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The performance of a polyurethane/organoclay superhydrophobic nanocomposite modified with perfluoroalkyl metha-
crylic copolymer in the presence of a high-pressure air-water spray which mimics an icing cloud impact is investigated in
this study. To quantify the average velocites of droplets impacting the superhydrophobic samples, a computational study
was performed. Such a study is important to understand the interaction between the jet and surface. Impacting velocities
for three different testing conditions were estimated to be 14.5, 4.5, and 3.4 m/s. Liquid saturation did not occur immedi-
ately, but over time, the high mass flow rate of water led to antiwetting performance degradation. Upon evaporation, con-
tact angle returned to pretest values, indicating little mechanical erosion. This was consistent with scanning electron
microscopy which showed that the nano and microstructure was preserved, and with energy-dispersive X-ray spectros-
copy, which showed no surface chemistry change after testing. However, sliding angle showed stronger degradation,
especially at higher impact velocities. VC 2014 American Institute of Chemical Engineers AIChE J, 60: 3025–3032, 2014
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Introduction

Up to 50% of a wind turbine’s annual power production
can be lost due to inefficiencies caused by icing.1 A promis-
ing way to alleviate this problem is through the use of anti-
wetting coatings. Inspired by lotus leaves, recent novel
techniques combine microscale and nanoscale surface struc-
ture with low surface energy to create superhydrophobic syn-
thetic surfaces (contact angle greater than 150� and sliding
angle less than 10�).2–5 These techniques include template
synthesis, pulse electron deposition, electrochemical deposi-
tion, crystallization control, plasma treatment, Langmuir–
Blodgett deposition, nanotube arrays, electro-spinning, and
chemical vapor deposition.6–9 Most of these techniques
require some combination of vacuum processing (e.g.,
plasma treatment) and expensive or restricting fabrication
tools which limit application to surfaces on the order of
square centimeters. Thus, for large-scale industrial applica-
tions, low-cost spray-coated superhydrophobic nanocompo-
site surfaces may be the ideal solution.10–15

The mechanical durability and preservation of antiwetting
performance when subjected to mechanical abrasion has

been explored for several types of superhydrophobic surfa-
ces.16 Steele et al.17 found that contact angles above 160�

and contact angle hysteresis below 10� was maintained for a
polyurethane/organoclay nanocomposite when subjected to a
1750 N/m adhesion strength tape test, and a 3850 N/m test
did not noticeably remove any coating. A superamphiphobic
surface was recently made from fluorosurfactant-modified
silica aerogel that stayed superamphiphobic when rubbed
100 times with 600 grit sandpaper under 450 Pa pressure.18

Superhydrophobicity of micromolded polypropylene
remained intact when pressed with 500 kPa pressure.19

When tested under 32 kPa linear abrasion, polyethylene
sheets that had been laminated over steel mesh remained
superhydrophobic for over 5500 cycles.20

A major challenge for these superhydrophobic coatings is
the ability to perform under droplet impact. This is espe-
cially a concern for the increasing number of wind turbines
being constructed offshore. One source of droplet impact on
a wind turbine blade is impacting fog droplets. Droplet
impact could cause erosion of the superhydrophobic coat-
ing’s surface structure, reducing performance. Another dan-
ger of droplet impact is it could, even without mechanically
wearing the surface, cause a transition from the nonwetting
Cassie state to the wetting Wenzel state. This transition,
known herein as “saturation,” occurs when it becomes
thermodynamically favorable for the asperities on a
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superhydrophobic surface to become penetrated with water.21

Saturation has been induced in the past through the applica-
tion of force or pressure to the droplet,22 electric voltage,23,24

light for a photocatylitic texture,25 and vibration.26 Other
studies have investigated this transition when it is caused by
prolonged liquid contact.27–30

There are very few studies of jets impacting superhydropho-
bic surfaces, with most work done in the past limited to study-
ing the low velocity impact and immediate rebound of single
�1-mm diameter droplets.31–36 However, to date, investiga-
tions have been limited to single droplets where no erosion is
expected, and thus, were not indicative of an environment in
which a wind turbine operates. This experimental study inves-
tigates the performance of a novel polyurethane/organoclay
superhydrophobic nanocomposite coating against a high-
pressure air-water spray to simulate fog impact. Superhydro-
phobic samples were impacted with an air jet laden with
droplets representative of an icing cloud at three different
impacting velocities. A computational fluid dynamics (CFD)
study was performed to find the velocities of the impacting
droplets. The antiwetting performance was examined immedi-
ately after spraying intervals as well as after water trapped in
the textured surfaces was allowed to evaporate.

Experimental

Sample preparation

The process for sample preparation was the same as used
by Steele et al.17 Precursor solutions were first created, fol-
lowed by spray casting and then thermosetting to produce
the final nanocomposite coatings. Alcohols are common sol-
vents for epoxy and polyurethane formulations. A recent
study found that alcohols can have a strong tendency to
adsorb on layered silicate surfaces rendering the surfaces
functional for many applications including polymer rein-
forcement.37 Thus, as-received dimethyl dialkyl C14-C18
amine functionalized montmorillonite clay particles (Nano-
clay, Nanocor) were first dispersed in ethyl alcohol at room
temperature and then waterborne perfluoroalkyl methacrylic
copolymer (PMC; 30% wt polymer, 70% wt water; Dupont)
was added slowly to the solution and blended with vortex
mixing. Fluorinated polymers are of interest due to their
extremely low surface energies, while an organoclay-based
nanocomposite coating is desirable because it is both com-
patible with fluoroacrylics and environmentally friendly
unlike some other nanofiller materials, for example, carbon
nanotubes.38–40 Separately, moisture cured polyurethane
(MCPU) was also dispersed in ethyl alcohol. The MCPU
(Gorilla Glue) was a one-component liquid formula compris-
ing 25% diphenylmethane-diisocyanate and 75% polyur-
ethane prepolymer (hexanedioic acid, polymer with
1,6-hexanediol and 1,1-methylenebis 4-isocyanatobenzene).
Its viscosity was measured to be 4200 mPa s at 25�C. This
type of polyurethane formula is commonly found in many
commercially available adhesives such as Titebond and
Gorilla. Finally, the alcohol/organoclay/PMC suspension was
blended into the MCPU solution, creating a Pickering emul-
sion. The final blend was stirred using a vortex mixer for 15
min until the mixture was in a homogenous and stable state.

The ethyl alcohol solvent concentration can also be tai-
lored to suit the spray applicator if necessary to obtain a
“dry” spray coating and counteract the coffee stain effect.41

To create the nanocomposite coatings from this precursor

solution, the slurries were spray cast onto aluminum sub-
strates using an internal mix, double-action airbrush atomizer
(model VL-SET, Paasche). The substrates were coated with
a single spray application and then heat cured at 100�C
overnight.

Spray test setup

The test design was centered around a set of MOD-1 air-
assist nozzles supplied by the NASA Glenn Research Center
Icing Research Tunnel (IRT). These nozzles were chosen
because of their well-known correlation between inlet air
and water pressures and resulting droplet sizes produced.
The nozzles were also desirable because of the extensive
work done in the past by Bulzan et al.42 to both numerically
and experimentally validate the nozzle’s radial and axial pro-
files of velocity and turbulent kinetic energy.

The test setup consisted of a MOD-1 nozzle pointed verti-
cally down toward a test sample. The nozzle was enclosed
inside of a brass adapter with inlets for water and air. The
design of the nozzle and adapter allowed for the distinct air-
water mixtures to be created. Tap water entered the adapter
from the back inlet and flowed unubstructed through the noz-
zle. Air entered the adapter from the side inlet and into a
cavity around the nozzle. The air could then circulate freely
around the nozzle and enter the stream through a series of
holes drilled around the outer surface of the nozzle. The noz-
zle had an exit 0.935 cm in diameter. Unlike other air-assist
nozzles, it did not use swirling for atomization. The adapter
had extensions on either side with screw holes. These exten-
sions were attached to stationary aluminum struts on either
side with mounting holes 5 cm apart and allowed for a maxi-
mum of 65 cm of distance between the nozzle and the super-
hydrophobic sample. The sample was mounted on a lab jack
that allows for micrometer height adjustments that total less
than 2.5 cm. A schematic of the setup is shown in Figure 1.

The nozzle was supplied with a water pressure of 50 psi
and air pressure 20 psi to create a spray of 20 mm mean vol-
ume diameter (MVD) droplets. The air and water mass flow
rates were approximately 2.3 and 0.5 g/s, respectively.42 For
three different test runs, the nozzle was placed at distances
of 25, 45, and 65 cm from the superhydrophobic sample.
The upper limit of 65 cm was chosen because it was the
largest distance possible in the spray test setup. The lower
limit of 25 cm was chosen to ensure that droplet atomization
was complete after exiting the MOD-1 nozzle.

A sample was made for each of the spray distances. Drop-
lets were sprayed onto each sample in 10 s time intervals.
After each spray interval, the sample was shaken by hand
for 2 min to clear any large droplets from the surface. Com-
pressed air was then blown on the surface for 10 s from a
distance of approximately 3 in. to clear off remaining drop-
lets. A CMOS camera (Canon T2i, Canon) with a macro
lens (MP-E 65mm f/2.8 1–5xm Canon) was used to capture
static and dynamic water droplet images on a custom tilt
stage for wettability measurements. ImageJ was then used to
process the images with a Java plugin (Drop Shape Analysis,
Aurlien Stalder)43 to calculate the static and dynamic contact
angles. Contact angles were measured at three different
points on the surface after each spray interval, with the aver-
age reported. After 5 time intervals, equaling a total of 50 s,
the sample was heated at 100�C for 30 min to evaporate any
water trapped inside the surface asperities. Scanning electron
micrographs (SEM) were taken of superhydrophobic samples
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after being sprayed from 45 to 65 cm to compare surface
morphology before and after testing. Energy-dispersive X-
ray spectroscopy (EDXS) was also performed before and
after testing using a PGT IMIX-SPIRIT detector.

Computational Modeling

To estimate the velocities of impacting droplets, numerical
predictions were obtained from a density-based Reynolds Aver-
age Navier-Stokes (RANS) approach using the FLUENT soft-
ware package. The temporal discretization of the RANS
equations used a second-order upwind scheme for the momen-
tum, turbulence, and dissipation conservation equations. The
two equation k-x Menter-SST was chosen for the turbulence
model. The mesh used was 2-D, axisymmetric, and contained
about 16,000 nodes. The same discretization scheme, govern-
ing equations, and turbulence model for free jet calculations
(i.e., without a downstream wall) were utilized by Clark and
Loth, who also investigated the effect of grid resolution on con-
vergence.44 Mass flow was assumed to be choked at the nozzle
exit, with a Mach number equal to 1. CFD was first used to find
the downstream characteristics of pure airflow coming from a
MOD-1 nozzle with no obstructions downstream. An injection
of water droplets was then released 10 cm from the nozzle exit.

The initial droplet velocities were set to the axial velocities
found experimentally by Bulzan et al.42 at this downstream dis-
tance from the nozzle exit. Experimental data were found using
a two-component phase/Doppler instrument.

The water droplet sizes were based off of a cumulative
distribution function tabulated from experimental data45

obtained within the NASA Glenn IRT. The experimental
data had a range of water droplet sizes with a MVD of 21
mm. The experimental data were fitted with a Rosin-
Rammler distribution using the equation below

CðdÞ512exp 2
d

drr

� � 1
hrr

" #

In this expression, C(d) is the cumulative droplet distribu-
tion, d is the droplet diameter, drr is the reference diameter
and corresponds to C(d) 5 0.63, and hrr is the spread param-
eter. For the current Rosin-Rammler fit, drr 5 24 mm and
hrr 5 2.4. This cumulative distribution function was con-
verted into a probability density function and 10 droplet bin
sizes were determined by keeping the integral of the Rosin-
Rammler fit equal between each droplet size which can be
seen by the black lines in Figure 2. Ten different droplet
diameters were chosen to give an adequate range of droplet
sizes and using the Rosin-Rammler fit allows the MVD to
stay at 21 mm and to match with experiments.

The droplet trajectories were computed with a Lagrangian
discrete-phase model with a particle time step of 100 ms. For
improvement in the predictive ability of turbulent droplet diffu-
sion, a Discrete Random Walk (DRW) model was used. In the
DRW model, a Gaussian random number generator is used to
describe instantaneous fluid velocity perturbation so that infor-
mation for the mean particle diffusion can be subsequently
obtained. The droplet force-balance equation implemented a
sphere drag law46 but neglected lift forces, droplet-droplet
interactions, and droplet break-up. The airflow was analyzed
from simulations with droplets with two way coupling. The
cases of a wall 25, 45, and 65 cm from the nozzle exit were
then investigated. A stationary wall with a no-slip boundary
condition was placed at these downstream distances. Trajectory
calculations of droplets were set to terminate if they came into
contact with the wall. A sample of droplets was taken at the
downstream wall to find the axial velocities upon impact.

Figure 2. Distribution of droplet size bins used in com-
putational study.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 1. Top, a schematic of spray test setup to inves-
tigate superhydrophobic surface saturation
and bottom, photo of MOD-1 nozzle inside
adapter.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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Results and Discussion

Computational results

Figure 3 shows the flow characteristics of an unobstructed
free jet exiting the MOD-1 nozzle determined by the current
study along with a comparison to Bulzan’s previous study.42

Figures 3a, b show the radial variation of ux, defined as gas-
phase axial velocity, and vx, defined as droplet axial velocity,
at distances of 20 and 30 cm downstream of the nozzle exit.
For both phases and downstream distances, the present com-
putational study gives higher axial velocities than Bulzan’s,
but more closely matches Bulzan’s experiments, indicating
the present computational results can be used to predict
experimental results. ux reaches a velocity of about 25 m/s at
the centerline 20 cm downstream of the nozzle exit, and
tapers off to zero at a radial distance of 4 cm from the cen-
terline. At 30 cm downstream of the nozzle, ux is 16 m/s at
the centerline, and positive velocity is found up to 7 cm
away from the centerline. vx values are slightly higher than
ux values at 20 cm from the nozzle, but the two more closely
match at 30 cm. Figure 4 shows the axial variation of ux;CL

(defined as gas-phase axial velocity along the jet centerline)
for the present free jet and comparison to Bulzan et al. Also
shown are the axial velocities in the cases of an impinging

wall. Once again, the axial velocities from the present study
are higher than Bulzan found numerically, but match Bul-
zan’s experimental results. In the cases of an impinging
wall, ux decelerates to 0 m/s at the wall as is required. As
the impinging wall moves closer to the nozzle exit
(i.e., from 65 to 25 cm), the deceleration of the jet to zero
occurs closer to the wall. For example, when the wall is 65
cm from the nozzle exit deceleration starts about 10 cm
upstream of the wall. Whereas when the wall is 25 cm from
the exit, deceleration starts about 6 cm ahead of the wall.

Figure 5 shows a scatter plot of droplets downstream of
the MOD-1 nozzle in all three wall cases, as well as the
axial velocities of the droplets as they impact, vx;impact . As
mentioned above, droplets were injected 10 cm downstream
of the nozzle exit. In the cases of walls 45 and 65 cm down-
stream, vx;impact tend to ux;CL at those downstream distances,
shown in a dashed gray line. However, for a 25 cm down-
stream wall, some impacting droplets have a higher axial
velocity than ux;CL at that distance. Bulzan et al. also found
that droplets have higher velocities than the gas phase
through the first �30 cm. Figure 6 shows the average
vx;impact within 2.5 cm of the centerline, corresponding to the
area that a superhydrophobic sample would be exposed to
during testing. Also shown is “Impact %,” defined as the
fraction of droplets that impact within 2.5 cm of the center-
line. Average vx;impact decreases from 14.5 m/s at 25 cm, to
4.5 m/s at 45 cm, to 3.4 m/s at 65 cm. For a total number of
1500 droplets sampled in each case, Impact % also decreases
as wall distance increases. Impact % decreases from 46% at
25 cm, to 19% at 45 cm, to 7 % at 65 cm.

Experimental results

Figure 7 shows the effect of droplet impact on the contact
angle of each superhydrophobic sample immediately after
each spraying interval. Before spraying, each of the samples
produced a contact angle of 150 6 2�. All three samples lost
about the same amount of performance after being sprayed
for 10 s. After that point, the difference in impacting veloc-
ities became clear. While the 65 and 45 cm samples again
lost some performance after 30 s, the 25 cm sample saw a
substantial loss in contact angle. At the conclusion of spray-
ing at 50 s, the 65 and 45 cm samples produced a contact
angle measurement of 99� and 94�, respectively, while the

Figure 3. Radial flow characteristics for (a) gas phase
and (b) droplet phase.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 4. Axial variation of gas-phase centerline axial
velocity.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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25 cm sample produced a contact angle of 70�. Upon heating
the samples after spraying, the contact angle for each sample
returned to its original value. This suggests that the loss in
performance during spraying was not due to mechanical ero-
sion or a change in surface morphology, but rather due to
liquid saturation of the microtextured surface. This saturation
effectively changed the surface from the superhydrophobic
Cassie state to the wetted Wenzel state. Once the liquid was
allowed to evaporate from the asperities on the surface, the
nonwetting performance returned.

Saturation most likely originated from two sources. First,
as can be seen in Figure 8, the distance between large asper-
ities on the surface can be as large as 50–100 mm. This is
enough space for individual droplets to penetrate the microas-
perities. Second, as is noted by Deng et al.,34 the stagnation
pressure of impacting droplets was likely large enough to
overpower the capillary pressure of the asperities, causing
droplets to penetrate the microtexture. The hypothesis that no
mechanical erosion occurred and that all loss in performance
was due to saturation is supported by the SEM images shown
in Figure 8. While differences can be seen when comparing
surface morphologies before and after 45 and 25 cm impact,
these differences are typical of variations seen when examin-
ing different locations on the same irregular surface.

The performance of the samples before spraying and after
surface moisture evaporation is shown in Figure 9. It was
clear that contact angle (Figure 9a) was unaffected by the
droplet impact, as these values returned to their original state
after each of the samples was dried. However, sliding angles
(Figure 9b) increased significantly for the highest impact
velocity even after water was allowed to evaporate. One pos-
sible cause of this increase involves recognizing that contact
angle and sliding angle are not necessarily coupled. For
example, an improvement in contact angle does not necessar-
ily bring an improvement in sliding angle. It has been shown

that increased roughness, which is critical for an increased
contact angle and superhydrophobicity in general, can
actually lead to a higher sliding angle.47 EDXS, shown in
Figure 10, did not reveal a change in surface chemistry.
Carbon and fluorine (components of PMC) and aluminum,
silicon, and titanium (components of montmorillonite clay)
were all detected as much before testing as after. It is impor-
tant to note that EDXS detects elements in the bulk of a
tested sample, several microns within the surface. Thus, a
change in the surface chemistry of the superhydrophobic
sample might not have been detected. Another possible rea-
son for the degradation in sliding angle is that the fluoropol-
ymer chains present on the surface restructured while being
exposed to water for extended periods of time. A monolayer

Figure 5. Scatter plot of droplets (colored by axial velocity) and axial velocity of impacting droplets (colored by
droplet size) for a wall 65 cm (top), 45 cm (middle), and 25 cm (bottom) away from nozzle exit.

Freejet gas-phase axial velocity at those downstream distances are shown in a dashed gray line. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

Figure 6. Average droplet impact velocity and fraction
of all impacting droplets that impact within a
2.5 cm of the centerline as a function of
downstream wall distance.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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of the cationic surfactant dimethyl-dioctadecyl-ammonium
bromide on mica was found to rearrange into a patchy
bilayer when immersed underwater for 90 min, covering
only 60% of the area it had before immersion.48 Molecular
dynamics simulations predicted that a monolayer of surfac-
tant with a 24 carbon chain remained intact when immersed
underwater, but one with an 18 carbon chain restructured
into spherical micelles with hydrophilic head groups oriented
toward water.49 PMC complies with the PFOA Stewardship
Program and consists of a six carbon chain. A change in the
orientation of the polymer would not have been detected

Figure 7. Variation of contact angle with spray time for
different spray distances.

Each data point represents the average of three meas-

urements, for which the average variation was approxi-

mately 10�. Such high variability is not uncommon for

stochastic surfaces, particularly ones that have gone

through some sort of chemical or mechanical durability

test.19,50,51 [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Figure 8. SEM images of superhydrophobic surface before testing and after testing.

Figure 9. (a) Contact angle and (b) sliding angle of
samples before spray tests and after surface
moisture evaporation.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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through EDXS. Elements present in tap water used in the
experiment might have also contaminated the surface.

Conclusions

In this experimental study, polyurethane/organoclay super-
hydrophobic nanocomposite-coated aluminum samples were
sprayed with 25 mm droplets impacting at 25, 45, and 65 cm to
simulate fog droplet impact. It was shown that antiwetting per-
formance degraded as a function of spray time and impact
velocity. Contact angle returned to pretest values after the
water that had penetrated the surface’s microtexture was
allowed to evaporate. However, sliding angle increased with
increasing droplet impact velocity. Maintaining mechanical
structure while being impacted with fog-sized droplets is an
important step in bringing superhydrophobic nanocomposites
to real world use. Based on the results of this study, future
work will include increasing the size of impacting droplets to
simulate rain impact, performing further CFD calculations to
find the relationship between wall distance and average impact
velocity, as well as tailoring nanocomposite surfaces to
improve saturation resistance to such conditions.
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