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ABSTRACT

An experimental investigation was conducted to examine the detrimental effects induced by deicing
fluids used for aircraft ground deicing on the performance of icephobic coatings for aircraft inflight
icing mitigation. Commonly used superhydrophobic surface (SHS) and polytetrafluoroethylene (PTFE or
Teflon®) were selected as the representative icephobic coatings in the present study. Test plates and
airfoil/wing models coated with SHS and PTFE coatings were immersed into two kinds of deicing fluids
(i.e., Type-I and Type-IV deicing fluids) to simulate the scenario of spraying deicing fluids onto aircraft
surfaces for ground deicing at airports. Then, the deicing fluids were drained off from the icephobic
coated surfaces to imitate their shedding off from airframe surfaces after aircraft takeoff. Variations of
the surface wettability and ice adhesion characteristics on the icephobic coated surfaces were examined
before and after immersion into the deicing fluids. Advanced diagnostic systems, including scanning
electron microscopy (SEM), Fourier transformed infrared spectroscopy (FTIR) and energy dispersive X-ray
spectroscopy (EDS), were used to reveal the changes in the surface topology and chemistry characteristics
to elucidate the underlying physical and chemical “contaminations” induced by the deicing fluids to the
icephobic coatings. An icing tunnel testing campaign was also conducted to demonstrate the detrimental
effects induced by the contaminations of the deicing fluids on the dynamic ice accretion processes on
icephobic coated airfoil/wing models. It was revealed that spraying Type-1 deicing fluid for ground
deicing would have only very minor (i.e., to the SHS) or no effect (i.e., to the PTFE) on the performance
of the icephobic coatings. However, spraying Type-IV deicing fluid onto airframe surfaces would degrade
the performance of the icephobic coatings significantly and totally deteriorate the effectiveness of the
icephobic coatings for aircraft inflight icing mitigation.

© 2021 Elsevier Masson SAS. All rights reserved.

1. Introduction

drag while decreasing lift. The importance of proper ice control for
aircraft operation in cold climates was highlighted by many air-

Aircraft icing has been widely recognized as a severe weather
hazard to flight safety in cold climates [1-3]. Aircraft operating in
cold weathers must be equipped with anti-/de-icing mechanisms;
otherwise, mission delays and even mission cancellations/abor-
tions may occur. The most frequently observed aircraft icing events
are the ice-buildup over airframe surfaces when airplanes are ex-
posed to frozen precipitation at airports. Aircraft icing may also
occur during the flight when small, super-cooled, airborne water
droplets, which make up clouds and fog, freeze upon impacting
onto airframe surfaces, which is called aircraft inflight icing. Ice
accumulation over airframe surface has been found to degrade the
aerodynamic performance of an airplane significantly by increasing
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craft crashes like the Continental Connection Flight 3407 crashed
in Buffalo, New York on February 14, 2009 due to ice buildup on
its wings killing all 49 people aboard and 1 person on the ground
as the airplane hit a residential home [4]. While deicing fluids are
commonly used to remove/prevent ice accretion over airframe sur-
faces for ground de-icing operation at airports prior to takeoff [5],
various anti-/de-icing systems have also been developed for air-
craft inflight icing mitigation to ensure safe and efficient aircraft
operation under atmospheric icing conditions [6-8].

As described in Parent and Ilinca [9], all anti-/de-icing systems
can generally be classified into two categories: active and pas-
sive methods. While active methods rely on energy input from
an external system for anti-/de-icing operation, passive methods
take advantage of physical properties of airframe surfaces (e.g.,
surface wettability) to prevent/delay ice formation/accretion. Cur-
rent active anti-/de-icing strategies used for aircraft inflight icing
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mitigation suffer from various drawbacks, including being too com-
plex, too heavy or draw too much power to be effective [7,10,11].
For example, while pneumatic de-icing systems with rubber boots
have been used to break off ice chunks accreted at airfoil leading
edges during the flight, they are usually quite heavy and sometime
unreliable [12]. Ultrasonic and mechanical de-icing solutions are
not easily integrated into existing aircraft and pose foreign object
damage (FOD) hazards to aero-engines [12]. While electric heat-
ing [13], plasma heating [14], and hot air injection [15] systems
have been used to melt out accreted ice by heating airframe sur-
faces, they are usually very inefficient and have highly demanding
power requirements. They can also cause damage to composite-
based substrate materials due to overheating. Furthermore, the
melt water may simply run back and re-freeze at downstream
locations to cause uncontrolled runback ice accretion [12]. Due
to the obvious advantages of light weight, zero energy input and
low installation cost, passive anti-/de-icing approaches of utilizing
hydro-/ice-phobic coatings are attracting increasing attentions in
recent years for use as viable strategies for aircraft inflight icing
mitigation [2,16,17].

Inspired by the outstanding self-cleaning capability of lotus leaf
and duck feathers [18-20], a number of studies have been con-
ducted in recent years to develop coatings to make superhydropho-
bic surfaces (i.e., SHS), on which water droplets bead up and drip
off rapidly when the surface is slightly inclined [21]. It is well
known that all SHS possess textured/rough surfaces [22,23]. When
a macroscopic water droplet comes in contact with a textured SHS
coated surface, it adopts the so-called Cassie-Baxter state [24] with
air trapped inside the surface textures beneath the droplet. Since
the macroscopic water droplet is supported on thousands of air
pockets, it beads up and displays very high contact angles (i.e.,
typically > 150° for SHS). One attractive application of SHS, in
addition to the extraordinary water-repellency, is their potentials
to reduce/delay accumulation of snow and ice on solid surfaces.
SHS coatings were found to delay/suppress ice accumulation at
low temperatures down to —30°C [21,25]. It was also reported
that SHS coatings can be icephobic with the ice adhesion strength
on SHS coated surfaces being only about 10% of the case with-
out the SHS coatings [26]. The recent study of Waldman and Hu
[27] demonstrated that, due to the superhydrophobic nature and
smaller ice adhesion strength over a SHS coated wing surface,
aerodynamic shear forces exerted by the incoming airflow would
be more readily sweep away impinged water mass and accreted
ice structures from the SHS coated airfoil/wing model. As a result,
a much less ice coverage was observed over the SHS coated air-
foil surface, in comparison to the airfoil surface without the SHS
coating. Liu et al. [28] carried out an explorative study to lever-
age a SHS coating to effectively suppress the ice accretion on the
rotating propellers of unmanned-aerial-systems (UAS) under differ-
ent icing conditions. Gao et al. [29] demonstrated a novel hybrid
anti-/de-icing system by integrating a SHS coating with minimized
surface heating at the airfoil leading edge to effectively prevent
ice accretion over the entire airfoil surface at a much lower power
cost than conventional brutally-heating methods (i.e., saving up to
90% of the required power consumption for anti-/de-icing opera-
tion). More recently, Zhang et al. [30] conducted an experimental
campaign to evaluate the mechanical durability of a SHS coating to
resist “rain erosion” damages, i.e., the ability to prevent the coating
materials wearing away from the substrates caused by the contin-
uous impingement of water droplets at high impacting speeds up
to 100 m/s.

In addition to SHS coatings, Polytetrafluoroethylene (i.e., PTFE
in short), which is a synthetic fluoropolymer of tetrafluoroethylene
and also commonly known as Teflon®, has also been suggested
for various anti-/de-icing applications in recent years [2,31-33].
As reported in Menini & Farzaneh [32], since PTEF has a low sur-
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face energy and a strong hydrogen type of bonding with water
molecules, it appears to be one of the best hydrophobic and ice-
phobic substances. In addition to being an outstanding non-stick
coating, PTFE has also been found to be an excellent lubricant to
reduce friction, wear, erosion, and corrosion because of the sup-
per strong carbon-fluorine bonds. As reported by Cao et al. [34],
after applying PTFE to coat a titanium alloy surface, droplets were
found to be more readily bouncing off and rolling away from the
PTFE coated surface, even at low temperatures (i.e., minimizing ice
accretion eventually). Freezing process of droplets on PTFE coated
surface was also found to become much longer than that on the
uncoated y surface (i.e., delaying ice formation effectively). Fur-
thermore, since PTFE has much higher wear resistance and can
resist freezing and thawing almost permanently, which is highly
desirable to resist the “rain erosion” damages pertinent to aircraft
inflight icing [2,30]. Yu et al. [35] fabricated a thin PTFE coating
on an aluminum substrate by using an electrostatic self-assembly
method, and reported that a large ice layer accreted over the PTFE
coated surface would be much more readily to fall off, demon-
strating the great potentials of using PTFE coatings for effective
anti-/de-icing over large-scale aircraft wing surfaces.

Since deicing fluids (i.e., aqueous solutions of propylene and
ethylene glycol along with other chemical additives) can effectively
suppress the freezing point of water and melt ice even at the tem-
perature as low as —20°C [36], they are routinely used to melt
and remove the buildup of ice structures over airframe surfaces for
ground de-icing operation at airports prior to takeoff [5]. There are
four kinds of standard aircraft deicing fluids: Type I, II, IIl and IV
[37]. While Type-I fluid is the thinnest among all the deicing flu-
ids, spraying hot Type-I deicing fluid is widely used to effectively
remove accreted ice on airframe surfaces for ground de-icing [38].
Type 11, Il and 1V fluids are thickened by adding thickening agents
to elongate the duration of protection (i.e.,, up to 4 hours) [38].
Type 11, IIl and IV deicing fluids are designed to be non-Newtonian
shear-thinning fluids so that they can run off from the wing sur-
faces quickly during the takeoff [39]. In the present study, Type-I
and Type-IV deicing fluids are selected since they are the most
widely used deicing fluids for aircraft ground de-icing operation at
the airports [40].

While spraying deicing fluids over airframe surfaces to melt/re-
move the buildup of ice structures is widely used as a standard
procedure for ground anti-/de-icing operation [37], utilizing hydro-
[ice-phobic coatings to cover airframe surfaces are demonstrated to
be a promising strategy for aircraft inflight icing mitigation. How-
ever, the potential interferences/interactions between the deicing
fluids and icephobic coatings are not fully explored. For example,
while the hydrophobicity and icephobicity of a surface are directly
related to its surface topology and chemistry characteristics [2,32],
some chemical compounds included in deicing fluids (e.g., thicken-
ing agents, propylene glycol and surfactants) may potentially affect
the performances of hydro-/ice-phobic coatings by influencing the
surface topology and chemistry characteristics of the surface coat-
ings (i.e., changing the properties of the surface coatings physically
or/and chemically) [38]. While a number of previous studies were
conducted to examine the changes in the runback dynamics of
wind-driven deicing fluids over hydrophilic [37,41] and icephobic
surfaces [42], very little can be found in the literature to examine
the effects of the deicing fluids on the anti-icing performance of
icephobic coatings for aircraft icing mitigation.

In the present study, a comprehensive experimental campaign
was conducted to evaluate the detrimental effects of the deic-
ing fluids commonly used for aircraft ground de-icing operations
on the anti-icing performance of the icephobic coatings for air-
craft inflight icing mitigation. Commonly used superhydrophobic
surface (SHS) and polytetrafluoroethylene (PTFE or Teflon®) were
selected as the representative icephobic coatings in the present
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(b). PTFE-coated surface,
(SEM image -15,000X)

Fig. 1. Acquired SEM images to reveal the topologies of the SHS and PTFE coated surfaces.

study. A set of test plates and airfoil/wing models coated with the
icephobic coatings were first immersed into two different kinds
of deicing fluids (i.e., Type-I and Type-IV deicing fluids) to simu-
late the scenario of spraying deicing fluids onto airframe surfaces
for the ground de-icing operation at the airports. After immersion
for pre-selected time durations (i.e., up to 60 minutes), the test
models were taken out from the deicing fluids and placed over an
inclined bench for 48 hours to drain off the deicing fluids from
the test models to imitate the scenario of the deicing fluids shed-
ding off from the airframe surfaces after takeoff from the airport.
The surface wettability and ice adhesion strength on the test plates
were characterized before and after immersion into the deicing flu-
ids. Advanced diagnostic systems, including scanning electron mi-
croscopy (SEM), Fourier transformed infrared spectroscopy (FTIR)
and energy dispersive X-ray spectroscopy (EDS), were used to ex-
amine the changes in the surface topology and chemistry charac-
teristics of the icephobic coated surfaces in order to elucidate the
underlying physical and chemical “contaminations” induced by the
deicing fluids. By leveraging the icing research tunnel available at
lowa State University (i.e., ISU-IRT), an icing experiment campaign
was also conducted to demonstrate the detrimental effects induced
by deicing fluids on the dynamic ice accretion process over the
surfaces of the airfoil/wing models coated with icephobic coatings.

2. Experimental setup and test models
2.1. Icephobic coatings and deicing fluids used in the present study

In the present study, two kinds of icephobic coatings/surfaces,
i.e, a SHS coating and a PTFE-based surface, were selected due
to their promising potentials (i.e., being hydrophobic and having
very low ice adhesion strength) for aircraft icing mitigation [28,43].
A set of square-shaped aluminum test plates (i.e., made of alu-
minum 6061 alloy substrate with 50 mm in width and 6.5 mm
in thickness) were prepared for the present study. The test plates
were carefully polished by using sandpapers grits ranging from 220
to 2000 to enhance the surface homogeneity. SHS coated surfaces
were made by spraying a commercially available SHS coating -
Hydrobead® onto the test plates. As shown from the SEM image
given in Fig. 1(a), micro-/nano-scaled, hierarchical surface rough-
ness/textures were found to be generated over the surface of the
test plate after applying the SHS coating, resulting in the super-
hydrophobicity [44]. The same SHS coating has been widely used
in recent studies for aircraft icing mitigation [16,27,28,45]. PTFE-
based icephobic surfaces were made by laminating porous PTFE
membranes purchased from Sterlitech® to cover the top surfaces
of the test plates. The porous PTFE membranes have glutinous
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Fig. 2. Measured viscosity of the deicing fluids at a temperature of 20°C. (For inter-
pretation of the colors in the figure(s), the reader is referred to the web version of
this article.)

polypropylene backers which can stick firmly onto the test plates.
As revealed clearly from the SEM image given in Fig. 1(b), the PTFE
coated surface are nanofibrous with an average pore size of less
than 200 nm. In addition to the SHS and PTFE coatings, an Enamel
coating (i.e., Rust-Oleum Stops Rust®) was also used as the refer-
ence baseline in the present study. It should be noted that, Enamel
coating is a very commonly used protective/decorative coating for
metal, glass, or ceramic ware, which has been widely used as the
reference coating in previous aircraft anti-/de-icing studies [28,46].

Type-I and Type-IV deicing fluids used for the present study
were provided by Cryotech Deicing Technology Company. Type-I
deicing fluid was diluted with 45% water in volume, as suggested
by the manufacturer to improve its deicing performance. According
to the material safety data sheet (MSDS), both of Type-I and Type-
IV deicing fluids contain 50% propylene glycol, 49% water and less
than 1% proprietary properties. The viscosity of the diluted Type-
I deicing fluid and Type-IV deicing fluid were measured by using
a rheometer (Black Perl, Cannon Instrument) at a temperature of
20°C, and the measurement results are given in Fig. 2. It can be
seen clearly that, while the diluted Type-I deicing fluid was found
to be a Newtonian fluid with a low viscosity of ~ 15 mPa-s, Type-
IV deicing fluid is a non-Newtonian viscous liquid with a varying
viscosity at different shear stress levels. Type-I and Type-IV deicing
fluids are in green and orange colors, respectively.

During the experiment, the SHS and PTEF coated test plates
were immersed into the deicing fluids for pre-selected time dura-
tions (i.e., ranging from 1.0 minute to 60.0 minutes) to simulate the
scenario of the deicing fluids being sprayed onto aircraft surfaces
for the ground de-icing operation and remained on the airframe
surfaces with different waiting times before takeoff. To imitate the
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Fig. 3. Experimental setup used to quantify the droplet contact angles on the test plates.

Table 1

Measured droplet contact angles and ice adhesion strengths on different surfaces.

Tested surface Wettability Static contact angle, Ice adhesion strength,
Ostatic Tice

Uncoated surface Hydrophilic 60° £+ 5° 450 kPa + 20 KPa

Enamel Hydrophilic 65° +5° 14,00 kPa + 50 Kpa

PTFE Hydrophobic 120° £5° 20 kPa + 5 Kpa

SHS Superhydrophobic 156° £5° 105 kPa £ 10 Kpa

shedding off of the deicing fluids from airframe surfaces after air-
craft takeoff, the test plates were placed onto a tilted bench for
48 hours to drain out all the deicing fluids from the surfaces of
test plates. The test plates were also put in a heated vacuum oven
(Across International) at a constant temperature of 60°C for 24
hours in order to evaporate/dry out any liquid remaining on the
SHS and PTFE coated test plates.

2.2. Characterization of the wettability and ice adhesion strength on the
test surfaces

Fig. 3 shows the experimental setup used in the present study
to quantify the surface wettability of the SHS and PTFE coated test
plates (i.e., in term of the contact angles of water droplets, Ogqric)
before and after being immersed into the deicing fluids. With the
similar procedure as that described in Korhonen et al. [47], wa-
ter droplets with a specific volume (i.e, 10 pL for the present
study) were placed over the surfaces of the SHS and PTFE coated
test plates to determine the droplets contact angles. The images
of the water droplets were recorded by using high-resolution digi-
tal camera (PCO™-1200, PCO Tech. Inc.) with a Nikon Micro lens.
The recorded images were analyzed by using MATLAB-based image
processing software developed “in-house” to determine the droplet
contact angles on the test plates [28]. The contact angle measure-
ments were repeated at least 10 times for each test cases in order
to reduce the measurement uncertainty.

The measured contact angles of water droplets on the test
plates coated with different surface coatings before immersion into
deicing fluids are summarized in Table 1. It can be seen clearly
that, before applying any surface coatings, the contact angle of
water droplets on the uncoated aluminum surface was found to
be smaller than 90° (i.e., Osqric = 60°), confirming the hydrophilic
nature of uncoated aluminum surfaces. In comparison, after ap-
plying different icephobic coatings over the test plates, while the

Climate Chamber

B

Icephobic Surfaces
Aluminum Plate —

Peltier Cooler ——— Motion Stage

Force Transducer
Ice Holder

Fig. 4. Experimental setup used for the ice adhesion strength measurements.

droplet contact angle over the PTFE coated surface was found to
increase to about 120° (i.e., Ogqric = 120°, which is hydrophobic),
the corresponding angle on the SHS coated surface becomes 156°
(i.e., Ostatic > 150°, which is superhydrophobic). The static contact
angle over the Enamel coated surface was found to be about 65°
(Ostatic = 65°), which agrees with the measured value reported by
Liu et al. [28].

Ice adhesion strength, Tje, iS an important measure to char-
acterize the icephobicity of a surface [48]. A lower ice adhesion
strength over a solid surface indicates that the accreted ice struc-
tures would be much more likely be removed by applying external
forces, such as the shear forces exerted by the incoming airflow
around the airframe surface, which is highly desirable for aircraft
inflight icing mitigation. In the present study, an ice adhesion mea-
surement system similar as that described in Meuler et al. [49]
was used to quantify the ice adhesion strength on the test plates
coated with different coatings. As shown schematically in Fig. 4,
the test rig consists of a temperature-controlled climate cham-
ber to house a digitally controlled Peltier cooler (TETech CP061
and TC-48-20) and a linear actuator with integrated motion con-
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troller (Newport CONEX-LTA-HS) to drive a force-torque transducer
(JR3-30E12A4) mounted to an aluminum force probe. The force
signals were recorded by using a 16-bit data acquisition card (NI
PCI-6052E) connected to a host computer. 3D-printed cylindrical-
shaped ice molds (i.e.,, 8.0 mm in diameter) filled with 0.5 mL
deionized water in each molds were used to generate ice samples
on the test plate [50]. With the test plate being firmly attached
to the Peltier cooler, the surface temperature of the test plate was
well controlled at pre-selected frozen-cold temperatures for the ice
adhesion strength measurements. After the test plate was main-
tained at the pre-selected frozen-cold temperature (e.g., at —10°C
for all the test cases of the present study) for over 1.0 hour, the
force probe was driven to push the ice molds with a translation
velocity of 0.5 mm/s until the ice samples were sheared off com-
pletely from the test plate [49]. The ice adhesion strength was
then taken as the maximum force-per-area observed as ice sam-
ples were sheared off [51]. The ice adhesion measurements were
repeated 10 times for each test cases to determine the mean and
standard deviation values of the measurement results.

The measured ice adhesion strengths on the different test sur-
faces before immersion into deicing fluids are also given in Table 1.
It can be seen quantitatively that, the ice adhesion strength over
the uncoated aluminum surface was found to be around 450 kPa,
which is within the range of the result reported in Saleema et al.
[52] for bare aluminum surfaces. After applying Enamel coating to
cover the aluminum substrate, the ice adhesion strength was found
to increase to 1,400 kPa, which agrees with the measured value re-
ported by Yu et al. [28]. In comparison, the ice adhesion strengths
were found to be only 105 kPa and 20 kPa on the SHS and PTFE
coated surfaces, respectively. It confirms that the SHS and PTFE
coated surfaces are icephobic, which agree with the findings of
previous studies to suggest that they are very promising for air-
craft icing mitigation.

2.3. Characterization of surface topology and chemistry of the test
surfaces

In order elucidate the underlying physics for a better under-
standing about the effects of the deicing fluids on the icephobic
coatings, a set of advanced surface diagnostic systems were used in
the present study to characterize the surface topology and chem-
istry characteristics of the icephobic coated test surfaces before
and after immersion into the deicing fluids. Fourier-transform in-
frared spectroscopy (FTIR) [53] is a technique widely used to mea-
sure functional groups and organic mass over a solid surface for
various applications. In the present study, a FTIR system (Thermo
Scientific Nicolet iS10) was used to identify the changes of the
functional groups on the test surfaces before and after immer-
sion into the deicing fluids. The wavenumber of the FTIR analy-
sis ranged from 500 cm~! to 4000 cm~! and each sample was
scanned 32 times at a resolution of 0.5 cm~'. FTIR analyses were
repeated 5 times on each sample in order to reduce the measure-
ment uncertainty.

A field-emission scanning electron microscopy (SEM) (FEI
Quanta 250) was used to in the present study characterize the
surface topology characteristics of the SHS and PTFE coated test
plates before and after immersion into the deicing fluids. The
Everhart-Thorley secondary electron detector (ETD) and annular
backscattered electron detector (ABS) were used for acquiring sur-
face topology images. Prior to the SEM measurements, the test
surfaces were coated with a 3 nm layer of Iridium by a sputtering
coating machine to make them conductive. In the present study,
accelerating voltage of the SEM was set to be 10 kV to achieve
high-resolution measurements. A low vacuum mode (30 Pa) was
used to acquire high-quality images of the surface topology on
SHS coated surfaces in order to avoid the sample charging problem.

Aerospace Science and Technology 119 (2021) 107090

A high vacuum mode was used to acquire the surface topologies of
the PTFE and Enamel coated surfaces. An energy-dispersive X-ray
spectroscopy (EDS, Oxford low-Z spectrometer) with a large area
(80 mm?) silicone drift detector (SDD) was also used to detect
the emitted X-ray signals from the tested surfaces and character-
ize the surface elemental composition. Further information about
using FTIR and the SEM-EDS analysis for surface characterization
can be found at Alus et al. [54] and Jing et al. [55].

2.4. Airfoil/wing models and icing research tunnel used for the ice
accretion experiments

Six sets of identical airfoil/wing models, which have NACA0012
profile in the cross-section shape and chord length of 150 mm,
were made to conduct ice accretion experiments in an icing re-
search tunnel to demonstrate the detrimental effects of the deic-
ing fluids on the anti-icing performance of icephobic coatings for
aircraft icing mitigation. By using the same procedure described
above, the airfoil/wing models coated with the different coatings
(i.e., SHS, PTEF and Enamel coatings) were immersed into either
Type-I or Type-IV deicing fluids for 60 minutes. After the deicing
fluids were drained off completely from the airfoil surfaces, the air-
foil/wing models were mounted into an icing research tunnel for
ice accretion experiments.

The ice accretion experiments were performed by leveraging
the unique Icing Research Tunnel available at lowa State Univer-
sity (i.e., ISU-IRT). As shown schematically in Fig. 5, ISU-IRT is a
multifunctional icing research tunnel with a test section of 2.0 m
in length x 0.4 m in width x 0.4 m in height and optically trans-
parent side walls. ISU-IRT was equipped with a 30-hp fan/motor
unit (Baldor™) to drive airflow circling inside ISU-IRT with a max-
imum wind speed up to 60 m/s in the test section. The tunnel
is refrigerated via a heat exchanger, which is chilled by a 40-
hp compressor (Vilter™), to cool the airflow inside ISU-IRT down
to —25°C. An array of 8 spray nozzle/atomizers (IKEUCHI BIMV-
11002) were mounted at the entrance of the contraction section
of ISU-IRT to inject micro-sized water droplets (i.e., averaged size
of 20 um) in the airflows [56]. By manipulating the water flow
rate supplied to the spray nozzles/atomizers, liquid water content
(LWC) in airflow inside ISU-IRT can be adjusted from 0.1 g/m> to
5.0 g/m>. In summary, ISU-IRT can be used to simulate various at-
mospheric icing phenomena over a wide range of icing conditions
(i.e., from dry rime to extremely wet glaze ice conditions). By using
ISU-IRT, extensive studies have been carried out in recent years to
investigate icing physics and develop anti-/de-icing strategies for
various engineering applications [57-61].

As shown schematically in Fig. 5, the airfoil/wing model was
installed in the middle the test section of ISU-IRT with the in-
coming airflow approaching the test model horizontally. The an-
gle of attack of the airfoil/wing models was set to be zero (i.e.,
AOA = 0.0 deg.) in relation to the incoming airflow. While a high-
power LED light unit (RPS Studio Light, Model RS-5620) was used
to provide low-flicker illumination during the icing experiments,
a high-speed imaging system (PCO - Dimax™ camera with 2000
pixel by 2000 pixel and frame rate of up to 10,000 frames per sec-
ond) was used to record the dynamic ice accretion processes over
the surfaces of the airfoil/wing models before and after immersion
into deicing fluids.

3. Measurement results and discussions
3.1. Variations of the surface wettability and ice adhesion strengths on
test surfaces coated with different icephobic coatings before and after

immersion into deicing fluids

In the present study, the variations of the surface wettability
(i.e., in the term of the droplet contact angle) and ice adhesion
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Fig. 6. Measured static contact angles on the surfaces coated with various coatings
before and after immersion into Type-I deicing fluid.

strengths on the test surfaces coated with icephobic coatings (i.e.,
the SHS and PTFE coatings) were characterized in order to evaluate
the effects of the deicing fluids on the icephobic coatings. Fig. 6
and Fig. 7 give the measured droplets contact angles (i.e., Ostqaric)
on the test plates coated with surface coatings before and after
immersion into Type-I and Type-IV deicing fluids with different
immersion durations.

As shown quantitatively for the measurement data given in
Fig. 6, the droplet contact angles on the SHS coated surfaces were
found to decrease slightly after immersion into Type-I deicing
fluid. The measured values were found to decrease very slowly as
the immersion time increases. After immersion into Type-I deicing
fluids for about 60 minutes, the droplet contact angle on the SHS
coated surface was found to decrease to about Ogqtic =~ 148°, which
is slightly smaller than the original value of Ogyqc ~ 156° before
the immersion. The droplet contact angles on the PTFE coated sur-
face were found be almost unchanged with the scattering range of
the measured values within the measurement uncertainty margin
of +£5°. It indicates that, even after being immersed into Type-I de-
icing fluid for 60 minutes, while the PTFE coated surface would be
able to keep its hydrophobicity nature almost unchanged, the SHS
coated surfaces were still found to be almost superhydrophobic. In
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Fig. 7. Measured static contact angle on the surfaces coated with various coatings
before and after immersion into Type-IV deicing fluid.

summary, it was found that the wettability of the icephobic coat-
ings (i.e., both SHS and PTFE coatings) would be almost unaffected
by Type-I deicing fluid.

Interestingly, the droplet contact angle on Enamel coated sur-
face was found to increase substantially after immersion into Type-
I deicing fluid. More specifically, the droplet contact angle on
Enamel coated surface was found to increase from 6gqsic ~ 65° to
nearly Ogqric ~ 90° after immersion into Type-I deicing fluid for
60 minutes. It indicates that the hydrophilic Enamel surface was
found to become almost hydrophobic after immersion into Type-I
deicing fluid.

The effects of Type-IV deicing fluid on the wettability of the
icephobic coated surfaces were found to become much more com-
plicated. As described above, even though the test plates were
mounted on an inclined bench for 48 hours to drain off Type-IV
deicing fluid completely from the test surfaces, and then put into a
heated vacuum chamber for 24 hours to evaporate/dry out all the
remaining liquid on the test surfaces, the measured droplet con-
tact angles on both the SHS and PTFE coated surfaces were found
to be decrease dramatically after being immersed into Type-IV de-
icing fluid. As revealed quantitatively from the measurement data
given in Fig. 7, even though the test plates were immersed into
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Measured ice adhesion strength on the test surfaces before and after immersion into different deicing fluids (Unit: kPa).

Different tested Surfaces before

Surfaces after immersion into Type-I fluid with

surface immersion into different immersion duration (min.)

deicing fluids 1 5 10 20 40 60
PTFE 20 22 20 20 18 22 21
SHS 120 290 310 340 360 370 390
Enamel 1,400 1280 1180 1090 1080 1040 1030
Different tested Surfaces before Surfaces after immersion into Type-IV fluid with
surface immersion into different immersion duration (min.)

deicing fluids 1 5 10 20 40 60
PTFE 20 250 270 350 380 560 640
SHS 120 320 410 530 600 610 620
Enamel 1,400 1500 1530 1470 1500 1490 1540

Type-1V fluid for only 1.0 minute, the droplet contact angle on the
SHS coated surface was found to be reduced dramatically from
its original value of 6gqic ~ 156° (i.e., being superhydrophobic)
to only Ogqrc ~ 64° (i.e., becoming hydrophilic), the correspond-
ing values on the PTEF coated surface changed from Ogsic ~ 120°
(i.e., being hydrophobic) to Osaric ~ 54° (i.e., becoming hydrophilic).
The wettability degradation of the SHS and PTFE coated surfaces
was found to become worse and worse as the immersion time
increases. The SHS and PTFE coated surfaces were found to be-
coming highly hydrophilic with the droplet contact angles on both
SHS and PTFE becoming only about Ogqc & 23° after immersion
into Type-IV deicing fluid for 60 minutes. It indicates that the SHS
and PTFE coatings would lose their hydrophobicity and became
hydrophilic for good, once they are “contaminated” by Type-IV de-
icing fluid. Draining out Type-IV deicing fluid from the SHS and
PTFE coated surfaces for 48 hours and then drying the “contami-
nated” surfaces for another 24 hours to further evaporate all the
liquids remaining on the test surface would not be able to re-
cover their original hydrophobicity. It should be noted that, since
the wettability of a surface is directly related to the physical prop-
erties (e.g., surface topology) and chemistry characteristics of the
surface [44], the measurement results given above suggested that
some changes/damages must have been made to the SHS and PTFE
coated surfaces (i.e., the surface characteristics were changed ei-
ther physically or/and chemically) due to the “contamination” of
Type-1V deicing fluid. Further discussions/analysis about the effects
of Type-IV deicing fluid on the SHS and PTFE coated surface will be
given later based on the SEM images, FTIR and EDS analysis results
to be presented in the following sections.

It can also be seen that, even though it was not as dramatic
as those on the SHS and PTFE coated surfaces, the wettability of
Enamel coated surface also degraded substantially after immersion
into Type-IV deicing fluid. As shown clearly in Fig. 7, the droplet
contact angle on the Enamel coated surface was found to decrease
from Osqric & 65° to about Ogqeic &~ 50° after immersion into Type-
IV deicing fluid for 60 minutes.

Table 2 summarize the measured ice adhesion strengths on
the test surfaces before and after immersion into different deic-
ing fluids. It can be seen clearly that, correlating well with its
unaffected wettability, the measured ice adhesion strengths on the
PTFE coated surfaces were found to be almost unchanged for the
test cases before and after being immersed into Type-I deicing
fluid, i.e., the differences among the measured ice adhesion data
being within the margin of the measurement uncertainty (i.e., be-
ing 205 kPa). This is believed to be closely related to outstanding
anti-corrosive performance of PTFE so that the surface topology
and chemistry of the PTFE coated surface would not be changed
by Type-I deicing fluid. Therefore, the wettability and the ice ad-
hesion characteristics on the PTFE coated surface were found to be
almost unaffected by the immersion of Type-I deicing fluid.

Correlating well with the continuously decreasing droplet con-
tact angles as a function of the immersion time revealed in Fig. 6,
the measured ice adhesion strength on the SHS coated surface was
found to increase monotonically with the increasing immersion
time into Type-I fluid. More specifically, the ice adhesion strength
on the SHS coated surface was found to increasing from its origi-
nal value of Tjc ~ 120 kPa to Tj &~ 390 kPa after immersion into
Type-I deicing fluid for 60 minutes. This may be explained by the
facts that, since the SHS coating is solvable to organic solvents ac-
cording to the information described in its MSDS, the propylene
glycol included in Type-I deicing fluid may dissolve a portion of
the SHS coating material, thereby, changing the characteristics of
the surface roughness/textures on the SHS coated surfaces. As a
result, the ice adhesion strength on the SHS coated surface was
found to increase about 3.0 times after immersion into Type-I
deicing fluid for 60 minutes. The effects of Type-I deicing fluid
on the SHS coating will be revealed more clearly from the FTIR
and SEM-EDS analysis results to be given in the following sec-
tion.

Interestingly, the ice adhesion strength on the Enamel coated
surface was found to decrease slightly after immersion into Type-I
deicing fluid (i.e., decreasing from Tjc ~ 1,400 kPa to Tj, ~
1,030 kPa after immersion into Type-I deicing fluid for 60 min-
utes), which is also consistent with the increasing droplet contact
angle on the “contaminated” Enamel coated surface as shown in
Fig. 6. The experimental results confirmed the findings reported in
the previous studies [62], i.e., the ice adhesion strength on a sur-
face with similar surface roughness/textures would decrease with
the increasing droplet contact angle over the surface.

The measurement data given in Table 2 also reveal that, the
ice adhesion strengths on both the SHS and PTFE coated surfaces
increased substantially after immersion into Type-IV deicing fluid.
The measured ice adhesion strength data were found to increase
with the immersion duration. After immersion into Type-IV deicing
fluid for 60 minutes, while the ice adhesion strengths on the SHS
coated surface were found to increase from Tjc ~ 120 kPa to Tjc ~
620 kPa (i.e., ~ 5.0 times greater), the corresponding value on the
PTFE coated surface was found to increase from tjc ~ 20 kPa to
Tice &~ 640 kPa (i.e., increasing 32 times). It should be noted that
the ice adhesion strength on bare aluminum surface was found
to be only tj ~ 450 kPa as reported in Table 1, which is about
25% lower than those on the SHS or the PTFE coated surfaces after
immersion into Type-IV fluid.

In comparison to those on the SHS and PTFE coated surfaces,
the effects of Type-IV deicing fluid on the hydrophilic Enamel coat-
ing were found to be much trivial. The measured ice adhesion
strengths on the Enamel coated surface were found to be almost
unchanged (i.e., being about 1400 4 100 kPa) for the test cases be-
fore or after being immersed into Type-IV fluid.
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Fig. 9. FTIR analysis results of PTFE surface before and after immersion into deicing fluids.

3.2. FTIR analysis results to characterize various functional groups on
the test surfaces

As revealed quantitatively from the surface wettability and ice
adhesion strength measurement results given above, both the SHS
and PTFE coated surfaces were found to become hydrophilic with
the ice adhesion strengths on the test surfaces being increased
significantly after immersion in Type-IV deicing fluid. It is well
known that, the hydrophobicity of a solid surface is closely related
to its surface topology and chemistry characteristics [44]. There-
fore, the surface chemistry characteristics of the SHS and PTFE
coated surface were examined by using a Fourier-transform in-
frared spectroscopy (FTIR), which is capable of characterize the
functional groups over the test surfaces that are responsible for
their hydrophobicity. It is well known that, while some surface
functional groups such as the fluorocarbons (e.g., -CF3 and -CF;-)
are hydrophobic, other surface functional groups including the hy-
droxyl group (-OH) and the carbonyl group (C=0) are hydrophilic
[63]. For a given surface, if the density of the hydrophilic functional
groups is greater than that of the hydrophobic functional groups,
the surface would become more hydrophilic, and vice versa. Since
the focus of the present study is to examine the effects of the
deicing fluids on the surface chemistry characteristics of the ice-
phobic coatings (i.e., SHS and PTFE), the FTIR analysis results on
the Enamel coated surface will not be discussed in the present
study for conciseness.

Fig. 8 and Fig. 9 show the measured FTIR spectra of the SHS and
PTFE coated surface before and after being immersed into Type-I
and Type-IV deicing fluids. As shown clearly in Fig. 8, the ab-
sorbance peaks of Si-O-Si (at 1040 cm~!), Si-O (at 820 cm™!) and
—CH3 (at 2920 cm™~!) were found on the SHS coated surface be-
fore immersion into the deicing fluids [64]. The absorbance peaks
of —CF3 (at 1200 cm~!) and -CF, (at 1150 cm~!) were found to
be dominate in the FTIR spectrum of the PTFE coated surface, as
revealed in Fig. 9 [63]. Therefore, both SHS and PTFE coated sur-
faces were found to be hydrophobic due to the existence of the
hydrophobic functional groups.

It can also be seen clearly that the FTIR spectra of the SHS and
PTFE coated surfaces after immersion into Type-I deicing fluid (i.e.,
the red curves) were found to be almost the same as those prior
to immersion (i.e., the black curves). It suggests that the immer-
sion of the SHS and PTFE coated surfaces into Type-I deicing fluid
had little effects on the surface chemistry of the SHS and PTFE
coated surface. Therefore, the measured static contact angles of
water droplets on the SHS and the PTFE coated test plates were
found to be almost unchanged or changed only very slightly after
immersion into Type-I deicing fluid, as revealed clearly from the
surface wettability measurement results given in Fig. 6.

However, the FTIR spectra of the SHS and PTFE coated surfaces
after immersion into Type-IV deicing fluid were found to become
significantly different from those prior to immersion. As shown
clearly in Fig. 8, a broad peak at 3400 cm~! (-OH groups) was
found for the SHS coated surface after immersion into Type-IV
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Fig. 10. Acquired SEM images and EDS analysis results of SHS coated surface before and after immersion into Type-I and Type-IV deicing fluids.

deicing fluid. It indicates that, after immersion into Type-IV de-
icing fluid, abundant hydroxyl groups (-OH) were generated on the
SHS coated surface. The hydrophobicity nature of the “clean” SHS
coated surface was modified significantly due to the generation of
the hydrophilic groups [65]. As a result, the droplet contact an-
gle on the SHS coated surface was found to decrease significantly,
i.e,, reducing from its original value of 6gic =~ 156° to around only
Ostatic ~ 23° after immersion into Type-IV deicing fluid for 60 min-
utes.

As revealed clearly in Fig. 8, obvious absorbance peaks of hy-
droxyl group (-OH) at 3400 cm~! and hydrophilic carbonyl group
(C=0) at 1700 cm~! were also observed on the PTFE coated sur-
face after immersion into Type-IV deicing fluid. The dramatic in-
crease of the hydrophilic functional groups on the surface leads to
significant wettability degradation of the PTFE coated surface, i.e.,
the droplet contact angle was found to decrease from Ogqric ~ 120°
to only Bsqric ~ 21° after immersion into Type-IV fluid for 60 min-
utes. In summary, since obvious hydrophilic functional groups (i.e.,
-OH and C=0) were found to be generated on the surfaces, the
SHS and the PTFE coated surfaces were found to loss their hy-
drophobicity and become highly hydrophilic after immersion into
Type-IV deicing fluid.

The generation of the hydroxyl and carbonyl groups over the
SHS and PTFE coated surfaces after immersion into Type-IV deicing
fluid is believed to be attributed by the existence of chemical com-
pound residues of Type-IV deicing fluid on the test surfaces. While
Type-IV deicing fluid is composed of ethylene glycol or propylene
glycol along with other chemical compounds such as thickening
agents, surfactants, corrosion inhibitors, colors and dye [38], some

of the chemical compounds have high boiling points (e.g., the boil-
ing point of xanthan gum used as a thickening agent is 311°C).
Therefore, the chemical compounds may not be evaporated com-
pletely even though the test plates were dried in a heated vacuum
oven at the elevated temperature of 60°C for over 24 hours. The
chemical compound residues of Type-IV deicing fluid remaining on
the SHS and PTFE coated surfaces after immersion was confirmed
quantitatively based on the SEM and EDS analysis results to be
presented in the next section.

3.3. SEM and EDS analysis to characterize the surface topology and
elemental composition of the test surfaces before and after immersion
into deicing fluids

As aforementioned, a high-resolution SEM system was used in
the present study to examine the changes in the surface topol-
ogy characteristics of the SHS and PTFE coated surface before and
after immersion into the deicing fluids. Energy-dispersive X-ray
spectroscopy (EDS) analysis was also conducted in the regions of
interest on the test surfaces to characterize the material elemental
compositions.

Fig. 10 shows the acquired SEM images to reveal the changes
in the surface topology of the SHS coated surface before and after
immersion into Type-I and Type-IV deicing fluids. Nano-/micro-
scaled, hierarchical roughness/textures were clearly observed on
the SHS coated surface prior to immersion into deicing fluids,
which contribute greatly to the superhydrophobicity of the SHS
coated surface. The EDS analysis results at an arbitrarily selected
location (i.e., at window #1 indicated in the SEM image) reveal
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clearly that the SHS coating is mainly composed of silicon and oxy-
gen elements, which agree well with the independently measured
FTIR spectra given in Fig. 8, i.e., Si-O-Si and Si-O are the major
functional groups on the SHS coated surface.

As revealed clearly from the SEM image given in Fig. 10(b), in
comparison to those over the SHS coated surface prior to immer-
sion, the hierarchical features of the roughness/textures on the SHS
coated surface seem to be deteriorated slightly after immersion
into Type-I deicing fluid, i.e., the clear boundaries of the hierar-
chical roughness/textures were found to be smeared. According to
the MSDS of the SHS coating used in the present study, since some
ingredients of the SHS coating are solvable to organic solvents, the
smeared boundaries of the hierarchical roughness/textures on the
SHS coated surface after immersion into Type-1 fluid are believed
to be caused by the subtle dissolving of the SHS coating materi-
als into the organic solvent included in Type-1 deicing fluid. Since
the hierarchical roughness/textures are very important to maintain
the superhydrophobicity for a SHS coated surface, the deteriora-
tion of the hierarchical features of the SHS surface would cause the
wettability degradation. It should also be noted that, even though
the hierarchical roughness/textures on the SHS coated surface were
found to be deteriorated slightly due to the immersion into Type-I,
silicon and oxygen were still found to be the dominant elements
on the “contaminated” SHS coated surface, as revealed clearly from
the EDS analysis results given in Fig. 10(b). FTIR analysis results
given in Fig. 7 also confirmed that Si-O-Si and Si-O were still found
to be the major functional groups on the SHS coated surface after
immersion into Type-I deicing fluid. Therefore, while the droplet
contact angle on the “contaminated” SHS coated surface (i.e., af-
ter immersion into Type-I deicing fluid) was found to be reduced
slightly (i.e., decreasing from 6sqtic ~ 156° to about sqric ~ 148°),
the “contaminated” SHS coated surfaces were still found to be al-
most superhydrophobic since the domination hierarchical features
of the surface roughness/textures were found to be unchanged in
general.

As revealed clearly from the acquired SEM image given in
Fig. 10(c), in addition to the hierarchical surface roughness/tex-
tures, many nano-sized structures/segments were also observed on
the “contaminated” SHS coated surface. The EDS analysis results
clearly reveal that, in additional to Silicon and Oxygen elements
which are the chemical components of the SHS coating materi-
als, new chemical elements (i.e., Sodium and Potassium which are
originated from the thickening agents and surfactant compounds of
Type-IV deicing fluid) were also detected over the “contaminated”
SHS coated surface. The EDS measurement results confirm that the
nano-sized structures/segments were actually the residues of Type-
IV deicing fluid. Since the sizes of the residue segments were found
to be much smaller than the hierarchical roughness/textures on the
SHS coated surface, the general features of the hierarchical rough-
ness/textures over the “contaminated” SHS coated surface would
not be changed due to the existence of the nano-sized residue seg-
ments of Type-IV deicing fluid. However, as shown clearly from
the FTIR analysis results given in Fig. 8, obvious hydrophilic func-
tional groups (i.e., ~-OH and C=0) were found to be generated over
the “contaminated” SHS surface, which deteriorated the hydropho-
bicity of the SHS coated surface dramatically. As a result, instead
of being superhydrophobic, the SHS surface after immersion into
Type-IV fluid was found to become highly hydrophilic due to the
existence of the chemical residues of Type-IV fluid on the surface.
As a result, the droplet contact angle on the “contaminated” SHS
coated surface was found to become Ogqic ~ 23° after immersion
into Type-IV icing fluid for 60 minutes.

Fig. 11 shows the acquired SEM image and EDS analysis results
to reveal the variations of the surface topology and chemistry of
the PTFE coated surface before and after immersion into the de-
icing fluids. As revealed clearly from the SEM images, the PTFE
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coated surface is very porous with intersecting PTFE nanofibers so
that water droplets would not be able to penetrate into the nano-
sized porous voids easily. Since PTFE material itself is hydrophobic
and has extremely low surface energy [43], the ice adhesion on
the PTFE coated surface prior to immersion into deicing fluids was
found to be ultra-low (i.e., Tjce & 20 kPa), in comparison to that on
the uncoated aluminum surface (i, ~ 450 kPa) or Enamel coated
surface (i.e., Tice & 1,400 kPa). The EDS analysis results given in
Fig. 11 reveal that the PTFE coated surface contains mainly carbon
and fluorine elements, which agrees well with the measurement
results of the FTIR analysis results given in Fig. 7 (i.e., functional
groups of -CF, and -CF3 were identified on the PTFE surface). Due
to the outstanding anti-corrosive performance of PTFE material,
both the surface topology and the elemental compositions of the
PTFE coated surface were found to be almost unaffected by Type-
I deicing fluid. Therefore, the measured droplet contact angle and
ice adhesion strength of the PTFE surface were found to be almost
unchanged for the test cases before and after immersion into Type-
I deicing fluid. However, as revealed clearly from the SEM image
given in Fig. 11(c), residues of Type-IV deicing fluid were observed
on the “contaminated” PTFE surface. The EDS analysis results given
in Fig. 11(c) also confirm that, while Sodium and Potassium ele-
ments were detected in selected Window #4 indicated in the SEM
image which is believed to be the area covered by the residues
of Type-IV deicing fluid. However, neither Sodium nor Potassium
was not detected in Window #3, which is apparently the “clean”
PTFE surface without any residues of Type-IV deicing fluid. Due
to the existence of Type-IV deicing fluid residues, the “contami-
nated” PTFE surface was found to become highly hydrophilic with
the droplet contact angle becoming Ogic ~ 22°. Since the residues
of Type-IV deicing fluid would make the test surface becoming
highly hydrophilic, water droplets on the “contaminated” PTFE sur-
face would be more readily to penetrate into the voids between
the intersecting PTFE porous nanofibers. As the water inside the
voids between the intersecting PTFE porous fibers is frozen into
ice, the ice adhesion strength on the “contaminated” PTFE surface
would become much stronger due to the interlocking between ice
and the surface textures [30]. As a result, the ice adhesion strength
on the “contaminated” PTFE surface were found to increase signif-
icantly after immersion into Type-IV deicing fluid, as reported in
Table 2.

3.4. Ice accretion experiments to compare the ice accretion
characteristics on the icephobic coated airfoil models before and after
immersion into the deicing fluids

By leveraging the unique ISU-IRT, an experimental campaign
was also conducted to compare the ice accretion characteristics
over the surfaces of SHS and PTFE coated airfoil/wing models be-
fore and after immersion into different deicing fluids in order the
demonstrate the detrimental effects of the deicing fluids on the
performance of the icephobic coatings for icing mitigation. In per-
forming the ice accretion experiments, ISU-IRT was operated at a
pre-scribed frozen-cold temperature level (i.e., Tooc = —5.0°C for
the present study) for at least 20 min to ensure ISU-IRT reach-
ing a thermal steady state. Since the temperature inside ISU-IRT
was set to be well below the water frozen temperature, the water
droplets exhausted from the spray nozzles/atomizers would be in
a supercooled state after exhausted from the water spray system.
Ice accretion process would start immediately as the super-cooled
water droplets impacting onto the airfoil/wing models. For all the
test cases of the present study, the incoming airflow velocity, tem-
perature, liquid water content (LWC) level in ISU-IRT were set to
be Voo =40 m/s; T = —5.0°C; and LWC = 2.0 g/m>, respectively.
Based on the work of Liu and Hu [66], the ice accretion processes
over the surfaces of the airfoil/wing models installed in ISU-IRT are
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Fig. 11. Acquired SEM images and EDS analysis results of the PFTE surface before and after immersion into Type-I and Type-IV deicing fluids.
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Fig. 12. Acquired images to reveal the dynamic ice accretion processes on the airfoil/wing models coated with different coatings before immersion into deicing fluids.

expected to be of typical glaze icing process under the icing test
conditions used in the present study.

Fig. 12 gives typical snapshots of acquired images to reveal
the dynamic ice accretion processes over the surfaces of the air-
foil/wing models coated with the icephobic coatings (i.e., SHS and
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PTFE) prior to immersion into deicing fluids. The ice accretion im-
ages on the airfoil/wing model coated with hydrophilic Enamel
coating were also given in Fig. 12 as the comparison baseline to
demonstrate the effectiveness of using icephobic coatings for air-
craft inflight icing mitigation. As shown clearly in Fig. 12(a), with
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Fig. 13. Acquired images to reveal the changes of the dynamic ice accretion processes over the SHS coated airfoil surface before and after immersion into Type-I and Type-IV

deicing fluids.

the airfoil surface being hydrophilic (i.e., for the scenario with
Enamel coated surface or uncoated aluminume-alloy surface), ice
was found to accrete rapidly on the surface of the airfoil model,
upon impacting of super-cooled water droplets carried by the in-
coming frozen-cold airflow. Similar as that described by Liu and
Hu [66], due to the inadequate heat transfer to remove/dissipate
all the released latent heat of fusion associated with the solidifica-
tion (i.e., icing process) under the wet glaze icing conditions used
in the present study, only a portion of the impacted supercooled
water droplets would be frozen into ice instantly, while the rest
of the impacted water mass would stay in liquid and accumulate
over the airfoil front surface. As driven by the boundary layer air-
flow over the airfoil surface, the unfrozen surface water collected
near the airfoil leading edge was found to run back to form multi-
ple water rivulets over the downstream airfoil surface to transport
the surface water collected near the airfoil leading edge to further
downstream locations [67]. Since the ambient airflow was set to
be well below the water frozen temperature (i.e., Tooc = —5.0°C),
the runback surface water was found to be frozen into ice even-
tually to form rivulet-shaped ice structures at further downstream
locations, as shown clearly in Fig. 12(a).

It can also be seen clearly that, after applying the icephobic
coatings (i.e., both SHS and PTFE coatings) to cover the surfaces of
the airfoil/wing models, the ice accretion over the icephobic airfoil
surfaces of the test models was found to be suppressed substan-
tially, in comparison to that over the hydrophilic airfoil surface. In
addition to having smaller coverages of the ice layers accreted near
the airfoil leading edge (i.e., due to the direct impinging of the su-
percooled water droplets), almost no traces of the water runback
or rivulet-shaped ice structures were observed on the icephobic
coated airfoil surfaces. The effectiveness of using the icephobic
coatings (i.e., both SHS and PTFE) for aircraft icing mitigation was
demonstrated clearly based on the side-by-side comparison of the
ice accretion images given in Fig. 12. As suggested in Zhang et al.
[30], the much less ice accretion on the SHS and PTFE coated air-
foil surfaces is mainly due to following two reasons: The much
slippery nature (i.e., less capillary forces associated with the bigger
droplet contact angles) of the hydrophobic SHS and PTFE surfaces
would enable the impacted supercooled water droplets to become
more easily bouncing off and/or rolling away from the airfoil sur-
faces before being frozen into ice. In addition, the much smaller
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ice adhesion strengths on the icephobic surfaces would also en-
able the aerodynamic shear forces exerted by the incoming airflow
to be more readily to sweep away the accreted ice structures from
the airfoil surfaces. It can also be seen that, corresponding to the
much weaker ice adhesion strength on the PFTE surface in compar-
ison to that on the SHS surface (i.e., Tjce &~ 20 kPa on PTFE surface
Vs. Tice &~ 120 kPa on SHS surface), the coverage of the ice layer
accreted near the airfoil leading edge over the PTFE coated air-
foil surface was found to be noticeably smaller than that on the
SHS coated airfoil surface. More specifically, after 60 seconds of the
ice accretion experiment, while the ice layer accreted on the air-
foil front surface was found to reach to the downstream location
of X/C =~ 20% on the SHS coated airfoil model, the corresponding
value was found to be only X/C ~ 16% on the PTFE coated air-
foil surface. In comparison, the coverage of the ice layer accreted
over the airfoil front surface was found to extend to the down-
stream location of X/C ~ 25% on the hydrophilic Enamel coated
airfoil surface.

Fig. 13 shows the variations of the dynamic ice accretion pro-
cess on the SHS coated airfoil/wing models before and after im-
mersion into deicing fluids under the same icing conditions of
Voo =40 m/s; Too = —5.0°C; and LWC=2.0 g/m3. It can be seen
clearly that, since the surface wettability and ice adhesion charac-
teristics of the SHS surface were found to be deteriorated slightly
after immersion into Type-1 deicing fluid (i.e., while the droplet
contact angle decreases from 6gggric &~ 156° t0 Osqric ~ 148°, cor-
responding ice adhesion strength increases from 7j,, ~ 120 kPa
to Tice ~ 390 kPa), the ice structures accreted on the SHS coated
airfoil surface was found to increase slightly after immersion into
Type-I deicing (i.e., the ice layer accreted over airfoil front surface
was found to extend to the downstream location of X/C ~ 22%
after 60 seconds of the ice accretion experiment, instead of the
original value X/C & 20% for the case prior to immersion. It should
also be noted, since the effects of Type-I deicing fluid on the wet-
tability of the SHS coated surface is very minor (i.e., smearing the
hierarchical surface roughness/textures on the SHS surface slightly
as shown in the SEM image given in Fig. 10), the droplet con-
tact angles on the “contaminated” SHS coated surfaces were still
found to be very large (i.e., Os¢qric ~ 148°), indicating that the “con-
taminated” SHS surface was still almost superhydrophobic due to
the remaining general features of the hierarchical surface rough-
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Fig. 14. Acquired images to reveal the dynamic ice accretion process on the PTFE coated airfoil/wing models before and after immersion into Type-I and Type-IV deicing

fluids.

ness/textures. As a result, the impacted water droplets would still
run back swiftly and shed away from the airfoil surface quickly
before being frozen into ice [30]. Therefore, no rivulet-shaped ice
structures were observed on the SHS coated airfoil surface even
after being “contaminated” by Type-1 deicing fluid, as shown in
Fig. 13(b).

As revealed clearly from the ice accretion images given in
Fig. 13(c), the ice accretion process over the SHS coated airfoil sur-
face after immersion into Type-IV deicing fluid was found to be
significantly different from the other two compared cases. In ad-
dition to having a larger coverage of the ice layer accreted over
the fount airfoil surface (i.e., extending to the downstream loca-
tion of X/C ~ 24% after 60 seconds of ice accretion experiment),
multiple rivulet-shaped ice structures were found to be formed on
the further downstream of the airfoil surface, which is very sim-
ilar as those accreted over the hydrophilic airfoil surface given in
Fig. 12(a). The significant increase of the ice accretion on the SHS
coated airfoil surface after immersion into Type-IV deicing fluid
is believed to be closely related to the dramatic detrimental ef-
fects of Type-IV deicing fluid on the surface wettability and ice
adhesion characteristics of the SHS coated surface. As discussed
above, due to the existence of chemical compound residues of
Type-IV fluid on the SHS coated surface, while the “contaminat-
ed” SHS surface was found to change dramatically from being
superhydrophobic to highly hydrophilic (i.e., droplet contact an-
gle decreasing from 6segric ~ 156° to only Ogqric &~ 23° after being
contaminated by Type-IV deicing fluid), the ice adhesion strength
of the “contaminated” SHS surface was also found to increase sig-
nificantly (i.e., increasing from Ttj, ~ 120 kPa to Tj, ~ 620 kPa,
correspondingly). Therefore, after being “contaminated” by Type-
IV deicing fluid, the ice accretion process on the SHS coated airfoil
surface were found to become very similar as that on the Enamel
coated airfoil surface with obvious traces of water runback and for-
mation of rivulet-shaped ice structures on the further downstream
surface of the airfoil/wing model.

Fig. 14 presents the acquired images of the ice accretion process
on the PTFE coated airfoil/wing models before and after immersion
into the deicing fluids, which reveal the effects of the deicing fluids
on the effectiveness of the PTFE coating for aircraft icing mitiga-
tion clearly. As described above, since the surface wettability and
ice adhesion characteristics on the PFTE coated surface would not
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be affected by the immersion operation into Type-1 deicing fluid
due to the outstanding anti-corrosive performance of the PTFE ma-
terial, the characteristics of the ice accretion process on the PTFE
coated surface were found to be almost identical before and after
immersion into Type-I deicing fluid. However, after immersion into
Type-1V deicing fluid, the chemical compound residues of Type-IV
deicing fluid remaining on the PTFE coated surface would make
the “contaminated” PTFE surface becoming highly hydrophilic (i.e.,
Ostatic ~ 22°) and ice adhesion strength increasing significantly (i.e.,
Tice &~ 650 kPa). Therefore, while the ice layer accreted over the
airfoil front surface was found to extend to further downstream lo-
cation of X/C & 23% after 60 seconds of ice accretion experiment,
multiple rivulet-shaped ice structures were also observed on the
further downstream locations of the PTFE surface after being “con-
taminated by Type-IV deicing fluid, as shown clearly in Fig. 14(c).

4. Conclusions

An experimental investigation was conducted to study the im-
plications/effects of spraying deicing fluids to airframe surface for
aircraft ground deicing on the performance of icephobic coatings
applied over the airframe surfaces for aircraft inflight icing mitiga-
tion. While two kinds of icephobic coatings, i.e., a superhydropho-
bic surface (SHS) coating and a polytetrafluoroethylene (PTFE) coat-
ing, were selected for the present study, a general industrial-
used Enamel coating was used as the comparison baseline in the
present study. Test plates and airfoil/wing models with their sur-
faces treated with different coatings (i.e., SHS, PTFE and Enamel)
were prepared for a comparative study. The test plates and airfoil
models were first immersed into containers filled with two typi-
cal deicing fluids (i.e., Newtonian Type-I fluid and Non-Newtonian
Type-IV fluid) to simulate the scenario of spraying a layer of deic-
ing fluid onto the airframe surface for aircraft ground deicing op-
eration. After immersion into the deicing fluids with pre-selected
durations (i.e., up to 60 minutes), the test plates and airfoil models
were placed on an inclined bench to drain off the deicing fluids for
48 hours, and then put into a heated vacuum oven at an elevated
temperature of 60°C for 24 hours to dry out the liquids remain-
ing on the test surfaces. Such a procedure is designed to simulate
the runoff all the deicing fluids from airframe surfaces as airplanes
take off from airports. The changes of the surface wettability (i.e.,
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in the term of the droplet contact angles, Oyqic) and ice adhesion
strengthen on the test plates treated with different coatings were
characterized before and after they were immersed into the de-
icing fluids in order to quantify the performance degradation of
the icephobic coatings due to the immersion into the deicing flu-
ids. Advanced diagnostic systems, including scanning electron mi-
croscopy (SEM), Fourier transformed infrared spectroscopy (FTIR)
and energy dispersive X-ray spectroscopy (EDS), were used to char-
acterize the changes in the surface topology and chemistry of the
icephobic coatings before and after immersion into the deicing flu-
ids. By leveraging the icing research tunnel available at lowa State
University, an icing experiment campaign was also conducted to
demonstrate the detrimental effects of deicing fluids on the effec-
tiveness of using the icephobic coatings to mitigate/suppress ice
accretion on airfoil/wing surfaces.

It was found that Type-I deicing fluid has very limited effects
on the performance of icephobic coatings for aircraft icing miti-
gation. Based on the FTIR and EDS analysis results, it was con-
firmed that no chemical compounds of Type-I deicing fluid would
remain on the SHS or PTFE coated surfaces after Type-1 deicing
fluid was drained off from the test surfaces. The acquired SEM
images revealed clearly that immersion of the SHS coated surface
into Type-1 deicing fluid would cause smearing of the hierarchical
roughness/textures over the SHS surface, possibly due to a weak
dissolution of the SHS coating material into Type-1 deicing fluid.
As a result, while the wettability of the SHS surface was found
to be deteriorated slightly, and the resultant ice adhesion strength
was found to increase substantially. More specifically, while the
droplet contact angle on the SHS coated surface was found to
reduce from Osqric ~ 156° to Ogqric ~ 148° after immersion into
Type-I deicing fluid for 60 minutes, the ice adhesion strength in-
creased from Tje ~ 120 kPa to tje &~ 390 kPa, correspondingly.
The ice accretion experiments confirmed that the SHS coating be-
came slightly less effective to mitigate/suppress ice accretion on
the airfoil/wing model after immersion into Type-1 deicing fluid,
which correlated well the degradations of the surface wettability
and ice adhesion characteristics induced by Type-I deicing fluid.
Due to the outstanding anti-corrosive performance of PTFE mate-
rial, Type-1 deicing fluid was found to have almost no effects on
the surface wettability and ice adhesion characteristics of the PTFE
coated surface. The ice accretion experiments also confirmed that
the dynamic ice accretion process over PTFE coated airfoil surface
as found to be unchanged before and after immersion into Type-1
deicing fluid.

However, Type-IV deicing fluid was found to deteriorate the
anti-icing performance of icephobic coatings (i.e., both SHS and
PTFE) significantly. Both the FTIR and EDS analysis results con-
firmed that some of the chemical compounds of Type-IV deicing
fluid (e.g., Sodium and Potassium elements) would remain on the
test surfaces even though Type-IV deicing fluid was drained off
from the icephobic coated surfaces. The residues of Type-IV deicing
fluid on the icephobic coated surfaces were also observed clearly
as nano-scaled fragments/structures in the acquired SEM images.
The chemical residual compounds remaining on the SHS and PTFE
surfaces were found to cause the generation of various hydrophilic
groups (e.g., hydroxyl group (-OH) and carbonyl group (C=0)) over
the test surfaces, which make the “contaminated” test surfaces
changing from hydrophobic to highly hydrophilic. More specifically,
after immersion into Type-IV deicing fluid for 60 minutes, while
the measured droplet contact angle on the “contaminated” SHS
surface was found to reduce from Osgric ~ 156° to Oseqric ~ 23°, the
corresponding value decreased from Ogpqric ~ 120° to Ogqric ~ 22°
on the PTFE coated surface. Meanwhile, the ice adhesion strength
on the “contaminated” SHS surface was found to increase over 5.0
times (i.e., increasing from T, ~ 120 kPa to Tjc ~ 620 kPa), the
measured values on the PTFE coated surface increased over 30
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times (i.e., increasing from i, &~ 20 kPa to Tj, ~ 640 kPa) after
immersion into. The ice accretion experiments also demonstrated
clearly that the “contamination” of Type-IV deicing fluid to the
icephobic coatings (i.e., both SHS and PTFE coatings) would deteri-
orate their effectiveness for aircraft icing mitigation dramatically.

In summary, the research findings of the present study sug-
gested that, spraying Type-1 deicing fluid over airframe surfaces
for aircraft ground deicing operation would have very little or al-
most no effects on the performance of the icephobic coatings for
aircraft inflight icing mitigation. However, spraying Type-IV deicing
fluid over airframe surfaces for aircraft ground deicing would re-
sult in significant “contaminations” to the icephobic coatings (i.e.,
for both SHS and PTFE coatings) on the aircraft surfaces, which
would deteriorate their effectiveness to suppress/mitigate ice ac-
cretion over airframe surfaces dramatically.
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