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ABSTRACT
The performance of a 22-inch diameter rotor blade under icing conditions has been investigated using a
dedicated test rig installed in a cold room at the Montreal Road campus of the NRC. Tests have been
performed to examine the sensitivity of rotor thrust, torque and power to a series of icing conditions ranging
from typical civil aviation icing environments (e.g., Appendix C of 14 CFR Part 25) up to those experienced
in freezing drizzle precipitation. It has been shown that performance degradation is more pronounced for
ice accretions formed from clouds containing smaller Median Volumetric Diameters (MVD) and higher
liquid water contents (LWC). It was also shown that ice accretions formed at warmer temperatures (glaze
ice) resulted in more rapid performance degradation when compared to those at colder conditions (rime
ice).
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1 Introduction
Aircraft encounters with icing conditions during flight are recognized as a major safety hazard, with the
accretion of ice on critical surfaces leading to degradation of aerodynamic performance, such as increasing
drag, degrading control authority and decreasing lift, along with stall occurring at much higher speeds and
lower angles of attack than in a non-icing environment [1]. The threat posed by in-flight icing encounters
is particularly concerning for Unmanned Air Systems (UAS’s) that operate at lower altitudes and lower
speeds, where the frequency of icing events is increased and the resulting ice accretion enhanced compared
to larger aircraft operating at higher altitudes. In addition, UAS’s often lack the ability to detect the
occurrence of an icing event from which the risk can be assessed and appropriate corrective action
performed.
When a UAS encounters icing conditions, a particular concern is the degradation in performance of the
rotors and propellers. The blades tend to collect ice rapidly, leading to loss of thrust, abrupt increase of
power consumption and, with sufficient exposure to the icing environment, catastrophic failure of the
vehicle. To address this, over the last two years the NRC and Transport Canada (TC) have entered into
collaborative research agreements as part of TC’s Remotely Piloted Aerial Systems (RPAS) task force with
the objective of creating an evidence based regulatory framework for safe UAS operations in the Canadian
airspace. Phase 1 of this work [2] (FY 18/19) provided an extensive literature review and the acquisition
and development of equipment for the simulation of propeller / icing interaction within a wind tunnel
environment. Phase 2 of this work [3] (FY 19/20) continued the study with tests being performed on small
rotors (i.e., between 10” to 14” diameter) under a range of icing conditions in the NRC Altitude Icing Wind
Tunnel (AIWT). This study demonstrated the influence of various icing parameters, e.g., Median
Volumetric Diameter (MVD), temperature and liquid water content (LWC), on reducing thrust and
increasing power input requirements of UAS propellers.
This project represents Phase 3 of the study assessing the icing risks to RPAS and extends the work of
Phase 2 by testing larger diameter rotors. This phase of the project places emphasis on the development of
a test cell that can provide a realistic simulation of the type of icing conditions an RPAS will encounter in
the Canadian environment, i.e., freezing drizzle and freezing rain. Details of this test rig are provided in a
development and calibration report [4]. This report includes details on the subsequent testing of a mid-size
(22” diameter) rotor blade using the RPAS icing test rig, including the thrust, torque and power
characteristics of the system when subjected to icing conditions similar to that expected during flight.
2 Objectives
The data provided by the Phase 2 RPAS icing study [3] was obtained using small propellers within an icing
wind tunnel, namely the NRC AIWT. This work provided important insight into the degradation of
aerodynamic performance of propellers subjected to in-flight icing conditions. The test conditions used in
the Phase 2 study were chosen to represent standard icing environments for civil aviation platforms for
flight through clouds containing supercooled water droplets. Although this is not a full representation of
the icing conditions that an RPAS may encounter during operation, i.e., altitude < 400 ft and below the
cloud base, the wind tunnel was chosen as it has a calibrated icing environment (e.g., MVD, LWC, etc.)
and aerodynamic environment (e.g., velocity, static temperature, etc.).
The objective of Phase 3 is to extend this work by examining the aerodynamic performance of larger
diameter propellers under icing. Due to size constraints of the AIWT test section, tests were performed in
a dedicated test facility, developed as part of this project phase [4], which is capable of providing a
simulated icing environment for the propeller sizes in question.
The goal of the tests in this phase were to measure the thrust, torque and power requirements of the
propellers and monitor how these quantities may degrade when subjected to in-flight icing conditions.

LM-AL-2021-0051

3 RPAS Icing Test Facility
The concept of the cold room icing rig is shown in Figure 1 and includes a mounting stand for the propeller
assembly on the floor and a series of air-atomizing spray nozzles mounted from the ceiling to provide the
icing cloud. The rotor mounting system comprises a motor, load cell and dynamometer, and is mounted 1.8
m beneath the spray system. The distance between the nozzle system and the test article is an important
parameter when considering the simulation of icing clouds in test facilities as the water drops require
adequate residence time to attain equilibrium temperature with the surrounding airflow. To determine the
necessary distance required to attain drop supercooling, the Arnold Engineering Development Center 1
Dimensional Multiphase (AEDC 1DMP) code [5][6] was used. This code provides calculation of the drop
conditions throughout the travel from injection into the test environment to the test article. It should be
noted, however, that the drop temperature calculation was performed assuming terminal velocity of the
water drops without the influence of increased speed due to the thrust of the rotors and further analysis is
required to examine the influence of the flow field on the drop properties. The control and data acquisition
of all systems (rotor speed, thrust measurement, spray control etc.) is performed via dedicated hardware
located outside of the cold room.
The spray system has a target range of icing cloud conditions with MVDs between 50 μm to 500 μm and
with LWC up to 1 g/m3, thus enabling testing across a range of conditions from typical civil aviation icing
environments (e.g., Appendix C of 14 CFR Part 25) up to those experienced in freezing drizzle precipitation.
Before the spray system was installed in the cold room, a series of tests were performed in order to calibrate
the environment in terms of drop size distribution and LWC of the cloud.
The system is shown installed in the cold room in Figure 2 and details of its development along with full
calibration data is given in a report [4] provided as part of the deliverables of this project phase.

Figure 1: Concept of RPAS Icing Facility

Classification: Unclassified
Distribution: Limited

NRC-CNRC
Page 6 of 19

LM-AL-2021-0051

Figure 2: Spray system and rotor thrust stand installed in cold room

4 Test Matrix
The matrix was separated into sections that enabled the performance of the propeller blade to be assessed
against specific icing conditions. Firstly, tests were performed with the LWC held constant and the spray
conditions changed to provide a range of MVD’s from 60 µm up to 350 µm. This was followed by
examining the effects of changes in LWC at two MVD conditions and, finally, water flow rate was held
constant over a range of MVD’s, which also results in a corresponding variation in LWC based on the
system calibration. In addition, a test was performed with LWC set to 0.5 g/m3 and MVD at 120 µm over
a range of cold room air temperatures from -18oC to -4oC. The full test matrix is shown in Table 1.

Constant LWC

Table 1: Test Matrix

Water
Flow Rate
(cm3/min)
24
33.5

4000
4000

Cold Room
Temperature
(oC)
-12
-12

60
120

Rainfall
rate
(L/hour/m2)
2.2
3.2

39.5

4000

-12

180

3.8

0.5

44.5

4000

-12

240

4.4

0.5

49

4000

-12

300

4.9

0.5

52

4000

-12

350

5.2

0.5
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MVD
(µm)

LWC
(g/m3)
0.5
0.5
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Temperature
Sweep

Constant WFR

Constant
MVD
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21
55
24
62
44
44
44
44
44
44
33.5
33.5
33.5
33.5
33.5

4000
4000
4000
4000
4000
4000
4000
4000
4000
4000
4000
4000
4000
4000
4000

-12
-12
-12
-12
-12
-12
-12
-12
-12
-12
-18
-14
-10
-6
-4

180
180
240
240
60
120
180
240
300
350
120
120
120
120
120

2.0
5.6
2.2
6.3
4.3
4.3
4.3
4.3
4.3
4.3
3.2
3.2
3.2
3.2
3.2

0.25
0.75
0.25
0.75
1.0
0.70
0.57
0.5
0.44
0.41
0.5
0.5
0.5
0.5
0.5

5 Results
5.1 Constant LWC
The rotor performance in terms of percentage loss in thrust, torque and power for the propeller blade under
icing conditions, with LWC held constant at 0.5 g/m3, are shown in Figure 3, Figure 4 and Figure 5
respectively. The percentage change in thrust compared to clean propeller values (Figure 3) shows that, for
MVD’s greater than 60 µm, the rate at which thrust degrades is a function of the spray MVD, with the
smaller drop sizes tending to increase the rate of thrust loss. For example, at MVD less than 180 µm, the
thrust reduces by approximately 30% within 200 seconds from spray initiation whereas for MVD’s greater
than 180 µm the time to reach a similar reduction in thrust increases to 250 seconds for a MVD of 240 µm,
300 seconds for a MVD of 300 µm and 400 seconds for a MVD of 350 µm. While the thrust performance
for the spray conditions with an MVD of 60 µm generally follows the same trend, showing a higher rate of
thrust degradation when compared to the larger drop sizes, Figure 3 shows that, as the ice accretion time
extends beyond 200 seconds, the rate of thrust loss for this MVD condition tends to slow. This slowing in
the thrust degradation rate is considered due to the occurrence of ice shedding from the surface of the blades
throughout the later stages of this test point.
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Figure 3: Time history of thrust characteristics under icing conditions with constant LWC (0.5 g/m3)

The change in torque with increasing MVD at constant LWC is shown in Figure 4. As with the thrust
characteristics, conditions with smaller MVD’s tend to result in faster degradation of the propeller
performance, with MVD conditions less than 240 µm leading to approximately 50% torque increase within
200 seconds of spray initiation. As the MVD increases to 300 µm and 350 µm, however, the time taken to
increase torque by a similar amount increases to 300 and 350 seconds respectively. Similar to the thrust
condition, the rate of performance degradation for the conditions with a MVD of 60 µm, appears to slow
as the exposure to the icing cloud extends beyond 200 seconds and, as discussed, is considered due to the
occurrence of ice shedding events from the blade surface.

Figure 4: Time history of torque characteristics under icing conditions with constant LWC (0.5 g/m3)

Similarly, for the power output shown in Figure 5, there is a general trend for the rate at which the power
increases to slow as drop size increases. Here, for drop sizes between 60 µm and 240 µm, the time taken
for the power to increase by 50% is between 200 and 270 seconds compared to 310 and 390 seconds for
conditions where the MVD is 300 µm and 350 µm respectively. Here again, the 60 µm MVD condition
shows a reduction in the rate of performance degradation as ice accretion time exceeds 200 seconds,
consistent with ice shedding from the blade at the later stages of this test point.

Classification: Unclassified
Distribution: Limited

NRC-CNRC
Page 9 of 19

LM-AL-2021-0051

Figure 5: Time history of power characteristics under icing conditions with constant LWC (0.5 g/m3)

The ice accretion along the leading edges of the propeller for MVD conditions from 60 µm to 350 µm can
be seen in Figure 6. Close inspection of these images shows that as the drop size increases, so does the
amount of ice accreted closer to the hub of the propeller. This is likely due to the larger drop sizes having
greater collection efficiencies closer to the propeller hub, leading to more ice accretion in this region when
compared to the smaller drop conditions that display ice accretion occurring more towards the tips of the
blades. The changes in ice accretion over the length of the propeller blades, due to changes in the localised
collection efficiencies, results in different thrust characteristics as shown in Figure 3. Also, with ice tending
to accrete closer to the propeller hub as drop size increases, degradation in torque and power would not be
as pronounced when compared to the smaller drop size conditions where the greater ice buildup towards
the blade tips would increase localised aerodynamic degradation in that region. The slower torque and
power degradation observed in Figure 4 and Figure 5 for the larger drop conditions, is consistent with
changes in the aerodynamic performance of the propeller resulting from different ice accretion profiles as
a function of drop size.
Also shown in Figure 6, for the ice profiles with an MVD of 60 µm, there is a region on the outer ends of
the blades where ice has been removed through shedding caused by centrifugal forces. While there is also
evidence of this on the propeller images for higher MVD’s, it is more pronounced for the 60 µm case and
maybe be an indication of greater ice accretion at the blade tips for this condition where the increase ice
mass would tend to shed more readily. The occurrence of ice shedding from the blade tips has likely resulted
in the slowing of the performance degradation for the 60 µm condition at the later stages of the test point
as discussed above.
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60 µm

120 µm

240 µm

300 µm

350 µm

Figure 6: Images of ice accretion for different MVD cloud conditions at constant LWC (0.5 g/m3)

5.2 Constant MVD
To examine the influence of LWC on the propeller performance with the MVD held constant, tests were
performed with the LWC set to 0.25 g/m3 and 0.75 g/m3 at MVD’s of 180 and 240 µm with the
corresponding thrust, torque and power provided in Figure 7, Figure 8 and Figure 9. As expected, across
each of the MVD’s, the rate of performance degradation increases with increasing LWC as a result of the
increased water loading on the blade. For the conditions with an MVD of 180 µm, Figure 7 shows that with
a LWC of 0.25 g/m3, it takes approximately 400 seconds for the thrust to degrade by 20% and, as the LWC
is increased to 0.75 g/m3, a similar reduction in thrust occurs in about 100 seconds. Also, as indicated on
Figure 8 and Figure 9, the rate of degradation of torque and power is significantly increased with an increase
in LWC, e.g., when comparing the power profiles shown in Figure 9, the time taken for the power to
increase by 40% reduces from 440 seconds at a LWC of 0.25 g/m3 to 120 seconds at a LWC of 0.75 g/m3.
For the conditions with an MVD of 240 µm shown in Figure 10, Figure 11 and Figure 12, a similar reduction
in propeller performance is shown with increases in the LWC. Here, it should be noted that the rate at which
the propeller performance degrades is slower than for the 180 µm conditions. This is consistent with the
observations made during the constant LWC tests that showed the rates of change in thrust, torque and
power are a function of drop size.
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Figure 7: Time history of thrust characteristics under icing conditions with constant MVD (180 µm)

Figure 8: Time history of torque characteristics under icing conditions with constant MVD (180 µm)

Figure 9: Time history of power characteristics under icing conditions with constant MVD (180 µm)
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Figure 10: Time history of thrust characteristics under icing conditions with constant MVD (240 µm)

Figure 11: Time history of torque characteristics under icing conditions with constant MVD (240 µm)

Figure 12: Time history of power characteristics under icing conditions with constant MVD (240 µm)
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5.3 Constant Water Flow Rate
For these tests, the water flow rate (WFR) from the spray nozzles was held constant to simulate a steady
rainfall. In this instance, as the drop terminal velocity changes relative to its diameter, holding water flow
rate constant results in a different LWC across the range of MVD’s tested. For example, a WFR of 44
cm3/min for the 60 µm test point results in a LWC of 1 g/m3 whereas for the same WFR at 350 µm the
LWC reduces to 0.4 g/m3.
For the propeller thrust performance under constant WFR conditions, as shown in Figure 13, the rate at
which the thrust degrades reduces as the MVD increases and is due to the lower LWC’s at the higher MVD’s
consistent with the performance observed with the constant MVD conditions discussed previously. For the
torque and power performance curves shown in Figure 14 and Figure 15, however, the rate of degradation
appears consistent for 240 µm, 300 µm and 350 µm conditions with the rate of change of these parameters
only increasing as the MVD falls to 180 µm and below. This is perhaps due to the change in icing
characteristics observed for the large drop size conditions with ice accretion tending to form closer to the
hub of the propeller where an increase in LWC may have less of an influence on the ice shape formation in
this region.

Figure 13: Time history of thrust characteristics under icing conditions with constant WFR (44 cm3/min)
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Figure 14: Time history of torque characteristics under icing conditions with constant WFR (44 cm3/min)

Figure 15: Time history of power characteristics under icing conditions with constant WFR (44 cm3/min)

5.4 Temperature Sweep
For this test condition, the MVD and LWC were held constant at 120 µm and 0.5 g/m3 respectively and the
cold room temperature changed from -18oC to -4oC. For the thrust characteristics shown in Figure 16, it
appears that, except for the -10oC condition that gives a more rapid reduction in performance degradation,
the change in thrust stays consistent across the range of room temperatures tested. For the torque and power
performance shown in Figure 17 and Figure 18, however, a more rapid change in performance degradation
is observed as the room temperature is increased. Examination of the blade ice accretion profiles shown in
Figure 19 and Figure 20, indicates that as the temperature increases, the ice formation changes from a rime
type condition at -18oC and -14oC to a glaze type appearance at the warmer temperature of -6oC and -4oC.
The changes in ice formation observed would lead to altered flow characteristics over the blade surface and
is likely the reason for the increase in performance degradation at the warmer temperatures where the glaze
like ice structure would present a rougher profile when compared to the rime ice condition. It should be
noted that the ice shape shown for the -10oC condition appears to have a slightly rougher appearance
compared to the other ice accretions and may be a result in the ice formation transitioning from the rime to
glaze conditions. The ice formation resulting from this ‘mixed’ type ice accretion could lead to a change in
the thrust characteristics for this temperature as observed in Figure 16.
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As shown in the ice shape images, for the -6oC and -4oC test conditions, ice has been shed from the surface
as a result of centrifugal forces and suggests a lower ice/surface adhesion bond is present for glaze type
icing over the blade. The occurrence of these shed events is highlighted by the step-like output on the torque
and power curves for the higher temperatures tested.

Figure 16: Time history of thrust characteristics under icing conditions with varying cold room temperatures

Figure 17: Time history of torque characteristics under icing conditions with varying cold room temperatures
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Figure 18: Time history of power characteristics under icing conditions with varying cold room temperatures

-18 oC

-14 oC

-10 oC

-6 oC

-4 oC

Figure 19: Top view of ice accretion with varying cold room temperatures

-18 oC
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-14 oC

-10 oC

-6 oC

-4 oC
Figure 20: Leading edge view of ice accretion with varying cold room temperatures

6 Conclusion
The performance of a 22-inch diameter rotor blade under icing conditions has been investigated using a
dedicated test rig installed in a cold room at the Montreal Road campus of the NRC. Tests have been
performed to examine the sensitivity of rotor thrust, torque and power over a range of icing conditions. The
main conclusions are as follows
 At a constant LWC, the highest rate of performance degradation was observed for the smallest
MVD conditions due to the change in collection efficiencies
 Increasing the LWC for a constant MVD results in an increase in performance degradation due to
the increase in ice accumulation per unit time
 At a constant water flow rate, the amount of performance degradation steadily increased with
decreasing MVD, consistent with results observed for the constant MVD runs
 Increasing temperature of the cold room resulted in a change of ice accretion type from rime to
glaze
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Glaze type ice accretion resulted in an increase in performance degradation with time
Accretions formed from the smaller drop clouds (MVD = 60) were more likely to result in ice
shedding from the tips of the blades
Ice shedding occurred more readily in warmer test conditions

7 Recommendations for Future Work
This work has highlighted how a medium-size propeller blade of an RPAS performs when subjected to
various icing conditions. It is recommended that this work be used as a baseline in the understanding of
the impact of icing on RPAS performance and that further testing be performed to evaluate the aerodynamic
degradation associated with particular conditions consistent with the icing envelope identified for RPAS
(e.g., drop size, rainfall rate/LWC and ambient temperature) and thereby enable assessment of the critical
operating conditions associated with in-flight icing encounters. As a result, guidance materials and/or means
of compliance documentation can be developed to qualify candidate RPAS systems for flight within
Canadian airspace.
Further demonstration of the NRC RPAS icing facility should provide guidance to industry in performing
a critical point analysis and identifying acceptable methods that can be employed to demonstrate safe flight
in representative icing conditions as part of a certification application. In addition, the work should also
investigate methods by which propeller icing can be simulated via equivalent means, e.g., use of simulated
ice shapes or surface roughness, and whether such an approach can be considered suitable when
demonstrating means of compliance.
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