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ABSTRACT
We investigate the influence of statistical measures of surface roughness on the turbulent drag reduction (DR) performance of four scalable,
randomly rough superhydrophobic (SH) textures. Each surface was fabricated using readily scalable surface texturing processes to generate
a random, self-affine height profile on the base substrate. The frictional drag on all four SH surfaces was measured when fully submerged in
shear-driven turbulent flow inside a bespoke Taylor-Couette apparatus at Reynolds numbers in the range 1 × 104

≲Re ≲ 1 × 105. An “effective”
slip length quantifying the overall drag-reducing ability for each surface was extracted from the resulting Prandtl-von Kármán friction plots.
Reductions in the frictional drag of up to 26% were observed, with one of the hierarchically textured surfaces exceeding a wall shear stress
of 26 Pa (corresponding to a Reynolds number Re ≈ 7 × 104) before the onset of flow-induced plastron collapse. The surface morphology
of each texture was characterized using noncontact optical profilometry, and the influence of various statistical measures of roughness on
the effective slip length was explored. The lateral autocorrelation length was identified as the key textural parameter determining the drag-
reducing ability for randomly rough SH textures, playing the role analogous to the spatial periodicity of regularly patterned SH surfaces.
A large autocorrelation length, a small surface roughness, and the presence of hierarchical roughness features were observed to be the three
important design requirements for scalable SH textures for optimal DR in turbulent flows.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5090514

I. INTRODUCTION

Skin friction accounts for a significant fraction of the total
hydrodynamic resistance on surface and subsurface watercraft;
under normal service conditions, approximately 50% of the total
drag on ships and 60% of the drag on submarines arise from
frictional shear stresses on the hull.1 It is estimated that approx-
imately 60% of the propulsive power of a typical displacement
ship is expended in overcoming viscous resistance.2 Techniques to
reduce skin friction, even moderately, can therefore produce sub-
stantial savings in fuel consumption and operating costs through

improvements in ship speed and efficiency. The development of suc-
cessful drag reduction (DR) strategies thus has potential economic,
strategic, and environmental benefits.

Several active and passive methods of reducing skin friction
have been explored in the past, with varying levels of success.1 Active
methods for frictional drag reduction include injection of air bub-
bles3 or high molecular weight polymers4 into the turbulent bound-
ary layer as well as incorporating submerged air-filled recesses under
the hull.5 These methods require some form of continuous input
to sustain drag reduction and become economically viable in long-
haul operations only if the costs involved in active flow modification

Phys. Fluids 31, 042107 (2019); doi: 10.1063/1.5090514 31, 042107-1

Published under license by AIP Publishing

https://scitation.org/journal/phf
https://doi.org/10.1063/1.5090514
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.5090514
https://crossmark.crossref.org/dialog/?doi=10.1063/1.5090514&domain=aip.scitation.org&date_stamp=2019-April-22
https://doi.org/10.1063/1.5090514
https://orcid.org/0000-0002-6843-509X
https://orcid.org/0000-0001-8309-7458
https://orcid.org/0000-0002-2383-4572
https://orcid.org/0000-0001-8323-2779
https://doi.org/10.1063/1.5090514


Physics of Fluids ARTICLE scitation.org/journal/phf

are offset by the savings in fuel and operating costs.1 Passive drag
reduction methods, on the other hand, do not require any form
of continuous energy input but usually produce a smaller percent-
age reduction in drag than active methods. For example, shark-skin
inspired riblet surfaces have been extensively investigated in the lit-
erature and are reported to reduce the wall shear stress in turbulent
boundary layer flows by modifying the near-wall vortex dynam-
ics.6 Recently, the application of superhydrophobic (SH) coatings to
the hull has gained interest as a potential technique for skin fric-
tion reduction on ships and undersea vehicles.1,7,8 However, scalable
SH surfaces that can successfully operate at high Reynolds numbers
(108

≤ Re ≤ 109) typically encountered in marine applications are yet
to be developed.7

Superhydrophobic textures are characterized by large apparent
contact angles (greater than 150○) and very low contact angle hys-
teresis (typically less than 5○); a water meniscus spreading laterally
over the SH surface simply bridges across surface asperities, leaving
pockets of air confined between the solid substrate and the newly
formed air-water interface.9 This results in a composite wetting con-
figuration called the Cassie-Baxter state, in which a large areal frac-
tion of the underlying solid is separated from the liquid phase by
the intervening air layer. When submerged underwater, this layer
of air, also called a plastron,10 can remain trapped between the tex-
ture asperities, inducing slip and reducing the frictional shear stress
in wall-bounded flows.11 Examples of similar drag reduction strate-
gies can also be found in nature; emperor penguins, for instance,
are known to successfully utilize the air trapped within their water
repellent feathers to reduce drag as they resurface from dives.12

Flow over a submerged SH wall in the Cassie-Baxter state
encounters intermittent regions of direct contact with the solid sub-
strate, interspersed between large areas where the flow is separated
from the wall by the air layer trapped in the texture. Whereas the
usual no-slip condition applies in the regions of solid-liquid con-
tact, the liquid-air interfaces bridging the asperities of the texture
act effectively as shear-free boundaries since the viscosity of air is
considerably smaller than that of water (by a factor of almost 50 at
room temperature). Consequently, the flow partially slips over the
texture, and the net shear stress on the wall is reduced because of the
diminished contact between the solid substrate and the flow.11 The
heterogeneous boundary condition over a superhydrophobic texture
is often modeled by prescribing an equivalent slip velocity v = (Us,
V s) at the wall, given by the Navier slip condition13

Us = bx
τzx
µ
∣

z=0
and Vs = by

τzy
µ
∣

z=0
. (1)

Here x, y, and z are, respectively, the streamwise, spanwise, and
wall-normal coordinates; τzx and τzy are components of the shear
stress acting on the wall (with the mean plane located at z = 0); bx
and by are the streamwise and spanwise slip lengths on the surface;
and µ is the dynamic viscosity of the liquid phase. On a randomly
generated SH texture, we expect the slip to be isotropic, giving a
single characteristic slip length b = bx = by. Analytical expressions
for the effective slip length in the Stokes flow over periodic arrays
of longitudinal and transverse shear-free slots were first derived by
Philip;14,15 results for other similar flow configurations were sub-
sequently derived by Lauga and Stone,16 Cottin-Bizonne et al.,17

and Schönecker et al.18 Generic scaling laws for the slip length on

superhydrophobic surfaces in the creeping flow limit were obtained
by Ybert et al.19 who showed that as the areal fractionφ of the surface
wetted by the flow approaches zero, the slip length b on a superhy-
drophobic texture patterned with a two-dimensional array of micro-
posts scales as b ∼ L/

√
φ, where L is the spatial periodicity of the post

pattern.
Superhydrophobic drag reduction in turbulent flow brings sev-

eral new challenges not present in the laminar case.7 Large velocity
and pressure fluctuations in strongly turbulent flow can trigger a
wetting transition to the Wenzel state,20 after which the surface tex-
ture simply acts as hydrodynamic roughness, increasing frictional
drag. The viscous sublayer and near wall coherent structures can
interact in complex ways with the roughness elements of the texture
and potentially offset any friction reduction arising from wall slip.
Min and Kim21 performed direct numerical simulation (DNS) stud-
ies of turbulent channel flow with prescribed streamwise or span-
wise slip boundary conditions at the wall; they showed that even
as streamwise slip resulted in drag reduction, spanwise slip led to
strengthening of near wall vortex structures, enhancing turbulent
momentum transport and increasing the frictional shear stress on
the wall. This mechanism of drag increase is unique to turbulent
flows and is wholly absent in laminar flows. On random textures
which have equal slip lengths in both streamwise and spanwise direc-
tions, drag reduction generated by streamwise slip is therefore partly
offset by the drag increase due to spanwise slip. Martell et al.22

arrived at similar conclusions regarding the effect of streamwise and
spanwise slip and in a separate study showed that drag reduction in
turbulent flow increases with the Reynolds number, in contrast to
the case of laminar flow.23 More recently, Seo and Mani24 derived
a scaling law for the evolution of the slip length on SH textures in
the high Reynolds number limit and validated it using DNS results.
In their analysis, a laminar boundary layer is assumed to develop
over each solid-liquid contact spot, and the resulting scaling law
for slip length is given by b+

∼ (L+
)

1/3φ−1/2, where L+ and b+ are,
respectively, the surface periodicity and the slip length scaled by the
near-wall viscous length scale δν =

√
ρν2/τw , where ρ and ν denote

the density and kinematic viscosity of the liquid phase, respectively,
and τw is the average shear stress at the wall. Unlike the result for low
Reynolds numbers, the dimensional slip length b ∼ L1/3δ2/3

ν φ−1/2 is
now also a weakly decreasing function of the wall shear stress τw
because this stress determines the characteristic length scale δν.

Practical drag reduction applications require scalable SH tex-
tures that can be easily applied over large areas of the solid boundary
in contact with the flow;1,7 for instance, the wet hull area of ships
and submarines can be of the order of ∼100–1000 m2. On smaller
scales, regularly patterned superhydrophobic surfaces consisting of
periodic arrays of ridges or posts have been extensively investigated
for antiwetting and drag reduction applications over the past two
decades. For example, several studies in the literature have reported
careful experimental measurements of turbulent drag reduction by
SH textures comprising periodically spaced microgrooves aligned in
the flow direction.25–27 As noted above, accurate scaling laws govern-
ing slip length over these “canonical” textures are well known from
previous theoretical and computational studies in the literature.19,24

However, fabrication of these surfaces often requires expensive and
precise manufacturing techniques, which limits their scalability to
real-life applications.
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Randomly rough SH surfaces, on the other hand, can be pro-
duced by relatively inexpensive and easily scalable techniques, such
as spray-coating, sandblasting, and chemical or electrochemical
etching, which are already in widespread use in industrial-scale sur-
face treatment processes. Samaha et al.28 prepared randomly rough
SH surfaces by depositing hydrophobic aerogel silica beads on a
metal substrate and measured the slip length and percentage drag
reduction in laminar flow using a parallel-plate rheometer. Moaven
et al.29 produced scalable SH textures by spray-coating a sandblasted
aluminum substrate with titania nanoparticles and performed flow
measurements using a rotating disk apparatus; drag reduction up to
15% was reported under turbulent flow conditions, corresponding
to speeds of 8–12 m s−1 and Reynolds numbers Re ≈ 5 × 105–8 × 105

at the rim.
Unlike regularly patterned surfaces, the morphology of ran-

domly rough SH surfaces is generally more difficult to characterize,
and a scaling law for slip length in terms of surface roughness param-
eters is yet to be derived. Whereas a large number of randomly rough
surfaces have shown extraordinary success in antiwetting applica-
tions,30,31 most of them do not perform equally well in drag reduc-
tion; indeed, many strongly water-repellent SH surfaces are found
to produce no drag reduction in turbulent flow, even when they
remain perfectly nonwet underwater.7 This underlines the necessity
of investigating in detail the particular textural features of the sur-
face profile which confer the ability to reduce drag under turbulent
flow conditions. In contrast to regularly patterned textures, the avail-
able experimental data for turbulent drag reduction on random tex-
tures have sometimes been inconclusive or even contradictory; drag
reduction and drag increase have both been reported on similar sur-
face textures.7,32–34 The disparities in experimental results may also
arise from differences in surface preparation and flow conditions,
which vary between test facilities. Unlike the case of regular arrays
of ridges and posts for which the wetting transition is abrupt, the
liquid-air interface on a random texture traverses several interme-
diate metastable configurations with increasing external pressure;35

plastron collapse thus occurs progressively and may not be imme-
diately apparent. As the air-water interface penetrates deeper into
the texture, the wetted solid fraction increases, altering the effective
slip length; consequently, identical rough textures tested under dif-
ferent flow conditions can yield significantly different values of slip
length.

A number of recent studies have focused on addressing this gap
in understanding of the relationship between surface morphology
of rough SH surfaces and their drag-reducing ability in turbulent
flow. From experimental measurements, Bidkar et al.36 concluded
that in addition to retaining a Cassie-Baxter state when submerged,
the texture must also possess a low surface roughness to produce a
net reduction in drag; specifically, the roughness of the surface had
to be small in comparison to the viscous length scale of the turbulent
boundary layer. Gose et al.37 performed skin friction measurements
on four randomly rough superhydrophobic textures using a chan-
nel flow facility at Reynolds numbers in the range 1 × 104

≤ Re
≤ 3 × 104 and wall shear stresses up to 65 Pa. They reported that
a net positive drag reduction was observed only when the prod-
uct of the surface roughness (scaled in wall units) and the con-
tact angle hysteresis of a sessile drop on the surface measured at
small drop volumes (i.e., at high internal Laplace pressures) was
minimized.

In this study, we evaluate the drag-reducing ability of four
randomly rough superhydrophobic surfaces in turbulent flow and
attempt to correlate this with statistical measures of the rough-
ness profile. All test surfaces were produced by readily scalable
mechanical or chemical texturing processes, such as sand blasting,
chemical etching, boehmitization,38 and spray coating. A custom-
built Taylor-Couette (TC) fixture was used to perform skin fric-
tion measurements on the surfaces under fully developed turbu-
lent flow conditions. Flow tests over a range of Reynolds num-
bers, in conjunction with surface profile measurements, are used
to investigate the influence of specific measures of surface rough-
ness on the particular traits desirable in turbulent drag reduction
applications, namely, large slip lengths and excellent resistance to
pressure-induced wetting.

II. FABRICATION OF SCALABLE
SUPERHYDROPHOBIC SURFACES

The four prototype drag-reducing surfaces used in this study
were an acrylic-based fluorinated polyhedral oligomeric silsesquiox-
ane (FPOSS) spray-on coating, a chemically etched aluminum sur-
face, and two different sandblasted, etched, and boehmitized alu-
minum textures. Their fabrication is briefly described below.

A. Acrylic FPOSS spray-on coating
This surface was fabricated by spray-coating a clean aluminum

surface with a mixture of a high molecular weight polymer binder
and a low surface energy hydrophobizing agent, following Srini-
vasan et al.8,39 The spray solution was prepared by dissolving
25 g l−1 of poly(methyl methacrylate) of molecular weight 75 kDa
(Scientific Polymer Products, Inc.) and 25 g l−1 of 1H,1H,2H,2H-
tridecafluorooctyl polyhedral oligomeric silsesquioxane or “FPOSS”
(NBD Nanotechnologies, Inc.) in the volatile fluorinated solvent
AK-225 (Asahi Glass Company). The solution was sprayed uni-
formly over the smooth aluminum substrate using a hand-held air-
brush (0.3 mm nozzle diameter) and allowed to dry in ambient
air at room temperature for 3 h. The polymer matrix deposited
on the surface had a corpuscular microstructure39 with rough-
ness features approximately 10 µm–50 µm in size, as seen in
Fig. 1(a).

B. Etched aluminum
This surface was prepared using a subtractive acid-etching

process, based on the surface modification technique previously
reported by Yang et al.40 The aluminum 6061-T6 substrate was first
cleaned thoroughly and then immersed in 2.5M aqueous hydrochlo-
ric acid for 20 min to generate the rough microtexture. After clean-
ing off the etching residue by sonication, the surface was boehmi-
tized in boiling deionized water for 20 min, during which the native
oxide layer dissolves and redeposits as a conformal layer of boehmite
crystals, conferring an additional level of nanoscale roughness above
and beyond that produced by etching.38 Finally, the textured surface
was hydrophobized by vapor phase deposition of 1H,1H,2H,2H-
heptadecafluorodecyl triethoxysilane at 80 ○C under vacuum.
Figure 1(b) shows a depth-composed optical micrograph of the
final surface, and the microscale roughness produced by the etching
process is clearly visible.
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FIG. 1. Depth-composition optical micrographs of (a) acrylic
FPOSS spray coating and (b) etched aluminum surface.
Scanning electron micrographs of the 80 grit sandblasted,
etched, and boehmitized surface, showing (c) hierarchical
surface texture before hydrophobization, with roughness
features at multiple length scales, (d) boehmite layer show-
ing the characteristic crossed leaflet nanostructure, and
(e) hydrophobic silica nanoparticles covering the boehmite
texture after treatment with the Glaco solution.

C. Sandblasted, etched, and boehmitized aluminum
It is now well known in the literature that the resistance of

a superhydrophobic texture to pressure-induced wetting can be
enhanced by incorporating hierarchical roughness features at two
or more length scales.41 Two such surfaces were prepared, each
having three tiers of hierarchical roughness produced by first sand-
blasting (large features of the order of 100 µm), then acid etch-
ing (secondary features having sizes of 1 µm–10 µm), and finally
boehmitizing in deionized water (tertiary features in the range of
10 nm–100 nm). Two identical aluminum 6061-T6 substrates were
first sandblasted with abrasive grits of two different mesh sizes; 80
grit alumina (having an average particle size of 165 µm) was used
for the first substrate, and 150 grit alumina (having an average par-
ticle size of 89 µm) was used for the other. Both surfaces were then
etched in 12M hydrochloric acid for 25 s and boehmitized in boil-
ing water for 30 min. The textured surfaces were hydrophobized
by treating them with a commercial water-repellent solution (Glaco
Mirror Coat Zero, SOFT99 Corp., Japan) consisting of 30 nm–50 nm
size hydrophobic silica particles dispersed in isopropyl alcohol.42 A
uniform layer of the Glaco solution was sprayed on each surface and
allowed to dry in air for 5 min, followed by baking at 250 ○C for
30 min; the spraying and baking steps were repeated thrice to obtain
robust and uniform coverage. Figures 1(d) and 1(e), respectively,
show SEM images of the sandblasted, etched, and boehmitized sur-
face before and after treatment with the Glaco solution; the porous
boehmite layer helps retain the silica nanoparticles firmly in the
texture and is seen to be fully covered by nanoparticles after three
rounds of coating and baking.

III. EXPERIMENTAL METHODS
A. Surface profilometry

Two-dimensional height profiles for all four surfaces were mea-
sured using a laser scanning confocal microscope (Keyence VK-
X250, Keyence Corporation). A 50× objective lens with a numeri-
cal aperture of 0.95 was used for all measurements, giving a lateral

spatial resolution of 280 nm and a vertical (height) resolution of
100 nm. The raw height data, acquired from a total scan area of
0.062 mm2, consisted of discrete height values z(x, y) on a rectan-
gular grid of 1024 × 768 scan lines. After minor filtering to remove
speckling and noise artifacts and corrections for surface tilt, the raw
data were used to obtain the zero-centered height profile h(x, y)
= z(x, y) − ⟨z(x, y)⟩, where ⟨. . .⟩ denotes spatial averaging over the
sample area. Figure 2 shows the measured height profiles of all four
surfaces; in Fig. 2(d), the data for the 150 grit sandblasted, etched,
and boehmitized surface are plotted as a height distribution his-
togram. The discrete height data were then used to estimate the
following statistical measures of roughness:

RMS roughness: w =

√

⟨h2(x, y)⟩, (2)

RMS slope: s =
√

⟨∣∇h(x, y)∣2⟩, (3)

Wenzel roughness: rW = ⟨

√

1 + ∣∇h(x, y)∣2 ⟩. (4)

It may be apposite to note here that the value of rW as obtained
above, by simple numerical integration of the discrete height data,
is dependent on the spatial resolution of measurements; indeed, for
a truly self-affine fractal surface with roughness features at all wave-
lengths, the area average in Eq. (4) would diverge.43 The finite reso-
lution of the profilometer, however, introduces an artificial cutoff on
the range of measurable wavelengths, and roughness features smaller
than the scan line spacing (δx = 280 nm in this case) are inevitably
excluded from the measured height profile. This absence of high fre-
quency roughness components limits the usefulness of the value of
rW calculated from discrete data; we employ it only for qualitative
comparisons of wetting behavior between surfaces, noting that the
numerical value may not be sufficiently accurate to be used directly
in surface free energy calculations.

Finally, to obtain a measure of the lateral separation of surface
features, we calculated the two dimensional autocorrelation function

R(u, v) = w−2
⟨h(x + u, y + v)h(x, y)⟩, (5)
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FIG. 2. Two-dimensional surface profilograms of (a) acrylic
FPOSS spray coating, (b) etched aluminum, and (c) 80
grit sandblasted, etched, and boehmitized surface. Sur-
face heights h(x, y) have been shifted to have zero mean
and downsampled for rendering. (d) Height distribution his-
togram for the 150 grit sandblasted, etched, and boehmi-
tized surface. The dashed curve is the probability distribu-
tion function (PDF) for a Gaussian surface with the same
mean square roughness (w = 3.36 µm).

where u and v are the spatial lags in the x and y directions, respec-
tively. The mean autocorrelation length λ was then obtained as the
radial lag r at which R̂(r, θ) = R(r cos θ, r sin θ) decays to the value
1/e, averaged over all directions θ along the surface (details are
included in the supplementary material). The values ofw, s, rW , and
λ were calculated at two or three different spots on each surface and
then averaged; the final values are reported in Table I.

B. Contact angle measurements
The advancing and receding contact angles on all four sur-

faces were measured with a contact angle goniometer (Model 590,
Ramé-hart Instrument Co.) using the drop volume method. Drops
of deionized water were dispensed through a 22 gauge stainless
steel needle, and the drop volume was varied between 10 µl and
20 µl at a gradual rate of 0.25 µl s−1; these volumes correspond
to excess Laplace pressures of approximately 87 Pa–109 Pa within
the drop. The apparent angle at the contact line was estimated dur-
ing the advancing and receding phases by fitting a circular arc to

the drop profile. Measurements were made at two or three different
spots on each surface, and the averaged values are again reported in
Table I.

C. Skin friction measurements in turbulent flow
Skin friction measurements were performed on all four super-

hydrophobic surfaces using a bespoke Taylor-Couette apparatus
operating in the featureless turbulent regime44 at Reynolds num-
bers between 1.6 × 104 and 8.9 × 104, corresponding to wall shear
stresses ranging from 2 Pa to 50 Pa. The TC apparatus was coupled
to a commercial controlled-stress rheometer (AR-G2, TA Instru-
ments) for accurate speed and torque measurements. Figure 3 shows
a sectional view of the bespoke TC test fixture and its main compo-
nents. The hollow rotating inner cylinder (labeled “rotor” in Fig. 3)
has length L = 76.2 mm and radius Ri = 38.1 mm and is coupled
directly to the spindle of the rheometer, enabling the precise mea-
surement of angular speed Ω and frictional torque T during exper-
iments. The rotor has a hollow interior which serves as an air-filled

TABLE I. Experimentally measured surface statistics and apparent contact angles for all four rough SH surfaces. The reported errors are the standard deviations of measurements
performed at multiple spots on each surface.

Acrylic FPOSS Sandblasted, etched, and boehmitized aluminum

Parameter spray coating Etched aluminum 80 grit 150 grit

Root mean square roughness, w (µm) 11.0 ± 3.9 6.51 ± 1.91 3.85 ± 0.28 3.36 ± 0.03
Root mean square slope, s 4.54 ± 0.72 2.96 ± 0.89 2.35 ± 0.07 2.95 ± 0.17
Wenzel roughness, rW 3.24 ± 0.36 2.33 ± 0.32 2.28 ± 0.06 2.70 ± 0.11
Mean autocorrelation length, λ (µm) 15.2 ± 5.2 20.4 ± 4.4 12.3 ± 1.1 7.78 ± 0.48
Advancing contact angle, θa (deg) 159 ± 1 162 ± 1 152 ± 1 151 ± 1
Receding contact angle, θr (deg) 157 ± 1 158 ± 1 148 ± 1 148 ± 1
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FIG. 3. (a) Schematic diagram of the bespoke Taylor-
Couette (TC) apparatus used for experimental skin friction
measurements. The labeled dimensions denote the rotor
radius Ri = 38.1 mm, stator radius Ro = 50.8 mm, and rotor
length L = 76.2 mm. (b) The TC fixture coupled to the AR-G2
rheometer. Three pairs of Taylor vortices are visible through
the transparent stator at low Reynolds numbers (here
Re = 156) on filling the cell gap with a suitable rheoscopic
fluid.

recess when submerged, minimizing the rotational moment of iner-
tia and eliminating frictional torque which would otherwise act on
the bottom face. The stationary outer cylinder (or “stator”) enclos-
ing the rotor is made of transparent acrylic for visual access to the
surface during experiments and has a radius of Ro = 50.8 mm. This
yields an overall radius ratio of η = Ri/Ro = 0.75 and an aspect ratio
of ζ = L/(Ro − Ri) = 6.0 for the TC apparatus.

Flow measurements on all surfaces were performed at a tem-
perature of (24.4 ± 0.7) ○C, using deionized water as the working
fluid. For each experiment, the water used was first allowed to reach
air saturation at the test temperature to prevent depletion of the plas-
tron by diffusion of gas into water. Five similar rotors of the same
dimensions—one each for the four superhydrophobic textures and
a final smooth rotor for the no-slip baseline—were machined out of
aluminum 6061-T6 alloy. Each SH texture was applied to the outer
surface of a rotor and then fully submerged in water inside the TC
cell gap. Care was taken to ensure that a uniform, reflective plas-
tron was visible on the test surface at the start of each experiment.
The fluid-filled space above the rotor serves to completely isolate
the plastron from ambient air during measurements and ensures
a robust liquid seal that prevents air ingress into the cell at high
rotational speeds.

The baseline friction curve for the TC apparatus was obtained
using a plain, untextured aluminum rotor with the outer surface pol-
ished to a mirror finish (average roughness Ra = 0.05 µm and RMS
roughness Rq = 0.07 µm) to prevent effects of hydrodynamic rough-
ness at even the highest Reynolds numbers achieved experimentally.
The time-averaged wall shear stress τw at the steady state and the
coefficient of friction Cf were then calculated from the torque vs
speed data using the expressions

τw =
T

2πR2
i L

and Cf =
2τw

ρ(RiΩ)2 , (6)

where ρ is the density of the working fluid (water). In all tests, the
speed Ω of the rotor was increased in discrete steps, and the steady
state torque T was measured after all initial transients had died down
and the instantaneous torque values had stabilized to within below
2%. As per the usual convention for Taylor-Couette flows, we define
the Reynolds number Re = RiΩ(Ro − Ri)/ν based on the cell gap, ν
here being the kinematic viscosity of water. To identify the point

of transition to shear-driven turbulent flow, we followed Lathrop
et al.44 and computed the torque exponent α given by

α =
d lnG
d ln Re

, (7)

where G = T/ρν2L is the nondimensional rotor torque. A plot of the
torque exponent α as a function of Re displayed a change of slope at
Rec ≈ 11 000, indicating a transition to shear-driven turbulent flow44

(more details on the determination of this turbulence transition are
included in the supplementary material). Subsequent measurements
on superhydrophobic surfaces were performed at Reynolds numbers
above Re ≥ 15 000, well into the turbulent flow regime.

Assuming no-slip boundary conditions at the rotor and stator
walls, Panton45 showed through the method of matched asymptotics
that the coefficient of friction in turbulent Taylor-Couette flow must
obey a logarithmic friction law of the form

¿
Á
ÁÀ 2

Cf
=M ln Reτ + N, (8)

where Reτ = Re(Cf /2)
1/2 is the shear Reynolds number and M and

N are constants that depend on the radius ratio η of the TC geom-
etry. We verified the conformance of our baseline measurements to
this logarithmic law by plotting the baseline curve (for Re > Rec) in
Prandtl-von Kármán coordinates, as seen in Figs. 4 and 5. A least-
squares fit of the baseline data (black circles) to Eq. (8) yielded the
values M = 4.52 and N = −8.29 for our particular TC apparatus.

With a superhydrophobic texture (such as those shown in
Figs. 1 and 2) applied to the rotor surface, the solid-to-liquid con-
tact is replaced over a large fraction of the wall area by liquid-air
interfaces bridging the texture asperities. These regions act almost
as shear-free boundaries, allowing the local flow to slip relative to
the wall. The usual no-slip condition, however, still holds at the tex-
ture asperities, where the underlying solid is in direct contact with
the liquid. Srinivasan et al.8 showed that the overall effect of this
composite boundary condition on the outer flow can be modeled as
arising from an equivalent “effective” spatially averaged slip length
beff imposed at the rough SH wall. They further derived a modified
friction law, analogous to Eq. (8), for the case of a rough SH texture
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FIG. 4. Experimentally measured skin friction curves for the acrylic FPOSS spray
coating and the etched aluminum surface, plotted in Prandtl-von Kármán coordi-
nates. The black dashed line is the baseline friction curve for the Taylor-Couette
fixture, given by Eq. (8). The blue and red dashed curves are least-squares fits of
Eq. (10) to data points prior to flow-induced plastron failure for the two surfaces.

applied to the inner wall of the TC apparatus
¿
Á
ÁÀ 2

Cf
=M ln Reτ + N + b+

eff, (9)

where b+
eff = beff/δν. Here beff is the “effective” slip length on the

SH texture and the viscous length δν characterizing the tur-
bulent flow is given by δν =

√
ρν2/τw . Whereas b+

eff increases
with the Reynolds number,8 earlier measurements8 and compu-
tations24,46 have shown that the dimensional effective slip length
beff = δνb+

eff = (Ro − Ri) b+
eff /Reτ remains almost independent of

the Reynolds number for a given SH texture, at least for the range
of flow parameters investigated in our study (see the supplemen-
tary material for details). We use the value of the effective slip length
beff, estimated from flow measurements, as the characteristic textu-
ral parameter quantifying the drag-reducing ability of our prototype
SH surfaces under turbulent flow conditions.

FIG. 5. Skin friction curves for 80 grit and 150 grit sandblasted, etched, and
boehmitized surfaces, plotted in Prandtl–von Kármán coordinates. The black
dashed line is the baseline friction curve for the Taylor-Couette fixture, given by
Eq. (8). The green and orange dashed curves are least-squares fits of Eq. (10) to
data points prior to flow-induced plastron collapse.

Substituting b+
eff = beff Reτ/(Ro − Ri) in Eq. (9) and using the

values of M and N for the present TC apparatus obtained from the
baseline calibration with a smooth rotor, we obtain

¿
Á
ÁÀ 2

Cf
= 4.52 ln Reτ − 8.29 +

beff

Ro − Ri
Reτ. (10)

A plot of the skin friction coefficient vs the shear Reynolds num-
ber is therefore no longer linear in Prandtl-von Kármán coordinates
due to the last term on the right hand side of Eq. (10). The best-
fit value of beff for each SH texture can then be determined using
a single-parameter least-squares fit of Eq. (10) to the experimental
data; representative curves are shown in Figs. 4 and 5, where the
experimentally measured skin friction and the corresponding the-
oretical fits for the four superhydrophobic surfaces are plotted in
Prandtl-von Kármán coordinates. For each surface, a single con-
stant value of an effective slip length beff characterizes the friction-
reducing performance of the texture up until the point of plastron
collapse at a critical shear Reynolds number. We can also directly
evaluate, for each surface, a percentage drag reduction (DR) as the
percentage decrease in wall shear stress produced by the superhy-
drophobic texture vis-á-vis a smooth, no-slip boundary at the same
Reynolds number

DR =
τ0
w − τw
τ0
w

× 100 %. (11)

Here, τ0
w is the baseline shear stress measured on the smooth,

untextured rotor at the same Reynolds number Re (or, equivalently,
the same rotor speed Ω). The percentage DR as a function of the
Reynolds number Re for the four surfaces is shown in Fig. 6. The
percentage DR initially increases with the increase in Reynolds num-
ber, which is consistent with the results of previous experimental
and computational studies in the literature.8,21,23 However, a flow-
induced wetting transition and partial loss of the plastron layer even-
tually occur at high Reynolds numbers, with a concomitant loss of
drag-reducing ability of the texture. Indeed, Fig. 6 shows that the
percentage DR on all four surfaces initially increases with Re, reaches
a maximum, and subsequently decreases due to progressive loss of
the trapped air from within the texture. The loss of the plastron at
high Reynolds numbers was also confirmed visually by observing the

FIG. 6. Percentage reduction in skin friction (in comparison to a smooth, untextured
rotor) as a function of the Reynolds number for all four superhydrophobic surfaces.
The abbreviation “SEB” denotes sandblasted, etched, and boehmitized aluminum.
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rotor surface through the transparent stator during flow tests; the
depletion of the plastron layer resulted in a decrease in the reflectiv-
ity and luster of the texture when observed underwater. The diver-
gence of the experimental data from the theoretical curves in Figs. 4
and 5 marks the onset of this wetting transition, and this also cor-
responds to the point of maximum DR for each surface, as seen in
Fig. 6. We thus define a critical or “failure” shear stress τf as the
magnitude of the wall shear stress τw at which this occurs and use
this parameter to compare the robustness of the four scalable surface
textures under turbulent flow conditions.

IV. RESULTS AND DISCUSSION
Figure 7 summarizes the results of our drag reduction measure-

ments and compares the performance of the four superhydropho-
bic textures in terms of the maximum percentage DR obtained, the
effective slip length beff of the texture in turbulent flow [determined
by fitting the data in Figs. 4 and 5 to Eq. (10)], and the wall shear
stress at which plastron failure on the superhydrophobic surface is
observed. Of the four surfaces tested in the TC apparatus, the largest
effective slip length and the greatest percentage drag reduction were
obtained in the case of the etched aluminum surface. The 80 grit
sandblasted, etched, and boehmitized surface was the most resistant
to plastron collapse under turbulent flow conditions, withstanding
a maximum wall shear stress of 26.9 Pa. The 80 grit surface also
gave a much higher slip length than the 150 grit surface, suggest-
ing that the length scale of the primary roughness has a significant
influence on the drag-reducing ability in the case of hierarchical
superhydrophobic textures. The surface easiest to fabricate was the

FIG. 7. Superhydrophobic textures ranked in the order of increasing (a) max-
imum percentage drag reduction, (b) effective slip length, and (c) wall shear
stress at plastron collapse. “SEB” stands for sandblasted, etched, and boehmitized
aluminum.

acrylic FPOSS spray-on coating; however, it was also mechanically
fragile, and subsequent to the loss of the plastron layer at large Re,
it suffered irreversible mechanical degradation after a single test run
inside the TC fixture. The adhesion of the polymer matrix to the
underlying smooth metal surface of the rotor was also observed to
be rather poor. All four surfaces eventually failed by plastron loss
during flow tests, well before the maximum shear stress attainable
in the TC apparatus (τw ,max = 50 Pa) was reached. However, after
removal of the rotor from the TC cell and drying in air, the super-
hydrophobicity of the test surfaces, with the exception of the acrylic
FPOSS spray-on coating, was restored. Subsequent reimmersion in
the TC cell resulted in a new plastron layer, and a repeat experiment
could be performed.

In Fig. 8, the effective slip lengths for the four surfaces are plot-
ted against various statistical measures of surface roughness listed
in Table I, namely, the root mean square roughness w, the root
mean square slope s, the Wenzel roughness rW , and the mean auto-
correlation length λ. The three textured aluminum surfaces have
comparable values of RMS roughness (3.4 µm ≤ w ≤ 6.5 µm) but
display a large spread in values of the effective slip length beff. The
acrylic FPOSS spray-coated surface, on the other hand, has a very
large roughness value (w = 11.0 µm), nearly twice that of the alu-
minum surfaces, and consequently yields only a modest value of
effective slip length, comparable to (and slightly larger than) the
150 grit sandblasted, etched, and boehmitized surface. The decline
in drag-reducing ability at large values of surface roughness is con-
sistent with previously reported results in the literature.36,47–49 The
liquid-air interface established on a submerged, rough SH texture
forms a complex undulating surface of constant mean curvature;35

the Young-Laplace equation is satisfied locally at every point on this
meniscus, and the equilibrium contact angle is maintained at the
three phase contact line established at the solid-liquid-air interface.
Past studies of the effects of interface deformation on drag reduc-
tion have shown that the slip length is the largest when the interface
is perfectly flat and decreases with increasing deformation of the
interface, either into or out of the flow region.48,49 Inasmuch as the
RMS roughnessw dictates the scale of vertical fluctuations in surface
height, the value of w must be sufficiently small to ensure that the
air-water interface, which forms the flow boundary, remains largely
flat.

It is evident from the data shown in Fig. 8 that the drag-
reducing ability of these scalable, randomly rough textures in tur-
bulent flow does not correlate simply with any single measure of
the surface roughness. We therefore considered in more detail how
these different measures characterizing the surface texture interact
with the characteristic length scale of the turbulent flow. Bidkar
et al.36 have reported turbulent drag measurements on rough super-
hydrophobic surfaces with various roughness values, obtained using
a water tunnel at large Reynolds numbers of 1 × 106

≤ Re ≤ 9 × 106.
They observed that an appreciable reduction in drag was obtained
only on surfaces with roughness at least an order of magnitude
smaller than the thickness of the viscous sublayer, which extends to
a distance of about 5δν from the wall. Consequently, they proposed
w+ = w/δν ≤ 0.5 as a necessary condition to achieve super-
hydrophobic drag reduction in turbulent boundary layer flow.
Similar conclusions were also arrived at by Gose et al. in their
recent study.37 At large values of roughness, tall surface asperities
projecting through the liquid-air interface may interact with the
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FIG. 8. The effective slip length beff plotted against (a)
RMS roughness, (b) RMS slope, (c) Wenzel roughness
and (d) the mean autocorrelation length, for the four ran-
domly rough superhydrophobic surfaces. The dashed lines
in panel (d) are only for visual reference. The error bars
for beff values are comparable to or smaller than the size
of the data markers and have been omitted for clarity;
the numerical error values are included in the supplemen-
tary material. Abbreviations: “A FP”—acrylic FPOSS spray
coating, “Etched Al”—etched aluminum, “SEB 80”—80 grit
sandblasted, etched, and boehmitized aluminum, and “SEB
150”—150 grit sandblasted, etched, and boehmitized alu-
minum.

viscous sublayer, obstructing the flow path and incurring addi-
tional form drag, thereby offsetting the drag reduction generated by
interfacial slip. The roughness criterion becomes more restrictive at
high Reynolds numbers when the thickness of the viscous sublayer
decreases and becomes of the order of a few micrometers or lower.
A sufficiently large amplitude superhydrophobic texture may then
simply act as hydrodynamic roughness, producing zero drag reduc-
tion or even a net drag increase. In Fig. 9(a), we plot the root mean

square roughnessw+ expressed in wall units for all four SH textures,
calculated at the failure shear stress τf . Whereas the scaled roughness
is less than unity for the three aluminum textures, the acrylic FPOSS
spray-coating displays a large value of w+

≈ 1.6, which explains the
relatively small value of beff obtained for this texture in spite of
its excellent water repellency in air and also its rapid mechanical
deterioration after the onset of flow-induced wetting that is observed
during tests.

FIG. 9. (a) The root mean square roughness expressed in wall units for all four SH textures at the point of failure. (b) Schematic representation of a submerged, randomly
rough, multiscale SH texture in turbulent flow. The flat interface depicted here is only for illustration; the actual air-water interface would be curved and may not all be at the
same level. (c) The ratio beff/λ as a function of the ratio of surface length scales λ/w for the four SH textures; beff increases with increasing λ and decreasing w. Abbreviations
used are identical to those in Fig. 8.
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Excluding the data point for the acrylic FPOSS surface, whose
poor performance can be attributed to its large surface roughness,
we notice from Fig. 8 a strong dependence of the slip length b
on the mean autocorrelation length λ of the texture. For fractal
self-affine surfaces, the autocorrelation length represents the only
characteristic lateral length scale of the texture and is representa-
tive of the length scale between individual surface asperities;43 in
this respect, it is analogous to the spatial periodicity L for regu-
larly patterned surfaces consisting of ridges or posts.50 This strong
dependence of the effective slip length on the mean autocorrela-
tion length is therefore in qualitative agreement with the known
theoretical results for regularly patterned surfaces. For instance,
over a regular 2D array of posts with spatial periodicity L, the slip
length scales according to b ∼ L/

√
φ in the limit Re → 0 and as

b ∼ L1/3δ2/3
ν /
√
φ in the limit of turbulent flow at high Re, where

φ is the areal fraction of the solid substrate in direct contact with
the liquid phase.19,24 In either case, we observe that the expected
dimensional slip length b increases with the spacing L between posts.
Figure 8(d) supports the conclusion that provided the surface
roughness remains sufficiently small, the relevant textural param-
eter (analogous to L for periodic textures) to be optimized in the
design of drag-reducing randomly rough SH textures is the lateral
autocorrelation length λ.

Examining Fig. 8, no direct correlation is evident between the
effective slip length beff and either the surface slope s or the Wen-
zel roughness rW ; surfaces with comparable values of surface slope
or Wenzel roughness are seen to have widely different values of
beff. We therefore conclude, within confidence bounds imposed by
the limited number of data points, that the effective slip length on
a rough superhydrophobic texture is not strongly dependent on
either parameter. A large Wenzel roughness, however, is known to
be an important requirement for ensuring the stability of the air-
water interface on the surface, without which turbulent pressure
fluctuations will quickly trigger a transition to the Wenzel state,
resulting in drag increase.32,35 Bottiglione and Carbone35 performed
numerical simulations of wetting and interface penetration on one-
dimensional, randomly generated, self-affine fractal profiles; their
results show that the mean square surface slope s2 is a key determi-
nant of the breakthrough pressure pW , i.e., the externally imposed
excess pressure in the liquid phase at which a catastrophic wet-
ting transition to the Wenzel state is triggered. For 2D isotropic
Gaussian surfaces, they further showed that the root mean square
slope and the Wenzel roughness are interrelated approximately as
rW ≈

√πs/2. A sufficiently large Wenzel roughness rW , or equiv-
alently a large root mean square slope s, is therefore required
to ensure that a transition to the Wenzel state does not occur
even under the intense pressure fluctuations encountered in tur-
bulent flow. A large rW also serves to restrict the extent of pen-
etration of the interface into the texture so that hydrodynamic
roughness effects and the associated drag increase are minimized.
Using a free energy analysis, they also derived a simple design rule
for robust superhydrophobicity under externally imposed pressure,
given by

rW > −
1

cos θY
, (12)

where θY is the Young (or equilibrium) contact angle on the solid
substrate. Since cos θY < 0 for a hydrophobic surface, the above

criterion yields a lower bound for the Wenzel roughness rW of the
texture and by extension a corresponding lower bound on the root
mean square surface slope s.

A sufficiently large mean square slope therefore appears neces-
sary to stabilize the liquid-air interface against failure. Concurrently,
we also require a large autocorrelation length to obtain a large effec-
tive slip length and appreciable drag-reducing ability for the texture.
For a Gaussian self-affine surface, it may be shown that the sur-
face roughnessw, the surface slope s, and the autocorrelation length
λ scale as w ∼ sλ;43,51,52 therefore, a large value of λ in conjunc-
tion with a large value of s would unavoidably entail a large value
of w, which conflicts with the requirement of small surface rough-
ness. For self-affine textures, therefore, the requirements for inter-
face stability (large s) and low hydrodynamic roughness (small w)
appear contradictory—one may be improved only at the expense of
the other. However, this inference rests on the assumption that the
surface is self-affine with a uniform scaling behavior from the small-
est to the largest length scales; a possible workaround is thus the
incorporation of hierarchical roughness at two or more successively
finer length scales into the texture. For a self-affine profile, the slope
sk of the individual roughness components scales as s2

k ∼ k(1−2H),
where k is the spatial (angular) wavenumber and H is the rough-
ness exponent, or the Hurst exponent, of the fractal profile.35,43 Most
real surfaces generated by random texturing processes have a Hurst
exponent H > 0.5, typically in the range 0.7 < H < 1; thus, the
slope of various spectral components of roughness decreases with
increasing k (i.e., with decreasing wavelength).53 The solid–liquid
contact on a randomly rough SH texture is therefore a combina-
tion of localized Cassie and Wenzel regimes, with the liquid bridging
over the large-scale primary roughness asperities, but fully wetting
the small-scale secondary roughness atop those asperities,35 which
we schematically depict in Fig. 9(b). If we now ignore the fully wet-
ted secondary features, the “effective” contact angle θe at the contact
line as it traverses the contour of the primary roughness profile is
given approximately by the Wenzel equation9

cos θe = r′W cos θY . (13)

Here, r′W is the Wenzel roughness of the secondary texture super-
imposed on the primary profile. Equation (12) then becomes less
restrictive on the Wenzel roughness of the primary profile rW

rW > −
1

cos θe
= −

1
r′W cos θY

. (14)

The primary roughness profile can now have a smaller mean square
slope and consequently a smaller mean square roughness for a given
lateral spacing between surface features. The effective slip length beff
is determined by the spacing of peaks in the primary profile since
it depends only on the extent of the free interface available between
the successive contact patches at which the local fluid flow must nec-
essarily come to rest. We may thus anticipate that the addition of
a secondary roughness would have minimal influence on the effec-
tive slip length or the drag-reducing ability of the overall surface.
Hierarchical texturing, which is already a well-known technique in
the literature, thus permits us to design superhydrophobic textures
having a small roughness and a large interasperity spacing, with-
out sacrificing the stability of the liquid-air interface under turbulent
flow conditions.
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In conclusion, we arrive at the following key considerations
for designing scalable, randomly rough superhydrophobic textures
for turbulent drag reduction applications: (a) the texturing pro-
cess must be optimized to generate a large mean autocorrelation
length (λ/δν ≫ 1) for the primary roughness profile, (b) the tex-
ture should possess a sufficiently small roughness (w+

< 1) to mit-
igate roughness-induced increases in the hydrodynamic drag, and
(c) the texture should ideally incorporate secondary (and possibly
higher order) hierarchical roughness features to ensure the stability
of the air-water interface against turbulent fluctuations. The simul-
taneous influence of the lateral and vertical length scales on the
effective slip length of the texture can be seen in Fig. 9(c), which
shows the nondimensional slip length beff/λ for the four surfaces
plotted against the ratio of texture length scales, λ/w. The effective
slip length beff increases systematically as the mean autocorrelation
length λ is increased and decreases when the RMS roughness w is
increased, supporting statements (a) and (b) above.

V. CONCLUSION
In this paper, we evaluated the drag reduction performance of

four prototype superhydrophobic surfaces in turbulent flow, using
a combination of flow tests, surface profilometry, and contact angle
measurements. Each surface had a randomly rough surface texture,
generated by means of scalable mechanical and chemical textur-
ing processes—spray coating, sandblasting, chemical etching, and
boehmitization. Submerged flow tests were performed on the sur-
faces in the featureless turbulent flow regime inside a custom-built
Taylor-Couette apparatus, at Reynolds numbers between 1.64 × 104

and 8.59 × 104, and an effective slip length was determined for each
surface from frictional torque measurements. Drag reductions of up
to 26% were measured under turbulent flow conditions. The key
textural parameter determining the effective slip length and drag-
reducing ability of randomly rough superhydrophobic textures was
the mean autocorrelation length λ, which quantifies the lateral sep-
aration of surface asperities; this is analogous to the influence of
the spatial periodicity L on the slip length b in the case of regularly
patterned SH surfaces. As seen in Fig. 9(c), the presence of large lat-
eral spacing between roughness peaks, in conjunction with a small
root mean square roughness (compared to the viscous length scale
δν of the turbulent boundary layer), and, additionally, the presence
of hierarchical roughness features were identified as three critical
requirements for the successful design of scalable, randomly rough
superhydrophobic textures intended for turbulent drag reduction
applications.

An important practical consideration not addressed in this
study is the longevity of the plastron on a submerged superhy-
drophobic texture, which would be of primary concern in real-
life applications where sustained drag reduction performance is
required over long durations of time. Even the best designed super-
hydrophobic surface will fail if the air trapped in the texture is
depleted; this may occur either due to shear-induced drainage32

or by forced convective mass transfer in the turbulent boundary
layer.54 Several strategies have been explored in the literature to sus-
tain drag reduction through active replenishment of the gas layer,
such as supplying pressurized gas to the texture through a porous
backing plate,55 vapor generation by Leidenfrost heating,56–58 as well
as electrochemical59,60 or catalyst-mediated gas generation.61 The

feasibility and efficacy of these methods on scalable SH textures have
to be investigated in high Reynolds number flows similar to those
typically encountered in real-life service.

SUPPLEMENTARY MATERIAL

See supplementary material for details on the calculation of the
mean autocorrelation length and other textural statistics from the
2D surface height profile, determination of the point of transition
from turbulent Taylor vortices (TTV) to the featureless turbulent
flow regime inside the TC apparatus, and estimation of the effective
slip length from skin friction measurements in turbulent TC flow.
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