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the ”uid, � (Maxwell 1879). This theory was later made quite rigorous by Tolstoi (1952) and then
Blake (1990). Thus, for nearly all macroscopic ”ows of simple ”uids, the slip length is so small,
b = O (1 nm), that it can be neglected, and the no-slip boundary condition can be used without
loss of accuracy.

One well-known exception to the use of the no-slip boundary condition is any ”ow in which the
mean free path of the ”uid approaches the characteristic length scale,Lc, of the device. For ”ows
of rari“ed gases or ”ows within micro”uidic or nano”uidic devices in which the Knudsen number
is greater thanKn = �/ Lc > 0.1, slip has been shown to be important (Karniadakis et al. 2005).
Additionally, in ”ows with an advancing free surface, there is a boundary-condition discontinuity
at the intersection of the moving free surface and the solid boundary. Examples of such situations
include the spreading of a drop on a solid substrate and the extrusion of a polymer melt. In these
”ows, the use of the no-slip boundary condition would produce a nonphysical result (Denn 2001,
Dussan 1979), and a “nite slip length is often employed, even in these macroscopic ”ows, to
eliminate the resulting velocity singularity (Hocking 1976). Molecular dynamics simulations have
shown this approach to be quite appropriate (Freund 2003).

As micro”uidic devices have become more widely used, it is has become extremely desirable
to develop ”uid-surface parings that can achieve slip lengths on the order of micrometers rather
than nanometers. Let us take, for example, the pressure-driven ”ow between two in“nite parallel
plates separated by a distanceH. If one of these plates can support slip, the volume ”ow rate per
unit depth is given by

q =
H 3

4µ

�
Š

dp
dx

� �
1
3

+
b

b + H

�
. (2)

For a given pressure gradient,dp/ dx, and ”uid viscosity,µ , the volume ”ow rate can be signi“cantly
enhanced if and only if the slip length is on the order of the channel height. A number of recent
studies have focused on quantifying the magnitude of the slip length and its dependence on
parameters such as wettability and surface roughness (Lauga et al. 2007, Vinogradova 1999).

The wettability of a surface is de“ned by the spreading coef“cient,S = � SV Š � LV Š � LS,
where � SV, � LV , and � LS are the solid-vapor, liquid-vapor, and liquid-solid interfacial tensions,
respectively (Israelachvili 1992). For spreading coef“cients greater than zero,S > 0, the solid is
fully wetted by the liquid, whereas forS < 0, the solid is only partially wet by the liquid, which
forms a spherical end cap with an equilibrium contact angle de“ned by Young•s (1805) law as
� = cosŠ1[(� SV Š � LS)/� LV ]. For surfaces with contact angles less than� < 90� , the surface is
considered hydrophilic, whereas for those with� � 90� , the surface is hydrophobic. However,
as discussed in more detail below, reporting only the equilibrium contact angle for a surface is
insuf“cient. Owing to the presence of surface roughness or chemical heterogeneity, a liquid droplet
can actually exist over a range of contact angles between the receding contact angle,� R, and the
advancing contact angle,� A (de Gennes et al. 2004). This nonuniqueness of the equilibrium contact
angle is known as the contact-angle hysteresis,� R Š � A (Gao & McCarthy 2006a).

The “rst results showing that surface hydrophobicity can produce slip lengths much larger
than the mean free path were the molecular dynamic simulations of Thompson & Troian (1997)
and Barrat & Bocquet (1999). Thompson & Troian (1997) showed that at large shear rates,
nonlinear effects become important and the calculated slip length diverged as the applied shear rate
approached a critical shear rate. This critical shear rate decreased with decreasing surface energy
corrugation at the wall, which, in a macroscopic sense, corresponds to an increasing contact angle
between the liquid and the solid. Later, Barrat & Bocquet (1999) showed that, even at shear rates
at which the slip length has been found to be constant and independent of the shear rate (for ”uid-
surface contact angles of� = 140� or more), slip lengths greater than 40 molecular diameters,
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b > 40σ , could be achieved at modest static pressures. This result contrasts with hydrophilic and
even moderately hydrophobic surfaces, θ < 100◦, for which, as expected, slip lengths of only a
couple of molecular diameters were predicted. The enhancement of the slip length resulted from
a liquid depletion layer near the wall. Within this layer, both the density and the fluid viscosity
are reduced, resulting in large velocity gradients near the hydrophobic wall and an apparent slip
length that is large enough that it should be experimentally verifiable. For a number of lengthy
reviews of the more recent simulation results, the reader is referred to Voronov et al. 2008 and
Lauga et al. 2007.

Although the technologies to probe the fluid dynamics at the nanometer length scales
required to measure slip have been available for some time, the experimental challenges of these
measurements only recently have been overcome sufficiently such that consistent measurements
over a wide variety of techniques can be made. A number of studies have calculated slip
lengths indirectly from pressure-drop (Choi et al. 2003, Schnell 1956) or friction-factor measure-
ments (Baudry et al. 2001; Cottin-Bizonne et al. 2005; Zhu & Granick 2001, 2002) of simple fluids
flowing past nonwetting smooth surfaces. Cottin-Bizzone and coworkers (2005) used a modified
surface force apparatus to investigate the hydrodynamics of water and dodecane confined between
a hydrophilic Pyrex sphere and either a hydrophilic Pyrex plane or a hydrophobic Pyrex plane
coated with octadecyltrichlorosilane (OTS). Using a periodic squeezing flow with nanometer-size
oscillations, they measured the hydrodynamic forces and calculated the resulting slip length.
In their experiments, slip lengths of approximately b ≈ 20 nm were found for the hydrophobic
surface, whereas the hydrophilic surface was found to have no measurable slip length. The surfaces
had a root-mean-square (RMS) roughness of approximately 1 nm. Similar measurements with
other surfaces showed that the maximum slip length corresponded to the surfaces with the smallest
RMS roughness (Zhu & Granick 2002). The rougher surfaces regained some degree of slip at
large shear rates as it is thought that they may induce nanobubble cavitation (Cottin-Bizonne
et al. 2003), resulting in an early onset of the nonlinear effects predicted by Thompson & Troian
(1997).

Only a few direct measurements of the slip velocity itself have been made at or near the wall in
flows over smooth hydrophobic surfaces because of the small slip lengths and slip velocities ( Jin
et al. 2004, Joly et al. 2006, Joseph & Tabeling 2005, Pit et al. 1999). Using micro-particle image
velocimetry (μ-PIV) measurements, Joseph & Tabeling (2005) found a slip length for the flow of
water through a microchannel coated with a monolayer of hydrophobic octadecyltrichlorosilane
to be approximately b ≈ 30 nm. However, as with many of the earlier μ-PIV experiments that
measured much larger slip lengths (Tretheway & Meinhart 2002), measured values of the slip
length were well within the error of the velocity measurements. There were two major sources of
uncertainty in these μ-PIV measurements: (a) the certainty to which the investigators could locate
the wall and (b) the uncertainty of the location of the tracer particles, which tend to migrate away
from the wall and are typically much larger than the slip lengths they are being used to measure.
As the state of the art of μ-PIV has improved, measurement error has been reduced significantly,
as has the typical value of the slip lengths measured.

Other techniques besides μ-PIV have also been utilized to measure the slip length in flows
past smooth hydrophobic surfaces. Pit et al. (1999) used total internal reflection fluorescence
microscopy (TIRF) to measure the fluorescence recovery after photobleaching and determine the
slip velocity of hexadecane flowing past a lyophobically modified, smooth sapphire surface. The
use of TIRF allowed Pit et al. (1999) to probe the fluid velocity in close proximity (<100 nm) to
the solid surface with a precise knowledge of the particle position. More recently, Jin et al. (2004)
combined TIRF of submicrometer particles with particle tracking velocimetry (PTV) to measure
the velocity of water near a glass surface coated with a self-assembled monolayer of OTS. They
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measured slip lengths less than b < 10 nm. Their measurements brought to light a number of
features regarding the motion of the passive tracer particles in close proximity to a wall that could
have negatively affected previous μ-PIV and PTV measurements. These features included the
non-Gaussian Brownian motion of the particles near the wall and the hindered diffusion of the
particles owing to near-wall lubrication effects. Joly et al. (2006) utilized the latter phenomena
to make accurate measurements of slip length. They used PTV of particles under only Brownian
motion to investigate the effect of confinement (proximity of particle to the wall) on the diffusion
coefficient of the particles. For a hydrophilic surface, the reduction in the diffusion coefficient with
proximity to the wall was well matched by the predictions of numerical simulations for particle
motion above a no-slip surface. However, for a hydrophobic OTS-coated silica plane, the diffusion
coefficient data matched simulations for a surface having a slip length of b = 18 nm. Joly et al.
(2006) also investigated the role of roughness on the slip length and found that the addition of even
a modest RMS roughness of 3 nm caused the OTS-coated surface to revert back to no slip. Their
measurements thus showed that, in the absence of a trapped air within the contours of the rough
surface (Cottin-Bizonne et al. 2004, Ou et al. 2004), slip larger than a few tens of nanometers
cannot be achieved. Achieving slip lengths on the order of micrometers rather than nanometers
necessitates the use of superhydrophobic surfaces.

SUPERHYDROPHOBIC SURFACES

Superhydrophobic surfaces were originally inspired by the unique water-repellent properties of
the lotus leaf (Barthlott & Neinhuis 1997) and the leaves of a number of other plants (Bhushan &
Jung 2006). It is the combination of a very large contact angle and a low contact-angle hysteresis
that defines a surface as superhydrophobic. The lack of significant contact-angle hysteresis makes
a water drop on a superhydrophobic surface unstable to even the smallest perturbation and allows
it to move easily across these surfaces (Bico et al. 1999, Chen et al. 1999, Kim & Kim 2002, Sakai
et al. 2006, Shastry et al. 2006). This can be seen explicitly if one calculates the critical line force
required to start a drop moving over a solid surface (Wolfram & Faust 1978):

F = πrγLV (cos θR − cos θA), (3)

where r is the radius of the contact line. Any significant contact-angle hysteresis can result in the
drop becoming pinned to a surface even as that surface is tilted through vertical (Quéré et al. 1998).
For superhydrophobic surfaces, drops tend to roll rather than slide because the large contact angle
moves the center of mass well above the surface (Mahadevan & Pomeau 1999). Rolling water drops
tend to collect and remove dirt as they go, resulting in the remarkable self-cleaning ability of the
lotus leaf and other superhydrophobic surfaces. In addition to plants, there are a large number of
animals and insects that have evolved unique ways to utilize superhydrophobicity (Bush et al. 2008).
Water striders, for example, have legs with thousands of tiny hydrophobic hairs or microsetae that
allow them to stand and move quickly on water (Gao & Jiang 2004).

Synthetic superhydrophobic surfaces have recently been developed that are capable of ob-
taining contact angles that approach θ ≈ 180◦ with little to no measurable hysteresis (Gao &
McCarthy 2006c, Quéré 2008, Reyssat et al. 2008). Importantly, the difference between a hy-
drophobic surface and a superhydrophobic surface lies not in the surface chemistry, but in the
micro- or nanoscale surface roughness. Lotus leaves, for example, have micrometer-sized protru-
sions covered in hydrophobic wax crystalloids (Barthlott & Neinhuis 1997). For a rough surfaces
like that of a lotus leaf, water will either fully or partially wet the surface depending on the hy-
drophobicity of the surface, the static pressure in the water, and the precise geometry of the surface
features.
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Figure 2
Schematic diagram of a superhydrophobic surface in the Cassie state.

In the Wenzel (1936) state, water penetrates the corrugations on the surface. In this state, the
hydrophobicity is enhanced by the roughness of the surface:

cos θW = r cos θ, (4)

where θW is the equilibrium contact angle in the Wenzel state, and r is a roughness parameter
that is the ratio of the actual wetted area to the projected area of the surface. For a periodic array
of square posts with the dimensions shown in Figure 2, the roughness parameter is given by
r = 1 + 4φs h/d , where φs = d 2/(d +w)2 is the fraction of surface covered by posts. In the Wenzel
state, the equilibrium contact angle can be increased systematically for a hydrophobic surface
by increasing either the aspect ratio or density of the posts. The contact-angle hysteresis in the
Wenzel state is typically quite large because the contact line is pinned quite effectively along the
sides and corners of the posts (Lafuma & Quéré 2003).

In the Cassie state (Cassie & Baxter 1944), the hydrophobicity of the microscale surface rough-
ness prevents the water from moving into the space between the peaks of the surface roughness,
resulting in an air-water interface supported by the posts as seen schematically in Figure 2. The
equilibrium contact angle in the Cassie state increases in proportion to the amount of air-water
interface present, (1 − φS), such that

cos θC = −1 + φS (1 + cos θ ). (5)

In addition to an increase in the equilibrium contact angle, the presence of the air-water interface
also minimizes the contact-angle hysteresis as the contact line is only pinned along the solid
fraction of the surface. Oner & McCarthy (2000) showed that the contact-angle hysteresis is also a
function of post shape, size, and density. It is thus the Cassie state that is truly superhydrophobic.
To simultaneously maximize the contact angle and minimize the hysteresis, one needs to reduce
the density of posts. There is, however, a practical limit on the post density. For a droplet in
the Cassie state, there is a maximum static pressure that can be supported before the air-water
interface deflects enough to reach the advancing contact angle and is driven into the space between
the surface roughness. At this point the system reverts to the Wenzel state. Using Young’s law
and assuming an interface with a single radius of curvature such as that which exists between two
parallel ridges as seen in Figure 2, we find that

	pmax = pwater − pair = −
2γ cos θA

w
. (6)

Thus, the maximum static pressure that can be supported in the Cassie state decreases with
increasing feature spacing. A similar conclusion can be reached using an energy argument. For
a transition to occur from the Cassie to the Wenzel state, the gain in interfacial energy due to
the increase in wetted area must be less than the work gained by displacing the interface into the
surface texture, 	E < W. For an array of square posts, the change in interfacial energy is given
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by 	 E = (� LS Š � SV Š � LV )[(d + w)2 Š d2] + 4dh(� LS Š � SV) while the work gained by displacing
the interface is given by,W = (pwater Š pair )[(d + w)2 Š d2]h. The maximum sustainable pressure
difference thus becomes

	 pmax = pwater Š pair =
(� LS Š � SV Š � LV )

h
Š

4d� LV cos�
[(d + w)2 Š d2]

. (7)

Beyond this pressure difference, the surface will spontaneously transition from the Cassie to the
Wenzel state. Note that in the limit of tall posts spaced far apart, Equations 6 and 7 are equivalent.

For a hydrophobic surface, the dry surface has a lower surface energy than the wetted surface,
so it is natural to assume that a drop would exist in the Cassie state as long as the criteria in
Equations 6 and 7 were satis“ed. However, Bico et al. (2002) showed that for contact angles
between�/ 2 < � < � crit, where cos� crit = (� s Š 1)/ (r Š � s), the Cassie state is metastable. In
this range of contact angles, the existence of an air-water interface depends on how the surface is
prepared; deposition of large drops on top of the features will result in the Cassie state, whereas
condensation of water vapor from the air will result in the Wenzel state (Wier & McCarthy 2006).

The dynamics of water drops on superhydrophobic surfaces such as those shown in
Figure 3 have been considered in the recent literature. Kim & Kim (2002) experimentally stud-
ied the ”ow resistance of water drops sliding down inclined surfaces in both open and con“ned
channels geometries. They fabricated the channels out of superhydrophobic silicon surfaces with
arrangements of both micropost and nanopost patterns. Measurements of the minimum incli-
nation angle required to initiate ”ow demonstrated drag reductions of 60% for the micropost
patterns and 99% for the nanopost patterns (Kim & Kim 2002). The observed drag reductions
of Kim & Kim and others (Sakai et al. 2006, Shastry et al. 2006) correlated directly with the
contact-angle hysteresis of the surfaces as demonstrated by Equation 3. Richard & Quéré (2000)
showed that water drops will bounce with a very high coef“cient of restitution on superhydropho-
bic surfaces. More recently, Reyssat et al. (2006) and Bartolo et al. (2006) demonstrated that above
a critical impact velocity, the impacting drop cannot be supported completely in the Cassie state as
the supported air-water interface is driven into the Wenzel state by the force of impact. As a result,
a partial pinning of the droplet is observed, followed by peripheral fragmentation of the spreading
drop at even larger impact velocities. Additionally, a number of recent papers have demonstrated
that gradients in contact angle on a superhydrophobic surface imposed by varying the post or

a b

Figure 3

Water drops on a superhydrophobic surface consisting of 15µm wide ridges spaced 45µm apart seen from
(a) the side and (b) the top. Note that the ridges and the air-water interface supported between them are
visible through the drop in the top view (b).
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ridge spacing or size could induce drop motion in the direction of decreasing advancing contact
angle (Fang et al. 2008, Shastry et al. 2006, Yang et al. 2006).

SLIP ON SUPERHYDROPHOBIC SURFACES: LAMINAR FLOWS

Experimental Results

Under pressure-driven laminar flow conditions, drag reduction can be difficult to achieve. Ou and
colleagues (2004; Ou & Rothstein 2005) were among the first to demonstrate experimentally that
superhydrophobic surfaces could reduce drag in laminar flows. In flows over superhydrophobic
surfaces, the boundary condition experienced by the fluid in contact with the solid is no slip;
however, the air-water interfaces supported between the micro- or nanofeatures are essentially
shear-free. Using a series of lithographically etched and silanized silicon surfaces with precisely
controlled microsurface topology consisting of regular arrays of microposts and microridges, Ou
and colleagues systematically investigated the effect of topological changes on the flow through
a series of microchannels of varying height. As shown in Figure 4, they achieved in some cases
drag reductions greater than DR = (	pno−slip − 	pSH )/	pno−slip > 40%, corresponding to slip
lengths greater than b > 25 μm. For the flows through these microchannels, the Knudsen num-
bers were all less than Kn < 10−4, and thus the large slip lengths measured are clearly not due to
noncontinuum effects. Ou and colleagues showed that drag reduction and slip length increased
with increasing shear-free area, increasing spacing between microfeatures and decreasing channel
height. The trends for microridges and microposts were similar and well matched by the predic-
tions of computation fluid dynamics (CFD) simulations. However, when the two sets of data are
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Figure 4
The average drag reduction as a function of (a) dimensionless channel depth and (b) percentage of shear-free
interface. The data in panel a include superhydrophobic surfaces with a regular array of 30 μm wide
microridges spaced 30 μm apart (red triangles), 20 μm wide microridges spaced 20 μm apart (blue squares),
and 30 μm square microposts spaced 30 μm apart ( purple circles) for a variable height microchannel. In panel
b, the features are the same size, but the spacing between them is varied. Additionally, the microchannel is
2.54 mm wide, H = 127 mm high, and 50 mm long. Superimposed on both data sets are the predictions of
computation fluid dynamics simulations for the 20 μm wide microridges spaced 20 μm apart case ( gray line).
Figure adapted with permission from Ou and Rothstein, 2005, Direct velocity measurements of the flow past
drag-reducing ultrahydrophobic surfaces, Phys. Fluids, 17:103606, Copyright 2005, American Institute of
Physics and reprinted with permission from Ou, Perot, and Rothstein, 2004, Laminar drag reduction in
microchannels using ultrahydrophobic surfaces, Phys. Fluids, 16:4635–60, Copyright 2004, American
Institute of Physics.
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Figure 5

Velocity pro“les measured through micro-particle image velocimetry (µ-PIV) for the ”ow through an H =
85 µm tall microchannel past a series of superhydrophobic surfaces containingw = 30 µm wide microridges
spacedd = 30 µm (red and purple symbols) andd = 60 µm (blue symbols) apart. The data include the velocity
pro“le for a vertical slice taken above the center of the microridge (red triangles), above the center of the
30 µm shear-free interface (purple squares), above the center of the 60µm shear-free interface (blue squares),
and the corresponding predictions of the computational ”uid dynamics simulations (lines). Figure reprinted
with permission from Ou & Rothstein 2005, Direct velocity measurements of the ”ow past drag-reducing
ultrahydrophobic surfaces,Phys. Fluids, 17:103606, Copyright 2005, American Institute of Physics.

compared as a function of the fraction of shear-free area, the microridges consistently outperform
the microposts.

Ou et al. (2004) demonstrated the existence and subsequent de”ection of the air-water interface
under ”ow through laser confocal surface metrology measurements of the interface. In their later
work, Ou & Rothstein (2005) usedµ-PIV measurements to systematically and precisely probe
the detailed ”ow kinematics throughout the microchannel at length scales well below that of
the microridges on the superhydrophobic surface. An example of the resulting velocity pro“le is
shown in Figure 5 . Whereas the ”ow was observed to come to rest along the microridges, along
the air-water interface, slip velocities greater than 60% of the average velocity were measured. The
velocity pro“le across the air-water interface was parabolic with a maximum velocity at the center of
the interface that increased with increased spacing between the microridges. These measurements
demonstrated a direct correlation between the increase in the pressure-drop reduction and the
increase in the slip velocity along the shear-free air-water interface.

A number of more recent experiments have extended these results to a variety of superhy-
drophobic surface designs and ”ow geometries (Choi & Kim 2006, Choi et al. 2006, Joseph et al.
2006, Truesdell et al. 2006). Some of these studies have moved toward superhydrophobic surfaces
with nanometer-sized features. Choi et al. (2006) studied a superhydrophobic surface created using
a Te”on-coated nanograting with a 60 nm wide ridge spaced 180 nm apart. They used a specially
designed ”ow meter to measure differences in the throughput of a micro”uidic device between
smooth and superhydrophobic surfaces and infer slip lengths. They found slip lengths of roughly
b � 140 nm for ”ow parallel to the ridge direction and roughly half that length for ”ow transverse
to the ridge direction. Choi & Kim (2006) created needle-like structures on a silicon wafer us-
ing the black silicon method. The resulting nanoturf consisted of 1 to 2 nm tall nanoposts spaced
500 nm to 1µm apart, which were coated with Te”on to make the surface hydrophobic. They mea-
sured drag reduction using a cone-and-plate rheometer. Slip lengths of approximatelyb � 20µm
and b � 50µm were determined for water and for glycerin, respectively. We note that there is
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Figure 6
(a) A three-component velocity profile at a plane 130 μm from the entrance of a mixing channel 100 μm
wide and 65 μm deep with a superhydrophobic surface with 30 μm microridges spaced 30 μm apart at a
45◦ angle to the flow direction on one wall. The flow rate was 1 ml min−1. (b) The y and z component of
the velocity as a vector superimposed over a color contour of the x component of the velocity. Figure
reprinted with permission from Ou J. 2007. Laminar flow control using ultrahydrophobic surfaces. Ph.D. thesis.
University of Massachusetts, Amherst, Copyright 2007, University of Massachusetts.

Enhanced Mixing

Superhydrophobic surfaces have recently found application in microfluidic devices in which they
can enhance mixing. Under laminar, microscale flow conditions, rapid mixing can be difficult to
achieve. In these low–Reynolds number flows, mixing rates are governed by molecular diffusion,
and in the absence of enhanced mixing techniques, mixing lengths and residence times can be
much longer than most applications allow. By using a superhydrophobic surface consisting of
microridges at an oblique angle to the flow direction, Ou et al. (2007) generated a secondary
helical flow down the length of the channel and a tertiary flow near the superhydrophobic surface
that efficiently reduced the mixing length by more than an order of magnitude compared with
that of a smooth microchannel. Using a conservation of mass technique, Ou (2007) made three-
dimensional, three-component velocity vector field measurements of the mixing flow. An example
of one of these profiles is presented in Figure 6. Through the alignment of the microposts at a 45◦

angle to the flow direction, the fluid was deflected by an angle of approximately 2◦ from the flow
direction, producing a helical flow within the microchannel. In addition, as the flow transitions
from a no-slip to shear-free interface, it accelerates in the x direction from rest to a velocity that can
approach 50% of the average velocity in the channel. To conserve mass, fluid is swept downward
toward the top of the air-water interface, producing a strong three-dimensional flow local to the
superhydrophobic surface. The influence of this tertiary flow can be amplified by reducing the
height of the microchannel (Ou et al. 2007). The authors compared their results to a hydrophilic
grooved surface in the Wenzel state similar in design to the channels first proposed by Stroock
et al. (2002a,b) and demonstrated that the presence of the shear-free interface produced a twofold
increase in the rate of mixing.

Slip-Amplified Diffusion-Osmotic Flow

Above we focus only on pressure-driven flows; however, in the field of microfluidics, flows are
often actuated through surface-driven transport techniques. In electro-osmotic flow (the most
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a continuous air layer at large air-injection rates. In an interesting study, Reed (1994) utilized
millimeter-sized ridges to capture and stabilize the injected air and form a continuous air layer
between the ridges. Reed (1994) noted that hydrophobic walls, with features much too large to
produce a superhydrophobic effect, exhibited an enhanced ability to form air layers.

Fundamentally, the superhydrophobic drag-reduction mechanism—an effective area reduction
of the solid-liquid boundary—should be independent of whether the flow is laminar or turbulent.
In turbulent flows, a thin laminar sublayer exists very near to the wall, to a height, y, in wall units of
y+ = y/ν(τw/ρ)1/2 = 5 (Pope 2003). Fukagata et al.’s (2006) theoretical analysis suggested the way
in which a small alteration of the laminar sublayer can affect the entire turbulent boundary layer
and subsequently alter the drag. This effect is demonstrated in the direct numerical simulation
studies of Min & Kim (2004) who performed turbulent channel flow simulations at a friction
Reynolds number of Reτ = (τw/ρ)1/2 H/ν = 180 with an arbitrary, but not unreasonable, slip
length boundary imposed both parallel and perpendicular to the flow direction. Their simulations
demonstrated a decrease in wall shear stress with increasing slip length applied parallel to the flow
direction, but an increase in wall shear stress for slip applied perpendicular to the flow direction.

More recently, Martell et al. (2009a,b) used direct numerical simulation to study the turbu-
lent channel flows over superhydrophobic surfaces containing periodic arrays of micropost and
microridge geometries. The top surface of each microfeature was taken to be no slip, whereas
the suspended liquid-gas interface between the microfeatures was simulated as flat and shear-free.
Only one side of the microchannel was modeled as superhydrophobic, with the other side hav-
ing a no-slip boundary condition. A series of velocity and Reynolds stress profiles is shown in
Figure 7 for channel flow at a friction Reynolds number of Reτ = 180 over a superhydrophobic
surface containing a series of microridges in the flow direction. The velocity profiles in Figure 7a

show a slip velocity and drag reduction that increase with both the increasing microfeature spacing,
w, and surface coverage of the shear-free air-water interface, (1 − φS). As seen in Figure 7b, the
peak values of the Reynolds stress, R11, decreased near and shifted toward the superhydrophobic
surface, resulting in an asymmetric Reynolds stress profile. As expected, with the reduced shear
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Figure 7
(a) Velocity profiles and (b) Reynolds stress profiles predicted from direct numerical simulation of channel
flow at a friction Reynolds number of Reτ = 180 over superhydrophobic surfaces with 15 μm wide ridges
spaced 15 μm apart ( gold squares), 30 μm wide ridges spaced 30 μm apart (blue triangles), 30 μm wide ridges
spaced 50 μm apart ( purple diamonds), and 30 μm wide ridges spaced 90 μm apart (red triangles). Additionally,
smooth channel flow is shown for reference (dotted gray lines). The symbols differentiate lines and do not
reflect actual data points. Figure taken from Martell, Perot, Rothstein, Direct numerical simulations of
turbulent flows over superhydrophobic surfaces, J. Fluid Mech., 620:31–41, 2009 c© Cambridge Journals,
published by Cambridge University Press, reproduced with permission.

102 Rothstein





ANRV400-FL42-05 ARI 9 August 2009 14:52

(Ou & Rothstein 2005). For the channels studied in these experiments, Equation 2 predicts a
drag reduction of approximately 1%. Additionally, for small slip lengths, one can approximate the
expected slip velocity byuslip = 8U b/ H, which is also on the order of a couple percent of the
average free stream velocity and is at or below the resolution of their PIV measurements.

As the Reynolds number is increased and the ”ow becomes fully turbulent, Daniello et al.•s
(2009) PIV measurements (Figure 8 ) show a substantial slip velocity along the superhydrophobic
wall. As the inset ofFigure 8 clearly shows, the magnitude of the slip velocity increases with
increasing Reynolds number. Substantial reductions in friction coef“cient were noted for both
microridge geometries in the turbulent regime (Figure 8 b). The maximum drag reduction from
pressure-drop measurements approachedDR = (
 noŠslipŠ 
 SH)/
 noŠslip � 50%, whereas slip lengths
of nearly b � 80µm were observed at the largest Reynolds numbers tested. Similar trends were
observed for the 60µm wide ridges spaced 60µm apart (Figure 8 b), at which the drag reduction
became measurable at even smaller Reynolds numbers and slip lengths of overb > 100 µm were
achieved.

Daniello et al. (2009) hypothesize that we can understand the physical origins of the critical
Reynolds number for the onset of drag reduction by analyzing the relevant length scales in the
”ow. If the drag reduction and the slip length were dependent on the microridge geometry and
channel dimensions alone (as is the case in laminar ”ows), then one would expect to “nd the drag
reduction and slip length to be independent of the Reynolds number, which it clearly is not. In
turbulent ”ows, however, there is a third length scale of importance: the thickness of the viscous
sublayer that extends out toy+ = 5. Although the viscous sublayer thickness does not change in
wall units, it decreases in dimensional form with increasing Reynolds number,yvs l = 5H/ Re
 .
Close to the wall (where viscous stresses dominate), Philip•s (1972a,b) analytical solutions show
that the in”uence of the shear-free air-water interface on the velocity pro“le extends into the ”ow
at a distance roughly equal to the microridge spacing,w. Thus for the superhydrophobic surface
to impact the turbulent ”ow, the microridge spacing must approach the thickness of the viscous
sublayer,w � yvs l. This is consistent with Daniello et al.•s (2009) PIV results. As the thickness
of the viscous sublayer is reduced further, the impact of the superhydrophobic surface increases.
This analysis suggests that an asymptote in the turbulent drag reduction is likely in the limit of
very large Reynolds numbers, at which the microridges are much larger than the viscous sublayer.
In this limit, the drag reduction should approach a limit of DR = 1 Š � s, as momentum is only
transferred from the solid fraction of the superhydrophobic surface and the viscous sublayer is thin
enough that the no-slip and shear-free portions of the surface can be considered independently.
This is consistent with the asymptotic value of the pressure-drop measurements presented in
Figure 8 b.

SUMMARY AND OUTLOOK

This review presents a detailed account of our current understanding of ”ow past superhydropho-
bic surfaces. It discusses a wealth of experimental, computational, and theoretical results that
demonstrate how the combination of surface roughness and hydrophobicity can be used to engi-
neer large slip at the liquid-solid interface by utilizing the shear-free liquid-vapor interface, which,
under the right conditions, can be supported between the peaks of the surface roughness. Although
the use of superhydrophobic surfaces for drag reduction is a relatively young research “eld, we
hope this review convinces the reader that the drag-reducing properties of superhydrophobic sur-
faces in pressure-driven laminar ”ows are now fairly well understood. That is not to say that there
are no challenges remaining; there are a number of important questions left to answer and quite
a bit of work left to do if we are to utilize these surfaces to their full potential.
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In laminar and turbulent ”ows, the question of surface optimization still remains. Although the
performance trends are generally understood, only a small subset of possible surface geometries
has been investigated. In droplet dynamics, the importance of a second topological length scale
for the elimination of contact-angle hysteresis has been demonstrated (Gao & McCarthy 2006b).
The impact, if any, of a second topological length scale on drag reduction in a continuous ”ow
is still unknown. Additionally, superhydrophobic surfaces are inherently fragile. Large features
cannot maintain an interface and slip under large static pressures, whereas smaller features may
be too delicate to survive the large shear stresses that can occur, especially in turbulent ”ows. The
development of surfaces capable of maintaining an interface and performance under large static
pressures is still needed if the use of superhydrophobic surfaces is to become mainstream.

Using superhydrophobic surfaces to produce drag reduction in turbulent ”ows is still in its
infancy, and as such there are a number of interesting fundamental questions to be examined.
Recent experimental and computation work appears to indicate that drag reduction increases
with increasing Reynolds number and a reduction of the thickness of the viscous sublayer, but
a more detailed understanding of the physical nature of this scaling has yet to be presented.
The upper limit of superhydrophobic drag reduction is still unknown in the turbulent regime.
Daniello et al. (2009) hypothesize that the maximum drag reduction would approach the fraction
of the shear-free interface along the superhydrophobic surface as the Reynolds number increased.
However, it is also conceivable that at small solid fractions, the momentum transferred from the
superhydrophobic surface may be insuf“cient to maintain a turbulent ”ow and the limiting case
may be that of a superlaminar ”ow. Additionally, questions about the importance of free-surface
curvature and compliance on turbulent drag reduction need to be investigated. Finally, the range
of experiments and simulations needs to be extended to much larger Reynolds numbers and over
a wide variety of different ”ow geometries.

A number of applications for superhydrophobic surfaces, such as their use for enhancing mixing
in micro”uidic devices (Ou et al. 2007), have already been developed. There is a multitude of
other clever applications of superhydrophobic surfaces waiting to be developed. In a recent work,
Maynes et al. (2008) used numerical simulations to investigate heat transfer from superhydrophobic
surfaces. Although the reduced liquid-solid contact of the superhydrophobic surfaces resulted in a
reduction in the heat transfer coef“cient, the reduction in the drag coef“cient was more signi“cant.
Thus, using superhydrophobic surfaces, they demonstrated that up to a 30% improvement in the
heat transfer rate could be achieved for the same pumping power. These simulations have yet
to be con“rmed by experiments or extended into the turbulent ”ow regime, but this technology
could prove quite useful for the liquid cooling of microelectronic devices. Thus the future of
superhydrophobic surfaces holds considerable promise for a wide range of ”uid dynamic and heat
transfer applications.
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