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Superhydrophobic surfaces have been shown to produce significant drag reduction in
both laminar and turbulent flows by introducing an apparent slip velocity along an air-water
interface trapped within the surface roughness. In the experiments presented within this
study, we demonstrate the existence of a surface tension gradient associated with the
resultant Marangoni flow along an air-water interface that causes the slip velocity and slip
length to be significantly reduced. In this study, the slip velocity along a millimeter-sized
air-water interface was investigated experimentally. This large-scale air-water interface
facilitated a detailed investigation of the interfacial velocity profiles as the flow rate,
interfacial curvature, and interface geometry were varied. For the air-water interfaces
supported above continuous grooves (concentric rings within a torsional shear flow) where
no surface tension gradient exists, a slip velocity as high as 30% of the bulk velocity
was observed. However, for the air-water interfaces supported above discontinuous grooves
(rectangular channels in a Poiseuille flow), the presence of a surface tension gradient reduced
the slip velocity and in some cases resulted in an interfacial velocity that was opposite to the
main flow direction. The curvature of the air-water interface in the spanwise direction was
found to dictate the details of the interfacial flow profile with reverse flow in the center of
the interface for concave surfaces and along the outside of the interface for convex surfaces.
The deflection of the air-water interface was also found to greatly affect the magnitude
of the slip. Numerical simulations imposed with a relatively small surface tension gradient
along the air-water interface were able to predict both the reduced slip velocity and back
flow along the air-water interface.
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I. INTRODUCTION

Superhydrophobic surfaces, composed of low surface energy materials and microstructures, can
trap air within the microstructures. These stable air pockets, sandwiched between the fluid and
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solid surface asperities, promise to change the classical no-slip boundary to a slip boundary at
the air-water interfaces of the superhydrophobic surface under water. In the past 20 years, masses
of theoretical analysis, numerical simulations, and experimental investigations have indicated the
ability of superhydrophobic surfaces to reduce the frictional drag in laminar flows in microfluidics
and rheometers, as well as turbulent flows in pipes, channels, or over plates in a towing tank [1-10].
A series of measurements have been performed to explore the details of the boundary layer near the
superhydrophobic surfaces and the slip velocity at the micro air pockets within the surface asperities
has been successfully measured using particle image velocimetry (micro-PIV). A significant slip
velocity has been directly observed at the superhydrophobic surfaces, and the slippage will reduce
the shear stress, turbulence production, or strength and patterns of a turbulent vortex [1,11-18].

It should be noted, however, that the expected drag reduction or slip velocity at the superhy-
drophobic surfaces was not obtained according to a growing body of work. It was postulated that
the air-water interface cannot be treated as shear free in some cases, but that a finite shear stress
can exist at the air-water interface, especially in the presence of surfactants, particles, or other
surface-active agents [19-26]. In an open channel, Yang et al. [24] found that the no-slip boundary
condition at the air-water interface was in better agreement with the experimental data than the
shear-free boundary condition. Bolognesi ef al. [19,25] measured the velocity profiles and shapes of
the air-water interfaces on superhydrophobic surfaces using a micro-PIV system and demonstrated
that the shear stress was nonzero along the air-water interface. They postulated that the nonzero shear
stress was introduced by a Marangoni flow resulting from the presence of surfactants in the water.
However, the presence and spatial distribution of surfactants along the air-water interface within a
microfluidic device are extremely difficult to directly observe. Very recently, Peaudecerf et al. [27]
showed that even a very small amount of surfactant could yield a no-slip boundary condition at a
flat air-water interface. Similar results have been confirmed by detecting the viscoelastic response to
a vibrating interface using atomic force microscopy (AFM) [26]. However, in the work mentioned
above, the investigated air-water interfaces at the superhydrophobic surfaces are in microscale and the
effect of their deformation is not examined. In this work, the impact of a streamwise surface tension
gradient at a curved air-water interface was investigated by considering both the deflection and shape
of the interface. It shows that the slip velocity at the air-water interface in the rectangular channel is
very small, while the slip velocity at a similar-sized circular air-water interface is dramatically large
in a torsional shear flow.

II. EXPERIMENTAL SETUP
A. Channel fabrication

In this work, a modified confocal micro-PIV system was developed to measure the slip velocity
along a single air-water interface. A millimeter-wide groove was fabricated into either wall (side or
bottom) of a hydrophobic channel where it supported a stable air-water interface. The hydrophobic
channels were made of transparent polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning) which
had an advancing contact angle around 118°. For the first channel, shown schematically in Fig. 1(a),
an air bubble would be trapped in the horizontal groove (1.0 mm wide, 5.0 mm long, and 5.0 mm deep)
on the sidewall of the channel. In this orientation, the velocity profile in the cross section normal to
the air-water interface could be measured. To make the groove on the sidewall, a 7.0 mm x 5.0 mm x
1.0 mm tiny glass block was placed horizontally on a glass slide with a piece of 1.0-mm-thick solid
PDMS beneath. The liquid PDMS was poured onto the glass slide with a 3.0-mm-thick fence. After
the PDMS was cured in an oven at 60 °C for 3 h, the glass block was removed, leaving a groove at
the side, and the channel itself was created by cutting out a rectangular strip (5.5 mm x 58 mm)
along the centerline. In the end, the channel was sealed by covering another piece of PDMS on the
top of the channel.

For the second channel, shown schematically in Fig. 1(b), a vertical groove (1.0 mm wide, 15.0 mm
long, and 2.0 mm deep) was fabricated in the bottom wall of the channel. PDMS 2.0 mm thick was
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FIG. 1. Schematic diagram of the flow channels used in experiments. For the channel shown in (a), a
horizontal groove was introduced at the center of the sidewall which was then covered by the vertical air-water
interface after water is injected. The channel in (a) is 5.5 mm wide (W), 3.3 mm high (H), and 58 mm long
(L), with the groove size being 1.0 mm wide (W,), 5.0 mm long (L,), and 5.0 mm deep (D,). The channel in
(b) contains a vertical groove centered at the bottom of the channel which is covered by a horizontal air-water
interface. The channel in (b) is 5.0 mm wide (W), 2.0 mm high (H), and 56 mm long (L), with the groove
size being 1.0 mm wide (W), 15.0 mm long (L), and 2.0 mm deep (D). The geometry in (c) is a torsional
shear flow. The bottom plate in (c), with diameter D = 40 mm, contained an annular groove which supports
an air-water interface, with radius of centerline . = 8§ mm. The width of the annular groove ranges between
0.94mm < W, < 1.83mm. The top plate was rotated and the gap between the top and bottom plate ranges
between 1.0 mm < H < 4.0 mm. The slices highlighted in green in (a) and (b) demonstrate the plane within the
focal plane of the microscope.

initially cured on a glass slide as the bottom layer. The groove was created at the bottom layer by
cutting a 1.0-mm-wide and 15.0-mm-long strip along the centerline. A middle layer, with a 5 mm x
56 mm groove (as the channel), and a top layer (a piece of 1.1-mm-thick PDMS), were sandwiched
together on the bottom layer. The channel was sealed by pouring liquid PDMS between the gaps of
each layer and cured in the oven at 60 °C for around 3 h. In this orientation, the velocity profile across
the whole air-water interface could be measured. In the discussion that follows, the coordinates are as
marked in Fig. 1: x is always in the streamwise direction and z is always in the direction opposite to
that of gravity. Due to the changing orientation of the flow cells, this means that y is either normal to
the air-water interfaces as it is for the case where the interface is on the sidewall [Fig. 1(a)], or in the
shearing direction tangent to the air-water interface as it is for the case where the interface is along
the bottom wall of the channel [Fig. 1(b)]. The bulk velocity Uy, was measured by the volumetric
flow rate through outlet of the channel. In all of the tests, the Reynolds number Re = pU., H/u was
controlled to be smaller than 2 to make the flow laminar, where p, H, and u are the density of water,
channel height, and dynamic viscosity of water, respectively. The capillary number Ca = uUy /vy,
with y being the air-water surface tension, was controlled between 0.43 x 1073 and 1.3 x 1073,
under which condition the flow was dominated by both the viscous force and surface tension, and the
deflection of the air-water interface on top of the groove could be easily manipulated at the same time.

The slip velocity at the continuous air-water interface within a torsional shear flow was also
measured in a circular channel as shown in Fig. 1(c). The circular channel was made of polymethyl
methacrylate (PMMA). The bottom plate was fixed while the top plate was rotated by a driving
wheel. The diameters of both the bottom and top plate are 40 mm. An annular groove with a
radius of the centerline r. = 8 mm, and a width W, in the range between 0.94 and 1.83 mm, was
fabricated at the bottom of the channel. The gap between the top and bottom plates was adjusted
between 1.0 mm < H < 4.0 mm. The rotating velocity of the top plate was adjusted between
0.036 rad/s< @ < 0.210 rad/s corresponding to the average tangential velocity of the top plate
at the groove area varying between 0.29 mm/s < Uy, = Qr. < 1.67 mm/s with corresponding Re
in the range of 0.28-6.72 and Ca in the range of 0.39 x 107> — 2.3 x 107> It should be noted
that a commercial superhydrophobic coating, Ultra-Ever Dry (Ultratech International, Inc.) [28],

033303-3



SONG, SONG, HU, DU, DU, CHOI, AND ROTHSTEIN

Reflection
Interface

FIG. 2. (a) Schematic diagram of the cross section of the channel showing the geometry of the air-water
interface as it deflected out of the groove (convex). (b) Representational experimental image of the convex
air-water interface showing the particle image velocimetry tracer particles and a reflection of the illuminating
laser light sheet from the air-water interface.

was coated on the bottom surface to make the air-water interface durable enough to keep it from
collapsing. A 2.0-mm-diameter stainless steel cylinder was inserted into the center of both the top
and bottom surface with a 3-mm outer-diameter ring acting as a spacer between the top and bottom
surfaces.

B. Air-water interface manipulation

In order to properly measure the slip velocity along the air-water interface, two key concerns
needed to be addressed. First, the size of the air-water interface was purposely made quite large
so that the details of the slip velocity and the surface curvature could be easily observed. At this
scale, the air-water interface can collapse easily even under a small static loading pressure and
can become unstable in dynamic flows with modest pressure fluctuations. This is one of the major
reasons why the superhydrophobic surfaces with larger-scale microstructures have not been applied
on engineering applications even though drag reduction is known to scale with feature size [29-33].
In order to maintain the air-water interface, during filling, the channels were oriented such that the
millimeter-sized groove was on the top while the fluid was slowly injected. Once the channel was
fully filled with water, the channel was rotated to the desired orientation. Using this procedure, the
air-water interface was found to be sufficiently durable to support the fluid both under static and flow
conditions. However, to further ensure the stability of the interface and to decrease the fluctuation of
the pressure as much as possible, the flow was driven by gravity instead of a mechanical pump.

Second, due to the size of the air-water interface in these experiments, even small differences
in pressure between the water and air can cause the interface to deform, making it a challenge to
keep it flat. This, however, is also an opportunity as the deflection of the air-water interface can be
precisely manipulated through changes to the volume of the air in the groove induced by altering
the static pressure of the water within the flow field. According to the ideal gas law or Boyle’s law,
the pressure and volume are inversely proportional at a constant temperature P ~ 1/V. The Laplace
pressure generated by the deflection of the air-water interface on a millimeter scale is small enough
to be neglected. Thus, by lowering or increasing the pressure, the volume of the air in the groove
can be precisely controlled and the convex or concave curvature of the air-water interface can be
accurately manipulated simultaneously. The static pressure within the channel and the flow velocity
were adjusted by altering the height of the outlet and inlet terminals of the gravity fed flow.

To calculate the deflection of the air-water interface, the first step is to detect the critical pressure
under which the interface is flat. As shown in Fig. 2, the laser initially lights the flow field downward
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in a slant angle perpendicular to the groove in the y-z plane from the left side of the interface. When
the air-water interface deflects upward (Ad > 0, convex), strong reflection appears at the area near
the three phase contact line on the left side, as shown in Fig. 2(b). However, the strong reflection
will disappear and switch to the other side when the air-water interface deflects downward (Ad < 0,
concave). The air-water interface is regarded as flat at the critical pressure under which the reflection
position starts to transfer. The measured critical gauge pressure is 3.0 kPa in the channel shown in
Fig. 1(b) at 1.06 mm/s. It should be noted that the laser was changed to be parallel to the interface in
the x-z plane when measuring the slip velocity, so that there is no reflection area during measuring.
The value of the interface deflection Ad was not able to be measured directly in our experiments.
However, the interface deflection could be calculated from the volume change when altering the
pressure by assuming the interface being a circular arc. As shown in Fig. 2(a), the initial volume
of the air in the groove is Vo = WyD,L, when the interface was flat at the absolute pressure Py =
104.3kPa, where W,, Do, and L, were the dimensions of the groove. Under a pressure of P,
the volume of the air in the groove changes to V|, = Vy + [0 R? —0.5W(R — Ad)]Lg, where the
definitions of R and 0 are shown in Fig. 2(a). Assuming the interface to be a circular arc, we
can get R? = (O.SWg)2 + (R — Ad)? and 0 = arccos[(R — Ad)/R]. According to the ideal gas law
PV, = PyVj, the deflection can be calculated directly. In this work, the gauge pressure (A P) is
varied from —5.0 to 7.0 kPa and the interface deflection (Ad) changes between 124 and —56 pm.

C. Slip velocity measurements

A modified confocal micro-PIV system was employed to measure the velocity in the field of view
with millimeter size. The main difference between the standard micro-PIV system [18] and ours is
that the microscope was replaced by a lens with a long working distance (25 mm) and a zoom-in
capability of 300 x . Unlike the standard micro-PIV system with a depth of field that can be less than
1 um depending on magnification [34,35], the depth of field of our lens is approximately 150 wm. This
large depth of field enables us to observe the whole air-water interface in a single image even when
the interface is deeply curved. To illuminate the flow, the fluorescent polystyrene particles (MV-F07,
Microvec Pte. Ltd., China) with an average diameter of 7 um and a density of 1.05 g/cm? were
dispersed in de-ionized water. The excitation and emission wavelength of the fluorescent particles
are 532 and 590 nm, respectively. The laser beam (~0.5 W) excited the flow field within a diameter
of 2.0 mm at the air-water interface and the background laser light was filtered by an orange optical
filter fixed on the microscope lens. Only the particles within the focal layer could be captured, while
the particles out of focus would appear as either larger, discrete points or a background glow in the
captured image [17]. The images were captured by a high speed camera (MotionXtra NX-4, IDT
Corporation) at 800 x 600 pixels with a spatial resolution of approximately 5 um. The frequency
of the image acquisition was based on the type of the channel which would be described in the
following. The image sequences were then processed using open software PIVLAB [36,37]. Each of
the experiments was repeated at least three times to ensure repeatability and statistical analysis.

It is worth mentioning that the particles within the focus layer, while not locating at the interface,
will affect our slip velocity measurements, which may result in a larger slip velocity than the real
value. However, this error can be negligible based on two reasons. First of all, the concentration of the
particles sticking at the interface is much larger than the ones in the fluid field, as shown in Fig. 3(a)
and the videos in the Supplemental Material [38]. The other reason, as will be mentioned in the
following, is that the slip velocity at the air-water interface shown in Fig. 1(b) is much smaller than
the bulk velocity. As a result, the particles out of the interface move much faster than the ones sticking
at the interface. We getrid of these particles by setting a maximum threshold value [ 1, = 0.10U,
for the channel shown in Fig. 1(b)] over which the velocity is not included in our results.

II1. SIMULATION

Numerical simulations were performed to compare with experimental results by means of the
commercial package FLUENT (Fluent Inc., New Hampshire, USA) using the steady laminar model,
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FIG. 3. Measurements of the velocity profile normal to the air-water interface. (a) An image of fluorescent
particles near the air-water interface with the velocity vector field superimposed for the flow in the channel
shown in Fig. 1(a) with Uy, = 0.56 mm/s. (b) The velocity profile along the line normal to the interface. The
velocity was time averaged over 500 frames. The solid symbols (l> A ®) in (b) indicate the experimental data
at different bulk velocities provided in the legend. The open symbols (—[_—, —O—) in (b) represent the
results of numerical simulations with a shear-free boundary condition imposed on the interface while the solid
line (—) represent the simulation results for an interface with a no-slip boundary condition. The velocity and
position have been normalized by bulk velocity (U.,) and channel width (W), respectively. In this experiment,
1.0 <Re < 1.8 and 0.41 x 107> < Ca < 0.76 x 1073,

similar to the one made by Ou et al. [17]. The flow field was meshed via GAMBIT in structured
grids. The dimensions of the channel and the interface are same as the experimental channels. For
the simulations related to the rectangular channel flow shown in Figs. 1(a) and 1(b), the air-water
interface was treated as rigid with an arc surface in the middle part. At the head and tail area of the
interface, the interface transforms from flat (solid-air-fluid edge) to arc (middle part) based on the
spline function of GAMBIT and the transition region is 1.5 mm long. The inlet was simplified to be a
uniform flow with a value of U,,. The number of meshes at the interface area is 15 x 20 x 30 for
the model shown in Fig. 1(a), and 15 x 50 x 30 for the model shown in Fig. 1(b). For the simulation
related to the flow shown in Fig. 1(c), the dimension is the same as the experimental channel. The
air-water interface was flat and the top surface was set to be a rotational wall.

Three kinds of boundary conditions were applied at the air-water interface. The first one was
the standard no-slip condition that was the same as a common solid surface without any slippage.
The second one was the shear-free condition on a rigid surface, which had been widely used for the
simulations of the flow on the superhydrophobic surfaces [17,39]. A large slip velocity is expected to
exist at the interface with the shear-free boundary condition. However, as it will be shown in the next
section, the slip velocity at the experimental air-water interface is much smaller than the numerical
one at the interface with the shear-free boundary condition. For the third boundary condition, the
experimental slip velocity (slip-defined) or calculated shear stress (shear-defined) was specified at
the air-water interface using a user-defined function (UDF) in FLUENT. This boundary condition
can be used to calculate the shear stress or the surface tension gradient at the air-water interface by
combining the experimentally measured slip velocity.

IV. RESULTS AND DISCUSSION

The velocity profile normal to the air-water interface was measured in the channel shown in
Fig. 1(a). The air-water interface, defined by the groove in the sidewall, was adjusted to deflect
~0.3 mm towards the flow field in order to capture the interface clearly. The focal plane was kept
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normal to the interface and was located at the position with the maximum deflection. The images were
captured at 100 fps and the velocity correlations were time averaged over a minimum of 500 frames.
One of the captured images along with the calculated velocity vector field is shown in Fig. 3(a). Note
that the concentration of the tracer particles at the air-water interface was much higher than other
areas (see Videol.mp4 in the Supplemental Material [38]). Figure 3(b) shows the velocity profile as a
function of the point-plane distance from the air-water interface. The experimental slip velocity was
found to be much smaller than expected from theory with a maximum slip velocity of only 23% U .
This result was robust and appeared to be independent of the bulk velocity in the channel, as shown
by the solid symbols in Fig. 3(b) for bulk velocity in the range of 0.30 mm/s < Uy, < 0.56 mm/s.
The experimental slip length within the measured plane was calculated to be bexy = 0.09 £ 0.03 mm
for all cases measured. Here, the local slip length b is defined using Navier’s slip boundary condition
b =u,/|0u/dy|,—o, where u, is the slip velocity and [du/dy|,—¢ is the velocity gradient at the
interface [40]. Note that this value is inconsistent with the former theoretical work. For a shear-free
interface [0u/dy|,—o = 0, the slip length should be infinite. The channel flow shown in Fig. 3 was
numerically simulated. In the simulation, the dimension of the channel and the air-water interface
was the same with the experiments. The air-water interface was set to be shear free in this condition.
As shown by the open symbols in Fig. 3(b), the numerical slip velocity at the center of the shear-
free interface reaches up to 119% of the average bulk velocity and |du/dy| = O at the interface.
This is qualitatively different from the experimental measurements. In fact, as seen in Fig. 3(b),
the experimental measurements are much closer to the predictions of the numerical simulations
performed with the no-slip boundary condition than the shear-free boundary condition.

This contradiction indicates that the shear-free assumption at the air-water interface is inappro-
priate and a shear stress Taw exists at the air-water interface, and that this shear stress is quite close to
the shear stress generated by the velocity gradient above a solid wall without any slip. The origin of
the shear stress may result from the presence of unknown surface-active agents which has created the
surface tension gradient dy /dx at the air-water interface, as suggested by Bolognesi et al. [19] and
discussed recently by Schaffel et al. [41] and Peaudecerf et al. [27] for the interfaces contaminated
by surfactants. The presence of a surface tension gradient along the air-water interface can cause a
shear stress along the interface. This is known as the Marangoni effect and is usually caused by a
flow-induced gradient in the concentration of a surface-active species at a fluid-fluid interface or a
temperature gradient along the interface. Surface tension gradients can lead to interfacial flow in the
direction of increasing surface tension. Often this interfacial flow is in the direction opposite to the
direction of the bulk flow, as is the case for an air bubble rising in water coated with a surfactant.
As the bubble rises, the surfactant is swept to the back of the bubble by the flow, creating a surface
tension gradient and an interfacial flow that resists the rising motion of the bubble [42-44].

In order to better understand the interfacial flow, a number of additional investigations into the
origins of the shear stress at the air-water interface were performed using the channel shown in
Fig. 1(b). This channel was developed so that the velocity profile across the entire air-water interface
could be measured. In this channel, a 1.0-mm-wide, 15.0-mm-long, and 2.0-mm-deep groove was
introduced in the bottom wall. Since the density of the particles is slightly higher than that of water,
the particles were adsorbed slowly to the air-water interface. As can be seen in the images in Fig. 4
and Video2.mp4 of the Supplemental Material [38], the particles at the air-water interface were clear
and intensely fluorescent while the particles in the bulk flow at other areas within the focal layer
were relatively sparse, making it easy to clearly capture the flow at the air-water interface. One of the
captured images alongside one of the time-averaged velocity vector fields at the interface is shown in
Fig. 4(a). In this experiment, the frame rate was only 3 fps and velocity correlations were averaged
using at least 500 frames. The bulk velocity was kept constant at Us, = 1.06 mm/s. The gauge
pressure of the flow field changed in the range of 7.0 to —5.0 kPa, resulting in a deflection of the
air-water interface between —56 um < Ad < 124 um. Here, Ad means the point-plane distance
between the top of the groove and the center point of the interface as shown in Fig. 2(a). The
negative value of the interface deflection (Ad) indicates a concave interface curved down into the
groove.
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FIG. 4. Details of the interfacial velocity profiles for flow in the channel shown in Fig. 1(b) for an interfacial
deflection of Ad = 92 um and an average flow speed of U, = 1.06 mm/s. The velocity vector field in (a) just
upstream of where the termination of air-water interface is shown in green with streamlines superimposed in
blue. The normalized slip velocity along the center of the groove (along line 1) is shown in (b). The streamwise
component (x) of the slip velocity across the air-water interface (along line 2) is shown in (c). The negative
value in (c) means the slip velocity is opposite to the main flow direction. In this condition, Re = 2.1 and
Ca=13x107.

The velocity profiles along an air-water interface deflected by 92 pum into the bulk flow are shown
in Fig. 4 for a channel with the groove at the bottom. In Fig. 4, we focus our measurements in the area
just upstream where the groove ends and the air-water interface terminate at the head wall. At this
point, we expect a buildup of particles or contaminant, which may cause a reduction in interfacial
tension and the onset of a Marangoni flow. The slip velocity along the centerline in the streamwise
direction [line 1 marked in Fig. 4(a)] is shown in Fig. 4(b). These measurements demonstrate that
the effect of the head edge of the interface on the flow clearly hinders the slippage, resulting in a
maximum of the slip velocity of only 2.5% U, at the head area. It is not unexpected that the slip
velocity along the interface would decrease rapidly to zero as approaching the three-phase contact
line. What is unexpected, however, is a pair of vortices that formed in the corners just upstream
of the head wall. This can be seen clearly by the velocity vector and streamlines in Fig. 4(a) (see
also the video of this phenomenon found in Video2.mp4 of the Supplemental Material [38]). The
x component of the velocity along the spanwise direction [line 2 marked in Fig. 4(a)] is shown in
Fig. 4(c). At the area close to the streamwise centerline (0.2 < y/W; < 0.8), the slip is positive.
However, at the area near the edge of the interface (0 < y/W, < 0.2and 0.8 < y/W, < 1.0), the slip
velocity is negative, which means the slip flow was found to move in the direction opposite to the main
flow. This reverse flow is clearly one of the main reasons for the dramatic reduction in the overall slip
velocity and drag reduction observed for the contaminated superhydrophobic surfaces. It should be
noted that according to the two-phase flow simulations, where the air flow within the microstructures
of the superhydrophobic surfaces was counted, an apparent slip velocity was observed [41,45,46].
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Therefore, the flow of the air trapped within the groove is not responsible for the reduction of the slip
velocity, taking into consideration the comparable sizes between the groove depth and the channel
height in our experiments.

The reverse flow along the air-water interface can be found not only at the head area, but also
the entire air-water interface. The slip velocity at the center of the air-water interface was shown in
Fig. 5(a) (see also the video of this phenomenon in Video3.mp4 of the Supplemental Material [38]).
It is interesting that the slip at the side area was also observed to remain opposite to the main flow
direction even at the central area, far away from the head wall. Although the reversed slip flow was
not observed either by Bolognesi ef al. [19] or Schaffel er al. [41] in the presence of surfactants
in a closed microchannel, this phenomenon has been noticed at an air-water interface exposed to
the outside at an open channel [22,23]. Nevertheless, the details of the reverse flow have not been
further investigated up to now. As a matter of fact, the strength of the slip velocity, the size of the
slip length, and the details of the reverse flow along the air-water interface were all found to be quite
sensitive to the curvature of the air-water interface, as demonstrated by our experiments. When the
pressure difference between the water and the air phase was increased from —5.0 to 7.0 kPa, the
interface deflection Ad was forced to decrease from 124 to —56 pum. As the interface changed from
convex (Ad > 0) to concave (Ad < 0), the velocity profile along the air-water interface was found
to transform dramatically, as shown in Fig. 5(b) (also see Video4.mp4 of the Supplemental Material
[38]). Different from the slip velocity profile presented in Fig. 5(a) for a convex surface, the slip
velocity profile for the concave interfaces was found to contain a reverse slip flow not along the
sides of the air-water interface, but along the centerline. In order to quantify these results further, the
normalized slip velocity along the spanwise direction through the center of the interface is shown
in Fig. 5(c). It can be observed that the average slip velocity along the air-water interface increases
as the deflection into the channel increases. Even so, the maximum of the slip velocity measured
was only 3.0% of the average channel velocity Uy, when the deflection was Ad = 124 um. When
the air-water interface was deformed into the groove, Ad < 0, the maximum slip velocity was
dramatically reduced, becoming only 1.0% of average channel velocity when the deflection reached
Ad = —56 um. For these concave interfaces, the reverse slip velocity was found to be comparable
in magnitude to the positive slip velocity, resulting in an average slip velocity that approaches zero
or the no-slip boundary condition.

As the width/height ratio of the channel shown in Fig. 1(b) is only 2.5, the flow field cannot
be calculated using a simplified two-dimensional (2D) model and it is impossible to give an
analytical calculation of the slip length as well as the shear stress at the air-water interface based
on our experimental data. However, the channel flow could be solved numerically by using the
experimentally obtained slip velocity at the interface. The numerical simulations were performed
using FLUENT again. In this case, the geometry of the channel and the curvature of the interface
were designed to be consistent with the experiments shown in Fig. 5(c). Although the interfacial
curvature was modeled, the air-water interface was modeled as a rigid surface with a finite slip
velocity measured in the experiments using a user-defined function in FLUENT (slip-defined boundary
condition). A no-slip boundary condition was also used for comparison.

As shown in Fig. 6(a), the average shear stress at the air-water interface with both slip-defined and
no-slip boundary conditions was found to be directly proportional to the deflection. As deflection
of the interface increases, the local height of the channel (distance between the top surface and
interface) at the interface area decreases, resulting in an increase of both the local flow rate and the
local shear stress. Because the shear stresses for no-slip and slip-defined conditions are very close to
each other, the drag reduction caused by the slip, DR% = (Tuo-slip — Tslip-defined)/ Tno-slip» 1S Very small,
where Tyo.s1ip and Tjip-defined are the average shear stress at the air-water interface with no-slip and
slip-defined boundary conditions, respectively. When the air-water interface was concave, Ad < 0,
the drag reduction generated by the slip was quite small, dropping below 0.4%, as shown in Fig. 6(b).
It is because the value of positive slip velocity at the side area of the interface approximates the one
of the reverse slip at the center area, as mentioned above. So, the average slip velocity is very close
to zero and the effect of the slip is very weak. When the air-water interface was convex, Ad > 0,
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FIG. 5. Dependence of the slip velocity on the deflection of the air-water interface. The velocity vectors in (a)
were at a convex interface with Ad = 92 um and the ones in (b) were at a concave interface with Ad = —56 um
at the bulk velocity of Uy, = 1.06 mm/s. The streamwise component (x) of the slip velocity along the crosswise
direction (y) at the center of the air-water interface is shown in (c) for a series of interfaces with curvature.
The data include [, O, /\, @, €, and ® correspond to Ad = 124, 92, 60, 0, —28, and —56 wm, respectively,
along with simulation result ( ) based on the shear-free assumption at the air-water interface. In the
experiments, Re = 2.1 and Ca = 1.3 x 1075,

the drag reduction was found to increase with increasing interface deflection, because the positive
slip at the center area becomes larger than the negative slip at the side area, as shown in Fig. 5(c).
However, the maximum drag reduction was still predicted to be only 1.2% when it is convex.
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FIG. 6. Simulation results of the interfacial flow at the interfaces with different deflections. (a) is the overall
shear stress, (b) is the overall drag reduction, (c) is the normalized slip length, and (d) is the normalized local
slip velocity. For simulations in (a)—(c), the experimental slip velocity shown in Fig. 5(c) was specified at the
air-water interface as the user-defined slip boundary condition. The solid squares (ll) and solid cycles (@) in (a)
respectively stand for the average shear stress at interface with the no-slip boundary condition and user-defined
slip boundary condition, while the open cycles (O) sand for the local shear stress at the center of the interface
with the user-defined slip boundary condition. Drag reduction in (b) was calculated based on the average shear
stress at the interfaces between the no-slip (M) and slip-defined (@) data in (a). The solid cycles (@) and open
cycles (O) in (c) denote the average slip length across the entire air-water interface and the local slip length at
the center of interface. For simulations shown in (d), a shear stress was specified at the air-water interface as
the boundary condition and the value of the stress was calculated from the numerical value shown in (a). More
specifically, the shear stress applied in (d) was 3.61, 3.69, 3.79, 4.04, 4.16, and 4.29 mPa, for interfaces with a
deflection of —56, —28, 0, 60, 92, and 124 m, respectively.

As mentioned above, the slip length at the air-water interface is finite because of the limited slip
velocity as observed in our experiment. To calculate the experimental slip length at the air-water
interface, the shear stress at the interface obtained by the simulation shown in Fig. 6(a) was required.
The local slip length at the interface equals

bi(y) = pug(y)/t(y), (D

where y is the spanwise position at the interface as shown in Fig. 1(b). The average slip length of
the entire air-water interface equals

u W, sy, u
_ Lt hORE60dy LSS ECOdy " u)dy
o _ - .
S 4(y,00dy LR T0ody e (n00dy

2
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The local slip length at the center of the air-water interface b; (0.5W,) and the average slip length
across the air-water interface b, are plotted in Fig. 6(c). Similar to the trends observed with the slip
velocity, both the local and average slip lengths were found to increase with increasing the deflection
of the air-water interface. Note that the value of the average slip length was much smaller than
expected, i.e., not only finite but also roughly two orders of magnitude smaller than the interface
width. At concave interfaces, b; (0.5W,) was negative due to the reversed flow at the center of the
air-water interface. Note that with increased negative surface deflection, Ad < 0, the average slip
length approaches zero, indicating a loss of drag reduction for concave interfaces which is consistent
with the results in Fig. 6(b). For positive values of interface deflection beyond, Ad > 30 um, the
average slip length was found to be significantly smaller than the slip length along the center of
the air-water interface in part because of the presence of the reversed flow near the sidewalls of the
air-water interface.

As mentioned earlier, the presence of a negative surface tension gradient along the streamwise
direction would possibly cause the reduction of the slip at the air-water interface. To test the validity
of this hypothesis, another simulation was performed where the interfacial boundary condition on
the slip velocity was replaced with a uniform shear stress (Taw) standing for a constant surface
tension gradient (dy/dx), and the resulting velocity profiles were compared to the experimental
measurements. This boundary condition was named “shear defined.” Taw was selected using the
shear stress at the interface obtained by the simulation shown in Fig. 6(a). The interfacial tension
along the spanwise direction at the interface was treated as constant in the simulations, dy /dy = 0.
It is reasonable as the spanwise component of the slip velocity at the interface is much smaller
than the streamwise one, as shown in Fig. 5 and Video3.mp4 and Video4.mp4 of the Supplemental
Material [38].

The slip velocity profile resulting from the implementation of a constant shear stress across
the interface is shown in Fig. 6(d). It agrees well with the experimentally observed slip velocity
profiles shown in Fig. 5(c). The applied surface tension gradient (or shear stress) reduced the slip
velocity significantly with a maximum slip velocity of u; = 0.06U, observed for convex interfaces
with Ad > 0 and us = —0.054U, for concave interfaces with Ad < 0. It should be noted that the
backward slip emerges in the simulation and, similar to the experiments, it appears along the area
near the sidewalls of the interface for the convex air-water interfaces and along the center of the
concave air-water interfaces. As shown in the simulations of Fig. 6(d), the location of the reversed
flow changes with the interface deflection, because the shear stress along the center of the air-water
interfaces imposed by the flow decreases as it is deflected into the groove, as shown in Fig. 6(a). By
deflecting the interface downward from 124 to —56 um, the local shear stress difference between
the centerline [7(0.5W,)] and the average one (Taw), [T(0.5Wy) — Taw]/Taw, changes from 5.7%
to —2.3%. Eventually, the strength of the Marangoni flow surpasses the shear stress induced by the
flow along the centerline of the air-water interface and the flow reverses there. It is worth noting that
the interplay between the slip flow and the surface tension gradient within the air-water interface was
neglected in this simulation. This simplification causes the singularity at the edge of the air-water
interface and a larger value of negative slip velocity than the real one.

The origin of the surface tension gradient is still unclear. One of the possible causes may be the
particle concentration variation along the air-water interface [47-51], which has been investigated
here. The slip velocity at the interfaces with different concentrations has been performed. As shown
in Fig. 7, the slip velocity at the air-water interface is still extremely small, u,(0.5y/W,) < 1.5%U,
even if we decrease the number of particles to ~75 mm ™~ at the interface. What is more, the maximum
of the slip velocity has been shown to be independent of the particle concentration, as shown in
Fig. 7(d). The slip velocity at the interface with a particle concentration as high as 1000 mm 2 is
very close to the one as sparse as 75 mm~2, as shown in Fig. 7(c) and Video5.mp4 and Video6.mp4 of
the Supplemental Material [38]. This experimental result implies that the interfacial tension gradient
along the interface does not come from the particle concentration variation within the air-water
interface.
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FIG. 7. Interfacial velocity vector at the air-water interfaces with different concentrations of particles. The
number of particles is (a) 75 mm~2 and (b) 1000 mm~2. The streamwise component of the slip velocity along
the spanwise direction in (a) and (b) is shown in (c). The maximum of the slip velocity changes as a function of
the particle concentration at the air-water interface is shown in (d). The interface was kept constant with convex
deflection Ad = 60 um in (d). Scale bar in (a) and (b) is 0.2 mm.

One of the other causes of the surface tension gradient may come from the unknown surface-active
agents in the channel or the solution of the tracer particles. The variation of the interfacial tension
from the beginning to the end of the channel can be estimated from the numerical simulations to
be only Ay = TawL, = 53.5 uN/m. It suggests that such a small surface tension gradient along
the air-water interface is sufficient to nearly eliminate all drag reduction and slip. It is consistent
with the very recent work done by Peaudecerf et al. [27]. They demonstrated that the maximum
Marangoni number at an air-water interface Ma = 2RTT'/uUy, could reach as high as from 10° to
10° even for a clean microchannel, where R, T, and T are the gas constant, temperature, and interfacial
concentration of the surfactant at the interface, respectively. They showed that a force balance at the
interface could be always observed, Lg(1 — us/Us)/H ~ Ma, even if the bulk concentration of
surfactant is smaller than ~10~° mol/m?. That low value of the concentration of surfactant cannot
be avoided even by standard microfluidic cleaning procedures.

Even though the above experiments show that the slip velocity or slip length is significantly
smaller than the main velocity or surface-microstructure scale, a great deal of previous work has
shown a much larger drag reduction on the superhydrophobic surfaces and the existence of a large
slip velocity at the air-water interface [2,3,7,52]. This inconsistency, which we believe results from
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FIG. 8. Measurements of slip velocity along the annular air-water interface in the torsional shear flow shown
in Fig. 1(c). The vector field of slip velocity across the air-water interface is shown in (a). The azimuthal slip
velocity is plotted as a function of radial position across the air-water interface in (b). The average of the
normalized slip velocity at the air-water interface is plotted as a function of the interface width and channel
height in (c) and (d), respectively. The channel height in (c) was kept constant as H = 2.0 mm, while the
interface width was kept constant as W, = 0.94 mm in (d). The solid squares in (b)—(d) are experimental data
while the open circles correspond to simulation results. The solid line in (b) is the prediction of Eq. (3). The
solid lines in (c) and (d) are predictions of Eq. (4) for the average slip velocity.

the presence of surface tension gradients at the air-water interface, was further investigated by
modifying the channel geometry to eliminate the presence of the head wall and create a continuous
air-water interface in a flow with closed streamlines. This was done using the rotating channel flow
geometry shown in Fig. 1(c). When the fluid flows along the continuous annular air-water interface
without any interruptions or stagnation points in the flow direction, particle accumulations along the
interface are not expected, nor are surface tension gradients. As a result, in this geometry a large
slip velocity, comparable to the main flow velocity, was expected. As shown in Figs. 8(a) and 8(b)
(see also Video7.mp4 of the Supplemental Material [38]), the maximum of the slip velocity reaches
as high as u; = 0.19U,, where U, = Qr, is the average of the angular velocity of the top rotating
plate, with definitions of 2 and r, schematically shown in Fig. 1(c). It is important to note that no
instances of reversed flow were observed for this geometry.

The analytical solution of the slip velocity profile at the shear-free interface along the spanwise
direction was derived by Philip [53,54], us(y,0) = %\/ inz — yz, where 7., W,, and  were the
shear stress parallel to the plate at infinity, interface width, and viscosity, respectively. y is the
spanwise position at the interface and y = 0 is the center of the interface. In the flow shown in
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Fig. 1(c), the local slip velocity at the interface could be transformed to

uy(r) = U";{(r)\/ %Wé — =) 3)

by assuming 7o, ~ wUx(r)/H, where r,, r, H, and U, = Qr are the radius of the centerline of the
interface, local radius, the gap distance between the top and bottom plate, and the local tangential
velocity of the top plate, respectively. As shown in Fig. 8(b), the experimental slip velocity in
experiments and the one solved numerically by simulations at the continuous interface agree very
well with the analytical results shown in Eq. (3).

The average slip velocity across the interface is
1 [fretWe/2 T W,oQare

= — us(rydr =
We Jrcwyn 8H

i “)
As shown in Figs. 8(c) and 8(b), all these experimental results are qualitatively similar to the
predictions of the numerical and analytical results with an overprediction of 10%—30%. The presence
of the surfactants on the air-water interface still appears to have a modest impact on the slip even in the
continuous geometries. What is more, the air-water interface in this flow is concave, which may lower
the slip velocity slightly. By contrast, however, the slip velocities observed in the previous channel
with the rectangular air-water interface are two orders of magnitude lower than the predictions of
the simulations. It is clear that, at the annular air-water interface, the lack of surfactant concentration
variation has eliminated the surface tension gradient, resulting in a nearly full slip expected along
the superhydrophobic surface.

V. CONCLUSIONS

In conclusion, the effect of the surface tension gradient (Marangoni stress) along a millimeter-sized
air-water interface has been investigated systematically. For long, rectangular air-water interfaces,
the interfacial shear stress was found not only to reduce the slip velocity, but also give rise to a
negative interfacial slip velocity moving opposite to the main flow direction. Both experiment and
numerical simulations showed that the curvature of the interface had a significant impact on the
velocity profile across the air-water interface. For convex interfaces, the reverse flow was observed
to occur along the sidewalls of the air-water interface, while for a concave interface, the reverse flow
was observed along the center of the air-water interface. The magnitude of the slip was found to be
greatly reduced in these cases, with the average slip length of the air-water interface found to be less
than 0.4% of the interface width and the maximum drag reduction found only to be 1.2%. These
values were more than an order of magnitude smaller than the predictions for a shear-free air-water
interface and show the importance of the Marangoni flow on the effectiveness of superhydrophobic
surfaces. By changing the interface geometry from discontinuous to continuous, it was shown that the
effect of the Marangoni stress on the slip could be mitigated. At the annular air-water interface, the
surface-active agent distribution was homogeneous so that no surface tension gradient was induced
and a large slip velocity was observed, in good agreement with the predictions of the numerical
simulation imposing a shear-free boundary condition on the air-water interface. In this case, a slip
velocity as large as 30% of the main flow was achieved. Thus, our experiments clearly demonstrate
the presence of Marangoni stress at the air-water interface, which can have a major impact on the
drag reduction capabilities of the superhydrophobic surfaces. This is especially true for surfaces with
pockets of a discrete, discontinuous interface where flow-induced concentration gradients can build
up, resulting in Marangoni flows that resist flow.
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