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We report a comparative study to evaluate the effects of surface coatings with different hydrophobicities and

icephobicities on the performance of a hybrid anti-/de-icing system that integrates surface heating with hydro-/ice-

phobic coating for aircraft icingmitigation.While a flexible electric filmheaterwrappedaround the leading edge of an

airfoil/wing model was used to heat the airfoil frontal surface to prevent ice accretion near the airfoil leading edge,

three different kinds of coatings were applied to coat the airfoil model at three distinct spanwise locations, which

included an icephobic coating with an outstanding icephobicity but a weak hydrophobicity; a superhydrophobic

surface (SHS) coating with outstanding water repellency but a moderate icephobicity; and a commonly used

hydrophilic coating with poor hydrophobicity and poor icephobicity. Surface wettability was found to play a more

important role than icephobicity in affecting the performance of the hybrid anti-/de-icing systems. In comparison to

the approach of forceful heating the hydrophilic airfoil surface, the hybrid approach with the SHS coating was found

to be able to achieve about 90%energy savings in keeping the entire airfoil surface ice-free; the corresponding energy

savings for the hybrid system with the icephobic coating was only about 10%.

I. Introduction

A IRCRAFT icing is one of the most dangerous weather hazards

faced by the aviation industry [1–8]. Aircraft in-flight icing

occurs when airborne, supercooled water droplets, which make up

clouds, mist, and fog, freeze into ice upon impacting airframe surfa-

ces. Ice accretionwould result in changes to the deliberately designed

profiles of aircraft key components, such as wings, rudders, tail-

planes, propellers, and aeroengine fan blades. Even a thin layer of ice

accreted on the key components can lead to serious aerodynamic

performance degradation, posing a significant risk to the flight safety

of the aircraft. The importance of proper icing control was high-

lighted by numerous deadly aircraft crashes like that that occurred at

Clarence Center, New York, on February 12, 2009, with 50 fatalities

in the accident of Continental Flight 3407 [9]. While considerable

progress has been made to provide a better understanding of aircraft

icing phenomenon, preventing the loss of control due to inflight icing

remains an important unsolved problem at the top of the National

Transportation Safety Board (NTSB)’s most wanted list of aviation

safety improvements.

Extensive efforts have been undertaken in recent years to develop

effective anti-/de-icing strategies for aircraft inflight icing prevention

[10–12]. All the current anti-/de-icing systems can be classified into

two categories: active and passive strategies. While active anti-/de-

icing methods rely on energy inputs from external systems to actively

prevent ice formation or to remove ice once it has formed on an

airframe surface, passive methods take advantage of the physical

properties of the airframe surfaces (e.g., applying specially designed

hydro-/ice-phobic coatings/materials) either to prevent or delay the ice

formation or to promote accreted ice shedding by minimizing the ice

adhesion stresses to the aircraft surfaces. Commonly used active anti-/
de-icing methods include spraying de-icing fluids [13], mechanical/
ultrasonic-based surface deformation [14,15], and surface heating
[10]. Surface heating methods such as electric-thermal heating and
hot air bleeding are the most straightforward and effective ways to
prevent ice formation and remove ice accretion fromairframe surfaces.
While electrical-thermal heating systems employ electric resistive
elements embedded in or bonded to the critical airframe surfaces
[16], hot air bleeding systems usually utilize the hot air from aeroen-
gines to the airframe surfaces for icing protection [17].More recently, a
new class of plasma-based anti-/de-icing technology has also been
developed for aircraft icing mitigation [18–20]. While the surface
heating methods have been demonstrated to be effective for aircraft
icing protection, substantial energy inputs are usually required for the
anti-/de-icing operation, which would increase fuel consumption and
cause economic penalties. With low installation cost and zero energy
consumption, passive approaches of using hydro/-ice-phobic surface
coatings have attracted increasing interest recently as viable strategies
for aircraft inflight icing mitigation.
Inspired by the outstanding self-cleaning capability of lotus leaf,

extensive studies have been conducted in recent years to develop coat-
ings to make superhydrophobic surfaces (SHSs) [21,22], on which
water droplets bead up with a very large contact angle (CA; i.e.,
> 150°) and drip off rapidly when the surface is slightly inclined.
One attractive application of SHS, in addition to the extraordinarywater
repellency, is its potential to reduce snow/ice accumulation. Under
frost-free environments (i.e., low-humidity conditions), SHSwas found
to be very promising in delaying ice formation [23], even at temper-
atures as low as −25 to −30°C [24]. It is well known that all SHSs
possess textured or rough surfaces [25,26]. When a macroscopic water
droplet encounters a textured SHS, it adopts the so-called Cassie–
Baxter state [27], 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 CAs
(typically > 150° for SHS). However, microscopic water droplets
can condense from the surrounding humid air within the surface
textures to form a so-called Wenzel state [28], with water completely
wetting the pores or asperities of the textures. For the aircraft inflight
icing scenario, airborne supercooled water droplets would impact the
airframesurface at high speed (i.e., typically higher than100 m∕s). The
impactingwater droplets would readily penetrate the surface textures to
promote the transition from the Cassie–Baxter state to the fully wetted
Wenzel state.Oncewater freezeswithin the textures in theWenzel state,
it would be extremely difficult to remove the ice because of the inter-
locking between ice and the textures [29,30]. Consequently, some
SHS were found to display even higher ice adhesion strengths than
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nontreated surfaces, substantially increasing the energy required to
remove the accumulated ice [26,31]. In summary, SHS coatings with
textured surfaces,which are effectively icephobic at nominal static icing
conditions, may not perform well for aircraft inflight icing scenario
involving impingement of supercooled water droplets at very high
impacting speeds.
An icephobic material/surface usually refers to the material/

surface that can hinder ice from forming and/or having a very small
ice adhesion strength to the surface (i.e., τice < 100 kPa) [32–36].
Icephobic surfaces are usually found to show the following ice
repellency, i.e., more readily shedding of water droplets via roll-off
or/and rebound on the cold surface before freezing; decreasing the
temperature for ice nucleation; prolonging the frosting or freezing
time; and lowering the ice adhesion strength when ice accretion is
inevitable [32,37,38]. Some of the commonly used icephobic
materials/surfaces include Pitcher-plant-inspired slippery liquid-
infused porous surfaces (SLIPS) [39–43], elastic icephobic surfaces
[44,45], hydrated surfaces [46,47], and stress-localized icephobic
surfaces [36,46]. It should be noted that while some of the SHS
coatings are found to be icephobic (i.e., τice < 100 kPa), not all
icephobic surfaces are superhydrophobic [32,48,49]. Some of the
icephobic surfaces can even be hydrophilic [50].
While both hydrophobic and icephobic surface coatings have been

demonstrated to have great potential for aircraft icing protection
[51–54], one of the major drawbacks of the passive methods using
hydrophobic or icephobic coatings is their ineffectiveness in sup-
pressing ice accretion in the regions near airframe leading edges
[51,55]. Since hydrophobic or icephobic coatings are assumed to
produce low adhesion forces between the airframe surfaces and
impinging water droplets or accreted ice, the passive methods rely
on aerodynamic shear forces acting tangentially to the airframe
surfaces to remove the impinged water droplets and accreted ice
structures. Such passive strategies would become invalid at the
stagnation lines because the required aerodynamic shear forces near
the stagnation lines are very small or completely vanish [51,55].
While thewater collection efficiencywould usually be the maximum
at the stagnation lines near the airframe leading edges, the impinged
supercooled water droplets would accumulate and freeze into ice
rapidly along the leading edges. Once ice structures start to accrete
along the stagnation lines, more supercooled water droplets would
impact directly onto the surfaces of the accreted ice structures, instead
of the hydrophobic or icephobic airframe surfaces. This would result
in more and more ice structures accreted in the region near the
airframe leading edges. Therefore, an ideal solution for aircraft icing
prevention would be a system with only a minimized power input to
effectively delaminate the ice accretion in the required locations such
as airframe leading edges, while utilizing passive hydro-/ice-phobic
coatings to delay ice accretion and to promote the removal of the
accreted ice with requisite aerodynamic forces exerted by the
boundary-layer airflows over the airframe surfaces.
An anti-/de-icing hybrid strategy that integrates hydro-/ice-phobic

coatings with limited surface heating near the airframe leading edges
has been suggested recently to effectively remove ice accretion from
airframe surfaces [54,55]. In comparison to conventional active meth-
ods of forceful heating the massive airframe surfaces, the hybrid anti-/
de-icing strategy was found to be able to keep the entire airframe
surface ice-freewith substantially less power consumption [55].While
both SHS [55] and icephobic coatings [51] are found to be promising
for aircraft icing prevention, much work is still needed to optimize the
design paradigms of hybrid anti-/de-icing systems to minimize the
power consumption required for an anti-/de-icing operation. Consid-
ering the different working mechanisms of hydrophobic coatings
against icephobic coatings, a comprehensive investigation is con-
ducted in the present study to compare their effectiveness in composing
hybrid anti-/de-icing systems for aircraft icing protections. The exper-
imental study was conducted in the Icing Research Tunnel of Iowa
State University (ISU-IRT) with an airfoil/wing model exposed to a
typical wet glaze icing condition. While a flexible electric film heater
wrapped around the airfoil leading edge was used to actively prevent
ice accretion over the airfoil frontal surface, three kinds of surface
coatings with different hydrophobicities and icephobicities were

applied to coat the airfoil surface at three distinct spanwise locations.
The compared coatings included 1) an icephobic coating with an
outstanding icephobicity but a moderate hydrophobicity; 2) an SHS
coating with an outstanding hydrophobicity but a moderate icepho-
bicity; and 3) a commonly used hydrophilic coating with a poor
hydrophobicity and poor icephobicity as a comparison baseline. Dur-
ing the experiment, in addition to acquiring snapshot images to reveal
the features of the dynamic ice accretion and anti-/de-icing processes
over the airfoil surfaces coatedwith different coatings, a high-speed IR
thermal imaging system was also used to quantify the unsteady heat
transfer process over the airfoil surfaces.The snapshot images acquired
during the dynamic ice accretion and anti-/de-icing process were
coordinated with the quantitative IR thermal imaging results to eluci-
date the underlying physics to gain further insight into the working
mechanisms of the hybrid anti-/de-icing systems with SHS coatings in
comparison to those with icephobic coatings.

II. Experimental Setup and Test Model

A. Icing Research Tunnel and the Test Model used in the Present

Study

The experimental study was performed in an Icing Research
Tunnel available at Iowa State University (i.e., ISU-IRT), a newly
refurbished, multifunctional icing research tunnel. As shown sche-
matically in Fig. 1, ISU-IRT has a test section with four optically
transparent sidewalls and physical dimensions of 2.0 m in length,
0.4 m in width, and 0.4 m in height. It can generate a maximumwind
speed of 65 m∕swith the airflow temperature cooled down to−25°C.
An array of nine spray nozzles/atomizers (IKEUCHI BIMV 8002)
was mounted inside the ISU-IRT to inject microsized water droplets
into the airflow. Based on the measurement results of a LaVision’s
ParticleMaster™ system, the water droplets inside the ISU-IRTwere
found to range from 10 to 100 μm in size, with a mean volume
diameter (MVD) of about 20 μm in the test conditions used for the
present study. Bymanipulating the pressure and flow rate supplied to
the atomizer/spray nozzles, the liquid water content (LWC) levels

inside the ISU-IRT can be adjusted from 0.10 to 5.0 g∕m3. The
turbulence level of the airflow at the entrance of the test section
was found to be about 3.0%, as measured using a hotwire anemom-
eter. In summary, the ISU-IRT has been used to simulate atmospheric
icing phenomena under a wide range of icing conditions, i.e., from
very dry rime to extremely wet glaze ice conditions representative of
typical aircraft icing envelopes [56]. Further details about ISU-IRT
can be found in the published literature of Liu and Hu [57].
An airfoil/wingmodel,which has aNACA0012 airfoil profile in the

cross section with a chord length of C � 150 mm and a spanwise
length of L � 400 mm was used in the present study. It should be
noted that, while traditional airplanes are typically made of metals
(e.g., aluminum and/or aluminum alloy), modern airplanes use more
andmorepolymer-based-composite parts. For example, a largeportion
of the primary structure of Boeing 787 Dreamliners is made of
composite materials (i.e., 50% by weight). Furthermore, almost all
unmanned aerial vehicles or drones are made of polymer-based com-
posites. Since local heat transfer to remove the released latent heat of
fusion from ice accreting surface is one of the key controlling factors to
determine ice types (i.e., rime vs glaze) and ice accretion rate, the
significant difference in the thermal conductivity between the metal-
based traditional aircraft (i.e., ∼200 W∕�m ⋅ K�) and the polymer-
basedmodern aircraft and/or UAVs (i.e., only∼0.2 W∕�m ⋅ K�) would
result in great differences in the ice accretion characteristics and anti-/
de-icing process.While the primary objective of the present study is to
explore novel anti-/de-icing strategies for modern aircraft and UAV
icing protection, a polymer-based test model was used for the present
study. The test model was made of a hard-plastic material (i.e., Vero-
WhitePlusTM, Stratasys, Inc.) and manufactured by using a rapid
prototyping machine (i.e., 3D printer) that builds the test models layer
by layer with a resolution of about 25 μm. According to the Material
Safety Data Sheet (MSDS) of hard-plastic material, the density, ther-
mal conductivity, and specific heat coefficient of the material are

1.18 g∕cm3, 0.22 W∕�m ⋅ K�, and 1340 J∕�kg ⋅ K�, respectively.

2 Article in Advance / HU ETAL.

D
ow

nl
oa

de
d 

by
 Io

w
a 

St
at

e 
U

ni
ve

rs
ity

 o
n 

Ja
nu

ar
y 

30
, 2

02
4 

| h
ttp

://
ar

c.
ai

aa
.o

rg
 | 

D
O

I: 
10

.2
51

4/
1.

J0
63

57
9 



As illustrated schematically in Fig. 1, a thin, flexible electric film

heater (i.e., DuPont™ Kapton® film heater with a thickness of

50 μm) was wrapped around the leading edge of the airfoil model

within ∼10% of the airfoil chord length (i.e., covering most entire

direct impinging zone of the airborne water droplets) to provide

surface heating to melt the accreted ice structures near the airfoil

leading edge. The thin film heater was attached to the airfoil surface

firmly with a thin layer of spray adhesive (i.e., 3M™ Super 77

Multipurpose spray adhesive). Another thin layer of Kapton® film

(∼50 μm in thickness) was used to cover the entire airfoil surface

(i.e., on the top of the film heater) to ensure electric isolation and a

smooth surface finish. Then, the airfoil surface was coated with

several layers of spray-on primer (Rustoleum™ Primer) and an all-

weather protective enamel painting (Rustoleum™white Flat Protec-

tive Enamel). After applying the enamel paint, the airfoil surface was

wet sandedwith fine sandpapers up to 2000 grades to achieve a nearly
mirror-like smooth finish.
During the experiments, the airfoil model was mounted horizon-

tally in the ISU-IRT, and the angle of attack (AOA) of the airfoil

model in relation to the incoming airflow was set to be zero (i.e.,

AOA � 0°). The film heater was powered using an alternative

current (AC) power source along with an AC variable transformer.

The electric voltage and current supplied to the film heater were

measured with a digital multimeter, which were used to calculate the

electric power supplied to the film heater for the anti-/de-icing

operation.

B. Surface Coatings Used in the Present Study

In the present study, three kinds of surface coatings with different

hydrophobicities and icephobicities were applied to coat the airfoil

surface at three distinct spanwise locations. The test coatings included

1) an icephobic coating with outstanding icephobicity but weak hydro-

phobicity; 2) an SHS coating with outstanding hydrophobicity but

moderate icephobicity; and 3) a commonly used hydrophilic coating

with relatively poor hydrophobicity and icephobicity as the comparison

baseline. As shown schematically in Fig. 1, a commercially avail-
able SHS coating (i.e., Rust-Oleum Neverwet® coating) was
applied to cover the right 1∕3 span of the test model, and an
icephobic coating (i.e., Nanosonic Hybridshield® icephobic coat-
ing) was used to coat the 1∕3 of the model surface at the midspan.
After switching on the electric film heater wrapped around the
airfoil leading edge, two hybrid anti-/de-icing systems (i.e., inte-
grating the limited surface heating at the airfoil leading edge with
either the SHS or icephobic coating) were compared side by side to
evaluate their effectiveness for the aircraft icing mitigation. It
should also be noted that the airfoil surface at the left 1∕3 span of
the test model was covered with hydrophilic enamel coating, which
will be used as the baseline for the comparative study.
In the present study, a set of experiments were conducted to

characterize the wettability and icephobicity of the three surface
coatings. While the acquired images of water droplets sitting on the
three compared surfaces for the static contact angle (CA) measure-
ments are shown in Fig. 2, the measured wettability parameters and
the ice adhesion strength on the compared surfaces are listed in
Table 1 for a quantitative comparison. It should be noted that the
wettability parameters (i.e., in the terms of the static CA θstatic,
advancing CA θadv, and receding CA θrec of water droplets) of the
three compared surfaced were measured by using a needle-in-the-
sessile-drop method similar as that described in Korhonen et al. [58].
Further details about the experimental setup and image processing
procedure for the CA measurements can be found at our published
papers [51,59,60]. The ice adhesion force dataweremeasured under a
static condition by using a push-based method similar to that used in
the previous studies [61,62]. Themean and standard deviationvalues,
which were calculated based on 10 independent test trials, are also
provided in Table 1.
As shown clearly in Fig. 2, while the static CA on the test surface

coated with Hybridshield® coating was measured to be ∼100° with
the CA hysteresis (i.e., Δθ � θadv − θrec) being ∼50°, the ice adhe-
sion strength was found to be only 75 kPa (i.e., τice≈75 kPa), con-
firming that the icephobic coating has an outstanding icephobicity

Fig. 1 Schematic of the ISU-IRT and experimental setup.
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but weak hydrophobicity. In comparison, the test surface coated with

the Neverwet® SHS coating was found to have a very high static CA

value of 153° and a very low CA hysteresis of ∼5°, while the

corresponding ice adhesion strength on the SHS-coated surface

was measured to be 110 kPa (i.e., τice≈110 kPa), suggesting that

the SHS-coated surface has an extraordinary water repellency but

moderate icephobicity. However, for the enamel-coated surface (i.e.,

the comparison baseline), while static CA and hysteresis were about

65° and 75°, respectively, the ice adhesion strength was measured to

be 510 kPa (i.e., τice≈510 kPa), indicating that the baseline surface is
hydrophilic with a poor icephobicity.
As described in Wang et al. [63], for a wind-driven water droplet

moving over a test surface, the aerodynamic force exerted by the

boundary-layer airflow would be counter balanced by the capillary

force (i.e., the lateral adhesion force caused by the liquid surface

tension on the liquid-solid-air interface). Based on the measured

surface wettability parameters listed in Table 1, the capillary force

to restrain awind-drivenwater droplet frommoving over the surfaces

coated with the three compared coatings can be estimated with a

theoretical model given in Waldman et al. [64] and Gao et al. [55],

which is expressed as

Fcap: ≈ πRγLG sin
θadv − θrec

2
sin

θadv � θrec
2

(1)

whereR is the spherical cap radius of thewater droplet, and γLG is the

liquid–gas surface tension at the contact line, and θadv and θrec
represent the advancing and receding CAs, respectively.
With the assumption that the γLG valuewould not change over the

three compared surfaces, the relative capillary forces experienced

by the droplets with same spherical cap radii (i.e., the sameR value)

sitting on the icephobic or SHS-coated surface in relation to that on

the hydrophilic surface (i.e., the baseline case) can be estimated by

inserting the values of the measured advancing and receiving angles

given in Table 1 into Eq. (1). It was found that the capillary force

acting on a water droplet moving over the icephobic surface would

be about 90% of that on the hydrophilic baseline surface. However,

once the water droplet was frozen into ice, the adhesion force of the

accreted ice to the icephobic surface (i.e., τice≈75 kPa) would be

much smaller than that on the hydrophilic baseline surface (i.e.,

being only∼15% of that on the hydrophilic surface). In comparison,

the capillary force acting on a water droplet on the SHS-coated

surface was estimated to be only ∼4% of that on baseline hydro-

philic surface, suggesting that the water droplet would be much

more readily blown away by the incoming airflow from the SHS-

coated surface. The ice adhesion strength on the SHS-coated sur-

face was found to be smaller than that on the hydrophilic baseline

surface (i.e., becoming ∼22% of that on the hydrophilic surface),
but much greater than that on the surface coated with the icephobic
coating (i.e., about 50% greater).

C. Icing Test Conditions and Measurement Systems

It is well known that, after airborne supercooled water droplets

impinging onto an airframe surface to start an icing process, the
freezing can be complete or partial, depending on how rapidly the
latent heat of fusion can be released into the ambient airflow [51,65].
In a dry regime, all the water collected in the impingement area
freezes on impact to form rime ice. For a wet regime, only a fraction

of the impinged supercooled water droplets would freeze in the
impingement area to form glaze ice and the remaining unfrozenwater
would run back and freeze subsequently outside the droplet impinge-
ment area. Mixed ice refers to the situation with simultaneous
appearance of both rime and glaze ice characteristics. In comparison
to the rime icing scenario, glaze icing is known to be more dangerous

since it would deform the profiles of the ice accreting surface more
severely because of its wet nature, i.e., forming irregular-shaped “ice
horns” and larger “ice feathers” to cause a greater aerodynamic
performance degradation [66–69]. It was also reported that the glaze
ice would be much more difficult to remove once built up [70,71].
Therefore, a typical glaze icing condition was generated in the ISU-

IRT to evaluate the performances of the hybrid anti-/de-icing systems
with the airfoil surfaces covered with different coatings. More spe-
cifically, for the glaze icing experiments, while the velocity of the
incoming airflow was fixed at V∞ � 40 m∕s, the temperature and
the liquid water content (LWC) level of the incoming airflowwere set

to be T∞ � −5°C and LWC � 2.0 g∕m3.
During the experiments, two sets of high-speed imaging systems

(i.e., 2 FASTCAM MINI WX cameras with a maximum pixel reso-
lution of 2048 × 2048 and a frame rate up to 10 kHz) were used to
record the dynamic ice accretion and anti-/de-icing process over the
airfoil surfaces treated with different coatings. While one of the
imaging systems has a large observation window (i.e., ∼100 mm
by 200 mm in window size) to reveal the global features of the ice
accretion and anti-/de-icing process over the airfoil surface, the
second system was equipped with a 8X Microlens to focus on the
regions near the airfoil leading edge to provide a zoom-in view (i.e.,
∼10 mm by 20 mm for the observation window) to reveal further
details of the icing and anti-/de-icing process over the compared

airfoil surfaces.
A high-speed infrared (IR) thermal imaging system (FLIR, A615

with 640 by 480 pixels in spatial resolution and up to 200Hz in image

acquisition frame rate) was also utilized to quantitativelymeasure the

Table 1 Measured contact angles and ice adhesion strength on the compared surfaces

Tested surface
Static

CA, θstatic, °
Advancing
CA, θadv, °

Receding
CA, θrec, °

CA hysteresis,
Δθ, °

Ice adhesion strength, τice, kPa
(measured at −5.0°C)

Hydrophilic surface (baseline) 65 � 2 85 � 2 10 � 2 ∼75 510 � 50

Icephobic surface 100 � 2 110 � 2 60 � 2 ∼50 75 � 10

Superhydrophobic surface 153 � 1 157 � 2 152 � 2 ∼5 110 � 20

Fig. 2 Acquired images of water droplets on the compared surfaces.

4 Article in Advance / HU ETAL.

D
ow

nl
oa

de
d 

by
 Io

w
a 

St
at

e 
U

ni
ve

rs
ity

 o
n 

Ja
nu

ar
y 

30
, 2

02
4 

| h
ttp

://
ar

c.
ai

aa
.o

rg
 | 

D
O

I: 
10

.2
51

4/
1.

J0
63

57
9 



surface temperature distribution over the surface of the airfoil model
during the anti-/de-icing operation. For the IR thermal image acquis-
ition, an infrared window (FLIR, IR Window-IRW-4C) was
embedded into the top panel of the ISU-IRT test section. A procedure
similar to that described by Liu and Hu [57] was performed to
calibrate the IR thermal imaging measurement system at several
prescribed temperatures (i.e., between −20.0 and 15°C) before start-
ing the anti-/de-icing experiments. In addition, two miniature K-type
thermocouples were also flush-mounted on the surface of the airfoil
model to monitor the variations of the airfoil surface temperature
during the experiments. The measurement results from the thermo-
couples and the IR thermal imaging system were found to agree well
(i.e., the differences between the measurement results being less than
�1.0°C). For the test cases of the present study, the IR thermal
imaging system was operated to take IR images at the frame rate
of 20 Hz.
Before taking measurements, the ISU-IRT was operated at a

preselected frozen cold temperature level (i.e., T∞ � −5°C for the
present study) for at least 30minwith the airfoil model installed in the
tunnel under a dry airflow condition (i.e., before turning on the water
spray system) to ensure that the ISU-IRT reached a thermally steady
state. After switching on the water spray system of ISU-IRT, micro-
sized water droplets injected by the water spray system in the ISU-
IRT were cooled down rapidly to reach a supercooled state. Upon
impinging onto the surface of the airfoil model, some of the impinged
supercooled water droplets would be frozen into ice immediately to
start ice accretion on the model surface.

III. Measurement Results and Discussion

A. Ice Accretion Process over the Airfoil Surfaces Treated with Dif-
ferent Surface Coatings

In the present study, the characteristics of the dynamic ice accretion
process over the airfoil surfaces treated with different surface coat-
ings were examined before tuning on the electric film heater for the
anti-/de-icing operation. Figure 3 shows typical snapshot images to
reveal the global features of the dynamic ice accretion process over
the airfoil surfaces treated with different surface coatings (i.e., hydro-
philic, icephobic, and SHS coatings). The zoom-in view images of
the dynamic ice accretion process (i.e., within a zoom-in window
near the airfoil leading edge) at the beginning of the glaze icing
process (i.e., within the first 40 s) are given in Fig. 4, which reveals
further details about the effects of the surface coatings on the ice
accretion process. As described above,with thewater spray systemof
ISU-IRT turning on at t � 0 s, the supercooled water droplets would
impinge onto the airfoil surfaces to start ice accretion immediately.
Corresponding to the high LWC level under the glaze icing condition

used for the present study (i.e.,LWC � 2.0 g∕m3), a large amount of
airborne supercooled water droplets would impinge onto the model
airfoil, causing the release of a tremendous amount of latent heat of
fusion over the airfoil surface associated with the solidification (i.e.,
icing process) of the impinged supercooled water droplets. However,
the heat transfer (i.e., both convective and conductive heat transfer
processes) over the airfoil surface would be insufficient to rapidly
dissipate all the latent heat of fusion due to the relatively high ambient
temperature under the glaze icing condition (i.e., T∞ � −5.0°C),
which would delay the solidification of the impinged supercooled
water droplets. As a result, only a portion of the impinged super-
cooled water droplets would be frozen into ice immediately, while
the rest of the impinged water droplets would stay in liquid phase.
The unfrozen water would move freely over the airfoil surface until
all the released latent heat of fusion is dissipated completely.
As revealed clearly in Fig. 4a, for the hydrophilic airfoil surface

(i.e., treated with enamel coating) on the left span of the model airfoil
(i.e., the baseline case), while a portion of the impinged supercooled
water droplets were found to be frozen into ice immediately to cause
the ice accretion along the airfoil leading edge, unfrozen water
droplets were found to coalesce rapidly to form a thin water film

Fig. 3 Ice accretion process over the airfoil surfaces coated with different coatings.

Fig. 4 Zoom-in view of the ice accretion process near the airfoil leading

edge.
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over the hydrophilic airfoil frontal surface (i.e., within the direct
impinging zone of the airborne water droplets). Driven by the aero-
dynamic shear forces exerted by the incoming airflow, the unfrozen
water was found to flow gradually over the ice-accreting airfoil
surface, forming a runback water flow with multiple rivulets along
its front contact line, as shown clearly in Fig. 4a. The wind-driven
water film/rivulet flow would transport the impinged water mass
from the airfoil frontal surface to further downstream locations
(i.e., out of the direct impinging zone of the airborne water droplets)
[72–75]. With the incoming airflow being frozen cold (i.e.,
T∞ � −5.0°C), the runbackwater film/rivulet flowwas cooled down
continuously, and frozen into ice eventually when the released latent
heat of fusion was dissipated completely, leading to the formation of
rivulet-shaped runback ice structures at further downstream loca-
tions, as shown clearly in Fig. 3b. It can be clearly seen that the ice
structures accreted over the hydrophilic airfoil surface are transparent
with a glazy appearance, i.e., with typical features of glaze ice
accretion [67,76], as expected. With increasing ice accretion time,
while the thickness of the ice layer accreted along the airfoil leading
edge increasedmonotonically due to the impingement ofmore super-
cooled water droplets, the coverage of the ice layer accreted over the
airfoil surfacewas also found to spread continuously with the rivulet-
shaped runback ice structures extending further downstream.
As revealed clearly in Fig. 4b, even though the ice adhesion

strength on the icephobic airfoil surface became only about 15% of
that on the hydrophilic airfoil surface, substantial ice structures were
still found to accrete over the icephobic airfoil surface, primarily in
the region near the airfoil leading edge. The ineffectiveness of the
passive method using icephobic coating to prevent ice accretion near
the airfoil leading edge is caused by the very small or even vanished
aerodynamic shear stress near the airfoil stagnation line [39,51,55].
Compared to those over the hydrophilic airfoil surface, some inter-
esting features can be observed for the ice accretion process over the
icephobic airfoil surface. Instead of coalescing rapidly to form a thin
water film over the hydrophilic airfoil surface, the supercooled water
droplets were found to merge rapidly to form larger water droplets
upon impinging onto the icephobic airfoil surface, due to the hydro-
phobic nature of the surface (i.e., θstatic≈100°). As a result, the
impinged water collected over the airfoil frontal surface (i.e., within
the direct impinging zone of the airbornewater droplets) was found to
run back as isolated water droplets, instead of forming a smooth
runback water film/rivulet flow. Corresponding to the smaller capil-
lary forces to restrain the water droplets from running back over the
icephobic surface (i.e., ∼10% smaller than those on the hydrophilic
surface), the unfrozen water droplets were found to travel slightly
faster over the icephobic airfoil surface as driven by the same
incoming airflow, causing the formation of isolated, droplet-shaped
runback ice structures at further downstream locations, as shown
clearly in Fig. 3b. With more supercooled water droplets impinged
onto the icephobic airfoil surface, the ice structures accreted near the
airfoil leading edge were found to grow gradually to form a trans-
parent, glazy ice layer with a rougher surface, i.e., featured by the
generation of isolated ice humps, as shown in Fig. 4b. It should also
be noted that even though the ice adhesion strength on the icephobic
surface is much smaller (i.e., approx. only 15%) than that on the
hydrophilic surface, some droplet-shaped runback ice structures
were still found to stick firmly to the rear surface of the airfoil model
due to the insufficient aerodynamic shear forces in the regions to blow
away the small droplet-shaped ice structures accreted on the ice-
phobic airfoil surface, as shown clearly in Fig. 3b.
The acquired images given in Fig. 4c reveal clearly that upon

impinging of the supercooled water droplets onto the SHS-coated
airfoil surface, ice structures were still found to accrete in the narrow
region near the airfoil leading edge due to the vanished aerodynamic
shear stress near the airfoil stagnation line. No runback water or ice
structures were observed over the rest of the airfoil surface. It can be
explained by the fact that, in comparison to that over the hydrophilic
or icephobic airfoil surface, the impingedwater droplets, except those
at the stagnation point, would bemuchmore readily to splash, bounce
off, and roll away from the SHS-coated surface due to its outstanding
water repellency [51], resulting inmuch less impingedwater droplets

remaining on the SHS-coated airfoil surface. Corresponding to its
superhydrophobic nature (i.e., θstatic≈153°), the unfrozen water
remaining on the SHS-coated airfoil surface was found to be in the
form of isolated water droplets with their size smaller than those on
the icephobic surface.Meanwhile, themuch smaller capillary force to
restrain the unfrozenwater droplets from running back over the SHS-
coated airfoil surface (i.e., only ∼4% of that on the hydrophilic
surface) would facilitate the incoming airflow to blow all the tiny
water droplets away from the SHS-coated airfoil surface before being
frozen into ice. Therefore, no obvious runback of the unfrozen water
and ice accretion was observed over the SHS-coated airfoil surface
except within the narrow near the airfoil stagnation line (i.e., airflow
leading edge). It was also clearly revealed that, with more super-
cooled water droplets impinging onto the SHS-coated airfoil surface,
while the thickness of the ice layer accreted along the airfoil leading
edgewas found to increase continuously, the coverage of the ice layer
was also found to spread gradually to further downstream locations as
the time increased.
It should also be noted that the ice layer accreted at the leading edge

of SHS-coated airfoil surfacewas found to be thicker than those at the
leading edges of the icephobic and hydrophilic airfoil surfaces after
experiencing the same icing experiments (i.e., at t � 120 s as shown
clearly in Fig. 3b). This is believed to result from the significant
differences in the surface wettability for the compared surfaces. As
described above, upon the impingement of the same amount of
airbornewater droplets at the airfoil leading edge,while the impinged
droplets would merge rapidly to generate a thin water film over the
hydrophilic airfoil surface, isolated water droplets were found to
form on the SHS-coated airfoil surface due to its superhydrophobic
nature. With the angle of the attack (i.e., AoA) of the airfoil model
being zero in the present study, the airfoil leading edge would be the
stagnation line of the airflow. Due to the vanished aerodynamic shear
forces at the stagnation line, the water droplets at the leading edge of
the SHS-coated airfoil were able to remain stationary during the icing
experiment and were frozen into ice eventually. Corresponding to the
greater heights of the water droplets remaining at the leading edge of
the SHS-coated airfoil surface in comparison to those on the ice-
phobic and hydrophilic surfaces as shown in Fig. 2, the ice layer
accreted at the leading edge of SHS-coated airfoil surface was found
to be thicker than those accreted on the icephobic and hydrophilic
surfaces, as shown in Fig. 3b.

B. Comparison of the Hybrid Anti-/De-Icing Systems with Different
Surface Coatings

The effects of the surface coatings on the performance of the hybrid
anti-/de-icing systemwere also evaluated systematically in the present
study. For the anti-/de-icing experiments, the model airfoil was
exposed to the same glaze icing conditions with V∞ � 40 m∕s,
T∞ � −5.0°C, and LWC � 2.0 g∕m3. The film heater wrapped
around the airfoil leading edge was turned on first for 70 s before
switching on the water spray system of ISU-IRT. Figure 5 shows the
snapshot images acquired at two different time instants after turning on
the water spray system to reveal the features of the anti-/de-icing
operation. Further details of the anti-/de-icing characteristics were
revealed more clearly from the zoom-in view near the airfoil leading
edge given in Fig. 6. It should be noted that, for the measurement
results given inFigs. 5 and 6, the supplied power density for the surface

heating was estimated to be P � 8.3 kW∕m2 based on the electric
power supplied to the film heater wrapped around the airfoil lead-
ing edge.
As revealed clearly in Fig. 5, upon switching the electric film

heater wrapped around the airfoil leading edge, supercooled water
droplets would be heated up rapidly upon impinging onto the heated
airfoil frontal surface (i.e., up to the first 10% of the airfoil chord
length). With the supplied power density at P � 8.3 kW∕m2, the
surface heating was found to be sufficient to keep all the impinged
water droplets in the liquid phase over the airfoil frontal surface
regardless of the surface wettability, indicating that the surface heat-
ing is effective to prevent ice accretion along the airfoil stagnation
line. Driven by the aerodynamic shear forces exerted by the incoming
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airflow, the impinged water collected over the airfoil front surface
(i.e., within the direct impinging zone of the airborne water droplets)

was found to run back toward the airfoil trailing edge, transporting the
impinged water mass from the airfoil frontal surface to further down-
stream locations.
As shown clearly in Fig. 6a, due to the hydrophilic nature of the

enamel-coated airfoil surface, the impinged water droplets were

found to coalesce rapidly to form a thin water film flow with
multiple rivulets over the hydrophilic airfoil surface, transporting

the impingedwater collected near the airflow leading edge to further
downstream regions. Since the temperature of the incoming airflow
was maintained at frozen cold during the experiment (i.e.,

T∞ � −5.0°C), the runback water film/rivulet flow was cooled
down gradually as the water moved out of the heating zone (i.e.,
the area protected by the electric film heater). Once the temperature

of the runback water became lower than the water freezing temper-
ature, the runback water would be frozen into ice, causing the

formation of the rivulet-shaped runback ice structures at the further
downstream locations (i.e., beyond the first 20% of the airfoil chord
length at t � 30 s, as revealed clearly in Fig. 5). In summary, even

with the airfoil surface being hydrophilic, the active method with

sufficiently electric power supplied for the surface heating (e.g., at

P � 8.3 kW∕m2) was demonstrated to be effective to eliminate ice

accretion over the airfoil frontal surface. However, the surface
heating method could not keep the entire airfoil surface ice-free

due to the refreezing of the runbackwater in the downstream regions
(i.e., beyond the area protected by the film heater). A much higher

power density would be required (i.e., up toP ≈ 45 kW∕m2) for the

surface heating in order to keep the entire hydrophilic airfoil surface

ice-free, which will be discussed further in the next section.
As revealed clearly in Fig. 6b, with the airfoil surface coveredwith

the icephobic coating, the surface heating method was also found to
be very effective in eliminating ice accretion over the airfoil frontal

surface. As described above, the impinged water droplets collected
over the airfoil frontal surface were found to merge into larger water

droplets on the icephobic airfoil surface due to its hydrophobic nature

(i.e., θstatic≈100°). As a result, the impinged water was found to run
back as isolated moving water droplets over the icephobic airfoil

surface, causing the formation of droplet-shaped ice structures over
the rear surface of the model airfoil, as shown clearly in Fig. 5. It can

also be seen that since the capillary forces to restrain the running back
water droplets on the icephobic surface are smaller than those on the

hydrophilic surface (i.e., ∼10% smaller), the runback water droplets
would be able to move slightly faster over the icephobic airfoil

surface, thereby reaching further downstream locations before being

frozen into ice (i.e., reaching X∕C > 30% at t � 30 s as revealed
clearly in Fig. 5). In summary, the hybrid method with the power

density supplied for the surface heating being P � 8.3 kW∕m2, the

icephobic coating was proven to be unsuccessful in preventing ice
accretion on the entire airfoil surface under the glaze icing conditions

of the present study.
As shown clearly in Fig. 5, the hybrid systemwith the SHS-coated

airfoil surface was found to be very effective for the anti-/de-icing

operation. With the supplied power density for surface heating at

P � 8.3 kW∕m2, the entire airfoil surface was found to be com-
pletely ice-free during the entire anti-/de-icing experiment. This is

believed to be due to the following reasons:
1) Due to its extraordinary water repellency, the impinged super-

cooled water droplets (except those at the airfoil leading edge) would
be more readily to splash, bounce and roll off from the SHS-coated
airfoil surface, resulting in much less amount of the water mass
remaining on the SHS-coated airfoil surface for possible ice forma-
tion, as shown clearly in Fig. 6c.
2) The extreme small capillary force to restrainwater droplets from

running back on the SHS-coated airfoil surface (i.e., only∼4% of that
on the hydrophilic surface) would also facilitate the incoming airflow
to blow the water droplets away from the SHS-coated airfoil surface
before freezing into ice.

Fig. 6 Zoom-in views of the anti-/de-icing process near the airfoil lead-
ing edge.

Fig. 5 Snapshot images reveal the features of the anti-/de-icing operation with the supplied power density for surface heating at P � 8.3 kW∕m2.
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C. IR Thermal Imaging Results to Quantify the Anti-/De-Icing Proc-
ess

The effects of the surface coatings on the characteristics of the

anti-/de-icing operation over the airfoil surface were revealed more

clearly and quantitatively from the IR thermal imaging measure-

ments. Figure 7 shows typical IR imaging results to characterize

the temperature distributions over the airfoil surfaces with the power

density supplied for the surface heating atP � 8.3 kW∕m2. The time

evolution profiles of the spanwise-averaged surface temperatures at

four chordwise locations over the airfoil surface, i.e., near the airfoil

leading edge at X∕C≈0.5%, at the middle of the heating zone at

X∕C≈4.0%, near the end of the heating zone at X∕C≈8.0%, and

downstream of the heating zone atX∕C≈16%, are also given in Fig. 7

for a quantitative comparison.

Fig. 7 Time evolutions of airfoil surface temperature during the anti-/de-icing operation.
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As revealed quantitatively from the IR thermal imaging results
given in Fig. 7, the surface temperature distributions over the airfoil
surface were found to have very similar characteristics in general,
regardless of surface coating used to coat the model airfoil. Once the
film heater was turned on, the temperature over the airfoil frontal
surface (i.e., the area protected by the film heater) was found to
increase monotonically at first, then flat out gradually as the system
reached a thermally stable state. With the supplied power density for
surface heating being P � 8.3 kW∕m2, while the temperature of the
incoming airflowwas set atT∞ � −5.0°C, the temperature at the rear
portion of the heating zone was found to be well above the water
freezing temperature (e.g., Tw≈� 15°C at X∕C≈8.0%) right before
switching on the water spray system (i.e., at t � 0 s). The surface
temperature near the airfoil leading edge was much lower (e.g.,
Tw≈� 2.0°C at X∕C≈0.5%) due to the much stronger convective
heat transfer in the region near the airfoil leading edge [77]. The
surface temperature in the downstream region beyond the heating
zone (e.g., at X∕C≈0.16) was also found to increase slightly due to
the thermal flux from the upstream heating zone via both conductive
and convective heat transfer.
After switching on the water spray system of the ISU-IRT at

t � 0 s, the surface temperature near the airfoil leading edge was
found to drop sharply at first, upon the impingement of airborne
supercooled water droplets onto the airfoil frontal surface. Then, the
surface temperature in the heating zone was found to decrease at a
moderate rate and flattened gradually at the time of t > 40 s. A slight
increase in the measured temperature was also observed at the later
stage of the experiment (i.e., t > 50 s). This is believed to be caused
by the energy deposition associated with the continuous energy
addition to the test model for the surface heating (i.e., the test model
was heated up gradually as the time progresses).
More interesting features can be identified by carefully compar-

ing the time evolution characteristics of the measured temperatures
on the airfoil surfaces coated with different coatings. As revealed
clearly from the measured results given in Fig. 7a, upon the
impingement of supercooled water droplets onto the hydrophilic
airfoil surface, the surface temperature near the airfoil leading edge
was found to become lower than the water freezing temperature
quickly (i.e., Tw < −3.0°C at X∕C≈0.5% at t > 10 s). As shown
clearly from the acquired images given in Fig. 6a, since no ice
structures were found to accrete near the airfoil leading edge, the
impinged water would still stay in a supercooled state near the
airfoil leading edge due to the limited surface heating for this test

case (i.e.,P ≈ 8.3 kW∕m2). Driven by the aerodynamic shear forces
exerted by the incoming airflow, the unfrozen water collected over
the airfoil frontal surface would run back to approach the trailing
edge, forming a runback water film with multiple rivulets along its
moving front contact line. The runback water film/rivulet flow
would be heated continuously to increase its temperature until
flowing out of the heating zone (i.e., the measured temperature
was found to increase to Tw≈� 2.0°C at X∕C≈8.0%). However,
since the airflow over the airfoil surface was frozen-cold (i.e.,
T∞ � −5°C), the runback water would be cooled down gradually
as flowing out of the heating zone (i.e., in the downstream region of
X∕C > 10%). As shown quantitatively in Fig. 7a, the temperature
of the runback water at the downstream location of X∕C≈16% was
found to become almost the same as the frozen-cold incoming
airflow (i.e., Tw � −5.0°C) within 20 s after switching on the water
spray system (i.e., at t > 20 s). As a result, the runback water was
found to be refrozen into runback ice at further downstream loca-
tions (i.e., starting at X∕C≈20% at t � 30 s as revealed clearly in
the acquired images given in Fig. 5).
As revealed quantitatively in Fig. 7b, while the time evolution

characteristics of themeasured surface temperatures on the icephobic
airfoil surface were found to be very similar as those on the hydro-
philic surface, some subtle differences can still be identified from the
measurement results given in Fig. 7b. As aforementioned, in com-
parison to that on the hydrophilic surface, impinging water droplets
would be more readily to bounce off and splash from the icephobic
airfoil surface due to its hydrophobic nature (i.e., θstatic≈100°),
causing less impinged water droplets remaining over the airfoil

frontal surface. Therefore, upon the impingement of same amount
of airborne supercooled water droplets, the temperature in the region
near the airfoil leading edge (e.g., at X∕C≈0.5%) was found to
be slightly higher (i.e., ∼0.5°C higher) than that on the hydrophilic
airfoil surface. With the same supplied power density of P≈
8.3 kW∕m2 for surface heating, less water collected over the airfoil
frontal surfacewas found to cause higher surface temperatures within
the heating zone on the icephobic airfoil surface (i.e., about ∼4.7°C
higher at X∕C≈8.0%) than that on the hydrophilic surface. More
specifically, with the system reaching the thermally stable state at
t > 40 s, the measured temperature at the end of the heating zone
(e.g., atX∕C≈8.0%) on the icephobic airfoil surfacewasmeasured to
be Tw≈� 5.4°C, the corresponding value was found to be only
Tw≈� 0.70°C on the hydrophilic surface. Since the incoming air-
flow was kept as frozen cold during the experiment (i.e., T∞ �
−5.0°C), the runback water would be cooled down rapidly once
flowing out of the heating zone. Because the runback water had a
higher temperature at the end of the heating zone on the icephobic
airfoil surface, the runback water would be able to travel for a longer
distance (i.e., reaching further downstream locations on the icephobic
airfoil surface) before being frozen into ice, in comparison to that on
the hydrophilic airfoil surface, as revealed clearly from the snapshot
images given in Fig. 6.
With the supplied power density for surface heating at the same

level of P � 8.3 kW∕m2, the measured surface temperatures on the
SHS-coated airfoil surface were found to be much higher than those
of the other two cases. More specifically, after switching on thewater
spray system for 40 s (i.e., at t � 40 s), while the surface temperature
near the airfoil leading edge (i.e., at X∕C≈0.5%) was found to
increase to Tw≈ − 0.50°C (i.e., ∼3.0°C higher than that on the
hydrophilic surface), the corresponding value at the end of the heated
zone (e.g., at X∕C≈8.0%) was measured to be Tw≈� 11.6°C
(i.e., ∼11.0°C higher than those on the hydrophilic surface), which
waswell above thewater freezing temperature. This can be explained
by the fact that, due to the extraordinary water repellency of the SHS-
coated surface, a significant portion of the impinging supercooled
water droplets would bounce off from the SHS-coated airfoil surface
[51], except those in the region near the airfoil leading edge (i.e., the
stagnation line). Thiswould result inmuch lesswatermass remaining
on the airfoil surface. As shown clearly in Fig. 6c, since much fewer
impinged droplets would be collected on the SHS-coated airfoil
surface, a much smaller portion of the supplied energy will be
dissipated for heating the impinged supercooled water droplets,
leading to the much higher surface temperature within the heating
zone on the SHS-coated airfoil surface. As a result, the surface
temperature in the downstream region beyond the heating zone was
also found to become higher on the SHS-coated surface (e.g., Tw≈ −
1.69°C at X∕C≈16%) than that on hydrophilic surface (i.e., Tw≈ −
5.0°C at the same downstream location). In addition to having much
higher temperature to delay the ice accretion process, the extreme
small capillary forces to restrain thewater droplets from running back
over the SHS-coated surface (i.e., only ∼4% of that on the hydro-
philic surface) would also facilitate the incoming airflow to blow
away the tiny water droplets from the SHS-coated airfoil surface.

Therefore, with the same supplied power density ofP � 8.3 kW∕m2

for the anti-/de-icing operation, the SHS-coated airfoil surface was
found to be completely ice-free, as shown clearly in the snapshot
image given in Fig. 5c.

D. Determination of the Minimized Electric Power Input Required
for Anti-/De-Icing Operation

As described above, with the same supplied power density of P �
8.3 kW∕m2 for the anti-/de-icing operation, while the SHS-coated
airfoil surface was found to be completely ice-free, substantial ice
structures were still found to accrete over the hydrophilic and ice-
phobic airfoil surfaces due to the refreezing of the runback water in
the downstream region beyond the area protected by the filmheater. It
was found that the hydrophilic and icephobic airfoil surfaces could
also become ice-free if higher electric powers were supplied to the
film heater wrapped around the airfoil leading edge.
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In the present study, a parametric study was conducted to deter-
mine the minimum power input required by the film heater for a
successful anti-/de-icing operation (i.e., to keep the entire airfoil
surface ice-free) for the three compared coatings. During the
experiments, while the model airfoil was exposed to the same glaze
icing conditions (i.e., V∞ � 40 m∕s, LWC � 2.0 g∕m3, and T∞ �
−5°C), the electric power supplied to the film heater was increased
gradually until the entire airfoil surface became ice-free during the
entire anti-/de-icing experiment (i.e., up to 180 s after switching on
the water spray system of ISU-IRT).
Figure 8 shows typical snapshot images of the airfoil surfaces

treated with different surface coatings when the electric power sup-
plied to the film heater was increased gradually for the anti-/de-icing
operation. The images were acquired at t � 120 s (i.e., 120 s later
after switching on the water spray system). As shown clearly in
Fig. 8a, when the electric power supplied for the surface heating

was relatively lower (i.e.,P ≈ 8.3 kW∕m2), while the active anti-/de-
icing method of heating the airfoil frontal surface was found to be
effective in preventing ice accretion near the airfoil leading edge,
substantial rivulet-shaped runback ice structures were observed to
accrete over the hydrophilic airfoil surface in the downstream region
ofX∕C > 17%.When the supplied power density for surface heating

increased to P ≈ 25 kW∕m2, since the runback water would be
heated upmore intensively as flowing over the heating zone, it would
delay the freezing process of the runback water in the downstream
region. As a result, no rivulet-shaped runback ice structures were
found to accrete over the hydrophilic airfoil surface up to the down-
stream region ofX∕C > 56%. When the supplied power density was

further increased toP ≈ 45 kW∕m2, all the impinged water collected
over the airfoil frontal surface was found to be able to stay in liquid
form during the entire runback process over the hydrophilic airfoil
surface, which would shed off from the airfoil leading edge even-
tually. As a result, no ice structures were found to accrete over the
entire hydrophilic airfoil surface, as revealed clearly in Fig. 8a.
Avery similar scenario was also observed over the icephobic airfoil

surface as the power supplied to the film heater increased gradually for
the anti-/de-icing operation. Since less impinged supercooled water
droplets would be able to remain over the icephobic airfoil surface

because of its hydrophobic nature, the ice-free zone over the airfoil
frontal surface was found to be extended to further downstream loca-
tions, in comparison to those over the hydrophilic airfoil surface. With
the same supplied power density of P ≈ 25 kW∕m2, droplet-shaped
runback ice structures were found to accrete in the downstream region
of X∕C > 67% over the icephobic airfoil surface, as shown clearly in
Fig. 8b. When the supplied power density was further increased to

P ≈ 40 W∕m2, while the impinged water droplets collected over the
airfoil frontal surfacewere found tobe heated up somuch that theywere
able to stay in liquid phase during the entire runback process; therefore,
no ice was found to accrete over the entire icephobic airfoil surface.
As revealed clearly in Fig. 8c, a much lower electric power is

required for the hybrid anti-/de-icing system to prevent ice accretion
over the SHS-coated airfoil surface. No icewas found to accrete over
the entire SHS-coated airfoil surface once the power density supplied
for the surface heating becamegreater thanP ≈ 4.6 kW∕m2, which is
only 10% of that required for the casewith the airfoil surface covered
with the hydrophilic coating.
Table 2 summarizes the minimum power density required for a

successful anti-/de-icing operation (i.e., to keep the entire airfoil surfa-
ces ice-free). It can be seen clearly that, in comparison to the active
approach of forceful heating the hydrophilic airfoil surface, the hybrid
anti-/de-icing system with the icephobic and SHS coatings would
achieve a power saving of 10 and 90% under the same glaze icing
condition, respectively. It also suggests that, compared with the ice-
phobicity, the surfacewettabilitywill play amuchmoredominant role in
reducing the power consumption required for the anti-/de-icing oper-

Fig. 8 The acquired images with different power density levels supplied for surface heating.

Table 2 Minimum power density required to keep entire airfoil
surface ice-free

Compared surface coating
Required minimum power
density for the anti-/de-icing

operation, kW∕m2

Power saving
for the

anti-/de-icing, %

Hydrophilic coating 45 ——

Icephobic coating 40 ∼12
SHS coating 4.6 ∼90
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ation. As described above, due to its extraordinary water repellency, the
SHS-coated airfoil surface would reject most of the impinging super-
cooled water droplets from staying on the SHS-coated airfoil surface
effectively, which would significantly reduce the ice accretion on the
airfoil surface. Meanwhile, the much smaller capillary force to restrain
the water droplets from running back will enable the water droplet to
move more freely over the SHS-coated airfoil surface, facilitating the
airflow to blow the water droplets away from the SHS-coated airfoil
surface, instead of forming runback ice structures.
Even though the ice adhesion strength on the icephobic airfoil sur-

face is significantly less than that on the hydrophilic airfoil surface (i.e.,
∼90% smaller), the capillary forces acting on the runback water
droplets were found to be only slightly smaller than those on the
hydrophilic airfoil surface (i.e., only ∼10% smaller). As a result, the
impingedwater collected over the airfoil frontal surfacewould runback
gradually over the icephobic airfoil surface. Interacting with the frozen
cold airflow above the airfoil surface, the runback water would be
cooled down continuously once flowing out of the heating zone (i.e.,
the area protected by the film heater) and was found to refreeze into ice
eventually at further downstream locations.Despite the relatively small
ice adhesion strength to the icephobic surface (i.e., τice≈75 kPa), the
aerodynamic shear forces exerted by the boundary-layer airflow over
the airfoil rear surface were still too weak to remove the accreted ice
structures from the icephobic airfoil surfaces.As a result, a substantially
high-power density would be required to heat the runback water to
enable them to stay in liquid phase until shedding off from the airfoil
trailing edge. In summary, in comparison to thebaseline case of forceful
heating the hydrophilic airfoil surface, while the hybrid anti-/de-icing
system with the SHS-coated airfoil surface would achieve about 90%
energy savings inpreventing ice accretion over the entire airfoil surface,
the hybrid system with the icephobic coating could only reduce the
energy consumption required for the anti-/de-icing operation by 10%.

IV. Conclusions

An experimental study was conducted to examine the effects of
surface wettability and icephobicity on the performance of a hybrid
anti-/de-icing approach that combines surface heating near the airfoil
leading edge with either hydrophobic or icephobic surface coatings
for aircraft icing mitigation. The experimental study was conducted
in an Icing Research Tunnel of Iowa State University (ISU-IRT) with
an airfoil/wing model exposed to typical glazy icing conditions.
While the airfoil model was wrapped with a flexible electric film
heater around its leading edge to actively prevent ice accretion on
the airfoil frontal surface, three kinds of surface coatings with differ-
ent hydrophilicity and icephobicity were applied to coat the airfoil
surface in three distinct segments along the model span. The com-
pared coatings included 1) an icephobic coating with very small
ice adhesion strength and weak hydrophobicity, 2) an SHS coating
with outstanding water repellency but a moderate icephobicity, and
3) a commonly used protective hydrophilic coating with a relatively
poor hydrophobicity and strong ice adhesion strength as the baseline
for the comparative study.During the experiment, in addition to using
high-speed imaging systems to record the dynamic icing and anti-/de-
icing process over the airfoil surfaces coatedwith different coatings, a
high-speed IR thermal imaging system was also used to characterize
the unsteady heat transfer process over the airfoil surfaces.
The characteristics of the dynamic ice accretion process over the

airfoil surface were found to be affected by the surface wettability
significantly. In comparison to those on the hydrophilic airfoil surface
(i.e., the baseline case), impinging supercooled water droplets would
be more readily to rebound and roll off from the icephobic airfoil
surface due to its hydrophobic nature, resulting in less impinged water
droplets remaining on the icephobic airfoil surface. Instead of forming
a water film/rivulet flow as that on the hydrophilic airfoil surface, the
impinged water droplets were found to merge quickly into larger
droplets and run back toward the airfoil trailing edge as isolated
droplets on the icephobic airfoil surface. Corresponding to the smaller
capillary forces to restrain the water droplets from moving on the
icephobic surface, the runback water droplets were found to be able
to travel farther distances approaching the airfoil trailing edge before

being frozen into ice. It resulted in the formation of the droplet-shaped
ice structures at further downstream locations on the icephobic airfoil
surface. Because of its superhydrophobicity, much more impinging
supercooled water droplets were found to rebound and roll off quickly
from the SHS-coated airfoil surface, resulting in less ice accreting over
the airfoil frontal surface. Thanks to its extraordinary water repellency,
the impinged water droplets were much more readily blown away by
the incoming airflow from the SHS-coated airfoil surface, resulting in
no runback ice accreted on the SHS-coated airfoil surface.
After the electric filmheaterwrapped around the airfoil leading edge

was turned on, the impinged supercooledwater droplets were found to
be heated up rapidly and stay in liquid phase over the airfoil frontal
surface, thereby eliminating ice accretion near the airfoil leading edge
regardless of the applied coatings. The impingedwater would run back
over the airfoil surface as driven by the incoming airflow. Interacting
with the frozen cold airflowover the airfoil surface, the runback surface
water was cooled down continuously once flowing out of the heating
zone (i.e., the area protected by the filmheater), leading to refreezing of
the runbackwater into runback ice at further downstream locations.As
the electric power supplied to the film heater increased, the occurrence
of the runback ice accretion was found to be pushed further down-
stream locations, approaching the airfoil trailing edge.With the electric
power supplied for surfaceheatingbecominghigh enough, the runback
water was found to be able to stay in liquid phase during the entire
runback process and shed off eventually from the airfoil trailing edge,
resulting in no ice accretion over the entire airfoil surface.
The minimum electric power required for surface heating to achieve

a successful anti/de-icing operation (i.e., making the entire airfoil sur-
face ice-free)was found to be highly dependent on thewettability of the
airfoil surface. In comparison to the baseline case of forceful heating the
hydrophilic airfoil surface, the hybrid anti-/de-icing approachwithSHS
coating was found to achieve about 90% energy savings in preventing
ice accretion over the entire airfoil surface, thanks to its extraordinary
water repellency. Because of its weak hydrophobicity, the hybrid
system with the icephobic coating was found to reduce the energy
consumption required for the anti-/de-icing operation by only about
10%, despite its outstanding icephobicity. The research findings sug-
gest that the wettability of the airfoil surface would play a much more
dominant role than the icephobicity in affecting the performance of a
hybrid ant-/de-icing system for aircraft icing mitigation.
It should also be noted that, since the primary objective of the

present study is to explore novel anti-/de-icing strategies for the icing
protection of modern aircraft and UAVs, the experimental study was
conducted with an airfoil model made of polymer-based material
with relatively low thermal conductivity. While the research findings
derived from the present study are believed to be also applicable to
traditional metal-based aircraft in general, the effects of the signifi-
cant difference in the thermal conductivity between the conventional
metal-based aircraft (i.e., ∼200 W∕�m ⋅ K�) and the polymer-based
modern aircraft (i.e., ∼0.2 W∕�m ⋅ K�) on the icing characteristics
and anti-/de-icing operation should be considered carefully, which
will be investigated systematically in a future study.
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