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Drag reduction for viscous laminar flow on spray-coated
non-wetting surfacest

Siddarth Srinivasan,® Wonjae Choi,” Kyoo-Chul Park,c Shreerang S. Chhatre,?
Robert E. Cohen*® and Gareth H. McKinley*©

We estimate the effective Navier-slip length for flow over a spray-fabricated liquid-repellent surface which
supports a composite solid—air-liquid interface or ‘Cassie-Baxter’ state. The morphology of the coated
substrate consists of randomly distributed corpuscular microstructures which encapsulate a film of
trapped air (or ‘plastron’) upon contact with liquid. The reduction in viscous skin friction due to the
plastron is evaluated using torque measurements in a parallel plate rheometer resulting in a measured
slip length of bgi, = 39 pm, comparable to the mean periodicity of the microstructure evaluated from
confocal fluorescence microscopy. The introduction of a large primary length-scale using dual-textured
spray-coated meshes increases the magnitude of the effective slip length to values in the range 94 um
= bgip = 213 pm depending on the geometric features of the mesh. The wetted solid fractions on each
mesh are calculated from free surface simulations on model sinusoidal mesh geometries. The trend in
measured values of by, with the mesh periodicity L and the computed wetted solid-fraction r¢s are
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1 Introduction

The local shearing flow of Newtonian fluids close to a solid
surface is described by the Navier-Stokes equation along with
an appropriate boundary condition on the velocity field at the
liquid-solid interface. In macroscopic flows past smooth
surfaces, where the length scale of the system is much larger
than the molecular length scale, the adoption of the no-slip
boundary condition is widely accepted as valid.' A more general
condition used in various experimental studies investigating
slip at molecular length scales is the Navier-slip hypothesis,
Vw = 07w, Where V,, is the effective tangential surface velocity at
the wall and 7, is the local tangential shear-stress at the
interface. For a Newtonian fluid whose viscosity is 7, this
expression can also be written in the form Vi, = bgip7., Where
Yw = (dV/dz),, is the local shear rate in the vicinity of the wall,
and by, is the local slip length, a material property of the
surface."” Physically, the slip length corresponds to the
distance below the surface at which a linear extrapolation of the
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found to be consistent with existing analytic predictions.

velocity profile would satisfy the no-slip boundary condition.**
Multiple studies have investigated liquid-slip phenomena on
smooth surfaces coated with low surface energy materials for
which the molecular interactions at the solid-liquid interface
become weak.®"® Although these investigations demonstrate
that the no-slip boundary condition is not strictly valid, the
resulting slip lengths across the solid-liquid interface are
generally too small (b, = 1-10 nm) to affect the macroscopic
liquid flow significantly.

A growing body of work has attempted to utilize ‘super-
hydrophobic’ textured surfaces with regular microfabricated
patterns or hierarchical textures™?' to amplify the effective
fluid slip at the interface. On such non-wetting surfaces, the
liquid layer sits on a composite solid-air interface (or Cassie-
Baxter interface®>*®), by entrapping pockets of air between the
individual topographical features. The composite interface can
robustly resist pressure-induced wetting transitions over a
range of liquid surface tensions and externally imposed pres-
sure differences by careful design of the fabricated surface
morphology.>* In facilitating the establishment of an air layer
or ‘plastron’ that is stable to externally imposed pressure
differences, such surfaces can reduce the frictional dissipation
associated with laminar flows in microfluidic devices,'”*® in
rheometers,**** in pipes,”**® over coated spheres** and in
turbulent flows in channels.?” The reduction in viscous skin
friction due to the composite micro-textured interface can be
significant in confined flows; in a seminal study, Watanabe et al.
demonstrated a 14% reduction of drag in a 16 mm diameter
pipeline textured with a superhydrophobic surface.” The vast
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majority of subsequent investigations on superhydrophobic
surfaces have involved precisely fabricated and regularly
patterned geometries which help develop a systematic under-
standing of the influence of the wetted solid-fraction and
surface periodicity in promoting large effective slip lengths and
associated friction reduction. It is less clear whether substrates
with randomly deposited micro-structures, which are cost-
effective to manufacture and more readily applicable to large
coated areas, would exhibit similar dramatic reduction in
drag.>** Sbragaglia and Prosperetti®* and Feuillebois et al.*
propose theoretical models to investigate how random textures
can enhance the effective slip at a fluid-solid interface. In the
present work, we use parallel-plate rheometery to determine the
effective slip length for flow over spray-fabricated corpuscular
microtextures that are randomly deposited over both flat
substrates and on woven wire meshes.

In Fig. 1, we illustrate conceptually the effective slip present
at the interface for flow over a spherically textured non-wetting
substrate in the presence of an unconfined or pressure driven
flow (Fig. 1a) and also in a laminar Couette flow (Fig. 1b). In
each of these cases, the conventional no-slip condition is valid
on the top of the wetted features, while the local fluid velocity at
the liquid-air interface is determined by a tangential stress-
balance. The net dissipative interaction of the fluid with this
textured surface can be expressed using an area-averaged
effective slip velocity (V,), or alternatively in terms of an effec-
tive slip length (bg;p,), again averaged over the periodicity (L) of
the textured surface. As indicated in Fig. 1, the slip length (bg;p)
can be greater than the characteristic scale of the texture (2R); a
larger value of slip length indicates higher friction-reducing
ability of the corresponding textured surface. For the laminar
Couette flow shown in Fig. 1b, the velocity in the fluid varies
linearly and the resulting shear rate v is constant, except in the
immediate vicinity of the surface texture. The apparent shear
rate in the Couette flow (with the assumption of a no-slip
boundary) ¥, = Vpiaee/h can be related to the true shear rate
7. that is established in the fluid in the presence of slip as
Yah = d(h + (bgip)), where h is the gap height.** For a Newtonian

Fig. 1 (a) A schematic diagram showing a liquid flow on a textured non-wetting
surface, possessing an effective velocity (V,,) that is averaged over the texture
period L. (b) A laminar Couette flow with average shear rate v, = Vjawe/h
between a non-wetting textured bottom surface exhibiting an average slip
length (bgi,) and a conventional flat solid top surface possessing a no-slip
boundary condition.
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liquid with viscosity n and shear stress T = 7y, measurement of
the frictional forces or torques (in a torsional rheometer) due to
Couette flow at a fixed height between two flat parallel rigid
surfaces (with no slip) and textured non-wetting surfaces
(with slip) enables the effective slip length on the latter to be
directly related to the measured viscous friction using a
rheometer.”>*”*® The viscous stress for a linear Couette flow in
the proximity of the top plate can be expressed as g, =
NWtatelh + (Bstip)) " = N7a(l + (biip)/h) ", where Vppaee is the
velocity of the upper plate. In a parallel-plate rheometer with disc
radius R, the total torque M = J"Z'rcrzrdr measured by the instru-
ment for a Newtonian fluid is*” M = (rt5y,R’)/2. Therefore, for a
fixed upper plate velocity, the ratio of the apparent viscosities (or
measured torques) between (i) two flat surfaces with no slip and
(ii) a flat surface and a textured non-wetting surface with slip can
be directly related to the average slip as,

bsi
:@:1+M 1)

M, slip h

Mflat _

ns]ip Tslip

Tflat

Eqn (1) implies that in order for fluid slip in confined
laminar flows to be manifested as a significant effect, the
magnitude of the slip length (b;,) should be comparable to the
length scale of the flow % (i.e., b/h ~ O(1)). This can be readily
achieved in a rheometer because gaps in the range 7 < 0(100
pum) can be attained reliably.*® A more universal measure of
fluid slip is the fractional extent of drag reduction (DR) asso-
ciated with the reduction in the measured apparent viscosities
and can thus be written for a torsional Couette flow as:

nslip _ bslip
Mae 1+ byiip

DR=1- )

Rheometric torque measurements can therefore be usefully
employed as a macroscopic measurement technique that
provides a systematic method to probe area-averaged micro-
scopic liquid-slip phenomenon over a large, random (and
possibly anisotropic) surface morphology. Care must however
be taken to ensure that edge effects are eliminated and

systematic errors are minimized.>”*%*

1.1 Relationship between slip length and surface textural
parameters

The dependence of the effective slip length on the topographic
properties of non-wetting textured surfaces has been analyti-
cally modeled using two limiting scenarios; (i) flow over a
plastron of finite and constant thickness, and (ii) flow over
surfaces with alternating regions of slip and no-slip. In the
former case, for a liquid slipping over a homogeneous layer of
air with thickness d, the slip length is expressed as a product of
the ratio of the viscosities 7jjquia/Mair and a function of the
plastron thickness.*?** McHale et al.>* show that up to 30% drag
reduction can be achieved for plastron-supporting spheres at
the optimal plastron thickness. In the latter case, typical values
of slip length on micro-textured non-wetting surfaces are on the
order of tens of micrometers****** and are dependent on the
morphological patterning of the surface texture."'” The topo-
graphical features needed to entrap microscopic air pockets at

This journal is © The Royal Society of Chemistry 2013
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the textured surface also act as regions where the conventional
no-slip boundary condition still applies for each of the solid-
liquid interfaces formed on the texture elements (blue solid
lines in Fig. 1b). Therefore, the average value of the effective slip
length becomes strongly dependent both on the fraction of the
wetted solid-liquid interface (denoted generically as r¢g; the
product of a roughness r and a projected area fraction of wetted
solid ¢)*>** and the size of the regions of slip and no-slip,*** as
well as the specific geometric arrangement of these regions.***¢
For discrete textures such as periodically arrayed pillars or
beads, a generic scaling law was developed by Ybert et al.*” that
predicts that the slip length scales as (bgp,) ~ a/(rs) in the limit
r¢s — 0, where a is the length scale corresponding to the size of
individual surface features. The scaling law can also be
expressed in terms of the periodicity L of the surface texture as
(bstip) ~ Llog(1/(r¢)) for 1D stripes and (bgip) ~ L/+/T¢s for 2D
posts.”® The validity of this model was demonstrated by
numerical simulations and later by experiments with micro-
fabricated surfaces. The scaling law is also consistent with a
number of studies that obtain analytical solutions of slip
lengths for flow over 1D grooved and striped geometries.**%*
Recent work by Ng and Wang*® and Lauga and Davis®* in solving
for slip flow over micro-structures comprising periodic 2D
circular posts also obtains an inverse square root dependence of
the slip length with the solid fraction by, ~ L/\/rds. In the
present work, we use fluorescence microscopy and contact-
angle measurements to obtain estimates of the mean periodicity
(L) and the wetted area fraction r¢g of a random microtexture in
order to compare predictions from these theoretical models to
the slip lengths obtained experimentally from rheometry.

2 Materials and methods

2.1 Single step fabrication of large area spray-coated non-
wetting surfaces

Amixture of 50/50 wt% poly(methyl methacrylate) (Sigma-Aldrich;
M,, =102 000 g mol *; PDI = 1.56) and the hydrophobic molecule
1H,1H,2H,2H-heptadecafluorodecyl polyhedral oligomeric silses-
quioxane (fluorodecyl POSS), whose method of synthesis has
previously been reported,” was dissolved in the commercially
available solvent Asahiklin AK-225 at a concentration of 50 mg
ml~". The mixture was subsequently spray-coated onto circular
silicon disks using an airbrush connected to a pressurized
nitrogen stream at a distance of 20 cm and an operating pressure
of 170 kPa. In Fig. 2a, we show a scanning electron micrograph of
the micro-structure produced by jet break-up of the polymer
solution during the spraying process. As seen from Fig. 2a, the
surface structure consists of randomly deposited corpuscular
beads of characteristic diameter ~20 pm. The nonvolatile PMMA
acts as a sticky binder that adheres to the silicon surface. The
presence of the hydrophobic fluorodecyl POSS molecules along
with the re-entrant micro-structured morphology confers the
textured and fluorine-rich surface with super non-wetting behav-
iour, which we have characterized in previous work.* In the inset
of Fig. 2a, we show a drop of water of volume ~5 pl deposited on
the spray-coated substrate. The drop exhibits an apparent
advancing contact angle of §* = 161° and no observable hysteresis.

This journal is © The Royal Society of Chemistry 2013
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Fig. 2 (a) SEM image of spray-coated superhydrophobic surface displaying
corpuscular micro-structured morphology. (b) Schematic of plate-plate fixture
mounted on a controlled stress rheometer used to quantify apparent slip lengths
using a 50 vol% glycerol-water mixture as probe liquid.

i gﬁérhydrophobic
" Substrate (Bottom)

A water immersion test was performed to test the robustness
against a pressure-induced wetting transition to the Wenzel state,
and the spray-coated substrate remained in the composite or
Cassie-Baxter state, as evidenced by the continued presence of the
plastron, through the entire height of the water column (45 cm),
which corresponds to a pressure of 4410 Pa. A number of woven
metal meshes with various topography and characteristic length
scales were also purchased from McMaster-Carr and conformally
spray-coated with the 50 wt% PMMA-fluorodecyl POSS solution
to produce hierarchical or dual length scale textures.

2.2 Rheometeric quantification of drag reduction and the
slip length

An AR-G2 rheometer (TA instruments, New Castle, DE 19720)
with a standard plate-plate geometry as shown in Fig. 2b was
utilized to impose a shear rate and measure the resulting
viscous torque on the samples. Eqn (1) is then used to calculate
the resulting average slip lengths. A transparent upper acrylic
plate of 60 mm diameter was used for all measurements. The
spray-coated silicon substrates were affixed firmly to the lower
Peltier plate using double-sided adhesive tape, and the upper
plate was lowered to set the zero-gap height and ensure paral-
lelism. Conventional rotational rheometers become prone to
alignment errors in correctly zeroing the gap when very narrow
fluid gaps are employed.*® The mean error in gap height during
calibration due to the plate-plate configuration was previously
determined as 35 pm, although the non-flatness of the textured
spray-coated substrate and the squeeze flow of air can
contribute to an additional error.**** To minimize contributions
from these errors, a series of measurements were made at
various gaps, from 4 = 500 pm to 2500 pm. After the zero-gap
calibration is complete, rotational mapping was carried out to

Soft Matter, 2013, 9, 5691-5702 | 5693


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c3sm50445j

Open Access Article. Published on 25 April 2013. Downloaded on 4/2/2026 3:24:01 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

account for residual system torques in the rheometer. Tests
were performed at shear rates ranging between 10 = y < 100
s, unless specified otherwise.

2.3 Parameters influencing the rheometric measurement of
effective slip length

There has been some discussion in the literature about the
experimental reliability of obtaining accurate measurements of
slip lengths via rheometry® as there are potential sources of
systematic experimental error in the resolution of torque
measurements, determining the gap height, presence of
secondary flows and meniscus effects which need to be carefully
accounted for.*® As shown in the ESI (Fig. S1), a reference New-
tonian oil (n-decane; 25 °C; n = 0.8538 mPa s) was used for
instrument calibration to obtain measurements of torques which
yielded an experimental apparent viscosity of n =0.85 = 0.01 mPas
for flow over a flat surface. The apparent viscosity was observed to
be uniform over shear rates from ¥ = 10-100 s~ " as expected,
with the corresponding torques ranging between 0.3 and 1.3 uN
m. While the torque resolution of the ARG2 rheometer in steady
shear is stated to be 10 nN m,*® scatter due to noise in the torque
measurements was observed to be 0M = 0.2 uN m. To amplify the
magnitude of torque values, we use a 50 vol% glycerol-water as
the Newtonian probe liquid with a measured viscosity of 6.2 +
0.05 mPasat25°. The values of measured torques ranged from 3—
30 uN m for shear rates between ¥ = 10-100 s (as shown in ESI
Fig. S17). The choice of a 50 vol% glycerol-water as the probe
liquid ensures that the range of measured torques M is much
larger than the practical torque resolution limit of 0.2 pN m. The
uncertainty in torque measurement is thus 0.7% at a shear rate of
100 s. The effects of inertia and secondary flow are negligible over
the range of shear rates used.>” Bocquet et al.*® draw attention to
an important source of systematic bias in the measured torque in
parallel-plate rheometry on superhydrophobic surfaces due to
the curvature of the liquid meniscus at the radial edge of the
parallel plate, which can erroneously be interpreted as slip. The
curvature of the free surface of the liquid filling the gap between
the plates depends on the local contact angle of the fluid at the
radial edges of the test fixtures and gives rise to a mismatch in the
wetted area of the upper and lower fixtures. The decrease in the
wetted radius is amplified on the spray-coated super-
hydrophobic substrate which exhibits an effective contact angle
of #* = 160°. As described in ESI Fig. S2,T we introduce a thin
hydrophilic circular strip of thickness 200 pm at a radius R = 30
mm in order to pin the liquid meniscus at the edge of the parallel
plate. The reference torque measurements are performed on flat
rigid surfaces with an advancing contact angle of 0* = 90°
obtained by spin-coating a silicon wafer with a 5/95% weight
fraction fluorodecyl POSS-PMMA solution. This ensures that the
area wetted by the liquid on the lower superhydrophobic surface
is identical to that on the flat surface, minimizing the error
associated with the edge effect. Furthermore, instead of using a
single torque measurement to determine the effective slip
length, a series of measurements were performed at a number of
different gap heights, and the slip length was estimated from a
least-squares fit of eqn (1) to reduce the effect of zero-gap errors.
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Fig. 3 Apparent viscosities of 50 vol% glycerol-water mixture measured for a
gap separation of h = 1000 um on (i) flat spin-coated hydrophobic surface; (ii)
spray-coated superhydrophobic silicon wafer; (iii) spray-coated superhydrophobic
mesh with wire radius R = 254 um and mesh spacing D = 805 pum.

3 Results and discussions

In Fig. 3, we show the apparent viscosities of a 50 vol% glycerol-
water solution measured at a fixed gap height of 7 = 1000 um on
three different surfaces. For this Newtonian fluid, the viscosity
is rate independent and the mean value of the apparent
viscosities are calculated as an average over the entire range of
shear rates tested. For a flat spin-coated silicon wafer, the
averaged viscosity was measured as %, = 6.2 £ 0.05 mPa s,
which corresponds to the situation when there is no fluid slip.
The averaged apparent viscosity for the spray-coated super-
hydrophobic corpuscular substrate shown in Fig. 2a is g, =
6.0 £+ 0.15 mPa s corresponding to 3% reduction in the viscous
drag and a spray-coated superhydrophobic woven mesh has an
averaged apparent viscosity of 7" = 5.5 + 0.14 mPa s corre-
sponding to a 11% reduction in drag at a gap height of # = 1000
um. The lower values of the apparent viscosities on the spray-
coated substrates is indicative of a reduction in drag due to
partial fluid slip at the composite interface. However, as noted
above it is not prudent to use measurements at a single height
for the rheometric estimation of the slip length as uncertainties
in zeroing the gap height and meniscus edge effects can be
misinterpreted as contributions to the total slip. To minimize
potential artifacts in the estimation of the effective slip length,
measurements of the ratio of apparent viscosities on the flat
substrate to that of the spray-coated substrate y(i) = (ﬁﬂat/ﬁshp)(i)
(averaged over a range of shear rates as per Fig. 3) were repeated
at various gap separations A", Linear regression of eqn (1) to
values of y for different values of x) = 1/h®) was then used to
determine the best fit slope, which then yields the averaged
effective slip length (bgp,).

3.1 Single-textured surfaces

In Fig. 4, we plot the ratio of (ﬁﬂat/ﬁsnp)(i) against the inverse gap
height 1/hY for the spray-coated silicon substrate with gap heights
from A% = 500 um to AY = 2000 um in increments of 250 pm
averaged over shear rates between 10 and 100 s. There are
potentially a number of local wetting configurations of the

This journal is © The Royal Society of Chemistry 2013
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Fig. 4 Ratio of shear viscosity measured in contact with a flat surface to the
apparent viscosity measured on the spray-coated superhydrophobic surface
plotted against the inverse gap height. The effective slip length is extracted from a
linear regression using egn (1), and the corresponding 95% confidence bands are
plotted as dashed lines.

composite interface upon each loading of the liquid in the parallel
plate geometry, giving rise to variations in the measured apparent
viscosity. The error bars correspond to experimental standard
deviations over four sets of measurements at each gap height for
the flat and sprayed-coated surfaces. Each data point at a partic-
ular gap height where 7g.¢/%41ip > 1 indicates the manifestation of
effective slip, and a corresponding reduction in drag. A single
parameter constrained best fit to the linear model in eqn (1) was
performed and an instrumental weighting was used for the stan-
dard deviations (i.e., the weighting function w; = 1/0;%), so that
data points with larger deviations are assigned less importance.
The mean value of the effective slip length for the spray-coated
silicon substrate is bgjp, = 39 um with a 95% upper confidence
limit of 51 pm and a 95% lower confidence limit of 28 um. The
corresponding confidence bands are plotted as dashed lines in
Fig. 4. The extent of drag reduction observed is a function of the
spacing between the plates as seen in eqn (2), and varies from 7%
for a gap-height of 500 um to 2% for a height of 2000 um (2 mm).

The effective slip on randomly deposited textures is
described by a tensorial quantity that varies depending on the
local flow and the geometry specific to that local region.*
Therefore, the numerical value of (bg;,) = 39 pm we obtain
from rheometry is a macroscopic averaged representation of the
more complex velocity profiles that are established close to the
rough hydrophobic texture shown in Fig. 2a. In order to
understand the relationship between the mean spacing (L) of
the beaded microstructures (Fig. 2a) and the values of (bg;p)
obtained from torque measurements on our sprayed surface, we
consider an equivalent periodic model geometry with the same
wetted solid fraction as the sprayed substrate. It is convenient to
use the Cassie-Baxter equation written in the form, cos 6* =
r¢scos g — 1 + ¢, to determine the wetted area fraction r¢s.
Using a model of hexagonally packed spheres for the corpus-
cular structures, we have previously estimated® the total wetted
fraction as r¢s = 0.1, where 6* = 160° is the macroscopic
apparent contact angle on the sprayed substrate and 6 = 124°

This journal is © The Royal Society of Chemistry 2013
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is the equilibrium contact angle on a flat spin-coated substrate
with the same chemical composition as the POSS-PMMA
mixture that is sprayed onto the substrate.

In order to use hydrodynamic models to evaluate the pre-
dicted slip present on a composite textured surface in which the
wetted fraction is only r¢s = 10% it is necessary to determine the
characteristic length scale (denoted (L)) of the random sprayed
texture. We calculate the mean periodicity between the indi-
vidual corpuscular features in Fig. 2b by incorporating fluores-
cent red dye (Nile red) in the fluorodecyl POSS-PMMA solution.
The sample was then illuminated with a Helium/Neon (He/Ne)
543 nm laser, and the fluorescence was imaged using a Zeiss LSM
510 confocal microscope. The presence of the red dye, which is
embedded in the microstructures produced on spraying, allows
for mapping of the three-dimensional surface morphology (for
details see ESI Fig. S31). In Fig. 5, we show a 142 um x 142 pm
planar cross-section of the spray-coated corpuscular substrate
imaged at a depth of 25 um, which corresponds to the vertical
midplane of the sprayed surface morphology. The confocal
image was thresholded and converted to a binary image using
the freely available Image] software package.* The light regions
in Fig. 5 correspond to the voids between the corpuscular
microstructure, and the dark regions indicate domains of fluo-
rodecyl POSS-PMMA. The location of the centroids of each of
these domains was determined by particle analysis, and the
mean periodicity was obtained from the centroids using Delau-
ney triangulation to be (L) = 32 pm. The calculation of (L) and
r¢s for the spray-coated corpuscular morphology allows us to
compare our experimentally measured slip length with analytical
predictions that have been obtained for model periodic geome-
tries. Ybert et al®’ demonstrate that for a 2D array of solid
patches in a square lattice, the slip length scales as:

bslipi A _
L -ve ” ®

Fig.5 Confocal microscope slice image of the spray-coated surface tagged with
a red Nile dye and imaged at the mid-plane. The overlaid lines correspond to the
Delaunay triangulation of the centroids of the individual microtextured features
(determined from the ImageJ software), and is used to determine the mean
periodicity (L).

Soft Matter, 2013, 9, 5691-5702 | 5695
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where A and B are numerical constants that depend on the
geometry of the patches. For periodic circular patches, the values
of A and B are found by Ng and Wang®’ to be A = 0.34 and B =
0.468 using numerical regression, and by Lauga and Davis™ as
A=3y/m/16=0332 and B=3In(1++/2)/2w=0.431 using
analytical methods. Substitution of r¢s = 0.1 and (L) = 32 pm
yields a predicted value of the slip length b,req = 19 um that is
within a factor of two of our experimental result of (bg;p,) = 39 pm.
The simple analytical model of an array of 2D circular patches is
thus able to qualitatively predict the effective slip phenomenon
measured near the spray-coated corpuscular micro-structures as
a function of the mean periodicity (L) and the wetted fraction r¢s.
Although the mean periodicity between the features of the
corpuscular microstructure is limited by the operating parame-
ters of the spray-coating system, we show in the next section that
we can further enhance the effective slip by introduction of an
additional length-scale via dual-textured mesh substrates.*>*°

3.2 Dual textured non-wetting surfaces

Commercially woven wire meshes are readily available at
comparatively low costs with a range of characteristic length
scales and pore sizes. While most rigid metal meshes are hydro-
philic, non-wetting hydrophobic meshes have been shown to
support composite air-liquid interfaces**** and are good candi-
date surfaces for reducing fluid drag. We use the spray-coating
technique described earlier to deposit fluorodecyl POSS-PMMA
microstructures onto various woven wire meshes, whose dimen-
sions are summarized in Table 1. In Fig. 6a and b, we show
scanning electron micrographs of a stainless steel mesh (Mesh II;
R =127 pm, D = 330 pm) that has been conformally spray-coated
with the corpuscular microstructures. The spray-coated meshes
exhibit superhydrophobic non-wetting behaviour and support a
hierarchical composite air-liquid interface on two distinct scales:
(i) on large scales of characteristic width 2D between the indi-
vidual woven wires (of diameter 2R) that comprise the mesh as
shown in Fig. 6a and (ii) on smaller regions consisting of trapped
air between the spray-coated corpuscular regions on the surface
of the individual wires (shown in Fig. 6b) with a mean periodicity
(Ls) = 32 um as discussed in the earlier section.

The reduction in the total wetted area fraction on this hier-
archical structure is expected to further reduce the viscous

Table 1 The Mesh number, radius of the individual wire (R), half-spacing
between the wire meshes (D), the dimensionless spacing ratio D* = (R + D)/R, the
simulated wetted solid fraction (r¢s), robustness factor A* = Py,/Pes, experimental
breakthrough pressure Py, the effective slip length (bgp) determined from
experiments and the prediction from the model of Davis and Lauga (byesh, dis-
cussed in the main text, see eqn (7)) on the spray-coated woven meshes used in
this work

R D bPy (bstip) brmesh
Mesh (um) (um) D* r¢,  A* (Pa)  (um) (um)
I 70 229 4.3 0.17 4.99 190 92 10 122
I 127 191 25 024 111 481 94 +7 108
111 127 326 3.6 025 4.4 180 157 =14 149
v 254 452 2.8 0.40 4.1 112 194 +£ 24 157
\% 254 805 4.2 0.41 1.5 56 213 +£15 219
VI 127 720 6.7 024 1.0 28 — 287
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friction. However, a number of factors, including the meniscus
curvature, gravity, inertia, and other body forces, can give rise to
a pressure difference that drives the liquid-air interface into the
air pockets entrapped within the mesh.>*** The main source of
external pressure in the plate-plate rheometer system is the
Laplace pressure from the curvature of the meniscus as it sits on
the wires. The Laplace pressure of the liquid sample in the
rheometer is inversely related to the gap separation # as:

_ 2v,,c0s6
h

where § = 160° is the apparent contact angle on the micro-
textured coating that has been applied on the wires of the mesh
and v, is the liquid surface tension. The magnitude of the
applied pressure difference AP for the 50 vol% glycerol-water
liquid varies from 64 Pa to 128 Pa for gap separations between
1000 um and 2000 pm. The maximum pressure difference that
can be supported across a liquid-air composite interface scales
as P, ~ v/R., where Py is the breakthrough or impalement
pressure and R, is a characteristic length of the geometry.***>%
For the dual-textured mesh, this characteristic length will scale
with the mesh periodicity (R. ~ L = 2R + 2D) for the larger air
pockets trapped between the wires, and with the mean period-
icity of the corpuscular microstructures (R. ~ (L)) for the smaller
region on each wire. The large length scale of the mesh adversely
affects its ability to maintain the pockets of air between the mesh
wires against a pressure perturbation across the air film. For the
cylindrically textured mesh surfaces used in this work, an
approximate analytical expression for the breakthrough or
impalement pressure was previously determined as:*

_ 2y, ( 2D* (I —cos 6)
L \D*—1)[(D*—1+2sin0)

AP = “4)

Py &)
The breakthrough pressure P, is thus a function of the
apparent contact angle 6, the characteristic length scale L and a
dimensionless geometrical spacing ratio D* = (R + D)/R. There-
fore, as long as the external applied pressure difference AP < Py,
the composite liquid-air interface is still stable and when AP =
Py, awetting transition occurs in the large pockets of air trapped
between the wires. The coated surface of the individual wires are
themselves strongly non-wetting (i.e. § = 160°) and continue to
maintain their non-wetting characteristic (even after break-
through in the large air pockets) due to the much smaller length
scale of the microtextures formed by the spraying process.

In Fig. 6¢, we show an image of the composite interface that is
established upon depositing the glycerol-water probe liquid
between the spray-coated mesh and a transparent upper plate.
The image is obtained using a CCD camera focused through the
upper plate of the rheometer at an oblique angle (for schematic,
see ESI Fig. S41). The dark regions in Fig. 6c correspond to the
solid-liquid-air interface resting on the corpuscular structures
that have been sprayed on the wires of the woven mesh, while the
light regions correspond to incident light reflecting off the large
pockets corresponding to the liquid-air interface. The position
of the liquid-air interface depends on the externally applied
pressure difference AP. A comparison between the composite
interface that develops on the meshes in the plate-plate

This journal is © The Royal Society of Chemistry 2013
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(a and b) Scanning electron micrographs at different magnifications of the dual-textured spray-coated superhydrophobic mesh surfaces; (c) image of the solid—

liquid—vapor composite interface for a 50 vol% glycerol-water solution resting between a spray-coated mesh and the upper rotating plate of the rheometer. The dark
regions indicate the wetted area of the mesh and the light regions correspond to reflection of incident light off the liquid meniscus. The inset shows the structure of the
spray-coated mesh in the dry state; (d) the composite interface on a model sinusoidal woven mesh, simulated using Surface Evolver FEM software. The dark blue, light
blue, and red colors represent the wetted solid, liquid—air meniscus and the dry mesh surfaces respectively. The inset depicts the structure of the periodic mesh in the dry

state.

rheometer and the simulated interface at a pressure differential
of AP = 100 Pa is provided in Fig. 6¢c and d. The meniscus
configuration is calculated using the public domain Surface
Evolver package.® The simulation captures the essential details
of the composite interface system, including the wetted solid
fraction r¢ (dark blue) and the air-liquid fraction ¢, (light blue).

Such calculations can be combined with experimental
measurements at different gap separations (and thus, from eqn
(4), corresponding to different applied pressures) to understand
the progressive decrease in the friction reduction that is
achievable. Eqn (5) serves as a framework to allow for a rational
selection of non-wetting meshes. The equation can be non-
dimensionalized by a reference pressure Pt = 27yy/lcap (Where
leap = \/1v/pg is the capillary length of the liquid) to obtain a
dimensionless scaled breakthrough pressure A* = Py/P..s. The
reference pressure corresponds to the capillary pressure for a
large drop of size l.,p, and is a measure of the pressure differ-
ential across a millimetric scale liquid droplet. Therefore, A* <
1 is the appropriate criterion for the spontaneous wetting
transition of the composite interface for a liquid drop on a freely

This journal is © The Royal Society of Chemistry 2013

suspended mesh. Six meshes with varying wire radii R and mesh
spacing D satisfying A* > 1 were spray-coated and the break-
through pressure P, for each sprayed mesh was experimentally
determined by vertical immersion into a 50 vol% glycerol-water
solution using a dynamic tensiometer and analysis of the
resultant force curves (see ESI Fig. S51). In order to prevent an
irreversible wetting transition during the rheometry experi-
ments, the underlying flat surface on which the mesh was
horizontally affixed was also spray-coated with the corpuscular
microtexture to make it superhydrophobic. The experimentally
measured values of Py, are shown in Table 1, along with the
values of D* and A*. The measured breakthrough pressures are
qualitatively consistent with the simple cylindrical model of eqn
(5). As higher pressures are applied across the composite
liquid-air interface, the liquid meniscus descends into the
weave of the mesh until the meniscus between the wires
collapses and rests on the bottom surface. Therefore, the
numerical value of A* can also be interpreted as a robustness
factor, i.e., a measure of the susceptibility of the meniscus to
exhibit this sagging behaviour. Meshes with A* > 1 are
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robustly metastable, while meshes exhibiting A* = 1 are more
prone to a wetting transition.”**>* The presence of the flat
spray-coated bottom substrate and the connectivity of the air
pockets allow the meniscus to reversibly recover to its original
location upon removal of the pressure difference acting on the
plastron.

Davis and Lauga® have analytically studied liquid flow along
the principal direction of an ideal flat 2D continuous mesh
substrate, and obtain an asymptotic estimate for the slip length
in the limit of a widely spaced mesh of thin rungs (D* = (R + D)/

R > 1)as
L 2D*
bideal"'3_nln( p ) (6)

where L = 2R + 2D is the mesh periodicity. Eqn (5) and (6) clearly
convey the inverse correlation between the magnitude of the
slip length and the robustness of the composite interface. Any
attempt to increase the slip length by increasing D* and L will
directly result in a reduction in the robustness of the composite
interface. In Fig. 7, we illustrate this inverse correlation by
means of an engineering design chart consisting of fixed
contours of the robustness factor A* (dashed lines) and the slip
length (solid line) on an ideal mesh bjgea (computed from eqn
(5) and (6) respectively) plotted as a function of the mesh peri-
odicity L and the spacing ratio D*. The shaded portion indicates
inaccessible regions of the design space (where A* < 1, corre-
sponding to a spontaneous wetting transition of the mesh from
the Cassie-Baxter state to a Wenzel state). Fig. 7 provides a
systematic framework with which to design the geometry of
non-wetting meshes for reducing frictional drag, while clearly
illustrating the difficulty of simultaneously achieving both large
liquid slip lengths and high robustness. The various meshes
used in this study are also indicated in Fig. 7 by points I-VI, and

A*<1

0 1000

2000 3000
Mesh Periodicity , L (um)

Fig. 7 The design chart for ideal flat non-wetting mesh surfaces, with contours
of fixed slip length plotted as solid red lines (from egn (6)) and contours of fixed
robustness factor A* drawn as dashed black lines as a function of the dimen-
sionless spacing ratio D* = (R + D)/R and the mesh periodicity L = 2D + 2R. The
shaded region indicates parts of the design space where A* < 1 and the liquid
meniscus will penetrate into the mesh. The data points correspond to the location
in the design space of the various superhydrophobic coated meshes used in this
study.
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experiments to calculate their friction reducing characteristics
are discussed in the following sections.

It is important to note that a number of assumptions in the
ideal model system considered by Davis and Lauga are not
strictly valid during parallel plate rheometry over the spray-
coated mesh surfaces. These include the existence of a contin-
uously connected solid-liquid wetted region, a flat liquid-air
interface, and the uniform directionality of the imposed flow.
Despite the continuous nature of the fibrous woven meshes
shown in Fig. 6a, the real contact regions between the liquid and
the textured solid surface consists of arrays of discrete elliptical
wetted patches as shown in Fig. 6d. In order to calculate the
expected frictional drag of these mesh surfaces it is necessary to
evaluate the wetted surface fraction as it evolves with the
imposed pressure. A set of simulations computing the defor-
mation of the liquid-air interface on model sinusoidal woven
meshes under imposed pressure differentials were performed
using Surface Evolver. In Fig. 8a and b, we illustrate the
computed shape of the composite liquid-air meniscus on Mesh
II (with robustness factor A* = 11.1) at pressure differentials of
AP =100 Pa and AP = 500 Pa respectively. The total wetted solid
fraction calculated from the simulation increases from r¢; = 0.24
at AP = 100 Pa to r¢s = 0.78 at AP = 500 Pa. At a fixed pressure
differential of AP = 100 Pa, the wetted fraction r¢s also depends
on the geometry of the woven mesh. The more open Mesh IV
(Fig. 8c) has a reduced robustness factor (4* = 4.1), and conse-
quently the liquid-air interface penetrates deeper into the mesh,
corresponding to a larger wetted solid fraction of r¢s = 0.40. In
Fig. 8d, we show the variation of the total liquid-solid wetted area
fraction r¢ and liquid-air area fraction ¢, with the imposed
pressure differential AP. The woven topography of the meshes
allows for the sum r¢g + ¢, > 1 in general.*»** The liquid-air
interface visibly distorts or ‘sags’ with increasing pressure
differences, considerably increasing the wetted solid fraction r¢g
on the given texture and correspondingly weakening the overall
friction reduction that can be expected. In Table 1, we present the
wetted solid fractions on each mesh used in this study calculated
at an intermediate pressure differential of AP = 100 Pa.

On an ideal flat mesh (with = 1), the wetted solid fraction
r¢s is directly related to the dimensionless geometrical spacing
ratio as D¥*=(R+ D)/R = (1 + /1T — ro) /r¢s. While it is clearly
evident from the surface evolver simulations that the model of a
continuously connected flat mesh is not strictly correct for
robustly non-wetting meshes, the simulated values of r¢ can be
used to obtain an alternative estimate for the slip length by,esh
on a woven texture by eliminating D* from eqn (6) to obtain

Brnesh :i In (M> (7

3 T

Eqn (7) enables us to evaluate the expected value of the slip
length that can be generated for the spray-coated woven
meshes, where the value of r¢ is estimated for a mesh of given
geometrical dimensions using Surface Evolver as shown in
Fig. 8. We present predictions of the effective slip length in
Table 1 along with values obtained experimentally from
rheometry.
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Fig. 8 The simulated composite interface and wetted solid fractions (r¢s) on sinusoidal woven wire meshes of diameter R = 127 um and spacing D = 191 um
(corresponding to Mesh Il), calculated using Surface Evolver at imposed pressure differentials of (a) AP = 100 Pa resulting in r¢; = 0.24 and (b) AP = 500 Pa resulting in
réps = 0.40. (c) The simulated composite interface corresponding to Mesh IV (R = 254 um; D = 452 um) at AP = 100 Pa with r¢)s = 0.40; (d) the variation of the wetted
solid fraction r¢; and the air-liquid area fraction ¢, with increasing pressure differential (on Mesh I1) arising from the Laplace pressure associated with decreasing plate—

plate height (AP « 1/H, see eqn (4)).

In Fig. 9, we plot the ratio of the averaged viscosity
measured on a flat surface to that of the superhydrophobic
mesh 7g./Mmesn against the inverse gap height 1/h for a series
of four meshes. A linear least squares fit of eqn (1) was per-
formed to determine the mean slip lengths which are shown in
Table 1, along with the predicted slip lengths (eqn (7)) using
the simulated wetted solid fractions calculated for each mesh.
The dual textured meshes I to IV show a larger decrease in the
apparent viscosity for a given height in the rheometer when
compared to the sprayed corpuscular structures discussed in
the first section. For a fixed wire radius R = 127 um, the slip
length is observed to increase with mesh spacing, from (bg;,)
~ 94 um for Mesh II (D = 191 um) to (bg;p) = 157 pum for
Mesh II (D = 326 um). Upon further increasing the mesh
periodicity (Mesh V: R = 254, D = 805 pm, A* = 1.5), the
effective slip length increases to (bgp) =~ 213 um but the mesh
exhibits a lower robustness to the wetting transition. The
measured slip lengths on these spray-coated meshes are
consistent with the analytical prediction for bes, obtained
from eqn (7). The effect of meniscus sagging is most evident
for Mesh VI (A* = 1.0), for which %ga¢/Timesn < 1 for 2 =< 1250
um signifying enhanced form drag when the liquid meniscus

This journal is © The Royal Society of Chemistry 2013

lies fully in between the features of the mesh. As shown in
Fig. 9d, a systematic decrease in the ratio of viscosities corre-
sponding to enhanced frictional dissipation is observed as the
Laplace pressure drives the liquid further into the mesh
features at lower gap heights.

The variation of the effective slip lengths of the different
geometries depends on the periodicity of the mesh L and the
wetted solid fractions via eqn (7). In Fig. 10, we plot the ratio of
(bsiip)/L against values of the wetted solid fraction r¢, (obtained
from Surface Evolver simulations) for each of the meshes. The
solid line corresponds to the prediction obtained from eqn (7)
and the dashed line is an alternate estimate of the slip length
from eqn (3) which approximates the ellipsoidal wetted regions
as a series of discrete circular patches.*”* Despite the non-ideal
topographic features of the woven mesh surface (i.e., fabrication
tolerances, waviness and form drag), the model of Davis and
Lauga given by eqn (7) captures the slow variation of the exper-
imentally obtained slip values with the wetted solid fraction
(calculated from Surface Evolver simulations) over the range of
woven meshes used in our study. We are able to generate
maximum slip lengths of (bg;p,) = 213 pm corresponding to a
friction reduction of 30% for a gap of 500 um on Mesh V. Our
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Fig. 9 Ratio of measured viscosity on a flat surface to the apparent viscosity measured on the friction reducing mesh plotted against the inverse gap height on the
following spray-coated meshes surface: (a) Mesh Il with R = 127 um and D = 191 pm (b) Mesh Il with R = 127 pm and D = 326 um (c) Mesh V with R = 254 ym and D =
805 um (d) Mesh VI with R = 127 pum and D = 720 um. On the latter mesh, little or no friction reduction is observed due to a wetting transition; in fact the fully wetted
Wenzel state results in an enhanced form drag. The slip lengths for each mesh were extracted from a linear regression to eqgn (1), and the dotted lines on each plot

correspond to the 95% confidence bands.
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Fig. 10 Ratio of bip/L plotted against the solid area fraction r¢, for Meshes I-V.
The solid blue line and dashed red line correspond to the predictive curves for
bmesh (from egn (7)) and bgiscrete (from eqgn (3)) respectively.
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results indicate that giant liquid slip can only be obtained as
r¢s — 0, consistent with the work of Lee and Kim** who study 2D
post surfaces (with very low area fractions ¢ = 1%). These large
slip lengths can be achieved with woven meshes by judicious
choice of D* and L, as well as by increasing the intrinsic non-
wettability of the mesh coating (i.e. increasing the value of the
contact angle f;). However, as we demonstrate in eqn (5) and
Fig. 10, such an increase in the slip length necessitates a tradeoff
in the robustness of the mesh against wetting transitions.

4 Conclusions

In this work, we have demonstrated the friction reducing
characteristics of a spray-coated fluorodecyl POSS-PMMA
superhydrophobic surface composed of randomly deposited
corpuscular microstructures. The effective slip length on the
spray-coated surface was determined from rheometric force
measurements involving careful experimental design. Factors
considered include radial pinning of the liquid meniscus at the

This journal is © The Royal Society of Chemistry 2013
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edge of the geometry, choice of operating shear rates and the
use of multiple gap heights to address concerns over systematic
errors such as edge effects and potential inaccuracies in torque
measurement associated with this technique.*** The effective
slip length on the sprayed microstructures was obtained using a
weighted linear least-squares fit as (bgip) = 39 pm with a 95%
upper-confidence interval of 51 pm and a 95% lower-confidence
interval of 28 pm with a reduction of drag ranging from 2-7%
corresponding to gap heights between 2000 pm to 500 um. The
mean periodicity and wetted area fraction was determined from
fluorescence microscopy and contact angle measurements as
(L) = 32 um and r¢s = 0.10 respectively. The effective slip
length was observed to be qualitatively consistent with that
expected from a simple equivalent model of 2D periodic circular
patches.

The larger intrinsic periodicity L in dual-scale sprayed
superhydrophobic meshes can greatly increase the achievable
slip length. We determined the effective slip length for a series
of spray-coated meshes and the extracted effective slip length on
the spray-coated meshes ranges between (by;p) = 94 um to
(bstip) = 213 pm (see Table 1). The slow variation of the slip
length is consistent with the prediction of Davis and Lauga,
with the wetted solid fraction r¢s for each mesh determined
from Surface Evolver simulations. By comparing the governing
equations for the slip length with a dimensionless expression
for robustness of the slip-inducing composite interface, we also
have shown that the slip lengths of such composite interfaces
have a strong inverse coupling with the robustness of the
plastron film. This inverse correlation occurs because both the
liquid slip and the robustness of the composite interface are
scale-dependent properties, unlike static measures of super-
hydrophobicity such as the effective advancing contact angle 6*.
The simplicity of the solution spraying process used in the
present study is particularly helpful in facilitating rapid and
cheap production of friction-reducing coatings that can be
applied over large areas. When combined with periodic textures
(such as woven meshes or cylindrical post arrays) that can help
support the composite vapour-liquid-solid interface (or plas-
tron), very large slip lengths can be established.
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