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ABSTRACT

We conducted an experimental study on the vortex-induced vibration (VIV) dynamics of cylinders featuring a specific superhydrophobic
band. The superhydrophobic band refers to the pattern where the cylinder’s surface is featured with equispaced bands of normal surface and
superhydrophobic coating in an alternate manner. The experiments were conducted over a range of reduced velocities from Ur¼ 3 to 11, cor-
responding to Reynolds numbers between 1500 and 5900. To capture the near-field wake of the cylinders, a time-resolved particle image
velocimetry (TR-PIV) system was employed, while the hydrodynamic forces were acquired using a six-component load cell. We found that
the fully coated cylinder consistently displays the smallest amplitude of oscillation in the VIV initial branch, achieving a maximum reduction
of approximately 38.9% at Ur¼ 5.0. Upon applying a superhydrophobic coated band, the patterned cylinder experiences a substantial
enhancement in VIV amplitude (about 22.5% at Ur¼ 5.0) compared to the normal cylinder. On the other hand, in the VIV lower branch,
the patterned cylinder effectively suppresses oscillation, whereas the fully coated cylinder exhibits slightly larger oscillation amplitudes than
the normal cylinder. This finding agrees well with the trend of lift forces. The analysis of phase-averaged flow structures suggests that this dif-
ference can be attributed to the delayed vortex shedding from the superhydrophobic surface and the emergence of three-dimensional vortex
structures created by the superhydrophobic band.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0159879

Flow-induced vibration (FIV) poses significant challenges in vari-
ous structures, including cooling towers, high-rise buildings, and heat
exchangers, due to its potential for fatigue, reduced lifespan, and cata-
strophic failures. To tackle these challenges, researchers have devel-
oped various methods to manipulate the dynamic response of bluff
bodies, including active control techniques like rotation, jets, and
plasma actuators, and passive control approaches, such as surface
modification and the attachment of small rods or fin.1–8 For a compre-
hensive exploration of passive control methods, we recommend
consulting the most recent review papers.9–13 Inspired by the water-
repellent characteristics of lotus leaves, superhydrophobic surfaces
have emerged as a viable mean for altering surface properties.14 Since
the surface properties can significantly influence the surface flow,
some studies have been conducted to explore the effectiveness of
hydrophobic surfaces in force reduction and vortex-induced vibration
(VIV) suppression for cylinders.15–24

For fixed cylinders, You and Moin15 conducted numerical inves-
tigations on the effects of hydrophobic surfaces by alternating slip and

no-slip bands. They observed reductions in the drag and fluctuation
lift, with the maximum reduction reaching 8.0% and 21.1%, respec-
tively. Muralidhar et al.18 further experimentally examined the impact
of partial-slip conditions on flow past superhydrophobic circular cylin-
ders. They found that superhydrophobic bands extended recirculation
length and delayed vortex shedding onset. Kim et al.21 confirmed the
above observations. Their results indicated that the local hydrophobic
coatings showed the most effective hydrodynamic control when
applied near the cylinder’s separation point. Recently, Sooraj et al.24

also observed a maximum drag reduction of 15% at the Reynolds
number Re¼ qU1D/l¼ 860, where q, U1, D, and l are the water
density, incoming velocity, diameter, and dynamic viscosity of water,
respectively. These studies collectively highlighted the potential of
using hydrophobic surfaces in force suppression of fixed cylinders.
However, till now rare literature focused on the effects of the superhy-
drophobic surfaces on elastically supported cylinders. However, only
Daniello et al.19 experimentally investigated the influence of superhy-
drophobicity of a VIV circular cylinder at 1300�Re� 2300. They
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found that superhydrophobicity could diminish lift fluctuation and
oscillating amplitude by up to 15% without affecting drag or natural fre-
quency. Their PIV measurements indicated that superhydrophobicity
increased the length and width of the vortex formation length as well as
the intensity of shedding vortices, thus decreasing the VIV amplitude.

As indicated in the previous studies, the superhydrophobic sur-
face can be regarded as a slip wall, resulting in an elongated recircula-
tion zone behind the cylinder. Consequently, when fully coated with a
superhydrophobic layer, a cylinder exhibits reduced vibration-induced
vibration (VIV) in comparison with an uncoated cylinder. On the
other hand, our recent studies indicated that modifying the cylinder’s
surface with a wavy pattern also contributes to VIV mitigation, espe-
cially when the spanwise wavelength is around 1.8D.7 This wavy cylin-
der’s control mechanism can be elucidated by reducing the spanwise
stability of vortices shed from a three-dimensional cylinder. This alter-
ation effectively breaks down large, strong vortices into smaller, dis-
crete vortices, thereby enhancing the dissipation of wake energy. Thus,
in the present study, our objective is to explore the synergy of these
two control mechanisms on VIV control by applying alternating
superhydrophobic bands on the cylinder’s surface.

Three aluminum circular cylinders with diameter D¼ 22mm and
length L¼ 440mm were manufactured for the experiment, including a
normal cylinder (without coating, kz/D¼ 0), cylinders with a superhydro-
phobic band at kz/D¼ 1.8, and a fully coated cylinder (kz¼1), as shown
in Figs. 1(a) and 1(b), where kz denotes the wavelength of the band. The
coating process for the tested cylinders is as follows: first, Glaco25 was uni-
formly sprayed onto the cylinders. Second, the cylinders were dried in an
oven at 100 �C for a duration of 1h. Third, steps 1 and 2 were repeated
two additional times. The contact angles of the normal and superhydro-
phobic surfaces were measured using the tangent method,22,25 as shown
in Figs. 1(c) and 1(d). The advancing and receding contact angles for the
superhydrophobic painted surface were determined as ha¼ 173�6 2�

and hr¼ 169�6 2�, respectively. These measurements align reasonably
well with those reported by previous studies.21,24,25 The contact angle of
the normal surface was approximately 81�6 2�.

The dynamic response measurement was conducted in a closed-
loop water channel with flow speed ranging from 0.05 to 4.00 m/s.

Figure 1(e) illustrates the test rig, where a cylinder is vertically placed
at the center of the test section. This results in a blockage ratio of 7.3%,
slightly surpassing the critical value of 5%, as advised by Holmes.26

However, Lei et al.27 and Lei and Sun28 indicated that the experimental
results were still very close to the theoretical predictions even when the
blockage ratio reached 13.0%. This suggests that our experimental data
remained compelling without involving any correction. The combined
mass of the cylinder and its supporting shaft was approximately
m¼ 9.0 kg, corresponding to a mass ratio of m�¼ 4m/pqD2L� 52,
where q denotes the water density. Through free decay tests, the sys-
tem’s structural damping was determined as f¼ 1.35� 10�3, resulting
inm�f¼ 0.07. Due to such a large mass ratio, the effect of added mass
is marginal. Thus, the difference between the natural frequency of
cylinder in air and water is less than 1.7%, i.e., fN ¼ fN,water
� fN,air¼ 1.1Hz. During the experiments, the incoming flow velocity
varies from 0.07 to 0.27 m/s, corresponding to a reduced velocity
Ur¼U1/fND¼ 3 �11 (1500<Re< 5900). The upper end of the cyl-
inder is connected with a load cell (ATI Mini-40) to measure the force.
We capture the force signals using an analog-to-digital (A/D) con-
verter (NI 9220) with a sampling rate of 2 kHz. To obtain the hydrody-
namic force experienced by the cylinder, the inertial force should be
subtracted from the measured force. To capture the cylinder’s motions
and its near wake synchronously, a high-speed camera (Photron Mini
UX100) is employed from the side, which takes images through a 45�-
inclined mirror placed underneath the water tunnel [Fig. 1(e)]. To
minimize the experimental uncertainty, we performed four indepen-
dent runs, with each run lasting over 180 s.

Figure 2(a) presents the VIV amplitude y� as a function of
reduced velocity Ur (¼U1/fND) for various selected cylinders. It is evi-
dent that all tested cylinders oscillation VIV at a similarly reduced
velocity Ur¼ 3.9. Their VIV responses can be further divided into two
branches: an initial branch characterized by a sharp increase in oscilla-
tion amplitude and a lower branch where the amplitude gradually
decreases from its peak values to zero. This behavior is in line with
previously reported findings with comparable m�f values.29–32 In the
initial branch, the fully coated cylinder consistently exhibits the small-
est y� among all cases, with a maximum reduction of approximately

FIG. 1. Schematics of (a) a normal cylinder without any coating; (b) a patterned cylinder with alternating superhydrophobicity bands, i.e., its surface is featured with equispaced
bands of normal surface and superhydrophobic coating in alternate manner; (c) and (d) contact-angles for the normal and patterned cylinder, respectively; and (e) schematic of
the test rig and TR-PIV system used in a water channel. The close-up view on the top left corner of Fig. 1(b) is to indicate the bubbles (air interface) on the superhydrophobic
surface of cylinder, which can be regarded as a partial slip boundary condition.
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38.9% at Ur¼ 5.0. This observation confirms the findings of Daniello
et al.19 who attributed this phenomenon to the ability of the superhydro-
phobic surface to postpone the onset of vortex shedding, thus reducing
the lift fluctuation and oscillation amplitude.When the superhydrophobic
coated band is applied, the patterned cylinder experiences a significant
enhancement in y� (around 22.5% at Ur¼ 5.0) compared to the normal
cylinder. In the lower branch, it is clearly found that the patterned cylin-
der exhibits a considerably smaller y� compared to the normal cylinder.
Conversely, the fully coated cylinder shows a slightly larger y� than the
normal cylinder. These observations indicate that the VIV amplitude
curve for the patterned cylinder shifts toward lower Ur values, whereas
the fully coated cylinder experiences a shift toward higherUr values.

Lift fluctuation is a significant driving factor of fluid-induced
vibration. Figure 2(b) shows the relationship between the root mean
square value of lift coefficient (Clrms) and the reduced velocity (Ur). In
the absence of oscillation, Clrms remains consistently low for all cases,
around 0.1, where the fully coated cylinder consistently exhibits the
lowest value of Clrms � 0.08. However, with the onset of oscillation,
Clrms of all the cases sharply increases, reaching a peak value.
Especially, both the normal cylinder and the patterned cylinder exhibit
their peak Clrms values (Clrms¼ 1.12 and Clrms¼ 1.16, respectively) at
Ur¼ 5.0. However, the fully patterned cylinder experiences a mini-
mum peak value of Clrms¼ 0.91 at a slightly larger Ur¼ 5.3. As the
freestream velocity continues to increase, the oscillation response of
various cylinders stepped into the lower branch where Clrms decreases
sharply until Ur¼ 7.0. After that, it gradually decreases further from
Clrms¼ 0.12. At the start of this branch, the patterned cylinder consis-
tently displays slightly lower Clrms values, while slightly higher Clrms

values are observed for the fully patterned cylinder. Until Ur¼ 7.0, the
difference among these selected cases is almost invisible. Overall, the
general trend of Clrms closely follows the variations of y

�.

Due to the large mass ratio of our system (m�¼ 52), the displace-
ment oscillation frequency response remains close to fy

� ¼ fy/fN� 1.0
for all tested cases across the entire lock-in regime. This observation
aligns with the previous studies.5,33 Figure 2(c) further displays the
normalized frequency (fcl

�) of the lift force plotted against the reduced
velocity (Ur) for the selected cases. It is evident that the patterned cyl-
inder exhibits the narrowest lock-in range (fy

�� fcl
� � 1) among all the

tested cases. It suggests that the lift and vibration of the patterned cyl-
inder desynchronize with each other earlier than the other cases,
which may be one reason for the least oscillation amplitudes observed
in its lower branch. Conversely, the fully coated cylinder demonstrates
a slightly wider lock-in range, leading to the largest oscillation ampli-
tude in the lower branch.

Following the assumption used in Bearman34 and Khalak and
Williamson,33 the transversal oscillation displacement y(t) and the lift
force F(t) can be seen as a harmonic response of linear oscillator; hence,

FðtÞ ¼ F0 sin ð2pft þ /Þ; (1)

yðtÞ ¼ y0 sin ð2pftÞ; (2)

where F0 and y0 are the amplitude of the lift force and transversal oscil-
lation displacement, respectively; f is to describe the vibration and lift
frequency; and / is the phase difference between hydrodynamic force
and oscillation displacement. To maintain the energy for VIV, the
energy transferring from the flow to the elastic-supported cylinder can
be expressed as

E ¼
ð1=f
0

FðtÞ _yðtÞdt ¼ pF0y0 sin/: (3)

The normalized form of the energy transferred from the wake is
given as

FIG. 2. (a) The oscillation amplitude y�,
(b) the rms lift coefficient Clrms, and (c) the
dimensionless frequency of the lift force
(fCl
�¼ fCl /fN) of the selected cases vs

reduced velocity Ur.
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E� ¼ py0Cl0 sin/; (4)

where Cl0 is the amplitude of the lift coefficient. According to Eq. (4),
it can be seen that the oscillation response does not directly depend on
the lift force, but the lift force in phase with the body velocity, i.e., Cl0
sin /, which is usually seen as a “negative fluid-dynamic damping”
induced by the flow structures.31 To better understand the dynamic
response of various cylinders, we plotted the phase difference between
lift force and oscillation displacement and the energy transferred from
flow structure E with a function of the reduced velocity Ur for them,
respectively. Here, the value of / is determined as /¼ arccos R(Cl, y),
where R(Cl, y) represents the correlation coefficient between the lift
force Cl and the oscillation displacement y.

As shown in Fig. 3(a), at the onset of VIV (Ur � 5.1), / under-
goes a sudden transition from approximately 0� to around 170�, indi-
cating the occurrence of lock-in phenomena. Subsequently, as the flow
velocity enters the lower branch (5.3<Ur� 10.1), / gradually
decreases to around 90�. In the initial branch, compared with the nor-
mal cylinder, the fully coated cylinder exhibits lower / values, while
the patterned cylinder shows slightly higher / values. The opposite
sceneries are observed in the first half of the lower branch, i.e.,
5.3<Ur� 7.5. With the velocity further increasing, their differences
in / become marginal. Regarding the energy transferred from flow E�,
as illustrated in Fig. 3(b), the patterned cylinder consistently demon-
strates the most pronounced E�, yielding the largest vibration ampli-
tude in the initial branch. In contrast, the fully coated cylinder exhibits
the least E�, reflecting oscillation suppression. In the lower branch, the
patterned cylinder manifests the lowest E�, corresponding to the least
oscillation amplitude. Conversely, the fully coated cylinder enables
enhanced energy transfer from the flow to the elastically supported
structure, resulting in the largest oscillation amplitude among all the
selected cases.

In order to examine the near wake of the cylinders, particle image
velocimetry (PIV) measurements were performed in the mid horizon-
tal plane for both the normal and fully coated cylinders. For the pat-
terned cylinder, PIV measurements were conducted in three planes:
the normal, the fully coated, and the interface between them. Two typ-
ical values of reduced velocity, namely, Ur¼ 5.0 and 8.4, were chosen
because they showed substantial differences in VIV amplitude in the
initial and lower branches, respectively.

Figure 4 presents a sequence of phase-averaged vorticity fields
over half a cycle at Ur¼ 5.0. It is evident that the cylinders shed alter-
nating single positive and negative vortices, resulting in the classical 2S

vortex mode downstream of the cylinder [Fig. 4(a)]. This finding
aligns with the studies conducted by Wang et al.35 and Williamson
and Govardhan.36 For the fully coated cylinder and patterned cylinder,
the 2S vortex mode can still be observed, as depicted in Figs. 4(b)–4(e).
However, some differences exist between these two cases. Notably, as
indicated in Fig. 4(b), the strength of the positive and negative vortices
in the fully coated cylinder is weaker compared to the normal cylinder.
Additionally, the vortices in the fully coated cylinder exhibit delayed
development. These observations suggest that the presence of superhy-
drophobic surfaces suppresses and delays vortex formation on the fully
coated cylinder. This phenomenon corroborates the findings reported
by Legendre et al.16 and Sooraj et al.24 on fixed cylinders. In addition,
the distance between the center of the negative and positive vortex,
which indicates the VIV amplitude, exhibits a reduction in the fully
coated cylinder relative to that of the normal cylinder at various
instances. Regarding the patterned cylinder, the wake in the coated
cross section also experiences delayed development compared to the
normal cross section [Figs. 4(c) and 4(e)]. The interface cross section
between these two sections exhibits an intermediate wake distribution
compared to the coated and normal cross sections [Fig. 4(d)]. These
observations indicate the three-dimensionality of the flow structures
associated with the 1.8D patterned cylinder.

Figure 5 shows the phase-averaged vorticity profiles of the nor-
mal, fully coated, and patterned cylinders at Ur¼ 8.4. It can be found
that all the cases generate a pair of positive and negative vortices dur-
ing each half cycle, leading to the emergence of the well-established 2P
vortex shedding mode. Williamson and Govardhan36 noted a compa-
rable wake distribution in the lower branch when investigating the
dynamic response of an elastically supported circular cylinder.
Furthermore, in comparison with the normal cylinder, the fully coated
cylinder exhibits an increased distance between the positive and nega-
tive vortices, indicating a notable amplification of vibration amplitude
[see Figs. 5(a) and 5(b)]. This finding is consistent with the observed
similarity between the oscillation and lift forces, as depicted in Fig. 2.
Regarding the patterned cylinder, distinct differences become apparent
when comparing the three analyzed cross sections [see Figs.
5(c)–5(e)]. This implies the presence of intricate three-dimensional
flow patterns, akin to those observed in Figs. 4(c)–4(e). Furthermore,
when compared to standard or completely coated cylinders, the gap in
the cross-stream direction between the positive and negative vortices
is reduced within this particular patterned arrangement. This suggests
a suppression of oscillations for the patterned cylinder.

FIG. 3. (a) The phase difference between
hydrodynamic force and oscillation dis-
placement /, (b) energy transferred from
flow to structure over one cycle E� of the
selected cases vs reduced velocity Ur.
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In summary, the effects of the superhydrophobicity on the VIV
amplitude, hydrodynamic forces, and wake structures are experimen-
tally investigated with three typical cylinders, including a normal cylin-
der (without coating, kz/D¼ 0), a cylinder with the superhydrophobic
bands at kz/D¼ 1.8, and a fully coated cylinder (kz¼1). The present
investigation leads to the following conclusions.

(1) All tested cylinders exhibit oscillations at a similarly reduced
velocity (Ur¼ 3.9). Their amplitude responses can be further
divided into two branches: an initial branch characterized by a
sharp increase in oscillation amplitude and a lower branch
where the amplitude gradually decreases from its peak values to
zero.

FIG. 4. Phase-averaged vortex patterns around selected cylinders (a) normal (b) fully coated (c)–(e) 1.8D patterned cylinder (kz/D¼ 1.8) in the normal, interface and fully
coated part, respectively, at Ur¼ 5.0 where (i)–(iii) correspond to the location of the oscillating cylinder at y�¼�y0, 0, and y0.
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(2) The superhydrophobic nature of the fully coated cylinder delays
the onset of vortex shedding, resulting in a shift of the oscillation
response to higher reduced velocities compared to the normal cyl-
inder. In the initial branch, this coating effectively suppresses the
VIV of the cylinder and reduces its hydrodynamic forces, albeit
with slightly larger values observed in the lower branch. The maxi-
mum VIV amplitude and Clrms (root-mean-square lift coefficient)

of the fully coated cylinder can be decreased by approximately
38.9% and 11.2%, respectively.

(3) The VIV amplitude versus reduced velocity (Ur) curve for the
patterned cylinder exhibits a significant shift toward lower Ur

values. Consequently, in the initial branch, the patterned cylin-
der experiences an increase of approximately 22.5% and 10.7%
in the maximum VIV amplitude and Clrms, respectively.

FIG. 5. Phase-averaged vortex patterns around selected cylinders (a) normal (b) fully coated (c)–(e) 1.8D patterned cylinder (kz/D¼ 1.8) in the normal, interface, and fully
coated part, respectively, at Ur¼ 8.4 where (i) to (iii) correspond to the location of the oscillating cylinder at y*¼�y0, 0, and y0.

Applied Physics Letters ARTICLE pubs.aip.org/aip/apl

Appl. Phys. Lett. 123, 101603 (2023); doi: 10.1063/5.0159879 123, 101603-6

Published under an exclusive license by AIP Publishing

 11 July 2024 03:57:51

pubs.aip.org/aip/apl


Conversely, in the lower branch, the maximum VIV amplitude
and Clrms of the patterned cylinder decrease by approximately
65.7% and 20.3%, respectively. These changes can be attributed
to the three-dimensional flow structures revealed in the phase-
averaged data analyses.

This research highlights the effectiveness of patterned super-
hydrophobic surfaces in VIV suppression, revealing their potential
in real-world applications, such as marine structures, underwater
cables, and related areas. However, owing to the equipment con-
straints, only two-dimensional PIV measurements are conducted
on selected cylinders. More work will be done to explore the three-
dimensional wakes and the dynamic response of various patterned
cylinders in the future.

See the supplementary material for details the video intends to
visually present and compare the flow dynamics of water passing over
both the superhydrophobic and normal surfaces of the 1.8D patterned
cylinder.
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