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der Betreuer angefertigt und keine anderen als die angegebenen Quellen und Hilfsmittel verwendet
habe.
Die Arbeit oder wesentliche Bestandteile davon sind weder an dieser noch an einer anderen Bildungseinrichtung bereits zur Erlangung eines Abschlusses eingereicht worden.
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Abstract
Aircraft icing is a common effect, occurring during flights through clouds that contain supercooled
droplets that freeze on impact on the aircraft’s surface. This leads to the accretion of ice and
disturbance of the airflow around the airfoil, affecting the performance of the aircraft. For manned
aviation the effect of icing is well understood and most modern aircraft are equipped with an icing
protection system to mitigate hazardous situations or even loss of the aircraft due to icing. However,
there is only little knowledge about icing of small fixed-wing UAVs. Due to their limited available
energy, space and payload none of the known icing protection systems can directly be applied to
small UAVs without significant structural or performance penalties. That makes icing one of the
main limitations of their operational capabilities. Previous work in the field of UAV icing has further
shown that their smaller Reynolds numbers compared to manned aircraft, due to their small size
and slow speed, have significant influence on the ice accretion process. This shows the importance
to separate icing of manned aircraft from icing of small UAVs and the necessity to gain better
knowledge about UAV icing, regarding the development of a suitable icing protection system.
The aim of this study is to investigate the influence of different meteorological conditions on the
aerodynamic performance of a UAV airfoil, in order to identify which conditions are the most and
which are less critical. Additionally, the investigation provides new information for the development
of an icing protection system for small fixed-wing UAVs. Therefore, CFD simulations were used to
predict the ice accretion and the aerodynamic performance of the 2D laminar airfoil RG-15, at 16
different meteorological icing conditions. These conditions cover a large range of the icing envelope
for continuous maximum icing conditions defined in 14 CFR, Part 25 App. C of the FAA. Each
icing condition is characterized by the present droplet size and the air temperature, which is directly
related to the liquid water content in the cloud. The parameters cover droplet sizes from 15 µm
to 40 µm, temperatures from −30 ◦ C to −2 ◦ C and liquid water contents from 0.04 g/m3 to 0.8 g/m3 .
Two simulation models were set up for the prediction of ice accretion and the determination
of aerodynamic performance of the iced airfoils. All simulations were performed with ANSYS
FENSAP-ICE. Validation of both models was performed using literature data.
The results show a significant deterioration of lift and drag and a change of airfoil moment for
all selected icing conditions. Stall occurs at lower angles of attack and at lower maximum lift
coefficients compared to the clean airfoil. The most critical icing conditions that lead to the greatest
degradation of performance were identified at temperatures close to freezing that include high liquid
water contents at generally smaller droplet sizes.
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Kurzfassung
Flugzeugvereisung ist ein Effekt, der bei Flügen durch Wolken auftreten kann. Befinden sich
unterkühlte Wassertropfen in der Wolke, gefrieren diese beim Auftreffen auf der Oberfläche des
Flugzeuges. Dadurch lagert sich Eis an, welches die Umströmung des Flügels stört und dadurch die
aerodynamischen Eigenschaften des Tragflügelprofils verändert. Im Bereich der bemannten Luftfahrt ist Vereisung umfangreich erforscht und die meisten modernen Flugzeuge sind mit Systemen
ausgestattet, welche Vereisung entweder verhindern oder eine Enteisung ermöglichen. Dadurch
werden kritische Flugsituationen verhindert, die aufgrund veränderter Flugzeugaerodynamik zum
Verlust des Flugzeugs führen können. Vereisung unbemannter Flugzeugen, mit wenigen Metern
Spannweite, ist hingegen deutlich weniger erforscht. Bisherige Forschungsergebnisse auf diesem
Gebiet haben gezeigt, dass vorhandenes Wissen und Systeme zum Vereisungsschutz nicht direkt
aus der bemannten Luftfahrt auf kleine unbemannte Flugzeuge angewandt werden können. Grund
hierfür ist, dass die Reynoldszahl einen signifikanten Einfluss auf den Vereisungsprozess hat und
bei Drohnen, aufgrund der geringeren Spannweite und langsameren Fluggeschwindigkeit, kleinere
Reynoldszahlen vorherrschen. Bedingt durch die geringe Größe, begrenzte Nutzlast und begrenzte
elektrische Energie von Drohnen, können bekannte Systeme nicht direkt aus der bemannten Luftfahrt
übernommen werden. Daher ist es wichtig Vereisungsvorgänge an kleinen, unbemannten Flugzeugen
von der Vereisung bemannter Flugzeuge zu unterscheiden und im Hinblick auf die Entwicklung
von Systemen zum Vereisungsschutz, weiterführende Untersuchungen im Bereich der Drohnenvereisung durchzuführen. Das Ziel dieser Arbeit ist, den Einfluss verschiedener Wetterbedingungen
auf die aerodynamischen Eigenschaften eines Tragflügelprofils einer Drohne zu bestimmen. Die
Untersuchung sollte zeigen, welche Wetterbedingungen kritischen Einfluss auf die Aerodynamik der
Profils haben und welche weniger großen Einfluss haben. Die Ergebnisse sollen neue Erkenntnise
liefern, die für die Entwicklung eines Systems zum Vereisungsschutz genutzt werden können. Für
die Umsetzung dieser Ziele wurden CFD Simulationen durchgeführt, um die Eisanlagerung und die
aerodynamischen Eigenschaften des 2D-Laminarprofils RG-15, unter 16 verschiedenen Wetterbedingungen, zu untersuchen. Diese Wetterbedingungen decken einen Großteil der Vereisungsbedingungen
der FAA Regularien für maximum continuous icing der 14 CFR Part 25 App. C ab und sind
definiert anhand der Tropfengröße, der Umgebungstemperatur und dem Wassergehalt in der Wolke.
Die ausgewählten Wetterbedingungen umfassen Tropfengrößen von 15 µm bis 40 µm, Temperaturen
von −30 ◦ C bis −2 ◦ C und einen Wassergehalt zwischen 0.04 g/m3 und 0.8 g/m3 .
Insgesamt wurden zwei Simulationsmodelle genutzt, eines für die Eisanlagerung und eines um die
aerodynamischen Eigenschaften der vereisten Profile zu bestimmen. Für alle Simulationen wurde
ANSYS FENSAP-ICE genutzt. Zur Validierung beider Modelle wurden experimentelle Daten aus
der Literatur herangezogen.
Die Ergebnisse zeigen eine Reduzierung des Auftriebs, einen Anstieg des Widerstandes und einen
Anstieg des Momentengradienten, für alle untersuchten Wetterbedingungen. Strömungsabriss tritt
bei kleineren Anstellwinkeln und geringerem maximalen Auftriebskoeffizienten auf. Die kritischsten
Vereisungsbedingungen wurden bei Temperaturen nahe dem Gefrierpunkt festgestellt, bei denen
der Wassergehalt in der Wolke am höchsten ist und kleine Tropfen vorherrschen.
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1 Introduction

Small, fixed-wing unmanned aerial vehicles (UAV) with a wingspan of approximately 2 to 4 m offer
less costs, less risk and a high performance compared to manned aircraft. This makes them attractive
for many surveillance, reconnaissance and scientific research purposes, especially in life-hostile areas
like the Arctic. As UAVs are suitable for an increasing variety of activities the market has grown in
the last few years and the wider field of applications emerges the necessity to operate the UAVs in
adverse weather conditions. One of the main limitations for safe flight in those weather conditions is
icing of the aircraft. Ice accretion affects the weight of the aircraft, changes its center of gravity and
results in a degradation of aerodynamic performance due to decreasing lift and increasing drag [8].
These influences can lead to hazardous flight situations. To counteract this, manned aircraft are
equipped with sensors and icing protection systems to detect and remove ice. UAVs however lack
such icing protection systems, mainly due to their smaller size in combination with less available
energy. In addition, the generally lower airspeed and flight altitude exposes them to icing conditions
for a longer period of time. At least in the past, the US Army’s approach was to avoid hazardous
flight situations by not launching into known icing conditions [27]. This partially solves the problem,
but also leads to large restrictions of operational capabilities.
Although the topic of icing was already known in 1990 [36], there was only little research done in
the field UAV icing. However, the frequent presence of icing conditions and the lack of effective icing
protection systems for small UAVs show the increasing importance to gain better understanding of
icing of UAVs. Therefore, in the last years, further research on this topic has been conducted by
several groups. Szilder and McIlwain have described the influence of UAV-typical low Reynolds
numbers (Re = 1 − 10 · 105 ) on the ice accretion process [40], whereas regular manned aircraft
configurations are characterised by higher Renolds numbers (Re = 1 − 10 · 106 ) [40]. Based on
investigations using their morphogenetic icing model [39], they found that higher Reynolds numbers
lead to a reduction of rime and increase of glaze ice in a parametric space, defined by air temperature
and liquid water content. Rime and glaze ice are different ice shapes that occur at different icing
temperatures. Various ice shapes that can occur are presented in more detail in the subsequent
Ch. 2. Another major finding came from the investigation of ice shapes, when an airfoil travels the
same distance through icing conditions at various Reynolds numbers. In this comparison it was
important to note that the increase of the Reynolds number is associated with an increase in velocity,
but a decrease of icing duration, which is inversely proportional to the velocity. This investigation
confirmed their first findings. At a Reynolds number of Re = 5 · 104 only rime ice formed. For a
Reynolds number of Re = 1 · 105 a co-existence of rime and glaze ice has been found and for further
increased Reynolds numbers of Re ≥ 5 · 105 , only glaze ice formed. Besides those findings, more
importantly, the results clearly showed significantly smaller ice extends at higher Reynolds numbers,
although the overall ice mass increases with increasing Reynolds numbers. This implies, that icing
of airfoils at lower Reynolds numbers could have a greater impact on the aerodynamics. The results
of Szilder and McIlwain imply the importance to separate studies on the ice accretion process of
small-sized fixed-wing UAVs from general aircraft icing.
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1 Introduction
Apart from their morphogenetic approach for an icing model other common tools to simulate
icing of UAVs are the panel-method based NASA code LEWICE, used by Koenig et al. [26]
and state-of-the-art computational fluid dynamics (CFD) icing code FENSAP-ICE, capable of
determining 2D and 3D ice accretion, used by Tran et al. [43]. A comparison between LEWICE
and FENSAP-ICE has been covered by Hann [19] in order to assess the suitability of both codes to
predict ice shapes and performance degradation. The comparison showed that both codes predict a
significant decrease of maximum lift, stall angle and increase of drag for three different investigated
icing cases rime, glaze and mixed ice. However, the comparison also revealed limitations of the
panel-method used within LEWICE. For the the rime ice case, which is the most streamlined icing
form, both codes predict congruent ice shapes. For the mixed and glaze ice case however, both
codes predict significantly deviating ice shapes. This in consequence, led to similar performance
results of both codes for the rime ice case but discrepancies for the mixed and glaze ice case.
The above mentioned earlier work on UAV icing has shown that ice accretion affects the aerodynamic performance negatively, but no study has been conducted that investigates the relation of
meteorological conditions to the degradation of performance. Therefore, the aim of this study is to
investigate the influence of various meteorological conditions on the aerodynamic performance of
a UAV airfoil. To do so, a 2D airfoil RG-15 is being investigated under several icing conditions,
by using CFD simulations. Regarding the development of effective and efficient icing protection
systems (IPS) for UAVs it is crucial to identify worst case icing conditions. Additionally, the
knowledge about the influence of different icing conditions on the airfoil’s performance is essential
for the adaption of flight controllers, to enable safe flight in varying weather conditions and thereby
extending the UAV’s operational capabilities.

2

2 Aircraft and UAV icing in general
This chapter is mainly intended to readers who are not familiar with the topic of aircraft icing. It
gives an introduction to the icing process in general and depicts the differences between UAV and
manned aircraft icing.

2.1 Icing process
Aircraft icing occurs during flights at a temperature near or below freezing through clouds that
contain supercooled water droplets. The droplets impinge the aircraft’s surface and freeze. As a
result, geometry and surface roughness of the airfoil changes. The shape and amount of ice depends
on the size and roughness of the surface, the speed of the aircraft, the air temperature, the surface
temperature, the liquid water content in the cloud and the droplet size.
As described in [13], icing is usually divided into two forms, structural and induction icing. Structural
icing includes ice on all surfaces of an aircraft, whereas induction icing only refers to ice occurring
in the engine’s induction system. This thesis focuses solely on structural icing on airfoils. The
simulation of ice accretion can be separated, into two different steps.
The first step is to determine the quantity of water impinging on the surface of the airfoil. Therefore,
the droplet trajectories around the airfoil are calculated [2]. Generally, the supercooled water
droplets tend to follow the airflow streamlines in freestream conditions. If an obstacle like the airfoil
approaches, their paths diverge from the airflow streamlines, due to drag and inertia which are
related to the size and mass of the droplets. As a result of the balance between initial velocity,
drag and inertia the droplets either hit the surface or divert around the airfoil (see Fig. 2.1).
The parameters that describe the distribution of water on the surface are the upper and lower
impingement limits as well as the collection efficiency. These limits are the most aft points on the
airfoil behind the stagnation point where droplets hit the surface. The collection efficiency describes
the fraction of water caught by a certain area of the airfoil in relation to the water content of the
freestream.

Figure 2.1: Droplet trajectory past an airfoil, image by L. Battisti [2].
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(a) Rime Ice

(b) Glaze Ice

Figure 2.2: Ice formations on a UAV airfoil, images by courtesy of Richard Hann.

The freezing process of the water is the second step. It is governed by parameters that affect
the thermal conduction between the airfoil’s surface and the impinging water, such as the surface
roughness, the temperature and the speed of the aircraft. Ice increases the surface roughness
compared to the un-iced airfoil. This enhances the convective heat transfer, which cools down the
surface even further and increases ice accretion [2]. Besides thermodynamic mechanisms, the time
that takes the droplets to freeze on the surface is decisive for the final ice shape. The three most
common ice forms are rime, glaze and mixed ice. The different icing forms are described by R. W.
Gent et al. in [15], the FAA in [13] and L. Battisti in [2].
Rime ice has an opaque and relatively streamlined shape with a rough surface (see Fig. 2.2a). It
occurs at low temperatures of about −15 ◦C to −30 ◦C, low speeds and less LWCs when the droplets
freeze rapidly on impact. The typically opaque appearance is caused by air trapped between the
frozen droplets.
Glaze ice appears at temperatures close to the freezing point (approximately −1 ◦C to −5 ◦C), higher
speeds and high LWCs, when the droplets don’t freeze completely on impact. It is characterized by
a more transparent appearance and a smoother surface compared to rime ice (see Fig. 2.2b). It also
exhibits the strongest adhesion to the surface, compared to other icing forms. Glaze ice can lead to
dangerous ice formations, when the water is running back on the surface and freezes behind the
area covered by de-icing systems.
Mixed ice, the third ice shape is, a combination of rime and glaze ice. During a flight in icing
conditions, speed of the aircraft, temperature, droplet size and water content of the clouds vary,
creating an ice shape with characteristics of both rime and glaze ice. In many cases, rime ice can
be found near the stagnation point of the airfoil, where the water freezes immediately. Further
downstream the ice gets more transparent and smooth, caused by water that ran back and freezes
on the surface. From an aerodynamic point of view, mixed ice can be considered the most severe
icing form, since it tends to build the largest protuberances, in literature often described as “glaze
horns” [2]. Those horns build up from the stagnation point against the airflow in an approximately
45◦ angle (see Fig. 2.3) and result in detachment of the airflow and significant increase of drag.
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Figure 2.3: Horn formation an a leading edge, image by NASA [31].

2.2 UAV icing vs. manned aircraft icing
Manned aircraft use a variety of de-icing systems to protect the airfoil from ice accretion based
on three different methods, presented in [42] by S. K. Thomas. Those methods are either using
freezing point depressants, thermal melting or surface deformation.
1. Freezing point depressants are chemical fluids (typically ethylene glycol) which are stored
in the aircraft and can be pumped onto the wing through small nozzles during flight to prevent
water from freezing on the surface and de-ice already frozen water. A main advantage of this
system is the low power demand for the operation. For example the Air Force Predator, a
UAV with 14.65 m wingspan (see [27]) is equipped with such a system. Another advantage is
that during operation state of the system no water that runs further back on the airfoil freezes
to the surface. On the downside, the system significantly adds weight to the aircraft. Not
only the pumps, tubes and nozzles but also the tank and the liquid itself contribute to the
weight gain. The tank volume further limits the maximum operation duration of the system.
Lastly, the de-icing efficiency of the system decreases in weather conditions, that favor the
adhesive bond between ice and the surface.
2. Thermal melting can be further divided into complete evaporation of the surface water
(fully evaporative systems) and systems that melt the ice but allow water on the surface
(running wet systems). Thermal melting systems which aim for a complete evaporation of ice
require more energy compared to the systems which allow water on the surface. To reduce
the energy consumption, thermal systems can not only be operated continuously but also
intermittently. Depending on the available energy the system can be operated throughout the
whole flight, to avoid ice completely or it can be operated as de-icing system to remove ice
from the surface. In comparison to the freezing point depressant systems, thermal systems
have a constant mass and the operation duration is only limited by the available electrical
power. On the other hand, thermal systems can not prevent ice accretion by water that ran
back on the surface to areas which aren’t covered by the icing protection system.
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3. Surface deformation systems are only operating intermittently, allowing a certain amount
of ice to form on the surface before being removed either by a pneumatic system with a
stretchable surface, which deforms when being pressurized or an electromagnetic impulse in the
aircraft’s skin. The system’s design enables effective de-icing with lower power consumption,
compared to thermal systems. Operation duration of this system is only limited by the
available power. However, unlike the other two systems, deformation systems are unable to
avoid icing in the first place. Also, these systems are unable to prevent icing in aft areas
behind the icing protection system.
The majority of small and medium sized UAVs don’t contain one of the above mentioned systems.
Limiting factors are electrical power in order to increase their range, space availability and payload
restrictions. Further, the necessity for fully autonomous icing detection systems is a major challenge
for icing protection systems in UAVs. As of today, D·ICE from UBIQ Aerospace, an electro-thermal
IPS, is the only commercially available icing protection system for unmanned aircrafts [1]. D·ICE is
based on nanotechnology and innovative electro-thermal design [22] that has been developed at the
Centre of Autonomous Marine Operations and Systems (AMOS) at the Norwegian University of
Science and Technology (NTNU) in close collaboration with NASA Ames Research Center. The
system uses temperature sensors embedded in the surface of the aircraft and a specific control
algorithm for a fully autonomous icing detection. The system was first introduced in [37] by Kim S.
and a proof-of-concept study as well as experimental investigations of the system are published
in [38] and [22].
The comparison to IPS systems for manned aircrafts, with currently only one system available
for small-sized fixed-wing UAVs clearly shows the imperative to gain better understanding of the
influence of various meteorological conditions, to be able to adapt flight controller and derive further
innovative icing protection systems for UAVs.
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For the evaluation of performance degradation of an iced airfoil via CFD simulations, two different
simulation models are used. One model is set up to capture the ice accretion on the airfoil for various
meteorological conditions to generate the respective ice shapes. The setup of the second simulation
model is based on the output geometry of the first model and will be used to acquire the aerodynamic
performance of the iced airfoils. This chapter gives an overview over the utilized numerical methods
of the simulation software, as well as their fluid mechanical principles. Subsequently, an introduction
to the investigated airfoil, the setup of the different grids and the basics of a grid dependency study
are described. Lastly, all meteorological icing conditions that are covered in this study are presented.

3.1 FENSAP-ICE
All simulations are performed with ANSYS FENSAP-ICE (version 2019 R1). The software package
consists of several linked modules to obtain the ice accretion process. Within this work the three
modules FENSAP, DROP3D and ICE3D are used. Figure 3.1 shows how these modules interact
with each other. FENSAP is a state-of-the-art CFD solver, used to obtain the airflow solution.
Subsequently, DROP3D calculates the distribution of water on the airfoil’s surface, based on the
airflow solution. Ultimately, ICE3D determines the ice accretion based on the DROP3D results as
well as shear stress and heat flux distribution across the wing that were obtained by FENSAP. The
ice shape acquired by the ICE3D module provides the new geometry, to be used by FENSAP for
the next airflow calculation. The three modules are described in more detail in Sec. 3.1.1, 3.1.3
and 3.1.4.
This module interaction enables simulation of ice accretion in multiple steps which is called “multishot
simulation”. If the simulation shall cover, for example, a total icing time of 20 min it is possible
to divide the total duration into four steps of 5 min. The number and duration of each step can
be set individually by the user. For each time step FENSAP, DROP3D and ICE3D will calculate
airflow, droplet distribution and ice accretion and generate a grid for the ice geometry. After each
FENSAP
Airflow solution
ṁice , Tw
Q, τw
ICE3D
Ice Accretion

β, ud

DROP3D
Collection efficiency

Figure 3.1: Linked modules of ANSYS FENSAP-ICE, from [6].
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File

Application

Custom remeshing.jou

FLUENT – FENSAP interaction

Remeshing.jou

Grid creation process

MeshingSizes.scm

Grid control parameters

Table 3.1: Additional files for the setup of the Fluent remeshing process.
time-step, based on the ice shape a new overall airfoil grid is being created either manually or by
using of one of the two automatic remeshing processes OptiGrid or Fluent-remeshing. This new
geometry acts as input for the next airflow calculation.
OptiGrid is an automatic mesh adaption tool with low computational requirements and is part
of the FENSAP-ICE package. It requires a solution for the initial grid in order to estimate the
mesh quality with a posteriori error estimator. The mesh is adjusted by moving nodes and refining
and coarsening edges to equalize the error to a given target [24]. Due to the low computational
requirements it is a fast remeshing algorithm. However, one downside of OptiGrid is that grid
errors are accumulating with the number of steps, the simulation consists of. This can result in poor
resolution of the grid, if the grids initial resolution was chosen too low and the ice shape consists of
high curvatures which require finer resolution.
Fluent-remeshing generates the new grid with ANSYS FLUENT. The additional files, necessary
for the setup of the remeshing process are listed in Tab. 3.1. Custom remeshing.sh contains
the commands to exports all required files to ANSYS FLUENT, to import the final grid back
to FENSAP-ICE and to interpolate the surface roughness onto the new grid. The second file
remeshing.jou consists of ANSYS FLUENT Text User Interface (TUI) commands that define the
exact procedure of the grid generation. Therefore, it allows the user to adapt the meshing process
case specifically. Finally, meshingSizes.scm contains parameters such as maximum element sizes
and number of prism layers for the boundary layer resolution that are used within the remeshing.jou
file.
For this study Fluent-remeshing was used since it offers more control and stability of the remeshing
process. The higher computational requirements (mainly internal memory size) are accepted, since
areas which encounter icing can specifically be set up with a small element size to avoid poor
resolution. Although the remeshing time using Fluent-remeshing is higher compared to OptiGrid,
this method is considered more suitable, due to the increased stability that doesn’t need manual
work on the grid during multishot simulations.
All ice accretion simulations are performed on the high performance comupting (HPC) cluster
system called Vilje that provides 1404 nodes and 22 464 cores in total. This system is procured by
the NTNU in cooperation with the Norwegian Meteorological Institute and UNINETT Sigma [16].
For the simulations of this work 40 Intel Xeon E5-2670 processors with a total of 320 cores are
used. With this setup, the time needed for one ice accretion simulation varied between 8 h and 13 h,
depending on the icing conditions.

3.1.1 FENSAP
FENSAP is a state-of-the-art CFD solver. It is used in both simulation models to determine the
airflow solution. For calculation of ice accretion FENSAP is utilized as part of the loop presented in
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Fig. 3.1, whereas for simulating aerodynamic performance, FENSAP is used as stand-alone system.
For all simulations a steady-state airflow solution is being determined. Spatial discretization is
carried out with a weak galerkin finite element method [30]. The nonlinear governing equations are
linearized by a Newton method where only one iteration at each time step is required when solving
for a steady-state solution [3, 24].
Generally, FENSAP is capable of solving incompressible, compressible, steady, unsteady, viscous
and inviscid three dimensional flows [18]. For incompressible flows FENSAP offers Euler equations,
whereas for compressible flows FENSAP solves compressible Reynolds Averaged Navier-Stokes
(RANS), also termed Favre-averaged Navier-Stokes equations. Since the latter equations are solved
for the simulations within this work, the difference of Favre-averaged Navier-Stokes equations to
full Navier-Stokes equations for compressible flows will be explained.
With direct numerical simulations (DNS) the equations for conservation of mass, momentum and
energy are solved directly without any turbulence modeling [34]. The instantaneous equations are
as follows:

∂
∂ρ
+
(ρui ) = 0
∂t
∂xi
∂τij
∂
∂p
∂
(ρui ) +
(ρuj Uj ) = −
+
∂t
∂xj
∂xi
∂xj


∂
∂
∂
∂
∂T
(ρE) +
(ρuj H) =
(ui τij ) +
κ
∂t
∂xj
∂xj
∂xj
∂xj

(3.1)
(3.2)
(3.3)

Directly solved means, the whole range of spatial and temporal scales of the turbulence must be
resolved to capture the smallest dissipative scales. This requires extremely high resolutions of the
computational mesh and extremely small time steps. As a consequence, the computational costs
for direct numerical simulations are very high, which makes them inappropriate for most practical
simulations.
With Favre-averaged Navier-Stokes equations, the Navier-Stokes equations are solved in a timeand density-averaged form. Hence, turbulence is not directly resolved within these equations and
needs to be estimated by appropriate turbulence models. The use of this approach simplifies flow
calculation but is sufficient for most cases and requires less computational costs. In order to derive
the Favre-averaged Navier-Stokes equations from the ordinary Navier-Stokes equations all quantities
of the equations are expressed as sum of mean and fluctuating parts [45]. Subsequently, density and
pressure are being time-averaged, whereas the other parameters such as velocities, total internal
energy, enthalpy and temperature are being mass-averaged. The final Favre-averaged Navier-Stokes
equations are as follows:
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∂ ρ̄
∂
(ρ̄ũi ) = 0
+
∂t
∂xi
i
∂
∂ p̄
∂ h
∂
00 u00
(ρ̄u˜j ũi ) = −
+
(ρ̄ũi ) +
τ˜ij − ρ̄u]
j i
∂t
∂xj
∂xi ∂xj




h

i
∂
∂
∂
00 u00
ρ̄Ẽ +
ρ̄u˜j H̃ =
ũi τ˜ij − ρ̄u]
i j
∂t
∂xj
∂xj
"
#
∂ T̃
∂
1
00 h00 + τ]
00
00 00 00
^
κ
− ρ̄u]
+
ij ui − ρ̄uj ui ui
j
∂xj
∂xj
2

(3.4)
(3.5)

(3.6)

For the detailed derivation of the equations 3.4 to 3.6, see [45].
Equations 3.4, 3.5 and 3.6 only differ from the conventional Navier-Stokes equations (3.1, 3.2 and 3.3)
by the appearance of the Favre-averaged Reynolds-stress tensor:

00 u00
τijF = ρ̄u]
i j

(3.7)

1 ^
00
00 00 00
00 h00 , the molecular diffusion τ]
The turbulent heat flux ρ̄u]
ij ui and the turbulent transport 2 ρ̄uj ui ui .
j

With molecular diffusion and turbulent transport often being neglected, the aim of a turbulence
model is to postulate approximations for the six components of the Reynolds-stress tensor 3.7 and
the three components of the turbulent heat flux vector, to close the system of equations.

3.1.2 Turbulence models
The eddy viscosity concept, first introduced by Joseph Valentin Boussinesq, offers a suitable
generalization for turbulent stresses of compressible flow, in the following form (see also [45]):

τijF

00 u00 = 2µ
= −ρ̄u]
T
i j



1 ∂ u˜k
2
˜
Sij −
δij − ρ̄K̃δij
3 ∂xk
3

(3.8)

In many cases, the contribution of the last term, the turbulent kinetic energy, is ignored [45].
A commonly used closure approximation for the heat flux vector is based on the classical Reynolds
analogy:

00 h00 = −
ρ̄u]
j

µT cp ∂ T̃
P rT ∂xj

(3.9)

The concept of eddy viscosity and the Reynolds analogy for the closure approximation of the
Favre-averaged Reynolds-stress tensor and the turbulent heat-flux vector respectively reduces the
number of unknowns to one, the eddy viscosity µT . Turbulence models based on this approximation
are therefore categorized as linear eddy viscosity models. The models can be further divided into
one-equation and two-equation models, depending on the applied number of transport equations to
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determine µT . FENSAP-ICE offers three different eddy viscosity models. Below, the two different
turbulence models used within this work are presented, pointing out their advantages, disadvantages
and their scope within this study. For reasons of clarity, the implemented transport equations of
each model will not be presented here. These equations and a detailed listing and description of
their coefficients can be found in the FENSAP-ICE User Manual [24].
The Spalart-Allmaras is a one-equation model that offers a high numerical stability and good
results for attached flows but also cases in which flow separation can occur. Previous work by Hann
et al. [23] has shown that the SA model performs best on clean airfoils in combination with fixed
transition locations. Therefore, the SA model with fixed transition is applied for the performance
simulations of the clean airfoil. This includes the clean airfoil simulation for the validation of the
performance model. All clean airfoil simulations using the SA model with fixed transition obtain
the transition location from XFOIL [10]. For the performance simulation of iced airfoils the SA
model is also the preferred choice, since the work by Hann et al. [23] revealed generally higher
computational stability of the SA model compared to the k-ω-SST model.
However, simulations including ice, such as ice accretion and iced airfoil performance, are set up
fully turbulent with the SA model. The reason for the fully turbulent setup is because an immediate
transition from laminar to turbulent boundary layer is expected at the iced leading edge, due to the
increased surface roughness and changed airfoil geometry.
Due to the good results obtained with this turbulence model in previous work and its high stability,
the SA model is the main turbulence model used for the simulations of this study.
The k-ω-SST turbulence model uses two transport equations and a blending function. The idea of
this model in general is, to combine the good results of the k- model in free stream conditions and
the good results of the k-ω model for flows near walls. This is done by using a step function to switch
between these to models, where the k- transport equations are used outside the boundary layer,
and the k-ω transport equations inside the boundary layer (see [24]). One additional simulation
with the k-ω-SST is set up for the validation of the clean airfoil performance, to find the differences
of the two turbulence models.

3.1.3 DROP3D
DROP3D is the Eulerian droplet impingement module. It calculates the mass of water captured by
the airfoil and the droplet impingement limits [5]. The mathematical model has been introduced by
Bourgault et al. [7]. It is essentially a two-fluid model that consists of the Navier-Stokes or Euler
equations for viscous and inviscid air, augmented by two droplet-specific continuity and momentum
equations [30]. In non-dimensional form these equations are:
∂α
+ ∇ · (αud ) = 0
∂t


cd droplet Red
∂ud
ρ
1
+ ud · ∇ud =
(ua − ud ) + 1 −
g
∂t
24K
ρw F r2

(3.10)
(3.11)

where ua is the air velocity, the two variables α and ud are mean values of the water volume fraction
and the droplet velocity, respectively, K is the droplet inertia parameter, F r the Froude number and
ρw the water density. The right-hand-side terms of equation 3.11 represents the air drag force on
the droplets and the buoyancy and gravity forces. The air velocity ua is obtained by the FENSAP.
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Figure 3.2: Heat and mass transfer phenomena considered by ICE3D [24].
The droplets are assumed to be spherical and of single and uniform size, equal to the median volume
diameter. Within this model, no collision or mixing between the droplets is accounted for since it has
proven not to be important for icing situations. The droplets drag coefficient cd droplet is determined
by an empirical relation based on the droplet Reynolds number Red [3]. According to [30], the
spherical droplet approximation is valid for droplet Reynolds numbers below 500. Since droplets
start to deform already at droplet Reynolds numbers above 250 two additional drag correlations
for determining the droplet drag coefficient are implemented in DROP3D. Within this work only
spherical assumption is used. For all detailed drag correlations see [24]. Further, the effect of
droplets on the airflow is neglected because of the low liquid water concentration. Thus, airflow can
be determined before solving the droplet-specific continuity and momentum equations.
Finally, a finite element Galerkin formulation is used to numerically discretize the equations, with a
streamline upwinding Petrov-Galerkin (SUPG) term added. More details of the numerical method
and validations can be found in [5].

3.1.4 ICE3D
ICE3D is the ice accretion module. It calculates the ice accretion rate based on the friction force
and the heat fluxes obtained by FENSAP and the mass rate of water caught known from the
impingement module DROP3D [6].
The equilibrium model is based on a partial differential equation system of conservation equations
and was introduced in [4]. It is derived based on the Messinger model [28] and further improved to
predict the ice accretion and water runback on the surface. The heat and mass transfer phenomena
taken into account by this model are shown in Fig. 3.2.
The water film velocity uf is a function of the coordinates x1 , x2 on the surface and y normal to
the surface. The velocity profile is linear in normal direction based on the simplifying assumption
that terms of higher order than one in the velocity profile are negligible for very thin films [6]. The
assumption is justified by the observation that film thickness is seldom above 10 µm in icing or
anti-icing simulation [29]. With a zero velocity imposed at the wall the velocity is:
uf (x, y) =
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y
τwall (x, y)
µw

(3.12)
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where the shear stress from the air τwall is the main driving force for the water film and µw represents
the dynamic viscosity of the water. The mean water film velocity ūf is obtained by averaging across
the thickness hf of the water film:
1
ūf (x, y) =
hf

Z

hf

uf (x, y)dy =
0

hf
τwall (x, y)
2µw

(3.13)

The resulting system of partial differential equations consist of two equations for the mass and
energy conservation:


∂hf
+ ∇ (ūf hf ) = u∞ LW Cβ − ṁevap − ṁice
ρw
(3.14)
∂t
"
# 



∂hf Cw T̃
||ud ||2
ρw
= Cw T̃d,∞ +
× u∞ LW Cβ
+ ∇ ūf hf Cw T̃
∂t
2


(3.15)
− 0.5 (Levap + Lsubl ) ṁevap + Lf usion − Cice T̃ ṁice

4
− T 4 + Q̇h
+ σ T∞
The right hand side terms of mass conservation 3.14 correspond to the mass transfer by water droplet
impingement, the evaporation and the ice accretion, respectively. For the energy conservation 3.15
the right hand side terms are corresponding to the heat transfer caused by the supercooled water
droplets impingement, the evaporation, the ice accretion, the radiative and the convective heat
transfer, respectively. In equation 3.15 a tilde over T indicates a temperature in degrees Celsius,
otherwise temperature is in degrees Kelvin.
The variables for water density ρw , specific heat of water Cw , specific heat of ice Cice , evaporation
latent heat of water Levap , sublimation latent heat of ice Lsubl , fusion heat of ice Lf usion , Boltzmann
constant σ and emissivity  are the physical properties of the water and solid, while the freestream
droplet temperature T̃d,∞ , the freestream air velocity U∞ , the liquid water content (LWC) and the
freestream air temperature T∞ are airflow and droplet parameters which are specified by the user.
The collection efficiency β and the droplet velocity ud are provided by DROP3D. The local wall shear
stress τwall and the convective heat flux Q̇h are provided by the flow solver FENSAP. A parametric
model [44] is used to recover the evaporative mass flux ṁevap from the convective heat flux. The
remaining three unknowns, required to close the system of equations, are the film thickness hf ,
the equilibrium temperature T at the air/water film/ice/wall interface and the instantaneous mass
accumulation of ice ṁice . They are determined with compatibility relations that are based on
physical observations [24].
Lastly, for the numerical discretization of these equations a finite volume model is used.

3.2 Grid setup
3.2.1 RG-15 airfoil
The investigated airfoil within this study is the RG-15 and is shown in Fig. 3.3. Originally, the
RG-15 airfoil was developed in the eighties by Rolf Girsberger for FAI class F3B model aircraft [14].
F3B is a competition class for remote controlled gliders that contains three different tasks that all
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Figure 3.3: 2D cross-section of the RG-15 airfoil.
start with a winch launch: thermal duration, distance flight and speed flight. Because all tasks have
to be flown with the same model, this competition class poses completely contradictory requirements
on the model. The airfoil has to be optimized for flying with maximum lift during launching, with
minimal sink rate in thermal duration task, with the best gliding ratio in the distance task and
with minimal drag in the speed task. The RG-15 performs well within all these tasks and was
therefore considered the benchmark for F3B airfoils for a long time. For this reason the RG-15 is
also well suited for the tasks of UAVs, for example, the PX-31 from Maritime Robotics, a fixed-wing
unmanned aircraft with 3.2 m wingspan [32] used at the NTNU. With the RG-15 as part of the
PX-31 system, all simulations of this study are setup with respect to the flight parameters of the
PX-31, such as the flight speed and chord length.

3.2.2 Generation of the numerical grids
For the discretization of all airfoils in this study the commercial meshing software Pointwise (version
18.2) has been used. Two different types of grids (subsequently named ice accretion and performance
grid) were created for the simulation of ice accretion and the simulation of aerodynamic performance.
The different features of both grid types are summarized in Tab. 3.2 and shown in Fig. 3.4.
Both grids are set up as hybrid O-grid with a structured resolution of the boundary layer and an
unstructured resolution of the far-field. The structured grid is better suited for the resolution of the
velocity profile near the airfoil’s surface, whereas the unstructured grid in the far-field ensures a
restricted maximum element edge length and low skewness of the cells in the far-field. The trailing
edge of the airfoil is set up blunt with a height of 1 mm to represent the airfoil geometry more
realistically. The initial cell height of both grids is set to ∆s = 1 · 10−6 m with a growth rate of 1.1
for the structured layers, to get a dimensionless wall-distance for the first grid point of y + ≤ 1. This
ensures an adequate resolution of the boundary layer and the viscous sublayer (which is defined to
0 ≤ y + ≤ 5 in [34]). This is necessary to capture the friction coefficient (for the simulation of ice
accretion) and the drag coefficient (for the performance simulation) correctly [34].
To get reliable results for the lift and drag coefficients, the performance grid is set up with a larger
far-field diameter (as listed in Tab. 3.2) and a higher resolution of the trailing edge. Additionally,
for the creation of the performance grid, a so called ”T-Rex” technique provided by Pointwise is
used for the generation of both the structured and unstructured grid. When the cell dimensions
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(a) Variable number of structured layers - performance grid

(b) Constant number of structured layers - ice accretion grid

(c) Extrusion by one cell - performance grid

(d) Discretization of the spanwise direction with triangular elements - ice accretion grid

Figure 3.4: RG-15 grid setup for the (a), (c) performance grid and the (b), (d) ice accretion grid.
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Feature

Ice accretion grid

Performance grid

Grid dimension

3D

2D

Chord length

0.45 m

0.45 m

Far-field diameter

9 m (20 c)

30 m (66.7 c)

Boundary layer (BL) resolution

Constant number of struc- Variable number of structured
tured layers - 50 layers
layers - ensures ideal isotropic
cell height at the boundary
from structured to unstructured grid
1 · 10−6
1 · 10−6

Initial cell height ∆s
Growth rate - structured layers
Spanwise discretization

Trailing edge setup
Number of cells
Reference wing area

1.1

1.1

Triangular elements - fine res- None - extrusion by one cell
olution of the leading edge to
capture the ice accretion
Blunt - 1 mm height
Blunt - 1 mm height
≈ 5 400 000
0.02025 m2

≈ 80 000

0.45 m2

Table 3.2: RG-15 grid feature comparison of the ice accretion and performance grid.
of the hexahedral cells used for the structured grid reach the ideal isotropic cell height, the grid
will be continued unstructured with prism elements. Using this method avoids large differences in
the element length of the last hexahedral and first prism layer and results in a variable number of
structured layers around the airfoil, as shown in Fig. 3.4a. Lastly, an extrusion of the grid by one
cell in spanwise direction is required (see Fig. 3.4c), since FENSAP-ICE determines the lift and
drag coefficients based on the resultant forces for lift L and drag D according to the equations 3.16
and 3.17 and therefore needs a reference wing area A.
2L
ρu2∞ A
2D
cd = 2
ρu∞ A
cl =

(3.16)
(3.17)

The ice accretion grid requires a three-dimensional grid with a high resolution around the leading
edge to gain a sufficient resolution of the ice shape. Therefore the surface of the airfoil in spanwise
direction is discretized with triangular elements, as shown in Fig. 3.4d. This approach changes the
element type for the structured grid from hexahedrons to triangular prisms and for the unstructured
discretization of the far-field from prims to tetrahedrons. The additional fine resolution of the
airfoil in the third dimension significantly increases the number of cells for the overall grid. For this
reason and since the focus for the ice accretion grid is on a fine resolution of the leading edge, rather
than a precise determination of aerodynamic coefficients, a smaller far-field, a constant number of
structured layers (see Fig. 3.4b) and a smaller spanwise extrusion is initialized, to keep the number
of cells within reasonable range.
Using this grid, all ice accretion simulations result in a three dimensional ice shape with a width of
4.5 cm, as shown in Fig. 3.5. Since the performance of two dimensional airfoils is being investigated,
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Figure 3.5: 3D ice shape result of an ice accretion simulation on an RG-15 airfoil and the position
of the cross-section that is being used for the 2D evaluation.
only one cross-section of the iced airfoil will be presented as result of the ice accretion. More
specifically, the cross-section in the center of the 3D airfoil, in spanwise direction as shown in
Fig. 3.5, will be used in all cases. This procedure enables a fast visualization of two dimensional
ice accretion results. However, it should be mentioned that a single cross-section only represents a
specific ice shape at this position but neglects variations of the ice shape over the three dimensional
wing.

3.3 Grid dependency study
A grid dependency study is performed in order to determine the dependency between the simulation
results and the resolution of the mesh to ensure the use of a sufficient grid resolution that does
not falsify the results. Commonly, the truncation error of the simulation and the resolution of the
grid are inversely proportional, whereas simulation time and resolution are proportional. With the
dependency study, a compromise between simulation time and accuracy of the results is found.
This is done by calculating lift and drag coefficients and an estimation of the exact result based on
extrapolation, and comparing the error and the simulation times. For the estimation of the exact
result φ a Richard extrapolation can be performed. It is based on the simulation results for three
different grids φh , φkc h and φkc2 h , the constant ratio kc of the discretization parameter between the
grids and the rate of convergence r, see [34]:

φ = φh +

φh − φkc h
kcr − 1

(3.18)

The calculation is based on the converged simulations of three different grids to which it  h
applies for the iteration error, and the hypothesis that the constant of proportionality for all three
simulations is constant and independent from the discretization parameter h. In case of a 2D airflow
simulation around an airfoil, the latter parameter will be defined as:
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h=

c
n

(3.19)

with airfoil chord length c and n the number of points discretizing the upper and lower surface of
the airfoil respectively. The parameter kc is determined with respect to the following coherence:

h3 = kc2 h1
(3.20)

h2 = k c h1
h1 = k c
The rate of convergence is estimated as follows:


log
r=

φkc h −φk2 h
c
φh −φkc h

log(kc )


(3.21)

It is important to mention that the estimation for the rate of convergence is only valid if the
simulation results are converging monotonously. With the use of equations 3.19 to 3.21 in 3.18 the
exact result φ can be calculated.
The results for the grid dependency studies are presented in Ch. 4, together with the general setup
and the validation of the different simulation models that are used.

3.4 Meteorological icing conditions
For the certification of large aircraft, 14 CFR Part 25 Appendix C of the Federal Aviation
Administration (FAA) regulations [12] contains two different envelopes that define icing conditions:
Continuous maximum: Stratiform clouds with a horizontal extent of 17.4 nm (32.2 km) and an
applicable pressure altitude range of sea level to 22 000 ft (6 700 m).
Intermittend maximum: Cumuliform clouds with a horizontal extend of 2.6 nm (4.8 km) and an
applicable pressure altitude range of 4 000-22 000 ft (1 200-6 700 m).
With the applicable pressure altitude range down to sea level, the continuous maximum icing
conditions include the low flight altitudes of small-sized UAVs. Furthermore, the larger horizontal
cloud extend results in longer icing durations. For these reasons, all icing cases investigated in
this work are chosen within the envelope of the maximum continuous icing conditions of the FAA
requirements. Figure 3.6 gives an overview over the icing envelope where the 16 different conditions
that are going to be investigated in this work are marked red. They are defined by the droplet’s
median volume diameter (MVD), the icing temperature and the liquid water content (LWC) and
cover a temperature range of -30 ◦ C to -2 ◦ C, a median volume diameter range of 15 µm to 40 µm
and the corresponding liquid water content of 0.038 g/m3 to 0.760 g/m3 . In Tab. 3.3 all parameters
of the 16 conditions including the corresponding LWC are listed.
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Figure 3.6: Weather conditions covered within
this study in comparison to the
CFR 14 Part 25 App. C icing envelope for maximum continuous icing.

MVD [µm]

-2

Ticing [◦ C]
-5
-15

-30

15

0.760

0.700

0.450

0.200

20

0.595

0.531

0.319

0.141

30

0.347

0.299

0.165

0.070

40

0.140

0.125

0.078

0.038

Table 3.3: LWC in g/m3 as function of MVD
and temperature.
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Prior to the simulation of ice accretion and performance the simulation models have to be set up
and validated for all the 16 previously described icing cases. Therefore, this chapter includes the
grid dependency results for the performance grid, a time-step study for the ice accretion grid and
the validation of both simulation models.

4.1 Clean airfoil performance model
The first step towards a simulation model for determining the aerodynamic performance is a grid
dependency study and a validation of the clean airfoil to verify the simulation results an un-iced
airfoil. The validation of the clean airfoil performance is based on experimental data of two wind
tunnel tests with the RG-15 airfoil at a Reynolds numbers of Re = 200 000, published in [35] and [33].
The validation data are somehow problematic, since the Reynolds number does not match the one
present for the simulations of this work. All performance simulations in this work are performed at
a Reynolds number of Re = 800 000. That means, the relation of inertia to viscous forces are not
correctly represented by the validation. Since this relation is decisive for correct modeling of the
boundary layer, it ultimately affects the results for the aerodynamic forces. However, due to the
lack of experimental data at correct Reynolds numbers this had to be accepted.

4.1.1 Grid dependency study
For the grid dependency study on the performance grid, three different resolutions with n = 80
(grid A), 160 (grid B) and 320 (grid C) have been created. All simulations are performed at an
angle of attack of +4◦ , which represents a typical AoA for straight and level flight. Except the
resolution of the grid, all other setup parameters, summarized in Tab. 4.1, were kept constant in
order to evaluate only the influence of the grid resolution. The simulation results for lift an drag of
all three grids are presented in Fig. 4.1.
Parameter

Value

Chord length c

0.45 m

Free stream velocity u∞

6.5 m/s

Static pressure p

101325 Pa

Air temperature T

288.15 K

Reynolds number Re

200 000

Angle of Attack α

4◦

Table 4.1: Simulation parameter for the grid dependency study.
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Figure 4.1: Simulation results of grids A to C and the extrapolated exact result for the grid
dependency study for the clean RG-15 airfoil grid.
As the results show, only the values for the lift coefficient are converging monotonously. Therefore,
a Richardson extrapolation according to the equations 3.18 to 3.21 has only been performed on
the results for the lift. For the drag results no exact result has been estimated. Regarding the lift
coefficient, the grid with the least points at n = 80, grid A, already shows a good result with a
deviation of 0.5 % to the accurate result. The comparison of grid A and grid B for the drag reveals
a maximum deviation of 0.1 % within all three different grids. With only negligible differences of all
results, all grids are considered suitable in terms of accuracy. The comparison of simulation time
provided additional information about the suitability of the grid. Although grid B consists of twice
the amount of points compared to grid A, the fastest simulation time of all grids to reach similar
convergence level was found with grid B with 21 min, whereas the simulation time for was 26 min
and 23 min for grid A and C, respectively. With respect to the simulation time and only negligible
differences between the lift and drag results, grid B resolution will be used for the simulation of
clean airfoil performance.

4.1.2 Performance validation
As mentioned in Sec. 3.1.2, two simulations were performed using the k-ω-SST and the Spalart
Allmaras (SA) turbulence model. For the k-ω-SST model transition is predicted by a one-equation
local correlation-based intermittency model, whereas the SA turbulence model is set up with
fixed transition locations, previously determined with XFOIL. Further simulation parameters for
the validation, except the angle of attack, are setup similarly as for the grid dependency study,
refer to Tab. 4.1. The pressure and temperature are set in accordance with the ICAO standard
atmosphere [25] at an altitude of 0 m and the free stream velocity is set to 6.5 m/s resulting in a
Reynolds number of approximately Re = 200 000 to match the Reynolds number of the experimental
data. The simulation results for the lift and drag coefficient in comparison to the experimental data
are presented in Fig. 4.2.
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Figure 4.2: (a) Lift and (b) drag results for the clean RG-15 airfoil performance compared to the
experimental data, Re = 200 000.
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In general both simulation results show a good agreement with the experimental results. For an
AoA between −3◦ to −1◦ both simulations show a small deviation of predicted lift coefficients to
the experimental data. A possible explanation could be that the simulations both predict slightly
earlier transition from laminar to turbulent boundary layer.
The stall is captured within reasonable precision to the experimental results with both turbulence
models. The simulation model using the k-ω-SST model predicts a lower maximum lift coefficient
and lower maximum lift angle, compared to the SA model. The drag prediction of both simulations
shows good agreement to the experimental results for the entire AoA range. For AoAs >7◦ , with
the onset of the stall, the comparison of the turbulence models shows that the k-ω-SST predicts
higher drag as the SA model. In total, both simulation models predict lift and drag coefficients
within close range to the experimental results.

4.2 Iced airfoil performance model
Following the validation of the clean airfoil, a grid dependency study and validation are performed
on an iced airfoil to verify the simulation results for the iced airfoil performance. Since no suitable
literature data of an iced RG-15 airfoil was found, wind tunnel test results of an iced NREL S826
airfoil at a Reynolds number of Re = 400 000, published in [9], were used instead. The data for the
iced NREL S826 are gathered by 3D-printing the simulated ice geometry and attaching it to the
clean airfoil for the wind tunnel tests. As for the clean airfoil validation no experimental data was
available that matched the Reynolds numbers of the simulations in this work.

4.2.1 Grid dependency study
In this case, for the grid dependency study, the grid for the NREL S826 airfoil was created with
four different resolutions: n = 80 (grid A), 160 (grid B), 226 (grid C) and 320 (grid D). However,
since an iced airfoil has a much more complex shape, the performance grid for an iced airfoil had to
be adapted as shown in Fig. 4.3. The discretization parameter h now only describes the surface of
the airfoil without the iced leading edge. For the resolution of the leading edge, a higher number of
points with constant spacing is set up to capture the ice shape sufficiently. For the grid dependency
study the number of points discretizing the leading edge are scaled with the same factor as the
parameter n and range from 150 to 600 points. An additional grid with an intermediate number of

Figure 4.3: Numerical grid for the iced S826 airfoil performance simulation.
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Figure 4.4: Simulation results of grids A to D for the grid dependency study for the iced S826
airfoil grid.
points of 226 (grid C) was set up, should the calculation time for grid B prove to be excessive. This
was not the case so that grid C was not used in the end. The simulation parameters are set up
identically to the first grid dependency study (ref. to Tab. 4.1), except for the free stream velocity.
The free stream velocity was changed to 13 m/s to match the Reynolds number Re = 400 000 of the
experimental data.
The results based on the four different grids are presented in Fig. 4.4. Since the results for both
lift and drag are not converging monotonously, a Richardson Extrapolation is not valid in this
case. That means that the values for lift and drag coefficients can not be checked against an
analytically estimated exact result. The comparison of grid A and D however, reveals a difference
of approximately 1 % for both lift and drag coefficient. The small deviation, despite a four times
higher resolution of grid D, indicates a low truncation error and a suitable result already for grid A.
The simulation times for grid A, B, C and D were 9.5 min, 9 min, 11 min and 14 min, respectively.
Therefore, the grid resolution with the least number of iterations and shortest simulation time (grid
B) will be used for the validation.

4.2.2 Performance validation
For the validation of iced airfoil performance, the SA turbulence model and a fully turbulent
boundary layer are set up for the simulation. Further parameters are similar to those for the grid
dependency study to match the Reynolds number of the experimental data.
Figure 4.5 presents the simulation results in comparison to the wind tunnel data. For the AoAs
between −8◦ and 0◦ , the simulation shows generally good agreement with the experimental data.
For higher angles of attack the simulation shows a smaller lift gradient. Regarding the stall, the
simulation predicts an earlier stall at a lower AoA and a lower maximum lift coefficient. In terms of
drag, the simulation captures a similar trend of drag over AoA but under-predicts the drag at all
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Figure 4.5: (a) Lift and (b) drag results for the iced S826 airfoil performance compared to the
experimental data, Re = 400 000.
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Figure 4.6: Large flow separation at the leading edge of the iced S826 NREL airfoil, AoA 5◦ and
Re = 400 000.

points. The reason for the diverging results is suspected to be in the use of the turbulence model
(Spalart-Allmaras) in combination with a high level of turbulence, caused by the horns. The surface
roughness and the horn shape result in a high level of turbulence and a large flow separation at the
leading edge already at very low AoAs, as shown in Fig. 4.6 for an AoA of 5◦ . In the literature it is
generally admitted that one- and two-equation turbulence models, like the SA model for example,
have difficulties to accurately predict the flow field in a separated region [3]. For the degree of
turbulence and separated flow at the leading edge, like in this case, different numerical methods
like LES and DNS or higher order turbulence models like nonlinear eddy viscosity models and
Reynolds stress models might be more suitable. An error of the simulation results due to the steady
flow simulation is conceivable but the simulation did not show any indications that steady flow
simulation might lead to false results. The numerical residual reaches the convergence threshold
of 1−10 at all angles of attack before reaching the maximum number of time steps and does not
level off at higher values with oscillation of the residual. However, no conclusive explanation for the
deviation of simulation and experimental results has been found.
Further, it must be mentioned that the icing conditions for the experimental data in this case have
been specifically chosen to create severe icing with a horn shaped structure. To achive that, several
icing parameters were modified. In particular, the icing time was set to 40 min, twice of what is
used in this work. For a detailed listing of the parameters, see [23]. Therefore, a much smaller
extend of ice, less turbulence intensity and less severe flow separation at the leading edge, especially
for higher angles of attack, is expected for the icing cases in this work.
Given the general agreement of the simulation results for all AoAs, the results of the simulation model
are considered adequate for evaluating iced airfoil performance. Discrepancies can be explained by
the high turbulence intensity due to the large horn extrusions. Due to the less severe ice shapes
expected in this work without the horn features, this is deemed acceptable. Further, at least for the
lift coefficient, the simulation predicts more conservative values.

4.3 Ice accretion model
A different approach than the grid dependency studies for the performance model was chosen for
the simulation model of the ice accretion. For this simulation model a grid dependency study is
not representative since the focus for this model is on capturing the ice shape adequately, rather
than predicting precise lift and drag coefficients. For this reason a time-step study instead of a grid
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Parameter

Rime ice case

Glaze ice case

Chord length c

0.45 m

0.45 m

Free stream velocity u∞

25 m/s

25 m/s

Static pressure p / flight altitude

95 500 Pa / 500 m

95 500 Pa / 500 m

Air temperature T
Median volume diameter MVD

−15 ◦ C

20 µm

−2 ◦ C

Droplet size distribution

Monodisperse

Monodisperse

Reynolds number Re

880 000

810 000

Angle of Attack α

0◦

0◦

Icing time ticing

1 290 s / 21.5 min

1 290 s / 21.5 min

Initial roughness height ks

0.5 mm

0.5 mm

number of steps / step length (1.step length /

10 (129 s)

5 (30 s/315 s)

other step length)

15 (30 s/90 s)

10 (30 s/140 s)

22 (30 s/60 s)

22 (30 s/60 s)

20 µm

Table 4.2: Simulation setup parameters for the time-step study.
dependency study was performed. Subsequently, the ability of capturing the ice shape is validated
with experimental data from icing wind tunnel tests with an RG-15 airfoil [21].

4.3.1 Time-step study
As in Sec. 3.1 already described, ice accretion is determined in a multishot simulation, in multiple
loops of FENSAP, DROP3D and ICE3D. For this reason, instead of an ordinary grid dependency
study, a time-step study is used to investigate the influence of different time-step number and length
on the final ice shape.
For this study, two ice accretion simulations are set up. The parameters are listed in Tab. 4.2. In
order to evaluate the influence of the time-step number and length for an irregular glaze ice and a
streamlined rime ice shape, the icing temperatures are set up to −2 ◦ C and −15 ◦ C respectively. The
number of steps vary between 5 and 22. In terms of step length, the first simulation (10 steps / −2 ◦ C)
was set up with an equal step length for the complete icing duration. For all following simulations the
duration of the first step was set to 30 s. Usually, FENSAP-ICE determines the surface roughness
of the ice with ICE3D. The subsequent airflow solution in FENSAP is determined with respect to
this roughness. However, for the first calculation of the airflow solution an initial roughness height
has to be set, otherwise the surface heat flux would be zero and no ice accretion could be calculated.
Therefore, the roughness height is initialized with 0.5 mm (the default value of FENSAP-ICE). Since
this value has not been verified and could lead to falsified ice shape results, the first multishot step
duration is set up with a shorter duration (2.3 % of the overall duration) to reduce the error caused
by the artificial value.
All other parameters are set up identically for both simulations. Flight altitude is assumed to 500 m
and the icing time is set to 1 290 s, which corresponds to the flight time of the PX-31 UAV at a
cruising speed of 25 m/s through an icing cloud with horizontal extend of 17.4 nm. The droplet
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Figure 4.7: Time-step study results for a (a) rime ice and (b) glaze ice case on the RG-15 airfoil.
size distribution for all ice accretion simulations in this work is set to monodisperse for reasons of
comparability of the ice shape results. This setup eliminates the influence of differently distributed
droplet sizes on the ice accretion process. The results of the time-step study are presented in Fig. 4.7.
The rime ice case generally shows congruent geometries and icing limits for all three simulations.
The comparison of the 10 step to the 22 step simulation reveals that an increased number of
simulation steps results in a slightly smoother surface, which can be best seen when comparing the
bumps on the upper surface. The calculation times using 40 Intel Xeon E5-2670 processors with
a total of 320 cores were approximately 8 h (10 steps), 10 h (15 steps) and 18 h (22 steps). The
ice masses of all three simulations are similar, with a variation of less than 1 %. Considering the
small changes of the ice shapes, the 15 step simulation offers the best results with only 2 h longer
calculation time compared to 10 steps but 8 h less than 22 steps.
For the glaze ice case a different behavior can be observed. In this case an increasing number of
steps results in a more irregular shape. In general, the shapes of 10 and 22 steps are relatively
similar. The 5 step simulation however shows a higher ice thickness further downstream on the
airfoil but an overall smoother surface. The reason for this behavior is suspected to be in the
combination of a temperature close to freezing and a long step duration. At temperatures close to
freezing, more liquid water remains on the surface, whereas at lower temperatures all impinging
water freezes instantly. The long duration allows the water to run further back on the surface before
freezing. Therefore, the results with 10 and 22 steps are expected to represent a more realistic
ice shape for these icing conditions. Regarding the ice mass, increasing the number of steps from
10 to 22 results in a change of less than 5 %. Using the same number of cores as for the rime ice
case, the calculation times for 10 steps was 8 h and for 22 steps 20 h.
Keeping the wide range of meteorological conditions that are going to be investigated in this study
in mind, no accurate prediction on the ice shapes for those conditions can be made. Therefore a
consistent number and duration of steps for all ice accretion simulations is desired. For the rime ice
case a 15 step simulation was rated the best compromise between number of steps and calculation
time. For the glaze ice case 10 and 22 step showed similar results in terms of final ice shape. No 15
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Parameter

Rime

Glaze

Free stream velocity u∞

25 m/s

25 m/s

Chord length c

0.45 m

0.45 m

Icing time ticing

1 200 s

1 200 s

Angle of attack α

0◦

0◦

Air temperature T
Median volume diameter MVD

−15 ◦ C

20 µm

−2 ◦ C

Liquid water content LWC

0.51 g/m3

0.51 g/m3

30 µm

Table 4.3: Simulation setup parameters for the ice accretion validation.
step simulation was done for the glaze ice case. A comparison of calculation times for rime and
glaze ice cases at 22 steps indicates a 2 h longer calculation time for glaze ice.
With respect to the final ice shapes and the calculation times, a 15 step setup with 30 s duration for
the first and 90 s duration for the following steps is selected for all ice accretion simulations. The
calculation time is expected to be approximately 10 h to 13 h depending on the icing condition.

4.3.2 Ice accretion validation
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With completion of the time-step study, the simulation model for ice accretion is prepared for
validation. Therefore, two different icing cases, again for a rime and a glaze ice case, were chosen
from the experimental results within [21]. The setup parameters for both experiments are listed
in Tab. 4.3 and are also used for the simulation. Again, as mentioned in Sec. 3.1.2, due to the
presence of ice, the boundary layer is set up fully turbulent and the SA model is used for turbulence
modeling.
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Figure 4.8: Simulation results for the ice accretion at a (a) rime ice and (b) glaze ice case on the
RG-15 airfoil, compared to wind tunnel results.
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Figure 4.9: Comparison of two RG-15 ice accretion simulations at identical icing conditions.
The experimental result in comparison to the simulation result is shown in Fig. 4.8. The simulation
captures the lower icing limits and the expansion of ice accretion in x-direction correctly in both cases.
The general shape of the numerically determined ice also matches the experimental data. However,
the simulation predicts less ice and further upstream icing limits compared to the experimental
results. The under-prediction of the upper icing limits could be caused by the variation of ice shapes
for the experimental results. Szilder and Yuan have already encountered such a wide variation
of ice shapes during experiments in the icing wind tunnel on a NACA 0012 airfoil [41]. However,
transfering the results of Szilder and Yuan is problematic, since the experiments on the NACA 0012
airfoil are performed at significantly higher Reynolds numbers which completely eliminates low
Reynolds number effects. Besides their work, the SAE international group has identified large
facility-to-facility differences that exceed typical variations between repeated runs [17]. Within
one facility the results showed generally good repeatability and differences were mainly due to
stochastic irregularities but not to any systematic lack of repeatability. Wind tunnel tests performed
by R. Hann, published in [21] have also revealed a good repeatability with the degree of variability
depending on the ice type, where glaze showed the highest and rime the lowest variability.
In order to ensure reproducibility of the ice accretion simulation, especially for the glaze ice cases
that include the most irregular surfaces and the highest turbulence intensities, two ice accretion
simulations at −2 ◦ C and an MVD of 30 µm were performed. The results of both ice accretion
simulations at this particular icing condition are presented in Fig. 4.9 and reveal a similar geometry
and icing limits for both simulations. The largest deviation of shapes is found at the first bump on
the lower surface. Comparing the ice masses confirms the consistency of the results with a difference
of 0.14 % between the two cases.
The generally good repeatability of experimental results found in [17, 21] gives confidence in the ice
shapes used for validation purposes. The simulation model has also shown good repeatability of
ice shape prediction. Considering the differences between upper icing limits for the experimental
and numerical data, significantly different airfoil performances are expected for the experimental
and numerical ice shapes. This has to be accepted regarding the fact that experimental tests are
very expensive compared to numerical calculations, especially when the investigation covers a large
envelope. For future work focus on close agreement of the numerical to the experimental data is
recommended to increase the accuracy of the numerical results for the iced airfoil performance.

31

5 Ice accretion results and performance
degradation
With completed validation of both simulation models, they can be used for determining the ice
accretion and the aerodynamic performance for all different icing conditions that were previously
defined in Sec. 3.4. In this chapter the simulation results are presented. Further, the influence of the
different meteorological conditions and the relevance of the results with respect to the development
of an IPS system for UAVs are discussed and uncertainties of the work are pointed out.

5.1 Ice accretion
In total, 16 meteorological icing conditions, defined by different droplet sizes, temperatures and
liquid water contents are being investigated. The detailed values for all icing conditions are listed in
Tab. 3.3 in Sec. 3.4. All additional setup parameters for the ice accretion simulation are summarized
in Tab. 5.1 and 5.2. The final ice shapes are presented in Fig. 5.1.
For reasons of readability, the MVD will be mentioned without unit at some points. The results
show that both liquid water content and droplet diameter have significant influence on the ice shape.
As previously shown in Fig. 3.6, droplets with small MVDs around 15 µm can contain a higher
range of liquid water content compared to large MVDs. Therefore, the results at a temperature
of −2 ◦ C and droplet diameters 15, 20 and 30 show a distinct glaze ice shape with an irregular
surface. The mass balance supports the assumption of a glaze ice structure, as not all impinging
water freezes instantly but some liquid water remains on the surface. At a droplet diameter of 40 µm,
the maximum liquid water content has decreased to a point where all results show a streamline
shaped ice geometry, independently from the prevailing temperatures. All results at the diameter
of 40 µm are close to the un-iced airfoil geometry. The extend only differs slightly, depending on the
Parameter

Value

Chord length c

0.45 m

Free stream velocity u∞

25 m/s

Static pressure p

95 500 Pa

Reynolds number Re

800 000 - 1 000,000

Angle of Attack AoA

0◦

Icing time ticing

1 290 s

Droplet size distribution

Monodisperse

Initial roughness height ks

0.5 mm

Table 5.1: Setup parameters for the simulation of ice accretion.
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FENSAP
Turbulence model

Spalart Allmaras

Boundary layer flow

Fully turbulent - no transition

CFL number

600

Max. number of timesteps

500

Artificial viscosity

Second order streamline upwind + crosswind dissipation 1 · 10−7
15 steps (30 s/90 s)

Multishot setup
DROP3D
Particle type

Droplets

Droplet drag model

Water - default

CFL number

20

Max. number of timesteps

300

Artificial viscosity

Cross-wind dissipation 1 · 10−5

ICE3D
Ice-Water model

Glaze-Advanced

Heat flux type

Classical

Roughness output

Sand-grain from beading

Body forces

Gravity 9.81 m/s2

Table 5.2: Numerical settings for the simulation of ice accretion.
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present liquid water content at the different temperatures. Overall, all icing conditions that contain
a LWC ≤0.2 g/m3 show a very streamline shaped ice extrusion, independent from the droplet size.
The mass balance confirms the presence of only rime ice in these conditions, since it shows that all
impinging water freezes instantly and no liquid water remains on the surface or evaporates.
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Figure 5.1: Ice shape results on the RG-15 for droplet sizes (a) 15 µm, (b) 20 µm, (c) 30 µm and
(d) 40 µm at Re = 800 000 (at −2 ◦ C) to 1 000 000 (at −30 ◦ C).
For the temperature change from −5 ◦ C to −30 ◦ C the MVDs 15, 20 and 30 all show a decreasing
extend of ice. The change from −2 ◦ C to −5 ◦ C however, shows a different result. The extend in
x-direction is significantly increasing, while the extend in y-direction shrinks. This behavior marks
the transition from a glaze ice to a more streamlined rime ice structure.
Figure 5.2 presents the accumulated ice masses for all conditions. Since the ice accretion simulations
are based on a 3D grid with 4.5 cm wingspan, the initially determined ice mass refers to this wing
size. For reasons of better comparability of the results, in Fig. 5.2 the values are scaled to an ice
mass per metre wingspan. The ice mass is determined as part of a mass balance that is calculated
by ICE3D and considers the following masses:
• Mass of impinging water
• Mass of initial water film
• Mass of final water film
• Mass of ice
• Mass of vapor
• Mass of clipped film
• Mass flux conservation

The results show that the highest ice masses occur at an −2 ◦ C / MVD 20 and the lowest at
−30 ◦ C / MVD 40. The prediction of the highest ice mass at a droplet size of 20 µm reveals the
influence of the droplet size. Although the liquid water content has already decreased over 20 %
from MVD 15 to MVD 20, the larger droplet size leads to a higher ice mass on the airfoil. Another
indication of droplet size influence is given by the ice mass results for −30 ◦ C / MVD 20 and
−2 ◦ C / MVD 40. Both icing conditions share the same LWC with a variation <1 % but differ in
droplet size by factor two. The simulation predicts an approximately doubled ice mass for MVD 40,
compared to MVD 20, at the same liquid water content.
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Figure 5.2: Simulation results for the accumulated ice masses on the RG-15.

The results further show a complex influence of droplet MVD and liquid water content on the overall
ice mass. Increasing the droplet size from 15 to 20 results in a higher ice mass at all temperatures,
although the liquid water content decreases consistently, whereas the increase from MVD 20 to 30
and 40 results in lower ice masses. This arises the impression that the droplet size is the predominant
factor on the ice mass at high liquid water contents and generally smaller droplet sizes, whereas for
overall larger droplets and low LWCs, the decreasing LWC becomes the predominant factor.
Comparing MVD 15 and 30, the results of MVD 30 µm show higher ice masses for temperatures −2 ◦ C
and −5 ◦ C and lower ice masses for the temperatures −15 ◦ C and −30 ◦ C. This indicates that the
shift from increasing droplet size to decreasing liquid water content being the dominating factor on
the ice mass occurs at different droplet sizes, depending on the temperature. Finally, within all
conditions, the temperature change from −2 ◦ C to −5 ◦ C at an MVD of 30 µm shows a unique result.
Only for this particular case, a decreasing temperature at the same droplet size, leads to a higher ice
mass. At first thought this result appears physically not correct, since the decreasing temperature
at the same droplet size contains less liquid water, according to the icing envelope. But as the
mass balances shows, there are more factors to consider. For all four droplet sizes the total mass
of impinging water is higher at −2 ◦ C but the amount of remaining liquid water and the mass of
evaporating water is much higher at −2 ◦ C, compared to −5 ◦ C. Consequently, the ice accretion rate
is not necessarily higher at a temperature of −2 ◦ C. Still, in cases of MVD 15, 20 and 40 the final
ice mass at −2 ◦ C is higher than the ice mass at −5 ◦ C and only MVD 30 shows a different result.
Considering not only the liquid water content but also the different evaporation rates and that not
all impinging water freezes, demonstrates that the results at MVD 30 are plausible. However, the
specific explanation for this behavior could not be found.
Regarding the prediction of icing limits, all ice shapes, with one exception, show a shift of icing limits
towards the leading edge with decreasing temperatures. While all impinging water freezes instantly
at low temperatures, the impinging water at temperatures close to 0 ◦ C only freezes partially, leaving
a liquid water film that runs downstream on the surface before freezing completely. This extends
the icing limits to positions further away from the leading edge. Solely the icing limit on the lower
surface of the airfoil at an MVD of 30 µm and a temperature change from −2 ◦ C to −5 ◦ C shows
a shift of the icing limit towards the trailing-edge. This result is suspected to be related to the
previously described behavior of the ice mass at this particular temperature change and droplet size.
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Figure 5.3: Roughness height of the iced RG-15 airfoils.

Comparing the ice shape results of different droplet sizes reveals that increasing droplet sizes lead
to further downstream icing limits, although the overall ice mass is decreasing for large MVDs.
In Fig. 5.3, the surface roughness of all iced aifoils is shown. The dimensionless wrapping coordinate
s/c starts from the bottom trailing edge, proceeds along the bottom surface to the leading edge and
back to the trailing edge along the top surface. The approximate position of the leading edge is
marked with LE. The droplet sizes 15 µm and 20 µm show the largest roughness values for rime
ice cases at low temperatures −15 ◦ C and −30 ◦ C. Temperatures closer to freezing that lead to
glaze ice reveal smaller roughness values. A possible explanation for the higher roughness at low
temperatures is the air trapped in the ice due to the instantaneous freezing of the droplets, whereas
the freezing process in glaze ice conditions no or significantly less air is trapped in the ice. This
obesrvation confirms the description of rime and glaze ice in [13, 15], with a generally rougher
appearance of rime ice compared to glaze ice. The droplet sizes 30 µm and 40 µm show different
results. At MVD 30 the temperatures −5 ◦ C and −15 ◦ C show the largest roughness values, whereas
the highest and lowest temperatures −2 ◦ C and −30 ◦ C show smaller values. At MVD 40 the results
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are inverted compared to MVD 15 with the largest values at a temperature of −2 ◦ C and the
smallest values at −30 ◦ C. That could indicate that not only the temperature but also the droplet
size might have an influence on the final roughness of the ice. However, no further investigation of
this effect was performed in this work. Lastly, the results of the two larger droplet sizes revealed
slightly larger maximum roughness values with approx. 2.0 mm while the two smaller droplet sizes
have approx. 1.8 mm. Compared to the initialized roughness value of 0.5 mm, the overall magnitude
of roughness values confirms the statement of R. W. Gent et al. in [15] that the ice contains a
significantly higher surface roughness compared to the componentes on which the ice forms. Due to
the significant increase of the roughness of approximately 400 %, it is very likely that the increased
surface roughness triggers an immediate transition from laminar to turbulent airflow. However,
more detailed investigations are required to determine precisely which roughness heights, at specific
airfoil locations, have an influence on the transition behavior.

5.2 Performance degradation
5.2.1 Lift, drag and pitching moment coefficient
Based on the acquired ice shapes that were presented in the previous section, FENSAP simulations
have been run to determine the performance of the iced airfoils. Other than the varying ice shapes,
all performance simulations are set up identically with the parameters summarized in Tab. 5.4
and 5.3. That includes a constant temperature of 0 ◦ C for all performance simulations. This setup
is chosen in order to have the same flow conditions for all iced airfoils for better comparability.
However, this also means that the performance results for the different ice shapes do not consider
the different Reynolds numbers, which are present at varying temperatures that initially lead to the
particular ice shapes. Additionally, for reasons of better comparibility, the change of the reference
wing area due to the ice is not considered for the calculation of the aerodynamic coefficients. This is
a standard procedure in the research field of aircraft icing and means that all results are determind
based on the reference wing area for the clean airfoil.
Figures 5.4 and 5.5 present the lift and drag coefficient of the iced airfoils in comparison to the
clean airfoil. The simulation predicts decreased lift and increased drag for all icing cases and
FENSAP
Turbulence model

Spalart Allmaras

Boundary layer flow

Fully turbulent - no transition (iced airfoil)
Laminar with fixed transition (clean airfoil)

CFL number

350

Max. number of timesteps

5000

Artificial viscosity

Second order streamline upwind + cross-wind
dissipation 1 · 10−7
Sand-grain roughness file obtained by
FENSAP-ICE from the ice accretion
simulation

Surface roughness

Table 5.3: Numerical settings for the simulation of aerodynamic performance.
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Parameter

Value

Chord length c

0.45 m

Free stream velocity u∞

25 m/s

Air temperature T

0 ◦C

Static pressure p

95 500 Pa

Reynolds number Re

800 000

Angle of Attack α

0◦ − 13◦

Table 5.4: Setup parameters for the simulation of iced airfoil performance.
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Figure 5.4: Lift coefficients of the iced RG-15 airfoils for the droplet sizes (a) 15 µm, (b) 20 µm,
(c) 30 µm and (d) 40 µm at Re = 800 000.

39

5 Ice accretion results and performance degradation

0.12
0.1

0.14
Ticing = −2 ◦ C
Ticing = −5 ◦ C
Ticing = −15 ◦ C
Ticing = −30 ◦ C
Clean airfoil

0.12
Drag coefficient cd

Drag coefficient cd

0.14

0.08
0.06
0.04

0.1
0.08
0.06
0.04
0.02

0.02
0

0
−5

0
5
10
Angle of attack α

−5

15

(a) MVD 15 µm

0.12
0.1

0
5
10
Angle of attack α

15

(b) MVD 20 µm

0.1
Ticing = −2 ◦ C
Ticing = −5 ◦ C
Ticing = −15 ◦ C
Ticing = −30 ◦ C
Clean airfoil

Drag coefficient cd

Drag coefficient cd

0.14

Ticing = −2 ◦ C
Ticing = −5 ◦ C
Ticing = −15 ◦ C
Ticing = −30 ◦ C
Clean airfoil

0.08
0.06
0.04
0.02

0.08

Ticing = −2 ◦ C
Ticing = −5 ◦ C
Ticing = −15 ◦ C
Ticing = −30 ◦ C
Clean airfoil

0.06
0.04
0.02

0
−5

0
5
10
Angle of attack α

(c) MVD 30 µm

15

−5

0
5
10
Angle of attack α

15

(d) MVD 40 µm

Figure 5.5: Drag coefficients of the iced RG-15 airfoils for the droplet sizes (a) 15 µm, (b) 20 µm,
(c) 30 µm and (d) 40 µm at Re = 800 000.

the entire range of AoAs. The maximum deterioration of lift and increase of drag is found at
−2 ◦ C / MVD 20. In this case the maximum lift coefficient decreases by 35 % and the respective
drag increases by 160 %, compared to the clean airfoil. Additionally, the simulations show that
the degradation of aerodynamic performance is a function of the AoA. The most likely reason for
this behavior is the flow separation at the leading edge, induced by the ice. This leading edge flow
separation occurs in glaze ice cases already at low angles of attack due to the irregular ice shape
and leads to a loss of lift, whereas the airflow at the leading edge of the clean airfoil and iced airfoil
in rime ice cases with a streamline shape is still fully attached. Fig. 5.6 demonstrates this behavior.
While the clean airfoil and the rime ice case at −30 ◦ C / MVD 20 still show a fully attached flow
at the leading edge, but a much thicker boundary layer at the rime ice case, the glaze ice case at
−2 ◦ C / MVD 20 already contains flow separation. With increasing AoA the area of separated flow
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(a) Clean airfoil / AoA 2◦

(b) −30 ◦ C / MVD 20 / AoA 2◦

(c) −2 ◦ C / MVD 20 / AoA 2◦

(d) −2 ◦ C / MVD 20 / AoA 6◦

Figure 5.6: Airflow around the RG-15 leading edge at an AoA of 2◦ for (a) the clean airfoil, (b)
the −30 ◦ C / MVD 20 icing condition, (c) the −2 ◦ C / MVD 20 icing condition and
(d) the −2 ◦ C / MVD 20 icing condition at an AoA of 6◦ .
at the leading edge increases, as shown in Fig. 5.6d, which amplifies the loss of lift and extends the
deviation between iced airfoil and clean airfoil results. The fully turbulent airflow setup might be a
further factor for the small differences of lift coefficients at small angles of attack. If the iced airfoil
would,in reality, show small laminar separation of flow at the leading edge due to the ice, the fully
turbulent initialized boundary layer flow acts as an artificial turbulator, stabilizing the airflow and
possibly preventing any separation of airflow in the simulation which could ultimately lead to the
prediction of higher lift coefficients.
This explanation also shows an uncertainty of this work. All simulations that include ice are set
up with a fully turbulent boundary layer, since an immediate transition from laminar to turbulent
is expected, due to the high surface roughness of the ice. However, it has not been verified if this
assumption is correct or if iced airfoils still show at least a partially laminar airflow. This could
lead to different results for the iced airfoil performance. Although the validation results for the
simulation of ice accretion did show good agreement to the experimental results in this work, it
may be advised that future work includes laminar airflow in the ice accretion simulation. At least
in the first step of the simulation, where no ice is on the airfoil yet, a laminar flow could yield
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Figure 5.7: Pressure distribution on the RG-15 at various angles of attack for (a) the clean airfoil,
(b) the icing condition −30 ◦ C / MVD 40, (c) −2 ◦ C / MVD 20 and (d) a comparison
of (a) and (b) at the AoAs 8◦ and 12◦ .

better results. Additionally, previous work by Hann [20] has indicated, that a turbulent flow may
increase the evaporation rate and leads to earlier disappearance of water layers compared to laminar
conditions. This implies that ice accretion simulations that consider laminar flow could lead to more
severe ice shapes compared to simulations that are set up with a fully turbulent boundary layer. It
also points out the importance to investigate flow transition on iced airfoils not only to gain better
knowledge about the impact on the ice accretion process and the aerodynamic performance, but
also to successfully define energy requirements for an icing protection system.
Comparing the lift and drag results of all icing conditions, the curves show a strong correlation
between the aerodynamic performance and the iced airfoil’s shape. For streamline shaped ice (e.g.
ice shapes at an MVD of 40 µm), the simulation predicts smaller decrease of lift and increase of
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drag, compared to icing cases with rough surfaces and a larger ice shape extension in y-direction
(e.g. MVD 15, 20 and 30 at −2 ◦ C icing temperature). The distribution of pressure coefficients gives
further insight to this behavior. In Fig. 5.7 the pressure coefficient distribution of the clean airfoil,
the least severe rime ice condition at −30 ◦ C / MVD 40 and the worst case glaze ice condition
at −2 ◦ C / MVD 20 are shown at several AoAs. The results clearly show that for rime ice with
a very streamline shaped geometry the overall pressure distribution is similar to the clean airfoil.
The direct comparison of the clean airfoil to the rime ice condition at an 8◦ , shown in Fig. 5.7d,
reveals only slightly reduced pressure coefficients for the rime ice case around the leading edge.
Further aft areas show no considerably different pressure coefficients. At the stall angle of 12◦ the
difference between clean and iced airfoil has increased, explaining the small reduction of maximum
lift coefficient for this icing condition, but the general distribution of pressure still matches the clean
airfoil. The glaze ice case on the other hand reveals a significantly disturbed airflow situation around
the leading edge, where ice is present. The irregular surface results in very turbulent and separated
flow at the bumps which prevents the conformation of larger pressure coefficients, especially on the
suction side of the airfoil. Further, the effect of the previously mentioned separation of flow at the
leading edge can be observed at the change from α = 6◦ to α = 8◦ . Due to already separated flow,
the increase of angle of attack does not lead to larger pressure coefficients, restricting the maximum
possible lift coefficient in this conditions. The higher values at the trailing edge at an angle of attack
of α = 8◦ compared to lower AoAs are considered unrealistic, since the AoA of 8◦ already includes
separation of flow on the suction side at the trailing edge, marking the begin of the stall.
Another effect of icing can be seen in Fig. 5.4: Additionally to the decreased maximum lift coefficient,
icing results in a decreasing stall angle. With both parameters decreased due to icing, the airfoil
offers a more critical stall behavior considering for example that the aircraft is flown by an autopilot
based on the envelope of the clean airfoil. A possible explanation for the stall at smaller AoAs is
the leading edge flow separation on severely iced airfoils. With larger angles of attack the area of
separated flow, due to the ice, increases and ultimately fails to reattach at smaller AoAs leading to
the stall, whereas the airflow is still attached at the leading edge of the clean airfoil and streamline
ice shapes. This would also explain the observation that the greatest degradation of the stall angle
occurs at a glaze ice case at −2 ◦ C / MVD 20, whereas less severe rime ice shapes revealed smaller
changes of the stall angle. For the maximum investigated droplet size of 40 µm which contains ice
shapes close to the clean airfoil geometry, the results show no change of the stall angle at all. In
reality it is suspected that even at this droplet size icing has an effect on the stall angle, although the
difference to the clean airfoil might be very small. Considering stall angle changes, the simulation
setup limits the validity of the results. With a setup of AoA steps of 1◦ and the stall angle of the
clean airfoil identified at AoA 12◦ , the minimum resolution for the stall angle that can be captured
by the simulation is approx. 8.5 %. Any change of stall angle below 8.5 % can not be captured by
the simulation. Thus, the results show the general influence of icing on the stall angle, but if a more
precise information on the stall angle is desired, more simulations at smaller AoA steps are required
in the stall region.
Apart from lift and drag coefficient, the moment coefficient over the AoA for the iced airfoils
is presented in Fig. 5.8. The curves show that icing increases the moment gradient in all icing
cases. As for lift and drag, higher temperatures in combination with high LWC values show greater
influence on the moment, compared to lower temperatures and low LWC values. Regarding the
flight mechanics, the increased airfoil moment at common AoAs between 0◦ and 5◦ corresponds
to a reduced nose down moment of the airfoil. Since the overall aircraft’s moment gradient must
be ∂cm /∂α < 0 for longitudinal static stability, all icing cases reduce this stability at first sight.
However, further aircraft parameters such as the general aircraft configuration and possible icing of
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Figure 5.8: Moment coefficients of the iced RG-15 airfoils for the droplet sizes (a) 15 µm, (b)
20 µm, (c) 30 µm and (d) 40 µm at Re = 800 000.

the horizontal stabilizer or even the elevator must be considered to identify possible dangers on the
aircraft’s overall longitudinal stability. Therefore, no statement about absolute aircraft stability can
be made, based on this results. Considering only the effect on the airfoil, icing changes the moment
behavior from almost constant for −5◦ ≤ α ≤ 5◦ to a positive gradient. This includes a reduced
nose down moment for α ≥ −1◦ .

5.2.2 Index visualization
In order to create a better overview over the different impacts of icing on the aerodynamic
performance for all icing cases, an index for the lift, drag, stall AoA and the moment shall be
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introduced at this point. Three discrete points are representing the iced airfoil performance for lift
and drag in comparison to the clean airfoil:
AoA 0 ◦ :

Smallest changes in drag compared to the clean airfoil and minor changes in lift

AoA 6 ◦ :

Start of increasing airfoil moment

Stall angle: Maximum spread between iced and clean airfoil
For the moment index, two different discrete points are chosen:
AoA 0 ◦ :

Small changes in moment compared to the clean airfoil

AoA 4 ◦ :

Limit of the linear AoA range of the clean airfoil – maximum spread to the clean
airfoil

For the stall angle index, the calculation consists only of the angle of attack to which the maximum
lift coefficient corresponds. The index for lift, drag, moment and stall angle is calculated with the
following equations:
Ilif t,drag
Imoment



∆Cl stall
∆Cl α0
∆Cl α6
1
+
+
=
3 ∆Cl stall max ∆Cl α0 max ∆Cl α6 max


1
∆Cl α0
∆Cl α4
=
+
2 ∆Cl α0 max ∆Cl α4 max

Istall angle =

∆αstall
∆αstall max

(5.1)
(5.2)
(5.3)

All max-values (denominators) represent the difference between the clean airfoil value and the
worst-case performance within all icing cases for the certain AoA. The numerator values are the
difference between the clean airfoil performance and the respective value of the current icing case.
As a result, the fractions and the overall index can result in values between 0 and 1. An index
value of 1 represents the maximum performance degradation, as maximum deterioration of lift or
maximum increase in drag or moment, whereas a value of 0 would indicate no difference to the
clean airfoil performance.
Figure 5.9 shows the index distribution for the complete range of investigated meteorological
conditions as a color value. The index values of the areas between the actually investigated icing
conditions are determined with a piecewise bi-linear interpolation. Therefore, the overall parametric
space is distributed into smaller areas, each limited by four investigated conditions. The index
value is interpolated across each face, based on the discrete values at the corners. This approach
provides a valuable insight on the influence of various meteorological conditions on the aerodynamic
performance which was the intention of this work. It visualizes how severe different icing conditions
are in comparison to each other and where to expect worst-case icing conditions.
The results for the lift and drag coefficient clearly show that the worst performance degradation
can be found at temperatures close to 0 ◦ C to which a high liquid water contents corresponds and
generally smaller droplet sizes. The most uncritical conditions are identified at generally low LWC
at low temperatures and large droplet sizes. The results further show that low temperatures, to
which low LWC values correspond, have only small impact on the performance independently from
the droplet size. At temperatures close to freezing however, different droplet sizes contain a larger
range of LWC and therefore show different impact on the performance, depending on the prevailing
MVD. The index visualization for the moment shows a distribution closely related to the one for
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Figure 5.9: Index visualization of the RG-15 airfoil performance degradation for (a) lift, (b) drag,
(c) moment coefficient and (d) stall angle.

lift and drag. The most severe icing conditions that result in highest lift reduction and highest drag
increase also show the largest increase of the moment. The overview for the stall angle shows a
distribution closely related to the one for lift, drag and moment coefficients. At small droplet sizes
however, the simulations predict similar changes to the stall angle for all four different temperatures,
whereas for the lift, drag and moment lower temperatures show less impact on the performance.
Again as previously mentioned, the validity of data regarding the stall angle is limited due to the
resolution of angles of attack. The results still give a good first insight to the general influence of
different weather conditions on the stall angle.

5.3 Uncertainties and future work
Besides the discussion of results in the previous sections, at this point, further uncertainties of this
work shall be discussed with regard to future work on this topic.
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None of the simulation results for both ice accretion and performance have been validated by
experimental data. The validation results show strong indications that the simulation model
is capable of capturing the ice accretion process and the airfoil performance for different icing
conditions correctly. However, due to the lack of experimental data at higher Reynolds numbers
the validation results still contain limitations, because the relation of inertia to viscous forces is
different for the validation data, which affects the modeling of the boundary layer and ultimately
the calculation of aerodynamic forces. Additional wind tunnel tests would be necessary to validate
the simulation results of this work, especially with regard to the specific Reynolds number and the
deviation between simulation and wind tunnel results that has been found within the validation
of the iced airfoil performance prediction (ref. to Fig. 4.5 in Sec. 4.2.2). The experimental data
in comparison to the simulation results would also give further insight on the suitability of the
SA turbulence model to predict the aerodynamic performance for severely iced airfoils. Regarding
the fully turbulent boundary layer setup for iced airfoils in this work, the wind tunnel tests could
provide new information, if laminar flow should be considered for the simulations and how large the
effect of not considering laminar flow is.
Regarding the simulation of ice accretion, only a monodisperse droplet size distribution and the ice
accretion process at only one angle of attack of 0 ◦ are considered. A monodisperse distribution of
droplet sizes is not likely to be found in reality. The Advisory Circular No 20-73A from the FAA
suggests using a Langmuir-D distribution for droplet sizes up to 50 µm for the icing certification of
manned aircraft [11]. Since FENSAP-ICE already provides the Langmuir-D distribution within
DROP3D, further simulations using the FAA’s suggested distribution could give insight on the effect
of differently distributed droplet sizes. Also a constant AoA of 0 ◦ is not realistic for a stationary
flight. An actual average AoA for stationary horizontal flight or even a dynamically changing AoA
for a specific flight mission would consider different airflow situations on the airfoil. This would
subsequently influence the ice accretion process and might yield more realistic ice shapes. Therefore,
more extensive tests in icing wind tunnels and flight tests in icing conditions could provide useful
data on the evaluation of the accuracy of the ice accretion simulation model.
Evaluating a two dimensional airfoil instead of a complete three dimensional wing, enabled the
investigation of 16 different icing conditions at the given time frame. Especially the computational
costs for the simulation of ice accretion are increasing significantly for a large 3D wing, due to
the fine grid resolution that is required around the leading edge. However, this setup includes
common limitations that are involved for a 2D airfoil investigation. In terms of drag this means,
only frictional forces and form drag is considered but no induced drag. An icing simulation of a 3D
wing and a comparison to the results of this work could be used to study possible effects of icing on
the induced drag and might provide new information to improve the accuracy of numerical methods
to predict icing effects.
Finally, the evaluation of iced airfoil performance mainly concentrates on positive AoAs up to the
stall at high AoAs. Depending on the design of the UAV and it’s operational flight envelope an
investigation of negative AoAs and stall at negative AoAs might be of interest. If additionally a
precise prediction of the stall angle is desired, further simulations with smaller steps of AoA are
required to increase the resolution of results near the maximum lift coefficient.
These uncertainties show that precise validation of the simulation models with suitable experimental
data, the investigation about a possible influence of laminar flow and the consideration of further
meteorological characteristics, such as droplet size distribution, are the main challanges for future
work in order to increase the fidelity of the numerical data. Subsequently, the refined simulation
models could be used to focus more on the effect of icing in critical icing conditions to increase the
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resolution of results in this area. Due to the aim of covering a large range of icing conditions, this
work probably only partially represents the most critical meteorological conditions.

5.4 Relevance of the simulation results for an IPS development
After the presentation and discussion of the results, this section is intended to point out the relevance
of the findings of this work for the development of a icing protection system for small fixed-wing
UAVs.
The knowledge about the influence of different icing conditions on the aerodynamic performance
can be used for the adaptation of flight controllers and control systems of icing protection systems.
Based on the results for lift, drag, moment and stall angle, flight controllers could adapt the flight
envelope according to the present icing conditions to maximize the aircraft’s aerodynamic efficiency.
In terms of adapting IPS control systems, the results provide useful information to maximize energy
efficiency for example of a promising concept for an electro-thermal icing protection system with
fully autonomous icing detection for UAVs, presented in [38] and [22]. The icing detection system
operates intermittently to detect possible ice accretion. With the additional information on the
influence of different icing conditions, the ice detection frequency could be reduced in less critical
conditions to save electrical energy.
Further, the identification of a worst-case icing condition at −2 ◦ C / MVD 20 can be used for the
design process of an IPS system. With the meteorological conditions that lead to the greatest
performance degradation further simulations and wind tunnel tests can be conducted to determine
the maximum heat flux of the icing protection system that is required to protect the airfoil in
worst-case icing conditions. Additionally, as stated in [20], the identification of the critical icing
design cases is an important task for the development of an UAV IPS. With the worst-case icing
condition identified at −2 ◦ C / MVD 20 and the knowledge about the severity of various icing
conditions this study provides new information that can be used in the decision process on when
and how to operate the IPS. This includes either operating the IPS running wet, which allows liquid
water on the surface, or fully evaporative where no liquid water remains on the surface and also
if the IPS is operated as anti-icing system that prevents icing completely or de-icing system that
allows some accretion of ice before being removed.
The implementation of the current results in the development process of an IPS is an important
task for the future, since it helps identifying where further and/or more precise data are required
to successfully define the IPS requirements and realize them. This would for example provide
new information about how many additional icing conditions need to be investigated to reach a
sufficient database for a successfull IPS development. It would also reveal what customizations or
supplementary investigations are required to apply the results to a specific UAV, other than the
PX-31.
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In this work, a large parameter study has been performed in order to investigate the influence of
different meteorological conditions on the aerodynamic performance of a UAV airfoil. Therefore,
CFD simulations were used to predict the ice accretion and the aerodynamic performance of a 2D
airfoil. The investigated airfoil is the RG-15 laminar airfoil that is used by the PX-31, a fixed wing
UAV with 3.2 m wingspan.
In total, 16 different icing conditions have been investigated. The conditions largely cover an icing
envelope by the Federal Aviation Administration in CFR 14, Part 25, App. C that applies to
the certification of large aircraft. Generally, these FAA requirements include two different icing
envelopes, applicable for intermittent and continuous icing at different cloud ceiling heights. The
envelope used within this work applies for cloud ceiling heights from 22 000 ft (6 700 m) down to sea
level, thus including low flight altitudes of small UAVs. Each of the 16 icing conditions is defined
by the droplet size, the median volume diameter and the air temperature to which a liquid water
content corresponds. Four different temperatures at four different droplet sizes are investigated,
covering a a temperature range of −30 ◦ C to −2 ◦ C, a median volume diameter range of 15 µm
to 40 µm and the corresponding liquid water content of 0.038 g/m3 to 0.760 g/m3 . The icing
duration for all icing conditions is set to 21.5 min, considering the cruising speed of the PX-31 UAV
and the maximum horizontal cloud extend, which is also defined in the FAA requirements.
For all simulations, ANSYS FENSAP-ICE (version 2019 R1) software was used. The process of
ice accretion is calculated by the three modules FENSAP, DROP3D and ICE3D of FENSAP-ICE.
FENSAP is the CFD solver that acquires the airflow solution. DROP3D calculates the distribution
of water on the airfoil’s surface, based on the airflow solution and ICE3D determines the ice accretion
based on the FENSAP and DROP3D results and creates a new grid that includes the ice geometry.
For the whole icing duration the three modules run in multiple loops. Thereby, ice on the airfoil
from previous loops is considered for the following calculations of the airflow solution by FENSAP.
For the subsequent calculation of aerodynamic performance, only the FENSAP module was used in
a second simulation model.
For all simulations, FENSAP was set up to calculate the steady flow solution by solving compressible
Reynolds averaged Navier-Stokes (RANS) equations. Turbulence is modeled by the one-equation
Spalart-Allmaras model. The boundary layer was set up fully turbulent for simulations that include
ice on the airfoil. Only for simulations of the clean airfoil laminar flow with fixed transition location
was initialized. XFOIL was used for obtaining the transition locations. For the validation of the
aerodynamic performance of the clean airfoil one additional simulation has been performed with
the k-ω-SST and a local correlation-based intermittency transition model to compare the results of
the two different turbulence models.
The numerical grids were created with Pointwise (version 18.2). For the simulation of clean and
iced airfoil performance two grid dependency studies have been performed, to ensure independence
of the aerodynamic coefficients from the grid resolution. For the simulation of ice accretion instead
of a grid dependency study a timestep-study was performed, since the focus was not on precise
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calculation of aerodynamic coefficients, but on capturing the ice shapes correctly. Therefore, the
number of loops of the previously presented modules was varied in order to evaluate the different
resulting geometries. With regard to the geometry output and the simulation time, a setup with 15
steps, where the first step covers 30 s and the following 14 steps cover 90 s each, was chosen.
Both simulation models were validated with literature data of wind tunnel tests. The simulation
results for the ice accretion were compared to experimental data of two different icing conditions,
rime ice at −15 ◦ C / MVD 20 µm and glaze ice at −2 ◦ C / MVD 30 µm. These specific conditions
were selected because they show completely different shapes. Rime ice at low temperatures is
characterized by a streamlined shape and a rough surface, where all impinging ice freezes instantly,
whereas glaze ice at temperatures close to freezing shows an irregular but smoother surface with
icing limits further back on the airfoil, due to water that does not freeze instantly and runs back
on the surface before freezing. The simulation showed good capability of capturing the general ice
shape at the different icing conditions. The numerical results further showed good agreement to
the experimental data for the icing limit on the lower surface of the airfoil and the ice extend in
x-direction. On the upper surface, the simulation predicted the icing limits further towards the
leading edge compared to the wind tunnel tests in both cases. It is expected that this has an influence
on the aerodynamic performance results of numerical data in comparison to the experiments but
is accepted, since the numerical calculation enables a cheaper opportunity to investigate a large
number of icing conditions, whereas wind tunnel tests are more expensive.
The simulation results for the prediction of aerodynamic performance were compared to wind tunnel
data of a clean and an iced airfoil. In case of the iced airfoil, no suitable data could be found for
an iced RG-15 airfoil, hence wind tunnel data for an iced NREL S826 airfoil at a low Reynolds
number of Re = 400 000 were used. The simulation results for the clean airfoil revealed good
agreement to the experimental data. The two different turbulence models showed small differences
at high angles of attack in their stall prediction. The SA model predicts a higher maximum lift
coefficient at a higher stall angle compared to the k-ω-SST model, but both within close range to
the experimental results. The drag results confirmed good fit of both simulations with the wind
tunnel data. Again differences between the turbulence models could be seen at AoAs >7◦ , where
the k-ω-SST model predicts higher drag as the SA model. For the iced airfoil the simulation results
fit to the experimental results for small AoAs but deviate for larger AoAs, where the simulation
predicts a lower lift gradient and lower maximum lift coefficient. Also the drag is under-predicted
for all AoAs by the simulation, but the general behavior over the complete AoA range is similar to
the experimental results. The high turbulence intensity and large flow separations at the leading
edge due to the very severe icing case with ice horns in combination with the SA turbulence model
is suspected to be the reason for the diverging results. However, the simulation showed good
convergence behavior at all AoAs and no indication that an unsteady flow solution is required.
Therefore no final explanation for this deviation was found. Since the ice shapes of the all 16
conditions of this study did not show that severe icing and no horn protrusions, less significant
flow separations at the leading edge were expected and the results of the simulation model were
considered acceptable.
After the validations, the ice accretion was simulated for all 16 different icing conditions. The
simulations show the largest ice masses for glaze ice cases at temperatures close to freezing that
include high amounts of liquid water. The overall highest ice mass was found at a temperature
of -2 ◦ C and a droplet MVD of 20 µm. Lower temperatures result in more streamline shaped ice
and lower masses. At the largest investigated droplet size of 40 µm all temperatures, even close to
freezing lead to rime ice with a streamlined shape and the lowest ice masses. The reason therefore is
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that increasing droplet sizes can only contain a decreasing range of liquid water content according
to the icing envelope. At the largest droplet size the LWC has decreased to a value where all water
freezes instantly on impact.
Based on the ice accretion results, the aerodynamic performance was simulated for all iced airfoils
and compared to the clean airfoil performance. The results showed that icing decreases the maximum
lift coefficient and increases drag and airfoil moment in all icing conditions. The greatest degradation
of performance was found for glaze ice cases with rough and uneven surfaces that disturb the airflow
the most. The glaze ice cases also include the greatest reduction of the stall angle, whereas icing
cases with a very streamlined shape show only small to no reduction of the stall angle. For a
better overview of the influence of the different meteorological conditions, a dimensionless index,
representing the performance degradation, was introduced. It is defined by the difference of lift,
drag, airfoil moment and stall angle of the iced airfoils to the clean airfoil for several angles of
attack to cover a larger range of AoAs. The index includes values from zero to one, where a value
of one indicates the maximum degradation found within all 16 icing conditions and a value of zero
indicates no change to the clean airfoil performance. The index values are then interpolated via
bi-linear interpolation between all investigated conditions to give an estimated influence of the
complete range of conditions. This index visualization showed that the most critical icing conditions
can be expected at high liquid water contents that correspond to temperatures close to zero and
smaller droplet sizes. The worst case performance degradation was identified at -2 ◦ C / 40 µm, the
same condition that lead to the highest ice mass. The overview also shows, that icing conditions at
low temperatures and low LWC values, independently from the prevailing droplet size, have only
little impact on the aerodynamic performance.
Regarding the development of an icing protection system (IPS) for small fixed-wing UAVs, these
results provide important new information. The worst case icing condition can be used for further
simulations and wind tunnel tests to determine the maximum heat flux that is required for an
electro-thermal IPS system to de-ice the airfoil in the most severe icing conditions. Additionally
an automatic intermittently operating icing detection system can use the knowledge on where to
expect worse or less severe icing conditions to reduce the frequency with which icing is detected to
optimize the energy consumption of the system.
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