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Abstract In this study, measurements of the pressure
drop and the velocity vector fields through a regular array
of superhydrophobic pillars were systematically taken to
investigate the role of air—water interface shape on laminar
drag reduction. A polydimethylsiloxane microfluidic chan-
nel was created with a regular array of apple-core-shaped
and circular pillars bridging across the entire channel. Due
to the shape and hydrophobicity of the apple-core-shaped
pillars, air was trapped on the side of the pillars after fill-
ing the microchannel with water. The measurements were
taken at a capillary number of Ca = 6.6 x 107>, The shape
of the air—water interface trapped within the superhydro-
phobic apple-core-shaped pillars was systematically modi-
fied from concave to convex by changing the static pressure
within the microchannel. The pressure drop through the
microchannel containing the superhydrophobic apple-core-
shaped pillars was found to be sensitive to the shape of the
air—water interface. For static pressures which resulted in
the apple-core-shaped superhydrophobic pillars having a
circular cross section, D/D, = 1, a drag reduction of 7%
was measured as a result of slip along the air—water inter-
face. At large static pressures, the interface was driven into
the apple-core-shaped pillars, resulting in decrease in the
effective size of the pillars and an increase in the effective
spacing between pillars. When combined with a slip veloc-
ity measured to be 10% of the average velocity between
the pillars, the result was a pressure drop reduction of
18% compared to the circular pillars at a non-dimensional
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interface diameter of D/D, = 0.8. At low static pressures,
the pressure drop increased significantly as the expanded
air—water interface constricted flow through the array of pil-
lars even as large interfacial slip velocity was maintained.
At D/D, = 1.1, for example, the pressure drop increased by
17% compared to the circular pillar. This drag increase was
the result of an increased form drag due to a decrease in
porosity and permeability of the pillar array and a decrease
in the skin friction drag due to the presence of the air—water
interface. For D/Dy = 1.1, the slip velocity was measured
to be 45% of the average streamwise velocity between the
pillars. When compared to no-slip pillars of similar shape,
the drag reduction was found to increase from 6 to 9% with
increasing convex curvature of the air—water interface.

Keywords Superhydrophobic surface - Pressure drop -
Particle image velocimetry

1 Introduction

As a solid object moves through a fluid, it will invariably
experience a resistance force or a drag. Drag increases
operational cost of ships, automobiles, and pipelines. As
a result, reducing drag in fluid flow has been one topic
of study in the field of fluid dynamics. In internal flows
like those through pipes, for example, a number of dif-
ferent strategies have been utilized to reduce the shear
stress along the pipe wall including the addition of high
molecular weight polymers to the flow (White and Mun-
gal 2008), the injection of air bubbles near the surface
of the pipe (Elbing et al. 2008; Sanders et al. 2006), and
the introduction of small-scale structures to a hydropho-
bic wall to trap air between surface features and make
the surface superhydrophobic (Daniello et al. 2009; Ou
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et al. 2004; Watanabe et al. 1999). Among those methods,
the use of superhydrophobic surfaces for drag reduction
has been spotlighted over the last two decades (Rothstein
2010).

Superhydrophobic surfaces are hydrophobic surfaces
containing micron-/nanometer-sized surface roughness.
Due to the combination of chemical hydrophobicity and
structural topography, an air layer is created between peaks
of surface roughness. It results in the formation of an air—
water interface along the superhydrophobic surfaces. The
presence of the air—water interface can make the surface
extremely non-wetting, can result in an increase in the
advancing contact angle with water toward 180°, and can
mobilize drops by reducing the contact angle hysteresis of
the surface to 0° (Kim et al. 2015; Rothstein 2010). The
presence of the air—water interface has also been shown
to generate both laminar and turbulent drag reduction by
introducing a nonzero slip velocity along the trapped and
nearly shear-free air—water interface (Choi and Kim 2006;
Daniello et al. 2009; McHale et al. 2009; Ou et al. 2004,
Song et al. 2014; Srinivasan et al. 2013; Truesdell et al.
2006; Watanabe et al. 1999). The drag reduction produced
by a superhydrophobic surface depends on the dimensions
of the pipe or channel, the fraction of the superhydrophobic
surface covered by an air—water interface, and the size and
spacing of the surface features (Oner and McCarthy 2000;
Ou et al. 2004; Rothstein 2010; Song et al. 2014). Maxi-
mum drag reduction is achieved with decreasing channel
height, increasing air—water interface coverage and larger
feature spacing (Ou et al. 2004). The existence of a nonzero
slip velocity at the air—water interface has been demon-
strated through micro-PIV (nPIV) measurements and
numerical simulations (Ou and Rothstein 2005; Tsai et al.
2009).

There have also been a number of studies investigat-
ing how superhydrophobicity and slip can affect flow past
two- and three-dimensional bodies like hydrofoils (Balasu-
bramanian et al. 2004; Gogte et al. 2005), spheres (McHale
et al. 2009), and cylinders (Daniello et al. 2013; Legendre
et al. 2009; Muralidhar et al. 2011; You and Moin 2007).
Here, we will present pressure drop and velocity vector
field results for the flow through a periodic array of cylin-
drical pillars whose cross-sectional shape and surface
topography were designed to trap air and thereby making
them superhydrophobic. Unlike previous studies on three-
dimensional bodies, in these experiments, the size of the
pocket of trapped air will be comparable to the size of the
cylinder making it easily observable under the microscope.
Additionally, we will show that by using variations in static
pressure, the shape and extent of the trapped air against
the superhydrophobic pillar can be modified to control the
shape of the pillars along with the permeability and poros-
ity of the periodic array of pillars.
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In most previous studies, the air—water interface
trapped within the superhydrophobic surface was
assumed to be flat. However, at large flow rates and
pressures, the interface can be deformed and eventually
driven into the surface features and lost. Thus, under-
standing the role of interface shape on the performance
of superhydrophobic surfaces is extremely important if
the performance of the surfaces is to be fully optimized.
The theoretical deflection of the air—water interface can
be determined by the difference in the static pressure
between the water and the air phases and spacing between
surface roughness, P, .. — P, = 20, cos (w — 0)/I
(Rothstein 2010). Here, o, is surface tension of the
water, [ is spacing between surface roughnesses, 6 is
deflection angle of the interface from the flow direction,
and the deflection is assumed to drive the interface into
a circular hole. As the static pressure in the water phase
is increased through an increase in the flow rate and/or
a decrease in the channel height, the deflection angle of
the interface increases but remains pinned to the top of
the surface roughness until it reaches the local advanc-
ing contact angle. As a result, the air-water interface is
driven further and further into the surface as pressure in
the water compresses the air phase, giving the interface
a concave shape. At a large enough water pressure, the
advancing contact angle is reached and the air—water
interface collapses, eliminating the drag reducing proper-
ties of the superhydrophobic surfaces. Conversely, a con-
vex interface shape can also be achieved by decreasing
the static pressure of the water phase or increasing the
static pressure of the air phase.

In laminar flows, it has been shown that the continu-
ity and shape of the air—water interface is an important
factor in drag reduction. Steinberger et al. (2007) used
a modified SFA to investigate the hydrodynamics of a
water glycerol mixture confined between a sphere and
a superhydrophobic surface containing a square array
of d = 1.3 pm holes to form a “bubble mattress.” Iso-
lated bubbles have been shown both experimentally and
numerically to perform relatively poorly for drag reduc-
tion because the air—water interface that is formed is
not continuous along the surface and large slip veloci-
ties cannot be obtained (Davis and Lauga 2009). The
experimental measurements of Steinberger et al. (2007)
actually showed that a larger slip length was achieved
for the hydrophilic, fully wetted holes in the Wenzel
state, b ~ 105 nm, then the hydrophobic Cassie state,
b ~ 20 nm. To understand why, the authors performed
a series of numerical simulations where they studied the
effect of interface shape on the resulting slip length. They
found that the maximum drag reduction was achieved
when the air—water interface supported above the holes
was flat and dropped off quite significantly for menisci
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that protruded into the flow or into the holes. Similar
unexpectedly small drag reduction results were found by
Bolognesi et al. (2014) for menisci that were driven into
long rectangular surface cavities. However, in their case,
they speculated that the decreased drag reduction was
due to surface impurities and the Marangoni flow that is
induced by the resulting the surface tension gradients.

The theoretical predictions of Sbragaglia and Prosperetti
(2007) found similar results for the flow past microridges
supporting deformed interfaces. Steinberger et al. (2007)
showed that it is the immobility of the air—water interface
and the resulting blockage of the flow that combine to
actually enhance drag for bubbles protruding beyond the
hole at an angle greater than 0 > 60°. These results are in
agreement with Richardson’s early predictions (Richard-
son 1973) that the proper macroscopic boundary condition
to use for a perfectly shear-free surface will become no-
slip if the surface is sufficiently rough. To date, no experi-
ments have been performed to confirm these results for
superhydrophobic surfaces which produce significant drag
reduction like arrays of microridges or microposts where
the interface is mobile; however, work with bubble matri-
ces has continued to evolve experimentally.

Tsai et al. (2009) experimentally measured the shape
of the air-water interface using confocal microscopy.
Through micro-PIV measurements, they found that a
concave air—water interface reduces the slip length from
that measured on a flat interface (Tsai et al. 2009). Their
follow-up research demonstrated the role of the interface
geometry on the slippage over a wide range of protru-
sion angle from a bubble mattress (Karatay et al. 2013).
An active control of the static pressure within the air phase
was used to modify the protrusion angle of the interface.
A maximum drag reduction of 21% and an equivalent slip
length of 5 um were obtained at the protrusion angle of 10°
(Karatay et al. 2013). This slip length decayed quickly for
protrusion angles beyond 10°. In their study, the channel
height was large enough that the additional confinement
effects due to the protrusion of the bubbles into the chan-
nel were small.

In this paper, we will systematically change the air—
water interface shape of superhydrophobic pillars in the
microchannel by controlling the static pressure in the chan-
nel. In these flow geometries, unlike the work of Tsai et al.
(Karatay et al. 2013; Tsai et al. 2009), confinement effect
will be important. Direct measurements of the pressure
drop and velocity vector field for the flow around super-
hydrophobic pillars will be presented for various interface
shapes. These measurements will allow us to better under-
stand and optimize the performance of superhydrophobic
surfaces. Additionally, these measurements will demon-
strate a novel new use for superhydrophobic surfaces as
variable permeability and porosity microfluidic filters.

2 Experiments

A schematic diagram of the microfluidic device is shown
in Fig. 1. The microchannels were produced with regular
array of circular- and apple-core-shaped superhydropho-
bic pillars which bridge across the microchannel to cre-
ate a microfluidic porous media. The microchannels were
designed using AutoCAD, and a close-up of the pillar
cross sections is shown in Fig. 1c, d. Each of the pillar
design starts from a circular cross section with a diameter
of Dy = 150 um, is spaced 375 pm apart, and is equal
in height to the microchannel at H = 62.2 £ 0.1 um. As
shown in Fig. lc, the circular cross-sectional pillar is
fully wetted by the water and will be used as the con-
trol. To make superhydrophobic pillars, a number of dif-
ferent geometries were investigated including “x”’-shaped
and “+4”-shaped pillars. The apple-core design shown in
Fig. 1d was converged upon because of the ease of creat-
ing individual trapped bubbles along the side walls of the
pillars during the initial filling of the microchannel and
the longevity of the bubbles in this design. The bubbles
trapped on the side of the apple-core-shaped pillars were
found to last for an entire day long experiments without
the needing to be replenished. To create the apple-core-
shaped pillars, a circle of diameter, 35 pm, was cut from
each side of the circular pillar with the center of the cut
out located at a position 47 um from the center of the cir-
cle. The apple-core-shaped pillars were then aligned so
the shear-free air-water interface would be placed in the
contraction between adjacent pillars where we expect the
maximum effect on pressure drop would be produced.
The microfluidic device designs were then printed on a
high-resolution mask at 20,000 dpi to allow for resolu-
tion of features as small as 10 um. A negative of the mask
was transferred to a photoresist (SU-8 2100, MicroChem)
spun coat onto a silicon wafer using a mask aligner
(SUSS MicroTec MAG6). To form the final microfluidic
devices, a casting from the master was created in poly-
dimethylsiloxane (PDMS) (Dow Sylgard 184) (Ou et al.
2004; Whitesides and Stroock 2001), removed from the
master, and bonded to a microscope glass spun coat with
a thin layer of partially cured PDMS before a final bake
at 60 °C overnight created an excellent seal (Mulligan
and Rothstein 2011).

An inlet and multiple outlets were incorporated into
the design at the ends of the channel as shown in Fig. la
so that the working fluid could be driven through the
device using a syringe pump. Distilled water was used as
the working fluid in all experiments presented here. Four
pressure ports were incorporated to read the pressure at
multiple locations within the microchannel and get accu-
rate pressure drop values. The pressure drops reported
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Fig. 1 Schematic diagram of the experimental setup. Also included
are a schematic diagram for pressure drop measurements, b top-
down schematic diagram of the microchannel, and optical microscope

here will primarily be from the most upstream and down-
stream ports. The two pressure ports in the middle were
superfluous for pressure drop measurements, but in addi-
tion to the three outlet ports, they were extremely useful
for removing unwanted air bubbles within the microflu-
idic device. The static pressure in the microchannel was
controlled by changing the pressure drop through the out-
let tubing. This was accomplished by manually tighten-
ing or loosening a hose clamp. The change in static pres-
sure from 500 to 2500 Pa was used to change the shape
of the air—water interface trapped along the superhydro-
phobic pillar from roughly flat, D/D, = 0.8, to circular,
DI/D, = 1.0, to convex, D/D, = 1.1. Here, D is the width
of the apple-core-shaped pillar measured at the center
of the trapped air—water interface. Some variation in the
measured size of the trapped air bubbles was observed for
the superhydrophobic pillars due to variation in the fabri-
cation process. To minimize error, the diameter of the air
bubbles was measured at 50 different superhydrophobic
pillars in the microchannel. Also note that although the
shape of the meniscus is uniform across most of the pil-
lar, it does change very close to the top and bottom of the
pillar where it interacts with the top and bottom wall of
the PDMS microchannel.

All the pressure drop measurements were taken using
manometer columns with 0.5-mm-height resolution and
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images of ¢ circular pillars and d apple-core-shaped superhydropho-
bic pillars. The diameter of each pillar, Dy, is 150 um and they are
spaced 375 um apart

were taken at a fixed volume flow rate of Q = 0.1 ml/
min. This flow rate corresponds to a capillary num-
ber of Ca = puUlo = 6.6 x 107> and a Reynolds num-
ber of Re = pUw/n = 0.71. The average streamwise
velocity between each pillar in the microchannel, U,
= Q/Hw — nDy) = 4.75 mm/s, was calculated using con-
servation of mass, and confirmed by microparticle image
velocimetry (uPIV). Here, p is the viscosity of working
fluid, H is the depth of the microchannel, w is the width of
the microchannel, n is the number of pillars, p is the den-
sity, and o is the surface tension. The depth of the micro-
channel was measured to be H = 62.2 £ 0.1 um using a
surface profilometer. The pressure drop of the apple-core-
shaped superhydrophobic pillars was compared to that of
the baseline circular pillars to evaluate the effect of air—
water interface shape on the pressure drop. The maximum
uncertainty of pressure drop was calculated to be 5 Pa.

To measure velocity vector fields around the circular
and superhydrophobic pillars in the microchannel, micro-
particle image velocimetry (UPIV) system was utilized.
The microchannel was placed to a Nikon inverted micro-
scope (Nikon Eclipse TE 2000-U) with a 20x objective.
Fluorescent carboxylate-modified latex particles with
1 ym diameter (FluoSpheres) were mixed with the dis-
tilled water and driven through the microchannel at a flow
rate of Q = 0.1 ml/min. The particles absorbed blue light
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from an illumination source (X-cite 120, EXFO) and emit-
ted green light. The emission from the tracer particles was
collected by a high-speed camera (Phantom V4.2) with
512 x 512 pixels resolution. The sample rate of the cam-
era was 1000 Hz, resulting in a time interval between suc-
cessive images of Ar = 1 ms. A commercial PIV software
package (Davis 7.2 software, LaVision) was used to corre-
late the particle displacements and calculate velocity vector
fields. To reduce noise, the velocity fields from 1000 indi-
vidual cross-correlations were averaged to produce each
vector field. The field of view for the PIV measurements is
559 x 559 um so that a tight zoom could reveal the pres-
ence of slip along the air—water interface trapped within
the apple-core-shaped superhydrophobic pillars. The mini-
mum correlation window size used was 6 x 6 pixels with
25% overlap to maximize spatial resolution in search of
slip. The resulting vector spacing was 4.4 um. However, for
the representational two-dimensional velocity vector fields
and vorticity fields, a window size of 16 x 16 pixels was
chosen to increase the vector length, while avoiding vector
overlap. All the velocity measurements were taken in the
middle of microchannel at a depth of 30 um.

3 Results and discussion

Starting with a fresh microchannel, an air bubble was
trapped within the side walls of the superhydrophobic
apple-core-shaped pillars by a forced wetting process. In
Fig. 2a, the dry apple-core-shaped superhydrophobic pil-
lars are shown in the microchannel. Water was driven
with a syringe pump through the microchannel. As shown
in Fig. 2b, as the water advanced through the microchan-
nel, the water was pinned and deflected at the front edges
of each successive pillar. The water remained pinned until
its contact angle with the pillars reached 6, = 110° locally.

(@) (b)

100pm
-

Fig. 2 A series of microscope images showing the initialization of
the microfluidic device and formation of the air—water interface in
the superhydrophobic apple-core-shaped pillars at Ca = 6.6 x 1075,

This is shown in Fig. 2b. Beyond this advancing contact
angle, the air—water interface advanced along the surface
of a single pillar. When the advancing water reached the
upstream re-entrant corner of the cut out in the apple-core-
shaped pillar, the air—water interface continued to deform,
but remained pinned. The combination of the high advanc-
ing contact angle and surface tension kept the water from
wetting down into the cavity within the pillar wall. As a
result, as the water progressed past each successive pillar,
two small bubbles of air were trapped within each apple-
core-shaped pillar. The air bubbles were initially relatively
small with a flat or even a concave profile; however, as
the pressure of the initial flow was removed, the air bub-
bles expanded beyond D/D, > 1 as shown in Fig. 2c. This
is because the pressure in the air phase remains set by the
local pressure during the initiation of the microchannel in
Fig. 2b. As the flow was removed, the pressure in the water
phase dropped and the air expanded until the internal pres-
sure was balanced by the combination of water pressure
and Laplace pressure produced by the curved air—water
interface.

For comparison with the superhydrophobic pillar array,
pressure drop measurements were first taken on an array of
solid circular cross-sectional pillars shown in Fig. 1c. At an
average velocity between the pillars of Uy, = 4.75 mm/s
and a capillary number of Ca = 6.6 x 107>, a pressure
drop of AP = 159.4 £ 1.4 Pa was measured. Note that to
within the uncertainty of the measurements the pressure
drop was found to be independent of the static pressure in
the microfluidic device, indicating that the internal pressure
within the microfluidic device did not cause an expansion
or swelling of the microchannel that would bias the drag
reduction measurements. Next, a series of pressure drop
measurement were performed for the apple-core-shaped
superhydrophobic pillar arrays to investigate the depend-
ence of pressure drop on the shape of the trapped air—water

(©)

100pm 100um
L -

Included are images of superhydrophobic pillars a dry prior to flow
initialization, b during the wetting process, and ¢ fully initialized. The
flow direction is from left to right
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interface. To facilitate these measurements, the pressure
drop through the downstream tubing was systematically
changed with a hose clamp in order to change the static
pressure in the microfluidic device without affecting the
flow rate within the microchannel which was controlled
independently using a syringe pump. By changing the
static pressure, the curvature of the air—water interface was
modulated through a range from D/D, = 0.8 to D/Dy = 1.1.
Multiple measurements with different interface curvatures
were taken with a given microfluidic device, allowing
interface shape and pressure drop to reach a stable equi-
librium between each pressure drop measurement. The
pressure drop reduction for superhydrophobic pillars and
in some cases pressure drop enhancement was calculated
by comparing its pressure drop to the pressure drop across
the array of circular pillars at the same velocity and capil-
lary number. The results are shown in Fig. 3. The pressure
drop reduction is defined as PDR = (AP yjar — APgps)!
AP At D/Dy = 1.0, where the protrusion of the air—
water interface from within the apple-core-shaped pillar
results in a cross-sectional shape that is identical to that of
the circular pillar, a pressure drop reduction of PDR = 7%
was obtained. Although data for a normalized diameter of
exactly D/D, = 1.0 were not obtained, the pressure drop
reduction at D/D, = 1.0 was interpolated from the data
by fitting lines of best fit to the measured pressure drop in
Fig. 3. This result shows the impact that the presence of the
fluid slip that resulting reduction of shear stress at the air—
water interface can have on the flow through a micropillar

circular*

20 . . . . . .
Q
15¢

10

5k

-10

Pressure Drop Reducion [%]

-15F

!

0.8 0.85 0.9 0.95 1 1.05 1.1

-20 .

Non-Dimensional Interface Diameter, D/D )

Fig. 3 Pressure drop reduction as a function of non-dimensional
interface diameter for flow through a microchannel containing a regu-
lar array of superhydrophobic apple-core-shaped pillars. The data are
non-dimensionalized through comparison against an array of circular
pillars with diameter D, and include the experimental pressure drop
(open circle) and linear lines fitted to the data to guide the reader’s
eye (line)
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array. This pressure drop reduction may appear small when
compared to flow across superhydrophobic surfaces with
continuous slip interfaces (ridges, posts, etc.) (Ou et al.
2004; Ou and Rothstein 2005; Song et al. 2014). This is
because, in our microfluidic device, the fluid experienced
an additional large viscous drag from the presence of the
top and bottom walls of the microchannel.

As shown in Fig. 3, the measured pressure drop reduc-
tion was found to be quite sensitive to changes in the shape
of the air—water interface. By constricting the downstream
tubing and raising the static pressure in the microchannel,
the air—water interface trapped within the superhydropho-
bic pillars was compressed. At the highest pressures tested,
the interface became roughly flat and aligned parallel to
the flow direction for D/D, = 0.8. As the air pocket was
compressed, the effective flow cross-sectional area between
the pillars became larger. As a result, the form drag related
to the pillar size and shape as well as the drag resulting
from shear stress associated with the flow between pillars
was reduced. Thus, the pressure drop would have become
smaller due to geometry changes even in the absence of
the shear-free air—water interface. A pressure drop reduc-
tion of 18% was measured for the most concave interface
tested at D/D, = 0.8. By reducing the outlet constriction,
the static pressure in the channel was reduced and the air
pockets were allowed to grow beyond D/D,, > 1. As shown
in Fig. 3, a sharp decrease in the pressure drop reduction
was observed with increasing non-dimensional interface
diameter. In fact, beyond D/D,, > 1.02, a negative pressure
drop reduction or, in other words, a pressure drop increase
was observed. As the air—water interface protruded into the
water phase, it becomes an additional obstacle to fluid flow
by reducing the cross-sectional area between pillars. A 17%
increase in the pressure drop was observed for the largest
non-dimensional interface diameter tested, D/D, = 1.1.
Similar measurements for bubble matrices with convex
air—water interfaces have been reported in the past (Karatay
et al. 2013). Here, we show for both convex and concave
interface shapes that the drag through a microchannel array
of superhydrophobic pillars can be very sensitively con-
trolled by the air—water interface shape.

In Fig. 3, the pressure drop through the array apple-
core-shaped superhydrophobic pillars is compared against
the pressure drop through the array of circular pillars. As
described above, this comparison takes into account both
the pressure drop reduction associated with the slip along
the trapped air—water interface and the pressure drop
increases/decreases due to the confinement effects result-
ing from the growing/shrinking of the trapped air pocket.
In order to separate these two effects, a series of measure-
ments were taken where the air—water interface was inten-
tionally contaminated with small, one-micron-diameter
particles to transform it from shear-free to no slip. The
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particles used for p-PIV are slightly hydrophobic in nature.
As a result, over time the particles can begin to accumulate
along the air—water interface. Given the size of the parti-
cles, this accumulation is essentially irreversible (Zeng
et al. 2006). After roughly 30 minutes, -PIV confirmed
that the surface coverage of the particles was sufficient to
make interface immobile and could be treated as a no-slip
surface. For this reason, all -PIV measurements presented
below were taken within the first few minutes of the onset
of flow to ensure a non-contaminated, fully mobile inter-
face. Surfaces contaminated by surfactants have also been
shown to reduce interface mobility (Bolognesi et al. 2014),
although it should be pointed out that no evidence for sur-
factant contamination was observed here.

Pressure drop measurements were then taken for a
series of apple-core-shaped pillars with no-slip, particle-
contaminated air—water interfaces having diameter ratios
between 0.8 < D/D, < 1.1. For D/D, = 1.0, the pressure
drop was found to be the same as for the array of no-slip
circular cylinder result within the experimental uncertainty
and 7% higher than for a clean, mobile air—water interface.
This gave us confidence in our approach. For D/D, = 0.86,
the pressure drop for flow through an array of apple-core-
shaped pillars with no-slip, particle-contaminated air—water
interfaces was found to be 6.7% higher than for the same
array of apple-core-shaped pillars with a clean, mobile
air—water interfaces. This observation shows that the drag
reduction observed in Fig. 3 was not entirely due to the
change in shape of the pillars. For D/D, = 1.05, the pres-
sure drop for flow through an array of apple-core-shaped
pillars with no-slip, particle-contaminated air—water inter-
faces was found to be 8.4% higher than for the clean,
mobile air—water interface. The data show a small, but sig-
nificant, increase in reduction in the skin friction drag as
the air—water interface becomes more convex. This is con-
sistent with recent observations (Karatay et al. 2013).

In order to better understand the observed pressure drop
variation with changing the air—water interface shape,
detailed velocity fields around two adjacent circular and
superhydrophobic pillars were measured using microparti-
cle image velocimetry (UPIV). These two-dimensional vec-
tor fields were then used to study in detail the presence and
effect of slip along the air—water interface trapped with the
superhydrophobic pillars. This was done by examining the
evolution of the velocity profiles along three different slices
parallel to the flow direction as well as one slice perpendic-
ular to the flow cutting between the centers of two adjacent
pillars.

The velocity vector fields and corresponding vorticity
fields around the circular and superhydrophobic apple-
core-shaped pillars are presented in Fig. 4. The dimension-
less interface diameter of the superhydrophobic pillars was
DID, = 0.88 and D/D, = 1.09, respectively. The spatial

channel positions were non-dimensionalized by the diam-
eter of the circular pillar, Dy = 150 um. It should be noted
that due to variations in the exact interface shape, cases
of superhydrophobic pillars with some modest asymme-
try in the flow can be found throughout the microchannel.
As shown in Fig. 4, symmetric flow was observed on both
the adjacent circular and superhydrophobic pillars. In both
cases, stagnation points were observed at the leading and
trailing edges of the pillars. The flow was then found to
accelerate into the contraction between pillars before decel-
erating on its way out. This acceleration and deceleration
of the flow allowed the resulting streamline curvature and
shear results in high vorticity areas at the top and bottom of
the pillars in the throat of the contraction.

From Fig. 4, the first obvious difference between the
circular and superhydrophobic pillars can be seen in the
magnification of the vorticity. The maximum and extent of
the vorticity for both cases of the superhydrophobic pillars
were found to be smaller than those of the circular pillars.
For D/D, = 0.88, the shape of the air—water interface was
essentially flat. Thus, the curvature effect from the geome-
try of the interface was reduced compared to the case of the
circular pillar, resulting in the decrease in the magnitude
of the vorticity. As the air—water interface was increased
beyond D/D,, > 1, the vorticity is expected to increase with
the increased streamline curvature and velocity in the con-
traction. In fact, the presence of the slip at the air—water
interface was found to reduce the magnitude of the vorticity
at D/D, = 1.09 even as the pressure drop increased beyond
the case of the solid circular pillar. To quantify the mag-
nitude of the vorticity attenuation, the maximum values of
vorticity around six different sets of pillars were measured
and averaged. The absolute maximum of the vorticity for
the superhydrophobic case was measured to be w = 134 s~
and w = 159 s~ for D/D, = 0.88 and D/D;, = 1.09, respec-
tively. They correspond to 29% and 16% decrease in the
vorticity for D/D, = 0.88 and D/D, = 1.09, respectively,
compared to the flow past a solid circular pillar for which
the vorticity was found to be w = 189 s~!. Reduction in
vorticity has been observed previously for flow past a mac-
roscale circular cylinder with a superhydrophobic coat-
ing (Muralidhar et al. 2011). In those experiments, which
were performed at large Reynolds number, the reduction
in vorticity was found to delay flow separation and vortex
shedding and reduce the magnitude of the time periodic lift
force (Daniello et al. 2013).

In Fig. 5, streamwise velocity measurements are pre-
sented for both the circular pillars and the apple-core-
shaped superhydrophobic pillars along the three different
slices between the two pillars parallel to the flow direc-
tion. In all the cases, the streamwise velocities were non-
dimensionalized by the average streamwise velocity of the

water between two pillars, Uy, = 4.75 mm/s. A schematic
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Fig. 4 Particle image velocimetry (PIV) vector fields of flow through »
a regular array of a circular and b, ¢ superhydrophobic apple-core-
shaped pillars at Ca = 6.6 x 107> with vorticity overlaid as a con-
tour map. Solid lines are overlaid on the data to indicate the posi-
tion of pillars while dotted lines are used to represent the position
of the air—water interface formed by the air bubble trapped against
the superhydrophobic pillar. For the superhydrophobic pillar, the
non-dimensional diameter was measured to be b D/Dy = 0.88 and ¢
DID, = 1.09 from bright-field image

diagram is inserted into Fig. 5 to show the locations of the
horizontal measurement slices. The first slice in Fig. 5a is
located along the centerline between the two adjacent pil-
lars. A subsequent slice in Fig. 5b is located at the bottom
edge of the circular pillar or, for the case of two superhy-
drophobic pillars, at the edge of the air—water interface of
the upper pillar. And, the slice in Fig. Sc is located along
a horizontal slice 4.4 um from the slice in Fig. 5b closer to
the centerline.

As shown in Fig. 5a, along the centerline between the
two pillars, the streamwise velocity was found to accel-
erate by 34% from u/Uy,, = 0.95 to w/Uyy,, = 1.27 for
flow through the array of circular pillars. However, as
the air-water interface was expanded from D/D, = 0.8
to D/D, = 1.09, the magnitude of the acceleration in the
streamwise velocity was found to grow by 41% from
uUpige = 0.92 t0 w/Upy,, = 1.30 for the D/D, = 1.09
case. The increase in the maximum velocities of the flow
between the superhydrophobic pillars for D/D, = 1.09
was larger than that of the circular pillars for two reasons.
First, there was a larger confinement effect which drove
the velocity up simply due to conservation of mass. Note,
integrating the velocity profile along any vertical slice con-
firms conservation of mass for flow through arrays of both
circular- and apple-core-shaped superhydrophobic pillars
within a couple of percent. Second, as we will see, there © 2 sums
is a significant slip velocity along the air—water interface .
trapped against the apple-core-shaped superhydrophobic L5
pillar which affects the velocity profiles between the super-
hydrophobic apple-core-shaped pillars.

Even more significant variations in the streamwise
velocities can be observed for slices taken very near the
solid and apple-core-shaped superhydrophobic pillars. As
shown in Fig. 5b, the streamwise velocity profile past both
the circular and superhydrophobic pillars decreased from
nearly u/Uy;,, = 0.7 far upstream of the pillars to a mini-
mum at the narrowest point in the centerline and increased
downstream of the pillars back to u/Uy,, = 0.7. For the
slice that passes through the edge of the circular pillar, the LS
streamwise velocity was found to go to zero, thus con-
firming the no-slip condition at the solid surface. For the 2
superhydrophobic apple-core-shaped pillars, a significant x/Do
slip velocity was observed along the trapped air—water
interface.
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Fig. 5 Non-dimensional streamwise velocity as a function of non- »

dimensional channel position, x/D,. The streamwise velocities were
measured a along the centerline between two pillars, b at the edge
of the solid surface or air—water interface of the upper pillar, and ¢
at a position 4.4 um below the edge of the upper pillar. The experi-
mental data include the velocity measured in the microchannel with
the circular pillars (filled circle) and the superhydrophobic apple-
core-shaped pillars with D/Dy = 0.88 (open square) and D/Dy = 1.09
(open diamond). The velocity was non-dimensionalized by the aver-
age streamwise velocity in the microchannel, u/Uyy,,,. Inset shows the
locations of the measurement slices in relation to the two pillars

The evolution of the velocity profiles obtained for the
superhydrophobic apple-core-shaped pillars was quite dif-
ferent in two important ways. First, as the non-dimensional
interface diameter was increased to D/D, = 1.09, the
streamwise velocity was found to increase slightly from
ulUpjjar = 0.69 to u/Uyyy,, = 0.73 just upstream and down-
stream of the pillars at D/D, = £0.7 as shown in Fig. 5b.
This could be due to the slight differences in the pillar
cross-sectional geometry as the air bubble attached to the
superhydrophobic pillar in this case protruded out beyond
extent of the circular pillar to a width of D/D, = 1.09,
resulting in a slightly non-circular shape which could
modify the local velocity profile. This flow phenomenon is
more prevalent for the data in the slice taken 4.4 uym away
from the air—water interface as shown in Fig. 5c. Note that
when the non-dimensional interface diameter was smaller
than one, D/D,, < 1, the increase in the streamwise velocity
was not observed near the edge of the air—water interface
due to the decrease in the effective pillar size. Second, at
the throat, the streamwise velocity past the superhydro-
phobic pillars did not go to zero, but instead it showed a
pronounced slip velocity of approximately 20% of Uy;.
lar for the D/D, = 0.88 case and 30% of Uy, for the
D/Dy = 1.09 case. This result clearly demonstrates that the
slip velocity at the interface is sensitive to interface curva-
ture and, for this geometry at least, increases with increas-
ing protrusion angle of the air—water interface protrudes
into the water phase. These observations are consistent with
previous measurements of flow past bubble matrices. This
increase in the slip velocity with air bubble protrusion will
be discussed in more detail in the paragraphs that follow.

For the PIV measurements presented in Fig. 5, the final
computation window size was 6 x 6 pixels, resulting in a
vector spacing of 4.4 um. In order to accurately report a slip
velocity, the position of the solid—water interface of the cir-
cular pillars and the air—water interface of the superhydro-
phobic pillars must be very accurately known. To find their
location, bright-field images were used to accurately deter-
mine the position of the solid—water and air—water inter-
faces within a single pixel (or 1 pm) using ImageJ. Once
the location of the interface was obtained, the slip velocity
at the interface was determined by fitting the six velocity
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data points closest to the interface with a second-order pol-
ynomial and extrapolating the fit to the interface. In Fig. 6,
the streamwise velocity profile measured along a vertical/
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Fig. 6 Non-dimensional streamwise velocity u/Uy,, as a function

of non-dimensional channel location for velocities evaluated along
x/Dy = 0. The experimental data include velocity profiles for circular
pillars (filled circle) and superhydrophobic pillars with D/D, = 1.09
(open diamond). The slip velocity data are superimposed on the inter-
face lines with red symbols. The vertical solid lines at y/D, = £ 0.75
represent the edge of the circular pillar while the dashed lines at
y/Dy = £ 0.7 represent the location of the air—water interface formed
around the superhydrophobic pillar (colour figure online)

cross flow slice connecting the centers of the two pillars is
shown. The solid vertical lines at y/D, = £ 0.75 indicate
the edge of the circular pillar while the vertical dashed lines
at y/Dy = £ 0.7 indicate the position of air—water interface
trapped within the superhydrophobic apple-core-shaped
pillar. The slip velocity data extrapolated from the second-
order fits are superimposed on the interface lines.

For both the circular and superhydrophobic pillars, the
streamwise velocities were found to remain nearly con-
stant away from the walls between the two adjacent pillars.
This is consistent with flow through rectangular channels
where the height is significantly smaller than the width
as it is here. The velocity was found to decrease sharply
with a large velocity gradient near the pillars. The veloc-
ity at the solid circular pillar was found to be zero within
the uncertainty of the velocity and wall position, confirm-
ing the no-slip boundary condition. However, the veloc-
ity at the air—water interface of the superhydrophobic pil-
lars was measured to be nonzero with an average value
of Ug, = 1.7 &£ 0.2 mm/s at D/D, = 1.09, as shown in
Fig. 6. This slip velocity corresponds to U /Ui, = 36%
the average streamwise velocity between pillars. Given the
spatial uncertainty of the interface location and the error
of the velocity measurements, the data are known with an
uncertainty of 0.3 mm/s.

From the PIV vector fields in Fig. 4, it is possible
to measure the velocity at multiple locations along the

illar
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Fig. 7 Non-dimensional tangential velocity, Uy, /Uy, meas-
ured along the air—water interface as a function of non-dimensional
channel position, x/D. The experimental data include velocity for
the superhydrophobic pillar with D/D, = 0.88 (open square) and
DIDy = 1.09 (filled diamond)

air—water interface trapped within the apple-core-shaped
superhydrophobic pillars. This is presented in Fig. 7 for the
two most distinguished interfaces shown here: D/D = 0.88
and D/D, = 1.09. In Fig. 7, measurements of the tangen-
tial velocity are presented at seven different points along
the interface. In both cases, the tangential velocity was
found to increase from roughly zero at the leading edge of
the air—water interface to a maximum slip velocity at the
midpoint of the interface after which it decreased back to
zero at the downstream edge of the air—water interface.
As expected, the slip velocity was found to approach zero
at the leading and trailing edges of the interface where
the presence of the solid corner of the pillar enforces the
no-slip boundary condition. As was seen in Ou and Roth-
stein’s work (2005), the slip velocity along the interface
was found to be roughly parabolic. As noted previously,
the maximum tangential slip velocity increased dramati-
cally with increasing interface expansion. At D/D, = 1.09,
a maximum of Uy,/U,, = 45% was found while a maxi-
mum tangential slip velocity along the interface of only
Uian/ Upitiar = 10% was found for the case of D/D, = 0.88.
Some fluctuation in the values was observed from pillar to
pillar so the results were compared for flow between sev-
eral superhydrophobic pillars. As the shape of the air—water
interface was expanded, the averaged maximum tangential
velocity at the midpoint of the interface was measured to
be U/ Upijar = 5 £ 3%, 20 £ 2%, 24 & 1%, and 36 + 4%
for D/D, = 0.88, 0.98, 1.05, and 1.09, respectively. From
this measurement, it is clear that the increase in the effec-
tive size of the superhydrophobic pillar not only increased
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the pressure drop in the channel due to enhanced confine-
ment and form drag, but also enhanced slippage along the
air—water interface reducing the friction drag along the
superhydrophobic pillars. For the cases where D/D,, > 1.03,
the geometry effect of the expanded convex air—water inter-
face was found to dominate the flow even as the slippage
effect at the air—water interface grew with increasing bub-
ble size. This is one reason why the pressure drop reduction
to was found to increase with increasing non-dimensional
interface diameter, D/D,, when the data was compared
not against the data for the circular pillar, but apple-core-
shaped pillars having a particle-contaminated no-slip inter-
face with the same cross-sectional shape.

4 Conclusions

The pressure drop and velocity vector fields for the flow
past a regular array of superhydrophobic apple-core-shaped
pillars in the microchannel were measured to investigate
the role of the interface shape on laminar drag reduction. A
series of PDMS microchannels with the apple-core-shaped
and circular pillars were prepared and tested at a capillary
number of Ca = 6.6 x 107°. The air bubbles were trapped
along the sides of each superhydrophobic apple-core-
shaped pillar during the initial filling of the microchannel
due to combination of the hydrophobicity of the PDMS
and the geometry of the pillar which contains a re-entrant
corner. The air—water interface was systematically changed
from a concave to a convex shape by changing the static
pressure in the microchannel.

The pressure drop through the microchannel contain-
ing superhydrophobic pillars was found to depend on the
shape of the trapped air—water interface. As the interface
was compressed into the superhydrophobic pillar becom-
ing concave, the cross-sectional area between adjacent
pillars became larger while a significant slip velocity was
introduced along the air—water interface. The result was
a significant decrease in the measured pressure drop. The
pressure drop reduction increased with decreasing non-
dimensional interface diameter, D/D,. For the most con-
cave interface tested for D/D, = 0.8, an 18% reduction
in the pressure drop compared to the solid circular pillars
was found. Of that pressure drop reduction, 6% was due to
reduction in skin friction and 12% was due to a reduction
in form drag. For convex interfaces, the pressure drop was
found to grow with increasing protrusion of the interface
into the gaps between adjacent pillars. At D/D, = 1.1, an
increase of 17% in the pressure drop compared to the flow
through an array of solid circular pillars was found due pri-
marily to a decrease in the effective cross-sectional area
between pillars due to an increase in the effective size of
the superhydrophobic pillar. Slip was found to counteract

the increase in form drag due to the convex air—water inter-
face. The presence of the air—water interface was shown to
reduce the drag by approximately 9% while the increased
confinement effects resulting from the protruding air were
found to increase the pressure drop by 26% for this case.
When the diameter of the air bubbles trapped within the
superhydrophobic pillars was the same as the diameter of
the circular pillars, D/D, = 1.0, a 7% pressure drop reduc-
tion was obtained as a result of the presence of a significant
slip velocity along the air—water interface.

From the PIV measurements of velocity vector fields
through these pillar arrays, the detailed fluid dynamics
around the circular and superhydrophobic pillars were
studied and qualitatively compared. The presence of the
array of pillars induced an acceleration of the flow into the
contraction between two pillars and a deceleration exiting
the contraction. The result was the formation of a high vor-
ticity region at the top and the bottom of both the circular
and superhydrophobic pillars. When compared to the circu-
lar pillars, the intensity of the vorticity was attenuated for
all cases of the superhydrophobic pillars both concave and
convex. When the non-dimensional interface diameter was
less than one, D/D, < 1, the reduction in shear stress along
the air—water interface due to slip coupled with the simulta-
neous reduction in a vorticity generation due to streamline
curvature was found to lead to a decrease in vorticity below
the value observed for a solid circular pillar. However, as
the interface diameter was increased beyond D/D, > 1 and
up to D/D = 1.1, the presence of slip at the air—water inter-
face was found to reduce the measured vorticity below the
value of the circular pillars even as the increased streamline
curvature drove the vorticity up.

A slip velocity along the air—water interface was found
to exist in the apple-core-shaped superhydrophobic pil-
lars for all the non-dimensional interface diameters tested.
However, the slip velocity was found to be strongly depend-
ent on the curvature of the trapped air—water interface. The
maximum slip velocity was always found to exist at the
midpoint of the air—water interface independent of interface
shape. Additionally, the slip velocity was found to increase
as the interface grew from concave to flat and finally to
convex as it expanded into opening between adjacent pil-
lars. For the most convex interface tested, D/Dy = 1.09, the
maximum tangential velocity was measured to be 45% of
the average streamwise velocity between adjacent pillars in
the channel. Interestingly, even though this case was found
to have the largest slip velocity and the largest reduction
in skin friction drag, it resulted in a pressure drop increase
due to confinement effects.

Throughout a series of measurements for pressure drop
and velocity vector fields, it is clear that both the geometry
and slippage of the air—water interface played important
role in laminar drag reduction in the microchannel. When
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the interface diameter of the superhydrophobic apple-core-
shaped pillars was the same with the diameter of the circu-
lar pillar, the presence of the slip at the air—water interface
led to a pressure drop reduction. As the interface diam-
eter was increased, the decrease in the cross-sectional area
between adjacent pillars led to an increase in the pressure
drop even as the slip velocity along the air—water inter-
face increased monotonically with the increasing trapped
air bubble size and increasing convex curvature of the
interface.
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