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Summary

The high efficiency of open rotor propulsion has led to a comeback of propeller propulsion systems in recent
years. The main issue preventing wide application of the technology is its high noise level. One of the main
contributors to this noise is the pressure fluctuations generated during the interaction between a propeller
tip vortex and a downstream surface. The vortex-surface interaction phenomenon can be broken down in a
number of components, or ’sub-phenomena’, such as the low pressure vortex core, the shearing of the vortex
and the induced angle of attack effect. The interaction is governed by a number of parameters such as the vor-
tex strength and orientation, the surface geometry and the flow conditions. The goal of this research project
is to create a better understanding of the vortex-surface interaction, which would allow for more effective
noise mitigation strategies to be developed. An experimental approach was adopted to quantify the effect
of a number of governing parameters on the pressure fluctuations over the surface induced by the vortex.
Furthermore, an attempt was made to develop a conceptual model describing the vortex-surface interaction
in order to study the relative contributions of the sub-phenomena of the interaction. The accuracy of the
conceptual model was assessed using the data obtained from the experimental campaign.

The experiment was performed in the M-tunnel of the Delft University of Technology. Vortices were gener-
ated using a propeller driven by an electric motor placed in the open jet windtunnel. Wing sections were
placed in the flow at the tunnel exit. Each section contained a chordwise row of embedded microphones that
was used to measure the unsteady pressure fluctuations over the surfaces. The wing sections were moved
in lateral direction through the flow to map the spanwise distribution of the pressure fluctuations at each
chordwise microphone position. The independent variables were the advance ratio, freestream velocity, air-
foil geometry and incidence angle, which is the angle between the vortex axis and the lateral surface axis. The
advance ratio and freestream velocity were controlled with the engine and windtunnel settings. To investi-
gate the effect of the airfoil geometry, the two wing sections were designed with different profiles, one with
a NACA0012 and the other a NACA0016 profile. Additionally, the wings were mounted in a cylindrical wing
mount that could be rotated about its axis, allowing for the investigation of the effect of the incidence angle
of the vortex on the pressure fluctuations over the surface.

From the results it was clear that the low pressure vortex core was the primary mechanism that generated
fluctuations over the surface. The vortex path was clearly visible and dominant over a large part of the chord.
In the slipstream region the wake generated the largest pressure fluctuations. The effect of the wake was con-
tained at the leading edge, up to 4% of the wing chord. Changing the advance ratio from 0.67 to 0.60 resulted
in an increase of maximum root mean square of the unsteady pressure coefficient, C 0

p,RMS , in the vortex
impingement region of 156% and 28% on the advancing and retreating sides, respectively. The increase in
pressure fluctuation was attributed to the increase in vortex strength associated with the increase in blade
loading. Contrary to expectations, there was no discernible change in vortex path with a change in advance
ratio. However, this could be due to the relatively small change in advance ratio. Changing the freestream ve-
locity from 10 to 15 m/s, while keeping the advance ratio constant at 0.67, only caused an increase in C 0

p,RMS
of 60% on the advancing side. Additionally, it did not visibly change the distribution of the unsteady pressure.
The effect of the airfoil geometry was less than expected, with no discernible change in pressure fluctuation
magnitude. The vortex path, however, was shifted outboard by 0.25 and 0.5 y/r0 on the advancing and re-
treating side respectively. The impact of the vortex incidence angle, i.e. the angle between the vortex axis and
the spanwise surface axis, on both the magnitude and distribution of the pressure fluctuations was signifi-
cant. On the advancing side, a change in angle from 0 to 90 degrees led to a decrease in peak C 0

p,RMS of 72.5
%. On the retreating side, the same change in incidence angle causes a 27% decrease in C 0

p,RMS . Additionally,
for both sides the width of the peak increased dramatically, from being a clearly discernible peak to spanning
the entire width of the measured wingspan.

At the leading edge an unexpected region of low pressure fluctuations was observed between up to 4% of the
wing chord, which was not expected. After further analysis of the microphone waveforms in this region, it
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vi Summary

was theorized that the lack of unsteady pressure resulted from interference between the propeller wake and
the vortex. No definitive proof could be provided and further research is required to fully understand the
physical events that result in the observed behavior.

A conceptual model was developed by breaking down the vortex-surface interaction into a number of sub-
phenomena, such as the vortex core pressure, vortex shearing and the induced angle of attack effect, and
adding those that were expected to have the largest impact on the magnitude and distribution of the pressure
fluctuations to the model. The components that were selected were the vortex core pressure and the induced
angle of attack effect. A number of assumptions were made in order to model the sub-components. The
vortex core pressure was modeled using a Lamb-Oseen vortex model and Bernoulli’s law for curved flow. The
induced angle of attack effect was assumed to originate from velocities induced by the vortex as extracted at
the leading edge of the wing.

The assessment of the model was done by comparing the model results with the results obtained from the ex-
periment. Large discrepancies between the unsteady pressure, both in magnitude and in spatial distribution,
were observed. Three contributing factors to the discrepancies were identified. Firstly, the induced angle
of attack effect was overestimated. In the experimental results, the contribution of this sub-phenomenon
was not discernible, while in the model results it was the main contributor to the pressure fluctuations. The
two-dimensional approach that makes use of the velocities induced by the vortex at the leading edge was not
appropriate. Secondly, the Lamb-Oseen vortex used to model the vortex core pressure underestimated the
size of the vortex core due to a number of assumptions contained in the model. Finally, the vortex radius
was determined from the experimental results and used as an input in the model. However, the method with
which this was done led to erroneous values for the vortex radius. These discrepancies implied that the con-
ceptual model could not be used for its intended purposes.

The results of this study show that the advance ratio and incidence angle are the most critical parameters
governing the vortex-surface interaction. Although the former is difficult to incorporate into noise mitigation
strategies, the latter can be used as a parameter in the initial design phase. Interestingly, the geometry of
the airfoil seems to have limited effect on both the magnitude and distribution of the interaction. Although
the conceptual model discussed in this report is not accurate, the development of such a simplified model
would still contribute a lot to the body of knowledge. It could be used to evaluate the relative contributions
of the different vortex-surface interaction sub-phenomena, as suggested in this project. Another use would
be the execution of a ’parameter sweep’ to investigate the effect of the governing parameters on the unsteady
pressure distribution and magnitude, which was done in a more limited manner with the experimental cam-
paign. However, for the latter intended use the approach taken in this project would not be recommended
as the level of fidelity would be too low. A much in-depth approach is recommended seeing the complex
behavior of the flow.
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∫ Kinematic viscosity [kg /(s §m)]

! Vorticity [1/s]
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�
Introduction

The context of the research project is provided in section 1.1, followed by the research goal, research objective
and research questions in section 1.2. Finally, in section 1.3 the outline of the report is discussed.

1.1. Context of Research
At the advent of powered flight the propulsion mechanism of choice was the propeller. During the first half of
the twentieth century a lot of research was performed on propeller theory and design, resulting in an exten-
sive base of knowledge on the matter [1]. During the second world war the demand for aircraft that operated
faster and at higher altitudes led to the conception of the turbojet. With low oil prices and the high amounts
of thrust produced by this propulsion method the interest in propeller research waned. However, with the rise
in fuel cost in the seventies, increasing propulsive efficiency was a key driver in aircraft propulsion research,
leading to the resurgence of propeller research [2].

The intrinsic difference between a propeller and a turbojet is that the former generates a small increase in
velocity to large amount of air, while the latter does the opposite. The formulaic representation of the ideal
propulsive efficiency ¥p is expressed as:

¥p =
2

1 +
Vj
V1

(1.1)

where V1 is the freestream velocity and Vj is the jet velocity. Examining equation 1.1 one can conclude that
the propeller driven propulsion is inherently more efficient than turbojet propulsion. The higher propulsive
efficiency translates to a lower specific fuel consumption, which is visualized in figure 1.1.
The higher efficiency of the turboprop with respect to the turbojet is true up to moderate Mach numbers
and flight altitudes. From a certain Mach number, dependent on the design, the propeller blade tips move at
supersonic speeds, causing significant wave drag. Seeing that the Mach numbers at which this phenomenon
occurs are lower than the operating speed of the turbojet the effective operating speed and altitude of the
turboprop are therefore significantly lower. As a response to the increase in fossil fuel price in the late sev-
enties NASA devised a propulsion concept that promised to solve this problem: the advanced turboprop or
propfan [1, 2]. In essence the concept consists of a turbine driven open propeller system. More specifically
the need for high power loading led to a propeller with an increased number of blades, larger blade chord and
highly swept blades. Examples of advanced turboprop designs showing the key characteristics are presented
in figure 1.2. Due to the decrease in fuel cost in the late eighties, many of the designated NASA programs were
canceled and a lot of the technology was shelved.

In recent years, increased understanding of the effects of global warming on the environment and the ex-
pected growth of the world population have led to calls to reduce the environmental impact of aerospace
travel, making advanced turboprop research relevant once again. Collaborations between aerospace man-
ufacturers and governmental organizations have resulted in reports such as the FlightPath 2050 Initiative,
authorized by the European Commission [5]. These documents lay out long-term aircraft emissions and

3
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for RJs and the smallest of what are called large aircraft
in this study.

One result of this delay in technology adoption is
that the cruise TSFC values for RJ engines have been
10–25% higher than those of large aircraft since the
early 1970s. Even when the influence of large differences
in bypass ratio is accounted for, small jet engines exhibit
higher TSFCs than larger engines. For engines with
bypass ratios between 4.5 and 6.5, those with thrust
ratings smaller than 100 kN are 5–10% less efficient than
engines with thrust ratings above 100kN. This trend is
partly caused by the lower pressure ratios, and as a
result, lower thermal efficiencies of small engines. They
generally have fewer compressor stages or they utilize
space saving but less efficient centrifugal compressors.

Fig. 3 shows that TP engines are 10–30% more
efficient than jet engines at cruise. TPs typically derive
85% of their thrust from a propeller, while jet exhaust
provides the remaining thrust. Their high TSFC is the
result of the propellers ability to accelerate large
amounts of air at low speeds. This is particularly
advantageous during take-off and climb stages of flight
when aircraft move relatively slowly. The efficiency of a
propeller decreases with increasing airspeed and altitude
however, limiting the operation of TPs to Mach
numbers below 0.7 and altitudes below 7.6 km.

4.2. Structural efficiencies

A 1% reduction in the gross weight of an empty
aircraft will reduce fuel consumption between 0.25%
and 0.75% (Greene, 1995; Lee et al., 2001). Advanced
materials such as improved aluminum alloys and
composites have been successfully used for control
surfaces, flaps, and slats on civil aircraft. However,
despite the development and use of advanced materials,
Fig. 4 shows that the structural efficiencies of aircraft

have decreased between 10% and 25% for all aircraft
types since 1959. The lack of improvement is partly due
to the fact that most aircraft today are still about 97%
metallic, with composites used only on relatively few
components such as the tail. Furthermore, structural
weight reductions have been largely offset by structural
weight increases to enable improvements in aerody-
namics and the integration of in-flight entertainment
systems, and to accommodate increased engine weights
(Intergovernmental Panel on Climate Change, 1999).

Fig. 4 shows that RJs are less structurally efficient
than large aircraft, and that TPs in turn are less efficient
than RJs. There may be several reasons for this trend,
but an important effect is that of engine weight. Engine
weights do not scale linearly with thrust, and engines
with smaller thrust ratings typically have lower thrust-
to-engine weight ratios (T=WE). Typically, engines
producing less than 100 kN of thrust have T=WE ratios
25% lower than engines producing more than 200 kN of
thrust. TPs have comparatively low T=WE ratios
because of the extra weight required for the mechanisms
that alter propeller pitch and a reduction gearbox that
connects the turbine to the propeller (Ojha, 1995). As a
result, aircraft powered by small turbofans and TPs are
relatively heavier for the payload they carry compared
to large aircraft.

4.3. Aerodynamic efficiencies

Historical trends in aerodynamic efficiency, or max-
imum lift-over-drag (L=DMAX) ratio, are shown in
Fig. 5. Aerodynamic efficiencies of large aircraft have
improved approximately 15% since 1959, averaging
0.4% per year (Lee et al., 2001). These gains, mostly
realized after 1980, have been driven by better wing
design and improved propulsion/airframe integra-
tion made possible by improved computational and
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Figure 1.1: Historical trends of the specific fuel consumption at cruise thrust
setting for various turbojet and turboprop aircraft. Note that the cruise

velocities are not equal for different planes and / or technologies [3]

noise targets, such as a 75% reduction in CO2 emissions and a 65% reduction in perceived noise emissions
with respect to standard levels in the year 2000. Although the advanced turboprop technology contributes
to lower CO2 emissions [6], propeller noise generation is still a significant issue. Due to the tonal nature of
propeller noise it is perceived as being more annoying than the broadband noise generated by turbojets [7].
Furthermore, the absence of a cowling allows the noise to radiate outward freely [8]. These aspects, among
others, lead to higher perceived cabin and far-field noise levels with respect to modern turbofan engines.

Far-field noise from the engines causes noise exposure around airports during aircraft landing and take-off,
which is strictly regulated. Additionally, increased cabin noise reduces passenger comfort, which is an im-
portant design consideration for manufacturers. Tonal propeller noise is generated through a number of
mechanisms [8]; the first is the isolated propeller noise, which consists mainly of propeller thickness and
loading noise. Secondly, there may exist unsteady loading on the propeller due to installation effects [9]. Fi-
nally, noise is generated by the interaction between the propeller slipstream and any downstream surfaces.
Of these noise sources the latter still poses large challenges. The pressure fluctuations generated on the sur-
face by the slipstream, of which the discrete propeller tip vortex is the main contributor due to its strong and
localized velocity field [8], results in both radiated noise and in structure-borne noise, which comprises the
propagation of noise from aerodynamically induced vibrations through the airframe into the cabin. The for-
mer is not significant compared to the latter, which is regarded to be a major source of passenger discomfort
[10] and is harder to mitigate than the cabin noise resulting from the direct airborne propeller noise [11].

The focus of this thesis will be on the vortex surface interactions, which encompasses propeller tip vortex-
surface interactions but also Blade Vortex Interactions, vortex chopping that occurs in Counter Rotating Open
Rotor technology and many more. Research on this topic is necessary seeing the relevance of propeller tech-
nology in fuel-efficient air transportation methods and seeing that high noise levels are one of the major
challenges still facing this technology. As the subject is very extensive, a literature study has been performed
to map out the opportunities and challenges that exist within the research area. The conclusions from the
study, resulting research objective and the outline of the report are presented the next section.

1.2. Research Objective
Vortex-surface interactions are highly complex phenomena with unsteady, three-dimensional and non-linear
flow. The phenomenon can be broken up into multiple components, or ’sub-phenomena’, such as the low
pressure vortex core, induced angle of attack effect and vortex shearing, each with its own governing param-
eters. A better quantification and understanding of the relative contribution of the different sub-phenomena
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(a) PTA propfan concept developed by Lockheed for the
NASA Advanced Turboprop Project [2].

(b) Unducted Fan (UDF) developed by G.E. for the
NASA Advanced Turboprop Project [2].

(c) TP400 turboprop developed by Europrop currently used on
the Airbus A400M [4]

Figure 1.2: Various advanced turboprop engines.

and the effect of the governing parameters on the pressure fluctuations induced by the vortex over the surface
will help in evolving a methodology for low noise designs [12]. Some of the sub-phenomena have been stud-
ied extensively, while others have not. Belonging to the former are the aerodynamic interference between the
propeller slipstream and downstream surfaces [9], the trailing vortex structure [13], and the behavior of the
vortex [14]. Less well understood are sub-phenomena such as vortex bending and shearing or the viscous
interactions between the vortex and surface boundary layer, which have been described qualitatively but not
quantitatively [15, 16], at least not in the level of detail required. The sub-phenomena will be discussed at
greater length in Chapter 2.

Additionally, the current trend in the aeroacoustic community is to improve acoustic prediction strategies
that can be used in the early design stage, which is currently not the case, in order to define low-noise config-
urations with the help of optimization algorithms [17]. In order to do so, an analysis tool is required that can
perform fast iterative designs to optimize the final outcome. A number of high-fidelity compressible Navier-
Stokes solvers have been developed to predict the sound generation [18, 19]. However, these solvers require
significant amounts of computational power and are therefore disqualified for the use intended here. Ana-
lytical noise prediction models, such as those developed by Roger [8, 17, 20, 21], Amiet [22] and Kingan [23],
require much less computational power, but many sub-phenomena of which the interaction comprises are
not contained in these models.

Although noise mitigation is the underlying rationale to study the vortex-surface interaction, the scope of this
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research project is limited to the pressure fluctuations over the surface resulting from the interaction. The
audible noise resulting from the interaction will not be considered. The understanding of the distribution of
the pressure fluctuations over the surface and on the effects of the parameters governing the interaction on
the fluctuations, can be translated into noise mitigation strategies. An experimental campaign will be per-
formed to measure the pressure fluctuations induced by a vortex over a surface. Although experimental data
on vortex-surface interaction is available [10, 15, 24], these campaigns were focused on the propeller surface
interaction as a whole and not specifically tailored toward the investigation of the vortex.

Additionally the development of a fast analysis tool describing the vortex-surface interaction is attempted in
this research project. A conceptual model, consisting of a simplified version of reality that contains certain
aspects of the phenomenon, or ’sub-phenomena’, and neglects others, is developed and assessed. In con-
structing the model, a balance will be sought between accuracy, speed and the measure in which it can be
validated. The validation will be done by making use of the experimentally obtained data. The advantage of
this approach is that by containing a number of the key sub-phenomena in the model, it is possible to study
their relative effect on the pressure fluctuations and allow for a more fundamental understanding of the in-
teraction.

The goal of the research is to obtain a better understanding of the vortex-surface interaction in order to fa-
cilitate noise mitigation strategies. This goal will be achieved by performing an experimental campaign to
quantify the effect of a number of governing parameters on the pressure fluctuations over the surface induced
by the vortex. Furthermore, a conceptual model describing the vortex-surface interaction will be developed
in order to study the relative contributions of the sub-phenomena. The accuracy of the conceptual model
will be assessed using the data obtained from the experimental campaign. From this we can summarize the
following research objective:

Quantify the effect of the governing parameters and sub-phenomena on the magnitude and distribution of the
vortex induced pressure fluctuations over a surface by performing an experimental campaign and developing
a conceptual model.

Based on the the research objective a number of research questions are proposed. The research questions
can in turn be split into more specific multiple sub-questions:

• What is the effect of the governing parameters on the pressure fluctuations induced by the vortex over
the surface during the interaction?

– Which parameters are critical for the vortex surface interaction?

– What effect do the selected parameters have on the magnitude of the pressure fluctuations on the
surface?

– What effect do the selected parameters have on the distribution of the pressure fluctuations on
the surface?

• How accurate is the conceptual model?

– What are the quantitative differences between the experimental data and the model results?

– To what modeling approaches can the differences be attributed?

• What is the relative contribution of the sub-phenomena to the pressure fluctuations induced by the
vortex over the surface during the interaction?

1.3. Report Outline
The thesis was performed as follows. First, a literature study was done to investigate different aspects of the
vortex-surface interaction, vortex models and experimental techniques. Then the experimental campaign
was executed, followed by the processing of the gathered data. The conceptual model was created afterwards
and finally a validation of the model using the results from the experiment took place.
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This report contains the most important aspects of the project. It should be noted that the order in which
the material is presented is not the same as with which it was executed during the project. In Chapter 2
the relevant results of the literature study, which covered the different phenomena occurring during the
vortex-surface interaction, are presented. This knowledge is required to design of the experimental cam-
paign, choose the measurement techniques and the select of the test conditions, as is covered in Chapter 3.
The knowledge is also necessary for the development of the conceptual model, which is discussed in Chapter
4 and where the selection of the components of the model and its structure will be presented.

The accuracy of the experimental data and the verification of the conceptual model is discussed in Chapter
5. In Chapter 6 the results from the experimental campaign are discussed and the accuracy of the conceptual
model is assessed using the experimental data. In Chapter 7 the results from these analyses are used to answer
the research questions and conclusions on the research objective are drawn. In the same Chapter a discussion
of the project as a whole and recommendations for future research are presented.





�
Theoretical background

To better design the conceptual model and the experimental campaign it is useful to examine the theoretical
background of the phenomena at hand. In order to do so a number of different aspects, namely the propeller
slipstream characteristics, vortex behavior and vortex-surface interaction phenomena will be discussed. Pro-
peller theory itself is of less interest, seeing that the focus of the project is on the interaction of the slipstream
with downstream objects. However, historically a lot of research has been performed on the topic of pro-
peller theory, with an experimental study on propeller geometry by the Wright brothers as one of the earliest
examples. Later a number of analytical models have been created that describe the performance of propeller
blades such as the actuator disk theory and the Blade Element Method. A recommended work on these top-
ics has been written by Glauert [25]. Also worth mentioning is a wide ranging study on the topic of propeller
aerodynamics written by Wald [13].

With respect to fundamental vortex theory a comprehensive book has been written by Green [14], which cov-
ers all facets of the topic. A number of notable authors who have written about vortex-surface interaction
are Johnston, Sullivan [26], who performed experimental research on the topic in the late eighties and early
nineties as a result of the resurgence of propeller engine research. One of the first analytical models predicting
the sound pressure levels resulting from vortex-surface interactions was devised by Amiet [22]. More recently
a series of papers on the vortex-surface interaction between CROR blades was written by Roger [8, 17, 20, 21].

In the first section of this chapter the propeller slipstream characteristics are discussed seeing that they affect
the pressure fluctuations generated by the vortex. In section 2.2 the vortex itself will be covered, including its
fundamental characteristics, vortex models and the helical vortex structure. The different aspects concerning
vortex-surface interactions and parameters describing this interaction will be treated in section 2.3.

2.1. Propeller Slipstream Phenomena
The interaction between the incoming flow and the propeller results in a number of changes to the flow with
respect to the freestream flow conditions. The pressure differential between the upper and lower side of the
propeller blade, indicated in figure 2.1 with ¢ps , created by the rotational movement and shape of the blade
causes an increase in flow speed in axial direction (Va in figure 2.1), both up- and downstream of the propeller
blade. Due to the viscous interaction between the blade surface and the incoming flow a velocity component
in tangential direction around the propeller axis is also created, which is called the swirl component of the
flow.

The steady increase in axial velocity results in higher dynamic pressure over the wing, increasing the amount
of lift over any surfaces situated behind the propeller compared to surfaces outside the slipstream. These
differences result in spanwise gradients in lift. The effect of the swirl on the wing loading depends on the
location of the surface with respect to the propeller axis. On the downward going blade side the swirl is
perceived as a downwash, locally reducing the loading over the wing. On the upward going blade side, the
opposite is true. The possible combinations of the axial velocity and swirl components and their effect on the
spanwise lift distributions is visualized qualitatively in figure 2.2.

9
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Figure 2.5: Streamwise development of the axial velocity increase and pressures
in the slipstream. The velocity jump increases from va at the pro-
peller disk to 2va far downstream. Pressures are not scaled relatively
to each other.

An equal reasoning can now be followed for a point P’ in front of the propeller
where the direction of the induced velocity is opposite to the propeller rotation direc-
tion. The circulation found over a circle with a radius rand enclosing the propeller
axis, should then show a non-zero value. This is physically not possible since the
circle, in front of the propeller, does not enclose any vortex line. We may therefore
conclude that the tangential velocity in P’, induced by the bound vortex system is
compensated by the component induced by the free vortices in the slipstream. In
Fig.2.7 the distribution in axial direction of the tangential velocity due to both the
bound vortex system and the free vortex system is sketched. By adding the e�ect
of both systems, we see that the tangential velocity component is zero everywhere in
front of the propeller; its value is w in the propeller plane and becomes 2w far behind
the propeller.

The tangential velocity component in the slipstream (often referred to as the ”swirl
velocity”) is presented in Fig.2.4 for a typical propeller. As can be seen the form di�ers

Figure 2.1: Qualitative example of the total pressure, Pt , and static pressure, Ps , in the
slipstream and the flow speed in axial direction, Va , as a function of x-coordinate [9].
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Figure 2.2: Qualitative representation of the combined effect of the axial and swirl
components of the propeller slipstream on the lift distributions over a wing [9].

Although the axial and swirl components are quasi-steady [9] there exists an additional periodic component,
namely the blade wake. It can be viewed as the periodic element of the swirl component. With respect to
surfaces that are situated downstream of the propeller, the unsteady components of the propeller slipstream
result in periodic variations in dynamic pressure and angle of attack. Furthermore, the downstream flow as
a whole has higher levels of turbulence than the upstream flow resulting from the interaction between the
blade and the flow. Finally, there are discrete propeller tip-vortices trailing each propeller blade, of which the
origin and characteristics are discussed at greater length in section 2.2 and their interaction with downstream
surfaces will be discussed in section 2.3.

2.2. Vortex Behavior
According to Green [14], a vortex is an inherently vague term and therefore no single definition has gained
broad acceptance. However, most definitions do make use of one, or both, of the underlying concepts,
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namely vorticity and circulation. "Vorticity is a measure of a fluid element’s rotation about a given axis”,
according to Gowanlock [27]. Formally vorticity, ~!, is defined as the curl of the velocity field, ~u, as expressed
mathematically in equation 2.1. It should be noted that, being the curl of a vector quantity, vorticity is also
a vector. Another important concept, one that is closely related, is circulation, °. The circulation about any
closed curved line, C , is defined as the line integral of the velocity around that curve, as expressed in equation
4.1. It is related to the flux of the vorticity passing through the area bounded by the line, as is expressed in
equation 2.3. This means that if there exists circulation around some curve, there must be vorticity running
through the curve.

~! = r ·~u (2.1)

° =
I

C
~u ·d~l (2.2)

° =
œ

S
~! ·d~A (2.3)

Definitions for the term ’vortex’ range from those that are relatively open to interpretation, such as "a clearly
identifiable region of large vorticity which is surrounded by irrotational fluid" [14], to very precise defini-
tions, such as "a two-dimensional vortex can be defined as a simply-connected region of a fluid bounded
by the contour on which |~!| is 20% of the local extremum of |~!|" [28]. For this project an often used defini-
tion provided by Gowanlock [27] will be used: “A vortex can be viewed as any region of concentrated vorticity”.

An important descriptor of a vortex, next to the amount vorticity and circulation contained in a vortex, is the
tangential velocity distribution. It provides a view of the compactness, or intensity, of the vortex. The more
compact or intense a vortex is, the higher the tangential velocities will be near the core with respect to the
velocities at some distance from the core. An example of the velocity distributions for vortices with differ-
ent strengths, that is with different values of circulation, is provided in figure 2.3a. One way of determining
the pressure distribution that corresponds to the tangential velocity distribution is by integrating Bernouilli’s
law for curved flow, which is expressed in equation 2.4. In this equation Vt is the tangential flow velocity at
distance r from the vortex center. The pressure distributions corresponding to the tangential velocity distri-
butions as provided in figure 2.3a obtained in this manner are provided in figure 2.3b.

d p
dr

= Ω ·
V 2

t

r
(2.4)
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(a) Tangential velocity distributions.
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Figure 2.3: Example of tangential velocity and pressure distributions of a Lamb-Oseen vortex with circulation values of
0.1, 0.1 and 0.3[m2/s] at a vortex age of 1[s]
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One would like to be able to model vortices in order to understand their behavior and the impact they have
in different situations. In order to do so theoretical models can be used to allow for numerical analysis. A
large number of different models, with names such as the Iverson, Vatistas or Rankine [29] vortex models, are
available. Different models contain different aspects, such as axial velocity, decay rate, etc. The Lamb-Oseen
vortex model, in its original form or as a variation, is one of the most widely used vortex models. It describes a
two-dimensional axisymmetric line vortex in an initially inviscid, infinite fluid [14]. Equation 2.5, in which ∫
is the kinematic viscosity and t the vortex age, describes the vortex core radius. This parameter is in turn used
in equation 2.6 that describes the tangential velocity distribution as a function of the distance to the vortex
center, defined by r . At time t = 0 viscosity starts to act on the flow and the diffusion of the vortex resulting
from the viscous interaction can be analyzed. Decay over time as result of diffusion results in increased core
size. As for the vortex definitions there are many ways to define the core size, but in this project the definition
will be the distance between maximum and minimum tangential velocity.

rc =
p

4 ·∫ · t (2.5)

Vt =
°

2 ·º · r
·
"

1°e
° r 2

r 2
c

#

(2.6)

As defined earlier, a vortex is an area of concentrated vorticity and thus contains a relatively high amount of
energy. This energy will dissipate over time as the vortex interacts with its surroundings. Additionally, in re-
ality the energy in a vortex is not spread consistently over its volume; certain parts contain more energy than
others, leading to interactions between different parts of the vortex to distribute and diffuse the energy. This
distribution, both within the vortex and with the surroundings, can be called vortex decay and is an important
aspect of vortex theory. There are three mechanisms of vortex decay that occur naturally: viscous diffusion,
expansion of existing flow instabilities and vortex bursting [27]. Viscous diffusion "involves a weak means of
natural vortex decay which relies upon the effect of shear between fluid particles to slow the rotational veloc-
ities of the vortex to the point where they are no longer strong enough to overcome ambient disturbances."
according to Gowanlock [27]. It is a process that acts on molecular level. Due to the fact that fluid viscosity is
very low for air, diffusion is a relatively slow process [30].

Existing flow instabilities consist of small scale eddies that are initially located on the outer edge of the vortex
structure. These eddies are relatively turbulent structures that promote the mixing of high and low momen-
tum air, leading to the radial expansion and diffusion of the vortex. This in turn leads to a wider distribution
of swirl velocity. At a young age, when the vortex is still concentrated, the centrifugal force of the vortex leads
to laminar core flow and prevents the instabilities to reach the vortex core. It therefore imposes the afore-
mentioned molecular diffusion process in the core region [30]. The final decay mechanism is called vortex
bursting. As a vortex travels downstream, it enlarges and becomes more diffused. If the rotational velocity
of the vortex drops low enough, the increasing pressure within the vortex causes it to lose its coherent struc-
ture and break apart. This in turn leads to a rapid increase in vortex diameter, mixing of the vortex with its
surroundings and dispersion of turbulent kinetic energy. Generally speaking vortex bursting occurs at later
vortex age and in different situations than is relevant for the vortex impingement problems discussed in re-
search project.

In reality, vortices can be generated in a large number of manners. For example, the presence of a wingtip
allows the flow to move from the high pressure region under the wing to the low pressure region on the upper
side, causing a rotational movement in the flow resulting in a vortex, as is shown in figure 2.4. For the purpose
of this research project, however, propeller tip vortices are considered. The generation method is the same as
the trailing wingtip vortices explained above, but due to the orientation and the movement of the propeller
with respect to the flow, the resulting vortex structure is very specific. That is to say that the vortices trailing
from the propeller are shaped as a helix, as depicted in figure 2.5. Here the pitch of the helix, Ø, which is the
angle of the vortex with respect to the x-axis positive toward the z-axis, as shown in figure 2.6, is dependent
on the flow velocity, V1 and the propeller rotational speed, as expressed in equation 2.7 where the propeller
diameter is denoted by Dp . From 0 to 1 propeller diameter distance behind the propeller plane the helix
structure reduces due to increased axial velocity [32], a phenomenon that is called the contraction of the
streamtube.
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Figure 2.4: Schematic representation of vortex structures resulting from
flow over a finite wing [31].
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the thrust force. Other forces, however, play an important role as well. In general it
can be stated that forces and moments are generated along all three axes in case the
propeller is positioned at a non-zero angle of attack to the incoming flow. With the
propeller closely coupled to the wing (upwash in front of the wing) and regarding the
dynamics of the aircraft (angle of attack) most of the time this non-zero inflow angle
will be present. The main contributors that need further attention are:

• the thrust force because of its important role in the thrust-drag bookkeeping

• the propeller normal force for its direct contribution to the aircraft lift coe�cient
and the considerable influence on the stability of the aircraft [18].

The propeller moments are small compared to the moments produced by the com-
plete aircraft. Hence it is not necessary to treat them in detail. The main contributors
to the aircraft’s stability and performance are in fact restricted to the normal force
and the torque.

2.4 Characteristics of propeller slipstream flow

The description of the interactive flow around the propeller-wing configuration re-
quires detailed information about the characteristics of the slipstream in the presence
of the wing. As starting point for the description of this flow the uninstalled propeller
may be considered. An attractive way to represent the propeller is the concept of
an advancing rotating wing which produces a helical vortex system as sketched in
Fig.2.3.

Figure 2.3: Helical vortex system and slipstream tube generated by a propeller.Figure 2.5: Schematic representation of the helical vortex structure
resulting from a propeller [9].

Ø = arctan
µ

V1
RPS ·Dp ·º

∂
(2.7)

Although it is easy to assume the vortex is completely formed when it leaves the propeller tip, this is not true
in reality. The shedding of the circulation from the propeller occurs for a large part at the tip but also over the
entire length of the propeller. This circulation then rolls up into the vortex over a period of time, as is depicted
in figure 2.5. What is also important to note is that a propeller tip vortex contains an axial velocity component
in the same direction as the swirl components of the flow as a whole.

2.3. Vortex-Surface Interaction Phenomena
The vortex-surface interaction is a complex phenomenon. It is unsteady, non-linear, three-dimensional and
there exist large differences in length and time scales between the vortex and freestream flow [33]. The name
‘vortex-surface interaction’ covers a large variety of different phenomena that occur in reality, such as blade-
vortex interactions in helicopter technology, vortex chopping as occurs in counter rotating open rotors, rotor-
stator interactions and propeller tip vortex-wing interactions that occur in aircraft with a tractor configura-
tion propulsion setup. The orientation and movement of the vortex with respect to the surface are different
in each of these cases and have a large impact on the resulting pressure fluctuations.

Firstly, the distinction between collision and impingement should be made. Collision, as defined by Conlisk
[33], refers to the situation where the vortex core is destroyed or significantly changed due to the interaction.
An example of such an interaction is the cutting of a single vortex into two separate filaments as occurs during
a perpendicular vortex-surface interaction (consult figure 2.6). Impingement on the other hand describes the
situation where the main vortex velocity component acts perpendicular to the surface.
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Normally, the axis of the vortex is aligned obliquely to the surface it interacts with. However, three distinct
situations, namely two parallel (one with respect to the chord, the other with respect to the span of the sur-
face) and one perpendicular alignment, can be identified. They are depicted in figure 2.6. In the case of the
parallel interaction the intensity, defined as the change in pressure over time, is strongly related to the miss
distance, ≤, and the radius of the vortex core with respect to the surface nose radius. The first is important
as the induced velocities experienced by the surface strongly decrease with distance, while the second pa-
rameter dictates if a collision or an impingement interaction occurs. If the nose radius is much smaller than
the vortex core radius a collision may occur. If not, the interaction will be an impingement. One can there-
fore conclude that in the case of a parallel BVI a collision is unlikely. Moving from parallel to perpendicular
interactions, there is less influence on the pressure distribution from induced velocities, and more from low
pressure core. A perpendicular interaction however will always consist of a collision seeing that the axis of
the vortex will always cross the surface plane.

!"

xz

y

Perpendicular

Parallel (aligned with chord)

Parallel (aligned with span)

Vortex plane

#

Surface

Figure 2.6: Schematic representation of different vortex orientations, miss distance and angles.

During a perpendicular vortex collision the behavior of the vortex at the leading edge and over the surface
is for a large part dependent on the leading edge radius of the surface with respect to the vortex core size,
wherein two extremes are identified. Firstly, if the nose radius is much smaller than the vortex core, the vor-
tex is instantaneously sheared in two. The vortex contains an axial velocity component, which due to the
presence of the surface must stagnate on the advancing side and tends to separate on the retreating side.
This causes a thickening, or bulging, of the vortex on one side and a thinning on the other. This process has
been captured by Johnston [26], as seen in figure 2.7a. A graphical representation of this phenomenon is
provided by Conlisk [33] in figure 2.7b. The compression on the advancing side causes a pressure increase
that propagates outward from the vortex and upward the filament. On the retreating side the vortex thins and
causes a suction peak resulting in an inflow of boundary layer [34].

The other extreme occurs when the vortex core is of the same order or smaller than the leading edge radius.
Instead of being sheared, the vortex core starts to bend around the leading edge. When the vortex filaments
separate the part of the vortex closest to the airfoil is almost parallel to the surface. The resulting velocity
components are perpendicular to the surface and have an impact on the pressure over the surface.

These induced velocity components are one of two phenomena causing the vortex induced pressure fluctu-
ations over the surface, the other of which is the low static pressure in the vortex core. Due to the orientation
of the vortex (expressed with pitch and incidence angle, consult figure 2.6) and the induced velocity com-
ponents, an up- or downwash on the surface exists. This is called the induced angle of attack effect and is
depicted in figure 2.8. The magnitude of the resulting pressure fluctuations depends on a number of aspects,
such as the vortex strength, orientation and location. Also the airfoil shape and loading dictate the unsteady
pressure distribution over the airfoil.
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(a) Image taken during an experiment
showing the vortex compression and

stretching on the upper and lower
side of the surface [26].

Copyright© 1998, American Institute of Aeronautics and Astronautics, Inc.

(b)

Figure 12: (a) Swirl velocity distribution on the wall
for axial flow directed away from the wall(F = 5). Time
ranges from 0.0 to 1.1 in increments of 0.05 increasing
in direction of arrow, (b) Axial vorticity on the wall.

Figure 13: Pressure distribution on the wall for axial
flow directed away from the wall for F = 5. Time
ranges from 0.0 to 1.1 in increments of 0.05 increasing
in direction of arrow. The (*) denotes the pressure at

Advancing
Side

Bulging

Retreating
Side

Figure 14: Summary of the 90° collision indicating the
bulging on the advancing side and thinning on the re-
treating side. The behavior of the pressure under the
vortex on each side is also shown.

Trr

W = — BZTTCOS
Trr

(7)

(8)

where A = ̂ .  B is a constant that controls the magni-
tude and direction of the meridional flow and is related
to the volume flow-rate  Q through the plane z = L by
B — —•$£• Thus for B > 0, the axial velocity w is
directed toward the wall, and for B < 0, w is directed
away from the wall.

If we assume u and w to be independent of time(This
is approximately the case for r < 0.5 as seen in Figure
9.), the swirl is given by

2A
V = (9)

From the swirl velocity, the axial vorticity £ can be
found from equation (1) and is given by

= irAe"* (10)

Note that for B > 0 the swirl velocity decreases rapidly
in time at a fixed value of r; simultaneously, the axial
vorticity decreases as well. This means that at fixed r <
1, eventually there is no swirl and no axial vorticity; the
axial vorticity has been convected across r = I and thus
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(b) Schematic representation of
vortex compression and stretching

[33].

Figure 2.7: Vortex compression and stretching.

As mentioned earlier the low static pressure in the core is the second phenomenon causing pressure fluctua-
tions over the airfoil. As explained in section 2.2 the distribution and strength of the tangential velocity of the
vortex dictate the pressure magnitude and distribution. Therefore the unsteady pressure distribution over
the surface is dependent on the vortex strength, i.e. the circulation, its core radius and age. It is interesting to
note that some of the recent noise mitigation research, such as the work by Han [29], Gorsul [35] and at the
TU Delft by Vedamanickam [36], has focused on the reduction in noise through the accelerated vortex core
diffusion by propeller tip blowing. This increases the tangential velocity distribution resulting in less intense
pressure fluctuations.

Seeing that the low pressure vortex core is one of two main contributors to the presure fluctuations, the path
the vortex travels is of importance for the distribution of the fluctuations. Therefore it is of interest to discuss
a phenomenon called vortex shearing. As the sheared vortex filements travel downstream they start to move
in opposite spanwise directions [16]. The direction and magnitude of the movement depends on the loading
pattern over the wing [16]. According to the lifting-line theorem [31], the wing loading can be expressed as
the amount of bound circulation of the wing. Every spanwise change in lift corresponds to a spanwise change
in bound circulation, and is accompanied by a shed vortex representing the change in lift. These trailing vor-
tices cause a spanwise flow to occur which affects the vortices. For a tractor propeller, an outward flow, i.e.
away from the propeller axis, is present on the advancing side of the blade, while on the retreating side an in-
board flow is present. Figure 2.9 shows the top view of the experimental setup with the direction of rotation of
the propeller and the expected vortex shear movements for the top and bottom surfaces in a qualitative sense.

Additionally, the shear movement is expected to increase with increased loading, so for a lower advance ratio
or an increase in angle of attack more movement is expected. Finally, it has been shown by Johnston [16] that
the vortex on the advancing side of the surface shows significantly less vortex shear movement than on the
other side. The underlying cause of this difference has not yet been determined, but the behavior could be
related to the compression of the vortex on this side and the extension of the vortex on the other side [33].

Another aspect affecting the vortex path is the viscous interaction with the boundary layer. Not a lot of quanti-
tative data is available on the effect of this interaction on the vortex characteristics but qualitatively a number
of effects are clear. As with turbulent flow, a rapid distribution of vorticity through the boundary layer will
occur, seeing that as the leading mechanism, namely the circulation of the vortex, is much faster than the vis-
cous diffusion that normally causes the distribution of vorticity. The result of this distribution in vorticity is a
reduction in vortex strength and an increase in vortex core size. Furthermore, due to the zero-slip condition
at the airfoil surface the vortex convective velocity at the surface decreases with respect to its velocity in the
freestream. This in turn results in a deformation of the vortex in the form of vortex bending.
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Figure 2.8: Schematic representation of the induced angle of attack effect.

Figure 2.9: Schematic representation of vortex shearing [16]
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Experimental Campaign

As assessed in the previous chapter, there is a need for experimental data in order to validate the analytical
model and to further investigate the vortex-surface interaction phenomenon. In this chapter, all aspects of
the experimental campaign are covered. First, in section 3.1 the experimental setup will be presented. Then
a review of the measurement techniques will be given in 3.2 and finally the test conditions will be discussed
in section 3.3.

3.1. Experimental Setup
The experimental campaign is designed with two goals in mind. The first is the investigation of the vortex-
surface interaction as an objective by itself. The second is the validation of the conceptual model. For both
objectives the aim of the experiment is to obtain the unsteady pressure induced by vortex over a surface.
Additionally, for both goals it is important to quantify the impact of certain parameters on the pressure fluc-
tuations. This allows for a more thorough investigation of the interaction and for a broader validation of the
conceptual model. From the literature study performed in advance of the research project it was concluded
that the parameters most critical to the interaction are the propeller settings and geometry, surface geometry,
flow conditions and vortex orientation.

The dependent variable of the experimental campaign is the unsteady pressure distribution over the advanc-
ing and retreating side of the surfaces, and that the independent variables are the advance ratio, freestream
velocity, airfoil shape and incidence angle.The propeller settings are captured in the advance ratio, as defined
in equation 3.3. The flow conditions that can be achieved are largely determined by the capabilities of the
windtunnel. In this case the only adjustable parameter is the flow velocity. Finally the vortex orientation in
case of the the most basic vortex-surface interaction, namely that of a tractor propeller configuration, is per-
pendicular to the surface. However, the incidence angle seems to have a large impact on the interaction so its
influence will be studied as well.

For the validation of the conceptual model the governing parameters, such as the vortex strength, windtunnel
velocity and Reynolds number, must be the same for both the experiment and the model. The experiment
is designed such that its governing parameters are the same as those of the conceptual model. Addition-
ally, since it is unavoidable that there are differences between the experiment and the model, the experiment
should be designed so that the differences, or at least the impact thereof on the results, are minimized. Since
the idealized conceptual model is designed to simulate a vortex surface interaction which is as fundamen-
tal as possible, meaning a sole vortex interacting with an airfoil without any other aerodynamic phenomena
present, one would ideally design an experiment in which a single vortex interacts with an the airfoil in a
windtunnel. This was initially tried, but these experiments were unsuccessful and due to limitations on time
and resources a different approach was chosen.

Instead, the vortices were generated using a propeller driven by an electric motor placed in an open jet wind-
tunnel. Movable wing sections are placed in the flow at the tunnel exit, as is presented in figure 3.1. The wing
sections contain a single row of embedded microphones that are used to measure the pressure fluctuations
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over the surface. The choice for this experimental setup was based on windtunnel availability, the available
resources (both material and time) and the ease of use. Additionally, the differences between the conceptual
model and the setup are limited and, importantly, well understood.

Windtunnel

Movable wing section

Rotatable wing mount

Propeller setup

y-axis

z-axis

x-axis

Figure 3.1: Overview of the experimental setup showing the components and reference frame.

The M-tunnel, located in the Low Speed Laboratory (LSL) of the Delft University of Technology, is used to
perform the experiment. The tunnel has a 0.4 x 0.4 meter cross section and is operated in an open jet config-
uration, which allows for a maximum velocity of 35 m/s. A two-bladed tractor propeller driven by an electric
motor is connected to a mounting plate, as is shown in figure 3.2a. The mounting plate can be fixed in differ-
ent locations along the windtunnel floor. The motor and the mounting plate are connected through a support
strut containing a load cell, allowing for thrust measurements to be taken. Additionally, an infrared reflective
sensor is connected to the propeller support strut which provides the two-pulse-per-revolution trigger sig-
nal, i.e. the blade passage signal, which can be used to determine the Rotations Per Second (RPS). The used
propeller is an off-the-shelf plastic propeller with a diameter of 0.176m, made by the company Advanced Pre-
cision Composites and has the product code LP07040(1). A photograph of the propeller is provided in figure
3.2b.

Two straight, non-tapered, wing sections are used to measure the pressure fluctuations resulting from the
vortex impingement. The sections are partially hollow allowing the placement of 9 microphones each that
are spaced from leading to trailing edge along the surface centerline. The selected airfoils are the NACA0012
and NACA0016. The different thickness to chord ratios allow for an analysis of the effect of airfoil thickness
on the vortex-surface interaction. The absence of camber in the measurement surfaces simplifies the inter-
action, which in turn reduces the differences between the interaction measured during the experiment and
the interaction described by the conceptual model. As the wing chord length of propeller aircraft is generally
of the same order as the propeller diameter [9], a measurement surface chord of 0.2m is selected. Seeing
that the microphones are spaced in a single line, the measurement surface is moved through the flow in the
y-direction (consult figure 3.1) in order to capture pressure fluctuations of the entire flowfield. In order to
prevent the surface edge from entering the flowfield as a result from this movement, the span of the surfaces
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Propeller
Electric motor
Load cell / support strut
IR reflective sensor
Mounting plate

(a) Electric motor, load cell and mounting plate. (b) Propeller blade.

Figure 3.2: Pictures showing the propeller setup.

was chosen to be 0.6m. Finally, due to limited amount of loading and due to the fact that the measurement
surface tip is kept outside of the flow, tip end effects can be neglected. A summary of the measurement sur-
face characteristics are provided in table 3.1.

Table 3.1: Measurement surface characteristics.

Characteristic Value
Wingspan [m] 0.6
Chord length [m] 0.2
Sweep [±] 0
Taper ratio [-] 1.0
Airfoil [-] NACA0012 &

NACA0016

The wing section model is placed in a mounting system just outside the tunnel opening. The wing mount,
shown in figure 3.1, consists of two parts: a circular element in which the wing is mounted, allowing it to
move laterally along its y-axis, and a structure on which the circular mount is placed that is level with the
windtunnel, allowing the entire circular section to rotate around the x-axis while the wing is locked in place
in the mount, as is shown in figure 3.3. For the inclination angle effect to be investigated, the mounting
system is aligned so that x- and y-coordinates of the center of the circular mount correspond to the x- and
y-coordinates of the vortex core as impinges on the measurement surface.

In order to find the vortex strength and vortex size, a planar Particle Image Velocimetry (PIV) setup is used.
The PIV measurements are taken in absence of the measurement surface in order to analyze the vortex
strength without any disturbances in the flow. The cameras and laser are positioned outside the flowfield
to avoid disturbances that could affect the measurements, while the smoke generator is positioned next to
the tunnel inlet. The PIV setup is covered in more detail in section 3.2.3

3.2. Measurement Techniques
During the experiment a number of types of data, namely the thrust generated by the propeller, the fluc-
tuating pressure levels and the flowfield vectors, are measured. In this section the different measurement
techniques that are employed to obtain this data are discussed in more detail.

3.2.1. Load Cell
The electric motor driving the propeller is connected to the windtunnel floor through a strain gauge load cell.
The data obtained with the load cell allows for an analysis of the propeller performance. The propeller per-
formance is used to determine the test matrix, as described in subsection 3.3. The output of the gauges is fed
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Windtunnel

Movable wing section

Rotatable wing mount

Propeller setup

(a) Perpendicular interaction, g= 0°

"!

Windtunnel

Movable wing section

Rotatable wing mount

Propeller setup

(b) Oblique interaction, g= 50°

"!

Windtunnel

Movable wing section

Rotatable wing mount

Propeller setup

(c) Parallel interaction, g= 90°

Figure 3.3: Aft view of the experimental setup. The dashed red line denotes the propeller tip vortex axis at
the location of interaction.

into the GM8802E Weighing Transmitter, which, in combination with the load cell dimensions, determines
the force applied in the x-direction. The value was read from the display of the weighing transmitter and
recorded by hand. The accuracy of the display is zero decimals and therefore the accuracy of these measure-
ments is ±0.5 gf. The smallest recorded load was equal to 60 gf, leading to a possible error of approximately
1%. An additional indication of the accuracy of the measurements is the sensitivity of the load cell, which
ranges from -50 gf to 500 gf.

The force in the x-direction consists of two components, namely the thrust of the propeller in the positive
x-direction and the drag on the nacelle and support strut in the opposite direction, as expressed in equation
3.1. Therefore, in order to determine the actual thrust produced by the propeller, the drag component must
be determined, which is done by removing the propeller blade from the setup, running the windtunnel and
measuring the drag of the support structure.

T = Ton °To f f (3.1)

The thrust of the propeller is rewritten to its non-dimensional form in order to make it scalable. Its new form,
namely the thrust coefficient, is defined as:

CT =
T

Ω1 ·n2 ·D4
p

(3.2)
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where Ω1 represents the freestream density, n the RPS and D the blade diameter. The propeller performance
is evaluated by examining the measured CT against the advance ratio, J , which is described as:

J =
U1
n ·D

(3.3)

It should be mentioned that for a constant advance ratio the pitch of the vortex helix is constant. Additionally,
for a given propeller design at a constant blade pitch setting, lowering the advance ratio results in a higher
perceived angle of attack on the blade and thus in a higher blade loading, provided the propeller is operated
outside its stall region.

As the propeller is relatively large with respect to the windtunnel, the windtunnel blockage must be exam-
ined to conclude if the blockage effects can be neglected. Seeing that the propeller generates a streamtube of
increased velocity flow, Vpr op , and the windtunnel has a finite cross-sectional area, the conservation of mass
dictates that the surrounding flow must have a lower velocity than the upstream freestream flow, V1. Glauert
[25] has defined that there exists an "equivalent freestream velocity", V1,eq , at which the propeller not expe-
riencing the blockage effect would provide the same thrust. The correction, based on simple actuator disk
theory is provided in equation 3.4:

V1,eq

V1
= 1°

≥
T

Ω1·Ap ·V 21

¥
Ap

Aw t

2
r

1 + 2
≥

T
Ω1·Ap ·V 21

¥ (3.4)

The variables in equation 3.4 are defined as follows: V1,eq denotes the equivalent airspeed, Ap and Aw t
are the propeller disk area and windtunnel area respectively and the term between the parentheses equals
an alternative definition of the thrust coefficient, namely one that is non-dimensionalized with freestream
density, propeller disk area and freestream velocity. Evaluating the above equation for a propeller to tunnel
area ratio of 0.15 and a thrust coefficient in the order of 10°1, the freestream and equivalent airspeed ratio
variation is 1.5%. Therefore, we can conclude that for the experiment, Jeq º J .

3.2.2. Surface Microphones
To measure the pressure fluctuations caused by the vortex-surface interactions 9 Sonion 8010T microphones
[37] are incorporated in the measurement surfaces. They were positioned on the midline of the measurement
surfaces, just below and perpendicular to the surface, with a small cavity connecting them to the flowfield.
The microphones are spaced at intervals along the chord, with smaller intervals near the leading edge. A
technical drawing of the microphones is provided in figure 3.4a, the chordwise microphone positions on the
surface are shown in figure 3.4b. Additionally, the absolute and relative chordwise microphone locations are
presented in table 3.2. It is important to note that the microphones are alligned perpendicular to the surace.
The frequency range of the microphones is 10 H z to 11.5 kH z, with a maximum sound pressure level of
112 dB at 1 kH z . The microphones are connected to two National Instruments (NI) 9234 DAQ modules and
one NI9215 DAQ module [38][39]. These are in turn connected to the windtunnel computer and processed
largely using the LabView software package. Two corrections need to be made to the data due to the use of
two different DAQ systems as there was a difference in mean voltage and a difference in phase between the
module data. Additional information on these corrections are provided in Appendix A.

The pressure measurements are taken by moving the entire measurement surface through the flowfield in
a stepwise manner. The number of steps per measurement was approximately 40. A variable step size is
maintained with the smallest step of 1mm applied in the vortex region and the largest of 5mm applied in
the freestream and slipstream regions. At a microphone sampling rate of 51.2 kHz, an advance ratio of 0.67,
a freestream velocity of 10 m/s and with a measurement time of 20 seconds, which are the baseline mea-
surement characteristics, the number of samples per propeller rotation is 550 and the number of propeller
rotations per measurement is 1900. Seeing that the microphones are positioned on one side only, the mea-
surement surface must be removed from the mount and flipped, after which the measurements can be re-
peated for the opposite side.
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Figure 3.4: Technical drawing of the surface microphone setup. All dimensions are provided in mm.

Table 3.2: Chordwise microphone locations.

Microphone x [mm] x/c [-]
1 4 0.02
2 10 0.05
3 20 0.10
4 30 0.15
5 50 0.25
6 70 0.35
7 100 0.50
8 140 0.70
9 180 0.90

A frequency dependent calibration is performed using a LinearX M53 reference microphone, which is in turn
calibrated using a GRASS 42AA piston phone at 250 Hz combined with frequency response curves provided
by the manufacturer. The calibration was repeated after the experiment and the results indicate a successful
calibration. The calibration sequence is discussed in more detail in Appendix A.

An additional check is performed to ensure the eigenfrequency of the cavities is not reached during the ex-
periment. Equation 3.5 is used to determine the eigenfrequency [40]:

Fei g =
a

2 ·º ·
s

Aneck

Vcav · (lneck + lcor r )
(3.5)

where a represents the speed of sound in air, Aneck , lneck the cross-sectional area and length of the resonator
neck respectively, Vcav the cavity volume and finally, lcor r represents the resonator neck end-correction,
which can be approximated as lcor r º 0.48rcav [40], where rcav is the resonator cavity radius. The eigen-
frequency of the system is found to be 4.6 kHz, which is far above the frequencies of interest and is therefore
of no concern. Finally, the data can be phase averaged in order to obtain a view of the data with reduced the
fluctuations. The converged solution of the phase averaging, which is further discussed in Appendix A, allows
for an effective analysis of the results.

3.2.3. PIV Setup
The vortex strength and size need to be determined to be able to compare the data generated by the model
with the experimentally obtained data. It is also useful to examine the flowfield in order to investigate if
the vortices are coherent for certain propeller settings. Particle Image Velocimetry is employed to do so. An
overview of the PIV setup and the location and dimensions of the planar Field Of View (FOV) with respect to
the measurement surface and tunnel is shown in figure 3.5.
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A high-resolution image is preferred but simultaneously the FOV must be large enough to capture a sufficient
part of the flowfield. Therefore, the choice is made to use two LaVision Imager Pro LX (16 Mpx) cameras with
200 mm Nikon AF lenses and to stitch the fields together in post-processing. This type of CCD camera has a
4872 x 3248 px sensor with a pixel size 7.4 µm and a pixel aspect ratio of 1. The laser sheet is produced by a
Quantel Evergreen laser, which is of the Nd:YAG type and has a pulse energy of 200 mJ. The tracer particles are
generated by a SAFEX Twin Fog DP smoke machine with SAFEX-Inside-Nebelfluid consisting of dyethelene-
glycol and water, located at the tunnel inlet. The tracer particles have a size in the order of 1 µm and a
relaxation time of 1 µs. The laser and cameras are synchronized using a LaVision Programmable Timing Unit
(PTU). The software used to process and store the obtained data is the LaVision Davis v8.3 software package.
The PIV processing done with the software is further covered in Appendix A. The images are taken in a phase
locked manner and 300 images are taken per measurement. The characteristics of the PIV measurements are
summarized in table 3.3.

Cameras

Laser

Windtunnel

Propeller setup

Laser sheet

Field of view

(a) Overview of the PIV setup

Uinf
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x

Vortex path
Propeller setup

PIV field of view (total)

Estimated interaction location
Windtunnel centerline

225mm

95mm

145mm

88mm

350mm

(b) Schematical representation of the PIV setup, top view

Figure 3.5: Setup of PIV system during the experiment.
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Table 3.3: Planar PIV setup characteristics.

PIV characteristic Value
Acquisition rate [Hz] 0.7
Focal length [mm] 200
Magnification [-] 0.11
Field of view, per camera [mm2] 145 x 95
Field of view, total [mm2] 225 x 95
Pulse delay [µs] 50
Freestream pixel shift [px] 14
Image resolution [px/mm] 34
Window size [px2] 24 x 24
Overlap factor [%] 50
Vector spacing [mm] 0.4

3.3. Test Conditions
The propeller slipstream was examined for windtunnel velocities of 5, 10 and 15 m/s and advance ratios be-
tween 0.35 and 0.9. From the microphone and PIV data it was apparent that for advance ratios below and
freestream velocity values above a certain threshold, instabilities in the flowfield occurred: the location and
strength of the propeller tip vortex was found to differ per blade, as can be observed in figure 3.6. The source
of these instabilities could not be determined but seeing that the propeller blade is an off-the-shelf model, it
may simply be due to asymmetry in the blades or blade deformation during operation. It was concluded that
for an advance ratio between 0.6 and 0.7 and a windtunnel velocity range of 10 to 15 m/s the propeller wake
was coherent and clearly structured, without the presence of the aforementioned fluctuations.

(a) V1 = 10 m/s, J = 0.54, RPS = 105 H z. (b) V1 = 10 m/s, J = 0.43, RPS = 132 H z.

(c) V1 = 15 m/s, J = 0.55, RPS = 143 H z.

Figure 3.6: Examples of flow instabilities for a number of advance ratios and windtunnel speeds.

The selected advance ratio range was checked by examining the corresponding CT ° J curve. The curve pro-
vides an indication of the propeller performance and was constructed using the measured loading data. The
curve shows a clear linear behavior over its entire range, indicating that for the selected operating regime,
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Table 3.4: Parameters of the different experimental cases.

Case RPS [Hz] V1 [m/s] Advance ratio [-]
1 95 10 0.60
2 85 10 0.67
3 127 15 0.67

i.e. a freestream velocity of 10 m/s and an advance ratio between 0.6 and 0.7, no flow separation occurs over
the blades. The final selection of considered test cases is shown in table 3.4. It should be noted that the small
difference in range of advance ratios is not optimal for the validation of the conceptual model, since the effect
of such a small difference might not be clearly visible for certain analyses.

Due to the geometry of the windtunnel, a limited choice of propeller location was available. The windtunnel
floor panel included 3 locations to mount the propeller setup, namely at approximately 4, 5 and 6 propeller
diameters, Dp , from the propeller plane. Interactions between propellers and wings / pylons are generally
studied at between 0 and 1 Dp distance [9]. As the goal of the experiment is to validate a relatively funda-
mental aerodynamic model, this was not considered to be a problem. At 4 Dp a coherent and stable vortex
structure was observed in the PIV data while at 5 and 6 Dp the vortex structure became less coherent. There-
fore, a propeller location of 4 Dp was selected.

The angle of attack of the measurement surface is kept at 0 degrees throughout the experimental campaign.
Although the conceptual model contains an angle of attack variable, the addition of a non-zero angle of at-
tack would create more complex aerodynamic phenomena and thus complicate the interpretation of the test
results. The effect of the incidence angle of the wing with respect to the x-y-plane, as shown in figure 3.3, is
investigated with a step size of 10 degrees. The 50 degree incidence angle position could not be measured
due to mechanical interference between the two elements of the wing mount. The complete test matrix is
presented in table 3.5.

Table 3.5: Parameters of the test matrix.

Parameter Value
Airfoil [-] [NACA0012 NACA0016]

Case [1 2 3]
Surface [-] [Advancing Retreating]

Incidence angle [±] [0 10 20 30 40 60 70 80 90]

Seeing that the experimental data is used to validate the conceptual model, the same Reynolds number needs
to be used as input for the model. We find a Reynolds number of 1.28 ·105 at the windtunnel operating speed
of 10 m/s, given that the characteristic length, L, and kinematic viscosity, ∫, are equal to 0.2 m and 15.1 ·10°6

m2/s respectively. In comparison, the Reynolds number of a standard turbopropeller driven aircraft, such as
the Fokker F50, is approximately equal to 3.1 · 107[41]. This is a significantly higher value and will result in
different flow characteristics, but as explained in previous Chapters, the goal is to study a fundamental vortex
surface interaction, not to simulate a situation that is applicable in the aerospace industry.
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Conceptual Model

This chapter covers the development of the conceptual model, which is done using the theoretical back-
ground discussed in Chapter 2. Conceptual models can be constructed in multiple ways and can be used for
multiple purposes. In this case the conceptual model consists of a simplified version of a phenomenon that
is not fully understood and contains certain aspects of the phenomenon, or ’sub-phenomena’, and neglects
others. The goal of the development and use of such a conceptual model is to study the relative contribution
of the gain insight into its workings. The approach taken to develop the model, the assumptions that are
made and the resulting model are discussed in this chapter.

In section 4.1 the approach taken to develop the model will be discussed. The criteria used to select the
model components and the subsequent analysis of the components using these criteria will also be provided.
Thereafter an in-depth explanation of the different model components and corresponding assumptions is
provided in section 4.2. This section also contains a discussion on the expected discrepancies between the
model and experimental results. For the verification of the model, see Chapter 5.

4.1. Model Development
There are many different methods to construct a conceptual model describing the vortex-surface interaction
and all employ different levels and methods of abstraction that achieve the goal of simulating the pressure
fluctuations as a result of the vortex-surface interaction. The underlying design principles and the approach
used in this case is described in this section.

4.1.1. Approach
As described in Chapter 1, the goal of the project is twofold. Firstly, to facilitate noise mitigation through a
better physical understanding of the propeller tip vortex-surface interaction. Secondly, the development of
a tool that would allow noise mitigation to be taken into consideration during the early design phase. The
model being developed is the first version and the decision is therefore made to model the most basic and
fundamental interaction. By assessing such model will provide an indication on the quality and accuracy
of the chosen approach. If proven accurate, further iterations can be performed to create a more complex
model that more closely represents the interaction.

A fundamental propeller tip vortex surface interaction looks as follows: a non-cambered, well-studied airfoil
without high lift devices is placed under a zero degree angle of attack in a constant flow. By doing so the
wing loading is minimized resulting in the most basic pressure distribution over the wing. Ideally, the vortex
is simulated as a single vortex perpendicular to the surface. However, due to limitations posed during the
design of the experimental campaign, the generation of such a fundamental vortex proved was not possible.
Therefore, a propeller is modeled at a significant distance with respect to the surface that generates multiple
vortices under a pitch angle dependent on the flow speed and propeller setting. The assumption is made that
by distancing the propeller from the surface the vortices are fully formed and there is less effect of the wake
and can therefore be neglected.
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As described in Chapter 2, the vortex surface interaction phenomenon can be broken down into a number of
sub-phenomena or ’components’. The underlying assumption is made here that the individual components
are independent of one another. This assumptions allows the summation of multiple components without
taking into account the effects of excluding others. The limitations posed by this approach can be described
with an example: given the above mentioned assumption, the model could contain the viscous interaction
between the boundary layer and the vortex, which will dissipate the local energy is and is therefore make the
vortex more susceptible to spanwise movement. Due to the assumption, however, the expected increase in
vortex shearing does not occur.

The next step is to select what components to include. In doing so a number of aspects should be considered,
the first being that some components have a smaller impact on the pressure fluctuations generated during
the interaction than others. In order to simplify the model but simultaneously keep the effects of the interac-
tion as close to reality as possible, the components with a larger impact on the pressure fluctuations should
therefore have a preference during the selection process. If possible, the contribution of the individual com-
ponent will be quantified in order to make an justified selection.

The second aspect that must be taken into account is the level of scientific knowledge available on each of
the components. The reason therefore is that without the proper level of physical understanding the compo-
nents cannot be accurately modeled. If few studies have been performed on a certain topic it complicates the
task at hand. Clearly this criterion is hard to quantify and it will largely be up to the judgment of the student.
Another aspect of this criterion is the amount of time required to model the component. There is a limited
amount of time available to complete the project and the selection on the components will be dependent on
the time requirements. This to is hardly quantifiable and left to the judgment of the student.

Finally, it is imperative to validate the results of the conceptual model in order to successfully achieve the
research objective. To do so each component of the conceptual model must be validated individually. Ideally
the experimental campaign would be designed so that the data required to validate the components deemed
important to the accuracy of the model is collected. However, this was not possible seeing the order in which
the project was performed. Seeing the importance of this criterion and the fact that there is only certain data
available, this criterion can considered a ’hard’ criterion, meaning that if a sub-component cannot be indi-
vidually validated it is excluded from the model.

The following criteria will be employed when evaluating the model components:

1. Impact; how large is the contribution of the component to the total pressure fluctuation.

2. Understanding; how well can a the component be modeled from the available scientific literature.

3. Comparability; to what extent can the component be validated using the available experimental data.

4.1.2. Component Assessment and Selection
Applying the criteria covered in the previous sub-section to the components discussed in Chapter 2 a con-
clusion can be drawn on what components will be contained in the model. Each component is discussed
independently according to each criterion:

1. Vortex pressure; the pressure generated by the low pressure in the vortex core is expected to be the
largest contributor to the resulting pressure fluctuations on the downstream aerodynamic surface. This
phenomenon has been thoroughly studied and is well understood. The experiment has been set up in
such a way that the vortex characteristics needed to model it, such as the circulation and core size, are
known.

2. Induced angle of attack; although no in-depth studies have been performed on the topic of the induced
angle effect, it can be analyzed. Some assumptions will be necessary to model the component however.
At low mach numbers and lightly loaded airfoils, as is the case for the experiment, the effect of the
induced angle of attack is expected to be relatively low. Additionally, the effect of the induced angle of
attack effect has been measured indirectly through the pressure measurements.
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3. Vortex shearing; a number of studies have shown the existence of this phenomenon and quantified the
actual movement of the upper and lower surface vortex filament movement. The effect is expected to
be significant, not in the sense of the pressure fluctuation magnitude but in its distribution over the
surface. Finally, seeing that the pressure fluctuations have been measured over a number of x- and
y-coordinates, the effect of shearing can be compared with the conceptual model results.

4. Boundary layer-vortex interaction; although the boundary layer of airfoils has been thoroughly studied,
the effect it has on a vortex is not, making it hard to correctly model. The impact is expected to signifi-
cantly affect the vortex strength at the surface as the vortex travels along the chord [ref: ]. The measure
of viscous interaction has been measured indirectly through the pressure fluctuation measurements.

5. Vortex bending; although the general characteristics for this phenomenon as well as the conditions
under which it is likely to occur have been studied, the actual impact on pressure fluctuations has
not yet been quantified. This fact, in combination with the complexity of the phenomenon makes it
difficult to correctly model. Additionally, no specific measurements have been performed to quantify
or visualize the vortex bending during the experiment. However, the impact of the component on the
pressure fluctuations is expected to be be significant.

6. Vortex stretching / compression; similar to the vortex bending, the effect of vortex stretching / compres-
sion is has not been thoroughly studied nor has it been quantified. Furthermore, the effect is expected
to be limited and no measurements were performed during the experiment to visualize or quantify this
particular component.

From the analysis the vortex pressure and the induced angle of attack effect have been chosen to be contained
in the conceptual model. A more in-depth explanation of the modeling of the components is provided in
section 4.2.

4.2. Modeling of Individual Components
In this section the individual components that make up the conceptual model are discussed. The theoretical
background of the components has been discussed in Chapter 2. Here the manner of implementation of the
components and the assumptions that are made are discussed.

4.2.1. Vortex Pressure
In order to model the vortex pressure, two assumptions are made. Firstly, incompressible flow is assumed,
which can be considered correct for the range of Mach numbers under consideration. Secondly, the tan-
gential velocity distribution of the vortex is modeled using the Lamb-Oseen vortex model. Using the first
assumption the vortex pressure can be determined by integrating Bernouilli’s law for curved flow, the equa-
tion for which is expressed in Chapter 2 (eq. 2.4).

In order to obtain the tangential velocity distribution as a function of radial position, one could use the PIV
data obtained during the campaign. However, due to the centrifugal forces the particle density within the
core of the vortex is too low for the velocity distribution inside the core to be correctly determined with this
method. Therefore, the assumption is made that the tangential velocity distribution behaves according to the
Lamb-Oseen vortex model [14]. This is a widely used method for modeling vortices that takes into account
the degradation of the vortex due to diffusion. The Lamb-Oseen model is described with equations 2.5, where
rc is the core radius as a function of vortex age t and kinematic viscosity ∫, and 2.6, where ° is the vortex cir-
culation and r the radial distance to the vortex center.

In order to model the vortex pressure, the vortex age and circulation must be known. The vortex age can be
determined using the distance between the propeller and the measurement surface and assuming the vortex
propagates with the freestream flow velocity. The circulation of the vortex is obtained using the PIV data. First,
the location of the vortex center is determined using the vorticity information obtained from post-processed
PIV data. Then the diameter of the vortex, defined as the distance between the peak tangential velocities
of the vortex, is calculated. Finally, the circulation of the vortex is determined by integrating the tangential
velocity along the circumference of the vortex, as defined in equation 4.1.

° =
I

C
~u ·d~l (4.1)
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Having obtained the circulation and vortex age, the vortex pressure can be determined with equation 2.4 for
all x- and y-locations for all vortex ages. Finally, the pressure coefficient is obtained according to equation
4.2. Making the pressure dimensionless allows for the model components to be added together and allows
for comparison between the different experiments.

Cp =
p °p1

1/2 ·Ω1 ·V 2
1

(4.2)

An example of the resulting tangential velocity distribution and corresponding pressure distribution is pre-
sented in figure 4.1. As can be observed, the vortex travels in the positive x-direction, which is downstream.
The absolute value of the velocity distribution is shown which is used to determine the pressure distribution.
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Figure 4.1: Example of absolute tangential velocity distribution, VLO,t an , and the vortex
pressure coefficient distribution, Cp,vor , of a Lamb-Oseen vortex. The governing characteristics

are t = 0.08 [s] and ° = 0.09 [m2/s].

4.2.2. Induced Angle of Attack
As is explained in Chapter 2, the vortex is orientated at an angle equal to the pitch of the helical vortex struc-
ture, which causes a velocity component in the z-direction Vi nd ,z to occur in addition to the induced velocity
in the x-direction Vi nd ,x . As shown in figure 4.2, the direction of induced velocity components depends on
the location relative to the vortex, i.e. in- or outboard of the vortex. These components, in combination with
the baseline velocity in the x- and z-directions, Vbase,x and Vbase,z respectively, create a total velocity Vtot and
angle of attack Æ, as shown in figure 4.3. As a result, the vortex causes a time dependent change in pressure
distribution over the airfoil that differs at each y-location of the airfoil.

To model the induced angle of attack effect it is assumed that the induced pressure depends on the angle of
attack and flow velocity at the leading edge of the surface. The goal was to do a two-dimensional analysis of
the basis of strip theory, in order to minimize the runtime of the model. The assumption causes the vortex to
have a larger upstream effect than would be realistic, as the pressure distribution over the entire airfoil is de-
pendent on the flow conditions at the leading edge. Although this is a significant simplification, the fact that
the influence of the vortex on the induced pressure is largest when it is close to the leading edge is captured
in this manner.

The induced pressure is determined at all x- and y-coordinates over the surface for each vortex age using
Xfoil [42], which is a numerical flow solver based on a panel method with a Karman-Tsien compressibility
correction. The inputs of Xfoil are the Reynolds number, Mach number, angle of attack and the x- and y-
coordinates of the airfoil contour. The results of Xfoil are provided as both upper and lower surface total
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Figure 4.2: Schematic representation of velocity components induced by
vortex.
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Figure 4.3: Schematic representations of the individual baseline and induced velocity
components and the resulting total velocity component and angle of attack.

pressure coefficient distribution with one data point for each airfoil contour x-coordinate. In order to obtain
the same resolution as that of the experiment, the data is interpolated to the corresponding x-coordinates.

4.2.3. Baseline Pressure Distribution
As is discussed in the previous subsection the induced angle of attack effect is determined in terms of the to-
tal static pressure, while the value that is required is the change in static pressure, i.e. the unsteady pressure.
Seeing that during the experiment the pressure fluctuations were measured instead of the static pressure, the
mean or ‘baseline’ pressure needs to be subtracted from the pressure fluctuations caused by the induced an-
gle of attack. This allows for comparison between the results of the conceptual model and the results of the
experiment. As mentioned in the previous subsection, the pressure distribution over the airfoil is determined
by the angle of attack and the Mach number of the flow at the leading edge, the flow conditions and the airfoil
shape. The latter two, the airfoil shape and flow conditions, are known and differ per test case. The angle of
attack and the Mach number, however, change along the y-axis and need to be determined.

It is assumed that the steady flow at the wing leading edge consists of two velocity components, one in the x-
direction and one in the z-direction. The first is a result of the combined axial velocity increase generated by
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the propeller and the freestream velocity. The baseline velocity component in the x-direction is determined
using the PIV data obtained from the experiment, as shown in figure 4.4a. For each grid y-coordinate the ve-
locity vectors in the x-direction, VPIV ,x , between two vortices was plot and the inflection point of that plot was
determined. The assumption is made that the baseline flow speed is equal to the velocity in the x-direction
at that inflection point seeing that the vortex induces an additional velocity component. On the outboard
side the component is in the negative x-direction, so the baseline velocity will be the largest velocity at those
y-locations. Inboard of the vortex, the component is positive and therefore the baseline velocity will be the
smallest velocity at those y-locations. An example of this method is provided in figure 4.4b.

(a) Example of a contourplot of the Vbase,x velocity
vectors. The black crosses indicate the locations at which

the Vbase,x values are determined.
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Figure 4.4: Elaboration of method used to determine the baseline flow velocity, Vbase,x at each y-location. The dotted
lines in figures 4.4a and 4.4b correspond to one another.

There are a number of methods to determine the down- or upwash distribution in the slipstream due to the
swirl of the flow during the experiment. A PIV measurement could have been done to determine the ve-
locity component in the z-direction. However, from the PIV measurements that were made, namely planar
PIV measurements in the x-y-plane, it was not possible to extract the velocity component in the z-direction.
Another method is to analyze the swirl of the flow by making use of a Blade Element Method analysis of the
propeller blade used during the experiment. To do so, the geometry of the propeller blade used during the ex-
periment, namely the APC Free Flight 7x4, must be known. However, neither the website of the manufacturer
nor scientific literature on the topic of model propeller blades contain the required information. The blade
geometry could be measured, however this is a time consuming and inaccurate method. The assumption is
therefore made that the propeller slipstream velocity component in the z-direction has a negligible impact
on the results.

4.2.4. Finalizing Model
With the model inputs defined and the contributions of the individual components determined, the unsteady
pressure coefficient C 0

p can be obtained following equation 4.3:

C 0
p = C 0

p,vor + (C 0
p,i nd °Cp,base ) (4.3)

where C 0
p,i nd is the unsteady vortex pressure coefficient adjusted for shearing and boundary layer-vortex in-

teraction, C 0
p,i nd is the unsteady induced pressure coefficient and Cp,base the baseline pressure coefficient.

Additionally, the effect of multiple vortices can be simulated by simply adding a number of vortices corre-
sponding to the number of blades of the propeller was used during the experiment. The unsteady pressure
coefficient at all x- and y-coordinates for all phase angles is then available.
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4.2.5. Model Inputs and Outputs
The above mentioned components are modeled in Matlab. The script requires a number of inputs and gen-
erates a number outputs. For clarity it is useful to list these here.

Firstly, the case independent parameters, such as the propeller blade characteristics, distance between pro-
peller and measurement surface and fluid properties, are required. Secondly, the test case dependent pa-
rameters are required. These test condition characteristics contain such values as the freestream velocity and
RPS. Thirdly, the x- and y-coordinates of the required data points must be specified. In order to obtain an
output from the conceptual model that can be compared with the experimental campaign, the chosen x- and
y-coordinates are the same as those used during the experiment. Similarly, the phase steps with which the
analysis is performed are equal to 1 degree, as is the case for the experimental data processing. These aspects
are explained further in Chapter 3. Finally, the vortex path must be defined. The x-location is defined as a
function of the tunnel freestream velocity and phase. Seeing that vortex shearing is not one of the aspects of
the vortex surface interaction that is under investigation, the y-location of the upper and lower vortex fila-
ments are equal and set to zero deviation from the vortex centerline.

The output of the model is as follows: for a phase of 0°2º, the total unsteady pressure coefficient, i.e. the sum
of the individual components, is available at each data point. Finally, the model must be run for the same set
of test conditions as the experiment in order to be able to fully validate the model. The test matrix in question
is discussed in Chapter 3.
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�
Verification and Data Quality

In section 5.1 the quality of the data obtained with the various measurement techniques, namely the surface
microphones, PIV setup and the load cell, is evaluated. Then the results of the conceptual model need to be
verified. For the verification of the conceptual model a qualitative approach will be taken, as is explained in
section 5.2. With these steps taken the results can be presented, which is done in Chapter 6.

5.1. Experimental Data Quality
During the experiment a number of measurement techniques were employed to obtain the required data.
Evaluating the quality of the data will remove a measure of uncertainty during the assessment of the concep-
tual model in Chapter 6. For each measurement technique a different approach is employed to determine the
accuracy; the background noise of the surface microphones are evaluated, an uncertainty analysis is applied
to the PIV data and the propeller thrust data is assessed by analyzing the propeller performance plot.

5.1.1. Background Noise
The quality of the surface microphone measurements is evaluated by examining the background noise levels.
In order to do so, the sound pressure levels experienced by the measurement surface in the vortex impinge-
ment region were measured for three setups. The first, namely the propeller on setup is identical to the setup
with which the rest of the experiments was performed. The measurements for this setup were taken in the
vortex interaction region, between 0.9° 1.1 y/R. For the second, the propeller off setup, the propeller was
removed and the electric motor was left off during the measurement. Finally, for the windtunnel off setup,
the tunnel was turned off but the cooling pump was left on. Additionally, in order to evaluate the effect of
the windtunnel velocity, the three measurement setups were examined for freestream velocities 10 m/s and
15 m/s at an advance ratio of 0.67. To investigate the effect of the measurement surface on the background
noise the analyses were performed with both the NACA0012 and NACA0016 wings.

From the results a number of observations can be made. There is a distinct difference in Frequency Pres-
sure Level between the propeller on and propeller off measurements. These differences are largest the low
frequencies of the spectrum, which indicates that at these frequencies the differences are likely due to the
propeller noise. The background noise measurements were are taken in the vortex region, which explains
the large differences. The main peaks in the low frequency region correspond to the blade passage frequency,
which for this case (RPS = 95, 2 bladed propeller) is 190 H z, and its multiples, at 380 Hz, 570 Hz, etc. Addition-
ally, there are smaller peaks at the propeller rotation frequency and its multiples, indicating there are some
differences between blades. This discrepancy has been mentioned in Chapter 3 and is further confirmed
here. Additionally, there are two peaks at approximately 6 and 12 kH z. Seeing that these peaks occur well
outside the propeller frequency range and are not visible in the tunnel off setup, the most likely source is the
tunnel itself. Finally, the difference between the tunnel on and tunnel off setups is very large. The M-tunnel
in which the experiment is performed is a very loud tunnel. Finally, when comparing the background noise
plots of the different test cases and wings, as provided in Appendix ??, it can be concluded that there are no
significant differences between the results.
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Figure 5.1: Background noise levels for the different measurement setups. y/R = 0.9[°],
J = 0.67, V1 = 10 m/s and NACA0012

5.1.2. Uncertainty Analysis
The accuracy of the PIV data is assessed by performing an uncertainty analysis on the measurement data.
This method consists of examining the individual contributions of the existing uncertainty factors for planar
PIV measurements: peak-locking, intantaneous velocity error and mean velocity error. Peak-locking, which is
also referred to as pixel-biasing and pixel-locking, results from the tendency for the measured displacement
and location of the particles images to be biased to integer values. This occurs when the size of the particle
images is smaller than or of the same order as as the pixel size [43]. Peak-locking can be examined by plotting
the round-off error of the pixel displacement. If peak-locking indeed occurs during the measurements, one
would expect the round-off error distribution to peak at zero.

A peak-locking analysis is performed on the axial component of the PIV measurement performed at V1 =
10 m/s and J = 0.6, for which the results are provided in figure 5.2. We find that peak-locking does not occur
as the round-off error peaks at 0.2. The peak likely results from the fact that the a significant part of the field
of view lies in the freestream region, where there exist a large number of vectors indicating the same displace-
ment.

Instantaneous velocity errors are related to the accuracy of the cross-correlation process. A value of ∑ 0.1 pixel
is usually maintained for this accuracy [44]. Using the pulse delay d t and the digital magnification factor
Mpi x the pixel error can be related to the velocity error:

≤V =
≤pi x

Mpi x ·d t
(5.1)

Although a large number of images were used to average the velocities and remove random fluctuations, a
mean velocity error still exists in the values obtained from the measurements. An estimate of this error is
possible using equation 5.2 [45], where æU is the standard deviation of the velocity component V and N is
the number of images taken.

≤V ,mean =
æVp

N
(5.2)

The same method can be applied to the remaining velocity component. Additionally, it should be noted that
the error is highly dependent on where the error is examined within the flowfield, as the regions with high
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Figure 5.2: Round-off error distribution of the axial displacement component of the
planar PIV measurements, for V1 = 10m/s, J = 0.6, y/R = 0.96.

turbulence, such as the tip vortex region, will be significantly higher than the error in non-turbulent regions,
such as the freestream. The results of the instantaneous and mean velocity error analyses are provided in
table 5.1. It can be concluded that the velocity errors are less than 1.5% of the freestream velocity.

Table 5.1: Instantaneous and mean velocity error values of the planar PIV measurements.
(J = 0.6, V1 = 10m/s)

Region Absolute Relative
≤v [m/s] 0.121 1.2%

Slipstream ≤U ,mean [m/s] 0.018 0.2%
Vortex ≤U ,mean [m/s] 0.027 0.3%
Freestream ≤U ,mean [m/s] 0.008 0.1%

5.1.3. Propeller Performance Analysis
To assess the accuracy of the thrust measurements, the propeller performance is examined by plotting the
thrust coefficients over a range of advance ratios for different windtunnel velocities. Ideally, the results would
present a single linear curve, indicating that the propeller performance is equal for all windtunnel velocities
and the thrust coefficient and advance ratio are linearly related.

The propeller thrust was measured for windtunnel velocities of 5°25 m/s with a 5 m/s step size, for which
the results are presented in figure 5.3. The steps in advance ratio correspond to a 5 gram force step size in
thrust measurement. Additionally, the advance ratio range for each measurement has a lower limit set by the
fact that no negative thrust values were measured. The upper limit is set by the maximum voltage and current
of the engine driving the propeller. From the plots it can be observed that both the slope and the offset of the
curves is different for each measurement set. Due to the difference in minimum and maximum measured
advance ratio per set, the relative offset of the curves cannot be compared. The gradients of the curves can
be compared however. The gradient values and percentage deviation from the mean are provided in table 5.2.

From table 5.2 it can be concluded that the slope becomes larger with an increase in windtunnel velocity. This
corresponds to an increase in propeller performance seeing that for the same decrease in advance ratio, i.e.
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Figure 5.3: Thrust coefficient versus advance ratio for different freestream velocity values.

Table 5.2: The gradient and deviation from mean values of the CT -J curves for different
freestream velocity values.

Velocity Slope Deviation from mean
5 [m/s] -0.145 +27.5 %
10 [m/s] -0.181 +9.6 %
15 [m/s] -0.218 -8.6 %
20 [m/s] -0.223 -16.2 %
25 [m/s] -0.225 -12.2 %
Avg. -0.198

an increase in RPS, the increase in thrust coefficient is larger. The underlying cause is the increase of Reynolds
number with an increase in windtunnel velocity. It is hypothesized that at lower Reynolds numbers a laminar
separation bubble exists over parts of the propeller blade, causing the lift-drag ratio of the blade to decrease
[46]. Additionally, it is known that the effect of Reynolds number on the L/D-ratio is more pronounced under
Re values below orders of 1·105 [47]. Another explanation for the reduced propeller performance at lower ad-
vance ratios is that the blade stalls. Due to the higher rotational velocity the angle that the blade experiences
increases. At a certain point the flow separates from the blade, as is shown with the PIV measurements in fig-
ure 3.6, resulting in a reduction in lift. The results have. Seeing that both explanations are expected to occur
and that the experiment has been performed between a range of advance ratios for which the thrust curve
shows linear behavior, it can be concluded that the measurements are correct and that the experimental data
can be used for further analysis.

5.2. Verification of Conceptual Model
In order to perform the comparison between the experiential results and the results from the conceptual
model, the latter needs to be verified. If possible, the data will be verified quantitatively, else a qualitative
approach is used. In this section the verification of the different components of the model are discussed.
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5.2.1. Vortex Characteristics
In order to verify the circulation contained in the vortex, a different method to determine the circulation is
used. This method makes use of the propeller loading and assumes that the circulation is constant along
the propeller span and is shed instantaneously at the propeller tip. These assumptions are considered valid,
seeing that during the experiment the measurement surface was positioned at a significant distance from the
propeller, allowing the circulation that is shed along the propeller span as a result of the lift distribution to
roll up and be largely contained in the vortex. By making this assumption it allows one to use equation 5.3,
where Tb is the thrust produced per blade and A is defined in equation 5.4, where Rhub is the radial distance
from the center of the propeller to the base of the blade and Rti p the radius of the entire blade. The thrust per
blade is in turn determined with equation 5.5, where Dp is the diameter of the propeller.

°0 =
Tb

A
(5.3)

A =
ZRti p

Rhub

Ω ·
q

V 2
0 + (2ºnr )2 · cos

µ
at an

µ
V0

2ºnr

∂∂
dr (5.4)

Tb =
ΩCT

N

V 2
0

J 2 D2
p (5.5)

The results for the different experimental cases are collected in table 5.3, together with the results obtained
through the PIV data as described in Chapter 4 and their corresponding differences. It is expected that the
circulation obtained with the above described method is larger than the circulation obtained with the PIV
measurements. This is due to the fact that in reality, i.e. the measurement made during the experiment, the
circulation shed from the propeller blade rolls up into the vortex over a certain period of time. In contrast, the
blade loading method assumes an idealized version of reality, where the shed circulation is instantaneously
contained in the vortex resulting in an overestimation of the vortex circulation.

The results provided in table 5.3 show significant differences between the PIV measurements and the results
obtained from the blade loading method. As expected, the blade loading method overestimates the circula-
tion in the vortex, but it does predict the right order of magnitude.

Table 5.3: Vortex circulation values determined using the PIV measurements and the
blade loading method, for the three different cases examined during the experiment.

From PIV [m^2/s] From blade loading method [m^2/s] Difference [%]
Case 1 0.091 0.116 27%
Case 2 0.069 0.083 20%
Case 3 0.104 0.120 15%

5.2.2. Vortex Component of Model
To verify the results of the vortex pressure component as determined with the conceptual model a qualitative
method, consisting of a trend analysis, will be employed. In this particular case two aspects of the vortex
component will be investigated, namely the tangential velocity distribution and the core pressure distribu-
tion of the vortex. Additionally, the expected outcome of the conceptual model will be defined in a qualitative
manner. Figure 5.4 displays the tangential velocity and pressure distribution of a vortex with representative
circulation computed using the conceptual model.

With respect to the tangential velocity distributions a number of expectations can be formulated; firstly, see-
ing that the absolute value of the tangential velocity is considered, the shape of the velocity distribution at
the vortex centerline should show two positive peaks and a value of zero at the vortex center. Furthermore,
the magnitude of the tangential velocity should decrease as the vortex ages due to the diffusion factor con-
tained in the Lamb-Oseen vortex model. Finally, moving away from the vortex centerline should result in two
changes to the tangential velocity distribution. Since the tangential velocity is zero only at the vortex center,
the distinctive shape of two peaks and a valley should be replaced by a simple single peak. Secondly, the
maximum tangential velocity should decrease in magnitude when moving away from the centerline. From
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figure 5.4 it can be concluded that each of the expected trends are present in the results from the conceptual
model.

As the vortex core pressure is closely linked to the tangential velocity, the expected trends of the vortex pres-
sure closely resemble those discussed previously. The only difference is that the pressure distribution at the
vortex centerline should be shaped as a single valley. The other trends, namely the reduction in magnitude
with age and with distance from the centerline, hold for the pressure distribution, as is confirmed from ex-
amining figure 5.4.

0 0.05 0.1 0.15 0.2

Chordwise coordinate, x[m]

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

A
b

so
lu

te
 t

a
n

g
en

ti
a
l 

v
el

o
ci

ty
, 
|V

L
O

,t
a
n
| [

m
/s

]

0 0.05 0.1 0.15 0.2

Spanwise coordinate, x[m]

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

0

V
o
rt

ex
 p

re
ss

u
re

 c
o
ef

fi
ci

en
t,

 C
p

,v
o
r -

]

y/r
0
 = 0, φ = 45°

y/r
0
 = 0, φ = 225°

y/r
0
 = 0, φ = 405°

y/r
0
 = 1.5, φ = 45°

y/r
0
 = 1.5, φ = 225°

y/r
0
 = 1.5, φ = 405°

Figure 5.4: Absolute tangential velocity and pressure distributions of the vortex computed
using the conceptual model at spanwise coordinates y/r0 = 0 and y/r0 = 1.5 and phase

angles ¡ = 45±,225± and 405±.

5.2.3. Induced Angle of Attack Effect
As explained in Chapter 4, the axial velocity component at the leading edge induced by the vortex governs the
magnitude of the induced pressure fluctuation. Therefore, the expected results with respect to the induced
pressure fluctuations are based on the behavior of this velocity component at the leading edge. For a given
spanwise location, the magnitude of the tangential velocity in the x-component decreases with increasing
vortex distance to the leading edge. Therefore, given that at ¡ = 0± the vortex is located at the leading edge,
the induced pressure is expected to decrease with passing of time as the vortex moves downstream and away
from the leading edge. This behavior is confirmed when observing figure 5.5a.

On the other hand, for a given vortex age the velocity component in the axial direction at the leading edge in-
creases when moving closer to the vortex centerline, but is equal to zero at the vortex centerline. The induced
pressure is expected to increase and decrease correspondingly. These expectations are confirmed when ex-
amining figure 5.5b.

Another trend that is to be considered is the difference between the upper and lower surface. Seeing that
the pitch angle of the vortex causes a downwash on the advancing side of the surface, the upper and lower
surfaces are expected to react in opposite manners to one another; a downwash advancing side is expected to
result in a less negative pressure distribution, while the corresponding upwash experienced by the retreating
side will lead to lower pressure coefficient values over the airfoil. This opposite behavior between the upper
and lower sides of the surface is clearly visible from figures 5.5a and 5.5b.
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Figure 5.5: Induced pressure coefficient distributions over advancing and retreating sides
for multiple phase angles and spanwise coordinates.

5.2.4. Fluctuating Pressure
As covered in Chapter 4 the induced velocity component discussed in the previous subsection and the time
dependent passing of the low pressure vortex core generate a time-dependent total pressure. In order to
obtain the unsteady pressure component the baseline, i.e. constant, pressure component needs to be sub-
tracted from the induced pressure. Seeing that the swirl component in the baseline flow is neglected, the
resulting pressure distributions should be almost constant along the span of the wing. There should be a
small change due to compressibility effects but at the flow velocities considered here these are negligible.
Additionally, the airfoils used in the project are symmetrical. Combining this fact with the absence of swirl in
the analysis, the baseline pressure distributions over the upper and lower surfaces should be the same.

Figure 5.6 shows the fluctuating pressure distributions as a result of the velocities induced by the vortex. As
can be seen, the fluctuations on the upper and lower surface are equal, confirming the expected behavior. By
moving away from the vortex core along the span the level of fluctuation also decreases, which is as expected.
Similarly, the vortex pressure decreases as the vortex age increases from the moment it collides with the wing
at the leading edge. This to is expected behavior. Furthermore, considering that the induced velocities at the
vortex centerline are equal to zero the induced pressure should be equal to the baseline pressure, resulting in
a net fluctuating pressure value of 0 at that location. In figure 5.6b that can be clearly observed.
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Figure 5.6: Fluctuating pressure distributions, Cp,i nd , over advancing and retreating sides
for multiple phase angles and spanwise coordinates.





6
Results

The results from the verification performed in Chapter 5 show that the experiment was performed correctly.
The results obtained during the experiment will be analyzed in section 6.1. Then, in section 6.2 a number
of analyses are performed to investigate the similarities and differences of results measured during the ex-
periment and those obtained from the conceptual model. The selected approach is to start with a high-level
analysis to find the most significant differences, followed by more in-depth investigations and a quantifica-
tion of these differences. The findings from the analyses will be used in Chapter 7 to answer the research
questions.

6.1. Analysis of Experimental Results
The vortex-surface interaction measured during the experiment and described with the conceptual model
is a complex one. To put the results in context and facilitate the discussion of the interaction, a schematic
representation of the interaction, including the reference system, velocity vectors, flow regions and views, is
presented in figure 6.1. Additionally, as the different experimental cases are used to analyze the results and
will be mentioned regularly, the parameters corresponding to the different cases are provided again in table
6.1. First a general analysis of the results is performed in subsection 6.1.1, after which observations made in
that subsection are discussed at greater length in subsections 6.1.2 to 6.1.5.

B’

B
A’A

Vinf

x

y
z

Figure 6.1: Schematic representation of the propeller tip vortex-surface interaction. The grey
area represents the field of view as captured during the PIV measurements.
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Table 6.1: Parameters describing the different experimental cases.

Advance ratio [°] Freestream velocity [m/s]
Case 1 0.60 10
Case 2 0.67 10
Case 3 0.67 15

6.1.1. General Analysis of Experimental Results
In order to obtain an overview of the pressure fluctuations over the surfaces, the RMS values of the unsteady
pressure coefficient, C 0

p,RMS , are plotted in the x/y-plane. This is done for both the advancing and retreating
side of both the NACA0012 and NACA0016 airfoil for all measurement cases. The plots are shown in figures
6.2 and 6.3. In order to compare the results and place them in context, the data is plot logarithmically ax-
ial and spanwise axes of the contour plots have been non-dimensionalized with respect to the vortex radius
measured during the experiment, r0. The y-axis has been set to 0 at the spanwise coordinate of the vortex
as determined with the PIV measurements. An additional set of axes has been added, of which the axial and
spanwise axes have been non-dimensionalized with respect to the wing chord, c, and the propeller radius, R,
respectively.

From the contour plots in figures 6.2 and 6.3 a number of observations can be made. On both sides, a region
of high pressure fluctuations can be observed from the leading edge to the trailing edge with a width of ap-
proximately 1°2 r0. The spanwise location of the region differs between the upper and lower region but is
approximately at the y-coordinate where the vortex is expected to interact with the surface from the PIV mea-
surements during the experiment. When one considers the width of the region, the spanwise location of the
region and the magnitude of the pressure fluctuations with respect to the surrounding values, it is concluded
that the pressure fluctuations are caused by the low pressure vortex core, which is in accordance with earlier
experimental studies [26, 48]. This conclusion is confirmed by examining the waveforms plot in figures 6.5a
and 6.5b. In the waveforms a clear periodic oscillation with a phase of º radians is present, which is accor-
dance with the two vortices per propeller rotation. Another observation that can be made from figures 6.2
and 6.3, is the existence of a second region of high pressure fluctuations. This region is limited to the leading
edge, namely from 0.00 to 0.04 x/c, and is only visible in the slipstream region of the flow, 0.4 < y/R <= 0.9.
The fluctuations in this region are likely caused by the interaction between the propeller wake and the surface.

Next to the similarities, it is also clear that there are significant differences between the advancing and re-
treating sides of the surface. One of the differences is the location where the assumed vortex path originates
from. On the advancing side, the path is located at approximately 0.25 y/r0, while on the retreating side the
path is located at approximately °1 y/r0. At the leading edge there are more differences. On the advancing
side there seems to be an absence of pressure fluctuations at the spanwise vortex interaction region and a
presence of pressure fluctuations inboard of this region. The retreating side, however, does not show the ab-
sence of fluctuations observed at the vortex interaction region at the leading edge. Furthermore, it can be
observed that on the retreating side the assumed vortex path seems to bend in the inboard direction, which
it does not on the upper surface.

When comparing the results of the different cases, figures 6.2a through 6.2e, it is clear that the above men-
tioned behavior is visible for all cases. However, there are differences in the magnitude of the fluctuations,
which are larger for test case 1 than for test cases 2 and 3. Case 3, on the other, hand shows larger fluctuations
than case 2. Comparing the pressure fluctuations over the NACA0012 and NACA0016 wings, one can conclude
that there are very few differences in both the distribution and magnitude of the pressure fluctuations.

6.1.2. Leading Edge Behavior
At the leading edge the experimental data shows striking behavior. The pressure fluctuation distribution is
very different for the advancing and retreating side. On the advancing side in the slipstream region, y/R = °1
to °6, at the first microphone location, x/c = 0 to 0.02, the RMS values are significant, which is expected from
the interaction between the unsteady downwash contained in the propeller slipstream and the surface. The
RMS values in the vortex region, y/r0 = °1 to 1 and x/r0 = 1 to 18, are significant as well, which is also as
expected. However, in contrary to previous studies [15, 16, 18] the C 0

p,RMS values at the leading edge in this
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(a) Case 1, advancing side
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(b) Case 1, retreating side
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(c) Case 2, advancing side
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(d) Case 2, retreating side
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(e) Case 3, advancing side
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(f ) Case 3, retreating side

Figure 6.2: Contour plots of the C 0
p,RMS distributions on advancing and retreating side from experiment. Logarithmic
scale, airfoil NACA0012, J = 0.6 and V1 = 10 m/s.
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(a) Case 1, advancing side

0 5 10 15 20

Chordwise coordinate, x/r
0

-6

-5

-4

-3

-2

-1

0

1

2

3

4

S
p

an
w

is
e 

co
o

rd
in

at
e,

 y
/r

0

0 0.2 0.4 0.6 0.8 1

Chordwise coordinate, x/c

0.4 

0.5 

0.6 

0.7 

0.8 

0.9 

1.0 

1.1 

1.2 

1.3 

1.4 

S
p
an

w
is

e 
co

o
rd

in
at

e,
 y

/R

-6

-5.5

-5

-4.5

-4

-3.5

-3

-2.5

-2

R
M

S
 o

f 
th

e 
u

n
st

ea
d

y
 p

re
ss

u
re

 c
o

ef
fi

ci
en

t,
 l

o
g

1
0
(C

' p
,R

M
S
)

(b) Case 1, retreating side
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(c) Case 2, advancing side
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(d) Case 2, retreating side
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(e) Case 3, advancing side
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(f ) Case 3, retreating side

Figure 6.3: Contour plots of the C 0
p,RMS distributions on advancing and retreating side from experiment. Logarithmic
scale, airfoil NACA0016, J = 0.6 and V1 = 10 m/s.
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region, between y/r0 = °1 to 1 and from x/r0 = 0 to 1, are much smaller than expected. On the other hand,
the retreating side experiences only one continuous region of high C 0

p,RMS . This region, which is attributed to
the vortex core pressure, starts at a different spanwise position than on the advancing side, namely between
from y/R = °2.5 to 0 versus y/R = °1 to 1 respectively. Importantly, this behavior is clearly present in all com-
binations of cases and wings, as shown in figures 6.2 and 6.3.

These observations are further supported by examining the C 0
p,RMS values registered at the three leading edge

microphone locations, corresponding the chordwise coordinates x/c = 0.02,0.05 and 0.1. The results are vi-
sualized as seen from the aft of the wing (fig. 6.1, view A-A’), as shown in figure 6.4. It is clear that on the
advancing side in the slipstream region the largest pressure fluctuations occur at the first microphone posi-
tion, then the second and then the third. At the expected vortex interaction location, however, the order of
the magnitude of the C 0

p,RMS values is reversed. The retreating side does not show this behavior. However,
the fact that the vortex seems to interact more inboard of the location where it would be suspected could
cause an overlap between the pressure fluctuations generated by the vortex and the wake, which would hide
the phenomenon described above. Here too, the results of the other combinations of test cases and airfoils
provided in Appendix C show the behavior described above.
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Figure 6.4: Spanwise distribution of the RMS of the unsteady pressure coefficient, C 0
p,RMS , at the leading edge for both

the advancing and retreating sides. NACA0012, J = 0.6 and V1 = 10 m/s.

In conclusion there are two differences between the advancing and retreating surface that are unexpected;
the first is the difference in vortex interaction location. The second is the absence of pressure fluctuation
RMS at the leading edge vortex region on the advancing side. The source of this behavior is either a physical
phenomenon or an error made during the experiment. A number errors could have been made during the
experimental campaign that would explain these differences. With respect to the difference in the spanwise
coordinate of the vortex path a misalignment issue could hypothetically be the cause. Seeing that only one
row of microphones on one side of the measurement surfaces was used to measure the pressure fluctuations,
the wing had to be removed from the setup, flipped and returned to the setup in order to measure the pres-
sure fluctuations on both sides of the wing. During this procedure an error could have been made. However,
due to the symmetrical shape of the setup this is not a possible error source. Additionally, the behavior is
present in all combinations of test cases and wings and it is unlikely that the same error would be made for
each measurement.

With respect to the low values of the C 0
p,RMS at the leading edge in the vortex region of the advancing side,

two possible errors could be conceived; there could have been some sort of error with the leading edge mi-
crophones (microphones #1, #2 and #3) resulting in lower observed C 0

p,RMS . However, seeing that the mea-
surements performed with both wings show the same behavior this is unlikely to be the case. Another source
of error could be a too large microphone spacing which would result in the vortex not being registered. As
the measurement resolution at the leading edge is 1mm in chordwise direction and 4mm in the spanwise di-
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rection and the vortex diameter is 20mm, the vortex should be visible in the results. It is therefore concluded
that the source of the unexpected behavior is not an error made during the experiment and that a physical
phenomenon causes the unexpected behavior of the leading edge pressure fluctuations and vortex interac-
tion location.

In order to examine the unexpected behavior, the waveforms at the leading edge, i.e. at microphones #1, #2
and #3, in the vortex region are visualized for both the advancing, figure 6.5a, and the retreating side, fig-
ure 6.5b. The assumed vortex centerline, for which the data is plotted, is different for the two sides, namely
y/r0 = 0.5 for the advancing side and y/r0 = °0.75 for the retreating side. It should be noted that the waveforms
have been phase synchronized with respect to the peak magnitude of microphone #1 on the retreating side in
order to better compare the time-dependent pressure at each chordwise location. Note that the waveforms
show negative unsteady pressure coefficient, °C 0

p .
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Figure 6.5: Phase synchronized waveforms of the unsteady pressure coefficient °C 0
p waveform at the vortex centerline,

at the leading edge for both the advancing and retreating surface. NACA0012, J = 0.6 and V1 = 10 m/s.

At the first microphone position on the advancing side, the expected increase in unsteady pressure at the
vortex passage, at ¡ = 1/2º and 3/2º, does in fact occur. However, it is also observed that the low C 0

p,RMS
value for that microphone is likely due to the presence of a net zero pressure coefficient at ¡ = º and 2º.
Considering the conservation of momentum, the expectation is that the magnitude of the negative unsteady
pressure coefficient peak is approximately equal, or at least of the same order, as the magnitude of the flange
following the peak. This behavior is indeed present for the measurements captured with microphone #3, but
becomes less true when moving towards the leading edge. It seems as though there is a phenomenon that
causes a reduction in pressure at these phases, counteracting the expected increase in pressure. A difference
in pressure between the first and second vortex passage can also be observed and is attributed to the defects
or deformations of the propeller, resulting in different vortex strengths between the two blades.

On the retreating side, the behavior of the microphones is different. Although the decrease in pressure coef-
ficient when moving away from the leading edge is present, as is the difference between the first and second
vortex passage, the unsteady pressure values of the flanges do not significantly deviate from the expected val-
ues. It seems as though the unexpected behavior of the vortex at the leading edge is limited to the advancing
side only. Additionally, the unsteady pressure peak is largest at the leading edge and becomes smaller as one
moves towards the trailing edge, which is not the case for the advancing side.

From the observations made above, it is theorized that the unexpected lack of C 0
p,RMS near the leading edge

on the advancing side exists due to interference between the propeller wake and propeller vortex. The low
pressure in the vortex core results in a low pressure over the surface, while downwash from the blade wake
results in an increase in pressure over the advancing side and a decrease in pressure on the retreating side. If
these components overlap, the unsteady pressure on the advancing side should become less negative while
on the retreating side becoming more negative. This corresponds to the behavior observed in figure 6.5.
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If the hypothesis is true and there indeed is interference between the wake and the vortex, this should be vis-
ible when subtracting the unsteady pressure values obtained with microphone #3 from those obtained with
microphones #1 and #2, as done in figure 6.6. As the unsteady pressure induced by the blade wake is con-
centrated at the leading edge and rapidly decreases when moving toward the trailing edge, the influence of
the wake on the total waveform quickly decreases from microphone #1 to #3. The shape of these waveforms
should therefore resemble those induced by the blade wake only, with the waveform of mic #1 minus #3 most
similar and #2 minus #3 becoming less similar and smaller in magnitude. In the slipstream region at a signif-
icant distance from the vortex, at approximately 0.5y/R, the induced unsteady pressure can be assumed to
be a result of purely the wake and can therefore be used for comparison. The corresponding waveforms are
provided in figure 6.7.
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Figure 6.6: Differences in unsteady pressure, °C 0
p , between microphones #1 and #3 (blue line) and microphones #2 and

#3 (red line) at the vortex centerline for both the advancing and retreating surface. The waveforms were phase corrected
before subtraction. NACA0012, J = 0.6 and V1 = 10 m/s.
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Figure 6.7: Phase synchronized waveforms of the unsteady pressure coefficient, °C 0
p , waveform in the slipstream region

(y = 0.47y/R), at the leading edge for both the advancing and retreating surface. NACA0012, J = 0.6 and V1 = 10 m/s.

When comparing figures 6.6 and 6.7 it can be observed that the overall shape, magnitude and timing of the
waveforms are similar. Furthermore, a strong reduction in magnitude of the waveforms can be observed mov-
ing from the leading to the trailing edge. Although significant differences exist between the waveforms and no
definitive proof can be provided at the time, it is suspected that there indeed exists interference between the
propeller vortex and the slipstream wake, resulting in the previously unexpected leading edge behavior at the
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vortex centerline. It should be noted that other studies do not show the behavior described here. The region
of vortex induced pressure fluctuations starts immediately at the leading edge. The difference between these
studies [15, 26] that may have caused the different results are the distance of the measurement surface with
respect to the propeller, the windtunnel and the propeller itself.

6.1.3. Vortex Path
As mentioned before, the path of the vortex on the retreating side of the surface bends inboard toward the
trailing edge, as can be seen from figures 6.2 and 6.3. On the advancing side, this shearing motion is not visi-
ble. The paths of the vortex for all combinations of airfoils and cases are plot for the advancing and retreating
side in figures 6.8a and 6.8b respectively. This has been done by locating the spanwise coordinate of the max-
imum C 0

p,RMS for each chordwise microphone coordinate. It should be noted that the first microphone has
been omitted due to the fact that the C 0

p,RMS,max values for this chordwise location was often dictated by the
interaction between the wake and the surface instead of the microphone. A version with the first microphone
included is provided in Appendix C.3.
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Figure 6.8: Spanwise C 0
p,RMS,max location at each chordwise microphone position for all combinations of cases, wings

and surfaces.

As discussed in Chapter 2, the separate vortex filaments on the advancing and retreating side created as a re-
sult of a vortex-surface collision, start to move outboard and inboard respectively due to the velocities caused
by the circulation shed from the surface due to spanwise lift variations. As is visible, this behavior, called ’vor-
tex shearing’, is present on the retreating side and absent on the advancing side for all combinations of cases,
wing geometries and sides. Research has previously shown that the vortex shearing affects the retreating side
to a larger extent than it does the advancing side [15, 16, 18]. This could be caused by the velocity component
of the flow in axial direction of the vortex reference frame, but a definitive explanation for the difference in
shearing cannot be given. Nonetheless, the results obtained from the experiment do concur with other ex-
perimental investigations.

It is immediately clear from figure 6.8 that the spanwise coordinate of the vortex path is significantly more
outboard on the advancing side of the surface than on the retreating side. This corresponds to the observa-
tions made from figures 6.2 and 6.3. The difference may partially be contributed to the mass conservation
effect, which causes the flow on the advancing and retreating side to move outward and inward respectively.
However, the large measure and small distance in which this occurs, namely approximately 1.25 vortex radii
of spanwise movement in 1 vortex radius of chordwise movement is too much to solely be a result of the mass
conservation effect. Another cause could be a misalignment between the circular wing mount and the pro-
peller setup resulting in a vortex incidence angle, ∞ (consult figure 2.6). These phenomena do not explain the
difference in spanwise location of the vortex path between the NACA0012 and NACA0016, which is also visi-
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ble from figure 6.8. The paths of the NACA0012 airfoil are more inboard than those of the NACA0016 airfoil.
The difference in location may be attributed to the difference in leading edge radius but a concrete explana-
tion can currently not be provided.

A difference between case 1 (J = 0.6) and cases 2 and 3 (J = 0.67) would have been expected seeing that a
higher loading would cause a larger shedding of circulation and therefore a larger shearing action. However,
this behavior is not distinguishable from figure 6.8. The likely cause for this is the small difference in advance
ratio between the two cases and the fact that there is only a small number of data points from which to
perform the analysis.

6.1.4. Effect of Cases and Wing Geometry
From the C 0

p,RMS contour plots provided in figures 6.2 and 6.3 it can be observed that for the different cases
there are differences in magnitude, not in distribution, of the pressure fluctuations over the surface. The
values are largest for case 1 on both the NACA0012 and NACA0016 wing, which is expected considering the
advance ratio is lower than that of cases 2 and 3. This results in a higher blade loading, which in turn results in
a stronger vortex and therefore larger pressure fluctuations over the surface. Additionally, the pressure fluc-
tuations observed at the leading edge in the slipstream region are larger due to the increase in wake strength.

There is also a difference, however, between the C 0
p,RMS magnitudes measured in cases 2 and 3, as the latter

shows significantly larger values over all combinations of surfaces and wings. A number of explanations could
be possible. Firstly, the RMS values of the pressure fluctuations over a certain period of time become larger
if the number of vortices and wakes that pass in that time frame increase. As the RMS values are taken over
a propeller phase of 2º the same number of vortices contribute to the RMS values, so this is not the cause. A
more likely explanation is that the vortices are stronger as they have had less time to diffuse due to the higher
freestream velocity. On the other hand, the effect could be reduced by the reduced time in which the circula-
tion shed from the propeller can roll up in the vortex. It is hard to quantify the relative contribution of these
factors.

When comparing the logarithmically plotted C 0
p,RMS values, as shown in figures 6.2 and 6.3, no significant

differences between the results from the NACA0012 and NACA0016 measurements can be observed. Loga-
rithmically plot data allows one to observe the distribution of pressure fluctuations of different orders within
one plot. Although this makes allows for more information to be visualized in one figure, it does give a dis-
torted view of the actual data set. In order to investigate the differences in pressure fluctuations between
the two wings, the same contour plots have been created but they have been plot linearly. The results are
presented in Appendix C. In short, the conclusion drawn from the logarithmic plots is confirmed and there
seems to be very limited difference between the pressure fluctuations over the two wings.

Finally, another observation can be made from figures 6.2 and 6.3, namely that there is a difference in mag-
nitude of the pressure fluctuations between the advancing and retreating side of the surface. This has been
previously shown and is therefore as expected [15, 16, 18]. One of the possible causes for the difference is
the axial velocity in the vortex core. The flow in axial direction of the vortex reference frame is orientated
(almost) perpendicular to the surface. As explained in section 2.3, this flow component must stagnate on the
advancing side, leading to a pressure increase, while on the retreating side the opposite happens. Seeing the
lack of three dimensional flow data, this hypothesis cannot be confirmed.

6.1.5. Vortex Incidence Angle
The final parameter that will be covered is the incidence angle of the vortex with respect to the surface. As
discussed in section 2.3, the incidence angle determines the type of interaction, namely impingement versus
collision, and the measure of downwash caused by the vortex. During the experiment the effect of the inci-
dence angle was measured for both NACA0012 and NACA0016, but only one test case, namely test case #1.
To visualize the effect of incidence angle on the magnitude and distribution of the pressure fluctuations, the
spanwise C 0

p,RMS values (view A-A’, fig. 6.1) are plot for the different angles. The fluctuations measured with
microphone #3 were selected so that the unexpected vortex behavior discussed in subsection 6.1.2 is not con-
tained in the plots. Also, note that for all plots the incidence angle of 50 degrees is missing. This angle could
not be measured due to mechanical interference between the circular wing mount and ground structure. Ad-
ditionally, for NACA0012, advancing side, ∞ = 70 and NACA0016, advancing side, ∞ = 90 the measurements
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were not made.
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Figure 6.9: Effect of incidence angle on C 0
p,RMS values at microphone position #3, which corresponds to 0.1 x/c. J = 0.6

and V1 = 10 m/s.

First a comparison is made between the advancing and retreating side of the NACA0012 airfoil, i.e. between
figures 6.9a and 6.9b. We can observe that on both sides that in the vortex region (-1 to 1y/r_0) the magnitude
of the RMS values decreases with increasing incidence angle. These trends occur at a relatively steady rate up
to ∞ = 40. After that point a rapid increase in interaction width and a decrease in RMS magnitude occurs for
both sides. On the advancing side the increase in pressure peak width also occurs at incidence angles smaller
than 40 degrees. A further difference between the two sides is that the peak moves inboard on the advancing
side and outboard on the retreating side, at least up to an incidence angle of 40 degrees, after which the peak
that is generated by the vortex disappears.

Using the schematical representation of the interaction at different incidence angles presented in figure 6.10
the observations made above can be explained. The widening of the pressure peak on the advancing side
is believed to be caused by an increase in the area of the surface with which the vortex interacts due to the
orientation of the vortex relative to the surface. This is less so for the retreating side, which corresponds
to the observations made from figure 6.9. On the advancing side the corresponding steady decrease of the
magnitude of the interaction is due to the increased downwash induced by the vortex resulting in smaller
fluctuations. However, for the retreating side an increase in RMS values would be expected considering the
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direction of the as the induced velocities. No clear explanation can be found for the slight decrease in RMS
values between ∞ = 0 and 40 degrees on the retreating side.

With respect to the rapid decrease in RMS at incidence angles larger than 40 degrees it is theorized that a
change of the interaction type occurs, namely from a collision to an impingement. Given that the vortex
radius, 0.01 m, is of the same order as the surface nos radius, 0.02 m, a parallel collision is unlikely to take
place. At a certain point the vortex will not collide with the surface but pass the surface on the retreating side,
leaving the core intact and reducing the interaction strength. Although the data points to this explanation no
definitive proof can be provided.

y#

Vortex
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Advancing side

z

(a) Incidence angle, g= 0°
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Advancing side

(b) Incidence angle, g= 60°
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(c) Incidence angle, g= 90°

Figure 6.10: Schematic representation of the vortex-surface interaction for different incidence
angles.

When comparing the results of the NACA0012 and NACA0016 airfoils it can be concluded that no large dif-
ferences are present. For the advancing side it seems that the pressure peaks of the NACA0012 are slightly
sharper, which is expected considering the smaller nose radius. Similarly, on the retreating side there are no
large differences between the two airfoils. The only observation that can be made is that the rate at which the
magnitude of the RMS values decreases is slightly larger for the NACA0016.

6.2. Validation of Conceptual Model
Although not all behavior observed in the experimental results can be definitively clarified, the data will be
used to assess the conceptual model. First, a general assessment of the model is performed in order to iden-
tify the discrepancies between the model and the experimental results. These discrepancies will then be
discussed followed by an investigation into the effect of the airfoil geometry and test cases on the pressure
fluctuations.
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6.2.1. General Assessment of Conceptual Model
As was done for the analysis of the experimental results in section 6.1, the initial assessment is done by ob-
taining the RMS values of the phase averaged pressure coefficient, C 0

p,RMS , for each data point, the results of
which are provided in figure 6.11. The axis limits of the contour are equal to that of the results from the con-
ceptual model in order to facilitate a proper comparison between the two. In contrast to the previous section,
the data is plot linearly in order to prevent a distorted analysis of the differences. The NACA0012 airfoil is
analyzed at J = 0.6 and V1 = 10 m/s, which corresponds to test case 1 during the experiment.
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(c) Experimental campaign, retreating side
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(d) Conceptual model, retreating side

Figure 6.11: Retreating side C 0
p,RMS distribution obtained from the conceptual model and the experimental results.

NACA0012, J = 0.6,V1 = 10 m/s.

From figure 6.11 it is immediately clear that the results of the conceptual model and the experimental results
are remarkably different. The difference in magnitude of the C 0

p,RMS values is striking. The differences are in
fact so large, that the RMS distributions of the experimental results are hardly visible in the figures. In order
to visualize the distribution of the RMS values the same results are presented with different z-axis values in
figures 6.12. It should be noted that a conclusion on the accuracy of the model should not be drawn from
the C 0

p,RMS values alone. To quantify the accuracy, the waveforms of the pressure fluctuations should be ob-
served, as will be done in subsection 6.2.2.

From figure 6.12 it can be concluded that the relative contributions of the vortex pressure and the induced
angle of attack effect to the total pressure fluctuation differ drastically. The experimental results show that
the vortex is the main contributor of pressure fluctuations, while in the model the induced angle of attack
effect has the largest impact on the pressure fluctuations. This is most strongly visible in the freestream re-
gion, between 0.5 to 0.9 y/R. When considering the spanwise C 0

p,RMS distributions (view A-A’ in figure 6.1) of
the experimental results and the conceptual model data as provided in figure 6.13, it can be observed that
the experimental results approach zero immediately outside the vortex interaction region. This is not the
case in the results of the conceptual model. On the basis of the experimental results it can be concluded
that the contribution of the induced angle of attack effect to the unsteady pressure resulting resulting from
the vortex-surface interaction is negligible with respect to the contribution of the low pressure vortex core. It
should therefore be excluded from the conceptual model.
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(a) Experimental campaign, advancing side,
C 0

p,RMS,max = 0.05

0 5 10 15 20

Chordwise coordinate, x/r
0
 [-]

-3

-2

-1

0

1

2

3

S
p

a
n

w
is

e 
co

o
rd

in
a
te

, 
y
/r

0
 [

-]

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Chordwise coordinate, x/c [-]

0.7 

0.8 

0.9 

1.0 

1.1 

1.2 

1.3 

S
p

a
n

w
is

e 
co

o
rd

in
a
te

, 
y
/R

 [
-]

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

C
p
,r

m
s
 [
-]

(b) Conceptual model, advancing side,
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(c) Experimental campaign, retreating side,
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(d) Conceptual model, retreating side,
C 0

p,RMS,max = 0.35

Figure 6.12: Retreating side C 0
p,RMS distribution obtained from the experimental results and the conceptual model.

NACA0012, J = 0.6,V1 = 10 m/s.

Further discrepancies between the experimental data and results from the conceptual model can be dis-
tinguished when considering the vortex region in figures 6.12a through 6.12d. The vortex core size of the
conceptual model is much smaller than that of experimental results, which in turn results in a higher vortex
pressure coefficient. Furthermore, a clear decrease in pressure fluctuation strength can be observed on the
vortex path toward the trailing edge of the surface in the experimental results, while in the model there is
a limited reduction, indicating different rates of vortex decay. These discrepancies between the model and
experimental data will be discussed in more detail later in the next subsection.

As a result of the simplifications made to model the interaction, additional differences between the exper-
imental results and model data are expected. As determined in section 6.1, vortex shearing is observed on
the retreating side of the surface during the experiment. This is absent in the conceptual model results as it
was not contained in the model. Similarly, in the slipstream region the effect of the wake as observed in the
experimental results is not visible in the results obtained with the conceptual model. The differences created
by the omission of these phenomena from the model are significant and will be taken into account when the
model is evaluated. However, they will not be further discussed as they are not contained in the model.

6.2.2. Vortex Core Size and Strength
In the conceptual model, the vortex core diameter, defined as the distance between the peak tangential ve-
locity components, is determined by the use of the Lamb-Oseen vortex model. The size is dependent on the
kinematic viscosity ∫ and the vortex age t , as defined in equation 2.5, while the size of the vortex core during
the experiment has been obtained from PIV measurements. The values found for both values are presented
in table 6.2. Note that the vortex core sizes were determined at the leading edge. The corresponding vortex
age is used to calculate the Lamb-Oseen vortex radius.
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(b) Results from conceptual model

Figure 6.13: Comparison between the experimental and model spanwise C 0
p,r ms over the chord, considered for the

retreating side. NACA0012, J = 0.6 and V1 = 10 m/s.

Table 6.2: Vortex circulation values determined using the PIV measurements and the
Lamb-Oseen model, for the three different cases examined during the experiment.

From PIV [mm] From Lamb-Oseen [mm] Difference
Case 1 9.0 2.2 76%
Case 2 9.0 2.2 76%
Case 3 8.5 1.8 79%

From the results we can conclude that the Lamb-Oseen vortex core size is 4 to 5 times smaller than the vortex
core size measured during the experiment. The larger core size of cases 1 and 2 with respect to case 3 is likely
a result of the vortex age seeing that the vortex travels downstream faster and is therefore less diffused when
it encounters the surface leading edge.

The effect of the difference in core size is twofold; firstly, the magnitude of the vortex pressure fluctuations
in the vortex region simulated by the model is significantly larger than the fluctuations measured during the
experimental campaign, as was observed in figure 6.11. Secondly, the effect is more localized, as is visible
from both figures 6.12 and 6.14. Note that microphone #1, #6 and #9, which correspond to 0.02, 0.35 and 0.90
x/c respectively, are presented.

An explanation for the difference in vortex core size could be an asymmetry or other defect present in the
propeller. The PIV measurements discussed in section 3.3 and the thrust measurements covered in subsec-
tion 5.1.3 showed that the propeller behaved consistently only for a small span of advance ratios. Although
the experiment was performed within the advance ratio bounds obtained from these analyses, the assumed
defect in the propeller could have resulted in a vortex that was more diffused or unstable at its origin than
expected, leading to a quicker decay and increase in vortex radius.

More likely, however, is that the Lamb-Oseen vortex model does not correctly predict vortices created by a
propeller. It is designed to model idealized vortices, not real vortices. There are clear discrepancies at the
vortex origin: the Lamb-Oseen model generates a vortex of infinitely small radius at vortex age t = 0, while
in reality the vortex core has a finite radius at this age. Additionally, the circulation shed from the propeller
requires time to roll up and form a coherent vortex. This is not the case for a Lamb-Oseen vortex, where all
circulation is contained in the vortex from t = 0. It is expected that the combination of the finite core at the
vortex creation and the roll-up of circulation over time results in a larger vortex core size than modeled with
the Lamb-Oseen model.
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Figure 6.14: Retreating side C 0
p waveform obtained from the conceptual model and the experimental results. NACA0012,

J = 0.6,V1 = 10 m/s.

In order to examine the effect of the inaccurate modeling of the vortex core radius on the pressure fluctua-
tions resulting from the conceptual model and to see if improvements can be made, the Lamb-Oseen model
was replaced with a vortex of constant radius, equal to the value obtained from the PIV measurements. The
resulting contour plots are presented in figure 6.15 and the waveforms corresponding to the same analyses
are provided in figure 6.16.

From figure 6.16 it can be observed that the unsteady pressure induced by the vortex as obtained from the
conceptual model has become much less negative with the adjusted, i.e. larger, vortex core radius. This is
in accordance with the expected behavior. However, it has become also significantly less negative than the
pressure induced by the vortex as measured during the experiment. This is unexpected as the strength of the
vortex measured during the experimental results is are taken as input for the model and therefore should be
approximately equal.

The cause of this discrepancy is the method used to determine the vortex radius in the vortex from the PIV
measurements made during the experiment. The technique was based on the assumption that the smoke
particles measured with the PIV had the same characteristics as the other particles in the flow. Seeing that
they have a different mass and size this is not true as it results in incorrect values at points where there exist
large velocity gradients in the flow, such as in and around vortices. The discrepancy between the vortex ra-
dius determined using this method and the actual vortex radius proves to be much larger than expected. The
vortex core pressure as obtained with the conceptual model on the vortex radius determined from the PIV
measurements. Therefore the vortex core pressure fluctuations are also inaccurate. In conclusion, both the
way the vortex radius is obtained from the experimental campaign as the approach employed to model the
low pressure vortex core, namely the Lamb-Oseen vortex model, should be improved in order to increase the
accuracy of the conceptual model.
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Figure 6.15: Contour plots of the RMS value of the unsteady pressure coefficient from the model and the experiments.
The vortex radius has been adjusted from the value determined with the Lamb-Oseen model to the radius measured

with the PIV measurements. NACA0012, J = 0.6,V1 = 10 m/s.
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Figure 6.16: C 0
p waveform obtained from the conceptual model on the retreating side. The vortex radius has been

adjusted from the value determined with the Lamb-Oseen model to the radius measured with the the experimental
results. NACA0012, J = 0.6,V1 = 10 m/s.



�
Conclusion and Recommendations

The objective of this thesis was to increase the understanding of vortex-surface interactions. This was done by
quantifying the effect of the governing parameters and sub-phenomena on the magnitude and distribution
of the vortex induced pressure fluctuations over a surface. To achieve this goal, an experimental campaign
was performed in an open jet, low-speed windtunnel at Delft University of Technology and developing a
conceptual model describing the interaction. By answering the research questions posed in Chapter 1, the
main findings are presented.

7.1. Conclusions
What is the effect of the governing parameters on the pressure fluctuations induced by the vortex over the
surface during the interaction?

• Which parameters are critical for the vortex surface interaction? For the vortex-surface interaction
treated during this project, namely the case of a tractor propeller and a downstream wing, the most
important parameters governing the interaction are the advance ratio and incidence angle. Less criti-
cal are the freestream velocity and, in case of symmetric airfoils, the airfoil thickness and nose radius.

• What effect do the selected parameters have on the magnitude of the pressure fluctuations on the surface?
The pressure fluctuations on the surface increase with decreasing advance ratio. On the advancing side
a reduction of the advance ratio from 0.67 to 0.60 results in an increase of the maximum RMS of the un-
steady pressure coefficient, C 0

p,RMS , caused by an impingement of the vortex (0.9 < y/R <= 1.0) by 156%.
The peak unsteady pressure coefficient, C 0

p , increases 150%, from 0.04 to 0.10. On the retreating side,
the same reduction in advance ratio caused a 28% increase in maximum C 0

p,RMS and a 30% increase in
peak C 0

p . The increase in pressure fluctuations is attributed to an increase in vortex strength, associated
with the higher propeller blade loading at lower advance ratio. An increase in freestream velocity has
a similar effect as a decrease in advance ratio, but it is less pronounced. By increasing the freestream
velocity from 10 to 15 m/s (at constant advance ratio), the maximum C 0

p,RMS increased with 60% on
the advancing side. On the retreating side no differences were observed. Contrary to expectations, the
airfoil geometry has a no discernible effect on the magnitude of the pressure fluctuations. On the other
hand, the incidence angle, meaning the angle between the vortex axis and the lateral surface axis, has
a large effect on the magnitude of the pressure fluctuations on the wing. The maximum C 0

p,RMS caused
by the vortex impingement decreased by 72.5% on the advancing side and 28% on the retreating side
for an increase in incidence from 0 to 90 degrees. Such a change in incidence angle corresponds to a
change from perpendicular to parallel vortex interaction. In the slipstream region, 0.4 < y/R <= 0.9, on
the advancing side the C 0

p,RMS goes up with increasing incidence angle up to 40 degrees, after which the
value decreases to the levels measured at 0 degrees incidence angle. Away from the propeller slipstream
boundary, 1.1 < y/R <= 1.3, on the retreating side, an increase in incidence angle causes an increase in
C 0

p,RMS of a factor 3.

• What effect do the selected parameters have on the distribution of the pressure fluctuations on the sur-
face? No discernible difference in unsteady pressure distribution over the surface is present for both a
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64 7. Conclusion and Recommendations

change in freestream velocity from 10 to 15 m/s (at constant advance ratio) and a change in advance
ratio from 0.60 to 0.67. A response to change in advance ratio was expected based on previous studies
published in open literature, but may not be visible due to the small change. The surface thickness
and nose radius does impact the distribution of unsteady pressure over the surface, primarily due to
a change in vortex path. For the NACA0012 the vortex interacts more inboard than is the case for the
NACA0016, namely at 0.25 times the vortex radius outboard of the spanwise vortex impingement lo-
cation identified with the PIV measurements. On the retreating side the spanwise vortex interaction
location is at °1.25 times the vortex radius with respect to the location determined with the PIV mea-
surements. The NACA0016 results show a spanwise vortex location of approximately 0.50 times the
vortex radius on advancing side and °0.75 times vortex radius on the retreating side. The incidence
angle has a very large impact on the distribution of unsteady pressure over the surface. Due to the
change in orientation, the area of interaction between the vortex and surface increases, resulting in a
wider spanwise distribution of the pressure peak. From 0 to 40 degrees incidence angle, the width of
the C 0

p,RMS peak increases and the location of the pressure peaks moves. On the advancing side the
location moves from 0.25 times the vortex core radius outboard of the vortex impingement location
determined with the PIV measurements to 1.25 inboard of that location, while on the retreating side
the spanwise interaction location moves outboard from °1 to 0 vortex core radii with respect to the
location determined with the PIV measurements. Increasing the incidence angle further, from 40 up
to 90 degrees, the width of the pressure peak increases dramatically from a distinguishable peak to an
almost constant value over the entire measurement width.

How accurate is the conceptual model?

• What are the quantitative differences between the experimental data and the model results? In the vortex
region, the conceptual model (using the Lamb-Oseen model) overestimates the pressure fluctuations
by a factor 3. In the slipstream region at the leading edge the same is true. For the entire freestream
region the conceptual model overestimates the pressure fluctuations by much larger amounts, as the
fluctuations measured in the freestream region are almost negligible.

• To what modeling approaches can the differences be attributed? The main difference between the model
and the experimental results was the overestimation of the induced angle of attack effect of the model.
In the experimental results this component could not be observed, as only the vortex core pressure
and propeller wake could be identified as contributors to the pressure fluctuations. Additionally, the
Lamb-Oseen vortex model appears not to be suitable for application in propeller tip vortex modeling.
The Lamb-Oseen model assumes a coherent vortex which incorporates all circulation from t = 0 and
has an infinitely small radius at its inception. In the case of a propeller vortex, the circulation shed from
the propeller rolls up into the vortex over an extended period of time. Moreover, the vortex has a finite
radius at vortex age t = 0. Finally, the method with which radius, and therefore the circulation, was
calculated was inaccurate. Seeing that these values were used in determining the tangential velocity
distribution and pressure distribution of the vortex, the pressure fluctuations induced by the vortex on
the surface were also inaccurate.

What is the relative contribution of the sub-phenomena to the pressure fluctuations induced by the vor-
tex over the surface during the interaction? From the experimental results it is clear that the main compo-
nent generating pressure fluctuations over the surface is the low pressure vortex core. The vortex path and
spanwise location of both vortex filaments and the vortex strength itself are therefore of significant impor-
tance. The second largest component contributing to the measured pressure fluctuations is the wake of the
propeller, which is not strictly part of a vortex-surface interaction. Although the maximum pressure fluctua-
tions generated by the two components are of the same order, the effect of the wake is limited to the leading
edge, while the vortex effect spans over the entire chord. In contradiction to what was initially expected,
the induced angle of attack effect caused by the velocities induced by the vortex seems to have a negligible
contribution to the total pressure fluctuations induced by the vortex over the surface.

7.2. Recommendations
Though many studies have been performed on the vortex-surface interaction phenomenon, more funda-
mental investigations are still required. Though the phenomenon is understood in a qualitative way, a lot of
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additional quantitative knowledge must be acquired to effectively and efficiently mitigate the noise gener-
ated by the interaction.

Considering the unexpected behavior of the vortex at the leading edge of the surface, and the fact that no
definitive explanation could be provided for it, further experimental investigation is recommended. Two dif-
ferent experimental campaigns are proposed. The first would be performed in the same tunnel with the same
setup, but with the addition of a highly detailed stereo PIV measurement in the x/z-plane at the vortex region
at the leading edge of the wing. This would provide a better understanding of the events that cause the vor-
tex behavior at that location. The second setup would be performed with the same wings but in a different
tunnel with a more precisely manufactured propeller. The goal of this experiment would be twofold: firstly,
to investigate if the unexpected behavior of the vortex at the leading edge was a result of either the poorly
manufactured propeller, or the large axial distance of the measurement surface with respect to the propeller
plane. Secondly, the different propeller would allow for a larger range of advance ratios to be investigated,
which would be used to confirm or dispute the trends identified with the small range of advance ratios cur-
rently used.

To investigate the possibility of improving the model and to find out if an accurate solution is possible, an
attempt can be made to fit the pressure fluctuations generated by the conceptual model on those obtained
from the experiment. A trial and error approach can be employed by changing the circulation value used as
input in the model and comparing the waveforms resulting from it to those obtained from the experiment.
In doing so the correct value for the circulation can be obtained allowing a better evaluation of the model. Al-
ternatively, a better approach to determine the vortex core radius and corresponding vortex circulation could
be devised. This would lead to more accurate modeling of the low pressure vortex core and thus the pressure
fluctuations induced by the vortex over the surface.

Although the conceptual model discussed in this report is not accurate, the development of such a simplified
model would still contribute a lot to the body of knowledge. It could be used to evaluate the relative con-
tributions of the different vortex-surface interaction sub-phenomena, as suggested in this project. Another
use would be the execution of a ‘parameter sweep’ to investigate the effect of the governing parameters on
the unsteady pressure distribution and magnitude, which was done in a more limited manner with the ex-
perimental campaign. However, for the latter intended use the approach taken in this project would not be
recommended as the level of fidelity would be too low. A much more in-depth approach is recommended
seeing the complex behavior of the flow.
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A
Appendix - Microphone Calibration and

Data Processing

A.1. Microphone Calibration and Processing Flowchart
The microphones require a frequency dependent calibration, as is described in references [15] and [16]. A
number of Matlab routines have been used to perform the calibration, of which the flowchart is provided in
Appendix A. The following steps were taken in the calibration process:

• A LinearX M53 reference microphone was calibrated using a GRASS 42AA piston phone at 250 Hz. By
dividing the known pressure RMS of the signal, as provided by the manufacturer and corrected for at-
mospheric conditions, with the RMS of the measured voltage signal, the amplification factor at said
frequency, Fr e f ,250H z , is obtained. Combining the amplification factor with the unit specific frequency
response curves of the reference microphone provided by the manufacturer allows for the full charac-
terization of its frequency dependent behavior.

• Subsequently, the surface microphones were calibrated. The reference microphone was positioned at
approximately 1mm from, and perpendicular to, the surface at the microphone location. A white noise
noise audio file was played by a loudspeaker positioned at a distance from the surface to ensure homo-
geneous noise distribution, as is shown in figure A.1. The voltage signal of both the surface microphone
and the reference microphone were recorded. This process was repeated for each surface microphone.
It was confirmed that the position and orientation of the reference microphone with respect to the
surface did not impact its own measurement, nor that of the surface microphone.

• The voltage signal of the reference microphone, vr e f
0(t ), is multiplied with the amplification factor in

order to obtain the pressure. A Fourier transform is performed on the signal and expressed in logarith-
mic scale, providing the F PLr e f ( f ). The before mentioned frequency correction curve provided by the
manufacturer,¢F PLcc ( f ), is then added to the signal. The true pressure spectrum at the measurement
location, Pr e f ,cor r ( f ), is obtained by converting the signal back to the linear scale.

• Using a Fourier Transform the voltage signals of each surface microphone were transformed into the
frequency domain. Then the true pressure spectrum as well as the microphone voltage spectra for
each measurement location are converted into one-third octave bands, resulting in Pr e f ,cor r ( f1/3) and
Vmi c

0( f1/3). Note that these bands are defined at the center frequencies of each one-third octave band.
They are used to obtain a smooth frequency response curve. Interpolation is used to obtain the inter-
mediate response values. Finally, by dividing the pressure spectra by the corresponding voltage spectra,
the frequency-dependent response factors are obtained for all surface microphones.

The calibration process was done twice for both wings; once before the experiment and once after. This
was done to ensure the first calibration, which was applied to the measured data, was done correctly. For
analogy with the typical response curve provided by the manufacturer the sensitivity of the calibration curves,
expressed in logarithmic scale (dB re. 1/V), was obtained (see equation A.1). All calibration curves are found
in Appendix A. The curves show a distinct quasi-linear region from 100 to 6000 Hz, with a sharp drop in
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(a) Location of reference microphone position with respect
to the surface.

(b) Location of speaker with respect to the measurement
surface.

Figure A.1: Overview of calibration setup.

sensitivity above 6000 Hz. This behavior is in accordance with the curve provided by the manufacturer. Both
calibration sessions show similar results in this region, but there is a clear difference in behavior for frequency
values below 100 Hz. The differences could be attributed to different atmospheric conditions such as relative
humidity.

sensitivity = 20 · log10

µ
1

Fmi c

∂
(A.1)

In figure A.2 the flowchart presenting the operations that are carried out in order to obtain parameters of
interest from the raw experimental data. The two main steps are the calibration of the microphones and the
processing of the data. A number of notes are indicated in the figure and are as follows:

1. The reference microphone calibration factor is obtained using the piston phone, which operates at a
frequency of 250 Hz and a SPL of 114 dB. Therefore, its does not show frequency-dependent behavior.

2. A frequency dependent correction curve that is provided by the reference microphone manufacturer is
added to obtain the reference microphone calibration curve.

3. As discussed in chapter 3, a phase shift exists between the NI9125 and NI9234 DAQ modules, which is
removed from the microphone signals.

4. As discussed in chapter 3, a mean voltage is present in the signals of each microphone. Seeing that only
the fluctuations are of interest, the mean is removed from the signal.

5. Welch’s method is used to obtain power spectral densities of the time-dependent variables. This leads
to cleaner spectra than with Fourier transforms. Hanning windows of 50% overlap are used. The raw
data are divided into approximately 200 windows, obtaining a frequency resolution of 3.125 Hz.

In figures A.3 to A.6 the calibration curves obtained at the start and end of the experiment are provided for
both wings.
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Figure A.3: Calibration curves of wing 1, version 2.
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Figure A.4: Calibration curves of wing 2, version 1.
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Figure A.5: Calibration curves of wing 1, version 2.
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Figure A.6: Calibration curves of wing 2, version 2.
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A.2. DAQ System Corrections
The signals generated by the 9 microphones were acquired by three analogue Data Acquisition Systems
(DAQ’s). Only two NI9234 modules with four ports each were available, so the microphone positioned nearest
to the trailing edge (microphone #9) was connected to a different module, the NI9215. There exist a number
of differences between the DAQ modules [39] [38]:

• Resolution; the NI9215 has a 16 bit resolution versus the 24 bit resolution of the NI9234.

• Sensitivity; the NI9215 has a ± 10 V signal range versus a ± 5 V signal range of the NI9234.

• Phase difference; although both modules sample their channels simultaneously, the NI9234 contains a
anti-aliasing filter, which filters the signal for frequencies above the sampling frequency. The filtering
requires a buffering time resulting in a phase shift between the microphone connected to the NI9215
module and those connected to the NI9234 modules.

• Mean voltage; the NI9234 is AC/DC coupled, meaning it is possible to set the module so that the output
signal only contains the voltage oscillations. This is not the case for the NI9215 module, the signal of
which also contains a DC voltage of approximately 0.6 V.

Although the accuracy and sensitivity of the NI9215 module are less than that of the NI9234 modules, the im-
pact on the results is expected to be minimal seeing that the measurements are not required to be particularly
accurate or sensitive. The phase shift, however, may be of importance, especially when the phase averaged
pressure results are examined. It was found that the phase shift was approximately 12 degrees. Seeing that
this is a significant value it was therefore removed during the data processing.

In order to solve the difference in mean voltage between the two DAQ modules and to improve the accuracy of
the results, the signal mean was removed from all microphones. As shown in figure A.7, the mean value varies
over time and thus a blanket removal of the average mean would not be desirable. A more precise method
was chosen, consisting of calculating the mean per propeller revolution and subsequently subtracting it from
the signal. Finally, the microphone signal was checked for clipping, of which no evidence was found.
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Figure A.7: Mean values per rotation for a sample of rotations in the slipstream and vortex regions.
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A.3. Phase Averaging
The broadband component of the raw microphone signal was removed, allowing a clearer analysis of the
periodic pressure fluctuations related to the vortex-surface interactions. Seeing that the tonal components
at the blade passage frequency as observed in the pressure spectra are clearly dominant to the broadband
component, as will be discussed in chapter 5, it can be concluded that removing the broadband component
will not have a significant effect on the unsteady vortex-surface interactions. The component is removed by a
process called ‘phase averaging’, in which the microphone signal is split up into time intervals corresponding
to one full propeller revolution and averaged over all rotations. A temporal resolution of 1 degree is used,
which is relatively accurate and can easily be achieved. It can be observed that the results converge for the
sampling rate and acquisition time used during the experiment, as is demonstrated in figure A.8.

Although convergence is proven, the curves obtained from the phase averaging do show a significant amount
of fluctuations. This is likely the result of a high amplitude of the random fluctuations within the signal,
which can be attributed to two sources. Firstly, the windtunnel that was used to perform the experiment has
a relatively high level of freestream turbulence. Secondly, the source of fluctuations could be the hardware
used in the experiment. However, the hardware in question, namely the Sonion 8010T microphones and
the NI9234 and NI9215 DAQ’s, has been used in earlier experiments performed in a different (less turbulent)
wind tunnel at the LSL, which produced results with a much lower level of fluctuations [15]. Therefore, the
hardware as source of the fluctuations is deemed improbable. It is concluded that although the fluctuations
are significant, the converged solutions allow for an effective analysis.

0 50 100 150 200 250 300 350

Phase [deg]

-5

-4

-3

-2

-1

0

1

2

3

4

5

S
ig

n
a

l 
v

o
lt

a
g

e 
[V

]

10 rev.

100 rev.

1000rev.

All rev.

Figure A.8: Example of convergence of phase averaged results for increased number
of propeller rotations.
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A.4. PIV Processing
The PIV calibration was performed using a calibration plate that was positioned exactly in the FOV. The cam-
eras were focused on the plate and a calibration image of the plate was taken. The designated PIV post-
processing software, in this case Davis version 8.3, can then calculate the location and orientation of the
plate, correct the FOV and scale the axes.

In order to obtain the vector field of a certain flowfield, the particles in both images of the image pair need to
be cross-correlated. A number of processing steps were taken in order to increase the accuracy with which
the cross-correlation is done by the software. The following steps were taken in order to optimize the resulting
vector field, with the corresponding images provided in figure A.9:

b) Minimum over time subtraction c) Sliding minimum subtraction

d) Cross-correlation e) Post-processing and averaging

a) Original

Figure A.9: Images depicting the PIV processing steps taken.

• Minimum over time subtraction; for every pixel in each image, the lowest intensity value for that pixel
observed in the entire set of images, was subtracted. This action resulted in a higher contrast in the
images, which in turn allows for better cross-correlation.

• Sliding minimum subtraction; a normalization of each image was performed, in order to remove dis-
crepancies, such as a laser that has is brighter on one side of the image than on the other.

• Cross correlation; the cross correlation that was employed was a sequential multipass with a 24 x 24
pixel window size and 50% overlap. For a detailed description on cross correlation, consult reference
[44].

• Post processing; finally, the resulting PIV vector fields were smoothed and the average was taken over all
images.
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A.5. Infrared Reflective Sensor
The blade passage frequency of the propeller was determined by means of an infrared reflective sensor, which
consists of an IR LED and a phototransistor pair. The motor has a hole in its nacelle just behind the propeller
which provides a line of sight between the sensor and the propeller axis. On two sides of the axis a reflective
dot is present. When the reflected light is detected a voltage is generated. This signal is read at a sampling
rate of 150 H z and analyzed by an RPS counter and subsequently acquired by a National Instruments 9215
DAQ module and stored using LabView software.

The alignment of the two sensor components with the reflective dot on the propeller shaft is relatively sen-
sitive. Additionally, in order to allow free movement to the load cell, which is required for valid thrust mea-
surements, the propeller motor and pylon are not connected. This means that the optical sensor remains in
place while the motor moves when thrust is increased. This can result in erroneous signals, due to the fact
that the rotation of the axis is not registered. An example of such a signal is provided in figure A.10. in the
post-processing, done with Matlab R2016a, these signals have been identified and the missing peaks have
been replaced.

Furthermore, two sanity checks on the correctness of the 1P signal were performed. Firstly, the pitch of the
vortex helix was determined from the PIV images allowing for the calculation of the corresponding RPS. Sec-
ondly, the frequency spectrum of the microphone data was examined and the 1P signal was located. From
these checks it was concluded that the system was working nominally.
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Figure A.10: Example of erroneous propeller signal data.
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B.1. Background Noise Plots
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(a) NACA0012, Case 1
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(b) NACA0012, Case 3
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(c) NACA0016, Case 1
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Figure B.1: Background noise measurements for test cases 1 (J = 0.60 and Vi n f = 10 [m/s]) and 3 (J = 0.67 and Vi n f = 15
[m/s]) and NACA0012 and NACA0016
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C.1. Contour Plots of RMS of Unsteady Pressure Coefficient on the Wing
Surface
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(a) Advancing side, case 1
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(b) Retreating side, case 1
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(c) Advancing side, case 2
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(d) Retreating side, case 2
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(e) Advancing side, case 3
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(f ) Retreating side, case 3

Figure C.1: Contourplots of the C 0
p,RMS distributions on advancing and retreating side from experiment. Linear scale,

airfoil NACA0012.
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(a) Advancing side, case 1
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(b) Retreating side, case 1
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(c) Advancing side, case 2
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(d) Retreating side, case 2
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(e) Advancing side, case 3
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(f ) Retreating side, case 3

Figure C.2: Contourplots of the C 0
p,RMS distributions on advancing and retreating side from experiment. Linear scale,

airfoil NACA0016.
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C.2. Spanwise Distribution of the RMS of the Unsteady Pressure Coeffi-
cient
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(a) Case 1, advancing side
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(b) Case 1, retreating side
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(c) Case 2, advancing side
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(d) Case 2, retreating side
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(e) Case 3, advancing side
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(f ) Case 3, retreating side

Figure C.3: Aft view experimental C 0
p,RMS at leading edge on advancing and retreating surfaces. NACA0012, Cases 1, 2

and 3
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(a) Case 1, advancing side
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(b) Case 1, retreating side
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(c) Case 2, advancing side
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(d) Case 2, retreating side
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(e) Case 3, advancing side
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(f ) Case 3, retreating side

Figure C.4: Aft view experimental C 0
p,RMS at leading edge on advancing and retreating surfaces. NACA0016, Cases 1, 2

and 3
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C.3. Vortex Path
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(a) Advancing side
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(b) Retreating side

Figure C.5: Spanwise C 0
p,RMS,max location at each chordwise microphone position for all combinations of cases, wings

and surfaces. In these figures the first microphone position has been added.
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