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Diffusion characteristics of air pockets on hydrophobic surfaces in channel
flow: Three-dimensional measurement of air-water interface
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To effectively apply the superhydrophobic surface for flow control, it is necessary to
understand the effect of air-water interface shape on the diffusion characteristics of trapped
air pockets. In the present work, using the reflection interference contrast microscopy, we
directly measure the temporal variation of the three-dimensional shape of the air-water
interface formed on submerged hydrophobic surfaces in a channel flow. The grate and
the circular hole are considered a roughness feature, its size is varied between 80 and
200 μm, and the Reynolds numbers of 1850 and 5000 are considered based on channel
half-height and bulk velocity. The temporal variation of the height, the curvature of the
air-water interface, and the corresponding diffusion length is measured, and the diffusion
process is classified into three phases. For each phase, the diffusion characteristics are
analyzed in relation to the roughness structure type, size, and Reynolds number. Based
on the analysis, we propose a scaling relation for the Sherwood number (dimensionless
diffusion length). For the first two phases when the interface is pinned at the roughness
edge, the Sherwood number is determined by the interface curvature (i.e., the contact angle
between the interface and the roughness sidewall), but it is scaled with the Peclet number
(the ratio between the shear rate and the diffusion rate) for the last phase when the interface
is depinned and moves downward. These relations are also validated with the data available
in the literature, and we think this is useful as a simple guideline to design a roughness
geometry for the superhydrophobic surfaces.
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I. INTRODUCTION

When the underwater surface is treated to have superhydrophobicity, it is known that an apparent
slip is induced between the water flow and the solid surface. This nonwetting superhydrophobic
(SHPho) surface has micro- and/or nanosized roughness features on it, and thus the generation
of a surface slip has been attributed to the air pockets (so-called plastron) trapped between rough-
ness [1,2]. While the magnitude of a surface slip can be predicted and controlled by the combination
of a roughness geometry and flow condition in a well-controlled laboratory environment [3–7],
it is also true that more investigations are necessary to test its potential as flow-control methods
to achieve various purposes in practical fields [8]. Obviously, the most important application is
to reduce the skin-friction drag in wall-bounded shear flows like a channel and boundary layer
flow [6,9–13], and a meaningful amount of drag reduction can be achieved on well-designed SHPho
surfaces even in a turbulent flow. A slip boundary condition on a fluid-solid interface also results in a
separation delay or wake modification in the flow around a bluff or streamlined body [14–16] and a
rotating blade [17]. Since the basic idea behind these flow controls is the existence of a free interface
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between water flow and solid surface, it is necessary to maintain it in a proper shape to ensure the
targeted flow control performance [11,12,18,19]. It is therefore critical to note that the surface slip
expected on a flat interface is not achieved on a curved air-water interface, and the drag also tends to
increase [20–22]. In this regard, Davis and Lauga [23] and Crowdy [24,25] proposed a theoretical
prediction on the change in a slip length depending on the shape of an air-water interface. Recently,
Ageev et al. [18], based on their numerical simulation, explained that the reduction of the effective
slip in a curved meniscus is caused by the distorted streamlines near the air-water interface, as other
studies have addressed.

Due to this importance of interface dynamics, recent studies have employed various approaches
to consider the curved interface shape to assess the stability (i.e., lifetime) of the air pockets, but
the unsteady effect of varying interface shape was not fully examined [26–31]. Numerical (or
analytical) investigations have in general established the equation of motion (for the interface) based
on the balance in the force (pressure) or energy. It is solved under the assumption that the air-water
interface is in a quasisteady equilibrium state and the trapped air follows the ideal-gas equation. The
initial shape of an air-water interface was assumed to be flat or concave. To describe the temporal
variation in the volume of trapped air pockets, Henry’s law is adopted to represent air diffusion due
to the concentration difference. It was suggested that the plastron longevity is proportional to the
roughness height, but inversely proportional to the spacing between roughness asperities [26,27,30].
In addition to the model approach, several studies experimentally measured the temporal behavior
of an air-water interface under different flow conditions. The collective lifetime of plastron was
indirectly measured by observing the area fraction of survived air pockets optically on a fully
immersed SHPho surface [32–34]. Recently, the profile of an air-water interface on an individual
plastron was measured directly to further validate the developed diffusion model [28,29,31,35]. In
these studies, they used a confocal laser scanning microscopy (CLSM) [28,35] or direct optical
imaging [29,31] technique. The CLSM technique guarantees a higher spatial resolution but it has
a limited temporal resolution, whereas a direct optical imaging can provide a higher temporal
resolution with a lower spatial resolution.

Two variables have been used to quantify the diffusion characteristics of a plastron: the
invasion coefficient that indicates the volumetric rate of dissolution according to a partial pressure
difference [26,27,30], or the diffusion length representing the thickness of a concentration boundary
layer [28,29,31]. While it is possible to reasonably predict the temporal behavior (i.e., the process of
sagging and pinch-off) of an air-water interface, it is further required to develop a reliable model for
this diffusion parameter. To achieve this, a few studies have quantitatively determined the diffusion
length of an air pocket on SHPho surfaces under a flowing condition, and they are closer to practical
applications [31,35]. Since the diffusion length (l) is nondimensionalized into the Sherwood number
as Shδ = δ/l (δ is the characteristic length of a system), Xiang et al. [35] proposed a relation of
Shδ ∼ Re1/3

δ (δ is the channel height) in a laminar channel flow (2 < Reδ < 17). On the other hand,
Ling et al. [31] suggested that the inner scale of a boundary layer is useful in establishing the
Reynolds number dependency, and they proposed Shθ ∼ Re0.913

τ (Shθ = θ/l and Reτ = δuτ /ν) for
transitional and turbulent boundary layers (500 < Reθ < 2300). Here, δ and θ are a boundary layer
and momentum thickness, respectively, and uτ is a frictional velocity. We think that these relations
provide useful information, but they are valid for lower (laminar) Reynolds numbers or they require
inner-scale parameters that are not readily available without a refined near-wall liquid-phase velocity
measurement.

Another issue arises from the fact that previous studies assumed the initial and/or transient
shape of an air-water interface to be always flat or sagged down [26–30,35]. This is not enough to
explain the situation of bulged-up interface and transient behaviors reported by some experimental
investigations. This is important because these studies have reported the degradation of surface
functionalities (e.g., drag reduction) due to the abnormal (especially the bulged-up profile) interface
shape [20,21,36,37]. We tried to figure out under which condition the interface has a convex-up
curvature, and we found that it is formed right after water flows over the dried hydrophobic surface.
That is, previous studies analyzed the interface behavior with water flow on the surface as an
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FIG. 1. Schematic diagram for the wetting process occurring on a submerged hydrophobic surface.

initial condition. If we start with a dried condition (air on the surface initially) and water flows
over it, the collapsing process of a plastron can be classified into three phases as shown in Fig. 1.
Initially, the air-water interface has a convex shape and becomes flat as the diffusion of the air pocket
occurs (phase I). With further diffusion, the interface profile becomes sagged down (concave profile)
while it is attached to the roughness edge (phase II). When the angle between the interface and the
sidewall of the roughness exceeds the advancing contact angle of the SHPho surface, the interface
detaches from the asperity of a roughness feature and moves down while maintaining a constant
sagging profile (phase III). To the best of our knowledge, this study first identified (visually) the
transitions between three possible interface shapes with time and theoretically derived the diffusion
characteristics accordingly. On the other hand, it can be said that previous studies considered phases
II and/or III during the wetting transition, and the diffusion length was determined solely based on
the analysis of phase III [28,29,31,35]. It is clear that the diffusion characteristics, as well as the
performance of the SHPho surface, would change a lot during the wetting process, and we need to
develop a more accurate diffusion model depending on the phase in a wetting transition.

Therefore, we investigate the diffusion characteristics of air pockets trapped on a hydrophobic
surface depending on the phases in a wetting transition. To achieve this, we experimentally measure
the three-dimensional behavior of the air-water interface on hydrophobic surfaces in turbulent
channel flows using a reflection interference contrast microscopy (RICM) technique [38–41]. For
the roughness geometry on the surfaces, we consider grates and circular holes, and the Reynolds
numbers of a channel flow are 1850 and 5000 based on the bulk velocity and half channel height.
We also derive the equation of a diffusion length depending on the phases in a wetting transition, and
we use the measured interface shape to calculate it. Finally, we suggest a diffusion model to estimate
the diffusion rate of a plastron in terms of flow variables (outer scale) and geometric parameters.
We believe this will enhance our understanding of the hydrodynamics of flow over nonwetting
hydrophobic/superhydrophobic surfaces, and provide a simple guideline to devise surfaces with a
longer lifetime of trapped air pockets.

II. EXPERIMENTAL SETUP AND PROCEDURES

A. Flow facility and hydrophobic surfaces

Figure 2 shows the experimental setup including the rectangular channel flow with the tested
hydrophobic surface that is flush mounted on the channel bottom. The sagging profile of the
air-water interface is measured using an inverted microscope (details are explained in Sec. II B).
The size of the test section is 1200 mm × 150 mm × 6 mm in the streamwise (x), spanwise (y),
and vertical (z) directions. The aspect ratio of the cross section is 25.0, which is sufficiently large to
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FIG. 2. Experimental setup for the rectangular channel flow with a hydrophobic surface flush-mounted on
the bottom wall: (a) front and top views; (b) roughness features of the present test surfaces: hole (top) and grate
(bottom).

assume that the flow is two-dimensional [42,43]. As a working fluid, we use deionized (DI) water
that is produced via a water purification system and is exposed to the ambient environment for more
than two days to be fully saturated with air [28]. We have measured the degree of oxygen saturation
in DI water while keeping the same condition of interface measurements using an optical dissolved
oxygen meter (ProODO, YSI) that has a measurement resolution of 0.125%. The measurement
of oxygen concentration was repeated five times (with five readings per each) for the DI water
both stored in the tank and that flows out of the channel exit. It is measured that the oxygen
concentration level is maintained as 100.3 ± 3.2 % for all cases, confirming that the oxygen level
only varies within the range of standard deviation (i.e., maintained to be saturated with air). During
the flow test, the timescale of the air diffusion (ta = d2/DG � 4 × 103 s, where DG is the diffusion
coefficient of air) is much longer than the timescale of channel flow (t f = L/U � 2 s, where L is
the channel length and U is the bulk velocity), thus the oxygen level would not change during the
flow test. From the reservoir, DI water is pumped to the channel while its flow rate is controlled.
The hydrophobic surface is flush-mounted on the bottom surface of the test section, 1000 mm from
the inlet, which is sufficiently far to consider that the flow over the slip surface is fully developed.
The considered Reynolds numbers of the water flow are Re = 1850 and 5000, based on the bulk
velocity (U , determined from the volume flow rate) and half channel height (d). To ensure a fully
turbulent flow over the hydrophobic surface, a trip-wire (whose diameter is about 1.0 mm) is located
5 mm from the inlet to encourage the early transition to turbulence [Fig. 2(a)]. On the other hand,
to guarantee the statistically converged data, we have performed 9–19 individual measurements of
the interface for each case (while keeping the flow condition the same), and the range of measured
data is shown as vertical bars in the figures in Sec. IV.

The considered hydrophobic surfaces (5 mm × 5 mm in size) are fabricated via a soft-lithography
on PDMS, which is chosen because it is transparent and thus suitable for the optical measurement of
the air-water interface from the bottom. We did not apply additional treatment to the PDMS surface
to enhance its hydrophobicity (i.e., longevity of the plastron), because we intended to focus on the
wetting transition. For the roughness features, we consider rectangular grates and circular holes
[Fig. 2(b)]. A single surface specimen includes 50 grates or 500 holes on it (the gas fraction, defined
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TABLE I. Static contact angles (θe) and static condition diffusion length (l◦) measured for the considered
hydrophobic surfaces.

Roughness feature D (μm) θe l◦ (μm)

Grate 80 112.9◦ 5.4
100 127.4◦ 5.0
120 130.1◦ 4.3

Hole 120 101.4◦ 4.4
200 123.1◦ 6.1

as the planform area fraction of the air-pocket, is 0.5 for the grate and 0.44–0.55 for hole geometry).
For the rectangular grate (length of 5 mm), its width (D) is varied as 80, 100, and 120 μm, and the
diameter of the hole (D) is set to be 120 and 200 μm. For the grate, we also change its orientation,
i.e., longitudinal and transverse ones that are parallel and normal to the flow direction, respectively.
It is noted that the feature size of the present surfaces is intentionally designed to be relatively larger
than that [O(0.1–10) μm] of previous studies because the conditions that are more susceptible to
the wetting transition are preferred for our purposes. The depths (H) of grates and holes are all the
same as 20 μm. The static contact angle (θe) of a water droplet on the present surfaces is measured
using a method based on B-spline snakes (active contours) [44] and is summarized in Table I.
The static contact angles of the present samples agree well with a previous study [45]. Based on
the static contact angles, strictly speaking, the present surface may not be classified as a SHPho
surface. However, the models that we have developed to represent the diffusion characteristics are
determined by whether the air-water interface is in phases I-II or III, not by the specific value of the
apparent contact angle (see Secs. III and IV). Therefore, we think that the results from the present
study can be readily extended to the diffusion analysis of gas trapped on SHPho surfaces.

B. Reflection interference contrast microscopy

We use a reflection interference contrast microscopy (RICM) to measure the temporal variation
of the air-water interface shape. Basically, RICM is a kind of interferometry, which uses an antiflex
technique [46] to improve the signal-to-noise ratio. Thus, it is known to have higher accuracy than
other interferometry techniques. Unlike the confocal laser scanning microscopy, the RICM method
captures the image of the whole region of interest simultaneously, thus it is appropriate to study the
three-dimensional dynamics with more precise measurement.

The present configuration of RICM is shown in Fig. 3(a). The light from the lamp passes through
the bandpass filter and turns into a monochromatic light that is guided to the bottom of the surface.
This incident light is reflected through two different paths: from the bottom (air-solid interface)
and top (air-water interface) of the plastron, respectively [Fig. 3(a)]. The reflected light is digitally
recorded by a camera, which shows the interference (fringe) pattern [Fig. 3(b)] according to the
optical path difference of received light, i.e., the thickness of the plastron. In the present study, we
use an inverted microscope (GX51, Olympus) as a basic frame and a mercury lamp (U-LH100HG,
Olympus) as a light source. A bandpass filter with a wavelength of 550 nm and a bandwidth of
50 nm is used to filter the light source into a monochromatic light. Images are taken at a speed
of 5 fps using a CCD camera (VH-4mc, Vieworks) with an objective (UPlanFl 10X, Olympus)
equipped. The antiflex technique consists of a polarizer, analyzer, and λ/4-plate, which blocks the
noise caused by stray light and improves the signal-to-noise ratio [46].

Assuming that the incident and reflected light is normal to the interface, we can quantify the
fringe pattern as an image intensity, I (x, y), with a relation shown below [47],

I (x, y) = A(x, y) + B(x, y) cos

[
4πn1h(x, y)

λ

]
+ N (x, y). (1)
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FIG. 3. (a) Setup for the present reflection interference contrast microscopy. (b) Examples of measured
fringe pattern for hole (D = 200 μm at Re = 1850) and grate (D = 120 μm at Re = 1850).

Here, A(x, y), B(x, y), and N (x, y) represent the background intensity, fringe amplitude, and
noise, respectively. On the other hand, n1 is the refractive index (of air for the present measurement)
and λ is the wavelength of incident light (550 nm for this setup). To measure the air-water interface
height [h(x, y), plastron thickness], we need a series of preprocessing of the acquired images. First,
the noise is removed by applying a 2D Wiener filter to the image, and MO-BEMD [48] is applied to
remove the background and highlight the fringe pattern. Finally, the image intensity is normalized
by a Spiral-Hilbert transform [49,50]. After we perform the preprocessing, the image intensity can
be obtained from Eq. (1) as

In(x, y) = cos

[
4πn1h(x, y)

λ

]
. (2)

Thus, the local height of the air-water interface h(x, y) obtained by the following equation is used
to reconstruct the three-dimensional shape of the interface:

h(x, y) = λ{cos−1 [In(x, y)] + 2πn}
4πn1

. (3)

In Eq. (3), order n is determined based on the choice of a reference point. For a spatial
reconstruction of interface shape, the center of the fringe patterns is set to n = 0, and the instant
when the interface is detached from the asperity of roughness feature (the boundary between phases
II and III) is set to n = 0 for a temporal reconstruction.

To validate the present RICM setup and processing algorithm, we measure the outer profile of a
convex lens (Edmund Optics, LENS PCX 25.4 mm DIA × 76.2 mm FL UNCOATED). Figure 4(a)
shows the measured fringe pattern, and we compare the measured profile with the actual value in
Fig. 4(b). As shown, the present measurement shows a good agreement with the real profile. The
maximum error is 0.03 μm, which is about 6% of the maximum height. The measured curvature
deviates from the real one by about 0.8%. The resolution of measurable curvature from the present
RICM setup is analytically estimated (i.e., in an ideal condition) as small as O(10−4) (please see the
Supplemental Material [51] for the details). On the other hand, we checked whether heating by the
light source affects the measurement in the present setup. This was tested for the static condition
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FIG. 4. Validation of the present RICM measurement algorithm and setup: (a) measured fringe pattern of
a convex lens; (b) comparison between the actual and reconstructed profiles of the lens, at the center plane
(y = 0).

(without flow), and the measured diffusion length did not differ much. We think that the time taken
for individual measurement is not long enough for the heating effect to show up (please see the
Supplemental Material [51] for the details).

III. ANALYTICAL MODEL FOR THE DIFFUSION LENGTH

After we measure the three-dimensional shape of the air-water interface with time, it is necessary
to calculate the diffusion length based on it. In this section, we explain how the diffusion length and
the measured interface shape are related, depending on three phases about the plastron state as
shown in Fig. 1. We start with a single air pocket trapped in a grate or hole on a fully submerged
hydrophobic surface (Fig. 5). Due to its geometrical simplicity, here we explain the formulation
for the case of the grate (for the hole, the basic idea is exactly the same; see the Supplemental
Material [51] for details). To describe the interface geometry, we define h∗ as the height of the
contact point between the interface and the solid structure, h′ as the depth (height) of the sagged (or

FIG. 5. Schematics of the air-water interface on a grate (not drawn to scale).
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bulged-up) portion of the interface, and the contact angle of the interface as θc. On the interface, it
is considered that the hydrostatic pressure (pH ), capillary pressure (pγ ), air partial pressure in the
plastron (pG), and atmospheric pressure (patm) are applied and balanced.

To express the transport of air from the plastron, we start with Fick’s law, stating that the mass
flux of air from plastron to liquid per unit area (J) is proportional to the air concentration (c) gradient,
and the proportional constant is a diffusion coefficient of air (DG),

J = −DG
dc

dz
. (4)

Here, z is the vertical coordinate from the center of the air-water interface (Fig. 5). Assuming that
the air diffusion occurs mostly in a thin film (thickness of l) in which there is no mass source or sink,
it is derived that dJ/dz = −DG(d2c/dz2) = 0. In general, this thin-film approximation has been
applied to the mass diffusion problem because of its simple but accurate result. In this case, the film
thickness is called a diffusion length of the system [52]. Then, we define the boundary conditions
for air concentration as c(0) = cG and c(l ) = c∞, and the mass flux can be simply expressed as
J � DG(cG − c∞)/l . According to Henry’s law, the gas pressure inside the plastron is expressed as
pG = KH cG, where KH is Henry’s constant). Then, Eq. (4) is written as

J = DG

lKH
(pG − p∞). (5)

This indicates that the mass flux [J = (dnG/dt )/A, where nG is the number of air moles in
plastron] of gas (air) from the plastron to the surrounding liquid (water) per unit area is proportional
to the partial pressure difference of air contained in the plastron and the bulk above (p∞), but is
inversely proportional to the diffusion length (l). Assuming that the trapped air follows the ideal-gas
law (pGVG = nGRT , where R is the ideal-gas constant) and the water is saturated with air, we can
write Eq. (5) as

d

dt
(pGVG) = −ADGRT

lKH
(pG − p∞). (6)

Here, VG is the volume of the plastron and A is the area of the air-water interface. For
a grate, they are calculated as VG = Dh∗ + D2[sin−1 (cos θc) − cos θc sin θc]/(4 cos2 θc) and A =
D sin−1(cos θc)/ cos θc, respectively.

As we have explained above, we have exposed the water to the atmosphere for more than two
days, and the bulk water is fully saturated with air. The pressure components acting on the interface
are considered to be balanced in a quasistatic equilibrium state, such as pG = pH + patm + pγ . In
the case of a grate, the capillary pressure at the interface is given as pγ = 2γ cos θc/D (γ is the
surface tension). Since the local height of the interface is expressed as h = h∗ + h′, the following
relation is derived from Eq. (6):

	0
dh∗

dt
+ 	1

dh′

dt
= − A

D

DGRT

KH l

(
pH + 2γ cos θc

D

)
. (7)

Here, 	0 and 	1 include the pressure in the plastron (pG) and the information on the air-water
interface geometry, and they are written as Eqs. (8) and (9), respectively,

	0 = pH + patm + 2γ cos θc

D
, (8)

	1 = (1 + sin θc)

[
4γ h∗ sin θc

D
+ γ

(
cos θc − sin θc sin−1(cos θc)

cos2 θc
+ cos θc

)

− D(pH + patm)[sin θc sin−1(cos θc) − cos θc]

cos3 θc

]
. (9)
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FIG. 6. Three-dimensional air-water interface shape for (a) transverse grate (D = 120 μm) and (b) hole
(D = 200 μm) at Re = 1850: phase I (left), phase II (middle), and phase III (right). Here, tn = 0 is the instant
when phase III starts (interface depinning) and x is the streamwise direction.

We can rearrange Eq. (7) for the diffusion length (l) as in Eq. (10),

l = − A
D

DGRT
KH

(
pH + 2γ cos θc

D

)
	0

dh∗
dt + 	1

dh′
dt

. (10)

For phases I and II, the air-water interface is pinned at the roughness edge (dh∗/dt = 0) and the
sagged profile is maintained after the depinning at phase III (dh′/dt = 0). Therefore, the diffusion
lengths for phases I and II (lI−II) and III (lIII) are further expressed as Eqs. (11) and (12), respectively.

lI−II = − A
D

DGRT
KH

(
pH + 2γ cos θc

D

)
	1

dh′
dt

. (11)

lIII = − A
D

DGRT
KH

(
pH + 2γ cos θc

D

)
	0

dh∗
dt

. (12)

From these models, it is understood that the temporal change of the diffusion length depending on
the state of plastron can be determined by measuring the air-water interface height (h∗ and h′) over
time. Again, a similar relation can be derived for the hole geometry, and the detailed formulation is
given in the Supplemental Material [51].

IV. RESULTS AND DISCUSSIONS

A. Temporal variation of air-water interface

As we have introduced, with the present RICM method it is possible to measure the three-
dimensional interface shape with a temporal resolution that is sufficient to analyze the variation of
interface curvature over time. Figure 6 shows examples of the three-dimensional air-water interface
shape at each phase reconstructed from the fringe pattern measured with the RICM technique.
Shown in the figure are the cases of the transverse grate (D = 120 μm) and hole (D = 200 μm)
at Re = 1850. For each case, three representative instants corresponding to the phases classified in
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TABLE II. Duration of the phase II (tII), measured from the instant when the curvature (κn) has the
minimum value to the instant when κn starts to saturate.

Roughness feature D (μm) tII (s)

Longitudinal grate 80 49.52
(Re = 1850) 100 58.69

120 80.33
Transverse grate 80 50.99
(Re = 1850) 100 51.85

120 92.43
Hole 120 54.87
(Re = 1850) 200 72.09
Hole 120 32.67
(Re = 5000) 200 56.40

Fig. 1 are shown. Here, the local interface height is normalized as hn = h/H and the dimensionless
time tn = (t − t◦)/tII is used, where tII is the duration of phase II (summarized in Table II) and
t = t◦ is the instant of interface depinning. It is clearly shown that the air-water interface is
transitioned from a convex to a concave shape, as the diffusion of trapped air progresses. On the
other hand, the interface shape is spherical and cylindrical for the hole and grate, respectively, i.e.,
the cross-sectional shape is part of a circle, which is determined by the Young-Laplace equation.
Thus, it is symmetric with respect to the center plane of roughness feature, and we will use the
interface height (hc) at the center and curvature (κ) as representative parameters to characterize the
diffusion characteristics.

As an example to show how to quantify the measured interface shape, the temporal variation
of normalized interface center height (hcn = hc/H) and the curvature for the cases shown in
Fig. 6 are plotted in Fig. 7. The curvature of the interface (κ = 1/R) is nondimensionalized as
κn = (D/2)/R = | cos θc| (where the radius of curvature, R, is obtained by fitting the reconstructed
air-water interface with a circle and sphere for the grate and hole, respectively). It is noted that,
by definition of dimensionless time tn, the phase transition occurs at tn = −1.0 and 0 between
phases I-II and II-III, respectively. In Fig. 7, it is shown that the interface height decreases gradually
with time, but its sagging velocity (slope of variation) increases with the wetting transition. On
the other hand, the interface curvature varies distinctively according to the phases. In phase I, the
curvature decreases to the minimum value, since the interface shape changes from convex to flat
as the diffusion progresses. Ideally, the curvature should reach zero at the boundary between the

FIG. 7. Temporal variation of normalized interface center height (hcn, ◦) and normalized curvature (κn, �)
for (a) the transverse grate (D = 120 μm) and (b) the hole (D = 200 μm) at Re = 1850.
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FIG. 8. Diffusion characteristics of a grate geometry aligned to the (a)–(d) longitudinal and (e)–(h)
transverse directions at Re = 1850: (a), (e) normalized interface center height (hcn); (b), (f) normalized
curvature (κn); (c), (g) normalized sagging speed (vcn); and (d), (h) diffusion length l for phases I-II [Eq. (11)]
and III [Eq. (12)]. ◦, D = 80 μm; �, 100 μm; �, 120 μm.

phases I and II, but the accurate measurement of the flat interface is not possible because a flat
interface has no fringe pattern by which we measure the three-dimensional interface shape. Thus,
the minimum value of κn in the figure corresponds to the instant when the fringe pattern starts to
show up and it is possible to calculate the height and curvature from it, not relevant to the resolution
of our measurement (see Sec. II B). With a further diffusion of air, the interface enters phase II and
the curvature increases again as the interface sags down with the interface attached to the roughness
edge. After the depinning of the interface (phase III), it tends to maintain its shape while moving
downward, so the curvature saturates to a constant value.

Figure 8 shows the temporal variations of the interface center height (hcn), interface curvature
(κn), sagging speed of interface center (vcn = |dhcn/dtn|), and the estimated diffusion length (l)
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corresponding to each phase, for longitudinal (LG) and transverse (TG) grates, measured at Re =
1850. Since the interface we have measured is initially convex, its height at the center (hcn) starts
with a positive value and decreases gradually with time [Figs. 8(a) and 8(e)]. For both longitudinal
[Fig. 8(a)] and transverse [Fig. 8(e)] grates, the interface height tends to increase with decreasing
width (D) of the grate across all the phases that we have classified. For all cases, the interface
curvature follows the trends shown in Fig. 7; that is, it initially decreases to the minimum value at
phase I and increases back while entering phase II. As the interface detaches off the roughness edge
(phase III), the interface curvature is maintained to be almost the same. While the initial curvature
on the longitudinal grate is slightly larger as the grate width increases, it shows little difference
depending on the grate width for the case of the transverse grate [Figs. 8(b) and 8(f)]. This is
because for the transverse grate, the influence of shear by the water flow is mostly to push the
interface downward, not shearing along the streamwise direction. For both alignments, the interface
sagging speed increases steeply in phase I, which becomes mild and saturated in phases II and III,
respectively [Figs. 8(c) and 8(g)]. The sagging speed tends to increase as the grate width increases,
but more data are needed to establish a more accurate relation between them.

This understanding can be further supported by examining the variation of diffusion length
that we have formulated above. As it stands for, i.e., the thickness of the concentration boundary
layer, the diffusion takes place faster as the diffusion length is smaller. As shown in Figs. 8(d)
and 8(h), the diffusion length decreases rapidly in phase I and then quite slowly in phase II, which
agrees with the trend of sagging (i.e., diffusion) speed across the phases [Figs. 8(c) and 8(g)].
Previously, it was shown that the slip length on a convex interface decreases as the interface
curvature increases [23,24]. Since the concentration boundary layer thickness where the diffusion
occurs is closely related to the velocity boundary layer thickness [52,53], the relation between them
has been examined. As introduced earlier, Ling et al. [31] suggested the relation of Shθ ∼ Re0.913

τ

for SHPho surfaces (transverse grate) under a turbulent boundary layer flow (Reτ = 200–1000).
Here, Shθ and Reτ are the Sherwood number based on momentum thickness and the frictional
Reynolds number of the reference flow, respectively. This shows that the plastron diffusion rate
increases with the enhanced shear stress. Thus, it is understood that the shear-induced diffusion
of trapped air would be accelerated as κn increases (i.e., slip length decreases) in phases II and III.
In general, the diffusion length is proportional to the contact area between a solvent and a solute [52],
thus it is reasonable to think that the diffusion length will increase as the grate width (area of the
air-water interface) increases. This is roughly observed in phases I and II (the case of D = 120 μm
shows the largest l) for both longitudinal and transverse grates. Also, this explains why the time
taken for phase II (tII) is extended as the grate width increases, as shown in Table II. In phase III,
although the values of diffusion length are quite small, this trend is still maintained and the case
of D = 120 μm shows the largest l . While the interface sagging is the fastest in the interface
center during phase I-II, the entire interface sags downward with the same speed in phase III.
Therefore, the mass flux of air diffusing outward becomes larger in phase III and this change
results in the slight decrease in diffusion length after detachment. This explanation needs to be
supported by more rigorous investigations, e.g., about the dynamics of moving three phase contact
line. On the other hand, it has been reported that the effective slip length with the transverse grate
is much smaller than that with the longitudinal one [3], and furthermore the nonlinear process of
turbulence generation by no-slip/shear-free alternating boundary conditions via transverse grates
has been suggested as a reason for skin-friction drag increase for some cases [10,54]. This change
in the flow characteristics over the superhydrophobic surface may affect the diffusion characteristics
of trapped air pockets; e.g., faster diffusion for the case of a transverse grate. It is interesting
to see that the grate orientation does not affect the diffusion length significantly. For the present
cases, it is notable that the decreasing slope of diffusion length in phase I is much steeper for the
case of a longitudinal grate, but the difference due to the grate orientation is negligible in phases
II and III. It is possible that the streamwise length of the superhydrophobic surface should be
sufficiently long to evaluate the effect of grate orientation further, which will be meaningful as a
future study.

074001-12



DIFFUSION CHARACTERISTICS OF AIR POCKETS ON …

0.02

0.06

(b)

κn 0.04

-0.6

-0.4

0

0.2

(a)

hcn -0.2

0.1

0.2

0.3

0.4

0.5

0

vcn

(c)

3

6

9

12

0

(d)
-2 -1 0 1

l
[µm]

tn
-2 -1 0 1

tn

Phase I Phase II Phase III Phase I Phase II Phase III

0

FIG. 9. Diffusion characteristics of a hole geometry at Re = 1850 and 5000: (a) normalized interface center
height (hcn); (b) normalized curvature (κn); (c) normalized sagging speed (vcn); and (d) diffusion length l for
phases I-II (Eq. S4) and III (Eq. S5). ◦, D = 120 μm (Re = 1850); �, 200 μm (Re = 1850); ♦, 120 μm
(Re = 5000); �, 200 μm (Re = 5000).

In addition to the grate geometry, we have measured the diffusion characteristics (interface center
height, interface curvature, sagging speed, and diffusion length) of the plastron trapped in the hole
geometry as shown in Fig. 9. Here, we varied the hole diameter as D = 120 and 200 μm at the
Reynolds numbers of Re = 1850 and 5000. Similar to the grate geometry, the interface height
decreases with time across phases I–III, while its rate is steeper as the hole diameter increases
[Fig. 9(a)]. With the hole geometry, the overall change of interface curvature shows a similar trend
to that for the grates but it has relatively less variation across the phases [Fig. 9(b)], indicating that
the air-water interface formed on a hole has a higher initial contact angle and a lower advancing
contact angle (θc). As the hole size increases, the sagging speed becomes faster for both Reynolds
numbers, but it tends to saturate earlier for the case of Re = 5000 [Fig. 9(c)]. This seems to be
due to the increased wall shear and turbulence in the flow as the Reynolds number of flow over
the hydrophobic surface increases. This is also found in the variation of diffusion length, as shown
in Fig. 9(d). While the decrease in diffusion length is considerably faster in phase I and becomes
mild in phase II, the diffusion length of the same hole diameter is reduced as Re increases. Also,
smaller diffusion length is estimated for a smaller hole diameter. Interestingly, the decreasing slope
of diffusion length of the hole geometry is larger than that of the grate, which is attributed to the
more confined (isolated) geometry of the hole. In less confined geometry such as that of a long
grate, the air flow is induced due to the water flow [13], which is thought to contribute to the faster
diffusion of air. However, the air flow will not be developed fully in a confined geometry, and thus
the diffusion length decreases relatively slowly.

B. Scaling relation of diffusion length

In the previous section, we have shown that the diffusion characteristics of air pockets vary
depending on the type and size of the roughness feature, the Reynolds number of the flow over the
surface, and the time-dependent phases. While it is highly required to have a practical guideline on
the design of roughness feature considering the lifetime of the trapped air on the superhydrophobic
surface, here we suggest one approach. Based on the results in Sec. IV A, it is clear that the
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FIG. 10. Interface curvature-dependent variation of nondimensional diffusion length (Sherwood number,
ShI−II) for phases I and II: (a) ShI−II = l◦/lI−II; (b) Sh∗

I−II = ShI−II (D/2d )1/3. In (b), the solid line is Sh∗
I−II =

0.4 exp(−7.2 cos θc ).

diffusion speed is closely related to the interface shape, and thus we discuss phases I-II and III
separately. First, we think that the contact angle (θc) between the interface and the sidewall of
the roughness represents the temporal variation of the interface shape in phases I and II, and we
analyzed the dependency of the nondimensional diffusion length (Sherwood number, Sh) on −cosθc

(i.e., dimensionless curvature) (Fig. 10). We chose −cosθc because it increases as the sagging of the
interface progresses, and −cosθc = 0 when the transition from phase I to II occurs. The Sherwood
number is defined as the ratio of the convective transfer rate to the diffusion rate as Sh = k/k◦.
For the present study, k is the convective mass transfer rate of trapped gas (with the water flow)
and k◦ is for the static case (without water flow and only the natural diffusion works). On the
other hand, the thin-film theory assumes that when the plastron is exposed to water saturated
with air, the diffusion occurs slowly and the diffusion-induced convection perpendicular to the
interface can be neglected. As a result, the mass transfer rate is modeled as k = DG/l [52]. Then the
Sherwood number is rewritten as Sh = k/k◦ = (DG/l )/(DG/l◦) = l◦/l , which is the inverse of the
dimensionless diffusion length. Therefore, as the Sherwood number increases, the effect of water
flow on the transfer of trapped air increases, compared to the natural diffusion. In phases I and
II, we have shown that a single relation [Eq. (11)] can be used to estimate the diffusion length,
and thus the Sherwood number is calculated as ShI−II = l◦/lI−II. In the present study, we measured
the diffusion length (l◦) in a static condition using the same experimental setup and methods (the
only difference is that the water in the channel is stagnant) and the results are shown in Table I
(please see the Supplemental Material [51] for the details). As shown in Table I, measured l◦ is
quite a bit smaller than those reported previously [28,29]. Because the diffusion length is affected
by various experimental conditions such as the hydrostatic pressure and roughness geometry, it is
thus necessary to maintain the consistency of measurement conditions for fair comparison.

As shown in Fig. 10(a), ShI−II tends to increase gradually with −cosθc for all the cases considered
in the present study. While they are similar to each other in phase I, the results from different tested
conditions are increasingly scattered as the sagging progresses in phases II. For the grate geometry,
in general, the longitudinal grate shows a larger ShI−II, but the maximum ShI−II is measured for a
transverse grate of D = 80 μm, which is the case of maximum curvature. It is also seen that the
range of −cosθc for the hole case is narrower than that of a grate, which indicates that the contact
angle variation is smaller for the hole. The difference in the range of −cosθc corresponds to about a
1.5◦ difference in θc. While this can be considered to be small, it is interesting to see that the critical
θc for the interface depinning is consistently smaller for the hole geometry. Although this requires
more investigation, we suspect that the effects of three-dimensional geometry and/or flow condition
may cause the critical θc of the interface breakdown to deviate from the nominal advancing contact
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FIG. 11. Variation of nondimensional diffusion length (Sherwood number, ShIII = l◦/lIII) for phase III:
(a) in terms of roughness size (D); (b) in terms of Peclet number, Pe = (U/D)[(2d )2/Dg]. In (b), the solid line
is ShIII = 4 × 10−6Pe3/4.

angle of the surface. With the Reynolds number fixed, ShI−II becomes smaller as the roughness
size increases and it becomes larger as the Reynolds number increases with a fixed roughness size.
Thus, it is consistently found that the diffusion rate is proportional to the Reynolds number but
inversely proportional to the structure size, as we have explained in the previous section. As the
roughness size appears to be an important parameter to determine the diffusion characteristics, we
have modified the Sherwood number as Sh∗

I−II = ShI−II(D/2d )1/3 and plotted its distribution in
Fig. 10(b). Here, D is the roughness size and d is the half channel height. As shown in the figure, now
the difference between structure sizes is more or less reduced and we suggest that the scaling relation
of ln(Sh∗

I−II ) ∼ − cos θc explains the diffusion characteristics of trapped air pockets in phases I-II.
In Fig. 10(b), the solid line shows the relation of Sh∗

I−II = 0.4 exp(−7.2 cos θc), and the constants
were determined by the least-squares error method. The deviation between the proposed model
and the measured Sherwood number is largest for the transverse grate of D = 120 μm in phase II
where −cosθc is relatively large. In summary, for phases I and II we suggest that the ShI−II strongly
depends on the structure size and interface shape (i.e., curvature).

Next, we examine the change of the Sherwood number in phase III, ShIII = l◦/lIII. As a
representative value of lIII, we use a time-averaged value (compared to phases I and II, the diffusion
length shows a smaller variation in phase III). Since the curvature shape is almost constant after
the pinchoff in phase III, the roughness size (D) is thought to be an important parameter, and
thus the variation of ShIII with D is shown in Fig. 11. As shown in Fig. 11(a), for the grate the
ShIII is inversely proportional to D, but the difference according to the orientation (longitudinal
or transverse) is not clear. For the hole cases, there is a small effect of D but ShIII changes much
with increasing Reynolds number. Previously, the mass diffusion characteristics of a flowing system
have been explained by the relationship between the Sherwood number and the Peclet number
(Pe) [52,55]. The Peclet number is defined as the ratio of the characteristic shear rate and the
diffusion rate. As we have explained above, for phase III, we use the structure size as a characteristic
length scale and thus the shear rate can be expressed as U/D, where U is the bulk velocity in the
channel flow. The diffusion rate is defined as the ratio of the diffusion coefficient to the square of
the characteristic length scale of the mass diffusion, which is known to be related to the channel
height [52]. Thus, we define the Peclet number as Pe = (U/D)(2d )2/DG. In Fig. 11(b), the change
of ShIII according to Pe is plotted together with the available data in the literature [31,56]. From their
data, we used the appropriate values to calculate the Peclet and Sherwood numbers that we have
defined above. Collecting all the data, it is clear that ShIII is related to Pe as ShIII ∼ Pe3/4. As we
have explained earlier, we intentionally used a larger size of roughness feature to study the diffusion
characteristics. As a result, the data shown in Fig. 11(b) cover a range of Pe (and ShIII as well), and
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the present scaling relation is valid (the slopes of the dashed and solid lines in the figure are same). It
is also noted that some parameters such as the roughness size and reference diffusion length, which
were not given explicitly, are estimated from the relevant references. For example, to calculate ShIII

for Ling et al. [31], we used the value of l◦ = 120 μm from Xu et al. [29], who measured diffusion
length at a static condition for grate (D = 50–150 μm) geometry under a hydrostatic pressure of
1.05–1.2 atm, which is a very similar condition to that of Ling et al. [31]. Furthermore, previous
studies tried to develop the model for Sh with information on the inner scale of boundary-layer flow;
however, the present scaling relation only requires information on the flow and roughness geometry
in a physical scale.

To summarize, we have suggested the dependency of diffusion characteristics of plastron on the
interface curvature and roughness geometry in phases I and II, in consideration of the temporally
varying nature of interface curvature. In phase III, after the depinning of the interface, the interface
curvature is maintained almost constant, so the dependency on the flow condition becomes more
important to estimate the diffusion characteristics.

V. CONCLUDING REMARKS

In the present study, the wetting process of plastron formed on a fully immersed hydrophobic
surface, with various roughness geometries (grates and holes), in the channel flow at Re = 1850
and 5000 was directly measured using reflection interference contrast microscopy. Based on the
temporally varying three-dimensional air-water interface shape, we proposed that the wetting
process of the plastron occurs in three phases, and the diffusion characteristics of the plastron change
depending on them. Also, we theoretically formulated the diffusion length for each phase, which
can be calculated with the measured interface shape. As a result, we measured that the interface
height decreases gradually across the whole phases, while the curvature and diffusion length change
during phases I and II, but they are saturated at phase III. Furthermore, these measured parameters
showed a different temporal variation depending on the structure size and Reynolds number. To
provide a practical relation to estimate the diffusion rate according to different roughness and flow
conditions, we suggested two scaling relations of ln[ShI−II(D/2d )1/3] ∼ − cos θc for phases I and II
and ShIII ∼ Pe3/4 for phase III, respectively, which showed a good agreement with the present and
previous experimental data.

Many previous studies on the flow over the SHPho surfaces have assumed that the air-water
interface is initially and/or permanently flat, whereas the present results showed that the air-water
interface may form an initially convex shape. The initial condition of the air-water interface formed
on the underwater SHPho surface is important not only for predicting the overall wetting process
(i.e., lifetime) but also because it directly affects the flow control performance (e.g., drag reduction)
[20–25]. Therefore, further studies on the initial shape of the air-water interface depending on the
flow condition are needed. Moreover, in order to determine a more precise relation between Sh and
Pe or other predetermined parameters, precise velocity measurements of gas and liquid phases as
well as the air concentration profile near the plastron are required.
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