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Abstract
In the present study, the effects of superhydrophobic surface
on the flow around a NACA0012 hydrofoil are experimentally
investigated at ultra-low Reynolds number range of 0.2–1.0 × 104.
The velocity fields were measured using two-dimensional particle
image velocimetry in a water tunnel while varying the angle of
attack from 0 to 20 degrees. The spray-coating of hydrophobic
nanoparticles

is

used

to

create supherhydrophobic

surfaces.

Depending on the Reynolds number and angle of attack, we found
that the effects of superhydrophobic surface show up differently,
which is determined by the relative strength of perturbation caused
by both the surface slip (trapped air layers) and roughness,
compared to that of background (i.e., uncontrolled) flow. In general,
the superhydrophobic surface has a little influence on the wake
behind a hydrofoil when the angle of attack is very low (attached
flow) and high (fully separated flow). At intermediate angles of
i

attack, the flow over superhydrophobic surface has more turbulence
and thus the enhanced shear layer instability causes the early
vortex rollup in the wake and reduction of vortex formation length.
Interestingly, there is a transitional range of angle of attack, in
which this effect is reversed and thus the vortex rollup is slightly
delayed. This trend can be explained based on the changes in the
uncontrolled flow structures and we propose a classification of
effects in terms of Reynolds number and angle of attack.

Keyword : Superhydrophobic (SHPo) surface, hydrofoil, turbulence
intensity, particle image velocimetry
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Chapter 1
Introduction

As an effective method to control the flow around a body for
the purpose of achieving various goals such as a drag reduction,
heat transfer enhancement, and so on, the modification of the
surface morphology of the body has been investigated for a long
time (Gad-el-Hak 1989; Jiménez 2004; Choi et al. 2008, 2012).
For example, two- (or three-) dimensional grooved (called riblet)
surfaces that are simplified from the specific pattern on the skin of
fast-swimming sharks have been widely investigated to reduce the
skin-friction drags in turbulent flows (Choi et al. 1993; Bechert et

al. 1997). Compared to active flow control methods that require
additional energy input and some passive ones that may involve
significant geometric modifications to achieve reasonable results, it
is known that even small-sized surface features (i.e., roughness)
can induce significant hydrodynamic changes in the flow over them
(Gad-el-Hak 1989; Choi et al. 2008). Among various attempts to
optimize the patterned surface depending on the problems, on the
other hand, the combination of micro/nano-scaled roughness and
chemical treatments to enhance the anti-wettability (so-called
superhydrophobic

(SHPo)

surfaces)

has

received

explosive

attentions recently as a promising flow control method (Rothstein
2010). Due to the strengthened hydrophobicity, the air pockets
(so-called plastrons) are captured between roughness’s features
when those surfaces are fully immersed under water. While the
stable retention of air pockets against the various environmental
１

factors is one of the critical on-going issues (Lee and Kim 2011;
Ochanda et al. 2012), the stably maintained fluid slip occurring at
the air-water interface has been expected to provide various
hydrodynamic functionalities. As can be imagined, most of the
previous studies have tried to apply SHPo surfaces to reduce the
viscous skin-friction drags in laminar and turbulent wall-bounded
flows, based on the idea that the slip typically quantified as a slip
length (Lauga and Stone 2003) at the interface, would reduce the
wall shear. In laminar flow, this approach has been well proved
experimentally,

also

being

agreed

well

with

the

theoretical

estimation of drag reduction as a function of slip length (Lee et al.
2016). In turbulent flows, in addition to this direct effect from
surface slip, it has been experimentally and numerically shown that
the SHPo surfaces attenuate the near-wall turbulence significantly,
as well, to provide a substantial drag reduction while increasing our
expectations (Daniello et al. 2009; Aljallis et al. 2013; Park et al.
2014; Bidkar et al. 2014). Encouraged by these results, more
detailed physics underlying the wall-bounded flows over SHPo
surfaces such as a slip length model (Jung et al. 2016), near-wall
flow statistics (Ling et al. 2016), and critical conditions and
methods to keep the air pockets (Piao and Park 2015), are now
being investigated vigorously.
In addition to the control of boundary-layer flows, several
recent studies have used non-wetting slip surfaces to control the
flows around a bluff or streamlined body for the purpose of delaying
flow separation and/or reducing the pressure (form) drag on the
body. From numerical simulations, it was shown that by applying a
slip boundary condition at the surface, it is possible to postpone the
onset of vortex shedding (i.e., increase of critical Reynolds number)
２

(Legendre et al. 2009) and also delay the flow separation (You and
Moin 2007) on the flow around a two-dimensional circular cylinder
at relatively low Reynolds numbers of Re ~ O(102-103). As a result,
the drag and lift fluctuations were found to decrease due to the slip
on the surface. Gruncell et al. (2013) investigated a laminar flow
around a SHPo sphere (at Re ~ 100), with airflow inside the cavity
is simulated together, and showed that the resulting surface slip
suppresses the flow separation and reduces a drag. These were
further extended experimentally as well. For example, Muralidhar

et al. (2011) applied SHPo surfaces with organized roughness
patterns onto a circular cylinder and investigated their effect the
wake flows at low Re ~ O(102). Similar to the numerical results, a
delay

of

flow

separation

and

reduction

of

vortex-shedding

frequency is achieved. Daniello et al. (2013) measured that the
SHPo surface reduces the root-mean-square (rms) lift fluctuations
up to 15% at Re = 1300–2300. Brennan et al. (2014) obtained
about 20% drag reduction on a circular cylinder coated with
hydrophobized sand with a grain size of about O(100 μm) at Re =
1–3 × 104. Recently, Kim et al. (2015) considered various methods
(spray-coating

of

hydrophobic

nanoparticles

and

roughened

Teflon) to examine the effects of size and direction of surface slip
on the flows around a circular cylinder at Re = 0.7–2.3 × 104.
They found that the mechanisms of the flow separation delay and
early vortex roll-up in the wake are the enhanced turbulence in the
flows above the circular cylinder and along the separating shear
layers. As a result, the size of the recirculation bubble in the wake
was reduced by up to 40% and about 10% drag reduction was
obtained.
Compared to rich attempts to control the boundary layer flows
３

and flows around a bluff body, there are only a few studies that
investigated the effects of SHPo surfaces on streamlined bodies.
Balasubramanian et al. (2004) measured about 10% drag reduction
on a three-dimensional ellipsoidal body with SHPo coatings at Re ~
105; and Gogte et al. (2005) obtained 2-18% drag reduction on a
SHPo Joukowski hydrofoil (maximum thickness to chord length
ratio is 0.25) at Re = 0.15–1.1 × 104 while the drag reduction ratio
deceases with increasing Re. However, these studies considered
only zero angle of attack and detailed investigations on the flowfield modification due to SHPo surfaces are lacking. It is well known
that as a function of angle of attack, the flow around a streamlined
body would dramatically change from the one that is similar to the
typical wall-bounded flow (e.g., boundary-layer and channel flows)
to that whose characteristics are close to the bluff body wakes.
Thus, it will be meaningful to examine how the effects of
superhydrophobic surfaces on a hydrofoil would change according
to the flow regime (i.e., angle of attack).
Therefore, in the present study, we experimentally investigate
the effects of SHPo surfaces on a NACA0012 hydrofoil at low
Reynolds numbers of O(103-104), using particle image velocimetry
measurements. In particular, we focus on understanding the detailed
hydrodynamic effects that the applied SHPo surfaces have on the
flow fields with changing the angles of attack from 0 to 20 degrees.
Since our goal is to clearly understand the effects of stably retained
air pockets between the solid surface and water flow, relatively low
Reynolds number regime was chosen to avoid unwanted depletion of
trapped

air

layers

during

the

experiments. To

further our

knowledge, we also test the intentionally wetted surfaces (i.e.,
without air pockets between roughness’s but keeping the same
４

surface roughness), and evaluate the subsequent effects. We
believe that this study will enhance our understandings on the flow
physics related to the SHPo surfaces that are to be applied to
various geometries for flow control.

５

Chapter 2
Experimental Setup and Procedures

2.1. Water-tunnel facility for particle image velocimetry
The experiments are conducted in a water tunnel of which
acrylic test section is 600 mm × 80 mm × 80 mm as shown in
figure 2.1. The water flows with the velocity of 0.1 to 3 ms-1. The
free-stream flow has a little turbulence which intensity is about
1.0% at 0.25 ms-1. An aluminum hydrofoil is set vertically for 400
mm apart from the inlet. We chose NACA0012 shape as a crosssectional profile of the hydrofoil to neglect the effect of camber. Its
chord length is 20 mm and the blockage ratio is less than 9%.
Corresponding Reynolds number depending on the chord of the
hydrofoil and the viscosity of the water is 0.2-1 × 104. The angles
of attack of the hydrofoil are 0-20° confirmed by the captured
images during velocity measurements.
To measure the flow velocity field around the hydrofoil, twodimensional digital particle image velocimetry is used (figure 2.1).
The hollow glass particles (HGS-10, Dantec Dynamics) seeded in
water are illuminated by a continuous-wave (CW) laser with 532
nm wavelength (RayPower 5000, Dantec Dynamics). A high speed
camera (NX5, IDT Inc.) with a 108 mm lens and a green optical
filter obtains images in a two-dimensional plane at the mid-span of
the hydrofoil. The field of view has a range of -2.0≤x/c≤2.0 in a
streamwise direction and -0.5≤y/c≤0.5 in a vertical direction and
corresponding resolution is 2336 × 720 pixels. Each pixel has a
６

size of 31.78 μm(0.025c). To obtain an instantaneous velocity field
using each pair of particle images, cross correlation technique with
a 32×32 pixel interrogation window (50% overlap) is performed.
Outliers are detected by a normalized median test (Westerweel and
Scarano 2005) and replaced by the median values of the 3 × 3
neighborhood. To analyze the time-averaged flow statistics, more
than 5000 instantaneous velocity fields are used.

2.2. Superhydrophobic surfaces
To improve the hydrophobicity of a hydrofoil surface we use a
commercially

available

spray

of

hydrophobic

nanoparticles

(NeverWet-SE, NeverWet, LLC) with a mean size of ~20 nm to
coat an aluminum hydrofoil. The thickness increase due to the
coating is about 80 μm, negligible compared to the thickness of the
hydrofoil. To evaluate the hydrophobicity of the surface, a method
based on B-spline snakes (active contours) and an image
thresholding technique are used for calculating the contact angle of
the water droplet on the surface and the gas fraction of the SHPo
surface, respectively (Stalder et al. 2006; Otsu 1979). The contact
angle of a water droplet on a smooth aluminum surface is about 77°,
whereas that on the SHPo surface is about 160° (figure 2.2(a)).
The gas fraction of the SHPo surface is measured to be about 60%,
calculating the percentage of an area where gray levels satisfies the
optimum thresholding gray value (Otsu’s criteria) in the SEM
images of the SHPo surface (figure 2.2(b)). The averaged width
and height of the randomly distributed roughness elements is
measured to be 27 μm and 12 μm respectively. The details of the
７

methods to measure the characteristics of applied SHPo surface are
well explained in Kim et al. (2015).
In the present study, the applied SHPo surface has random
roughness features, and thus surface roughness as well as trapped
air pockets (i.e., plastron) should be considered to evaluate the
effect of SHPo surface (Bidkar et al. 2014; Brennan et al. 2014;
Kim et al. 2015). To evaluate the roughness effect of the SHPo
surface, we intentionally wet the SHPo surface by immersing it in
40% aqueous ethyl alcohol solution for a few minutes and then
transferred it to the water tunnel for the flow test. The presence of
trapped air pockets on SHPo surface can be confirmed by the silver
color due to light reflected from the air-water interface. Figure 2.3
shows the images of hydrofoil surfaces submerged in water. The
smooth hydrofoil is colored as a matt black to minimize the
reflection of laser sheet during PIV measurements. SHPo surface
with air pockets, which is called the Cassie state, is the silver color
compared to the wetted SHPo surface, which is called the Wenzel
state.

８

FIGURE 2.1. Water-tunnel experimental setup for the velocity
measurement in the flow around a NACA0012 hydrofoil using a
particle image velocimetry.

９

FIGURE 2.2 Characteristics of applied SHPo surfaces. (a) Water
droplet on smooth aluminum and SHPo surfaces to measure the
contact angle. (b) Planform (upper) and cross-sectional (lower)
SEM images and corresponding binarized images.

１０

FIGURE 2.3 Pictures of the hydrofoil surfaces taken during watertunnel experiments. The silvery color of non-wetting state
indicates the existence of stably trapped air pockets (i.e., plastron).

１１

Chapter 3
Results and Discussion

In this chapter, we discuss the effect of SHPo surface on the
flow structure around the NACA0012 hydrofoil in the low Reynolds
number. First, we look into the flow structures around the hydrofoil
at low Reynolds number lower than 104 and classify them at a
various angle of attack in sec 3.1 and the effect of the SHPo surface
at each flow regime in sec 3.2. In the SHPo surface effect as a
combination of surface roughness and trapped air pockets on the
surface, the role of surface roughness is explained in sec 3.3. Sec
3.4 shows how the effect of SHPo surface varies as Reynolds
number changes.

3.1. Classification of flow regimes with angle of attack
First, it describes how the flow field changes to each angle of
attack at Rec = 5000 as a representative case. Figure 3.1 shows the
instantaneous flow structures at various α with data of Wang et al.
(2014), which performed LIF (laser-induced fluorescence) flow
visualization at Rec = 5300. The current results are in good
agreement with the previous results even though experimental
conditions are slightly different each other.
In the range of 0°≤α≤2°, the flow over the suction side is
stably attached, and shear-layer oscillation is not observed in the
current field of view as shown in figure 3.1(a). At 2°<α≤10°, the
１２

flow over the suction side separates between the leading edge and
the trailing edge (figure 3.1(b)). As α increases, the separating
position moves closer to the leading edge. The separated shearlayer on the suction side undergoes Kelvin-Helmholtz instability as
the flow becomes unsteady. Interacting with the shear-layer
evolving from the trailing edge, it forms the von Karman vortex in
the wake. In this regime, the Karman vortex rollup appears closer
to the trailing edge as α increases. If the angle of attack increases
further, however, the flow on the suction side separates nearly at
the leading edge and the shear-layer separated from the leading
edge rolls up into the vortices on the surface of the hydrofoil
(figure 3.1(c)). The shear-layer evolving from the trailing edge
also rolls up into the vortices, but does not form von Karman vortex
pairs due to the wide distance between the leading edge and the
trailing edge.
Figure 3.2 shows the instantaneous spanwise vorticity contour
(ωz) around a hydrofoil at α = 2° and 10°, for different Rec of
2000, 5000, and 10000, respectively. At α = 2°, the flow is
attached on the hydrofoil for all Rec; however, the so-called
Kelvin-Helmholtz instability acts closer to the trailing edge as Rec
increases as shown in figure 3.2(a), (c) and (e). After going
through the instability, the flow becomes unsteady with shear-layer
oscillation and vortex shedding. As Rec increases, the instability
becomes strong enough to force the shear layers to roll up into
Karman vortex type vortices in the near wake region. For the flow
regime in which the flow separates between the leading and trailing
edges(2°<α≤10°), the enhanced shear-layer instability affects the
position of inception. For example, at α=10°, the separated flows
from both sides roll up into a pair of counter-rotating vortices
１３

behind x/c ~ 1.0 for Rec = 2000 (figure 3.2(b)), which moves
closer to the trailing edge as Rec increases to 5000 (figure 3.2(d)).
As Rec increases further to 10000, however, enhanced flow
momentum induces the Kelvin-Helmholtz vortices above the
suction side before reaching the trailing edge (figure 3.2(f)). In the
Reynolds number regime (< ~104) in the present study, the flow
reattachment is not observed due to insufficient flow momentum
(Huang and Lin 1995; Alam et al. 2010).

3.2. Effects of superhydrophobic surfaces
From the results in sec 3.1, it is found that the flow structures
are classified according to the separation position on the suction
side of the hydrofoil and the inception point of the shear-layer
instability.

In

this

superhydrophobic

section,

surface

on

we
the

will
flow

discuss
around

the
the

effect

of

hydrofoil

depending on the different flow regimes at Rec = 5000 as a
representative case.
At the fully attached flow regime (0°≤α≤2°), no difference is
not found in instantaneous spanwise vorticity contours around the
hydrofoil with smooth and SHPo surface in figure 3.3. In addition,
the SHPo surface does not affect the mean velocity as shown in
figure 3.4(a). Considering the typical acceleration of flow over
SHPo surface in a flat-plate boundary layer or channel due to the
slip at the wall, this may be due to the fact that the surface slip
generated by the present SHPo surface is not strong enough the
overcome the curvature effect and cannot persist to the wake
region. With the present experimental setup, unfortunately, the slip
１４

velocity on the hydrofoil surface cannot be measured reliably, but it
will be also interesting to see how the SHPo effect changes under
non-zero pressure gradient. Unlike the mean velocity, it is found
that the SHPo surface enhances the turbulence level in the wake
(figure 3.4(b)); however, the distinct changes in the instantaneous
and time-averaged flow structures are not observed. As we will
discuss more, this increase of turbulence in the flow plays an
important role in classifying the effects of SHPo surfaces on the
flow around a hydrofoil in terms of Reynolds number and angle of
attack.
As the angle of attack increases and the flow separated on the
suction surface undergoes a shear-layer instability that rolls up
into a Karman vortex (2°<α≤10°), the flow modification due to the
SHPo surfaces shows up more clearly. In figure 3.5(a) and (b), we
compare the instantaneous flow fields around a hydrofoil at α = 5°
for smooth and SHPo surfaces. It is observed that the location of
flow separation on SHPo surface is slightly delayed compared to
that on a smooth surface. The subsequent separated shear layer
also rolls up earlier (x/c = 0.67-0.80) for the SHPo surface (x/c =
0.82-0.95 for smooth surface). Thus, in the wake, it is found that
the vortex formation length is shortened with a SHPo coating on the
hydrofoil, which is confirmed by the fact that the maximum peak of
the Reynolds stress in the wake moves closer to the trailing edge,
as shown in figure 3.5(c) and (d). It has been reported that the
position of maximum peak in the Reynolds stress is closely related
to the formation length in the wake (Lam et al. 2004; Akilli et al.
2005). Near the leading edge, on the other hand, it is measured that
stronger turbulence is induced on the SHPo surface, which is
thought to be the important source to trigger the early vortex rollup
１５

in the wake. This can be understood more clearly through the
comparison of velocity profiles along the streamwise direction in
the wake. As shown in figure 3.6(a) and (b), the flow accelerates
more in the wake (at x/c < ~1.1 in particular) behind SHPo
hydrofoil compared to the smooth one, while the vertical velocity is
affected more than the streamwise velocity component. This
indicates that the major influence from the SHPo surface on the
flow around a hydrofoil is related to the vortex rollup (shear-layer
instability) in the wake. Along the positions of shear-layers (y/c ≈
±0.08-0.1) separated both from suction and pressure sides of the
hydrofoil,

the

streamwise

turbulence

intensity

(i.e.,

velocity

fluctuation) is enhanced due to the SHPo surface (figure 3.6(c)),
and the distance between two maximum peak positions becomes
longer as the flow goes downstream. Similar to the mean velocity,
the increase of turbulence intensity is larger for the vertical
component (figure 3.6(d)). As shown, along the centerline (y/c =
0), the maximum peak of vertical turbulence intensity increases
much faster behind the SHPo hydrofoil, and it gets wider in vertical
direction further downstream. Both trends indicate that the vortex
formation length is shortened (in streamwise direction) and
widened (in vertical direction) due to the SHPo surface. As the
Karman vortex type flow structure shows up in the wake behind the
hydrofoil, its changes due to the SHPo surface become similar to
those in the wake behind a circular cylinder (Kim et al. 2015). They
also suggested that the flow separation is delayed and early vortex
roll-up is encouraged in the wake due to the enhanced turbulence
in the flows above the circular cylinder and along the separating
shear layers.
Interestingly, as the angle of attack increases to 7°, the
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influence of SHPo surface is reversed even in the same flow regime.
With SHPo surface, the position of vortex roll-up in the wake is
slightly delayed with the SHPo surface (figure 3.7(a) and (b)), and
the maximum peak in the Reynolds stress contour in the wake also
moves away from the trailing edge (figure 3.7(c) and (d)). This
trend persists to the angle of attack of 10°. Similar to the case of α
= 5°, it is also measured that the SHPo surface induces the
acceleration of the vertical velocity in the near wake (figure
3.8(b)); however, the turbulence intensity is almost same as or
slightly smaller than that of the smooth hydrofoil (figure 3.8(c) and
(d)). This trend is similar to the diminishing (and reversed)
influence of SHPo surface on the flow around a circular cylinder
with increasing Reynolds number (Kim et al. 2015). They proposed
that the increased turbulence in the background flow at a higher
Reynolds number tends to dominate the input by the SHPo surface.
Thus, in the present case, it can be understood that the applied
surface slip is still working to accelerate the flow slightly, but the
stronger shear layer instability (with increasing angle of attack)
also induces enhanced velocity fluctuations in the flow, which
overcomes the influence from the SHPo surface. It is obvious that
the turbulence in the separated shear layer is enhanced as the
instability grows with increasing the angle of attack, and this
transition of flow control effects will be explained more with
Reynolds number dependency (see section 3.4).
Although it is in the same flow regime, it is found that the effect
of same SHPo surface is reversed depending on the angle of attack.
To understand this in detail, we have measured the variation in the
position (lr) of Karman vortex roll-up with angle of attack
(2°<α≤10°) (figure 3.10). To detect the core of each vortex, we
１７

use the swirling strength (λci) that is an imaginary part of the
complex eigenvalue of velocity gradient tensor (Zhou et al. 1999).
For example, as shown in figure 3.9, the criterion based on the
swirling strength clearly captures the individual vortex in the wake
and lr is defined as the distance between the trailing edge and the
nearest vortex to it. As we have analyzed above, the SHPo surface
forces vortex roll-up position to move upstream at α = 5°;
however, it is delayed at α = 7° and 10° (figure 3.10(a)). It is
interesting to note that the minimum value of normalized position
(lr/c) is maintained almost same with smooth or SHPo surface
(highlighted with a dashed line in figure 3.10(a)), which may
support our understanding that the flow perturbation by the present
SHPo

surface

becomes

weaker

than

the

instability

of

the

background flow as the angle of attack increases. In addition to the
vortex formation position, its shedding frequency is also compared
in

figure

3.10(b).

Here

the

non-dimensionalized

shedding

frequency is defined as St = fcsinα/u∞, where f is the shedding
frequency and csinα denotes the projected chord length onto the
vertical plane. The vortex shedding frequency is determined by
applying fast-Fourier transformation to the temporally oscillating
vertical velocity measured at x/c = 1.0-1.2 and y/c = 0.05-0.1 in
the wake where Karman vortex shedding occurs. At α = 5°, the
vortex shedding frequency increases with the SHPo surface, which
is typically accompanied with the reduction of formation region in
the wake. As α increases, being consistent with the variations of
other flow variables, the trend is reversed and the vortex shedding
frequency is reduced.
Figure 3.11 shows the case of α = 20° where the flow
massively separates from the leading edge. Since the effective
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interaction between the applied SHPo surface and the flow over it is
limited to the narrow region near the leading edge, it can be
imagined that the substantial change in the flow would not be
achieved. As shown in figure 3.11(a), the SHPo surface do not
cause significant differences in the overall flow structures around a
hydrofoil, compared to the case of smooth surface, shown in figure
3.1(c). In Figure 3.11(b), we compare the variation of streamwise
velocity fluctuation profiles over and in the wake behind a hydrofoil,
for the cases of smooth and SHPo surfaces. Near the leading edge,
the turbulence intensity is found to increase due to the SHPo
surface, however it soon becomes same as that of the smooth
hydrofoil. This also indicates that the perturbation forced by the
present SHPo surface is not strong enough to modify the highly
unstable flow, dominated by the shear layer instability, at this high
angle of attack.

3.3. Roughness effect
Since the present superhydrophobic surfaces involve randomly
distributed surface roughness features, it is reasonable to question
that the suggested functionalities would result from the interactive
influences of the trapped air pockets and of the roughness. Actually
both

large-

and

small-scaled

surface

roughness

has

been

extensively used as a passive method to control the flow around a
streamlined body (Gad-el-Hak 1989), especially for the purpose
of encouraging an early transition to turbulence resulting in the
reduction of laminar separation bubble. Therefore, the improvement
of hydrodynamic (or aerodynamic) performance of a hydrofoil
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(airfoil) is anticipated more at the lower Reynolds number range.
For example, Lee and Jang (2005) covered the NACA0012 airfoil
with streamwise V-shaped grooves (size of O(100 μm)), and
measured that the vortex formation length in the wake is shortened
and the Reynolds stress becomes stronger, compared to the smooth
surface (at Rec = 1.5 × 104). In addition, it has been reported that
the large-scaled surface protrusions near the leading edge (van
Nierop et al. 2008) and surface corrugations (Hu and Tamai 2008)
delay the flow separation at higher angles of attack.
To test the contribution of the surface

roughness,

we

intentionally wet the surface of SHPo hydrofoil such that the
trapped air pockets are replaced with water (transition to the
Wenzel state). To maintain the given roughness profile, we immerse
the surface in 40% aqueous ethyl alcohol solution for a few minutes,
after which is immediately transferred to the water tunnel for the
flow test. The measurements for the wetted hydrofoils are
performed at Rec = 5000, and we have visually confirmed the
differences in the surface condition (i.e., existence of trapped air
pockets) during the flow tests (see figure 2.3). Figure 3.12(a)
shows

the

vertical

turbulence

intensity

profiles

along

the

streamwise direction in the near wake behind NACA0012 hydrofoils
with

smooth,

de-wetted

SHPo

and

wetted

SHPo

surfaces,

respectively, at α = 5°. At this regime of attack angle, we have
shown that the surface accelerates the flow and increases the
turbulence level in the wake; thereby the vortex formation region
would be reduced with the early vortex rollups (see figure 3.5 and
3.6), which is similar to the known effects of surface roughness. In
the present case, it is found that the enhanced turbulence level due
to the pure roughness locates between those of smooth and SHPo
２０

surfaces, implying that the trapped air pockets work to strengthen
the hydrodynamic effects of surface roughness. The position of
maximum peak of Reynolds stress in the wake behind the rough
hydrofoil is measured to be about x/c = 1.13 (figure 3.12(b)),
which is also between that of smooth (~1.33) and de-wetted SHPo
(~1.02) surfaces (figure 3.5). Compared to the smooth case, the
surface roughness shortens the vortex formation length, but the
amount of reduction is less than that of the de-wetted SHPo
surface. Thus the combined effects from surface roughness and air
pockets cause the present flow modification due to the applied
SHPo surface.
Here, it is interesting to notice that the contribution of
roughness effect shows up differently depending on the flow
geometry. In previous studies that investigated the effects of the
same superhydrophobic (with randomly distributed roughness)
surface on the circular cylinder (at subcritical Reynolds number
regime), on the other hand, it was concluded that the roughness
itself does not contribute to the effects of SHPo surfaces (Kim et al.
2015). This is because in the flow around a circular cylinder, the
effect of surface roughness becomes weaker at lower Reynolds
number range considered, i.e., Re = O(103-104). However, for the
flow around a streamlined body (airfoil/hydrofoil), it is normally
known that the surface roughness would have a significant effect
even at very small Reynolds numbers.

3.4. Reynolds number dependency
So far, the effect of SHPo surfaces on the flow around a
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hydrofoil has been discussed mostly at Rec = 5000, and in this
section, we briefly explain its dependency on the Reynolds number
(in the ultra-low regime). In figure 3.13, we compare the velocity
profiles in the wake behind a hydrofoil at α = 10° for the Reynolds
number of Rec = 2000. We can see that the flow acceleration (in
streamwise and vertical directions) and the subsequent increase of
turbulence level occur due to the SHPo surface. For higher Rec =
5000, at the same angle of attack, similar modification of flow
appeared up to at α = 5° and the effect was reversed at α = 5°.
Now at lower Rec = 2000, this transitional phenomenon shows up at
the angle of attack between 10° and 20°. As shown in figure 3.13,
the maximum peak in the contour of Reynolds stress in the wake
moves upstream due to the SHPo surface at α = 10°, however as
the angle of attack increases to 20°, the trend is reversed and the
maximum peak moves downstream slightly. This trend supports our
understanding on the effect of SHPo surface such that it should
have a close relationship with the turbulence level contained in the
un-controlled (background) flow. Figure 3.14 shows the case of
highest Reynolds number of Rec = 10000, among considered in the
present study. At the angle of attack as low as 2°, due to the
encouraged shear instability, the flow over smooth hydrofoil already
shows the formation of Karman type vortices in the wake (see
figure 3.2(e)), and this rollup occurs at x/c ~ 0.64-0.75. As shown
in figure 3.14(a), this is forced to occur earlier (x/c ~ 0.55-0.65)
with the SHPo surface, which did not occur for lower Rec’s of 2000
and 5000. Consistent with the other cases, the early vortex rollup is
accompanied with the flow acceleration and increase of the
turbulence in the near wake (figure 3.14(b)).
Combining the results that we have discussed so far, we find
２２

that the effects of SHPo surface follow a consistent trend depending
on the Reynolds number and angle of attack. Thus, in figure 3.15,
we propose the classification of the effects of present SHPo surface
on the flow around a NACA0012 hydrofoil in terms of Rec and α. It
should be first noted that the critical Rec and α between each
regime might change if different kind (i.e., with different strength of
flow perturbation) of SHPo surface is applied; for example, with a
larger surface slip than the present one the range of α in which the
early vortex rollup occurs will be widen. However, in general, we
think that the global trend will be. As shown in the map, for a fixed

Rec, the SHPo surface affect the wake structures little at lower
angles of attack in which the flow is attached to the suction side. As
α increases, the SHPo surfaces work to enhance the instability
contained in the flows separated from both suction and pressure
sides and the appearance of Karman type vortex is encouraged.
When the turbulence contained in the separated flow becomes more
dominant with a further increase in α, this effect is reversed
(named as a transitional regime) in a narrow α-range, and finally
the SHPo surface may not affect the fully separated flow. On the
other hand, the resulting flow structures from the suggested
classification imply that the present SHPo surface acts like the
increase of Reynolds number for a fixed angle of attack.
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FIGURE 3.1 Instantaneous vortical structure (contour of spanwise
vorticity, ωz) around NACA0012 hydrofoil at different angles of
attack (α) at Rec = 5000: (a) α = 0°; (b) 5°; (c) 20°. At the right,
the flow visualizations, using LIF, around NACA0012 at Rec = 5300
are shown for comparison (reproduced from Wang et al. (2014)).
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FIGURE 3.2 Variation of instantaneous flow field (contour of
spanwise vorticity) around a NACA0012 hydrofoil with Reynolds
number (Rec) at α = 2° (a, c, e) and 10° (b, d, f): (a, b) Rec =
2000; (c, d) 5000; (e, f) 10000.
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FIGURE 3.3. Instantaneous flow fields (contour of spanwise
vorticity) around a NACA0012 hydrofoil at α = 2° (Rec = 5000)
with (a) smooth surface; (b) superhydrophobic surface.
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FIGURE 3.4 Velocity profiles in the wake behind a NACA0012
hydrofoil (α = 2) along the streamwise direction at Rec = 5000:
(a) mean streamwise velocity; (b) vertical turbulence intensity. ○,
smooth surface; ●, superhydrophobic surface.
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FIGURE 3.5 Instantaneous spanwise vorticity contour ((a) and (b))
and contours of time-averaged Reynolds stress ((c) and (d))
around a NACA0012 hydrofoil at α = 5° (Rec = 5000): (a) and (c),
smooth surface; (b) and (d), superhydrophobic surface.
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FIGURE 3.6 Velocity profiles in the wake behind a NACA0012
hydrofoil (α = 5) along the streamwise direction at Rec = 5000:
(a) mean streamwise velocity; (b) mean vertical velocity; (c)
streamwise turbulence intensity; (d) vertical turbulence intensity.
○, smooth surface; ●, superhydrophobic surface.
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FIGURE 3.7 Instantaneous flow fields (contour of spanwise
vorticity) ((a) and (b)) and contours of time-averaged Reynolds
stress ((c) and (d)) around a NACA0012 hydrofoil at α = 7° (Rec
=

5000):

(a)

and

(c),

smooth

superhydrophobic surface.
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surface;

(b)

and

(d),

FIGURE 3.8 Velocity profiles in the wake behind a NACA0012
hydrofoil (α = 7) along the streamwise direction at Rec = 5000:
(a) mean streamwise velocity; (b) mean vertical velocity; (c)
streamwise turbulence intensity; (d) vertical turbulence intensity.
○, smooth surface; ●, superhydrophobic surface.
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FIGURE 3.9 Definition of the position (lr) of Karman vortex rollup
(Rec = 5000, α = 7). Shown in the instantaneous flow field shows
a contour of spanwise vorticity and each vortex is identified with
the iso-line of swirling strength (|ci |= 10).
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FIGURE 3.10 Variations of (a) normalized position (lr) of Karman
vortex rollup and (b) shedding frequency (St) with angle of attack.
○, smooth surface; ●, superhydrophobic surface. Rec is 5000 and lr
is defined in figure 3.9.
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FIGURE 3.11 (a) Instantaneous spanwise vorticity contour around a
NACA0012

hydrofoil

at

α

=

20

(Rec

=

5000)

with

superhydrophobic surface. (b) Mean streamwise velocity profiles
around a hydrofoil: ○, smooth surface; ●, superhydrophobic
surface.
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FIGURE 3.12 (a) Vertical turbulence intensity profiles in the wake
behind a hydrofoil at α = 5° (Rec = 5000): ○, smooth surface; ●,
superhydrophobic (Cassie state) surface; □, superhydrophobic
(Wenzel state) surface. (b) Contour of Reynolds time-averaged
Reynolds

stress

around

a

hydrofoil

with

superhydrophobic surface at α = 5° (Rec = 5000).
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fully-wetted

FIGURE 3.14 Contours of time-averaged Reynolds stress around a
NACA0012 hydrofoil at α = 10° (a, b) and 20° (c, d) (Rec =
2000): (a) and (c), smooth surface; (b) and (d), superhydrophobic
surface.
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FIGURE 3.15 (a) Instantaneous spanwise vorticity contour around a
NACA0012 hydrofoil with superhydrophobic surface. (b) Mean
vertical velocity profiles around a hydrofoil. (c) Vertical turbulence
intensity

profiles.

In

(b)

and

(c),

○,

smooth

superhydrophobic surface. α = 2 (Rec = 10000).
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surface;

●,

FIGURE 3.16 Classification of the effects of superhydrophobic
surfaces on the wake behind a NACA0012 hydrofoil in terms of
Reynolds number (Rec) and angle of attack (α).
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Chapter 4
Conclusion

Non-wetting

superhydrophobic

surfaces

have

been

well

investigated so far, mostly for the purpose of reducing the skinfriction drag forces in internal flows (boundary layer or channel
flows). However, their effects on the external flow have not been
studied in detail.

In the present study, through a water-tunnel

experiment, we have investigated how the superhydrophobic
surfaces influence the flow around a NACA0012 hydrofoil while
varying the Reynolds number and angle of attack. The considered
Reynolds numbers belong to the ultra low (≤ 104) range and the
angles of attack cover from attached to fully separated flows. As
expected, the effects of superhydrophobic surface appear in a
complex manner depending on the combination of angle of attack
and Reynolds number (even if it is as low as 103-104). When the
flow is attached at lower angles of attack, the influence of present
superhydrophobic surface on the wake structure is negligible (the
near-wall flow would be affected by the surface slip, but the
resolution of present measurement setup is not enough to
distinguish it reliably). With increasing angle of attack, the flow
starts to separate between the leading and trailing edges and the
shear layer instability results in the Kelvin-Helmholtz and/or
Karman type vortices in the wake. For this regime, the changes in
the flow show two types. As the turbulence contained in the
separated flow is weak or mild, the flow over the superhydrophobic
surface is perturbed to undergo early oscillation of shear layer and
３９

rollup into Karman type vortex in the wake, due to the flow
acceleration and increase in the turbulence level. The flow
separation on the suction side is also slightly delayed, and this is
very similar to the effects of superhydrophobic surface on the flow
around a circular cylinder (bluff body). As the turbulence in the
background flow increases with increasing the angle of attack,
however, the above effect is reversed and the vortex rollup in the
wake is slightly delayed. For fully separated flow at the leading
edge at much higher angle of attack, the superhydrophobic surface
has negligible effects on the flow. This trend is also affected by the
Reynolds number, and in overall, the boundaries of angle of attack
classifying these regimes tend to move toward the lower values as
the Reynolds number increases.
Although it is not feasible to estimate the drag variation based
on the present velocity field data in the near wake, it is assumed
that we may have a drag reduction for the range of angle of attack
in which the flow separation is delayed and the vortex formation
length in the wake is reduced. Previously, Kim et al. (2015) showed
that about 10% pressure drag reduction is achieved with the
superhydrophobic surface by reducing the recirculation region in
the wake. However, as a future work, it will be useful if one can
investigate the variations of skin-friction and pressure drag forces
depending on the angle of attack. Finally, we think that the present
study clearly shows that the superhydrophobic surface can be
effectively applied to various flow control problems and its effect is
strongly affected by the condition of uncontrolled flows.
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PIV를 이용한 낮은 레이놀즈 수일 때 초소수성 표
면을 가진 수중익 주위 유동의 실험적 분석
서울대학교 대학원
기계항공공학부
이정진

요약
본 연구에서는 낮은 레이놀즈 수 0.2–1.0 × 10 4 영역에서 초소수
성 표면이 NACA0012 수중익 주위의 유동에 미치는 영향을 실험적으
로 분석하였다. 수동 내 설치된 수중익의 반음각을 0도부터 20도까지
변화시키면서 고속 입자영상속도계를 이용한 2차원의 유동장 측정이 수
행되었다. 초소수성 표면은 소수성 물질의 나노입자를 스프레이로 코팅
하여 제작되었다. 초소수성 표면의 효과는 레이놀즈 수와 받음각에 따라
변화하는데, 배경 유동의 섭동과 표면 미끄럼 및 거칠기에 의한 섭동의
강도 차이에 의해 결정된다. 받음각이 매우 작거나 클 때, 초소수성 표
면이 수중익 주위 유동에 미치는 영향은 미미하다. 받음각이 2도 이상
되면 유동이 초소수성 표면을 위를 지나면서 난류가 증가하고 전단층 불
안전성이 증가됨에 따라 빠른 와류 롤업 및 와류 형성 길이의 감소가 나
타난다. 그러나 특정 받음각보다 커지면 초소수성 표면 효과가 역전되어
와류 롤업이 다소 지연되었다. 이러한 현상은 배경 유동 구조의 변화에
따라 나타나는 것으로 확인할 수 있다. 우리는 실험 결과를 토대로 레이
놀즈 수와 받음각에 따라 초소수성 표면 효과를 분류하였다.

주요어: 초소수성 표면, 수중익, 난류강도, 고속 입자영상속도계
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