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EXECUTIVE SUMMARY

This report presents the achievements of Phase 1 of the NRC-Transport Canada (TC) collaboration
on the experimental investigation (wind tunnel testing) of tolerance for icing of small-size
propellers used to power small Unmanned Aerial Systems (SUAS). Since data on icing of these
propellers at high rotation speeds (RPMs) are almost non-existent, the main objective of the current
study is to characterize the icing of small propellers at high RMPs and provide TC with scientific
data to support the development of a safe and commercially viable regulatory framework for UAS
operations in Canada.

The report consists of three parts:

1. A literature review of the icing of small UAS propellers (for simplicity, the word propeller is
used throughout the report to refer to both propellers in the case of fixed-wing UAS and rotors
in the case of rotary-wing UAS).

2. A description of the RCbenchmark dynamometer (thrust stand) Series 1580 and the propeller
models that have been acquired to conduct icing tests in the NRC Altitude Icing Wind Tunnel
(AIWT). The thrust-stand/propeller test rig has been assembled and calibrated, and a number
of preliminary shakedown static tests (wind off, outside the test section) have been performed
to ensure proper functioning of the test apparatus. A sample of the static test results is included
in the report along with a brief description of the NRC AIWT facility.

3. A work plan for Phase 2 of the NRC-TC R&D collaboration, which concerns the actual wind
tunnel testing of various small size propellers with diameters ranging between 8” and 12”.
Phase 2 will be executed during FY 19/20.
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1 INTRODUCTION

With the drastic increase over the last two decades in the use of unmanned aerial systems (UAS),
especially small ones (SUAS), for both commercial (e.g., aerial monitoring, delivery of packages,
entertainment and recreation, research and development,...) and public “public good” (e.g., aerial
surveillance, search and rescue, law enforcement, research and education,...) applications, there
has been a tremendous demand for routine access of these vehicles to all classes of national
airspaces, including civilian airspace [1].

Unmanned aerial systems typically operate at low to medium altitudes, and their integration into
civilian airspace would present a potential risk to ground personnel and property. This risk would
be more significant for SUAS since many of the applications being considered involve low altitude
operations in and around urban areas. Given the potential hazard associated with the integration of
UAS into the national airspace, a regulatory framework for both airworthiness and operations that
balances safety with utility is required. To this end, Transport Canada has put in place a task force,
the RPAS Task Force Engineering, whose mandate is to provide R&D data that support the
development of a safe and commercially viable regulatory framework for UAS operations in
Canada.

One of the major obstacles to safe operations of UAS in Canadian airspace is the dangerous hazard
of icing that can be encountered during flight. Unmanned air systems, especially small ones, are
more vulnerable to the risk of ice formation than conventional aircraft. This is mainly due to their
lower flying altitudes, lower speeds and small excess power and payload margins. Propellers are
the most vulnerable parts of these vehicles; their blades tend to collect ice more rapidly and their
performance is quickly degraded with a considerable loss of thrust and abrupt increase of power
consumption that could result in a catastrophic failure. There is a very limited data on icing and
ice shapes for small UAS propellers and the impact of icing on their aerodynamic performance.
Further research is needed to characterize icing of these propellers, improve understanding of the
impact of icing on their performance and ultimately determine the critical icing conditions for the
safe operation of small UAS in a northern climate.

To provide the required data on the icing of small UAS propellers, Transport Canada has
collaborated with the National Research Council Canada (NRC) to conduct icing tests in its
Altitude Icing Wind Tunnel (AIWT) to investigate the tolerance for icing of small UAS propellers,
especially at high RPM. The main objectives of the collaboration are:

e Develop a wind tunnel testing capability at NRC to study icing of small UAS propellers

e Conduct icing tests and provide experimental data to characterize icing of small propellers

Classification: Unclassified NRC-CNRC
Distribution:  Limited Page 5 of 27



LTR-AL-2019-0024
Investigation of Tolerance for Icing of Small UAV Rotors/Propellers — Phase 1

e Investigate tolerance for icing of small UAS propellers and the feasibility of using a
correlation between ice accretion and performance degradation as means of ice detection

The NRC-TC collaboration is executed in two phases. During Phase 1 (FY 18/19), the following
tasks were completed and are part of this report:
e Conduct a review of the available literature on icing of small UAS propellers
e Acquire the various parts of the test rig (dynamometer and propellers), set up and calibrate
the test rig and conduct shakedown static tests to ensure proper functioning of the
dynamometer/propeller assembly
Actual wind tunnel tests will be conducted during Phase 2 (FY 19/20).

Classification: Unclassified NRC-CNRC
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2 ICING OF SMALL UAS PROPELLERS - LITERATURE REVIEW

Propellers are the predominant type of propulsion used to power unmanned air systems, especially
small UAS. Generally, these propellers have a small diameter and operate at low Reynolds
numbers, low forward speeds, low tip speeds, and high RPMs [2]. They generally develop ice
along their blades when operating in winter precipitation conditions. Icing of the blades reduces
their lift and increases their drag, as shown in Figure 1. The centrifugal force of the rotating blades
can theoretically act as a natural de-icing method. However, if the ice is not shed symmetrically,
the uneven accretion causes vibration and imbalance in the propellers, which can lead to loss of

the UAS.
/ Airfoil
with ice

£ &
— —
B T
-
s airfoil &
= 3]
ua jry
o ‘D Clean
o 8 airfoil
o g §
Mol
with ice __,,,4-—/
Angle of Attack Angle of Attack

Figure 1. Lift and drag coefficients on clean airfoil and airfoil with ice [3].

Over the last two decades, a considerable number of research studies, both experimental [4]-[10]
and computational [11]-[14], have been conducted to improve the understanding of the low
Reynolds aerodynamics of clean (no ice) UAS propellers and evaluate their performance. However
and surprisingly, while icing of UAS has been an active area of research in recent years [15]-[24],
studies on the icing of UAS propellers and its effects on their performance are very limited and
very recent [25];[26], [28];[29] and [31]. Most of the icing studies for UAS have been for fixed-
wing vehicles with emphasis on icing of the wings and tails. Below are summary reviews of the
limited available literature on icing of UAS propellers. More details are available in the reviewed
publications.

Using a scaled model of a three-bladed propeller typical of those found on modern UAS, Liu et al.
[25] conducted a series of icing tests and studied the transient ice accretion process over the blade
surfaces of the rotating model propeller. The tests were performed in the lowa State University
Icing Research Tunnel (ISU-IRC) under icing conditions ranging from rime to glaze ice. During
the experiments, the air and the rotation speeds of the propeller were kept constant at 16 m/s and
3000 RPM, respectively. To cover both rime and glaze ice conditions, the ambient temperature

Classification: Unclassified NRC-CNRC
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was varied from T«=-15° to -5° and the liquid water content (LWC) from LWC= 0.5 to 2.0 g/m?®.
The transient details of ice accretion over the rotating blades were resolved and captured using a
“phase-locked” high-speed imaging technique. Simultaneous measurements of the dynamic
aerodynamic loads acting on the propellers as well as the input power required to drive the
propeller at a constant RPM were also taken during the ice accretion process.

The experimental investigation of Liu et al. provided a quantification of the dynamics of ice
accretion on the leading edges of the blades as a function of time and space. It revealed that under
moderate icing conditions (rime ice and glaze ice with low LWC), the ice layer formed around the
blade leading-edge has a streamlined profile as shown in Figures 2a and b. However, an extended
coverage on the inner blade section and a “needle-shape” ice formation at the tip of the blade were
observed in the case of the glaze ice (Figure 2b). Under severe icing conditions (glaze ice with
high LWC), a significant mass of ice accumulated around the blade tip, and the “needle-shape” ice
feature developed into “lobster-tail-like” ice branches as depicted in Figure 2c.

To assess the impact of icing of the blades on the propeller performance, the detailed ice accretion
phases shown in Figure 2 were correlated with the dynamic aerodynamic load data and the input
power response. The icing effects were analyzed based on the changes in the time history of the
thrust coefficient (Ct), shown in Figure 3, and the input power presented in Figure 4. With
streamlined ice shapes of the accumulated ice, moderate icing conditions induced only slight
increases in the thrust coefficient as well as in the power input to keep the propeller at a constant
rotational speed. At severe icing conditions, however, the features of the accreted ice dramatically
contaminated the blade aerodynamic profiles, as indicated by the decrease of the thrust coefficient
(Figure 3c) and the exponential increase of the power input (Figure 4).

The study also revealed that at severe icing conditions (glaze ice with high LWC), pieces of ice
were shed from the blades because of the significant mass of ice that was accumulated at the tip.
These ice shedding events increased the structural vibrations of the propeller, as indicated by the
sudden divergence in the amplitude of the thrust coefficient fluctuations (Figure 3c).

In a follow-on work, Liu et al. [26] extended their study to investigate the effects of icing on the
wake characteristics of the three-bladed model propeller to understand further the impacts of icing
on the propeller performance and correlate them with the changes in the flow field.

Classification: Unclassified NRC-CNRC
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Figure 2. “Phase-locked” images of the ice accretion process on the rotating propeller

blade, (a) rime ice, Tw=-15°, LWC = 1.0 g/m?, (b) glaze ice, T»=-5°, LWC = 1.0 g/m?, (c)
glaze ice, Tw=-5°, LWC = 2.0 g/m®.
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During flight tests with their Meteodrone (Figure 5), a small multi-rotor UAS, Meteomatics
engineers, a weather service company [27] located in St. Gallen, Switzerland, experienced ice
accumulations that had negative impact on the controllability of the vehicle. To understand the
icing of the Meteodrone and consequently develop countermeasures or warning systems and
reduce the icing hazard, Meteomatics, in collaboration with the Swiss Federal Office of Civil
Aviation (FOCA), launched a project called SOPHIA (Study of Propeller Icing Hazard in
Mini-UAV Aviation) [28] where they investigated the icing of UAS rotors. They examined ice
accumulations on the rotor blades and the body of the aircraft during different icing conditions
considering the EASA CS25/CS29 Appendix C guidelines. The study included flight tests,
outdoors tests during winter, indoor tests in a ski slope and wind tunnel tests in the Vienna Climatic
Wind Tunnel (VCWT).

Figure 5. Meteomatics Meteodrone UAS.

Two flight tests were conducted at night during forecasted icing conditions. The first flight test
was performed with the Meteomatics Meteodrone SUI-9993 at a height of 565 m above ground
level (AGL), where the air temperature was -2° and relative humidity was 100%. The second flight
test was performed with the Meteomatics Meteodrone SUI-9990 at a height of 534 m above ground
level (AGL), where the air temperature was -2.5° and relative humidity was 95%. During both
flight tests, ice was formed on the rotors and the autopilot systems were not able to control the
vehicles anymore. By measuring the rotary frequency, power expense and thrust of the rotors, the
influence of icing on the rotor performance of the Meteodrones was determined. The flight tests
revealed that icing caused an increase in the required power input as shown in Figure 6.

Classification: Unclassified NRC-CNRC
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Stromaufnahme SUI-9993, Incident 15.12.2016 21:59 UTC
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Figure 6. Influence of icing on power input.

The icing wind tunnel tests were performed using two stands together with four parallel rotors.
The two stands/rotors are presented in Figure 7. The rotors were tested in hover flight state only
under six different icing conditions (two stratiform clouds and four cumuliform clouds) as

summarized in Figure 8. The focus of the wind tunnel tests was on smaller LWCs since they are
more common in real clouds.

Figure 7. VCWT test set up
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Figure 8. Icing conditions.

Measurements of the rotary frequency, power input and thrust of the rotors were used with
photographs taken during testing to analyze the icing process and assess the icing impact on the
rotors’ performance. The photographs showed that under severe glaze ice conditions, complex
“lobster-tail-like” ice branches developed around the tips of the blades. These ice features are
shown in Figure 9 and are similar to what was reported in the study of Liu et al. [25].

In a correlation between the amount of accreted ice and measured thrust, which is shown in Figure
10, the study showed that as the amount of ice increased, the thrust decreased. When examining
the relationship between the measured rotational speed (RPM) of the rotors and the electric current
feed to the motors, it was found that, considering the amount of accumulated ice, the RPM-current
correlation allowed the determination of the region of operation where although ice was present
on the blades, enough thrust was still provided by the rotors.

Figure 9. “Lobster-tail-like” ice branches at the tip of the rotors’ blades.
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Figure 11. RPM — current correlation.

In a recent evaluation of low altitude icing conditions for small unmanned aircraft, Avery et al.
[29] reported that minor icing was encountered on a routine atmospheric sounding with a 3D Solo
small quadcopter UAS shown in Figure 12. The airframe was estimated to have been in icing
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conditions for approximately 4 minutes. A close-up of the ice on the rotor blade is also shown in
Figure 12. To investigate the icing occurrence on the rotor blade, an attempt was made to mimic
the occurrence using the NASA ice accretion computational simulation software LEWICE [30].
Since the parameters of the ice accretion were not measured, the LEWICE simulations were based
on estimated conditions. The results of the simulations obtained by Avery et al. are shown in Figure
13. A distinct horn structure was predicted by LEWICE, which was not seen on the actual rotor
blade. Only aggregated data were used to validate the computational predictions because of the
unknown exact icing parameters.

Figure 12. Ice accretion on the Solo quadcopter.
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Figure 13. LEWICE ice accretion predictions for the Solo rotor blade.

In a recent study on icing of multi-copter small UAS, Yan et al. [31] used a co-axial rotor
configuration and the commercial UAS, DJI Mavic Pro, to conduct experimental studies. The co-
axial rotor configuration consisted of 4 co-axial rotor pairs and was tested in the Pennsylvania
State University (PSU) icing wind tunnel (IWT). The DJI Mavic Pro UAS was tested in the PSU
Adverse Environment Rotor Test Stand (AERTS) facility, which is built in an industrial cooling
chamber. Figure 14 shows the co-axial rotor configuration and the DJI vehicle mounted on a rotor
blade of the AERTS.

The co-axial rotor configuration was tested in both forward and hover states at -10°, varying air
speed (0, 5 m/s), tilt angle (0, 10°) and LWC (1g/m? to 2.5 g/m®) for a water droplet size of 40 um.
The tests were performed at either constant RPM (2000 or 3000) or constant thrust (20 or 30 N).
A degradation in thrust and power was observed due to ice accretion. The ice formation on the
rotor blades increased power consumption and decreased thrust as shown in Figure 15. The study
showed that the power consumption increase and the thrust decrease can be modeled as a linear
function with respect to icing time. It also indicated that a small decrement in thrust due to icing
can significantly impair the power performance and flight endurance. Thus, when a UAS
encounters icing conditions, power variations will likely be a major concern.

Only one icing flight test was performed with the DJI Mavic Pro as exposure to an icing cloud
(droplet size 20 pm, LWC=1.5 g/m?, ambient temperature -12°) for 30 s damaged one of the
motors. It was found that although the rotor blades of the DJI aircraft were collecting ice at a higher
rate than those of the co-axial rotor configuration and a significant amount of ice accumulated on
them, the DJI Mavic Pro rotors did not suffer any ice shed events as was observed during icing of
the co-axial rotors. Figure 16 shows the amount of ice accreted on the rotor blades of the two
configurations. The study revealed that the material of the blades plays an important role in the
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icing process, especially ice shedding. The rotors of the co-axial rotor configuration were equipped
with carbon fiber blades while the DJI Mavic Pro blades were plastic with a matt finish. Fiber
carbon blades have a smooth finish and a lower adhesion strength than plastic blades.

Length
0.96m

XM

Beam Length =
0.60m

Figure 14. Co-axial rotor and DJI Mavic Pro configuration.
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(b)

Figure 16. Ice accretion on (a) co-axial rotor blades and (b) DJI Mavic Pro blades.
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3 WIND TUNNEL TESTING - TEST EQUIPMENT

Part of Phase 1 of the NRC-Transport Canada collaboration is to acquire all the necessary parts
and build a test rig that will be used to conduct the icing tests planned for Phase 2 of the project.
Phase 2 will be completed in FY 19/20 and the tests will be performed in the AIWT.

3.1 TestRig

The test rig consists of a RCbenchmark Series 1580 Dynamometer, a Turnigy 2834-800 brushless
DC electric motor, a Hobbyking 50A Electronic Speed Controller (ESC) and a 4s Lipo (14.8v DC)
power supply. The RCbenchmark Series 1580 Dynamometer is shown in Figure 17 and its design
specifications are provided in Table 1. The dynamometer directly measures torque, thrust, voltage,
current, RPM, motor winding resistance, and accelerations due to vibrations. For static tests
outside the wind tunnel test section, a safety cage was required.

RS

Figure 17. Test rig for wind tunnel testing.
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Table 1 RCbenchmark Series 1580 Dynamometer design specifications

Specification Min. Max. Tolerance Unit

Thrust -5 5 0.5% kgf
Torque -1.5 15 0.5% Nm
Voltage 0 35 0.5% \%
Current 0 40 1% A
Angular speed* 0 190k 1 eRPM
Coil resistance  0.003 240 0.5% Ohm
Digital scale 0 3 0.5% kgf

*Electrical RPM, divide by the number of motor
poles to obtain true mechanical RPM.

3.2 UAS Propellers

A set of Master Airscrew and APC propellers were acquired for wind tunnel testing. Samples of
these propellers are shown in Figure 18. The propeller diameters range from 8” to 14” and the
propeller pitches range between 4.5 and 6”. Both MA and APC propellers are made of glass fiber-
reinforced composite material.

Figure 18. Sample MA and APC propellers.
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3.3 Static Shakedown Tests

After set up and calibration of the test rig, a number of shakedown static tests were conducted to
fix any issues with the system and ensure all the parts were working properly and providing
accurate measurements. The shakedown tests were performed using a MA multi-rotor propeller
with a 12” diameter and a propeller pitch of 4.5” (MA MR 127x4.5). Successful measurements
of the thrust and torque of the tested propeller, as functions of the RPM, were obtained and are
shown in Figure 19.
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Figure 19. Thrust and torque for the MA MR 12”x4.5” propeller.
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3.4 NRC Altitude Icing Wind Tunnel (AIWT)

A schematic of the NRC AIWT is depicted in Figure 20. It is a refrigerated closed-loop low-speed
facility oriented in the vertical plane. Being refrigerated, this facility can be used any time of the
year to conduct icing tests in accordance with the FAA Appendix C conditions.

The standard test section in the AIWT is 0.57 m x 0.57 m x 1.83 m (width x height x length), and
has controlled airspeeds from 5 to 100 m/s. An insert can reduce the test section width to 0.52 m
and height to 0.33 m to achieve airspeeds up to 180 m/s. The tunnel airspeed is calculated through
the use of total temperature and total pressure sensors located upstream of the spray bars in the
settling chamber, as well as a ring of static pressure ports located upstream of the AIWT test
section.

The air temperature in the AIWT is controlled by varying the amount of the refrigerant passing
through a heat exchanger located in the tunnel circuit; achievable static air temperatures (SAT) at
Mach 0.3 range from -40°C to +30°C. A vacuum pump can be used to evacuate air from the wind
tunnel circuit, lowering the pressure and creating simulated flight altitudes up to 12,200 m (40,000
ft). More technical details on the NRC icing facility can be found in [32].

Water Spray:
0.1to 2.5g/m3
8 to 200 pm

Test Section

LIS T

Test item

Altitude: Fan: Motor:
Up to 12.2km (40,000 ft) 5to 100 m/s 450 kW
(10 to 195 knots) 3000 rpm

Figure 20. Schematic of the NRC’s AIWT facility.
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4 PHASE 2 WORK PLAN

Phase 2 of the NRC-TC collaboration concerns the actual wind tunnel testing of the UAS

propellers in the NRC AIWT facility. Phase 2 will be executed in FY 2019/2020 and includes the

following activities:

e Calibrate and adapt the test rig for testing in the NRC AIWT facility

e Conduct targeted rime and glaze ice (from Appendix C) tests in the NRC AIWT facility to
characterize icing of small UAS propellers of different diameters (i.e., 8”, 10” and 12”) at high
RPM

e Assess tolerance for icing of tested small UAS propellers at high RPM using icing data
obtained in the NRC AIWT

e Correlate variations of RPM and electric current with ice build-up to determine the feasibility
of using a correlation between the ice accretion and the performance degradation as a means
of ice detection

e Establish a baseline database of icing data for icing of small UAS propellers at high RPM

5 CONCLUDING REMARKS

Two main objectives were achieved related to Phase 1 of the NRC-Transport Canada collaborative
study on the tolerance of small unmanned aerial systems’ propellers at high rotational speeds to
icing contamination. The first objective was to conduct and summarize a review of the available
literature on the icing of small UAS propellers. Surprisingly, although icing of UAS has been an
active area of research the last decade, research studies on icing of UAS propellers were found to
be very limited and most of them concerned propulsion systems of rotary-wing multi-rotor aircraft.
The second objective was to acquire all the necessary parts to build a test rig to conduct actual
icing tests in the NRC Altitude Icing Wind Tunnel, which is part of the follow-on Phase 2 of this
collaboration. A dynamometer, a power supply, four brushless electric motors, an electronic speed
controller and a set of propellers with different diameters have been acquired. A test rig was set up
and a number of preliminary static shakedown tests were performed, confirming that the test rig is
working as expected.
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