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Preface
This master thesis investigates the capability of CLEAN-SC to separate the noise of different aero-engine com-
ponents, including their individual directivity. Aircraft and turbofan noise is a relevant issue. In addition CLEAN-
SC is one of the most commonly used algorithms for processing microphone array data. This combination
makes this study in my opinion an interesting research topic.

The main aim of this study is to determine how precise the breakdown of the noise is using CLEAN-SC. So that
this feature of CLEAN-SC can be applied to microphone data of static engine tests or possibly other applica-
tions. The validation of the breakdown capability of CLEAN-SC is performed using experimental data, which
is obtained through tests. These experiments are one of the highlights of this thesis, and I am thankful for the
opportunity to conduct real tests. I would like to extend my gratitude to Amy Morin for her invaluable assistance
with all the equipment and the setup of the tests.

Additionally, I am grateful to my main supervisor, Roberto Merino-Martínez, for his guidance and support
throughout the project. I would also like to thank my other supervisor, Pieter Sijtsma, for his help and great
expertise in the field. Finally, I extend my thanks to Mirjam Snellen for her insightful advice.
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Summary
With the increasing number of aircraft and the increasing number of people living near airports, noise pollution
caused by aircraft is expected to increase. The engines are the single largest noise source of modern aircraft.
Noise radiation from the engine is highly directional and it is, therefore, important to be able to obtain this direc-
tivity frommicrophone data from static engine tests. So that the noise of specific components can be decreased.

Currently, in static engine testing the most common ways to process microphone array data are conventional
frequency domain beamforming (CFDBF) [1] and integration methods [2] [3]. These methods are applied to the
microphone array data to obtain average level breakdown. This means that the average level of the microphone
array is written as a summation over the different sources. However, using those methods the directivity and
level of the individual components remains unknown [4].

There are tools that can perform the breakdown into components including directivity, such as SODIX [5] and
AFINDS [6]. These tools rely on inverse methods, which makes the implementation of such tools not straight-
forward. An alternative method has been proposed by Sijtsma, which is to use CLEAN-SC [7] to process array
data of static engine tests to include directivity of individual components. The implementation of CLEAN-SC is
more straightforward and requires less computation time compared to the other methods. Subsequently, it has
been demonstrated that CLEAN-SC is capable of such a breakdown of microphone data of a static engine test
of a DGEN380 turbofan engine [4]. The directivity results are plausible, but further validation that CLEAN-SC
is capable of performing a directivity breakdown is required.

The validation of this capability of CLEAN-SC is performed by the analysis microphone data of a well-controlled
experiment, in which the location and directivity of the sources is known. This way the accuracy of the directivity
breakdown using CLEAN-SC can be determined, by comparing directivity of one source to the same source,
when multiple sources are present. The experiment itself consists of cylindrical aluminum pipe with two speak-
ers inside, to resemble a turbofan engine. Moreover, each speaker faces a different exit of the pipe and can
be controlled individually. Tests are performed with and without an insulating layer of acoustic foam in between
the speakers. The foam prevents leakage of sound from one exit of the pipe to the other, which allows the
sources to be isolated. In addition tests are performed for two pipes of different diameters. The experiments
are performed in an anechoic chamber to minimize background noise and reflections.

The data in the experiment is recorded using a 52 equidistant microphone array. The array data is analysed
by making acoustic source maps using three methods; conventional frequency domain beamforming (CFDBF),
DAMAS and CLEAN-SC. The source maps show the effect of the layer of acoustic foam. Moreover, these
maps also show how different beamforming methods affect the quality of the source maps and the number of
grating lobes that are visible in the maps. Moreover, the acoustic maps from CLEAN-SC show that almost all
sources are located at the exits of the pipe, except for some grating lobes. Furthermore, CLEAN-SC is used
to perform directivity breakdown of the microphone data of the experiments. The directivity breakdowns are
compared to determine the precision of the breakdown capability of CLEAN-SC. In addition a root mean square
analysis is applied to obtain a better overview over a frequency range.

The results show that the accuracy of the breakdown of a component is high, around 0.5 dB when the analysed
component is the dominant source in the spectrum. If the analysed source is only a small fraction of the
total noise, the accuracy of the breakdown of that component decreases to around 2 dB. When the analysed
component is one of the dominant sources the accuracy is around 1 dB in the directivity breakdown. So based
on the results of this study, CLEAN-SC should be able to reliably perform directivity breakdown of microphone
data of static engine tests, especially for the areas where the noise of the analysed part is either the dominant
source or one of the dominant sources.
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Nomenclature

Latin Symbols
A source power
a radius of a duct
B number of blades
c0 speed of sound
C Cross-spectral matrix
D degraded CSM
f frequency
gj,n steering vector for grid point j and microphone n
hj Source component for grid point j
i imaginary unit
J number of grid points
jm,𝜇 zeros of the Bessel functions
K number of sources
�̇� mass flow
Nmic number of microphones
𝑛𝑟𝑜𝑡 rotations per minute
p vector containing pressure amplitudes per microphone
𝑅1 distance from source to furthest microphone
𝑅2 distance from source to closest microphone
T thrust
𝑣∞ speed of aircraft
𝑣𝑗 exhaust velocity
wj weighted steering vector
x equivalent source distribution
xn vector of microphone positions
X x-location in grid
y source power output

Greek Symbols
Δ𝑡 time delay
𝜂𝑗 propulsive efficiency
𝜙 loop gain
𝜉𝑗 scan point
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v

Subscripts
bypass area corresponding to the bypass
core area corresponding to the core
c cut-off frequency
intake referring to the intake of the engine
j 𝑗𝑡ℎ grid point
jet reffering to a jet exhaust
k 𝑘𝑡ℎ source
left referring to left exit
m 𝑚𝑡ℎ root of the Bessel function
max maximum
mic microphone
n 𝑛𝑡ℎ microphone
other referring to area, that is not left or right
right referring to right exit
rot rotational
𝜇 order of the Bessel function
∞ free stream conditions

Superscripts
𝐿 𝑙𝑡ℎ iteration
* complex conjugate transpose
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1
Introduction

Over the next 20 years global aviation is expected to grow annually by 3.6% [8]. After a dip during the pandemic
the global market has recovered rapidly [9], as depicted in Fig. 1.1. As a consequence the noise pollution caused
by aviation will increase, if no significant improvements are made. Especially because airports are located near
densely populated areas and big cities [10]. This means that in the future more people can be affected by noise
pollution due to aircraft. Continuous exposure to aircraft noise pollution is shown to be detrimental for human
health, with increased risk for ailments such as high blood pressure, depression and stress [11]. In addition it
has also been shown that aircraft noise can lead to significant sleep disruption [12]. Subsequently, regulations
with regards noise pollution in general are becoming more strict [13]. This makes aircraft noise an important
and relevant issue to investigate.

Figure 1.1: Total number of annual flights in millions from [14]. * indicates an estimate and ** indicates forecast

The main noise sources of an aircraft can be broken down into two categories the airframe and the engines
[15] [16]. Airframe noise consists of the airflow interacting with the high lift devices, the wings, the landing gear
or a combination. The airframe noise is dominant or on par with the engine noise during the approach phase
[17]. While engine noise is the primary source during take-off. An example of a breakdown of the noise of
an Airbus A319 during approach is shown in Fig. 1.2a and departure in Fig. 1.2b. Hence, the engines form a
large part of the annoyance caused by aircraft and therefore, the focus of this study is on engine noise. More
specifically turbofan engines, since these are the most used type of engines on modern aircraft. In addition this
study focuses on how to breakdown the noise of a turbofan engine from microphone data of a static engine
test.
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(a) Approach (b) Departure

Figure 1.2: Breakdown of the estimated noise of an A319 aircraft from an observer on the ground in 𝐿𝑝,𝐴 adapted from [15]

The noise generated by a turbofan engine can be split up into different parts. In general a distinction is made
between core, jet, fan and compressor noise, the underlying mechanisms will be discussed in more detail in
chapter 2. Subsequently, the noise radiating of these parts is highly directive. The noise observed in the far
field is dependent on the location with respect to the engine, which makes this useful information to obtain
about a turbofan engine. Currently, information about the noise of an engine is obtained in static engine tests.
In these tests the engine is put on a test bed, inside of an anechoic dome. Next, the engine is turned on and the
microphone array above records the noise of the engine for different engine settings. In Fig. 1.3, such a test is
shown for a DGEN380 turbofan engine inside the NASA Glenn Aero-acoustic Propulsion Laboratory anechoic
dome [18].

Figure 1.3: Static engine test of a DGEN380 turbofan engine inside the NASA Glenn Aero-Acoustic Propulsion Laboratory anechoic
dome [18]

The next step is to process the data of the microphone array of the tests. The most common ways to process
microphone array data are conventional frequency domain beamforming (CFDBF) [1] and integration methods
[2] but there are many more methods to process acoustic microphone data with varying accuracy and process-
ing time [3]. These methods are applied to the microphone array data to obtain average level breakdown. This
means that the average level of the microphone array is written as a summation over the different sources.
However, using those methods the directivity of the individual sources remains unknown [4].
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There are tools that can perform the breakdown including directivity, such as SODIX [5] and AFINDS [6]. These
tools rely on inverse methods, which makes the implementation of such tools not straightforward. An alternative
method has been proposed by Sijtsma, which is to use CLEAN-SC [7] to process array data of static engine
tests to include directivity. The implementation of CLEAN-SC is more straightforward and requires less com-
putation time compared to the other methods. Subsequently, it has been demonstrated that CLEAN-SC is
capable of such a breakdown of test data of DGEN380 engine [4]. The directivity results are plausible, but
further validation that CLEAN-SC is capable of performing a directivity breakdown is required. Hence, a well-
controlled experiment to validate this capability of CLEAN-SC is performed. Therefore, the goal of this study is
to determine the precision of the directivity breakdown of CLEAN-SC.

This study has the following structure. In order to have a better understanding of turbofan engine noise, chap-
ter 2 splits the engine noise into its main components and for each component the main mechanisms that
generate noise are discussed. With a better understanding of the underlying mechanisms the research ques-
tions are presented in chapter 3. Subsequently, the methods to answer the research questions are explained,
which includes the experimental setup and the tools that are applied to analyse the data. In chapter 4, the
results of the experiments are presented in the form of acoustic source maps and directivity breakdowns. In
addition the directivity breakdowns are investigated in more detail to determine the precision of the breakdown.
Finally, in chapter 5, the conclusions of the study are presented.



2
Engine Noise

This chapter briefly explains how turbojet and turbofan engines work in section 2.1, so that the noise mecha-
nisms can be broken down per part of the engine. The noise mechanisms are split up in core noise section 2.2,
jet noise section 2.3 and fan noise section 2.4. Finally an overview of the directionality of the noise radiating
from the parts is presented in section 2.5

2.1. Turbojet and Turbofan
Turbojets are the first turbine engines used on aircraft [19]. They work by drawing in air and compressing
it, then fuel is added and burned. Leading to a hot compressed mixture of gas, which expands out of the
rear of the engine, propelling the aircraft forward. To complete this process conventional turbojets consist of
three main stages; a compression stage, a combustion stage and a turbine stage. The compression stage
consists of a compressor and an inlet, as shown in Fig. 2.1. Here, the air is directed into the compressor
and compressed. The combustor stage is where the fuel is injected and burned, so that the energy of the
compressed air is increased due to the increase in temperature. Afterwards, the hot gas passes through the
turbine, which removes some energy from the flow to drive the compressor. The turbine and the compressor
are connected by the shaft. After passing through the turbine the gas enters the nozzle. The goal of the nozzle
is to convert the remaining energy in the gas into velocity, such that it produces thrust. The gas expands until
it reaches the freestream pressure, resulting in thrust and then exits back into the ambient.

Figure 2.1: Schematic of a turbojet engine [20]

In the 1960s the turbofan was introduced for commercial aircraft [19]. The turbofan is a variation of the turbo-
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2.2. Engine core noise 5

jet, the main difference concerns the addition of a fan at the front of the engine, which is powered by another
turbine stage. This leads to a so-called ”twin-spool” engine, as it has two shafts, as shown in Fig. 2.2. The high
pressure turbine drives the high pressure compressor and the low pressure turbine drives both the fan and the
low pressure compressor. The addition of the fan allows for air to bypass the core of the engine. In modern
engines the ratio of air going through the bypass compared to core is around 12:1. As a result a large portion of
the thrust is created by the bypass air. The main advantage of the turbofan over the turbojet is the decrease in
fuel consumption for the same thrust, due to a higher propulsive efficiency. The propulsive efficiency is given
by Eq. (2.1), where 𝑣𝑗𝑒𝑡 is the exhaust velocity and 𝑣0 is the speed of the aircraft. So to obtain a high propulsive
efficiency it is beneficial to have 𝑣𝑗 close to 𝑣∞, however this does come at the cost of thrust (T), Eq. (2.2),
unless the mass flow (�̇�) increases. Thus for optimal fuel efficiency it is best to accelerate a large portion of air
by a small increment. Therefore, the current trend is to increase the fan diameter and bypass ratio to improve
efficiency [21].

Figure 2.2: Schematic of a turbofan engine [22]

𝜂𝑗𝑒𝑡 =
2

1 + 𝑣𝑗𝑒𝑡
𝑣∞

(2.1) 𝑇 = �̇�(𝑣𝑗𝑒𝑡 − 𝑣∞) (2.2)

The noise main sources of a turbofan engine are analogues to the stages of the engine. As a result the noise
can be broken down into three categories: jet noise, fan noise and core noise, which will be described in the
following sections.

2.2. Engine core noise
In general the core noise emissions are not dominant compared to the other sources [3]. However it can be-
come more dominant in the future as the noise of other main components is reduced. The noise coming from
the engine core can be split into two components combustor noise and turbine and compressor noise.

2.2.1. Combustor noise
Combustor noise is generated by the fuel heating process in the combustion chamber [23]. This leads to direct
noise due to the expansion of the gas, which produces sound waves through interaction with the surrounding
flow. It also leads to indirect noise, caused by the convection of entropy fluctuations from the combustor to the
the turbine. The type of noise coming from the combustor is broadband and is mostly coming from the aft of
the engine.
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2.2.2. Turbine & Compressor noise
Turbine and compressor noise mechanisms are similar to the mechanisms of the fan noise. Tonal noise is
generated due to the pressure disturbances by the rotating blades and by the interaction of the rotating wake
with the vanes [23]. Broadband noise is generated due to turbulence in the flow interacting with the vanes or
the blades. It should be noted that the noise from the high pressure turbine does not effectively radiate out of
the engine. Therefore, the turbine noise on the outside of the engine is dominated by the low pressure turbine,
which radiates from the aft of engine. The same applies to the compressor, however the noise from the com-
pressor radiates from the inlet of the engine.

2.3. Jet noise
Jet noise is a significant part of the total engine noise, especially during take-off. It was the primary source
of engine noise for turbojet engines. The introduction of high bypass ratio engines has reduced jet noise
significantly due to the decrease in overall exhaust velocity [24]. But other techniques such as fluid injection
or the application of chevrons, depicted in Fig. 2.3, have also been used to reduce jet noise [25]. Jet noise
is the result of the jet flow from the engine mixing with the surrounding air [26]. The high speed exhaust
intrudes surrounding air (bypass and ambient), which has a relatively lower velocity. This results in turbulence,
characterized by broadband noise radiating from the aft of the engine. Particularly, jet noise is known to be highly
directional [25]. Additional noise sources occur when the engine is operated outside of its design condition,
where the nozzle exit pressure is not equal to the ambient pressures. This leads to the presence of shock
cells in the jet exhaust, resulting in broadband shock-associated noise (BBSAN), due to the interaction of the
jet shear layer with the shock shells [27]. Broadband shock-associated noise propagates upstream and in the
sideline direction relative to the jet flow.

Figure 2.3: Chevrons on GE engine mounted on a Boeing 777 to reduce jet noise [28]

2.4. Fan noise
The fan noise can be separated into four distinct mechanisms [29] as depicted in Fig. 2.4.

1. Fan boundary layer interaction noise: This mechanism consists of two interactions. Firstly, the fan
blade interacts with the turbulent boundary layer of the inlet duct. The clearance between the tip of the
fan blade and the wall of inlet duct is so small that the blade intersects the boundary layer of the wall.
This boundary layer is generally turbulent, leading to noise. Secondly, the fan blade interacts with the
incoming flow. Generally the incoming flow is distorted due to the shape of inlet, e.g. the drooping and
asymmetry. This leads to turbulence in the incoming flow, which in itself produces noise, but also the
interaction of this turbulence with the fan produces noise[30].
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2. Fan self-noise: This is the noise generated by the displacement of the airflow volume. This mechanism
is especially relevant at supersonic tip speeds. As shock waves are formed, which can propagate out of
the inlet duct [31]. Due to small differences within manufacturing and assembly the tones produced by
the blades are harmonic with the rotational speed of the shaft and not with the blade passage frequency
(BPF). These tones are so-called buzz-saw noise and radiate from the inlet.

3. Outlet Guide Vane interaction noise: This mechanism consists of two interactions. Firstly, the rotating
wake of the fan interacts with the outlet guide vanes. This is one of the primary sources of tonal noise
[32] and it radiates from the inlet. Moreover, it scales with the blade passage frequency, given by Eq.
(2.3). Where B is the number of blades and 𝑛𝑟𝑜𝑡 is the rotational speed of the fan in rotations per minute.
Typically, there are also harmonics of this BPF present in the noise spectrum. Secondly, turbulent flow
in the fan wake interacts with the outlet guide vanes. This is believed to be one of the major broadband
noise sources in fan noise [33].

𝐵𝑃𝐹 = 𝐵𝑛𝑟𝑜𝑡
60 (2.3)

4. Outlet guide vane self noise: This noise is generated by the scattering of the turbulent flow into acoustic
perturbations at the trailing edge of the airfoil or the vane [34]. This principle is known as trailing edge
noise and results in broadband noise.

Figure 2.4: The four mechanisms of fan noise

2.5. Directivity
In general the noise coming from the engine is highly directional, due to the nature of the noise generated in
the different parts. Figure 2.5 gives good overview of the directivity. The following can be concluded about the
directivity of the different parts:

• Fan noise radiates both forward from the inlet and rearward from the exhaust. The noise is characterized
by tonal and broadband noise, where the noise from the inlet also contains buzz-saw noise.

• Core noise also radiates both forward from the inlet and rearward from the exhaust. The noise from the
inlet is characterized by tonal noise from the low pressure compressor and broadband noise. While the
noise from the exhaust is characterized by tonal noise from the low pressure turbine and broadband noise
from the combustion. In general core noise is not dominant in the overall spectrum.

• Compressor noise from the inlet is also characterized by tonal noise, however it is not as prominent as
the fan noise.

• Jet noise radiates only from the exhaust, unless the engine is outside of its design condition. In that case
BBSAN is dominant in the upstream and sideline direction. The jet exhaust is characterized by broadband
noise.
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Figure 2.5: Directivity of different noise sources of a turbofan engine [35]



3
Acoustic testing

With a better understanding of the underlying mechanisms of engine noise the focus can be shifted to goals
and research questions of this study, which are presented in section 3.1. The experimental setup to acquire
the data necessary to answer these research questions is discussed in section 3.2. Moreover, how the data of
the experiments is processed is discussed in section 3.3.

3.1. Research questions and goals
As mentioned in chapter 1, the goal of this study is to validate that CLEAN-SC is capable of determining the di-
rectivity of static noise sources trough experimentation. Which is a feature that is highly useful for static engine
testing. Therefore, the following research question is to be answered:

To what extent is CLEAN-SC capable of determining directivity in the noise breakdown of microphone array
data of static engine tests?

The research question is answered by obtaining experimental data with known directivity and then applying
the CLEAN-SC tool to this data. So that the results of the ground-truth can be compared to data with multiple
sources present. Subsequently from these results it can be determined if the results of Sijtsma on static engine
data [4] are precise. Next to the main research question the following sub-questions are to be answered by this
study:

• How do the source maps of the experiment obtained by CLEAN-SC compare to other to source maps
from conventional frequency domain beamforming and DAMAS?

• What is the effect of the diameter of the pipe on the source maps and the directivity results?

• Is the precision of the directivity breakdown dependent on frequency?

3.2. Experimental setup
The objective of the experiment is to perform reference measurements, for which the location and directivity of
the sources can be measured separately so that the ground-truth results can be compared to the outcome of
the deconvolution tool CLEAN-SC. The experiments are performed in the anechoic chamber at the faculty of
applied sciences at the Delft University of Technology, to minimize background noise levels and sound reflec-
tions. The experiment consists of a cylindrical aluminum pipe with two Visaton K 50 SQ speakers [36] inside as
reference known sound signals, to simulate a static engine test. The speaker has a baffle diameter of 45 mm,
an effective piston area of 12.5 cm2, and a maximum power of 3 W. Its recommended frequency response
range is between 250 Hz and 10 kHz. The speakers are controlled individually so they can be turned on and
off separately.

9
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Each speaker faces a different exit of the pipe at a distance of 0.6 m from each opening. Subsequently, the
speakers are positioned parallel to the pipe axis, as shown in Fig. 3.3. The sound played by the speakers is
white noise so that all frequencies are excited simultaneously. Moreover, both speakers play a different white
noise audio file to avoid coherence.

Measurements are repeated for two pipes of different diameters; one with a diameter of 0.45 m (referred to
henceforth as big pipe) and the other with a diameter of 0.2 m (referred to as small pipe). Both pipes have the
same length of 1.5 m. The choice of aluminium ventilation pipes was made because of their great availability
in these formats. The diameters of the pipes have been chosen to analyse the effect of resonance, subsec-
tion 3.2.1.

Furthermore, measurements are performed with and without an acoustic-absorbing foam layer in the middle of
the pipe. For both pipes, a circular foam layer of the same diameter as the pipe is created by sticking 6 layers
of thinner insulation foam on top of each other, achieving a total thickness of 0.1 m. The acoustic-absorbing
material used is melamine foam, which is a material commonly used for insulation1. The insulation foam circle
is placed in the middle of the pipes to prevent leakage of the sound emitted by one speaker positioned on one
side of the pipe to the other. This allows the sources to be isolated so that the breakdown of multiple sources
can be compared to a single source.

A series of measurements is performed for each pipe with and without foam for comparison purposes. The
tests performed for each configuration are listed in Table 3.1. In this example, the tests are performed for the
big pipe and no foam inside the pipe. The same measurements are repeated for the big pipe with foam and
the small pipe with and without insulation foam. The full test matrix is listed in Appendix A.

Table 3.1: Tests performed per configuration. In this case the pipe configuration is the big pipe, without foam. The values -4 and -10
indicate the decrease in dB of the right speaker volume

meas nr. left right duration (s)
Big Pipe, No foam

1 background off off 10
2 on off 30
3 off on 30
4 off -4 30
5 off -10 30
6 on on 30
7 on -4 30
8 on -10 30
9 tap test off off 10

The acoustic data is recorded for 30 s at a sampling frequency of 50 kHz, using a linear microphone array
consisting of 52 PUI Audio POM-2735P-R analog condensermicrophones2. Themicrophones have a sensitivity
of -35 ± 2 dB (ref. 1 V/Pa) and a frequency range of 20 Hz to 25 kHz. The microphones are connected to a
data acquisition system (DAQ), which is connected to a laptop to record the data. The microphones have an
equidistant spacing 𝑑 of 0.12 m, providing a total length of 6.12 m. As a result, using Eq. (3.1), grating lobes
are expected for wavelengths smaller than 0.24 m or frequencies higher than 1.4 kHz. The microphones are
taped to thin wooden planks, which are positioned 2.75 m away and parallel to the pipe axis, see Fig. 3.1. Two
additional microphones are placed at the exits of the pipe as reference microphones, as shown in Fig. 3.2.

𝑑 = 1
2𝜆 (3.1)

1https://www.akoestiekwinkel.nl/flamex-basic-akoestische-platen
2https://puiaudio.com/product/microphones/pom-2735p-r
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Figure 3.1: Experimental setup with the microphone layout inside of the anechoic chamber.

Figure 3.2: The reference microphone is placed at the exit of
the pipe.

Figure 3.3: Speaker and insulation foam placement inside the
big pipe. The foam is positioned in the middle of the pipe and
the other speaker is positioned in the same manner on the

other side of the foam layer.

3.2.1. Resonance
When performing acoustic experiments in a duct, one should be aware of the fact that resonance can occur. A
mode will propagate if it is higher than the cut-off frequency and if the mode is lower than the cut-off frequency
it will decay exponentially [37]. The cut-off or resonance frequency is given by Equation 3.2.
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𝑓𝑐 =
𝑗𝑚𝜇𝑐0
2𝜋𝑎 (3.2)

Where 𝑓𝑐 is the resonance or cut-off frequency in Hz. 𝑐0 is the speed of sound in m/s and a is the radius of the
duct. 𝑗′𝑚,𝜇 are the zeros of Bessel functions, with 𝑗

′
1,1 = 1.8412 [37] as listed in Table 3.2. Resonance frequencies

related to higher order of j also decay or are not as dominant as the lower order frequencies. Therefore the
lower order are of greater importance. For the experiment two diameters have been selected such that the
for the lower diameter pipe the first resonance frequency falls within the tested spectrum, 𝑓𝑐 = 1005 Hz for a
diameter of 0.2 m. While for the large diameter of 0.45 m 𝑓𝑐 = 447, which falls outside the tested spectrum.

Table 3.2: Zero’s of 𝑗′𝑚,𝜇 from [37]

𝜇\m 0 1 2 3 4 5
1 0.0000 1.8412 3.0542 4.2012 5.3176 6.4156
2 3.8317 5.3314 6.7061 8.0152 9.2824 10.520
3 7.0156 8.5363 9.9695 11.346 12.682 13.987
4 10.173 11.706 13.170 14.586 15.964 17.313

3.3. Methodology
The data from the experiments is post-processed to obtain acoustic source maps. The source maps are calcu-
lated with the following methods: Conventional Frequency Domain Beamforming (CFDBF), DAMAS [38], and
CLEAN-SC. Additionally, CLEAN-SC is also used for a directivity breakdown.
For all methods, the acoustic pressure data recorded by each microphone is converted from the time domain
to the frequency domain, using a Fourier transform. Moreover, the data is split into snapshots of 5000 samples
(0.1 s), where each snapshot overlaps by 50%. Subsequently, Hanning weighting is applied tominimize spectral
leakage. Next, for each snapshot, the cross-spectral matrix (CSM, C) is computed by multiplying the pressure
amplitudes in the frequency domain by their complex conjugate transpose (indicated by *). The CSM is then
obtained by averaging the CSM over all the snapshots:

C = ⟨p𝑒p∗𝑒⟩ (3.3)

where 𝑒 indicates the snapshot number and for each snapshot 𝑒 and frequency 𝑓, p𝑒 is given by:

p𝑒(𝑓) = (
𝑝1(𝑓)
⋮

𝑝𝑁𝑚𝑖𝑐(𝑓)
) , (3.4)

where 𝑝𝑛 is the pressure at each microphone for 𝑛 = 1,..., 𝑁𝑚𝑖𝑐 microphones.

3.3.1. Conventional Frequency Domain Beamforming (CFDBF)
Conventional frequency domain Beamforming (CFDBF) is a frequency domain method and is the most straight-
forward way to process phased array data [7], as it is fast and robust. The source pressure is modelled at a grid
point 𝜉 using the steering vector g and the source amplitude 𝐴. The components 𝑔𝑛 model the expected phase
variation over the array for a given source position. There are different formulations for the steering vector in
the literature depending on the application [39, 40]. For a stationary monopole point source [41] the steering
vector can be written as:

𝑔𝑗,𝑛 =
𝑒(−2𝜋𝑖𝑓Δ𝑡𝑗,𝑛)

4𝜋 ‖x𝑛 − 𝜉𝑗‖
=
𝑒𝑥𝑝 [−2𝜋𝑖𝑓‖x𝑛−𝜉𝑗‖

𝑐 ]

4𝜋 ‖x𝑛 − 𝜉𝑗‖
, (3.5)

where, 𝑐 is the speed of sound, 𝑖2 = −1, x𝑛 = (𝑥𝑛 , 𝑦𝑛 , 𝑧𝑛), 𝑛 = 1,..., 𝑁𝑚𝑖𝑐, Δ𝑡𝑗,𝑛 is the time delay between reception
at x𝑛 and emission at 𝜉𝑗, so ||x𝑛 − 𝜉𝑗|| represents the distance between the source and receiver. The aim is to
obtain the source power 𝐴 at grid point 𝜉𝑗 by minimizing the difference between the recorded pressure and the
modelled pressure:
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𝑚𝑖𝑛𝑖𝑚𝑖𝑧𝑒 (||C− 𝐴g𝑗g∗𝑗||2) (3.6)

Solving for the source power gives:

𝐴(𝜉) =
g∗𝑗Cg𝑗
||g𝑗||4

(3.7)

This expression is known as ”Conventional Beamforming”. Now Eq. (3.7) can be shortened by the introduction
of the weighted steering vector at scan point 𝜉𝑗:

wj =
g𝑗
g∗𝑗g𝑗

=
g𝑗

||g𝑗||2
, (3.8)

in that case Eq. (3.7) becomes Eq. (3.9):
𝐴𝑗 = w∗𝑗Cw𝑗 (3.9)

3.3.2. DAMAS
The Deconvolution Approach for the Mapping of Acoustic Sources (DAMAS) is a tool developed by Brooks and
Humphreys to improve upon the CFDBF results by accounting for the presence of multiple sources. The tool
solves the following inverse problem so that the source strength distributions are extracted from the CFDBF
acoustic source maps [38]:

y = Ax. (3.10)

The number of grid points is given by J, thus y ∈ ℝ𝐽×1 with y representing the source power output obtained
from the conventional beamforming, x ∈ ℝ𝐽×1 is the so-called equivalent source distribution at the same grid
locations. Because of finite resolution and sidelobes x ≠ y. A ∈ ℝ𝐽×𝐽 is the propagation matrix. Each column
of A contains the point spread function (PSF) of that corresponding grid point j. Equation 3.10 is generally
solved using a Gauss-Seidel iterative method [3], with the constraint that the source powers x are positive.
This typically requires thousands of iterations to obtain a source map, which can become an issue for large A
as the computation time scales scales with 𝐽3. However, in the current study, computational time should not
pose a problem, because a one-dimensional scan grid is used, which significantly reduces the amount of grid
points required to provide the desired accuracy.

3.3.3. CLEAN-SC
CLEAN-SC is a frequency-domain deconvolution method developed by Sijtsma [7]. The method makes use
of the fact that the main lobes are spatially coherent with their sidelobes. These sidelobes are removed from
the CFDBF source maps in an iterative manner, to obtain a clean map. The CLEAN-SC method works in the
following way.
For one frequency or a frequency band, a peak source is searched in the dirty map obtained from CFDBF. This
peak source is then removed from the CSM and replaced by a clean beam (beam without sidelobes) in the
clean source map. Afterwards, the degraded CSM is used to compute an updated dirty map, in which the first
peak source has been removed. A new peak source is searched in the updated dirty map and again removed
from the degraded CSM and a clean beam is added to the clean source map. This process is repeated until a
stop criterion is reached. This criterion can be a maximum number of iterations or when the cleanCSM contains
significantly more information than the degraded CSM.
The process at each iteration can be written in terms of the following steps. The maximum value in the dirty
map at scan point 𝜉𝑗 is searched, which is equal to CSM multiplied by a set of weighted steering vectors w𝑗:

𝑚𝑎𝑥(𝐴𝑗) = 𝐴(𝜉𝑗) = w∗𝑗Cw𝑗 . (3.11)

In this case, there is no distance correction in the steering vector, thus Eq. 3.8 becomes:

w𝑗 =
g𝑗
𝑁𝑚𝑖𝑐

(3.12)
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The contribution of a sound source to the CSM can be expressed in terms of the source component h𝑗, noted
as Eq. (3.13). h𝑗 can be seen as an improved version of steering vector g𝑗, as it better represents the unknown
source vector p𝑗.

h𝑗 =
1

(𝐴𝑗)𝑚𝑎𝑥
Cw𝑗 =

∑𝐾𝑘=1 p𝑘(p∗𝑘w𝑗)
(𝐴𝑗)𝑚𝑎𝑥

, (3.13)

where K is the number of sources and pk is the source vector from the 𝑘𝑡ℎ source. Using this definition of the
source component h𝑗, p𝑗p∗𝑗 can be estimated by Eq. (3.14):

p𝑗p∗𝑗 = (𝐴𝑗)𝑚𝑎𝑥h𝑗h∗𝑗 . (3.14)

This estimate is then multiplied with the loop gain 𝜙, 0 < 𝜙 ≤ 1 as a safety factor [7] and subtracted from the
CSM. For this paper the loop gain is varied depending on the experimental data, but for most cases a loop gain
of 0.1 is selected. So that the new degraded CSM for the next 𝑙𝑡ℎ iteration can be written as:

𝐶(𝑙) = 𝐶(𝑙−1) − 𝜙𝐴(𝑗),𝑚𝑎𝑥h𝑗h∗𝑗 . (3.15)

After 𝐿 iterations, the original complete CSM can be written as the summations of the source components
plus the degraded CSM, which is denoted as D, Eq. (3.16). If a sufficient number of iterations is performed
||D(𝐿)|| << ||C(𝐿)||. This indicates that the clean CSM contains significantly more information than the degraded
CSM. In that case, the complete CSM can be approximated by the first term on the right-hand side of Eq. (3.16):

C(𝐿) = 𝜙
𝐿

∑
𝑗=1
(𝐴𝑗)𝑚𝑎𝑥h𝑗h∗𝑗 +D(𝐿) ≈ 𝜙

𝐿

∑
𝑗=1
(𝐴𝑗)𝑚𝑎𝑥h𝑗h∗𝑗 . (3.16)

3.3.4. Directivity breakdown
In addition to creating the source map of the array data, CLEAN-SC can also be used to perform source power
integration and directivity analysis. For each iteration l a maximum source was localized at the associated scan
point 𝜉𝑗, hence the location of the source in the map is known. Moreover, if the source is static (so it is not
moving in time), it is possible to assign sound sources to specified areas or parts. As a result, the CSM can
be written as the sum of different sources from predefined areas, which is especially applicable to static engine
noise testing. In essence the CSM can be split into separate CSM’s containing the contributions of certain
components. In that case, Eq. (3.16) can, for example, for each iteration l be written as breakdown of engine
noise sources (e.g. intake, bypass, core, and jet) as done by Sijtsma [4]:

C = (∑
𝑙
𝐴𝑙h𝑙h∗𝑙)

intake

+ (∑
𝑙
𝐴𝑙h𝑙h∗𝑙)

bypass

+ (∑
𝑙
𝐴𝑙h𝑙h∗𝑙)

core

+ (∑
𝑙
𝐴𝑙h𝑙h∗𝑙)

jet

. (3.17)

In the same way for iteration l of CLEAN-SC, the sources in the current experiment can be split into contributions
from left, right, and other:

C = (∑
𝑙
𝐴𝑙h𝑙h∗𝑙)

left

+ (∑
𝑙
𝐴𝑙h𝑙h∗𝑙)

right

+ (∑
𝑙
𝐴𝑙h𝑙h∗𝑙)

other

(3.18)

Not only can sources be localized, but it is also possible to extract information about their directivity, by consid-
ering the individual diagonal elements of the split CSM. This way, CLEAN-SC is capable of providing directivity
information of separate source areas.
In order to provide a noise breakdown, the source areas have to be defined. For the DGEN380 static engine
tests, the areas are dependent on individual noise sources of the engine, as displayed in Fig. 3.4a. In this case,
the sources are not symmetric and therefore neither are the selected areas. However, in the case of the current
experimental setup, the sources are symmetric, hence, it makes sense to define the areas symmetrically as
displayed in Fig. 3.4b. The source areas are set at ±0.15 m in each direction of the pipe exits.
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(a) (b)

Figure 3.4: The noise source areas, the dotted lines in (a) indicate from left to right; core exhaust, bypass exhaust, and intake [4], while in
(b) they indicate; left pipe outlet and right pipe outlet.



4
Results & Discussion

In this chapter the results of the experiments are presented and analysed. First in section 4.1, the microphone
spectra are analysed to asses the performance of the speakers, the insulation foam and the microphones in
the array. In addition the tap tests are also analysed. Secondly, in section 4.2 the acoustic source maps of the
experiment are presented. Thirdly, in section 4.3 the directivity breakdown of the experimental data is shown
and its precision is analysed. Finally a more detailed analysis of the precision of the directivity breakdowns is
performed in section 4.4.

4.1. Analysis of the microphone spectra
This section focuses on microphone spectra. The spectra of the reference microphones are analysed to confirm
the effect of the insulation foam and to compare the speaker performance in subsection 4.1.1. To analyse the
performance of the array, the spectrum of eachmicrophone in the array is compared in subsection 4.1.2. Finally,
the tap tests are also analysed by looking spectra of the reference microphones in subsection 4.1.3.

4.1.1. Reference Microphones & Speaker Performance
As discussed in chapter 3, two microphones are placed at the exits of the pipe. These are used as reference
microphones. The averaged spectra of these microphones can be used to compare the performance of the
speakers and also to asses the performance of the insulation foam. The spectra of the reference microphones
is shown in Fig. 4.1. The effect of the foam is visible in both Fig. 4.1a and Fig. 4.1b. When analysing the figures
it can be seen that for both sides, the overall level of the recorded noise is significantly decreased due to the
addition of the insulation foam. It is also noticeable that insulation foam performs better for higher frequencies.

16
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Figure 4.1: Spectra of the reference microphones for the big pipe with foam (a) for the left speaker ”on” and (b) for the right speaker ”on”.

Furthermore, the reference microphone spectra can also be used to compare the speakers. This is done by
analysing the microphone spectra of tests with foam and both speakers ”on”. The foam effectively blocks
leakage of noise to the other side of the pipe, hence the speakers are isolated. In Fig. 4.2 the spectra of the
reference microphones are shown for the cases when both speakers are turned ”on” and foam is present inside
the pipes. In both plots it is visible that the speaker performance below 500 Hz is limited, which is expected
as the speakers are relatively small. Therefore, further analysis will focus on frequencies above 500 Hz. In
addition, it also appears that right speaker produces slightly higher noise levels for frequencies below 5000 Hz
and above 5000 Hz the left speaker produces slightly more noise. Moreover, the frequency range is limited to
10 kHz as this is the top of the recommended frequency response range of the speakers. When comparing the
big and the small pipe, it can be observed that the amplitude peaks in the spectrum of the small pipe are a bit
higher than for the big pipe, which can be attributed to the fact that the small pipe has a smaller diameter. As a
result the sound is spread over a smaller area which leads to higher peaks and a slightly higher noise amplitude
overall for the same speaker setting.

0 2000 4000 6000 8000 10000

Frequency, [Hz]

40

50

60

70

80

90

L
p
, 
[d

B
]

Left mic

Right mic

(a)

0 2000 4000 6000 8000 10000

Frequency, [Hz]

40

50

60

70

80

90

L
p
, 
[d

B
]

Left mic

Right mic

(b)

Figure 4.2: Average spectra of the reference microphones for both speakers ”on” (a) for the big pipe and (b) for the the small pipe.
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4.1.2. Microphone Array Performance
In addition to checking the speaker performance, also the performance of the microphones in the array can
be checked. In Fig. 4.3 the average spectra of all microphones in the array per 1/3 octave band is shown
for the big pipe in Fig. 4.3a and for the small pipe in Fig. 4.3b. The spectra are shown per 1/3 octave band
to allow for more simple differentiation between the individual microphone spectra. In both plots the average
spectrum of all microphones is represented by the black line. In both plots it can be observed that some
microphones record sound levels higher than the average and others record levels lower than the average.
Part of this deviation is expected, due to the fact that some microphones are closer to the source than others.
The difference between the microphone closest and the one furthest away is around 2.5 dB, using Eq. (4.1),
where 𝑅1 is the distance to furthest source, 𝑅2 distance to the closest source and Δ𝑆𝑃𝐿 is the difference in
dB. However, in both plots the spread from the average spectrum increases at frequencies above 5000 Hz.
This indicates that some microphones start to display an amplitude off-sets at higher frequencies, since their
position has not changed. This is important to take note of especially for the directivity breakdown, as individual
microphone data is considered in the breakdown and amplitude off-sets have an effect on the analysis.

Δ𝑆𝑃𝐿 = 20 log(𝑅1𝑅2
) (4.1)
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Figure 4.3: Spectra of the all microphones in the array for 1/3 octave bands. The black line indicates the average spectrum of all
microphones in the array (a) for the big pipe and (b) for the small pipe with both speakers ”on” and no foam

4.1.3. Tap Tests Results
The best way to asses the data from the tap tests is to analyse the spectra of the reference microphones of
these tests, which are shown In Fig. 4.4. The black dotted lines in the plots indicate the locations of the first,
second and third resonance frequency of the pipes. It can be observed that for both the big and the small
pipe, there appears to be no frequency peak at these resonance frequencies. Moreover, there are also no
peaks visible in the plots in Fig. 4.2. Therefore, it can be concluded that these resonance modes do not have
a significant effect on the noise spectra of the tests. However, there is another form of resonance visible in the
plots. For the big pipe in Fig. 4.4a, there is resonance up to 4000 Hz and for the small pipe in Fig. 4.4b up
to 2500 Hz. This is most likely, the response of the structure of the pipe to the tap. So it can be classified as
structural resonance.
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Figure 4.4: Spectra of reference microphones for the tap tests (a) for the big pipe with no foam and (b) for the small pipe with no foam

4.2. Acoustic Source Maps
With the methods described in chapter 3 the array data from the experiments is processed to obtain source
maps and the directivity breakdown. In this section the source maps obtained from Conventional Frequency
Domain Beamforming (subsection 4.2.1), DAMAS (subsection 4.2.2) and CLEAN-SC (subsection 4.2.3) are
presented and the results are discussed.

4.2.1. Conventional Frequency Domain Beamforming (CFDBF)
The first analysis of the data is performed by making source maps using conventional frequency domain beam-
forming, as this is a quick and standard method to analyse microphone array data. The source maps are made
with a scan grid ranging from -3 m to 3 m with a step size of 0.01.

In Fig. 4.5 beamforming plots of two cases are shown. The case in Fig. 4.5a is the big pipe with the left speaker
on and no foam while the same case with insulation foam inserted in the pipe is shown in Fig. 4.5b. The exits
of the pipe are indicated by the black dotted lines in the figure. The exits are located at x = -0.75 and x = 0.75,
respectively. The location of the exits is the same for all tests, including the small and the big pipe. The effect
of the foam is observable by comparing the source maps. In Fig. 4.5a the left speaker is on, but since there
is no foam, leakage occurs. This is visible in the plot due the presence of sources at the right exit of the pipe.
This leakage is not present after the insertion of the foam as can be seen in Fig. 4.5b. This indicates that the
insulation foam reduces the leakage significantly, which is its intended purpose.
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Figure 4.5: CFDBF acoustic source maps for the big pipe with the left speaker ”on” without (a) foam and (b) with foam (b). The black
dotted lines indicate the exits of the pipe.

In Fig. 4.6 the effect of the foam in the small pipe is shown. In Fig. 4.6a only the right speaker is on and no
insulation foam is inserted into the pipe. Again, leakage to the left side of the pipe is visible in the plot. In
Fig.4.6b this leakage is not present, indicating that also in the small pipe the insulation foam is functioning as
desired. When comparing the source maps for the big and the small pipe, it is observable that for the big pipe
the sources are more scattered around the exit compared to the small pipe, where the sources are located more
in line with the pipe exit. This can be explained by the fact that a wider opening will lead to more scattering of
the sound compared to a smaller opening.
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Figure 4.6: CFDBF acoustic source maps for the small pipe with the right speaker ”on” and (a) no foam and (b) with foam. The black
dotted lines indicate the exits of the pipe.

The plots also indicate the fact that the foam is required in order to be able to distinguish between leakage and
actual noise for CFDBF. In Fig. 4.7 a case with and without foam is shown. For both cases the left speaker is
on full volume, while the right speaker is set 10 dB lower. It can be seen that for the case without foam leakage
from the left speaker is overshadowing the sound produced by the right speaker. This can be observed by
comparing the beams at the right exit in Fig. 4.7a to the beams in Fig. 4.7b. The right speaker is on, but it is
not distinguishable from the leakage, which highlights the effect of the insulation foam.
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Figure 4.7: CFDBF acoustic source maps for big pipe with the left speaker ”on” and the right speaker at -10 dB lower than the left in (a)
no foam and (b) with foam. The black dotted lines indicate the exits of the pipe.

Another aspect that is noticeable in the source maps is that there are large grating lobes visible in all plots.
Especially for the big pipe grating lobes are visible on the side for which the speaker is turned on. In between
the 4000 Hz and 6000 Hz and x=-3 m and x=-2 m the grating lobes are similar in amplitude to the real source,
which is undesirable. The benefit of this experiment is that the location of the sound sources are known, however
in real world engine testing this is not the case, hence a better method to distinguish sources and grating lobes
is desired.

4.2.2. DAMAS
Amethod that should provide a better quality source map is DAMAS. As discussed in subsection 3.3.2, DAMAS
uses an inverse method to obtain a better source map. As a result it is computationally expensive, as it scales
with 𝐽3. The scan grid used in the experiment is only 1D, which make DAMAS a computationally viable option
for making clear source maps, without excessive computation time. The source maps are made using 300
iterations of DAMAS, with a scan grid ranging from -3 m to 3 m and a step size of 0.03.
In Fig. 4.8 the same cases as in Fig. 4.5 are shown. In Fig. 4.8a the case of the big pipe with no foam and
the left speaker on is displayed, while in Fig. 4.8b the same case with foam is shown. Again the effect of the
insulation foam is clearly visible. In addition the plots do not contain as much distortion as the CFDBF plots,
but there are still grating lobes visible in the plot. But in general the quality of the source map is improved.
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Figure 4.8: DAMAS acoustic sources maps for big pipe with the left speaker ”on” and no foam (a) and with foam (b). The black dotted
lines indicate the exits of the pipe.

Furthermore, when comparing the source maps of the big pipe Fig. 4.9a and the small pipe Fig. 4.9b, the
sources for the small pipe lie more in line with the exit compared to the big pipe. This can be seen in Fig. 4.9,
the sources are more scattered around exit the for the big pipe than for the small pipe. This is also visible in
the plots from CFDBF, but it becomes more clear in the plots from DAMAS. A simple for reason for this, is that
the big pipe has a larger diameter, which allows to sound to spread more, compared to the small pipe, where
the sound is more concentrated. Which is also why the maximum noise level in the results of the small pipe is
a little bit higher.
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Figure 4.9: DAMAS acoustic source maps no foam and both speakers ”on” for (a) the big pipe and (b) the small pipe

4.2.3. CLEAN-SC
The main part of the analysis is performed by applying the CLEAN-SC method to the data. The settings to
obtain the source maps are varied depending on the case that is analysed. For all cases the scan grid ranges
from -3 to 3 with a step size of 0.01. Moreover, a stop criterion is formulated. The iterations stop when the
norm of the degraded CSM is smaller than 0.3 of the original CSM or the maximum number of iterations of 350
is reached. These settings provided good results for most cases, however in some cases such as the cases
with one speaker on and the other speaker at low volume the criteria are tweaked to obtain better results. As in
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these instances the algorithm favors the side with the high volume speaker, hence in order to not lose the infor-
mation of the lower speaker the stop criterion is decreased and the maximal number of iterations is increased,
subsequently the loop gain is also decreased for these cases.

In Fig. 4.10, the results of CLEAN-SC are displayed, for the case of the big pipe with the left speaker on with foam
and without foam. It can be observed that the source map is more clear compared to conventional frequency
domain beamforming and DAMAS. In addition it is noticeable that there are almost no grating lobes present.
Nonetheless above 7000 Hz, some grating lobes start appear. Moreover when comparing the source maps in
the case without foam has slightly more grating lobes than the case with foam. This trend is also visible for the
small pipe in Fig. 4.11, when comparing Fig. 4.11a and Fig. 4.11b. What is also noticeable when comparing
the acoustic source maps of the big pipe to small pipe, is that the beams are more scattered around the exits
compared to the small pipe, which is also noted for the DAMAS and CFDBF source maps.
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Figure 4.10: CLEAN-SC acoustic source maps for the big pipe and the left speaker ”on” (a) without foam and (b) with foam. The black
dotted lines indicate the exits of the pipe.
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Figure 4.11: CLEAN-SC acoustic source maps for the small pipe and the left speaker ”on” (a) without foam and (b) with foam. The black
dotted lines indicate the exits of the pipe.

The acoustic source maps from CLEAN-SC for the big pipe and the small pipe with no foam and the right
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speaker turned on are shown in Fig 4.12 and Fig. 4.13, respectively. In the source maps, the leakage to other
exit of pipe is clearly visible. Now, what is interesting to note is that because CLEAN-SC relies on spatial coher-
ence it can only put a source on the left or the right exit for a certain frequency, as there is only one source. If
the leakage is sufficient, CLEAN-SC selects to put a source on the opposite side of the turned on speaker. This
effect is clearly visible in both Fig. 4.12a and Fig. 4.6a at around 3000 Hz. Here CLEAN-SC has located a num-
ber of sources at the left exit and as a consequence it can not display sources at the right exit, due to coherence.

Would this have any implications for static engine tests? In general the noises sources in a turbofan engine are
not coherent as they are mainly broadband. So when leakage occurs, CLEAN-SC will most likely treat it as a
new source, in addition to the main source. Which could lead to a different issue. Namely that the source can
contribute to a different source area, depending on how the source areas have been defined. For example,
when broadband compressor noise leaks trough back of the engine, CLEAN-SC would register a new source.
However, since it is at the back of the engine the source would most likely lie in the area of the core or the
exhaust. So its contribution in the breakdown will fall under these areas, even though it originated from the
compressor. Now it is unlikely that noise from the compressor will leak to the back of the engine or that it has
a large contribution to the total noise of the core or the jet. So it is most likely not an issue for the overall
breakdown. However, it also highlights why it is difficult to separate the core and the jet noise, as they are very
close in proximity. With regards to the coherence issue, the only place where this can occur is through leakage
of fan tones through the bypass. Sijtsma solves this issue by removing shaft order tones from the microphone
signal [4].
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Figure 4.12: CLEAN-SC acoustic source maps for the big pipe with the right speaker ”on” and (a) no foam and (b) with foam
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Figure 4.13: CLEAN-SC acoustic source maps for the small pipe with the right speaker ”on” and (a) no foam and (b) with foam

Acoustic source maps are also made for the big pipe with both speakers on with and without foam, which
are shown in Fig. 4.14. In addition the acoustic source maps for the small pipe with both speakers on with
and without foam are depicted in Fig. 4.15. Again, it is observable that grating lobes start to appear above
7000 Hz. Moreover, almost all sources are in line with the exits of the pipe. However, the sources at the left exit
display a small off-set with respect to the exit of the pipe when compared to the right side. This off-set is tiny, so it
should not have an effect on the breakdown, as long as the sources fall in the correct area. When comparing the
acoustic source maps of the big pipe to the small pipe, the same effects as previously mentioned are noticeable;
namely, that there is more scattering of sources for the big pipe compared to small pipe. Additionally, there are
also more grating lobes visible in the plots for the big pipe compared to the small pipe.
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Figure 4.14: CLEAN-SC acoustic source maps for the big pipe with both speakers ”on” and (a) no foam and (b) with foam
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Figure 4.15: CLEAN-SC acoustic source maps for the small pipe with both speakers ”on” and (a) no foam and (b) with foam.

The final acoustic source maps of interest originate from the tests with left speaker on full volume and the right
speaker speaker at a volume of 10 dB lower than the right speaker. In Fig. 4.16, the acoustic source maps
for the big pipe with and without foam are shown and similarly for the small pipe in Fig 4.17. The settings of
CLEAN-SC to obtain these results are tweaked compared to other maps, as more iterations and a smaller loop
gain are required to detect the sources on the right side. The loop gain is set at 0.05 and the maximum number
of iterations is increased to 1700. Subsequently, the stopping criterion is also lowered so that the iterations
stop when the norm of the degraded CSM is smaller than 0.2 of the original CSM or the maximum number
of iterations is reached. By comparing the cases without foam Fig. 4.16a and Fig. 4.17a and the cases with
foam with foam in Fig 4.16b and Fig. 4.17b, it can be observed that the sources at the right exit with no foam
have an higher amplitude than the sources at the right exit for the cases without foam. This can be attributed
to leakage of sound to the other exit of the pipe. Since the sources originating from the right speaker are weak
compared to the sources on the left side, they are overshadowed, but as a consequence the source can not be
located at the right exit anymore due to coherence. This effect can be observed in Fig. 4.16a around 4800 Hz,
where there are strong sources at the right exit and as a result these are not present at the left exit. In general
CLEAN-SC is able to detect the sources at the right exit for the cases with foam, even when the right speaker
is at a lower volume compared to the left.
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Figure 4.16: CLEAN-SC acoustic source maps for the big pipe with the left speaker on full volume and the right speaker at 10 dB lower
and (a) no foam and (b) with foam
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Figure 4.17: CLEAN-SC acoustic source maps for the small pipe with the left speaker on full volume and the right speaker at 10 dB lower
and (a) no foam and (b) with foam

4.3. Directivity breakdown
The overall goal of the study is to see if CLEAN-SC is capable of a precise directivity breakdown. This section
will investigate this capability of CLEAN-SC. Moreover, this section focuses on results of the big pipe, because
the breakdown results of the small and the big pipe are very similar. In addition, all cases discussed include
foam insulation, as this allows for isolation of the speakers, which is required for accurate breakdown. Other-
wise, the directivity breakdown is affected by leakage.

The acoustic source maps from CLEAN-SC are also used to perform the directivity breakdown. As explained in
section 3.3, the CSM is decomposed into contributions from separate source areas. By considering the diagonal
elements, information about the directivity is extracted and a noise source breakdown can be performed. The
source areas employed are defined as depicted in Fig. 3.4b, where both the left and the right area cover
±0.15 m from each of the exits of the pipe, providing a total width of 0.3 m. The rest of the sources fall
into the category other. The directivity breakdown is performed for one-third-octave bands centered around a
selected frequency. For instance, in Fig. 4.18, the directivity breakdowns for a one-third-octave band centered
at 3150 Hz are depicted for the left speaker on and the right speaker on. In these figures, the lines correspond
to the respective contributions of the areas in Fig. 3.4b. Subsequently, the category all corresponds to the total
sum of the noise levels from all areas. The overall analysis is limited to 5000 Hz due to the fact that at higher
frequencies the microphones suffer slight amplitude off-sets, as seen in Fig. 4.3.
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Figure 4.18: CLEAN-SC noise directivity breakdown for a one-third-octave frequency band centered at 3150 Hz for the big pipe with
insulation foam and (a) the left speaker ”on” and (b) the right speaker ”on”.

When investigating the directivity breakdown for the left speaker at 3150 Hz in Fig. 4.18a, the results are as
expected, i.e. the left and the all lines coincide, indicating that there are no other visible contributions from
other areas. The source map in Fig. 4.10b confirms that there are no other sources at 3150 Hz apart from
those located at the left exit. Hence, CLEAN-SC is able to isolate the sources and their contributions for the
simple single-source case. Moreover, the directivity breakdown shows most noise radiated on the left side,
while, on the right side, the noise levels decrease. This makes sense as only the left speaker is turned on and
the foam stops leakage through the pipe. Subsequently, in Fig. 4.18b, only the right speaker is turned on and
the breakdown follows a similar pattern. There are only contributions from right, as confirmed by the source
map in Fig. 4.12b. In this case, most noise is on the right side and the noise level decreases towards the left.
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Figure 4.19: CLEAN-SC noise directivity breakdown for the big pipe with insulation foam and both speakers ”on” for a one-third-octave
frequency band centered at (a) 3150 Hz and (b) 5000 Hz.

The directivity breakdown can also be performed for the more challenging case with both speakers on. In
Fig. 4.19 the breakdown for both speakers on is shown, where the breakdown in Fig. 4.19a corresponding to
a one-third-octave-band centered at 3150 Hz and Fig. 4.19b is for 5000 Hz. The results for both frequency
bands are as expected. CLEAN-SC is able to differentiate the sources and perform the directivity breakdown
of these sources. On the left side, the left sources are dominant and on the right side, the right sources are
dominant, while for the center section of the pipe, both speakers have an equal contribution to the total noise.
Subsequently, as discussed earlier the right speaker outperforms the left speaker below 5000 Hz, which results
in the sources on the right being a bit louder for 3150 Hz, while for 5000 Hz this is the other way around and
the left speaker is louder. Another noticeable aspect in the breakdown for 5000 Hz, is that the microphones
at X = 1.5 m and X = 1.38 m start to display an amplitude off-set compared to the microphones neighbour
microphones, as discussed in subsection 4.1.2.
Now, the main goal of this study is to assess whether CLEAN-SC is capable of performing a precise direc-
tivity breakdown when multiple sources are present. Therefore, the breakdown of the case with just the left
speaker on is compared (and used as a reference) to the breakdown of the left speaker with both speakers on.
Essentially, Fig. 4.18a is compared to the contribution of left sources in Fig. 4.19a.
The comparison of the results is depicted in Fig. 4.20a. The case with one speaker on is represented by the blue
line and functions as the baseline. The red line is the contribution of left noise sources when both speakers are
on. Thus, by comparing the lines it can be determined if the directivity breakdown is still precise when another
source is present. It can be observed that on the left side, the lines are almost identical, which means that the
breakdown is considerably precise. However, on the right side, a larger deviation is observed between both
results. This indicates that on the side where the other source is dominant, it is more difficult to separate the
contribution of the left speaker from the noise of the right speaker, while for the section in the middle of the pipe,
where neither the left nor the right speaker is dominant, the difference between the lines fluctuates between
both cases. Subsequently, the difference in sound pressure level between both cases is plotted in Fig. 4.20b,
where this pattern is visible. In this instance, a positive amplitude difference indicates that the baseline is lower
than the case to which it is compared, while a negative difference indicates that the baseline is higher than the
other case.
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Figure 4.20: (a) Directivity breakdown comparison for a one-third-octave frequency band centered at 3150 Hz of the left speaker ”on” to
both speakers ”on” for the big pipe with foam and (b) the amplitude difference between the cases.

Similar to the analysis on the left side, sources from the right source can also be compared, which is depicted in
Fig. 4.21. In this case, results are shown for a one-third-octave band centered at 3150 Hz, for the right speaker
on compared to the right side of both speakers on. A similar pattern is visible, where CLEAN-SC is again able
to accurately break down the sources on the dominant side (the right side in this case). In the middle section of
the pipe, the variations start to fluctuate more. While on the side where the right speaker is not dominant, the
results deviate more from the baseline.
Furthermore, the directivity breakdown is also analysed for other frequency bands. The difference in amplitude
of the breakdown of the left speaker on and the left side of both speakers is shown in Fig. 4.22a for a 1/3 octave
band around 1000 Hz and in Fig. 4.22b for 5000 Hz. In these cases, the left side is the dominant side. Once
again, it can be observed that for both cases the amplitude difference is small on the dominant side and that
the amplitude difference increases on the non-dominant side. Additionally, the amplitude difference is larger at
5000 Hz, compared to the other two examples 1000 Hz or 3150 Hz.
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Figure 4.21: (a) Directivity breakdown comparison for a one-third-octave frequency band centered at 3150 Hz of the right speaker ”on” to
both speakers ”on” for the big pipe with foam and (b) the amplitude difference between the cases.
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Figure 4.22: Amplitude difference of left speaker ”on” compared to both speakers ”on”, for the big pipe with foam, for a one-third-octave
frequency band centered at (a) 1000 Hz and (b) 5000 Hz.

So far the analysed directivity breakdowns came from experimental data, with both speakers set at a similar
level, but tests have also been performed with the right speaker at a level 10 dB lower than the left speaker. For
that case the breakdown is depicted in Fig. 4.23b. Subsequently, the baseline case with only the right speaker
on, is shown in Fig. 4.23a. Now the same analysis can be applied and the difference between the sources on
the right side from one speaker on can be compared to sources at the right side from both speakers on. Also
the left side can be used for comparison. However, from the breakdown in Fig. 4.23b it can be determined that
the left speaker dominates the spectrum over a larger part compared to a case, where both speakers are at the
same level. As a result the precision of the directivity breakdown of the left side is expected to be better. On
the other hand, since the right speaker has an even smaller contribution to the total noise on the left side, the
precision is expected to be worse, especially for the left side. Hence it is more interesting to analyse the right
side, as it is the more difficult test. The directivity breakdown comparison is shown in Fig. 4.24. The amplitude
difference between one speaker on and both on is small on the right side of the pipe, which indicates that on
that side the breakdown is precise. However, on the left side the amplitude difference between the baseline and
both speakers on is large. This indicates that the breakdown is not as precise. This follows the same pattern
as observed before, which is that if the analysed source only has a small contribution to the total noise, the
precision of the breakdown decreases.
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Figure 4.23: CLEAN-SC noise directivity breakdown for a one-third-octave frequency band centered at 3150 Hz for the big pipe with
insulation foam and (a) the right speaker ”on” at -10 dB and (b) both speakers ”on”, with the right speaker at 10 dB lower with respect to

the left speaker
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Figure 4.24: (a) Directivity breakdown comparison for a one-third-octave frequency band centered at 3150 Hz of the the right speaker
”on” at -10 dB and both speakers ”on”, with the right speaker at 10 dB lower with respect to the left speaker and (b) the amplitude

difference between the cases.

4.4. Detailed analysis of directivity breakdowns
In order to obtain a better overview of the performance of CLEAN-SC for multiple frequencies, the Root Mean
Square (RMS) of the amplitude difference is computed for three separate sections; left, middle, and right.
The sections are defined in Table 4.1, where the coordinates correspond to the locations of the microphones. By
splitting the breakdown into sections, the different parts of the amplitude difference can be analysed separately.
As discussed, the amplitude difference displays three regions of interest;
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• The dominant side, where the analysed sources are the largest contributor to the total noise and the
amplitude difference between the baseline and the same side from both speakers ”on” is small.

• The middle, where the contribution of the analysed sources is equal to that of sources from the other side
and the amplitude difference between the baseline and same side from both speakers ”on” is increasing.

• The non-dominant side, where the analysed sources have a very small contribution to the total noise and
the amplitude difference between the baseline and the same side from both speakers ”on” is relatively
high.

Note that the dominant side switches depending on which side is analysed. For example if sources on the right
side are analysed, the dominant side is the right side, as these sources dominate the spectrum on the right
side. While the left side is in that case the non-dominant side, because on the left side the right sources only
have a small contribution to the total spectrum. On the other hand, if the left sources are analysed the left side
is the dominant side and the right side becomes the non-dominant side.
The distinction between the dominant, middle and non-dominant side is made because, otherwise, the root
mean square of the amplitude difference of the non-dominant side would dominate the total average, because
the amplitude differences on the non-dominant side are significantly larger compared to the dominant side or
the middle, despite being less relevant for the study.
The RMS indicates how much the amplitude differences between two cases deviate from zero (the ideal case).
This RMS can be plotted for a range of frequencies and the overall breakdown capability of CLEAN-SC can be
assessed per section over a frequency range. The RMS is computed using Eq. (4.2). Δ𝑁(𝑓) is the difference
between the red and the blue line for a certain frequency f and for a section, ranging from the locations in
Table 4.1, where 𝑁 indicates the microphone number. 𝑁𝑚𝑖𝑐,𝑠𝑒𝑐 represents the number of microphones in a
section.

Table 4.1: Sections considered for RMS-analysis. The 𝑋-coordinates and indices of the microphones, where the sections start and end.

Section Start, 𝑋 [m] End, 𝑋 [m] 𝑁𝑚𝑖𝑐,𝑠𝑡𝑎𝑟𝑡 𝑁𝑚𝑖𝑐,𝑒𝑛𝑑
Left -3.06 -1.14 1 17
Middle -1.02 1.02 18 34
Right 1.14 3.06 35 49

𝑅𝑀𝑆(𝑓) = √ 1
𝑁𝑚𝑖𝑐,𝑠𝑒𝑐

𝑁𝑠𝑡𝑜𝑝

∑
𝑁=𝑁𝑠𝑡𝑎𝑟𝑡

(Δ𝑁(𝑓))2 (4.2)

The RMS plots of the amplitude difference in directivity breakdown between one speaker on and both speakers
on for the big pipe with foam are shown in Fig. 4.25a for the left side and in Fig. 4.25b for the right side. When
comparing the left side to the right side, two aspects stand out. Firstly, in the frequency range from 0.5 kHz to
3 kHz the RMS of all sections of the left side is larger than the right side, especially around 1.5 kHz to 2 kHz,
where there is a significant increase. Secondly, the RMS of the non-dominant section is larger for the left side
case.
Furthermore, the same RMS plots but for the small pipe are depicted in Fig. 4.26a for the left side and in
Fig. 4.26b for the right side. When comparing left to right for the small pipe, there appear to be larger peaks in
RMS values for the left side in the frequency range between 0.5 kHz to 3 kHz compared to the right side, which
are similar findings as those from the big pipe analysis. Subsequently, on the right side, the RMS increases
significantly at 4.5 kHz for the dominant section and the middle section.

The exact cause of the deviations in RMS is difficult to pinpoint, as there is a variety of factors that could play a
role. The CLEAN-SC algorithm is not perfect as demonstrated by the deviation increase for the non-dominant
section. The algorithm has lower precision when the analysed source becomes a smaller part of the total
noise. One of the reasons for this decrease in precision is that the noise level scales logarithmically with the
measured pressure. Therefore, the contribution of the analysed source is several scales lower compared to
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the total measured noise. This can induces errors. In addition, the deviation can also be caused by speaker
inconsistency, for example, it could be the case that the left speaker performs inconsistently between 1.5 kHz
and 2 kHz, which leads to the larger deviation observed at that frequency. Another aspect that could play a role
is some inconsistency in microphone performance or other small errors that can occur during the experiments.
In general, the average RMS over the frequency range of all dominant sections is below 1 dB as listed in
Table 4.2. This indicates that CLEAN-SC is able to break down the noise with high precision even when another
sound source is present. Subsequently, for the middle section, where no single source is dominant, the results
are more variable depending on the frequency. In general, the deviation is larger compared to the dominant
side, however, the average RMS value is still relatively low. Therefore, it can be concluded that CLEAN-SC is
able to perform a directivity breakdown when no dominant source is present with a relatively low error of around
1 dB in this case. Moreover, as discussed before, it can be observed that the RMS of the breakdown increases
for the non-dominant section. Therefore, for the non-dominant side, it can be concluded that the breakdown is
not as reliable, as for the dominant side.
It should also be noted that these results are obtained for an area of ±0.15 with respect to the pipe exits. The
selected area has a large effect on the RMS. For example, if the area is decreased some sources that are not
located exactly on the pipe exit could fall under a different source area and, therefore, these sources will in that
case contribute to the category of other instead. For this experiment there are no other sources present next
to the speakers, hence it is possible to define the areas with some margin. Hence, for static engine testing, the
source areas should be defined carefully to obtain the best results.
With regards to computation time, the additional cost of performing the directivity breakdown is low. As men-
tioned the CSM is split into contributions of the different source areas, which is performed simultaneously to
generating the source maps. Therefore, it requires very little extra time. Even performing the RMS analysis,
which requires the directivity breakdown for a large number of frequencies, can be done in a few minutes on a
moderate laptop.

Table 4.2: Average values of the RMS for the different sections in dB per plot

RMS plot
Section Dominant Middle Non-Dominant

Big pipe left (Fig. 4.25a) 0.52 0.94 2.42
Big pipe right (Fig. 4.25b) 0.55 0.96 1.47
Small pipe left (Fig. 4.26a) 0.55 0.88 1.67
Small pipe right (Fig. 4.26b) 0.68 1.01 1.45
Average of all cases 0.58 0.95 1.75
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Figure 4.25: RMS analysis results of the difference in directivity breakdown between one speaker ”on” and both speakers ”on” for the big
pipe with foam for frequencies up to 5000 Hz for (a) the left speaker and (b) the right speaker.
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Figure 4.26: RMS analysis results of the difference in directivity breakdown between one speaker ”on” and both speakers ”on” for the
small pipe with foam for frequencies up to 5000 Hz for (a) the left speaker and (b) the right speaker.

4.4.1. Normalized pressure instead of dB
The RMS plots and the amplitude plots have been expressed in dB, because this is the most common unit
to express sound levels. Subsequently the directivity breakdown of other methods, such as SODIX, is also
commonly expressed in dB [42]. Hence, it makes sense to express the precision of the directivity breakdown of
CLEAN-SC in dB as well. However, using dB as a unit has a drawback. Namely, that it is a logarithmic scale,
which suppresses the difference between two cases on the dominant side and exaggerates the difference on
the non-dominant side. For example, if Fig. 4.20b, is expressed in Pa2 instead of dB, the amplitude difference
is largest on the dominant side, as shown in Fig. 4.27. This is because the total absolute sound pressure is
significantly higher on the dominant side and as a consequence the absolute pressure difference between two
cases is large, but in dB the difference is small. While on the non-dominant side, the opposite is visible. The
total sound pressure is low and, therefore, the absolute difference in Pa2 is also low, however in dB the differ-
ence is large.
Now, from this it could be determined that actually the CLEAN-SC breakdown is more precise on the non-
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dominant side, since the absolute pressure difference between the breakdown of two cases is lowest. However,
in that case you would underestimate the precision in dB for the dominant side, which is arguably more impor-
tant for the overall breakdown capabilities. It shows that the results look different when analysing the absolute
pressure difference instead of the relative pressure difference. Especially, when comparing the dominant side
and the non-dominant side.
Another way to analyse the relative pressure difference is to normalize the difference of the two cases. One
way to do this is to express the difference as a fraction of the total measured pressure in that point. So for
example for the microphone at X = -1.98 m, the difference is around −2.1×10−6 Pa2, which can be normalized
by dividing it by the total measured pressure of the baseline, which is −2.6 × 10−5 Pa2. This way the differ-
ence is expressed as a fraction of the total pressure of the baseline. The result is depicted in Fig.4.28. It is
observable that the pattern is similar to plot in dB as shown in Fig. 4.20b. On the dominant side the difference
is small compared to the total measured pressure while on the dominant side the difference is large even when
compared to total measured pressure. This confirms the results in dB; the precision of the directivity breakdown
decreases for the non dominant side. Similarly, a RMS analysis can be performed for the normalized pressure
difference. The results are shown in Appendix B and are consistent with the results in dB. This makes sense as
both units are in some way normalized. In the end the precision of CLEAN-SC should not change depending on
the unit. It makes sense to express the precision in dB, because this is the most common unit for breakdowns.
But the pressure difference plots give a better overview of the precision, when normalized pressure is used as
unit, because this is more intuitive than dB.
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Figure 4.27: (a) Directivity breakdown comparison for a one-third-octave frequency band centered at 3150 Hz of the left speaker ”on” to
both speakers ”on” for the big pipe with foam and (b) the amplitude difference in Pa2 between the cases.
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Figure 4.28: Directivity breakdown comparison for a one-third-octave frequency band centered at 3150 Hz of the left speaker ”on” to both
speakers ”on” for the big pipe with foam and the normalized amplitude difference between the cases.



5
Conclusion

In conclusion, the goal of this study is to investigate the directivity breakdown capabilities of CLEAN-SC and to
determine whether this method is capable of obtaining reliable directivity breakdowns from microphone data of
measurements in the far field.
In order to investigate this, experimental data is obtained by performing a number of tests in the anechoic
chamber at the faculty of Applied Sciences at Delft University of Technology. In these tests, the location and
directivity of the sources are measured separately, so that the results can be compared to the outcome of the
deconvolution tool CLEAN-SC. The data from the experiments is analysed by making acoustic source maps
using CFDBF, DAMAS, and CLEAN-SC. In addition, CLEAN-SC is also used to perform a directivity breakdown
of the data.

The breakdown of a case with one source is compared to a case with multiple sources. The comparison of
both breakdowns for a one-third-octave frequency band centered at 3150 Hz, it is shown that CLEAN-SC is
able to perform a proper breakdown even when another source is present. Especially, for the dominant side
the difference between both cases is small. Meanwhile, on the side where the source is not dominant, the
deviation increases. To analyse a large number of frequencies the Root Mean Square (RMS) of the difference
is computed. This analysis shows that CLEAN-SC is able to perform a breakdown of the dominant section with
only a small deviation of 0.5 dB for the frequency range between 500 Hz and 5000 Hz. The deviation for the
middle sections where no single source is dominant is around 1 dB, but still sufficiently low for useful analysis.
For the non-dominant sections, the deviation is around 2 dB, which makes analysis unreliable.

Based on the results of this study, CLEAN-SC should be able to reliably perform directivity breakdown of mi-
crophone data of static engine tests, especially for the areas where the noise of the analysed part is either the
dominant source or one of the dominant sources.

Recommendations
Future work could include tests with more than two speakers at multiple different locations. This way, the effect
of the number of sources, their proximity, and their location on the directivity breakdown could be analysed.
Furthermore, it would be interesting to apply other methods, such as AFINDS or SODIX that can also perform di-
rectivity breakdown to the experimental data, so that the performance of these more computationally-expensive
methods can be compared to CLEAN-SC.
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A
Test Matrix

Table A.1: Full Test Matrix

meas nr. left right duration
Big Pipe, No foam

1 background off off 10
2 on off 30
3 off on 30
4 off -4 30
5 off -10 30
6 on on 30
7 on -4 30
8 on -10 30
9 tap test off off 10

Insert foam
10 on off 30
11 off on 30
12 off -6 30
13 off -12 30
14 on on 30
15 on -6 30
16 on -12 30
17 tap test off off 10

Small pipe, no foam
18 on off 30
19 off on 30
20 off -6 30
21 off -12 30
22 on on 30
23 on -6 30
24 on -12 30
25 tap test off off 10

Insert foam
26 on off 30
27 off on 30
28 off -6 30
29 off -12 30
30 on on 30
31 on -6 30
32 on -12 30
33 tap test, off off 10

Extra tests
34 No pipe, speakers at exit on off 10
35 off on 10
36 on on 10
37 speaker at left side of the array 10
38 speaker at right side of the array 10
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B
RMS analysis for the normalized pressure

Similarly to the RMS analysis in dB the same analysis can be performed using the normalized pressure. In
Fig. B.1 the results of the big pipe are shown and in Fig. B.2 of the small pipe. Subsequently, the average RMS
values are given in Table B.1. The results in normalized pressure are consistent with the results in dB. The
largest difference is observed on the non dominant side and the lowest difference is observed for the dominant
side.

Table B.1: Average values of the RMS for the different sections in normalized pressure per plot

RMS plot
Section Dominant Middle Non-Dominant

Big pipe left (Fig. B.1a) 0.33 0.43 0.77
Big pipe right (Fig. B.1b) 0.32 0.41 0.55
Small pipe left (Fig. B.2a) 0.30 0.39 0.58
Small pipe right (Fig. B.2b) 0.33 0.42 0.51
Average of all cases 0.32 0.41 0.60
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Figure B.1: RMS analysis results of the normalized pressure in directivity breakdown between one speaker on and both speakers on for
the big pipe with foam for frequencies up to 5000 Hz for (a) the left speaker and (b) the right speaker.
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Figure B.2: RMS analysis results of the normalized pressure difference in directivity breakdown between one speaker on and both
speakers on for the small pipe with foam for frequencies up to 5000 Hz for (a) the left speaker and (b) the right speaker.
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