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Summary

In recent years, there has been renewed interest in propeller research due to environmental concerns.
It is anticipated that the number of propeller-driven aircraft will increase, driven by climate-related con-
cerns. Propellers are known for their low-speed efficiency and coupling capabilities with electric motors.
The utilization of regenerative energy during deceleration has been demonstrated to be beneficial for
automobiles and has the potential to be applied to propeller-driven aircraft. This technology allows for
the recharging of batteries and could increase the overall efficiency of the propulsion system by utilizing
the regenerated energy in other flight maneuvers. The negative thrust mode of propellers has several
additional advantages, including weight reduction, improved safety, and increased maneuverability.

The issue of propeller noise has existed for a long time, and this becomes more important when neg-
ative thrust mode emits more noise than at forward thrust, especially if negative thrust is expected to
be used during landings in populated areas. When operated at negative thrust conditions, the per-
formance of conventional propellers is suboptimal because they are designed for forward thrust. This
suboptimal operation can lead to boundary layer separation, increasing broadband noise due to pres-
sure fluctuations on the blades and making it potentially more dominant over rotational noise.

To assess the relative importance between an isolated propeller’s tonal and broadband noise sources
under positive and negative thrust conditions, an experimental study was conducted using a scaled
propeller setup in a low-turbulence wind tunnel (LTT) at the Low-Speed Wind Tunnel Laboratory at
Delft University of Technology. The research framework is divided into three main parts: the experi-
ment for harvesting propeller data, processing, and analyzing the data.

Aeroacoustic measurements were taken using a microphone array with 58 GRAS 40PH analog mi-
crophones placed in the test section wall at a distance of 1025 mm from the rotational axis of the
TUD-XPROP propeller model. An external six-component balance measured forces and moments to
determine the thrust force of the propeller, and a pulse sensor was used to determine the exact ro-
tational velocity of the shaft. For the change in positive and negative thrust, the advance ratio was
varied across different wind speeds using the rotational speed at Reynolds numbers ranging from
Re27R = 0.8-105 to Re27R = 1.9 - 10°.

By varying the rotational speed to vary the advance ratio, the tests at positive thrust have higher tip
Mach numbers than tests at negative thrust. They range from M = 0.16 to M = 0.35. These values are
significantly lower than actual flight conditions where the Mach number reaches up to 0.8 or higher.
This should be considered when the results are interpreted. In the field of aeroacoustics, the local
Mach number is regarded as the most crucial similarity parameter. When scaling the tip Mach number
up to actual flight conditions, the power of the noise will increase due to the increased loading. This
means the noise measured at negative thrust will increase more than at positive thrust when scaled to
the same tip Mach number.

Signal processing methods were used to analyze the data and quantify tonal and broadband noise
sources. The fast Fourier transformation (FFT) converts a signal from the time domain to the fre-
quency domain. The frequency domain is used to gain insight into the signal from the spectral point
of view instead of the time domain. The frequency spectra show a significant increase in the noise
levels at high frequencies. The blade element momentum (BEM) analysis was used to determine the
presence of laminar separation bubbles (LSB), as they are likely to occur at low Reynolds numbers. An
LSB is known to generate high-frequency noise. In real-flight conditions (at high Reynolds numbers),
the LSB would not occur. Therefore, the data that is affected by the LSB should not be considered for
real-flight conditions when analyzing the data.



Vi 0. Summary

Phase averaging is a processing technique that amplifies the rotational noise with respect to other
noise sources. This was used to isolate the tonal component of the propeller noise in the data. The
phase averaging results were unsatisfactory due to interfering noise sources of the wind tunnel and the
motor and drive train. To minimize the unwanted noise sources, an inverse beamforming technique was
applied. Due to the beamforming resolution being dependent on the wavelength of the noise sources,
beamforming had more effect on the test data at positive thrust. The blade passing frequencies at
negative thrust were lower than at positive thrust. Therefore, the beamforming resolution was higher
for the data at positive thrust conditions.

A high-pass filter was implemented on the beamformed data to eliminate the predominant low-frequency
noise sources from the wind tunnel. Additionally, a low-pass filter was applied to ignore the impact of
the LSB on the sound level measurements in the high-frequency region. The isolated tonal and broad-
band components were obtained by subtracting the spectra of the wind tunnel and motor noise from
the propeller-on measurement data. The broadband noise levels were deducted from the tonal com-
ponents to calculate each component’s overall sound pressure level. This calculation was performed
through a logarithmic summation of the spectrum.

From the results of the isolated overall sound pressure level of the broadband propeller noise compo-
nent, it can be concluded that the broadband noise component of the propeller significantly increased
at negative thrust mode compared to the positive thrust mode. The diagnostic BEM analysis has shown
that the blades at negative thrust mode show fully separated boundary layers. This separation causes
turbulence on the blades and emits a higher level of broadband noise due to random pressure fluctua-
tions. The tonal propeller components were often masked by interference from wind tunnel and motor
noise and could not be isolated using the before-mentioned signal processing methods.

Building upon the work and discussion presented in this thesis, there are some recommendations for
future work that could enhance understanding of the negative thrust regime of propellers. To maintain
similarity in a model propeller, keeping a constant tip Mach number and advance ratio is recommended,
which can be done by adjusting blade pitch for positive and negative thrust modes. This way, the beam-
forming resolution at the angular frequency will be equal for all test conditions. Additionally, motor noise
was found to vary with speed, but keeping a constant rotational speed would reduce this variability.

The studies on propeller noise have historically focused on the prediction of tonal noise components,
frequently disregarding the contribution of broadband propeller noise. However, the results of the
present experiment suggest that broadband noise assumes greater prominence at negative thrust con-
ditions. Therefore, it is necessary to include propeller noise at negative thrust in future experiments.
It is essential to conduct further experimental studies to evaluate the relative importance of tonal and
broadband noise components in this regime as part of the effort to make aviation climate neutral by
2050.
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Introduction

In aeronautics, a propeller consists of multiple rotating wings that convert rotational power into propul-
sive power. The earliest use of blades to generate lift or thrust dates back to a Chinese children’s toy
known as the ’bamboo dragonflies’, which originated in the fourth century AD [33]. This toy, consisting
of feathers (blades) attached to a stick that was rolled between the hands on a vertical axis, demon-
strated the principles of aerodynamic lift and thrust. The resulting rotation generated an aerodynamic
lift, allowing the toy to take off when released. Inspired by the same concept, the Wright brothers
used propellers based on the same principles to power the Wright flyer for the first controlled, powered,
heavier-than-air flight in 1903 [4]. The successful powered flight of the Wright flyer significantly reduced
skepticism surrounding the feasibility of manned, heavier-than-air flights. The Wright brothers had the
advantage of applying their knowledge of wings to the development of the modern aircraft propeller,
unlike earlier engineers such as H. Giffard in 1852 [5], C. Ader [21] in 1890, and F. von Zeppelin [22].
These earlier engineers could not achieve the same level of success as the Wright brothers in pioneer-
ing propellers in aviation.

For multiple decades, propellers were an extensively used method of propulsion in aviation [38]. The
propeller has undergone slight modifications in terms of material, pitch, weight, and blade shapes, but
the noise generation mechanism has not changed throughout time [38]. The growth of development
related to aviation around 1905 was followed by World War I, which showed that aircraft could be more
beneficial than most could imagine [6]. The world’s first jet-powered aircraft flight was in 1939, led by
H. von Ohain [13]. A German aircraft manufacturing company, Heinkel Flugzeugwerke, helped Ohain
develop the plane as they focused on state-of-the-art technology for high-speed aircraft [51].

World War Il illustrated that jet engines were in the vanguard of aviation development. At this time,
speed was the driving element in the development of aviation. Aircraft flew higher and faster over time,
taking the penalty for fuel consumption for granted. Due to the introduction of turbojets and turbofans,
the development of propellers decelerated. Both have a wide range of freestream Mach numbers and
are, therefore, still the primary propulsion method in aviation. However, propeller propulsion regained
interest after about twenty years [66], due to the first and second oil crises in the 1970s. As oil prices
inclined, previously accepted high fuel consumption in exchange for speed became an issue. New
aircraft designs promised significant improvements in fuel consumption and operational costs. High-
speed turboprops would also have improved performance at high cruise speed compared to a high
bypass ratio turbofan [66]. However, the disadvantage was that the design involved unshrouded pro-
pellers that radiate higher noise levels [11], while the aversion from the public against the noise created
by aircraft was already increasing over the years [43]. The more the commercial activity of aviation in
heavily populated areas increased, the more the importance grew of gaining knowledge about aircraft
noise sources [43]. The complexity of the noise radiation of rotational components makes the study
scientifically challenging and socially relevant.

Regenerative energy utilization during deceleration has been demonstrated to be beneficial for auto-
mobiles. This technology, which allows for the recharging of batteries, can also be applied to propeller-
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4 1. Introduction

driven aircraft [47]. The regenerated energy could be utilized in other flight maneuvers, thereby increas-
ing the overall efficiency of the propulsion system. However, the negative thrust condition is sub-optimal
for conventional propeller blades. This can result in various negative effects, such as boundary layer
separation, increased drag forces, and reduced thrust. These effects also impact the aeroacoustic per-
formance, as boundary layer separation can lead to broadband noise generation. This is particularly
disadvantageous as the regenerative mode is expected to be utilized in densely populated areas [27].

1.1. Thesis Objective

Assessing the relative importance of noise sources for isolated propellers at negative thrust conditions
is of significant interest. This is because if the dominant noise source differs from that of a propeller in
the forward thrust regime, it would be valuable to understand the reasons behind this shift in dominance.
This knowledge could be utilized to reduce propeller noise in this regime. The collected test data can
also serve as a means of validating numerical predictions [27]. Implementing negative thrust in com-
bination with electrical motors for propellers presents opportunities to save and regenerate electricity
for future aircraft. This would increase the practicality of commercial electric aircraft and accelerate the
adoption of electrified aircraft. This research is a part of FUTPRINT50. FUTPRINTS50 is an international
cooperation funded by the EU [2]. The FUTPRINT50 project aims to make aviation climate-neutral by
2050, and understanding the noise sources at negative thrust conditions is a step toward achieving this
goal. Therefore, the research objective of this thesis is as follows:

“To assess the relative importance of an isolated propeller’s tonal and broadband noise
sources under positive and negative thrust conditions through an experimental approach.
This involves conducting an experimental study on a propeller set up in a wind tunnel and
applying various signal processing techniques to analyze the data.”

Conducting a wind tunnel test represents a valuable addition to the existing literature on this topic.
Wind tunnel testing allows for the collection of physical data and the ability to test a wide range of
variations of multiple variables within a relatively short time, compared to numerical methods. It is un-
clear which noise type or source is dominant at negative thrust conditions. Therefore, it is necessary
to consider linear noise types and non-linear ones, such as broadband noise. Non-linear calculations
require significantly more computational resources and are not practical for evaluating large variations.
Additionally, the data obtained from wind tunnel testing can validate this regime’s numerical methods.

1.2. Thesis Question

The study of propeller noise at negative thrust conditions has not been thoroughly investigated. A
literature review reveals that negative thrust has been found to increase aircraft safety and braking
efficiency and reduce maintenance and operational expenses. However, there are indications that the
dominant sound sources may differ from the forward thrust regime for conventional propellers due to
the presence of separated boundary layers [27]. To date, proper noise measurements of propellers
under this condition have not been collected, even though experimental data is essential for validat-
ing numerical calculations used to predict noise, which is currently only validated in the conventional
regime. Therefore, the main research question for this thesis is:

“How do propeller noise sources vary in relation to positive and negative thrust settings
for an existing isolated forward thrust propeller?”

It is anticipated that the number of propeller-driven aircraft will increase in the future. This increase is
driven by climate-related concerns, such as sustainability, the favorable coupling capabilities of pro-
pellers with electric motors, and their high fuel efficiency. To address the critical elements of the main
research question, several sub-questions have been formulated to define the research strategy further.
These include:

1. What relevant test conditions impact the variation of tonal and broadband noise due to the thrust
setting of isolated propellers?
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2. How can the similarity with real-life conditions be ensured during scaled aeroacoustic experi-
ments?

3. What signal processing methods can be used to decompose and quantify different propeller noise
sources?

This research can be divided into three main parts: the experiment for harvesting relevant propeller
data, the processing, and the analysis of the data.

1.3. Thesis Outline

This thesis is divided into nine chapters. In Chapter 1, the topic of the thesis is introduced, and the prob-
lem statement, objective, and research questions are presented. Chapters 2 to 4 provide background
information on the subjects discussed in the thesis, including general theories on propellers and their
aeroacoustic characteristics, different types of noise, and the regenerative mode of a propeller. These
chapters also provide information on experimental studies on the aeroacoustics of propellers. Chapters
5 and 6 describe the facility and tools used for the experiments and the test conditions and methods
for processing the results. The results of the experiments are analyzed and discussed in chapter 7.
Finally, chapters 8 and 9 contain the conclusions drawn from the findings and recommendations for
future research.






Background






Propellers at Negative Thrust Condition

2.1. Propeller Characteristics

Propellers have been a method of propulsion for aircraft since the first flight in the world. The rotational
blades attached to an axle are known from other vehicles or systems, such as boats, fans, and pumps.
However, this section will discuss only aircraft propellers (also called airscrews).

Most propellers are optimized to generate forward thrust to drive the aircraft. A blade uses its rota-
tional velocity combined with its freestream velocity the same way a wing uses the free stream velocity.
The effective speed will develop a low-pressure area on the front side of the blade and a high-pressure
area on the rear side. The resultant load of the pressure distribution has a thrust and torque component
or alift and drag component. As we have read in the introduction, propellers induce a small incrementin
velocity for a large mass of air, making them efficient propulsion methods. The efficiency drops at high
Mach numbers (see Figure 2.1). Therefore, conventional propellers are more suitable for operations at
lower Mach numbers [38]. The following sections will explain some essential propeller characteristics
involved in studying propeller noise effects.

2.1.1. Vortices and Swirl

Just like wings, propeller blades also induce vortices. This is an effect of a lifting surface and is called
lift-induced vortices. Due to the created pressure distribution, high pressure occurs on one side of the
blade, while low pressure occurs on the other. A result of this is that the airflow rolls up around the
blade where the pressure difference meets. This phenomenon appears at the end of the spanwise
direction of the blades, the trailing edge, and the tip at the end of the chordwise direction of the blades.
Different methods exist to decrease the appearance of vortices, as they are related to induced drag.

© Calculated from vortex theory
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Figure 2.1: Typical propeller efficiency curves as a function of advance ratio [14].
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Swirl behind a propeller contributes to the loss of efficiency of a propeller, as the energy used to create
this swirl does not contribute to the thrust [38]. Sometimes, counter-rotating propellers are applied to
reduce swirl. This is a second propeller just behind the first one, rotating in the opposite direction. The
idea behind this method is that the second propeller cancels out the swirl created by the first propeller.
By applying this method, the efficiency can be increased up to 10% [48].

2.2. Potential Use of Negative Thrust Condition

It has been proven beneficial for cars to regenerate energy during deceleration. The same technology
used by cars to recharge batteries can also be applied to propeller aircraft [47]. The regenerated energy
provided by this technology can then be used in other flight maneuvers. Regaining energy also reduces
the net energy consumption of the flight. The energy saved can perhaps extend the possibilities for
emergency landings. The technology to recharge batteries, however, applies to electric propulsion
methods. Batteries still have low energy densities compared to kerosene or hydrogen. The advance
of regenerating propellers will not be enough to close the gap. Although a vast amount of studies have
been done on electric propulsion in aviation in the last decades [50], the first all-electric commercial
aircraft took off recently in 2019 [20].

Another advantage for propeller-driven aircraft to operate at reverse thrust conditions is the possibility
of aerodynamic braking. Aerodynamic braking has numerous benefits compared to conventional aero-
dynamic or mechanical braking systems. The need for extra braking capacity becomes more significant
as the take-off weight rises through time, and the mechanism used to propel the propeller system has
already conveniently been designed to withstand large thrust forces. An additional braking system
could increase the overall braking power of the aircraft.

Several experimental studies show that propellers can serve as very powerful brakes [24, 35, 37]. One
showed that propellers could generate more braking power with a lower terminal velocity compared
to traditional dive flaps [37]. Figure 2.2, based on the same experimental study, shows a 32 percent
saving in the length of the landing runway because of the use of negative propeller thrust. Another
experimental study resulted in more than 55% reduction of stopping distance with two propellers at
negative thrust on a B32 and a nearly 60% reduction with four propellers [24]. The usefulness of pro-
peller braking is intensified on wet or icy runways, where disk brakes have less braking capacity, while
aerodynamic propeller braking performs equally without loss of effectiveness. Other air brakes, such as
spoilers, increase aerodynamic drag for braking purposes. However, these systems lose effectiveness
at lower speeds, e.g. during landing, and cause severe buffeting [37].
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Figure 2.2: Effect of negative propeller thrust on braking distance on a landing run [37].
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Propeller braking can provide additional safety for an aircraft by providing a different braking mecha-
nism in case of a mechanical failure of the disc brakes or wet and icy runways. Extra braking capacity
also allows for the reduction of disc brake weight. The application of reverse thrust on a 45.000 kg B32
aircraft led to a weight reduction of nearly 200 kg [24]. Propeller brakes can also significantly affect
the tire and brake wear, wheel size, maintenance, and the length of landing run [24, 35, 60]. Shorter
landing runs will become feasible as the disc and propeller brakes can perform simultaneously. This
dramatically increases the number of possible emergency landing locations.

Negative propeller thrust is a very suitable system to use for braking purposes, with only a little ad-
ditional weight or systems. Adding aerodynamic braking to the aircraft's braking capacity can save
weight in the landing gear and increase safety and comfort with lower maintenance time and cost. In
the experimental study on a B32, the additional weight of the implementation of reverse thrust was
much smaller than the weight savings for smaller disc brakes, see Figure 2.3 [24]. Additionally, this will
lead to a reduction in brake wear in the tires and discs. Thus, less maintenance is required.
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Figure 2.3: Brake weights of disc and propeller [24].

The additional thrust mode could also offer possibilities to improve control surface effectiveness, al-
though strong reverse thrust can create turbulence over control surfaces as well [24]. For example,
opportunities arise for additional controllability when different advance ratios are applied to distributed
propellers. The aerodynamic behavior affected by the disturbed lift distribution is something that has
to be taken into account. The addition of negative thrust could also be used for taxiing backward. This
is interesting as it could decrease operating costs while the weight penalty is minor for thrust reversal
possibilities [66].

2.3. Propeller Aerodynamics at Negative Thrust

The aerodynamics of the propeller change as the operating conditions change. Propellers are optimized
to generate thrust forward and have different aerodynamic characteristics at negative thrust conditions.
This condition allows regenerating energy, for example, during descent. In the conventional propulsive
mode or at positive thrust condition, the velocity triangles and loads are shown in Figure 2.4a. The
rotational direction of the blades is to the right, and the free-stream velocity points downwards in the
figure. To generate negative thrust, the angle of attack has to be reduced to be negative [63]. The angle
of attack is established by the blade pitch angle  and the ratio of the free stream velocity V.. and the
rotational velocity. This ratio of the two velocity components is usually expressed as the advance ratio
J, see Equation 2.1. A negative angle of attack can be achieved for a fixed blade pitch by increasing
the advance ratio. A symmetric airfoil without camber is considered a simplification for the explanation.
For an asymmetric airfoil, a negative angle of attack would not necessarily result in a negative thrust. A
larger negative angle would eventually lead to a negative thrust coefficient with a negative thrust. The
advance ratio J is increased by increasing free-stream velocity V., or decreasing rotational speed n.
Once the advance ratio is increased until the effective velocity V4 has a negative angle « with respect
to the chord line, the pressure distribution has changed with negative thrust and negative torque due
to negative lift forces, as a result (see Figure 2.4b). This operation mode allows for restoring energy.
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The propellers in this condition can be compared to a wind turbine. Instead of using the wind to harvest
energy, the aircraft’s kinetic and potential energy are used.

J=—= (2.1)

The negative thrust condition is a sub-optimal condition for conventional propeller blades. Less opti-
mized blades could result in several effects, such as turbulence and separation of the boundary layer
or increased drag forces and lower thrust. These effects will also affect the aeroacoustic performance,
as separation might induce more broadband noise. An increase in noise generation would be disad-
vantageous, as the regenerative mode is expected to be used in densely populated areas.

(a) Positive Thrust (b) Negative Thrust

Figure 2.4: Velocity triangles at a propeller blade section in positive thrust condition (a) and negative thrust condition (b) [63].

The thrust coefficient can describe the performance characteristics of a propeller (Equation 2.2), power
coefficient (Equation 2.3), and propeller efficiency (Equation 2.4) [62].

T
Cr = m (2.2)
Cp = P 2.3
P — poon3D5 ( . )
Cr
U—JC—P (2.4)

The advance ratio is commonly used as an independent parameter to determine propellers’ perfor-
mance, which is often expressed in nondimensionalized parameters. The sub-optimal performance
of the propeller design at reverse thrust becomes clear when forward thrust and reverse thrust are
compared to airspeed [60]. As shown in Figure 2.5, thrust decreases with increasing velocity for for-
warding thrust, and thrust increases with increasing velocity for reverse thrust. Breaking performances
of reverse thrust conditions get as near as approximately 83% of forwarding thrust at zero velocity.
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Propeller Noise Characteristics

The aerodynamic noise of propellers has always been the primary noise source of propeller-driven
aircraft [55]. Aerodynamic noise can be described as radiation of sound caused by the relative motion
between airflow and a solid body, which would be the blades of a propeller [43]. This section will
discuss the different sound sources, generally known as fundamental sound sources. More propeller
specifically, noise is usually categorized into two types: tonal noise and broadband noise [17, 43]. The
relative importance depends strongly on the design of the blades and the operating conditions [38].

3.1. Fundamental Sound Sources

Fundamental sound sources are divided into monopoles, dipoles, and quadrupoles. These are the
elementary solutions of the equations of motion from the classical acoustic theory of minor disturbances
to gas at rest [17, 43]. Any of the three sound sources can be either steady or unsteady and be
responsible for harmonic or random noise radiation [17]. The latter two will be discussed in the following
sections. Gutin [30] was one of the first ones to study noise analytically [17]. Garrick and Watkins (1953)
have made much progress in predicting the behavior of the acoustic field [25]. However, Lighthill [46]
formed the basis of the currently used methods for propeller noise prediction [18]. The basic equation
for sound propagation is shown in Equation 3.1, where pressure equals the non-homogeneous wave
equation. The estimations have a reasonable correlation with empirical data at lower harmonics. The
predictions tend to underestimate [17] at higher harmonics.
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(3.1)

The terms on the left side are familiar from the wave equation, with p being the pressure perturbation.
c is the speed of sound and x; the displacement coordinates. The right side of the equation consists of
three terms that resemble the monopole, dipole, and quadrupole sources. Most literature refers to the
monopole and the quadrupole sources as negligible source types [17]. Multiple experiments show that
quadrupole sources have an insignificant contribution to the overall noise at low tip Mach number.

15
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(a) PULSATING SPHERE AS MODEL OF SIMPLE SOURCE OF SOUND
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Figure 3.1: Elementary sources of sound [43].

3.1.1. Monopole

The monopole is the most straightforward type of the three, which can be seen as a pulsating sphere,
alternately contracting and expanding, shown in Figure 3.1a. This simple source continues radiating
sound waves as a point source in all directions. Only a point of outflow exists from which the flow can
vary. An unboxed speaker is an excellent example of a monopole sound source.

3.1.2. Dipole

The second sound source is called a dipole. A dipole does not only vary in magnitude but in direction as
well. It contains a momentum resulting in an oscillating sphere as shown in Figure 3.1b. An example of
a dipole propeller sound source is loading noise. This will be discussed in detail in the following sections.
Dipole sources are usually the essential sources at subsonic conditions and low frequencies [17]. Most
studies on propeller noise focused on this sound source because of its predominance characteristic.
The importance of this sound source has been acknowledged since the work of Gutin [17].

3.1.3. Quadrupole

The final type of noise source can be seen as a pair of dipoles, with each dipole having opposite
forces as shown in Figure 3.1c [43]. This results in a quadrupole depicted as a sphere deforming in
four directions. Quadrupole sound sources cause nonlinear effects and nonlinear propagation. This
non-linearity results in long computing times when prediction techniques are used [53]. Also, multiple
studies have shown that quadrupole sound sources do not significantly contribute to the overall pro-
peller noise. Solutions show an increase of 2 or 3 dB due to quadrupole effects [36, 65], and up to 5
dB in the supersonic regime [53]. These tests were all performed in the forward thrust regime.

Due to the high computation times and the low significance of these quadrupole sound sources, the
nonlinear component is often neglected in predictions. Noise from jet engines is an example of a sound
source of quadrupole nature [43].



3.2. Rotational Noise 17

3.2. Rotational Noise

Aerodynamic propeller noise can be divided into two primary forms of noise radiation: periodic noise
and broadband noise [17, 43, 55]. Rotational noise is a form of periodic noise and can again be divided
into thickness and loading noise. These noise sources are overviewed in Figure 3.2.

AERODYNAMIC
NOISE

PERIODIC BROAD BAND
INTERACTION
ROTATIONAL AND TURBULENCE VORTEX
NOISE DISTORTION INDUCED NOISE
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TORQUE OBULATION INTERACTIONS VORTICES

Figure 3.2: Different types of aerodynamic noise [43].

Rotational or tonal noise is the noise radiated as an effect of the rotation of the propeller blades. Con-
trary to broadband noise, rotational noise is narrow-banded radiation. Rotational noise can be recog-
nized by looking at the discrete frequencies at the harmonics, which are multiples of the blade passing
frequency [43], shown in Equation 3.2. Suppose one point is considered in the propeller disk. In that
case, rotating blades will pass this point with the blade passing frequency, calculated by multiplying the
rotational velocity by the number of blades in Equation 3.2. As the blade passes through a fixed point,
the air is pushed away by the volume of the blade, causing pressure disturbance and radiating sound
waves [17]. This occurs every time the blade passes at the blade passing frequency. The disturbance
of the air is schematically shown in Figure 3.3, the resulting sound shown to be a periodic waveform.
The oscillating components portrayed in this figure are oscillations with frequencies that are multipli-
cations of the fundamental frequencies [17]. Thus, a rotating blade causes multiple harmonics, which
are directly correlated to the base frequency of the blade [55].
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Figure 3.3: Schematic diagram of the steady and oscillating Figure 3.4: Steady and oscillating components of the impulses
components of the impulses by a single propeller blade [55]. by two propeller blades [55].



18 3. Propeller Noise Characteristics

In the case of a second blade, The blade passing frequency doubles, and cancellation between these
two blades occurs for every other harmonic. The other harmonics, on the other hand, amplify each
other and become twice as large. The thrust force is doubled with an extra blade at a constant speed.
If constant thrust is assumed as shown in Figure 3.4, the harmonics that are not canceled out by each
other will have equal amplitude and frequency as the harmonics with one blade [55]. As the amplitude
stays the same and every other harmonic cancel out, the resulting noise is reduced. This means that
adding blades results in noise reduction for constant power [55]. However, as shown in Figure 3.5,
the addition of blades also causes another type of noise to increase, vortex noise. Vortex noise is an
example of broadband noise and will be discussed extensively in section 3.3.
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Figure 3.5: Effect of the number of blades at different tip speeds on noise levels for constant power [55].

3.2.1. Loading Noise

Loading noise sources result from forces that act on the blades due to the created pressure distribution.
The blades are initially designed to produce a pressure variation to create a lifting or thrust force. This
pressure distribution is constant from the blade’s perspective when a uniform flow is assumed [43], and
can be split up into lift and drag (the components perpendicular and aligned to the zero lift line, see
Figure 3.6) or thrust and torque forces (the components normal to and in the plane of the disc area of
the propeller), as described in Figure 3.2. As the forces on the blades are constant when a uniform
flow is assumed, this noise source is considered a steady loading noise [38, 53]. From an observer
in a fixed point, the disturbance of the surrounding fluid oscillates with the blade passing frequency.
Therefore, loading noise can be described as a dipole sound source type. Loading noise on propellers
can be seen as a mesh of dipole sources pulsating at blade passing frequency [43]. Gutin (1948) gave
the first complete definition of steady loading noise on propeller blades [53].

3.2.2. Thickness Noise

Another example of rotational propeller noise is thickness noise. Thickness noise is noise as an effect
of the volume of the blades and is one of the primary propeller noise sources [38]. However, Deming
suggested that loading noise was larger than thickness noise for conventional propellers [53, 55]. Marte
et al. (1970) and Diprose (1955) explain that thickness noise is insignificant compared to loading noise
at speeds below sonic, but it can gain dominance at higher tip speeds [43, 53]. As each blade has
a finite volume, every time the blade approaches a fixed point in the earlier considered propeller disc
area, a volume of air is continuously displaced or extracted at that point and then injected again when
the blade exits the point [38, 43, 53]. This can be considered a pulsating monopole source, oscillating
at blade passage frequency.
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Figure 3.6: Aerodynamic loads acting on propeller blades [1].

Lowson (1965) showed that thickness noise could not be categorized as just a monopole sound source,
as it contains different components that account for different noise sources [53]. According to Lowson,
convection due to mass displacement causes a dipole effect, and acceleration causes a quadrupole ef-
fect. Generally, loading and thickness noise represents the linear components in the noise field, while
the non-linear, quadrupole effects gain importance when flow disturbance becomes more significant
[53]. This shows that categorizing a noise type as a sound source is not always uncomplicated.

The strength of the source depends on the rate of mass displacement, determined by the geome-
try of the propeller blade [43]. The more volume a blade has, the larger the displacement of mass, and
the more thickness noise is radiated. The frequency of thickness noise is related to the blade passing
frequency, similar to loading noise. The airfoil shape and the geometry, such as blade width, have
importance at higher harmonics but do not affect the amplitude of the radiated thickness noise much
at low harmonics [55]. The volume of the blades is constant for different operating conditions. If the
propeller operates at zero lift condition or zero thrust, the blades will still radiate periodic noise due to
their volume. Loading noise in such conditions will minimize as the loads decrease. However, even
though the lift is zero, drag loads will still be present.

3.3. Broadband Noise

Rotational noise can be seen as the component radiated by the blades in inviscid flows. They appear
as sharp peaks in the spectral analysis [17]. The component that is added when the flow is introduced
to viscosity is considered to be the broadband component [17, 43]. Broadband noise shows random
characteristics in the spectral analysis over a wide range of frequencies. This includes flow separation,
turbulent boundary layers, vortices, and blade wakes. Generally, experiments focus on tonal noise
primarily, but for the total noise levels, broadband noise can have a significant contribution [41]. The
significance of this noise type in the regime of negative thrust remains unclear. Deming’s work was
elaborated by Yudin and added the basis of the currently used analytical definition of vortex noise [17].
Section 3.6 will discuss how broadband noise could become more significant in the noise field at neg-
ative thrust conditions.

Vortex noise is an example of broadband noise and can be considered the dominant source of broad-
band noise. This noise source can be split into two types of vortex noise, trailing edge noise and tip
noise [55]. Trailing edge noise is a blade self-noise and originates from the dispersal of the turbulent
boundary layer at the trailing edge of the blade [62]. Tip noise originates from the shedding of vortices in
the flow at the tip of the blades [43] and contributes mainly to the high-frequency broadband noise [15].
Blades that operate in the tip vortices or unsteady blade wakes from a previous passing blade cause
unsteady noise [43], resulting in broadband frequency noise sources. Adding blades will increase the
interference between the blades with the tip vortices from the preceding blades as the blade passing
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frequency increases at a constant rotational speed. Tip vortices or wakes will then have less time to exit
the operating area of the upcoming blade. The third source of broadband noise is turbulence-induced
noise. This is caused by turbulence in the airflow, which affects the flow at the leading edge of the
blade [62].

3.4. Directional Propeller Noise

Every noise source has its noise patterns as shown in Figure 3.7. These are theoretical noise patterns
that are not always representative of empirical data. The lobes of a dipole noise source are distin-
guishable, as are the four lobes of a quadruple noise source. The conditions in which propeller blades
operate, such as uniformity of the flow, also affect the polar distribution of these sources.
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Figure 3.7: Theoretical noise patterns for rotors, propellers, and fans [43].

The sound source influences the directivity of noise, but also interference effects can affect the radiation
of noise at certain angles. If noise’s directivity is not considered, one might derive incorrect conclusions
by measuring noise at one point or angle. Block (1986) found that pusher configuration propellers were
quieter than the tractor configuration, as the pylon caused a decrease in propeller noise at a small range
of angles compared to the pusher configuration. Still, an increase in every other direction [11].

Theoretically, propellers in a homogeneous space will show a symmetric noise radiation pattern around
the axis of rotation, see Figure 3.7. This would suggest that the noise pattern is not affected by the
direction of rotation. In reality, the inflow direction and variation in pressure distribution due to interfer-
ence of the wing, for example, will cause an effect on the direction of the rotation [55].

3.5. Propagation Effects

Sound travels, and as it travels, its properties change through time. The forces or disturbances caused
by the propeller blades to the air propagate through space and then arrive at the observer. This section
will discuss the way noise propagates through air. The distinction is made between near-pressure
fields and distant pressure fields [55]. The near pressure field is close to the propeller up to a couple of
diameters of the propeller disc. Further away from the source is considered the distant pressure field.
The initial amplitude of the pressure fields is dependent on the forces exerted by the blades. Still, more
factors other than the blades affect the propagation and attenuation of sound waves.
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3.5.1. Noise Propagation

The geometric distance between the sound source and the observer is one of the main reasons for
the sound loss in flux intensity, the gradual weakening of sound over a distance. The further away the
observer is from the source, the lower the intensity of the sound waves become. If a homogeneous
point source is considered, the sound pressure varies inversely as the square of the distance when it
arrives at the observer [43, 55]. This estimation is valid for observers in the far field where 6 dB is lost
every time the distance between the source and observer doubles [43].
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Figure 3.8: Atmospheric conditions affecting sound rays [44].

3.5.2. Atmospheric Attenuation

Two other factors that make sound waves lose energy while propagating are due to the atmosphere.
The first is classical absorption. Energy is assimilated through heat conduction, radiation, viscosity,
and diffusion [43]. The loss varies with the square of the frequency of the sound wave. Thus, sound
wave components of harmonics at higher frequencies have more considerable atmospheric attenuation
than the lower harmonic components. A design of propellers with radiations dominating the higher
frequencies would take advantage of the classical absorption. However, the human ear is less sensitive
to lower frequency sound waves [55].

cos@,  cos0, (3.3)

2 €1

The second factor is attenuation as a function of humidity and frequency which involves molecular
relaxation in the air [43]. Energy loss due to the molecular relaxation in the air is more crucial than
classical absorption, as the effect is more significant in humans’ frequency range. Other atmospheric
conditions that affect the magnitude and direction of the sound waves are wind, turbulence, temper-
ature, and humidity, as shown in Figure 3.8 for wind and temperature. This figure shows that sound
rays in a real atmosphere are not straight. This is due to the refraction of sound rays between different
mediums. Snell’s law calculates the incoming and outgoing angles of the refracted sound rays between
two media in Equation 3.3. It shows that the speed of sound affects the angles between two media.
This causes curved sound rays in a real atmosphere where the speed of sound changes over distance.
This effect is shown in the bottom drawing of Figure 3.8. The wind has the same effect as the speed of
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sound changes with wind speed. The refraction will depend on the direction of the wind and the direc-
tion of the noise propagation shown in the top drawing of Figure 3.8. Both effects can create shadow
regions where no sound rays arrive.

3.5.3. Frequency and Amplitude Modulation

The Doppler effect modulates the frequency of the radiated sound waves. The Doppler effect results
from the relative movements between the sound source and the observer. The impact of the relative
movement influences the observed frequency as shown in Equation 3.4.

c+v,
c— Vg

f=rh (3.4)
Where the observed frequency f, equals the formula including the source frequency fj, speed of sound
¢, speed of the observer v,, and the speed of the source v5. This equation shows that the frequency
decreases for movements that result in a greater distance between the source and the receiver, while
the opposite happens when the observer and source move towards each other [8]. The aircraft moves
towards a fixed observer and away from the observer during a flyover. The frequency of the emitted
sound will be different than the observed frequency due to the Doppler effect [43]. The frequency shift
is visible in Figure 3.9.

The fundamental frequency of propeller blades also differs in resulting vector direction and magnitude
for a propeller blade moving away from the observer than a blade approaching the observer. The blade
moving away from the observer has a negative resulting vector of a smaller magnitude than the blade
moving towards the observer with a positive larger resulting vector [55]. Because of the difference in
magnitude, they do not cancel each other out entirely. The retreating blade cancels the approaching
blade partly. It is interesting to note that shielding noise by a wing, for example, could cause an in-
crease in the observed noise when the canceling vector is shielded. If it is attempted to shield propeller
noise, it should shield the approaching propeller sound waves. The approaching blade causes much
higher pressure changes than a blade moving away. When the tip speed is doubled from M, = 0.62
to M, = 1.25, the blades make more than six times as much sound at constant thrust [55]. Therefore,
higher tip speeds radiate relatively more noise than blades at lower tip speeds. With the increase in
the number of blades, lowering the tip speeds is an effective measure to decrease propeller-radiated
sound. Lower tip speeds result in more thrust-efficient propellers as the efficiency reduces at higher
rotational speeds. According to Brown et Al. (1971), however, these measures to lower propeller noise
do not seem to be effective in reality [17], while Hanson (1980) concludes they are effective, but more
for financial reasons and efficiency or weight reduction [34].
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Figure 3.9: Spectrogram of the noise emitted by a propeller-driven aircraft [61].



3.6. Propeller Aeroacoustics at Negative Thrust 23

3.6. Propeller Aeroacoustics at Negative Thrust

The problem of aircraft noise became more pronounced as propeller power increased with the arrival
of jet engines. Also, the increase of flights in densely populated areas makes the study to decrease
aircraft noise radiation more relevant. At negative thrust conditions, different noise sources might be
dominant compared to forwarding thrust conditions, as the geometry of the propellers is mainly op-
timized for efficiency at conventional operating conditions. The sub-optimal airfoil in negative thrust
conditions is more susceptible to flow separation, which causes a source of broadband noise. One of
the abilities of the negative thrust condition is to decrease the velocity during landing while recharging
the battery, a critical operation regarding sound annoyance, as descent usually occurs in densely pop-
ulated areas.

The vast majority of the literature discusses the noise of propellers in the conventional forward thrust
condition. Many researchers have looked into the radiated noise of propellers in forwarding thrust con-
ditions, as the produced noise became a rising problem with the increase of propeller-mounted aircraft
in densely populated areas [17, 18, 31, 38, 43, 55]. Extensive studies have been performed on the
prediction of propeller noise as well as the collection of empirical data in the forward thrust regime. In
general, the final objective was often to decrease the propulsion noise.

In the latest study by Goyal et al. [27], it is stated that aerodynamic and aeroacoustic characteris-
tics are significantly distinct for propellers in forwarding thrust conditions compared to negative thrust
conditions. Goyal (2021) has made numerical approaches to predict propeller noise in both regimes
but concludes that the relevance of broadband noise in the negative thrust regime is still unclear.

When conventional propellers operate at reversed thrust conditions to regenerate energy, the loads
tend to cancel out, and the loading noise becomes lower than forward thrust propulsion. However,
the thickness noise increases, and broadband noise may gain significance due to the separation of
the boundary layer as an effect of the sub-optimal blade design in this condition. Separation of the
boundary layer will induce a turbulent wake with pressure fluctuations that generate noise over a wide
range of frequencies. In an experimental study, this separation could be accurately simulated to show
the importance of broadband noises at negative thrust conditions compared to forwarding thrust con-
ditions.






Aeroacoustic Experiments on Propellers

4.1. Similarity and Scaling Parameters

4.1.1. Mach number and Reynolds number

During wind tunnel experiments, one always tries to simulate real flight conditions within a controlled
setting. However, due to limitations, real-life conditions can not always be simulated precisely. Due to
size limitations, for example, a scaled model is often used to simulate the effect of loads on the real-
size model depending on the wind tunnel size. The scaling of a model influences how the fluids act
on the model’'s surface. Aerodynamic performances change when flight conditions are not matching,
while it is essential to maintain similarity for an experimental study. Two main similarity parameters
are the Reynolds number and the Mach number. Reynolds number (Equation 4.1) is a parameter
representing the ratio of inertial forces to viscous forces. The Mach number (Equation 4.2) relates
to the compressibility of the fluid. Compressibility effects become more significant at higher Mach
numbers.

_pVL

u

Where p is the density, V is the velocity, and y is the viscosity coefficient. L indicates the characteristic
length of the problem, and c is the speed of sound.

Re (4.1)

M—V 4.2
== (4.2)

To maintain similarity between real-life conditions and experimental cases, it is essential to match the
Reynolds, and Mach numbers between the two [32]. If the two similarity parameters correspond to
each other in an experiment, the relative dominance of forces on the model is as to be expected in real
life. This method is based on the principle of similitude, which states that if two systems are similar in
terms of dimensionless numbers, they are similar in terms of behavior. The relationship between how
the aerodynamic forces change with the fluid’s viscosity is very complex. The behavior of the boundary
layer on a surface is highly dependent on the fluid’s viscosity, which is an essential effect for studies
in aerospace applications. The scaled thickness of the boundary layer is inversely correlated with the
Reynolds number. The boundary layer changes the effective shape of the model, which results in dif-
ferent performances. If the boundary layer continues to grow, it can separate from the surface, causing
unsteady flow conditions. The drag of an object is also highly dependent on viscosity.

Real flights occur at high Reynolds numbers, and scaled models in atmospheric conditions will not
have the same Reynolds number. Some wind tunnels can compensate for the difference by pressuriz-
ing the wind tunnel or by altering the fluid’s viscosity. Sometimes the tripping technique is used to induce
boundary layer transition at low Reynolds numbers. However, there is a risk of over-correction with this
technique. Propeller performance highly depends on the Reynolds number [9]. This is also shown in
Figure 4.1, where the propeller efficiency increases significantly with the Reynolds number, especially
at high advance ratios. Matching the Reynolds number in a laboratory is challenging, depending on the

25



26 4. Aeroacoustic Experiments on Propellers

facility. The freestream velocities are often lower, and the model is often scaled. The experiments in
this thesis will have a Reynolds number ranging from Re%7R = 0.8-10° to Rel7R = 1.9-10°, much lower
than real-life conditions with a full-scale propeller which has a range up to Re27R = 1.0-10° or higher. A
lower Reynolds number shows a decrease in propeller efficiency for the entire range of advance ratio.
This is a result of the thicker boundary layer at lower Reynolds numbers [7]. A thicker boundary layer
increases the drag while lift forces decrease. This results in a more significant decrease in thrust than
torque and, thus, reduced propeller efficiency.

Mach number is essential as the compressibility effects are related to the Mach number. The Mach
number is the ratio between the aircraft’'s velocity and the speed of sound. In subsonic wind tunnels,
compressibility effects are usually neglected, as the Mach numbers are low. At low Mach numbers,
the density is assumed to be constant. The energy of the air molecules rises when the Mach number
rises, with local pressure increase as an effect. Compressibility effects cannot be ignored when ve-
locities approach the speed of sound or higher. Disturbances cause shock waves at these high Mach
numbers. The tip Mach number is the most critical parameter for aeroacoustics as it approaches the
speed of sound the fastest. The tip Mach number strongly affects the generated sound levels by the
blades. Propeller noise is characterized by amplitude and frequency. The frequency of discrete tones
will occur at the BPF and its multiples or harmonics. The pressure disturbances are related to the
aerodynamic pressure distribution of the propellers. Therefore, the Mach number is the most critical
similarity parameter in aeroacoustics.
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Figure 4.1: Effect of Reynolds number on propeller efficiency for different advance ratios [62].

The local Mach number on a propeller blade is given by Equation 4.3 at a blade section. The Mach
number should be similar to the full scale to ensure similarity in tonal noise when equal loading is
assumed. By keeping this similarity parameter equal to a full-scale propeller, it can be assumed that
the relative wavelength with respect to the model’s dimensions and its noise levels will remain similar
[16]. For a scaled model, r is scaled down. Therefore the angular frequency, w, has to be scaled up for
a constant speed of sound. The magnitude of the radiated propeller noise of the model scales inversely
proportional with the distance at which the sound waves are recorded, which means that a scale model
of 1:2 will emit the same noise level at a certain distance as the full-scale model at half that distance
and twice the frequency. Broadband noise, unlike tonal noise, exhibits a complex relationship between
frequency and scaling. This is because the scaling of broadband noise is influenced by factors such
as the interaction with the boundary layer, which can vary with frequency. Despite this complexity, the
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general relationship between frequency and scaling remains constant for broadband noise.

M, = /Mgo e (4.3)

The Mach number scaling of propeller noise can be derived using the theory proposed by Hanson in
[34], or by Lighthill in [46]. This approach considers the lifting surface, such as the propeller blade, to
produce noise proportional to the Mach number’s sixth power. This scaling relationship accounts for
the contributions of dipole and quadrupole sources in the noise generation process [26].

4.1.2. Dimensional Analysis

Dimensional analysis is an established methodology for comparing quantities with their respective base
units. These base units play a crucial role in propeller design and are essential in evaluating perfor-
mance outcomes. In propeller noise, the blade passing frequency (BPF) is frequently employed to
normalize frequency according to the Strouhal number, a non-dimensional metric. The Strouhal num-
ber is the ratio of the sound frequency to the velocity of the motion multiplied by the characteristic length
of the system. By normalizing frequencies to the BPF, the Strouhal number remains constant for scaled
experiments when operated at equivalent advance ratios as the full-scale propeller. Consequently, it
is common practice in the literature on propeller noise to express the amplitude as a function of the
multiples of the BPF [12], where the Strouhal number is defined as Equation 4.4. This approach allows
a more direct comparison between a propeller’s noise and its blades’ rotation frequency.

_f
St = 5o (4.4)
In aeroacoustics, noise amplitudes are frequently reported regarding sound pressure level (SPL) in
decibels, a logarithmic measure. The definition of SPL is shown in Equation 4.5, where the measured
pressure data is normalized with the reference pressure, pg. The reference pressure of 20 yPa is based
on the threshold of human hearing, and thus, an SPL of 0 dB corresponds to the lowest sound level

that human ears in the air can perceive.

SPL = 20log,, 21 (4.5)
Po
However, the human threshold is not a scalable parameter. This makes a direct comparison of data
between different scales challenging. Geng et al. (2021) have made an effort to define a physics-
based scaling approach for propeller noise to obtain scalability for the amplitude based on the thrust
instead of the threshold of human hearing [26]. The dimensionless TT (Equation 4.6) was defined to
evaluate the effect of the disk loading on the acoustics. Using this definition, it is possible to express the
propeller noise in terms of scaled frequency and amplitude. This makes scaling the mounted propeller
to a full-size propeller in real flight more straightforward.

2

D
M= 20109% (4.6)

4.2. Effect of Propeller Thrust in a Wind Tunnel

Thrust and drag can be corrected for tests where momentum or sources and sinks occur in the wind
tunnel [23]. A propeller is theoretically a plane in the test section that adds momentum to the flow.
The error in thrust and drag comes from the fact that flow velocity increases by adding the propeller’s
momentum. This additional momentum is at normal conditions, not present in the wind tunnel [23].
Two models are usually used to correct this effect. The effect of a propeller operating in forwarding
thrust conditions (momentum source) is the opposite of one operating at negative thrust conditions
(momentum sink). The correction confides on obtaining an equivalent free stream velocity for the
given thrust, where the thrust is estimated from the momentum equation for the free stream on the one
hand and the combination of pressure and momentum consideration in the closed wall wind tunnel on
the other [23].
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Experimental Setup

The framework of the research is divided into three main parts, the harvesting of propeller data, the
experiment, and the processing and analysis of the data. This section will include specifications of all
the materials used to perform the acoustic measurements. Furthermore, it will explain the different test
conditions and the test matrices used during the experiment. The measurement challenge of the thesis
is to assess the relative importance of tonal and broadband noise types generated by propeller noise
sources in the negative thrust regime. The results will be compared to the noise sources generated
by propellers in forward thrust as a reference. Noise generated by the propeller is dividable into two
categories: harmonic noise and broadband noise. The motor, wind tunnel fan, and other wind tunnel
systems can cause unwanted noise sources and vibrations. Each of these noise sources can interfere
with the wanted signal.

The effect of negative thrust on propeller noise is quantified in terms of thickness noise, loading noise,
and broadband noise with respect to those noise types in forward thrust. At negative thrust mode,
the boundary layer separation might play a significant role in the shift of the relative importance of the
noise types due to the detachment of the flow on the lower surface of the airfoil, causing a turbulent
wake. Other aerodynamic effects, such as laminar separation bubbles (LSB), are likely to occur at
low Reynolds numbers [28]. The Reynolds number of the tests ranges from 0.5 - 10° to 2.0 - 10%. The
possible presence of laminar separation bubble noise should therefore be kept in mind for propellers
operating at low Reynolds numbers. Laminar separation bubbles are known to cause high-frequency
noise [28]. The propeller at negative thrust conditions will operate at sub-optimal conditions with con-
ventional propellers, as they are optimized for forward thrust settings.

5.1. Wind-Tunnel Facility

The acoustic experiments have been carried out in the low-turbulence wind tunnel (LTT) at the Low-
Speed Wind Tunnel Laboratory at Delft University of Technology. This is an atmospheric closed-throat
single-return type of tunnel of which the closed-wall test section has an octagonal cross-section of 1.80
x 1.25 meters and a length of 2.60 meters. The top and bottom parts of the test section have flushed
turntables for the attachment of the model. The wind tunnel has a fan with six blades, driven by a 525 kW
DC motor with a maximum free-stream velocity at the test section of 120 m/s. The corners of the wind
tunnel have been installed with corner vanes to guide the flow through the corners while maintaining
constant flow characteristics. These vanes feature a cooling system to regulate the temperature of the
flow [3]. The turbulence intensity of a wind tunnel section shows how constant the wind speed is in the
wind tunnel with respect to the mean wind speed [40]. The turbulence intensity of this wind tunnel varies
from 0.015% at 20 m/s to 0.07% at 75 m/s. These are high-quality flows due to the large contraction
ratio of 17.8:1. The contraction area of a wind tunnel increases the flow velocity at the test section and
contributes to a uniform flow. Buoyancy can be neglected due to the diverging test section that reduces
the longitudinal pressure gradient. The diverging test section and the other described components of
the wind tunnel are well shown in Figure 5.1. For acoustic measurements, it has to be considered that
the tunnel is a closed- and hard-wall test section without acoustic lining for acoustic absorption, which
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is undesired for carrying out acoustic experiments. Therefore, acoustic experiments will experience
reflections of the noise source from the model and noise and vibrations from the wind tunnel system.

o Fan and straig hte ners o Antr-turbulence screens o Diffuser

o Motor ° Screen store room o T ——

o Corner Vanes o Contraction o Spider web

(@ Settiing chamber @) Exchangeable test section © si-component balance

Figure 5.1: Drawing of the Low-Speed Wind Tunnel Laboratory at Delft University of Technology.

5.2. Propeller Model and Geometry

The TUD-XPROP propeller is used as the propeller model. The TU Delft propeller represents earlier
models of a typical turboprop propeller. It has up to six blades that are independently assembled to
the hub. They have no sweep and can be mounted to the hub at any blade pitch angle. For the
acoustic measurements, the blade pitch angle is set to 30°. The blades are made of carbon fiber, and
the propeller has a diameter of 20.4064 m. The propeller hub has a diameter of 20.122 m. The local
thickness-to-chord ratio of the airfoil sections varied from 5% mm near the tip to 36% at the hub. The
local blade pitch angle was set to 30° at 70% of the radial distance, varying from 22° at the tip to 57°
at the hub. A schematic drawing of the setup is shown in Figure 5.2. The propeller is attached to the
nacelle with the electric motor, which is water-cooled, at the rear of the nacelle in front of the support
beam. The distance from the propeller disc plane to the heart of the motor is 470 mm, and it has a
length of 107 mm. The motor shaft is attached to the propeller shaft using a shaft coupling. The nacelle
is attached to the support beam, which is covered by a removable 3D-printed fairing. The support beam
(650 mm from the propeller plane) passes through the top turntable of the wind tunnel test section and
connects to the external six-component balance above the test section, see Figure 5.1. The angle of
attack for this model is fixed, while the sideslip angle can be varied by rotating the turntable to any
angle.

5.3. Measurement Techniques

5.3.1. Six-Component External Balance

The force balance is a primary measurement device for the wind tunnel. External six-component bal-
ances are used to measure aerodynamic forces and moments on the model in three axes (x, y, and
z) with high precision, using strain gauges. An element in the gauge is stretched, and the force is
computed with the resistance and current that runs through the gauge element using Ohm’s law [52].
This information is then forwarded to the control room of the wind tunnel. The balances are called ex-
ternal, as they are positioned outside the test model in the wind tunnel. The support beam of the model
is directly assembled to the external balance above the test section. Therefore, the systems are not
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Figure 5.2: Schematic drawing of the side view (left) and the front view (right) of the model setup and microphone positions.

interfering with the flow field. Before every measurement during the experiment, zero measurements
are performed to remove forces and moments on the external balance that are not of aerodynamic
nature. This is done to cancel out external factors that act on the balance, which are not aerodynami-
cally induced forces or moments. Examples of these factors include the model’s weight or stresses in
cables.

5.3.2. Microphone Specifications and Placement

Two microphone arrays were placed in the test section as shown in Figure 5.3, one in the side wall
perpendicular to the propeller plane and a linear array on the floor aligned under the rotational axis
of the propeller. The wall array consists of 58 G.R.A.S. 40PH analog free-field microphones with a
diameter of 7 mm, a frequency range between 10 and 20 kHz, and a maximum SPL of 135 dB. The floor
array consists of 5 microphones. The position of the combined 63 microphones is shown in Figure 5.4.
The wall array is located at a distance of 1025 mm in the y-direction from the center of the propeller hub,
outside the flow. This was done by placing a Kevlar fiber wall between the flow and the microphones.
The floor microphones are placed directly below the propeller and flushed with the test section’s floor.
An out-of-flow placement of the microphones will increase the distance from the noise source to the
microphones, but it has the advantage that it does not disturb the flow with self-noise, which is another
unwanted noise source.
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Figure 5.3: Picture of the model setup and the microphone array on the wall and floor.



34 5. Experimental Setup

The microphones are positioned on an acoustic array with a width and height of 1.349 m and 0.402 m,
respectively. The floor array is aligned with the flow direction in the center of the propeller installed in
the bottom turntable of the test section at a distance of 625 mm in the z-direction from the hub. The 63
microphones were covered with a layer of Kevlar fiber cloth during the acoustic experiments. This acts
as a wall and separates the test section from the area where the microphones are placed. According
to multiple studies, acoustic measurements using Kevlar test screens experience a significant loss in
noise levels [49]. Itis not proven that it also changes the acoustic composition of the sound waves. The
microphones record the pressure difference as a voltage. This voltage can be converted to pressure
units after applying the calibration of the microphones, meaning that the low-frequency range of the
measurements is near-field. At the same time, the high-frequency region could be considered far-field.
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Figure 5.4: Microphone wall and floor array positions with its number, seen from behind the wall.

All microphones were placed at least 0.422 m away from the propeller blades. While the definition of
far-field is not set in stone, a rule of thumb exists that far-field starts at approximately one wavelength,
A, from the source. Following this rule of thumb, frequencies below 800 Hz for the floor microphones
and 550 Hz for the wall microphones are considered near-field for the nearest microphones.

5.4. Test Conditions

The design of the test setup and the test or the test matrix was pre-determined and not adapted to
the purpose of acoustic measurements. The propeller noise can be contaminated or even masked
by motor noise, vibrations of the test rig and wind tunnel structure, and tunnel wall reflections of the
test section, as the wind tunnel is not acoustically treated. The wind tunnel is operated at 20 and 30
m/s wind speeds for acoustic measurements. These possible wind speeds could offer positive and
negative thrust settings. To observe the aeroacoustic effect of the propeller in negative and positive
thrust settings, the advance ratio (see Equation 5.1) was varied between 0.6 and 2.0, where V., is the
axial flow velocity in meters per second, n the angular frequency of the propeller in hertz, and D the
diameter of the propeller in meters. These advance ratios correspond to the thrust settings ranging
from C+=-0.35 to 0.3, see Figure 5.5.

j=-= (5.1)
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The Reynolds number for these tests varies between 0.8 - 105 and 1.9 - 10°, where the kinematic vis-
cosity, v, is 1.46 - 10~°. Measurements were taken of the propeller motor without blades to quantify
the sound levels of the propulsion system. These are the noise levels of the motor without loading.
Wind tunnel noise was measured for each wind speed without propellers and the background noise
without propeller noise or noise from the electric propulsion or the wind tunnel system. It is crucial to
measure these sources that are not propeller related to identify them as external noise sources in the
propeller noise measurements. All acoustic measurements lasted for 30 seconds, the sample time of
the acoustic data. Acoustic measurement of a large duration translates directly into a higher possible
resolution data in the frequency domain [59]. The angle of attack was fixed at 0° for every run. The
angle of the sideslip was constant at 0° as well. The number of blades was six during all the runs.

Table 5.1 shows the test matrix for the first run. Test number 1 of run 1 measured the background
noise. The wind tunnel and propeller were off during the background noise test. For the other tests of
run 1, the flow speed was kept constant at 30 m/s, and the advance ratio was varied from 0.8 to 2.0
by varying the angular frequency of the propeller and keeping the wind speed constant. For run 2, in
Table 5.2, the wind speed was constant at 20 m/s, and the advance ratio was varied from 0.6 to 2.0
in the same way as in run 1. The data from these two first runs will contain the propeller noise. Runs
3 and 4 are measurements of the propulsion system of the propeller without propeller loading, mainly
the motor noise and possibly vibrations. The motor spins without blades or blade loading at different
angular frequencies in runs 3 and 4 correspond with the speeds done in runs 1 and 2, respectively.
During these measurements, there was no wind speed. Finally, in Table 5.5, sound measurements
were performed at different wind speeds with the model but with no assembled blades or propulsive
noise. Test 3 and 1 from run 5 correspond to the wind speeds of the tests in run 1 and 2, respectively.
The propeller has six blades, and the wind tunnel fan has six blades. The blade passing frequency
of the propeller and the wind tunnel fan can be calculated using its revolutions per second multiplied
by the number of blades. The pitch angle of the blades is 30° for every test. Figure 5.5 shows that
J < 1.4 has positive thrust coefficients, and for J > 1.4, thrust coefficients are negative with a pitch of 30
degrees. Therefore, the propeller in test numbers 1-4 (2-4 for run 1) generates a positive thrust force,
and test numbers 5-10 generate a negative thrust force in both runs 1 and 2.
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Figure 5.5: Thrust coefficient curves of the TUD-XPROP for blade pitch angles 3= 15° and 3= 30°.
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Table 5.1: Test Matrix for Run 1.

Table 5.2: Test Matrix for Run 2.

Table 5.3: Test Matrix for Run 3.

Run 1 (30 m/s)

Testno. | V[m/s] | J[-] | rpSprop [HZ] | rpsw: [HZ]
1 0 - 0 0
2 30 0.8 92.27 5.7
3 30 1.0 73.82 5.8
4 30 1.2 61.52 5.9
5 30 1.4 52.73 5.9
6 30 1.6 46.14 6.0
7 30 1.7 43.42 6.0
8 30 1.8 41.01 6.0
9 30 1.9 38.85 6.0
10 30 20 36.91 6.0

Run 2 (20 m/s)

Testno. | V[m/s] | J[-] | rpSprop [HZ] | rpsw: [HZ]
1 20 0.6 82.02 3.8
2 20 0.8 61.52 3.9
3 20 1.0 49.21 4.0
4 20 1.2 41.01 4.0
5 20 1.4 35.15 4.0
6 20 1.6 30.76 4.1
7 20 1.7 28.95 4.1
8 20 1.8 27.34 4.1
9 20 1.9 25.90 4.1
10 20 2.0 24 .61 4.1

Table 5.4: Test Matrix for Run 4.

Run 3 (30 m/s) Run 4 (20 m/s)
Test no. | V[m/s] | rpSmotor-1p [HZ] Test no. | V[m/s] | rpSmotor-1p [HZ]
1 0 123.03 1 0 82.02
2 0 92.16 2 0 61.52
3 0 73.76 3 0 49.21
4 0 61.52 4 0 41.01
5 0 52.73 5 0 35.15
6 0 46.14 6 0 30.76
7 0 43.42 7 0 28.95
8 0 41.01 8 0 27.34
9 0 38.85 9 0 25.90
10 0 36.91 10 0 24 .61
Table 5.5: Test Matrix for Run 5.
Run 5
Test no. | V[m/s] | rpsy: [Hz]

1 20 4.02

2 25 4.97

3 30 5.92

4 40 7.78

5 50 9.65
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5.4.1. Similarity of Test Conditions

In the field of aeroacoustics, the local Mach number is considered the most important similarity param-
eter [16]. The Reynolds number is an important similarity parameter for aerodynamic performance.
The similarity can be shown by determining the scalable tip Mach number and the Reynolds number
at each test condition. By comparing the similarity of these parameters at each test condition, it is
possible to gain insight into how the experiment relates to a full-scale propeller in real-life conditions
and to assess the extent of scaling required for comparison with actual flight conditions.

The helical tip Mach number of a propeller is a combination of the rotational speed of the propeller
and the freestream velocity or speed with respect to the surrounding air in the wind tunnel. The Mach
number is calculated using the formula presented in Equation 4.2. The helical tip Mach number is then
calculated in Equation 5.2. The Reynolds number is defined in Equation 4.1.

L2
M, =M% + MZ = fMgo + (%) (5.2)

The helical tip Mach number and the Reynolds number at each test condition are calculated and illus-
trated in Figure 5.6. It is observed that tests at higher thrust coefficients exhibit higher Mach numbers
than tests at lower thrust coefficients, as the rotational speed varied to achieve the variation in thrust.
Scaling in tip Mach number significantly impacts the amplitude of the generated noise, and in the cur-
rent setup, it also affects the frequency. The tip Mach numbers in the current study vary from 0.16 at
negative thrust to 0.35 at positive thrust. However, it is important to note that full-scale propellers in
actual flight operate at much higher tip Mach numbers, with values reaching up to 0.8 or higher. Thus,
all the test conditions fall short of the actual flight Mach numbers.

The test conditions with higher thrust coefficients (lower advance ratio) are found to be closer to the
actual flight Mach numbers than those with lower thrust coefficients. This implies that the sound levels
of those conditions are more representative of the full-scale propeller at the scaled distance and fre-
quency, assuming similar loading and propeller geometry. The tip Mach number has a strong positive
correlation with the magnitude of the radiated noise [54]. When scaling the tip Mach number up to ac-
tual flight conditions, the power of the noise will increase due to the increased loading. This means the
noise measured at negative thrust will increase more than at positive thrust when scaled to the same
tip Mach number. At Mach numbers higher than 1, shock waves can occur, which were not simulated
in this experiment. Additionally, higher tip Mach numbers can also increase the tip-vortex interaction,
which is a significant source of broadband noise.

To achieve a more accurate representation of actual flight conditions, it is recommended to maintain
a constant tip Mach number throughout the tests in future studies. The varied tip Mach number in the
current study makes the extent to which the frequencies are scaled differently for every thrust setting.
Recommendations for increasing the similarity in Mach number between the test and actual flight con-
ditions can be found in chapter 9 of this report.

The Reynolds number is a crucial parameter that determines the degree of viscous effects around
the blades, affecting the loading on the propeller. In the current study, the Reynolds number also var-
ied between the test conditions, thus influencing the propeller’s performance. The Reynolds numbers
vary from Re27R = 0.8 - 10° at negative thrust to Rel7R = 1.9 - 10° at positive thrust. It should be noted
that these values are significantly lower compared to actual flight conditions. Under these conditions,
viscous forces dominate, leading to higher drag due to increased surface friction, negatively impacting
the propeller’s performance.

At lower Reynolds numbers, the boundary layer around the blades is relatively thicker, resulting in an
increased probability of flow separation. This can lead to an increase in broadband noise. However,
when the Reynolds number is scaled up to real-life conditions, the boundary layer becomes relatively
thinner, and flow separation is delayed. The blades’ loading increases, leading to an increase in tonal
propeller noise generation.
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The data presented in chapter 7 are non-A-weighted noise levels. As the frequency shifts with respect
to full-scale propellers, it is not appropriate to apply A-weighting directly. Instead, it is recommended
that the data should be scaled first, and the A-weighting should be applied subsequently. This approach
ensures that the A-weighting is applied correctly and accurately reflects the noise characteristics of the
propeller. It is important to note that this process is not trivial in this case, as the Mach number differs
for each condition. Recommendations for future research that make it easier to use the data for scaling
purposes are provided in chapter 9 of this report.
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Figure 5.6: Similarity parameters tip Mach number and Reynolds number for thrust setting where V = 30 m/s.



Data Processing

Aeroacoustic wind tunnel tests can become quite challenging when one noise source is to be analyzed,
given that microphones record every noise source generated by the entire system in the environment.
Signal processing will help isolate the wanted signal, but this is a complex process and not always
successful. The wind tunnel affects sound waves and their propagation toward the microphones, and
background noise and reflections can disturb the signal. Figure 6.1 presents a flowchart that provides
an overview of the processing methods discussed in this chapter. The data that was provided by the
wind tunnel experiments are shown as inputs for the signal processing methods in blue.

This section covers the methodology of the third part of the research framework, the data processing.
The data will be processed using Matlab. Matlab is the most suitable for this purpose, as it contains
ready-to-use packages for processing the data. It also has the ability to show the results graphically.
During data processing, the main objective is to isolate and quantify the dominant noise sources or to
quantify the change of those noise sources with the variation of the thrust mode.
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Figure 6.1: A flowchart presenting an overview of the various signal processing methods employed, along with their inputs and
outputs.
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6.1. Noise Signal in Time Domain

The data resulting from the acoustic measurements are raw and are time-domain-based data. The
recordings can be directly plotted as shown in Figure 6.2. The plot shows an example of one of the
microphones for two test settings, run 1 test 2 (V.. =30 m/s, J =0.8) mic 1 and run 2 test 1 (V.. =20 m/s,
J=0.6) mic 1. The recorded sound pressure was measured over 30 seconds with a sampling frequency
of 51.2 - 103 Hz. The signal from run 1 has a larger amplitude than from run 2. This is expected as the
wind speed is larger, and with a constant advance ratio, the angular frequency is higher. This results
in higher amplitude sound waves from both the wind tunnel and the propeller. The root-mean-square
pressure value is, in fact, double for run 1 with respect to run 2. However, the microphone calibrations
have not been applied yet. This will be done later in section 6.2.
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Figure 6.2: Time signal of microphone 1 and its root-mean-square of run 1 (left) and run 2 (right).

Spectrograms show the signal’s power at each frequency as a function of time. Similarly to the previous
plot, one microphone is shown for two test cases as an example in Figure 6.3. The two left plots
show the power over the frequencies between 0 and 1500 Hz. It is observed that the horizontal lines
stay constant over time. The power over the frequencies should stay constant over time, as the test
conditions have been kept constant during the measurements. The color bar shows negative power
values as these are relative values. Some frequencies approaching zero show higher amplitudes. The
right plots show a close-up of the left ones in a region where higher power is plotted. For plot b, a dark
red line is visible around 34 Hz, which is the BPF of the wind tunnel fan during this run. For d, this
should be around 23 Hz, although this line is less defined. This could be due to disturbances of other
noise sources and a lower tonal noise source from the fan, as it spun at a lower speed.
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Figure 6.3: Spectrograms of average signals for run 1 (a), close-up of run 1 (b), run 2 (c), and a close-up of run 2 (d) over 30
seconds.
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6.2. Microphone Sensitivity and Calibration

For the voltage signals to be converted to the correct pressure levels, microphone calibrations were
performed for each microphone. Noise waves vibrate the microphone’s diaphragm, which is then con-
verted into electrical currents in volts [45]. The sensitivity of a microphone is an important aspect when
it comes to its calibration. It is the ratio between the sound pressure input and the electrical output
of the microphone. A higher sensitivity means more volts are measured per pascal. The sensitivity is
commonly expressed as the transfer factor millivolts per pascal. Calibration is performed by exposing
each microphone to a known input. Generally, a 1 kHz pure tone at 74 dB or 94 dB sound pressure
level, equivalent to 0.1 Pa or 1 Pa pressure respectively [56]. The hearing of a human person works
logarithmically. Therefore, the microphone sensitivity is often expressed in dB. Equation 6.1 converts
the transfer factor in millivolt per pascal into dB relative to 1 volt per pascal [45].

TFnv/p
SdBV = 20l0g10 (—10001;;1[///apa> (61)

The calibrations for this research were performed using a G.R.A.S. 42AA pistonphone with a calibration
level of 94 dB (reference sound pressure 20 pPa) at 1 kHz and a sampling frequency of 51200 Hz for
the microphones in the wall and floor array with a total of 63 microphones. The calibration gives the
sensitivity of each microphone in mV/Pa with an uncertainty level of 0.09 dB. This is used to convert
the measured voltage of the experiments into pressure in pascal by dividing the voltage in mV by the
sensitivity in mV/Pa. The calibration factor for each microphone is shown in Figure 6.4. The five red
bars are microphones from the floor array, and the blue bars are microphones in the wall array. There
is no bar visible at number 48, as this microphone input number was used for the 1P-signal to measure
the angular frequency of the shaft, as will be discussed in section 6.3.
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Figure 6.4: Microphone calibration factors for a 1 kHz tone at 94 dB.

In the frequency spectrum, which will be discussed in section 6.4, it becomes clear how important
calibration of microphones is. Figure 6.5 shows a raw signal and a calibrated signal converted into the
frequency spectra and to sound pressure levels. The difference between the two plots is 3.2 dB, which
is a large difference if it is kept in mind that decibels are logarithmic and that a difference of 3 dB equals
the doubling of the sound energy.
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Figure 6.5: Comparison between raw data and calibrated data in the frequency domain for run 1 test 2 mic 1.
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6.3. Angular Frequency

A one-pulse signal is used to record the actual rotational speed of the propeller shaft. The measure-
ment device is placed with a sender and receiver on the propeller shaft and in the nacelle. When the
shaft rotates, it records a pulse signal every time the sender passes the receiver. This gives an ac-
curate measurement of the time between each rotation of the propeller. The pulse signal, 1P signal,
is processed by finding the peaks in the signal and calculating the rotational speed of the propeller
using the time between each peak. Figure 6.6 shows the first 0.1 second of a 1P signal of run 1 test
2 as an example. The distances are converted into the rotational speed of each revolution, showing
that every revolution has an angular frequency of around 92 Hertz. The average angular frequency
of 92.2707 corresponds with the angular frequency on the test matrix in Table 5.1, 92.27. The blade
passing frequency, BPF, can be calculated based on the 1P signal using Equation 6.2.
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Figure 6.6: Example of a 1P signal with its located peaks (left) and the angular frequency (right).

6.4. Fourier Transformation

Sound or noise is measured by using microphones in the time domain. The sound waves pass the
microphone’s membrane, and the pressure changes are measured over time. The output signal is,
therefore, in the time domain. The Fourier transform is a general method used to convert a signal in
the time domain to the frequency domain, as shown in Equation 6.3. The frequency domain is used to
gain insight into the signal from the spectral point of view instead of the time domain. Figure 6.7 clarifies
these different points of view. It shows the power for each frequency, which is easier to observe for
applications with signal sources related to specific frequencies.
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Figure 6.7: Perspectives of the time domain and the frequency domain [57].
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6.4.1. Fast Fourier Transform

The input signal for a Fourier transform is a continuous time domain function converted into a continuous
frequency domain function. However, the recorded signals are discrete time signals. The fast Fourier
transform (FFT) is designed to convert discrete time domain data into discrete frequency domain data.
This section will provide an intuitive understanding of the fast Fourier transform. Entire textbooks exist
about the mathematics behind these methods. This thesis will only touch upon the main points to
get a basic understanding. The fast Fourier transform (shown in Equation 6.4) is commonly used
for converting digitized waveforms, giving n number of frequency domain points for n number of time
domain points. Therefore k=x in Equation 6.4.

N-1
Flkl = ) f[n]- e 2w (6.4)

6.4.2. Aliasing, Picket Fence, and Scallop Loss

The frequency domain resulting from the FFT is symmetric due to the alias, which is a mirrored image
of the frequency domain about the frequency that is half of the sampling frequency, fs/2, also called the
Nyquist frequency. It is common practice to hide the alias region in the frequency domain.

6.4.3. Spectral Leakage, Window Functions, and Overlap

The frequency resolution, Af, is equal to the sampling frequency divided by the number of data points,
fs/N, or frequency bin width. In many cases, the frequency resolution will not be an exact integer of
the frequency of the input signal. The input signal frequency falls between two frequency points in the
frequency domain, as shown in Figure 6.8. In this case, there will be spectral leakage, which means
that the energy at one frequency is smeared over multiple neighboring frequency bands. As the energy
is "lost’ to neighboring frequencies, the peak in the spectrum might be significantly lower than the actual
peak, and the peak will look wider in the base. The lower peak in the spectrum is called the picket fence
effect, while the smearing of energy over other frequencies is called the scallop effect or scallop loss
[10]. Spectral leakage is a loss in accuracy due to processing and is indistinguishable from noise near
the signal frequency.
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Figure 6.8: Spectral leakage effect where f;,, equals an integer multiple of &f (left) and f;,, does not equal an integer multiple of Af
(right).

The FFT assumes that the time domain signal continues infinitely in time. This is not the case for
recorded signals. Therefore, the FFT copies the signal and repeats it infinitely. In most real cases,
a discontinuity in the sampled waves will occur where at the endpoints, causing spectral leakage.
Window functions are applied to the signal to minimize error sources, such as the spectral leakage
effect due to the discontinuity at these points. Windowing can eliminate discontinuity at the endpoints
of the samples. Windowing is a time domain function that shapes the signal, as shown in Figure 6.9.
Choosing the proper window function will force the signal towards zero at each start and end of the
signal, eliminating discontinuity. It has to be taken into account that the length of the window affects
the frequency resolution. The larger the window, the higher the frequency resolution is, which serves
a narrower lobe width. The Hanning window is the most used window function, which is adequate for
95% of the cases. However, many other window functions exist for particular needs [39].
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Figure 6.9: Hamming window applied on a signal with 0% window overlap [39].

Consequently, depending on the window used, part of the signal is reduced to zero. Some information
from the recordings is being canceled. This can be resolved by applying a window overlap. An overlap
of 50% of the number of samples in a window is a common overlap in signal processing. With over-
lapping windows, the start and endpoints do not meet at the same position, and the second window
starts before the first window ends. This way, signal loss is reduced as no part of the signal is reduced
to zero.

6.5. Frequency Analysis

For the frequency analysis, the time domain signals with a duration of 30 seconds and a frequency rate
of 51200 Hz are converted to the frequency domain using the fast Fourier transform. Using Matlab,
Welch’s power spectral density estimate was applied to the calibrated data of each microphone for
the conversion. With Welch’s method, the signals were split into 400 Welch blocks multiplied by the
Hanning window function with an overlap of 50%. The 'pwelch’ function in Matlab returns a power
spectral density (PSD) estimate using Equation 6.5 and Equation 6.6 [58].

Y[i] = %FFTx[i]w[i] (6.5)

_ Y[o]-Y[o]*

0] = s ot < 2 YUV

NG - fpin w1l = NG - fyin
The spectral power will be integrated. Therefore the PSD is normalized for integration purposes. For

the value to be integrated over the frequency bin, Equation 6.6 will become Equation 6.7. This output
will give accurate integration values for the overall sound pressure level.

fori<o0 (6.6)

p _ Y[o]-Y[o]"

2-Y[i]-Y[i]
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and P, [i] = NG

For the output in Matlab, this means that de PSD returned by the ’pwelch’ function should be multiplied
by the frequency bin width for integration purposes over a frequency range [58].

fori<o0 (6.7)
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The frequency spectrum of each microphone is plotted in Figure 6.10. The floor microphones in yellow
show significantly higher SPL over a wide range of frequencies. The large amplitude of broadband
noise is because the floor microphones are placed much nearer to the test section wall and the air-
flow. Near the walls, the (turbulent) boundary layer of the flow causes pressure fluctuations, resulting
in broadband pressure levels for the affected microphones. The floor microphone measurements have
a lower signal-to-noise ratio, which means degrading the noise content. The measurements of the floor
microphones were discarded from this point on.
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Figure 6.10: Example averages of spectra for wall and floor microphones for run 1 test 2.

The spectrum in Figure 6.11 shows the sound pressure level (SPL) versus the frequency. These spec-
tra are plotted in dimensional form to show the first preliminary results. The average spectra of all the
microphones for every thrust condition are plotted. The background noise, the corresponding wind
tunnel noise measurements (run 5 for V = 30 m/s), and the motor noise measurement (for negative
thrust) are also plotted for the frequency spectra of the measurements. It is observed that the peaks
with the highest sound levels occur in the low-frequency region. The most significant peaks are po-
sitioned at frequencies that match the BPF of the wind tunnel fan (BPF,), varying from 34.2 Hz to
36.0 Hz, even though the wind speed in the tunnel was constant during every run. The variation in
frequency is explained by looking at the thrust component, measured by the six-component balance
in the direction of the wind. At lower advance ratios, the propeller generated positive thrust in the test
section, accelerating the flow. This way, the wind tunnel fan could maintain the wind speed at a lower
fan speed and thus a lower BPF,,;. The different frequencies throughout the tests equal the BPF,,;. As
the wind tunnel noise dominated the low-frequency region, a high-pass filter was applied to the signal
atf=100 Hz.
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Figure 6.11: Frequency spectra for positive, zero and negative thrust for V = 30 m/s, averaged over all microphones (Af = 1 Hz).

The dominant noise source of the wind tunnel is at low frequencies. Some discrete tones from the
wind tunnel exceed the broadband floor of the three regimes. Sometimes, the spectrum shows peaks
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at equal frequencies for all tests, e.g. at 0.4 - 103 Hz and 0.7 - 103 Hz, where the noise levels increase
with the thrust setting. These tonal noise components are not related to the angular frequency of the
propeller, as it does not change with the rotational speed of the propeller. This could be wind tunnel
noise, propulsive noise, or aerodynamic noise sources unrelated to the propeller. Propeller-related
discrete components would change with the angular frequency.

The zero thrust spectrum shows the lowest broadband noise ranging from 0.7-103 Hz to 3-103 Hz. The
absolute thrust coefficient at zero thrust is lower than at positive and negative thrust. As the loading
increases, both negative and positive thrust modes have exceeded these broadband noise levels in
this region. It also shows that the negative thrust spectrum generated higher broadband noise in the
same frequency range than the positive thrust spectrum.

In the high-frequency region, the positive thrust spectra show a significant bump. The diagnostic BEM
analysis will be discussed in the next section. It will show that the airfoils with positive thrust settings
have laminar separation bubbles (LSB) at the performed Reynolds number. LSBs result in a hump
in the spectrum in the high-frequency region due to high-pitched noise. Paterson’s law was used as
a model to predict the minimum vortex shedding frequency caused by the LSB. However, the model
contains limitations due to its simplifications and does not consider the airfoil shape. As a result, the
exact frequencies related to the LSB could not be determined precisely as they did not fully match the
spectra. To minimize the influence of the LSB during the analysis, a low-pass filter was applied with an
estimated based frequency of 3 - 103 Hz.

The results of the BEM analysis are provided in section 7.3. Low energy of motor noise was recorded in
the low-frequency region, as the background noise levels equal the motor noise measurements where
f < 250 Hz. The motor noise is plotted for the rotational speed at negative thrust conditions. It is ob-
served that the noise levels without load only have tonal components that exceed the broadband floor
of the propeller measurements.

6.6. Blade Element Momentum Analysis

The appearance of a large hump in the high-frequency region of the spectra is suspected to be caused
by laminar separation bubbles (LSB), which are known to generate noise at high-frequency regions
[29]. The occurrence of laminar separation bubbles, a phenomenon where separation, transition, and
reattachment take place, is highly dependant on the Reynolds number when Reynolds numbers are
low (Re. < 5-10°) [64]. The behavior of the LSB is not only affected by the Reynolds number but
also by the geometry of the airfoil, angle of attack, and rotational speed [28]. All the performed tests
are more susceptible to high-frequency noise sources caused by laminar separation bubbles, as they
range between 0.8 - 10° and 1.9 - 10° at 75% of the chord. A blade element momentum analysis has
been performed by simulating the test conditions to confirm the presence of an LSB. Different airfoil
sections of the propeller TUD-XPROP blade were modeled using JavaFoil. These were then exported
to Xfoil to analyze the flow around the airfoil with the test conditions of the acoustic measurements.

The screenshot shown in Figure 6.12 is the result of the analysis of the airfoil section at 40% of the
chord with a wind speed of 30 m/s and an advance ratio of 0.8. This is the positive thrust region, where
L/D shows to be positive. The solid yellow line shows the viscous analysis of the flow over the upper
surface of the blade. The pressure distribution shows a bump at the location where the LSB is located.
In the lower plot, the airflow is demonstrated over the airfoil, where it is visible that the flow separates
and reattaches again downstream. The LSB appeared at different locations on the chord for different
airfoil sections and for different advance ratios or rotational speeds. The hump moves towards the
trailing edge and increases amplitude for increasing J, as described in literature [28]. The LSB was
shown for every run in the positive thrust regime. When the angle of attack decreases and the thrust
mode becomes negative, it is shown in Figure 6.13 that the flow over the upper surface is attached
and the completely separated flow on the lower surface. For both wind speeds, the boundary layer
separates at the lower surface around r/R = 0.5 for J = 1.4 and is fully separated on the lower surface
of the entire blade for all the higher advance ratios.
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The phenomena of the LSB appear at lower Reynolds numbers, which is not the case in actual air-
plane flights. The measured high-frequency noise is, therefore, not of importance for real flight cases.
Frequencies above 3000 Hz are not considered for calculating broadband noise.
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Figure 6.12: XFOIL screenshot of a C,, distribution for viscous (solid line) and inviscid (dashed line) analysis of the TUD-XPROP
blade simulated in the conditions of run 2 test 2 at 0.4 r/R.

Figure 6.13: XFOIL screenshot of a C,, distribution for viscous (solid line) and inviscid (dashed line) analysis of the TUD-XPROP
blade simulated in the conditions of run 1 test 8 at 0.4 r/R.

6.7. Phase Averaging

Phase averaging is a processing technique that amplifies the rotational noise with respect to other noise
sources. This can be done for each microphone signal to map the isolated noise for every microphone
location. The measurement data was phase-averaged over the propeller rotation using the rotational
speed calculated with the 1P-signal, see section 6.3. The rotational position of the propeller is deter-
mined for every point in time. The signal is then averaged over every revolution. The resulting signal
is the averaged pressure signal at each rotational position of the propeller, as shown in Figure 6.14,
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where the pressure signal is highlighted for microphone number 1.

The phase-averaged pressure signals are strong if a distinct tonal propeller noise was measured. How-
ever, if this noise source was masked mainly by interfering sources such as motor noise or sound due
to reflections, the random phase shifts of those signals will average each other out. Also, a dominant
broadband noise source can make the phase-averaged signal insignificant. This was the case for all
other test conditions besides the most positive thrust case. Therefore, phase averaging did not lead to
the desired outcome of isolating the rotational noise component of the propeller. Using the pressure
RMS of each microphone, a map of the whole microphone array can be shown. The pressure RMS
values for each microphone were converted to SPL, and the area between the microphone locations
was interpolated and plotted. This contour plot shows the phase-averaged sound pressure levels of
the array.
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Figure 6.14: Phase averaged data of all microphones for one test case with one microphone signal highlighted and its pressure
RMS value.

6.8. Beamforming

The phase-averaging method did not show significant pressure signals for tests other than the most
positive thrust case. It can also not be used to derive the source locations of the measured signals
at the microphone, as many factors influence the propagation of the sound waves. The boundary
layer might diffract the noise or arrive at the microphone after reflecting against the test section wall,
making it impossible to know the source location. Beamforming, also called spatial filtering, is one of
the essential signal-processing techniques for applications where multiple sensors are used to receive
signals. Figure 6.15 provides an example of the fundamental idea behind beamforming. Beamforming
maintains the source signal from a specific location in space (source 1) while it conceals signals from
other directions (source 2) that interfere with it [19]. These could be noise sources from other systems,
such as wind tunnel propulsion, or reflections that are incoming from other directions than the source.
The beamforming technique utilizes the fact that the different microphones have different locations.
Therefore, the sound wave from one particular source will arrive at a different time at each microphone.
The microphone signals can then be shifted relative to the travel distance from the wanted source to
the microphone to synchronize those signals. At this point, the desired signals are in phase, contrary
to other noise signals, which are out of phase. The signals of all 58 microphones are summed, and due
to the source signal being in phase, this part of the signal will contain much more energy than the other
source signals. When the signal is divided by the number of microphones to normalize the amplitudes,
the interfering signals will have much lower amplitudes.
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Figure 6.15: Beamforming effect on the target signal (a) and the interfering signal (b) [42].

Inverse Beamforming uses this principle inversely to locate noise sources at a defined plane. Inverse
beamforming was used to plot the beamforming map to see the energy’s location of the signal at a
frequency in the rotational axis plane. A contour plot showing sound pressure levels in the plane of the
propeller rotational axis. The region of integration (ROI) is set at a location in the plane, around the
propeller, to integrate the noise levels from the beamformed data in that location. This is done at every
frequency, resulting in a beamformed frequency spectrum.

Az, = 1 4c0s©s) CCOS(@S) (6.8)
Figure 6.16 shows an example of a beamformed spectrum in orange and a non-beamformed spectrum
in blue, as we have seen in section 7.2. The broadband noise levels diverge with frequency due to the
higher resolution at higher frequencies. The fundamental BPF and its harmonics are marked, where
the fundamental BPF sound pressure level did not change significantly, while the higher BPF multiples
did. This can be due to the low resolution at the fundamental BPF or because the propeller noise was
already dominant at the fundamental BPF before beamforming.
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Figure 6.16: Non-beamformed and beamformed frequency spectrum for the positive thrust regime for V = 30 m/s (Af = 1 Hz).
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6.9. Broadband and Tonal Components

To quantify the isolated tonal and broadband components of the propeller noise in the beamformed
spectra, first, the SPLs are calculated. The tonal and broadband components of the propeller noise will
be compared between positive and negative thrust. A range of SPLs from the spectrum is summed at
each BPF multiple from BPF-8 Hz to BPF+8 Hz to obtain the full power of the peak, including the power
that might be lost to neighboring frequencies due to spectral leakage. These frequencies are summed
at each BPF multiple. As the data is in decibels, which is logarithmic, the summation is performed
using Equation 6.9. The same operation is performed on the beamformed spectra of the motor noise
and the wind tunnel noise at each multiple of the propeller BPF. The motor and wind tunnel noise is
subtracted from the propeller measurements at each BPF. The remaining SPL is the increase of the
propeller measurements. The overall sound pressure level, OSPL, is calculated by summing the SPL
of each BPF.

n
SPL;

SPL = 1ozogloz(107) (6.9)

i=1

The noise generated by the motor is expected to show similar tonal components at the BPF multiples
with equal or higher amplitudes at those frequencies when the motor is operating with the load of the
propeller blades. The variation of frequencies or amplitudes when loads are applied to the motor is
unknown. This will be further discussed in chapter 7. Broadband noise calculations are similar to
tonal noise calculations. The spectra of the wind tunnel and motor measurements are subtracted from
the propeller measurements, excluding the frequencies used to calculate the tonal components at the
BPFs to avoid summing the tonal components. A low-pass filter was applied at f = 3000 Hz to avoid
summing the high-frequency noise from the laminar separation bubble that appears at a low Reynolds
number, as described in section 6.6. Real flight conditions are at a high Reynolds number. Therefore,
the effect of the laminar separation bubble should not be included in the simulation results. Sometimes,
the pressure levels during propeller measurements are lower than the combined motor and wind tunnel
noise. This will result in negative pressure levels when they get subtracted, getting imaginary results
when the log is taken of that value. To prevent this, the minimum pressure level was set to 1, which
resulted in a minimum decibel level of 0 dB. This equals the minimum noise level the human ear can
hear, a very low-energy insignificant noise level.
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Results and Discussion

This chapter presents the results of the acoustic measurements taken in the wind tunnel. The results
are presented in graphical form and accompanied by a discussion of their interpretation. This analysis
aims to gain insight into the relationship between the measured pressure fluctuations and the different
operating conditions. For the conciseness and clarity of this chapter, results are only presented for the
most positive, zero, and most negative thrust cases for the comparison of the propulsive and regener-
ative modes that relate to tests 2, 5, and 10 with advance ratios of 0.8, 1.4, and 2.0, respectively, for
V = 30 m/s. This run contains the series of tests with the best signal-to-noise ratio due to the lower
interference of the wind tunnel noise and the motor noise with respect to V = 20 m/s. The selected test
cases are shown in Table 7.1. The full test matrices are found in section 5.4, and the extended results
with plots for every test case can be found in Appendix A.

Table 7.1: Test matrix of the selected test conditions derived from Table 5.1.

Regime Testno. | VIm/s] | J[-] | Tc[-] | B[°] | rPSprop [HZ] | rpswr [HZ]
Positive Thrust 2 30 0.8 | 1.09 30 92.27 5.7
Zero Thrust 5 30 14 | -0.04 | 30 52.73 5.9
Negative Thrust 10 30 20 | -0.22 | 30 36.91 6.0

7.1. Thrust Coefficient

The six-component balance was used to measure the absolute forces and moments on the model. The
measurements are used to determine the thrust coefficient and show in which tests the propeller gen-
erated positive or negative thrust. The experimental setup did not include an internal load cell, which
could have enabled the separation of the support beam’s interaction effects from the propeller’s wake.
The propeller-off measurements corrected the forces on the structure of the setup by the freestream
velocity. The results from the balance are plotted as normalized thrust coefficients in Figure 7.1. Equa-
tion 7.1 shows how the normalized thrust coefficient was defined. The plot shows that for J < 1.2,
the propeller was operating at positive thrust condition, and for J > 1.4, the propeller was operating at
negative thrust mode.

T
T,=—— (7.1)

1 D2
— V mT—
2PVl

High thrust coefficients are observed at low advance ratios, where it flattens out at higher advance ratios
and the absolute levels of the thrust coefficient are higher at positive thrust than at negative thrust
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Figure 7.1: Normalized thrust coefficient derived from the six-component external balance.

7.2. Frequency Spectra

The frequency spectrum is obtained using a fast Fourier transform on the calibrated microphone data.
The power density spectrum is converted into decibels’ logarithmic sound pressure levels. The wind
tunnel noise measurement can be seen as the baseline of the measurements. If the propeller mea-
surements do not exceed the pressure levels of the wind tunnel noise measurements, the recorded
noise can not be related to the propeller. These measurements include the noise of the wind tunnel
system and noise from the model support structure and the nacelle. The same can be assumed from
the motor noise measurements. The measurements without loads on the motor will be the minimum
noise generated by the propulsion system. Suppose the propeller measurements do not exceed the
summation of the wind tunnel noise and the motor noise measurements. In that case, the pressure
levels are not a result of noise generated by the propeller. Overall, the spectra of the propeller-on
measurements show a significant difference relative to the wind tunnel noise.

The three operating conditions were achieved by varying the advance ratio, resulting in variations in
rotational speed, tip Mach number, and Reynolds number. The blade loading and propeller perfor-
mance, therefore, varies for each case. As the wind tunnel noise dominated the low-frequency region,
a high-pass filter was applied to the signal at f = 100 Hz.

In Figure 7.2, the spectra of the previous plots are shown with the frequencies divided by their BPFs.
This results in spectra being presented in non-dimensional frequencies to better assess the different
noise levels between the test conditions at the BPF and its multiples. The motor noise is normalized
using the BPF of the test where J = 2.0, the negative thrust condition. The BPF ranges from 221 Hz
for negative thrust to 554 Hz for positive thrust, and the plot shows the SPL in the spectra until the
twelfth harmonic of the BPF for each regime. At the fundamental BPF, only positive thrust shows a
significant peak. Other notable peaks at BPF multiples are observed at the fifth and tenth harmonic
of the BPF. This coincides with the motor’s discrete tones that exceed the measurements’ broadband
floor. In theory, the energy of a rotational propeller component decays with every BPF multiple. How-
ever, the noise levels at the fifth BPF are much larger than the three lower harmonic BPFs. The motor
noise seems to be the agitator for this rise in sound levels at the fifth, tenth, and sometimes the eighth
BPF multiple. Tonal noise components at the remaining BPF are relatively small or non-existent. Other
discrete tones between BPF multiples spaced with one-sixth of the BPF were found and also coincided
with discrete tones that the motor generates. It is, therefore, highly possible that these tones are also
sourced from the motor or the drive system.
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Figure 7.2: Normalized frequency spectra for V = 30 m/s (Af = 1 Hz).

The broadband noise sources at negative thrust are significantly higher than for the two other thrust
settings, and the efficiency at negative thrust was lower. The increase in broadband noise is explained
by the separation of the boundary layer due to a sub-optimal condition of the propeller, generating ran-
dom pressure fluctuations on the blades.

The motor noise spectra are shown for three rotational speeds in Figure 7.3, where the lowest angular
velocity corresponds to the negative thrust condition during the experiment, the middle angular veloc-
ity to the zero, and the highest angular velocity to the positive thrust condition. The plot gives insight
into the variation of motor noise with its angular velocity. The measurements were performed without
assembled blades. No loading was applied on the shaft. The measurements include the propulsion
system, shaft, bearings, and coupling. Itis observed that the broadband noise increases with increasing
angular velocity. Tonal components are expected to harmonize with the propeller’s angular frequency
as the motor’s shaft rotates at the same angular velocity as the propeller. The magnitude of tonal com-
ponents that match with the harmonics of the BPF of the propellers are inversely correlated with the
angular velocity. This agrees with the discrete tones found in the propeller measurements, where the
peaks at the fifth, eighth, and tenth BPF harmonic are more significant for negative than positive thrust.
Thus, the rotational noise of the propeller at negative thrust measurements was more affected by the
tonal motor noise than the positive thrust conditions due to the varied angular frequency that was lower
at negative thrust conditions.

It is crucial to note that the motor noise measurements were taken with the propeller blades removed
from the shaft. This is an essential consideration, as the presence of the blades may significantly im-
pact the measured noise levels. Although the change in amplitude or the distribution of the spectral
content of the noise is unknown, the tonal components associated with the multiple of the rotational
speed are assumed to generate more noise with higher loads. The extent to which the amplitudes
might increase is unknown, nor is the behavior of other tonal or broadband components. Negative
and positive thrust forces on the shaft, bearings, and motor possibly generate different noise levels.
Positive thrust creates a pulling effect on the shaft, and negative thrust creates a pushing effect on the
shaft. The impact of these opposing forces on noise generation is not known. By subtracting the tonal
motor noise levels at propeller BPFs from the propeller measurements, the contribution of the motor
noise during the measurements is, at most, partially minimized and not canceled out. If the combined
noise level of the motor noise and the wind tunnel noise at a certain BPF is not exceeded during the
measurement, no propeller noise was measured at that frequency using the experimental setup in this
research.
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Figure 7.3: Frequency spectra (Af = 1 Hz) of motor measurements (top), and normalized spectrum (bottom).

7.3. Blade Element Momentum Analysis

Due to the appearance of the high-frequency increase in the previously shown spectra, a diagnostic
analysis was performed to confirm the presence of a laminar separation bubble at certain conditions of
the experiment.

The blade element momentum (BEM) analysis resulted in the pressure distributions as shown in Fig-
ure 7.4. At positive thrust (J < 1.4), a laminar separation bubble (LSB) formed in the upper airfoil
surface of the blade. An LSB is a phenomenon that occurs at low Reynolds numbers. The LSB would
not appear in real flight, as the Reynolds number is much higher. The LSB causes a separation of
the boundary layer, which forms turbulent structures in the flow. The turbulence induces pressure and
velocity fluctuations on a small scale, therefore generating noise in the high-frequency region in the far
field. This contributes to broadband noise in the high-frequency region as the turbulent flow is unsteady
and chaotic, causing random fluctuations. This explains the large humps in the frequency spectra that
were previously discussed. The LSB moves towards the trailing edge for advance ratios approaching
zero thrust, where it bursts due to the decreasing angle of attack. The location of the LSB also varied
for different blade sections. For higher r/R ratios, the LSB moved downstream due to the decreasing
angle of attack and increasing Reynolds number at the blade sections. The appearance of LSBs at
positive thrust mode agrees with the spectral frequency humps found in the high-frequency region for
positive thrust, shown in Figure 6.11. At zero thrust, the lower surface boundary layer was attached
for the blade sections where r/R < 0.5 and fully separated for r/R > 0.5. This is at the transition point
of the positive and negative thrust regimes. The lower surface boundary layer was fully separated at
all the blade sections for tests where the thrust was negative. Fully separated boundary layers lead to
turbulent flow where random pressure fluctuations cause broadband noise. A turbulent flow generates
more broadband noise than a laminar flow. The increase in broadband noise levels at negative thrust
conditions with respect to positive thrust conditions was observed in the frequency spectra.
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Figure 7.4: Pressure distribution for different thrust settings and blade sections where V = 30 m/s.

7.4. Phase Averaged Noise Levels

For the phase-averaged noise levels, measurement data were averathese pressure signals’ over a full
propeller rotation using the rotational speed calculated with the 1P-signal. The results of microphone
no. 1 are shown as an example for each thrust setting where V = 30 m/s (Figure 7.5).

The figure illustrates the average pressure level as a function of the angular position of the propeller. Six
blades pass during one rotation, altering the surrounding pressure with every pass. The positive thrust
condition shows six-hilled pressure waves caused by the six propeller blades. Another tonal component
at a lower frequency can be recognized if, for example, a component of only one wave cycle of a wave
is observed for positive thrust. This means that the pressure changed with a frequency at one-sixth of
the BPF, corresponding to %- BPF = 92 Hz. This component was observed in the frequency spectra.
The tests at higher advance ratios show much lower pressure levels. The six hills are also not very
apparent for the remaining two conditions due to higher broadband noise or other noise sources that
masked the rotational noise. Pressure levels can average each other out if they are not related to the
BPF of the propeller due to random phase shifts, resulting in averages near zero. Low-pressure levels
in the phase-averaged signals show the minimal contribution of tonal noise components measured by
that microphone.
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Figure 7.5: Phase average signal of microphone no. 1 for each regime for V = 30 m/s.

The phase-averaged signal was computed for each microphone, and the root mean square (RMS)
was converted into sound pressure levels (SPLs). These are illustrated in Figure 7.6. The interpolated
plots provide insight into how the amplitude of the phase-averaged signal was distributed over the wall
array, which are pressure levels related to the angular frequency of the propeller. The phase-averaged
signals at zero and negative thrust are insignificant compared to the positive thrust condition. The
maps based on phase-averaged data cannot be observed as a noise source location, as it is unknown
where the pressure waves arrived at each microphone. The sound levels can change significantly
with the position in the near field due to circulating sound waves. The sound waves can be reflected
against the hard test section walls or diffracted by the boundary layer over the blades before it arrives
at the observing microphone. Therefore, phase averaging did not successfully locate propeller noise to
isolate it from other noise sources, such as the motor and reflections. To gain further knowledge about
the noise sources, beamforming was performed on the signals to isolate the propeller noise contribution
to the signal. This is presented in the following section.
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Figure 7.6: Interpolated contour plot of phase-averaged sound pressure levels of every microphone for V = 30 m/s with color
bars showing a 5 dB range.

7.5. Noise Data from Inverse Beamforming

The inverse beamforming technique was used to integrate the noise levels over the region of integra-
tion at the propeller plane at each frequency and is expected to diminish noise sources coming from
other directions, such as reflections and motor noise. The resulting beamformed spectra are plotted in
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beamforming maps for several frequencies in SPL.

The frequency of the noise can impact the resolution of the beamforming technique. Figure 7.7 shows
the beamforming maps nearest the first, fifth, and tenth BPF for positive thrust at the top and negative
thrust at the bottom. The ranges of the color bars are different for each plot. Notably, the beamforming
near the tenth BPF for positive thrust has a higher resolution than the beamforming map near the tenth
BPF for negative thrust. At lower frequencies, the noise wavelength is larger, requiring the sensors in
the array to be spaced further apart to accurately capture the longer wavelength noise, leading to a
lower resolution for a fixed array design with respect to the case with higher wavelengths of interest.
In the plots, this translates to a blob larger than the model, where different sources of sound merge.
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Figure 7.7: Beamforming maps for V = 30 m/s with the ROI indicated with the dashed line for frequencies nearest to the first,
fifth, and tenth BPF at both thrust regimes.

Conversely, the shorter wavelength of the noise at higher frequencies allows the sensors in the array to
be spaced closer together, resulting in higher beamforming resolution. The resolution of beamforming
on noise signals is inversely proportional to the noise frequency, with higher frequencies resulting in
improved resolution and vice versa. This is shown as smaller areas of noise sources that are sep-
arable. Beamforming is, therefore, more effective at higher frequencies than lower ones. Different
effectiveness arise for different thrust conditions at each BPF multiple. The resolution is higher for
positive thrust than for negative thrust in this experiment due to the higher angular frequency.

The maps are provided for frequencies that do not exactly match the BPF multiples. The shown maps
are therefore considered broadband noise sources. While observing all the beamforming maps, sig-
nificant sources were found at the propeller (x = 0), at x = 0.47, and at x = 0.65 at the y location of
the rotational axis. The latter two distances match the motor’s location and the support beam from the
propeller hub. It is observed that significant noise sources from the motor and noise at the support
beam are isolated properly for frequencies above ~2500 Hz due to the higher resolution. If we focus
on the beamforming maps at 2500 Hz for both thrust conditions, the positive thrust condition shows a
noise source that is most dominant at the support beam, which is not shown for the negative thrust con-
dition. The support beam interacts with the wake and blade tip vortices, generating interaction noise.
This interaction is stronger at higher thrust generating more noise. The primary source of negative
thrust is the propeller’s broadband component. This broadband component is significantly higher than
at positive thrust due to the separation of the boundary layer observed during the BEM analysis in the
negative thrust regime.
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The region of integration (ROI) is indicated with the light blue dashed lines. This is integrated at each
frequency to obtain the beamformed frequency spectrum of the signal. The ROI will have isolated the
propeller noise more precisely for higher resolutions. The fundamental BPFs are at low frequencies
and have poor beamforming resolutions that worsen for negative thrust conditions. The sound waves
related to the motor noise and the bearings can also be emitted through the nacelle and its vibrations,
which is (partially) situated in the ROI. This makes it more challenging to isolate motor noise from the
signal. Despite the low resolution near the fundamental BPF, this approach will have contributed by
partially filtering out reflections and background noise from the wind tunnel.

When the beamformed frequency spectra are plotted for each regime together with the spectrum of
the beamformed wind tunnel noise measurement and the beamformed motor noise measurement, it is
possible to distinguish four different cases at each BPF in the spectra, which are shown in Figure 7.8.
The first situation, plot (a), shows that the wind tunnel level is higher than the total level of the test
with the propeller. Therefore, no propeller noise has been measured at this BPF multiple. The sec-
ond situation is shown in plot (b), where the measurement with only motor noise levels without loads
exceeds the total noise measured. Therefore no propeller noise has been measured at this BPF mul-
tiple either. In plot (c), no increase in the tonal noise component was observed in the spectrum with
respect to the broadband floor, showing that the broadband noise at those BPFs was higher than the
tonal component. Finally, plot (d) shows a peak formed in the spectrum where other noise sources are
significantly lower than the tonal component of the propeller noise. The tonal component is larger than
the broadband component, the wind tunnel noise, and the motor noise. Each BPF of the plots can be
categorized this way.
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Figure 7.8: Different situations at each BPF of the total measurements with respect to the motor noise and wind tunnel noise.

Figure 7.9 shows the normalized spectra of the beamformed data for advance ratios of positive thrust,
zero thrust, and negative thrust. The spectrum is plotted together with the beamformed motor noise
data in red and the beamformed wind tunnel noise data in black in the first twelve BPF harmonics range,
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each normalized with the BPF at the respective thrust setting. The SPL levels at the BPF harmonics
are also marked for each spectrum. Tonal components at the fifth, eighth, and tenth BPF are the most
apparent, and the motor noise measurements are also the highest. As the motor noise still shows
significant discrete tonal components, the beamforming could not isolate the propeller noise fully from
the motor noise. At negative thrust, the beamforming resolution was lower, resulting in a less effective
separation of the noise sources.
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Figure 7.9: 12 BPF harmonics of beamformed spectra for positive, zero and negative thrust (Af = 1 Hz).

Furthermore, only at positive thrust a clear peak at the fundamental BPF was shown, as the loading
was the highest. There is more separation between the broadband motor and the propeller measure-
ments at negative thrust. The rotational speed is lower, but due to the fully separated boundary layer,
the broadband levels increased due to turbulent flow, causing random pressure fluctuations. The tonal
components are higher at negative thrust than at higher thrust due to the motor’s tonal components that
decrease with the rotational speed, which was lower at negative thrust. The wind tunnel noise levels
are dominant in the lower frequencies ranging from the first to the third or the fourth BPF harmonic.

Figure 7.10 shows the broadband frequency spectra for V = 30 m/s, normalized to the BPF. The few
tonal components that result in a value are not representative of any analysis. Therefore, they are left
out of the plot. The resulting broadband and tonal noise levels after subtraction of the wind tunnel noise
and the motor noise measurements do not only contain the broadband and tonal propeller noise. The
generated noise during the motor noise and the wind tunnel noise measurements might be higher dur-
ing the propeller measurements, due to extra loads or the thrust force from the propeller, for instance.
Therefore, the decomposition of the broadband and tonal components are not perfect. However, it is
assumed that the influence of the wind tunnel and motor noise is minimized by subtracting the quanti-
fied wind tunnel and motor noise from the measurements. Tonal components at the BPF have not been
determined for every thrust setting due to high wind tunnel noise, motor noise, or propeller broadband
levels that masked the rotational noise. In any case, this does not mean that there was no tonal pro-
peller component, but it was not dominant enough and too low to be measurable in this experimental
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setup. Other noise sources masked the empty data points in the broadband plot. Especially in the
low frequencies, the wind tunnel noise was often dominant enough to overrule the propeller broadband
components.
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Figure 7.10: Resulting broadband and tonal propeller noise components at each regime after subtraction of wind tunnel noise
and motor noise for V = 30 m/s (Af = 16 Hz).

After beamforming, the motor noise still showed substantial interference with the propeller noise at
the fifth, eighth, and tenth BPF harmonic for tonal components and the wind tunnel. The expected
distribution of the tonal noise component of the propeller would start with a strong sound level at the
fundamental BPF with harmonics that decrease in amplitude. Only for positive thrust a strong peak
was found at the fundamental BPF. Often, the less significant peaks at the BPF multiples matched the
strong tonal tones of the motor noise measurements. This could imply that the motor noise played a
more substantial role with loads and that these increased tonal components are due to motor noise. To
what extent the motor contributed to the measured tonal propeller components is unknown. Mechanical
load on the motor would increase the friction and vibrations of the system, leading to an increase in
mechanical noise. Also, the electrical load increases as the current increases, which may lead to
increased noise levels. Extended experiments would be needed for the exclusion of this factor. The
tonal noise components of the propeller are left out of the figure for the remaining of the report.

7.6. Overall Sound Pressure Levels

For the overall sound pressure level (OSPL) of the broadband propeller component, the SPL of the
isolated broadband noise, as shown in Figure 7.10, was integrated over a frequency range after having
applied a low-pass filter to exclude the LSB effects. The isolated broadband propeller noise resulted by
subtracting the tonal noise components, wind tunnel noise, and motor noise from the full spectrum. The
resulting noise levels might still include some contribution by the motor noise as the loaded motor noise
might be higher than the subtracted unloaded motor noise. It can be considered that the contribution of
motor noise to the isolated broadband propeller noise component is minimized as the unloaded motor
noise was subtracted. Figure 7.11 shows the OSPL of the total noise, isolated broadband propeller
component, and the motor noise as a function of the thrust coefficient (Equation 7.1) measured during
each test condition for V = 30 m/s. It shows how the propeller’s broadband component varies over the
tested nine thrust settings.

The measurements show that the broadband propeller noise component decays with a lower thrust
coefficient in positive thrust. When the thrust coefficient becomes more negative, the broadband noise
component of the propeller grows significantly due to the boundary layer that is fully separated at neg-
ative thrust, introducing random pressure fluctuations. Based on the previously observed motor noise
measurements, it is not probable that the increase is caused by the motor, as lower rotational speeds
resulted in lower broadband motor noise. The pushing and pulling effect on the shaft due to the posi-
tive and negative thrust of the propeller might have caused a change in the noise generation between
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Figure 7.11: Overall sound pressure levels of different components and helical Mach number for different thrust settings.

positive and negative thrust. The fact that the test conditions show a difference in similarity is also not
the cause for the increase in broadband levels. When the tip Mach number at negative thrust is scaled
up to the same tip Mach number as the one at positive thrust, the noise levels will increase with respect
to the noise levels at the lower tip Mach number. Accordingly, the broadband noise generated by the
propeller at negative thrust can be attributed to the fully separated boundary layer on the lower surface
of the airfoil sections, as shown by the quantitative analysis based on the blade element momentum
(BEM) theorem. Tonal propeller noise is sourced from aerodynamic loading and blade thickness. In the
negative thrust regime, the loading on the blade was found to be smaller than in the positive condition
due to the less efficient production of lift and lower tip Mach number. However, in this configuration,
the propeller operates in a suboptimal design condition, generating more turbulent flow and increasing
broadband noise.

Many thrust settings did not result in any visible tonal components from the propeller. In the low-
frequency range, the broadband propeller noise was often masked by wind tunnel noise and tonal
noise by the motor noise at the blade passing frequency harmonics. Most tonal components were
observed at positive thrust, where the component at the fundamental BPF exceeded the wind tunnel
noise in the low-frequency region. Conversely, at negative thrust, the tonal component of the motor
was found to be the strongest. The higher motor noise masked the tonal components of the propeller,
and due to the low beamforming resolution at negative thrust, these sources could not be isolated.

During this experiment, the advance ratio was varied by adjusting the rotational speed of the propeller.
This approach makes it challenging to isolate the effect of negative and positive thrust on the noise
generation of tonal components, as it also results in changes to the tip Mach number and the motor
noise. The tip Mach number strongly affects the magnitude of the radiated noise.
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Conclusion

This thesis aimed to examine the effect of positive and negative thrust regimes on the propeller’s tonal
and broadband noise sources. To achieve this goal, aeroacoustic measurements were performed in
a wind tunnel using a scaled propeller setup, and signal processing techniques were applied to the
noise data for analysis. The experiments were conducted using the available materials, and the noise
sources of the propeller were isolated and quantified for both the negative and positive thrust modes
using techniques such as fast Fourier transformation (FFT), phase averaging, beamforming, and blade
element momentum (BEM) analysis. The results of these experiments allow for answering the main
research question posed in chapter 1. This study investigated the impact of positive and negative thrust
regimes on a propeller’s tonal and broadband noise sources.

“How do propeller noise sources vary in relation to positive and negative thrust settings
for an existing isolated forward thrust propeller?”

The experiments were conducted at low tip Mach numbers in a wind tunnel without acoustic treatment,
which resulted in tonal noise components being largely masked by wind tunnel noise and motor noise.
This interference made it difficult to conclusively determine the variation of tonal propeller noise in the
negative thrust setting as it often did not rise above the quantified motor noise, wind tunnel noise,
or propeller broadband noise. However, the validity of the test results can be shown by the fact that
the overall magnitude of the wind tunnel noise is sufficiently lower than the propeller noise measure-
ments. The thrust setting was adjusted by varying the rotational speed of the propeller, which resulted
in changes to the tip Mach number, a key variable for the scaling of aeroacoustics, and the Reynolds
number. Both tonal and broadband propeller components vary significantly with changing tip Mach
number, and the motor noise demonstrated a strong relationship with its angular velocity. These fac-
tors made attributing the noise variation to the thrust setting variations challenging.

The motor noise was in various forms, with tonal motor noise components matching some of the blade
passing frequencies (BPF). Furthermore, broadband motor noise components were higher during the
tests at positive thrust conditions, while tonal motor components were higher at negative thrust condi-
tion tests. Another interfering noise source was the wind tunnel noise at low frequencies. Therefore,
a high-pass filter was applied to the data to cancel out the dominance of the wind tunnel noise at low
frequencies.

In the high-frequency region at positive thrust, an increase in broadband noise source was identified
due to the laminar separation bubble, consistent with the blade element momentum (BEM) analysis
results. The laminar separation bubble is known to appear at low Reynolds numbers. Full-scale pro-
pellers in real-flight conditions operate at much higher Reynolds numbers. Therefore, the noise data
affected by the laminar separation bubble was excluded from the results. The BEM analysis revealed
that the boundary layer on the lower surface of the airfoil section was fully separated at negative thrust
mode. This suboptimal condition affects the aeroacoustic performance, as the separation can induce
more broadband noise. The increase in broadband noise levels at negative thrust conditions compared
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68 8. Conclusion

to positive thrust conditions was observed in the frequency spectra.

Broadband propeller noise components had the highest sound pressure levels in the low-frequency
region, but the perceived acoustic emission could be different when weighting is applied after scaling.
The overall sound pressure level of the broadband propeller noise decreased with decreasing thrust
coefficient in the positive thrust regime. The broadband noise components of the propeller measure-
ments were significantly higher in the negative thrust condition with respect to positive thrust conditions.

The literature on propeller noise primarily focuses on the prediction of dominant tonal noise compo-
nents, often neglecting the contribution of broadband noise. However, these experimental results indi-
cate that broadband noise becomes increasingly significant at negative thrust conditions, making it a
crucial aspect to consider in future studies on propeller noise under negative thrust conditions. Further
experimental research is essential to determine the relative importance of tonal and broadband noise
components in this regime as a step to make aviation climate-neutral by 2050.



Recommendations

The experimental study described in this thesis has the potential to be expanded upon through further
research. Building upon the work and discussion presented in this thesis, this section offers several
recommendations for future work that could enhance understanding of the negative thrust regime of
propellers and ultimately contribute to the decarbonization of the aviation industry.

+ To ensure the validity of the results, it would be advisable to experiment in an acoustically treated
wind tunnel. The surfaces of an acoustically treated wind tunnel absorb noise energy, reducing
wall and floor reflections, which is expected to improve the signal-to-noise ratio of the data signif-
icantly. The environment in an anechoic chamber is a free-field environment in acoustics, which
can be considered far-field for noise measurements.

* It is recommended to add an internal load cell for the thrust measurements; this isolates the
effects of the propeller slipstream and support beam interaction.

» Multiple approaches exist that may reduce the interference of motor noise during the experi-
ments. For example, increasing the distance between the motor and the propeller by altering
the motor’s placement improves beamforming results. Alternatively, decreasing the number of
blades from six to three would shift the first dominant motor tonal component, which appears at the
fifth blade passing frequency (BPF) multiple, to the tenth BPF multiple. This would provide more
BPF multiples of propeller noise with less interference from the motor but would also worsen the
beamforming resolution at each BPF multiple. Another option is to adjust the angular frequency
of the motor to be different from that of the propeller, which may be the most effective at reducing
the impact of tonal motor noise at frequencies of discrete propeller tones. This objective can be
achieved by using drive pulleys, for instance.

» Quantification of the motor noise with loads would improve the isolation of motor noise from the
total noise measurements. The blade load effects on the motor noise have not been considered.
The method should be explored, as this would give more accurate propeller noise levels. The
positive and negative thrust regimes create a pushing and pulling effect on the motor shaft. This
means that loads on the shaft, bearings, and motor are in opposite directions between the two
regimes. The effect on the generated sound by the motor with the variation of thrust setting is yet
unknown.

+ It would be insightful to know how the amplitude varies at the positive and negative thrust regimes
in the frequency region that is affected by the noise of the laminar separation bubble. This can be
achieved, for example, by experimenting with higher Reynolds numbers or by numerical predic-
tions. In real-life (at higher Reynolds numbers), the laminar separation bubble would not appear.
The appearance of laminar separation bubbles now masked this region of frequencies.

» To ensure that a model propeller maintains a constant similarity between the test conditions, it
is advisable to maintain a constant tip Mach number and a constant advance ratio. The positive
and negative thrust modes can be achieved through changes in the blade pitch. This will improve
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the quality of the data in various ways.

The beamforming resolution varied relative to the normalized frequencies. The BPF at positive
thrust was higher than the BPF at negative thrust, resulting in higher beamforming resolution for
the BPF at positive thrust. This affects the accuracy of the decomposition of the different noise
sources, which could be avoided by maintaining a constant angular frequency throughout the
tests.

The generated motor noise shows a strong relationship with its speed, which resulted in a vary-
ing level of interference with the propeller noise for different thrust settings. A constant rotational
speed would minimize the noise variation for different thrust settings, as the change in load be-
comes the only variable affecting the motor noise levels.

The helical tip Mach number is an important similarity parameter in aeroacoustics, as it strongly
affects the radiated noise levels of a propeller. Therefore, canceling variations in the helical tip
Mach number is favorable. This can be achieved with a constant tip Mach number and a constant
advance ratio. A constant Reynolds number will also be maintained by maintaining a constant
helical tip Mach number, a metric that affects the aerodynamic performance of the propeller.

Tests at higher speeds showed higher sound pressure levels, and the wind tunnel noise and the
motor noise were less dominant for V = 30 m/s with respect to V = 20 m/s. Therefore, it is recom-
mended to increase the wind speeds for an improved measurement of propeller noise. By raising
the tip Mach number and the Reynolds number, an improvement in similarity with the full-scale
case is also realized. This research’s interest lies in assessing aeroacoustic behavior in varia-
tions in thrust setting. d. Besides more apparent propeller noise levels, the overall beamforming
resolution would benefit from the higher BPF.

The acoustic measurements were only performed at an angle of attack of zero degrees. Study-
ing the effects of the negative thrust regime at different angles of attack is recommended. The
negative thrust mode will most likely be employed at flight conditions where the forward thrust is
least necessary, such as during descent.

This thesis focused on isolated propellers only. Therefore, installation and interference effects
on the aeroacoustic performances were not studied. These effects will have to be considered
in further studies. Apart from the acoustics, the reversed thrust direction can affect the control
surfaces if the control surfaces are located downstream of the propeller.

Blade sweep is often applied to modern aircraft propellers to increase efficiency and reduce noise.
But the effect of blade sweep on noise in regenerative mode is still unknown. The TUD-XPROP
was used in this thesis and is not representative of the aeroacoustics of swept propeller blades.
Therefore, the swept blades should be included in future studies on aeroacoustics in regenerative
mode.
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Figure A.1: Frequency spectrum of run 1 test 2, wind tunnel noise, motor noise, and background noise averaged over all
microphones (Af = 1 Hz).
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Figure A.2: Frequency spectrum of run 1 test 3, wind tunnel noise, motor noise, and background noise averaged over all
microphones (Af = 1 Hz).
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Figure A.3: Frequency spectrum of run 1 test 4, wind tunnel noise, motor noise, and background noise averaged over all
microphones (Af = 1 Hz).
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Figure A.4: Frequency spectrum of run 1 test 5, wind tunnel noise, motor
microphones (Af = 1 Hz).
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Figure A.5: Frequency spectrum of run 1 test 6, wind tunnel noise, motor noise, and background noise averaged over all

microphones (Af = 1 Hz).
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Figure A.6: Frequency spectrum of run 1 test 7, wind tunnel noise, motor noise, and background noise averaged over all

microphones (Af = 1 Hz).
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Figure A.7: Frequency spectrum of run 1 test 8, wind tunnel noise, motor noise, and background noise averaged over all

microphones (Af = 1 Hz).



A.2. Frequency Spectra run 2

79

m' 100

k=3

©

>

3

° 50

=]

723

7]

o

% 0 J=19 Wind Tunnel

g Motor Background

UO_) L L L |
10’ 102

10°
Frequency [Hz]

Figure A.8: Frequency spectrum of run 1 test 9, wind tunnel noise, motor noise, and background noise averaged over all

microphones (Af = 1 Hz).
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Figure A.9: Frequency spectrum of run 1 test 10, wind tunnel noise, motor noise, and background noise averaged over all

microphones (Af = 1 Hz).

A.2. Frequency Spectra run 2
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Figure A.10: Frequency spectrum of run 2 test 1, wind tunnel noise, motor noise, and background noise averaged over all

microphones (Af = 1 Hz).
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Figure A.11: Frequency spectrum of run 2 test 2, wind tunnel noise, motor noise, and background noise averaged over all

microphones (Af = 1 Hz).
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A. Frequency Spectrum
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Figure A.12: Frequency spectrum of run 2 test 3, wind tunnel noise, motor noise, and background noise averaged over all
microphones (Af = 1 Hz).
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Figure A.13: Frequency spectrum of run 2 test 4, wind tunnel noise, motor
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Figure A.14: Frequency spectrum of run 2 test 5, wind tunnel noise, motor noise, and background noise averaged over all
microphones (Af = 1 Hz).

o

=l

)

>

[

) -

<

=)

(7]

173

T oo

< J=16 Wind Tunnel

S Motor Background

C‘/D) L [ | P R T T R | L R S T SR S A | L
10" 10? 10° 10*

Frequency [Hz]

Figure A.15: Frequency spectrum of run 2 test 6, wind tunnel noise, motor noise, and background noise averaged over all
microphones (Af = 1 Hz).
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Figure A.16: Frequency spectrum of run 2 test 7, wind tunnel noise, motor noise,

microphones (Af = 1 Hz).
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Figure A.17: Frequency spectrum of run 2 test 8, wind tunnel noise, motor noise,
microphones (Af = 1 Hz).

and background noise averaged over all

)

h=2

©

>

)

i i

)

L

=]

1723

7]

<

% 0 J=19 Wind Tunnel

g Motor Background

f?) ; L L “‘.“12 L L .‘....13 L L ‘.“‘.14 L
10 10 10 10

Frequency [Hz]

Figure A.18: Frequency spectrum of run 2 test 9, wind tunnel noise, motor noise, and background noise averaged over all

microphones (Af = 1 Hz).
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Figure A.19: Frequency spectrum of run 2 test 10, wind tunnel noise, motor noise, and background noise averaged over all

microphones (Af = 1 Hz).
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Phase Averaged Noise Levels (V = 30 m/s, 5 dB range)
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Figure B.1: Phase averaged sound pressure levels for run 1.
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Phase Averaged Noise Levels (V = 20 m/s, 5 dB range)
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Figure B.2: Phase averaged sound pressure levels for run 2.
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Beamforming

Beamformed BPF Noise Levels (V = 30 m/s)
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Figure C.1: 12 BPF harmonics of beamformed spectra for each test case of run 1 (Af = 1 Hz).
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Figure C.2: 12 BPF harmonics of beamformed spectra for each test case of run 2 (Af = 1 Hz).
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Tonal and Broadband Propeller Noise (V = 30 m/s)
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Figure C.3: Resulting broadband and tonal propeller noise components after subtraction of wind tunnel noise and motor noise
for run 1 (Af = 16 Hz).
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Tonal and Broadband Propeller Noise (V = 20 m/s)
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Figure C.4: Resulting broadband and tonal propeller noise components after subtraction of wind tunnel noise and motor noise

for run 2 (Af = 16 Hz).

Figure C.3 Figure C.4 show the broadband spectra and the tonal components at each BPF for V =
30 m/s and V = 20 m/s. The broadband levels are generally lower for V = 20 m/s than V = 30 m/s,
and less broadband propeller noise was measured, resulting in more gaps in the data. The dominant
wind tunnel noise reached higher frequencies. Also, there is fewer data available for the propeller’s
tonal components. The wind tunnel and motor noise were very dominant. Therefore, there are multiple
thrust settings for which no tonal noise could be measured.
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