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'ABSTRACT
This study introduces wing-shaped composite airfoils integrated with high-
efficiency, multifunctional anti-icing heating elements composed of nickel-plated carbon

fiber. The anti-icing performance of these airfoils was evaluated through experiments

! List of abbreviations: IRT, icing research tunnel; IPS, ice protection system; IR, infrared; XRD, X-ray
diffraction; XPS, X-ray photoelectron spectroscopy; FE-SEM, field-emission scanning electron
microscopy; EDS, energy-dispersive X-ray spectroscopy; MVD, mean volume diameter; LWC, liquid
water content; LED, light-emitting diode; DC, direct current; 3D, three-dimensional; CFD, computational
fluid dynamics; SST, shear stress transport; RANS, Reynolds-averaged Navier—Stokes; AoA, angle of
attack.
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conducted in an Icing Research Tunnel (IRT) under representative glaze icing conditions.
These results indicate that the nickel-plated carbon fiber exhibits an electrothermal
conversion efficiency of 0.1 W/°C and a heating rate of 0.64 °C/s. In particular, icing
wind tunnel tests conducted at a power density of 9.0 kW/m2 demonstrated that the
heating zone remained above the freezing point, thereby preventing ice accretion, while
runback ice formed in the region corresponding to X/C ~24—-32% during a 300 s accretion
period. The experimental results demonstrated high reliability and accuracy, showing a
temperature difference of less than 0.5 °C compared to the surface temperature predicted

by the multiphysics anti-icing simulation under identical conditions.

Keywords: Aircraft icing, Icing wind tunnel test, Ice protection system, Nickel-plated
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1. Introduction

Aircraft icing presents a serious safety hazard when supercooled water droplets in
icing clouds impact the aircraft’s exterior surfaces [1-4]. The accumulation of ice on
critical components such as wings, rotor blades, propellers, and engine intakes can
significantly impair aerodynamic performance and reduce propulsion efficiency [5]. Ice
accumulation on leading edges and control surfaces increases surface roughness, resulting
in higher aerodynamic drag. Simultaneously, the altered airfoil profile reduces lift,
leading to flight instability and potential safety hazards [6-8]. Consequently, aviation
regulations require the installation of an ice protection system (IPS) to ensure safe
operations under specific icing conditions [9]. Modern aircraft increasingly employ

carbon fiber because of its superior specific strength and stiffness compared to metals
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[10,11].

Previous studies have used icing wind tunnel tests to assess the impact of icing on
carbon fiber composite materials; the results have been summarized in Table 1. Recent
studies have investigated the dynamic ice accretion process on composite airfoil models
under various conditions through numerical simulations and experimental investigations
[12-15]. The resulting deterioration in aerodynamic performance due to ice formation has
been quantitatively assessed. Ice accumulation disrupts the airflow around the airfoil,
leading to flow separation and the generation of unsteady vortex structures [16,17].
Furthermore, various IPS strategies for composite surfaces have been experimentally
evaluated. Superhydrophobic coatings facilitate the removal of water droplets from the
surface due to external natural forces, thereby mitigating ice accumulation and enhancing
anti-icing effectiveness [18,19]. Structural vibration and impulse-based methods remove
accumulated ice by inducing shear stresses that exceed the critical threshold through
mechanical oscillations and impulse forces [20]. Electrothermal heating elements have
been employed to maintain the wing surface above freezing temperatures to prevent ice
formation or periodically deice the surface [21-25].

Most research focused on IPS utilizing electrothermal heating elements, owing to
their precise digital control, high thermal efficiency, and robust structural stability
[26,27]. However, using carbon fiber as a heating element is constrained by its
turbostratic graphite structure, which results in high electrical resistance and low
conductivity [28]. Recent studies have shown that carbon fiber modified with metal
nanoparticles exhibits significantly enhanced electrothermal properties due to increased
electrical and thermal conductivity [29]. Earlier research primarily focused on the

dispersion of conductive nanoparticles within the resin matrix and their electromagnetic

3



properties. In contrast, our approach involves directly coating carbon fibers with a nickel
layer. The dispersion of nanoparticles often presents challenges, including particle
agglomeration, increased resin viscosity, and non-uniform distribution. Furthermore, it
involves a highly complex process, as the mechanical and electrical properties of the
nanomaterials are susceptible to their dispersion state. The choice of electroless metal
plating technique not only addresses the agglomerations issues but also improves the
electrothermal properties [30—32]. Various conductive metal nanoparticles, such as silver,
nickel, and copper, have been successfully plated onto different fiber surfaces through
oxidation—reduction reactions in aqueous solutions, imparting specific electrical and
thermal properties to the material [33—35]. Remarkably, during the plating process, nickel
forms a passive layer that provides excellent corrosion and abrasion resistance.
Additionally, its high conductivity further enhances the electrical and thermal
performance of carbon fiber when applied through electroless plating.

For this reason, we investigated IPS utilizing electroless nickel-plated carbon fibers.
This anti-icing method contrasts sharply with previous studies on anti-icing wind tunnel
tests on IPS using composite structures with conventional resistive heating elements and
embedded conductive material networks, as shown in Table 1. Against this background,
the objective of this study is to propose a composite airfoil incorporating electroless
nickel-plated carbon fibers to achieve efficient heat transfer and to evaluate the
functionality of the electrothermal IPS under glaze ice conditions using icing wind tunnel
tests and multiphysics icing simulations.

These elements exhibit excellent electrical and thermal properties, enabling high
electrothermal conversion efficiency and superior heating performance. We

experimentally evaluated the composite airfoil by observing the dynamic ice formation
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process and monitoring surface temperature changes under icing conditions. The
experiments were conducted in the icing research tunnel at lowa State University. Figure
1 shows the concept of the proposed composite airfoil. A high-resolution digital imaging
system captured the dynamic process of ice attachment and anti-icing on the model
surface. An infrared (IR) camera quantitatively measured the surface temperature
distribution. Additionally, the electrothermal IPS for an aircraft wing structure has been
validated through a multiphysics anti-icing simulation under identical conditions to the
experimental setup, ensuring functional performance assessment and model reliability.
2. Materials and methods
2.1 Nickel-plated carbon fiber

First, electroless nickel plating was performed on pristine carbon fiber purchased
from Minhu Composite Co. Ltd. (Korea) to evaluate its electrical properties. The
microstructure and surface morphology of the samples were characterized using X-ray
diffraction (XRD), X-ray photoelectron spectroscopy (XPS), and field-emission scanning
electron microscopy (FE-SEM; SU5000, Hitachi, Japan). Figure 2(a) shows FE-SEM
images that clearly reveal a nickel-plating layer on the carbon fiber surface. Energy-
dispersive X-ray spectroscopy (EDS; Ultim Max40, Oxford, UK) further confirmed that
nickel was absent in the pristine carbon fiber, while the nickel-plated sample exhibited a
high nickel content of 75.98 wt% (both in weight percentage and atomic ratio), as detailed
in Table 2 and Figure 2(b). Figure 2(c) shows the XPS results (Nexsa, Thermo Fisher
Scientific, USA) for both pristine and nickel-plated carbon fibers. XPS, which analyzes
photoelectron kinetic energy to determine atomic composition and electron coupling,
showed no detectable Ni peaks for the pristine carbon fiber. In contrast, a prominent peak

at 856.1 eV was observed for the nickel-plated sample, corresponding to nickel atoms
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distributed on the fiber surface. Further structural analysis was performed using X-ray
diffraction (XRD; Ultima 1V, Rigaku, Japan), as shown in Figure 2(d). While the pristine
carbon fiber exhibited no distinct peaks, the nickel-plated sample displayed characteristic
nickel diffraction peaks at 20 values of 43.5°, 50.6°, and 74.3°.

2.2 Heating performance

The heating performance of the nickel-plated carbon fiber element was evaluated using
samples measuring 40 mm x 40 mm. Copper foil with electrodes attached at 5 mm
intervals on both ends was used, as shown in Figure 3(a). Temperature measurements
were recorded with an IR camera (FLIR E76, 24°). Figure 3(b) shows thermal images of
both the pristine and nickel-plated carbon fibers at room temperature. At an applied
voltage of 1.5 V for 5 min, the maximum surface temperatures of the samples changed
over time, reaching an equilibrium state as heat dissipation balanced the generated heat,
a condition calculated using Joule’s law [36,37]. Figure 3(c) compares the temperature
profiles of the two samples. The nickel-plated carbon fiber achieved an equilibrium
temperature of 85.6 °C, 2.61 times higher than that of the pristine carbon fiber.
Additionally, the heating rate of the nickel-plated sample reached 0.61 °C/s at 100 s,
which is 8.76 times faster compared to the pristine sample. To further assess its
performance, the electrothermal conversion efficiency was determined using the

following equation, with the corresponding values presented in Table 3:

hyye = (1)

This equation confirms the effective heat-conversion characteristics of the nickel-plated



carbon fiber, demonstrating its potential as a superior heating element. Its low resistance
and high electrothermal conductivity contribute to its enhanced heating capacity. The
heating mechanism is based on resistive heating, where the flow of electric current
through the conductive medium results in electron movement and collisions with atomic
nuclei. This process converts kinetic energy into thermal energy, allowing precise control
of the generated heat by adjusting the applied voltage and current, independent of external

conditions. According to Joule’s law, the generated thermal energy (Q) can be expressed

as follows:
V =IR (2)
Q = IRt 3)

where V represents the voltage, I denotes the electric current, R denotes the resistance,
and t denotes the duration of current flow. These equations quantify the thermal energy
produced by current flowing through a resistive material, providing a basis for evaluating
the enthalpy change and overall efficiency of the electrothermal heating system.

2.3 Experimental setup

This study was conducted in the multifunctional Icing Research Tunnel (IRT) at lowa
State University (ISU-IRT). Figure 4(a) presents a photograph of the actual test section,
while Figure 4(b) illustrates a schematic of the experimental setup. The test section of the
ISU-IRT measures 2.0 m in length, 0.4 m in width, and 0.4 m in height, and is enclosed
by four optically transparent sidewalls to allow for visual observation during testing. A
30 hp fan/motor (Baldor™) propels the wind speed up to 60 m/s within the test section

[38]. The tunnel is cooled by a heat exchanger, which is itself cooled by a 30 kW
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compressor (Vilter™), allowing the airflow temperature to drop to -25 °C. Under the set
icing conditions, temperature fluctuations within the test section remain within +1.0 °C
[38]. Eight spray nozzles/atomizers (IKEUCHI BIMV 8002) are installed at the entrance
of the tunnel contraction to inject micro-sized water droplets. Measurements using
LaVision’s ParticleMaster™ system confirmed that the droplets range from 10 to 100 pum,
with a mean volume diameter (MVD) of approximately 20 wm under the test conditions
[39]. The volumetric flow rate of water entering the tunnel is monitored using a digital
flow meter (Omega, FLR-1605A). By adjusting the air pressure and water supply to the
spray nozzles, the mass flow rate, and consequently the liquid water content (LWC), can
be varied from 0.1 g/m?® to 5.0 g/m? [40]. This flexibility enables the ISU-IRT to simulate
a range of aircraft icing phenomena, from very dry rime ice (LWC = 0.2 g/m®) to wet
glaze ice (LWC > 5.0 g/m3).

For illumination during the icing experiments, a high-power light-emitting diode
(LED) light unit (RPS Studio Light, Model RS-5620) provided low-flicker lighting. A
high-resolution imaging system (PCO Tech PCO1200™ camera with a spatial resolution
of 1248 x 1280 pixels) equipped with a 60 mm optical lens (Nikon, 60 mm Nikkor 2.8D)
was positioned 50 mm above the airfoil model to record the ice formation and anti-icing
processes [41].

Additionally, an IR thermal imaging system (FLIR-A615, spectral range 7.5-14 um,
resolution 640 x 640 pixels) mapped the temperature distribution on the airfoil surface
during the anti-icing process. The IR camera was mounted approximately 300 mm above
the airfoil, and the thermal radiation from the surface passed through an IR window (FLIR
IR Window-IRW-4C, made of calcium fluoride) before reaching the camera [42]. During

the experiments, the effect of the heating composite’s thermal characteristics on aircraft
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icing was evaluated by applying power using a direct current (DC) power supply
(Keysight, E36155A, 800W). Table 4 summarizes the test cases for the NACA0012
airfoil model equipped with a heating element under typical glaze ice accretion conditions.
Glaze ice forms under relatively higher air temperatures, higher LWC, and larger MVD,
especially under freezing drizzle conditions, compared to rime ice formation [43].

In these experiments, the incoming airflow velocity in the ISU-IRT was maintained
at 40 m/s (Vw), corresponding to a Reynolds number of approximately 600,000 based on
the chord length of the test model. For the glaze icing tests, the ambient temperature and
LWC of the incoming airflow were set at -5.0 °C and 0.5 g/m3, respectively.

2.4 Numerical methods

The anti-icing simulation was performed using the CHT3D framework, which integrates
key components from the advanced three-dimensional (3D) in-flight icing package,
FENSAP-ICE. This approach combines multiple 3D computational domains, including
viscous fluid dynamics, droplet collision dynamics, ice formation, and thermal
conduction, to provide a detailed simulation of electrothermal anti-icing systems. Each
module within FENSAP-ICE (covering airflow, droplet impact, ice formation, thermal
conduction, and conjugate heat transfer) has been rigorously validated through
experimental testing [44]. The computational fluid dynamics (CFD) module consists of
three specialized solvers that manage airflow, droplet transport, and ice accretion with
conjugate heat transfer.

Airflow is simulated using ANSYS-FLUENT, a compressible Navier—Stokes—
Fourier solver based on the finite-volume method. This solver employs Roe’s
approximate Riemann solver, enhanced for high-order accuracy via the least squares

method, and utilizes the k—omega shear stress transport (SST) turbulence model for the
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Reynolds-averaged Navier—Stokes (RANS) equations, which improves the prediction of
near-wall turbulence [45].

For the droplet phase, an Eulerian framework is used, incorporating additional
continuity and momentum equations to resolve the partial differential equations
governing droplet velocity and concentration. The complex three-dimensional droplet
flow is handled by the DROP3D module in the FENSAP-ICE code [46], which provides
distributions for collection efficiency and impingement limits on arbitrarily complex

surfaces or within internal passages [47].

[p'[;']t +V- [puu[-)l-upgdl] - [Au(ua —u)+ g‘b + V- (pgdl (4)

The air and droplet velocity components are represented by u and u,, respectively. S, is
an estimation of the gravity and buoyancy forces on the droplet. The aerodynamic drag
on droplets due to the airflow is represented by the term A, (u, — u). Finally, the term
V - (pgdl) is added to both sides of the momentum equation to resolve the non-strictly
hyperbolic nature of the Eulerian droplet equations [8]. Computational models of
atmospheric droplets fall into two categories, the clean airfield, and air-mixed droplet
field. For this kind of flow, in general, the two-phase flow can further be simplified by
ignoring the droplet effects on air flows. Since the mass loading ratio of the bulk density
of the droplets over the bulk density of air is on the order of 1073 in the air-droplet flow,
the two-phase flow can be simulated using a weakly coupled (one-way coupling)
algorithm. The air flow data should then be provided to the droplet solver through the

source terms in the case of the Eulerian droplet equations.

10



The ice accretion solver employs conjugate heat transfer (CHT3D) to simulate ice
thickness on the anti-icing surface. Here, the classical algebraic Messinger model is
reformulated into partial differential equations governing mass balance and heat transfer

at the surface to capture the complex ice geometries on wing structures [47]:

ohy _ . :
Pw [W + V- (ufhf)] = UoLWCB — Mgyap — Myce )

a(thWT)
w at
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In these equations, the model estimates the instance mass of ice (1m;..) and temperature
at the wall/water/ice/air interface (T) along the surface. Unfrozen water is treated as

runback water, and the velocity of the water film () is given by

h
af X) = ﬁ‘[wall(x) (7)

Here, u,, denotes the dynamic viscosity of water, h is the water film thickness, and 7,4
is the air wall shear stress. C,,, C;.., and Cj, represent the specific heats for water and ice
and the convective heat transfer coefficient, respectively [4]. The term m,,,,,, denotes the
instantaneous mass rate of evaporated water, and L¢sion, Levap, and Lg,p,; represent the
latent heats of fusion, evaporation, and sublimation, respectively. Additionally, T denotes

temperature of air, T,, is the air temperature at infinity, T IS the stagnation temperature
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at infinity, T, . is the droplet temperature, and u, is the droplet velocity vector. The
parameters € and o denote the solid emissivity and the Boltzmann constant, respectively

[48,49]. The following compatibility conditions must also be satisfied:

hf >0, T =0, hT =0, MiceT <0 (8)

Heat conduction in the airfoil skin and heat generation from the IPS is implemented in a
finite element formulation through the law of conservation of energy. In Equation (6),
Qanti-icing represents the conjugate heat transfer arising from the thermal interaction
between the solid and the fluid. Ice accretion in the presence of heat sources is governed

by heat conduction, expressed as

0Hy(T)
ot

=V (kny(TOVT) + Sy (8) %)

where H,, and k,, denote the temperature-dependent enthalpy and thermal conductivity
of the material M, respectively, T is the temperature, and S,, is a heat source term
introduced to model the electric heaters. T denotes the solid material temperature, and t

represents the time. The values of T and T from Equations (5), (6), and (9) are used to

compute Qunti—icing:

Qanti—icing = _AkM% (10)
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where n is the normal vector, and A is the area of the boundary surface. In anti-icing
simulations incorporating CHT, it is essential to resolve the mass, momentum, and energy
conservation equations with temporal accuracy across multiple domains, including air
and water flows, the water film, the ice layer, and the aircraft skin. The simulation begins
with a steady-state airflow computation over the external domain, which serves as the
baseline condition. Subsequently, water droplet impact is analyzed to quantify the mass
accumulation on exposed surfaces. Newton iterations are carried out to ensure
convergence of heat fluxes across the interfaces of all computational regions. Based on
the resulting mass accumulation from the film and reduction due to melting, the evolving
ice geometry is computed and subsequently re-meshed. The overall computational
process is illustrated in Figure 5. The ice accretion analysis for wing-shaped composites
with nickel-plated carbon fibers was conducted using ANSYS-FLUENT 2023 R1 and
ANSYS FENSAP-ICE 2023 R1 (Ansys Inc., USA).

The numerical model replicates the dimensions used in the icing wind tunnel tests,
comprising a chord length of 200 mm, a spanwise length of 400 mm, and a thickness of
2 mm, with no sweep angle or taper. Figure 6(a) depicts the numerical simulation domain
and boundary conditions for the icing and multiphysics anti-icing simulation. In the
simulation, velocity inlet and pressure outlet boundary conditions were applied to the
external flow grid, while a prescribed heat flux was set on the solid grid to model the
heating element at the leading edge of the wing-shaped composite. Wall boundary
conditions were imposed on both the external flow and the solid surfaces. In addition to
the initial mesh, finer and coarser meshes are also generated. This is done to investigate
the grid dependency. Figure 6(b) shows the wall Y-plus chart around the NACAQ012

airfoil surface. The initial cell height of all grids is set to 5 x 10°® m, which satisfies y+ <
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1. The far-field size and the extrusion rate remain the same, while the growth rate is
adapted. A description of the grid setup is presented in Table 5. The initial grid comprised
82,368 cells in the external flow domain and 65,520 cells in the solid domain. Table 4
details the flow conditions used in the icing simulations, which were identical to those in
the icing wind tunnel tests (i.e., an airflow speed of 40 m/s, a temperature of -5 °C, an
MVD of 20 um, an LWC of 0.5 g/m?, and an exposure time of 300 s). The simulations
considered an airfoil angle of attack (AoA) of 0° and IPS heat flux values of 5 kW/m?
and 9 kwW/m?,
3. Wing-shaped composite airfoils
3.1 Design and fabrication

As described in Sections 2.1 and 2.2, electroless nickel plating was applied to carbon
fiber to enhance its electrical and thermal characteristics, yielding heating elements with
superior electrothermal conversion efficiency. Figure 7(a) shows the lay-up sequence for
the proposed wing-shaped composite, which incorporates these advanced heating
elements. The structure consists of seven laminated layers with a total thickness (Ttotal) Of
2.28 mm. At its core is a single ply of nickel-plated carbon fiber (0.15 mm thick) that
serves as the heating element. This central layer is bordered by two plies of glass
fiber/epoxy (each 0.36 mm thick) to provide essential electrical insulation and resistance
bonding. On either side of this configuration, three plies of carbon fiber/epoxy (each 0.36
mm thick) are added to support load-bearing and facilitate thermal transfer. Finally, a ply
of glass fiber/epoxy (0.18 mm thick) is applied to both the top and bottom surfaces of the
heat sink, ensuring ignition protection and uniform thermal distribution. This arrangement
is designed to optimize thermal transfer in the perpendicular direction. Figure 7(b)

provides an overview of the fabrication process for the proposed wing-shaped composite
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airfoil. After the model lay-up was completed, the layered sample was vacuum-bagged
and subjected to an autoclave curing cycle, which consisted of a 120 min dwell at 130 °C
under a pressure of 7 atm. Once fully cured, the specimens were further prepared for the
icing tunnel tests by applying an enamel spray coating and attaching an aluminum skin
body.

3.2 Electrothermal heating performance

Before testing, a heating element layer was embedded along the entire leading edge
of the wing-shaped composite. This setup was then mounted onto an aluminum fixture
and evaluated at ambient temperature to verify its heating performance. The test system
consisted of a DC power supply (E36154A, 800W, Keysight, USA) connected to the wing
model and a recording host computer, as shown in Figure 8.

The heating rate and heat evolution were monitored using an IR camera as the
voltage was varied, and the temperature distribution was quantitatively assessed from IR
images of the heated area on the composite surface. Figure 9(a) shows the location of the
heating element within the fabricated structure along with a schematic of the airfoil/wing
configuration. The perspective view demonstrates that the heating element is embedded
along the leading edge over a length of 400 mm. Room-temperature tests were conducted
over 300 s at voltage levels of 6.0, 8.0, and 10 V. Figure 9(b) shows the corresponding
temperature profiles and IR images. With increasing voltage, the maximum temperatures
reached were 45.3, 65.1, and 92.4 °C, respectively, while the corresponding heating rates
up to 300 s were 0.07, 0.14, and 0.23 °C/s, as shown in Figure 9(c). The power density
applied over the heating element ranged from 1.43 kW/m? to 4.07 kW/m?, indicating that
power increases with higher voltage. Based on these results, the proposed heating

elements demonstrate effective electrothermal performance. Table 6 presents the voltage,
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current, and power density for each test case. Several studies have examined the impact
of highly conductive materials on electrothermal properties using various nanoparticle
and hybrid filler formulations [50-60] to achieve optimal performance. The findings from
this study suggest that nickel-plated carbon fiber holds significant potential for
application in wing-shaped configurations.
4. Results and discussion
4.1 Droplet field analysis

The simulation quantitatively predicted the rate of droplets impacting the model
surface during icing wind tunnel experiments. Figure 10 shows the distribution of LWC
and collection efficiency around the airfoil for an LWC of 0.5 g/m® and an MVD of 20
um. The LWC distribution is symmetrical, which is consistent with the NACA0012
airfoil’s inherent symmetry, and it shows a concentrated accumulation at the leading edge
under 0° AoA. Additionally, distinct shadow zones are observed at the top and bottom of
the airfoil, beginning at X/C = 17% of the chord. The collection efficiency peaks at 0.8
when S/C = 0.030%, and it drops to nearly zero beyond S/C = 0.042%.
4.2 Characteristics of dynamic ice accretion process over the airfoil

The dynamic process of ice accretion and anti-icing was recorded to evaluate the
impact of the heating composite’s power density on the system’s performance. Figure 11
presents icing wind tunnel test results for a model with a nickel-plated carbon fiber
heating composite integrated into the leading edge of a NACAO0012 airfoil under glaze
icing conditions (U = 40 m/s, T = 268.15 K, LWC = 0.5 g/m®). Before activating the
water spray system in the ISU-IRT, the heating composite was energized for 5 min at
power densities of P = 5.0 kW/m? and P = 9.0 kW/m?. Figure 11(a) shows the test results

at a power density of P = 5 kW/m? after 300 s of water spray. Supercooled water droplets
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impacted the front surface of the airfoil, where some droplets froze immediately upon
contact with areas below the freezing point, leading to ice accretion along the leading
edge. In contrast, droplets that struck regions above the freezing point remained liquid.
Over time, the thickness of the ice on the leading edge increased gradually, reaching 4.81
mm by the end of the 300 s test. Liquid droplets that did not freeze were carried
downstream by aerodynamic shear forces, transporting water away from the heating zone.
In the cold inlet airflow (T. = -5.0 °C), as water moved out of the heating zone (X/C <
17%), it eventually froze, forming rivulet-shaped runback ice between X/C = 20% and
XIC =32% at t = 60 s. As the test continued, the length of the runback ice increased from
XIC =17% to X/C = 32% by t = 300 s.

Figure 11(b) presents the results at a higher power density of P = 9.0 kW/m?. Under
these conditions, the surface heating was sufficient to keep all impinging water droplets
in a liquid state upon contact with the airfoil’s leading edge, preventing immediate
freezing. Instead, the droplets formed a thin water film with fine rivulets that were
transported downstream. As the water exited the heating zone, the cold inlet airflow
gradually cooled it, causing runback ice to form between X/C =24% and X/C = 32% over
300 s. In this case, although the ice thickness within the affected section increased, the
overall length of the runback ice was reduced compared to the lower power density test
(5.0 kW/m?). Specifically, the point at which the runback water froze was delayed by
approximately X/C = 7%, and the overall length was reduced by approximately X/C =
9%. Simulation results closely matched the experimental observations.

Figure 12(a) shows that the simulated ice thickness on the leading edge differed by
approximately 2 mm (approximately 1% of the chord) compared to experimental results,

with the simulated runback ice length spanning X/C = 17% to X/C = 30% a range similar
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to that observed in the tests. Similarly, Figure 12(b) indicates that the simulation
accurately predicted the increased liquid phase of droplets and the corresponding runback
ice length at the front of the airfoil, with runback ice extending from X/C = 22% to X/C
= 31%. Figure 12(c) shows the icing shapes around the NACA 0012 airfoil predicted by
simulation. These findings validate the experimental results and confirm the effectiveness
of the anti-icing system.

Figure 13 shows velocity contours and airflow streamlines for clean airfoils and
airfoils of various power densities in an icing environment. Figure 13(b) shows the
velocity distribution for the ice formation generated at a power density of P = 5 kW/m?2,
Streamlined ice formation on the leading edge of an airfoil does not significantly change
the aerodynamic velocity profile compared to a clean airfoil. Thin, long runback ice
formed past the heating area causes localized flow acceleration and forms a separation
bubble of size X/C = 0.005. Figure 13(c) shows the velocity distribution for the ice
formation generated at a power density of P = 9 kW/m2. The droplets that moved
downstream while maintaining a liquid state at the airfoil leading edge generated
relatively short and thick runback ice. This runback ice formed a separation bubble with
a size of X/C =0.05, causing flow separation. As a result, the drag coefficient for the case
of P =5 kW/m?2is Cq = 0.0148, and for the case of P = 9 kW/m?Z it is Cq = 0.0400, which
are 182% and 493% higher, respectively, compared to the drag coefficient of the clean
airfoil, Cq = 0.0081.

4.3 Results of IR thermal imaging

The impact of nickel-plated carbon fibers on the anti-icing performance of the airfoil

surface was quantitatively assessed using an IR imaging system. Figure 14 shows the

surface temperature distributions at power densities of P = 5.0 kW/m? and P = 9.0 kW/m?,
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along with time-dependent temperature profiles at four chordwise locations on the airfoil
(X/C = 0.1% at the leading edge, X/C = 1.0% in the middle of the heated zone, X/C =
10%, and X/C = 20% near the end of the heated zone). Once the incoming airflow reached
the set temperature and power was applied, supercooled droplet spraying began once the
heated region achieved thermal stability. Figure 14(a) presents the IR imaging results at
P = 5.0 kW/m?2. Prior to droplet spraying, the temperature distribution in the heating zone
was lower near the leading edge owing to high convective heat transfer (e.g., Tw= 0.40 °C
at X/C = 0.10% and Tw = 2.0 °C at X/C = 1.0%). The temperature then increased toward
the center of the heated area (e.g., Tw = 6.0 °C at X/C = 10%) before decreasing in the
downstream region (e.g., Tw~2.0 °C at X/C = 20%). After activating the ISU-IRT’s water
spray system at t = 0 s, the surface temperature dropped rapidly as airborne supercooled
droplets struck the airfoil. In the region near the leading edge, where the temperature was
below freezing, droplets froze immediately upon impact. For t > 40 s, the temperature in
the heating zone declined more moderately and eventually leveled off.

Figure 14(b) shows the IR imaging results at a power density of 9.0 kW/m2 The
time evolution of the surface temperature under this higher power density was similar to
that observed at 5.0 kW/m?, with some notable differences. Before droplet spraying, the
temperature near the leading edge was Tw = 2.0 °C at X/C = 0.10% and Tw = 6.0 °C at
X/C = 1.0%, increasing to Tw = 14.0 °C at X/C = 10% before dropping to Tw ~ 8.0 °C at
X/C = 20%. After the water spray began, the temperature at the leading edge (X/C =
0.10%) was ~1.0 °C higher than at the lower power density, which suggests that the
impinging supercooled droplets remained in the liquid state as they passed through the
heating area. At P = 9.0 KW/m?, the entire heating zone maintained temperatures above

the freezing point, ensuring a continuous “running wet” condition. The experimental
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surface temperature profiles were compared with multiphysics anti-icing simulation
results for further validation.

Figure 15 presents the experimental data, extracted from seven points in the heating
region (X/C < 17%), alongside the simulation results. At P = 5.0 kW/m?, the average
temperature difference was 0.43 °C, while at P = 9.0 kW/m?, it was 0.49 °C. These
differences, all below 0.50 °C, highlight the reliability and accuracy of the experimental
results
5. Conclusions

This paper presents wing-shaped composite airfoils equipped with high-efficiency,
multifunctional anti-icing heating elements made from nickel-plated carbon fibers. These
elements exhibit excellent electrical and thermal properties, enabling high electrothermal
conversion efficiency and superior heating performance. Our tests revealed that
increasing the plating thickness and the weight percentage of nickel particles significantly
enhances performance, resulting in an electrothermal conversion efficiency of 0.1 W/°C
and a heating rate 8.76 times greater than that of pristine carbon fiber. Electrothermal
tests of the wing-shaped composite airfoil demonstrated that, at 10.0 V and a power
density of 4.66 kW/m?, the surface temperature reached 92.4 °C. Additionally, an
experimental investigation in the ISU-IRT evaluated the anti-icing performance under
dynamic glaze icing conditions. The results indicated that a power density of 9.0 kW/m?
enabled complete anti-icing functionality, as the nickel-plated carbon fiber heating
element effectively prevented ice formation along the leading edge. Notably, supercooled
water droplets remained in the liquid phase upon impingement, and the water was
subsequently carried downstream by the incoming airflow, forming runback ice in the

region between X/C = 24% and X/C = 32%. These experimental results were consistent
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with multiphysics anti-icing simulations performed under the same conditions. Overall,
the results demonstrate that nickel-plated carbon fiber heating elements exhibit
multifunctional properties and can serve as an efficient solution for practical aerospace
anti-icing systems. To enhance performance and mitigate runback ice formation observed
during wind tunnel testing, superhydrophobic coatings will be incorporated in future
detailed experiments, contributing to improved scalability and practical deployment in

aerospace applications.
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Figure Captions

Figure 1. Schematic of the ISU-IRT and the proposed wing-shaped composite airfoil.
Figure 2. (a) SEM images of the pristine carbon fiber and Ni-plated carbon fiber; (b) Ni-
element (wt. %) EDS analysis results for nickel-plated carbon fabric; (c) XPS curves and
XRD patterns.

Figure 3. (a) Electric heating test setup; (b) temperature distribution images (obtained via
IR camera) of pristine and Ni-plated carbon fabric; (c) temperature profiles at an applied
voltage of 1.5 V.

Figure 4. (a) Configuration image of the ISU-IRT test section; (b) Schematic of the
experimental setup.

Figure 5. Flowchart of the multiphysics anti-icing simulation.

Figure 6. (a) Computational domain of a multiphysics icing simulation model comprising
a solid and fluid grid; (b) The wall Y-plus around the NACAOQ012 airfoil surface.

Figure 7. (a) Configuration and lay-up sequence of the proposed wing-shaped composite
airfoil with an integrated heating element along the leading edge; (b) fabrication process
flow for the proposed wing-shaped composite airfoil.

Figure 8. Surface temperature measurement test setup for heating wing-shaped composite
materials.

Figure 9. (a) 3D profile of the wing-shaped composite; (b) IR images of the composite at
different applied voltages; (c) temperature profiles at various voltage levels.

Figure 10. LWC distribution (left) and collection efficiency (right) around a NACA0012
airfoil.

Figure 11. Time sequences of images capturing the anti-icing process on the wing-shaped

composite at different power densities: (a) test case with U, = 40 m/s, LWC = 1.0 g/m?,
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T. = 268.15 K, and power density =5 kW/m?; (b) test case with U., = 40 m/s, LWC =1.0
g/m3, T., = 268.15 K, and power density = 9 kW/m?,

Figure 12. Comparison of snapshots and computational analysis results of the ice
formation process on the airfoil surface under power densities of (a) 5 kW/m? and (b) 9
kW/m?, for test conditions of U, = 40 m/s, LWC = 1.0 g/m?, and T. = 268.15 K; (c)
Comparison between the shape of the ice on the wing during each case.

Figure 13. Velocity contour and airflow streamline of the airfoil at different power
densities at (a) clean airfoil; (b) 5.0 kW/m? and (c) 9.0 kW/m?,

Figure 14. Acquired IR thermal imaging results and time evolution of surface temperature
during anti-icing tests at (a) 5.0 kW/m? and (b) 9.0 kW/m? under test conditions of U, =
40 m/s, LWC = 1.0 g/m?, and T, = 268.15 K.

Figure 15. Comparison of the extracted surface temperature profile and simulation results

at 300 s.
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Tables

Table 1. Comparison of icing wind tunnel tests with composite experimental models as reported in the literature survey.

Authors Materials Icing wind tunnel test conditions

Airfoil models T \Y LwcC

€9 (m/s) (g/m°)

Gao et al. (2019) [12] Polymer-composite DU96-W-180 -10 40.0 0.30-3.00
Jasinski et al. (1997) [13] Carbon fiber S809 -10 65.2 0.10
Wang et al. (2024) [14] Glass-fiber-reinforced plastic DU97 -5 10.0 3.20
Lin et al. (2023) [15] T300-carbon-fiber-reinforced plastic NACAO0018 -5, -10, -15 10.0 0.10-5.00
Yan et al. (2018) [16] Carbon fiber MJI Mavic Pro  -12 5.0 1.50
Gao et al. (2019) [17] Polymer-composite DU91-W2-250 -5 40.0 1.10
Wang et al. (2024) [18] Carbon-/glass-fiber-reinforced plastic ~ SC0710 -10 6.1-16.2 0.50
Liu et al. (2023) [19] Glass-fiber-reinforced plastic NACAO0018 -5,-10 5.0-15.0 0.50-1.00
Endres et al. (2016) [20] Glass-fiber-reinforced plastic NACA0012 -3,-10, -15,-20 40.0 1.30, 2.00
Mdiller et al. (2023) [21] Carbon-/glass-fiber-reinforced plastic =~ 21x13 EL -5 25.0 0.44
Karpen et al. (2022) [22] Carbon-fiber-reinforced plastic 1345s 0,-10 2.2 0.78
Wallisch et al. (2022) [23] Glass-fiber-reinforced plastic RG-15 -2, -5, -10, -15 25.0 0.44
Mohseni et al. (2013) [24] E-765 epoxy/fiber glass prepreg NACA0021 -17 21.7 0.84, 1.05
Hasan et al. (2021) [25] S2-glass/FM906 lamina Specimen -5, -6 12.7 1.60
Present work Nickel-plated carbon fiber NACAO0012 -5 40.0 0.50

Carbon-/glass-fiber-reinforced plastic
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Table 2. Compositions of pristine and nickel-plated carbon fabric determined by EDS.

Samples Weight percentage (wt. %)/atomic percentage (at. %)
Ni Cu C
Pristine carbon fiber 0.00/0.00 0.00/0.00 100/100

Nickel-plated carbon fiber 75.98/63.04 18.39/14.10 5.64/22.86




Table 3. hr+ values of the heating elements at an applied voltage of 1.5 V.

Materials Vo le To Tm hrsc
V) (A) Q) WO (WI°C)

Pristine carbon 1.50 0.42 26.00 33.30 0.09

fiber

Ni-plated carbon 1.50 4.30 24.60 88.60 0.10

fiber




Table 4. Test conditions for icing wind tunnel experiments of wing-shaped composite
models at various power densities.

Cases Temperature  Velocity LWC MVD A0A Power
(K) (m/s) (g/md) (um) (deg) density
(W/m?)
Case 1 268.15 40 0.5 20 0 5000
Case 2 268.15 40 0.5 20 0 9000




Table 5. NACA 0012 ice accretion grid mesh features according to grid convergence

test.
Mesh feature Finer mesh Initial mesh Coarser mesh
Point on upper and lower side 702 491 350
Leading edge spacing [mm] 0.054 0.077 0.112
Trailing edge spacing [mm)] 0.490 0.610 0.871
Points on velocity inlet 600 428 305




Table 6. Surface temperature of the wing-shaped composite at various applied voltages.

Voltage Current Power density  Maximum temperature  Duration time
V) (A) (kw/m?) Tm (°C) (s)

6.0 7.22 1433.3 45.3 600

8.0 9.76 2600.0 65.0 600

10.0 12.20 4066.7 924 600




