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Abstract 
The severe sloshing induced by earthquake in cylindrical liquefied petroleum gas (LPG) 

storage tank is of great concern for liquid storage design. For suppressing sloshing, porous 
material attached to inner periphery of the tank wall is proposed and studied numerically with the 
aid of OpenFOAM. The model was validated against with the available data of sloshing in 
cylindrical tank without and with ring baffle, and flow through porous media in a U-tube and 
porous dam break. Fair agreements between them are obtained. Findings show that damping 
effects of porous material was significant in linear sloshing scenario compared with ring baffle. 
The porous material layer was also proved to be good pressure absorber and energy dissipator  as 
evidenced in pressure distribution and evolution of velocity and kinetic energy. Under 1-D 
harmonic excitation,  nonlinear swirling waves could be effectively changed into planar waves 
due to the effects of porous material layer inside cylindrical tank. As a demonstration, sloshing 
damping effects of porous material layer in a real scale upright cylindrical tank under EL-centro 
earthquake excitation were investigated numerically. 

 
1. Introduction 

For preserving large volume of liquid fuel, cylindrical tanks are usually chosen as the ideal 
container shape for its simplicity in construction and its ability to withstand hydrodynamic 
pressure of the liquid. In spite of these advantages, under severe external excitations, e.g. 
earthquake, tsunami, cylindrical tanks can still face the danger of significant impact loads caused 
by nonlinear sloshing inside tank. Kang et al. (2019) numerically evaluated the nonlinear dynamic 
pressure acting on rigid cylindrical tank wall when being subjected to Imperial Valley, Kobe, and 
San Fernando earthquake excitations. Thus, damping the liquid sloshing inside cylindrical tanks 
itself is of paramount concern to engineers. 

Many researchers focused on investigating the conditions under which a sloshing will be 
induced and the relationships between sloshing and external excitation by theoretical study and 
comprehensive model experiments. It is a general consensus that occurrence of sloshing largely 
depends on excitation conditions (Lin, 2007; Zhang et al., 2019b). Taking harmonic excitation as 
an example, amplitude and frequency need to be considered. The external excitation is also known 
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as frequency offset in a mixed form according to Miles (1984), 

   (1) 

Where 𝛽 is frequency-offset parameter, 𝜀 is a positive infinitesimal parameter, 𝐴 is forcing 
amplitude (harmonic motion), 𝑅 is radius of cylindrical tank. Based on this expression, external 
excitation can be determined exclusively by 𝛽. Miles introduced a list of values for 𝛽, which 
described the forcing conditions for inducing different types of sloshing waves. 

 Depending on frequency-offset value, three types wave regimes can be found in cylindrical 
tank sloshing, namely planar wave, swirling wave (rotary sloshing), chaotic wave. Comprehensive 
works on sloshing response in cylindrical tank under different excitation conditions have been 
widely carried out. In the scenario of 1-D horizontal harmonic linear excitation, 3-D swirling 
waves can be captured when excitation closes to resonant frequency. Systematic analyses of  
external forcing conditions for triggering swirling waves and relevant flow characteristics can be 
found in the works of Caron et al., 2018; Faller, 2001; Funakoshi and Inoue, 1988; Hutton, 1963; 
and Royon-Lebeaud et al., 2007. In fact, swirling wave is more common under rotatory excitation, 
as can be found in the variation of free surface when rotating a glass of wine. Scientifically, such 
rotating behavior can be expressed as orbital horizontal translatory excitation. Prandtl firstly 
carried out relevant experiments. For swirling wave, azimuthal mass transport (along with swirling 
wave propagating direction) is a noteworthy characteristic (also called Prandtl phenomenon, 
Prandtl, 1949), which results from the unbalance between tangential and normal fluid velocities 
(taking tank walls as references) when swirling wave is induced. For recent researches on Prandtl 
phenomenon see Bouvard et al. (2017) and Faltinsen and Timokha (2019). Also, liquid filling rate 
has positive or negative contribution to inducing resonant sloshing, i.e. ‘soft-spring’ and 
‘hard-spring’ response (Chen and Xue, 2018; Waterhouse, 1994). Other than above mentioned 
parameters, liquid viscosity and surface tension, also affect the sloshing in containers. 

Installing baffles inside tank, as a practical and efficient damping technique, has been 
commonly adopted in all kinds of engineering and investigated numerically and experimentally 
(Xue et al., 2013; 2017; 2019; 2020a). The corresponding free surface elevation and dynamic 
pressure on the tank wall are taken into consideration for evaluating the sloshing damping effects 
in baffled tanks under various fluid depths, forcing frequencies and amplitudes. Biswal et al. (2006) 
examined the position and size of baffles for damping sloshing in both rectangular and cylindrical 
tanks by finite element method. Xue and Lin (2011) investigated viscous liquid sloshing in 3-D 
rectangular tanks in different external excitations and dampening effects of ring baffles by 
developing 3-D numerical model NEWTANK (the updated version can be found in Lin et al., 
2016). Their results of 3-D rectangular tanks with ring baffles induced by six degree-of-freedom 
excitation demonstrated good mitigating effects of ring baffles. Unal et al. (2019) researched 
numerically the damping effects of T-shaped baffles in a two-dimensional rectangular tank. They 
found a change of height of T-shaped baffles could either amplify or suppress the maximum 
surface height and this is related to the strength of vortices produced by both free surface and 
baffles. Akyldz et al. (2013) examined experimentally the damping effects of ring baffles and 
different arrangements of ring baffles in a cylindrical tank under pitch excitation. 
Except installing rigid baffles inside tank, other novel methods were also proposed by researchers. 
Molin (2011) found that perforating parts of marine/offshore structures could be an efficient 
means in reducing inertia and slamming loads. Following this conclusion, Molin and Remy (2013) 
and Yu et al. (2019) proposed a new anti-sloshing device using perforated screen to mitigate 
undesirable sloshing. Koh et al. (2013) proposed a floating baffle constrained with cables to 
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suppress liquid sloshing in a rectangular tank. Similarly, Iranmanesh and Passandideh-Fard (2017) 
adopted a submerged cylinder hinged by spring-dampers in a 2-D rectangular tank to damp 
sloshing. Under constant acceleration and harmonic oscillatory excitation, the achieved 
suppression rate of total kinematic energy of entire fluid region indicated good mitigating effects 
of this method. Ning et al. (2019) and Zhang et al. (2019a), in their studies on using floating layers 
of foam for sloshing mitigation, showed that wave breaking in a rectangular tank can be 
suppressed by solid foam elements. Utilizing a high-density foam lid upon the free liquid surface, 
Hernandez-Hernandez et al. (2020) concluded that the non-planar sloshing in cylindrical tank can 
be suppressed effectively. Cho (2021) first proposed a flexible porous elastic baffle to reduce 
liquid sloshing in a rectangular tank. In this study, another innovative porous material layer 
damping sloshing method (Xue et al., 2020b) was proposed to study numerically its effectiveness 
in reducing sloshing in an upright cylindrical tank under harmonic and seismic excitations. 
 
2. Mathematical model 
2.1  Governing equations 

The governing equations of two-phase incompressible flow combined with Volume of Fluid 
(VOF) method (Gomez-Goni et al., 2013; Hirt and Nichols, 1981) are as follows: 

   (2) 

   (3) 

   (4) 

where 𝜎 is surface tension coefficient; 𝜅 is two-phase interface curvature; 𝜏 is shear stress; 𝑝 
is instantaneous effective pressure. The liquid of our study is water, in 25 ℃, which surface 

tension 𝜎 is roughly 0.07 N/m2 (Bond number 𝐵𝑜 = !"#!

$
≈ 10%). Due to the minor effect of 

surface tension on sloshing wave, surface tension term will be omitted in momentum equation. 
The description of porous flow depends on how to express the intrinsic friction effect of 

porous media. Based on this, Polubarinova-Kochina (1962) proposed a scheme of hydraulic 
gradient which describes the friction effect of porous media: 

   (5) 

where the three coefficients 𝑎𝑝 is linear drag coefficient (s/m), 𝑏𝑝 is nonlinear drag coefficient 
(s2/m2), 𝑐𝑝 is added mass coefficient (s2/m). 
 Van Gent (1995) conducted U-tube experiment with porous media placed inside tube to 
evaluate these coefficients values and relative magnitude of each term. Also, Van Gent developed 
numerical model on simulating composite breakwater equipped with porous layer under wave 
attack in 2-D scenario. It is noted that van Gent’ model is targeted on solving large-scale wave 
propagation, which is based on shallow-water equation requiring some strict preconditions. For 
solving porous flow problems comprehensively, Hsu et al. (2002) presented 
Volume-Averaged/Reynolds Averaged Navier-Stokes (VARANS) combined with 𝑘 − 𝜀 
turbulence model closure within the porous media, which modeled the flow outside and inside 
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porous media with the same equations. With the advantage of omitting the requirement of setting 
boundary condition at the interface between porous media and outside region, VARANS inherit 
the time averaging concept from RANS (Reynolds Averaged Navier-Stokes), using the volume 
averaging method to express the complex structure of porous media. Further, del Jesus et al. (2012) 
re-derived VARANS by optimizing some assumptions, allowing the porosity and pore diameters 
of porous media varying in space. With the derived governing form of VARANS, Higuera et al. 
(2014a, 2014b) developed numerical solver IHFOAM. The governing equations finally are 
derived as follows: 

   (6) 

   (7) 

   (8) 

where 𝑛 is the porosity, 𝐷'( is the mean nominal diameter. 𝛼), 𝛽), 𝑐* are the coefficients 
relating with Forchheimer coefficient 𝑎) , 𝑏) , 𝑐)  respectively, "8 9"  is Darcy’s volume 
averaging operator, other symbols meanings are consistent with the terms in RANS. 
2.2 Boundary condition 

As the main considered boundary, the container wall is treated as non-slip boundary in our 
study. Numerically, no-slip boundary requires zero normal boundary flux, which can be satisfied 
by two conditions: 

1. Velocity of the fluid at the wall is equal to the velocity of the wall. 

  (9) 

2. The shear stress exerted by the wall on the fluid is balanced with the fluid shear stress 

  (10) 

Where 𝑥+ is the normal distance from cell center to the boundary wall, 𝑢∥ is the fluid velocity 
component that tangential to the boundary wall (Fig. 1). 
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Fig. 1. A schematic of no-slip wall boundary condition 

For free surface, OpenFOAM adopted VOF method to track free surface, which omits the 
process of setting pressure boundary on two-phase interface by letting water phase and air phase 
follow the same governing equations (Eq. 2-4). Analogously, the VARANS use volume-averaged 
strategy to couple clean fluid and porous layer region fluid in the same governing equations (Eq. 
6-8), i.e. outside porous region, where porosity n = 1, VARANS is equal to RANS. Thus, there is 
no boundary setting need at the interface between fluid inside and outside the porous layer region. 
 
3. Model validation 

It is necessary to firstly validate the computing precision of IHFOAM. Therefore, this section 
is organized to validate numerical results computed by IHFOAM against the available data from 
literatures. Accordingly, first part will testify mesh convergence computed by IHFOAM and give a 
proper mesh size for latter computing; second part will verify surface elevation and kinetic 
response in a 3-D cylindrical tank in linear sloshing scenario; Furthermore, since cylindrical tank 
with ring baffle will be taken as a comparison case, third part will validate a ring-baffled tank case 
in terms of surface elevation features; Finally, Darcy seepage experiment in a U-tube and porous 
dam break cases are carried out numerically to verify the porous material model in IHFOAM. 
Important symbols are listed in Table 1. 

Table 1 List of important symbols. 
A harmonic excitation amplitude 
𝜔 angular frequency 
H tank height 
H1 water depth 
R cylindrical tank radius or ring baffle outer radius  
R1 ring baffle inner radius 
h ring baffle or pressure probe vertical height to tank bottom 
𝜂 free surface displacement 
𝑃-./ dynamic pressure  
𝛼) linear drag force coefficient 
𝛽) nonlinear drag force coefficient 
𝑐* inertial force coefficient 
n porosity 
D50 mean nominal diameter 



 

3.1 Mesh convergence test 
To choose an adequate mesh size for numerical computing on cylindrical tanks, three mesh 

scales, namely fine, normal and coarse mesh, are generated by GAMBIT. Geometric profile of 
cylindrical tank is presented in Fig. 2, where R = H1 = 0.508 m, H = 1 m for convergence test. 
Tank wall is assumed to be rigid and impermeable, and subjected to horizontal harmonic motion 
(𝑥 = 𝐴 𝑠𝑖𝑛(𝜔𝑡), A = 0.002 m, 𝜔 is set as the lowest natural frequency 5.8 rad/s which is 
determined by Eq. (11) as 𝑘00𝑅 = 1.841). The free surface displacement near the rightest tank 
wall is measured (located at x = R-r, y = 0 with resolution r = 0.005 m). 

   (11) 

The details of mesh and computed results are presented in Table 2 and Fig. 3. It is noted that 
the free surface displacements computed by three meshes have no prominent discrepancy. But for 
coarse mesh, since the size of mesh unit near free surface is larger than other mesh case, the initial 
extracted surface height is not consistent with supposed height 0.508 m. In other two mesh cases, 
this initial error is not significant, which indicates the sizes of mesh unit have satisfied computing 
precision. Considering both computing precision and running time, normal mesh size is finally 
chosen for the following computing. 

 
Fig. 2. Symbol definition of geometric characteristics in a cylindrical tank. 

 
Table 2 Mesh details for mesh convergence test. 

Grid description 
(𝑁1. × 𝑁2) 

Mesh unit height 
near free surface 

(cm) 

Extracted initial free 
surface height (m) 

Simulation 
duration (s) 

Running 
time (s) 

2000 25 (coarse) 1 0.50322 
15 

10717 
2000 50 (normal) 0.5 0.50859 19334 
4500 100 (fine) 0.5 0.50828 87312 

Computed by Intel(R) Core i3-4160. 
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Fig. 3. Comparison of free surface displacement history near the right wall of three mesh scales, (b) 

is zoomed in from (a). 
 
3.2 Sloshing in an unbaffled cylindrical tank 

The free sloshing in a cylindrical tank is simulated in IHFOAM. Tank size is the same as the 
case of mesh convergence test, water height H1 = R = 0.508 m. External excitation is followed as 
horizontal harmonic motion 𝑥 = 𝐴 𝑠𝑖𝑛(𝜔𝑡), A = 0.002 m, 𝜔 = 5.5 rad/s. A free surface elevation 
probe is located at the right tank wall (R, 0) with the extraction range radius r = 0.005 m. The free 
surface displacement history is compared against the data from Biswal et al. (2006), as shown in 
Fig. 4. A little phase difference is found at the end of the simulation due to considering effect of 
fluid viscosity in present numerical results. Overall, present results are in good agreements with 
the data from Biswal et al. (2006). 

  

Fig. 4. Comparison of free surface displacement history in an unbaffled cylindrical tank between 
present results and data from Biswal et al. (2006). 

 
Another case of sloshing in an unbaffled cylindrical tank with H1 = 2R = 2 m, is simulated to 

examine force and moment acting on tank surrounding wall (kinetic response). The tank is under 
horizontal harmonic motion, 𝑥 = 𝐴 𝑠𝑖𝑛(𝜔𝑡), where A = 0.0024 m, 𝜔 = 𝜔00= 4.2465 rad/s. The 
steady-state results are compared with the data referred from Liang et al. (2020), as shown in Fig. 



 

5. Fair agreements are obtained. 
 

 
Fig. 5. Comparison of force and moment acting on surrounding tank wall between present results 

and data from Liang et al. (2020), where moment takes the center of initial free surface as 
reference point. 

 
3.3 Sloshing in a baffled cylindrical tank 

Biswal et al. (2006) concluded that the dampening effect of ring baffle increases when the 
vertical distance between ring baffle and liquid free surface decreases. To examine this conclusion, 
two different vertical location of ring baffle cases are simulated, where h/H1 = 0.2, 0.7, R1/R keeps 
constant as 0.6. In view of the thickness of baffle is usually unconsidered, the physical property of 
ring baffle is numerically attached to the faces of corresponding mesh units. Therefore, thickness 
of baffle is tiny, as shown in Fig. 6. Same size of cylindrical tank is chosen, where H1 = R = 0.508 
m, H = 1 m. External excitation keeps as horizontal harmonic motion 𝑥 = 𝐴 𝑠𝑖𝑛(𝜔𝑡) with A = 
0.002 m and 𝜔 = 5.8 rad/s. The free surface displacement at the right wall is measured. 

 
Fig. 6. Mesh of an upright cylindrical tank with ring baffle (highlighted by pink color). 

 
Fig. 7 shows the comparison of free surface displacement history in a baffled cylindrical tank 

between present results and data from Biswal et al. (2006). For h/H1 = 0.7, the amplitude response 
stops being amplifying after 4th period (4 s), while the amplitude of case h/H1 = 0.2 is continuing 
to increase after that moment, which is similar to the trend of free sloshing case. Two cases verify 



 

the conclusion that baffle closer to free liquid surface is more effective on dampening sloshing 
amplitude. Except minor discrepancy at the end of simulated time which might due to too small 
fluctuation amplitude, present results are in good consistence with the data from Biswal et al. 
(2006). 

 
Fig. 7. Comparison of free surface displacement history in a baffled cylindrical tank between 

present results and data from Biswal et al. (2006). 
 
3.4 Flow through porous media in a U-tube 

The resistance force brought by porous media is important for simulating porous flow. To our 
best knowledge, there is no general formula on calculating resistance force, which might due to 
the complexity of porous media flow. According to previous studies (Higuera et al., 2014a; Hsu et 
al., 2002; Liu et al., 1999; Peng et al., 2017), resistance force is usually expressed by a linear 
combination of linear and quadratic part in terms of flow velocity. Meanwhile, some empirical 
parameters are introduced in and needed to be evaluated additionally. Focusing on the theme of 
this study, a general set of empirical parameter values are employed in this study, which are 𝛼) = 
200, 𝛽)  = 1.1, 𝑐*  = 0.34. The Reynolds number inside porous media is defined as: 

𝑅𝑒) =
3435"#
/6

 , it is often assumed when 𝑅𝑒) >60, the quadratic term becomes important and 

turbulence should be considered additionally. 
To validate the employed model for porous flow, Darcy seepage experiment is conducted 

numerically, where fluid flows through a region of porous material under gravity in a U-tube. The 
profile of this model is showed in Fig. 8. Assuming hydraulic gradient is always linear with flow 
velocity, the variance of two side water level differences in terms of time can be expressed by 
theoretical formula as: 

   (12) 

where 𝛥𝐻( is initial water level difference between two side tube, 𝐾7 is hydraulic gradient (m/s), 
L is seepage path length through porous media (1 m). 

Considering the assumption of Darcy seepage theorem, the quadratic and added mass terms 
are both neglected in this case (laminar regime). Three groups of linear drag term 𝛼) are chosen 
as 200, 1000, 10000 respectively. About other properties of porous media, porosity is taken as 
uniform 0.4 in porous media region, characteristic diameters 𝐷'( is 4 mm according to the 
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 according to Peng et al. (2017). Whole computing 

region is divided by 0.04 m × 0.04 m uniform grid. 
Fig. 9 shows the comparison of free surface difference between analytical solution and 

numerical results. It is noted that when 𝛼) = 1000, good agreement is obtained, while in other 
two cases large inconsistency occurs, which reflects the 𝛼) setting is critical. However, in high 
Reynolds situation, linear term is less important and 𝛼) = 1000 might not be as effective as this 
case (Van Gent, 1995). Here, it is recommended to set 𝛼) = 1000 in purely linear porous flow. 

 
Fig. 8. Geometrical profile of Darcy seepage experiment. 

 
Fig. 9. Comparison of free surface difference time series between analytical solution and 

numerical results. 
3.5 Porous dam break 

A porous dam break validation case is conducted here, where a rectangular porous region is 
set at the middle area of a 2-D tank. By elevating water attitude at one side as initial condition, a 
break dam with flowing through porous media is investigated. 

Tank is of rectangular shape with 0.89 m long, 0.58 m high. A rectangular porous zone is 
installed at the middle area with 0.29 m long (from location 0.30 m to 0.59 m) and 0.37 m high, 
separating the tank into two sides. The based water depth is 0.025 m. Initial left side elevated 
water rectangular zone is 0.28 m long and 0.25 m high (0.02 m horizontally away from left side of 



 

porous media). Porous media consists of rocks (𝑛 = 0.49, 𝐷'( = 0.0159 m). In this case, because 
flow is more intense than Darcy’s seepage experiment, nonlinear drag term and added mass term 
are needed to consider. Forchheimer empirical coefficients are set as 𝛼) = 200, 𝛽) = 1.1, 𝑐* =
0.34. Uniform mesh system (0.005 m long × 0.0025 m high) is chosen to divide whole 
computational region. Computing time is set as 4 s. The free surface elevation of whole tank is 
taken as comparison (Fig. 10). At chosen instants, the free surface inside porous media reaches 
good agreement with experimental results. 

 
Fig. 10. Comparison of free surface elevation in typical instants, solid line is present results, circle 

is experimental results in Liu et al. (1999), brown region is porous media. 
 
4 Effect of porous layer on sloshing dampening under harmonic excitation 

Ye et al. (2018) researched the interaction between liquid and porous media in a cylindrical 
tank with scaled boundary finite element method. Their results presented the good dampening 
effect of porous media during liquid sloshing. Following their idea, the investigation on sloshing 
response in cylindrical tanks equipped with porous media is carried out in terms of pressure 
fluctuation history and pressure distribution along tank wall. 
4.1 Problem descriptions 

The cylindrical tank chosen from Haroun (1983) describes a water storage tank in the charge 
of the Metropolitan Water District of Southern California, as shown in Fig. 11. The tank rests on 
3.66 m depth compacted gravel foundation, assuming there is no relative displacement between 
tank and foundation. 



 

  
Fig. 11. Geometric profile of a real storage tank and definition of external motions (red circle 

indicates origin point). 
 

To initially testify the effect of porous layer, reduced scale ratio of 1/20 is adopted to this rigid 
tank. The size of scaled-down tank (R = 0.45725 m, H = 0.9755 m) is closed to our foregoing 
model in mesh convergence test. The previous mesh scale 2000 50, namely ‘normal’, is qualified 
to be employed here. Liquid filling ratio H1/H = 0.5, external excitation is kept as horizontal 
harmonic motion 𝑦 = 𝐴 𝑠𝑖𝑛(𝜔𝑡) with A = 0.002 m and 𝜔 = 𝜔0= 6.16 rad/s. As shown in Fig. 12, 
porous material layer is attached to inside walls of cylindrical tank to mitigate dynamic pressure 
acting on the cylindrical tank walls. In validation section, our numerical results fit well with Liu’s 

experiment (i.e. 𝛼) = 200, 𝛽) = 1.1，𝑐* = 0.34). Thus, three Forchheimer parameters of porous 

media are kept the same values as stated in Liu et al. (1999). Thickness, porosity and media 
diameter of porous material layer are determined according to the parameter optimizing results 
from our previous study (Xue et al., 2020b), which are 0.2R, 0.51, 0.02R respectively. 

 
Fig. 12. Preview of half-loaded cylindrical tank with porous layer (highlighted by brown color). 

 
4.2 Results and discussions 

Pressure probes are embedded in cylindrical tank wall for obtaining sloshing pressure 
distribution acting on the tank walls. Meanwhile, liquid surface displacement near the right wall is 
also measured. Liquid sloshing in a cylindrical tank with ring baffle, where h/H1 = 0.7, and R1/R = 

´



 

0.6, is also carried out to compare them with the results of sloshing interaction with porous layers.  
Before presenting comparing results, it is necessary to demonstrate how many computing 

periods are suitable. About 500 sloshing periods for free sloshing case is firstly computed. The 
free surface displacement near tank wall is shown in Fig. 13. It is noted that before 165 wave 
periods sloshing wave height is irregular, accompanying with amplitude discrepancy between 
wave peak and trough (nonlinear characteristics). After 165 wave periods, steady-state sloshing 
wave is gradually established. In real engineering, transient sloshing response is of paramount 
concern. Also, considering saving computing time, 30 computing periods are finally chosen, 
which covers the occurrence of first maximum free surface displacement. 

 

Fig. 13. Free surface displacement history near tank wall along excitation direction (0, R) about 

500 periods, (free sloshing case, 𝑇 = =>
?%
≈ 1.02	s). 

As shown in Fig. 14, both free surface displacement and pressure fluctuation history exhibit 
good dampening effect of porous layer compared with ring baffles. With ring baffle or porous 
material layer, the free surface elevation or pressure responses are tended to reach steady state 
much quicker than free sloshing. After installing ring baffle or porous material layer, significant 
amplitude decay response is well captured in corresponding FFT analysis, where the dominant 
frequency component is only left with the lowest resonant frequency. The disappearance of higher 
resonant response frequency is related with the significant amplitude suppressing effect of porous 
material layer or ring baffles. To quantitively evaluate the sloshing dampening effect, dampening 
rate is defined as 𝐷@ 

   (13) 

where 𝜂 denotes the maximum free surface displacement or dynamic pressure, superscript f 
denotes free sloshing, d denotes sloshing with dampening device. 
 
Table 3 Summary of damping rate comparisons. 

 Free surface displacement Dynamic pressure 
Porous layer case 88.98% 74.04% 
Ring baffle case 92.44% 91.20% 

 
Damping rate results are shown in Table 3. For maximum free surface wave height, value of 

max max

max

f d

r fD h h
h
-

=



 

𝐷@ is 88.98% after attaching porous material layer to inner periphery of cylindrical tank wall and 
92.44% after installing ring baffle inside cylindrical tank. For maximum dynamic pressure at tank 
bottom, the value of 𝐷@ is 74.04% for adopting porous material layer and 91.2% for adopting 
ring baffle. Although adopting porous material layer is not as effective as ring baffle, it is 
encouraged to see sloshing is mitigated by porous layer. In real engineering, installing ring baffle 
is prohibitive in LNG tank for stress concentration will occur at installing location (normally by 
welding). Adopting porous material, which has not changed the structure of tank wall, can be an 
alternative strategy. Thus, porous material layer is proved to be an effective device in sloshing 
mitigation design due to its advantage without requirement of welding compared with ring baffle. 

 
Fig. 14. (a) Comparison of water free surface displacement history near tank wall (0, R), 𝑇 =
=>
?%
≈ 1.02	s; (b) Comparison of dynamic pressure at tank bottom (0, R, 0); (c) Fast Fourier 

Transformation of (a); (d) Fast Fourier Transformation of (b). 

 

Fig. 15. Comparison of time history of dynamic pressure at free surface (0, R, H1) (left column) 
and corresponding wavelet transform results (right column), the magnitude denotes wavelet 

coefficients (dimensionless), equal to amplitude in time domain. 
 

The significant sloshing-induced dynamic pressure characteristics can be also found in Fig. 
15, where in free sloshing case, pressure response exhibits strong nonlinearity after 4-5 periods, 



 

and a double-peak pressure jet occurs at every peak after 10th period. Corresponding wavelet 
transform diagram tells this double-peak pressure jet consists of high order signal component 
(1.86 Hz). In porous material layer case, pressure response rapidly transforms to steady state with 
little fluctuation amplitude. The dominant wave ridge in wavelet transform result is only left with 
natural frequency 𝜔0. Furthermore, the dynamic pressure distribution along the vertical direction 
of tank wall in four sides is investigated, as shown in Fig. 16. For free sloshing case, the dominant 
dynamic pressure occurs on the tank side parallel to excitation direction (north & south). In both 
north and south sides, the maximum pressure increases with the increase of vertical height, and 
reaching the maximum when vertical height is closed to free surface, then decaying rapidly. Along 
x direction, which is perpendicular to moving direction, a minor maximum pressure is found. This 
is due to the nonlinear sloshing, indicating that 3-D swirling wave component has been induced. 
After adopting porous layer, the maximum pressures in all locations decline in different degrees. 
Particularly, in x direction of wall (east & west), the dynamic pressure is almost eliminated, which 
indicates that previous 3-D swirling wave has disappeared and transformed to 2-D planar wave. 
The effect of porous material on swirling wave response would be discussed later. 

 
Fig. 16. Comparison of maximum dynamic pressure distribution on four sides wall under linear 

excitation, where H1 = 0.5H. 
 
Further, other than resonant frequency (0.98 Hz), a set of other excitation frequency cases are 

conducted for testing the dampening effect of porous material layer in different frequency range in 
linear sloshing scenario (keeping amplitude A still as 0.002). As a critical response characteristic, 
the maximum free surface displacement near tank wall (0, R) is chosen for comparing. The results 
(Fig. 17) show that in different frequency range porous material layer all exhibits sloshing 
dampening effect. It is noted that when sloshing response becomes more intense (frequency closed 
to resonant frequency), the dampening effect of porous material layer becomes more effective. 



 

 

Fig. 17. Comparison of sloshing dampening effect of porous material layer in other frequency 
range in terms of maximum free surface displacement near tank wall (0, R). 

4.3 Sloshing dampening analysis 
Effects of ring porous material layer on dampening sloshing in cylindrical tank are proved to 

be effective. It is clear that the friction in porous material layer should play an important role on 
dampening sloshing. Considering the small amplitude linear sloshing case in the last part, the free 
surface displacement history obtained in Fig. 14 (a) indicates the significant of wave amplitude 
decay in porous layer case, or to say the loss of potential energy. To further clarify the energy 
dissipation, the kinetic energy distribution combined with velocity fields in small amplitude linear 
sloshing case is shown in Fig. 18, where free sloshing case is chosen from the most severe 
sloshing period and porous material layer case is chosen from the steady-state period. The kinetic 
energy value here has not multiplied fluid density and control volume, which are constant for both 
cases, so the comparison of kinetic energy value between two cases is still valid. From legend 
range, the maximum kinetic energy of porous layer case is far less than free sloshing case in any 
given time. When t = 0, T/2, T, at which potential energy is transformed to kinetic energy, the 
maximum kinetic energy of porous layer case ranges from 0.003 to 0.009, while the counterpart of 
free sloshing case reaches to 0.45-0.75. 

Observing energy distribution at varied moment, for free sloshing case, primary kinetic 
energy distributes near free surface and comes to form two extremal areas when potential energy 
converts to kinetic energy. Furthermore, the relative larger extremal region is located at wave front. 
In porous layer case, kinetic energy still concentrates near free surface. However, primary kinetic 
energy is outside porous layer region, while inside porous layer no more significant kinetic energy 
occurs in any given time, indicating that the frictional function inside porous layer is remarkable. 
Except directly dissipating energy by porous layer intrinsic friction, a weak energy dissipation is 
found outside porous layer (red circle), where currents encounter face to face. This flow collision 
reflects phase lag in partial fluid area, which is also due to the effect of porous material layer. 



 

 
Fig. 18. Kinetic energy distribution and velocity field in y-z slice during one sloshing period in 

linear sloshing scenario. The location of slice in tank is highlighted in upper right. Left column is 
free sloshing case. Right column is porous material layer case. Brown dotted region denotes 

porous material layer. 
4.4 Swirling wave mitigation in cylindrical tank 



 

Under an appropriate one-dimensional external forcing, a three-dimensional (3-D) sloshing 
response can be induced in an upright cylindrical tank, which is known as swirling wave (rotary 
wave). The induced swirling wave will slam the wall perpendicular to excitation direction, as the 
pressure probes in free sloshing case measured (Fig. 16). Interestingly, after installing porous 
material layer inside the cylindrical tank, swirling wave disappeared. 

Miles (1984) gave the analytical solutions (Eq. 14), describing the bounds of steady-state 
wave regime in an upright cylindrical tank (in horizontal harmonic motion). Focusing on the 
swirling wave induced condition, a series of sloshing test cases are conducted below. According to 
the steady-state free surface motion (after about 100 periods) and free surface elevation history in 
two perpendicular directions, 6 test cases (Table 4) are finally classified into planar or swirl wave 
response categories. It is good to see that numerical results of steady-state wave regimes are 
consistent with Miles’ solutions, as shown in Fig. 19. For planar regime, the sloshing wave stays 
in two-dimensional, in which the shape of free surface always keeps as a plane. For swirling 
regime, before entering into steady-state, induced by external excitation, the shape of free surface 
transforms from a plane into non-planar shape. As non-planar shape develops further, a wave 
response perpendicular to excitation direction is gradually being induced until finally a steady 
three-dimensional swirling sloshing wave is established. It is also noted that beyond bound 𝛽%, 
due to the robustness of swirling wave, the final steady-state wave response can be either planar or 
swirl, e.g. case 3 and 6. 

   (14) 

Table 4 Case information on validating swirling wave response. 
Basic information Case 𝐴/𝑅 𝜔/𝜔0 

Filling rate H1/R=1.5 
R = 78 mm, H = 250 

mm, 𝜔0 = 15.2 
rad/s 

1  0.85 
2 0.0266 1.0 
3  1.1 
4  0.9 
5 0.0133 1.0 
6  1.05 

 

Fig. 19. Steady-state wave sloshing regime diagram in an upright cylindrical tank in terms of 
different excitation frequency and amplitude. The solid line represents Miles’s analytical solution 
of regime bounds. Circle symbol represents 6 numerical test cases, where open one denotes planar 
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wave response, closed one denotes swirling wave response. 
 

To investigate the swirling wave response in cylindrical tank with porous material layer, a 
one-dimensional harmonic excitation in which a steady-state swirling sloshing wave can be 
induced is chosen according to last section, where 𝑦 = 𝐴 𝑠𝑖𝑛(𝜔𝑡), 𝜔 = 𝜔0= 6.16 rad/s, a large 
excitation amplitude A/R = 0.01 is employed to make the comparison of response amplitude 
between free sloshing and porous layer case more distinguishable. The setting of porous material 
layer is consistent with previous linear sloshing case. The swirling wave response is captured by 
wave height gauges locating at transverse (y) side wall (gauge1) and longitudinal (x) side wall 
(gauge2). 

Fig. 20 gives the measuring free surface evolution in two orthogonal directions. The swirling 
wave response in free sloshing case is significant and gradually reaches steady state at 50 periods, 
after which the maximum wave height alternately occurs in two direction, as showed in Fig. 20 (c); 
After installing porous material layer, the free surface displacement in both sides is suppressed 
effectively. Meanwhile, the free surface displacement perpendicular to excitation direction 
(measured at gauge 2) is almost dampened to 0, indicating the wave response still stay in planar 
wave regime. Again, the snapshots in Fig. 21 clearly show that porous material layer effectively 
prevents the sloshing wave from being inducted into swirling wave, which also means the bounds 
in sloshing regime diagram has changed after adopting porous layer. The suppressing effect can be 
explained in energy dissipation perspectives. The inducing of swirling wave regime normally 
requires much more kinematic energy than planar wave. Besides, the inducing of swirling wave 
response must undergo periods of non-planar wave response (prominent wave response in chaos 
regime). With porous material layer, most kinematic energy during sloshing is effectively 
dissipated. Therefore, the wave response remains as planar wave rather than swirling wave 
response. 

 
Fig. 20. Comparison of wave free surface displacement evolution near the transverse (y) side wall 

(gauge1) and longitudinal (x) side wall (gauge2), 𝑇 = =>
?%
≈ 1.02	s; (a) is free sloshing case, (b) is 

porous material layer case; right column is the combining comparison of two gauges’ 
measurements. 

 



 

 

Fig. 21. Snapshots of free surface evolution in one typical sloshing period in nonlinear sloshing 
scenario, where a steady-state swirling sloshing wave has been established in free sloshing case. 

 
5 Sloshing dampening of porous material layer under seismic excitation 

In this section, for the sake of examining the dampening effect of porous material layer in real 
situation, a real storage tank model with porous layer under seismic excitation is carried out, 
where the tank size is referred from Fig. 11 without scaling down. Earthquake motions consist of 
vertical and horizontal components. Above cases only consider horizontal excitation. In fact, 
during sloshing the vertical earthquake component is considerable important to dynamic sloshing 
pressure acting on tank wall as indicated in Kang et al. (2019). Based on this conclusion, a three 
dimension of freedom (DoF) earthquake motion (Fig. 22) is generated from the original motion 
database (Ancheta et al., 2014). For concisely describing each dimension motion, defining x, y, z 
direction motions accordingly as longitudinal (EW), transverse (NS), vertical (up-down) motions 
(Fig. 11). The cylindrical storage tank is taken as almost fully loaded, H1/H = 0.9. 

 
Fig. 22. Three dimensions acceleration history and corresponding wavelet transform. 



 

 
Fig. 23. Comparison of maximum dynamic pressure distribution on four sides wall under 

EL-centro earthquake excitation. 
 

The maximum dynamic pressure distribution on four sides wall during EL-centro earthquake 
is presented in Fig. 23. It is noted that when adopting porous material layer, the dynamic pressure 
is suppressed effectively, especially when closed to tank bottom. Different from the distribution in 
linear excitation, during EL-centro, the largest maximum dynamic pressure occurs at the tank 
bottom. Among four sides wall, the maximum pressure all gradually decreases as the vertical 
height increases. Typically, in the same direction (e.g. east & west) in free sloshing case, the 
pressure distribution doesn’t act the same, indicating nonlinearity during sloshing. But in porous 
layer case, in the same direction, the pressure distribution is almost identical. 
 

  

Fig. 24. Wavelet transform of dynamic pressure near free surface of four sides wall (free sloshing 
case). 



 

 
Fig. 25. Wavelet transform of dynamic pressure near free surface of four sides wall (porous layer 

case). 
 

Finally, wavelet transform is applied for analyzing the dynamic pressure near free surface 
(H1/H = 0.9) at four sides. In free sloshing case (Fig. 24), the separated frequency components at 
the same direction are identical. Typically, along transverse direction (north & south), one 
dominant frequency ridge is found (f = 0.36 Hz). Except dominant component, several impulsive 
frequencies occur in high frequency domain, while only lasting for a short time. After adopting 
porous layer (Fig. 25), along transverse direction, the magnitude of previous dominant frequency 
has been reduced. While along longitudinal direction, no significant change has found among 
spectrograms. Overall, it is great to see adopting porous layer effectively mitigate the severe 
impact load around a cylindrical tank inner wall when a real earthquake happens. 
 
6 Conclusions 

In this study, which is focused on sloshing mitigation in cylindrical tanks, a novel approach by 
attaching porous material layer to interior tank wall is proposed and its effectiveness is 
numerically investigated with the aid of open source CFD code OpenFOAM. By comparing free 
surface displacement and dynamic pressure with available data from the literature, four validation 
cases including mesh convergence tests are simulated respectively and these include liquid 
sloshing in 3-D cylindrical tank with and without ring baffles, Darcy seepage experiment on 
flowing through porous material, porous dam break. Fair agreements are obtained. To reveal the 
damping effect of porous material layer, the response of free surface displacement and dynamic 
pressure are examined under 1-D linear sloshing, 1-D nonlinear sloshing and 3-D EL-centro 
earthquake. Time-frequency wavelet transform, kinetic energy evolution and maximum dynamic 
pressure distribution along tank wall are presented and the effects of porous material layer are 
analysed.  Noteworthy phenomena and conclusions are drawn as follows: 
(1) Under 1-D excitation (linear sloshing): When installing porous material layer, the previous 
strong kinetic energy occurs inside porous layer is suppressed effectively, indicating that the inner 
friction of porous layer plays a prominent role on dissipating kinetic energy; For installing porous 
material layer case, the response phase of part fluid lags, which resulting in flow collision at the 
center fluid column of cylindrical tank; The largest maximum dynamic pressure along tank wall 
occurs near the free surface; In free sloshing case, distinguished dynamic pressure response is 
captured along the side tank wall perpendicular to excitation direction, indicating that 3-D swirling 



 

wave is induced. After installing porous material layer, this 3-D response is suppressed effectively. 
Moreover, the dampening effect of porous material layer also performs well in other frequency 
range in linear sloshing scenario. It is noted that under resonant frequency, the sloshing damping 
effect is most prominent. 
(2) Under 1-D excitation (nonlinear sloshing): Distinguished steady-state swirling wave response 
is well captured within the bounds 𝛽= and 𝛽%. While beyond 𝛽%, swirling wave response is still 
possible be induced in certain situation; The significant swirling wave response is showed in free 
sloshing case, while adopting porous material layer, steady-state wave response keeps as planar 
wave, indicating the effect of porous material layer on suppressing swirling wave response. 
(3) Under EL-centro excitation (complicated 3DoF excitation): The largest maximum dynamic 
pressure along tank wall is found near the tank bottom, diminishing gradually as height increases; 
For porous material layer case, the maximum dynamic pressure along tank wall is mitigated 
effectively. Also, pressure distribution discrepancy along the same direction is eliminated; The 
magnitude of original dominant frequency components (0.36 Hz) in free sloshing case is 
suppressed significantly when installing porous material layer.  

From this study, sloshing damping effect of porous material layer is found to be significant  
under different excitation situations, which can be essentially attributed to intrinsic friction of 
porous material itself and the results show promise of this new technique being applied in future 
LPG storage tank design. 
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