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Abstract

Low-pressure axial fans are employed in a wide range of applications, from
industrial systems to domestic appliances. Their operation in proximity to
humans necessitates the mitigation of noise emissions to prevent adverse health
effects and promote comfort. The acoustic characteristics of these fans are
influenced by installation effects, considered here in terms of inlet geometry,
upstream obstructions, parallel fan operation, and the acoustic field of the
test environment. Installation effects associated with the fan’s local flow field
modify the underlying aeroacoustic source processes, while the test environment
influences sound propagation. Furthermore, the assessment of installation
effects must consider human perception of noise.

In this work, installation effects on the acoustics of low-pressure axial fans
are investigated experimentally. A round robin test of a benchmark fan is
first conducted to evaluate both the aerodynamic and acoustic measurement
capabilities of a bespoke fan performance facility. In addition, the influence of
room-acoustical effects is examined, along with the estimation of sound power
and directivity using a spherical harmonics scheme of the half-space.

A series of case studies on a low-pressure axial fan with rotating ring,
investigates the effects of inlet geometry, upstream obstructions, and spacing
in parallel fan operation on the system’s acoustic performance. Psychoacoustic
metrics are also evaluated with respect to the installation conditions.

Finally, seven 3D-printed fans are employed to investigate the influence of
blade loading distribution and hub-to-tip ratio on aeroacoustic performance.
The interaction between the examined rotor design parameters and installation
effects, in particular inlet geometry and upstream obstructions, is also studied.

This work advances the understanding of installation effects on the acoustics
of low-pressure axial fans, considering the aspects of source, environment, and
receiver. The findings provide guidance for the evaluation and abatement of
noise emissions from installations of low-pressure axial fans.

Keywords: low-pressure axial fans, installation effects, aeroacoustics, psy-
choacoustics, room-acoustical effects, inlet geometry, upstream obstructions.
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Göteborg, December 2025





List of Publications

This thesis is based on the following appended papers:

Paper 1. Vourakis, M., & Karlsson, M. (2022). A round robin test of a low-
pressure axial fan. In International Congress on Fan Noise, Aerodynamics,
Applications and Systems 2022, 27-29 June, Senlis, France, 2022.
https://doi.org/10.26083/tuprints-00021703

Paper 2. Vourakis, M., & Karlsson, M. (2023). Aeroacoustic interaction effects
between parallel low-pressure axial flow fans. In Tenth Convention of the
European Acoustics Association, Forum Acusticum (pp. 3865-3872).
https://doi.org/10.61782/fa.2023.0424

Paper 3. Vourakis, M., Zea, E., Etemad, S., Karlsson, M., & Andersson, N.
(2025). Impact of distorted inlet flow on axial fan psychoacoustics. In
International Congress on Fan Noise, Aerodynamics, Applications and
Systems 2025, 9-11 April, Antibes/Juan-les-Pins, France, 2025.
https://www.fan2025.org/doc/FAN2025%20-PROCEEDINGS%20-%20ISBN%20978-
1-905941-32-2.pdf

Paper 4. Vourakis, M., Zotter, F., Brandão, E., & Zea, E. (2025). Aeroacoustic
source characterization at fan test facility with spherical harmonics of the
half-space. JASA Express Letters, 5(5).
https://doi.org/10.1121/10.0036723

Paper 5. Vourakis, M., Zea, E., Karlsson, M., Andersson, N., & Etemad, S.
(2025). Installation effects on axial fans: Combined aeroacoustic and
psychoacoustic perspective. Applied Acoustics, 240, 110872.
https://doi.org/10.1016/j.apacoust.2025.110872

Paper 6. Vourakis, M., Ghosh, D., Andersson, N., Etemad, S., Karlsson, M.,
& Zea, E. (2025). Experimental investigation of installation effects on the
aeroacoustics of low-pressure axial fans: on the impact of blade loading
distribution and hub-to-tip ratio. Manuscript.

xi



xii

Other publications

The following papers were published during my PhD studies. However, they
are not appended to this thesis, due to contents overlapping that of appended
publications or contents not directly related to the thesis.

Ghosh, D., Vourakis, M., Andersson, N., & Etemad, S. (2025). Com-
putational aeroacoustics of low-pressure axial fans installed in parallel.
Journal of Fluids Engineering, 147(2).
https://doi.org/10.1115/1.4066752

Ghosh, D., Vourakis, M., Boström, A., Andersson, N., Roy, A. & Etemad,
S. (2025). Evaluation of hybrid computational aeroacoustic methods ap-
plied to automotive cooling-fans. In International Congress on Fan Noise,
Aerodynamics, Applications and Systems 2025, 9-11 April, Antibes/Juan-
les-Pins, France, 2025.
https://www.fan2025.org/doc/FAN2025%20-PROCEEDINGS%20-%20ISBN%20978-
1-905941-32-2.pdf



Nomenclature

Abbreviations

LPAF Low Pressure Axial Fan
TMS Thermal Management System
FTF Fan Test Facility
SWL Sound poWer Level
SPL Sound Pressure Level
LDA Laser Doppler Anemometry
BPF Blade Passing Frequency
CAD Computer Aided Design
PMA Phased Microphone Array
SHD Spherical Harmonic Decomposition
BEM Blade Element Momentum
SQAT Sound Quality Analysis Toolbox
PA Psychoacoustic Annoyance

xiii





Contents

Abstract iii

Acknowledgements vii

List of Publications xi

Nomenclature xiii

1 Introduction 1
1.1 Problem statement . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 State of the art . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.2.1 Installation effects in the test environment . . . . . . . . 4
1.2.2 Installation effects in the vicinity of the fan . . . . . . . 5
1.2.3 Human perception of axial fan noise . . . . . . . . . . . 9

1.3 Motivation and research objectives . . . . . . . . . . . . . . . . 10
1.4 Thesis outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2 Methods 15
2.1 Test environment . . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.2 Acoustic metrics . . . . . . . . . . . . . . . . . . . . . . . . . . 17
2.3 Spherical harmonic decomposition method . . . . . . . . . . . . 19
2.4 Concurrent aerodynamic

measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
2.5 Installation losses . . . . . . . . . . . . . . . . . . . . . . . . . . 23
2.6 Fan blade design and fan production . . . . . . . . . . . . . . . 25
2.7 Uncertainty considerations . . . . . . . . . . . . . . . . . . . . . 28

2.7.1 Sound pressure measurements . . . . . . . . . . . . . . . 29
2.7.2 Flow velocity measurements . . . . . . . . . . . . . . . . 31

3 Selected results and discussion 35
3.1 Aspect of environment . . . . . . . . . . . . . . . . . . . . . . . 35

3.1.1 Round robin test of a low-pressure axial fan . . . . . . . 35
3.1.2 Sound characterization with spherical harmonics . . . . 37

3.2 Aspect of source . . . . . . . . . . . . . . . . . . . . . . . . . . 39
3.2.1 Parallel fan operation effects . . . . . . . . . . . . . . . 40
3.2.2 Inlet geometry effects . . . . . . . . . . . . . . . . . . . 42

xv



xvi CONTENTS

3.2.3 Interplay of installation effects and rotor design . . . . . 45
3.3 Aspect of receiver . . . . . . . . . . . . . . . . . . . . . . . . . . 52

3.3.1 Effects of parallel fan operation and inlet geometry . . . 52
3.3.2 Effects of upstream obstructions . . . . . . . . . . . . . 55

4 Summary of Papers 59
4.1 Paper 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

4.1.1 Scope . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
4.1.2 Methodology . . . . . . . . . . . . . . . . . . . . . . . . 59
4.1.3 Main findings . . . . . . . . . . . . . . . . . . . . . . . . 59
4.1.4 Division of work . . . . . . . . . . . . . . . . . . . . . . 60

4.2 Paper 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
4.2.1 Scope . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
4.2.2 Methodology . . . . . . . . . . . . . . . . . . . . . . . . 61
4.2.3 Main findings . . . . . . . . . . . . . . . . . . . . . . . . 61
4.2.4 Division of work . . . . . . . . . . . . . . . . . . . . . . 61

4.3 Paper 3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
4.3.1 Scope . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
4.3.2 Methodology . . . . . . . . . . . . . . . . . . . . . . . . 62
4.3.3 Main findings . . . . . . . . . . . . . . . . . . . . . . . . 62
4.3.4 Division of work . . . . . . . . . . . . . . . . . . . . . . 62

4.4 Paper 4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
4.4.1 Scope . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
4.4.2 Methodology . . . . . . . . . . . . . . . . . . . . . . . . 63
4.4.3 Main findings . . . . . . . . . . . . . . . . . . . . . . . . 63
4.4.4 Division of work . . . . . . . . . . . . . . . . . . . . . . 64

4.5 Paper 5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
4.5.1 Scope . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
4.5.2 Methodology . . . . . . . . . . . . . . . . . . . . . . . . 64
4.5.3 Main findings . . . . . . . . . . . . . . . . . . . . . . . . 65
4.5.4 Division of work . . . . . . . . . . . . . . . . . . . . . . 66

4.6 Paper 6 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
4.6.1 Scope . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
4.6.2 Methodology . . . . . . . . . . . . . . . . . . . . . . . . 66
4.6.3 Main findings . . . . . . . . . . . . . . . . . . . . . . . . 67
4.6.4 Division of work . . . . . . . . . . . . . . . . . . . . . . 67

5 Concluding remarks 69
5.1 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
5.2 Future work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

Bibliography 73

Paper 1 91

Paper 2 103

Paper 3 113



Paper 4 125

Paper 5 133

Paper 6 147





Chapter 1

Introduction

Low-pressure axial fans (LPAFs), also denoted as low-speed axial fans, are
characterized by high volume flow rates and small pressure gains [1]. These
characteristics have been motivating their usage in a multitude of engineering
applications. Applications include but are not limited to daily appliances such
as heat and ventilation air conditioning systems, computer fans, and hair dryers,
as well as thermal management of electric and internal combustion propulsion
systems of vehicles, cooling towers, wind tunnels, and mine ventilation. In the
case of mine ventilation, this was probably one of the first documented instances
of LPAF usage, as noted by Castegnaro [2] with reference to Agricola [3].

Similar to other industrial devices, their energy efficiency, defined here as
the ratio of work done by the fan on the fluid to the shaft power input from the
motor, has been an important driver for the advancement of LPAFs [4]. This
performance parameter has been primarily optimized with respect to the fan’s
aerodynamic design [1] where obtainable limits can be identified for simpler
geometries [5] and standardized installations. Subsequently, the selection of an
LPAF for a specific installation requires matching of the installation’s pressure
losses with the fan’s pressure supply at the desired volume flow rate. The
pressure losses originate from (mostly stationary) components of aerodynamic
(e.g., inlet shroud, guide vanes) and/or application-specific roles (e.g., radiator,
structural beam). An example case of an LPAF aerodynamic performance
characteristic along with the characteristic of the installation (installation losses)
is shown in Fig. 1.1. Ideally the fan is chosen so that the intersection point
between the characteristic curves coincides with the fan’s highest efficiency
operation point as depicted in the figure.

1.1 Problem statement

Unfortunately, the operation of fans, and as such LPAFs, is accompanied by
noise generation. Due to the health implications of noise exposure [6], [7],
there has been an increased focus on reducing LPAF noise over the last few
years [2], [4], [8]. The understanding of the sources of noise in axial fans, thus
including LPAFs, was already well-advanced half a century ago, as depicted in
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2 CHAPTER 1. INTRODUCTION

Figure 1.1: Aerodynamic performance characteristics of LPAF and system
losses.

works like Sharland [9] and Mugridge with Morfey [10]. The distinction of noise
mechanisms into the broadband and the discrete frequency components of the
fan’s noise spectrum was proposed. In particular, broadband noise was linked to
vortex shedding at the trailing edges and the ingestion of large-scale turbulence
found upstream of the blades or arising from secondary flows (e.g., tip clearance).
Discrete noise components were associated with spatial non-uniformities in
surrounding and/or aerodynamic interactions between the rotating blades and
stationary obstructions (e.g., upstream bearing support, stator, inlet guide
vanes). A further classification of noise mechanisms, present specifically in
low tip-speed axial fans (i.e., LPAFs), was given by Longhouse [11]. Two
noise mechanisms were considered predominant: rotational and non-rotational
noise. The former was attributed to inflow distortion and turbulence effects,
while the latter was related to blade tip clearance vortex effects. In terms
of character and operating scenarios, rotational noise is tonal and relevant
at high flow coefficients, while non-rotational noise is of broadband character
and important at high fan loading. The acoustic spectrum of axial fans,
according to Wright [12], recognized noise sources produced by steady blade
forces as unavoidable due to the required fluid work. In the same analysis, the
proposed generalized acoustic spectrum notably includes the rotor self-noise
source, which can be characterized by a turbulent or laminar boundary layer.
A subsequent overview by Neise and Michel [13] about aeroacoustic sound
generation mechanisms in fans also adopts the distinction between steady and
unsteady rotating forces, both of which represent dipole type sources. The
steady forces include a uniform stationary flow mechanism of discrete character,
which is considered negligible at low Mach numbers. The unsteady force
mechanism has both broadband and discrete character, like secondary flows,
vortex shedding, and non-uniform stationary or unsteady flow. Alternatively
these mechanisms can be classified as self-noise and interaction noise according
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to Blake [14]. Interaction noise arises from time-varying disturbances such as
inlet flow distortion, whereas self-noise refers to sound generated under uniform
flow conditions.

Mitigation of flow-induced noise in LPAF installations requires this under-
standing of noise sources. This understanding can be utilized in the aerodynamic
design of LPAFs in tandem with modifications of installations, such as stator-
rotor spacing and inlet geometry. However, two additional aspects must also
be addressed when considering noise emissions from LPAF installations. These
include acoustic propagation effects which are related to the radiation environ-
ment (near-field and far-field), and the sound quality that is perceived by the
receiver. The former can depend on the application, for instance in automotive
cooling systems condensers and radiators are typically found upstream of the
fan (i.e., modify acoustic impedance of installation), while acoustic radiation
occurs over hard reflecting surfaces (i.e., ground reflections). Consequently,
evaluation of propagation effects aids in the minimization of noise emissions
via appropriate modifications of the installations. Psychoacoustics examines
sound quality as perceived by the listener and helps reduce annoyance from
LPAF noise in a targeted way.

Figure 1.2: Schematic of the problem statement.

Considering the different aspects of noise emissions associated with LPAF in-
stallations, this acoustic problem can be described using the source-environment-
receiver model (see Fig. 1.2). The source comprises the LPAF and installation
components in the vicinity of the fan, such as the inlet shroud, stator and
inlet guide vanes. These components may introduce installation effects on both
aerodynamic and acoustic level. The former translates into modification of the
flow field which consequently affects the flow-generated noise of the fan, while
the latter concerns the acoustic properties of the installation which shape the
source’s radiation characteristics. The acoustic environment encompasses the
boundary conditions imposed on the installation, which further affect reflection,
absorption and transmission of propagating sound waves. Finally, the receiver
represents the perceived noise at an observation point within the acoustic
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environment.

1.2 State of the art

Research related to the previously stated problem can be reviewed in terms
of the three components identified: environment, source, and receiver, herein
corresponding to the test environment, the vicinity of the fan, and human
perception. These perspectives, presented in the following sections, provide
insights into research gaps and guide the definition of the work’s objectives.

1.2.1 Installation effects in the test environment

Accurate characterization of aeroacoustic sources, such as low-pressure axial
fans (LPAFs), requires a low background noise level and minimal influence from
room-acoustical effects, including reflections [15]. The current landscape of wind
tunnel facilities capable of such measurements can be broadly divided based
on their test section [16] into open-jet and closed-test-section types. Open-jet
facilities allow for acoustic treatment of surrounding boundaries, placement
of microphones outside the main flow, and low background noise levels. As a
result, they have been used in numerous experimental studies, including those
involving airfoils [17], [18], rotors [19], [20], and propellers [21], [22]. Closed-test
section wind tunnels provide better flow control and validation with numerical
models [23], [24], while the absence of a shear layer enables accurate acoustic
source localization. However, microphones can be exposed to flow-induced
self-noise and source-unrelated sound waves, which can propagate into the test
section because of the hard walls. Consequently, the source characterization
process deteriorates due to coherent reflections and uncorrelated background
noise. These issues can be minimized by modifying the test section near
microphone installations [25]–[27] and/or by effective implementation of array
processing techniques [28], [29].

Experimental investigations of LPAF noise, such as that generated by vent-
ilation and cooling fans, are mainly conducted in duct configurations, within
plenums, or in anechoic chambers [24], [30]. The latter configurations have
enabled investigations [31]–[35] with minimal influence from acoustic propaga-
tion effects, but are limited to free-discharge conditions. Duct configurations
in accordance with ISO 5136:2003 [36] and ISO 5801:2017 [37] allow acoustic
investigations under varying loading conditions [38], [39]. However, as noted by
Bilka et al. [30], results can be affected by duct scattering and casing boundary-
layer effects, while investigations using plenums [40]–[42] face challenges in
controlling the operating point and inflow conditions. A multi-chamber config-
uration within an anechoic chamber, evaluated according to ISO 3745:2012 [43]
and used by Bilka et al. [30], is reported to address most of the aforementioned
challenges. Two-chamber configurations have also been used in experimental
investigations of low-pressure axial fan aeroacoustics, including combinations
of reverberant and anechoic chambers [44], [45], reverberant and semi-anechoic
chambers [46], and reverberant and plenum chambers [47]. Additionally, semi-
anechoic chambers combined with ducts featuring anechoic terminations [48], as
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well as acoustically transparent ducts combined with adjustable throttles [49],
have also been utilized.

Experimental assessment of both aerodynamic and acoustic properties of low-
pressure axial fans can also be conducted by modifying fan performance facilities.
Zenger et al. [50] used a standardized inlet test chamber according to ISO
5801:2017 [37], which was constructed as an anechoic chamber with absorbing
walls. This setup enabled sound localization studies and the estimation of sound
power in accordance with ISO 3744:2010 [51]. Furthermore, for small axial fans,
experimental setups following the guidelines of ISO 10302:2011 [52] have been
employed in both semi-anechoic environments [53] and laboratory settings [54],
enabling acoustic investigations in accordance with ISO 3745:2012 [43] and
ISO 3744:2010 [51], respectively. It is also noted that a plenum designed
in accordance with ISO 10302:2011 [52] was used by Canepa et al. [55] in
conjunction with a semi-anechoic chamber for the aeroacoustic investigation of
an axial automotive cooling fan under varying loading conditions.

Alternative strategies include conducting aerodynamic and acoustic invest-
igations in separate facilities [56]–[58], which increase complexity and limits
the loading conditions that can be investigated. Investigations have also been
conducted in semi-anechoic chambers [59]–[61] and in sites treated with acoustic
absorbent materials [62]. However, these setups present challenges associated
with varying loading conditions and acoustic reflections.

It is noted that facilities featuring large upstream chambers, such as the cases
mentioned above, are prone to the development of vortex-like flow structures [63],
[64] at the fan inlet, especially when operated without inflow conditioners.
Consequently, the tested fans can be subjected to distorted inlet flow, which
can lead to tonal noise amplification, as has also been observed in more recent
studies considering test environment effects on automotive cooling fan noise [46],
[65].

1.2.2 Installation effects in the vicinity of the fan

While the test environment determines the accuracy of sound characterization
for LPAFs and affects sound propagation, the installation conditions in the
vicinity of the fan influence acoustic radiation, aerodynamics, and consequently
aeroacoustics. These installation conditions involve shrouds, stators, support
structures, inlets, and upstream or downstream components of the fan install-
ation, such as radiators in automotive thermal management systems. These
installation effects are discussed next.

A multitude of earlier studies [9], [10], [66]–[68] have laid the foundation
for understanding the influence of turbulence ingestion at different scales on
the noise spectrum of axial fans. Building on this work, more recent studies
have focused on how blade design and specific blade features affect sound
emission. In particular, the interaction between inflow conditions and blade
characteristics, such as blade skew [50], [69], [70], leading-edge serrations [70],
and permeable leading edges [71], has been investigated. Forward-skewed
rotors have been found to exhibit greater sensitivity to distorted inflow, with
amplified tonal and broadband noise linked to leading-edge interactions, com-



6 CHAPTER 1. INTRODUCTION

pared to backward-skewed designs [50], [69]. Although leading-edge serrations
further reduce sound radiation under turbulent flow, this comes at the expense
of aerodynamic efficiency, and the positive acoustic effects are not directly
superimposed [70]. Similarly, permeable leading edges have been shown to
provide notable broadband noise reduction under turbulent inflow, albeit also
accompanied by a reduction in aerodynamic performance [71].

Inlet geometry strongly influences the aerodynamic performance of axial
fans. Bellmouth intakes suppress separation and associated losses, whereas
intakes featuring sharp edges result in larger separation regions and higher
losses [72]–[74]. Since these modifications alter the inflow conditions, they
inevitably affect acoustic emissions, motivating several studies on the interplay
between inlet geometry and noise generation. Maaloum et al. [75] investigated
the effect of a contoured duct and a lack of thereof for an axial fan installation.
It was found that both discrete tonal components and broadband noise were
influenced by the upstream flow organization imposed by the contoured inlet.
Tian et al. [76] investigated the influence of inlet asymmetry on the aerodynamic
noise of a cooling fan. The study showed that uneven inlet flow alters the size
and distribution of unsteady blade loading, leading to periodic fluctuations as
the blades rotate. Benedek et al. [77] studied the effect of inlet geometry on tip
leakage flow noise for an axial fan operating at free-discharge conditions. The
results indicated that a properly sized bellmouth inlet can moderate tip leakage
flow, while eliminating double-leakage flow. The potential of aerodynamic noise
reduction with short inlet ducts in axial fans was explored by Sun et al. [78].
It was found that short inlet ducts can suppress the upstream propagation of
tonal noise by organizing multiple suction vortices into a single annular vortex,
thereby weakening their interaction with the rotor blades. In a subsequent
study, Sun et al. [60] investigated the use of sinusoidal-shaped inlet ducts
for noise reduction in terms of acoustic mode modulation. They found that,
compared with straight ducts, the sinusoidal-shaped design achieved greater
reductions at the blade passing frequency and its first harmonic.

The reduction of tip clearance in low-pressure axial fan installations as a
means of improving aerodynamic performance and reducing noise has been
established in earlier studies [79], [80]. Subsequently, improved measurement
methods have furthered the understanding on the aeroacoustic generation
mechanism of tip clearance noise. Kameier and Neise [81] showed that a rotating
blade instability at the blade tip, moving relative to the blade row at a fraction
of the impeller shaft speed and present only under reversed flow conditions,
is linked to tip clearance noise. Fukano and Jang [82] identified periodic
velocity fluctuations as contributors to discrete tip clearance noise and blade
passage velocity fluctuations as contributors to broadband tip clearance noise.
More recently, detailed numerical simulations have complemented experimental
insights. Zhu et al. [48] conducted a detailed modal analysis of the pressure field
at the tip gap, revealing rotating coherent structures associated with the noise
generation mechanism. Luo et al. [83] showed that the enhanced intensity of the
blade tip vortex and its interaction with the blade surface are responsible for
broadband noise amplification when tip clearance increases. More specifically,
they linked low frequency broadband noise below 600 Hz to the blade tip vortex
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and boundary layer instabilities interacting with the leading and trailing edges,
while broadband noise above 1200 Hz was attributed to turbulent boundary
layer fluctuations. Lendvai and Benedek [84] observed dominant noise sources
at the blade tip leading-edge at low flow rates, associated with tip leakage flow.
On the contrary, at higher flow rates, the turbulent boundary layer trailing
edge noise, was identified as the dominant noise source.

Axial fan installations with upstream or downstream stationary components,
such as inlet guide vanes and struts, are prone to interaction noise sources,
designated as rotor-stator interaction [1], [85]. These sources can be identified as
the cutting of upstream stator wakes by rotor blades, the impingement of rotor
wakes on downstream stators, and the disruption of the rotor’s pressure field by
reflecting objects in the vicinity [85]. The effectiveness of these mechanisms is
strongly affected by the number of rotor and stator blades [1], [85], [86]. Axial
separation between the rotor and stator is less significant compared to blade
count [86], although its optimal selection is nontrivial due to the simultaneous
dependence of tonal noise on axial gap and rotation speed, according to Canepa
et al. [87]. The effect of non-uniform distribution of stator [88] vanes or
rotor blades [89] as a means of reducing rotor-stator interaction noise is more
appealing in the automobile industry due to the desired compactness of the
cooling module. In this context, Peng et al. [61] developed a theoretical model
that considers non-uniform distribution of blades and vanes for evaluating
the inherent discrete noise of automobile cooling fan modules in early design
processes.

Axial fans in cooling modules often operate with significant upstream res-
istance from components such as radiators, condensers, and heat exchangers.
These elements affect inlet flow conditions and associated aeroacoustic sources,
as well as sound propagation, motivating ongoing research into their acoustic
impact. Rynell et al. [44] studied the acoustic characteristics of an automot-
ive cooling package with a shrouded axial fan and reported that the sound
attenuation caused by the radiator is negligible. A similar observation was
reported by Amoiridis et al. [32] after evaluating the acoustic emissions of an
automotive engine cooling module with a radiator installed upstream of an
axial fan. They found that, regardless of operating conditions, the radiator
had a negligible influence on sound generation and propagation. Czwielong
et al. [90] showcased that the heat exchangers influence the inlet flow field
similar to flow straighteners, while the acoustic optimization of air conditioning
systems should account for the interaction between heat exchangers and axial
fans. In a subsequent study, Czwielong et al. [91] reported that a round heat
exchanger geometry enhances the homogeneity of the flow field and, in turn,
reduces sound emissions. Moreover, the tones at the blade passing frequencies
exhibited a strong dependence on the heat exchanger geometry. Park et al. [92]
investigated the effects of upstream condensers and radiators on the tonal
noise generated by an axial fan. They found that these upstream components
increased the tonal noise between the first and fourth blade passing frequencies,
except under high loading conditions. It is noted that upstream obstructions
can also be used as a control measure to reduce tonal noise. Gérard et al. [93]
used a combination of upstream obstructions to reduce tonal noise at the blade



8 CHAPTER 1. INTRODUCTION

passing frequency through destructive interference. A combined installation of
two lobed obstructions achieved significant overall spatial attenuation without
compromising the fan’s thermal performance.

Besides their association with tip clearance noise, ducts also play a pivotal
role in the propagation of sound in axial fan installations. In applications
such as automotive cooling modules, the ducts typically have lengths much
shorter than the fan diameter, and therefore, the emitted sound field is only
marginally influenced [1]. In contrast, in applications like tunnel ventilation
systems, the duct length can be several times larger than the fan diameter,
allowing significant sound amplification due to the excitation of cut-on duct
modes [1], [85]. Regardless of the severity of the propagation effects imposed by
ducts, noise reduction strategies can be integrated into their design. Czwielong
et al. [94] studied the influence of a micro-perforated duct absorber on sound
emission and performance of axial fans. The investigated micro-perforated
duct absorber achieved up to a 16 dB noise reduction while maintaining
fan performance, with the most favorable acoustic and aerodynamic results
obtained when the fan was positioned downstream of the duct. Liu et al. [95]
investigated the use of an open-cell metal foam casing to suppress tip leakage
vortices and delay stall inception in a small axial fan. Their results showed
that this casing treatment achieved up to a 10 dBA noise reduction under
stalled flow conditions, with the improvement attributed to the aerodynamic
weakening of the tip leakage vortex rather than direct sound absorption. More
recently, Zhong et al. [35] explored the potential for tonal noise reduction in
an electric ducted fan using over-the-rotor acoustic treatment, which included
side-branch tubes and labyrinth-type acoustic metamaterials. A substantial
reduction in the ducted fan’s sound was achieved through precise tuning of the
acoustic treatment’s secondary sound field.

Installations using multiple fan configurations in close proximity, such as
automotive cooling modules, are susceptible to challenges related to inlet flow
interactions and acoustic wave interference. Recent studies have investigated
noise reduction in multiple axial fan arrangements used in fuel cell vehicles. Guo
et al. [96] investigated noise reduction in two parallel high-voltage axial fans by
optimizing the outer ring structure, blade installation angle, and circumferential
blade spacing. The results demonstrated improved aeroacoustic performance
while preserving the system’s aerodynamic efficiency. Dong et al. [97] analyzed
the noise characteristics of a cooling system comprising two radiators with
three- and two-fan parallel configurations respectively. They proposed a control
strategy of a staggered duty cycle for reducing the total sound pressure level
under different working conditions. In a subsequent study, Hu et al. [98]
implemented a multi-physical field computational model for reducing noise in
the same cooling configurations. By evaluating the field synergy angle and
modifying four design parameters, they obtained a radiator system layout with
improved heat dissipation performance and reduced noise emissions.
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1.2.3 Human perception of axial fan noise

Understanding the installation effects on the acoustics of LPAFs (as described
earlier) enables the development of effective noise mitigation strategies. How-
ever, these strategies cannot be evaluated solely based on overall sound pressure
or sound power levels; they must also consider the human perception of noise.
This can be achieved by using objective psychoacoustic metrics and conducting
subjective assessments on axial fan noise. In this context, a growing body of
research has focused on the intersection of psychoacoustics and axial fan noise.

Several studies have focused on identifying metrics and indices that capture
the perceived annoyance from axial fan noise. Tang and Wong [99] conducted a
survey to identify noise indices that describe the annoyance caused by domestic
air conditioner noise in residential apartments. They found that Zwicker’s
loudness level and the 90% exceedance percentile level were the most effective
indicators, while tonality was not a reliable measure of annoyance. Schneider
and Feldmann [100] investigated a variety of axial and radial fan sound signals
to find a psychoacoustic metric of fan noise that provides a single-number
value of annoyance by combining relevant psychoacoustic parameters. A strong
correlation was found between loudness and annoyance, and it was observed that
tonality and fluctuation strength, especially near stall conditions, significantly
increased perceived annoyance. Töpken and Van de Par [101] studied the
perceptual dimensions of fan noise to develop relevant psychoacoustic indices.
They identified six perceptual dimensions via principal component analysis and
derived two indices by analyzing the specific loudness patterns of 35 different
fan recordings. In a subsequent study [102], they quantified how varying the
two indices impacts subject preference and loudness judgment. Moreover, they
developed a regression model based on the ratio of loudness at high-to-mid-
frequencies, which explained most of the variation in the evaluation fan noise
data. More recently, Claaßen et al. [103] investigated the effects of reference
sound level on loudness and preference judgments for fan sounds that were
spectrally manipulated. A close relationship between loudness and preference
judgments was observed at reference levels of 60 and 75 dB(A), whereas at 45
dB(A) the results indicated that equal loudness and equal preference are not
synonymous.

The development of sound quality models has also been a topic of research
interest. Rong et al. [104] investigated the relationship between subjective
sound quality evaluations and objective psychoacoustic parameters to develop
a predictive model for the sound quality of an installation with two axial
cooling fans. Specifically, they developed two sound quality prediction models,
one using multiple linear regression and another based on a backpropagation
neural network, with the latter demonstrating superior prediction accuracy.
Huang and Zheng [105] developed sound quality models for hairdryer noise
by analyzing the contribution of various psychoacoustic metrics to perceived
noise discomfort using partial correlation analysis. They found that loudness,
followed by tonality, were the dominant factors influencing hairdryer noise
discomfort.

Furthermore, researchers have investigated various fan design aspects and
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their effects on sound quality. Cattanei et al. [59] investigated the impact of
uneven blade spacing on the noise annoyance of axial fans. They found that
fluctuation strength and roughness increased, while tonality values decreased.
Zenger et al. [106] studied the effects of blade design on axial fan acoustic
performance, including psychoacoustic assessment. They found that forward-
skewed blades reduced loudness, whereas backward-skewed blades decreased
both loudness and sharpness compared to the reference case without blade
skew. Muiyser et al. [107] also demonstrated the quieter acoustic performance
of axial fans with forward-swept blades compared to straight blades, including
reductions in both tonal and broadband noise levels. However, they noted
that improvements in subjective quality metrics depended on the loading
conditions. More recently, Novaković et al. [39] investigated the impact of
various geometric modifications on the psychoacoustics of small axial fans. The
psychoacoustic metrics of loudness, roughness, and tonality showed the greatest
variability among the fan designs considered, while the metrics of sharpness and
fluctuation strength showed less sensitivity. In a follow-up study, Cerkovnik
et al. [57] proposed a psychoacoustic annoyance model to correlate objective
psychoacoustic metrics with the subjective assessments of computer fan users,
based on recordings of nine different axial fans. Their results showed that fans
with higher airflow ratings had increased low-frequency components which were
perceived as powerful. In contrast, high-frequency components were strongly
associated with negative perception.

1.3 Motivation and research objectives

The ongoing transition within the automotive sector from internal combustion
engines [108] to battery electric, fuel cell, and hybrid-powered vehicles has
introduced new demands for Thermal Management Systems (TMS). These
needs include, but are not limited to: low-temperature circuits for thermally
sensitive battery cooling; hybrid powertrain cooling in densely packed under-
hood environments; downhill brake power cooling for heavy trucks; and battery
cooling during fast charging. Consequently, a new generation of LPAFs, a
core component in TMS, is being developed to meet these needs. Although
the absence of internal combustion engines significantly reduces overall noise
emissions at low speeds [109], [110], it also exposes noise sources from air-
conditioning, power steering pumps, and TMS [109], [111], [112]. Consequently,
LPAFs are not only expected to provide high cooling performance but also
meet low noise criteria. In this context, the project eFan, a key enabler for
eMobility, Part 2 has been initiated. The main objective of the project has been
the study of installation effects, such as inlet geometry, generic disturbances,
and fan clustering, on the noise generation of eFans. It is noted here that
eFans refer to LPAFs driven by electric motors installed within the fan hub.

As described in Sec. 1.1 and in accordance with the literature review presen-
ted in Sec. 1.2, the main objective of this work is approached from the aspects
of source, environment and, receiver.
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The aspect of environment is motivated by the employment of a fan test
facility (FTF) which was retrospectively modified for aeroacoustic investiga-
tions and thus does not constitute an ideal test environment for aeroacoustic
measurements. Accordingly, the sub-objectives formulated are:

A to evaluate methods for characterizing the sound field of LPAFs and

B to identify room-acoustical effects at a FTF.

Objective A is addressed in Papers 1 and 4, while objective B is mainly
addressed in Paper 4.

The literature review included in Sec. 1.2.2 highlights a range of installa-
tion effects in the vicinity of LPAFs (i.e.,aspect of source) which have been
investigated. One of these effects concerns distorted inflow conditions, which
have been studied under the impact of specific blade design features [50], [69]–
[71]. However, the impact of hub-to-tip ratio and blade loading distribution
on the aeroacoustic performance of LPAFs under system resistances remains
largely unexplored. Moreover, studies concerning inlet geometry under varied
loading conditions and multi-fan installations are scarce. Under this light, the
sub-objectives concerning installation effects in the vicinity of LPAFs are:

Γ to investigate the impact of blade loading and hub-to-tip ratio on the
aeroacoustic performance of LPAF under installation effects and

∆ to investigate the impact of inlet geometry on the aeroacoustics of single
and parallel fan installations under varied loading conditions.

Objective Γ is addressed in Paper 6, while objective ∆ is addressed in
Papers 2 and 5. It should be noted that Paper 5 largely represents an extension
of Paper 2, although Paper 2 includes aerodynamic measurements that are
not reported in Paper 5. Furthermore, Paper 6, the only appended study
that involves fan design, has been realized in association with the work from
Ghosh [113].

The literature review on the human perception (i.e., aspect of receiver) of
axial fan noise (see Sec. 1.2.3) highlights a focus on identifying metrics and
indices that describe perceived annoyance, the development of sound quality
models, and the influence of fan design on sound quality. However, studies
investigating the interplay between installation effects and the sound quality of
LPAFs remain scarce. Consequently, the sub-objective concerning the human
perception of installation effects in LPAFs is:

E to investigate the impact of inlet geometry, parallel fan installation and
upstream obstructions on the psychoacoustics of LPAFs.

Objective E is addressed in Papers 3 and 5.
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Table 1.1 lists the contributions of the appended papers in accordance with
the areas identified in the problem statement and the sub-objectives mentioned
previously.

Table 1.1: Contribution areas and sub-objectives addressed by appended papers.

Paper No.

Area
Environment Source Receiver

1 A

2 ∆

3 E

4 A,B

5 ∆ E

6 Γ
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1.4 Thesis outline

The thesis is divided in two parts: the introductory chapters and the appended
papers. The overview of the introductory chapters is listed below:

Chapter 1 introduces and states the problem investigated in the thesis along
with the state of the art and specific objectives in relation to the appended
papers.

Chapter 2 presents methods utilized in this work. This includes the measure-
ment environment, acoustic metrics, the method of spherical harmonic de-
composition, concurrent aerodynamic measurements, system resistances,
fan blade design and fan production as well as uncertainty considerations.

Chapter 3 discusses selected results from the appended papers concerning
installation effects on the acoustics of LPAFs from the perspective of the
environment, source and receiver.

Chapter 4 presents a summary of the appended papers.

Chapter 5 presents the summary of the thesis, and suggestions for future
work.
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Chapter 2

Methods

2.1 Test environment

The majority of the aeroacoustic measurements described in the appended
papers were performed at a FTF (Fan Test Facility), owned by Volvo Group
Trucks Technology. A schematic of the FTF is depicted in Fig. 2.1. The
FTF incorporates a closed loop and plenum to plenum architecture. It facil-
itates control and monitoring of mass flow and pressure difference between
the pressure and the outlet chamber which operates at atmospheric conditions.
Moreover, it is equipped with a cooling system comprising of heat exchangers
for temperature regulation. Thereby, it has been utilized for measuring fan
performance, for research purposes and early-stage product assessment.

Figure 2.1: Schematic of FTF adjusted from Paper 5.

15
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Verified accuracy values of selected parameters measured during the FTF
operation are given in Table 2.1. More information including detailed operation
of the FTF, further accuracy values and preceding research work are given by
Gullberg [114].

Table 2.1: Verified accuracy of selected physical parameters [114].

Parameter Value
Volume flow rate ±1.5%

Static differential pressure ±3 Pa
Temperature (pressure chamber) ±1 K

Atmospheric pressure ±50 Pa

The implementation of microphone measurements, a standard practice in
experimental aeroacoustics, requires consideration of background noise and
sound reflections. Signal to noise difference below 6 dB, challenges the retrieval
of desired aeroacoustic noise sources from interfering noise, while the presence
of reflections alters the measured sound spectra [15]. These considerations are
of particular interest for this work, since the FTF was not designed under the
consideration of aeroacoustic measurements.

An approach towards diminishing measurement interference from reflections,
is by transforming the acoustic properties of the measurement space towards a
free field. Prior to this work, the ceiling and side walls of the FTF’s pressure
chamber, have been acoustically treated with the installation of standard ab-
sorption material behind a perforate grid. This acoustic treatment, efficiently
dissipates reflections above 200 Hz, while increasing the pressure chamber’s
critical distance. The latter prevents the contamination of the measured acous-
tic pressure signal from the hydrodynamic pressure fluctuations near the fan.
Unfortunately the current acoustic characteristics of the pressure chamber do
not conform to a semi-anechoic room according to ISO 26101-1:2021 [115], thus
other approaches such as the ones described in ISO 3744:2010 [51] have been
implemented for evaluating metrics like sound power and directivity. A different
approach, which does not necessitate modification of the environment’s acoustic
properties is the utilization of a PMA (Phased Microphone Array) [15]. This
approach has not been explored in this work.

Background noise at the FTF was evaluated against the 15 dB threshold from
the investigated noise source (i.e., LPAF) in accordance with ISO 3744:2010 [51].
Besides the compensation fan (see Fig. 2.1) other background noise sources
originate from engine durability testing in laboratories close to the FTF. The
latter background noise sources concern frequencies below 200 Hz, which are
unreliable for aeroacoustic investigations due to room-acoustical effects at the
FTF. Another source of unwanted background noise is flow noise emerging
from the nozzles on the second floor (see Fig. 2.1), under choked condition.
Nonetheless, all investigations in this work were performed during constant
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loading which translates into fixed nozzle positions. Last but not least, the
industrial fan motor, only used in Paper 1, has been observed to emit unwanted
noise of high amplitude within the investigated frequency range of the tested
LPAF. Considering the above monitoring of background noise and identification
of irrelevant noise sources has been performed for all acoustic investigations in
this work.

2.2 Acoustic metrics

SWL (Sound poWer Level), is an acoustic metric which expresses the acoustic
power radiated from a sound source. It is expressed as the logarithmic ratio of
the source’s emitted sound power (W ) to a reference sound power (W0). The
standard reference power W0 is 10−12 Watt [116].

SWL = 10 · log W
W0

(2.1)

In theory the SWL of a sound source is independent of the acoustic en-
vironment it was measured in. On the contrary, the SPL (Sound Pressure
Level), is sensitive to direction, distance and acoustic environment [116]. The
mathematical expression (eq. (2.2) adjusted from [117]) of W , showcases the
insensitivity of the SWL to the acoustic environment.

W =

∫∫

S

I · dS (2.2)

W is estimated as the surface integral of sound intensity (I) over a surface
(S) which completely encapsulates the sound source, thereby nullifying any
acoustic environment effects. However, implementation of this expression in
practice often involves SPL measurements prior to estimating the corresponding
SWL. Thereby room-acoustical effects need to be accounted for when estimating
SWL based on SPL measurements [117]. The selection of discrete measurement
points, over the surface encapsulating the measured sound source, can be made
in accordance with the acoustic environment.

Several standardized methods for estimating the SWL of sound sources over
different acoustic environments are available. The ISO 3745:2012 [43] describes
methods for precision level estimation of SWL in anechoic and hemi-anechoic
rooms. Methods of lower accuracy, appropriate for free field over reflecting
planes, are described by the ISO 3744:2010 [51]. For this standard the acoustic
environment effects are accounted via the environment correction factor (K2).
Two procedures are outlined for calculating K2:

• The first procedure, denoted as absolute comparison test, utilizes a
reference sound source, usually with stable sound power output. Main
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assumption of this method is that the acoustic environment influence
is the same for the reference sound source and the sound source of
interest. This procedure is compromised if there are significant dimension
differences between the two sources or if the sound source of interest has
strong directivity [117].

• The second procedure is based on the determination of room absorption.
Room absorption can be estimated based on reverberation time, utiliza-
tion of two measurement surfaces over the sound source of interest and a
reference sound source. Although the second procedure includes three
alternative approaches, the respective requirements for a valid estimation
of K2, are largely dependent on the dimensions of the measurement space.

SWL does not provide information about the directivity of the sound source,
a property which expresses the spatial variation of SPL at certain distance
from the acoustic center of a sound source. The directivity of the sound source,
is the metric which entails the previous information [118]. Knowledge of this
metric aids the understanding of present noise source mechanisms which in
turn facilitates noise control [15]. This metric can be illustrated by a two-
dimensional polar plot of SPL or estimated as a dimensionless factor. The
directivity factor (D(θ, ϕ)) may be defined as the ratio of mean-square sound
pressure (p2rms(θ, ϕ)) at a given distance from the sound source’s center, to the
mean-square pressure (p2S) of an omnidirectional sound source for the same
distance and SWL [119].

D(θ, ϕ) =
p2rms(θ, ϕ)

p2S
(2.3)

Another estimator used is the directivity index, which assesses the differ-
ence between the average SPL over all angles at a given distance to the SPL
at a specific angle [43], [51], [118]. Realization of this metric via acoustic
measurements is ideally translated to mapping the sound field over a virtual
spherical surface surrounding the sound source. However, mapping the entire
surrounding surface of the sound source is often not feasible due to space
limitations and flow effects [15]. Further, the possibility of a symmetric noise
field deem the complete mapping as redundant [15]. Instead mapping along a
streamwise plane, spanning over angle ranges in the vicinity of half circle is
often implemented [15], [120]. Distribution of measurement points along this
plane is suggested to ∼ 10◦ increments for many aeroacoustic investigations [15].

There exists a category of acoustic metrics concerned with the human
auditory response to sound. These metrics are commonly employed in the field
of psychoacoustics, where assessment of sound quality is of particular import-
ance [119]. Sound quality metrics are relevant in product sound design and are
therefore useful in automotive applications. In this context, automotive cooling
fans, which can be dominant noise sources [109], [111], [112], are evaluated using
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such metrics. In this work, the sound quality metrics of loudness, sharpness,
roughness, tonality, fluctuation strength and psychoacoustic annoyance are
considered. Estimation of these metrics has been carried out by the open-source
toolbox SQAT (Sound Quality Analysis Toolbox) [121]. Brief definitions of
each metric along with references to respective models utilized in SQAT are
provided below:

• Loudness is a measure of a sound’s strength as perceived by the listener
under certain conditions. The calculation is performed according to ISO
532-1:2017 [122], using the Zwicker method for time-varying signals.

• Sharpness is a measure of the high-frequency content of a sound. This
metric is estimated according to DIN 45692:2009-08 [123].

• Roughness is a measure of quick variations of the sound amplitude
(modulation frequency above 20 Hz). Estimation is based on the model
by Daniel and Weber [124].

• Tonality expresses the perception of a tone in relation to the total sound.
It is estimated according Aures’ model [125].

• Fluctuation strength is a measure of time-dependent fluctuations in
amplitude and/or frequency content of a sound. The model by Osses et
al. [126] is implemented for its estimation.

• Psychoacoustic Annoyance (PA) is a quantity (unitless) that expresses
a combined annoyance of sounds based on the previous metrics. PA is
estimated based on the model proposed by Di et al. [127] and is mainly
influenced by the metrics of loudness and sharpness.

2.3 Spherical harmonic decomposition method

Spherical harmonic decomposition (SHD) is a well-established method within
the field of acoustics [128]–[130]. Within the context of this work, spherical har-
monic decomposition has been utilized for the identification of room-acoustical
effects at the test environment (i.e., FTF) along with estimation of source’s
directivity and sound power.

Initially, the sound pressure field (p) radiated by a point monopole source
in free field at a given observation point r = (x, y, z) and angular frequency ω
in rad/s is considered [116],

p(r, ω) =
ρjωQ0

4π

e−
jω|r−r0|

c

|r− r0|
, (2.4)

where k = ω/c is the acoustic wavenumber in rad/m, ρ in kg/m3 is the
air density, j is the imaginary unit, c in m/s is the speed of sound in ambient
conditions, r0 = (x0, y0, z0) are the point source coordinates, and Q0 in m3/s is
point source’s strength. It is noted that the time dependence, ejωt, is omitted
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Figure 2.2: Image source principle for monopole radiation over hard reflecting
surface.

throughout. As the next step, the imposed boundary conditions of a free field
over a hard reflecting surface are applied, as depicted in Fig. 2.2.

In accordance with the image source principle [131] the total sound pressure
field at the observation point is formed by the superimposition of two equivalent
monopole sources mirrored across the (hard reflecting) surface’s interface
(see Fig. 2.2):

p(r, ω) =
ρjωQ0

4π

(
e−

jω|r−r0|
c

|r− r0|
+
e−

jω|r−rm|
c

|r− rm|

)
, (2.5)

where rm = (x0, y0,−z0) are the image source coordinates.
Subsequently, the sound pressure field in Eq. (2.5) is decomposed with the

SHD method. Only half-space is considered due to the boundary conditions
imposed at the acoustic environments of the pressure chamber (see Sec. 2.1).
Then, according to Zotter et al. [132], it is possible to discard the odd har-
monics and use the even spherical harmonics Y 2l−n

n as basis functions for the
decomposition. It is remarked that even-harmonics decompositions include the
zeroth order term, corresponding to an acoustic monopole in a free field.

The complex-valued spherical harmonics Y m
n (θ, ϕ) of order n and degree m

are defined as implemented in [129]:

Y m
n (θ, ϕ) =

√
(2n+ 1)(n− |m|)!

4π(n+ |m|)! P |m|
n (cos θ)ejmϕ, (2.6)

where Pm
n are the associated Legendre functions, θ is the zenith angle, and

ϕ is the azimuth angle. Then, the SHD of the sound pressure at the observation
radius r is written as [129]

p(kr, θ, ϕ) =

∞∑

n=0

n∑

m=−n

Y m
n (θ, ϕ)ψmn(kr), (2.7)

where ψmn is the n-th order spherical harmonic coefficient of degree m. For
the even harmonics, with m = 2l − 1, l = 0, . . . , n, ψmn is considered to be
non-zero.
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The above-mentioned analysis can be implemented at a discrete set of
M measuring locations (θi, ϕi) distributed over the surface of a hemisphere.
Consequently a truncation order limitN is imposed, thus the infinite summation
of Eq. (2.7) can be expressed as a set of linear equations:

p = Yψ, (2.8)

where p ∈ CM is a vector of acoustic pressure at measurement points (M), Y
is the M × L matrix of spherical harmonics at the corresponding measurement
positions (M) containing only even harmonics, and ψ ∈ CL is the vector
of the corresponding spherical harmonic coefficients. The dimension L =
[(N + 1)(N + 2)/2] corresponds to the number of even spherical harmonics
up to order N . The overdetermined system can be solved for ψ using a least
squares approach. The solution can be utilized for evaluating the directivity of
the half-space via means of reconstruction.

Subsequently, the magnitude of the decomposed even harmonic coefficients
can be considered for assessing the isotropy of the sound field in accordance
with Nolan et. al [133]:

ι(f) =
|ψ00(f)|∑∞

n=0

∑n
m=−n |ψmn(f)|

. (2.9)

It is noted that the above expression has been adjusted from [133] by
omitting the time-harmonic dependence.

As mentioned in the beginning of this section, SHD can be also used for
estimating SWL. This is obtained via a composite SWL estimator according to
Pomberger et al. [134]. The estimator combines a far-field estimate as suggested
by ISO 3745:2012 [43] and a near-field estimate based on SHD. An adjusted
expression from [134] is given in Eq. (2.10) below:

SWLcomp = 10 log10

(
min

(
1

2ρc

2πr2

M

M∑

i=1

|pi|2,
1

2ρc

∑

m,n

|ψmn|2

k2|h(2)n (kr)|2

))
,

(2.10)

where pi is the sound pressure in Pa at a measurement point. It should
be noted that an assumption of hemi-anechoic conditions is made for the first
term inside the min operator of Eq. (2.10).

2.4 Concurrent aerodynamic
measurements

Implementation of PMAs coupled with beamforming techniques in aeroacous-
tic measurements, constitutes a proven method for estimating the strength
and location of sound sources [23]. This method is often characterized as
non-intrusive, while it may be applied even in cases of non-acoustic hard wall
wind tunnels [15], [23]. There are several successful implementations of this
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method in axial fan studies [77], [120], [135]–[138]. Still as the noise mech-
anisms in LPAFs are rooted in fluid mechanics, aerodynamic measurements
are often carried out [77], [136], [137] in parallel for improved comprehension.
Experimental studies without PMAs often utilize simultaneous aerodynamic
measurements for the characterization of the inlet flow [50], [55], [63], [90], [91],
[139]. Inlet velocity profiles, turbulence intensity and integral length scales are
the main sought out parameters. To this end, several experimental methods
are applicable such as LDA (Laser Doppler Anemometry) [50], [139], hot-wire
anemometry [90], [91], pressure probes [55] and flow visualization [63], [91].

In Paper 2, acoustic measurements were complemented by velocity meas-
urements at the fan’s inlet, obtained via an LDA system. In this indirect
measurement technique two monochromatic laser beams intersect in the meas-
urement volume, creating a fringe pattern. A tracer particle passing through
the measurement volume, perceives two light frequencies due to the Doppler
effect. The scattered light from measurement volume is then collected by a
stationary detector, also invoking the Doppler effect. Superimposition of the
two light waves gives rise to the Doppler frequency, which is directly propor-
tional to the particle’s flow velocity perpendicular to the bisector of the two
laser beams. Identification of flow velocity’s direction is acquired by shifting
the frequency of one beam via a Bragg cell [140], [141].

Table 2.2: LDA measurement volume dimensions.

beam
wavelength
in nm

488 514.5

focal
length in
mm

400 800 400 800

dx ·dy ·dz
in mm

0.1131 ·
0.113 ·
2.381

0.1192 ·
0.1191 ·
2.51

0.1142 ·
0.1141 ·
2.429

0.1204 ·
0.1203 ·
2.561

A two-component LDA system, previously used for flow investigations in
the underhood of vehicle TMS via Franzke [142], was utilized for the velocity
measurements in Paper 2. It is noted that compared to the measurements per-
formed by Franzke [142] in this work the LDA probe was fitted with achromatic
front lenses of different focal length. The utilized LDA system incorporates an
air-cooled 300 mW argon ion laser, a fiber flow transmitter, a two-component
LDA probe in backscatter mode and a BSA processor F600. The two velocity
components emit laser light with wavelengths of 514.5 and 488 nm respectively.
Data processing during measurements was executed with BSA Flow software
6.72, provided also by the LDA system manufacturer Dantec Dynamics. The
particle seeding was performed by the fog generator Viper NT (Look Solutions
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USA), with glycol fluid (Look fluid regular-fog). The particle size is expected
to be around 1 µm according to the manufacturer. The dimensions of the
expected measurement volumes for the two achromatic lenses utilized are given
in Table 2.2.

It should be pointed out that aerodynamic measurements and acoustic meas-
urements included in this work [143] were acquired sequentially. However, they
are conceived as being concurrent measurements because they were performed
for the same test conditions. Conducting literally simultaneous acoustic and
aerodynamic measurements is feasible, however the presence of the LDA system
(i.e., traverse unit and probe) at the pressure chamber (see Fig. 2.1) introduces
further acoustic propagation effects (e.g., scattering), while compromising the
spatial range of the microphone grid due to space restrictions.

2.5 Installation losses

Installation losses or system resistances are inherent in LPAF installations
and stem from components with aerodynamic or application-specific role, as
discussed in Sec. 1. The curve of installation losses, also referred in literat-
ure as the plant characteristic [1], can be retrieved by driving flow through
the installation without the fan placed. A good approximation of the plant
characteristic is a quadratic parabola [1], which is showcased in Fig. 2.3 from
measured cases acquired in Paper 6.

0.5 0.6 0.7 0.8 0.9 1 1.1

volume flow rate in m
3
s
-1

0

20

40

60

80

100

120

p
re

ss
u
e 

lo
ss

es
 i

n
 P

a

bellmouth (free inlet)

short bellmouth (free inlet)

bellmouth (8% blocked inlet)

quadratic curve

Figure 2.3: Curves of system losses for installations featuring bellmouth free and
8% blocked inlet, and short bellmouth free inlet. Image adjusted from Paper 6.

Subsequently, these losses can be accounted for when comparing character-
istics of different installations (e.g. different upstream obstruction or different
inlet geometry of Fig. 2.3) with the same fan, exemplified by Krömer [144] and
Park et al. [92]. However, these corrections do not constitute a basis for a fair
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comparison of acoustic pressure measurement in LPAF installations. Acoustic
pressure is commonly evaluated as sound pressure level (SPL) [116]:

SPL = 10 log10
p̃2

p2ref
(2.11)

,where p̃ is the root mean square amplitude of the sound pressure in Pa
and pref is a reference value of sound pressure (2 · 10−5 Pa). In the case of
LPAFs the measured SPL is scaling with both volume flow rate and pressure
rise. Consequently, comparison of measured SPL for different installations at
the same conditions of volume flow rate and pressure rise (only possible after
correcting characteristics [92], [144]) is unattainable. In literature it is common
practice to compare at the same volume flow rates conditions [38], [50], [55],
[90] or at free discharge [77] (i.e. zero loading albeit volume flow rates differ).

A non-trivial approach for accounting the different pressure rise at same
volume flow rates of different LPAF installations, is replacing the reference
value of sound pressure (see Eq. 2.11). In accordance with a method utilized
for propellers by Quaroni et al. [145], the measured pressure rise (total-to-static
pressure in Pa: ∆pts) can be used for estimating a scaled SPL:

SPLscaled = 20 log10
p̃

∆pts
(2.12)

The effect of this scaling is demonstrated in Fig. 2.4 for the three LPAF
installations previously presented in Fig. 2.3.

Figure 2.4: SPL and SPLscaled of LPAF installations featuring bellmouth
free and 8% blocked inlet, and short bellmouth free inlet. Image adjusted
from Paper 6.

Aside from some small adjustments at low (∼ 300 Hz) and high frequencies
(above 7 kHz), it is observed that the scaled spectra (see Eq. 2.12) do not
represent noteworthy deviations when compared to the standard spectra (see
Eq. 2.11).
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Another aspect which is inherent in installations of LPAF is flow-induced
noise generated from components other than the fan (e.g. structural beam, radi-
ator). This can be assessed by comparing the measured SPL of the installation
without any components (i.e. only fan and inlet shroud) with the measured SPL
of the installation with the components but without the fan placed. Figure 2.5
showcases the effects of self-noise for the installation corresponding to Fig. 2.3
and Fig. 2.4. The comparison is more representative at high volume flow rates,
where amplitudes of LPAF spectra tend to be lower while the amplitudes of
the spectra corresponding to system losses (i.e. installation without the fan
placed) are higher.
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Figure 2.5: Evaluation of self-noise effects from upstream blockage. Image
adjusted from Paper 3.

The spectra of the installation without the fan should be lower than the
installation with the fan for dismissing self-noise effects. It should be noted
that such evaluation is trivial under the condition of acoustically transparent
components. The significant alteration of the system’s acoustic impedance
due to the presence of any components can potentially mask the presence of
self-noise.

2.6 Fan blade design and fan production

The blades of the fans investigated in Paper 6 were designed based on the
Blade Element Momentum (BEM) method for low-solidity LPAFs [1]. The
implementation of the BEM method was performed via C-Fan, an in-house
python code developed by Ghosh [113]. Since fan blade design is outside of the
scope of this work, only a short summary of the utilized method along with
relevant information about selected parameters and their values are presented
in the following. Detailed information including the framework and equations
implemented in C-Fan are provided by Ghosh [113].
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The BEM method as implemented in C-Fan [113] can be summarized in
the following steps:

1. Determination of the design parameters. The parameters to be
determined include the volume flow rate, total-to-total pressure, rotational
speed, fan diameter, hub diameter and blade count. Moreover, values of
hydraulic efficiency and volumetric efficiency, typically chosen as 90 %
and 95 % respectively, are assumed. In this work the selected design
parameters correspond to fans utilized in contemporary automotive TMS.
These values are given in Table 2.3, as also reported in Paper 6.

Table 2.3: Selected design parameters.

Design Parameter Value
Volume flow rate 0.8 m3/s

Total-to-total pressure 550 Pa
Rotational speed 3600 rpm
Fan diameter 320 mm
Hub diameter 144− 208 mm
Blade count 7

2. Segmentation of the blade. During this step the blade annulus is
segmented into elemental blade cascades, represented by coaxial sections.
The segmentation is bounded by equal through-flow areas for all elemental
blade cascades aside from the tip and hub cascades. In this work the
blade has been segmented into ten elemental blade cascades. An example
case of blade segmentation is illustrated in Fig. 2.6.

Figure 2.6: Example of blade segmentation. Image adjusted from [1].

3. Determination of velocity triangles. Firstly, the blade loading and
the corresponding swirl distribution is selected. In this work the blade
loading distributions investigated are: iso-energetic, linear, polynomial
and parabolic. The iso-energetic represents constant blade loading and
swirl distributions along the blade span (r), which necessitates larger cir-
cumferential velocity components at the hub (r = 72−104 mm) compared
with the tip (r = 160 mm). Thereby, the larger blade twist required at the
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hub (compared with the tip) increases the prevalence of flow separation
and aerodynamic losses. The remaining blade loading distributions are
radius-dependent. The linear and polynomial distributions constitute for
higher specific work towards the blade tip. Consequently, this can result
to increased tip blockage and earlier onset stall. The parabolic distribu-
tion features higher specific work at the mid section of the blade. For
each swirl distribution the meridional (umerid.,exit) and circumferential
velocity (ucircum.,exit) components at the rotor exit are estimated via an
iterative process in accordance with the values of the design parameters
(see Table 2.3). Once the previous components (umerid.,exit,ucircum.,exit)
are estimated the remainder of the velocity triangles can be determ-
ined. The equations of the swirl distributions investigated along with
their respective parameter values are given in Table 2.4, as also reported
in Paper 6.

Table 2.4: Swirl distributions and parameter values.

Swirl distribution [blade loading] Parameter Value
rucircum.,exit = b [Iso-energetic] b = 1.21
rucircum.,exit = ar + b [Linear] a = 5, b = 0.55

rucircum.,exit = arm+1 + b [Polynomial] a = 3, b = 1.17,m = 1.1
rucircum.,exit = a(r − d)2 + e [Parabolic] a = −100, d = 0.128, e = 1.24

4. Determination of airfoil profile. The airfoil profile of the blade seg-
ments is selected from the family of four digit NACA airfoils, which is
supported by C-Fan [113]. In this work the NACA 3512 airfoil is utilized
at the blade segments of the different rotor blades designed. The corres-
ponding airfoil polar curves (for NACA 3512) are computed via XFOIL, a
public domain code developed by Drela [146]. This computation requires
inputs of: Reynolds number (Re), Mach number (Ma) corresponding to
the blade tip, a range of angle of attack and the N-factor (i.e. amplifica-
tion factor that controls the transition between laminar and turbulent flow
over the airfoil surface). The eventual angle of attack is specified based
on a minimum drag-to-lift ratio for all blade segments. Subsequently, the
blade solidity (i.e. ratio of blade’s chord length to blade spacing), blade
spacing and blade chord length can be estimated at all blade spans. The
estimated blade chord length allows the recalculation of the Reynolds
number, since the initial Re input given at XFOIL represents an initial
input guess. Following an iterative process the recalculated Re converges
to the input guess (convergence limit is set at 0.1 % [113]). The final
parameter to be estimated following the converged output from XFOIL
is the twist of the blade along the blade span (i.e. summation of angle of
attack and the vectorial mean flow angle [113]).

5. Inspection of design criteria. The final step of the blade design pro-
cess concerns the inspection of certain design criteria. The De Haller [147]
criterion accounts for the flow diffusion within the blade passage. Accord-
ing to De Haller [147] the ratio of the relative velocity at the rotor’s exit
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to the rotor’s inlet should be lower than 0.75, across the blade span. Ad-
ditional criteria considered in C-Fan [113] are the chord based Reynolds
number and the blade solidity. The former is ideally maintained above
1.5× 105 for suppressing flow separation effects, while the latter is kept
below 0.7 for ensuring minimal interaction between subsequent blades.

The resulting blade design was incorporated into an equidistant-blade
fan design. Subsequently the fan was 3D-printed via laser sintering (system
EOS P 770) using polyamide (PA12) as the material. The produced result was
evaluated via comparison of the CAD geometry with the scanned production fan.
The equipment utilized for scanning the production fan was the ATOS Triple
Scan, while the post processing of the acquired measurement was performed
via Polyworks (InnovMetric). A representative result from a produced fan,
with the longest blade span, is showcased in Fig. 2.7.

Figure 2.7: Example of CAD comparison with 3D scanning of produced fan.
Image adjusted from Paper 6.

The diameter of these fans (see Table 2.3) enabled single-piece 3D printing
in a horizontal orientation, resulting in small deviations from the CAD geo-
metry and minor bending of the blades. In comparison, the reference LPAF
investigated in Paper 1, which was produced via the same method, showcased
greater deviations from the CAD geometry owing to its increased diameter.

2.7 Uncertainty considerations

The measurement chains employed in this work, for obtaining acoustic and
aerodynamic parameters, comprise of several parts which contribute to the
measurement uncertainty. The following includes uncertainty considerations
for selected parts of these measurement chains, which have not been mentioned
in earlier sections.
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2.7.1 Sound pressure measurements

The measurement chain concerning sound pressure measurements can be viewed
as a three part system. It comprises of the measuring sensor, the equipment
for data acquisition and data processing. The measuring sensors used were
condenser microphones, while the data acquisition was made by a Simcenter
SCADAS system in Papers 1,2,4 and 5 while a DEWESOFT SIRIUS Modular
system was utilized in Papers 3 and 6. Both data acquisition systems also acted
as sensor power suppliers and signal analyzers. Data processing was handled
in MATLAB.

Condenser microphones, which can be modeled as a capacitor having a
moving and a stationary arm, may handle unsteady pressure fluctuations below
∼ 200 Pa [148]. The directly measured voltage difference is converted to an
indirect sound pressure measurement, provided the known sensitivity (ratio of
voltage to pressure) of the microphone. Although this is initially provided by
the manufacturer, the expected material degradation over time, necessitates
repetitive calibrations. Two ways of calibrating sensitivity are the reciprocity
technique and the usage of sound level calibrators. The former exhibits accuracy
of ∼ 0.1 dB based on the method used, while the latter ∼ 0.3 dB [117] over
measured SPL. It should be noted that sound level calibrators calibrate at a
single frequency (often chosen as 250 or 1000 Hz), thereby their usage assumes
an ”overall” single value sensitivity over the measuring frequency range [149].
In this work sound level calibrators were used, a choice further motivated by
the practical implications of operating measurement grids with a minimum of
sixteen microphones.

The characteristics of microphones including type and diameter have also
uncertainty implications. The free field type used in this work is best utilized
in acoustic free fields, while being pointed towards the sound source [117].
Usage in different acoustic environments is feasible when free field corrections
are applied on its frequency response [149]. These corrections also account
for diffraction effects, present at frequencies corresponding to wavelengths
comparable to the microphone’s dimensions. Failing to consider these effects
results in overestimation of sound pressure [117], [149]. Naturally smaller
size microphones experience these diffraction effects at higher frequencies. To
provide context, at 10 kHz the free field correction, for random incident angle
wave at a 1/2 inch microphone, is ∼ 1.5 dB over obtained SPL. In this work
sound spectra beyond 10 kHz, produced by investigated sound sources, carried
negligible acoustic energy.

Utilization of a finite number of microphone positions is a further cause
of measurement uncertainty. For the case of SWL estimation this uncertainty
(umic) can be evaluated according to ISO 3744:2010 [51] or ISO 3745:2012 [43]:

umic =
1√
Nm

√√√√ 1

Nm − 1

Nm∑

i=1

[Lpi − Lpav]
2

(2.13)
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Where Nm is the number of microphone positions, Lpi is the SPL at
microphone position i and Lpav the arithmetic average SPL over all microphone
positions. Figure 2.8 showcases umic for different number of microphone
positions. Data from measurements at a semi-anechoic room for a monopole
volume source conducted in Paper 4 has been used.
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Figure 2.8: Uncertainty due to finite number of microphone positions. Data
from measurements conducted in Paper 4.

As mentioned in section 2.2, estimation of SWL requires definition of a
measurement surface. This surface is virtually encapsulating the sound source,
with microphones being placed over the virtual surface at certain radius from
the sound source. Discrepancies of radius in the order of 10 % may result in
uncertainty contribution of up to 0.5 dB, according to ISO 3744:2010 [51].

Another source of uncertainty related to the data acquisition is sampling
time. Longer sampling times enable segmentation of the principal recording
to a higher number (M) of time segments. Subsequently, averaging power
spectral density over a higher number of time segments according to Welch’s
method, induces better suppression of relative random error (ϵr) [150] as given
by eq. (2.14):

ϵr =
1√
M

(2.14)

Where ϵr is expressed as the ratio of root mean square error to the signal’s
expected value. The effect of sampling time is further demonstrated in Fig. 2.9.
Relative differences of SPL between a long (120 s) time sample and shorter
samples are shown. It should be noted that all SPL estimates utilized the same
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frequency resolution for the Fourier transform. The smoothing of the spectra
as the sample length increases is apparent.
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Figure 2.9: Relative difference of SPL between long and shorter sampling times.
Data from measurements conducted in Paper 4.

Longer sampling time also translates into smaller frequency resolution for
a given sampling rate. Consequently, a more precise estimation of spectra is
feasible, although at the cost of data size and data processing times.

Last but not least, environment conditions and their effects have to be
considered when assessing measurement uncertainty. The measurement envir-
onment’s temperature and humidity affect the atmospheric sound absorption.
Thereby correction of acquired sound pressure data to standard atmospheric
conditions, may be performed [15]. Uncertainty evaluation of temperature
and humidity variation, while estimating SWL, is given in ISO 3744:2010 [51].
The accumulated uncertainty level is below 0.5 dB, for the proposed range of
measurement conditions.

2.7.2 Flow velocity measurements

As mentioned in section 2.4, seeding of flow with small particles is a prerequis-
ite for LDA measurements. It is then no surprise that the accuracy of the
measurement relies on the capability of these particles to follow the flow’s
fluctuations [151]. The particle size and its density mainly determine this
capability [141]. In general smaller size particles may follow higher velocity
gradients, however this undermines their light scattering ability which in turn
compromises data acquisition. Typical particle diameters of materials eligible
for air flows, range between 1 and 8 µm [152]. The attainable sampling rate is
also strongly related to particle size and density. This is easier to grasp if one
considers measurement dropout. Dropout describes the interruption of data
acquisition while no particles cross the measurement volume [151]. Equation
(2.15) gives the dropout percentage for gas flows.
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DO = 100

(
1− η

ρg
ρp

Vm
Vp

)
(2.15)

Where Vm and Vp stand for the volume of measurement region and particle
respectively, ρg and ρp are densities of gas and particle respectively, while
η denotes ratio of particle to gas mass flow. The glycol material used in
Paper 2 was released in the flow as fog through a vaporizer. The particle
size distribution from this method was not very narrow (0.2 − 10 µm), ac-
cording to the manufacturer. This distribution coupled with measurement
conditions (temperature, pressure and humidity) which affected the evapora-
tion of the fog, led to high dropout percentages. Consequently measurement
times were prolonged in order to increase the total number of measured samples.

Determination of measurement time when using LDA also depends on the
presence of the velocity bias effect. This effect concerns the dependency of
velocity sampling rate in LDA measurements, on the velocity magnitude. In
particular the sampling of high velocity particles will be more frequent than
low velocity ones [141], thus estimators of statistical moments including mean
flow velocity, will be biased.

One way of avoiding the velocity bias is by obtaining statistically independ-
ent samples. Statistically independent samples are obtained when the temporal
distance between consecutive samples, is greater than two times the flow’s
integral time scale (Tu) [140], [152]. A good approximation of Tu is the ratio
of macro-length scale (Lu) of the problem to the mean velocity (ū), as given in
equation (2.16) readjusted from [140].

Tu =
Lu

ū
(2.16)

A more precise estimation of Tu can be based on the autocovariance
(Cuu(τ)) of the measured velocity time signal, given in equation (2.17) adjusted
from [152].

Tu =

∫ ∞

0

Cuu(τ)

Cuu(0)
dτ =

∫ ∞

0

ρuu(τ) dτ (2.17)

Where τ stands for the time lag considered when calculating autocovari-
ance. The parameter ρuu(τ) showcases a rapid decay towards zero, after which
it stabilizes. The first crossing of ρuu(τ) is usually considered as the upper
integration limit [152] of equation (2.17). A typical estimation of ρuu(τ) is
given in Fig. 2.10. The estimation was made for data taken from Paper 2. It
should be noted that estimation of Tu has to be made across all positions of the
measurement grid. Subsequently the maximum Tu will dictate the allowable
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temporal distance for independent consecutive samples [152].
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Figure 2.10: Representative estimate of ρuu(τ) upstream of low-speed axial fan.
Data from measurements conducted in Paper 2.

Another way of treating the velocity bias is by using the transit time [140],
[141], [152] which corresponds to each measured seeding particle. The transit
time (ti) of a measured particle, refers to its corresponding signal duration
while crossing the measurement volume [140]. This time information can be
used for estimating a weighting factor (ηi) for each measured particle, as shown
in equation (2.18) adjusted from [152]. Subsequently ηi is utilized as a multi-
plication factor for estimating statistical moments of the flow.

ηi =
ti∑N−1

j=0 tj
(2.18)

The small dimensions of the measurement volume, typically 0.1 mm thick-
ness and 0.3− 3 mm length, motivate the assumption of uniform flow across its
volume [141]. Having already accounted for the velocity bias, there is no need
for further weighting of measured samples prior to estimating mean velocities
and higher moments. However the assumption of uniform flow may be invalid
if a non-uniform fringe spacing is characterizing the measurement volume.
Non-uniform fringe spacing may arise from improper optical layout, astigmat-
ism and laser light diffraction via particles intersecting the laser beams [141].
Failing to discover it may result in estimators of mean velocity and turbulence
intensity contaminated with systematic errors [140], [141]. The systematic
error is generally more important for flow turbulence than mean flow velocity.
An overestimation of turbulence intensity is expected due to fringe distortion,
which is less significant the higher the turbulence intensity of the flow is [141].



34 CHAPTER 2. METHODS

Finally, a practical consideration which concerns the measurement volume
and affects measurement accuracy, is the alignment of the measurement volume
in relation to the investigated flow field. This consideration is particularly
important when multiple lenses are utilized in conjunction with the LDA probe.
As noted in Section 2.4, lenses of different focal lengths have been used along
with two different setups, in Paper 2. This was done to obtain all three velocity
components along the velocity profile of interest. Since a two-component LDA
system was used, one of the velocity components (tangential) was obtained
twice. Although the agreement between the mean tangential velocity profiles
was reasonable (fig. 9 in Paper 2), the level of discrepancies motivate longer
measurement times for a sufficiently accurate estimator of the flow field’s
turbulence intensity.



Chapter 3

Selected results and
discussion

3.1 Aspect of environment

In order to evaluate methods for characterizing the sound field of LPAFs at the
FTF, the round robin test presented in Paper 1 was performed. The results
demonstrated good repeatability in the measurement methods, supporting the
use of 3D-printed rotor geometries in subsequent investigations (see Paper 6).
However, the findings also indicated potential for improvement in sound char-
acterization methods and raised questions concerning room-acoustical effects
at the FTF. Consequently, an investigation employing spherical harmonics of
the half-space, presented in Paper 4, was carried out. Sections 3.1.1 and 3.1.2
present and discuss selected results from Papers 1 and 4 respectively.

3.1.1 Round robin test of a low-pressure axial fan

The sound field generated by an LPAF depends on its loading conditions.
Consequently, a mandatory step preceding the evaluation of suitable methods
for characterizing the sound field of the benchmark fan at the FTF was the
assessment of its aerodynamic performance. Figure 3.1 demonstrates the curves
of pressure rise over volume flow rate of the 3D-printed fans tested at the FTF,
along with the curve from the benchmark study [153]. It is noted that compared
to the results reported in Paper 1, the curves corresponding to the 3D-printed
fans have been normalized with regard to standard air conditions [154].

The three 3D-printed copies of the benchmark fan exhibited discrepancies
largely within the measurement accuracy across the tested operating points. A
good quantitative agreement was observed between the curves of the 3D-printed
fans and the benchmark case for volume flow rates below 1.5 m3/s, including the
stall region. In contrast, at higher flow rates, the 3D-printed fans consistently
underperformed compared to the benchmark. It can be hypothesized that the
documented deviations between the benchmark and the 3D-printed fans—such

35
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Figure 3.1: Curves of pressure rise over volume flow rate from measurements at
FTF and the benchmark study [153]. Data and image adjusted from Paper 1.

as differences in fan geometry and shroud assembly—contributed to increased
aerodynamic losses, which became more pronounced at higher volume flow
rates.

Following the evaluation of the aerodynamic performance, and given the
marginal differences between the 3D-printed fans and the benchmark case at
the design point, the SWL from the acoustic measurements at the FTF was
estimated. It is noted that ISO 3744:2010 [51] was utilized for estimating the
SWL for the benchmark study and the measurements at the FTF. However, an
environment correction factor in accordance with the reverberation method [51]
was used for the latter.

The narrowband sound power levels (SWL) of the 3D-printed fans and the
benchmark fan are shown in Fig. 3.2. A frequency range of 200–2500 Hz is
considered. The lower limit of 200 Hz is imposed due to the expected loss of
anechoicity below this frequency, while the upper limit of 2500 Hz corresponds
to the onset of significant noise contributions from the fan’s driving axle.
Instances of axle-related tones are indicated in the presented spectra. These
contributions were identified via recordings corresponding to the operation
of the driving axle without the fan. Although tones unrelated to the fan
operation are observed, the selected frequency range encompasses the most
relevant portion of the spectra, containing the primary contributors to the
benchmark fan’s overall sound power level.

The 3D-printed fans show good quantitative agreement across the presented
frequencies. Excluding instances of axle noise, the largest discrepancies between
the spectra of the benchmark and the 3D-printed fans are observed between the
first blade passing frequency (BPF) and the broadband hump at approximately
320 Hz. This part of the spectrum is associated with tip noise [82], [155].
Accordingly, the identified asymmetric tip gap clearance in the 3D-printed fan
installations can be linked to these discrepancies. However, the influence of
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Figure 3.2: SWL at design point from measurements at the FTF and the
benchmark study [153]. Data and image adjusted from Paper 1.

the environment correction factor and the integration area on the estimated
SWL spectra of the 3D-printed fans should also be considered. Both introduce
a constant scaling factor across all frequencies, thereby affecting the relative
offset between spectra. It is further noted that significant differences in overall
SWL were observed, between 3D-printed fans and benchmark case at volume
flow rates between 0.7 and 1.1 m3/s (see Figure 8 in Paper 1). This observation
reinforces the conclusion that installation conditions in the local flow field of
the fan, rather than room-acoustical effects, are the dominant cause of the
observed discrepancies.

The higher amplitudes observed for the benchmark fan at the first four
blade-passing frequencies further highlight the overlap between installation
effects in the local flow field of the fan and room-acoustical effects. Given the
similarity of the installation configurations, these amplitude deviations could
initially be attributed to higher levels of ingested turbulence in the benchmark
case. However, subsequent investigations at both facilities under comparable
operating conditions [50], [156] indicated similar turbulence levels. Therefore,
it can be inferred that the environment correction factor applied in the analysis
of the 3D-printed fans primarily accounts for these discrepancies.

3.1.2 Sound characterization with spherical harmonics

The round robin test revealed the presence of room-acoustical effects in the
FTF and demonstrated the limitations of the environmental correction factor
obtained using the reverberation method specified in ISO 3744:2010 [51]. As an
alternative, the two-surface method defined in the same standard can be used to
estimate the environmental correction factor. However, this approach provides
correction values only in one-third-octave bands, and the spatial constraints
of the FTF prevent implementation of the recommended ratio between the
two measurement surfaces. Consequently, a monopole-like sound source was
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employed in combination with the spherical harmonic decomposition method
(see sec. 2.3) to identify room-acoustical effects in the FTF and to support the
acoustic characterization of LPAFs.
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Figure 3.3: (a) Isotropy of volume source (measured) and point monopole
(theoretical), for hemi-anechoic and FTF microphone grid. (b) Isotropy of
volume source for different absorption material installations at FTF. Data and
images adjusted from Paper 4.

The comparison of the sound field isotropy between the FTF and a hemi-
anechoic room, as generated by the monopole, enables the identification of
room-acoustical effects at the FTF. Figure 3.3(a) shows the isotropy, estimated
according to Eq. 2.9, for both the FTF and the hemi-anechoic room, using a
theoretical point monopole source and the measured monopole-like source. It
is noted that the microphone grids between the FTF and the hemi-anechoic
room utilized different arrangements and number of microphones. Within the
frequency range of interest (200-1000 Hz) the comparison of the point monopole
cases suggest limited microphone grid effects. Furthermore, the comparative
amplitudes and good qualitative agreement between theoretical and measured
isotropy curves at the hemi-anechoic room, validate the utilization of the
monopole-like source in tandem with a second order limited SHD scheme. The
significant deviations between the measured and theoretical isotropy curves
at the FTF indicate room-acoustical effects within the frequency range of
200–1000 Hz.

Subsequently, the installation of absorption material to mitigate room-
acoustical effects at the FTF was investigated. Figure 3.3(b) shows the isotropy
curves obtained from measurements at the FTF with different configurations
of absorption material. The installation of absorption material on the walls
shows only marginal differences compared to the default state of the FTF. On
the contrary, an extensive installation of absorption material across the floor of
the facility resulted in moderate increases in isotropy at approximately 400 Hz
and throughout the range of 550–1000 Hz. However, this installation comes at
the expense of accessibility during the setup of measurement equipment and
test configurations.

Besides identifying room-acoustical effects at the FTF, SHD can also be
applied for the sound characterization of LPAFs. This approach was investig-
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Figure 3.4: (a) SWL difference at design point between benchmark case
and measurements at the FTF estimated with SHD and ISO 3744:2010. (b)
Reconstructed and measured SPL in polar coordinates for the first BPF at two
operating points. Data and images adjusted from Paper 4.

ated using one of the 3D-printed fans from the round robin test (see previous
section). Figure 3.4(a) illustrates the differences between the SWL of the
benchmark case study [153] and the SWL measured at the FTF in 1/3-octave
bands. The black curve represents differences from SWL estimated according
to ISO 3744:2010 [51], while the gray curve corresponds to the SWL estimated
via SHD. Both methods yield comparable results across the presented frequency
range, despite the second order limit imposed on the SHD and the ambiguity in
defining the acoustic center of the source. Furthermore, the SHD method is ap-
plicable across different loading conditions. This is demonstrated in Fig. 3.4(b),
where the SPL reconstructed at the first BPF under both high-loading and
near free-discharge conditions closely matches the microphone measurements.

3.2 Aspect of source

The round robin test and the application of the spherical harmonics scheme
revealed room-acoustical effects and limitations in the methods used to charac-
terize the sound field of LPAFs at the FTF. Consequently, the aeroacoustic
studies conducted at the FTF are subject to installation effects imposed by the
test environment itself. Nevertheless, the evaluation of installation effects in
the vicinity of the fan remains feasible, provided that the collective influence
of room-acoustical effects on the tested setups is considered. In this context,
fan installations that share spatial similarity and identical measurement setups
can, through comparison, elucidate installation effects associated with the fan’s
local flow field.

Installation effects associated with parallel fan operation and inlet geometry
were investigated in Paper 2. The study of the parallel fan configuration
provided insights into the aspect of spatial similarity for measurements at the
FTF, while also revealing significant effects of inlet geometry on aeroacoustic
performance. These findings motivated an extended investigation in Paper 5,
which included additional loading conditions and inlet geometries. Further-
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more, the influence of hub-to-tip ratio and blade loading distribution on the
aeroacoustic performance of LPAFs under installation effects was examined in
Paper 6. Sections 3.2.1, 3.2.2, and 3.2.3 present and discuss selected results
from Papers 2, 5, and 6, respectively.

3.2.1 Parallel fan operation effects

The implications of parallel fan operation are first evaluated from an aerody-
namic perspective. Figures 3.5(a) and 3.5(b) present the performance char-
acteristics of the parallel fan systems with different fan spacings for short
and long inlet configurations. For reference, the characteristics of a single
fan configuration, for which the volume flow rate has been doubled, are also
superimposed.
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Figure 3.5: Curves of pressure rise over volume flow rate for parallel and single
fan installations with short (a) and long inlet (b). Velocity profiles along axial
(c) and radial (d) direction for parallel and single fan installations with short
inlet. Data and images adjusted from Paper 2.

The minimal discrepancies among the parallel fan installations with dif-
ferent fan spacing suggest limited aerodynamic interaction between the fans,
irrespective of the two inlet geometries tested. The consistent scaling of the
single fan system, for both inlet geometries further supports this observation.
The influence of inlet geometry becomes more apparent in the stall region,
where the longer inlet yields a more stable evolution of the performance curve.
Moreover, the longer inlet achieves marginally higher pressure gains across the
entire operating range.

A more detailed assessment of the aerodynamic interaction between the
two parallel fans is obtained by examining the velocity profiles immediately
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upstream of one fan’s aerodynamic interface plane. Figures 3.5(c) and 3.5(d)
present the velocity profiles along the axial and radial directions for both the
parallel and single fan installations at the point of highest efficiency. Overall,
the velocity profiles of the single fan and parallel fan installations show good
quantitative agreement. Minor discrepancies are observed in the axial velocity
profiles at locations closer to the neighboring fan. Moreover, the radial velocity
profile corresponding to the parallel-fan installations exhibits reduced symmetry
compared to that of the single fan installation. Specifically, the saddle point of
the radial velocity profile for the parallel-fan systems is shifted slightly to the
left of the centerline.
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Figure 3.6: Spatial averaged SPL for parallel and single fan installations with
short (a) and long inlet (b). Data and images adjusted from Paper 2.

The absence of significant interaction effects for the parallel fan installation is
also confirmed in the spectra obtained from the far-field acoustic measurements.
Figures 3.6(a) and 3.6(b) show two representative cases of spatially averaged
SPL for parallel-fan installations at the highest efficiency point. In the same
figures, the spectra of the corresponding single fan installations, offset by +3 dB
to account for doubling of source power, are superimposed for comparison. The
agreement between the spectra of the single fan and parallel-fan installations
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indicates a consistent scaling of the noise sources across the plotted frequency
range. Therefore, the investigated fan spacings did not induce any significant
aeroacoustic interaction effects. A byproduct of these results concerns the
limits of spatial similarity when conducting far-field acoustic measurements
at the FTF. Despite the emergence of room-acoustical effects below 1 kHz, as
discussed in the previous sections, the identification of installation effects in
the vicinity of the fan remains feasible. For example, the influence of inlet
geometry is captured equally well for both single and parallel-fan installations,
even when using the same microphone grid.

3.2.2 Inlet geometry effects

The interplay between inlet geometry and aeroacoustic performance observed
for the fan in Paper 2, motivated a further study incorporating additional
operating conditions and inlet geometries conducted in Paper 5. Figure 3.7
shows the curves of non-dimensional pressure rise, ψ, over non-dimensional
volume flow rate, ϕ, for the same fan discussed in the previous section, but
with four different inlet shroud geometries.
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Figure 3.7: Curves of pressure rise (ψ) over volume flow rate (ϕ) for single fan
installations with different inlet shroud geometries. Data and image adjusted
from Paper 5.

The configurations with bellmouth and the long straight duct exhibit
marginal differences across the tested conditions. The configuration with
short straight duct showcases consistently lower pressure (≈4%) compared
to the other configurations. These deviations are comparable to the values
measured in similar studies [55]. Furthermore, the short straight duct exhibits
deeper stall conditions, which can be interpreted as a consequence of the sharp
shorter inlet [75]. The higher maximum flow rates observed for configurations
with bellmouth geometries, are likely linked to the suppression of the vena
contracta [157].
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Figure 3.8: Spatial averaged SPL for single fan installations with different inlet
shroud geometries at off-design (a), top-efficiency (b) and high-volume flow
rate conditions. Data and images adjusted from Paper 5.
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Taking into consideration the performance of the tested configurations,
three operating conditions, representing off-design at high load, top-efficiency
at intermediate load and high-volume towards free discharge, were selected for
investigating the acoustic far-field.

Figure 3.8 presents the spatially averaged SPL measured upstream of the
tested configurations under the selected operating conditions. Focusing on the
off-design condition in Fig. 3.8(a), the configurations with bellmouth intakes
exhibit overall higher noise levels compared to the straight duct configurations.
The most pronounced discrepancies occur in the 300–900 Hz range, where the
bellmouth configurations display broadband humps of higher amplitude over
a wider frequency band. Considering the association of this spectral region
with leakage flow between the rotating ring and the shroud [47], [55], [155],
[158], the results suggest the presence of different flow regimes. The interaction
between the leakage flow and the main flow, shaped differently by the various
inlet geometries, may promote backflow vortex generation of varying intensity.
Moreover, for the short straight duct, the earlier onset of stall (see Fig. 3.7)
compared to the other configurations enforces the anticipation of a distinct
flow behavior.

Tonal components of high amplitude, occurring at multiples of the rotational
frequency, are present across all configurations. Their common occurrence and
established association with the ingestion of large-scale inflow distortions [63],
[159] and rotor–stator interactions [85], [86] suggest that the inlet geometry has
minimal influence on these features. Above 2 kHz, only marginal discrepancies
are observed among all configurations, including a high-frequency hump near
5.5 kHz. The latter is likely associated with vortex shedding at the trailing
edge [160], [161] and appears to be independent of the inlet configuration.
Furthermore, potential propagation effects emerging at these frequencies also
appear insensitive to the inlet geometry, despite the substantial dimensional
differences among the tested configurations.

At the top-efficiency condition in Fig. 3.8(b), the higher noise levels of
the configurations with bellmouth geometries remain evident. The broadband
hump preceding the first BPF exhibits variations in both amplitude and shape
among the tested configurations, suggesting differences in the underlying noise-
generation mechanisms. The second BPF is obscured by adjacent narrowband
contributions for all configurations, while all except the long straight duct
show qualitative agreement above 2 kHz. The long straight duct consistently
produces lower broadband amplitudes in this range, though it follows the
same overall trend. Notably, only the short straight duct displays persistent
high-amplitude tones above 2 kHz, which may indicate more efficient acoustic
propagation due to the shorter length.

At the high-volume flow rate condition in Fig. 3.8(c), the long straight
duct exhibits higher amplitudes up to approximately 1.5 kHz compared to the
other configurations. Moreover, it is the only configuration that demonstrates
a significant subharmonic feature below the first BPF. At such high flow rates,
the persistence of subharmonic humps is generally not expected [39], [155]. The
appearance of high-amplitude tones at multiples of the rotational frequency is
consistent across all configurations, with quantitative agreement above 3 kHz.
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Notably, when examining the evolution of the spectra across different loading
conditions, the long straight duct is the only configuration that does not follow
the general trend of SWL increase with higher loading.

Figure 3.9: Directivity of sound field upstream of fan installations with different
inlet shroud geometry at top-efficiency operating conditions. Data and images
adjusted from Paper 5.

The prominent tone amplitude at the first BPF for all tested configurations
and operating conditions motivates an investigation of the corresponding
directivity over the measurement grid. At the first BPF, the wavelength
is approximately 0.7 m—more than three times the length of the longest
configuration (i.e., the long bellmouth). Consequently, propagation effects
associated with inlet geometry are expected to be minimal [1]. Figure 3.9
presents the SPL distribution at the first BPF over the same microphone
grid, located 1 m upstream of the fan’s rotational center, for the top-efficiency
operating point. Overall, the short straight duct exhibits the lowest SPL, with
minima occurring near the center of the grid. In contrast, the short bellmouth
configuration registers the highest amplitudes, symmetrically distributed from
floor to ceiling. The two long configurations display maxima toward the floor
and intermediate amplitude levels.

3.2.3 Interplay of installation effects and rotor design

The results presented in Sections 3.2.1 and 3.2.2, addressing parallel fan install-
ations and inlet geometry effects, respectively, represent case studies. Therefore,
they provide a limited description of axial fan behavior under the investigated
installation effects. Expanding beyond the case-specific investigations, Paper 6
examined different rotor designs within a constrained design space charac-
terized by the hub-to-tip ratio (κ) and the blade loading distribution. The
interplay between installation effects—namely, inlet geometry and upstream
obstructions—and the design space was investigated.
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Figure 3.10: Curves of pressure rise (ψ) versus volume flow rate (ϕ) for fans
with different hub-to-tip ratios (κ) (a) and blade loading distributions (b).
Values of ψ versus ϕ at the design point for fans with different κ (c) and blade
loading distributions (d) under various installation conditions. Data and images
adapted from Paper 6.

Figure 3.10 shows the ψ–ϕ characteristics of the seven fans investigated in
Paper 6, grouped into four fans with varying hub-to-tip ratios (κ) and four
fans with different blade loading distributions. It is noted that one fan is
common to both groups. Their corresponding design-point performance under
various installation conditions is also presented. Overall, the performance
characteristics of fans with varying hub-to-tip ratios (κ) (Fig. 3.10(a)) and
different blade loading distributions (Fig. 3.10(b)) exhibit similar trends.

Focusing on the design point, the maximum deviations in the pressure
coefficient are approximately 0.01 for both groups of fans. These deviations
are likely associated with effects not accounted for in the design process, such
as secondary flow phenomena. Among the fans with varying hub-to-tip ratios
(Fig. 3.10(a)), the fan with κ = 0.6 demonstrates the best performance, while
the fan with κ = 0.45 performs the worst. The latter behavior can likely
be attributed to a breach of the solidity limit required to avoid aerodynamic
interference between adjacent blades [1]. The superior performance of the fan
with κ = 0.6 motivated the investigation of fans with different blade loading
distributions in the same study. Within this group, the fan with polynomial
loading exhibits the highest pressure rise, whereas the fan with linear loading
shows the lowest. The latter performance can be partly attributed to the fan’s
relatively high work output at large blade spans, which is disproportionately
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affected by aerodynamic losses associated with secondary flows in that region.

The installation of a straight inlet duct (see Fig. 3.10(c) and Fig. 3.10(d))
at the design point preserves the relative performance order within both fan
groups, although the overall magnitudes are substantially lower (∼ 20%) and
the spread is wider. This reduction can be attributed to the fans’ exposure
to separated inlet flow conditions caused by the sharp-edged inlet. In general,
the introduction of an upstream circumferential obstruction reduces the per-
formance spread within both fan groups. However, for the fans with varying
hub-to-tip ratios, the superiority of the κ = 0.6 fan becomes more pronounced,
whereas for the fans with different blade loading distributions, the advantage
of the fan with polynomial loading is only marginally retained.

Figure 3.11 presents the narrowband SWL spectra together with bar plots
of the corresponding total SWL at the design point for fans with varying hub-
to-tip ratios (κ) under different installation conditions. Overall, lower κ values
result in higher total sound power levels (SWLtot) under nominal installation
conditions (Fig. 3.11(a)). Focusing on the corresponding narrowband SWL,
the qualitative agreement among the spectra suggests the presence of similar
noise generation mechanisms. Furthermore, fans with closer κ values exhibit
smaller amplitude deviations. The pronounced amplitudes at the blade passing
frequencies (BPF1 to BPF5), consistently observed across these fans, indicate
exposure to unsteady and inhomogeneous inflow conditions [1], [12], [13], which
is unsurprising given the absence of any inlet flow conditioner [63]. The
subharmonic components (denoted as BHi), associated with subharmonic tip-
noise mechanisms [47], [48], [155], are also prominent for all tested fans. Fans
with smaller κ values exhibit substantially higher amplitudes at BH2 and BH3,
whereas all fans show similar amplitude levels at BH1.

Examination of the broadband-shaped spectra between approximately 1–7
kHz reveals an upward scaling of the spectral levels as κ decreases. Considering
the imposed installation conditions, turbulence-ingestion noise together with
trailing-edge noise are expected to dominate the broadband contribution. The
increased radiating area at lower κ, particularly relevant for trailing-edge
noise, can account for the observed upward scaling of the spectra. Beyond
approximately 9 kHz, the spectra of all fans exhibit a similar decay with
frequency, following an approximate ∼ ω−2 trend.

The introduction of a straight inlet duct (see Fig. 3.11(b)) significantly
alters the spectral shape for all fans. Overall, the deviations in total SWL are
reduced, as the fans with higher κ (i.e., κ = 0.60 and 0.65) exhibit substantial
increases in amplitude. However, the fan with the highest κ still exhibits
the lowest total SWL. The BPF tones are comparable across all fans, and
the broadband spectra are similar above ∼2 kHz. For frequencies above ∼4
kHz, the broadband part exhibits a common decay rate of approximately
ω−1.7. Furthermore, the amplitudes of the first subharmonic hump (BH1) are
substantially higher for the fans with lower κ values (i.e., κ = 0.45 and 0.50).
This suggests an intensification of coherent flow structures emanating from
the tip region at low frequencies, driven by the flow regime imposed by this
installation, which differs from the nominal case (see Fig. 3.10(a)).
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Figure 3.11: SWL for fans of different κ at the design point for nominal bell-
mouth inlet (a), straight inlet duct(b) and bellmouth inlet with circumferential
obstruction. Data and images adjusted from Paper 6.
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Figure 3.12: SWL for fans of different blade loading distribution at the design
point for nominal bellmouth inlet (a), straight inlet duct(b) and bellmouth
inlet with circumferential obstruction. Data and images adjusted from Paper 6.
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Installations with a circumferential upstream obstruction (see Fig. 3.11(c))
exhibit a substantial increase in total SWL. A closer examination of the
narrowband spectra reveals a significant rise in tonal components, likely due
to distorted inlet flow conditions caused by the obstruction [1]. The largest
deviations among the tested fans occur at the second and third subharmonic
humps, with fans of lower κ exhibiting higher amplitudes. Given the persistence
of this trend under nominal conditions, it can be inferred that the upstream
obstruction did not significantly affect the noise generation mechanisms in this
spectral region. In contrast, the broadband spectra of all fans converge closely
above approximately 2 kHz. Finally, significant tonal components besides the
BPF and its harmonics—at both low and high frequencies—are observed, likely
associated with rotor-stator interaction effects [1], [85].

Figure 3.12 presents the narrowband SWL spectra alongside bar plots of the
corresponding total SWL at the design point for fans with varying blade loading
distributions under different installation conditions. At nominal conditions
(see Fig. 3.12(a)) except for the fan with linear blade loading, the other fans
exhibit quantitative agreement across the narrowband SWL spectra. The
fan with linear blade loading exhibits the lowest SWL across the spectrum,
although its amplitude levels at the first BPFs are comparable to those of the
other fans. It also shows qualitative agreement at the second subharmonic
hump and at frequencies above 4 kHz. In contrast, the fan with linear blade
loading exhibits a greater number of tonal components, and its spectral shape
between BPF2 and BPF4 differs substantially from that of the other fans.
Considering its aerodynamic performance at the design point relative to the
other fans (see Fig. 3.10(b)), these discrepancies can be partly attributed to
the fan operating under a different flow regime (i.e., loading conditions). In
conclusion, these results highlight a trade-off between aerodynamic efficiency
and acoustic performance associated with the linear blade loading distribution.

The use of straight inlet ducts (see Fig. 3.12(b)) does not alter the similarity
of the narrowband spectra among fans with polynomial, iso-energetic, and
parabolic blade loading. Although the fan with linear blade loading continues
to exhibit lower amplitudes and remains distinct from the others, its spectral
similarities with the other fans improve. Overall, compared to nominal install-
ations, all fans exhibit significant amplitude increases across the frequency
range, accompanied by a steeper common decay slope above 4 kHz. These
changes are driven by the altered inlet conditions imposed by the straight
duct. The impact of altered inlet conditions on noise generation is further
emphasized in the obstructed installations (see Fig. 3.12(c)). A qualitative
agreement in narrowband SWL is observed across all fans, with significantly
elevated amplitudes in both tonal components and the broadband spectrum.
Additionally, subharmonic humps beyond the first are indistinguishable. This
suggests that noise generation mechanisms associated with distorted inflow
ingestion dominate over those related to secondary flows.

The combined analysis of narrowband SWL and aerodynamic performance
between nominal and modified installations for all fans tested in Paper 6,
highlights the interplay between rotor design and installation effects on LPAF
acoustics, revealing the emergence of complex trade-offs. These trade-offs
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become more complicated when considering operating conditions beyond the
design point (see Paper 6), and are likely to differ further in realistic installations
compared with the generic configurations studied in this work.
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3.3 Aspect of receiver

The results presented in the previous sections (see Sections 3.1 and 3.2) discussed
the implications of installation effects on the acoustics of LPAFs, focusing on
SWL and SPL. While these metrics are relevant for investigating installation
effects, evaluating their impact from the perspective of human perception
requires the use of psychoacoustic metrics. In this context, the investigations
presented in Papers 3 and 5 employed psychoacoustic metrics to examine
the implications of inlet geometry and parallel fan operation, and upstream
obstructions, respectively.

3.3.1 Effects of parallel fan operation and inlet geometry

The psychoacoustic metrics of loudness and sharpness are the primary con-
tributors to the overall objective metric of psychoacoustic annoyance (PA),
as defined by Di et al. [127]. Although fluctuation strength is a secondary
contributor in PA, it can serve as an indicator of acoustic interference effects
in parallel fan installations. These interference effects can be pronounced when
the rotational speeds of the parallel fans are deliberately offset. For comparison,
the superposition of two incoherent single fan installations is used as a reference
condition.

Figure 3.13 presents the statistics for fluctuation strength for the parallel
fan configuration, along with loudness, sharpness, and roughness for single
fan installations with different inlet geometries. For fluctuation strength, the
comparison includes a case with a larger rotational speed difference between
the fans (i.e., rpm deviation of 1%), as well as the case of two incoherent fans
(i.e., zero rpm deviation).

The case of incoherent sound sources exhibits significantly higher values
at off-design conditions and slightly higher values at high-volume flow rates
compared to the parallel fan operation with a ≈0.3% rotational speed deviation.
In addition, both cases register similar values at top-efficiency conditions.
Considering the above, the fluctuation strength of the two incoherent fan
sources is not representative of the parallel fan system set to operate at the same
rotational speeds. This discrepancy is likely attributed to the slight rotational
speed variation (≈0.3%) between the fans. Moreover, the unequal blade spacing
employed in the tested fan design may also influence the fluctuation strength
observed in the parallel configuration. The anticipated redistribution of sound
energy from the fundamental components (i.e., the first and second BPFs) to
adjacent harmonics due to unequal blade spacing [162] has been confirmed
in the spectra of the single fan installation (see Fig. 3.8). Consequently, the
reduced energy at the fundamental frequencies does not provide a basis for
substantial increases in fluctuation strength within the parallel fan system.
When the rotational speed of one fan was deliberately increased to ≈ 1%, a
higher fluctuation strength was observed, though only at high-volume flow rate
conditions. Therefore, a further increase in the rotational speed difference—from
≈0.3% to ≈1%—did not result in a significant enhancement of modulation
effects.
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Figure 3.13: Statistics of fluctuation strength for parallel fan installation
(a) and loudness (b) sharpness (c), roughness (d) for single fan installations.
The horizontal line in the boxes indicates the median across the microphone
grid, while the bottom and top edges of the boxes indicate the 25th and 75th

percentiles, respectively. The whiskers extend to extreme data points, while
+ indicates outliers. Diamonds represent the mean values. Data and images
adjusted from Paper 5.

Switching the focus to the single fan installations (see Fig. 3.13(b)), mean
loudness decreases with increasing flow rate for all inlet geometries except the
long straight duct. This trend has also been reported in other LPAFs [106],
[107]. It should be noted that the dependence of loudness on loading aligns with
the corresponding dependence of SWL on loading, as shown in Fig. 3.8 and in
the aforementioned studies. Consequently, the steeper reduction in loudness
observed for the bellmouth geometries is consistent with this behavior, whereas
the long straight duct exhibits an increase in loudness from top-efficiency to
high-volume flow rate conditions.

The sharpness values presented in Fig. 3.13(c) indicate a clear dependence on
loading, with magnitudes increasing toward high-volume flow rate conditions for
all tested inlet geometries. This relationship has also been reported in LPAFs
featuring blade sweep but without a rotating ring [107]. The bellmouth inlet
geometries exhibit a steeper increase in sharpness between top-efficiency and
high-volume flow rate conditions compared to the straight duct configurations.
Overall, the obtained values are consistent with those reported in relevant
studies estimating this metric [39], [59], [106], [107].

The mean roughness values, shown in Fig. 3.13(d), exhibit the same depend-
ence on loading as loudness, although the long straight duct geometry appears
largely insensitive to variations in loading conditions. It should be noted that
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the estimated roughness values are approximately an order of magnitude lower
than those reported in other studies on low-pressure axial fans [39], [59], [107].
This discrepancy can be attributed to differences in fan design, as well as in
the models and parameter settings employed for roughness estimation in the
aforementioned studies.

Figure 3.14 presents the specific fluctuation strength for the parallel fan
installations at top-efficiency and high-volume flow rate conditions. Similar to
the previous figure (see fig. 3.13(a)) the cases of incoherent sources and parallel
fan installation with speed difference of ≈1% is included. Furthermore, the
mean specific values of loudness at top-efficiency and high-volume flow rate
conditions for single fan installations are presented.
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Figure 3.14: Mean specific fluctuation strength for parallel fan installations
at top-efficiency (a) and high-volume flow rate conditions (b). Mean specific
loudness at top-efficiency (c) and high-volume flow rate conditions (d) for
single fan installations of different inlet geometries. Data and images adjusted
from Paper 5.

Overall, the highest amplitudes of fluctuation strength (see fig. 3.14(a)
and 3.14(b)) are observed around 5 Bark at both operating points. This
trend also holds for the single fan installation and is consistent with previous
studies on similar configurations [39], [100]. At top-efficiency conditions (see
fig. 3.14(a)), the fluctuation strengths of the parallel fan system and the two
incoherent fan sources are quantitatively comparable, while increasing the
rotational speed deviation to 1% results in noticeable differences only at the
maximum value. Similar behavior is observed under high-volume flow rate
conditions (see fig. 3.14(b)); however, the case with a 1% rotational speed



3.3. ASPECT OF RECEIVER 55

difference yields a pronounced increase in maximum fluctuation strength at
approximately 5 Bark.

The configurations with bellmouth inlets exhibit a clear dependence of
the loudness maximum location on operating conditions (see fig. 3.14(c) and
3.14(d)). Specifically, at top-efficiency, maxima occur around 8 Bark, while
at high-volume flow rates they shift to approximately 15 Bark. In contrast,
the maxima for the short and long straight duct configurations remain largely
insensitive to loading, appearing at about 4 and 15 Bark, respectively. Maxima
of loudness near 15 Bark under free-discharge conditions for an axial fan with
a rotating ring have also been reported by Cattanei et al. [59]. Furthermore,
the occurrence of maximum specific loudness below 10 Bark is considered less
unpleasant according to Töpken and Van de Par [101]; hence, the observed
behavior is favorable for the long straight duct configuration.

Another notable aspect is the evolution of specific loudness across frequency
in accordance with the SPL spectrum. At top-efficiency conditions, the subhar-
monic humps and first harmonics contribute substantial acoustic power below
500 Hz (see Fig. 3.8) for the bellmouth configurations. However, at high-volume
flow rates, these low-frequency contributions diminish significantly, while the
broadband high-frequency content increases. Consequently, the variations in
specific loudness can be associated with the changing relative importance of
the underlying noise mechanisms, including leakage flow, trailing-edge noise,
rotor–stator interaction, and inflow turbulence noise.

3.3.2 Effects of upstream obstructions

Besides inlet geometry and parallel fan operation, the perceived sound of LPAF
installations can also be influenced by the presence of upstream obstructions,
which introduce distortions on the inlet flow. This effect was investigated in
Paper 3 using installations with generic upstream obstructions. The same
LPAF with a rotating ring as in Paper 5 was examined across different loading
conditions.

Figure 3.15 presents the statistics for loudness, sharpness and tonality for
the short and long inlet configurations across different loading conditions. The
effect of upstream obstructions on mean loudness (Fig. 3.15(a)) under high-
pressure conditions is marginal. In contrast, a significant increase in loudness is
observed toward free-discharge conditions for the obstructed installations. For
the free inlet installation, loudness generally decreases with increasing volume
flow rate [39], [106], [107], in close correspondence with SPL. However, the
increasing influence of the obstructions at higher flow rates alters the acoustic
character of the installations, leading to higher SPL and consequently higher
loudness values.

Overall, the tested obstructions appear to offer an advantage in terms of
sharpness. A weak dependence of mean sharpness (Fig. 3.15(b)) on loading is
observed for installations with upstream obstructions. In contrast, the free inlet
case exhibits a distinct increase in sharpness as loading decreases, a behavior
typical of LPAFs [106]. Furthermore, the sharpness levels observed for the
obstructed installations are close to the minimum values recorded for the free
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inlet configuration.
The mean tonality values for the short inlet shroud installations at median-

pressure and free-discharge conditions (Fig. 3.15(c)) show a significant increase
in the presence of upstream obstructions. The elongation of the inlet shroud
(Fig. 3.15(d)) exhibits different effects across the three tested installations.
Specifically, the free inlet configuration demonstrates a weak dependence on inlet
shroud length. The installation with a radial obstruction shows a slight decrease
in tonality under free-discharge conditions but a minor increase at high-pressure
conditions. In contrast, the installation with a circumferential obstruction
displays a clear decrease in tonality at median-pressure and free-discharge
conditions, while only a marginal reduction is observed at high pressure. Overall,
these variations in tonality can be interpreted as corresponding changes in
the unsteady blade forces experienced by the fan [13]. Such variations arise
from the spatially non-uniform inlet flow induced by the upstream obstructions.
However, when the obstructions are positioned further upstream, the non-
uniformity of the ingested flow is attenuated, resulting in less pronounced tonal
variations.
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Figure 3.15: Statistics of loudness (a) sharpness (b) and tonality for short (c)
and long (d) inlet. The horizontal line in the boxes indicates the median across
the microphone grid, while the bottom and top edges of the boxes indicate the
25th and 75th percentiles, respectively. The whiskers extend to extreme data
points, while + indicates outliers. Diamonds represent the mean values. Data
and images adjusted from Paper 3.

Figure 3.16 presents the mean specific loudness at selected operating condi-
tions for the different installations featuring a short inlet shroud. Although
the mean loudness values are similar across configurations at high-pressure
conditions (see Fig. 3.15(a)), discrepancies appear across the frequency range
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of specific loudness (Fig. 3.16(a)). Specifically, the absence of upstream ob-
structions results in a slight reduction of specific loudness below 1 kHz, while
at higher frequencies the free inlet configuration exhibits marginally higher
values than the obstructed cases.

At free-discharge conditions (see Fig. 3.16(b)), the installations with up-
stream obstructions exhibit substantially higher specific loudness levels than the
free inlet configuration up to approximately 2 kHz. The differences observed
between the two obstructed configurations can be partly attributed to the
distinct flow losses and inlet velocity profiles they induce.
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Figure 3.16: Mean specific loudness at high-pressure (a) and free-discharge
(b) for single fan installations with different upstream obstructions. Data and
images adjusted from Paper 3.
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Chapter 4

Summary of Papers

4.1 Paper 1

Vourakis, M., & Karlsson, M. (2022). A round robin test of a low-pressure
axial fan. In International Congress on Fan Noise, Aerodynamics, Applications
and Systems 2022, 27-29 June, Senlis, France, 2022.

4.1.1 Scope

In Paper 1, a round robin test of a low-pressure axial fan (LPAF) was performed.
The main objective of the study was the evaluation of measurement setup and
methods for sound characterization of LPAFs at the fan test facility (FTF).

4.1.2 Methodology

Three copies of the benchmark fan along with one copy of the stator, inlet and
outlet shroud were 3D-printed via laser sintering. Sanding and paint filling
were applied to the stationary components of the installation and to one of
the fan copies, while the second copy was only painted and the third remained
unprocessed. All fan copies were compared to the original CAD design via
3D scanning. The characteristic curves of the three fan installations were
obtained at the FTF. In addition far-field acoustic measurements were obtained
upstream of the fans for estimating the sound characteristics and the sound
directivity of the installations. The microphones were distributed over two
spherical surfaces of different radii. The estimation of sound power level (SWL)
was made by utilizing ISO 3744:2010 [51] with an environment correction factor
in accordance with the reverberation method.

4.1.3 Main findings

The pressure rise curves of the three tested fans showcased discrepancies
within the expected measurement accuracy across the operation map. However,
the efficiency curves did not register the same degree of repeatability across
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the operation range, mainly attributed to the low accuracy of the torque
sensor. The sound characteristic curves of the fans showed good repeatability
with the highest magnitude of discrepancies registered towards free discharge.
Furthermore, the narrowband spectra of SWL at the design point showed good
agreement for the three fans. Overall, the repeatability of the measurements
was perceived as satisfactory.

The pressure rise curve of the benchmark study [153] was quantitatively
reproduced for the majority of the operating points, though considerable dis-
crepancies were found towards free discharge. Moreover, the efficiency curve
was reproduced qualitatively, showing a relatively stable discrepancy when
compared to those obtained. The sound characteristic curve was reproduced
well at the design point onward, as well as at flow rates corresponding to
deep stall. However, significant discrepancies were observed at early stall and
towards free discharge. At the design point, comparison of the narrowband
spectra, between obtained measurements and the benchmark study, revealed
phase and magnitude mismatch between the first two blade passing frequencies.
The observed mismatch was linked to dimensional deviations arising during
installation, including asymmetries in the tip-gap clearance. Finally the eval-
uation of sound directivity showed retention of the sound field’s symmetry,
along the polar angle range measured. Conclusively, the reproducibility of the
attained results with regard to the reference study was deemed improvable.

4.1.4 Division of work

The author of the thesis performed the measurements, post-processed the
results and wrote the original draft of the paper. Mikael Karlsson provided
technical supervision, discussed the results and provided feedback on the ma-
nuscript.

4.2 Paper 2

Vourakis, M., & Karlsson, M. (2023). Aeroacoustic interaction effects between
parallel low-pressure axial flow fans. In Tenth Convention of the European
Acoustics Association, Forum Acusticum (pp. 3865-3872).

4.2.1 Scope

In Paper 2, an aeroacoustic investigation of parallel low-pressure axial fans, with
rotating rings, under varied installation conditions was performed. The aim of
the study was to identify interaction effects within the range of tested installa-
tion conditions, which could alter the acoustic or aerodynamic performance of
the parallel fan system.
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4.2.2 Methodology

Two identical low-speed/pressure electric axial fans with a rotating rings, used
in automotive cooling modules, were studied in the FTF. The parallel fan
installation was tested for different distances between the fans and straight
inlet shrouds of different length. A single fan case was also tested as reference.
Acoustic measurements were performed upstream of the fan system’s inlet,
over spherical surface segments corresponding to two radii. SWL estimation
was made by utilizing ISO 3744:2010 [51] with an environment correction
factor in accordance with the two surface method. Moreover, aerodynamic
measurements were performed, in proximity to the fan’s aerodynamic interface
plane, for one case of inlet shroud length. The aerodynamic measurements were
performed with an LDA system, allowing the estimation of velocity profiles as
well as investigation of corresponding power spectral density.

4.2.3 Main findings

The inlet velocity profiles obtained demonstrated an increasing asymmetry as
the distance between fans decreased. However, these effects did not translate to
noticeable discrepancies when examining the characteristic curve or the sound
spectra of the system.

Furthermore, the inlet shroud length constituted alterations to both aero-
dynamic and acoustic performance of the system. Both the parallel fan system
and the single fan reference case registered gains along their characteristic
curves and exhibited a more predictable stall region when fitted with the longer
inlet shroud. Conversely, the longer inlet shroud increased the SWL across
the lower frequencies substantially while attenuating levels slightly at higher
frequencies. Moreover, low-frequency spectra of broadband character showcased
broadening over frequency. This behavior was attributed to the alteration of
the fan/shroud radiation impedance with the introduction of the longer inlet
shroud.

Finally the spectral density analysis of the inlet velocity profiles showcased
the persistence of energy at frequencies corresponding to the first motor orders.

4.2.4 Division of work

The author of the thesis performed the measurements, post-processed the results
and wrote the original draft of the paper. Mikael Karlsson provided technical
supervision, discussed the results and provided feedback on the manuscript.
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4.3 Paper 3

Vourakis, M., Zea, E., Etemad, S., Karlsson, M., & Andersson, N. (2025).
Impact of distorted inlet flow on axial fan psychoacoustics. In International
Congress on Fan Noise, Aerodynamics, Applications and Systems 2025, 9-11
April, Antibes/Juan-les-Pins, France, 2025.

4.3.1 Scope

In Paper 3, a low-pressure axial fan with rotating ring installed downstream
from obstructions of generic geometry was investigated. The study examined
different inlet shroud lengths under varied loading conditions. The aim of the
study was to assess the impact of distorted inlet flow, imposed by the upstream
obstructions, on the psychoacoustics of the fan.

4.3.2 Methodology

All measurements were performed at the FTF. The fan installation consisted
of a bellmouth intake, followed by an obstruction and a straight duct section
upstream of the fan. The tested fan featured a rotating ring and is utilized in
automotive cooling modules. Two obstructions, one of radial and second of
circumferential geometry, were tested together with three straight duct sections
of varying length. Furthermore, a reference non-obstructed fan installation
was tested, and a configuration including the obstructions but excluding the
fan, to evaluate self-noise and aerodynamic losses. Far-field acoustic measure-
ments were conducted at three operating points, representing high-efficiency,
intermediate-pressure, and free-discharge conditions. The psychoacoustic ana-
lysis was performed via the open-source toolbox SQAT [121].

4.3.3 Main findings

Comparison of the sound spectra between installations with and without the
fan indicated minor self-noise effects. Installations with obstructions exhibited
a notable increase in loudness compared to the non-obstructed installation,
under intermediate and free discharge conditions. Furthermore, the specific
loudness analysis revealed obstruction-induced effects below 1 kHz and 2 kHz
at intermediate and free discharge conditions, respectively. On the contrary,
sharpness levels decreased for obstructed installations towards free discharge.

Inlet shroud length effects were primarily observed for the metric of tonality
under upstream obstructions. This behavior was attributed to the persistence of
a non-uniform inlet flow topology, which becomes pronounced as the obstruction
approaches the fan’s aerodynamic interface, thereby leading to elevated tonality
levels.

4.3.4 Division of work

The author of the thesis performed the measurements, post-processed the
results and wrote the original draft of the paper. Elias Zea supervised the
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work, discussed the results and provided feedback on the manuscript. Sassan
Etemad provided project supervision and feedback on the manuscript. Mikael
Karlsson supervised the work and provided feedback on the manuscript. Niklas
Andersson provided supervision and feedback on the manuscript.

4.4 Paper 4

Vourakis, M., Zotter, F., Brandão, E., & Zea, E. (2025). Aeroacoustic source
characterization at fan test facility with spherical harmonics of the half-space.
JASA Express Letters, 5(5).

4.4.1 Scope

In Paper 4, a scheme of spherical harmonics of the half-space was employed for
aeroacoustic source characterization at the FTF. The primary objective of the
study was to use this scheme for identifying room-acoustical effects, while the
secondary objective was to evaluate its applicability for sound characterization
of a LPAF.

4.4.2 Methodology

The theoretical case of a point monopole source radiating in a free field above
a reflecting surface was first considered. The sound field was then expanded in
spherical harmonic basis functions for the half-space, where only even-order
spherical harmonics were retained. The spherical harmonic coefficients were
expressed both for a measurement scenario and in analytical form. A second-
order truncation was applied to the former and a fortieth-order truncation to
the latter. The room-acoustical effects were subsequently evaluated using an
isotropy estimator. Measurements of a compact monopole-like sound source
were obtained at a hemi-anechoic room and at the fan test facility. The
microphone grid at the hemi-anechoic facility utilized 19 microphones over a
half-sphere, while the grid at the FTF comprised 65 microphones over a quarter
sphere. Different absorption material installations were tested at the FTF.

Furthermore, the SWL of a benchmark case fan [153] was estimated utilizing
ISO 3744:2010 [51] with an environment correction factor according to the
reverberation method. An alternative method for estimating SWL of the fan,
based on the spherical harmonic decomposition, was also assessed.

4.4.3 Main findings

The comparison of isotropy between the theoretical monopole and the measured
volume source at the hemi-anechoic room showcased good qualitative agreement.
On the contrary, the isotropy curve obtained from the measurements in the
FTF revealed significant discrepancies, especially at lower frequencies. This
was primarily attributed to room-acoustical effects, while uncertainty regarding
the location of the volume source’s acoustic center was also acknowledged.



64 CHAPTER 4. SUMMARY OF PAPERS

The investigated SWL estimators for the low-pressure axial fan measured at
the FTF, showcased marginal differences across the evaluated frequency range.
The discrepancies between the measured cases at the FTF and the benchmark
data were mainly attributed to installation and geometry deviations of the fan
and inlet shroud, while a compounding effect from room-acoustical effects was
hypothesized.

The reconstruction of the directivity maps at the first and second BPF,
based on the SHD scheme, retained the measured pattern. Furthermore,
applicability of the scheme was showcased at different operating points, namely
unsteady (stall) and free discharge.

4.4.4 Division of work

The author of the thesis performed the measurements, post-processed the res-
ults and wrote the original draft of the paper. Franz Zotter provided technical
supervision for the scheme of spherical harmonic decomposition, discussed the
results, reviewed and provided feedback on the manuscript. Eric Brandão
discussed the results, reviewed and provided feedback on the manuscript. Elias
Zea supervised the work, discussed the results, reviewed and provided feedback
on the manuscript.

4.5 Paper 5

Vourakis, M., Zea, E., Karlsson, M., Andersson, N., & Etemad, S. (2025).
Installation effects on axial fans: Combined aeroacoustic and psychoacoustic
perspective. Applied Acoustics, 240, 110872.

4.5.1 Scope

In Paper 5, installation effects on the aeroacoustic and psychoacoustic perform-
ance of a low-pressure axial fan with a rotating ring were investigated. The
study examined different inlet shrouds and a parallel fan configuration under
varied loading conditions. The objective was to advance the understanding
of the interplay between inlet geometry and the aerodynamic, acoustic, and
psychoacoustic performance of such fans.

4.5.2 Methodology

All measurements were conducted at the FTF. Two copies of an electric axial
cooling fan with a rotating ring were used for the single and parallel fan
configurations. Four inlet shroud geometries, 3D-printed via laser sintering,
were tested: two with bellmouths and two with straight ducts. In the parallel
fan configuration, the spacing between the two fans was also varied. The
aerodynamic performance of all configurations was evaluated across a wide
operating range. Far-field acoustic measurements were performed upstream
of the fans using microphones arranged on two spherical segments of different
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radii. The sound power level (SWL) was estimated in accordance with ISO
3744:2010 [51], applying an environmental correction factor based on the two-
surface method. Psychoacoustic metrics were obtained using the open-source
toolbox SQAT [121].

4.5.3 Main findings

A marginal performance improvement was observed for the elongated inlet
geometries, resulting in a more stable operation onset stall. In the case of
bellmouth configurations the improvement was attributed to the suppression
of vena contracta effects. Furthermore, three distinctive trends were identified
regarding the acoustic performance across different inlet configurations. Firstly,
the use of the bellmouth configuration resulted in the highest overall SWL at
high-loading conditions, but also in the steepest amplitude reduction toward
free-discharge. Thus, a trade-off arose between aerodynamic and acoustic per-
formance. Secondly, a weak coupling between SWL and loading conditions was
observed for the elongated straight duct. Lastly, the shortest inlet configuration
exhibited the best acoustic performance overall, particularly at high loading.

At high-loading conditions instances of the SPL, including tones and broad-
band humps, demonstrated qualitative similarities for different inlet geometries.
Moreover, a quantitative agreement was observed at broadband spectra above
2.5 kHz irrespective of inlet geometry or loading conditions. The directivity of
the upstream sound field at the first BPF indicated a dependence on the inlet
geometry.

The psychoacoustic metrics of loudness and roughness demonstrated sim-
ilar dependencies to loading conditions as the total SWL for the tested inlet
geometries. Moreover, the bellmouth installations exhibited the steepest re-
duction of these metrics with decreased loading. A common trend of increased
sharpness with reduced loading was observed for all inlet geometries. Tonality
and fluctuation strength demonstrated a dependence on operating conditions
only for the shortest inlet geometry.

The evolution of specific loudness showcased a transition of maxima towards
higher frequencies as loading decreased for all installations with bellmouths
and the shortest inlet. On the contrary, the elongated straight duct installation
exhibited weak synergy to loading. The specific roughness showcased a trend of
increasing maxima with increasing loading for configurations with bellmouths.
Moreover, both specific loudness and roughness exhibited quantitative agree-
ment for all configurations above ≈2.5 kHz. Lastly, the specific fluctuation
strength demonstrated the same trends for all tested configurations.

The parallel fan system’s aerodynamic performance demonstrated no sens-
itivity to the tested fan spacings irrespective of inlet geometry. Specifically,
the SWL spectra of the parallel fan system scaled in accordance with the
spectra of two incoherent fan sources for the tested loading conditions and inlet
geometries. Furthermore, for the parallel fan system the mean values of all
psychoacoustic metrics, with the exception of fluctuation strength, showcased
a good agreement with values from the two incoherent fan sources. Finally,
the maxima of specific fluctuation strength towards free-discharge conditions
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increased as the difference of rotational speeds approached 1 %.

4.5.4 Division of work

The author of the thesis performed the measurements, post-processed the
results and wrote the original draft of the paper. Elias Zea supervised the
work, discussed the results and provided feedback on the manuscript. Sassan
Etemad provided project supervision and feedback on the manuscript. Mikael
Karlsson supervised the work and provided feedback on the manuscript. Niklas
Andersson provided supervision and feedback on the manuscript.

4.6 Paper 6

Vourakis, M., Ghosh, D., Andersson, N., Etemad, S., Karlsson, M., & Zea, E.
(2025). Experimental investigation of installation effects on the aeroacoustics
of low-pressure axial fans: on the impact of blade loading distribution and
hub-to-tip ratio. Manuscript.

4.6.1 Scope

In Paper 6, seven 3D-printed LPAFs were investigated, comprising one group
of fans with varying hub-to-tip ratios and a second group with different blade
loading distributions. The study aimed to advance the understanding of blade
loading distribution and hub-to-tip ratio in the aeroacoustic performance of
LPAFs under installation effects.

4.6.2 Methodology

The fans were designed according to the blade element momentum method
for low-solidity fans via the Python code C-Fan [113]. Three different inlet
geometries were tested, including bellmouth, straight duct and shortened
bellmouth. All inlet shrouds and fans were 3D-printed via laser sintering. The
electric brushless motor driving the fans was integrated into their hubs. Two
different upstream obstructions made from plexiglass were tested in tandem
with the bellmouth inlet. One of the obstructions represented a circular sector
and the other a radial ring.

All measurements were conducted at the FTF. Acoustic measurements
were performed upstream of the fans via microphones distributed over a sphere
segment of≈ 1 m radius. The aerodynamic performance of nominal installations,
i.e. fans with bellmouth inlet and free intake, was evaluated across a wide
operational range. Three operating conditions were chosen for investigating
the aerodynamic performance under installation effects, namely the optimum
efficiency point, design point, and overload condition. Furthermore, the acoustic
performance of all installations was recorded at these points. The SWL was
estimated in accordance with ISO 3744:2010 [51], applying an environmental
correction factor based on the reverberation method.
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4.6.3 Main findings

Similar aerodynamic performance was observed for all fans at the design
point and throughout the consider operation range, under nominal installation
conditions. The fan with polynomial blade loading distribution and 0.6 hub-to-
tip ratio demonstrated the best performance. On the contrary, fans with linear
blade loading and 0.45 hub-to-tip ratio showcased the worst performance.

The fan with 0.6 hub-to-tip ratio and linear blade loading exhibited the
lowest noise emissions at the design and optimum efficiency operating conditions,
while the fans with other blade loading distributions (same hub-to-tip ratio)
registered similar spectra. Consequently, a trade-off between aerodynamic and
acoustic performance was observed for the linear blade loading distribution. At
the optimum efficiency point, fans with lower hub-to-tip ratios demonstrated
lower noise emissions, while at the design point fans with higher hub-to-tip
ratios. Furthermore, both design parameters showed negligible effects on noise
emissions at overload conditions.

Overall, the impact of the tested inlet geometries on aerodynamic perform-
ance followed the dependencies observed under nominal installations. Further-
more, the tested obstructions imposed similar relative losses across all fans at
the measured conditions. Consequently, a weak coupling between the imposed
aerodynamic effects and the study parameters was suggested.

Significant increases of noise emissions were registered at the design and
overload conditions for all fans, under modified installations. Moreover, a weak
dependence of blade loading distribution on noise emissions under installation
effects was observed. Lastly, fans with higher hub-to-tip ratios showcased
increased noise emissions at the design point, albeit reduced emissions at
overload conditions.

4.6.4 Division of work

The author of the thesis performed the measurements, post-processed the results
and wrote the original draft. Debarshee Ghosh designed the fans, discussed
the results and provided feedback on the manuscript. Sassan Etemad provided
project supervision and feedback on the manuscript. Mikael Karlsson supervised
the work and provided feedback on the manuscript. Niklas Andersson provided
supervision and feedback on the manuscript. Elias Zea supervised the work,
discussed the results and provided feedback on the manuscript.
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Chapter 5

Concluding remarks

5.1 Summary

The present thesis has investigated installation effects on the acoustics of
low-pressure axial fans, addressing the aspects of source, environment and
receiver. The aspect of environment was motivated by the non-ideal acoustic
test environment employed in all experimental investigations. The source
aspect concerned installation conditions in the vicinity of the fan, including
inlet geometry, upstream obstructions and paralell fan operation. Several of
these installation conditions were further evaluated from the perspective of the
receiver through the use of psychoacoustic metrics.

Initially, a round robin test of a benchmark fan was conducted in Paper 1 to
evaluate the acoustic and aerodynamic measurement capabilities of a bespoke
fan test facility. Obtained results of aerodynamic and sound characteristics
demonstrated the repeatability of the employed measurement methods, as
well as the potential of 3D-printed rotor geometries for aeroacoustic investig-
ations on rotor design. However, the assessment of reproducibility revealed
sensitivities to room-acoustical effects and the suitability of the employed
sound-characterization methods. This led to a complementary study in Paper
4, where spherical harmonics of the half-space were used for source character-
ization and to identify room-acoustical effects at the employed facility. The
evaluation of isotropy using a monopole-like source demonstrated the emergence
of room-acoustical effects in the 200–1000 Hz frequency range. In addition,
the feasibility of using a second-order spherical harmonic decomposition to
reconstruct the directivity and SWL of the benchmark fan, across different
loading conditions, was established.

The feasibility to conduct aeroacoustic investigations on installation effects
in the vicinity of the fan was assumed based on the collective influence of room-
acoustical effects in spatially similar test setups. This assumption was put to
the test in Paper 2, while studying the effects of parallel fan operation and inlet
geometry. Only minor interaction effects were observed in the aerodynamic
performance and inlet flow field of the tested parallel fan installations. These
results, combined with the acoustic far-field measurements, suggested that
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the installation behaved like two incoherent sound sources. Additionally,
the identification of similar changes in the acoustic far-field between single
and parallel fan installations across different inlet geometries supported the
assumption of a collective influence of room-acoustical effects in comparable
test setups.

The significant acoustic alterations resulting from inlet geometry changes
in the fan case study of Paper 2 were further examined in Paper 5, which
included additional operating conditions and inlet geometries. Discrepancies
in the acoustic far-field between installations with bellmouth geometries and
straight ducts were observed in the frequency range of 300–2000 Hz, particularly
under high loading conditions. Furthermore, the shortest inlet configuration
was identified as the case where a trade-off between aerodynamic performance
and noise emissions becomes apparent. The installation with an elongated
straight duct also exhibited the least sensitivity of sound emissions to operating
conditions.

The incorporation of a BEM method for low-solidity LPAFs in Paper
6 enabled investigation of installation effects and rotor design, extending
the scope beyond the fan study case of Paper 2 and 5. The design space
included hub-to-tip ratio and blade loading distributions, while installation
effects comprised inlet geometry and upstream obstructions. The two groups
of fans (i.e., varying hub-to-tip ratio and blade loading distribution) showcased
comparable aerodynamic performance at design conditions; however, when
varied loading conditions and installation effects were considered, complex
aeroacoustic dependencies emerged, particularly for the hub-to-tip ratio. For
the group of fans with varying blade loading distributions, a distinct trade-
off between aerodynamic and acoustic performance was observed for the fan
with linear blade loading, whereas the remaining fans exhibited only minor
discrepancies. Moreover, the acoustic performance showed lower sensitivity
to the investigated blade-design parameters when the fans were subjected
to upstream obstructions compared with inlet geometry variations. Still, a
substantial increase of noise emissions was registered for all installations with
upstream obstructions from design conditions towards free discharge.

The interplay between psychoacoustics and installation effects was initially
examined for the fan study case of Paper 5. The loudness and roughness
metrics showed strong sensitivity to the inlet geometry, whereas the trend of
increasing sharpness towards free discharge was consistent across all tested inlet
geometries. In the case of parallel fan operation, the analysis of fluctuation
strength revealed deviations from the behavior expected of two incoherent
sound sources. This deviation was attributed to rotational speed variations
during parallel fan operation, as well as to the unequal blade spacing of the
tested fan.

Subsequently, the same fan study case from Paper 5 was used in Paper 3
to evaluate the interplay between upstream obstructions and psychoacoustics.
Unexpectedly, installations with upstream obstructions showed a significant
increase in loudness from median and free-discharge conditions. In contrast to
free inlet installations, obstructed installations exhibited lower sharpness values
at median and free-discharge conditions, along with an overall insensitivity
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to loading variations. Moreover, tonality showed dependence on inlet shroud
length for the obstructed installations, attributed to the persistence of non-
uniform inlet flow and the resulting unsteady blade forces on the fan.

Overall, the combined investigations in this work, addressing the test
environment, the vicinity of the fan, and the receiver perspective, advance
the understanding of installation effects on the acoustics of low-pressure axial
fans. The insights gained contribute to the assessment and mitigation of noise
emissions in low-pressure axial fan installations.

5.2 Future work

The inherent limitations of this work, identified within the methods and the
assumptions imposed, provide a starting ground for future research. In the
following a number of suggestions for future research are given. This list focuses
on pathways related to the work performed and is therefore not exhaustive
with regards to the research problem.

The characterization of aeroacoustic sound sources in non-ideal acoustic
environments challenges the reproducibility of obtained results. As mentioned
in Section 3.2, this problem can be partly circumnavigated by relying on relative
comparisons of similar measurement setups, under the assumption of a collect-
ive influence of room-acoustical effects. However, this assumption does not
constitute a reliable basis for acquiring absolute levels of the investigated quant-
ities (e.g., sound pressure levels), and its suitability for model development (i.e.,
linked to aeroacoustic source processes) or verification of numerical simulations
therefore can be limited. The round robin test presented in Paper 1 provided a
basis for quantifying discrepancies between the two acoustic environments (i.e.,
the fan test facility and the standardized measurement facility of the benchmark
case [153]), following an approach analogous to the absolute comparison test
defined in ISO 3744:2010 [51]. Nevertheless, the feasibility of this approach
can be strengthened by using an identical fan copy, maintaining identical
microphone positions relative to the fan’s rotational center, and employing
multiple loading conditions. The latter could provide a measure of sensitivity
to amplitude variations. Alternatively, employing different fans could pursue
the same objective, though the practical realization of such measurements
would be more difficult. Besides the definition of an environment correction
factor (i.e., K2 in ISO 3744:2010 [51]) the listed approach can be utilized on
the basis of reciprocal frequency response functions under the assumption of
linearity [163].

The method of spherical harmonic decomposition as described in section 2.3
and implemented in Paper 4, demonstrated promising potential for sound
characterization of low-pressure axial fans at the fan test facility. The validity
of the method could be improved by employing a microphone array with higher
accuracy in the average distance to the fan’s rotational center. Furthermore,
employing alternative sampling strategies (i.e., different spatial distribution
of the microphones over the spherical segment) could optimize the use of the
limited number of microphones while enabling higher expansion orders [164].
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The fan study case investigated in Papers 2 and 5 revealed a complex
dependence of the acoustic far-field for installations tested, on both loading
conditions and inlet geometry. The limited installation cases investigated with
concurrent aerodynamic measurements, however, prevented a comprehensive
analysis of these observations. Consequently, a complementary experimental
investigation aimed at identifying discrepancies in the flow topology of the
tested installations can be motivated. This investigation can incorporate LDA
measurements over the blade path and at the fan’s aerodynamic interface
plane. Alternatively, the incorporation of computational methods (e.g., hybrid
computational aeroacoustic methods [165]), validated against measured fan
performance (i.e., aerodynamic and acoustic) could enable the identification of
inherent flow phenomena and their ties to prevalent noise sources of investig-
ated installations. It is also noted, that despite the short duct length of the
installations, an investigation on ducts effects on acoustic source radiation [166],
can be suggested.

The investigation in Paper 6 of the interplay between design parameters
and installation effects on the aeroacoustics of low-pressure axial fans can be
extended by leveraging the capabilities of C-Fan [113]. Furthermore, building
a larger measurement dataset that includes fan performance, acoustic far-field
data, and inlet-flow conditions for a variety of fan installations and loading
conditions would enable the development of a semi-empirical prediction model.
This model could be developed on the basis of machine learning methods,
such as transfer learning random forest [167], and used to predict the acoustic
performance of modified fan installations based on measurement data from the
nominal installation.

The psychoacoustic evaluation of installation effects on low-pressure axial
fans performed in Papers 3 and 5 can be expanded by incorporating subjective
listening tests. The representativeness of the acoustic recordings could be
improved by integrating a binaural head into the measurement setup. The
acquired dataset can be subsequently used to develop predictive models of
sound quality, as demonstrated in recent psychoacoustic studies [57].
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Αν τ΄όνειρα που έκαμες είναι ακόμη αλάργα,
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στη τόλμη και επιμονή που έχεις εντρυφήσει,

ήυρες αξίες φυλακτά για τη παντέρμη ζήση!
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