
UAV Icing: A Performance Model for a UAV Propeller in Icing
Conditions

Nicolas C. Müller∗, Richard Hann†

Norwegian University of Science and Technology, NTNU, Trondheim, Norway
UBIQ Aerospace AS, Trondheim, Norway

In-flight icing on unmanned aerial vehicles is a severe hazard and imposes limits on the
operational envelope. Icing has been shown to lead to substantial aerodynamic performance
losses on lifting surfaces and propellers. To quantify the performance loss of the propeller in
icing conditions, this study proposes a model that describes the performance of a fixed-wing UAV
propeller in icing conditions. For the development of this model, experiments in an icing wind
tunnel have been performed to evaluate the performance loss of the propeller in different icing
conditions. From the thrust and torque measurements, a model for the transient performance
of a propeller in icing conditions has been developed. The model calculates thrust and torque as
a function of the temperature, liquid water content, advance ratio, and the rotation rate of the
propeller. This model contains an estimator for the ice accumulation on the propeller, the ice
shedding forces of the propeller, and the performance of the iced propeller. This model can for
example be used to estimate the flight performance of UAVs in icing conditions. It could also be
applied for path and mission planning tools, autopilot, flight simulators, performance-based ice
detection and the design of ice protection systems.

I. Introduction

Unmanned aerial vehicles (UAVs) also called unmanned aerial systems (UAS) are an emerging technology that faces
many challenges. One particular operational challenge is adverse weather that poses a threat to UAVs. One of these

adverse weather conditions is in-flight icing. In-flight icing is a very frequent scenario [1] in large areas of the world.
In-flight icing occurs in meteorological conditions where supercooled liquid water exists in the atmosphere. When
these supercooled droplets collide with the airframe, they freeze and accumulate over time. The resulting ice accretions
can lead to severe aerodynamic performance penalties, especially on unmanned aircraft [2]. Icing is also a hazard to
manned aircraft [3] but is a relatively mature research field nowadays. In contrast, icing is an emerging research topic
for unmanned aircraft with its earliest mention in the 1990s [4]. Since then, several studies have been conducted to
investigate the negative effects of icing on UAVs. The majority of these studies use numerical or experimental methods
to evaluate the aerodynamic penalties on airfoils and wings [5–8]. The existing literature shows that ice has severe
negative effects on lifting surfaces, typically leading to a decrease in the lift, increase in the drag, and reduction of stall
angles.

The effect of in-flight icing on UAV propellers has even more recently come into the focus of research. Several
experimental and numerical studies have shown that icing leads to a very rapid decrease in thrust and performance
efficiency whereas torque is substantially increased [9–11]. The literature suggests that propeller icing leads to faster and
more severe performance penalties compared to icing on lifting surfaces. Therefore, propeller icing is a significant threat
to UAV operations and deserves in-depth investigations. The existing research on the icing on propellers is focused on
the icing on multi-rotor propellers [12]. In this paper, an effort has been made to predict the time-dependent change
in the performance of the propeller and to include it in a flight performance model. The performance degradation is
captured as a linear performance degradation over time [12].

In this work, experiments are performed to analyse the performance of a propeller of a UAV in icing conditions.
The propeller is tested in an icing wind tunnel (IWT) at multiple different temperatures and rotation rates, to create a
database of experimental results to parameterize a propeller performance model. The novelty of this work is replacing
the time dependency with an ice accretion factor, which allows scaling of the results for different icing conditions,
rotation rates and flight velocities. The performance degradation model can be coupled with a propeller polar model
which allows the use of the model for the calculation of the flight performance of a UAV in multiple flight conditions.
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The objective of this study is to develop a model to estimate the performance of fixed-wing UAV propellers in
clean and icing conditions. The model is based on experimental data that was obtained from icing wind tunnel tests
on a typical fixed-wing UAV propeller. The model estimates the thrust and torque of the propeller as a function of
the temperature, advance ratio, liquid water content, and icing duration. The model consists of three submodels. The
clean performance model for the estimation of the clean performance. The ice accretion model estimates the amount
of ice on the propeller. Finally, the iced performance pert will estimate the performance of the propeller with the ice
accumulation.

In this model, the correlation between the thrust, the power coefficients, and the advance ratio is calculated using a
second-order polynomial approximation. The performance change due to icing is calculated as a correction factor to the
model coefficients. The model also accounts for ice shedding. This describes the process of parts of the accumulated
ice breaking off the propeller. The model can be used to calculate the maximum amount of ice that can accumulate
on the propeller. The proposed model offers an important contribution to understanding and dealing with the UAV
icing challenge. Predicting icing performance losses in icing conditions for propellers is a key element to develop
path-planning and mission-planning tools [13, 14]. Furthermore, the model helps identify the most hazardous icing
conditions which is an important design aspect for ice protection systems [15, 16]. The calculated performance data can
also be used to train autopilots for flights in icing conditions. It can also be used to predict the performance impact of a
flight through icing conditions, which can be used to calculate the optimal flight path through clouds with possible
icing conditions. Last but not least, the proposed performance model is useful for flight simulators and modelling of
flight behaviour in icing conditions [17]. The collected dataset of propeller performance measurements can be used to
calculate the severity of different icing conditions for UAVs [18].

II. Methods
In this section, the methodologies used for this study are presented. First, the equations to derive the experimental

data are shown, then the experimental methods and then the model created out of the data will be presented.

A. Test Setup
The measurements for this paper have been performed in an icing wind tunnel at the VTT Technical Research Centre

of Finland in Helsinki [19]. This icing wind tunnel has a test section with a width and height of 70 cm and allows for
testing with wind speeds of up to 50 m/s. For the test, a propeller that is representative of a fixed-wing UAV with a
wingspan of 3 meters was chosen. The chosen propeller is the "Propeller 21x13 CCW 2B E" manufactured by Mejzlik
Propellers sro [20] and has a radius of 0.53 m and a pitch of 0.33 m. An RC-Test bench 1780 from Tycho robotics [21]
is used to measure the thrust and the torque of the propeller and to control the speed-controller. The rotation rate of
the propeller is measured using an optical sensor and a reflector on the motor. A custom made conical cover protects
the motor and the force measurement areas from ice. This cover is not connected to the force measurement unit. An
Axi 5345 HD 3D Extreme V2 motor is used with a Hacker Master Spin-99 Opto speed controller. The motor rotation
rate is kept constant with a PI controller in a Javascript script. A Phantom VEO 710L high-speed camera is triggered
by the signal from the optical rotation rate sensor and takes an image of a propeller blade during each rotation. Four
MultiLED QT lights are used to illuminate the propeller for the images of the high-speed camera and are controlled
by a MultiLED G8 controller. It uses the signal from the optical sensor to switch on the lights synchronous with the
high-speed camera. To avoid excessive heat influx into the propeller the lights are only illuminated for 15 µs per rotation.
Therefore only a maximum of 0.3% of the rotation of the propeller is illuminated, preventing any influence of the light
on the ice accretion on the propeller. The liquid water content (LWC) of the wind tunnel is calibrated at the beginning of
each experimental test campaign using a rotating cylinder [22].

1. Testing Procedure
The testing procedure started with the start of the wind and the motor. Both were given 30 s to stabilise before

the spray system was switched on and the ice accretion time started. Multiple experiments were performed with icing
durations between 60 s and 600 s.

To assess the performance of the propeller in icing conditions, three different tests have been performed. The first is
a test where the propeller is operated at a constant rotation rate and a constant velocity of the air in the wind tunnel. This
enables the time dependency of the performance of the propeller. Additional tests are performed by creating a polar of
the propeller in clean and in icing conditions. For this test first, a constant velocity of the air stream is selected. Then
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Fig. 1 Experimental setup at the icing wind tunnel at the VTT facilities in Helsinki.

the propeller is operated across its entire performance spectrum. During this test, the performance of the propeller
for different advance ratios has been calculated. For the last test, the ice shedding from the propeller is estimated. To
measure the time of the ice shedding, the propeller is run at different rotation rates and the time of the first ice shedding
event is noted. The timing of ice shedding events is derived from the change of the thrust measured. This allows for the
analysis of the influence of the rotation rate on the timing of the ice shedding.

2. Testing Conditions
The propeller was tested under different conditions to cover the range in which the propeller was used. The

temperature range was in a range from −2 °C to −20 °C. The wind speed varied from 10 m/s to 25 m/s. The rotation rate
varied from 1750 1/min to 5200 1/min. A data set of 58 performance tests with constant rotation rates was used for the
development of the data. This led to at least five measurements for each temperature except for −2 °C, which has only 2
measurements. With this large data set of propeller measurements, it was possible to analyse the impact of icing on the
performance of the propeller over its entire performance range.

B. Clean performance model
The clean performance model is based upon the general equations for the performance of a propeller. The thrust can

be calculated according to [23]. Here the thrust coefficient 𝐶T is defined as a dimensionless value derived from the
thrust 𝑇 , the rotation rate 𝑛, the diameter of the propeller 𝑑 and the air density 𝜌.

𝐶T =
𝑇

𝜌 𝑛2 𝑑4 (1)

The advance ratio 𝐽 is used as a factor describing the relation between the forward airspeed of the UAV 𝑣∞ and the
rotation rate of the propeller. This parameter can be used to describe the airflow characteristics over the propeller and
can be used as a comparison tool to compare propellers of different diameters or at different airspeed [23].

𝐽 =
𝑣∞
𝑛 𝑑

(2)

To capture the variations of the thrust coefficient with the advance ratio, a polynomial approximation of the
second-order is used, which is derived from Coates et al. [24] in Eq. 3. Here three factors 𝐶T,0,𝐶T,1 and 𝐶T,2 are used
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to create an analytical approximation of the thrust coefficient.

𝐶T (𝐽) = 𝐶T,0 + 𝐶T,1 𝐽 + 𝐶T,2 𝐽
2 (3)

The power 𝑃 and the power coefficient 𝐶T can be calculated according to [23].

𝐶P =
𝑃

𝜌 𝑛3 𝑑5 (4)

The coefficients are also dependent on the advance ratio and approximated by a second-order polynomial
approximation according to Coates et al.[24] in Eq. 5 . Here three factors 𝐶P,0,𝐶P,1 and 𝐶P,2 are used to create an
analytical approximation of the power coefficient.

𝐶P (𝐽) = 𝐶P,0 + 𝐶P,1 𝐽 + 𝐶P,2 𝐽
2 (5)

C. Ice accretion model
The ice accretion model is used to approximate the influence of the ice accretion on the performance of the propeller.

Therefore the thrust coefficients are now also dependent on the temperature 𝑇 , the icing time 𝑡, the LWC and the median
droplet diameter MVD.

𝐶T,ice = 𝐶T (𝑇, 𝑡, 𝐿𝑊𝐶, 𝐽, 𝑀𝑉𝐷) (6)

𝐶P,ice = 𝐶P (𝑇, 𝑡, 𝐿𝑊𝐶, 𝐽, 𝑀𝑉𝐷) (7)

For the influence of the advance ratio, the assumptions for the clean propeller are used. To estimate the influence of
the ice accretion on the performance of the propeller, the factors 𝐶T,0, 𝐶T,1, 𝐶T,2, 𝐶P,0, 𝐶P,1 and 𝐶P,2 are modified to
accommodate the change in the performance. This is done on the thrust and the power coefficient, but if required the
data from the power coefficient can easily be transformed into torque coefficient values.

For the dependency on the time and the LWC, the icing rate is used. To describe the icing rate, a factor for the total
water collection (TWC) is used which combines the time and the LWC according to Eq. 8. All data is shown for the ice
accretion on the propeller after 60 s and an LWC of 1 𝑔/𝑚2.

𝑇𝑊𝐶 = 𝑡 𝐿𝑊𝐶 𝜔
𝑑

2
(8)

An important factor for the icing on the UAV is the ice shedding from the propeller. To calculate the time at which
the ice is shedding from the propeller, the adhesion forces of the ice to the surface were used. These forces are dependent
on the temperature, surface roughness and icing type [25]. For this study, the surface roughness is assumed to be
constant for the propellers, so the main focus is on the temperature dependency. The forces acting on the ice on the
propeller are the centrifugal forces caused by the rotation of the propeller and the aerodynamic forces created by the
airflow, as well as the adhesion forces between the ice and the propeller. The relative airspeed caused by the airspeed of
the UAV is an order of magnitude lower than the airspeed induced by the rotation of the propeller and has been neglected
in the study. This leaves the aerodynamic forces caused by the rotation of the propeller. The aerodynamic forces are
proportional to the stagnation pressure. The second force is the centrifugal force acting on the ice. Both forces scale
with the second-order of the relative airspeed [26], which is proportional to the rotation rate. So the strain 𝐴max is
introduced in Eq. 9, which represents the adhesion forces of the ice on the propeller. They are calculated dependent on
the amount of water collected on the propeller at the moment of the ice shedding 𝑇𝑊𝐶shedding, the diameter 𝑑 and the
rotation rate of the propeller 𝜔. In an ideal case without aerodynamic forces and cohesion forces radial along with
the propeller, this would represent the required adhesion forces to prevent the ice shedding. The values at the tip are
used since the ice shedding is starting from the tip. The dependency of the ice shapes on the aerodynamic forces is not
explicitly included, but since the ice shapes are dependent on the temperatures, they can be included when this value is
calculated for different temperatures.

𝐴max = 𝑇𝑊𝐶shedding
𝑑

2
𝜔2 (9)

This factor is used to evaluate the adhesion forces dependent on the temperature, the material and the surface
properties of the propeller. It can additionally be used to predict the maximum amount of ice on the propeller to calculate
the amount of ice that accumulates on the propeller before ice shedding is expected. This is shown in Eq. 10
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𝑇𝑊𝐶max =
𝐴max
𝑑
2 𝜔2

(10)

In Fig. 2 the ice shedding for a case at −15 °C is shown. The ice sheds from the propeller in multiple ice shedding
events. First, the ice on the tip of the propeller is shed, and then the ice closer to the center is shed later after more ice
has collected on the propeller. For each subsequent ice shedding event, the radius of the propeller until which the ice
remains on the propeller is shrinking. After the ice has shed from one section it will start to accumulate more ice until
the ice mass has crossed a threshold and it is shedding again. In this paper, the prediction focused on the ice shedding
on the tip of the propeller. Here the ice shedding is dependent on the adhesion forces between the ice and the propeller
and the cohesion forces along the radius of the propeller. The ice on areas closer to the middle of the propeller will hold
the ice on the propeller on sections further out until the maximum cohesion and adhesion stresses are reached and the
ice sheds off the propeller. Compared to the adhesion forces, the cohesion strength of the ice is not strongly dependent
on the temperature [27, 28], so it can be assumed to be proportional to the area of the ice. Therefore the cohesion forces
and the adhesion forces were combined into one parameter that describes the adhesion of ice on the propeller. The ice
type will have a big influence on the ice shape and thus on the ice adhesion, beyond the strength of the connection itself.
The ice shape itself is very temperature-dependent.

Fig. 2 Ice shapes on the propeller during an icing run at −15 °C showing ice on the propeller before and after
ice shedding events.

For the influence of the temperature on the thrust and performance degradation, another quadratic model can be used
for the calculation of the performance degradation of the propeller, as well as for the estimation of the 𝑇𝑊𝐶max. This
parameter is dependent on the adhesive force that exists between the propeller surface and the ice. For this model, the
aerodynamic forces on the ice are ignored and only the centrifugal forces are observed, leading to an inverse proportional
relationship between the time and the rotational rate. Therefore, the total set of equations for the thrust model consists
of the Eqs. 11, 12, 13 and 14.

𝐶T (𝑇,𝑇𝑊𝐶) = 𝐶T (𝐽) ∗ (1 + 𝑚𝑖𝑛(𝑇𝑊𝐶,𝑇𝑊𝐶max) ∗ Δ𝐶T (𝑇)) (11)

Δ𝐶T (𝑇) = Δ𝐶T,0 + Δ𝐶T,1 𝑇 + Δ𝐶T,2 𝑇
2 (12)

𝐴max (𝑇) = 𝐴max,0 + 𝐴max,1 𝑇
2 (13)
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𝑇𝑊𝐶max (𝑛) =
𝐴max

2 𝑑 𝑛2 𝜋2 (14)

The equivalent is performed for the power coefficient:

𝐶P (𝑇,𝑇𝑊𝐶) = 𝐶P (𝐽) ∗ (1 + 𝑚𝑖𝑛(𝑇𝑊𝐶,𝑇𝑊𝐶max) ∗ Δ𝐶P (𝑇)) (15)

Δ𝐶P (𝑇) = Δ𝐶P,0 + Δ𝐶P,1 𝑇 + Δ𝐶P,2 𝑇
2 (16)

𝐶P (𝐽) = 𝐶P,0 + 𝐶P,1 𝐽 + 𝐶P,2 𝐽
2 (17)

III. Results

A. Clean performance data
In the following, the parameters are shown for the Mejzlik 21x13E propeller. The source of the data for the

performance of the ice-free propellers is provided by Mejzlik, obtained through a separate wind tunnel experiment out
of the scope of this paper. The thrust and the power polar were recorded by keeping the propeller spinning at a rotation
rate of 4800 revolutions per minute and by varying the wind speed in the wind tunnel. This kept the Reynolds number
constant across the experiment.

The recorded measurements were used to calculate the clean performance model. First, all the points with a negative
advance ratio are discarded, to limit the model to the propeller conditions relevant for the flight of a fixed-wing UAV.
Then a polynomial fit with the least-squares condition was performed on the remaining data points. The results for the
thrust coefficient can be seen in Fig. 3. Comparing the experimental data with the approximation in the model, a good
agreement can be found at an advance ratio of 0.2 and above. The model parameters used for the model can be seen
in Table 1. The experimental results for the power coefficient can be seen in Fig. 4, with the approximation factors
presented in Table 2. Here the model provides a good approximation for advance ratios above 0.3.

Fig. 3 The thrust coefficient of the Mejzlik
21x13E propeller over the advance ratio with
the approximated values from a polynomial fit
as used in the propeller performance model.

Fig. 4 The power coefficient of the Mejzlik
21x13E propeller over the advance ratio with
the approximated values from a polynomial fit
as used in the propeller performance model.
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Table 1 Parameters used for the estimation
of the thrust coefficient of the Mejzlik 21x13
E propeller.

Parameter Value [-]

𝐶T,0 0.109
𝐶T,1 −0.0230
𝐶T,2 −0.131

Table 2 Parameters used for the estimation
of the power coefficient of the Mejzlik 21x13
E propeller.

Parameter Value [-]

𝐶P,0 0.0348
𝐶P,1 0.0782
𝐶P,2 −0.121

B. Icing wind tunnel data overview
The testing of the performance of the propeller in an icing wind tunnel revealed a very quick degradation of the

performance of the propeller. In Fig. 5 the efficiency of the propeller compared to the clean configuration can be
seen. The spray system is activated at a timestamp of 0s. After the spray system is started, ice starts to accumulate
on the propeller. This is indicative by the reduction of the relative efficiency of the propeller. When enough ice has
accumulated on the propeller, it will start to shed off, this is indicated on this plot by a sudden increase in the efficiency
of the propeller.

Figure 5 shows that the temperature has a significant influence in the rate of the performance degradation and the
time of the first ice shedding event. The gradient of the performance loss appears to be correlated to the temperature,
with the fastest performance loss rate at −10 °C. At lower temperatures, the performance degradation curve is not as
steep, also at higher temperatures. Also, a correlation between the time for the ice shedding and the temperature is
visible. Here lower temperatures seem to lead to an earlier ice shedding, while the ice shedding seems to occur later
at higher temperatures. The maximum performance loss of the propeller is dependent on the time at which the ice
shedding occurs.

For selected icing conditions, a performance polar was created. In this polar the performance of the propeller is
measured over the advance ratio. For this propeller polar the airspeed of the icing wind tunnel was kept constant and the
rotation rate was increased. This was performed on a propeller before the first ice shedding event has occurred. In Fig.
6 the thrust and power polar of the propeller are shown for a condition after 60 s of icing at −10 °C and a rotation rate of
5100 revolutions per minute. A comparison between the iced and the ice-free propeller shows that the gradient of the
thrust coefficient is steeper for the ice-free propeller, which indicates that the ice-free propeller can create more thrust
for a given condition than the iced propeller. Both lines intersect at the advance ratio of 1 and a 𝐶𝑇 of 0, the point at
which the propeller changes from producing thrust to producing drag because it is actively turned by the airflow. The
power coefficient shows a different behaviour, where the power coefficient of the iced propeller is always higher than the
ice-free propeller. The point at which the iced propeller requires no power to turn is moved to a higher advance ratio,
indicating that the propeller is producing more drag even if no lift is produced. The fact that the power coefficient is
closer to the iced propeller at low advance ratios could be explained by the larger induced drag of the ice-free propeller
due to its higher lift under those conditions compared to the iced propeller.

C. Ice Shedding analysis
For the estimation of the maximal ice accretion time, until the ice shedding occurs, the data from the wind tunnel

experiments in Finland is used. The ice shedding was detected on the high-speed camera as well as on the force
measurement unit. The ice shedding is visible as an increase in the thrust of the propeller and a decrease in the required
mechanical power of the propeller. For each run, the ice shedding time was analysed from the data. An ice shedding
event is detected when the efficiency of the propeller increases by a fixed amount that is dependent on the temperature.
For temperatures of −15 °C and below, a threshold of 5% is used, at −10 °C a threshold of 2.50% is used and at higher
temperatures, a threshold of 1.25% is used. This reflects the larger amount of ice shed at the lower temperatures. This is
due to the longer ice accretion time until the ice is shed. With this data, the ice shedding at different temperatures can be
shown.

The main parameter for the 𝐴max is the time until the ice sheds from the propeller. To create an approximation of the
values of the maximum adhesion force 𝐴max for each temperature, the factor 𝐴max was calculated for every test run.
Runs without ice shedding were not regarded as only the lower bound of the ice shedding time is known. An example of
the extraction can be seen in Fig. 7. Here the detected ice shedding times are highlighted with dashed red lines. It
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Fig. 5 Efficiency of the propeller in icing
conditions with an rotation rate of 3500
1/min, an LWC of 0.44 and a wind veloc-
ity of 17 m/s.

Fig. 6 Propeller polar after 60 s icing time
at an LWC of 0.44 g/m3 and a wind velocity
of 17 m/s at an rotation rate of 3500 1/min.

Fig. 7 Ice shedding analysis on the propeller at −20 °C at an 4200 1/min an airspeed of 25 m/s and an LWC of
0.45 g/m3. Ice shedding events are marked with a red dashed line, the green line represents the spray system
activation.

can be seen, that a small ice shedding event was detected after 130 s, and a stronger one after 157 s. In the following
analysis, always the first ice shedding event is used for the analysis.

In Figure 8 the adhesion force at the moment of the first ice shedding event is visualised. A total of 58 data points
were extracted from the experiments. This allows for more than 5 data points for each temperature except for −2 °C,
which has only two valid data points. The data shows that the adhesion forces are growing with a decrease in the
temperatures. To estimate the evolution of the adhesion force with the temperature, it was assumed that the ice adhesion
forces have a parabolic shape that would be symmetrical around the freezing point. This leads to an estimation of the
adhesion force according to the approximation 𝐴𝑚𝑎𝑥 = 𝑎 𝑇2 + 𝑏. This equation was fit to the experimental results using
the least-squares method and lead to the estimations of a = 1223 and b = 37.250. This estimation is shown in Fig. 8 as a
red line.
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Fig. 8 Maximum estimated adhesion of the ice on the propeller for plotted over multiple temperatures.

D. Change in the performance
The ice shape geometries are different and dependent on the temperature. At temperatures close to the freezing point,

the ice type is general glaze ice. If the rotation rate is below 2000 1/min and allows for a significant ice accretion on the
leading edge, the ice shows complex ice shapes made of horns and lobster-tails [29]. For higher rotation rates, the ice on
the leading edge will shed rapidly, and only some ice accretion can be seen on the pressure side of the propeller. For
temperatures at −10 °C and lower, a larger ice shape will form on the leading edge. This ice shape will show different
ice morphologies, going from glaze ice at −5 °C to a rime ice shape at −20°C. In Fig. 9 the ice on the propeller after 60
s of icing is shown for the propeller at −5 °C, −10°C, −15 °C and at −20 °C. At −5°C, a glaze ice shape is visible and it
is obvious that an ice shedding event occurred before the image was taken. At the lower temperature, the ice shape starts
to more closely represent a streamwise shape, with a continuous increase in the smoothness of the ice shapes. At −20
°C, the most streamwise ice shape is visible. This can be seen by the increase in the icing extend on the propeller, which
could be caused by the fact that at −10 °C and −15 °C the ice grows from the leading edge is creating horns, which
reduces the impingement further down the propeller. The ice shapes on the propellers are dependent on the stagnation
temperature. Due to the relative airspeeds at the tip of the propeller reaching up to 130 m/s, the stagnation temperature
on the tip of the propeller is higher than the ambient air temperature. Because the most significant icing on the propeller
has been observed at temperatures of −10 °C and below, this effect was not included in this paper.

To estimate the change in the performance of the propellers, the evolution of the thrust and the power coefficients of
the propeller was analysed for the time frame between the start of the icing and the ice shedding. To remove the influence
of small changes in the time the spray system is activated, the first 5 seconds of icing are not used. Similarly, the last five
seconds before an ice shedding event are not used for the prediction of the performance, to avoid the influence of small
ice shedding events that come before the main ice shedding event could have on the performance of the propeller. In Fig.
10 the plots for the thrust coefficient and the power coefficient for one test run are shown. Here the linear fitted curves
are included as dashed lines. The linear approximation is fitting very well during the main part of the performance
degradation. Both the thrust and the power coefficients drop in the initial stages of the ice accretion. This drop does not
affect the efficiency of the propeller since thrust and power drop uniformly.

For the Δ𝐶T and Δ𝐶P calculation, the thrust loss of the experimental runs was calculated. For the calculation of the
gradient, the time since the ice accretion was converted in the TWC of the propeller to compare runs with different
conditions. Only runs with more than 10 seconds for the evaluation of the gradient were used. The reference value is
taken from before the start of the spray system of the wind tunnel and averaged over 10 seconds. The LWC and the
rotation rate of each experimental run were used to calculate the TWC. For each run, the gradients were calculated and
plotted over the temperature.
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Fig. 9 Ice on the propeller after 60 s in icing conditions with an rotation rate of 4200 1/min, an LWC of 0.44
g/m3 and a wind velocity of 25 m/s. From left at −5 °C, −10 °C, −15 °C and −20 °C.

Fig. 10 Performance degradation on the propeller at −20 °C at an 5000 1/min an airspeed of 25 m/s and an
LWC of 0.45 g/m3. The linear approximations of the coefficients are marked with dashed lines.

1. Change in the thrust coefficient
The results overall temperatures are plotted in Fig. 11, along with the approximation used in the model. The data is

shown in a box plot, where the box shows the range between the upper and lower quartile. The horizontal line represents
the median of the data. Outliers are detected as data points which are more than 1.5 the interquartile range apart from
the box. The whiskers represent the range of the data points that are not considered outliers. It can be seen, that the
gradient of the thrust loss is dependent on the temperatures, with a peak at −10. The measured performance degradation
adheres well to the expected values. The second-order approximation shows a good agreement to the median values for
each temperature.
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Fig. 11 Plot of the measuredΔ𝐶𝑇 Values and the model
values for different temperatures.

Table 3 Parameters for the Δ𝐶𝑇 estimation.

Parameter Value [-]

Δ𝐶T,2 0.00140
Δ𝐶T,1 0.0254
Δ𝐶T,0 0.0233

2. Change in the power coefficient
For the Δ𝐶P calculation, the relative increase in power was calculated for all experimental runs. The data points

were selected after 10 s, 20 s, 30 s, 60 s, 90 s, 120 s, 180 s, 240 s, 300 s and 360 s, and averaged over one second. The
reference value is taken from before the start of the spray system of the wind tunnel and averaged over 10 seconds. The
gradient of the linear fitting curve was taken as Δ𝐶P at the temperature.

Fig. 12 Plot of the calculated Δ𝐶𝑃 values and the
fitting curve through the data.

Table 4 Parameters for the Δ𝐶𝑃 estimation.

Parameter Value [-]

Δ𝐶p,0 −0.00890
Δ𝐶p,1 −0.0166
Δ𝐶p,2 −5.79e-04

E. Results of the model
The model was used to predict the performance of the propeller. First the performance of the propeller was analysed

for different temperatures at a constant advance ratio. Here the model predicts a linear increase in the power coefficient
until the ice shedding occurs. The LWC was set to 1 g/m2 for the calculation. It can be seen in Fig. 13, that the lower
the temperatures are, the steeper is the increase in the power coefficient and the larger is the amount of ice that can
accumulate on the propeller until the ice shedding occurs.

Figure 14 presents the variation of the lift coefficient can be seen over the icing time for the same conditions. Here
the decrease of the thrust coefficient is also linear. The steepness of the decrease is also dependent on the temperature,
with the steepest decline at −10 °C. Since at −15 °C the adhesion forces on the ice are the stronger, more ice can
accumulate and the final thrust coefficient is lower than at −10 °C after the ice shedding.

Both parameters can be combined to show the efficiency of the propeller as shown in Fig. 15. Here a similar
structure emerges as when looking at the single parameters. The efficiency loss of the propeller is changing with the
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Fig. 13 Power coefficient of the Propeller
for an advance ratio of J = 0.6 at different
temperatures.

Fig. 14 Thrust coefficient of the Propeller
at an advance ratio of J = 0.6 at different
temperatures.

temperature. The final performance degradation is decreasing with the temperature. The higher thrust coefficient at
−20 °C is compensated by the increase in the power coefficient. Therefore the propeller degradation is the strongest here.
−10 °C shows the strongest gradient in the performance degradation until the ice starts shedding from the propeller.

This model also allows for the calculation of the polar of the propeller after a set amount of icing time. Here the
amount of ice accretion was calculated for a set amount of time and the performance of the propeller over its entire
polar is estimated. This is shown in Fig. 16. Here the performance of the propeller is shown after 60 s of ice accretion
time and compared with the clean polar of the propeller. The performance of the propeller is impacted by a significant
increase in the required power and a decrease in the created thrust.

Fig. 15 Predicted efficiency of the propeller
at a rotation rate of 4200 1/min and an LWC
of 0.44.

Fig. 16 Model prediction for the polar of
the propeller after 120 s of icing at a LWC of
1 g/m3 and an rotation rate of 4200 1/min.
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IV. Discussion

A. Experimental Results
For this paper, multiple experiments were performed to analyse the impact of icing on the performance of a propeller

of a UAV. The results of the tests show that the ice accretion is strongly correlated to the temperature. The amount of ice
that can accumulate on the propeller seems to grow with decreasing temperatures. During the time of the ice accretion,
the performance of the propeller is decreasing. A possible reason why more ice can accumulate on the propeller can be
attributed to the adhesion forces on the propeller. The lower the ambient temperature is, the stronger the bond between
the ice and the propeller. At −2 °C the time until the first ice shedding event is growing again. Looking at the images
captured of the propeller at this temperature, it appears that the ice mass on the propeller is lower at those temperatures
compared to lower temperatures. Therefore not all the water droplets impinging on the propeller freeze on the propeller.
Another factor increasing the time until the ice is shedding is the rotation rate of the propeller. Lower rotation rates will
reduce the centrifugal forces acting on the ice and thus increase the time until the ice is shedding. In addition to this,
lower rotation rates of the propeller reduce the velocity of the air relative to the propeller blade and thus they will reduce
the amount of water that will impinge on it at the same time. This is likely another factor increasing the time until the
ice sheds off the propeller. Another factor that could play a role here is the impact of the chord length, the droplet size
and the velocity on the ice shapes.

The experiments have shown that the ice will shed off the propeller in multiple sections, usually starting from
the tip of the propeller. This amount of ice shedding is not always the same on both propeller blades, which leads to
the generation of vibrations. This could be due to the uneven aerodynamic forces on the propeller blade and likely
to a larger degree by the difference in the ice mass of both propeller blades. These vibrations pose a challenge to the
collection of data on the performance of propellers during long experiments, as they can prevent the safe conduction of
the experiments, and lead to a drift in the force measurement sensors.

The change in the lift and drag coefficient of the propellers seems to be dependent on the temperature. From the
measured conditions −10 °C has been the worst case for the degradation of the performance. This can be observed when
looking at the steepness of the performance degradation before the first ice shedding event. The reduced degradation
could be explained by the different ice shapes at colder temperatures. Rime ice shapes generally observed at lower
temperatures are associated with more streamwise ice shapes compared to glaze ice shapes. These ice shapes will lead
to a reduced performance degradation compared to the more complex ice shapes presented with higher temperatures.
Another reason could be found in the different ice accretion times. Since the ice accretion time, until the first ice
shedding event, is longer for lower temperatures, this could influence the change in the average degradation of the
propeller. The opposite is true for the measurements at −5 °C. Here the ice accretion times are very short for all but
the runs with very low rotation rates. Those short times complicate the reliable determination of the performance
degradation gradient. When the spray system of the wind tunnel is started, the force and the torque measured drop
by a significant margin. The propeller efficiency is unaffected by this, as both values drop in unison. The most likely
explanation for the drops is that the airspeed increases due to the injection of air and water from the spray nozzles.
Another explanation for the fast drop in the thrust coefficient would be the formation of a thin layer of ice on the
propeller blade. This could lead to a change in the performance of the propeller by inducing the transition from a
laminar boundary layer to a turbulent one. This could explain part of the loss of thrust, although this could be expected
to lead to an increase in the torque rather than a decrease.

The experiments showed that the influence of ice on the propeller is dependent on the ice morphology. It has
been shown that icing at −10°C has the strongest influence on the performance of the propeller. One explanation for
this behaviour could be the ice shape. At temperatures below −10 °C rime ice is formed on the propeller, which is a
streamwise ice shape. While at higher temperatures mixed and glaze ice shapes are created. Glaze ice shapes create
horns and complex geometries, which are more detrimental to the performance of the propeller. An explanation of
the reduced impact of the icing on the propeller at high temperatures could be the freezing fraction of the ice on the
propeller. The TWC is estimating the total water that is impinging on the propeller, but at higher temperatures, not all
the water is freezing into ice. Parts of the water will shed from the propeller into the airflow again. The water could also
run towards the back of the propeller and freeze there. But this behaviour was not observed during the experiments.
This leads to a lower ice mass than expected and this, in turn, will reduce the calculated gradient of the propeller ice. In
the presented structure, this shows up as an increase in the adhesion parameter of the ice at high temperatures, which
could be explained by the reduced freezing fraction at those temperatures. Since the TWC is an estimation of the water
that could be collected by the propeller, which includes the water that is not freezing, the actual ice mass is lower than
the value used for the adhesion force estimation. This could lead to difficulties predicting the performance of propellers
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at high temperatures. The change between the ice morphology and the freezing fractions is also dependent on the
rotation rate of the propeller. Therefore the rotation rate of the propeller has an influence on the gradients, which
could explain the large variation in the measurements at −10 °C and at −5 °C. Since in this temperature range the ice
morphology is changing from glaze to rime, everything that influences the ice morphology will have a large influence
on the measurement.

B. Performance model
In the presented model, the ice accretion and the performance of the UAV propeller in icing conditions are estimated.

The performance estimation using a polynomial approach provided a good estimation of the performance of the clean
propeller.

In this paper, the ice accretion is estimated using an ice accretion parameter TWC that represents the amount of ice
accumulated on the propeller. The ice accretion parameter is using the LWC and the relative airspeed. In this factor,
the influence of the collection efficiency and the freezing fraction are not included. This could lead to a change in the
actual ice accretion for changing propeller shapes or atmospheric conditions. By separating the cases for different
temperatures, the change of the freezing fraction with the temperature is captured, but the effect of the Reynolds number
on the freezing fractions is not captured.

The ice shape is important because it has a large influence on the aerodynamic forces acting on the ice shapes. The
icing extend of the ice shape on the propeller influences the area that is connecting the ice and the propeller. A larger
icing extend leads to a larger surface area for the bound between the ice and the propeller. This will allow the ice to
stay attached longer to the propeller. In contrast to this, a lower icing extend will reduce the adhesion of the ice to the
propeller. As the ice grows, the ice accumulation rate will be affected by the existing ice shape. growing horn ice shapes
as observed for glaze and mixed conditions can increase the area on which droplets can be collected significantly and
thus increase the ice accumulation rate very fast. The ice shedding estimation is performed for the outer part of the
propeller. This seems to allow for a prediction of the first ice shedding event. For the estimation of the actual size of the
ice block shed off the propeller, the analysis would have to be performed on multiple sections and the strength of the ice
would have to be known. The collected ice mass on the propeller could be used to estimate an upper bound on the size
of an ice block that could shed off the propeller. For this, the ice mass would have to be estimated over the thickness of
the propeller. The proposed equations could be used to predict the icing on multiple parts of the propeller. The ice
shedding model does not regard the ice shape that is created. The choice of the first ice shedding event as an indicator of
the final performance degradation prevents the calculation of the performance of a propeller after partial ice shedding.
As the center of the propeller will continue to accumulate ice, it is possible that at a later stage the propeller will have
a stronger performance degradation. As the areas where ice has been shed will start to accumulate new ice again, a
theoretical worst case would be if the previous ice shedding event stagger in a way as to have the ice on the entire length
of the propeller leading edge is shedding at once. Another factor that is not considered is the ice accumulation in other
areas than the leading edge of the propeller. Small amounts of ice will accumulate on the pressure side of the propeller,
and this ice will not follow the same ice shedding cycles as the ice on the leading edge of the propeller. Ice shedding
could also be represented by reducing the calculated amount of ice on the propeller. This could allow for an analysis of
the dynamic forces created by the ice shedding on the flight stability and the control response of an autopilot. This
would be especially interesting for multi-rotor UAVs.

The linear approximation of the thrust and the power coefficients over the ice accretion time appears to be a good fit
for the estimation of the coefficients for short icing events. For cases with a very long ice accretion time, the gradient of
the thrust coefficient decreases with the ice accretion time, which would make an exponential fit function another good
fit for this coefficient. The reason for this behaviour might be in the relationship between the thrust coefficient and the
induced velocity of the propeller. As the thrust decreases, the induced air velocity is also decreasing. This leads to an
increase in the local angle of the propeller blade and could thus explain the behaviour of the propeller. Another reason
is that the drag the propeller can produce is limited, which sets a lower limit on the value 𝐶𝑇 can reach after a long ice
accretion. The propeller polar of the iced and the ice-free propeller shows that the iced thrust coefficient over advance
ratio can be reasonably be approximated by a linear factor. The power coefficient on the other hand shows an different
behaviour, and the gradient is lower with the intersection of the power coefficient moved towards a higher advance ratio.
So the linear approximation is only valid in a small range around the advance ratio at which the experimental data was
collected.

The use of a second-order approximation for the degradation limits the use of the model to the temperature range for
which data has been collected. In this paper, this is up to −20 °C. It is not expected that the reduction of the impact of the
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ice on the performance of the propeller will not turn into a benefit, as the model would suggest for temperatures below
−20 °C. Once the temperature falls low enough so that all the water freezes immediately in contact with the propeller, the
ice shape is no longer strongly correlated with the temperature. Therefore for temperatures below −20 °C the coefficients
at −20 °C could be used for the estimation of the performance loss of the propeller until further data is gathered.

Other factors that influence the ice accretion can be separated into conditions of the environment or of the propeller.
External factors that are not included are the median volume diameter of the droplets. This influences the ice shapes and
the freezing fractions of the propeller. While the LWC is included in the model, the influence of the LWC on the ice shape
is not captured. These factors are very important for the estimation of the model, as they can affect the same propeller in
different conditions. Including them would increase the ability of the model to capture the performance in different
icing conditions. Another set of factors that affect the performance impact of the icing are dependent on the shape of the
propeller. They are the material of the surface, the surface roughness or the leading edge radius and the chord length.
Including them would increase the ability of the model to estimate the propeller performance of different propellers.
The model can estimate the performance of different propellers. To change the estimated propeller performance the
parameters for the clean propeller estimation have to be replaced by the parameters of the new propeller. If the propeller
has a different material, a change in the adhesion to the surface is to be expected. And if the diameter changes, it is
likely that the performance degradation slope will change as well, as the thickness of the ice relative to the chord length
is now different, which influences the impact the ice has on the performance. Also, the impact of the rising stagnation
temperature with increasing propeller diameters or rotation rates will change the way ice accumulates on propellers.

V. Outlook
With future work, the model could be expanded to cover the performance of the propeller more completely. One

area which would lend itself to expansion is the influence of the rotation rate and the advance ratio of the propeller on
the ice shapes. The different ice morphology will change the ice shape and henceforth the influence the ice has on the
performance of the propeller. When the propeller turns faster the temperatures at which glaze, mixed or rime ice forms
will shift to lower temperatures. A change in the advance ratio when the ice accumulates on the propeller will influence
the position of the stagnation point on the propeller and thus the position and the shape of the ice shape. This will
influence the way the ice influences the performance of the propeller. Another option for further work is to replace the
ambient temperature as a scaling factor by the stagnation temperature. This would include the change in rpm better into
the model. Lastly, focusing on the influence of the chord length of the propeller on the performance impact would allow
for a greater application of the model for different propellers.

The shown relationship between the ice shedding time and the rotation rate of the propeller can be exploited for
the protection of the propeller of a UAV from ice, by increasing the rotation rate of the propeller. This will lead to a
reduction in the maximum performance penalties from icing as the ice will shed earlier with lower performance losses.
For operations at very low temperatures, the use of a system to protect the propeller from icing is required to keep the
UAV operating. The loss in propeller performance will occur at the same time during which the ice accumulation on the
airframe will reduce the lift and increase the drag of the UAV. Therefore it would require an increase in the thrust of an
unprotected UAV to keep the UAV flying.

VI. Conclusion
In this paper, the impact of icing on the performance of the propeller of a fixed-wing UAV is presented. The

propeller shows a large reduction in the thrust of the propeller and an increase in the torque of the propeller. The
results show that the ice shedding is a function of the temperature. The lower the temperature gets, the later the first
ice shed is occurring. The gradient of the thrust and torque coefficients shows a maximum at −10 °C. The maximum
performance degradation is seen at −20 °C. Therefore these temperatures are the most critical for the operation of UAVs,
and an icing protection system for propellers of UAVs should be designed for those conditions. The results are used to
develop a model to predict the performance of the propeller during its operational envelope. A method was developed to
analyse and compare the results of the ice accretion on a propeller in an icing wind tunnel. The model predicts the ice
accumulation on the propeller and models the ice shedding. Using the ice accumulated on the propeller the performance
of the propeller is predicted. The methodology can be used to compare different experiments that are performed on
different propellers to compare the differences in the ice accretion and ice shedding between different conditions.
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