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Abstract

With new rovers landing on Mars, like the Perseverance rover in 2020, the interest in Mars has grown recent
years. The atmospheric conditions on Mars result in challenging conditions due to its low density atmosphere
and extremely low temperatures. With a density on Mars that is 1% of that on Earth, creating sufficient lift
for vehicles to fly becomes a challenge. The low density results in low Reynolds numbers. The low tempera-
ture has an effect on the speed of sound, due to which the Mach number is significantly higher at the same
flow velocity compared to Earth. Airfoil data at these conditions, low Reynolds number - high Mach num-
ber, are sparse, but crucial for design of aerial vehicles. Next to the aerodynamic conditions, dunes on Mars
are formed and migrate. The parameter of interest which defines the conditions required for transportation
of particles is the threshold shear velocity. This parameter has been determined by different analytical ex-
pressions. However, the outcome remains a broad range, which point out the difficulty and inaccuracy of
the results. Therefore, in this document, the design of a carousel wind tunnel is investigated to determine
its feasibility to perform aerodynamic and aeolian measurements. The carousel wind tunnel consists of two
concentric drums, of which the inner one rotates. The carousel wind tunnel is analysed by a computational
fluid dynamics analysis with the k - ω turbulence model. The results indicate that due to secondary flow
effects and the wake of a test object, no accurate aerodynamic measurements can be performed. Aeolian
measurements are deemed feasible, with increased accuracy at sufficiently high rotational velocities.
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1
Introduction

The Martian atmosphere has challenging conditions to enable flight on Mars due to its low density and low
temperature. Due to the low density, creating sufficient lift is challenging. Flying at this low density results in
a low Reynolds number which has a significant effect on the performance. Furthermore, in combination with
the low Reynolds number, the Mach number is relatively high because of the lower speed of sound, which
can results in shock waves being present. This is due to the CO2 atmosphere and low temperature. However,
since the Reynolds number is low, the exceptional combination of high Mach number - low Reynolds number
occurs, of which few data on the performance of airfoils is available. Next to flying on Mars, the low density
results in low shear stress due to the wind. However, it is known due to recent satellite imagery that geologi-
cal processes occur on Mars despite the unfavourable conditions (low density atmosphere). The start of the
geological process has been investigated by wind tunnel measurements and analytical solutions. However,
their different analytical solutions provide a broad range of results, due to which the exact solution remains
uncertain.

The aim of this report is to analyse the design of a carousel wind tunnel, which consists of two concentric
drums where the inner drum rotates, to determine its feasibility on performing aerodynamic and aeolian
experiments by a computational fluid dynamics (CFD) analysis. Therefore, this report aims to answer the
question: Can a velocity profile be created in a carousel wind tunnel in Martian atmospheric conditions
that allows for both the measurement of aerodynamic forces and threshold shear velocities? To answer
this question, the two applications have to be analysed separately. Therefore, to provide an answer to the
main research question, the following sub research questions need to be answered:

1. Are we able to create a boundary layer in the carousel wind tunnel that allows us to measure threshold
shear velocities?

2. Can inflow and wake flow properties be generated to measure aerodynamic forces on a test object?

(a) What is the angle and velocity of the inflow?

(b) Does the flow recover from the wake of a test object?

This report starts with Chapter 2, where the reason behind the necessity is explained by determining the
different phenomena of interest occurring on Mars. Both the aerodynamic and aeolian phenomena are ex-
plained, and the carousel wind tunnel is introduced. Next, in Chapter 3, the methodology is explained. The
different research questions are formulated, and the setup of the CFD analysis is explained. The meshes of
the different analysis that will be performed are explained in detail. Furthermore, the boundary & initial con-
ditions are set, and the turbulence model is explained. To ensure a mesh is created of great quality, a mesh
convergence analysis is performed. Lastly, before using the results of the CFD analysis, it must be determined
if the analysis solves the correct equations (verification), and if the results represent the real physical phenom-
ena (validation). Now that the results are verified and validated, they can be analysed and interpreted, which
is done in Chapter 4. Here the results of the 2D and 3D analysis of the carousel wind tunnel, with and without
a disturbance, are analysed. The results are discussed both from the aerodynamic and the aeolian point of
view. Lastly, in Chapter 5, the analysis on the carousel wind tunnel is concluded.
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2
Aeolian & Aerodynamic Phenomena on

Mars

Due to the recent rover landings, there is a renewed interest in Mars. With helicopters flying on Mars [6],
the goal is to broaden the knowledge related to flying on Mars. Furthermore, with improved satellite images,
dune formation and migration are discovered to appear more frequently than first thought. The common
parameter between flying and dunes on Mars is the difficulty it has due to the low density. In Section 2.1,
the Martian atmospheric properties are discussed and compared to Earth. Secondly, in Section 2.2, existing
Martian wind tunnel facilities are compared and discussed. Next, in Section 2.3, the effects of having a low
Reynolds number and high Mach number is discussed. Here, important aerodynamic parameters such as
the Reynolds number and Mach number, and the related shock waves are explained in detail. The Reynolds
number and Mach number are two important parameters when discussing flight on Mars. Due to the low
density, the Reynolds number is significantly decreased with respect to Earth. Secondly, due to the low tem-
perature and different gas composition on Mars, the speed of sound is reduced, which results in higher Mach
number for the same velocity relative to Earth. However, to create sufficient lift, higher velocities are required
to enable flight. Therefore, data on the performance of airfoils at low Reynolds numbers and high Mach num-
bers must be available. Next, the aeolian process of sand displacement, related to the formation of dunes, is
explained in Section 2.4 along with the associated parameters of interest. The testing facility central in this
document, the carousel wind tunnel design, is explained in Section 2.5. Lastly, the flow around a cylinder is
explained in Section 2.6 because of its usability to compare the flow around the cylinder in the carousel wind
tunnel with a regular flow passing a cylinder, for which extensive literature is available.

2.1. Martian Atmospheric Properties
With the flight of the helicopter Ingenuity on Mars, a new and exciting era in (space) flight has began: flying
on Mars [6]. However, what makes flying on Mars so different compared to Earth is the substantial difference
in atmospheric properties. The most influential parameter of the atmospheric properties is the atmospheric
density. The atmospheric density is roughly only 1% of Earth’s. Apart from the atmospheric density, there are
differences in gravitational acceleration, temperature, pressure, dynamic viscosity, sound velocity, specific
heat ratio, gas constant, and atmospheric composition. The air on Mars consists of 95% CO2, significantly
affecting the specific heat ratio and gas constant [65]. The only parameter of the list mentioned that aides
the flight on Mars is the reduced gravitational acceleration. The lift has to overcome the weight to enable
flight, and thus, a reduced gravitational acceleration results in a reduced weight which lowers the limit of lift
necessary to fly. An overview of the parameters that are mentioned with their values on Mars compared to
Earth can be seen in Table 2.1. Furthermore, the properties at an altitude of 30km on Earth are also listed to
get a grip on the extremely low atmospheric density. The density on Mars is comparable with the density on
Earth at this altitude of 30km.

8
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Table 2.1: Average characteristic of Earth’s and Mars’ atmosphere[12]

Quantity Earth (ground) Mars (ground) Earth (30 km)

Gravitational acceleration [m/s2] 9.81 3.72 9.78
Density [kg/m3] 1.225 0.0167 0.0177
Temperature [◦C] 15 -63 -46
Pressure [Pa] 105 660 1150
Dynamic viscosity [Pa.s] 1.8 ·10−5 1.06 ·10−5 1.47 ·10−5

Sound velocity [m/s] 340 230 300
Specific heat ratio [-] 1.4 1.32 1.4
Gas constant [J/kg/K] 287 188 287

2.2. Existing Martian Wind Tunnel Facilities
Environmental wind tunnels that simulate Martian conditions have been made. Examples of this are the
Mars Wind Tunnel at Tohoku University, the Aarhus wind tunnel simulator at Aarhus University and the Mars
Surface Wind Tunnel (MARSWIT) facility at NASA Ames [34, 38, 46, 70]. The dimensions of the wind tunnels
can be seen in Table 2.2. It can be seen that although the test sections are similar, the length of the tunnel
differs significantly. It varies from a few meters up to 13m. This length varies based on the flow velocity that
can be reached in the wind tunnel.

Table 2.2: Example of Martian environmental wind tunnels

Total length [m] Test section [m]
Mars Wind Tunnel at Tohoku University [34] 3.49 0.1 x 0.15
Aarhus wind tunnel simulator [38, 46] 4.5 1 x 2
MARSWIT facility [38, 70] 13 1.2 x 0.9

The range of total pressure the Mars Wind Tunnel at Tohoku University is between 1 and 60 kPa, both for air
and CO2. The Mach number goes up to 0.74 for air, and 0.84 for CO2. The range of the Reynolds number
is between 2.6 ·103 and 1.1 ·105 for air, and between 4.2 ·103 and 1.3 ·105 for CO2. The Aarhus wind tunnel
simulator has a flow velocity up to 30 m/s and a temperature that can go as low as -170◦. The total pressure
in the MARSWIT facility can vary between 1 bar and 5.5 millibar. The velocity can go up to 10.5 m/s. It can be
seen that the operational range varies significantly, depending on the facility.

From the discussion above, it is clear that the Martian environmental wind tunnels are relatively large in size.
This increases the costs of the wind tunnel significantly. When performing measurements in exact Martian
conditions, the gravitational acceleration of Mars has to be inserted in the facility somehow. A solution to
this would be to place a wind tunnel on board an aircraft such that by performing parabolic flights, different
gravitational accelerations can be obtained. However, the large size of the wind tunnel does not allow this.
Therefore, a different design of wind tunnel is required.

As mentioned before, conditions on Mars are different compared to Earth. Therefore, to gain more knowledge
on different aspects occurring on Mars, wind tunnels in Martian atmospheric conditions are needed. The
parameters of interest are the effect of the low Reynolds number in combination with a high Mach number
on the performance of an airfoil, which will be explained in the next section, and the threshold shear velocity,
which indicates the movements of particles. This will be explained in Section 2.4.

2.3. The Effect of Low Reynolds Number & High Mach Number
Two important parameters relating the flow characteristics to the performance of airfoils are the Reynolds
number and the Mach number. The Reynolds number is the ratio of inertial forces to viscous forces. The
Reynolds number is defined as:

Re = ρU L

µ
(2.1)
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where ρ is the atmospheric density, U is the flow velocity, L is a characteristic length, and µ is the dynamic
viscosity.

Looking back at Table 2.1, it can be seen that the atmospheric density is extremely low, and the dynamic
viscosity is decreased only by a limited amount. Therefore, the Reynolds numbers occurring on Mars for a
certain characteristic length and velocity will be low compared to Earth. To provide an example, a closer look
is taken at the Ingenuity helicopter. It has a rotational velocity of 2400 RPM and a rotor length of 1.2m, which
results in a velocity at the tip of the blade of 301 m/s. With a chord of 0.1m and using the regular atmospheric
density on Mars, this results in a Reynolds number of 46 946 [66]. Comparing this with the Reynolds number
that would occur on Earth, i.e. 3 485 390, it can be seen that this is a significant decrease.

The second parameter of interest is the Mach number. Why the Mach number is important will be explained
in the next section. The Mach number is the ratio of the velocity over a body to the speed of sound. It is
defined as:

M = U

a
(2.2)

where U is the velocity over a body, and a is the speed of sound. The speed of sound is dependent on three
different parameters: the specific heat ratio (γ), the gas constant (R) and the temperature (T), which can be
seen by Equation 2.3.

a =√
γRT (2.3)

Due to the extremely low temperature on Mars (-63◦C) and the different gas composition, which results in
a lower specific heat ratio and gas constant, the speed of sound on Mars is significantly lower compared to
Earth, 230 m/s vs 340 m/s. Therefore, when having a certain velocity, the Mach number will be higher on
Mars compared to Earth. Furthermore, due to the low atmospheric density, the velocities required to fly are
relatively high which again results in higher Mach numbers. Taking the Ingenuity helicopter as an example,
the Mach number at the tip of the blade is 1.3, and thus supersonic on Mars. On the other hand, the Mach
number on Earth would be 0.885, and thus remains in the transonic region.

Lowering the Reynolds number results in a decrease in lift coefficient, and results in the non-linearity of the
lift coefficient curve. Increasing the Mach number to the transonic regime results in a large increase in drag
coefficient. Because of these influences on the performance of an airfoil, the Mach number and Reynolds
number are deemed important parameters. The effect of the Reynolds number and Mach number will be
further discussed in Subsection 2.3.1 and 2.3.2.

Looking back at Table 2.1, it can be seen that all the parameters are discussed, and that most of them are
represented by the Reynolds number or Mach number. The pressure is related to the temperature, density
and gas constant by the ideal gas law and thus follows from those parameters.

2.3.1. The Effect of Low Reynolds Number on Airfoil Lift Coefficient
Figure 2.1 shows the influence the Reynolds number has on the lift coefficient of an airfoil. It can be seen
that decreasing the Reynolds number results in a non-linear curve, which is contrary to the Cl −α curve of
Reynolds numbers at higher Reynolds number. The lift coefficient increases until a certain angle of attack,
the stall angle, at which flow separation occurs, which results in a sudden drop of lift. After the stall angle, it
can be seen that the lift coefficient increases further. In practice, increasing the angle beyond the stall angle
increases drag significantly, and decreases the lift due to the significant lower velocity. Therefore, although
the lift coefficient increases, the lift decreases significantly due to the relation with the velocity.
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Figure 2.1: Experimental and numerical lift coefficient data for the NACA 0012 airfoil [47, 72]

2.3.2. High Mach Number Effect on Aerodynamic Performance
The second parameter of interest is the Mach number. The Mach number provides an indication where the
flow is situated in the compressibility region, i.e., if shockwaves are bound to appear or not.

As mentioned before, the operating range of the Mach number when flying at the same velocity will be higher
on Mars compared to Earth. Therefore, it is more likely that the Mach number will be in the transonic range
(between 0.8 and 1.2) or higher. When entering this region, shock waves will be present [73]. In Figure 2.2, it
can be seen that at a certain free stream Mach number, M∞, there is a point on the airfoil that has reached
sonic conditions, i.e. the Mach number equals one. The free stream Mach number when this happens is
called the critical Mach number, Mcr. Next, when increasing the free stream Mach number beyond the critical
Mach number, a supersonic flow is present over the airfoil, which results in a normal shock wave on the upper
surface of the airfoil. When increasing the Mach number further, normal shocks will arise on the upper and
lower side of the airfoil. After increasing the Mach number further, the two normal shock waves will come
together at the trailing edge of the airfoil [73]. When the free stream Mach number is increased beyond one,
there will appear an oblique shock wave, which in contrast to the normal shock wave, has an inclination
angle. Apart from the oblique shock wave, a bow shock will be present in front of the leading edge of the
airfoil [35].
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Figure 2.2: Shock wave progression with increasing Mach number [35]

Flying in the transonic region has the disadvantage of a large increase in drag [5]. The drag due to the wave,
and due to the energy loss of the shock wave is called wave drag. Furthermore, there is an adverse pressure
gradient present due to the increased static pressure after the shock wave, which can result in boundary layer
separation [40]. This also increases the drag. The large increase in drag in the transonic region is defined
as drag divergence. In Figure 2.3, the increase in drag coefficient in the transonic region can be seen. it has
a constant value until the critical Mach number, after which the drag starts to increase. The first increase in
drag is gentle, until the drag divergence Mach number is reached, after which the drag increases exponentially
due to the separation of the boundary layer [5].
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Figure 2.3: Drag coefficient with increasing Mach number [5]

The shock waves causes a reduction in flow velocity, which results in a decreased dynamic pressure. As a
result, the total pressure over the airfoil decreases [5].
As a result of the decreased total pressure due to the reduction in flow velocity, the pressure coefficient in-
creases, which can be seen in Equation 2.4 [5].

Cp = 1− V 2

V 2∞
(2.4)

The lift coefficient over the airfoil in the supersonic region is higher due to the supersonic region before the
shock. The region after the shock has a higher pressure which results in a lower lift coefficient. However, due
to the supersonic region before the shock wave, the overall lift coefficient is increased. Next to the increase
in lift coefficient, the drag coefficient is increased as well, which has already been mentioned. The increase
in drag is larger compared to the increase in lift. Therefore, the lift-over-drag ratio decreases with increasing
Mach number. The increase in lift and drag, and the decrease in lift-to-drag ratio can be seen in Figure 2.4
[16].

Figure 2.4: Lift and drag coefficient and lift-to-drag ratio for increasing Mach numbers from a 2D Navier-Stokes computation [16]

As mentioned in the introduction of this section, the Mach number operating range of the ingenuity heli-
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copter reaches a maximum of 1.3. From the discussion, it can be seen that this Mach number will have an
effect on the performance of the airfoil. However, when flying in Martian atmosphere, not only the Mach
number is different compared to Earth, the Reynolds number is significantly lower as well. It is therefore cru-
cial that sufficient airfoil data in the low Reynolds number - high Mach number regime is present, which will
be discussed in the next section.

2.3.3. Low Reynolds Number - High Mach Number Airfoil Data
The performance of an airfoil is highly influenced by the low Reynolds number and shock waves. The effect
the low Reynolds number has on the performance of the airfoil is well understood. Furthermore, the effect of
the high Mach number on the performance in Reynolds numbers frequently seen on Earth, and thus higher
compared to Mars, is also known in detail. However, in Martian conditions, shock waves in the low Reynolds
number regime can be present. Therefore, a closer look is taken at the available airfoil data, which is neces-
sary for the design of aerial vehicles on Mars.

In Figure 2.5, data within the Reynolds number - Mach number range can be seen in grey. In red, it is indi-
cated what data would be necessary to gain insight on the performance of airfoils in the range that would
occur on Mars. It is clear that there is only very little overlap between the data available, and the data neces-
sary. Therefore, there remains a knowledge gap on the performance of airfoils withing the Martian Reynolds
number and Mach number range.

Figure 2.5: Available airfoil data plotted in terms of Re and Mach number [18]

The available Martian wind tunnels, which are extremely costly and have substantial dimensions, in combi-
nation with the lack of airfoil data at low Reynolds number - high Mach number range, results in the necessity
of a facility that is capable of performing measurements within this range in an affordable manner. However,
before going into detail in the design that will be analysed, a completely different phenomenon, that of sedi-
ment transport on Mars, is discussed.

2.4. Aeolian Processes on Mars
Aeolian processes are wind driven processes. Sediment is transported or eroded due to wind. On Earth, aeo-
lian processes are very common. However, due to the low density on Mars, aeolian processes where expected
to only occur on rare occasions [11]. However, due to the advanced data that has become available from satel-
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lites, it is known that dunes migrate centimeters to meters within months to years on Mars [11]. In Figure 2.61,
the Nili Patera region on Mars can be seen with an example of a sand dune.

Figure 2.6: Dune field on Mars

2.4.1. Parameters of Interest for Aeolian Processes
On all planets with sufficient atmospheric density, aeolian processes can occur. The shear stress due to
the wind is dependent on the atmospheric density. Therefore, this is an important parameter to determine
whether or not sediment can be transported. Aeolian process cause for sediment transport which can lead to
the formation of sand dunes [11].

Before continuing on the different parameters that influence sediment transport, the difference between sed-
iment entrainment and particle detachment is explained. When a particle is carried aloft (by air), it is called
sediment entrainment. On the other hand, when the particle is detached from the surface (by for example
rolling, without leaving the surface), it is called particle detachment. Consequently, particle detachment oc-
curs first [23].

Different factors influence the movement of a particle, and whether or not it will move: These factors are:

• Atmosphere

• Particle and surface roughness

• Particle weight/size and shape

• Gravity

First of all, as mentioned before, the atmospheric density has an influence on the stress exerted on the parti-
cle by the wind. A denser atmosphere results in a lower shear stress required to move the particle. Secondly,
the particle and surface roughness have an influence on the friction. Rough surfaces and particles result in
more friction and thus a higher stress required to start movement. Next, the particle weight and size influence
the movement. Similar to the particle surface and roughness, the larger the weight and size, the higher the
friction between the particle and the surface. Lastly, gravity plays an important role as this affects the weight
exerted onto the surface.

The different factors mentioned above have an influence on the shear stress required to move the particles. A
different method of looking at the movement of particles is by looking at the threshold shear velocity. This is

1https://mars.nasa.gov/resources/7135/dunes-and-ripples-in-nili-patera/?site=msl
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the shear velocity required to start the movement of particles, u∗th . This is a height independent parameter.
There are two different threshold shear velocities: static/fluid and dynamic/impact. The first one refers to the
shear stress required for a standstill particle to start moving. The second one is the shear velocity required for
a moving particle to sustain its displacement [58]. The dynamic threshold shear velocity is lower compared
to the static threshold shear velocity due to the initial velocity of the particle. In this document, when talked
about the threshold shear velocity, the static threshold shear velocity is considered.

Lastly, the shear velocity (friction velocity) is different from the threshold shear velocity because this is a scal-
ing parameter which is related to the shear stress by Equation 2.5 [61]. The threshold shear velocity is related
in the same way to the shear stress but is an indication on the conditions required for particle movement.

τ= ρu2
∗ (2.5)

where τ is the shear stress and ρ the atmospheric density.

It can be seen that the shear stress is related to the atmospheric density. Relating to Table 2.1, it can be seen
that the shear stress (for the same shear velocity) will be significantly lower in Martian conditions. However,
the shear stress needed to measure static threshold shear velocity will be equal on Mars and Earth. Therefore,
the threshold shear velocity will be significantly higher on Mars compared to Earth. This is an important
notice, as this would require higher free stream velocities when measuring the threshold shear velocity.

2.4.2. Static Threshold Shear Velocity
Many different results have been obtained to determine the threshold shear velocity, either analytically or
experimentally. Different threshold shear velocities are determined for different particle sizes. A summary of
the different results, analytically and experimentally, can be seen in Table 2.3.

Table 2.3: Summary of the predicted and measured threshold shear velocities

Diameter [mm] Threshold Velocity [m/s] Method
de Vet et al [14] 0 - 1.19 0.4 - 1.4 Experimental
Greeley and Iversen [25] 0 - 1 2 - 8 Analytical
Iversen and White [26] 0.1 - 0.5 1.5 Analytical
Shao and Lu [56] 1.5 3.1 Analytical
Merrison et al. [37] 1.5 1.7 Analytical

From the table it can be seen that there is a wide variety in results, for different particle sizes, but also for the
same particle size. This gives an indication on the uncertainty of these results due to the significant difference
for each case.

From satellite images it is known that dune formation occurs on Mars. The parameter if interest is the static
threshold shear velocity. The threshold shear velocity is determined by different researches, which could be
seen in Table 2.3. However, it can also be seen that there remains a large uncertainty. Therefore, to limit the
wide range of threshold shear velocities, a testing facility capable of recreating the exact Martian conditions
would be of aide to narrow down the current uncertainty.

2.5. The Carousel Wind Tunnel Design
In Section 2.2, the existing wind tunnels that can perform in Martian atmospheric conditions are discussed.
From this, it can be seen that the available Martian wind tunnels are substantial in size, which results in high
manufacturing and operating costs. Furthermore, the wind tunnels only focus on one application. The tran-
sition from one application to another would result in a large time and cost investment. Therefore, the design
of Greeley et al.[21] is analysed in this document to determine its applicability for both aerodynamic and ae-
olian measurements. The testing facility that Greeley et al.[21] designed is called the carousel wind tunnel.
It will be investigated to determine if suitable conditions can be reached in Martian atmospheric conditions.
The carousel wind tunnel design has also been used by Demirci et al.[15] to perform measurements related
to the erosion of planetesimals (a solid object that moves through a dense gas and dust in space). A more de-
tailed comparison of the carousel wind tunnel measurements performed by Demerci et al.[15] will be done
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in Chapter 4, after the results have been analysed.

A carousel wind tunnel consists of two coaxial drums, as can be seen in Figure 2.7 [21]. By rotating the inner
drum, a flow field is created between the two drums. To be able to gather reliable data, the flow field, namely
the velocity profile, needs to be determined. From the velocity profile the threshold shear velocity, and the
applicability of performing aerodynamic measurements can be determined. This velocity profile gives an
indication on the achievable velocities in the wind tunnel and how this is distributed over the domain.

Figure 2.7: Sketch of the composition of the carousel wind tunnel [21]

The first advantage of using a carousel wind tunnel compared to regular environmental wind tunnels is its
limited size and simple design. Due to the simple design of two coaxial drums, the (operating) costs can
be reduced significantly. Secondly, due to the limited size, the carousel wind tunnel has the opportunity
to be brought on board an aircraft and perform measurements in variable gravitational accelerations. The
gravitational acceleration can be adjusted by performing parabolic flights. Consequently, the gravitational
acceleration of Mars can be simulated to create the exact Martian environment.

A possible disadvantage of the carousel wind tunnel design is the occurrence of secondary flow effects. The
carousel wind tunnel is similar to the so-called Taylor-Couette flow. This flow has been analysed extensively,
and many data is available. To determine if the carousel wind tunnel would be feasible, a 3D simulation
needs to be performed, this will be done in Chapter 4. However, before performing the simulation, the flow
characteristics of the carousel wind tunnel, without the goal to use it as any application, should be known.

In the carousel wind tunnel, energy is transferred from the rotating inner drum (mechanical energy) to the
flow. The flow gains energy by shear with the inner drum, and from momentum transfer which occurs be-
tween fluid layers [42]. Therefore, the flow within the carousel wind tunnel is called a shear-driven flow [9].
Due to the rotation of the inner drum, a centrifugal force is exerted onto the flow. This centrifugal force is the
cause of instabilities occurring in the carousel wind tunnel [57, 69]. The centrifugal force is therefore called
the unstable driving force [42]. Instabilities due to the centrifugal force occur due to the fact that the centrifu-
gal forces are able to overcome viscous forces [30]. Because the rotating inner drum is causing the instability,
the source of the instability can be seen as the adverse pressure gradient at the inner drum, resulting in an ad-
verse gradient of angular momentum [30]. However, since the centrifugal force has to overcome the internal
friction between the fluid particles, the rotational velocity has to be sufficiently large. To provide a dimen-
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sionless parameter which describes the type of instability, the Taylor number (Ta) is defined by Equation 2.6
[17, 67]. Here the Taylor number is simplified to the equation with only the inner drum rotating.

Ta = Ω
2R1(R2 −R1)3

ν2 (2.6)

The Taylor number represents the ratio of the centrifugal force over the viscous force. When the Taylor num-
ber exceeds a certain threshold, called the critical Taylor number (Tacr), instabilities start to occur. When
instabilities occur, they first start to appear in the form of counter-rotating toroidal vortices, called Taylor vor-
tices [48, 62]. When increasing the Taylor number further, the Taylor vortices become unstable and progress
to wave-like Taylor vortices. Depending on the Taylor number (and Reynolds number, as they are highly cor-
related), many different flow phenomena can occur. A part of these phenomena at low Reynolds numbers is
summarized by Andereckt, Lius and Swinney [4]. The graph showing the different flow Regimes can be seen
in Figure 2.8 [4, 22]. It can be seen that the graph represents flow regimes which cover a rotating inner drum,
outer drum, and both. Since the focus of this thesis is on a carousel wind tunnel with rotating inner drum, the
main flow phenomena of interest are wavy vortex flow, modulated waves and turbulent Taylor vortices. The
analysis will be performed at an inner drum Reynolds number of 1278. Therefore, the phenomena occurring
will be modulated waves or turbulent Taylor vortices. However, since this is an estimation of the different
regimes, the other flow phenomena and regimes are not neglected and can still occur when performing a
simulation.

Figure 2.8: Flow phenomena occurring in the carousel wind tunnel at different Reynolds numbers [4, 22]

Due to the fact that the Taylor vortices appear frequently in Taylor-Couette flow, a more in depth analysis of
the Taylor vortices is done An example of Taylor vortices can be seen in Figure 2.9 [54]. Here, the toroidal
vortices can clearly be seen. The critical wave number of the Taylor vortices is determined and equals 3.12.
This implied that the wavelength equals [30]:

λcr = 2πd

kcr
(2.7)

where d is the distance between the inner and outer drum. Due to the fact that the wave number is close to π,
the height and width of a cell of toroidal vortices are almost equal, resulting in a square when looking at the
cross-section. Same can be seen in Figure 2.9.
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Figure 2.9: Example of Taylor vortices in a Taylor-Couette flow [54]

Now that it is clear that in the carousel wind tunnel, a large variety of flow phenomena can occur, the results
from the CFD analysis can be interpreted with sufficient background knowledge.

2.6. Flow Regime of a Cylinder
Using the flow in a carousel wind tunnel to perform measurements has been done sparsely. Therefore, a
closer look is taken at flow around a cylinder. This is done to understand the flow in the carousel wind tun-
nel better, and to be able to thrust the results later on when performing the analysis. By first analysing the
behaviour of the flow around the cylinder in more detail to see if it behaves as expected, the results of the sim-
ulation can be deemed trustworthy after comparing the results. This can be done because the flow around a
cylinder is well established and comparisons with literature can made relatively easily.

Furthermore, by being able to have a testing facility that is capable of providing results of the flow around a
cylinder in Martian atmospheric conditions, the carousel wind tunnel can be used as a small scale bench-
marking facility, to which different turbulence models can be tested. This would allow for the analysis of the
turbulence models which would improve their accuracy and reliability in different flow regimes.

A closer look is taken at the different possibilities of the flow around a cylinder. The different flow regimes can
be seen in Figure 2.10 [3, 32]. It is known that the Reynolds number in the carousel wind tunnel is relatively
low (the Reynolds number of the carousel wind tunnel that will be investigated is 1278), and thus it is expected
that one of the five following options occurs:

1. Regime of unseparated flow, given by extremely low Reynolds numbers, depicted as the first flow regime
in Figure 2.10.

2. A fixed pair of Föppl vortices occurring in the wake of the cylinder for Reynolds numbers between 5/15
to 40, depicted as the second flow regime in Figure 2.10.

3. Shedded vortices in the wake of the cylinder, occurring for Reynolds numbers between 40 and 150,
depicted as the third flow regime in Figure 2.10.

4. A region of transition between laminar vortex shedding and turbulent vortex shedding in the wake of
the cylinder, for Reynolds numbers between 150 and 300.

5. Turbulent vortex shedding in the wake of the cylinder, for Reynolds numbers between 300 and 3 ·106,
depicted as the fourth flow regime in Figure 2.10.

When inserting a cylinder in the flow, the Reynolds number will be known and can be compared to the regime
as described above.
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Figure 2.10: Representation of different flow regimes over a cylinder [3, 32]



3
Methodology

The lack of airfoil data discussed in the previous chapter resulted in the necessity of a new type of testing
facility. For this, the carousel wind tunnel design was selected. To conclude on the usage of the carousel
wind tunnel, research questions are formed, which, when answered, result in a definite answer to whether
or not the facility can be used. In this chapter, the researched questions are formulated, and the different
steps such as creating a mesh and including boundary conditions that need to be done before an analysis
can be performed, are explained. First of all, in Section 3.1, the toplevel and different sublevel research ques-
tions are formulated. Secondly, the numerical solver and the discretization is explained in Section 3.2. Next,
the mesh and all the steps following up to the mesh for the different analysis that will be performed, are ex-
plained in Section 3.3. Section 3.4 covers the boundary and initial conditions in detail. Furthermore, the fluid
model used for the analysis is described. In Section 3.5, the k - ω turbulence model and its applicability to
low Reynolds number flows is discussed. Before going to verification and validation, the convergence cri-
teria are discussed, and the mesh convergence is shown in Section 3.6. In Section 3.7, verification is done.
Here, the obtained numerical data is compared to analytical data. Lastly, in Section 3.8, validation is done by
comparing experimental data with the numerical data from the computational fluid dynamics analysis.

3.1. Formulation of Research Questions
From Chapter 2, it was determined that there remains a research gap in both the aerodynamic and the plane-
tary science research field. To fill the knowledge gap, a configuration of a wind tunnel, the so-called carousel
wind tunnel design, is proposed as testing facility to measure in Martian atmospheric conditions. This design
will be analysed to determine whether or not it is feasible to use as testing facility. For both the aerodynamic
and the aeolian experiments, the most crucial part of the carousel wind tunnel is the velocity profile it can
achieve. Therefore, to determine the applicability of the carousel wind tunnel, the top level problem, and
main research question to answer is:

Can a velocity profile be created in a carousel wind tunnel in Martian atmospheric conditions
that allows for both the measurement of aerodynamic forces and threshold shear velocities?

It can be seen that the main research question involves both the planetary science and aerodynamic exper-
iments. However, based on the knowledge of Chapter 2, the areas of interest to perform measurements in
the carousel wind tunnel is very different depending on performing aerodynamic or aeolian experiments.
To answer the main research question, two second-level problems, sublevel research questions are created.
One sublevel research question for each area of interest. For aeolian experiments, the importance lays in the
boundary layer. The boundary layer on Mars needs to be recreated to develop the shear stress necessary to
measure the threshold shear velocity. Therefore, the sublevel research question for the aeolian experiments
is:

Are we able to create a boundary layer in the carousel wind tunnel that allows us to measure
threshold shear velocities?

On the other hand, when performing aerodynamic measurements, it is important to know both the inflow
properties, and the wake flow properties. To enable accurate measurements, the inflow properties need to
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be known exactly and are required to be uniform. Furthermore, since the carousel wind tunnel is a closed
loop wind tunnel, the wake of the test object is important to not have an influence on the inflow properties.
Therefore, the sublevel research question for aerodynamic experiments is:

Can inflow and wake flow properties be generated to measure aerodynamic forces on a test ob-
ject?

To answer the sublevel research question, one must answer two separate questions: one based on the inflow
characteristics, and one based on the wake flow properties. Therefore, this sublevel research question is
divided into two separate questions, which will allow answering the combined sublevel research question.

What is the angle and velocity of the inflow?

Does the flow recover from the wake of a test object?

Note that the answer of the test object question, also has an influence on the sublevel research question of the
aeolian experiments. To measure the threshold shear velocity, a test bed need to be inserted in the carousel
wind tunnel, which potentially could also have a (detrimental) effect on the flow properties.

An overview of the research questions can be found in Figure 3.1. Note the arrow between the sublevel re-
search question of the aeolian experiments, and the wake flow properties, indicating that they are coupled.

Figure 3.1: Diagram of the research questions
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When answering the research questions, the question to whether or not the carousel wind tunnel is appli-
cable for aerodynamic and aeolian experiments in Martian conditions will be answered. The flow inside the
carousel wind tunnel in Martian atmospheric conditions provides a scientific answer to the applicability of
the carousel wind tunnel.

To answer the research questions, a numerical analysis will be performed. More specifically, a computational
fluid dynamics (CFD) analysis. This analysis tool allows for creating a model and analysing the flow proper-
ties, while being able to control the atmospheric properties, and the size of the model. However, before being
able to perform a simulation, a mesh needs to be created.

3.2. Numerical Solver & Discretization
The Navier-Stokes equation are solved by ANSYS CFX by a numerical approach. A finite volume method is
used. This includes first discretizing the domain into different elements, creating a mesh. From these ele-
ments, finite volumes are created, for which the quantities mass, momentum and energy are calculated.

In ANSYS CFX, three different discretization schemes can be used: first-order, specified blend factor, and
high-order. The discretization can be seen by Equation 3.1.

φip =φup +β∇φ ·∆−→r (3.1)

where φip is the integrated point value, φup is the point value of the upwind node, −→r is the vector connecting
the current node with the upwind node, β is the blend factor and ∇φ is the control volume gradient.

Depending on the value of the gradient of the control volume and the bled factor, one of the three discretiza-
tion schemes is used. A first-order scheme is robust, however, it introduces discretization errors that result
in lower accuracy results near high spatial gradients. For a specified blend factor, the discretization error can
be decreased. However, it can introduce oscillations near regions where the solution varies rapidly. A high-
order discretization scheme bounds the blend factor to limit the discretization error and obtain high accuracy
results. Therefore, the high-order discretization scheme is used.

3.3. Mesh
When performing a CFD analysis, one of the first and most important steps to do is to create a computational
mesh. It is important that the mesh is of excellent quality to be able to correctly assess the results. In order to
ensure a qualitative mesh, different checks will be performed when the mesh is created.

When creating a mesh, one has to decide whether to apply a structured or unstructured mesh. A structured
mesh has the advantage to allow for the quality of the grid to be controlled by hand. Due to the simple topol-
ogy and arrangement of cells, the solution algorithm is efficient. Unlike an unstructured grid, where the data
has to be accessed through a connectivity matrix, the data of the structured grid can be accessed directly. A
disadvantage of a structured grid could be that its quality deteriorates in closer proximity of edges and cor-
ners [45]. However, by applying blocking of the mesh, this can be resolved. Therefore, for this computational
domain, it is determined to use a structured grid.

3.3.1. Computational Domain
Different CFD analysis will be performed. All the different computational analysis have some dimensions in
common. All computational domains consist of two concentric cylinder. The radius of the inner drum equals
0.305m, and the radius of the outer drum equals 0.457m. These dimensions are used for the analysis because
experimental data has been performed for a carousel wind tunnel with these exact dimensions [57]. There-
fore, by using these dimensions, the results of the CFD analysis can be directly compared to the available
experimental data. Furthermore, for the 2D analysis that will be performed, a depth of 0.1m is used. Since
this only has one cell in depth of the carousel wind tunnel, to perform a 2D analysis, the depth of the model
is irrelevant. For the 3D simulation, a depth of 0.304m will be used. This dimension is not random, but deter-
mined to have exactly one pair of Taylor vortices in the carousel wind tunnel. The amount of Taylor vortices
is not increased further because this will result in a significant increase in computational effort. Recalling
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Equation 2.7, it was determined that to create exactly one pair of Taylor vortices, the depth of the carousel
wind tunnel needs to be equal to the distance between the inner and outer drum. Therefore it is chosen that
the depth of the model is set to equal:

L = 2 · (Rout −R in) = 2 · (0.457−0.305) = 2 ·0.152 = 0.304m

Therefore, if Taylor vortices are present, there should be exactly one pair of vortices in the carousel wind tun-
nel, which can be checked relatively easily once results have been obtained.

To create the structured mesh, the method of blocking is used. Blocking is used in order to divide different
sections of the mesh to allow for refinement of a certain block when necessary. The blocks are converted into
an O-grid to be able to create a mesh of high quality. The multiple blocks allows for a high quality mesh, the
refinement can be done within these blocks. Blocking of the computational domain will be different for each
analysis.

2D - Analysis

The most simple computational domain is the 2D analysis of the complete carousel wind tunnel. To create
the O-grid, the domain is split into four equal blocks. This can be seen in Figure 3.2.

Figure 3.2: Blocking of the computational domain

2D - Quarter Drum Analysis

After realising that the computational domain is equal over the complete carousel wind tunnel for the 2D
analysis, only a small part of the carousel wind tunnel is taken, which can be seen in Figure 3.3. By applying
the correct boundary conditions, which will be explained in Section 3.4, this analysis gives the exact same
results compared to performing an analysis of the complete computational domain. However, the advan-
tage of using only a quarter of the computational domain is that fewer cells are used. This speeds up the
computational analysis significantly.
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Figure 3.3: Blocking of the computational domain of the quarter mesh

2D Analysis Including Disturbance by Cylinder

The last 2D analysis that will be performed is a 2D analysis with a disturbance caused by a cylinder. A cylin-
der is placed in the computational domain to analyse the effect it has on the wake flow properties. The
computational domain, and the blocking of the domain, can be seen in Figure 3.4. Comparing with the full
computational domain without a disturbance, it can be seen that the number of blocks has increased from
four to eleven. The difference in blocking comes from blocks one to eight. Blocks one to four have been made
to allow more cells close to the cylinder to capture the boundary layer of the cylinder. Blocks five and six are
implemented to provide more detail on the interaction between the flow around the cylinder and the bound-
ary layer of the inner and outer drum of the carousel wind tunnel. Block seven allows for more detail on the
incoming flow and lastly, block eight ensures sufficient detail on the wake of the cylinder.

Figure 3.4: Blocking of the computational domain with flow disturbance

Furthermore, it must be noted that the regular 3D analysis, without any disturbance, looks identical to Figure
3.2. The only difference is the depth of the blocks. However, due to this small difference, the computational
domain is not visualized again.
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3.3.2. Grid Topology and Mesh Specifications
By applying blocks for the computational domain, the mesh can be fine-tuned. To create the mesh, there are
three important parts which allow for fine-tuning it. The number of cells on the inner and outer drum, the
number of cells in between the inner and outer drum, and the number of cells towards the direction of the
tube. Furthermore, the cells can be either uniform distributed or (bi)exponentially. A uniform distribution
has the same mesh size for all cells. On the other hand, a (bi)exponential distribution allows to specify in
which direction, or both, the mesh size needs to be finer. This is useful when having cells near a wall, or a
region with higher velocity gradients.

The mesh generated from the blocking consists of 159 580 cells and is visualized in Figure 3.5. The cells on
the inner and outer drum are uniformly divided because there is not a specific part of the drum that is more
important than another. The cells in between the inner and outer drum, however, have a biexponential dis-
tribution. This means that there are more cells located towards the inner and outer drum. This is because
in the boundary layer the uncertainty and error is significantly higher compared to the middle section of the
wind tunnel. In order to resolve this, more cells are located at this location. This can be seen in Figure 3.6,
and more detailed in Figure 3.7. Lastly, the cells in the directions of the tube either only one cell is present to
allow for 2D simulations, or a biexponential distribution is done. The biexponential distribution can be seen
in Figure 3.8 and 3.9.

The main differences in the mesh when performing a 3D simulation is the amount of cells in the direction of
the depth of the carousel wind tunnel. Instead of having only one cell in depth for the 2D cases, a biexponen-
tial distribution is used in the depth of the carousel wind tunnel as well. Since the depth of the model is equal
to the gap between the inner and outer drum, the same amount of cells are used in the depth as in the gap of
the model. This results in a total amount of cells used of 3 097 116. Comparing this with the 159 580 cells of
the full drum and the 39 895 cells of the quarter drum, it can be seen that there is a large increase in amount
of cells to allow for a high quality simulation to provide reliable results.

The figures provide only an indication on how the cells are distributed over the computational domain.
Therefore, in the next section, the sizes of the cells are compared such that the resolution of the domain
is known.

Figure 3.5: Isometric view of the mesh
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Figure 3.6: Global front view of the mesh Figure 3.7: Close-up of the mesh

Figure 3.8: Global side view of the mesh in the 3D simulation Figure 3.9: Close-up of the side of the mesh in the 3D simulation

Meshing and performing simulations on over the complete circumferential region of the carousel wind tun-
nel was the first approach. However, after investigation, it was concluded that the flow will be equal over the
complete drum when performing 2D simulations. This investigation is shown in Chapter 4. Therefore, only a
part of the carousel wind tunnel could be meshed, provided that the boundary conditions are done correctly.
The smaller computational domain, of which the blocking can be seen in Figure 3.3, results in a significant
reduction of computational time. The mesh of the computational domain of the quarter drum can be seen in
Figure 3.10. The same reasoning is followed for the quarter mesh as for the mesh of the complete computa-
tional domain and thus more cells are located close to the inner and outer drum. The total amount of cells of
the quarter drum is 39 895. This is a significant reduction in cells compared to the complete computational
domain (159 580 cells) and will thus reduce the computational effort while not degrading the results of the
simulation.
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Figure 3.10: Front view of the quarter mesh

The amount of cells does not dictate the quality of the mesh. Therefore, in the next section, the mesh sizes
will be discussed to provide reason for the quality of the mesh.

3.3.3. Mesh Quality & Minimum Size
The last step to do when the mesh is created, is to analyse the quality of the mesh. This is done in two ways.
First of all, the mesh quality is checked by ANSYS CFX to ensure that there is no entanglement of the cells in
the mesh, and to ensure a smooth and orthogonal mesh. For this mesh, the determinant and volume have
been checked. Both have to be positive to ensure no cell entanglement is present. The values for the different
meshes vary between 0.0525 and 1 for the determinant, and between 2.17 ·10−14 and 4.79 ·10−6 for the vol-
ume. Therefore, the quality of the mesh is sufficient to perform simulations.

Secondly, the quality of the mesh is determined based on how well resolved the boundary layers are. When
only performing a check by ANSYS, all the cells can be structured correctly, however, if the cell size is too large
at the walls, the boundary layer will not be resolved. To check this, an often used parameter is the y+ value
with respect to the minimum value of the cell in the domain. y+ is a normalized value based on the properties
at the wall, which will be explained in more detail in Section 3.7. Typically, the y+ value has to be lower than
1 to resolve the boundary layers [63]. The values of y+, on both the outer and inner drum, and the minimum
size of the cell in the domain for the different generated meshed can be seen in Table 3.1.

Table 3.1: y+ value and minimum size for the different meshes

y+
inner y+

outer Min. Size
2D Full Drum 0.06 0.04 5 ·10−5

2D Quarter Drum 0.06 0.04 5 ·10−5

Disturbance by Cylinder [0.033; 0.065] [0.021; 0.036] 4 ·10−5

3D Full Drum [0.05; 0.765] [0; 0.09] 5 ·10−5
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As can be seen by Table 3.1, all y+ values are lower than 1. Therefore, it is concluded that the mesh is of suffi-
cient quality to resolve the boundary layer and is of sufficient quality to correctly assess the results provides
by the CFD simulation. In Section 3.6, a mesh convergence analysis will be done as a final step to assess if the
mesh is of sufficient quality.

3.4. Boundary & Initial Conditions and Fluid Model
When the mesh is made, the next step to do is to create the boundary conditions. Since this model does not
have an inlet (and outlet), the boundary conditions determine the flow characteristics. The boundary condi-
tions are set on the inner drum, outer drum and the side surface of the carousel wind tunnel. The boundary
conditions applicable to all the different analysis are:

• Inner drum: No-slip wall with rotational velocity (Ω = 169.07 rpm)

• Outer drum: No-slip wall

The boundary condition on the inner and outer drum are no-slip wall conditions. This means that the flow
on the surface does not slide over it. Since for the carousel wind tunnel the inner drum rotates, the inner wall
was set to have a rotational velocity.

Furthermore, when a 2D analysis is performed, the side surfaces are set to be symmetric due to the 2D flow
characteristics that will be analysed. The symmetry on the sides of the model allow for no 3D effects of the
sides to be included.

For the quarter drum, an additional boundary condition needs to be set on the front and back surfaces,
namely a domain interface. The domain interface on the front and back surfaces have a rotational peri-
odicity included, allowing the quarter drum to be simulated as a complete carousel wind tunnel.

Lastly, when implementing the cylinder, the boundary condition on this surface is set to be a wall with the
no-slip condition.

When the boundary conditions are set, the initial conditions can be determined. It is assumed that the air in
the carousel wind tunnel is at a standstill and thus all of the components (x, y, and z) of the velocity are set to
zero. Furthermore, depending on the analysis, the pressure inside the carousel wind tunnel needs to be ad-
justed. If a simulation is performed in Earths conditions, the pressure inside the tunnel is assumed to be one
atmosphere. However, when the simulation is performed in Martian atmospheric conditions, the pressure is
set to 660 Pa. Furthermore, the temperature is set at 210 K [12].

The fluid model has a large influence on the results as this affects the flow characteristics. First of all, the fluid
model used for the simulations in Earths atmosphere is air, assuming it is an ideal gas, where the dynamic
viscosity is determined by Sutherland’s law, which can be seen in Equation 3.2. The properties of air that are
set in the fluid model can be seen in Table 3.2. The ideal gas law is not used to determine the viscosity because
the accuracy of the ideal gas law drops significantly when going into more extreme conditions (which 660Pa
and 210 K are). Miller et al.[39] indicates that the ideal gas law is accurate for normal to high temperatures.
Therefore, Sutherland’s law is used to calculate the viscosity.

Table 3.2: Properties of air assuming ideal gas

Air
Elements Value Unit
Specific heat capacity 1.0044 ·103 J/kg · K
Molar mass 28.96 g/mol
Temperature 298.15 K

µ=µref

(
T

T ref

)1.5 T ref +S

T +S
(3.2)
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where µ is the dynamic viscosity, µref and T ref are reference viscosity and temperature (1.716 ·10−5 kg/m·s
and 273.15 K, respectively) and S Sutherland’s temperature which equals 110.4 K.

Secondly, when the simulation is performed in Martian atmospheric conditions, the fluid model needs to be
changed. First of all, the fluid used is changed. Since the atmosphere of Mars consists of 96% CO2, the fluid
in the carousel wind tunnel is set to CO2 [33].

Furthermore, since the gas composition and atmospheric conditions are changed drastically, the parameters
of Sutherland’s formula need adjustments as well. The values of the reference viscosity and temperature, and
of Sutherland’s constant have changed to 9.81710−6 kg/m·s, 273 K and 222 K [7].

3.5. Turbulence Model
The last step to do before the simulation can be run is to determine the turbulence model. The turbulence
model solves the equations for the steady mean solution of the Navier-Stokes equations. The heat transfer
model represents how energy in the form of heat is transferred throughout the flow.

Starting with the turbulence model, in CFX different turbulence models can be chosen. Each turbulence
model is different and not all the models can represent the same reality equally well. For example, the k -
ϵ model performs well for exterior flows where there is a thin 2D shear layer. However, for a flow with high
pressure gradients, the method offers poor predictions. For this flow problem, it is determined that the k -
ω model is the most suitable. The k - ω model is a two-equation model. Turbulence is predicted by the two
variables k and ω. K and ω are related by Equation 3.3 and 3.4.

ω= 2
1

C d

ϵ

k
(3.3)

νT = k

ω
(3.4)

Where C d is a constant, ϵ is the turbulence eddy dissipation (the dissipation of the velocity fluctuations oc-
curs at a rate which is ϵ), k is the turbulence kinetic energy,ω the specific turbulence dissipation rate (the rate
at which turbulence kinetic energy is converted into internal thermal energy), and νT is the eddy viscosity.

Since there are only two additional transport equations, the model offers low computational overhead. Fur-
thermore, it offers accurate results for boundary layer flows and for flows including pressure gradients and
separation. The main drawback is that the inflow and free stream boundary conditions highly affect the re-
sults. For this reason, the k -ωmodel is not applicable for external flows [1, 2, 78]. However, since the carousel
wind tunnel is a closed environment, this drawback will not affect the results.

Lastly, the applicability of the k-ω model at low Reynolds number must be investigated. The Martian condi-
tions result in low Reynolds number, which affects the flow and will thus also be estimated differently when
using a different model. Khuwaranyu and Putivisutisak [28], provide a discussion about the feasibility of the
k - ω model in low Reynolds number flows. Although the model can be adapted with a length scale correc-
tion (reducing the turbulent wall scale in the near-wall region) to improve the turbulence model further, it
is determined that the k - ω model provides reliable results for boundary layer and free-shear flows. Fur-
thermore, Patel and Yoon [49], obtained results for separating flows which where accurate with experimental
data. Lastly, Monk and Chadwick [41], performed simulations of a delta wind at low Reynolds numbers and
concluded that the k -ωmodel provides accurate results for different aerodynamic problems, including flows
with strong curvature and flow separation. Although from literature the k - ω model is deemed an accurate
turbulence model, results of a numerical simulation always have to interpreted with a critical view.

3.6. Convergence Criteria & Mesh Convergence
Before the final results can be discussed, one must be sure that the final results obtained, are indeed the final
results. And not, that the flow characteristics in the wind tunnel will still vary. Therefore, before looking at the
obtained results, the root mean square (RMS) values of the residuals of the momentum and mass equations
of the Navier-Stokes equations are analysed to ensure convergence is obtained. For this problem, the con-
vergence criteria is set at 10−6. Different iterations are performed by CFX to determine the solution. When
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the computational time required to reach the convergence criterion is too extensive, a maximum amount of
iterations can be set to end the simulation.

Furthermore, to ensure that the amount of cells in the mesh is sufficient, and to analyse the effect of the
mesh on the results, an independent mesh study is performed. Three different meshes, 11 184, 25 752 and 39
895 cells, are used to determine the results. To determine the accuracy of the mesh, the obtained results are
compared to experimental data from Smith and Townsend [57]. This same data will be used as validation in
Section 3.8.

In Figure 3.11, the three different velocity profiles corresponding to the coarse, medium and fine mesh are
visualized. A more detailed analysis of the velocity profile will be given in Chapter 4. It can be seen that the
results are identical for the part close to the inner drum. When the flow propagates in the middle section, and
close to the outer drum, the differences are starting to become visible. The lower the resolution of the mesh,
the lower the velocity. A quantification of the results can be seen in Table 3.3. Here the different results at the
location r/Rout = 0.948 are compared. What could be seen in the figure of the velocity profile can now also be
seen in the data. The lower the mesh resolution, the larger the underestimation of the velocity.

Figure 3.11: Mesh convergence of the velocity profile

Table 3.3: Quantification of the mesh convergence

Coarse 0.3350
Medium 0.3485
Fine 0.3530
Reference data (Smith and Townsend [57]) 0.3546

3.7. Verification
In order to build confidence in the CFD analysis results, both verification and validation should be done.
With verification, the results are compared to a known solution to verify if the CFD analysis does what it sup-
posed to do, to determine if the analysis solves the right equations and provides the correct solution to the
problem. Verification is done for a CFD analysis in Earth atmospheric conditions. Verification and validation
of an analysis in Martian atmospheric conditions cannot be done because the analytical equations are semi-
empirical and are thus not adapted to Martian conditions, and there does not exist any experimental data to
compare the numerical data with to perform validation.
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Verification is done by applying the law of the wall. The law of the wall is a normalized velocity profile applied
to boundary layers. The law of the wall is divided into two parts, the viscous sublayer & buffer layer, this is
the region closest to the wall where viscous forces are highest, and the buffer layer & logarithmic layer. The
viscous sublayer & buffer layer and the buffer layer & logarithmic layer are defined by Equation 3.5 and 3.6
[59]. The buffer layer is a zone of overlap between the viscous sublayer and the logarithmic layer.

u+ = y+ (3.5)

u+ = u

u∗
= 1

κ

(
log y++B

)
(3.6)

where u is the velocity, u∗ is the shear velocity, y+ is the distance from the wall normalized by y ·u∗
ν , where y

is the distance from the wall and ν the kinematic viscosity, and lastly, κ and B are empirical constant which
equal 0.39 and 5, respectively. This shear velocity is a parameter related to the shear stress, and is determined
based on the velocity gradient. This will be elaborated upon in Chapter 4.

In Figure 3.12, the analytical profile is plotted next to the velocity profile obtained from the CFD analysis.
It can be seen that there is a large correlation between the two profiles. The main difference arises in the
overlap layer between the viscous sublayer and the logarithmic layer, which is expected. Both at the viscous
sublayer and the logarithmic layer, the results show close resemblance between the CFD simulation and the
analytical law of the wall method. The shape and gradient of the analytical and numerical data has close re-
semblance, definitely in the viscous sublayer. At the logarithmic layer, the results show resemblance between
y+ of 10 and 100. Due to the analogy between the two profiles, it is concluded that the CFD analysis is verified.

Figure 3.12: Velocity profile of CFD analysis vs analytical profile derived from the law of the wall

3.8. Validation
The last step to do before the results can be deemed correct, is to validate them. Validation is done to de-
termine how closely the results of the analysis are related to the properties in real life. To check how well it
represents the real physical phenomena. To verify the analysis, the numerical profile is compared to experi-
mental data obtained from Smith and Townsend [57]. The comparison can be seen in Figure 3.13. It can be
noticed that the outer and central region show a high correlation between the two velocity profiles. On the
inner drum, the experimental data has a larger velocity gradient compared to the CFD simulation. The differ-
ence at the inner drum can be due to 3D effects such as Taylor vortices that occur, as mentioned by Greeley
et al.[21]. These 3D effects have additional velocity components which affect the velocity profile compared to
a 2D analysis. Since the analysis shows great correlation with the experimental data, it is concluded that the
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numerical analysis is validated. Since the 3D effects are an important aspect of the flow in the carousel wind
tunnel, this will be investigated in Chapter 4.

Figure 3.13: Velocity profile of CFD analysis vs experimental data from Smith and Townsend [57]
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Results & Discussion

To provide an answer on the research questions, the results of the CFD analysis need to be analysed. This will
be done in this chapter, while focusing on providing an answer to the different (sublevel) research questions.
First of all, the results of the 2D CFD analysis are discussed. This includes the analysis at different Reynolds
numbers. The Reynolds number is varied by changing the atmospheric properties between Earth and Mars,
and by analysing different configurations of the carousel wind tunnel. This is done in Section 4.1. Secondly,
in Section 4.2, the conditions are determined at which the threshold shear velocity in Martian atmospheric
conditions can be measured. Next, the effect of placing a disturbance in the form of a cylinder in the flow is
analysed in Section 4.3. Here, the flow over the cylinder in the CFD analysis is compared to literature, and the
effect of the cylinder on the complete flow field is analysed. Furthermore, due to the cylindrical drums, the
effect of curvature on the flow is analysed. By placing the cylinder in the flow, blocking occurs. The velocity
is corrected for the effect of blockage, and the different steps are explained. In Section 4.4, the secondary
flow effects due to having a 3D simulation are analysed, with an emphasis on Taylor vortices. The required
conditions to perform aeolian experiments have been determined as well. Furthermore, the effect of vorticity
on the shear velocity in the carousel wind tunnel is analysed. Now that all the CFD results are analysed, a
comparison can be made with existing carousel wind tunnel designs. This is done in Section 4.5. Lastly, an
overview of the research questions, and their answers, is given in Section 4.6.

4.1. 2D Velocity Profile
Determining the velocity in the carousel wind tunnel allows for concluding on the applicability of the mea-
surements that can be performed. Therefore, emphasis is placed on the velocity in this chapter. From the
velocity, it can be determined whether or not the flow properties are favourable to perform aerodynamic
measurements. Furthermore, from the velocity at the boundary, the shear velocity is determined. There-
fore, the velocity profile also provides an indication if the magnitude reached in the carousel wind tunnel is
sufficiently large to measure the threshold shear velocity. First, a CFD analysis is performed in atmospheric
conditions of Earth. The CFD analysis is performed at multiple different rotational velocities and conditions.
The Reynolds number is therefore used as a non-dimensional parameter. The Reynolds number for a carousel
wind tunnel equals:

Re = ρUd

µ
(4.1)

where ρ is the atmospheric density, U is the velocity at the inner drum, d is the gap distance, i.e. the distance
between the inner and outer drum, and µ is the dynamic viscosity.

With a rotational velocity of 169 RPM, which corresponds to a velocity of 5.4 m/s at the inner drum, and a gap
distance of 0.304m, the Reynolds number equals 55 860.

To quantify the velocity profile, a closer look is taken at a cross section of the flow. In Figure 4.1, the velocity
profile can be seen. The y-axis is normalized by the radius of the inner drum, where the inner drum is on top,

34
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and outer drum on the bottom, and the velocity is normalized by the rotational velocity of the inner drum,
ωr. In this figure, a region of high velocity close to the inner drum, and the velocity reducing to zero at the
outer drum can be seen.

Figure 4.1: 2D velocity profile in the carousel wind tunnel

The boundary layer is calculated based on the vorticity. Vorticity in a flow represents the amount of rotation
of which a flow consists. The end of the boundary layer is reached when the vorticity has reached 99% of the
vorticity of the flow in the middle section of the carousel wind tunnel. This method had to be applied because
there is no free stream on which the boundary layer can be based upon. Vorticity, −→ω , is defined as [29]:

−→ω = ∂u

∂x
− ∂v

∂y
(4.2)

However, since the simulation is solely 2D, the second term disappears when looking at the local coordinate
system of the flow. The boundary layer will thus be determined based on the gradient of the velocity compo-
nent in the x-direction.

In Figure 4.2, the result of applying this method can be seen. The red dotted line indicates the boundary layer
on the outer drum. A close-up can be seen in Figure 4.3. A closer look is taken at the region near the outer
drum because this region is dominated by viscous forces, of which the uncertainty of the results is the highest.
From the discussion above, it is known that at the outer drum, the velocity goes to zero due to the boundary
condition. Furthermore, it can be seen that there is a high velocity gradient on the outer drum, as expected
in the boundary layer.
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Figure 4.2: 2D velocity profile with boundary layer indication

Figure 4.3: Close-up of the outer drum boundary layer

The shape factor of the boundary layer on the outer drum is determined to determine if the flow is laminar
or turbulent. To calculate the shape factor, first, the displacement and momentum thickness, δ∗ and θ have
to be calculated. They are obtained from Equation 4.3 and 4.4.

δ∗ =
∫ δ

0

(
1− ρu

ρeue

)
d y (4.3)

θ =
∫ δ

0

ρu

ρeue

(
1− u

ue

)
d y (4.4)

where δ is the boundary layer thickness, ρ the density, u the velocity and the subscript e corresponds to
the edge of the boundary layer. The displacement thickness is a parameter that indicated the effect of the
boundary layer on the flow. It indicates the height of the boundary layer, as if there was no velocity gradient.
It thus represents the flow as if the fluid is frictionless [36]. This can be more clearly seen in Figure 4.4.
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Figure 4.4: Displacement thickness [36]

The momentum thickness, on the other hand, follows the same reasoning as the displacement thickness, but
for the momentum of the flow. It indicates the thickness of the flow of which the momentum in the boundary
layer is equal to the momentum of a frictionless fluid [43].

When the displacement and momentum thickness are obtained, the shape factor can be determined. This is
done by Equation 4.5.

H = δ∗

θ
(4.5)

The shape factor is generally and indication of the stability against separation and transition, however it also
indicates what type of boundary layer profile there is, laminar or turbulent. The results of the displacement
and momentum thickness, and of the shape factor can be seen in Table 4.1. From White [67], the shape factor
has to be greater than one, which is the case for this boundary layer. Furthermore, the value of the shape
factor indicates the type of boundary layer. For laminar flow, the shape factor varies between 2.0 (stagnation
point) to 3.4 (separation point). For turbulent flow, this shape factor is in the range of 1.3 to 2.5. Looking at
the value of the shape factor of this boundary layer, 1.495, it is concluded that the boundary layer is turbulent.

Table 4.1: Displacement thickness, momentum thickness and shape factor of the CFD analysis

Displacement thickness, δ∗ [mm] Momentum thickness, θ [mm] Shape factor, H [-]
0.3677 0.2459 1.494972

4.1.1. Effect of Reynolds Number on the Velocity Profile
The goal of the carousel wind tunnel is to perform measurements in Martian conditions. Therefore, the con-
ditions are changed to Mars and the velocity profile is analysed. The effect of including Martian atmospheric
conditions is that the Reynolds number is lowered significantly. Lowering the Reynolds number lowers the
ratio of the inertial component to the viscous component of the flow. From the velocity profile, which can
be seen in Figure 4.5 and 4.6, it can be seen that the boundary layer has increased significantly. Which is
expected as this indicates a relatively higher shear component of the flow.
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Figure 4.5: Velocity color plot in Earth atmospheric conditions Figure 4.6: Velocity color plot in Martian atmospheric conditions

The boundary layer is increased both on the inner and outer drum. The velocity gradient is lower which
results in a thicker boundary layer. This is expected because the relation between the Reynolds number and
the boundary layer thickness (δ) is [51]:

δ∝ 1p
Re

(4.6)

And thus, the expected rise in thickness in boundary layer occurred going from high to low Reynolds number.

Furthermore, Schlichting and Gersten [55] indicated that for Re −→∞, the velocity profile becomes a straight
vertical line. Same happens in the opposite way, a decrease in Reynolds number results in a velocity profile
with a lower slope, which can be seen in Figure 4.7 as well.

Figure 4.7: Velocity profile in Earth and Martian Atmospheric conditions

It is clear that the Reynolds number has a significant impact on the velocity profile. To analyse the effect
of the Reynolds numbers, different configurations are tested, which have a different Reynolds number. The
configurations that are analysed are:

1. Earth atmosphere, Ri/Ro = 0.667, Re = 55 860

2. Mars atmosphere, Ri/Ro = 0.667, Re = 1278

3. Mars atmosphere, smaller outer drum, Ri/Ro = 0.801, Re = 639
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4. Mars atmosphere, larger outer drum, Ri/Ro = 0.5, Re = 2556

5. Mars atmosphere, higher RPM, Ri/Ro = 0.667,Ω = 338.14 Re = 2556

The resulting five velocity profiles can be seen in Figure 4.8. In the previous analysis, the reduction in Reynolds
number resulted in a velocity profile with a lower velocity gradient and higher boundary layer thickness.
These phenomena are confirmed with these simulations. The velocity gradient decreases with a reduced
Reynolds number, and increased with an increased Reynolds number. Furthermore, it can also be seen that
increasing the distance between the drums, reduces the overall flow velocity, and opposite for a decreased
distance between drums. Comparing simulation 4 with 5, it can be seen that the same holds over the differ-
ent dimensions. Simulations 4 and 5 have the same Reynolds number, but different dimensions, and portrait
the same velocity profile, but scaled with their dimensions.

Figure 4.8: Velocity profile at different Reynolds numbers

The CFD analysis at the different Reynolds numbers is done to guide towards an answer if aerodynamic and
planetary science experiments would be possible. The analysis on aeolian experiment is done in Section 4.2.
When looking at the velocity profile to determine if aerodynamic force measurements, like lift and drag, are
possible, the first aspect that can be noticed is that the flow velocity is not constant in the possible test sec-
tion. The possible test section of the flow would be the central region, where the velocity gradient is low.
This causes problems because the measured forces cannot be linked to the correct angle of attack of the flow.
However, it can be seen that increasing the distance between the drums, straightens the velocity profile. Fur-
thermore, since the velocity in the central region is reduced, a higher rotational velocity can be used. If a test
object where to be placed, the Reynolds number with an increased rotational velocity in the larger carousel
wind tunnel would be similar to the carousel wind tunnel with unchanged dimensions and a higher flow ve-
locity in the central region. The conclusion of this 2D analysis on the applicability to perform aerodynamic
measurements in the carousel wind tunnel should be kept in mind when discussing the results of a 3D anal-
ysis. Solely based on the 2D analysis, no definite answer can be given to the sublevel research question.

4.1.2. Mach Number - Reynolds Number Range
In Chapter 2, it was determined that there is a lack of data for low Reynolds numbers at medium to high Mach
numbers. When the Mach number is above 0.2, there is no overlap between the available data, and the data
useful to analyse the performance on Mars.

The Mach number will be calculated in the carousel wind tunnel for the middle section, as this would be of
interest to perform aerodynamic measurements. From Figure 4.8, it can be seen that increasing the drum
size, and thus increasing the Reynolds number, is not beneficial to achieve higher Mach numbers due to the
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reduction in flow velocity. Furthermore, decreasing the distance between the inner and outer drum results in
an increase of flow velocity, however, the Reynolds number decreases. Therefore, the Mach number is calcu-
lated for the regular carousel wind tunnel dimensions.

First of all, the Mach number is calculated for the analysis that has been performed. A rotational velocity of
169 RPM results in a flow velocity in the centre of the carousel wind tunnel of 2.1 m/s. Using a speed of sound
of 230 m/s, this results in a Mach number of 0.009. It is thus clear, that the velocity in the carousel wind tunnel
will have to be increased significantly to increase the Mach number.

From Demirci et al.[15], the maximum rotational velocity has been achieved while performing measure-
ments. The rotational velocity achieved was 12 000 RPM. This corresponds to a velocity at the inner drum
of 383 m/s, and a velocity of 153.31 m/s in the central section of the flow. Again using the speed of sound of
230 m/s, this corresponds to a Mach number of 0.67. At this rotational velocity, the Reynolds number equals
90 746. It can thus be seen that the Mach number is sufficient to gain more insight in the aerodynamics or
airfoils at low Reynolds numbers. However, to increase the Mach number to transonic conditions such that
shock waves are present, a rotational velocity of 14 400 RPM is necessary. Although this is technically fea-
sible, further research needs to be performed to conclude if accurate measurements can be performed. A
problem arising with such high rotational velocities are the vibrations due to the electromotor. The measure-
ments performed by Demirci et al.[15] also show a high uncertainty, which could be due to the vibrations in
the carousel wind tunnel. The effect that these vibrations have on the flow in the carousel wind tunnel are
unknown, and thus further research must be performed on this topic. Therefore, it is concluded that fur-
ther research is necessary to conclude on the ability of the carousel wind tunnel to be able to achieve Mach
numbers in the transonic range, whilst providing accurate results.

4.2. 2D Conditions for Measuring the Threshold Shear Velocity
To determine the feasibility of performing aeolian experiments in the carousel wind tunnel, the 2D conditions
needed to reach the threshold conditions are determined. The important factor in measuring the threshold
shear velocity is the outer drum boundary layer. The indication of the boundary layer on the complete ve-
locity profile and a close-up of the velocity profile can be seen in Figure 4.9 and 4.10. Here the conditions are
from the regular carousel wind tunnel in Martian atmospheric conditions.

Figure 4.9: Velocity profile in Martian atmospheric conditions with boundary layer indication



4.2. 2D Conditions for Measuring the Threshold Shear Velocity 41

Figure 4.10: Close-up of the outer drum boundary layer in Martian atmospheric conditions

To calculate if the boundary layer is suitable to measure threshold shear velocities, first of all, the friction
coefficient needs to be determined. The friction coefficient is calculated by Equation 4.7.

C f =
µ ∂u
∂x

1
2ρU e

2
(4.7)

Where µ is the dynamic viscosity, ∂u
∂x is the velocity gradient, ρ is the density, and U e is the velocity at the edge

of the boundary layer. All these parameters can be calculated based on the data from the simulations. Once
the friction coefficient is determined, the shear velocity can be calculated. This is done by Equation 4.8.

u∗ =U e

√
C f

2
(4.8)

Lastly, the shear stress is determined from the shear velocity. This is done because often the shear velocity is
used in terms of shear stress and vice versa. Shear stress is used because this variable does not change when
changing the atmosphere. The shear stress needed to start particle movement is the same on earth as it is on
Mars. The shear stress equals [61]:

τ= ρu2
∗ (4.9)

Implementing Equation 4.8, results in:

τ= 1

2
ρU 2C f (4.10)

Doing this for the regular Martian case, results in the following values:

Table 4.2: Friction coefficient, threshold shear velocity and shear stress in Martian atmospheric conditions forΩ = 169RPM

C f 3.349 ·10−2

u∗ 0.2702 m/s
τ 1.2 ·10−3 N /m2

To determine a relation between the shear velocity that can be achieved by the carousel wind tunnel, a cor-
relation is made between the shear velocity and the rotational velocity. Different simulation have been per-
formed ranging from 84.5 to 5000 RPM. With this, the setting of the carousel wind tunnel can now be de-
termined once the shear velocity is known. Both a linear and 2nd degree correlation have been made to
determine what results in the most accurate prediction when extrapolating. The R2 value of the linear and



42 4. Results & Discussion

polynomial fit equals 0.99389 and 0.9986. Since the polynomial fit provides a higher correlation, the polyno-
mial fit will be used further in this report. The correlation equation equals:

y =−4.877 ·10−8x2 +1.142 ·10−3x +0.05895

Figure 4.11: Linear and second degree regression Fit for shear velocity by rotational velocity

And thus the question remains, what is an approximate value of the shear velocity? This can be answered
by looking at Figure 4.12 [14]. From this figure, the shear stress needed is determined and equals 0.2 N/m2.
Now that the shear stress is known, by calculating backward using Equation 4.9, the shear velocity can be
determined and equals 3.4816 m/s. Using this value to calculate the rotational velocity needed, results in a
rotational velocity of 3530 RPM, for this particular configuration of the carousel wind tunnel.
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Figure 4.12: Shear stress vs particle size [14]

The next step to determine the feasibility of testing the threshold shear velocity in the carousel wind tunnel, is
to perform a simulation where a test bench is included. This test bench is not seen as a full flow disturbance,
which will be discussed in Section 4.3. The setup of the simulation can be seen in Figure 4.13. Only a small
part, located between the two points, is cut out of the circular outer drum and made straight, such that sand
particles could potentially be placed on this flat plate. To give an indication on dimensions, the straight part
has a length of 4 cm.

Figure 4.13: Setup test bench simulation



44 4. Results & Discussion

Now, a closer look is taken at the velocity profile over the test bench, to see if and how the velocity profile
is altered. The velocity profile, with and without the test bench can be seen in Figure 4.14. It can be seen
that the inclusion of the flat plate on the outside of the carousel wind tunnel only marginally affects the
velocity profile. It results in a small difference in the velocity profile close to the central region. However, the
shear velocity is dependent on the velocity gradient at the wall of the outer drum and on the boundary layer
thickness. The influence on the velocity profile is negligible, as can be seen in Figure 4.14. Therefore, the
inclusion of the flat plate does not affect the accuracy when measuring the shear velocity.

Figure 4.14: Velocity profile with and without the test bench

4.3. Effect of the Disturbance by a Cylinder on the Flow Properties
To perform measurements of aerodynamic forces in the carousel wind tunnel, a test object needs to be placed
inside. By placing an object inside, the flow is disturbed and the velocity profile is altered. In order to perform
accurate measurements, the alteration of the velocity profile needs to be known when the flow returns to the
test object. To analyse the recovery of the velocity profile, a CFD analysis is performed with a test object.
The chosen object is a cylinder with radius 1cm. The small cylinder is chosen for several reasons. First of all,
the flow around a cylinder is well established. The different flow properties and how the flow reacts are well
known in literature. Therefore, before analysing the effect of the velocity profile, the flow around the cylinder
can be observed to verify that the flow behaves in a way that is expected. Secondly, a small cylinder of radius
1cm is chosen to prevent the cylinder to be too close to the walls. When then the cylinder would be placed
close to the walls, the velocity gradients are large and the interpretation of the results get more complex.

To predict which flow phenomena should occur, the Reynolds number of the cylinder must be determined.
To do this, the following equation is used:

Re = ρU D

µ
(4.11)

Comparing this with Equation 2.1, some alterations have been made. First of all, the relative length of the
Reynolds numbers, previously the gap distance, is now the diameter of the cylinder. Secondly, the flow ve-
locity is depicted as the average flow velocity over the height of the cylinder. It is known from the previous
analysis that the flow velocity is not uniform in the carousel wind tunnel, and thus, the average velocity is
taken.

Two different simulations are run to let two different flow phenomena occur. First of all, the simulation is
run at a Reynolds number of 36.9 (corresponding to a rotational velocity of 169.07 RPM), and secondly, at a
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Reynolds number of 144. According to Figure 2.10, two flow phenomena should occur: Föpple vortices and
vortex shedding.

4.3.1. Föppl Vortices
A closer look is taken at the result of the CFD simulation with regards to the Föpple vortices occurring. This
is done by looking at the velocity and streamlines in Figure 4.15. From the velocity contour plot, it can be
seen that behind the cylinder, there is a region of backflow indicated by the yellow and light green area. Here,
the flow is directed opposite of the main flow, indicating the presence of vortices. With a Reynolds number
of 36.9, it is expected that these vortices occur in the form of Föpple vortices. The Föpple vortices are con-
firmed when looking at the streamlines. They show a clear presence of two vortices in the wake of the cylinder.

The presence of the Föpple vortices proves that the flow in the carousel wind tunnel provides comparable
aerodynamic phenomena. It was discussed in Chapter 2 that the carousel wind tunnel could be used as a
benchmark to further improve turbulence models in Martian conditions. By experiencing Föpple vortices,
which is a known phenomena in Earth conditions as well, the turbulence models can be compared to exper-
imental data of the cylinder in the carousel wind tunnel to further improve turbulence models.

In Figure 4.15, it can be seen that the outer velocity contour is asymmetrical. This can be due to the curvature
of the carousel wind tunnel, or due to the non-uniform inflow velocity. This will be further discussed in
Subsection 4.3.3.

Figure 4.15: Streamlines and velocity contour plot of the flow past the cylinder in the carousel wind tunnel

4.3.2. Vortex Shedding
The second simulation is performed at a Reynolds number of 144. Comparing with Figure 2.10, it can be seen
that vortex shedding should occur. A transient (time dependent) simulation was run to identify the vortex
shedding. A time dependent simulation, and not steady state, has to be performed because the phenomena
of vortex shedding is unsteady. The velocity flow field over time can be seen in Figure 4.16, 4.17 and 4.18. It
must be noted that the time of the transient simulation is after a steady state simulation. First a steady state
simulation is ran to enhance the computational speed. Comparing with Figure 2.10, it can be seen that the



46 4. Results & Discussion

wavy pattern consistent with vortex shedding is similar.

Although the pattern is present which is similar to vortex shedding, there are no vortices present in the wake
of the cylinder. This can be due to one of the following two reasons:

• The time step of the transient simulation is to high to catch the phenomena of vortex shedding.

• The non-uniform inflow velocity influences vortex shedding in the wake of the cylinder.

The minimum time step required in a transient simulation is dependent on the minimum size of the mesh
and the velocity, based on the Courant-Friedrichs-Lewy (CFL) number:

CFL = U

∆x
·∆t (4.12)

From Chapter 3, the minimum size is determined to be equal to 4 ·10−5. From de Moura and Kubrusly [13], it
is determined that a CFL number of 0.4 - 0.5 provides results of high quality with minimal error. Based on the
values of the velocity, minimum size and CFL number, the required time step is calculated to be equal to 2.96
·10−6s. It is thus clear that the time step of 0.01s used, is insufficient to capture all the correct phenomena.
However, decreasing the time step increases the computational effort significantly. A time step of 2.96 ·10−6s
is unable to be used due to limiting computational resources. Therefore, a time step of 0.01s is used for this
analysis.

Secondly, the non-uniform velocity can have an effect on the flow propagation of the vortices in the wake
of the cylinder. Both the incoming flow, as the shear it experiences due to the rotating inner drum after the
cylinder, can influence shedding of the vortices.

Figure 4.16: Velocity color plot of the transient simulation at t = 2s Figure 4.17: Velocity color plot of the transient simulation at t = 6s
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Figure 4.18: Velocity color plot of the transient simulation at t = 10s

When vortex shedding is present, the shedding frequency can be calculated. The shedding frequency is cal-
culated based on the oscillating lift coefficient over time, which can be seen in Figure 4.19. The shedding
frequency is determined by the time difference between two peaks of lift coefficient when it is stabilized. The
time step between two peaks equals 0.0875s, which corresponds to a shedding frequency of 11.4 Hz.

Figure 4.19: Lift coefficient vs time step

To measure the shedding frequency by a non-dimensional quantity, the Strouhal number (St) is defined by
Equation 4.13 [3, 10]:
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St = f D

U
(4.13)

where f is the shedding frequency, D is the diameter of the cylinder, and U is the flow velocity.

With a shedding frequency of 11.4Hz, a diameter of 0.02m and an average velocity of 3.225 m/s, the Strouhal
number equals 0.071. For larger Reynolds numbers, the Strouhal number is constant with a value of 0.2. How-
ever, for smaller Reynolds numbers, up until 300, the Strouhal number increases with increasing Reynolds
number. The Strouhal number varying with the Reynolds number can be seen in Figure 4.20 [10]. With a
Strouhal number of 0.071 at a Reynolds number of 144, the Strouhal number is significantly lower compared
to the reference data. Therefore, it is concluded that due to the time step and influence of the velocity profile,
vortex shedding cannot be accurately compared with the available reference data.

Figure 4.20: Strouhal number vs Reynolds number, adapted from Bhattacharyya and Singh [10] with data from Williamson [71] and
Peters et al.[50]

4.3.3. Curvature Effect in the 2D Flow Field
To analyse the effect of curvature on the flow, the Föpple vortices are analysed again. In Figure 4.15, the re-
sults from a steady state simulation of the contour of a range of the velocity over the cylinder can be seen.
The shape of this outer contour is analysed with respect to the curvature. To analyse the effect of curvature,
the plot of the contour of the curved profile (red line in Figure 4.21), is converted to a straight velocity profile
(blue line in Figure 4.21).

It can be seen that the direct effect of the curvature is relatively minimal. Both shapes remain closely related.
The asymmetric contour is not resolved solely by removing the curvature. The asymmetric contour is the
cause of the tiled velocity profile. Due to the lower absolute velocity on the upper side of the cylinder, the
contour is longer on that side. The contour plot indicated a velocity component, which in this case is relatively
small. Therefore, the asymmetric case is due to the elongation on the upper side. At the lower side, a higher a
absolute velocity is reached and thus behind the contour a more negative value of the velocity is situated.
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Figure 4.21: Curved and straight contour profile

4.3.4. Effect on the Flow Propagation in the Carousel Wind Tunnel
To determine the effect the cylinder has on the complete wind tunnel, which is important to know when
wanting to place a test object, the effect of the cylinder on the flow propagation in the carousel wind tunnel
is investigated. First of all, the velocity in the complete carousel wind tunnel is examined. This is done by
looking at the colour contour plot in Figure 4.22. The reduction in flow velocity due to the wake can clearly
be seen. Furthermore, due to the increase in flow velocity above and below the cylinder, the boundary layer
is affected. This can be more clearly seen in the pressure contour plot in Figure 4.24. The low pressure under
and behind the cylinder results in a decreased pressure at the boundary layer on the inner drum. Further-
more, next to the boundary layer of the inner and outer drum, a high pressure region in front of the cylinder
corresponds to the stagnation point and thus high pressure. Lastly, in Figure 4.23, it can be seen that the pres-
sure gradient is not uniform at different sections in the carousel wind tunnel. Some fluctuations are present,
which will be discussed in more detail next.

Figure 4.22: Close-up contour plot of the velocity in the cylinder-region
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Figure 4.23: Contour plot of the pressure in the carousel wind tunnel, disturbance simulation

Figure 4.24: Close-up contour plot of the pressure in the cylinder-region
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Lastly, the velocity profile is examined in detail at different sections in the carousel wind tunnel. The velocity
profile is examined 90◦, 180◦ and 270◦ counterclockwise relative to the location of the cylinder. The veloc-
ity profile at these three locations compared to the original velocity profile without the cylinder causing the
disturbance can be seen in Figure 4.25. It is clear that the disturbance results in a definite alteration of the
velocity profile. Although the profile closer to the cylinder (at 270◦) takes a shape that is comparable to the
undisturbed velocity profile, it is significantly different. This indicates that when implementing a test object,
the velocity profile will be different and form a new one depending on the shape of the test object.

Figure 4.25: Progression of the disturbed velocity profile

4.3.5. Effect of Blockage on the Velocity Profile
Blockage in a wind tunnel is a common effect that occurs in every closed wind tunnel facility. Blockage is
the increase of velocity (and also lift, drag, ...) over the test object due to the placement of the test object in a
closed environment with walls. Therefore, the measured parameters are different compared to real situations,
and it should thus be corrected for. The correction is done by a parameter which correct the velocity by
Equation 4.14 [64]. In this report, the solid and wake blockage factors are considered.

U ′ = U

(1+ϵb)
(4.14)

where U’ is the undisturbed (apparent) velocity and ϵb the total blockage factor.

The total blockage factor is divided into two elements, the solid blockage factor and the wake blockage factor:

ϵb = ϵs +ϵw (4.15)

where ϵs is the solid blockage (blockage due to the model), and ϵw is wake blockage.

Due to the displacement of the streamlines in the wind tunnel due to the walls, the velocity is different com-
pared to a ’free flight’ scenario. The tunnel walls cause a increase in axial velocity. The increase in axial
velocity due to the solid blockage is accounted for by Equation 4.16 [20].

ϵs = π

6

[
1+1.2β

(
t

c

)]
A

β3h2 (4.16)

where β is the Prandtl-Glauert compressibility correction factor
p

1−M ′2 (with M’ being the uncorrected
Mach number), t is the thickness of the cylinder (height), c is the chord of the cylinder (diameter), A is the
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cross sectional area and h is the height of the tunnel.

The last blockage factor is the wake blockage. The wake blockage factor is accounted for by Equation 4.17.

ϵw = 1

4
(

c

h
)

1+0.4M ′2

β2 C ′
d (4.17)

where C d
′ is the uncorrected drag coefficient. This drag coefficient can be calculated by determining the

normal and axial force component of the cylinder:

cd = cnsi nα+ ca cosα (4.18)

where cn and ca equal:

cn = 1

c

∫ c

0
(C p,l −C p,u)d x (4.19)

ca = 1

c

∫ c

0

(
C p,u

d yu

d x
−C p,l

d y l

d x

)
d x (4.20)

where C p,l and C p,u are the pressure coefficients of the upper and lower side of the cylinder and d yu
d x and

d y l
d x

is the gradient of the cylinder on the respectively upper and lower side.

However, since the angle of attack is assumed to be zero, the normal component gets removed from the
equation and thus only ca needs to be determined. From Equation 4.20, it can be seen that the pressure
coefficient is needed. The pressure coefficient equals [5]:

C p = p −p∞
q∞

(4.21)

Here, the parameters static pressure (p), freestream static pressure (p∞) and freestream dynamic pressure
(q∞) are known from the CFD analysis, and thus, C d can be calculated.

Doing this results in a total correction factor of 0.156. Applying this to the velocity profile, results in Figure
4.26. It can be seen that the velocity profile is reduced in velocity (shifted to the left), as expected. The shifted
profile is relatively large. It is therefore concluded that for the application of measuring aerodynamic forces,
it is crucial that blockage correction factors are applied to obtain reliable and accurate results. It must be
noted that the correction is applied over the complete velocity profile, and thus the velocity at the inner drum
is lower than the rotational velocity. In a real life application this would not be the case, however, the main
importance is the effect of the blockage on the general velocity profile.

Figure 4.26: Progression of the disturbed velocity profile with and without blockage correction
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Based on the analysis of the flow disturbance, it is concluded that accurate measurements of aerodynamic
forces are not achievable. Due to the fact that every different test object results in a different velocity pro-
file, no correlation can be made between the incoming flow velocity and the forces that will be measured.
Although the effect of blocking can be accurately applied, the velocity profile remains unstable over the com-
plete domain of the carousel wind tunnel. The velocity profile does not recover to its undisturbed velocity
profile, and it does not transform to a velocity profile which is feasible to perform measurements in. How-
ever, as this is still a 2D simulation, a 3D analysis is necessary to make a definite conclusion. The effect of the
walls will affect the velocity profile and its flow propagation which does not allow for a definite conclusion to
be made at this point.

4.4. 3D Velocity Field
The last step in determining the feasibility of the carousel wind tunnel for both the measurement of aero-
dynamic forces, and the measurement of threshold shear velocities is to perform a 3D simulation. The 3D
simulation includes the sides as walls, instead of extending it to infinity, which is the case for the 2D simu-
lation. Therefore, the simulation provides data on the flow effects that occur due to the presence of the side
walls.

4.4.1. Secondary Flow Effects
The most well known secondary flow effect of Taylor-Couette flow, and thus for the carousel wind tunnel, is
the Taylor vortices. In the Martian simulation with rotational velocity of 169 RPM, the Reynolds number of
the carousel wind tunnel equals 1278. Comparing this with Figure 2.8, it can be seen that the Reynolds num-
ber is on the edge between modulated waves and turbulent Taylor vortices. Therefore, it is expected that one
of these two flow phenomena will be present.

To investigate this, first of all, a closer look is taken at the velocity in the YZ-plane (plane parallel to the length
of the carousel wind tunnel). In Figure 4.27, the velocity in the carousel wind tunnel can be seen. This velocity
plane indicates that a pair of Taylor vortices are indeed present. This is confirmed by comparing it with
literature, which is depicted in Figure 4.28 [44]. Here, the same patters is depicted. However, multiple pair of
Taylor vortices are present. From Equation 2.7, it is known that the amount of Taylor vortices is dependent
on the length of the carousel wind tunnel. With the width and height of the Taylor vortices being equal to
the gap width, the number of Taylor vortices is equal to the ratio of the length to the gap width. Therefore, as
mentioned in the previous section, it was chosen for the length of the model to be 0.304m such that exactly
one pair of Taylor vortices is present, and which is now also proven to be the case.

Figure 4.27: Close-up colour plot of the velocity in the carousel wind tunnel in a 3D simulation
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Figure 4.28: Velocity at the YZ-plane from Nemri et al.[44]

Next to the velocity plane, the pair of Taylor vortices can also be seen when tracing particles. Particles are
simulated in the carousel wind tunnel and their path is saved. By doing this, the Taylor vortices can be seen
over the complete carousel wind tunnel. When tracing the particles, a toroidal shape is present in the carousel
wind tunnel. This toroidal shape can be seen in Figure 4.29.

Figure 4.29: Side view of the 3D streamlines in the carousel wind tunnel

Lastly, to show both the direction and the velocity of the fluid, a vector plot is made. The vector plot can
be seen in Figure 4.30. Here, the length of the vectors cannot be related to the velocity due to the fact that
the vector plot is 3D, and the figure shown is a plane. The 2D vectors in the plane are a projection of the
3D vectors. However, what can clearly be seen is the rotating effect of the Taylor vortices by looking at the
direction of the vectors. Here, it can be seen that the pair of Taylor vortices are indeed counter rotating.
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Figure 4.30: Velocity vector in the carousel wind tunnel indicating the vorticity

4.4.2. Curvature Effect in the 3D Flow Field
The carousel wind tunnel consists of two cylindrical drums. Due to the curved surface, the flow is curved as
well. It is important to know where the curvature of the flow is high. When the flow curvature would be high
in the region where aerodynamic or planetary science experiments would take place, it would take additional
corrections to be able to obtain reliable and high quality data.

To investigate the effect of the flow curvature the following parameter is defined [57]:

ψ= U /r

dU /dr
(4.22)

This parameters is the ratio of the flows angular velocity to the radial velocity gradient. The result can be
seen in Figure 4.31. If the parameter ψ is close to -1, it indicates that the flow is dominated by the curvature
[57]. The closer the value is to 0, and thus the higher the velocity gradients, the less the flow is affected by
curvature. From Figure 4.31, it can be seen that only close to the inner and outer drum, the parameter is close
to zero. And thus, for the Reynolds number of 1278, the flow is dominated by the curvature in most of the
central region of the carousel wind tunnel. This again indicates that performing accurate aerodynamic mea-
surements will be extremely difficult, if not impossible in the carousel wind tunnel. However, it also indicates
that the measurements of aeolian process, which will be located a the outer drum, will not be affected by the
curvature.
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Figure 4.31: Flow curvature parameter, ψ vs radial position

4.4.3. Vorticity in the Carousel Wind Tunnel
In Subsection 4.4.1, the Taylor vortices have been identified. To define the area in the carousel wind tunnel
where the vorticity component of the flow is larger than the shear component, the Q-criterion is defined. The
Q-criterion can be derived from the velocity gradient. The velocity gradient, ∇−→v , can be decomposed into
the following two parts [76]:

∇−→v = 1

2

(∇−→v +∇−→v T )+ 1

2

(∇−→v −∇−→v T )=−→
S +−→

Ω (4.23)

Where
−→
S is the rate of strain, or the symmetric part, and

−→
Ω is the vorticity tensor, also known as the antisym-

metric part.

From the two parts, symmetric and antisymmetric, the Q-criterion is defined by Equation 4.24.

Q = 1

2

(
||−→Ω ||2 −||−→S ||2

)
(4.24)

For Q > 0, it indicates the existence of vortices. Looking at the definition, Equation 4.24, it is defined as areas

where the magnitude of the rate of strain (
−→
S ) is lower than the magnitude of the vorticity (

−→
Ω). It provides info

into the locations in the carousel wind tunnel where rotation of the flow is relatively more present compared
to the shear components of the flow [76]. Therefore, to visualize where the vortices are present, the areas of
the flow where Q > 0 are visualized. This is done in Figure 4.32. It is no surprise that these grey areas coincide
with the Taylor vortices. However, now they are mathematically defined by the Q-criterion.
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Figure 4.32: ISO view of the Q-criterion

Although the Q-criterion relates vorticity relative to the shear component of the flow, the strength of the
vorticity still needs to be defined. Therefore, the vorticity is plotted over the centre line in the carousel wind
tunnel in Figure 4.33. Vorticity is plotted for two different rotational velocities: 169 and 3520 RPM. Vorticity
increases with increasing rotational velocity. Furthermore, at half the spanwise location, vorticity changes
from a positive to a negative value. This is due to the merging two vortices. Furthermore, since they are
counterrotating, the magnitude of each vortice is different.

Figure 4.33: Vorticity on the centre line of the carousel wind tunnel
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The strength of the vorticity in the carousel wind tunnel is calculated by Equation 4.25 [77].

J =
∫ ∫

A
ω ·nd A (4.25)

where J is the strength of the vorticity, ω is the vorticity, n the unit vector, and A the surface area.

The strength of the vorticity equals 22 904 m2/s for a rotational velocity of 169 RPM, and 1.1·106m2/s for a
rotational velocity of 3520 RPM. Here, the strength of the vorticity is connected with the aim of this report: to
determine whether or not measurements are possible. To vorticity on the centre line indicates that aerody-
namic measurements are not possible with this configuration and setting. Although the Q-criterion showed
where the vorticity is greater relative to the shear component, the vorticity will still have an influence in the
outer regions of the drum. Therefore, in the next subsection, the effect of vorticity on the shear velocity is
determined.

The outcome of the analysis on the vorticity in the flow field of the carousel wind tunnel provides a mathe-
matically insight in the difficulty of performing aerodynamic measurements, The location where vorticity is
significantly present coincides with the location where aerodynamic measurements where to be performed.
Only if the vorticity in the carousel wind tunnel can be reduced, there would exist a possibility in performing
aerodynamic measurements.

4.4.4. Effect of Vorticity on the Shear Velocity
In the previous subsection, the vorticity strength in the carousel wind tunnel is analysed. From the Q-
criterion, the vorticity component of the flow was lower at the walls compared to the shear component. How-
ever, the vorticity distribution in the carousel wind tunnel does affect the velocity distribution over the outer
drum. Therefore, it will have an effect on the shear velocity. This effect can be seen in Figure 4.34. It can
be seen that the shear velocity is far from uniform along the outer drum. The shear velocity increased when
propagating towards the middle section, which is consistent with the vorticity along the centre line of the
carousel wind tunnel. The vorticity has a direct effect on the shear velocity at the outer drum. Accurate deter-
mination of the Taylor vortices is required to relate the section on the outer drum to the correct shear velocity.
The configuration can be used to measure the threshold shear velocity. The particles are placed on the outer
drum, and the inner drum starts to rotate. Since the relation between the shear velocity and the location on
the outer drum is known, the threshold shear velocity can be determined. When particle movement occurs,
the location of the particles, and thus the threshold shear velocity, is known.

Figure 4.34: Shear velocity distribution in the carousel wind tunnel at a rotational velocity of 169 RPM

In Section 4.2, it is determined that a rotational velocity of 3530 RPM was necessary in order to achieve
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the threshold shear velocity. However, this calculation was a 2D calculation where any 3D effects were ig-
nored. Therefore, the shear velocity over the outer drum is plotted in Figure 4.35. The shear velocity required
equalled 3.48 m/s. In Figure 4.35, it can be seen that this shear velocity is reached. Therefore, the carousel
wind tunnel in this configuration is capable of performing aeolian measurements to determine the threshold
shear velocity. However, it must be noted that the presence of the Taylor vortices make the measurements
more difficult. Both the location of the particle, and the relation between the shear velocity and the loca-
tion on the outer drum must be known with high accuracy. The carousel wind tunnel has a depth of 30.5cm.
Therefore, a few millimeter difference can results in a significant difference in shear velocity, as can be seen
in Figures 4.34 and 4.35. Therefore, an analysis and discussion is performed to determine how the threshold
shear velocity can be determined without Taylor vortices being present.

Figure 4.35: Shear velocity distribution in the carousel wind tunnel at a rotational velocity of 3520 RPM

To be able to use the carousel wind tunnel for aeolian experiments in the exact atmospheric conditions of
Mars without Taylor vortices being present, modifications need to be made. From literature, it is determined
that a Reynolds number of at least 40 000 is necessary for the flow to be fully turbulent, with no Taylor vortices
being present [19, 57]. With the rotational velocity of 3230 RPM, the Reynolds number equals 34 044. As a re-
sults, the minimum necessary Reynolds number (40 000) would result in a shear velocity above the threshold
shear velocity. Therefore, the carousel wind tunnel in its current configuration cannot be used to measure
the threshold shear velocity for particles in need of a shear stress of 0.2 Pa to start moving in the exact Martian
atmospheric conditions without Taylor vortices being present. Three possible solutions have been found:

1. Measure the threshold shear velocity of smaller particles, who are in need of a shear stress > 0.2 Pa,
according to Figure 4.12.

2. Increase the gap size between the inner and outer drum by increasing the outer drum radius.

3. Increase the gap size between the inner and outer drum by decreasing the inner drum radius.

Measurement of Smaller Particles

Looking back at Figure 4.12, it can be seen that for particles with sizes in range of 20 to 63 µm, the shear
stress is in range of 0.45 to 0.55 Pa. This is significantly higher compared to the 0.2 Pa of which the necessary
rotational velocity of 3230 RPM was calculated. By this increase in shear stress, the threshold shear velocity
will be increased as well, following from Equation 4.9. The shear velocity for this range of shear stress will be
between 5.22 m/s (for a shear stress of 0.45 Pa), and 5.77 (for a shear stress of 0.55 Pa). Therefore, a higher
rotational velocity for this configuration of the carousel wind tunnel is necessary to reach the threshold shear
velocity. Following from this, it is thus possible that the Reynolds number of 40 000 is reached before the



60 4. Results & Discussion

threshold shear velocity is reached. Using the fit obtained in Section 4.2, it is determined that the rotational
velocity will be in the range of 46 264 and 54 727. Therefore, no secondary effects are introduced into the flow,
and the threshold shear velocity is not reached before the flow is completely turbulent with no Taylor vortices.

Increased Gap Size by Extending Outer Drum Radius

A second possible solution would be to increase the size between the inner and outer drum. By increasing the
size between the inner and outer drum, the Reynolds number is increased. However, one must also look at
the effect this has on the shear velocity. To analyse this, a new set of simulations is done, and a new regression
between the shear velocity and rotational velocity is made.

The radius of the outer drum is extended to 0.610m. For this model, the correlation between the shear velocity
and the rotational velocity can be seen in Figure 4.36. The necessary shear velocity of 3.48 m/s, correspond-
ing to particles of 0.2 Pa, is achieved at a rotational velocity of 6074 RPM based on this 2D simulation. Since
the distance between the inner and outer drum is enlarged, the Reynolds number is increased as well. The
rotational velocity of 6074 RPM with a gap width of 0.305m correspond to Reynolds numbers of 92 105 re-
spectively. Both Reynolds numbers are well over the limiting Reynolds number of 40 000 at which the flow
becomes turbulent with no secondary flow effect.

Figure 4.36: Shear velocity vs rotational velocity for a gap width of 0.305m, Ri = 0.305m and Ro = 0.610m

Increased Gap Size by Reducing Inner Drum Radius

The last possible solution to measure threshold shear velocities in a fully turbulent flow is to reduce the in-
ner drum radius. The same objective is reached for as for the increased outer drum radius: increasing the
Reynolds number. However, similar to increasing the outer drum radius, the effect of decreasing the inner
drum radius on the shear velocity must be investigated. This is done in a similar manner, i.e. by performing
CFD simulations and determining the relation between the shear velocity and the rotational velocity.

The correlation can be seen in Figure 4.37. It can be seen that the shear velocity of 3.48m/s will not be reached
within an acceptable range of rotational velocity. It is therefore concluded that decreasing the inner drum size
is not effective in trying to achieve accurate results for aeolian experiments.
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Figure 4.37: Shear velocity vs rotational velocity for a gap width of 0.305m, Ri = 0.152m and Ro = 0.457m

4.5. Comparison with Existing Carousel Wind Tunnel
Now that the carousel wind tunnel has been analysed in detail, a comparison can be made, and a critical
opinion can be formed on the carousel wind tunnels already in use, or ones that have been used in the past.
For this comparison, two carousel wind tunnels will be analysed: by Demirci et al.[15] and by Greeley et
al.[21, 25, 31, 68].

4.5.1. CWT of Greeley, Iverson, Leach & White [21, 25, 31, 68]
The first use of a carousel wind tunnel to perform measurements in was by Greeley and Williams [21], and
later on analysed by Iversen [25], Leach [31] and White [68]. This design dates back from 1987. The idea was
to use the carousel wind tunnel to measure threshold shear velocities. The carousel wind tunnel was build
with dimensions: Ri = 0.356m and Ro = 0.531m and operated at a rotational velocity of 515 RPM. They per-
formed measurement on the velocity profile, which matched their semi-empirical analytical equation until
close to the inner drum. It is mentioned that this difference is due to secondary flow effects, which are not
analysed further. However, it is known now that these secondary flow effect have a large influence on the flow
characteristics in the carousel wind tunnel and should thus not be neglected.

In the proposed design, which can be seen in Figure 4.39, the outer drum rotates as well, creating a pseudo
gravity. The gravity can be varied by varying the rotational velocity of the outer drum. By applying this, the
gravitational acceleration can be varied. However, when rotating the outer drum, the detection of the particle
movement becomes a lot more complicated, which should be accounted for in the design.

Secondly, it is mentioned that by coordinating the rotational velocity of both the drums, a particle could take
off and land at the exact same location. This seems very unlikely as one small perturbation will result in
changing the particles’ path significantly.

The measurements performed by Greeley et al.[21] show good correlation. However, the next design of the
carousel wind tunnel has both the pseudo gravity and tracking of a particle to lift off and land at the same
location. These two additional implementations are deemed unlikely to provide detailed results, as discussed
above.
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Figure 4.38: Carousel wind tunnel on board the KC-135 aircraft of
NASA [21]

Figure 4.39: Conceptual design of the carousel wind tunnel along
the International Space Station [21]

4.5.2. CWT of Demirci et al.[15]
Secondly, the experiment of Demirci et al.[15] is used for comparison. This experiment applies a carousel
wind tunnel in zero-gravity conditions at extremely low pressures to erosion of planetesimals (a solid object
that moves through a dense gas and dust in space). An image of their design can be seen in Figure 4.40 [15].

Figure 4.40: Design example of a carousel wind tunnel, by Demirci et al.[15]

The most notable difference of this design is the implementation of a sample container. The sample con-
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tainer is used to store the particles which are tracked. They have to be contained in the sample container
until the test facility is in zero-gravity conditions. At this point, the sample container opens and the particles
are released. The velocity of the flow is done by particle tracking velocimetry technique. Next to the sample
container, two important differences are the rotational velocity at which it is operated, and the pressure. The
inner drum rotates at a rotational velocity of 3000 RPM. The pressure equals 10−1 mbar, which corresponds
to 10 Pa. This is a significant difference compared to the 660 Pa where the CFD analysis is performed in.

Due to this extremely low pressure, the velocity profile in the wind tunnel will be a couette flow. This is more
or less a linear line going from the inner to the outer drum. Due to the couette flow, the effect of the walls is
lowered, and thus controlling the flow is relatively easy. Demirci et al. performed measurements by particle
image velocimetry. The particles are tracked from a test bed. Although it was shown that a test bed on the
outer drum does not significantly effect the velocity profile when having a part of the outer drum straight, the
test bed implemented is relatively high in height and can thus possibly have an effect on the velocity profile.
The distance between the inner and outer drum is only 12cm. The test bench has a height of 2.7cm, and thus
occupies more than 20% of the gap. This is a significant height which should be investigated. One advantage
is the pressure being extremely low such that a couette flow is created. Basically a linear velocity profile in the
carousel wind tunnel, which has fewer impact from a disturbance compared to the complete velocity profile
in the Martian atmosphere.

It is recommended to analyse the effect of the test bed on the flow due to the large uncertainty. When looking
at Figure 4.41, it can be seen that the uncertainty is relatively high, definitely in the range of the shear stress.
The blue line indicates the pressure at which the CFD simulation is performed, for comparison. This shear
stress is determined based on the velocity profile. It is thus crucial that the velocity profile is measured accu-
rately. The complete origin of the uncertainty is unknown. A maximum error of 5% is introduced due to the
gravitational accelerations. However, the error is well above 5%, and thus a further investigation of the effect
of the test bench on the velocity profile is recommended.

Figure 4.41: Uncertainty on the shear stress in function of the pressure [15]
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4.6. Overview of the Answers on the Research Questions
Now that all the analysis has been performed, an overview on the research questions can be made. The main
research question was:

Can a velocity profile be created in a carousel wind tunnel in Martian atmospheric conditions
that allows for both the measurement of aerodynamic forces and threshold shear velocities?

However, to be able to answer this, the sublevel research questions needed to be answered. The sublevel
research questions where:

1. Are we able to create a boundary layer in the carousel wind tunnel that allows us to measure threshold
shear velocities?

2. Can inflow and wake flow properties be generated to measure aerodynamic forces on a test object?

(a) What is the angle and velocity of the inflow?

(b) Does the flow recover from the wake of a test object?

The most promising application after the analysis is the application of measuring threshold shear velocities.
To answer sublevel research question 1, the analysis at the required rotational velocities has been performed.
It was determined that with the current configuration, threshold shear velocities are achievable. However,
Taylor vortices are introduced in the flow, which could lead to more difficulties when performing measure-
ments. Therefore, an investigation is done to increase the Reynolds number which allowed for secondary
flow effects to be reduced. This is done by increasing the distance between the inner and outer drum. Fur-
thermore, this question was linked to research question 2.B. The analysis showed that straightening the outer
drum to create a test bench was possible without influencing the velocity profile significantly.

Next to the aeolian measurements, the analysis that are performed also had the goal to analyse the possibility
of performing aerodynamic measurements. However, it is deemed impossible to create accurate measure-
ments. Due to the non-uniform velocity profile, the measured forces cannot be linked to the correct flow
properties. Furthermore, when implementing a test object that has significant influence on the wake, the
velocity profile cannot recover, and no clear inflow property can be determined.

Before applying the carousel wind tunnel as a testing facility, the effect of the high rotational velocities on the
flow need to be determined. Although Demirci et al.[15] applied rotational velocities up to 12 000 RPM, the
flow at the higher pressure compared to Demirci et al. can be affected. Such high rotational velocities are
often combined with strong vibrations. Further analysis must be performed on the effect of these vibrations
on the flow.
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Conclusion

In this report, the feasibility of the carousel wind tunnel as a testing facility for aeordynamic and aeolian ex-
periments is analysed. The carousel wind tunnel is analysed at different conditions building up towards to
3D simulation. This is done to ensure sufficient knowledge is brought along when discussing the effects of
performing a 3D analysis. The different analysis that have been performed are: 2D analysis while varying the
Reynolds number, 2D analysis including a disturbance by a cylinder to the flow, and a 3D analysis.

First of all, a 2D analysis was performed in Earth atmospheric conditions which corresponds to a Reynolds
number of 55 860. This is done to perform verification and validation. It is concluded that there is close
agreement between the available experimental data, and the data from the CFD analysis. Furthermore, the
analytical equations to perform verification showed close agreement as well. Next, the atmospheric condi-
tions are changed to the values of Mars, and alterations to the dimensions of the carousel wind tunnel are
made. Consequently, the Reynolds number decreased significantly within a range of [639; 2556] which re-
sulted in a decrease of the slope of the velocity profile. This agrees with the available data from literature.
From this velocity profile, the conditions needed to perform aeolian experiments are determined. It was con-
cluded that based on the 2D simulations, to measure the threshold shear velocity of a particle with a size
between 125 µm and 1000µm, a rotational velocity of 3530 RPM is needed.

Secondly, the effect of having a disturbance by a cylinder in the flow is analysed in a 2D simulation. From the
results, it was concluded that the flow over the cylinder follows the conventional flow regimes of a cylinder.
However, the curvature effect is significantly present. Furthermore, the cylinder has a significant effect on the
velocity profile. It does not recover to its original undisturbed case, and the velocity profile remains variable
over the complete carousel wind tunnel. Therefore, it is determined that aerodynamic measurements are
deemed inaccurate when the test object has a significant effect on the wake of the flow.

Lastly, a 3D analysis is performed. It was expected that Taylor vortices would be present, which would disrupt
the accuracy of both aerodynamic and aeolian experiments. Based on the results, while the Reynolds number
is sufficiently low, the secondary flow effects remain present. The Taylor vortices do not result in the inabil-
ity of the carousel wind tunnel to perform aeolian measurements, however, it can become more difficult to
obtain high accuracy. Therefore, the Reynolds number can be increased, resulting in a fully turbulent state,
which would ensure high accuracy results. However, the distance between the inner and outer drum need to
be increased by increasing the radius of the outer drum. With this configuration, a rotational velocity of 6074
RPM would be necessary to perform aeolian experiments, based on a 2D simulation.

The carousel wind tunnel design is an interesting design that remains to have an opportunity to be useful
to gain insight in phenomena occurring on Mars. However, due to its nature to create secondary flows, it
remains difficult to perform accurate (aerodynamic) measurements. Aeolian experiments remain possible
based on this analysis, however, further analysis on the effect of rotating the inner drum at high rotational
velocities is required.
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A
Appendix - Preliminary CFD Analysis of a

Wing in the Carousel Wind Tunnel

A.1. Laminar Separation Bubble
Before performing a computational fluid dynamics analysis of a wing in the carousel wind tunnel, one must
understand the reason for doing so. Flying on Mars results in flying at a low Reynolds number due to the low
atmospheric density, which has an influence on the performance of an airfoil. To understand this influence,
one must understand the phenomenon of a laminar separation bubble. A laminar separation bubble occurs
at a Reynolds number below 105 [8], and is thus within the range of the Reynolds number of a wing on Mars.

When the flow propagates over an airfoil, up until the point of maximum thickness, the flow accelerates. Af-
terwards, the deceleration of the point results in an increased pressure. A positive pressure gradient is present,
called an adverse pressure gradient [53]. The decreased velocity profile can be seen in Figure A.1. Due to the
adverse pressure gradient, the pressure increases when the flow propagates, resulting in a deceleration of the
flow due to this pressure force [24].

Looking at the velocity profile in Figure A.1, it can be seen that due to the continuous deceleration, the velocity
gradient will become zero on the airfoil. This is indicated by point S in Figure A.1 and is called the separation
point. Here, the resulting shear stress equals zero due to the zero velocity gradient. The relation between the
shear stress and the velocity gradient can be seen in Equation A.1. At this point, the boundary layer separates
from the surface and as a result, the thickness of the boundary layer increases.

τ=µ∂u

∂x
(A.1)
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Figure A.1: Laminar boundary layer separation [24]

After separation of the laminar boundary layer, transition to turbulent flow due to disturbances in the flow
can occur [75]. Due to momentum exchange with the mean flow, small disturbances cause an increased en-
ergy of the laminar boundary layer, which can result in transition from a laminar to turbulent boundary layer
[60]. The thickness of the boundary layer is increased when the boundary layer becomes turbulent. A lami-
nar separation bubble can only be formed when the boundary layer reattaches to the surface, therefore, the
transition to turbulence is necessary to allow for reattachment. When the turbulent flow has gained sufficient
energy, the boundary layer can reattach to the surface [74]. As a result, under the separated shear layer, a fluid
bubble is present. In this bubble, called the laminar separation bubble, the flow is directed upstream due to
the adverse pressure gradient. The circulatory motion of the fluid flow in the laminar separation bubble and
the adverse pressure gradient which results in the flow going upstream can be seen in Figure A.2 [24].

Figure A.2: Laminar separation bubble [24]

The pressure distribution is affected by the laminar separation bubble, which can be seen in Figure A.3 [27].
In the figure, the point of separation (S), transition (T) and reattachment (R) of the flow can be seen. The
perturbed pressure distribution where the laminar separation bubble is present is plotted next to an invis-
cid pressure distribution without a laminar separation bubble. The location where the laminar separation
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bubble is present can be identified by the constant pressure coefficient in the graph [52]. The constant pres-
sure region occurs due to the recirculating velocities, which are lower compared to the velocities outside the
laminar separation bubble. This region is therefore seen as a static fluid region, which result in a constant
pressure. Furthermore, when the laminar separation bubble is reattached, the pressure coefficient is lower
over the airfoil compared to the inviscid solution. Lastly, the reattached boundary layer remains turbulent.

Figure A.3: Pressure distribution on the top surface of an airfoil [27]

A.2. Computational Domain of the 3D - Analysis with a Wing
As discussed above, the laminar separation bubble has a distinctive effect on the pressure distribution, and
thus the performance of a wing. Therefore, valuable data would be gathered by performing measurements of
a wing in Martian atmospheric conditions. To analyse the feasibility of this, a computational fluid dynamics
analysis is performed with a wing in the carousel wind tunnel. Before the analysis can be done, the compu-
tational domain is determined.

The complete computational domain and blocking of the 3D analysis with a wing can be seen in Figure A.4.
A close-up of the region around the wing can be seen in Figure A.5. It can be seen that the amount of blocks
is significantly higher compared to the computational domain without the wing. The region around the wing
is mapped by six different blocks. This is to ensure a fine transition of the mesh between the O-grid of the
carousel wind tunnel, and the O-grid of the wing. Furthermore, the computational domain of the inflow is
divided into five different blocks. In the wake of the wing, and for the other parts of the carousel wind tunnel,
the domain is split into three different blocks per section. This is to ensure good quality near the walls of the
carousel wind tunnel, and to capture the effect of the wake.
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Figure A.4: Blocking of the computational domain of the 3D analysis with a wing

Figure A.5: Close-up of the blocking of the computational domain of the 3D analysis with a wing

A.3. Mesh of the 3D - Analysis with a Wing
Next, a mesh of the wing in the carousel wind tunnel is created. The mesh of the 3D analysis with a wing
can be seen in Figure A.6, and a close-up of the area close to the wing can be seen in Figure A.7. The same
distribution is used as for the regular 3D analysis. This means that there is a biexponential distribution in the
direction of the depth of the carousel wind tunnel, and in between the inner and outer drum. Furthermore,
an exponential distribution around the wing is used to have sufficient detail to capture the boundary layer.
Due to the complexity of this flow, a large amount of cells are used. This mesh contains 10 592 374 cells, which
is significantly more compared to the standard 3D analysis, which had 3 097 116 cells. This indicates the high
computational effort required to gather data.
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Figure A.6: Global front view of the mesh of the 3D analysis with a wing

Figure A.7: Close-up of the mesh of the 3D analysis with a wing
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Lastly, before analysing the results, the quality of the mesh is determined based on how well resolved the
boundary layers are. All the cells can be structured correctly when performing a check by ANSYS, however,
if the cell size is too large at the walls, the boundary layer will not be resolved. To check this, an often used
parameter is the y+ value with respect to the minimum value of the cell in the domain. y+ is a normalized
value based on the properties at the wall. Typically, the y+ value has to be lower than 1 to resolve the bound-
ary layers [63]. The values of y+, on both the outer and inner drum, and the minimum size of the cell in the
domain for the different generated meshed can be seen in Table A.1.

As can be seen, all y+ values are lower than 1. Therefore, it is concluded that the mesh is of sufficient quality
to resolve the boundary layer and is of sufficient quality to correctly assess the results provides by the CFD
simulation.

Table A.1: y+ value and minimum size for the different meshes

y+
inner y+

outer Min. Size
Disturbance by a Wing [0.04; 0.78] [0; 0.125] 4 ·10−6

A.4. Results of the CFD Analysis of a Wing in the Carousel Wind Tunnel
To analyse the effect the vorticity in the carousel wind tunnel has on the measurements of a wing, the results
of the CFD analysis are discussed. To determine the applicability of performing aerodynamic measurements
in the carousel wind tunnel, the effect of vorticity on the wing needs to be understood. Therefore, the NACA
0012 airfoil is simulated in the carousel wind tunnel. The NACA 0012 airfoil can be seen in Figure A.8.

Figure A.8: NACA 0012 Airfoil

To analyse aerodynamic performance of the airfoil and flow dynamics, the angle of attack of the incoming
flow must be known. This can be seen in Figure A.9. It shows an increasing angle of attack when progressing
towards the middle section of the carousel wind tunnel. It must be noted that the angle of attack near the
side walls (z = 0.0m and z = 0.304m) can be neglected. This is because the flow experiences an influence of
the boundary layer on the side walls. The boundary layer retards the flow significantly, affecting the angle of
attack, and the performance of the airfoil. Therefore, the results close to the walls will be neglected.
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Figure A.9: Angle of attack distribution over the wing

Next, the lift coefficient and the Reynolds number are plotted over the span of the wing. Again, the values
close to the side walls can be neglected. It can be seen that the lift coefficient and the angle of attack show
great correlation. Since this is a symmetric airfoil, lift coefficient should be zero at zero angle of attack. The
angle of attack is zero at z = 0.0845m and 0.2229m. The lift coefficient is zero at z = 0.0879m and z = 0.2196m.
The difference between the spanwise location is 3.4mm and 3.3mm, respectively. The lift coefficient increases
for increasing angle of attack. Although this is expected, the increase in lift coefficient is not solely due to the
higher angle of attack. From Figure A.11, it can be seen that the Reynolds number increases when positioned
more towards the centre. This Reynolds number almost doubles, significantly impacting the lift coefficient.
The lift coefficient increases with increasing Reynolds number, and thus the increasing lift coefficient is not
solely due to the increase in angle of attack.

Although the trend of the lift coefficient behaves as expected, there is a discrepancy in the angle of attack at
which the lift starts to decrease, i.e. the stall angle. Comparing Figure A.9 with Figure A.10, the stall angle
equals 27◦. This stall angle is significantly higher than expected.

Figure A.10: Lift coefficient distribution over the wing



78 A. Appendix - Preliminary CFD Analysis of a Wing in the Carousel Wind Tunnel

Figure A.11: Reynolds number distribution over the wing

In Section A.1, it is discussed that laminar separation bubbles are present on the airfoil for Reynolds numbers
lower than 105. Therefore, on this wing, laminar separation bubble should definitely be present. The laminar
separation bubbles are located by identifying the separation points on the wing. The separation points can
be seen in Figure A.12. It must be noted that the data points are not distributed uniformly over the wing.
Winslow et al.[72] investigated the presence of a laminar separation bubble at low Reynolds numbers at dif-
ferent angles of attack. It was concluded that the laminar separation bubble move upstream of the airfoil
when increasing the angle of attack, which can be seen in Figure A.13. It must be noted that the absolute
locations and angles of attack of the laminar separation bubbles cannot be compared to the CFD analysis
because the Reynolds number is significantly higher (3 ·105 compared to a maximum of 115). Furthermore,
Winslow et al.[72] performed the analysis on an airfoil, while the CFD analysis is performed on a wing which
thus has 3D effects. Therefore, the results of the CFD analysis cannot be compared to the results of the airfoil
analysis in absolute terms. However, the same trend of the moving laminar separation bubble can be seen
in Figure A.12, i.e. an increase in angle of attack results in a forward movement of the bubble. Furthermore,
when the wing stalls, separation at the leading edge of the airfoil is present. This results in a deterioration of
the lift over the airfoil, which causes the drop in lift coefficient.
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Figure A.12: Location of separation over the wing

Figure A.13: Development of the laminar separation bubble with the red arrow indicating the location [72]

To conclude, the Taylor vortices result in a non-uniform flow in the carousel wind tunnel and over the wing.
The vortices create different flow regimes over the wing. To allow for experiments in a uniform flow, for a
certain configuration, one regime is set over the wing. This way, the configuration (rotational velocity or angle
of attack for example) can be varied such that the effect of varying a certain parameter can be determined.
However, since this is not the case, the flow characteristics over the airfoil will not be able to be measured
accurately when performing an aerodynamic experiment in the carousel wind tunnel. In the current design
of the carousel wind tunnel, it is therefore determined that no accurate aerodynamic measurements can be
performed.


