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Abstract— Icing tests in a cold room on a hovering drone rotor 

has been initiated at the Anti-Icing Materials International 

Laboratory. The objective of this research is to assess the 

negative impact of icing on the rotor performances and to test 

different potential solutions. In this paper, four different coatings, 

commercial or under development, are applied to the rotor’s 

blades and their effect on the resulting ice accumulation and 

aerodynamic performances are measured and compared to 

uncoated blades. Results show that passive icephobic coatings are 

a promising solution to limit the negative effect of icing 

conditions for drone applications, without any additional energy 

consumption from the system. 
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I. INTRODUCTION 

Unmanned Aerial Vehicles (UAVs) are of increasing 

interest in multiple different sectors and used for a wide 

variety of applications and services [1]. Drone based delivery 

is an example of service in full ascension. During flight, 

freezing atmospheric conditions dramatically impact their 

performances, hindering their operation and leading to 

possible crash [2]. For those equipped with rotors, ice 

accumulation on the rotating blades accumulates even faster 

causing a direct and rapid loss of thrust and increase of torque 

[3]. To prevent ice accumulation, multiple de-icing systems 

have been developed over the years for aircraft and rotorcraft. 

While those system are still largely based on thermal energy, 

ice protection coatings have also been developed and 

extensively tested more recently. Using those coatings as 

passive protection system to prevent or assist in removing ice 

accumulations could eliminate the need for the large amount 

of energy required by active systems. Since small UAV do not 

have extra energy to spare for such systems, this could provide 

them the ability to fly and operate in icing conditions at almost 

no extra cost, giving them a lot of much needed extra 

flexibility. 

While icing on aircraft [4-7] and helicopters [8-19] has 

been extensively studied, the study of special protection 

coatings against icing has become very popular in the 2000s. 

Liu [20] and Sivas [21] had investigated back in 2000s the use 

of icephobic coating for aircraft application, while, Fortin [22] 

investigated coating but on rotating blades in wind tunnel. 

They concluded that the icephobic coatings tested provided 

benefit in reducing ice adhesion, but that the gain was not 

sufficient to provide safe flight. More recently, new 

developments have lead to the design of more efficient 

products and more resistant with the help of new technologies 

[23-26]. Other studies have also been published on the use of 

icephobic coatings in combination with active ice protection 

systems as hybrid ice protection system. Villeneuve [17] has 

shown the substantial power reduction obtained when using 

coatings to assist an electrothermal system on rotating blades. 

Very few studies on drone icing have been released as of 

now. Siquig [3] was one of the first study to evaluated the ice 

accumulation effects between UAVs. Bottyán [27] 

developped a 2D numerical technique for ice accretion 

prediction on a UAV airfoil profile. Szilder and McIlwain [28] 

identified glaze and rime ice formation with an analytical 

model using the air temperature T∞ and Liquid Water Content 

(LWC), along a NACA 0012 airfoil for UAV applications. For 

drone with rotors, Liu, in addition to his work on dynamic and 

transient drone rotor icing [29], as also performed some 

measurement with coatings to measure their effect on a small 

drone rotor [30]. Out of the two coatings tested, a hydrophilic 

and a hydrophobic coating, the hydrophobic coating gave the 

best performances. In addition to Liu’s studies, the authors of 

the actual study have also written papers on their actual work 

with the icing of drone rotors [31]. This shows that research is 

still required to better understand icing effects on drones and 

develop optimal solutions for ice protection  

This paper presents the study of the icing of a spinning rotor 

drone in hover flight mode performed in a 9-meters high cold 

chamber at the Anti-Icing Materials International Laboratory 

(AMIL). The goal of the research project focuses on studying 

the impact of passive ice protection systems on the icing of the 

APT70 drone rotor. Four different surface protection coatings 

are applied on their own set of blades for testing in the cold 

room. The resulting ice accumulation and performance 

degradation of the spinning rotor are then monitored and 

recorded and compared to the results obtained with the bare 

unprotected blades. The effects and performances of the 

coatings tested are then assessed. 

II. MATERIALS AND METHODS 

A. Cold Chamber 

Icing tests were carried out in the high-ceiling cold chamber 

of AMIL (Fig. 1), with the rotor setup installed at the center 

of the icing test section and directly below the icing nozzle 

array. The chamber is 9.10 m high, 5.50 m long and 3.50 m 

wide and its temperature can be controlled between -32 °C and 
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5 °C ± 0.5 °C. The rotor can operate continuously at the test 

temperature. The icing test section, where the icing 

precipitation is obtained, has an area of 2 by 2 m and is 

surrounded by the cold room and Plexiglas walls. Two icing 

nozzles are located on the chamber ceiling to generate the 

icing cloud. Hydraulic sprinklers produce gravity-fed icing 

with pressurized nozzle sprayers. Droplet speed corresponds 

to their free-fall values in the vertical airflow [31]. Distilled 

water maintained in a refrigerator is used to produce the 

precipitations. 

 

Fig. 1 Experimental Rotor System Installed Inside the Cold 

Chamber 

B. Rotor and Blade Model 

An 81% scaled-down version of the Bell APT70 drone 

rotor has been built for these experiments (Fig. 2). Th rotor 

includes 4 NACA 4412 blades 25.4 cm long (presented in 

Fig. 3), for total rotor diameter of 0.66 m. Equations (1) and 

(2) are used to describe the twist () and chord c (m), 

respectively, in function of the non-dimensional radial 

diameter. The configuration can reach 6000 RPM, 

reproducing the full-scale drone maximum tip speeds. 

3 265.187 169.58 161.36 68.5r r r       (1) 

 4 3 2 2.5410.632 30.997 33.185 13.566 0.0397
100

c r r r r        (2) 

 

Fig. 2 A Photograph of the Installed Rotor Showing the Blades and 

Load Cell 

 

Fig. 3 A Photo of the Rotor Blades Used for the Experimental Icing 

Tests 

C. Surface Coatings 

Five different surface coatings were acquired for this study, 

both commercial and under development. The coatings are 

applied on the whole surface of the blades, in order to measure 

their impact on the system performance and asses their impact 

as an energy-free ice protection system on the APT70 drone 

rotor. According to the procedures stated by the suppliers, the 

coatings were sprayed onto the substrates and dried at room 

temperature for at least 48h. One commercial coating did not 

respond well to the testing and started peeling from the blade 

after a single test. The coating was no longer tested and is not 

considered in this study. It still showed the importance of 

considering the substrate and the adhesion of a coating to its 

surface for good performances. It might have performed better 

on an aluminum surface. The four other candidate coatings 

were tested at different icing conditions in the cold chamber. 

For reasons of confidentiality, the coatings are identified as 

Coating #1 to #4. Coating #1 is an epoxy-silicone based 

product, while Coatings #3 and #4 are silicone based phase 

change materials (PCMs). Coating #2 on the other hand is a 

polydimethylsiloxane and acetoxy silence based product. 

Relevant characteristics of each coating were measured and 

are presented in Table I. To measure the average roughness 

(Ra) a calibrated Surtronic 25 from Taylor-Hobson® was used. 

A DSA100 goniometer was used to measure the water contact 

angle (WCA). The centrifuge adhesion test was used to 

measure the adhesion reduction factor, which represents the 

ratio of the ice adhesion on bare aluminum with the ice 

adhesion on the coating. This measurement is performed 

between -8°C and -10°C for cold room ice accumulations. 

While it provides a good general indication of the icephobic 

nature of the product, different product will behave differently 

under different icing conditions, meaning that this value is 

only a general indication and should be considered likewise. 

More details on the nature of those measurement and the 

instruments used can be found in [17]. The coatings are all 

slightly hydrophobic, with similar contact angles above 90°. 
None of them are superhydrophobic with all their contact 

angles below 150°. With ice Adhesion Reduction Factors 

(ARF) above 10, the coatings can be considered icephobic. 

While Coating #1 shows the highest ARF, the other products 

still have significant ice adhesion reduction factors.  
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TABLE I. Coatings’ Characteristics 

Coating  

(#) 

Ra  

(µm) 

WCA 

(°) 

ARF 

(CAT) 

Uncoated  0.3 66 N/A 

1 0.2 105 31 

2 1.3 110 11 

3 0.7 97 24 

4 0.3 100 13 

D. Icing Test Parameters and Procedure 

The icing parameters chosen to conduct the tests with the 

coated blades are presented at Table II. These parameters were 

selected during the preparation and calibration step of the 

project. The LWC is determined based on a calculation 

methodology proposed in [31]. Using the combination of the 

MVD and Precipitation Rate (), the resulting LWC values are 

2.3 and 6.3 g/m³. Two air temperatures in the cold chamber 

were used, one at T∞ = -5C for glaze ice accumulations and 

another at T∞ = -12C for mixed-type or rime ice 

accumulations.  

Icing tests were conducted by first turning on the rotation 

of the rotor and reaching the target RPM value. Then the water 

spray was started and accumulation was maintained until 

vibration levels reached values well above the 3 ips limit 

established, or after 10 minutes of accumulation if vibration 

levels stayed within the acceptable limit. Then, test was 

stopped and photography and final measurements were made 

on the blades. 

TABLE II. Details of Icing Parameters Used for Icing Tests 

with Coatings 

Condition 

(#) 
MVD 

(µm) 

T∞ 

(C) 
 

(RPM) 

LWC 

(g/m3) 
 

(g.dm-2.h-1) 

1 

120 

-12 

3880 
2.3 25 

2 6.3 67 

3 
4950 

2.3 25 

4 6.3 67 

5 

-5 

3880 
2.3 25 

6 6.3 67 

7 
4950 

2.3 25 

8 6.3 67 

III. RESULTS 

The results obtained with the different substrates are 

presented and compared to those obtained for bare uncoated 

blades. Testing with bare blades is usually stopped when 

shedding of one or more blades occurs and vibration levels 

exceeds the acceptable limit. The low ice adhesion on the 

different coatings significantly reduce the centrifugal force 

required to shed the ice. Since testing is performed at constant 

rotation speed, it means that smaller masses of ice are required 

for shedding. Because of this, with the coatings, the 

performance losses and the resulting vibrations obtained at 

shedding are usually still within the acceptable limit and it was 

possible to pursue testing and obtain multiple shedding events, 

as opposed to bare blades. Testing is stopped after 10 minutes 

of icing instead if vibration limit has still not been exceeded 

by that period of time, supposing a steady state icing/shedding 

situation. As an example, Fig. 4 shows a comparison of the 

measurements and behavior taken during an icing test with the 

bare blades, and another with coating #2 applied on the blades. 

Parts a), b) and c) are for the test without coating whereas parts 

d), e) and f) are for the test with the same icing conditions but 

the blades are coated with coating #2. The figure specifically 

shows the instantaneous variation of CT (Fig. 4a and d), CQ 

(Fig. 4b and e), and rate of vibrations (Fig. 4c and f). For both 

tests, the period between 0 seconds and the water spray 

initiation is where the rotor speed is intermittently increased 

until the desired test speed is reached. The steady state values 

of CT and CQ without any ice can then be calculated. For the 

test with bare blades, the CT decreases and CQ increases almost 

linearly due to the ongoing ice accumulation. Fig. 4c) also 

show how the vibration rates also increase almost linearly 

until a sudden jump at shedding of one or more blades, causing 

severe imbalances, and test is stopped. 

For the test with coating applied to the blade (Fig. 4d and 

e), an aerodynamic degradation after the water spray initiation 

is also obtained. However, shedding occurs much sooner after 

the initiation of the water. Since the mass of ice shed is small, 

vibration stays within the acceptable limit (Fig. 4f) and test is 

pursued. In this case, test is stopped at the 10 minutes mark 

since vibration never significantly exceeds the 3 ips limit. The 

CT and CQ rather reach a plateau of values around which they 

fluctuate. After shedding, ice reaccumulates and shed again 

within the same timeframe, explaining the degradation/sudden 

improvement cycles. In Fig. 4d the CT fluctuates around a 

value of 0.1 whereas the CQ varies between 0.009 and 0.011. 

Examination of corresponding rotor vibration rates (Fig. 4f) 

shows a similar behavior of peaks and valleys that occurs 

throughout the icing time, all within the acceptable limit. As 

confirmed by sightings during testing, these peaks and valleys 

are the direct result of very frequent shedding events that 

occur continuously during icing. 

 

Fig. 4 Example of the Data Log During an Icing Test (T∞ = -5C,  

= 3880 RPM, MVD = 120 µm and LWC = 6.3 g/dm3 done 

with bare blades (left) and Coating #2 (right); a and d) Thrust 

Coefficient Variation, b and d) Torque Coefficient Variation 

and c and f) Rotor Vibration Rates 

Therefore, the coating application creates cycles of ice 

accumulation and shedding that are much more frequent than 

what’s seen for the rotor with the bare blades. Also, the 

smaller mass of ice that sheds allow pursuing the test for 
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multiple cycles due to much smaller vibrations at shedding. 

This can also be observed in the photographs taken of the 

blades at the end of icing tests shown in Fig. 5 for the rotor 

with bare blades (Fig. 5a)) versus blades with coating #3 (Fig. 

5b)). As previously explained, the rotor without coating 

accumulates a thick layer of ice that once shed from one or 

more blades, creates a large imbalance of mass distribution 

across the rotor. On the other hand, Fig. 5b) shows evidence 

of multiple shedding events of smaller ice pieces. Smaller ice 

chunks are therefore shed more quickly. 

 
Fig. 5 Photographs of the Final Ice Shape taken at the End of 

Icing Tests with Similar Icing Conditions for: a) Test with Bare 

Blades after 366 s and b) Test with Coating #3 Applied after 460 s 

A. Icing Tests at -12°C 

The results obtained with the different coatings at -12°C are 

presented at Fig. 6 to Fig. 9. At this temperature the ice 

accumulation is a hard rime type of ice with a whiter finish 

(Fig. 10), for reasons explained in [31]. The time percentage 

degradation of CT and CQ are presented at Fig. 6 and Fig. 7 for 

a rotation speed of 3880 RPM and at Fig. 8 and Fig. 9 for 4950 

RPM. Because of an error in the measurement system, test 

with coating #2 at 3880 RPM and a LWC of 2.3 g/m³ could 

not be analyzed. Coatings #1, #3 and #4 provide a small 

benefit compared to the uncoated blades. The results follow 

the same trend at first than the bare blade, showing no 

reduction in the accumulation rate of ice. However, a first 

shedding event occur and abruptly decreases the performances 

losses, before it starts to increase again, usually at a similar 

rate. The high adhesion strength of hard rime ice at -12°C 

leads to still significant time before shedding [32]. Only two 

or three sheddings occur during the tests, simply delaying the 

time to reach similar degradation and high vibration 

amplitudes from 0% (LWC of 2.3 g/m³ and 4950 RPM) up to 

100% additional time before end of test and similar 

degradation (LWC of 6.3 g/m³ and 4950 RPM). Coating #2, 

however, allowed shedding to occur much more quickly and 

also allowed multiple shedding. Testing was also stable and 

could be maintained, maybe indefinitely, with stable 

shedding/icing cycles. When under this regime, an average of 

28% loss in CT and 50% increase in CQ must be tolerated at a 

LWC of 6.3 g/m³ and 3880 RPM, of 15% loss in CT and 12% 

increase in CQ at a LWC of 2.3 g/m³ and 4950 RPM and of 10% 

loss in CT and 20% increase in CQ at a LWC of 6.3 g/m³ and 

4950 RPM. The higher degradation at 3880 RPM can be 

attributed to the lower centrifugal forces created by the 

rotation compensated by a higher ice mass before shedding. 

The coatings did no reduce the ice accumulation type or rate, 

only the adhesion and resulting force at shedding. 

 
Fig. 6 CT percentage performances loss for each set of blades 

after initiation of the water spray at 3880 RPM 

 
Fig. 7 CQ percentage increase for each set of blades after 

initiation of the water spray at 3880 RPM 

 
Fig. 8 CT percentage performances loss for each set of blades 

after initiation of the water spray at 4950 RPM 

 
Fig. 9 CQ percentage increase for each set of blades after 

initiation of the water spray at 4950 RPM 

 
Fig. 10 Photographs of the Final Ice Shape taken at the End of 

Icing Tests with Similar Icing Conditions for: a) Test with Bare 

Blades after 147 s and b) Test with Coating #2 Applied after 428 s 
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B. Icing Tests at -5°C 

Results of aerodynamic degradation following the initiation 

of the icing spray at -5°C are presented for the thrust loss and 

torque increase in Fig. 11 to Fig. 14. Results obtained with the 

4 applied coatings are again compared to the aerodynamic 

degradation measured, for the same icing conditions, on the 

bare blades. At this condition, unlike at -12°C, all the coatings 

tested provide substantial benefits. At this warmer 

temperature, glaze ice is obtained (Fig. 5) and the smaller 

adhesion of ice at that temperature [32] explains the overall 

better performances of the Coatings. The smaller adhesion 

allowed the coatings to shed the ice before excessive 

vibrations were obtained and allowed icing/shedding cycles to 

occur for a significant amount of time. Coatings #1, #3 and #4 

were still stopped slightly before the 10 minutes mark due to 

vibration. However, the vibrations obtained barely surpassed 

the 3-3.5 ips limit and only during a sudden spike that 

immediately went down well below the acceptable limit. 

Testing was stopped to respect the limitations established by 

the industrial partner, but after discussions, it is possible that 

the test could have been maintained and that a very short spike 

slightly above the limit (within 3 and 4 ips) is acceptable and 

hover fly could be pursued. More investigation will be done 

on the subject. These tests are considered to be in a steady-

state regime of icing/shedding cycles even if they do not reach 

the 10 minutes mark. For all tests with Coating #2, as at -12°C, 

testing was stopped at the 10 minutes time limit without any 

vibration problems.  

 
Fig. 11 CT percentage performances loss for each set of blades 

after initiation of the water spray at 3880 RPM 

 
Fig. 12 CQ percentage increase for each set of blades after 

initiation of the water spray at 3880 RPM 

 

 

 

 
Fig. 13 CT percentage performances loss for each set of blades 

after initiation of the water spray at 4950 RPM 

 
Fig. 14 CQ percentage increase for each set of blades after 

initiation of the water spray at 4950 RPM 

The measured average performance losses that the system 

must sustain during hover fly (steady-state icing/shedding 

cycles) for each coating and each condition is presented at 

Table III. As it can be easily observed on the figures, no 

significant differences are obtained between the different 

coatings, who all provide a similar levels of benefits. No 

Coating, unlike at -12°C, show a clear better performance at 

all the conditions. Even Coating #2 is on par with the other 

products. However, the coatings all provide a clear benefit as 

compared to bare blades. First, vibration levels at shedding for 

the significant amount of ice gathered on the blade is usually 

close to 8-9 ips with the bare blades, which could lead to very 

problematic situations during operations. Also, for this reason, 

it is impossible to know what kind of average percentage 

losses an icing/shedding cycle with the bare blades would 

suffer. But at 3880 RPM, CT quickly reaches close to -80% 

and CQ over 200 %, much more than for the Coatings. This 

shows the great performances of all the product tested at -5°C 

and show their potential as a viable passive ice protection 

system for small rotor blades. They could also be used in 

combination with an active ice protection system to reduce the 

power consumption of such systems. 

Performance losses are greater for all the blades tested 

(coated and uncoated) at 3880 RPM than at 4950 RPM. As for 

at -12°C, this can be easily explained by the lower centrifugal 

force generated from the rotation of the blades. Again, this 

means that ice masses must be higher to obtain a similar force 

and overcompensate the adhesion of the ice on the blade, 

which can be consider the same for the two rotation speeds. 
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TABLE III. AVERAGE PERCENTAGE OF PERFORMANCE LOSSES 

FOR EACH COATING AT -5°C DURING ICING/SHEDDING CYCLES 

Condition Parameter 
Coating  

#1 
Coating  

#2 
Coating  

#3 
Coating  

#4 

5 %CT -13 -11 -13 -17 

%CQ 22 37 36 25 

6 
%CT -12 -16 -10 -25 

%CQ 28 41 19 44 

7 
%CT -12 -2 -10 -12 

%CQ 7 12 11 10 

8 
%CT -9 -8 -11 -9 

%CQ 18 18 13 19 

IV. CONCLUSIONS 

A test setup, that was designed for the testing of a small 

UAV rotor under controlled conditions during hover flight in 

a cold room, was used to assess the potential of using 

icephobic coatings as passive ice protection systems. Four 

different products were tested under 8 different icing 

conditions representative of real atmospheric icing and 

included in different industry standards. Different 

temperatures, liquid water contents and rotation speeds were 

tested. At a colder temperature of -12°C, where adhesion of 

ice is higher, only one coating allowed to sustain hover flight 

continuously within the safety limits of the system. However, 

performance penalties up to -28% in CT and 50% in CQ where 

still obtained during the different icing/shedding cycles for 

that product. The lower adhesion of the ice on the coating 

allowed quicker shedding, but performances loss were still 

obtained during the following icing of the blades that had to 

occur before the next shedding. Still, those penalties were only 

a very small fraction of the performance losses encountered 

on the bare blade. At a warmer temperature of -5°C, where 

adhesion of ice is much smaller, all the coatings provided 

substantial and enough benefits to allow continuous flight 

under the icing conditions tested. While for the bare blades, 

degradation would quickly reach losses of up to -80% in CT 

and over 200 % in CQ before testing was stopped due to 

dangerously high imbalances, the different products almost all 

maintained average losses below -20% in CT and 45% in CQ. 

Moreover, the rotor was able to safely sustain the different 

shedding event and flight could be maintained under the icing 

conditions tested only suffering those small penalties. Results 

also showed that higher rotation speeds lead to higher 

performances of the product due to higher centrifugal forces. 

This first test campaign have proven the ability of icephobic 

surface coatings to efficiently perform as ice protection 

systems. Further research will be done with additional 

products and also combined with active ice protection systems 

to help lower their power consumption. 
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