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Summary

The increase of energy consumption as well as the need to reduce green house emissions trigger the shift
from a fossil-fuel based society towards a sustainable society. With a constant increase in the installed power
capacity, wind plays a key role in the global energy framework. The improvement of the technology opens
up new targets for the wind development [28]. In particular, the installation of small wind turbines in the ur-
ban environment represents a promising solution to supply residential power. Whilst, some of the problems
faced by large-scale wind farms, like losses in the electrical distribution and transportation system, can be
reduced. However, the immaturity of the technology leads to elevated capital costs and technical challenges
[41]. Among these disadvantages, the siting near human activities is limited by the sound emitted by small
wind turbines [65].

The current work focuses on the aerodynamic noise produced by horizontal-axis small wind turbines. For
this purpose, the rotational beamforming algorithm, ROSI (i.e. ROtating Source Identifier), together with mi-
crophone array measurements, have been used. The ability of the method to follow the movement of the
sound source is essential to correctly localize and quantify the rotating sound source. ROSI is applied in the
time domain: first, for every source position a time history reconstruction of the signal recorded at each mi-
crophone is performed. Then, the microphone signals are sampled for every emission time, leading to the
de-Dopplerisation of the signals. Last step is to sum all de-Dopplerised signals and to repeat this procedure
for each scan point [33].

In order to validate the technique, the ROSI performance has been investigated with an increasing degree
of uncertainty: initially, under ideal and know conditions with simulated datasets and, then, applying ROSI
to experimental data. The results of the simulations show that ROSI is not influenced neither by the rota-
tional speed of the source or by the selected time snapshot. Furthermore, the differences in the beamformed
results always agree with the differences in the source level, proving that ROSI can be used to compare dif-
ferent blade or turbine geometries. Additionally, the ROSI performance is in agreement with the Rayleigh
limit. In fact, if the spacing between the sound source is below the Rayleigh limit, the sources are not dis-
tinguished as separated and their SPLs are not correctly estimated. As regards the experimental approach,
a small-scale prototype simulating the acoustic of a small wind turbine was tested in the Anechoic Tunnel
facility while an upwind turbine was measured in the Open Jet Facility, varying both the wind speeds of the
tunnel and the rotational speed of the blades. The two facilities are located at the TU Delft University. During
the first experiment, the measurement geometry is verified and the resulting outcomes are compared with
the simulations. It is confirmed both that the rotational speed does not limit the ROSI performance and that
the source localization and quantification are affected by the Rayleigh limit. As regards the last experiment,
the ROSI uncertainty is investigated in a non-anechoic environment. In the range of frequencies where the
wind turbine noise is expected (i.e. 500 Hz - 2000 Hz [60]), the high levels of background noise do not allow
to localize and to quantify the main noise sources in the small wind turbine. Thus, the wind turbine noise
is not assessed and the experimental data are not compared with the analytical noise models, provided in
literature.
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F4 spectral shape function defined for LBL-VS noise [-]

F5 spectral shape function defined for LBL-VS noise [-]

~g steering vector [-]

gm component of steering vector [-]

h altitude [m]

ht trailing edge thickness [m]

He Helmholtz number [-]

I sound intensity [W/m2]

I0 reference sound intensity [W/m2]

j scan point [-]

J total number of scan points [-]

k wave number [m−1]

K empirical constant [-]

K1 constant [-]

K2 constant [-]

l sample [-]

ls length of the surface [m]

L lift [N]

L characteristic turbulence correction scale [m]

La A-weighted sound pressure level [dB]

Lb span length of the blade [m]

Lc airfoil chord [m]

Ls total number of samples [-]

LTP span wise extent of the vortex at the trailing edge [m]

m number of microphone [-]

M Mach number [-]

M
′

total number of microphones [-]
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MLW Main Lobe Width [dB]

MSL Maximum Side lobe Level [dB]

N non-linear operator [-]

Nblades number of blades of a wind turbine [-]

OASPL Overall A-weighted Sound Pressure Level [dBA]

OSPL Overall Sound Pressure Level [dB]

p sound pressure signal [Pa]

p ′ instantaneous sound pressure signal [Pa]

pe effective pressure [Pa]

pe,noi se effective noise pressure [Pa]

p~ξ0
pressure at scan point~ξ0 [Pa]

p j reconstructed sound pressure fo scan point j [Pa]

pm pressure measured by microphone m [Pa]

pmax maximum pressure [Pa]

pr e f reference pressure [Pa]

p̃m,l discretisation of sound pressure measured by microphone m [Pa]

P Fourier transform of sound pressure [Pa]

~P pressure vector [Pa]

Pξ j Fourier transform of sound pressure at scan point ξ j [Pa]

Pξ0 Fourier transform of sound pressure at scan point ξ0 [Pa]

Pm Fourier transform of sound pressure at microphone m [Pa]

PBL Pressure Band Level [dB]

PSD Power Spectral Density [dB/Hz]

PSL Pressure Spectrum Level [dB]

PWL Power Watt Level [dB]

q incoherent sound source [-]

Q total number of incoherent sound source [-]

r distance between the microphone and the sound source [m]
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r0 reference distance from the sound source [m]

rm,0 distance between microphone m and scan point 0 [m]

~rm, j distance between microphone m and scan point j [-]

R distance between the receiver and the edge of the airfoil [m]

Ra Rayleigh limit [-]

Re Reynolds number [-]

Re,0 reference Reynolds number [-]

Rrotor rotor radius [m]

RPM rotational speed [rpm]

RPS Round Per Second [Hz]

S power spectral density [Pa2]

S non-linear operator [-]

Ŝy x cross-spectral density function [Pa2/Hz]

Scaled SPL1/3 normalization form of one-third octave Sound Pressure Level [dB]

SIL Sound Intensity Level [dB]

SNR Signal-to-Noise ratio [dB]

SPL Sound Pressure Level [dB]

SPL1/3 one-third octave Sound Pressure Level [dB]

SPLα angle of attack contribution to the Sound Pressure Level [dB]

SPLav average Sound Pressure Level measured at the same distance [dB]

SPLLBL-VS Sound Pressure Level of LBL-VS noise [dB]

SPLp pressure side contribution to the Sound Pressure Level [dB]

SPLs suction side contribution to the Sound Pressure Level [dB]

SPLTBL-TE Sound Pressure Level of the TBL-TE noise [dB]

SPLTEB-VS Sound Pressure Level of the TEB-VS noise [dB]

SPLtot Total Sound Pressure Level [dB]

SPLtotal Total Sound Pressure Level for TBL-TE noise and separation noise [dB]

SPLTP Sound Pressure Level of the Tip noise [dB]
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St Strouhal number [-]

St′ Strouhal number defined for LBL-VS noise [-]

St′′ Strouhal number defined for TP noise [-]

St′′′ Strouhal number defined for TEB-VS noise [-]

St1 Strouhal number defined for TBL-TE and separation noise [-]

St
′
1 Strouhal number defined for LBL-VS noise [-]

St2 Strouhal number defined for TBL-TE and separation noise [-]

Stp Strouhal number defined for the SPL at the pressure side [-]

Sts Strouhal number defined for the SPL at the suction side [-]

Stpeak maximum value of the Strouhal number [-]

St
′
peak maximum value of the Strouhal number defined for LBL-VS noise [-]

St
′′′
peak maximum value of the Strouhal number defined for TEB-VS noise [-]

t time [s]

T period [s]

Ts time snapshot [s]

ue boundary layer edge velocity [m/s]

U freestream velocity [m/s]

U∞ flow speed [m/s]

Uy z cross-correlation function [Pa2]

Uy y auto-correlation function [Pa2]

v source velocity vector [m/s]

vr particle velocity in the direction r [m/s]

V flight speed [m/s]

wm, j weight factor between microphone m and scan point j [-]

W acoustic power emitted by the sound source [W]

W0 reference acoustic power [W]

~xm coordinates of microphone m [-]
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y sound pressure signal [Pa]

Y distance between the microphone phased array and the scan
plane

[m]

z distance from the microphone array [m]
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1
Introduction

1.1. Overview

In 2015, more than 190 states participated at the Paris Climate Change Conference. For the first time, all the
nations fought for a common cause: the climate change and its effects. The overall response was to keep
the rise of the global temperature well below 2◦C above the pre-industrial levels and to put efforts to limit
the increase to 1.5◦C above pre-industrial levels [89]. To achieve these ambitious goals and to overcome the
increase in the energy consumption, a shift from a fossil-fuel based society towards a sustainable society is
required. In this scenario, wind represents one of the most promising energy carrier.

By comparing the European total installed power capacity in 2007 and in 2017 (Figure 1.1), the increasing
share of renewable energy is clearly noticeable [97]. In particular, wind accounts for the largest percentage
among renewables and its power capacity is expected even to double in 2030 [96]. The growing role of wind
in the global energy framework boosts the development of the technology [20]. New targets are opening up:
offshore and urban. Offshore wind energy has gained more interest in the recent years. The high wind source
potential can be exploited by large wind farms, with an average size of 493 MW [98]. However, its market
competitiveness is limited by elevated costs as well as by technology risks. Along with the offshore locations,
urban areas have become attractive sites for the future of wind energy. The installation of small wind tur-
bines represent a cost-effective solution to meet the electricity demand of householders [84]. Furthermore,
with these off-grid devices, some of the barriers faced by wind farms, like losses in the electrical distribution
and transportation systems, can be reduced [56].

Figure 1.1: Share in the EU’s total installed power capacity in 2005 and in 2017 [97].
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1.2. Small wind turbines

According to the IEC safety standard 61400-2, a wind turbine with a rotor swept area1 smaller than 200 m2

and with a power generation of less than 50 kW is defined as a small wind turbine [39].

Small wind turbines can be either horizontal-axis wind turbine (HAWT) or vertical-axis wind turbine (VAWT).
Since VAWTs are characterized by lower productivity and by higher variable loads, they have not been adopted
as widely as HAWTs [52]. Thus, the main focus of the current work is on HAWTs. In Figure 1.2, several exam-
ples of this turbine’s category are shown with a variable number of twisted blades, from two to seven. In the
absence of a yaw system, some turbines are equipped with a tail fin to adjust the rotor with the wind and
to minimize the yaw angle2 [101]. In addition, according to the rotor orientation, they can be classified in
upwind turbines, if the rotor is facing the wind, and in downwind turbines, if the rotor is located on the lee
side of the tower [73]. These two rotor configurations are depicted in Figure 1.3 [52].

Figure 1.2: Examples of small wind turbine. Starting from the left side: 10 kW Bergey Excel turbine [9], 0.7 kW WindChallenge downwind
turbine [95] and 0.4 kW five-bladed wind turbine [17].

Wind
direction

Wind
direction

Upwind Downwind

Figure 1.3: Rotor configurations for HAWT [52]. Left: upwind configuration. Right: downwind configuration.

1The rotor swept area is equal to πR2
rotor with Rrotor, the rotor radius of the wind turbine. A rotor swept area small than 200 m2 corre-

sponds to Rrotor < 8 m [102].
2The yaw angle is defined as the angle between the turbine’s axis and the wind direction [101].
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1.3. Problem statement

In the urban environment, the wind regime is characterized by low wind speeds and high levels of turbu-
lence, due to the presence of obstacles. Furthermore, as every new technology, small wind turbines are facing
elevated capital costs and technical challenges for their extensive development [41]. Among these issues,
the sound emitted represents a constraint for their siting near human activities. In contrast with aircraft and
road traffic, a unique characteristic of wind turbine is that the sound is continuously generated during day
and night [38].

For the assessment of the noise, three primary factors have to be analyzed: noise sources, propagation path
and receivers, which are illustrated in Figure 1.4 [38].

Figure 1.4: Primary factors for the assessment of wind turbine noise [38].

Two main categories of noise can be produced by these operating systems: aerodynamic and mechan-
ical. The first one is emitted by the interaction of the airflow with the blades while the latter is caused by
the dynamic response of the moving mechanical components [52]. Nowadays, the major focus is on aerody-
namic noise, proving that mechanical noise has been already optimized [93].

Considering the propagation path, the wind gradient represents the most important element. In fact, the
noise propagation can be amplified by the wind in a specific direction as well as obstruct in others [38]. How-
ever, since small wind turbines are placed very close to the receivers [74], the propagation path will not be
discussed in this research.

As regards the third factor in Figure 1.4, the acoustic impact of a wind turbine is often a subjective perception
and is linked with the nature of the receiver [52]. In the case of human ear, the small pressure fluctuations
associated with the generation of the sound can be recognized for different range of frequencies3. However,
humans result more susceptible to certain frequency (i.e. 2 kHz - 6 kHz) and their sensitivity is not linear
with the amplitude of the sound wave [69]. In order to adapt the recorded sound perception to the human
sound sensibility4, filters are used. Figure 1.5 depicts several types of filter: A-Weighting, B-Weighting and
C-Weighting. The first one is the most adopted with sound of medium intensity, while the last one is used for
loud sound. The B-Weighting is not commonly applied and it assesses medium-loud sounds [65]. The weight-
ing can be recognized in the unit, e.g. dB(A) when the A-scale is employed. In the report, the A-weighting filter
will be applied.

Effects of the noise on people can be distinguished in [52]:

1. subjective, i.e. annoyance and dissatisfaction;

3The audible frequencies for a human range between 20 Hz and 20 kHz [69].
4Note that the limits for human hearing and for human pain correspond to an SPL of 0 dB and of 140 dB, respectively [64].
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2. interference with activities, e.g. sleeping;

3. physiological, e.g. hearing loss.

In general, workers in the aircraft sector can be subjected to all the above-mentioned disturbances while the
noise impact of a wind turbine leads only to the first two effects [31].

The perception of wind turbine noise is also linked to the ambient sound. In fact, if the background noise
and the wind turbine noise have the same magnitude, the latter will be confused with the background [65].

Figure 1.5: A, B and C-Weighting Frequency Scales [91].

1.4. Objective and research approach

The main objective of this research is:

to assess the noise emitted by a small wind turbine, focusing on the aerodynamic noise sources.

For this goal, the source mechanisms need to be known. Beamforming algorithms with microphone phased
array have become a standard method for the localization and quantification of sound sources [77]. The
acoustic array records the signals coming from the sound source. Then, through the adoption of the beam-
forming, the recorded signals are translated into a source map, which shows the magnitude and the location
of the sound source [59].

The most adopted technique is the conventional beamforming (CB), which has been widely used to inves-
tigate stationary sound sources. The basic principle is to assume the acoustic array and the measurement
object spatially fixed to each other and to consider a stationary scan plane, with a certain number of scan
points, where sound sources are expected to be located [43]. This technique can be carried out:

• in the time domain, where the time delays between the emission of the sound signal and the received
signal at the microphones are evaluated [103];

• in the frequency domain, where microphone signals are delayed in phase.

Even if conventional beamforming shows several advantages, like simplicity and robustness, it is not able to
correctly reconstruct the sound field of a rotating source. In fact, in this case, the distance between the source
and the receiver is time-dependent [83].

In presence of rotating objects, like wind turbine rotors, the abilities to follow the motion of the source and to
take into account the frequency shift are important. In particular, if multiple noise sources are assessed, their
correct detection is essential to define noise abatement strategies [101].

This is the reason why during this project a rotational beamforming algorithm (i.e. ROSI, ROtating Source
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Identifier) will be used. The main difference with the conventional beamforming is that the scan plane ro-
tates following the movement of the noise sources [33]. To accurately evaluate the wind turbine noise with
ROSI, the following research question will be addressed:

What is the ROSI performance for localizing and quantifying rotating sound sources, like small wind
turbines?

First, the source localization and the source quantification will be investigated under ideal and known condi-
tions. Three simulated datasets will be analyzed: a single rotating point source, multiple spatially separated
sound sources and distributed sources. The ROSI uncertainty will be determined through the difference be-
tween the input and the ROSI output. In addition, multiple simulations will be performed varying the source
levels. If the differences in the beamformed results agree with differences in the source levels, ROSI can be
used to compare different blades or turbine geometries.

Then, the degree of uncertainty will be increased applying ROSI to experimental data. Two experiments will
be conducted to answer the main research question:

1. An experimental verification of the measurement geometry will be carried out in the Anechoic Tunnel
facility of TU Delft University. The use of a small-scale academic prototype will simulate the acoustic
of a urban wind turbine. In this way, it is possible to assess if all the input parameters for the detection
of the noise level are correctly retrieved. This aim can be translated in the following sub-question:

Knowing the location of a rotating source in an anechoic environment, is ROSI able to correctly
localize and quantify the sound level?

2. A small HAWT with an upwind configuration will be tested in the Open Jet Facility of TU Delft Uni-
versity. An analysis of the main noise sources will be carried out, varying both the wind speed of the
tunnel and the rotational speed of the blades. Different blades and turbine geometries will be adopted.
Follows that:

In presence of a non-anechoic environment, is ROSI able to correctly localize and quantify the sound
emitted by a small wind turbine?

By answering these two sub-questions, the assessment of the noise emitted by a small wind turbine will be
achieved. For a more detailed analysis, all the measurements will be compared with analytical models, de-
veloped along the years to characterize the different types of wind turbine noise.

On the base of these evidences, strategies for the noise abatement will be provided together with recom-
mendations for future researches.

1.5. Structure of the report

After the introduction, the current research is structured as follows:

• Chapter 2 presents an overview of the fundamental concepts for acoustic;

• Chapter 3 evaluates the different noise sources for a wind turbine, with a particular attention to the
noise prediction models present in literature;

• Chapter 4 describes the beamforming techniques applied in aeroacoustics measurements. First, the
conventional beamforming is analyzed, followed by the description of the ROtating Source Identifier;

• Chapter 5 provides information about the set-up of the two experiments;

• In Chapter 6, the ROSI uncertainty is investigated with different simulated datasets;

• The ROSI application to the experimental data is discussed in Chapter 7;

• Chapter 8 is the last section, where conclusions and recommendations are drawn.





2
Fundamental concepts of acoustic

This Chapter describes the basic concepts of acoustic, which are essential to understand the entire research.
The first section introduces the definition of the sound and the main characteristics of sound waves. Then,
the physical variables to quantify the sound are presented. Fundamental for the present study are the effects
of a moving sound source, which are illustrated in the third section. The last section defines how a Fourier
transform is performed and how the sound spectrum is evaluated.

2.1. Sound

Sound is a pressure fluctuation, which propagates through a medium in the form of a longitudinal wave and
with a constant speed [64]. The sound unwanted by the receiver is called noise.

These disturbances are characterized with the following quantities [34]:

• c, sound speed [m/s] depends on the fluid through which the sound pressure travels. In atmospheric
air, it is equal to 340 m/s [52];

• f, frequency [Hz] is the number of pressure wave cycles per second;

• T, period [s] is the time to complete one pressure wave cycle;

• λ, wavelength [m] is the distance travelled by the pressure wave during one cycle.

Equation 2.1 provides a relation between these parameters while Figure 2.1 visualizes them.

λ= c

f
with f = 1

T
(2.1)

The longitudinal characteristic of the wave implies that particle displacement is in direction of the wave prop-
agation. At a constant time, the two-dimensional plane, where the particle displacement is the same, is called
wave front [79].

Figure 2.1: Characteristic variables for a sound pressure wave: period, frequency and wavelength. Time domain on the left side and
space domain on the right side.

7
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2.1.1. Sound fields

The region where the pressure wave travels is called the sound field. The sound fields are classified as [40]:

• Free field, when in the space of interest no obstacles affect the travel of the sound wave. The absence
of reflections from objects, wall or ground surface is often required during acoustic measurements
[69]. This is the reason why, anechoic chambers have been designed. Any reflections of the sound
are avoided because the interior surfaces are constructed to have a high wall absorption. In this ideal
environment, one of the experiment of the current research will be performed.

• Near field, is a region close to the sound source. Here, the propagation of the sound is influenced by
the emission characteristics of the source. Since the relationship between sound pressure and distance
is not fixed and the curvature of the wave front plays a role, this field is not taken into account in noise
measurements [69].

• Far field, where sound pressure results to be inversely proportional to the distance [91]. In this case,
the receiver is at great distance from the sound source. Thus, the propagation of the sound can be
characterized by plane waves1 [77].

2.2. Quantification of sound

In order to measure the sound, several physical quantities can be used. The most common are the Sound
Power Level, the Sound Intensity Level, the Sound Pressure Level, the Signal-to-Noise ratio and the Directivity
Index.

2.2.1. Sound Power Level

Sound Power Level or Power Watt Level (PWL) can be defined through [79]:

PWL = 10log

(
W

W0

)
(2.2)

where W is the acoustic power of the sound source (i.e. the energy emitted by the source per unit of time),
and W0 is the reference acoustic power, equals to 10−12 W [29]. PWL is measured in decibel.

2.2.2. Sound Intensity Level

The energy transmitted by a sound pressure per unit time per unit area is called sound intensity I [79]. If a
point source in a free field is analyzed, the energy is uniformly emitted in all the directions. Thus, the sound
intensity is constant in every spherical surface that surrounds the sound source and it is defined as the sound
power per unit area [91]:

I (r ) = W

4πr 2 (2.3)

in which r is the radius of the sphere.

In general, sound intensity at certain distance r from the sound source is equal to

I = 1

T

∫ T

0

p ′ d A dr

d t d A
d t = 1

T

∫ T

0
p ′ vr d t (2.4)

with p ′ the instantaneous sound pressure, d A is the area normal to the direction of travel and vr the particle
velocity in the direction r .

It is important to highlight that in a free field the relationship between the effective pressure and the sound

1For plane waves, the wave fronts are always parallel between each other [77].
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intensity in the direction of the sound propagation follows to the so-called acoustic analogy of Ohm’s law [69]:

I = p2
e

ρ∞c
(2.5)

The denominator of the right-hand side is defined as the characteristic acoustic resistance of the medium.

Knowing the intensity of the sound, it is possible to characterize the Sound Intensity Level (SIL). Also in this
case a logarithmic scale is used [64]

SIL = 10log
I

I0
(2.6)

where I0 represents the reference sound intensity with a value of 10−12 W/m2 [69].

2.2.3. Sound Pressure Level

Sound Pressure Level (SPL) uses a logarithmic decibel scale to represent the ratio between the effective pres-
sure, pe , and a reference pressure, pr e f [23]:

SPL = 20log

(
pe

pr e f

)
(2.7)

Here, the reference pressure represents the hearing threshold at 1 kHz and it is equals to 2 ·10−5Pa, in air. The
effective pressure is calculated as the Root-Mean-Square of the acoustic pressure [79].

Considering Equations 2.5, 2.6, 2.7, it is possible to define the relationship between the SIL and the SPL as

SPL = SIL+10log

(
I0ρ∞c

p2
r e f

)
= SIL+0.18 (2.8)

In the right-hand side of Equation 2.8, the reference values of I0 and pr e f and the standard value of air density
at sea level (i.e. 1.225 kg/ m3) are substituted. However, if the air density is not equal to the standard value at
sea level, Equation 2.8 can be correct as:

SPL = SIL+0.18+10log

(
ρ∞c

(ρ∞c)0

)
(2.9)

In practice, the difference between SPL and SIL is so small (i.e. less than 1 dB) under all atmospheric condi-
tions that these parameters are numerically identical [69].

When Q incoherent sound sources (i.e. sound sources with different waveforms and variable phase differ-
ences) are present, the total SPL is expressed as [58]:

SPLtot = 10log
Q∑

q=1
10

SPLq
10 (2.10)

with SPLq the sound pressure level for sound source q .

2.2.4. Signal-to-Noise ratio

The Signal-to-Noise ratio (SNR) is calculated as [88]:

SNR = 20log

(
pe

pe,noi se

)
(2.11)

in which pe,noi se is the effective pressure of the noise.
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2.2.5. Directivity Index

Generally, when the size of the sound source prevails to the wavelength of the sound, the source tends to
be directional. The sound emitted by a rotating source, like a wind turbine, presents a strong directionality.
As a result, the noise field is linked not only to the distance from the source but also to its angular position [69].

In order to quantify this directional pattern, the directivity index (DI) is adopted, which is described as [79]

DI(κ) = SPL(κ)−SPLav = SPL(κ)−10log
W

4πr 2 (2.12)

Here, SPL(κ) is calculated in a specific direction κ and SPLav is the average Sound Pressure Level measured at
the same distance, r [69]. The second variable on the right side of Equation 2.12 is computed from the ratio
between the acoustic power and the surface of the sphere with radius r .

2.3. Effects of a moving sound source

When a moving sound source is analyzed, the effect of Doppler frequency shift as well as the convective
amplification have to be taken into account [103]. The acoustic field is affected in two ways: the Doppler
effect alters the frequency of sound while the convective amplification influences the sound level.

2.3.1. The Doppler frequency shift

If the source moves and the sound receiver is at rest, Equation 2.1 is not valid. The center of the radiated wave
fronts is slightly displaced, according to the movement of the source, and the position vector changes with a
speed of dr /d t . Thus, the observed wavelength, λ

′
can be expressed as [69]:

λ
′ = c +dr /d t

f
with

dr

d t
= ~v ·~r

‖~r‖ (2.13)

where ~v is the source velocity vector and~r is the distance vector between the receiver and the source. In the
case of a sound source moving away from the receiver, dr /d t is bigger than zero. This results in an increase
of the wavelength of

λ
′

λ
= c +dr /d t

c
(2.14)

Follows that, the ratio between the observed frequency f
′

and the source frequency f is calculated with:

f
′

f
= c/λ

′

c/λ
= 1

1+ dr /d t
c

(2.15)

The difference between the observed frequency and the source frequency, ( f
′− f ), is called the Doppler shift.

Figure 2.2: Airplane flyover and Doppler Frequency Shift. t = 0 co-
incides with the overhead position and θ is the angle between the
velocity vector and the source-observer line [69].

If an airplane at altitude h and with a flight speed
V is considered as a moving source, then

dr

d t
= d

d t

√
h2 +V 2t 2 = V 2r

t
(2.16)

Substituting Equation 2.16 in Equation 2.15, leads
to

f
′

f
= 1

1+ V 2t
r c

= 1

1−Mcosθ
(2.17)
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where r = −V t/cosθ respects the geometrical relation and the Mach number is expressed as M = V /c.
The denominator of the right-hand side of Equation 2.17 is called Doppler factor.

Figure 2.2 illustrates the airplane flyover together with the Doppler shifted frequency [69].

In the end, if a source is moving away from the receiver, the sound is perceived with a lower frequency. The
opposite results, if the source is approaching. The evaluations of this effect in terms of observed frequency
can be performed using Equation 2.13, Equation 2.14 and Equation 2.15 [64].

2.3.2. Convective amplification

The effect of convective amplification can be retrieved in the change of the sound level. If the source is moving
away from the receiver, the sound level is decreased by the square of the Doppler factor. An opposite outcome
is obtained, if the source is going towards the observer. Equation 2.18 expresses this proportionality [60]

p(r, t ) ∝ (1−Mcos(θ))−2 (2.18)

2.4. Fourier Transform and Sound Spectrum

In reality, sound is composed by multiple pressure variations, i.e. different tones with different frequencies.
Thus, using the Fourier theorem, the acoustic signal can be considered as a combination of sinusoidal waves
and each of these can be described with Equation 2.1 [29]. The frequency components and their proportions
in the signal are then determined with a Fourier transform. The final result is the sound spectrum, where
for each frequency the corresponding energy content is depicted. This procedure allows to move from time
domain to frequency domain.

The triggering reason to perform a frequency analysis is to investigate the dominant noise source. The Fourier
transform and the Inverse Fourier Transform for a pressure sound, p(t ), can be described with [23]

P ( f ) =
∫ +∞

−∞
p(t )e−i 2π f t d t (2.19)

p(t ) =
∫ +∞

−∞
P ( f )e i 2π f t d f (2.20)

Equation 2.19 and 2.20 are denoted as Fourier integral pair [62]. From these expressions, the power spectral
density can be defined

S( f ) = lim
T→∞

∣∣P ( f )2
∣∣

T
(2.21)

Since a unit frequency interval is considered, S( f ) does not provide a measure of the finite sound intensity.
In order to yield that, an integration over a finite frequency interval must be performed [69].

2.4.1. Tonal and broadband sound

Different sound spectra correspond to different types of sound [64]. Figure 2.3 and Figure 2.4 illustrate the
time series and the frequency spectrum for a periodic sound and for a broadband sound, respectively.

If a periodic pressure signal is analyzed, a large number of discrete frequency components can be retrieved,
which are related to the nominal frequency as integral multiples [69]. The resulting graph in the frequency
domain is a line spectrum. Example of this category is the noise emitted by a propeller.

On the other hand, if the sound is random or broadband, the sound pressure waveforms do not repeat over
the time domain and the pressure fluctuations are randomly. The frequency analysis leads to a continuous
spectrum where the frequency components of the signal vary among a wide range [29]. A particular random
sound is the white noise.
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Figure 2.3: Time series and frequency spectrum for a periodic sound. The signal analyzed is a tone at f = 1000 Hz.
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Figure 2.4: Time series and frequency spectrum for a broadband sound. The signal analyzed is white noise.

2.4.2. Frequency bands for the sound spectrum

Two kinds of frequency band can be applied in the representation of sound spectrum [64]:

1. Constant bands, used if high frequency resolution is needed. For example, if a pure tone is analyzed.

2. Proportional bands, like octaves or one-third octaves, adopted for noise measurements.

These bandwidths lead to different spectral shapes and levels, as it can be noticed from Figure 2.5. Here, the
sound spectrum for the white noise is plotted for two different frequency bands: octaves, on the left-side, and
one-third octaves, on the right-side.
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Figure 2.5: Sound spectrum for the white noise, applying octave bands (left-side) and one-third octave bands (right-side).
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As regards the octave bands, the upper limit of the bandwidth is twice the lower limit. The nominal fre-
quency, fn , describes each octave band and results from the geometric mean of the upper and lower fre-
quency limits (i.e. fU and fL respectively), as [29]:

log fn = 1

2
[log fL + log fU ] ⇔ log fn =

√
fL fU (2.22)

Using a narrower band, as the one-third octave, more detailed information about the noise can be obtained.

Within a specific frequency band, the SPL is denoted as Pressure Band Level (PBL) [69].

PBL = 10log

(
S( f )∆ f

p2
r e f

)
= PSL+10log∆ f (2.23)

in which, PSL represents the Pressure Spectrum Level. This quantity is the SPL in 1 Hz band centered in a
specific frequency. It is also the decibel value for the power spectral density, S( f ) [79]. In the current work,
the PSL is also referred as Power Spectral Density (PSD).

The Overall Sound Pressure Level (OSPL) is often used to evaluate the total noise emitted by a sound source
and it is calculated adding the PBL’s (SPL’s) over fi , with i = 1, · · · ,n the band number, as

OSPL = 10log
n∑

i=1
10

SPL( fi )
10 (2.24)

This can be translated in the integration of the total power over the frequency spectrum.

In the time domain, the OSPL is expressed as

OSPL = 20log

(
pe

pr e f

)
(2.25)

with pe the effective pressure.

When the A-weighting filter is applied, the overall A-weighting sound pressure level (OASPL) is obtained as
[79]

OASPL = 10log
n∑

i=1
10

SPL( fi )+∆L A ( fi )
10 (2.26)

with∆L A =−145.528+98.262log f −19.509(log f )2+0.975(log f )3 and measured in dBA. The A-weighting filter
is often used because it provides a good measure of the perceived noise level [69].

2.4.3. Discrete Fourier Transform

However, since most of acoustic signals are defined only for discrete time steps, the Discrete Fourier Trans-
form (DFT) has to be used. For a number of samples, Ls , the complex pressure amplitude for the signal
measured by the microphone m, pm( fb), is calculated as follows:

pm( fb) = 2

Ls

Ls∑
l=1

p̃m,l e−2πi fb l∆t (2.27)

where p̃m,l is the discretization of pm and b is the frequency index.

2.4.4. Fast Fourier Transform

In order to efficiently perform DFT and to reduce the computational time, Equation 2.27 is evaluated through
the Fast Fourier Transform (FFT) for each of the frequency component of the acoustic signal, which are [77]

fb = b

L∆t
with b = 1, · · · ,

L

2
−1 (2.28)
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∆t is the sample interval in seconds.

2.4.5. Aliasing

According to the Nyquist criterion, the sample frequency has to be at least twice the maximum frequency of
the sound [16].

In Equation 2.28, the upper limit for the frequency is fL/2 = 1/2∆t , which gives a sampling frequency of

fs = 1

∆t
(2.29)

If the signal is under sampled, aliasing occurs. Figure 2.6 compares adequate and inadequate sampling,
showing that during aliasing the under sampled signal is at a lower frequency than the original signal. Thus,
an incorrect representation of the sound is obtained.

Adequately sampled signal

Aliased signal due to under sampling

Figure 2.6: Sampling of the signal [16]. On the top, the signal adequately sampled is shown. Instead, on the bottom, aliasing occurs for
under sampling.



3
Wind turbine noise

Technological developments in the field of wind energy have led to several improvements in the aerodynamic
performance of wind turbines. However, the noise emitted by these devices remains one of the most impor-
tant obstacles for their siting [52]. For wind turbines, it is possible to distinguish between mechanical and
aerodynamic noise sources. The first one results from the motion of the mechanical components while the
latter is caused by the interaction of the airflow with the blades. In modern wind turbines, the aerodynamic
noise is dominant [22]. Therefore, the present research is mainly focused on aerodynamic noise sources.

The first section of the current Chapter defines the mechanical noise while the second one assesses the dif-
ferent aerodynamic sound sources. The last section is dedicated to the methods used for noise modelling.

3.1. Mechanical noise

The dynamic response of electrical and mechanical equipment in a wind turbine generates mechanical noise
[65].

For small wind turbines, the mechanical noise sources are caused by [70]:

1. the rotation of the generator;

2. the yaw correction movement, which appears only for downwind turbine;

3. the furling movement1.

In addition, in small wind turbines, the absence of a gearbox for the generator reduces the magnitude of the
emitted sound, which is mainly tonal, even though some broadband components can appear [63]. These con-
siderations and the high rotational speed of the turbine explain why the contribution of mechanical sound
sources is very small compared to the aerodynamic ones in a small wind turbine.

3.2. Aerodynamic noise

Aerodynamic noise can be divided in [60]:

1. Blade-wake interaction noise;

2. Inflow-turbulence noise or leading edge-interaction noise;

3. Airfoil-self noise.

1The furling motion is an overspeed protection method. The rotor of the small wind turbine rotates out of the flow [101].

15
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The aerodynamic interaction between the blades and the flow around the tower causes low-frequency2 noise
[22]. Figure 3.1 depicts this phenomenon, where the streamlines represent the flow upstream of the tower.
When the blade passes through this region, it generates an unsteady lift and consequently tonal noise. This
type of sound source is less relevant for turbines with an upwind configuration, for which the distance be-
tween the blade and the tower is larger. In fact, in this case, the wind field interacts first with the rotor and
then with the tower [38].

The inflow-turbulence noise mechanism is shown in Figure 3.2, where the incoming atmospheric turbulence
interacts with the blade [65]. This type of aerodynamic source is produced by surface pressure disturbances
at the leading edge and appears for a distortion of the vortices impinging on it [44]. Since the inflow hitting
the blade is turbulent, the size of these eddies with respect to the chord length affects noise generation [2]. In
the case of eddies larger than the chord, sound is radiated at low frequency and depends on the sixth power
of the Mach number, M 6. Under opposite conditions, the sound source behaves as a quadrupole and scales
with the Mach number as M 5. Oerlemans et al. [54] demonstrated that isolated airfoils for small wind tur-
bines show the latter trend.

Figure 3.1: Interaction between the tower and the blade [22]. Figure 3.2: Inflow-turbulence noise [58].

The airfoil self-noise is the third source of aerodynamic noise. During the operation of the wind turbine,
air flows along the blade. The viscous interaction between the fluid and the airfoil surface leads to the devel-
opment of a boundary layer. The turbulence generated in this layer and in the near wake interacts with the
blade, generating noise [13]. Different flow conditions can occur, influenced not only by the angle of attack
but also by the Reynolds number [90]:

Re = U Lc

ν
(3.1)

with U the free-stream velocity, Lc the airfoil chord and ν the kinematic viscosity of the fluid.

Following these considerations, five airfoil self-noise mechanisms can be highlighted [13]:

1. Laminar Boundary Layer - Vortex Shedding Noise (LBL-VS);

2. Turbulent Boundary Layer - Trailing Edge Noise (TBL-TE);

3. Separation-Stall Noise (SS);

4. Trailing Edge Blunt - Vortex Shedding Noise (TEB-VS);

2The frequency range for low frequency noise is between 20 Hz and 100 Hz [22].
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5. Tip Noise (TP).

3.2.1. Laminar Boundary Layer - Vortex Shedding noise

At low Reynolds number (lower than 50,000), the boundary layer on the airfoil is laminar. Going from low
to moderate values of Re (50,000 to 500,000), small fluctuations appear, which represent the first step in the
transition to a turbulent boundary layer [71]. These unsteady disturbances, called Tollmien–Schlichting or T-
S waves, are amplified over a separation bubble layer, which might be present at the trailing edge of the blade.

In order to understand the emission of LBL-VS noise, three correlated phenomena are analyzed and depicted
in Figure 3.3 [13]:

1. Separation bubble;

2. Vortex roll-up;

3. Acoustic feedback.

Laminar boundary layer

Acoustic feedback

Separation bubble Vortex roll-up

Figure 3.3: Laminar Boundary Layer-Vortex Shedding Noise [13]. The separation bubble, the vortex roll-up and the acoustic feedback
are shown.

The main cause of the separated shear layer is an adverse pressure gradient, which generally corresponds to
a negative gradient of the velocity at the boundary layer edge, ue [4]. Since the transition from laminar to tur-
bulent takes place downstream of the separation region, the flow has enough energy to overcome the adverse
pressure gradient and to consequently reattach upstream the trailing edge. This type of flow is named as lam-
inar separation bubble and its representation is provided in Figure 3.4 [32]. The dividing streamline is located
between the separation point of the shear layer and the reattachment point. In this way, the recirculating flow
is not in contact with the separated flow. With Reynolds numbers lower than 50,000, the reattachment of the
flow fails, leading to the stall of the blade (i.e. the lift decreases while the drag increases) [55].

During transition, boundary layer instabilities appear in the form of T-S waves [24]. The overall mechanism
induces surface pressure perturbations, which generate acoustic waves at the trailing edge [3]. The conse-
quent scattering and upstream diffusion of these sound waves induce the generation of new instabilities.
The characteristics of this phenomenon lead to a periodic vortex shedding process.

Looking at the noise spectrum for a NACA0012 in Figure 3.5, it is possible to identify not only a dominant
tone, the so-called primary tone with frequency fn,max [6], but also n multiple secondary tones, with fre-
quencies fn,tone proportional to U 0.85. Even if at the beginning fn,max follows the trend of fn,tone , a jump
to a higher frequency has been assessed, which results in a ladder-type structure of the acoustic spectrum
[61]. Moreover, a broadband component is observed with a centre frequency fs,center , caused by either the
presence of incoherent eddies or by the scattering of the pressure sound waves at the trailing edge, as studied
by Arbey and Bataille [4]. On average, fn,max follows the behaviour of fs,center and depends on the power of
the free stream velocity, i.e. U 1.5. As a consequence, according to the expression of the Reynolds number, an
increase of Re leads to a decreasing primary tone [7].
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Figure 3.4: Laminar separation bubble layer [32].
The separation point of the laminar shear layer is indicated with
the letter S while the reattachment point of the flow with the let-
ter R. The transition point between laminar and turbulent layer is
depicted with the letter T.
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Figure 3.5: Acoustic spectrum for a NACA0012 airfoil at
zero angle of attack and a Reynolds number of 75,000 [6].

These peaks occur due to an aeroacoustics feedback mechanism between the trailing edge noise and the
T-S waves. Several studies and investigations have been performed to fully understand this feedback loop
[21, 57, 81]. However, the physics behind this phenomenon is out of the scope of the current work.

According to Sandberg [71], the values of Re for the flow around blades of small wind turbines are small
enough for the development of laminar separation bubbles shedding vortices. As a result, the LBL-VS noise
represents one of the most important noise source for these devices.

LBL-TE noise can be prevented by tripping the blades of the wind turbine, leading to a fixed laminar-turbulent
transition.

3.2.2. Turbulent Boundary Layer - Trailing Edge noise

At high Reynolds number (i.e. larger than 500,000), the development of a turbulent boundary layer over the
airfoil occurs. As these turbulent eddies pass over the sharp trailing edge, they scatter into acoustic pressure
waves [13]. TBL-TE noise is produced, representing the most common noise mechanism for large-scale wind
turbines [35].

At the trailing edge, the current flow conditions do not allow the generation of periodic phenomena. Thus,
large-scale events, like vortical structures, appear randomly arranged and the emitted noise is mainly char-
acterized by a broadband component [27]. In the proximity of the wind turbine, an observer perceives this
sound as a "swishing" sound at the blade passing frequency (BPF). The received noise is heard as varying in
time and in amplitude due to the Doppler effect and to the convective amplification [46].

Expected values of TBL-TE noise range between 500 Hz and 2000 Hz and, as demonstrated by Oerlemans
et al. in their experiments, a louder noise is produced on the outer part of the blade [60].

Figure 3.6 summarizes the phenomena for the TBL-TE noise emission.

Turbulent boundary layer

Turbulent boundary layer

Figure 3.6: Turbulent Boundary Layer-Trailing Edge Noise [13].
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3.2.3. Separation - Stall noise

When an airfoil at high angle of attack is investigated, a condition of deep stall is encountered on the suction
side [99]. Under this condition, the shear layer separates far upstream, enhancing the creation of vortices.
Due to the large length scale of the mechanism, the noise is emitted at low frequency [13].

Higher angles of attack imply that the TBL-TE noise is not anymore the dominant sound source. In fact,
due to the consequent stall, the blades are not working properly. The separation-stall noise results the major
contribution, increasing the noise by 10 dB compared to the TBL-TE generated at low angles of attack [13].
Follows that, during the optimal operation of a wind turbine, this type of sound source is not produced.

Figure 3.7 shows how a boundary layer separation noise develops while Figure 3.8 gives a representation
of a deep stall occurrence.

Turbulent boundary layer

Turbulent boundary layer

Boundary layer separation

Figure 3.7: Boundary Layer Separation noise [13].

Turbulent boundary layer

Separated shear layer roll-up

Figure 3.8: Large-scale separation (i.e. deep stall) [13].

3.2.4. Trailing Edge Blunt - Vortex Shedding noise

For a sharp trailing edge, the dominant noise source is represented by the LBL-VS noise, when a laminar in-
stability occurs, or by the TBL-TE noise, when higher Reynolds number enhances a turbulent boundary layer.
A different situation is experienced, when a blunt trailing edge is examined. Here, the bluntness leads to the
development of a large scale vorticity process in the recirculating flow region. A roll-up of the shed vortices
is generated in the near-wake and in the wake region over the trailing edge [12]. Figure 3.9 summarizes the
overall phenomena.

The fixed thickness of the blunt edge and the presence of the free-stream velocity determine a narrowband
trend in the emitted sound. Under these conditions, the flow along the blade is characterized by a large span-
wise correlation and a tonal component can be recognized in the noise spectra [10]. In the case of a bluntness
length equivalent to the boundary layer thickness at the trailing edge, the TEB-VS noise is the dominant sound
source. Thus, the geometry of the blade influences the intensity of the noise. A necessary condition for the
emission of a TEB-VS noise is the following [13]:

ht

δ∗l
≥ 1 (3.2)

being ht the thickness of the trailing edge and δ∗l the boundary layer displacement thickness.

With a proper design of the wind turbine, and especially of the trailing edge, the TEB-VS propagation can
be prevented. This is the reason why for the current research, the TEB-VS noise will not be assessed.

Vortex sheddingBlunt trailing edge

Figure 3.9: Trailing Edge Blunt-Vortex Shedding Noise [13].
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3.2.5. Tip noise

Because of the finite length of the blade, a vorticity field is formed at the tip. In this region, the interaction be-
tween the stronger vortex at the pressure side and the weaker vortex at the suction side leads to an increasing
pressure gradient, which turns into a rotational flow along the airfoil. These turbulent and unsteady vortices
cause the generation of tip noise [13]. In Figure 3.10, it is possible to see the formation and the development
of a tip vortex structure. The vortices merge downstream at the trailing edge.

According to Casalino et al. [15], the noise level increases in the chordwise direction because the vortex
strength continuously enhances. In addition, the overall sound is characterized by a tonal component, with
a decreasing dominant noise frequency as the vortex size increases.

On the basis of the experimental studies conducted by Doolan et al. [22], this sound source has a great
contribution in the aerodynamic noise produced by wind turbines. Fundamental in this propagation is the
influence of the blade geometry as well as of the angle of attack. However, the use of a reverse twist or wingtip
on the airfoil leads to a tip noise reduction [54].

Turbulent boundary layer

Tip vortex

Blade tip

Figure 3.10: Vortex generated at the tip [13].

3.3. Prediction models

Since aeroacoustics measurements will be performed, it is important to compare the experimental results
with reliable airfoil noise models. Several methods have been investigated and can be classified as:

1. Theoretical methods, where the basic principles for noise prediction are introduced;

2. Semi-empirical methods, where analytical scaling rules and empirical data are used;

3. Numerical methods, where the sound is calculated using a combination of Computational Fluid Dy-
namics and Computational Aeroacoustics.

3.3.1. Theoretical methods

According to Howe [35, 36], various theoretical models for trailing edge noise can be identified:

• based on Lighthill’s acoustic analogy;

• based on the solution of linearized hydroacoustic equations, like the one developed by Amiet [2, 3];

• ad hoc models that make use of empirically determined source distributions.

All the above-mentioned theories achieve the same conclusion: the scattering process, determined by the
pressure fluctuations at the sharp edge of the airfoil, leads to an increase in the radiated sound power, corre-
sponding to a M 5- scaling law [71]. This dependence is clearly shown in Figure 3.11, where the power law for
trailing edge noise emissions is compared with the data measured for straight and serrated trailing edges. For
both cases, the experimental results follow the trend of the 5th power law, proving the relation between the
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SPL and the freestream velocity [5].

Figure 3.11: The 5th power law dependence of the sound power with the flow speed is represented by the black straight line. The blue
and the green lines show the measured data for the straight and the serrated edges, respectively [5].

The main difference between the theoretical models regards how the flow is modelled at the interaction
with the edge of the blade. In the first category, a turbulent flow is assumed while in the other two the sound
field is related to the pressure disturbances on or near the edge of the blade [35].

Lighthill’s acoustic analogy represents the starting point in aeroacoustics modelling. Lighthill [47] investi-
gated the sound radiated in a free turbulent space, with a characteristic length of the eddies δc , a velocity U
and a flow density ρ. Assuming the sound generation and the sound propagation as two separated mech-
anisms [14], the aerodynamic noise is derived from the Navier-Stokes equations. Follows that the radiated
sound intensity I is proportional to

I ∼ ρU 3 M 5 δ
2
c

R2 (3.3)

where M is the Mach number (M =U /c) and R is the distance from the receiver. Here, a quadrupole distri-
bution of the source is adopted [47].

For wind turbines, solid boundaries affect the emitted sound. Thus, it is important to take into account their
effects, especially for low flow velocities. Curle makes use of a static surface, with length ls , and proposes the
following scaling rule for the sound intensity in the hypothesis of a compact surface (i.e. Helmholtz number
He = k ls ¿ 1) [19]

I ∼ ρU 3 M 3 l 2
s

R2

Lb

ls
(3.4)

with Lb , span of the blade.

The compactness of the surface allows to scale the sound intensity with the free stream velocity as U 6. Now,
the sound source is approximated as a dipole distribution because the propagation time is very small com-
pared to the wavelength of the acoustic wave.

Comparing Equation 3.3 and Equation 3.4, it is evident that the presence of a surface leads to a louder noise
at low Mach number and high Reynolds number. The drawbacks of Curle model is that when non-compact
surfaces or high frequencies are assessed, the dipole term cannot be evaluated through a dimensional analy-
sis [26].

Ffowcs-Williams et al. [26, 27] extended the Lighthill theory with the introduction of moving non-compact
surfaces and provided an analytical solution in the so-called FH-W model. Splitting the domain into the sur-
face and the surrounding flow, the analogy describes entirely the radiation of acoustic waves from a moving
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source immersed in a fluid. For a turbulent boundary layer thickness δl , passing the trailing edge of a blade
with a span Lb , the radiated sound intensity results in

I ∼ ρU 3 M 2 δl
2

R2

Lb

δl
sin2(κ/2) (3.5)

with ρ the density of the flow, U the flow velocity and κ the directivity angle of the source. The term sin2(κ/2)
represents the directivity factor, which equals 1 for an observer perpendicular to the trailing edge surface (i.e.
κ = 180 degree) [13]. The sound pressure depends on the fifth power of the flow velocity (i.e. U 5) as well as on
the characteristic scale of the flow (i.e. δl ).

In this case, the acoustic waves are radiated towards the upstream direction and the source is approximated
as a combined distribution of monopole and dipole. As already discovered by Curle, a dipole is a more effi-
cient radiator when solid boundaries play a role. Its contribution is known as thickness noise, since a fluid
displacement is caused by the moving surface. Instead, the monopole contribution is called loading noise
because the acceleration of the moving noise source introduces a force over the fluid [11].

The analyzed noise emitted from the interaction between a scattering plane and a moving fluid represent
the basis for both the semi-empirical and numerical models.

3.3.2. Semi-empirical methods

In the aeroacoustics field, the BPM (i.e. Brooks, Pope and Marcolini) model is the most adopted semi-
empirical method. On the basis of the scaling laws previously described, the authors provided a quantitative
measure of the SPL for all the five airfoil-self noise mechanisms.

The normalization form of the 1/3-octave SPL (SPL1/3) used in the model is the following [13]:

Scaled SPL1/3 = SPL1/3 − 10log10

(
M 5

δ∗l Lb

R2

)
= F(St) +K (3.6)

with SPL1/3 = OSPL + F(St).

The scaling term ScaledSPL1/3 is a function of the Mach number, M 5, the boundary layer displacement thick-
ness, δ∗l , the span length of the blade, Lb and the distance between the observer and the edge of the airfoil, R.
The characteristics of the acoustic spectrum are represented by the second and the third term on the right-
hand side of Equation 3.6. F(St) determines the shape of the spectrum and is subject to the ratio between the
Strouhal number (i.e. St = f δ∗l /U ) and its maximum value (i.e. Stpeak = fpeak δ

∗
l /U ). In general, this factor

gives information about the frequency components of the SPL in the spectrum. Instead, K 3 is an empirical
constant and determines the peak values of St [13].

Applying the normalization to the TBL-TE noise for zero angle of attack, the resulting SPL emitted depends
on two characteristic factors of the airfoil: the pressure and the suction side.

SPLTBL-TE = 10log10(10SPLp /10 +10SPLs /10) (3.7)

where SPLTBL-TE is the SPL for the TBL-TE noise, SPLp is the SPL at the pressure side and SPLs is the SPL at the
suction side. According to Brooks et al. [13], each side of the airfoil generates TBL-TE noise independently
from the other.

For non-zero angle of attack, the total TBL-TE and the separation noise (SPLtotal) is computed as

SPLtotal = 10log10(10SPLα/10 + 10SPLp /10 +10SPLs /10) (3.8)

SPLα is the noise dependent on the angle of attack and accounts for boundary layer separation [13].

3The values for K can be find in the Appendix A of "Airfoil Self-Noise and Prediction" [13].
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For α≤ 12.5 degree, the factors in Equation 3.8 are expressed as:

SPLp = 10log

(
δ∗l ,p M 5 Lb D̄H

R2

)
+F1

(
Stp

St1

)
+ (K1 −3) +∆K1 (3.9)

SPLs = 10log

(
δ∗l ,s M 5 Lb D̄H

R2

)
+F1

(
Sts

St1

)
+ (K1 −3) (3.10)

SPLα = 10log

(
δ∗l ,s M 5 Lb D̄H

R2

)
+F2

(
Sts

St2

)
+ K2 (3.11)

While for α≥ 12.5 degree

SPLp =−∞ and SPLs =−∞ (3.12)

SPLα = 10log

(
δ∗l ,s M 5 Lb D̄l

R2

)
+F

′
1

(
Sts

St2

)
+ K2 (3.13)

Here, δ∗l ,p and δ∗l ,s indicate the boundary layer displacement thickness at the pressure side and at the suction

side, respectively. D̄H and D̄l represent the directivity functions while F1, F
′
1 and F2 define the spectral shape

functions. K1 and K2 are constants. For their detailed formulation, the reader is referred to the Appendix B of
"Airfoil Self-Noise Prediction" [13].

The Strouhal numbers in Equations 3.9, 3.10, 3.11 and 3.13 are defined as:

Stp =
f δ∗l ,p

U
and Sts =

f δ∗l ,s

U
(3.14)

St1 = 0.02 M−0.6 (3.15)

St2 = St1 ×



1 (α< 1.33◦)

100.0054 (α−1.33)2
(1.33◦ ≤ α ≤ 12.5◦)

4.72 (12.5◦ <α)

(3.16)

Considering the LBL-VS noise, no semi-empirical methods are present in literature. This is because the gen-
eral mechanism is very complex and the trend of multiple tones in the narrowband range is unpredictable.
However, some guidelines can be outilined from the experiments perfomed by Brooks et al. [13] leading to
the following scale expression:

SPLLBL-VS = 10log10

(
δl ,p M 5 Lb D̄H

R2

)
+F3

(
St

′

St
′
peak

)
+F4

[
Re

Re,0

]
+F5 (α) (3.17)

with δl ,p the boundary layer thickness at the pressure side. The sound pressure level for the LBL-VS noise,
indicated as SPLLBL-VS, shows a dependence on the boundary layer parameters (i.e. δl ,p and Lb) as well as on
the Reynolds and Mach number.
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Re,0 is a reference Reynolds number, dependent on the angle of attack as follows:

Re,0 =
{

10 0.125α+ 4.978 α≤ 3.0
10 0.125α+ 4.978 3.0 <α

(3.18)

For the Strouhal numbers, their definitions are provided below:

St
′ = f δl ,p

U
(3.19)

St
′
peak = St

′
1 ×10−0.04α with St

′
1 =


0.18 (Re ≤ 1.3 ×105)

0.001756R0.3931
e (1.3×105 < Re ≤ 4.0 ×105))

0.28 (4.0×105 < Re )

(3.20)

Three spectral shape functions are applied in Equation 3.17 [13]:

1. F3 determines the shape of the acoustic spectrum as the ratio between the Strouhal number and its
maximum value;

2. F4 defines the peaked scale level of the shape curve. It depends on the Reynolds number;

3. F5 introduces the angle dependence for the shape curve.

For their complete formulation, the interested reader is referred to "Airfoil Self-Noise Prediction" [13].

The SPL for the tip-vortex noise (SPLTP) is computed as:

SPLTP = 10log10

(
M 5 (1 + 0.036αtip)3LTP

2 D̄H

R2

)
−30.5(log St′′ + 0.3)2 +126 (3.21)

with LTP the span wise extent of the vortex at the trailing edge and αtip the tip angle of attack [13].

The second term on the right side of Equation 3.21 provides the spectral shape, with corresponds to a parabolic
fit with a peak of the Strouhal number at 0.5. As regards the Strouhal number, it is calculated with

St′′ = f LTP

U (1 + 0.036αtip)
(3.22)

For the TEB-VS noise, Brooks et al. [13] proposed the existence of semi-empirical models. As mentioned in
Chapter 3.2.4, the TEB-VS noise is relevant when the magnitude of the trailing edge thickness is comparable
with the boundary layer displacement thickness [10]. Under such condition, the SPLTEB-VS can be predicted
similarly to the SPLLBL-VS and to the SPLTBL-TE

SPLTEB-VS = 10log10

(
ht M 5.5 Lb D̄H

R2

)
+F6

(
ht

δ∗l,avg

,Ψ

)
+F7

(
ht

δ∗l,avg

,Ψ ,
St′′′

Stpeak
′′′

)
(3.23)

with Ψ, the trailing edge solid scale, and ht /δ∗l,avg, the degree of bluntness (δ∗l,avg is the average between the

boundary layer displacement thickness at the pressure side and at the suction side).

The Strouhal numbers are defined as:

St′′′ = f ht

U
and St′′′peak =

fpeak ht

U
(3.24)

In their experiments, Brooks et al. [13] demonstrated that a better fitting of the sound level is obtained as-
suming a dependence on the 5.5 power of the Mach number. In addition, the fitting of the function F7 is
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performed with only two values of the solid angle (i.e. 0 degree and 14 degree). The acoustic spectrum is
determined from the functions F6 and F7. The first one gives information about the peak levels while the
second one specifies the shape of the spectrum. For the complete derivation of these functions, the reader is
referred to "Airfoil Self-Noise prediction" [13].

3.3.3. Numerical methods

Next to theoretical and semi-empirical methods, numerical simulations are used to investigate the sound
emitted by a wind turbine. The basic idea is to capture the pressure fluctuations in a given region, in order to
obtain information about the sound generation. A high spatial resolution is required to correctly detect small
pressure disturbances. In this sense, a better approximation of the solution is achieved with a larger series of
points per wavelength. The consequent drawbacks result in time-demanding and expensive calculations as
well as in a limited range of frequencies measured.

Generally, these computational methodologies are distinguished in two main categories [18]:

1. Direct, which evaluate compressible flow equations to simultaneously determine the propagation of
the sound and the fluid dynamic of the source.

2. Hybrid, which assess the flow and the sound separately. To predict the noise propagation, it is as-
sumed that only the flow can alter the sound emission while the acoustic waves do not modify the flow
dynamic [94]. Therefore, these techniques are mainly adopted for flows at low Mach numbers.

However, in the current research numerical methods will not be employed for the noise assessment of small
wind turbines.





4
Beamforming techniques

The current Chapter presents the two beamforming algorithms used in this project. The first section de-
scribes the conventional beamforming for both the time domain and frequency domain formulations. Then,
the ROtating Source Identifier is presented. The last section defines the most important quantities to evaluate
the beamforming accuracy.

4.1. Conventional Beamforming

Conventional beamforming (CB) together with microphone phased arrays have been widely used for the lo-
calization of sound sources in wind tunnels and flight tests [76].

An array consists of a large number of microphones and records the signals emitted by one or several sources.
Afterwards, these sound pressures are processed with the beamforming algorithm, which is able to amplify
the sound coming from a specific point as well as attenuate any noise coming from other directions [77].

The basic idea is to consider a two-dimensional discretised scan plane, containing J points, where poten-
tial sources are expected. In the case of a wind turbine, the scan grid corresponds to the plane of rotation.
Figure 4.1 illustrates this configuration, where ~xm and~ξ j represent the coordinates of microphone m and of
the scan point j, respectively. Instead, ~rm, j is the distance between microphone m and the scan point j. Its
module is equal to

~rm, j =
∣∣∣ ~xm −~ξ j

∣∣∣ (4.1)

Then, the travel time from each possible source position to the microphones is computed. To take into ac-
count the different travel times, the signal emitted from a specific position is determined by delaying or ad-
vacing the recorded signals at the microphones. Consequently, the resulting sound pressures are summed to
obtain the reconstructed signal. This is why Conventional Beamforming is also called delay-and-sum.

CB can be applied in the time domain as well as in the frequency domain. The main difference in the two
formulations is how the signals are delayed. In the first case, the signals are delayed in time, while in the sec-
ond one, the signals are delayed in phase. For both techniques, the results are plotted in an acoustic image.
If the sound pressure field is modelled as a monopole source1 and all the microphone signals are used, this
plot depicts the contributions of each sound sources and their corresponding positions. Figure 4.2 presents
the source map for a time-domain CB applied to a simulated point source emitting tonal sound at 1500 Hz
with SPL = 100 dB. The rotational speed corresponds to 6.67 Hz and the distance from the array is 1.5 m. An
array of 64 microphones, a scan grid of 2 x 2 m2 with a total of 25000 scan points2 and a time snapshot of 0.3 s
are employed. The radius of rotation is 0.5 m. From the plot, it can be clearly seen the trajectory followed by

1The monopole source is a sound source that emits sound equally in all the directions [69].
250 scan points are used in the x an y direction, which lead to a total of 25000 scan points.
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the source as well as the SPL emitted.

Figure 4.1: The array of 64 microphones and the scan plane of the
sound source, used in CB, are shown.
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Figure 4.2: Time-domain CB applied to a simulated point source
with f = 1500 Hz and SPL = 100 dB.

The simplicity and robustness of CB are limited by the large number of side lobes (i.e. local peaks in
the source map where no sound sources are present), as well as by the Rayleigh limit 3 for the array spatial
resolution and by a low dynamic range (i.e. the difference between the highest side lobe and the main lobe,
expressed in dB [91]).

4.1.1. Time domain

When Conventional Beamforming is performed in the time domain, the main focus is on the time delays
between the emission of the sound signal at the source and the received signals at each microphone. This
process can be decoupled into two steps, illustrated in Figure 4.3 [42]:

1. Synchronization

2. Weight-and-sum

For the first one, the time delay is computed from the distance between the grid points on the scan plane and
the microphones as

∆tm, j =
∥∥~rm, j

∥∥
c

(4.2)

in which, ∆tm, j is the time delay between the sound source at scan point j and the microphone m.

Then, this quantity is used to advance or delay each sensor output. As a result, all the signals coming from a
desired direction are synchronized.

Next step is to weight and sum all the synchronized signals to obtain a reconstructed sound signal, p j (t ),
for a scan point j. It can be expressed as [103]

p j (t ) = 1

M ′

M
′∑

m=1
wm, j pm(t +∆tm, j ) (4.3)

where M
′

is the total number of microphones placed on the array, pm(t ) is the pressure signal recorded by
the microphone m and wm, j is the weight factor.

Even if the microphones have different distances from the source plane, the use of the weight factor guaran-
tees that all the microphones have the same influence on the final output [23]. The weight factor is calculated

3The Rayleigh limit will be discussed in Chapter 4.3.1



4.1. Conventional Beamforming 29

as

wm, j =
∥∥~rm, j

∥∥
r0

(4.4)

The reference distance from the source, r0, leads to a better comparison between the signals and it is assumed
equal to 1 meter.

Knowing the output sound signal, the Sound Pressure Level (SPL) can be computed using Equation 2.7. All
the steps are performed for each scan locations. The final result is illustrated in a source map, which includes
the coordinates of the position together with the values of SPL.
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Figure 4.3: Overview of the Conventional Beamforming in the time domain. The synchronization of the signals as well as the weight-
and-sum are here presented. The red point represents the sound source.

4.1.2. Frequency domain

If Conventional Beamforming is applied in the frequency domain, the microphone signals are delayed in
phase. In comparison with the time-domain CB, a frequency analysis is performed and lower computational
times are achieved [59].

The pressure signal received by microphone m and the acoustic pressure on the scan point ~ξ0, p~ξ0
(t ), are

linked by

p~ξ0
(t ) = rm,0

r0
pm(t +∆tm,0) (4.5)

where rm,0 and ∆tm,0 represent respectively the distance and the time delay between microphone m and the
scan point~ξ0.

Applying the Fourier transform to Equation 4.5, this results to

P~ξ0
( f ) = rm,0

r0
Pm( f )e2πi f ∆tm,0 (4.6)
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After the transformation of the pressure signal in the frequency domain, the reconstructed signal can be eval-
uated with two different methods.

The first one follows the same steps performed in the time-domain CB and the procedure is repeated for
every frequency and for every scan point [42]. The phases of each signals are adjusted (i.e. delayed or ad-
vanced), to consider the phase delays caused by the different microphone-to-source distances. The resulting
pressures are summed and divided for the number of the microphones in the array, leading to

P~ξ0
( f ) = 1

M ′

M ′∑
m=1

rm,0

r0
Pm( f )e2πi f ∆tm,0 (4.7)

for a scan point located in~ξ0. Since in reality acoustic signals are not continuous, DFT is applied as explained
in Section 2.4.3.

The second method is fully described in [77]. For its application, Equation 4.7 has to be rearranged

Pm( f ) = r0

rm, j
P~ξ j

( f )e−2πi f ∆t (4.8)

for a general scan point j.

Then, the pressure vector, ~P ( f ), measured by M
′

microphones and converted in the frequency domain, can
be expressed with:

~P ( f ) =


P1( f )
P2( f )

...
PM ′ ( f )

 (4.9)

~P ( f ) can be translated in the scan plane using the steering vector ~g . This quantity is used to identify at which
scan point the sound source is located by steering from each microphone towards each scan point. Its com-
ponents, gm , are defined for every microphone m and for every scan point~ξ j as

gm( f ,~ξ j ) = r0

rm, j
e−2πi f ∆tm, j (4.10)

In this way, the shifts in phase and the changes in amplitude between the source and the microphone array
are taken into account [80]. Knowing the measured pressure vector, the acoustic pressure amplitude, on the
scan plane position j and at the frequency f, results from the following minimization:

J j =
∥∥∥~P −P~ξ j

( f )~g j

∥∥∥2
(4.11)

The aim of frequency-domain CB is to estimate the value of P~ξ j
( f ) that better matches the measured value of

the pressure amplitude, ~P . The solution of this problem can be expressed as:

P̂~ξ j
( f ) = ~g j

∗~P∥∥~g j
∥∥2 (4.12)

where ∗ indicates the complex conjugate transposition.

In order to compute the SPL, effective pressure is determined, as follows:

pe =

∣∣∣P̂~ξ j
( f )

∣∣∣
p

2
(4.13)
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Generally, source auto-powers are considered

B j = p2
e =

1

2

∣∣∣P̂~ξ j
( f )

∣∣∣= 1

2
P̂~ξ j

( f )P̂∗
~ξ j

( f ) = 1

2

~g j
∗~P∥∥~g j
∥∥2

(
~g j

∗~P∥∥~g j
∥∥2

)∗
= 1

2

~g j
∗~P~P∗~g j∥∥~g j

∥∥4 (4.14)

If the Cross Spectral Matrix ~C = ~P~P∗ is introduced, Equation 4.14 can be written as

B j = 1

2

~g j
∗~C ~g j∥∥~g j

∥∥4 (4.15)

If this procedure is repeated for every scan point j, the two-dimensional acoustic image is determined, where
all the possible source locations are depicted [77].

4.1.3. Conventional Beamforming without auto-spectra

Often in wind tunnel measurements, microphone auto-powers have higher values compared to the corre-
sponding cross-power, which means that the main diagonal of ~C prevails on the off-diagonal components
[75]. This phenomenon is caused by:

1. Pressure disturbances of hydrodynamic nature;

2. Loss of coherence.

With respect to the first, if a microphone is located in the wind, it will measures not only acoustic pressures
but also hydrodynamic pressure, caused by the turbulent boundary layer surrounding the microphone. How-
ever, since wind noise is incoherent4 for every microphone, this effect is only taken into account by the auto-
power diagonal. On the other hand, when the sound propagates through a turbulent medium, different travel
spaces lead to different deformations. The phase deformation between two microphones is contained only
in the cross-powers elements, which result to have a lower value than in the non-deformed case. This is the
reason why, if the loss of coherence is significant, the auto-power dominates on the cross-power.

In these cases, in order to improve the resolution and to suppress background noise, auto-powers are not
considered in the beamforming algorithm. The minimisation problem is now expressed as:

J = ∥∥~C −~B~g ~g∗∥∥2
(4.16)

where ~B is computed for all the scan points, j.

4.2. ROtating Source Identifier

ROtating Source Identifier (ROSI) is a beamforming technique used to identify a specific rotating sound
source [82]. It has been developed on airplanes flying over and, recently, on wind turbines [78].

The main difference with Conventional Beamforming is the rotation of the scan plane, which follows the
movement of the sound source. As it can be seen from Figure 4.4, the vector position of the scan point ~ξ j

depends on an additional variable: the time. Knowing the rotational speed of the source, ~Ω, it is possible to
determine the locations in time of all the grid points.

The rotation of the sound source in a uniform flow does not represent any limitations for ROSI [78]. There-
fore, this beamforming technique has been adopted to assess a small upwind turbine in the Open Jet Facility
at TU Delft University. Placing the microphone array out-of-flow, the acoustic signals are then determined
from the analysis of the microphone recordings.

To take into account the presence of a moving frame, de-Dopplerisation is performed [78]. For every source

4Two sound waves are defined coherent if they have a constant difference in phase and the same waveform (e.g. sinusoidal) [100].
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position, the received time at the microphone is calculated, leading to a time history reconstruction of the
received signal. Since microphone is sampled for each of these emission times, the Doppler effect is removed
(Equation 2.15). Then, summing all de-Dopplerized signals recorded by all the microphones in the array, the
strength of the sound source localized in the specific grid point is increased, while the contributions from
other directions are contained [37]. If the process is repeated for different grid points, the final result is an
acoustic image, which clearly shows the noise peaks instead of a uniform distribution of the noise sources.
Figure 4.5 shows the ROSI plot for a simulated point source emitting tonal sound at 1500 Hz with SPL = 100
dB. The rotational speed corresponds to 6.67 Hz and the distance from the array is 1.5 m. An array of 64 mi-
crophones, a scan grid of 2 x 2 m2 with a total of 25000 scan points5 and a time snapshot of 0.3 s are employed.
The radius of rotation is 0.5 m.

After the source locations are determined using this time domain technique, the reconstruction of the power
spectrum is performed in the frequency domain. Thus, the Discrete Fourier Transform is applied to the re-
constructed source signal for every specific grid point. Follows the calculation of the auto-power spectrum.

Figure 4.4: The array of 64 microphones and the rotating scan plane of the sound
source, applied in ROSI, are shown.
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Figure 4.5: ROSI applied to a simulated point source
with f = 1500 Hz and SPL =100 dB.

4.3. Array performance

The quality of the acoustic image is an indicator of the array performance. The array resolution is defined as
the ability of the array to determine the direction of propagation. It is usually defined in terms of 3 dB down
point, i.e. the point located 3 dB below the main peak [88].

Figure 4.6 illustrates two parameters used in the analysis of the source map: the Main Lobe Width (MLW)
and the Maximum Side lobe Level (MSL) [50].

4.3.1. Main Lobe Width and Rayleigh limit

From the acoustic image of Figure 4.6, the sound source can be recognized from the peak position [77]. In
particular, the location and the magnitude of the true sound source in the scan plane are described by the
main lobe.

To define the Main Lobe Width, an area on the plane at 3 dB below the main lobe’s peak is taken. The maxi-
mum distance between two points of this contour represents the MLW [88]. This quantity gives information
about the spatial resolution of the microphone array: a narrower MLW allows to identify sound sources closely
located. However, a distance threshold exists: the Rayleigh limit, Ra , formulated as [51]

550 scan points are used in the x an y direction, which lead to a total of 25000 scan points.
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Figure 4.6: Main Lobe Width and Maximum Side lobe Level representation [50].

Ra = 1.22
cY

D f
(4.17)

in which Y measures, in meter, the distance between the microphone phased array and the scan plane of the
sound source while D represents the array aperture (also measured in meter).

If the spacing between the sources is below the Rayleigh limit, then the sources are not distinguished like
separated.

4.3.2. Maximum Side lobe Level

Other local peaks can appear in the source plot, even if in these regions no sound sources are present [87].
They are called side lobes when their height is less than the main lobe’s peak or grating lobes when they have
a magnitude comparable with the main lobe. Follows the definition of the Maximum Side lobe Level as the
level of the main secondary lobe. This parameter is calculated as the difference in magnitude between the
main lobe and the maximum side lobe [45]. The MSL, measured in decibels, indicates how much a true sound
source can be misinterpreted.

4.3.3. Window function

Since the acoustic array has a finite number of microphones, the presence of side lobes is unavoidable. How-
ever, some techniques have been investigated to optimize the performance of the acoustic array, reducing
the side lobe level as low as possible [77].

The most common consists in the use of window functions for the signal analysis. These functions have a
continuous spectrum and their amplitude slightly reaches zero outside their interval of definition. A window
ul with l = 1, · · · ,Ls is multiplied to Equation 2.27 as follows [30]:

pm( fb) = 2

Ls

Ls∑
l=1

ul p̃m,l e−2πi fb l∆t (4.18)

When ul ≡ 1, the window is rectangular.

The present work adopts the Hanning window, which has a sinusoidal shape:

ul = sin2(π l/Ls ) (4.19)

In conclusion, first the Hanning window is applied to the time-domain data and then the Discrete Fourier
Transform is performed.





5
Experimental set-up

This Chapter describes the set-up of the two experiments carried out in the project. For both experiments,
the same array configuration, consisting of 64 microphones, is used (see Figure 5.1).

5.1. Anechoic Tunnel experiment

The first experiment of this research was conducted at the Delft University of Technology anechoic vertical
wind tunnel (A-Tunnel). A small-scale rotating structure was built to reproduce the acoustic of a small wind
turbine.

5.1.1. Anechoic Tunnel facility

The A-Tunnel is a vertical low turbulence wind tunnel with an open-inflow from below [85]. However, in this
experiment no jet-flow was used.

Since the entire chamber is covered with fiberglass wedges, a partial adsorption of sound waves can be ob-
tained. This enables to perform aeroacoustics experiments, preventing the reflections of the sound pressure
waves and avoiding any external noise [8]. To record the signals emitted by the test objects, a planar acoustic
array of 2 x 2 m2 was employed. The array consists of 64 G.R.A.S. 40PH free-field microphones with integrated
constant current power (CCP) amplifiers [1]. The frequency range of these microphones is between 10 Hz and
20 kHz and a sensitivity of 50 mV/Pa is reached at 250 Hz. The diameter and the length of each microphone
correspond to 7 mm and 59.1 mm, respectively. The installed data acquisition system (DAS) contains five
National Instruments (NI) PXIe-8370 remote control module and a NI RMC-8354 controller. The connection
between each microphone and the DAS is realized through a 10-m long G.R.A.S. AA0028 coaxial cable [1].
Different microphone arrangements and fast re-configuration can be possible because the array is equipped
with small holes located in the square lattice. The multi-arm logarithmic spiral configuration applied in the
experiment is presented in Figure 5.1.

Figure 5.2 shows the facility where the measurements had be carried out together with the microphone
phased array.
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Figure 5.1: Microphone array configuration used in the A-Tunnel experiment. The array is 2 x 2 m2 and the 64 microphones are arranged
in a multi-arm logarithmic spiral configuration.

Figure 5.2: Left: the microphone phased array with 64 microphones is shown. Right: the Anechoic Tunnel facility is presented.

5.1.2. Background noise for the A-Tunnel

In a previous experimental campaign [53], an acoustic characterization of the A-Tunnel was performed. How-
ever, after these measurements, the facility has been renovated with a new floor. This change may reduce the
background noise of the A-Tunnel.

Generally, in a wind tunnel, the driving machines (e.g. the fan), the flow from the nozzle and the interaction of
the jet with the collector are the main sources of background noise [72]. For reliable acoustic measurements,
a minimal background noise level is required. Specifically, a signal to noise ratio of 10 dB between the sound
to measure and the background noise is desired [72].

The levels of background noise at different flow velocities of the tunnel were recorded by the entire array,
illustrated in Figure 5.1, and averaged over all the microphones. On the base of other experiments [67, 68],
the distance between the microphone array and the center of the nozzle was chosen equal to 1.43 m.
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On the left side of Figure 5.3, the background noise spectra for different flow velocities are presented in one-
third-octave bands. Also, the case without flow but with the tunnel-system on is included. As expected, the
background noise increases with the wind speed. For wind speeds of 10 m/s and of 20 m/s, the spectra show
tone peaks at around 315 Hz [53]. The application of acoustic imaging techniques proved that the collector
in the ceiling and the wind-tunnel nozzle were the main noise sources at that frequency. In addition, a peak
at approximately 700 Hz can be recognized for a flow velocity of 20 m/s. This was due to the cupboard con-
taining the controls of the facility and emitting electronic noise. Since all the sound sources are far away from
the test section, their effects are not expected to be relevant for acoustic measurements.

Both the overall background noise levels (OSPL) and the overall A-weighted noise levels (OASPL) are plot-
ted on the right side of Figure 5.3 for a frequency range between 20 Hz and 20 kHz and for different wind
speeds. The selected frequency range corresponds to the audible frequency range of a young person [66].
Applying the A-weighted filter, the noise levels are reduced. Especially for higher wind speeds, the noise level
decreases up to 25 dB. Another difference in the two curves regards their trend. The OSPL curve follows a
logarithmic trend with the wind speed while the OASPL curve has an almost-linear pattern [53].
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Figure 5.3: Characterization of the background noise for the Anechoic Tunnel. Left: The noise spectra for different wind speeds (i.e. 0
m/s, 10 m/s, 20 m/s, 30 m/s and 40 m/s) in one-third octave bands is presented. Right: The OSPL and the OASPL for different wind
speeds (i.e. 0 m/s, 10 m/s, 20 m/s, 30 m/s and 40 m/s) in the frequency range between 20 Hz and 20 kHz are depicted[53].

5.1.3. Sound source

For the experiment, a small-scale rotating source was tested, equipped with four K-50 SQ speakers. These
sound sources produced two types of sound: tonal and broadband (i.e. white noise). The pure tone was
emitted at two different frequencies, 500 Hz and 1000 Hz. In order to generate and control the signals of the
speakers, the following set-up was built, also illustrated in Figure 5.4:

1. Laptop with two MatLab codes to produce the sound;

2. External USB 7.1 Channel Sound Box;

3. USB A-B cable to connect the laptop and the external USB sound card;

4. Eight channel custom amplifier, four tumble switches, four pot-meters (volume) and four jack inputs.
Each jack input controls two channels at time (speaker 1 and 2 black channel, speaker 3 and 4 red
channel);

5. One jack cable 3.5 mm male-male to connect the external USB sound card with the amplifier, located
in the jack port F-out;

6. Custom power supply 12V for the amplifier;

7. Cable with dc jack to connect the eight channel amplifier to the power supply;

8. Four speakers with male cinch connector.
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Figure 5.4: Electrical/electronic set-up for the four speakers.

The four speakers were mounted at the tips of a steel tube connected to a DC motor and a slip ring1. As it
can be seen from Figure 5.5, two speakers were arranged on each radius. The radius of rotation was 0.5 m,
while the height of the entire structure was 1.5 m. A power supply gave the input for the rotation of the entire
device and an encoder was designed to measure the different rotational speeds tested. In order to distin-
guish each speaker, different marks were placed on the steel tube. The small-scale structure was located 3.0
m away from the microphone array, aligning the center of rotation of the speakers with the center of the array.

In order to check if the ROSI algorithm recognizes two near sound sources, four set of measurements were
taken. The relative distances are shown in Table 5.1. For each of these sets, three rotational velocities were
tested: 1 Hz, 2.5 Hz and 4 Hz.

As mentioned before, in the anechoic chamber a small amount of background noise is observed. To ana-
lyze how the measurements of the microphone array can be affected by the presence of an external sound
source, an additional speaker was used. First, a sound characterization of the object was performed. During
this step, the four speakers did not emit any sounds and did not rotate. After that, the external sound source
was placed first behind the small-scale prototype (Figure 5.6) and then behind the microphone array.

For each acoustic measurement, a sampling frequency of 50 kHz and a recording time of 40 s were employed.

Measurement number [-] Distance between the 2 speakers [m] Distance from the center [m]

1 0.28 0.16

2 0.14 0.30

3 0.33 0.11

4 0 0.37

Table 5.1: Information about the set of measurements performed. The distance between the two sound sources is the distance between
the centers of the two speakers on each radius. The distance from the center is the distance from the center of rotation of the device.

1The slip ring is an electromechanical device that enables the transmission of both power and electricity from a stationary to a rotating
component.
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Figure 5.5: Small-scale prototype. The four speakers are labelled. Figure 5.6: Small-scale prototype and an external speaker.

5.2. Open Jet Facility experiment

The second experiment was performed at the Delft Univerisity of Technology Open Jet Facility (OJF). Four
different set of blades were tested on the DOD upwind turbine.

5.2.1. Open Jet Facility

The Open Jet Facility is a low speed closed-loop wind tunnel, with an octogonal test section [86]. The equiva-
lent diameter corresponds to 3 m and the ratio between the inlet surface and the outlet surface, the so-called
contraction ratio, is equal to 3:1. As a consequence, the stream results uniform with a turbulence intensity of
0.5 % up to 1 m from the noozle exit and lower than 2 % at 6 m from the noozle [49]. The tunnel is powered
by a 500 kW fan and the flow velocity reaches its maximum at 34 m/s at the test section [48].

The acoustic array of 2 x 2 m2 contains 64 POM-2735P-R microphones, arranged in the same configuration
of the A-Tunnel experiment (see Figure 5.1). Each microphone has a length of 60 mm and a diameter of 15
mm. The frequency range of these microphones is between 20 Hz and 20 kHz. All the microphones were con-
nected to the data acquisition system (DAS), also called Camera 3 [25]. The array was positioned out-of-flow
under the test section of the tunnel. In addition, the array was tilted of 45 degrees.

Figure 5.7 presents the test section of the OJF together with the microphone phased array employed in the
measurements. A more detailed representation of the planar array is provided in Figure 5.8.
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Figure 5.7: Test section of the Open Jet Facility at TU Delft
University. On the bottom, the tilted microphone phased array is

presented.

Figure 5.8: The array with 64 microphones arranged in a multi-arm
logarithmic spiral configuration.

5.2.2. Background noise for the OJF

During the experimental campaign, the background noise of the OJF was assessed. The noise levels were
recorded by the whole array and averaged for all the microphones. As mentioned in Chapter 5.1.2, in a wind
tunnel the background noise is mainly caused by the fan, the jet flow from the nozzle and the interaction of
the jet with the collector [72].

Figure 5.9 summarizes the results of the noise characterization. On top, the plot shows the noise spectra
for different wind speeds (i.e. 5 m/s, 9 m/s, 15 m/s, 25 m/s) in one-third octave bands. As expected, the back-
ground noise increases with increasing flow velocities. Several tone peaks can be observed in the spectra:

• for the spectrum corresponding to a wind speed of 5 m/s, the tone peak is at approximately 1.7 kHz;

• for the spectra corresponding to a wind speed of 9 m/s and of 15 m/s, the tone peaks are at about 2.5
kHz. For the spectrum at 15 m/s, another peak can be recognized at 90 Hz;

• for the spectrum corresponding to a wind speed of 25 m/s, the tone peak is at approximately 1.8 kHz;

• for all the spectra, a tone peak occurs at 600 Hz.

In addition, in the range of frequencies where the wind turbine noise is expected, i.e. from 500 Hz to 2000
Hz, the background noise levels are quite high. As it will described in Chapter 7, the background noise is
comparable to the sound emitted by the DOD upwind turbine. For that reason, the assessment of the noise
for the small wind turbine is compromised.

The bottom plot of Figure 5.9 depicts the OSPL and the OASPL for the background noise. The frequency
range is between 20 Hz and 20 kHz and corresponds to the audible frequency range for a young person [66].
Applying the A-weighted filter, a noise reduction of 5 dB can be obtained.

It is important to mention that the background noise measurements were also performed with the tower,
the nacelle and the tail fin of the DOD upwind turbine installed. This configuration is illustrated in Figure
5.10. As it can be observed, the rotor is not mounted and the wind turbine is not in operation. The data mea-
sured with this geometry will be analyzed in Chapter 7 and further assessments will be provided in Appendix
B.
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Figure 5.9: Characterization of the background noise for the Open Jet Facility. Top: The noise spectrum for different flow velocities (i.e. 5
m/s, 9 m/s, 15 m/s, 25 m/s) in one-third octave bands is presented. Bottom: The OSPL and the OASPL for different flow velocities (i.e. 5
m/s, 9 m/s, 15 m/s, 25 m/s) in the frequency range between 20 Hz and 20 kHz are depicted.

Figure 5.10: Second configuration adopted for the measurement of the OJF background noise. The tower, the nacelle and the tail fin of
the DOD upwind turbine are installed. The rotor is not mounted and the wind turbine is not in operation.
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5.2.3. DOD upwind turbine

The acoustic measurements were carried out on the small wind turbine, fabricated by the DOD electric com-
pany. The horizontal-axis wind turbine has an upwind configuration. The cut-in wind speed, the rated wind
speed and the cut-out wind speed correspond to 2.5 m/s, 10 m/s and 25 m/s respectively. The small wind tur-
bine was equipped with a SUN-500G-WAL Grid-Tie inverter. The nacelle of the wind turbine was mounted
on a steel tower of 1.8 meter-height. The entire structure was located on a blue table at an height of 1.06 m.

5.2.4. Test matrix

The DOD upwind turbine was tested with four types of blade and at different wind speeds of the tunnel (i.e. 5
m/s, 7 m/s, 9 m/s, 11 m/s and 13 m/s). Through the use of a DC load, it was possible to change the rotational
speed of the small wind turbine keeping a constant wind speed. All the blades tested are illustrated in Figure
5.11 while the specifications of the set of measurements performed are given in Table 5.2.

The distance between the center of the microphone array and the center of rotation of the wind turbine
was 3 m. The sampling frequency adopted was 50 kHz and the recording time of each measurement was 20 s.

Next to the acoustic measurements, the following wind turbine parameters were recorded: wind speed, power
production and rotational speed [60].

Figure 5.11: Four types of blade tested on the DOD small wind turbine during the experiment in the Open Jet Facility. The different
blades are presented in the same order as they were tested.

Set of measurements Number of blades [-] Rotor diameter [m] Yaw angle [degree]

1 3 1.66 0

2 3 1.66 30

3 5 1.72 0

4 5 1.72 30

5 5 1.71 0

6 5 2.10 0

Table 5.2: Blades tested on the DOD upwind turbine. The number of blades, the rotor diameter and the yaw angles are shown.



6
Investigation of ROSI uncertainty

In this Chapter, the ROSI uncertainty in the source localization and quantification is assessed using simu-
lations. In particular, simulations are adopted to evaluate the difference between the inputs and the ROSI
outputs as well as the agreement between the difference in the beamformed results and the difference in the
source levels.

The data sets considered in the current research are the following:

1. A single point sound source, emitting tonal sound;

2. Multiple spatially separated sound sources, emitting tonal sound;

3. Multiple spatially separated sound sources, emitting broadband sound;

4. Distributed line sources, emitting tonal sound;

5. Distributed line sources, emitting broadband sound.

A visualization of the different tested geometries is provided in Figure 6.1. All the sound sources rotate.
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Figure 6.1: Visualization of the different tested geometries. All the sound source rotate. Left: a single point source. Center: multiple
spatially separated sources. Right: distributed line sources.

Since measurements are intrinsically imperfect, noise is added to the simulations for a moving point
source. Thus, ROSI is investigated under not ideal, but known, conditions.

For the analysis, an array of 64 microphones (see Figure 5.1), with the same configuration employed in the
previously described experiments, is used.

43
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In addition, it is important to stress that for the comparison between the inputs and the ROSI outputs, the
maximum SPL value is taken and no Source Power Integration1 over the region of interest is performed, which
can have an effect on the results.

First, the simulation model based on ROSI is presented. Then, the five data sets are examined together with an
evaluation of how different variables, like the rotational speed, affect the localization and the quantification
of the sound source.

6.1. Description of the simulation model

ROSI, discussed in Chapter 4, is the base of this simulation model. Knowing the source pressure at a reference
distance (r0 = 1 m), the algorithm is applied in reverse to determine the pressure at the microphones. The
pure tone is simulated as a single frequency cosine wave:

p(t ) = pmax cos(2π f t ) (6.1)

where pmax =p
2pe , given that the effective pressure and the SPL are related by Equation 2.7.

The broadband sound is generated through a random number generator, specifically the "randn" function
in MatLab. Then, a infinite impulse response (IIR) filter is applied to the signal. In this way, only the frequen-
cies inside the selected band are considered.

The inputs to the model are: the number of sound sources, their velocity vector, their SPL, the frequency
of the sound signal or the frequency band if a tone or a broadband are respectively analyzed, the distance
from the array and the starting location of the sources.

After the microphone array configuration is loaded, the movement of the source is simulated. Then, for
every time step, the distance,~rm, j , from the source current position to each microphone is calculated. With a
sound speed of 340 m/s, the time delay is computed using Equation 4.2. Adding the different time delays to
the emission time vector, the arrival time at each microphone is obtained and the received acoustic pressure
can be determined. Knowing the simulated data recorded by the microphones, ROSI is applied again. The
resulting outputs are the source level and the initial location of the sound source. In the case of multiple sim-
ulated sources, the sound signals are added together to retrieve the total synthetic pressure. All the steps are
summarized in Figure 6.2, where the flow chart of the simulation model is shown.

Figure 6.2: Flow chart of the simulation model. The process is performed for all the time steps of the source motion.

1Source Power Integration (SPI) is a new acoustic imaging technique. The basic principle is to perform an integration of the source
auto-power over the region of interest. As a result, the OSPL for this specific area is determined [77].
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6.2. Single rotating sound source

For the investigation of the ROSI estimates, the starting point is a single rotating source emitting tonal sound.
The quantification of the source level as well as the source localization are analyzed varying the following
parameters:

• the SPL;

• the rotational speed;

• the time snapshot of the input signal;

• the distance from the microphone array;

• the sampling frequency;

• the amount of additional noise.

For all the simulated cases, a scan grid of 2 x 2 m2 with a total of 25000 scan points2 has been employed.

6.2.1. Effect of a different SPL

The first simulation consists in one sound source with f = 5000 Hz and a SPL of 30 dB, rotating at 6.67 Hz.
The time snapshot corresponds to 1 s and the sampling frequency is 50 kHz. The initial position of the source
is (x,y,z) = (0,0.5,3), where y represents the radius of rotation of the source and z the distance between the
source and the microphone array. Figure 6.3 depicts the overall configuration, together with the coordinates
of the rotating source and the adopted microphone array.

For the second simulation, the single rotating source has a SPL of 60 dB. All the other parameters have been
kept equal to the previous case.

Figure 6.4 illustrates the outcomes of the ROSI algorithm. As it can be seen, the initial position of the sound
source is correctly retrieved in both examples. Thus, a change in the SPL does not affect the source localiza-
tion. For the quantification of the source level, the outputs are 29.1770 dB and 59.1770 dB, respectively for the
source with a SPL of 30 dB and with a SPL of 60 dB. This proves that the difference in the beamformed results
agrees with the difference in the source level (i.e. 30 dB).

!

"
#

3%0.5 %

Microphone phased array

Single rotating source

Figure 6.3: Configuration adopted for the simulation of the single rotating source. The multi-arm logarithmic spiral configuration for the
microphone array is also illustrated. Initial coordinates of the sound source: (x,y,z) = (0,0.5,3), where x and y are the coordinates of the
radius of rotation and z the distance between the source and the array.

250 scan points are used in the x and y direction, which lead to a total of 25000 scan points.
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Figure 6.4: Comparison of the ROSI outcome for a sound source rotating at 6.67 Hz and emitting tonal sound at 5000 Hz with SPL of 30
dB (left-side) and with SPL of 60 dB (right-side). The time snapshot is 1 s and the distance between the source and the array is 3 m. An
array with 64 microphones (see Figure 5.1) and a scan grid of 2 x 2 m2 with a total of 25000 scan points are employed.

6.2.2. Effect of the rotational speed

In the simulations, the point source broadcasts tonal sound with a f = 5000 Hz and SPL = 30 dB. The distance
between the source and the array is 3 m, the sampling frequency is 50 kHz and the time snapshot is 1 s.

From Figure 6.5, it is possible to deduce that the rotational speed does not affect the computation of the
sound level. The ROSI output barely increases with an increasing number of rotations. This can be expected
because the scan grid rotates with the same speed of the source, following its movement. The best approx-
imation to the given input is reached with a rotational speed of 6.67 Hz. The SPL values are summarized in
Table 6.1.

The rotational speed does not influence the source localization. ROSI is always able to correctly retrieve
the initial position of the single rotating source (i.e. (x,y,z) = (0,0.5,3)).
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Figure 6.5: Effect of the rotational speed on the estimation of the SPL. The sound source emits tonal sound at 5000 Hz with a SPL of 30
dB. The time snapshot is equal to 1 s. The distance between the point source and the microphone array is 3 m.
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Input [dB]
ROSI outputs [dB]

RPS = 1 Hz RPS = 4 Hz RPS = 6.67 Hz

30 29.18 29.17 29.18

Table 6.1: Comparison of the inputs with the outputs of the ROSI algorithm obtained varying the rotational speed of the point source.
The sound source has a f = 5000 Hz and SPL = 30 dB. The distance between the source and the array is 3 m.

6.2.3. Effect of the time snapshot

With respect to the selected time snapshot, in the simulations the point source emits tonal sound with f =
5000 Hz and SPL = 30 dB and rotates at 6.67 Hz. The distance between the source and the array is 3 m and the
sampling frequency is 50 kHz.

The selected time snapshot does not play a role in the quantification of the SPL. An increasing time gives
slightly better results. Figure 6.6 depicts the trend of the simulations. The ROSI outputs for the SPL are com-
pared with the input in Table 6.2.

Similarly to the case of a variable rotational speed, the location of the simulated source is always determined
by ROSI at the time of the sound emission and it corresponds to (x,y,z) = (0,0.5,3).

The change in the time snapshot only affects the computational time of the simulation, because with a longer
time the model is performed for a larger number of time samples.
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Figure 6.6: Effect of the time snapshot on the estimation of the SPL. The sound source emits tonal sound at 5000 Hz with a SPL of 30 dB
and rotates at 6.67 Hz. The distance between the point source and the microphone array is 3 m.

Input [dB]
ROSI outputs [dB]

Ts = 0.3 s Ts = 0.6 s Ts = 1 s

30 29.17 29.17 29.18

Table 6.2: Comparison of the inputs with the outputs of the ROSI algorithm obtained varying the time snapshot. The sound source has
a f = 5000 Hz and SPL = 30 dB. The rotational speed corresponds to 6.67 Hz and the distance between the source and the array is 3 m.
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6.2.4. Effect of the distance from the microphone array

Interesting to analyse is how the estimation of the SPL depends on the distance between the rotating point
source and the microphone array. Several simulations have been performed with an increasing distance, go-
ing from 0.5 m to 15 m. Figure 6.7, Table 6.3 and Table 6.4 present the results for a point source with f = 5000
Hz and SPL of 30 dB. The time snapshot is 1 s and the sampling frequency is 50 kHz. The rotational speed
corresponds to 6.67 Hz. As it can be noticed, the difference between the input and the ROSI output is mini-
mum when the sound source is 15 meter far from the array.

The location of the rotating point source does not depend on the distance from the array. The initial po-
sition (i.e. (x,y,z) = (0,0.5,3)) is correctly obtained using the ROSI algorithm.
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Figure 6.7: Effect of the distance between the source and the microphone array on the estimation of the SPL. The sound source emits
tonal sound at 5000 Hz with a SPL of 30 dB and rotates at 6.67 Hz. The time snapshot is equal to 1 s.

Input [dB]
ROSI outputs [dB]

z = 0.5 m z = 1 m z = 2 m z = 3 m

30 25.33 27.36 28.77 29.18

Table 6.3: Comparison of the input with outputs of the ROSI algorithm obtained varying the distance between the point source and the
microphone array (i.e. 0.5 m, 1 m, 2 m and 3 m). The source has a f = 5000 Hz and SPL = 30 dB. The rotational speed is 6.67 Hz and the
time snapshot is 1 s.

Input [dB]
ROSI outputs [dB]

z = 4 m z = 5 m z = 10 m z = 15 m

30 29.33 29.43 29.55 29.57

Table 6.4: Comparison of the input with outputs of the ROSI algorithm obtained varying the distance between the point source and the
microphone array (i.e. 4 m, 5 m, 10 m and 15 m). The source has a f = 5000 Hz and SPL = 30 dB. The rotational speed is 6.67 Hz and the
time snapshot is 1 s.
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6.2.5. Effect of the sampling frequency

Fundamental in signal analysis is the choice of the sampling frequency, fs . As already explained in Chapter
2.4.5, if the signal is under sampled aliasing occurs. Following the Nyquist criterion for a point source with
f = 1500 Hz and SPL = 30 dB, two different sampling frequencies have been tested: 5 kHz and 50 kHz. In
these simulations, three rotational speeds are considered: 4 Hz, 6.67 Hz, 10 Hz. The distance between the
source and the array is 0.5 m and the time snapshot is 1 s. Comparing the results in Figure 6.8 and Table 6.5,
a lower sampling frequency leads to a higher difference between the input and the ROSI output, ∆, for the
entire range of rotational speeds. An explanation of this trend can be found in Figure 6.9, where the acoustic
pressure emitted by the point source is depicted for the two sampling frequencies. The difference in the rep-
resentation of the signal is clearly visible, proving that the choice of fs = 50 kHz leads to the best sampling of
the signal. In conclusion, ROSI is able to accurately estimate the SPL of the source, only if the correct sample
frequency is selected.

Also in this case, the rotational speed does not affect the quantification of the SPL.

As regards the position of the sound source, the ROSI algorithm always retrieves the initial location (i.e.
(x,y,z)=(0,0.5,0.5)).
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Figure 6.8: Effect of the sampling frequency on the estimation of the SPL. The differences between the input and the ROSI output are
plotted as ∆ [dB]. The sound source emits tonal sound at 1500 Hz with a SPL of 30 dB. The time snapshot is 1 s and the distance between
the source and the array is 0.5 m.

Input [dB]
ROSI outputs [dB] using fs = 5 kHz ROSI outputs [dB] using a fs = 50 kHz

RPS = 4 Hz RPS = 6.67 Hz RPS = 10 Hz RPS = 4 Hz RPS = 6.67 Hz RPS = 10 Hz

30 26.0285 26.0393 26.0245 29.5971 29.5974 29.5967

Table 6.5: Comparison of the input with outputs of the ROSI algorithm, varying the sampling frequency and the rotational speed. The
source emits tonal sound at 1500 Hz with SPL of 30 dB. The time snapshot is 1 s and the distance between the source and the array is 0.5
m.
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Figure 6.9: Representation of the single frequency cosine wave applying two different sampling frequencies: 5 kHz (red line) and 50 kHz
(blue line).

6.2.6. Effect of additional noise

In order to evaluate the influence of imperfect measurements, noise is added to the simulations of a point
source with f = 5000 Hz and rotational speed of 6.67 Hz. Six different SNR are considered: 10 db, 5 dB, -2.5
dB, -10 dB, -15 dB and -20 dB. From Figure 6.10, it can be observed the difference between the original tonal
sound at 5000 Hz and the signal resulting from the addition of white noise. The comparison is provided for
all the employed SNR. As the SNR is decreasing, the signal with added noise (red line) follows a complete
different trend with respect to the original one (blue line).

Adopting the same SNR values, a comparison is performed between a single rotating source with SPL = 30
dB and with SPL = 60 dB. Table 6.6 summarizes the outcomes. The differences between the input and the
ROSI output are plotted as ∆ in Figure 6.11. The two logarithmic trends almost coincide for every SNR, prov-
ing that also in this case the difference in the beamformed results agrees with the difference in the source
level. This is the reason why only the ROSI plots for a source with SPL = 30 dB are shown in Figure 6.12.
Looking at these acoustic images, even if the noise becomes more dominant with a negative SNR, the sound
source remains visible. However, a decreasing SNR leads to an overestimation in the SPL.

For all the six data sets, the position of the sound source is correctly determined and it corresponds to the
initial one (i.e. (x,y,z) = (0,0.5,3)).

SNR [dB] Inputs [dB] ROSI outputs [dB] Inputs [dB] ROSI outputs [dB]

10 30 29.3240 60 59.4092

5 30 29.8681 60 59.8575

-2.5 30 31.7956 60 61.9322

-10 30 36.8546 60 66.7755

-15 30 41.419 60 71.0654

-20 30 46.0396 60 76.1846

Table 6.6: Input values vs ROSI values for different SNR. The sound source emits tonal sound at 5000 Hz. Two SPL are considered: 30 dB
and 60 dB. The rotational speed is 6.67 Hz and the time snapshot is 1 s. The distance between the source and the array is 3 m.
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Figure 6.10: Comparison between the tonal sound at f = 5000 Hz (blue) and the signal resulting from the addition of white noise (red).
Noise is applied with six decreasing SNR: 10 dB, 5 dB, -2.5 dB, -10 dB, -15 dB, -20 dB. The point source rotates at 6.67 Hz. In this repre-
sentation, the SPL is 30 dB.
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Figure 6.11: Effect of the SNR on the estimation of the SPL. The differences between the input and the ROSI output are plotted as ∆ [dB].
The sound source emits tonal sound at 5000 Hz and rotates at 6.67 Hz. Two SPLs are used as inputs: 30 dB (blue) and 60 db (red). The
time snapshot is 1 s and the distance between the source and the array is 3 m.
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Figure 6.12: Comparison of the ROSI outcomes for a sound source rotating at 6.67 Hz and emitting tonal sound at 5000 Hz with SPL of
30 dB. Noise is applied with six decreasing SNR: 10 dB, 5 dB, -2.5 dB, -10 dB, -15 dB, -20 dB. A scan grid of 2 x 2 m2 with a total of 25000
scan points is employed.



6.3. Multiple rotating sound sources 53

6.3. Multiple rotating sound sources

The degree of uncertainty increases when multiple sound sources are assessed. The main aim of these simu-
lations is to see if the sound level of each source is correctly retrieved by ROSI.

Four rotating sound sources are investigated with four distinct spatial configurations, denoted as A B, C and
D, and at three different distances from the microphone array, z, (i.e. 0.5 m, 1 m and 3 m).

When the sources emit tonal sound several frequencies, f , are simulated: 1500 Hz, 3000 Hz and 5000 Hz.

In Table 6.7, the Rayleigh limits for every combination of the frequency of the tone and distance from the
microphone array are presented. The values are computed applying Equation 4.17. If the spacing between
the sound sources is below the Rayleigh limit, the algorithm is not able to distinguish the sources as sepa-
rated. For each configuration, this comparison will be underlined.

Frequency [Hz] 1500 3000 5000

Distance [m] 0.5 1 3 0.5 1 3 0.5 1 3

Rayleigh limit [m] 0.07 0.19 0.41 0.03 0.07 0.22 0.02 0.04 0.12

Table 6.7: Rayleigh limits obtained from the combination of different frequencies and distances from the array. The values are computed
applying Equation 4.17.

If the sources broadcast white noise, the signal is filtered into the following frequency bands: 500 Hz -
2000 Hz and 3500 Hz - 5000 Hz. The first frequency range is chosen because it corresponds to the expected
noise range for a small wind turbine. The second band is employed to evaluate the response of the algorithm
at high frequencies.

In all the simulations, two different SPL inputs are used: 30 dB and 60 dB. The scope of testing two SPLs
for each configuration is to check if the differences in the beamformed results agree with the differences in
the sound level. If this is true, ROSI can be used to compare different types of blade or turbine geometry.

In the analysis, an array with 64 microphones (see Figure 5.1), a scan grid of 2 x 2 m2 with a total of 25000
scan points, a sampling frequency of 50 kHz, a time snapshot of 0.3 s and a rotational speed of 6.67 Hz are
employed.

6.3.1. Configuration A

Configuration A is the first configuration tested. Its representation is provided in Figure 6.13. The coordinates
of each rotating point source are:

• Source 1 (x,y) = (0,0.5);

• Source 2 (x,y) = (0,0.1);

• Source 3 (x,y) = (0,-0.1);

• Source 4 (x,y) = (0,-0.5);
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Figure 6.13: Configuration A for four rotating point sources. Coordinates: sound source 1 (x,y) = (0,0.5), sound source 2 (x,y) = (0,0.1),
sound source 3 (x,y) = (0,-0.1), sound source 4 (x,y) = (0,-0.5).

The distance between source 1 and source 2 is equal to the distance between source 3 and source 4 and it
corresponds to 0.4 m, while the distance between source 2 and source 3 is 0.2 m.

Tonal sound

First, the four rotating sources broadcasting tonal sound are analyzed. In the following cases, the Rayleigh
limits are above the spacing between the sources:

• f = 1500 Hz and z = 1 m. The Rayleigh limit is 0.19 m. ROSI does not distinguish source 2 and source 3
as separated sources, while source 1 and source 4 are still visible.

• f = 1500 Hz and z = 3 m. The Rayleigh limit is 0.41 m. The four rotating sources are not visible. The
resulting acoustic image is one single lobe.

• f = 3000 Hz and z = 3 m. The Rayleigh limit is 0.21 m. Source 2 and source 3 are not distinguished.

All these considerations are supported by the ROSI plots in Figure 6.14, where only the outcomes for the
source with SPL = 30 dB are shown. This is because the differences in the beamformed results agree with the
differences in the two SPLs (i.e. 30 dB and 60 dB). As it can be seen, the algorithm yields the initial locations
of the sound sources only if they are recognized as separated sources.

Regarding the SPL, its estimation depends on the sound frequency and on the distance from the array adopted.
In the evaluation, if the sound sources are not properly identified, their SPLs are not taken into account. For
both the SPL inputs, the ROSI outputs are presented in Table 6.8, Table 6.9 and Table 6.10.
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The 4 rotating sources emit tonal sound at 1500 Hz.
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The 4 rotating sources emit tonal sound at 1500 Hz.
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The 4 rotating sources emit tonal sound at 1500 Hz.
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The 4 rotating sources emit tonal sound at 3000 Hz.
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The 4 rotating sources emit tonal sound at 3000 Hz.
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The 4 rotating sources emit tonal sound at 3000 Hz.
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The 4 rotating sources emit tonal sound at 5000 Hz.
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The 4 rotating sources emit tonal sound at 5000 Hz.
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The 4 rotating sources emit tonal sound at 5000 Hz.
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Figure 6.14: Configuration A - Comparison of the ROSI outcomes for four sound sources rotating at 6.67 Hz and emitting tonal sound at:
1500 Hz, 3000 Hz and 5000 Hz. The SPL input is 30 dB for each source. The distance between the source and the array is 0.5 m (left-side),
1 m (center) and 3 m (right-side). A scan grid of 2 x 2 m2 with a total of 25000 scan points is used.

Inputs
[dB]

ROSI outputs [dB]
for f = 1500 Hz

ROSI outputs [dB]
for f = 3000 Hz

ROSI outputs [dB]
for f = 5000 Hz

Source 1 Source 2 Source 3 Source 4 Source 1 Source 2 Source 3 Source 4 Source 1 Source 2 Source 3 Source 4

30 29.23 28.77 28.98 29.22 29.23 28.54 28.26 28.84 25.95 25.32 25.38 25.39

60 59.23 58.77 58.98 59.22 59.23 58.54 58.26 58.84 55.95 55.32 55.38 55.37

Table 6.8: Configuration A - Comparison between the input and the ROSI outputs for four rotating sources with different frequencies (i.e.
1500 Hz, 3000 Hz and 5000 Hz) and different SPL (i.e. 30 dB and 60 dB). The distance between the source and the array is 0.5 m.
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Inputs
[dB]

ROSI outputs [dB]
for f = 1500 Hz

ROSI outputs [dB]
for f = 3000 Hz

ROSI outputs [dB]
for f = 5000 Hz

Source 1 Source 2 Source 3 Source 4 Source 1 Source 2 Source 3 Source 4 Source 1 Source 2 Source 3 Source 4

30 28.84 / / 28.81 29.24 30.75 30.76 29.33 28.39 27.86 27.84 27.48

60 58.84 / / 58.81 59.24 60.75 60.76 59.33 58.39 57.86 57.84 67.48

Table 6.9: Configuration A - Comparison between the input and the ROSI outputs for four rotating sources with different frequencies (i.e.
1500 Hz, 3000 Hz and 5000 Hz) and different SPL (i.e. 30 dB and 60 dB). The distance between the source and the array is 1 m. For source
2 and source 3 with f = 1500 Hz, the spacing between the sources is below the Rayleigh limit, and the sound sources are not identified as
separated sources. Their SPLs are not provided.

Inputs
[dB]

ROSI outputs [dB]
for f = 1500 Hz

ROSI outputs [dB]
for f = 3000 Hz

ROSI outputs [dB]
for f = 5000 Hz

Source 1 Source 2 Source 3 Source 4 Source 1 Source 2 Source 3 Source 4 Source 1 Source 2 Source 3 Source 4

30 / / / / 29.06 / / 29.18 29.49 28.93 29.04 29.35

60 / / / / 59.06 / / 59.18 59.49 58.93 59.04 59.35

Table 6.10: Configuration A - Comparison between the input and the ROSI outputs for four rotating sources with different frequencies
(i.e. 1500 Hz, 3000 Hz and 5000 Hz) and different SPL (i.e. 30 dB and 60 dB). The distance between the source and the array is 3 m. For
source 1, 2, 3 and 4 with f = 1500 Hz and for source 2 and 3 with f = 3000 Hz, the Rayleigh limit is above the spacing between the sources.
The sound sources are not identified as separated sources and their SPLs are not provided.

Broadband sound

As described in Chapter 6.1, if the four rotating sources emit broadband sound, an IIR filter is applied to
the signal. Thus, only the frequencies inside the selected band are considered. The ROSI uncertainty is in-
vestigated applying two frequency bands: 500 Hz - 2000 Hz and 3500 Hz - 5000 Hz. The two bandwidths are
equal and correspond to 1500 Hz.

Also in this case, two SPL inputs are compared: 30 dB and 60 dB. For all the selected frequency bands and
distances from the array, the ROSI outcomes are summarized in Table 6.11, Table 6.12 and Table 6.13. Since
the differences in the source levels (i.e. 30 dB) agree with the differences in the beamformed results (i.e. 30
dB), only the ROSI plots for the four rotating sources with SPL = 30 dB are illustrated in Figure 6.15. Look-
ing at these acoustic images, it can be noticed that, similarly to the previous simulations, when the distance
from the array increases and the sound frequency decreases, the sources are not distinguished as separated.
Specifically, the Rayleigh limit is above the spacing between the sound sources when:

• f ranges between 500 Hz and 2000 Hz and z = 1 m. Source 2 and source 3 are not recognized as sepa-
rated;

• f ranges between 500 Hz and 2000 Hz and z = 3 m. All the four sound sources are not visible and the
acoustic image results one single lobe.

If the algorithm does not retrieve the locations of the source, their SPLs are not taken into account. However,
when ROSI recognizes the four sources like separated, their initial positions are correctly obtained.

With respect to the SPL, the selected frequency band and the distance from the array affect its estimation.
For all the tested distances, z, and for all the frequency bands, the SPL is underestimated.

Inputs
[db]

ROSI outputs [dB]
Frequency band: 500 Hz - 2000 Hz

ROSI outputs [dB]
Frequency band: 3500 Hz - 5000 Hz

Source 1 Source 2 Source 3 Source 4 Source 1 Source 2 Source 3 Source 4

30 20.06 19.90 20.11 19.74 18.08 17.90 16.26 18.18

60 50.06 49.90 50.11 49.74 48.08 47.90 46.26 48.18

Table 6.11: Configuration A - Comparison between the inputs (i.e. 30 dB and 60 dB) and the ROSI outputs for four rotating sources. The
emitted white noise is filtered into different frequency bands (i.e. 500 Hz - 2000 Hz, 3500 Hz - 5000 Hz). The distance between the source
and the array is 0.5 m.
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Inputs
[db]

ROSI outputs [dB]
Frequency band: 500 Hz - 2000 Hz

ROSI outputs [dB]
Frequency band: 3500 Hz - 5000 Hz

Source 1 Source 2 Source 3 Source 4 Source 1 Source 2 Source 3 Source 4

30 20.54 / / 19.55 19.40 19.45 19.42 19.39

60 50.54 / / 49.55 49.40 49.45 49.42 49.39

Table 6.12: Configuration A - Comparison between the inputs (i.e. 30 dB and 60 dB) and the ROSI outputs for four rotating sources. The
emitted white noise is filtered into different frequency bands (i.e. 500 Hz - 2000 Hz, 3500 Hz - 5000 Hz). The distance between the source
and the array is 1 m. If the sound sources are not recognized as separated sources, their SPLs are not provided.

Inputs
[db]

ROSI outputs [dB]
Frequency band: 500 Hz - 2000 Hz

ROSI outputs [dB]
Frequency band: 3500 Hz - 5000 Hz

Source 1 Source 2 Source 3 Source 4 Source 1 Source 2 Source 3 Source 4

30 / / / / 19.83 19.54 19.88 19.08

60 / / / / 49.83 49.54 49.88 49.08

Table 6.13: Configuration A - Comparison between the inputs (i.e. 30 dB and 60 dB) and the ROSI outputs for four rotating sources. The
emitted white noise is filtered into different frequency bands (i.e. 500 Hz - 2000 Hz, 3500 Hz - 5000 Hz). The distance between the source
and the array is 3 m. If the sound sources are not recognized as separated sources, their SPLs are not provided.
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Figure 6.15: Configuration A - Comparison of the ROSI outcomes for four sound sources rotating at 6.67 Hz and emitting white noise.
The signal is filtered in the following frequency bands: 500 Hz - 2000 Hz, 3500 Hz - 5000 Hz. The SPL input is 30 dB for each source. The
distance between the source and the array is 0.5 m (left-side), 1 m (center) and 3 m (right-side). A scan grid of 2 x 2 m2 with a total of
25000 scan points is employed.
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6.3.2. Configuration B

The second configuration evaluated is configuration B, depicted in Figure 6.16. The coordinates of each ro-
tating point source are:

• Source 1 (x,y) = (0,0.5);

• Source 2 (x,y) = (0,0.2);

• Source 3 (x,y) = (0,-0.2);

• Source 4 (x,y) = (0,-0.5);
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Figure 6.16: Configuration B for four rotating sound sources. Coordinates: source 1 (x,y) = (0,0.5), source 2 (x,y) = (0,0.2), source 3 (x,y) =
(0,-0.2), source 4 (x,y) = (0,-0.5).

The distance between source 1 and source 2 is equal to the distance between source 3 and source 4 and it
corresponds to 0.3 m, while the distance between source 2 and source 3 is 0.4 m.

Tonal sound

When the sound emitted is a tone, only for f = 1500 Hz and z = 3 m, the Rayleigh limit (i.e. 0.41 m) is above the
spacing between the sources. Looking at the ROSI plots in Figure 6.17, it is clear that the algorithm correctly
retrieve the initial positions of the point sources only if they are recognized as separated sources. For the
same reason explained in section 6.3.1, only the outcomes of the sound source with SPL = 30 dB are shown in
Figure 6.17.

The quantification of the SPL is influenced by the sound frequency and the distance from the array employed.
All the ROSI outputs for the sources with SPL = 30 dB as well as for the sources with SPL = 60 dB are summa-
rized in Table 6.14, Table 6.15 and Table 6.16. If ROSI does not properly identify the sources as separated, the
SPL for that case has not been taken into account in the analysis.
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The 4 rotating sources emit tonal sound at 1500 Hz.
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The 4 rotating sources emit tonal sound at 1500 Hz.
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The 4 rotating sources emit tonal sound at 1500 Hz.
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The 4 rotating sources emit tonal sound at 3000 Hz.
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The 4 rotating sources emit tonal sound at 3000 Hz.
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The 4 rotating sources emit tonal sound at 3000 Hz.
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The 4 rotating sources emit tonal sound at 5000 Hz.
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The 4 rotating sources emit tonal sound at 5000 Hz.
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The 4 rotating sources emit tonal sound at 5000 Hz.
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Figure 6.17: Configuration B - Comparison of the ROSI outcomes for four sound sources rotating at 6.67 Hz and emitting tonal sound at:
1500 Hz, 3000 Hz and 5000 Hz. The SPL input is 30 dB for each source. The distance between the source and the array is 0.5 m (left-side),
1 m (center) and 3 m (right-side). A scan grid of 2 x 2 m2 with a total of 25000 scan points is employed.

Inputs
[dB]

ROSI outputs [dB]
for f = 1500 Hz

ROSI outputs [dB]
for f = 3000 Hz

ROSI outputs [dB]
for f = 5000 Hz

Source 1 Source 2 Source 3 Source 4 Source 1 Source 2 Source 3 Source 4 Source 1 Source 2 Source 3 Source 4

30 29.66 30.53 30.56 29.81 28.06 26.28 26.61 28.23 26.70 24.36 24.15 26.67

60 59.66 60.53 60.56 59.81 58.06 56.28 56.61 58.23 56.70 54.36 54.15 56.67

Table 6.14: Configuration B - Comparison between the inputs and the ROSI outputs for four rotating sources with different frequencies
(i.e. 1500 Hz, 3000 Hz and 5000 Hz) and different SPL (i.e. 30 dB and 60 dB). The distance between the source and the array is 0.5 m.
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Inputs
[dB]

ROSI outputs [dB]
for f = 1500 Hz

ROSI outputs [dB]
for f = 3000 Hz

ROSI outputs [dB]
for f = 5000 Hz

Source 1 Source 2 Source 3 Source 4 Source 1 Source 2 Source 3 Source 4 Source 1 Source 2 Source 3 Source 4

30 28.97 30.09 30.25 28.84 29.75 30.13 29.99 29.79 27.31 25.53 25.92 27.66

60 58.97 60.09 60.25 58.84 59.75 60.13 59.99 59.79 57.31 55.53 55.92 57.66

Table 6.15: Configuration B - Comparison between the inputs and the ROSI outputs for four rotating sources with different frequencies
(i.e. 1500 Hz, 3000 Hz and 5000 Hz) and different SPL (i.e. 30 dB and 60 dB). The distance between the source and the array is 1 m.

Inputs
[dB]

ROSI outputs [dB]
for f = 1500 Hz

ROSI outputs [dB]
for f = 3000 Hz

ROSI outputs [dB]
for f = 5000 Hz

Source 1 Source 2 Source 3 Source 4 Source 1 Source 2 Source 3 Source 4 Source 1 Source 2 Source 3 Source 4

30 / / / / 29.56 29.81 29.99 29.41 28.03 27.87 28.01 27.92

60 / / / / 59.56 59.81 59.99 59.41 58.03 57.87 58.01 57.92

Table 6.16: Configuration B - Comparison between the inputs and the ROSI outputs for four rotating sources with different frequencies
(i.e. 1500 Hz, 3000 Hz and 5000 Hz) and different SPL (i.e. 30 dB and 60 dB). The distance between the source and the array is 3 m. For
source 1, 2, 3 and 4 with f = 1500 Hz, the spacing between the sources is below the Rayleigh limit and the sound sources are not identified
as separated sources. Their SPLs are not provided.

Broadband sound

For the four rotating sources broadcasting white noise, all the ROSI outputs are summarized in Table 6.17,
Table 6.18 and Table 6.19. As it can be observed, the difference in the source levels (i.e. 30 dB) always agree
with the difference in the beamformed results (i.e. 30 dB). This is why only the ROSI plots for the sources with
SPL = 30 dB are shown in Figure 6.18. As discussed for Configuration A, when a large distance from the array
and a low frequency are adopted, the algorithm does not recognize the point sources as separated. In par-
ticular, only for the frequency 500 Hz - 2000 Hz and z = 3 m, the Rayleigh limit is above the spacing between
the sources. The resulting SPLs are not taken into account in the analysis. With respect to the localization
of the sources, ROSI is able to correctly retrieve their initial positions only if the sources are distinguished as
separated.

Inputs
[db]

ROSI outputs [dB]
Frequency band: 500 Hz - 2000 Hz

ROSI outputs [dB]
Frequency band: 3500 Hz - 5000 Hz

Source 1 Source 2 Source 3 Source 4 Source 1 Source 2 Source 3 Source 4

30 19.56 19.50 19.61 19.55 19.00 16.17 16.57 18.75

60 49.56 49.50 49.11 49.55 49.00 46.17 46.57 48.75

Table 6.17: Configuration B - Comparison between the inputs (i.e. 30 dB and 60 dB) and the ROSI outputs for four rotating sources. The
emitted white noise is filtered into different frequency bands (i.e. 500 Hz - 2000 Hz, 3500 Hz - 5000 Hz). The distance between the source
and the array is 0.5 m.

Inputs
[db]

ROSI outputs [dB]
Frequency band: 500 Hz - 2000 Hz

ROSI outputs [dB]
Frequency band: 3500 Hz - 5000 Hz

Source 1 Source 2 Source 3 Source 4 Source 1 Source 2 Source 3 Source 4

30 21.12 21.09 19.77 20.58 18.34 18.14 17.27 19.61

60 51.12 51.09 49.77 50.58 48.34 48.14 47.27 49.61

Table 6.18: Configuration B - Comparison between the inputs (i.e. 30 dB and 60 dB) and the ROSI outputs for four rotating sources. The
emitted white noise is filtered into different frequency bands (i.e. 500 Hz - 2000 Hz, 3500 Hz - 5000 Hz). The distance between the source
and the array is 1 m.
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Inputs
[db]

ROSI outputs [dB]
Frequency band: 500 Hz - 2000 Hz

ROSI outputs [dB]
Frequency band: 3500 Hz - 5000 Hz

Source 1 Source 2 Source 3 Source 4 Source 1 Source 2 Source 3 Source 4

30 / / / / 19.14 19.26 19.87 18.98

60 / / / / 49.14 49.26 49.87 48.98

Table 6.19: Configuration B - Comparison between the inputs (i.e. 30 dB and 60 dB) and the ROSI outputs for four rotating sources. The
emitted white noise is filtered into different frequency bands (i.e. 500 Hz - 2000 Hz, 3500 Hz - 5000 Hz). The distance between the source
and the array is 3 m. If the sound sources are not recognized as separated sources, their SPLs are not provided.
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Figure 6.18: Configuration B - Comparison of the ROSI outcomes for four sound sources rotating at 6.67 Hz and emitting white noise.
The signal is filtered in the following frequency bands: 500 Hz - 2000 Hz, 3500 Hz - 5000 Hz. The SPL input is 30 dB for each source. The
distance between the source and the array is 0.5 m (left-side), 1 m (center) and 3 m (right-side). A scan grid of 2 x 2 m2 with a total of
25000 scan points is employed.
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6.3.3. Configuration C

The third configuration adopted for the four rotating sources is configuration C, presented in Figure 6.19.
Here, the coordinates of each sound source are:

• Source 1 (x,y) = (0,0.5);

• Source 2 (x,y) = (0,0.3);

• Source 3 (x,y) = (0,-0.3);

• Source 4 (x,y) = (0,-0.5);
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Figure 6.19: Configuration C for four rotating sound sources. Coordinates: source 1 (x,y) = (0,0.5), source 2 (x,y) = (0,0.3), source 3 (x,y) =
(0,-0.3), source 4 (x,y) = (0,-0.5).

The distance between source 1 and source 2 equals the distance between source 3 and source 4 and it corre-
sponds to 0.2 m, while the distance between source 2 and source 3 is 0.6 m.

Tonal sound

For the rotating sources emitting tonal sound, the Rayleigh limits are above the spacing between the point
sources, in the following cases:

• f = 1500 Hz and z = 1 m. The Rayleigh limit is 0.19 m. ROSI does not distinguish source 1 and source 2
as separated sources and it is not possible to state if one source or two sources are present. The same
occur for source 3 and source 4, located on the other side of the radius of rotation.

• f = 1500 Hz and z = 3 m. The Rayleigh limit is 0.41 m. Source 1 and source 2 as well as source 3 and
source 4 can no longer be recognized from each other.

• f = 3000 Hz and z = 3 m. The Rayeleigh limit is 0.21 m. Source 1 and source 2 are not clearly visible. The
same occurs for source 3 and source 4.

The ROSI plots in Figure 6.20 summarize all these considerations for the sound source with SPL = 30 dB.
Looking at the ROSI outcomes in Table 6.20, Table 6.21 and Table 6.22, it can be observed that the difference
in the source levels (i.e. 30 dB) always agree with the difference in the beamformed results (i.e. 30 dB). If ROSI
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does not properly distinguish the sources as separated, the SPL for that case has not been taken into account.
Only if the point sources are identified as single sources, ROSI yields their starting location.

The 4 rotating sources emit tonal sound at 1500 Hz.
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The 4 rotating sources emit tonal sound at 1500 Hz.

-1 -0.5 0 0.5 1

x [m]

-1

-0.5

0

0.5

1

y
 [

m
]

18

20

22

24

26

28

S
P

L
 [

d
B

]

The 4 rotating sources emit tonal sound at 1500 Hz.
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The 4 rotating sources emit tonal sound at 3000 Hz.
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The 4 rotating sources emit tonal sound at 3000 Hz.
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The 4 rotating sources emit tonal sound at 3000 Hz.
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The 4 rotating sources emit tonal sound at 5000 Hz.
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The 4 rotating sources emit tonal sound at 5000 Hz.
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The 4 rotating sources emit tonal sound at 5000 Hz.
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Figure 6.20: Configuration C - Comparison of the ROSI outcomes for four sound sources rotating at 6.67 Hz and emitting tonal sound at:
1500 Hz, 3000 Hz and 5000 Hz. The SPL is 30 dB for each source. The distance between the source and the array is 0.5 m (left-side), 1 m
(center) and 3 m (right-side). A scan grid of 2 x 2 m2 with a total of 25000 scan points is employed.

Inputs
[dB]

ROSI outputs [dB]
for f = 1500 Hz

ROSI outputs [dB]
for f = 3000 Hz

ROSI outputs [dB]
for f = 5000 Hz

Source 1 Source 2 Source 3 Source 4 Source 1 Source 2 Source 3 Source 4 Source 1 Source 2 Source 3 Source 4

30 26.54 27.85 27.84 26.41 28.52 28.73 28.87 28.57 25.67 24.16 24.74 25.08

60 56.54 57.85 57.84 56.41 58.52 58.73 58.87 58.57 55.67 54.16 54.74 55.08

Table 6.20: Configuration C - Comparison between the inputs and the ROSI outputs for four rotating sources with different frequencies
(i.e. 1500 Hz, 3000 Hz and 5000 Hz) and different SPL (i.e. 30 dB and 60 dB). The distance between the source and the array is 0.5 m.
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Inputs
[dB]

ROSI outputs [dB]
for f = 1500 Hz

ROSI outputs [dB]
for f = 3000 Hz

ROSI outputs [dB]
for f = 5000 Hz

Source 1 Source 2 Source 3 Source 4 Source 1 Source 2 Source 3 Source 4 Source 1 Source 2 Source 3 Source 4

30 / / / / 29.28 29.63 29.56 29.49 27.85 28.09 27.98 27.93

60 / / / / 59.28 59.63 59.56 59.49 57.85 58.09 57.98 57.93

Table 6.21: Configuration C - Comparison between the inputs and the ROSI outputs for four rotating sources with different frequencies
(i.e. 1500 Hz, 3000 Hz and 5000 Hz) and different SPL (i.e. 30 dB and 60 dB). The distance between the source and the array is 1 m. The
distance between the source and the array is 1 m. For source 1, 2, 3 and 4 with f = 1500 Hz, the spacing between the sources is below the
Rayleigh limit and the sound sources are not identified as separated sources. Their SPLs are not provided.

Inputs
[dB]

ROSI outputs [dB]
for f = 1500 Hz

ROSI outputs [dB]
for f = 3000 Hz

ROSI outputs [dB]
for f = 5000 Hz

Source 1 Source 2 Source 3 Source 4 Source 1 Source 2 Source 3 Source 4 Source 1 Source 2 Source 3 Source 4

30 / / / / / / / / 29.07 29.30 28.89 29.47

60 / / / / / / / / 59.07 59.30 58.89 59.47

Table 6.22: Configuration C - Comparison between the inputs and the ROSI outputs for four rotating sources with different frequencies
(i.e. 1500 Hz, 3000 Hz and 5000 Hz) and different SPL (i.e. 30 dB and 60 dB). The distance between the source and the array is 1 m. The
distance between the source and the array is 1 m. For source 1, 2, 3 and 4 with f = 1500 Hz and for source 1,2,3 and 4 with f = 3000 Hz,
the spacing between the sources is below the Rayleigh limit and the sound sources are not identified as separated sources. Their SPLs
are not provided.

Broadband sound

In this section, ROSI is applied to the four rotating sources emitting broadband sound. The comparisons
between the two SPL inputs (i.e. 30 dB and 60 dB) and the ROSI outputs are collected in Table 6.23 for z =
0.5 m, Table 6.24 for z = 1 m and Table 6.25 for z = 3 m. As it can be observed, the difference in the source
level always agree with the difference in the beamformed results. This is the reason why, only the ROSI plots
for the sources with SPL = 30 dB are presented in Figure 6.21. When the frequency band 500 Hz - 2000 Hz is
employed for the filtering, the four sources are not clearly visible and two main lobes can be identified. If the
algorithm does not recognize the rotating points as separated, their corresponding SPLs are not taken into
account.

Inputs
[db]

ROSI outputs [dB]
Frequency band: 500 Hz - 2000 Hz

ROSI outputs [dB]
Frequency band: 3500 Hz - 5000 Hz

Source 1 Source 2 Source 3 Source 4 Source 1 Source 2 Source 3 Source 4

30 / / / / 18.67 18.00 18.29 17.83

60 / / / / 48.67 48.00 48.29 47.83

Table 6.23: Configuration C - Comparison between the inputs (i.e. 30 dB and 60 dB) and the ROSI outputs for four rotating sources. The
emitted white noise is filtered into different frequency bands (i.e. 500 Hz - 2000 Hz, 3500 Hz - 5000 Hz). The distance between the source
and the array is 0.5 m.

Inputs
[db]

ROSI outputs [dB]
Frequency band: 500 Hz - 2000 Hz

ROSI outputs [dB]
Frequency band: 3500 Hz - 5000 Hz

Source 1 Source 2 Source 3 Source 4 Source 1 Source 2 Source 3 Source 4

30 / / / / 18.77 19.18 19.43 19.19

60 / / / / 48.77 49.18 49.43 49.19

Table 6.24: Configuration C - Comparison between the inputs (i.e. 30 dB and 60 dB) and the ROSI outputs for four rotating sources. The
emitted white noise is filtered into different frequency bands (i.e. 500 Hz - 2000 Hz, 3500 Hz - 5000 Hz). The distance between the source
and the array is 1 m. If the sound sources are not recognized as separated sources, their SPLs are not provided.
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Inputs
[db]

ROSI outputs [dB]
Frequency band: 500 Hz - 2000 Hz

ROSI outputs [dB]
Frequency band: 3500 Hz - 5000 Hz

Source 1 Source 2 Source 3 Source 4 Source 1 Source 2 Source 3 Source 4

30 / / / / 20.15 20.29 19.54 18.87

60 / / / / 50.15 50.29 49.54 48.87

Table 6.25: Configuration C - Comparison between the inputs (i.e. 30 dB and 60 dB) and the ROSI outputs for four rotating sources. The
emitted white noise is filtered into different frequency bands (i.e. 500 Hz - 2000 Hz, 3500 Hz - 5000 Hz). The distance between the source
and the array is 3 m. If the sound sources are not recognized as separated sources, their SPLs are not provided.
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Figure 6.21: Configuration C - Comparison of the ROSI outcomes for four sound sources rotating at 6.67 Hz and emitting white noise.
The signal is filtered in the following frequency bands: 500 Hz - 2000 Hz, 3500 Hz - 5000 Hz. The SPL input is 30 dB for each source. The
distance between the source and the array is 0.5 m (left-side), 1 m (center) and 3 m (right-side). A scan grid of 2 x 2 m2 with a total of
25000 scan points is employed.
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6.3.4. Configuration D

The last configuration analyzed is configuration D. Its representation is provided in Figure 6.22. The coordi-
nates of the four rotating sources are:

• Source 1 (x,y) = (0,0.5);

• Source 2 (x,y) = (0,0.4);

• Source 3 (x,y) = (0,-0.4);

• Source 4 (x,y) = (0,-0.5).
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Figure 6.22: Configuration D for four rotating sound sources. Coordinates: source 1 (x,y) = (0,0.5), source 2 (x,y) = (0,0.4), source 3 (x,y) =
(0,-0.4), source 4 (x,y) = (0,-0.5).

The distance between source 1 and source 2 is 0.1 m and it is equal to the distance between source 3 and
source 4. The distance between source 2 and source 3 corresponds to 0.8 m.

Tonal sound

First, the four rotating sources broadcasting tonal sound are investigated. Except for f = 3000 Hz and z =
0.5 m, for all the other combinations of sound frequency and distance from the array, the resulting Rayleigh
limit is above the spacing between the point sources. From the ROSI plots in Figure 6.23, it can be noticed
that the algorithm always yields two separated lobes because the spacing between source 2 and source 3 is
quite high compared to the entire range of Rayleigh limits. However, ROSI is not able to distinguish the four
single rotating sources. As a consequence, for this configuration is not possible to evaluate how the SPL is
affected by the different frequencies and by the different distances between the sources and the microphone
array.
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The 4 rotating sources emit tonal sound at 1500 Hz.
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The 4 rotating sources emit tonal sound at 1500 Hz.
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The 4 rotating sources emit tonal sound at 1500 Hz.

-1 -0.5 0 0.5 1

x [m]

-1

-0.5

0

0.5

1

y
 [

m
]

26

28

30

32

34

36

S
P

L
 [

d
B

]

The 4 rotating sources emit tonal sound at 3000 Hz.
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The 4 rotating sources emit tonal sound at 3000 Hz.
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The 4 rotating sources emit tonal sound at 3000 Hz.
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The 4 rotating sources emit tonal sound at 5000 Hz.
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The 4 rotating sources emit tonal sound at 5000 Hz.
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The 4 rotating sources emit tonal sound at 5000 Hz.
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Figure 6.23: Configuration D - Comparison of the ROSI outcomes for a sound source rotating at 6.67 Hz and emitting tonal sound at:
1500 Hz, 3000 Hz and 5000 Hz. The SPL of the source is 30 dB. The distance between the source and the array is 0.5 m (left-side), 1 m
(center) and 3 m (right-side).A scan grid of 2 x 2 m2 with a total of 25000 scan points is employed.
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Broadband sound

In this section, the four rotating sources emitting broadband sound are analyzed. Similarly to the tonal sound
case, for all the combinations of frequency band and distance from the array, ROSI is not able to distinguish
the sources as separated. From Figure 6.24, it can be clearly seen that the algorithm only yields two separated
lobes. As a result, for this configuration is not possible to investigate the combined effect of the frequency
band and distance from the array on the estimation of the SPL.
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Figure 6.24: Configuration D - Comparison of the ROSI outcomes for four sound sources rotating at 6.67 Hz and emitting white noise.
The signal is filtered in the following frequency bands: 500 Hz - 2000 Hz, 3500 Hz - 5000 Hz. The SPL input is 30 dB for each source. The
distance between the source and the array is 0.5 m (left-side), 1 m (center) and 3 m (right-side). A scan grid of 2 x 2 m2 with a total of
25000 scan points is employed.
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6.4. Distributed sources

In order to reflect the ROSI application for small wind turbines, the simulations are extended to distributed
sources. Employing a radius of rotation of 0.5 m, the following configurations are evaluated:

1. Two line sources consisting of 10 point sources each. The space between these distributed sources is
0.82 m.

2. Two line sources consisting of 20 point sources each. The space between these distributed sources is
0.62 m.

In both cases, the point sources are located at a distance of 0.01 m from each other. Their representation is
provided in Figure 6.25.

For the investigation of the ROSI uncertainty, a rotational speed of 6.67 Hz, a time snapshot of 0.3 s, a sam-
pling frequency of 50 kHz, a scan grid of 2 x 2 m2 with a total of 25000 scan points and a distance from the
array of 3 m are adopted.

The point sources broadcast two different sounds: tonal and broadband. In addition, to check if the dif-
ferences in the beamformed results agree with the differences in the source, two different SPLs are used as
inputs: 30 dB and 60 dB.
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Figure 6.25: Configurations for simulated distributed sources. Left: two line sources with 10 point sources each. The distance between
the point sources is 0.01 m. The spacing between the two line sources is 0.82 m. The distance from the array is 3 m. Right: two line
sources with 20 point sources each. The distance between the point sources is 0.01 m. The spacing between the two line sources is 0.62
m. The distance from the array is 3 m.

6.4.1. Distributed sources emitting tonal sound

In the simulations, the point sources broadcast tonal sound at two different frequencies: 500 Hz and 5000
Hz. A comparison between the inputs (i.e. 30 dB and 60 dB) and the ROSI outputs is provided in Table 6.26.
As it can be observed, the differences in the source levels (i.e. 30 dB) always agree with the differences in the
beamformed results (i.e. 30 dB). This proves that the ROSI algorithm can be used to compare different blades
or turbine geometries.

Figure 6.26 depicts the ROSI plots for the different distributed sources with SPL = 30 dB.

When f = 500 Hz, the Rayleigh limit (i.e. 1.26 m) is above the spacing between the two line sources for both
geometries. As a consequence, ROSI is not able to distinguish the sources as separated and the acoustic im-
ages illustrate one single lobe (see the two plots in top row of Figure 6.26). In the analysis, the ROSI outputs
are not taken into account.

If f = 5000 Hz, the Rayleigh limit (i.e. 0.12 m) is below the distance between the two line sources and the
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algorithm yields two separated lobes (see the two plots in the bottom row of Figure 6.26). The locations of the
distributed sources are correctly obtained and correspond to the inital ones. However, the SPL values result
overestimated.

Inputs
[dB]

ROSI outputs [dB]

Line source 1 -
10 point sources

Line source 2 -
10 point sources

Line source 1 -
20 point sources

Line source 2 -
20 point sources

30 48.09 48.16 51.59 51.32

60 78.09 78.16 81.59 81.32

Table 6.26: Comparison between the inputs (i.e. 30 dB and 60 dB) and the ROSI outputs for the simulated distributed sources emitting
tonal sound with f = 5000 Hz. Second and third columns: line sources with 10 point sources each. Fourth and fifth columns: line sources
with 20 point sources each.

The two line sources emit tonal sound at 500 Hz.
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The two line sources emit tonal sound at 500 Hz.
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The two line sources emit tonal sound at 5000 Hz.
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The two line sources emit tonal sound at 5000 Hz.
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Figure 6.26: ROSI plots for two different distributed sources, emitting tonal sound at f = 500 Hz (first row) and at f = 5000 Hz (second
row). The SPL input of each point source corresponds to 30 dB. Left: two line sources with 10 point sources each. Right: two line sources
with 20 point sources each. A scan grid of 2 x 2 m2 with a total of 25000 scan points is employed.

6.4.2. Distributed sources emitting broadband sound

When the distributed sources emit white noise, the signal is analyzed applying a IIR filter. To assess the effect
of the frequency in the estimation of the SPL, the aforementioned geometries are tested with two different
frequency bands:

• from 500 Hz to 2000 Hz, with a central frequency of 1250 Hz;

• from 3500 Hz to 5000 Hz, with a central frequency of 4250 Hz.
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From the results of the simulations, the ROSI performance is in agreement with the Rayleigh limit. In fact,
ROSI is able to retrieve the initial positions of the line sources only if the Rayleigh limit is below the spacing
between the sources. As it can be observed from Figure 6.27, both the two line sources with 10 point sources
each and the two line sources with 20 point sources each are recognized as separated sources when the signal
is filtered in the frequency band 3500 Hz - 5000 Hz. Instead, for the range 500 Hz- 2000 Hz, the source local-
ization is affected by the Rayleigh limit and it is not possible to correctly quantify the sound levels.

A comparison between the two SPL inputs (i.e. 30 dB and 60 dB) and the ROSI outputs is performed for
the frequency band 3500 - 5000 Hz and the values are summarized in Table 6.27. Since the differences in the
source levels (i.e. 30 dB) always agree with the difference in the beamformed results (i.e. 30 dB), the change
in the SPL does not affect the ROSI uncertainty. Consequently, ROSI can be used to compare different blades
and turbine geometries.
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Figure 6.27: ROSI plots for two different distributed sources, emitting broadband sound. Frequency bands used for filtering the signal:
500 Hz - 2000 Hz; 3500 Hz - 5000 Hz. The SPL input of each point source corresponds to 30 dB. Left: two line sources with 10 point
sources each. Right: two line sources with 20 point sources each. A scan grid of 2 x 2 m2 with a total of 25000 scan points is employed.

Inputs
[dB]

ROSI outputs [dB]

Line source 1 -
10 point sources

Line source 2 -
10 point sources

Line source 1 -
20 point sources

Line source 2 -
20 point sources

30 28.56 29.00 31.29 31.17

60 58.56 59.00 61.29 61.17

Table 6.27: Comparison between the inputs (i.e. 30 dB and 60 dB) and the ROSI outputs for the simulated distributed sources. Second
and third columns: line sources with 10 point sources each. Fourth and fifth columns: line sources with 20 point sources each. Frequency
band used for filtering the signal: flower = 3500 Hz, fupper = 5000 Hz and fcenter = 4250 Hz.





7
Applications of ROSI on experimental data

The Chapter describes the applications of ROSI on the experimental data collected during the research. Two
datasets are analyzed:

1. the one measured in the A-Tunnel experiment;

2. the one measured in the OJF experiment.

All the results will be compared with the simulations described in Chapter 6.

7.1. A-Tunnel experimental dataset

For the experimental data recorded in the A-Tunnel at TU Delft University, only the first set of measurements
is analyzed in this Chapter1. In this case, the distance between speaker 1 and speaker 2 equals the distance
between speaker 3 and speaker 4 and it corresponds to 0.28 m, while the distance between speaker 2 and
speaker 3 is 0.32 m. The configuration of the four speakers is depicted in Figure 7.1.
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Figure 7.1: Configuration of the four rotating speakers for the first setup tested in the A-Tunnel. Coordinates: sound source 1 (x,y) =
(-0.5,0), sound source 2 (x,y) = (-0.16,0), sound source 3 (x,y) = (0.16,0), sound source 4 (x,y) = (0.5,0).

1The other measurements are analyzed in Appendix A.
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All the acoustic sources broadcast white noise for 40 s. The signal is filtered into two distinct frequency
bands: 500 Hz - 2000 Hz and 3500 Hz - 5000 Hz. In addition, three different single frequencies are used for
filtering: 1500 Hz, 3000 Hz and 5000 Hz. In this way, all the experimental data will be compared with the
simulations of multiple spatially separated sources discussed in Chapter 6. In particular, Configuration B is
the best representation of this experimental dataset.

Furthermore, the spacing between the speakers will be compared with the Rayleigh limits for every com-
bination of the selected frequency and distance from the microphone array. As already mentioned, if the
spacing between the speakers is below the Rayleigh limit, the algorithm is not able to distinguish the sources
as separated. The Rayleigh limits are computed applying Equation 4.17 and the resulting values are presented
in Table 7.1.

In the analysis, a sampling frequency of 50 kHz and a scan grid of 4 x 4 m2 with a total of 40000 scan points2

are employed. The distance between the center of rotation and the microphone array corresponds to 3 m.
The measured data is separated in time blocks of 5000 samples (∆t = 100 ms) and windowed using a Hanning
weighting function.

First, Conventional Beamforming is applied to the four stationary speakers emitting white noise. A com-
parison between the time domain and the frequency domain formulations is provided. Then, for the moving
case ROSI is performed. Three different rotational speeds are tested: 1 Hz, 2.5 Hz and 4 Hz.

During the assessment of the data, it was recognized that the center of rotation was slightly displaced on
the right (i.e. Xc = 0.16 m, Yc = 0.11 m). Thus, the new coordinates have been updated on the algorithm.

In addition, as explained in Chapter 6, the maximum SPL value is taken and no Source Power Integration
over the region of interest is performed, which can have an effect on the results.

Frequency [Hz] 1500 3000 5000

Distance [m] 3 3 3

Rayleigh limit [m] 0.41 0.22 0.12

Table 7.1: Rayleigh limits obtained from the combination of different frequencies and distances from the array. The values are computed
applying Equation 4.17.

7.1.1. Stationary case

For the stationary case, the filtered signal is processed with CB both in the time domain and in the frequency
domain. All the resulting source maps at the selected frequencies can be found in Figure 7.2, Figure 7.3, Fig-
ure 7.4 and Figure 7.5. The SPL outputs for each speaker are summarized in Table 7.2 and Table 7.3, when
frequency bands and single frequencies are respectively applied for filtering.

The time domain and frequency domain CB generate similar acoustic images. However, a short computa-
tional time is required for the frequency domain beamformer.

When the frequency ranges between 500 Hz and 2000 Hz, both algorithms are not able to distinguish the
sources as separated. The same occurs when the selected frequency is 1500 Hz. In these cases, the spacing
between the speakers is below the Rayleigh limit. The proper locations of the speakers are identified when the
frequency band is 3500 Hz - 5000 Hz and when the single frequency is 5000 Hz. For f = 3000 Hz, only speaker
3 and speaker 4 are clearly separated. In this case, the spacing between the sources is above the Rayleigh
limit. However, the difference between these two values is very small and inaccuracy can occur. Looking at
the plots, the center of rotation results slightly displaced on the right. In order to obtain reliable results from
the application of ROSI, the coordinates of the new center of rotation, (i.e. Xc = 0.16 m, Yc = 0.11 m), will be
modified for the moving cases.

2200 scan points are used in the x and y direction, which lead to a total of 40000 scan points.
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With respect to the source strength, both methods yield similar SPLs. If the signal is filtered at a single fre-
quency (i.e. 1500 Hz, 3000 Hz and 5000 Hz), the estimated levels decrease of approximately 13 dB.

All the results will be compared with the three moving cases.
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Figure 7.2: Conventional Beamforming in the time domain applied to the four stationary speakers, emitting white noise. The signal is
filtered into different frequency bands: 500 Hz - 2000 Hz, 3500 Hz - 5000 Hz. A scan grid of 4 x 4 m2 with a total of 40000 scan points and
a sampling frequency of 50 kHz are employed. The distance from the microphone array is 3 m.
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Figure 7.3: Conventional Beamforming in the frequency domain applied to the four stationary speakers, emitting white noise. The signal
is filtered into different frequency bands: 500 Hz - 2000 Hz, 3500 Hz - 5000 Hz. A scan grid of 4 x 4 m2 with a total of 40000 scan points
and a sampling frequency of 50 kHz are employed. The distance from the microphone array is 3 m.

Frequency bands [Hz] 500 - 2000 3500 - 5000

Speaker numbers [-] 1 2 3 4 1 2 3 4

CB outputs - time domain [dB] / / / / 49.42 48.87 49.34 49.20

CB outputs - frequency domain [dB] / / / / 49.25 48.57 49.43 49.31

Table 7.2: Comparison between the SPL outputs applying CB in the time domain and the SPL outputs applying CB in the frequency
domain to the four stationary speakers. The signal emitted is white noise and it is filtered into different frequency bands (i.e. 500 Hz -
2000 Hz, 3500 Hz - 5000 Hz). If the sound sources are not distinguished as separated sources, their SPLs are not provided.
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Figure 7.4: Conventional Beamforming in the time domain applied to the four stationary speakers emitting white noise. For the filtering
of the signal, three different single frequencies are used: 1500 Hz, 3000 Hz and 5000 Hz. A scan grid of 4 x 4 m2 with a total of 40000 scan
points and a sampling frequency of 50 kHz are employed. The distance from the microphone array is 3 m.
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Figure 7.5: Conventional Beamforming in the frequency domain applied to the four stationary speakers emitting white noise. For the
filtering of the signal, three different single frequencies are used: 1500 Hz, 3000 Hz and 5000 Hz. A scan grid of 4 x 4 m2 with a total of
40000 scan points and a sampling frequency of 50 kHz are employed. The distance from the microphone array is 3 m.

Frequency [Hz] 1500 3000 5000

Speaker numbers [-] 1 2 3 4 1 2 3 4 1 2 3 4

CB outputs - time domain [dB] / / / / / / 27.33 25.64 36.87 36.90 36.36 36.87

CB outputs - frequency domain [dB] / / / / / / 27.18 25.22 36.83 36.92 36.33 36.80

Table 7.3: Comparison between the SPL outputs applying CB in the time domain and the SPL outputs applying CB in the frequency
domain to the four stationary speakers. The signal emitted is white noise. For the filtering of the signal, three different single frequencies
are used: 1500 Hz, 3000 Hz and 5000 Hz. If the sound sources are not distinguished as separated sources, their SPLs are not provided.
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7.1.2. Moving case - rotational speed of 1 Hz

In this section, the four speakers rotate at 1 Hz and emit white noise. ROSI is applied and the resulting acous-
tic plots are illustrated in Figure 7.6 and in Figure 7.7, when the frequency bands and single frequencies are
respectively used for filtering. Table 7.4 and Table 7.5 summarize the ROSI outputs. When the sources are not
distinguished as separated, their SPLs are not taken into account.

As in the stationary case, for the frequency band 500 Hz - 2000 Hz and for f = 1500 Hz, the spacing between
the speakers is below the Rayleigh limits. Instead, when higher frequencies are employed (i.e. frequency band
3500 Hz - 5000 Hz), the four speakers are clearly visible and ROSI yields their correct locations. Even if for f =
3000 Hz the spacing between the sources is above the Rayleigh limit, the locations of the four speakers is not
correctly determined. For f = 5000 Hz, speaker 2 is not identified.

When the frequency band 3500 Hz - 5000 Hz is used, it can be observed a slight underestimation of the SPLs,
of approximately 1 dB, compared to the stationary case. This negligible difference may be linked with nu-
merical approximations. On the other hand, when the beamforming is applied at a single frequency, the SPL
values for speaker 3 and speaker 4 are similar to the stationary case. In accordance with simulated multiple
sources, filtering the signal at a single frequency leads to a better approximation of the source levels.

Frequency bands [Hz] 500 - 2000 3500 - 5000

Speaker numbers [-] 1 2 3 4 1 2 3 4

ROSI outputs [dB] / / / / 47.73 47.82 48.82 48.21

Table 7.4: SPL values applying ROSI to the four rotating speakers. The rotational speed corresponds to 1 Hz. The signal emitted is white
noise and it is filtered into different frequency bands (i.e. 500 Hz - 2000 Hz, 3500 Hz - 5000 Hz). If the sound sources are not distinguished
as separated sources, their SPLs are not provided.

Frequency [Hz] 1500 3000 5000

Speaker numbers [-] 1 2 3 4 1 2 3 4 1 2 3 4

ROSI outputs [dB] / / / / / / / / 32.99 / 36.70 36.87

Table 7.5: SPL values applying ROSI to the four speakers rotating at 1 Hz. The signal emitted is white noise. For the filtering of the
signal, three different single frequencies are used: 1500 Hz, 3000 Hz and 5000 Hz. If the sound sources are not distinguished as separated
sources, their SPLs are not provided.
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Figure 7.6: ROSI applied to the four speakers rotating at 1 Hz and emitting white noise. The signal is filtered into different frequency
bands: 500 Hz - 2000 Hz, 3500 Hz - 5000 Hz. A scan grid of 4 x 4 m2 with a total of 40000 scan points and a sampling frequency of 50 kHz
are employed. The distance from the microphone array is 3 m.
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Figure 7.7: ROSI applied to the four speakers rotating at 1 Hz and emitting white noise. For the filtering of the signal, three different single
frequencies are used: 1500 Hz, 3000 Hz and 5000 Hz. A scan grid of 4 x 4 m2 with a total of 40000 scan points and a sampling frequency
of 50 kHz are employed. The distance from the microphone array is 3 m.

7.1.3. Moving case - rotational speed of 2.5 Hz

The four sound sources rotate at 2.5 Hz and emit white noise. Figure 7.8 and Figure 7.9 depict the ROSI plots,
when the signal is filtered with distinct frequency bands and with single frequencies, respectively. Table 7.6
and Table 7.7 show the results for the SPL.

For this particular measurement, speaker 3 is not detectable neither applying a frequency range of 3500 Hz
- 5000 Hz or a frequency of 5000 Hz. As in the previous cases, the spacing between the sources is below the
Rayleigh limit for the frequency band 500 Hz - 2000 Hz and for f = 1500 Hz. Thus, ROSI does not recognize
the sources as separated.

In the analysis of the SPL, the values retrieved for frequency band 500 Hz -2000 Hz and for f = 1500 Hz are
not taken into account. When the initial locations of the rotating speakers is correctly identified, ROSI under-
estimates the source level. The difference with the stationary case is of approximately 2 dB for the frequency
band 3500 Hz - 5000 Hz and of about 5 dB for f = 5000 Hz. For f = 3000 Hz, ROSI yield different SPLs for
every speaker. These results can be affected by numerical approximations, since the difference between the
spacing of the sources and the Rayleigh limit is very small. By comparing the SPLs with the moving case at 1
Hz, it can be observed that the values are almost the same when the beamforming is applied between 3500 Hz
and 5000 Hz. On the other hand, for f = 5000 Hz the difference in the estimation amounts to approximately
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6 dB. This is may be linked to the inaccurate operation of speaker 3 during this set of measurements.

Frequency bands [Hz] 500 - 2000 3500 - 5000

Speaker numbers [-] 1 2 3 4 1 2 3 4

ROSI outputs [dB] / / / / 47.01 47.63 / 47.07

Table 7.6: SPL values applying ROSI to the four rotating speakers. The rotational speed corresponds to 2.5 Hz. The signal emitted is white
noise and it is filtered into different frequency bands (i.e. 500 Hz - 2000 Hz, 3500 Hz - 5000 Hz). If the sound sources are not distinguished
as separated sources, their SPLs are not taken into account.

Frequency [Hz] 1500 3000 5000

Speaker numbers [-] 1 2 3 4 1 2 3 4 1 2 3 4

ROSI outputs [dB] / / / / 22.58 27.07 / 24.89 32.04 31.92 / 29.03

Table 7.7: SPL values applying ROSI to the four speakers rotating at 2.5 Hz. The signal emitted is white noise. For the filtering of the
signal, three different single frequencies are used: 1500 Hz, 3000 Hz and 5000 Hz. If the sound sources are not distinguished as separated
sources, their SPLs are not provided.
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Figure 7.8: ROSI applied to the four speakers rotating at 2.5 Hz and emitting white noise. The signal is filtered into different frequency
bands: 500 Hz - 2000 Hz, 3500 Hz - 5000 Hz. A scan grid of 4 x 4 m2 with a total of 40000 scan points and a sampling frequency of 50 kHz
are employed. The distance from the microphone array is 3 m.
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Figure 7.9: ROSI applied to the four speakers rotating at 2.5 Hz and emitting white noise. For the filtering of the signal, three different
single frequencies are used: 1500 Hz, 3000 Hz and 5000 Hz. A scan grid of 4 x 4 m2 with a total of 40000 scan points and a sampling
frequency of 50 kHz are employed. The distance from the microphone array is 3 m.

7.1.4. Moving case - rotational speed of 4 Hz

The four sound sources rotate at 4 Hz and emit white noise. For this case, the acoustic images are illustrated
in Figure 7.10, if the signal is filtered into distinct frequency bands, and in Figure 7.11, if the signal is filtered
at a single frequency. The ROSI outcomes for each speaker are summarized in Table 7.8 and in Table 7.9.

Only for the frequency band 3500 Hz - 5000 Hz and for f = 5000 Hz, ROSI correctly yields the initial loca-
tions of the speakers. In contrast with the previous moving cases, all the speakers seem to work properly.
For the analysis, only if the sources are distinguished as separated, their corresponding SPLs are taken into
account.

For the frequency band 3500 Hz - 5000 Hz, the SPL of speaker 2, speaker 3, speaker 4 result overestimated
with respect to the stationary case. For speaker 1, the opposite occurs. As previously explained, the results for
f = 3000 Hz are not reliable. At f = 5000 Hz, for speaker 2, 3 and 4 the SPLs differs from the stationary case of
approximately 1 dB. Whereas, speaker 1 appears underestimated. By comparing the results obtained with a
rotational speed of 1 Hz, the differences in the sound levels amount of approximately 3 dB. This trend can be
linked to numerical approximations. In overall, the effect of the rotational speed and of the frequency range
on the source quantification reflect the simulations of Chapter 6. Furthermore, the application of ROSI on
this experimental dataset confirms that the algorithm is in agreement with the Rayleigh limit.
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Figure 7.10: ROSI applied to the four speakers rotating at 4 Hz and emitting white noise. The signal is filtered into different frequency
bands: 500 Hz - 2000 Hz, 3500 Hz - 5000 Hz. A scan grid of 4 x 4 m2 with a total of 40000 scan points and a sampling frequency of 50 kHz
are employed. The distance from the microphone array is 3 m.
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Figure 7.11: ROSI applied to the four speakers rotating at 4 Hz and emitting white noise. For the filtering of the signal, three single
frequencies are used: 1500 Hz, 3000 Hz and 5000 Hz. A scan grid of 4 x 4 m2 with a total of 40000 scan points and a sampling frequency
of 50 kHz are employed. The distance from the microphone array is 3 m.
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Frequency bands [Hz] 500 - 2000 3500 - 5000

Speaker numbers [-] 1 2 3 4 1 2 3 4

ROSI outputs [dB] / / / / 46.86 49.23 51.48 50.45

Table 7.8: SPL values applying ROSI to the four rotating speakers. The rotational speed corresponds to 4 Hz. The signal emitted is white
noise and it is filtered into different frequency bands (i.e. 500 Hz - 2000 Hz, 3500 Hz - 5000 Hz). If the sound sources are not distinguished
as separated sources, their SPLs are not taken into account.

Frequency [Hz] 1500 3000 5000

Speaker numbers [-] 1 2 3 4 1 2 3 4 1 2 3 4

ROSI outputs [dB] / / / / 25.22 29.61 / / 32.88 35.22 36.83 35.50

Table 7.9: SPL values applying ROSI to the four speakers rotating at 4 Hz. The signal emitted is white noise. For the filtering of the
signal, three different single frequencies are used: 1500 Hz, 3000 Hz and 5000 Hz. If the sound sources are not distinguished as separated
sources, their SPLs are not taken into account.

7.2. OJF experimental dataset

In this section, the dataset recorded in the OJF experiment is evaluated. As already mentioned in Chapter
5, during the experimental campaign the background noise of the facility was measured at different wind
speeds of the tunnel: first, with the empty tunnel and then, with the tower, the nacelle and the tail fin of the
wind turbine installed (Figure 5.10). In the range of frequencies where the wind turbine noise is expected (i.e.
500 Hz - 2000 Hz [60]), the background noise levels are quite high and result comparable to the sound emitted
by the DOD upwind turbine. Thus, ROSI is not able to correctly localize and quantify the noise emitted by
the small wind turbine. An example of this compromised assessment is presented below for the five-bladed
DOD wind turbine tested at a wind speed of 9 m/s.

In the analysis, a sampling frequency of 50 kHz and a scan grid of 4x4 m2 with a total of 40000 scan points are
employed. The distance between the center of rotation of the wind turbine and the microphone array corre-
sponds to 3 m. The measured data is separated in time blocks of 25000 samples (∆t = 500 ms) and windowed
using a Hanning weighting function.

7.2.1. Five bladed wind turbine - 1

The DOD upwind turbine is tested with five blades. The corresponding rotor diameter is 1.72 m. The yaw
angle is set at 0 degree. The wind speed of the tunnel is 9 m/s and the rotational speed of the turbine is 7.1
Hz, which leads to a blade passing frequency (BPF)3 of 35.5 Hz. The measured power output amounts to 325
W.

Figure 7.12 illustrates the PSD of the OJF background noise at 9 m/s, when the tower, the nacelle and the
tail fin of the wind turbine are installed, and the PSD of the five-bladed turbine. Between 500 Hz and 2000 Hz,
the two curves almost coincide. However, a small difference can be observed between 700 Hz and 1600 Hz.
Thus, the signal is filtered into these two frequency bands and ROSI is applied. The resulting acoustic images
are depicted in Figure 7.13. From the source maps, it is not possible to distinguish the five blades of the tur-
bine. The source localization as well as the source quantification of the small wind turbine are compromised
by the high levels of background noise.

3BPF = (RPM×Nblades)/60 in which RPM and Nblades are respectively the rotational speed and the number of blades of the wind turbine
[52].
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Figure 7.12: Comparison between the PSD of the OJF background noise at 9 m/s (in red) and the PSD of the five-bladed wind turbine
(in blue). The measurements for the OJF background noise were carried out with only the tower, the nacelle and the tail fin of the wind
turbine installed. The five-bladed wind turbine rotates at 7.1 Hz, which leads to a blade passing frequency of 35.5 Hz. The measured
power output amounts to 325 W.
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Figure 7.13: ROSI applied to the five-bladed turbine rotating at 7.1 Hz. The wind speed of the tunnel is 9 m/s. The signal is filtered into
two different frequency bands: 500 Hz - 2000 Hz and 700 Hz - 1600 Hz. A scan grid of 4x4 m2 with a total of 40000 scan points and a
sampling frequency of 50 kHz are employed. The distance from the microphone array is 3 m.



8
Conclusions and recommendations

The main objective of the research was to assess the noise emitted by a small wind turbine, focusing on the
aerodynamic noise sources. The high levels of background noise in the Open Jet Facility did not allow to fulfill
this goal. However, the analysis of the ROSI performance was accomplished both with simulations and with
the experimental data recorded in the A-Tunnel. All the findings are provided in this Chapter, according to
the sub-questions presented in the beginning. In additon, recommendations for future works are drawn.

8.1. Conclusions

What is the ROSI performance for localizing and quantifying rotating sound sources, like small wind
turbines?

From the investigation of the ROSI uncertainty, discussed in Chapter 6, several conclusions can be made:

• The differences in the beamformed results always agree with the differences in the source level. Thus,
ROSI can be used to compare different blades or turbine geometries.

• The source localization as well as its quantification do not depend neither on the rotational speed of
the source or on the length of the analyzed time snapshot. This can be expected because the scan grid
rotates with the same speed of the source, following its movement.

• The source quantification is affected by the selected sampling frequency as well as by the additional
noise. In the first case, if the signal is not correctly sampled, ROSI is not able to accurately estimate the
source level. For the second parameter, a negative SNR leads to an overestimation of the source level.
On the other hand, the source localization is independent of the sample frequency and of the added
noise.

• The ROSI performance is in agreement with the Rayleigh limit. In fact, if the spacing between the sound
sources is below the Rayleigh limit, ROSI does not distinguish the sources as separated. This affects not
only the source localization but also the estimation of the SPL.

• When the beamforming is performed at a single frequency, ROSI provides a good estimation of the SPL
for multiple spatially separated sources. On the other hand, if the signal is filtered into a frequency
band, the ROSI outputs result underestimated with respect to the inputs.

• For distributed sound sources, an opposite trend in the estimation of the SPL can be observed. This
may be linked to the larger number of sound sources close together.

85
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Knowing the location of a rotating source in an anechoic environment, is ROSI able to correctly localize
and quantify the sound level?

• The application of ROSI on the experimental data confirms that the performance of the algorithm is in
agreement with the Rayleigh limit. If the sources are not distinguished as separated, their SPLs are not
correctly estimated.

• The rotational speed of the source does not influence the performance of ROSI in the localization and in
the quantification of the source level. Since an encoder was employed to measure the rotational speed
of the device, at least one cycle of rotation was required to obtain the desired velocity. This is the reason
why the locations of the four speakers differ from the stationary case. In addition, a difference can be
observed for the three rotational speeds tested. However, by knowing that the rotation of the device
was clockwise and by placing a different mark on each speaker, it was always possible to distinguish
their positions.

In presence of a non-anechoic environment, is ROSI able to correctly localize and quantify the sound
emitted by a small wind turbine?

• The high background noise levels of the OJF do not allow reliable acoustic measurements. As a result,
a detailed noise assessment of the wind turbine is not provided and it is not possible to compare the
measurement data with the analytical models, present in literature.

8.2. Recommendations

Several improvements for the current study as well as recommendations for future works can be underlined:

• Since for the analysis the maximum SPL value is considered, more accurate results can be achieved
applying the Source Power Integration technique over the region of interest. This method is fully de-
scribed in reference [77].

• In this research, the frequency range was chosen to reflect the noise range emitted by a small wind
turbine [58]. A more detailed study is required to determine the optimal frequency range for filtering
the signal and for correctly identifying the source level.

• In order to avoid some inaccuracies in the source localization caused by the encoder, a source tracking
method, discussed in reference [76], can be applied to determine the rotational speed of the moving
object.

• The experiment in the A-Tunnel can be repeated with the four speakers emitting different types of
sound at different sound levels. In this way, it will be evaluated if ROSI can quantify different emitted
sounds as well as if the differences in the beamformed results agree with the differences in the source
level.

• The effect of an additional stationary source on the ROSI performance can be evaluated with a simu-
lated dataset as well as with the experimental dataset measured in the A-Tunnel.

• In the analysis of the OJF dataset, the convection amplification effect as well as the sound propagation
path are not taken into account. Since the distance between the wind turbine and the microphone
array is small, these parameters do not have a relevant effect on the ROSI estimates. More research is
required to assess the ROSI performance when these effects are included in the algorithm.



A
A -Tunnel experiment - further analysis

In this Chapter, the assessment of all the other experimental data recorded in the A-Tunnel is provided.

In the analysis a sampling frequency of 50 kHz and a scan grid of 4 x 4 m2 with a total of 40000 scan points1

are employed. The distance between the center of rotation and the microphone array corresponds to 3 m.
The measured data is separated in time blocks of 5000 samples (∆t = 100 ms) and windowed using a Hanning
weighting function. When the emitted sound is white noise, the signal is filtered into two distinct frequency
bands: 500 Hz - 2000 Hz and 3500 Hz - 5000 Hz. For all the set of measurements, the recording time is 40 s.

First, Conventional Beamforming is applied to the four stationary speakers. Then, for the moving cases ROSI
is performed. Three different rotational speeds are tested: 1 Hz, 2.5 Hz and 4 Hz.

As explained in Chapter 6 and in Chapter 7, the maximum SPL is taken and no Source Power Integration
over the region of interest is performed, which can have an effect on the results. In addition, if the spacing
between the sources results below the Rayleigh limit, the resulting SPLs are not provided.

A.1. First set of measurements

For the first set of measurement, the distance between speaker 1 and speaker 2 equals the distance between
speaker 3 and speaker 4 and it corresponds to 0.28 m, while the distance between speaker 2 and speaker 3 is
0.32 m. The configuration of the four speakers is provided in Figure 7.1. Two sounds are tested: a tone at 500
Hz and a tone at 1000 Hz. In both cases, the spacing between the speakers is below the Rayleigh limit (for f =
500 Hz, the Rayleigh limit equals 1.24 m, while for f = 1000 Hz, the Rayleigh limit equals 0.62 m.). As a result,
neither CB or ROSI can distinguish the source as separated and the resulting SPLs are not provided.

A.1.1. Stationary case

As regards the stationary case, the emitted signal is processed with CB both in the tine domain and in the
frequency domain. All the resulting source maps can be found in Figure A.1, for a tone at 500 Hz, and in
Figure A.1, for a tone at 1000 Hz.

1200 scan points are used in the x and in the y direction, which lead to a total of 40000 scan points.

87



88 A. A -Tunnel experiment - further analysis

Tonal sound at 500 Hz
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Figure A.1: Left: CB in the frequency domain. Right: CB in the time domain. The stationary four speakers emit tonal sound at 500
Hz. A scan grid of 4 x 4 m2 with a total of 40000 scan points and a sampling frequency of 50 kHz are employed. The distance from the
microphone array is 3 m.

Tonal sound at 1000 Hz
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Figure A.2: Left: CB in the frequency domain. Right: CB in the time domain. The stationary four speakers emit tonal sound at 1000
Hz. A scan grid of 4 x 4 m2 with a total of 40000 scan points and a sampling frequency of 50 kHz are employed. The distance from the
microphone array is 3 m.
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A.1.2. Moving case - rotational speed of 1 Hz
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Figure A.3: ROSI applied to the four speakers rotating at 1 Hz. Left: The signal emitted is a tone at 500 Hz. Right: The signal emitted is a
tone at 1000 Hz. A scan grid of 4 x 4 m2 with a total of 40000 scan points and a sampling frequency of 50 kHz are employed. The distance
from the microphone array is 3 m.

A.1.3. Moving case - rotational speed of 2.5 Hz
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Figure A.4: ROSI applied to the four speakers rotating at 2.5 Hz. Left: The signal emitted is a tone at 500 Hz. Right: The signal emitted is a
tone at 1000 Hz. A scan grid of 4 x 4 m2 with a total of 40000 scan points and a sampling frequency of 50 kHz are employed. The distance
from the microphone array is 3 m.
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A.1.4. Moving case - rotational speed of 4 Hz

-2 -1 0 1 2

x [m]

-2

-1

0

1

2

y
 [

m
]

56

58

60

62

64

66

S
P

L
 [

d
B

]

-2 -1 0 1 2

x [m]

-2

-1

0

1

2

y
 [

m
]

58

60

62

64

66

68

S
P

L
 [

d
B

]

Figure A.5: ROSI applied to the four speakers rotating at 4 Hz. Left: The signal emitted is a tone at 500 Hz. Right: The signal emitted is a
tone at 1000 Hz. A scan grid of 4 x 4 m2 with a total of 40000 scan points and a sampling frequency of 50 kHz are employed. The distance
from the microphone array is 3 m.

A.2. Second set of measurements

In this case, the distance between speaker 1 and speaker 2 equals the distance between speaker 3 and speaker
4 and it corresponds to 0.14 m, while the distance between speaker 2 and speaker 3 is 0.60 m. The configu-
ration of the four speakers is depicted in Figure A.6. For this set of measurements, only when the signal is
filtered at f = 5000 Hz, the spacing between the sources is above the Rayleigh limit (i.e. 0.12 m) and ROSI can
distinguish the sources as separated.
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Figure A.6: Configuration of the four rotating speakers for the first setup tested in the A-Tunnel. Coordinates: sound source 1 (x,y) =
(-0.5,0), sound source 2 (x,y) = (-0.3,0), sound source 3 (x,y) = (0.3,0), sound source 4 (x,y) = (0.5,0).
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A.2.1. Moving case - rotational speed of 1 Hz
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Figure A.7: ROSI applied to the four speakers rotating at 1 Hz. Left: The signal emitted is a tone at 500 Hz. Right: The signal emitted is a
tone at 1000 Hz. A scan grid of 4 x 4 m2 with a total of 40000 scan points and a sampling frequency of 50 kHz are employed. The distance
from the microphone array is 3 m.
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Figure A.8: ROSI applied to the four speakers rotating at 1 Hz and emitting white noise. The signal is filtered into different frequency
bands: 500 Hz - 2000 Hz, 3500 Hz - 5000 Hz. A scan grid of 4 x 4 m2 with a total of 40000 scan points and a sampling frequency of 50 kHz
are employed. The distance from the microphone array is 3 m.
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f = 1500 Hz
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f = 3000 Hz
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Figure A.9: ROSI applied to the four speakers rotating at 1 Hz and emitting white noise. For the filtering of the signal, three single
frequencies are used: 1500 Hz, 3000 Hz and 5000 Hz. A scan grid of 4 x 4 m2 with a total of 40000 scan points and a sampling frequency
of 50 kHz are employed. The distance from the microphone array is 3 m.

Frequency [Hz] 1500 3000 5000

Speaker numbers [-] 1 2 3 4 1 2 3 4 1 2 3 4

ROSI outputs [dB] / / / / / / / / 36.61 36.70 / /

Table A.1: SPL values applying ROSI to the four speakers rotating at 4 Hz. The signal emitted is white noise. For the filtering of the
signal, three different single frequencies are used: 1500 Hz, 3000 Hz and 5000 Hz. If the sound sources are not distinguished as separated
sources, their SPLs are not taken into account.
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A.2.2. Moving case - rotational speed of 2.5 Hz

-2 -1 0 1 2

x [m]

-2

-1

0

1

2

y
 [

m
]

54

56

58

60

62

64

S
P

L
 [

d
B

]

-2 -1 0 1 2

x [m]

-2

-1

0

1

2

y
 [

m
]

56

58

60

62

64

66

S
P

L
 [

d
B

]

Figure A.10: ROSI applied to the four speakers rotating at 1 Hz. Left: The signal emitted is a tone at 500 Hz. Right: The signal emitted is a
tone at 1000 Hz. A scan grid of 4 x 4 m2 with a total of 40000 scan points and a sampling frequency of 50 kHz are employed. The distance
from the microphone array is 3 m.
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Figure A.11: ROSI applied to the four speakers rotating at 2.5 Hz and emitting white noise. The signal is filtered into different frequency
bands: 500 Hz - 2000 Hz, 3500 Hz - 5000 Hz. A scan grid of 4 x 4 m2 with a total of 40000 scan points and a sampling frequency of 50 kHz
are employed. The distance from the microphone array is 3 m.
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f = 3000 Hz
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Figure A.12: ROSI applied to the four speakers rotating at 2.5 Hz and emitting white noise. For the filtering of the signal, three single
frequencies are used: 1500 Hz, 3000 Hz and 5000 Hz. A scan grid of 4 x 4 m2 with a total of 40000 scan points and a sampling frequency
of 50 kHz are employed. The distance from the microphone array is 3 m.

Frequency [Hz] 1500 3000 5000

Speaker numbers [-] 1 2 3 4 1 2 3 4 1 2 3 4

ROSI outputs [dB] / / / / / / / / 36.55 38.30 / /

Table A.2: SPL values applying ROSI to the four speakers rotating at 2.5 Hz. The signal emitted is white noise. For the filtering of the
signal, three different single frequencies are used: 1500 Hz, 3000 Hz and 5000 Hz. If the sound sources are not distinguished as separated
sources, their SPLs are not taken into account.
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A.2.3. Moving case - rotational speed of 4 Hz
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Figure A.13: ROSI applied to the four speakers rotating at 4 Hz. Left: The signal emitted is a tone at 500 Hz. Right: The signal emitted is a
tone at 1000 Hz. A scan grid of 4 x 4 m2 with a total of 40000 scan points and a sampling frequency of 50 kHz are employed. The distance
from the microphone array is 3 m.
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Figure A.14: ROSI applied to the four speakers rotating at 4 Hz and emitting white noise. The signal is filtered into different frequency
bands: 500 Hz - 2000 Hz, 3500 Hz - 5000 Hz. A scan grid of 4 x 4 m2 with a total of 40000 scan points and a sampling frequency of 50 kHz
are employed. The distance from the microphone array is 3 m.
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Figure A.15: ROSI applied to the four speakers rotating at 4 Hz and emitting white noise. For the filtering of the signal, three single
frequencies are used: 1500 Hz, 3000 Hz and 5000 Hz. A scan grid of 4 x 4 m2 with a total of 40000 scan points and a sampling frequency
of 50 kHz are employed. The distance from the microphone array is 3 m.

Frequency [Hz] 1500 3000 5000

Speaker numbers [-] 1 2 3 4 1 2 3 4 1 2 3 4

ROSI outputs [dB] / / / / / / / / 37.99 35.70 34.09 33.57

Table A.3: SPL values applying ROSI to the four speakers rotating at 4 Hz. The signal emitted is white noise. For the filtering of the
signal, three different single frequencies are used: 1500 Hz, 3000 Hz and 5000 Hz. If the sound sources are not distinguished as separated
sources, their SPLs are not taken into account.

A.3. Third set of measurements

In this set of measurements, the distance between speaker 1 and speaker 2 equals the distance between
speaker 3 and speaker 4 and it corresponds to 0.33 m, while the distance between speaker 2 and speaker
3 is 0.22 m. The configuration of the four speakers is depicted in Figure A.16. Only for f = 500 Hz, f = 1000 Hz
and for the frequency band 500 Hz - 2000 Hz, the resulting Rayleigh limit is above the spacing between the
sources. Thus, ROSI is not able to distinguish the sources as separated. As a result, their SPLs are not taken
into account. For f = 3000 Hz, the distance between speaker 2 and speaker 3 equals the Rayleigh limit at that
frequency. This can lead to inaccuracy in the results.
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Figure A.16: Configuration of the four rotating speakers for the first setup tested in the A-Tunnel. Coordinates: sound source 1 (x,y) =
(-0.5,0), sound source 2 (x,y) = (-0.11,0), sound source 3 (x,y) = (0.11,0), sound source 4 (x,y) = (0.5,0).

A.3.1. Moving case - rotational speed of 1 Hz
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Figure A.17: ROSI applied to the four speakers rotating at 1 Hz. Left: The signal emitted is a tone at 500 Hz. Right: The signal emitted is a
tone at 1000 Hz. A scan grid of 4 x 4 m2 with a total of 40000 scan points and a sampling frequency of 50 kHz are employed. The distance
from the microphone array is 3 m.
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Figure A.18: ROSI applied to the four speakers rotating at 1 Hz and emitting white noise. The signal is filtered into different frequency
bands: 500 Hz - 2000 Hz, 3500 Hz - 5000 Hz. A scan grid of 4 x 4 m2 with a total of 40000 scan points and a sampling frequency of 50 kHz
are employed. The distance from the microphone array is 3 m.
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f = 3000 Hz
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f = 5000 Hz
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Figure A.19: ROSI applied to the four speakers rotating at 1 Hz and emitting white noise. For the filtering of the signal, three single
frequencies are used: 1500 Hz, 3000 Hz and 5000 Hz. A scan grid of 4 x 4 m2 with a total of 40000 scan points and a sampling frequency
of 50 kHz are employed. The distance from the microphone array is 3 m.
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Frequency bands [Hz] 500 - 2000 3500 - 5000

Speaker numbers [-] 1 2 3 4 1 2 3 4

ROSI outputs [dB] / / / / 51.12 51.74 48.20 46.94

Table A.4: SPL values applying ROSI to the four rotating speakers. The rotational speed corresponds to 1 Hz. The signal emitted is white
noise and it is filtered into different frequency bands (i.e. 500 Hz - 2000 Hz, 3500 Hz - 5000 Hz). If the sound sources are not distinguished
as separated sources, their SPLs are not taken into account.

Frequency [Hz] 1500 3000 5000

Speaker numbers [-] 1 2 3 4 1 2 3 4 1 2 3 4

ROSI outputs [dB] / / / / 30.98 / / / 41.10 40.99 38.97 37.49

Table A.5: SPL values applying ROSI to the four speakers rotating at 1 Hz. The signal emitted is white noise. For the filtering of the
signal, three different single frequencies are used: 1500 Hz, 3000 Hz and 5000 Hz. If the sound sources are not distinguished as separated
sources, their SPLs are not taken into account.

A.3.2. Moving case - rotational speed of 2.5 Hz
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Figure A.20: ROSI applied to the four speakers rotating at 2.5 Hz. Left: The signal emitted is a tone at 500 Hz. Right: The signal emitted
is a tone at 1000 Hz. A scan grid of 4 x 4 m2 with a total of 40000 scan points and a sampling frequency of 50 kHz are employed. The
distance from the microphone array is 3 m.
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Figure A.21: ROSI applied to the four speakers rotating at 2.5 Hz and emitting white noise. The signal is filtered into different frequency
bands: 500 Hz - 2000 Hz, 3500 Hz - 5000 Hz. A scan grid of 4 x 4 m2 with a total of 40000 scan points and a sampling frequency of 50 kHz
are employed. The distance from the microphone array is 3 m.
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Figure A.22: ROSI applied to the four speakers rotating at 2.5 Hz and emitting white noise. For the filtering of the signal, three single
frequencies are used: 1500 Hz, 3000 Hz and 5000 Hz. A scan grid of 4 x 4 m2 with a total of 40000 scan points and a sampling frequency
of 50 kHz are employed. The distance from the microphone array is 3 m.
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Frequency bands [Hz] 500 - 2000 3500 - 5000

Speaker numbers [-] 1 2 3 4 1 2 3 4

ROSI outputs [dB] / / / / 47.03 48.89 49.31 49.08

Table A.6: SPL values applying ROSI to the four rotating speakers. The rotational speed corresponds to 2.5 Hz. The signal emitted is white
noise and it is filtered into different frequency bands (i.e. 500 Hz - 2000 Hz, 3500 Hz - 5000 Hz). If the sound sources are not distinguished
as separated sources, their SPLs are not taken into account.

Frequency [Hz] 1500 3000 5000

Speaker numbers [-] 1 2 3 4 1 2 3 4 1 2 3 4

ROSI outputs [dB] / / / / 26.13 26.20 27.29 26.14 31.81 34.75 33.01 33.77

Table A.7: SPL values applying ROSI to the four speakers rotating at 2.5 Hz. The signal emitted is white noise. For the filtering of the
signal, three different single frequencies are used: 1500 Hz, 3000 Hz and 5000 Hz. If the sound sources are not distinguished as separated
sources, their SPLs are not taken into account.

A.3.3. Moving case - rotational speed of 4 Hz
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Figure A.23: ROSI applied to the four speakers rotating at 4 Hz. Left: The signal emitted is a tone at 500 Hz. Right: The signal emitted is a
tone at 1000 Hz. A scan grid of 4 x 4 m2 with a total of 40000 scan points and a sampling frequency of 50 kHz are employed. The distance
from the microphone array is 3 m.
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Figure A.24: ROSI applied to the four speakers rotating at 4 Hz and emitting white noise. The signal is filtered into different frequency
bands: 500 Hz - 2000 Hz, 3500 Hz - 5000 Hz. A scan grid of 4 x 4 m2 with a total of 40000 scan points and a sampling frequency of 50 kHz
are employed. The distance from the microphone array is 3 m.
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Figure A.25: ROSI applied to the four speakers rotating at 4 Hz and emitting white noise. For the filtering of the signal, three single
frequencies are used: 1500 Hz, 3000 Hz and 5000 Hz. A scan grid of 4 x 4 m2 with a total of 40000 scan points and a sampling frequency
of 50 kHz are employed. The distance from the microphone array is 3 m.
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Frequency bands [Hz] 500 - 2000 3500 - 5000

Speaker numbers [-] 1 2 3 4 1 2 3 4

ROSI outputs [dB] / / / / 46.87 49.04 46.32 43.81

Table A.8: SPL values applying ROSI to the four rotating speakers. The rotational speed corresponds to 4 Hz. The signal emitted is white
noise and it is filtered into different frequency bands (i.e. 500 Hz - 2000 Hz, 3500 Hz - 5000 Hz). If the sound sources are not distinguished
as separated sources, their SPLs are not taken into account.

Frequency [Hz] 1500 3000 5000

Speaker numbers [-] 1 2 3 4 1 2 3 4 1 2 3 4

ROSI outputs [dB] / / / / / / / / 33.50 33.41 31.98 31.20

Table A.9: SPL values applying ROSI to the four speakers rotating at 4 Hz. The signal emitted is white noise. For the filtering of the
signal, three different single frequencies are used: 1500 Hz, 3000 Hz and 5000 Hz. If the sound sources are not distinguished as separated
sources, their SPLs are not taken into account.

A.4. Fourth set of measurements

For this set of measurements, the distance between speaker 1 and speaker 2 equals the distance between
speaker 3 and speaker 4 and it corresponds to 0 m, while the distance between speaker 2 and speaker 3 is
0.74 m. The configuration of the four speakers is depicted in Figure A.26. For all the tested frequencies, the
resulting Rayleigh limit is above the spacing between the sources. Thus, ROSI is not able to distinguish the
sources as separated and the outputs for the SPL are not taken into account.
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Figure A.26: Configuration of the four rotating speakers for the first setup tested in the A-Tunnel. Coordinates: sound source 1 (x,y) =
(-0.5,0), sound source 2 (x,y) = (-0.45,0), sound source 3 (x,y) = (0.45,0), sound source 4 (x,y) = (0.5,0).
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A.4.1. Moving case - rotational speed of 1 Hz
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Figure A.27: ROSI applied to the four speakers rotating at 1 Hz. Left: The signal emitted is a tone at 500 Hz. Right: The signal emitted is a
tone at 1000 Hz. A scan grid of 4 x 4 m2 with a total of 40000 scan points and a sampling frequency of 50 kHz are employed. The distance
from the microphone array is 3 m.
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Figure A.28: ROSI applied to the four speakers rotating at 1 Hz and emitting white noise. The signal is filtered into different frequency
bands: 500 Hz - 2000 Hz, 3500 Hz - 5000 Hz. A scan grid of 4 x 4 m2 with a total of 40000 scan points and a sampling frequency of 50 kHz
are employed. The distance from the microphone array is 3 m.
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Figure A.29: ROSI applied to the four speakers rotating at 1 Hz and emitting white noise. For the filtering of the signal, three single
frequencies are used: 1500 Hz, 3000 Hz and 5000 Hz. A scan grid of 4 x 4 m2 with a total of 40000 scan points and a sampling frequency
of 50 kHz are employed. The distance from the microphone array is 3 m.

A.4.2. Moving case - rotational speed of 2.5 Hz
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Figure A.30: ROSI applied to the four speakers rotating at 2.5 Hz. Left: The signal emitted is a tone at 500 Hz. Right: The signal emitted
is a tone at 1000 Hz. A scan grid of 4 x 4 m2 with a total of 40000 scan points and a sampling frequency of 50 kHz are employed. The
distance from the microphone array is 3 m.
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Figure A.31: ROSI applied to the four speakers rotating at 2.5 Hz and emitting white noise. The signal is filtered into different frequency
bands: 500 Hz - 2000 Hz, 3500 Hz - 5000 Hz. A scan grid of 4 x 4 m2 with a total of 40000 scan points and a sampling frequency of 50 kHz
are employed. The distance from the microphone array is 3 m.
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Figure A.32: ROSI applied to the four speakers rotating at 2.5 Hz and emitting white noise. For the filtering of the signal, three single
frequencies are used: 1500 Hz, 3000 Hz and 5000 Hz. A scan grid of 4 x 4 m2 with a total of 40000 scan points and a sampling frequency
of 50 kHz are employed. The distance from the microphone array is 3 m.
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A.4.3. Moving case - rotational speed of 4 Hz
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Figure A.33: ROSI applied to the four speakers rotating at 4 Hz. Left: The signal emitted is a tone at 500 Hz. Right: The signal emitted is a
tone at 1000 Hz. A scan grid of 4 x 4 m2 with a total of 40000 scan points and a sampling frequency of 50 kHz are employed. The distance
from the microphone array is 3 m.
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Figure A.34: ROSI applied to the four speakers rotating at 4 Hz and emitting white noise. The signal is filtered into different frequency
bands: 500 Hz - 2000 Hz, 3500 Hz - 5000 Hz. A scan grid of 4 x 4 m2 with a total of 40000 scan points and a sampling frequency of 50 kHz
are employed. The distance from the microphone array is 3 m.
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Figure A.35: ROSI applied to the four speakers rotating at 4 Hz and emitting white noise. For the filtering of the signal, three single
frequencies are used: 1500 Hz, 3000 Hz and 5000 Hz. A scan grid of 4 x 4 m2 with a total of 40000 scan points and a sampling frequency
of 50 kHz are employed. The distance from the microphone array is 3 m.



B
OJF experiment - further analysis

In this Chapter, other experimental data recorded in the OJF are presented to confirm that the high levels of
background noise of the facility do not allow the assessment of the wind turbine noise.

In the analysis, a sampling frequency of 50 kHz and a scan grid of 4 x 4 m2 with a total of 40000 scan points1

are employed. The distance between the center of rotation and the microphone array corresponds to 3 m.
The measured data is separated in time blocks of 25000 samples (∆t = 500 ms) and windowed using a Han-
ning weighting function. Following the same steps performed in the A-Tunnel experiment, the data has been
evaluated with three beamforming algorithms: CB in the time domain, CB in the frequency domain and ROSI.
In this way, it is possible to check if the center of rotation of the wind turbine is in the correct position.

First, the background noise at a wind speed of 5 m/s, 7 m/s and 9 m/s is evaluated, when only the tower,
the nacelle and the tail fin of the DOD upwind turbine are installed. The rotor is not mounted and the wind
turbine is not in operation. This configuration is illustrated in Figure 5.10 in Chapter 5. CB in the time do-
main as well as CB in the frequency domain are applied to this dataset. Then, the small wind turbine is tested
with different blades and at different wind speeds of the tunnel. For each case, a comparison between the
PSD of the background noise and the PSD of the wind turbine is provided together with the acoustic images
obtained applying CB in time domain, CB in the frequency domain and ROSI. The resulting source plots are
very similar and the reader will recognize how the high levels of background noise do not allow to localize
and to quantify the main noise sources in the small wind turbine.

1200 scan points are used in the x and in the y direction, which lead to a total of 40000 scan points.
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B.1. Wind speed - 5 m/s

In this section, the wind speed of the tunnel is set at 5 m/s. First, the background noise of the facility is
evaluated with only the tower, the nacelle and the tail fin of the wind turbine installed. Follows the analysis
of the DOD upwind turbine with four different blade configurations.

B.1.1. OJF background noise

For this set of measurement, the wind turbine was not in operation. Figure B.1, Figure B.2 and Figure B.3
present the resulting acoustic images when CB in the time domain and CB in the frequency domain are ap-
plied to the experimental data. The signal is filtered into three different frequency bands: 500 Hz - 2000 Hz,
500 Hz - 1000 Hz and 700 Hz - 1000 Hz. As it can be observed, only for the frequency band 500 Hz - 2000 Hz
the beamforming algorithms are not able to localize the nacelle. For the other cases, the interaction between
the wind and the nacelle results the most dominant noise source and the nacelle can be recognized in the
center of the source map.
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Figure B.1: Left: CB in the time domain. Right: CB in the frequency domain. The signal is filtered into the frequency band: 500 Hz - 2000
Hz. A scan grid of 4x4 m2 with a total of 40000 scan points and a sampling frequency of 50 kHz are employed. The distance from the
microphone array is 3 m.
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Figure B.2: Left: CB in the time domain. Right: CB in the frequency domain. The signal is filtered into the frequency band: 500 Hz - 1000
Hz. A scan grid of 4x4 m2 with a total of 40000 scan points and a sampling frequency of 50 kHz are employed. The distance from the
microphone array is 3 m.
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Figure B.3: Left: CB in the time domain. Right: CB in the frequency domain. The signal is filtered into the frequency band: 700 Hz - 1000
Hz. A scan grid of 4x4 m2 with a total of 40000 scan points and a sampling frequency of 50 kHz are employed. The distance from the
microphone array is 3 m.

B.1.2. Three bladed wind turbine

The DOD upwind turbine is tested with three blades. The corresponding rotor diameter is 1.66 m. The yaw
angle is set at 0 degree. The wind speed of the tunnel is 5 m/s and the rotational speed of the turbine is 5.4
Hz, which leads to a blade passing frequency (BPF) of 16.2 Hz. The measured power output amounts to 55 W.

Figure B.4 illustrates the PSD of the OJF background noise at 5 m/s, when the tower, the nacelle and the
tail fin of the wind turbine are installed, and the PSD of the three-bladed turbine. Between 500 Hz and 2000
Hz, the two curves almost coincide. However, a difference can be observed between 700 Hz and 1000 Hz.
By filtering the signal into these two frequency bands, CB in time domain, CB in the frequency domain and
ROSI are applied. The resulting acoustic images are depicted in Figure B.5 and in Figure B.6. From the source
maps, it is not possible to distinguish the three blades of the turbine. The source localization as well as the
source quantification of the small wind turbine are compromised by the high levels of background noise.
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Figure B.4: Comparison between the PSD of the OJF background noise at 5 m/s (in red) and the PSD of the three-bladed wind turbine
(in blue). The measurements for the OJF background noise were carried out with only the tower, the nacelle and the tail fin of the wind
turbine installed. The three-bladed wind turbine has a rotational speed of 5.4 Hz. The blade passing frequency is 16.2 Hz. The measured
power output amounts to 55 W.
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Figure B.5: Left: CB in the time domain. Right: CB in the frequency domain. Center: ROSI. The three-bladed wind turbine rotates at 5.4
Hz. The wind speed of the tunnel is 5 m/s. The signal is filtered into the frequency band 500 Hz - 2000 Hz. A scan grid of 4x4 m2 with a
total of 40000 scan points and a sampling frequency of 50 kHz are employed. The distance from the microphone array is 3 m.
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Figure B.6: Left: CB in the time domain. Right: CB in the frequency domain. Center: ROSI. The three-bladed wind turbine rotates at 5.4
Hz. The wind speed of the tunnel is 5 m/s. The signal is filtered into the frequency band 700 Hz - 1000 Hz. A scan grid of 4x4 m2 with a
total of 40000 scan points and a sampling frequency of 50 kHz are employed. The distance from the microphone array is 3 m.

B.1.3. Five bladed wind turbine - 1

The DOD upwind turbine is tested with five blades. The corresponding rotor diameter is 1.72 m. The yaw
angle is set at 0 degree. The wind speed of the tunnel is 5 m/s and the rotational speed of the turbine is 5.8
Hz, which leads to a blade passing frequency (BPF) of 29 Hz. The measured power output amounts to 55 W.

Figure B.7 illustrates the PSD of the OJF background noise at 5 m/s, when the tower, the nacelle and the
tail fin of the wind turbine are installed, and the PSD of the five-bladed turbine. Between 500 Hz and 2000
Hz, the two curves almost coincide. However, a small difference can be observed between 500 Hz and 1000
Hz. By filtering the signal into these two frequency bands, CB in time domain, CB in the frequency domain
and ROSI are applied. The resulting acoustic images are depicted in Figure B.8 and in Figure B.9. From the
source maps, it is not possible to distinguish the five blades of the turbine. The source localization as well as
the source quantification of the small wind turbine are compromised by the high levels of background noise.
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Figure B.7: Comparison between the PSD of the OJF background noise at 5 m/s (in red) and the PSD of the five-bladed wind turbine
(in blue). The measurements for the OJF background noise were carried out with only the tower, the nacelle and the tail fin of the wind
turbine installed. The five-bladed wind turbine has a rotational speed of 5.8 Hz. The blade passing frequency is 29 Hz. The measured
power output amounts to 55 W.
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Figure B.8: Left: CB in the time domain. Right: CB in the frequency domain. Center: ROSI. The five-bladed wind turbine rotates at 5.8
Hz. The wind speed of the tunnel is 5 m/s. The signal is filtered into the frequency band 500 Hz - 2000 Hz. A scan grid of 4x4 m2 with a
total of 40000 scan points and a sampling frequency of 50 kHz are employed. The distance from the microphone array is 3 m.
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Figure B.9: Left: CB in the time domain. Right: CB in the frequency domain. Center: ROSI. The five-bladed wind turbine rotates at 5.8
Hz. The wind speed of the tunnel is 5 m/s. The signal is filtered into the frequency band 500 Hz - 2000 Hz. A scan grid of 4x4 m2 with a
total of 40000 scan points and a sampling frequency of 50 kHz are employed. The distance from the microphone array is 3 m.

B.1.4. Five bladed wind turbine - 2

The DOD upwind turbine is tested with five blades. The corresponding rotor diameter is 1.71 m. The yaw
angle is set at 0 degree. The wind speed of the tunnel is 5 m/s and the rotational speed of the turbine is 5.9
Hz, which leads to a blade passing frequency (BPF) of 29.6 Hz. The measured power output amounts to 55 W.

Figure B.10 illustrates the PSD of the OJF background noise at 5 m/s, when the tower, the nacelle and the
tail fin of the wind turbine are installed, and the PSD of the five-bladed turbine. Between 500 Hz and 2000
Hz, the two curves almost coincide. However, a small difference can be recognized between 500 Hz and 1000
Hz. By filtering the signal into these two frequency bands, CB in time domain, CB in the frequency domain
and ROSI are applied. The resulting acoustic images are depicted in Figure B.11 and in Figure B.12. From the
source maps, it is not possible to distinguish the five blades of the turbine. The source localization as well as
the source quantification of the small wind turbine are compromised by the high levels of background noise.
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Figure B.10: Comparison between the PSD of the OJF background noise at 5 m/s (in red) and the PSD of the five-bladed wind turbine
(in blue). The measurements for the OJF background noise were carried out with only the tower, the nacelle and the tail fin of the wind
turbine installed. The five-bladed wind turbine has a rotational speed of 5.9 Hz. The blade passing frequency is 29.6 Hz. The measured
power output amounts to 55 W.
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Figure B.11: Left: CB in the time domain. Right: CB in the frequency domain. Center: ROSI. The five-bladed wind turbine rotates at 5.9
Hz. The wind speed of the tunnel is 5 m/s. The signal is filtered into the frequency band 500 Hz - 2000 Hz. A scan grid of 4x4 m2 with a
total of 40000 scan points and a sampling frequency of 50 kHz are employed. The distance from the microphone array is 3 m.
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Figure B.12: Left: CB in the time domain. Right: CB in the frequency domain. Center: ROSI. The five-bladed wind turbine rotates at 5.9
Hz. The wind speed of the tunnel is 5 m/s. The signal is filtered into the frequency band 500 Hz - 1000 Hz. A scan grid of 4x4 m2 with a
total of 40000 scan points and a sampling frequency of 50 kHz are employed. The distance from the microphone array is 3 m.

B.1.5. Five bladed wind turbine - 3

The DOD upwind turbine is tested with five blades. The corresponding rotor diameter is 2.10 m. The yaw
angle is set at 0 degree. The wind speed of the tunnel is 5 m/s and the rotational speed of the turbine is 5.7
Hz, which leads to a blade passing frequency (BPF) of 28.7 Hz. The measured power output amounts to 58 W.

Figure B.13 illustrates the PSD of the OJF background noise at 5 m/s, when the tower, the nacelle and the
tail fin of the wind turbine is installed, and the PSD of the five-bladed turbine. Between 500 Hz and 2000
Hz, the two curves almost coincide. However, a small difference can be recognized between 500 Hz and 1000
Hz. By filtering the signal into these two frequency bands, CB in time domain, CB in the frequency domain
and ROSI are applied. The resulting acoustic images are depicted in Figure B.14 and in Figure B.15. From the
source maps, it is not possible to distinguish the five blades of the turbine. The source localization as well as
the source quantification of the small wind turbine are compromised by the high levels of background noise.
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Figure B.13: Comparison between the PSD of the OJF background noise at 5 m/s (in red) and the PSD of the five-bladed wind turbine
(in blue). The measurements for the OJF background noise were carried out with only the tower of the wind turbine installed. The five-
bladed wind turbine has a rotational speed of 5.7 Hz. The blade passing frequency is 28.7 Hz. The measured power output amounts to
58 W.
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Figure B.14: Left: CB in the time domain. Right: CB in the frequency domain. Center: ROSI. The five-bladed wind turbine rotates at 5.7
Hz. The wind speed of the tunnel is 5 m/s. The signal is filtered into the frequency band 500 Hz - 2000 Hz. A scan grid of 4x4 m2 with a
total of 40000 scan points and a sampling frequency of 50 kHz are employed. The distance from the microphone array is 3 m.
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Figure B.15: Left: CB in the time domain. Right: CB in the frequency domain. Center: ROSI. The five-bladed wind turbine rotates at 5.7
Hz. The wind speed of the tunnel is 5 m/s. The signal is filtered into the frequency band 500 Hz - 1000 Hz. A scan grid of 4x4 m2 with a
total of 40000 scan points and a sampling frequency of 50 kHz are employed. The distance from the microphone array is 3 m.

B.2. Wind speed - 7 m/s

In this section, the wind speed of the tunnel is set at 7 m/s. First, the background noise of the facility is
evaluated with only the tower, the nacelle and the tail fin of the wind turbine installed. Follows the analysis
of the DOD upwind turbine with four different blade configurations.

B.2.1. OJF background noise

For this set of measurement, the wind turbine was not in operation. Figure B.16, Figure B.17 and Figure
B.18 present the resulting acoustic images when CB in the time domain and CB in the frequency domain are
applied to the experimental data. The signal is filtered into three different frequency bands: 500 Hz - 2000
Hz, 500 Hz - 1000 Hz and 700 Hz - 1000 Hz. As it can be observed, for all the adopted frequency bands the
interaction between the wind and the nacelle results the most dominant noise source and the nacelle can be
recognized in the center of the source map. However, in the range 500 Hz - 2000 Hz the background noise
levels are higher compared to the other cases.
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Figure B.16: Left: CB in the time domain. Right: CB in the frequency domain. The signal is filtered into the frequency band: 500 Hz -
2000 Hz. A scan grid of 4x4 m2 with a total of 40000 scan points and a sampling frequency of 50 kHz are employed. The distance from
the microphone array is 3 m.
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Figure B.17: Left: CB in the time domain. Right: CB in the frequency domain. The signal is filtered into the frequency band: 500 Hz -
1000 Hz. A scan grid of 4x4 m2 with a total of 40000 scan points and a sampling frequency of 50 kHz are employed. The distance from
the microphone array is 3 m.
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Figure B.18: Left: CB in the time domain. Right: CB in the frequency domain. The signal is filtered into the frequency band: 700 Hz -
1000 Hz. A scan grid of 4x4 m2 with a total of 40000 scan points and a sampling frequency of 50 kHz are employed. The distance from
the microphone array is 3 m.
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B.2.2. Three bladed wind turbine

The DOD upwind turbine is tested with three blades. The corresponding rotor diameter is 1.66 m. The yaw
angle is set at 0 degree. The wind speed of the tunnel is 7 m/s and the rotational speed of the turbine is 5.1
Hz, which leads to a blade passing frequency (BPF) of 15.4 Hz. The measured power output amounts to 180 W.

Figure B.20 illustrates the PSD of the OJF background noise at 7 m/s, when the tower, the nacelle and the
tail fin of the wind turbine are installed, and the PSD of the three-bladed turbine. Between 500 Hz and 2000
Hz, the two curves almost coincide. By filtering the signal into this frequency band, CB in time domain, CB in
the frequency domain and ROSI are applied. The resulting acoustic images are depicted in Figure B.19. From
the source maps, it is not possible to distinguish the three blades of the turbine. The source localization as
well as the source quantification of the small wind turbine are compromised by the high levels of background
noise.
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Figure B.19: Left: CB in the time domain. Right: CB in the frequency domain. Center: ROSI. The three-bladed wind turbine rotates at 5.1
Hz. The wind speed of the tunnel is 7 m/s. The signal is filtered into the frequency band 500 Hz - 2000 Hz. A scan grid of 4x4 m2 with a
total of 40000 scan points and a sampling frequency of 50 kHz are employed. The distance from the microphone array is 3 m.
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Figure B.20: Comparison between the PSD of the OJF background noise at 7 m/s (in red) and the PSD of the three-bladed wind turbine
(in blue). The measurements for the OJF background noise were carried out with only the tower, the nacelle and the tail fin of the wind
turbine installed. The three-bladed wind turbine has a rotational speed of 5.1 Hz. The blade passing frequency is 15.4 Hz. The measured
power output amounts to 180 W.

B.2.3. Five bladed wind turbine - 1

The DOD upwind turbine is tested with five blades. The corresponding rotor diameter is 1.72 m. The yaw
angle is set at 0 degree. The wind speed of the tunnel is 7 m/s and the rotational speed of the turbine is 6 Hz,
which leads to a blade passing frequency (BPF) of 30 Hz. The measured power output amounts to 182 W.

Figure B.21 illustrates the PSD of the OJF background noise at 7 m/s, when the tower, the nacelle and the
tail fin of the wind turbine are installed, and the PSD of the five-bladed turbine. Between 500 Hz and 2000
Hz, the two curves almost coincide. However, a small difference can be observed between 700 Hz and 1500
Hz. By filtering the signal into these two frequency bands, CB in time domain, CB in the frequency domain
and ROSI are applied. The resulting acoustic images are depicted in Figure B.22 and in Figure B.23. From the
source maps, it is not possible to distinguish the five blades of the turbine. The source localization as well as
the source quantification of the small wind turbine are compromised by the high levels of background noise.
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Figure B.21: Comparison between the PSD of the OJF background noise at 7 m/s (in red) and the PSD of the five-bladed wind turbine
(in blue). The measurements for the OJF background noise were carried out with only the tower, the nacelle and the tail fin of the wind
turbine installed. The five-bladed wind turbine has a rotational speed of 6 Hz. The blade passing frequency is 30 Hz. The measured
power output amounts to 182 W.
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Figure B.22: Left: CB in the time domain. Right: CB in the frequency domain. Center: ROSI. The five-bladed wind turbine rotates at 6
Hz. The wind speed of the tunnel is 7 m/s. The signal is filtered into the frequency band 500 Hz - 2000 Hz. A scan grid of 4x4 m2 with a
total of 40000 scan points and a sampling frequency of 50 kHz are employed. The distance from the microphone array is 3 m.
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Figure B.23: Left: CB in the time domain. Right: CB in the frequency domain. Center: ROSI. The five-bladed wind turbine rotates at 6
Hz. The wind speed of the tunnel is 7 m/s. The signal is filtered into the frequency band 700 Hz - 1500 Hz. A scan grid of 4x4 m2 with a
total of 40000 scan points and a sampling frequency of 50 kHz are employed. The distance from the microphone array is 3 m.

B.2.4. Five bladed wind turbine - 2

The DOD upwind turbine is tested with five blades. The corresponding rotor diameter is 1.71 m. The yaw
angle is set at 0 degree. The wind speed of the tunnel is 7 m/s and the rotational speed of the turbine is 5.9
Hz, which leads to a blade passing frequency (BPF) of 29.5 Hz. The measured power output amounts to 181 W.

Figure B.24 illustrates the PSD of the OJF background noise at 7 m/s, when the tower, the nacelle and the
tail fin of the wind turbine are installed, and the PSD of the five-bladed turbine. Between 500 Hz and 2000
Hz, the two curves almost coincide. However, a small difference can be recognized between 700 Hz and 1500
Hz. By filtering the signal into these two frequency bands, CB in time domain, CB in the frequency domain
and ROSI are applied. The resulting acoustic images are depicted in Figure B.25 and in Figure B.26. From the
source maps, it is not possible to distinguish the five blades of the turbine. The source localization as well as
the source quantification of the small wind turbine are compromised by the high levels of background noise.
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Figure B.24: Comparison between the PSD of the OJF background noise at 7 m/s (in red) and the PSD of the five-bladed wind turbine
(in blue). The measurements for the OJF background noise were carried out with only the tower, the nacelle and the tail fin of the wind
turbine installed. The five-bladed wind turbine has a rotational speed of 5.9 Hz. The blade passing frequency is 29.5 Hz. The measured
power output amounts to 181 W.
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Figure B.25: Left: CB in the time domain. Right: CB in the frequency domain. Center: ROSI. The five-bladed wind turbine rotates at 5.9
Hz. The wind speed of the tunnel is 7 m/s. The signal is filtered into the frequency band 500 Hz - 2000 Hz. A scan grid of 4x4 m2 with a
total of 40000 scan points and a sampling frequency of 50 kHz are employed. The distance from the microphone array is 3 m.
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Figure B.26: Left: CB in the time domain. Right: CB in the frequency domain. Center: ROSI. The five-bladed wind turbine rotates at 5.9
Hz. The wind speed of the tunnel is 7 m/s. The signal is filtered into the frequency band 700 Hz - 1500 Hz. A scan grid of 4x4 m2 with a
total of 40000 scan points and a sampling frequency of 50 kHz are employed. The distance from the microphone array is 3 m.

B.2.5. Five bladed wind turbine - 3

The DOD upwind turbine is tested with five blades. The corresponding rotor diameter is 2.10 m. The yaw
angle is set at 0 degree. The wind speed of the tunnel is 7 m/s and the rotational speed of the turbine is 4.9
Hz, which leads to a blade passing frequency (BPF) of 24.6 Hz. The measured power output amounts to 180 W.

Figure B.27 illustrates the PSD of the OJF background noise at 7 m/s, when the tower, the nacelle and the
tail fin of the wind turbine are installed, and the PSD of the five-bladed turbine. Between 500 Hz and 2000 Hz,
the two curves almost coincide. However, a small difference can be recognized between 700 Hz and 1000 Hz
as well as between 1400 Hz and 2000 Hz. By filtering the signal into these three frequency bands, CB in time
domain, CB in the frequency domain and ROSI are applied. The resulting acoustic images are depicted in
Figure B.28, in Figure B.29 and in Figure B.30. From the source maps, it is not possible to distinguish the five
blades of the turbine. The source localization as well as the source quantification of the small wind turbine
are compromised by the high levels of background noise.
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Figure B.27: Comparison between the PSD of the OJF background noise at 7 m/s (in red) and the PSD of the five-bladed wind turbine
(in blue). The measurements for the OJF background noise were carried out with only the tower, the nacelle and the tail fin of the wind
turbine installed. The five-bladed wind turbine has a rotational speed of 4.9 Hz. The blade passing frequency is 24.6 Hz. The measured
power output amounts to 180 W.
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Figure B.28: Left: CB in the time domain. Right: CB in the frequency domain. Center: ROSI. The five-bladed wind turbine rotates at 4.9
Hz. The wind speed of the tunnel is 7 m/s. The signal is filtered into the frequency band 500 Hz - 2000 Hz. A scan grid of 4x4 m2 with a
total of 40000 scan points and a sampling frequency of 50 kHz are employed. The distance from the microphone array is 3 m.
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Figure B.29: Left: CB in the time domain. Right: CB in the frequency domain. Center: ROSI. The five-bladed wind turbine rotates at 4.9
Hz. The wind speed of the tunnel is 7 m/s. The signal is filtered into the frequency band 700 Hz - 1000 Hz. A scan grid of 4x4 m2 with a
total of 40000 scan points and a sampling frequency of 50 kHz are employed. The distance from the microphone array is 3 m.



B.3. Wind speed - 9 m/s 129

CB - time domain f
lower

 = 1400 Hz; f
upper

 = 2000 Hz

-2 -1 0 1 2

x [m]

-2

-1

0

1

2

y
 [

m
]

40

42

44

46

48

50

S
P

L
 [

d
B

]

-2 -1 0 1 2

x [m]

-2

-1

0

1

2

y
 [

m
]

CB - frequency domain f
lower

 = 1400 Hz; f
upper

 = 2000 Hz

42

44

46

48

50

52

S
P

L
 [

d
B

]

ROSI f
lower

 = 1400 Hz; f
upper

 = 2000 Hz

-2 -1 0 1 2

x [m]

-2

-1

0

1

2

y
 [

m
]

40

42

44

46

48

50

S
P

L
 [

d
B

]

Figure B.30: Left: CB in the time domain. Right: CB in the frequency domain. Center: ROSI. The five-bladed wind turbine rotates at 4.9
Hz. The wind speed of the tunnel is 7 m/s. The signal is filtered into the frequency band 1400 Hz - 2000 Hz. A scan grid of 4x4 m2 with a
total of 40000 scan points and a sampling frequency of 50 kHz are employed. The distance from the microphone array is 3 m.

B.3. Wind speed - 9 m/s

In this section, the wind speed of the tunnel is set at 9 m/s. First, the background noise of the facility is
evaluated with only the tower, the nacelle and the tail fin of the wind turbine installed. Follows the analysis
of the DOD upwind turbine with four different blade configurations.

B.3.1. OJF background noise

For this set of measurement, the wind turbine was not in operation. Figure B.31, Figure B.32 and Figure
B.33 present the resulting acoustic images when CB in the time domain and CB in the frequency domain are
applied to the experimental data. The signal is filtered into three different frequency bands: 500 Hz - 2000
Hz, 500 Hz - 1000 Hz and 700 Hz - 1000 Hz. As it can be observed, for all the adopted frequency bands the
nacelle is in the center of the source map. Even if the interaction between the wind and the nacelle results
one of the most dominant noise source, the background noise levels are very high. In particular, this trend
can be recognized for the range 500 Hz - 2000 Hz.



130 B. OJF experiment - further analysis

CB - time domain f
lower

 = 500 Hz; f
upper

 = 2000 Hz

-2 -1 0 1 2

x [m]

-2

-1

0

1

2

y
 [

m
]

26

28

30

32

34

36

S
P

L
 [

d
B

]

-2 -1 0 1 2

x [m]

-2

-1

0

1

2

y
 [

m
]

CB - frequency domain f
lower

 = 500 Hz; f
upper

 = 2000 Hz

26

28

30

32

34

36

S
P

L
 [

d
B

]

Figure B.31: Left: CB in the time domain. Right: CB in the frequency domain. The signal is filtered into the frequency band: 500 Hz -
2000 Hz. A scan grid of 4x4 m2 with a total of 40000 scan points and a sampling frequency of 50 kHz are employed. The distance from
the microphone array is 3 m.
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Figure B.32: Left: CB in the time domain. Right: CB in the frequency domain. The signal is filtered into the frequency band: 500 Hz -
1000 Hz. A scan grid of 4x4 m2 with a total of 40000 scan points and a sampling frequency of 50 kHz are employed. The distance from
the microphone array is 3 m.
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Figure B.33: Left: CB in the time domain. Right: CB in the frequency domain. The signal is filtered into the frequency band: 700 Hz -
1000 Hz. A scan grid of 4x4 m2 with a total of 40000 scan points and a sampling frequency of 50 kHz are employed. The distance from
the microphone array is 3 m.
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B.3.2. Three bladed wind turbine

The DOD upwind turbine is tested with three blades. The corresponding rotor diameter is 1.66 m. The yaw
angle is set at 0 degree. The wind speed of the tunnel is 9 m/s and the rotational speed of the turbine is 6.4
Hz, which leads to a blade passing frequency (BPF) of 19.2 Hz. The measured power output amounts to 320 W.

Figure B.35 illustrates the PSD of the OJF background noise at 9 m/s, when the tower, the nacelle and the
tail fin of the wind turbine are installed, and the PSD of the three-bladed turbine. Between 500 Hz and 2000
Hz, the two curves almost coincide. By filtering the signal into this frequency band, CB in time domain, CB in
the frequency domain and ROSI are applied. The resulting acoustic images are depicted in Figure B.34. From
the source maps, it is not possible to distinguish the three blades of the turbine. The source localization as
well as the source quantification of the small wind turbine are compromised by the high levels of background
noise.
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Figure B.34: Left: CB in the time domain. Right: CB in the frequency domain. Center: ROSI. The three-bladed wind turbine rotates at 6.4
Hz. The wind speed of the tunnel is 9 m/s. The signal is filtered into the frequency band 500 Hz - 2000 Hz. A scan grid of 4x4 m2 with a
total of 40000 scan points and a sampling frequency of 50 kHz are employed. The distance from the microphone array is 3 m.



132 B. OJF experiment - further analysis

100 101 102 103 104

Frequency [Hz]

-20

-10

0

10

20

30

40

50

60

P
S

D
 [

d
B

/H
z]

background noise - 9 m/s
3-bladed wind turbine - 6.4 Hz

Figure B.35: Comparison between the PSD of the OJF background noise at 9 m/s (in red) and the PSD of the three-bladed wind turbine
(in blue). The measurements for the OJF background noise were carried out with only the tower, the nacelle and tail fin of the wind
turbine installed. The three-bladed wind turbine has a rotational speed of 6.4 Hz. The blade passing frequency is 19.2 Hz. The measured
power output amounts to 320 W.

B.3.3. Five bladed wind turbine - 2

The DOD upwind turbine is tested with five blades. The corresponding rotor diameter is 1.71 m. The yaw
angle is set at 0 degree. The wind speed of the tunnel is 9 m/s and the rotational speed of the turbine is 7.2
Hz, which leads to a blade passing frequency (BPF) of 36 Hz. The measured power output amounts to 330 W.

Figure B.36 illustrates the PSD of the OJF background noise at 9 m/s, when the tower, the nacelle and the
tail fin of the wind turbine are installed, and the PSD of the five-bladed turbine. Between 500 Hz and 2000
Hz, the two curves almost coincide. However, a small difference can be recognized between 700 Hz and 1000
Hz. By filtering the signal into these two frequency bands, CB in time domain, CB in the frequency domain
and ROSI are applied. The resulting acoustic images are depicted in Figure B.37 and in Figure B.38. From the
source maps, it is not possible to distinguish the five blades of the turbine. The source localization as well as
the source quantification of the small wind turbine are compromised by the high levels of background noise.
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Figure B.36: Comparison between the PSD of the OJF background noise at 9 m/s (in red) and the PSD of the three-bladed wind turbine
(in blue). The measurements for the OJF background noise were carried out with only the tower, the nacelle and the tail fin of the wind
turbine installed. The five-bladed wind turbine has a rotational speed of 7.2 Hz. The blade passing frequency is 36 Hz. The measured
power output amounts to 330 W.
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Figure B.37: Left: CB in the time domain. Right: CB in the frequency domain. Center: ROSI. The five-bladed wind turbine rotates at 7.2
Hz. The wind speed of the tunnel is 9 m/s. The signal is filtered into the frequency band 500 Hz - 2000 Hz. A scan grid of 4x4 m2 with a
total of 40000 scan points and a sampling frequency of 50 kHz are employed. The distance from the microphone array is 3 m.
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Figure B.38: Left: CB in the time domain. Right: CB in the frequency domain. Center: ROSI. The five-bladed wind turbine rotates at 7.2
Hz. The wind speed of the tunnel is 9 m/s. The signal is filtered into the frequency band 700 Hz - 1000 Hz. A scan grid of 4x4 m2 with a
total of 40000 scan points and a sampling frequency of 50 kHz are employed. The distance from the microphone array is 3 m.

B.3.4. Five bladed wind turbine - 3

The DOD upwind turbine is tested with five blades. The corresponding rotor diameter is 2.10 m. The yaw
angle is set at 0 degree. The wind speed of the tunnel is 9 m/s and the rotational speed of the turbine is 6.9
Hz, which leads to a blade passing frequency (BPF) of 34.3 Hz. The measured power output amounts to 330 W.

Figure B.39 illustrates the PSD of the OJF background noise at 9 m/s, when the tower, the nacelle and the
tail fin of the wind turbine are installed, and the PSD of the five-bladed turbine. Between 500 Hz and 2000
Hz, the two curves almost coincide. However, a small difference can be recognized between 500 Hz and 1000
Hz. By filtering the signal into these two frequency bands, CB in time domain, CB in the frequency domain
and ROSI are applied. The resulting acoustic images are depicted in Figure B.40 and in Figure B.41. From the
source maps, it is not possible to distinguish the five blades of the turbine. The source localization as well as
the source quantification of the small wind turbine are compromised by the high levels of background noise.
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Figure B.39: Comparison between the PSD of the OJF background noise at 9 m/s (in red) and the PSD of the five-bladed wind turbine
(in blue). The measurements for the OJF background noise were carried out with only the tower, the nacelle and the tail fin of the wind
turbine installed. The five-bladed wind turbine has a rotational speed of 6.9 Hz. The blade passing frequency is 34.3 Hz. The measured
power output amounts to 330 W.
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Figure B.40: Left: CB in the time domain. Right: CB in the frequency domain. Center: ROSI. The five-bladed wind turbine rotates at 6.9
Hz. The wind speed of the tunnel is 9 m/s. The signal is filtered into the frequency band 500 Hz - 2000 Hz. A scan grid of 4x4 m2 with a
total of 40000 scan points and a sampling frequency of 50 kHz are employed. The distance from the microphone array is 3 m.
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Figure B.41: Left: CB in the time domain. Right: CB in the frequency domain. Center: ROSI. The five-bladed wind turbine rotates at 6.9
Hz. The wind speed of the tunnel is 9 m/s. The signal is filtered into the frequency band 500 Hz - 1000 Hz. A scan grid of 4x4 m2 with a
total of 40000 scan points and a sampling frequency of 50 kHz are employed. The distance from the microphone array is 3 m.



C
In-field experiment

In the research, an additional experiment was performed in-field, specifically on the noise barrier1 between
the road N-470 and the highway A-13 (E-19) in Delft, Netherlands [92]. During the experimental campaign, a
small downwind turbine was mounted on top of the noise barrier and acoustic measurements were carried
out with a microphone phased array.

First, the experimental set-up is presented. Then, an analysis of the results is provided. Also for this dataset,
the high levels of background noise do not allow to localize and to quantify the main noise sources in the
wind turbine.

C.1. Experimental set-up

This section illustrates the set-up of the in-field experiment. However, the installation of the downwind tur-
bine on top of the noise barrier is not here described. For further information, the interested reader is referred
to the Thesis report of Vilarasau Amoros [92].

C.1.1. Microphone phased array

The acoustic array of 1 x 1 m2 contains 64 POM-2735P-R microphones, arranged in a multi-arm logarithmic
spiral configuration (see Figure C.1). Each microphone has a length of 60 mm and a diameter of 15 mm. The
frequency range of these microphones is between 20 Hz and 20 kHz. All the microphones were connected to
the data acquisition system (DAS), also called Camera 3 [25]. The array was tilted of approximately 45 degrees
and placed on the metal structure shown on the left-side of Figure C.2.

C.1.2. WindLeaf downwind turbine

The acoustic measurements were carried out on the three-bladed small wind turbine, fabricated by the Wind-
Challenge company. The horizontal-axis wind turbine has a downwind configuration, which allows to align
the rotor to the wind without a yaw drive mechanism. However, in order to have a constant distance from the
microphone array, in the measurements the rotor of the turbine was locked in a fixed position, shown on the
right-side of Figure C.2. The resulting distance between the center of rotation of the turbine and the center of
the array is 2.7 m. The start-up wind speed, the rated wind speed and the cut-out wind speed correspond to
1.5 m/s, 9.5 m/s and 21 m/s respectively. The rated power of the turbine is 0.7 kW and the rotor diameter is
1.7 m [95].

1For further information about the noise barrier, the reader is referred to the Thesis report of Vilarasau Amoros [92].
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Figure C.1: Microphone array configuration used in the In-Field experiment. The array is 1x1 m2 and the 64 microphones are arranged
in a multi-arm logarithmic spiral configuration.

Figure C.2: Left: Configuration used in the In-Field experiment. The noise barrier and the wind turbine are shown. The microphone
array was placed on the metal structure. Right: WindLeaf downwind turbine.
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C.2. Results

In the analysis, a sampling frequency of 50 kHz and a scan grid of 4 x 4 m2 with a total of 40000 scan points2

are employed. The distance between the center of rotation and the microphone array corresponds to 2.7
m. The measured data is separated in time blocks of 25000 samples (∆t = 500 ms) and windowed using a
Hanning weighting function. The signal is filtered into the frequency band 500 Hz - 2000 Hz, where the wind
turbine noise is expected [60].

During the campaign, it was not possible to measure neither the background noise or the wind speed. Only
one experimental dataset is here assessed. In this case, the rotational speed of the wind turbine is 6.6 Hz. CB
in the time domain, CB in the frequency domain and ROSI are applied to the data. The resulting acoustic im-
ages are depicted in Figure C.3. As it can be observed, the high levels of background noise, mainly produced
by the vehicles on the road, do not allow to correctly localize and quantify the wind turbine noise.
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Figure C.3: Left: CB in the time domain. Right: CB in the frequency domain. Center: ROSI. The three-bladed wind turbine rotates at 6.6
Hz. The signal is filtered into the frequency band 500 Hz - 2000 Hz. A scan grid of 4x4 m2 with a total of 40000 scan points and a sampling
frequency of 50 kHz are employed. The distance from the microphone array is 2.7 m.

2200 scan points are used in the x and in the y direction, which lead to a total of 40000 scan points.
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