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A B S T R A C T   

A flight-testing campaign was conducted to examine in-flight icing characteristics and its effects on the flight 
performance of a fixed-wing Unmanned-Aerial-Vehicle (UAV). While the UAV was deployed to fly autonomously 
along a pre-planned flight trajectory under a realistic, atmospheric icing condition, a suite of avionics/sensors 
was installed onboard to monitor both UAV flight parameters (e.g., UAV flying speed, flight altitude, and power 
consumption) and the environmental conditions (e.g., airspeed, ambient temperature, and relative humidity) 
along the flying path. Substantial ice structures were observed to accumulate on nearly all exposed airframe 
surfaces (e.g., wings, fuselage, stabilizers, Pitot probe and propeller) as the UAV finished the flight mission with 
evident inflight icing. While the ice accretion on the UAV wings and stabilizers were found to degrade their 
aerodynamic performances by decreasing lift while increasing drag, the ice layer accreted on the Pitot probe 
blocked the pressure holes, leading to false airspeed readings from the iced Pitot probe. The ice accretion on the 
rotating UAV propeller blades was found to degrade the propeller perfomance dramatically, resulting in over 
80% more power consumption for the UAV to finish the same flight mission, in comparison to that under a non- 
icing condition. Inflight icing was also found to provoke significant structural vibrations, causing great chal
lenges to UAV flight stability and imposing serious threats to the flight safety.   

1. Introduction 

Unmanned Aerial Vehicles, or UAVs in short, represent one of the 
most significant breakthroughs in the aerospace community. Since UAVs 
can be controlled remotely or sometimes autonomously, they have been 
widely used for various applications, including agriculture, urban 
planning, cargo transport, wildlife conservation, healthcare, and search 
and rescue (Aggarwal et al., 2017; Eckerstorfer et al., 2016; Pajares, 
2015; Revuelto et al., 2021; Tsouros et al., 2019). In comparison to 
traditional manned aircraft, the cost and mortality reductions associated 
with deploying UAVs are also very appealing for military reconnaissance 
and surveillance. As a result, a collection of UAVs, such as Predator, 
Phoenix, and Global Hawk, have been used for achieving widespread 
military missions. With the fast expanding UAV applications, the effects 
of adverse weathers (e.g., raining, snowing and icing) on UAV flight 
performance need to be examined carefully for safe and efficient UAV 
operations under such adverse weather conditions (Bie et al., 2021; 
Hawley and Millstein, 2019; Hu et al., 2021). 

Inflight icing is one of the most well-known aviation dangers that 

threats both unmanned and manned airplanes flying in cold climates 
(Cao et al., 2018; Ignatyev et al., 2020; Vercillo et al., 2019). Compared 
with large-sized, manned aircraft, small-sized UAVs are much more 
susceptible to inflight icing problems due to the lower cruising altitude 
associated with relatively warmer ambient temperatures and higher 
liquid water content (LWC) in the air, the slower flying speed to cause 
longer exposure time to icing conditions, and greater vulnerability to the 
damages of the electric sensors on-board (Hann and Johansen, 2021; 
Szilder and McIlwain, 2012). The possible damage caused by inflight 
icing tends to render UAV operation unfeasible in cold weather. The 
commonly-used UAV icing avoidance strategies are either to keep UAVs 
on the ground or to modify their flight paths, which would greatly 
reduce UAV operational capability in cold climates (Zhang et al., 2014). 

Advancing the technology for safer and more efficient operation of 
UAVs in cold climates requires the development of novel and effective 
ice detection and anti− /de-icing strategies tailored specifically for UAV 
icing protection. Doing so requires a keen understanding of the under
lying physics pertinent to UAV icing phenomena. Ice accretion on an 
airframe surface are usually categorized as rime, glaze, or mixed ice, 
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depending on the conditions under which the icing event occurs (Liu and 
Hu, 2018; Politovich, 2000). When the ambient temperature is relatively 
low (i.e., typically below − 8.0 ◦C) and the incoming airflow is relatively 
dry (i.e., having a lower LWC value), supercooled water droplets carried 
by the incoming airflow would freeze immediately upon impacting onto 
the airframe surface, forming rime ice (Liu and Hu, 2018). At relatively 
warm temperatures just below the water freezing temperature (i.e., 
typically above − 8.0 ◦C) with relatively high LWC levels in the incoming 
airflow, the impinged supercooled water droplets would be frozen only 
partially with the remaining impacted water mass running back along 
the ice accreting surface. The runback water would be frozen into ice 
subsequently at further downstream locations, forming glaze ice with 
much more complex ice shapes (Waldman and Hu, 2016). Mixed icing 
refers the situation with simultaneous appearance of both rime and glaze 
icing characteristics (Gao et al., 2019a). 

A number of theoretic analysis and numerical studies have been 
conducted in recent years to evaluate the adverse effects of inflight icing 
on UAV operation capabilities (Hann et al., 2017; Hann and Johansen, 
2021; Hann and Johansen, 2020; Karpen et al., 2022; Li et al., 2019; Liu 
et al., 2019; Müller and Hann, 2022; Oo et al., 2020; Oswald et al., 2022; 
Szilder and McIlwain, 2012; Szilder and Yuan, 2017; Winter et al., 
2019). For example, Siquig (1990) conducted a theoretical analysis to 
evaluate the effects of ice accretion on UAV operation by comparing two 
different types of UAVs (i.e., high-flying, long-endurance UAVs vs. low- 
flying, short-endurance UAVs) flying under atmospheric icing condi
tions. Bottyán (2014) developed an inflight icing estimation method 
with a simple ice accretion model to examine the effects of airflow 
temperature, LWC level, airfoil geometry, and airflow speed on the ice 
accretion on UAV wings. Szilder and McIlwain (2012) conducted a nu
merical study to evaluate the effects of Reynolds number on the icing 
process for UAV applications. Hann et al. (2017) conducted a numerical 
study to evaluate the impact of ice accretion on aerodynamic lift and 
drag of an airfoil model for UAV applications. 

Several experimental studies have also been conducted recently to 
characterize the detrimental effects of ice accretion on UAV aero
dynamic performance. Liu et al. (2018b) conducted an icing tunnel 
testing campaign to examine the ice accretion characteristics over the 
blade surfaces of a rotating UAV propeller. Hann et al. (2020) performed 
an experimental study in Cranfield icing wind tunnel to characterize the 
ice accretion on the surface of a S826 airfoil model at low Reynolds 
number levels relevant to UAV flight. Yan et al. (2020) reported an 
experimental study to investigate a coaxial rotor system in an icing 
testing chamber in order to develop an empirical model to predict the 
changes in torque and thrust of the rotor pertinent to UAV icing sce
nario. Liu et al. (2019) characterized the icing-induced performance 
degradation of an UAV propeller based on the variations of the measured 
thrust force, power consumption and “phase-locked” flow filed mea
surements under different icing conditions. Liu et al. (2019) reported an 
experimental study to evaluate the influences of airframe thermal con
ductivity on the ice accretion pertinent to UAV icing phenomena. 
Research efforts have also been made to develop anti− /de-icing stra
tegies for UAV icing mitigation. For example, Liu et al. (2018a) and Han 
et al. (2022a) demonstrate the feasibility of using hydro− /ice-phobic 
coatings to suppress the dynamic ice accretion on an UAV propeller. 
Armanini et al. (2016) and Sørensen et al. (2015) proposed to integrate a 
power control system and an electrically-conductive carbon-nano-ma
terial-based coating for UAV icing mitigation. Hann (2019) also reported 
a comparative study to explore the capability of two numerical icing 
codes, i.e., FENSAP-ICE and LEWICE, to assist the design of a UAV anti- 
icing protection system. More recently, Karpen et al. (2022) demon
strated the feasibility of a propeller-integrated airfoil heater system for 
small multirotor drones flying in icing environments. 

While important findings about UAV icing and anti− /de-icing have 
been derived from the studies, almost all the previous studies were 
performed by conducting either numerical simulations with simplified 
assumptions or icing tunnel experiments with idealized laboratory 

settings. For example, UAVs were usually assumed to be exposed to 
uniform incoming airflows under idealized icing conditions, while 
staying in the same operational status during the entire ice accretion 
process. However, in reality, UAVs always fly in atmospheric boundary 
layer (ABL) airflows with constantly varying wind speed and directions 
(i.e., exposed to highly turbulent ABL winds with substantial gusts), let 
alone the complex weather changes (e.g., ambient temperature and LWC 
level changes) during icing events. There are knowledge gaps between 
the complicated UAV inflight icing phenomena under realistic, atmo
spheric icing conditions with turbulent ABL winds and the fundamental 
icing physics studies performed in laboratories with simplified as
sumptions and idealized lab settings. Quantitative field measurements to 
characterize inflight icing process and its detrimental effects on UAV 
flight performance under realistic, atmospheric icing conditions are very 
essential to fill the knowledge gaps to improve our understanding about 
the UAV icing phenomena for the development of more effective and 
robust anti− /de-icing strategies for UAV icing mitigation. 

In the present study, we report a comprehensive flight-testing 
campaign to examine the characteristics of the inflight icing and its 
detrimental effects on the flight performance of a fixed-wing UAV. The 
fixed-wing UAV was hand launched and flew autonomously along a pre- 
planned flight trajectory under an atmospheric icing condition. A suite 
of advanced avionics and electronic sensors was installed onboard to 
monitor both the UAV flight status (e.g., flying speed, flight altitude, and 
power consumption of the propeller) and the environmental conditions 
(e.g., airspeed, ambient temperature, and relative humidity) along the 
pre-planned flight trajectory. A miniaturized digital camera was 
installed onboard to record the dynamic ice accretion and water runback 
process over the surface of the UAV wing during the flight. An advanced 
three-dimensional (3D) profile scanning system was also used to quan
tify the 3D shapes of the ice layers accreted on the UAV vertical stabilizer 
and propeller blades after the UAV finished the designated flight 
mission. The detrimental effects of the inflight icing on the UAV flying 
performance were evaluated quantitatively by comparing the mea
surement data collected during the flight mission with evident inflight 
icing against those under a normal, non-icing weather condition. 

2. A brief description of the fixed-wing UAV used for the present 
study 

In the present study, a fixed-wing UAV was used as the test platform 
for the flight test campaign to characterize the inflight icing process and 
to evaluate its effects on the UAV flight performance under a realistic, 
atmospheric icing condition. The fixed-wing UAV was developed “in- 
house” based on a commercially available airframe set (Sky
hunter1800mm, Skynumber®,) along with an electric propeller and a 

Fig. 1. The fixed-wing UAV used in the present study.  
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flight controller kit (Durandal, Holybro®). As shown schematically in 
Fig. 1, the airframe structures of the UAV (i.e., fuselage, wing, and 
vertical stabilizer) were made of light-weighted expanded polyolefin 
(EFO) foam enforced with carbon fibers. The UAV has a tip-to-tip 
wingspan of 1.8 m and nose-to-tail length of 1.4 m, which is sufficient 
to provide stable and long flight duration under different weather con
ditions. Table 1 summarizes the primary parameters of the fixed-wing 
UAV used in the present study. 

As shown in Fig. 1, the UAV has a horizontal stabilizer which is 
composed of the left and right ailerons and associated elevators. It also 
has an H-tail design with two vertical stabilizers installed at the ends of 
the horizontal stabilizer. The H-tail design has been found to be very 
efficient to reduce the aircraft size, making the UAV being very conve
nient to transport while ensuring a good aerodynamic performance 
(Kurukularachchi et al., 2016). Since there is no rear fuselage, the H-tail 
design would also lead to a good flexibility in choosing propellers of 
different size for different flight missions. For the present study, the 
maximum takeoff weight of the UAV was set to be 3.5 kg, which is 
enough to carry all the avionics, sensors, batteries, and miniaturized 
digital cameras on board. A high-thrust brushless motor (Power 46, 
Eflite®) and a high-thrust propeller of 12 in. in diameter (APC12X7, 
APC®) were used to provide adequate thrust to ensure the stable flight 
of the UAV under different weather conditions. 

A flight controller (Durandal, HolyBro®) with PX4 firmware was 
used as the flight control processor to navigate the UAV flying along a 
pre-planned flight trajectory. By programing the flight controller prop
erly, the UAV can be operated in an autonomous flight mode to 
accomplish the flight missions along the same pre-planned flight tra
jectory under different weather conditions. A suite of avionics and 
electric sensors was installed onboard to monitor both the UAV flight 
status (e.g., the ground speed of the UAV, flight altitude, propeller power 
consumption, and UAV acceleration data) and the environmental con
ditions (e.g., airflow speed and direction, ambient temperature, relative 
humidity (RH) in the air). More specifically, a K-type thermocouple 
probe (K-type, Omega®) was used to measure the ambient temperature 
(i.e., static temperature) along the UAV flight trajectory. A pressure and 
humidity sensor (BME280, Bosch®) was also installed onboard to 
monitor the pressure and RH levels in the air during the flight. While the 
ground speed of the UAV was monitored by using an onboard GPS 
system to provide the UAV flight speed referred to the ground, a Pitot- 
static probe (MS4525DO) was installed at the nose of the UAV fuse
lage to measure the indicated airspeed (i.e., IAS). A miniaturized digital 
camera (Caddx Ratel 1200 TVL, CaddxFPV®) was also installed onboard 
to record the dynamic ice accretion process or/and water runback flows 
on the surface of the UAV wing when inflight icing occurs. While a 
Raspberry Pi unit (Raspberry Pi3, Raspberry®) was used as the core 
processor for the flight control and data acquisition of the onboard 
sensors, a pair of 900 MHz telemetry units (RFD9000, RFDesign®) were 
also installed onboard to provide a wireless connection between the 
flight controller and the ground station for “real-time” flight data 
transmission and UAV flight status monitoring. While the specifications 
of the onboard sensors are summarized in Table 2, further information 
about the avionics/sensors can be found in Siddique et al. (2022). 

By installing a 4G-LTE connection unit onboard, the traceability of 
the UAV during the flight was secured through the wide coverage of the 

4G/LTE technology. With the same 4G network, all the measurement 
data were broadcast to a Virtual Private Network (VPN) and associated 
terminals to minimize the risk of data loss or/and missing of the UAV 
during the flight campaign. Since the UAV was operated under a harsh 
environment with frozen cold temperature and high humidity during the 
flight mission with evident inflight icing, the cargo compartment of the 
UAV was insulated carefully to minimize the effects of the adverse 
weathers on the performances of the onboard avionics and sensors. 
Meanwhile, all the measurement data were backed up in “real time” to 
ensure the reliability of the quantitative measurements during the flight- 
testing campaign. It should also be noted that, while the UAV was 
operated in an autonomous flight mode for designed flight missions, it 
was also connected to a remote flight controller that can be used to 
control the UAV flight manually under emergency conditions. Fig. 2 
summarizes schematically the avionics and electronic sensors installed 
onboard for the flight-testing campaign. 

3. Measurement results and discussions 

3.1. Flight-testing site and design of the UAV flight mission 

The flight-testing campaign was performed at a designated UAV 
testing site on Iowa State University’s BioCentury Research Farm (ISU- 
BCRF) where UAVs could take off and land over a vast farm field. Fig. 1 
gives a snapshot image of the UAV at the flight-testing site before 
takeoff. As shown clearly in Fig. 1, the UAV was not equipped with a 
landing gear system due to the existence of a snow/ice layer on the 
ground. While the UAV was hand launched, the soft soil or snow/ice 
accumulated over the farmland would function as a cushion layer to 
mitigate the impact on the UAV during belly landings. It should be noted 
that, the UAV testing site is located at about 10 miles away from a small 
Municipal Airport at Boone, Iowa (i.e., KBNW airport), the weather data 
provided by the meteorological aerodrome report (METAR) system at 
KBNW airport was used as the reference for the preparation of the UAV 
flight-testing campaign. 

Fig. 3(a) gives the aerial view of the designed UAV flight trajectory 
for the flight-testing campaign. The time evolution of the actual UAV 
flying altitude measured by using an onboard GPS system during one of 
the UAV flight missions was presented in Fig. 3(b). It can be seen clearly 
that each UAV flight mission would include five stages: takeoff, climb
ing, loitering, descending, and landing. For takeoff, the UAV was hand 
launched in the direction facing the surface wind with a full throttle for 
the propeller until a safe altitude was reached (i.e., at about 20 m above 
the ground). Then, the UAV would climb up rapidly until reaching a pre- 
planned loitering altitude (i.e., Hloitering) where inflight icing may take 
place based on the weather forecast of the nearby airport (i.e., KBNW 
airport). After reaching the loitering altitude (i.e., Hloitering ≈ 150 m for 
the present study), the UAV would be flying around a pre-selected point 
in circles with a constant airspeed of Vairspeed. ≈ 16 m/s and loitering 
duration of about 600 s. After finishing the loitering phase, the UAV 
would descend to a traffic-pattern altitude (i.e., at about 25 m above the 
ground) for the preparation of landing. Finally, the UAV would land on 
the ground in the direction facing the surface wind. 

3.2. Selection of typical UAV flight missions to study inflight icing 
characteristics 

The UAV flight-testing campaign was conducted over a period of 6 

Table 1 
The primary design parameters of the UAV used in the present study.  

Specifications Technical details 

Wingspan 1800 mm 
Length 1400 mm 
Wing Area 0.36 m2 

Max Flying Weight 3.5 kg 
Propeller APC 12 × 7, APC® 
Motor Power 32, 770 KV, E-flite®  

Table 2 
Specifications of various onboard sensors.  

Sensor type Model Number Accuracy 

Thermocouple probe K-type, Omega® ±1.0 ◦C 
Atmospheric pressure/humidity sensor BME280, BOSCH® ±0.25% 
Pitot probe for airspeed measurement MS4525DO, TE® ±0.25%  
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months, i.e., starting from September 2020 to March of 2021. It is well 
known that inflight icing phenomena would occur under certain specific 
weather conditions, which would require not only frozen cold ambient 
temperature (i.e., Tambient < 0.0 ◦C), but also high liquid water content 
(LWC) or humidity levels in the air (Bernstein et al., 2000; Lamraoui 
et al., 2015; Veerakumar et al., 2020). While the ambient temperature at 

the flight-testing site located at Boone, Iowa is usually quite cold in 
winters, the air is dry with relatively low LWC and/or humidity levels in 
general. Among about 30 flight missions performed under the meteo
rological conditions for possible inflight icing, only 10 flight missions 
were found to have evident inflight icing with substantial ice layers 
accreted over the surfaces of UAV wings, fuselage, stabilizers, pitot 

Fig. 2. A summary of the avionics and sensors installed onboard for the flight-testing campaign.  

Fig. 3. The measured flight trajectory during the UAV flight-testing campaign.  

N. Han et al.                                                                                                                                                                                                                                     



Cold Regions Science and Technology 207 (2023) 103775

5

probe and propeller blades. 
While over 50 flight missions were accomplished with the UAV flying 

autonomously along the same pre-planned flight trajectory under 
different weather conditions, two specific UAV flight missions were 
selected here for further analysis in the present study. The key meteo
rological parameters at the UAV flight site for the two selected UAV 
flight missions are summarized in Table 3 for comparison. 

The flight mission #1 was accomplished on a warm and sunny day in 
the September of 2020 with the ambient temperature of Tambient ≈ 20 ◦C. 
Since the ambient temperature was well above the freezing temperature 
with a clear sky condition, no inflight icing was experienced by the UAV 
during the entire flight mission. Therefore, flight mission #1 was 
selected to represent a general case of UAV flight under a normal, non- 
icing weather condition. 

The second flight mission (i.e., flight mission #2) was performed on a 
cold and cloudy day in March 2021, where the UAV was found to 
experience evident inflight icing. For the flight mission #2, while the 
ground temperature was found to be very close to the water freezing 
temperature (i.e., Tambient ≈ 1.5 ◦C), the air was quite wet with a high 
humidity level (i.e., RH > 80%). Meanwhile, the overcast cloud was 
reported to be at ~100 m above the ground, suggesting that the UAV 
would be loitering inside an overcast icing cloud. 

Fig. 4 gives the profiles of the ambient temperature (i.e., static 
temperature) and RH values measured by the onboard sensors during 
flight mission #2. It can be seen clearly that the ambient temperature 
was found to decrease monotonically with the increasing altitude, as 
expected. While the overcast cloud was reported to be at about 100 m 
above the ground, the measured temperature data given in Fig. 4 
confirmed that the overcast cloud was an icing cloud with its tempera
ture being below the water freezing temperature. As the UAV climbed up 
to the loitering altitude of 150 m above the ground, the ambient tem
perature was found to be decreased down to Tambient ≈ − 1.6 ◦C. Mean
while, the measured relative humidity (RH) values given in Fig. 4 
suggest that the overcast cloud was quite humid with the RH ≈ 87% at 
the UAV loitering altitude. As reported by Bian et al. (2014), a high RH 
value in the air would indicate a great LWC level in the cloud. Based on 
the meteorological report at KBNW airport, the overcast cloud was a 
cumulonimbus cloud. While typical LWC levels in cumulonimbus clouds 
are in the range of 1.0–3.0 g/m3 (Linacre and Geerts, 1999), the size (i. 
e., MVD) of the airborne droplets in cumulus congestus would be ~20 
μm (Kampe, 1950). 

Since the weather conditions at the time when flight mission #2 was 
performed are very conducive to inflight icing, substantial ice structures 
were found to accrete over almost all the exposed UAV airframe surfaces 
(i.e., wings, fuselage, stabilizers, pitot probe and propeller blades) after 
the UAV finished the flight mission, which will be discussed in further 
detail later. It is worth noting that, since the ambient temperature near 
the ground was found to be still higher than the water freezing tem
perature for flight mission #2 as revealed quantitatively in Fig. 4, the ice 
accretion would not be able to take place during the takeoff and landing 
phases. Therefore, the inflight icing occurred only after entering the 
overcast cloud. The findings of the present study also highlight the 
dangerous scenarios if the design/planning of UAV flight missions is 

purely based on the meteorological data measured by the near ground 
equipment/instrumentations. 

3.3. Characterization of the ice structures accreted over the UAV airframe 
surfaces 

As indicated in Fig. 1, a miniaturized digital camera was installed 
onboard to record the dynamic icing process and water runback flows 
over the wing surface during the flight. Fig. 5(a) gives a typical snapshot 
image of the UAV wing acquired by using the onboard camera right after 
the UAV takeoff during flight mission #2 (i.e., referred as the “clean” 
wing without any ice accretion). The image of the same UAV wing ac
quired by the same digital camera at about 600 s later (i.e., referred as 
the “iced” wing due to the obvious ice accretion over the wing surface) 
was shown in Fig. 5(b). Since the weather conditions during flight 
mission #2 were relatively humid (i.e., with high RH and LWC values) 
and warm (i.e., Tambient > − 2.0 ◦C), the inflight icing process was ex
pected to be a typical glaze icing process. 

Based on the side-by-side comparison of the acquired images of the 
“clean” and “iced” UAV wing given in Fig. 5, general features of the 
inflight icing process over the UAV wing surface can be seen clearly. 
Instead of having a rather smooth leading edge and wing surface as 
revealed from the acquired image of the “clean” wing, the “iced” wing 
became much rougher with substantial ice structures accreted along the 
wing leading edge. In addition to forming transparent and glazy ice 
structures over the wing surface, obvious runback of unfrozen water was 
also observed, causing the formation of multiple water rivulets over the 
wing surface. The observed icing characteristics over the UAV wing 
surface confirmed that the inflight icing process during flight mission #2 
was indeed a glaze icing process, as expected. 

Table 3 
Meteorological conditions of the two compared UAV flight missions.  

Compared parameters Flight mission #1  
under a non-icing 
weather 

Flight mission #2  
with evident inflight 
icing 

Temperature on the ground (◦C) 20.00 1.50 
Relative humidity on the 

ground (%) 
35% >80% 

Wind speed on the ground (m/s) 5.6 6.7 
Wind direction on the ground 

(◦) 
350.00 110.00 

Sky condition Clear Overcast at ~100 m  

Fig. 4. Time evolution of the ambient temperature and relative humidity (RH) 
values measured by the onboard sensors during flight mission #2. 

Fig. 5. The acquired snapshot images of the UAV wing during flight 
mission #2. 
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More comprehensive investigations to characterize the ice structures 
accreted over the UAV airframe surfaces were performed after the UAV 
finished the flight mission and landed on the ground safely. At first, a set 
of images was taken immediately after the UAV landed on the ground. 
As shown clearly in Fig. 6, almost all the exposed airframe surfaces of the 
UAV were found to be covered with transparent ice layers. Substantial 
ice structures were found to accrete not only along the wing leading 
edge, but also over both the upper and lower surfaces of the UAV wing 
(Fig. 6a and b), due to the existence of obvious water runback over the 
wing surfaces. In addition to the wing surface, ice structures were also 
found to accrete on the surfaces of the UAV propeller, the fuselage, and 
the stabilizers (Fig. 6c, and d). 

It should be noted that the ice accretion was found to block the 
pressure holes (i.e., both the ports for the total and static measurements) 
on the Pitot probe completely (Fig. 6e), leading to false readings of the 
measured airspeed, which will be discussed in the later section. For 
manned aircraft, the misreading of the airspeed from iced Pitot probes 
may directly threat the flight safety, leading to the loss of control over 
the aircraft. A number of deadly aircraft crashes was reported due to 
Pitot probe icing in recent years, including the catastrophic crash of 
Saratov Airlines Flight 703 killed all the 65 passages and 6 crew mem
ebers on Febuary 02, 2018 (Jäckel et al., 2021). For the UAV used in the 
present study, an advanced flight control algorithm similar as that 
described in Lie and Gebre-Egziabher (2013) was adopted to make sure 
that the UAV control would not solely depend on Pitot probe reading. 
However, the misreading of the airspeed from the iced Pitot probe was 
still found to be a major hidden danger to the UAV flight safety. 

After taking the images to record the ice accretion on the UAV 
airframe surfaces, the iced UAV propeller and one of the vertical stabi
lizers were preserved carefully in a portable freezer filled with dry ice 
and transported swiftly back to our research laboratory (i.e., within 30 
min) for further characterization. A three-dimensional (3D) profile 
scanning system (Peng et al., 2020) was used in the present study to 
characterize the 3D shape of the ice layers accreted on the UAV propeller 
and the vertical stabilizer. The 3D profiler scanning system used in the 
present study is based on a novel digital-image-projection (DIP) tech
nology with a structured light triangulation principle (Zhang et al., 
2015). An optical projector was used to project a digital image with 
known characteristics onto the surface of the object of interest (i.e., the 
iced propeller blade and vertical stabilizer in the present study). Due to 
the ice accretion on the model surface, projected patterns would appear 
deformed when observed from any direction other than the projection 
axis. The 3D shapes of the iced model can be reconstructed via a 
comprehensive image processing procedure to calculate the 

displacement of the projected patterns in the acquired images of the iced 
model in related to the reference images without any ice accretion on the 
model surface. Further information about the technical basis and mea
surement procedure of the 3D profiler scanning system can be found in 
our recently published papers (Gao et al., 2019b; Peng et al., 2022; 
Zhang et al., 2015). 

In the present study, the 3D shape scanning of the iced model was 
conducted inside a working freezing chamber with the iced propeller 
blade or vertical stabilizer being mounted on a rotating stage. Since the 
ice layer accreted over the iced propeller blade or vertical stabilizer was 
transparent, a thin layer of white powder was spray coated on the iced 
model by following the work of Gong and Bansmer (2015). After the test 
model was mounted properly on the rotation stage, it usually takes only 
about 30–60 s to finish the 3D profile scanning operation. Since the 
entire 3D scanning process of the iced models can be accomplished 
within 45 min after the UAV landed on the ground, the morphology 
changes of the accreted ice structures due to the 3D shape scanning 
operation are believed to be very small. It should also be noted that, the 
same system was also used by Veerakumar et al. (2020) to measure 3D 
printed hemispherical roughness elements on a test plate for the mea
surement accuracy estimation. Based on the measurements of about 500 
points around a given hemispherical roughness element with a nominal 
height of 8.0 mm, the measurement uncertainty of the 3D profiler 
scanning system was found to be about 150 μm, i.e., ~ 2.0% of the 
targeted height of the measurements. 

Fig. 7 shows the measurement result of the 3D scanning system to 
quantify the ice layer accreted on the UAV propeller blade. Since the 
UAV had a “rough” belly landing over the snow/ice covered farmland, 
the inevitable impact force during the UAV belly landing was found to 
cause a portion of the ice layer accreted over the outbound surface of the 
UAV propeller (i.e., in the region of r/R > 0.46) detached from the blade 
surface. While the 3D scanning results given in Fig. 7 can reflect only the 
remaining ice structures accreted on the blade surface, it is sufficient to 
reveal the significant profile changes of the propeller blade due to the ice 
accretion. 

Based on the 3D scanning result, the outer profiles of the ice layer 
accreted on the UAV propeller were extracted. Fig. 7(c) gives the 
extracted outer profiles of the ice layer accreted on the UAV propeller at 
three selected spanwise sections, i.e., at r/R ≈ 0.32, 0.46, and 0.60, 
respectively. It was revealed quantitatively that, while substantial ice 
structures were found to accrete along the leading edge of the propeller 
blade, the coverage of the accreted ice layer was found to extend to 
much further downstream locations, i.e., reaching almost the blade 
trailing edge due to the existence of obvious water runback over the 

Fig. 6. Snapshot images of the ice structures accreted on the UAV airframe surface acquired right after the UAV landed on the ground.  
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blade surface under the glaze icing condition of flight mission #2. In 
comparison to the smooth and streamlined airfoil surface of the “clean” 
blade, the iced blade was found to become much rougher due to the 
accretion of irregular-shaped ice structures over the blade surface. 
Similar as those reported in the previous studies (Karpen et al., 2022; Liu 
et al., 2018c; Müller and Hann, 2022), the devastation of the streamlined 
airfoil surface due to the ice accretion would degrade the aerodynamic 
performance of the UAV propeller significantly. It would result in a 
significant increase of the power consumption and dramatic decrease in 
the thrust generation for the iced UAV propeller, which were confirmed 
by the measured power consumption data to be discussed later. It should 
also be noted that the mass balance of the UAV propeller would be 
destroyed due to the randomly accreted ice over the blade surface. The 
rotation of the imbalanced propeller would provoke significant 

structural vibrations, causing great challenges to the UAV flight stability 
and imposing serious threats to the flight safety. 

Fig. 8 gives the 3D scanning measurement results to reveal the 
characteristics of the ice accretion over the surface of the vertical sta
bilizer after flight mission #2. It can also be seen clearly that, while a 
portion of the ice structures accreted near the base of the vertical sta
bilizer was found to be shed off during the “rough” belly landing, sub
stantial ice structures were still revealed to accumulate over the surface 
of the vertical stabilizer. The ice layer accumulated over the stabilizer 
surfaces would affect its aerodynamic performance greatly (Bragg et al., 
1986), and consequently degrade the flight control performances of the 
stabilizer, posing a significant threat to the UAV flight stability. 

It should also be noted that, while very similar characteristics of the 
ice accretion over airframe surfaces (e.g., airfoil/wing, propeller, and 

Fig. 7. Typical 3D scanning results of the “clean” and “iced” UAV propeller blade.  

Fig. 8. 3D scanning results of the ice layers accreted on the UAV vertical stabilizer.  
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pitot probe) have been reported in previous studies by conducting icing 
tunnel experiments under idealized laboratory settings (Han et al., 
2022b; Jäckel et al., 2021; Liu et al., 2018a; Liu et al., 2017), the 
measurement results reported here are believed to the first of its kind to 
reveal the ice accretion characteristics on UAV airframe surfaces after 
the UAV experienced an inflight icing event under a. 

realistic, atmospheric icing condition. The quantitative field mea
surement data derived from the present study can be used not only to 
validate/verify the theoretical modelling and numerical simulations of 
UAV icing phenomena, but also to provide useful benchmarks to fill the 
knowledge gaps between the realistic UAV inflight icing phenomena and 
the fundamental icing physics studies performed in laboratories with 
simplified/idealized icing conditions. 

3.4. The detrimental effects of inflight icing on the UAV flight 
performance 

In the present study, the detrimental effects of the inflight icing on 
the UAV flight performance were also examined by analyzing the 
measurement results obtained during the flight mission with evident 
inflight icing (i.e., flight mission #2), in comparison to those under the 
non-icing weather condition (i.e., flight mission #1). Fig. 9 to Fig. 12 
give side-by-side comparisons of the measured key parameters to 
quantify the UAV flight status as the UAV was set to fly along the same 
flight trajectory, but under different weather conditions. 

As described above, the UAV was designed to fly with a constant 
flying speed of Vairspeed. ≈ 16 m/s during the flight mission. Fig. 9 gives 
the indicated airspeed (i.e., IAS) measured by using the onboard Pitot 
probe during the two compared flight campaigns. The measured IAS 
data represents the actual UAV flying speed in relation to the local 
airflow. For flight-testing campaign #1 (i.e., the non-icing case), the 
measured IAS values were always found to stay at the designated value 
during the entire flight mission, as expected. However, for flight-testing 
mission #2 with evident inflight icing, the measured IAS data were 
found to be at the designed value of Vairspeed. ≈ 16 m/s only at the 
beginning of the flight mission (i.e., t < 180 s). The IAS readings were 
found to decrease suddenly and even became a negative value at the 
later time (i.e., after the UAV loitering for about 80 s). The malfunction 
of the Pitot probe was found to be caused by the ice blockage of the 
pressure measuring holes, which was confirmed from the ice accretion 
image given in Fig. 6(e). 

The sudden failure of the Pitot probe due to inflight icing was also 
found to cause a significant challenge to the UAV flight control system in 
maintaining a stable flight. With the airspeed reading from the Pitot 
probe dropped sharply, the pitch angle of the UAV was found to decrease 
suddenly, causing the UAV to lower its head and decrease its flight 
altitude abruptly. Since the advanced flight control algorithm similar as 
that described in Lie and Gebre-Egziabher (2013) was adopted for the 
UAV flight control in the present study, the UAV was still able to fly 

safely even though the Pitot probe was malfunctional due to the ice 
accretion. Since the UAV was designed to maintain a stable flight alti
tude and does not allow the sudden airspeed change, the throttle output 
of the UAV was found to increase rapidly (i.e., as revealed clearly from 
the measured power consumption data to be discussed later) to ensure 
the UAV returning to its designed flight altitude. In summary, despite 
the lack of a valid airspeed reading from the iced Pitot probe, the 
advanced flight control system was still able to ensure the UAV flying at 
the designated airspeed and flight altitude. 

Fig. 10 gives the measured ground speed of the UAV from an onboard 
GPS system. Since the UAV was designed to be circling around a pre- 
selected point during the loitering phase as shown schematically in 
Fig. 3(a), the measured ground speed data given in Fig. 10 were found to 
vary periodically in the form of well-defined sinusoidal waves for both 
compared cases, due to the existence of substantial cross winds at the 
loitering altitude. The speeds of the cross winds at the loitering altitude, 
which can be estimated based on the fluctuating amplitude of the si
nusoidal waves given in the measured ground speed plots (i.e., being 
about 8.0–10.0 m/s), were found to be very comparable for the two 
compared cases. 

Fig. 11 gives the measured power consumption data of the UAV 
propeller during the two compared flight missions, which can be used to 
reveal the detrimental effects of inflight icing on the UAV flight per
formance more clearly and quantitatively. It can be seen clearly that the 
UAV was found to have relatively high-power consumption levels at the 
takeoff and climbing stage since the extra power was needed by the 
propeller to accelerate the UAV and to increase its flying altitude. After 
reaching the loitering altitude, while the UAV was set to be circling 
around at the same altitude with a constant airspeed (i.e., having the 
same IAS value of 16 m/s), the power consumption level of the UAV 
propeller was found to reduce substantially. For flight mission #1 
without inflight icing, the instantaneous power consumption of the UAV 
propeller was found to fluctuate randomly during the loitering flight, 
which is believed to be closely related to the turbulent nature of the 
surface winds at the loitering altitude. The moving-averaged values (i.e., 
the ensemble-averaged value within each 5 s) of the power consumption 
data during the entire loitering phase were found to stay almost at a 
constant value of Paveraged ≈ 250 W (i.e., from t = 70 s to t = 630 s). Based 
on the measurement results of the flight campaigns on different days, the 
averaged power consumption of the UAV during loitering phase was 
found to vary within 10% under the weather conditions without inflight 
icing. 

However, for flight mission #2, ice would start to accrete over every 
exposed airframe surface and rotating propeller blade as soon as the 
UAV flew into the icing cloud (i.e., starting at t ≈ 50 s). Substantial ice 
structures would have already accreted on the airframe surfaces as the 
UAV climbed to the loitering altitude at the time of t ≈ 90 s. The ice 
accretion over the UAV airframe surfaces would degrade the UAV 
aerodynamic performance significantly by increasing drag, while 

Fig. 9. The measured IAS data during the two compared flight missions.  
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decreasing lift. As a result, in comparison to the scenario with the UAV 
flying under a normal, non-icing weather condition (i.e., flight mission 
#1), the UAV propeller would require extra power inputs to generate 
extra thrust to overcome the larger drag force acting on the iced UAV. 
Meanwhile, similar as that reported in Liu et al. (2019), the ice accretion 
on the rotating propeller blade would degrade its thrust generation ca
pacity greatly while increasing the power consumption substantially. All 
these would contribute to a greater power consumption of the UAV 
propeller during flight mission #2. Therefore, the UAV was found to 
have about ~20% greater power consumption at the beginning of the 
loitering flight for flight mission #2 (i.e., Paveraged ≈ 280 W at the time of 
t ≈ 100 s), in comparison to that of flight mission #1. 

With the UAV flying inside the icing cloud during the loitering phase 
of flight mission #2, the ice layers accreted over the UAV airframe 
surfaces and the propeller blade would become thicker and thicker as 
the flight time increases. Thus, the power consumption values of the 
UAV propeller were found to increase continuously, until experiencing 
an abrupt drop at the time of t ≈ 460 s (i.e., the ensemble-averaged 
power consumption value increased from Paveraged ≈ 280 W at the 
beginning of the loiter phase to a much higher level of Paveraged ≈ 500 W 
at t ≈ 460 s). 

It should be noted that, with the ice layer accreted on the rotating 
propeller blade becoming thicker and thicker, the centrifugal forces 
acting on the ice structures would also increase rapidly. As the accreted 
ice mass becomes big enough, the associated centrifugal force would 
become greater than the ice adhesion forces over the blade surface. 
Similar as that described in Papadakis et al. (2009) and Nilamdeen et al. 
(2019), the strong centrifugal force would cause a portion of the 
accreted ice to detach from the rotating propeller blade. The abrupt ice 
shedding would cause a rapid recovery of the propeller performance (i. 
e., a greater thrust generation and lower power consumption), causing 
the sudden drop of the measured power consumption data at the time of 
t ≈ 460 s (i.e., the ensemble-averaged power consumption decreased 
suddenly from Paveraged ≈ 500 W to Paveraged ≈ 360 W). Since the UAV was 
still flying in the icing cloud, the ice accretion process would re-start 
again over the rotating blade surface. As a result, the measured power 
consumption value of the UAV propeller was found to increase rapidly 
from Paveraged ≈ 360 W to Paveraged ≈ 560 within a short duration of 140 s, 
as revealed in Fig. 11. 

In the present study, the averaged power consumption of the UAV 
propeller during the entire loitering flight phase was calculated to 
indicate the detrimental effects of the inflight icing on the UAV power 
consumption quantitatively. It was found that, while the averaged 
power consumption level of the UAV in the loitering flight was about 
Ploitering ≈ 240 W under a normal, non-icing weather condition (i.e., 
during flight mission #1), the corresponding value was found to be 
increased to Ploitering ≈ 450 W as the UAV was flying inside the overcast 
icing cloud (i.e., during flight mission #2). In summary, with the same 
UAV flying at the same loitering altitude for the same loitering duration, 

the UAV would consume about 80% more power when flying under the 
icing condition (i.e., flight mission #2) than the case under a normal, 
non-icing weather condition (i.e., flight mission #1). It should be noted 
that the significant increase in the UAV power consumption due to 
inflight icing would cause great challenges to the UAV flight due to the 
limited power source available to the UAV, which would reduce the UAV 
flight time and/or shorten their flight distance, thereby, imposing great 
challenges to the UAV flight safety. 

In addition to causing extra power consumption to the UAV pro
peller, inflight icing and abruptic ice shedding from the rotating pro
peller blade were also found to provoke greater structural vibrations, 
which can also impose greater challenges to the UAV flight stability. In 
the present study, the UAV was also equipped with an accelerometer 
onboard, which can be used to quantify the vibration characteristics of 
the UAV flying under different weather conditions. Fig. 12 gives typical 
outputs of the onboard accelerometer during the two compared flight 
missions. It should be noted that the onboard accelerator can measure 
structural vibrations of the UAV in all three directions. Since very similar 
features were revealed from all three components of the measured 
accelerator data, only the Z-component values of the measured accel
eration vectors (i.e., az, along the vertical direction) were analyzed here 
for conciseness. 

As revealed clearly in Fig. 12, with the UAV flying under a normal, 
non-icing weather condition (i.e., flight mission #1), the vibration am
plitudes of the UAV were found to be almost unchanged during the 
entire flight mission, which were closely related to the turbulence in
tensity or/and gust level of the surface winds during the flight campaign. 

As for the UAV flying under the atmospheric icing condition (i.e., 
flight mission #2), the vibration amplitudes of the UAV were found to 
become much greater. The greater vibrations for the UAV flying under 
the icing condition are believed to be caused by the detrimental effects 
of the ice accretion on the UAV airframe surface and the rotating pro
peller blade. Similar as those reported in the previous studies (Han et al., 
2022b; Liu et al., 2019), ice accretion on the propeller blade surface 
would dramatically change the outer profiles of the propeller blade, 
which would induce large-scale airflow separation over the blade sur
face, thereby, inducing unsteady aerodynamic loads acting on the pro
peller to excite the structural vibrations. Furthermore, the rotation of the 
imbalanced propeller due to the uneven ice coverage over the propeller 
blade as those shown in Fig. 7 would also impose extra unsteady loads to 
the propeller to cause greater vibrations. 

It can also be seen that, as the flight time increases, corresponding to 
more and more ice structures accreted on the propeller blades, the vi
bration amplitude of the UAV was found to increase monotonically until 
the accreted ice structures were shed abruptly from the rotating pro
peller blade. As shown clearly in Fig. 12, after the accreted ice was shed 
away from the surface of the rotating propeller blades at t ≈ 460 s, the 
fluctuation amplitudes of the UAV were found to be decreased greatly, 

Fig. 11. Comparison of the measured power consumption of the UAV propeller 
during the two flight missions. 

Fig. 12. Comparison of the measured acceleration data during the two 
flight missions. 
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as expected. 

4. Conclusions 

A flight-testing campaign was conducted to examine the character
istics of the inflight icing and its effects on the flight performance of a 
fixed-wing Unmanned-Aerial-Vehicle (UAV). While the UAV was 
deployed to fly autonomously along a pre-planned flight trajectory 
under a realistic, atmospheric icing condition, various advanced avi
onics and electronic sensors were installed onboard to monitor both the 
UAV flight status (e.g., flying speed, flight altitude, and power con
sumption) and the environmental conditions (e.g., airspeed, ambient 
temperature, and relative humidity). In addition to using a miniaturized, 
onboard camera to record the dynamic icing process and transient water 
runback flows on the UAV wing surface during the flight, the shape of 
the ice layers accreted on the UAV vertical stabilizer and propeller blade 
were also characterized by using a three-dimensional (3D) profile 
scanning system after the UAV finished the flight mission and landed on 
the ground. The detrimental effects of the inflight icing on the UAV 
flying performance were evaluated quantitatively based on a side-by- 
side comparison of the measurement data obtained during the flight 
mission with evident inflight icing against those with the UAV flying 
along the same flight trajectory under a normal, non-icing weather 
condition. 

Substantial ice structures were found to accrete over nearly all the 
exposed airframe surfaces (i.e., UAV wings, fuselage, stabilizers, Pitot 
probe and propeller) after the UAV finished the flight mission with 
evident inflight icing. In addition to having obvious ice accretion along 
the leading edges of the wings and stabilizers, considerable ice struc
tures were also found to accumulate over both the pressure-side and 
suction-side surfaces of the UAV wings and stabilizers. Noticeable water 
runback flows were observed over the wing/stabilizer surfaces during 
the flight. The ice layer accreted over the surface of the Pitot probe was 
found to cause a complete blockage of the pressure holes, leading to false 
airspeed readings from the iced Pitot probe, which imposed serious 
threats the UAV flight safety. 

The ice structures accreted on the propeller blade were found to 
degrade the perfomance of the UAV propeller signficantly. In compari
son to the case with the UAV flying under a normal, non-icing weather 
condition, the iced propeller was found to comsume over 80% more 
power to accomplish the same flight mission. Furthermore, the mass 
imbalance of the rotating propeller caused by random ice accretion over 
the blade was found to impose extra loads to the propeller, provoking 
much greater structural vibrations to the UAV. The detaching/shedding 
of large ice chunks from the rotating propeller blade was also found to 
cause an abruptic increase of the structural vibrations, imposing sig
nificant threats to the UAV stability and flight safety. 

It should be noted, while extensive studies have been conducted in 
recent years to study UAV icing phenomena and to evaluate the UAV 
performance degradation induced by the ice accretion by performing 
icing tunnel experiments with simplified laboratory settings, the work 
reported here is believed to be the first comprehensive flight-testing 
campaign to examine the characteristics of the ice accretion over the 
airframe surfaces of a fixed-wing UAV and to evaluate the effects of the 
inflight icing on the flight performance with the UAV flying under a 
realistic, atmospheric icing condition. The quantitative field measure
ment data of the present study can be used not only to validate/verify 
the theoretical modelling and numerical simulations of UAV icing phe
nomena, but also to provide useful benchmarks to fill the knowledge 
gaps between the realistic UAV inflight icing phenomena and the 
fundamental icing physics studies performed in laboratories with 
simplified/idealized icing conditions. The new findings derived from the 
present studies would lead to a better understanding of the UAV inflight 
icing process, which is essential for the development of effective and 
robust anti− /de-icing strategies to ensure safer and more efficient 
operation of UAVs in cold weather. It should also be noted that the 

research work reported here is a portion of a more comprehensive 
research program to characterize the effects of typical adverse weathers 
(e.g., wind gusts, rain, snow, and icing) and develop novel mitigation 
strategies for assured UAV flight safety in all-weather conditions. While 
the research is still ongoing, more research findings will be reported in 
the future as the research progresses. 
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