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Abstract

Unmanned aerial vehicles are an emerging topic. They see increased use all over the
world. Their use in geographic areas with cold climatic conditions causes new chal-
lenges. One particular challenge occurs when ice accumulates on the aircraft. Ice can
accumulate when the aircraft flies through clouds with supercooled droplets. This phe-
nomenon is called atmospheric icing. Icing has a negative influence on many components
of the aircraft. Because icing on unmanned aerial vehicles is not understood completely,
further research is necessary. For this purpose, experiments in special wind tunnels need
to be done. To offer such a facility, this thesis was done to design a new wind tunnel for
icing experiments on unmanned aerial vehicles.

The thesis starts with a short introduction into the topic. Afterwards, a literature
review is given. Some general basics are presented that help to understand the other
topics. The wide area of unmanned aerial vehicles is introduced and a more narrow part
of the spectrum is selected that plays an important role in this thesis. A presentation
of the topic of atmospheric icing follows. The physical background and possible effects
are named as well as possible protection systems. The last part of this chapter is based
on wind tunnels, their design, and the special needs of wind tunnels for icing experiments.

The third chapter contains the requirements and equations that were used during the
design of the wind tunnel and all related considerations. This also includes the behavior
of droplets in an icing wind tunnel and the pressure losses. Furthermore, the foundation
for the calculation of the necessary cooling power of the wind tunnel is given.

The results are presented in the fourth chapter. First, the final design of the icing
wind tunnel is presented. Then the characteristics of droplet flows inside this wind
tunnel are calculated to achieve insight into the quality of the wind tunnel design. An
overview of the pressure losses and the produced heat is given, divided into the single
terms that are relevant. Finally, the results of a CFD simulation are given that was done
to be able to check the quality of the design with a more powerful tool.

The last part of this thesis presents a short discussion of the results found during the
work and provides recommendations on possible actions that should be done in the
future.
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1 Introduction

1.1 Background & motivation

Even beyond classic passenger and freight transport, aircraft offer a wide range of pos-
sible uses. From the air, reconnaissance, surveillance, and search and rescue missions,
especially of large areas, are often much easier than from the ground. Nevertheless,
manned aircraft are not always the best choice for these applications. Sometimes un-
manned aerial vehicles (UAVs) may be able to fulfill the task in comparable quality
but cheaper and safer. For some missions UAVs even have huge advantages compared
to manned aircraft. This is because the weight of a pilot can be saved and the design
does not need to take a pilot into account. Hence, UAVs can be built much smaller
than manned aircraft. Because of all these reasons, UAVs are experiencing increased
popularity.

The use of UAVs in colder regions is however difficult. This is because the aircraft
might experience icing. Icing occurs in clouds with supercooled liquid droplets. There-
fore an aircraft can experience large accretions of ice on the whole vehicle if it flies
through clouds under icing conditions without any protection system. These ice accre-
tions can lead to severe problems, for example significant losses in aerodynamic perfor-
mance if the ice accumulates on the airfoil as presented by Bragg et al. [1]. All impacts
of ice accretions reduce the capability of the UAV or can even cause the aircraft to crash.
Therefore, the risk of icing leads to a limitation in the use of UAVs. Even with an ice
protection system, the deployment or flight in icing conditions is often associated with
high risks.

Icing is not limited to UAV operations but also influences manned aircraft, see Kind
et al. [2] or Peck et al. [3]. However, manned and unmanned aircraft are different in sev-
eral characteristics. For example, UAVs are normally smaller and fly slower than manned
aircraft. Therefore, manned and unmanned aircraft operate in different Reynolds num-
ber regimes. The difference in Reynolds number affects the accretion process and the
consequent performance penalties, see Szilder and Mcllwain [4] and Hann [5]. There-
fore, a direct transfer of icing on manned aircraft to icing on unmanned aircraft is not
possible. This is also why an implementation of the existing ice protection systems for
manned aircraft into UAVs is not possible without an in-depth analysis, see Hann and
Johansen [6]. The ice protection system must first be adapted to different characteristics
of the UAV, e.g. the typically smaller size than manned aircraft.
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1.2 The scope of the thesis

In-flight tests in icing conditions can be dangerous and it can be difficult to find icing
conditions in nature. This and the wish for a better understanding of ice accretion pro-
cesses on UAVs lead to the desire of having suitable icing wind tunnels. These wind
tunnels shall be capable of providing realistic icing conditions and the necessary dimen-
sions to test full-sized parts of a UAV. While some icing wind tunnels exist today, most
of them are designed for manned aircraft. UAVs are typically smaller and operate at
lower speeds. Therefore, it is often not possible to test icing on UAVs under realistic
conditions in the existing icing wind tunnels. This thesis shall explore the design con-
siderations for a low-speed icing wind tunnel that is capable to fit a real UAV airfoil and
produce conditions typical for UAVs and icing conditions.

1.3 The outline of the thesis

The basics to understand icing and the special issues of unmanned aerial vehicles are
given in Chapter 2. This chapter also contains an introduction into wind tunnels and
icing wind tunnels. The methods used to develop the components of the wind tunnel are
introduced in the third chapter. Chapter 3 also contains the necessary steps to calculate
the behavior of water droplets inside the wind tunnel. The final design of the wind tunnel
and its environment are presented in Chapter 4. Also the results of droplet calculations
are presented in that chapter. A discussion about the results and a recommendation on
further work can be found in Chapter 5.



2 Background

In this chapter, the necessary basics for the thesis are presented. First, the topic of
atmospheric icing is introduced. Afterwards, the necessary knowledge of flow dynamics
as well as droplet behavior is presented. After this, there is a definition for the term
UAV and a short overview of different designs and possible areas of operation. A spe-
cial concern are the differences between manned and unmanned aircraft and how these
differences influence icing. This is followed by a short explanation on wind tunnels and
different design options in general, and a special look on changes that need to be made
to transform a conventional wind tunnel into an icing wind tunnel.

2.1 Atmospheric icing

An objective for every aircraft, no matter if manned or unmanned is to be able to operate
also under bad weather conditions. One potentially hazardous weather condition for
aircraft is icing. A physical description of the icing process was given by Kind et al. [2].
Their description shall be summarized in the following paragraphs.

2.1.1 Basics of atmospheric icing

In-cloud icing or just called icing might occur once an aircraft flies through a cloud with
supercooled liquid water droplets. For the presence of supercooled droplets, the ambient
temperature needs to be below the freezing temperature that is 0°C for water. If these
supercooled droplets are too big to follow the streamlines around the body, they will
hit the surfaces that are facing upstream as can be seen in Figure 2.1. This can have

Figure 2.1: Trajectories of droplets around a leading edge. Adapted from Hann and
Johansen [6].
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effects at several parts of the airplane, e.g. the propellers, the wings, the pitot tubes, or
sensors. However, this thesis will solely focus on icing on the airfoils.

The impacting droplets may either freeze completely or partially, depending on the
heat balance in the impact region. This heat balance is formed by multiple terms, but
two have a major influence. When droplets freeze, the enthalpy of fusion gets set free and
tends to warm the surrounding. On the other side, due to convection, heat is transferred
from the surface towards the colder surrounding air. Three cloud parameters play an
important role in the question which term is bigger: The ambient temperature, the liquid
water content (LWC), and the median volume diameter (MVD). The LWC is a measure
of the amount of water in the cloud. It can be interpreted as a kind of density and is
noted in mass per volume. The MVD is the diameter where 50% of the whole volume
of all the droplets is made up of bigger droplets and 50% of smaller droplets. Therefore
the MVD is a diameter representative for the different droplet sizes in the droplet cloud.

For problems with low LWC and/or temperatures well below 0 °C, the convective heat
transfer is high enough to transport away the heat that is released when the droplets
freeze. Therefore the temperature of the surface and the accumulated ice stays below
0°C and the droplets freeze entirely when they hit the surface. This case is known as
rime ice. The shape of rime ice is rather simple as the droplets just freeze where their
trajectory hits the surface. A characteristic of rime ice is its rather milky look that
can be seen in Figure 2.2(a). This milky look arises because air is trapped between the
freezing droplets and the surface.

(a) Typical look of a rime ice case. Adapted (b) Typical look of a glaze ice case. Adapted
from Hann and Johansen [6]. from Hann and Johansen [6].

Figure 2.2: Examples for different ice cases.

In cases of temperatures just slightly below the freezing temperature and/or high
LWC, the temperature of the ice is around 0°C and just a part of the droplet freezes
when hitting the surface. The other, still liquid, part runs back on the airfoil and may
eventually freeze downstream. This behavior is even more probable for high MVDs.
This is because then the droplets have a higher mass and the enthalpy of fusion is much
larger. This case is called glaze ice. Because of the runback water, it has a much more
complex shape and it looks clear as just few air is trapped inside as can be seen in Figure
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2.2(b). Often in real flights, the aircraft will experience a case between glaze and rime
ice. This case is called mixed ice.

The European Aviation Safety Agency [7] (EASA) has certification guidelines for air-
craft. If a company wants an aircraft to be certified and be allowed to also start and fly
during icing conditions, the aircraft needs to be able to deal with specified icing condi-
tions. The EASA works closely with the Federal Aviation Administration on the topic
of icing and both agencies have the same rules for icing conditions. As no certification
guideline is available for UAVs, typically the guidelines for large passenger transport
aircraft are used. The certification guidelines of the EASA consist of a continuous and
an intermittent maximum the aircraft might experience. To describe the icing surround-
ing, the EASA uses three different parameters. These parameters are the already stated
ambient temperature, the LWC, and the MVD. The parameters of the maximum icing
conditions an aircraft might experience are visualized in Figure 2.3(a) for the continuous
case and in Figure 2.3(b) for the intermittent case. While the values are higher for the
intermittent case, clouds with these more severe conditions are typically smaller. Nev-
ertheless, to obtain a complete coverage of icing conditions, these parameters have to
be fulfilled. The icing conditions contain MVDs between 15 ym and 50 pm and LWCs
up to almost 3gm™3. Additionally, the figures show that the LWC the aircraft might
experience is much higher for temperatures around 0°C than for lower temperatures.

1. Pressure altitude range, 1200m to 6700m (4,000 to 22,000ft)
2. Horizontal extent, standard distance of 2.6 nautical miles.

1. Pressure altitude range, SL. to 6700m (22,000 fi) 3.0
2. Maximum vertical extent, 2000m (6,500 ft) =
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m 1.0 9 on
£ o9 = Mote: i
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(a) Maximum parameters of continuous max- (b) Maximum parameters of intermittent maximum
imum icing conditions. Adapted from Euro- icing conditions. Adapted from European Aviation
pean Aviation Safety Agency [7]. Safety Agency [7].

Figure 2.3: Icing conditions stated in the certification guidelines for aircraft for two dif-
ferent types of clouds.
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2.1.2 Typical ice shapes on airfoils

To understand why ice accretions can lead to big aerodynamic performance losses and
therefore influence the abilities of the aircraft, the next passages shall show the four
most typical ice shapes and how they change the aerodynamics of the airfoil. However,
as the major topic of this work is the design of an icing wind tunnel, the overview will
not go too much into detail. For further information see Bragg et al. [1], as this was also
used as the main source for the next passages.

At the beginning of the ice accretion, no matter whether it is glaze or rime ice, the
occurring phenomenon is called ice roughness. The ice will always be rough to a certain
degree. In this first phase, however, the surface is not yet covered in a way that the
shape of the airfoil is significantly changed. Therefore also the flowfield around the airfoil
is almost unchanged compared to an ice-free situation. The resulting rough zones are
three-dimensional and have a height typically larger than the boundary layer. Therefore
ice roughness can be thought of like normal surface roughness. If the roughness is high
enough, it may cause transition of the flow or even separation. This leads to less lift and
higher drag.

A typical shape for glaze ice conditions is a horn at the surface. A horn ice shape can
be seen in Figure 2.4. At the horn’s top, the flow will separate if the horn is too high and
if the pressure gradient is not favorable. The size of the separation zone behind the horn
and accordingly how huge the aerodynamic losses are, depends on several attributes,
for example the angle of attack, the height of the horn, and its location on the surface.
Horns on the lower surface just have an influence on the lift coefficient of low angles of
attack, but they add up to the drag in a significant manner and therefore can not be
neglected. An other problem arising with ice horns is that the induced separation zones
may fluctuate. Vortices develop behind the horns and the separation bubble moves with
the reattachment point varying over time.
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Figure 2.4: Typical ice shapes on an airfoil. Adapted from Hann and Johansen [6].

While horn shapes are typical for glaze ice conditions, so-called streamwise ice is
typical for rime ice conditions. The droplets just freeze where they hit the surface
and therefore form an ice shape that does not really change the shape of the airfoil
unless the accretion time is long. This shape can also be seen in Figure 2.4. Because
of the little change of shape, the aerodynamic effects are minor compared to the horn
shapes. Anyway, as there is a passage from the ice to the clean surface, an adverse
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pressure gradient may occur and lead to flow separations. The aerodynamic impact of
streamwise ice is however still much smaller than in the horn case. This is because a
separation does not occur on the leading edge but further downstream.

The ice shapes presented so far were all a result of the icing cloud itself. The fourth
shape is a result of the use of an ice protection system. Ice protection systems are
normally just in the region of the leading edge and therefore a huge part of the airfoil is
not heated or protected similarly. Once such a system is used but does not remove every
part of the incoming water, the remaining water will run back and may eventually freeze
downstream at a part of the surface that is not heated. An exemplary plot of how the
ice shapes may then look like is given in Figure 2.4. Because of the shapes it produces,
most of the time it is called spanwise-ridge ice. For the earlier mentioned horn shapes,
the boundary layer is not developed yet and the stagnation point of the flow might even
be at the horn. However, the spanwise ridges are located much farther downstream and
therefore see a boundary layer that might already have transitioned due to roughness on
the surface. The ice acts on the flow in a similar way an obstacle would do and causes
separation of the flow with vortices inside the separation and reattachment region. As
in the previously mentioned cases, this reduces the maximum lift and the stall angle,
while increasing the drag at the same time.

Depending on the ambient situation, an aircraft might accrete one or more of the
mentioned ice shapes during the flight through a cloud. While the different shapes form
for different reasons, all of them reduce the aerodynamic performance of the aircraft.
Numerical simulations by Fajt et al. [8] showed that a decrease of 35% in lift coefficient
and 33% in corresponding angle of attack as well as an increase of drag by 160% might
occur in the worst-case conditions for a continuous case. Experiments by Hann et al.
[9] also showed severe losses in the aerodynamic performance of an iced airfoil. These
performance losses and the risks of losing an aircraft are so high that often UAVs stay
grounded once they may experience icing conditions as reported by Peck et al. [3].

2.1.3 Ice protection systems

It is the goal to use aircraft also during weather conditions that are not perfect. There-
fore ice protection systems need to be introduced that allow flight under potentially
dangerous icing conditions at least for a short time.

Ice protection systems can typically be divided into two categories: de-icing and anti-
icing systems. As described by Lawson [10] de-icing concepts shed the ice once there is
more ice accretion than a specified threshold. Anti-icing devices are active continuously
and prevent the accretion of ice. There are a lot of different possibilities and this topic
is not of much importance for this work. Therefore, the works of Lawson [10], Hann
and Johansen [6] and Hann et al. [11] are recommended to get further insight into ice
protection systems. These literature contain a further overview of the techniques used
and how the necessary energy is provided.
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2.2 Basics about flow dynamics and droplet
behavior

Some knowledge is important for the understanding of the topic of icing on UAVs.

2.2.1 Flow dynamics

Every time air moves relatively to a body, certain flow phenomena occur. The region
close to the surface is of special interest. This is because directly at the surface, the
velocity is zero. Due to friction, the surrounding flow is also slowed down. Therefore
a region develops where the velocity is smaller than in the free stream. This region is
called the boundary layer.

An important parameter to characterize the flow behavior is the Reynolds number

_UL

Re = (2.1)

v
with a typical velocity of the air v, a characteristic length L of the body, and the kine-
matic viscosity v. The Reynolds number is an indicator of whether a flow is laminar or
turbulent. Laminar flows are well structured and regular. Turbulent flows are chaotic,
unsteady and three-dimensional. For low Reynolds numbers, the laminar flow effects
dominate. If the Reynolds number is increased, the flow will be transitional and finally
the turbulent flow effects will dominate. Laminar flows normally have a thinner bound-
ary layer than turbulent flows. However, the velocity profile of turbulent flows is steeper
at the surface than the velocity profile of a laminar flow. As the flow characteristics of
laminar and turbulent flows differ strongly, the Reynolds number plays an important
role in flow experiments and calculations.

Another dimensionless group that is often used to describe a flow is the Mach number

e v

Vs \/’)/RT
that describes the ratio of the local air speed v to the local speed of sound vg. The speed
of sound is calculated with the heat capacity ratio 7, the specific gas constant R, and
the local temperature T'. For M < 0.3, a flow can be considered to be incompressible
as stated by Anderson [12]. If a flow is incompressible, the substantial change of the
density (Dp/Dt) is zero.

If a flow around a body is no longer able to follow the contour, the phenomenon is
called separation. Separation can happen once the pressure downstream is higher than
upstream as explained by Anderson [12|. The flow then has to fight against this so-called
adverse pressure gradient. The air close to the wall has already a lower velocity than the
air outside the boundary layer. At a certain point, the flow might stop and change its
direction due to the adverse pressure gradient. This is called separation. As the velocity
close to the wall is higher in turbulent boundary layers than in laminar ones, turbulent
flows have a higher margin before they separate. Separation increases the pressure losses
drastically and is therefore normally not wanted. The point of separation is defined as
the position where the wall-normal gradient of the velocity is zero.

(2.2)
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If air flows through a duct, the continuity equation
pvA = const. (2.3)

describes the averaged air velocity v at every position in dependency of the air density p
and the area A of the cross-section. Essentially the continuity equation says that all the
air that enters a cross-section also has to leave it. If a flow is incompressible, the density
might be considered to be constant in the whole flow and can therefore be eliminated
from the continuity equation.

Equations for the calculation of flow properties for flows through ducts often require
the diameter of the duct. For ducts with a cross-section that is not circular, the hydraulic
diameter

4A
dp, = Iz
can be used instead. The area A of the cross-section and the length P of the perimeter
of the duct are needed to calculate the hydraulic diameter.

To have an idea about the characteristics of certain flow situations, either experiments
can be done or the governing equations can be solved. Solving the governing equations
analytically is possible for few, mostly rather basic cases. This is because the govern-
ing equations are nonlinear partial differential equations. With the improvements in
computer performance over the last decades, a new possibility arrived, the use of Com-
putational Fluid Dynamics (CFD). As CFD just played a minor role in this thesis, just
the basics of CFD simulations will be explained. For a more thorough introduction into
the topic, Versteeg and Malalasekera [13] can be checked.

The first step of a CFD simulation is to divide the geometry of interest into many
smaller geometries. The power of a CFD simulation is to transform the conservation
equations into algebraic equations and solve them with an iterative method for each
of the small geometries and combine the results. Many different iterative solvers and
models to decrease the complexity of the calculation can be used. As the computational
grid needs to be very fine to calculate turbulence without a model, the simulations would
need much computational power and time. Therefore turbulence is normally modeled.

To model turbulence, many different methods are known, see Versteeg and Malalasekera
[13].

(2.4)

2.2.2 Droplets

If a flow contains droplets, both the flow and the droplets will influence each other. The
influence of the flow on the droplets’ path can be formulated with Newton’s second law

F =ma (2.5)

that explains that the acceleration a of a body depends on the driving force F' and the
mass m of the body.

The temperature of the droplets is influenced by the temperature of the air flow. To
calculate the change of temperature of a droplet due to the air, a heat balance can be
done as explained by Gates et al. [14]. However, depending on the case, different heat
terms are relevant. The relevant heat terms will be discussed in section 3.3.2.
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2.3 Unmanned aerial vehicles

Summarized under the term unmanned aerial vehicle (UAV) are all kinds of aircraft that
are able to fly without a pilot on board. The vehicle might be piloted from a ground
station, navigate according to a programmed route or be able to autonomously adapt
its course.

2.3.1 UAV database

There is a wide range of different sizes and types of UAVs. To get a first impression
about the wide variety of UAVs, a database was created. To do so, information for 93
different UAVs that are used today, were used during the last decades, or are in the
final stage of production was collected. The information was found on the homepages of
the manufacturers or the US military, but also in scientific papers, newspaper articles,
and online articles. The database contains main information like the wingspan, the
maximum take-off-weight or the cruise speed of UAVs, but also chord lengths and the
airfoil profile where available. The database is printed in Appendix A.1 in a short form
with just the most important parameters. The complete form of the database with all
parameters can be found on the enclosed CD.

2.3.2 Design and missions of UAVs

While the smallest UAVs have dimensions of just a few centimeters and weigh much
less than a kilogram, large UAVs have proportions comparable to a small airliner like
the Airbus A320 or the Boeing 737. The type of the aircraft depends on the size and
especially the mission. Two different techniques are regularly used to generate lift. The
first one is a fixed-wing configuration. As it is the case for normal airliners, the wing
is fixed and rigid and the aircraft needs to have an additional source of thrust. An
example for a fixed-wing UAV is the PX-31 by Maritime Robotics that is shown in
Figure 2.5(a). The goal for many UAV missions is to stay in the air for many hours.
Good aerodynamics is important to fulfill this requirement. Therefore the wing design
is very important. The parameters that typically denote a wing are the wingspan, the
chord length, and the aspect ratio. The aspect ratio is the ratio of the wingspan to the
mean chord length of the wing.

As an alternative to fixed wings, rotary wings can be installed, as used for manned
helicopters for example. While a helicopter usually just has one rotor, UAVs might have
multiple rotors. UAVs with multiple rotors are often also called multicopters. The Agras
T16 by DJI is an example of rotary wing UAVs and is shown in Figure 2.5(b).

As already mentioned, the design of the UAV depends to a high degree on the missions
it shall be able to execute. Very small UAVs are usually of the rotary-wing type as a
fixed wing would be much wider to produce the same lift as the rotors. For larger
UAVs however, the fixed-wing type is much more common. In history, most of the
missions have been military, for example to transport and shoot missiles or for the
purpose of surveillance. But with better knowledge of UAVs and therefore cheaper
solutions, also governments, civil and customer applications play an increasing role.
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(a) The PX-31 by Maritime Robotics is an (b) The Agras T16 is an example of a rotary-
example of a fixed-wing UAV. Adapted from wing UAV. Adapted from DJI [16].
Maritime Robotics [15].

Figure 2.5: Examples for the different types of UAVs

Possible areas of usage are surveillance, search and rescue, atmospheric monitoring,
cargo, or as communications relay as summarized by DeGarmo [17]. These missions
lead to a wider range of UAV designs and areas of use. However, the most missions are
still endurance-driven. This means that the purpose of the UAV is to stay in the air for
a very long time. Further applications can be found in DeGarmo [17]. While in the past,
UAVs were used most of the time in rather warm areas, a lot of the stated applications
have great value all over the world.

2.3.3 Differences to normal aircraft

Although UAVs exist in a huge range of sizes, most UAVs are much smaller than typical
manned aircraft. But not just the size is different for manned and unmanned aircraft.
Because of their size, their different mission profiles and the lack of a pilot on-board,
UAVs have a lot of different parameters compared to manned aircraft as presented by
Hann and Johansen [6]. In this subsection, typical differences between UAVs with a
wingspan of a few meters and typical manned aircraft will be worked out. This is
important because of two reasons. First, the differences between UAVs and manned
aircraft lead to differences in the way the ice accumulates on each aircraft. Second, the
effects that the ice accretion has on the aircraft are different for manned and unmanned
aircraft because of their different characteristics as was explained by Hann and Johansen
[6].

Gent et al. [18] showed that smaller aircraft normally experience higher droplet im-
pingement rates. This is because the droplet trajectory is changed stronger by large
objects. As UAVs normally have smaller leading edge diameters than manned aircraft,
the droplet trajectories are changed less for UAVs than for manned aircraft. Therefore
more droplets hit a UAV than a manned aircraft. Additionally, the typically smaller
chord lengths of UAVs lead to the phenomenon that the ice accretes over a larger part
of the airfoil than it is the case for larger aircraft. Because a larger part of the aircraft
is covered with ice for smaller aircraft than for bigger ones, also the weight of the ice
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accretion compared to the weight of the aircraft is often higher for smaller aircraft.

Manned aircraft typically travel at much higher velocities than unmanned aircraft.
This is because many UAV missions are endurance driven and the endurance increases
with lower speeds. This has multiple effects. First, higher speeds lead to higher aerody-
namic heating. Aerodynamic heating is the effect of the heating of a surface due to a flow
being decelerated close to it. According to Anderson [12], the aerodynamic heating rate
varies with the cube of the velocity. The velocity of manned aircraft is therefore often
high enough to prevent icing if the air temperature is not too low. Due to the lower speed
of most UAVs, aerodynamic heating however is typically negligible for UAVs. A second
effect of lower speeds is that the aircraft flies through a smaller amount of air at the same
time span and therefore typically accumulates a smaller amount of water at the same
time. However, because of the lower velocities also the time an aircraft spends inside
icing conditions normally increases and therefore counterbalances this second effect.

As both the size and the speed of UAVs is typically lower than the values of manned
aircraft, also the Reynolds number is lower for the flights of UAVs. Simulations by Szilder
and Mcllwain [4] showed that decreasing Reynolds numbers lead to a smaller mass of ice
that accretes on a body. However, the size of the ice accretions compared to the size of the
aircraft is bigger for lower Reynolds number. Therefore the aerodynamic performance
suffers more for aircraft with lower Reynolds numbers. This was also researched by
Hann [5] and Hann and Johansen [19]. Additionally, the lower Reynolds numbers lead
to longer laminar parts of the flow over the airfoil. As explained, laminar flows are
more prone to separate. As one of the effects of the ice shapes normally is to encourage
separation, laminar flows are even worse for these ice shapes.

The altitude of UAVs can vary a lot. While some UAVs operate just a few meters above
the ground, others fly much higher than typical airliners. Therefore, finding a typical
altitude is almost impossible. However, Gent et al. |18| state that a height of about
3000 ft to 5000 ft (900 m to 1500m) is the most dangerous concerning icing conditions.
The typical cruise altitude of airliners of about 30,000 ft to 40,000 ft (9000 m to 12,000 m)
is less severe for icing. This is because the temperatures in these heights are much lower.
Therefore, fewer supercooled droplets are in the air, but more ice crystals. These ice
crystals lead to other problems for aircraft but are not reviewed in this work. Hence,
aircraft at lower altitudes are more prone to see problems with icing.

Another point that arrives with the flight without a pilot on board is that the icing
situation must be recognized by sensors. Especially if the UAV is flying completely
automatically, the aircraft must be able to recognize autonomously the icing conditions
and find the correct solution on its own. As ice can also accrete on sensors and make
them worthless, UAVs are much more prone to crash than manned aircraft where a pilot
can maybe recognize problems with sensors in time and may be able to act in time to
secure the aircraft.

2.4 Wind tunnels

While more detailed CFD simulations are possible nowadays due to increasing compu-
tational power, wind tunnels are still needed to test and validate components or even

12



2 BACKGROUND

complete aircraft. They offer the possibility to do measurements at the parts of an air-
craft in a controlled environment. This controlled environment leads to a big advantage
of icing tests in wind tunnels compared to icing tests in nature. While in nature the
tests can be done only when icing conditions exist, the conditions can easily be set in a
wind tunnel.

2.4.1 Basics of wind tunnels

(a) Schematic look of an open-return wind tun- (b) Schematic look of a closed-return wind
nel. Adapted from Barlow et al. [20]. tunnel. Adapted from Barlow et al. [20].

Figure 2.6: Examples for the different types of wind tunnels

Wind tunnels are devices that cause air to flow past a test object. For most cases,
this leads to similar characteristics of the flow field as if the object was moving through
air. Therefore wind tunnels are a great possibility to perform measurements on objects
moving through air like cars, trains, or aircraft. Normally wind tunnels are characterized
by two different classes. An open-return wind tunnel sucks air from the surrounding.
This air flows through the wind tunnel and is then blown into the surrounding again as
can be seen in Figure 2.6(a). The open-return wind tunnel can be either placed outside
where it has to deal with wind influences or inside a room where sufficient clearance
from the walls must be ensured. The other option is to have a wind tunnel of the
closed-return type. Closed-return wind tunnels have a return section through which the
air circulates continuously while the wind tunnel is working as can be seen in Figure
2.6(b). Barlow et al. |20] list some advantages for each of the two types. An open-
return tunnel is typically smaller in space. This also leads to less initial costs for an
open-return wind tunnel as it consists of less structure. Furthermore, it is also better for
visualization experiments as it sucks fresh air and does not just recirculate the air inside
the tunnel. However, due to the return section, with a closed-return tunnel, the flow
quality can be controlled better and less conditioning is needed. Additional advantages
of a closed-return wind tunnel are that they need less power and that they are typically
less noisy.

The second distinguishing criterion of a wind tunnel is the section that contains the
test object. While it was either a closed or open duct in the past, over the last years
slotted walls have seen increased use. Open test sections allow easier access to the model
and offer some advantages in bluff body aerodynamics. For aeronautical experiments,
a closed test section is often more reasonable. Because open test sections suck air from
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the surrounding that was not accelerated before, the power need is higher for open than
for closed test sections.

In the following paragraphs, the most typical parts of a wind tunnel and their tasks
shall be presented. This passage is based on the work of Barlow et al. [20]. This book
can also be recommended for further and more detailed research on the topic of wind
tunnels.

The most important part of a wind tunnel is its test section. The test object and
all the measuring equipment is mounted inside the test section. The goal is to be
able to use the largest possible part of the test section for the experiment. Otherwise,
the construction and energy costs would be higher without any need. Therefore the
conditions inside the test section have to be constant over a large part of the cross-
section to have comparable conditions over the whole area in which the measurements
take place. Not only spatial uniformity of the conditions is important, but also temporal
uniformity. To ensure this, there should not be any separation inside the wind tunnel.
Additionally, the power unit and the cooling unit have to be strong enough to keep the
volume flow and the temperatures constant. As turbulence can have a strong influence
on the results of experiments, normally the aim is either a design with as less turbulence
as possible or a design with a specified turbulence level. The test section is usually of
the closed type. If the test section is closed, most of the time its cross-sectional shape
is either rectangular or circular.

A contraction is placed upstream of the test section. Due to acceleration through
this nozzle, variations in velocity decrease. This is however not the main reason for
placing a contraction upstream of the test section. Upstream of the nozzle are flow
conditioners. To reduce their pressure losses, the velocity should be low. Therefore an
acceleration between the flow conditioners and the test section is needed that is provided
by the nozzle. While a 1D-analysis indicates falling pressure and therefore no risk of
separation, it is different in reality. Regions with increasing pressure will occur near the
wall in the area of the beginning and the end of the nozzle. This leads to the need for a
good design of the nozzle because separation reduces the flow quality.

The mentioned flow conditioners can be divided into honeycombs and screens. Both
are placed inside a part with constant cross-section that is called settling area because
of the low speed inside. Honeycombs are small pipes inside this section. As the flow has
to go through those narrow pipes, the velocity component normal to the pipe is reduced
and the flow is straightened into the direction of the test section. According to Barlow
et al. |20], the most common honeycombs are either round, square, or hexagonal. Those
shapes can also be seen in Figure 2.7(a). Screens on the other side are grids consisting of
regularly arranged thin wires as can be seen in Figure 2.7(b). The non-uniformity of the
flow is reduced over a screen because the flow resistance is higher for higher velocities
than for low velocities. A downside of screens is that they are responsible for rather high
pressure losses.

Downstream of the test section is the diffuser which is of diverging cross-section.
The divergence is placed at this position to have a good pressure recovery and therefore
fewer pressure losses in the wind tunnel. If the increase in cross-section is too big over a
short length, the diffuser might experience separation. This will reduce the flow quality
in the test section and might lead to unsteadiness. Barlow et al. [20] however state
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(a) Different options for honeycombs. (b) Schematic of a turbulence screen. Adapted
Adapted from Kulkarni et al. [21]. from Arifuzzaman and Mashud [22].

Figure 2.7: The typical flow conditioners.

that separation can be accepted to a small degree as the upstream impact is usually
negligible.

As pressure losses take place all over the length of the wind tunnel, a power unit
is needed. Additionally, this fan is required to force the air through the wind tunnel.
In open-return tunnels, this power unit is either placed downstream of the diffuser or
upstream of the settling area. The installed fan shall balance the pressure losses and
provide a steady air flow through the wind tunnel.

In a closed-return wind tunnel, the return duct will follow after the diffuser. The
return duct consists of corners and ducts to connect the end of the diffuser and the
beginning of the settling area. Also, the power unit is placed somewhere inside the
return duct, often after the second of four corners.

2.4.2 Icing wind tunnels

Icing wind tunnels contain two new components compared to common wind tunnels as
explained by TEA Wind Task 19 [23]. A spray system needs to be included to inject
water droplets into the wind tunnel. Furthermore, extra cooling is required to cool
the tunnel to subzero temperatures. Closed-return tunnels often have heat exchangers
included in their channel to cool the fluid constantly. Open-return tunnels need to have
external cooling and are therefore often placed inside a climate chamber that provides
the necessary cooling power.

Today already several icing wind tunnels exist. A list with all icing wind tunnels
was compiled by IEA Wind Task 19 |23|. However, most of those wind tunnels are
designed for manned aircraft. Manned aircraft typically are larger and faster than UAVs
and therefore also the icing wind tunnels for manned aircraft are bigger and designed
for higher air speeds. This is why most of the existing icing wind tunnels operate at
velocities of 7T5ms™! or higher, for example the icing wind tunnel at CIRA [24] or the
Icing Research Tunnel at NASA Glenn Research Center [25] and therefore way faster
than the air speed of most UAVs. Also, some icing wind tunnels with up to 20ms=! or
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25ms~ ! are available. While this is fast enough to test some UAVs, it is too slow for
most of them. Hence, very few of the existing icing wind tunnels can be used for UAV
experiments. Two examples for icing wind tunnels that can be used for icing experiments
on UAVs are the VTT icing wind tunnel (see Tiihonen et al. [26]) and the icing tunnel
at Cranfield University [27]. There is however a need for more test capabilities. This is
why new icing wind tunnels are necessary that are specially designed for UAV tests.

The basic wind tunnel design presented this far is perfectly suited for experiments with
airfoils. The situation is more complex when rotary-wing UAVs or manned helicopters
are the objects of interest. Flemming et al. |28] mounted the main rotor of a helicopter
inside a conventional icing wind tunnel. Their results fit well to theoretical predictions.
With common wind tunnels, it is however not possible to account for the centrifugal
forces that are important for helicopter icing as explained by Brouwers et al. [29]. These
authors therefore used a test facility that has the spray nozzles mounted to the ceiling.
The complex field of doing icing experiments on rotary-wing aircraft also lead to different
methods of simulating icing during the flight. To do so, the rotorcraft is flying inside a
droplet cloud produced by an aircraft flying in front or by a stationary facility as can be
seen in Cao and Chen [30]. However, all of those systems have shortcomings. Therefore
research on test facilities for rotorcraft icing is still necessary.

2.4.3 Scaling

During the planing of experiments, often the question arises whether it is possible to
scale the experiment. Scaling is especially desired if the tests would otherwise be very
expensive or the number of suitable test facilities is very small. Often the available space
is a problem and therefore smaller models of the real parts are used. The dimensionless
quantities which are the most important for describing the flow should be the same for
the experiment and the real-life situation. If this is possible, a transfer of the results of
the experiment to real life situations is rather easy.

Scaling the models for icing experiments is however very difficult. This is because
18 dimensionless quantities have to be matched for complete equality according to Kind
et al. [2]. The large number can be explained with the need of matching the dimensionless
parameters for three different fields: the air flow, the trajectories of the droplets and the
impingement and freezing of the droplets. For conventional wind tunnel tests most often
just the air flow is of interest. Then normally a matching of Reynolds and Mach number
between test and reality is necessary. Matching some of the dimensionless quantities for
icing wind tunnel experiments is rather easy, for example by using air and water as in the
real life situation. Especially matching the quantities for the impingement and freezing
is however much more difficult. Therefore, until today, scaling of the results of icing
experiments can not be done with good accuracy. Hence, experiments have to be done
with full-scale models to have meaningful results. This is however a bigger problem for
manned aircraft than for UAVs. As manned aircraft are typically larger and operate at
higher speeds than UAVs, they need bigger test facilities and the tests cost much more.
Therefore, scaling would be more beneficial for manned aircraft than for unmanned.
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This chapter is about the steps it took to design the components of the icing wind
tunnel. Decisions made during this design are explained. Several rules and equations
were used to design the components of the wind tunnel. In this chapter, these rules and
equations are presented and explained. The necessary formulas to analyze the behavior
of the droplets are also shown and commented on. To calculate the pressure losses and
the necessary cooling power, certain equations were needed. Those are presented in this
chapter as well.

3.1 Basic decisions

Some decisions have to be made before the wind tunnel components can be designed.
An open-return design was chosen to decrease the dimensions of the icing wind tunnel
and the costs. A closed test section was chosen as otherwise droplets could leave the
icing wind tunnel and change the LWC and the MVD. Additionally, closed test sections
reduce the power requirements for the wind tunnel fan. It has to be considered that not
all droplets will hit the airfoil. The ones that do not, will travel further in the tunnel. If
the fan was placed after the diffuser, droplets would hit the fan. Those droplets would
accrete there and influence the fan’s performance. Therefore the fan will be placed at
the inlet of the wind tunnel. The resulting order of components inside the icing wind
tunnel can be seen in Figure 3.1 and is fan(A), wide-angle-diffuser(B), settling area(C),
nozzle(D), test section(E), diffuser(F).

Figure 3.1: Order of components in the resulting icing wind tunnel.

3.2 Components of the wind tunnel

3.2.1 Test section

The first question when designing a wind tunnel is the necessary size of the test section.
The test section contains the test object and therefore is the area of the most interest.
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The size of the test object must not be too big compared to the size of the test section.
The main design parameter is the blockage. The blockage is calculated as the fraction of
the projected area of the test object to the cross-sectional area of the test section. The
projected area of the test object is the area the shadow of the test object would have
on a plane normal to the wind tunnel direction. Because of the blockage, the effective
flow area decreases. Therefore the flow velocity increases as well as the surface stresses.
This leads to results that are different from results in free air where no blockage occurs.
To keep the differences small, the blockage should be at most 10% according to Barlow
et al. |20].

Not only the test object has an influence on the flow inside the test section but also
the boundary layer. The influence of the boundary layer is active until a distance of the
wall of 10% of the distance between the two walls for the icing wind tunnel of Bansmer
et al. [31] and 12% for the wind tunnel of Arifuzzaman and Mashud [22]. As this is the
case on both sides of the wind tunnel, the boundary layer will influence about 20% of the
width and height. However, this is just a rule of thumb. Hence, it should only be used
as a first hint for the test section dimensions. For the final icing wind tunnel design, a
calculation of the boundary layer thickness should be done. The steps to calculate the
boundary layer thickness exactly are presented in section 3.7.

The flow at the transition from the nozzle to the test section is unsettled and contains
disturbances. Therefore a short length with a constant cross-section is recommended
before the test object. Barlow et al. [20] recommend to allow the flow a settling length
of about 0.5 times the hydraulic diameter of the test section for this purpose. This
settling length will be included directly into the test section. Therefore the test section
should not be too short in order to have good flow conditions. If the test section is too
long however, the boundary layer will be rather thick and will decrease the effective flow
area massively. If a longer test section is needed or if the influence of the boundary layer
is already too big, the test section can be designed with a very small opening angle.
Then the effects of the boundary layer growth and the increasing cross-sectional area
balance each other. Barlow et al. [20] recommend an opening angle of 0.5° in this case.

3.2.2 Nozzle

While the test section has a constant cross-sectional shape, the nozzle contracts towards
the test section. Therefore the first decision for the design of a nozzle is its contraction
ratio, also called area ratio. According to Barlow et al. [20], nozzles normally have a
contraction ratio between 6 and 12 but also smaller and larger values are used. High
contraction ratios lead to better flow quality and reduced speed at the upstream end. At
the same time, high contraction ratios lead to bigger and longer components upstream
of the test section.

Once the area ratio is known, the length is the next topic to think about. This is
because short nozzles have a higher chance of separation, while long nozzles increase the
wind tunnel length. Eckert et al. [32] collected data from existing wind tunnels. With
those results, they estimated how long a nozzle should be depending on the ratio of inlet
and outlet diameter. The data are shown in Figure A.1. While a few wind tunnels have
shorter nozzles, they do recommend to not go below the shown minimum value.
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Finally, the nozzle contour is important as well for the separation and also for the
droplet behavior. According to Barlow et al. [20], the wall radius of the curvature at the
wider end should be higher than at the smaller end. This is done to reduce the chance
of separation inside the nozzle.

Different nozzle designs were compared for this task. For the ease of comparison, they
are written all in the same form: 2z stands for half the width or height of the nozzle
and the subscript T'S describes the test section. The length of the nozzle is L, z is the
coordinate in flow direction. The value AR denotes the contraction ratio of the nozzle.
The first nozzle design is the AVA nozzle which contour is

z(x) _ <\/ﬂg_ 1) (1 - %)3 {2— (1 —~ fﬂ +1 (3.1)

ZTSs L

according to Bansmer et al. [31].
The second nozzle design is the Witoszynski nozzle whose contour

z(z) 1

is also given by Bansmer et al. [31].
Bell and Mehta [33] compared different contraction designs. One was a third order
polynomial with the contour

"9 VAR - (var-1) [-2 ()" +3(5)] (33)
The same authors also recommended a fifth order polynomial with the contour
v () o) () ()] e

Brassard and Ferchichi [34] proposed an improvement to the fifth order polyno-
mial. To do this, they introduced a transformation function f (%) This function has
to be defined for 0 < £ <1 with a value 0 < f (%) < 1. Then the equation changes to

z f(=)
z(x) 6<x>5 15<x)4+10(x>3 ] /1 V)
ars L L L AR
As will be explained in the next chapter, it is beneficial for the droplet behavior if the

point of steep contraction is further upstream. As the paper by Brassard and Ferchichi
34] indicates, values of f (%) close to 1 lead to the contour being steep in a more

+1

(3.5)

upstream position. Therefore f (%) = 0.7 was chosen for this thesis.

The last contour checked in this work is made up of two matched cubics as recom-
mended by Morel [35]. The exact equations are copied from Martin [36]. The equation
for the first cubic is

@) _ (@—1) [1— ! (5)3 +1 (3.6)

(%)
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Figure 3.2: Comparison of the different nozzle contours for an area ratio of 9.

and the equation for the second cubic is

s (1)

) VAR _ny

(3.7)
The coordinate x,, is the coordinate in x-direction where the two cubics meet. To have a
steep contraction further upstream, a low value of x,, is beneficial. This is why z,, = 0.2
was chosen.

All nozzle contours are compared in Figure 3.2. It can be seen that the AVA contour,
the Witoszynski contour, and the contour with the matched cubics have a larger slope
on an upstream position than the other nozzle contours. This will be important in the
following chapter.

Another parameter that can be chosen is the cross-sectional shape of the nozzle. Most
of the nozzles are designed circular. Some sources report a higher chance of separation
for rectangular shaped nozzles. This is due to the secondary flow between the corners
and the centerline. Mehta [37] however states that the corner flow stays localized in the
absence of separation. Therefore a rectangular nozzle cross-section is also possible. If
separation occurs inside rectangular nozzles nevertheless, Barlow et al. [20] recommend
using corner fillets to give the nozzle an octagonal shape. These fillets should however
be continued through the test section as well. Downie et al. [38] did calculations of
rectangular shaped contractions with changing aspect ratios. Their calculations showed
that designs with changing aspect ratios are possible. However, they also stated that
the point of maximum slope should be at the same position for both the vertical and
the horizontal walls.
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3.2.3 Settling area

The settling area contains the honeycombs and the turbulence screen. In the case of an
icing wind tunnel, also the spray system is located in the settling area.

The honeycombs are typically placed furthest upstream. For the design of the honey-
combs, Barlow et al. [20] recommend a length-to-diameter ratio between 6 and 8. The
same authors also state that around 150 honeycombs per settling chamber diameter
should be used. This would result in a total of 25000 honeycombs.

The turbulence screens damp the flow non-uniformity. To do so a high blockage of
the air flow is necessary. The blockage is described by the value of the porosity. The
porosity is the ratio of the area the flow can pass through to the total cross-sectional
area of the settling area. Lower values of porosity therefore increase the damping of
the non-uniformities. However, according to Barlow et al. [20] the screens must have a
porosity greater than 0.57. Otherwise the flow inside the test section would be unstable.
The maximum value of a useful porosity is 0.8 according to Barlow et al. [20].

Mehta and Bradshaw [39] recommend to keep a distance of 0.2 times the hydraulic
diameter of the settling area between turbulence screens. They also stated that the
distance between the last screen and the nozzle entry should be about 0.2 settling area
diameters. Barlow et al. [20] recommend using a total length of 0.5 times the hydraulic di-
ameter for settling areas that contain one honeycomb section and one turbulence screen.

3.2.4 Wide-angle diffuser

Because the fan is chosen to be on the upstream end and not on the downstream end,
the fan is upstream of the settling area. As the fan is normally smaller in size than the
settling area, a diffuser is needed to connect the fan with the settling area. To keep the
length of the diffuser short, typically very high opening angles are chosen. Therefore
separation would occur if no action was taken. To prevent separation, different methods
can be used. Mehta and Bradshaw [39] report that the most common method is to
include screens in the diffuser. A design rule was formulated by the same authors for
the usage of screens. Figure A.2 shows the possible total opening angles of a wide-angle
diffuser for different area ratios and different numbers of screens. The screens should be
spaced equally inside the diffuser according to Mehta and Bradshaw [39] if no position of
the diffuser is more prone to separate than the others. The first screen should normally
be placed very close to the entrance of the diffuser. This is because the rapid opening at
the entrance often leads to separation already. Other passive options are to use splitters
or vanes to reduce the effective opening angle of the diffuser. Also vortex generators
or suction can be used to prevent separation. Those methods however are much more
complicated, also because they are active systems.

3.2.5 Fan

The equations to calculate the total pressure losses of the wind tunnel are explained in
Section 3.4. Additionally to compensating the pressure losses, the fan must also be able
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to deliver the necessary volume flow

V=uA (3.8)

through the wind tunnel. For p = const., the volume flow is the same in the whole
wind tunnel. Therefore it is easiest to calculate the maximum volume flow with the
conditions at the test section. This is because the maximum speed at the test section is
a requirement for the wind tunnel and the cross-sectional area of the test section needs
to be known before being able to design the other components.

Different fan options can be used to compensate for the pressure losses and deliver the
necessary volume flow. For this thesis, three possible fan section designs are described.

The first one is the use of a centrifugal blower. Mehta and Bradshaw [39]| describe
the advantage of centrifugal fans to be that their performance is typically more stable
over a wider range of loads. Another argument for centrifugal blowers is that the shape
of the exit can vary and be either rectangular or square. This is an advantage as a
change of shape needs to take place if the fan and the test section have different shapes.
Such a change of shape can introduce problems with the flow quality and even lead to
separation. The biggest argument against the use of a centrifugal blower is that they
need a lot of space. Often the length of a centrifugal blower is about two times the
length of an axial fan with comparable power.

The second option is the use of one axial fan. According to Savio Srl [40], axial fans
are typically smaller, lighter, and less expensive than centrifugal blowers. Additionally,
according to this source, no direct impact of the choice of the fan on the flow quality can
be seen. As axial fans are always circular, they fit good for circular wind tunnels and
can also be introduced into square ones without many problems. If axial fans shall be
included in wind tunnels with rectangular cross-sections, it requires more effort however,
as a change of shape needs to take place between the test section and the fan.

The third possibility is the use of multiple axial fans as proposed by Hernandez
et al. [41]. One of the advantages of this option is that smaller fans can be chosen.
This decreases the costs for the fans. Additionally smaller fans in diameter are normally
also shorter in length. Therefore probably less space would be needed compared to the
other options. Another advantage is that designs with different amounts of fans in each
direction are possible. Hence, also a rectangular fan section shape can be achieved.
However, there is one big disadvantage. With the use of multiple fans, the uniformity of
the flow might be affected negatively. Most of the time when multiple fans are used, they
are placed downstream of the test section. This normally has lower influences on the flow
quality inside the test section. In our case, the fan is placed upstream of the test section.
Therefore shortcomings in flow quality or flow uniformity may have a huge downstream
influence and decrease the quality of the measurements inside the test section strongly.

3.2.6 Diffuser

As already mentioned the task of the exit diffuser is to ensure a good pressure recovery.
Flow separation can maybe be accepted until a certain degree. This is why Barlow et al.
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[20] recommend an equivalent conical angle

— 1vVAR -1
0. = arctan (7“2 7 7’1) = arctan (-L) (3.9)

> L/d;

between 2° and 3.5°. The hydraulic radii r; and hydraulic diameters d; are measured at
the entrance position 1 and the exit position 2 of the diffuser. The recommended area
ratio of the diffuser is between 2 and 3. The resulting diffuser length should be about 3
or 4 times the test section length. While those recommendations and rules are developed
for closed-return tunnels, with a small safety margin they can also be applied for open-
return wind tunnels. The cross-sectional shape of the diffuser is not too important,
although a cross-section with corners might increase the risk of separation a little bit.

3.3 Droplets inside the tunnel

As explained in the previous chapter, droplet clouds normally contain a range of different
droplet sizes. The distribution needs to be known to do calculations for certain MVDs.
Otherwise, the different behavior of droplets with a smaller or bigger diameter than the
MVD will not be considered. This would lead to errors if the results are compared to real-
life experiments. According to Gent et al. [18], the most common approach to rebuilding
the distribution that occurs in nature is the Langmuir D distribution. These authors
also state that this distribution is well suited to cover the typical droplet distribution
of a spray system of an icing wind tunnel. The distribution of droplet sizes according
to Langmuir D is shown in Table 3.1. Hence, the biggest droplets will be about 2.22
times bigger than the MVD. This is why simulations are done with way bigger droplet
diameters than the MVDs that are necessary for obtaining flight allowance by the EASA.

The temperature of droplets when they are injected into the wind tunnel will be
different from the temperature the droplets shall have when reaching the test object.
The same will usually be true for the velocity of the droplets. Therefore calculations on
the development of the droplet velocity and temperature need to be done.

diameter/MVD  fraction of LWC [%]

0.31 5
0.52 10
0.71 20
1.00 30
1.37 20
1.74 10
2.22 )

Table 3.1: Droplet size distribution with the Langmuir D distribution according to Lang-
muir and Blodgett [42].
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3.3.1 Droplet velocity and trajectories

The velocity of a droplet inside the wind tunnel can be calculated with the equations of
motions. For a single droplet, the equation of motion becomes

du L1 e
de = —mgg + §,om»rAch |t — U] (U — ) (3.10)

according to Gates et al. [14]. The same authors also state that the droplets can be
assumed to be rigid spheres. Therefore their mass is

mg = 4/3773pg. (3.11)

The second term on the left side is the time derivative of the droplet velocity «. The first
term on the right side denotes the gravitational forces. Gravitation is just relevant for
the direction pointing towards earth. Then the gravitation ¢ = 9.81ms~? is active. The
second term on the right side describes the drag forces. The drag force depends on the
difference of the velocity of the droplets @ and the velocity of the air ¥. The projected
area of the droplet

Ay = 7mr® = 0.25nd> (3.12)

is taken into account as well as the drag coefficient cp. As water droplets in icing wind
tunnels can usually be assumed to be rigid spheres, the equation of Morrison [43] for the
drag coefficient

24 2.6 (&) 0.411 (55555 0.25 ({&%)

_l’_
Re e (@) 1 () 0 1)

can be used in this case. The velocity in the calculation of the Reynolds number is the
velocity difference between air and droplet. Bansmer et al. [31] also calculated the speed
of droplets during their wind tunnel design. However, they used a different equation to
calculate the drag coefficient. A comment about their choice and the influence can be
found on the CD.

To solve equation 3.10, the velocity of the air needs to be known. If the contour of
the nozzle is known, also the cross-sectional area of the nozzle is known at each position.
With this information and the continuity equation, the velocity can be calculated. As
the wind tunnel will operate at low Mach numbers, the density can be assumed to be
constant. Therefore the equation can be simplified and just the velocity at one spot
needs to be known. The air speed at the test section is usually the target velocity of the
droplets. This is because the droplets adjust asymptotically to the air speed. As the
velocity of the air at the exit of the nozzle is the same as inside the test section, the air
speed at each position can be calculated with

) (3.13)

Cp =

v(z) = vrsArs

=X (3.14)

The equation of motion is a differential equation. Both the derivative of the droplet
velocity and the droplet velocity are included as well as the drag coefficient that also
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depends on the droplet velocity. Therefore an easy analytical solution is not possi-
ble. However, the derivatives can be assumed to be differences. With this step and a
rearrangement of the different terms, the equation of motions can be formulated as:

Ay = %pairi—z@ |t — U] (U — @) At. (3.15)
Now a time-step procedure can be used. Equation 3.15 is solved for every time step and
the new velocity is summed up by the old velocity and the new calculated Au. The
required values for the droplet velocity on the right side of the equation can just be
taken from the last time step. The droplet velocity at the first time step is the velocity
that the droplets have when they leave the spray nozzle. The droplet velocity at the
spray nozzle exit can roughly be calculated using the Bernoulli law according to the
manufacturer of spray nozzles PNR [44]. It follows that the initial droplet velocity

/2
U = —DPinlet (316)
P

just depends on the density p and the pressure pr,.; at the inlet to the spray nozzle.
For spray nozzles that use air and water, p is the density of the mixture.

Therefore every information is given that is necessary to calculate the velocity of the
droplet. To calculate the complete trajectories, the equation of motion 3.15 is solved
again, but this time in y- and z-direction. This is done to check if droplets would hit
the wall before reaching the test section and how they distribute inside the test section.

3.3.2 Droplet temperature

The temperature of the droplets can be calculated from the first law of thermodynamics.
This results for the present case in the equation

E=Qc+Qr+Qp (3.17)

which contains four terms. The term on the left is the change of the droplet’s internal
energy over time

4 dT,
E = gﬁrgpdcvd—td (3.18)
with the specific heat capacity at constant volume ¢, and the droplet temperature Tj.

The first term on the right hand side is the rate of heat transfer due to convection

. Nu

QC = 47T7’dk3 (Ta - Td) 7 (319)
with the thermal conductivity of air k£, the ambient temperature 7;,, and the Nusselt
number Nu. The Nusselt number is a dimensionless quantity that describes the heat
transfer between a body and the surrounding air. As already mentioned, the droplets
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can be treated as spheres. Therefore the correlation for the Nusselt number of spheres
by Knudsen and Katz [45]

Nu =2+ 0.6Pr'/*Re!/? (3.20)

can be used. The term Pr is the Prandtl number of air.
The second term on the right hand side is the heat flux due to radiation

Qr = dnrioey (TE - Ty) (3.21)
with the Stefan-Boltzmann constant o = 5.67 - 10 8kgs 3 K~* and the emissivity e; of
the droplet. As recommended by Gates et al. [14], the emissivity will be taken to be 1.

The last term on the right hand side is the heat flux due to evaporation

: Pa Pa Sh
= drrgL,D |Be — Pd 20
Qe =dmra [Ta Td] R

The equation contains the latent heat of vaporization of water L,, the diffusivity of water
vapor in air D, and the Sherwood number Sh. The Sherwood number is a dimensionless
quantity that describes the mass transfer of a droplet to the surrounding air and can be
calculated with

(3.22)

Sh =2+ 0.65c"/3Re!'/? (3.23)

according to Knudsen and Katz [45]. The term Sc denotes the Schmidt number of air.
The importance of evaporation however is under discussion. For example, Bansmer

et al. [31] neglected this term for their calculation of droplet behavior. Additionally,

Gates et al. [14] also state themselves that the influence of evaporation is minor. In the

designed icing wind tunnel the relative humidity of the air will be around one. This

value indicates that the air is saturated. Therefore, there will be no droplet evaporation

inside the icing wind tunnel and the evaporative term will be neglected in the following.
By rearranging the terms in equation 3.17, the following equation can be gained:

T, 3 (QC + QR)

dt 47?7‘5’[ PdCy

(3.24)

As was done for the equation of motion, the derivatives can be assumed to be differences.
This yields

3 (Qc + QR)

AT, =
d 4773 pacy

At (3.25)
and again a time-step procedure can be used. The temperatures in equations 3.19, 3.21
and 3.22 can be taken from the last time step.

The whole reason for designing an icing wind tunnel is to have steady real-flight
conditions at the test section. To ensure this is the case, the equation of motions and
the heat balance are calculated for different parameters. Additionally, all of the equations
above are solved for different nozzles to determine which nozzle is the most suitable for
the wind tunnel.

The given equations have been solved using MATLAB. The used MATLAB code can
be found on the CD.
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3.4 Pressure losses

All components of the wind tunnel lead to pressure losses. To choose a suitable fan,
the pressure losses need to be known. Eckert et al. [32] presented rules and equations
for the calculation of pressure losses. Almost all equations in this paragraph were taken
from them. Therefore just the ideas that were not taken from them will be marked to
enhance the readability of this section.

The total pressure loss of the wind tunnel can be calculated by simply adding up the
pressure losses of each component. The equations used to calculate the pressure losses
can only be used for rectangular, circular, or flat-oval shapes. The given equations
calculate most of the times the pressure loss coefficient K rather than the real pressure
loss. This pressure loss coefficient

_ Apr
q

K (3.26)

is the non-dimensional pressure loss calculated with the loss in total pressure Apr and
the dynamic pressure ¢q. The dynamic pressure used to non-dimensionalize the loss in
total pressure is taken at the smallest-area at the end of each section. Therefore

Apr = Kq= K (0.5pv°) (3.27)

is the equation to calculate the real pressure loss.
Pressure losses in ducts with constant cross-section are due to friction. The
corresponding loss coefficient is

AL

K=—.
dp

(3.28)

The pressure losses depend on the friction loss coefficient A. According to Eckert et al.
[32], the friction coefficient for smooth walls is described by

% — 2l0g, (RevA) - 08, (3.29)

To calculate the friction loss coefficient, the equation can be reformulated to

A= [log,y (ARe?) —0.8] 2.

(3.30)
Now, this equation can be solved iteratively by taking the value of the last iteration for
A on the right side to calculate a new value of A. As start value, A will be set to 1. 5
iterations normally lead to a value with sufficient quality.

The pressure loss in contractions is also mostly due to friction. The loss coefficient
can be calculated approximately by

AL
K =0.322= (3.31)
d
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with the hydraulic diameter being the value of the test section according to Eckert
et al. [32]. Contractions have different inlet and outlet areas and therefore a changing
velocity over its length. Hence, a choice has to be made which Reynolds number is for
the calculation of the friction loss coefficient. Barlow et al. [20] recommend using the
average of the friction loss coefficient values at the inlet and the outlet.

The pressure loss in a diffuser is both due to friction and expansion. Eckert et al.
[32] therefore published an equation for the corresponding loss coefficient

A AR+1 AR —1\?
i _[KEXPJF(WAR—J]( AR > (3:32)

that is made up of one term for the expansion losses and one for the friction losses. The
friction loss coefficient has to be calculated with the entry Reynolds number according
to Barlow et al. [20] and therefore is the same as for the test section. The value of the
expansion parameter Kgxp depends on the cross-sectional shape of the diffuser and the
semi-opening angle 6:

For circular cross-sections:

Kexpe,, = 1.033395- 107" — 1.1465 - 1072(26) for 0° < § < 1.5° (3.33)
Kixpe, ., =1.70925- 107" — 5.84932 - 107%(20) + 8.14936 - 107(26)? (3.34)
+1.34777 - 107%(20)® — 5.67258 - 107°(26)* — 4.15879 - 107%(20)°  (3.35)
+2.10219-1077(20)%  for 1.5° < § < 5° (3.36)

Kexpyy o, = —9.66135- 1072 +2.336135 - 107%(20) for > 5° (3.37)

For square cross-sections:

KpxPoypare = 9.62274 - 1072 — 2.07582 - 107°(20) for 0° < 6 < 1.5° (3.38)
KExX Poyuare =1.22156 - 107" — 2.29480 - 10%(26) + 5.50704 - 107°(26)? (3.39)
—4.08644 - 107%(26)* — 3.84056 - 107°(260)* + 8.74969 - 1075(20)°  (3.40)
—3.65217-1077(20)°  for 1.5° < 0 < 5° (3.41)

KpxPgypare = —1.1321685 - 107" + 2.93315 - 107(26)  for 6 > 5° (3.42)

The variable AR in the term for the friction losses denotes the area ratio over the diffuser.

At the exit of an open-return wind tunnel, the kinetic energy of the flow that
leaves the wind tunnel is lost. The total pressure loss is therefore equal to the dynamic
pressure of the flow at the exit. Using compressibility relationships, the dynamic pressure
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of the flow can be calculated under the assumption that the static pressure of the flow
is equal to the atmospheric pressure. This results in a pressure loss coefficient of

2{[1+ (5] 7 1)

K =
yM?

(3.43)
The pressure loss coefficient of honeycombs was defined by Eckert et al. [32] to be

L A \? A 2
K:A3+_)( >+( _4) 3.4
( dh AFLOW AFLOW ( )

with dj, being the hydraulic diameter of a honeycomb cell. The friction coefficient is
calculated with

A= 0.375Re” ! (d_h> (3.45)
for Re < 275 and
A 0.4
A =0.214 (d_h) (3.46)

for Re > 275. In those equations A is the surface roughness of the honeycomb cells.
Additionally, the Reynolds number is calculated with the surface roughness and the air
velocity. The term Aprow /A describes the ratio of the local flow area to the area of the
local cross-section and is therefore equal to the porosity.

Every structure inside the tunnel leads to drag and therefore to pressure losses as
well. The pressure loss coefficients can be calculated with

S

Arrow

K =cp €. (3.47)
Because the pressure loss depends on the drag of the structure, the drag area S of the
considered internal structure needs to be taken into account. Additionally, the term
€ > 1 is included that describes the influence of the drag on downstream components.

A part of the reason behind the use of mesh screens are the pressure losses. The
corresponding loss coefficient in the form published by Eckert et al. [32]

A A ?
K = KreKMEsn (1 - FLOW) + ( - 1) (3.48)
A Arrow

contains two parameters. The dependence on the Reynolds number is taken into account
with Kpge. For this value, both an equation and a graph are given. However, they do
not match. As indicated by Barlow et al. [20] the calculation of pressure losses is rather
inaccurate. Therefore the worse case will be considered in the design of this wind tunnel
and the Reynolds number influence factor becomes

R wire
Kpe = 0.785 (1 - 36 ) +1.01 (3.49)
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for 0 < Reyire < 400 and
Kr.=1.0 (3.50)

for Reyire > 400. The Reynolds number of the wire Re,;.. is built with the velocity
at the settling area and the diameter of the screen wire. The mesh constant Ky gsy
depends on the material of the mesh. For average circular metal wire K /gy becomes
1.3, for new metal wire 1.0 and 2.1 for silk thread.

The pressure loss over the wide-angle diffuser depends on its area ratio. Mehta and
Bradshaw [39] published the following equation for the minimum pressure loss coefficient
of a wide-angle diffuser with a given area ratio:

AR -1

K>== (3.51)

3.5 Cooling power

During a run of the wind tunnel, heat is released in different ways. If there was no
cooling included, the temperature of the air would rise rather quickly as calculations by
Barlow et al. [20] show. As the designed wind tunnel will be placed inside a cooling
chamber, the necessary cooling power of this chamber needs to be calculated. First,
the fan produces heat while it is running. All of the energy supplied to the fan needs
to be balanced by the cooling system. This is because a part of the energy is directly
transferred into heat and the other part will eventually become heat due to frictional
heating of the air flow at the walls of the icing wind tunnel. Second, cooling is required,
as heat is transferred from the droplets to the air. This heat transfer takes place in
two ways as explained by Bansmer et al. [31]. First, cooling is required to cool the
droplets down from their initial temperature when they leave the spray nozzle to the air
temperature. This term is called the sensible heat and can be calculated

Qsensible = mwatercp,waterAT (352)

with the specific heat capacity at constant pressure c,.
The second term for heat transfer between droplets and air is the latent heat. The
latent heat is released when a droplet freezes on a surface. It is

Qlatent = MuaterClatent,water (353)

and depends on the specific latent heat of fusion ¢us.n: 0f water. To be able to calculate
the two heat transfer terms, the flow rate of water

mwater = ‘/aerWO = (UTSATS> LwcC (354)

needs to be known that depends on the volumetric flow rate V of air.
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3.6 Clearance requirements

As already mentioned, open return wind tunnels are often placed inside a cooling cham-
ber. Therefore the walls of this chamber will limit the surrounding. Mehta and Bradshaw
[39] recommend to obtain enough space in the room in which the wind tunnel will be
placed. This is because they compare the path the flow takes between the outlet and
the inlet to a badly designed return duct.

Greenway and Wood [46] did some experiments before they put their wind tunnel into
a given room. They changed the distance between the wall and the inlet and measured
the flow quality. For their wind tunnel, the area of the incoming flow needed to be at
least 1.8 the area of the inlet of the wind tunnel to achieve a good flow quality. While
this is just the result for one wind tunnel, it can still be used as a coarse rule of thumb
for other designs.

3.7 Calculation of the boundary layer thickness

To calculate the necessary width of the test section, the boundary layer height needs to
be known. As the thickness of boundary layers is different for turbulent and laminar
flows, the type of the flow needs to be known before the calculation. Chmielewski
[47] presents basic rules of thumb that are representative of typical conditions in wind
tunnels. The beginning of the nozzle should be used as the leading edge of the boundary
layer. Furthermore, they assume that the transition from laminar to turbulent flow
takes place at 0.15 times the inlet radius. However, a different approach was proposed
by Morel [35]. He recommends using the position of the last turbulence screen as the
starting point for the boundary layer. To do the calculations conservatively, the starting
point will be chosen at the last turbulence screen as recommended by Morel [35]. The
point of transition however is assumed to be at 0.15 times the inlet radius of the nozzle
as recommended by Chmielewski [47]. This is chosen as no suitable point of transition
was given by Morel [35].

The equations for the thickness of boundary layers are usually just given for flat plates.
The nozzle however is curved. Nevertheless, Schlichting 48| shows that as long as the
radius of the curvature is much larger than the boundary layer height, the equations for
flat plates can still be used. To do so, a virtual coordinate system is created with one
axis following the wall contour and the second axis being perpendicular to the first axis.
The equation for the boundary layer height of a laminar flow

§(z) = 5\/VUz (3.55)

is given by Schlichting [48] as well as the equation for the boundary layer height of a

turbulent flow
-1/5
5 (z) = 0.37z (E> . (3.56)

v

A necessity for the calculation of the boundary layer height is to know the velocity of
the air. However, the velocity is different at every position in the nozzle. To calculate
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the boundary layer height nevertheless, the nozzle is separated in a lot of small sections.
At every location, the velocity can be calculated with the continuity equation. As the
boundary layer height develops over the whole length between the turbulence screen and
the test object, a method needed to be found to capture this development as well. To do
so, at every position, an equivalent length was calculated. This is the length of a plate
with the same boundary layer and velocity. Afterwards, the new boundary layer can be
calculated with the equivalent length being increased by the length of the small part.
This can be done through all the components starting from the last turbulence screen
to the position of the test object.

This procedure to calculate the boundary layer height at the position of the test object
is also included in the MATLAB script. It can therefore be found on the CD.
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4 Results

In this chapter, first the design requirements that the icing wind tunnel has to fulfill are
presented. With the requirements and the equations presented in the previous chapter,
the design of the wind tunnel components is explained. The characteristics of droplets
inside the tunnel are analyzed as well as the pressure losses and the cooling requirements.
A preliminary CFD simulation is also presented in this chapter. Finally, design options
for a smaller icing wind tunnel are given.

4.1 Icing wind tunnel design

Certain design specifications need to be defined to be able to calculate the size and power
of the icing wind tunnel. The test objects that will be tested in this icing wind tunnel are
typical UAV airfoils. Scaling of the results of experiments is always problematic and even
more for icing experiments as presented in subsection 2.4.3. Therefore an objective for
the icing wind tunnel is to simulate real-life situations of UAVs. This means that airfoils
with life-sized chord lengths are supposed to be tested at typical flight velocities. Figure
4.1 shows how the UAVs in the created database in Appendix A.1 can be arranged into
different categories for flight speeds. For this purpose, 5 UAVs with flight speeds over
60ms—! were excluded, because very large UAVs are out of scope for this work. This
was also done to have a clearer picture of the typical flight speeds of UAVs without a too
long axis. The plot shows that most UAVs have typical flight speeds between 15ms™?
and 35ms~!. The requirement resulting from this knowledge is to obtain speeds up to

0-5 5-10 10-15 15-20 20-25 25-30 30-35 35-40 40-45 45-50 50-55 55-60
cruise speed [m/s]

number of UAVs
N ESN » oo 8 S

o

Figure 4.1: Division of UAVs according to their flight speed.
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35ms~! in the test section of the designed icing wind tunnel.

To find typical chord lengths for UAVs with speeds up to 35ms~!, the table in Ap-
pendix A.1 was used again. However, data for chord lengths could just be found for 12
UAVs. As explained in Chapter 2, the chord length and the wingspan of an aircraft are
linked with the aspect ratio. Therefore the chord length of the airfoil can also be calcu-
lated if the wingspan and the aspect ratio of the wing are known. While the wingspan
is given for many UAVs, the aspect ratio is often not available. However, the average of
the known aspect ratios in the database is about 11. Additionally, according to Nagel
and Shepshelovich [49], typical aspect ratios for UAVs are about 12. Therefore, chord
lengths were also calculated with the given wingspan and an estimated aspect ratio of
12. With this information, Figure 4.2 was created. It contains the known chord lengths,
the chord lengths calculated with the known wingspan and aspect ratio, and the chord
lengths calculated with the known wingspan and an estimated area ratio of 12. In total
61 data points are presented. According to this Figure, the most UAVs with speeds in
the range to 35ms~! have chord lengths smaller than 0.4m. Therefore a chord length
of 0.4 m was chosen as the maximum for this icing wind tunnel.
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Figure 4.2: Chord lengths and cruise speeds of different UAVs.

While the chord length obviously has a huge influence on the length of the test section,
it is also relevant for the height. This is because of the influence of the solid blockage
effect that was presented in the previous chapter. The blockage depends on the thickness
of the airfoil, its chord length, and the angle of attack. This will be further explained in
the next subsection. For the design of this wind tunnel, an RG15 airfoil was taken as
an example of the airfoils that will be tested. The coordinates of the airfoil surface are
listed in Appendix A.3 as well as a plot of the profile with an angle of attack of 0°. Inside
the wind tunnel, just the linear section of the cy-a-curve shall be tested. This is because
the linear part refers to those angles of attack where no stall appears. Figure 4.3 shows
the cp-a-curve for different Reynolds numbers with values taken by Airfoil Tools [50].
As higher angles of attacks lead to bigger and longer wind tunnels, a maximum angle
of attack of about 8° was chosen. It follows that the test section must be high enough
to contain the RG15 airfoil with a chord length of 0.4 m under an angle of attack of 8°
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without significant blockage effects.
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Figure 4.3: The lift coefficient of the RG 15 plotted over the angle of attack for different
Reynolds numbers. Values taken from Airfoil Tools [50].

Although wind tunnels aim to have uniform conditions inside the whole test section,
this is typically not true. Instead, the conditions will normally deviate in space and
time. With icing experiments, an additional problem arrives. Ice shapes are already
varying in nature. Therefore, ice shapes are normally measured on multiple locations
along the span as was for example done by Hann [51|. The different measurements can
be compared to have a better understanding of the icing wind tunnel quality and to
have mean values that balance non-uniformity. For this icing wind tunnel, it shall be
possible to do measurements over a width of 0.3 m. Therefore the test section must be
wide enough to contain uniform flow conditions over a width of 0.3 m.

The EASA lists icing conditions for temperatures as low as —40 °C in their require-
ments for aircraft allowance. However, the LWC is decreasing with decreasing tempera-
tures. Therefore, temperatures closer to 0 °C are more severe concerning the amount of
water in the air. It was also shown by Fajt et al. [8] that icing at temperatures near the
freezing point leads to higher aerodynamic penalties than icing at lower temperatures.
Additionally, the transition between rime ice and glace ice takes place in a temperature
region around —3°C. Therefore temperatures around —40°C do not offer much im-
provement to the field that can be studied in the icing wind tunnel. Additionally lower
temperatures inside the icing wind tunnel lead to higher cooling requirements as more

parameter value
speed at test section 35ms!
chord length 0.4m
maximum angle of attack 8°
width without boundary layer interference  0.3m
air temperature —15°C

Table 4.1: List of the requirements for the icing wind tunnel.
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heat has to be removed. Therefore, it was decided that the icing wind tunnel needs to
guarantee temperatures of —15°C but not lower.
All requirements for the icing wind tunnel are summarized in Table 4.1.

4.2 Thermophysical properties

The equations presented in the last chapter have to be used to receive the results that are
presented in the following sections. These equations contain thermophysical properties
of either air or water. These thermophysical properties depend on temperature. As
the icing wind tunnel will operate with various temperatures, a choice for the reference
temperature has to be made. To be conservative with every calculation, the worst case
was chosen for every property. To do so, the maximum and minimum limit for both
the air and the droplet temperature need to be known. The air will always be below
the freezing point and as stated in Table 4.1 never lower than —15°C. The droplets
will leave the spray nozzle with a temperature of 15°C. As the droplet temperature
will adjust asymptotically to the air temperature, droplets can never get colder than
—15°C. With the known limits, the values of the thermophysical properties become
the values summarized in Table 4.2. The density and the kinematic viscosity of air
have different worst cases for the droplet behavior and the pressure loss calculations.
Therefore for each of the two cases a different worst case was selected. All values for

property & symbol value T [°C]
thermophysical properties of air
kinematic viscosity v (Droplet behavior) — 12.11-10"®m?s™! —-15
kinematic viscosity v (Pressure loss) 13.38 - 105 m?s™! 0
dynamic viscosity p 16.55-10%kgstm~!t —15
heat capacity ratio y 1.4 -
specific gas constant R 287.0m?*s 2K -
Prandtl number Pr 0.7362 0
thermal conductivity & 0.0225 Wm~—t K1 —15
density p (Droplet behavior) 1.292kgm ™3 0
density p (Pressure loss) 1.367kgm™3 —15
thermophysical properties of water
density p 999.9 kg m~3 5
specific heat capacity ¢, 4349 J kg1 K1 —15
specific heat capacity c, 4349 J kgt K1 —15
specific latent heat of fusion cjgtens 334,000 J kg~! 0

Table 4.2: Thermophysical properties of air and water for the reference temperature 7.
Different worst-cases might exist for the droplet behavior and the pressure
loss.
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air were taken by Cengel and Cimbala [52]. However, these authors just offer values
for water for temperatures above the freezing point. Therefore their properties of water
were compared with Hare and Sorensen [53], Stepanov [54] and Szedlak et al. [55]. In
cases where the value was not given for the exact temperature, a linear interpolation
between the two next closest values was done.

4.3 Final design

In this section, the final design of every single component is presented. During the
design, the question about the necessary number of significant digits came up. The icing
wind tunnel will have dimensions of multiple meters. Therefore, being more precise than
rounding on centimeters seems not required.

4.3.1 Test section

Airfoils are essentially two-dimensional objects extracted in the spanwise direction. To
have comparable conditions over the whole width it is therefore the easiest to have a
rectangular shaped test section. With this decision, the space under and above the airfoil
is the same inside the whole test section. Hence, both the test section and the airfoil are
essentially two-dimensional. As explained in the previous chapter, the area of the test
section must be chosen in a manner that the blockage stays below 10%. If an observer
looks inside the test section from an upstream position, he will recognize both the airfoil
and the test section as rectangular shapes with the same width. Therefore the equation
for the blockage can be simplified to

Ap’rojected o HprojectedWTS ~ Hprojected (4 1)
Ars HrsWrs Hrs

The area is denoted with A, the height with H, and the width with W. The index
projected is used for the projected values of the airfoil and the index T'S indicates the
values of the test section. With equation 4.1 the blockage reduces to the fraction of two
lengths. The projected height is the difference between the highest point of the airfoil
and the lowest one. The coordinates of an airfoil depend on its shape, the chord length,
and the angle of attack. The airfoil coordinates of an RG15 for an angle of attack of 0°
are listed in Appendix A.3. The counter-clockwise rotation of a body can be formulated
with

x' = xcos (0) — ysin (0) (4.2a)
y' = xzsin (0) + ycos () (4.2h)

according to Kreyszig et al. [56]. The coordinates with an apostrophe denote the co-
ordinates after rotation. With the equations 4.2a and 4.2b, the projected height of an
RG15 airfoil with a chord length of 0.4 m under an angle of attack is 0.068 m. To ensure
the blockage is 10% at most, the height of the test section hence needs to be 0.68 m.
As explained in section 4.1, a width of 0.3 m without any boundary layer interaction
is required. According to the rule of thumb by Barlow et al. [20], that was presented
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in the previous chapter, the boundary layer will influence 20% of the width and height.
Therefore the test section width would have to be increased by 25%. This results in a
safety margin of about 0.038 m on each side. More detailed simulations with the method
presented in the previous chapter however lead to a boundary layer height of 0.043m
at the test section. Therefore at least 0.086 m have to be added to the airfoil width to
avoid boundary layer interactions. To introduce a small safety margin, a test section
width of 0.39 m was chosen.

Hence, the test section is rectangular with a width of 0.39m and a height of 0.68 m.
This results in a hydraulic diameter of 0.50 m.

As mentioned, the flow should be allowed a settling length of half the hydraulic diam-
eter of the test section between the nozzle exit and the test object. Therefore, for the
stated design, the settling length is 0.25 m. Additionally, for this design, it was chosen
to increase the test section length by 0.05m behind the test object. This reduces the
probability of separation on the transition of the test section and the diffuser and allows
to insert longer airfoils as well. Hence, the length of the test section is calculated by
adding up the settling length, the considered chord length of 0.4 m, and the enlargement
of 0.05m. This sum is also visualized in Figure 4.4. Therefore the final length of the
test section is 0.70m. The final design of the test section is shown in Figure 4.4.
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Figure 4.4: Final design of the test section.

4.3.2 Nozzle

The downstream end of the nozzle connects to the test section. Therefore the cross-
section of the downstream end of the nozzle is the same as the test section’s cross-
section. Hence, at this end, the nozzle has a rectangular shape with a width of 0.39m
and a height of 0.68 m.
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For this work, a medium contraction ratio of 9 was chosen. This should offer a balance
between good flow quality and few pressure losses on one side and a small wind tunnel
size on the other side. With the contraction ratio that is effectively the area ratio, also
the cross-sectional area of the upstream end is given, but the cross-section can still be
determined. Upstream of the nozzle, the settling area, the wide-angle diffuser and the
fan will be mounted. As will be explained in subsection 4.3.5, the fan of this wind tunnel
will be circular. The test section however has a rectangular cross-section with an aspect
ratio of almost 2:1. Therefore, the cross-section must change somewhere from circular
to rectangular between the fan and the test section. As explained in the last chapter,
rectangular nozzles with a changing aspect ratio are an option. A change of cross-section
from circular to rectangular or square is however introducing new problems. This is
because the nozzle itself is designed with a narrow margin to separation and changes of
the cross-section between circular and rectangular have the same downside.

Having a square cross-section at the upstream end makes the transition to a circular
shape further upstream easier. Additionally, the maximum opening angle of the nozzle
with changing aspect ratio is smaller compared to keeping the aspect ratio. As separation
depends on the opening angle and the maximum opening angle of the nozzle is reduced,
the separation risk is reduced. Hence, the upstream end of the nozzle was chosen to be
square. As both the area at the downstream end and the area ratio are given, the side
length of the square can be calculated to 1.54 m.

In Figure A.1 in the Appendix, the minimum length of nozzles is plotted over the
ratio of the equivalent diameters at inlet and outlet. For an area ratio of 9, the ratio of
the equivalent diameters becomes 3. According to the stated figure, the length of the
nozzle should be at least 0.9 times the equivalent diameter at the inlet for this case. As
short nozzles have a higher risk of separation and long nozzles increase the wind tunnel
length, a compromise needs to be found. Therefore, a length of exactly the equivalent
diameter of the upstream end was chosen. The equivalent diameter of a square with
sides of 1.54m is 1.74m. Hence, the length of the nozzle is 1.74m. The design of the
nozzle is visualized in Figure 4.10.

With the inlet and outlet geometry given as well as the length of the nozzle, the
last question is the shape of the nozzle walls. A closer look at the contours presented
in subsection 3.2.2 shows that the shapes of the third-order polynomial, the fifth-order
polynomial, and the transformed fifth-order polynomial are steeper near the entry of the
test section than the AVA nozzle, the Witoszynski nozzle, and the matched cubics nozzle
contours. Figure 4.5 shows the trajectories of droplets with 50 pm droplet diameter for
a nozzle shape based on a third-order polynomial. When the droplets reach the test
section, they still have a significant velocity normal to the wind tunnel direction. This
is due to their character to follow the air streamlines to a certain degree. Due to the
steep contraction at the end of the nozzle, also the streamlines of the air have a steep
contraction. Hence, the droplets receive a huge velocity normal to the wind tunnel
direction to be able to follow the air streamlines. The velocity component normal to the
wind tunnel direction changes the effective angle of attack for the airfoil and therefore
decreases the quality of the measurements and results.

As a comparison, the trajectories of droplets with 50 pm inside the AVA nozzle are
shown in Figure 4.6. As the gradient of the nozzle contour close to the test section is
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Figure 4.5: Trajetories of droplets with 50 pm diameter in a nozzle with a third order
polynomial contour.
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Figure 4.6: Trajetories of droplets with 50 pm diameter in a nozzle with an AVA contour.

small, the droplets have a much smaller velocity component in the upwards direction.
Therefore the nozzle contours that are less steep in their final part are preferable for the
concern of the trajectories.

A plot of the development of the velocities of the droplets through the nozzle can be
rather difficult to understand. This is because the velocity of the droplets adjusts to
the air speed. However, if different nozzle contours are compared, the air speed of the
different nozzle contours is different at every position. Therefore, Figure 4.7 contains an
exemplary plot of the droplet velocity through the AVA nozzle as well as the air speed
and the nozzle contour. It can be seen that the droplets leave the spray nozzle with a
velocity higher than the air speed. They are however decelerated in the settling area
and have almost the same velocity as the air at the beginning of the nozzle. Due to the
contraction of the nozzle, the air speed increases and the droplet velocity adjusts slowly
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to this changed air speed. The droplets are however not able to reach the air speed until
they reach the test object.
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Figure 4.7: Comparison of the droplet and the air velocity inside the AVA nozzle.

Figure 4.8 shows the development of the droplet velocity over the length between the
spray nozzle and the test object for different nozzle contours. The simulated droplet
diameter was 75 pm. The large droplet diameter was chosen to highlight the differences
in the plots. The air velocity at the end of the nozzle is 35ms™!. Figure 4.8 shows
that the droplets come closer to the target velocity in the nozzles that are steep in a
more upstream position. Because of the contraction, the air velocity is increased and the
velocity difference between droplet and air as well. According to the equation of motion
3.15, the change in the droplet’s velocity is proportional to the difference between air
velocity and droplet velocity. A higher velocity difference from the start of the nozzle
therefore leads to a stronger acceleration of the droplet and higher final velocities. If the
nozzle contraction occurs further downstream, the largest velocity difference occurs just
there. Therefore, the time for the droplets to adjust their velocity is much less. Hence,

AVA
— Witoszynski
——fifth-order
transformed fifth-order
— third-order
matched cubics
— — —target velocity

w
o

velocity [m/s]
3
I

—_
o
T

0 1 1 1 1 1 1 1 1 1 1 1
-0.2 0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

axis in flow direction [m]

Figure 4.8: Comparison of the development of the droplet velocity for different nozzle
contours.
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it is preferable to have a nozzle with an earlier point of strong contraction to increase
the droplet’s velocity.

The development of the droplet temperature over the length between the spray nozzle
and the test object for different nozzles is shown in Figure 4.9(a). To highlight the
differences between different nozzle contours, a zoom was chosen for the final part of
the nozzle. The zoom can be seen in Figure 4.9(b). The parameters for the calculation
are the same as for Figure 4.8. The droplets start with a temperature of 288.15 K
and an air temperature of 270.15K. The temperature development is different from
the velocity development. Nozzles with a strong contraction further upstream result in
higher droplet temperatures at the position of the test object. This is because a strong
contraction upstream leads to higher velocities there and the droplets therefore reach
the test object sooner. Hence, the droplets have less time to adjust their temperature.
Therefore nozzles with a later point of strong contraction are better to achieve specified
temperatures of the droplets.
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Figure 4.9: Comparison of the development of the droplet temperature for different noz-
zle contours.

The final decision for the nozzle design was driven by the droplet velocity development,
the droplet temperature development, and the droplet trajectories. A perfect nozzle can
not be found. This is because nozzles with a strong contraction further upstream have
a smaller deviation in the final velocity, but a higher deviation in the final temperature.
Therefore, a compromise has to be found. Nozzles that are steeper towards the nozzle’s
end also change the effective angle under which the droplets hit the test object. Therefore
it was decided that the third-order polynomial, the fifth-order polynomial, and the
transformed fifth-order polynomial are not the best options. The differences between the
three remaining nozzles are rather small. As the temperature plays a more important
role for the icing results than the velocity, the AVA nozzle was chosen. This is because
out of the remaining nozzles, the AVA nozzle leads to the droplets reaching the target
temperature the closest.

Equation 3.1 was created for nozzles with a square or round cross-section. As the
nozzle will be rectangular in this work, now two equations are needed: one for the upper
and lower part and one for the sides. A look at the equation shows that just the area
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Figure 4.10: Final design of the nozzle.

ratio can be changed. To calculate the contours correctly, an equivalent area ratio is
calculated. To do this, the height/width at the test section is divided by the value at
the nozzle entry and this value is squared.

As explained earlier, the position of the steepest slope should be the same for every
side. The only difference between the contour equations is the area ratio. As the area
ratio is just a constant, it does not change the position of the steepest slope at all.
Therefore no further action needs to be taken to match the positions of the steepest
slopes. The final design of the nozzle is shown in Figure 4.10

4.3.3 Settling area

The settling area is upstream of the nozzle and does not change its shape over its length.
Therefore it has the same shape as the upstream end of the nozzle. Hence, the settling
area is square with the length of the sides being 1.54m. This results in a hydraulic
diameter of 1.54m as well.

The spray system is the component placed the most downstream inside the settling
area. Otherwise, the droplets would hit the honeycombs and screens. This would lead
to ice accretion on these components. As a result, the flow quality and uniformity would
suffer severely. Hence, the honeycombs and screens have to be placed upstream of the
spray nozzles.
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4.3.3.1 Spray System

The spray system is of huge importance. The system must be able to inject droplets
with the wanted MVDs that are small compared to many other droplet operations.
Additionally, the LWC must also match the values that need to be tested according to the
certification regulations. Furthermore, those values need to be controllable exactly to do
experiments with exactly known boundary conditions. Another important requirement
for the spray system is that the droplet distribution in the test section has to be very
close to uniform. Otherwise, the local conditions would be different in MVD and LWC
compared to the global values. This would lead to experimental results that do not
match the reality.

Selecting a suitable spray system is a difficult topic. This is due to two reasons.
First, most manufacturers of spray nozzles and spray systems do not offer all necessary
information on their products openly. Especially the droplet diameters that can be
obtained with a spray nozzle are typically not given but of significance for this work.
Additionally, turbulence enhances the mixing in an air flow significantly and therefore
also the spreading of droplets. With the basic equation of motions used in this thesis,
the turbulence can not be taken into account. Therefore, calculating the spreading of
the droplets is not possible in the scope of this work. Hence, the selection of a spray
system can not be done in this thesis and will be a topic for the future.

Nevertheless, some recommendations for suitable spray systems shall be presented.
The droplets in the wind tunnel will be smaller than for most other experiments. To
achieve small droplet sizes, typically air-assisted atomizers are used. In these spray
nozzles, the water jet is broken into small droplets because of the shear stresses between
an air flow and the water jet. For example Bansmer et al. [31], Tiihonen et al. [26], and
Leone et al. [57] used air-assisted atomizers in their icing wind tunnels. The second point
is that the LWC is low for this designed icing wind tunnel. Therefore, spray systems
with low water flux are needed. A possibility is the use of pulsating spray nozzles as
done by Bansmer et al. [31]. These nozzles are not injecting the water continuously but
intermittently. With this technique, lower water fluxes can realized.

The question of the number of spray nozzles needs to be calculated carefully. Giving
hints is however difficult, because existing icing wind tunnels differ significantly in their
number of spray nozzles. The Braunschweig icing wind tunnel described by Bansmer
et al. [31] is comparable in test section size and air speed to the designed icing wind
tunnel and uses 25 spray nozzles. The VT'T icing wind tunnel described by Tiihonen
et al. [26], however, is slightly larger and has a comparable air speed, but only uses 9
spray nozzles. Therefore, these configurations can be used as a first idea for the final
spray system design, but an analysis needs to be done before the final selection.

An initial droplet velocity needs to be known to calculate the droplet behavior. Some
examples for pulsating air-assisted atomizers are given by Spraying Systems Co. [58].
These nozzles operate with pressures between 0.34 bar and 7 bar. Because a part of the
pressure energy is also needed to brake the water jet into small droplets, a pressure of
3.5 bar is used to calculate the initial droplet velocity. As stated by Spraying Systems Co.
[59], the orifice for air and liquid are the same for the systems of interest. Additionally,
the pressures are often comparable for the air and the water. Therefore, an assumption
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is made that the volumetric flow of air and water is the same. Hence, the density of the
mixture is the average of the density of air and the density of water. Using equation
3.16, this results in a initial droplet velocity of about 37.5ms™".

4.3.3.2 Turbulence Screens

Upstream of the spray nozzles, one or more turbulence screens are placed. Multiple
screens will increase the flow quality but at the expense of higher pressure losses and a
longer wind tunnel. Therefore, for this design, only one screen was chosen. As stated
before, the porosity should be between 0.57 and 0.8. Higher values of the porosity lead
to fewer pressure losses. At the same time, higher porosities also lead to less balancing of
the nonuniformities of the flow. Therefore a balance needs to be found. As will be shown
in 4.5, the pressure loss of the screen has just a minor influence on the total pressure
losses. Therefore a low value of porosity of 0.6 was chosen to increase the uniformity of
the flow on the expense of slightly higher pressure losses.

4.3.3.3 Honeycombs

The most upstream components inside the settling area are the honeycombs. As stated
in the previous chapter, the ratio of the length to the diameter of the honeycombs should
be between 6 and 8. Larger values lead to a higher quality of the flow. Therefore the
designed honeycombs do have a ratio of the length to the diameter of 8. Following
the recommendation of Barlow et al. |20], there should be 150 cells per diameter of
the settling area. As the hydraulic diameter of the settling area is 1.54 m, the hydraulic
diameter of the honeycombs is 0.01 m. Therefore the length of the honeycombs is 0.08 m.

4.3.3.4 Assembly

As mentioned in the previous chapter, the distance between screens and also between
the last screen and the nozzle exit should be 0.2 times the hydraulic diameter of the
settling area. By doing this, the non-uniformities of the flow can be reduced. The spray
system is no screen but will be handled like a screen concerning this matter. Therefore
between the three components inside the settling area and after the spray system should
be a spacing of 0.2 times the hydraulic diameter each. No typical rule is given for the
distance between the nozzle entry and the honeycombs. For most conventional wind
tunnel designs with just one honeycomb section and one screen, typically 0.5 times the
hydraulic diameter is used as the total length of the settling area. Therefore these wind
tunnels would have a distance of 0.1 times the hydraulic diameter between the beginning
of the settling area and the honeycombs. This distance shall also be included in this
design. To still be able to insert the spray system, an extra length of one-tenth of the
hydraulic diameter is inserted. Hence, the overall length of the settling area is 0.8 times
the hydraulic diameter of 1.54 m. This results in a total length of the settling area of
1.23m. The final design of the settling area is shown in Figure 4.11.
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Figure 4.11: Final design of the settling area.

4.3.4 Wide-angle diffuser

The wide-angle diffuser is the connection of the fan section and the settling area. Hence,
the downstream end of the wide-angle diffuser has the same shape as the settling area.
Therefore the downstream end of the diffuser is square with a length of the sides of
1.54m. The size of the fan section needs to be known for the design of the upstream
end of the wide-angle diffuser. At the same time, the wide-angle diffuser can have a
big pressure loss and hence change the dimensions of the needed fan. Therefore it is an
iterative process to design the wide-angle diffuser and select a fan.

Smaller area ratios over the wide-angle diffuser lead to a shorter component and fewer
pressure losses. However, this leads to bigger fans. Bigger fans need more space and
typically cost more. As a compromise, an area ratio of about 2.5 and a fan diameter of
about 1.1 m were chosen. As will be presented in section 4.5, in the end, a fan with a
diameter of 1.09 m was chosen as well as an area ratio of 2.55.

As already mentioned, the cross-section at the downstream end is the same as the
cross-section of the settling area. The cross-section at the upstream end is the cross-
section of the fan. Therefore the wide-angle diffuser is circular at the upstream end
and square at the downstream end. The cross-section will change over the length of the
wide-angle diffuser.

To keep the diffuser as short as possible, an opening angle of 60° was chosen. The
length of the wide-angle diffuser is then 0.56 m. To be able to prevent separation despite
this high angle, one of the options presented in Subsection 3.2.4 has to be chosen.
Screens are the easiest option to design and operate because they are passive components.
Therefore the wide-angle diffuser will contain screens. Figure A.2 lists the number of
screens necessary for different configurations of wide-angle diffusers. For an area ratio
of 2.5 and an opening angle of 60°, two screens are necessary to prevent separation
inside the wide-angle diffuser. As explained in the previous chapter, the first screen
should probably be placed near the nozzle entry and the second screen somewhere in the
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Figure 4.12: Final design of the wide-angle diffuser.

middle of the wide-angle diffuser. The final design of the wide-angle diffuser is shown in
Figure 4.12.

4.3.5 Fan

The fan is placed as the most upstream part of the wind tunnel. As mentioned, the design
was developed in an iterative process together with the wide-angle diffuser. However,
already before this iterations, a decision about the type of fan section had to be made. As
explained in subsection 3.2.5, centrifugal blowers might have a small advantage over axial
fans, but it is not undisputed. Centrifugal blowers do however have the disadvantage
of needing much more space than axial fans. Therefore axial fans are favored over
centrifugal blowers. While the use of multiple fans might have some advantages, the
uncertainty about the flow quality and flow uniformity lead to the decision for a single
axial fan. The final effects of the necessary change of cross-section on the flow are not
clear. However, the change of cross-section might even reduce the separation risk inside
the nozzle as explained in 4.3.2. Therefore a single axial fan was chosen for the design
of this wind tunnel.

While the choice of a specific fan will be explained in section 4.5, the size of the fan
duct will already be named here. The term fan duct is used for the combination of the
fan itself and a short section with the same cross-section behind. This short section is
beneficial for the flow conditions and will have a length of 0.1 m. Therefore the fan duct
has a diameter of 1.09m and a length of 1.01 m.
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4.3.6 Diffuser

The diffuser is the component connected downstream of the test section. Therefore the
diffuser has a rectangular inlet with a width of 0.39 m and a height of 0.68 m. The design
of the diffuser itself is a weighing between length and pressure losses. For this thesis, a
compromise was chosen with an area ratio of 2.5. To keep the length short nevertheless,
a rather high opening angle of 3° was chosen. As the diffuser inlet is rectangular, two
possible diffuser designs were considered. The diffuser could either keep the aspect ratio
over its length or have the same opening angle at every side. The diffuser is prone to flow
separation. Assuming that the problem of flow separation is about the opening angle
itself and not about the aspect ratio, all sides are designed to have the same opening
angle. Otherwise, two sides would have a higher opening angle than 3° and the other
two a lower one. The chosen design with the same opening angle on every side results
in a width of 0.68 m and a height of 0.97m at the exit of the diffuser. The length of the
diffuser is 2.79 m. The final design is shown in Figure 4.13.

0.39

Q.68

Q.97

P

Figure 4.13: Final design of the diffuser.

4.3.7 The final design

With the design of the single components presented so far, the icing wind tunnel would
have an overall length of 8.03m. The maximum width and height of the icing wind
tunnel would be the values of the flow conditioning duct and therefore 1.54m. All
dimensions are summarized in Table 4.3.

The complete icing wind tunnel with all components is shown in Figure 4.14.
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Component Length|m)| Dimensions|m|
Inlet Outlet

fan duct 1.01 1.09 1.09
wide-angle diffuser 0.56 1.09 1.54 x 1.54 (1.54)
settling area 1.23 1.54 x 1.54 (1.54) 1.54 x 1.54 (1.54)
nozzle 174 1.54x 154 (1.54) 0.39 x 0.68 (0.50)
test section 0.70  0.39 x 0.68 (0.50) 0.39 x 0.68 (0.50)
diffuser 2.79 0.39 x 0.68 (0.50) 0.68 x 0.97 (0.80)

wind tunnel 8.03 max 1.54 x 1.54 (1.54)

Table 4.3: Dimensions of the final icing wind tunnel components. Two values are given
in the dimensions column if the section is rectangular, one value if the section
is round. If the section is rectangular, also the hydraulic diameter is given in
brackets.

Figure 4.14: The final wind tunnel.

4.4 Droplet behavior in the icing wind tunnel

The design to this point was mostly about aerodynamic issues and not about the ther-
modynamics and the droplet behavior. However, as the purpose of the icing wind tunnel
is to do icing experiments, the droplet behavior needs to be checked. As presented in
section 3.3, droplets with a larger diameter and therefore higher mass will adjust more
slowly than smaller droplets. Additionally, the droplets adjust to the speed and temper-
ature of the air asymptotically. Therefore the droplets will never reach the temperature
and velocity of the air exactly. However, a longer distance between the spray system
and the test object reduces the differences between droplet and air values. An important
characteristic of the icing wind tunnel will be the maximum MVD that can be tested
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inside the icing wind tunnel according to the requirements. Therefore, a maximum for
the final deviation between air and droplet values has to be chosen.

As explained in the previous chapter, the Reynolds number has a significant influence
on the ice accretions. Hence, to have a good transferability of the results of the exper-
iments, the velocity of the droplets needs to be close to the target value. Therefore it

was decided that the final deviation of the droplet speed has to be at most 2ms™! in

case of the design speed of 35ms™1.

Calculations with an air velocity of 35ms™ at the test section were done. The final
velocity deviations for different droplet sizes are shown in Figure 4.15. According to the
figure, droplets with a maximum diameter of about 95 um can be tested without having
a higher deviation than 2ms~! from the air velocity. Using the Langmuir D distribution,
this results in a maximum MVD of about 42 um that can be tested in the icing wind

tunnel and still adjust fast enough to the air velocity.
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Figure 4.15: Velocity deviation for different droplet diameters.

Regarding the temperature, the region around —3°C and —2 °C is the most important
to be achieved exactly. This is because the type of ice accretions changes from rime to
glaze ice in this temperature region. To have good control over the type of the ice
shape, the droplet’s temperature at the test object shall differ at most 0.5°C from an
air temperature of —3°C.

To find out which MVDs can be tested in the icing wind tunnel, calculations with
different droplet sizes were done. As higher velocities decrease the temperature change,
the worst case was chosen. Therefore the air velocity at the test section is 35ms~! for
the calculations. As the necessary adaption quality was decided for an air temperature
of —3°C, the air temperature was set to —3°C. The final temperature deviations for
different droplet sizes are presented in Figure 4.16. To remain inside a difference of
0.5°C to the air temperature, droplets with a maximum diameter of about 85 ym can be
tested. Using the Langmuir D distribution, this results in a maximum MVD of about
38 um that can be tested in the icing wind tunnel and still adjust fast enough to the air
temperature.

Therefore droplets with MVDs of 38 um are the biggest droplets to be tested inside
the designed icing wind tunnel and still fulfill every requirement.

If a design is wanted that works for higher MV Ds, the length between the spray system
and the test object needs to be enlarged. On the contrary, the length can be shorter if
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Figure 4.16: Temperature deviation for different droplet diameters.

the icing wind tunnel shall be designed for smaller droplets. One option to change the
length of the droplets’ trajectories is to just change the nozzle length. Figure 4.17 shows
the length the nozzle would need to have for different diameters to achieve the droplet
temperature and velocity as formulated in the requirements. It is however important to
state that much shorter nozzle lengths increase the risk of separation drastically. For
droplets with a diameter of 35 um or less, the length of the nozzle can be as short as
0.05m because the lengths between the spray system and nozzle entry and between the
test section entry and the test object are already long enough.
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Figure 4.17: Necessary length of the nozzle to fulfill the requirements for different droplet
diameters.
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The maximum MVD in the EASA certifications is 50 um. According to the Langmuir
D distribution, the biggest droplets in such a droplet cloud have a diameter of about
110 pm. The necessary nozzle length to do experiments with droplets with a diameter
of 110 um is 3.25m according to Figure 4.17. Therefore a nozzle with a length of 3.25m
is needed to test the whole bandwidth of the EASA certifications.

4.5 Pressure losses and fan selection

As presented in the previous chapter, every component of the icing wind tunnel influences
the pressure loss. The values necessary to calculate the pressure loss of each component
are already given in the respective subsection. The remaining values will be introduced
and explained in this subsection.

For the calculation of the friction coefficient according to equation 3.30 the Reynolds
number is needed. The Reynolds number is calculated with equation 2.1. As the hy-
draulic diameter of every component is given in the respective subsection and the vis-
cosity in Table 4.2, just the air velocity is missing. The velocity can be calculated with
the continuity equation. The velocities at the inlet and the exit of the different parts of
the icing wind tunnel are summarized in Table 4.4. As higher velocities inside the icing
wind tunnel lead to higher pressure losses, the maximum velocity of 35ms~! inside the
test section was used as the design point.

component inlet velocity [ms™!] exit velocity [ms™!]
fan duct 9.95 9.95
wide-angle-diffuser 9.95 3.89
settling area 3.89 3.89
nozzle 3.89 35.00
test section 35.00 35.00
diffuser 35.00 14.00

Table 4.4: Velocities at the inlet and outlet of every component.

When calculating the pressure loss due to the drag of a structure inside the icing wind
tunnel with equation 3.47, the value € is needed. This value accounts for the influence the
structure has on the pressure loss in downstream sections. The two structures inside the
icing wind tunnel are the spray system and the test object. As both are designed with
an aerodynamic shape, the downstream influence is supposed to be negligible. Therefore
€ is assumed to be the minimum possible value of 1.

The test object itself produces drag. This drag results in a pressure loss that can be
calculated with the equation for internal structures. To calculate the pressure loss, the
drag coefficient is needed. The drag coefficient is higher for lower Reynolds numbers.
According to Figures 4.1 and 4.2, the lowest Reynolds numbers for UAVs will be for
velocities of around 10ms~—! and chord lengths of 0.1 m. This would result in a Reynolds
number of about 80,000. The drag coefficient of the RG15 airfoil for various Reynolds
numbers is listed by Airfoil Tools [50]. As no values are given for a Reynolds number of
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80,000, the drag coefficient will be taken for a Reynolds number of 50,000. The highest
drag coefficient for a Reynolds number of 50,000 inside the linear region of the cp-a-
curve is 0.039. The remaining unknown is the ratio of the area of the drag item to the
flow area. The drag area of an airfoil is its chord length times the width. The flow area
is the part of the cross-sectional area that is not blocked. As the blockage will be 10%
maximum, the flow area is 90% of the cross-sectional area of the test section.

The spray system also produces drag and therefore a pressure loss. The shape of the
spray system should be one with a small drag coefficient to reduce the pressure losses
and the aerodynamic losses. However, as no spray system could be selected, also the
shape of the spray system is not yet determined. To not underestimate the pressure
loss of the spray system, the worst case was calculated. To do this, the shape of the
spray system is simplified to a circular pipe in crossflow. Therefore the drag coefficient
becomes 1. For the blockage of a spray system, a maximum of 17% is recommended by
Leone et al. [57]. The drag area of the spray system is its projected area and therefore
maximum 17% of the cross-sectional area, while the flow area is the remaining 83% of
the cross-sectional area.

The pressure loss calculation of the screen contains the parameter Kg.. For the
calculation of the Reynolds number the diameter of the screen wire needs to be known.
The diameter of the wire was assumed to be 0.5 mm as was also done by Arifuzzaman
and Mashud [22]. Additionally, the mesh constant K, psy needs to be fixed to calculate
the losses. The value for average circular metal wires was used and therefore Ky psy
becomes 1.3. The missing ratio of the flow area to the cross-sectional area is equivalent
to the porosity of the screen.

The friction coefficient of the honeycombs depends on the surface roughness of the
honeycombs. As done by Arifuzzaman and Mashud [22|, polyvinyl chloride (PVC) can
be used for the construction of the honeycombs. Measurements by Rocha et al. |60]
showed that the surface roughness of PVC can be as high as 8 ym.

For the calculation of the pressure loss inside the diffuser, the value Kgxp needs to
be known. The value was calculated with the equation for square cross-sections. This is
because a square is closer to a rectangular shape than a circle and because this leads to
a more conservative calculation.

For the calculation of the exit losses, the Mach number at the exit needs to be cal-
culated. It is assumed that the temperature of the air stays constant inside the whole
icing wind tunnel. The Mach number and therefore also the pressure losses are higher
for lower temperatures. Therefore the worst-case temperature of —15°C was chosen.

The resulting pressure losses for every component and the icing wind tunnel in total
are stated in Table 4.5. Also the number of the equation that was used to calculate the
pressure loss is given in this table.

To compensate for possible shortcomings in the calculations, a safety margin is in-
troduced. It was chosen that the selected fan has to be able to compensate about 1.5
times the calculated pressure losses. This results in a pressure rise of about 500 Pa the
fan has to deliver. A further objective for the fan was to have a diameter of about 1.1 m
to have an area ratio of about 2.5 over the wide-angle diffuser. The third point is the
volume flux through the fan. A maximum volume flux of 9.28 m®s™! can be calculated
with equation 3.8.
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component equation K pressure loss [Pa]
test section 3.28 0.016 13.40
test object 3.47 0.025 20.93
nozzle 3.31 0.014 11.72
settling area 3.28 0.011 0.11
spray system 3.47 0.205 2.12
screen 3.48 1.210 12.51
honeycombs 3.44 0.404 4.18
wide-angle-diffuser 3.51 1.360 91.41
fan duct 3.28 0.011 0.74
diffuser 3.32 0.057 47.73
exit losses 3.43 1.000 133.97
total losses 338.82

Table 4.5: Overview over the pressure losses in every component and in total.

The selected fan is the model 43W726 by Aerovent [61]. It has a diameter of 1.09 m
and a length of 0.91m. The fan is able to deliver a pressure rise of about 500 Pa for a
volume flow of 11.0m3s~!. Therefore the fan is perfectly able to fulfill the requirements.
The input power of this fan in the viewed mode is 8.024 kW. This parameter is important
to be considered for the necessary cooling power of the cooling chamber.

4.6 Cooling chamber

4.6.1 Cooling requirements

The necessary equations for the calculation of heat released during the run of the icing
wind tunnel were given in the previous chapter. The required cooling power depends on
the water content in the air and on the difference between the initial droplet temperature
and the air temperature. The worst case is assumed for both parameters. Therefore a
LWC of 2.9gm™3 and an air temperature of —15°C are used.

As already mentioned, the initial droplet temperature is assumed to be 15°C. There-
fore the maximum temperature difference is 30°C. With a maximum LWC of about
2.9gm™3 and the maximum air mass flow of 9.150 m3®s~!, the maximum mass flow of
the water is 0.0269 kg s~!. This would result in a sensible heat of 3.510 kW and a latent
heat of 8.985kW. Combined with the fan input power of 8.024 kW, the produced heat
adds up to 20.520kW. This is the maximum amount of heat the cooling chamber has
to remove to ensure a steady run.

A typical temperature for the air inside the icing wind tunnel will be around —10°C.
The resulting heat for different TWCs is plotted in Figure 4.18. According to the reg-
ulations by the EASA, the maximum LWC for a temperature of —10°C is 2.5gm™>.
Therefore higher LWCs do not need to be tested in an icing wind tunnel.
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Figure 4.18: Required cooling power for the icing wind tunnel for different LWCs and
an air temperature of —10°C.

4.6.2 Space requirements

As mentioned in the previous chapter, Greenway and Wood [46] did simulations for a
single wind tunnel design to calculate the necessary clearance at the wind tunnel inlet.
They found out that the inflow area has to be at least 1.8 times bigger than the inlet
area. For the given design, the inlet is at the fan section. The fan area is 0.93m?.
Therefore the area of the inflow has to be at least 1.67m?. Figure 4.19 shows different
combinations of side lengths of possible chambers and lengths between the inlet and the
wall. As the icing wind tunnel is 1.54 m wide and high at its biggest position, smaller
chambers are not possible at all.
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Figure 4.19: Necessary clearance to the entry of the icing wind tunnel for different hy-
draulic diameters of the cooling chamber.

4.7 Costs

The costs play an important role in the question of whether a project can be realized.
Therefore a rough estimate of the costs of the building of the designed icing wind tunnel
is presented. As there is no literature that offers formulas to calculate the costs, the
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estimations will be really coarse. The first point is the calculation of the necessary
material volume for the wind tunnel parts. The surface area of all designed parts adds up
to 26.70 m?. Assuming a wall thickness of 5 mm, the material volume becomes 0.134 m?.
With the density of 2710 kg m ™2 of aluminum, the total material weight is 363.1kg. The
price of aluminum is 3.06 $/kg according to MetalMiner [62]. This results in material
costs of about 11008$. The share of material costs on the total costs is about 15% in
the normal industry according to Wilting and Hanemaaijer [63]. Therefore the total
manufacturing costs for the wind tunnel parts are 73008$. This calculation is however
coarse and probably the real costs are higher, e.g. because of special alloys that need to
be used because of the cold temperatures and the high humidity inside the wind tunnel.

Additionally, the spray system and the fan need to be bought. According to Spraying
Systems Co. [64], the price for an automated system can be estimated to be in the region
of 35,0008. Paint Booth Supply [65] lists the price of an axial fan, comparable to the
selected one, at 3000 $.

Therefore the total costs would sum up to about 45,300 $. This is however just a very
coarse estimation. Additionally, sensors to measure the pressure or the temperature for
example were not considered yet.

4.8 Heat map

During the design of the icing wind tunnel different options were considered and the
"result" is in the end more a recommendation than the only possible design. The final
specifications for the chosen design are summarized in Table A.1 in the Appendix. To
show the influence of some changes in parameters, a heat map was created that is
presented in Table 4.6. The heat map presents the qualitative influence of a change
of several parameter. Every change in the parameter that leads to an increase in size,

parameter of change length diameter Apr fan power cooling Au AT

current design 0 0 0 0 0 0 0
chord length - + I -+

angle of attack + + + +

width B - + +

speed 0 0

AR diffuser B o - - 0

AR nozzle == == = == 0
Tirop,0 0 0 0 0 0

air temperature 0 0 0 0 0 -

Table 4.6: Impact of the increase of different parameters on the size, the total pressure
losses and the necessary fan and cooling power of the icing wind tunnel, as well
as on the final droplet deviations in temperature and velocity. Ty, is used
for the initial droplet temperature. Green color indicate positive changes, red
negative changes.
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typically leads to smaller final deviations in droplet temperature and velocity, but also
to higher fan and cooling requirements. An exception is the area ratio of the diffuser
that decreases the fan and cooling requirements because a higher area ratio leads to
fewer pressure losses at the exit of the wind tunnel. Higher air speeds increase every
aspect of the wind tunnel significantly.

4.9 CFD simulations

A lot of the equations used for the calculations are either empirically or use assumptions
that can not always be fully fulfilled. Also some basic rules of thumb were considered
while designing the components. As a first impression of whether the design might act as
calculated, CFD simulations are helpful. CEFD results for two different turbulence models
were produced in 3D by Richard Hann with FENSAP-ICE. FENSAP-ICE is a part of
the Ansys Fluid CFD program. It is specially designed for in-flight icing simulations
in 3D. The used turbulence models were the Spalart-Allmaras model and the Menter
k — w SST. The results obtained with the Spalart-Allmaras model are presented here.
For the ease of the simulation, just one quarter of the wind tunnel was simulated. This
is possible because the wind tunnel is symmetric.

Figure 4.20 shows the velocity development of the air over the length of the icing wind
tunnel. As the air velocity at the test section is almost 35ms~! the initial conditions
are valid.
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Figure 4.20: Plot of the velocity in the CFD simulation.

An important question is to know whether separation occurs inside the wind tunnel.
This would lead to increased pressure losses and decreased flow quality. Therefore the
quality of the results would be worse. A good indicator of separation is a surface stress
of 0. This is because the surface stress is proportional to the wall-normal gradient of
the velocity. As explained in subsection 2.2.1, the position where this gradient becomes
zero is the point of separation. Therefore the CFD results were controlled for areas with
surface stresses of 0. As shown in Figure 4.21 separation might especially occur in the
corner of the nozzle and of the diffuser, but also in the corner of the test section.

Additionally, the pressure losses were calculated. To analyze the pressure losses inside
the icing wind tunnel, the total pressure is averaged over the plane of interest and then
compared to previous positions. The results for both turbulence models are shown in
Table 4.7. The CFD simulations indicate much higher pressure losses for every compo-
nent than the calculated values. The most probable reason is that the separation areas
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Figure 4.21: Plot of the separation zones in the CFD simulation.

lead to higher pressure losses than expected. If the pressure losses that were achieved
with the CFD simulation are closer to the reality than the values calculated in subsec-
tion 4.5, a more powerful fan would be needed. The pressure losses according to the
CFD simulation are about three times higher than the ones calculated in subsection
4.5. Therefore a fan would have to deliver at least a pressure rise of about 1000 Pa.
The 43W718 by Aerovent [61] has the same dimensions as the fan selected previously
and would be able to deliver the necessary pressure rise with a power need of 14.71 kW
which is an increase of 83%. Therefore also the cooling requirements would increase to
27.03kW compared to 20.23 kW before.

component  Spalart-Allmaras Menter k — w SST calculated values

test section 33 27 13
nozzle 60 92 12
settling area 2 1 0
diffuser 125 156 48
total losses 220 276 73

Table 4.7: Comparison of the pressure losses according to the CFD simulations and the
values calculated in Table 4.5. All values in Pa.

The results with the Menter £ — w SST model are presented in Appendix A.4. The
velocity plot is almost exactly the same as for the Spalart-Allmaras model. The plot of
the separation area shows more separation in the region of the diffuser for the Menter
k — w SST model, but overall a comparable result. The choice of the turbulence model
therefore just has a minor influence on the results of the CFD simulations. Both results
showed possible separation in the wind tunnel as well as higher pressure losses than
calculated before. The explanation for the differences between the CFD results and the
calculations can be caused by both sides. CFD results, especially with turbulence models,
try to replicate the reality, but until today there are shortcomings. The calculations can
also lead to wrong results, as some assumptions might have been wrong and many
equations were developed empirically rather than being strictly physical.
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4.10 Small icing wind tunnel

The NTNU owns a small cooling chamber. The dimensions of this chamber are ap-
proximately 3.8 m x 3.3m. However, not even the whole space can be used, as some
instruments are stored inside this room. Nevertheless, the availability of this cooling
chamber lead to the thought of designing a small icing wind tunnel that would fit inside
this chamber but of course has shortcomings compared to the big icing wind tunnel
design.

As a first step, new requirements have to be found. They are summarized in Table
4.8. As presented earlier, the scaling of icing experiments is difficult. This is why
the requirements cannot be reduced anymore without reducing the usability drastically.
One changed specification arises because the cooling chamber can just be cooled down
to —10°C.

requirement old value new value
chord length 0.4m 0.3m
maximum angle of attack 8° 4°
unimpeded width of the test section  0.30m 0.18 m
speed 35ms~!  25ms!
fan duct length 0.10m 0.05m
air temperature —15°C —10°C

Table 4.8: Comparison of the (old) requirements for the big icing wind tunnel and the
(new) simplified requirements for the small icing wind tunnel.

However, it was agreed to be all right with worse flow conditions inside the icing
wind tunnel, as the small wind tunnel should mainly be for testing equipment and
gaining experience. Therefore also slightly larger deviations of the droplet velocity and
temperature can be accepted.

As the diffuser has a huge share of the overall length of the icing wind tunnel and the
space is tight inside this cooling chamber, it was early decided that the area ratio of the
diffuser has to be lower for this small tunnel than for the big one. This is because with
a lower area ratio also the length of the diffuser is shorter. Therefore all calculations
were done with an area ratio of 2 for the diffuser. All the other values were calculated

Version diffuser AR nozzle AR IWT length [m] pressure losses [Pa]

1 2 9 4.22 216
2 1.5 9 3.70 291
3 1 9 3.10 o17
4 6 3.76 201
5 1.5 6 3.24 277

Table 4.9: Comparison of different options for a shorter icing wind tunnel (IWT).
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as for the big icing wind tunnel. However, this lead to a too long wind tunnel. Some
considerations were made about how the wind tunnel length could be reduced even
further. They are presented in Table 4.9. Version 1 is the version calculated with the
values as for the big tunnel except for the area ratio of 2 of the diffuser. Version 2 is
a version with an even lower area ratio of the diffuser, while version 3 is a calculation
without any diffuser at all. Versions 4 and 5 are calculations with a smaller area ratio
of the nozzle, once with a high and once with a low area ratio of the diffuser.

It is obvious that lower area ratios reduce the length of the icing wind tunnel signif-
icantly. However, reducing the area ratio of the diffuser leads to higher pressure losses
as the kinetic energy of the flow at the exit is higher. Therefore the version without a
diffuser is not under further consideration. This is why version 5 was chosen in the end.
The dimensions of the single components for this case can be found in Table 4.10.

Component Length|m)| Dimensions|m|
Inlet Outlet

fan duct 0.66 0.61 0.61
wide-angle diffuser 0.16 0.61 0.70 x 0.70 (0.70)
settling area 0.56 0.70 x 0.70 (0.70) 0.70 x 0.70 (0.70)
nozzle 0.79  0.70 x 0.70 (0.70) 0.24 x 0.34 (0.28)
test section 0.47 0.24 x 0.34 (0.28) 0.24 x 0.34 (0.28)
diffuser 0.60  0.24x 0.34 (0.28) 0.30 x 0.40 (0.34)

wind tunnel 3.24 max 0.70 x 0.70 (0.70)

Table 4.10: Dimensions of the small icing wind tunnel components. Two values are given
in the dimensions column if the section is rectangular, one value if the section
is round. If the section is rectangular, also the hydraulic diameter is given
in brackets.

Version IWT length [m] total pressure losses [Pa]
Version 1 (Table 4.9) 4.22 216
chord length 0.25m 3.82 192
angle of attack 3° 3.98 199
unimpeded width 0.15m 3.94 197
all options combined 3.44 182

Table 4.11: Comparison of the influence of changed requirements for the shorter icing
wind tunnel on the overall length and the total pressure losses.

It was also under consideration to reduce the requirements. Some examples are listed
in Table 4.11. While a reduction of the requirements would also play a role to reduce the
wind tunnel length, the usability of the icing wind tunnel would suffer badly. This is due
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to the mentioned problems with the scaling of results. As the option explained before
seems to be able to fulfill the requirements under the space limitations nevertheless, a
reduction of the requirements was skipped.

The maximum MVD that can be tested was also calculated for this small wind tunnel.
In Figure 4.22(a) the final velocity deviation for droplets of different sizes is given. In
Figure 4.22(b) the same is done for the temperature. With the designed small icing
wind tunnel, a maximum diameter of slightly above 50 um can be tested. By taking the
Langmuir D distribution, the MVD of the corresponding distribution is about 23 pm.
While this is much less than the highest MVD given in the EASA requirements, the MVD
is still high enough to do reasonable experiments with the small icing wind tunnel.
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Figure 4.22: The final deviations in velocity and temperature for droplets with differ-

ent diameters and for different water pressures inside the small icing wind
tunnel.

The pressure losses for the single components and the wind tunnel in total can be
calculated in the same way as done for the big one. The results can be found in Table

component equation K pressure loss [Pa]
test section 3.28 0.022 9.40
test object 3.47 0.038 16.23
nozzle 3.31 0.013 5.55
settling area 3.28 0.012 0.14
spray system 3.47 0.205 2.44
screen 3.48 1.198 14.24
honeycombs 3.44 0.523 6.22
wide-angle-diffuser 3.51 0.594 19.82
fan duct 3.28 0.015 0.50
diffuser 3.32 0.028 11.96
exit losses 3.43 1.001 190.13
total losses 276.63

Table 4.12: Overview over the pressure losses in every component and in total for the

small icing wind tunnel.
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4.12. To counter the pressure losses, the fan must be able to deliver a pressure rise of
about 415 Pa to have a safety margin for shortcomings in the calculations. Additionally,
the fan will see a volume flow of about 2.0m3s™!. An example of a fan that might be
suitable to fulfill these requirements is the model 24W722 by Aerovent [61]. It offers a
pressure rise of about 436 Pa for a volume flow of 2.1m3s~!. If the fan is run under
these maximum conditions, it will produce a heat of 1.33kW.

Although no data is given for the cooling power of the climate chamber at the NTNU,
the necessary cooling power is calculated. The necessary cooling power is plotted in
Figure 4.23. The maximum cooling power necessary for the small icing wind tunnel
is 3.942kW. All specifications for the small icing wind tunnel are also summarized in
Table A.1 in the Appendix.

5
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Figure 4.23: Required cooling power for the small wind tunnel for different LWCs at an
air temperature of —10 °C.

62



5 Discussion

5.1 Conclusion and discussion

The usage of UAVs can be significantly influenced by ice accretions on the aircraft. To
increase the usability, systems need to be designed that protect the aircraft in icing
conditions. Therefore a better understanding of the physics behind the ice accretions is
necessary. To do experiments, icing wind tunnels are often used as test facilities. Icing
wind tunnels also offer the opportunity to test designed ice protection systems under
realistic conditions. Today the number of icing wind tunnels is small. Additionally, most
of the existing icing wind tunnels are designed for manned aircraft and not suitable for
UAVs. This is why this thesis is about the design of a new icing wind tunnel for UAVs.

An objective for icing experiments is to do them with the conditions that occur in real
life. This is why the designed icing wind tunnel can contain UAV airfoils with real-life
chord lengths. Additionally, the wind tunnel will be able to accelerate the air to 35ms™*
and therefore generate real-life air flows.

As the purpose of an icing wind tunnel is to simulate the ice accretions on the test
object, the droplet behavior was calculated for the designed wind tunnel. The results
show that the largest part of the typical icing environment can be tested in the designed
icing wind tunnel. Additionally, the necessary nozzle length was given that is needed to
do experiments with bigger droplets as well.

To run the wind tunnel, power is needed. The pressure losses in every component
were calculated. The resulting total pressure loss will be balanced by an axial fan sitting
as the most upstream part of the wind tunnel. In this thesis also a fan was presented
that can offer the necessary power for the wind tunnel.

Without proper cooling, a reasonable run of the wind tunnel is impossible. Therefore,
the requirements for the climate chamber that will contain the icing wind tunnel were
formulated.

Preliminary CFD simulations were done to check the correctness of the calculations
and the wind tunnel design. The results indicate the occurrence of flow separation in
the corners of the wind tunnel. Additionally, the pressure losses of the CFD results are
much higher than the ones calculated for the wind tunnel. Therefore the CFD results
indicate that the designed wind tunnel needs more attention before it can be built.

The last part of the thesis was concerned with the down-scaling of the wind tunnel
design. This was done as the NTNU owns a small climate room that could also be used
as a climate chamber for an icing wind tunnel. However, its dimensions are too small
to contain the icing wind tunnel with the requirements formulated for good scientific
testing. Therefore a new list of requirements was formulated that can be held by a way
smaller icing wind tunnel and still lead to some gain in knowledge. For this smaller icing
wind tunnel, different design ideas were presented and compared.
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5 DISCUSSION

Overall, during this thesis, the basic design of an icing wind tunnel specifically designed
for UAVs is presented. The icing wind tunnel is comparable in test section size and air
speed to the icing wind tunnels in Braunschweig (see Bansmer et al. [31]) and the VTT
icing wind tunnel (see Tiihonen et al. [26]). According to the results, the designed icing
wind tunnel is suitable as test facility for a wide range of icing experiments on UAVs.

The CFD simulations however showed some unsettled topics like separation and higher
pressure losses. As the icing wind tunnel was just designed by using basic equations that
often use simplifications, some uncertainties remain. Especially the droplet behavior was
just calculated roughly and without taking turbulence into account. Additionally, the
pressure losses differ by the factor three between calculations and the CEFD results. With
the uncertainty being so high, it is not sensible to select a fan. A further weakness of
the work done so far is, that it was not possible yet to select a spray system for the icing
wind tunnel.

Nevertheless, the design is a good starting point for a more detailed analysis. As there
is a need for more icing wind tunnels for UAVs, it is absolutely recommended to continue
the work and eventually build an icing wind tunnel based on this work.

5.2 Further work

The mentioned CFD results lead to the need for an overthinking of certain parts of
the wind tunnel design. First, a deeper analysis of the CFD results is necessary to
understand the reason for the flow separation and the higher pressure losses. If this
knowledge is present, the design of the wind tunnel can be changed to reduce these
effects. A first idea is to insert fillets in the corners as recommended by Barlow et al.
[20]. Additionally, an other nozzle design can be checked to see if a change of the nozzle
contour helps to reduce the separation area. Other possibilities are to make the nozzle
longer or to reduce the opening angle of the diffuser.

A key step that needs to be taken on the way to a working icing wind tunnel is to select
a suitable spray system. Some ideas were presented in section 4.3.3.1. It will probably
be necessary to do detailed CFD simulations of the droplet behavior for different designs
of a spray system.

Another topic for the future is to provide the necessary cooling power for the icing
wind tunnel. This could be done by placing the wind tunnel in a climate chamber, by
injecting liquid nitrogen, or by changing the design into a closed icing wind tunnel with
a heat exchanger. If a decision is made, a CFD simulation of the icing wind tunnel and
its environment is necessary to check that the flow quality is sufficient. This would be
especially important for the inlet of an open return wind tunnel.

Once the icing wind tunnel is build, different instruments need to be installed, for
example to measure the temperature, the speed or the water content in the icing wind
tunnel. Afterwards, the icing wind tunnel and the instruments need to be calibrated as
explained in SAE-ARP 5905 [66]. A thorough calibration is very helpful to have trust in
the results of experiments. Especially the uniformity of the droplet cloud inside the test
section should be checked to make sure that multiple measurements of the ice shapes
are done at positions with comparable conditions.
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A Appendix

A.1 UAV Database

On the following pages, the UAV database with entries for 93 UAVs can be found. The
references in the database belong to the reference list behind the table. The fields with
the reference number are colored. This was done to show the trustworthiness of the
source. Of course, having data of the manufacturer was always preferred but often
just a few characteristics were given. Therefore also other, less reliable literature was
checked. The color green indicates that the data was taken by the manufacturer or the
US military. Yellow fields indicate that the source is a newspaper or scientific paper.
The sources behind red fields are other websites that are not as trustworthy but still
worth to be considered due to the data they listed.
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A.2 Additional Figures
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A.3 The RG15 airfoil

Here, the coordinates of the surface of an RG 15 airfoil are plotted. The x-axis is the axis
in flow direction. The z-axis is perpendicular to the x-axis. Both axes are normalized
with the chord length of the airfoil. Therefore the x-axis has values between 0 and 1.
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The shape of an RG15 airfoil with an angle of attack of 0° is shown in Figure A.3.
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A.4 CFD simulation using the Menter £k —w SST
model

As explained in subsection 2.2.1, the impact of turbulence is modeled in our CFD sim-
ulations. By modeling the turbulence, the calculated flow field can differ from the true
flow field. Therefore doing a comparison with at least a second turbulence model is
always reasonable. For this thesis, the CFD simulations were done with two different
turbulence models. The results of the Spalart-Allmaras model were presented in the
main part of the thesis. The velocity plot of the simulation with the Menter £ — w SST
model is shown in Figure A.4.
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Figure A.4: Velocity plot of the CFD simulation with a second turbulence model.

The flow field looks similar to the one calculated with the Spalart-Allmaras turbulence
model. The same is true for the separation plot in Figure A.5. The pressure losses of
both models were already presented in Table 4.7. While the two simulations show small
differences, they are much closer to each other than two the values calculated with the
basic equations given mostly by Eckert et al. [32].

Figure A.5: Plot of the separation zones in the CFD simulation with a second turbulence
model.

The comparison of the two different turbulence models showed just very small dif-
ferences. Therefore the differences between CFD simulations and the values calculated
with algebraic equations depends not on the choice of the turbulence model.
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A.5 Icing wind tunnel specifications

The final specifications of the two icing wind tunnels designed in this thesis are compared
in Table A.1.

parameter big icing wind tunnel small icing wind tunnel
maximum speed at test section 35ms! 25ms!
maximum chord length 0.4m 0.3m
maximum angle of attack 8° 4°
unimpeded test section width 0.30 m 0.18m
minimum air temperature —15°C —10°C
maximum MVD 38 pm 23 pm
wind tunnel length 8.03m 3.24m
maximum cross-section 1.54m x 1.54m 0.70m x 0.70 m
fan power 8.024 kW 1.33kW
necessary cooling power 20.52kW 3.942 kW

Table A.1: Comparison of the specifications of the big and the small icing wind tunnel.
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