intense, so that the fluctuations cover the entire 

surface of the vertical walls. But on the other 

hand, both the other modes, i.e. the mode with 

the simple baffle and the mode with the mesh 

baffle, dampen the oscillations well. In an 

experimental study, Nassar et al. [20] observed a 

significant reduction in free surface fluctuations 

using a porous baffle. However, one of the 

advantages of the numerical solution is that all 

the variables of the fluid field can be obtained at 

the same time. One of these variables, which is 

very important in analyzing the behavior of the 

sloshing phenomenon, is pressure. The no-baffle 

mode was previously investigated by 

Godderidge et al. [31]. They have extracted and 

analyzed the pressure changes at y/H=0.5. 

Therefore, first, the results of the present work 

are compared with their results, which are shown 

in Fig. 5. It shows that the simulation results in 

the no-baffle mode are completely consistent 

with the results of Godderidge et al. [31]. 
 

 

Fig. 4. Contour of pressure changes for the case 

without baffles (first column) compared to the cases 

with two simple (middle column) and mesh baffles 

(Last column). 
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Fig. 5. Comparison of the present and experimental 

results [31]; pressure variation at y/H=0.5. 

 

To have a suitable quantitative measure for the 

comparison, in Fig. 6, the average pressure 

changes with time on the right corner of the wall 

(y = 0) for all three cases are shown. As can be 

seen, the pressure changes are very large for the 

case where there is no baffle. In this case, the 

range of fluctuations is very high. In the other 

two modes (simple baffle mode and lattice baffle 

mode), the amplitude of oscillations is 

significantly reduced. However, the simple 

baffle model has reduced the fluctuations a bit 

more (the rate of reduction of simple baffle is 

94% and the rate of reduction of mesh baffle is 

85%.). The reduction of fluctuations is due to the 

fact that the kinetic energy of the fluid is used to 

overcome and pass the obstacles. 

 

 
Fig. 6. Pressure variations on the base of the tank wall 

for the tank without baffle, with two simple baffles, 

and with two mesh baffles. 

 

These conditions are also valid for the single 

baffle mode with a few more changes. Fig. 7 

shows the pressure contours for the single-baffle 

mode in comparison with the no-baffle mode. 

The variations of the free surface are also well 

shown during almost one oscillation period. The 

results of this figure show that the existence of 

even one baffle, either in its simple form or in its 

mesh form, significantly reduces the 

fluctuations. In the next section, the variations of 

the horizontal force on each of the baffles are 

investigated. 
 

5.1. Hydrodynamic force on each of the baffles 

 

As mentioned earlier, baffles are primarily used 

to reduce hydrodynamic force fluctuations in the 

structure of liquid-carrying tanks. Since these 

baffles are usually installed on the inner wall of 

the tanks, the hydrodynamic forces on the baffles 

are finally transferred to the body. The tests 

conducted on the baffles resulted that these loads 

are very significant and sometimes lead to the 

breakage of the baffle from the connection to the 

tank. Therefore, the mesh baffle that, in addition 

to reducing pressure fluctuations, creates a less 

resistant hydrodynamic force is introduced. As 

seen in the previous section, both simple and 

mesh baffles effectively reduce pressure 

fluctuations on the tank wall.  

 

 

Fig. 7. Contour of pressure for the case without 

baffles (first column) compared to the cases with a 

simple baffle (second column) and mesh baffle (last 

column). 
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Now, in this section, the goal is to check the 

bearing force by the baffle itself. Therefore, in 

the following, the changes of the hydrodynamic 

force on the baffles in the case of single baffle 

and double baffle, for simple and mesh baffles 

are investigated.  

In Fig. 8, the changes of the hydrodynamic force 

on the baffle in the single baffle mode are shown 

for both the simple baffle and mesh baffle 

modes. The hydrodynamic force for the case 

with mesh baffle is significantly reduced 

compared to the case with a simple baffle. This 

reduction is more than 80%. 

In Fig. 9, the variations of the hydrodynamic 

force on each of the baffles are shown in the case 

where the tank has two simple or mesh baffles. 

Here too, the significant reduction of the 

hydrodynamic force on the mesh baffle 

compared to the simple baffle is quite evident. 

Fig. 8. Comparison of the hydrodynamic force on the 

baffle for the case with a simple or mesh baffle. 

Fig. 9. Comparison of the hydrodynamic force on the 

baffles for the case with two baffles. 

The comparison of Figs. 8 and  9 reveals that 

with the increase in the number of 

baffles, the hydrodynamic force is divided 

between the baffles (the forces in the double-

baffle mode are about half of those in the 

single-baffle mode). 

6. Conclusions

In the present work, to control the sloshing 

phenomenon, a mesh baffle was tested 

and investigated in comparison with the 

traditional simple baffle. An advanced SPH 

method was developed to simulate the tank 

with simple and mesh baffles and their results 

were compared. The results show that both 

baffles reduce the pressure fluctuations 

inside the tank well, although the simple 

baffle controls the pressure fluctuations a little 

better and more than the simple baffle (the 

rate of reduction of the simple baffle is 94% 

and the rate of reduction of mesh baffle is 

85%.). The investigation of the results of the 

hydrodynamic forces on the baffles shows that 

the mesh baffle creates a much less resistant 

hydrodynamic force. On average, it can be said 

that a mesh baffle creates about 80% 

less resistive force compared to a simple baffle.  
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