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Abstract
Leading edge serrations are well-known for their aeroacoustic potential in reducing aerofoilturbulence interaction noise and are also associated with certain aerodynamic advantages. To
prepare leading edge serrations for industrial application, two obstacles remain to be addressed.
First is a combined analysis of the aeroacoustic and the aerodynamic performance of leading
edge serrations to develop optimum designs. Second is the need to examine the transferability
of the known effects of leading edge serrations from a single aerofoil to full rotors, which are
considered to be the final area of application.
This thesis aims to assist in the transfer of a well-investigated aerofoil with serrated leading
edges from the rigid to the rotating domain. With this purpose, a single aerofoil type is selected
and thoroughly analysed, experimentally and numerically, to generate a reliable data basis for
aerodynamic performance and noise reduction capability. Aside from gathering information on
the overall performance, the spatial distribution of the noise sources is localised, and the
spectral composition of the noise reduction is found to follow a clearly defined scaling law.
Aerodynamically, generated vortices are found to be responsible for a complex threedimensional separation mechanism of the leading edge serrations, causing a delay of stall.
The generated data basis is then used to design low-pressure axial fans of minimum
complexity by keeping the initially chosen aerofoil type. The experimentally identified noise
reduction mechanisms for the serrated axial fans are found to be more diverse than the single
aerofoil and highly dependent on the inflow conditions and the operation point of the fan. A
highly similar pattern for the spectral scaling of the noise reduction supports the finding that
at optimum operation conditions, the previously identified noise reduction mechanisms for the
single aerofoils are transferable to the rotating domain. On the other hand, additional
aerodynamic mechanisms are found to dominate the noise reduction for the instability region
of the fan, also contributing to reduced blade-to-blade interaction effects. Moreover, the bladetip leakage flow is altered by delaying the development of coherent structures.
The next step towards a more general description of the aeroacoustic and aerodynamic
dependencies is developing a comprehensive model based on artificial neural networks. This
model allows a combined analysis of the aerodynamic and acoustic performance of rotors with
serrated leading edges and shows an accurate prediction of the overall performance and the
spectral composition of the radiated noise. It also enables the development of multi-objective
optima for serration designs and motivates further studies into the generalisability of the
observed trends. Furthermore, the developed model represents a feasible tool to create tailored
serration designs for maximum efficiency in both aeroacoustics and aerodynamics, contributing
to the development of future low-noise fans and rotating machinery.
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Kurzfassung
Leading Edge Serrations sind hinlänglich für ihr Potential zur Reduktion von
turbulenzinduziertem Schall bekannt. Ebenso können sie sich als aerodynamisch vorteilhaft
erweisen. Mit dem Ziel, Leading Edge Serrations industriellen Anwendungen zugänglich zu
machen, verbleiben primär noch zwei Hemmnisse. Zum einen die Notwendigkeit einer
kombinierten Bewertung des aerodynamischen und des aeroakustischen Potentials mit dem Ziel
der Identifikation optimaler Designansätze. Zum anderen sind Aussagen hinsichtlich der
Übertragbarkeit der bekannten Schallreduktionsmechanismen von einem einzelnen Tragflügel
hin zu rotierenden Strömungsmaschinen zu treffen, da letztere das finale Anwendungsgebiet
von Leading Edge Serrations darstellen.
Diese Arbeit zielt darauf ab, bei dem Transfer eines umfassend analysierten
Tragflügeldesigns mit Leading Edge Serrations hin zu einem rotierenden System zu assistieren.
Hierzu wird ein für spätere rotierende Anwendungen sinnvolles Tragflügelprofil gewählt und
sowohl experimentell als auch numerisch umfassend untersucht, um eine Datenbasis des
aerodynamischen und aeroakustischen Potentials zu generieren. Neben Informationen über die
globalen Eigenschaften, wurde ebenfalls die räumliche Lage der Schallquellen lokalisiert. Zudem
konnte der Verlauf des spektralen Schallreduktionsvermögens einer klaren Gesetzmäßigkeit
zugeordnet werden. In Bezug auf die Aerodynamik wurden Wirbelstrukturen, welche sich an
den Leading Edge Serrations bilden, als ursächlich für einen komplexen dreidimensionalen
Ablösemechanismus identifiziert, welcher eine verzögerte Strömungsablösung bewirkt.
Unter Beibehaltung des gewählten Tragflügelprofils wurde die generierte Datenbasis in
einem zweiten Schritt zur Auslegung von axialen Niederdruckventilatoren niedriger
Komplexität genutzt. Die hier experimentell identifizieren Schallreduktionsmechanismen sind,
im Vergleich zu einem einzelnen Tragflügel, deutlich diverser und weisen eine klare
Abhängigkeit vom Betriebspunkt des Ventilators sowie von den Einflussparametern auf. Unter
optimalen Zuströmbedingungen kann eine klare Übertragbarkeit der Effekte vom ebenen in das
rotierende System gezeigt werden. Im Gegensatz wird das Schallreduktionspotential im
Instabilitätsbereich des Ventilators durch aerodynamische Strömungsphänomene dominiert,
welche zudem zu einer vorteilhaften Beeinflussung von Schaufelinteraktionen beitragen. Des
Weiteren wurde durch den Einsatz von Rotoren mit Leading Edge Serrations eine verzögerte
Entstehung von kohärenten Strukturen im Blattspitzenbereich nachgewiesen.
Um einen weiteren Schritt in Richtung einer globalen Beschreibung der erhaltenen
aeroakustischen und aerodynamischen Abhängigkeiten zu gehen, wurde ein umfassendes Modell
generiert, welches auf dem Training künstlicher neuronaler Netze beruht. Das generierte Modell
ermöglicht eine kombinierte Prognose der aerodynamischen und aeroakustischen Performance
der getesteten Prototypen und weist sowohl im Zeitbereich als auch hinsichtlich der spektralen
Zusammensetzung der Signale eine hohe Prognosegüte auf. Dies ermöglicht die Definition
multikriterieller Optima bezüglich des Serration Designs und motiviert weiterführende Studien
hinsichtlich einer Generalisierbarkeit der beobachteten Trends. Schlussendlich ermöglicht das
generierte Modell maßgeschneiderte Designansätze für eine maximale aerodynamische und
aeroakustische Effizienz, was einen sinnvollen Beitrag zur zukünftigen Entwicklungen
schallarmer Ventilatoren und Strömungsmaschinen darstellt.
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I. Introduction

1.1 Motivation

1 Preface
1.1

Motivation

Over the past decades, noise pollution has increasingly become the focus of attention as a
key factor in physical and mental health. The high level of automation and industrialisation in
developed countries, in particular, leads to an increased number of contact points between men
and machines. This requires a well-thought-out strategy for reducing the noise in urban areas.
Especially with regard to the aviation industry, this poses a main challenge since each lownoise design should come at the cost of aerodynamic penalties or losses in efficiency. On the
other hand, promising technologies such as, for example, counter-rotating rotors are prevented
from being widely used due to the significant level of radiated noise, even though they are
aerodynamically efficient.
Peake and Parry [3] describe major changes in the composition of the acoustic signature of
an aircraft. Initially, jet noise was the main noise source, which was reduced significantly by
greatly increasing the bypass ratio of the turbines, leading to a reduction in the associated jetmixing noise. The continuous decrease in jet noise led to an increase in relevance of fan noise,
which by now constitutes the dominant noise source of modern turbomachines.
However, the ever-expanding air traffic, as well as the coalescence of airports and urban areas,
calls for further reductions in noise load. This matches the ‘Flightpath 2050’ by the European

Commission [4], which outlines Europe’s vision on aviation. Compared to a typical aircraft,
manufactured in 2000, a reduction in the noise load of 65% for flying aircraft is agreed. To
fulfil these ambitious targets inevitably requires a comprehensive understanding of the
underlying mechanisms of both aerodynamic and acoustic nature. Until now, two consecutive
European projects, BROBAND and FLOCON, have been established to identify and to predict
relevant turbofan noise sources, as well as to develop new methods for noise reduction. One of
the main sources of noise was found to be aerofoil-turbulence-interaction (ATI) noise, leading
to broadband noise radiation at the leading edges of the stator vanes. Various active and
passive control applications were tested, and so-called leading edge serrations were found to be
the most promising in terms of noise reduction. Inspired by the feather structure of owls or the
tubercles of humpback whale flippers, these sinusoidal structures assist to significantly reduce
the turbulence-ingested flow perturbation and the associated generation of noise.
However, this passive application is not only of interest to the aviation industry but may
also benefit aviation-related industries, such as the automotive industry or the wind turbine
industry. Especially for the latter, turbulent inflow noise is commonly reported for wind
turbines [5], in which atmospheric turbulence interacts with the turbine blades. Moreover, even
an aerodynamic benefit in terms of stall-reducing features for wind turbines was pointed out
by Locke [6].

1.2

Origin

The technique of modifying aerofoil leading edges to influence the aerodynamic stall
characteristics is mainly bio-inspired by humpback whales, which have pectoral flippers
equipped with tubercles. In terms of acoustics, however, owls were found to possess similar
comb-like structures at the leading edges of their wings, giving rise to a remarkable low acoustic
signature. The combination of these features called the attention of many researchers around
the world, promising benefits in both aerodynamic characteristics and noise radiation.
Fish and Battle [7] were the first to examine the morphological composition of Humpback
whale pectoral flippers. The flippers were found to be symmetrical, and the mid-span
cross-sections were shaped similarly to a NACA634 -021 aerofoil. With an aspect ratio of
AR = 6.1 and a slight backward-swept shape of 19 degrees, eleven tubercles were found on a
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proband, with tubercles with a streamwise extension of 6.5 - 8.5% of the chord in spanwise
locations of 33 % ≤ span ≤ 99.1 %. With regard to the working mechanisms, the authors
suspected a function similar to that of large vortex generators, which postpone the stall by
exchanging momentum with the boundary layer of the hydrofoils. This is considered extremely
helpful for the complex feeding behaviour of humpback whales, whose bubble netting or insideloop manoeuvres, among others, require very small turning radii, which are estimated by Fish
and Battle to be approximately 7.4 m for a whale of 9 m in size.
On the other hand, in 1934, Graham [8] was the first to introduce the potential noisereducing features of owls to the aerospace community. Generally, the low acoustic signature is
attributed to three key features, namely the comb-like structures at the leading edges, a downy
lower surface of the wings, and the trailing edge fringe. The leading edge comb was found to
be a key contributor to the silent flight of the owl and, in particular, for reducing noise due to
perturbations in the air flow.
‘There is a remarkably stiff, comb-like fringe on the front margin of every feather that
functions as a leading edge. The teeth of this comb are extensions of the barbs, or fibres, that
form the front web of the feather. They vary in length and in distance apart according to the size
of the bird and to their position in the wing. The largest of them are 4.0 mm. in length, and
0.75 mm apart.’ [8]

Even more astonishingly, it is pointed out that the only owl species that does not possess
leading-edge hooks is the Asian fishing owl (Ketupa flovipes ). Because it is a fish-eating bird,
evolution never needed to develop silent wings as the prey is not sensitive to the noise of the
wings. In 1973, Anderson [9] published an experimental study on the constitution and the effect
of the comb-like structures at the leading edges of owl wings. The combs analysed turned out
to deflect the flow in a spanwise direction, leading to stationary spanwise vortices that, like the
vortex lift on delta wings, delay separation only at high angles of attack and that show an
extremely small drag profile at flight angles. The silent flight of owls was further investigated
by Lilley [10], who extended the analysis of the aerodynamic mechanisms to the mentioned
three key features of owl wings. Moreover, Ito [11] describes post-stall benefits at low Reynolds
numbers, similar to the effects of humpback whale tubercles. More recently, the silent flight of
owls was investigated experimentally by Sarradj et al. [12], performing flyover measurements
and potentially inspiring further research into the testing of extracted features of owls by means
of fences [13] or leading-edge hooks [14] for reducing leading-edge noise.
Up to now, numerous studies are available that focus on leading-edge structures with the
purpose of reducing the radiated noise and/or improving certain aerodynamic parameters, such
as the maximum stall angle or the post-stall lift performance. Both fields of research, however,
are of high interest to the aviation industry as well as turbomachinery manufacturers. In an
early form of this novel passive noise reduction or stall-delaying technique, serrated leading
edges are already manufactured industrially [15], although no fundamental research has been
carried out. Moreover, the potential benefit for rotors is evidenced by a first patent [16].
Even though leading-edge structures (leading edge serrations) are a promising technique
for application in rotating machinery, the main research still focusses on rigidly mounted
aerofoils, thereby disregarding the combined analysis of aeroacoustic and aerodynamic
performance.
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Up to now, research on serrated leading edges has basically focussed on rigidly mounted
aerofoils, analysed either aerodynamically or acoustically since they provide desirable features
for both these fields. Only few combined studies on serration effects are available, preventing
the much-needed linking of aeroacoustics and aerodynamics. Furthermore, the eventual area of
application is often mentioned to be rotating machinery, such as counter-rotating rotors, fans
and blowers or aircraft engines. Nevertheless, only meagre attempts were made to transfer
leading edge serrations from the rigid to the rotating frame by using the previously obtained
knowledge on the serration effect.
The main research question is whether and under what circumstances the knowledge on
the aerodynamic and acoustic performance of serrated leading edges in a rigidly mounted
domain can be transferred to rotating applications. This includes the well-known noise
reduction mechanisms of leading edge serrations as well as investigations into the effect of
additional parameters for rotors, such as the blade-tip clearance gap, a varying circumferential
velocity, different states of operation and blade-to-blade interaction effects. In addition, the
role of modern rotor blade design parameters on the aerodynamic and acoustic feasibility of
leading edge serrations remains to be defined.
The presented thesis aims at providing meaningful assistance for realising this transfer
process by following a highly systematic strategy of transferring well-analysed aerofoils with
serrated leading edges to an axial low-pressure fan application. The focus is on minimum
complexity in order to draw direct conclusions about transferability. Monitoring of the
aerodynamic and aeroacoustic properties throughout the whole process, as well as a repeated
interlinking of the results, is expected to be the key to gaining deep insights into the
mechanisms underlying the specific aerodynamic and aeroacoustic performance. Finally, the
development of a combined model, taking into account aeroacoustic and aerodynamic
properties, is considered meaningful for making a reliable approximation of the overall
performance of serrated rotors. This does not only apply to the time domain but also to the
spectral domain, particularly in terms of acoustics. The possibility of modelling the spectral
composition provides vast opportunities for further optimising fans and blowers and is
considered to be a first step towards industrial implementation of serrated leading edges.
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In order to refine the scope of the thesis, a brief overview of the content of the individual
sections of this work is provided below. In addition, the structure shown in Figure 1-1 hints at
the strong interlinking of the different sections in order to realise the transfer process from the
rigid to the rotating domain.

Section 2
−

Aerodynamic investigation of aerofoils subjected to serrated leading edges:
− Experimental study to determine the general performance of selected
configurations by conducting measurements of lift and drag forces.
− Supplementary numerical study to confirm experimental trends as well as to
provide additional and more detailed insights into the aerodynamic working
mechanisms.

Section 3
−

Aeroacoustic study to monitor the acoustic performance of rigidly mounted aerofoils
equipped with serrated leading edges:
− Development of a statistical-empirical model by means of the design of
experiments (DoE) approach to simultaneously describe the impact of five
influencing parameters.
−

−

Localisation of the noise sources and identification of the effective noise
reduction capability via an array-beamforming study, while excluding
unwanted disturbing noise sources.

Interrelation of aerodynamic and aeroacoustic findings by incorporating aerodynamic
results into the statistical-empirical model and by generating multi-objective optima.

Section 4
−

Transfer analysis from the single aerofoil to a low-pressure axial fan:
−

Definition of the test rig.

−
−

Rotor and blade design.
Analysis of inflow conditions to maintain comparability with the rigid domain.

Section 5
−

Aeroacoustic study with a model rotor and successive blade variation to investigate the
underlying mechanisms of serrated leading edges in the rotating frame:
−
−
−

Implementation of one serration design to be analysed both aerodynamically
and aeroacoustically.
Identification of blade interaction effects.
Identification of possible noise reduction mechanisms using additional wallpressure analysis.
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Section 6
−

Experimental parameter study for a rotating application by varying the serration design
parameters as well as the inflow conditions:
− Analysis of the same non-dimensional serration designs as in the rigid frame.
−

Detailed aerodynamic measurements of rotors with serrated leading edges.

−

Spectral analysis of filtered signals to identify commonalities of the broadband
noise reduction effects for the rigidly mounted aerofoils and the investigated
rotors.

Section 7
−

Modelling of the analysed low-pressure fan application by means of artificial neural
networks:
− Modelling of the overall performance in terms of aerodynamics, aeroacoustics
and wall-pressure fluctuations in the blade tip region.
− Additional modelling of the spectral composition of the acoustic signals as well
as the wall-pressure data, using a customised filtering approach.
− Validation of the models obtained against independent data.
−

−

Extraction of overall and spectral trends for the serrations, as dependent on
four influencing parameters, to provide further insights into the serration
sensitivity of aerodynamic and aeroacoustic performance.
Definition of multi-objective optima to tailor optimum serrations for practical
applications.

Figure 1-1 Schematic representation of the thesis structure as well as the interrelation of the individual sections.
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2 Aerodynamics: Single Aerofoil
This section addresses the aerodynamic performance of aerofoils with serrated leading edges.
As several aerodynamic advantages are known from recent research, but also some
disadvantages in performance, a thorough review of the current state of research is carried out
and the basic aerodynamic mechanisms extracted. The reported trends are contradictory,
especially with regard to the design parameters of the leading edge serrations. Therefore, the
following experimental and numerical study on a chosen single aerofoil type is intended to serve
three purposes:
− Generation of a reliable data basis, concerning aerodynamic performance, by taking into
account several design parameters and inflow parameters of leading edge serrations.
This is intended to enable a transfer of leading edge serrations from a single aerofoil to
rotating applications.
− Identification of promising and possibly restricting aspects in the application of
serrations to the leading edges of the chosen aerofoil type. This serves to facilitate the
assignment of the effects of leading edge serrations in the rotating domain, where more
complex flow patterns are present.
− To gain knowledge about the underlying aerodynamic flow mechanisms to better
understand the dependence of the overall performance on the serration parameters and
to link the current research findings from the literature with the results obtained from
this section.

2.1

State of the Art ─ Leading Edge Serrations

Sinusoidal, tubercled, undulated, scalloped, bumped, wavy or, more simply, serrated leading
edges all refer, unless mentioned otherwise, to a comparable geometric pattern in which the
leading edge of an aerofoil, a wing or a flipper is modified with a specific periodic pattern, of
which an example is shown in Figure 2-1. For sake of simplicity, this variety is reduced to
‘leading edge serration’ since specific differences in geometry are acknowledged but not
considered significant for analysing the fundamental aerodynamic mechanisms. Likewise, the
smallest chordwise extension of a serrated aerofoil is referred to as ‘root’, knowingly disregarding
alternative nomenclature such as trough or valley. The chordwise peak-to-root extension is
defined as the serration amplitude A , whereas the spanwise extension of a single serration is
referred to as the serration wavelength λ. The angle, resulting from a fixed ratio A/λ , is defined
as the inclination angle θSerr , according to Eq. 2-1 for sinusoidal serrations.
𝜃𝜃𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 �
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Figure 2-1 Sketch of a NACA65(12)-10 aerofoil subjected to leading edge serrations, including measures of
importance.

2.1.1

Working Mechanisms

V ortex Generator
Most likely inspired by the silent flight of owls and the associated research into the noise
reduction of gas turbine engines and rotors, Soderman [17] conducted an experimental study
in 1972 to understand the underlying flow mechanisms, contributing to the previously observed
noise reduction. In this context, leading edge serrations constructed by means of serrated flat
(two-dimensional) brass strips of varying serration amplitudes A were tested, with the strips
mounted at the lower surface of an aerofoil close to the leading edge. The serration amplitude,
and the location of the serration on the aerofoil and the spacing between the serrations, were
found to be the most important parameters. In contrast to the parameter definition of serrations
in Figure 2-1, the spanwise distribution of the serrations cannot be called serration wavelength
λ, since it appeared to be non-continuous, showing gaps of varying size between the single
serrations. In short, serrations of small amplitudes (A = 5.1 mm) were observed to perturb the
flow in the form of counter-rotating vortices, emanating from each serration and forming a
circular pattern trailing downstream. This three-dimensional flow pattern helps to energise the
boundary layer by high-momentum fluid transfer. As a consequence, an increase in the
maximum lift, as well as an increase in the angle of attack at the maximum lift, was observed
in combination with a drag decrease at high angles and no differences in drag at a zero angle
of attack. For large amplitudes, however, different underlying flow mechanisms were suspected
as they were found to obstruct the flow instead of perturbing it, hence resulting in a reduction
of the aerodynamic performance. For narrow spanwise extensions of the serrations, a vortex
generator effect is suggested. Vortex generators inject momentum into a boundary layer (e.g.
making it turbulent) to delay flow separation. The background is that a turbulent boundary
layer obtains a higher thickness than a laminar one and therefore shows higher drag, which is
a non-desired feature. On the other hand, the higher velocity gradient of the turbulent
boundary layer leads to higher kinetic energy, hence providing more resistance against the
pressure gradient and so giving rise to separation. However, since the increase in maximum lift
was also observed for serrations with a spanwise gap between the prongs, insensitive to the size
of the prongs, Soderman [17] raises the question of whether a simple tripping effect of the
boundary layer from laminar to turbulent instead of the vortex-generating effect might be the
cause of the delayed stall as it would completely eliminate the laminar separation bubble.
Moving from the planar, two-dimensional brass strips investigated by Soderman [17] to
fully three-dimensional leading edge serrations as depicted in Figure 2-1, a large variety of
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studies were performed in recent years. Miklosovic et al. performed two successive studies,
focussing on the aerodynamic properties of idealised humpback whale flippers with semi-span
[18] and full-span [19] profiles. The results obtained show no decrease in the pre-stall
performance for the semi-span model (unless in close vicinity to the baseline stall angle) but at
the same time a significant increase at post-stall, including higher angles of attack for maximum
lift. These results are quite unique compared to other studies [20–27]. Like Soderman [17],
Miklosovic et al. [18] suggested a working principle similar to vortex generators, energising the
flow by increased momentum exchange and keeping the flow attached despite the high adverse
pressure gradient at higher angles of attack. Zhang et al. [28] also suggested low-profile vortex
generators as a main effect of the serrations produced by control mechanisms for the boundary
layer, which has been investigated in much more detail by Hansen et al. [25]. These authors
observed counter-rotating structures, generated mainly at the roots of the serrations, forcing
an interaction with the fluid of the boundary layer and leading to an exchange of momentum.
In consequence, delayed stall angles, as well as improved post-stall performance, occurred.
These counter-rotating vortices are suggested as a working mechanism, but its existence is also
questioned by, for example, van Nierop et al. [29]. Hansen et al. [30] performed measurements
of a NACA0021 profile, using particle image velocimetry (PIV), supplemented by a numerical
study, and found a good fit between experimental and numerical results. The authors put
forward a flow mechanism by which a separation zone is initiated behind serration roots and a
‘canopy’ is formed in the streamwise direction behind the root region and above the separation
zone. This canopy is shielded or capsuled by continued inward flow of boundary layer vorticity,
yielding increased circulation further downstream (continuous feeding), with a maximum at
the trailing edge of the aerofoil. Counter-rotating vortices were identified in different streamwise
planes, showing a decreasing intensity but an increasing size with increasing streamwise
distance to the serrations. Furthermore, an increasing circulation was observed, reaching its
maximum at the trailing edge. This is attributed to a continuous feeding with boundary layer
vorticity through the sides of the canopy. The vorticity of the generated structures was found
to increase with the angle of attack, and there is also some evidence that along the aerofoil
chord, the vortical structures are continuously lifted from the surface of the aerofoil. At this
point, the flow field becomes highly unsteady and starts to show strong time-dependent flow
features.
Going one step further, Al-Okbi et al. [31] replaced the serrations at the leading edge by
blowing holes in the leading edge to generate the well-known streamwise vortices, thus
mimicking the serration effect both aerodynamically and aeroacoustically. Comparison of a
classic serrated design and a blowing design with identical locations of vortex generators shows
highly similar aerodynamic results, featuring a significant delay of the stall angle of
ΔAoA = 5 deg at A15λ10.

Spanwise Pressure Distribution
In contrast to the concept of counter-rotating vortices described by, for example, Hansen
et al. [30], van Nierop et al. [29] proposed a different mechanism for the stall-delaying effect,
by which the leading edge structures alter the spanwise pressure distribution. Mathematically,
a close relationship between the thickness-to-chord ratio and the local stall angle for each crosssection of the aerofoil was described (maximum stall delay at small ratios). Assuming a similar
thickness at the peak and the root of the serrations leads to the same pressure distribution for
each cross-section but different chord lengths, resulting in higher adverse pressure gradients
(high local thickness-to-chord ratio) for the root region (also confirmed by Hansen et al. [30]
and Skillen et al. [32]). Thus, the point of separation is closer to the leading edges. In
consequence, at these spanwise locations, the flow is already stalling at low angles of attack,
whereas behind the serration peaks, a delay of the stall is expected. Via hydrogen bubble
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visualisation at a NACA0021 aerofoil, Hansen et al. [25] showed a stronger downward turn of
separated flow for serration peaks than for the root regions, which is consistent with calculations
by van Nierop et al. [29] and indicates early flow attachment (or still non-separated flow)
behind the peaks. This is also in agreement with results by Johari et al. [20]. Altogether, this
leads to a more gradual overall stall (decreased abruptness) as well as higher maximum stall
angles compared to the baseline reference case. Since the root regions are already stalling at
low angles of attack, a reduced maximum lift of the serrations compared to the baseline case
is expected. The model defined by van Nierop et al. [29] was compared to experimental data
by Johari et al. [20] and was found to match qualitatively well. The delay of the stall angle is
explained by the flattened-out lift curves with increasing serration amplitudes. For a complete
stalling of the aerofoil, all the local cross-sections must be in stall as well. However, with
increasing amplitudes, a reduction in the generated pre-stall lift and a flattening of the lift
curve takes place, not even coming close to the initial lift values of the baseline, leading to stall
[29].
However, following this path of argument, a stall delay is hard to determine as the aerofoil
would increasingly stall until all cross-sections are stalling. Even more importantly, the
developed aerodynamic model does not account for the improved post-stall performance
described experimentally by several researchers [29, 26, 22, 33, 34, 20, 32, 35]. As pointed out
by Borg [26], one possibility of reconciling the model by van Nierop et al. [29] with the improved
post-stall performance of serrated aerofoils would be to combine the model with the vortexgenerating mechanism of the serrations. Operating similarly to the vortex-lifting effect of a
delta wing, these highly coherent structures lead to improved post-stall performance and an
increase in strength with increasing angle of attack. However, the vortex-generated lift does
not match the pressure-generated lift of a cambered aerofoil, and vortex lift is commonly
associated with significant drag penalties.
Rostamzadeh et al. [22] performed an extensive numerical study associated with
experimental surface pressure measurements of a NACA0021 with a single leading-edge
serration, with the spanwise extension S being equal to the serration wavelength λ. The aim
was to clearly identify the formation mechanism of the streamwise vortices and their impact
on the reported beneficial generation of lift due to serrations. For the serrated aerofoil,
maximum suction peaks at the tip and the root region were observed, matching the prediction
by van Nierop et al. [29]. Numerically, spanwise vorticity was shown to ripple the spanwise
vortex street, resulting in pairs of counter-rotating vortices in the streamwise direction, referred
to as ‘tip-vortices’, in which each wavelength was suggested to be interpreted as small finite
wing sections. As pointed out by Rostamzadeh et al. [22], a spanwise circulation of the flow as
predicted by van Nierop [29] leads, according to Stoke’s law, to a variation in spanwise vorticity
and, in consequence, results in the development of spanwise counter-rotating vortices.
P re-Stall Root Separation
As predicted by van Nierop et al. [29], Johari et al. [20] experimentally found indications
of early separation of the flow in the root region of the serrations, even at smaller angles of
attack than for the reference baseline case. Meanwhile, the flow at the serration peaks stays
attached far beyond the usual stall angle. Other researchers obtained similar results,
experimentally [19, 25, 36, 28, 34] and numerically [37, 30]. As pointed out by Zhang et al. [28],
the early pre-stall separation at the roots but with attached flow at the peaks, also for poststall angles, can account for the lower pre-stall performance of the serrations. In addition, this
combination of separation at the roots and attached flow at the peaks is also responsible for
the gentle stall (decreased abruptness), as well as the increase in the overall stall angle. More
specifically, it is suggested that pre-stall mixing of the generated vortices in streamwise and
spanwise direction is supporting a transition to a turbulent detached boundary layer at the
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root location. The combination of these effects at the tip and the root of the serrations is
expected to cause decreased pre-stall performance. The gentle stall process, improved post-stall
performance and declined pre-stall performance were also confirmed by Cai et al. [38], showing
numerical evidence of a high momentum region at the peaks and a low momentum region at
the roots. Moreover, they also put forward an alternative cause of early separation in the root
region due to the streamwise vortices at the shoulders of the serrations. The rotating nature of
these vortices causes different local effective angle of attack for the roots (increased) and the
peaks (decreased) of the serrations. This hypothesis is backed by Prandtl’s lifting-line theory
(LLT), stating that a downwash velocity leads to a decline in the effective angle of attack and
the upwash velocity to an increase of the effective AoA. This downwash velocity on the peak
suction section, and consequently an upwash at the root location, is induced by the
aforementioned counter-rotating vortices, as outlined by Rostamzadeh et al. [22], with counterrotating streamwise vortices observed to increase in size with the chord (stream tubes grow
larger and vorticity disperses). This helps to prevent flow separation at peak locations as highmomentum fluid can be drawn from the surrounding fluid.
Pedro and Kobayashi [39] clearly visualised a delayed separation by investigating the shear
stress at the surface of the aerofoil, showing regions of attached flow aligned with the serration
peaks at a high angle of attack, whereas the straight counterpart shows large-scale separation.
Rostamzadeh et al. [22] numerically showed separated flow regions via iso-surfaces of zero
streamwise velocity and observed early separation in the root region but also attached flow at
the peaks, even at high AoA. Increasing the amplitude extends the separated regime at high
AoA and leads, compared to smaller amplitudes, to a reduced lift. For a NACA0021 aerofoil,
Skillen et al. [32] experimentally showed increased surface pressure coefficients on the suction
side of the root location compared to that of the peak location. This indicates strong spanwise
pressure variations, possibly inducing secondary flows. The spanwise transportation of lowmomentum fluid from the peak to the root of the serration replaces the high-momentum fluid
from the free stream and leads to a delayed separation. The authors predicted the presence of
additional hairpin vortices due to turbulent fluctuations, acting as a boost for the streamwise
flow at the peak location, also delaying separation at these locations. These vortices arise from
the separated shear layer and tend to flow towards the chordwise projected location of the
peaks, contributing to attenuated flow behind the roots and improving the flow attachment
behind the peaks. Moreover, Skillen et al. [32] proposed a spanwise pressure gradient that is
induced by the serration geometry itself, leading to secondary flows of near-wall low-momentum
fluid away from the serration tips towards the roots. High-momentum fluid from the free stream
is re-energising the boundary layer downstream of the peak locations.
Bi-Periodicity, Post-Stall Unsteadiness, Compartmentalisation, H ysteresis Loop
Custodio [34] reported significant three-dimensional flow effects, so-called bi-periodic
patterns, at high angles of attack . These patterns were visualised along the span, where only
every other root shows similar flow structures instead of all neighbouring ones. Hence, if one
root attracts fluid from the surrounding peaks, the neighbouring root repels it, and so on. This
is especially the case for high wavelengths and high amplitudes, a situation in which the flow
regimes of the single serrations interact with each other. This observation is backed by
numerical work by Camara et al. [37] for a NASA LS(1)-0417 aerofoil. For low angles of attack,
a clear periodicity in terms of vorticity and pressure coefficient contours was observed, whereas
for high AoA, a bi-periodic flow pattern was seen, as reported by Custodio [34]. Experimentally,
the occurrence of different patterns depending on the angle of attack was also confirmed by
flow visualisation in a water tunnel at AoA = 14 deg [34]. Similar observations were made by
Cai et al. [38], who found that the flow was highly symmetric at small angles of attack but
that at higher angles, the flow pattern transformed into asymmetric and bi-periodic patterns,
a process for which a compartmentalisation effect is suggested to be the physical mechanism.
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Rostamzadeh et al. [22] observed bi-periodic post-stall behaviour at maximum amplitudes of a
NACA0021 aerofoil, whereas a further study [40] with a higher aspect ratio of the same aerofoil
and low serration amplitudes showed strong non-symmetric effects along the span at high angles
of attack, which do not necessarily follow the flow pattern described by Custodio [34]. In
addition, Cai et al. [38] found a remarkable reduction in the hysteresis effect of a
NACA633 -021 aerofoil. However, the suggested compartmentalisation effects are believed to
influence the intensity of the hysteresis effect, as well as being the cause of the bi-periodic
patterns. This was confirmed numerically by Pedro and Kabayashi [39], validating their model
against experimental wind tunnel test data, which showed a good fit. In their study, the leading
edge serrations (tubercles) of a semi-span model of a humpback whale flipper were observed to
act like wing fences, resembling barriers and preventing the growth of separation from the tip
to the root of the flipper. This is the case only for a semi-span model as the Reynolds number
varies from the tip (low Re, primarily leading-edge separation) to the root of the wing (high
Re, primarily trailing-edge separation). As for the semi-span study of Miklosovic et al. [18], the
authors confirmed a higher maximum lift for the serrated aerofoil, accompanied by a higher
post-stall drag, as well as a significant delay of separation. Moreover, large streamwise vortices,
aligned with the tubercles for the mid-section, are identified, presumably re-energising the
boundary layer with high-momentum fluid and delaying separation. The influence of threedimensional flow effects is also vividly shown by the comparison of a full-span model to a semispan model, as shown experimentally by Miklosovic et al. [19]. The full-span model shows lower
maximum lift coefficients, especially for the pre-stall regime, and a reduced maximum stall
angle compared to the semi-span model. Moreover, significant differences in the stallcharacteristics of the underlying baselines become evident, pushing towards the conclusion that
the serration efficiency benefits from the three-dimensional flow of the semi-span wing. The
serration-induced vortices lead to compartmentalisation effects and prevent the growth of
locally separated flow, affecting the semi-span aerofoil as a function of the planform shape and
Reynolds number. Borg [26] investigated the effect of leading edge serrations on the dynamic
stall and found clear evidence for the superior performance of the serrated leading edges in
terms of higher lift and a significantly reduced hysteresis loop.
Spanwise Effects and Waviness Ratio
Many studies focussed on idealised flippers of the humpback whale by means of full-span
models, applied to sinusoidal serrations with no spanwise change of the serration parameters.
For some of these models, a significant delay of the maximum stall angle, as well as improved
post-stall performance, was observed. However, against the background of understanding the
global impact of a perturbation by a serrated wing on the aerodynamic performance, threedimensional effects such as the waviness ratio need to be taken into account. The waviness
ratio describes the spanwise length that is covered by serrations relative to the total span. Yoon
et al. [21] numerically investigated the aerodynamic performance of a NACA0020 aerofoil by
means of different waviness ratios, ranging from zero (baseline) to one (fully serrated), with a
‘fixed’ serration amplitude of 2.5%·C and a wavelength of 20%·C. Varying the angle of attack,
they found no differences up to 12 deg for all cases tested. Entering the stall-sensitive regime
(AoA > 12 deg), however, showed significant differences between the waviness ratios tested,
for which a clear scaling with the waviness ratio was observed, resulting in an earlier stall
(4 deg) for the fully serrated sample (high waviness ratio). The same applies to the reduction
in pre-stall lift and the improved post-stall performance, with the latter being at its maximum
for high waviness ratios. These findings are supplemented by additional work by Cai et al. [33],
who numerically tested a single serration located at the spanwise centre of a full-span
NACA634 -021 aerofoil. The authors observed a marginal improvement of the total lift after
stall due to local stall-delaying effects and possible indications of smoother stall entry.
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In contrast, pre-stall asymmetric flow effects in the spanwise direction are expected to be
responsible for the reduced lift and the increased drag. In conclusion, it becomes clear that a
local perturbation by a limited number of leading edge serrations does not result in dominating
three-dimensional effects that control the separation after an initial perturbation of the baseline.
Hence, small waviness ratios do not suffice to obtain the desired aerodynamic properties
provided by leading edge serrations. Even the worst case might occur, in which partially
serrated aerofoils end up with a reduction of maximum lift but no significant delay of the stall
or improved post-stall performance.
A s pect Ratio
Guerreiro and Sousa [35] focussed on finite serrated aerofoils with low aspect ratios (AR),
AR = 1 and 1.5, at moderate Reynolds numbers for future application in micro air vehicles
(MAVs) and showed a strong sensitivity of the performance to the aspect ratio. For a moderate
Reynolds number (Re = 140,000), the maximum lift obtained as well as the stall angle
decreased with increasing AR, albeit that the general influence of serration amplitude and
wavelength turned out to be the same, with maximum lift for large amplitudes and large
wavelengths. For a small AR, a maximum stall delay was obtained for small amplitudes and
large wavelengths, even though no clear stall was observed for some of the cases tested. In
general, the effect of serrations is less prominent for low aspect ratio aerofoils, presumably due
to wingtip vortices that dominate the performance of the aerofoil. For a high AR, no delay but
a more gradual stall is observed, with the serrations showing no sensitivity to the pre-stall
performance but high post-stall lift for maximum amplitudes and maximum wavelengths.
Moving to low Reynolds numbers (Re = 70,000), the general pattern of the aspect ratio
dependency remains, but the serration performance shows a higher lift than in the reference
case for almost all angles of attack. This is explained by a drastically reduced performance of
the baseline case and a remarkable insensitivity to the Reynolds number. Still, the results are
questionable, bearing in mind the underlying flow mechanics of leading edge serrations.
Chen et al. [41] investigated a symmetric NACA0012 aerofoil while varying serration
amplitude and aspect ratio. Strong three-dimensional effects were observed with significant
differences between the aspect ratios tested in a range of AR = 1…3. Since finite aerofoils were
tested and no side plates, fences, etc., were applied, the results imply increasing effects of the
tip flow, especially when reducing the AR. A maximum delay of stall of ΔAoA = 10 deg was
observed for maximum amplitudes, independently of the aspect ratio. With a minimum aspect
ratio (AR = 1), higher lift and less drag were obtained than for higher aspect ratios. The best
lift-to-drag performance for AR = 1 was achieved for high amplitudes, and a maximum lift was
observed for small amplitudes. For a high aspect ratio (AR = 3), the maximum pre-stall
performance was measured for small amplitudes, changing towards higher amplitudes at poststall. In contrast, Camara et al. [37], who performed numerical detached eddy simulations
(DES) for a NASA LS(1)-0417 aerofoil, observed no significant differences in the lift and the
drag coefficients from AR = 0.5 to 1 for a sinusoidal leading edge.
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2.1.2

Parameter Influence

In addition to investigations into the aerodynamic effects of leading edge serrations, several
studies on the effect of the serration parameters have emerged over the past years, showing a
strong dependency of the performance on the test parameters chosen. The most common
parameters studied are the serration amplitude A and the wavelength λ (already defining the

inclination angle θSerr for sinusoidal serrations), the Reynolds number Re, and the range of
angle of attack AoA. Nevertheless, the finiteness or infiniteness of an aerofoil including tip
effects, the aerofoil geometry and the aspect ratio, as well as full- and semi-span aerofoils, also
play an important role, not to mention the differences and restrictions in the numerical or
experimental setups. In addition, the definition of the stall angle for the serrations turns out to
be hard to determine, as stall occurs more gradual.
Therefore, Table 2-1 shows a summary of the influence of the serration parameters, as
reported by different researchers over the past decade. For maximum lift, a highly arguable
influence of wavelength can be seen, with a slight majority of the studies suggesting that high
wavelengths are beneficial for maximum pre-stall lift. As for the amplitudes, however, the
picture is somewhat clearer, and except for two studies, all the researchers agree on small
amplitudes for maximum lift. This turns out to be consistent with the lift-to-drag ratio as well.
For a maximum delay of the stall angle or an increase in the stall margin, a slight majority
emphasis low amplitudes but, in general, agree on high wavelengths.
A erofoil Differences
Interestingly, if the studies are divided according to the symmetry of the aerofoils
investigated, the trends become more pronounced for the cambered aerofoils. Here, small
amplitudes and large wavelength are required for maximum lift and high lift-to-drag ratios, as
well as a maximum delay of stall. One exception is the NASA LS(1)-0417 aerofoil, showing,
according to Table 2-2, the most aft position of maximum thickness as well as the maximum
camber. The different performance of the symmetric and the cambered aerofoils is not
surprising since the camber increases the overall lift, especially in the linear pre-stall regime
[42]. Eventually, the serration geometry also appears to be slightly different for cambered
aerofoils compared to symmetric ones. Serrations at aerofoils with strong camber show a rather
semi-circular shape, with an almost two-dimensional shape on the pressure side and a fully
three-dimensional shape on the suction side. In contrast, symmetric aerofoils show the same
contours for the suction and the pressure side of the leading edge serrations, making the
serration shape fully circular.
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Table 2-1 Summary of studies on the parameter influence of leading edge serrations. Adverse trends of serration
parameters compared to the majority of studies are depicted in bold. n/i = not investigated.

s ymmetric aerofoils

Aer ofoil

Johari et al.

[20]

2007

van Nierop et al.

[29]

2008

Hansen et al.

[23]

2009

NACA634 -021
symmetric
aerofoils
NACA0021

Hansen et al.

NACA0021

Borg

[26]

2012

NACA0021

Chen et al.

[41]

2012

NACA0012

Kim et al.

[43]

2012

NACA0020

Zhang et al.

[44]

2013

Rostamzadeh et al.

[22]

2014

NACA0014
NACA0021

Custodio (et al.)

cambered aerofoils

[24, 25] 2010

[45, 34] 2015

Guerreiro et al.

[35]

2012

Gross and Fasel

[46]

2013

Chaitanya et al.

[47]

Chong et al.

[27]

NACA634 -021
NASA
LS(1)-0417

Re

L ift
( p re)

1.83·105 λ↓, A↓
n/i

n/i

1.2·105

λ↓, A↓

5

5

1.2·10

5

4.5·10

0.7·105 ,
1.4·105

λ↑, A↓
λ↓, A↓

λ↑, A↑

Biedermann et al.

[48]

NACA643 -618 0.642·105 n/i, A↓
2015 NACA65(12)-10 6·105 n/i, A↓
2015 NACA65(12)-10 1.5·105 λ↑, A↓

Al-Okbi et al.

[31]

2018 NACA65(12)-10 2.4·105

5

2017 NACA65(12)-10

S t all- L ift t o
Delay Dr ag

λ↓, A↑ n/i, A↑
n/i

n/i

1.5·10 2.5·105

λ↑, A↓

λ↑, A↓

λ↓, A↓

no λ, A↑
λ↓, A↓

n/i

x

x

n/i

x

x

λ↓, A↓

x

x

n/i
λ↓, A↓
1.3·10 λ↓, A↓ λ↓, n/i none λ↓, A↓
n/i
1.233·105 n/i, A↑
n/i, A↑ n/i ,A↑
n/i
10·105 λ±, n/i λ±, n/i none
5
n/i
n/i
λ↑, A↓
0.01·10 λ↑, A↓
1.2·105

λ↓, A↓

L ift
( p ost)

λ↑, A↓ (A/λ)↑

n/i, A↑ n/i, A↓
λ↑, A↑
n/i
n/i
n/i
n/i
n/i

λ↑, A↑

x

λ↑, A↓

λ↑, A↓

x

x

x

x

x

x

x

x

x

n/i

x

x

none

x

x

n/i

x

x

n/i, A↑ n/I, A↓ x
n/i
n/i
x
λ↑, A↓

x

x

x

x

x

x

λ↑, A↓

x

x

x

x

x

x

Comparing the suggested optimum parameters for the symmetric aerofoils by taking into
account differences in thickness and the location of the maximum thickness reveals no clear
trends for either the maximum pre-stall or post-stall lift, stall delay or lift-to-drag ratio. One
indicator for the geometry dependency is presented by Hansen et al. [23, 25], who tested two
symmetric aerofoils (NACA0021 and NACA65021) with and without leading edge serrations,
with the main difference between the aerofoils being the thickness distribution. The maximum
thickness of 21 %·C is the same for both models. In particular, the NACA0021 (maximum
thickness at x = 30 %·C) shows a distinct stall, taking place with a sharp reduction in the lift,
which is smoothened by the tested serrations (best general performance at small A and small
wavelength, and a more gradual stall for high A). For the NACA65021 (maximum thickness
at x = 50 %·C), however, the stalling characteristic is quite the opposite, showing a less
pronounced decrease in lift. The tested serration still shows an improved post-stall performance
and a strong pre-stall performance, suffering fewer losses than the NACA0021. This effect is
attributed to the maximum thickness of the aerofoil being further aft compared to the
NACA0021. This leads to an extension of the laminar flow, where the tubercles are working
quite efficiently as the laminar boundary layer offers a momentum exchange. However, an
alternative interpretation could be that for the NACA0021 baseline profile, the drop in lift due
to stall is much more pronounced compared to the NACA65021.
In consequence, if all the studies of a numerical and experimental character were analysed
by means of the boundary layer thickness distribution for the specific aerofoil types tested and
put in relation to the A/λ ratios tested, more consistent trends might be observed. However,
for the current thesis, these differences are disregarded by focussing on a single aerofoil, for
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which great efforts have been made to generate a reliable data pool of aerodynamic and acoustic
performance before moving to the rotating frame.

cambered

s ymmetric

Table 2-2 Types of investigated aerofoils, including measures of importance, as normalised by cord length C.

2.1.3

max. pos. of max. max. pos. of max.
thickness thickness camber camber

Reference

Type

[20][45, 34]

NACA634 -021

21%·C

35%·C

--

--

[49, 50][41]

NACA0012

12%·C

22%·C

--

--

[44]

NACA0014

14%·C

30%·C

--

--

[18][19] [21] [43]

NACA0020

20%·C

30%·C

--

--

[23],[24, 25][26],[22]

NACA0021

21%·C

30%·C

--

--

[23, 25]

NACA65021

21%·C

50%·C

--

--

[35]

NASA LS(1)–0417

17%·C

40%·C

2.4%·C

65%·C

[46]

NACA643 -618

18%·C

35%·C

3.3%·C

50%·C

[47][27][48][31]

NACA65(12)-10

10%·C

30%·C

6%·C

50%·C

Summary of Effects

For serrated leading edges, several studies of numerical and experimental nature exist,
aimed at either describing the underlying flow mechanisms and/or the influence of the serration
parameters on specific performance features. Several mechanisms were identified and agreed
upon by a majority of the researchers, even though some details are still arguable. Moreover,
a strong dependency on the aerofoil cross-section becomes evident in terms of the aerofoil
performance and the strength of the identified mechanisms. This is, in particular, true for the
effect of the serration parameters, namely the serration wavelength, the serration amplitude
and the serration inclination angle. Depending on the aerofoil shape and the setup, even
opposing trends of these parameters are reported. The main effects can be summarised as
follows:
1. Vortex generators: Leading edge serrations induce streamwise vortices of counterrotating nature, leading to momentum exchange and delayed flow separation [38, 39,
23, 25, 18, 28].
2. Vortex lift: As for delta wings at high angles of attack, vortices are generated at the
leading edge, where the downwash causes additional lift, leading to delayed stall and
increased post-stall performance for the leading edge serrations [9, 26, 19, 34].
3. Altering of the spanwise pressure distribution, for which at a similar thickness of the
peaks and the roots the same pressure difference (pressure distribution) is to be
overcome. This results in higher gradients at the roots and leads to early root separation
but, therefore, also to a more gradual stall [29]. The early separation at the serration
root, leading to reduced pre-stall performance and gradual stall, is confirmed by several
other studies [29, 30, 20, 22, 34, 38, 27, 43, 25].
4. Compartmentalisation effects of the leading edge serrations, restricting the spanwise
extension of the separation effects and preventing the growth of separation along the
span of semi-span aerofoils, resulting in gradual stall [33, 38, 7, 39, 18]. This is further
supported by the observation of non-uniform separation patterns over the span
[7, 20, 29].
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5. Unstable, bi-periodic post-stall effects [38, 34, 37, 22, 20].
6. Strong influences on the hysteresis loop [38, 26, 39].
7. Induced by the streamwise vortices at the shoulders of the serrations, the local effective
angle of attack for the serration roots is increased and decreased for the locations of
the serration peaks, also promoting delayed flow separation at peak locations [29, 38].
8. Decreased pre-stall lift performance, scaling mainly with the serration amplitude
[20–27].
9. Increased post-stall lift compared to the reference case, either due to gradual stalling
or vortex-lifting effects [29, 26, 22, 33, 34, 20, 32, 35].
10. Flattening of lift curves at high angles of attack with increasing amplitude [25, 20, 34].
11. More pronounced serration effects at high aspect ratios, also showing influences on
serration parameters [41, 37, 35].
Especially since the aim of this thesis is a transfer of leading edge serrations from the rigid
to the rotating frame, reliable information on the general performance of the aerofoil and the
applied serrations is of fundamental importance. Hitherto, studies have failed to provide this
required consistency, which emphasises the need to carefully analyse the aerofoils chosen for
this study in both the rigid and the rotating system. The aerodynamic results for the defined
model rotors in Sections 4.2, 5.3 and 6.1 allows for conclusions on the transferability of the
aerodynamic findings for the single aerofoils, presented in the current section.

2.2
2.2.1

Force Measurements
Chosen Aerofoil Type

For all the analyses carried out, a cambered NACA65(12)-10 aerofoil was chosen, for two
reasons. First, this aerofoil type is a well-known representative of axial-flow machines, such as
fans and compressors. It has a high lift and a relatively smooth stall characteristic. Second, this
aerofoil type was chosen for the previously mentioned EU-funded FLOCON [51] study, aimed
at investigating aerofoil noise for future applications in rotating machinery, which is also the
aim of the current thesis. In consequence, relatively much information on the aerofoil
performance and the effect of leading-edge and trailing-edge serrations is available for this
specific aerofoil type. For the NACA65-series, the basic parameters can be derived from the
nomenclature of the individual [52], as shown for the cross-sectional view in Figure 2-2. For the
NACA65(12)-10, the number 6 defines that the location of the maximum thickness is at
x/C = 40 %, and the number 5 defines the chordwise location of the pressure minimum
(x/C = 50 %). The number 12 indicates the theoretical lift coefficient in a potential flow of
CFL = 1.2 and can directly be related to the aerofoil camber. Finally, the number 10 denotes
that the maximum thickness ratio is d/C = 10 %.
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Figure 2-2 NACA65(12)-10 aerofoil profile, including nomenclature and indication of acting forces.

Exposed to a free stream, the aerofoil shape shows a characteristic pressure distribution,
resulting in lift and drag forces, which describe the aerodynamic performance. Principally, the
pressure distribution can be described according to Bernoulli’s principle (Eq. 2-2), giving the
one-dimensional relationship between static pressure and velocity:

𝑝𝑝1 𝑈𝑈1 2
𝑝𝑝2 𝑈𝑈2 2
+
+ 𝑔𝑔 ∙ 𝑧𝑧1 = +
+ 𝑔𝑔 ∙ 𝑧𝑧2
𝜌𝜌
2
𝜌𝜌
2

Eq. 2-2

The distribution of the static pressure along the aerofoil chord was tested at Brunel University
London by using a prototype aerofoil with ten pressure holes distributed along the aerofoil
chord for both the suction and the pressure side [53]. For comparison, the pressure contours of
a numerically modelled aerofoil (Section 2.3) for the same boundary conditions are extracted
as well (Figure 2-3). Relative to the free-stream velocity, the static pressure shows a sharp
increase when approaching the stagnation point since the velocity is reduced to zero. On the
suction side of the aerofoil, the fluid is constantly accelerated until it reaches the point of
maximum thickness at x/C = 40 % for the NACA65(12)-10. Consequently, the static pressure
shows significantly smaller values for the suction side than for the pressure side and maximum
negative pressure coefficients at maximum thickness. Further downstream the fluid is
decelerated, leading to an increase in pressure and therefore also increased pressure coefficients.
Due to the asymmetric aerofoil shape, apart from the leading-edge section, the pressure side
shows a relatively constant pressure distribution. Hence, even at zero angles of attack, the
NACA65(12)-10 already shows positive lift, which is further increased by increasing the angle
of attack (AoA).
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Figure 2-3 Experimentally obtained distribution of pressure coefficients (left [54]) and numerically obtained
static pressure distribution of the NACA65(12)-10 aerofoil [55] at AoA = 0 deg and Re = 250,000.

For the upcoming aerodynamic and aeroacoustic analysis, this NACA65(12)-10 aerofoil type
is equipped with sinusoidal leading edge serrations according to Figure 2-1 and tested in the
rigid and the rotating domain.
2.2.2

Wind Tunnel Setup

Aerodynamic testing took place at the open circuit wind tunnel at Brunel University
London [27], providing a closed test section of 500 mm x 500 mm. The wind tunnel is not
acoustically treated and is not suitable for noise measurements. Instead, it is only used for
measurements of the lift and drag produced by the aerofoil with serrated leading edges. Driven
by an axial fan, air enters a nozzle and passes several screens and honeycomb meshes in order
to generate a homogeneous velocity profile of little turbulence. In the mid-section, where the
testing took place, the turbulence intensity was found to be 0.2 % ≤ Tu ≤ 0.3 %, with maximum
wind speeds of U 0 = 35 ms -1 . For the current study, the wind speed was limited to a maximum
velocity of U 0 = 25 ms -1 since higher velocities bear the risk of inducing significant vibrations
on the aerofoils at high angles of attack, obscuring the measurement results. The test section
is comprised of interchangeable acryl glass walls, where the test samples can be inserted and
mounted onto an intake rod, connected to the three-component balance. The force balance
allowed the tested aerofoils to rotate about the horizontal axis, which enabled the gathering of
the resulting lift forces FL and drag forces FD, which were measured via strain gauge load cells.
For monitoring the boundary conditions of the study, the free-stream velocity U 0 was measured
via a standard pitot-static tube, where, according to Bernoulli’s law, the resulting velocity is a
function of the air density ρ and the measured dynamic pressure component Δpdyn. For
generalisation purposes, the non-dimensional chord-based Reynolds number was determined.

2 ∙ 𝛥𝛥𝛥𝛥𝑑𝑑𝑑𝑑𝑑𝑑
𝑝𝑝𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏
𝑈𝑈0 = �
𝑤𝑤𝑤𝑤𝑤𝑤ℎ 𝜌𝜌 =
𝜌𝜌
𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠. ∙ 𝑇𝑇
𝑅𝑅𝑅𝑅 =

𝑈𝑈0 ∙ 𝜌𝜌 ∙ 𝐶𝐶
𝜂𝜂
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Eq. 2-4

2.2 Force Measurements
As for the Reynolds number, the coefficients of lift and drag are used to normalise the obtained
forces on the aerofoil by taking into account the wetted surface area of the aerofoil A ws , the
free-stream velocity U 0 and the fluid density ρ. These non-dimensional coefficients describe the
performance independently of the actual aerofoil surface, as well as variations in span, chord
or free-stream velocity. Note that the wetted surface A WS of the serrated aerofoils is smaller
than the surface of the straight baseline aerofoil since the serrations were cut into the main
body of the aerofoil while keeping the maximum chord constant.
𝐶𝐶𝐿𝐿 =

𝐶𝐶𝐷𝐷 =

2 ∙ 𝐹𝐹𝐿𝐿

Eq. 2-5

2 ∙ 𝐹𝐹𝐷𝐷

Eq. 2-6

𝜌𝜌 ∙ 𝑈𝑈0 2 ∙ 𝐴𝐴𝑤𝑤𝑤𝑤

𝜌𝜌 ∙ 𝑈𝑈0 2 ∙ 𝐴𝐴𝑤𝑤𝑤𝑤

Due to the experimental environment, the coefficients of lift and drag were corrected for the
restrictions of the wind tunnel (Appendix A.1). This included a blocking through the tunnel
walls according to Barlow et al. [56], as well as wake blockage effects of the aerofoil, which
occur particularly when the aerofoil experiences stall effects, hence showing large-scale
separated flow.
Tes ting Procedure
Ten different geometries were tested, including nine aerofoil samples with leading edge
serrations and one baseline aerofoil, as shown in Table 2-3, in which the peak-to-root value of
the amplitudes is denoted by A and the corresponding serration wavelength by λ. The serration
designs were chosen according to a circumscribed central composite design, explained in more
detail in Section 3.3.1. Each sample was tested at two different free-stream velocities,
U 0 = 15 ms -1 and U 0 = 25 ms -1 , resulting in Reynolds numbers of Re = 1.5·105 and Re = 2.5·105,
respectively. The angle of attack was varied between AoA = ± 20 deg for the lower and

AoA = ± 15 deg for the higher velocity, since the one-sided mounted aerofoil shows strong
vibration effects for the higher velocity at AoA > +15 deg.

Table 2-3 Nomenclature and absolute as well as normalised measures of the leading edge serrations analysed.
Baseline chord C = 0.15 m. Additional differentiation between experimentally and numerically analysed
configurations.

ID

A

A/C

A12λ26
A22λ18
A22λ34
A29λ26
A29λ45
A29λ7.5
A35λ18
A35λ34
A45λ26
BSLN

[mm]
12
22
22
29
29
29
35
35
45
--

[--]
0.08
0.15
0.15
0.19
0.19
0.19
0.23
0.23
0.30
--

λ/C

λ

[mm]
26
18
34
26
45
7.5
18
34
26
--

[--]
0.17
0.12
0.23
0.17
0.30
0.05
0.12
0.23
0.17
--
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experimental

numerical

[--]
x
x
x
x
x
x
x
x
x
x

[--]
x
--x
x
x
--x
x

2.2 Force Measurements
The increment was ΔAoA = 1 deg, for which an accuracy of ± 0.2 deg was maintained using a
rotating dial mechanism of the mounting plate. All measurements were conducted three times
to generate a reliable data pool, as well as to perform an uncertainty analysis with a mean
standard deviation of s SD = 0.07 for the lift and s SD = 0.002 for the drag coefficients, as shown
in more detail in Appendix A.2.
2.2.3

Results and Discussion

For brevity, detailed results are presented only for U 0 = 15 ms -1 , although Appendix A.3
shows all results at U 0 = 25 ms -1 . However, the main dependencies remain highly similar for
the two velocities tested. The baseline shows the maximum lift at AoA = 9 deg, with a further
increase of the AoA showing moderate stalling effects, resulting in decreased lift. The thickness
and the camber of the chosen NACA65(12)-10 design (Section 2.2.1) prevent the aerofoil from
abrupt stalling at a certain angle and, therefore, allow high lift values to be obtained even at
AoA far beyond the initial stall angle. The baseline results are in reasonable agreement with
the external data for the pre-stall region provided by Bogdonoff [57] (Appendix A.2).
With serrated aerofoils (Figure 2-4 - Figure 2-5), generally quite similar aerodynamic
performance compared to the baseline case with a straight leading edge is observed at zero
AoA. The performance of the serrations at AoA ≠ 0 deg strongly depends on the serration
design, showing clear dependencies on serration wavelength and amplitude.
Influence of Amplitude A
For a constant serration wavelength (Figure 2-4, left), all the serrations of varying
amplitudes and the baseline show a comparable trend of linear increase in lift until reaching
the incidental stall angle.

Figure 2-4 Coefficients of lift at varying serration amplitude A (left) and serration wavelength λ (right) for
U0 = 15 ms-1 .

Immediately before reaching the stall angle of the baseline at AoA = 9 deg, the serrations show
a somewhat reduced lift, which might be attributed to local separation effects of the serration
roots, as described by, for example, van Nierop et al. [29]. A further increase of the AoA shows
gradual stall for the baseline and serrations of high amplitudes. In contrast, case A12λ26 shows
superior performance compared to the baseline, resulting in higher post-stall lift coefficients
and a clearly delayed stall entry of ΔAoA = 6 deg. Generally, a clear scaling with the serration
amplitude is visible post-stall, leading to the highest lift and strongest stall delay for the
smallest amplitudes, which can be attributed to reduced separation effects at the leading edges.
These effects become even more apparent when the coefficients of drag (Figure 2-5) are
analysed, showing a clear increase for high amplitudes in the region in which stall is initiated
(AoA ≥ 5deg). At negative AoA (-12 deg ≤ AoA ≤ 0 deg), however, the trends for the lift and
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the drag appear to be reversed, with the highest amplitude showing the maximum lift
(Figure 2-3). This can be attributed to a delayed separation on the pressure side of the aerofoil
since the high amplitudes allow for a positive deflection effect of the incoming flow, also
resulting in lower drag than for the baseline case in the associated region of AoA. In summary,
increasing the serration amplitude leads to a clockwise rotation of the lift curve around the
zero angle of attack axis. The reverse pattern is observed for the drag curves.

Figure 2-5 Coefficients of drag at varying serration amplitude A (left) and serration wavelength λ (right) for
U0 = 15 ms-1 .

Influence of Wavelength λ
Keeping the serration design at a constant intermediate serration amplitude while varying
the serration wavelength (Figure 2-4 right) results in a lift and drag performance comparable
to that of the baseline case for the linear regime at -3 deg ≤ AoA ≤ 9 deg. In general, the best
performance is observed for maximum wavelengths. Even post-stall, the serrated aerofoils
maintain a high coefficient of lift, even showing slight amendments at AoA ≥ 15 deg. This
holds true except for the smallest wavelength, A29λ7.5, for which significant penalties,
particularly post-stall but also for smaller angles ≥ 0 deg, are observed. The narrow spanwise

spacing (small λ) of this design in combination with large amplitudes results in serrations with
relatively steep shoulders and blunt serration roots. These circumstances are expected to lead
to strong three-dimensional effects along the aerofoil span, preventing the generation of
significant lift for the leading-edge section x/C ≤ 0.3 of the suction side of the aerofoil.
Separation effects are not expected to be the driving parameter for reduced lift performance
since the drag shows a comparable trend for all the other cases.
Differences between the tested leading edge serrations become even more pronounced by
analysing the lift-to-drag ratio (Figure 2-6), clearly showing the accumulative effect of lift and
drag for the different serration parameters. Main differences are observed for angles of attack
0 deg ≤ AoA ≤ 17 deg, the most relevant region for practical applications. The increased drag
due to partial separation at the serration roots in combination with the reduced lift for
maximum amplitudes at high AoA results in a diagonally shifted lift-to-drag pattern towards
low angles and low ratios for the highest serration amplitude (Figure 2-6 left). The amplitude
controls a shift of the maximum point of lift from lower to higher values, while the curves are
collapsing at zero degrees angle of attack.
For a varying serration wavelength, the minor differences in drag performance and, except
for the A29λ7.5, rather small differences in lift show an almost vertical shift of the lift-to-drag
curve (Figure 2-6, right). This stresses the differences between the individual serrations, which
appear to scale clearly with the wavelength and show the maximum performance at large λ.
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Figure 2-6 Lift-to-drag ratio at varying serration amplitude A (left) and serration wavelength λ (right) for
U0 = 15 ms-1 .

In terms of the previously mentioned feature of serrations to delay the onset of stall, the
extracted shift in performance for serration amplitude and wavelength clearly shows the
dominating nature of the serration amplitude. In summary, serrations with low amplitude
(ΔAoA = 6 deg) and high wavelength (ΔAoA = 5 deg) show a maximum stall delay as well as
a lift performance superior to the reference baseline case. The influence of all the tested
serration parameters on specific aerodynamic parameters can be found in Table 2-4 and
Appendix A.3.
Table 2-4 Summary of lift and drag performance for the 10 tested aerofoil cases at U0 = 15ms-1 and for
20 deg ≤ AoA ≤ +20 deg.

ID

A12λ26
A22λ18
A22λ34
A29λ26
A29λ45
A29λ7.5
A35λ18
A35λ34
A45λ26
BSLN

CL zeroAoA AoAzeroCL
[-]
[deg]
0.56
-5.1
0.58
-6.2
0.58
-5.6
0.62
-7.2
0.66
-7.0
0.53
-6.0
0.66
-8.2
0.64
-7.6
0.63
-7.6
0.61
-4.8

CL max
[-]
1.32
1.17
1.28
1.22
1.30
1.01
1.23
1.22
1.21
1.27

AoAcrit
[deg]
15.0
11.0
14.0
12.0
11.0
10.0
11.0
11.0
9.0
9.0

(CL/CD)max
[-]
19.87
18.78
19.82
17.42
19.96
14.62
15.94
17.67
16.48
19.35

AWS
[m2 ]
0.0702
0.0668
0.0668
0.0645
0.0645
0.0645
0.0624
0.0624
0.0591
0.0743

Figure 2-7 shows a juxtaposition of the lift and lift-to-drag performance for the two tested
free-stream velocities U 0 = 15 ms -1 and U 0 = 25 ms -1 . Collapsing curves are found over almost
the entire range of AoA for both the baseline and the A22λ18 case. Main differences are the
slightly higher maximum lift-to-drag values for the baseline case due to a slightly decreased
drag at U 0 = 25 ms -1 . Consequently, the influence of the free-stream velocity can be considered
negligible, also showing highly similar trends for the different serrations tested (Appendix A.3).
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Figure 2-7 Coefficients of lift (left) and lift-to-drag ratio (right) of BSLN and A22λ18 for the two tested freestream velocities U0 = 15 ms-1 and U0 = 25 ms-1 .

2.3

Numerical Study

Deeper and more detailed insights into the aerodynamic effects are expected by conducting
a numerical study. The pressure distribution helps to unravel the generation of the
characteristic trends of lift and drag for the serrations, whereas analysis of the skin friction
coefficients provides additional information with regard to the flow separation and the stalldelaying effects of serrated aerofoils. The numerical study focusses on five of the aerofoil
configurations, tested experimentally in Section 2.2, namely the four serrations of extreme
serration parameters (Figure 2-8) and the intermediate serration A29λ26. Parts of the following
discussion are also published in Biedermann et al. [48].

Figure 2-8 Location of the numerically tested leading-edge serration parameters within the 2-D experimental
space.

2.3.1

Setup

The numerical setup consists of solving compressible (U)RANS equations, while modelling
of the turbulent boundary layer took place by means of the shear-stress-transport (SST)
turbulence model. In addition, the γ-Reθ-transition model was applied in order to take into
account the transition of the boundary layer from laminar to turbulent. For the pre-stall region,
the numerical analysis was performed at steady state, since preliminary simulations showed no
significant impact of transient effects on the lift and the drag performance. For determining
the lift coefficients post-stall, however, more detailed transient simulations are necessary and
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were carried out for example cases [48]. In terms of meshing, a structured mesh with hexahedrons
was used (Figure 2-10). The dimensions of the meshed domain were set, based on the aerofoil chord,
to a multiple of 18 in the streamwise (x-wise) direction and a multiple of 16 in the anti-streamwise
(y-wise) direction. Regarding the aerofoil surface, the chord (x-wise) was meshed with 1170 nodes/m
and the span (z-wise) with 1560 nodes/m. Special care was taken for the resolution of the leading
and trailing edge of the aerofoil (Figure 2-10, right). Starting at the aerofoil surface, an inflation
layer was defined by an expansion with a constant ratio of 1.1, while the location of the first layer
was set to the non-dimensional value of 0.001 ≤ y+ ≤ 1 [48] in order to guarantee the precise
resolving of the turbulent boundary layer via the chosen SST turbulence model (Eq. 2-7), where uτ
is the friction velocity, ν the kinematic viscosity, τw the wall shear stress and ρ the fluid density.

Figure 2-9 Side view of the computational domain, including relevant boundary conditions.

The chosen mesh parameters resulted in a total amount of 8·10 6 to 16·10 6 nodes in the final meshes.
As for mesh quality criteria, the overall maximum dihedral angle was kept below 160 degrees, the
aspect ratio (AR) below AR < 200 and the volume change below 6 [48]. Considerations on the grid
quality were supplemented by a grid and domain study in order to prove the independency of the
chosen scales. With regard to the spanwise extension of the domain, two cases were tested. First,
the domain was limited to only one wavelength, neglecting possible spanwise interaction effects, and
second, an extension of two wavelengths was investigated.
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Eq. 2-7

Figure 2-10 Extraction of the defined mesh for the numerical study. Full domain with visible inflation layer
and position of the analysed aerofoil (left). Surface mesh of serrated (A29λ45) aerofoil with a refinement of
leading edge and trailing edge (right).

2.3.2

Coefficients of Lift and Drag

The coefficients of lift and drag are already defined in Eq. 2-5 and Eq. 2-6. However, for
the determination of the required lift and drag forces in the numerical approach, the angle of
the flow relative to the aerofoil chord as stated in Eq. 2-8 and Eq. 2-9 needs to be taken into
account. Figure 2-11 shows the coefficients of lift and drag for all the five tested serrations at
a spanwise extension of the computational domain to two wavelengths. Moreover, the lift-todrag ratio hints at the total efficiency of the tested configurations. The single-wavelength study
shows highly comparable results, which are presented in Appendix B.1.
𝐹𝐹𝐿𝐿 = 𝐹𝐹𝑎𝑎𝑎𝑎 ∙ 𝑐𝑐𝑐𝑐𝑐𝑐 (𝛼𝛼) − 𝐹𝐹𝑡𝑡𝑡𝑡𝑡𝑡 ∙ 𝑠𝑠𝑠𝑠𝑠𝑠 (𝛼𝛼)

Eq. 2-8

𝐹𝐹𝐷𝐷 = 𝐹𝐹𝑎𝑎𝑎𝑎 ∙ 𝑠𝑠𝑠𝑠𝑠𝑠 (𝛼𝛼) − 𝐹𝐹𝑡𝑡𝑡𝑡𝑡𝑡 ∙ 𝑐𝑐𝑐𝑐𝑐𝑐 (𝛼𝛼)

Eq. 2-9

Comparing the numerical results in Figure 2-11 with the observed experimental trends in
Figure 2-4 − Figure 2-6 shows a remarkable fit of the lift coefficients for the linear pre-stall
regime, which is also presented in Appendix B.2. However, some deviations are observed for
the post-stall performance, being a function also of the spanwise extension of the computational
domain since flow phenomena become highly unstable. The difficulty of modelling the stall
effect of an aerofoil numerically is a commonly reported problem since the point of separation
is highly unstable and depends on various influencing factors [58].
Moving to the influence of the serration parameters and therefore the angle-dependent
patterns, Figure 2-11 shows definite similarities to the experimental results discussed in
Section 2.2.3. The pre-stall lift coefficients of the baseline case match well with the twodimensional X-Foil panel code [59] at identical boundary conditions. For both experimental
and numerical results, the same scaling of lift and drag and lift-to-drag with the serration
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wavelength and the amplitude is observed. Even more importantly, the previously observed
shift of the lift-to-drag ratios in Figure 2-6 can be confirmed numerically, with a diagonal shift
(stall-controlling effect) being present for the serration amplitude and a vertical shift
(performance-controlling effect) for the serration wavelength. At zero angle of attack, the
serrations are found to outperform the baseline reference case in terms of lift, which can be
attributed to the local distribution of the surface pressure, as further outlined in Section 2.3.3.
In consequence, the good qualitative agreement with the experimental findings also allows to
analyse the numerical solution more deeply, for example by evaluating the boundary layer
development, the surface pressure distribution and the skin friction.

Figure 2-11 Overall aerodynamic performance in terms of the coefficients of lift (top), coefficients of drag
(centre) and the lift-to-drag ratio (bottom). Variation of serration amplitude (left) and wavelength (right).
Spanwise extension of the underlying computational space = 2 λ. Numerical results.
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2.3.3

Local Lift Coefficients

Performing a numerical analysis allows extracting the pressure distribution on the suction
and pressure side of the aerofoils for different spanwise locations. As a consequence, local lift
coefficients can be determined according to Eq. 2-10, assuming an infinitesimal small extension
in the spanwise direction.
1

𝐶𝐶𝐿𝐿 = − � � 𝑐𝑐𝑃𝑃,𝑠𝑠𝑠𝑠𝑠𝑠. − 𝑐𝑐𝑃𝑃,𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 . �𝑑𝑑 (𝑋𝑋⁄𝐶𝐶 )
0

Eq. 2-10

Figure 2-12 shows the pressure coefficients according to Eq. 2-11, as well as the local coefficients
of lift (Eq. 2-10), for three distinct spanwise locations by integration along the non-dimensional
aerofoil chord x/C.
𝑝𝑝 − 𝑝𝑝∞
𝐶𝐶𝑃𝑃 = 𝜌𝜌
2
2 ∙ 𝑈𝑈0

Eq. 2-11

The trend of the pressure coefficients shows clearly that the associated local lift is dominated
by the leading-edge section at x/C ≤ 0.3. For AoA = 0 deg, the root section of the serration
experiences the strongest lift, which is meaningful because as a result of the design process of
the serrations, this region is compressed, showing a blunter leading edge than the peak regions.
Consequently, the local angle of attack for the root region is AoA Root > AoA, leading to a higher
lift at low global AoA but also to early separation effects. This is also described by van Nierop
et al. [29], who state that the same pressure difference must be overcome for both the peak and
the root region of the leading edge serrations, although for the latter at reduced chord. Hence,
higher pressure gradients are observed for the roots, leading to early separation effects. This
root-region of high lift apparently affects the full aerofoil and is considered the main cause for
outperforming the baseline lift at zero angle of attack, as shown in Figure 2-11. Increasing the
angle of attack to AoA = 12 deg (Figure 2-12, centre) shows a strong increase in the overall
baseline (BSLN) lift, whereas the serration lift shows a lower performance. This is expected to
be caused by the already high effective angles of attack of the root region due to the upwash
effects, as described by Cai et al. [38]. Hence, the root already suffers from the first local
separation effects while the peak location remains pre-stall. At maximum angle of attack, the
lift coefficients for both baseline and serration tend to decrease due to stall phenomena, even
though the baseline misses the expected distinct drop in lift since for the numerical solution,
part of the separated structures seem to reattach close to the aerofoil trailing edge, as will
become apparent from the contour plots presented in Section 2.3.4.

Figure 2-12 Local chordwise pressure coefficients for the aerofoil suction side as well as local coefficients of lift
for the A45λ26 serration at AoA = 0 deg (left), AoA = 12 deg (centre) and AoA = 20 deg (right).

30

2.3 Numerical Study
2.3.4

Skin Friction Coefficients

The skin friction coefficient CF in Eq. 2-12 describes the non-dimensional relation of the
friction forces relative to the forces acting normal to a surface. A skin friction coefficient of
CF = 0, therefore, indicates a separated flow since no wall shear stress τw is present.
𝐶𝐶𝐹𝐹 =

𝜏𝜏𝑤𝑤

1 2
2 𝜌𝜌𝑣𝑣∞

Eq. 2-12

For practical applications in rotating machines, the range 0 deg ≤ AoA ≤ 20 deg represents
the most relevant region from overload to part-load conditions. This is why the analysis of the
skin friction in this section is limited only to selected angles of attack within this range for all
the aerofoil configurations analysed. Additional cases can be found in Appendix B.3.
At zero angle of attack (Figure 2-13), the skin friction coefficients indicate a smooth,
attached flow over the aerofoil contour for all cases shown. Separation mainly occurs close to
the trailing edges, where already a dependency on the serration parameters becomes visible.
For the straight leading edge (BSLN), separation occurs at x/C ≈ 0.96, showing a constant
pattern along the span. For the serrations, a similar pattern is visible for the spanwise peak
locations, whereas at spanwise root locations a separation further upstream is visible. This
pattern hints at the ability of the leading edge serrations to penetrate deep into the boundary
layer on the suction side of the aerofoil, showing the strongest effect for high serration
amplitudes and small serration wavelengths. At sufficiently high serration amplitudes, an early
separation occurs close to the serrations for the spanwise location of the serration roots
(A29λ26), a result that confirms findings by [30, 20, 22, 34, 38, 27, 43, 25] and the theoretical
prediction by van Nierop et al. [29]. Since the aerofoil chord is significantly lower for the root
locations and the same pressure distribution needs to be overcome as for, for example, the peak
locations, the strong pressure gradient leads to this separation effect. This effect is held
responsible for the lower pre-stall lift performance of serrated aerofoils compared to the straight
leading edge. However, increasing the angle of attack (Figure 2-14 – Figure 2-16) shows a
complex three-dimensional separation pattern for the serrated leading edges, with the local
separation behind the roots. This separated regime expands from the leading edge region
towards the trailing edge but also shifts towards the spanwise peak locations, generating a
triangle-shaped locally separated flow. At sufficiently high amplitudes, the flow remains
attached at the spanwise root locations at the trailing edge even at the maximum angle of
attack AoA = 20 deg (Figure 2-16). This leads to the previously described smooth stall
behaviour of the serrations. The three-dimensional separation pattern appears to be stabilised
by large serration wavelengths. Meanwhile, for the baseline case, a continuous shift of the
separated regime towards the leading edge takes place, leading to a decrease in lift. In
consequence, the baseline is expected to stall more abruptly, which should lead to a break-even
point at a certain angle of attack, at which the lift coefficients of the locally separated flow of
the serrations outperform the strong separation effects of the baseline case. However, for the
numeric simulations, the baseline shows some reattachment effects close to the trailing edge at
higher angles, leading to additional vortex lift effects, preventing a significant drop in lift. This
is also the case for serrations for which small wavelengths or small amplitudes prevent
penetration of the boundary layer at the trailing edge (A29λ7.5 at AoA = 20 deg, and A12λ26
at AoA ≥ 14 deg), resulting in increased lift coefficients. Therefore, for the range of AoA
investigated, no clear aerodynamic benefit of the serrations can be confirmed, although the
superior stall-delaying potential becomes clearer. However, the direct relation between the
observed skin friction coefficients and the resulting coefficients of lift can be seen, for example,
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for the A45λ26 case, in which large scale vortices are generated that prevent extensive stall, as
in the case for the baseline. This results in high post-stall lift but also, due to the vortices, in
a significant increase in drag and hence a drop in the lift-to-drag performance. These vortices,
however, are inducing high-momentum flow into the boundary layer, energising it and
preventing separation.

Figure 2-13 Skin friction coefficient for monitoring separation over the aerofoil contour. U0 = 15 ms-1 ,
AoA = 0 deg.

Figure 2-14 Skin friction coefficient for monitoring separation over the aerofoil contour. U0 = 15 ms-1 ,
AoA = 8 deg.
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Figure 2-15 Skin friction coefficient for monitoring separation over the aerofoil contour. U0 = 15 ms-1 ,
AoA = 12 deg.

Figure 2-16 Skin friction coefficient for monitoring separation over the aerofoil contour. U0 = 15 ms-1 ,
AoA = 20 deg.

In order to analyse whether and where local separation occurs at the spanwise root location
of the serrated aerofoils, the skin friction coefficients SFC for the suction side were extracted
in Figure 2-17, covering the angles near stall at AoA = 8 deg and AoA = 12 deg. For the
baseline case, flow separation takes place at x/C = 0.88 at AoA = 8 deg, mitigating upstream
to x/C = 0.72 at AoA = 12 deg. The tested serrations, on the other hand, show early separation
at the root but improved chordwise performance after this initial stall, clearly scaling with the
serration amplitude and wavelength. Here, maximum wavelengths and maximum amplitudes
turn out to generate lift most efficiently, which is considered meaningful since the A/λ ratio
determines the strength of the generated vortices at the leading edge that migrate downstream
[22]. On the other hand, increasing the serration amplitudes results in blunter root profiles,
hence promoting early separation effects.
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Figure 2-17 Skin friction coefficients at the root location of the leading edge serrations as well as for the BSLN
case vs. the normalised local chord x/C. Pre-stall at AoA = 8 deg (left) and post-stall at AoA = 12 deg (right).

Extending the area of interest from the aerofoil surface towards the nearby flow regime by
illustrating the Q-Criterion, Figure 2-18 (left) shows the generation of a large-scale vortical
structures. Considering the deformation of fluid particles, the Q-criterion indicates the relative
dominance of the rotational vs. the stretching component and is defined according to Eq. 2-13
with Ω being the vorticity rate and SStrain the strain rate [60].
𝑄𝑄 =

1 2
2
�𝛺𝛺 − 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
�
2

Eq. 2-13

The observed structures are developed by the serrated profile and resemble canopies. These
canopies are especially distinct for serrations of high amplitudes and moderate to high
wavelengths. It is considered responsible for the observed three-dimensional separation pattern
described previously (Figure 2-13 - Figure 2-16). In chordwise direction, the core of this canopy
tends to develop upwards (U v-direction), away from the aerofoil surface. For the U u-component,
an anti-streamwise recirculation pattern is observed, reaching zero velocity close to the aerofoil
surface. The transverse velocity component (U w), on the other hand, shows an inward rotation
towards the serration roots. For the aerofoil surface covered by this canopy, the resulting
�𝑢𝑢𝑢𝑢𝑢𝑢 > 0 and shows no separation effects. A similar canopy,
velocity vector appears to be 𝑈𝑈
generated by leading edge serrations and dominating the separation process, including the delay
of separation, is described by Hansen et al. [30], as shown in Figure 2-18 (right). The authors
describe the canopy to be shielded by continued inward flow of the boundary layer vorticity,
yielding increased circulation further downstream (continuous feeding), with a maximum at
the trailing edge of the aerofoil. This continuous feeding process might prove beneficial in
preventing the flow separation.
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Figure 2-18 A29λ45, Q-criterion at threshold 4662 s-2 at AoA = 8 deg, coloured by axial velocity Uu (top left)
and spanwise velocity component Uv (bottom left). Interpretation of the three-dimensional vortex line according
to Hansen et al. [30] (right, reproduced with permission).

The location of the canopy appears to be congruent with the observed pattern of the skin
friction coefficients in Figure 2-13 ─ Figure 2-16 and is considered to cause the related partial
separation for the root region, while maintaining an attached flow at spanwise locations,
corresponding to the serration peaks.
Moreover, pairs of streamwise counter-rotating vortices are described by several researchers
to emerge between the serration peaks, leading to a momentum exchange and a resulting flow
separation [38, 39, 23, 25, 18, 28]. In addition, Hansen et al. [30] describe these vortices to be
the key effect in initiating the formation of the described canopy. Oil flow visualisation at the
aeroacoustic wind tunnel facility of Brunel University London for an A45λ26 serration at
U 0 = 15 ms -1 (Figure 2-19 and Figure 2-20) allows to experimentally compare the separation
process to the simulated aerofoils for both the suction and the pressure side. For the oil flow
experiments, counter-rotating structures are identified between the serration peaks. Numerical
validation of the same aerofoil and at the same boundary conditions shows a highly similar
pattern along the serrated surface (Figure 2-19, left): early separation at the serration roots,
which initiates the generation of vortical structures that flow downstream and penetrate deep
into the boundary layer at the trailing edge. For the pressure side (Figure 2-20), a counterrotating pattern is also observed, presumably leading to an increase in drag.

Figure 2-19 Numerically obtained skin friction distribution (left) vs. oil flow visualisation (right). Suction side
of A45λ26 at U0 = 15 ms-1 and AoA = 0 deg.
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Figure 2-20 Numerically obtained skin friction distribution (left) vs. oil flow visualisation (right). Pressure side
of A45λ26 at U0 = 15 ms-1 and AoA = 0 deg.

2.4

Summary and Discussion

Up to now, extensive research efforts were aimed at understanding the effect of serrated
leading edges in both a more global manner and with respect to the detailed vortex formation
mechanisms. However, when it comes to the influence of the different serration parameters, the
conclusions drawn by many researchers are not fully consistent and seem to depend on the
aerofoil type chosen and the associated camber, as well as the boundary conditions and the
specific setup. Since the aim of this thesis is to transfer the aerodynamic dependencies of
serrated leading edges from the rigid to a rotating application, the lack of congruent information
requires creating one’s own aerodynamic database for the aerofoil type chosen. This ascertains
that the resulting aerodynamic dependencies are reliable and valid and enables conclusions to
be drawn on the rigid and the rotating domain in the following sections.
Consequently, extensive analysis of the chosen NACA65(12)-10 aerofoil was carried out.
The experimental study provided meaningful results in terms of lift and drag coefficients, with
small serration amplitudes, as well as high wavelengths, proving to be most beneficial. Small
amplitudes also appear to lead to a small reduction in drag. Analysing the more relevant liftto-drag ratio reveals a clear pattern, in which a diagonal shift of the maximum towards low
angles of attack occurs with increased amplitudes. Moreover, compared to the baseline aerofoil,
the maximum CL/CD ratio itself is attenuated as well. The underlying effect is attributed to
early local separation effects (increased drag) at the serration roots with increasing serration
amplitude. For the serration wavelength, however, seemingly minor dependencies in lift and
drag were found to accumulate in terms of CL/CD, also showing a clear vertical scaling of the
lift-to-drag performance for high wavelengths. In line with the dependencies of the shifted liftto-drag ratio for maximum amplitudes, the most significant delay of the stall angle is obtained
for the lowest serration amplitude.
The successively conducted numerical study aimed at providing more detailed insights into
the main causes of the aerodynamic performance for five of the previously analysed serration
configurations. The experimentally observed trends of lift and drag coefficients, as well as the
shifting pattern for the lift-to-drag ratio, could be confirmed both qualitatively and
quantitatively. Moreover, a complex three-dimensional separation pattern was extracted
especially for high A and high λ, leading to only partial separation along the aerofoil surface,
which is held responsible for generating the well-known smooth stall characteristics. This threedimensional flow pattern appears to be a result of the existence of a large-scale vortical
structure, resembling a canopy and being similar to the structure described by Hansen et al.
[30]. This structure and the underlying complex flow pattern are believed to enable a feeding
mechanism of the covered aerofoil surface with boundary layer momentum, and this mechanism
helps to prevent local separation.
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3 Aeroacoustics: Aerofoil-Turbulence-Interaction Noise
The current section deals with the aeroacoustic signature of aerofoils subjected to leading
edge serrations. A review of the actual state of research shows much more comprehensible
results than for the aerodynamic performance in Section 2.1. However, no study describes the
systematic influence of serrations design parameters and inflow conditions on the aeroacoustic
noise reduction capability of leading edge serrations; not to mention a combined aerodynamic
and aeroacoustic analysis. Therefore, the experimental investigations in this section focus on
three main aspects:
−

−

−

3.1
3.1.1

Identification of the overall noise reduction capability of the leading edge serration
configurations already analysed aerodynamically. This is intended to lead to the
definition of multi-objective optima of aerodynamic and aeroacoustic performance,
which are of high value when transferred to the rotating system.
Identification of the noise reduction mechanisms, including spatial distribution of the
noise sources. This includes localisation of the most sensitive regions, where noise
reduction takes place. As for the aerodynamic results, this serves to facilitate the
assignment of the effects of leading edge serrations in the rotating domain, where the
acoustic sources and interdependencies are more complex and more diverse.
Extraction of the spectral composition of the noise reduction due to serrated leading
edges. This serves to enable a direct comparison between the single aerofoil and the
full-rotor results based on the underlying scaling laws.

Aerofoil Theory
Noise Sources in General

As summarised in Figure 3-1, the acoustic signature of an aerofoil can be subdivided
according to a handful of distinct noise source mechanisms. At smooth inflow conditions, noise
is mainly generated close to the aerofoil trailing edge. This noise is of broadband character for
the mid-to-high frequency range, with the spectral range being a function of the boundary layer
thickness [61] since it is produced by the generation of small-scale turbulent eddies within the
aerofoil boundary layer, migrating downstream. Additional discrete tones of high frequencies
are generated if the boundary layer shows significant laminar characteristics, allowing the
formation of an aeroacoustic laminar feedback loop. Under inflow conditions of increased
turbulence, however, the acoustic signature is dominated by low-to-mid frequency broadband
leading-edge noise, being a function of the free-stream velocity and the aerofoil chord [61]. The
underlying effect is a strong interaction of the approaching turbulent structures and the rigid
aerofoil, scattering into sound.

Figure 3-1 Schematic illustration of flow-induced noise, radiated by a rigidly supported aerofoil, as well as the
associated spectrum of the acoustic signature (right) [61]. Reproduced with permission from Elsevier.
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Increasing the angle of attack leads to flow separation and eventually to stall of the aerofoil,
with large portions of the boundary layer being separated from the surface. In this case, lowfrequency stall noise is generated, with the frequency being a function of the size of the
separated structures. Finally, if the aerofoil tip is exposed to the free stream, tip vortices are
generated, once again shedding into noise.
3.1.2

Leading-Edge Noise

Considering an incoming flow that is defined by high turbulence intensity, the incident
turbulence impinges on the leading edge of the aerofoil and thus induces pressure fluctuations
on the surface. These pressure differences are propagating at the speed of sound and are causing
broadband noise emissions. Several previous studies are available concerning fluctuating lift
forces of turbulent incoming flow and subsequent radiation of sound into the far field. These
studies include those of Paterson and Amiet [62] and Oerlemans and Migliore [63], who describe
the acting forces at the aerofoil leading edges as a result of an unsteady pressure field produced
by the aerofoil in response to the impinging turbulence. Given a free stream, the convection of
the turbulent structures within the turbulent flow leads to an interaction with the leading edge
of the aerofoil. The turbulent eddies are bending and curving around the leading edge, inducing
pressure fluctuations on both sides of the aerofoil, which eventually result in noise radiation
[64].
Generally, leading-edge noise occurs in the low-frequency region, in which the turbulent
structures are large. The largest dimension of an approaching coherent vortex can be expressed
as the integral length scale Λ (Figure 3-2), which is an essential part of several models that
describe the generation of leading-edge noise, including Amiet’s model for flat plates [65].

Incorporating the Von Kármán model for isotropic longitudinal turbulence, Amiet proposed a
simple expression for estimating the spectral radiation of the far-field noise of a flat plate
subjected to incoming turbulence [65], as is shown in Section 3.4.1.

Figure 3-2 Qualitative representation of a coherent turbulent structure, approaching a solid surface. Indication
of longitudinal ΛL and transversal integral length scale Λt as well as the turbulence intensity Tu and the vortex
convective velocity Uconv.

According to Carolus [66], one key issue in terms of noise generation at curved surfaces is
the transient velocity relative to the aerofoil surface. The velocity profile strongly depends on
the chordwise position of the aerofoil (accelerated vs. delayed flow). Consequently, the soundgenerating mechanisms are also a function of the position. Moreover, the location of the sound
sources depends on the aerodynamic and aeroacoustic compactness of the treated aerofoil.
Aerodynamic compactness is given when the aerofoil chord length is smaller than the integral
turbulence length scale Λ. In case of aerodynamic compactness, the flow induces an oscillating
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angle of attack with respect to the aerofoil surface, which itself responds with oscillating lift
and drag forces. In this case, the aerofoil as a whole radiates noise for frequencies satisfying the
condition of acoustic compactness, requiring the chord length to be significantly smaller than
the acoustic wavelength. In case of no aerodynamic compactness, the deformations of the eddies
due to the interaction with the aerofoil cause an unsteady loading only for the leading edge. A
maximum is obtained in the direct vicinity of the leading-edge tip before the turbulent
structures stretch around the body and both the lift and the radiated noise decrease
proportionally [64]. In consequence, a discrete area at the leading edge is formed that radiates
noise.
Oerlemans and Migliore [63] observed that in case of high inflow turbulence, the leadingedge noise is dominant for all aerofoils investigated. Furthermore, they measured a rising
broadband noise level with increasing sharpness of the leading edge. At low Mach numbers,
the moderate flow velocities lead to moderate frequencies and thus high wavelengths, which
result in acoustic compactness. In this case, the fluctuating pressure forces act as a dipole
source.
Narayanan et al. [67] state that increasing the aerofoil thickness results in less aerofoilturbulence-interaction (ATI) radiation since the turbulence gusts are locally slowed down when
approaching the leading edge. Ayton and Chaitanya [68] performed an analytical investigation,
supplemented with experimental results, into the effect of the nose radius of the leading edge
on the radiated noise of aerofoils. High-frequency far-field noise is significantly reduced for high
nose radii and low Mach (Ma) numbers. For higher Mach numbers, however, an increase
upstream but a decrease downstream is predicted for blunt leading edges (LE). Even though
the aerofoil thickness is still the main parameter for controlling ATI noise, the bluntness of the
leading edge is an important parameter, also holding possibilities of reducing ATI noise by
designing the leading edges in an intelligent way. The underlying effect is outlined by
Gill et al. [69], who state that a flow distortion near the leading edge is the main effect for ATI
noise reduction, which can be achieved by large aerofoil thickness or large nose radii or both.
Apart from the presented overview, several on-going studies on the effect of different aerofoil
parameters with regard to ATI noise generation are available [70–72, 69, 73–75].
3.1.3

Trailing-Edge Noise

Many different parameters influence the dynamics of the interaction of a free flow and a
lifting surface, such as the development and the transition of the boundary layer. Due to
boundary layer transition, small eddies are being generated within the boundary layer, which
migrate downstream and cause pressure fluctuations on the aerofoil surface. Desquesnes et al.
[76] investigated the flow around a two-dimensional NACA0012 aerofoil. In accordance with
previous studies, they observed two different phenomena of acoustic response, depending on
the Reynolds number and the angle of attack:
-

A spectrum of broadband character but with a dominant frequency, as well as some
other significant peaks at equidistant locations
A spectrum of mainly broadband character

Hence, the frequency spectrum of the radiated noise of an aerofoil differs in dependence on
the source. In contrast to the turbulent inflow, which causes mainly broadband noise at the
leading edge, boundary layer turbulence, including an acoustic feedback loop, causes broadband
noise as well as tonal noise due to interactions with the trailing edge [77].
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Broadband Noise
The broadband contribution of the acoustic signature, generated at the trailing edge, is
located mainly in the regions of average to high frequencies. The developing mechanisms for
this noise generation principle often seem of minor importance and are less investigated in
recent research. However, measurements by Arbey and Bataille [78] confirm Fink’s [79]
assumption that the broadband contribution is caused by boundary layer instabilities whose
aerodynamic fluctuations are diffracted at the trailing edge. Moreover, Arbey and Bataille [78]
observed a congruency of the peak in the acoustic spectrum of the far field and the wall-pressure
spectrum (near field) at the trailing edge of the aerofoil.
Discrete Noise
The periodic shedding of vortices at the aerofoil trailing edge leads to the generation of
noise at distinct frequencies, which may be referred to as tonal effects. Similar to the exposure
of a rigidly mounted circular cylinder in a free stream, in which vortex shedding and the
development of a Kármán vortex street occurs in dependence on the Reynolds and the Strouhal
number, the development of a vortex street at an aerofoil trailing edge also depends on the
Reynolds number. Principally, vortex shedding at the trailing edge of an aerofoil occurs if the
boundary layer on at least one side of the aerofoil remains laminar until close to the trailing
edge. Hersh and Hayden [80] observed loud, distinct tones due to fluctuating surface forces in
case of a smooth laminar flow with chord-based Reynolds numbers 8.33·104 < Re < 3.33·105.
Furthermore, they placed a tripping wire at the pressure side in the laminar boundary layer of
the aerofoil and observed vanishing tonal effects. In consequence, as soon as the boundary layer
turns turbulent, a suppression of the vortex shedding takes place because the character of the
vortex shedding in the wake changes from periodic to random. Different studies on aerofoil
trailing-edge noise revealed that the tonal noise source is close to the trailing edge. An
alternative concept for the generation of the tonal noise, however, is the generation of a selfexcited feedback loop, by which Tollmien-Schlichting waves (T-S waves) from the laminar
boundary layer on the pressure side are amplified and are rolling up into the vortices, which
then propagate downstream towards to aerofoil trailing edge. Finally, these vortices interact
with the trailing edge, resulting in significant noise radiation of the scattered oscillating field
[81, 76].

3.2
3.2.1

State of the Art ─ Leading Edge Serrations
Noise Reduction Mechanisms

Several experimental, numerical and analytical studies were conducted in recent years,
aimed at identifying the underlying mechanisms of the role of serrated leading edges in reducing
aerofoil-turbulence-interaction (ATI) noise. By now, the main mechanisms are identified, even
though there are still some gaps when it comes to a more detailed analysis of the
aerodynamically coupled generation and reduction of noise. Up to date, five main effects have
crystallised, as summarised below. Subsequently, a more detailed description of the underlying
mechanisms is provided. The five main effects of serrations with respect to noise reduction
capability are as follows:
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1. The cut-off effect, by which the noise source at the serration shoulders is attenuated
since swept shapes are less prone to generate ATI noise. This takes place in the midto-high frequency range since the serration roots are still radiating significant lowfrequency noise.
a. Kim et al. [74]
2016
b. Turner and Kim [82, 83] 2016/17
2. Reduction of spanwise correlation coefficients, manifesting itself in decorrelation of the
unsteady edge response along the shoulders of the leading edge serrations.
a. Haeri et al. [84]
2014
b. Chaitanya et al. [47]
2015
c. Chen et al. [85]
2015
d. Kim et al. [74]
2016
Decorrelation effects are also proved by observing spanwise incoherent response times
or a reduction in spanwise coherence for the mid-to-high frequency range.
a. Lau, Haeri and Kim [86] 2013
b. Chaitanya et al. [47]
2015
c. Kim et al. [74]
2016
3. Destructive interference effects of the scattered surface pressure along the span, taking
place between peak and root or between root and root. These effects dominate the very
high-frequency range before the self-noise of the aerofoil starts to limit a further noise
reduction.
a. Chaitanya et al. [47, 1]
2015/17
b. Kim et al. [74]
2016
c. Lyu et al. [87]
2017
Effects on decorrelation for the mid-frequency range and destructive interference for
the high-frequency range are supplemented by observations of significant spanwise
phase shifts of the surface pressure response.
a. Lau, Haeri and Kim [86] 2013
b. Haeri et al. [84]
2014
c. Kim et al. [74]
2016
d. Turner and Kim [82, 83] 2016/17
4. Modification of the acoustic sources by altering the incoming turbulence, leading to an
attenuated interaction with the rigid surface and a broadband noise reduction.
a. Chaitanya et al. [47]
2015
b. Chen et al. [85]
2015
5. Shift from cut-on to cut-off modes, preventing far-field noise radiation.
a. Clair et al. [88]
2013
b. Ayton and Kim [89]
2018
Source Cut-Off
As already mentioned, several numerical studies hint at spanwise differences in terms of
the associated correlation coefficient and, in consequence, also the underlying aeroacoustic
effects, leading to the observed noise reduction. A more detailed numerical study into these
phenomena was carried out by Kim et al. [74], using serrated aerofoils of zero thickness (flat
plates). Synthetic turbulence of isotropic character was used, with the turbulent eddies
impinging on the solid body at zero AoA. The study aimed at supplementing an experimental
study by Narayanan et al. [67], showing a comparable setup. Overall, a good fit between
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numerical and experimental results was obtained. Since the root region of the serrations was
found to radiate noise most significantly for low frequencies, the noise reduction takes place
mainly for the mid- to high-frequency region. Source cut-off is considered to be the most
powerful parameter for significant noise reduction in this frequency band. The cut-off defines
a strong attenuation of the acoustic sources in the region of the serration shoulder due to the
local sweep. As pointed out by Roger and Carazo [90], a swept geometry is less likely to generate
ATI noise than straight leading edges. In consequence, the sound sources become less efficient
for the shoulders of the leading edge serrations since the main lobes of radiation are altered
significantly due to the local sweep.
Decorrelation E ffects
Another supplementing effect for noise reduction is enhanced decorrelation of the surface
pressure fluctuations along the span, resulting in out-of-phase radiation of the acoustic energy.
Lau et al. [86] performed numerical work on a NACA0015 with serrated leading edges. The
test samples were subjected to a single-mode turbulent gust of specified longitudinal
aerodynamic wavelength, while the surface pressure distribution was analysed by evaluating
six transducer points, distributed along the aerofoil span. The noise reduction effect is
attributed to spanwise incoherent response times due to stronger phase variations
(desynchronised gust response) of the surface pressure fluctuations, a mechanism that is also
confirmed by Kim et al. [74], who carried out numerical research for serrated flat plates. The
locally dispersing spanwise pressure fluctuations lead to a global reduction of the unsteady
forces, as manifested by a reduction in the spanwise coherence (the magnitude increases from
tip to root). By means of this underlying mechanism, the generation of horseshoe vortices are
expected to produce a highly non-uniform velocity distribution, leading to a strong altering
pattern of acoustic sources along the shoulder of the serration, efficiently reducing ATI noise.
Another numerical study of a serrated flat plate was carried out by Haeri et al. [84], who
applied a more realistic synthetic turbulence for the inflow conditions. This allowed designing
the spectral composition of the velocity fluctuations with respect to the longitudinal spectrum
of isotropic turbulence according to Von Kármán, covering a broad frequency range instead of
identifying a single gust frequency. Because of the observed phase differences of the surface
pressure fluctuations for higher frequencies, a vortex deformation mechanism is proposed. This
is further supported by a significant reduction in the spanwise coefficients of the two-point
correlation for the pressure signal when serrations are implemented as it is also shown by
Kim et al. [74] in Figure 3-3 (left). The continuous decrease is observed from the peak in the
spanwise direction until a maximum decorrelation is reached at the serration root (spanwise
distance 1/2·λ). Subsequently, a steady increase in correlation coefficients follows, approaching
the coefficients of the baseline when two adjacent serration peaks are correlated (spanwise
distance 1λ). The mechanism proposed by Haeri et al. [84] is consistent with the experimental
findings by Narayanan et al. [67, 91], who suggested comparable mechanisms of noise reduction
for flat plates and real aerofoils. The reduction in spanwise correlation coefficients was also
confirmed by Chen et al. [85], who performed LES simulations in conjunction with the FW-H
aeroacoustic analogy, using a rod located upstream of a serrated NACA0012. Numerically, a
2.4 dB noise reduction was obtained at the vortex shedding frequency of the rod, which was
further improved to a 10 dB difference for higher frequencies. A reduction in the RMS surface
pressure fluctuations was observed, leading to a reduction in ATI noise according to Amiet’s
theory. More specifically, the reduction took place mainly at the shoulders and the peak of the
serration, whereas a slight increase in strength was observed for the root region.
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Destructive Interference E ffects
Two periodic signals can show interference effects, depending on their phase relation. If the
signals are in phase (Δφ = 0, 2π, 4 π, …), constructive interference occurs, amplifying the
resulting signal. Conversely, if the signals are inversely phased, destructive interference occurs,
which might even lead to an extinction of the signal if the signal amplitudes are of the same
value. The required condition can be stated as Δφ = π and its odd multiples.
The hypothesised phase variations along the shoulders of the serrations, leading to
desynchronised response times of the surface pressure fluctuations, are further supported by
substantial experimental work by Chaitanya et al. [47]. These resulting reductions in correlation
coefficients are considered to be the main noise reduction mechanisms for low to mid
frequencies. For high frequencies, on the other hand, destructive interference effects between
the tip and the root of the serration are the more prominent mechanisms. These destructive
interference effects match the findings of Kim et al. [74], who observed that the main remaining
noise sources of serrated leading edges are located at the roots of the serrations for low
frequencies and at the root and the peak for higher frequencies. More specifically, for efficient
destructive interference effects, two conditions are required: a significant phase shift and
comparable source strengths for the signals that interact with each other. For the peak and the
root sources, the latter condition is fulfilled for the higher frequency range, whereas the first
condition is solely a function of the serration amplitude. Thus, a higher noise reduction is
achieved for phase differences approaching Δφ  π.
This matches the outcome of the study by Kim et al. [74], showing that the correlation of
the near-field (surface pressure) signals with the far-field noise had a much stronger correlation
for the root than for the peak region. This is proposed to be due to the different spectral
compositions of the peak and the root surface pressure fluctuations, with more low-frequency
fluctuations at the root and more high-frequency components at the peak. Additional analysis
of spectral phase interference clearly showed phase interferences for the serrated leading edges
over the entire frequency range, with a qualitatively good match between the near-field and
the far-field. Interestingly, discrete regions, leading to a sharp increase in noise reduction, were
observed at conditions for which the phase differences were at their maximum. The effect of
destructive interference is also visible when the noise reduction spectra of serrated leading edges
are analysed, with the noise reduction increasing continuously from low to high frequencies, at
which the more efficient interference effects take place. The effects described above are
supported by the experimental results of Chaitanya et al. [47]. Moreover, the prominent
contribution of destructive interference effects on the noise reduction for higher frequencies can
also be confirmed by the mathematical model defined by Lyu et al. [87], showing close
agreement with experimental data. Here, at a given minimum serration amplitude, a wellcorrelated scattered surface pressure leads to significant destructive interference effects.
Ayton and Kim [89] derived an analytical approach to describe the ATI noise of serrated
flat plates. Since only one acoustic mode is considered to propagate into the far field, the
solution obtained is of relatively low complexity and thus allows conclusions to be drawn on
the underlying noise reduction mechanism. In their model, a noise reduction of serrated flat
plates is assessed both qualitatively and quantitatively, and a good fit to the experimental and
numerical data was obtained. The analytical model also allows the extraction of leading-edge
noise only, which is hard to obtain in any experimental study. The key parameters were found
to be the maximum tip-to-root ratio (serration amplitude) and the streamwise wave number
of the incident gust (most effective for high-frequency gust). The noise reduction is attributed
to two mechanisms in the far field. First, acoustic interference effects of the scattered pressure
field were observed. These effects were found to be of either destructive character for high
amplitudes or of constructive character for low amplitudes. Consequently, the latter might lead
to a partial increase in noise.
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Second, if the serration amplitude was increased, a redistribution of acoustic energy from low
cut-on modes to higher cut-off modes was observed, with no far-field radiation for the latter
modes. This results in substantial noise reduction, and even if constructive interference takes
place, reduced noise is radiated into the far field.
A coustic Source Strength at the Serration P eak and Root
As pointed out by Haeri et al. [84], approaching vortical structures are deformed by any
straight leading edge, where the interaction contributes to surface fluctuations and hence the
generation of ATI noise along the full span. However, for the serrations, this deformation is
observed only for the peak and the root locations, identifying these regions as the main
contributors to the radiated noise. The underlying aerodynamic mechanism of the generation
of these remaining noise sources for the root and the peak of the serrations was investigated by
Turner and Kim [83]. In summary, they found that emanating horseshoe vortices alter the flow
field, leading to an enhancement in the source strength for the root and a reduction for the
serration peak. Turner and Kim [82, 83] performed a numerical study of the fully threedimensional compressible Euler equations by using a flat plate that undergoes a vortical
disturbance. The defined disturbance was chosen to be a single Gaussian vortex, covering the
full span, but unlike for single-mode gusts or harmonic gusts, a broader frequency band is
covered by this approach. This single vortex travels downstream along the serrated leading
edge, where the authors tried to identify the correlation between the small-scale flow physics
and the resulting wall-pressure fluctuations that are held responsible for the acoustic far-field
radiation. Generally, the serration root and peak show no sweep, as is also true for the straight
leading edge. Hence, these regions are not likely to reduce the acoustic sources due to their
obliqueness. This also matches the findings of Kim et al. [74], showing that the strength at the
root was similar to that at the straight leading edge and almost independent of the serration
geometry (Figure 3-3). However, against all expectations, a significantly reduced source
strength was observed for the peak region.

Figure 3-3 Normalised two-point correlation function of the surface pressure fluctuations along a single serration
contour (left) for varying serration amplitude A and level of surface pressure fluctuations (right). Figure taken
from Kim et al. [74]. Reproduced with permission.

Turner and Kim [83] identified a complex system of horseshoe vortices, which are generated at
the serrations and give rise to the different acoustic patterns at the serration peak and root. A
simplified illustration of the generation mechanism is reproduced in Figure 3-4. These vortices
are generated by the induced downwash velocity (U v < 0) of the approaching vortex, reducing
to zero at wall condition (U v = 0). The resulting strong spanwise velocity gradient
(ΔUv/ΔUx > 0) induces strong spanwise vorticity (counter-clockwise) and generates a stationary
vortex at the serration peak. However, since the spanwise vorticity possesses a non-uniform
character for the sinusoidal shape of the leading edge, a streamwise vorticity component is also
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produced, leading to the generation of counter-rotating vortices along the serration shoulders.
These three vortices are creating the system of horseshoe vortices described earlier. In the time
one single gust passes the leading edge, this vortex system is created twice, first due to the
upwash motion in front of the approaching gust and then due to the downwash motion behind
the gust. In consequence, the spanwise direction of rotation also changes between clockwise and
anti-clockwise. Having a closer look at the spanwise distribution of the single vortices, it appears
that for each peak there is a counteracting rotation of the vortices, leading to reduced strength
of the vertical perturbation. On the other hand, a reverse flow is present for the roots, leading
to a reinforced strength of the surface pressure fluctuations. This complex mechanism results
in a reduced strength of the velocity perturbation for the serration peaks, whereas the root
region experiences a reinforcement. This mechanism is proposed to be responsible for a reduced
noise source at the serration peak as well [83].

Figure 3-4 Illustration of the vortex pattern of the serrated leading edge investigated numerically by Turner
and Kim [83]. Q-Criterion, coloured via the streamwise vorticity ωxL C/α͚ (left), side-view on vortex mechanism
via the spanwise vorticity (centre) and front-view on vortex mechanism via the streamwise vorticity (right).
Reproduced with permission.

3.2.2

Spectral Noise Reduction Composition and Scaling Laws

Recent numerical and experimental studies basically agree that aerofoil-turbulence-noise
reduction due to serrated leading edges takes place mainly in the mid-to-high frequency range.
The upper limit is defined by the dominating nature of aerofoil self-noise. Hence, aerofoils of
zero thickness (flat plates) usually show significant noise reduction up to 10 kHz, whereas
realistic aerofoils have a lower maximum frequency of about 6 – 8 kHz [67, 92]. Moreover, the
conditions of the incoming turbulence are another limiting parameter. As shown by the
experimental results of Clair et al. [88], a spectral noise increase over a wide frequency band of
100 Hz ≤ f ≤ 10 kHz (up to 20 dB between 300 Hz ≤ f ≤ 2 kHz) was obtained for a NACA65
due to ATI noise. This range, at the same time, represents the frequency band at which leading
edge serrations might effectively reduce ATI noise. Especially for numerical studies in which
harmonic or single-mode gusts were used as the inflow conditions, this possible effective
frequency range appears to be highly affected. On the other hand, in the range of the lowerfrequency limit (f = 100 Hz), many experimental studies are contaminated by external noise
sources of the free jet or by the self-noise of the turbulent grids used, consequently showing a
certain variety between 100 - 500 Hz. An experimental variation in the serration amplitude
and wavelength for flat plates was carried out by Narayanan et al. [67] and, of a more
preliminary character, in [91]. Moreover, selected cases were also tested for more realistic
NACA65 aerofoils. Based on experimental results, the authors defined a minimum frequency
above which significant noise reduction (> 3 dB) takes place for the investigated aerofoil, also
showing a good fit to external experimental data, such as those from Clair et al. [88]. This
lower-frequency limit (Eq. 3-1) is based on the serration amplitude A, leading to lower initial
frequencies for the highest amplitudes. In other words, the lower limit of noise reduction is
reached as soon as at least half of the transversal turbulent length scale Λt of the incoming
eddies fits into the serration amplitude.
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𝑓𝑓𝑚𝑚𝑚𝑚𝑚𝑚 =

0.5 ∙ 𝑈𝑈0 𝑈𝑈0
=
𝐴𝐴
𝛬𝛬𝑡𝑡

Eq. 3-1

The spectral noise reduction continuously increases from low to high frequencies. The
maximum is reached at the point of intersection, at which aerofoil self-noise due to the
turbulent boundary layer starts to become increasingly dominant, forcing a decreasing
performance for frequencies beyond this point. A more recent study by Chaitanya et al. [1]
extends the work by Kim et al. [74]. This new study confirms the general mechanisms, but
more detailed work is done as well. Here, a simple single-gust model is derived, resulting in a
scaling of the spectral noise reduction, with the source strengths assumed to be uniform. The
spectral noise reduction is stated to scale according to Eq. 3-2, with the prefactor generally
being aS = 10. The upper limit of the possible noise reduction can be achieved at bS = 10 at
an optimum wavelength and takes place in the low-to-intermediate frequency range, in which
leading-edge noise is dominant. It is based on an amplitude-based Strouhal number SrA
(Eq. 3-3), suggesting that the ratio of amplitude to aerodynamic wavelength of the gust A/λA,
rather than the inclination angle θSerr , plays the more important role in terms of maximum
noise reduction. Schematic spectra of a straight and a serrated leading edge under highly
turbulent inflow conditions are presented in Figure 3-5 (left), whereas the resulting spectral
noise reduction in terms of the sound power level (PWL) according to Eq. 3-2 is shown in
Figure 3-5 (right).
𝛥𝛥𝑃𝑃𝑃𝑃𝑃𝑃 = 𝑃𝑃𝑃𝑃𝑃𝑃𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 − 𝑃𝑃𝑃𝑃𝑃𝑃𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = 𝑎𝑎𝑆𝑆 ∙ 𝑙𝑙𝑙𝑙 (𝑆𝑆𝑆𝑆𝐴𝐴 ) + 𝑏𝑏 𝑆𝑆
𝑆𝑆𝑆𝑆𝐴𝐴 =
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Eq. 3-2

Eq. 3-3

Figure 3-5 Schematic spectra of baseline and serrated aerofoil (left), scaled by aerofoil chord C, and spectral
noise reduction of serrations (right) with varying serration amplitudes A.

Note that the distance-independent sound power level (Eq. 3-4) is composed of the sound
pressure level (SPL) and the enveloping surface A E, describing the covered hemispherical or
spherical surface around the acoustic source at a given distance. Moreover, by incorporating
the air density 𝜌𝜌 and the speed of sound c, the ambient conditions in terms of the atmospheric
pressure and the temperature are compensated as well.
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Eq. 3-5

The sound pressure level SPL itself (Eq. 3-5) represents the logarithmic relationship between
the RMS-pressure fluctuation and the human hearing threshold p0 = 2·10-5 Pa at f = 1 kHz.
The overall sound pressure level (OASPL), as well as the overall sound power level (OAPWL),
describes the resulting level after summing (discrete value integration) the local SPL (PWL)
for the considered frequency band (Eq. 3-6 - Eq. 3-7).
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Influence of Free-Stream Velocity, Reynolds Number and Mach Number
With regard to different free-stream velocities, the overall noise reductions were observed
to collapse, but for small differences, for serrations of identical geometry [1]. Hence, a close
relation to a spectral scaling with the Strouhal number according to Eq. 3-3 can be expected,
with the serration amplitude turning out to be a useful normalisation parameter. This
observation matches results by Clair et al. [88], who identified significant lower frequencies
(fmin = 300 Hz at 20 ms -1 ) for noise reduction at low free-stream velocities compared to higher
velocities (fmin = 1.5 kHz at 60 ms -1 ). Moreover, the overall level was also found to be inversely
proportional to the jet speed, showing a slightly higher noise reduction for minimum speed, as
is also confirmed by [67, 93, 92]. Following a more detailed approach, Narayanan et al. [67]
performed blow-down experiments by continuously varying the wind tunnel speed. An identical
spectral composition of the noise reduction for different flow speeds was found when the noise
reduction is scaled via the Strouhal number. This could be confirmed for flat plate and realistic
aerofoils alike. The experimental study by Chong et al. [27] revealed a velocity-dependent
spectral scaling (500 Hz ≤ f ≤ 4 kHz) of the ATI noise reduction, with a power of U 0 1.1 in a
range of 20 ms -1 ≤ U 0 ≤ 40 ms -1 and a power of U 0 0.4 for 40 ms -1 ≤ U 0 ≤ 60 ms -1 .
Roger et al. [94] developed an analytical model for the noise reduction of serrated leading
edges that is based on Amiet’s [65] flat-plate theory. Although of preliminary character since
no thickness and no three-dimensional effects were considered, the supercritical or subcritical
character of impinging turbulence was identified as the main parameter for the acoustic
radiation. The threshold of the critical inclination angle at which a gust turns subcritical is
proposed to be influenced by the Mach number, hence playing a key role in the effectiveness of
the serrations. However, experimental verifications took place only at low Ma numbers,
preventing further evidence.
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Flat P lates vs. Real A erofoils
For simplicity, many of the presented studies on serrated leading edges focussed on flatplate aerofoils (or zero thickness aerofoils for analytical approaches). However, serrated leading
edges are eventually intended for applications at inlet guide vanes, stator vanes in
turbomachinery or at the blades of rotating machines, where real, three-dimensional aerofoil
profiles exist, differing significantly from the studied flat-plate designs. This leads to the
question of whether the observed noise reduction mechanisms are transferable to these more
complex shapes.
An experimental study carried out by Narayanan et al. [67] included a direct comparison
between a flat-plate aerofoil and a NACA65 high-lift aerofoil for serrated leading edges. The
essential physics of the spectral noise reduction was found to be maintained, even though the
real aerofoils were found to be significantly less effective. Both cases showed a significant noise
reduction in a frequency band of 500 Hz ≤ f ≤ 8 kHz, with a maximum overall reduction of
9 dB for the flat plates, whereas only 7 dB for the real aerofoil could be confirmed. The reduced
noise reduction performance of three-dimensional aerofoils can be attributed to the more
dominant nature of the generated self-noise in the form of high-frequency broadband noise.
This is due to the higher adverse pressure gradients compared to the flat plates and hence a
more energetic turbulent boundary layer, leading to a more intense scattering of acoustic
pressure [1]. This self-noise represents the natural upper frequency below which noise reduction
due to the leading edge serrations are taking place.
By means of a more practical application, Gruber et al. [95] tested NACA65(12)-10 aerofoils
in a tandem configuration, in which the trailing edge of the front aerofoil and the leading edge
of the rear aerofoil were equipped with serrations. Here, a broadband noise reduction of
5 - 8.5 dB was obtained, attributed mainly to the leading edge serrations of the rear aerofoil.
The total noise radiation by the two aerofoils was found to be clearly dominated by interaction
leading-edge noise of the rear aerofoil, with the trailing edge dominating the high-frequency
part. This provides some confidence that the main acoustic effects of serrated leading edges are
not masked by the self-noise of three-dimensional aerofoils. However, this is valid only for
configurations dominated by leading-edge noise and with a turbulent boundary layer, in which
the self-noise does not contain tonal components due to, for example, an aeroacoustic laminar
feedback loop. Interestingly, PIV measurements by Chaitanya et al. [47] revealed that under
given circumstances, the leading edge serrations are also able to influence the aerofoil self-noise
by increasing the thickness of the boundary layer, resulting in less high-frequency noise
radiation.
Another reason for the reduced noise reduction capability of realistic aerofoils compared to
flat-plate aerofoils is directly linked to thickness effects of the leading edge. As pointed out by
Narayanan et al. [67], the high leading-edge radius of thick aerofoils shows a stronger
attenuating upstream effect on the approaching turbulent eddies, leading to less ATI noise
radiation than for low-thickness aerofoils. Lau et al. [86] performed numerical work on a
NACA0015 with serrated leading edges, with the test samples subjected to a single-mode
turbulent gust of specified longitudinal wavelength. Amongst other parameters, they varied the
aerofoil thickness from 5% C – 20% C according to the NACA0005, 0010, 0015 and NACA0020
profiles. Remarkable thickness-dependent changes in the noise directivity patterns were
observed, with more upstream noise radiated for the thick aerofoils. The pattern of the noise
reduction due to serrated leading edges, on the other hand, shows no significant differences in
magnitude or directivity at a fixed ratio of serration amplitude to length of the incident gust.
This continuity of directivity is confirmed experimentally by Polacsek et al. [92] for a
NACA65(12)-10 aerofoil, showing no differences in directivity between serrated and straight
leading edges.
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3.2.3

Influence of the Design Parameters of Leading Edge Serrations

Apart from the underlying mechanisms of the noise reduction due to serrated leading edges,
several researchers performed detailed investigations into the effect of the serration parameters
on the specific aeroacoustic mechanisms. Table 3-1 briefly summarises these studies, in which,
interestingly, the focus is either on the analysis of flat plates or on the NACA65(12)-10 aerofoil.
Flat plates significantly reduce the complexity for analytical and numerical approaches,
whereas the specific NACA profile, also chosen for the current thesis, is motivated by the
beneficial aerodynamic features as well as the initial EU-funded FLOCON and BROBAND
studies, acting as a trigger for subsequent studies.
Generally, most of the studies summarised in Table 3-1 agree on the need for large serration
amplitudes A and small serration wavelengths λ for obtaining maximum decorrelation effects
along the serration shoulder and on significant interference effects between the peak and the
root regions of the serrations. The serration amplitude, though, usually represents the dominant
parameter compared to the serration wavelength.
Table 3-1 Summary of studies on the aeroacoustic influence of the parameters of leading edge serrations.
n/i = not investigated.

Maximum

Narayanan et al. [67, 91]

2014
2015

flat plate

A↑

n/i

log(A↑)

x

Chaitanya et al.

[1]

2017 NACA65(12)-10

θSerr↑

[27]
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Chong et al.
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Haeri et al.
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Ayton and Kim
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flat plate
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2016
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flat plate
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A < C/7.5

Turner and Kim [82, 83]

A nalytical
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Ref

ΔPWL, ΔSPL
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Focus
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A/Λt= 0.3-1
λ/ Λt = 1-1.5
A↑, θSerr↑ cos(φ)=-1
A↑
A↑

n/i

Lau et al.

[86]

2013

flat plate

Kim et al.

[74]

2016

flat plate

Chaitanya et al.

[37]

Chen et al.

[96]

2015 NACA65(12)-10 A↑, λ/Λt = 2
2016

NACA0012

n/i

n/i

Lyu et al.

[87]

2017

flat plate

n/i

Polacsek et al.

[92]

2011 NACA65(12)-10 A↑, λ/Λt = 2

ω·A/U 0 >>
2

n/i

n/i

x
x

A↑, λ/Λt = 2
A↑, λ↓,

λ↓, A↑,

A↑, λ/Λt = 2

x x
x
x x

On the other hand, according to Chaitanya et al. [1], the serration wavelength represents the
key parameter for obtaining a coherent excitation of only one half of the serration contour (one
tip, shoulder and root). This condition is fulfilled if the serration wavelength equals half of the
size of the incoming turbulent structure (λ/Λt = 2). Considering maximum interference effects
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between the serration peak and root, however, results in a ratio of λ/Λt = 4, opposing the
previously mentioned ratio for maximum decorrelation [1]. In terms of the maximum noise
reduction with regard to the serration amplitude, several researchers report a saturation beyond
a certain threshold [67, 91, 89, 82], making it necessary to consider the cost-value ratio by
means of aerodynamic penalties for high serration amplitudes.
3.2.4

Angle of Attack

The performance of serrated leading edges at higher angles, even at stall conditions, is
considered to be an important issue. This is the case particularly when this technique is
implemented in, for example, fans and blowers or even multi-stage compressors, in which the
incidence angles can vary significantly. However, several of the available studies on the
aeroacoustic effect of leading edge serrations took into account a variation in the angle of
attack, but only to a limited extent [27, 47, 88]. This is especially true for experimental studies
in the commonly used open free jet of limited dimensions. For these studies the investigated
effective range of AoA is rather small, since the geometric angle of attack requires a correction
to account for the deflection and curvature of the flow due to the aerofoil [97]. Moreover, there
is limited knowledge on the influence of high angles of attack on the noise reduction capability
of leading edge serrations. The numerical work by Lau et al. [86] considered angles of attack
0 deg ≤ AoA ≤ 3 deg for a symmetric NACA0015 with serrated leading edges. They observed
no changes in the directivity of radiated noise or the reduction capability of serrations, although
the total noise radiation increases for higher angles. Moreover, Polacsek [92] identified a slightly
attenuated noise reduction capability with increasing AoA from 0 deg to 15 deg, confirmed by
Clair et al. [88], who reported an influence of the AoA, with the maximum noise reduction
ΔSPL for serrations obtained at zero degrees. However, it is questionable to evaluate and
compare the absolute noise reduction capability for different angles of attack on the dB scale,
since the reference value 𝑝𝑝̅ 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 is not constant (Eq. 3-8), giving rise to masking effects of the
physical dependencies. The observed attenuation in noise reduction for high AoA matches the
results of Myers and Kerschen [98], who analytically showed that the ATI noise of a flat plate
increases quadratically for 0 deg ≤ AoA ≤ 10 deg at Ma = 0.75. In consequence, for a higher
SPL level of the straight leading-edge reference cases at high AoA, the reduction in acoustic
pressure must be significantly higher in order to obtain the same noise reduction on the dBscale for lower absolute levels (low AoA).
𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥 = 𝑆𝑆𝑆𝑆𝑆𝑆𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 − 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = 20 ∙ 𝑙𝑙𝑙𝑙𝑙𝑙 �

𝑝𝑝̅𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵
�
𝑝𝑝̅𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

Eq. 3-8

A first study focussing explicitly on the acoustic effects of leading edge serrations of aerofoils
near stall conditions was published recently by Lacagnina et al. [99]. In this fundamental study,
NACA65 aerofoils were tested experimentally with effective angles of attack of up to 23 deg.
The study focussed on a detailed description of the stall effect and on a correlation analysis
between near-field wall-pressure fluctuations and the radiated far-field noise. Implementing
leading edge serrations revealed a significant low-frequency noise reduction of up to
ΔPWL = 7 dB for 200 Hz ≤ f ≤ 700 Hz at AoA at which relevant separation appeared.
Maximum noise reduction effects were observed for high serration amplitudes and small
serration wavelengths, which matches the general trend of reducing ATI noise at low angles of
incidence. However, one downside is a remarkable noise increase for frequencies above the
dominant aerodynamic frequency of the separated structures, hence leading to a reduced
spectral upper threshold for higher AoA. The effect of noise reduction for the lower frequencies
persists until AoA = 17 deg for selected configurations but, in general, tends to decrease with
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the level of incidence since the separated flow becomes larger and of lower frequency. The effect
of the leading edge serrations on the separated flow structures near stall is confirmed by the
coherence spectra, showing a shift of the coherent noise sources towards lower frequencies when
the serrations are implemented. Moreover, low-frequency noise (20 − 30 Hz) due to shear layer
flapping of the straight leading edges is eliminated completely, showing the stabilising effect of
serrations. Presumably, the reason for the frequency shift is that the separated eddies, which
are usually located closely above the aerofoil surface, are migrating outwards for the serrated
cases. Even though this was partly validated by hot-wire measurements, another explanation
could be an efficient elimination of the coherent sources while simultaneously streamwise
vortices of lower frequencies are induced, generated by the serration contour itself, as described
by several researchers [38, 39, 23, 25, 18, 28].
3.2.5

Serrated Leading Edges for Trailing-Edge Noise Reduction

Apart from the serrations' ability to efficiently reduce aerofoil-turbulence-interaction noise
at highly turbulent inflow conditions, the serrations can also be used to reduce tonal noise close
to the trailing edge (TE), radiated due to an aeroacoustic laminar feedback loop. In general,
the underlying reduction mechanisms are well understood and were investigated by, for
example, Hansen et al. [24], Chong et al. [27] and Chen et al. [96], suggesting high amplitudes
and low wavelengths for efficient reduction. In accordance with this, the generation of
streamwise vortices was suggested to affect the generation of the downstream boundary layer,
triggering a bypass transition and, in consequence, suppressing tonal noise generation, leading
to a local noise reduction of up to 30 dB. The research by Hersh, Soderman and Hayden [100]
builds a bridge between the tonal and the broadband noise reduction. Here, leading edge
serrations were analysed for the reduction of vortex shedding noise (low Reynolds number)
associated with stationary and rotating aerofoils, where a significant noise reduction of 4 – 8 dB
was achieved. The noise generation took place by periodic fluctuating forces close to the trailing
edges, which are generating tonal noise. This noise disappears at stall conditions since the
vortex shedding becomes broadband. The serrations, however, are able to eliminate these tones
by generating chordwise trailing vortices on the suction side, forcing a transition to turbulent
and changing the wake from periodic to random. Most interestingly, for high angles of attack
the broadband noise is also reduced.
The effect of leading edge serrations on the radiation of aerofoil self-noise was further
analysed by Turner and Kim [101]. Their approach was to regard the leading edges (LE) and
trailing edges (TE) individually by numerically contrasting semi-infinite and finite chord
aerofoils without considering the effects of aerofoil thickness or camber. In summary,
implementing the trailing edge into the numerical setup leads to an additional portion of highfrequency noise as a result of a scattering of unsteady surface pressure due to a recently bisected
vortex at the TE. Moreover, an increased level of oscillation was observed as a result of phase
interferences of LE and TE sources, altering the directivity. The main finding was that even
though the trailing-edge components do not dominate the acoustic spectra at highly turbulent
inflow conditions, the leading-edge noise reduction might be adversely affected by a
disadvantageous combination of trailing-edge noise and a change in the oscillation of the
spectra. In consequence, higher noise than for the baseline case might be observed for extreme
upstream observer angles when leading edge serrations are implemented. On the other hand,
using a cambered NACA65 aerofoil, Chaitanya et al. [47] showed that a marginal reduction in
trailing-edge self-noise can be obtained by means of leading edge serrations. This investigation
was further elaborated by Lacagnina et al. [102] using a tripped aerofoil to ensure a fully
turbulent boundary layer. Especially for small negative angles of attack, a reduction of selfnoise was observed in a frequency range of 200 Hz ≤ f ≤ 10 kHz, with the best performance at
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high amplitudes and small wavelengths. Although not fully understood yet, the underlying
mechanism is proposed to be closely related to an altering structure of the velocity and
turbulence spectrum on the aerofoil’s pressure side close to the trailing edge. The serrations
supposedly help to break down large vortical structures into smaller ones and thus to reduce
noise.
3.2.6

Advanced Serration Designs

Since investigations into the aeroacoustic working mechanisms of leading edge serrations
were the focus of many recent studies, the basic effects are well understood by now, offering
possibilities of optimising the serration shape based on the conclusions drawn. When it comes
to optimisation, one can generally differentiate between modifications of the remaining source
mechanisms (splitting roots, adding slits, dual frequencies, etc.), as shown in Figure 3-6, and
modifications of the transfer path (destructive interference effects, incoherent spanwise
excitation).
Alternative design concepts are proposed by, for example, Chaitanya et al. [103] and Turner
et al. [104], who investigated so-called double-wavelength (or dual-frequency) serrations. Slitted
and chopped-peak serrations are discussed by Chaitanya et al. [105]. The working principles of
this new generation of serrations are similar as they aim at increasing the effect of destructive
interference between the single roots of the serrations, where the main remaining noise sources
are located (Section 3.2.1). The double-wavelength design was found to be the most effective
one and is therefore presented as an example. The basic idea of this serration design is to
further weaken the remaining noise source at the serration root by generating additional sources
of similar strength (similar serration amplitudes) with a specified streamwise displacement to
obtain destructive interference effects.

Figure 3-6 Different types of leading edge serrations.

For the previously discussed single-wavelength serrations, the dominant mechanisms are
decorrelation effects at low frequencies and destructive interference effects at high frequencies.
For the new design, the latter effects are shifted towards the lower frequencies, enhancing the
noise reduction performance. The streamwise displacement of two adjacent roots causes an
adjustable phase shift of the response time, being only a function of the amplitude. The time
delay caused by the convective velocity of the eddies for travelling from one serration root to
the other results in maximum destructive interference for the design frequency ω0 . In summary,
given a double-wavelength serration with a streamwise distance between the roots of ΔA
(Figure 3-6 bottom-left), the corresponding frequency for maximum destructive interference at
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a phase shift of Δφ = π is described by Eq. 3-9, where the convective velocity U conv of the
travelling turbulent structures needs to be taken into account.
𝜔𝜔0 =

𝜋𝜋 ∙ 𝑈𝑈𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝛥𝛥𝛥𝛥

Eq. 3-9

Here, maximum destructive interference effects take place with decreasing reduction for
frequencies with phase shifts from Δφ = π to φ = 0 or φ = 2π. For practical applications,
however, the effective frequency band is narrower, since aerofoil self-noise starts to become
more dominant. The same holds true for odd harmonics of the design frequency if sufficient
coherence of the noise sources can be maintained for higher frequencies. In consequence, the
absolute frequency range increases with the convective vortex velocity U conv.
One of the main benefits is that the double-wavelength approach adds the destructive
interference effect for low-to-mid frequencies while maintaining effective cut-off effects along
the serrated span, as described by Kim et al. [74]. Hence, the new approach can even outperform
the initially defined scaling law of the noise reduction, as stated per Eq. 3-2. However, the
previously described noise reduction effects suffer small penalties since for the advanced design,
smaller wavelengths (λ/Λt = 4) than the initially defined wavelength for optimum decorrelation
(λ/Λt = 2) are required.
The experimental study on double-wavelength serrations is complemented by Turner et al.
[104], who performed high fidelity numerical analysis using an approaching single Gaussian
vortex on a flat-plate aerofoil. Basically, the main finding by Chaitanya et al. [103] was
confirmed, with the observed phase shift between adjacent roots found to be in the range
Δφ = π ± 3 deg for maximum noise reduction. The authors found that the source strength
characteristics of this novel serration design are similar to those of single serrations of high
wavelength for low frequencies and to those of serrations of low wavelength for higher
frequencies. However, extending this effect of destructive interference towards the maximum
possible noise reduction leads, instead of serrations, to ‘simple’ slits (Figure 3-6 bottom-right).
At a given optimum slit width, coherent sources of comparable strength are generated at both
ends of these slits, leading to a noise reduction of up to 18 dB for the low-frequency region
[106–108].
Another design approach is pursued by Juknevicius et al. [109], who tested straight and
curved serrations (Figure 3-6 top-right; additional parameters of inclination angle and
curvature radius) of the add-on type for thin aerofoils with the purpose of reducing leading
edge noise. The idea is to increase the effective serration amplitude without increasing the
chordwise extension of the serrations. This approach is in line with conclusions drawn by Ayton
and Kim [89] or Haeri et al. [84], who found that large serration amplitudes are efficient in
terms of noise reduction but also affect the aerodynamic performance by significant margins.
Moreover, additional shielding effects of the curved serrations are expected, yielding an even
more effective noise reduction. This is meaningful because according to Kim et al. [74], the
remaining main noise sources are located at the roots of the serrations. The curved serrations
were found to provide an additional 5 dB broadband noise reduction to the 9 dB reduction of
the straight serrated flat-plate aerofoils tested. Since this is ongoing research, there is no
evidence yet that the observed improved noise reduction is caused by the spanwise displacement
of the serration roots, preventing interaction with the turbulent structures.
Apart from testing leading-edge blowing as an aerodynamic substitute for leading edge
serrations (Section 2.1.1), additional aeroacoustic testing was carried out by Al-Okbi et al. [31].
The small blowing jets were found to outperform the corresponding serrations at low frequencies
but also to induce significant high-frequency self-noise.
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The efficient low-frequency noise reduction effect might be explained in terms of more stable
and controllable flow conditions of the blowing. In principle, the synthetically generated
streamwise vortices are expected to oppose and dissipate the incoming coherent structures and,
in addition, to generate a buffer zone before these structures impinge on the leading edge.
3.2.7

Summary and Transfer Analysis

As is reported in the previous Sections 3.2.1 - 3.2.7, great efforts were made to understand
the aeroacoustic noise reduction mechanisms of serrated leading edges. At a global scale, the
underlying principles are well understood by now, although small aspects remain to be
confirmed. This is especially the case for the reported vortex formation mechanisms, leading to
different surface pressure fluctuations for the tip and the root region of the serrations. Another
example is an experimental validation of the noise source distribution along the serration
contour, hitherto identified only numerically. Moreover, more research with regard to the
relationship between the near-field surface pressure fluctuations and the resulting far-field noise
radiation, including the influence of various serration design parameters and varying flow
conditions, is needed.
Focussing on the influence of the serration parameters serration amplitude and wavelength,
the identified aeroacoustic trends are highly congruent, as opposed to the aerodynamic
dependencies discussed in Section 2.1.2. Even though this might partly be due to the limited
variety of investigated aerofoil types, the observed trends are considered to be valid for a wide
area of applications. For maximum noise reduction, high amplitudes and small wavelengths in
a range of λ/Λt = 2 (maximum decorrelation) to λ/Λt = 4 (maximum interference) are preferred,

where Λt represents the transversal length scale of the incoming turbulent structure. However,
the angle of attack, the Reynolds number and the conditions of the incoming turbulence also
play a role in terms of the noise reduction capability.
All the available aeroacoustic studies focussed on a very limited number of parameters,
lacking a comprehensive approach that describes the aeroacoustic performance of a serrated
aerofoil with respect to all the extracted main influencing parameters. This highlights the need
for a combined study on the parameter effects, ideally also taking into account the aerodynamic
performance of the serrated leading edges, as done in the form of an aeroacoustic study
described in Section 3.3. The scaling laws outlined in Section 3.2.2, however, can be referenced
and validated against the array beamforming results described in Section 3.4, allowing an
isolated analysis of the leading-edge noise only. Moreover, these beamforming results also allow
conclusions to be drawn on the effect of leading edge serrations on the trailing-edge noise, hence
challenging the findings in Section 3.2.5.
Eventually, the extracted noise reduction mechanisms will serve as a reference for applying
leading edge serrations to the rotating applications introduced in Sections 1 - 7. This includes
the overall dependencies on the parameters as well as the spectral composition of the noise
reduction due to serrated leading edges. Nevertheless, additional influencing factors, not yet
investigated, such as the blade-tip gap or the radius-dependent circumferential velocity of
rotating, ducted machines, need to be taken into account for the rotating domain as well.

3.3

Aeroacoustic Study

The serrated aerofoils, analysed aerodynamically in Section 2.2, are further investigated
with the aim of describing the aeroacoustic performance, taking into account the main
influencing parameters, namely the serration amplitude and serration wavelength, the Reynolds
number and the turbulence intensity, as well as the angle of attack. A statistical-empirical
model, based on the design of experiments (DoE) approach, is developed, which allows the full
experimental space to be described with high accuracy while keeping the experimental effort at
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a reasonable level. In a second step, the experimentally obtained aerodynamic results are
embedded into the aeroacoustic statistical-empirical model for the same range of angles of
attack. This allows to define multi-objective optima for the system considered. Note that
Section 3.3 shows re-evaluated and extended content of the published work by Biedermann et
al. [110].
3.3.1

Methodology

For the analysis of a defined physical experimental space by varying several influencing
parameters, the classical method would be to vary one of the parameters while keeping the
others constant. This procedure will then be repeated for each parameter of interest (raster
method). This might be an easy and effective method for describing the influence of these
parameters on a certain target value with high accuracy. On the other hand, this only holds
true as long as the number of parameters is small and the interdependencies between the
parameters are disregarded.
Increasing the number of parameters inevitably leads to an exponential rise in the number
of necessary measurement trials (MT). According to the n-permutation in Eq. 3-10, analysing
a system with five parameters (k) and varying the parameters on five levels each (n) results in
3125 measurement trials MTn-per . This represents a hardly manageable experimental volume.
Instead, applying the statistical design of experiments (DoE) approach as per Eq. 3-11 leads to
a significant reduction in the experimental volume to 43 trials (circumscribed central composite
experimental design, C-CCD) without a significant loss of information on the system’s
behaviour. A brief description of this methodology, as well as the different possible experimental
designs, can be found in the engineering statistical handbook of NIST/SEMATECH [111], as
well as in Siebertz et al. [112]. Generally, the DoE approach keeps the experimental volume
manageable and facilitates the detailed analysis of multiple parameters with reasonably high
accuracy [110].
𝑀𝑀𝑀𝑀𝑛𝑛−𝑝𝑝𝑝𝑝𝑝𝑝 = 𝑛𝑛 𝑘𝑘 = 3125

Eq. 3-10

𝑀𝑀𝑀𝑀𝐷𝐷𝐷𝐷𝐷𝐷−𝐶𝐶𝐶𝐶𝐶𝐶 = 2𝑘𝑘 + 2 ∙ 𝑘𝑘 + 1 = 43

Eq. 3-11

So-called experimental designs are commonly used for obtaining as much information on a
system as possible while keeping the experimental effort at a minimum. A design consists of
different combinations of factor settings, so-called factor-level combinations. However, the
available approaches to sampling the (experimental) space of interest, which is defined by the
maximum and minimum values of the parameters, show a large variety and must be defined
prior to any experimental study.
For this study, a circumscribed central composite design (C-CCD) is used to sample the
experimental space (Figure 3-7). The C-CCD consists of a two-level factorial design that
samples information equidistantly on the inside of the design space as well as so-called star
points that lie at the borders of the design space. The centre points are re-sampled to establish
predefined statistical properties, which are orthogonality and rotatability in this case. The
relative distance of the star points to the central point is a function of the statistical properties
as well. Orthogonality allows a non-commingled estimation of the factor effects in successive
modelling, while rotatability allows the assumption that the variance of the predicted response
is only a function of distance to the centre point. Consequently, the C-CCD consists of five
different settings for each factor, as can be seen in Figure 3-7 [113].
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The experimental space is spanned by the influencing parameters (IP) in the range of
IP ∈ (-αDoE, +αDoE), where ±αDoE represents the non-dimensional minimal and maximal settings
of each individual influencing factor.

Figure 3-7 Composition of a 2D experimental space (two influencing parameters), based on a circumscribed
central composite design (C-CCD). Schematic according to Siebertz et al. [112].

3.3.2

Influencing Parameters

As mentioned previously, a set of five parameters, namely the Reynolds number (Re), the
turbulence intensity (Tu), the serration amplitude (A/C) and the serration wavelength (λ/C),
normalised by the aerofoil chord, and the angle of attack (AoA) are analysed as influencing
parameters. These parameters were chosen based on a literature study and on preliminary
investigations, identifying them as the main influencing factors. The transversal integral length
scale Λt is considered an important influencing factor as well, although this factor is extremely
hard to control experimentally. Therefore, this parameter will be monitored as accompanying
quantity, but no modelling with regard to Λt takes place. The limits of the chosen modelling
parameters, as well as their five levels according to the chosen C-CCD design, are listed in
Table 3-2.
Table 3-2 Influencing parameters [110] and individual parameter settings in a range of ± αDoE for the five levels
of the experimental design (C-CCD).

xNondim
Re
Tu
A Serr /C
λSerr /C
AoA

U nit

-αD oE

-1 DoE

0 D oE

+1 DoE

+αD oE

--%
--deg

-2.378

-1.0

0.0

+1.0

+2.378

250,000
2.08
0.080
0.050
-4.0

351,422
3.07
0.144
0.122
-1.7

425,000
3.79
0.190
0.175
0.0

498,578
4.51
0.236
0.228
1.7

600,000
5.50
0.300
0.300
4.0

The acoustic experiments took place at the open-jet wind tunnel of the aeroacoustic facility
at Brunel University London. The exit nozzle, which has a dimension of 100 × 300 mm, is
situated inside a semi-anechoic chamber (4.0 × 5.0 × 3.4 m). It can produce a typical turbulence
intensity varying between 0.1 and 0.2 % [27, 114]. The maximum jet velocity is about
U 0 = 80 ms −1 . Especially since the open-jet wind tunnel possesses a nozzle of relatively small
dimensions, a change in the geometrical angle of attack of the aerofoils strongly affects the
properties of the shear layer, an effect that results in interdependencies with regard to the
effective aerofoil angle. Brooks et al. [115] defined the wind tunnel correction (Eq. 3-12) as a
function of nozzle height H and aerofoil chord C in order to obtain the same pressure
distribution over an aerofoil as in unbounded flow for the purpose of a direct comparison.
Although the initial study was performed without consideration of the aerofoil camber, the
stated relation is valid for small angles of attack, as also shown by Lacagnina et al. [99].
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𝜁𝜁𝐴𝐴𝐴𝐴𝐴𝐴 = (1 + 2 ∙ 𝜎𝜎) 2 + √12𝜎𝜎
𝜎𝜎 =
𝜁𝜁𝐴𝐴𝐴𝐴𝐴𝐴 =

Eq. 3-12

𝜋𝜋 2 𝐶𝐶 2
� �
48 𝐻𝐻

𝐴𝐴𝐴𝐴𝐴𝐴𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔
≈ 2.51
𝐴𝐴𝐴𝐴𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒

Eq. 3-13

Based on the defined correction factor, the geometrical angle of attack needs to be varied in a
range of -10 deg ≤ AoA ≤ 10 deg for obtaining effective changes of -4 deg ≤ AoA Eff ≤ 4 deg.

Turbulence Intensity
To generate elevated turbulence intensities Tu of the free stream, several turbulence grids
are inserted upstream of the aerofoil inside the nozzle of the aeroacoustic wind tunnel. As per
the criteria suggested by Laws and Livesey [2], all the turbulence grids are biplane square
meshes with a constant ratio between the mesh size and the bar diameter (H Mesh/dBar = 5).
Using the turbulence prediction model by Aufderheide et al. [116], which is based on the work
of Laws and Livesey [2], five different turbulence grids that were predicted to generate
turbulence in the range of Tu = 2.1% and 5.5% were manufactured according to Eq. 3-14. The
turbulence intensity appears to be a function of the mesh size H Mesh, the loss coefficient of the
grid ζ and a factor K to compensate for the wind tunnel contraction downstream. The virtual
position x0 (Figure 3-8) is considered to be in the order of x0 = 10·H Mesh to guarantee isotropic
turbulence. According to Laws and Livesey, the factor bLL is approximately bLL ≈ 100 in case
of a biplane grid with H Mesh/dBar ≈ 5 [2]. The downstream contraction factor K is based on the
ratio kC of grid cross-sectional area A Grid to the area of the wind tunnel measurement plane A MP
downstream, being approximately the size of the nozzle exit A MP = 0.1 m x 0.3 m.
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Figure 3-8 Schematic of the experimental setup according to Biedermann et al. [110] as well as turbulence grid
nomenclature.

In order to determine the turbulence intensity, a right-angled Dantec Dynamics 55P14
miniature 1D hot-wire probe was placed 30 mm downstream of the nozzle exit, which coincides
with the aerofoil leading-edge tip when installed. The turbulence intensity was measured
without a mounted aerofoil but with the turbulence grids and side-plates installed. The mean
velocity U 0 and the Tu profiles were recorded at 106 locations over the whole nozzle exit area.
For the generated turbulence, isotropic conditions are desired to allow more general
conclusions to be drawn about the modelled system. Since only one-dimensional hot-wire
measurements were conducted, the measurement results are compared against the longitudinal
spectrum of isotropic turbulence, according to Liepmann and Von Kármán. According to
Rozenberg [117], the bi-dimensional spectrum of the turbulence 𝐺𝐺𝜔𝜔𝜔𝜔 (𝐾𝐾𝑥𝑥 ,0) in Eq. 3-16 can be

written as a product of the power-density spectrum of the vertical velocity fluctuations 𝐺𝐺𝜔𝜔𝜔𝜔 (𝜔𝜔)
and the correlation length of the fluctuating velocity 𝑙𝑙 𝑦𝑦 (𝜔𝜔).
𝐺𝐺𝜔𝜔𝜔𝜔 (𝐾𝐾𝑥𝑥 , 0) =

𝑈𝑈0
∙ 𝐺𝐺 (𝜔𝜔) ∙ 𝑙𝑙 𝑦𝑦 (𝜔𝜔)
𝜋𝜋 𝜔𝜔𝜔𝜔

Eq. 3-16

The two theoretical models proposed by Von Kármán and Liepmann are the most common
models for describing isotropic turbulence. For the current analysis, however, Liepmann’s
approach in Eq. 3-17 is applied, with KX being the streamwise wave number.
𝐿𝐿 (𝜔𝜔) =
𝐺𝐺𝜔𝜔𝜔𝜔

𝜔𝜔
� 2𝛬𝛬𝜔𝜔𝜔𝜔 1 + 3𝐾𝐾𝑥𝑥2 𝛬𝛬2𝜔𝜔𝜔𝜔
∙
2𝜋𝜋𝑈𝑈0 (1 + 𝐾𝐾𝑥𝑥2 𝛬𝛬2𝜔𝜔𝜔𝜔 )2
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Limiting the evaluation to the square velocity fluctuation 𝜔𝜔
� 2 and the longitudinal integral
length scale ΛL reduces Eq. 3-17 to the one-dimensional power-density spectrum defined in
Eq. 3-18, following Rozenberg [117].
𝐺𝐺𝐿𝐿𝑢𝑢𝑢𝑢 (𝜔𝜔) =

���′2� 𝛬𝛬
𝑢𝑢
1
𝐿𝐿
∙
· 𝐺𝐺
,
𝜋𝜋𝑈𝑈0 1 + 𝐾𝐾2𝑥𝑥 Λ2𝐿𝐿 𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾.

𝐾𝐾𝑥𝑥 =

𝜔𝜔
𝑈𝑈0

Eq. 3-18

The resulting spectra need to be multiplied by a factor of two to obtain a single-sided spectrum.
Furthermore, a factor of 2·π is applied to convert the frequency to Hz. GKolm is used to
compensate for the dilution in the high-frequency region, caused by the Kolmogorov scale, by
applying the exponential function given in Eq. 3-19. The empirical constant Kη controls the
gradient of the roll-off at high frequencies [117, 53] and is related to the Kolmogorov subspace.
2

9 𝐾𝐾𝑥𝑥
𝐺𝐺𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾. = 𝑒𝑒𝑒𝑒𝑒𝑒 � − ∙ � � � ,
4 𝐾𝐾𝜂𝜂

𝐾𝐾𝜂𝜂 ≈ 4.3 ∙ 10³𝑚𝑚−1

Eq. 3-19

The characteristic region of the generated turbulence is defined as the region in which the
power density starts to decrease and the power density scales according to the Kolmogorov
spectrum with f -5/3 . The dependencies of the resulting power density spectrum become clear by
non-dimensionalising the spectrum. A reduced frequency is obtained by multiplying the
frequency with the integral turbulence length scale ΛL divided by the mean velocity U0
(Eq. 3-20).
𝑆𝑆𝑆𝑆𝛬𝛬 =

𝑓𝑓 ∙ 𝛬𝛬𝐿𝐿
𝑈𝑈0

Eq. 3-20

The magnitudes of the power density subside by scaling the mean velocity with a power of
0.5. As is shown in Figure 3-9, the power density spectrum reduces to a single characteristic
curve, which is independent of the mean velocity. The measurement results show an excellent
fit to the theoretical approach, particularly for the relevant mid-frequency region. As a
consequence, the generated turbulence can be assumed to be isotropic, and the complexity of
the Tu reduces accordingly from Eq. 3-21 to Eq. 3-22 [118].
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Figure 3-9 Normalised longitudinal turbulent energy spectra for isotropic turbulence according to Liepmann at
200,000 ≤ Re ≤ 600,000 and Tu = 3.9 %. The streamwise location of the measurement coincides with the
aerofoil leading edge [110].

3.3.3

Target Values

Prior to the modelling, it is important to first identify meaningful target values for the
present study. The target values (TV) can be described by means of all the influencing
parameters in the first and second orders, as well as the interdependencies between the
influencing parameters IP (Eq. 3-23 [110]).
𝑛𝑛
𝑛𝑛
𝑖𝑖 = 1. .3
2
�
�
��
��
(𝐼𝐼𝐼𝐼𝑗𝑗 ∙ 𝐼𝐼𝐼𝐼𝑗𝑗+𝑘𝑘 )� � � 𝑗𝑗 = 1. .5
𝑇𝑇𝑇𝑇𝑖𝑖 = 𝑓𝑓
𝐼𝐼𝐼𝐼𝑗𝑗 + 𝐼𝐼𝐼𝐼𝑗𝑗 +
𝑗𝑗=1
𝑘𝑘=1
𝑘𝑘 = 1. .4

Eq. 3-23

Defining the target values is a crucial part of the evaluation of the experimental data. They
are expected to describe the system with the necessary accuracy. This study focusses on the
overall sound reduction of a serrated LE compared to a baseline LE and does not predict the
sound pressure level (SPL) at a particular frequency. Consequently, the target values of interest
are limited to the overall sound pressure levels OASPL (Eq. 3-24, Eq. 3-25), describing the
dependencies of the sound generation for the baseline and the serrations and facilitating the
analysis of the influence of each case on the possible noise reduction. It is important to note
that single-microphone measurements were performed. Hence, the influences on the acoustic
directivity are disregarded. As shown in Eq. 3-24, the noise produced by a baseline leading edge
(LE) is a function of the Reynolds number, turbulence intensity, and angle of attack. In the
case of serrated LE, additional influences of the serration wavelength and serration amplitude
must be taken into account (Eq. 3-25). Subtracting the OASPLSerr from the OASPLBL results
in an overall noise reduction ΔOASPL as stated per Eq. 3-26.
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Eq. 3-24

Eq. 3-25

Eq. 3-26

An overview of the chosen target values is given in Table 3-3, differentiating between
acoustic and aerodynamic quantities. Incorporating the aerodynamic results into the statisticalempirical model is based on two considerations. First, a possible influence of the Reynolds
number on the covered linear regime of -4 deg ≤ AoA ≤ 4 deg is neglected for the coefficients
of lift and drag. This is considered appropriate since these coefficients are normalised by the
free-stream velocity, as is also validated by a comparison at Re = 150,000 and Re = 250,000
(Section 2.2.3). Second, the aerodynamic influence of the turbulence intensity is disregarded
since serrations are well-known for forcing an early transition of the boundary layer; hence, the
turbulence intensity is not expected to cause differences in lift and drag. This was also validated
numerically for example cases. In summary, the aerodynamic target values are solely a function
of the angle of attack and the serration parameters A/C and λ/C. The stated differences in the
coefficients of lift and drag are defined according to Eq. 3-27 and Eq. 3-28.
𝛥𝛥𝐶𝐶𝐿𝐿 = 𝐶𝐶𝐿𝐿,𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 − 𝐶𝐶𝐿𝐿,𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

Eq. 3-27

𝛥𝛥𝐶𝐶𝐷𝐷 = 𝐶𝐶𝐷𝐷,𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 − 𝐶𝐶𝐷𝐷,𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

Eq. 3-28

Table 3-3 Acoustic and aerodynamic target values (TV), independent of each other, but a function of the
influencing parameters TV = f(Re, Tu, A/C, λ/C, AoA).

3.3.4

A coustic

U nit

OASPLBSLN
OASPLSerr
ΔOASPL

dB
dB
dB

A erodynamic
CL, Serr
CL, BSLN
CD, Serr
CD, BSLN
ΔCL
ΔCD

U nit
-------

Setup and Preliminaries

Because of the chosen experimental C-CCD design as well as the number of influencing
parameters for the design of experiments (DoE) approach, a total of ten different leading edge
serrations were investigated (Table 2-3). These include one configuration with a straight leading
edge, serving as the baseline case (BSLN). To conduct free-field measurements of the ATI noise
(aerofoil-turbulence-interaction noise), the aerofoil was held by side-plates to keep the aerofoil
61

3.3 Aeroacoustic Study
in place and to maintain a two-dimensional flow profile [27]. Noise measurements in the
aeroacoustic wind tunnel were made by a single PCBTM 1/2-inch pre-polarised ICP ® condenser
microphone at polar angles of Θ = 90 degrees at a vertical distance of h = 0.95 m from the
leading edge of the aerofoil at mid-span (Figure 3-8). The acoustic data were recorded at a
sampling rate of 40 kHz, with the measurement time set to 20 s. In the spectral analysis,
Hamming windows were used for windowing at 50 % overlap by using a block size of 1,024,
yielding a frequency resolution of Δf = 43 Hz and resulting in 1,718 averaged blocks for the
generated spectra [110]. To define spectra where the spectral amplitudes are independent of the
chosen frequency resolution and as well as of the windowing process, the power spectral density
is defined according to Eq. 3-29 and Eq. 3-30. Here Δf represents the chosen frequency resolution
and ε a window-specific shape factor. As a consequence, all the power spectral density (PSD)
spectra presented in this study have a 1 Hz frequency bandwidth.
𝐺𝐺11 (𝜔𝜔)
�
𝑃𝑃𝑃𝑃𝑃𝑃 = 10𝑙𝑙𝑙𝑙𝑙𝑙10 �
𝑝𝑝02
𝐺𝐺11 (𝜔𝜔) =

𝑝𝑝 ′2 (𝜔𝜔)
𝜀𝜀 ∙ Δ𝑓𝑓

Eq. 3-29

Eq. 3-30

The frequency range (f1 ≤ f ≤ f2 ) for the analysis of the overall sound pressure level
(OASPL) is set to f1 = 300 Hz and f2 = 10 kHz. This value of f1 was chosen based on the cutoff frequency of the anechoic chamber. The selected value of f2 excludes possible influences by
the aerofoil self-noise from the trailing edge, which is not related to ATI noise.
Since it is known that the OASPL could be very sensitive to the choice of f1 , a careful
sensitivity study was performed to examine the change in OASPL and ΔOASPL with regard
to the different values of f1 . The sensitivity study demonstrates that both the OASPL and the
ΔOASPL are reasonably unaffected for f1 ≥ 200 Hz. Therefore, the current choice of f1 = 300 Hz
should be able to characterize the ATI noise accurately in the OASPL analysis [110].
The test matrix, defined according to the chosen C-CCD sampling model, consists of 43
samples with individual levels of the five investigated parameters plus 16 repetitions of the
central point to be able to determine the statistical spread of the measurement results as well
as to maintain statistical properties such as orthogonality and rotatability. The final test matrix
is shown in Appendix C.1. It is essential to conduct the measurements in a fully randomized
order to exclude systematic measurement errors. Moreover, each sample point is measured
twice to improve the reliability of the signals gathered.
The sound pressure level on the logarithmic dB scale was explicitly chosen so that the data
could be fed into the statistical-empirical model. Although the underlying physical quantity is
the sound pressure in Pa, the logarithmic scaling of the sound pressure level in dB represents
a more natural scaling of the acoustic phenomenon. Approximations of the linear or squared
sound pressure, instead, would result in strong deviations and only poor approximation for all
the lower sound pressure levels since very small differences in sound pressure yield significant
changes in the SPL. Hence, the resulting model would involve a weighting in accuracy with a
trend towards high OASPL.
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3.3.5

Development of the Statistical-Empirical Model

After conducting the experiments, the aeroacoustic statistical-empirical model was
developed by using the measurement data gathered to define a linear combination (regression
function) of the influencing parameters in linear and quadratic order according to Eq. 3-23.
Moreover, the linear interdependencies between the single influencing parameters are also
incorporated. More specifically, deriving from Eq. 3-23 the target value of the overall sound
pressure level for the serrations OASPLSerr results in Eq. 3-31, where 𝑓𝑓𝑖𝑖∗ represents the 21

unknown prefactors, which are defined using the data analysis software Statistica®. The same
procedure is applied to the remaining target values, with the detailed functions presented in
Appendix C.2.
𝐴𝐴

𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = 𝒇𝒇∗𝟏𝟏 + 𝒇𝒇∗𝟐𝟐 𝑅𝑅𝑅𝑅 + 𝒇𝒇∗𝟑𝟑 𝑅𝑅𝑅𝑅 2 + 𝒇𝒇∗𝟒𝟒 𝑇𝑇𝑇𝑇 + 𝒇𝒇∗𝟓𝟓 𝑇𝑇𝑇𝑇 2 + 𝒇𝒇∗𝟔𝟔 𝐶𝐶 +
𝐴𝐴 2

𝜆𝜆

𝜆𝜆 2

𝒇𝒇∗𝟕𝟕 �𝐶𝐶 � + 𝒇𝒇∗𝟖𝟖 𝐶𝐶 + 𝒇𝒇∗𝟗𝟗 �𝐶𝐶 � + 𝒇𝒇∗𝟏𝟏𝟏𝟏 𝐴𝐴𝐴𝐴𝐴𝐴 + 𝒇𝒇∗𝟏𝟏𝟏𝟏 𝐴𝐴𝐴𝐴𝐴𝐴2 + 𝒇𝒇∗𝟏𝟏𝟏𝟏 𝑅𝑅𝑅𝑅 ∙ 𝑇𝑇𝑇𝑇 +
𝐴𝐴

𝜆𝜆

𝐴𝐴

𝜆𝜆
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𝐴𝐴

𝜆𝜆

𝐴𝐴

𝜆𝜆

Eq. 3-31

𝒇𝒇∗𝟏𝟏𝟏𝟏 𝑇𝑇𝑇𝑇 ∙ 𝐴𝐴𝐴𝐴𝐴𝐴 + 𝒇𝒇∗𝟏𝟏𝟏𝟏 𝐶𝐶 ∙ 𝐶𝐶 + 𝒇𝒇∗𝟐𝟐𝟐𝟐 𝐶𝐶 ∙ 𝐴𝐴𝐴𝐴𝐴𝐴 + 𝒇𝒇∗𝟐𝟐𝟐𝟐 𝐶𝐶 ∙ 𝐴𝐴𝐴𝐴𝐴𝐴

After validating the quality and the reliability of the regression functions obtained, target
values at arbitrary factor combinations within the limits of the analysed experimental space
can be predicted.
The fit of the statistical-empirical model with regard to the input data is shown in
Figure 3-10. The diagonal line represents a perfect match of observed (measured) vs. predicted
data, with the blue dots indicating the samples within the experimental space. As can be seen,
these samples are well distributed, covering a wide range of values. For the absolute noise
radiation OASPLSerr , the data fit is excellent; for the ΔOASPL, the fit is of lower but still
reasonable quality. The increased spread of the latter is attributed to accumulative
measurement uncertainties for the baseline and the serration measurements, which are
interconnected by Eq. 3-26.

Figure 3-10 Prediction and observation plots for the target values of the serrated overall sound pressure level
OASPL Serr (left) as well as the overall noise reduction ΔOASPL (right).

3.3.6

Validation of the Statistical-Empirical Model

The validation process of the model is tripartite. First, validation against independent test
data with extreme settings of the parameters within the experimental space is performed. These
points are traditionally hard to approximate with high accuracy. Second, validation against an
extensive data pool of 192 reference measurements, which stem from a preliminary study by
Chong et al. [27], is carried out.
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Finally, the third approach aims at extending the statistical-empirical model to include external
test data from the aeroacoustics facility of the University of Southampton. Here, apart from
different testing parameters, the aerofoil surface, the observer distance and the measurement
environment were slightly different. As will be shown, the aeroacoustic statistical-empirical
model is highly accurate and, therefore, provides a good tool for optimisation purposes.
The deviations between model and test data, or the lack of fit, can be expressed via the
normalised mean absolute error nMAE. This error is defined by the averaged deviations between
predicted values 𝑦𝑦� and observed values y, based on the predicted mean value as stated per
Eq. 3-32.
𝑛𝑛𝑀𝑀𝑀𝑀𝑀𝑀 =

𝑀𝑀𝑀𝑀𝑀𝑀

1 ∑𝑛𝑛
𝑛𝑛 𝑖𝑖=1 𝑦𝑦�𝑖𝑖

𝑤𝑤𝑤𝑤𝑤𝑤ℎ 𝑀𝑀𝑀𝑀𝑀𝑀 =

𝑛𝑛
1
� |(𝑦𝑦�𝑖𝑖 − 𝑦𝑦𝑖𝑖 )|
𝑛𝑛
𝑖𝑖=1

Eq. 3-32

1. Statistical-Empirical Model Validation with Extreme values
The statistical-empirical model was tested against 12 independent test samples within the
experimental space, with at least one out of the five influencing parameters showing a maximum
or minimum level. As can be seen from Figure 3-11, a good overall fit is obtained, although the
serrated model shows some significant deviations in terms of the nMAE, particularly resulting
from the approximations at minimum wavelength in conjunction with high Tu or high AoA at
low Re.
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Figure 3-11 Validation measurements in the outer region of the experimental space. Extreme settings are
indicated by the grey background colour.

2. Statistical-Empirical Model Validation with Raster Data by Chong et al. [27]
As mentioned previously, Chong et al. [27] provided a data pool of 192 test samples by
continuously varying the Reynolds number, the serration amplitude A/C and the serration
wavelength λ/C. The Tu, however, was varied as a categorical quantity by testing three
different turbulence grids. The developed statistical-empirical model was used to predict the
expected target values at the same parameter settings as communicated by Chong et al. [27].
Then, these predicted values can be compared to the provided measurement data. Figure 3-12
(left) shows the fit of the model, incorporating all the independent test samples provided. As
can be seen both visually and by means of the nMAE error, the fit of the model for the OASPLSerr
is remarkable. In Figure 3-12 (right), the absolute values for the serrated noise radiation
OASPLSerr , as well as the noise reduction ΔOASPL, are shown for varying Reynolds number
and serration amplitude.
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The predicted trends (straight lines) accurately match the measurement data (symbols).
However, as observed for the fit of the initial statistical-empirical model (Figure 3-10), slightly
higher deviations are observed for the ΔOASPL, since uncertainties of the underlying
influencing parameters tend to accumulate.
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Figure 3-12 Validation measurements comparing the raster measurements from Chong et al. [27] with the
developed statistical-empirical model. Left: OASPL Serr of observed vs. predicted values; right: absolute
comparison of the OASPL with independent validation data (points = measurements, curves = model
prediction).

3. Statistical-Empirical Model Validation with External Data
Final validation of the developed statistical-empirical model (see also [110]) takes place by
comparing the predicted OASPL and ΔOASPL with external data [47] obtained independently
in the aeroacoustic wind tunnel at the Institute of Sound and Vibration Research (ISVR),
University of Southampton. The aerofoil used in the ISVR is of the same NACA65(12)-10 type,
with a chord length C = 150 mm and a span S = 450 mm. The authors forced a bypass
transition of the boundary layer from laminar to turbulent by tripping tapes in order to prevent
the production of laminar instability tonal noise [47]. At an elevated level of free-stream
turbulence, the leading edge noise is considered to be the dominant noise source. Therefore, in
this case, the boundary layer tripping can be assumed to have no influence on the radiated
noise [63, 77]. The turbulence intensities at the ISVR were generated at Tu = 2.5 % and 3.2 %,
and the incoming flow velocities were U 0 = 20 ms -1 , 40 ms -1 , and 60 ms -1 . The difference in
distance of the far-field microphone location is corrected for by the monopole 1/R-scaling law
according to Eq. 3-33,

𝑅𝑅1
𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂(𝑅𝑅2 ) = 𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂(𝑅𝑅1 ) − �20 ∙ 𝑙𝑙𝑙𝑙𝑙𝑙 � ��
𝑅𝑅2
ΔOA𝑆𝑆𝑆𝑆𝑆𝑆 = �20 ∙ 𝑙𝑙𝑙𝑙𝑙𝑙 �

Eq. 3-33

𝑅𝑅1
��
𝑅𝑅2

where R1 and R2 are the absolute distances between the source and the observer (measurement
location) at a polar angle of Θ = 90 deg. Note that there is a slight difference in the definition
of the serration parameters, with the ISVR adopting the ‘same wetted-area’ principle. This
means that the serration peak extends the initial aerofoil chord length by A/2. Therefore, the
resulting differences in aerofoil surface between the statistical-empirical model and the
validation data were also compensated for by a linear scaling.
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Twelve measurement points were analysed at AoA = 0 deg and Tu = 2.5 % at Reynolds
numbers of Re = 394,188 and 624,348. The serration amplitudes are varied by
0.1 ≤ A/C ≤ 0.35, and the serration wavelengths are varied by 0.05 ≤ λ/C ≤ 0.25. Applying
the specific boundary conditions of the ISVR test rig to the current statistical-empirical model
yields the predictions of the OASPL for both the baseline and the serrated aerofoils, which are
shown in Figure 3-13.
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It becomes clear that an excellent agreement was achieved between the predicted and the
measured data. The OASPL reduces when the serration amplitude increases, as predicted by
the statistical-empirical model. The overall noise reduction ΔOASPL also demonstrates a good
agreement with the predictions, although with a slightly larger discrepancy due to the
accumulated errors in the OASPL, resulting from both the baseline and the serrated aerofoils.
Altogether, the current statistical-empirical model can be regarded as a robust tool for
predicting the ATI broadband noise subjected to serrated leading edges.
3.3.7

Aeroacoustic Dependencies

Main Effects
Figure 3-14 shows the Pareto diagrams of the two most important target values, with the
ΔOASPL representing the linear difference between the OASPL of the serrated and that of the
straight aerofoil under the same inflow conditions. In total, the presented results of each target
value are based on 59 measurement points, each repeated twice for obtaining a stable mean
value with a low statistical spread. All measurements were carried out in a randomised order,
resulting in a time-consuming measurement campaign but also providing a statistically highly
reliable data pool.
As can be seen from Figure 3-14 (left), the noise radiation, foremost, scales linearly with the
Reynolds number, the turbulence intensity and the serration amplitude. Quadratic influences
(indicator Q) of the turbulence intensity and the Reynolds number, followed by a linear effect
(indicator L) of the AoA, are significant as well, although of secondary importance.
Quantitatively, the strength of each effect is indicated as well, with negative values resulting
in attenuated effects and positive values resulting in stronger effects. Comparing the two
presented target values shows, for example, that increasing the serration amplitude leads to a
linear attenuation of the radiated noise (Figure 3-14 left) but also causes a strong reinforcement
of the noise reduction capability (Figure 3-14 right).
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Figure 3-14 Pareto diagrams, including the strength of the effects and the threshold of statistical significance
(p = 5 %). The overall sound pressure level of the serrations OASPL Serr (left) and the overall noise reduction
ΔOASPL (right). Q indicates quadratic effects, and L indicates linear influences of the factors. Positive values
indicate reinforcing effects; negative values indicate attenuating effects.

The mean effect of all the five parameters analysed is plotted in Figure 3-15, showing the effect
of all the individual influencing parameters on the overall noise reduction ΔOASPL, while all
the other parameters remain in intermediate positions. The serration amplitude has the highest
intermediate effect, with an almost linear relationship between the A/C and the ΔOASPL,
before reaching an asymptotic level when the A/C is increased further. The serration
wavelength λ/C shows a non-linear behaviour, with the optimum achieved at intermediate
wavelength, beyond which the noise reduction capability is weakened considerably [110]. The
predicted profile of the influence of the turbulence intensity Tu exhibits a large level of noise
reduction at high Tu levels. In contrast, at low Tu, a low level of noise reduction is predicted.
This is in agreement with theory, since a high Tu is known to cause a high level of broadband
noise radiation from a lifting surface. This, in turn, facilitates an increase in the noise reduction
capability when a serrated leading edge is used. However, it is important to note that the
effects of the individual parameters on the overall noise reduction in Figure 3-15 cannot be
attributed to the serrated leading edges only, because different levels of Re, Tu and angle of
attack AoA can also affect the baseline straight leading edge [110].
Despite their quite general character, the trends already provide an overview of the
significance and effect of the single parameters. In order to provide statements of more
conclusive character for the transfer of the obtained dependencies to practical applications,
multi-objective optima will be defined in Section 3.3.8.
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Figure 3-15 Mean effect of the influencing factors on the target value ΔOASPL with ΔOASPL = 3.92 dB when
all parameters are on intermediate levels as indicated in bold.

Bringing the dependencies shown in Figure 3-15 towards a maximum noise reduction, or in
other words, maximising the underlying functional relationship of ΔOASPL as shown in
Figure 3-16, results in a minimum Reynolds number and a maximum Tu and A/C, as well as
λ/C ∈ [0.13, 0.2] and AoA ∈ [0, 3.3]. This identified setting of maximum performance is tested
experimentally, clearly confirming the proposed parameter settings. At optimum conditions, a
reduction of up to ΔOASPL = 7.7 dB is predicted, with experimentally a ΔOASPL = 7.6 dB
obtained for [Re = 250,000, Tu = 5.5%, A/C = 0.3, λ/C = 0.2, AoA = 0 deg], which is well
within the relatively large 95% confidence interval of 7.7 dB ± 0.68 dB.

Figure 3-16 Predicted maximum of target value ΔOASPL within the limits of the experimental space. Optimum
factor levels indicated in bold.

Interdependencies
Apart from the main effects of either linear or quadratic nature, the statistical evaluation
also provides information on statistically significant interdependencies between single
parameters. As can be seen from Figure 3-14 (left), the most significant interdependencies for
the ΔOASPL occur in the form of Tu·λ/C and AoA·λ/C, which require a more detailed
discussion.
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For the interdependency of the serration wavelength and the turbulence intensity (λ/C·Tu),
at low Tu, small serration wavelengths are needed in order to achieve a high level of noise
reduction, as exhibited by the red region in Figure 3-17 (left). As the Tu is related to the
integral length scale Λ of the incoming gust, large serration wavelengths are expected to be less
effective in the decorrelation effects, especially if the incoming structure is characterized by
small turbulent eddies. As was also observed for low to intermediate Tu, previous investigations
suggested that serration wavelengths should be small to achieve a good level of noise reduction,
although in general the impact of the serration wavelength is not as dominant as that of the
serration amplitude [47, 86, 27]. However, at high Tu, serration wavelengths of intermediate
values are far more effective in reducing the OASPL, as shown in Figure 3-17 (left). This agrees
with the finding from a recent study by Chaitanya et al. [47], stating that the optimum
serration wavelength is twice the size of the incoming turbulent structure in the form of the
transversal integral length scale Λt. This is additionally supported by a detailed spectral analysis
by Biedermann et al. [110], in which the serrated leading edge serrations were found to respond
with higher sensitivity at high Tu, regardless of the level of the serration wavelength. For the
low Tu case, however, a wider spread is observed for the noise reduction efficiency among the
different serration wavelengths, with a low serration wavelength tending to achieve higher noise
reduction. At low or intermediate Tu, large serration wavelengths become ineffective in noise
reduction.

Figure 3-17 Contour plot of overall noise reduction with regard to interdependence effects between the
turbulence intensity and the serration wavelength Tu·λ/C (left) and angle of attack and serration wavelength
AoA·λ/C (right). Adopted graphs according to [110].

In addition to the interdependency between the turbulence intensity and serration
wavelength described previously, another interdependency between the angle of attack and the

serration wavelength (AoA ·λ/C) was found to be significant (Figure 3-17 right). In general,
the level of noise reduction by the serrated leading edge serrations is at its maximum at zero
angle of attack, an observation that is in agreement with other studies [27, 47]. However, at a
large negative AoA, small serration wavelengths are needed to achieve a reasonably large noise
reduction (red region), whereas serration wavelengths of intermediate dimensions are preferable
at large positive AoA [110]. The underlying principle of this interdependency could be related
to the specific semi-cyclic shape of the leading edge serrations relative to the stagnation point
of the incoming flow. In the case of a zero angle of attack, the serration wavelength that can
achieve the largest noise reduction is defined by how well it can decorrelate the spanwise
coherence of the turbulence eddies, and how efficiently it can facilitate a ‘nozzle effect’ to
accelerate the flow from the serration tip to the serration root and so reduce the Tu level. At
a negative AoA, the incoming gusts will significantly impinge upon the projected area of the
upper surface of the leading edge.
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In this case, the use of small-wavelength serrations is a logical choice. Because a small serration
wavelength will cause many three-dimensional undulations on the upper surface of the leading
edge, the serration effect will persist to achieve interaction noise reduction. In the case of a
positive AoA, the incoming flow will naturally impinge on the lower surface of the leading edge.
However, the planar geometry at the lower surface of the serrated leading edge means that the
three-dimensional undulation can no longer be obtained by using a small serration wavelength.
Instead, a larger serration wavelength is preferable to avoid the direct impingement between
the incoming gusts and the leading edge geometry [110].
3.3.8

Pareto Optimal Solution

As shown in Section 3.3.7, the statistical-empirical model can be used for maximising
individual target values, such as the ΔOASPL. However, this often does not suffice to describe
a system to the desired level of granularity since multi-objective optima are needed, especially
when two or more objectives are conflicting. This is particularly true for aeroacoustics, in which
the dilemma of opposing trends of aerodynamics and aeroacoustics is a common challenge. This
means that the optimum solution for one objective can lead to an undesired solution for another
objective. Computational expensive unbiased multi-objective optimisation is able to compute
Pareto optimal solutions, visualised by so-called Pareto fronts, which separate non-efficient
from non-realisable solutions. The Pareto fronts also help to select the best solutions [113].
These Pareto fronts are computed via the multi-objective particle swarm optimisation
(MOPSO) algorithm as proposed by Coello et al. [119], representing an extension of the metaheuristic particle swarm optimisation (PSO) approach. The intent is to optimise multiple
continuous cost functions in order to obtain a combined optimum. This is achieved in an
iterative process by defining a population (swarm) of particles, which explores the search space
(here: experimental space) for the best potential solution in order to determine the ‘flight
direction’ towards an unbiased optimum front. This makes a premature weighting of the
individual target values superfluous. After identification of the currently dominating solution,
this information is handed down to the next generation of particles in the subsequent iterative
loop, creating a new swarm, which once again explores the search space. Eventually, this
converges to globally dominating particles, characterising the final Pareto front.
For brevity and to maintain a certain degree of interpretability, the optimisation process
was limited to two target values only. In order to allow a combined analysis of aerodynamic
and aeroacoustic data, the experimentally obtained data (Section 2.2.3) for the coefficients of
lift and drag were also developed into DoE regression functions, as is outlined in Section 3.3.3
(compare Appendix C.3). This is possible only because the same set of leading edge serrations
was investigated for both studies. The Pareto optimum solutions were computed by
implementing the MOPSO algorithm in MATLAB.
Combining the generated statistical-empirical models of the aeroacoustic and the
aerodynamic performance of serrated aerofoils, Figure 3-18 and Figure 3-19 show the Pareto
optima obtained for the four most meaningful sets of target values, as listed in Table 3-4.

Table 3-4 Defined pairs of target values for the localisation of the Pareto front as well as the desired
optimisation towards a minimum or a maximum of the target values (TV).

N o.

1
2
3
4

TV I
ΔCL

ΔOASPL
CD,Serr
CL,Serr

TV II
ΔOASPL
OASPLSerr
CL,Serr
OASPLSerr
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Desired
Min/Max
Max/Min
Min/Max
Max/Min

3.3 Aeroacoustic Study
Figure 3-18 (left) shows, for example, the difference in lift ΔCL when the baseline and the

serrated aerofoils are compared. Note that negative ΔCL means a higher lift coefficient for the
serrated case than for the baseline. Consequently, an optimum solution of best lift performance
of the serration while maintaining a maximum overall noise reduction is achieved at minimum
angle of attack AoA = -4 deg, maximum serration amplitudes A/C = 0.3 and intermediate
wavelengths λ/C = 0.12. As seen for the aerodynamic study in Section 2.2.3, intermediate to
high wavelengths are beneficial for generating lift, whereas the amplitude represents the
dominating parameter for the reduction of broadband LE noise. For the serrated aerofoils, not
only a maximum noise reduction compared to the baseline case is desirable but also a low
acoustic signature in general. As Figure 3-18 (right) shows, this is obtained for maximum
amplitudes and minimum wavelengths, characterising the noise reduction optimum. Moreover,
at low Tu, less ATI noise is generated, hence significantly reducing the overall level of radiated
noise. However, at maximum AoA and minimum Re, a meaningful noise reduction of
ΔOASPL = 6.3 dB is still achieved.

Figure 3-18 Multi-objective Pareto optimal solutions for sets of target values as stated per Table 3-4. Left:
differences in lift coefficients ΔCL vs. the overall sound pressure level reduction ΔOASPL (left). Right:
ΔOASPL vs. the absolute noise radiation of aerofoils with serrated leading edges OASPL Serr .

Focussing on aerodynamic target values only (Figure 3-19, left), minimum drag at
maximum lift or, equivalently, maximum lift-to-drag ratios are obtained for minimum
amplitudes, coinciding with previous observations in Section 2.2.3. Finally and according to
aerofoil theory, maximum lift is generated for high angles of attack (AoA = 4 deg), while at
high serration amplitudes, the turbulence intensity, as well as the serration wavelength, needs
to be kept low for a minimum noise radiation (Figure 3-19, right).
The results indicate the ability of the statistical-empirical model to resolve conflicting trends
of aeroacoustic and aerodynamic character when the parameter settings are chosen in an
intelligent way. This provides the opportunity to tailor an optimised design for clearly specified
boundary conditions of the aerofoils. This property is expected to be of high value for a
transition of the serrated leading edges from the rigid to the rotating frame. For the moment,
the multi-objective solutions are valid only for the investigated experimental space, defined by
the limits of the five influencing parameters as well as the chosen boundary conditions and the
specific aerofoil profile. However, the observed accuracy of the statistical-empirical model to
predict data points at slightly different testing conditions in Section 3.3.6 also indicates a
certain generalisability of the model. In this respect, the defined Pareto optimal solutions, too,
are expected to keep their validity to a certain extent.
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Figure 3-19 Multi-objective Pareto optimal solutions for sets of target values as stated per Table 3-4. Left:
coefficients of drag CD,Serr vs. coefficients of lift CL,Serr of aerofoils with serrated leading edges. Right: CL,Serr vs.
the absolute noise radiation of aerofoils with serrated leading edges OASPL Serr.

3.4

Spectral Insights into the Serration Effects

This section aims at giving insights into the spectral composition of the acoustic signatures
with and without serrated leading edges. The spectral scaling of the noise reduction is analysed
with respect to various influencing parameters. Moreover, the effective noise reduction
capability was extracted by means of an aeroacoustic measurement campaign using array
beamforming. Subsequently, the results were further processed in order to identify the spatial
location where the main noise reduction of leading edge serrations takes place. Finally, the
differentiation between leading-edge and trailing-edge noise reduction by using serrations
provides motivation for the use of serrations in rotating machinery.
3.4.1

Spectral Scaling with Tu, U0, A, λ

The hitherto defined statistical-empirical model is limited to the overall effect of the
serrated leading edges and does not take into account the spectral composition of the underlying
signals. However, partial spectral analysis is possible by extracting the spectra of the individual
test samples from the investigated experimental space. Chaitanya et al. [103] stated that the
spectral noise reduction scales according to Eq. 3-2, in which the noise reduction due to the
serrated LE increases logarithmically with the amplitude-based Strouhal number (at mid-tohigh frequencies) until the noise is masked by the self-noise at high frequencies. Conversely,
only little reduction is expected for the very low frequencies. These characteristics can also be
reproduced for the current experimental results. Figure 3-20 shows the ΔSPL spectra for a
number of cases involving different serration wavelengths and amplitudes, as well as a varying
turbulence intensity and Reynolds number. When the serration amplitude is fixed but with
different serration wavelengths (Figure 3-20a), the spectra demonstrate a linear increase in
ΔSPL from mid-to-high frequencies until ΔSPL reaches about 12 dB for the one with the

smallest serration wavelength (see also [110]). After reaching this peak, the ΔSPL begins to
drop for higher frequencies due to the prominence of the self-noise radiation. As shown in
Figure 3-20b, when the serrated leading edge is subjected to different flow velocities, it produces
a ΔSPL spectral shape that is very similar to the shapes presented by Narayanan et al. [67]

and Chaitanya et al. [47]; that is, the effective frequency range underpinning the ΔSPL will
increase with increasing flow velocity. Figure 3-20c shows the influence of the serration
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amplitude on the ΔSPL spectra, which demonstrates that a larger level of noise reduction can
be achieved with a larger serration amplitude. This observation is consistent with the results
reported by Narayanan et al. [67]. Finally, Figure 3-20d shows the influence of the free-stream
turbulence intensity on the noise reduction, which is consistent with earlier results [110].

Figure 3-20 Spectral scaling of the noise reduction ΔSPL with the Strouhal number, normalised by the
serration amplitude. Variation of serration wavelength (a), free-stream velocity (b), turbulence intensity (c)
and serration amplitude (d) [110].

Even though the general trends of the spectral noise reduction can be confirmed, the
absolute differences with the stated scaling law (Eq. 3-2) lead to the question of whether and
how the gathered acoustic signals are contaminated by external noise sources that cannot be
attributed to the leading edge of the aerofoil. Especially when it comes to a more detailed
analysis of the spectral noise reduction effects of serrated leading edges, noise from, for example,
the wind tunnel itself, the turbulence grids used or the trailing edge of the aerofoil might blur
the clarity of the results obtained.
As mentioned in Section 3.1.2, Amiet et al. [65] proposed a model for describing the acoustic
signature in terms of the power spectral density (PSD, Eq. 3-29) of a flat plate that interacts
with incoming turbulence, hence disregarding all other noise sources. Amiet’s model was slightly
modified by taking into account the aerofoil thickness according to Gershfeld [71], resulting in
the power spectral density as stated per Eq. 3-34.
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Eq. 3-34

where ΛL is the longitudinal integral length scale of the turbulence, Tu is the turbulence
�𝑥𝑥 is the
intensity, R is the observer distance, S the aerofoil span, d is the aerofoil thickness, 𝐾𝐾

normalised longitudinal wavenumber and Γ is the gamma function. This model is used to
validate the ATI noise produced by a baseline, straight leading edge aerofoil, already measured
in the context of generating the data for developing the statistical-empirical model
(Section 3.3.4). The ΛL and Tu were measured independently via hot-wire anemometry. The
model takes into account the cross-power spectral density of the surface pressure on the aerofoil
caused by the turbulence.
It can be seen from Eq. 3-34 that the SPL scales with the fourth power of the free-stream
velocity U o , while the frequency scales with the aerofoil span and U o . Figure 3-21 shows the
comparison of the power spectral density of the far-field noise between Amiet’s flat-plate theory
and the experimental results of the aerofoil for the baseline, straight leading edge at three
different flow velocities [110].

Figure 3-21 Comparison of the NACA65(12)-10 aerofoil with the leading-edge noise model by Amiet for
different free-stream velocities [110].

There is reasonably good agreement with Amiet’s flat-plate model for the mid-frequency range.
The under-prediction at the high frequencies is mainly due to the dominance of the trailingedge self-noise, which is not considered in Amiet’s leading-edge noise model. Also for the low
frequencies, a discrepancy between the measurement and the prediction is clearly observed in
case of increasing free-stream velocities. This discrepancy can be attributed to the larger
influence of the open-jet noise in the experiment, showing an increased interaction of the shear
layer with the surrounding fluid.
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A meaningful way to exclude this external noise from the trailing edge and the environment is
to analyse the radiated noise of the tested aerofoils via a beamforming approach, as is pursued
in Section 3.4.2. This approach enables a spatial differentiation of the individual noise sources
and consequently can assist in identifying the effective noise reduction capability of serrated
leading edges.
3.4.2

Noise Source Localisation via Array Beamforming

Many of the available experimental studies on serrated leading edges bear the risk of being
influenced by unwanted external noise sources, such as noise from the open jet, grid-generated
vortex shedding noise or aerofoil self-noise [87, 67, 88]. By using an array beamforming approach
[77], this section aims to identify the location of the main noise reduction as a function of the
serration parameters and the inflow conditions. This is achieved by restricting the analysis to
a limited integration area in close proximity to the aerofoil leading edges. The results obtained
are expected to supplement the current knowledge on the serration effects while also providing
motivation for an extended application area of serrated leading edges. The beamforming study
was conducted at the aeroacoustics facility at the Brandenburg University of Technology (BTU
Cottbus). Significant parts of this section are also published in Biedermann et al. [120, 121].
Setup
Five different serrations as well as a baseline case, serving as a reference, were tested while
varying the turbulence intensity (Table 3-5). Testing took place in the aeroacoustic wind tunnel
at BTU Cottbus University [122] by implementing the microphone array beamforming
technique and the CLEAN-SC algorithm [123], as well as a shear layer correction method [77].
CLEAN-SC is known to be a reliable and fast deconvolution algorithm, especially for
aeroacoustic noise sources [124–126]. Furthermore, mounting of the samples on a six-component
balance enabled a simultaneous determination of the aerodynamic forces. The maximum chord
and thickness of the aerofoils were held constant by cutting the serrations into the aerofoil
front part. As specified by Figure 3-22, the serration geometries are predominantly defined by
their amplitude and wavelength. The chosen test setup is highly similar to that described by
Geyer et al. [77]. In order to generate elevated turbulence levels for the analysis of aerofoilturbulence-interaction noise, two coarse grids are mounted upstream of the aerofoils’ leading
edge [120].
Table 3-5 Summary of boundary conditions for the experimental beamforming setup [120].

nozzle diameter D
0.2
jet diameter at leading edge [18] 0.16
distance nozzle to aerofoil
0.2
no. of microphones
56
(Panasonic WM-61A)
beamforming focus grid
5
resolution
streamwise expansion of
90
integration area
spanwise expansion of
120
integration area
NACA65(12)-10 aerofoil

--

m
m
m
--

chord, span
0.15, 0.495
serration amplitudes A 12, 29, 45
serration wavelengths λ 7.5, 26, 45

mm

Reynolds number

mm

turbulence intensity Tu 0.5, 3.7, 5.1

mm
--

angle of attack AoA

longitud. turbulence
length scale ΛL
transversal turbulence
length scale Λt
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-4 ≤ AoA ≤ +4

m
mm
mm
deg

350,000 (250,000) -%

--, 5.1, 5.8

mm

--, 2.5, 2.9

mm
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For the determination of the turbulent properties, hot-wire measurements were conducted,
showing a good spatial homogeneity. The integral length scale was obtained by fitting the onesided power spectrum 𝐺𝐺𝑢𝑢𝑢𝑢 of the velocity fluctuations 𝑢𝑢� ´2 to the formulation of isotropic and
homogeneous turbulence as described by Hinze [127] in Eq. 3-35
For the aerofoil, no forced tripping has been applied as preliminary measurements revealed
an early transition of the boundary layer due to the high level of incoming turbulence, resulting
in highly comparable sound pressure levels with and without tripping devices.
𝐺𝐺𝑢𝑢𝑢𝑢 (𝑓𝑓) =

4𝑢𝑢
� ´2 𝛬𝛬𝐿𝐿

𝑈𝑈0 �1 + �

2𝜋𝜋 ∙ 𝑓𝑓 ∙ 𝛬𝛬𝐿𝐿 2
� �
𝑈𝑈0

Eq. 3-35

The transversal length scale Λt, associated with the noise generation at the aerofoil leading

edges, can be derived from the longitudinal length scale ΛL. Assuming isotropic conditions, the
normal components of the longitudinal length scale are known to differ by a factor of two, as
outlined by Roach et al. [128] and Hinze [127]. It is known from the literature that the length
of an open jet is approximately five times its initial diameter [129]. According to the theorem
of intersecting lines, the diameter of the free open jet at the aerofoils’ leading edge is determined
to be 0.16 m according to Eq. 3-36, with D being the nozzle diameter, Δx the streamwise

distance and Δy the expansion of the free jet normal to the flow direction.

Figure 3-22 Left: Schematic of the microphone array used. The red box indicates the integration area for
spectral analysis. Right: Picture of aerofoil mounted in the semi-anechoic enclosure [120].

𝛥𝛥𝛥𝛥 =

5𝐷𝐷 − 𝛥𝛥𝛥𝛥
∙ 𝐷𝐷
5𝐷𝐷

Eq. 3-36

The resulting circular area of the open jet in the measurement plane is converted into an
equivalent rectangular form in order to obtain a representative height for determining the
effective angle of attack according to Eq. 3-12. In consequence, the range of the geometrical
angle of attack was chosen to be in accordance with an effective AoA ∈ [-4, 4], being congruent
with the statistical-empirical model in Section 3.3.2.
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A erodynamic Validation
The aerodynamic results for both the initial experimental study at Brunel University
London (Section 2.2.3) and the current beamforming study are compared in Figure 3-23.
Qualitatively, the trends for varying the angle of attack agree well, although significant
differences in the absolute values of the determined coefficients of lift occur as the tested
aerofoils are not fully enclosed by the core jet (Figure 3-22, left), thus leading to interactions
between the aerofoil outer region and the shear layer.

Figure 3-23 Comparison of previously gathered external data of aerodynamic performance [48] vs. obtained
aerodynamic forces, accompanying the array beamforming study. Variation of serration amplitude (left) and
serration wavelength (right).

A coustic Data P rocessing
The recorded acoustic signals were processed by using the CLEAN-SC beamforming
algorithm, resulting in two-dimensional sound maps, which allow for a qualitative localization
of the noise sources. The plane of analysis was chosen to be aligned horizontally with the
leading-edge tip of the tested aerofoils. For brevity, only sound maps for the (1kHz), 2 kHz and
4 kHz octave bands are presented [120]. Octave bands of higher order are not significantly
affected by the serrations and do not contribute to a level-relevant noise reduction. Octaves of
mid-frequencies fOct < 1 kHz, however, do play a role in terms of noise reduction, but an
evaluation is restricted by the resolution of the chosen experimental setup.
A eroacoustic V alidation
Summing the frequency lines of the serrated cases and comparing them to the baseline case
result in an overall sound pressure level reduction ΔOASPL (Eq. 3-26), as shown in Figure 3-24
(right). The highest overall noise reductions are achieved for maximum amplitudes
(ΔOASPL = 7.1 dB) and minimum wavelengths (ΔOASPL = 5.3 dB), a result that matches
previous findings. Thus, this represents the classic aeroacoustic dilemma of opposing trends
because the aerodynamically most beneficial serration is the one with minimum amplitude and
maximum wavelength (A12λ45) [120]. With the aim of getting to know the dimension of the
external influencing noise sources and to see whether these disturbances affect the total noise
reduction, the results obtained are compared to the statistical-empirical model discussed in
Section 3.3. The labels in Figure 3-24 (right) indicate the extracted values for the beamforming
study vs. the predicted values at the respective parameter settings for the serration amplitude,
the serration wavelength, the turbulence intensity, the Reynolds number and the effective angle
of attack. For the present study, this statistical-empirical model has been adapted to the
varying boundary conditions at the current setup, and the expected noise reduction (ΔOASPL)
has been predicted with respect to the chosen test parameters.
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The fit between model and measurement results within the presented study is of high quality,
with the maximum deviation (ΔPredict =1 dB) occurring when minimum wavelengths are
considered. The performance suggests only a small potential contamination of the statisticalempirical model by external noise sources in the frequency band of 300 Hz ≤ f ≤ 10 kHz, at
least when it comes to relative differences between baseline and serrations in terms of the
ΔOASPL [120].

Figure 3-24 Comparison between the observed ΔOASPL from array beamforming with the predicted values of
the statistical-empirical model in a frequency range 300 Hz ≤ f ≤ 10 kHz at Tu = 5.1 %. Fit of the model (left)
and juxtaposition of absolute level (right).

A eroacoustic E ffect of Serration Parameters and Turbulence Intensity
Focusing on the baseline case for the 2 kHz octave band in Figure 3-25 (left) shows a clear
attribution of the noise sources to the aerofoil leading edge, indicating inflow conditions of high
turbulence (see also [120]). Yet at higher frequencies (Figure 3-25, right), additional noise
sources at the trailing edge are visible, which are presumably due to high-frequency aerofoil
self-noise, caused by the turbulent boundary layer. Nonetheless, the leading-edge noise still
represents the dominant noise source. After introducing leading edge serrations, an efficient
elimination of leading-edge noise for both octave bands is observed, with a clear scaling of
amplitude and wavelength, although the effect of the wavelength is of secondary importance.
The sound pressure levels for the integration area show a continuous decrease in leading-edge
noise with increasing serration amplitude and decreasing serration wavelength, indicating the
aeroacoustic efficiency of the serrations (ΔSPL2kHz = 11.7 dB, ΔSPL4kHz = 8.9 dB at Tu = 5.1 %
for A45λ26).
Independently of the serration analysed, the noise sources at the trailing edge remain at a
constant position, showing highly similar levels of noise radiation. However, the sound maps
(Figure 3-25) suggest that the localized noise sources at the leading edge slightly shift
downstream with increasing serration amplitude. This coincides with the numerical findings of
Kim et al. [74] and Chaitanya et al. [47], also presented in Figure 3-3, who state that the
remaining noise sources of serrations are located at the serration root for low frequencies and
at the serration peak and root for higher frequencies. Nevertheless, until now, this finding
lacked experimental evidence. Due to the restrictions in spatial resolutions, the results
presented in Figure 3-25, too, do not provide a clear confirmation but qualitatively suggest
that the pattern described by Kim et al. [74] is true [120].
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Figure 3-25 Sound maps with variation of serration amplitude A and wavelength λ. Tu = 5.1 % and at
Re = 350,000, AoA = 0 deg. Results obtained for the 2 kHz octave band (left) and the 4 kHz octave band
(right). Dashed box indicates the chosen integration area [120].

Influence of Incoming Tu
Reducing the level of the incoming turbulence intensity from Tu = 5.1 % (Figure 3-25) to
Tu = 3.7 % (Figure 3-26) leads to a reduction in the total sound pressure level while
maintaining the general scaling of the noise reduction with amplitude and wavelength of the
serrations. For the 4 kHz octave band at Tu = 3.7%, less noise reduction is observed for all
cases tested but in particular for the A29λ26 and A29λ45. These cases also show a decreased
noise reduction capability for the 2 kHz octave band, whereas all other cases show improved
noise reduction. This holds true in particular for the A29λ7.5 and A45λ26, yielding the highest
A/λ ratio or the smallest inclination angle, respectively [120]. In addition, a higher sensitivity
to the serration wavelength (A29λ7.5) for the low Tu case is observed, which may be linked to
an improved ratio of the transversal turbulent length scale Λt to the serration wavelength λ,
required for incoherent excitation. On the other hand, the observed pattern extends the
previously reported maximum noise reduction capabilities for a single serration [1], as is
discussed further below.
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Figure 3-26 Sound maps with variation of serration amplitude A and wavelength λ. Tu = 3.7% at
Re = 350,000, AoA = 0 deg. Results obtained for the 2 kHz octave band (left) and the 4 kHz octave band
(right). Dashed box indicates the chosen integration area [120].

Narrow-band spectra for the individually tested cases are obtained by integrating the noise
sources within the defined area in close vicinity to the aerofoils’ leading edges, minimising the
influences of unwanted background noise of low frequencies (wind tunnel + turbulence grids)
and high frequencies (aerofoil trailing edge). Figure 3-27 shows the spectral noise reduction
compared to the reduction in the baseline case, scaled by the Strouhal number, with the
serration amplitude acting as characteristic length. To avoid the occurrence of non-physical
peaks due to small gaps in the narrow-band spectra of either the baseline or the serrated case,
a 6th order one-dimensional median filter is applied to smoothen the signal of the spectral noise
reduction [120]. As mentioned in Section 3.4.1, Chaitanya et al. [1] stated that the noise
reduction scales according to Eq. 3-2. Maximum noise reduction is reported to occur for an
offset factor bS = 10 and at a constant prefactor aS = 10 at low to intermediate frequencies, at
which leading-edge noise is dominant. Contrary to these findings, the current results shown in
Figure 3-27 indicate a different scaling when the scaling constants aS and bS are fitted to the
experimentally observed noise reduction trends. Here, the prefactor turns out to be aS = 15
(rather than aS = 10) and the maximum offset bS,max = 10, outperforming the initially proposed
scaling law in the mid-frequency region. As can be seen in Figure 3-27, this most efficient
serration design (A29λ7.5) shows a ratio of the serration wavelength to the transversal
turbulent length scale of λ/Λt = 2.6. Most interestingly, the optimum λ/Λt ratio defined by
Chaitanya et al. is λ/Λt = 2 for maximum decorrelation effects at the serrations shoulders and

λ/Λt = 4 for the optimum out-of-phase condition (destructive interference), enclosing the
observed optimum in the beamforming analysis.
Usually, the maximum turning point of the spectral noise reduction is influenced by the
magnitude of aerofoil self-noise, holding the potential to mask the maximum noise reduction
effects. The improved noise reduction capability in the mid-frequency region, and hence the
modified scaling law, is expected to be due to the absence of this aerofoil self-noise (trailingedge noise, boundary-layer noise, shedding noise of the turbulence grids) for the chosen
beamforming integration area. For higher frequencies, the spectral noise reduction tends to
decrease, since the dominant nature of the generated ATI noise decreases [120]. The maximum
offset bS = 10 is approached only for maximum amplitudes (bS = 8.5) and minimum
wavelengths (bS = 10).
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Figure 3-27 Spectral noise reduction (500 Hz ≤ f ≤ 5.8 kHz, 6th order median filtered) obtained from the 2D
integration area with varying serration wavelength λ (left), serration amplitude (centre) and Tu (right),
Re = 350,000, AoA = 0 deg [120].

Influence of the Angle of A ttack
Extending the spectral analysis to different angles of attack reveals some noticeable patterns
(see also [121]). In Figure 3-28, the obtained noise radiation (for the defined sector of
integration) of the baseline case and the A29λ26 case is plotted for minimum (left), zero (centre)
and maximum (right) angles of attack. This data are compared to the single-microphone
measurements of the initial aeroacoustic study (Section 3.3). Although slightly different
boundary conditions are applied in terms of free-stream velocity, turbulence intensity and angle
of attack, the results are qualitatively comparable. Note that the plotted power spectral density
(PSD) signals for the single-microphone measurements in Figure 3-28 include all the present
noise sources and not only spectra related to a specific sector close to the aerofoil leading edge,
as is the case for the beamforming results. Both data sets exhibit a clear dependency of the
noise radiation on the angle of attack, leading to a significant broadband noise reduction at
0 ≤ AoA ≤ +4 deg. For high negative angles, however, additional high-frequency noise is
radiated by the serrated aerofoils, leading to a significant spectral decrease in noise reduction.
Comparing the data sets in Figure 3-28 reveals a remarkable spectral similarity, with an
increase in high-frequency noise taking place at the same frequencies (f ≥ 1.5 kHz) at negative
angles of attack [121].

Figure 3-28 Comparison of spectra for the baseline and an A29λ26 serration at different angles of attack.
Single-microphone measurements from Brunel University (straight lines at Re = 425,000, Tu = 3.8%) and
beamforming spectra (dotted lines, Re = 350,000, Tu = 5.1%), both evaluated at 300 Hz ≤ f ≤ 10 kHz [121].

This effect is closely related to the interdependency of the angle of attack and the serration
wavelength (AoA·λ/C) mentioned in Section 3.3.7, in which it is seen that the smallest serration
wavelength does not necessarily lead to a maximum noise reduction across the whole frequency
range [27]. It is proposed that cross-flow effects through the serrations are responsible for the
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attenuation of the noise reduction capability with minimum serration wavelengths λ and
maximum AoA. This observed dependency on the AoA is considered to be of high importance
as serrated leading edges are eventually intended to be implemented in rotating systems, in
which non-congruent inflow conditions for the blades are common and might strongly affect
the aeroacoustic effectiveness of leading edge serrations.
Going one step further, the sound maps in Figure 3-29 illustrate the noise source distribution
at three octave bands for the A29λ26 and the baseline case at different angles of attack. Varying
the angle of attack for the baseline case shows a similar noise radiation for zero angles of attack
and positive angles of up to AoA = +4 deg, albeit that a small reduction of trailing-edge noise
can be observed for the 4 kHz octave band. This small reduction can be attributed either to
the known fact that the spectral peak of trailing-edge noise shifts towards lower frequencies
when the angle is increased [130] or to differences of the turbulent boundary layer thickness.
Moving to negative angles, however, shows a clear relative reduction in leading-edge noise for
all analysed octave bands of the baseline case. This specific behaviour can be attributed to the
cambered design of the NACA65(12)-10, where, at negative angles, an upwash of the incoming
turbulent structures towards the aerofoil’s suction side occurs and, due to the acceleration of
the fluid, stretching effects of the vortices lead to less radiation of broadband leading-edge noise
[121].

Figure 3-29 CLEAN-SC sound maps for the 1 kHz (top), 2 kHz (centre) and 4 kHz (bottom) octave bands
with varying angle of attack AoA at Tu = 5.1 % and Re = 350,000. Baseline (left) vs. A29λ26 (right) [121].

Yet, in the case of the analysed serrations, a quite contrary pattern was observed, in which
negative angles lead to an increase in leading-edge noise and positive angles show the lowest
noise radiation for the leading edge. The prominent location of the acoustic sources right at
the leading edge for the 4 kHz octave band supports the previously mentioned suspected cause
in the form of a cross-flow from the suction side through the serration gaps to the pressure
side. Still, a fraction of additional noise is also added by increased vortex shedding effects at
the trailing edge at high negative angles (AoA = -4 deg). These opposing trends of baseline
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and serration result in a negative accumulative effect when it comes to the noise reduction
capability at negative angles of attack, which is remarkably attenuated by an increase in the
A29λ26 leading-edge noise and a decrease in the baseline noise radiation compared to the
situation with zero angle of attack. This pattern can be seen in more detail in Figure 3-30, in
which the spectral noise radiation for the baseline case and for one of the most efficient
serrations (A29λ7.5) is plotted at varying angle of attack -4 deg ≤ AoA ≤ +4 deg. Especially
with increasing angles of attack, the serrated case shows a strong sensitivity to the noise
radiation, particularly at frequencies f ≥ 1 kHz. In general, good noise reduction is achieved for
the 1 kHz octave band, whereas for higher octave bands (2 kHz, 4 kHz), no reduction but even
a noise increase at high negative angles is observed [121].
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Figure 3-30 ΔSPL in 1/12th-octave bands for BSLN vs. A29λ7.5 at varying angle of attack with Re = 250,000
and Tu = 5.1 %. ΔSPL ≤ 0 (dark blue) indicates a noise increase due to the serrations.

3.4.3

Leading-Edge Noise vs. Trailing-Edge Noise

Figure 3-31 displays a contrasting juxtaposition of an aerofoil subjected to low- (no grid,
Tu = 0.5 %) and high-turbulent (Tu = 5.1%) inflow conditions, testing the baseline case and
the acoustically most efficient A29λ7.5. Analysing the aeroacoustic performance of the baseline
at low Tu (Figure 3-31, top) clearly shows the presence of significant noise sources close to the
aerofoils’ trailing edge, which stem from boundary layer turbulence [120]. For Figure 3-31
(bottom), however, a turbulence grid is installed, leading to inflow conditions of high
turbulence. The comparison shows a clear change of the dominating noise sources from trailingedge to leading-edge noise when the inflow conditions are altered towards high turbulence, just
as has been described in the recent literature [63, 66, 61]. As shown previously, introducing
serrations at high Tu (Figure 3-31, bottom) reveals a significant decrease in the noise sources
close to the leading edge.
Interestingly, at low Tu, the serrations also hint at possibilities of reducing the dominant
trailing-edge noise by ΔSPL = 13.7 dB for the 2 kHz and ΔSPL = 11.5 dB for the 4 kHz octave
band (Figure 3-31, top). Moreover, even at high Tu, a marginal noise reduction for the trailing
edge of ΔSPL = 3 dB for the 2 kHz octave band is observed. The noise reduction also manifests
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itself in the extracted trailing-edge noise spectra in Figure 3-31 (right). The underlying
principles for a reduction in noise sources at the leading or trailing edge, however, are expected
to be of a different nature. For the trailing-edge noise reduction, one possible hypothesis is that
the serrations act as vortex generators, generating stretched, worm-like vortices that are, at
low Tu, able to force an early transition of the boundary layer to a fully turbulent state and
to reduce the vortex shedding effects at the trailing edge [120]. This would agree with recent
findings by Chong et al. [131] and Hansen et al. [24]. On the contrary, for the leading-edge
noise, the serration contour directly acts as a noise reduction mechanism.

Figure 3-31 Sound maps via CLEAN-SC of the 2 kHz octave band (left) and the 4 kHz octave band (right).
Comparison of the baseline and the A29λ7.5 case without using a turbulence grid; Tu = 0.5% (top) and
Tu = 5.1 % (bottom), Re = 250,000, AoA = 0 deg. Additional plot of the broadband trailing edge spectra
(right) [120].

The observed trailing edge noise reduction can be supplemented by hot-wire measurements,
conducted at Brunel University London by Chong and Biedermann et al. [131]. Measuring the
streamwise turbulence distribution of a serrated aerofoil of A = 45 mm and λ = 26 mm, as well
as the distribution of the baseline case at U 0 = 24 ms -1 and AoA = 0 deg, shows vortical
structures, emanating from the serration roots (Figure 3-32). On the suction side, a split-andmerge effect takes place, which results in a spanwise shift of the vortical structures by almost
180 deg [131]. Interpolating the chordwise planes shown in Figure 3-32 indicates the presence
of streamwise worm-like vortical structures, which appear to be aligned with the roots of the
serrations in the spanwise direction. The turbulent structures on the pressure side are lifting
up from the surface, leading to laminarised regions of low Tu, presumably due to secondary
flow effects (counter-rotating structure of vortices). The shift of the vortical structures from
the suction side relative to the structures on the pressure side results in strong interactions in
the wake region and might give rise to destructive interference effects (out-of-phase effects) in
the wake region.
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Figure 3-32 Left: Distribution of the intensity of the boundary layer turbulence via hot-wire measurements for
the BSLN and the double-wavelength A45λ26 aerofoil at U0 = 24 ms-1 and AoA = 0 deg [131]. Right:
numerically obtained turbulence eddy frequency fTEF of a single-wavelength A26λ45 at U0 = 25 ms-1 ,
AoA = 0 deg, Tu = 5 %.

In Figure 3-33, further measurements of the turbulent structures were carried out by taking
into account all spatial velocity components. This is expected to provide additional knowledge
on the effective frequency range and the intensity of the generated vortices. The impact of
these structures on the near wake at x/C = 1.05 can be seen in the turbulent spectrum, covering
the wake in close vicinity to the aerofoil trailing edge (Figure 3-33). Once again, low-energy
pockets are visible between the vortices on the pressure side, where the turbulent coiling
structures are transporting turbulent energy away from the surface, making it even more
difficult to classify the boundary layer close to the trailing edge as being turbulent (since calmed
considerably). The BSLN, on the contrary, shows a grown-together wake, radiating as a single
source. Overall, the frequency range of relevance is found to be f < 3 kHz, with the pressure

side of the baseline clearly showing a lower frequency range of 𝑓𝑓�√𝑢𝑢′2 + 𝑣𝑣′2� < 1 𝑘𝑘𝑘𝑘𝑘𝑘 than the
pressure side of the serration, whose frequency range is 𝑓𝑓�√𝑢𝑢′2 + 𝑣𝑣′2� < 3 𝑘𝑘𝑘𝑘𝑘𝑘.
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Figure 3-33 Spectral content (PSD) of velocity fluctuation √𝑢𝑢′2 + 𝑣𝑣′2 (left) and √𝑢𝑢′2 + 𝑤𝑤′2 (right) for the
baseline (top) and the A45λ26 serration (bottom), obtained via hot wire measurements with a 2D-probe.
Measurement plane in near-wake at x/C = 1.05 at Re = 250,000, AoA = 0 deg and Tu = 2.5%.

These observations match the acoustic findings. As can be seen from Figure 3-31 (right),
narrow-band spectra were generated for the trailing-edge section only, providing further
insights into the noise reduction. For the high Tu case, the trailing-edge noise is already at a
relatively low level, hence providing a limited noise reduction capability for the serrations.
Nevertheless, due to the generated vortices from the leading edge, more scattered noise sources
are expected to be present at the trailing edge, which can be reduced by the out-of-phase
conditions of the vortical structures from the suction vs. the pressure side. For low Tu, the
trailing edge noise represents the main noise source, but the sound map in Figure 3-31 (top
centre) also indicates some leading edge noise reduction. This might be due to a successful
suppression of a leading edge separation bubble, as was also described by Chong and
Biedermann et al. [131] and Lacagnina et al. [102]. As for the high-turbulent case, the significant
trailing-edge noise at low Tu can be attributed to the destructive interference effects of the
vortical structures from the pressure and suction sides of the aerofoil, interacting in the wake
but, in this case, with a vastly increased effect.
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3.5

Summary and Discussion

For the aeroacoustic study, the NACA65(12)-10 aerofoils equipped with the same serrated
leading edges as for the aerodynamic study in Section 2.2 were tested in order to link
aerodynamic and aeroacoustic results. A statistical-empirical model was developed that allows
estimating the resulting overall sound pressure, as well as the reduction in sound pressure level,
within the defined experimental space. This experimental space is spanned by five independent
influencing parameters, namely the Reynolds number, the turbulence intensity, the serration
amplitude, the serration wavelength and the angle of attack. The model was validated against
different independent data pools and was found to be highly accurate and stable. Two
significant interdependencies of AoA·λ/C and Tu·λ/C were observed. Incorporating the
aerodynamic target value from the analysis in Section 2.2.3 permitted the generation of
unbiased multi-objective optima, which allow to find the optimum parameter settings for the
dilemma of opposing aerodynamic and aeroacoustic trends. This is considered vital for a
rotating application of serrated leading edges.
Spectral insights into the noise reduction were obtained by the analysis of single-microphone
measurements, which matched fairly well with the previously reported results by others.
However, considering the influences of possible external noise sources indicated the need to
analyse the cleared spectral noise radiation and reduction for the leading-edge section only.
Consequently, a study on the noise radiation characteristics of serrated leading edges and the
resulting noise reduction by the use of array beamforming is presented. The chosen approach
enables the exclusion of unwanted noise sources that are not attributed to the leading edge.
This resulted in a more accurate characterisation of the noise reduction capability of the leading
edge serrations. In general, the results compare well with the previous studies, and serrations
with high amplitudes and small wavelengths are identified as acoustically most beneficial [120].
The maximum obtained noise reduction for the 2 kHz octave band was found to be
ΔOASPL = 13.6 dB, with the observed spectral scaling slightly outperforming the previously
reported [1] maximum noise reduction capability in the mid-frequency region, in which the
aerofoil self-noise usually begins to attenuate the effectiveness of noise reduction via leading
edge serrations [120].
The corresponding ratio of transversal turbulent length scale to serration wavelength
(λ/Λt = 2.6) appears to be enclosed by the optima for maximum destructive interference effects
and for maximum decorrelation effects according to [1]. In addition, a trend of shifting noise
sources relative to an increasing serration amplitude is observed, providing the first qualitative
experimental evidence in support of the numerically inferred distribution of noise sources along
the aerofoil chord according to [74].
With regard to the angle of attack, a clear sensitivity to the high-frequency noise radiation
was observed and could be linked to the previously discussed interdependency of AoA·λ/C.
Moreover, spatial identification of the noise sources indicates that this high-frequency noise
radiates from the leading edge, underpinning the conclusions drawn on the underlying
aerodynamic mechanism in Section 3.3.7.
Finally, the comparison of high and low-turbulent inflow conditions highlights the need for
more extensive investigations into the ability of the serrations to reduce trailing-edge noise at
low Tu conditions, although supplementary hot-wire measurements show large vortical wormlike structures, which are held responsible for this reduction [120].
In summary, the observed and analysed influences of the individual parameters, as well as
the localisation and identification of the noise sources, are considered crucial for a successful
transfer of the serrations to low-pressure axial fans. Due to the increased complexity of rotating
systems, identification of the various noise source mechanisms appears to be highly restricted.
The same applies, although to a slightly less extent, to the aerodynamic effects as well.
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4.1 Acoustic Properties of Low-Pressure Axial Fans

4 Transfer Analysis ─ From Aerofoil to Rotor
The following chapter deals with linking the findings obtained from rigidly mounted
aerofoils, including both aerodynamic and aeroacoustic properties. These findings are
interpreted for the eventual implementation of leading edge serrations in rotating applications,
such as low-pressure axial fans. Here, a more complex noise generation pattern exists, and the
aerodynamic behaviour also needs to be taken into account.

4.1

Acoustic Properties of Low-Pressure Axial Fans

The approach to ascribing all noise generation mechanisms to either idealised monopole,
dipole or quadrupole radiators was first put forward by Goldstein and was refined and adopted
by many other researchers over recent years. However, based on this analogy, Neise [132]
derived a well-known overview of the potential sources of axial-fan noise, as shown in
Figure 4-1. The associated qualitative spectrum of the acoustic signature is provided by Wright
[133] in Figure 4-2, giving detailed insights into the impact of the different noise sources.
The stated monopole and quadrupole sources are of no technical relevance for the operation
range considered for low-pressure axial fans. Monopole noise is noise radiation due to the blade
thickness. In this mechanism of noise radiation, a pulsating pressure field is generated due to
the motion of fluid when a blade cuts through it, resulting in an unsteady change in the flow
rate. Lowson [134] states that this monopole radiation has a negligible impact on blade-tip
speeds smaller than the speed of sound or on blade tips with a Mach number Ma < 1. The
quadrupole radiation, on the other hand, involves the effect of fluid particles in the free stream,
undergoing shear stresses based on the motion of the fluid. However, this is considered relevant
only for Ma ≥ 0.8 [135, 136].

Figure 4-1 Overview of noise sources for fans and blowers according to Neise [132]. Schematic of flow through
an axial fan by Kameier [137].
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4.1.1

Dipole Noise of Axial Fans

The dipole noise involves flow-induced loading noise, which includes all types of interaction
noise between the flow and a rigid surface, such as the blades, the hub, the stator and the
casing [138].
Steady Blade Loading: Uniform Steady Flow
For a rotating blade, lift and drag forces are acting on the suction and the pressure side,
respectively. Although this loading is constant at a uniform stationary flow, the standing
observer perceives pulsing pressure disturbances of a periodic character. As was first described
by Gutin [139], these pressure disturbances are radiating in the form of tonal noise, which is
also known as ‘Gutin noise’. The corresponding frequency at which Gutin noise radiates is the
so-called blade-passing frequency (BPF), which is a function of the rotational speed n and the
number of fan blades zB (Eq. 4-1). The influence of Gutin noise on the acoustic signature,
however, is found to be rather negligible for low Mach numbers [140, 141, 66].

𝐵𝐵𝐵𝐵𝐵𝐵 = 𝑛𝑛 ∙ 𝑧𝑧𝐵𝐵

Eq. 4-1

U nsteady Blade Loading: Non-Uniform Steady Flow
The same conditions as for the Gutin noise, with the exception of a flow field experiencing
a spatially non-uniform distribution, causes an unsteady response of the resulting periodic
pressure pulses due to the acting lift and drag forces on the fan blades. Once again, the radiation
frequency corresponds to the blade-passing frequency BPF, but compared to the Gutin noise,
the noise due to an unsteady flow field is radiated with a significantly increased efficiency [142,
137].
U nsteady Blade Loading: Non-Uniform Unsteady Flow
If the non-uniform flow field shows additional unsteady phenomena or, in other words, if
the incoming velocity is a function of space and time, broadband components are added to the
acoustic signature. Common temporal disturbances of unsteady character are the free-stream
turbulence (stochastic) and more coherent turbulent structures such as vortices travelling
downstream and interacting with the fan blades. As stated by Sharland [142], rather high levels
of the free-stream Tu are required for significant noise radiation, whereas large-scale structures
in the form of vortices or eddies are highly efficient in generating broadband noise [66]. This
phenomenon is not restricted to rotating machines but represents a general noise generation
mechanism for lifting surfaces, as also described in Section 3.1.2. A brief overview of recent
research with regard to rotor-turbulence-interaction (RTI) noise for axial fans is also given in
Section 4.1.2.
U nsteady Blade Loading: Secondary Flows
Secondary flows are a wide and still important area of research. In particular, the backflow
effect for the blade-tip region is mentioned, in which fluid travels from the pressure to the
suction side of the blades. Vortices are generated and interact with the rigid blade surface in
the tip region, leading to highly unsteady pressure fluctuations, as investigated by Kameier
and Neise [143] and Na et al. [144]. Another phenomenon is large-scale structures separating
from a surface, be it under stall conditions from the suction side of the blades or due to a nonoptimal design from the hub region of a rotating machine. Depending on the origin of the
above-mentioned flow phenomena, they can be non-synchronised (rotating instabilities) or
synchronised (rotating stall) with the rotor speed. Moreover, the counter-rotating structures,
generated by leading edge serrations, are also classified as secondary flows, which have the
potential of interacting with neighbouring structures.
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U nsteady Blade Loading: Vortex Shedding
No differences exist in the mechanism of vortex shedding for rigid aerofoils and axial fans,
but the resulting acoustic signature changes its characteristics. Vortex shedding can be of either
stochastic or periodic nature. For example, stochastic shedding takes place at a sharp aerofoil
trailing edge, showing a turbulent boundary layer. Another example is small-scale separation
effects, such as those that occur in the instability region of a fan characteristic curve. These
pressure fluctuations are radiated broadband and are able to dominate the acoustic signature
[145]. At congruent inflow, though, the first mentioned trailing-edge broadband noise due to
the sharp trailing edge is the more pronounced source [142].
At conditions of deep stall, however, the shedding process becomes more periodic, as is also
the case for blunt aerofoil trailing edges since a Kármán vortex street is generated. In this case,
discrete noise of narrow-band character is radiated. Clear tonal effects are prevented by the
radius dependence of the circumferential velocity, hence resulting in a spanwise shift of the
radiating frequency. Tonal effects, though, are observed when periodic shedding for rigid bodies
occurs, as can be the case for stators, struts, inlet guide vanes or the casing.
U nsteady Blade Loading: Turbulent Boundary Layer
As already described for the single aerofoil in Section 3.1.3, pressure fluctuations within the
turbulent boundary layer result in broadband noise radiation, but the global impact is of quite
limited extent.

Figure 4-2 Schematic of acoustic spectrum of axial flow machines, adopted from Wright [133]. Reproduced
with permission from Elsevier.
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4.1.2

Rotor-Turbulence-Interaction Noise

Under turbulent conditions, a rotor blade can radiate noise of broadband character. If, on
the other hand, large-scale turbulent structures are cut by more than one blade, the noise can
also become narrow-band, with peaks around the BPFs or their harmonics [146]. The
underlying effect is a blade-to-blade correlation.
Schneider [147] experimentally investigated ducted low-pressure axial fans while varying
inflow turbulence. Apart from developing a semi-empirical noise prediction model, Schneider
observed that the level of inflow turbulence clearly affects the radiated noise in the low-tointermediate frequency region. Also partly due to the passive generation of turbulence via
turbulence grids, the maximum effects can be seen for the pre-stall region at high flow rates.
These findings were also confirmed by Reese et al. [145], who numerically modelled the
previously described setup, aiming at predicting the rotor-turbulence-interaction (RTI) noise
by comparing different modelling approaches, and a good fit to experimental results was
obtained. Furthermore, a significant broadband noise contribution under turbulent inflow
conditions was also confirmed experimentally by Carolus and Stremel [148], who measured the
pressure fluctuations of a ducted low-pressure axial fan. Combined analysis of surface pressure
fluctuations and the radiated far-field noise led to increasing high-frequency components with
increasing chordwise distance from the leading edge of the fan blades. This observation indicates
that the turbulent boundary layer is the driving parameter for the high-frequency blade surface
pressure, unaffected by the induced free-stream turbulence. The high sensitivity of the surface
pressure towards the boundary layer conditions is particularly distinct for the suction side of
the blades. However, the distribution of the low-frequency components, which correspond to
acoustically compact blades, appears to be clearly dominated by the region close to the leading
edges, radiating RTI noise, and hence also by the level of incoming turbulence.
The effect of inlet distortion on the tonal noise generation was investigated by
Daroukh et al. [149]. Based on RANS simulations, the results indicated a strong effect in the
blade-tip region, leading to an overall noise increase of up to 3 dB. A considerable modification
of the wake in the blade-tip region is suggested to be responsible, hence leading to significant
variations in the noise level at the BPF.
Zenger et al. [150] investigated two axial fans with forward-skewed and backward-skewed
blades at varying levels of grid-generated turbulence (7 % ≤ Tu ≤ 28 %), including noise source
localisation methods using a microphone array method. They observed a noticeable increase in
broadband noise at frequencies below 4 kHz. In line with previously reported results of Carolus
and Stremel [148], the main turbulence-sensitive sources were found to be close to the blade’s
leading edges. Moreover, the sensitivity of the tested rotors to the incoming turbulence turned
out to depend on the chosen fan design, resulting in maximum amplifications for forwardskewed blades. At clean inflow, forward-skewed fans clearly showed superior performance with
regard to the radiated noise. However, increasing the level of turbulence shows a local increase
in the SPL of up to ΔSPL = 15 dB, whereas only a maximum increase of ΔSPL = 3 dB is
observed for the backward-skewed fan, already showing high SPL at low Tu for the lowfrequency range. The explanation provided is that at forward-skewed blades, the approaching
turbulent structures have no possibility of migrating outwards along the span as is the case for
the backward-skewed blades. Hence, no dissipation of turbulent energy can take place before
the interaction with the fan blades takes place, resulting in strong pressure fluctuations and,
consequently, in a more distinct increase in noise.

92

4.1 Acoustic Properties of Low-Pressure Axial Fans
4.1.3

Spectral Composition of Acoustic Signature

As briefly discussed for the qualitative spectrum of Wright [133] in Section 4.1.1,
Figure 4-3 shows measurement results by Biedermann et al. [151], in which the spectral acoustic
signature of a single NACA65(12)-10 aerofoil in a free-stream open jet and the signature of a
ducted 6-blade fan at design conditions are compared. The test rig and the testing conditions
are discussed more extensively in Section 4.3. Both fan and single aerofoil feature the same
aerofoil profile when the level of the incoming turbulence is varied.

Figure 4-3 An example of juxtaposition of the radiated sound pressure level of a single NACA65(12)-10 aerofoil
vs. the acoustic signature of a 6-bladed axial fan, featuring the NACA65(12)-10 as fan blades [151]. Comparable
operation conditions in rigid and rotating frame.

It becomes apparent that, even though both signatures show a sensitivity to higher levels of
incoming turbulence, the complexity of the rotor’s aeroacoustic signature is significantly
increased. For the single aerofoil under high-turbulent inflow conditions, level-dominating noise
of broadband character is radiating from the leading edge. For the rotor, on the other hand,
additional noise sources might play a level-relevant part in the acoustic signature [151]:
−
−

blade-tip effects
noise due to secondary flows

−

rotor-strut-interaction noise

−

trailing-edge vortex shedding noise

−

large-scale separation noise
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The relevance of these noise sources varies as a function of the particular operating point on
the fan’s characteristic curve, described by the flow coefficient φ. When it comes to the
implementation of leading edge serrations, only little is known about the aeroacoustic and
aerodynamic efficiency of this passive noise reduction application under non-optimal operation
conditions [151]. Moreover, for rating the noise reduction capability of leading edge serrations,
additional boundary conditions, not yet investigated, are to be taken into account.

4.2

State of the Art ─ Rotating Leading Edge Serrations

Every now and again the scientific community shows interest in applying serrated leading
edges to rotating machinery to benefit from the well-known effects of stall delay and acoustic
noise reduction as described for rigidly mounted aerofoils. However, fundamental studies on
rotating serrations, be it numerical or experimental, with an aerodynamical or an aeroacoustical
focus, are a rare sight. Consequently, only little is known about the efficiency of serrated leading
edges when rotating, about possible blade interaction effects, about effects of a radiusdependent velocity profile on noise reduction, or about possible three-dimensional effects along
the span or interaction between serrations and the blade-tip region of rotating machines.
A erodynamic Application
Asghar et al. [152] applied leading edge serrations to small-scale aircraft propellers. The
focus of this experimental study was to investigate the aerodynamic performance based on
three regions. First, in the tip region, the effects of streamwise vortices on the usual boundary
layer separation were investigated. Second, in a mid-radius region, the serration effects were
described while neglecting tip or hub effects. Third, the serration effects were examined also in
a region close to the hub, where separation at low Reynolds numbers might occur. For the
study, one rotor with serrations of constant wavelength and one with a constant inclination
angle θSerr = f(A/λ) were compared against a baseline rotor. Unfortunately, only the overall
performance was tested; hence no information on the underlying principles that are contributing
to the changes in efficiency was provided. One of the main findings was that serrations of
constant inclination angle θSerr are outperforming the constant-wavelength rotor. Applying
serrations only to the mid-radius region showed an increase in efficiency of up to +6 %, whereas
an increase of +5 % was obtained for the tip region. On the other hand, a serrated hub region
contributed only insignificantly, showing only a slight delay of separation due to the increased
vorticity. One interesting outcome of the study was that the spanwise combination of serrated
regions not necessarily led to an accumulation of effects. The increase in efficiency for a serrated
tip and mid-radius region decreased to +5 %, the root and tip regions showed +4 %, and a
combination of root region plus mid-radius serration yielded +2 %. The fully serrated rotor
showed an overall performance increase of only +1 % at a constant incidence angle and of +2.5
% at a constant wavelength.
Another numerical study on the hydrodynamic effect of leading edge serrations for marine
propellers was conducted by Ibrahim and New [153]. Here, only little improvement in thrust
(up to + 1.5 %), associated with decreases in efficiency, was observed at low advance ratios,
whereas for higher ratios a negligible increase in efficiency and marginally lower thrust (< 1 %)
was reported. However, the poor effect of the leading edge serrations might be attributed to
the low serration amplitude and the large serration wavelength of the three-blade propeller
tested. As reported for rigidly mounted aerofoils (Section 2.1.2), this again indicates the
controversial nature of leading edge serrations, being highly dependent on the chosen
application range, including rotor shape and operation conditions.
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A large-scale low-pressure rotor of D = 2.24 m, equipped with 16 blades and a significant
tip clearance of 6.5 % of the blade radius, was modelled numerically by Corsini et al. [154].
Leading edge serrations were applied only to the outer region close to the tip of the fan blades.
In summary, the serrated leading-edge geometry showed a reduced performance curve of the
pressure rise pre-stall but also higher pressure coefficients beyond stall. These findings appear
to be qualitatively similar to those obtained for rigidly tested aerofoils (Section 2.1.3) featuring
serrated leading edges. Moreover, counter-rotating structures, too, were identified for the
serrated blade-tip region, providing evidence for a strong attachment of the flow in this region,
thus resulting in a stall delay due to the serrations.
In order to choose an appropriate number of serrations, associated with adequate serration
dimensions, the authors presented a design methodology to determine three parameters for a
desired vorticity distribution at the trailing edge of the blade tip, namely the number of
serrations (starting at blade tip), the size of the serration wavelength and the size of the
amplitude. This design approach is based on numerical LES studies of two rotors. Defining a
diffusion factor according to Lieblein [155] and using it to define the blade-tip leakage vortex,
the authors demonstrated that the outer 20 % of the fan blades is responsible for the separation
and hence the strong stalling effects. In reverse conclusion, the outer 20 % of the blade span is
the only region where serrations are applied. The size of the serration amplitudes is defined by
the relative velocity distribution at the rear third of the blade chord. The studied vortex
intensity of serrations was used to define an optimum between drag increase pre-stall and lift
recovery post-stall. Finally, the serration wavelength was chosen based on an optimum defined
in a previous numerical study of a rigidly mounted aerofoil by Corsini et al. [156].
A eroacoustic Application
One of the first studies reporting on the use of leading edge serrations for noise reduction
of rotors was an experimental study by Arndt and Nagel [157]. A two-blade model rotor with
NACA0012 blades was investigated, revealing a reduction in rotational noise, but unfavourable
changes in the blade loading also led to losses in aerodynamic efficiency.
Taking a lead from the previously presented aerodynamic study of serrations for large-scale
low-pressure axial fans, Corsini et al. [158] extended the focus of their research to include the
aeroacoustic performance. Once again, a numerical study for a baseline rotor and a rotor
equipped with serrations for the outer 20 % of the blade span was conducted and validated
against experimental data. Numerically, a reduction in the overall sound power level of
ΔOAPWL = 2.3 dB was obtained. The radial distribution of the noise sources, however, shows
a different pattern, with even a noise increase for the near-hub region, whereas especially close
to the blade tip significant noise reduction effects for the serrated region were observed,
resulting in an overall noise reduction. The authors suggested that the blade-tip vortex is the
cause of this reduction. This is supplemented by observations of changes in the axial and the
tangential velocity pattern near the blade tip from periodic (f = BPF) to bimodal
(f = BPF and 2·BPF). Moreover, visualisation of the acoustic sources indicated a complete
redistribution when serrations are implemented, affecting the full blade, even though only the
upper 20 % of the blades were serrated.
Reducing the rotor dimensions to those of classic automotive cooling fans, an experimental
study on the aeroacoustic effect of leading edge serrations was carried out by Zenger et al. [159]
for a fan diameter D = 0.495 m, applying serrations to state-of-the-art fan blades. Generating
high-turbulent inflow conditions via a turbulence grid in close vicinity to the rotor, serrations
of 5 % chord in serration amplitude and decreasing serration wavelength from hub to tip were
added to forward-skewed blades, thereby exceeding the original chord length of the blades.
Measurements took place in a test chamber according to ISO 5801 [160] at low- and highturbulent conditions. Even though the effective blade surface increases, the static pressure rise
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shows a marginal decrease for moderate to high flow rates when compared to the non-serrated
baseline. The same is true for the aerodynamic efficiency, showing a loss of up to Δη = -10 %.
However, post-stall, no significant differences between the baseline and the serrated rotor were
observed. Regarding the aeroacoustic performance, slightly lower levels of maximum
ΔOASPL = 1 dB for the high-turbulent and ΔOASPL = 1.8 dB for the low-turbulent case were
obtained at maximum flow rates. The main reduction effects were attributed to the tonal
components of the radiated noise, indicating that the serrations play a role in reducing unsteady
blade forces. These effects turn out to be quite similar to the effects of blade skew and sweep.
Discouraged by the previously obtained results, the researchers chose flat-plate blades for
a subsequent study of more rudimentary character [161]. Moreover, also fan blade skew and
sweep were disregarded. Four configurations of varying serration amplitude (13 – 17 %·C) and
serration wavelength (7 – 10 %·C) were cut into the fan plates. Due to the flat plates chosen,
these serrations were only of a two-dimensional shape. As is known from a previous analysis of
flat plates under highly distorted inflow conditions, flat plates are more prone to ATI noise
than realistically profiled aerofoils [162], especially when possessing a blunt leading edge. As a
consequence, leading edge serrations are more efficient for the reduction of flat-plate noise
[67, 91]. Compared to the previously analysed state-of-the-art rotor, the sound pressure level
of the baseline rotor increases by almost 10 dB at low turbulence and high flow rates. Moreover,
the aerodynamic efficiency, too, decreases considerably. Varying the turbulent conditions had
only little effect on the noise radiation of the baseline rotor. However, given the increased noise
reduction potential, the introduced leading edge serrations contribute to a broadband noise
reduction at low turbulence of up to ΔOASPL = 10 dB for maximum serration amplitude and
minimum serration wavelength, with the wavelength as the driving parameter. At high Tu, the
noise reduction is more constant, at a level of around ΔOASPL = 5 dB, without any clear
dependency on the serration parameters. Aerodynamically, the leading edge serrations lead to
an increase in efficiency and in static pressure rise when compared to the reference rotor. This
increase is attributed to aerodynamically beneficial effects in the blade-tip region, where the
serration-generated vortical structures in the streamwise direction are expected to interact with
radial flow components of the blade, hence reducing the tip leakage effects, as also outlined by
Corsini et al. [154].
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For transferring the investigated aerofoils to the rotating frame by means of low-pressure
axial fans, a test rig needs to be defined. The key requirements, leading to the definition of the
test rig, are fourfold:
− simultaneous measurement of aerodynamic and acoustic properties
−

high levels of grid-generated turbulence under the same (near) isotropic conditions as
for the rigidly mounted aerofoils

−
−

reasonable homogeneity of inflow velocity profiles
comparable to the industrial standards to pave the way for practical applications

The need to provide high levels of turbulence at a sufficient distance from the tested rotors,
and the possibility of measuring the acoustic signature of the fan on both the suction and the
discharge side while monitoring the aerodynamic performance, were key factors in the choice
of a test rig according to ISO 5136 – Determination of sound power radiated into a duct by
fans and other air-moving devices – In-duct-method [163]. Moreover, the ISO 5136 also
represents the commonly used standard in the industry for rating the acoustic performance of
fans. This excludes the use of a test chamber as described in the ISO 5801 [160], which would
be an alternative to the chosen in-duct-method but focusses mainly on the aerodynamic
performance. Moreover, it provides only limited possibilities of generating a significant level of
turbulence at a sufficient distance upstream of the rotor. Figure 4-4 shows the schematic of the
chosen test rig, which is further outlined in Sections 4.3.1 – 4.3.2. Significant parts of the
presented setup are also published by Biedermann et al. [164, 151].

Figure 4-4 Schematic of the test rig according to DIN ISO 5136 [151, 163] for the in-duct-method to
simultaneously test the aerodynamic and aeroacoustic performance of rotating machines.

4.3.1

Aerodynamic Properties

The inlet nozzle in Figure 4-4 ensures smooth inflow conditions. The free-stream velocity
U 0 and, consequently, the flow rate is obtained by using an eight-path ultrasonic volume flow
analyser or a pitot-static tube at x/D = 5.75 upstream of the axial fan. Characterisation of the
static pressure rise is achieved by differential pressure measurements between the suction and
the discharge side of the fan assembly, where for each location six pressure tapping points are
used for obtaining the circumferentially averaged static pressure. On the suction side, the
pressure measurement takes place x/D = 2.75 upstream of the rotor, whereas for the discharge
side, the measurement plane is located x/D = 1 behind a star-type flow straightener according
to ISO 5801 [160]. The flow straightener is used to convert the swirl back to pressure energy
and to enable aeroacoustic measurements of increased accuracy. At x/D = 0.75 upstream of
the rotor blade’s leading edges, different turbulence grids are inserted in order to generate highturbulent and near-isotropic inflow conditions. Grid design took place according to the method
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proposed by Laws and Livesey [2], being congruent with the design method for the rigidly
mounted single aerofoils analysed previously in Section 3.3.4 [164]. The resulting grid-generated
turbulent properties are further analysed in Section 4.4. However, due to the specified
dimensions of the test rig according to the ISO 5136 standard and the need to implement
turbulence grids, the previously described determination of the static pressure rise (suction vs.
discharge side) not only results in a static pressure rise of the rotor itself but also includes
effects of the turbulence grids and the flow straightener. The pressure loss that occurs due to
the turbulence grids used is compensated for by specifying the non-dimensional pressure loss
coefficient ζ according to Eq. 4-2.

Δ𝑝𝑝𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺
𝑈𝑈 2
= 𝜁𝜁 ∙ 0
𝜌𝜌
2

Eq. 4-2

Finally, an automatically driven throttling cone on the discharge side of the test rig allows the
point of operation to be controlled. For monitoring the aerodynamic performance of the tested
fan, the system efficiency ηsystem is defined according to Eq. 4-3, with Δp being the static pressure

rise (suction vs. discharge pressure), 𝑄𝑄̇ the flow rate, U el the electric voltage and A el the electric
current. However, for the analysis, only the electrical power of the fan-driving unit is utilised
via monitoring the voltage supply and measuring the amperage, using a measuring calliper.
Accordingly, the definition used for the efficiency includes the electric efficiency of the
puls-width modulated (PWM) electric motor and represents the efficiency of the fan assembly
instead of the pure efficiency of the rotor [164].

𝜂𝜂𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 =
4.3.2

𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
Δ𝑝𝑝 ∙ 𝑄𝑄̇
=
𝑃𝑃𝑒𝑒𝑒𝑒
𝑈𝑈𝑒𝑒𝑒𝑒 ∙ 𝐴𝐴 𝑒𝑒𝑒𝑒

Eq. 4-3

Aeroacoustic Properties

Aeroacoustically, the test rig is treated with a muffler to dampen the suction-side noise and
with an anechoic termination for the discharge side in order to prevent back-reflections of the
radiated noise due to impedance differences at the duct end. The walls of the duct are made of
steel plates with a thickness of 4 mm and can, particularly for the low- and intermediatefrequency range, be considered reverberative. Hence, with the boundary condition of the sound
′
can be determined,
particle velocity at the walls being equal to zero, the Bessel coefficients 𝑗𝑗𝑚𝑚,𝑛𝑛
and the cut-on frequency or, equivalently, first duct mode can be determined according to
Eq. 4-4, in which for the free-stream velocities considered, only minor influences on the resulting
frequencies are present. For a duct of diameter D = 0.4 m and a maximum free-stream velocity
of U 0 = 10 ms -1 , the cut-on frequency turns out to be f0,1 = 501 Hz (𝑗𝑗1′ ,0 =1.84118).

𝑓𝑓𝑚𝑚,𝑛𝑛 =

′
𝑗𝑗𝑚𝑚,𝑛𝑛
∙ 𝑐𝑐 ∙ �1 − 𝑀𝑀𝑀𝑀 2
2𝜋𝜋𝜋𝜋

Eq. 4-4

Below the frequency of the first duct mode, the sound field consists solely of propagating plane
waves, whereas for higher frequencies the sound field acquires an increasingly diffuse character,
leading to increased interaction for higher duct modes. For obtaining high-quality acoustic
information, measurements at varying circumferential positions in combination with sufficiently
high averaging are required. Moreover, the proper choice of microphone treatment plays a
crucial role in reducing the effects of aerodynamic disturbances of the aeroacoustic signals
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gathered. The ISO 5136 standard proposes the application of nose cones for free-stream
velocities U 0,max ≤ 20 ms -1 and turbulence screens (sampling tubes) for U 0,max ≤ 40 ms -1 . For an
expected free-stream velocity of U 0,max ≈ 10 ms -1 , even foam balls are considered feasible. All
these treatments aim at reducing the possible influence of aerodynamic pressure disturbances
to a minimum. However, for the current setup, a slightly different approach was chosen. Aiming
at reducing blockage effects in the flow, which occur particularly for foam balls, 1/4” B&K
condenser microphones were chosen and flush-mounted to the inner duct wall. These
microphones exhibit a side-vented pressure field design in order to ensure a proper equalisation
of the atmospheric pressure. Even though low lateral magnitudes of aerodynamic pressure
fluctuations due to smooth inflow conditions at the suction side and de-swirled flow on the
discharge side can be assumed, the existence of significant pressure fluctuations within the duct
boundary layer cannot be neglected. The presence of protection grids, however, leads to a
spatial separation of the microphone membrane from the aerodynamic pressure fluctuations
within the boundary layer. On the other hand, these microphone grilles are prone to induce
additional noise due to vortex shedding and resonance effects. Investigations by other
researchers indicate that especially for low Mach numbers, the increase in noise with a
protection grid, as compared to the membrane only case, is marginal in a frequency range of
2 ≤ f ≤ 12 kHz [165]. Further investigations [166] came up with the suggestion to mount the
microphones as flush as possible in order to reduce noise from alternative mounting possibilities,
such as recessing (vortex shedding noise) or protruding the microphones (higher turbulence).
In order to increase the accuracy and reliability of the aeroacoustic measurements, three
microphones were used for the suction and discharge side each, distributed equidistantly in the
circumferential direction of the duct (Figure 4-5). For validation purposes, another two
microphones were included with axial displacement. Finally, as can be seen in Figure 4-4, a
1/2” B&K 4133 condenser microphone was used in a B&K UA0463 turbulence screen, featuring
high-degree turbulence noise suppression and especially constructed for the measurement of
airborne noise in air ducts. The turbulence screen is mounted in-line with the duct at a distance
of 0.04 m from the wall, allowing direct comparison to the measurement procedure according
to the ISO 5136 standard.
For validation, measurements with the 1/2” microphone and the B&K 4133 turbulence
screen were performed inside the duct, where aerodynamic disturbances are reduced to a
minimum (Figure 4-5). Comparing the acoustic signal at operation conditions to the averaged
signal of the three wall-mounted microphones shows a remarkable fit in a frequency range of
up to f ≤ 2 kHz. The increasing gap between the signals at higher frequencies is due to a
construction-conditioned damping effect of the slitted tube. Even at frequencies above
f > 2 kHz, the wall-mounted microphones show no masking effects and prove their ability to
capture the acoustic signature.
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Figure 4-5 Left: Comparison of the acoustic spectra of the signals obtained via the three averaged 1/4" wallmounted microphones and the 1/2” microphone with slitted tube, relative to the ambient noise level. Right:
Sketch of the circumferential distribution of the wall-mounted microphones inside the duct.

The fan assembly is shown in Figure 4-6, in which the rotor and the electric motor are
mounted on a spindle. Special care was directed to the number and location of the struts. Four
M8 threaded rods run through the hollow fan spindle, each forming two struts, which were, for
stability reasons, additionally supported by small steel tubes and fixed via locknuts on the
outside of the duct. In order to prevent the transfer of solid-borne noise, shock absorbers were
mounted between duct and fastening. The first set of struts was mounted 0.2 m (x/D = 0.5)
downstream of the fan, and the second set 0.4 m (x/D = 1). The distance between rotor and
struts was maximised in order to reduce the effects of rotor-strut interaction to a minimum.
All struts were, in addition, equipped with Scruton wires to suppress eventual periodic vortex
shedding. The rotational speed of the rotor was obtained by using a triaxial acceleration sensor
on the fan spindle, representing a minimal-invasive high-resolution method while, in addition,
providing information on the vibrations of the system [164]. The signal was analysed in the
frequency domain at a frequency resolution of Δf = 0.25 Hz, giving a measurement accuracy

for the rotational speed of Δn = ± 7.5 min-1 [164].

Figure 4-6 Mounted fan assembly and anechoic termination. The zoom shows the chosen strut configuration
of the setup [167].
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Information on the unsteady wall-pressure field in close vicinity to the blade tips is expected
to provide additional insights into the effect of leading edge serrations [151]. Therefore, two
pressure tapping points (Figure 4-7) are defined at a circumferential distance of one blade
passage, that is, at 60 deg. As in the procedure described by Möser and Neise [168], for each
tapping sensor, a cannula tube with an inner diameter of 1.2 mm (fCut-On ≈ 8.3 kHz) is flushmounted to the duct surface with the purpose of communicating with the pressure field inside
the duct. On the opposite side of the cannulas, a rapid prototyped coupler is used, incorporating
a 1/4” B&K condenser microphone in order to gather information on near-field unsteady wallpressure phenomena. Apart from calibrating the level of the sensors, knowledge on the phase
between the latter is of essential importance to justify an interpretation of the results obtained
[151]. Accordingly, two capsules of a sound intensity probe are employed, showing no significant
change in phase up to frequencies of 4.5 kHz [151] (Appendix D.1).

Figure 4-7 Rotor and duct, including wall-pressure tapping points to obtain near-field information [151].

4.4

Turbulent Inflow Conditions

In this section, an extensive analysis of the inflow conditions of the defined test rig,
presented in Section 4.3, is given. Parts of this study have also been published by Biedermann
et al. [164, 167].
The general purpose of this study focusses on turbulence-generated rotor interaction noise,
in which the leading-edge noise of the rotor blades is expected to represent the dominant noise
source [169, 145, 146]. Hence, a high level of turbulence is required. Recent studies and noise
prediction models usually refer to turbulence of isotropic or near-isotropic character, including
the analysis of the rigidly mounted aerofoils in Section 3. To enable a comparison, the same
requirement is also applied to the rotating domain. According to Laws and Livesey [2], biplane
square meshes with a constant ratio of mesh size and bar diameter of H/d = 5 are again defined
to generate an elevated level of turbulence of high isotropic character at a sufficient distance
from the grid. Table 4-1 and Figure 4-8 (left) show the grids used for the presented study,
including relevant design parameters [167].
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Table 4-1 Grid nomenclature and parameters of tested grids for the ducted test rig according to DIN ISO
5136.

Type

Unit

G00

G01

G02

G03

G04

G05

d Bar

[m]

--

20

16

12

8

4

H Mesh

[mm]

--

100

80

60

40

20

H /d

[--]

--

5

5

5

55

5

For obtaining data on the local distribution of the free-stream velocity and the gridgenerated turbulence in the duct, 1D hot-wire measurements were conducted. A rotating duct
(Figure 4-8 right) was implemented in the test rig, where the hot-wire probe was mounted and
traversed in radial direction from duct wall to the centre of the duct. Over the measurement
duration of 60 seconds for each radial position, the channel rotated by 360 deg at constant
velocity normal to the measurement direction of the hot-wire probe, covering the full angular
path. The hot-wire data with a spectral resolution of up to 10 kHz were averaged in angular
steps of 10 deg, producing over 53,690 samples per step. The turbulence grids were located
Δx = 0.3 m upstream of the probe location, enabling the generated vortices to break down and
mix towards isotropy. The probe location was chosen according to the imaginary position of
the fan during the aeroacoustic experiments [164].

Figure 4-8 Rotating duct, implemented in the test rig for the analysis of the turbulent inflow properties [164].

Figure 4-9 shows results of the obtained distribution of the velocity, the turbulence intensity
and the longitudinal length scale in the duct with the coarsest turbulence grid applied. The
contours of all other tested grids are presented in Appendix D.2 and D.3. The velocity contour
in Figure 4-9 (left) shows the features of the classical turbulent velocity distribution in the form
of high gradients close to the wall. The pattern appears to be quite uniform, where the grid is
expected to possibly act, apart from generating turbulence, as flow straightener, especially
stabilising the outer regions, where the boundary layer is located [167]. Nevertheless, the nonuniform character of the G01 velocity pattern hints at the influence of the grid bars, located 0.3
m upstream. Overall, the results obtained show a reasonably good homogeneity and are
considered to be sufficient for the intended purpose [164].
Moving the focus to the turbulence intensity, a similar pattern to that of the velocity
distribution can be observed. For the grid G01 , turbulence intensities of up to Tu ≤ 20 % are
achieved (Figure 4-9, centre), showing a uniform distribution in the centre of the duct. Towards
the outer regions, a significant increase in the turbulence intensity is visible, which can clearly
be ascribed to the decreasing denominator in the mean velocity due to the no-slip condition at
the wall [167]. The integral length scale was obtained by fitting the one-sided power spectrum
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of the velocity fluctuations to the formulation of isotropic and homogeneous turbulence as
described by Hinze [13] in Eq. 3-35.

Figure 4-9 Grid G01 : local distribution of longitudinal velocity, turbulence intensity and integral length scale
[151]. n = 2000 min-1 , distance grid-to-probe Δx = 0.3 m.

Circumferential averaging of the data obtained leads to more general profiles of the three
investigated quantities, as shown, for example, in Figure 4-10 (right). Here, the strong influence
of the duct boundary layer on the velocity profile, and hence on the turbulence intensity and
the integral length scale, becomes apparent. In order to obtain representative values for each
grid, the data were once again averaged over a radius of RDuct = 0.15 m to avoid these influences
of the wall boundary layer. As mentioned earlier, the hot-wire probe is located Δx = 0.3 m
downstream of the turbulence grids. As the table in Figure 4-10 (left) clearly indicates, the
turbulence intensity follows the model by Laws and Livesey [2], predicting the most elevated
turbulence at maximum mesh size and bar diameter (grid G01 ). Moreover, the trend of the
standard deviation SSD indicates that the higher intensities are mainly due to an increase in the
fluctuating quantity and not in the mean velocity [164].

Type 𝑼𝑼
� 𝟎𝟎 ����
�
𝑻𝑻𝑻𝑻 �
𝑺𝑺𝑺𝑺𝑺𝑺 �
𝚲𝚲𝑳𝑳
𝚲𝚲𝒕𝒕
-- m/s % m/s mm mm
G01 11.3 12.1 1.36 69.4 34.7
G02 12.0 9.6 1.15 66.8 33.4
G03 11.8 7.5 0.88 64.7 32.4
G04 11.8 5.3 0.62 54.9 27.5
G05 12.2 3.6 0.43 43.3 21.7
G00 13.3 2.6 0.34 37.9 19.0

Figure 4-10 Left: Summary of averaged properties of the inflow conditions for the turbulence grids tested [151].
Right: An example plot of the circumferentially averaged properties of the flow for the coarsest grid G01 at
n = 2000/min, φ = 0.2 [151].
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To sum up, the generated incoming turbulence of the rotor blades to be analysed is in a range
of 3.7 % ≤ Tu ≤ 12.1 % and is, therefore, higher than the turbulence of the rigidly mounted
aerofoils analysed in Section 3. The transversal length scale, associated with the noise
generation at the aerofoil leading edges, is derived from the longitudinal length scale by
assuming isotropic conditions [128, 127], as discussed in Section 3.4.2.
The turbulent fluctuations of the velocity are assumed to be constant in all spatial
directions (constant longitudinal to transversal velocity ratio), leading to an isotropic
turbulence intensity. This property is of high importance because the turbulent structures are
impinging in a circumferential direction on the fan blades rather than in the direction of the
main flow. At a given isotropy, the magnitude of the measured turbulent fluctuations in the
mean flow direction can be equated with the magnitudes in the circumferential direction,
providing a scale of the turbulent inflow conditions at the blade leading edges. However, Laws
and Livesey [2] state that a minimum distance of roughly ten times the mesh diameter between
grid and measurement location approaches isotropic conditions. In the conducted experiments,
the coarsest grids G01 and G02 would require distances of 1.0 m and 0.8 m, respectively, to fulfil
this condition. Lower distances might lead to unacceptable downstream inhomogeneities [164].
Therefore, a spectral analysis of the 1D hot-wire signals was conducted and compared to the
theoretical energy spectrum of Liepmann for longitudinal isotropic turbulence as stated per
Eq. 3-18 and Eq. 3-20. Figure 4-11 shows the power spectral density of the turbulent energy,
scaled with the mean flow velocity and plotted over the non-dimensional Strouhal number. The
data sets of grid G00 (without grid), G01 and G02 are analysed at radial positions of
0.15 m ≤ RDuct ≤ 0.198 m, starting at mid-span of the fan blades (R = 0.15 m) towards the
wall region of the duct (R = 0.198 m). The results demonstrate that the turbulence model
agrees well with the measurements, although larger deviations for the model occur close to the
wall, especially at high frequencies [167]. A similar trend is observed when the grid dimensions
are increased (G00  G02  G01 ), with high-frequency deviations becoming more prominent.
The turbulent cascade theory describes that the turbulent energy scales with f -5/3 in the inertial
range and with f -7 in the dissipation range, which can be confirmed for the former range,
whereas a diffuse transition to the latter region is observed [167]. Generally, the turbulence
intensity can be shown to be of near-isotropic nature even for the coarse grids with large mesh
widths (G01 ).

Figure 4-11 Turbulent energy of three chosen grids for three radial positions, and comparison to the theoretical
spectrum for longitudinal isotropic turbulence according to Liepmann (dashed curves) [167].
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The common approach to designing an axial fan is to first define the point of operation at
which the required pressure rise overcomes a certain resistance of the system while maintaining
a required flow rate. At this specific point, the efficiency of the fan should be at its maximum,
due to blade-congruent inflow conditions. As a consequence, the desired operating point usually
determines the profile of the fan blades. However, for the current study, no such point is defined
nor required. This leads to various degrees of freedom in the design process. The main
requirement for the transfer from the rigid to the rotating system, on the other hand, is to
maintain the originally investigated NACA65(12)-10 profile so that a link between both systems
can be established.
4.5.1

Blade and Rotor Design

Chord, Number of Blades
The solidity σS, defined as the reciprocal value of the space-to-chord ratio in Eq. 4-5,
describes the spacing of the blades with respect to the blade chord (Figure 4-12). For low
solidities, the rotor can be assumed transparent, which means that no significant interference
effects between consecutive blades and their associated boundary layers and wakes are present.
According to Carolus [66], this condition is fulfilled for σS ≤ 0.7. As a consequence, the rotor
blades can be regarded individually, which gives the possibility of designing the rotor according
to the single-aerofoil approach instead of a more complex cascade approach.

𝜎𝜎𝑆𝑆 =
𝑡𝑡𝑃𝑃 =

𝐶𝐶
𝑡𝑡𝑃𝑃

2𝜋𝜋𝜋𝜋
𝑧𝑧

Eq. 4-5

Eq. 4-6

Figure 4-12 Front view of exemplary rotor, including relevant parameters for the rotor solidity.

An optimum of high chord and a high number of blades is obtained for six blades and
C = 0.075 m, yielding a minimum solidity for the hub and maximum solidities for the blade
tip in a range of 0.36 ≤ σS ≤ 0.72. Thus, the initially analysed aerofoils of C = 0.15 m are
downsized by a factor of two. Moreover, only an even number of blades allows for analysing
the effects of successively varying the number of fan blades as it is done in Section 5.
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The hub radius is determined by the diameter of the PWM-driven electric motor, resulting in
R = 0.2 m. Maintaining a tip clearance between the fan blades and the rigid duct itself of
ΔzTip = 2 mm yields a span of the fan blades of S = 0.098 m, leading to a total fan diameter of
D = 0.396 m. Fan speed was decided to be n = 2000 min-1 , being close to the maximum of the
electric motor but still allowing for a limited buffer if the axial machine is partially loaded.
Inlet Conditions
The stagger angle γ of a fan represents the absolute angle between the blade chord line and
the axial plane of the fan (Figure 4-13). According to Eq. 4-7, this angle is composed of the
aerodynamic angles of attack AoA and β0 , determining the blade-congruent inflow condition.

𝛾𝛾 = 𝐴𝐴𝐴𝐴𝐴𝐴 + 𝛽𝛽0

Eq. 4-7

Usually, β0 is determined by constructing a tangent to the camber line of the aerofoil profile,
defining blade-congruent inflow conditions. However, for the NACA65(12)-10 profiles chosen,
this is not feasible since the profile line is orientated normal to the camber line for the leading
edge and the trailing edge. The reason is that the initial design of the NACA65-series was based
on theoretical considerations only, as pointed out by Carolus [66]. The alternative approach is
to define an equivalent circular arc, serving as the camber line. Because the rotor is designed
according to the single-aerofoil approach, the results obtained for the single aerofoils in the
rigid setting (Section 2.2) can be consulted to determine the aerodynamic flow angle AoA.

Figure 4-13 Velocity triangles for the rotating NACA65(12)-10 profile at optimum operation conditions (left)
and indication of the spanwise change of the stagger angle of the rotor blade due to changes in the
circumferential velocity U1,2 (right).
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Figure 4-14 qualitatively shows the relation between the aerodynamic properties of the
single aerofoil (Section 2.2.3) and those of the downscaled six-blade rotor, with the design point
of the rotor (position 2 in Figure 4-14) being characterised by a high static pressure rise Δp in

combination with maximum efficiency ηsystem. The associated forces on a single aerofoil are the
lift coefficient CL and the lift-to-drag ratio CL/CD, characterising the efficiency. Consequently,
for the current design of the rotor, the aerodynamic angle AoA = 7 deg was chosen based on
the optimum of the CL/CD ratio while keeping CL on a high level as well. For angles AoA < 7 deg
(position 1 in Figure 4-14), the absolute lift decreases, and for angles AoA > 7 deg (position 3
in Figure 4-14), the efficiency in terms of the CL/CD ratio decreases considerably, since stall
phenomena become more apparent.

Figure 4-14 Characteristic performance curves for a single NACA65(12)-10 aerofoil at Re = 150,000 (left) vs.
the designed 6-blade rotor at n = 2000 min-1 (right).

No inlet guide vanes were used for the current design; therefore, the inlet velocity shows only
an axial component (Eq. 4-8), without there being a circumferential component of the meridian
velocity vector. Moreover, the cross-sectional area on the suction and discharge sides remains
constant, which leads to equal axial velocities of the blade’s inflow and outflow (Eq. 4-9).

𝑐𝑐1 = 𝑐𝑐𝑥𝑥1

𝑐𝑐𝑥𝑥1 = 𝑐𝑐𝑥𝑥2

Eq. 4-8
Eq. 4-9

At a given stagger angle and a given circumferential velocity, the axial component of the
meridional velocity can be determined according to Eq. 4-10, also specifying the flow rate 𝑄𝑄̇

(Eq. 4-11).

𝑐𝑐𝑥𝑥1 = 𝑡𝑡𝑡𝑡𝑡𝑡(𝛾𝛾) ∙ 𝑈𝑈1

2
𝑄𝑄̇ = 𝑐𝑐𝑥𝑥1 ∙ 𝐴𝐴 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 = 𝑐𝑐𝑥𝑥1 ∙ 𝜋𝜋/4 ∙ (𝐷𝐷 2𝑇𝑇𝑇𝑇𝑇𝑇 − 𝐷𝐷𝐻𝐻𝐻𝐻𝐻𝐻
)

Eq. 4-10
Eq. 4-11

The meridional velocity is desired to be constant over the blade span (cx1 ≠ f(RDuct)). As a

consequence, the cross-sectional stagger angle γ differs from hub to tip of the fan. Since the
inflow angle at the actual radius of the rotor depends on the resulting vector of circumferential
velocity and constant axial velocity, the stagger can be determined according to Eq. 4-12 and
Eq. 4-13.
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𝑐𝑐1
𝛾𝛾 = tan−1 � �
𝑈𝑈
𝛾𝛾𝑡𝑡𝑡𝑡𝑡𝑡 − 𝛾𝛾ℎ𝑢𝑢𝑢𝑢 = 𝛥𝛥𝛥𝛥 = tan−1 �

𝑐𝑐𝑥𝑥1
𝑐𝑐
� − tan−1 � 𝑥𝑥1 �
𝑈𝑈𝑇𝑇𝑇𝑇𝑇𝑇
𝑈𝑈𝐻𝐻𝐻𝐻𝐻𝐻

Eq. 4-12

Eq. 4-13

Outlet Conditions
The specific energy of a turbomachine is defined via Euler’s pump and turbine equation.
For the fan considered, Euler’s pump equation states that the specific energy of a blade Y E is
dependent on the differences between the circumferential components of the meridional
velocities for every infinitesimal radial segment (Eq. 4-14).

𝑌𝑌𝐸𝐸 = 𝑈𝑈2 ∙ 𝑐𝑐𝑢𝑢2 − 𝑈𝑈1 ∙ 𝑐𝑐𝑢𝑢1

Eq. 4-14

𝑌𝑌𝐸𝐸 = 𝑈𝑈2 ∙ 𝑐𝑐𝑢𝑢2 → 𝛥𝛥𝛥𝛥𝐹𝐹𝐹𝐹𝐹𝐹 = 𝑌𝑌𝐸𝐸 ∙ 𝜌𝜌

Eq. 4-15

As already mentioned, no inlet guide vanes or other elements causing a spin are used; hence
Eq. 4-8 applies, and the circumferential component cu1 becomes zero. Consequently, Eq. 4-14
reduces to Eq. 4-15.

Since the energy of a fan blade strongly depends on the outflow conditions, the design of the
fan blade’s rear parts requires some further considerations. For the outflow conditions of a fan
blade, different loading distributions are possible [66]:
− free vortex design, describing an isoenergetic distribution of the blade loading, meaning
that each radial segment possesses the same specific energy (specific blade energy
Y E = constant)
−

controlled vortex design, which allows the blade loading distribution to be controlled,
for example by moving the main load from the tip closer to the hub or vice versa.

The isoenergetic load distribution requires a radius-dependent scaling of the blade chord since
the aerofoil profile is already fixed. This scaling would result in varying solidities σs , especially
because the hub region would require large chord lengths. Hence, the second approach of a
controlled vortex design is chosen. The profile shape is maintained, resulting in a higher loading
of the blades close to the tips. On the other hand, this results in stagger angles that are
dependent on the radial distribution of the circumferential velocity and in a radius-dependent
meridional outflow velocity (Eq. 4-16).

𝑐𝑐𝑢𝑢2 = 𝑈𝑈2 − tan 𝛾𝛾 ∙ 𝑐𝑐𝑥𝑥2

Eq. 4-16

𝛥𝛥𝑝𝑝𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 2𝜋𝜋 ∙ 𝑛𝑛 ∙ 𝑟𝑟 ∙ 𝑐𝑐𝑢𝑢2 (𝑟𝑟) ∙ 𝜌𝜌

Eq. 4-17

According to Euler’s equation and the resulting pump equation, the total static pressure rise
of an axial fan inside a duct can be determined according to Eq. 4-17, yielding the local pressure
rise.
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The flow rate is determined with respect to the local area A R and the axial velocity distribution
cx2 .
2𝜋𝜋 𝑅𝑅

𝑄𝑄̇ = � 𝑐𝑐𝑥𝑥2 𝑑𝑑𝐴𝐴 𝑅𝑅 , � 𝑑𝑑𝐴𝐴 𝑅𝑅 = � 𝑟𝑟 ∙ 𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑

Eq. 4-18

0 0

Assuming a constant circumferential distribution of the velocity, the flow rate simplifies to
Eq. 4-19, practically defining an area-averaged contribution of the meridional velocity to the
flow rate.
𝑅𝑅𝑇𝑇𝑇𝑇𝑇𝑇

𝑄𝑄̇ = 2𝜋𝜋 � 𝑐𝑐𝑥𝑥2 (𝑟𝑟) ∙ 𝑟𝑟 𝑑𝑑𝑑𝑑

Eq. 4-19

𝑅𝑅𝐻𝐻𝐻𝐻𝐻𝐻

Figure 4-15 Qualitative representation of the fan blade’s outflow conditions, scaling from hub to tip of the
rotor.

4.5.2

Leading Edge Serration Design

Leading edge serrations are adopted from the rigid domain and are applied to the designed
low-pressure axial fan. This already leads to a significantly enhanced complexity of the system
to be analysed, including additional noise source mechanisms and influences on the aerodynamic
performance. In order to draw conclusions on the efficiency of the previously analysed
serrations, a coherent strategy is needed for the transfer. Hence, the initially designed serrations
are scaled according to the adopted chord length of the rotor blades, thus maintaining the
normalised A/C and λ/C ratios. By use of these non-dimensional serration parameters, an
experimental space of the same limits is defined. The Reynolds number, being an integral
parameter in the previous analysis, is transformed to the circumferential velocity of the rotor,
whereas the turbulence intensity remains grid-generated, albeit, due to the ducted setup, on a
higher level.
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4.5.3

Structural Analysis

The rotor was manufactured via rapid prototyping, but, as can be seen from Figure 4-16,
the rotor is an assembly of four individual parts. The hub is manufactured from acrylnitrilbutadien-styrol-copolymer (ABS), the metal core of the blades from DC01 steel, and the blades
themselves from a highly resistant photopolymer resin (Figure 4-16). Resin requires a post-cure
procedure in order to develop its full mechanical properties but, on the other hand, offers an
excellent surface finish without the need for further treatment. In order to assess the ability of
this compound to withstand the acting aerodynamic forces while rotating at n = 2000 min-1 , a
finite element analysis (FEM) of the basic rotor was carried out using ANSYS Mechanical.

Figure 4-16 Assembly of the designed rotor, showing the hub, the inset cores and the fan blades.

An unstructured mesh was generated with 489,000 elements, with the element size in the range
[1·10-5 m, 1·10-3 m], in which adaptive meshing supported mesh-independent results. Local
refinement was applied to the sensitive regions of the hub-blade intersection, to the leading
edges, to the trailing edges and to the blade-tip region. The material properties used in this
study are listed in Table 4-2. The rotor was modelled without being mounted in the test rig;
only the hub was mounted on a rotating support, performing a linear ramp from n = 0 min-1
to n = 2400 min-1 , as also reported by Biedermann et al. in [164] for a different material. As a
consequence, the FEM study focusses on centrifugal forces only and currently disregards
aerodynamic forces.
Table 4-2 General material properties of the materials used to perform the FEM analysis and to manufacture
the prototypes of the rotor.

P roperty

U nit

GPa
Young’s modulus
Tensile ultimate strength GPa
Density
kg/m3

A BS

Res in

2.5
40
1050

2.7
55.7
1100

Steel
200
460
7850

As can be seen from Figure 4-17, the total deformation and the von Mises stress were
monitored to determine the acting forces. Maximum stresses were found to occur at the crossing
between the blade inlet and the blade itself (7.9·107 Pa), underpinning the decision to choose
steel for the inlay material, which is expected to be well capable of resisting the imposed
stresses.
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Figure 4-17 Selected FEM results of the baseline rotor at nMax = 2400 min-1 .

In the radial direction, a maximum deformation of 0.13 mm takes place, forcing the blades to
migrate outwards, while for the axial direction a maximum of 0.019 mm is observed. The
resulting maximum total deformation adds up to 0.15 mm and occurs at the trailing-edge region
at the blade tips. However, even though the observed deformations are still considered negligible
in the given setup, the strong tendency of the blades to migrate outwards requires a reliable
mounting procedure. Hence, the blade’s inset cores (Figure 4-16) are mounted via highly
adhesive glue plus two grub screws per blade to maintain the positive locking of the blades.
This also takes into account the additional aerodynamic loading, as a result of which the
generated static pressure rise will force the blades in the anti-streamwise direction. These forces
are a function of the throttling state or the operating point of the fan.

4.6

Dimensional Analysis

For generalisation purposes, the obtained static pressure rise Δp of the fan and the flow
rate 𝑄𝑄̇ are converted into the non-dimensional pressure coefficient ψ (Eq. 4-20) and the flow

coefficient φ (Eq. 4-23). These coefficients lead to a compensation for varying ambient
conditions by taking into account the temperature and the atmospheric pressure by
incorporating the fluid density. As has been discussed previously, the chosen design of the
serrated leading edges results in different (amplitude-dependent) wetted surfaces of the fan
blades since the maximum chord remains constant. This serves mainly three reasons:
1. Keeping the maximum surface constant results in only one baseline reference case for
comparison as well as in a constant blade thickness for different serration geometries.
2. A constant maximum chord leads to a constant maximum solidity σS and thus prevents
an amplitude-dependent interaction effect of successive blades at solidities σS ≥ 0.7.
3. It represents a conservative approach that remains close to practical applications, in
which serrations might be included as a substituting technology at limited installation
space (simply replacing previously-mounted straight blades).
On the other hand, the reduction in wetted surface area of the blades results in penalties for
the static pressure rise obtained (Eq. 4-17). The flow rate (Eq. 4-19) is a function of the
meridional velocity component at different spanwise radii and is also directly affected by the
loss in area, albeit to a reduced extent. This phenomenon is comparable to a reduction of the
blade number (Section 5), resulting in a slight reduction in the flow rates but to more prominent
differences in the static pressure rise, continuously increasing with further throttling.
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In contrast to the coefficients of lift and drag, for which a normalisation by the wetted
surface takes place, the flow and pressure coefficients of a rotating machine have no such
compensation. Therefore, preliminary measurements for straight blades of varying chord are
needed. Here, three different rotors with straight leading edges are tested. The surface of the
three sets of rotor blades equals the wetted surface of the serrated blades with maximum
(C/C0 = 0.83), intermediate (C/C0 = 0.91) and no (C/C0 = 1) serration amplitude. Testing
these scaled baseline blades, instead of the serrated blades, prevents including possible flowdependent effects of serrations, which might affect the flow rate or the pressure rise. Two
different turbulent cases were tested, showing highly comparable results. For brevity, only the
Tu = 2.6 % (G01 ) turbulent case is shown in Figure 4-18; the results for Tu = 5.3 % (G04 ) are
presented in Appendix D.4. The gathered data show that the (wetted) surface of the blades
contribute linearly to the static pressure rise for each semi-infinite radial element. The
individual share of each radial element, however, scales with the circumferential velocity as
stated in Eq. 4-17. Consequently, the circumferential velocity U Rot of the pressure coefficient ψ
(Eq. 4-20) is defined according to an area-equivalent blade span Srep (Eq. 4-21) that is a function
of the serration area A Serr (Eq. 4-22).
𝜓𝜓 =

�𝛥𝛥𝛥𝛥 + Δ𝑝𝑝𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 �/𝜌𝜌
2 /2
𝑈𝑈𝑅𝑅𝑅𝑅𝑅𝑅

, 𝑈𝑈𝑅𝑅𝑅𝑅𝑅𝑅 = 𝜋𝜋 ∙ 𝑛𝑛 ∙ (𝐷𝐷𝐻𝐻𝐻𝐻𝐻𝐻 + 2 ∙ 𝑆𝑆𝑟𝑟𝑟𝑟𝑟𝑟 )

𝑆𝑆𝑟𝑟𝑟𝑟𝑟𝑟 =

𝑆𝑆 ∙ 𝐶𝐶 − 𝐴𝐴𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
𝐶𝐶
𝜋𝜋

𝐴𝐴𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = 2𝐶𝐶/𝜆𝜆 � 𝐴𝐴 ∙ 𝑠𝑠𝑠𝑠𝑠𝑠 (𝜔𝜔𝜔𝜔) 𝑑𝑑𝑑𝑑
0

Eq. 4-20

Eq. 4-21

Eq. 4-22

As Eq. 4-19 indicates, the flow rate 𝑄𝑄̇ depends solely on the outflow condition cx2 for each radial
segment and thus does not scale with the circumferential velocity. The adopted flow value,
therefore, considers only the change in aerofoil area A Serr /2, caused by the individual serration
amplitude (Eq. 4-23).
𝜑𝜑 =

𝑈𝑈𝑟𝑟𝑟𝑟𝑟𝑟

𝑄𝑄̇
, 𝑈𝑈𝑅𝑅𝑅𝑅𝑅𝑅 = 𝜋𝜋 ∙ 𝑛𝑛 ∙ (𝐷𝐷𝐻𝐻𝐻𝐻𝐻𝐻 + 2 ∙ 𝑆𝑆)
∙ (𝐴𝐴 − 𝐴𝐴𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 ⁄2)

Eq. 4-23

Figure 4-18 Performance results of the baseline rotor with blades of varying chord at Tu = 2.6 %,
n = 2000 min-1 . Fan characteristic curves of the pressure coefficient (left), the aerodynamic efficiency (centre)
and the radiated sound power level (right).
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With regard to the additionally monitored sound power levels of the fan (Figure 4-18 right),
highly similar results are obtained for the tested blades of varying chord. Therefore, moving
from the aerodynamic parameters to the acoustics, the wetted surface of the blades is only of
secondary importance, since the level-dominant noise sources of the blades are the blade-tip
region, the trailing edges and the leading edges. These are, except for the leading edges, held
constant for all the cases to be analysed.
For higher acoustic modes, the local sound pressure is a function of the peripheral duct
angle. To take this into account, the spectral information of the three equidistantly distributed
microphones on the suction and discharge sides is averaged linearly (Eq. 4-24) in order to
reduce falsifications caused by non-planar waves.
𝑖𝑖=𝑛𝑛

1
2
�����
� 𝑝𝑝02�
𝑆𝑆𝑆𝑆𝑆𝑆 = 10𝑙𝑙𝑙𝑙 � � 𝑝𝑝̅𝑖𝑖,𝑅𝑅𝑅𝑅𝑅𝑅
𝑛𝑛

Eq. 4-24

𝑖𝑖=1

For the generalizability of the data obtained, the averaged sound pressure level from
Eq. 4-24 is according to ISO 5136 [163], further processed towards the sound power level as
stated in Eq. 3-4. Analogously, a wall power level (Eq. 4-25) is defined for the wall-pressure
fluctuations, obtained by use of the pressure tapping points along the fan axis. For
comparability reasons, the reference value p0 = 2·10-5 Pa is chosen to be the hearing threshold
of 1 kHz, as for the SPL (Eq. 3-5).
𝑝𝑝̅ 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 2
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𝐴𝐴0
𝜌𝜌0 𝑐𝑐0
𝑝𝑝0
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Eq. 4-25

5.1 Signal Processing Parameters

5 Aeroacoustic Study ─ Successive Blade Variation
This section aims at transferring a serrated design of known performance from the rigid to
the rotating domain while varying the number of fan blades from 2 to 6 blades. This approach
is expected to allow conclusions on possible interference effects of successive blades and their
impact on the noise reduction capability of leading-edge serration. The herewith presented
analysis is also published in Biedermann et al. [151].
With regard to the chosen serration, the normalized amplitude (A/C = 0.19) and
wavelength (λ/C = 0.17) represent the central point of the previously conducted aeroacoustic
study (Section 3.3). The supplementing beamforming results for the same single aerofoil
(Section 3.4.2), certifies an overall noise reduction at the leading edge of ΔOASPL = 4.2 dB.
This aerofoil is scaled and adapted for the rotor blades, with the design process of the rotor
itself taking place according to Section 4.5.
Unlike in the rigid aerofoil, the ratio of integral length scale ΛL and serration wavelength λ
could not be kept constant for the rotating application. As for the open free jet of the tested
rigid aerofoils, small values of ΛL ≤ 10 mm are found, whereas the current test rig provides

length scales of significantly higher dimension (𝛬𝛬̅𝐿𝐿 = 69 mm). Even though the ratios of length
scale to serration wavelength do play a role with regard to optimising incoherent excitation of
the leading edges [105], the wavelength is considered not to be the key parameter in reducing
the radiated noise in rotating applications. In addition, compared to the rigid aerofoils, the
scaled chord length of the rotor blades reduces the Reynolds number under investigation by a
factor of two to Re = 105,000 for the hub and Re = 210,000 for the blade-tip region.
Nevertheless, since no strong dependencies at 250,000 ≤ Re ≤ 600,000 are found for rigid
aerofoils [110], the chosen approach allows a qualitative comparison to be made.

5.1

Signal Processing Parameters

Data acquisition took place at a sampling rate of SR = 32,768 Hz and a block size of
BS = 65,536, thus yielding a spectral resolution of Δf = 0.5 Hz. Applying an overlapping via
Hanning windows of OL = 66.7 % and taking 300 averages result in a total measurement
duration of 201 s and provide a reliable data pool with minimised bias.
With the aim of gaining deeper insights into the noise reduction mechanisms, a spectral
analysis of the data is required. Based on preliminary analysis of the signals [113], partitioning
of the spectral content into its broadband and its discrete contributions proved to be helpful
since the underlying noise generation mechanisms are of different physical origin (Section 4.1).
In this context, five filters are used, as shown in Figure 5-1. First, the original signal is analysed
by use of a bandpass 10 Hz ≤ f ≤ 10 kHz. To cover the low-frequency part, which is of interest
especially at higher throttling states, a low-pass with a maximum frequency of 300 Hz is chosen.
In order to split the rotor-speed-dependent components from those of broadband character, a
customised one-dimensional median filter of the 30th order shows the best performance. In
doing so, a frequency band of ± 7.5 Hz around the rotor’s fundamental speed, or an integer
multiple thereof, is replaced by its median, thus neglecting peaks with high slopes, which, in
this case, are representing the tonal components, and resulting in a broadband signal without
loss of spectral energy. The tonal filter is specified vice versa, solely showing the chopped-off
peaks of the signal. However, when specifying filters for discrete frequency bands, one has to
distinguish the tonal filter from the BPF filter, covering only every 6th order of the bladepassing frequency of the rotor (see Figure 5-1). Adding up the tonal and the broadband level
yields exactly the level of the original signal.
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Figure 5-1 Boundary conditions of customised filters (left). An example of a sound power level spectrum for
the baseline rotor with applied filters, separating low-frequency, tonal and broadband effects (right) [151].

For analysing purposes of the wall-pressure signals with the aim of identifying possible
unsteady flow phenomena, non-synchronized with the rotor speed, the coherence function of
the signals obtained from the two pressure tapping points (Figure 4-7) is used. The coherence
γ 2 shows the quantitative context of the signals in the frequency range by normalising the crossspectral density of two signals G12 with the spectral densities (G11 , G22 ) of the individual signals
according to Eq. 5-1. In consequence, the coherence function yields only values γ2 ∈ (0..1). With
adequate averaging of the coherence function in the circumferential direction, the signal parts
that are dominant in both signals are highlighted compared to those that exist only in one of
the signals [170].
𝛾𝛾²(𝜔𝜔) =

5.2

∗ (𝜔𝜔)
𝐺𝐺12 (𝜔𝜔) ∙ 𝐺𝐺12
𝐺𝐺11 (𝜔𝜔) ∙ 𝐺𝐺22 (𝜔𝜔)

Eq. 5-1

Testing Procedure

For a transfer from the rigid to the rotating frame, the blade number of the rotor is
increased successively, starting with two blades, increasing to four blades and ending up with
the full rotor of six blades, as designed initially (Figure 5-2). As discussed earlier, the baseline
rotor is compared to a serrated design of intermediate parameters A14λ13 only, showing a
decent aeroacoustic performance (Section 3.3.7). This successive approach is expected to reveal
some effects that, at full rotor, are masked or superimposed by other more dominant interaction
effects of the blades. The focus does not lie on the aerodynamic meaningfulness of a 2-blade
fan but rather on the aeroacoustic development of the final rotor’s noise floor, as well as
serration effects on the gathered wall-pressure in the blade-tip region.
The inflow conditions are altered according to two approaches. High turbulence is achieved
using a coarse biplane square mesh (G01 ) with a bar-to-bar diameter of 100 mm, generating
large-scale vortices 300 mm upstream of the rotor, which impinge on the fan blades and result
in significant leading-edge noise. In contrast, the no-grid case (G00 ) results in low turbulence
and can produce dominant rotor trailing-edge noise as well as self-noise. From a more practical
point of view, the lower limit is intended to represent common inflow conditions for ducted
fans. In contrast, the upper limit is chosen according to the possible inflow conditions of fans
and blowers under unfavourable working conditions, such as cooling fans in the immediate
vicinity of ventilation grilles or pipe branches and other barriers that obstruct the inflow.
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Figure 5-2 Experimental space (left) and models of the investigated rotors (right) [151].

5.3

Aerodynamic Performance

The fan characteristic curves for all the cases tested at high Tu are shown in Figure 5-3.
Similar trends were also obtained for the low-turbulent case and are presented in Appendix
E.1. The shape of the characteristic curves of the full rotor is typical for axial fans, in which,
after an initial increase in the static pressure at high flow coefficients (pre-stall), partial
separation at the blade suction sides starts to occur (instability region), characterized by
stagnating pressure coefficients. Further throttling again leads to a rise in static pressure, albeit
at decreasing aerodynamic efficiency (Figure 5-3). This is the case since the fan is operating
post-stall on a secondary characteristic due to the (partially) separated flow. Towards minimum
flow coefficients, the separated structures become large-scale and result in minimum
aerodynamic efficiencies.

Figure 5-3 Fan characteristic curves (left) and efficiency (right) of the tested baseline (BSLN) and the serrated
(A14λ13) rotor for a varying blade number at Tu = 12.1 % [151].

In general, introducing the A14λ13 serration shows a slightly decreased aerodynamic
performance for the instability region, especially for the tests at lower blade number. For the
optimum operation point, though, quite similar performance is obtained. It is important to
note that the maximum chord of the serrated and straight fan blades is kept constant. As a
result, the total area of the serrated blades is reduced compared to straight blades, being
compensated by the pressure and flow coefficients defined in Eq. 4-20 and Eq. 4-23. Comparing
the transition point from pre-stall to the stall region by means of the flow coefficients,
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corresponding to the points of maximum pressure at pre-stall, reveals a slight shift towards
lower flow coefficients for the serrated cases with 2 and 6 blades (Figure 5-3). This effect can
be attributed to the vortex-generating features of the serrations, causing an energisation of the
blade boundary layer and delaying the point of separation, as has been described for rigidly
mounted aerofoils as well (Section 2.2), even though this effect is expected to be more
pronounced for serrations of larger wavelengths and high amplitudes. For the 4-bladed case the
uneven distribution of the blades is expected to disrupt and mask the beneficial process of a
stall delay, leading to no significant changes, compared to the baseline rotor. However, for all
tested cases the stall region of the serrated aerofoils is smaller compared to that of the baseline
case. Reducing the number of blades by 1/3rd or 2/3rd generally stresses the aerodynamic
differences between the straight leading edges (baseline) and the serrated leading edges. Due
to the lower pressure coefficients with lower blade number, the profiles of the fan curves appear
to become increasingly flattened on a global scale, even though similar aerodynamic effects to
those of the 6-blade case exist.

5.4

Aeroacoustic Results

Like the aerodynamic characteristics in Figure 5-3, the acoustic performance over the fan
curve in Figure 5-4 can be subdivided into three regions. First, a region of high flow rates (prestall), in which the blade angle corresponds to the flow angle. Here, as can be seen in
Figure 5-4 (right), a significant level of turbulence and thus leading-edge noise is generated,
giving rise to additional leading-edge broadband noise. The second region is the stall region, in
which separation starts to occur. The transition into a (partly) separated flow is delayed for
the serration, resulting in potential noise reduction. Third, the region of low flow coefficients
(post-stall), in which no high free-stream turbulence is generated but in which significant
separation from the blades results in large-scale coherent structures. Here, the acoustic
performance with and without turbulence grid appears to be quite similar. Nevertheless,
significant noise reduction effects are observed, which are expected to be caused by large-scale
structures, separating from the blade suction sides and impinging on the consecutive blades of
the rotor.

Figure 5-4 Overall sound power level OAPWL of the full rotor (6 blades) at low (left) and high (right) incoming
Tu for the fan discharge side [151].
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Figure 5-5 shows the changes in overall sound pressure level (ΔOAPWL) at low and high
incoming turbulence intensity for the averaged microphone signals from the suction and
discharge sides. Note that positive deltas (Δ > 0) indicate noise reduction, whereas negative

ones (Δ < 0) result in a noise increase of the serrated rotor compared to the baseline.
Qualitatively, the pattern of the noise reduction appears to be highly similar for the low- and
the high-turbulent case, except for the pre-stall region, in which efficient noise reduction takes
place for the high-turbulent case. Here, at high flow coefficients, the efficient noise reduction
indicates the presence of significant leading-edge broadband noise. Comparing the acoustic
signature on the suction and the discharge side in Figure 5-5 shows no significant differences,
hence justifying the focus on the discharge noise for the upcoming analysis. Reducing the
number of blades shows qualitatively the same trend as for the 6-blade case as it is presented
in Appendix E.2.

Figure 5-5 Overall sound power level reduction ΔOAPWL of the full rotor (6 blades) at low (left) and high
(right) incoming Tu [151].

For more detailed analyses of the noise radiation and noise reduction effects, Figure 5-6
shows the spectral noise radiation of the BSLN rotor at varying flow coefficients and at high
incoming turbulence. As can be seen for the pre-stall region at high flow coefficients, the most
distinct noise sources can be narrowed down to the fundamental frequency f = 331/3 Hz of the
fan and a surrounding broadband hump at 22 ≤ f ≤ 58 Hz, as well as the BPF at f = 200 Hz.

Entering the stall region at φ ≤ 0.16 leads to a significant increase at f = 300 Hz, which can
be attributed to blade interaction effects. At this particular frequency, partial stall occurs over
the blade span, resulting in a constant ratio of the corresponding aerodynamic wavelength
(Eq. 5-2) to the blade spacing (arc length) of λaero /barc = 1.5, thus indicating an interaction of
the separated flow structures with subsequent blades and their harmonics.
𝜆𝜆 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 =

𝑈𝑈𝑅𝑅𝑅𝑅𝑅𝑅
𝑓𝑓

Eq. 5-2

This is considered meaningful, as during one blade passage of the full rotor, the axial flow
covers only a distance of approximately 15 mm ≤ Δx ≤ 20 mm in a range of flow coefficients
0.12 ≤ φ ≤ 0.16 at nominal speed. At post-stall (φ ≤ 0.11), the overall sound power level is at
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its maximum due to a significant increase in broadband noise plus additional low-frequency
components that can be observed. This is due to large-scale flow separation (rotating stall),
which can be seen at f = ± 14.5 Hz, exciting the fundamental rotor frequency at f = 33.5 Hz
and its 4th harmonic at f = 134 Hz. In general, the level-dominating frequency range at low
flow coefficients can be stated to be f ≤ 300 Hz.

Figure 5-6 Spectrogram of the acoustic signature of the full rotor (BSLN case) for varying flow coefficients at
maximum Tu = 12.1 % [151].

Subtracting the spectral noise radiation of the A14λ13 serration from that of the baseline
provides the ΔSPL spectrograms in Figure 5-7 for varying number of rotor blades, with positive
values indicating a noise reduction and negative values a noise increase. As can be seen, the
serration exhibits a lower broadband noise radiation over a large range of flow coefficients,
except for the low-frequency part of the stall region at 0.10 ≤ φ ≤ 0.14 for the 6-blade case

(Figure 5-7, top). Pre-stall (φ > 0.15), a noise reduction of comprehensive character can be
observed, agreeing well with the already described spanwise decorrelation effects of the
serrations over the fan blades, leading to destructive interference and reducing vortex-induced
leading-edge noise. For the transition area in close vicinity to the stall region, however, these
specific effects of the serrations are still in action, but, in addition, the serration’s ability to
delay the stall by generating counter-rotating vortices come into play. By re-energizing the
blade’s boundary layer, the flow remains attached, whereas for the baseline reference case,
partial separation occurs, leading to a significant increase in the noise level. Consequently, the
improved noise reduction capability of the serrated blades close to the unsteady stall-region
can be attributed to aerodynamic stall-delaying effects, paired with efficient aeroacoustic
reduction of vortex-induced noise due to the sinusoidal contour of the leading edges. At
f = 300 Hz, Figure 5-7 (top) shows significant noise reduction for the full-rotor case, indicating
the ability of the serrations to reduce the previously described aerofoil interaction noise. The
separated structures interact with the fan blades of subsequent blades and can be reduced
efficiently by ΔPWL = 3.1 dB in a frequency range of 240 ≤ f ≤ 320 Hz. The blade-passing
frequency is also reduced by ΔSPL = 2 dB. These blade-interaction effects can be observed for
both the full-rotor and the 4-blade case (Figure 5-7, bottom left), which possess successive
blades, spaced only one blade passage apart. For the 2-blade case, however, no such effect is
observed since the separated structures are transported away downstream before they can
interact with the successive blade’s leading edge. Assuming the two single blades to be fully
independent of each other without any form of aerodynamic interaction, this observation leads
to the statement that leading edge serrations have the potential of affecting blade interaction
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noise in a beneficial manner. After entering the stall region, the serrated rotor shows a reduced
ability to keep the flow attached, as compared to the corresponding baseline. This reduced
ability might be caused by a detrimental interaction of the vortices generated by the serrated
leading edges with tip leakage flow structures (crossing of vortices); these effects are found in
both the aerodynamic and the aeroacoustic signature.
Moving the focus to the cases tested with a lower number of fan blades (Figure 5-7, bottom)
shows similar effects, suggesting a systematic cause, albeit that for lower blade numbers, the
region of higher noise radiation extends towards higher frequencies and covers an increased
range of flow coefficients. This specific extension of the region, showing a partial noise increase
due to the serrations, cannot be attributed to tip leakage effects. In fact, for the 4-blade case,
more tonal components, including a slight increase in the surrounding noise floor, are excited
due to the uneven distribution of the fan blades. In combination with the lower blade-passing
frequency (fBPF = 133 Hz) compared to the full rotor, significant noise sources are shifted
towards lower frequencies. For the two-blade case the BPF is once again reduced to f = 66.7 Hz
and the global aerodynamics of the rotor is no longer affected significantly, leading to a
simultaneous transition into stall for the baseline and the 2-bladed serrated case.

Figure 5-7 Reduction in spectral sound power level (BSLN vs. A14λ13) over varying flow coefficients φ with
6 blades (top), 4 blades (bottom left) and 2 blades (bottom right) at high incoming Tu [151].

Applying the customized filters presented previously in Section 5.1, Figure 5-8 shows the
contribution of low-pass (LP), tonal (T) and broadband (BB) components, as well as the
reduction in blade-passing frequency (BPF) for the microphone signals on the discharge side of
the fan. For the 6-blade case, a clear dependency of the noise reduction capability on the low120
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pass and broadband components becomes evident, which shows a highly similar trend when
the flow coefficient is varied.
Especially for the highly turbulent inflow conditions, the level-dominant components at prestall are the broadband (BB) and the low-frequency (LP) noise, with the broadband part having
a slightly higher impact. The noise reduction due to these components increases from high flow
coefficients towards the operating point as the serrations efficiently reduce leading edge noise
by decorrelation effects along the serrated span of the blades. In the stall region, however, no
noise reduction takes place, even though significant broadband and low-frequency noise sources
are present. The underlying effect seems to be of aerodynamic nature, where a crossing of the
vortices generated by the leading edge serrations and the tip gap reverse flow, affect the
aeroacoustic performance in this region.

Figure 5-8 Filtered overall sound power level reduction ΔOAPWL for the full rotor (6 blades) at high incoming
Tu vs. the flow coefficient φ [151].

At low flow coefficients, the main contribution of the overall noise reduction is once again
due to the low-frequency component, which now dominates the broadband part. Here, largescale structures are separating from the blade suction sides, impinging on the leading edges of
subsequent blades. Interestingly, the tonal components for the full rotor show an increase over
a large range of flow coefficients. This increase cannot be observed either for the 4-blade or for
the 2-blade case (Figure 5-9), which itself shows a more pronounced sensitivity to the LP
components. This sensitivity is meaningful as long as the BPFs and their harmonics are shifted
towards lower frequencies.
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Figure 5-9 Filtered overall sound power level reduction ΔOAPWL for the 4-blade rotor (left) and the 2-blade
rotor (right) vs. the flow coefficient φ [151].

5.5

Wall Pressure Analysis

As explained in Section 4.3, wall-pressure measurements are conducted using two pressuretapping sensors, located at a circumferential distance of one blade passage, corresponding to
60 deg (Figure 4-7). In the axial direction, the sensors are mounted close to the blade-tip leading
edge. Figure 5-10 (left) shows the wall-pressure spectra of the full BSLN rotor at high incoming
turbulence. The main features that can be observed are strong low-frequency fluctuations at
f ≤ 300 Hz, starting at the beginning of the stall region. These effects can be ascribed to tipseparated flow phenomena, clearly scaling with the flow coefficient and therefore resulting at
lower flow coefficients in a shift towards lower frequencies. Interestingly, both the frequency
range and the limits of the high-intensity region in Figure 5-10 are comparable to the plot of
the spectral airborne-noise radiation in Figure 5-6 for the same case, even though the wallpressure fluctuations are only partially radiated into noise for higher frequencies. The similar
pattern for the low-frequency region, though, suggests a close link between the near-tip region
of the rotor and the acoustic noise radiation. Analysing the spectral differences between BSLN
and A14λ13 serration in Figure 5-10 (right) shows significant reductions for the serration prestall until the stall region is entered. This reduction is clearly of broadband character, once
again showing the stall-delaying effect of the serrations. However, the stall region appears to
be narrower and also of higher intensity than the stall region of the baseline, leading to an
increase in the fluctuations in a limited range of flow coefficients. At high flow coefficients,
though, the aeroacoustic effect of the serration comes into play, clearly reducing broadband
fluctuations in the near-tip region as indicated in Figure 5-10 (right) for φ ≥ 0.15 as well as in
Figure 5-7 (top). Comparing the trend of the wall-pressure fluctuations of the baseline rotor in
Figure 5-10 (left) to that of the fan characteristic curves in Figure 5-3 shows high similarities.
This indicates that separation effects and reverse flow in the blade-tip region directly affects
the near field, although not necessarily leading to noise radiation.
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Figure 5-10 Spectral wall-pressure level for the full BSLN rotor (left) and spectral wall-pressure level reduction
(right) at the Tu = 12.1 % case over varying flow coefficient φ [151].

As for the acoustic signals, for a specific region at stall, the wall-pressure fluctuations of
the serrations, too, are higher than those of the baseline. This region is shifted towards lower
frequencies and lower flow coefficients when the number of blades is reduced (Figure 5-11),
albeit less intense than for the two-blade case, as lower static pressure differences are achieved.
Reducing the number of blades shows an extension of the near-field reduction potential towards
lower flow coefficients and higher frequencies, once again due to the shift of significant tonal
components to lower frequencies. Moreover, at high flow coefficients φ, the absolute reduction
increases continuously from the 2-blade case to the 6-blade case, which might indicate improved
blocking effects of the tip gap region due to the vortices generated by the serrations.

Figure 5-11 Spectral wall power level reduction ΔWPL with 4 blades (left) and 2 blades (right) over varying
flow coefficient φ at high incoming Tu = 12.1 % [151].

Wall-pressure fluctuations and near-field information turn out to be of relevance for the
noise radiation mainly in the stall region, in which low-frequency phenomena of high intensity
are observed. Nevertheless, a significant reduction, especially of broadband character, is
observed for the serrations over a large range of flow coefficients, although the reduction is
most prominent at pre-stall (φ ≥ 0.16), as can be seen for the filtered wall-pressure signals in

Figure 5-12. At 0.09 ≤ φ ≤ 0.12, the rotating stall affects the wall-pressure reduction capability
of the serrations because of low-frequency components (LP filter), but also showing improved
performance for lower tonal components (T filter). The broadband components (BB), however,
show a higher sensitivity to changing flow conditions and are, therefore, already decreasing
when the stall region is entered.
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Figure 5-12 Filtered overall wall power level reduction ΔOAWPL with 6 blades over varying flow coefficient φ
at high incoming Tu = 12.1 % [151].

Comparing the filtered reduction in wall-pressure level in Figure 5-12 to the filtered noise
reduction in Figure 5-8 confirms the general trends at varying flow coefficients but does not
provide a direct transferability from the near-field wall pressure fluctuations to the far-field
acoustic radiation. Therefore, the cross-power spectrum (CPS) based on the signals from the
microphones and near-field wall-pressure tapping points gives further insights into common
spectral effects. Figure 5-13 (bottom) shows the CPS, comparing the radiated noise (top) and
the wall-pressure signal (centre). In particular, at 100 Hz ≤ f ≤ 200 Hz and 240 Hz ≤ f ≤ 340
Hz, significant broadband peaks are observed that can be traced to the wall-pressure spectrum,
indicating that when significant aerodynamic effects such as stall or tip gap flows occur, these
aerodynamically generated pressure fluctuations are partially radiated into noise. The same is
true for serration effects when an efficient reduction of near-wall structures is achieved. In
consequence, the wall-pressure analysis can be used to identify aerodynamic phenomena, which
do significantly affect the acoustic performance. In a second step, these phenomena can also be
separated from purely aeroacoustic effects of the leading edge serrations.
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Figure 5-13 Comparison of spectral acoustic radiation (top) and spectral wall-pressure fluctuations (centre) by
means of the cross power spectrum (bottom) for the full BSLN rotor at φ = 0.12, ψ = 0.19, Tu = 12.1 %
[151].

5.6

Coherence Analysis

The significant wall-pressure reduction close to the stall region of the 6-blade case in
Figure 5-10 can, among others, be attributed to the stall-delaying effect of the serrations and
tends to stagnate at lower flow coefficients. This leads to the question of whether after entering
the stall region at φ ≤ 0.16, a second effect comes into play, causing the observed reduction

with further throttling. Therefore, the coherence function γ 2 (Eq. 5-1), describing the normalized
similarity between two signals, is used to analyse the two wall-pressure signals. As can be seen
in Figure 5-14, a region of high coherence appears at a low-frequency band of
50 Hz ≤ f ≤ 150 Hz and its odd integer multiples. The frequency band, at which high coherence
occurs, increases with increasing flow coefficients. This becomes meaningful when envisioning
the vortex shedding in the blade-tip region in the form of a periodic shedding from an aerofoil’s
suction side, showing a change in the shedding frequency as a function of the inflow angle.
Thus, vortices of lower frequencies but of high aerodynamic wavelength and increased slip to
the rotor speed are shed at low flow coefficients in the blade-tip region. The obtained structures
of high coherence exist over at least one blade passage and are non-synchronized with the rotor
speed, similar to the tip-clearance effects described in [143]. Comparing the coherence spectrum
in Figure 5-14 with the wall-pressure fluctuations in Figure 5-10 (dotted region) indicates that
only the centre of the high-intensity pressure fluctuations can be ascribed to these rotating
structures. However, although these structures are caused by vortex shedding, they are not
found in the wall-pressure reduction spectra in Figure 5-10 (right) and Figure 5-11, as they
seem to be masked by the global reduction effects in the blade-tip region. Nevertheless, the
pressure fluctuations caused by these rotating structures are apparently radiated and reduced
by the serrations as they can partly be found in the acoustic spectra in, for example,
Figure 5-7 (dotted regions).
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Figure 5-14 Coherence γ2 for BSLN (left) and A14λ13 (right) over varying flow coefficient φ. Full-rotor case
at Tu = 12.1 % [151].

Comparing the coherence of the two individually analysed leading edges, as shown for the
6-blade case in Figure 5-14, reveals a significant reduction when the stall region is approached
but an increase in coherence when the stall region is entered. This reduction also affects the
acoustic signature (Figure 5-7), including higher harmonics of the coherent regime. This once
again indicates a close relationship between the wall-pressure fluctuation and the gathered
airborne noise, with the serrations seemingly altering the flow structure of the separated
structures.
Only at significant amplitudes of the coherence function γ 2 can the phase spectrum of the
complex CPS be analysed as well. Figure 5-15 shows a high coherence and an almost linear
trend of the associated phase angle Φ in a frequency band of 60 Hz ≤ f ≤ 140 Hz, indicating a
constant propagation speed of a structure within the defined frequency range. At known sensor
distance Δx, evaluating the slope of the phase angle Δf/Δφ yields, according to Eq. 5-3, the
absolute value of the convective propagation speed of the coherent structure.
𝑈𝑈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 =

𝛥𝛥𝛥𝛥 ∙ 𝛥𝛥𝛥𝛥 ∙ 360
𝛥𝛥𝛷𝛷
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Figure 5-15 Spectral coherence function and phase angle Φ of the two wall-pressure signals at φ = 0.14, ψ = 0.18.
Full-rotor case at Tu = 12.1% [151].

Evaluating the extracted convective velocities of the rotating structures (Figure 5-16) at
varying flow coefficients shows higher velocities for the baseline case than for the separated
structures of the serrated rotor. Hence, for this case, a link between coherence and the
corresponding velocity can be established from the phase information. Coherent structures
similar to the ones shown in Figure 5-14 are also present for the 4-blade case and, to a lesser
extent, also for the 2-blade case. However, the impact of these structures tends to decrease
with decreasing blade number. The observed reduction in propagation velocity due to the
serrations is expected to be caused by increased mixing when the vortices of the serration and
the rotating structure are interacting. In consequence, the scattering of this separated bladetip structure can be regarded as responsible for the reduction in coherence and, therefore, for
a reduction in the radiated noise.

Figure 5-16 Convective velocities UConv at Tu = 12.1 % between the pressure tapping points for the full rotor
(left) and the 4-blade case (right) over varying flow coefficient φ [151].
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5.7

Conclusions

An aerofoil with previously well-analysed leading edge serrations is transferred to a rotating
frame in the form of a low-pressure axial fan. Comparing a baseline fan with straight leading
edges to a serrated fan provides information on the noise reduction capability as well as the
aerodynamic performance. However, the focus of the current study is not to maximise the noise
reduction but to gain deeper insights into the underlying noise reduction effects over the fullfan characteristic curve. For the identification of transfer effects from the rigid to the rotating
frame, a successive approach was chosen, varying the blade number. This approach allows
conclusions to be drawn on possible blade interaction, blade-tip influences and reverse flow
interactions.
For the serrated rotor, the aerodynamic results show an improved stall range of diminishing
global effect with lower blade number. However, this comes with penalties for the aerodynamic
pressure coefficient. In the serrated rotor, as compared to the non-serrated rotor, this effect
leads to significant noise reduction close to the stall region and is attributed to the vortices
generated by the serrated contour, resulting in a delay of stall. For practical applications, the
benefits in noise and the drawbacks in terms of the static pressure rise still need to be weighed
against each other in the current stage of research.
Aeroacoustically, interaction effects for the full-rotor and, to a lesser extent, for the 4-blade
case were identified, with separated structures efficiently being reduced by the serrated leading
edges, resulting in noise reduction. In general, the noise reduction capability of the serration
increases with increasing blade number. The simultaneously increasing complexity of the flow
also leads to more efficient radiation of the potential noise sources, further increasing the range
in which leading edge serrations might show beneficial effects. This positive aeroacoustic effect
in terms of blade interaction seems promising, especially for applications of low rotor solidity.
The classic high-turbulent inflow conditions, investigated previously for rigidly mounted
aerofoils, are dominant only at pre-stall conditions and, though the noise-generating vortices
are of large-scale character, at post-stall. Here, the classic decorrelation effects of the serrations
show noticeable efficiency. For the remaining parts of the fan curve, the noise reduction
capability strongly depends on the underlying phenomena that generate the noise.
Correlating the acoustic signature with the wall-pressure signals, obtained from two
circumferentially spaced sensors in the fan axis, revealed a relation between the near-field
pressure fluctuations and the radiation into noise. However, this relation was found to be
relevant only when strong aerodynamic effects in the blade-tip region exist.
Further processing of the wall-pressure data by means of the coherence and the phase
relation between the two sensors revealed the existence of coherent structures, nonsynchronized with the rotor speed and of varying slip. These structures appear when the fan
instability region is entered and are expected to stem from flow separation close to the blade
tip. Introducing serrated rotors leads to a significant shift of these structures towards lower
flow coefficients, decreasing the total extent of the coherent vortical structures. This decrease
in total extent was found to affect both the near-field wall pressure and the noise radiation.
The underlying mechanism is attributed to increased vortex interaction effects, leading to a
reduction in the convective vortex velocity and a scattering of the large-scale structures,
resulting in a decreased coherence.
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6 Parameter Study of a Rotating Application
For a more general analysis of the serration parameters, the five key designs (Figure 6-1),
already analysed in the rigid domain by means of aerodynamics (Section 2) and aeroacoustics
(Section 3), are scaled according to the adopted chord length of the rotor blades and tested
along with a wide operational range of the rotating frame. As discussed previously, it is no
longer possible to treat the aerodynamic and the aeroacoustic performance of serrated leading
edges separately, as is often done for rigid aerofoils. A simultaneous analysis is thus inevitable,
especially since the aeroacoustic efficiency depends on the specific operating point.

Figure 6-1 Analysed serration designs for the tested rotors. Absolute values for amplitude A and wavelength λ
are indicated in mm [167].

The measurement expenditure for obtaining reliable and interpretable results for the
aerodynamic characteristics is relatively low, since all measurement quantities are slow and no
spectral insights are needed. For the aeroacoustic characteristics and the wall-pressure data,
on the other hand, a high-frequency resolution and a sufficient number of block averages are
needed in order to provide smooth spectra of low stochastic noise; otherwise the measurement
results become polluted. This results in significant experimental efforts and long measurement
times. As a consequence, the aerodynamic performance was monitored in high detail with small
increments in the flow coefficients, as can be seen in Section 6.1, whereas for the aeroacoustic
measurements, the increment in flow coefficient was increased (Section 6.2). For completeness,
the aerodynamic performance was monitored during the aeroacoustic measurements as well,
serving for validation.

6.1

Aerodynamics

Similar aerodynamic trends are observed for all the turbulent cases tested. For brevity, the
fan characteristic curves of the serration configurations tested, as well as the baseline case, are
presented in Figure 6-2 at low turbulence intensity, whereas the aerodynamic performance for
higher Tu can be found in Appendix F.1. Generally, the results obtained are highly comparable
to those in the rigid domain (Section 2.2.3), showing maximum performance for small
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amplitudes and high wavelengths. Pre-stall at φ > 0.17, no significant differences between the

tested models are visible except for the A14λ4 case of minimum wavelength. The aerodynamic
efficiency, though, shows significant differences for the same range of flow coefficients, which
can be attributed to the previously described vertical and diagonal shift of the CL/CD
coefficients of rigid aerofoils equipped with leading edge serrations (Section 2.2.3). Because of
the continuous increase in drag due to the vortex-generating and crossflow effects, serrations
of low serration wavelength and high serration amplitudes tend to show poorer performance.
The differences in the serrated rotors become more prominent when the operation range is
further extended to lower flow coefficients. In this parameter region, as soon as the fan operates
on a secondary characteristic, less pressure rise at a significantly reduced performance is
achieved, clearly scaling with the serrated design parameters.

Figure 6-2 Characteristic curves of pressure vs. flow coefficient for the tested rotor configurations at varying
serration wavelength λ (left) and serration amplitude A (right). Tu = 2.6 %.

As already indicated in Section 5.3, a slight increase in the onset of stall in the form of a
shifting pressure maximum is observed with increasing serration amplitude and decreasing
serration wavelength. More globally, this shift tends to increase with increasing A/λ from A6λ13
(A/λ = 0.46) to A14λ13 (A/λ = 1.08) to A14λ4 (A/λ = 3.5).

6.2
6.2.1

Aeroacoustics
Turbulence Sensitivity

For the aeroacoustic response of the tested rotor, Figure 6-3 (left) shows the sensitivity of
the baseline rotor to varying grid-generated levels of turbulence for seven discrete points along
the fan characteristic curve, together with the aerodynamic properties (Figure 6-3, right). It is
clear that particularly for high flow coefficients φ > 0.17 or in the pre-stall regime, the rotor
blades are prone to turbulence-ingested noise radiation. For lower flow coefficients φ < 0.17,
initial instability effects, such as local and partial separation from the blade suction sides and
tip leakage flow, occur, followed by large-scale separation with further throttling of the system.
These separation and crossflow effects tend to dominate the aeroacoustic response of the rotor,
making it insensitive to the comparatively small disturbances in the generated turbulence, as
can be derived from the collapsing curves in Figure 6-3 (left). This observed impact of the
turbulence on the sound power level (PWL) shows close qualitative agreement with the
experimental results of Carolus and Stremel [148], who also tested a ducted low-pressure axial
fan, showing PWL increases of up to 20 dB due to stall. Similar results were also found by
Krömer et al. [171], who tested the effect of inflow disturbances for axial fans with a short
ducted casing. Moreover, Carolus and Stremel [148] observed a turbulence-induced increase in
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the stall margin (in which the noise starts to increase) due to delayed flow separation. This
delayed flow separation is also seen in the present results in the form of the acoustic and the
aerodynamic response (Figure 6-3), even though a clear confirmation is not possible because of
the limited resolution of the measurements.

Figure 6-3 Effect of inlet turbulence Tu on the radiated overall sound power level OAPWL of the baseline
rotor (left) vs. the flow coefficient φ. Associated aerodynamic performance (right).

As a consequence of the observed distribution of the turbulence sensitivity, the serrated
leading edges are expected to work aeroacoustically only for high flow coefficients according to
the well-investigated principles described for rigidly mounted aerofoils (Section 3.2.1). For low
flow coefficients (φ ≤ 0.17), additional mechanisms of the serrations as described in Section 5
are present, leading to a significant noise reduction, even though on the basis of aerodynamic
flow phenomena.
6.2.2

General Noise Reduction Trends

The overall effect of the tested rotors is presented in Figure 6-4 for all the turbulence grids
investigated, showing that the baseline rotor radiates higher noise at all operating points. As
discussed in Section 6.2.1, grid-generated turbulence-rotor interaction noise, in particular, is
reduced. For maximum flow coefficients, this overall reduction is in the region of
ΔPWL ≤ 2.5 dB, showing only little influence of the underlying turbulence level, even though
the absolute level of the radiated noise increases most significantly with increasing Tu.
The most distinct differences to the baseline rotor occur in the transition region from prestall towards instability. The acoustic effect of the onsetting stall in this region is most
efficiently shifted towards lower flow coefficients, even though the aerodynamic performance
does not indicate a comparable shift in the fan characteristic curves. In terms of serration
parameters, this shift tends to scale with the serration amplitude, but also the A/λ ratio seems
to play a minor role, tending to increase the shift for higher ratios.
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Figure 6-4 Overall sound power level OAPWL for five serrated rotors and a baseline case. The level of incoming
Tu increases from top left to bottom right.

The most dominating parameter in terms of the noise reduction, though, is the turbulence
intensity, showing a continuous widening of the observed increase in the ‘acoustic stall margin’,
which leads to differences of up to ΔPWL = 6 dB for Tu = 12.1 % and ΔPWL = 8 dB for
Tu = 5.3 %. The underlying effect is suspected to be an efficient reduction in small-scale
separation due to the known decorrelation effects along the aerofoil span, as well as an efficient
shift in coherent structures towards lower flow coefficients, as described in Section 5. This
underlying effect, however, requires further validation by taking into account the spectral
composition; see Section 6.2.3 and Section 7.
6.2.3

Spectral Broadband Noise Reduction

With the purpose of directly comparing the broadband noise reduction between rigidly
mounted aerofoils and the rotating application, the gathered signals are filtered in the frequency
domain, as shown in Section 5.1. Here, the fan-speed-dependent tonal components are replaced
by a one-dimensional 20th-order median filter of the original signal. The spectral differences
between the serrated and the baseline cases yield the noise reduction, which is scaled via the
Strouhal number (Eq. 3-3), based on the serration amplitude A. However, instead of taking the
mean axial velocity U 0 as the normalisation parameter, the mean velocity at the rotor blades
𝑐𝑐̅ 𝑥𝑥1 (Figure 4-13) is chosen.
Figure 6-5 shows the spectral noise reduction at varying turbulence intensity for the
serrated rotors tested. As discussed in Section 3.4.1, Chaitanya et al. [103] stated that the
spectral noise reduction scales according to Eq. 3-2 for the rigidly mounted aerofoils with
aS = 10 and bS = 10 for an optimum serration design. However, the beamforming study in
Section 3.4.2 identified that this optimum increases to aS = 15 and bS = 10 if only the leadingedge section is used. The results presented in Figure 6-5 once again reveal a logarithmic scaling,
with the noise reduction capability scaling with the turbulence intensity, predominantly
affecting the prefactor, and changing it from aS = 10 for the lowest Tu to aS = 22 for the
132

6.2 Aeroacoustics
highest Tu. Maximum amplitudes show the highest potential for reducing RTI noise. A small
wavelength, too, turns out to be beneficial but has less impact.

Figure 6-5 Spectral sound power level reduction ΔPWL of the tested rotors at maximum flow coefficient φ and
varying Tu. 20th-order median-filtered signals of broadband components only.
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As it is mentioned previously, a spectral scaling of the noise reduction according to Eq. 3-2
indicates a reduction of leading edge broadband noise in accordance with the well-known
aeroacoustic noise reduction mechanisms of serrated leading edges in rigidly mounted
applications (Section 3.2.1). Altering the flow coefficients of the tested rotors (Figure 6-6),
however, reveals a spectral scaling law that is highly dependent on the operating point. At flow
coefficients φ > 0.19, the grid-generated broadband noise is clearly reduced, whereas
significantly stronger low-frequency components are induced and also reduced at partial loading
of the fan at φ ≈ 0.17 (Figure 6-6 left). Minimum flow coefficients again show a log-dependent
scaling of the noise reduction, albeit at a considerably lower level.

Figure 6-6 Spectral sound power level reduction ΔPWL at varying flow rate for two different serration
wavelengths A22λ13 (left) and A22 λ4 (right). Tu = 12.1 %

As can be derived from Figure 6-4, at low Tu (≤ 5.3 %), small wavelengths outperform the
larger ones and result in a shift of low-noise towards smaller flow coefficients. For high Tu,
however, large wavelengths show the superior pattern, which can also be linked to the
Λ/λ-ratio. The spectral analysis in Figure 6-7 shows that the broadband noise reduction
continuously improves with decreasing wavelength, following the Sr scaling law. However, for
the low-frequency domain Sr ≤ 0.7, intermediate to large wavelengths clearly outperform the
small wavelengths by efficiently reducing the local separation RTI noise of the upstream blades.
This holds true for all turbulence level tested but shows an enhanced effect for cases with lower
Tu.
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Figure 6-7 Spectral sound power level reduction ΔPWL at the instability region φ = 0.169 and Tu = 5.3 % at
varying serration wavelength.

6.3

Conclusions

The parameter study provides detailed insights into the aerodynamic performance as a
function of the serration parameters. For the most relevant operation range φ ≤ 0.13, a similar
aerodynamic performance of the serrated and the non-serrated rotors was observed with the
exception of minimum wavelengths. The aerodynamic efficiency, on the other hand, is reduced
due to the increased drag induced by the serrations. Generally, maximum static pressure rise
is obtained for low to intermediate amplitudes and large wavelengths. The same is true for the
aerodynamic efficiency, comparing well to the previously analysed rigidly mounted aerofoils.
By means of aeroacoustic noise radiation and reduction, small wavelengths and high
amplitudes are found to be most efficient, although a differentiation between the specific points
of operation is inevitable. The classic broadband noise reduction due to spanwise decorrelation
is observed only for intermediate to high flow coefficients. For the instability region at partial
load conditions, the previously observed aerodynamic increase in the stall margin (Section 5.3)
also results in an increase in the ‘acoustic stall margin’, which is even more pronounced. Note
that the noise reduction mechanism in this region is mainly of aerodynamic origin.
Spectral analysis of the median-filtered narrow-band spectra allowed a direct comparison
between the broadband noise reduction and the rigidly mounted aerofoils, showing high
similarities in the underlying scaling law but higher prefactors, which control the slope of the
noise reduction.
In summary, a meaningful link between the rigid and the rotating domain could be
established, providing the first evidence of aeroacoustic efficiency without severe aerodynamic
penalties. On the other hand, the study was limited in its resolution along the characteristic
curve, indicating the need for further and more comprehensive analysis.
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7 Aeroacoustic Modelling of Serrated Rotors
In order to obtain more general statements on the effect of serrated rotors, the aim of this
section is an adequate modelling of the investigated systems. The serrated as well as nonserrated rotor designs are complex systems with aerodynamic and aeroacoustic target values.
In the case of rigidly mounted aerofoils under high-turbulent inflow conditions, the radiated
noise is clearly dominated by the broadband components, resulting from the interaction of
turbulent structures and the rigid leading edge. The same applies to the effect of serrated
leading edges. In contrast, transferring the aerofoils to a rotating system clearly increases the
system’s complexity because of the underlying noise sources. This increase in complexity gives
rise to additional influences on rotor-speed-dependent tonal components, as well as tip-gap
effects, interaction effects between adjacent blades, and interaction with downstream
structures, such as, for example, struts or stators. In consequence, a successful modelling of the
resulting overall level requires a minimum knowledge on the spectral composition of the
multiple noise sources, which is dependent on the operation point of the rotor. Moreover, both
aerodynamic and aeroacoustic target values are highly interrelated and need to be taken into
account in an equitable manner. Common statistical-empirical modelling approaches, such as
the design of experiments (DoE) methodology [112, 172], are limited to second-order models.
Even though the global aerodynamic trends of a fan should be properly describable by a
quadratic model, these quadratic regression functions are expected to be inadequate when it
comes to the modelling of more detailed (spectral) dependencies. Aiming at identifying
alternative modelling approaches for the rotating system, preliminary investigations are
reported in Section 7.1, comparing the DoE approach to more advanced artificial neural
networks (ANNs), which are unlimited in terms of functional complexity. Section 7.2 outlines
the chosen modelling approach for the rotating system, and the results obtained are presented
in Section 7.3.

7.1

Preliminary Investigations

As it is stated in Section 3.3.1, numerous experimental designs are available to sample the
space of interest, which is defined by the maximum and minimum values of the parameters.
For this preliminary analysis, three different experimental designs are used and compared in
terms of the number of necessary experiments and the resulting accuracy on evenly distributed
test data. The presented preliminary results are based on a fundamental study of the baseline
rotor and are described in more detail by Biedermann et al. [113].
The first experimental design is the circumscribed central composite design (C-CCD),
already described in Section 3.3.1, and consists of a two-level factorial design as well as the star
points at the borders of the design space. Consequently, the C-CCD has five different settings
for each factor, as can be seen in Figure 7-1 (top left), in which the green rectangles represent
the factorial design and the orange rectangles represent the star points. The second
experimental design is the Box-Behnken design (BBD) [173], which is a fractional three-level
design, exhibiting orthogonal statistical properties (Figure 7-1, top right). The BBD uses factorlevel combinations at the surfaces of the design space. Both the C-CCD and the BBD are used
to model a quadratic response surface regression [113].
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Figure 7-1 Tested experimental designs: central composite design (top left), Box-Behnken design (top right)
and Latin hypercube sampling (bottom left). Additional spatial distribution of test data (bottom right) [113].

In recent research, experimental designs are increasingly adapted for numerical approaches
[174], such as the design of experiments methodology. In contrast to these designs, Latin
hypercube sampling (LHS) was originally developed for computer-aided experiments [175, 176]
but is now applied to a complex problem of experimental character. One of the LHS attributes
is that the number of levels for every factor (recall: three for BBD and five for C-CCD) equals
the total number of factor-level combinations (Figure 7-1, bottom left). Consequently, every
factor-level combination is a unique setting. As a result, the LHS allows extracting more diverse
information from the design space compared to the C-CCD and the BBD but leads to more
cumbersome experiments, especially if a factor requires manufacturing effort. The creation of
an LHS is of stochastic nature, which is the reason that designs of more advantageous or
disadvantageous nature can be created. To assess different designs, one or more criteria need
to be used. For this case study, the maximin criterion [177, 178], evaluating the maximum-tominimum Euclidean distance between the factor-level combinations, and the pairwise
correlation criterion, evaluating the order of commingled factors effects, are used to rate 15,000
randomly created designs [113]. For further reading on LHS and possible optimisation criteria,
see for example [179, 177]. To obtain additional information in the corners of the design space,
a fractional two-level design is added to the LHS. The design so created can be seen in Appendix
G.1. Instead of modelling a quadratic response surface regression, as for the C-CCD and the
BBD, the information sampled with the LHS is used to train an artificial neural network (ANN;
for further details on ANNs, see [180]). To prevent the ANN from overfitting the data, it is
usually split into samples for training (i.e. adapting the parameters of the ANN) and validation
(i.e. assessing predictive capabilities on unused or independent data).
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For the preliminary investigations in this section, however, a training algorithm according to
Bayesian learning [181] is used, which does not require splitting the data into these two subsets,
which allows a maximum of samples that can be used for the training of the ANN. On the
other hand, the Bayesian learning algorithm tends to produce smooth response functions and
is limited in terms of modelling systems of high complexity with high approximation quality.
To test the three generated models against independent data, ten additional measurements
are performed (Figure 7-1, bottom right) of which six are spread uniformly across the design
space. The remaining four measurements, however, are located at the outer corners of the
experimental space, which are traditionally hard to approximate by any model. All three
approaches are used to model both the aerodynamic and the aeroacoustic performance of the
baseline fan by varying three continuous parameters, namely the rotational fan speed
(1000 min-1 ≤ n ≤ 2000 min-1 ), the level of incoming turbulence (Tu = f(Δx/D)) and the

throttling state δTS according to Eq. 7-1 in a range of 0 ≤ δTS ≤ 1 [113]. The last definition was
chosen to generate a parameter that is independent of the fan speed. A continuously adjustable
turbulence level was obtained by using a single turbulence grid while varying the distance Δx/D
to the rotor, resulting in 5.0 % ≤ Tu ≤ 10.4 %.

𝛿𝛿 𝑇𝑇𝑇𝑇 = 1 −

𝑄𝑄̇

𝑄𝑄̇𝑀𝑀𝑀𝑀𝑀𝑀.

Eq. 7-1

As for developing the statistical-empirical aeroacoustic model in Section 3.3, the DoE
models (BB and C-CCD design) in the current section were also generated by using the data
analysis software Statistica®. The artificial neural networks, based on the Latin hypercube
sampling, on the other hand, were trained by use of the MATLAB Deep Learning ToolboxTM.
Detailed information on the training algorithm as well as the chosen data sets for training, testing
and validation are provided in Section 7.2.

7.1.1

General Performance

All generated models are rated by the coefficient of determination R2 , which is determined
according to Eq. 7-2, where yi is the observed response of the i-th sample, 𝑦𝑦�𝑖𝑖 is the predicted

response of the i-th sample, 𝑦𝑦� is the mean of the observed responses and 𝑛𝑛𝑅𝑅² is the number of
samples. The coefficient of determination allows assessing how well the observed values of a
system’s response can be approximated by the output of a model. A value of R2 close to one
means that the unexplained variance of the model is relatively small compared to the total
variance of the data, thus representing a good approximation [113].

𝑅𝑅2 = 1 −

∑𝑖𝑖(𝑦𝑦𝑖𝑖 − 𝑦𝑦�𝑖𝑖 ) 2
, 𝑖𝑖 = 1. . 𝑛𝑛𝑅𝑅²
∑𝑖𝑖(𝑦𝑦𝑖𝑖 − 𝑦𝑦�) 2

Eq. 7-2

Table 7-1 shows the obtained fit of the target values considered. It is seen that the fit of the
model mainly shows high values (R2 ≥ 0.95) for all chosen approaches, albeit that the Box-

Behnken design’s response surface regression shows the highest values for the systems’ efficiency
and the artificial neural network, based on Latin hypercube sampling, fits best for the acoustic
target values [113]. Analysing the fit of the independent test data, however, shows a dramatic
decrease in the performance of the quadratic models (R2 ≤ 0.9) but high performance for the
artificial neural network, even though there is still room for further improvement. The
aerodynamic trends of ΔpFan and 𝑄𝑄̇ are properly describable by a quadratic model, in accordance
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with the theory of fluid mechanics. The mapping of the systems’ efficiency, on the contrary,
tends to be more challenging and even collapses (R2 ≤ 0.7) when it comes to aeroacoustics,
requiring a more complex modelling approach. The experimental effort of the LHS increases by
17 % (24  28 runs) compared to the C-CCD and by 87 % compared to the BBD (15  28
runs). However, the performance measured by the coefficient of determination R2 with regard
to the test data for pSuction increases by 65 % (79 % pDischarge) compared to the C-CCD approach
and by 59 % (75 % pDischarge) compared to the BBD approach [113].
Table 7-1 Coefficients of determination R2 for model data and independent test data, comparing different
sampling designs and modelling approaches [113].

Model Data

15

aerodynamic
Δp Fan
ηS ystem
𝑸𝑸̇
0.999

0.995

0.998

0.887

0.889

Test Data

10

0.993

0.991

0.831

0.614

0.555

Model Data

24

0.973

0.957

0.727

0.934

0.918

Test Data

10

0.969

0.937

0.696

0.593

0.543

Model Data

28

0.997

0.997

0.951

0.986

0.972

Test Data

10

0.995

0.994

0.966

0.978

0.973

DoE

N o. of
Samples
BBD

ANN

CCD

7.1.2

LH S

aeroacoustic
p S uction p D ischarge

Spectral Application

As shown in the previous section, the use of artificial neural networks (combined with LHS)
allows a precise and accurate prediction of all the target values as well as for a good
approximation of the investigated experimental space. However, especially in aeroacoustics and
vibroacoustics, information on the spectral shape is essential for providing additional
information on the underlying noise generation mechanisms of, for example, fans. Moreover,
accounting for the human perception of noise by means of the relative loudness
(e.g. A-weighting) requires a frequency analysis as well, since it takes place solely in the
frequency domain. Therefore, the conclusions drawn on the superiority of the ANNs vs. the
classic statistical-empirical modelling approaches are directly adopted for the purpose of
processing the available experimental data towards a spectral model. Because only ANNs are
considered for the spectral application and all information gained (Section 7.1.1) shall be used,
the full experimental database, including data points from the LHS, the C-CCD, the BBD and
the test design (excluding one for actual testing), can be used for a proof-of-concept with regard
to spectral approximation. The resulting ANNs do not directly provide information on the
systematic relation and influence of the parameters on the target values. However, performing
parameter studies based on the ANNs by varying single influencing parameters solves this
dilemma and offers the same benefits as the statistical-empirical models based on the design of
experiments methodology [113] as for example in Section 3.3.
In order to maximise the spectral information while keeping the amount of data on a reasonable
level, 1/3rd-octave bands in a mid-frequency range of 16 Hz ≤ f ≤ 10 kHz are analysed. This
results, in addition to the already described target values, in 58 extra target values, each one
representing a fully independent ANN, describing the sound pressure of just one 1/3rd-octave
band. The training of the ANNs is performed by using the complete measurement data pool
but for one data point, which is used for independent testing. During the training with the
above-mentioned algorithm, the maximum relative deviation from the full data set is used to
evaluate different networks. The performance is measured by using the training data and
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calculating the relative deviation in comparison to the observation of every approximated
1/3rd-octave band for every data point. Table 7-2 shows the maximum, the mean and the
median of the deviations, in both the decibel scale and the (linear) Pascal scale, separate for
the suction side and the discharge side. Especially in the field of aeroacoustics, it is important
to note that only the uncertainty related to the Pascal scale shows a physically interpretable
fit of the model, whereas the dB scale is more related to the human perception of sound [113].
Thus, the deviation in the dB scale strongly depends on the referenced underlying mean level
since it scales logarithmically.
Table 7-2 Averaged fit of 29 1/3rd-octave band target values at mid frequencies 16 Hz ≤ f ≤ 10 kHz [113].

Suction Side

Discharge Side

dB–scale

Pa–scale

dB–scale

Pa–scale

Median Deviation in %

0.30

2.70

0.26

2.25

Mean Deviation in %

0.53

4.93

0.46

4.15

Maximum Deviation in %

4.58

46.12

6.21

65.01

For the analysed data, the median and the mean deviation show a reasonably good fit of
the model with deviations smaller than 5 % in the Pascal scale, for which the discharge side
outperforms the suction side. This can be attributed to a slightly better aeroacoustic treatment
of the discharge side by the anechoic termination, showing an improved ability to suppress
back reflections at the duct exit due to impedance differences. The maximum deviation, though,
is significantly higher and indicates the need for further validation and, possibly, a bigger data
pool to decrease the experimental noise. For gaining some insight into the ability to generalise,
one data point that is not part of the training data is used for a prediction of the spectral
information. The comparison between the prediction and the experimental data is presented in
Figure 7-2. Qualitatively, the trend of the SPL with the frequency is considered to be well
approximated. The same applies to the quantitative nature of the prediction, even though
single frequencies exhibit a lack of fit, affecting the total accuracy of the modelled experimental
space.

Figure 7-2 Spectral content of the suction side (left) and the discharge side (right) by means of 1/3rd-octave
bands. Test of full baseline rotor and comparison to independent test data at Tu = 5.5 % , n = 1061 min- -1 ,
δTS = 63.4 % [113].
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The reason for this inaccuracy is suspected to be the independent nature of the ANNs for
each 1/3rd-octave band, which hinders a cross-transfer of spectral information. Thus, slight
variations such as, for example, those in the rotational speed might lead to a shift of the tonal
components or the BPF from one 1/3rd-octave band into the neighbouring one, leading to a
strong increase in the complexity of the experimental space and/or the requirements for the
modelling approach [113]. This effect needs to be accounted for in the final modelling approach.

7.2

Final Modelling Approach

The results of the preliminary study in Section 7.1 show that the artificial neural networks
(ANNs) based on the LHS outperform the more established design of experiments methods,
particularly when it comes to the highly non-linear aeroacoustic and vibroacoustic target values.
Consequently, the artificial neural networks based on Latin hypercube sampling are considered
to be suitable for modelling a rotating system, comprising varying inflow parameters but also
varying fan-blade geometries in the form of leading edge serrations. However, the preliminary
study also uncovered the need for slight improvements in the modelling strategy and a
re-adjustment of the influencing factors as well as the target values.
7.2.1

Influencing Factors and Experimental Design

As an extension of the preliminary study in Section 7.1, focussing on the general modelling
of an axial baseline rotor, rotors equipped with leading edge serrations are implemented for the
final modelling approach. Therefore, the chosen experimental space has four dimensions. The
two geometrical factors are the serration amplitude and the serration wavelength. Disregarding
effects of the previously modelled fan speed enables a conversion of the initially chosen
throttling state δTS into the flow coefficient φ. This factor, however, is limited to the region of

technical importance (0.13 ≤ φ ≤ 0.21), reducing avoidable complications. The fourth factor is
the turbulence intensity, defined by the different turbulence grids as described in Section 4.4,
at a fixed distance (Δx/D = 0.75) to the rotor plane. In consequence, the Tu represents a
categorical parameter since the Tu cannot be adjusted continuously. Nevertheless, interpolation
between the different turbulent states is considered meaningful since the level of the turbulence
scales almost linearly (Figure 7-3) with the chosen grid size, as is also proposed by Laws and
Livesey [2]. Similar considerations apply to the transversal integral length scale Λt, even though
the uncertainty is of higher magnitude. The variation in these parameters is expected to provide
sufficient information on the system’s performance, which can be described by target values
still to be defined.

parameter unit f min

A
λ
φ
Tu

f max

mm 6
22
mm 4
22
-- 0.13 0.21
% 2.6 12.1

Figure 7-3 Grid-dependency of turbulence intensity Tu and transversal integral length scale Λt (left) and
investigated range of influencing parameters (right).
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For the Latin hypercube sampling, which is used for the artificial neural networks, a number
of variations in accordance with the amount of model data is needed. The outer limits of each
factor are fixed, as Figure 7-3 (right) indicates. For the training of the modelling approaches,
however, the factor levels are all normalised in a range of (-1..1). Once again a Latin hypercube
design based on the maximin criterion is chosen out of 15.000 randomly created designs. To
keep the manufacturing effort of the fan blades on a manageable level, the number of samples
has been kept to a minimum of 78 samples. The LHS so generated is supplemented with a
factorial design in order to incorporate the outer corners of the spanned experimental space,
resulting in another 54 samples. Finally, for validation purposes, three randomly chosen samples
are taken from the LHS data base and are excluded from the training of the ANNs. Hence,
these samples feature unique serration parameters, unknown to the later-generated neural
networks and can be used for testing the ability of the artificial neural networks to generalise.
The non-dimensional test matrix with detailed information on the run conditions for each
sample is also presented in Appendix G.2.
From a practical point of view, the test matrix requires manufacturing of 1 BSLN blade
set, 7 sets for the CCD, 8 for the LHS and 3 sets for the validation. This adds up to 114 fan
blades (19 sets · 6 blades/set), which were all manufactured via rapid prototyping. For
conducting the single measurements, defined by the test matrix, a randomised strategy is
chosen in order to minimise systematic influences due to differences in the mounting (tolerances,
etc.) or trends of ambient parameters such as the atmospheric pressure or the temperature.

Figure 7-4 Sampling of the continuous experimental space for each turbulence level. Indicated test samples are
used for one predefined turbulence level only.

7.2.2

Target Values

The definition of appropriate target values turns out to be the crucial part of evaluating a
given system as these variables are required to describe the system’s characteristic performance
with the necessary accuracy. Moreover, they need to be describable in terms of the chosen
influencing parameters [113]. As already mentioned in Section 7.1, the target values are of
aerodynamic and aeroacoustic nature and are listed in Table 7-4.
Aerodynamic parameters are the pressure rise between the suction side and the discharge
side of the fan, defined by the pressure coefficient ψ. The system’s efficiency ηSystem defines the
second target value. The acoustic target values are more complex. First, the signals gathered
from the wall-mounted microphone arrays on the suction and discharge sides of the fan are
individually averaged linearly in order to compensate for radial differences. The same is true
for the wall-pressure fluctuations measured at the two pressure tapping points in the rotor
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plane. Afterwards, the sound pressure (wall pressure) is processed to produce sound power
levels PWL (wall pressure levels WPL) according to Eq. 3-4 and Eq. 4-25, taking into account
the ambient conditions by means of the density and the speed of sound.
As concluded from the preliminary spectral analysis in Section 7.1.2, a more coherent
modelling of the aeroacoustic fan characteristics is required, taking into account the different
noise source origins of tonal and broadband components. Hence, the chosen approach is to
incorporate a separation of the tonal and broadband components of the underlying spectra. In
this sense, the preconditioned sound power spectra are processed by use of the customised
filtering algorithm (Table 7-3) described in Section 5.1. In the algorithm used here, as opposed
to the filtering method described in Section 5.1, no low-pass filtering is applied since for
modelling, the full broadband and tonal spectra are subdivided into their 1/3rd-octave band
equivalents. In consequence, all the signals are separated into their broadband (BB), tonal (T)
and BPF components using median filtering. It is important to note that the tonal components
at frequencies corresponding to the first six blade-passing frequencies are removed from the
filtered tonal spectra and subsequently used for the definition of separate BPF spectra.
Table 7-3 Settings of customised filters used for post-processing the gathered data to generate the data basis
for training the ANN.

type

f min f max increment
[H z] [H z]
[H z]

total
broadband
tonal
BPF

10
10
10
10

10,000
0.5
10,000
0.5
10,000 331/3 ±7.5
10,000 200±7.5

For comparison purposes, the first aeroacoustic target values are the overall sound power
levels as well as the summed levels of the individual filtered components (the broadband signal,
the tonal components and the first six BPF). The same applies to the wall power level, albeit
that no BPF spectra are generated. Subsequently, the obtained sound (wall) power spectra of
tonal and broadband components are subdivided into their 1/3rd-octave band equivalents, with
each 1/3rd-octave band representing one individual target value. Adding up the defined target
values results in 116 individual, fully independent neural networks for the serrations and the
baseline each.
Table 7-4 Target values in the time and the frequency domain as well as of aerodynamic and aeroacoustic
character. An individual, fully independent ANN is generated for each target value. * indicates 1/3rd-octave
band mid-frequencies.

η

1
1

Sum

2

Spectr al

ψ

Sum
Level

Aerodynamic
o.
A bbrev. N
RV --

A coustic

Wall Pressure

A bbrev.

f-Range

N o. A bbrev.
RV

f-Range

N o.
RV

OAPWLTotal
OAPWLBB
OAPWLT
OAPWLBPF
PWLBB
PWLT
PWLBPF

10-10,000
10-10,000
10-10,000
200-1,200
12.5-7,943*
25-7,943*
200-1,200

1
1
1
1
29
24
6

10-5,000
10-5,000
10-5,000
-12.5-3,981*
25-3,981*
--

1
1
1
-26
22
--

63
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OAWPLTotal
OAWPLBB
OAWPLT
-WPLBB
WPLT
--

51
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In this regard, the broadband components of each frequency band can still be modelled
independently, thereby avoiding the disturbing effects of shifting significant tonal components
between the single-octave bands or the influence of possibly occurring duct modes [113]. The
separately modelled speed-dependent tonal fraction is added at a later stage.
7.2.3

Training, Fit and Validation

As for Section 7.1, the artificial neural networks were trained by use of the MATLAB Deep
Learning ToolboxTM. In contrast to the used Bayesian learning algorithm in Section 7.1, the
Levenberg-Marquardt [182] algorithm was used for training the data for the final modelling
since it is a very fast algorithm and also allows a quite autonomous training without the need
to specify the hyper parameters for the training. This is considered meaningful, since the
preliminary investigations in Section 7.1 emphasised the high complexity and strong nonlinearity of the considered aeroacoustic system, hence demanding for a training algorithm with
a higher degree of freedom. However, minimising the deviations takes place by use of the
standard back-propagation approach. In contrast to the Bayesian learning algorithm, the data
pool now needs to be subdivided into training and validation data. The training data is used
for training the neural networks, whereas the validation data serves a monitoring of the training
process in order to prevent overfitting, which in turn will lead to a low generalization ability.
In order to obtain the optimum distribution of training and validation data, an iterative process
is applied while monitoring the training performance. The criterion for aborting the training
requires 40 successive networks, which perform worse than the hitherto existing network. The
training of this optimum network is repeated since the performance also depends on the values
of the initial weights. As a result, for the current networks, 88 % of the data pool is used for
training, while 10 % is used as validation data. Overfitting is prevented by evaluating the
prediction error on the validation data. If the error rises for six consecutive times, the training
is aborted. Moreover, also for the purpose of preventing overfitting the data, the number of
weights w and bias b values (the hyperparameters of the ANN) is set to be lower than the
number of input data sets. According to Eq. 7-3, the number of hyperparameters N HP is
determined by taking into account the number of inputs i and the number of neurons in the
hidden layer plus one output neuron. Whereas the number of inputs is fixed, the number of
neurons is varied according to the set criterion, although a low number is favoured.

𝑁𝑁𝐻𝐻𝐻𝐻 = 𝑖𝑖 ∙ 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 + 2 ∙ 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 + 1

Eq. 7-3

The remaining 2 % of the data pool represents arbitrarily chosen test points that have no share
in training or monitoring but are used as fully independent test data. The performance of the
neural networks with regard to these test points describes the ability of the model to generalise.
The number of hidden layers of a network is another parameter that can be varied.
However, one hidden layer is considered sufficient [183] for describing a technical process, also
keeping the current training of the system at a lower complexity. Figure 7-5 shows the network
structure for the overall sound power level, with the network consisting of four inputs and one
hidden layer with 12 neurons. After deciding on the algorithm, the structure and the
hyperparameters of the ANN, the computational cost is relatively low. Using a standard
desktop computer, it takes less than 24 hours to train all the 116 individual ANNs with the
current settings, which is negligible compared to the experimental effort to generate the
underlying data basis.
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Figure 7-5 Exemplarily extracted network structure for the OAPWL. Structure remains constant for all
generated ANNs except for the number of hidden neurons.

The general fit of the model is listed in Table 7-5, in which the coefficients of determination

R2 (Eq. 7-2) are defined based on 98 % of the data pool. Both aerodynamic and acoustic
performance reach an acceptable fit, with especially the latter consistently performing at values
R2 > 96 %. For the wall-pressure data, but particularly for the modelling of the discrete
frequencies, a significantly lower performance is obtained. This lower performance also affects
the values that monitor the total performance (WPLTotal), whereas the broadband components
might allow a certain degree of validity. However, due to the complexity of the modelled system,
the focus of the current analysis is restricted to the aerodynamic and acoustic target values
only. Taking into account the ability of the networks to model the spectral composition of the
acoustic signals, Table 7-5 once again shows high R2 with an average performance of
94 % ≤ R2 ≤ 99 %. For comparison purposes, Figure 7-6 shows the distribution of the measured
(observed) values and the model predictions for the aerodynamic target values as well as the
overall sound power level. The diagonal line represents a perfect fit of model and input data.
Table 7-5 Coefficient of determination R2 for the target values based on both training data and validation data
(129 data points) of the data input for the ANN.

A erodynamic

Spectral

Sum Level

A bbrev.

ψ
η

------------

R2

0.935
0.941
------------

A coustic
R2

A bbrev.

OAPWLBB
OAPWLT
OAPWLBPF
OAPWLTotal
PWLBB
PWLT
PWLBPF

Wall Pressure

----Min
Max
AV
Min
Max
AV
Min
Max
AV
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0.993
0.995
0.962
0.997
0.972
0.999
0.993
0.791
0.998
0.978
0.917
0.988
0.944

R2

A bbrev.

OAWPLBB
OAWPLT
-OAWPLTotal
WPLBB
WPLT
--

----Min
Max
AV
Min
Max
AV
----

0.863
0.367
-0.719
0.354
97.6
79.8
0.353
0.985
0.689
----
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Figure 7-6 Prediction and observation plots of overall performance for three selected target values.

As mentioned previously, the ability of the system to generalise is tested by validating
against three fully independent test points. The performance is measured by using the training
data and calculating the relative deviation in comparison to every approximated target value
for every data point. Table 7-6 shows the maximum, the mean and the median of the deviations
for the aerodynamic, aeroacoustic and wall-pressure near-field target values of overall character.
As can be seen, a remarkable fit is obtained for the acoustic prediction, showing mean and
median deviations of < 1 %dB for all target values, but also the flow coefficients and the system’s
efficiency are predicted at considerably high accuracy, taking into account all the possible
influencing factors of the experimental measurements. However, as can be seen from Figure 7-6
(left), one of the validation data points equals one of the outliers, when predicting the flow
coefficient Ψ, indicating a poor aerodynamic prediction performance. This can be explained by
the fact, that this very data point possesses parameter levels, which are all at maximum, hence
being one of the corner points of the experimental space. These corner points are naturally
hard to predict, even though acoustically a much improved prediction accuracy is obtained
(Figure 7-6 right).
Table 7-6 Absolute error for validation against three independent test data points.

A erodyn.
A bbrev. Dev.%
Mean Deviation

Median Deviation ψ
Max. Deviation
Mean Deviation

Median Deviation η
Max. Deviation
Mean Deviation

Median Deviation -Max. Deviation
Mean Deviation

Median Deviation -Max. Deviation

3.09
2.12
5.41
1.67
1.56
2.87
----

A coustic

Wall Pressure

A bbrev. Dev.%dB A bbrev. Dev.%dB

0.72
OAPWLBB 0.97
1.07
0.68
OAPWLT 0.92
1.01
0.63
OAPWLBPF 0.42
1.29
0.47
OAPWLTota 0.42
0.79

3.69
OAWPLBB 3.59
6.19
1.86
OAWPLT 2.34
2.54
----2.35
OAWPLTota 2.45
3.63

Apart from monitoring the overall prediction accuracy of the chosen validation samples, a
spectral comparison, too, is possible by evaluating all the individual 1/3rd-octave bands for the
broadband and the discrete noise components of the gathered signals. This spectral comparison
allows more precise insights into the ability to model the spectral composition of the acoustic
signals. A contrasting juxtaposition of observed vs. approximated target values is shown in
Figure 7-7 and Figure 7-8 for the first six blade-passing frequencies. Generally, a remarkable
prediction accuracy is obtained. Even for the previously discussed test point at extreme
parameter settings (corner point), which shows a relatively poor test performance in terms of
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aerodynamics, the approximated spectral values in Figure 7-7 (left) show a close fit to the
observed (measured) data. This holds true for all the modelled components of the signal, namely
the broadband component and the discrete components, including the level of the blade-passing
frequencies (Figure 7-8).

Figure 7-7 Spectral sound power level PWL comparison of the 1/3rd-octave bands, separated in broadband
(top) and tonal (bottom) fractions for three independent test points. Blue bars indicate measurement results
(observation), red bars the model prediction (approximation).

Figure 7-8 Spectral sound power level PWL comparison for the blade-passing frequencies (1st – 6th
harmonic) for three independent test points. Blue bars indicate measurement results (observation), red bars
the model prediction (approximation).
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7.3

Aeroacoustic Results

As outlined in Section 7.2.3, a reasonable fit and quality of the approximation is obtained
for the aerodynamic and aeroacoustic target values in both the overall and the spectral domain.
This is confirmed for the model fit itself, as well as in terms of more general performance by
testing against independent test data. The highest performance is obtained for the aeroacoustic
response values, an observation that is in agreement with the need to systematically describe
the acoustic effect of the serrations in rotating applications. The aerodynamic trends and
tendencies are already outlined in Section 6.1 in high detail and match the predictions of the
generated model. As a consequence, this section concentrates mainly on the aeroacoustic
dependencies. Aerodynamic target values are implemented at a later stage in Section 7.3.3,
with the multi-objective optimisation enabling a combined analysis of aeroacoustic and
aerodynamic requirements.
7.3.1

Effect of Parameters

Turbulence Intensity
The turbulence intensity is the key inflow parameter for regulating the level of inflow
distortion, associated with leading-edge broadband noise effects. The acoustic signature of the
tested fan with and without serrated leading edge shows a clear dominance of turbulencegenerated noise for high flow coefficients, whereas throttling of the system clearly attenuates
this effect (Figure 7-9, left). This matches previously observed trends [171, 148] since the fan
approaches the instability region in which partial stall occurs on the fan blade suction sides. In
addition, aeroacoustic tip leakage effects tend to increase in relevance with rising pressure
gradient between the suction and the discharge side of the fan. By means of the noise reduction
capability of serrated rotors, Figure 7-9 (right) shows the effect at intermediate serration
parameters while the turbulence intensity is varied. It becomes apparent that the level of inflow
distortion has different effects along a fan characteristic curve. First, at high flow coefficients
φ ≥ 0.185, a high level of turbulence results in maximum noise reduction effects. This is
meaningful since broadband leading-edge noise is the dominant noise source in this region and
is reduced efficiently by decoherence effects and (partly) destructive interference effects. For
lower flow coefficients, however, a low level of turbulence clearly leads to maximum noise
reduction. Here, the dependency of the dominant noise sources relative to the level of inflow
distortion needs to be taken into consideration.

Figure 7-9 Effect of turbulence intensity on overall sound power level (left) and overall sound power level
reduction (right) of serrated rotor at intermediate parameter setting A13λ12. Predicted trends, generated via
the ANNs.
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When the fan instability region is approached, the reduction of stall-initiated broadband
noise is shifted towards lower flow coefficients, as shown in Figure 7-10 (left). This is due to an
increased sensitivity of the serration to the turbulent structures under partial load and leads
to less efficient noise reduction in this region. T,his pattern directly affects the overall noise
reduction. The increase in the level of inlet distortion also amplifies the excitation of the discrete
components (Figure 7-10 right), including the BPF and their harmonics. However, the serration
appears to be less efficient in reducing these discrete components at high turbulent conditions,
hence showing the best performance for low Tu. This trend adds to the shifted broadband noise
reduction and results in the opposing trend for the Tu, as shown in Figure 7-9 (right).

Figure 7-10 Effect of Tu on broadband (left) and tonal (right) components of the overall sound power level
reduction at intermediate levels of serration amplitude and serration wavelength. Predicted trends, generated
via the ANNs.

Serration Amplitude
As reported previously, both noise radiation and noise reduction show a clear dependency
on the serration amplitude. Reducing the flow coefficients for the fan leads to the onset of
(partial) stall (Figure 7-11 left), resulting in a sharp increase in the noise level for the baseline
reference case in the instability region at φ ≤ 0.18. This aeroacoustic onset is significantly
delayed and reduced with implementing leading edge serrations, as is indicated by the shift in
the acoustic throttling curves in Figure 7-11 (left). Maximum noise reduction effects are
obtained for the highest serration amplitudes. The vortex generating features of the serrations
are held responsible for the delay effect and the smooth transition from pre-stall to stall due to
early partial separation at the serration roots [38, 39, 23, 25, 18, 28]. Another mechanism
affecting the noise reduction is observed for high flow coefficients φ ≈ 0.195 (Figure 7-11 right).
Here, significant grid-generated leading-edge broadband noise is present, dominating the
acoustic noise radiation. As for rigidly mounted aerofoils, high serration amplitudes cause
increased spanwise decorrelation effects [67, 84, 86] as well as significant destructive interference
effects [1], leading to a noise reduction in this region. This is confirmed by the typical spectral
scaling of the noise reduction [1], as further outlined in Section 7.3.2. As can be seen in
Figure 7-11 (right), the above-mentioned two mechanisms combine to a distinct pattern of
noise reduction, in which the delay in the acoustic onset of stall is the dominant effect and
shows a maximum reduction in the sound power level of ΔPWL = 6 dB for the highest serration
amplitude.
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Figure 7-11 Overall sound power level (left) and sound power level reduction (right) at varying flow
coefficients φ. Mean effect of serration amplitude at intermediate levels of free-stream turbulence and
serration wavelength. Predicted trends, generated via the ANNs.

In Figure 7-12 the noise reduction pattern described before is fragmented into its broadband
(left) and tonal (right) as well as into its BPF components in Figure 7-13. This helps to assess
their individual contributions to the overall noise reduction. The effect of broadband noise
reduction appears to be at a relatively similar level for high to intermediate flow coefficients,
although the effect decreases considerably for lower values (Figure 7-12, left). However, for the
broadband noise reduction, the well-known aeroacoustic mechanisms of serrated leading edges
(Section 3.2.1) are responsible, although the origin of the vortices, interacting with the rotor
blades, switch from grid-generated at high flow values to stall-initiated for intermediate flow
coefficients. The reduction in discrete components by means of tonal effects (Figure 7-12, right)
appears to be responsible for the extension of the overall noise reduction (Figure 7-11, right)
towards higher flow coefficients with increasing serration amplitudes. At flow coefficients
φ ≤ 0.155, however, the individual noise reduction curves are collapsing, showing a strong
negative gradient and ending up in slight noise amplification for minimum flow coefficients.

Figure 7-12 Overall sound power level reduction of broadband (left) and tonal components (right) at varying
flow coefficients φ. Mean effect of the serration amplitude at intermediate levels of free-stream turbulence and
serration wavelength. Predicted trends, generated via the ANNs.

Analysing the generation and reduction of the blade-passing frequency and its harmonics
gives another pattern than for the discrete frequencies in general. The reference baseline case
indicates strongly excited BPF for three regions within the fan characteristic curve
(Figure 7-13, left). Applying serrations once again leads to a shift of these excited regions
towards higher flow coefficients but also shows a clear attenuation for the radiated noise.
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A possible cause could be the tip leakage effects of the serrations, as described in Section 5. In
these effects, coherent structures, interacting with the rotor blades, are reduced in intensity as
well as shifted significantly towards low flow coefficients. Further trends for a varying serration
wavelength are presented in Appendix G.3.

Figure 7-13 Overall sound power level (left) and sound power level reduction (right) of the first six bladepassing frequencies at varying flow coefficients φ. Mean effect of the serration amplitude at intermediate levels
of free-stream turbulence and serration wavelength. Predicted trends, generated via the ANNs.

Serration Wavelength
Though significant, the effect of the serration wavelength (Figure 7-14) appears to be less
dominant than the effect of the serration amplitude. This observation is in agreement with the
reported trends of the serration wavelengths for rigidly mounted aerofoils (Section 3.3.7).
Varying the serration wavelength by keeping the serration amplitude constant at an
intermediate level results in a maximum overall sound power reduction of up to
ΔOAPWL = 5.5 dB. Generally, the effect of the serration wavelength shows a high similarity
to the effect of the serration amplitude, with small wavelengths being most beneficial for
maximum noise reduction. This is especially true for the dominant noise reduction effect in the
instability region 0.14 ≤ φ ≤ 0.18 (Figure 7-14, top left). However, contrary to the trends of
the serration amplitude, the influence of the wavelength diminishes for higher flow coefficients.
This becomes apparent in the form of collapsing curves, with only maximum wavelengths
showing an effect on the noise reduction capability. This collapse can be attributed mainly to
the broadband noise reduction in Figure 7-14 (bottom left), showing no shift with varying
serration wavelength as is the case for a variation in the serration amplitude at high flow
coefficients (Figure 7-12, left). Further trends for a varying serration wavelength are presented
in Appendix G.4.
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Figure 7-14 Mean effect of the serration wavelength on the overall sound power level reduction ΔOAPWL for
the total noise (top left), tonal noise (top right), broadband noise (bottom left) and BPF noise (bottom right).
Values of free-stream turbulence and serration amplitude remain on intermediate levels. Predicted trends,
generated via the ANNs.

7.3.2

Spectral Application

One of the main benefits of having developed a spectral model is the possibility of obtaining
structured information on the effect of single influencing parameters with regard to the noise
radiation at the different 1/3rd-octave bands analysed. Figure 7-15 shows a continuous
variation in the turbulence intensity for three different flow coefficients. Note that each 1/3rdoctave band shown in Figure 7-15 is determined based on an individually trained ANN,
neglecting possible dependencies between adjacent frequency bands. The spectral composition
of the broadband component of the sound power level reveals the dominance of broadband
leading-edge noise for intermediate to high flow coefficients, whereas further throttling of the
fan results in highly similar spectral trends for all the turbulent states. Here, large-scale
separation effects dominate the acoustic signature at low frequencies, and the low axial velocity
produces only little high-frequency turbulence. Moreover, the relevant range of potential
broadband noise reduction can be defined as 20 Hz ≤ f ≤ 3 kHz.

Figure 7-15 Spectral effect of Tu on the sound power level at low (left), intermediate (centre) and high
(right) flow coefficient φ. Predicted trends, composed of 29 individual ANNs for the 1/3rd-octave bands for
each Tu.
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As a consequence, the spectral broadband noise reduction as a function of the serration
parameters (Figure 7-16) shows a noise reduction for 200 Hz ≤ f ≤ 3 kHz at high flow
coefficients. Even though based on 1/3rd-octave bands, with each band being represented by
an individual artificial neural network, the observed spectral pattern is highly similar to the
experimentally obtained ones as reported in Sections 3.4.1 and 6.2.3. The noise reduction
increases logarithmically from the low to the mid-frequency range. The peak value is obtained
at f ≈ 1 kHz. At higher frequencies, aerofoil self-noise becomes increasingly dominant, resulting
in an attenuating effect of the noise reduction. As reported in Section 7.3.1, the effect of the
serration wavelength (Figure 7-16, left) is only of minor character except for the region of the
main reduction, in which a scaling towards low wavelengths becomes apparent. For the
serration amplitude (Figure 7-16, right), on the contrary, an improved noise reduction of
broadband character is clearly visible for maximum amplitudes.

Figure 7-16 Spectral broadband sound power level reduction in 1/3rd-octave bands. Variation in serration
amplitude (left) and wavelength (right). Predicted trends, composed of 29 individual ANNs for the 1/3rdoctave bands for each λ or A.

Going one step further allows generating three-dimensional spectrograms, providing
information on the acoustic signature for the full-fan characteristic curve for the reference rotor
and an example serration (Figure 7-17, left and centre). Both figures clearly show the increase
in noise due to the onset of stall when the flow coefficients are reduced. This takes initially
part in the mid-frequency range but tends to migrate towards lower frequencies as the separated
structures at the fan blades grow larger. This qualitatively matches the patterns observed for
previous measurements as presented in Figure 5-6 in both magnitudes and spectral composition.
The resulting noise reduction (Figure 7-17, right) indicates a varying lower frequency limit
beyond which significant noise reduction is achieved. Starting at f = 200 Hz for maximum flow
values, the noise reduction decreases with further throttling to f = 100 Hz since dominant flow
separation starts to occur in the stall region. Moreover, strong noise attenuation is observed at
f = 1 kHz for the full range of operation, showing only a slight shift towards lower frequencies.
This once again indicates the global significance of the serration when it comes to broadband
noise reduction. Additional plots for rotors with varying serration parameters are presented in
Appendix G.5.
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Figure 7-17 Spectrograms for the BSLN rotor and a selected serration configuration at Tu = 11 %. Predicted
trends, composed of 29 individual ANNs for the 1/3rd-octave bands for each φ.

7.3.3

Multi-Objective Optimisation

As already outlined in Section 3.3.8, multi-objective optimisation of target values by means
of a Pareto front can help to indicate solutions that may be more beneficial than others. The
generated model is already highly complex with four input variables and 116 output variables
(target values). Especially for practical applications and the design of customised serrations,
only the optimum based on a limited number of target values is desired. Hence, using ANNs
with good accuracy to approximate the Pareto front is a powerful and fast tool for optimising
the underlying system [113]. The multi-objective particle swarm optimisation (MOPSO)
method is again used to vary the parameter setting of each input variable within the nondimensional boundaries of the defined experimental space IP ∈ [-1, 1]. This method is
implemented in MATLAB, where the computational expenditure is in the range of minutes to
generate a multi-objective Pareto front. For the current system, ten desired optima are defined,
as listed in Table 7-7, where the differences in flow coefficient ΔΨ and aerodynamic efficiency

Δη are defined according to Eq. 7-4 and Eq. 7-5. For the particle swarm optimisation, a

population size of 150, as well as a number of 200 iterations, proved sufficient to obtain stable
solutions for the two-dimensional Pareto optima.

𝛥𝛥𝛥𝛥 = 𝛹𝛹𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 − 𝛹𝛹𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵

Eq. 7-4

𝛥𝛥𝛥𝛥 = 𝜂𝜂𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 − 𝜂𝜂𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵

Eq. 7-5

Table 7-7 Defined pairs of target values for the localisation of the Pareto fronts as well as the desired
optimisation towards a minimum or a maximum of the target values (TV).

N o.

1
2
3
4
5

TV I
TV II
OAPWLTotal, Serr ψSerr
ΔOAPWLTotal ψSerr
ΔOAPWLTotal Δψ
ΔOAPWLBB
Δψ
ΔOAPWLTotal η Serr

Desired
Min/Max
Max/Max
Max/Max
Max/Max
Max/Max

N o.

6
7
8
9
10

TV I
ΔOAPWLTotal
ΔOAPWLBB
ΔOAPWLTotal
ΔOAPWLT
ΔPWLBPF600

TV II
Δη
Δη
ΔOAPWLBB
ΔOAPWLBB
ΔPWLBPF200

Desired
Max/Max
Max/Max
Max/Max
Max/Max
Max/Max

However, for the generated Pareto optima it is important to note that a comparative
discussion such as for continuous parameter variations in the previous sections is highly
restricted. The influencing parameters represent four degrees of freedom from which both of
the target values to be optimised can freely chose in order to generate the desired global
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maximum/ minimum. Therefore, the Pareto fronts show no coherent optimum trend but rather
single individual optima, all representing independent solutions for the assigned task.
Figure 7-18 shows the Pareto front for the overall noise radiation and the associated
pressure coefficient for the serrated rotors (left), as well as the noise reduction capability as a
function of the pressure coefficient (right). If the focus is on the maximum pressure coefficients,
minimum noise radiation (Figure 7-18 left) is obtained for a low turbulence intensity of
Tu = 3.76 %, intermediate flow coefficient in the pre-stall regime (φ = 0.186) and at maximum
serration amplitude (A = 22 mm) and wavelength (λ = 22 mm). This matches the previously
observed trends, in which high wavelengths are observed to be crucial for high aerodynamic
performance. The low Tu prevents the generation of significant broadband noise at the
associated flow coefficients. Changing the focus to minimum noise radiation, however,
essentially results in a reduction of both serration design parameters (A = 6 mm, λ = 4 mm)
what is in line with the maximum noise reduction while maintaining high pressure coefficients
(Figure 7-18 right).

Figure 7-18 Minmax optimum of sound power level OAPWL Serr vs. pressure coefficients ψSerr (left). Maxmax
optimum of sound power level reduction ΔOAPWL vs. pressure coefficients ψ Serr (right).

Switching to the differences in the pressure coefficients, Figure 7-19 indicates that an improved
aerodynamic performance (ΔΨ > 0) is always accompanied by an increase in turbulence
intensity at lower flow coefficients, with the serrations appearing to be less prone to
disturbances of the flow field.

Figure 7-19 Maxmax optima of the overall sound power level reduction ΔOAPWL (left) and broadband sound
power reduction ΔOAPWL BB (right) vs. differences in the pressure coefficients Δψ.
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Incorporating the aerodynamic efficiency as a design parameter (Figure 7-20, left) shows
remarkably high efficiencies at only a marginal noise reduction of 0.5 dB. However, reducing
the flow coefficient to φ = 0.178 leads to a noise reduction with relatively high gradient,
resulting in ΔPWL = 6.6 dB at ηSerr = 48 %. Further reduction of the serration wavelength
optimises the noise reduction but also attenuates the aerodynamic efficiency due to drag
penalties of small-wavelength serrations. A Pareto front of high informative value is presented
in Figure 7-20 (right), showing the overall sound power level reduction ΔOAPWL as a function

of differences in aerodynamic efficiency Δη (see also Eq. 7-5). As observed in the previous
aerodynamic studies (Section 6.1), high serration wavelengths lead to maximum efficiency, even
outperforming the baseline reference case at maximum flow coefficients (positions 1 and 2 in
Figure 7-20 right). However, only little noise reduction is obtained for this region, which can
be drastically increased to ΔPWL = 6.8 dB by reducing the serration wavelength (position 3
in Figure 7-20 right). Further reduction enables optimising the noise reduction up to
ΔPWL = 8.9 dB, but this comes at the cost of a significant decrease in aerodynamic efficiency,
though still higher (Δη > 0) than for the baseline case (position 4 in Figure 7-20 right).

Figure 7-20 Maxmax optimum of sound power level reduction ΔOAPWL vs. aerodynamic efficiency ηSerr (left).
Maxmax optimum of sound power level reduction ΔOAPWL vs. differences in aerodynamic efficiency Δη (right).

Similar to the overall reduction in Figure 7-20 (right), the trend of the broadband reduction
also appears to be highly influenced by the serration wavelength (Figure 7-21 left). At the same
system’s efficiency, a maximum reduction of broadband noise of up to ΔPWLBB = 5 dB is

possible, which can be further improved to ΔPWLBB = 6 dB by taking into account significant

penalties in efficiency (Δη = -6 %). A common feature for significant noise reduction is the low
wavelength, whereas large ones are required for high aerodynamic efficiency.
Aiming at an optimum between the overall sound power reduction and the broadband
component (Figure 7-21, right) shows a contribution of the broadband attenuation of
ΔPWLBB = 3.7 dB, while the overall reduction of ΔPWL = 8.9 dB appears to be dominated by
the discrete and the BPF components. This is also confirmed by the relation between the
discrete and broadband noise reduction in Figure 7-22 (left). However, maximum broadband
noise reduction while keeping the overall reduction on a high level is obtained for low Tu and
intermediate amplitudes.
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Figure 7-21 Maxmax optimum of broadband sound power level reduction ΔOAPWL BB vs. differences in
aerodynamic efficiency Δη (left). Maxmax optimum of overall sound power level reduction ΔOAPWL vs. the
broadband sound power level reduction ΔPWL BB (right).

Figure 7-22 (left) shows the optimum of the single components with regard to the overall
sound power reduction. Both turbulence intensity and serration amplitude can be identified as
driving parameters for this functional relationship. High Tu in combination with high
amplitudes leads to a maximum reduction in discrete noise components, whereas the reverse
patterns are observed for the reduction in broadband noise.
Also for the spectral target values, a customised optimisation is possible, as shown in
Figure 7-22 (right) for two distinct BPF frequencies. An optimum between both target values
is reached for minimum wavelengths and intermediate amplitudes (position 3 in Figure 7-22
right), in which the BPF at 200 Hz is reduced by ΔPWLBPF = 8 dB and the BPF600Hz by almost

ΔPWLBPF = 6 dB. Increasing the wavelength (position 4 in Figure 7-22 right) seems to
drastically decrease the noise reduction potential for the 200 Hz components, but an additional
increase in amplitude (positions 5 and 6 in Figure 7-22 right) leads to the maximum
performance in reducing the 600 Hz component. For the 200 Hz component, however, a clear
decrease towards low turbulence (Tu = 2.5 %) and lower flow coefficients provides the
maximum reduction (position 1 in Figure 7-22 right).

Figure 7-22 Maxmax optimum of the sound power level reduction for the discrete ΔOAPWL Discrete and the
broadband ΔOAPWL BB components (left). Maxmax optimum of the spectral BPF noise reduction ΔBPF for the
1st and 3rd harmonic (right).
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7.3 Aeroacoustic Results
7.3.4

Conclusions

A sampling of the experimental space by use of the Latin hypercube design plus a factorial
design allowed developing a model, in which target values in the time and frequency domains
and of both aerodynamic and acoustic character can be approximated with high accuracy. A
total of 116 target values was defined, which can be described by individual artificial neural
networks. A reasonable fit was observed for the aerodynamic performance, clearly outperformed
by the aeroacoustic parameters in the time and frequency domains, showing an average fit of
R2 = 94 % – 99 %. Only target values referring to wall-pressure fluctuation show, especially
for the discrete components, a significantly reduced performance, which can be attributed to
the relatively low number of sample points as well as the highly sensitive behaviour of the
measured quantities in the blade-tip region of the tested fan.
Testing the model against three fully independent test points within the experimental space
yields a remarkable fit, even for the spectral distribution in 1/3rd-octave bands. This proves
the ability of the model to generalise, consequently leading to an analysis of the system’s
performance by continuously varying selected parameters. The general aerodynamic and
aeroacoustic trends were found to be in line with the results of the foregoing measurement
campaigns and also indicated crucial parameters for the reduction of the single signal
components by means of broadband and discrete noise. Moreover, a careful analysis of the fan
characteristic curves also allows extracting the different noise sources and their sensitivity to
the tested serration parameters.
Finally, a heuristic multi-objective optimisation leads to the definition of two-dimensional
Pareto optimal solutions for selected pairs of target values, allowing specific insights into
optimal serration design. This is crucial especially for reconciling opposing trends, such as the
noise reduction capability and the aerodynamic performance. The chosen optimisation strategy,
moreover, enables a customised design of serrated leading edges, tailored for specific operation
conditions of the axial fan. Because of the ability to approximate in the spectral domain, even
filtering becomes possible and allows considering, for example, A-weighting effects.
Nonetheless, the model requires further refinement, especially with regard to the wallpressure signals, still showing a poor performance. Observed and proposed mechanisms need to
be confirmed by more substantial inflow measurements or by numerical approaches. Moreover,
implementation of the blade design parameters such as, for example, the sweep and the lean
angles of the blades might lead to more general conclusions on the ability of the serrations to
reduce noise and, hence, to broad application possibilities in industry.
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8 Summary
An extensively analysed NACA65(12)-10 aerofoil was transferred to the rotating system by
defining a 6-blade axial low-pressure fan according to the single-aerofoil approach. This took
place concerning the aerodynamic and aeroacoustic data obtained from rigidly tested single
aerofoils. Moreover, the design parameters of the leading edge serrations, too, were successively
scaled and transferred to the prototype rotors. These rotor configurations were tested according
to the in-duct method described in ISO 5136, allowing simultaneous analysis of the aerodynamic
and the aeroacoustic performance as well as of the wall-pressure fluctuations in the tip region
of the fan blades. The emphasis of the extensively analysed rigidly mounted single aerofoils and
the low-pressure axial fans were different but facilitated maximum information to be obtained
on the transferability of serrated leading edges. On the one hand, this was achieved by focussing
on an identification of the fundamental noise reduction mechanisms and the aerodynamic flow
patterns for the single, less complex aerofoils to better understand the effects of leading edge
serrations. For the rotating system, on the other hand, the focus was on assessing the overall
aerodynamic and aeroacoustic potential of serrated leading edges and identifying commonalities
with the previously analysed single aerofoils.
Single Aerofoils
The overall performance of a NACA65(12)-10 aerofoil, equipped with serrated leading
edges, was described by developing a comprehensive and highly accurate statistical-empirical
model, which is able to describe the effects of the five main influencing parameters (Re, Tu,
A/C, λ/C, AoA) on the aeroacoustic and the aerodynamic performance. For the first time,
combined information on the aerodynamic and aeroacoustic performance for all relevant
parameters is available. This allows multi-objective optimisation algorithms to define leading
edge serration designs and testing conditions, in which both the aerodynamic and the
aeroacoustic performance are at their optimum.
More detailed information on the location of the noise sources and the pure noise reduction
capability of serrated leading edges was obtained from an experimental study by use of the
array beamforming technique. A general trend of shifting noise sources with the serration roots
was observed and attributed to hitherto only numerically obtained noise reduction effects,
supplementing the validity of the proposed mechanisms. The same is true for an optimum ratio
of the serration wavelength to the integral length scale, where an analysis of the spectral
composition of the noise reduction allowed to define spectral scaling laws.
In addition to the reduction of the turbulence-induced broadband leading edge noise, a
separate analysis of the trailing edge noise also revealed a significant potential of the serrations
to reduce the trailing edge noise. The underlying mechanisms were found to be destructive
interference effects of the wakes from the suction side and the pressure side of the serrated
aerofoil, which are out of phase.
Aerodynamically, vortices generated by the leading edge serrations were found to be
responsible for a complex three-dimensional separation pattern, clearly scaling with the
serration amplitude and the serration wavelength. The observed separation process was
identified as responsible for delayed onset of stall, though at a lower aerodynamic efficiency,
also resulting in a smooth stall characteristic.

159

8 Summary
Transfer Findings for the Low-Pressure Axial Fans
The aerodynamic trends for the single aerofoils can be confirmed in terms of the overall fan
performance, where small serration amplitudes and maximum serration wavelengths lead to
maximum pressure coefficients as well as maximum efficiencies. Also, a small increase of the
rotors' stall margin can be confirmed when applying serrations.
In terms of aeroacoustics, the effect of the leading edge serration parameters is more diverse.
Pre-stall, the low-pressure fan shows a comparable sensitivity of the noise reduction towards
high serration amplitudes and small serration wavelengths. Here, the spectral scaling of the
broadband noise reduction also appears to be highly similar to the scaling laws proposed for
the rigidly mounted aerofoils. The scaling coefficients, however, were found to be dominated
by the serration amplitude and the turbulence intensity. This strongly suggests that the
spanwise decorrelation of the noise sources and the destructive interference between the
serration peak and the serration root are the driving effects for the pre-stall noise reduction.
Decreasing the flow coefficients leads to strong attenuation of these effects and emphasises
that an aerodynamic mechanism dominates a further noise reduction with a focus on the bladetip region. For the serrated rotors, a clear shift in the onset of the tip leakage flow towards
lower flow coefficients was observed. This leads to significant noise reduction in the transition
region from pre-stall to stall of the investigated rotors. This shift is presumably caused by the
vortex generation effect of the serrations in the blade-tip region, resulting in re-energising effects
for the boundary layer and thus delaying partial stall. Moreover, the generated vortices are
considered capable of blocking the tip gap region, impeding the ability of the blade-tip reverse
flows to interact with the blade tips. As a consequence, the underlying noise reduction
mechanisms in this region are predominantly aerodynamic effects.
Moreover, a study that successively varied the number of fan blades identified that leading
edge serrations beneficially influence blade interaction effects by dissolving turbulent structures,
occurring from separation effects at preceding blades.
A eroacoustic and Aerodynamic Model for Low-Pressure Axial Fans
After a detailed analysis of the overall performance of serrated rotors, the fans’ aerodynamic
and aeroacoustic performance was modelled by sampling the experimental space to train
artificial neural networks. These artificial neural networks were found to be of high accuracy,
where not only the overall noise radiation was modelled but also the spectral composition. Here,
dividing the spectral content into its more physical components, namely the broadband
components, on the one hand, and the fan-speed-dependent discrete (tonal) components, on
the other hand, allowed a precise and independent modelling of the acoustic radiation. By now,
the current model is capable of predicting the influence of four influencing parameters on the
aerodynamic and acoustic performance. These parameters are the serration parameters (the
serration amplitude and the serration wavelength) and the parameters characterising the flow
properties (the flow coefficient and the turbulence intensity). Also for the defined artificial
neural networks, multiple target values can be optimised simultaneously by using a multiobjective optimisation approach. The defined Pareto optima provided non-weighted solutions
for tailoring the rotor design and the flow conditions according to defined target values, be it
in terms of the spectral composition or in terms of the aerodynamic performance.
The ability of the model for the rotor to generalise the results in terms of predicting absolute
values is at the current stage expected to be limited to similar test settings as well as highly
similar aerofoil types. Nevertheless, the general trends are considered to be of high value also
for axial rotors of different geometry.
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In the presented thesis, first attempts were made to transfer the knowledge of rigidly
mounted leading edge serrations to the rotating domain. The main noise reduction potential
and common scaling laws were identified. However, even though the effects of several
influencing parameters on the noise generation and the aerodynamic performance were
analysed, some questions remain to be answered and some other aspects came into focus due
to the analysis conducted.
First of all, counter-rotating vortices were found to be generated at the serration shoulders,
leading to upwash and downwash effects of the fluid. In consequence, the effective angle of
attack varies along any spanwise serration contour, being higher than the geometrical AoA for
the root regions and promoting delayed flow separation at peak locations [29, 38]. This effective
angle of attack is a function of the chosen aerofoil type and the vorticity, which itself depends
on the serration parameters. On the other hand, for generating the sinusoidal leading edge
contour, the current serration design is based on straining the leading-edge profile from the tips
towards the roots. As depicted in Figure 9-1 (left), relative to the peak location, this procedure
leads to lower geometrical AoA for the root region. This can be compensated for by, for
example, introducing serration mid-peaks of upward-twisted orientation (Figure 9-1, right).
Future research needs to outbalance these two effects of vorticity-induced upwash and designcaused reduction in the angle of attack in order to optimise the serration contour and to develop
serrated aerofoil designs of higher consistency with regard to the spanwise effective angle of
attack.

Figure 9-1 Standard serration with inlet velocity triangle (left) and serration with modified mid-peak to match
the velocity triangles of the peak (right).

Another aspect, not yet transferred from the rigid domain, is the aeroacoustic and
aerodynamic efficiency of serration designs optimised by means of double-wavelength, slitted
or slitted-root serrations, showing promising results for single aerofoils [108, 106, 103]. These
optimised designs are based on maximum spanwise decorrelation concepts as well as destructive
interference effects. However, for the rotating application, superior performance of these designs
is put into question since the analyses carried out showed the classical serration effects to be
mainly present only at relatively high flow coefficients. Considered more meaningful are novel
serration designs that focus on an increased vortex generation close to the tip region as well as
minimum drag generation and low lift penalties. This leads to considerations of the speeddependent characteristics of the serrated blades. The circumferential velocity increases linearly
from hub to tip of the blades. Moreover, due to the controlled vortex design, the blade loading
is known to be at its maximum close to the blade tips. This predestines the outer one-third of
the blades for aerodynamic optimisation and the outermost region of the blades for vortical
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optimisation to alter unsteady flow phenomena due to tip gap reverse flows from the pressure
to the suction side of the blades. A target-oriented approach could be a spanwise variable ratio
of amplitude to wavelength, as shown in Figure 9-2 (left).
An upcoming task for the marketability of serrated rotors is an extension of the analyses
carried out to more complex fan design parameters, such as blade dihedral or forward- and
backward-skewed blades (Figure 9-2 right). The aeroacoustic signature of forward-skewed
rotors, in particular, was found to be highly receptive to the inflow conditions, showing
remarkable broadband noise under high turbulence [150]. In consequence, this provides a clear
potential of reducing ATI noise by implementing serrations. It needs to be shown whether the
extracted noise reduction capability of the tested serrated rotors holds true for these changed
fan design parameters. Moreover, different loading designs, too, need to be incorporated into
future studies, preferably in order to provide information on the degree to which hitherto
obtained results can be generalised.

Figure 9-2 Rotors with spanwise variations in A/λ serration ratio (left) and with forward-skewed serrated
blades (right).

The proposed studies into the effect of leading edge serrations on additional blade design
parameters should be followed by an adaption of the generated artificial neural networks. In
ideal circumstances, test data of uniformly distributed samples within the extended
experimental space can be incorporated into the existing model. This is expected to lead to a
more generalised approximation of the global aeroacoustic and aerodynamic performance as
well as to spectral prediction of the radiated noise. This is particularly important for the
modelled unsteady wall-pressure fluctuations, which still show comparably low performance.
Ultimately, the model can be used to derive a sophisticated design tool for serrated rotors,
providing tailored solutions at given operating conditions. The extension of the current artificial
neural networks by taking into account additional parameters is considered the more intelligent
way to provide a reliable model for industrial applications. The alternatively required
experimental expenditure of deriving independent models for any specific practical application
task usually outbalances the benefits to be gained. A turning point, however, would be the
transition from experimental to numerical investigations, but especially for aeroacoustics, this
is not considered feasible at the current stage of acoustic research.
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Aerodynamics: Single Aerofoil

A.1 Data Correction for Experimental Force Measurements
Three force components were measured, namely the lift forces at the aft FA and the fore FF
load cell as well as a drag force FD* , still to be corrected since being contaminated by parasitic
and lift-induced drag. The resulting lift and drag forces are obtained via Eq. A.1-1, where a0,
b0 and c0 are the zero readings of the load cells when no flow is present. The accuracy of the
readings is found to be ± 0.05 N.

𝐹𝐹𝐿𝐿 = ( 𝐹𝐹𝐴𝐴 − 𝑎𝑎 0 ) + (𝐹𝐹𝐹𝐹 − 𝑏𝑏0 )

Eq. A.1-1

𝐹𝐹𝐷𝐷 = (𝐹𝐹𝐷𝐷∗ − 𝑐𝑐0 )

Eq. A.1-2

𝐶𝐶𝐷𝐷 = 𝐶𝐶𝐷𝐷,𝑢𝑢 ∙ (1 − 3ε𝑠𝑠𝑠𝑠 − 2𝜀𝜀𝑤𝑤𝑤𝑤 )

Eq. A.1-3

𝐶𝐶𝐿𝐿 = 𝐶𝐶𝐿𝐿,𝑢𝑢 ∙ [1 − 𝜎𝜎 − 2(ε𝑠𝑠𝑠𝑠 + 𝜀𝜀𝑤𝑤𝑤𝑤 ) ]

Eq. A.1-4

𝜎𝜎 = 𝜋𝜋 2⁄48 ∙ (𝐶𝐶 ⁄𝐻𝐻 )2

Eq. A.1-5

Prior measurements, zero reading adjustments of the balance were performed followed by
a calibration, using dead weights to provide information on lift and drag forces of known
dimension. The calibration was repeated for three times to account for possible uncertainties,
where the resulting calibration curve turned out to show an excellent agreement for a linear
dependency of resulting forces and applied load (coefficient of determination R2 = 1).
However, these quantities do not take into account effects of blocking through the wind
tunnel walls nor of the wake blockage, estimating the effect of the induced pressure gradient in
vicinity of the aerofoils wake on the lift and drag forces. In summary, the presence of the side
walls as well as floor and ceiling of the wind tunnel would result in higher lift and drag compared
to an aerofoil in an unbounded stream. According to Barlow et al. [56], the corrected coefficients
of lift and drag are defined as per Eq. A.1-3 and Eq. A.1-4.

The factor σ describes the aerofoil size relative to the wind tunnel [184]. The solid-blockage
correction εsb is necessary to compensate for the tunnel walls and is estimated according to
Barlow et al. [56] in Eq. A.1-6, where t is the maximum aerofoil thickness, H the wind tunnel
test section height and λ2 the body shape factor. This shape factor is a function of the aerofoil
thickness ratio t/C and is determined with Λ𝑇𝑇𝑇𝑇 = 0.165 being an empirical value for the
NACA65 series.

𝜀𝜀𝑠𝑠𝑠𝑠 =

𝜋𝜋 2 𝜆𝜆2 𝑡𝑡 2
Λ 𝑇𝑇𝑇𝑇 ∙ 𝐶𝐶 2
∙ ∙ 2 𝑤𝑤𝑤𝑤𝑤𝑤ℎ 𝜆𝜆2 =
3 4 𝐻𝐻
4 ∙ 𝑡𝑡 2
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Eq. A.1-6

Appendix A Aerodynamics: Single Aerofoil
The wake of an aerofoil in a closed test section is attenuated relative to the mean flow
velocity and, since continuity laws are valid, on the other hand, the fluid further away from
the wake is accelerated. This leads to a pressure gradient normal to the flow, resulting in a
velocity increment at the model that needs to be compensated for, leading to the wake-blockage
εwb correction in Eq. A.1-7. The effect of the wake blockage is particularly true when
experiencing stall effects, hence showing large-scale separated flow.

𝐶𝐶
2𝐻𝐻

𝜀𝜀𝑤𝑤𝑤𝑤 = 𝐶𝐶𝐷𝐷,𝑢𝑢 ∙

Eq. A.1-7

A.2 Uncertainty Analysis of BSLN Aerofoil Data
An uncertainty analysis is carried out exemplarily for the BSLN case at U 0 = 15 ms -1 . It is
based on the Student’s distribution and a confidence interval of 95 %. Additional reference data
by Bogdonoff et al. [57] at U 0 = 67 ms -1 , Re ≈ 5·105 .
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Figure 0-1 Overall aerodynamic performance by means of coefficient of lift (left) and drag (right). Indicated
error bars based on uncertainty analysis and additional plot of reference pre-stall data by Bogdonoff et al. [57].
U0 = 15 ms-1 .
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Figure 0-2 Overall aerodynamic lift-to-drag performance of BSLN aerofoil at U0 = 15 ms-1 , including error bars.
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A.3 Supplementary Aerodynamic Force Measurements at U0 = 25 ms-1
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Figure 0-3 Experimental results of all tested serration configurations at U0 = 25 ms-1 for varying serration
amplitude (left) and serration wavelength (right). Coefficients of lift (top), drag (centre) and lift-to-drag
(bottom).
Table A-1 Summary of lift and drag performance for 10 tested aerofoils subjected to leading edge serrations at
U0 = 25 ms-1 and -20 deg ≤ AoA ≤ +20 deg.

ID

A12λ26
A22λ18
A22λ34
A29λ26
A29λ45
A29λ7.5
A35λ18
A35λ34
A4λ26
BSLN

A

[mm]
12
22
22
29
29
29
35
35
45
-

λ

[mm]
26
18
34
26
45
7.5
18
34
26
-

CL zeroAoA AoAzeroCL

CL max

AoAcri (CL/CD)m
t

ax

AWS

[-]

[deg]

[-]

[°]

[-]

[m2 ]

0.57
0.60
0.58
0.63
0.68
0.55
0.67
0.64
0.63
0.64

-5.7
-7.0
-6.2
-7.5
-7.3
-7.7
-8.3
-7.7
-7.6
-5.5

1.32
1.23
1.30
1.24
1.33
1.04
1.29
1.31
1.27
1.24

14.0
11.0
14.0
12.0
11.0
8.0
11.0
12.0
10.0
8.0

21.26
19.31
20.55
18.85
20.87
15.88
17.26
18.01
16.56
22.51

0.0702
0.0668
0.0668
0.0645
0.0645
0.0645
0.0624
0.0624
0.0591
0.0743
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B.1 Single Wavelength Results vs. Double Wavelength Results
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Figure B-1 Numerical trends of aerodynamic performance for all simulated serration configurations at
U0 = 15 ms-1 for varying serration amplitude (left) and serration wavelength (right). Spanwise extension of
numerical domain by one serration wavelength λ. Coefficients of lift (top), drag (centre) and lift-to-drag
(bottom).
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B.2 Direct Comparison of Experimental/ Numerical Results
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Figure B-2 Coefficients of lift (left) and lift-to-drag ratio (right). Direct comparison of aerodynamic forces
based on experimental and numerical results. Extension of computational domain = 2λ.

B.3 Skin Friction Coefficients

Figure B-3 Skin friction coefficient for monitoring separation over the aerofoil contour. U0 = 15 ms-1 ,
AoA = 10 deg.
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Figure 0-4 Skin friction coefficient for monitoring separation over the aerofoil contour. U0 = 15 ms-1 ,
AoA = 14 deg.

Figure 0-5 Skin friction coefficient for monitoring separation over the aerofoil contour. U0 = 15 ms-1 ,
AoA = 18 deg.
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C.1 Test Matrix DoE
Table C-1 Non-dimensional DoE test matrix.
Run
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43 (C)
44 (C)
45 (C)
46 (C)
47 (C)
48 (C)
49 (C)
50 (C)
51 (C)
52 (C)
53 (C)
54 (C)
55 (C)
56 (C)
57 (C)
58 (C)
59 (C)

Re
-1,000
-1,000
-1,000
-1,000
-1,000
-1,000
-1,000
-1,000
-1,000
-1,000
-1,000
-1,000
-1,000
-1,000
-1,000
-1,000
1,000
1,000
1,000
1,000
1,000
1,000
1,000
1,000
1,000
1,000
1,000
1,000
1,000
1,000
1,000
1,000
-2,378
2,378
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000

Tu
-1,000
-1,000
-1,000
-1,000
-1,000
-1,000
-1,000
-1,000
1,000
1,000
1,000
1,000
1,000
1,000
1,000
1,000
-1,000
-1,000
-1,000
-1,000
-1,000
-1,000
-1,000
-1,000
1,000
1,000
1,000
1,000
1,000
1,000
1,000
1,000
0,000
0,000
-2,378
2,378
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
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A/C
-1,000
-1,000
-1,000
-1,000
1,000
1,000
1,000
1,000
-1,000
-1,000
-1,000
-1,000
1,000
1,000
1,000
1,000
-1,000
-1,000
-1,000
-1,000
1,000
1,000
1,000
1,000
-1,000
-1,000
-1,000
-1,000
1,000
1,000
1,000
1,000
0,000
0,000
0,000
0,000
-2,378
2,378
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000

λ/C
-1,000
-1,000
1,000
1,000
-1,000
-1,000
1,000
1,000
-1,000
-1,000
1,000
1,000
-1,000
-1,000
1,000
1,000
-1,000
-1,000
1,000
1,000
-1,000
-1,000
1,000
1,000
-1,000
-1,000
1,000
1,000
-1,000
-1,000
1,000
1,000
0,000
0,000
0,000
0,000
0,000
0,000
-2,378
2,378
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000

AoA
-1,000
1,000
-1,000
1,000
-1,000
1,000
-1,000
1,000
-1,000
1,000
-1,000
1,000
-1,000
1,000
-1,000
1,000
-1,000
1,000
-1,000
1,000
-1,000
1,000
-1,000
1,000
-1,000
1,000
-1,000
1,000
-1,000
1,000
-1,000
1,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
-2,378
2,378
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000

Appendix C Aerofoil-Turbulence-Interaction Noise
Table C-2 DoE test matrix with absolute dimensions of the influencing parameters.
Run
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43 (C)
44 (C)
45 (C)
46 (C)
47 (C)
48 (C)
49 (C)
50 (C)
51 (C)
52 (C)
53 (C)
54 (C)
55 (C)
56 (C)
57 (C)
58 (C)
59 (C)

Re
351422
351422
351422
351422
351422
351422
351422
351422
351422
351422
351422
351422
351422
351422
351422
351422
498578
498578
498578
498578
498578
498578
498578
498578
498578
498578
498578
498578
498578
498578
498578
498578
250001
599999
425000
425000
425000
425000
425000
425000
425000
425000
425000
425000
425000
425000
425000
425000
425000
425000
425000
425000
425000
425000
425000
425000
425000
425000
425000

Tu

3,07
3,07
3,07
3,07
3,07
3,07
3,07
3,07
4,51
4,51
4,51
4,51
4,51
4,51
4,51
4,51
3,07
3,07
3,07
3,07
3,07
3,07
3,07
3,07
4,51
4,51
4,51
4,51
4,51
4,51
4,51
4,51
3,79
3,79
2,08
5,50
3,79
3,79
3,79
3,79
3,79
3,79
3,79
3,79
3,79
3,79
3,79
3,79
3,79
3,79
3,79
3,79
3,79
3,79
3,79
3,79
3,79
3,79
3,79

A/C
0,144
0,144
0,144
0,144
0,236
0,236
0,236
0,236
0,144
0,144
0,144
0,144
0,236
0,236
0,236
0,236
0,144
0,144
0,144
0,144
0,236
0,236
0,236
0,236
0,144
0,144
0,144
0,144
0,236
0,236
0,236
0,236
0,190
0,190
0,190
0,190
0,081
0,299
0,190
0,190
0,190
0,190
0,190
0,190
0,190
0,190
0,190
0,190
0,190
0,190
0,190
0,190
0,190
0,190
0,190
0,190
0,190
0,190
0,190
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λ/C
0,122
0,122
0,228
0,228
0,122
0,122
0,228
0,228
0,122
0,122
0,228
0,228
0,122
0,122
0,228
0,228
0,122
0,122
0,228
0,228
0,122
0,122
0,228
0,228
0,122
0,122
0,228
0,228
0,122
0,122
0,228
0,228
0,175
0,175
0,175
0,175
0,175
0,175
0,049
0,301
0,175
0,175
0,175
0,175
0,175
0,175
0,175
0,175
0,175
0,175
0,175
0,175
0,175
0,175
0,175
0,175
0,175
0,175
0,175

AoA

-1,7
1,7
-1,7
1,7
-1,7
1,7
-1,7
1,7
-1,7
1,7
-1,7
1,7
-1,7
1,7
-1,7
1,7
-1,7
1,7
-1,7
1,7
-1,7
1,7
-1,7
1,7
-1,7
1,7
-1,7
1,7
-1,7
1,7
-1,7
1,7
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
-4,0
4,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
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C.2 Aeroacoustics - Surface Regression Functions (DoE Analysis)
Table C-3 Model coefficients for the individual aeroacoustic influencing parameters (IP) to predict the acoustic
target values.

ΔOASPL, dB

IP

OASPLSerr, dB

OASPLBSLN, dB

Prefactor
Re
Re2
Tu
Tu2
A/C
(A/C)2
λ/C

80.5686041
4.8407794
-0.5040150
1.8918868
-0.7632403
-0.9494303
0.0687524
0.2442662

84.3925890
4.4867297
-0.5680398
2.0869653
-0.6640181
0.0000000
0.0000000
0.0000000

3.9206740
-0.3540497
-0.0636089
0.1950785
0.0996380
0.9249610
-0.1383372
-0.2669226

0.0991875
-0.3328381
-0.0164398
0.0090862
0.0787650

0.0000000
-17.5763860
-0.1502285
0.0334969
0.0000000

-0.1625558
0.1570742
-0.1333728
0.0244107
-0.0634829

-0.0866182

0.0000000

0.0666362

Re·AoA
Tu·(A/C)

0.0625244
-0.0776263

-0.0323810
0.0000000

-0.0949054
0.0646254

Tu·(λ/C)

-0.1628793
0.0822120

0.0000000
0.1193257

0.1467954
0.0371137

0.0558373
0.0173559

0.0000000
0.0000000

-0.0614529
-0.0409523

-0.1409842

0.0000000

0.1294765

(λ/C)2
AoA
AoA 2
Re·Tu

Re·(A/C)
Re·(λ/C)

Tu·AoA
(A/C) ·(λ/C)
(A/C) ·AoA
(λ/C)·AoA
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C.3 Aerodynamics - Surface Regression Functions (DoE Analysis)
Table C-4 Model coefficients for the individual aerodynamic influencing parameters (IP) to predict the
coefficients of lift.

IP
Prefactor
Re
Re2
Tu
Tu2
A/C
(A/C)2
λ/C
(λ/C)2
AoA
AoA 2
Re·Tu

Re·(A/C)
Re·(λ/C)
Re·AoA
Tu·(A/C)
Tu·(λ/C)
Tu·AoA
(A/C) ·(λ/C)
(A/C) ·AoA
(λ/C)·AoA

CL

Serr,

--

CL

BSLN,

--

ΔC L , --

0.6413642
0.0000000
-0.0008443
0.0000000
-0.0008443
0.0283686
-0.0070809
0.0008236

0.6308728
0.0000000
0.0012701
0.0000000
0.0012701
0.0000000
0.0000000
0.0000000

-0.0123273
0.0000000
0.0021065
0.0000000
0.0021065
-0.0283686
0.0083432
-0.0008236

-0.0043969
0.1428302
-0.0034859
0.0000000
0.0000000

0.0000000
0.1645440
-0.0105739
0.0000000
0.0000000

0.0056591
0.0217139
-0.0070959
0.0000000
0.0000000

0.0000000
0.0000000

0.0000000
0.0000000

0.0000000
0.0000000

0.0000000
0.0000000

0.0000000
0.0000000

0.0000000
0.0000000

0.0000000

0.0000000

0.0000000

-0.0079171
-0.0052574

0.0000000
0.0000000

0.0079171
0.0052574

-0.0013690

0.0000000

0.0013690
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Table C-5 Model coefficients for the individual influencing parameters (IP) to predict the coefficients of drag.

IP

ΔC D , --

C D Serr, --

C D BSLN, --

Prefactor
Re
Re2
Tu
Tu2
A/C
(A/C)2
λ/C

0.0396757
0.0000000
-0.0001510
0.0000000
-0.0001510
0.0016899
-0.0001814
-0.0010597

0.0330924
0.0000000
0.0001877
0.0000000
0.0001877
0.0000000
0.0000000
0.0000000

-0.0068547
0.0000000
0.0003375
0.0000000
0.0003375
-0.0016899
0.0003680
0.0010597

(λ/C)2
AoA
AoA 2
Re·Tu

-0.0001444

0.0000000

0.0003309

0.0018574
0.0014770
0.0000000

-0.0002981
0.0029958
0.0000000

-0.0021554
0.0015176
0.0000000

Re·(A/C)
Re·(λ/C)

0.0000000
0.0000000

0.0000000
0.0000000

0.0000000
0.0000000

Re·AoA
Tu·(A/C)

0.0000000
0.0000000

0.0000000
0.0000000

0.0000000
0.0000000

Tu·(λ/C)

0.0000000

0.0000000

0.0000000

Tu·AoA
(A/C) ·(λ/C)

0.0000000
-0.0006585

0.0000000
0.0000000

0.0000000
0.0006585

(A/C) ·AoA
(λ/C)·AoA

0.0012456
-0.0003554

0.0000000
0.0000000

-0.0012456
0.0003554
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Appendix D

Transfer Analysis – From Aerofoil to Rotor

D.1 Phase Spectrum of Employed Sound Intensity Capsules

Figure D-1 Contrasting juxtaposition of signals from the sound intensity probe-capsules, used for analysis of
the wall-pressure fluctuations. Spectra for the sound pressure level (top), the resulting coherence (centre) and
the phase difference between the two probes (bottom).
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D.2 Inflow Patterns with Different Turbulence Grids

Figure D-2 Local distribution of longitudinal velocity for grid G01 (left) and G02 (right) at n = 2000 min-1 ,
distance grid-to-probe Δx = 0.3 m.

Figure D-3 Local distribution of longitudinal velocity for grid G03 (left) and G04 (right) at n = 2000 min-1 ,
distance grid-to-probe Δx = 0.3 m.

Figure D-4 Local distribution of longitudinal velocity for grid G05 (left) and the no-grid case G00 (right) at
n = 2000 min-1 , distance grid-to-probe Δx = 0.3 m.
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Figure D-5 Local distribution of longitudinal turbulence intensity for grid G01 (left) and G02 (right) at
n = 2000 min-1 , distance grid-to-probe Δx = 0.3 m.

Figure D-6 Local distribution of longitudinal turbulence intensity for grid G03 (left) and G04 (right) at
n = 2000 min-1 , distance grid-to-probe Δx = 0.3 m.

Figure D-7 Local distribution of longitudinal turbulence intensity for grid G05 (left) and the no-grid case G00
(right) at n = 2000 min-1 , distance grid-to-probe Δx = 0.3 m.
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Figure D-8 Local distribution of longitudinal integral length scale for grid G01 (left) and G02 (right) at
n = 2000 min-1 , distance grid-to-probe Δx = 0.3 m.

Figure D-9 Local distribution of longitudinal integral length scale for grid G03 (left) and G04 (right) at
n = 2000 min-1 , distance grid-to-probe Δx = 0.3 m.

Figure D-10 Local distribution of longitudinal integral length scale for grid G05 (left) and the no-grid case G00
(right) at n = 2000 min-1 , distance grid-to-probe Δx = 0.3 m.
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D.3 Circumferentially Averaged Inflow Profiles with Different
Turbulence Grids

Figure D-11 Circumferentially averaged turbulent properties vs. the radial duct position for the tested
turbulence grids at n = 2000 min-1 .
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D.4 Dimensional Analysis – Scaling with the Aerofoil Chord

Figure D-12 Aerodynamic scaling with grid G04 installed while difference in surface is compensated according
to the presented approach.
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Appendix E

Successive Blade Variation

E.1 Fan Characteristic Curves at low Tu – No Grid Case G00

Figure E-1 Fan characteristic curves (left) and efficiency (right) of the tested baseline (BSLN) and the serrated
(A14λ13) rotor for a varying blade number at Tu = 2.6 %.

E.2 ΔOAPWL for 4-bladed and 2-bladed Rotor Designs

Figure E-2 Overall sound power level reduction ΔOAPWL of the 4-bladed rotor (left) and the 2-bladed rotor
(right) at high incoming Tu.
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Appendix F

Parametric Study of Rotating Application

F.1 Aerodynamic Performance Parameter Variation for Tu = 5.3 %.

Figure F-1 Characteristic curves of pressure vs. flow coefficient for the tested rotor configurations at varying
serration wavelength λ (left) and serration amplitude A (right). Tu = 5.3 % (Grid G04 ).
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Appendix G

Aeroacoustic Modelling of Serrated Rotor

G.1 Test Matrix for Preliminary Investigations
Table G-1 Test matrix for the Latin hypercube sampling (left) and the circumscribed central composite design
(C-CCD).

Δz

absolute
n
δTS

-1
mm min

--

--

--

1.000
-1.000
-1.000
1.000
0.473
0.320
-0.298
-0.608
0.807
-0.850
0.360
0.954
-0.168

-1.000
1.000
-1.000
1.000
-0.654
-0.213
0.254
-0.911
0.797
0.391
-0.546
0.134
-0.991

-1.000
-1.000
1.000
1.000
0.446
-0.838
0.982
-0.381
0.136
-0.224
-0.312
0.887
0.613

500
100
100
500
395
364
240
178
461
130
372
491
266

0.272
-0.858
-0.641
-0.674
-0.662
0.300
-0.236
0.605
0.877
0.838
0.358
-0.558
-0.180
-0.880
0.088

0.920
-0.304
0.450
-0.312
0.785
0.567
-0.850
0.281
-0.661
-0.167
0.890
0.263
0.609
-0.426
-0.833

-0.458
-0.951
0.220
0.616
-0.136
-0.833
-0.655
0.907
0.027
0.486
-0.230
-0.850
0.908
0.184
-0.648

354
128
172
165
168
360
253
421
475
468
372
188
264
124
318

non-dimensional
δTS
Δz
n

Δz

absolute
δTS
n

-1
mm min

%

%

--

--

--

1000
2000
1000
2000
1173
1393
1627
1044
1898
1695
1227
1567
1005

0
0
100
100
72
8
99
31
57
39
34
94
81

-1.000
-1.000
-1.000
-1.000
1.000
1.000
1.000
1.000
-1.681
1.681
0.000
0.000
0.000

-1.000
-1.000
1.000
1.000
-1.000
-1.000
1.000
1.000
0.000
0.000
-1.684
1.684
0.000

-1.000
1.000
-1.000
1.000
-1.000
1.000
-1.000
1.000
0.000
0.000
0.000
0.000
-1.667

181
181
181
181
419
419
419
419
100
500
300
300
300

1203
1203
1797
1797
1203
1203
1797
1797
1500
1500
1000
2000
1500

20
80
20
80
20
80
20
80
50
50
50
50
0

1960
1348
1725
1344
1893
1783
1075
1641
1169
1417
1945
1632
1804
1287
1083

27
2
61
81
43
8
17
95
51
74
39
7
95
59
18

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

1.667
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

300
300
300
300
300
300
300
300
300
300
300

1500
1500
1500
1500
1500
1500
1500
1500
1500
1500
1500

100
50
50
50
50
50
50
50
50
50
50

C-CCD

LHS

non-dimensional
n
Δz
δTS

l
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Table G-2 Test matrix for the Box-Behnken design and for the independent test data for validating the different
sampling approaches.

Δz

absolute
n
δTS

-1
mm min

--

--

--

-1.000
-1.000
1.000
1.000
-1.000
-1.000
1.000
1.000
0.000
0.000
0.000
0.000
0.000

-1.000
1.000
-1.000
1.000
0.000
0.000
0.000
0.000
-1.000
-1.000
1.000
1.000
0.000

0.000
0.000
0.000
0.000
-1.000
1.000
-1.000
1.000
-1.000
1.000
-1.000
1.000
0.000

100
100
500
500
100
100
500
500
300
300
300
300
300

0.000
0.000

0.000
0.000

0.000
0.000

300
300

non-dimensional
Δz
n
δTS

%

--

--

--

1000
2000
1000
2000
1500
1500
1500
1500
1000
1000
2000
2000
1500

50
50
50
50
0
100
0
100
0
100
0
100
50

-1.000
1.000
1.000
-1.000
-0.484
0.773
0.209
-0.290
-0.735
0.508

-1.000
1.000
-1.000
1.000
-0.395
0.295
0.519
0.741
-0.068
-0.878

-1.000
-1.000
1.000
1.000
-0.856
-0.253
0.935
-0.598
0.403
0.269

1500
1500

50
50

Test

Box-Behnken

non-dimensional
Δz
n
δTS

li

Δz

absolute
n
δTS

-1
mm min

100
500
500
100
203
455
342
242
153
402

1000
2000
1000
2000
1302
1647
1760
1870
1466
1061

%
0
0
100
100
7
37
97
20
70
63
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G.2 Test Matrix LHS + Factorial Core
Table G-3 Test matrix for the final ANN modelling approach, where the sampling of the experimental space
is composed of a Latin hypercube design plus the factorial core to include the corners of the experimental
space. The baseline rotor is samples with five samples per turbulence level and three test samples are defined
for validation.

λ
--

φ

1.00
-0.75
0.75
-0.25
0.25
-1.00
-0.50
0.50
0.46
-0.81
0.84
-0.42
0.16

-0.75
-1.00
1.00
-0.50
0.50
0.75
0.25
-0.25
0.99
-0.93
-0.14
0.53
-0.34

0.50
0.25
-0.25
-0.75
0.75
-0.50
1.00
-1.00
0.49
-0.01
-0.91
-0.58
0.93

[-1,
[-1,
[-1,
[-1,
[-1,
[-1,
[-1,
[-1,
[-1,
[-1,
[-1,
[-1,
[-1,

-0.77,
-0.77,
-0.77,
-0.77,
-0.77,
-0.77,
-0.77,
-0.77,
-0.77,
-0.77,
-0.77,
-0.77,
-0.77,

-0.31,
-0.31,
-0.31,
-0.31,
-0.31,
-0.31,
-0.31,
-0.31,
-0.31,
-0.31,
-0.31,
-0.31,
-0.31,

0.09,
0.09,
0.09,
0.09,
0.09,
0.09,
0.09,
0.09,
0.09,
0.09,
0.09,
0.09,
0.09,

0.49,
0.49,
0.49,
0.49,
0.49,
0.49,
0.49,
0.49,
0.49,
0.49,
0.49,
0.49,
0.49,

1]
1]
1]
1]
1]
1]
1]
1]
1]
1]
1]
1]
1]

22.00
8.00
20.00
12.00
16.00
6.00
10.00
18.00
17.68
7.52
20.72
10.64
15.28

6.25
4.00
22.00
8.50
17.50
19.75
15.25
10.75
21.91
4.63
11.74
17.77
9.94

0.19
0.18
0.16
0.14
0.2
0.15
0.21
0.13
0.1896
0.1696
0.1336
0.1468
0.2072

[2.6,
[2.6,
[2.6,
[2.6,
[2.6,
[2.6,
[2.6,
[2.6,
[2.6,
[2.6,
[2.6,
[2.6,
[2.6,

3.6,
3.6,
3.6,
3.6,
3.6,
3.6,
3.6,
3.6,
3.6,
3.6,
3.6,
3.6,
3.6,

5.3,
5.3,
5.3,
5.3,
5.3,
5.3,
5.3,
5.3,
5.3,
5.3,
5.3,
5.3,
5.3,

7.5,
7.5,
7.5,
7.5,
7.5,
7.5,
7.5,
7.5,
7.5,
7.5,
7.5,
7.5,
7.5,

9.6,
9.6,
9.6,
9.6,
9.6,
9.6,
9.6,
9.6,
9.6,
9.6,
9.6,
9.6,
9.6,

12.1]
12.1]
12.1]
12.1]
12.1]
12.1]
12.1]
12.1]
12.1]
12.1]
12.1]
12.1]
12.1]

1.00
1.00
-1.00
-1.00
1.00
1.00
-1.00
0.00
-1.00

1.00
-1.00
1.00
-1.00
-1.00
1.00
1.00
0.00
-1.00

-1.00
-1.00
-1.00
-1.00
1.00
1.00
1.00
0.00
1.00

[-1,
[-1,
[-1,
[-1,
[-1,
[-1,
[-1,
[-1,
[-1,

-0.77,
-0.77,
-0.77,
-0.77,
-0.77,
-0.77,
-0.77,
-0.77,
-0.77,

-0.31,
-0.31,
-0.31,
-0.31,
-0.31,
-0.31,
-0.31,
-0.31,
-0.31,

0.09,
0.09,
0.09,
0.09,
0.09,
0.09,
0.09,
0.09,
0.09,

0.49,
0.49,
0.49,
0.49,
0.49,
0.49,
0.49,
0.49,
0.49,

1]
1]
1]
1]
1]
1]
1]
1]
1]

22.00
22.00
6.00
6.00
22.00
22.00
6.00
14.00
6.00

22.00
4.00
22.00
4.00
4.00
22.00
22.00
13.00
4.00

0.13
0.13
0.13
0.13
0.21
0.21
0.21
0.17
0.21

[2.6,
[2.6,
[2.6,
[2.6,
[2.6,
[2.6,
[2.6,
[2.6,
[2.6,

3.6,
3.6,
3.6,
3.6,
3.6,
3.6,
3.6,
3.6,
3.6,

5.3,
5.3,
5.3,
5.3,
5.3,
5.3,
5.3,
5.3,
5.3,

7.5,
7.5,
7.5,
7.5,
7.5,
7.5,
7.5,
7.5,
7.5,

9.6,
9.6,
9.6,
9.6,
9.6,
9.6,
9.6,
9.6,
9.6,

12.1]
12.1]
12.1]
12.1]
12.1]
12.1]
12.1]
12.1]
12.1]

0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00

0.13
0.15
0.17
0.19
0.21

[-1,
[-1,
[-1,
[-1,
[-1,

-0.77,
-0.77,
-0.77,
-0.77,
-0.77,

-0.31,
-0.31,
-0.31,
-0.31,
-0.31,

0.09,
0.09,
0.09,
0.09,
0.09,

0.49,
0.49,
0.49,
0.49,
0.49,

1]
1]
1]
1]
1]

0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00

0.13
0.15
0.17
0.19
0.21

[2.6,
[2.6,
[2.6,
[2.6,
[2.6,

3.6,
3.6,
3.6,
3.6,
3.6,

5.3,
5.3,
5.3,
5.3,
5.3,

7.5,
7.5,
7.5,
7.5,
7.5,

9.6,
9.6,
9.6,
9.6,
9.6,

12.1]
12.1]
12.1]
12.1]
12.1]

1.0
0.5
0.46

1.0
-0.25
0.99

1.00
-1
0.49

22.00 22.00
18.00 10.75
17.68 21.91

0.21
0.13
0.19

final sampling design
factorial core
LHS

A
--

BSLN

absolute

Test

non-dimensional
A
λ
mm mm

Tu
--

--

1
0.09
0.49

lii

φ
--

Tu
%

12.1
7.5
9.6
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G.3 ANN Predictions: Varying the Serration Amplitude

Figure G-1 Mean effect of the serration amplitude on the overall sound power level OAPWL for the total (top
left) and tonal (bottom left) components as well as sound power level reduction ΔOAPWL for tonal components
(bottom right). Values of free-stream turbulence and serration wavelength remain on intermediate levels.
Predicted trends, generated via the ANNs.
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G.4 ANN Predictions: Varying the Serration Wavelength

Figure G-2 Mean effect of the serration wavelength on the tonal overall sound power level (left) and noise
reduction (right). Values of free-stream turbulence and serration amplitude remain on intermediate levels.
Predicted trends, generated via the ANNs.

Figure G-3 Mean effect of the serration wavelength on the BPF overall sound power level (left) and noise
reduction (right). Values of free-stream turbulence and serration amplitude remain on intermediate levels.
Predicted trends, generated via the ANNs.
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G.5 ANN Predictions: Spectral Applications

Figure G-4 Spectrograms for the broadband sound power level of the BSLN rotor (left) and a selected serration
configuration (centre) as well as the resulting noise reduction (right). Variation of serration amplitude from
minimum (top) to intermediate (centre) and maximum (bottom). Serration wavelength (λ = 12 mm) and
turbulence intensity (Tu = 7 %) remain on intermediate levels. Predicted trends, composed of 29 individual
ANNs for the 1/3rd-octave bands for each φ.
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Figure G-5 Spectrograms for the broadband sound power level of the BSLN rotor (left) and a selected serration
configuration (centre) as well as the resulting noise reduction (right). Variation of serration wavelength from
minimum (top) to intermediate (centre) and maximum (bottom). Serration amplitude (A = 13 mm) and
turbulence intensity (Tu = 7 %) remain on intermediate levels. Predicted trends, composed of 29 individual
ANNs for the 1/3rd-octave bands for each φ.
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Figure G-6 Spectrograms for the broadband sound power level of the BSLN rotor (left) and a selected serration
configuration (centre) as well as the resulting noise reduction (right). Variation of turbulence intensity from
minimum (top) to intermediate (centre) and maximum (bottom). Serration amplitude (A = 13 mm) and
serration wavelength (λ = 12 mm) remain on intermediate levels. Predicted trends, composed of 29 individual
ANNs for the 1/3rd-octave bands for each φ.
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