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In-flight icing on unmanned aerial vehicle (UAV) propellers can lead to severe
aerodynamic performance degradation or even complete loss of the UAV. Ice protection
systems (IPS) are used to enable the flight of UAVs in icing conditions by protection
aerodynamically critical surfaces such as wings and propellers. In this study an electro-
thermal ice protection system is studied for the propeller of a small-medium fixed-wing UAV.
This study aims to optimize the electro-thermal IPS design to increase efficiency and reduce
the required power of the propeller IPS using numerical conjugated heat transfer (CHT)
simulations within ANSYS FENSAP-ICE. The numerical simulations are validated using
existing literature values and new experimental data acquired in icing wind tunnel tests. The
conditions of the simulations and experiments are representative for realistic and critical in-
flight conditions to examine the ETIPS performance, the required heat fluxes and
temperature distributions for a better understanding of the underlying phenomena during the
process of anti-icing. This is important to improve already existing ETIPS setups by enlarging
the heated area and improve the internal temperature distribution by integrating a highly
thermally conductive layer. These approaches lay the foundation for future ETIPS and enable
UAVs to operate in potential icing conditions.
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I. Nomenclature

AOA = angle of attack

CFD = computational fluid dynamics

CHT = conjugate heat transfer

HF = heat flux

HTC = heat transfer coefficient

IPS = ice protection system

ETIPS = electro-thermal ice protection system
LwcC = liquid water content

MVD = mean volume diameter

NRMS = normalized root mean square

UAV = unmanned/uncrewed aerial vehicle, drone
k = heat conductivity

Kequ = equivalent heat conductivity

Ky, Ky = original heat conductivity in x and y direction
r = refinement ratio

X,y = cartesian coordinates

X,y = equivalent cartesian coordinates

y* = dimensionless wall distance

I1. Introduction

Atmospheric in-flight icing on the surfaces of unmanned or uncrewed aerial vehicles (UAVS), also known as
drones or unmanned aircraft systems (UAS), particularly on propellers, will lead to severe flight performance
degradation or even complete loss of control [1] [2]. In addition to manned aviation, unmanned aviation represents an
emerging technology that is gaining in importance [3]. UAVSs are used in commercial, military, research and search
and rescue (SAR) applications [4]. The focus in this work is on small-medium fixed-wing UAVs with a maximum
take-off weight of around 25 kg. Especially, in recent years, UAVs have been increasingly used in the field of
delivering medications and first aid packages to highly remote and inaccessible locations [5]. A variety of these
locations are situated in extreme northern latitudes, where the land routes are often cut off by heavy snow and ice,
with no suitably lading site for large aircraft [5]. The accessibility by UAVs is often the faster and cheaper way to
assist in emergencies to the people living there [6]. To reliably perform these tasks, UAVs must operate in the most
challenging weather conditions. These weather conditions not only occur on a few locations, inflight icing can happen
all year around the globe [7]. One of the greatest dangers occurs when flying through a cloud containing supercooled
droplets [8]. These droplets freeze immediately when impinging on any surface. The resulting ice formation can lead
to significant limitations in flight capability and controllability [1]. The ice accretion on static parts such as the airframe
and wings must be distinguished from the dynamic parts such as all of propulsion devices like propellers. On wings
the accumulated ice enlarges the surface, changes the aerodynamic shape, and increases the weight of the UAV [9].
This usually leads to a decreased lift and increased drag [10]. Propellers are even more sensitive to ice accretion due
to their smaller size and high rotation rate [1]. The consequence is a substantial reduction in thrust generation and
increased torque over very short icing durations [11]. In response to these dangers, ice protection systems (IPS) have
been developed. While IPS for manned aviation have been well established for some time, adapting these systems for
UAVs has presented unique challenges due to limited energy availability and strict mass constraints in small-medium
UAVs [12].

While icing research in manned aviation has a long history dating back to the 1940s, the study of icing on UAVs
began much later due to technological complexities and initial focus on autonomous flight capabilities [10]. Icing on
rotating parts have been well investigated on rotors of helicopters and rotors of wind turbines [13]. Research on UAVs
has only recently become more active and most papers focus on airfoils only [14]. Just a few examinations have been
done on icing of UAV propellers, rotors [15] or the electric propulsion system [16]. Experimental studies of ice
accretion on propellers show several hazards. Besides the rapid loss of thrust, significant more power is required to
maintain rotational speed due to increased torque [17]. The different relative speeds along the propeller blade lead to
ice accumulations in shapes of chunks and the location is less predictable than for static parts like wings [11]. These
chunks represent a special problem which clarifies the necessity of IPS even more. The random appearance of the ice
chunks lead to imbalances in the propeller weight distribution that causes massive forces and vibrations acting on the
whole system. In addition, the centrifugal forces created by the propeller lead to ice shedding [18]. Ice shedding
describes the event when adhesion forces between the ice and the propeller surface are not strong enough and the



accumulated ice breaks off. The shedding ice not only causes further vibrational forces but also poses danger for the
whole UAV.

The solution for this hazard due to ice accretion is the use of ice protection systems. The IPS for UAVs can
generally be categorized into passive and active systems [19]. Passive systems utilize surface coatings to prevent ice
accretion, whereas active systems primarily employ heat to prevent ice buildup or cyclically remove ice from the
UAV's surfaces. Passive coatings have shown promise, particularly in rotor applications, by reducing ice adhesion
forces and facilitating ice shedding [20]. In contrast, active systems, often referred to as electro-thermal ice protection
systems (ETIPS), have been developed for various UAV components, including wings, propellers and rotors. ETIPS
work with the principle of resistive heating and requires an additional power supply. Those systems can be operated
in anti-icing modes and de-icing mode [21]. In anti-icing mode, the systems heat the structure continuously to prevent
any water on the surface from freezing. In contrast, the de-icing mode allows an uncritical amount of ice to form which
is then periodically removed. Recent investigations by Miiller et al. [17] offers promising results in the development
of an ETIPS anti-icing for propeller of a small-medium fixed wing UAV. The result was an ETIPS integrated into the
propellers leading edge separated into two parts in spanwise direction.

One critical aspect often overlooked in the investigation of anti-icing, is the thermal impact on the propeller
structure and materials. Particularly in smaller UAVs that rely on composite propellers for thrust. Composite materials
show many advantages in comparison to metallic alternatives [22]. On the one hand, composites are lightweight while
keeping high stiffness and strength on the other hand. Due to the availability of various combinations of fibers and
resins resulting in distinct material properties, along with the flexibility of utilizing different layup configurations, the
properties can be further optimized. In addition, composites are insensitive to corrosion and show a high grade of
design flexibility due to the manufacturing process. However, they are sensitive to high structural temperatures. An
limitation of a thermal IPS regarding composite structures is the maximal glass transition temperatures of the resin
[23]. The glass transition temperature in general describes the temperature at which a material changes from a glass
solid state to a rubbery state. This transition influences mainly the materials’ mechanical, thermal and electrical
properties [24]. For propeller applications, the most critical aspects are the change in stiffness and strength that may
cause deformations and material instabilities followed by performance degradation or even complete loss of the
propeller. The delicate balance between keeping the propeller ice-free through electro-thermal heating and maintaining
the structural integrity of composite materials, presents a significant challenge.

This work focuses on experimental and numerical investigations of the internal structural temperature distribution,
aiming to enhance the design of an existing anti-icing IPS. The goal is not only to keep the propeller surface free of
ice but also to maintain low internal temperatures to preserve the structural integrity of composite materials. By
addressing these challenges, this research contributes to the advancement of ice protection systems for UAVS,
ultimately improving their operational safety in icing conditions.

This study builds upon prior research conducted by Miller et al. [17] and introduces thermistors integrated into
protected propellers, enabling a more comprehensive analysis of temperature behavior within the propeller structure.
The propeller material, a composite with a low-temperature threshold, necessitates optimization of the ETIPS design
to prevent damage from excessive temperatures while maintaining sufficient heat flux for effective anti-icing. Striking
a balance between propeller protection and anti-icing effectiveness is a critical aspect of this study. Numerical
simulations are performed to predict temperature distributions within the propeller, which is instrumental in the
development of optimized ETIPS [25]. These simulations are conducted using icing computational fluid dynamics
(CFD) methods and conjugate heat transfer (CHT) methods in ANSYS FENSAP-ICE [26]. The simulations are
validated on literature and experimental data from icing wind tunnel tests. The study aims to provide insights into the
performance of ETIPS under realistic and challenging in-flight conditions, helping to refine existing setups and enable
UAVs to operate safely in potential icing conditions.

I11. Methods

A. Numerical methods and analysis

To perform the numerical simulations, the software ANSYS FENSAP-ICE (version 2022R2) with the built-in
modules FENSAP, DROP3D, ICE3D, C3D and CHT3D is used [26]. This advanced CFD code can be used for
calculating in-flight icing on UAVs. The flow solver FENSAP uses the approach of Reynolds Averaged Navier-Stokes
equations [27]. The droplet trajectories and impingements on the surface are calculated by the module DROP3D using
an Eulerian approach [28]. The next step is to calculate the ice accretion over a specific time range. The FENSAP-
ICE module ICE3D uses the Messinger model and describes the effect of ice accretion with a series of partial
differential equations of conservation [29]. For the prediction of the internal heat conductivity and temperature
distribution, the module C3D is used. The module is able to differentiate between several materials in steady and



unsteady cases by a partial differential equation [26]. All these modules are merged into the CHT3D module to
calculate temperature exchanges between solids and fluids iteratively [30].

ETIPS

30% 50% 70%

Thermistor

Fig. 1 Sketch of the 21x13 propeller with ETIPS and the three propeller sections.

In this study, simulations were done for two different geometries. The first CHT-simulations for validating these
simulations were done on a NACA 0012 airfoil, since only few studies on propellers are available. The airfoil data
was obtained from a database called airfoil tools [31] with a chord length of 1 m. The airfoil was cut at a chord length
of 0.9144 m to generate a blunt trailing edge to avoid numerical issues. The final results and examinations of
temperature distributions were done on the geometry of a 21-inch propeller from Mejzlik [32]. For the 2D propeller
simulations, three cross-sections of the propeller were created using Siemens NX [33] as shown in Fig. 1. The sections
were taken at 30%, 50% and 70% of the blade radius, to agree with the thermistor positions during the experimental
tests to examine the differences along the propeller radius. The chord length of each section was examined
geometrically between the two points with the biggest distance. The relevant propeller data and differences between
the three sections are shown in Table 1.

Table 1  Propeller data at each propeller section.

Propeller Radial distance  Chord length Pitch angle

section [m] [m] [°]
30% 0.0800 0.0407 31.31
50% 0.1334 0.0405 23.38
70% 0.1867 0.0330 17.78

All simulations are performed in 2D and the grids are generated by using the software Pointwise 2022.2.2 [34].
For CHT-simulations, two grids are required. The two propeller grids for the 70% section can be seen in Fig. 2 and
Fig. 3. The flow-grid is necessary for simulating the flow field around and at the surface of the airfoil. The second
solid-grid provides the internal structure of the airfoil for simulating heat conduction. The flow-grid is generated as
an O-type having a far-field size of 100 times the airfoil chord length to avoid boundary influences. The grid inside
this circle is mainly unstructured except near the surface. Near the surface, the T-Rex function from Pointwise is
applied to enhance grid quality and density in critical areas, such as near walls or geometries with high curvature. The
T-Rex mesh consists of 600 layers of triangles and quads starting at the surface with an initial cell height of 10 m
and a growth rate of 1.2 to achieve a dimensionless wall distance of y*<1. This requirement ensures that the mesh is
fine enough to accurately simulate the boundary layer, which is crucial for analyzing momentum and heat transfer at
the surface.

The solid-grid is formed by extracting the grid points directly located at the surface from the previously established
flow-grid. For generating the internal mesh two methods are used. The basic method uses the pointwise function
‘normal extrusion’ enabling generating layer-by-layer normal to the surface. This method is suitable for the first two
to three layers right if they are generally thin (e.g. right below the airfoil surface). For thicker layers at positions of
high curvature like at the leading edge the layers start to thicken up, generating unrealistic layers. To prevent this, the
internal boundaries of the layers and structures, especially for propeller simulations, were generated in the CAD
software Siemens NX [33] in advance. Afterwards, the generated layers were equipped with grid points to generate
meshes in Pointwise.



Fig. 2 Flow-grid at 70% radius cross section of the propeller.

Fig. 3 Solid-grid at 70% radius cross section of the propeller.

For both geometries, a grid-dependence study was performed to obtain the optimal mesh resolution. Four flow-
grids with a refinement ratio of r = /2 and three solid-grids are compared in order to find the best possible grid for
the applications. For the flow-grids, comparisons were done regarding the aerodynamic parameters of lift- and drag-
coefficient and the heat transfer coefficient at the surface of the airfoils. Considering the solid-grids, the surface mesh
resolutions of the three least fine flow-grids are used to generate the solid-grids. Evaluation of the solid-grids are done
by comparison of the surface temperatures. To evaluate the differences of the outcomes, several methods are possible.
For the aerodynamic values of lift- and drag-coefficient a Richardson extrapolation [35] was used to observe the
convergence, while for the other values the normalized root mean square [36] (NRMS) approach was applied. The
NRMS function describes the deviation between the values of a grid and the mean values of the finest grid. The flow-
grid features for the NACA 0012 airfoil can be seen in Table 2 and for the propeller grids in Table 3.

Table 2 Flow-grid features of the NACA 0012 airfoil.

Coarse  Medium Fine XFine

Points on lower and upper side 180 255 360 510
Leading edge spacing [mm] 0.60 0.40 0.30 0.20
Trailing edge spacing [mm] 0.50 0.30 0.25 0.15
Points on far field 200 283 400 566

Table 3 Flow-grid features of the propeller grids.

Coarse  Medium Fine xFine

Points on lower and upper side 280 400 560 790
Leading edge spacing [mm] 7-10°° 510° 3510° 24:10°
Trailing edge spacing [mm] 7-10°° 510° 3510° 24.10°
Points on far field 280 400 560 790




B. Analytical approaches

Composite materials show differences in heat conduction dependent on how the fibers are layered. Usually, the
heat conductivity reaches higher values in fiber direction than normal to it. FENSAP-ICE is not able to take into
account anisotropic heat conductivity. Therefore, an analytical approach by Ohmura et al. [37] was applied to calculate
an equivalent (equ) thermal conductivity k.q, and equivalent material lengths X and y based on the hot-wire method.
The equivalent values can be calculated as follows:

= kequxand’jlz keﬂy 1)
kx Iy

kequ =4/ kxky (2)

With k, and k,, as the heat conductivity values in the original x and y direction.

For the simulations within this work, the composite layup was done in accordance with the propellers that were
available for testing. The propeller was made of different composite materials as shown in Fig. 4 with the material
values in Table 4. The material properties were provided for this study and got previously examined on the basis of
literature and online calculators [38], [39], [40] and [41].

Epoxy topcoat

Glass fiber

ETIPS

Glass fiber

+45° carbon

Uni carbon

Foam

Fig. 4 Propeller composite layup plan at the leading edge without the wire.

Table 4 Composite material values of the propeller.

Foam Uni +45° Glass Uni Epoxy  Copper Silicone
carbon carbon fiber carbon  topcoat
(Heater)
Layer thickness 2 0.38 0.18 0.06 0.7 002 065 0.85
[mm]
Equivalent ) i 0.26 i i i i i

thickness [mm]
Density [kg/m?®] 80 1340 1340 1570 1340 1150 8960 1190

Specific heat
1.25 1065 1065 1000 1065 1110 383 1255
[J/(kgK)]

Thermal
conductivity
normal to
fiber [W/(mK)]
Thermal
conductivity

0.028 0.35 0.65 0.5 0.8 0.18 370 0.25

- 0.35 2.8 0.5 0.6 0.18 - -




parallel to
fiber [W/(mK)]
Equivalent
thermal
conductivity

[W/(mK)]

- - 1.35 - - - - -

The wire to power the ETIPS was placed in the leading edge between the glass fiber and +45° carbon layers as shown
in Fig. 5. Within the propeller setup at three separate locations along the spanwise direction, (30%, 50% and 70%)
thermistors were integrated to gain experimental temperature data. The ETIPS in the leading edge of the propeller was
extended over 70% - 75% of the propeller diameter.

Foam core
Propeller cut

ETIPS

....

Thermistor
Wire
Composite layers

Fig. 5 Schematic sketch of propeller cut leading edge.

The airflow around a propeller is characterized by three different components. The free stream air velocity, the
rotation of the propeller and the induced velocity. The simulations in this study are done in 2D and therefore rotation
cannot be directly simulated. For each 2D section, the inflow velocity and angle must be calculated previously. The
blade element theory was used [42] which calculates the aerodynamic forces on the blade assuming that each blade
section acts as a 2D airfoil with the sum of all sections describing the whole propeller. The data for the calculations
can be found in Table 5 and the final propeller inflow velocities and angle of attacks for each section in Table 6.

Table 5 Constant values for calculating the propeller flow conditions.

Air velocity Density Rotation rate Thrust Area
[m/s] [kg/m®] [RPM] [N] [m?]
Propeller | 25 1.204 4200 12 0.2235

Table 6 Propeller data at each propeller section.

Propeller Inflow velocity Angle of attack
sections [m/s] [°]
30% 43.83 -5.28
50% 64.21 -0.64
70% 86.17 0.13

C. Experimental setup

An experimental test campaign was performed in order to obtain data for validating the numerical results. The
tests were done at the VTT Technical Research Centre in Helsinki, Finland [43]. The icing wind tunnel has an open
loop design with a square test section of 70 cm in edge length. Wind speeds of up to 50 m/s with icing conditions of
—25 °C can be reached.
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Fig. 6 Test setup at the VTT —icing wind tunnel [18].

As shown in Fig. 6 and Fig. 7, the propeller test stand consists of multiple sensors. The dynamometer “Flight Stand
15” from Tyto Robotics [44] was equipped with an internal torque- and thrust- meter that sends commands directly to
the electronic speed controller [45]. An infrared sensor and reflector were used to measure the rotation of the propeller
driven by a Hacker Q80-9M motor [46]. A custom-made shield protects all sensible components of the flight test stand
from ice accretion and from being hit by shedding ice. The rotation rate was kept constant at 4200 RPM which equals
40 Hz, using a python code. To power the ETIPS, a slip ring [47] was used which was controlled via a control board
and pulse width modulation.

=70cm

Fig. 7 Picture of propeller test stand.

At the beginning of the test campaign, the liquid water content is calibrated with the method of a rotating cylinder.
For the test campaign, two propellers were manufactured with built-in thermistors at three positions along the blade.
Experiments were done at two temperatures and different icing conditions but with the same air velocity of 25 m/s
and constant propeller rotation rate of 4200 RPM.

Table 7 Test cases of the experimental test campaign.

Test Case  Temperature  Airvelocity LWC MVD  ETIPS power Run time

[*C] [m/s] [9/m?]__[um] (W] [s]

#1 -5 25 044 20 70 120
50—130

#2 -5 25 0 (40 W per 60'5) 180

#3 -10 25 044 20 230 120

While test cases #1 and #3 are on wet-conditions, with constant ETIPS power but different temperatures, test case
#2 is on dry-conditions with increasing power of 40 W every minute. During the experimental tests, the maximum



ETIPS power was found iteratively. Every run the power was increased gradually to not overheat the internal propeller
structure. The limit for internal temperatures measured by the thermistors was set to 60 °C.

1V. Results

A. Validation of CHT-simulations with literature

To first validate the CHT3D simulations, a test campaign from Al-Khalil et al. in 1997 was chosen as reference
[48-50]. The objective of their work was to validate NASA’s LEWICE2D and ANTICE computer codes for thermal
ice protection systems. This validation was done based on an experimental test campaign on an NACA 0012 airfoil
section. The first part [48] of this campaign focuses on the experimental investigation and procedures, the second part
[49] on the de-icing test cases and the third part [50] on the anti-icing cases. Chosen as reference was the running wet
test case #22 with the numerical setup in accordance to [48].

Before performing the simulations, a grid dependency study was done. Comparing the NRMS values for the flow-
grids regarding the heat transfer coefficient, the smallest deviation occurs between the Fine and xFine grids with
0.25% followed by the Medium grid with 0.91% and the Coarse grid with 2.56%. For the solid grids considering the
surface temperature, the results are similar with deviations of 0.19% and 0.29% for the Medium and Coarse grids. It
turned out that the best compromise between grid resolution and computational effort is reached by the Medium grid.

During the experimental study by Al-Khalil et al. [48,50] it was observed, that the predicted transition from laminar
to turbulent flow for the wet cases do not correspond to the experimental observations. This was due to beads and
rivulets on the leading edge that forced the transition of the flow, which consequently shows differences in the heat
transfer coefficient. It was found that the assumption of a fully turbulent flow with the Spalart Allmaras model showed
the best results compared to the literature and was therefore used for the validation [51]. The final validation results
in Fig. 8 show good agreement between the FENSAP-ICE simulations and experimental results. This might confirm
the choice of the turbulent model and the predicted transition. The biggest differences can be observed at the leading
edge, which corresponds to a lower maximal HTC compared to the experiments. Regarding the temperature
development over time, the biggest differences can be seen within the first 20 s. The initially set temperature or rather
rough time stepping might cause this. Nevertheless, the inner temperature matches the values between 75 s and 200 s
closely which indicates that the heat conduction over time must be similar and the material properties and heater
powers are chosen correctly. The simulation does not capture the subsequent drop of the experimental examined
temperature in the last 100 s for the middle and inner temperature. At the same time, the outer temperature experiences
a slight rise. This is expected to be caused by changes during the test, like changes in the power supply or a
measurement error, since anti-icing is a stationary case, where such changes cannot happen naturally.
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Fig. 8 Validation results on the surface temperature a) and internal temperature over time b).

B. Validation of 2D CHT-propeller simulations with experiments

As previously done for the NACA 0012 airfoil, a grid dependence study is required for the propeller validation to
ensure reliable results independent of the grid. Although three different propeller sections are considered within this
work, it was decided to focus on the 70% section for the grid dependency study. Due to the rotation of the propeller,
the 70% section being exposed to the highest relative velocity among all three sections, making aerodynamic and



thermodynamic phenomena more sensible to grid resolution. The flow simulations were set up according to Table 5
and Table 6 at =5 °C with an LWC of 0.44 g/m3. The material values for the CHT-simulation can be found in Table 4
and the ETIPS was powered at 7-10” W/m?3. Comparing the heat transfer coefficient values along the propeller surface,
all grids show a similar contour (Fig. 9). The observations of just small differences along the surface are confirmed
by analyzing the mean differences (NRMS) always referred to the xFine grid with 2.68% for the Fine grid, 3.47% for
the Medium grid and 8.55% difference for the Coarse grid. In the comparison of the surface temperature, all grids
match each other well. By calculating the mean differences referred to the Fine grid it can be seen that the Coarse grid
has a difference of just 0.200% whereas the Medium grid has a difference of just 0.046%. In summary all grids show
a sufficient resolution for observing critical spots and flow conditions. Nevertheless, due to the albeit small deviations
and the available computational resources it was decided to use the Medium grid for all propeller simulations.
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Fig. 9 Grid resolution comparison of heat transfer coefficient a) and surface temperature b).

The validation of the numerical simulations with the experimental data is a crucial step to verify the accuracy of
the numerical results. It provides information about the correctness of the numerical setup, the material properties of
the propeller layers and if assumptions like the calculations of the propeller inflows are in an acceptable range. For
the experimental research, the propellers were equipped with thermistors positioned at the foremost point of the foam
core. Due to manufacturing variations, it was assumed that the thermistor positions vary around 1mm in every
direction. Regarding the analyzed propeller sections, all thermistor temperatures obtained from the numerical results
are taken at the exact same position. Starting exactly at the front tip of the foam core, for the 50% and 70% section
the temperature was taken from the point shifted 0.1 mm in the foam core and not changing the height. For the 30%
section the temperature was taken at the position shifted 0.8 mm in the foam core and 0.1 mm downwards.

The propeller validation simulations are performed according to the experimental setup in Table 7. The first
validation in Fig. 10 is done with the test cases #1 and #3. The experimental data show two data sets for every propeller
section, because thermistors were built in on both blades of the propeller. For the 70% section just one set of data is
shown because a wire of one thermistor was cracked right before the first test execution.
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Fig. 10  Comparison of internal temperature to experimental test case #1 a) and test case #3 b).

It can be seen that the numerical data agree well with the experimental data when steady-state temperatures are
reached. Comparing only the experimental data, for the 30% section a bigger difference between the blades can be
observed for test case #3 than for test case #1. For the 50% section in both cases, a similar gap occurs between the
blades. Causes are described later. Nevertheless, the experimental data show comprehensible results. The biggest
observable difference between the numerical and experimental results can be seen in the temperature gradient within
the first 15s — 20 s of the tests. The steady temperature is reached in the numerical results faster than in the
experiments. This is more evident in test case #3, where much higher temperatures are generally achieved due to the
greater ratio between ambient temperature and heating power. Despite the inaccuracy in the temperature gradient, the
reached temperatures of the numerical simulations are in good agreement with the temperatures obtained

experimentally. The appearance of runback ice during the experimental investigations for test case #1 can be seen
in Fig. 11.

Fig. 11  Runback ice accretion during experiment of test case #1.

To continue with the dry test case #2 as shown in Fig. 12 for the 30% propeller section. To maintain comparability
between the dry (#2) and wet (#1, #3) test cases, the stationary anti-icing module of FENSAP-ICE was also used for
test case #2. This module is not capable of performing unsteady simulations. For that reason, the dry simulations were
performed with the anti-icing module for each heater power respectively by setting the LWC to 0 g/m?®,
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Fig. 12  Comparison of internal temperature to experimental test case #2 (-5°C) for 30% section.

The additional time required for the 90 W and 130 W cases compared to the experiments is clearly visible.
Nevertheless, similarly to the wet test cases, the biggest deviations occur during the temperature rise in the material.
Good agreement between the results is observable when steady-state temperatures are reached. Furthermore, an
interesting difference emerges when comparing the data of test case #1 with that of test case #2, both at a temperature
of =5 °C but with different LWC. The first 60 s of test case #2 the heater is powered with 50 W, whereas in test case
#1 the heater is powered with 70 W. When comparing an investigated propeller section, the reached internal
temperature in test case #2 is always higher than for test case #1. This might be a first indicator of differences between
cases where only convection occurs (case #2), and cases where convection and evaporation occurs (case #1), when
more heat is dissipated at the surface of the propeller in the area of the ETIPS. Further analysis of that can be found
in the following.

C. The effects of flow and icing conditions

To understand the occurring aerodynamic and thermodynamic phenomena, properties like the HTC and heat fluxes
(HF) are analyzed. The difference in total temperatures achieved between the three propeller sections can be observed
by the comparison of the three HTCs as shown in Fig. 13.

HTC 70% |
- - - “HTC 50%
—ememes HTC 30% |

-0.03 -0.02 -0.01 0 0.01 0.02 0.03
Wrap distance [m]

Fig. 13 Comparison of HTC between propeller sections using FENSAP-ICE results.

The 70% section has the biggest radial distance from the propeller hub and therefore the biggest relative speed,
followed by the 50% and 30% sections. This results in the highest inflow velocity at the leading edge for the 70%
section and therefore highest convection cooling at that point, which leads to the highest peak value of the HTC.
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Fig. 14  Visualization of separation bubbles at the 70% propeller section on the suction side.

The drops of the HTC at around —0.002 m and 0.025 m are in accordance to flow separations and detachment areas,
visible in Fig. 14 In general, each of the three propeller sections shows individual flow characteristics due to the
difference in AOA and rotation rate. The most pronounced effects are observable at the 70% section because of the
highest inflow speed and therefore in the following, some results are discussed at the 70% section only.

Regarding the heat fluxes of test cases #1, the separation between convection and evaporation is clearly visible.
Evaporation and convection are the two most influencing heat fluxes on the propeller surface. Fig. 15 shows the
convective, evaporative and the sum of both over the propeller surface. Additionally, the caught water is shown on
the right y-axis as well.
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Fig. 15 Heat fluxes of test case #1 at the 70% section.

At locations without a water film or impinging water droplets, no evaporation can be found and only convection
occurs. Furthermore, the evaporative heat flux at the impinging zone reaches higher values than the convective one
but drops further than the convective one at the location where most water impinges. The convective heat flux on the
other hand stays constant or even experiences a slight rise at the leading edge. In addition, the total heat flux becomes
almost zero at the surface locations where the heat generated from inside is insufficient and the surface temperature
drops to almost 0 °C. By quantifying the evaporative and convective heat flux above the whole propeller surface it
was found that for test case #1 the convective heat flux reaches 88.35 W/m and the evaporative one 75.67 W/m, which
corresponds to 53.87% and 46.13%.

For a deeper understanding of the differences between the convective and evaporative heat fluxes, comparisons
between the wet test case #1 and dry test case #2 are necessary, also taking into account the surface temperatures, as
shown in Fig. 16. Presented are the test cases at —5 °C and the first 60 s of the dry test case #2. Additionally, a further
simulation is shown under dry conditions with a heater power of 70 W as in the test case #1. The smallest values in
the droplet-impinging zone are found for the wet test case when evaporation is present as well. Increased for the dry
cases according to the heater power. Considering the wet case and dry case powered with 70 W, the dry case reaches
much higher values right at the stagnation point and the heat flux is sharpened. The total HF of the wet case does not
reach such high values but covers a larger area (—0.0020 m - 0.0025 m) than the dry HF due to the water movement
and the heat conduction in the water along the surface, which transfers the heat away from the stagnation point.
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Fig. 16  Comparison of heat fluxes a) and surface temperatures b) between wet and dry test cases at the
70% section.

Furthermore, the surface temperature in the impinging zone of test case #1 is lower compared to test case #2, despite
the higher power of the wet test case #1. This also applies to cases where wet and dry conditions are each operated
with 70 W. The temperature peak on the upper leading edge is at the location where for the wet test case a water film
is present at the surface. The peak on the lower side aligns with the location where the separation bubble was observed,
leading to a decrease in HTC and preventing the water film from entering this area. Only convection is present for all
test cases.

Finally, a different surface temperature behavior can be seen on the upper surface behind the heated area when
surface temperatures of around 0 °C occur. For the dry cases, the temperature drops below the freezing point
immediately, whereas for the wet case a constant surface temperature can be seen at around the freezing point. This
agrees with the location of runback ice accretion. Hence, latent heat keeps the surface at around the freezing point for
the wet case. Nevertheless, the comparison of the maximal internal temperatures shows that the highest temperature
of 68.65 °C is reached for the dry case with 70 W followed with 52.86 °C for the wet test case #1 and 48.40 °C for
the dry test case #2 at 50 W heater power.

D. IPS optimization

After validating the numerical simulations by experimental tests, the results are used to optimize the IPS design
with regard to efficiency. The new designs are numerically tested in accordance with the experimental conditions of
test cases #1 and #3. The previous results with the original ETIPS design of one heating pad in the leading edge
revealed some weaknesses. Even with maximum power of the ETIPS and overshooting the internal temperature limit,
the heat conductivity to the back of the propeller along the surface was insufficient and runback ice always
accumulated.

Regarding the aspect of runback ice on the upper surface of the propeller, the first improving concept is to
implement more ETIPS modules along the surface of the propeller as shown in Fig. 17. The idea is to keep more of
the upper surface above the freezing temperature of 0 °C. Five additional modules, each the length of 5.730 mm and
the height of 0.215 mm are integrated between the glass fiber layers just like the original ETIPS module in the leading
edge. The unidirectional carbon is not twisted in the additional integrated heaters as it is for the single leading edge
heater. Hence, these heater elements have anisotropic properties and an equivalent height of 0.200 mm with an
equivalent conductivity of 0.693 W/(mK) was calculated.
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Fig. 17  Schematic sketch of additional heater pads along the surface.

Numerical tests on the 70% and 30% sections showed that four additional heaters are necessary to avoid any
accretion of runback ice. This can be seen in Fig. 18 that the surface temperature does not build a plateau anymore.
For further analysis, the four additional heater pads were powered equally as one big heat pad to keep the design and
functionality as simple as possible in a manufacturing aspect.
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Fig. 18  Surface temperature at 30% section a) and 70% section b) for test case #1 with different amount of
additional heaters.

Regarding the area of the leading edge, the 30% section reaches the highest temperatures as already previously
discovered due to the rather steep inflow and slowest relative speed. The temperature along the upper surface due to
the additional heaters increases with a constant gradient. This is not the case for the 70% section and four heaters. An
extreme peak of the surface temperature at the fourth heater position develops. This is due to the flow detachment in
this area where even backflow appears, which is in good agreement with the HTC as can be seen in Fig. 13. Heat
extraction is damped and the temperature increases unproportioned since neither evaporation nor convection can
extract heat in this case.

Considering the cases when only two heaters are powered, the surface temperature does not immediately drop
below zero degrees behind the second heater. It remains a few millimeters around the freezing point. This is due to
the latent heat that is released and heats the surface when water changes its phase from liquid to solid.

One outcome of the analyzed results is that the most critical spot with the highest temperature development is still
in the leading edge where the highest power is necessary due to the impinging droplets. The rather high thermal
resistive layers around the leading edge heaters are also not beneficial. A rather abstract consideration is done by
applying a copper layer in the propeller structure to show the influence of a reduced heat resistance layer. Therefore,
the original propeller setup with just one heater pad in the leading edge was taken. In the numerical setup, the outer
glass fiber layer is then applied with the material values of copper according to Table 4.
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Fig. 19  Surface temperatures of test cases #1 and #3 with and without copper layer.

Compared to glass fiber, copper has a much higher heat conductivity, higher density and a smaller value of the
specific heat. The results in Fig. 19 show an improved temperature distribution due to the higher heat conductivity
and less heat resistivity. Thus, a reduced maximal internal and surface temperature occurs. Due to the improved heat
transfer in the copper layer along the surface, the flattening of the temperature along the surface is longer and the
surface is kept above the freezing point in a larger area. In general, the maximal internal temperature could be reduced
for test case #1 from 52.86 °C to 28.1 °C and for test case #3 from 173.14 °C to 88.75 °C. Even that thin copper layer
of just 0.06 mm not only improves the prevention of ice accretion, but also reduces the heat impact on the internal
structure by distributing the heat internally much faster and more efficiently.

V. Discussion

A. Validation of 2D CHT-propeller simulations with experiments

Overall, the numerical results agree well with the experimental data, especially when steady-state is reached, as
can be seen in Fig. 10. First, considering only the experimental data. The differences in blades for the 30% section
might be caused by uneven appearance of runback ice behind the heated zone of the two blades, which was observed
during the experiments. This is most likely caused by small surface impurities or flow field variations. For the 50%
section in both cases, a similar gap occurs between the blades. This might rather indicate manufacturing inaccuracies
when the thermistors are not placed in the exact same positions. A further cause could be an imbalance between the
heating elements of the IPS causing different power outputs in each blades.

Comparing the numerical simulations with the experimental data, the biggest observable difference between the
numerical and experimental results can be seen in the temperature gradient within the first 15 s - 20 s of the tests. This
applies to all cases. The steady temperature is reached in the numerical results faster than in the experiments. Material
properties such as density, specific heat and thermal conductivity have the greatest influence on how fast heat is
transferred through a solid. The heater power and with it the temperature difference that forces heat conduction has
an influence as well. The power is known from the test execution, so the uncertainty of the material values is more
likely. Nevertheless, when steady-state of the temperatures are reached all numerical simulations are in very good
agreement with the experimental data.

B. The effects of flow and icing conditions

The comparison of the HTC for the three sections shows the differences in the relative speeds of the sections.
Beginning from the tip of the leading edge, for all three cases, the flow has a laminar structure and starts to build up a
boundary layer. Along the upper surface, the HTC decreases similarly in all cases as typical for laminar boundary
layers. The boundary layer heats up with the distance and the temperature difference between liquid and surface
decreases. The heat transfer is dependent on the temperature difference and is therefore lower over the distance.
Locations where the HTC drops to almost zero with a followed rise are visible for example at the lower leading edge
and at the upper rear part. The drops indicate positions where the flow starts to detach due to the curvature of the
propeller surface as shown in Fig. 14. In the detachment area, backflow occurs and the flow transits from a laminar to
a turbulent characteristic. The rise in the HTC afterwards shows the region where the turbulent flow reattaches and
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heat is transferred more efficiently again. Due to the rather steep negative AOA for the 30% section, the separation
bubble is along the complete lower surface of the propeller and the flow does not re-attach but rather forces backflow.
For the 50% and 70% sections, the flow re-attaches almost immediately with a turbulent characteristic. This causes
the rise in HTC at that position and is followed again by a slight reduction along the surface due to the development
of a boundary layer.

Several effects and thermodynamic aspects can be discussed by analyzing the heat fluxes of convection and
evaporation. Since evaporation requires a liquid, it only occurs at locations where a water film is present. Evaporation
depends mainly on temperature. Heat is the required energy for the phase change from liquid to gas. Furthermore, the
evaporative heat flux at the impinging zone reaches higher values than the convective one. This might be due to the
better heat exchange between water and solid than air and solid, which causes a more efficient heating of the water
film. In these cases, more energy goes into latent heat. Indications for that are due to general lower values of the
convective heat flux in areas where water occurs, visible in Fig. 15 and Fig. 16. Interesting is the drop of the
evaporative heat flux at the stagnation point at the leading edge. At this point the highest amount of water impingement
on the surface is reached. At the stagnation point, effects such as impingement cooling and forced convection must be
taken into account. As cold water droplets come into contact with the heated surface, heat is transferred into the water
due to the temperature difference between the surface and the cold water. However, despite this heat transfer, the
energy extracted at the leading edge is not sufficient to instantly evaporate the continuous stream of droplets and a
water film occurs. Due to the shear stress, the airflow along the surface initiates the movement of the water film and
leads to the smallest thickness at the leading edge. The ongoing stream of cold water droplets on the leading edge
constantly extracts heat. The heat flux increases again downstream when the extracted heat is sufficient to cause
evaporation.

Convection on the other hand is treated by temperature difference between surface and air or a high HTC. While
the surface temperature reaches a minimum at the leading edge due to the impinging droplets, the HTC reaches its
maximal values, comparing Fig. 13 and Fig. 16. This peak value is due to the flow at the stagnation point when
convection is forced the most. The particles extract heat and increase the internal energy. Due to the high speed of the
air flow, these particles are moved away from the surface much faster and space is created for new particles, which
can extract more heat. Along the upper surface, the surface temperature reaches a local maximum, which prevents the
heat flux from dropping even though the HTC decreases. The second surface temperature peak at the lower leading
edge is caused by a separation bubble area. The heat transfer away from the surface is damped. In this area, no water
impinges and only convection occurs for all test cases. On the one hand, this shows that with higher heater power the
surface is heated even more. On the other hand, in the two cases with 70 W (Fig. 16), the influence of water and
evaporation is also visible at the surface spots where no water is present. At the upper leading edge, the heat transfer
is increased for the wet case, resulting in a lower surface temperature. The result is a greater temperature difference
between these surface points and the IPS heater. This leads to a greater heat conduction and heat flux that is mainly
forced by the temperature difference. Consequently, less heat is internally transferred to the lower surface despite the
same heating power, resulting also in different surface temperatures.

C. Optimization

Both concepts show numerically interesting results in achieving lower temperature peaks and bigger areas that are
free of ice. These tests again neglect the effects on the strength and stability properties of the propeller or the
manufacturing possibilities. The biggest problem occurs due to the electrical conductivity of copper that is directly in
contact with the powered heater pad. In addition, copper has a higher density than composite materials and therefore
has a greater impact on the propeller weight. Further studies are required for the practical possibilities and applications,
but the results obtained show that it might be worthwhile to pursue these ideas further.

D. Uncertainties

In this work, experimental and numerical uncertainties need to be taken into account for the analysis of the results.
In manufacturing, minor variations in material, sensor positions, and ambient conditions lead to discrepancies. Even
identical propellers differ. Experimental tests in an icing wind tunnel face changing flow, icing conditions, and
humidity, affected by small amounts of ice accretion on the nozzles or walls. Instruments have limited accuracy due
to calibration and sensor issues. Steps taken for highly reliable results include monitoring nozzle flow, pre-run
calibrations, post-ice cleaning, and repetitions to minimize uncertainties. Previous destructive tests ensure acceptable
propeller variations.

Considering numerical aspects, uncertainties arise from user-defined start conditions and numerical parameters.
Turbulent model choice, especially the k-@ SST model, and HTC calculation using the EID model introduce
uncertainties due to lack of experimental verification. Inconsistent droplet distribution during icing experiments may
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lead to discrepancies with simulations using average LWC. Material property uncertainties in composite propeller
layup affect temperature gradients and necessitate a detailed study for accurate assessment. Grid generation, like wire
position, poses uncertainties, potentially influencing internal temperature distribution. To mention is also the
simplification introduced by looking at 2D sections instead of 3D models, neglecting 3D effects. Despite these
challenges, numerical results surprisingly align well with experimental data, suggesting that uncertainties might be
less impactful due to careful analysis and accurate assumptions aligned with real experimental conditions.

V1. Conclusion

This study investigated the anti-icing capabilities of a fixed-wing UAV propeller ice protection system. The small-
medium sized UAV considered has a maximum take-off weight of about 25 kg. The system utilizes resistive heating,
belonging to the category of electro-thermal ice protection systems. The IPS design was examined through
experimental validation and numerical simulations to evaluate its efficiency in preventing ice accretion while
considering its impact on aerodynamic and thermodynamic factors. The goal was to optimize the system without
exceeding the critical glass transition temperature of 60 °C of the resin in the composite propeller.

Experimental tests conducted in an icing wind tunnel simulated various flight conditions. Internal temperature
measurements along the propeller radius revealed insights into thermal behaviour, radial distance influence, and
runback ice issues. The results indicated high efficiency at the leading edge but weaknesses along the upper surface,
leading to runback ice.

Numerical simulations using computational fluid dynamics and conjugate heat transfer methods validated by
experimental results and literature data provided a detailed analysis of flow phenomena, temperature distributions,
and heat transfer mechanisms. Factors such as detachments and laminar-turbulent transitions were considered,
deepening the understanding of thermal distribution patterns. Optimization efforts, including additional heaters along
the upper surface and integrating a copper layer for enhanced heat conductivity, yielded promising results in
preventing runback ice and expanding operational parameters.

In conclusion, this study presents a comprehensive analysis of an electro-thermal ice protection system for UAV
propellers based on experimental and numerical investigations. The simulations with ANSYS FENSAP-ICE have
been validated to ensure reliable predictions of the internal temperatures of an ETIPS. The findings offer valuable
insights into thermal effects on composite structures during in-flight anti-icing. By addressing thermodynamic and
aerodynamic aspects, optimization strategies were identified, ensuring both external anti-icing requirements and
internal temperature limits were met. These results provide a robust and reliable solution for UAV propeller anti-icing,
enabling safe operations in challenging weather conditions, particularly in remote areas where UAVSs play a vital role
in providing medical and emergency care.
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