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Abstract: A scaled version of the APT70 drone rotor, typical of small to medium UAV rotors, was
tested in a 9-meter-high cold chamber for a wide range of icing parameters. The drone rotor used
has four blades with varying chord and twist settings. The objective of this study was to investigate
icing effects on the rotor aerodynamic performance, based on experimental data, for varying rotor
speeds, precipitation rates, droplet sizes and air temperatures. Aerodynamic loads were measured
using the built-in load cell, and data were compared to photographs taken during testing as well as
ice thickness measurements at the end of tests. The impact of each test parameter and their variations
on the degradation of the rotor’s performances was evaluated. The results show that larger droplets
and lower RPMs and pitch angles generate a more rapid degradation of the performances due to
the airflow around the blades and tip-vortex affecting the collection efficiency of the blades. With
the smaller droplets, the air temperature did not affect the performance degradation, only the type
of ice accumulation. However, with the larger droplets, degradation of the performances was less
severe at warmer temperatures since almost no ice accumulated at the tip and droplets were expelled
before freezing.
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1. Introduction

Unmanned Aerial Vehicles (UAVs) are regarded as an interesting part of the business
operations of key commercial sectors and are used for a wide range of services and indus-
tries such as deliveries, search and rescue, environmental monitoring and agriculture [1-3].
Militaries around the world have also equipped their forces with UAVs for their advan-
tages due to their light weight and ease of transport and operation [4]. However, freezing
atmospheric conditions threaten the operation of such machines [4,5]. Icing affects all types
of UAVs, but for those equipped with rotors, ice accumulation on the blades causes a direct
loss of thrust, an increase in torque and may even risk an ultimate crash [6].

Aircraft icing is a well-studied area of research. The literature offers a variety of
experimental setups conducted on fixed-wing aircraft [7-10] as well as helicopters [11-18],
and advancements in computational techniques have also led to many works on numerical
simulations of icing and de-icing of aircraft [19-27]. Yet, studies related to icing on drones
have only recently gained momentum [4]. Therefore, an important amount of research
is still needed to understand icing effects on drones, develop optimal solutions for ice
protection and to ultimately obtain icing certification.

To the best of our knowledge, one of the first UAV icing studies was conducted by
Siquig [6], who compared and evaluated the ice accumulation effects between two UAVs,
each having different operational parameters in terms of altitude and range. Bottyan [28]
outlined a numerical technique for ice accretion prediction based on the 2D Messinger icing
model for a UAV wing and airfoil profile. Szilder and Mcllwain [29] proposed an analytical
model based on the integrated mass and energy balance equations to identify glaze and
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rime ice formation, based on the air temperature T, and liquid water content LWC, along a
NACA 0012 airfoil surface intended for UAV applications. They used CFD to compute the
flow field for each Reynolds number Re and to obtain the Stanton number St. A droplet
trajectory solver then computed the collection efficiency for given droplet sizes, and a
morphogenetic model was used to predict the ice accretion shape. Armanini et al. [30]
proposed the Icing-Related Decision-Making System (IRDMS), which measures changes
in aircraft performance in-flight, along with the surrounding environmental properties, to
evaluate icing, its effects on the aircraft and whether the equipped ice protection systems
should be activated. Liu et al. experimented on a UAV rotating propeller placed in an icing
wind tunnel IWT [31]. They tracked the transient ice accumulation process for a variety of
icing conditions while measuring changes in rotor thrust, torque and power consumption.
They found that ice accumulation could cause up to 70% thrust loss and power consumption
of up to 250% compared to operation prior to icing. In another study, they investigated the
effect of applying hydrophilic and superhydrophobic coatings on ice accretion and changes
in rotor thrust and torque [32]. They found that the application of superhydrophobic
coatings greatly mitigated ice accumulation, reduced thrust loss and caused less demand
for extra power consumption compared to the rotor blades with hydrophilic coatings. Hann
et al. studied the application of an electro-thermal heating ice protection system on a wing
with an RG-15 airfoil profile [33]. The wing was placed in the IIWT and two different heating
systems were used; the first operated in anti-icing and de-icing modes, while the other
was designed as a parting strip de-icing system. They found that the parting strip de-icing
system was more efficient in terms of power consumed; it was also more effective in terms
of ice protection compared to the conventional anti-icing/de-icing system.

This paper presents a study on the icing of a drone rotor in AMIL’s 9 m high cold
room and the effects on its performances. The research project focuses on studying the
impact of icing on an 81% scaled version of the Bell APT70 rotor, typical of small to
medium UAV rotors, as well as gathering quality experimental data related to the effects
of icing on the aerodynamic performance of rotor blades and constructing a database of
photographs and measurements of the ice shapes accumulated under different operating
parameters. Tests consist of a wide range of pitch angles 6, liquid water content LWC,
median volume diameter MVD, air temperatures Te, rotor speeds () and precipitation
rates A. Thrust, torque, rotational speed, mechanical power, electrical power consumption
and rotor vibrations were measured during the tests. Ice shapes were documented using
2D photography, a 3D scanner and manual thickness measurements using digital calipers.
The APT70 drone performs vertical take-off and landing (VTOL) with its rotors” rotation
axis mainly vertical. It can transition from vertical flight to horizontal flight to fly on
its wings, allowing it to reach higher speeds and cover more ground distance. During
horizontal flight, the rotors’ rotation axis is mainly horizontal. This research focuses on
the take-off/landing and hover flying mode of drones with the rotor axis perpendicular
to the ground. Testing of this flight mode was performed in an icing cold room. A new
innovative test setup for this purpose was developed with the test procedures in a previous
work [34]. The test conditions were also defined and calibrated in the previous work. The
drone rotor blades used have a complex geometrical shape, due to the varying chord length
c as well as changing twist from root to tip. The rotation speed () is higher compared to
that of a helicopter, but the smaller blades cause the operational Reynolds number Re to be
lower. This paper is divided as follows. First, the cold room, test setup and conditions are
briefly presented. Then, the effect of each test parameter on the icing accumulation and
rotor performance is assessed.

2. Materials and Methods
2.1. Cold Chamber
The rotor icing test setup is installed in the AMIL cold chamber, identified as the 9M

Chamber (Figure 1), in which the test rotor is positioned at the center of the icing test
section. The rotor is positioned 2 m above the ground, which is high enough to prevent
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ground effect but far enough from the nozzles for the droplets to reach terminal velocity
and temperature [34]. The 9M chamber is 9.10 m high, 5.50 m long and 3.50 m wide. Air
temperature can be controlled between —35 °C and 5 °C £ 0.5 °C. Two heat exchangers
connected to a compressor are set in the upper section of the chamber. The rotor can operate
indefinitely at a desired temperature. Inside the chamber and surrounding the rotor, the
icing test section has an area of 2 by 2 m, where the icing precipitation is obtained, and is
delimited by both the chambers walls and plexiglass movable walls.

Figure 1. Photos of the experimented rotor system placed inside the cold chamber.

Two standard icing nozzles are located on the chamber ceiling to generate the icing
cloud. The nozzles are located directly above the center of the rotor shaft to distribute the
spray evenly in the chamber. Hydraulic sprinklers produce gravity-fed icing with pressur-
ized nozzle sprayers. Different nozzle heads can be installed to generate different droplet
sizes. The droplet speed corresponds to their freefall values in the vertical airflow [34].
Distilled water maintained in a refrigerator is used to produce the precipitation. Equal air
pressure and water pressure are delivered to each nozzle. Measuring the water and air
pressures at the input of the water and air lines to the nozzles ensures precise readings of
the pressure differential controlling the droplet size. A photograph of the spray rig in the
ceiling with the two installed nozzles is shown in Figure 2.

Figure 2. The cold chamber’s icing nozzle array.
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2.2. Drone Rotor Assembly

A 12 kW Hacker Q150-45-4 motor is used to power the drone’s rotor. The motor and
hub system are installed in the center of the chamber’s test section on a pneumatic cylinder,
as shown in Figure 3. To measure the thrust, torque and mechanical power consumption
of the rotor, a 2-axis Futek MBA-FSHO04262 load cell was added between the motor and
the holding post. Data acquisition and control of the rotor system were performed using a
custom LabVIEW interface.

Figure 3. A photograph of the installed rotor showing the blades and load cell.

The rotor studied in this experiment is the slightly modified 81% scaled version of the
Bell APT70 drone rotor with a total diameter of 0.66 m. It has 4 blades (see Figures 3 and 4)
with a NACA 4412 aerodynamic profile. Each blade is formed of two carbon fiber parts
that are glued together to form one hollow blade 25.4 cm long. The blades are twisted and
have a variable chord from root to tip. Equations (1) and (2) are used to describe the curve
fitting result based on the non-dimensional radial location r for the twist ¢ (°) and chord
¢ (m), respectively.
¢ = —65.187r° + 169.58> — 161.367 + 68.5 1)

¢ = (—10.632r* + 30.99713 — 33.185r% + 13.566r+0.0397) x 2.54/100 2)

Figure 4. A photo of the rotor blades used for the experimental icing tests.

2.3. Test Parameters

To select the icing conditions for testing, two main standards are used: the FAA/
AR-09/45 [35] and the SAE ARP 5485 [36] and AS5901 [37]. These documents determine
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the conditions for ground and low-altitude icing. The two types of precipitation selected
are freezing drizzle and freezing rain. In addition to those requirements, an additional
requirement of 67 g/dm?/h (0.25 in of water per hour) is also defined by the industrial
partner itself. Three air temperatures are selected to obtain glaze, mixed and rime ice
accumulations. The comprehensive grid of icing conditions selected for the whole test
campaign and the rational for each of those conditions are presented in Table 1.

Table 1. Details of icing parameters used for tests, along with their rational.

Temp. (°C) A (g/dm2.hr) MVD (um) LWC (g/m3) Rational
5 120 0.5 0.5 g/m3 (FAA/AR-09/45)
Typical Ground Icing +
% 120 24 Light Rain (2 L/h/m?)
Typical Ground Icing +
2 800 02 Light Rain (2 L/h/m?)
0.25 in. Water/h for APT70 Requirement +
67 120 6.3 : 5
—15, =12 and -5 Moderate Rain (6.75 L/h/m*)

0.25 in. Water/h for APT70 Requirement +
67 800 0.5 0.5 g/m3 (FAA/AR-09/45) +
Moderate Rain (6.75 L/h/m?)

Typical Ground Icing +
” 20 7 Moderate Rain (8 L/h/m?)
80 800 0.6 Typical Ground Icing +

Moderate Rain (8 L/h/m?)

Three levels of RPM are targeted for a comprehensive investigation: low (3880 RPM),
medium (4440 RPM) and high (4950 RPM). The selected rotation speed values were selected
based on similarity parameters with the full-scale APT70 rotor. All the details of the test
parameter selection and calibration are presented in [34], as well as the comprehensive
explanation of the methodology used to convert precipitation rate to LWC.

2.4. Post-Processing and Non-Dimensional Coefficients

Icing tests were conducted in the cold chamber following a specific protocol consisting
of generating a water spray in the cold room once the rotor had reached the targeted
rotation speed. When ice shedding from the blade occurred and vibration levels reached
values above a pre-established limit of 1 inch per second (ips), the test was stopped and
photography and final measurements were made on the blades.

To process the data and determine the severity of each test, non-dimensional coef-
ficients are used for test comparison. The non-dimensional thrust coefficient Ct and the
torque coefficient Cg for each test are calculated as shown in Equations (3) and (4), where p
is the density of air (kg/m?), Q) is the rotor speed (rev/s) and d is the rotor diameter (m).

Cr=T/pQ%d* ©)

Co = Q/pO*d° 4)

For each test, average values for each of the recorded parameters during the stabiliza-
tion period, prior to water initiation, must be established. Figure 5 shows an example of an
icing test, where the stabilization period is highlighted in orange for all the curves of rotor
speed and electrical power (Figure 5a), as well as for the torque and thrust (Figure 5b). The
stabilization period begins after the rotor reaches the target speed and ends at the beginning
of the water spray, which is directly followed by an increase in torque and decrease in thrust.
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Figure 5. Example of variation of rotor performance data with time for (a) rotation speed and
electrical power; (b) thrust and torque.

To observe the effect of ice accretion on rotor performance, the measurements taken
during icing are compared to their calculated average values prior to water initiation. This
is how Figure 6 was obtained, which shows the percentage decline in the measured Cr
with time (Figure 6a) as well as the parallel percentage increase in C (Figure 6b), based on
their respective average values without ice. The x-axis in Figure 6 represents the time after
the water spray is activated, so t = 0 s is the moment the water spray is initiated, which is
also t = 100 s in Figure 5.

5T ; - -
90
of (a) (b)
80+
5t
)
0 2
-10 2
<
o
15F 60 &)
20+ 50+
-25 40
30 30
= :
g
3T é 20
R Ll
40f ~
10
-45
Time (sec) 0r Time (sec)
50 L i i ] i ] J !
0 50 100 150 200 0 50 100 150 200

Figure 6. Example of the variation of non-dimensional parameters with time during icing for
(a) thrust coefficient Cr; (b) torque coefficient Cg.

3. Results

The results obtained during the experimental test campaign are presented for the
different test parameters investigated. The effects of precipitation rate, LWC, MVD, tem-
perature, rotation speed and pitch angle on the calculated thrust and torque degradation
during icing and for tests with similar parameters are examined. Measurements of the
accreted ice thicknesses at the end of each test are reported and compared. Furthermore,
to assist with the data analysis, a photography setup was constructed for the purpose
of documenting the accumulated ice on the blades. The use of this setup also made it
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possible to obtain steady images of the ice accretion during an icing test and at different
time intervals, such as the photo sequence shown in Figures 7 and 8.

Figure 7. Photographs showing the ice evolution on the rotor blade during 5 time intervals; Too = =5 °C,
Q = 4950 RPM, MVD = 800 um and A = 80 g/m?/h.

Figure 8. Photographs showing the ice evolution on the rotor blade during 5 time intervals;
Teo = —12°C, QO =4950 RPM, MVD = 800 um and A = 80 g/mz/h.

All the icing tests were run until a piece of ice had naturally shed from one or multiple
blades, causing severe vibrations for the rotor and forcing the test to be stopped. Ice
shedding was detected by the direct noise of the chunk of ice colliding on the plexiglass
walls, as well as by the sudden jump in vibration rates. Figure 9 presents photos taken
at the end of an icing test for two different blades, showing a typical ice shedding result.
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While the rotor is spinning and accumulating ice, the centrifugal forces increase due to the
continuously increasing mass of accumulated ice. Once these forces become stronger than
the combined adhesion force between the ice and the blade surface and the cohesion force
within the ice layer itself, ice shedding occurs. The shedding event causes the vibration
rates to skyrocket and exceed the safe operation limit, causing the stopping of the tests.

3880 RPM ; 120 um 3 -5°C 4950 RPM ; 120 um 5 -5°C 4950 RPM ;120 um 5 -12°C 4950 RPM 5 800 jum ; -5°C

Figure 9. A photograph showing the ice accumulation at the end of an icing test for (a) the entire
blade with no shedding and (b) a large piece of ice shed while ice was still attached near the root and tip.

3.1. Icing Intensity (Precipitation Rate and Liquid Water Content)

This section examines test cases where the icing intensity was increased for constant
test parameters. Since an increase in precipitation rate automatically results in an LWC
increase (and vice versa), these conclusions apply and are valid for both parameters. For
four different icing conditions, the rate of thrust degradation is presented in Figure 10,
and Figure 11 shows the corresponding rate of torque degradation. The thrust and torque
degradation with time become more significant as the icing intensity (A and LWC) is
increased, as expected. In other words, Cr decreases and Cg increases more rapidly as
a direct result of an increasing A and LWC, regardless of the MVD, T, and (2. When all
other icing parameters are held constant, this increase leads to a faster and more severe ice
accumulation on the blades. In order to prevent or avoid the effects of these icing conditions,
an ice protection system must be used, either passive [32], active [17] or hybrid [16], and
these systems will be discussed in other papers.
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Figure 10. Effect of precipitation rate on the rate of rotor thrust degradation for selected icing conditions.
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Figure 11. Effect of precipitation rate on the rate of rotor torque degradation for selected icing conditions.

To conduct tests at the same LWC for different water droplet MV D, the precipitation
rate needs to be adjusted, as seen in Figures 10 and 11. For example, at LWC = 0.5 g/m?,
the precipitation rate is only 5 g/dm?/h for the smaller droplets, while it is 67 g/dm?/h
for the larger droplets. The conversion from precipitation rate to LWC for all the tests is
shown in Table 1. Since there is no wind velocity, unlike for tests in a wind tunnel, the LWC
is calculated using the droplets’ freefall velocities [34]. For a finite volume of air with a
constant mass of water (LWC), the mass of water entering the volume of air will equal the
mass of water that leaves. Since the freefall velocity of the larger droplets is higher, this will
result in a significantly higher precipitation rate for the same LWC. The LWC seems to be a
more relevant way to compare the effect of the icing on the rotor performance degradation
than the precipitation rate. When the rotor blades are spinning, they hit the relatively static
mass of water that is present in the given volume of air in front of them. The droplet vertical
velocity is negligible in comparison to the blade velocity. For the range of RPM tested, the
blade tangential velocity varies from 67 m/s at 50% of blade radius to 171 m/s at the tip,
and the fastest droplet velocity (at MVD = 800 um) is around 4 m/s [34]. This is more than
one order of magnitude faster than the droplet freefall velocity. This is why almost all the
ice accretion is at the blade stagnation point close to the leading edge rather than on the
blade upper surface, as would be the case if the blades were static. For these reasons, the
LWC is used in the rest of the paper instead of the precipitation rate.

3.2. Droplet Size (MVD)

For similar LWC, the degradations of the performances are more important for the
larger droplets, as shown in Figure 12. This is also shown in Figure 13 by the thicker ice
accretion on the rotor tested with the larger droplets. Even if a small portion of ice has shed
close to the tip of the blade with the smaller droplets, the ice accretion is higher close to
the blade tip, and for the whole span of the blade for the larger droplet. To achieve similar
performance degradation with the smaller droplets as with the larger ones, the LWC needs
to be 5 times higher (2.4 g/m3). The higher ice accumulation at constant LWC for the larger
droplets can be attributed to their higher inertia. The collection efficiency is dependent on
the shape and dimension of an object as well as on the particle inertia, velocity and flow
streamlines. The larger droplets are less likely to follow the streamlines around the airfoil
due to their higher inertia, and will impact the leading edge instead, resulting in a higher
accretion rate [38,39].
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Figure 12. Comparison of rotor thrust and torque degradation for tests with similar LWC (0.5 g/m?3).
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Figure 13. Photographs of blades after icing tests at —12 °C, LWC = 0.5 g/m? and (a) 120 um, 5 g/dm?.h
(top); (b) 120 um, 5 g/dm? h (front); (c) 800 um, 67 g/dm?.h (top); (d) 800 um, 67 g/dm2.h (front).

2

Although the water droplet collection efficiency is usually higher near the tips [40],
driven by the higher blade local velocity in that region, the lower ice accretion near the
tips shown in Figures 7 and 8 was consistent throughout the tests performed in this study,
independent of the test conditions. Similar results as the ones reported here were also
obtained by NASA’s experiments for the hovering UH-1H [41], as well as those of the NRC’s
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hovering UAS [39]. Since the collection efficiency is highly dependent on the shape and
dimension of an object, the significant differences in profile and chord length along the blade
as compared to previous tests performed in the literature could explain the unexpected
absence of ice near the tip. The accumulation observed towards the tip in Figure 14 shows
the effect of tip-vortex as a function of droplets MVD. In Figure 14a, for the smaller droplets,
the accumulation decreases considerably for the last 15-20% of the blade before greatly
and abruptly increasing at its very tip, with the droplets being largely impacted by the
tip-vortex and airflow. Figure 14b shows that the larger droplets, with more inertia, are less
affected and the accumulation follows a more linear accumulation for the same rotation
speed. This confirms that ice accretion is generated by the advancing movement of the
blade in a volume of air filled with water droplets and not by falling droplets and their
freefall velocities. More investigative efforts will be made in the near future to perform a
complete investigation of the blade’s collection efficiency and surrounding airflow during
rotation for the hovering case.

Figure 14. Photographs of blades after icing tests at (a) 3880 RPM, —15 °C, 120 um, 7.5 g/m?
(80 g/dm?.h) and (b) 3880 RPM, —15 °C, 800 um, 0.6 g/m3 (80 g/dm? h).

3.3. Rotor Speed

This section examines the effect of increasing () on the aerodynamic degradation
during icing. Examples of thrust and torque degradation with time during icing in different
test conditions are presented in Figures 15 and 16, respectively, where the main comparison
is made between tests for different (). The rotor speed had a direct effect on the severity
of ice accumulation on the blades. Based on the data of Figures 15 and 16, an increase
in Q) directly decreased the degradation of the rotor aerodynamic parameters. Therefore,
the thrust degradation was more severe when the rotor operated at the lowest speeds,
compared to tests with higher () and regardless of all other icing parameters.

Ice measurements for tests at different rotor speeds are presented in Figure 17. Further
examination of ice shape photographs taken after testing are presented in Figures 18 and 19.
For the case of 120 um and —5 °C (Figure 18), a thick presence of ice is found at the tips
for 3880 RPM, along with the lobster tail shape of ice extending farther from the blade
tip (Figure 18a). When the speed is increased, the ice becomes thinner at 4440 RPM with
no lobster tail shape (Figure 18b). A further increase to 4950 RPM shows almost no ice
accumulation towards the blade tips (Figure 18c). The same phenomena are observed for
the other test cases (Figures 17 and 19). Again, the faster performance degradation is due
to a faster and heavier accumulation. The fact that the tip is also more severely affected at
lower RPM plays a significant role in the higher degradation. More ice at the tips means
faster aerodynamic degradation and therefore explains the severity of tests increasing as
() is decreased. The collection efficiency for rotating blades is directly related to the flow
velocity [40,42], so an increase in rotor speed was therefore expected to produce thicker ice
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as () increased. However, such conclusions are usually obtained for forward flight with a
high-velocity airflow as well as for standard extruded aerodynamic profiles (NACA0012,
untwisted with constant chord length). In this case, the collection is only generated by
the rotation of the blades, demonstrated by the absence of ice accumulation on top of
the blades where the droplets would otherwise impact, and the blades greatly vary in
chord and twist angle along their span. Figure 19 shows once again the large effect of
tip-vortex caused by rotation and geometry of the blade on the droplet trajectories and the
resulting accumulation, and most importantly how the increase in rotation speed affects the
overall vortex/airflow surrounding the blade during rotation. Finally, similar experiments
at NASA [41] and the NRC [39] have shown that different outcomes than expected for
forward flight can be obtained in hovering mode. Even if they did not test multiple (),
the absence of ice accumulation towards the tip, as opposed to other studies, show the
importance of understanding and studying flow and vortex distributions and collection
efficiencies for rotating blades varying in chord length and twisted in hover mode.
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Figure 15. Effect of rotor speed on the rate of rotor thrust degradation for selected icing conditions.
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Figure 16. Effect of rotor speed on the rate of rotor torque degradation for selected icing conditions.
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Figure 17. Comparison between the measured ice thickness at 3880 RPM, 4440 RPM and 4950 RPM
for selected icing conditions.

‘._.ar“'-

Bdwdiseny - 2 -

Figure 18. Photographs of blades after icing tests at —5 °C, 120 um, 6.3 g/m> (67 g/dm?.h):
(a) 3880 RPM: ice is spread across the whole radius and a lobster tail shape of ice is seen;
(b) 4440 RPM: ice is spread across blade with minimal ice near the tip and no lobster tail-shaped ice;
(c) 4950 RPM: no ice accumulation between around 80% of the blade radius and the tip.

3.4. Air Temperature

In this section, the results are analyzed for tests performed with the same parameters
but at different air temperatures (—15 °C, —12 °C and —5 °C). At the warmer temperature
(=5 °C), during the droplet impact on the blade surface and its subsequent solidification,
the latent heat of fusion would not be adequately removed either by the surrounding
convective heat transfer nor the conductive heat transfer [43]. The resulting ice shape would
then be a transparent and smooth ice layer, both being characteristics of glaze ice, clearly
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seen in Figures 7 and 20a, and similar to that obtained in previous icing studies [18,42].
Glaze ice forms when the impacting droplets partially freeze on the blade while other
droplets remain liquid and are transported by the surrounding airflow of the airfoil section,
further extending across the blade and filling gaps between the already accreted ice. At
lower temperatures (—15 °C and —12 °C), the droplets freeze on the surface more quickly
compared to the glaze ice tests, resulting in mixed or rime ice accumulations, such as those
seen in Figures 8 and 20b and in [18,42]. Droplets freeze immediately upon impinging
the blade and the result is a rime ice shape, characterized by a milky-white and opaque
appearance, as shown in Figures 8 and 20b.

Figure 19. Photographs of blades after icing tests at —15 °C, 120 um, 7.5 g/m3 (80 g/dm?.h):
(a) 3880 RPM (front), (b) 3880 RPM (top), (c) 4950 RPM (front) and (d) 4950 RPM (top).

Figure 20. Photographs of blades after icing tests at 4440 RPM, 800 um, 0.5 g/m3 (67 g/dm?.h):
(a) =5 °Cand (b) —12°C.

The analysis is divided into two parts, with the first one analyzing the effect of
temperature for tests with MVD =120 um and the second part dedicated to the tests with
MVD =800 um. Figures 21 and 22 present the thrust and torque degradation, respectively,
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for the tests with MVD =120 um. Based on the data presented in the figures, a decrease
in air temperature from —5 °C to either —12 °C or —15 °C did not generally affect the
outcome of icing tests for similar conditions at this droplet size. The accumulation rate was
similar at both temperatures. However, the type of ice obtained was different for reasons
detailed previously. This result is somewhat in line with the results obtained in [39].
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Figure 21. Effect of air temperature on the rate of rotor thrust degradation for selected icing conditions
at MVD =120 um.
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Figure 22. Effect of air temperature on the rate of rotor torque degradation for selected icing conditions
at MVD =120 um.

The effect of lowering T, for tests with MVD = 800 um had a different effect on the
results, as presented in Figures 23 and 24. Tests with lower temperatures showed faster
thrust loss and a more rapid torque increase throughout the duration of tests, compared
to tests at —5 °C. This behavior was consistent among all tests with the larger droplets.
The accumulated ice for these tests presented a different shape at the two temperatures.
Figure 25 shows accumulations at the end of tests at both temperatures. For the larger
droplets, almost no ice accumulates in warmer temperatures at the tip due to the droplets
that do not have time to reach the air temperature and aerodynamic heating increasing
their temperature closer to their freezing point, which explains the lower accretion rate
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CT (%o/sec)

0,
CQ (%/sec)

and lower degradation at —5 °C. This phenomenon was also observed in some other
studies [13] and during the calibration of the test setup height [34]. While [39] obtained
similar thicknesses and degradation for different temperatures, their maximum droplet size
was 300 pm, significantly lower than 800 pm, where this type of behavior is not expected.
The type of ice obtained is also different, with glaze ice obtained at —5 °C, where water does
not freeze at impact and flow on or get expelled from the blade before freezing, confirming
those conclusions.
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Figure 23. Effect of air temperature on the rate of rotor thrust degradation for selected icing conditions
at MVD = 800 pm.
800 pm ; 3880 RPM 800 pm ; 4440 RPM 800 pm ; 4950 RPM 800 pm ; 4950 RPM
3 2 3 2 3 2 3 2
0.6 g¢/m” (80 g/dm*.h 0.6 g¢/m~ (80 g/dm*.h 0.5 g/m” (67 g/dm*.h 0.6 g¢/m” (80 g/dm*.h
150 g/m” (80 g/dm™.h) 140 g/m” (80 g/dm™.h) 10 g/m” (67 g/dm )40 g/m~ (80 g/dm".h)
-5°C -5°C -5°C Wl -5°C
——-15°C —-15°C ——-12°¢|'| 35 —-15°C
J 120 5 W
A ,
] 100 \f 30
100 ‘ 20 |
/ A'.N!Wf\‘ 25
Y 80 I I'
" 15 ( 20 |
A M 1‘1' !
ﬂ"‘.JH 60 [ f
r/"d} J hffp ¥ 15 'MM
50 / r 10 f e
40 N *’1 |
rﬁrl’fl M 10 ﬁ *l’*‘
ﬂ of Sl L
o ,,»f Time (sec) ol Nﬂ' Time (sec) o MM Time (sec) . ul,, i Time (sec)
0 200 400 600 800 0 200 400 600 800 0 200 400 600 0 100 200 300

Figure 24. Effect of air temperature on the rate of rotor thrust degradation for selected icing conditions
at MVD = 800 um.

3.5. Pitch Angle

Icing tests were carried out to examine the effect of changing the pitch angle between
6 =11.7° and 6 = 9.7°. The thrust and torque degradation with time during icing for the
different tests performed are presented in Figures 26 and 27, respectively. Changing the
pitch angle between 6 = 11.7° and 6 = 9.7° has a small impact on thrust degradation, as
shown in Figure 26. On the other hand, a lower blade pitch strongly increases the torque
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degradation, as shown in Figure 27. This effect was consistent among all the examined test
cases. A previous study found that increasing the pitch angle seems to greatly influence
blade tip ice accretion [12], with the increase in pitch leading to thinner ice accumulation
near the tips, which agrees with the results seen in this work. Figure 19 shows that for
higher RPM, there is less ice accretion under the blade close to the tip due to a stronger tip-
vortex caused by higher thrust production, overall leading to less performance degradation.
With a higher blade pitch angle, the rotor thrust is higher, similar to increasing RPM, and
thus the strength of its tip-vortex is also higher, leading to less ice accretion close to the
tip and less performance degradation. Ice accretion outboard the blade tip, as shown in
Figure 18a for low RPM testing, could lead to a significant increase in torque and small
decrease in thrust, which would be in accordance with the two figures below. Ice accretion
outboard the blade tip has a small impact on local blade lift but adds an extra local drag,
and due to the long moment arm from the blade tip to the rotation axis, it generates a
significant torque increase. Figure 28a shows that at 6 = 9.7°, ice accreted outboard the
blade tip. With a higher blade pitch, the rotor-induced axial velocity is higher, which could
change the droplet trajectories and thus the impact on performance degradation. The effect
of blade pitch seems to be in accordance with the effect of RPM, which indicates that a
correlation might exist between the performance degradation and thrust coefficient.

CT (%/sec)

Figure 25. Photographs of blades after icing tests at 4950 RPM, 800 um, 0.5 g/m3 (67 g/dm?.h):
(a) —5°Cand (b) —12 °C.
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Figure 26. Effect of pitch angle on the rate of rotor thrust degradation for selected icing conditions.
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Figure 27. Effect of pitch angle on the rate of rotor torque degradation for selected icing conditions.

Figure 28. Photographs of blades after icing tests at 4950 RPM, —15 °C, 120 um, 7.5 g/m?
(80 g/dm2.h): (a) 8 = 9.7° and (b) 0 = 11.7°.

4. Conclusions

This paper presented the results and analysis of the icing experiments conducted on the
rotor of an APT70 drone in hover mode. Tests were carried out in AMIL's 9M cold chamber
for a wide range of conditions (median volume diameter MVD, air temperatures T, rotor
speeds (), precipitation rates A, liquid water content LWC, pitch angles 6). The focus of the
study was the ice accretion dynamics on the rotor blade, as well as the effects associated
with the aerodynamic degradation induced by the accumulated ice. A parametric study on
the effect of each of the tested icing parameters was performed.

The LWC proved to be more representative for hover/VTOL testing than the precipita-
tion rate even if it is less practical to use due to the difficulty of its measurement when there
is no airflow. When the rotor blades are spinning, the relatively static mass of water that
is present in the given volume of air in front of them is driven by the resulting airflow, as
observed from the ice accretion found at the blade stagnation point close to the leading edge.

For the other parameters, the performance degradation was attributed to the icing
rates and shape obtained on the blade. Larger droplets, lower rotation speeds, lower pitch
angles and lower air temperatures increased the performance degradation of the rotor due
to faster ice accumulations and often closer to the tip of the blades. Part of the differences in
ice accumulations were attributed to the collection efficiency of the blades and the resulting
airstream and tip-vortexes around the rotating blades. For example, increasing the RPM
led to more energetic streamlines around the rotating blades, driving the smaller droplets
past the blades. More investigations will be conducted on those subjects in the near future
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for a deeper understanding of the droplets’ trajectories and vortex and air flow distribution
around the rotating blades in hover mode, depending on the rotation speed and droplet size.

Future works will also consist of developing suitable and optimized ice protection
solutions for the blades. Icephobic coatings as well as heating elements will be installed on
the blades in future experiments to determine the efficiency of each system.
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