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The wave impingement on the side walls due to the oscillation of a rectangular tank under harmonic sway
motion is analysed experimentally with hydrophobic coated and uncoated tank surfaces. Impact pressures and
free surface deformations are compared in three water filling levels over an excitation frequency range
encompassing the first natural frequency. The reduced hydrodynamic loads acting on the tank walls are observed

under hydrophobic effects and discussed in detail. Experimental observations clearly indicate that there is a
strong effect of the solid surface properties on the free surface elevation, wave generation and pressure distri-
bution. In particular, major changes have been traced around the resonance frequency due to more dominant
tangential flow and altered wave form, which results in lower peak pressure values with increased water
movement within the tank under the hydrophobic effects.

1. Introduction

Sloshing is a violent liquid motion experienced in partially filled
liquid tanks which can be observed in many different engineering ap-
plications e.g. oil tankers, space shuttles. It has gained a particular
attention in ocean engineering since sloshing induced impact loads may
affect the stability and operating conditions of liquid carrying ships, the
structural characteristics of liquid tanks and their orientation in a ship.
These loads may become very large in magnitude and damage the liquid
tank walls in a ship when the frequency of sloshing is near the natural
frequency of the ship. The suppression of these large amplitude motions
due to the excitation from external forces is one of the main concerns for
design engineers.

Sloshing under the sway excitation in a partially filled tank is a free
surface flow between the tank walls that can generate high wave impacts
on the side walls. Therefore, investigating the sloshing phenomenon is
mostly associated with the mechanism of wave generation, wave types
and the impact pressures acting on the tank walls. The wave form may
change with the magnitude and the frequency of the excitation, filling
level and the tank length, resulting in altered impact characteristics.
Ibrahim [8] provides a comprehensive review on breaking waves and
liquid sloshing impacting on rigid walls and in liquid containers.
Theoretical methods for sloshing in various geometries was discussed in
detail along with the compilation of the results obtained experimentally
and numerically. The effect of aeration and air compressibility during
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sloshing is studied by Peregrine and Thais [25]. Cuomo et al., [4] studied
the breaking wave impacts on coastal structures. Bredmose et al. [2]
studied the aeration effect in various types of wave impacts using
analytical and numerical methods. They reported a reduction in the
impact loads acting on the structure due to aeration in all types of wave
loading. Karimi et al. [14] identified different wave geometries during
sloshing at three different gas-liquid density ratios and discussed their
effects in a chamfered tank. Zou et al. [41] carried out experiments to
investigate the effects of liquid viscosity on sloshing under roll excita-
tions, and reported that the impact pressures on walls decrease with
increasing viscosity, while the rising times increase. Jin and Lin, [10]
experimentally and numerically investigated the effects of viscosity on
liquid sloshing under external excitations using the large-eddy-
simulation (LES) for turbulent effects. They concluded that the
maximal wall pressure decreases with increasing viscosity, and the high
viscosity liquid is adhered onto four side walls. Watanabe et al. [32]
simulated the sloshing waves at shallow depth conditions with flat and
sloped bottoms. Wu et al. [35] studied sloshing in a tank excited at three
lowest natural frequencies at the low filling case under coupled rolling
and pitching motions. They concluded that violent sloshing motion
occurred at the lowest natural frequency of the tank, and some other
extensive impacts are generated on the roof of tank. Luo et al., [20]
experimentally investigated the 3D sloshing in a membrane-type LNG
tank under combined roll and pitch excitations. They classified the
sloshing waves into four patterns: the length-dominant wave, swirling
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wave, diagonal wave, and breadth-dominant wave with the swirling
wave inducing intensive impact pressures on the walls and being the
most observed one. Gurusamy et al. [5] reported that the hydraulic jump
is observed when the excitation and natural frequencies meet.

Minimizing the sloshing induced loads has been the focus in
numerous research studies. Since damping due to the liquid viscosity is
insufficient, in order to minimise motion over a range of frequencies,
various suppression methods have been suggested. Installing solid/
perforated baffles vertically or horizontally or keeping them a float in
liquid tanks are the most common practices to mitigate sloshing-induced
flows and dissipate the sloshing energy (Faltinsen and Timokha, 2011,
Molin and Remy [22,9,37,1]. Baffles can also significantly shift the
natural frequency of a liquid carrying tank and suppress the free surface
deformations at varying rates (Wei et al. [33], Faltinsen and Timokha
[45], 2011, [26], Korkmaz and Guzel [17], Jinetal. [11]). Yuetal. [38]
studied the harmonic roll excitation in LNG shaped tanks to test floating
devices in supressing the sloshing. Different tank shapes are considered
as well in reducing the sloshing loads. Zhang et al. [39] numerically
investigated the effect of wedge shaped tanks in preventing sloshing
induced instabilities in ship motions. Sauret et al. [42] proposed to place
foams on the free surface of the liquid to suppress the sloshing. Zhang
et al. [40] conducted experiments and considered various floating foams
placed on the free surface to limit the sloshing motion. Korkmaz [16]
showed that top-layer high viscous liquids could dissipate sloshing of
bottom-layer low viscous liquids.

Suggested sloshing suppressing methods introduce either extra solid
material/structure which increases the weight of ships and interferes
with loading/unloading and cleaning processes, or liquid material
which may interact with the ship load and require extra processes for
removal. The sloshing loads and natural frequencies are independent of
the liquid viscosity, but their dependency on contact angle and surface
tension has not been explored. The effect of the wettability of the tank
surface in sloshing has never been investigated. It is considered that
altering the solid surface characteristics on tank walls may yield another
option, without using baffles/screens or different tank shapes, in miti-
gating the sloshing loads. In this regard, using hydrophobic surfaces in
various liquid-solid interaction applications already give some inter-
esting and promising results in changing the flow dynamics [31,6].
Hydrophobic surfaces create a contact angle more than 90 for a free
liquid droplet with solid surface. In such a decreased wetting state,
liquid particles sit on a mixture of solid and air resulting in less contact
area between the solid surface and the liquid. Hydrophobic surfaces may
reduce the drag due to the slippage created on solid surfaces in various
types of flows e.g. pipe flows, Taylor-Couette flows. The effect of hy-
drophobicity on flow characteristics has been demonstrated in water-
entry studies of various geometries i.e. modifying macroscale hydro-
dynamics [27,28,7]. In these studies, a reduction in the impact loads has
been observed when using hydrophobic surfaces.

Collision dynamics of a small water droplet on a solid surface can be
altered significantly by changing the wettability characteristics of the
solid surface as well [31]. Drop deformation depend strongly on surface
properties. On hydrophobic surfaces, water droplets may move freely or
even bounce during interactions with solids. The contact angle may play
an important role on the balance of kinetic, surface and potential
(gravitational) energies during the bouncing of a water droplet. In
general, sloshing is characterized by free surface deformations and
impact loads on the side walls depending on the liquid filling levels and
excitation frequencies. The surface properties of a solid structure may
influence the wave impact [24]. Evolution of waves, water climb-ups
and the impact pressures acting on side walls during sloshing phenom-
enon when hydrophobic effects are present have never been investi-
gated. Since hydrophobic effects induce droplet collisions to be more
elastic, hydrophobicity can cause reduction in the impact pressures
during sloshing, which may lead to eliminating or minimizing the usage
of baffles in suppressing the sloshing loads without adding extra weights
or shifting the natural frequency. In this paper, the hydrodynamic
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Fig. 1. Sketch of the test tank and pressure sensor locations. Dimensions
in mm.

aspects of liquid sloshing under hydrophobic effects in a sway-oscillated
rectangular tank have been examined. For this purpose, various filling
levels and oscillation frequencies are considered. First, the fluid
response, wave elevations and free surface deformations have been
compared for uncoated and hydrophobic coated surfaces when subject
to sinusoidal excitation. Then, pressure measurements have been carried
out for both cases in the present study.

2. Experimental setup

An experimental setup is designed and constructed to observe two-
dimensional liquid sloshing in a rectangular tank (Fig. 1). The tank is
made of plexiglass with the dimensions of 490 x 400 x 80 mm. In order
to conduct the experiments under the same test conditions, the tank is
mounted on a low-friction linear motion table and forced to oscillate
horizontally with an amplitude of 110 mm at various frequencies. Single
amplitude is chosen since the excitation amplitude has a minimal in-
fluence on the frequency of the sloshing phenomenon and free surface
elevation. One degree of freedom monoharmonic periodic motions of
the tank are controlled by an induction motor (220 V AC, 1 phase) with
frequency inverter resulting in a 2D response. Throughout the manu-
script, the three filling levels (h), 50, 100, 150 mm are named as low,
medium and high filling level, respectively. The free surface elevation
and impact pressure are investigated with uncoated and hydrophobic
coated surfaces.

The filling level, the excitation frequency and the natural frequency
of the tank are important parameters in sloshing phenomenon. The
natural frequency of the tank depends on the filling level and the length
of tank and is determined according to linear theory as:

w, = 1/g%tanh(nL—ﬂh) (€]

Where L is the tank length, h is the water filling level, g gravity and n
is the mode number. The resonance condition cannot be obtained
directly through this formulation due to the non-linearity of the sloshing
problem when taking the mode number one. However, resonance fre-
quencies are close to the values obtained with this formulation. The
natural frequencies, ®; in the low, medium and high filled cases are
calculated as 4.41 rad/s, 5.96 rad/s and 6.84 rad/s respectively. First,
sixteen oscillation frequencies ranging between 2.8 and 7.3 rad/s which
include the smallest natural frequencies for the test tank are studied with
uncoated surfaces. Then the same experiments are carried out with
hydrophobic coated surfaces.

Phantom Miro eX4 model high speed camera is used to capture wave
elevations and free surface deformations. The water is dyed with blue
food colouring for better optical detection in the hydrophobic case. The
high-speed camera is focused on the centre plane of the rectangular tank
to catch the free surface movements. The high-speed images are
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Fig. 2. Repeatability of the sloshing tests in the medium filling level at 0.69 ®/®, with (a) uncoated and (b) hydrophobic coated surface. P1 and P2 are positioned at
50 mm (A) and 100 mm (B) from the bottom. (c) P2 measurements in two different days at 0.56 w/w, excitation.

acquired at 500 fps. An LED lighting panel is placed in the background of
the tank to ensure the brightness and clarity of the images. The dynamic
pressure acting on the side wall is measured by three water-tight pres-
sure sensors (SHLLJ-PCM300D) ranged between 0 and 0.4 bar and
placed at 50 mm interval from the bottom. HIOKI LR-8500 model DAQ
system is used to collect the pressure signals at a sampling frequency of
200 Hz. Although larger sampling frequency values are recommended
for capturing the maximum peak pressure values ([15], Luo et al. [20]),
Jin et al. [12] stated that lower sampling frequencies are good enough in
capturing the general features of the impact process if the rising time is
not of concern. Before carrying out the experiments, the pressure
transducers were switched between the measuring points to demon-
strate repeatability. Fig. 2a shows pressure—time histories at two mea-
surement points obtained with two different pressure transducers (P1
and P2) on the wall under non-resonance oscillation frequencies. Pres-
sure measurements in each test condition was carried out for 80 corre-
sponding cycles of excitation in order to ensure the steady state dynamic
conditions, and the first 30 cycles were neglected.

Hydrophobic surface is created by applying a chemical coating by

a

Wetproof Inc. creating a micro scale roughness on the test tank surface
without changing the dimensions and the mass of the tank. Measure-
ments of the contact angle in the equilibrium state were taken using the
Theta optical tensiometer from Attention. The measured contact angles
vary between 148 and 160° on the hydrophobic coated surface, which
confirms an apparent angle of around 150° that shows clear evidence of
superhydrophobic behavior on the coated surfaces. During the contact
angle measurements, it was observed that the water droplets roll off the
hydrophobic coated surface when it is tilted with an angle as small as 3°.
This small contact angle hysteresis shows that the dynamic contact angle
is not much different from the static one, which confirms wetting in the
Cassie-Baxter state. When a water droplet hits on a solid surface, the
outcome following impact may be evinced to three different forms,
depending on the surface characteristics and the Weber number
(We = pVy?R /o where p is the density, Vj is velocity, R is the radius of
the droplet and o is the surface tension); spreading, rebounding,
splashing [36]. In order to visualize such an impact under hydrophobic
effects created by the chemical coating in this study, a water droplet is
released from 5 cm height (We = 8-12) to free fall onto the uncoated and

Fig. 3. Free fall of a water droplet from 50 mm on uncoated ® and hydrophobic coated surfaces ™
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Fig. 4. Medium ® > € and high ¢ ® { filling levels at 0.87 w/w;, and 0.76 ®/w, (125 ms ® 4,200 ms ™ ¢, 300 ms & ).

hydrophobic coated surfaces as seen in Fig. 3. On the uncoated surface,
the water droplet sticks to the solid surface (Fig. 3a). Whereas the impact
becomes more elastic on the hydrophobic coated surface due to having
lesser contact area with water, and the water droplet bounces back in the
air i.e. separating from the solid surface (Fig. 3b). In both cases, first, the
droplet shrinks vertically and spreads laterally increasing the surface
area of the droplet after the impact converting the kinetic energy of the
droplet to the surface energy. While the energy is dispersed and
completely transferred to the solid surface in the uncoated case (Fig. 3a),
the increased surface energy cannot overcome the surface tension, and
the droplet acts like an elastic ball with some energy stored within in the
hydrophobic case (Fig. 3b). Having less drag and more elastic collision,
it can be expected that energy balance during sloshing impacts may
change significantly under hydrophobic effects.

3. Results and discussion

In this section, the experimental results obtained in three filling
levels under the effect of various excitation frequencies are presented for
2D monoharmonic uncoated and hydrophobic coated cases in order to
gain some insight into sloshing loads under hydrophobic effects. The
wave run-up, free surface elevation and pressure measurements on the
side wall are generally considered as the most significant characteristics
for comparison of the impact loads, local and global effects in liquid
sloshing. Another phenomenon to be observed in a sloshing event is air
entrapment. As the waves propagate to the other side of the tank, an air
cavity trapped by an overturning wave crest may be observed. Then, this
entrapped air in the wave crest disintegrates into bubbles after the wave
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hits the sidewall. During this stage, the flow becomes aeriated due to
collapsing of the air bubbles, which may affect the impact characteristics
(Wood, [34]). The level of aeration can increase the duration of an
impact i.e. higher pressure and forces acting on the wall [34,19,3]. On
the other hand, some studies reported that the entrapped air may lead to
air cushioning effect [25,24,2]. Before taking into account the hydro-
phobic effects, qualitative analysis of sloshing flow in the experimental
setup is performed using a high-speed camera in Section 3.1 and car-
rying pressure measurements in Section 3.2. The wave run-up along the
side wall is associated with the global loads of sloshing, which affect the
ship motions. The impact pressure on the side walls is associated with
the local loads of sloshing, which affect the tank structure.

3.1. The free surface deformation

Excitation frequency, excitation amplitude and water depth are three
main parameters affecting the free surface deformations [29]. The type
of wave is determined by the vertical and horizontal wave velocity
differences [44]. When the horizontal velocity is greater than the ver-
tical one, a breaking wave is formed. When vice versa, it forms a wave in
the process of breaking. A standing wave occurs when the horizontal
wave velocity is too large. These differences in wave types affect the
magnitude of the impact pressure. The impact pressure is maximum
around the still free surface level in case of the standing and breaking
waves (Kortenhaus et al. [43]). A larger amount of energy of the wave is
used up during the first stages of the impact, then the remaining energy
is spent for the rise-up on the sidewalls. Therefore, pressure magnitude
towards the roof of the tank is decreased. Fig. 4 shows the free surface

Collision before ™

striking to wall

Fig. 5. The effect of oscillation frequency in the medium filling level at 0.87 * and 1.05" w/ay,,
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Fig. 6. The pressure-time histories at P2 under various frequencies in the medium filling level.

elevations and the wave propagation in the medium and high filling
levels at w/w, = 0.87 and 0.76 oscillation rates, respectively in the un-
coated case. The behaviour of the bulk water changes with the filling
level i.e. higher run-up occurs and the wave forms 100 ms later in the
medium filling level (Fig. 4a, b). The progressive wave breaks near the
vertical wall in the medium filling level (Fig. 4c). However, a non-
breaking wave propagates through the tank until hitting the sidewall
in the high filling level (Fig. 4e, f).

Depending on the filling level, sloshing may produce different flow
phenomena. Excitation frequency is another significant parameter
which can alter the wave and impact characteristics on the side wall.
Fig. 5 shows the wave collision on the sidewall at two different excita-
tion frequencies in the medium filling level. The horizontal velocity of
the wave dominates before the impact in both cases. The vertical and
horizontal components of the excited water merge together before the
impact at the higher oscillation level (Fig. 5b). The hammer shock
impact with massive force is blocked from hitting the wall directly due
to the risen water vertically near the side wall. The wave crest collides
with the vertical risen water i.e. dampening some part of the wave en-
ergy before the impact. However, at the smaller oscillation frequency,

a—/,__/

-

——————

the vertical component of the wave velocity is overcome by the hori-
zontal component, then, the hammer shock pressure takes effect where
the wave crest strikes the sidewall (Fig. 5a).

3.2. The pressure distribution on sidewalls

The impact pressures on the side walls during sloshing are repetitive
with random magnitude values and localized in space and time. The
magnitude of pressure on the side walls depends on the excitation fre-
quency and filling level. Fig. 6 shows the pressure-time histories ob-
tained under 16 excitation frequencies in the medium filling level for the
uncoated case. The pressure values are normalized by the static pressure
in the calm water i.e. pgh. The pressure builds up gradually at lower
frequencies. At near-resonance frequencies, sharper peak pressure
values are observed due to larger wave nonlinearities (Fig. 7b,c),
therefore the fluid carries more energy. In the vicinity of the resonance
frequencies (0.87 to 1.16 o/w,), two peaks of pressure are observed, the
first one is as much greater than the second one (Fig. 6). However,
smaller free surface deformations and pressure values are observed at
the lower frequencies (Fig. 7a).

Fig. 7. Snapshots of the impact taken in the medium filling level at 0.77 2, 0.87° and 1.05° o/,
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Fig. 8. The peak pressure values vs. excitation frequencies in low ?, medium ® and high © filling levels.

Other than the peak pressure, duration of the impact is another need to be taken into account just as much as the near-resonance fre-
parameter that affects the structural deflection, and may be dominant on quencies in the design considerations. The side wall is subject to the
the structural damage [3]. Therefore, low oscillation frequencies still sloshing pressure for 0.5 s in one cycle at the higher oscillation

Fig. 9. Snapshots taken at 1.17 ©/o, excitation in the low filling level (UC ® and HC ®).
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Fig. 10. Snapshots taken at 0.87 ®/®, in the medium filling level (UC  and HC b).

frequencies, whereas their duration is tripled at the lower oscillation
frequencies (Fig. 6).

In order to compare the average peak pressure values with respect to
the excitation frequencies varying from 0.54 to 1.45 o/, in the low
filling level, 0.4 to 1.22 ®/®, in the medium filling level and 0.4 to 1.1
®/oy in the high filling level, normalized peak pressure values versus
normalized excitation frequency values are plotted in Fig. 8. The peak
pressure increases and takes maximum values at the near-resonance
frequencies, and it has much lower values in the off-resonance re-
gions. Fig. 8 also compares the experimental measurements with the

theoretical results obtained from the following formulation [13],

-l 1
P=p Z sink,xcoshk, (z + h)[—E,,sinw,t — F,wsinwt] — gAa)xsinwt
n=0

2)
Where p is density, k, = 27, F, =%, | E, = —F,-2, D, =

L won2—w? -

40A-1)" 1
Leosh(knh) k,2*

The discrepancy between the experimental results and the
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SWL

Fig. 11. Snapshots taken at 0.65 /a, in the high filling level (UC  and HC ).

theoretical values in the first mode natural frequencies in Fig. 8 may be
associated with the nonlinear free surface effects and the wall friction
which are not considered in the theory. It can also be noticed in Fig. 8
that the corresponding peak pressure values have similar trends as in the
free surface elevations. It should be noted that the integration of the
local pressure over the side wall may have higher total sloshing-induced
forces acting on the wall in the high filling level despite the lower peak
values.

3.3. The effect of hydrophobicity on free surface deformation

Other than liquid viscosity, excitation frequency and filling level, the
roughness of solid surface or sloping and curving in the tank geometry
are some other parameters that affect the impact characteristics [24]. In
this section, the experiments conducted under hydrophobic effects are
presented. In numerical simulations, hydrophobic and hydrophilic sur-
faces are modelled with respectively free-slip and no-slip body boundary
conditions in the literature. Similarly, for the potential or rotational
inviscid flows, the condition for the non-porous walls is generally the
free-slip (Newmann) condition [10,21]. Luo et al. [21] provides an
extensive review on particle-based Lagrangian mesh free simulations of
wave generation, propagation, breaking and air entrainment. Jin and
Lin, [10] reported that their numerical results with free-slip velocity

boundary condition overestimated pressure amplitude compared to the
no-slip results and the measured data. They also stated that the free-slip
results are also ahead of the measured data in phase. It is also known that
hydrophobic surfaces may reduce the drag due to the slippage created
on solid surfaces. Figs. 9-10 compare the free surface elevations under
the same excitation frequency in the low and medium filling levels,
respectively for the uncoated (UC) and hydrophobic coated (HC) cases.
The horizontal red lines in Figs. 9-10 represent the still water line (SWL),
and the vertical ones divide the tank into halves for comparison.
Different characteristics of wave run-ups, free surface elevations and
wave propagations are observed in the hydrophobic cases. The wave and
the bulk water moves faster in the hydrophobic case due to reduced
drag, and the wave front always stands in a further position at each time
instant. This means that the rising times decreases as similarly seen in a
low viscosity case. In the low filling level, more violent and chaotic fluid
transfer with broken free surface and generation of massive droplets is
observed in both cases (Fig. 9). At the beginning and the end of the
recorded cycle in Fig. 9 e.g. at 0, 202, 432 and 458 ms, it is seen that
some amount of water always remain at the tank bottom in the uncoated
case. Whereas, the tank bottom dries up in the hydrophobic case i.e.
more water is displaced due to reduced drag under hydrophobic effects.
This indicates that the free surface elevations in the hydrophobic case
are ahead of the ones in the uncoated case in phase. In the medium
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Fig. 12. Snapshots taken at 0.76 w/a, in the high filling level (UC ? and HC ).

filling level, wave evolution have different characteristics in the hy-
drophobic case as well. The horizontal component of the wave velocity
surpasses the vertical component at the bottom of the wave crest in the
uncoated case, so it takes the shape of a concave (Fig. 10). This velocity
difference is increased near the sidewall, then the wave crest overturns.
The air is trapped under the wave crest, then the wave hits the sidewall
with entrapped air (Fig. 10 at 316 ms). In this case, the impact is defined
as compression shock [4]. Due to the air pocket, the aerated impact
occurs. Due to collapsing of the entrapped air and the ejection of water,
jet flow rises to the top of the tank with a booming sound [23]. However
hydrophobic surface changes the tangential flows, the wave crest splits,
therefore wave forms without an air cavity i.e. the air can escape at
bottom of the wave crest. As a result, the wave without air hits the

sidewall and this type of impact is called ventilated shock [4].

The wave impact with air bubbles can change the structural response
of a tank [18], especially at the resonance frequency. However, under
hydrophobic effects, the wave tip follows a trajectory without air bub-
bles, therefore, the impact history on the side wall is hydrodynamically
and structurally different from the one with the uncoated surface.
Topliss [30] estimated the air bubble cavitation frequency (f,) for a 2D
cavitation occurring within a free surface region as follows:

£2= 2yp

o 472prilog (ﬁ) ©

where p is atmospheric pressure, y is the specific heat ratio, r is the
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Fig. 13. The water ratio between two vertical halves of the tank during one cycle in the low filling level 2, the medium filling level ® and the high filling level € at

1.17, 0.87 and 0.76 w/w, respectively.

half angle of the air bubble, and h, is the distance of the air bubble from
the free surface.

The cavitation frequency is calculated as 157 Hz in the uncoated tank
under 0.87 w/w, excitation. Severe structural deformations can be ex-
pected based on the wet frequency of the structure, which exceeds the
scope of this study. On the other side, cavity frequency is not an issue in
the hydrophobic case since there is not much visible air cavity. Fig. 11
compares the uncoated and hydrophobic coated cases under 0.65 ®/w,
excitation in the high filling level. The free surface elevation shows not
much difference with slightly calm motion due to less energy transfer
per unit water i.e. less tangential velocity. When the tank is excited at a
higher frequency at 0.76 /oy, the plunging breaker wave propagates
toward the sidewall, but collapses and loses its current shape as it ad-
vances (Fig. 12). The wave crest overturns quickly much before hitting
the sidewall in the uncoated case. However, the wave crest survives
longer in the hydrophobic case, then collapses at the later stages due to
increased elevation and higher velocity resulted from the reduced drag
and slippage on the walls under hydrophobic effects. As seen in Fig. 12,
the onset of excited water steepens higher and the impinging of the
water crest is weaker under hydrophobic effects.

In order to compare the amount of water in two identical vertical
halves in Figs. 9-10-12, the amount of water in both halves for a single
cycle are measured via an image processing software and their ratio are
plotted against time in Fig. 13. Hydrophobicity plays different role
depending on the filling level. In the low filling level (Fig. 13a), there are
more water accumulated on the run-up side (left half) in the hydro-
phobic case at the beginning of the cycle. When the bulk water moves to
the right, more water translates to the right and less water remains on

the left half in the hydrophobic case, so that the ratio gets larger than the
one in the uncoated case. Whereas in the medium filling level (Fig. 13b),
almost the same amount of water is accumulated on the run-up side (left
half) in both cases at the beginning of the cycle. As the bulk water moves
to the right, more water is accumulated on the right half and less water
remains on the left half in the hydrophobic case. Similarly in the high
filling level, hydrophobicity causes faster water transfer to the other side
of the tank (Fig. 13c). This indicates that hydrophobicity promotes wave
elevations due to reduced drag and slippage.

3.4. The effect of hydrophobicity on the impact pressure

Free surface deformations have major effects on hydrodynamic loads
in tanks during sloshing. Hydrodynamic loads can be estimated using
the linear theory and the equation pg(h + H), where H is the wave crest
elevation for a non-steep wave [24]. Fig. 11 presents this type of wave
impact i.e. similar non-steep wave crest elevation in both uncoated and
hydrophobic cases. Therefore, hydrodynamic loads are expected to be at
the same level. However, impact histories seen in Figs. 9, 10 and 12 may
result in different hydrodynamic loadings that can be measured in
pressure time histories. Although the excitation signal is sinusoidal, the
measured pressure signal on the side wall is not, and the peak values are
random.

Pressure values obtained at each pressure sensor location on the
sidewall are associated with the wave propagation. Due to the alter-
ations in the formation and evolution of the free surface elevation under
hydrophobic effects, impact pressure characteristics are different in the
hydrophobic case. Lower peak pressure values are obtained at the SWL

10
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and below the SWL (P1, P2) in the hydrophobic case. Drag is reduced
and the flow kinematics are altered when hydrophobicity is present
(Fig. 13b). The reason for a lower peak pressure may be due to the
collision being more elastic and/or having less air bubbles in the hy-
drophobic case (Fig. 10 at 316 ms and 348 ms, horizontal red line is at
P2). This indicates that an interesting suppression effect on impact loads
could be achieved by hydrophobicity, although the free surface

11

elevations are increased and ahead of the ones in the uncoated case in
phase (Fig. 13). This reduction is expected to be less significant in the
high filling levels.

Fig. 14 compares the pressure—time histories of a single cycle for the
uncoated and hydrophobic coated tanks in the high filling level under
1.02 /0, excitation. Under near-resonance excitation, there exists two
peaks of pressure at the P1 and P2 levels in the uncoated case only. As
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Fig. 17. Pressure-time history at P1%, P2°, and P3¢ in the high filling level at 0.76 /o,

stated by Peregrine et al., 2003, Zou et al., 2015, [10], the first peak
corresponds to the maximal acceleration of external excitation, thus
large vertical and zero horizontal velocity due to wave run-up. The
second peak is due to receding water towards down. Although the sec-
ond peak is not observed in the hydrophobic case, due to tangential flow,
hydrophobicity does not create much difference in the peak pressure
values obtained at the P1 and P2 levels (Fig. 14a, b). However, larger
peak pressure values are obtained at the highest measurement location
(P3) in the uncoated case.

The pressure-time history at P1 in the low filling level is presented
for 25 s in Fig. 15. As seen in Fig. 15, peak pressure values measured in a
sloshing event exhibit considerable randomness. In the low filling level,
a phase shift in the pressure history is observed after the third cycle in
the hydrophobic case i.e. there is a delay in cycles due to larger amount
of water transferred to the sides (Fig. 9, Fig. 13a) in the hydrophobic
case. However, this phenomenon is different at higher filling levels
(Figs. 16-17) i.e. pressure is shifted by around 0.4-0.5 s in the opposite
direction in the hydrophobic case i.e. cycles are ahead in the hydro-
phobic case. This characteristic is also observed in Figs. 10 and 11 due to
faster energy transfer in the hydrophobic case.

The average peak pressure values in both cases (UC, HC) in all filling
levels are plotted with respect to the excitation frequencies (0.4 to 1.5
0/my) in Fig. 18. It can be observed in Fig. 18b that hydrophobicity
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decreases significantly the average peak magnitudes of sloshing loads in
the medium filling level at near-resonance frequencies, although
random peak pressure values may be interchangeably larger in both
cases. Moreover, slightly smaller differences in average peak values are
observed in the high filling level, especially at near-resonance fre-
quencies (Fig. 18c), and the effect of hydrophobicity on peak pressure
values may vary at different measurement locations. However, in the
low filling level, hydrophobicity does not create much differences in
peak values (Fig. 18a). Fig. 18 also shows that the resonant frequencies
are not shifted under hydrophobic effects.

4. Conclusions

In the present study, an experimental investigation have been carried
out to explore and characterize the effects of hydrophobicity in liquid
sloshing. Experiments have been performed in a rectangular tank under
various sway excitations and filling levels. The hydrophobic coated
surfaces exhibited strong superhydrophobicity with the contact angles
varying between 148° and 160°. Based on the comparison of the free
surface profiles and the pressure-time histories obtained, it is shown
that free surface elevations, wave run-ups and magnitude and charac-
teristics of sloshing induced pressures are significantly altered when
hydrophobicity is present, especially at near-resonance frequencies. The
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main conclusions drawn from the findings of this experimental study are
as follows:

Due to its reduced drag and slippage effect on solid walls, hydro-
phobicity increases the free surface elevations and the wave run-ups
along the side walls resulting in more and faster water transfer to the
other side of the tank. This may negatively affect the interaction be-
tween liquid sloshing in ship tanks and ship motion.

Resulting in an elastic collision, hydrophobicity causes reduction in
the impact pressures, therefore have strong sloshing suppressing effects
at near-resonance frequencies without shifting the natural frequency.
This reduction in sloshing loads provides improvement on the structural
characteristics of liquid tanks without adding extra weights or structures
e.g. baffles.

The free surface elevations and the wave propagation in the medium
filling level is the strongest with higher run-ups, progressive wave
breakings. Therefore, hydrophobic effects are more dominant in
reducing the impact pressures e.g. no overturning of wave crests in the
medium filling level.

13

There is no second peak observed in the pressure histories at near-
resonance frequencies in the high filling level under the hydrophobic
effects indicating that the impact history on the side walls is hydrody-
namically and structurally different from the uncoated ones.

Violent sloshing still occurs near the theoretically determined reso-
nance frequencies but with smaller impacts and less disturbed free
surface under hydrophobic effects.

It is concluded from this study that hydrophobic surfaces cause a
reduction in sloshing loads with increased free surface elevations.
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