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a b s t r a c t

In the present paper, model tests of suppressing sloshing fitted with two perforated floating plates are
carried out. The study involves identification of system performance such as the suppression and the
solidity ratio. Three different solidity ratios of perforated plates have been tried out as potential positive
slosh damping devices. A series of painstaking experiments have been conducted in a rigid rectangular
tank on six degrees of freedom motion platform under roll harmonic excitation. Comparison of the clean
tank shows that the three types of perforated plates are all effective on damping the run-up and impact
pressure along the bulkhead. The parametric study indicates that the perforated plate with the median
solidity ratio is the most optimal one in suppressing sloshing among three configurations.
© 2018 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The sloshing is a fluctuant phenomenon of the free surface of
the liquid in a tank under the external excitation, which has strong
nonlinearity and randomness. When the external excitation ap-
proaches to natural frequency of the free surface, sloshing is the
most violent. The huge impact pressure acts on the bulkheads, and
it will affect greatly the safety of the bulkhead structure. The use of
internal suppressing devices is considered to be an effective way on
decreasing the impact loads according to previous studies (Faltisen
et al., 2011), (Molin and Remy, 2015). Therefore, the damping tank
with internal configurations for partially filling depth has rather
wide practical engineering applications.

Adding passive devices such as swash facilities fixed in the tank
can reduce the impact pressure acted on bulkheads and further
protect the bulkhead structure. Akyildiz and Unal (2005) designed
an experiment to study damping characteristics with internal
structure members. The damping effect of the vertical baffle with

small height is most obvious in shallow water. Akyildiz and Unal
(2006) studied numerically the dynamic pressure variations on
the sloshing in the damping tank. Jung et al. (2012) investigated the
effect of a vertical baffle height on the liquid sloshing, which is
located at the center of the bottomwall of the tank. They found the
liquid sloshing becomes more damped as the baffle height in-
creases. Further, the effects of the ring baffles on the sloshing in a
rigid cylindrical tank were investigated experimentally by Akyildiz
et al. (2013). Goudarzi and Sabbagh-Yazdi (2012) experimentally
and analytically investigated damping efficiency of three kinds of
baffles (the horizontal baffle, the upper and lower mounted vertical
baffle) on sloshing. The horizontal baffles were most effective
compared to the vertical baffles and the upper mounted vertical
baffles were more effective than the lower ones. The experimental
results demonstrated that the ring baffle configurations were
rather helpful in reducing the impact pressure. Recently, Goudarzi
and Farshadmanesh (2015) studied the suppressing effectiveness
of upper mounted baffles on sloshing inside the full scale tanks.

In addition to aforementioned passive damping devices, positive
suppressing devices have also been installed inside the tank to
damp sloshing. Basically the positive devices are flexible or rigid.
One main feature is that they are in the vicinity of the free surface
and can move as the filling depth changes. Anai et al. (2010)
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presented a new suppressing device using membrane material
with mooring ropes. The membrane material floated near the free
surface and its central part was connected to the vessel bottom
through the mooring ropes. An anti-sloshing floating blanket on
the free surface was proposed by Kim et al. (2011). The experi-
mental results showed that the new device can significantly
decrease the impact pressure acted on the bulkheads. Arai et al.
(2013) developed a simple damping floating device. In their work,
the floating device moved only a single direction and they observed
that separating the free surface decreases the width of the tank and
the sloshing was mitigated effectively. Based on the improved
Consistent Particle Method together with the partitioned proced-
ure, Koh et al. (2013) numerically and experimentally investigated
the suppressing performance of a constrained floating baffle on
sloshing. On the basis of the principle that beer is not easy to shake
compared to water, Sauret et al. (2015) proposed to place the foams
on the free surface of the liquid to suppress the sloshing.

Screens mounted in a rectangular tank can provide sloshing
suppressing as well. Onuma et al. (2008) experimentally examined
damping effect of the upper mounted vertical baffles perforated on
sloshing. With the assistance of flow visualization, the experi-
mental results indicated that the energy dissipation was caused by
the local vortex and the swirl flow. Panigrahy et al. (2009) carried
out a series of model tests to estimate the suppressing effects of
three types of perforated baffles (the horizontal baffle, the vertical
baffle and the ring baffle) on sloshing. The ring baffle is more
effective as compared to the horizontal baffle and the vertical
baffle. Molin and Remy (2013) performed a succession of model
tests to study wave elevation responses in a rectangular tank with a
perforated screen set at mid-tank. The solidity ratio was 82% and
the filling rate was equal to 53%. At small sway excitation ampli-
tudes, the response amplitude operators of the wave elevation
peaks at odd natural frequencies of the corresponding clean tank.
With the forcing amplitudes increasing the first and the third
resonant peak gradually vanish, but the second resonant peak be-
gins to appear. The effect of a horizontal slat-screen on sloshing
fixed in the tank is experimentally investigated by Jin et al. (2014).
The results showed that the horizontal slat-screen submerged can
reduce the run-up along the vertical bulkhead significantly un-
dergoing harmonic sway excitations. Under sway excitations,
Firoozkoohi et al. (2015) experimentally investigated two-
dimensional sloshing in a rectangular tank with a slat-type
screen in the middle. The filling rate was equal to 41% and the
sway excitation amplitude was 0.01m. When the solidity ratio is
0.4725, non-dimensional wave elevation responses peak at odd

natural excitation frequencies of the corresponding clean tank. The
other resonant peaks also appear due to secondary resonance for
the higher solidity ratio being 0.7863. When the solidity ratio in-
creases to 0.9513, the resonant response nears to the second-order
natural frequency of the corresponding clean tank, which is
equivalent to the lowest natural frequency in a half tank. Further-
more, the maximum horizontal force acting on the screen de-
creases with decreasing the solidity ratio. Wei et al. (2015) studied
experimentally the damping performance of the lower mounted
vertical slat-screen under the shallow water with large amplitude
harmonic excitations.

The horizontal fixed plates often can be installed multiple layers
in order to make them suitable for different filling depths, and then
the vertical fixed plates are mounted on the bottom or ceiling of the
tank, which can make removal and maintenance quite difficult.
However, the floating plates are freely able to rise with increasing
the liquid depth compared with the fixed plates and achieve the
purpose of suppressing the sloshing in the meantime. In addition,
fluid forces acting on the floating plates are reduced by using
openings on those plates. Thus, we can install a perforated floating
plate inside a tank to suppress the sloshing, which has been seldom
mentioned in existing literature. The major purpose of present
study is to experimentally examine the suppressing performance of
two perforated floating plates on sloshing. The experimental design
is introduced in the following section. In section 3, the wave ele-
vations subjected to harmonic roll excitations after placing perfo-
rated floating plates are investigated carefully. We then discussed
the damping effectiveness of the solidity ratios of the floating plate
on the impact loads. Finally, some conclusions of the paper are
drawn at the end of this paper.

2. Experimental design

The experimental configuration was designed to investigate the
wave elevation and impact pressure under three different filling
rates in a rectangular tank fitted with two perforated floating
plates, where the nearly two-dimensional wave was excited by
rolling the tank with small amplitude oscillations.

2.1. Experimental setup

The tank is made up of transparent Perspex sheet. The thickness
of the sheet is 30mm to prevent deformation of the tank from vi-
olent slamming of water and further to satisfy the assumption of
rigid tank. The fluid filled inside the tank is air and water. The

Fig. 1. Dimensions of the tank and positions of pressure sensors (dimension: mm).
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dimensions of the tank are 900mm length, 225mm width, and
600mm height, which are same as the one taken by Arai et al.
(2013). Nine membrane piezo-resistive pressure sensors are
rigidly mounted in the right vertical bulkhead and distributed with
equal spacing along the right vertical bulkhead, whose positions
and the dimensions of the tank are shown in Fig.1. The ranges of the
pressure sensors are all 40 kPa. The pressure sensors had statically
and dynamically been calibrated before a series of model tests start.
All the analog signals were acquired with the NI PXIe-4498 data
acquisition system. The National Instruments PXIe-4498 is a high-
accuracy data acquisition module specifically designed for high-
channel-count sound and vibration applications. There are 16

simultaneous channels in a single PXI Express module. NI PXIe-
4498 modules are programmed with NI DAQmx, which provides
signal processing functionality and can quickly acquire, analyze,
and log acoustic, noise, and vibration data.

The tank sloshing platform consists of a six-degree of freedom
motion platform and control system, which is currently the most
advanced equipment of sloshing model test. The device can achieve
six degrees of freedom (roll, pitch, yaw, sway, surge and heave),
whose carrying capacity is 4.5t. Two high-speed digital cameras are
used to record the flow visualization. Both are fixed on the motion
platform. To capture the details of wave elevation, one camera faces
the front of the tank, and the other is perpendicular to it near the
left vertical bulkhead. During the experiments, the tank is sub-
jected to roll harmonic excitation defined by the expression:

q ¼ q0 sin ut (1)

Where q0 is the amplitude, u is the angular frequency of excitation.
The width of the floating plate is 30mm, the height of it is

150mm and the draft of it is 75mm. Each hole has a fixed diameter
of 10mm. The dimensions of the perforated plates are shown in
Fig. 2. The perforated plates are classified by the solidity ratio SR,
where SR is equal to the proportion of the submerged solid area of
the plate compared to the total submerged area of the plate under
the static water level. The solidity ratios of the perforated plates are
0.98, 0.93, and 0.84 respectively.

To ensure the draft, the floating plate was made of the
paulownia wood, whose dry density is about 230e300 kg/m3, and
it was waterproofed by wax-dipping. The center distance between
two floating plates is 600mm in horizon, where the free surface is
divided into the following three sub-regions: the left, medium and
right vessels. Both are installed near the two sides of the tank by
four three-fold sliding tracks and perpendicular to the foremost

Fig. 2. Geometric parameters of perforated plates. Their dimensions are in mm. (a) Front view of 1# plate; (b) front view of 2# plate; (c) front view of 3# plate; (d) lateral view.

Fig. 3. Positions and geometry of two floating plates (dimension: mm).

Table 1
First-order natural frequency of the free surface.

Filling rate R (%) Analytical solution f1
* (Hz) Experimental value f1 (Hz)

30 0.70 0.71
50 0.82 0.81
70 0.88 0.87

Table 2
Experimental conditions.

Filling rate R (%) SR Excitation amplitude A (�) Excitation frequency f (Hz)

30 0.00, 0.84,
0.93, 0.98

0.6, 1.0 0.4e2.1a, 0.71

50 0.00, 0.84,
0.93, 0.98

0.6, 1.0 0.4e2.1a, 0.81

70 0.00, 0.84,
0.93, 0.98

0.6, 1.0 0.4e2.1a, 0.87

a The interval is 0.1Hz.

Table 3
Duration of representative tests.

Filling rate R (%) Excitation frequency f (Hz) Duration DT (s)

30 0.71 169
50 0.81 148
70 0.87 138
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flow direction. The outer rail of the three-fold sliding track is
mounted on the front bulkhead, and the inner rail of them is
installed to the lateral side of the floating plate. It can ensure both
move smoothly only in the vertical direction of the tank. The
floating plates are close to the side walls of the tank as shown in
Fig. 3.

2.2. Experimental conditions

When the external excitation frequency is close to the natural
frequency of the free surface of the liquid in tanks the resonance
occurs. The sloshing becomes dramatic, especially when close to
the smallest natural frequency of the free surface. When the tank is
clean, the natural frequencies are calculated:

fn ¼ 1
2p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
png
l

tanh
�
pnh
l

�s
(2)

Where fn is the nth-order natural sloshing frequency and g is
gravitational acceleration. The water depth is h, and the internal
length of the rectangular tank is l. Several excitation frequencies
were selected in the vicinity of the analytical solution of the first-
order natural frequency. Then the maximal wave run-up along
the side wall of the clean tank was observed to estimate the
experimental solution of the first-order natural frequency. The
experimental results showed that the first-order natural fre-
quencies have a slight difference between the analytical solution
and the experimental value (Jiang et al., 2014). The experimentally
measured values of the first-order natural frequency in the clean

Fig. 4. Snapshots of the swirling mode along arbitrarily consecutive excitation periods (R¼ 70%, A¼ 0.6� , f¼ 2.10Hz).
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tank for three different filling depths are showed in Table 1. The
results are compared with the analytical solution above.

Firstly, the model tests were carried out in the bare wall tank
without a perforated floating plate. Next, the same experimental
conditions were repeated in the tank fitted with the perforated
floating plates for different solidity ratios respectively. Specific test
conditions are listed in Table 2. In each case, the range of the
excitation frequencies is 0.4e2.1Hz, which includes the smallest
natural frequency for the clean tank. Each group test time is 120
corresponding periods of excitation to ensure the wave elevation
stable over a long time. The duration of representative tests are
showed in Table 3. The sampling frequency of the pressure sensor is
20 kHz, and the center of rolling is located in the center of the
bottom of the tank.

3. Experimental results and discussion

3.1. Comparative analysis on the wave elevations

Kobayashi et al. (2006) studied the sloshing mode of the rect-
angular tank with an upper mounted vertical baffle, which con-
sisted of the U-tube mode and the separated-vessel mode. Arai
et al. (2013) investigated the sloshing mode in the rectangular
tank with two floating plates. According to the different excitation
frequencies, the sloshing mode was separated into the U-tube
mode and the separated-vessel mode. In this study, three types of
sloshing modes, namely the U-tube mode, the separated-vessel
mode and swirling mode, are observed here for three solidity ra-
tios. When the excitation frequencies close to the first-order

Fig. 5. Snapshots of wave elevations (R¼ 30%, A¼ 0.6� , f¼ 0.71Hz). Front view sample frames along arbitrarily consecutive excitation periods.
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natural frequency of the corresponding clean tank, we can observe
that the sloshing in the suppressing tank is the most violent
compared to other forcing frequencies and the fluid as well as the
floating plates on both sides moves alternately in opposite vertical
directions, in which the sloshing mode is referred as to U-tube
mode. This mode plays an important role in suppressing sloshing.
Furthermore, when the forcing frequencies close to the third-order
natural frequency of the corresponding clean tank, the separated-
vessel mode appears. Next, when the excitation frequencies close
to the fifth-order natural frequency of the corresponding clean
tank, the swirling mode appears, and the three-dimensional effect
can be observed apparently except for the solidity ratio equal to
0.84. Fig. 4 show the variation of swirling mode due to perforated
floating plates for three solidity ratios, where the excitation fre-
quencies close to the fifth-order natural frequency of the corre-
sponding clean tank. When the solidity ratio is equal to 0.98, the
three-dimensional effect is apparent, as shown in Fig. 4(c). With

decreased solidity ratio, the three-dimensional effect becomes
weakened due to more fluids flowing through the increasing holes
(see Fig. 4(b)). When the solidity ratio equals to 0.84, the three-
dimensional effect looks disappeared (see Fig. 4(a)).

In order to investigate the suppressing effect on the wave ele-
vations, frames from arbitrarily chosen consecutive excitation pe-
riods are shown in Fig. 5 for the clean tank and three solidity ratios
(other water elevations for different filling depths display similar
outcomes). As can be seen in the images, a crest occurs on the right
side of the tank and propagates to the left side of the tank, which
induces a run-up along the left bulkhead (see Fig. 5(a)). However, a
significant damping on sloshing is found across cycles (see Fig. 5(b)-
5(d)). In addition, though the wave elevations are similar for the
different solidity ratios, the roughness of the free surface seems to
be more for the smaller solidity radios. The water drains out of the
holes in the plate and enters into the medium sub-vessel. Therefore
fluctuations occur.

Fig. 6. Statistics of peaks. Box plot with maximum, 25%, 50% (median), 75%, and minimum, for each peak. (R¼ 30%, A¼ 1.0� , f¼ 0.71Hz).

Fig. 7. Statistics of peaks. Box plot with maximum, 25%, 50% (median), 75%, and minimum, for each peak. (R¼ 50%, A¼ 1.0� , f¼ 0.81Hz).
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3.2. Statistical analysis on the impact pressure

Impact pressure has the properties of discreteness and
randomness, the former one means that excitation signal is sinu-
soidal, but the measured pressure signal is not necessarily sinu-
soidal; the latter one means that it is impossible to predict the
impact force exactly, the amplitude needs to be described using
probabilistic distribution.

Figs. 6e8 show box plots of the impact load, in which the

horizontal axis represents nine channels along the longitudinal
bulkhead and the vertical axis corresponds to the statistics of
impact pressure. Hp is the location of the pressure sensor above the
tank bottom, and d represents the distance between two adjacent
sensors. In each excitation cycle, the maximum of the impact
pressure is referred to as a peak. A figure with box plots of these
peaks is presented. Box plots indicate the following quantities
statistically from the peaks of the impact pressure. The lower and
upper limits of each box describe the 25% and 75% percentile levels,

Fig. 8. Statistics of peaks. Box plot with maximum, 25%, 50% (median), 75%, and minimum, for each peak. (R¼ 70%, A¼ 1.0� , f¼ 0.87Hz).

Fig. 9. Comparison of maximum pressure and pressure median for the three types of solidity ratios. (R¼ 30%, A¼ 1.0� , f¼ 0.71Hz).

Fig. 10. Comparison of maximum pressure and pressure median for the three types of solidity ratios. (R¼ 50%, A¼ 1.0� , f¼ 0.81Hz).
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referred to as the lower and upper quartile respectively. The central
mark in each box denotes the 50% percentile level. The whiskers
represent the acquired minimum and maximum values (Bulian
et al., 2014), (Souto-Iglesias et al., 2015).

As can be appreciated, the distributions for three solidity ratios
at different filling ratios become compressed, and their thresholds
are much smaller than those for the clean tank. For comparison,
when R is equal to 30%, the maximum impact pressure in the clean
tank is about 5.0 kPa, while in the case of sloshing with perforated
floating plates is about 0.4e0.5 kPa (around 8e10% of that in the
clean tank). The maximum value is about 28e36% of that in the
clean tank when R increases to 50%. When R equals 70%, this per-
centage ranges between about 15% and 35%. The results show that
the perforated floating plate can effectively mitigate the impact
pressure near the lowest natural frequency of the corresponding
clean tank. There is a tendency for the smaller average peak values
to be associated with bigger solidity ratios. Furthermore, in 50%
filling rate, the maximum impact pressure is slightly larger for
SR¼ 0.98 (in Fig. 7) and remain similar for 70% filling rate (see
Fig. 8). In 70% filling rate, the maximum impact pressure is slightly
larger for SR¼ 0.98 at Point PP9. Note that, in practice, the impact
pressure close to the top tank is an important factor for tank design
because high impact pressure would cause fatigue damage to the
top tank.

The difference between three different solidity ratios can be
looked at inmore detail by comparing themaximumvalues and the
median values for each pressure sensor. In 30% filling rate, both the
maximum and the median values are consistently lower for the
SR¼ 0.98, with SR¼ 0.93 coming next and SR¼ 0.84 being the
largest (in Fig. 9). The reason is that the weight of perforated plates
becomes smaller with the decreasing of solidity ratios. As can be
shown in the right panel of Fig. 10, the similar outcomes are dis-
played. However, the sensors, which are located above the static
water level, describe different tendency and the maximum impact
pressure is the largest for the biggest solidity ratios (see in the left
panel of Fig. 10). Analogously to the maximum case in 50% filling
rate, in Fig. 11 both the maximum values and the median values are
larger for SR¼ 0.98, especially as for the PP9 pressure sensor, and
remain similar for the other solidity ratios. The results indicate that
submerged holes have significant effect on the distribution of local
impact pressure.

4. Conclusions

In the present study, sloshing model tests have been carried out
to investigate the performance and characteristics with two
perforated floating plates. The performance of the suppressing
device has been studied for the three types of solidity ratios un-
dergoing different excitations and filling depths. The following

conclusions can be drawn by the above results.
Compared with the clean tank, all three solidity ratios can

reduce significantly the run-up along the vertical bulkhead and
impact pressure subjected to different forcing amplitudes and fre-
quencies for three filling rates. When the forcing frequencies close
to the lowest natural frequency of the corresponding clean tank, the
U-tubemode occurs in the tankwith two perforated floating plates.
Furthermore, the part of the fluid is diverted by the holes of the
floating plate and enters into the medium sub-vessel.

Among three solidity ratios considered, the maximum and the
median impact pressure have presented similar tendency, with a
decreasing of the impact load as the solidity ratio increases. How-
ever, the cases with the largest solidity ratio have displayed rela-
tively large top impact pressure when it is going to the median and
high water depth. Due to top bulkhead being often less reinforced
than other part, the top impact pressure is more vital for the
structural safety.

A future study from the perspective of engineering applications
is required to investigate the factors (such as the three-dimensional
effect, the location of the perforated plates and the internal shape of
the tank including the pump tower), whichmay affect the sloshing-
induced run-up along the vertical bulkhead and the impact pres-
sure. The loads acted on the plates need to be taken into account.
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