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The removal of a surface air layer from a superhydrophobic
coating in flowing water was evaluated using a laser beam and a
high-speed camera. It proceeded via three steps: (1) removal of
the top unstable air layer, (2) retention of air in the bottom of
the surface microstructure, and (3) replacement of air in the
microstructure with water. Different flow velocities result in
different removal rates of the surface air layer.

Recently, the importance of controlling the wettability of
a solid surface has been recognized in various industries.16

Surfaces with water contact angles exceeding 150° (known as
superhydrophobic surfaces) are currently the subject of great
interest and intensive study. Superhydrophobic coatings that
produce rough surfaces at the micro- and nanoscale level with
low surface energies have been prepared by several methods.16

Cassie’s model is better than Wenzel’s for achieving super-
hydrophobicity with high water-shedding properties.7,8 A water
droplet on a superhydrophobic coating slides down the surface
when the surface is tilted at a low angle.9 Awater droplet sliding
on a superhydrophobic surface exhibits almost constant accel-
eration.9 Moreover, the internal fluidity of the water droplet
exhibits a slipping motion.10 Therefore, superhydrophobic
coatings are a promising means of reducing the friction drag
of an object in flowing water.11 This potentiality is commonly
attributed to the surface air layer of the coating. For instance,
drag reduction of water flowing in a pipe with superhydrophobic
walls has been experimentally clarified.12 A laser beam is totally
reflected from the air layer on a superhydrophobic coating in
water; this phenomenon has been used to evaluate the surface air
layers on superhydrophobic coatings with different roughnesses
in a waterethanol mixture.13 The reflected light intensity
decreased with decreasing liquid surface tension of superhydro-
phobic coatings with high roughnesses. A transition to the
Wenzel mode was induced when a static pressure was applied to
a water droplet on a superhydrophobic coating.14

We recently developed an image analysis system consisting
of a high-speed camera15 and an optical analysis system for
evaluating air layers in liquids.13 In the present study, we used
this image analysis system with a transparent acrylic resin water
tunnel to evaluate the sustainability of an air layer in flowing
water.

A superhydrophobic coating was prepared by spraying a
commercial paint (HIREC 450; NTT Advanced Technology
Corp., Tokyo, Japan) onto glass plates (25mm © 50mm © 1
mm). This coating, which consists of poly(tetrafluoroethylene)
particles and a fluoropolymer, has a low surface energy and a
low electric permittivity (see the scanning electron microscope
image in the Supporting Information).16 Water contact angles

were measured using a contact angle meter (Drop Master 500;
Kyowa Interface Science Co., Ltd., Saitama, Japan). Water
droplets (3¯L) were used in the contact angle measurements,
and contact angles were measured at five different points on each
surface. The sample surface was blown with ionized air to
eliminate static electricity prior to each measurement. The mean
surface roughness (Ra) of the sample was evaluated using a laser
profile micrometer (94¯m © 130¯m measurement area, ©2500
magnification, VF-7500; Keyence Co., Tokyo, Japan). The
initial contact angle of the prepared sample was 155°, and the
initial surface roughness was 1900 nm.

The air layer on the superhydrophobic coating in flowing
water was observed using the experimental setup depicted in
Figure 1. The sample was set on a stage in a transparent acrylic
resin water tunnel. The cross-sectional area S above the stage
in the water tunnel was 300mm2 (= 30mm (width) © 10mm
(height)). Sequential images of the air layer on the super-
hydrophobic coating were obtained using a high-speed camera
(512 PCI; Photron Ltd., Tokyo, Japan) positioned on one side of
the water tunnel. In addition, a laser beam from a laser outside
the water tunnel was used to irradiate the sample, and the
reflected beam was detected by a photosensor on the opposite
side; the intensity of the reflected signal was converted into a
voltage by an external circuit.12,16 The flow rate Q in the water
tunnel was controlled by a magnetic drive pump with an inverter
controller (32NWPM; Ebara Techno Serve Co., Ltd., Tokyo,
Japan), allowing it to be adjusted in the range 0.36 to
20Lmin¹1. The flow rate was monitored in real time (IR-
Opflow Type 4, Tecflow International, Wijchen, Netherlands).
The flow velocity V is found by dividing the flow rate by the
cross-sectional area S as follows:

Figure 1. Schematic illustration of the system used to observe
the surface air layer on superhydrophobic coatings in flowing
water.
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V ¼ Q

S
ð1Þ

which was in the range 0.02 to 1.0m s¹1. Therefore, the dynamic
pressure Pd in the water flow direction was calculated as follows:

Pd ¼
1

2
µV2 ð2Þ

where µ was the density of water at 25 degree. The range of the
dynamic pressure was 0.2 to 499 Pa. A static pressure Ps of over
800 Pa was maintained by allowing water to overflow from a
height of 80mm above the horizontal surface of the super-
hydrophobic coating. The water was collected in a water tank in
which a cooling system maintained the temperature of the
circulating water at 25 °C (ECS-50, Tokyo Rikakikai Co., Ltd.,
Tokyo, Japan). The dynamic viscosity ¯ and the surface energy
of the water at this temperature were 0.893 © 10¹6m2 s¹1 and
71.96Nm¹1, respectively. The water contact angles of a sample
were evaluated before and after observing the sample in the
water tunnel.

Figure 2 shows sequential photographs of the removal of air
layers from the superhydrophobic coating. The surface initially
appeared silvery when the superhydrophobic coating was placed
in the tunnel filled with water. Specular reflection from the
superhydrophobic surface indicates the existence of an air layer
on the surface structure. Three steps were observed in the
process of removing the air layer from a surface immersed in
water flowing with a velocity of 1.0m s¹1 (Figure 2a). The
superhydrophobic surface became dark with time (step 1), and
the specular reflection disappeared within 3min after water flow
commenced (Figure 3). The reflected light intensity Iv in
Figure 3 is defined as the ratio of the actual voltage minus the
minimum voltage to the maximum voltage minus the minimum
voltage.

I¯ ¼
V ðtÞ � VMin

VMax � VMin

ð3Þ
The superhydrophobic surface remained dark (step 2), when

water flowed in the water tunnel. After 9min, a bubble formed
on the surface due to air in the surface structure being replaced
with water (step 3). Steps 1 and 2 occurred at all flow velocities,
whereas step 3 did not occur if the flow velocity was less than
0.59m s¹1 (Figures 2b, Figure S-316). Progression of air-layer
removal ceased in step 2 when the flow velocity was below
0.5m s¹1. Moreover, the time required for step 1 varied with the
flow velocity (Figure 3); step 1 progressed rapidly at high flow
velocities.

Figure 4 shows the contact angles of samples that had been
tested in the water tunnel. The contact angle did not change from
the initial contact angle of 155° when the flow velocity was
below 0.59m s¹1. However, when the progress of air-layer
removal attained step 3 on the superhydrophobic coating, the
contact angle at the area where step 3 was attained became lower
than the initial contact angle for samples in water flowing with a
velocity of 1.0m s¹1. The contact angle returned to the initial
angle when the sample was dried in an oven at 90 °C for 1 h.
This transition in the contact angle implies that the super-
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Figure 2. Sequential photographs showing removal of the
surface air layer on a superhydrophobic coating in a water
tunnel. Flow velocity: (a) 1.0 and (b) 0.59m s¹1. Dynamic
Pressure: (a) 499 and (b) 174 Pa.

Figure 3. Dependence of the reflected light intensity and
elapsed time of the superhydrophobic coating on the flow
velocity in the water tunnel.
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Figure 4. Contact angles of the tested samples. The broken
line indicates the initial contact angle of the superhydrophobic
coating of 155°.
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hydrophobic coating was not broken, but that air in the
microstructure was replaced with water.

On the other hand, the air in the bottom of the surface
microstructure was not replaced with water when the flow
velocity was below 0.59m s¹1. This finding is supported by the
sequential photographs, which did not show a bubble on the
surface, and the constant contact angle of the tested samples.
Moreover, a large amount of air in the microstructure will not
prevent scattering of the laser light when the reflected light
intensity from air is low. Therefore, it will be necessary to
directly observe the air layer by taking sequential photographs
when investigating the replacement of air in the microstructure
with water.

Figure 5 shows the expected mechanism for the three-step
removal of an air layer from a superhydrophobic surface by
flowing water. Step 1 progressively removed the top unstable air
layer with time; it commenced immediately after water flow in
the water tunnel started. The air layer entered a metastable state
and air remained in the bottom of the surface microstructure
(step 2). Cassie’s model, in which air in the surface structure
supports the liquid, is applicable to step 2. This state was
sustained indefinitely at flow velocities of 0.59m s¹1 or less.
Step 3 was attained when the flow velocity was 1.0m s¹1 or
greater. In this state, the wettability model changed from
Cassie’s model to Wenzel’s model, because the contact angle
decreased with the air in the microstructure being replaced by
water. The force that removes the air layer from the super-
hydrophobic surface is the shear stress ¸ at the gasliquid
interface:

¸ ¼ ¯
dvx
dz

ð4Þ

where dvx/dz represents the shear velocity, vx is the velocity
parallel to the x axis, and ¯ is the dynamic viscosity. A slip
length exists at the solidliquid interface, when water flows on
the superhydrophobic surface. The slip length of water flowing
with an identical velocity depends on the surface wettability
when the surface is smooth in hydrodynamics. Therefore, the
sustainability threshold for the air layer in flowing water was
exceeded for flow velocities greater than 1.0m s¹1, because the

shear stress was sufficiently high to remove the air layer. In a
past study, it was reported that the wettability model was
converting Cassie’s model to Wenzel’s model, when the water
droplet on a superhydrophobic coating was compressed at a few
hundred Pascals.14 Compared to that study, the air in the surface
microstructure remained, when the comparable total of both
static and dynamic pressure was compressed to the air layer
(Figure 2). Therefore, the random surface structure, such as the
closed system where the air did not leak, worked effectively. In
future studies, we intend to further investigate the effects of the
static/dynamic pressure of flowing water and the surface
microstructure on the sustainability of air layers on super-
hydrophobic coatings in liquids.

The surface air layer on a superhydrophobic coating in
water flow was evaluated using a laser beam and a high-speed
camera. Specular reflection was observed from the superhydro-
phobic surface, indicating the existence of an air layer on the
surface. Three steps were observed in the process of removing
the air layer from the surface. The metastable state continued
indefinitely, and air remained in the bottom of the surface
microstructure at flow velocities of 0.59m s¹1 or less. However,
the air in the microstructure was replaced with water at high flow
velocities. The wettability model of the superhydrophobic
coating changed from Cassie’s model to Wenzel’s model.

This study was supported by the Project to Create Photo-
catalyst Industry for Recycling-oriented Society of the New
Energy and Industrial Technology Development Organization
(NEDO).
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Figure 5. Schematic illustration of the expected mechanism
for air layer removal from superhydrophobic surfaces by flowing
water.
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